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ARTICLE INFO ABSTRACT

By successively reacting with N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS), the carboxyl on the graphene oxide (GO) surface was successfully activated into
NHS active ester. In this study, bovine serum albumin (BSA) was selected as a model protein, used for studying
the protein absorption capacity of the NHS activated GO (GO-EDC-NHS). Approximately 12.75 mg of BSA could
be covalent bonded onto the GO-EDC-NHS surface (BSA-CB-GO), whereas only 6.83 mg of BSA physical ab-
sorbed onto the GO surface (BSA-NB-GO). With a 168 h of phosphate buffer saline (PBS) soaking, the BSA
accumulative desorption ratio, which was accordingly assigned to the BSA-NB-GO and the BSA-CB-GO, was
separately 29.91 wt% and 2.95 wt%. Consequently, it proved GO-EDC-NHS exhibited more stable and stronger
BSA absorption capacity. As compared to the mouse bone marrow mesenchymal stem cells (mBMSCs) cultivated
on the BSA-NB-GO surface, the immunofluorescence staining images showed that more vinculins and integrin a5
were visible in the mBMSCs cultivated on the BSA-CB-GO surface, they also produced more distinct stress fibers
and actin-containing microfilaments. In summary, BSA-CB-GO possesses an excellent cell affinity, which can be
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considered as a promising functional material used for promoting the bone remodeling.

1. Introduction

Since the growing demands for bone grafting, hybrid materials and
composite scaffolds have received considerable attentions in recent
years, they not only can provide platforms for cell adhesion and growth,
but also delivery various bioactive ingredients to promote bone re-
generation [1-8]. In the bone remodeling process, the cell adhesion as
well as the cell spreading is the initial interaction between the cells and
the materials, which can affect the subsequent cell behaviors, such as
cell proliferation and cell differentiation [9]. It is well known that cells
prefer adhering to the places where are rich in cell adhesive proteins, so
it means the cell affinity actually depends on the protein absorption
capacity of the materials surface [10,11]. It has been reported that the
protein absorption capacity are affected by the material surface topo-
graphy as well as its surface wettability [12-17]. Thus, various surface
modification techniques are used to improve the materials surface
properties [18].

Graphene oxide (GO), a typical sp® carbon nanomaterials, which has
exhibited great potentials to be applied to the biomedical fields in-
cluding bone tissue engineering [19-25], drug/gene delivery [26-32]
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and photothermal therapy [33-37]. Because of existence of many
oxygen-containing functional groups (such as hydroxyl, carboxyl, car-
bonyl, etc.) on its surface, GO is able to induce proteins to absorb onto
its surface via the m-stacking interaction, electrostatic interaction or
hydrogen bonding [38,39]. Consequently, GO is usually added into the
biopolymers to improve their cell affinity [9,25,40-43]. Nevertheless,
as compared to the chemical bonding, the physical absorption process is
dynamic and uncontrollable, which is easy to be influenced by the
microenvironment change, so the protein absorption capacity of GO is
limited in this case.

Here we tried to use N-(3-Dimethylaminopropyl)-N’-ethylcarbodii-
mide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to activate
the carboxyl on the GO surface, and the NHS active esters would be
produced. Since the amino group in protein could react with the NHS
active ester, proteins were easily covalent bonded onto the NHS acti-
vated GO (GO-EDC-NHS) surface via the amide linkage. Albumin is the
most abundant protein in blood, while 55 wt% of the total blood pro-
teins is bovine serum albumin (BSA) [44]. Therefore, BSA was selected
as a model protein, used for studying the protein absorption capacity
and absorption stability of the GO-EDC-NHS, the untreated GO was
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considered as the control group. Thereafter, the mouse bone marrow
mesenchymal stem cells (mBMSCs) were cultivated on the silicon wafer
of which surface was covered by BSA covalent bonded GO (BSA-CB-
GO), the corresponding cell adhesion as well as the cell spreading be-
haviors were investigated in detail.

2. Experimental section
2.1. Preparations of the GO and the GO-EDC-NHS

GO was prepared by the modified Hummers method [45]. In this
study, the flake graphite powder (natural grade, ~8000 mesh, 99.95%.
metal based) was used as a starting material, which was purchased from
Shanghai Aladdin Biological Technology Co., Ltd. Afterwards, the as-
prepared GO suspension was freeze-dried and the GO powders were
collected. With a 2 h of ultrasonic dispersion, 50 mg of the as-prepared
GO powders were well dispersed in 50 mL ultrapure water, and its pH
was adjusted to 6.1 by using 2-(N-Morpholino)ethanesulfonic acid
(MES, CAS: 4432-31-9, =99.5%, Aladdin, China) buffer solution
(500 mM, pH ~ 6.1). In addition, the EDC (CAS: 25952-53-8, = 98%,
Sigma, USA) and the NHS (CAS: 6066-82-6, 98%, Sigma, USA) were
separately dissolved in MES buffer solution (50 mM, pH ~ 6.1), the
final concentration was corresponding to 10 mg/mL and 50 mg/mlL,
and their pH were all kept at 6.1. As illustrated in the preparation
schematic drawing of GO-EDC-NHS (Fig. 1), under a vigorous stirring
condition, 30 mL of EDC solution was firstly added into 50 mL of GO
suspension to make the carboxyls on GO surface to be activated into
active esters, and the reaction time was 15 min. Nevertheless, the above
active esters were easy to hydrolysis in a short time, so 25 mL of NHS
solution was subsequently added to make the active ester structure
stable. The GO-EDC-NHS suspension was centrifuged, and the GO-EDC-
NHS precipitates were rinsed three times with MES buffer solution
(50 mM, pH ~ 6.1) in order to remove the residue EDC, NHS as well as
the urea byproducts [46]. Finally, the precipitates were freeze-dried to
obtain the GO-EDC-NHS powders.

2.2. The in vitro BSA absorption experiments

The BSA absorption process was described as follows, 10 mg of GO-
EDC-NHS powders were redispersed in 25 mL of MES buffer solution
(50 mM, pH ~ 6.1), and 50 mg of BSA powders were completely dis-
solved in 5 mL of MES buffer solution (50 mM, pH ~ 6.1). Thereafter,
the as-prepared BSA solution was added into the GO-EDC-NHS sus-
pension, and they were set in a shaker for 2h (200 rpm, room tem-
perature). As depicted in Fig. 1, the BSA (= 95%, Cat.no. 36101ES25,
Shanghai Yeasen Biotechnology Co., Ltd., China) could be bonded to
GO-EDC-NHS via the amide linkage and formed the BSA-CB-GO. When
other parameters were kept in constant, the BSA anchored onto the GO
surface through the physical absorption (BSA-NB-GO) was considered
as the control group. The BSA-CB-GO and the BSA-NB-GO precipitates
were collected by centrifugation, and then the MES buffer solution
(50 mM, pH ~ 6.1) was used to wash them once. All the supernatants
and washing liquids were collected for testing. According to the pro-
tocol of Coomassie brilliant blue protein assay, the amount of the
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residual BSA in the MES buffer solution was determined by absorbance
at 595 nm in the UV-Vis absorption spectrum [47] (UV-3150, Shi-
madzu, Japan). Because the original BSA amount as well as the residual
BSA amount is known, it is easy to calculate the amount of BSA ab-
sorbed on materials surfaces.

In order to investigate the BSA binding stability, 20 mL of
Dulbecco's phosphate buffer saline (PBS, Sigma, USA) were separately
added to make the above BSA-CB-GO as well as BSA-NB-GO precipitates
to be completely submerged. At predetermined time intervals (2, 4, 8,
24, 72, 120,168 h), 1 mL of supernatant was collected for testing, and
equal fresh PBS was supplemented. Each group contains three parallel
samples.

2.3. Characterizations

The phase composition of the samples was characterized by X-ray
diffractometer (XRD, X'Pert PRO, PANalytical, The Netherland) using a
Cu Ka source (A = 1.5406 A). The morphology of the samples was
observed via a high-resolution transmission electron microscope
(HRTEM, LIBRA 220FE, ZEISS, Germany). The chemical compositions
of the samples were determined by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Scientific, USA), and the binding en-
ergies were normalized to the signal for adventitious C 1 s at 284.8 eV.
The functional groups of the samples were determined by Fourier
transform infrared spectrometer (FTIR, Spectrum One, PerkinElmer,
USA). The surface charges of the samples were tested via a zeta po-
tential analyzer (NanoBrook Omni, Brookhaven, USA).

2.4. Cell culture experiments

The primary mBMSCs (Cat.no.-CRL-12424, ATCC, USA) were sub-
cultivated in a cell incubator at 37 °C with a 5% CO, humidified at-
mosphere. As mBMSCs were almost confluent in the bottom of cell
culture flasks, 0.25% trypsin/EDTA (Cat.no. 25200-056, Gibco, USA)
was added to make them detachment. Whereafter, the detached
mBMSCs were collected and stored in a liquid nitrogen container. The
mBMSCs after 7 times of passages were used for the following cell
culture experiments. High-glucose Dulbecco's Modified Eagle's Medium
(H-DMEM, Cat.no. 11965-092, Gibco, USA) with 10 vol% of fetal bo-
vine serum (FBS, Cat.no. 10099-141, Gibco, USA) was selected for
culturing the mBMSCs.

2.5. Immunofluorescence staining experiments

The sterilized silicon wafers of which surface was covered by the
BSA-CB-GO (20 kGy of y-ray irradiation) were set into a 24-well culture
plate, and the mBMSCs were seeded on their surface according to a cell
density of 3 x 10* cells/well. Subsequently, 1 mL/well of H-DMEM
medium with 10 vol% of FBS was added, the culture plates were
transferred into a cell incubator (37 °C with a 5% CO, humidified at-
mosphere) and kept for 48 h. In this study, the silicon wafers with a
BSA-NB-GO surface layer were considered as the control group.
Thereafter, the cell culture medium was removed and the silicon wafers
were rinsed twice with PBS. Afterwards, the above silicon wafers were

HO— HO— ou
N ‘ . BS A “NH—BSA
NH e

Fig. 1. The schematic drawing of the preparation of GO-EDC-NHS and BSA-CB-GO.
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soaked in 4 vol% paraformaldehyde solution for 20 min to make the
mBMSCs fixation. Fixed mBMSCs were permeabilized with 0.1 vol%
Triton X-100 (Sigma Aldrich, USA) for 10 min. According to the man-
ufacturer's protocols, actin microfilaments were identified by Alexa-
Fluor® 488 phalloidin (AAT Bioquest, USA), nuclei were stained by
DAPI (Beyotime, China), focal adhesion (FA) were identified by staining
of vinculin using anti-vinculin antibody (Abcam, USA) and Cy3-con-
jugated Affinipure Goat Anti-Rabbit IgG(H + L) (Protein Tech Group,
USA), integrin a5 were identified by anti-integrin a5 antibody (Abcam,
USA) and Cy3-conjugated Affinipure Goat Anti-Rabbit IgG(H + L)
(Protein Tech Group, USA). Fluorescence images of the F-actin, vinculin
and integrin a5 distributions of mBMSCs were analyzed by a confocal
laser scanning microscope (CLSM, TCS SP5, Leica Microsystems,
Germany). In addition, based on the fluorescence images, the quanti-
tative analysis of the vinculin and the integrin a5 were performed by
using the software (Image J, National Institutes of Health, USA).

2.6. Statistical analysis

Quantitative data were presented as mean + standard deviation
and statistical analyses were performed using a one-way analysis of
variance (one-way ANOVA). A comparison between the two means was
made by using the Tukey's test, with statistical significance set at
P < 0.05.

3. Results and discussions

The FTIR spectrum of GO was presented in Fig. 2(a), the absorption
peaks situated at 3400, 1727, 1621, 1405, 1225 and 1053 cm ~ }, which
were separately corresponding to the O—H stretching vibration, the C=
O stretching vibration of carboxyl or carbonyl, the O—H deformation
vibration, the C—O stretching vibration of carboxyl, the C—O stretching
vibration of epoxy group, and the C—O stretching vibration of alkoxy at
the edges of the GO [48]. As displayed in the FTIR spectrum of GO-EDC-
NHS (Fig. 2(b)), the absorption peaks separately situated at 2924, 2853
and 1466 cm ™! was accordingly assigned to the —CH, asymmetric
stretching vibration, symmetric stretching vibration and scissoring vi-
bration. The absorption peak situated at 1631 cm ™ ! was assigned to the
C=0O0 stretching vibration of amide I [49]. In addition, the diffraction
peaks of succinimide (JCPDS card no. 00-007-0745) were observed in
the XRD pattern of GO-EDC-NHS (Fig. 3), which proved the successful
formation of NHS active ester on GO surface. The residue NHS was
probably ascribed to the hydrolysis of the active esters. In the FTIR
spectrum of BSA-CB-GO (Fig. 2(c)), the peak situated at 1653 cm ~ ! was
assigned to the C=0O0 stretching vibration of amide I, which exhibited a
red shift as compared to the C=O0 stretching vibration peak in the FTIR
of GO-EDC-NHS (Fig. 2(b)). Furthermore, a new absorption peak
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Fig. 2. The FTIR spectra of (a) GO, (b) GO-EDC-NHS and (c) BSA-CB-GO.
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situated at 1547 cm ™ ! was observed in the FTIR spectrum of BSA-CB-
GO, which should be assigned to the C—N stretching vibration and the
N—H deformation vibration of amide II [49]. Therefore, it confirmed
BSA successfully anchored onto the GO-EDC-NHS surface via the amide
linkage.

As shown in Fig. 4(a), the C 1 s core level XPS spectrum of GO can
be fitted with 4 peaks, including two distinct peaks, at 284.78 eV and
286.84 eV, and two small peaks, at 287.71 eV and 289 eV. The peak
situated at 284.78 eV arises from the nonoxygenated ring (C—C and
C=C bond), whereas the peak situated at 286.84 eV probably corre-
sponds to the C—O bond [50]. In addition, the small peak situated at
287.71 eV is assigned to the C=0 bond of carbonyl, and the peak si-
tuated at 289 eV belongs to the O—C = O bond of carboxyl (— COOH)
[51]. After successively reacting with the EDC and the NHS, besides the
C—C bond, C—O bond and C=O0 bond associated peaks, two new peaks
situated at 285.51 eV and 288.57 eV were found in the C 1 s core level
XPS spectrum of GO-EDC-NHS (Fig. 4(b)). The peak situated at 285.51
should be assigned to the C—N bond of NHS, which can be proved by
Fig. 4(c). Moreover, the peak situated at 288.57 eV represents the O-
C = O bond of ester (— COO-), its corresponding binding energy is
about 0.43 eV smaller than the -COOH because of an electron donation
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Fig. 4. The C 1 s core level XPS spectra of (a) GO, (b) GO-EDC-NHS, (c) NHS and (d) BSA-CB-GO.

Table 1
Zeta potentials of the BSA, GO and GO-EDC-NHS (pH = 6.1, in the MES solution, n = 3).

Samples BSA GO GO-EDC-NHS

Zeta potential (mV) —11.69 = 0.23 —20.11 = 0.37 —13.01 = 0.61

from the adjacent nitrogen atom [52]. Therefore, it also confirms the
carboxyls are really activated into the active esters, which is in good
accordance with the FTIR and the XRD analysis results. In the C 1 s core
level XPS spectrum of NHS (Fig. 4(c)), the peak situated at 288.44 eV
should be assigned to the amide bond (— CO-NH-). Furthermore, the
—CO-NH- peak also can be observed in the C 1s core level XPS spec-
trum of BSA-CB-GO (Fig. 4(d)). More importantly, the disappearance of
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Fig. 5. TEM images of (a) GO-EDC-NHS and (b) BSA-CB-

—-COO- further proves BSA is covalent bonding onto the GO-EDC-NHS
surface through the NHS active ester reaction with the amino group. As
displayed in the TEM image of the BSA-CB-GO (Fig. 5(b)), many
spherical BSA well anchored onto the GO-EDC-NHS surface.

Based on the testing results of Coomassie brilliant blue protein
assay, the BSA-CB-GO contains 12.75 mg of BSA, whereas the BSA-NB-
GO only contains 6.83 mg of BSA, so it indicates the BSA absorption
capacity of GO can be significantly promoted via the activation of
carboxyl into NHS active ester. As listed in Table 1, the zeta potentials
of the BSA, GO and GO-EDC-NHS (pH = 6.1, in the MES solution) are
—-11.69 = 0.23mV, —20.11 * 0.37mV and —13.01 * 0.61 mV,
respectively. It is well known that BSA is a kind of acidic protein, and its
isoelectric point is 4.7 [53], so it is reasonable that BSA possesses ne-
gative charge at pH = 6.1. In this case, since they all show the negative
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Fig. 6. The BSA desorption performance of the BSA-CB-GO and the BSA-NB-GO (n = 3).

surface charge, the electrostatic repulsion will affect the physical ab-
sorption of BSA. Nevertheless, it has less influence on BSA absorbing
onto the GO-EDC-NHS surface via the amide linkage, so it well explains
why BSA-NB-GO contains fewer BSA than BSA-CB-GO. In order to in-
vestigate their BSA binding stability, the BSA-NB-GO and the BSA-CB-
GO were soaked in the PBS, respectively. As shown in Fig. 6, with a 2 h
of PBS soaking, about 16.75 wt% of BSA detached from BSA-NB-GO,
whereas only 2.46 wt% of BSA detached from BSA-CB-GO. As the
soaking time prolonged to 168 h, the BSA accumulative desorption
ratio, which was accordingly assigned to the BSA-NB-GO and the BSA-
CB-GO, was separately 29.91 wt% and 2.95 wt%. Thus, it indicated the
BSA which anchored onto the GO-EDC-NHS surface via the amide
linkage is more stable than the physical absorbed BSA. Only the car-
boxyls on the GO surface were activated, so BSA also could bind to
other oxygen containing functional groups via the physical ways.
Therefore, for BSA-CB-GO, the initial released BSA was probably as-
cribed to the physical desorption.

As presented in Fig. 7, no matter being cultivated on the BSA-NB-GO
surface or the BSA-CB-GO surface, the vinculin could be clearly ob-
served in the mBMSCs. Nevertheless, as compared to the mBMSCs
cultivated on the BSA-NB-GO surface, the expression level of the vin-
culin, which was assigned to the mBMSCs seeded on the BSA-CB-GO
surface, was significantly up-regulated, indicating more FA formed on
the BSA-CB-GO surface. FA is a multi-protein complex which possess
the sub-cellular structure, and it can form the mechanical linkages be-
tween intracellular actin bundles and extracellular matrix (ECM) [54].
Vinculin is a membrane-cytoskeletal protein in FA, which mainly par-
ticipates in the linkages between cell adhesion membranous molecules,

DAPI F-actin Vinculin

200 pm

BSA-CB-GO BSA-NB-GO

200 pm
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integrins and actin filaments [55]. Moreover, vinculin plays positive
roles in initiating and establishing cell adhesion, controlling the cell
shape as well as cytoskeleton development [56]. W.H. Goldmann had
reported the loss of vinculin could prevent the cell adhesion and
spreading, the formation of stress fibers as well as the extension of la-
mellipodia and filopodia [57]. Because more vinculins were produced
in the mBMSCs when they were cultivated on the BSA-CB-GO surface, it
means BSA-CB-GO contributes to cell adhesion.

Integrin is a heterodimer consisting of two subunits (a and 3), and it
also can mediate cell adhesion and cell spreading via the combination
of the integrin a5B1 (trans-membrane receptor) and the fibronectins
(FNs, a key cell adhesive protein) which are absorbed on materials
surface [58-60]. Integrin a531 is composed of the a5 subunit and the
B1 subunit. As shown in Fig. 8, the area of the integrin a5, which was
assigned to the mBMSCs cultivated on the BSA-CB-GO surface, was
remarkable larger than that assigned to the mBMSCs cultivated on the
BSA-NB-GO surface, implying the mBMSCs cultivated on the BSA-CB-
GO surface had a significant higher expression of integrin a5. More-
over, as compared to the mBMSCs attached on the BSA-NB-GO surface,
the mBMSCs attached on the BSA-CB-GO surface could produce more
distinct stress fibers as well as actin-containing microfilaments, and
their cytoskeleton also obviously expanded (Fig. 9).

From the above, it confirmed the mBMSCs preferred the BSA rich-in
surface. As compared to the BSA-NB-GO, the BSA-CB-GO could further
improve the cell adhesion and the cell spreading behaviors, which was
probably ascribed to its remarkable enhanced BSA absorption capacity.

4. Conclusions

The GO with active esters were successfully prepared by using the
EDC/NHS to activate its surface carboxyls, and BSA could anchor onto
the GO-EDC-NHS surface via the amide linkage. In comparison with the
GO, GO-EDC-NHS exhibited a stronger BSA absorption capacity and
better BSA binding stability. Moreover, the mBMSCs cultivated on the
BSA-CB-GO surface could produce more vinculin and integrin a5, im-
plying the BSA-CB-GO possessed better cell adhesion and cell spreading
behaviors, which can be used to improve the cell affinity of bone repair
materials.
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