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Layer-by-layer (LBL) assembly is a simple and effective method for the fabrication of a three-dimensional
(3D) scaffold for nanotechnological and biomedical applications. Herein, a novel 3D scaffold based on an
alternate LBL assembly of graphene oxide (GO) nanosheets and fibrinogen nanofibers (Fg NFs) on a
silicon substrate was fabricated and utilized to create a 3D hydroxyapatite (HA) scaffold by biomimetic
mineralization in 1.5x simulated body fluid for different nucleation periods. The obtained 3D (GO—-NF),—
HA scaffold was characterized using atomic force microscopy, scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and X-ray
photoelectron spectroscopy. The results demonstrate that the Fg NFs could promote the nucleation and
growth of HA crystals along the axis. The 3D (GO-NF);p—HA scaffold composed of 10 layers of GO
alternating with 10 layers of NFs was successfully created by LBL assembly and subsequent biomimetic
mineralization. The effects of the created 3D (GO-NF);o—HA scaffolds on the adhesion, morphology,
and proliferation of L-929 cells were investigated. The in vitro cell culture indicates that the 3D (GO-
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1. Introduction

Bone is a hard tissue found in living systems, which serves as
both a mechanical support and mineral reservoir in the body.
The main source of complexity in bone arises from the process
of mineralization, during which inorganic hydroxyapatite (HA,
Ca;o(PO,)s(OH),) nanoplates are oriented and regularly
dispersed within a type I collagen matrix." As a result of the
increased understanding of how the mineralization process
occurs in vivo, numerous in vitro studies have been devoted for
the fabrication of materials that mimic the unique structure,
strength, and bioactivity of bones.>* In the last two decades, HA
has attracted considerable attention because of its biocompat-
ibility, bioactivity, and nontoxicity, which makes it an excellent
implant biomaterial that binds to the bone tissue and promotes
bone repair.**
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In biomedical engineering, three-dimensional (3D) scaffolds
have been designed to serve as a temporary artificial extracel-
lular matrix (ECM) that can harness the natural progression of
osseous growth by implantation to guide bone repair.®” In
general, it should be noted that an ideal 3D scaffold can mimic
the excellent characteristics of a natural ECM such as the
cellular viability and some physical properties.**° In recent
years, there has been an increasing interest in the preparation
and application of 3D scaffolds as bone substitutes."*** For
example, Liu et al. reported a 3D intrafibrillar mineralization
with bone-like hierarchical nanostructures, which could
improve the mechanical and biological properties of a collagen
matrix."

Collagen is the most abundant protein in bone and the
formation of its nanoscale fibrillar structure in vivo has been
proven to be important for the nucleation and growth of HA
crystals.” Inspired by the studies on collagen, many other
protein and peptide nanofibers (NFs), such as silk fibers,'®
fibrinogen NFs,” and self-assembled peptide amphiphile
NFs,'®2° have been created and utilized for the biomimetic
synthesis of HA and apatite crystals. In one of our previous
studies, we demonstrated that the self-assembled fibrinogen
NFs possesses the ability to promote the nucleation and growth
of HA crystals." It is evident that the self-assembled protein and
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peptide NFs are perfect candidates to replace collagen for the
formation of HA.** Firstly, the self-assembly and formation of
these NFs are controllable in vitro to achieve different struc-
tures. Secondly, the created NFs contain rich and diverse
functional groups on their surfaces, which provide the perfect
nucleation sites for HA. Thirdly, these NFs exhibit excellent
biocompatibility for the growth of bone.*

It is well known that the biomimetic mineralization of pure
protein or peptide NFs is not capable of completely solving the
problems such as poor tensile strength and fracture toughness
associated with HA. To improve the mechanical properties of
HA, the incorporation of HA into other materials, such as tita-
nium alloy,” TiO,,***® boron nitride,*® and carbon nanotubes,
as a reinforcing phase*~° has been explored. Graphene oxide
(GO), an amphiphile building block with a largely hydrophobic
basal plane and hydrophilic edges,* could be an ideal and
promising nanoscale reinforcement material for biomimetic
mineralization due to its properties of high mechanical
strength, large specific surface area (2600 m”> g~ '), and good
biocompatibility.***®* GO nanosheets have been referred to as
credible and excellent candidates to fabricate 3D scaffolds for
bone regeneration.*”** However, there are only limited studies
on the fabrication of hierarchical 3D scaffolds by combining GO
nanosheets with self-assembled protein and peptide NFs.

Fibrinogen (Fg) is a soluble plasma glycoprotein and it is an
inactive precursor for fibrin, a protein that is involved in blood
clotting.** In addition, Fg has some unique properties, such as
self-assembly,** promotion of cell adhesion,** and an ability to
undergo biomimetic mineralization,* which makes it a poten-
tial molecular template for the preparation of novel biomate-
rials. In this work, we first created the self-assembled Fg NFs,
and then utilized an alternate layer-by-layer (LBL) assembly
technique to fabricate a 3D scaffold containing GO and Fg NFs
on a silicon substrate. We expected that the combination of GO
nanosheets with Fg NFs will produce a novel scaffold with
enhanced mechanical strength and bioactivity. To test this
hypothesis, we synthesized 1-pyrenebutyric acid N-hydrox-
ysuccinimide ester (PNHS)-functionalized GO nanosheets (GO-
PNHS) and Fg NFs by a simple self-assembly method. Then, an
alternate LBL assembly of GO nanosheets and Fg NFs was
created on a silicon wafer to form a 3D scaffold with the desired
layers. To investigate the formation of HA crystals, the obtained
3D scaffold was further soaked in 1.5x simulated body fluid
(SBF) for different periods of time. In addition, the surface
properties and the effects of the fabricated 3D scaffold on cell
adhesion and growth were explored. To the best of our knowl-
edge, this is the first report to create a hierarchical 3D GO- and
NF-based HA scaffold with an alternate LBL assembly of GO
nanosheets and Fg NFs on a silicon substrate.

2. Experimental section
2.1 Reagents and materials

Natural graphite flake (99.8% purity), Type I human plasma Fg
(>95% clottable protein), and (3-aminopropyl)triethoxysilane
(APTES, =98.0% purity) were purchased from Sigma-Aldrich.
Tris(hydroxymethyl)aminomethane (Tris, =98.0% purity) was
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obtained from J&K Scientific Ltd. (Beijing, China). 1-Pyr-
enebutyric acid N-hydroxysuccinimide ester (PNHS, =95.0%)
was obtained from Santa Cruz Biotechnology. Silicon wafers
were supplied by Beijing Zhongjing Technology Co., Ltd. (Bei-
jing, China). N,N-Dimethylformamide (DMF), KMnO,,
Na,HPO,, NaH,PO,, KCl, NaCl, CaCl,-2H,0, K,HPO, 3H,0,
MgCl,-6H,0, NaHCO3;, Na,SO,, absolute ethanol, and acetone
were purchased from Beijing Chemicals Co., Ltd. (Beijing,
China). Hydrogen peroxide (H,O,, 30% aqueous solution) and
H,S0, (analytical grade, 98% aqueous solution) were purchased
from Tianjin Dongfang Chemical Plant (Tianjin, China). All
chemicals used in this work were of analytical reagent grade
and directly used without additional purification. The water
used was purified through a Millipore system (~18.2 MQ cm).

2.2 Synthesis of GO and GO-PNHS

Natural graphite powder was oxidized using a modified method
to produce graphite oxide.*** In brief, a mixture of concen-
trated H,SO,/H3PO, (v/v, 9 : 1) was mixed with 3.0 g of graphite
flakes under stirring at room temperature. Then, KMnO, (18 g)
and H,0, (10%, 10 mL) were added. Finally, the mixture was
centrifuged and the remaining solid material was washed in
succession with deionized water, 30% HCI and ethanol. The
remaining material was filtered and vacuum-dried overnight at
room temperature. Finally, 6.0 g of product was obtained.

GO-PNHS was synthesized according to one of our previous
studies.** In brief, GO powder was diluted with DMF to 0.1 mg
mL ™, and then sonicated using a bath sonicator (100 W, 40
kHz) for 1 h. After that, PNHS was added into the GO solution to
keep the concentration of PNHS at 10 mM. Finally, the mixture
was stirred for 24 h at room temperature, centrifuged (13k rpm)
twice and diluted with water for further use.

2.3 Synthesis of Fg NFs

Human plasma Fg solution was diluted to 20 ng pL ™" with
ultrapure water. The diluted Fg solution was then incubated in a
water bath at 37 °C for 30 min. After that, the prepared Fg
solution was mixed with ethanol in a ratio of 1 : 4. Amyloid-like
Fg NFs were created after the mixed solution was incubated in a
water bath at 37 °C for 1 h.**

2.4 Modification of silicon wafer

Silicon wafers (1 x 1 cm) were rinsed sequentially with ultra-
pure water, absolute ethanol, and acetone in a bath sonicator,
immersed in “Piranha solution” (30% H,O0, : H,SO,, 3 :7),*
and heated to boil for 1 h to remove the organic covering on
their surface. After being cleaned with ultrapure water, the
silicon wafers were immersed in a solution of 15 mL absolute
ethanol containing 1 mL APTES for 5 h to generate amine
groups on their surfaces. Finally, the APTES-modified
substrates were cleaned with ultrapure water and dried with
nitrogen for further use.
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2.5 Construction of the 3D (GO-NF),, scaffold on a silicon
wafer

The 3D (GO-NF), scaffold was constructed by an alternate LBL
assembly technique. In detail, APTES-modified silicon wafers
were first immersed in a GO-PNHS aqueous solution (0.1 mg
mL ") at room temperature for 1 h followed by washing with
ultrapure water. Then, the covalently assembled GO-silicon
wafers were immersed in a Fg NFs solution (20 ng pL ') for 1 h
followed by several washes with ultrapure water. 3D (GO-NF),
(where 7 is the number of layers of GO and NFs) scaffolds can be
produced by repeating the above procedure n times. In this
work, we created a (GO-NF), scaffold with 10 layers, and the
created 3D scaffold was named as (GO-NF),.

2.6 Biomimetic synthesis of the 3D (GO-NF),,-HA scaffold

Biomimetic mineralization of the 3D (GO-NF), scaffold was
performed according to one of our previous reports."** Briefly,
the multilayered (GO-NF), scaffold on a silicon wafer was
incubated in 10 mL of a 1.5x SBF solution (4.5 mM KCl, 205.2
mM NacCl, 3.8 mM CacCl,-2H,0, 1.5 mM K,PO,-3H,0, 2.3 mM
MgCl,-6H,0, 6.3 mM NaHCO;, 0.75 mM Na,SO,, buffered at
PH 7.4 with Tris-HCI) at 37 °C for the growth of bone-like HA.
The samples were taken out after different time intervals,
washed with ultrapure water to remove the adsorbed salts, and
then dried in nitrogen for subsequent characterization.

2.7 Cytotoxicity evaluation

L-929 cells were used to investigate the cytocompatibility of GO,
(GO-NF)49, and the mineralized (GO-NF);p-HA scaffold.
Samples were washed with ethanol (70%), rinsed in Dulbecco’s
PBS (DPBS, PAA Laboratories GmbH), and placed in a p-slide
(Ibidi GmbH). 300 pL of a cell suspension containing 50 000
cells was seeded into each well and incubated at 37 °C under 5%
CO, atmosphere and 100% humidity. The viability of the cells in
the samples was calculated after 24 h of incubation. After
incubation, cells were stained with 100 pL of a vitality staining
solution containing fluorescein diacetate (stock solution 0.5 mg
mL ™" in acetone) and propidium iodide (stock solution 0.5 mg
mL~" in Ringer's solution, Fluka). The viable and dead cells
were quantified by fluorescence microscopy.

2.8 Experimental techniques

Atomic force microscopy (AFM) images were recorded using a
NanoWizard 3 NanoScience atomic force microscope (JPK
Instruments AG, Berlin, Germany) in tapping mode. Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo-
Fisher, USA), contact angle measurements (CA, JC2000C1,
Zhongchen Digital tech. Ltd., China) and X-ray diffraction (XRD,
Rigaku D/max-2500 VB+/PC) were used to compare the struc-
tures of GO, GO-NF, and (GO-NF),~HA. Scanning electron
microscopy (SEM) experiments were performed using a JSM-
6700F scanning electron microscope (JEOL). Transmission
electron microscopy (TEM) experiments were performed on a
JEM-3010 transmission electron microscope with an acceler-
ating voltage of 200 kV. The sample solution was transferred
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onto a copper grid and dried at room temperature. GO, (GO-
NF);0, and (GO-NF);o-HA scaffolds modified with a fluores-
cence dye in water were characterized by confocal laser scan-
ning microscopy (CLSM, Leica DM IRBE) with a 30 W UV lamp
(A = 350 nm) as the light source. Data was collected and
analyzed utilizing the Biolmage XD software.

3. Results and discussion

3.1 Synthesis and characterization of the 3D (GO-NF),,-HA
scaffold

Fig. 1 illustrates the construction of the 3D (GO-NF),-HA
architecture on silicon wafer by an alternate LBL assembly.
First, APTES with -NH, outer groups was covalently anchored
onto the hydroxylated silicon wafer via Si-O-Si covalent
bonding and the GO nanosheets were functionalized with PNHS
via -7 stacking. Taking advantage of the chemical reactions
between the succinimidyl ester group in PNHS and the amino
group in APTES, the GO nanosheets were covalently attached to
the APTES-functionalized silicon wafer. Because PNHS was
anchored on both sides of GO surface, the other side of the GO
nanosheets was still able to covalently react with the amino
groups of the Fg NFs. We repeated this procedure 10 times such
that the GO and Fg NFs were alternately attached onto the
surface of the silicon wafer and a 3D scaffold was produced via
covalent LBL assembly. After that, the fabricated 3D scaffold
was immersed in 1.5x SBF to form HA crystals along the Fg NFs.

The LBL assembly in this work is achieved by the covalent
interactions between GO-PNHS and Fg NFs, which are very
important for the enhancement of the chemical and structural
stability of the fabricated 3D scaffold. AFM was used to confirm
the immobilization of GO-PNHS and Fg NFs on the silicon
wafer (Fig. 2). Fig. 2a shows the AFM height image of the silicon
wafer after treatment with the Piranha solution. It is clear that
the surface of the silicon wafer is smooth and that nothing else
can be observed. In contrast, the surface topography of GO-
PNHS is shown in Fig. 2b. After chemical interactions between
GO-PNHS and Si-APTES, the silicon wafer was coated with GO
nanosheets, which have wide size distribution from about 300
nm to 5 um. Fig. 2c shows a typical AFM image of the self-
assembled Fg NFs created by incubating 20 ng uL ™" Fg in 80%
ethanol at 37 °C for 1 h. The created Fg NFs reveal a typical

GO-PNHS

Si-(GO-NF),
I

Si-APTES
Assembly

Mineralization

; GO-PNHS P—
\ NF-HA : :

Si-(GO-NF),-HA Si-(GO-NF),

Fig.1 Schematic model for the construction of the 3D (GO-NF),—HA
hybrid material.
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Fig.2 AFM height images of (a) the silicon wafer, (b) GO-PNHS, (c) Fg
NFs, and (d) one layer of the GO—-NF hybrid.

height of 2.2 + 0.4 nm and lengths ranging from several
hundred nm to a few um, which agrees well with one of our
previous report on the formation of Fg NFs.** We suggest that
the volume ratio of ethanol to Fg should be fine-tuned to
promote the conformational transitions of Fg molecules and
the self-assembly of Fg NFs.*** After modifying the Si-GO
surface with the N-hydroxysuccinimide group, Fg NFs can react
further with the GO surface. After chemical interactions
between GO-PNHS and Fg NFs, Fg NFs were successfully
immobilized on the surface of GO (Fig. 2d), which indicates that
this preparation method is useful and feasible for the fabrica-
tion of the 3D (GO-NF),, scaffold.

3.2 Surface morphology of the 3D (GO-NF),~HA scaffold

Previous studies have indicated that the carboxylic groups on
the surface of a matrix can absorb Ca®" ions and facilitate the
nucleation and growth of apatite.””** Therefore, Fg NFs can
serve as a template for biomimetic mineralization because of
the large amount of carboxylic groups on their surfaces. After
the alternate LBL assembly of GO and Fg NFs, the created 3D
(GO-NF),, scaffold was incubated in 1.5x SBF to form HA
crystals along the Fg NFs. AFM was utilized to observe the
change in the apatite morphology on the GO-NF scaffold during
the nucleation period. As is shown in Fig. 3a, the average height

Fig. 3 AFM height images of the 3D (GO-NF),o scaffold at different
times during mineralization: (a) 1 h; (b) 2 h; (c) 7 h.
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of the NFs is 3 & 0.3 nm after exposing the 3D scaffold to a 1.5x%
SBF solution for 1 h. After 2 h of incubation, the average height
of the NFs increases to 4 &+ 0.5 nm, while the average height of
the NFs further increases to 9.5 + 2.5 nm after 7 h of incubation.
Hence, we suggest that HA crystals nucleate and grow along the
Fg NFs intercalated between the GO sheets. This structure
closely mimics the lowest level of the hierarchical structure of
natural bone in which HA crystals nucleate and grow along the
collagen fibrils. In addition, the GO nanosheets support the
mineralization of Fg NFs and keep the entire scaffold stable.

In addition, SEM was utilized to investigate the growth of HA
crystals on the GO-NF scaffold. Fig. 4a shows a typical SEM
image of the GO-NF scaffold after it was soaked in 1.5x SBF for
1 day. It is obvious that the surface of the scaffold becomes
rough and that lots of branch-like minerals are formed on its
surface. At a higher magnification, it can be seen that the
branch-like minerals are composed of irregular aggregates
(Fig. 4d). Furthermore, more minerals appear after 3 days of
incubation (Fig. 4b), revealing that the apatite continues to
grow. Interestingly, the higher magnification SEM image in
Fig. 4e illustrates that the apatite grows regularly along the axis
of the NFs with an average diameter of approximately 8 pm. For
samples taken after 7 days of mineralization, the GO-NF surface
is uniformly covered with branch-like apatite minerals (Fig. 4c
and f). According to a previous report,*® no HA minerals were
observed on a bare GO substrate after 14 days of mineralization.
Therefore, we suggest that the Fg NFs play an important role in
mediating the growth of apatite minerals on the 3D (GO-NF);,
scaffold. In addition, the cross-section analysis could display
the multilayer structure (thickness of about 200 nm) of the
fabricated 3D (GO-NF)y, scaffold, as shown in Fig. S1.}

To further investigate the internal structure of 3D GO-NF-
HA, a TEM measurement was carried out (Fig. 5). Fig. 5a shows
the TEM image of the monolayer GO nanosheets. It can be seen
that there is some corrugation and scrolling on the surface of
GO. After being soaked in 1.5x SBF for 7 h, numerous fiber-like
dark lines can be observed in the images of the 3D (GO-NF);,
(as indicated with arrows in Fig. 5¢). Since the Fg NFs have not

Fig. 4 SEM images of the mineralized HA crystals on the 3D (GO-
NF);o scaffold after being soaked in 1.5x SBF for (a and d) 1 day, (b and
e) 3 days and (c and f) 7 days.
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(a)

Fig. 5 TEM images of (a) GO nanosheets, and (b and c) 3D (GO-
NF)10—HA after being soaked in 1.5x SBF for 7 h. (d) Corresponding
HRTEM image.

been stained, the contrast can only arise from the formation of
HA crystals,* which further confirm the nucleation and growth
of HA along the Fg NFs. In addition, the lattice orientation of
the HA crystals in the TEM image in Fig. 5d confirms the
formation of HA on the 3D (GO-NF),, scaffold with an inter-
planar distance of 0.28 nm that corresponds to the (211) planes
of the HA hexagonal structure.

3.3 Structure and properties of 3D (GO-NF),;,-HA

The chemical compositions of the products for each step were
further confirmed by FTIR. Fig. 6 shows the FTIR spectra of Si-
APTES, GO, 3D (GO-NF);, and the 3D (GO-NF),,-HA hybrid
after being soaked in 1.5x SBF for 1 day, 3 days, and 7 days. As
shown in Fig. 6a, the APTES functionalized silicon wafer shows
characteristic bands between 2850 and 2990 cm™', corre-
sponding to the CH, stretching of APTES.** The bands between
950 and 1250 cm ™' correspond to the SiO-X region, and the
band at 1570 cm ™! reveals the scissor vibration of the NH,
terminal group of APTES,*"** indicating that the silicon wafer

(a) co | (b) HA-1d
4
—_ 1722em 2 =
§ GO-NF ‘ 1594 cm™* § HA-3d
§ 3 1455 A ' E
. 55 e
_§ Si-APTES 1238emt g )
£ g {
£ z
T posoem’  2850em* 8
& 1570 cnt = 1375em T
1250 cm* {950 em” 1033 cm*

3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000

Wavenumber (cm") Wavenumber (cm")

Fig. 6 FTIR spectra of (a) Si-APTES, GO, and GO-NF, (b) 3D GO-NF-
HA after incubation in 1.5x SBF for 1 day, 3 days and 7 days.
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was successfully modified with APTES. The FTIR spectrum of
GO clearly indicates the presence of oxygen-containing func-
tional groups at 1100, 1594, and 1722 cm ™, which correspond
to the C-O stretching vibration, C=C stretching vibration, and
C=0 stretching vibration of GO, respectively. Furthermore, the
disappearance of the characteristic bands of Si-APTES can also
be observed, verifying that the Si surface is covered with GO
nanosheets. In addition, it can be observed that the bands at
1238 and 1455 cm ™', which correspond to C-N and C-H groups,
respectively, appeared in the spectrum of GO-NF, showing the
successful conjugation of Fg NFs with GO nanosheets through
amidation. Fig. 6b shows the FTIR spectra of the 3D (GO-NF);,
scaffolds after being soaked in 1.5x SBF for different periods of
time. The appearance of absorption bands at 1030 and 1375
cm ' is ascribed to the symmetric stretching of PO,*~ and the
stretching vibration of CO3>~, respectively,* which proves the
successful formation of HA on the 3D GO-NF hybrid scaffold
after being soaked in 1.5x SBF.

The XRD patterns of the 3D (GO-NF);, scaffold with different
soaking times are displayed in Fig. 7. Compared to the XRD
pattern of the 3D (GO-NF);, scaffold (Fig. S21), the XRD pattern
of the 3D (GO-NF),, scaffold after being soaked in 1.5x SBF for
1 h shows sharp peaks at 26 = 31.8° and 45.6°, corresponding to
the (211) and (222) planes, respectively. The XRD pattern of the
mineralized scaffold is similar to the diffraction planes of
octacalcium phosphate (OCP), which is a potential candidate
that has already been suggested as a precursor for bone-like
apatite in vivo.>*** After its formation, OCP may be hydrolyzed to
apatite by subsequent steps. When the soaking time is
increased to 2 hours, the intensity of the peak at 26 = 31.8°
rises. In addition, a weak peak corresponding to the (210) plane
at 2¢ = 28.5° appears after 7 h of incubation. This result proves
that HA forms on the 3D (GO-NF),, scaffold and preferentially
grows along the (211) plane. Furthermore, when the incubation
period is prolonged to 7 days (Fig. 7b), it can be observed that
more new peaks appear at 26 = 25.9°, 27.5°, 32.9°, and 39.3°,
which can be assigned to the (002), (102), (300), and (310) planes
of HA crystals, respectively. These characteristic peaks are
consistent with the standard diffraction pattern of the HA
crystal (JCPDF 09-432),°%*” confirming the formation of HA on
the 3D (GO-NF),, scaffold.

(a)
o 8
- e a ~
3 a < Th(=
g A—s
g £
Z Z
&Ly
= =
= =
. 1h
25 30 35 40 45 50 25 30 35 40 45 50

20 (degree) 20 (degree)

Fig. 7 XRD patterns of the 3D (GO-NF),o scaffold after being
immersed in 1.5x SBF for (a) 1 h, 2 h,and 7 h, and (b) 1 day, 3 days, and 7
days.
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XPS was utilized to analyse GO and 3D (GO-NF),,-HA
(Fig. 8). As shown in Fig. 8a, the spectrum of GO only exhibits
the existence of C and O element. However, the signals of N 1s,
Ca 2p, and P 2p emerge in the XPS spectrum of 3D (GO-NF);o-
HA, indicating the covalent bonding of Fg NFs with GO nano-
sheets and the formation of HA crystals. Fig. 8b shows the peak-
differentiation-imitating analysis of the C 1s spectrum of 3D
(GO-NF)1p-HA. Five different types of carbon with peaks at
284.5, 285.5, 286.2, 286.8, and 288.4 eV are shown, corre-
sponding to carbon atoms in C=C, C-N, C-O, C-OH, and C=0
groups, respectively.*®*® The C-N peak at 285.5 eV further proves
the formation of GO-NF. Fig. 8c provides the high-resolution
XPS Ca 2p spectra of 3D (GO-NF);,—HA between 345 and 355 eV.
A high-resolution P 2p spectrum centred at 132.8 eV is shown in
Fig. 8d. These results are in agreement with the previously
reported data.®®

3.4 Possible growth mechanism of HA on the (GO-NF),,
scaffold

Based on the AFM results shown in Fig. 3 and the SEM results in
Fig. 4, we suggest that biomineralization in short term is totally
different from than in long term. The formation of apatite
nanocrystals along the axis of the Fg NFs can be clearly observed
when the incubation time is of several hours (Fig. 3), but the
surface of the 3D (GO-NF),, scaffold is coated by HA micro-
crystals when the incubation time is increased to several days
(Fig. 4). The nucleation and growth of HA crystals in this work is
similar to our observations in previous studies with Fg NFs,
polymer NFs, and fibronectin-CNT hybrids.**>*"*

Based on these results, we propose a possible mechanism for
the formation of the 3D (GO-NF),,-HA scaffold, as shown in
Fig. 9. The functionalization of GO by Fg NFs is achieved
through amidation. This chemical reaction ensures that Fg NFs
are firmly adsorbed on the GO nanosheets. The Fg NFs possess
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Fig. 8 XPS spectra of (a) GO and 3D (GO-NF),q after being soaked in
1.5x SBF for 7 days, (b) C 1s spectra, (c) Ca 2p spectrum, and (d) P 2p
spectrum of 3D (GO-NF);o—HA.
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Fig.9 Schematic presentation of the formation mechanism of the 3D
(GO-NF)1p—HA scaffold.

many amino, hydroxyl, and carboxyl groups, and they can ionize
and mediate the mineralization of HA in 1.5 x SBF. Therefore,
when 3D (GO-NF),, is immersed in 1.5x SBF, the negatively
charged functional groups of the Fg NFs provide pinning forces
for Ca®>" and react with Ca®>" through electrostatic attractions.
After the nucleation sites are created, PO,>~ and OH™ ions will
be absorbed around the sites to produce the HA crystal. In a
short-term mineralization process, only apatite nanocrystals
can grow along the axis of the Fg NFs. With increase in incu-
bation time to several days, HA nanocrystals connect with each
other and grow along the vertical direction of a NF axis. Finally,
tabular HA microcrystals are created to cover the entire surface
and interlayers of the 3D (GO-NF),, scaffold. We suggest that
GO nanosheets are important because they can support the
formation of tabular HA microcrystals on their surfaces.

3.5 Wettability test

Contact angle (CA) analysis provided an important strategy to
evaluate surface chemistry properties. Fig. 10a shows the CA
images and values for the Si substrate modified with Fg NFs,
GO nanosheets, a GO-NF monolayer, GO-NF-GO, a (GO-NF),
bilayer, and the mineralized (GO-NF),,-HA scaffold. It is
evident that these modified silicon wafers show different CA
values (Fig. 10b), indicating differences in the surface compo-
sitions of the silicon wafers after the alternate assembly of GO
nanosheets and Fg NFs. The silicon wafer modified with Fg NFs
shows a CA of 50°, while the silicon wafer modified with GO
nanosheets exhibits more of a hydrophilic property with a CA of
36.5° due to the multiple oxygen-containing groups on the
surfaces of GO nanosheets. In addition, the silicon wafer
modified with a GO-NF monolayer has approximately the same
CA value as the wafer modified with Fg NFs, which confirms
that the GO nanosheets are almost completely covered by the
Fg NFs on the GO-NF substrate. However, a lower CA value was
observed after a second alternating GO and NF coating on the
surface of Si-GO-NF, which reveals that the wettability of the
3D scaffold is sensitive to the number of GO-NF layers. We
suggest that the surface roughness may change with the LBL
assembly, thus affecting the CA value of the obtained surface.”
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Fig. 10 (a) The water droplet photographs and (b) corresponding air/
water contact angle values for NF, GO, GO-NF, GO-NF-GO, and
(GO—-NF), modified silicon wafers and the mineralized (GO—-NF);o—HA
scaffold.

In addition, we investigated the wettability of the mineralized
3D (GO-NFs),o-HA scaffold, and it shows the best hydrophi-
licity out of all six surfaces.
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Fig. 11 (a—d) CLSM images of L-929 cells (green) on (a) the TCPS
control, (b) GO, (c) (GO-NF)40, and (d) the 3D (GO-NF),,—HA scaffold
after 24 h of incubation. (e) The number of live cells cultured in the
corresponding samples.
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3.6 In vitro cytotoxicity evaluation

To evaluate the potential applications of the created 3D (GO-
NF);o-HA scaffold for biomedical engineering, its cyto-
compatibility was tested. We performed a live-dead assay via
direct contact of cells (fibroblast cell line L-929) with GO, (GO-
NF);0, and the 3D (GO-NF),,-HA scaffold after 24 h of incu-
bation (with TCPS as a control), and the result is shown in
Fig. 11a-d. In this test, the dead cells appear in red and the
living cells appear in green when observed with a CLSM. 1t is
clear that the nuclear fluorescence intensities of the cells on
GO, (GO-NF);, and the 3D (GO-NF);-HA scaffold are
distinctively higher than the intensity of the cells cultured on
the TCPS control. In addition, nearly no dead cells are found in
any of the samples, suggesting that all the materials (GO, (GO-
NF);0, and (GO-NF);,-HA) possess effective cytocompatibility.
It can also be observed that the L-929 cells cultured on the 3D
(GO-NF);p-HA scaffold exhibit the highest viability and
proliferation compared to other samples (Fig. 11e). Based on
the cell culture result, we suggest that this novel 3D (GO-NF);o—
HA scaffold has no obvious inhibitory effects on the in vitro cell
proliferation of L-929 cells, and exhibits excellent in vitro
cytocompatibility.

Conclusions

In summary, we demonstrated a feasible method to fabricate a
hierarchical 3D (GO-NF),,-HA scaffold with an alternate LBL
assembly of GO nanosheets and Fg NFs for further biomimetic
mineralization. Fg NFs and GO nanosheets can be successfully
assembled via covalent interactions onto a silicon substrate.
The Fg NFs layers between the GO nanosheets can successfully
mediate the nucleation and growth of HA crystals on the
fabricated 3D (GO-NF), scaffold, forming a novel hierarchical
3D (GO-NF);o-HA hybrid scaffold. After 24 h of incubation with
the created 3D (GO-NF),o-HA scaffold, the L-929 cells reveal a
high proliferation ability and excellent cytocompatibility, which
proves the excellent cytocompatibility of this GO-, NF-, and HA-
based scaffold. We expect that this novel biocompatible scaffold
will show great potential in biomedical applications like tissue
engineering and drug delivery.
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