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while, the denser cortical bone (porosity of 5-25%) is composed of longitudinally oriented cylindrical
elements, known as osteons [2,3]. A single osteon consists of concentric lamellae. Collagen fibers are
parallel to each other in each lamella, but run in the opposite angle between the adjacent lamellae.
The rod-like nano-crystalline inorganic HA particles (20-80 nm long, 2-5 nm thick) are embedded
into collagen fibers to increase the rigidity of bone [4,5]. The hierarchical anatomy structures of bone
tissues are illustrated in Figure 1. The chemical composition and hierarchical structure of bone tissues
render them with unique biological properties and relatively high compressive strength.

Figure 1. The hierarchical anatomy structures of bone tissues. Bone regeneration strategy is conducted
by the synergistic effect of cells and scaffolds.

2. Bone Defects and Bone Tissue Regeneration

Bone tissue defects are increasingly becoming the majority of clinical cases in orthopedics.
Every year, millions of people worldwide suffer from bone tissue defects due to trauma, skeletal
diseases, tumor resections, osteoporosis-related fractures, congenital bone malformations, aging and
so on. Nowadays, there is an urgent need for bone regeneration [6]. Currently, autograft is considered
as the gold standard. However, it suffers from limited resource and donor-site morbidity due to
potential infection and haematoma. Allograft may suffer from immunological rejection and some
ethic troubles [7]. Artificial synthetic grafts (e.g., titanium, calcium phosphate ceramics) provide
alternatives for orthopaedic therapy [8]. An “ideal” scaffold should possess excellent biocompatibility,
osteoconduction, and even osteoinduction, which means the capability of recruiting and inducing
multipotent mesenchymal stem cells (MSCs) to differentiate into mature osteoblasts (bone-forming
cells) [9,10]. Therefore, this review focuses on exploring how the structural microenvironmental cues
of scaffolds direct the osteogenic differentiation of stem cells (MSCs), in order to provide guidance in
design and development of promising scaffolds for bone regeneration.

3. Effects of Scaffold Structural Cues on Biological Responses

Upon implantation into body, orthopedic implant directly contacts with host tissues. Scaffold
structural properties play a critical role in regulating cellular responses, including cell adherent,
spreading, proliferation, and differentiation [11-13]. Recently, advances in fabrication technology
enable to create biomaterials with well-defined pore structure and surface topography, which can be
sensed by host tissue cells (esp., stem cells) and subsequently determine cell fates during differentiation.
There are three major cues such as scaffold pore structure (i.e., porosity and pore size), grain size, and
surface topography (as shown in Figure 2). The porosity of scaffolds not only provides space for the
cell settlement and growth, but also ensures the transport of nutrients and metabolites. Too large pore
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sizes are not conducive to cell habitation, and too small pore sizes are not good for cell migration and
proliferation. Moreover, the grain size of scaffolds affects protein adsorption. It has been reported that
small grain size (such as nanocrystal) provides more adsorption sites, which are more beneficial to
cell adhesion and proliferation [14,15]. The surface topography of scaffolds directly participates in
biomaterial-tissue interface, and their roughness affects cell adhesion and crawling.

Mechanical strength, cell
settlement and migration

Protein adsorption, cell adhesion, |
proliferation and differentiation

Specific surface area, cell adhesion, —
material-tissue interface

Scaffold structural cues

Figure 2. The biofunctions of scaffold structural microenvironmental cues.

3.1. Porosity and Pore Size Cues

Scaffolds in tissue engineering ought to act as the temporary extracellular matrix to provide
supports for cells and guide cell differentiation [16-18]. Porous bioactive materials are designed
to mimic the properties of in vivo environment [19]. Their porosity and pore size are crucial
in determining biological functions. Generally speaking, scaffolds with high porosity result in
good interaction with the surrounding tissues and promote ingrowth of bone cells in vivo, while,
high porosity also causes the diminished mechanical properties of scaffolds [20]. Therefore, the porosity
of scaffolds must be designed to satisfy both their mechanical features and biological performance.

It is well known that a scaffold with porous structure can favor cell ingrowth and allow long-term
stable fixation with the surrounding host tissues. Porous structure usually refers to porosity, pore size,
surface area, connectivity, distortion degree of connected channels, and so on. An appropriate porous
structure of scaffold plays a crucial role in achieving an optimal osteogenic effect [21,22], as high
porosity and open structure are necessary for the ingrowth of bone tissues and blood vessels, and also
ensure bone oxygenation [23-25]. The minimal pore size for bioactive porous material was reported
as approximately 100 pm, which was appropriate for cell migration and nutrient transport [23].
Previous studies also found that pores with size above 200 pm could promote new bone formation
and vascularization [24]. It is generally believed that high porosities (>80%) are optimal for new
bone tissue regeneration, and macroporosity with pore sizes of 100-300 um is beneficial to waste
removal and nutrient supply [26,27]. Literature also suggested that small pores with sizes in a range
of 50 to 100 um were better for inducing endochondral ossification (i.e., osteochondral formation
prior to osteogenesis), while, large pores (100-300 um) facilitated vascularization and induced
intramembranous ossification (i.e., bone formation without preceding cartilage formation) [26,28].
These findings have demonstrated that bioactive scaffold should exhibit proper porous structure
with suitable porosity and pore size [29-31]. Moreover, some researchers have pointed out that cell
ingrowth depends not only on the size of apertures, but also on the degree of connectivity and the size
of channels. There is an urgent need to systematically investigate the roles of porosity and pore size in
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osteogenic outcome, which will help us to design and fabricate orthopedic implants with the desired
clinical performance [32,33].

3.2. Grain Size Cues

Numerous studies have demonstrated that scaffold structural dimension (grain size) can
significantly affect the behaviors of osteoprogenitors (e.g., MSCs) and osteoblasts. The grain size
will change the specific surface area of biomaterials and affect cell adhesion, proliferation, and
differentiation, which play an important role in bone tissue regeneration. Nowadays, CaP-based
bioceramics with a similar chemical composition but different grain sizes in a range of nano-scale
(£100 nm) to submicron-scale (100 nm~1 pum) and micron-scale (=1 um) have been fabricated, and
the effects of grain sizes on biological responses have been extensively investigated. Our group
produced two kinds of porous hydroxyapatite (HA)/tricalcium phosphate (3-TCP) ceramics via
H,0, foaming by sintering at 1100 °C (HT11) and 1200 °C (HT12), respectively. These ceramics
exhibited the similar phase composition and macro-porous structures, but HT11 had significantly
smaller grain size than HT12. The dog intramuscular implantation experiment showed that HT11
ceramics with smaller grain size induced earlier bone formation and larger new bone area than
HT12 [34]. Similar results have been found in other studies [35-40], suggesting that changes in
sintering temperatures can modulate micro-structure of CaP-based bioceramics, as the increment of
sintering temperature gradually increases crystal grain size, but exerts few effects on their chemical
composition and macro-porous structures.

Some researchers also compared the biological responses of CaP bioceramics with grain sizes
in submicron-scale and micron-scale [41-43]. Two kinds of 3-TCP bioceramics (abbr., TCPs and
TCPb) with equivalent chemical composition but varied grain sizes were fabricated by using different
TCP powders as starting materials and adjusting reaction conditions. Compared to TCPb that
exhibited micro-grains in size of 3—4 pm, TCPs with a grain size below 1 pm could promote osteogenic
differentiation of human BMSCs by increasing alkaline phosphatase (ALP) activity and up-regulating
expression of osteogenic specific genes (i.e., osteopontin and osteocalcin) in vitro. Upon implantation
into dog dorsal muscles, TCPs with submicron-scale grains could induce ectopic bone formation,
while, no bone tissue was found in TCPb with micron-sized surface architecture [41]. Further studies
found that TCPs might induce osteoblastic differentiation of BMSCs by enhancing osteoclastic
differentiation and promoting the secretion of pro-osteogenic factors in osteoclasts [42]. Whereas,
TCPs with liposome-encapsulated clodronate (TCPs + LipClod) could not induce any subcutaneous
bone formation, as LipClod depleted the osteoclast progenitors—-monocytes/macrophages [43].
These findings have demonstrated that as compared to those with micro-grains, CaP ceramics with
submicron-scale surface architecture exhibit superior osteoinductivity, which may be attributed to the
enhanced osteoclastogenesis induced by submicro-grains.

Moreover, natural bone is composed of nanosized and nanocrystalline hydroxyapatites [44,45],
and bone biomineralization process indicates that nanosized grains play an important role in the
formation of hard tissues. Therefore, nanocrystalline forms of calcium phosphates have great potential
for bone tissue regeneration [46-50]. Previous researchers found that nanocrystalline calcium deficient
hydroxyapatite (CDHA) [51,52] and p-tricalcium phosphate (3-TCP) [53] exhibited the enhanced
densification and improved sinterability due to their greater surface areas. Hao et al. [54] reported that
67 nm nanosized HA had a significantly higher surface roughness than 180 nm submicron-sized
HA, and the contact angles of nanosized HA and conventional micron-sized HA were 6.1 and
11.51, respectively. Pielichowska et al. [55] demonstrated that nanosized HA had 11% more protein
adsorption per one square centimeter than conventional micron-sized HA. Furthermore, extensive
studies have demonstrated that nanosized HA ceramics show better bioactivity than the ones with
coarser micron-sized crystals [56,57]. For instance, some researchers found [58,59] that titanium with
nanocrystalline HA coatings could dramatically increase osteoblast adhesion, as compared with the
one with traditionally used plasma-sprayed micron-sized HA coatings. Kim et al. [60] also reported
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that a larger number of osteoblasts attached onto nanosized HA /gelatin biocomposites than the
micrometer-sized analogues. In addition, nanophase HA could promote proliferation and induce
osteogenic differentiation of periodontal ligament cells compared to a dense HA bioceramic [61].
Our group also fabricated HA and biphasic calcium phosphate (BCP) nanoceramics with grain size
as 115 £ 21 nm and 86 £ 20 nm, respectively [62]. Compared to traditional HA and BCP ceramics
with submicron-sized grains (~700 nm), nanoceramics could promote osteoblastic differentiation
in vitro by up-regulating osteogenic marker genes (e.g., BMP-2 and Cbfal/Runx2) and increasing
ALP activity, and induce more ectopic bone formation in vivo [47,62]. To sum up, these findings
have demonstrated that compared to their microstructured counterparts, nanostructured biomaterials
offer improved biological performances, which may be attributed to their high specific surface area,
large surface-to-volume ratio, abundant surface defects, and unusual chemical synergistic effects.

3.3. Surface Topography of Scaffolds

As the surface of scaffold is directly in contact with host living tissues, the effects of scaffold
surface on biological performances have been extensively investigated. Surface topographic cues (e.g.,
roughness, stiffness, and texture) play important roles in regulating cell responses and determining
cell fates around the implants [63,64].

3.3.1. Microscale Surface Topography

Researchers have created micropatterns of well-defined geometric features on polymeric
substrates to control shape and spreading degree of single stem cells (MSC confinement) via lithography
and microcontact printing. These micropatterns are composed of adhesion-promoting fibronectin
to generate defined adhesive islands for single cell adhesion, and otherwise the remaining areas
of substrates prevent protein adsorption and cell attachment. McBeath et al. [65] found that small
fibronectin islands (cell-confining, 1024 um?) favored adipogenesis, while, large islands (pro-spreading,
10,000 um?) promoted osteogenesis. It suggested that micropattern sizes (single cell sizes) might have
a marked impact on cell differentiation, which was closely correlated with a RhoA-ROCKmediated
cytoskeletal tension. Mrksich’s group [66,67] fabricated micropatterns (adhesive islands) with the same
area (1000 um?) but diverse shapes, including rectangles with varying aspect ratios and pentagonal
shapes with different subcellular curvature. It revealed that local shape cues (e.g., subcellular curvature)
that increased myosin contractility could promote an osteogenic outcome instead of an adipogenic one
through mitogen-activated protein kinase (MAPK) and Wnt-related signaling pathways. These findings
have demonstrated that microscale geometric cues can control the MSC commitments, and surface
micropatterns that promote contractile cytoskeleton can direct MSCs towards osteoblast lineages.

Moreover, ordered micropatterns have been also created onto CaP bioceramics [68-70].
For instance, our group compacted HA powders into HA disc-shaped pellets via uniaxial pressing, and
polystyrene resin (PS) microspheres of varying sizes were used as pore-forming particles (poroshifters)
to create a series of regular concaves (~53, 204, 508 um in diameter) on HA substrates. Studies showed
that concaves with the smallest size (~53 um) displayed the strongest osteoinductive ability [71,72].
It is intriguing to note that the similar effects are observed in other reports. Fang et al. [73] fabricated
HA ceramics of micropatterned surfaces with quadrate convexes in different sizes (~24, 55, 110 pm)
by using nylon sieves as templates, showing that gene expression of osteogenic markers decreased
with the increase of micropattern size. These findings have suggested that CaP ceramics with ordered
surface micropatterns near cell size (20-50 pum) exert strong stimulation of cell response (e.g., promoting
osteogenic differentiation).

3.3.2. Nanoscale Surface Topography

From a bionic point of view, natural bone tissue has a structure with a nanoscale topography, as its
main inorganic components are hydroxyapatite nanocrystals with 2-5 nm in thickness and 20-80 nm
in length. Numerous studies on scaffold surface topography aim to reproduce nanoscale topography



