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ABSTRACT: It is significant to process the clinically used
biomaterials into a scaffold with specific nanotopographies,
which can act as physical cues to regulate the osteogenic
commitment of mesenchymal stem cells. In this study,
hydroxyapatite (HAP) was considered as the processed
objective and a facile, hydrothermal method was developed
to grow the vertically oriented HAP nanorods in porous HAP
ceramics. Experiments demonstrated that the formation of the
HAP nanorods in porous ceramics was decided by a novel
epitaxial growth mechanism and length of nanorods could be
well-controlled by the growth time. Cell experiments
demonstrated that such novel stereotopographical cues could
regulate bone marrow mesenchymal stem cells to differentiate

ALP expression

Secretion of bone nodules

into the osteogenic lineage, thereby displaying that the porous ceramics with the HAP nanorods-aligned stereotopographies have
a good prospect for applications in regenerative medicine of hard tissues.
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It is becoming an exciting research area in tissue engineering
and regenerative medicine to design and fabricate bio-
materials with specific signals to regulate the commitment of
stem cells toward desirable lineage. To this end, a variety of
biological, chemical, and physical strategies have been
attempted, such as the incorporation of chemical/growth
factors into biomaterial matrixes (e.g, BMP-2 is embedded
into PLLA)," surface modification of biomaterials with
functional groups (e.g, graft RGD on PLLA surface),’
construction of special surface geometric feature,>* topography
and roughness,s’6 modulation of substrate elalsticity,7’8 etc.
Among these approaches, physical cues arisen from micro/
nanoscale topography and roughness are particularly attractive
because the micro/nanotopographies are cost-effective in
comparison to expensive growth factors, and control nothing
more than stem cell fate, not having in vivo variability and
potential side effects.”

In the use of topographical cues to direct the fate decision of
stem cells, recent studies have demonstrated that several kinds
of micro/nanotopographies, including disordered pits,5 pillars,6
surface oriented nanotubes,” or nanowires,'’ could induce
mesenchymal stem cells (MSCs), a kind of multipotent stem
cells, to produce targeted osteogenic lineages. These findings
would be very useful guidance, at the same time, also depicted
good perspective for a range of applications in regenerative
medicine of orthopedics and dentistry. Especially, because there
are MSCs in bone marrow, MSCs can easily arrive at and
interact with the topography of biomaterials implanted at the
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site of bone defect. Thus, the cost (including cell harvest and in
vitro culture) and risk (e.g, immunologic rejection, mutation,
etc.) of using the isolated cells can be eliminated completely.
Although the topographical cues have displayed striking
advantages for orthopedic regenerative medicine, it still has a
huge gap to translate this concept into clinical practices. At first,
current success mainly is limited at two-dimensional (2D)
models.'’ For practical clinical applications, however, three-
dimensional (3D) stereoscaffolds will have to be used. The
second obstacle is the preparation techniques. Current
techniques, such as electron beam lithography,'> photo-
lithography,'® soft lithography,'* although can successfully
construct specific micro/nanotopographies, such as pillars,
groove, and pits, on 2D substrates, believed are difficult even
impossible to achieve same topographies in 3D scaffolds,
thereby it is still a complicated process associated with low
repeatability and represents a challenge to fabricate the complex
3D biomedical scaffolds with nanoscale features."> Further-
more, most of the reported substrates for constructing
nanotopographies, like silicon,'® titanium,'® and PMMA,” are
nonsimilar in chemical components with hard tissues, and thus
these nanotopographies are not optimal, even unsuitable for
implanting into bone defects for hard tissue regeneration.
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Epitaxial growth of the HAP nanorods

Figure 1. Preparation of the HAP nanorods-aligned ceramics. Porous HAP ceramic were (a) prepared at first as primary 3D structure, and then such
ceramics were (b) used for epitaxial growth of the HAP nanorods on the surface of ceramics. (c) Ultrastructure of the grown HAP nanorod. Left top,
middle, and right: low-, middle-, and high-magnification TEM image of the HAP nanorod; left bottom: FFT pattern of the HAP nanorod.

Herein we select hydroxyapatite (HAP, Ca;o(PO4)s(OH),)
as target materials to construct the HAP nanorod-aligned 3D
nanotopographies by the epitaxial growth of the HAP nanorods
in porous ceramics under a hydrothermal condition. HAP is
considered because of its similarity in chemistry with mineral
phase of human hard tissues, excellent biocompatibility, good
bioactivity and osteoconductivity, and now HAP has been
widely used as clinical materials in orthopedics. Once HAP is
further tailored into 3D nanotopographies, such structural HAP
scaffolds can be endowed with osteoinductivity because such
nanotopographies can act as biophysical cues to mediate
osteogenesis of MSCs through generating high cytoskeletal
tension and activating the Rho A-initiating actin/myosin
cytoskeletal contraction.® Thus, it could be very significant in
hard tissue engineering, especially, it could be hopeful to extend
the applications of HAP to guide the regeneration of large bone
defectives.

To achieve the HAP nanorod-aligned 3D topographies, we
prepared porous HAP ceramics at first as primary 3D structure.
In a typical experiment, porous HAP ceramics were prepared by
hydrogen peroxide gas foaming the HAP powders and
subsequently sintering at air and at 1250 °C for 6 h, and the
resulting cylindrical porous scaffold is shown in Figure la.
Lowly magnified scanning electron microscopy (SEM) image
shows that the as-prepared porous ceramic has abundant
macropores with average pore diameter ~310 pum, and these
macropores are of interconnectivity. Highly magnified SEM
image shows that the ceramic is composed of the HAP grains
with average granule size ~620 nm.

The as-sintered porous HAP ceramics then were reacted in
an aqueous system containing ethylene diamine tetraacetic acid
(EDTA), Ca(NO;), and (NH,),HPO, (Ca/P: 1.67) under
150 °C hydrothermal condition for 24 h to the epitaxial growth
of the HAP nanorods. Figure 1(b) shows that the hexagonal
nanorods formed and vertically oriented toward macroporous
substrates, and at the same time, the porous structures were
remained. The average diameter and length of nanorods are
380 nm and length 17.5 um, respectively (see Figure 2, 24 h).
The ultrastructure of the grown HAP nanorods was examined
by a high-resolution transmission electron microscopy (HR-
TEM), and the results are shown in Figure 1(c). A fast Fourier
transformation (FFT) pattern shows clear spots, corresponding
to the [110] zone axis of the hexagonal structure with high
crystallinity. The lattice parameters and axial angle determined
for these patterns were a = b = 0.94 nm, ¢ = 0.68 nm, anda = b
= 90°, respectively, which are in good agreement with those of
the HAP crystal structure. A middle- and high-magnification of
the HR-TEM lattice image shows orthogonal linear lattices.
The lattice spacing was determined to be 0.34 nm. The value is
in good agreement with the d(002). Highly magnified HR-
TEM lattice image shows that the HAP crystal unit cell
observed from the a,b-plane direction has a rectangular shape,
which is 0.68 nm high and 0.94 nm long. In addition, these data
also show that the [0001] crystallographic direction of the
hexagonal HAP is parallel to the long axis of nanorod,
indicating the HAP nanorods grew along the c-axis, i.e., growing
vertically in the substrate of porous ceramics.

To fully understand the formation of nanorods, we carried
out an investigation of their growth process over time, and the
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Figure 2. Growth of the HAP nanorods in porous ceramics over time. (a) SEM images of the HAP nanorods at different growth time. (b) Length of

the HAP nanorods as a function of reaction time (mean + s.d., n = 20).

results are shown in Figure 2. Interestingly, at initial stage (0.5
h), a layer of HAP fond of depositing on the a,b-planes of the
substratal HAP grains trended to perfect the hexagonal
structure of HAP. Presumably the reaction velocities of
PO,>” and OH™ with the exposed Ca®* on the a,b-planes
(the a,b-planes are rich in Ca’*) are far faster than that of the
Ca-EDTA chelate complexes with the exposed PO,*” and OH™
on the c-plane (the c-plane is rich in PO,>~ and OH"),"” which
results in preferential deposition of HAP on the a,b-planes.
After 1 h, perfect hexagonal structure almost formed, and these
newly formed hexagonal HAP crystals succeeded to the
crystallographic direction of the substratal HAP grains and
were of random orientation. Additionally, the newly formed
HAP nanorods show that their a,b-planes are smooth but the c-
plane is rough (see 1 h), suggesting that active planes have
converted from the g,b-planes to the c-plane and continuous
growth of HAP along c-axis could occur. Subsequently, the
length of nanorods continuously increased along c-axis in direct
proportion to reaction time (Figure 2a, b). At the same time,
the array of the HAP nanorods also changed gradually from
random orientation to ordered alignment. The ordered
alignment of nanorods can be attributed to geometrical
selection process by exclusively eliminating the growth of
crystals that are not optimally aligned, as can be seen from the
dashed circle shown in the SEM image of 6 h.*® Furthermore,
no lateral and secondary nucleation was observed from the
grown nanorods.

The formed HAP nanorods in the 3D HAP substrates, except
the difference in dimensions, present many same/similar
features with the substrate-oriented/aligned ZnO nanorods,
especially, those synthesized from homoepitaxial substrate

under hydrothermal condition,"® ™ including crystal structure
(both are single crystal and belong to wurtzite hexagonal crystal
system), growth direction (both grow along the c-axis), and the
demand of seeds (The HAP grains were used for the growth of
nanorods, and the homoepitaxial or heteroepitaxial seeds were
used to induce the growth of the ZnO nanorods).'””*! These
same/similar features suggest that the growth process of the
substrate-oriented/aligned ZnO nanorods could be shared to
explain the formation mechanism of our HAP nanorods."® Still,
our results indicated that the growth of the HAP nanorods is
not completely same as the ZnO nanorods. At the initial stage,
the growth of the HAP nanorods is extremely different from
ZnO. The growth of the HAP nanorods on the HAP grains
went through a transformation of from the a,b-planes to c-
plane. In contrast, the ZnO nanorods would grow directly
following most thermodynamically stable crystal habit of the
seeds deposited on substrates.'® "

In addition, our results show that the substrates with 3D
structure hardly affect the growth and vertical orientation of the
HAP nanorods. It can be understood because the curvature of
macropores at micro/nanoscale is very small, as can be seen
from Figure 2, which may be approximated as 2D plane at
micro/nanoscale and has a little effect on geometrical selection
during the growth of nanorods at a relatively short period of
time (e.g.,, within 24 h).

The HAP nanorod-aligned porous ceramics prepared from
the 24 h hydrothermal reaction subsequently were used to
culture with bone marrow MSCs (BM-MSCs) of neonatal
rabbits. Then, alkaline phosphatase (ALP) activity and
biomineralization of BM-MSCs cultured in the HAP nano-
rod-aligned ceramics were monitored to make sure whether
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Figure 3. Osteogenic commitment of MSCs. (a) ALP staining and quantification of ALP expression of MSCs cultured in the HAP nanorods-aligned
and primary porous ceramics at day 4 (means + s.d.). (b) SEM images and Von Kossa staining show that the MSCs cultured in porous ceramics with
the aligned HAP nanorods for 14 days expressed abundant mineral nodules, but not in primary porous ceramic. (c) PCR of cells cultured in samples

over time.

BM-MSCs would commit toward osteogenic lineages. ALP is
detected because ALP is a potent and significant predictor of
osteogenic lineage commitment, and also is a highly specific
marker and inducer of bone formation.”” Very interestingly, at
day 4, ALP was expressed by cells throughout ceramic, as
shown in Figure 3a (bright dots in ceramics). Figure 3a further
shows that the expressed ALP is very high (96%). Besides ALP,
another specific marker of osteogenic differentiation, mineral
nodules secreted by the cells cultured in the nanorods-aligned
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ceramics for 14 days, also were demonstrated by Von Kossa
staining. As can be seen from Figure 3b, these extracellular
matrixes contained the secreted mineral granules (e.g.,, black
granules embedded in filament matrix denoted by red arrow).
SEM observation (Figure 3b) further demonstrated the
expression of mineral nodules. For comparison, primary porous
ceramics were used to culture with BM-MSCs as a control.

Figure 3a shows that ALP hardly was expressed by cells at day
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Figure 4. Spreading and cytoskeletal organization of MSCs. (a) SEM images, (b) phalloidin staining for F-actin, and (c) immunoflurescent staining
for myosin Ila in the nanorod-aligned and primary HAP ceramics show that MSCs have significantly larger contractile tension after 3 days of culture

(mean + s.d., n = 20; * p < 0.05, t-test).

4, and SEM and Von Kossa staining (Figure 3b) show that no
mineral nodules were secreted by cells.

Furthermore, a real-time polymerase chain reaction (RT-
PCR) was used to test the osteogenic gene expressions of
MSC:s cultured in two kinds of samples over time. As shown in
Figure 3¢, Cbfal, a maker of early osteoblastic differentiation,
was expressed highly by cells at the nanorods-aligned
topographies at day 4 and then decreased at day 14. By
comparison, in primary ceramics the expression of Cbfal by
cells was low at day 4 but increased slightly at day 14. Still, the
expression level at day 14 in primary ceramics was lower than
that in the topographies at day 4. Similar tendency also
occurred at BMP-2. Nevertheless, the expression level of BMP-
2 in the topographies arrived at maximum value at day 7.
Different from Cbfal and BMP-2, the expression of Col-I was
similar in both samples, i.e., the expression of Col-I increased
gradually over time and the expression level was also similar as
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each other. OPN, late osteogenic makers, was expressed by cells
in topographies at day 7 and was increased at day 14, but was
not expressed by cells in primary ceramics in the whole culture
time. Another two kinds of the mineral-relative genes, BSP and
OCN,**** both were expressed highly in the nanorods-aligned
ceramics at later stage but both expressions were weak in
primary ceramics. Such results well-verified the formation of
mineral nodules as shown in Figure 3b. Especially, because
OCN can be only expressed by osteoblasts,” the MSCs
adhered in the HAP nanorod-aligned topographies surely have
differentiated into osteoblasts.

Taken together, these direct evidence, i.e,, the expression of
abundant ALP, mineral nodules, and osteogenic gene
expressions well-verified the osteogenic differentiation of BM-
MSCs induced by the HAP nanorods-constructed 3D top-
ographies. The MSCs cultured in the nanorod-constructed
topographies could be induced into osteoblasts and the process

dx.doi.org/10.1021/am5064662 | ACS Appl. Mater. Interfaces 2014, 6, 21886—21893
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of MSCs’ osteogenic commitment was associated with but
faster than the model of osteoblastic differentiation.>> Primary
HAP ceramics did not mediate osteogenic differentiation of
MSCs within a short culture period, and the distinctive
biofunctional difference of two kinds of ceramics, obviously, can
be attributed to the HAP nanorods-constructed topographies.

Now it has been well-known that topographies have an
essential role in regulation of cell adhesion, and some specific
topographies, as described above, even can induce MSCs to
osteogenesis. It is considered that transmembrane adhesion
receptors of the integrin family have a primary role in regulating
stem cell function. The underlying mechanism of osteogenesis
from MSCs in response to topographies is that the cell-
generated traction forces resulted from topographies trigger
contraction-driving Rho A kinase (ROCK), which is central to
the derivation of the high tensional state required for
osteogenesis through activation of Rho A-initiating actin/
myosin cytoskeletal contraction.>*® Still, because different
topographies reported are associated with different structures,
the manner in which topographies cause cells to generate
cytoskeleton tension is not same completely. For example,
Dalby group has verified that the PMMA-constructed,
irregularly arrayed nanopits could directly induce a significant
cellular tension for osteogenesis, but the regularly arrayed ones
could not.”” It suggested that a small difference in topographies
even could change the behaviors of MSCs.

Also, the osteogenesis of MSCs in the HAP nanorod-
constructed topographies suggests that MSCs adopted a
different adhesive manner on the HAP nanorod-aligned surface
in comparison with primary ceramics. To verify such
speculation, we carried out the experiments of cell adhesion
in primary and the HAP nanorod-aligned ceramics. SEM
images (Figure 4a) shows that after 4 days of culture BM-MSCs
could fully spread in nanotopographies and presented a strong
adhesive tension. The middle-magnification of SEM image
shows that in microscale area, some small filopodia adhered/
wrapped around nanorods and abundant nanoimprintings
(black arrows) of nanorods in lamellae could be observed.
Highly magnified SEM image further shows that filopodia could
anchor on both the c¢-plane and the a,b-planes, indicating the
adhesion is nonspecific. Phalloidin staining shows that BM-
MSCs could well assemble a cortical F-actin cytoskeleton
throughout cytoplasm and actin-binding proteins between
parallel actin filaments (Figure 4b, Figure S2 in the Supporting
Information showed the magnified picture to indicate the actin-
binding proteins). These assembled stress fibers presented were
under the stretched state.

On the substrate surface of primary ceramics, Figure 4a
shows that MSCs also could spread well on the surface of
porous walls and phalloidin staining (Figure 4b) indicates the
concentrated actin filaments. Nevertheless, no actin-binding
proteins were observed and Figure 4b shows that cells
assembled significantly less actin filaments compared to
MSCs in the nanorod-aligned topographies.

Furthermore, another kind of actin-binding motor protein,
nonmuscle myosin Ila, that binds and cross-links actin filaments
and then mediates sliding of antiparallel actin filaments during
contraction of stress fibers and thereby increasing endogenous
cell tension,****%° also were investigated. The immunofluor-
escence staining clearly indicates that high-levels of myosin Ila
were expressed in the nanorod-aligned topographies, whereas
low levels of myosin Ila were expressed in primary ceramic.
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Taken together, above results clearly show that it is the
nanorods-aligned topographies rather than primary ceramics
that could drive cells to assemble myosin IIa and generate a
strong contractile force. Especially, the emergence of visible
actin-binding proteins (Figure 4b) indicates that the nanorod-
aligned topographies could cause cells to form higher level of
intracellular tension than on these reported topographies, thus
promoting the osteogenesis of MSCs.

Hence, the spreading of MSCs in primary ceramic indicates
that primary ceramic is a compliant substrate, in which
substrate stiffness just drives cells to organize cytoskeleton to
keep an adhesion/tension balance. The MSCs adhered on such
compliant substrate could not promote the organized
cytoskeletal filaments to generate a high-enough tensed
cytoskeletal force to trigger the assembly of myosin Ila. In
the HAP nanorod-aligned ceramics, however, besides substrate
stiffness, the well-oriented HAP nanorods provided sites for cell
adhering and stretching to expand initial adhesion spots and for
initiating nanoimprintings, which could allow the spread cells to
strongly contract, thereby triggering strong contractility of
myosin Ila and then activating downstream Rho-ROCK signal
pathway.?

In addition, the osteogenic differentiation of MSCs shown
here well demonstrates that topographies are available not only
on 2D substrates, but also in 3D structures. In fact, our
macropores have so large diameter as to render the curvature of
macropores small with respect to a single cell, as can been seen
from Figure 4a, the individual cells spread on the substrates of
pore wall are quite flat. Therefore, the curvature of macropores
postulated has little effect on mediating the commitment of
MSCs. Nevertheless, after cells were continuously cultured for
another 7 days, cells proliferated extremely and filled up
porosities (see Figure S3 in the Supporting Information). It
shows that such porosities play key roles in mediating 3D
organization of cells (2D substrates cannot) and allow further
spatial pattering of cells, i.e., morphogenesis,*® to form bone
tissues.

In summary, the 3D HAP nanotopographies constructed by
the well-aligned HAP nanorods were successfully fabricated by
novel epitaxial growth of the HAP nanorods in porous HAP
ceramics under hydrothermal conduction. The growth process
of the HAP nanorods in the HAP substrates went through a
preferential deposition of HAP on the g,b-planes of the
substratal HAP grains at first, then a growth transformation of
from the a,b-planes to the c-plane, and last continuous growth
along c-axis. Such stereonanotopographies demonstrated alone
could regulate MSCs to differentiate into osteogenic lineages.
Achieving such osteoinductive 3D nanotopographies extremely
shortens the gap of from the concept of mechanotransduction,
ie, extracellular physical forces sponsored from materials
features can be converted into chemical signals to alter the fate
decision of MSCs, to clinical applications. Especially, because
the fabrication of such nanotopographies is simple, repeatable,
and low-cost, and the tailored materials, HAPs, do not contain
the elements that human body does not have, and now have
been widely used in clinical practice, the 3D HAP nano-
topographies reported here depict a good prospect for a range
of applications in regenerative medicine of hard tissues.
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