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ABSTRACT: In bone tissue engineering, it is imperative to design
multifunctional biomaterials that can induce and assemble bonelike
apatite that is close to natural bone. In this study, graphene oxide
(GO) was functionalized by carrageenan. The resulting GO-
carrageenan (GO-Car) composite was further used as a substrate
for biomimetic and cell-mediated mineralization of hydroxyapatite
(HA). It was confirmed that carrageenan on the GO surface
facilitated the nucleation of HA. The observation of the effect of the
GO-Car on the adhesion, morphology, and proliferation of MC3T3-
El cells was investigated. In vitro studies clearly show the
effectiveness of GO-Car in promoting HA mineralization and cell
differentiation. The results of this study suggested that the GO-Car
hybrid will be a promising material for bone regeneration and
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implantation.
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1. INTRODUCTION

Tissue engineering is an attractive interdisciplinary field that
combines the basic principles and techniques of material science,
biology, and manufacturing to fabricate various substitutes for
regenerating damaged tissues and organs.l_5 Bone tissue
engineering is an important strategy for the repair or replacement
of bone through the combination of scaffolds, implanted cells,
and biologically active molecules.”” The study of structure—
function relationships in bone tissue engineering has been
promoted the development of bioactive substitutes and
engineered biomaterials. As the major component of natural
bone, hydroxyapatite (Ca;o(PO,)s(OH),, exhibits excellent
biocompatibility and bioactivity,® and it has been widely used
in bone replacement systems.” However, compared to natural
bone, HA exhibits poor tensile strength and fracture toughness,
which limited the practical applications. A number of other
materials have been integrated with HA to improve the
mechanical property, such as polymer,'® alumina (ALO;),"
zirconia, silicon carbide,'” titanium (Ti), or Ti alloys.">'* It is
well-known that the nature bone is composed of HA together
with collagen fibrils and proteins in the extracellular matrix.”
However, the process is unclear.'® The possible mechanism is
due to the mechanical signals provided by the self-assembled
collagen'® and the presence of the charged proteins, which
facilitate the mineralization of HA.”'”'® Therefore, the design of
biointerfaces, through which natural components can be readily
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integrated into diverse synthetic biomaterials, remains as a key
challenge in tissue engineering.

To develop the ideal interface for biomimetic mineralization,
an effective strategy is to explore organic/inorganic composite
that can mimic the nature of bone. Carrageenan is naturally linear
polysaccharides of about 25 000 galactose derivatives, consisting
of highly sulfated alternating 3-linked-$-p-galactopyranose and
4-linked-R-p-galactopyranose units.'® It exhibits very good
biocompatibility and has been widely used in the food,
pharmaceutical, and cosmetic industries.?® Because of the
abundant sulfate groups, carrageenan has the potential to
mimic the charged proteins present in the extracellular matrix.
For the inorganic materials, they should exhibit good
biocompatibility as well as mechanical properties. Graphene,
the basic building block for naturally occurring graphite, has
attracted tremendous attention because of its low cost, unique
structure, and extraordinary electronic and mechanical proper-
ties.”*® However, the intrinsic van der Waals interactions
between layers of graphene easily results in agglomeration, which
leads to insolubility, inevitably affecting the dispersion of
graphene before implementation of graphene-based nano-
composites. In the family of graphene materials, GO is viewed
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Figure 1. FTIR spectra of (A) GO and (B) GO-Car (a) before and (b, c) after being incubated for (b) 7 and (c) 14 days.

as an amphiphile with a largely hydrophobic basal plane and
hydrophilic edges.*® The oxygen-containing functional groups of
GO not only are able to greatly improve the dispersibility of GO
in aqueous solution but also can serve as anchor sites for binding
with metal ions or nanoparticles.***> More importantly, GO
possesses a high mechanical strength and induces no obvious
toxic effects in vivo®®?” It is also worth noting that GO has been
utilized along with gelatin, chitosan, and other polymers that
were reported to show a significant increase in tensile strength
and Young’s modulus.>*73' GO offers distinct advantage, it has
emerged as an attractive precursor to be functionalized for
biomimetic synthesis of materials for bone replacement.

In this study, we choose to use carrageenan to functionalize
GO and investigate the HA precipitation on it. The surface
modification of GO by carrageenan resulted in a bioinspired
surface with sulfate groups, which further proved to facilitate the
binding of calcium ions and thus provide a lot nucleation points
for HA nucleation. The biocompatibility of the GO-Car
composite was evaluated. Various cellular activities and
mineralization were observed on the GO-Car surfaces. The
cells on the GO-Car surface exhibit higher activities. Finally, we
confirmed that the functionalization of carrageenan on the GO
surface can cause increased cell mineralization.

2. EXPERIMENTAL SECTION

Materials. Graphite (500 meshes) was obtained from Acros Organic
Company. Carrageenan was obtained from Alfa Aesar. Other reagents
and solvents were purchased from Guangfu Chemical Co. (Tianjin,
China). For cell culture, the mouse MC3T3-E1 preosteoblast cell line
was obtained from the Chinese Academy of Medical Sciences (China).
Fetal bovine serum (FBS) was obtained from Si ji qin Co. (China).
Calcium- and magnesium-free phosphate buffered saline (PBS) and
trypsin were obtained from Invitrogen (USA) and Dulbecco’s modified
eagle medium (DMEM) was obtained from Thermo Fisher Scientific
Inc. (USA). Dimethyl sulfoxide (DMSO) and 25% glutaraldehyde were
purchased from Beijing Chemical Plant (Beijing, China). f-Glycerol
phosphate was purchased from Sigma-Aldrich Co. (USA).

Preparation of GO-Car and Biomimetic Mineralization of
Hydroxyapatite. GO was made using established procedures.’> 30
min sonication of GO in water makes a aqueous dispersion of GO (20
mL of a 1 mg mL™" solution). The GO suspension was then mixed with
an aqueous solution of carrageenan (1 mg mL™") and stirring for 12 h.
Product was collected by centrifugation (8,000 rpm), washed with
water, and redispersed in water.
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The GO and GO-Car substrate were prepared according to a
procedure reported.>® Glass substrates were cleaned and dried. After 3-
amino-propyl-triethoxysilane (APTES) treatment, GO and GO-Car
were immobilized on the APTES-treated substrate by immersing the
substrates in GO or GO-Car aqueous suspension (S mg mL™") for 12 h,
and dried by blowing nitrogen gas.

The mineralization of HA followed the procedure we reported
previously.** The GO and GO-Car substrates were incubated in the 1.5
X SBF (pH 7.4) solution in a six-well plate at 37 °C for 3, 7, and 14 days.
After thoroughly washing with water several times, the product was
dried under a vacuum and used for further analysis.

Characterization. Fourier transform infrared measurements were
done on a Thermo Mattson FTIR. Scanning electron microscope
(SEM) microscopy and energy dispersive X-ray spectrometer (EDX)
was obtained on a Hitachi S-4800 field emission scanning electron
microscope. The crystal phase was determined by X-ray diffraction
(XRD) analysis using D/max-2400pc (Rigaku, Japan) with Cu-Ka
radiation (4 = 1.54178 A). All pH measurements were made with a pH-
10C digital pH meter. The hydrophilicity was investigated using contact
angle measurements. A ultrasonic cleaner was used to disperse the
sample (KQS200, China).

Cell Culture and Seeding. MC3T3-E1 cells were cultured in high-
glucose DMEM supplemented with 10% FBS as well as antibiotic
antimycotic solution containing 100 U mL™" penicillin and 100 U mL™"
streptomycin sulfate. The culture conditions were a humidified
atmosphere of 5% CO,, 95% air at 37 °C.

For cell seeding, the dried glass, GO, and GO-Car substrates were
placed in a 12-well plate. Prior to seeding with cells, the samples were
sterilized under Co 60 (y) laser for 6h.

Cell Proliferation. Cell proliferation was evaluated using the MTT
assay. Basically, 5 X 10* cells were seeded on each film in 12-well tissue
culture plates. MC3T3-E1 cell proliferation was assessed by 3-[4, S-
dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) after 1,
3, and 7 days of cell culture. Culture medium was aspirated at the
predetermined time point and the cell-sunbstrtes was washed with PBS
and put into another 12-well plate; 900 yL of culture medium and 100
#L of MTT solution were added. This cultivation was allowed to last for
4h, after that 1 mL of 10% SDS-HCI was added and cultured overnight.
Then, 100 uL of the solution was added to a 96-well plate for the
absorbance measurement at 570 nm using a microplate reader. Three
samples were tested for each incubation period, five parallel replicates (n
= 5) for each sample were used to assess cell proliferation, and the
maximum and minimum were deleted. Culture medium without cells
was used as the blank test.

Cell Adhesion and Morphology. For the confocal microscopy
image analysis, MC3T3-E1 cells were plated at a density of 5 X 10*in 12-
well plates and grown on the coverslips. After incubation at 37 °C and in
5% CO, atmosphere for 1, 3, and 7 days, cells were fixed in 4%
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Figure 2. SEM images of GO-Car after (A, D) 0, (B, E) 7, and (C, F, G) 14 days mineralization. EDX of the mineral deposits on GO-Car after (H) 7 and

(1) 14 days.

paraformaldehyde (Sigma-Aldrich), stained with acridine orange
(Genview, USA) for 30 min and were washed with PBS for three
times to remove free dyes. All confocal images were collected with a
Zeiss Leica inverted epifluorescence/reflectance laser scanning confocal
microscopy (LSCM, LEICA TCS SP2). The image was quantified using
the analysis software (Leica Confocal Software). Five cells of each image
were randomly selected to calculate the cell areas and the average value
was quantified.

For the SEM observation, a density of 2 X 10* cells were seeded on
each film in 12-well tissue culture plates. Cell morphology after 3 and 7
days of culture was observed by SEM (JSM-6380LV, Japan). Cell-
substrates were washed with PBS and then fixed with 3% glutaraldehyde
at 4 °C for 4h. The constructs were then dehydrated in a graded series of
ethanol solutions (50, 70, 80, 90, and 100%) and dried under a vacuum.
Afterward, the constructs were sputter coated with gold and examined
using SEM at an accelerating voltage of 30 kV.

ALP Activity. For the ALP assay, 2 X 10* cells were seeded on the
different substrate in a 24-well plate. The medium was changed every
other day. ALP activity was evaluated using the cAKP stain kit
(Jiancheng Co. Nanjing) after 1, 3, and 7 days of cell seeding. The assay
was performed according to the manufacturer’s instructions. First, cells
on different films were fixed with the fixing solution for 3 min. Second,
the substrate solution was added and then covered by a hydrophobic
membrane for 15 min. Finally, cells were stained with hematoxylin for
about 3 min, rinsed, and the images were collected with an AX80 system
microscope.

Osteogenic Differentiation. MC3T3-E1 cells were seeded at 2 X
10* cells per well. An osteogenic medium, which consisted of complete
medium supplemented with 0.2 mM ascorbic acid and 10 mM p-
glycerol phosphate, was added after 24 h of cell seeding. The medium
was changed every three days. After 14 days of induction, cell-film
constructs were washed with PBS and fixed with 3% glutaraldehyde at 4
°C for 4 h. The constructs were then dehydrated and examined using
SEM, following the same procedure as mentioned in the cell adhesion
part.

3. RESULTS AND DISCUSSION

The surface modification of GO by carrageenan was first
demonstrated by FTIR (Figure 1 and Figure Sl in the
Supporting Information). The FTIR spectrum of GO-Car
composite exhibits typical peaks of GO and carrageenan. The
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peak at 1258 cm™" was assigned to vibration of S=O of sulfate
esters, whereas the peaks at 931 and 846 cm™" were assigned to
the C—O vibration of 3,6-anhydro-p-glactose and the C—O—S of
axial secondary sulfate of glactose,> respectively, confirmed the
modification of GO by carrageenan. Biomimetic mineralization
was induced by incubating each substrate in 1.5 X SBF solution.>®
The mineralized HA on the GO and GO-Car substrates was also
monitored by FITR. After 7 days incubation, there was no typical
peaks of HA observed from the GO substrate (Figure 1A). For
the GO-Car, weak PO,*~ bands appeared at 610, 562, 962, and
1035 cm ™" (Figure 1B), which are due to the bending, stretching,
and vibration mode of PO,*~*"** After 14 days, these peaks
exhibit a much stronger intensity. However, there is no peak
observed from the GO substrate. Note that carrageenan probably
promoted the formation of the HA.

SEM were utilized to analysis the morphology and micro-
structure of the substrates after mineralization. Figure 2A-C
shows the minerals deposited on the surface of GO-Car after
mineralization for 0, 7, and 14 days. SEM micrographs show
minerals decorating a network after incubation for 7 days (Figure
2B). At higher magnification, it can be seen that the precipitate is
composed of small irregular aggregates (Figure 2E). In the
samples taken after 14 days of mineralization, the GO-Car
surface was uniformly covered with spherical aggregated minerals
with an average size of approximately 10 ym (Figure 2C). It can
be clearly seen that the obtained mineral composite shown a
macroporous structure with three-dimensional (3D) intercon-
nected channels (Figure 2G). However, there was no HA
minerals observed on the GO substrate after 14 days
mineralization (see Figure S2 in the Supporting Information).
The enhanced mineralization may be a result of the carrageenan
modification. This can be explained by the fact that carrageenan
has a very high negative charge density due to the presence of
sulfonate groups (-OSO?”), which enabled efficient interaction
with calcium ions and other mineral ions present in the 1.5 X SBF
solution and highly accelerated the nucleation of HA minerals.

The chemical composition of the mineral on GO-Car was
further analyzed by EDX. As shown in Figure 2H and I, after 7
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Figure 3. XRD patterns showing the phase of the (A) GO and (B) GO-Car (a) before and (b, c) after (b) 7 and (c) 14 days mineralization.

days incubation, only a minute amount of calcium and
phosphorus were observed. However, significant calcium and
phosphorus peaks were observed after 14 days, which can be
attributed to the contribution from the HA. The molar ratio of
Ca/P of the com};osﬂe is 1.53, which is consistent with the
biological apatites.

XRD was used to monitor the structural phase of the deposited
minerals (Figure 3). The peak at around 20 = 9.9° of GO
corresponds to the (002) reflection. There was no new peak
observed after incubation. The peaks for GO-Car were observed
at around 260 = 9.9° corresponding to the (002) reflection. The
broad peak at 20—30° indicated the modification of GO by
carrageenan. For the samples after 7 days incubation, weak peaks
were observed at 25.0 and 32.0°, suggesting a slight
mineralization. The diffraction patterns of GO-Car after 14
days incubation show characteristic peaks at and 25.9 and 31.6°,
correspond to the (002) and (211) reflection of HA hexagonal
phase (JCPDS card, 09—0432). The broadened peaks compared
to well-crystallized HA are probably due to the small particle size
of the HA,*>*° which is also confirmed by SEM observation.

The biocompatibility of the GO and GO-Car substrate was
assessed by the MTT assay. We plated MC3T3-E1 cells on the
three films. As shown in Figure 4, due to the low density of cells,
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Figure 4. Proliferation of cells cultured on glass, GO, and GO-Car for 1,
3, and 7 days.

the optical density (OD) of the three different substrates is very
low. On the third day, the GO-Car films exhibited greater cell
growth than that of GO and glass films. This trend was verified
over time after 7 days, which indicates that the GO based
materials exhibit no cytotoxicity.
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To further determine the effect of GO and GO-Car on the cell
proliferation and morphology, MC3T3-E1 cells after incubated
on the three kinds of substrates were evaluated by LSCM (Figure
5). The fluorescent images revealed similar density of cells on the
GO, GO-Car, and glass after 1 day incubation. At day 3, there was
a higher density of cells on GO-Car than other two. This
difference was amplified after 7 days of culture, as the density of
cells on GO-Car was markedly higher than that of the other two
substrates. The nuclear fluorescence intensity of cells on GO-Car
was also stronger than that on GO and glass, suggesting a much
higher viability and proliferation of MC3T3-E1 cells.

Several parameters related to cell proliferation and morphol-
ogy, including fluorescent intensity of nuclear (FIN), fluorescent
intensity of cytoplasm (FIC), and cell area, were quantitatively
analyzed. The FIN and FIC reflect the density and proliferation
of cells. As shown in Panels A and B in Figure 6, at day 1, the FIN
of cells equalized between the nanomaterial and the glass
substrates. At days 3 and 7, the FIN of cells cultured on GO-Car
substrate was distinctively higher than the other two substrates.
The FIC of cells followed the same trend during the culturing.
However, the difference is less marked. To quantify and compare
cell proliferation ability, the nuclear ratio index (NRI) was
calculated as the ratio between the FIN and FIC. As shown in
Figure 6C, cells on GO-Car exhibited the highest proliferation
ability compared to GO and glass. The NRI on GO is even lower
than on glass, indicating that the function of carrageenan on GO
probably promoted the cell-extracellular matrix (ECM) inter-
actions and thus resulted an increased proliferation. To compare
cell attachment, the area of cells was calculated by the average
value of five cells selected randomly. At day 1, the cell area was
tended to be broader on GO-Car and GO substrates compared
with the glass substrates (Figure 6D). At day 3, the cell area
equalized between GO and GO-Car. At day 7, the cell area on
GO-Car is broader than the other two substrates. The cells
exhibited better adhesion with the GO based nanomaterial than
for bare glass. The cell adhesion and proliferation assay indicated
that the prepared substrates show a very good biocompatibility. It
is reported that the cell behavior can be also influenced by the
wettability and hydrophilicity of the surface.*' In this study, the
hydrophobicity of the different substrates are measured as water
contact angles, 58.6, 51.3, and 52.1° for glass, GO, and GO-Car,
respectively (see Figure S3 in the Supporting Information), the
similar hydrophilicity did not induce large differences in cell
proliferation.

The cell morphology on different substrates after 3 and 7 days
of culture was further observed by SEM (Figure 7). At day 3, the
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Figure 6. Quantitative analysis of cell adherence to the glass, GO, and GO-Car: (A) fluorescent intensity of nuclear, (B) fluorescent intensity of
cytoplasm, (C) nuclear ratio index, and (D) cell area.

MC3T3-El cells presented a round shape on glass, but were MC3T3-El cells exhibits a notable change after culturing for 7
elongated on GO and GO-Car substrates. The morphology of days. Cells were homogenously dispersed on the on GO and GO-
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Figure 7. SEM images of MC3T3-E1 cells cultured on glass, GO, and GO-Car for 3 days (white arrows indicate the substrate and red dash boxed portion

indicate morphology of cells) and 7 days (Black arrows indicate cells).

Figure 8. ALP stain images of MC3T3-El cells cultured on glass, GO, and GO-Car for 1, 3, and 7 days.

Car films surface and showed spindle-shape morphology with
many filopodia extensions, whereas those on glass distributed
sporadically. In addition, cells cultivated on GO-Car films were
spread and appeared confluent, proving a better cell attachment.
This phenomenon indicates that the biological assistance of
carrageenan induced the viable cell attachment and proliferation.

As is well-known, markers correlated with the osteoblastic
phenotype include: high ALP levels, expression of collagen I and
noncollage-nous proteins, and finally the presence of bone
apatite.**™* ALP is an early osteoblastic differentiation marker*®
and showing a mineralized extracellular matrix.*’ ALP activity
was observed to measure influences of GO-Car on the osteogenic
differentiation of MC3T3-E1 cells. As shown in Figure 8, there
are numerous brown particles inside the cells after 3 days of
culture, which represent the ALP activity points. At day 7, a
significantly greater ALP activity was observed at GO-Car
comparing to the GO and glass films. Moreover, it was noticed
that there was a higher cell density on the GO-Car films. This

3137

result is also in good agreement with previous cell viability and
proliferation assays. The ALP activity was further quantified. In
the presence of ALP, p-NPP is transformed to p-nitrophenol and
inorganic phosphate.™® So the ALP activity can be determined by
measuring the concentration of the p-nitrophenol product. As
shown in Figure S4 in the Supporting Information, the ALP
activity on all scaffolds increases remarkably with culture time
during the 7 day culture period. After 3 and 7 days of incubation,
cells on GO-Car showed higher levels of ALP activity than that
on the GO and glass. This may be due to the fact that
biocompatible carrageenan provided a more effective substrate
for cellular proliferation and differentiation. Another possibility is
that the improved nucleation of HA by carrageenan also resulted
an enhanced differentiation of MC3T3-E1 cells.

To observe the stimulate-guided growth and mineralization of
cells on GO-based interfaces, we acquired SEM images after 14
days of incubation. As shown in Figure 9A, the MC3T3-E1 cells
sporadically covered the surface of the glass substrate. However,
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Figure 9. SEM images of MC3T3-E1 cells cultured on (A, D, G) glass, (B, E, H) GO, and (C, F, I) GO-Car for 14 days. EDX of the mineral deposits on
() glass, (K) GO, and (L) GO-Car, which were obtained from the boxed portion of the micrograph. White, black, and red arrows indicate minerals,
collagen, and vesicles, respectively.

Scheme 1. MC3T3-E1 Cell-Mediated Mineralization of HA on GO-Car Substrate
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cells were well coated on the GO and GO-Car (Figure 9B, C). more compatible structure for cell proliferation. The magnified
For the GO-Car substrates, cells were also observed to span image showed the presence of small spherical minerals located
across with each other, which suggested that the highly near the cells on the glass (Figure 9D), whereas the GO and GO-
roughened and hydrophilic surface of GO-Car provided a Car substrates were covered by a complex of fibrous organic
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bundles and embedded calcium phosphate (Figure 9E, F). Some
mineralized matrix on the GO-Car substrates was even 20 ym in
length (white arrow indicated in Figure 9F). Figures 9H, I show
that the mineral deposits consisted of collagen fibers and some
matrix vesicles, which were loaded with calcium phosphate
crystals, while little mineral was observed on the glass substrates,
without collagen fibers or matrix vesicles (Figure 9G). More
images were shown in Figure S5 in the Supporting Information
to indicate the cells, HA, collagen, and vesicles. It is known that
biomineral nucleation and growth requires a local environment
with sufficient supersaturation in the mineral precursors.* In our
study, the GO-Car surface with sulfate groups facilitated the
binding of calcium and thus served as nucleation points for HA.
On the basis of these results, a scheme has been presented to
describe the mineralization process. As illustrated in Scheme 1,
the carrageenan surface facilitated the attachment of cells and the
nucleation of HA. HA first nucleated within the vesicles, which
are formed and released from the outer membranes of
osteoblasts and related cells.*® As the crystallite grows bigger,
the HA crystal breaks through the vesicle and is exposed to the
extracellular fluid and then is effectively encapsulated within a
coherent coating of extracellular matrix, which resulted in
individual spherical minerals consisting of calcium phosphate
and collagen fibers. These spherical minerals underwent further
nucleation on this surface and result in the growth or
agglomeration of large bonelike tissues.

In addition, the composition of the mineral was characterized
from the cell surface of the glass and material-coated substrates.
As shown in the EDS results (Figure 9], K, and L), the Ca and P
contents for the GO-Car film were markedly higher than the GO
film. The signals were incredibly low for the glass. The extent of
mineralization of cells was also assessed via alizarin red S staining.
Ca’" quantitation assay results are illustrated in Figure S6 in the
Supporting Information. Mineralized matrix was demonstrated
by red-positive nodules above the cell. The calcium deposition of
the GO-Car was higher than that of the pure GO and glass. From
these results, we can estimate that the high cell proliferation and
mineralization have been a result of carrageenan.

Bl CONCLUSION

In summary, we designed a biointerface that promoted the
mineralizaion both in simulated physiological condition and cell-
mediated condition. GO-Car composites exhibited very good
bioactivity and accelerated the nucleation of HA. We further
investigated the mineralization of the GO-Car nanocomposite in
the presence of MC3T3-E1 cells. The hybrid material exhibited
good cellular activities including cell attachment, cell prolifer-
ation, and calcium deposition, which suggested that it is a
promising substrate for induced synthesis of biomaterials in bone
tissue regeneration and implantation. Further application of this
hybrid material in bone tissue engineering is being explored in
our laboratory.
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FTIR, water contact angles measurements, quantitative analysis
of the ALP activity, and alizarin red S staining of mineral. This
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