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Abstract: Precise control of axonal growth and synaptic junction formation are incredibly important
to repair and/or to mimic human neuronal network. Here, we report a graphene oxide (GO)-based
hybrid patterns that were proven to be excellent for guiding axonal growth and its consequent
synapse formation of human neural cells. Unlike the previous method that utilized micro-contacting
printing technique to generate GO patterns, here, GO-encapsulated magnetic nanoparticles were
first synthesized and utilized as core materials wherein the external magnetic force facilitated the
transfer of GO film to the desired substrate. Owing to the intrinsic property of GO that provides
stable cell attachment and growth for long-term culture, human neuronal cells could be effectively
patterned on the biocompatible polymer substrates with different pattern sizes. By using magnetic
force-driven GO hybrid patterns, we demonstrated that accumulation and expression level of
Synaptophysin of neurons could be effectively controlled with varying sizes of each pattern. The
synaptic network between each neuron could be precisely controlled and matched by guiding axonal
direction. This work provides treatment and modeling of brain diseases and spinal cord injuries.

Keywords: GO-encapsulated magnetic nanoparticles; GO hybrid pattern; human neuronal cell;
synapse; axonal growth guidance

1. Introduction

Recently, neural engineering or brain engineering has emerged in the field of regenerative
medicine owing to its potential to precisely mimic human neural network (e.g., brain, spinal cord,
neuromuscular junction) in vitro and to develop a new type of tool to treat the patients suffering
various neurological diseases/disorders [1-11]. A number of approaches have been reported to be
successful, including the generation of multiple types of neurons (e.g., dopaminergic, GABAergic,
glutamatergic), guiding axons of neurons, construction of neural circuit, development of neural
network-on-a-chip and the formation of brain organoids [12-22]. Among them, one of the promising
area to be investigated is the guidance of axonal growth and its corresponding synapse formation,
since the synaptic junctions are the key parts of the complex neuronal network system wherein signal
transduction between each neuron actually occurs [23,24].

Interestingly, a rising two dimensional material, graphene (G) or graphene oxide (GO), has
been known to possess distinct ability to control neural cell behaviors such as cell growth, adhesion,
differentiation and migration [25-31]. Of these characteristics, one of the interesting feature of G/GO
is the ability to enhance neurogenesis/oligodendrogenesis of neural stem cells (NSCs), with guided
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alignment of these differentiated neurons toward specific direction [32-34]. This was found to be
contributed by the unique physicochemical characteristics of G/GO, which enhance the neural cell
adhesion on the different types of substrates and also facilitate absorption/repulsion of growth
factors/proteins on its surface [35-39]. Interestingly, both G/GO were reported to be patterned as
stable and biocompatible cell-supporting materials. Thus, the patterning of graphene derivatives will
be a promising candidate to control neuronal cell adhesion and to direct axonal alignment, which will
ultimately be useful to guide synaptogenesis and synaptic junction formation of different neurons.

Hence, in this study, we report a graphene pattern-mediated guidance of axonal growth and
controlled synaptic junction formation of different neurons. GO-encapsulated magnetic nanoparticles
(GOMNPs) were synthesized and then, transferred to the flexible polymer substrates to generate
desired patterns. Owing to the magnetic force applied to the GOMNPs during the patterning process,
we first demonstrate that the GO hybrid patterns could be easily and rapidly (<5 min) generated
on the desired surface with high reproducibility, which is better than the patterns generated by
conventional micro-contact printing method. To realize full potential of the magnetic force-driven GO
hybrid patterns, the generated patterns were used as a template to control cell morphologies, axonal
alignment and synaptophysin expression of human neuronal cells. The work was further extended to
show the ability of these patterns to guide and regulate synaptic junction formation of neuronal cells
growing from two different directions, which will be critical for mimicking complex human neuronal
network and for treating brain/spinal cord injuries (Figure 1).
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Figure 1. Schematic diagram illustrating synthesis of GO-encapsulated magnetic nanoparticles and
conformation of GO hybrid pattern. By using this method, synaptogenesis guidance can be controlled.

2. Results and Discussion

2.1. Generation of GO Hybrid Patterns with Different Geometries

In order to generate highly stable GO hybrid patterns with less fabrication time, we applied
external magnetic force to facilitate transfer of GO layer to the desired substrate during micro-contact
printing (MCP) process. MCP is a simple and effective method to create micro-sized patterns over
large surface area [34,40-44]; however, in the case of GO patterning using MCP technique, owing to
the nature of GO whose thickness is close to the atomic lever (0.5-3 nm), several parameters such as
the hydrophilicity / thickness of GO, humidity and temperature were found to be critical for generating
stable GO micropatterns. To address this issue, here, GO was functionalized with Fe3O4 nanoparticles
via electrostatic interaction to synthesize hybrid magnetic nanoparticles, which could assist the transfer
of GO layer to the target substrate in the presence of external magnetic force. The size of synthesized
GOMNPs was found to be around 220 nm in diameter, based on the transmission electron microscopy



Materials 2017, 10, 1151 3of11

(TEM) image and dynamic light scattering (DLS), as shown in Figure 2a,b. After the confirmation of
successful synthesis of GOMNPs, patterning of GO hybrid nanoparticles was conducted.
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Figure 2. Pattering GO-encapsulated nanoparticles. (a) Schematic diagram and TEM images
of synthesized GOMNPs. (b) DLS data of synthesized GOMNPs. (c) Schematic diagram
illustrating patterning with and without magnetic force. (d) SEM images of patterns generated on
polydimethylsiloxane (PDMS) substrate. Patterned with magnetic force (i) and without magnetic force
(ii) (Scale bar: 100 um). (e) Raman imaging of GO hybrid line pattern generated on PDMS. The X and
Y axes were 100 um x 100 um. Raman spectra obtained from the spot (i) and (ii) from the Raman
mapping image that proves the presence and absence of GO based on strong Raman peak.

Remarkably, as hypothesized, the GO patterns generated on the surface in conjunction with
external magnetic force (MF) was superior to same patterns generated without MF, proving that MF
actually facilitated transfer of GO patterns on the desired surface (Figure 2c,d). Additionally, Raman
spectroscopic measurement was carried out to confirm that the pattered structure appeared on the SEM
images (Figure 2(di,dii)) are the materials containing GO. As shown in Figure 2e, based on the D and
G peaks of Raman spectra, clear line pattern image was observed that was perfectly matched with the
SEM image, indicating that the patterned materials actually contain GO in their structure. Moreover,
the magnetic force-driven GO hybrid patterns were less sensitive to environmental factors such as
temperature and humidity as opposed to conventional MCP method and also, were highly stable over
long period of time, proving that this newly developed GO patterning method could be useful for
various areas wherein GO patterns could serve as a core electronic/optical /biomedical components.

2.2. Guided Synaptogenesis of Human Neuronal Cells (SH-SY5Y) on MF-Driven GO Hybrid Patterns

Since the magnetic force-driven GO transfer was shown to be successful to generate GO hybrid
patterns with less fabrication time and high reproducibility, we next thought to investigate their
potential to guide cell growth and to control cell morphologies. This is the first step to control
cell alignment and to direct axonal growth/synaptic junction formation. As shown in Figure 2,
human neuroblastoma (SH-SY5Y), which is a cell line that is adrenergic in phenotype but also express
dopaminergic markers, were utilized as a model neuronal cell. As expected, the human neuronal cells
were shown to successfully follow GO hybrid patterns with varying sizes from 25 pm to 100 pm in
width. Interestingly, the widths of each cell pattern were found to perfectly match with that of GO
hybrid patterns, after two days of cell culture (cell density: 100,000 cells/mL), based on the fluorescence
intensity profiles achieved from the actin-stained cell images (Figure 3a,b). Since SH-SY5Y cells on GO
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hybrid non-patterned substrates showed neither directional alignment nor controlled cell growth, it is
certain that the developed MF-driven GO hybrid patterns are not only effective to guide cell growth
but are efficient to direct neural cell alignment within the range of 25 um-100 pum.
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Figure 3. Human neuronal cells (SH-SY5Y) cultured on GO hybrid line patterns. (a) Schematic diagram
of cells aligned on GO hybrid line patterns (i). Phase contrast (top row) and Fluorescence image of
SH-SY5Y cells stained for nucleus (blue, second row), actin (red, third row) and merged (last row).
Cells cultured on the GO hybrid pattern shows morphology of cells that followed the geometry of the
GO hybrid line pattern compared to no pattern. Scale bar = 100 um (ii). (b) Fluorescence intensity

profile of phalloidin that shows the size of cell cultured on GO hybrid line patterns. (25, 50, 75, 100 pm)
Red color represents the region where cells are attached, which matches the size of the pattern.

After the conformation of successful neuronal cell patterning, the capability of MF-driven GO
hybrid patterns to control synaptogenesis of each neuron was confirmed. A microtubule-associated
protein 2 (MAP-2) is a protein that is responsible for stabilizing dendritic shape during neuron
development [36-39]. On the other hand, synaptophysin are a family of proteins that are known
to be critical in the regulation of neurotransmitter release at synapse. It generally regulates
neurotransmissions by exocytosis of synaptic vesicles that are containing neurotransmitters at any
one time [45-51]. Hence, we used both MAP-2 and synaptophysin as the markers to confirm the
neurogenesis and its corresponding synaptic formation of the patterned neuronal cells (Figure 4a).
As shown in Figure 4b, both MAP-2 and synaptophysin were highly expressed in all the experimental
groups, regardless of their sizes in widths. However, to investigate full potential of the MF-driven
GO hybrid patterns for mimicking the human neuronal network in vitro and for utilizing them as
neuroregeneration in vivo, it is important to analyze the expression level of synaptophysin and MAP-2
with varying sizes of GO patterns. As shown in Figure 4c, both synaptophysin and MAP-2 expression
levels were found to increase with increase of the pattern sizes (25, 50, 75 and 100 um). Moreover,
with using 100 pum patterns, the expression of synaptophysin/MAP-2 markers were highly stable
and uniformly distributed, which is critical for guided signal transduction of neurons. The mean
fluorescence intensities of synaptophysin and MAP-2 of 25 um-sized GO hybrid line pattern were
29.8 a.u. and 19.3 a.u., respectively, while 100 um-sized GO hybrid line pattern showed 68.7 a.u. and
60.2 a.u., respectively. As a conclusion, we showed that the MF-driven GO hybrid patterns are effective
for controlling behaviors/functions of neuronal cells, especially controlling both cell morphologies
and synaptic junctions.
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Figure 4. Synaptogenesis in different sized GO hybrid line patterns. (a) Schematic diagram of
synaptogenesis of aligned cells on GO hybrid line pattern. (b) Phase contrast (top row) image and
confocal images of aligned cells on different sized GO hybrid patterns (25, 50, 75, 100 um) stained for
synapse (green) and nucleus (blue) (second row), cytoskeleton (red) and nucleus (blue) (third row)
and merged (last row) after 2 days of culture. (c) Quantitative comparison of synaptophysin and
MAP-2 fluorescence intensity in 100 um x 100 um area of different sized patterns. Data are the mean
=+ standard deviation of three different experiments.

2.3. Synaptogenesis Guidance Due to Pattern Effect

It is certain that transplantation of neuronal cells and/or mimicking human neural network
in vitro are promising candidates to treat neurological diseases/disorders. However, unlike the
neuronal cells in vivo that generally show the aligned morphology toward specific direction, cells
cultured in vitro show randomly distributed and non-controlled axonal growth and alignment.
To address issue, Solanki et al. reported an interesting approach to guide axonal growth of
differentiated neurons derived from the neural stem cells by utilizing graphene oxide-embedded
nanoparticles as a cell supportive material. However, considering the fact that cell-to-cell
interconnection is precisely tuned during early developmental processes to form perfect neuronal
circuits (e.g., brain-to-brain, brain-to-spinal cord) and to function as a complete neuronal network, more
precisely controlled neuronal cell interconnection, especially the guided synaptic junction formation,
is highly preferred [52-57]. Since we already proved that our MF-driven GO hybrid patterns are
effectively to guide neuronal cell growth and synaptophysin expression, we next thought to investigate
whether these patterns could be utilized to mimic the synaptic junctions of the neurons growing from
two different directions.

This is important since most of the cases, especially in the spinal cord, a number of neurons
form bundle-like structure named nerve fiber’ to receive and transmit the signals to brain and/or to
muscles. Hence, to treat spinal cord injury more efficiently, it is important to note that the disconnected
part of the nerve fibers should be guided and connected to its counter parts, which is currently hard to
be achieved. Based on this scientific motivation, we intentionally generated several neuronal junctions
wherein neurons growing from two different direction actually meet and form synaptic junctions.
By changing the match ratio from 0 (perfect mismatch) to 1 (perfect match), we hypothesized that
misaligned neuronal connection, which might be occurred during the treatment of spinal cord injury,
could be mimicked in vitro (Figure 5a). In order to visualize synaptophysin/MAP-2 expression at the
junctions, we quantified the mean intensities of synaptophysin and MAP-2 in the certain areas that are
marked as red circles in Figure 5a. Interestingly, the mean fluorescence intensity of synaptophysin
expressed from the cells on normal substrate (no patterns), patterns with the match ratio of 0, 0.2, 0.4,
0.6, 0.8 and perfectly matched pattern showed 2.36, 2.46, 2.49, 3.56, 3.73, 3.8, and 3.84 a.u. respectively.
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Also, the mean fluorescence intensity of MAP-2 showed 3.44, 3.61, 4.66, 4.75, 4.33, 4.64 and 4.8 a.u.
respectively, for same experimental groups. The mean fluorescence intensity of synaptophysin in the
area wherein the neurons growing from two different directions showed highest on perfectly matched
pattern and lowest on no pattern. Interestingly, unlike MAP-2 expression, synaptophysin was found to
hugely increase on match ratio 0.4 and reached saturated intensity, indicating that match ratio 0.4 is
critical to connect neurons and to induce stable synaptophysin expression, both of which are important
for efficient signal transductions (Figure 5b). Hence, it can be concluded that the proposed various
GO hybrid pattern platforms can be not only used for mimicking brain/spinal cord disconnection
but also for precisely controlling axonal growth of neurons, which will ultimately be helpful for the
brain/spinal cord injuries.
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Figure 5. Synaptogenesis guidance due to pattern effect. (a) Schematic diagram of cell signal
transduction in no pattern, mis-aligned GO hybrid pattern and perfectly matched GO hybrid pattern
respectively (i). Confocal images of SH-SY5Y cells on no pattern, mis-aligned GO hybrid pattern (match
ratio of 0, 0.2, 0.4, 0.6, 0.8) and perfectly matched GO hybrid pattern stained for synapse (green) and
nucleus (blue) (top row), cytoskeleton (red) and nucleus (blue) (bottom row) after 2 days of culture (ii).
(b) Signal profile on the boundary of mis-aligned part. Fluorescence intensity of synaptophysin is only
shown on the patterned cell part. Quantitative comparison of synaptophysin and MAP-2 fluorescence
intensity in 100 um x 100 pm area of mis-aligned section. Data are the mean =+ standard deviation of
three different experiments. (Student’s t-test, n = 3, * p < 0.05).
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3. Materials and Methods

3.1. Materials

Phosphate buffered saline (PBS) was purchased from Sigma-Aldrich (Sigma Chemical Company,
St. Louis, MO, USA). DMEM media, fetal bovine serum (FBS), antibiotics (penicillin and streptomycin),
trypsin (0.05% trypsin, 0.53 mM EDTA-4Na) were collected from Gibco (Invitrogen, Grand Island,
NE, USA). Deionized water (DIW), obtained from a millipore water system was used throughout
the experiment.

3.2. Cell Culture

Human neuroblastoma cell line (SH-SY5Y) was purchased from ATCC (Manassas, VA, USA).
The cell was cultured at 37 °C in a DMEM medium supplemented with 10% heat-activated fetal bovine
serum and 1% antibiotics (penicillin and streptomycin) in a humidified atmosphere of 95% air with 5%
COs;. The cells were grown in tissue culture-grade petri dishes. The cells were sub-cultured every 48 h
of incubation at a density of 1 x 10° cells/mL.

3.3. Fluorescence Imaging

For actin staining of SH-SY5Ys, cells were washed with DPBS (pH 7.4) two times and fixed with
4% formaldehyde solution for 10 min at room temperature (RT), then washed with DPBS for three
times. 0.1% Triton X-100 in PBS were treated for 5 min, then washed with DPBS and stained with Alexa
Fluor 546 Phalloidin-containing solution for 20 min at RT. Finally, to stain nucleus, Hoechst (3 pug/mL)
was used for immunofluorescence imaging (Eclipse Ti-U, Nikon, Tokyo, Japan).

3.4. Confocal Imaging

The SH-SY5Y cells were fixed with 4% formaldehyde solution for 10 min at RT. After washing
with DPBS for three times cells were permeabilized with 0.1% Triton X-100 in PBS were treated for 5
min at RT. Cells were then blocked with bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO,
USA) in DPBS for 30 min in RT to reduce non-specific protein binding. The cells were then incubated
with primary antibodies 2 h in RT. The following primary antibodies were used; rabbit monoclonal
(YE269) to Synaptophysin (1:200; Abcam, St. Louis, MO, USA) and mouse monoclonal (HM-2) to
MAP-2 (1:200; Abcam, St. Louis, MO, USA). After the incubation of primary antibodies, the cells were
washed with DPBS and incubated with secondary antibodies (FITC goat pAb to rabbit IgG (1:200;
Abcam) and TexasRed goat pAb to mouse IgG (1:200; Abcam)) for 2 h at RT. The cell nuclei were also
stained by Hoechst (3 ug/mL). Fluorescent images of SH-SY5Y cells were observed using a confocal
laser scanning microscope. Confocal images were analyzed by Zen black. The laser power intensity
for acquiring the fluorescence of synaptophysin, MAP-2 and Hoechst was kept as 90% (Max power
10 mW). In addition, the digital gain values that are controllable at detector were kept as 1, 1.25 and
1.138 for synaptophysin, MAP-2 and Hoechst, respectively.

3.5. Synthesis of GO-Encapsulated Magnetic Nanoparticles

Iron oxide (II, III), magnetic nanoparticles solution 10 nm average particle size, 5 mg/mL in
H,O was purchased from Sigma-Aldrich (St. Louis, MO, USA). Single or few-layer graphene oxide
was filtered centrifuging graphene oxide solution at 13,200 rpm for 30 min. Magnetic nanoparticle
solution is diluted in DIW (1:10) then 0.01% of (3-Aminopropyl)triethoxysilane (APTES) was added.
Then filtered Graphene oxide solution was added to finalize the reaction. The solution is reacted in
Thermomixer (25 °C, 800 rpm) for 30 min.
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3.6. Generation of GO Hybrid Patterns

By using conventional photolithographic technique, photoresist (PR) micropatterns were
generated on Si wafer. Patterned wafer was then coated with (heptadecafluoro-1,1,2,2-tetrahydrocecyl)
trichlorosilane for 6 h in desiccator to prevent possible damage from PDMS curing and to ease
detachment of PDMS. PDMS poured on the silicon wafer is then kept in the 70 °C oven for 4 h for
curing. After the PDMS stamp was detached from the silicon wafer, oxygen plasma was treated on
PDMS to attract GO-encapsulated magnetic nanoparticles. GO-encapsulated magnetic nano particle
solution dissolved in DIW (5.0 mg/mL) is coated on microscope slide with spin coater (500 rpm
for 30 s). Coated GO-encapsulated magnetic nanoparticles were transferred on to PDMS stamp by
using micro contact printing technique. Humidifier was used for increasing the level of transferring
particles on to desired substrates (PDMS). After the particles are transferred on to the PDMS stamp,
magnet was applied under the desired substrate (PDMS) for 1 to 10 min to increase the adhesion
strength of GO-encapsulated magnetic nanoparticles on to the desired substrate (PDMS). The magnetic
force was applied during the transfer of GO-magnetic particle hybrids to PDMS substrates using a
permanent magnet with dimension of 1/2 x 1/8 inch (neodymium rare earth disc magnets N48) that
was purchased from totalElement (Chicago, IL, USA).

3.7. Raman Spectroscopy

GO hybrid patterns on PDMS and SH-SY5Y cells on the pattern were investigated by Raman
spectroscopy using Raman NTEGRA spectra (NT-MDT, Moscow, Russia) after 48 h of incubation,
surface enhanced Raman scattering (SERS) mapping was taken by selecting 100 um x 100 pum area
with 32 x 32 data points. Raman spectra were recorded using a near-infrared (NIR) laser emitting light
at a wavelength of 633 nm. Ten scans of 1 s from 1200 cm~! to 1800 cm ™! were recorded.

4. Conclusions

Overall, we have developed a novel MF-driven GO hybrid pattern that were highly effective
for controlling synaptogenesis. The GO hybrid pattern arrays, with different sizes, were successfully
generated on flexible PDMS without any chemical linkers and complex processes. By using magnetic
force, GO-encapsulated magnetic nanoparticles were effectively transferred on to the desired substrate
with less amount of time and high reproducibility when compared with conventional MCP method,
which was confirmed by SEM and Raman imaging. Due to the property of GO that enables long-term
stable cell culture, human neuronal cells could be effectively patterned on PDMS substrates with
different pattern sizes. Additionally, we found that the MAP-2 and synaptophysin expressions, which
are two important indicators for neuronal cell development and synaptic junction formation, could be
controlled by GO hybrid patterns. Finally, by generating several types of neural cell disconnection
to mimic the process to cure damaged nerve fiber, we found that specific match ration is important
to induce stable synaptophysin expression and to form synaptic junctions (match ratio = 0.4). Hence,
it can be concluded that the proposed method, MF-driven GO hybrid patterns, could be highly useful
for modeling of brain diseases and spinal cord injuries.

Acknowledgments: This research was supported by the Leading Foreign Research Institute Recruitment Program,
through the National Research Foundation of Korea (NRF), funded by the Ministry of Science, ICT and Future
Planning (MSIP) (2013K1A4A3055268) and by the National Research Foundation of Korea (NRF) grant funded
by the Korea Government (MSIP) (2014R1A2A1A10051725) and Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education (2016R1A6A1A03012845).

Author Contributions: K.-J.M. and T.-H.K. conceived and designed the experiment and wrote the manuscript;
J.-W.C. supervised the project, providing the necessary materials and technical input for experiments, and also
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2017, 10, 1151 9of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Mandel, R.J.; Manfredsson, F.P; Foust, K.D.; Rising, A.; Reimsnider, S.; Nash, K.; Burger, C. Recombinant
adeno-associated viral vectors as therapeutic agents to treat neurological disorders. Mol. Ther. 2006, 13,
463-483. [CrossRef] [PubMed]

Jacoby, A.; Snape, D.; Baker, G.A. Epilepsy and social identity: The stigma of a chronic neurological disorder.
Lancet Neurol. 2005, 4, 171-178. [CrossRef]

Lindvall, O.; Kokaia, Z. Stem cells for the treatment of neurological disorders. Nature 2006, 441, 1094.
[CrossRef] [PubMed]

Pereira, F.C.; Marcillo, A.E. cAAMP and Schwann cells promote axonal growth and functional recovery after
spinal cord injury. Nat. Med. 2004, 10, 610-616.

Binda, C.; Newton-Vinson, P.; Hubalek, F.; Edmondson, D.E.; Mattevi, A. Structure of human monoamine
oxidase B, a drug target for the treatment of neurological disorders. Nat. Struct. Mol. Biol. 2002, 9, 22.
[CrossRef] [PubMed]

Vernino, S.; O’'Neill, B.P.; Marks, R.S.; O’Fallon, J.R.; Kimmel, D.W. Inmunomodulatory treatment trial for
paraneoplastic neurological disorders. Neuro Oncol. 2004, 6, 55-62. [CrossRef] [PubMed]

Gold, B.G. Neuroimmunophilin ligands: Evaluation of their therapeutic potential for the treatment of
neurological disorders. Expert Opin. Investig. Drugs 2000, 9, 2331-2342. [CrossRef] [PubMed]

Wulff, H.; Zhorov, B.S. K* channel modulators for the treatment of neurological disorders and autoimmune
diseases. Chem. Rev. 2008, 108, 1744-1773. [CrossRef] [PubMed]

Whitaker, ].N.; Lisak, R.P,; Bashir, RM.; Fitch, O.H.; Seyer, ].M.; Krance, R.; Lawrence, J.A.; Ch’ien, L.T,;
O’Sullivan, P. Immunoreactive myelin basic protein in the cerebrospinal fluid in neurological disorders. Ann.
Neurol. 1980, 7, 58—64. [CrossRef] [PubMed]

Yermakova, A.; O’banion, M.K. Cyclooxygenases in the central nervous system: Implications for treatment
of neurological disorders. Curr. Pharm. Des. 2000, 6, 1755-1776. [CrossRef] [PubMed]

Tai, Y.-T.; Svendsen, C.N. Stem cells as a potential treatment of neurological disorders. Curr. Opin. Pharmacol.
2004, 4, 98-104. [CrossRef] [PubMed]

Lu, P; Woodruff, G.; Wang, Y.; Graham, L.; Hunt, M.; Wu, D.; Boehle, E.; Ahmad, R.; Poplawski, G.; Brock, J.
Long-distance axonal growth from human induced pluripotent stem cells after spinal cord injury. Neuron
2014, 83, 789-796. [CrossRef] [PubMed]

Lu, P; Jones, L.L.; Snyder, E.Y.; Tuszynski, M.H. Neural stem cells constitutively secrete neurotrophic
factors and promote extensive host axonal growth after spinal cord injury. Exp. Neurol. 2003, 181, 115-129.
[CrossRef]

Liu, S.; Qu, Y.; Stewart, T.].; Howard, M.].; Chakrabortty, S.; Holekamp, T.F.; McDonald, J.W. Embryonic stem
cells differentiate into oligodendrocytes and myelinate in culture and after spinal cord transplantation. Proc.
Natl. Acad. Sci. USA 2000, 97, 6126-6131. [CrossRef] [PubMed]

Cummings, B.J.; Uchida, N.; Tamaki, S.J.; Salazar, D.L.; Hooshmand, M.; Summers, R.; Gage, FH.;
Anderson, A.J. Human neural stem cells differentiate and promote locomotor recovery in spinal cord-injured
mice. Proc. Natl. Acad. Sci. USA 2005, 102, 14069-14074. [CrossRef] [PubMed]

Nori, S.; Okada, Y.; Yasuda, A.; Tsuji, O.; Takahashi, Y.; Kobayashi, Y.; Fujiyoshi, K.; Koike, M.; Uchiyama, Y.;
Ikeda, E. Grafted human-induced pluripotent stem-cell-derived neurospheres promote motor functional
recovery after spinal cord injury in mice. Proc. Natl. Acad. Sci. USA 2011, 108, 16825-16830. [CrossRef]
[PubMed]

Teng, Y.D.; Lavik, E.B.; Qu, X.; Park, K.I; Ourednik, J.; Zurakowski, D.; Langer, R.; Snyder, E.Y. Functional
recovery following traumatic spinal cord injury mediated by a unique polymer scaffold seeded with neural
stem cells. Proc. Natl. Acad. Sci. USA 2002, 99, 3024-3029. [CrossRef] [PubMed]

Keirstead, H.S.; Nistor, G.; Bernal, G.; Totoiu, M.; Cloutier, E; Sharp, K.; Steward, O. Human embryonic stem
cell-derived oligodendrocyte progenitor cell transplants remyelinate and restore locomotion after spinal
cord injury. J. Neurosci. 2005, 25, 4694-4705. [CrossRef] [PubMed]

Di Lullo, E.; Kriegstein, A.R. The use of brain organoids to investigate neural development and disease. Nat.
Rev. Neurosci. 2017, 18, 573-584. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ymthe.2005.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16412695
http://dx.doi.org/10.1016/S1474-4422(05)70020-X
http://dx.doi.org/10.1038/nature04960
http://www.ncbi.nlm.nih.gov/pubmed/16810245
http://dx.doi.org/10.1038/nsb732
http://www.ncbi.nlm.nih.gov/pubmed/11753429
http://dx.doi.org/10.1215/S1152851703000395
http://www.ncbi.nlm.nih.gov/pubmed/14769141
http://dx.doi.org/10.1517/13543784.9.10.2331
http://www.ncbi.nlm.nih.gov/pubmed/11060810
http://dx.doi.org/10.1021/cr078234p
http://www.ncbi.nlm.nih.gov/pubmed/18476673
http://dx.doi.org/10.1002/ana.410070111
http://www.ncbi.nlm.nih.gov/pubmed/6153879
http://dx.doi.org/10.2174/1381612003398672
http://www.ncbi.nlm.nih.gov/pubmed/11203433
http://dx.doi.org/10.1016/j.coph.2003.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15018846
http://dx.doi.org/10.1016/j.neuron.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25123310
http://dx.doi.org/10.1016/S0014-4886(03)00037-2
http://dx.doi.org/10.1073/pnas.97.11.6126
http://www.ncbi.nlm.nih.gov/pubmed/10823956
http://dx.doi.org/10.1073/pnas.0507063102
http://www.ncbi.nlm.nih.gov/pubmed/16172374
http://dx.doi.org/10.1073/pnas.1108077108
http://www.ncbi.nlm.nih.gov/pubmed/21949375
http://dx.doi.org/10.1073/pnas.052678899
http://www.ncbi.nlm.nih.gov/pubmed/11867737
http://dx.doi.org/10.1523/JNEUROSCI.0311-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15888645
http://dx.doi.org/10.1038/nrn.2017.107
http://www.ncbi.nlm.nih.gov/pubmed/28878372

Materials 2017, 10, 1151 10 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lancaster, M.A.; Corsini, N.S.; Wolfinger, S.; Gustafson, E.H.; Phillips, A.W.; Burkard, T.R.; Otani, T,;
Livesey, EJ.; Knoblich, J.A. Guided self-organization and cortical plate formation in human brain organoids.
Nat. Biotechnol. 2017, 35, 659-666. [CrossRef] [PubMed]

Fatehullah, A.; Tan, S.H.; Barker, N. Organoids as an in vitro model of human development and disease. Nat.
Cell Biol. 2016, 18, 246-254. [CrossRef] [PubMed]

Choi, J.-H.; Lee, J.; Shin, W.; Choi, J.-W.; Kim, H.J. Priming nanoparticle-guided diagnostics and therapeutics
towards human organs-on-chips microphysiological system. Nano Converg. 2016, 3, 24. [CrossRef] [PubMed]
Kim, T.-H.; Lee, K.-B.; Choi, ].-W. 3D graphene oxide-encapsulated gold nanoparticles to detect neural stem
cell differentiation. Biomaterials 2013, 34, 8660-8670. [CrossRef] [PubMed]

Kang, E.-S.; Kim, D.-S.; Suhito, L.R.; Choo, S.-S.; Kim, S.-].; Song, I.; Kim, T.-H. Guiding osteogenesis of
mesenchymal stem cells using carbon-based nanomaterials. Nano Converg. 2017, 4, 2. [CrossRef] [PubMed]
Kim, T.-H,; Lee, T.; El-Said, W.A.; Choi, J.-W. Graphene-based materials for stem cell applications. Materials
2015, 8, 8674-8690. [CrossRef] [PubMed]

Park, S.Y,; Park, J.; Sim, S.H.; Sung, M.G.; Kim, K.S.; Hong, B.H.; Hong, S. Enhanced differentiation of human
neural stem cells into neurons on graphene. Adv. Mater. 2011, 23, H236-H267. [CrossRef] [PubMed]
Nayak, T.R.; Andersen, H.; Makam, V.S.; Khaw, C.; Bae, S.; Xu, X.; Ee, P-L.R.; Ahn, ]J.-H.; Hong, B.H.;
Pastorin, G. Graphene for controlled and accelerated osteogenic differentiation of human mesenchymal stem
cells. ACS Nano 2011, 5, 4670-4678. [CrossRef] [PubMed]

Hong, SW.; Lee, ].H.; Kang, S.H.; Hwang, E.Y.; Hwang, Y.-S.; Lee, M.H.; Han, D.-W.; Park, J.-C. Enhanced
neural cell adhesion and neurite outgrowth on graphene-based biomimetic substrates. Biomed. Res. Int. 2014,
2014. [CrossRef] [PubMed]

Solanki, A.; Chueng, S.D.; Yin, P.T.; Kappera, R.; Chhowalla, M.; Lee, K. Axonal alignment and enhanced
neuronal differentiation of neural stem cells on graphene-nanoparticle hybrid structures. Adv. Mater. 2013,
25,5477-5482. [CrossRef] [PubMed]

Chen, G.-Y;; Pang, D.-P; Hwang, S.-M.; Tuan, H.-Y.; Hu, Y.-C. A graphene-based platform for induced
pluripotent stem cells culture and differentiation. Biomaterials 2012, 33, 418-427. [CrossRef] [PubMed]

Lee, W.C.; Lim, C.H.Y.X;; Shi, H.; Tang, L.A.L.; Wang, Y.; Lim, C.T.; Loh, K.P. Origin of enhanced stem cell
growth and differentiation on graphene and graphene oxide. ACS Nano 2011, 5, 7334-7341. [CrossRef]
[PubMed]

Shah, S.; Yin, PT,; Uehara, TM.; Chueng, S.D.; Yang, L.; Lee, K. Guiding stem cell differentiation into
oligodendrocytes using graphene-nanofiber hybrid scaffolds. Adv. Mater. 2014, 26, 3673-3680. [CrossRef]
[PubMed]

Kim, T.-H.; Shah, S.; Yang, L.; Yin, P.T.; Hossain, M.K.; Conley, B.; Choi, ]J.-W.; Lee, K.-B. Controlling
differentiation of adipose-derived stem cells using combinatorial graphene hybrid-pattern arrays. ACS Nano
2015, 9, 3780-3790. [CrossRef] [PubMed]

Hamon, C.; Henriksen-Lacey, M.; La Porta, A.; Rosique, M.; Langer, J.; Scarabelli, L.; Montes, A.B.S;
Gonzalez-Rubio, G.; de Pancorbo, M.M.; Liz-Marzan, L.M. Tunable nanoparticle and cell assembly using
combined self-powered microfluidics and microcontact printing. Adv. Funct. Mater. 2016, 26, 8053-8061.
[CrossRef]

Yin, PT,; Shah, S.; Chhowalla, M.; Lee, K.-B. Design, synthesis, and characterization of graphene-nanoparticle
hybrid materials for bioapplications. Chem. Rev. 2015, 115, 2483-2531. [CrossRef] [PubMed]

Vallee, R. Structure and phosphorylation of microtubule-associated protein 2 (MAP-2). Proc. Natl. Acad. Sci.
USA 1980, 77, 3206-3210. [CrossRef] [PubMed]

Johnson, G.V.W.; Jope, R.S. The role of microtubule-associated protein 2 (MAP-2) in neuronal growth,
plasticity, and degeneration. J. Neurosci. Res. 1992, 33, 505-512. [CrossRef] [PubMed]

Bloom, G.S.; Vallee, R.B. Association of microtubule-associated protein 2 (MAP-2) with microtubules and
intermediate filaments in cultured brain cells. J. Cell Biol. 1983, 96, 1523-1531. [CrossRef] [PubMed]
Correas, I.; Padilla, R.; Avila, ]. The tubulin-binding sequence of brain microtubule-associated proteins, tau
and MAP-2, is also involved in actin binding. Biochem. ]. 1990, 269, 61-64. [CrossRef] [PubMed]

Zhang, S.; Yan, L.; Altman, M.; Lassle, M.; Nugent, H.; Frankel, F; Lauffenburger, D.A.; Whitesides, G.M.;
Rich, A. Biological surface engineering: A simple system for cell pattern formation. Biomaterials 1999, 20,
1213-1220. [CrossRef]


http://dx.doi.org/10.1038/nbt.3906
http://www.ncbi.nlm.nih.gov/pubmed/28562594
http://dx.doi.org/10.1038/ncb3312
http://www.ncbi.nlm.nih.gov/pubmed/26911908
http://dx.doi.org/10.1186/s40580-016-0084-8
http://www.ncbi.nlm.nih.gov/pubmed/28191434
http://dx.doi.org/10.1016/j.biomaterials.2013.07.101
http://www.ncbi.nlm.nih.gov/pubmed/23937915
http://dx.doi.org/10.1186/s40580-017-0096-z
http://www.ncbi.nlm.nih.gov/pubmed/28191446
http://dx.doi.org/10.3390/ma8125481
http://www.ncbi.nlm.nih.gov/pubmed/28793737
http://dx.doi.org/10.1002/adma.201101503
http://www.ncbi.nlm.nih.gov/pubmed/21823178
http://dx.doi.org/10.1021/nn200500h
http://www.ncbi.nlm.nih.gov/pubmed/21528849
http://dx.doi.org/10.1155/2014/212149
http://www.ncbi.nlm.nih.gov/pubmed/24592382
http://dx.doi.org/10.1002/adma.201302219
http://www.ncbi.nlm.nih.gov/pubmed/23824715
http://dx.doi.org/10.1016/j.biomaterials.2011.09.071
http://www.ncbi.nlm.nih.gov/pubmed/22014460
http://dx.doi.org/10.1021/nn202190c
http://www.ncbi.nlm.nih.gov/pubmed/21793541
http://dx.doi.org/10.1002/adma.201400523
http://www.ncbi.nlm.nih.gov/pubmed/24668911
http://dx.doi.org/10.1021/nn5066028
http://www.ncbi.nlm.nih.gov/pubmed/25840606
http://dx.doi.org/10.1002/adfm.201602225
http://dx.doi.org/10.1021/cr500537t
http://www.ncbi.nlm.nih.gov/pubmed/25692385
http://dx.doi.org/10.1073/pnas.77.6.3206
http://www.ncbi.nlm.nih.gov/pubmed/6251448
http://dx.doi.org/10.1002/jnr.490330402
http://www.ncbi.nlm.nih.gov/pubmed/1484385
http://dx.doi.org/10.1083/jcb.96.6.1523
http://www.ncbi.nlm.nih.gov/pubmed/6343400
http://dx.doi.org/10.1042/bj2690061
http://www.ncbi.nlm.nih.gov/pubmed/2115775
http://dx.doi.org/10.1016/S0142-9612(99)00014-9

Materials 2017, 10, 1151 11 of 11

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kim, D.-N.; Lee, W.; Koh, W.-G. Micropatterning of proteins on the surface of three-dimensional poly
(ethylene glycol) hydrogel microstructures. Anal. Chim. Acta 2008, 609, 59-65. [CrossRef] [PubMed]
Guilak, F; Cohen, D.M.; Estes, B.T.; Gimble, ].M.; Liedtke, W.; Chen, C.S. Control of stem cell fate by physical
interactions with the extracellular matrix. Cell Stem Cell 2009, 5, 17-26. [CrossRef] [PubMed]

Yan, C.; Sun, J.; Ding, J. Critical areas of cell adhesion on micropatterned surfaces. Biomaterials 2011, 32,
3931-3938. [CrossRef] [PubMed]

Yao, X.; Peng, R.; Ding, J. Cell-material interactions revealed via material techniques of surface patterning.
Adv. Mater. 2013, 25, 5257-5286. [CrossRef] [PubMed]

Wiedenmann, B.; Franke, W.W.; Kuhn, C.; Moll, R.; Gould, V.E. Synaptophysin: A marker protein for
neuroendocrine cells and neoplasms. Proc. Natl. Acad. Sci. USA 1986, 83, 3500-3504. [CrossRef] [PubMed]
Fletcher, T.L.; Cameron, P.; De Camilli, P; Banker, G. The distribution of synapsin I and synaptophysin in
hippocampal neurons developing in culture. J. Neurosci. 1991, 11, 1617-1626. [PubMed]

Thomas, L.; Hartung, K.; Langosch, D.; Rehm, H.; Bamberg, E. Identification of synaptophysin as a hexameric
channel protein of the synaptic vesicle membrane. Science 1988, 242, 1050-1053. [CrossRef] [PubMed]
Calakos, N.; Scheller, R.H. Vesicle-associated membrane protein and synaptophysin are associated on the
synaptic vesicle. J. Biol. Chem. 1994, 269, 24534-24537. [PubMed]

Gould, VEE;; Lee, I.; Wiedenmann, B.; Moll, R.; Chejfec, G.; Franke, W.W. Synaptophysin: A novel marker for
neurons, certain neuroendocrine cells, and their neoplasms. Hum. Pathol. 1986, 17, 979-983. [CrossRef]
Tarsa, L.; Goda, Y. Synaptophysin regulates activity-dependent synapse formation in cultured hippocampal
neurons. Proc. Natl. Acad. Sci. USA 2002, 99, 1012-1016. [CrossRef] [PubMed]

Thiel, G. Synapsin I, synapsin II, and synaptophysin: Marker proteins of synaptic vesicles. Brain Pathol. 1993,
3, 87-95. [CrossRef] [PubMed]

Frank, E.; Fischbach, G.D. Early events in neuromuscular junction formation in vitro: Induction of
acetylcholine receptor clusters in the postsynaptic membrane and morphology of newly formed synapses.
J. Cell Biol. 1979, 83, 143-158. [CrossRef] [PubMed]

Aghajanian, G.K.; Bloom, F.E. The formation of synaptic junctions in developing rat brain: A quantitative
electron microscopic study. Brain Res. 1967, 6, 716-727. [CrossRef]

Fannon, A.M.; Colman, D.R. A model for central synaptic junctional complex formation based on the
differential adhesive specificities of the cadherins. Neuron 1996, 17, 423-434. [CrossRef]

Cotman, C.W.; Nieto-Sampedro, M.; Harris, E.W. Synapse replacement in the nervous system of adult
vertebrates. Physiol. Rev. 1981, 61, 684-784. [PubMed]

Fischbach, G.D. Synapse formation between dissociated nerve and muscle cells in low density cell cultures.
Dev. Biol. 1972, 28, 407-429. [CrossRef]

Serpinskaya, A.S.; Feng, G.; Sanes, ].R.; Craig, A.M. Synapse formation by hippocampal neurons from
agrin-deficient mice. Dev. Biol. 1999, 205, 65-78. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.aca.2007.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18243874
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19570510
http://dx.doi.org/10.1016/j.biomaterials.2011.01.078
http://www.ncbi.nlm.nih.gov/pubmed/21356556
http://dx.doi.org/10.1002/adma.201301762
http://www.ncbi.nlm.nih.gov/pubmed/24038153
http://dx.doi.org/10.1073/pnas.83.10.3500
http://www.ncbi.nlm.nih.gov/pubmed/3010302
http://www.ncbi.nlm.nih.gov/pubmed/1904480
http://dx.doi.org/10.1126/science.2461586
http://www.ncbi.nlm.nih.gov/pubmed/2461586
http://www.ncbi.nlm.nih.gov/pubmed/7929121
http://dx.doi.org/10.1016/S0046-8177(86)80080-6
http://dx.doi.org/10.1073/pnas.022575999
http://www.ncbi.nlm.nih.gov/pubmed/11792847
http://dx.doi.org/10.1111/j.1750-3639.1993.tb00729.x
http://www.ncbi.nlm.nih.gov/pubmed/7903586
http://dx.doi.org/10.1083/jcb.83.1.143
http://www.ncbi.nlm.nih.gov/pubmed/511937
http://dx.doi.org/10.1016/0006-8993(67)90128-X
http://dx.doi.org/10.1016/S0896-6273(00)80175-0
http://www.ncbi.nlm.nih.gov/pubmed/7019944
http://dx.doi.org/10.1016/0012-1606(72)90023-1
http://dx.doi.org/10.1006/dbio.1998.9112
http://www.ncbi.nlm.nih.gov/pubmed/9882498
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Generation of GO Hybrid Patterns with Different Geometries 
	Guided Synaptogenesis of Human Neuronal Cells (SH-SY5Y) on MF-Driven GO Hybrid Patterns 
	Synaptogenesis Guidance Due to Pattern Effect 

	Materials and Methods 
	Materials 
	Cell Culture 
	Fluorescence Imaging 
	Confocal Imaging 
	Synthesis of GO-Encapsulated Magnetic Nanoparticles 
	Generation of GO Hybrid Patterns 
	Raman Spectroscopy 

	Conclusions 

