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a b s t r a c t

The regeneration of the injured nerve and recovery of its function have brought attention in the medical

field. Electrical stimulation (ES) can enhance the cellular biological behavior and has been widely stud-

ied in the treatment of neurological diseases. Microfluidic technology can provide a cell culture platform

with the well-controlled environment. Here a novel microfluidic/microelectrode composite microdevice

was developed by embedding the microelectrodes to the microfluidic platform, in which microfluidics

provided a controlled cell culture platform, and ES promoted the NSCs proliferation. We performed ES on

rat neural stem cells (NSCs) to observe the effect on their growth, differentiation, proliferation, and pre-

liminary explored the ES influence on cells in vitro. The results of immunofluorescence showed that ES

had no significant effect on the NSCs specific expression, and the NSCs specific expression reached 98.9%

± 0.4% after three days of ES. In addition, ES significantly promoted cell growth and the cell prolifera-

tion rate reached 49.41%. To conclude, the microfluidic/microelectrode composite microdevice can play a

positive role in the nerve injury repair and fundamental research of neurological diseases.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the intensification of population aging, faster pace of life,

changes in lifestyle, the incidence of central nervous system (CNS)

diseases such as Parkinson, epilepsy, and stroke have increased

dramatically. These chronic diseases are difficult to be cured, and

they not only bring great inconvenience to patients and their fam-

ilies but also increase the burden of society. Traditional treatment

of CNS diseases is mainly carried out through drug regulation and

surgery. Studies reported among about 50 million epilepsy patients

in the world, about 30% of them cannot be effectively controlled

by medication alone [1], and long-term use has big side effects. In

addition, surgical treatment has certain risks and challenges, and

postoperative sequelae may appear. Therefore, there is an urgent

need to find new safe and effective treatments for CNS diseases.

In the last two decades, implantable electrical nerve stimula-

tion therapy has been continuously developed. Researches on the

treatment of CNS diseases such as Parkinson’s disease and epilepsy
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through electrical stimulation (ES) has also been more extensive

[2–4]. The implantable nerve electrical stimulator was composed

of a micro-electric pulse generator and a nerve electrode. The for-

mer sent out electric pulses, and the latter applied electric pulses

to the target tissue. Nerve electrodes can be divided into rigid and

flexible according to the properties of the matrix material. Rigid

electrodes are generally made of silicon-based materials, which

have good biocompatibility and are easy to be processed, but they

are likely to cause large tissue damage after implantation. Flexi-

ble electrodes are generally made of flexible polymers, which have

good compatibility with organisms. Kim et al. [5] reported a cor-

tical electrode composed of ultra-thin plastic layer, silk material,

and slender metal electrode. When attached to the surface of the

cerebral cortex, it can receive brain wave signals and contribute to

the treatment of neurological diseases. When nerve cells are stim-

ulated, electronegative nerve cells can generate a weak localized

electric field, which in turn will increase the internal electric field,

and help stabilize the bioelectric properties of cell membranes,

and promote the growth and regeneration of nerve tissue [6–8].

Zhu et al. [9] conducted electrical stimulation of NSCs on carbon

nanofiber scaffolds and found that ES could affect NSCs behav-
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iors. Xiao et al. [10] stimulated PC12 cells and the result showed

that ES could affect the differentiation of the cells. Research by Lee

et al. [11] concluded that ES could promote the extension of nerve

length by 40%−90%. Studies also reported that ES accelerated NGF-

induced axon growth and synaptic signal transduction [12], so the

application of ES did provide an effective way to promote central

nervous regeneration.

Microfluidic chip technology has developed rapidly in the field

of biomedicine with the advantages of high density, high through-

put, high ease of integration, and portability [13–16]. When the

poly(dimethylsiloxane) (PDMS) microfluidic device is applied to

neurons cell culture platform, it can provide a microenvironment

for physical and biochemical control through the guidance struc-

ture or microfluidic channel [17]. There were various multiple mi-

crofluidic chips used for neuron cell culture and study. Huang

et al. [18] designed a micro-device for automatic cell culture,

in which micro-pumps, micro-valves, and other micro-structures

were designed to maintain the entry of cell culture fluid while

expelling metabolic wastes, to realize automatic cell culture. Han

et al. [19] constructed an in vitro three-dimensional model sim-

ulating the microenvironment in vivo based on PDMS microflu-

idic chip and conducted quantitative analysis on the differentia-

tion of NSCs. The results showed that the fluid-controlled three-

dimensional microenvironment greatly improved the differentia-

tion ability of NSCs, compared with the traditional cell culture

model. Shin et al. [20] also demonstrated that the microenviron-

ment augmented the differentiation ability of NSCs.

At present, there have been some researches on the com-

bination of microfluidics and microelectrodes. Konstantin et al.

[21] focused on integrating the microfluidic devices with multi-

electrode array (MEA) and the compatibility of reversible integra-

tion with MEAs and neuron networks in vitro was proved. In 2015,

Lewandowska et al. [22] constructed a platform with microflu-

idics and MEA successfully achieved the separation of axons and

somatic cells and recorded the electrophysiological signals of the

cells in the channel. In 2017, Habibey et al. [23] bonded PDMS with

low-density network microchannels and MEA to capture and am-

plify the weak extracellular activity from axons and realized the

measurement of axon propagation speed.

In this paper, we developed a novel PDMS-based microfluidics

device embedded with a microelectrode array which had both

functions of stem cell culture and ES. A home-made signal gener-

ator was employed to output the bipolar symmetrical square wave

onto rat NSCs as a model to observe the effect of ES on the growth,

differentiation, proliferation, and other behaviors. We explored the

effect of in vitro cell ES and then evaluated the positive significance

of the microfluidic/micro-electrode composite micro-devices in the

treatment of neurological diseases.

The designed microfluidic/microelectrode composite device was

shown in Figs. 1a and b. The entire platform shape was designed

as a 5 mm × 5 mm × 2 mm cuboid, consisting of a central micro-

electrode array and a surrounding microfluidic chip, as shown in

Fig. 1c. The central microelectrode array was mainly used to com-

plete the output of ES, and it was 4 mm × 4 mm distributed with

tapered electrodes whose bottom diameter was 0.5 mm and height

was 0.6 mm. The microscopic image of the tapered microelectrode

was shown in Fig. 1d. While the microfluidic part achieved mi-

crofluidic control and cell culture, it was composed of one fluid in-

let, one outlet, and two cell culture chambers, as shown in Fig. 1a.

Between them were 0.2 mm wide microchannels. Cell injection,

nutrient and metabolite entry and exit were accomplished through

the inlet and outlet.

With the intrinsic advantages of high transparency and biocom-

patibility, PDMS was used as the substrate material of the mi-

croelectrode/microfluidic composite device. PDMS prepolymer and

curing agent (Sylgard 184, Dow Corning, USA) were mixed at 10:1

Fig. 1. Schematic of microfluidic/microelectrode composite microdevice: (a) 3D

schematic of the microdevice. (b) Top view of the microdevice. (c) Physical picture

of the microdevice. (d) Microscopic image of the tapered microelectrode.

(w/w) and poured onto the surface of the PMMA mold (Figs. S1 in

Supporting information). After cured the device was pelt off and

the microelectode array was obtained. The same method was used

to obtain the microfluidic channel structure as seen in Fig. S1b1

and b2 (Supporting information). Then DC magnetron sputtering

device (SBC-12, KYKY Technology Development Ltd., CN) was used

to gold plating in the microelectrode surface as a conductive layer,

wherein the coating thickness was 150 nm. Subsequently, the mi-

croelectrode was bonded with the microfluidic channel, and the

conductive silver paste was used to connect the conductive layer

and the wire. Finally, the multimeter (DT-9205, Hongda Instru-

ment, CN) was used to confirm the conductive integrity of the

microdevice and the impedance of each electrode was measured

by a two-probe conductivity meter (2634B, Keithley, USA) through

recording the current and the resistance over time in constant volt-

age mode. The impedance was about 14 � (Fig. S2 in Supporting

information) and it can be found that the current changes slightly

over time, thus proving the stability of the microelectrode array.

The ES device was developed in our lab and the diagram was

shown in Figs. 2a and b. It was connected to an oscilloscope to

ensure electrical pulses delivered were mentioned as shown in

Fig. 2c. The ES device was sterilized and kept for 30 min at 37

°C with a 5% CO2 atmosphere before use. Biphasic current pulse ES

has been widely used in nerve injury repair [24,25]. Therefore, the

biphasic pulse was used, which can reduce not only the risk of ir-

reversible Faraday reaction, but also the accumulation of charged

protein around the electrode surface, and prevent the pH value

increase during the stimulation [26–28]. Studies have shown that

low-frequency and short-term electrical stimulation could promote

the differentiation of stem cells, and then improve the regeneration

ability of injured nerves [29–31]. Piacentini et al. [32,33] found that

low-frequency electric field (50 Hz) can effectively enhance the dif-

ferentiation of cortical NSCs into neurons in vitro and the neu-

ronal differentiation rate of NSCs under electric field was higher

than that of the non-electric field group through a series of stud-

ies. Therefore, in this experiment, the stimulation voltage was 1 V;

pulse width was 200 μs and frequency was 50 Hz.

The cells used in the experiment were rat neural stem cells. The

cells were recovered, inoculated and pass at the rate of 1:2–1:3 in

a cell incubator at 37 °C with a 5% CO2 atmosphere. After the cells

state was stable, they were cultured in the cell culture dish and ob-

served; then replaced with fresh complete medium every 2–3 days.
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Fig. 2. (a) The microelectrode ES device diagram. (b) Setup image. (c) The oscillo-

graph waveform.

After 5 days of incubation, the stimulation pulses were applied to

the cells for 20 min per day and for 5 days continuously as the

experimental group. During this period, the medium was replaced

every next day. As a control, the cells were inoculated on the dish

and cultured 5 days without electrical stimulation. The cells were

observed and photographed under an inverted microscope at reg-

ular intervals every day. In the experiment, three parallel samples

were used in each group, and the results were presented as mean

± standard deviation. The software of Sigmaplot 12.5 (Systat, CA,

USA) was used for data analysis, independent sample t test and

inter-group statistics, where P < 0.05 was defined significant.

The morphology of NSCs was first to observe the state of the

cell spheres under an inverted phase-contrast microscope. The sus-

pended cell spheres used in the experiment need to be relatively

uniform in size, less adherent, small in the center black area, or

no black area. The cell behavior was detected by immunocytofluo-

rescence chemistry technique, in which the cell differentiation was

detected by Nestatin and cell proliferation was detected by Brdu

ELISA kit. As an intermediate filament type protein Nestin can be

specifically expressed on neuroepithelial stem cells and is only ex-

pressed at the early stage of embryonic development in the neu-

ral epithelial, so as the neuron-specific markers. Therefore, Nestin

was selected as the marker protein of rat NSCs, and the NSCs were

co-stained with Nestin and DAPI by immunofluorescence. The Im-

ageJ (NIH, USA) software was used to quantify the fluorescence in-

tensity of Nestin, and the specificity rate of NSCs was obtained by

calculating the ratio of the number of Nestin positive cells to the

number of DAPI. Brdu is a derivative of thymine. It is often used to

label newly synthesized DNA in living cells, which will be copied

into daughter cells as the DNA is replicated [32,34]. The NSCs were

co-stained with Brdu and DAPI by immunofluorescence, and the

proliferation ability of NSCs before and after ES was observed. The

fluorescence area of nerve cells was analyzed by the software Im-

ageJ and obtained the cell proliferation rate.

The cell morphology without ES was observed as shown in

Fig. 3a. After three days of culture, it was observed that the cells

gathered around continuously, and several multicellular aggregates

of different sizes appeared; on the 4th day, the number of single

cells suspended in the culture flask decreased significantly, and the

cells aggregated into compact sphere, namely neurosphere, with a

diameter of 50–60 μm; on the 5th day, the sphere grew up to 80–

90 μm in diameter, and it was regular, with good light permeability

and no dark areas, indicating that the cells were in good condition.

Therefore, the neurospheres cultured on the 5th day were selected

for immunofluorescence staining identification.

Figures in the lower line of Fig. 3a demonstrated that ES sig-

nificantly enhanced the cell growth compared to no treatment. On

the third day of ES, the neurosphere became significantly larger.

Therefore, ES can promote the proliferation of nerve cells within a

certain time. On the 4th day of ES, dark areas were observed in the

neurosphere indicating that the cells began to apoptosis. By the 5th

day, it was found that the dark area changed to black, and the cells

had died in large numbers. Fig. 3b showed the change of neuro-

sphere diameter with the ES time. The neurosphere diameter was

the largest on the third day of ES, and the diameter became signif-

icantly smaller when the stimulation continued. In addition, there

was a significant difference (P < 0.05) in the neurosphere diame-

ter after 2–4 days of stimulation compared with that without ES,

it showed the cell diameter at the 3rd day of ES was approximately

1.56 times that of without stimulation. Therefore, it can be found

that ES was beneficial to the growth and proliferation of nerve cells

within a certain period, but when it exceeded a certain range, cells

began to apoptosis. ES affected the molecules, ions, and regulatory

factors of nerve tissue by changing the extracellular electric poten-

tial near the stimulated area. Therefore, when the stimulation time

was too long, the extracellular electric potential was too high, and

the calcium ions needed for cell growth could not be supplied and

eventually lead to apoptosis.

Fig. 4a showed Nestin positive cells (green) and DAPI staining

pictures (blue) as well as the image (Merge) obtained by merg-

ing the first two images. The whole-cell sphere without ES showed

Nestin positive, indicating that the cells obtained after culture and

passage were rat NSCs, which could be used for subsequent ex-

perimental studies on the behavior of NSCs. To further determine

the cell Nestin positive rate, the spheres on the 5th day were di-

gested into single-cell suspension, planted on the surface of the

glass slide, and subjected to Nestin staining, observed, and counted

under a fluorescence microscope, the result showed 98.3% ± 0.2%

of the cells were Nestin positive, indicating that the subculture

cells had the characteristics of NSCs and have high purity.

It could be seen from Fig. 4a that after ES three days, the

volume of neurospheres has become significantly larger, which

was consistent with the results observed in bright fields. Fig. 4b

showed the statistical results of the Nestin positive rate before

and after ES. After ES, 98.9% ± 0.4% of the cells were Nestin pos-

itive, indicating there was no significant difference between the

two groups. Therefore, it can be concluded that NSCs can main-

tain good stem cell specificity while facilitating their proliferation

after ES.

The neurospheres cultured 5th day without ES (as a control)

and with 2–4 days ES were fixed and observed using an im-

munofluorescence microscope. The samples were stained with the

rat Brdu antibody and DAPI. In Fig. 5a, followed by Brdu positive

cells (red), DAPI staining (blue) images, and the former two im-

ages merged. As shown in Fig. 5a, the neurosphere volume after

ES was significantly larger compared to the control, showing bet-

ter proliferation. The cell proliferation rate after 2, 3 and 4 days

of ES was calculated, respectively in Fig. 5b. When cells were sub-

jected to a local electric field, they produced electrobiological be-

havior. After 2 days ES, cell viability was significantly increased,

and the cell proliferation was 37.46% compared with that before

ES. With the increase of the ES period, the relative proliferation

reached 49.41% on the third day. During the first 3 days of electri-

cal stimulation, the cell proliferation rate increased significantly (P
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Fig. 3. (a) Culture morphology of NSCs neurosphere with and without ES. (b) Graph of neurosphere diameter with ES time (∗P < 0.05).

Fig. 4. (a) Immunofluorescence staining of NSC neurospheres with and without ES: Nestin-green, DAPI-blue. (b) The fluorescence quantitative results of Nestin expression.

Fig. 5. (a) Immunofluorescence staining of NSCs neurospheres with ES at different days: Brdu-red, DAPI-blue. (b) The relative cell proliferation (∗P < 0.05).

< 0.05) compared with the control group. However, after 4 days of

ES, it was observed that the neurosphere volume did not increase,

and the proliferation rate was 46.06%, which was consistent with

the growth state of cells observed in bright fields. A dark area ap-

peared at the center of the neurosphere, indicating that the cells

were beginning to apoptosis and the mortality was 1.21%. There-

fore, it can be obtained that ES can promote the proliferation of

NSCs to a certain extent.

In summary, we proposed a microfluidic and microelectrode

composite microdevice that was simultaneous with electrical stim-

ulation and cell culture function. The stimulated microelectrode

array was designed and fabricated so that the electrode size and

1311



Q. Li, B. Kang, L. Wang et al. Chinese Chemical Letters 33 (2022) 1308–1312

spacing can more fully and evenly contact with cells to regulate

cell behavior. This article preliminarily investigated the effect of ES

on the behavior of NSCs in vitro, and the results indicated that ES

had no significant effect on the specificity of NSCs, and extent pro-

moted the differentiation of NSCs to some extent. Within a certain

period, the appropriate ES can make the electronegative nerve cells

generate a weak local electric field, and then increase the internal

electric field to facilitate cell growth and proliferation. Therefore,

the combinatorial treatment strategy may have a better therapeu-

tic potential since ES may be used to promote the regeneration

of NSCs, which is of reference significance for the repair of neu-

ral networks and the treatment of nervous system diseases.
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