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A B S T R A C T   

Dopamine participates in many physiological and pathological processes. Dynamic monitoring of dopamine 
levels in the cytoplasm of a single living cell reflects not only the functional state of dopamine synthesis factors 
but also the processes of related neurodegenerative diseases. Due to the low content of cytoplasmic dopamine 
and the difficulty to keep cells alive during the operating process, the detection of cytoplasmic dopamine is still 
challenging. Herein, a solid-phase microextraction (SPME) technique integrated nanobiosensor was employed to 
trace and quantify dopamine concentration fluctuations in the cytoplasm of a single living cell. We designed a 
polypyrrole modified carbon fiber nanoprobe as a bifunctional nanoprobe that can extract cytoplasmic dopamine 
and then perform electrochemical detection. This bifunctional nanoprobe can detect 10 pmol/L extracted 
dopamine and detected a 60% decrease of the cytoplasmic dopamine concentration in a single living cell by K+

stimulation. This study allowed for the first time serially detecting cytoplasmic dopamine while keeping the 
target cell alive, which might yield a new method for research on dopamine neurotoxicity and the related drug 
action mechanisms for neurodegenerative disease.   

1. Introduction 

Dopamine, one of the most important monoamine neurotransmitters, 
is involved in a variety of physiological processes, including motor 
control, learning, and reward signaling (Mohebi et al., 2019; Sun et al., 
2018). Altered dopamine levels are associated with multiple neurode
generative diseases, such as Parkinson’s disease (PD) (Burbulla et al., 
2017) and schizophrenia (Grace, 2016). If dopamine in the cytoplasm is 
not immediately sequestrated into vesicles but accumulates in the 
cytoplasm, it will quickly form reactive oxygen species leading to 
enhanced oxidative stress and neurodegeneration (Lotharius and Brun
din, 2002; Monzani et al., 2019). Dynamic changes in cytoplasmic 
dopamine content might reflect not only the functional characteristics of 
dopamine biosynthesis but also metabolism factors, which could pro
vide more prehensive information about the physiological and patho
logical processes, such as neurodegenerative diseases. 

An as-yet unrealized goal is to develop a method to reliably and 

specifically measure dopamine changes with high spatiotemporal pre
cision (Sun et al., 2018). Significant advances have been achieved in the 
detection of dopamine vesicles. In the 1990s, Wightman et al. used 
carbon fiber electrodes for the first time for the real-time detection of 
catecholamine exocytosis out of a single bovine adrenal medullary 
chromaffin cell (Wightman et al., 1991). Huang et al. monitored the 
release of dopamine from a single pheochromocytoma (PC12) cell (Li 
et al., 2014; Wu et al., 2005). Ewing et al. successfully detected the 
neurotransmitters of vesicles in the cell cytoplasm environment (Li et al., 
2015), also measured the content of catecholamines in the vesicles 
(Zhang et al., 2020). These methods provide much information about 
dopamine in vesicles. However, the concentration of cytosolic dopamine 
is much lower than that in vesicles, and measuring it requires analytical 
methods with high sensitivity to dopamine and limits the effect on cell 
viability. Because of these complications, few studies have been con
ducted to detect the concentration of cytosolic dopamine in a single cell. 
Mosharov et al. used “intracellular patch electrochemistry” to break into 
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a cell to directly measure cytosolic catecholamine levels (Mosharov 
et al., 2003). This method destroys the cells and cannot obtain contin
uous information about the cells. The continuous detection of the 
amount of intracellular dopamine relative to extracellular dopamine and 
a single time detection can provide abundant and accurate information 
about the physiological conditions of the cell. 

The electrochemical methods have often been applied to biological 
sample analysis due to their high sensitivity (Atci et al., 2016; Oomen 
et al., 2019). For several decades, carbon fiber microelectrodes have 
often been used for electrical measurements of single-cell analysis 
because of their good biocompatibility (Hou et al., 2020). Dopamine, a 
redox-active neurotransmitter, is preferred to detect by electrochemical 
methods (Sajid et al., 2019; Sun et al., 2020). Solid-phase micro
extraction (SPME) is a sample pretreatment method that combines 
sampling, analyte extraction, and enrichment in a single step (Vuckovic 
et al., 2011). Compared with traditional extraction techniques, SPME 
has the advantages of rapid preconcentration, non-exhaustive extrac
tion, and no disruption of system balance (Reyes-Garces et al., 2018). In 
recent years, SPME has been applied in the field of biological sample 
analysis (Napylov et al., 2019). Flame-etched carbon fiber nanoprobes, 
which are typically conical tips employed as SPME substrate probes that 
can also be used for electrochemical nanobiosensors to serially detect 
the cell cytoplasm dopamine content. In this work, polypyrrole (PPy) is 
used to modify the carbon fiber nanoprobe as the SPME extraction 
coating and electrode-modified material due to the excellent conduc
tivity, environmental safety, nontoxicity, and biocompatibility of PPy 
(Zhao et al., 2019). Then a bifunctional nanoprobe that combines the 
SPME fiber and a working electrode (WE) for electrochemical detection 
in one system is obtained. Here, we report a bifunctional nanoprobe 
used in the detection of 10 pmol/L extracted dopamine; also, the serial 
detection of the cytoplasmic dopamine content in the same living cell, 
60% of cytoplasmic dopamine concentration of this cell is released after 

K+ stimulation. Serial detection of cytoplasmic dopamine in the same 
cell may provide a new way to research physiological mechanisms, such 
as dopamine synthesis and transmission, disease occurrence, and 
drug-cell interactions. 

2. Materials and methods 

2.1. Chemicals and solutions 

Dopamine hydrochloride, serotonin hydrochloride, uric acid, ascor
bic acid, and pyrrole were purchased from Sigma-Aldrich (St. Louis, 
MO). Carbon fiber was obtained from Toray Industries, Inc. (Japan). 
RMPI-1640 phenol red-free culture medium, heating-inactivation horse 
serum, fetal bovine serum and penicillin-streptomycin were bought from 
Gibco (USA). Na2HPO4⋅12H2O, KH2PO4, NaOH, KCl, acetone, hydro
chloric acid, nitric acid, and sulfuric acid were from Beijing Chemical 
Works (Beijing, China). Hydrofluoric acid (40% v/v) was made by 
Tianjin Fuchen Chemical Reagent Factory (Tianjin, China). Ethanol was 
produced by Sinopharm Chemical Reagent Co., Ltd. Methanol (HPLC 
grade) was obtained from Thermo Fisher Scientific (USA). All reagents 
used were Analytical Reagent or better. All solutions were prepared with 
18.2 MΩ cm water from a GenPure ultrapure water system (Thermo 
Scientific). 0.1 mol/L phosphate-buffered saline (PBS) was made by 0.1 
mol/L Na2HPO4, and 0.1 mol/L KH2PO4 mixed at a volume ratio of 
about 81:19, and 0.1 mol/L KCl was added, then modify the pH to 7.4 by 
a pH meter (PB-10, Sartorius, Germany). Dopamine, serotonin (5-HT), 
ascorbic acid (AA), and uric acid (UA) solutions were prepared in fresh- 
prepared PBS buffer, respectively. These solutions were degassed with 
argon (Ar) to remove oxygen. 

Fig. 1. Characterization of the bifunctional nanoprobe and its glass/carbon fiber interface. (A) SEM image of the bare carbon fiber nanoprobe (the inset shows the 
conical nanotip of the carbon fiber nanoprobe). (B) SEM image of the PPy-coated carbon fiber nanoprobe (the inset shows the tip of the PPy-coated carbon fiber 
nanoprobe). (C) SEM image of the flame sealed glass/carbon fiber interface. (D) EDX element mapping image with an overlay of Si and C signals. 

Y. Chang et al.                                                                                                                                                                                                                                  



Biosensors and Bioelectronics 175 (2021) 112915

3

2.2. Electrochemical experiments 

All electrochemical experiments were performed by a CHI 852D 
electrochemical workstation (CH Instruments, Shanghai, China). A 
three-electrode system was employed. A carbon fiber nanoprobe or a 
bifunctional nanoprobe was acting as a WE. An Ag/AgCl (saturated KCl) 
electrode or an Ag wire coated with AgCl serving was used as the 
reference electrode (RE), and a platinum (Pt) wire was used as the 
counter electrode (CE). The pulse period and amplitude of DPV mea
surements are 0.5 s and 50 mV, respectively. 

2.3. Fabrication of carbon fiber nanoprobes 

Carbon fibers with 7 μm diameter (TORAY, Japan) were firstly 
cleaned by sonication in deionized water for 5 min, 30% HNO3 for 20 
min, acetone for 10 min, ethanol for 10 min and deionized water for 5 
min, in sequence. Then it was dried by infrared light and standby. The 
glass capillaries of 0.9 mm I.D., 1.8 mm O.D. and 100 mm length (Yixing 
sliver star analyzing & experiment apparatus factory, China) were pulled 
into two separate pipettes with a tip of ~20 μm using a PC-100 pipette 
puller (Narishige Co., Ltd., Japan). A carbon fiber was inserted into the 
above-mentioned pipette; the end of the carbon fiber is 5 mm away 
outside of the pipette tip. The protruded carbon fiber was sealed in the 
pipette and etched carefully to a conical tip of less than 100 nm by flame. 
The length of exposure of carbon fiber was ~200 μm. Then, a copper 
wire was contacted with carbon fiber through silver paste conductive 
adhesive (Sino-platinum Metals CO., Ltd, China) from the end of the 
capillary, then, using infrared light to dry the adhesive. Next, epoxy glue 
was used to seal the end of the capillary to fix the copper wire. The 
prepared carbon fiber probe was placed upright with the tip of carbon 
fiber upward. Characterization of the glass/carbon fiber interface by the 
energy-dispersive X-ray (EDX) (SU8020, Hitachi, Japan). 

2.4. Preparation of bifunctional nanoprobes 

The above-prepared carbon fiber nanoprobe was activated by scan
ning for 25 circles from 0.2 V to 1.2 V in 0.5 mol/L H2SO4, until the 
curves of cyclic voltammetry (CV) were stable. Then the carbon fiber 
nanoprobe was rinsed by deionized water and dried by infrared light. 
Next, the carbon fiber nanoprobe was submerged in the electrolyte so
lution, which contained 0.015 mol/L pyrrole and 0.1 mol/L hydro
chloride. Before used, pyrrole is purified by a rotary evaporator (RE- 
201D, Beijing Shentai Weiye Instrument Equipment Co., Ltd., China). A 
constant potential of 1.2 V for 10 s was applied for the carbon fiber 
nanoprobe. Then, a homogeneous PPy coating of ~10 nm was formed 
onto the surface of the carbon fiber nanoprobe tip. The PPy modified 
carbon fiber nanoprobe was rinsed by deionized water, dried by infrared 
light, and activated by scanning from 0 V to 1 V in 1.0 mol/L NaOH 
solution for about 25 circles until the curves of CV were stable. Then, it 
was rinsed by deionized water, dried by infrared light and ready for use. 
After all steps were finished, the PPy modified bifunctional nanoprobe 
was obtained. The surface morphology of the nanoprobes was observed 
by scanning electron microscopy (SEM) (S4800, Hitachi, Japan). 

3. Results and discussion 

3.1. Fabrication and characterization of the bifunctional nanoprobe 

Here we describe the serial detection of cytoplasmic dopamine level 
in single living cells using a bifunctional nanoprobe. A carbon fiber acts 
as the substrate of the bifunctional nanoprobe, which is placed inside a 
glass capillary and then sealed by flame. Additionally, the cylindrical 
carbon fiber is carefully flame etched to fabricate a conical nanotip 
(diameter at top: 69 nm, the inset of Fig. 1A). The SEM image of cylin
drical carbon fiber is shown in Fig. S1. It is well known that poor sealing 
characteristics and electrode leakage cause high noise, electrode 

pollution and even a shortened electrode life. Based on the EDX map for 
the elements C and Si, Si is relatively abundant in the sealing area, as a 
major component of glass, and C in the nanotip is distributed uniformly 
(Fig. 1C and D). The EDX map of Si and C indicates that the glass/carbon 
fiber interface is well sealed and has no effect on the exposure of the 
carbon fiber tip. 

A uniform and stable PPy coating is obtained through pyrrole poly
merization on the etched carbon fiber nanoprobe surface by controllable 
electrodeposition (Fig. S2 and Fig. S3). Although the increased thickness 
of the PPy coating over a certain range improved the extraction effect of 
dopamine concentrations, the tip diameter of the bifunctional probe 
became large, which severely reduced cell viability. According to the 
reported work, the probes do not significantly affect cell viability when 
they have a tip with a diameter of less than 100 nm that is directly 
inserted into a cell (Simonis et al., 2017; Ying et al., 2018). Considering 
the above factors, the thickness of the PPy coating electrodeposited on 
the carbon fiber tip was approximately 10 nm, as determined from the 
difference in the diameters of the uncoated and coated probes, and the 
diameter of the modified bifunctional nanoprobe was still less than 100 
nm (the inset of Fig. 1B). The bifunctional nanoprobe, acting as the WE, 
was evaluated for electrochemical performance in a three-electrode 
system by CV measurements. Well-defined sigmoidal voltammograms 
in 10 mmol/L K3[Fe(CN)6]/K4[Fe(CN)6] were observed (Fig. S4). Due to 
the enrichment effect of the bifunctional nanoprobe on samples, the 
nanoprobe has a high sensitivity to dopamine and can be used to detect 
10 pmol/L dopamine in the sample after extraction (Figs. S5 and S6). 

3.2. Sensitivity and specificity of the bifunctional nanoprobe to dopamine 

Electro-active compounds such as epinephrine (EP), UA, 5-HT, and 
AA often coexist in biological samples. Moreover, it is challenging to 
detect dopamine in the presence of these electro-active compounds 
because of their similar oxidation potentials, which result in overlapping 
signals (Xu et al., 2018). In reported work, no EP was detected in PC12 
cells (Greene and Tlschler, 1976), and there is, therefore, no need to 
consider interference from EP during the electrochemical detection of 
dopamine when PC12 cells are used. The dopamine oxidation peak 
potential measured in PBS (pH = 7.4) by differential pulse voltammetry 
(DPV) is approximately 0.15 V (vs. Ag/AgCl), while the oxidation peak 
potentials of AA, 5-HT and UA are approximately 0.00 V, 0.34 V, and 
0.36 V, respectively (Fig. S7). Due to proton participation in the elec
trochemical reaction, the different pH of solutions may lead to oxidation 
peak potential have a slight shift; also, different electrode materials and 
electrode modification materials may result in a slightly different 
oxidation peak potential; moreover, the oxidation peak potential in this 
work matches the previous work generally (Liu et al., 2018; Yang et al., 
2019). Although the peak potentials of UA and 5-HT are very similar to 
obtain the overlapping signals, it does not affect the detection of the 
target analyte dopamine. Dopamine exists with a positive charge in body 
fluid and brain tissues, while AA and UA are often negatively charged 
(Diab et al., 2019). The PPy coating plays the role of a cation-permeable 
membrane, which benefits from its negatively charged surface, partic
ularly it is activated in NaOH solution at 1 V resulting in overoxidation 
(Sajid et al., 2019; Sasso et al., 2013). Thus, it has a strong attraction 
effect and high sensitivity to dopamine while almost no extraction even 
rejective effect and poor sensitivity to AA and UA (Figs. S7B, S7D, and 
S8). Therefore, the bifunctional nanoprobe is not subject to interference 
by other electro-active compounds for dopamine detection in real bio
logical samples. 

During the single living cell cytoplasm dopamine extraction experi
ment, as the extraction time increased, the physiological state of the cell 
gradually deteriorated, even resulting in cell death. To reduce cell 
damage and ensure extraction, the dopamine extraction time with the 
bifunctional nanoprobe was optimized. When the extraction time was 
more than 180 s, the distribution of dopamine in the extraction phase 
and in the sample solution basically reached equilibrium (Fig. S9). 
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Therefore, in subsequent experiments, 180 s was chosen as the extrac
tion time. To verify the quantitative capability of this method, the 
bifunctional nanoprobe was immersed into dopamine solutions with 
different concentrations extracted for 180 s, and then DPV measure
ments were performed (Fig. S10). As the dopamine concentration in the 
sample increases, the average peak current increases linearly, and 
excellent linearity (R2 = 0.9862) is achieved in the concentration range 
of 20 nmol/L to 300 nmol/L, which proves that the average dopamine 
sensitivity has a linear correlation and that the probe is well-suited to 
dopamine quantitative analysis. 

3.3. Fabrication of single-cell capture pipette and SPME of single cell 

The experimental results showed that the bifunctional nanoprobe 
could extract and detect dopamine in real biological samples. In 
Fig. S11, we use this bifunctional nanoprobe for single-cell SPME in 10 
single PC12 cells, the concentrations of intracellular dopamine here 
observed is 4–559 nmol/L, and most of this is less than 100 nmol/L (8 of 
10 cells). To facilitate the observation and manipulation of a single cell, 
a single-cell capture pipette is needed. Wang et al. provide a robust 
method to etch the capillary outside surface with hydrofluoric acid and a 
rapidly flowing protective fluid is used to protect the capillary inner 
surface from etching (Shao et al., 2020). Based on this method, a 
capillary with an identical inner diameter (10 μm) and a thinner outer 
wall at the tip (15–20 μm) was fabricated (Fig. S12). The unetched side 
of the capillary was then connected with a syringe to be served as a 
single-cell capture pipette which was used to unharmed selectively 
capture a single PC12 cell from the cell suspension. A single PC12 cell 

was fixed at the opening of this capture pipette tip; then, the bifunctional 
nanoprobe was inserted into the living PC12 cell to carry out SPME of 
dopamine (Fig. 2A and Fig. S13). Because only a small amount of culture 
medium exists in the port of the capture pipette, unexpected severe 
desorption of the extracted dopamine is avoided when the nanoprobe is 
removed from the pipette at the end of the extraction process. 

3.4. Serial detection of a single living cell cytoplasmic dopamine 

Stimulation of K+ depolarizes the cells and causes cytosolic dopa
mine release by exocytosis (Abe et al., 2015). To study the influence of 
K+ on the release of dopamine in single living cells, the intracellular 
dopamine content in a single living PC12 cell was measured before and 
after K+ stimulation. The low quantity of dopamine in a single-cell 
sample is enriched by the bifunctional nanoprobe in a single-cell cap
ture pipette; electrochemical detection is directly carried out without 
performing an extra desorption process, which avoids the severe dilu
tion of the analyte (Fig. 2). The bifunctional nanoprobe will be activated 
before the next time the electrode is used. Then this cell was stimulated 
by 80 mmol/L KCl for 180 s. Subsequently, a second extraction and 
detection cycle of this living cell was performed. For DPV measure
ments, the oxidation peak current after stimulation was approximately 
40% of that before stimulation, so the stimulation of KCl led to the 
release of approximately 60% of dopamine from the cytoplasm (Fig. 3). 
As shown in Fig. 3A, a slight oxidation peak of AA can be observed at 
0.00 V; it makes no interference for dopamine detection. To get a clearer 
view of the fluctuation in cytoplasmic dopamine, we have subtracted the 
background and AA peak in Fig. 3B. In order to demonstrate the 

Fig. 2. Schematic representation of detecting cytoplasmic dopamine in a single living cell. (A) The schematic of SPME of a living cell in a single-cell capture pipette 
by a bifunctional nanoprobe. (B) The schematic of electrochemical detection using an after extracted bifunctional nanoprobe as a WE. 

Fig. 3. Electrochemical detection of cytosolic dopamine in a single living PC12 cell before and after K+ stimulation. (A) DPV measurements of dopamine (DA) and 
ascorbic acid extracted from the cytoplasm. (B) Background-subtracted and ascorbic acid peak-subtracted curves of (A). (C) Oxidation peak area and height of DPV 
measurements. The pulse period and amplitude of DPV measurements are 0.5 s and 50 mV, respectively. 
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depolarization effect of K+ on cells, the blank experiment was performed 
with no stimulation. Without KCl stimulation, the cell release approxi
mately 21% of dopamine from the cytoplasm during the two times 
extraction (Fig. S14). After a set of operations was completed, the cell 
was returned to the culture medium, and trypan blue was applied to dye 
this cell. From the photomicrograph of the cell used in this experiment, 
trypan blue did not stain the cell blue, indicating that the cell was still 
alive (Fig. S15). The results show that the bifunctional nanoprobe has a 
minimal effect on cell function and can be employed for the real-time 
continuous detection of dopamine in the cytoplasm of a single living 
cell. 

4. Conclusion 

In summary, we have developed an SPME-electrochemical detection 
system capable of serially detecting dopamine in the cytoplasm of a 
single living cell by using a novel and versatile bifunctional nanoprobe. 
A bifunctional nanoprobe with a tiny nanotip (≤100 nm) showed 
excellent properties to the detection of 10 pmol/L dopamine in samples 
after extraction. When inserted into the same cell two times for extrac
tion before and after K+ stimulation, the nanoprobe detected a 60% 
decrease of the cytoplasmic dopamine concentration. The serial detec
tion of cytoplasmic dopamine in a single cell is a new biochemical 
method that can find out cells with abnormal metabolism of dopamine 
and discern the physiological state of the cell, moreover it could provide 
a novel method for dopamine neurotoxicity and related drug action 
mechanisms for the neurodegenerative disease. 
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