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Abstract
Porous graphene oxide (GO) nanocomposite as scaffold has attracted increasing attention in bone tissue engineering 
recently. In this study, GO nanosheets was modified by 2,2′-(ethylenedioxy)-diethnethiol (EDDET), and dithiol-modified 
GO (DT-GO) nanosheets were obtained. The results confirmed that GO nanosheets were cross-linked by EDDET, mean-
while, the distance between GO layers reduced after modification. Next, DT-GO nanosheets were further incorporated 
into alginate hydrogels to fabricate DT-GO/alginate (DT-GA) nanocomposite as scaffold. The prepared DT-GA nanocom-
posite behaved the laminar network morphology with interconnected porous structure confirmed by SEM analysis. In 
addition, the DT-GA nanocomposite with the concentration of DT-GO nanosheets at 16.7% showed the highest porosity 
value and lowest compressive strength. Furthermore, the bone marrow derived mesenchymal stem cells (BMSCs) showed 
a good proliferation on DT-GA nanocomposite, demonstrated that prepared nanocomposite had a good cytocompat-
ibility, which was identified by CCK-8 assay and fluorescent microscopy images. Lastly, ALP activity analysis certified that 
BMSCs seeded on DT-GA nanocomposite could differentiate into osteoblastic phenotype. Above results suggest that the 
dithiol-modified GO/alginate nanocomposite has the potential to be applied in bone tissue engineering.
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1 Introduction

The autologous tissue transplantation was a traditional 
method for treating bone defects, but limited for source 
and additional injuries [1, 2]. Based on three-dimensional 
(3D) porous scaffold combined with cells and bioac-
tive agents, bone tissue engineering has showed many 

priorities for bone regeneration in several reports [3, 4]. 
As the cytoskeleton, the scaffold should possess a good 
biocompatibility and interconnected structure for sup-
porting cells attachment and proliferation [5]. In addi-
tion, the mechanical strength, related with architecture 
and chemical composition, was an important criterion 
for applying scaffold in load-bearing (cortical bone) or 
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unload-bearing (cancellous bone) bone replacement [6]. In 
recent years, many researchers have been focusing on how 
to further improve the mechanical properties of scaffolds. 
For example, nanocomposite scaffold, 3D printed com-
posites, dual-network composites, etc., which all showed 
improved mechanical properties [7–10]. Thereinto, the 
graphene showed promising potentials in bone tissue 
engineering, due to the large specific surface area and 
superior mechanical strength. Some studies have revealed 
that the stem cells seeded on graphene-based scaffolds 
could differentiate into osteoblasts [11, 12], furthermore, 
graphene-coated materials could accelerate the osteogen-
esis of human mesenchymal stem cells (hBMCs) [13].

As we all known, the graphene is a two-dimensional car-
bon nanomaterial with a honeycomb lattice composed of 
carbon atoms and  sp2 hybrid orbitals [14, 15]. During the 
last decade, graphene-derived materials, such as graphene 
oxide (GO), carbon nanotubes, and three-dimensional gra-
phene foams, and so on, have been extensively explored 
for biomedical applications [16–19]. Among them, GO is a 
laminated material obtained by oxidation of graphite, and 
GO has higher specific surface area and higher mechanical 
strength comparing to graphene [20]. Furthermore, GO 
showed a good interface with hydrophilic matrix through 
hydrogen bonds due to oxygen-containing functional 
groups, including hydroxyl group, epoxy functional group, 
carbonyl group, carboxyl group, etc., and biocompat-
ibility and mechanical property of GO composites could 
be further improved [21, 22]. The carboxyl groups of GO 
could covalent linked with the amine groups of chitosan 
to obtain hybrid GO/chitosan composite for stimulating 
the osteoblasts growth, as reported by Depan et al. [23]. 
The hydroxyl groups in GO also could interact with some 
polymer contained carbonyl groups by intermolecular 
hydrogen bonds, for examples, poly(ε-caprolactone) (PCL) 
[24, 25]. GO have been exploited as cross-linker or filler 
in polymer chains to produce functional porous scaffolds. 
Such as, the organic/inorganic composite with interpene-
trating network could be fabricated by casting GO suspen-
sion into polymer chains [26]. Our previous experiences 
on porous composite composed of poly(vinyl alcohol) 
and GO confirmed that GO could improve the mechanical 
properties, however, the poor cytocompatibility limited its 
application scope in tissue engineering [27]. The natural 
biopolymers, such as gelatin, chitosan, glucose oxidase, 
alginate, konjac glucomannan, carboxymethylcellulose, 
etc., have attracted great interests in GO-based composite 
because of excellent biocompatibility and biodegradabil-
ity [28–33].

Alginate is a nested linear polysaccharide with 
homopolymeric blocks of (1–4) linked β-D-mannuronate 
(M) and C-5 epimer α-L-guluronate (G). Alginate has been 
widely used in tissue engineering fields on account of rich 

production, low cost, biological compatibility, and abun-
dant functional groups [34]. However, the poor mechani-
cal strength of alginate restrained its application as bone 
substitute. Some studies reported that alginate could com-
pound with other polymers, including chitosan, cellulose, 
and so on, though the mechanical strength was improved 
by such blending method, poor stability and biological 
performance were exist still [35, 36]. It was known that 
the numerous functional groups (e.g. hydroxyl groups 
and carboxyl groups) in the basal planes and the edges of 
GO nanosheets could readily form interfacial interaction 
as hydrogen bonds with hanging hydroxyl groups of algi-
nate chain. The chemical modification on GO nanosheets 
could ameliorate the mechanical properties and biologi-
cal functions of GO composites. The GO nanosheets were 
modified by using small molecules could influence the 
morphology, as well as the physicochemical properties. 
Owen C. Compton et al. [37] reported that the electrically 
conductive “alkylated” GO paper could be prepared by 
chemical reduction of amine modified GO. In addition, 
the GO nanosheets could be modified by using the diva-
lent metals ions, which interacting with some functional 
groups of GO, then the mechanical property was signifi-
cantly improved. Khademhosseini et al. [38] used 3-(tri-
methoxysilyl) propyl methacrylate (TMSPMA) to obtain 
methacrylated GO (MeGO), and covalently incorporated 
with methacrylated gelatin (GelMA), such mechanical 
properties could be controlled by the concentration of 
MeGO. Nonetheless, the mechanical strength of compos-
ite is not only depended on the shape of GO nanosheets, 
but also depended on the distance of GO nanosheet lay-
ers. Here, 2,2′-(ethylenedioxy)-diethnethiol (EDDET) was 
used as a cross-linker between GO nanosheets. EDDET is a 
biomolecular molecule containing sulfhydryl at both ends 
[27, 39].Because the layers distance and morphology of GO 
changed, the pore morphology and mechanical properties 
of GO-based nanocomposites could be further influenced.

In this paper, the dithiol-modified GO (DT-GO) was 
obtained by modifying GO with EDDET by using a modi-
fied method according to our previous work [27]. DT-GO 
nanosheets were composited into alginate to produce 
porous DT-GO/alginate (DT-GA) nanocomposite, as 
shown in Scheme 1. At the same time, the graphene 
oxide/alginate (GA) nanocomposite was prepared by 
using the same method as comparison. The physico-
chemical properties of prepared nanocomposites were 
investigated by FT-IR, SEM and EDX. In addition, the 
porosity and compressive strengths of nanocomposites 
were measured. Finally, the proliferation and osteoblas-
tic phenotype differentiation of bone marrow derived 
mesenchymal stem cells (BMSCs) seeded on nanocom-
posites were evaluated by CCK-8 assay, fluorescent 
microscopy images and ALP activity.
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2  Materials and methods

2.1  Materials

Graphite was obtained from Qingdao Henglide graphite 
Co. Ltd., Sodium nitrate  (NaNO3, ACS, 99.0%) and potas-
sium permanganate  (KMnO4, AR) were obtained from 
Aladdin Co., Ltd. Hydrogen peroxide  (H2O2, GR, 30%), 
concentrated sulfuric acid  (H2SO4, 98%, GR) and hydro-
chloric acid (HCl, 36.5 wt%, AR) were purchased from Sin-
oPharm Group Co., Ltd. Sodium alginate  (C5H7O4COONa) 
was obtained from Macklin Chemical Reagent Co., Ltd. 
2,2′-(Ethylenedioxy)-diethnethiol (EDDET) was obtained 
from Sigma-Aldrich Chemical Reagent Co., Ltd. Agarose 
powder  (C10H15N3O3, purity degree ~ 100%) were pur-
chased from SinoPharm Chemical Reagent Co., Ltd. All 
other chemicals were purchased from China National Med-
icines Corporation Co., Ltd (analytical grade). All chemicals 
were used without further purification.

2.2  Synthesis of graphene oxide (GO) nanosheets

GO nanosheets were prepared by using an improved 
Hummers method according to previous report [40]. 
First, 23 mL of concentrated sulfuric acid was added to the 
flask, 1 g of graphite powder was added, and the flask was 

sealed and put it at 0–4 °C in the ice water bath. Then, 1.5 g 
of sodium nitrate was added to above flask and stirred 
slowly for 2 h. After stirring well, 3 g of potassium per-
manganate was added into the mixture slowly and contin-
ued stirring for 2 h. Then, the water bath temperature was 
increased to 35 °C, and maintained heating for 4 h. Once 
again, the water bath was heated to 90 °C, and 46 mL of 
deionized water was slowly dropped into the flask, con-
tinued to stir for 15 min. Then, the hydrogen peroxide was 
added into the mixture drop by drop until the solution 
does not bubble up during stirring, and continued stirring 
for 15 min again. Next, the mixture was filtered through a 
brinell, and cleaned repeatedly with 5% hydrochloric acid 
solution to remove the unreacted impurities. Finally, the 
solid was washed by hydrochloric acid and centrifuged 
repeatedly with deionized water until the graphite oxide 
dispersion was neutral and the supernatant reacted with 
barium chloride without white precipitation, and collected 
GO solids were freeze-dried and GO nanosheets powder 
was obtained.

2.3  Synthesis of dithiol modified graphite oxide 
(DT‑GO) nanosheets

The 0.01 g/mL of GO solution was prepared by dissolv-
ing as-prepared GO powder (1 g) into deionized water 

Scheme 1  Schematic illustra-
tion of dithiol-modified 
graphene oxide (DT-GO) 
nanosheets preparation 
and DT-GO/alginate (DT-GA) 
nanocomposite prepara-
tion. a 2,2′-(ethylenedioxy)-
diethnethiol (EDDET) was used 
to modify graphene oxide to 
change the distances between 
nanosheets and GO morphol-
ogy; b DT-GO nanosheets 
were composited into alginate 
solution, then DT-GO/alginate 
(DT-GA) nanocomposite with 
aligned pore structure was 
obtained by freeze-drying 
method
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(100 mL) in a flask containing. A certain amount of EDDET 
(2.58 mM) was added to the GO solution, under continu-
ous magnetic stirring at 60 °C, resulting in a homoge-
neous black dispersion in 30 min. The heating time was 
prolonged to 2 h until cooling to room temperature. The 
DT-GO solution was obtained. The DT-GO powder was also 
obtained by vacuum-drying machine at 30 °C for 2 days.

2.4  Characterizations of GO and DT‑GO

2.4.1  FT‑IR analysis of GO and DT‑GO

The GO and DT-GO nanosheets were mixed with KBr pow-
ders, grinded and pressed into thin sections respectively, 
and the KBr sheets were tested as blank controls. Fourier-
infrared spectroscopy (FT-IR, ThermoFisher, Nicolelis5) was 
used to analyze the distribution of different groups of GO 
and DT-GO, so as to help confirm the success of DT-GO 
synthesis.

2.4.2  XRD analysis of GO and DT‑GO

The prepared samples were grinded into powders in agate 
mortar, and then sprinkled the sample powder as evenly 
as possible into the sample preparation box of window, 
with a small spatula knife edge gently chop tight, make 
sure the powder booth well stacked inside the hole. Then, 
the powders were compacted gently with a small spatula, 
and finished with a razor blade (or slide fracture) peel the 
redundant bulge powders to get a very flat the plane of 
the sample powders. A Rigaku Smartlab 9 kW diffractom-
eter, operating at 45 kV and 200 mA with Cu Kα radiation 
(λ = 1.5406 Å) and a spinning sample holder, was used to 
collect the X-ray powder diffraction (XRD) patterns.

2.4.3  XPS analysis of GO and DT‑GO

A small piece of double-sided adhesive (about 
2 mm × 2 mm) was attached to the aluminum foil, and 
the powder sample was sprinkled evenly on the tape. 
The powder covered the whole tape evenly. Then, the 
aluminum foil was fold and placed on the tablet. Rotated 
the press to the bottom, rotated the knob to the right, 
tightened it, then applied pressure to about 6 MPa. Kept 
pressure up to 1 min after unloading (turn left turn knob). 
Finally, the sample was removed (ensured that the alu-
minum foil was peeled) and was placed in a clean sealing 
bag. The X-ray Photoelectron Spectroscopy analyzer (XPS, 
K-Alpha 0.05 eV, Thermo Scientific) was used to test the 
processed samples to obtain the elements composition 
of GO and DT-GO.

2.4.4  TEM analysis of GO and DT‑GO

The GO and DT-GO samples powders were dissolved in 
Millipore water, and sonicated for 2 h, then, the copper 
grid was dipped into sample solutions and dried under 
infrared lamp. The Transmission Electron Microscope (TEM, 
Tecnai G2 F20) was used to analysis the morphology of GO 
and DT-GO nanosheets.

2.5  Synthesis of dithiol‑modified graphene oxide/
alginate (DT‑GA) and graphene oxide/alginate 
(GA) nanocomposites

The DT-GA nanocomposite was prepared as below. Briefly, 
2 mL of DT-GO solution (0.01 g/mL) was measured and 
placed in a glass tube. Then, the sodium alginate powder 
was added and stirred for 24 h at room temperature to 
obtain hydrogel. Finally, the prepared hydrogel was placed 
in freezer (− 20 °C) for 24 h at least, then freeze-dried for 
48 h to get DT-GA nanocomposite. The designation of 
DT-GA was shown in Table 1, according to different weight 
of used sodium alginate. At the same time, the GA nano-
composites were prepared by using the same method, and 
the designation was shown in Table 2.

2.6  Physicochemical characteristics of GA 
and DT‑GA nanocomposites

2.6.1  FT‑IR analysis

The Fourier-infrared spectroscopy (FT-IR, ThermoFisher, 
Nicolelis5) was used to characterize the presence of spe-
cific chemical groups in GA and DT-GA nanocomposites, 
the FT-IR spectra range was between 4000 and 500 cm−1, 
with using attenuated total reflectance (ATR) technique.

Table 1  The designation of dithiol-modified graphene oxide/algi-
nate (DT-GA) nanocomposites

a The concentration of DT-GO solution is 0.01 g/mL

Nanocomposites DT-GA1 DT-GA2 DT-GA3 DT-GA4

SA powder 0.10 g 0.12 g 0.14 g 0.16 g
DT-GO  solutiona 2 mL 2 mL 2 mL 2 mL

Table 2  The designation of graphene oxide/alginate (GA) nano-
composites

a The concentration of GO solution is 0.01 g/mL

Nanocomposites GA1 GA2 GA3 GA4

SA powder 0.10 g 0.12 g 0.14 g 0.16 g
GO  solutiona 2 mL 2 mL 2 mL 2 mL
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2.6.2  SEM analysis

The cross-section of the porous prepared nanocom-
posite was investigated by Cold Field Scanning Elec-
tron Microscope (SEM, S-4800, Hitachi, Japan). Before 
testing, the samples were freeze-dried and broken off 
in liquid nitrogen environment, then the samples were 
coated with platinum (Pt) to prevent imaging artifacts 
from electrical charging. The Energy Dispersive X-ray 
Spectroscopy (EDX) was operated during capturing the 
SEM images. The pore size could be calculated from SEM 
images by using ImageJ software.

2.6.3  Porosity analysis

The porosity of prepared nanocomposite was measured 
by using liquid displacement method. The dried nano-
composite was soaked in a known volume (V1) of etha-
nol. The total volume of the nanocomposite and solution 
was measured as V2. After 30 min, the nanocomposite 
was removed and the remaining ethanol volume was 
measured as V3. Then the porosity (P) was calculated 
using the following Eq. (1):

2.6.4  Mechanical properties analysis

The compression performance of the prepared nano-
composite was tested by using an electromechanical 
universal testing machine (CMT4103, China) at a cross-
head contraction speed of 2 mm per minute. The com-
pressive offset yield stress was determined from the 
stress–strain curve at a 2% strain.

2.7  In vitro studies

2.7.1  Cell culture

Bone marrow derived mesenchymal stem cells (BMSCs, 
ATCC ® PCS-500-012™) was used for cytocompatibil-
ity of scaffolds evaluation. According to ATCC instruc-
tions, BMSCs were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum, 100 U  mL−1 penicillin, and 100 μg mL−1 strepto-
mycin (all purchased from Gibco USA) under a humidi-
fied atmosphere of 95% air and 5%  CO2 at 37 °C. The 
medium was changed every 2 days. When the BMSCs 
reached confluence, cells were removed by using 0.25% 

(1)P =
V
1
− V

2

V
2
− V

3

× 100%

trypsin–EDTA (Sigma-Aldrich), centrifuged and re-sus-
pended in the DMEM medium.

2.7.2  Cell counting kit‑8 (CCK‑8) analysis

The prepared nanocomposites were soaked by 75% alco-
hol for 24 h, then nanocomposites were transferred to 
cell culture room through UV window, and the alcohol 
was sucked out on ultra-clean working table. The alcohol 
inside the scaffolds was replaced by PBS, and this opera-
tion was repeated every one hour at least 3 times. Then, 
a 10 μL (about 1 × 105 cells) of cell suspension was dipped 
onto the surface of nanocomposites. The nanocompos-
ites were washed twice with PBS after 2 h to make sure 
the cells were adhered to the nanocomposites. Next, 1 mL 
of DMEM medium was added. The nanocomposites were 
maintained at 37 °C under a 5%  CO2 humidified atmos-
phere of 95% air, the medium was changed every 2–3 days 
(depending on the color of DMEM, if color changed, the 
medium was changed). The cell counting kit-8 (CCK-8, 
Dojindo Molecular Technologies, Inc) was used to investi-
gate the cell attachment and viable cells level. The nano-
composites at different days were treated with CCK-8 solu-
tion for 2 h, 100 μL of each sample was transferred to a 
96-well plate, and measured at 570 nm by a micro-plate 
reader (SpectraMax 190, Molecular Devices, USA).

2.7.3  Alkaline phosphatase (ALP) assay

The osteoblastic differentiation of prepared engineered 
nanocomposites as scaffold was scaled by ALP activity. The 
nanocomposites with cells adhered were soaked in 300 μL 
lysis buffer and sonicated in an ice bath for 1 min to get 
cell lysates. Then, a Quant-iT™ protein assay kit (Invitrogen, 
USA) was used to quantify cell lysates. The cell lysates were 
incubated in sodium ρ-nitrophenyl-2-phosphate at 37 °C 
for 1 h, and 1 M NaOH was added into to neutralize the 
reaction, the amount of ρ-nitrophenol released in solution 
was measured by light absorbance at 405 nm to estimate 
ALP activity.

2.7.4  Fluorescent microscopy analysis

After the nanocomposites cultured with BMSCs for spe-
cific days, the nanocomposites were removed from the cell 
medium and washed with PBS 3 times, then fixed with 2% 
glutaraldehyde for 12 h. The nanocomposites were washed 
with PBS 3 times again, soaked in 0.1% Triton X-100 for 
10 min and washed with PBS again. Next, the BMSCs on 
the nanocomposites were blocked with 1% bovine serum 
albumin for 30 min, subsequently stained with 100 μg/mL 
phalloidin-FITC (Invitrogen, USA) under dark environment 
for 1 h, then washed with PBS 3 times. Finally, 10 μg/mL 
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4′,6-diamidino-2-phenylindole (DAPI, Thermo Scientific™) 
was added in dark for 5 min. The nanocomposites were 
washed with PBS three times again. Confocal Laser Scan-
ning Microscope (CLSM, Leica TCS SP5 II, Germany) was 
used to obtain fluorescent images.

2.8  Statistical analysis

Unless indicated, data were given as mean ± SD (n = 5). Sta-
tistics analysis of obtained results was carried out using a 
one-way analysis of variance (one-way ANOVA), and signif-
icance reported at a p value of < 0.05 for 95% confidence. 
All statistical calculations were performed using GraphPad 
Prism software.

3  Results

3.1  Characteristics of prepared GO and DT‑GO 
nanosheets

FT-IR was first used to examine the chemical modification 
of GO with dithiol chemical (EDDET), as shown in Fig. 1a. 
The broad band centered at 3400 cm−1 was due to O–H 
groups of GO, the band at 1729 cm−1 was due to C=O 
groups, in addition, other characteristic vibrations of GO, 
such as, the O–H deformation peak at 1390 cm−1, and the 
C-O stretching peak at 1044 cm−1, confirmed the success-
ful synthesis of GO here. However, the band at 3400 cm−1 
of GO was dramatically depressed after the modification of 
EDDET on the surface of GO, and the epoxy C–O bands at 
1044 cm−1 were also weakened for DT-GO. Together with 
the methylene peaks at 2929 cm−1 and 2856 cm−1, and 
the C-S band at 782 cm−1 from DT-GO, confirmed that the 
EDDET with dithiol groups were successfully modified on 

Fig. 1  Physicochemical properties of prepared GO and DT-GO 
nanosheets. a FT-IR spectra of GO and DT-GO; b XRD spectra of 
GO and DT-GO; c XPS spectrum of GO, the insets showed the C1s 

and O1s scanning respectively; d XPS spectrum of DT-GO, the inset 
showed the S2p1 and S2p3 scanning, confirmed the formation of 
C–S bond
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the GO. X-ray diffraction (XRD) was also used to analysis 
the composition of GO and DT-GO, the results were shown 
in Fig. 1b. Regarding the Bragg’s law, the XRD spectrum of 
GO showed an evident sharp peak at 2θ = 10.02°, corre-
sponding to a d-spacing of 0.87 nm, which mainly due to 
the inter-lamellar water trapped between GO nanosheet. 
The peak shifted to 2θ = 21.42° for DT-GO, indicated the 
distance between GO nanosheets decreased to 0.08 nm. 
The significant reduced layer distance further influenced 
the morphology and physicochemical properties of 
hybrid materials while the DT-GO dispersed into polymer 
strains. To further understand the dithiol groups on GO 
nanosheets, XPS measurements for GO and DT-GO were 
performed, as shown in Fig. 1c, d. Before the XPS test, 
DT-GO sample was washed with ultra-pure water and etha-
nol several times in order to remove the residual EDDET. 
The XPS spectrum of GO showed the C1 s and O1 s peaks, 
and the C1s and O1s spectra inserted in Fig. 1c indicated 
the carbon atoms in C–O and C=O bands. Whereas, the 
XPS spectrum of DT-GO displayed the new S1 s and S2p 
peaks compared to that of GO. The S2p1 and S2p3 fit-
ting scanning spectra proved the formation of C-S bonds 
between GO and EDDET molecules.

Subsequently, TEM was used to observe the morphol-
ogy of GO and DT-GO nanosheets, the results were shown 
in Scheme 1a and Fig. 1S. Both GO and DT-GO nanosheets 
were dispersed in Millipore water and sonicated for 30 min 
before preparing the copper grids. The large flakes of 
GO were produced in this study, Fig. 1S showed that the 
prepared GO nanosheets were thick. It could be clearly 
observed that GO presented almost transparent single-
layer structure with folds. The thickness of GO layer were 

approximately 1.25  nm (Fig.  2S), this obtained results 
speculated that the prepared GO sheets were composed 
of approximately two stacked individual monatomic gra-
phene oxide layers [41, 42]. However, the GO was modified 
by EDDET, more layers stacked together, the size of DT-GO 
flakes decreased, single-layer GO sheets folded.

3.2  FT‑IR analysis of GA and DT‑GA nanocomposites

GA and DT-GA nanocomposites were prepared by freeze-
drying method. FT-IR was utilized to investigate the pos-
sible interactions between GO or DT-GO and alginate mac-
romolecular chain, the results were shown in Fig. 2. The 
obvious peaks at 1401 and 1028 cm−1 in the FT-IR spectrum 
of GA were attributed to deformation of O–H bands and 
stretching C–O bands from GO, respectively. The peak cen-
tered at 3430 cm−1, due to O–H groups, which was clearly 
strengthened comparing to that of GO. It was shown that 
the weak peaks at 1095 and 1059 cm−1 were ascribed to 
the stretching vibration C–O–C ether groups in alginate for 
GA nanocomposite spectra (Fig. 2a). The distinct peak at 
1612 cm−1 appeared was due to C=C band stretching from 
GO, and this peak gradually increased with enhancing the 
concentration of GO in GA nanocomposite. These signifi-
cant characteristic peaks comparing to pure GO spectrum 
indicated that GO nanosheets indeed interacted to the 
alginate chain. In addition, the observed increase of the 
O–H band proved that the H-bonding existed between 
C=O or C–O and OH. However, the evident peaks at 2929, 
2856, 782  cm−1 appeared for DT-GA nanocomposite 
compared to GA spectra (Fig. 2b). The peak at 782 cm−1 
was due to C-S band of DT-GO nanosheets. The peaks at 

Fig. 2  a The FT-IR spectra of GA 
nanocomposites with different 
GO concentration; b The FT-IR 
spectra of DT-GA nanocom-
posites with different DT-GO 
concentration
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2929 cm−1 and 2856 cm−1 exhibited gradually increased 
methylene groups intensities. The noticeable peaks at 
1095 and 1059 cm−1 from alginate certified that the dif-
ferent interaction between DT-GO and alginate biopoly-
mer. The spectrum of DT-GA showed a highest peak at 
1095 cm−1, and lowest peak centered at 3430 cm−1 [43].

3.3  Microstructure morphology analysis of GA 
and DT‑GA nanocomposites

The cross-sectional morphologies of GA and DT-GA nano-
composites have been investigated by SEM, the results 

were shown in Figs. 3 and 4. The interconnected porous 
microstructure morphologies were observed for GA and 
DT-GA nanocomposites. The morphology structure of GA 
nanocomposite significantly varied with the increase of 
GO nanosheets concentration. For GA4 and GA3 nano-
composites, the apparent porous polymer structure was 
shown (Fig. 3a–d), the pore size of open pores was cal-
culated by 20 of random SEM images with using ImageJ 
software (Fig. 3S). During the calculation, all pores over 
1 μm were counted. The pore size of GA4 nanocompos-
ite was about 23.8 ± 4.8 μm, and 46% of pores was in the 
range of 1-10 μm. For GA3 nanocomposite, the pore size 

Fig. 3  Comparison and 
cross-sectional morphology 
and structure of graphene 
oxide/alginate (GA) nanocom-
posites. SEM images of GA4 
nanocomposite (a, b), GA3 
nanocomposite (c, d), GA2 
nanocomposite (e, f), and GA1 
nanocomposite (g, h). From 
left to right: low-resolution 
SEM images (a, c, e, g) and low-
resolution SEM images (b, d, f, 
h), the images inserted in left 
row were enlarged to right row 
at a higher magnifications



Vol.:(0123456789)

SN Applied Sciences (2019) 1:545 | https://doi.org/10.1007/s42452-019-0581-6 Research Article

decreased to 13.6 ± 3.9 μm, and 69% of pores was in the 
range of 1-10 μm. Thus, the porous structure of GA nano-
composites (GA4, GA3) was composed of micropores 
and macropores, and the number of micropores (mainly 
1-10 μm) increased with enhancing GO concentration from 
11.1 to 12.5 wt.% in GA nanocomposite. While the concen-
tration of GO increased to 14.3 wt.% (GA2) and 16.7 wt.% 
(GA1), the morphology of GA nanocomposites obviously 
changed, the laminar pore structure was observed, and 
the pore wall became rough (Fig. 3e–h). Because that the 
shape of most pores was irregular, so the size of GA1 and 
GA2 nanocomposites was not calculated. It was apparently 

that the thickness of pore wall increased with increasing 
the GO concentration for GA nanocomposite. For GA1 
nanocomposite with the highest GO concentration, the 
alginate fibers were observed between laminar walls, in 
addition, the thickness of pore walls reached to 4–18 μm.

Due to the physicochemical properties of DT-GO, the 
laminar network structure was observed for DT-GA nano-
composites with different DT-GO concentrations (Fig. 4). 
For DT-GA4 nanocomposite of the lowest DT-GO concen-
tration at 11.1 wt%, the random aligned laminar fabrics 
were observed, and the presented corrugation on the 
pore wall suggested the existence of DT-GO nanosheets, 

Fig. 4  Comparison and cross-
sectional morphology and 
structure of dithiol-modified 
graphene oxide/alginate 
(DT-GA) nanocomposites. SEM 
images of DT-GA4 nanocom-
posite (a, b), DT-GA3 nanocom-
posite (c, d), DT-GA2 nano-
composite (e, f), and DT-GA1 
nanocomposite (g, h). From 
left to right: low-resolution 
SEM images (a, c, e, g) and low-
resolution SEM images (b, d, f, 
h), the images inserted in left 
row were enlarged to right row 
at a higher magnifications
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as shown in Fig. 4a, b. However, with increasing the con-
centration of DT-GO, the uniformly aligned structure was 
gradually formed, and the pore wall became obviously 
rougher. In addition, the distance between composite 
layers decreased with increasing DT-GO concentration. 
While the concentration of DT-GO concentration increased 
to 16.7 wt.%, the composite layers almost connected 
together, and the surface of pore wall was apparently 
covered with massive GT-GO nanosheets (Fig. 4g,h) [44].

Furthermore, EDX was conducted to study the distri-
bution of each element in GA and DT-GA nanocompos-
ites, the results were shown in Fig. 4. The EDX spectra 
recorded from GA and DT-GA nanocomposites presented 
on both of pore walls were similar, except for the content 
of S element. The content of various elements, includ-
ing C, O, Na, S, from GA3 and DT-GA3 nanocomposites 
were analyzed (Tables 1S and 2S). A little of S element 
(0.74 wt.%) was detected in GA3 nanocomposite, was 
due to the residual sulfuric acid left during the prepa-
ration of GO by Hummers methods. The content of S 
increased to 2.76 wt.% in DT-GA3 nanocomposite was on 
account of dispersed dithiol modified GO. The presence 

of small amounts of Al and Pt in both GA and DT-GA 
scaffolds, mainly because that the aluminum SEM fix-
ing table was used, and the scaffolds were coated with 
platinum (Pt).

3.4  Porosity analysis of GA and DT‑GA 
nanocomposites

Regarding the different interaction forces between GO 
and DT-GO on alginate biopolymer chain, as well as sig-
nificant morphology differences, the porosity of GA and 
DT-GA nanocomposites, as an important parameter, was 
measured. For GA scaffolds (Fig. 5a), as the GO concen-
tration increased from 11.1 to 16.7 wt.%, the porosity 
gradually decreased from 76.4 to 66.2 wt.%. However, 
for DT-GA nanocomposite (Fig. 5b), the porosity firstly 
increased then decreased with increasing DT-GO con-
centration, and DT-GA nanocomposite showed the 
highest porosity values at the DT-GO concentration of 
14.3 wt.%.

Fig. 5  The porosity and compressive strengths of the prepared 
GA and DT-GA nanocomposites. a, b were the porosity of GA and 
DT-GA nanocomposite with different GO concentration respec-

tively; c, d were the compressive strengths of GA and DT-GA nano-
composites with different DT-GO concentrations respectively, 
**p < 0.01, ***p < 0.001
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3.5  Compressive strengths of GA and DT‑GA 
nanocomposites

The compressive strength of nanocomposite was an 
important criterion for bone tissue engineering appli-
cation, and the compressive strength of the spongy 
bone was in range of 0.2-4 MPa according to previous 
reports [45–47]. Figure 5c, d showed that the compres-
sive strengths of prepared GA and DT-GA nanocompos-
ites were in the range of 1–2 MPa. As the concentration 
of GO or DT-GO at 16.7 wt%, the compressive strengths of 
GA or DT-GA nanocomposites (GA1 and DT-GA1) showed 
highest values, and DT-GA nanocomposites showed a 
higher compressive strength value than that of GA nano-
composites. For DT-GA nanocomposites, the compressive 
strength firstly decreased then increased with decreasing 
the concentration of DT-GO nanosheets. In addition, the 
DT-GA nanocomposites showed the highest compressive 
strength values at the DT-GO concentration of 14.3 wt%.

3.6  In vitro study of GA and DT‑GA nanocomposites

3.6.1  CCK‑8 analysis

The BMSCs were seeded on both GA and DT-GA nanocom-
posites and cultured for 1, 3 and 5 days. The BMSCs viabil-
ity in nanocomposites were evaluated by treating with 
CCK-8 solution, then O.D value at 570 nm was tested by 
ELISA to indicate the presence of metabolically active cells, 
at the same time, bare cultured BMSCs was used as a con-
trol group, and the results were presented in Fig. 6a. Firstly, 
the cytocompatibility of dithiol modified GO nanosheets 
was investigated by culturing with BMSCs, and the result 
showed that the DT-GO had a good cytocompatibility as 
well as GO (Fig. 5S). According to CCK-8 results, the pro-
liferation of BMSCs on both GA and DT-GA nanocompos-
ites increased over days. For GA nanocomposites, the O.D 
values increased with the decrease of GO concentration. 
Furthermore, the O.D value of GA1 nanocomposite with 
the highest GO concentration increased slower from day 
3–5 compared to other GA nanocomposites, and GA4 
nanocomposite with the lowest GO concentration showed 
a highest O.D value at day 5. However, DT-GA nanocom-
posites behaved the increasing O.D values with increasing 
DT-GO concentration at day 1 and 3, and DT-GA3 nano-
composite with 12.5 wt% DT-GO concentration showed 
the highest O.D value at day 5.

3.6.2  ALP activities analysis

ALP activity was performed on BMSCs in contact with both 
GA and DT-GA nanocomposites on day 2, 6 and 10 after 
incubation, and the results were shown in Fig. 6b. At day 

1, low ALP activity for all nanocomposites was detected, 
indicating little BMSCs differentiated into osteoblast phe-
notype. All samples showed a highest ALP activity at day 
6. However, the ALP activity decreased at day 10 in all sam-
ples. For GA nanocomposite, the ALP activity decreased 
with the decrease of GO concentration. DT-GA nanocom-
posites expressed a higher ALP activity than that of GA 
nanocomposites with the same concentration of alginate 
at same day, and DT-GA3 nanocomposite with 12.5 wt% 
DT-GO concentration showed the highest ALP activity at 
day 2, 6 and 10.

3.6.3  Fluorescent microscopy analysis of BMSCs seeded 
on nanocomposites

Furthermore, the BMSCs seeded on both GA and DT-GA 
nanocomposites were assessed by fluorescent microscopy 

Fig. 6  a In  vitro cytocompatibility of the prepared GA and DT-GA 
nanocomposites after cultured with BMSCs for different days. 
 OD570nm values in CCK-8 assays BMSCs seeded on the GA and 
DT-GA nanocomposites after 1, 3, and 5  days compared with the 
control group. b Changes in ALP activity in BMSCs seeded on both 
GA and DT-GA nanocomposites after incubation for 10 days period, 
*p < 0.05, **p < 0.01, ***p < 0.001
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images, and the results were presented in Fig. 7. The BMSCs 
number density on both nanocomposites increased with 
increasing alginate concentration. In contrast of the GA 
nanocomposites at the same concentration of alginate, the 
number of BMSCs seeded on DT-GA nanocomposites was 
higher. For GA4 nanocomposite, it was obviously that the 
cells adhered on pore wall between laminar layers. The high-
est number of BMSCs was observed on DT-GA3 nanocom-
posite, which was consistent with CCK-8 assay result.

4  Discussion

The porous composite with interconnected structure 
could provide as extracellular matrix (ECM) for cell 
adhesion and proliferation, which were significantly 
influenced by the morphology and composition of com-
posites. In this paper, based on the functional groups 
on GO nanosheets, GO nanosheets were modified by 

Fig. 7  Representative fluorescent microscopy images of BMSCs cul-
tured with GA and DT-GA nanocomposites for 5 days. a GA1 nano-
composite; b GA2 nanocomposite; c GA3 nanocomposite; d GA4 
nanocomposite; e DT-GA1 nanocomposite; f DT-GA2 nanocompos-

ite; g DT-GA3 nanocomposite; h DT-GA4 nanocomposite. Green: 
cytoskeleton stained by phalloidin-FITC, Blue: nucleus stained by 
DAPI
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using dithiol chemicals EDDET, the obtained DT-GO 
nanosheets showed the different physicochemical 
characteristics confirmed by FT-IR, XRD and XPS analy-
ses. The carboxyl groups on the edge of GO nanosheets 
could interact with sulfydryl groups of EDDET, which 
was confirmed by that the new C-S bond was detected 
by FT-IR and XPS in DT-GO samples (Fig. 1). The sulfy-
dryl groups of EDDET could be used to prepare organic/
inorganic composite with improved mechanical strength 
via covalent bond [48, 49]. The EDDET molecules were 
facilely bonded on the surface of GO, the morphology 
of modified GO was influenced by the reaction tempera-
ture. According to our previous report, the reaction tem-
perature was set at 90 °C, the layer distance was about 
0.42 nm [27]. However, in this study, the reaction tem-
perature was decreased to 60 °C, the value deceased to 
0.08 nm. The d-spacing between GO nanosheets could 
be calculated by Bragg’s law [50]. In addition, the degree 
of crystallinity was also increased with decreasing the 
reaction temperature which was tested by XRD. The 
morphology of DT-GO nanosheets obviously changed 
compared to that of GO, more layers stacked together 
because of EDDET ligation function, and the flake size 
was shrunken. Those features obviously impacted the 
structure of DT-GA nanocomposite comparing to GA 
nanocomposite.

It was well known that the interconnected structure of 
nanocomposite as scaffold played a critical role in bone 
tissue engineering. The porous nanocomposite could 
provide a template for cell attachment and proliferation, 
and the porous structure was beneficial for the mass and 
nutrient transport, as well as supporting newly formed 
tissue [45, 46, 51]. Figures 3 and 4 showed typical inter-
connected porous structures for prepared GA and DT-GA 
nanocomposites. The small amount of GO incorporated 
into alginate chain didn’t alter the porous structure and 
morphology of GA nanocomposite [52]. However, the 
pore arrangement and pore size of nanocomposite were 
improved by the addition of GO, and the specific surface 
areas was also increased [53]. In our study, with increas-
ing the concentration of GO in GA nanocomposites, the 
laminar structure was gradually formed, which mainly due 
to the increase of acting forces between GO layers. The 
aligned structure of GA nanocomposites exhibited excel-
lent mechanical strength and elasticity [54, 55]. As GO 
was modified by dithiol molecule, and incorporated into 
alginate network structure, the uniformly aligned structure 
was readily formed for DT-GA nanocomposites in compari-
son with GA nanocomposites at the same concentration 
of alginate. The stronger interaction between DT-GO and 
alginate chain was shown in DT-GA nanocomposites than 
that in GA nanocomposites (Fig. 2). Moreover, the round 
shape of pores in cross-sectional nanocomposites was 

gradually changed to be of irregular shape. The compos-
ite fibers connected between laminar in DT-GA nanocom-
posites were observed. The above characteristics could 
further influence the porosity and compressive strength 
of nanocomposites.

Although, GO nanosheets could reinforced polymer-
based composite, the compressive strength of compos-
ites still depended on the polymer performance and the 
morphology of composite [56]. The porosity and compres-
sive strength of both GA and DT-GA nanocomposites were 
investigated in this paper, as shown in Fig. 5. The porosity 
of GA nanocomposites showed the lowest value at the 
highest concentration of GO (66.2%), and the porosity of 
DT-GA nanocomposites continued to decease at the GO 
concentration of 62.1%, mainly because that the laminar 
structure formed in DT-GA nanocomposites. While the 
concentration of DT-GO decreased to 14.3% (DT-GA2), 
the DT-GA nanocomposites showed the highest porosity. 
Few studies reported the relationship between porosity 
and porous structure (typical pore structure or laminar 
pore structure) [57]. Here, we could conclude that the 
porosity of as-prepared nanocomposites was obviously 
influenced by the porous structure, the nanocomposite 
with a laminar structure showed a higher porosity than 
the nanocomposites with a typical porous structure. 
However, as increasing the concentration of DT-GO, the 
formed laminar easily connected and stacked, then the 
porosity would be apparently decreased. As we confirmed 
that the compressive strength was mainly related to the 
porosity. Generally, there was a tradeoff between mechani-
cal strength and porosity for porous nanocomposite [5, 
58]. It was shown that the inverse relationship between 
compressive strength and porosity for the prepared nano-
composites. The compressive strength of DT-GA nanocom-
posites was significantly improved in comparison with 
GA nanocomposites, which was mainly due to the great 
different physicochemical properties of DT-GO sheets 
comparing to that of GO, and the obtained compressive 
strength value was also higher than that of reported com-
posites [59, 60]. Many DT-GO nanosheets were observed 
on the surface of pore wall, which was confirmed by EDX 
analysis (Fig. 4S), and the interaction between DT-GO and 
alginate chains played an important role for improving the 
compressive strength of nanocomposite. In addition, the 
inhomogeneous distribution and agglomeration of the 
GO or DT-GO were not observed in the alginate matrix, 
which might result in poor mechanical strength of nano-
composites [61]. The compressive strength of obtained 
nanocomposites was in range of spongy bone strength 
(0.2–4 MPa), which was suitable for the blame bearing 
bone applications.

Next, all nanocomposites were implanted into the 
body must be possessing of good biocompatibility. 
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Indispensably, the cytocompatibility of prepared nano-
composites was critical factor for the success of cell/scaf-
folds construction in bone tissue engineering. The BMSCs 
has been widely used for cell-engineered scaffolds before 
implantation into body [62]. The CCK-8 assay results 
revealed that both GA and DT-GA nanocomposites had 
a good cytocompatibility after culturing with BMSCs, and 
the O.D value at 570 nm confirmed that the BMSCs had 
a better proliferation seeded on DT-GA nanocomposites 
than that on GA nanocomposites. The laminar pore struc-
ture of nanocomposites provided more cell proliferation 
space than typical pore structure, the same results could 
also be testified by fluorescent microscopy images (Fig. 7). 
Furthermore, the differentiation of BMSCs was an impor-
tant factor for bone regeneration [62]. ALP activity was 
widely used for evaluating the differentiation of BMSCs 
into osteoblastic phenotype quantitatively [63]. ALP activ-
ity results indicated that both GA and DT-GA nanocom-
posites supported osteoblastic differentiation of BMSCs.

5  Conclusions

In summary, the dithiol molecule, EDDET, was effective 
as cross-linker on GO for altering the physicochemical 
properties of GO nanosheets. As DT-GO nanosheets was 
used as reinforcing filler to composite with alginate mac-
romolecular chain to produce DT-GA nanocomposites. 
The prepared DT-GA nanocomposites showed a laminar 
network morphology with interconnected porous struc-
ture, and porosity and compressive strength were related 
to formed structure of DT-GA. In addition, such prepared 
DT-GA nanocomposites demonstrated excellent cytocom-
patibility after cultured with BMSCs, and BMSCs seeded 
on nanocomposites could differentiated into osteoblastic 
phenotype in first 10 days. This study suggest that these 
promising mechanical and biological characteristics of 
novel dithiol-modified GO/alginate nanocomposites 
makes possible candidates for bone regeneration.
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