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Abstract: In this study, the in vitro biocompatibility and osteoinductive ability of a recently developed
biomorphic hydroxylapatite ceramic scaffold (B-HA) derived from transformation of wood structures
were analyzed using human adipose stem cells (hASCs). Cell viability and metabolic activity were
evaluated in hASCs, parental cells and in recombinant genetically engineered hASC-eGFP cells
expressing the green fluorescence protein. B-HA osteoinductivity properties, such as differentially
expressed genes (DEG) involved in the skeletal development pathway, osteocalcin (OCN) protein
expression and mineral matrix deposition in hASCs, were evaluated. In vitro induction of osteoblastic
genes, such as Alkaline phosphatase (ALPL), Bone gamma-carboxyglutamate (gla) protein (BGLAP),
SMAD family member 3 (SMAD3), Sp7 transcription factor (SP7) and Transforming growth factor,
beta 3 (TGFB3) and Tumor necrosis factor (ligand) superfamily, member 11 (TNFSF11)/Receptor
activator of NF-κB (RANK) ligand (RANKL), involved in osteoclast differentiation, was undertaken
in cells grown on B-HA. Chondrogenic transcription factor SRY (sex determining region Y)-box 9
(SOX9), tested up-regulated in hASCs grown on the B-HA scaffold. Gene expression enhancement
in the skeletal development pathway was detected in hASCs using B-HA compared to sintered
hydroxylapatite (S-HA). OCN protein expression and calcium deposition were increased in hASCs
grown on B-HA in comparison with the control. This study demonstrates the biocompatibility of the
novel biomorphic B-HA scaffold and its potential use in osteogenic differentiation for hASCs. Our
data highlight the relevance of B-HA for bone regeneration purposes.

Keywords: biomorphic scaffolds; hydroxylapatite; bone regeneration; nanostructure; in vitro osteoinductivity

1. Introduction

In recent times, the steady rise in musculoskeletal disease, resulting from increases in
life expectancy and lifestyle changes, has become a serious threat for the ever-increasing
population and national health systems. Approximately 20 million patients/year have been
reported as suffering from loss of bone tissue due to trauma or diseases [1]. New knowledge
about bone repair mechanism is essential to address the important steps required in
translational and precise medicine to improve patients healing. Self-repair is known to be
challenging when there are massive bone defects due to traumatic injury, tumor resection
or congenital disease [2]. Autologous cancellous bone grafting is considered the gold
standard for regeneration when dealing with bone defects [3], despite several limitations
and drawbacks being frequently encountered, including low bone availability and surgery
with its consequent pain and risk of infection [4]. As such, there is growing demand
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for synthetic bone scaffolds, which are capable of imitating the extracellular matrix and
provide an appropriate microenvironment for bone growth by supporting and accelerating
cell migration, while facilitating osteogenic differentiation and the regenerative cascade,
overall [5–7].

Nanotechnology is an innovative discipline that aims to develop/improve new devices
with advanced smart performance, thanks to the specific features of certain nanomaterials.
Calcium phosphates (CaPs), particularly hydroxylapatite (HA), are currently considered
gold-standard materials since their composition mimics the mineral bone phase, thus
exhibiting excellent biocompatibility, as well as being able to induce new bone adhesion
and excellent bone-integration, particularly when developed as porous implants [8–10].
However, despite the large number of studies and medical devices available using HA,
regeneration in the case of critical-sized bone defects is still a serious concern. This is due to
a lack of bioactivity relating to the classic ceramic-making process by which CaP scaffolds
are obtained (i.e., powder compaction/3D forming), particularly the high temperature
sintering required to give the scaffold adequate mechanical properties [11]. Indeed, this
process causes crystal growth and stabilization in the ceramic phase thus, strongly reducing
its ability to be resorbed and exchange bioactive chemical signals with cells, particularly
Ca, P and other bioactive ions that drive bone and vascular regeneration.

Problems relating to reduced HA bioactivity upon sintering are being increasingly
discussed in the literature. Indeed, various studies are dedicated to the development of
self-assembling or self-consolidating ceramic-based scaffolds with adequate mechanical
properties, which at the same time maintain the nanostructure [12,13]. In this respect,
a sinter-free transformation process has recently been developed, showing a new route
to obtain biomorphic ion-doped CaP scaffolds. The process was developed over var-
ious steps, during which a wooden structure was subject to pyrolysis and controlled
phase transformation through a sequence of heterogeneous gas-solid reactions, culmi-
nating in a hydrothermal process conducted at about 200 ◦C. The final product of this
process is a scaffold characterized by a biomimetic composition, multi-scale porosity and a
hierarchically-organized structure with lamellar nanosize grains, which is notably different
from the standard microstructure found in sintered ceramics, especially due to its unusually
damage-tolerant mechanical characteristics [7,14].

Previous in vivo studies, carried out on skeletally mature adult New Zealand White
disease-free rabbits, have highlighted the osteogenic and osteoconductive character of
biomorphic hydroxylapatite scaffolds inherited from the original wood template structure
and show extensive bone formation and penetration inside the channel-like pores of the
scaffold [15]. Indeed, a more recent study has reported the in vivo osteoinductive ability
shown by biomorphic HA scaffold, which was attested by the formation of mature bone
tissue in ectopic sites 12 weeks after subcutaneous implantation in rabbits [7]. In vivo data
are a clear indication of the relevance of biomimetic physical/chemical, morphological and
mechanical features of biomorphic hydroxylapatite scaffold, which stimulates bone tissue
regeneration. However, genes and cellular signaling pathways, which drive biomorphic
HA osteoinductivity, are not known. The aim of our investigation is address to analyze
molecular/cellular pathways and osteogenetic genes induced in human adipose derived
stem cells (hASCs) grown on biomorphic scaffold (B-HA).

Special attention is dedicated to mechanisms of epigenetic control operating at the
SMAD family member 3 (SMAD3) and Sp7 transcription factor (Sp7) coding for the two
principal master regulators of the osteogenic lineage during mesenchymal stem cell com-
mitment. For example, SMAD3 has been shown to bind to the osteopontin promoter as a
sequence specific activator [16,17].

The aim of this study is to analyze the biocompatibility and the ability of B-HA to
promote the expression of specific genes, which are relevant to the osteogenic pathway,
compared to a commercial scaffold made of a sintered HA (S-HA) with similar porosity
levels. In order to detect epigenetic modifications induced by the biomorphic material in
hASCs, the analysis of gene expression involved in the osteogenic pathway was carried out.
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As both scaffolds are made of HA, this study will assess the in vitro osteoinductive ability
of a scaffold, as induced by a scaffold endowed with nanostructured hierarchical porous
architecture, compared to the typical macroporous cellular structure of a sintered ceramic
device, typically showing rounded micron-sized grains, based on a high-temperature
sintering process.

2. Results
2.1. Microstructural Analysis

Sintered HA (S-HA) shows a typical sintered hydroxylapatite microstructure, with
coalesced rounded ~1–2 µm sized grains and diffuse intergranular porosity (Figure 1A).
Conversely, biomorphic scaffold (B-HA) shows lamellar, closely interconnected hydrox-
ylapatite nanocrystals (~200 × 20 nm) with a hexagonal shape. The absence of any high
temperature sintering process prevented grain growth in B-HA, thus resulting in a higher
specific surface area (i.e., B-HA: 12.5 m2/g; S-HA: 4.8 m2/g), without evidence of intergran-
ular boundary layers in strong contrast to the typical microstructure of sintered ceramic
bodies (Figure 1B). Both scaffolds showed a porosity extent of ~60 vol.%.

Figure 1. Scanning electron microscopy (SEM) analysis of S-HA and B-HA. (A) SEM S-HA images show its porous structure,
Scale bar: 1 µm, × 11,57 K. (B) B-HA structure is characterized by nano-metric particles forming thin lamellae with a
microstructure composed of nano-size building blocks and multi-scale porosity, Scale bar: 1 µm, × 10,210 K.

2.2. Biocompatibility Analysis of Biomorphic HA Scaffold Employing hASCs

In vitro biocompatibility analyses, i.e., viability, proliferation and cytoskeleton orga-
nization, assayed in human adipose stem cells (hASCs) cultured on biomaterials were
evaluated at day 14. The biomorphic HA (B-HA) and sintered HA (S-HA) biomaterials
demonstrated biocompatibility in terms of cell growth and proliferation. In this case,
recombinant genetically engineered human adipose stem cells (hASC-eGFP) grown on
biomaterials revealed a normal cell morphology. Indeed, hASC-eGFP cell morphology was
no different from parental hASCs (Figure 2A). Actin fibers of the cytoskeleton appeared to
be well organized, whereas its integrity remains uninfluenced by scaffolds (Figure 2B). The
Alamar blue assay showed an increased scaffold metabolic activity during the analysis in
hASCs grown on B-HA and S-HA scaffold. The metabolic activity measured by Alamar
blue assay demonstrated that B-HA and S-HA biomaterials did not elicit cytotoxic effects,
although different cellular growth kinetics, which are statistically significant at day 14
compared to day 7 (p < 0.05), were induced. Moreover, the B-HA scaffold had a substantial
overall effect on cell viability compared to S-HA and TCPS (p < 0.05) (Figure 2C).
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with 0.5 mg/mL DAPI. (B) Cytoskeleton analysis by Phalloidin TRITC staining was carried out in 
hASCs-eGFP grown on biomaterials B-HA and S-HA and TCPS (magnification 40×). Actin filaments 
show no structural alteration, confirming the compatibility of the assayed biomaterials, at day 14. 
Cell nuclei were stained with 0.5 mg/mL DAPI. (C) human adipose stem cells (hASCs) metabolic 

Figure 2. Stem cell viability and cytoskeleton architecture. (A) Recombinant genetically engineered
human adipose stem cells (hASC-eGFP) grown on biomorphic HA (B-HA), sintered HA (S-HA) and
tissue culture polystyrene (TCPS) at day 14 are shown at magnification 20×. Cell nuclei were stained
with 0.5 mg/mL DAPI. (B) Cytoskeleton analysis by Phalloidin TRITC staining was carried out in
hASCs-eGFP grown on biomaterials B-HA and S-HA and TCPS (magnification 40×). Actin filaments
show no structural alteration, confirming the compatibility of the assayed biomaterials, at day 14.
Cell nuclei were stained with 0.5 mg/mL DAPI. (C) human adipose stem cells (hASCs) metabolic
activity was evaluated by colorimetric intensity at day 3, 7 and 14 of co-culture on B-HA, S-HA and
TCPS. 3D-Biomorphic biomaterials showed the highest value in cell viability between day 7 and day
14 (p < 0.05). Statistically differences are significant for B-HA, S-HA and TCPS at day 7 and day 14
(p < 0.05).
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2.3. Matrix Mineralization and Osteocalcin Expression Protein in hASCs

To test the osteogenic differentiation ability of the biomorphic material B-HA, stem
cells were grown on scaffolds for two weeks. Mineral matrix deposition was evaluated
by staining the cells with Alizarin Red at day 14 in hASCs cultured on B-HA and S-
HA biomaterials, in osteogenic condition (OC) and in plastic vessels (TCPS) (Figure 3A).
Alizarin Red S staining showed that stem cells formed a small number of calcified nodules
(Figure 3 A, B). When co-culture processing was performed for a further two weeks, a
large number of calcified nodules were observed and quantified (Figure 3 A, B). The B-HA
scaffold favored matrix mineralization better than TCPS, the control group (** p < 0.01).
Calcium deposits quantified in hASCs grown on the B-HA material were higher compared
to stem cells grown on the S-HA biomaterial (** p < 0.01). Cells grown in OC showed a
significant increase in calcium deposits compared to S-HA, TCPS (** p < 0.01) and B-HA
(* p < 0.05), (Figure 3B). The B-HA scaffold favored matrix mineralization better than TCPS,
also at day 21 (Supplementary Figure S1).

Figure 3. Osteogenic markers in human adipose stem cells (hASCs) cultured on biomorphic HA
(B-HA), sintered HA (S-HA) biomaterials. (A) Alizarin Red staining is shown in this panel, in
experimental conditions tested (10× magnification upper figures, 4x magnification lower figures).
(B) The matrix mineralization was evaluated by Alizarin red staining, whereas its quantification was
carried out spectrophotometrically. * p < 0.05; ** p < 0.01 (ANOVA test). Matrix mineralization data
was reported as optical density. (C) The osteocalcin (OCN) protein levels were quantified by ELISAs.
OCN protein was reported as ng of Osteocalcin/µg of total protein. * p < 0.05, ** p < 0.01.

Osteocalcin (OCN) is the most important non-collagenous protein involved in bone
matrix organization and deposition. ELISAs show a statistically significant increasing level
of OCN protein expression in cells grown on B-HA biomaterial, compared to the other
experimental groups, represented by S-HA and OC (* p < 0.05) and TCPS (** p < 0.01) at day
14. These improved cellular responses for hASCs grown on B-HA material demonstrate
the inductive effect exerted by B-HA compared to S-HA scaffold (Figure 3C).
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2.4. Osteogenic Gene Expression in hASCs

The expression profile of human osteogenic genes was evaluated by RT-PCR Array
technology. To this end, hASCs were grown on both B-HA and S-HA scaffolds for 14 days.
Quantitative RT-PCR Array results were compared to the control group, using hASCs
grown on TCPS. In hASCs grown on B-HA, 17 differentially expressed genes (DEGs) were
detected (Figure 4A). Among the DEGs, ossification and osteoblast differentiation-related
genes, including the Alkaline phosphatase (ALPL), Chordin (CHRD), Fibroblast growth
factor receptor 2 (FGFR2) and SMAD family member 3 (SMAD3) resulted as up-regulated
in hASCs grown on B-HA compared to the control group (TCPS). Transcription factor to
cartilage condensation SRY (sex determining region Y)-box 9 (SOX9) tested up-regulated,
too. HASC adhesion analysis and extracellular matrix gene expression reveal that collagen,
type X, alpha 1 (COL10A1) and Matrix metallopeptidase 9 (MMP9), together with the
growth factor colony-stimulating factor 3 (granulocyte) (CSF3), were up-regulated on
B-HA scaffold.

Figure 4. RT2 PCR Array analyses of osteogenic genes. Gene expression was evaluated in human adipose stem cells (hASCs)
grown on (A) biomorphic HA (B-HA) and (B) sintered HA (S-HA), compared to tissue culture polystyrene (TCPS) at day
14. (A) In hASC cultures, mRNAs from 17 genes in the osteogenic pathway, i.e., ALPL, BGLAP, CHRD, COL10A1, CSF3,
EGF, FGFR2, GLI1, ITGA3, MMP10, MMP8, MMP9, SMAD3, SOX9, SP7, TGFB3 and TNFSF11 were up-regulated (red).
(B) In hASC cultures, mRNAs of 10 genes in the osteogenic pathway, i.e., BMP2, COL2A1, CSF2, EGF, GLI1, MMP10, MMP8,
SP7, SPP1, TNFSF11 were up-regulated (red), while 16 tested genes resulted down-regulated (green): BGLAP, BGN, BMP6,
COL1A1, COL1A2, COL3A1, COL5A1, FGF1, FN1, IGF1, ITGA2, ITGA3, ITGB1, MMP2, TGFB3 and VCAM1. (C) Fold change
(FC) of common up-regulated gene EGF, GLI1, MMP10, MMP8, SP7, TNFSF11. (D) Genes modulated by B-HA and S-HA
in hASC cultures at day 14 are represented by Venn diagram. The common genes up-regulated from both biomaterials
are indicated.

A total of 26 DEGs were identified in hASCs grown on sintered hydroxylapatite
S-HA biomaterial (Figure 4B). DEGs including 10 up-regulated genes (red) and 16 down-
regulated genes (green) were identified in hASCs grown on S-HA. Among these genes
were accounted Bone morphogenetic protein 2 (BMP2), Collagen, type II, alpha 1 (COL2A1)
and Secreted phosphoprotein 1 (SPP1), which play important roles in ossification, together
with the growth factor colony-stimulating factor 2 (CSF2), were found to be up-regulated
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at day 14. Genes encoding for cell-cell adhesion molecules, such as Integrin, alpha 2
(ITGA2), Integrin beta 1 (ITGB1) and Vascular cell adhesion molecule 1 (VCAM1) were
down-regulated at day 14. Genes that codify extracellular matrix (ECM) proteins, such as
Collagen type I, alpha 1 (COL1A1), Collagen type I, alpha 2 (COL1A2), Collagen type III,
alpha 1 (COL3A1), Collagen type V, alpha 1 (COL5A1), Biglycan (BGN), Fibronectin 1 (FN1)
and Matrix metallopeptidase 2 (MMP2) were down-regulated. Growth factors, such as
fibroblast growth factor 1 (FGF1) and insulin-like growth factor-1 (IGF1), together with Bone
morphogenetic protein 6 (BMP6) were down-regulated. It appears that both biomaterials
stimulate the over-expression of specific osteoblastic genes, such as Sp7 transcription
factor (SP7) and GLI family zinc finger 1 (GLI1) with different fold change values (Table 1,
Figure 4C,D). DEGs modulated by the two scaffolds also include growth factors such as
Epidermal growth factor (EGF) and ECM molecules, including Matrix metallopeptidase 8
(MMP8) and Matrix metallopeptidase 10 (MMP10), and factors implicated in osteoclastic
differentiation, such as Tumor necrosis factor (ligand) superfamily, member 11 (TNFSF11).
B-HA induced the up-regulation of these common genes, i.e., SP7, GLI1, MMP8-10, EGF
and TNFSF11, with a higher fold change compared to S-HA material (p < 0.05) (Table 1,
Figure 4C). Bone gamma-carboxyglutamate (gla) protein (BGLAP), Integrin, alpha 3 (ITGA3)
and Transforming growth factor beta 3 (TGFB3) tested differentially regulated, i.e., up- and
down-regulated in hASCs grown on B-HA and S-HA, respectively.

Table 1. Genes found to be de-regulated in human adipose stem cells (hASCs) grown on biomorphic
HA (B-HA) and sintered HA (S-HA) scaffolds at day 14.

Common De-Regulated Genes

Number Acronym Fold-Change (Log2 FC)

S-HA B-HA

1 BGLAP −2.18 +6.94

2 EGF +2.01 +11.21

3 GLI1 +2.75 +12.85

4 ITGA3 −1.89 +6.97

5 MMP10 +5.59 +16.46

6 MMP8 +3.10 +14.08

7 SP7 +3.08 +14.29

8 TGFB3 −1.06 +6.95

9 TNFSF11 +4.02 +13.78
Bone gamma-carboxyglutamate (gla) protein (BGLAP), Epidermal growth factor (EGF), GLI family zinc finger 1
(GLI1), Integrin alpha 3 (ITGA3), Matrix metallopeptidase 10 (MMP10), Matrix metallopeptidase 8 (MMP8), Sp7
transcription factor (SP7), Transforming growth factor, beta 3 (TGFB3), Tumor necrosis factor (ligand) superfamily,
member 11 (TNFSF11).

3. Discussion

In this investigation, a recently developed biomorphic nanostructured hydroxylapatite
(B-HA) was analyzed in vitro by differential gene expression, compared to a sintered
hydroxylapatite (S-HA), exhibiting a structure made of micron-size rounded grains, as
typical of hydroxylapatite consolidated by the sintering process.

Viability analysis studies on metabolic activity and surface studies conducted with
hASCs, when taken together suggest that both scaffolds meet the requirements for in vitro
biocompatibility, offering surface properties with good microenvironments for human
adipose stem cell (hASC) adhesion and proliferation when in direct contact with these
materials. The distribution of actin filaments was similar in hASCs grown on B-HA and
plastic vessel (TCPS). In the examined hASCs grown on the biomorphic B-HA scaffold, the
actin filaments were distributed uniformly and occupied most of the cell cytoplasm at day
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14. On the other hand, hASCs grown on S-HA showed cellular viability, metabolic activity
and well-organized cytoskeleton confirming its biocompatibility.

The in vitro osteoinductive ability of both the B-HA and S-HA scaffolds was assessed
by an analysis of calcium deposits and Osteocalcin (OCN) protein expression. hASCs
grown on B-HA and S-HA at day 14 accumulated calcium in the ECM, thus demonstrating
osteoinductive properties in both scaffolds. However, calcium deposits in hASCs grown
on B-HA were more abundant in comparison to cells grown on the S-HA scaffold.

Furthermore, ELISA data show a statistically significant increase of OCN with B-HA
compared to controls, represented by S-HA and TCPS, at day 14, in agreement with the
up-modulation of Bone gamma-carboxyglutamate (gla) protein (BGLAP) gene expression.
Indeed, in hASCs grown on B-HA up-regulation of BGLAP expression at mRNA level was
detected. On the other hand, this gene tested down-expressed in hASCs grown on S-HA.
OCN, together with osteopontin (OPN), are known to be major non-collagenous proteins
(NCPs) that play key roles in both the biological and mechanical functions of bone [18].

Indeed, OCN is produced during bone formation, late in the mineralization process, as
it is involved in organizing ECM, coordinating cell–matrix and mineral–matrix interactions,
particularly controlling either directly and/or indirectly bone mass, mineral size and
orientation [18].

These improved osteogenic markers, expressed by hASCs grown on the B-HA scaffold,
demonstrate a higher osteoinductive ability for B-HA compared to S-HA scaffold.

The molecular mechanisms, activated by hydroxylapatite (HA) to influence the be-
havior of osteoblasts inducing proliferation and bone formation, are poorly understood.
For this reason, we performed RT2 Profiler PCR array-Human Osteogenesis in order to
analyze the expression of genes involved in the osteogenic pathway. In this study, S-HA
biomaterial influences the differentiation of hASCs by up-regulating osteogenic genes.

S-HA at day 14 induced the up-regulation of ten genes including BMP2, COL2A1, SPP1
and SP7, which play important roles in the ossification process. In agreement, previous
studies have reported that sintered hydroxylapatite induced the expression of osteogenic
genes, including SPP1, in hASCs [19], while high proliferation and focal adhesion kinase
activation were observed in human bone marrow mesenchymal stem cells (BM-MSCs) [20].

In this study, the novel biomimetic scaffold modulated the ossification differentiation
genes including the chondrogenic transcription factor and genes involved in the osteoclast
pathway, at day 14 of co-culture. Among the DEGs, gene expression analysis performed
using RT-PCR Array showed significant early up-regulation of the osteogenic markers
ALPL, BGLAP, CHRD, FGFR2, SMAD3, TGFB3 in hASCs grown on B-HA at day 14. Recent
studies have indicated that ALPL is an essential factor for the mineralization of osteoblastic
cells [21]. In agreement with this result, our data show the up-regulation of ALPL gene
expression in hASCs grown on B-HA scaffold. Animal models have indicated that the
BMP-antagonist chordin (CHRD) and Noggin promote inductive and trophic activities
in rostral organizing centers during early development of the mammalian head [22]. In
our study, SMAD3 and TGFB3 were up-regulated in hASCs grown on B-HA scaffolds
compared to the control group represented by TCPS. SMAD3 is an intracellular molecule
that transmit signals from plasma membrane receptors to the nucleus. SMAD3 operates
down-stream of growth factors, such as transforming growth factor-β (TGFB) [23]. It is
worth noting that TGFB3 tested up-regulated in hASCs grown on B-HA, whereas it was
down-regulated in cells grown on the S-HA scaffold.

TGFB3 loaded on a 3D scaffold enhanced the chondrogenic differentiation of hASCs
during 28-days of culture [24]. Interestingly, it has been reported that TGFB3 promotes
osteogenic differentiation [25] and it is used for cartilage repair, tissue regeneration and
wound healing in vivo [24,26,27]. TGFB3 promotes the proliferation and early differenti-
ation of mesenchymal stem cells (MSCs) into osteoblasts, chondrocytes, adipocytes and
tendon cells [28]. TGFB3 is also involved in the recruitment of endogenous MSCs to initiate
bone tissue regeneration [29]. Furthermore, it stimulates endochondral ossification [30]
and completes bone remodeling [31].
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In this investigation, we show that the B-HA modulated EGF, GLI1, MMP8-10, SP7 and
TNFSF11 gene expression with higher fold change values compared to S-HA material. The
intracellular stimulation of EGF gene expression is much more active with B-HA scaffolds
than S-HA (11,21 vs. 2,01 Log2 Fold change). EGF has been reported as playing an enhancer
role on osteogenic differentiation since it increases extracellular matrix mineralization [32].

Array RT-PCR reveals that the GLI1 gene expression is up-regulated by B-HA com-
pared to S-HA. It has been reported that GLI1, in addition to GLI2 and GLI3, is involved in
the signaling-mediated specification of the osteoblast lineage. GLI1 induces an early stage
of osteoblast differentiation, at least to some extent, in a Runx2-independent manner [33].
Chi et al., reported that the Hedgehog signaling pathway can promote osteogenic differ-
entiation in bone marrow mesenchymal stem cells (BM-MSCs) via the activation of key
molecules Smoothened (Smo) and GLI1 Family Zinc Finger 1 [34].

B-HA modulated matrix metalloproteinases (MMP) expression genes more actively
than S-HA in hASCs. MMPs are members of a family of zinc-dependent proteinases,
which are able to cleave many non-ECM and ECM components, such as collagens and
proteoglycans. They have a role in normal development and tissue damage in various
pathophysiological conditions involving wound healing and tissue remodeling [35]. MMP8
has been reported as being expressed by osteoblastic progenitors, differentiated osteoblasts,
osteocytes and chondrocytes [36]. In our in vitro study, ITGA3 was up- and down-regulated
in hASCs grown on B-HA and S-HA, respectively. In this context, it is important to recall
that at the cellular level, the integrins are significant mechano-transducers involved in both
matrix deposition and organization.

SP7, an important transcriptional factor that controls the proliferation and differentia-
tion of MSCs in mature bone cells, tested as over-expressed in hASCs grown on both S-HA
and B-HA scaffolds. In this context, it is worth recalling that SP7 controls the expression of
proteins involved in terminal osteoblast differentiation [37].

Osteoclast differentiation, mediated by TNFSF11/RANKL gene, was greatly up-regulated
(13,78 Log2 FC) by B-HA compared to S-HA (4,02 Log2 FC). RANKL is a homotrimeric
transmembrane protein secreted by osteoblasts as well as immune and tumor cells, which
stimulate the differentiation of osteoclasts in the bone and the release immature progenitor
cells into the circulation. Bone is a dynamic tissue that is continuously being remodeled by
the coordinated actions of different bone cell populations, which include bone resorption by
osteoclasts and bone formation by osteoblasts, whereas osteocytes act as mechanic-sensors
that orchestrate osteoclast and osteoblast behavior.

The high expression of various genes implicated in skeletal development, such as EGF,
GLI1, MMP8, SP7 and TNSF11 induced by B-HA compared to S-HA can be ascribed to
the very different physicochemical features of the two scaffolds. Indeed, despite having
the same composition, i.e., hydroxylapatite, B-HA is characterized by nanosize lamellar
particles resembling the structure of the mineral phase in natural bone tissue. Due to
such a fine nanostructure, in comparison with the micron-size particles making up the
sintered S-HA structure, B-HA shows a much higher specific surface area and can also
exchange Ca and P ions which are relevant as chemical signals for stem cells favoring
osteogenic gene expression, as previously shown with a Mg, Sr-doped biomorphic HA-
based scaffold [7]. Furthermore, in comparison with S-HA, characterized by wide open,
but random and non-aligned porosity, B-HA shows a hierarchically organized structure
at increasing size scales, following the complex structure of the rattan wood used as a
template and closely mimicking the osteon structure of bone. Therefore, hASCs cultured on
the B-HA scaffold could also receive topological information from its 3D architecture, which
closely reproduces the physiological bone environment from the nano to the macroscale
and is relevant in instructing cells on new bone formation and organization [38].

Overall, our data show that six important genes (EGF, GLI1, MMP8-10, SP7 and
TNSF11) were up–regulated in B-HA with higher fold change values compared to S-HA
material. In addition, BGLAP, ITGA3 and TGFB3 tested up- regulated in hASCs grown on
B-HA and down regulated in S-HA. Some genes involved in ostegenic and chondrogenic
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differentiation (e.g., ALP, SOX9, SMAD3, COL10A1) are expressed only in hASCs grown
on B-HA, compared to S-HA. This is a good marker of the potentially effective, sustained
osteogenic activity of B-HA. This result indicates that B-HA is a promising scaffold for
bone regeneration. Indeed, B-HA has a bone-like composition and nanostructured 3D
architecture, whereas it does not need growth factors or osteoinductive additives.

Our new data indicate that B-HA improves the osteogenic, osteoclastic and chondro-
genic genes expression promoting bone regrowth. These results could be ascribed to the
higher surface activity of the B-HA scaffold compared to S-HA.

However, as the osteogenesis process is the result of a very complex sequence of
biochemical reactions induced by both the chemistry and the structure of the scaffold, a
more detailed investigation with different time points is required in order to have a global
understanding of the molecular events related to osteogenesis, as induced by specific
chemico-physical features of the scaffold [14,15].

The enhanced osteoinductive ability of B-HA compared to a S-HA scaffold confirms
that the use of biomimetic scaffolds can support metabolic processes yielding tissue regen-
eration without the aid of additional growth factors, bioactive molecules and cells. These
results could have a significant impact on translational processes, because it would be
possible to avoid regulatory complexes, linked to the use of osteogenic molecules and hu-
man stem cells. This scaffold may significantly reduce the time required for the translation
“from the bench to the patient”, whereas decreasing subsequent healthcare costs.

4. Materials and Methods
4.1. Biomaterials

The biomorphic scaffold (B-HA) was obtained following the method described else-
where [7], while being slightly modified to obtain a pure hydroxylapatite (HA) scaffold
with no further ion doping. Briefly, cylindrical rattan wood pieces (Calamus manna) were
pyrolyzed at 1000 ◦C in an N2 atmosphere, generating a pure carbon template. Then,
the carbon template was transformed into a biomorphic hydroxylapatite scaffold by a se-
quence of gas-solid reactions in a controlled atmosphere at supercritical conditions, which
concluded with a hydrothermal process carried out at 220 ◦C.

The biocompatibility and osteoinductivity properties of B-HA were assessed compared
to a commercial sintered hydroxylapatite scaffold (Engipore®; Finceramica Faenza, Faenza,
Italy; hereinafter coded as S-HA) [39,40]. Before cell loading, each sample (diameter 8 mm,
height 4 mm), was sterilized using 25 kGy γ-ray radiation, placed in a 24-well plate (one
per well) and pre-soaked in culture medium for 72 h at 37 ◦C.

4.2. Microstructural Analysis

B-HA and S-HA scaffolds were analyzed using scanning electron microscopy (SEM).
Samples were washed with saline, fixed by 2.5% glutaraldehyde and with a 1% osmium
solution in phosphate buffer. The specimens were coated with colloidal gold and analyzed
using scanning electron microscopy (SEM, model Stereoscan S-360, Cambridge UK) [41].

The open and total porosity of the studied ceramics was measured using Archimedes’
method and geometrical weight-volume evaluation, respectively. The specific surface area
(SSA) of the scaffold was measured using the nitrogen adsorption method, following the
Brunauer–Emmett–Teller (BET) model (Sorpty 1750, Carlo Erba, Milan, Italy).

4.3. Cell Culture and Scaffold Seeding

The biocompatibility and osteoinductivity of the B-HA scaffold, compared to S-HA,
were evaluated using human adipose derived stem cell (hASC) cultures at day 14. The
hASCs used in this study were purchased (PT-5006, Lonza Milan, Italy) as cryopreserved
frozen cells during the first passage. The company certified that hASCs are positive for
surface markers CD13, CD29, CD44, CD73, CD90, CD105 and CD166, while being negative
for other markers, such as CD14, CD31 and CD45. Cells were expanded in αMEM (Lonza,
Milan, Italy) supplemented with 20% fetal bovine serum (FBS), antibiotics and incubated at



Int. J. Mol. Sci. 2021, 22, 7092 11 of 15

37 ◦C with 5% CO2 in a humidified atmosphere. Primary hASC cultures were grown (i) on
B-HA; (ii) on S-HA; (iii) in osteogenic condition (OC). HASC cultures grown on B-HA and
S-HA biomaterials were maintained in a-minimum essential medium (α-MEM) (Lonza,
Milan, Italy) supplemented with 20% FBS and 2% antibiotics (Pen/Strep 10,000 U/mL).
Control cultures were hASCs grown in tissue culture polystyrene (TCPS) vessels, and
maintained with basal medium, described above. OC was obtained using differentiation
Bullekit osteogenic medium (Lonza, Milan, Italy), containing osteogenic basal medium
(Lonza, Milan, Italy) and osteogenic SigleQuotes, which includes dexamethasone, ascor-
bate, mesenchymal cell growth supplement, L-glutamine, β-glycerophosphate (Lonza,
Milan, Italy) [41,42]. The S-HA and B-HA scaffolds were placed separately in 24-well
plates (Ø, 10 mm), filled with 200 µL of cell suspension containing 104 hASCs for each
sample and incubated for 2 h. Cell suspension was shaken every 15 min to maximize
cell-scaffold interaction. Plates were incubated at 37 ◦C in a humidified atmosphere until
the time of analysis [39]. Cells were cultured at 37 ◦C in a humidified atmosphere with
5% CO2, whereas they were re-fed with fresh medium every three days until the time of
analysis. Biocompatibility analyses were performed in triplicate employing three different
hASC samples.

4.4. Cell Morphology

HASCs (104 cells) were seeded onto the B-HA and S-HA scaffolds in order to evaluate
the influence of biomaterials on viability, cytoskeleton organization and proliferation, as
reported below. HASCs employed in the three experimental groups, i.e., biomaterial B-HA,
biomaterial S-HA and control TCPS, were assayed at day 14. In order to analyze the
biocompatibility of both B-HA and S-HA scaffolds, the direct morphology of recombinant
genetically engineered cells hASCs-eGFP grown on the two biomaterials was evaluated by
fluorescence microscopy analysis. To facilitate the observation of hASC cultures grown onto
biomaterials, cells were transfected with an adenovirus vector that expresses the enhanced
green fluorescence protein (eGFP). Recombinant Ad-eGFP was prepared as previously
described [43]. After 48 h, the efficiency of the adenovirus infection was evaluated by
measuring the emitted fluorescence by a fluorescence microscope. Cell nuclei were stained
with 0.5 mg/mL DAPI and observed at day 14 [41,42].

4.5. Cytoskeleton Architecture Evaluation

Cytoskeletal actin filaments of hASCs-eGFP were stained with tetramethyl-rhodamine-
isothiocyanate (TRITC) conjugated-Phalloidin (Sigma, Milan, Italy) as previously described
at day 14. Cells were washed with PBS 1X and fixed for 10 min at room temperature (RT)
using 10% formalin [39,41,44]. Cellular nuclei were stained with 0.5 mg/mL DAPI. Images
were obtained using a TE 2000-E fluorescent microscope. Digital images were captured
using ACT-1 and ACT-2 software for DXM1200F digital cameras (Nikon Instruments, Sesto
Fiorentino, Italy).

4.6. Cell Proliferation Assay

The proliferation rate of hASCs grown on scaffold was evaluated using the AlamarBlue
assay (ThermoFisher Scientific, Milan, Italy) [39,44]. The assay was performed to assess the
cells viability attached and grown on biomaterials and TCPS at day 3, 7 and 14, as previously
reported [39,44]. Briefly, cells were incubated with a solution of 5% AlamarBlue in medium
for 3 h at 37 ◦C. Afterwards, the optical density of the supernatants was measured at
570 nm and 620 nm using the spectrophotometer (Thermo Electron Corporation, model
Multiskan EX, Helsinki, Finland).

4.7. Osteogenic Differentiation and Matrix Mineralization in hASCs

Alizarin Red staining was carried out once calcified nodules were observed at day
14 and 21. Alizarin red staining (Sigma, Milan, Italy) was performed to investigate hASC
scaffold-induced mineralization, as described [41]. The medium was removed and cells
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were fixed with 10% formalin. Plates were rinsed three times with PBS 1X and stained with
Alizarin Red (pH 4.2) for 30 min at RT. Excess dye was removed, in case of over-staining, by
washing three times with PBS 1X. Cell images were captured using an inverted fluorescence
microscope. The mineralized substrates were quantified using a 20% methanol and 10%
acetic acid in a water solution (Sigma-Aldrich, Milan, Italy). For the quantification of
matrix mineralization, the solution containing an amount of dissolved Alizarin red was
read spectrophotometrically (Thermo Electron Corp., model Multiskan EX, Vantaa, Finland)
at a wavelength (λ) of 450 nm [41].

More elaborate methods to demonstrate hASC osteogenic differentiation, including
the detection and quantification of bone-specific proteins, such as osteocalcin (OCN), were
carried out. OCN protein expression was analyzed in hASCs cultured with OC (medium
described above) on the S-HA, B-HA scaffolds and TCPS. Protein extraction was performed
using Cell extraction Buffer (Thermo Fischer Scientific, Milan, Italy) added to 1 Mm phenyl-
methylsulfonylfluoride and a protease inhibitor cocktail [41]. Total protein concentration
was determined by bicinchoninic acid assay (BCA) according to the manufacturer’s in-
structions. The OCN protein was quantified using the Human Osteocalcin Instant ELISA
(Thermo Fisher Scientific, Milan, Italy) according to the manufacturer’s instructions [41].

4.8. Osteogenesis RT2PCR Array

RT2 Profiler™ PCR Array Human Osteogenesis (Qiagen, Milan, Italy) was carried
out to investigate the gene expression of the osteogenic pathway induced by the scaffold
in hASCs. Specifically, total RNA was isolated from hASCs grown on (i) B-HA (ii) S-HA
and (iii) TCPS (control group), at day 14, using RNeasy Plus Micro Kit (Qiagen, Milan,
Italy) according to the manufacturer’s instructions. Total RNA was quantified using a
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, Delaware) [44]. RT2

Profiler™ PCR Array Human Osteogenesis was performed according to the manufacturer’s
instructions [41]. Briefly, the RNA sample was purified from the genomic DNA with buffer
GE for 5 min at 42 ◦C. Reverse-transcription mix (10 µL) was added to each tube containing
10 µL genomic DNA elimination mix. The reverse transcription was performed 42 ◦C
for 15 min. RT2 SYBR Green Mastermix was added at cDNA in RNase-free water. PCR
components mix (25 µL) was added to each well of the RT2 PCR Array. RT2 Profiler PCR
Array was used to analyze the expression of genes for human osteogenesis, cell adhesion
molecules and 5 housekeeping genes, at days 14 [41]. Specific primer sets, employed in Real-
Time PCR, were used to analyze the expression of 84 genes codifying for proteins involved
in osteogenic differentiation, cartilage condensation, ossification, bone metabolism, bone
mineralization, binding to Ca2+ and homeostasis, extracellular matrix (ECM) protease
inhibitors, adhesion molecules, cell-to-cell adhesion, adhesion molecules of the ECM and
growth factors. For data analysis, the fold change (FC) of each gene expression was
calculated using the 2−∆∆Ct method, whereas housekeeping genes, used as controls, were
employed to normalize results and Log2 FC; <1 or >1 was considered significant.

4.9. Statistical Analysis

Statistical analyses of data, obtained from experiments performed in triplicate, were
carried out using Prism 8.0 (GraphPad Software, La Jolla, California) [41]. One-way
ANOVA with Dunnett’s as post-hoc test was used. A value of p-value < 0.05 was considered
significant. The OCN protein level was analyzed with 1-way ANOVA.

5. Conclusions

In vitro tests carried out with hydroxylapatite (HA) porous scaffolds, obtained using a
recently developed biomorphic transformation process, reported enhanced osteoinductive
ability, attested by overexpression of various genes involved in the osteogenesis process
after 2 weeks, in comparison with a scaffold made of HA with similar porosity, obtained
using the classical sintering process. We ascribe these results to the higher surface bioac-
tivity of the biomorphic scaffold (B-HA), promoted by its fine nanostructure, showing
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lamellar HA nanoparticles as building blocks of the scaffold and resulting in a much higher
specific surface area. The creation of a 3D ceramic scaffold retaining nanostructure was
possible thanks to the use of a new fabrication process transforming a natural wood into a
ceramic scaffold, without using high temperature sintering thus preventing the growth
of HA crystals and the loss of bioactivity. The unique features of B-HA are relevant in
enhancing the capacity to modulate various osteogenic genes, transcription factors and
genes related to osteoclast differentiation in hASCs indicating that the use of scaffolds
associating biomimetic composition and nanostructure enabling higher surface activity is a
promising route towards the development of new bio-devices with superior performance
in the regeneration of bone tissue.

Our data indicate that the innovative B-HA scaffold, tested herein, provides a good
microenvironment for hASC viability and osteoinduction. In vitro induction of osteoblastic
genes, such as ALPL, BGLAP, SMAD3, SP7 and TGFB3, and the osteoclast differentiation
gene, i.e., TNFSF11/RANKL, was detected in cells grown on B-HA. B-HA also modulated
MMPs, which are able to cleave many non-ECM and ECM components, such as collagens
and proteoglycans. MMPs have a role in normal development and tissue damage in
distinct pathophysiological conditions involving wound healing and tissue remodeling.
The over-expression of these osteogenic genes in hASCs allow us to better understand
the molecular mechanisms that lead to the formation of new bone observed before in
the animal model. Moreover, hASCs appear an excellent in vitro cellular model to assay
scaffolds, thus stem cells seem to be a significant model to estimate the performance of
implant materials in vitro. Our data highlight the translation potential of the biomorphic
HA biomaterial in clinical applications.
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Author Contributions: Conceptualization, F.M., M.T., S.S., A.T. and E.M.; investigation, M.R.I.,
C.M. and E.T.; validation and visualization E.M., S.S. and A.R.; supervision, A.T., M.T. and F.M.;
writing E.M., M.R.I., S.S., F.M. and M.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported, in part, by grants from Regione Emilia-Romagna FESR POR,
project “Niprogen” to Anna Tampieri and Mauro Tognon; MIUR PRIN 2017, Rome, to Fernanda
Martini; University of Ferrara, Fondo di Ateneo per la Ricerca, FAR grants to Fernanda Martini,
Mauro Tognon and Elisa Mazzoni.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: Paola Boldrini’s technical assistance is gratefully acknowledged for her SEM
analyses performed at the Center of Electron Microscopy, University of Ferrara, Ferrara, Italy. We
thank Professor Georgia Emma Gili for revising the English text of the manuscript.

Conflicts of Interest: Authors declare no conflict of interest.

References
1. Habibovic, P. Strategic Directions in Osteoinduction and Biomimetics. Tissue Eng. Part A. 2017, 23, 1295–1296. [CrossRef]
2. Pacelli, S.; Basu, S.; Whitlow, J.; Chakravarti, A.; Acosta, F.; Varshney, A.; Modaresi, S.; Berkland, C.; Paul, A. Strategies to develop

endogenous stem cell-recruiting bioactive materials for tissue repair and regeneration. Adv. Drug Deliv. Rev. 2017, 120, 50–70.
[CrossRef]

3. Cypher, T.J.; Grossman, J.P. Biological principles of bone graft healing. J. Foot Ankle Surg. 1996, 35, 413–417. [CrossRef]
4. Homma, Y.; Zimmermann, G.; Hernigou, P. Cellular therapies for the treatment of non-union: The past, present and future. Injury

2013, 44 (Suppl. 1), S46–S49. [CrossRef]
5. Iaquinta, M.R.; Mazzoni, E.; Manfrini, M.; D’Agostino, A.; Trevisiol, L.; Nocini, R.; Trombelli, L.; Barbanti-Brodano, G.; Martini, F.;

Tognon, M. Innovative Biomaterials for Bone Regrowth. Int. J. Mol. Sci. 2019, 20, 618. [CrossRef] [PubMed]
6. Tampieri, A.; Sandri, M.; Iafisco, M.; Panseri, S.; Montesi, M.; Adamiano, A.; Dapporto, M.; Campodoni, E.; Dozio, S.M.;

Degli Esposti, L.; et al. Nanotechnological approach and bio-inspired materials to face degenerative diseases in aging. Aging Clin.
Exp. Res. 2019, 33, 805–821. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22137092/s1
https://www.mdpi.com/article/10.3390/ijms22137092/s1
http://doi.org/10.1089/ten.tea.2017.0430
http://doi.org/10.1016/j.addr.2017.07.011
http://doi.org/10.1016/S1067-2516(96)80061-5
http://doi.org/10.1016/S0020-1383(13)70011-1
http://doi.org/10.3390/ijms20030618
http://www.ncbi.nlm.nih.gov/pubmed/30709008
http://doi.org/10.1007/s40520-019-01365-6
http://www.ncbi.nlm.nih.gov/pubmed/31595428


Int. J. Mol. Sci. 2021, 22, 7092 14 of 15

7. Tampieri, A.; Ruffini, A.; Ballardini, A.; Montesi, M.; Panseri, S.; Salamanna, F.; Fini, M.; Sprio, S. Heterogeneous chemistry in the
3-D state: An original approach to generate bioactive, mechanically-competent bone scaffolds. Biomater. Sci. 2019, 7, 307–321.
[CrossRef]

8. Spennato, P.; Canella, V.; Aliberti, F.; Russo, C.; Ruggiero, C.; Nataloni, A.; Lombardo, M.; Cinalli, G. Hydroxylapatite ceramic
implants for cranioplasty in children: A retrospective evaluation of clinical outcome and osteointegration. Child’s Nerv. Syst. 2020,
36, 551–558. [CrossRef] [PubMed]

9. Sopyan, I.; Mel, M.; Ramesh, S.; Khalid, K.A. Porous hydroxylapatite for artificial bone applications. Sci. Technol. Adv. Mater. 2007,
8, 116–123. [CrossRef]

10. Fricia, M.; Passanisi, M.; Salamanna, F.; Parrilli, A.; Giavaresi, G.; Fini, M. Osteointegration in Custom-made Porous Hydroxy-
lapatite Cranial Implants: From Reconstructive Surgery to Regenerative Medicine. World Neurosurg. 2015, 84, 591.e11–591e16.
[CrossRef]

11. De Siqueira, L.; de Paula, C.G.; Gouveia, R.F.; Motisuke, M.; de Sousa Triches, E. Evaluation of the sintering temperature on
the mechanical behavior of beta-tricalcium phosphate/calcium silicate scaffolds obtained by gelcasting method. J. Mech. Behav.
Biomed. Mater. 2019, 90, 635–643. [CrossRef] [PubMed]

12. Barba, A.; Diez-Escudero, A.; Espanol, M.; Bonany, M.; Sadowska, J.M.; Guillem-Marti, J.; Ohman-Magi, C.; Persson, C.;
Manzanares, M.C.; Franch, J.; et al. Impact of Biomimicry in the Design of Osteoinductive Bone Substitutes: Nanoscale Matters.
ACS Appl. Mater. Interfaces 2019, 11, 8818–8830. [CrossRef] [PubMed]

13. Zhang, J.; Liu, W.; Schnitzler, V.; Tancret, F.; Bouler, J.M. Calcium phosphate cements for bone substitution: Chemistry, handling
and mechanical properties. Acta Biomater. 2014, 10, 1035–1049. [CrossRef] [PubMed]

14. Bigoni, D.; Cavuoto, R.; Misseroni, D.; Paggi, M.; Ruffini, A.; Sprio, S.; Tampieri, A. Ceramics with the signature of wood: A
mechanical insight. Mater. Today Bio 2020, 5, 100032. [CrossRef]

15. Sprio, S.; Ruffini, A.; Dapporto, M.; Tampieri, A. New biomimetic strategies for regeneration of load bearing bones. In Bio-
inspired Regenerative Medicine: Materials, Processes and Clinical Applications; Tampieri, A., Sprio, S., Eds.; PAN Stanford Publishing:
Singapore, 2016; ISBN 978-981-4669-14-6.

16. Song, B.; Estrada, K.D.; Lyons, K.M. Smad signaling in skeletal development and regeneration. Cytokine Growth Factor Rev. 2009,
20, 379–388. [CrossRef]

17. Montecino, M.; Carrasco, M.E.; Nardocci, G. Epigenetic Control of Osteogenic Lineage Commitment. Front. Cell Dev. Biol. 2020,
8, 611197. [CrossRef]

18. Bailey, S.; Karsenty, G.; Gundberg, C.; Vashishth, D. Osteocalcin and osteopontin influence bone morphology and mechanical
properties. Ann. N. Y. Acad. Sci. 2017, 1409, 79–84. [CrossRef]

19. Sprio, S.; Dapporto, M.; Preti, L.; Mazzoni, E.; Iaquinta, M.R.; Martini, F.; Tognon, M.; Pugno, N.M.; Restivo, E.; Visai, L.; et al.
Enhancement of the Biological and Mechanical Performances of Sintered Hydroxylapatite by Multiple Ions Doping. Front. Mater.
2020, 7, 224. [CrossRef]

20. Barbanti Brodano, G.; Mazzoni, E.; Tognon, M.; Griffoni, C.; Manfrini, M. Human mesenchymal stem cells and biomaterials
interaction: A promising synergy to improve spine fusion. Eur. Spine J. 2012, 21 (Suppl. 1), S3–S9. [CrossRef]

21. Sugawara, Y.; Suzuki, K.; Koshikawa, M.; Ando, M.; Iida, J. Necessity of enzymatic activity of alkaline phosphatase for
mineralization of osteoblastic cells. Jpn. J. Pharmacol. 2002, 88, 262–269. [CrossRef]

22. Anderson, R.M.; Lawrence, A.R.; Stottmann, R.W.; Bachiller, D.; Klingensmith, J. Chordin and noggin promote organizing centers
of forebrain development in the mouse. Development 2002, 129, 4975–4987. [CrossRef]

23. Itoh, Y.; Saitoh, M.; Miyazawa, K. Smad3-STAT3 crosstalk in pathophysiological contexts. Acta Biochim. Biophys. Sin. 2018,
50, 82–90. [CrossRef]

24. Yang, Q.; Teng, B.H.; Wang, L.N.; Li, K.; Xu, C.; Ma, X.L.; Zhang, Y.; Kong, D.L.; Wang, L.Y.; Zhao, Y.H. Silk fibroin/cartilage
extracellular matrix scaffolds with sequential delivery of TGF-beta3 for chondrogenic differentiation of adipose-derived stem
cells. Int. J. Nanomed. 2017, 12, 6721–6733. [CrossRef] [PubMed]

25. Li, Y.; Qiao, Z.; Yu, F.; Hu, H.; Huang, Y.; Xiang, Q.; Zhang, Q.; Yang, Y.; Zhao, Y. Transforming Growth Factor-beta3/Chitosan
Sponge (TGF-beta3/CS) Facilitates Osteogenic Differentiation of Human Periodontal Ligament Stem Cells. Int. J. Mol. Sci. 2019,
20, 4982. [CrossRef] [PubMed]

26. Sasaki, H.; Rothrauff, B.B.; Alexander, P.G.; Lin, H.; Gottardi, R.; Fu, F.H.; Tuan, R.S. In Vitro Repair of Meniscal Radial Tear with
Hydrogels Seeded with Adipose Stem Cells and TGF-beta3. Am. J. Sports Med. 2018, 46, 2402–2413. [CrossRef]

27. Lee, H.L.; Yu, B.; Deng, P.; Wang, C.Y.; Hong, C. Transforming Growth Factor-beta-Induced KDM4B Promotes Chondrogenic
Differentiation of Human Mesenchymal Stem Cells. Stem Cells 2016, 34, 711–719. [CrossRef] [PubMed]

28. Grafe, I.; Alexander, S.; Peterson, J.R.; Snider, T.N.; Levi, B.; Lee, B.; Mishina, Y. TGF-beta Family Signaling in Mesenchymal
Differentiation. Cold Spring Harb. Perspect. Biol. 2018, 10, a022202. [CrossRef]

29. Deng, M.; Mei, T.; Hou, T.; Luo, K.; Luo, F.; Yang, A.; Yu, B.; Pang, H.; Dong, S.; Xu, J. TGFbeta3 recruits endogenous mesenchymal
stem cells to initiate bone regeneration. Stem Cell Res Ther. 2017, 8, 258. [CrossRef] [PubMed]

30. Ripamonti, U.; Ramoshebi, L.N.; Teare, J.; Renton, L.; Ferretti, C. The induction of endochondral bone formation by transforming
growth factor-β3: Experimental studies in the non-human primate Papio ursinus. J. Cell. Mol. Med. 2008, 12, 1029–1048. [CrossRef]

31. Ripamonti, U.; Duarte, R.; Ferretti, C. Re-evaluating the induction of bone formation in primates. Biomaterials 2014, 35, 9407–9422.
[CrossRef]

http://doi.org/10.1039/C8BM01145A
http://doi.org/10.1007/s00381-019-04423-6
http://www.ncbi.nlm.nih.gov/pubmed/31786632
http://doi.org/10.1016/j.stam.2006.11.017
http://doi.org/10.1016/j.wneu.2015.03.027
http://doi.org/10.1016/j.jmbbm.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30502672
http://doi.org/10.1021/acsami.8b20749
http://www.ncbi.nlm.nih.gov/pubmed/30740968
http://doi.org/10.1016/j.actbio.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24231047
http://doi.org/10.1016/j.mtbio.2019.100032
http://doi.org/10.1016/j.cytogfr.2009.10.010
http://doi.org/10.3389/fcell.2020.611197
http://doi.org/10.1111/nyas.13470
http://doi.org/10.3389/fmats.2020.00224
http://doi.org/10.1007/s00586-012-2233-z
http://doi.org/10.1254/jjp.88.262
http://doi.org/10.1242/dev.129.21.4975
http://doi.org/10.1093/abbs/gmx118
http://doi.org/10.2147/IJN.S141888
http://www.ncbi.nlm.nih.gov/pubmed/28932116
http://doi.org/10.3390/ijms20204982
http://www.ncbi.nlm.nih.gov/pubmed/31600954
http://doi.org/10.1177/0363546518782973
http://doi.org/10.1002/stem.2231
http://www.ncbi.nlm.nih.gov/pubmed/26485430
http://doi.org/10.1101/cshperspect.a022202
http://doi.org/10.1186/s13287-017-0693-0
http://www.ncbi.nlm.nih.gov/pubmed/29126441
http://doi.org/10.1111/j.1582-4934.2008.00126.x
http://doi.org/10.1016/j.biomaterials.2014.07.053


Int. J. Mol. Sci. 2021, 22, 7092 15 of 15

32. Del Angel-Mosqueda, C.; Gutierrez-Puente, Y.; Lopez-Lozano, A.P.; Romero-Zavaleta, R.E.; Mendiola-Jimenez, A.;
Medina-De la Garza, C.E.; Marquez, M.M.; De la Garza-Ramos, M.A. Epidermal growth factor enhances osteogenic dif-
ferentiation of dental pulp stem cells in vitro. Head Face Med. 2015, 11, 29. [CrossRef]

33. Hojo, H.; Ohba, S.; Yano, F.; Saito, T.; Ikeda, T.; Nakajima, K.; Komiyama, Y.; Nakagata, N.; Suzuki, K.; Takato, T.; et al. Gli1
protein participates in Hedgehog-mediated specification of osteoblast lineage during endochondral ossification. J. Biol. Chem.
2012, 287, 17860–17869. [CrossRef] [PubMed]

34. Chi, B.; Liu, G.; Xing, L.; Tian, F. Research progress of hedgehog signaling pathway in regulating bone formation and osteogenic
differentiation of bone mesenchymal stem cells. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 2016, 30, 1545–1550. [PubMed]

35. Milner, J.M.; Cawston, T.E. Matrix metalloproteinase knockout studies and the potential use of matrix metalloproteinase inhibitors
in the rheumatic diseases. Curr. Drug Targets Inflamm. Allergy 2005, 4, 363–375. [CrossRef]

36. Sasano, Y.; Zhu, J.X.; Tsubota, M.; Takahashi, I.; Onodera, K.; Mizoguchi, I.; Kagayama, M. Gene expression of MMP8 and MMP13
during embryonic development of bone and cartilage in the rat mandible and hind limb. J. Histochem. Cytochem. 2002, 50, 325–332.
[CrossRef] [PubMed]

37. Calabrese, G.; Giuffrida, R.; Fabbi, C.; Figallo, E.; Lo Furno, D.; Gulino, R.; Colarossi, C.; Fullone, F.; Giuffrida, R.; Parenti, R.; et al.
Collagen-Hydroxylapatite Scaffolds Induce Human Adipose Derived Stem Cells Osteogenic Differentiation In Vitro. PLoS ONE
2016, 11, e0151181. [CrossRef]

38. Hippler, M.; Lemma, E.D.; Bertels, S.; Blasco, E.; Barner-Kowollik, C.; Wegener, M.; Bastmeyer, M. 3D Scaffolds to Study Basic
Cell Biology. Adv. Mater. 2019, 31, e1808110. [CrossRef] [PubMed]

39. Manfrini, M.; Di Bona, C.; Canella, A.; Lucarelli, E.; Pellati, A.; D’Agostino, A.; Barbanti-Brodano, G.; Tognon, M. Mesenchymal
stem cells from patients to assay bone graft substitutes. J Cell. Physiol. 2013, 228, 1229–1237. [CrossRef]

40. Cunha, C.; Sprio, S.; Panseri, S.; Dapporto, M.; Marcacci, M.; Tampieri, A. High biocompatibility and improved osteogenic
potential of novel Ca-P/titania composite scaffolds designed for regeneration of load-bearing segmental bone defects. J. Biomed.
Mater. Res. A 2013, 101, 1612–1619. [CrossRef]

41. Mazzoni, E.; D’Agostino, A.; Iaquinta, M.R.; Bononi, I.; Trevisiol, L.; Rotondo, J.C.; Patergnani, S.; Giorgi, C.; Gunson, M.J.;
Arnett, G.W.; et al. Hydroxylapatite-collagen hybrid scaffold induces human adipose-derived mesenchymal stem cells to os-
teogenic differentiation in vitro and bone regrowth in patients. Stem Cells Transl. Med. 2020, 9, 377–388. [CrossRef]

42. Mebarki, M.; Coquelin, L.; Layrolle, P.; Battaglia, S.; Tossou, M.; Hernigou, P.; Rouard, H.; Chevallier, N. Enhanced human
bone marrow mesenchymal stromal cell adhesion on scaffolds promotes cell survival and bone formation. Acta Biomater. 2017,
59, 94–107. [CrossRef] [PubMed]

43. Kim, M.; Oh, J.K.; Sakata, S.; Liang, I.; Park, W.; Hajjar, R.J.; Lebeche, D. Role of resistin in cardiac contractility and hypertrophy.
J. Mol. Cell. Cardiol. 2008, 45, 270–280. [CrossRef] [PubMed]

44. Mazzoni, E.; D’Agostino, A.; Manfrini, M.; Maniero, S.; Puozzo, A.; Bassi, E.; Marsico, S.; Fortini, C.; Trevisiol, L.;
Patergnani, S.; et al. Human adipose stem cells induced to osteogenic differentiation by an innovative collagen/hydroxylapatite
hybrid scaffold. FASEB J. 2017, 31, 4555–4565. [CrossRef] [PubMed]

http://doi.org/10.1186/s13005-015-0086-5
http://doi.org/10.1074/jbc.M112.347716
http://www.ncbi.nlm.nih.gov/pubmed/22493482
http://www.ncbi.nlm.nih.gov/pubmed/29786349
http://doi.org/10.2174/1568010054022141
http://doi.org/10.1177/002215540205000304
http://www.ncbi.nlm.nih.gov/pubmed/11850435
http://doi.org/10.1371/journal.pone.0151181
http://doi.org/10.1002/adma.201808110
http://www.ncbi.nlm.nih.gov/pubmed/30793374
http://doi.org/10.1002/jcp.24276
http://doi.org/10.1002/jbm.a.34479
http://doi.org/10.1002/sctm.19-0170
http://doi.org/10.1016/j.actbio.2017.06.018
http://www.ncbi.nlm.nih.gov/pubmed/28636926
http://doi.org/10.1016/j.yjmcc.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18597775
http://doi.org/10.1096/fj.201601384R
http://www.ncbi.nlm.nih.gov/pubmed/28659417

	Introduction 
	Results 
	Microstructural Analysis 
	Biocompatibility Analysis of Biomorphic HA Scaffold Employing hASCs 
	Matrix Mineralization and Osteocalcin Expression Protein in hASCs 
	Osteogenic Gene Expression in hASCs 

	Discussion 
	Materials and Methods 
	Biomaterials 
	Microstructural Analysis 
	Cell Culture and Scaffold Seeding 
	Cell Morphology 
	Cytoskeleton Architecture Evaluation 
	Cell Proliferation Assay 
	Osteogenic Differentiation and Matrix Mineralization in hASCs 
	Osteogenesis RT2PCR Array 
	Statistical Analysis 

	Conclusions 
	References

