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ABSTRACT: To promote and understand the biological responses
of the implant via nanostructured surface design is essential for the
development of bioactive bone implants. However, the control of the
surface topography of the bioceramics in nanoscale is a big challenge
because of their brittle property. Herein, the hydroxyapatite (HAp)
bioceramics with distinct nanostructured topographies were fab-
ricated via hydrothermal treatment using a-tricalcium phosphate
ceramic as hard-template under different reaction conditions. HAp
bioceramics with nanosheet, nanorod and micro-nanohybrid

S0pm

S0pm

structured surface in macroscopical size were obtained by controlling

the composition of the reaction media. Comparing with the traditional sample with flat and dense surface, the fabricated HAp
bioceramics with hierarchical 3D micro-nanotextured surfaces possessed higher specific surface area, which selectively enhanced
adsorption of specific proteins including Fn and Vn in plasma, and stimulated osteoblast adhesion, growth, and osoteogenic
differentiation. In particular, the biomimetic features of the hierarchical micro-nanohybrid surface resulted in the best ability for
simultaneous enhancement of protein adsorption, osteoblast proliferation, and differentiation. The results suggest that the
hierarchical micro-nanohybrid topography might be one of the critical factors to be considered in the design of functional bone

grafts.
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1. INTRODUCTION

The bone graft materials usually act as a temporary matrix for
cell proliferation, osteogenic differentiation, and extracellular
matrix (ECM) deposition with consequent bone growth until
the new bone tissue is fully formed in the defects. Therefore,
the ideal materials for bone regeneration should possess
excellent biocompatibility and osteoinductivity. Hydroxyapatite
(HAp) bioceramic has been widely used as bone graft due to its
good biocompatibility, bioactivity, high osteoconductivity, and
similarity to the inorganic component of hard tissues in
mammals." However, it is generally considered that the
traditional HAp bioceramics lack the osteoinductive ability to
induce osteogenic differentiation of the stem cells and
osteoblasts and to stimulate new bone formation, which is
essential for regeneration of large bone defects.”> Some recent
studies showed that HAp/TCP composite bioceramics with
specified surface microporous structure revealed osteoinductiv-
ity, which suggested that the osteoinductive potential of
calcium phosphate bioceramics can be developed by controlling
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material characteristics such as chemical composition, surface
microporous structure, and geometry, which in turn enhance
bioactive protein adsorption, resorption rate and cell-material
interactions.””* Especially, it is suggested that, when a medical
device is implanted into the human body, the initial event is the
adsorption of various proteins, such as immunoglobulins,
fibrinogen, vitronectin, and fibronectin, etc., from blood and
other tissue fluids to the graft surface.* It is believed that the
ability to concentrate various bone growth factors under
physiological conditions should be necessary for the
osteoinduction of calcium phosphate bioceramic grafts.” The
preadsorbed proteins stimulate the recruitment of mesenchy-
mal stem cells (MSCs) and osteoblasts, and modulate the cell
adhesion, migration, proliferation, and expression of osteogenic
genes.s’
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The surface morphological/topographic design is considered
as a potent approach to improve the bioactivity and biological
responses of the grafts.”'® Some other studies on metal
implants have shown that the surface modification with special
micro/nanostructures can imitate the hierarchical features of
natural bones at a certain extent to accelerate the cell
adhesion, "3 migration,mz_14 proliferation,g’m’15 differentia-
tion,*''¢7'® and subsequently successful osseointegration of
the implants.*'"'> Furthermore, the micro/nanostructured
grafts possess higher specific surface area, which will provide
much more adsorption sites to adsorb bioactive molecules.”'
Some in vitro studies also confirmed that the nano/micro-
structured surfaces could enhance the osteogenic differentiation
of MSCs and osteoblasts even in the absence of growth
factors,'’ ™' subsequently leading to the acceleration of
osseointegration and bone regeneration.”® Therefore, improved
bone defect healing may be achieved through tailoring the
surface structures of bone grafts.>'"'>**>

However, few studies on controllable fabrication and
biological responses of HAp bioceramics with micro-nano-
structured topographies have been reported so far, because the
controllable creation of surface topographies for bulk ceramic
materials such as HAp bioceramics in macroscopical size is still
a great challenge because of their brittleness. Most of the work
up to now was only focused on the control of the crystal size
and micropore size by modulation of the sintering proc-
ess,z’é’zo’23 or introduction of the surface roughness in
microscale level via polishing treatment.”* The biological
behavior of bone forming cells on micro-nanostructured
topographies of HAp is still not well understood. Therefore,
it is of great importance to achieve the control of micro- to
nanotopography of bioceramics, and to illustrate its effects on
osteogenic differentiation of osteoblasts, which is critical for
designing optimal biomaterials for bone regeneration applica-
tions.

Recently, we have found that the morphologies of HAp
particles could be well controlled using hard-templates as
precursors,” which indicated a possible way to obtain
controllable micro/nanotopographic surfaces on calcium
phosphate bioceramics. In this work, fabrication of HAp
bioceramics with nanostructured surface topographies using a-
tricalcium phosphate [a-Cay(PO,),, @-TCP] ceramics as
precursors under hydrothermal reaction conditions was
investigated, and the effect of the reaction media on the
morphologies of the obtained surface structures was evaluated.
Our hypothesis is that the fabricated HAp bioceramics with
nanostructured surface topographies may promote the early
biological responses at the celllHAp bioceramic interface via
enhancing the adsorption of proteins, stimulating cell adhesion
and differentiation, and ultimately promoting bone regener-
ation. Therefore, the effect of the HAp bioceramic with
nanostructured surface topographies on protein adsorption,
MC3T3-El osteoblast growth, and osseogenic differentiation
for bone tissue regeneration applications was investigated to
identify the optimal surface topography.

2. MATERIALS AND METHODS

2.1. Fabrication and Characterization of HAp Bio-
ceramics with Nanosheet, Nanorod, and Micro-nano-
hybrid Surfaces. The HAp bioceramics with nanosheet,
nanorod, and micro-nanohybrid surfaces were fabricated via
hydrothermal treatment of a-TCP ceramic in 0.2 M NaH,PO,,
0.2 M Na;PO,, and 0.2 M CaCl, aqueous solution, respectively
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without using any structure-directing reagents and organic
solvents. The analytical grade reagents (Shanghai Chemical
Co.Ltd., China) without further purification were used in this
study. First, the a-TCP powders were synthesized by chemical
precipitation method. Briefly, 1000 mL of a 0.4 mol
(NH,),HPO, solution with a pH about 8 was vigorously
stirred at room temperature, and 1000 mL of 0.6 mol
Ca(NO,;), with a pH 8 was added dropwise to produce a
white precipitate. The pH of the solution was maintained at
about 8 with the addition of ammonia solution throughout the
mixing process. The white precipitate was then stirred for 24 h
followed by washing with distilled water for 3 times. After
washing, the remaining liquid was removed by vacuum
filtration, and the precipitate was dried at 120 °C for 24 h. a-
TCP powders were obtained by calcining the precipitate at
1450 °C for S h with a heating rate of S °C/min. Then, the 6 wt
% polyvinyl alcohol solution was added into the obtained a-
TCP powders as binder, and the powders were uniaxially
pressed into pellets with a diameter of 10 mm and a thickness
of 2.2 mm under a pressure of 8 MPa in a stainless steel die.
Subsequently, the a-TCP ceramic disks with diameter of 9.45
mm were obtained by sintering the green disks at 1500 °C for 5
h at a firing rate of 2 °C/min and then cooled to room
temperature in the furnace. The HAp samples with different
nanostructured surfaces in macroscopical size were fabricated
after hydrothermal treatment of the @-TCP ceramic disks in 0.2
M NaH,PO, 02 M Na;PO, and 02 M CaCl, aqueous
solution, respectively, at 180 °C for 24 h. The samples obtained
by reaction in 0.2 M NaH,PO,, 0.2 M Na;PO, or 0.2 M CaCl,
aqueous solution are denoted as S1, S2, and S3, respectively.
After hydrothermal treatment, the samples were washed by
soaking in distilled water for several times. The traditional HAp
bioceramic discs with flat and dense surface (denoted as SO)
were fabricated as the control sample. First, the chemical
precipitated HAp nanopowders were synthesized and then
calcined at 800 °C for 2 h as raw materials.”® Because of the
significantly larger shrinkage of the HAp nanopowders after
sintering, the HAp nanopowders were uniaxially pressed into
pellets with a bigger diameter of 12 mm as compared to that for
a-TCP ceramic disks and a thickness of about 2 mm under a
pressure of 8 MPa. Subsequently, the HAp bioceramics with
diameter of 9.64 mm were obtained by sintering the green disks
at 1150 °C for 3 h at a firing rate of 2 °C/min and then cooled
to room temperature in the furnace. The surface morphology of
the samples was observed by scanning electron microscopy
(SEM: JSM-6700F, JEOL, Japan). The phase of the bulk
samples was characterized by X-ray diffraction (XRD, Geiger-
flex, Rigaku Co., Japan) with monochromated CuKa radiation.
The specific surface area and nitrogen sorption isotherm for the
samples with nanostructured topographies were measured on a
Micrometitics Tristar 3000 system, while those for sample SO
with flat and dense surface was calculated from the 3D surface
area. The surface wettability of the fabricated samples was
characterized by measuring the contact angles using deionized
water as medium on automatic contact angle meter (Kruss,
Kruss GmbH Germany). Three samples from each group were
analyzed and two measurements were carried out on each
sample to evaluate the average contact angle. The surface
energy between pure water and air (72.8 mJ m™>) was applied
to calculate the surface energy of the samples based on the
Girifalco—Good—Fowkes—Young rule.””*®

2.2, Study of the Protein Adsorption on HAp
Bioceramics. The fibrinogen (Fg), fibronectin (Fn), human
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serum albumin (HSA), and vitronectin (Vn) were purchased
from Cal-BioChem, Sigma and Amresco, respectively. The
Na'*T was bought from Chengdu Gaotong Isotope Corpo-
ration (China Nuclear Group). Sodium dodecyl sulfate (SDS,
Sigma) and Milli-Q water (18 MQ cm™, Milli-Q Biocel,
Millipore) were used in all experiments.

2.2.1. Measurement of the Adsorption of Plasma Proteins
on HAp Bioceramics via Protein Electrophoresis and Western
Blot. Before plasma protein adsorption, all the HAp bioceramic
samples were equilibrated in phosphate buffered saline (PBS,
0.012M, pH 7.4) buffer solution for 12 h. Subsequently, the
samples were incubated in human plasma at 25 °C for 3 h
under static condition. After adsorption, the samples were taken
out and rinsed with PBS (three times, 10 min each) to remove
the loosely adherent proteins and then exposed to 2% SDS
solution at 25 °C for 3 h under shaking condition to elute the
adsorbed proteins. The eluates were collected and stored at 4
°C for the following experiments. SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western-Blot were per-
formed as described previously.”® Briefly, the eluates were
first denatured at 100 °C for 8 min and subsequently ran on
12% reduced SDS-PAGE gels to separate proteins according to
molecular weight (DYCZ-24DN Electrophoresis Cell, Beijing
Liuyi Instrument Factory). The proteins were then transferred
from the gel onto an Immobilon PVDF membrane (Millipore,
pore size: 0.45 um). For protein electrophoresis, the PVDF
membranes were directly stained by colloidal gold total protein
stain (Bio-Rad Laboratories). For Western-Blot, the mem-
branes were cut into appropriate strips and blocked with 5%
nonfat dry milk. The strips were incubated with the primary
antibodies at the dilution rate of 1:1000 to Fg, Fn, HSA, or Vn,
and then were incubated with the appropriate alkaline
phosphatase-conjugated secondary antibody with dilution rate
of 1:1000. The substrate system used to develop a color
reaction for alkaline phosphatase was S-bromo-4-chloro-3-
indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT)
supplied by Amresco. Finally, colloidal gold-stained PVDF
membranes (protein electrophoresis) and immunoblotted
PVDF strips (Western-Blot) were scanned by a desktop
scanner to determine band molecular weights and intensities.

2.2.2. Quantitative Analysis of Fg and HSA Adsorption on
HAp Bioceramics from Human Plasma via Radiolabeling
Method. As a precise and quantitative technique, we applied
the radiolabeling method to quantitatively evaluate the
topographic effect of HAp bioceramics on protein adsorption,*
and the Fg and HAS were used as the protein models. The Fg
and HSA was first radiolabeled with '*°I using iodine
monochloride (ICl) method, then the labeled proteins were
passed through an AG 1-X4 column (Bio-Rad, dry mesh size:
100—200) to remove the unbound iodide by ion exchange.”"
To study the adsorption of Fg from plasma, the labeled Fg (Fg-
I) was added to human plasma in 10% proportion to the
endogenous Fg level (viewed as 3.0 mg/mL).** After
equilibration in PBS for 12 h, the samples were placed in 96-
well tissue culture plate containing 250 uL of Fg-I added
plasma solution at 25 °C for 3 h. Thereafter the samples were
rinsed with PBS (three times, 10 min each), wicked onto filter
paper, and transferred to clean tubes for radioactivity
determination using an Automatic Gamma Counter (Elmer
2480, Perkin-Elmer Life Sciences, Wallac Wizard 2TM). Each
measurement was done in triplicate and radioactivity was
converted to adsorbed protein amount. For the study of HSA
adsorption from plasma, the labeled HSA (HSA-I) was added
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to human plasma in 1% proportion to the endogenous HSA
level (viewed as 45.0 mg/mL), then HSA adsorption from
plasma experiment was conducted in the same way as that for
the analysis of Fg adsorption.

2.3. Cell Cultures on HAp Bioceramics. 2.3.7. Cell
Culture and Seeding. MC3T3-E1 murine preosteoblasts were
cultured in the alpha-minimum essential medium (a-MEM,
Gibco BRL, Grand Island, NY, USA) with 10% fetal bovine
serum (Gibco BRL, Grand Island, NY, USA) and 1%
penicillin/streptomycin. Cultures were maintained at 37 °C
in a fully humidified atmosphere of 5% CO, in air. The culture
medium was changed every 3 days. Cells were passaged with
the treatment of trypsin/EDTA (025% w/v trypsin, 0.02%
EDTA). The cells were resuspended in fresh culture medium,
and then seeded on the HAp bioeramics in 24-well tissue
culture plates. A seeding density of 2 X 10* cells/well was used
for studies on attachment, proliferation, and osteogenic
differentiation assays.

2.3.2. Adhesion and Growth of the Seeded MC3T3-E1. The
MC3T3-El cells in a-MEM with 10% FCS were seeded on the
HAp bioceramics and allowed to attach for 2 and 6 h. At the
prescribed time points, the samples were removed from the
culture medium. The amount of the nonadhesive cells in the
supernatant, the nonadherent cells on the HAp bioceramic
surfaces after removing by rinsing with PBS solution, and those
adherents on the tissue culture plate after detaching with
trypsin/EDTA was analyzed using the flow cytometer
FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA).
The cell adhesion amount was then calculated in percent
relative to the initial seeding cell number. All experiments were
done in triplicate.

2.3.3. Morphology of the Seeded MC3T3-E1. After culture
for 2 and 6 h, the samples were taken out and rinsed with PBS
to remove the nonadherent cells. The adherent cells were fixed
in 4% paraformaldehyde for 30 min, and then rinsed with PBS
two times. Then the samples were treated with 0.1% Triton X-
100 in PBS to permeabilize the cells for 10 min and then the
nonspecific binding sites were blocked with 1% BSA in PBS for
30 min. The actin cytoskeletons were labeled by incubating
with Phalloidia-TRITC (Sigma) for 30 min. After rinsing with
PBS, the cell nuclei was contrast-labeled in blue by 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma),
then mounted on glass slides using Fluoromount (Sigma).
The confocal laser scanning microscopy (Leica, Wetzlar,
Germany) was used to visualize the actin cytoskeletons of the
cells. Furthermore, after culture for 1 day, the samples were
fixed in 2.5% glutaraldehyde overnight at 4 °C. The samples
were washed three times with PBS for 5 min, and then
dehydrated by the increasing concentrations of methanol.
Finally, the samples were dried by hexamethyldisilazane,
sputter-coated with gold and examined by SEM (JSM-6700F,
JEOL, Japan) to observe the adhesion and growth of MC3T3-
E1 cells on HAp bioceramics.

2.3.4. Cell Proliferation Assay. For the cell proliferation
assay, MC3T3-E1 cells were cultured on HAp bioceramics in
24-well tissue culture plates up to 7 days. Three pieces of
cultured samples for each group were washed twice with PBS.
Four hundred microliters of DMEM with supplement 40 yL of
S mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT: Amresco, Solon, OH, USA) solution was
added and incubated at 37 °C for 4 h to form MTT formazan.
The medium was then replaced with 400 yL of dimethyl
sulfoxide (DMSO, Sigma) and vibrated for 15 min in order to
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dissolve the formazan. Finally, the absorbance was measured at
490 nm by ELX Ultra Microplate Reader (BioTek, USA).

2.3.5. Alkaline Phosphatase (ALP) Activity Assay. The level
of ALP activity was assayed by measuring the transformation of
p-nitrophenyl-phosphate (pNPP: Sigma, St. Louis, USA) into
p-nitrophenol (pNP) after cell culture for 4, 7, and 10 days.*®
Briefly, the cells were detached from the HAp bioceramics
using trypsin/EDTA, and centrifuged for 5 min at 1000 rpm
after washing twice with PBS. The cells were resuspended in
lysis buffer with 0.2% pNP. ALP activity was determined by
measuring absorbance at 405 nm using pNPP as the substrate.
Each sample was respectively mixed with 1 mg/mL pNPP in 1
M diethanolamine buffer and incubated at 37 °C for 1S5 min.
The reaction was stopped by the addition of 3 N NaOH to the
reaction mixture. The enzyme activity was quantified by
absorbance at 405 nm (BioTek, USA). The total protein
content was determined with the Bradford method in aliquots
of the same samples with the Bio-Rad protein assay kit (Bio-
Rad, Richmond, USA), read at 630 nm and calculated
according to a series of BSA (Sigma) standards. The ALP
activity was expressed as absorbance at 405 nm (OD value) per
milligram of total cellular proteins. All experiments were
performed in triplicate.

2.3.6. RNA Isolation and Gene Expression by Real-Time
PCR Analysis. Total cell RNA was isolated from cells cultured
on HAp bioceramics at day 4 and 7. At each time point, the
cells were detached and centrifuged at 1000 rpm for S min after
washing twice with PBS, then the cells were resuspended in
Trizol reagent (Invitrogen, Carlsbad, USA). The cDNA was
synthesized using a Prime-Script RT reagent kit (Takara Bio,
Shiga, Japan) according to manufacturer’s recommendation.
Highly purified gene-specific primers for type I collagen (Col
I), bone sialoprotein (BSP), osteocalcin (OCN), osteopontin
(OPN) and the housekeeping gene, GAPDH as shown in Table
S1 (see the Supporting Information), were synthesized
commercially (Shengong, Co. Ltd. Shanghai, China). Quanti-
fication of all cDNA of bone marker genes was performed with
Bio-Rad My'? single color Real-time PCR system. All
experiments were done in triplicate to obtain the average Data.

Statistical Analysis. The means and standard deviations of
data were calculated. Differences between groups were analyzed
by one-way analysis of variance. The statistical analysis was
conducted using SAS 9.0 (SAS Institute, Cary, NC, USA). The
difference was considered statistically significant when p value is
less than 0.05.

3. RESULTS

3.1. Characterization of HAp Bioceramics. The topo-
graphic surface images of the fabricated samples S1~S3 and
control sample SO are presented in Figure 1. The results clearly
revealed that the topographic surfaces of HAp bioceramics
could be facilely regulated via hydrothermal treatment of the a-
TCP ceramic precursor in different reaction media. Sample S1,
which was obtained by transformation of a-TCP ceramic
precursor in NaH,PO, solution, consisted of a smooth surface
and ultralong sheetlike shape (nanosheet) with thickness of
about 100 nm, widths 2—10 pm, and lengths up to hundreds of
micrometers, and almost no particles or rods were detected. In
contrast, when the Na;PO, solution was used, the obtained
HAp bioceramics were consisted of nanorods with diameters of
about 100 nm and lengths up to 8 ym (sample S2). Sample S3
illuminated that the topographic surface after hydrothermal
treatment of the a-TCP ceramic precursor in CaCl, solution
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Figure 1. FESEM images of the control sample SO and the fabricated
HAp bioceramics with differently topographic surfaces: nanosheet
(S1), nanorod (S2), and micro-nanohybrid (S3).

was constructed by the hybrid of nanorods (indicated by |) and
microrods (indicated by *). The diameter of the nanorods and
microrods is about 80—120 nm and 1—4 pm, respectively. The
length of them reached about 10—20 pm. As expected, control
sample SO showed the fully flat and dense surface with an
average grain size about 0.9 ym.

Figure 2 shows the XRD patterns of nanosheet (S1),
nanorod (S2), and micro-nanohybrid (S3) samples after
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Figure 2. XRD patterns of the control sample (SO) and the samples
with differently topographic surfaces: nanosheet (S1), nanorod (S2),
and micro-nanohybrid (S3).

hydrothermal treatment of the a-TCP ceramics in different
solutions and the control sample (S0). All diffraction peaks of
the samples S0—S3 could be identified as HAp (JCPDS card:
No. 74—0566). Thus, the a-TCP precursors were completely
converted to HAp after hydrothermal treatment at 180 °C for
24 h in different solutions. None intermediate compounds,
such as CaHPO,-2H,O0 (DCPD) and
Cag(HPO,),(P0O,),-SH,0 (OCP) were observed. The shape
of the sharp diffraction peaks indicated that the fabricated HAp
bioceramics were fairly well-crystallized, which was attributed to
the hydrothermal reaction in the fabrication process. The sharp
and intensive (002) peak in sample S3 indicated that the
hydroxyapatite crystals Ereferred to be aligned apparently along
the c-axis of HAp.**** Furthermore, the HAp crystal
orientation degree of the fabricated samples S0—S3 was
calculated through analysis of the ratio of the specified XRD
peak intensities (R) according to a method reported
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previously.>**> The R value was directly proportional to the
orientation degree of the HAp crystals and was decided by
intensity (I) of diffraction peaks at 26 = 25.8° for (002) and
31.8° for (211). The calculated R values for SO, S1, S2, and S3
were 0.372, 0.376, 0.292, and 2.004, respectively, which further
confirmed that the orientation of S3 was apparently higher than
that of the other samples.

The results showed that the surface energy of all three
nanostructured samples was higher than that of the control
sample with smooth surface, and the surface energy of S3 was
remarkablely higher than that of other two nanosamples, which
was correlated with the highest crystal orientation degree of the
S3 sample (see Table S2 in the Supporting Information).
Moreover, porous structures with a pore size distribution
between 3 and 140 nm were formed by the aggregation of the
nanocrystals in the fabricated samples SI1~S3 resulting in
higher specific surface area (Sggr) as compared with sample SO,
which were confirmed by the nitrogen adsorption—desorption
isotherms and the density functional theory (DFT) pore size
distribution curves (Figure 3). The Sggr values of S1, S2, and

-
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1

Volume Adsorbed (cm3/g)

0.4 0.6
Relative Pressure (P/Py)

Figure 3. DFT pore size distribution of the fabricated HAp
bioceramics with differently topographic surfaces: nanosheet (S1),
nanorod (S2), and micro-nanohybrid (S3).

S3 were 2.78 + 0.45, 2.89 + 0.26, and 3.66 + 0.51 mz/g,
respectively, whereas the calculated surface area for control
sample SO with flat and dense surface was only about 0.0006
m?/g. It is interesting that the sample S3 with micro-
nanohybrid structures possessed excessively higher pore
volume with pore size around 12 nm. According to the
International Union of Pure and Applied Chemistry, the
fabricated nanostructured surfaces could be identified as a type

H4 hysteresis loop deriving from particle aggregates with slit-
shaped pores.*®

3.2. Protein Adsorption on HAp Bioceramics. The
SDS-PAGE results gave an overview of plasma protein
adsorption behaviors on different samples (Figure 4a). It was
obvious that the band integrated intensities on surfaces with
nanomicro topographic structures were significantly stronger
than that on flat and dense surface suggesting the higher
protein adsorption. The Western-Blot technique was employed
to further evaluate the topographic effect of HAp nanostruc-
tures on the adsorption of the specific proteins, such as Fg, Fn,
HSA, and Vn in multiprotein condition (Figure 4b). The
results showed that almost no adsorption of Fg and the
proteins related to cell adhesions (Fn and Vn) was observed on
sample SO except for HSA. The appearance of the HSA
adsorbed on SO at 66.2 kDa was due to the ultraly high
concentration (45—80 mg/mL) of HSA presented in plasma
proteins when comparing with other kinds of proteins. As
expected, much more bands at 116, 66.2, 45, 35, and 25 kDa
with excessively stronger intensities corresponding to the
proteins of Fg, Fn, HSA, or Vn could be detected on HAp
bioceramic surfaces with nanotopographic structures, especially
on micro—nanohybrid sample (S3).

The radiolabeling technology was further applied to
quantitatively evaluate the topographic effect of HAp
bioceramic nanostructures on protein adsorption using Fg
and HSA as models (Figure S). It was clear that the adsorption
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Figure 5. Fg and HSA adsorption on control sample (SO) and the
fabricated HAp bioceramics with differently topographic surfaces:
nanosheets (S1), nanorods (S2), and micro-nanohybrid (S3). *p <
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Figure 4. (a) SDS-PAGE and (b) Western-Blot of plasma proteins (Fg, Fn, HSA and Vn) adsorbed on samples SO—S3. The molecular weight scale
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amount of Fg and HSA on samples S1—S3 with nanostructured
surfaces was remarkably higher than that on control sample
with flat and dense surface (S0). Moreover, the adsorption
amount of Fg and HSA was increased in the order of S1 (10.75
and 152.01 pg/disk, respectively), S2 (12.01 and 220.11 ug/
disk, respectively), and S3 (70.63 and 261.57 ug/disk,
respectively), which was consistent with the results of protein
electrophoresis and Western-Blot data (Figure 4) and the trend
of the increase in Sppr for samples S1—-S3.

3.3. Topographic Effect of HAp Nanostructures on
Osteoblast Growth. Actin cytoskeletons were labeled to
observe the early attachment of MC3T3-E1 cells after seeding
for 2 and 6 h on HAp bioceramic S0—S3 (Figure 6). The cells
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Figure 6. Confocal microscopic images for the topographic effect of
HAp nanostructures on MC3T3-El cell adhesion after 2 and 6 h of
seeding. Actin filament (cytoskeleton) stained red (a, d, g, j), while the
cell nuclei stained blue (b, ¢, h, k). (¢, £ i, 1) represented merged
images of the two fluorochromes for the samples. Scale bar= 50 pm.

attached on the HAp bioceramic with flat and dense surface
(S0) showed rounded shape, almost without any filopodial after
2 h of seeding. However, the samples with topographic surfaces
of nanosheet (S1), nanorod (S2), and micro-nanohybrid (S3)
exhibited a significantly better early cell attachment. The
MC3T3-El cells started to spread on the surfaces with more
and apparent cytoplasmic extensions and filopodial attach-
ments. With the increase in the seeding time to 6 h, the cells
seeded on SO spreaded slightly. On the contrary, the cells
showed full adhesion with their typical fibroblastic morphology
on S1—-S3. More importantly, actin filaments with regular
directions on samples S1—-S3 with nanotopographic surfaces
were well-defined by the actin microfilament system ranging
parallel to the long axis of the cells. In contrast, the actin
cytoskeleton formation on SO was distributed irregularly and in
short fiber concentration. Therefore, a strong directed
accumulation of actin filaments on samples S1—-S3 could be
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observed, which reflected the importance of surface topography
on osteoblast growth. The phenomenon was more obvious on
S3 with micro-nanohybrid structure.

The fluorescence images stained by DAPI in Figure 7A
showed that the initially adherent cell number on samples S1—
S3 was visually higher than that on sample SO after seeding for
6 h. The quantitative evaluation further revealed a significant
increase of adherent cells on samples S1—S3 in comparing with
the control sample SO (Figure 7B). The MTT assay was
performed to compare cell proliferation of MC3T3-E1 cultured
on S0—S3 samples. As shown in Figure 7C, the proliferation of
MC3T3-El proceeded more significantly on sample S3 with
micro-nanohybrid topographic surface than that on other
samples.

The SEM observation was further applied to examine the
topographic effect of HAp nanostructures on cell adhesion and
morphology (Figure 8). Cells attached and grew well on all
ceramic surfaces at day 1, while the cells on the samples with
nanostructured surfaces (S1—S3) appeared much flater and
spreading out better comparing with those on sample SO. In
addition, much more and longer filopodials attached on the
samples with nanotopographic surfaces.

Topographic Effect of HAp Nanostructures on ALP Activity
of MC3T3-E1. Figure 9 shows the topographic effect of HAp
nanostructures on ALP activity of MC3T3-El. The ALP
activity of cells cultured on all HAp bioceramics increased
apparently over time throughout the assay period. However, the
ALP activity of the MC3T3-El seeded on S2 and S3 was
significantly higher than that on SO at day 7. With the increase
of the culture time to day 10, the ALP activity of the cells
cultured on all samples S1~S3 was significantly higher than that
on sample SO.

Topographic Effect of HAp Nanostructures on Osteogenic
Gene Expression of MC3T3-El. The expression levels of
osteogenesis related genes including Col I, BSP, OCN and
OPN were assayed by real-time PCR after culture of MC3T3-
E1l on samples SO~S3 for 4 and 7 days (Figure 10). At day 4,
the cells cultured on S2 and S3 showed increased expression of
Col I, whereas the expression of OCN was increased on S1—S3,
and the expression of OPN was enhanced only for cells
cultured on S1 and S3. The expression of BSP was enhanced
only for cells cultured on S3. Prolonging the culture time to day
7, the sample S3 with micro-nanohybrid structured surface still
displayed significantly high-level expression of Col I, BSP, OCN
and OPN, as compared with those on sample SO with flat and
dense surface, whereas the cells cultured on S2 only showed the
enhanced expression of OPN compared with control group,
and cells on S1 did not show any difference as compared with
S0.

4. DISCUSSION

The material with initiative stimulation capacity in tissue
regeneration is the major characteristic for the next generation
biomaterials. Recent in vitro and in vivo studies have confirmed
the biological sensitivity to the level of micro/nanostructured
surfaces of the implant biomaterials.”"****”73% For example,
the titania (TiO,) nanotubes and nodulars fabricated via
anodization and acid-etching methods on titanium (Ti) foils
strongly enhanced cellular activity as compared with a flat
surface,® "> while ZnO nanoflowers enhances osteoblast
differentiation and osteogenesis.22 Other studies showed that
the silicon (Si) nanopillars/wires obtained by laser pulse
fluence or ion-etching technologies improve the cell adhesion
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Figure 8. SEM observation of cell adhesion on the control sample with
flat and dense surface (SO) and the samples with differently
topographic surfaces of nanosheets (S1), nanorods (S2), and micro-
nanohybrid (S3) after seeding for 1 day.
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Figure 9. ALP activity of MC3T3-E1 cultured on control sample with
flat and dense surface (SO) and the samples with different topographic
surfaces of nanosheets (S1), nanorods (S2), and micro-nanohybrid
(S3) after seeding for 4, 7, and 10 days. *p < 0.0S.
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and growth,”*® and the patterned pits/grooves/griddings of

polymer films by UV and electron beam lithography
approaches stimulate osteogenic differentiation of MSCs and
osteoblasts.'”'®% Up to now, the controllable creation of
nanotopographic features on bioceramic materials such as HAp
in macroscopical size is still a great challenge due to their
brittleness. The biological behavior on micro/nanostructured
topography of HAp is still not well understood, and the type of
surface topographies, such as micro-, nano-, and/or hierarchical
hybrid micro/nanoscale, which may be able to stimulate
osteogenic differentiation, should be clarified for optimizaton of
biomaterial design. In this study, based on our previous
observation on morphology control of HAp particles using
hard-template as precursors,” the HAp bioceramic discs with
nanosheet (S1, thickness of ~100 nm), nanorod (S2, diameters
of ~100 nm), and micro-nanohybrid (S3, mixed by nanorods in
80—120 nm and microrods in 1—4 pm) surfaces were first
successfully fabricated via hydrothermal treatment of a-TCP
ceramics in NaH,PO,, Na;PO,, and CaCl, aqueous solution,
respectively (Figure 1B—D).

Under hydrothermal treatment, the surface erosion occurred
on a@-TCP ceramic substrates in aqueous solution, accompany-
ing with the release of the Ca** and PO,> ions into the
solutions. With the increase of the ion release, the Ca** and
PO,>” concentration in the reaction solution reached over-
saturation and the HAp nucleated on the eroded substrate
surfaces.”® During this process, the substrate itself played both
the roles of Ca** and PO,*” ion sources and the HAp crystal
nucleation surface.”® The model of Cay(PO,)s clusters (Posner
Clusters) with positive charge could be applied to illuminate
the effect of the hydrothermal conditions on HAp morphology
development. The Cag(PO,), clusters are considered as the
growth unit of HAp crystals.*” It is well-known that hexagonal
HAp crystal has two types of crystal surfaces with different
charges, positive on a and b surfaces and negative on ¢
surface.*' Usually, hexagonal HAp crystals which grow along
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the ¢ axis are easily obtained because of a strong bond site for
Cay(PO,)s cluster in the c-surface direction.*”* In NaH,PO,
solution, the hydrolyzation of NaH,PO, salts was greater than
ionization. The major ions in the solution were H,PO,” and
HPO,*" ions. In addition, most of the PO,>~ ions released from
the a-TCP substrate would be hydrolyzed in the NaH,PO,
aqueous solution. Thus, there was only a small amount of
PO,’” ions presented in the reaction system, which resulted in
fewer Posner clusters incorporating onto the c-surface, so that
the growth of ¢ surface was limited,”® whereas the redundant
Ca’" ions released from the a-TCP substrate attached on the ¢
surface with negative charge.25 The growth of the 4, b surfaces
was enhanced, leading to the aggregation of 4, b planes.
Ultimately, the HAp nanosheet were obtained. However, in
Na;PO, solution, the excessive amount of PO,’” ions came
from Na;PO, solution and released from a-TCP substrate
reacted quickly with Ca* ions dissolved from a-TCP substrate
to form Posner clusters. The released Ca®" ions were rapidly
consumed, which resulted in quite a few Ca** ions remaining in
the near of the surface of substrate. Posner clusters would
attach to the ¢ surface preferentially and the direction along the
¢ axis developed quickly, resulting the HAp nanorod structure.
When CaCl, aqueous solution was used, the PO, ions
released from the a-TCP substrate would be quickly combined
with Ca®" ions to form the Posner clusters, and then attached
on the c-surface. The preferential crystal growth took place on
the ¢ surface. However, as a competitor, the large amount of
redundant Ca*" ions would be competitively adsorbed on the ¢
surface. The growth of the a, b surfaces in some HAp crystals
was also enhanced, resulting in the hybrid of microrods and
nanorods.

Our results show that the fabricated HAp bioceramics S1—S3
with micro/nanostructured surface features possessed 3D
architectures (Figure 1B—D), higher Sggr and porous structures
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(Figure 3), superior wettability and surface energy (Table S2),
which resulted in enhanced and selective protein adsorption
(Figures 4 and S). In addition, the protein adsorption amount
increased apparently with the increase of the Sppr of the
samples (Figure S). It is well-known that Fn and Vn are the
most important cell adhesion proteins that can bind to integrins
on cell surface and stimulate cell attachment and/or cell
spreading on biomaterials.**™*® Fn is also thought to play an
important role in early osteogenesis, as it is one of the first
synthesized bone matrix proteins by osteoblasts during
osteogenesis.*”** The apparent adsorption of Fn and Vn on
our fabricated HAp bioceramic samples with topographic
surfaces of nanosheet (S1), nanorod (S2) and micro-nano-
hybrid (S3) was observed, whereas adsorption phenomenon
was absent on tranditional HAp bioceramic samples (SO) with
flat and dense surface (Figure 4b). Furthermore, it is interesting
to find that the surface energy of the nanostructured HAp
surfaces was correlated with the HAp crystal oriantation degree.
All three nanostractured surface showed both higher surface
energy and crystal oriantation degree as compared with that of
the smooth surface. In addition, the surface energy of S3 was
remarkablely higher than that of other two nanosamples, which
was correlated with the highest crystal orientation degree of the
S3 sample (see Table S2 in the Supporting Information). This
result suggests that the surface energy of the HAp bioceramics,
which is affected by the HAp crystal oriantation degree, plays
an important role in the osteoinductive activity of the
bioceramics. Together with surface topography, it is considered
that the increase of the initial hydrophilicity and surface energy
may promote the early bone healing response at the cell—
biomaterial interface via increasing the adsorption of proteins
including fibronectin, which enhances cell adhesion and
ultimately promotes reponse of mesenchymal stem cells
(MSCs) and osteoblasts on the implant surfaces.”®
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Accordingly, the cell attachment assay showed that the
initially adherent MC3T3-E1 numbers on sample S1—S3 was
about 2—3 times and 33—36% higher than those on control
sample SO after seeding for 2 and 6 h, respectively (Figure 7B).
The adhesion to the graft surfaces is necessary for osteoblast
spreading and differentiation.® The actin cytoskeleton staining
(Figure 6) revealed that the topographic surfaces of S1—~S3
induced more active filopodia formation than flat and dense
surface of SO. Actin is well-developed, evenly distributed, and
arrayed along the osteoblast spreading direction on samples
S1~83 after 6 h of seeding, whereas the actin structure was
poorly developed on sample SO. The enhancement of protein
adsorption, such as Fn and Vn, on the surfaces of samples S1—
S3 was considered to be able to promote integrin binding and
the expression of cytoskeletal protein of actin, which resulted in
the effective filopodia formation.**”** The SEM observation
further confirmed that the MC3T3-El attached and spread
much better on S1—S3 than those on S0, and the length of the
extension was many times larger than the diameter of the cells.
In addition, the network formation on samples S1—S3 surfaces
was observed just after 1 day of seeding (Figure 8).

The ability of HAp bioceramic surface topography in
promoting osteogenic differentiation of MC3T3-E1 was
found in this study. As an early marker for osteogenic
differentiation, ALP regulates organic or inorganic phosphate
metabolism via hydrolyzation of phosphate esters, and acts as a
plasma membrane transporter for inorganic phosphates.*
Compared with sample SO, there was about 24, 18, and 41%
increase in ALP activity level of the cells on samples S1, S2, and
S3, respectively after 10 days of culture (Figure 9). Real-time
PCR analysis of markers of Col I, BSP, OCN, and OPN was
further performed for additional evaluation of osteogenic
differentiation promoted by surface topography (Figure 10).
Col I is the most important fibrillar type of collagen ECM
component and serves as mineralization scaffolds and initiation
sites for bone apatite deposition.'* Col I is known to be an early
osteogenic marker and necessary for bone matrix formation."'
In our study, Col I expression was up-regulated at earlier time
point (day 4) on samples S2 and S3, and maintained highest on
sample S3 at day 7 as compared with SO. As a bone-specific
marker for osteogenic differentiation, BSP is a mineralized,
tissue-specific, and noncollagenous protein that is normally
expressed only in mineralized tissues such as bone, dentin,
cementum, and calcified cartilage, and at sites of new mineral
formation. The binding of BSP to collagen is thought to be
important for initiating bone mineralization and bone cell
adhesion to the mineralized matrix.*” The BSP expression on
sample S3 was six and two times higher as compared with that
on other smaples at day 4 and 7, respectively. As another bone-
specific marker for osteogenic differentiation and secreted
solely by osteoblasts, OCN is considered as the major
noncollagenous component related to bone matrix deposition
and mineralization and is regadred as a later marker of
osteogenic differentiation.>**° Interestingly, OCN expression
was remarkably up-regulated on samples S1—S3 at early stage
of day 4. With the increase in the culture time to day 7, the high
expression level for OCN on S3 was maintained. Finally, OPN
is associated with the maturation stage of osteoblasts during
attachment and matrix synthesis before mineralization, and is
largely considered as an intermediate or relatively earlier marker
of osteogenic differentiation.”> In our study, the OPN
expression for cells cultured on nanorod surfaces (S2) and
micro-nanohybrid surfaces (S3) was almost 2.5 times as
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compared with that on flat and dense surface (SO) at day 7.
The higher expression level of OCN and OPN suggested that
the nanostructured bioceramic surface has the ability to
stimulate osteogenic differentiation of osteoblastic cells and
micro-nanohybrid to&)ography surface (S3) has the highest
stimulatory effect.>>*

It is well-known that the actin filaments and cell extension
help the cells to anchor themselves to biomaterial surfaces,
which improve the cell adhesion and spreading,® and the cell
adhesion and spreading not only manifest interactons between
cells and materials but also regulate cellular functions such as
migration, proliferation, differentiation, and ECM produc-
tion.”'*™ '™ Qur results indicated the fact that the nano-
structured topography of HAp bioceramics could enhance
adhesion, spreading, and osteogenic differentiation of osteo-
blasts by accelerating early cell responses such as cell
attachment and spreading. Especially, the micro-nanohybrid
topography surface (S3) induced cell adhession, proliferation,
and osteogenic differentiation more significantly. Previous
studies showed that the micro-nanohybrid structured Tij,
TiO,, silicon, and alloy biomaterials simultaneously enhanced
osteoblast proliferation and differentiation as comapred with
single scale micro- or nanostructured topography, leading to
promotion of the osseointegration on clinically relevant
surfaces.”’® Indeed, in the context of a natural environment,
the osteoblasts and MSCs in a bone tissue are surrounded by a
3D ECM from nano- to microscale.’” Therefore, from the
biomimetic viewpoint, a hierarchical structure composed of
multiple micro- and nanoscale components bear a closer
resemblance to biological matrices than those with single scale
features, and that materials with multiscale organization are
necessary for cell functioning and play critical and advantage
roles for biomedical applications.”*”*" Taken together with the
protein adsorption, osteoblast adhesion, proliferation, and
osteogenic differentiation investigation, the hierarchical micro-
nanohybrid topography reported here may enhance osteoin-
ductive ability of HAp bioceramics via promoting bone
formation directly in contact with the surface as well as in
the surrounding tissue, which may provide insight to future
development of new bone implant materials. However, further
in vivo studies are required to confirm the possible application
potential.

5. CONCLUSIONS

To enhance bone regeneration, it is essential to develop
bioactive grafts with nano- and microstructured topographies,
which may stimulate the cell response to biomaterial surfaces.
In the present study, the bulk HAp bioceramics with nanosheet,
nanorod, and micro-nanohybrid surface topographies were
fabricated via hydrothermal treatment using a@-TCP ceramic as
the precursor under different reaction conditions. The
fabricated HAp bioceramics possessed hierarchical 3D micro/
nanotextured surfaces, higher Sgpr, and better wettabilities,
which selectively enhanced adsorption of specific proteins such
as Fn and Vn in plasma, whereas almost no protein adsorption
was observed on the traditional HAp bioceramics with flat and
dense surface. The nanostructured topography promoted
osteoblast attachment, spreading, adhesion, proliferation, and
osteogenic differentiation. In particular, the hierarchical micro-
nanohybrid surfaces showed the best ability for promotion of
protein adsorption and enhancement of cell proliferation and
differentiation because of the biomimetic features of this kind of
structure. The results suggest that the hierarchical micro-
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nanohybrid topography might be one of the critical factors to
consider in the design of new bone implant biomaterials.
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