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Regulation of Neural Differentiation of ADMSCs using
Graphene-Mediated Wireless-Localized Electrical Signals

Driven by Electromagnetic Induction

Zhijie Guo, Chunhui Sun,* Hongru Yang, Haoyang Gao, Na Liang, Jian Wang,
Shuang Hu, Na Ren, Jinbo Pang, Jingang Wang, Ning Meng,* Lin Han,* and Hong Liu*

Although adipose-derived mesenchymal stem cells (ADMSCs) isolated from
patients’ fat are considered as the most important autologous stem cells for
tissue repair, significant difficulties in the neural differentiation of ADMSCs
still impede stem cell therapy for neurodegenerative diseases. Herein, a
wireless-electrical stimulation method is proposed to direct the neural
differentiation of ADMSCs based on the electromagnetic effect using a
graphene film as a conductive scaffold. By placing a rotating magnet on the
top of a culture system without any inducer, the ADMSCs cultured on
graphene differentiate into functional neurons within 15 days. As a conductive
biodegradable nanomaterial, graphene film acts as a wireless electrical signal
generator driven by the electromagnetic induction, and millivolt-level voltage
generated in situ provokes ADMSCs to differentiate into neurons, proved by
morphological variation, extremely high levels of neuron-specific genes, and
proteins. Most importantly, Ca?* intracellular influx is observed in these
ADMSC-derived neurons once exposure to neurotransmitters, indicating that
these cells are functional neurons. This research enhances stem cell therapy
for neurodegenerative diseases using autologous ADMSCs and overcomes
the lack of neural stem cells. This nanostructure-mediated physical-signal
simulation method is inexpensive, safe, and localized, and has a significant
impact on neural regeneration.

sensory, motor, conscious, and autonomic
dysfunctions.['! The main pathology of neu-
rological diseases is the progressive loss of
functional neurons, which fail to translate
nervous impulses and cause neurodegen-
erative diseases.?] Neural regeneration is
a promising method for neurodegenerative
disease therapy, which is based on stem
cells such as embryonic stem cells (ESCs),
mesenchymal stem cells (MSCs), neural
stem cells (NSCs), and induced pluripo-
tent stem cells (iPSCs). However, undiffer-
entiated inner mass cells of a human em-
bryo or viral-mediated transfections are re-
quired to harvest ESCsl®! or iPSCs,[*] which
is a significant obstacle to clinical appli-
cations, considering ethical and security
challenges. Quiescent NSCs reside in the
subventricular zone of the forebrain and
subgranular zone of the hippocampus!®
and have been reported to be activated
by the stimulation of neurotrophic factors
to participate in neurogenesis.l®) Nonethe-
less, a recent study revealed that NSCs in
the hippocampus and neurogenesis are ex-
tremely rare in adult humans,/”! indicat-
ing the limited application of endogenous

1. Introduction

Neurodegenerative diseases occur in the central, peripheral,
and autonomic nervous systems and are characterized by

NSCs in neural repair. The transplantation of allogeneic stem
cells has provided a new route for the treatment of neurodegen-
erative diseases. However, immunological rejection cannot be
ignored.
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Compared with NSCs, which have limitations such as limited
sources and difficulty of extraction, MSCs have a wide range of
sources, including the bone marrow, umbilical cord, cord blood,
placenta, fat, and other tissues. Particularly, adipose-derived mes-
enchymal stem cells (ADMSCs), isolated from subcutaneous fat
through liposuction with minimal trauma, are easier to extract
and expand faster. Their multidirectional differentiation capa-
bility and the ability to secrete various biologically active fac-
tors make them candidates for various applications in autolo-
gous stem cell transplantation. In addition, the potential of ADM-
SCs in neural differentiation has been recognized® and these
ADMSC-derived nerve cells have been demonstrated to promote
nerve repair.’! More importantly, ADMSCs exhibit low immuno-
genicity and tumorigenicity. Clinical trials have proved that the
application of ADMSCs in the repair of organ damage, such as
for the heart, rectum, and breast, is safe, effective, and feasible.!"”)
ADMSCs are widely accepted ideal seed cells in neural tissue en-
gineering and are excellent candidates for clinical applications.

Efforts have been conducted to aid the transformation of
MSCs into nerve cells, including a mixture of growth factors,!!]
supplementation with chemical agents,[!?] and over-expression
of related factors by gene transfection.['*) Among them, cytokine
administration is restricted from bench-to-bedside applications
owing to its expansiveness, short halflife period, and lack
of noninvasive delivery methods.™ Chemical stimulation is
also challenging because of undefined neuron functions, and
neuron-like morphological changes may be associated with cell
shrinkage because of cellular toxicity.>] For genetic manipu-
lation, the low transfection efficiency as well as biosafety, such
as the risk of proto-oncogene activation by viral vectors, should
be considered carefully before clinical applications.['®] Note
that these MSC-derived nerve cells may not effectively integrate
into lesion cavities or fuse with the original neural network,
although the above-mentioned methods of inducing the neural
differentiation of MSCs can be conducted in vitro. Furthermore,
another challenge for these transplanted cells is uncontrollable
destinations, including indeterminate differentiation fate and
random migration. A nerve scaffold must be implanted to
support and immobilize seed cells in the appointed area to guide
and promote axon growth, particularly for large nerve defects.

As one of the three parts of neural tissue engineering, scaf-
fold materials with good biocompatibility provide spatial support
to cells and their micro/nanostructures,!'’] and mediated phys-
ical signals('® can contribute significantly to inducing stem cell
differentiation. Recently, due to the electrical activity of neurons,
the combination of conductive biomaterials with electrical stim-
ulation has attracted much interest in the prospect of neural dif-
ferentiation. To achieve electrical stimulation, researchers gener-
ally select conductive substrates for stem cell culture and use a
pair of wires to achieve pulsed electrical stimulation. Reduced
graphene oxide microfibers have been designed using a tribo-
electric nanogenerator to promote the neural differentiation of
MSCs.") However, the electrical signals introduced by the exter-
nal wires with electrical signal-generating apparatus are not suit-
able for clinical use and will cause inconvenience or secondary
damage to the patients. The realization of in situ electrical signal
inputs without wire implantation is an urgent problem.

To solve these problems, we propose a concept of stimu-
lating stem cells using nanostructure-mediated electrical sig-
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nals. Based on the phenomenon of electromagnetic induction
and the working principle of an electric generator, a conduc-
tor generates an induced current when it cuts magnetic induc-
tion lines. Thus, we selected graphene as a nerve scaffold as
it is a promising conductor®®! and a 2D material with a single
atomic layer composed of sp?-hybridized carbon atoms, relying
on covalent bonds.[?!l Graphene-based materials have been ap-
plied in the fields of biomedicine, including biosensing,[??! can-
cer treatment,[?3] disease diagnosis,|?*] and drug delivery.?’] The
biocompatibility of graphene has been confirmed, and it can be
degraded in vivo using human neutrophil peroxidase,?®! and the
degradation products have no toxic side effects,!?’! indicating its
biosafety and prospects for clinical application. In tissue engi-
neering, the research on graphene-based materials has primar-
ily focused on bone and neural regeneration.!?8] Graphene-based
materials are expected to be a new type of neural interface mate-
rial in the future.[?’) Several configurations of graphene scaffolds
have been studied and prove that graphene substrates can pro-
mote the neural differentiation of NSCs,*% iPSCs,[*!] ESCs,[*?]
and MSCs.[**! However, the positive effect of graphene on neuro-
differentiation is achieved by adding differentiation inducers or
depends on the topological structure of graphene. Whether wire-
less electrical stimulation mediated by graphene-based electro-
magnetic induction can induce the neural differentiation of stem
cells is unclear and has not been reported.

To prove our hypothesis that graphene generates electric sig-
nals by cutting magnetic induction lines and this induced micro-
current may promote the neural differentiation of ADMSCs, in
this study, we synthesize graphene films through chemical vapor
deposition. The model of an immobile graphene film under a ro-
tating magnetic field (MF) is adopted to imitate electromagnetic
induction. After the confirmation of the electricity-generation
performance and biocompatibility, ADMSCs cultured on
graphene film are stimulated using a rotating MF, and the
potential of neural differentiation is further investigated. The
results demonstrate that the electrical signal derived from the
graphene film driven by a rotating MF, without any supplement
of inducers, is sufficient to trigger the differentiation of ADM-
SCs into functional neurons. Furthermore, the electromagnetic-
induction-driven electrical signal regulates ADMSCs into directly
differentiating into neurons and restricts neuroglia. This study
reveals an interesting result that a rotating MF can induce
MSCs on graphene films to directly differentiate into functional
neurons without any growth factor. These findings provide a
new strategy for nerve repair through wireless and localized
electric stimulation driven by magneto-electric biomaterials.

2. Results and Discussion

2.1. Characterization of Graphene Films

The graphene film was synthesized on a nickel plate via chem-
ical vapor deposition (Figure 1A). To ensure the integrality and
handleability of the graphene film during cell experiments,
graphene was transferred onto poly(dimethyl siloxane) (PDMS)
and was termed graphene/PDMS (Figure 1A). PDMS is a bio-
compatible polymer with superior elasticity and flexibility and
has been adopted as a medical implant because of its nontoxicity
to cells and high permeability to gases.[**] The graphene film was
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Figure 1. Characterization and cell compatibility of graphene film. A) Schematic fabrication of graphene film. B) Raman spectrum of graphene. The inset
image is the spectrographic magnification of graphene/PDMS from 1300 to 1700 cm~'. C) High-resolution C (1s) XPS spectra of graphene. D) AFM
image of graphene. E) TEM image of the graphene surface and upper right insert was the electron diffraction pattern of the area. F) Different current or
voltage intensity changes caused by different MF strengths in graphene (the upper panels) and vehicle control (PDMS, the lower panels). G) Image of
cytoskeleton staining and H) live/dead staining in different samples without MF treatment. The live cells were stained green, and the dead cells were
stained red. ) Quantification of surviving ADMSCs after culturing in different samples shown in (H). J) Relative cellular viabilities in different groups
were analyzed by CCK-8 staining. All data represent the mean + standard deviation (n = 3). K) SEM images of ADMSCs cultured on different substrates

for 3 days.
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characterized using Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), trans-
mission electron microscopy (TEM), and scanning electron mi-
croscopy (SEM). As shown in the Raman spectra in Figure 1B and
the Raman mapping image in Figure S1, Supporting Informa-
tion, graphene/PDMS exhibited both the characteristic peaks of
native PDMS and graphitic carbon, i.e., the G peak (%1580 cm™!)
of sp? hybridization!* and 2D peaks located at 2686 cm™~!.3¢1 The
number of graphene layers in a film can be estimated using the
ratio of the intensities of the G and 2D peaks[*’! and the intensity
of 2D peaks is negatively correlated with graphene layers.[*®! The
ratio Lp:I; < 1 represents multilayer graphene, while I,:I. >
1 represents few/single-layer graphene.’*! The Raman spectra
in Figure 1B and Figure S2 in the Supporting Information
suggested that the synthesized graphene film was constructed
using multilayer graphene sheets. In addition, the detect-related
D peak (in the range 1300-1370 cm™!)!*) was not observed in the
graphene/PDMS, indicating that the obtained graphene film was
of high quality. XPS was performed to characterize the surface
chemistry of the graphene films. As shown in Figure 1C, a notice-
able peak near 284.6 eV was detected in the C 1s XPS spectrum
of pure graphene, which corresponded to the nonoxygenated
ring C and emerged from sp”-hybridized carbon atoms (C=C
bond).I*!] In addition, the SEM image in Figure S1 in the Sup-
porting Information shows that the surface of the graphene film
was relatively smooth, and the folded strata of the film revealed
a tight contact between the graphene sheet and substrate. To
ensure the consistency of the graphene film and reduce the effect
of the substrate thickness on the induced electric potential, we
synthesized all the graphene samples under the same reaction
conditions, including the gas flow ratio, reaction temperature,
and reaction time. Different batches of graphene films exhibited
similar I,:I; ratios, indicating that the number of layers was
approximately the same (Figure S2D, Supporting Information).
Moreover, the typical electron diffraction pattern exhibited by
TEM (Figure 1E) also revealed the electron diffraction pattern of
multilayer graphene, suggesting a good crystalline of graphene.
The TEM images of the cross-section and edges of graphene were
displayed in revised Figure S2 in the Supporting Information. A
typical image of multilayer graphene sheet was shown in Figure
S2A in the Supporting Information, where graphene interface
with single layer could be observed. In addition, a portion of
folded graphene existed on the surface, and the formation of a
few layers of graphene was discovered at the folded edge rather
than a monolayer. Detailed examination on the edge structure
as denoted by the red box proved the multilayer character of
the graphene sheet (Figure S2B, Supporting Information). In
addition, the quantitative analysis in Figure S2C in the Support-
ing Information revealed that the number of graphene layers
ranged from 5 to 12 and the majority of graphene possessed 9-11
layers, reconfirming the characteristic of multilayer graphene
sheets.

To test the electromagnetic-induction capacity of graphene and
to clarify whether graphene could transform magnetic energy
into electricity, a model of a static graphene/PDMS film under
a rotating MF (Figure 1A) was used to mimic the cutting of
magnetic lines by graphene. In this study, a permanent mag-
net rather than a coil was adopted because of its good stabil-
ity and practicability, particularly the small size required to at-
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tain the same MF strength. As shown in Figure 1F, no voltaic
changes were observed on the PDMS during the application
of the rotating MF. However, a significant alternating voltage
(~1.5 mV) or current (~=5 to +10 uA) was detected on the
graphene/PDMS film during stimulation of the rotating MF,
which is sufficient to promote the neural differentiation of stem
cells.*?] In addition, the magnitude of the current on graphene
varied with the speed of rotation. These results suggested that
sufficient electric transformation from magnetic energy could be
generated using the graphene film as a mediator based on the
electromagnetic induction effect, which was consistent with our
hypothesis.

2.2. Cytocompatibility Assessment of the Graphene Film

The cytocompatibility of substrates is the basic prerequisite
for the subsequent evaluation of neural differentiation. Tissue
culture plates (TCP) and PDMS were utilized as two control
samples in the following experiments. Primarily, to ensure better
attachment of cells to the material, all substrates were treated sep-
arately using an oxygen plasma (OP) cleaner. As shown in Figure
S3, Supporting Information, PDMS and graphene without OP
treatment exhibited strong hydrophobicity. After OP treatment,
the contact angle became smaller and the hydrophilicity was
enhanced, suggesting that OP treatment increased hydrophilic
groups such as hydroxyl and was conducive to cell adhesion.[*}]
Subsequently, cytoskeleton staining, live/dead cellular staining,
and the cell counting kit-8 (CCK-8) were performed to evaluate
the biocompatibility of these substrates for ADMSCs qualitatively
and quantitatively (Figure 1G-J). The results of immunofluo-
rescence staining for F-actin indicated that the ADMSCs on all
substrates exhibited typical fibroblast-like spindle shapes after
inoculation for 3 days, and no apparent morphological changes
were detected in any of the groups. In addition, the live/dead
staining demonstrated that most cells remained viable (Fig-
ure 1H); the living cells were stained green using Calcein AM
and the dead cells were stained red using propidium iodide (PI).
Quantitative analysis revealed that the percentage of surviving
ADMSCs cultured on different substrates was greater than 95%,
indicating the good biocompatibility of PDMS and the graphene
substrate. Furthermore, the CCK-8 analysis after culturing for 5,
10, and 15 days showed that the viability of ADMSCs attaching
to the TCP increased gradually in a time-dependent manner
(Figure 1J). After 5 days of culturing, a slight decrease in the
cell population was observed in the cells cultured on PDMS or
graphene compared with those cultured on TCP. However, this
phenomenon disappeared and even reversed along with prolon-
gation of the culture time (for 10 days), and the cellular viabilities
of ADMSCs on PDMS and graphene were similar to those on
TCP after 15 days of culturing. These results could be interpreted
by the lower adherence ability in the early phase and the excellent
proliferative capacity in the later stage. The CCK-8 measurement
suggested that the viability and proliferation were not affected
by PDMS or graphene, indicating the good biocompatibility of
the substrates. Moreover, the cytocompatibility of PDMS and
graphene was also confirmed by the SEM observation of the cells
cultured on the different substrates for 3 days, which exhibited
the same cellular morphology on all substrates (Figure 1K).

2104424 (4 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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2.3. Neural Differentiation of ADMSCs on Graphene-Based
Electromagnetic Effects Driven by Rotating Magnetic Field

Previous studies demonstrated that an intermittent current stim-
ulation at 10 pA can induce the neural differentiation of stem
cells.[**] Based on the results shown in Figure 1F, we selected
a 300 rpm rotating MF to treat the cells, which is equivalent to
an electrical stimulation of 10 pA. The ADMSCs were seeded on
different substrates, and the rotating MF was applied on the top
of the cultures at a frequency of 300 rpm for 5 or 10 min each
time and twice every day. Cells cultured on different substrates
with or without rotating-MF treatment for 5, 10, and 15 days
were collected for cytoskeleton staining. As shown in Figure 2A,
cells seeded on TCP and PDMS retained their spindle-shaped
cell morphology even with rotating-MF treatment after 15 days,
which was not significantly different from the cells without MF
treatment. In contrast, the cells cultured on graphene under a
rotating MF for 5 days exhibited noticeable shrinking cell bodies,
and the cells changed their morphology from a fiber-like shape
to a polygonal or rounded morphology. With the prolongation
of the rotating-MF treatment, the body of cells on the graphene
film elongated and became thinner, and the axon-like structure
gradually appeared. Moreover, this phenomenon occurred earlier
in the group treated with an MF for 10 min each time compared
with those for 5 min. These results suggested that the rotating
MF itself did not affect the morphology and skeleton of ADM-
SCs, but the induced electric potential generated on graphene
nanosheets driven by the electromagnetic effect changed the fate
of the ADMSCs and induced their neural differentiation.

In addition to the changes in cell morphology, the results of
cytoskeleton staining indicated that the number of cells in the
graphene group treated with a rotating MF was significantly
lower, implying the possibility of cell death or blocked cell prolif-
eration during the progression of differentiation. The live/dead
staining indicated that under the same rotating-MF treatment
conditions, the cells seeded on graphene/PDMS for 2 days did
not exhibit an increased cell mortality rate (Figure S4, Support-
ing Information), which excluded the possibility of cell deaths.
Therefore, we inferred that under the MF treatment, the decrease
in cell number was caused by the inhibition of cell proliferation.
CCK-8 analysis was further performed to confirm this specula-
tion. Figure 2B shows that ADMSCs seeded on TCP and PDMS
substrates maintained good cell viability under rotating-MF con-
ditions, and the cell survival rate gradually increased with the
extension of culture time. Compared with the groups in which
cells were seeded on TCP and PDMS without MF treatment, no
apparent difference in cell viability was observed in cells on the
rotating-MF-driven TCP and PDMS substrates, indicating that
the MF treatment did not affect the cell viability of the ADMSCs.
However, compared with the control group (cells on graphene
without rotating-MF treatment), MF stimulation resulted in a
dramatic downregulation of proliferation in the cells cultured on
graphene, and the electric potential induced by the graphene ow-
ing to the rotating MF accounted for the decrease in cellular via-
bility. The impaired cell activity was reconciled with an increased
tendency of neural differentiation. It is well known that neuro-
genesis in the central nervous system occurs through rapid pro-
genitor expansion, subsequent loss of proliferative capacity, and
finally increasing cell determination. Previous studies demon-
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strated that neuronal differentiation proceeds cell cycle exit into
the quiescent GO phase!*! and declined proliferation appears be-
fore neuron fate restriction.[*] The results of the present study
are consistent with these reports. Since the neuron-like morphol-
ogy in cells with rotating-MF treatment for 10 min twice a day ap-
peared earlier and more typical than that of 5 min twice a day, in
subsequent experiments, we adopted rotating-MF treatment for
10 min twice a day to induce cell differentiation.

To verify that the rotating-MF-induced electric potential me-
diated by graphene can promote the neural differentiation of
ADMSCs, we performed quantitative polymerase chain reaction
(qPCR) to quantitatively analyze the mRNA expression of genes
related to neural differentiation. Nestin, an intermediate filament
protein, is widely expressed in neural-precursor cells*’] and is
used as a specific marker for NSCs. Figure 2C shows that with-
out rotating-MF treatment, the mRNA level of nestin in cells
on TCP, PDMS, and graphene remained unchanged. In rotating
MF, no apparent alteration in nestin expression was detected in
cells cultured on TCP and PDMS. Surprisingly, the expression of
nestin was upregulated ~180-fold in cells that were cultured on
graphene using the rotating-MF treatment for 10 days, which was
completely different from ADMSCs cultured on TCP and PDMS
under the same culture conditions. The mRNA expression of
nestin decreased with further prolongation of culture time. How-
ever, on the 15th day, the gene expression of nestin in the cells
cultured on graphene under rotating-MF stimulation was main-
tained at ~16 times, which was still significantly higher than that
in control groups. This result indicated that the alternating elec-
trical stimulation generated by graphene driven by the rotating
MEF rapidly enhanced the expression of neural stem cell-related
genes in the early stage, and induced the differentiation of ADM-
SCs into NSCs.

Notably, the stemness of the ADMSC-derived NSCs gradually
weakened in the later phase of stimulation, suggesting the ini-
tiation of neuronal or neuroglial differentiation. In the aspect of
neuroglial differentiation, it is well accepted that neural progen-
itors can differentiate into astrocytes, which can be identified by
the specific expression of glial fibrillary acidic protein (GFAP).
They can maintain the ion concentration around neurons,
participate in the metabolism of neurotransmitters, and have
a nutritional and protective function in neurodevelopment.'*®!
The qPCR results of GFAP (Figure 2C) showed no obvious al-
terations of GFAP expression in the cells cultured on all types of
substrates without rotating-MF stimulation. However, when the
rotating MF was applied to graphene, the transcription of GFAP
was promoted by ~275-fold in 10 days and its level gradually
decreased tenfold on the 15th day. Similarly, neuronal class
[115-tubulin (Tujl), a marker of early committed neurons,!*!
was rarely expressed in the cells cultured on all three substrates
without rotating-MF treatment or on the MF-stimulated TCP
and PDMS groups. However, the mRNA level of Tujl was
elevated significantly on graphene after exposure to the rotating
MF for 10 days (165-fold higher than the control group), and
the trend of enhancement declined to sevenfold on the 15th day,
indicating that the electrical stimulation generated by graphene
induced ADMSC differentiation into neurons and the ADMSC-
derived neurons became more mature with the prolongation of
irritation. This deduction was confirmed by the dynamic mRNA
variation in microtubule-associated protein 2 (MAP2), which
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Figure 2. Neural differentiation analysis in cells on graphene film with rotating-MF treatment. A) Immunofluorescent staining of the cytoskeleton with
rotating-MF treatment. The cytoskeleton was dyed red and the nucleus was stained in blue with DAPI. B) Relative cellular viability of ADMSCs seeded on
three substrates under different treatment, which was normalized to those on TCP at day 5. All data represented the mean + standard deviation (n = 3).
*,0.01 < p < 0.05; **p < 0.01. C) Relative quantification of neural-relate genes assayed using q- PCR The genes included neural stem cell-specific gene
(nestin), neuron-specific markers (Tuj1 and MAP2), and marker of astrocytes (GFAP). *p < 0.05; **p < 0.01; ***p < 0.0071; ****p < 0.0001, versus TCP
group without rotating-MF treatment. #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001, versus graphene group without rotating-MF treatment
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Figure 3. Immunofluorescent staining of nestin and MAP2 in cells cultured on different substrates for 5, 10, and 15 days. A) Images of immunofluo-
rescence staining for nestin (stained red) and MAP2 (dyed green) after treatment for 15 days. Cell nuclei were stained blue with DAPI. B,C) Statistical

analysis ofthe relative fluorescence intensity of nestin and MAP2 in ADMSCs inoculated in different substrates with different treatment.
*p < 0.0001, versus TCP; #p < 0.05; ####p < 0.0001, versus graphene group without rotating-MF treatment (n = 4).

< 0.07; #**

was expressed predominantly in the cell body and dendrites of
neurons and is widely used as a characteristic marker of mature
neurons.[”) Remarkably, cells on graphene film with rotating-
MF administration exhibited a stronger expression of MAP2
compared with those in other groups. Moreover, the mRNA level
of MAP2 maintained a substantial expression even in the late
stage of alternating electrical stimulation (on the 15th day, ~90-
fold). Another remarkable observation was that the tendency
of MAP2 (a mature neuron marker) was completely different
from that of Tujl (a marker of immature neurons) and GFAP
(a specific marker of astrocytes). Considering the decreased ex-
pression of GFAP, the long-term and high-level maintenance of
MAP2 suggested that neurons initiated by alternating electrical
stimulation were driven to maturity and implied that mature
neurons, but not astrocytes, might be an overwhelming majority
in the final phase of neural differentiation.

2.4. Wireless Electrical Stimulation Triggering Functional Neural
Differentiation of ADMSCs

To further confirm that the wireless electrical signal generated
on graphene driven by rotating-MF conditions induces and
favors neuronal differentiation of ADMSCs, we investigated
the expression of neural differentiation-related proteins in
ADMSC cultures on different substrates with and without

Adv. Sci. 2022, 9, 2104424
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rotating MF stimulation for 5, 10, and 15 days by performing
immunofluorescence staining.

The protein levels of nestin and MAP2 in the different samples
are shown in Figure 3. As shown in Figure 3A,B, the weak fluo-
rescence of nestin and MAP2 was detected in ADMSCs grown
on TCP and PDMS substrates, regardless of the rotating-MF
treatment. Similar fluorescence intensity was also observed in
cells cultured on the graphene film. However, when exposed to
the rotating MF and stimulated for 5 days with a frequency of
10 min twice a day, cells cultured on graphene substrates exhib-
ited strong fluorescence intensities of nestin and MAP2. With the
extension of the stimulation, the expression of nestin gradually
decreased on the 10th and 15th day (Figure 3A,B). In contrast,
the level of mature neuron marker MAP2 increased continuously
and stabilized after 10-15 days of treatment (Figure 3A,C), which
was consistent with the qPCR results, indicating that continuous
wireless electrical stimulation could promote the neural differen-
tiation and maturation of ADMSCs.

To clarify the orientation and types of ADMSC-derived nerve
cells induced by graphene-mediated electrical stimulation, im-
munofluorescence staining of Tuj1 (an early neuron marker) and
GFAP (an astrocyte marker) was performed for the ADMSCs
cultured on different substrates. The results in Figure 4A showed
that cells in the control group, including TCP, PDMS, graphene,
and TCP and PDMS with rotating-MF treatment exhibited rare
expressions of neural or neuroglial proteins. However, Tujl
and GFAP exhibited high expression levels after rotating-MF

2104424 (7 Of13) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Immunofluorescent staining of Tuj1 and GFAP in cells cultured on different substrates. A) Images of immunofluorescence staining for Tuj1
and GFAP in ADMSCs cultured in different samples with different treatment. Cells were stained with Tuj1 (red) for neurons, GFAP (green) for glial cells,
and DAPI (blue) for nuclei. The percentages of Tujl-positive cells B) and GFAP-positive cells C) were calculated and normalized to DAPI in the cell

populations. **p < 0.01; ***p < 0.001; ****
exposure to a rotating MF (n = 3).

stimulation for 5 days. With the extension of the stimulation,
the expression of Tujl gradually increased, similar to the ten-
dency of MAP2. Meanwhile, the expression of GFAP gradually
increased in the early stage but decreased steeply on the 15th day
(Figure S5, Supporting Information). To distinguish the ratio of
neurons and astrocytes, the percentages of Tuj1* cells (neuron)
and GFAP™ cells (astrocytes) were calculated and are shown in
Figure 4B,C. The co-localization fluorescent staining of neurons
and glial cells indicated that more glial cells were present in the
early stage of differentiation, and the percentage of positive cells
was ~60%, while the rate of neuronal cells was less than 40%.
In the late phase of wirelessly electrical-induced differentiation,
the number of neuronal cells gradually increased to 60%, and
the percentage of glial cells continued to decrease, which meant
that the electrical stimulation generated by graphene was more
conducive to the differentiation of MSCs into neurons.

These results proved our hypothesis that because of the
promising conductor properties of graphene, induced currents
were generated by the cutting of the magnetic induction line
when exposed to a rotating MF, and this electrical stimulation
without wire connections directly stimulates ADMSCs differ-
entiation into neurons and astrocytes and ultimately results in
increased expression of neural differentiation-related proteins.
Meanwhile, the tendency of reduced astrocytes (GFAP* cells) and
increased neurons (Tujl* cells) in the late stage of stimulation

Adv. Sci. 2022, 9, 2104424

p < 0.0001, versus TCP group. ##p < 0.01; ###p < 0.001; ####p < 0.0001, versus graphene group without

suggested a greater proportion of neuronal determination medi-
ated by the graphene-derived electric potential.

In addition, we performed an in-depth analysis of ADMSCs
cultured on different substrates to verify whether ADMSC-
derived neurons were functional neurons (Figure 5). The SEM
image of the cells cultured on graphene after long-term MF
treatment (15 days) exhibited the typical neuron morphology
(Figure 5A, indicated by the arrow). In addition, we used calcium
ion fluorescent probes to detect whether the stimulation of
neurotransmitters could induce calcium sparks, which is the
transmission of nerve impulses. This method is widely used to
verify the physiological functions of neurons.’!! For the cells
cultured on TCP and PDMS, no significant calcium sparks
were detected, regardless of whether they were subjected to
rotating MF. Similarly, with no rotating MF, the cells cultured
on graphene did not exhibit calcium influx under the stimu-
lation of neurotransmitters. However, after being cultured on
graphene and treated with a rotating MF, a few cells exhibited
a transient enhancement of calcium fluorescence accompanied
by the administration of different neurotransmitters. As shown
in Figure 5B, the fluorescence intensity of calcium was observed
at a relatively low level in the cells without the addition of any
neurotransmitter, indicating the remaining state of cells. When
exposed to an appropriate dose of neurotransmitters such as
y-aminobutyric acid (GABA) or dopamine (DA), the intracellular

2104424 (8 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Assessment of typical neuronal morphology and function in ADMSCs-derived neurons. A) SEM images of ADMSCs cultured in different sam-
ples with different processing treatments for 15 days. B,D) Immunofluorescence micrographs to illustrate the responses of cells to neurotransmitters,
y-aminobutyric acid (GABA), and dopamine (DA), in rotating-MF-treated cells, respectively (indicated by the arrow). The time (in seconds) after the ad-
ministration of neurotransmitters is indicated at the top-right corner of each panel. C,E) Relative intensity of cellular Ca>* per cell in magnetic treatment.
The arrows indicate the time when GABA or DA was added. %AF/F,, changes in fluorescence.

Ca** fluorescence increased sharply and briefly in a short period
and returned to the resting state level over time. In addition,
Videos S1 and S2 in the Supporting Information show that
calcium sparks in the adjacent cells appeared sequentially and
orientationally after receiving neurotransmitter stimulation,
indicating the existence of a network of calcium sparks among

Adv. Sci. 2022, 9, 2104424

cells; in other words, the transmission of nerve impulses.
These results indicated that wireless electrical stimulation
generated by graphene-based electromagnetic induction can
induce ADMSCs to differentiate into functional neurons, and
these ADMSC-derived neurons can effectively transmit nerve
impulses.
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Notably, no differentiation-inducing factors were added to this
system. Instead, the electrical potential induced by the rotating
MF into graphene was the sole actuator that promoted the neural
differentiation of MSCs. The strategy of using the characteristics
of nanomaterials to convert external fields into wireless electrical
signals avoids the risk of secondary injury and potential infec-
tion caused by implanting wires through wired electrical stimu-
lation, and it has a significant value in clinical applications. In
an ideal system, autologous ADMSCs seeded on a graphene sub-
strate and transplanted to the nerve injury site can transdifferen-
tiate into functional neurons when a rotating MF with appropri-
ate strength and frequency is applied above the site, in the pres-
ence of graphene, which transforms the external MF into wireless
alternating electrical stimulation in vivo, and finally repairs nerve
damage and recovers neural functions in situ.

Furthermore, the biodegradability of graphene was consid-
ered to ensure in vivo biosafety. Previous studies demon-
strated that graphene can be biodegraded by human neu-
trophil myeloperoxidasel?! and the degradation products are
nongenotoxic to humans.[?’! In this study, peroxidase diluted
in phosphate-buffered saline (PBS) was used to degrade the
graphene film to imitate the microenvironment in vivo. After
being subjected to peroxidase for 7 days, Raman spectroscopy
and SEM were used to verify the degradation effect of graphene
(Figure S6, Supporting Information). The Raman spectroscopy
results indicated that the intensity of the 2D peak of graphene
treated with peroxidases was higher than that of untreated
graphene, and the intensity increased more significantly with the
extension of the peroxidase-treated time, resulting in a gradual
increase in the I,:I ratio, which implied that the layer number
of graphene was attenuated. In addition, the SEM image indi-
cated that the surface of peroxidase-treated graphene was broken
and fragmentary, which was considerably different from the in-
tact appearance in enzyme-untreated graphene, suggesting the
effective degradation ability of peroxidase to graphene. These re-
sults provide a guarantee for the in vivo degradability and safety
of the graphene substrate used in this study.

Moreover, IR thermography was utilized to measure the possi-
ble thermal effect generated during rotating MF stimulation. As
shown in Figure S7 in the Supporting Information, the surface
temperature of graphene was 20.2 °C without rotating MF treat-
ment. After exposed to rotating MF (300 rpm) for 15 min, the sur-
face temperature increased to 21.2 °C, indicating thermal genera-
tion and conduction during stimulation on graphene film. How-
ever, this minimal increase in temperature could be dispersed
and transported into the culture medium, leading to weaken ther-
mal effect. It had negligible impacts on cell behavior compared
with the heat shock at 42 °C, the widely used temperature to inter-
fere neural differentiation. In addition, the stimulation of 10 min
twice daily was short and temporary, and the vast majority of cell
process was occupied by constant 37 °C. Taken together, the pos-
sible effect of thermal potential generated during stimulation on
cell differentiation can be ignored.

3. Conclusions

In this study, we established a facile and efficient method of
inducing autologous ADMSCs to differentiate into functional
neurons. This method does not rely on the function of neural-

Adv. Sci. 2022, 9, 2104424

www.advancedscience.com

inducing biological factors, but only utilizes the conducting prop-
erties of a scaffold material (graphene) to convert external MFs
into electrical fields based on electromagnetic induction. The re-
sultant wireless electric stimulation inspires the neural differ-
entiation potential of ADMSCs and drives them to differenti-
ate into functional neurons to transmit nerve impulses. Com-
pared with the system in which conductive materials connect
wires to stimulate neural differentiation, this noninvasive, local-
ized, and in situ electrical stimulation method has potential value
in clinical applications for the treatment of neurodegenerative
diseases.

4. Experimental Section

Chemicals and Reagents: ~ All chemicals were of analytical reagent grade
and were used without further purification. Deionized water was used to
synthesize the materials. Iron(l1l) chloride hexahydrate (FeCl;-6H,0), hy-
drochloric acid, and ethanol were purchased from Sinopharm Chemical
Reagent Corporation, Ltd. Bovine serum albumin (BSA) and Triton X-100
were purchased from Solarbio (Beijing, China), and paraformaldehyde so-
lution was purchased from Spark)ade (Qingdao, China).

For cell experiments, the ultraCULTURE serum-free culture medium
was purchased from Lonza Bioscience (USA), and the Ultroser G
serum substitute was purchased from Pall Corporation (USA). Fetal
bovine serum (FBS) was purchased from Gibco (USA). Basic fibroblast
growth factor (bFGF) was purchased from Peprotech (USA). Penicillin-
streptomycin solution was purchased from Sparkjade (China). The CCK-
8 kit was purchased from MedChemExpress (Shanghai, China), and
Trizol reagent was purchased from Invitrogen (USA). The primers for
nestin, Tuj1, GFAP, and MAP2 for qPCR were purchased from Sangon
Biotech (Shanghai, China). 4’6-diamidino-2-phenylindole (DAPI), nestin,
Tuj1, GFAP, and MAP2 primary and secondary antibodies were purchased
from Abcam (USA).

Synthesis and Characterization of Graphene Film: Graphene was grown
using thermal chemical vapor deposition.[>2! A nickel (Ni) plate was used
as the catalytic substrate. Briefly, Ni was placed in a split tube furnace and
annealed for 10 min at 1028 °C under ambient pressure under argon (Ar)
and hydrogen (H,) flow. Subsequently, the deposition process was started,
in which CH, was introduced into the quartz tube with constant Ar and
H, flow for 10 min to obtain complete coverage of graphene (CH,:H,:Ar
= 20:30:270 sccm). After growth, the sample was rapidly cooled to room
temperature. The obtained graphene/Ni sample was then dip-coated with
PDMS to protect the carbon layers and immersed in a mixed solution of
FeCl;-6H,0 and diluted hydrochloric acid for at least 72 h under constant
refreshing of the etchant solution to completely remove the Ni. Thereafter,
the graphene film PDMS was washed in deionized water for another 72 h
under constant refreshing.

To characterize the substrates, the crystallinity and number of layers in
the graphene film were examined using a Raman spectrometer (LabRAM
HR Evolution, Horiba, France). The morphology of the graphene film was
determined through SEM using a Regulus 8100 (Hitachi, Japan). The
surfaces of the samples were determined using AFM (Dimension lcon,
Bruker). The composition and structure of the materials were character-
ized using XPS (AXIS SUPRA, Shimadzu, Japan).

A combination of quiescent samples and a rotating MF was used to
mimic the cutting magnetic induction line and to trigger electromagnetic
induction, in which the graphene film was immobile and a permanent
magnet above substrates spun at 100-300 rpm. The MF intensity gener-
ated by magnetic-irons was ~0.3 T. The electricity-generation performance
initiated by electromagnetism induction phenomenon was analyzed using
a nanovoltmeter (2400, Keithley Instruments Inc., Cleveland, OH, USA).

Cell Culture and Treatment: The ADMSCs were obtained from the Li
Dong laboratory (Qilu Hospital, China) and were cultured in complete cul-
ture medium (ultraCULTURE serum-free culture medium supplemented
with Ultroser G serum substitute and 2% FBS) at 37 °C in humidified
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air with 5% CO,. After confluence, the ADMSCs were passaged by 0.25%
trypsin and cells in 10-passage were used for the following experiments.

Before seeding, both the PDMS and graphene/PDMS were cut into
pieces with same shape of 2 X 2 cm? and subjected to OP treatment
(ATTO, Diener, USA) for 10 min with 100 W of RF power and a 20 cm?3
min~! oxygen flow to enhance the hydrophilicity and to clean the surface
of the materials. Subsequently, the samples were immersed in 75% alco-
hol overnight and then exposed to UV light for 1 h. After sterilization, the
substrates were successively soaked in the primary medium for at least 4
h.

ADMSCs were seeded on TCP, PDMS, or graphene/PDMS substrates.
To activate the electrical stimulation initiated by electromagnetic induc-
tion, half of the cells on TCP, PDMS, or graphene film were placed di-
rectly under the center of a rotating MF for 15 days at a frequency of 5
or 10 min each time, and twice every day at 9:00 am and 9:00 pm. There-
fore, cells were divided into six groups: 1) cells cultured on TCP, 2) cells
cultured on PDMS, 3) cells cultured on graphene/PDMS (graphene), 4)
cells cultured on TCP under a rotating MF (TCP-MF); 5) cells cultured on
PDMS with a rotating-MF treatment (PDMS-MF), and 6) cells cultured on
graphene/PDMS treated with a rotating MF (graphene-MF). Cells in all the
above groups were maintained in a complete culture medium, without ad-
ministration of any neurotrophin or neural differentiation-related inducers
during the entire process.

Cell Viability Assay: Cell Counting kit-8 (CCK8, MedChemExpress,
Shanghai, China) was used following standard protocols described by the
manufacturer to quantitatively assess cell activity. Briefly, 1 x 10* ADM-
SCs were seeded on the substrates in 48-well plates according to the
grouping mentioned above. Cells were treated with or without a rotat-
ing MF in a complete culture medium for 5, 10, and 15 days. A 10%
v/v CCK-8 solution per well was added to the medium and cultured for
4 h at 37 °C. The supernatant was transferred to 96-well plates and the
light absorption was measured at a wavelength of 450 nm using a mi-
croplate reader (SYNERGY H1, BioTek, USA). Triplicate parallel experi-
ments were conducted and averaged. The viability (%) was expressed as
(O Dexperimental groups/ODTCP group without MF exposure) X 100%. The Viabi“t)’
of cells in TCP was determined to be 100%.

Live/Dead Staining: ~ Cells seeded on the different substrates were cul-
tured in 48-well plates for 72 h, and then the culture medium was replaced
with a 20 uL serum-free a-MEM (minimum essential medium) medium
containing 4 X 107® m Pl and 2 X 107® m Calcein AM (Thermo Fisher,
USA). Subsequently, the cells were incubated at 37 °C for 20 min. After
washing in PBS three times, the ADMSCs were examined under a laser
confocal microscope (LSM 800, Zeiss, Germany).

Cytoskeleton Fluorescent Staining:  To visually observe the morphologi-
cal changes and attachment of cells on different substrates, cytoskeleton
fluorescent (F-actin) staining was performed after the cells were cultured
for 5, 10, and 15 days according to the manufacturer’s instructions. The
cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, and blocked with 5% BSA solution at room temperature, followed
by washing three times with PBS for 10 min after each step. Subsequently,
the fixed cells were incubated using rhodamine phalloidin (Thermo Fisher,
USA) for 20 min and then washed with PBS. The nuclei were stained with
DAPI for 10 min. The samples were observed under a laser confocal mi-
croscope with excitation wavelengths of 594 nm (for F-actin) and 348 nm
(for DAPI).

Characterization of Cell Morphology: To further observe the morphol-
ogy of ADMSCs on substrates, 3 x 10* cells were seeded on substrates in
24-well plates and treated for 15 days. The ADMSCs were then fixed with
2.5% glutaraldehyde overnight, washed three times with PBS, and dehy-
drated using gradient alcohol (30%, 50%, 70%, 80%, 90%, 95%, 98%, and
100%). After 6 h of freeze-drying, the samples were sprayed with a layer of
Au at a current of 20 pA and observed under SEM.

Immunofluorescence Staining: ADMSCs (1 x 10* cells) were seeded
onto the substrates in 48-well plates and exposed to a rotating MF for 5, 10,
and 15 days. After fixation with 4% paraformaldehyde for 10 min, the cells
were permeabilized with 0.1% Triton X-100 in PBS for 10 min, followed by
washing in PBS three times. Samples were then blocked with 5% BSA for 1
h. To evaluate neuronal differentiation, antibodies against neuronal mark-
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Table 1. Primer sequences.

Primer Forward (5'-3") Reverse (5'-3’)

p-actin - CTTAGTTGCGTTACACCCTTTCTTG ~ CTGTCACCTTCACCGTTCCAGTTT
nestin CACCTGTGCCAGCCTTTCTTA TTTCCTCCCACCCTGTGTCT
Tuj1 CATGGATGCCGCTCAG CAGGCAGTCGCAGTTTTCAC
MAP2 CGCTCAGACACCCTTCAGATAAC AAATCATCCTCGATGGTCACAAC
GFAP GCAGACCTTCTCCAACCTG ACTCCTTAATGACCTCTCCATC

ers were used. These samples were incubated with primary antibodies at
4 °C overnight. Primary antibodies included mouse anti-nestin (marker
of NSCs), mouse anti-Tuj1, rabbitanti-MAP2 (neuronal specific markers),
and rabbit anti-GFAP (marker of astrocyte), respectively (Abcam). Next,
the samples were washed three times with PBS and then incubated with
appropriate secondary antibodies (Alexa Fluor 488 conjugated goat anti-
rabbit or Alexa Fluor 546 conjugated goat anti-mouse 1gG) for 1 h at room
temperature. After washing three times in PBS, the cells were stained with
DAPI (Invitrogen) for at least 10 min. Fluorescence images were acquired
using a laser confocal microscope.

Real-Time Polymerase Chain Reaction (RT-qPCR) Analysis:  ADMSCs (1
x 10° cells) were seeded onto the substrates in 6-well plates. After stimu-
lation for 5, 10, and 15 days, the total RNA was extracted using the Trizol
reagent and the mRNA expression levels of nestin, Tuj1, MAP2, and GFAP
were analyzed by gPCR. Specifically, cDNA was synthesized from 1 pg of
total RNA according to the instructions of the PrimerScript RT reagent kit
(Takara, Japan). mRNA analysis was then performed using specific primers
for each of the target mRNAs. qPCR reactions were performed using TB
Green PCR Master Mix on a Light Cycler 96 Real-Time PCR System (Roche,
USA). p-actin was identified as an internal control and the relative gene ex-
pression was calculated using the A Ct method.[>3] Standard cycling con-
ditions were used for all the reactions at a melting temperature of 60 °C.
The primer sequences used for real-time PCR are listed in Table 1.

Intracellular Calcium Measurement: Ca®* imaging experiments were
performed as described by Ciccolin et al.[#] Briefly, the cells were washed
with HPBS three times, and 2 x 107® m Fluo3 (Invitrogen) was added into
a-MEM medium to incubate ADMSCs for 30 min at 37 °C. The cells were
then washed with Hank’s balanced salt solution (HBSS) and fluorescence
images (excitation at 488 nm) were monitored using a laser scanning con-
focal microscope, using image sizes of 256 x 256 pixels and acquisition
rates of 0.5-7.5 frames s~'. The dopamine solution and GABA solution
(0.5 m) were dripped using a 100 L syringe during the experiment. The
fluorescence changes (%AF/Fy) for individual cells were calculated using
the formula AF/Fy = (F1—Fg)/Fy X 100, where F; is the fluorescence av-
eraged over the pixel of a cell soma after a stimulus, and Fy is the average
fluorescence of the cell before stimulus application, averaged over three
images.

Statistical Analysis:  The data were expressed as the mean + S.D. from
three independent experiments. The statistical significance of the differ-
ences was determined using one-way analysis of variance. For the deter-
mination of statistical significance, p-values smaller than 0.05 were con-
sidered significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

Z.G.,, C.S,, and H.Y. contributed equally to this work. This work was
supported by the National Key Research and Development Program of
China (2017YFB0405400), the Project “20 items of University” of Ji-
nan (2018GXRCO031), Major Innovation Projects in Shandong Province

2104424 (11 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(2018YFJH0503), A Project of Shandong Province Higher Educational
Youth Innovation Science and Technology Program (2020KJE006), the Na-
tional Natural Science Foundation of China (no. 51972148), the Natural
Science Foundation of Shandong Province (no. ZR2020KE056), and the
Fundamental Research Funds of Shandong University (2018 WL]H64). The
authors are grateful for the support provided by the Collaborative Inno-
vation Center of Technology and Equipment for Biological Diagnosis and
Therapy in Universities of Shandong.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Research data are not shared.

Keywords

adipose-derived mesenchymal stem cells, electromagnetic induction,
graphene film, magneto-electric biomaterial, neural differentiation

Received: October 6, 2021
Revised: December 7, 2021
Published online: February 12, 2022

[1] K.Zhang, J. D. Rothstein, Nature 2017, 544, 302.

[2] a) C.C.Shieh, M. Coghlan, ). P. Sullivan, M. Gopalakrishnan, Pharma-
col. Rev. 2000, 52, 557; b) T. Martins, V. Carvalho, F. Soares, Entertain.
Comput. 2020, 34, 100356.

[3] J. A. Thomson, J. ltskovitz-Eldor, S. S. Shapiro, M. A. Waknitz, . .
Swiergiel, V. S. Marshall, J. M. Jones, Science 1998, 282, 1145.

[4] T.Vierbuchen, A. Ostermeier, Z. P. Pang, Y. Kokubu, T. C. Sudhof, M.
Wernig, Nature 2010, 463, 1035.

[5] C.Zhao, W. Deng, F. H. Gage, Cell 2008, 132, 645.

[6] Y. Luo, V. Coskun, A. Liang, J. Yu, L. Cheng, W. Ge, Z. Shi, K. Zhang,
C. Li, Y. Cui, H. Lin, D. Luo, J. Wang, C. Lin, Z. Dai, H. Zhu, . Zhang,
J. Liu, H. Liu, ). deVellis, S. Horvath, Y. E. Sun, S. Li, Cell 2015, 161,
1175.

[7] S. F. Sorrells, M. F. Paredes, A. Cebrian-Silla, K. Sandoval, D. Qi, K.
W. Kelley, D. James, S. Mayer, J. Chang, K. I. Auguste, E. F. Chang,
A. ). Gutierrez, A. R. Kriegstein, G. W. Mathern, M. C. Oldham, E. J.
Huang, J. M. Garcia-Verdugo, Z. Yang, A. Alvarez-Buylla, Nature 2018,
555, 377.

[8] a) S.Jang, H. H. Cho, Y. B. Cho, |. S. Park, H. S. Jeong, BMC Cell Biol.
2010, 77, 25; b) P. ). Kingham, D. F. Kalbermatten, D. Mahay, S. J.
Armstrong, M. Wiberg, G. Terenghi, Exp. Neurol. 2007, 207, 267.

[9] a) F. Sun, K. Zhou, W. J. Mi, J. H. Qiu, Biomaterials 2011, 32, 8118;

b) K. Tomita, T. Madura, Y. Sakai, K. Yano, G. Terenghi, K. Hosokawa,

Neuroscience 2013, 236, 55.

J. H. Houtgraaf, W. K. den Dekker, B. M. van Dalen, T. Springeling,

R. de Jong, R. J. van Geuns, M. L. Geleijnse, F. Fernandez-Aviles, F.

Zijlsta, P. W. Serruys, H. . Duckers, J. Am. Coll. Cardiol. 2012, 59, 539.

E. Anghileri, S. Marconi, A. Pignatelli, P. Cifelli, M. Galie, A. Sbarbati,

M. Krampera, O. Belluzzi, B. Bonetti, Stem Cells Dev. 2008, 17, 909.

a) M. Naghdi, T. Tiraihi, S. A. Namin, J. Arabkheradmand, Cytotherapy

2009, 71, 137; b) D. Woodbury, E. ). Schwarz, D. . Prockop, I. B. Black,

J. Neurosci. Res. 2000, 61, 364.

[13] a) M. Dezawa, H. Kanno, M. Hoshino, H. Cho, N. Matsumoto, Y.

Itokazu, N. Tajima, H. Yamada, H. Sawada, H. Ishikawa, T. Mimura,

[10]

!

[12]

Adv. Sci. 2022, 9, 2104424

[14]
[15]
[16]

(7]

(18]
[19]
20]
[21]

(22]
(23]

(24]
(25]

[26]

[27]

28]
(29]

(3]
(31]
(32]
33]
(34]
(35]
(36]
(37]
38]
(3]
[40]

[41]
[42]

www.advancedscience.com

M. Kitada, Y. Suzuki, C. Ide, J. Clin. Invest. 2004, 113, 1707; b) H. Luo,
C. Xu, Z. Liu, L. Yang, Y. Hong, G. Liu, H. Zhong, X. Cai, X. Lin, X.
Chen, C. Wang, Z. Nanwen, W. Xu, J. Cell. Biochem. 2019, 120, 2828.
H. L. Xu, W. Z. Yu, C. T. Lu, X. K. Li, Y. Z. Zhao, Biotechnol. J. 2017, 12,
1600243.

J. Caddick, P. ). Kingham, N. . Gardiner, M. Wiberg, G. Terenghi, Glia
2006, 54, 340.

A. Nowakowski, A. Andrzejewska, M. Janowski, P. Walczak, B. Lukom-
ska, Acta Neurobiol. Exp. 2013, 73, 1.

a) X. Zhang, X. Cui, D. Wang, S. Wang, Z. Liu, G. Zhao, Y. Zhang, Z. Li,
Z. L. Wang, L. Li, Adv. Funct. Mater. 2019, 29, 1900372; b) K. Jirakova,
M. Seneklova, D. Jirak, K. Turnovcova, M. Vosmanska, M. Babic, D.
Horak, P. Veverka, P. Jendelova, Int. J. Nanomed. 2016, 11, 6267; c)
A. Higuchi, Q. D. Ling, Y. Chang, S. T. Hsu, A. Umezawa, Chem. Re.
2013, 113, 3297.

K. Abbasnia, A. Ghanbari, M. Abedian, A. Ghanbari, S. Sharififar, H.
Azari, Anat. Cell Biol. 2015, 48, 104.

W. Guo, ). Qiu, J. Liu, H. Liu, Sci. Rep. 2017, 7, 5678.

J. K. Wassei, R. B. Kaner, Mater. Today 2010, 13, 52.

a) N. M. R. Peres, Vacuum 2009, 83, 1248; b) Y. Zhu, S. Murali, W.
Cai, X. Li, J. W. Suk, J. R. Potts, R. S. Ruoff, Adv. Mater. 2010, 22, 3906.
Y. Wang, Y. Shao, D. W. Matson, J. Li, Y. Lin, ACS Nano 2010, 4, 1790.
K.Yang, S. Zhang, G. Zhang, X. Sun, S.T. Lee, Z. Liu, Nano Lett. 2010,
10, 3318.

K. M. Tripathi, T. Kim, D. Losic, T. T. Tung, Carbon 2016, 110, 97.

R. Guazzo, C. Gardin, G. Bellin, L. Sbricoli, L. Ferroni, F. S. Lu-
dovichetti, A. Piattelli, I. Antoniac, E. Bressan, B. Zavan, Nanoma-
terials 2018, 8, 349.

a) R. Kurapati, S. P. Mukherjee, C. Martin, G. Bepete, E. Vazquez, A.
Penicaud, B. Fadeel, A. Bianco, Angew. Chem., Int. Ed. Engl. 2018, 57,
11722; b) R. Kurapati, C. Backes, C. Menard-Moyon, J. N. Coleman,
A. Bianco, Angew. Chem., Int. Ed. Engl. 2016, 55, 5506.

S. P. Mukherjee, A. R. Gliga, B. Lazzaretto, B. Brandner, M. Fielden,
C. Vogt, L. Newman, A. F. Rodrigues, W. Shao, P. M. Fournier, M. S.
Toprak, A. Star, K. Kostarelos, K. Bhattacharya, B. Fadeel, Nanoscale
2018, 170, 1180.

X. Ding, H. Liu, Y. Fan, Adv. Healthcare Mater. 2015, 4, 1451.

D. Bitounis, H. Ali-Boucetta, B. H. Hong, D. H. Min, K. Kostarelos,
Adv. Mater. 2013, 25, 2258.

S. Y. Park, J. Park, S. H. Sim, M. G. Sung, K. S. Kim, B. H. Hong, S.
Hong, Adv. Mater. 2011, 23, H263.

Y. Niu, X. Chen, D. Yao, G. Peng, H. Liu, Y. Fan, J. Biomed. Mater. Res.,
Part A 2018, 106, 2973.

D. Yang, T. Li, M. Xu, F. Gao, |. Yang, Z. Yang, W. Le, Nanomedicine
2014, 9, 2445.

Y. Wang, W. C. Lee, K. K. Manga, P. K. Ang, J. Lu, Y. P. Liu, C. T. Lim,
K. P. Loh, Adv. Mater. 2012, 24, 4285.

Y. Qin, M. M. R. Howlader, M. |. Deen, Y. M. Haddara, P. R. Selva-
ganapathy, Sens. Actuators, B 2014, 202, 758.

R. ). Nemanich, S. A. Solin, Phys. Rev. B 1979, 20, 392.

C. Casiraghi, Spectrosc. Prop. Inorg. Organomet. Compd. 2012, 43, 29.
A. Das, B. Chakraborty, A. K. Sood, Bull. Mater. Sci. 2008, 31, 579.

A. C. Ferrari, |. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F.
Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth, A. K. Geim,
Phys. Rev. Lett. 2006, 97, 187401.

L. M. Malard, M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus,
Phys. Rep. 2009, 473, 51.

A. Eckmann, A. Felten, A. Mishchenko, L. Britnell, R. Krupke, K. S.
Novoselov, C. Casiraghi, Nano Lett. 2012, 12, 3925.

G. ). Kovdcs, |. Bertéti, G. Radnéczi, Thin Solid Films 2008, 516, 7942.
a) F. Pires, Q. Ferreira, C. A. Rodrigues, |. Morgado, F. C. Ferreira,
Biochim. Biophys. Acta 2015, 1850, 1158; b) A. Orza, O. Soritau, L.
Olenic, M. Diudea, A. Florea, D. Rus Ciuca, C. Mihu, D. Casciano, A.
S. Biris, ACS Nano 2011, 5, 4490.

2104424 (12 0‘F13) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[43] a) M. Griffin, R. Palgrave, V. G. Baldovino-Medrano, P. E. Butler, D.
M. Kalaskar, Int. J. Nanomed. 2018, 13, 6123; b) H. M. Wong, Y. Zhao,
V. Tam, S. Wu, P. K. Chu, Y. Zheng, M. K. To, F. K. Leung, K. D. Luk, K.
M. Cheung, K. W. Yeung, Biomaterials 2013, 34, 9863.

[44] A.T. Nguyen, S. Mattiassi, M. Loeblein, E. Chin, D. Ma, P. Coquet, V.
Viasnoff, E. H. T. Teo, E. L. Goh, E. K. F. Yim, Biomed. Mater. 2018,
13,034111.

[45] a) M. Lacomme, L. Liaubet, F. Pituello, S. Bel-Vialar, Mol. Cell. Biol.
2012, 32, 2596; b) S. Ohnuma, W. A. Harris, Neuron 2003, 40,
199.

[46] M. L. Liu, T. Zang, Y. Zou, J. C. Chang, J. R. Gibson, K. M. Huber, C.
L. Zhang, Nat. Commun. 2013, 4, 2183.

[47] C. M. Madl, B. L. LeSavage, R. E. Dewi, C. B. Dinh, R. S. Stowers,
M. Khariton, K. J. Lampe, D. Nguyen, O. Chaudhuri, A. Enejder, S. C.
Heilshorn, Nat. Mater. 2017, 16, 1233.

[48] a) L. Wang, L. Wang, W. Huang, H. Su, Y. Xue, Z. Su, B. Liao, H. Wang,
X. Bao, D. Qin, J. He, W. Wu, K. F. So, G. Pan, D. Pei, Nat. Methods

(49
(5]

(51]

[52]
(53]

(54]

www.advancedscience.com

2013, 70, 84; b) D. Laug, S. M. Glasgow, B. Deneen, Nat. Rev. Neu-
rosci. 2018, 19, 393; ¢) X. Yu, ). Nagai, B. S. Khakh, Nat. Rev. Neurosci.
2020, 217, 121; d) ). A. Stogsdill, J. Ramirez, D. Liu, Y. H. Kim, K. T.
Baldwin, E. Enustun, T. Ejikeme, R. R. Ji, C. Eroglu, Nature 2017, 551,
192.

J. R. Menezes, M. B. Luskin, J. Neurosci. 1994, 14, 5399.

N.S. Jalava, F. R. Lopez-Picon, T. K. Kukko-Lukjanov, I. E. Holopainen,
Int. J. Dev. Neurosci. 2007, 25, 121.

a) E. Nanou, W. A. Catterall, Neuron 2018, 98, 466; b) H. Cheng, W. ).
Lederer, Physiol. Rev. 2008, 88, 1491; ) R. Zhuge, K. E. Fogarty, S. P.
Baker, J. G. McCarron, R. A. Tuft, L. M. Lifshitz, |. V. Walsh Jr., Am. J.
Physiol. Cell Physiol. 2004, 287, C1577.

S. Park, R. S. Ruoff, Nat. Nanotechnol. 2009, 4, 217.

J. Wang, L. Xi, ). L. Hunt, W. Gooding, T. L. Whiteside, Z. Chen, T. E.
Godfrey, R. L. Ferris, Cancer Res. 2004, 64, 1861.

F. Ciccolini, T. J. Collins, ). Sudhoelter, P. Lipp, M. J. Berridge, M. D.
Bootman, J. Neurosci. 2003, 23, 103.

Adv. Sci. 2022, 9, 2104424 2104424 (13 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



