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A B S T R A C T   

Neurotransmitters are used by the nervous system to transmit messages between neurons. The abnormal levels of 
the neurotransmitters may lead to neurological disorders. It is very important to monitor their levels in patients. 
Herein, we report a polymer nanostructured electrodes-enabled electrochemical sensing microchip for detecting 
dopamine and serotonin. The nanostructures on the electrode can enhance the surface area of the electrode 
dramatically. As a result, the measured electrical signals increased in comparison with those of an electro
chemical sensor with an electrode of a flat surface. It has been found that this microchip can detect neuro
transmitters with a level as low as ~ 120 nM with high specificity and can be used to monitor the dopamine and 
serotonin in a mixed sample successfully in both static and dynamic conditions. Finally, the real-time mea
surements of dopamine released from N27-A dopaminergic neural cells using the microchip have been 
demonstrated.   

1. Introduction 

Neurotransmitters such as dopamine and serotonin serve as 
messenger chemicals among neuron cells in the human nervous system 
to maintain important physiological functions of the brain and other 
related body parts involved in sensing, expression, and action [1–3]. It 
has been well known that for many psychiatric disorders, neurotrans
mitters and their receptors play a major role in pathogenesis [4–5]. For 
instance, the dopamine neurotransmission system in the central nervous 
system (CNS) is crucial for a myriad of physiological functions, including 
the control of movement and emotions, as well as cognitive functions. A 
considerable number of neurological and psychiatric disorders have 
been associated with dysfunctions of one or more of the dopaminergic 
neurotransmission pathways and thus abnormal levels of dopamine. 
Among these disorders are Parkinson’s disease (PD), schizophrenia, 
attention-deficit/hyperactivity disorder (ADHD), and addiction. 
Although serotonin cannot be transported across the blood–brain bar
rier, anomalous whole-blood serotonin levels are correlated with clinical 
depression [6–8], and timely intervention in a personalized medicine- 

based setting can significantly reduce the associated medical and so
cioeconomic burdens [9–10]. Furthermore, serotonin is involved in 
steering numerous behavioral and physiological functions, and abnor
malities in serotonin levels are also found in patients with hypertension 
[11] and gastrointestinal disorders such as irritable bowel syndrome 
(IBS) [12]. Monitoring and regulating the levels of these neurotrans
mitters is therefore essential not only for understanding signal 
communication pathways and functions of our nervous system but also 
for diagnostics and treatment of many brain-related diseases 
[4–10,13–16]. In particular, the balance between neurotransmitters 
such as dopamine and serotonin is of important significance when 
developing novel treatments or medications [15–16]. 

The main technique for detecting neurotransmitters in patients’ 
samples is based on high-performance liquid chromatography (HPLC) 
as, in contrast to other techniques, it can selectively discriminate be
tween different neurotransmitters [17–19]. However, HPLC suffers from 
financial drawbacks, as it requires sophisticated equipment that needs to 
be used in a lab environment. Another popular technique used for 
neurotransmitter detection in humans is positron emission tomography 
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(PET). PET is a non-invasive neuroimaging technique that indirectly 
measures neuronal activity or neurotransmitter release [20–21]. In nu
clear medicine, detecting neurotransmitters are achieved by measuring 
the metabolic or molecular activity of an organ in three dimensions, 
after the intravenous injection of a radioactive tracer, usually based on 
an injected isotope with a short half-life, whose disintegration results in 
positron emission. However, the test requires complex operation, and 
the cost is very high, and the measurements must be carried out under 
stringently controlled conditions. In addition, sample handling, instru
ment operation, and data analysis are challenging and require trained 
personnel, rendering those tests unsuitable for straightforward routine 
tests. Other techniques such as electrochemical methods have been 
employed to measure and record the levels and status of these neuro
transmitters [3,22–24]. Electrochemical detection relies on measuring 
electrical signals such as current, potential, or charge when the elec
trodes are exposed to chemical or biological samples [25]. The in vivo 
measurements of neurotransmitters in extracellular fluid have been 
demonstrated with carbon microelectrodes implanted into the brain of a 
rat [26]. The direct detection of neurotransmitters in the brain by this 
technique is very challenging given their very low concentrations, 
notwithstanding the presence of interfering compounds [27]. Electro
chemical techniques are also widely used for in vitro measurements of 
neurotransmitters. Some popular techniques are DPV (Differential pulse 
voltammetry), SWV (Square wave voltammetry), and CV (Cyclic vol
tammetry) to obtain the transducing signals for neurotransmitters. 

To improve the limit of detection (LOD) and sensitivity, the elec
trodes of the electrochemical sensors functionalized with various 
nanomaterials (2D hexagonal boron nitride, carbon dots, carbon nano
fibers, nanoparticles, carbon nanotubes, nano Zn-Co on the metal
–organic framework, graphene oxide, graphene quantum nanodots, and 
graphene nanocomposite, etc.) have been developed [24,28–32], which 
were used to detect dopamine or serotonin along with bio-interferents 
(ascorbic acid (AA), uric acid (UA), glucose, etc.). It showed that the 
LOD of these sensors is in a range of 10 to 650 nM for dopamine and 1 to 
120 µM for serotonin, respectively [33]. Some of other recent work 
demonstrated the improved LOD and sensitivity of electrochemical 
sensors by fabricating micropillars/micro pyramids on the working 
electrode [34–35]. In the experiments, the working electrode was 
assembled inside a petri dish along with other commercial electrodes 
(reference and counter electrodes). The samples were then mixed with 

electrolytes and added to the petri dish for the measurements in a static 
condition (i.e., no flowing fluid condition). 

The body fluids continuously circulate in the body so that the 
essential substances can be transported to cells, while waste can be 
carried away [36]. However, few efforts were made to detect neuro
transmitters under dynamic conditions (i.e., flowing fluid). Measure
ment under dynamic conditions is required to mimic the in vivo 
conditions [37–39]. One example is the in vitro dopamine detection from 
a mixture of cerebrospinal fluid and plasma of a mouse. This involves 
dynamic fluid movement on top of the electrochemical sensor in a 
microfluidic device [40]. Other examples include real-time monitoring 
of the concentrations of neurotransmitters in the culture media of the 
brain models which enables the quantitative analysis of their effect on 
brain models on chip [41–43]. 

Herein, we report an electrochemical sensing microchip (Fig. 1) 
enabled by nanostructured electrodes. The sensor has three gold elec
trodes anchored inside the detection chamber for monitoring neuro
transmitters. To mitigate biofouling on the electrodes of the sensor [44], 
a microfilter zone is designed to filter out large biomolecules but allow 
neurotransmitters to easily diffuse to the sensors in the detection 
chamber. This microchip can detect dopamine and serotonin in both 
static and dynamic conditions. We also developed a modified micro
fluidic chip with an integrated cell-culture chamber to detect dopamine 
directly released from the N27-A dopaminergic neural cells, which are a 
widely used model for Parkinson’s disease research [45–46]. 

2. Materials and methods 

2.1. Chemicals and materials 

The polystyrene nanosphere beads with different sizes (500 nm, 
1000 nm, 3000 nm) were purchased from Fisher Scientific Inc. Triton X- 
100 and methanol were both purchased from Sigma-Aldrich Inc. 
Deionized (DI) water was obtained from a DI water purification system 
(Millipore, USA). The differentiation media (DM) included Dulbecco’s 
modified Eagle’s medium/Ham’s/F2 (DMEM/F-12, 1:1; Omega Scien
tific, Tarzana, CA), 2.5 mM L-glutamine, 1 × N2 supplement (Gibco BRL, 
Gaithersburg, MD). Dopamine hydrochloride (DA), Serotonin (ST), Uric 
acid (UA), Ascorbic acid (AA), Glucose (GLC), L-dopa (LD), Tyrosine 
(TYRO), and Phenylalanine (PHE) were purchased from Sigma-Aldrich 

Fig. 1. Illustration of the chip: (a) Schematic view of the chip; (b) Close-up view of the micropillar-based microfilter zone; (c-d) SEM images of the silicon micro and 
nanopillar surface used as the template for fabricating PDMS micro or nanostructured electrodes. 
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(St. Louis, MO, USA). Silicon wafers were obtained from Ultrasil Corp. 
Chemicals for surface cleaning and treatment including Acetone, IPA, 
98 % Sulfuric acid and 30 % Hydrogen peroxide were all obtained from 
Sigma-Aldrich Inc. Polydimethylsiloxane (PDMS) and its curing agent 
were purchased from Dow Corning (Midland, WI, USA). Positive 
photoresist AZ 40XT and AZ 326 MIF developer were purchased from 
MicroChemicals (Germany). N27-A rat dopaminergic neural cells were 
purchased from Millipore Corp. (Cat. # SCC196) (USA). 

2.2. Fabrication and characterization of polymer electrochemical micro- 
nanostructured sensors 

The main steps of the fabrication process of the chips are illustrated 
in Fig. 2. First, the micro/nanostructures were fabricated on silicon 
wafers. The micro/nanostructures fabrication procedure was adopted 
from our developed process [47–48]. Specifically, a monolayer of self- 
assembled polystyrene (PS) beads was formed on top of a cleaned sili
con wafer using controlled flow and drying of the PS bead’s solution 
(Fig. 2(a)). Then oxygen (O2) reactive ion etching (RIE) was performed 
to shrink the PS beads’ diameters and increase the gaps between them 
(Fig. 2(b)). After that, O2 + SF6 RIE was used to etch the silicon using the 
PS beads as the mask (Fig. 2(c)). Afterward, the PS beads were removed 
from the silicon surface using the sonication method (30 min) (Fig. 2 
(d)). By adjusting the RIE time and different sizes of PS beads, silicon 
micro and nanostructures of different shapes and sizes can be fabricated 
[47–48]. The silicon micro/nanostructures were used as a mold for the 
next steps for electrode fabrication. Before using the micro/nano
structured silicon as a mold to transfer the micro/nanostructures to 
PDMS, it was silanized using trichloro silane to prevent the sticking of 
PDMS to the mold. The silanization process consisted of activating the 
surface of the mold using air plasma for 10 min and then incubating the 
mold with a silane reagent in the vacuum at room temperature for 10 h. 
After silanization, liquid PDMS (9:1, base: curing agent) was poured 
onto the silicon mold and kept in a vacuum for degassing for about 1 h. 
When all the bubbles were removed, the PDMS was left on a hotplate (at 
45 ◦C) overnight for curing. After that, the PDMS with micro or nano
structures was peeled off from the silicon mold (Fig. 2(e)). Then the 
three-electrode pattern was transferred onto the PDMS surface using a 
shadow mask. In this step, Ti/Au (10 nm/120 nm) or Ti/Platinum (Pt) 
(10 nm/120 nm) was deposited using a magnetron sputtering process. 
As a result, the electrode surface was coated with Au or Pt to obtain an 
electrically conductive and chemically modified surface Fig. 2(f-g). 
Another layer of the PDMS microfluidic network was fabricated in a 
separate soft lithography process. Finally, these two PDMS layers were 

bonded together after being treated with air plasma for 45 s, resulting in 
PDMS-based electrochemical sensing microchips. Two types of chips 
were fabricated using the above-mentioned process (Fig. 2(h)). In one 
type of chip, the electrodes were fabricated by coating a layer of Au on 
the PDMS micro-nanostructures, and in another type of chip, electrodes 
were fabricated by coating a layer of Pt. SEM images of the Au-coated 
nanostructures and the Pt-coated nanostructures on PDMS are shown 
in Fig. S1(A-B) in the Supplementary document. The chemical elements 
of the electrodes were analyzed using energy-dispersive X-ray spec
troscopy (EDS) and are shown in Fig. S1(C-D) in the Supplementary 
document, the composition of the electrodes includes Au or Pt and 
PDMS, as expected. 

Electrochemical impedance spectroscopy (EIS) of the Au & Pt elec
trodes fabricated on the nanostructured PDMS was measured from 1 Hz 
to 1 MHz frequency to evaluate the properties of the electrodes. More 
details can be found in Fig. S2 in the Supplementary document. Both 
electrodes manifest higher impedance in cell Differentiation Media (DM) 
than in 0.1 M PBS. In addition, the effects of scan rates on electro
chemical sensing have been evaluated by cyclic voltammetry (CV) of 
ferri/ferro redox couples, DA, ST, and DA/ST mixture, which are given 
in detail in Fig. S3 in the Supplementary document. As expected, the 
oxidation and reduction peak currents increase linearly with scan rates 
in the range from 10 to 500 mV. The linear relationship indicates 
diffusion-controlled electrochemical detection using this sensor [35]. 

To assess the effectiveness of the electrode materials for electro
chemical sensing, both electrochemical sensors fabricated on PDMS 
(PDMS-sensors) and electrochemical sensors fabricated on glass (glass- 
sensors) have been used to detect 1 mM K3[Fe(CN)6]: K4[Fe(CN)6] 1:1 
solution in 0.1 M PBS. As shown in Fig. S4 in the Supplementary 
document, the oxidation peak for both PDMS sensors and glass sensors 
was at 0.08 V. The oxidation peak currents were observed at 18 μA for 
both types of sensors. The reduction peak was found at −0.1 V for the 
PDMS sensors and −0.05 V for the glass sensors. The reduction peak 
current for the PDMS sensors was −12 μA. The reduction peak current 
for the glass sensors was −16 μA. Although the reduction peak current 
did not coincide, the results indicate that the PDMS sensors can be used 
effectively as electrochemical sensing chip. Note that the main purpose 
of this research is to develop polymer nanostructured electrochemical 
sensors for potential implantable applications, requiring the sensor 
material to be biocompatible. Hence, only PDMS electrochemical sen
sors were used in the following experiments. 

Fig. 2. Fabrication process flow: (a-d) Sketches of assembled PS beads on the silicon surface, followed by oxygen reactive ion etching (RIE), then O2 and SF6 RIE, 
resulting in silicon micro or nanopillars; (e) silicon micro or nanopillars are transferred to PDMS; (f-g) PDMS Au or Pt micro or nanostructured electrodes fabricated 
using a shadow mask and the sputtering method; (h) two type of chips are formed by bonding the PDMS microfluidic layer and the electrodes layer. 
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2.3. Detection of dopamine and serotonin in static conditions 

Dopamine and serotonin can be detected electrochemically upon 
oxidation on an electrode surface (Fig. 3a) [27]. Studies revealed that 
the neurotransmitter release occurred in the process known as exocy
tosis [49]. Upon external stimulation, Ca2+ influx-induced neurotrans
mitters confined in vesicles dock and subsequently fuse with the plasma 
membrane, releasing the vesicular contents into the extracellular envi
ronment [49]. First, static condition measurements of the samples were 
taken to establish a baseline for dynamic condition measurements. In 
these experiments, the samples were added to the chip without contin
uous flow. Cyclic voltammetry (CV) and square wave voltammetry 
(SWV) were used to electrochemically detect dopamine and serotonin 
with the following parameters for CV: range, −0.4–+0.6 V; scan rate, 
100 mV/s; incremental potential, 0.002 V. The following parameters 
were used for SWV: range, −0.4–+0.6 V; Step, 0.005 V; modulation 
amplitude, 0.005 V; frequency, 8 Hz; duration, 27.25 s. 

2.4. Detection of dopamine and serotonin in dynamic conditions 

In dynamic conditions, the electrochemical measurements were 
taken when the samples flowed through the chip through its inlets and 
outlets. During the experiments, the flow rate of the samples was 
controlled by a programmable injection pump (Harvard Apparatus, Inc.) 
and included flow rates of 1, 2.5, and 5 µl/min. Reading of the elec
trochemical sensor was taken every three minutes up to fifteen minutes. 
Square wave voltammetry (SWV) was performed for dynamic condition 
measurements. After each measurement, the electrodes were washed 
three times using fresh PBS solution to move away the analyte remaining 
from the previous measurements to regenerate the sensor (Fig. S5 in the 
Supplementary document). Each measurement was performed thrice. 

2.5. Detection of dopamine released directly from N27-A cells 

N27-A cells exhibit higher sensitivity to neurotoxins as compared to 
parental N27 cells [50], and release dopamine under both basal and 
depolarization conditions. To demonstrate the real-time monitoring of 
the dopamine released from N27-A cells, a modified microchip with an 
integrated cell chamber adjacent to the detection chamber is designed 
and fabricated, which will be described in detail in Section 3.3. 

3. Results and discussion 

3.1. Effects of micro-nanostructures on working electrodes of 
electrochemical sensors 

To assess the effects of the working electrode surface on the 

transducing signals, cyclic voltammetry of potassium ferrocyanide/po
tassium ferricyanide mixture, a widely used test chemical for evaluating 
the performance of electrochemical sensors [35,51], was performed for 
three different sensors with plain, micro-structured, and nano- 
structured electrodes, respectively. The samples were prepared using 
the mixture (1:1 ratio) of 1 mM K4Fe(CN)6/K3Fe(CN)6 in 0.1 M 
phosphate-buffered saline (PBS) solution. One representative photo of a 
fabricated chip with micropillar electrodes and the diagrams of the 
electrochemical reaction of dopamine and serotonin are shown in Fig. 3 
(a). The cyclic voltammograms for three sensors with different electrode 
surface conditions are shown in Fig. 3(b). It has been found that with the 
plain electrode surface, the output peak current was 1.0 mA. For the 
micro-pillar electrode surface, the output peak current increased slightly 
to 1.2 mA. For the nano-pillar electrode surface, the output peak current 
was 2.0 mA, which is two times the output current observed in the plain 
electrode surface. This increase is likely due to the enhanced surface 
area of the nanostructured electrodes in comparison with those of micro- 
structured electrodes and plain electrodes [34]. In the following ex
periments, sensors with nanostructured electrodes were used. The 
samples of dopamine and serotonin were prepared by using a series of 
ratios in 0.1 M PBS solution and differentiation media (DM), 
respectively. 

3.2. Measurement of DA and serotonin (ST) in samples under static 
conditions 

3.2.1. DA and ST measurements separately 
Electrochemical measurements of DA and ST were first taken in 

static conditions. SWV method was chosen over the CV method to avoid 
the effect of the non-faradic currents which cause the unclear oxidation 
peak at lower concentrations. The measurements were taken in a wide 
range of concentrations from 1 nM to 500 μM. The measurements of DA 
and ST for these concentrations were displayed in Fig. 4(a–c) and (d–f). 
DA peak current was observed at a potential of ~ 0.007 V and ST peak 
was observed at a potential of ~ 0.1 V. It was also observed as shown in 
Fig. 4(c) and (f) that the peak current responses have a linear relation
ship with the DA and ST concentrations, respectively. Additional plots of 
peak current response for DA and ST of higher concentrations are given 
in Fig. S6 in the Supplementary document. The sensitivity for DA was 
found 0.05 μA/μM and for ST was found 0.04 μA/μM. The limit of 
detection (LOD) of the sensor was determined by the peak current, 
which is greater than the average current at zero concentration of DA or 
ST + 3σ (σ is the standard deviation of peak current from zero con
centration) [52]. The LOD for DA was found to be ~ 120 nM and the 
LOD for ST it was found to be ~ 140 nM. It should be noted that the sizes 
of the electrodes for the sensors in the microchip are ~ 3.5 mm (length) 
× 1.5 mm (width), thus the sensing surfaces exposed to chemicals are 

Fig. 3. Effect of micro-nanostructured working electrode: (a) photo of a fabricated PDMS chip, and illustration of electrochemical oxidation of dopamine and se
rotonin, (b) Flat, micro-structured, and nano-structured Au electrode surface oxidation current comparison. 1 mM K4 Fe (CN)6/K3 Fe (CN)6 (1:1 ratio) in 0.1 M PBS 
solution was used for calibration and surface effect comparison of the sensors. 
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much smaller than those of commercially macroscale electrodes of cyl
inder shape with a typical size of 32 mm (length) × 0.5 mm (radius) 
(CHI-102, platinum working electrode, CH Instruments, Inc.). In addi
tion, in the microchip, the electrodes are fabricated on the planar sur
face, and the exposure surface to chemicals is, therefore, further limited 
compared to that of macro electrodes, whose cylinder shape allows 
greatly increased surface exposure to chemicals. Moreover, the volume 
of the sample used for this experiment was only 40–60 μl per mea
surement which is very small compared to the commercial macro elec
trode volume. All these factors contribute to the LOD of the electrodes- 
based electrochemical sensors. It is anticipated that the LOD can be 
potentially enhanced by fabricating 3D electrodes on chips and opti
mizing the nanostructures on the electrodes. 

3.2.2. Measurements of DA and ST mixed samples 
The samples were prepared by mixing DA and ST of the same con

centration. Specifically, the mixed samples with DA and ST concentra
tions range from 0.5 μM to 250 μM in both PBS buffer and DM. The 
measured results of the samples in PBS buffer are shown in Fig. 5(a), 
while the measured results of the samples in DM are given in Fig. 5(b). 

For measurements of samples in PBS solution, the presence of ST in 
the mixture does affect the DA peak current. It was observed that it was 
~ 2 × times less (approx.) peak current compared to ST peak current for 
the same concentration. ST peak current was observed at 1.1 μA peak 
current for 0.5 μM concentration following a linear relationship up to 

10.1μA current for 250 μM concentration. In contrast, DA peak current 
was observed at 0.1 μA peak current for 0.5 μM concentration following 
a linear relationship up to 4.9 μA current for 250 μM concentration. A 
similar trend was also observed for measurements of samples in DM. It 
was observed that in DM, the DA peak current was half of the ST peak 
current. ST peak current followed a linear relationship measuring from 
0.5 to 250 μM concentration. DA peak current also follows a linear 
relationship measuring from 0.5 to 250 μM concentration. For both 
measurements, the peak currents for DA and ST appear, indicating the 
sensor was able to distinguish DA and ST in mixed samples. 

It has been observed that the current peaks for DA and ST slightly 
shift to higher potentials for samples in PBS buffer and DM. Specifically, 
for DA, the oxidation potential shifted from ~ 0.04 V to ~ 0.08 V, and 
for ST, from ~ 0.20 V to ~ 0.27 V when the electrolyte fluid was 
changed from PBS buffer to DM. Another observed deviation is the 
magnitudes of the peak currents for both DA and ST, which were almost 
reduced to half for the samples in DM in comparison with those in PBS 
buffer since the electrical conductivity is higher for PBS buffer (10.6 S/ 
m) [53] than that of DM (1.515 S/m) [54]. 

3.2.3. Evaluation of the sensor’s specificity 
The specificity assessment was performed by mixing DA and ST with 

interfering molecules, which coexist not only in the extra-cellular cen
tral nervous system but also in different body fluids [55]. The oxidation 
potentials of DA and ST could overlap with those of other molecules and 

Fig. 4. Measurement of DA and ST in PBS buffer: (a-c) Dopamine detection using SWV method (DA concentrations from 1 nM to 500 μM); (d-f) Serotonin detection 
using SWV method (ST concentrations from 1 nM to 500 μM). 
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thus produce a false positive signal. Specifically, the samples were 
prepared by mixing 250 μM DA, ST, Uric acid (UA), Ascorbic acid (AA), 
L-dopa (LD), Tyrosine (TYRO), Phenylalanine (PHE), and 1 mM Glucose 
(GLC). 

The interfering molecules were added one by one, starting with LD, 
into the samples, while keeping the DA and ST mixture concentration 
constant. Electrochemical measurements were carried out for the sam
ples in both PBS buffer and DM. The results are shown in Fig. 5(c) and 5 
(d). GLC was selected as an interfering molecule due to its presence in 
the media. However, GLC does not undergo an electrochemical reaction 
directly in a solution. Hence, a negligible effect is expected in the DA and 
ST peaks in the presence of GLC in the solution. It is verified by 
comparing the peak magnitude for the mixed sample (DA, ST, LD, UA, 
and AA) and that for the mixed sample (DA, ST, LD, UA, AA, and GLC). 
DA and ST peak currents were observed almost in the same magnitude 
for samples in PBS and DM. LD has an oxidation potential of 0.22 V and 
falls within the range of DA and ST oxidation window [56]. So, the peak 
currents of DA and ST are expected to be impacted by the presence of LD 
in the mixture. DA and ST peak currents were observed as lowest for the 
mixed sample (DA, ST, and LD) compared to other mixed samples in PBS 
solution. DA peak is almost invisible for the mixed sample (DA, ST, and 
LD) in DM. However, the ST peak was the highest in magnitude as it was 
influenced by the presence of LD in the mixed sample in DM which was 
reduced in the subsequent measurements. UA, AA, PHE, and TYRO are 
also electrochemically active molecules with oxidation potentials of 0.6 
V, 0.47 V, 0.5 V, and 0.65 V to standard reference electrodes, respec
tively [57–60]. A negligible effect was expected from these interferents 
as their oxidation potential falls outside the experimental potential 
window (−0.1 V to 0.45 V) of DA and ST. However, their presence 
significantly affected the DA and ST peaks of samples in PBS, but did not 
significantly affect those peaks of samples in DM. One approach to 
further mitigate or even eliminate the interference from these 

interfering molecules is to use ion-separation layers such as Nafion 
membranes, which can prevent those molecules from reaching sensors, 
but only allow DA or ST to reach sensors [35]. 

It was observed that despite the presence of different interfering 
molecules, both DA and ST peaks were still observed clearly, indicating 
very good specificity of the sensors. For the samples in the PBS buffer, 
the DA peaks were observed at ~ 0.04 V and ST peaks at ~ 0.20 V, 
similar to those of the samples without interfering molecules. For the 
samples in DM, the DA peaks were observed at ~ 0.08 V and ST peaks at 
~ 0.27 V, again similar to those of the samples without interfering 
molecules. In addition, it was also observed that the presence of inter
fering molecules in the samples reduced the magnitudes of the peak 
currents for both DA and ST. 

3.3. Measurement of DA and ST in samples under dynamic conditions 

3.3.1. Detection of DA and ST mixed samples 
Integration of in vivo microdialysis with selective electrochemical 

detection to form online analytical systems for continuously monitoring 
neurochemicals has been proven to be particularly useful and readily 
amenable for probing brain chemistry [46]. As an example, for mea
surements of samples under dynamic conditions, Fig. 6(a) shows 15 min 
of continuous monitoring output for the concentration of 200 μM. It was 
observed that the DA peak was found to be at 0.1 V and the ST peak was 
found to be at 0.3 V, which moved towards the right compared to the 
results we got in the static measurements (Fig. 5). Because of the dy
namic condition, the reference changed for the electrochemical mea
surements. Moreover, the output current decreased significantly (five 
times lower than the static condition) as the detected molecules moved 
away from the sensor surface more quickly by the continuously flowing 
solution. Fig. 6(b) shows the detection of DA and ST in PBS buffer for 
concentrations ranging from 50 to 250 μM. The peak currents are 

Fig. 5. Detection of DA and ST in mixed samples under static conditions. (a) Detection of DA and ST mixtures in PBS buffer; (b) detection of DA and ST mixtures in 
DM; (c) selectivity measurement in PBS buffer; (d) selectivity measurement in DM. Five chips were used for the experiments. For the same chip, at least three 
measurements were taken. 
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obtained by averaging the measured peak currents from 15-minute 
continuous monitoring for each concentration. For measurements in 
dynamic conditions, the presence of ST in the mixture does affect the DA 
peak current as in the static measurements. Unlike the static condition, 
DA peak currents were observed to be approximately 1.3 × higher than 
ST peak currents. ST peak current was observed at 0.4 μA for 50 μM 
concentration following a linear relationship up to 1.35 μA current for 
250 μM concentration. DA peak current was observed at 0.5 μA for 50 
μM concentration following a linear relationship up to 1.8 μA for 250 μM 
concentration. Overall, ST peak current decreased significantly (from 
10.1 μA to 1.35 μA) and DA peak current decreased significantly (from 
4.9 μA to 1.8 μA) for 250 μM concentration in dynamic conditions. 

3.3.2. Evaluation of specificity of the sensors 
The selectivity of the sensors was also assessed for samples in dy

namic conditions in a PBS buffer. Similar to the static results, DA and ST 
can be detected despite the presence of bio-interfering molecules (LD, 
UA, AA, GLC, TYRO, PHE) in the samples. Fig. 6(c) shows 15 min of 
continuous monitoring output for the concentration of 200 μM. Selec
tivity test results are presented in Fig. 6(d). The peak currents are ob
tained by averaging the measured peak currents from the 15 min of 
continuous monitoring for each concentration. DA peak was observed to 
be at ~ 0.04 V and ST peak was observed to be at ~ 0.3 V for the DA, ST, 
and LD mixture. After adding Uric Acid (UA) to the mixture, the peaks 
were shifted to ~ 0.1 V for DA and ~ 0.4 V for ST. These peak positions 
remained unchanged for the rest of the interferents, which is distinct 
compared to each other, indicating very good specificity of the sensors. 
However, it was observed that the presence of interfering molecules 
caused a decreased output current compared to the static measurement 
due to the dynamic condition. DA peak current was 0.5 μA and ST peak 

current was 0.42 μA for the mixture (DA, ST, and LD). Both DA peak 
current and ST peak current decreased linearly in specificity measure
ments performed in dynamic conditions. In addition, both peak currents 
were decreased linearly for adding each of the bio-interferents to the 
mixture. So, the introduction of each interferent in the mixture nega
tively affected the DA and ST peak currents. Adding more molecules into 
the mixture makes it harder for DA and ST molecules to diffuse to the 
sensor surface due to a crowded environment in dynamic measurements. 

3.4. Real-time detection of dopamine released directly from N27-A cells 

The layout of the modified chip is illustrated in Fig. 7(a) and a photo 
of a fabricated chip is shown in Fig. 7 (b). This chip consists of two 
chambers (C1 and C2) adjacent to each other and separated by a 
microfilter zone, which consists of arrayed micropillars. N27-A cells 
were plated in the cell-culture chamber (C1) through the inlet (I1) using 
a syringe. N-27A cells were trapped inside C1 by a surrounded ring of the 
microfilter while excess culture media could exit the C1 through the 
outlets (O1 or O2). Filter-sterilized KCl solution for cell excitation is 
supplied to the C1 through the inlet (I2). Three electrochemical sensor 
electrodes were fabricated inside the detection chamber (C2). The 
dopamine released from N27-A cells can diffuse into C2 from C1 and thus 
can be detected by the electrochemical sensor. The chip was fabricated 
using the process flow described in Fig. 2. The electrodes were fabricated 
using platinum (Pt) since the gold (Au) electrodes might be oxidized by 
KCl solutions, resulting in degraded performance and shortened lifetime 
of the sensor, especially for the miniaturized Au electrodes in the 
microchip [61]. In addition, it has been found that no peak currents in a 
potential range (−0.3 V to 0.3 V), which is relevant to the dopamine’s 
oxidation potential for Pt electrode [62], can be observed for KCl 

Fig. 6. Detection of DA and ST in mixed samples under dynamic conditions: (a) Detection at different timepoints for a concentration of 200 μM of DA and ST; (b) 
detection of DA and ST with different concentrations in PBS buffer; (c) selectivity measurement at different timepoints; (d) selectivity measurement in PBS buffer. 
Five chips were used for the experiments. For the same chip, at least three measurements were taken. 
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solutions using Pt-electrodes (Fig. S7 in Supplementary document), 
indicating KCl does not interfere with the DA readings. In the experi
ments, N27-A rat dopaminergic neural cells were revived using the 
supplier guidelines. Specifically, 10 % FBS and 1 % Penicillin- 
Streptomycin in RPMI-1640 1X media were used to culture and main
tain the cells. N27-A cells were seeded and incubated for 10 h inside the 
cell-culture chamber C1 on the chip, where cells were grown in aseptic 
conditions without any chance of possible contamination. Then KCl 
solutions were added to C1. Measurements were taken while the cells 
were in incubation. Representative optical micrographs and fluores
cence images of the cells cultured in C1 are shown in Fig. 7(c–d). 

The DA peak current was increased from 0.07 μA to 0.12 μA after 
four hours of continuous treatment with 100 mM KCl for 2 × 103 cells/ 
mm2 as shown illustrated in Fig. 7(e). Minimal dopamine release (e.g., 
the magnitude of DA peak current) was observed for 5 × 102 cells/mm2 

compared to 1 × 103 cells/mm2 and 2 × 103 cells/mm2. To further 
investigate the effect of KCl treatment concentration, 2 × 103 cells/mm2 

were treated with KCl with a series of concentrations of 0, 10, 50,100, 
150, and 200 mM. As shown in Fig. 7(f), the peak current increases from 
0.12 μA to 0.16 μA by increasing KCl concentration from 100 mM to 200 
mM after two hours of treatment. 

To assess the effect of repetitive KCl excitations, the samples with 5 
× 105 cells/mm2 N27-A cells were cultured in the cell-culture chambers 
on chips and excited with KCl twice in two hours. First, the measure
ments of the samples on chips were taken before any KCl excitations. 
Afterwards, 100 mM KCl was applied. Then electrochemical measure
ments were taken one hour later. The media in the cell-culture chamber 
with cells were washed with PBS, and fresh media were added to the 
chips, followed by the second KCl treatment. Another hour later, elec
trochemical measurements were carried out again. The measured results 
are shown in Fig. 7(g). After the first KCl treatment, 0.32 μA peak cur
rent was observed, and after 2nd KCl treatment 0.45 μA peak current 
was observed, corresponding to 37.05 μM dopamine and 69.55 μM 
dopamine, respectively, which were calculated based on the calibration 
curve of the sensor for dopamine. For control (i.e., without any KCl 

treatment), the highest peak current after 1 hr was observed at 0.12 μA, 
which corresponds to 4.24 μM dopamine, then dropped. This indicates 
the presence of dopamine in the control sample even without any KCl 
treatment. The released dopamine from N27-A cells is significantly 
lower than after stimulation, which is consistent with previous publi
cations [46]. 

4. Conclusions 

In summary, microchips with integrated nanostructured-electrodes 
electrochemical sensors have been developed for detecting dopamine 
and serotonin in PBS buffer and DM under both static conditions and 
dynamic conditions. The LOD of the chips was found to be ~ 120 nM for 
DA and 140 nM for ST, respectively. It has been demonstrated that the 
chips have very good specificity, which can distinguish DA and ST 
simultaneously from other bio-interfering molecules such as ascorbic 
acid, uric acid, glucose, tyrosine, and phenylalanine in mixed samples, 
again under both static conditions and dynamic conditions. Finally, the 
real-time monitoring of dopamine released from N27-A cells has been 
demonstrated, particularly when N27-A cells were under 100 mM KCl 
stimulation. Given the biocompatibility of the chip, since all the materials 
of the chip are biocompatible PDMS, this chip can be potentially used for 
achieving ex vivo DA or ST detection in brain tissues. More importantly, 
it could be made implantable for in vivo monitoring of DA or ST in an
imal subjects or even humans, thereby providing a technical toolset to 
gain insightful information on neurotransmitters related to various 
neurological and psychiatric diseases. 
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