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temporal cell differentiation control is 
also required to modulate cell-level tissue 
composition at specific time points. There-
fore, spatiotemporal control of cell differ-
entiation can be applied in diverse fields 
such as regenerative medicine and cell 
therapy.[7–9]

Several studies have recently reported 
various strategies to control cell differen-
tiation, including direct electrical stimu-
lation, nanoparticle-mediated delivery of 
differentiation-inducing small molecules, 
injectable functional hydrogels, and 
CRISPR-Cas9-based gene editing.[10–16] 
However, these methods have several limi-
tations, including nanomaterial-associated 
cytotoxicity, loss of cellular function due 
to organelle damage, and can decrease 
differentiation efficiency. Additionally, 
these methods nonspecifically induce the 
differentiation of all cells within a single 
culture plate and therefore do not allow 
for the spatial control of cell differen-

tiation.[17–19] Recently, electrostimulation-based novel methods, 
including electropolymerized conductive scaffold, piezoelectric 
polymer, or magnetoelectric stimulation were reported for stem 
cell differentiation control. However, there is still room to be 
improved to demonstrate spatiotemporal differentiation con-
trol, such as the precise positioning at the cellular level using 
magnetic fields.[20–22]

To address these limitations, nano- or micro-pattern arrays 
have been developed to spatially control cell alignment and dif-
ferentiation using physicochemical cues.[23,24] However, despite 
the many advantages of this approach, the cell types that can 
be differentiated through this method are primarily limited to 
cardiomyogenesis, osteogenesis, and chondrogenesis.[25] These 
properties limit the application of nano- or micro-pattern arrays 
for the development of comprehensive cell differentiation 
platforms. Moreover, cell differentiation begins as soon as the 
cells are seeded onto the array, and therefore physicochemical 
cues are not well suited to achieve temporal control of cell dif-
ferentiation.[26–28] Recent studies have reported that myogenic 
differentiation and angiogenesis can be achieved through engi-
neered optogenetics, thus allowing for spatiotemporal control 
of cell differentiation.[29] Although spatiotemporal control was 
achieved to some extent using light-responsive recombinant 
cells via the implementation of gene recombination techniques, 
this approach exhibited several disadvantages that hindered its 
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1. Introduction

Cell differentiation in living organisms is precisely regu-
lated both spatially and temporally to form various tissues.[1–4] 
Numerous studies have been conducted to develop novel strate-
gies to control cell differentiation, thus mimicking the cell dif-
ferentiation patterns in living organisms.[5,6] Particularly, the 
spatial control of cell differentiation is critical for generating 
tissues with a heterogeneous structure similar to that of real 
tissues. Moreover, given that the time required for cells to dif-
ferentiate into the desired cellular lineage varies between cells, 
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practical application.[30] Concretely, given that this method must 
be accompanied by a gene transfection process related to the 
cell differentiation pathway, cell function could be negatively 
affected. Additionally, there would be unknown side effects 
associated with the transplantation of recombinant cells and it 
would be difficult to increase the scale of this approach to meet 
the demands and requirements of the medical field. Therefore, 
from a strictly biological standpoint, the spatiotemporal control 
of cell differentiation has not been reported yet.

Based on our previous findings in cell differentiation 
research,[31–33] biocompatible cell adhesion and cell mem-
brane penetration are required to enable the efficient interac-
tion between nanomaterials and cells.[34–37] Cell penetration 
via destructive methods such as microneedles often leads to 
oxidative stress, inducing structural and functional damage to 
the cell. Moreover, the reactive oxygen species (ROS) generated 
through oxidative stress inhibits the cell differentiation process, 
as they damage the DNA and mitochondria inside the cell. 
Neurons are particularly sensitive to destructive methods and 
ROS damage, as membrane disruption can result in neuronal 
death due to membrane destabilization and excitotoxicity.[38,39] 
Additionally, one of the key requirements of a spatiotemporal 
differentiation control complex is the accurate delivery of differ-
entiation-inducing small molecules to the cells within a desired 
time window and region of interest.[40]

To address these issues, our study proposed a novel bio-
molecular electron controller (hereinafter referred to as “Bio-
moletron”) to spatiotemporally control human neuroblastoma 
cell (SH-SY5Y) differentiation into dopaminergic neurons. The 
proposed Biomoletron is composed of recombinant azurin 
(rAzu), Arg–Gly–Asp tripeptide (RGD), DNA, Au nanopar-
ticle (AuNP), a cell-penetrating peptide (CPP), and electrically 
released complex (ERC) modified with retinoic acid (ERC-RA) 
to allow for the spatiotemporal control of cell differentiation in 
a biocompatible manner. Because the tripeptide component of 

the ERC can be released via electrical stimulation, the release 
of RA molecules could be controlled by conjugating RA to this 
tripeptide.[41–45] The role of each component is as follows. First, 
rAzu, a part immobilized directly to the Au substrate, enables 
the Biomoletron to be fabricated uniformly on the Au substrate, 
as confirmed in our previous research.[46,47] In addition, rAzu 
is a type of metalloprotein that removes ROS through a redox 
reaction. As an intermediate connector, DNA connects rAzu 
and AuNP, localizes the AuNP of the Biomoletron at the intra-
cellular region, and provides a functional group in which RGD 
can be introduced for attachment to the cell membrane. In the 
case of AuNP, during cell penetration, its excellent biocompat-
ibility reduces the cytotoxicity compared to the other nanomate-
rials such as metallic oxide nanoparticles and magnetic nano-
particles,[48,49] and it provides a surface for immobilization of 
CPP and ERC to achieve the effective and biocompatible cell 
membrane penetration for the control of the release of differen-
tiation-inducing small molecules by electrical stimulation in a 
temporally resolved manner.

From a structural standpoint, the Biomoletron is composed 
of three parts: 1) a bottom part (rAzu/single-stranded DNA 
[ssDNA]) for direct and efficient immobilization on the Au sub-
strate, 2) an intermediate part (double-stranded DNA [dsDNA]/
RGD) for cell adhesion and connection of the bottom part and 
the top part, and 3) a top part (complementary DNA/AuNP/
CPP/ERC-RA) for cell penetration and induction of SH-SY5Y 
cell differentiation (Figure 1a). After seeding the SH-SY5Y cells 
onto the Biomoletron-modified Au substrate, the top part of the 
Biomoletron was located inside the cell, and temporal control 
of differentiation was achieved through the release of RA from 
the Biomoletron via electrical stimulation at a specific time. At 
the same time, hydrogen peroxide (H2O2), a type of ROS gener-
ated during half-penetration of the Biomoletron into SH-SY5Y 
cells, was removed by the rAzu with its redox ROS removing 
reaction. (Figure  1b). Moreover, by generating Biomoletron in 

Figure 1. Design of electrically releasable Biomoletron. a) Structure of the Biomoletron. b) Temporal control of SH-SY5Y cell differentiation. c) Spatial 
control of SH-SY5Y cell differentiation.
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certain areas of a patterned Au substrate, spatiotemporal con-
trol of SH-SY5Y cell differentiation was achieved by applying 
electrical stimulation to the Biomoletron at a certain time and 
region (Figure 1c). Collectively, the proposed Biomoletron could 
adhere and half-penetrate the cells with biocompatibility, thus 
allowing for the control of SH-SY5Ycell differentiation in a spa-
tiotemporal manner, as a proof-of-concept study.

2. Results and Discussion

To develop the Biomoletron, the components constituting the 
Biomoletron must be fabricated and sequentially immobilized 
on the Au substrate, as shown in Figure S1, Supporting Infor-

mation. We first confirmed the fabrication of the ERC via ultra-
violet–visible (UV–vis) spectroscopy, after which the release 
of the ERC3  from the ERC via electrical stimulation was opti-
mized through electrochemical analysis. Figure  2a shows the 
UV–vis spectra of the prepared ERC, as well as the mixture of 
5,5-bis(mercaptomethyl)-2,2-bipyridine (ERC1) and the WGG 
tripeptide (ERC3) (ERC1+ERC3). There was no observable UV–
vis peak in the ERC1+ERC3 beyond 280 nm. However, due to 
the formation of a ternary structure (ERC) in the presence of 
the cucurbit[8] uril (ERC2) with ERC1+ERC3, a UV–vis peak 
at 320 nm appeared upon quenching of the indole absorption 
through the ERC1 and ERC3 tails located in an empty space of 
the ERC2. A −0.5 V potential intensity was applied to the ERC, 
as reported in previous studies.[34] Next, in order to determine 

Figure 2. Development of the Biomoletron. a) UV–vis spectra of ERC and ERC1+ERC3. b) Cyclic voltammograms of the Biomoletron after electrical 
stimulation at 100-s intervals, and Biomoletron fabricated without the ERC3-RA (control). c) Reduction current values of the Biomoletron after electrical 
stimulation at 100-s intervals and Biomoletron fabricated without the ERC3-RA. d) TBE native PAGE of the ssDNA, rAzu, rAzu/ssDNA and the rAzu/
dsDNA/AuNP. e–g) STM images of bare Au (e), rAzu (f), and rAzu/dsDNA/AuNP (g). h) SPR sensorgram for immobilization of the rAzu/dsDNA 
(ligand), with the sequential conjugation of AuNP, CPP, and the ERC (analytes) (10 mm NaOH was added at ≈1000 s to eliminate ligands that were 
not immobilized to the substrate). i,j) Confocal images of the Biomoletron with the ERC3/FITC, before electrical stimulation (i) and after electrical 
stimulation (j).
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the optimal time to stimulate the ERC for the release of the 
ERC3, the electrochemical signals of the ERC were measured 
by cyclic voltammetry after electrical stimulation at different 
times, after which the outcomes were compared with that of 
the ERC prepared without ERC3 (control) (Figure  2b). As the 
duration of the electrical stimulation to the ERC increased at 
100-s intervals, the occurrence of current reductions increased 
due to the release of ERC3. Moreover, when electrical stimula-
tion was applied for 600  s, the current reduction of the ERC 
(9.738  µA) reached levels that were close to those of the ERC 
prepared without ERC3 (9.744  µA) (Figure  2c). Therefore, the 
optimal electrical stimulating time to the ERC was determined 
as 600 s.

Next, we verified the formation of the basic structure of the 
Biomoletron (rAzu/dsDNA/AuNP) on an Au substrate. Sequen-
tial conjugation of the rAzu, dsDNA, and the AuNP was con-
firmed by tris-borate-EDTA (TBE)-native polyacrylamide gel 
electrophoresis (PAGE). In Figure  2d, the band in lane 1  rep-
resented ssDNA, and no band was observed in lane 2 because 
the rAzu could not be stained by ethidium bromide. The band 
in lane 3 was located above lane 1, indicating that the product 
in lane 3 had a larger biomolecular size and weight due to the 
successful conjugation of the rAzu and ssDNA (rAzu/ssDNA). 
Similarly, the relative position of lane 4  indicated that the 
product increased in size and weight upon the connection of 
the rAzu and AuNP via dsDNA, indicating that the basic struc-
ture of the Biomoletron has been achieved. Furthermore, the 
immobilization of the basic structure of the Biomoletron on the 
Au substrate was investigated via scanning tunneling micros-
copy (STM). As shown in Figure  2e–g, the bare Au substrate, 
rAzu, and the basic structure of the Biomoletron exhibited dif-
ferent topography and height. Concretely, the bare Au substrate 
exhibited a flat surface morphology with a nearly 0.125  nm 
height and an ≈150  nm grain size. In the case of rAzu, the 
heights were ≈5  nm with an 18-nm diameter, whereas the 
heights for the basic structure of the Biomoletron were ≈40 nm 
with a 22-nm diameter. The heights of the basic structure of 
the Biomoletron approximately coincided with the sum of the 
rAzu (5  nm), dsDNA (12  nm), and AuNP (20  nm). Moreover, 
the diameter of the basic structure of the Biomoletron coin-
cided with the diameter of the AuNP (20  nm) that existed at 
the top. These results confirmed the successful formation of 
the basic structure of the Biomoletron on the Au substrate. In 
addition, immobilization of each component on the Biomo-
letron was further confirmed by surface plasmon resonance 
through sequential layer formation (Figure  2h). The rAzu/
dsDNA was first immobilized on the Au substrate as a ligand, 
followed by a sequential flow of analytes (AuNP, CPP, and the 
ERC). As the analytes became sequentially conjugated with the 
ligand, the response unit value increased by 2703, 243, and 276, 
respectively.

After confirming the successful synthesis of the Biomo-
letron, the electrically stimulated release of the ERC in the Bio-
moletron (i.e., the most important function of the Biomoletron) 
was monitored via fluorescent probe modification. For fluores-
cent verification, the fluorescein PEG amine (FITC/PEG/NH2) 
was attached to the ERC3 (ERC3/FITC) instead of RA. After 
applying −0.5 V for 600 s to the Biomoletron modified with the 
ERC3/FITC, most of the ERC3/FITC were released from the 

Biomoletron. Figure 2i showed the FITC signals of the Biomo-
letron with the ERC3/FITC before electrical stimulation (indi-
cated in green). In contrast, after electrical stimulation, the 
green spots largely disappeared due to the release of the ERC3/
FITC from the Biomoletron at the same location (Figure 2j). In 
addition to these confirmation processes for the development of 
the Biomoletron, the fabrication process and other verification 
results, including CPP and RGD modification, are presented in 
more detail in the Figures S2 and S3, Supporting Information. 
Besides, we conducted the solid-state nuclear magnetic reso-
nance analysis for the additional verification of the Biomoletron 
formation on the Au substrate compared to control samples 
prepared with bare Au substrate, and rAzu-immobilized Au 
substrate through the appearance of additional peaks after the 
Biomoletron formation (Figure S4, Supporting Information).

For efficient differentiation of SH-SY5Y cells, the Biomo-
letron must effectively adhere to the cellular membrane and 
the top part of the Biomoletron should penetrate the cells for 
the direct delivery of the ERC3-RA to the nucleus (Figure  1b). 
Two experiments were conducted using two fluorescent probes 
to verify the cell adhesion and half-penetration of the Biomo-
letron. A detailed explanation of the fabrication processes is 
provided in the Supporting Information.

First, to verify the cell adhesion of the Biomoletron, Texas 
Red maleimide (TR) was attached to the rAzu, dsDNA, and 
RGD conjugated complex (rAzu/dsDNA/RGD), thus forming 
a rAzu/dsDNA/RGD/TR complex that was then treated to the 
SH-SY5Y cells (Figure  3a). Confocal images confirmed that 
the rAzu/dsDNA/RGD/TR complex was effectively attached 
along the membrane of the SH-SY5Y cells because the RGD 
was connected to dsDNA (indicated in red) (Figure  3b). Next, 
to verify the half-penetration of the Biomoletron, a Biomoletron 
with a FITC/PEG/NH2 modification instead of the ERC was 
fabricated on the Au substrate, after which SH-SY5Y cells were 
cultured for 2 days on the Biomoletron-modified Au substrate 
(Figure  3c). 3D confocal imaging indicated that the fluores-
cence signals from the FITC on the top part of the Biomoletron 
were located near the Hoechst-stained nucleus of the SH-SY5Y 
cells (indicated in blue) (Figure  3d). Although the resolution 
of the fluorescent analysis was not sufficient due to the lim-
ited resolution of confocal microscopy, it could be reasonably 
inferred that the top part of the Biomoletron successfully pen-
etrated the SH-SY5Y cells. Taken together, these two fluores-
cent analyses confirmed the cell adhesion and half-penetration 
of the top part of the Biomoletron into the SH-SY5Y cells. 
Detailed information, including the fabrication process and ver-
ification of each fluorescent complex via UV–vis spectroscopy, 
is discussed in the Figure S5, Supporting Information. Addi-
tionally, field emission scanning electron microscopy (FE-SEM) 
analysis confirmed that the Biomoletrons did not decompose 
and remained adhered to the individual cells 7  days after the 
SH-SY5Y cells were seeded on the Biomoletron-modified Au 
substrate (Figure 3e–g).

Furthermore, the rAzu component of the Biomoletron could 
remove ROS that may occur during the cell penetration process 
due to its capacity to convert H2O2 to H2O via redox reactions. 
H2O2 removal was analyzed using 2′,7′-dichlorofluorescein 
diacetate (DCFDA; i.e., a cell-permeant reagent). The DCFDA 
was deacetylated by cellular esterases into a non-fluorescent  
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Figure 3. Adhesion and half-penetration of the Biomoletron into SH-SY5Y cell. a) Schematic images of the attachment of the rAzu/dsDNA/RGD/TR 
to the membrane of the SH-SY5Y cells. b) Confocal images of the SH-SY5Y cells cultured with the rAzu/dsDNA/RGD/TR for 24 h. c) Schematic image 
of the Biomoletron coupled with FITC/PEG/NH2 and its cell penetration. d) 3D confocal images of the penetration of the Biomoletron with the FITC/
PEG/NH2 into the SH-SY5Y cells. e) FE-SEM images of SH-SY5Y cells on the Biomoletron immobilized Au substrate. f) Magnified image of the right 
edge of the SH-SY5Y cells in (e). g) Biomoletron structure immobilized near the SH-SY5Y cells, which was maintained for 7 days. h–j) Fluorescence 
assay for the verification of H2O2 removal using the DCFDA in SH-SY5Y cells cultured on the Au substrate (control) (h), H2O2-treated SH-SY5Y cells 
cultured without the Biomoletron (i), and H2O2-treated SH-SY5Y cells cultured with the Biomoletron (j).
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compound, which is later oxidized by the H2O2 into 2′,7′-dichlor-
ofluorescein (DCF), which emits a fluorescent signal. Therefore, 
the intensity of the fluorescent signal from the DCF is propor-
tional to the concentration of H2O2.[50] As shown in Figure 3h–j,  
upon adding 10 µL of 1 µm H2O2, the SH-SY5Y cells cultured 
with the Biomoletron exhibited a weaker fluorescence signal 
compared to the controls and the SH-SY5Y cells cultured 
without the Biomoletron. These findings confirmed that the 
Biomoletron successfully removed the ROS, thus overcoming 
the conventional problems associated with destructive methods 
for cell penetration, such as neuronal death and excitotoxicity. 
To verify the biocompatibility of the Biomoletron, two different 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assays were performed by solution and solid-state inves-
tigation (Figure S6, Supporting Information). The survival 
rate of SH-SY5Y cell was at least 98.17% after 24 h, and more 
than 98% after 48  h, proving the high biocompatibility of the 
Biomoletron.

The patterned Au substrate was introduced to release RA 
from the Biomoletron at regular intervals. Detailed information 
on the patterned Au substrate is discussed in the Figure S7,  
Supporting Information. Selective and time-dependent elec-
trical stimulation to specific Au sections was achieved by 
immobilizing the Biomoletron on the patterned Au substrate. 
Therefore, the Biomoletron could emit RA at two different 
time points to effectively induce cell differentiation. Moreover, 
since electrical stimulation could be applied at predetermined 
times, temporal differentiation control of cell differentiation 
could be achieved by controlling the RA release time. To verify 
the temporal control of SH-SY5Y cell differentiation, SH-SY5Y 
cells were cultured on the patterned Au substrate with the Bio-
moletron for 7  days to fully differentiate into dopaminergic 
neurons by RA, which was released from the Biomoletron 
twice within a given time interval. As described in Figure 4a, 
SH-SY5Y cells were seeded onto the patterned Au substrate 
with the Biomoletron on day 0. Afterward, to induce SH-SY5Y 
cell differentiation, the cell culture media was exchanged only 
for maintenance and electrical stimulation was applied to the 
right Au section of the patterned Au substrate to release RA 
from the Biomoletron on day 1. The same electrical stimula-
tion procedure was then repeated on day 4  to the left Au sec-
tion of the patterned Au substrate. Following these steps, 
the time and amount of RA released from the Biomoletron 
could be controlled, thus allowing for effective SH-SY5Y cell 
differentiation.

After Biomoletron-induced cell differentiation, immu-
nostaining was conducted to confirm the temporal differen-
tiation of the SH-SY5Y cells (Figure  4b and Figure S8, Sup-
porting Information). As control experiments, SH-SY5Y cell 
differentiation was assessed under three different conditions: 
case 1) the SH-SY5Y cells were cultured on the patterned Au 
substrate without electrical stimulation or Biomoletron; case 
2) the SH-SY5Y cells were cultured on the patterned Au sub-
strate with the Biomoletron without electrical stimulation; 
case 3) RA was added to the SH-SY5Y cells for differentiation 
without the Biomoletron (RA treatment). The other controlled 
conditions are presented in the Supporting Information. 
The conditions of the electrical stimulation to the proposed 
system, case S1, Supporting Information, and case S2, Sup-

porting Information, were all the same (−0.5 V, 600  s with a 
3-day interval).

For immunostaining analyses, the anti-microtubule-asso-
ciated protein 2 (MAP2) and tyrosine hydroxylase (TH) were 
selected as markers to characterize the neuronal differentiation 
of SH-SY5Y cells. In case 1, normal SH-SY5Y cells maintained 
a small and round shape, consistent with the typical mor-
phology of epithelial cells, and remained apart from each other 
without clustering. Similar morphology was also observed in 
case 2, as well as case S1 and case S2, Supporting Information. 
Moreover, only a few short neurites were identified, and no 
connection was observed between the adjacent cells in these 
cases. All of the SH-SY5Y cells cultured under these condi-
tions exhibited the morphological characteristics of undifferen-
tiated cells. In contrast, in case 3, SH-SY5Y cells exhibited dis-
tinct morphological features such as an elongated shape. Addi-
tionally, the SH-SY5Y cells tended to aggregate to form clus-
ters. These morphological changes were also observed in the 
proposed system. Furthermore, several connections between 
adjacent SH-SY5Y cells by extension of the neurites were 
observed in both cases. Particularly, TH expression was only 
observed in case 3  and the proposed system, and it was thus 
confirmed that the SH-SY5Y cells successfully differentiated 
into dopaminergic neurons upon coupling Biomoletron with 
electrical stimulation. Moreover, quantitative PCR analysis was 
conducted to more precisely characterize the messenger RNA 
(mRNA) expression levels of the synapse-associated protein 97 
(SAP 97) and the neuron-specific enolase (NSE) (Figure 4c,d). 
In the case of the SH-SY5Y cells differentiated via Biomo-
letron, the mRNA expression levels of the SAP 97  and NSE 
genes increased remarkably by 1.97- and 6.07-fold compared 
to undifferentiated SH-SY5Y cells (control) and reached even 
higher levels than those obtained via direct RA exposure (RA 
treatment). Moreover, reverse-transcription polymerase chain 
reaction was conducted to determine the expression of sev-
eral neuronal mRNA markers (Figure  4e). Compared to the 
controls, the mRNA expression levels of the MAP2, synapsin 
(SYNS), dopamine active transporter (DAT), TH, neurofila-
ment (NF), and NSE genes upon Biomoletron treatment were 
substantially higher. In addition, to verify the temporal dif-
ferentiation control property of the Biomoletron more clearly, 
after seeding of SH-SY5Y cells on the Biomoletron-immobi-
lized Au substrates at the same time, the initiation time of dif-
ferentiation was controlled based on two different schedules 
with the first electrical stimulation on Day 1  and the second 
stimulation on Day 4 for one sample, and the first stimulation 
on Day 3  and the second stimulation on Day 6  for the other 
sample. The time interval between the first and the second 
electrical stimulation was the same in both samples. From the 
results, we confirmed that the fully differentiated time point 
was successfully regulated in a temporally resolved manner by 
the Biomoletron depending on the initiation time (Day 7  for 
the first sample, and Day 9 for the second sample) (Figure S9, 
Supporting Information). Based on these results, the temporal 
control of SH-SY5Y cell differentiation using the Biomoletron 
was successfully demonstrated.

Beyond temporal differentiation control, we next sought to 
assess whether the proposed Biomoletron could spatiotempo-
rally control cell differentiation in combination with patterned 
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Au substrates. This was achieved through the selective immo-
bilization of the Biomoletron in certain areas in which the 
cells were seeded. As illustrated in Figure 5a, the Biomoletron 
was exclusively immobilized on the Au patterned area and the 
SH-SY5Y cells were seeded on the substrate areas, after which 
spatiotemporal control was demonstrated by the selective 
induction of SH-SY5Y cell differentiation only on the Biomo-
letron-modified region. As shown in Figure 5b, the patterned 
Au substrate was composed of two different regions (i.e., a 
glass area and an Au patterned area) where the Au line and 

glass line intersected, and these regions were divided by a hori-
zontal line in the center. On this patterned Au substrate, the 
Biomoletron was immobilized only on the Au patterned area 
via Authiol bonding, and the selective Biomoletron immobi-
lization was confirmed by FE-SEM characterization. Figure 5c 
showed the bare Au patterned area before the Biomoletron 
immobilization. In contrast, after Biomoletron immobiliza-
tion, the Biomoletron was located only on the Au pattern line 
and not on the glass region (Figure  5d). Afterward, the SH-
SY5Y cells were seeded on the whole surface of the pattered 

Figure 4. Temporal control of SH-SY5Y cell differentiation using the Biomoletron. a) Schematic image of the 7-day differentiation process of SH-SY5Y 
cells using the Biomoletron. b) (From top to bottom) Confocal images of SH-SY5Y cells cultured with no treatment (case 1), Biomoletron without elec-
trical stimulation (case 2), RA treatment (case 3), and electrical stimulation to the Biomoletron (proposed system). c,d) qPCR analysis of the SH-SY5Y 
cells with the neuronal markers of SAP 97 (c) and NSE (d). e) RT-PCR analysis of the neuronal markers including MAP2, SYNS, DAT, TH, NF, and NSE.
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Au substrate, including the glass area and Au patterned area 
(Figure  5e). Next, cell differentiation was induced under the 
same electrical stimulation conditions as in the temporal dif-
ferentiation control.

The spatiotemporal control of SH-SY5Y cell differen-
tiation using the Biomoletron immobilized on specific areas 
was confirmed by optical (Figure  5f) and confocal imaging 
(Figure 5g). Besides, to confirm the effect of the Biomoletron-
immobilized patterned Au substrate for spatiotemporal differ-
entiation, we performed the control experiment that SH-SY5Y 
cells were seeded on the patterned Au substrate modified 
with the Biomoletron and monitored its differentiation states 
applying no electrical stimulation (Figure S10, Supporting 
Information). Similar to the results of the temporal differ-
entiation control, undifferentiated SH-SY5Y cells remained 
as separate single cells on the upper half of the substrate, in 
which the Biomoletron was not immobilized. In contrast, dif-
ferentiated SH-SY5Y cells formed cell clusters in the lower half 
of the substrate, where the Biomoletron was immobilized, as 
they differentiated into the neuron (Figure 5f). To confirm the 
differentiation of the SH-SY5Y cells, the MAP2 and TH genes 
were selected as neuronal differentiation markers and SH-
SY5Y cells were analyzed by immunostaining following the 
same procedures as with the temporal differentiation experi-
ments. As shown in Figure 5g, TH (i.e., a dopaminergic neu-
ronal differentiation marker) expression was clearly observed 
in the lower half. In contrast, no clear TH expression was 
observed in the upper half, indicating that the cells remained 

undifferentiated. Although it was difficult to clearly observe 
whether the neurite stretched out of the clusters because of the 
only introduction of RA for inducing SH-SY5Y differentiation 
without changing other culture conditions, the well-formation  
of clusters were distinctly seen, and the neurite of differenti-
ated SH-SY5Y was obtained as shown in zoomed-in image of 
Figure 5h and full image in Figure S10a, Supporting Informa-
tion. Besides, the expression of TH could be easily appreciated 
on the lower half compared to the upper half, thus confirming 
the spatiotemporal control of SH-SY5Y cell differentiation into 
dopaminergic neurons. Furthermore, as shown in Figure S10a,b,  
Supporting Information, it was confirmed that some  
SH-SY5Y cells on the Biomoletron immobilized patterned Au 
substrate were differentiated, and the formation of clusters 
and neurites was observed. Besides, as shown in the control 
experiment (Figure S10c, Supporting Information), SH-SY5Y 
cells, which were seeded on the patterned Au substrate modi-
fied with the Biomoletron but without any electrical stimula-
tion, remained separated single cells on the whole surface as 
same with the undifferentiated cells, which verified that the 
patterned Au substrate modified with the Biomoletron is suit-
able for spatiotemporal differentiation control. Taken together, 
these results demonstrated that the Biomoletron could be 
applied to control the spatiotemporal differentiation of cells. 
However, further studies are required to optimize the fabri-
cation of designed patterns for the simultaneous spatial dif-
ferentiation control of multiple cells, the introduction of var-
ious types of differentiation-inducing small molecules on the  

Figure 5. Spatiotemporal control of SH-SY5Y cell differentiation using the Biomoletron. a) Spatiotemporal differentiation process of SH-SY5Y cells 
using the Biomoletron. b) Optical images of patterned Au substrate. FE-SEM images of the Au patterned area c) before and d) after immobilization 
of the Biomoletron. e,f) Optical images of SH-SY5Y cells seeded on the Biomoletron-immobilized patterned Au substrate after 1 day (e) and 7 days 
with electrical stimulation (f). g,h) Confocal images of spatiotemporally differentiated SH-SY5Y cells on the patterned Au substrate. The area above 
the white dotted line represents the glass area and the lower part is the Au patterned area.
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Biomoletron, and the establishment of optimal conditions for 
Biomoletron fabrication. These efforts may enhance the spa-
tiotemporal control of cell differentiation in multiple cellular 
lineages simultaneously, thus opening new avenues for the 
development of cell manipulation techniques with potential 
applicability in regenerative medicine and cell therapy.

As described in Figure S11a, Supporting Information, the 
human brain consists of three main cell types, including neu-
rons, oligodendrocytes, and astrocytes, in addition to various 
types of subcells that populate each part of the brain.[51] The 
Biomoletron can conjugate not only with RA to induce cell 
differentiation into neurons but also with other types of dif-
ferentiation-inducing small molecules for the generation of 
different cell types such as oligodendrocytes and astrocytes. 
Therefore, the reproduction of brain tissues composed of 
multi ple brain cell types on a single chip could be achieved 
by designing chip patterns and adjusting the arrangement 
of the Biomoletron as depicted in Figure S11b, Supporting 
Information. Moreover, when considering the differences in 
the times required for cells to fully differentiate into each 
desired cellular lineage, the temporal differentiation tech-
nique proposed herein allows the cells to complete their dif-
ferentiation process at the same time by varying the times at 
which the electrical stimuli are applied to the cells to induce 
astrocytogenesis (30 differentiation days), oligodendrogenesis 
(25  differentiation days), and neurogenesis (7  differentiation 
days).[52,53]

3. Conclusion

Spatiotemporal control of cell differentiation is essential for the 
in vitro reproduction of realistic heterogeneous tissue struc-
tures for biomedical applications. However, no studies had thus 
far achieved this goal due to its many inherent challenges. In 
this study, as a proof-of-concept study, we demonstrated the 
spatiotemporal control of SH-SY5Y cell differentiation into 
dopaminergic neurons for the first time using the Biomo-
letron. The proposed Biomoletron is composed of rAzu, RGD, 
DNA, AuNP, CPP, and ERC-RA, and is capable of releasing 
differentiation-inducing small molecules via electrical stimula-
tion at specific times and in predetermined regions of a pat-
terned Au substrate. The rAzu and AuNP components of the 
Biomoletron were used to directly and efficiently immobilize 
the Biomoletron on the substrate to gain access to the surface 
located within the SH-SY5Y cells for CPP and ERC-RA modifi-
cation. dsDNA was used to connect the top and bottom parts, 
as well as for RGD modification. Due to the introduction of 
CPP and RGD, the Biomoletron successfully adhered to and 
half-penetrated the SH-SY5Y cells. Moreover, the release of RA 
to induce SH-SY5Y cell differentiation was controlled by the 
ERC component of the Biomoletron via electrical stimulation, 
thus achieving spatiotemporal control of differentiation. The 
temporal control of cell differentiation using the Biomoletron 
was conducted by applying a −0.5  V electrical stimulus to the 
Biomoletron on the patterned Au substrate at 3-day intervals. 
This triggered the release of RA from the Biomoletron, thus 
inducing the differentiation of SH-SY5Y cells into dopamin-
ergic neurons within 7 days. By sequentially applying electrical 

stimulation to each Biomoletron immobilized on the inde-
pendent Au section of the patterned Au substrate at 3-day inter-
vals, the amount of RA released from the Biomoletron could 
be precisely regulated. Compared to undifferentiated SH-SY5Y 
cells, the expression levels of SAP97 and NSE (i.e., two repre-
sentative neuronal differentiation markers) were significantly 
increased by 1.97 and 6.07  times, respectively, in differentiated 
SH-SY5Y cells treated with the proposed Biomoletron. Addi-
tionally, the H2O2 generated by the half-penetration of the 
Biomoletron into the cells was successfully removed via the 
ROS-removing properties of rAzu. Moreover, spatiotemporal 
control of SH-SY5Y cell differentiation was successfully dem-
onstrated by selective immobilization of the Biomoletron on a 
certain area of a patterned Au substrate, thus achieving spatial 
control of RA release. When electrical stimulation (−0.5 V, 3-day 
interval) was applied, only SH-SY5Y cells in the Biomoletron 
immobilized region were selectively differentiated into dopa-
minergic neurons, whereas the cells remained undifferentiated 
when they were untreated. Taken together, our results demon-
strate that the proposed Biomoletron can successfully control 
the differentiation of SH-SY5Ycells into dopaminergic neurons 
in a spatiotemporal manner when coupled with a patterned Au 
substrate.

Nevertheless, several issues must be further assessed, 
including optimizing the concentration and ratio of the Bio-
moletron components and introduction of the other differen-
tiation-inducing small molecules for inducing the SH-SY5Y 
differentiation with distinct formation of neurites, deter-
mining the optimal time points for the application of electrical 
stimuli, and the design of chips allowing for the implementa-
tion of various types of Biomoletron modified with different 
differentiation-inducing small molecules and that can be 
placed precisely in the desired location. Through these addi-
tional studies, the proposed Biomoletron will enable scientists 
to generate various kinds of heterogeneous tissue structures 
composed of multiple cell types. Moreover, by scaling up the 
Biomoletron-modified substrate with various differentiation-
inducing small molecules, the proposed Biomoletron will be 
applicable to commercial medical applications, thus allowing 
for the mass-production of various types of desired functional 
cells. By addressing these issues, the proposed Biomoletron-
mediated novel differentiation method provides a prom-
ising strategy for spatiotemporal cell differentiation control 
with potential applications in regenerative medicine and cell 
therapy.
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