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A B S T R A C T

Nanoscale topography plays a central role in adult-stem-cell-niches. In this study we have demonstrated that by
an accurate material design, mimicking the composition and structure of bone extracellular matrix, it is possible
to guide human adipose stem cells (hASCs) to attain an osteogenic commitment, in vitro, without the requirement
of soluble additives or grow factors. Alkaline Phosphatase (ALP) activity and Alizarin Red S test demonstrated
that hASCs cultured onto hydroxyapatite frameworks dry-coating differentiated into mature osteoblasts even in
the absence of specific inducing factors. Optical and electron scanning microscopic (SEM) observations revealed
a direct cellular-material interaction that indicated an appropriate communication between nanotopographical
features and the integrin receptors in the cell´s focal adhesions. Real-time quantitative PCR (RT-qPCR) analysis
confirmed the expression of specific markers of pre-osteoblast and mature osteoblast stages as osterix (OSX),
osteopontin (OPN), osteocalcin (OC) and; specific markers of extracellular matrix maturation and mineralization
stages as alkaline phosphatase (ALPL), collagen type I alpha 1 (COL1A1) and osteonectin (ON). Osteoprotegerin
(OPG), ALPL, COL1A1, and sclerostin (SOST) expressions were up regulated compared to osteogenic differ-
entiation media conditions.

1. Introduction

Bone defects represent a challenge for the clinical field as a result of
the difficulties in restoring its biological function by simply repair or
replacement [1,2]. Therefore, there is a great demand of new alter-
natives intended to the induction of its regeneration. One of them are
the so called bone bioreactors, wherein autologous harvested cells are
seeded into a synthetic scaffold and stimulated with exogenous mito-
gens and morphogens, in vitro and/or in vivo[3], to attain a healing
response within the bioreactor space. Under this approach the key point
to achieve an efficient bioreactor is the scaffold device. On basis of the
biomimicry principle that focuses on the creation of a natural scenery
triggering the cells to do what they do best [4], a hypothetical tactic is
the construction of an effective scaffold material reproducing both
chemical and morphological characteristics of osteogenic niches [5] to
activate the necessary chemotactic factors to promote the desired cel-
lular responses and the ensuing regeneration of healthy tissue. Thereby,
through an accurate material design, reportedly, displaying nanoscale
features [6–8], it is possible to capitalize the cells’ innate abilities to
respond to their environment without the requirement of genetic or
pharmacological manipulations. In previous works [9–11] we have

synthesized, characterized and proved the in vitro bone regeneration
potential of biodegradable nanostructured frameworks obtained by the
assembly of hydroxyapatite (HA) nano-rods; their features result from
their osteoconductive micro environmental skills comparable to those
of bone extracellular matrix (ECM). Here we demonstrate the in vitro
ability of the prepared materials to induce an effective substrate sti-
mulus to drive the osteogenic differentiation and mineralization of
human adipose-derived stem cells (hASCs) in the absence of selective
sera lots or soluble growth factor supplements. Human ASCs are a
mesenchymal stem cell source with self-renewal ability and a multi-
potential differentiation. They are easier to collect, isolate and culture
than bone-marrow derived mesenchymal stem cells (BMSCs) [12], and
have no ethical or political issues compared to embryonic stem cells
(ESCs) [13]. These characteristics make hASCs an acceptable solution
for tissue regenerative approaches. Existing reports and clinical trials
point out that hASCs in 3D scaffolds could be a potential alternative for
wound healing [14], cardiovascular grafts [15], orthopedic tissue re-
pair [16], oral and maxillofacial tissue engineering [17] and plastic
tissue reconstruction after surgery [18]. The goal in the present study
was to show the possibility to exploit the HA nano-rods superstructures
- hASCs systems as bone tissue bioreactors. The HA nanostructured
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matrix offer, simultaneously, physical support and a biologically active
environment for the attachment, survival and osteo-differentiation of
hASCs inducing the progression of a new mineral matrix. The obtained
results would contribute to the development of new bone tissue en-
gineering strategies inspired by the endogenous bone healing me-
chanisms.

2. Experimental

2.1. Reagents

Hexadecyl-trimethyl ammonium bromide (CTAB, MW=364.48 g /
mol, 99% Sigma-Aldrich); poly(ethylene glycol) 400 (PEG 400, Sigma-
Aldrich, MW=380–420 g / mol, δ=1.126 g / mL at 25 °C); poly
(propylene glycol) (PPG, Sigma-Aldrich, MW=425 g / mol,
δ=1.004 g / mL at 25 °C); sodium phosphate (Na3PO4, MW=148 g /
mol, 96% Sigma-Aldrich); calcium chloride (CaCl2, MW=110.9 g /
mol, 99% Sigma-Aldrich); sodium nitrite (NaNO2, MW=69 g / mol,
97% Sigma-Aldrich); dimethyl sulfoxide (DMSO, MW=78.13 g / mol,
δ=1,1 g / mL at 25 °C, 99% Sigma-Aldrich); isopropyl alcohol (IprOH,
MW=60.10 g / mol, δ=078 g / mL at 25 °C, 99.5% Sigma-Aldrich);
ethanol (EtOH, MW=46.07 g / mol, δ=078 g / mL at 25 °C, 96%
Sigma-Aldrich); paraformaldehyde (PFA, MW=30.03 g / mol (as
monomer), Sigma-Aldrich) were used without further purification. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT,
Sigma-Aldrich, 5 mg / mL); phosphate buffered saline (PBS without Ca/
Mg, EuroClone, Milan, Italy); Trypsin-EDTA solution (trypsin/EDTA,
EuroClone, Milan, Italy); Alizarin Red S Solution (ARS, Sigma-Aldrich).
Complete Dulbecco’s Modified Eagle’s Medium (cDMEM) was made of
Dulbecco’s modified Eagle’s medium (DMEM, Lonza S.r.l., Milano,
Italy) supplemented with 10% Fetal Bovine Serum (FBS, Bidachem
S.p.A., Milano, Italy) and 1% Penicillin/Streptomycin (P/S, EuroClone).
Osteogenic differentiation medium (ODM) was composed of cDMEM
supplemented with 10 ng / mL Fibroblast Growth Factor 2 (FGF-2,
ProSpec, East Brunswick, NJ, USA), 10mM β-glycerophosphate (Sigma-
Aldrich), and 10 nM dexamethasone (Sigma-Aldrich). SEM fixation so-
lution: 2.5% glutaraldehyde (GA) in 0.1M cacodylate (CAC) buffer
(2.5% GA -0.1 M CAC, Poly Scientific R E D Corp., USA). Alkaline
Phosphatase Assay activity kit (ALP kit, Abcam, ab83369). For total
RNA (tRNA), complementary DNA (cDNA) isolation and real-time PCR
(r–t PCR) procedures Total RNA Purification Plus Kit (tRNA - ppKit,
Norgen Biotek Corp., Thorold, ON, Canada); SensiFAST™ cDNA
Synthesis Kit (sFAST™- cDNAsKit, Bioline, London, UK) and SensiFAST™

SYBR No-ROX Kit (sFAST™ – sNorKit, Bioline, London, UK) were used.
For solutions preparation, only sterile Milli-Q® water was used. For all
experiments passage two (P2) cells were used.

2.2. Nanostructured HA-framework dispersion

Nanostructured frameworks were obtained by the assembly of HA
nano-rods of 8 ± 1 nm diameters and 28 ± 3 nm length by a pre-
viously described methodology. [9] Two HA nano-rod materials tem-
plated by CTAB-PPG and CTAB-PEG-400 aqueous structured networks
and denoted as MI and MII respectively are evaluated. The synergistic
interaction of each block copolymer in contact with CTAB rod-like
micelles results in hierarchically organized structures exhibiting dif-
ferent micro-rough characteristics [9,10]. Prior to use, both samples
were sterilized in an autoclave at 120 °C during 30min. Then a sterile
Milli-Q® water material (71.42 μg / mL) dispersion was prepared by
placing the components on a rotating mixer for 5min.

2.3. Nanostructured HA-frameworks dry-coatings

A 24-well plate (2 cm2 / well), flat bottom, was filled with the
properly amount of Milli-Q® water material dispersion to have a final
cytocompatible level of nano-HA coating of 60 μg/cm2 [10]. The

material-coatings were allowed to dry overnight on shaker in a biolo-
gical safety cabinet to obtain a homogeneous dry-coat surface on the
bottom of the well. For scanning electronic microscopy (SEM) and
Alizarin Red S assays, MI and MII dry-coatings were prepared on 1.2 cm
diameter round coverslips placed on each well. When it was required
half of the coverslips were cover with material dry-coating, for this a
half of the glass coverslip was protected with laboratory film (P7793
SIGMA PARAFILM® M roll size 4 in.× 125 ft) before material deposi-
tion; the film was removed after the coating process. The homogeneous
distribution and attachment of HA nano-material on dry-coatings was
checked by optical microscopy (Leica DM IRB).

2.4. Isolation of ASCs from human adipose tissue and culture

Human ASCs were isolated from the adipose tissue of healthy pa-
tients (age: 21–36 years; body mass index (BMI): 30–38) undergoing
cosmetic surgery procedures according to the guidelines of the plastic
surgery clinic at the University of Padova, Italy. Before their inclusion
in this study, written informed consent was obtained from all patients,
in accordance with the Helsinki Declaration. The adipose tissues were
digested and the cells isolated and expanded as previously described.
[19] At confluence, hASCs at passage two (P2) were harvested by
trypsin-EDTA solution treatment.

2.5. Human ASCs seeded on nanostructured HA-frameworks dry-coatings

Simultaneous batches of hASCs cultured at a density of 3×104 cells
/ cm2 in a 24-well plate, flat bottom, either in ODM and cDMEM on HA-
frameworks dry-coatings were analyzed up to 21 days of treatment to
ensure differentiation stability. [20,21] The culture medium was
changed twice a week. Experiments were performed with three dif-
ferent cell preparations and repeated three times.

2.6. Mitochondrial metabolic activity and viability assays

The viability of hASCs seeded onto MI and MII dry-coatings was
evaluated after 7 and 21 days of culture in cDMEM or in ODM using the
MTT-based cytotoxicity assay, as described in Denizot and Lang. [22]
Viable hASCs with active metabolism reduce MTT into a purple colored
formazan product that can be solubilized and quantified by spectro-
photometric means. When cells die, they lose the ability to convert MTT
into formazan, thus color formation serves as a marker of only meta-
bolically active cells. [23,24] Therefore, this assay was performed with
the objective to evaluate the hASCs metabolic activity and indirectly
their viability when cultured with the nano-HA materials. [24] After the
culture period (7 or 21 days), cells were incubated with 1mL of 0.5mg
/ mL MTT-PBS solution for 3 h at 37 °C under humidified air (5% CO2).
Next MTT-PBS solution was removed and each sample was extracted
with 0.5mL of 10% DMSO in IprOH solution for 30min at 37 °C. For
each sample, 200 μL aliquots, in duplicate, were used for optical density
(OD) recordings at 570 nm by means of a multilabel plate reader (Victor
3, PerkinElmer, Milano, Italy). The absorbance of coated wells without
cells was used as blanks.

2.7. Analysis of hASCs growth and morphology: localization, spreading and
attachment

The homogeneous distribution and attachment of HA nano-material
on the bottom of the wells after hASCs seeding was checked by optical
microscopy (Leica DM IRB). Cells cultured on uncoated wells were used
as control (C).

J. Sartuqui et al. Materials Today Communications 16 (2018) 152–163

153



3. Human ASCs osteogenic differentiation and mineralization

3.1. Alkaline phosphatase (ALP) activity measurements

The intracellular ALP activity of hASCs seeded onto MI and MII dry-
coatings and cultured during 7 and 21 days either in cDMEM or in ODM
was measured using a colorimetric ALP kit. According to the manu-
facturer protocol, cells on powders were washed with PBS, homo-
genized with the ALP Assay Buffer (300 μL in total for each group) and
finally centrifuged at 13,000 rpm for 3min to remove insoluble mate-
rial. Different volumes of samples were then added into 96-well plates,
bringing the total volume in each well up to 80 μL with ALP Assay
Buffer. Thereafter, 50 μL of 5mM p-nitrophenyl phosphate (pNPP)
substrate solution was added to each well containing the test samples
and incubated for 60min at 25 °C, protecting the plate from the light. A
standard curve of 0, 4, 6, 12, 16, and 20 nmol / well was generated
from 1mM pNPP standard solution bringing the final volume to 120 μL
with ALP Assay Buffer. After stopping all reactions with 20 μL of Stop
solution, optical density (OD) values were recorded at λmax= 405 nm
in a microplate reader (Victor 3, Perkin Elmer, Milano, Italy). The re-
sults were normalized subtracting the value derived from the zero
standards from all standards and samples. The pNPP standard curve
was plotted to identify the pNPP concentration in each sample. ALP
activity of the test samples was calculated as follows:

⎛
⎝

⎞
⎠

=ALP U
mL

A V
T
/

activity

where A is the amount of pNPP generated by samples (in μmol), V is the
amount of sample added in the assay well (in mL), and T is the reaction
times (in minutes).

3.2. Alizarin red S staining

The extracellular mineral deposits were detected by Alizarin Red S
staining. Cells grown onto MI and MII dry-coatings after cultured for 7
and 21 days either in cDMEM or in ODM were fixed in 4% PFA in PBS
solution for 10min at room temperature (RT). Cells were stained
adding 40mM freshly ARS Solution, pH 4.2, for 10min at RT with
gentle shaking. Cells were washed with sterile Milli-Q® water, and then
examined by an optical microscope (Leica DM4000M).

3.3. Human ASCs micro-morphology observation

For the microscopic analysis of hASCs’ micromorphology after the
interaction with nano-HA materials, hASCs were seeded onto MI and
MII dry coatings (Section 2.3) and then cultured during 7 and 21 days
either in cDMEM or in ODM. At the end of the incubation period they
were fixed with 2.5% GA - 0.1 M CAC for 1 h and then progressively
dehydrated in EtOH accordingly to biological samples’ SEM fixation
protocols. [25] Specimens were fixed on carbon double-side tape with
silver paste, coated with gold alloy (Edwards S150A, sputter coating
unit, Edwards, Crawley, UK) and observed with a SEM (JEOL JSM-
6490LV, JEOL, Tokio, Japan) provided by the Interdepartmental Ser-
vice Center CEASC (Centro di Analisi e Servizi Per la Certificazione,
University of Padova, Italy). The associated X-ray fluorescence micro-
analysis provided qualitative information about surface elemental
composition.

3.4. Quantitation of RNAs from specific genes: total RNA isolation and real-
time PCR procedure

To confirm the osteogenic induction, tRNA was isolated with a
tRNA-ppKit from hASCs seeded onto MI and MII dry-coatings and in-
cubated for 7 and 21 days either in cDMEM or in ODM. NanoDropTM
ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) was used to
assess quality and concentration of the RNA samples. cDNA was ob-
tained from 500 ng of total RNA using a sFAST™-cDNAsKit following the
manufacturer’s protocol. r–t PCRs were performed on a Rotor-Gene
3000 (Corbett Research, Sydney, Australia) using the sFAST™ – sNorKit
and 400 nM concentration of the designed primers provided by the Kit.
Values were normalized to the expression of the transferrin receptor
(TFRC) housekeeping gene, and differences in gene expression were
evaluated by the 2ΔΔCt method [26]. Human primer sequences are
detailed in Table 1.

3.5. Statistical analysis

All quantitative tests were carried out at least in triplicate, and then
mean values with standard deviations were calculated. Statistical ana-
lysis of data was accomplished by one factor analysis of variance
(ANOVA). Student’s t-test and probability values below 0.05, (p<0.05)
were considered significantly different. Quantitative data are expressed
as mean ± standard deviation (SD) from the indicated set of

Table 1
List of genes and human primer sequences used in the r–t PCRs study.

Gene Primer base sequence (5’- 3’)

Symbol Function Forward Reverse

Skeletal Development
ALPL Ossification GGCTTCTTCTTGCTGGTGGA CAAATGTGAAGACGTGGGAATGG
OC GCAGCGAGGTAGTGAAGAGAC AGCAGAGCGACACCCTA
ON TGCATGTGTCTTAGTCTTAGTCACC GCTAACTTAGTGCTTACAGGAACCA
OPG AAACGCAGAGAGTGTAGAGAGG TCGAAGGTGAGGTTAGCATGTC
OPN TGGAAAGCGAGGAGTTGAATGG GCTCATTGCTCTCATCATTGGC
RUNX2 AGCCTTACCAAACAACACAACAG CCATATGTCCTCTCAGCTCAGC
COL1A1 Extracellular (ECM) matrix molecules TGAGCCAGCAGATCGAGA ACCAGTCTCCATGTTGCAGA
Cell Differentiation and Growth
BMP2 BMP Receptor Signaling CCACTAATCATGCCATTGTTCAGAC CTGTACTAGCGACACCCACAA
OSX Osteoblast differentiation TCAGAATCTCAGTTGATAGGGTTTCTC GGGTACATTCCAGTCCTTCTCC
RANKL Osteoclast genesis TCAGCATCGAGGTCTCCAAC CCATGCCTCTTAGTAGTCTCACA
SOST Bone formation regulation TGTGGTTTCTAGTCCTGGCTC TTCTCTCTCTCTCTCTCACCTCTG
FGF-2 Angiogenesis 5′-GGCTTCTTCCTGCGCATCCA-3’ 5′-GCTCTTAGCAGACATTGGAAGA-3′
Housekeeping gene
TFRC TGTTTGTCATAGGGCAGTTGGAA ACACCCGAACCAGGAATCTC

ALPL, alkaline phosphatase, liver/bone/kidney; BMP2, bone morphogenetic protein 2; COL1A1, collagen, type I, alpha 1; OC, osteocalcin; ON, osteonectin; OPG,
osteoprotegerin; OPN, osteopontin; OSX, osterix; RANKL, receptor activator of nuclear factor kappa-B ligand; RUNX2, runt-related transcription factor 2; SOST,
sclerostin; TFRC, transferrin receptor; FGF-2, fibroblast growth factor.
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experiments.

4. Results

4.1. Attachment, survival and distribution of hASCs on nanostructured HA-
Frameworks dry-coatings

To account the biological effects of the manufactured materials, in
pursuit of their clinically relevant requirements to be used as a cellular
support, [27,28] the first step was to assess the viability and metabolic
activity of hASCs as a way to test the materials’ capacity to assist initial
cell spreading and proliferation, results are shown in Fig. 1a–e.

Cells cultured on both ODM and cDMEM rapidly adhered to attain a
confluent monolayer onto the HA-frameworks dry-coatings and were
found completely organized after 7 days of seeded; no morphological
statistical significant differences can be appreciated compared with

controls, meaning the cells were viable, Fig. 1a–d. Both in ODM and in
the presence of MI and MII samples, Fig. 1b–d, an increase in cells’
proliferation was evidenced validating the obtained mitochondrial
metabolic activity (MMA) values, Fig. 1e. A clear influence of culture
media on the hASCs’ MMA was noticed. Cells cultured on uncoated
wells in cDMEM exhibited a no statistically significant increase of MMA
throughout the treatment progression (21 days) which it is definite
detected when they were cultured in ODM, Fig. 1e. Nanostructured HA-
frameworks does not significantly affect the cellular MMA in ODM; Fig.
SI1 of supporting information (SI). However in cDMEM there is a sta-
tistically significant increase of hASCs’ MMA from the earliest 7 days of
treatment, Fig. 1e; a superior effect was detected for cells cultured onto
MII dry-coating. No statistically significant differences can be detected
between the hASCs’ MMA after 21 days of adhesion on MII dry-coating
whether they were cultured in ODM or in cDMEM, Fig. SI2. This in-
formation evidenced a clear regulation of MII sample on the cells’ MMA

Fig. 1. Optical microscopic images of hASCs adhered
on: (a, b) non-coated glass coverslips after 7 days of
culture either in cDMEM or ODM and; (c, d) 60 μg/cm2

nanostructured HA-frameworks dry-coatings (MI and
MII) after 7 days of culture in cDMEM. (e)
Mitochondrial metabolic activity (MMA) of hASCs
adhered on 60 μg/cm2 nanostructured HA-frameworks
dry-coatings (MI and MII) after 7 and 21 days of cul-
ture in cDMEM. MMA data are normalized to cells
performance after 7 days of culture in cDMEM without
the presence of nano-HA; asterisks denote statistically
significant differences (*p < 0.05, **p < 0.01 and
***p< 0.001). Significant differences between the
samples are indicated with brackets. Cells cultured on
uncoated wells in both cDMEM and ODM were used as
controls (C).
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which is equivalent to that attained in the presence of soluble osteo-
genic additives. In view of the materials’ ability to induce a hASCs’
MMA and viability in cDMEM similar to that observed under osteogenic
soluble additives effect, the next step was to evaluate their influence to
drive hASCs commitment.

4.2. hASCs – nanostructured HA substrate interactions

The hASCs’ inductions toward osteogenic commitment were char-
acterized by the alkaline phosphatase (ALP) activity that it is a well-
known differentiation marker, [21] results are shown in Fig. 2. After 7
days of culture in cDMEM, no statistically significant differences respect
to controls were observed on the ALP activity of hASCs spread on HA-
frameworks dry-coatings. The appreciated low ALP levels are consistent
with initial actively proliferating cells committed to the osteoblast
lineage, [29] that was confirmed by optical microscopic observation,
Fig. 3a–c; g–i; m–o; s–u. A similar statistically significant increase
(p < 0.01) on ALP activity was appreciated after 21 days of culture on
uncoated wells, independently of the culture media. Statistically com-
parable values of ALP activity were obtained for cells cultured on HA-
frameworks dry-coatings in ODM, without appreciation of any effect
due to the presence of the material in this medium, Fig. SI3.

The obtained ALP activity values are indicative of the cessation of
replication that marks the onset of differentiation [29,30] ; again this
fact was confirmed by optical microscopy, Fig. 3d; j; p–r; v–x. Sur-
prisingly, when hASCs were cultured on HA-frameworks dry-coatings
throughout 21 days in cDMEM, a highly significant increase in ALP
activity was found demonstrating that in such conditions hASCs can
attain their maximum maturation capacity [29,30] and, that is superior
than the achieved in the presence of soluble osteogenic inducing ad-
ditives. Alizarin Red S staining was used to confirm the presence of
mineralized matrix, since it specifically binds to highly enriched cal-
cium deposits. [21] Being the substrates’ chemical composition based
on Ca-P, dye can also attach to it and give us a false positive. In order to
distinguish the intracellular deposits of calcium from the apatitic sub-
strate, we stained the HA-frameworks dry-coatings without cells addi-
tion to observe its morphology and coloration, Fig. SI4. The substrate is
homogeneously distributed and stained in red, while its shape is con-
siderably different from that of the deposits generated during hASCs’
differentiation. The rectangular faceted shapes of the HA crystals are
clearly appreciated and their coloration is semitransparent. On the
other hand the cells’ generated deposits are characterized by a dense

red color and its form is almost circular denoting their origin from a
nucleation center and growing outward in a radial arrangement. Ex-
amples of calcium stores in hASCs extracellular matrix, in all culture
conditions, were shown in Fig. 3. No extracellular mineralized matrix
clusters were observed over the 21 days of treatment when hASCs are
cultured in cDMEM on non-coated glass coverslips, while internal
reddish coloration detected may be associated to the beginning of the
intracellular mineralization process, Figs. 3a, g, d, j, SI5a and SI5b. A
significant increase in the number of cells compared to those cultured in
cDMEM was observed for hASCs treated in ODM, Fig. 3m and s; for-
mation of calcium deposits were seen only after 21 days of culture,
Fig. 3p and v. In those conditions cells displayed elongated spindle
morphology with abundant cytoplasm and large nuclei organized in
parallel, Figs. 3p, v, SI5c and SI5d. When hASCs were cultured on HA-
frameworks dry-coatings in cDMEM, clusters of Ca-P deposits were
observed since the first time point considered in the treatment, Fig. 3b,
c, h and i; larger Ca-P deposits are formed on MII dry-coating, Fig. 3c
and i. It was observed that hASCs interact directly with the HA-fra-
mework and organized in bundles around it; the new calcium deposits
grow radially from the material that act as a nucleation center, Figs.
SI6a and SI6b. In ODM, after 7 days of culture, the cells lose their
characteristic parallel alignment; examples are shown in Figs. SI6c and
SI6d. To corroborate the cell attraction for HA-nanostructures and the
material’s effect on their evolution beyond the ODM influence, a half
coated glass coverslips was used; it was observed that after 7 days of
treatment calcium deposits were developed in the area covered by the
material, Fig. SI7. At 21 days of treatment, for cells cultured in either
cDMEM or ODM, the materials’ presence induced a significant devel-
opment of ECM and Ca-P deposits, Fig. 3d, f, k, l, q, r, w and x.
Nevertheless, during the ODM culture, hASCs increased their density
and returned to their usual parallel alignment, calcium deposits re-
mained disseminated, Fig. 3q, w, r and x. In addition, it was observed
that cells spread on MII dry-coating and cultured in cDMEM have a
larger area of extension showing the characteristic high-adhesion star
morphology, Figs. SI8a and SI8b. Hence, the obtained results of ALP
activity test and Alizarin Red S staining demonstrate that HA-frame-
works dry-coatings per se are able to induce the hASCs osteogenic dif-
ferentiation in vitro in absence of soluble osteogenic additives and that
the rate and strength of this process is superior of that achieved in
ODM.

The cell-substrate interaction was deeply evaluated by SEM micro-
photographs inspection. It can be observed that cells attached on HA-
frameworks dry-coatings either cultured in cDMEM or in ODM, never-
theless such adhesion depend on the culture media and on the cellular
fate evolution. After 7 days of culture, the surface was almost covered
by cells and no significant differences relatives to the culture media can
be appreciate, figures SI9 and SI10. After 21 days of treatment, com-
plete cell coverage was attained and cells overlapped showing 3-di-
mensional (3D) structures, which enable communication with each
other, Figs. 4a and Figure a. As previously inferred, cells cultured in
cDMEM interact directly with the material, Fig. 4a–c. High-magnifica-
tion SEM images, Fig. 4d–f, revealed the presence of numerous hASCs
extensions, filopods, protruding and anchorages direct to the nanos-
tructure HA surface. Granular material forming concentric accumula-
tions was also observed; Fig. 4f, fluorescence X-ray microanalysis con-
firmed that it is composed by mineralized matrix components. Optical
and SEM microphotographs analysis evidenced a high number of spe-
cific features (flat and extended bodies, extracellular calcium deposits)
that confirmed that cells spread on HA-frameworks dry-coatings and
cultured in cDMEM acquiring the typical osteoblastic feature. Unlike
cell cultured in cDMEM a parallel cell alignment occurred in ODM; in
such conditions no specific cell-material interactions were observed,
Fig. 5a–d.

Fig. 2. Alkaline Phosphatase (ALP) activity of hASCs adhered on 60 μg/cm2

nanostructured HA-frameworks dry-coatings after 7 and 21 days of culture in
cDMEM. Data are normalized to cells performance after 7 days of culture in
cDMEM without the presence of nano-HA. Asterisks denote statistically sig-
nificant differences (*p < 0.05, **p < 0.01 and ***p< 0.001), significant
differences between the samples are indicated with brackets. Cells cultured on
uncoated wells in both cDMEM and ODM were used as controls (C).
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4.3. expression of mRNA related to osteogenesis: progressive Gene
expression profiles

To further evaluate the effect of HA-frameworks on the osteogenic
commitment, gene expressions for osteogenic differentiation were
analyzed. The following osteogenic-specific markers associated to the
skeletal development and the regulation of cell’s evolution were con-
sidered: osteocalcin (OC), an osteoblast specific gene [31] associated to
bone mineralization and calcium homeostasis [32]; osteonectin (ON), a
calcium-binding glycoprotein secreted by osteoblasts during bone

formation, it presence promote mineralization [33]; osteopontin (OPN),
an extracellular structural protein, biosynthesized by osteoblast and
involved in the cell attachment to the mineralized bone matrix [34];
osteoprotegerin (OPG), an excretory protein produced by evolving os-
teoblasts, its presence prevent bone resorption and enhance the
synthesis bone matrix [35]; runt-related transcription factor 2
(RUNX2), it has a crucial role in the early determination stage of the
osteoblast lineage [36]; alkaline phosphatase tissue non-specific iso-
enzyme (ALPL), a membrane-bound glycosylated enzyme that may act
as an early indicator of cellular activity and osteoblast differentiation

Fig. 3. Alizarin Red S staining of hASCs adhered on 60 μg/cm2 nanostructured HA-frameworks dry-coatings cultured throughout 7 and 21 days in cDMEM and ODM;
optical microphotographs (a–f, m–r) 20 x magnification and (g–l, s–x) 40 x magnification. Cells cultured on non-coated glass coverslips in both cDMEM and ODM
were used as control (C).
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[37]; collagen type I alpha 1 (COL1A1), a significant constituent of
bone ECM establishing connections with cell surface integrins and other
ECM proteins [38]; bone morphogenetic proteins-2 (BMP2), expressed
by osteoprogenitor cells, it can stimulate the differentiation of osteo-
blast and can also mediate the expression of OSX in mesenchymal cells
independent of the RUNX2′s regulation [39]; osterix (OSX), a typified
osteoblast specific gene [40], regulates the later stage of osteoblast
differentiation and bone formation [36]; receptor activator of nuclear
factor κ-B ligand (RANKL), it was identified as the key mediator of
osteoclastogenesis, [41] its presence is associated to bone control re-
generation and remodeling; sclerostin (SOST), SOST mRNA is expressed
in many tissues especially during embryogenesis, during bone re-
modeling sclerostin prevent activation of osteoblasts and bone forma-
tion without previous bone resorption [42]; basic fibroblast growth
factor-2 (FGF-2), it is synthesized and secreted by human adipocytes
and act increasing pre-osteoblasts proliferation [43].

Fig. 6 shows that all transcription factors related to osteogenic

commitment are expressed during hASCs differentiation in the presence
of HA-nanostructured network cultured in a non-osteogenic media since
the first 7 days of treatment, and that the obtained values are in general
statistically comparable to those obtained under the influence of soluble
osteogenic additives (C+). The obtained results reaffirm our previously
acquired conclusion related to the material’s ability to induce per se an
osteogenic behavior. There is a specific materials’ influence on selected
gene expressions subject to culture media conditions and the temporal
evolution of the differentiation process. At the initial 7 days of treat-
ment the materials’ presence induces in cDMEM a superior expression
of ALPL, COL1A1, OPG and SOST genes with respect to C+ . A
meaningful effect is appreciated for COL1A1 and SOST on the MI and
MII dry-coatings respectively. After 21 days of treatment, RUNX2, OC,
OSX, OPN, BMP2, FGF2, RANKL and SOST were down regulated; with
an important effect on OSX and RANKL in the presence of MI, Fig. 7.

Osteonectin, ALPL, COL1A1 and OPG were up regulated regardless
of the material’s nature, Fig. 7. The presence of an osteogenic culture

Fig. 4. SEM microphotographs of hASCs adhered on 60 μg/cm2 nanostructured MII dry-coating cultured throughout 21 days in cDMEM.
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media does not mask the effect of the materials on the differentiation
process. At the 7 days of treatment and, despite the presence of os-
teogenic soluble additives in the culture medium, OPN y OSX were
down regulated noticing the superiority of the material effect on the
osteogenic additives. Likewise, ALPL, COL1A1, RANKL and SOST were
up regulated with a greater effect of MI dry-coating, Fig. 6. After 21
days of treatment, there was a statistically significant decrease respect
to C+of OSX, OPN, BMP2, RANKL and SOST’s expression. However,
the ALPL and COL1A1 levels were up regulated Fig. 7.

5. Discussion

Niches are local tissue microenvironments that maintain and reg-
ulate stem cells activation; [5] a synthetic material that carefully mi-
mics human osteogenic niches represents a successfully address thought
bone-bioreactors conceptions. In this work we determine the aptitude
of nanostructure enriched HA-frameworks to support the anchorage,
subsistence and osteogenic commitment of hASCs; results are con-
trasted with those attained by the application of a standard cocktail for
osteogenic differentiation of multipotent stem cells: dexamethasone
(Dex), ascorbic acid (AA) and β-glycerophosphate (β-Gly) [44]. Both
materials increased the mitochondrial metabolic activity (MMA) and
proliferation of hASC in cDMEM, Fig. 1a–e, nevertheless, after 21 days
of treatments, the presence of MII leads to statistically comparable
values to that achieved under ODM culture, Fig. 1e. Alizarin Red S test
and APL activity revealed a clear substrate stimulus exerted by nanos-
tructure HA-framework dry-coatings on the osteogenic differentiation
potential of hASCs from the initial 7 days of culture that is considerably
increased after 21 days of treatment; for a second time MII evidenced a
superior influence, Figs. 2 and 3. The maintenance and survival of
hASCs is strongly influenced by local microenvironment stimuli, in-
cluding the material’s surface roughness and morphology (in short its
nano-topography). [45] Emergent evidence has revealed that nano-to-
pography participate in the overall control of stem cells (SCs) fate
[45,46] and that its boost is equivalent to the exerted by genetic and
molecular mediators. [44,46] According to their roughness parameters,
Fig. SI11, both MI and MII material exhibit submicron surface

roughness with an asymmetrical outward as a result of HA nano-rods
aggregation, [9,10] resembling the natural ECM dimension, which
contains pits, pores and protrusions in the length scale of 5–200 nm.
[47] Analysis of optical and SEM microphotographs, Figs. 3–5, revealed
a pronounced material-cellular interaction both in cDMEM and ODM,
however such interaction is different in each culture media. After 21
days of cultured in cDMEM cells extend, organize and distribute around
HA substrate displaying actin stress fibers and focal adhesions clusters,
as shown by its well-defined star morphology characteristic of high-
tension states. [45] On the other hand, cells cultured in ODM shows
signs of increased motility, as indicated by their elongated morphology
paralleled oriented. [48] The magnitude of the spreading area posi-
tively correlate with the cellular proliferation activity in the initial
phase of cell dissemination; [49] in agreement, the high cellular
spreading on the materials dry-coatings reveled by optical and SEM
microscopy, Figs. 3–5, is coherent with the observed increase of via-
bility and MMA values, Fig. 1. The obtained results are in completely
agreement to literature findings that point out that substrates dis-
playing submicron surface roughness influence cells orientation and
contact guidance as their dimensions are comparable to cell filopodia
sizes (50–100 nm) [47,50]. The superior effect displayed by MII sample
could be related to its irregular peak’s and valley’s size distribution
[10]. Studies performed by Dalby et al. [51] revealed that there is an
increase of osteoprogenitor cells adhesion onto disorder and asymme-
trical nano-topographies. We think that an analogous effect takes place
when hADSCs spread onto MII dry-coating in our experimental condi-
tions.

In anchorage-dependent cells, as the hASCs, adhesion plays a
number of roles in the discrete cell functions, including the differ-
entiation stage where adhesion-derived tension is a key point. It is
generally accepted that surfaces stimulating higher adhesion and
spreading are implicated in hard-tissue (bone/osteoblast) phenotypes
development [45]. Results of ALP activity test after 21 days of treat-
ment displayed very large values of ALP activity for hASCs spread on
HA-frameworks dry-coatings cultured in cDMEM compared with its
counterparts cultured in ODM, Fig. 2. Alizarin Red S assays, meanwhile,
shows an increase of cellular motility and proliferation in ODM, Fig. 3.

Fig. 5. SEM microphotographs of hASCs adhered on 60 μg/cm2 nanostructured MII dry-coating cultured throughout 21 days in ODM.
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There is not a linear dependence between cell spreading and cell pro-
liferation; the increased spreading, formation of adhesion units and
assembly of the actin cytoskeleton provoke cell proliferation only to a
certain degree [49]. Literature results propose that the proliferation
capacity and migration speed of various cell types, including SCs, cul-
tivated on several substrates is highest at intermediate adhesion
strength, while high adhesion capacity is reasonably associated with
quiescence and maturation stages of cells [49]. This literature in-
formation support our obtained results, the superior cellular attachment
attained over the HA dry-coatings in cDMEM involve a slower cell
proliferation but a higher maturation than the provided by soluble os-
teogenic additives. The lesser maturation reached in ODM conditions
implies lower ALP activity values, as well as a reduced mineralization,

such as those obtained in our results. Foundations of this effect could be
originated in the mechanism of cells-substrate anchorage. It is accepted
that cell spreading stimulates cell proliferation and differentiation by
biochemical and mechanical pathways [45,49,51]. Both mechanisms
start by the adsorption of cell adhesion-mediating molecules (i.e., vi-
tronectin and fibronectin proteins, among others [52]) in a precise
configuration from biological fluids in vivo and from FBS in vitro to the
material surface. Then the active sites in these adsorbed molecules bond
to cell adhesion receptors, which involve integrin and non-integrin (i.e.,
proteoglycan-based) adhesion molecules [49]. Previously obtained re-
sults [10] indicated that water molecules adsorbs on HA substrate, in
those moderately hydrophobic conditions adhesive proteins from serum
would adsorb in a flexible and adjustable form where the oligopeptidic

Fig. 6. Analysis of gene expressions involved in osteogenic commitment. The effect of HA-frameworks on hASCs exposed to either osteogenic (ODM) and non-
osteogenic (cDMEM) media throughout 7 days are compared. Data are normalized to housekeeping gene (TFRC). Cells cultured in ODM on uncoated wells were used
as control (C+). Asterisks denote statistically significant differences (*p < 0.05, **p < 0.01 and ***p< 0.001). Significant differences between the samples are
indicated with brackets.
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ligands acquired a loop-like conformation accessible to the pocket-like
structure of adhesion receptors [49]. We assume that this process fa-
vorably occurs in cDMEM, while in ODM the presence of soluble ad-
ditives (Dex, AA, β-Gly) compete and interfere with the adsorption of
FBS’s proteins. Analyzing the molecular formula of the components of
ODM, it can be seen that their chemical structure include a large
number of hydroxyl groups (−OH), those can strongly adsorb on Ca2+

positions of HA crystals’ surfaces that act as Lewis acid sites [53]. In
addition, being smaller in size than proteins, they diffuse faster to the
material’s surface limiting the adsorption active sites. With not enough
protein molecules adsorbed on HA-frameworks dry-coatings, there is a
transitional cell adhesion that favors cellular motility and proliferation
but a lesser maturation.

Concerning to the regulation of gene expression profile, Scheme 1,
the transcriptional activation of selected genes on hASCs spread out on

HA-frameworks dry-coatings in cDMEM was consistent with osteogenic
commitment; ALPL, COL1A1, OPG, SOST expressions are up regulated
compared to ODM conditions. The obtained results reveal that RUNX2
and OSX, which are positive transcriptional regulators of genes like
COL1A1, OC, ON, and OPN [54], are completely modulated during
osteogenesis with a distinctive expression profile, Figs. 6 and 7. At first
7 days of treatment, expressions of RUNX2 and OSX have no statisti-
cally differences to ODM conditions, while their levels decreased in the
next 21 days. The complex interplay between RUNX2 and OSX is ob-
viously reflected on the modulation of target genes during different
phases of differentiation. While OSX activation during osteoblast for-
mation contributes to OPG early activation, its following decrease is
known to be required to promote osteoblast differentiation at late stage
in a RUNX2 independent manner [55]. On the other hand, the initial
high levels of RUNX2 are coherent with its role in the sequential

Fig. 7. Analysis of gene expressions involved in osteogenic commitment. The effect of HA-frameworks on hASCs exposed to either osteogenic (ODM) and non-
osteogenic (cDMEM) media throughout 21 days are compared. Data are normalized to housekeeping gene (TFRC). Cells cultured in ODM on uncoated wells were
used as control (C+). Asterisks denote statistically significant differences (*p < 0.05, **p < 0.01 and ***p<0.001). Significant differences between the samples
are indicated with brackets.
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activation of COL1A1, ALPL and OC, which are involved in inter-
mediate and later stages of matrix maturation and bone mineralization.
The activation of BMP2, FGF2, ALPL, COL1A1, OC, and OPN that play a
role in cell adhesion, proliferation, extracellular matrix maturation and
differentiation of the osteoblast phenotype [32,34,37,38,39,43],
showed that cell proliferation and progression through cell cycle in-
duced by the HA-nanostructured frameworks are fast and deliberately
from the initial stages of treatment. Down-regulation of RUNX2 and
OSX after 21 days of treatment seemed to be associate in a direct
manner with focal adhesion maturation, indicating the involvement of
ERK 1/2 negative feedback pathways following integrin-mediated FAK
activation [56].

In addition of FAK→ ERK ½ pathway, in the presence of Ca-P ma-
terials, selected gene expression routes could be stimulated by Ca2+ or
PO4

3− ions that could be a consequence of the substrate degradation,
Fig. SI12. As an example, OPN levels have a direct response to in-
creased PO4

3− concentrations [57] and, the effects of BMP2 on OC,
RUNX2 and OSX expressions can be enhanced by an increase of ex-
tracellular Ca2+ concentration [58,59]. In our case, OPN expression is
down regulated whenever the cells were cultured on HA-nanos-
tructured dry-coatings in cDMEM or in ODM. Regarding BMP2, OC,
RUNX2 and OSX levels, the material exerts a down regulation respect to
C+ after 21 days of treatment. These facts indicate that in our experi-
mental conditions the presence of extracellular Ca2+ and PO4

-3 ions are
not the main mechanism of gene regulation and confirms the im-
portance of the nanotopography to regulate cellular adhesion and their
subsequent fate. Moreover, the distinctive temporal regulation of OPG/

RANKL system and SOST, functionally linked to bone remodeling,
[35,41,42] suggest the capacity of the HA-nanostructure substrate to
support the tightly coupled processes of bone resorption and formation,
allowing a wave of bone formation to follow each cycle of bone re-
sorption, thus maintaining skeletal integrity and potentiality to act as
bone niche.

Summarizing, HA-frameworks dry coatings provide a slower
growing of hASCs than soluble osteogenic additives but promote a
better adhesion and a fast osteogenic maturation.

6. Conclusion

Here we showed the ability of nanostructured HA-frameworks dry-
coatings to direct hASCs’ osteogenic fate in a non-osteogenic differ-
entiation media and, that the interaction of cell´s focal adhesion on
materials surfaces provides a superior effect to those reached under the
influence of osteogenic soluble additives: dexamethasone (Dex), as-
corbic acid (AA) and β-glycerophosphate (β-Gly). It was demonstrated
that the transcriptional activation of selected genes on hASCs cultured
in the presence of HA-frameworks dry-coatings are completely modu-
lated with a distinctive osteogenic expression profile leading to the
adequate temporal evolution of the successive stages of bone re-
generation: proliferation, differentiation and maturation. The observed
differences in gene expression profiles might be related to an overall
enhanced protein adsorption on HA-nanostructured materials and the
activation of FAK → ERK ½ pathways. Considering the two tested
materials, a better performance was attained by one of them exhibiting

Scheme 1. Putative mechanism of signaling pathway governing hASCs osteogenic commitment under HA-nanostructured framework substrate stimuli after 7 days of
culture in cDMEM. Initial adhesion stimulates endogenous secretions and FGF2 expression [59]. FGF2 affect integrin activity on the surface by initiating con-
formational changes that expose ligand binding sites [59]. Upon integrin ligation, focal adhesion kinase (FAK) is activated. Through the integrin-dependent
translocation of extracellular signaling-related kinase 1 and 2 (ERK 1/2) pathways, FAK mediates expression of target genes BMP2, RUNX2 [56] and Wnt. [60]
RUNX2 commits hASCs towards osteogenic lineage and inhibits adipogenic differentiation. After commitment, hASCs differentiated into preosteoblasts which express
RUNX2 and high levels of COL1A1 and ALPL. Preosteoblasts differentiate into immature osteoblasts that express BMP2, OSX, β-catenin, bone matrix proteins, OPN
and develop into mature osteoblasts. Mature osteoblasts express OC, ALPL and COL1A1; neogenesis of mineralized matrix.
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less regular peak’s and valley’s size distribution topography.
The obtained results highlight the importance of nanotopography in

the stem cells fate regulation and validate the potential of hASCs -
nanostructured HA-frameworks systems to act as bone bioreactors. As
mentioned previously, topography in the nanoscale range is capable to
significant influence the amount and functionality of protein adsorbed
on biomaterials surfaces. This hypothesis, however, deserves further
investigation involving analysis of specific regulatory and structural
proteins; which are already part of our future work.
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