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Introduction: Embryonic stem cells (ESCs) possess great application prospects in biologi-
cal research and regenerative medicine, so it is important to obtain ESCs with excellent and
stable cellular states during in vitro expansion. The feeder layer culture system with the
addition of leukemia inhibitory factor (LIF) is currently applied in ESC cultures, but it has
a series of disadvantages that could influence the culture efficiency and quality of the ESCs.
With the development of nanotechnology, many studies have applied nanomaterials to
optimize the stem cell culture system and regulate the fate of stem cells. In this study, we
investigated the layer-number-dependent biofunction of graphene oxide (GO) on the plur-
ipotency of ESCs from mice (mESCs).

Methods: Single-layer GO (SGO) and multi-layer GO (MGO) were characterized and their
effects on the cytotoxicity and self-renewal of mESCs were detected in vitro. The differ-
entiation potentials of mESCs were identified through the formation of embryoid bodies and
teratomas. The regulatory mechanism of GO was verified by blocking the target receptors on
the surface of mESCs using antibodies.

Results: Both SGO and MGO were biocompatible with mESCs, but only MGO effectively
sustained their self-renewal and differentiation potential. In addition, GO influenced the
cellular activities of mESCs by regulating the interactions between extracellular matrix
proteins and integrins.

Conclusion: This work demonstrates the layer-number-dependent effects of GO on regulat-
ing the cell behavior of mESCs and reveals the extracellular regulatory mechanism of this
process.
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Introduction

Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of the
blastocyst at an early stage during embryonic development. They have the ability of
infinite self-renewal and the differentiation potential to form three germ layer cells."
The successful establishment of ESCs has tremendous application value in biome-
dical research, such as research in embryonic development, establishment of disease
models, the development of drugs and the treatment of diseases.” However, ESCs
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still confront a series of challenges before they could be
applied in clinic® and one of the challenge is the cultiva-
tion of ESCs in vitro is prone to spontaneous differentia-
tion. Therefore, it is of great significance to control the
state of ESCs in vitro accurately for the clinical applica-
tion of them.* With the development of nanotechnology in
recent years, applying nanomaterials to regulate the cell
behavior of ESCs and optimize the traditional cell culture
system has become an important focus of stem cell
research.”®

The amplification of mESCs in vitro can be divided
into a feeder layer culture system and feeder-free culture
system. Feeder layer cells (feeders) are monolayer cells
with an inhibitory mitotic ability obtained by certain che-
mical or physical treatment. Feeders can secrete extracel-
lular matrix (ECM) proteins, adhesion factors, and
a variety of cytokines, such as leukemia inhibitory factor
(LIF),”'° fibroblast growth factor (bFGF), bone morpho-
genetic protein 4 (BMP4), and others. These factors can
provide an ideal extracellular growth environment for
mESCs to maintain their proliferation, adhesion, and self-
renewal abilities.'"'? LIF belongs to the IL-6 family of
cytokines and can initiate cascade signaling to sustain the
pluripotency of mESCs by co-binding with glycoprotein
130 (gp130) and LIF receptor (LIFR).'>'

ECM components are also important candidates for
regulating the proliferation, adhesion, self-renewal, and
differentiation of ESCs.'>'® Integrins are cell surface
receptors that mediate ECM adhesion and transfer the
extracellular signals to the intracellular space.'” Integrins
are heterodimer transmembrane proteins composed of o
and B subunits.'® The extracellular domains of integrins
are capable of binding to ECM ligand proteins such as
laminin, fibronectin (FN), collagen, and vitronectin, while
their intracellular domains are capable of binding to cytos-
keleton proteins (eg, a-actinin, talin) and other regulatory
proteins (eg, cadherin, cell adhesion proteins).'” The inter-
action between the ECM ligand and integrin receptor can
activate an intracellular signaling response and induce
cytoskeletal changes, thus regulating the behavior of
stem cells.!”” FN is an important component of ECM,
which regulates a variety of cell activities by direct inter-
action with the integrin receptor. FN is critical during the
process of vertebrate development because it mediates
a variety of cell interactions and plays an important role
in cell adhesion, migration, propagation, and
differentiation.”*" Integrin a5pl is a crucial FN-specific
receptor involved in the regulation of the differentiation of

stem cells, such as osteogenic differentiation.””> In
a previous study, exogenous FN was successfully used to
stimulate the integrin signaling pathway and promote the
differentiation of mESCs.”

Graphene is a two-dimensional honeycomb lattice com-
posed of sp”-hybridized carbon atoms. Graphene oxide (GO)
is the oxidation product of graphene, and its surface contains
various oxygen functional groups.”**> GO has good biolo-
gical properties, such as hydrophilicity, biocompatibility,*®
and easy functionalization.?” Due to its unique physicochem-
ical properties, many researchers have attempted to reveal its
biofunction in stem cells.”®*’ GO-based nanomaterials can
regulate the growth and differentiation of stem cells in the
form of nanoparticle suspensions, 2D substrates, and 3D
scaffolds.*® The biofunction of GO in stem cells is influenced

by its physicochemical properties,
32,33

such as solution

concentration,3 ! shape,34 oxidation

35,36

particle size,

degree, and surface modification.’”*® The layer thick-
ness determined by the number of GO sheets is an important
property of the material and its derivatives, as it can affect
physical properties such as morphology, surface properties,
electrical conductivity, and mechanical properties (bending
ability and flexibility).>**° There has been no relevant
research on the regulation of GO sheet thickness on stem
cells. In previous work, we have found that GO can sustain
the self-renewal of mESCs and have revealed its intracellular
regulatory mechanisms. However, how GO interacts directly
with mESCs has remained a persistent question. Hence, in
this study, we explored the effect of GO sheet thickness on
the pluripotency of mESCs and further investigated the inter-
action between GOs and the ECM of cells (Scheme 1).

Materials and Methods

Characterization of GO

MGO was purchased from Aladdin® and SGO was pur-
chased from XFNano®. The morphologies of the materials
were observed by transmission electron microscopy
(TEM) (JEM-F200, JEOL). Atomic force microscopy
(AFM) (and SPM-9600, Shimadzu) was also applied to
detect the thickness of the samples. X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250XI, Thermo Fisher)
was performed to analyze the elemental content of the
samples.

Mouse Embryonic Stem Cell Culture
The mESC line 46C was gifted by Dr. Xiaoqing Zhang
(Tongji University, Shanghai, China), and the use of cells
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Scheme | Schematic diagram of graphene oxide with different layer numbers regulating the cell behavior of mouse embryonic stem cells.

was approved by the Ethical Committee of Tongji
University of Medicine. The mESCs were cultured on -
irradiated feeder cells, and the culture medium contained
high-glucose DMEM (Gibco) with 15% fetal bovine
serum (Gibco), | mM L-glutamine (Gibco), 1% nonessen-
tial amino acids (Gibco), 0.1 mM B-mercaptoethanol
(Gibco), and 1000 U/mL LIF (Millipore). The trypsinized
mESCs were planted on 0.1% gelatin-coated culture plates

for 15 min to make feeder cells adhere to the plate. Non-
adhered mESCs were collected and replanted on 0.1%
gelatin-coated culture plates at a concentration of 1x10*
cells/mL. GOs were supplemented overnight, and the cul-
ture medium was replaced every other day. The confluent
cultures were trypsinized with 0.25% trypsin-EDTA
usually after 4-5 days of proliferation. For long-term
culturing, mESCs were passaged for 3—4 days. The cells
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were trypsinized and plated (2x10* cells) onto fresh, gela-
tin-coated, 6-well plates. The medium was refreshed
every day with the addition of GOs suspension.

CCK-8 for Detecting Cell Proliferation
The mESCs were trypsinized into single cells and feeder
cells were removed. The mESCs were placed into gelatin-
treated 96-well plates at a density of 4x10° cells/well. The
cells were cultured for 1-2 days, and the culture medium,
with SGO or MGO additions at concentrations of &, 16,
and 32 pg/mL, was replaced daily. After either 24 or 48
h of GOs treatment, 10 uL. CCK-8 cell proliferation detec-
tion solution was added into each well and incubated at
37°C for 1-4 h. The absorbance of each well was detected
with 450 nm excitation. The cell survival rate (%) was
calculated as OD450 (experimental group)/OD450 (blank
control group) x 100%.

Annexin V-FITC/PI for Detecting Cell
Apoptosis

The mESCs were incubated with 4, 8, 16, and 32 pg/mL
SGO or MGO for 48 h. Then the cells were collected after
being trypsinized by 0.25% trypsin EDTA and then labeled
with an Annexin V-FITC/PI Apoptosis Detection Kit
(KeyGEN BioTECH). Apoptosis detection was performed
using a FACScan flow cytometer (BD Biosciences). The
results were analyzed using the Flowjo software.

Alkaline Phosphatase Staining Assay

The culture medium was aspirated off and the cells were
washed with PBS two to three times. The cells were fixed
with 4% paraformaldehyde (PFA) for 1-2 min and then
washed with PBS and TBST twice. The bottom of the
plate was covered using sufficient alkaline phosphatase
reagent (Yeasen) dying solution, which was then incubated
for 15-20 min at room temperature and stored in PBS. The
results were recorded via microscope.

Quantitative Real-Time PCR (RT-PCR)

The total RNA was extracted through a series of purifica-
tions and ultimately stored in DEPC-water. Its concentra-
tion was quantified using Nanodrop. The Primer Script
Reverse Transcriptase Kit (Takara) was used to reverse-
transcribe RNA into cDNA. Then RT-PCR was performed
using the TB Green Premix Ex Taq ™ (Takara) reaction
system on the ABI7500 Real-Time PCR System. Gapdh
acted as an internal reference.

Western Blot Analysis

Total protein was extracted using an extraction kit
(KeyGEN BioTECH), and its concentration was quanti-
fied using the BCA method. The protein samples were
separated by SDS-PAGE and then transferred to PVDF
membranes (Millipore). The membranes were separately
incubated with rabbit anti-OCT4 (1:2000, Abcam), rabbit
anti-NANOG (1:2000, Abcam), rabbit anti-SOX2
(1:2000, Abcam), mouse anti-SSEA-1 (Santa Cruz),
mouse anti-ESRRB (Santa Cruz), rabbit monoclonal
anti-p-FAK (phospho Y397, 1:1000, Abcam), rabbit
anti-p-ERK1/2 (phospho-Thr202/Tyr204, 1:2000,
Abcam), rabbit anti-RAP1 (1:2000, ABclonal), rabbit
anti-vinculin (1:2000, Abcam), rabbit anti-integrin B1
(1:2000, Abcam), rabbit anti-integrin o5 (1:2000,
Abcam), and mouse monoclonal anti-B-actin (1:2000,
CMC TAG). Horseradish peroxidase-conjugated anti-
body to mouse IgG or rabbit antibody to goat IgG
(1:2000, Cell Signaling Technology) were used as sec-
ondary antibodies. Immunoblots were visualized using
the ECL reagent (Thermo Fisher) and imaging through
an ImageQuant LAS 4000 mini (GE Healthcare Life
Sciences).

Immunofluorescence Staining

The cells were fixed with 4% paraformaldehyde for 15-20
min at room temperature and permeabilized with 0.2%
Triton X-100 for 5-10 min before incubating them with
1% goat serum (Beyotime) at room temperature for 1 h to
block unspecific binding sites. Then they were incubated
with primary antibodies at 4°C overnight as follows: rabbit
anti-OCT4 (1:500, Abcam), rabbit anti-NANOG (1:500,
Abcam), rabbit anti-SOX2 (1:500, Abcam), rabbit anti-
integrin 1 (1:2000, Abcam), rabbit anti-integrin o5
(1:2000, Abcam), and rabbit anti-Vinculin (1:2000,
Abcam). Then the samples were incubated in secondary
antibodies, either FITC-conjugated goat anti-rabbit anti-
body or FITC-conjugated goat anti-mouse antibody
(1:100, Millipore), which were diluted in 1% goat serum.
The nuclei were labeled with DAPI. The samples were
observed under a fluorescence microscope (ECLIPSE Ti,
Nikon) or with confocal microscopy (LSM880, Carl Zeiss)
to observe their phase and fluorescence.

Embryoid Body Formation
The mESCs treated with 16 pg/mL GOs for 3 days were
collected after being trypsinized as single cells. The cells
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were cultured in differential culture medium (with 15%
fetal bovine serum, 1 mM L-glutamine [Gibco], and 1%
in high-glucose DMEM).
Embryonic, body-like spheres formed after 3 days were

nonessential amino acids

detected under the microscope.

Teratoma Formation

The mESCs treated with 16 ug/mL GOs for three passages
were collected and dispersed in DMEM supplemented
with 50% matrigel at a concentration of 5x10° cells per
100 pL. Then, 5x10° cells were subcutaneously injected
into the hind limb of NOD-SCID mice (female). The mice
were sacrificed after 4 weeks, and their tumors were
peeled off. All experiments were performed in compliance
with the relevant laws and institutional guidelines and
approved by the International Animal Care and Use
Committee at the Shanghai Institute of Materia Medica,
Chinese Academy of Sciences.

Cellular Uptake of Graphene Oxide

First, 5 mg EDC and 10 mg NHS were separately dis-
solved in 2 mL SGO and MGO. The solution was stirred
for 2 h at room temperature and then centrifuged at 2x10*
rpm for 10 min. The supernatant was removed and the
deposit was dissolved in 2 mL FITC-BSA solution at
a concentration of 0.1 mg/mL, stirring the mixed solution
at 2x10* rpm for 10 min. The deposit was FITC-labeled
SGO or MGO. The product was dissolved in 100 pL ddH,
O and stored at 4°C for later use. The FITC-labeled SGO
or MGO were co-incubated with mESCs for 16 h. The cell
membranes were labeled with Dil and the nuclei were
stained with DAPI. The distribution of GO in the mESCs
was monitored using a confocal microscope.

Assay of Protein Adsorption Capacity of

GOs

First, 0.4 mg/mL SGO or MGO was mixed with FBS,
BSA (100 pg/mL), and FN (50 pg/mL) at a volume ratio
of 1:1 and incubated for 3 h at 37°C. Then the samples
were centrifuged at 2x10% rpm at 4°C for 30 min. The
deposit was washed with washing buffer (800 mM KCI
and 0.01% twain 20 dissolved in 1xPBS) three times to
remove unbound proteins. Proteins bound on the materials
were quantified using the BCA method or detected the
morphology by TEM.

Blocking Integrins

The feeder-free mESCs were cultured with the addition of
rabbit anti-integrin a5 (with a dilution ratio of 1:500,
BioxCell) and mouse anti-integrin Bl (at a concentration
of 5 ug/mL, Abcam) for 3 days, then either total RNA or
total protein were collected for further detection.

Statistical Analysis

The data are shown as the mean = SEM of more than three
independent duplicates. One-way analysis of variance was
used to determine statistical significance, and a Tukey
post-test followed to compare all of the conditions with
each other. Tests were performed using GraphPad Prism 6.

Results and Discussion
Characterization of GOs with Different

Sheet Thicknesses
To investigate the effect of GO sheet thickness on mESCs,
we prepared single-layer GO (SGO) and multi-layer GO
(MGO). The surface morphology and size of each were
observed by TEM and AFM (Figure 1A, B and C). The
layers of both were stacked together, and the shape of their
edges was irregular. Both materials were not uniform in
size; compared to MGO, SGO was much thinner and more
flexible, so it presented more obvious folds. The AFM
images also showed that the sheet thickness of MGO
was greater than that of SGO, being 0.7-1.2 nm (1.195
nm) in the latter, which conforms to the characteristics of
a typical SGO. The thickness of MGO was about 3.19 nm.
Zeta potential distribution analysis of SGO and MGO
was also supplemented in Figure S1 to exhibit the surface
charge of GOs. The results exhibited that the average zeta
potential of SGO and MGO are —14.6 mV and —13.3 mV
respectively, which represent no significant difference.
Raman spectroscopy detection is highly sensitive to
geometric structure and chemical bonding within mole-
cules, which makes it useful for exploring the different
allotropes of carbons. The Raman spectra of GOs dis-
played two characteristic peaks, which were separately
distributed among 1300-1400 cm ! and
15601620 cm™', representing the D-band and G-band,
respectively. The position of the G-band was extremely
sensitive to the number of GO layers; thus, we compared
the thickness of samples by observing the relative position
of the G-band.*"**? Its position was at 1583 cm™' for MGO
and 1590 cm ' for SGO (Figure 1D). This is because, as
the sheet thickness increased, the band position shifted to
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Figure | Characterization of graphene oxide with different sheet thickness. (A) Transmission electron microscope (TEM) images of SGO (left) and MGO (right). (B and C)
Atomic force microscope (AFM) image of the morphology and the thickness of SGO (left) and MGO (right). (D) Raman spectra of MGO and SGO, collected at 532 nm

excitation. (E) XPS mapping of SGO and MGO.

a lower energy, which meant that an increase in the num-
ber of layers could slightly soften the bonds.

X-ray diffraction (XRD) was also performed to inves-
tigate the structure of SGO and MGO and the results have
been supplemented in Figure S2. Both SGO and MGO
showed diffraction peak at 26=11° which corresponding to
the (001) crystal plane of graphene oxide. While the dif-
fraction peak intensity of SGO is much weaker than MGO
for the interlaminar exfoliation of single-layer graphene
oxide. Therefore, the XRD data are in good agreement
with the expected single and multi-layer structure of gra-
phene oxide.

Previous research has revealed that the oxidation
degree of GO can affect its regulation ability on the self-
renewal of ESCs.* Therefore, we analyzed the contents of
C and O through XPS to verify if there was a significant
difference in oxygen content between SGO and MGO
(Figure 1E). The At.% contents of Cls and Ols were
68.03% and 31.33% in SGO, respectively. The contents
of Cls and Ols were 66.02% and 32.19% in MGO,
respectively. Thus, there was no significant difference in
oxygen content between the two kinds of samples, which
indicated that the difference in regulation ability in mESCs
between SGO and MGO was not caused by the difference
in oxygen content of GOs.

Biocompatibility Evaluation of Graphene

Oxide Nanosheets

To evaluate the cytotoxicity of GO at different sheet
thicknesses, we detected the cell viability of mESCs
treated with SGO and MGO at different concentrations
through CCK-8. We found that both SGO and MGO, at
concentrations of 8-32 pg/mL, showed negligible toxi-
city after incubating with mESCs for 24 h or 48
h (Figure 2A). Furthermore, annexin V-FITC/PI dual
staining was used to assess whether SGO or MGO
would induce the apoptosis of mESCs (Figure 2B). The
cells were treated with 8-32 pg/mL of either SGO or
MGO for 48 h, and no significant apoptosis or necrosis
were observed in any group; The cell survival rate of all
the groups treated with GOs at selected concentrations
were above 80% to compared with LIF- group. To
further confirm the cytotoxicity of SGO and MGO
toward mESCs, we detected the ROS level in mESCs
after treatment with SGO and MGO at a concentration of
16 pg/mL (Figure 2C). The levels were not significantly
different from those in a negative control group, but both
were significantly lower than those in a positive control
group. Thus, neither SGO nor MGO caused an oxidative
stress response of mESCs at certain concentrations.
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Figure 2 Influence of graphene oxide nanosheets on cell viability, apoptosis, and oxidative stress. (A) CCK-8 was performed to analyze the viability of mESCs after being
separately treated with SGO and MGO for 24 h and 48 h. Data are expressed as the mean * SEM. (B) Annexin V-FITC/PI dual staining was used to detect the apoptosis of
mESCs after incubation with SGO and MGO for 48 h. (C) Intracellular ROS levels of mESCs treated with SGO or MGO for 48 h. Cells in the positive control group were
cultivated with the addition of Rosup. The ROS levels were labeled by oxidized fluorescent probe DCFH-DA and observed through a laser scanning confocal microscope.

Scale bars: 50 pum.

These data demonstrate that both SGO and MGO are
biocompatible with mESCs at concentrations < 32
pg/mL.

Thickness Effects of GO Nanosheets on
Pluripotency of mESCs

To evaluate the effect of GOs with different sheet thick-
ness on the self-renewal of mESCs, feeder-free mESCs
were cultivated in the absence of LIF and with the addition
of MGO or SGO. Feeder-free mESCs cultured with or
without LIF were treated as a positive control and negative
control, respectively. The cell morphology and alkaline
phosphatase (ALP) expression of mESCs were observed
by ALP staining in Figure 3A. The expression of ALP was
significantly higher in MGO-treated mESCs than in SGO-
treated cells, and the morphology of mESCs in the SGO-
treated group was more differentiated. However, SGO had
a slightly higher effect on the self-renewal of mESCs than
did the LIF- group.

RT-PCR was used to quantify the expression of plur-
ipotent markers Oct4, Nanog, Sox2, and Esrrb at transcrip-
tional levels after separate treatments with SGO and MGO

for 3 days in Figure 3B. The expression of all four self-
renewal markers was significantly higher in MGO-treated
mESCs than in the LIF- and SGO-treated groups.
However, there were no significant differences in the self-
renewal markers between the SGO-treated and LIF-
group. These results indicate that MGO significantly main-
tained the expression of pluripotent genes in mESCs,
whereas SGO did not. To further verify the effect of
SGO and MGO treatment on the expression of pluripotent
markers, a Western blot was performed to investigate the
expression of pluripotent proteins OCT4, NANOG,
ESRRB, and SSEA-1 in Figure 3C. Their expressions in
mESCs were higher after treatment with MGO than in the
SGO and LIF- group, but there were no significant differ-
ences compared to the LIF+ group. However, the levels of
pluripotent proteins expressed in SGO-treated mESCs
were reduced more significantly than those in the LIF+
group, further proving that MGO effectively maintained
the expression of pluripotent genes in mESCs, while SGO
did not. In addition, immunofluorescence staining was
performed to investigate the change in pluripotent markers
OCT4 and SOX2 in mESCs after being separately treated
with SGO and MGO. The images in Figure 3D and the
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Figure 3 Effects of thickness of graphene oxide nanosheets on pluripotency of mouse embryonic stem cells. (A) Alkaline phosphatase (ALP) staining of feeder-free mESCs
treated with two thicknesses of GOs at a concentration of 16 ug/mL for 3 days. Scale bars: 250 um. (B) RT-PCR assay reflecting the relative mRNA expression of self-
renewal markers Oct4, Nanog, Sox2, and Esrrb after being separately treated with 16 pg/mL SGO and 16 pg/mL MGO for 3 days. (C) Western blot analyses of the expression
levels of OCT4, NANOG, ESRRB, and SSEA-| in mESCs after incubation with 16 pg/mL SGO or 16 ug/mL MGO for 3 days. (D) Immunostaining of OCT4 and SOX2 in
mESCs separately treated with 16 pg/mL of two thicknesses of GOs for 3 days. Nuclei were stained with DAPI (blue). Scale bars: 100 um. (E) The relative fluorescence
intensity quantification of (D). (F) ALP staining of mESCs after treated with 16 ug/mL SGO or MGO at passages 2, 4, and 6. Scale bars: 250 pm. (G) The RT-PCR assay
reflected the relative mRNA expression of Oct4 after separate treatment with 16 ng/mL SGO and 16 pg/mL MGO at passages 2 and 6. All data are the mean + SEM (n=3,

*¥p < 0.001, **p < 0.01, *p < 0.05, ns means there was no significant difference between the two groups).

fluorescent quantification in Figure 3E show that the rela-
tive fluorescence expression in MGO-treated mESCs was
significantly higher than that in the LIF— group, but there
were no significant differences between the SGO-treated
group and LIF- group. Meanwhile, the cell morphology
maintained an undifferentiated state in the MGO-treated
group, while the cells showed some degree of morphodif-
ferentiation in the SGO-treated group.

To examine the effects of MGO and SGO on the self-
renewal of mESCs during the long-term culture process,
the expressions of ALP and self-renewal genes from pas-
sages 2—6 were tracked. ALP staining results are shown in
Figure 3F. Compared to the SGO and LIF- groups, MGO
effectively sustained the expression of ALP and main-
tained the clonal morphology in passages 2, 4, and 6.
Compared to the LIF- group, SGO slightly maintained
the clonal morphology of mESCs to a certain degree, but
the effect was less significant than that of MGO. However,
the expression of ALP in SGO-treated cells was upregu-
lated with an increase in passages, and the clonal morphol-
ogy of cells was gradually clear. RT-PCR was applied for

the further detection of pluripotent gene Oct4 at passages 2
and 6. As shown in Figure 3G, when cells were transferred
to the second passage, the expression of Oct4 in the MGO-
treated group exceeded that in the SGO and LIF— groups,
while the expression of Oct4 in the SGO group was not
significantly upregulated compared to that in the LIF-
group. In passage 6, the expression of Oct4 appeared to
significantly increase compared to the LIF— group; this is
consistent with the ALP staining results in that, with an
increase in passage in mESCs, both SGO and MGO main-
tain the self-renewal of mESCs but MGO is more effective
than SGO.

Effects of GO Thickness on
Differentiation Potential of mESCs

ESCs have the potential to differentiate into various types
of cells, and their differentiation potential can be verified
by both in vitro and in vivo experiments, particularly by
the natural induction method in vitro. After removing
feeder cells and LIF, single, dissociated ESCs may gather
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under a suspension culture to form embryoid bodies (EBs)
and express three germ layer genes. Teratoma is a tumor
derived from primitive germ cells, and its formation can be
applied to verify the differentiation potential of mESCs
in vivo. Teratomas may form after implanting dissociated
mESCs into the subcutaneous layer of nude mice. The rate
of teratoma formation is determined by the differentiation
potential of cells, where higher differentiation potentials
lead to faster tumor formation rates.

The EBs shown in Figure 4A were formed at day 4
after mESC incubation in MGO and SGO for 3 days. Both
the LIF+ group and MGO-treated mESCs formed com-
plete and uniform EBs. However, only a few cells formed
clusters in the SGO-treated and LIF— groups. Moreover,
the clustered cells were nonuniform and had more cell
fragments. This indicates that the cells after MGO treat-
ment still maintained their differentiation potential, but
SGO influenced this potential.

Next, SGO-treated and MGO-treated mESCs were
injected into the subcutaneous layer of nude mice, form-
ing teratomas after 4 weeks, as shown in Figure 4B (the
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LIF+ group and LIF— group acted as controls). The
weight and volume of the tumors were quantified
(Figure 4C and D), which showed that the teratomas
were significantly larger in the MGO-treated group than
in the LIF- and SGO-treated groups in terms of both
weight and volume, and there were no significant differ-
ences compared to the LIF+ group. Histological exam-
ination was performed to detect the typical differentiated
tissues of all three germ layers (Figure 4E). The respira-
tory epithelium from the endoderm, myoideum, adipose
tissue and cartilage tissue from the mesoderm, and
horny epithelium from the ectoderm were detected in
the MGO-treated group, while only respiratory epithe-
lium from the endoderm and bone tissue and adipose
tissue from the mesoderm were detected from the SGO-
treated group. The formation of teratomas further indi-
cated that mESCs treated by MGO still maintained their
differentiation potential after long cultivation times. In
long-term  SGO-treated mESCs
a certain level of differentiation potential but signifi-
cantly less than MGO-treated mESCs.

contrast, sustained
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Figure 4 Effects of thickness of graphene oxide on differentiation potential of mouse embryonic stem cells. (A) EBs formed by mESCs treated with the two types of GOs at
a concentration of 16 pg/mL for 3 days. Scale bars: 250 pm. (B) Comparison of teratomas formed subcutaneously in nude mice after injected SGO- or MGO-treated mESCs
at passage 3, and the quantification of tumor weight (C) and volume (D). All data are the mean * SEM (n=10, **p < 0.001, *p < 0.05, ns means there was no significant
difference between the two groups). (E) HE staining of teratomas formed in MGO- or SGO-treated mESCs. (The arrow heads indicate three embryonic germ layers of

different tissues.).
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Effects of Thickness of Graphene Oxide
Nanosheets on the Interaction Between
ECM Proteins and Integrins of Mouse

Embryonic Stem Cells

In previous research, we demonstrated that GO sustained
the self-renewal of mESCs by regulating the downstream
pathways of the integrin signal.”> However, it could not
pass through the cytomembrane of MSCs at micro-sizes.*
Even when the size of GO was as small as 400 nm, only
a few were located in the cytoplasm of NSCs; such a low
concentration of GO in the cytoplasm would not affect the
behavior of cells.** The clonal morphology of mESCs
were observed by SEM after the addition SGO and
MGO in Figure S3 to show the comparison of the
mESCs binding with SGO and MGO. The control group
without adding each kind of GO exhibits the obvious
boundary of each cell and the cell aggregation structure.
However, at SGO and MGO treatment groups, the bound-
ary between cells were not obvious and there appeared to
be material wrapped around the outside of the aggregated
cells. To test whether GOs can pass through an mESC
membrane, FITC-labeled SGO or MGO were incubated
with mESCs for 16 h, and the distribution of SGO or
MGO was observed through confocal microscopy.
Almost all of the SGO and MGO was distributed at the
outside of the cell membrane and nearly no fluorescence
could be observed inside the cells (Figure 5A), indicating
that neither type of GO can pass through the membrane of
mESCs and thus that GO does not directly interact with
intracellular molecules but rather regulates the self-
renewal of mESCs by interacting with the extracellular
environment.

Therefore, we further hypothesized that GO regulates
the downstream signaling pathway of integrin by interact-
ing with ECM components, and that GOs with different
layer thicknesses possess different regulatory capacities
for this process. Franqui et al demonstrated that SGO
and MGO interact with FBS proteins in a DMEM medium
could forming distinct protein corona composition and the
different proteins enriched within SGO and MGO are
involved in distinct biological processes.*> Our previous
studies have shown that the addition of FN to a culture
system can inhibit the ability of GO to maintain the self-
renewal of mESCs.>* Therefore, we detected the binding
capacity of both SGO and MGO with total proteins in FBS
and BSA as well as with FN.
adsorbed protein was also quantified in Figure 5B, which

The concentration of

indicated that there were no significant differences in the
binding capacity of SGO and MGO with FBS and BSA,
while that of MGO with FN was significantly higher than
that of SGO. The binding ability between SGO/MGO and
FN was also detected by TEM. The results in Figure S4
display a higher electronic density distribution on the sur-
face of MGO than SGO and MGO shows more obvious
folding and accumulation than SGO, which might be
attributed to the tight binding ability between FN
and MGO.

The difference binding ability of FN with SGO and
MGO may be caused by the surface mechanical properties
of GO sheets with different thicknesses. The adsorption
capacity of carbon material to protein is related to the
surface curvature of carbon material, and increases with
a decrease in curvature.***’ Compared to MGO, the mor-
phology of SGO would present twists and change from 2D
to 3D spontancously to reduce its own surface energy.
Therefore, the folds formed on SGO were significantly
larger than those on MGO, resulting in a difference in
FN adsorption capacity. This suggests that the binding
capacity of different GOs with FN in ECM could be
a key factor regulating the self-renewal of mESCs.

Integrin a5B1 is a specific receptor of FN, which can be
found in various adhesion structures and regulates the
proliferation and differentiation of cells.*® A Western blot
was performed to investigate if the specific adsorption of
GOs with FN may influence the expression of integrin
a5P1. The expressions of integrin a5 and integrin Bl in
mESCs were detected after being separately treated with
SGO and MGO, and the results (Figure 5C and D) indi-
cated that MGO more significantly downregulated the
expression of integrin o5 and integrin B1 than did SGO.
In addition, the expression level of integrins could influ-
ence its downstream proteins, such as p-FAK, Vinculin,
p-ERK1/2, and RAPI1. Therefore, we investigated the
expression of these proteins after treatment with SGO
and MGO. The results (Figure SE) revealed that their
expressions were significantly higher in the SGO group
than in the MGO group. This further illuminates the fact
that SGO and MGO possess different capacities for reg-
ulating the downstream proteins of integrins, and that
MGO has a stronger inhibitory capacity than SGO.
Immunofluorescence was also used to observe the expres-
sions of integrin a5, integrin B1, and OCT4 in mESCs
after 3 days treatments with SGO and MGO. The fluores-
cence intensity of integrin a5 and integrin 1 was signifi-
cantly lower in the MGO group than in the SGO and LIF-
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Figure 5 Effects of thickness of graphene oxide nanosheets on the interaction between ECM proteins and integrins in mouse embryonic stem cells. (A) Confocal laser
scanning micrographs indicate the localization of FITC-conjugated SGO and MGO in mESCs. The cytomembrane was labeled with Dil (red) and nuclei were stained with
DAPI (blue). Scale bars: 25 um. (B) The adsorption capacity of FBS, BSA, and FN with SGO or MGO. (n=3, *p < 0.05). (C and D) Western blot analysis and densitometric
quantification of integrin a5 and integrin Bl expression levels in mESCs cultured with the addition of 16 pug/mL SGO and MGO in medium for 3 days. (E) Pivotal genes
downstream of the integrin signaling pathway were verified by Western blot after separate treatment with 16 ug/mL SGO and MGO for 3 days. (F and G) Immunostaining
and fluorescence intensity quantification indicated the expression of integrin o5, integrin B1, and OCT4 (green) in mESCs treated with 16 ug/mL SGO or MGO for 3 days.
Nuclei were stained with DAPI (blue). Scale bars: 25 um. ***p < 0.001, **p < 0.01 *p < 0.05).

groups, while that of OCT4 was significantly increased
(Figure 5F and G).

These results prove that the specific adsorption of
layered GOs of different thickness on FN affects the
interaction between FN and its receptor integrin aS5p1,
thus regulating the intracellular signaling pathways of
mESCs.

We found that MGO inhibits the expression of integrin
a5 and integrin B1 by interacting with FN, thus upregulat-
ing the expression of self-renewal markers through the
intracellular signaling pathway and maintaining the self-
renewal of mESCs. To verify this conclusion, anti-integrin
a5 and anti-integrin Bl were used to block the surface
receptor integrin a5B1 on mESCs and thus depress the
activation of its downstream signal pathways. The cell
morphologies of mESCs with integrin a5, integrin 1,
and integrin a5B1 blocked for 3 days are shown in
Figure 6A; these cell clones exhibited clear boundaries

and displayed the typical colony morphology compared
to the LIF— group. The expression of self-renewal markers
and downstream proteins of integrins were detected via
Western blot after treatment with anti-integrin a5, anti-
integrin B1, and anti-integrin o5+anti-integrin f1 (anti-
integrin a5+fB1) in Figure 6B. The expressions of p-FAK,
p-ERK1/2, and RAPI
restrained after being blocked by anti-integrin a5 and anti-

Vinculin, were significantly
integrin B1 compared to the LIF— group, and the inhibition
was more pronounced in the anti-integrin a5+f1 group.
These results indicate that anti-integrin a5 and anti-
integrin Bl effectively blocked integrin a5 and integrin
B1, thus inhibiting the expression of their downstream
genes. The expressions of pluripotent genes of the
mESCs after blocking for 3 days showed that the expres-
sion tendency of OCT4, NANOG, and SOX2 were oppo-
site to that of the integrin downstream genes. Compared to
the LIF- group, the expressions of OCT4, NANOG, and
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Figure 6 Effects of inhibiting the interaction between ECM proteins and integrins on the self-renewal of mESCs. (A) Cell morphology of mESCs after being blocked with
anti-integrin a5, anti-integrin B, and anti-integrin a5+anti-integrin Bl (anti-integrin a5+p1) for 3 days. Scale bars: 250 um. (B) The proteins downstream of the integrin
signaling pathway (p-FAK, Vinculin, p-ERK1/2, and RAPI) and pluripotent proteins (OCT4, NANOG, and SOX2) were verified by Western blot after separately treating
them with each compound. (C) RT-PCR detected the self-renewal markers Oct4, Nanog, and Sox2 in mESCs blocked for 3 days. (D) The expressions of OCT4 (red) and
Vinculin (green) in mESCs treated with each compound for 3 days were evaluated via immunostaining and fluorescence intensity quantification (E and F). Nuclei were
stained with DAPI (blue). Scale bars: 25 pm. All data are the mean * SEM (n=3, ***p < 0.001, **p < 0.01, *p < 0.05).

SOX2 in groups treated with anti-integrin a5 and anti-
integrin f1 were upregulated. In addition, these genes
presented a more significant upregulation in the group
treated with anti-integrin a5+p1. Further quantitative ana-
lyses were conducted by RT-PCR on the expression of the
pluripotent genes Oct4, Nanog, and Sox2 at the transcrip-
tion level in mESCs after blocking by anti-integrin a5,
anti-integrin B1, and anti-integrin a5+p1 for 3 days.
These expressions were significantly increased after block-
ing with anti-integrin a5 and anti-integrin 1 compared to
the LIF— group, and all three pluripotent genes simulta-
exhibited
increases in the anti-integrin a5+B1 group (Figure 6C).

neously extremely significant expression
This trend was also consistent with the expression levels
of pluripotent proteins (Figure 6B). These results all
demonstrate that the inactivation of integrin a5B1 pro-
motes the self-renewal of mESCs.

Integrins may affect cell adhesion by regulating the
expression of their downstream proteins. Vinculin is
a downstream protein of integrin and a crucial component
of focal adhesion, whose formation may regulate the adhe-
sion ability of cells to the ECM.*’ The results in Figure

6D-F exhibited that the expression of Vinculin receded in

both the group treated with anti-integrin a5 and that trea-
ted with anti-integrin B1, and the expression of Vinculin in
the group treated with anti-integrin a5+f31 was reduced to
an even greater extent. However, the expression trend of
OCT4 was contrary to that of Vinculin. These results
further demonstrate that the self-renewal ability of
mESCs decreases with an increase in cell adhesion.

Conclusion

This study, based on a previous discovery that GO sustains
the self-renewal of mESCs, compared the effects of SGO
and MGO in regulating pluripotency. In summary, both
SGO and MGO had good biocompatibility with mESCs at
a concentration under 32 pg/mL. However, only MGO
possessed effective biofunction in sustaining the self-
renewal ability and differentiation potential of mESCs.
SGO hardly sustained the self-renewal of mESCs and
also influenced the differentiation potential of mESCs.
Neither SGO nor MGO passed through the cytomembrane
of mESCs. The adsorption ability of MGO to FN was
stronger than that of SGO. This specific adsorption influ-
enced the interaction between the ECM protein FN and its
receptor integrin a5B1 and thus regulated the pluripotency
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of mESCs, potentially demonstrating a pivotal extracellu-
lar mechanism of GO in maintaining the self-renewal of
mESCs. We assume that the adsorption difference may be
caused by the fold or twist differences between SGO and
MGO. In conclusion, this research lays the theoretical
foundation for the application of GO to regulate the cell
fate of mESCs and provides a new concept for designing
innovative functional nanomaterials for the regulation of
the behavior of stem cells.
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