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Tissue engineering has enabled development of nanostructured collagen scaffolds to meet current challenges in regener-
. ation of lost bone. In this study, extrafibrillarly-mineralized and intrafibrillarly-mineralized collagen scatiolds were fabricated
i separately by a conventional crystallization method and a biomimetic, bottom-up crystallization method. Atomic force

microscopy (AFM) was employed to examine the nanotopography and nanomechanics of the mineralized collagen scaf-
! folds. The in vitro cell responses to the surface of the mineralized collagen scaffolds were analyzed by laser scanning
\ microscope and field emission scanning electron microscopy. AFM imaging showed that these two mineralized collagen

scaffolds exhibited different nanostructure, including the size, morphology and location of the apatites in collagen fibrils.

The nanomechanical testing demonstrated that the intrafibriflarly-mineralized collagen scaffold, with bone-like hierarchy,
i featured a significantly increased Young's modulus compared with the extrafibrillarly-mineralized coflagen scaffold in both
dry and wet conditions. However, these two mineralized collagen scafiolds had a similar thermal behavior. From the cell
culture experiments, the intrafibrillarly-mineralized collagen scaffold showed higher cell proliferation and alkaline phos-
phatase activity than the extrafibrillarly-mineralized collagen scaffold. The utmost significance of this study fs that the
nanostructure of the mineralized collagen scaffolds can affect the initial cell adhesion, morphology and further osteogenic
potential. The present study will help us to fabricate novel biomaterials for bone grafting and tissue engineering applica-
tions.
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INTRODUCTION

Bone, as a multifunctional mineralized tissue, persistently
undergoes remodeling to adapt to mechanical stress, main-
tain ionic balance and repair injuries. Due to the lim-
itations of the availability and morbidity of autologous
grafts, the current “gold standard” of bone substitution
has been challenged.'-* Synthetic bone grafts,** are desir-
able for replacing autologous grafts but difficult for many
researchers due to the complexity of bone tissue. Recently,
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tissue engineering (TE) offers a promising approach for
repair and regeneration of bone defects by mimicking the
structure and biological function of the native extracellu-
lar matrix (ECM) as much as possible in terms of both
chemical composition and physical structure. The miner-
alized collagen fibril, as a basic building block of bone
tissue,® is therefore believed to be an ideal candidate of
TE scaffolds for bone defects because of inherent biocom-
patibility, biodegradability and osteoconductivity.

Type I collagen constitutes the lowest hierarchical
level of bone tissue, and forms triple helical collagen
molecules which self-assemble into a coilagen fibril with
a quarter-staggered arrangement leading to gap zones and
grooves.” Calcium deficient nanoapatites are deposited
at the intrafibrillar and extrafibrillar “spaces associated
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Liu et al.

Effect of Nanostructure of Mineralized Collagen Scaffolds on Their Physical Properties and Osteogenic Potential

collagen scaffolds was principally apatites in the form of
globular accretions. Notably, the cells cultured on the IMC
scaffold produced more bone nodules than the ones on
the EMC scaffold. The presence of inorganic atoms in the
bone nodules was confirmed by EDS, with the Ca:P ratio
of approximately 1.42 (data not shown).

The mineralization of the ECM on the collagen scaffolds
was also illustrated by Alizarin red S staining, in which the
mineral deposition was stained with orange-red spots..As
shown in Figure 9, the amouiit of mineral deposits on the
collagen scaffolds increased from day 7 to day 14. More
importantly, compared with the Col and EMC scaffolds,
the IMC scaffold were apparently in favor of producing
much more minerals, as observed by FE-SEM.

DISCUSSION :
Nanomaterials such as polymeric/inorganic nanoparticles,
nanofibers and nanotubes are widely used as scaffolds for
cell growth®®and delivery vehicles for various drugs,®-*
growth factors,*** and gene related peptides,** in TE.
Recently, electrospun polymeric nanofibers derived from
poly(L-lactic acid),’** polycaprolactone,** poly(vinyl
alcohol),"" or poly(D,L-lactic-co-glycolic acid)®' have
attracted extensive attention in bone TE due to their capa-
bility to provide the support necessary for cells to grow and
differentiate into a functional tissue. However, scaffolds
derived from natural polymers (i.e., collagen) offer greater
bioactivity and biocompatibility with bone tissue to favor
tissue regeneration, owing to their similarity to native ECM
components.>*25 % Fyrthermore, it has been shown that
through the electrospinning process, collagen denatures and
lacks the unique ultra-structural axial periodicity.” This
appears to defeat the purpose to create biomimetic scaf-
folds emuiating the collagen structure and function of the
ECM in TE. In the present study, the collagen scaffolds
were fabricated by self-assembly process and showed dis-
tinct D-periods similar to natural collagen (Fig. 1).
Structurally and biologically to di}plicate a functional,
engineered bone tissue, it is important to design scaf-
folds with nano- and micro-sized architecture similar to
that of native bone. In this study, two types of mineral-
ized collagen scaffolds were produced by different crys-
tallization approaches. These two mineralized collagen
scaffolds exhibited different nano- and micro-morphology
as shown in Figures 1 and 3. The IMC scaffold, fabricated
by the biomimetic, bottom-up crystallization approach,
showed bone-like hierarchical nanostructure. This may
be attributed to the important role of dual sequestra-
tion (i.e., PAA) and nucleation (i.e., TPP) analogs of
non-collagenous proteins in recapitulating the hierarchi-
cal apatite arrangement within collagen fibrils,®® How-
ever, when using the conventional crystallization approach,
large, flower-like apatites were randomly deposited around
the collagen in the EMC scaffold. This result is similar to
previous studies.!™-"?

J. Biomed. Nanotechnol, 10, 1049-1060, 2014

The recently developed PeakForce QNM technique,

* which is beneficial for soft delicate biological specimens,’

was applied to examine the nanomechanics of collagen fib-
rils in both dry and wet station. To decrease scan artifacts
and additiona] experimental constraints such as thermal
drift in- the wet condition,® we used the stiff cantilever
with much lower spring constant, As shown in Figure 2,
the IMC scaffold, with hierarchical intrafibrillar nanoap-
atite assembly, possessed the highest modulus compared
with the Col and EMC scaffolds. The mechanism may be
that the nanocrystalline apatites substitute water in the gap
zones between the collagen molecules and establish inter-
molecular chemical interactions between the organic and
mineral phase.”’” The higher modulus of the IMC scaffold
than the EMC scaffold is similar to what is shown in nat-
ural bone: the mechanical property mainly depends on the
intrafibrillar apatites within the gap zones of the fibrils,
even though the extrafibrillar apatites constitute as much
as 73% of the mineral phase in mineralized collagen.’® >

Mineralization has been proved to be an effective
method to protect collagen from degradation.5%-%% In this
study, the mineralization of collagen strongly altered its
thermal behavior as shown in Figure 4. This phenomenon
has also been observed for collagen in bone and dentin.?
Furthermore, the TGA/DSC measurements confirmed the
preventive role of minerals in collagen decomposition,
which may be attributed to the intmate structural relation-
ship between apatites and collagen fibrils.** Based on this
interpretation, the TGA/DSC examination can be used as
a supplementary means for identification of intrafibrillar
apatites in collagen fibrils in FE-SEM test.

As is well known, bone formation is a complex
sequence of events that begins with the recruitment
and proliferation of osteoprogenitor cells followed by
cellular differentiation, osteoid formation and ultimately
mineralization.% In the present study, osteoblast-like MG
63 cells were used to examine their osteogenic activity in
the mineralized collagen for a bone TE scaffold. As ini-
tial attachment of the MG 63 cells is especially critical for
their long-term stability and differentiation, the capacity
for the mineralized collagen scaffolds to support the cell
adhesion and proliferation was evaluated using MTS assay
as shown in Figure 5. The higher cell number on the IMC
scaffold may be attributed to their smooth surface topog-
raphy and advanced mechanical properties. As a marker
of early osteoblastic differentiation, the ALP activity was
tested after cell seeding on days 1, 3, and 7. Elevated levels
of ALP activity were noticed on the two mineralized colla-
gen scatfolds. This may be because of the important role of
mineral apatiles in inducing in vitro osteoblastic differen-
tiation of precursor cells as well as enhancing in vivo bone
formation.®®*” However, the ALP activity on the IMC
scaffold was significantly higher than that on the EMC
scaffold. This may be due to nano-sized apatites in the
IMC scaffold.®*% Similar result was found in the expres-
sion of OCN, which is believed to play a significant role
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