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Nano-hydroxyapatite (nano-HAp) materials show an analogous chemical composition to the biogenic

mineral components of calcified tissues and depending on their topography they may mimic the specific

arrangement of the crystals in bone. In this work, we have evaluated the potential of four synthesized

nano-HAp superstructures for the in vitro conditions of bone-repair. Experiments are underway to investi-

gate the effects of the material microstructure, surface roughness and hydrophilicity on their osseo-inte-

gration, osteo-conduction and osteo-induction abilities. Materials were tested in the presence of both, rat

primary osteoblasts and rabbit mesenchymal stem cells. The following aspects are discussed: (i) cytotoxi-

city and material degradation; (ii) rat osteoblast spreading, proliferation and differentiation; and (iii) rabbit

mesenchymal stem cell adhesion on nano-HAp and nano-HAp/collagen type I coatings. We effectively

prepared a material based on biomimetic HAp nano-rods displaying the appropriate surface topography,

hydrophilicity and degradation properties to induce the in vitro desired cellular responses for bone bonding

and healing. Cells seeded on the selected material readily attached, proliferated and differentiated, as

confirmed by cell viability, mitochondrial metabolic activity, alkaline phosphatase (ALP) activity and cyto-

skeletal integrity analysis by immunofluorescence localization of alpha-smooth muscle actin (α-SMA)

protein. These results highlight the influence of material’s surface characteristics to determine their tissue

regeneration potential and their future use in engineering osteogenic scaffolds for orthopedic implants.

1. Introduction

The current options related to bone injury therapies such as
auto-grafts, allo-grafts and a variety of synthetic or biomimetic
devices are unsatisfactory. The evidence base is the existence
of significant limitations including the need for additional sur-
geries, morbidity associated with the donor site, limited
material supply and inadequate size or shape of the implanta-
ble donor tissue.1,2 All these limitations lead to the develop-
ment of advanced approaches to assist the skeletal tissue’s

reparation and reconstruction; avoiding the requirement of a
permanent prosthesis.3–5 Overcoming these challenges
requires not only that the engineered substitute has both
structural resemblance with the native tissue and ability to
perform similar biological functions, but also avoid problems
of donor site scarcity, immune rejection and pathogen
transference.6–9 In addition, a bone substitute should ideally
degrade at an equivalent rate to tissue regrowth.7 In this
regard, nanosized hydroxyapatite (nano-HAp) materials have
been widely investigated for many biomedical applications
related to calcified tissues, i.e., bone and dental composite
fillers,10,11 maxillofacial reconstruction and augmentation,12,13

tissue engineering scaffolding14–16 and coatings for metallic
orthopedic prosthesis.17 The main reason is that nano-HAp
mimics the natural chemical composition and dimensions of
the mineralized phase found in the extracellular matrix (ECM)
of bone.18 The most significant advantages of nano-HAp
powders compared to coarse synthetic crystals are their
enhanced sinterability and densification, better osteo-conduc-
tive and osteo-inductive capabilities, and improved fracture
toughness as a consequence of their greater surface area.19

However, despite these valuable properties, the effect of nano-
HAp properties on tissue response has not yet been fully
understood.20 When a biomaterial is introduced into a living
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tissue, the ensuing biocompatibility and the host responses
depend on their physical and chemical properties that
promote the initial reactions of cells upon the material
surface.20,21 In such terms, it was determined that the
material’s surface roughness is first closely related to the
extent and strength of cell’s adhesion, proliferation and differ-
entiation; subsequently to the material’s osteo-induction,
osteo-conduction and osseo-integration, thereby the bone
repair abilities. The microstructure and topology of nanostruc-
tured materials depend on their synthesis method, as well as
on their processing conditions; a minor change in the powder
compaction or in the sintering conditions can result in a
variety of different porosity characteristics.22 Consequently, it
is extremely important to select the most appropriate tech-
nique when formulating nano-materials with desired pro-
perties and their combinations. In a previous work, we
prepared four hydroxyapatite materials templated by different
micelle–polymer structured networks.23 The synergistic inter-
action of each polymer in contact with hexadecyl-trimethyl
ammonium bromide (CTAB) rod-like micelles results in crystal-
line HAp nano-rods of 25–50 nm length organized in hierarchi-
cal structures with different roughnesses and porosities. The
role of the material’s surface texture was revealed as a key
factor in the nucleation and growth of a bone-like apatite
coating in contact with simulated body fluid (SBF); an essen-
tial requirement to estimate the materials’ bone-bonding and
osseo-integration potential.24,25 The growth of the different
structures is attributed to a dissimilar matching of crystal
planes in the material and in the apatite layer formed. Under
specific synthesis conditions, a biocompatible material with a
Ca/P ratio close to that existing in the trabecular bone and, a
morphology that is considered essential for bone-bonding was
obtained.23 Since the roughness, morphology and micro-
patterning of the four investigated nano-HAp superstructures are
crucial points for their optimal osseo-integration capabilities,
the aim of this study was to carry out an in vitro evaluation of
the effect of these parameters to induce the desired bone
repair cellular responses, i.e. osteo-induction and osteo-
conduction abilities. The effects of the synthesized materials’
surface characteristics on the following factors are discussed:
(i) nano-HAp material degradation and cytotoxicity; (ii) rat
osteoblast spreading, proliferation and differentiation; and
(iii) rabbit mesenchymal stem cell adhesion, mitochondrial
metabolic activity, and spreading when cultured on surfaces
coated with HAp nanoparticles and fibrillar collagen type I.

The results of this study were expected to serve as a refer-
ence in the selection and/or in the manufacturing of the
proper nano-HAp materials’ surface characteristics to maxi-
mize their bone-repair properties.

2. Materials and methods
2.1 Materials

Hexadecyl-trimethyl ammonium bromide (CTAB, MW =
364.48 g mol−1, 99%, Sigma-Aldrich); poly(ethylene glycol) 400

(PEG 400, Sigma-Aldrich, MW = 380–420 g mol−1, δ = 1.126 g mL−1

at 25 °C); poly(propylene glycol) (PPG, Sigma-Aldrich,
MW = 425 g mol−1, δ = 1.004 g mL−1 at 25 °C); poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEG-PPG-PEG, PEG 10 wt%, Sigma-Aldrich, MW = 2800 g mol−1,
δ = 1.018 g mL−1); octylphenyl-polyethylene glycol (IGEPAL®CA
630, (C2H4O)nC14H22O, Sigma-Aldrich, MW = 603 g mol−1,
δ = 1.06 g mL−1 at 25 °C); sodium phosphate (Na3PO4, MW =
148 g mol−1, 96%, Sigma-Aldrich); calcium chloride (CaCl2,
MW = 91 g mol−1, 99%, Sigma-Aldrich) and sodium nitrite
(NaNO2, MW = 69 g mol−1, 97%, Sigma-Aldrich) were used
without further purification. Alpha-Minimum Essential
Medium supplemented with 15% fetal bovine serum
(α-MEM-15% FBS, Sigma-Aldrich); ALP activity kit (Wiener
Lab., Rosario, Argentina), xylazine (Rompun, CDMV, 20 mg mL−1);
ketamine (Rogarsetic, CDMV, 100 mg mL−1); sodium
pentobarbital (Euthanyl) solution IV (CDMV, 240 mg mL−1).
Collagen type I from rat tail solution (3.9 mg mL−1, Sigma-
Aldrich); Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12, Gibco) with supplemented sodium
bicarbonate (2.438 g, Sigma-Aldrich); phosphate buffered
saline (PBS without Ca/Mg, 1X, Sigma-Aldrich); paraformalde-
hyde (HO(CH2O)nH, Sigma-Aldrich); normal Goat Serum
(Sigma-Aldrich); Triton X-100 (Sigma-Aldrich); Bovine Serum
Albumin (BSA, Sigma-Aldrich); Alexa Fluor® 488 goat anti-
mouse IgG (H + L) (Molecular Probes, 2 mg mL−1); Mouse
Monoclonal Anti-Actin, α-Smooth Muscle antibody (clone 1A4,
Isotype IgG2a, Sigma-Aldrich, 1 μg mL−1); Hoechst 33342
(Gibco, 2 μg mL−1); Fluoromount-G (Southern biotech); 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, 5 mg mL−1). For solution preparation, only
triple-distilled water was used. For all experiments passage two
to four (P2–P4) cells were used.

2.2 Bone-like HAp synthesis

Four HAp nanoparticle (7–9 nm diameter and 25–50 nm
length) materials exhibiting different topographies and mor-
phologies were synthesized by a previously described method-
ology.23 First, 350 mL of a 3.13 mM CTAB aqueous solution
was mixed with 20 mL of PPG (MI), PEG (MII), PEG-PPG-PEG
(MIII) or IGEPAL (MIV)23 and stirred at 500 rpm for
10 minutes. Second, 200 mL of 2 M sodium nitrite aqueous
solution and 2.2 g calcium chloride were incorporated in
sequence. Finally, 200 mL of 0.14 M Na3PO4 aqueous solution
was added to the above mixed solution drop by drop at room
temperature (RT) under magnetic stirring at 500 rpm. After the
integration of all reactants, the solution was magnetically
stirred for 1 h. The resulting gels were left for 24 h in an auto-
clave at 100 °C. The obtained materials were filtered and
washed with triplet-distilled water to remove impurities.
Finally, the surfactant was completely removed by calcination
at 400 °C for 3 h under air flux.

2.3 Near infrared spectroscopy

A Nicolet iS50 FTIR-NIR spectrophotometer (Thermo Scienti-
fic, Waltham, MA, USA) along with a diffuse reflectance
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accessory (DRA, also called an integrating sphere) was used
to measure the reflectance properties of the powders. The
spectra were obtained under an air atmosphere and at RT.
In the present study the integrating sphere was operated in
the reflectance mode in the region of 1000–2500 nm. A
Gold NIR Diffuse Reflection Standard (99.9% Reflective) was
used as a reference to calibrate the baseline. The powder
samples were supported inside flat bottom glass vials
to form pellets of 10 mm diameter and 5 mm thick for
measurements.

2.4 In vitro biodegradability under acidic conditions

Assuming that the local pH around the ruffled border of
osteoclasts is from 4.0 to 5.0 during the bone remodeling
period,26 in vitro degradation behavior of HAp particles
under acidic conditions was evaluated by soaking them in
an acetic acid/sodium acetate buffer solution (AcOH buffer) with
a pH of 4.24 according to the method of Matsumoto et al.27

HAp particles (200 mg) were soaked in 100 ml of the
AcOH buffer solution at 25 °C and 36 °C for 3, 12, 16
and 25 days. The degradability of nano-HAp materials was
estimated from the rate of weight loss (WL) accordingly to
Tampieri et al.:16

%WL ¼ ðW0 �WtÞ
W0

� 100

where W0 and Wt are the dry weights of the initial and the
degraded specimens at different immersion times, t, respect-
ively. The same procedure was followed at pH 7.4 (PBS) as a
control.

2.5 Rat osteoblast isolation, culture and treatment

Calvarial osteoblasts were obtained from 5-day-old neonatal
rats as previously described23 and the cells were frozen in
liquid nitrogen until their use. For the experiment, cells were
cultured at 37 °C in α-MEM-15% FBS, 1% penicillin and strep-
tomycin (P–S) under humidified air (5.5% CO2). After 24 h, the
medium was replaced by α-MEM supplemented with 10%
(FBS) and 1% (P–S), and the cells were cultured until ∼80% of
confluence (2–3 days). Calvarial osteoblasts were seeded in 48-
well plates in the presence or the absence of the nano-particles
(71.42 μg ml−1) and cultured for 4 and 7 days in α-MEM-10%
(FBS)-1% (P–S), under a humidified atmosphere (5.5% CO2) at
37 °C. It is known that the presence of calcium in the culture
media stimulates osteoblast differentiation,28 therefore the
cells were cultured in the presence of 4 mM of CaCl2 as a posi-
tive control.

2.6 Alkaline phosphatase activity in rat osteoblast

After cell treatments, the ALP activity was measured in lysed
primary rat osteoblasts as described by Ayala-Peña et al.29 The
ALP activity was estimated using a commercially available kit
and indirectly measured by the amount of phenol released;
and the results were based on the increase in absorbance at
optical density (OD) 520 nm. A blank (B) and a standard (S)
(200 IU l−1 phenol) were also processed. Optical density of the

samples (D) was measured and ALP activity was calculated as
follows:

ALP
IU
l

� �
¼ 200 IU l�1 � ðD� BÞ

ðS� BÞ

2.7 Rabbit mesenchymal stem cell (MSC) isolation

All protocols involving animals were approved by institutional
ethics committees. MSCs were obtained from 9–11 month old
New Zealand White rabbits which were sacrificed under
xylazine–ketamine induced anesthesia using 150 mg kg−1 sodium
pentobarbital (Euthanyl) solution IV. Bone fragments from the
subchondral bone of the distal femur were subjected to col-
lagenase digestion to release cells from marrow stroma that
were pelleted, and deposited in petri dishes in complete
culture media, DMEM/F12 + 10% FBS + 1% P–S, in a humidi-
fied 5% CO2 incubator. The obtained cells were cultured for
5 days during which the medium was changed every 2 days to
remove non-adherent cells and to select adherent cells. The
primary MSCs were cryopreserved at P0 and at P1, then thawed
and passaged for the cell assays.

2.8 Adhesion assay

2.8.1. Rabbit MSC metabolic assay on nano-HAp coatings.
Viable MSCs with active metabolism reduce MTT into a purple
colored formazan product that can be solubilized and quanti-
fied by spectrophotometric means. When cells die, they lose
the ability to convert MTT into formazan, thus color formation
serves as a marker of only the metabolically active cells.30,31

Therefore, this assay was performed with the objective to
evaluate the MSC metabolic activity in wells coated with the
four different nano-HAp materials (MI, MII, MIII and MIV)
and indirectly their viability.31 For sterilization, nano-HAp
materials were autoclaved for 30 min at 120 °C. Then a water
material dispersion was prepared by placing the components
on a rotating mixer for 5 min following which, a 96-well plate
(0.32 cm2 per well) was filled with increasing amounts of
nano-HAp material dispersions to have a final coating of
15–3100 µg HAp per cm2. Finally, the material-coatings were
allowed to dry overnight on a shaker in a biological safety
cabinet to obtain a homogeneous dry-coat surface on the
bottom of the well. MSCs were seeded at a density of 10 000
cells per well and were cultured in a pre-coated culture plate
for 24 h and 48 h in complete culture media (DMEM/F12 +
10% FBS + 1% P–S). The homogeneous distribution and
attachment of HAp nanoparticles on the bottom of the wells,
before and after MSC seeding, was checked by optical
microscopy; see Fig. 6, ESI.† Pre-coated wells with medium
and no cells were used as negative controls (C−) and uncoated
wells were used as positive controls (C+). The MTT solution
was added in each well at 0.5 mg mL−1 final concentration and
the plate was incubated for 3 h under humidified air (5%
CO2). The wells were aspirated and 100% DMSO (200 µL) was
added and the resulting formazan was quantified using an
ELISA plate reader (OD 570). The absorbance of coated wells
without cells was used as blanks.
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2.8.2 Rabbit MSC metabolic assay on nano-HAp (MI)/
collagen type I (Co I) coatings. Rabbit MSC adhesion and meta-
bolic activity under four different MI/Co I weight ratio coating
conditions were studied (MI/Co I: 0/1; 0.5/1; 1/1 and 2/1, with
Co I = 31 µg cm−2); and for this a MTT assay was done in a 96-
well plate as described above. To prepare MI/Co I coatings, the
commercial rat tail collagen-acetic acid (20 mM) solution was
neutralized with a 20 mM NaOH solution. Then, three
different concentrations of MI water dispersions were prepared
and mixed with a suitable amount of Co I neutral solution to
obtain different MI/Co I weight ratio coatings. Finally, the solu-
tions were allowed to bind to the well plate by a dry-coating
process (see section 2.8.1). Adhesion of MSCs on non-coated
wells was used as a control.

2.8.3. MSC actin-based spreading on collagen type I
with and without nano-HAp: immunofluorescence confocal
microscopy. The cytoskeleton is known to play a key role in
the mechano-transduction steps, and it can also contribute to
MSC differentiation.32 Multipotential mesenchymal stem cells
also express α-smooth muscle actin (αSMA), and actin stress
fibers can be used to demonstrate cell attachment responses.
This experiment tested the hypothesis that MSCs attach and
spread on collagen type I incorporated with nano-HAp. 10 000
rabbit MSCs per well were seeded in individual Culture Slide
(Falcon®, Corning) glass chambers dry-coated with Co I or
MI-Co I, as described above. Non-coated glass slide chambers
were used as a C+. Cells were incubated for 29 h in a humidi-
fied cell culture incubator with 5% CO2, then fixed with 4%
paraformaldehyde for 5 min and then washed three times for
5 min with PBS. They were blocked and permeabilized with
20% v/v Goat serum/PBS/0.1% Triton X-100 for 15 min at RT.
After washing with 1% BSA/PBS/0.1% Triton X-100 for 5 min
the cells were incubated with primary antibody anti α-SMA
(clone 1A4, Isotype IgG2a, Sigma-Aldrich) diluted to 1 μg mL−1

in 1% BSA/PBS/0.1% Triton X-100 for 30 minutes at RT. Sub-
sequent to three washes with 1% BSA/PBS/0.1% Triton X-100
for 10 min the glass slides were incubated with secondary anti-
mouse antibody conjugated with Alexa 488 diluted to
1.3 µg mL−1 in 1% BSA/PBS/0.1% Triton X-100 for 30 minutes at
RT. After two 10 min PBS washes a counter stain was done with
Hoechst 33342 diluted to 2 µg mL−1 in PBS for 1 min at RT.
The slides were washed two times with PBS for 10 min. Finally,
the slides were separated from the chamber and Fluoromount-
G was used to mount the slides. They were covered with alumi-
num foil and allowed to dry for 24 h. Images were acquired
using an Olympus FluoView™ FV1000 laser scanning confocal
microscope with laser operational wavelength set at 405 nm
for the blue signal with Hoechst counterstain in cell nucleus
and at 488 nm for the green signal for α-SMA expression. All
images were analyzed with the help of the software ImageJ
(National Institutes of Health, Bethesda, MD). The cell
number was determined by a count of nucleus positive for
Hoechst stain in a histology field per sample, and α-SMA
expression was quantified from total green pixels per image
with the data calculated as a percentage of (green pixels per
image)/(total pixels). In addition, α-SMA expression was

characterized by the mean brightness value of green pixels
determined from the intensity of all green pixels per field
in monochromatic images of the laser set at 488 nm (see
Fig. 10, ESI†).

2.9 Statistical analysis

All quantitative tests were carried out at least in triplicate, and
then mean values with standard deviations were calculated.
Statistical analysis of data was accomplished by one factor ana-
lysis 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 experiments.

3. Results and discussion

Osteo-induction, osteo-conduction and osseo-integration are
interrelated and are the required abilities of a bone-healing
material.33 Osteo-induction implies the recruitment of imma-
ture cells and the stimulation of these cells to develop into
mature osteoblasts; this process is part of normal bone
healing and is responsible for the majority of newly formed
bone after a fracture or an implant insertion. Osteo-conduction
means that bone grows on a surface; is a term usually used in
conjunction with implants. Osseo-integration is the stable
anchorage of an implant achieved by a direct bone-to-implant
contact. Osteo-conduction and osseo-integration both depend
not only on biological factors, but also on their response to the
presence of a foreign material.33 The effect of nano-HAp
powder’s surface topography, hydrophobicity and degradation
on their in vitro osteo-induction, osteo-conduction and osseo-
integration capacity is analyzed in the following sections.

3.1 Nano-HAp powder’s surface topography
and hydrophilicity

Surface roughness degree, determined by the roughness arith-
metical average deviation (Ra), can be distinguished according
to the scale of the irregularities of the material surfaces: (i)
surface macro-roughness, ≥100 μm; (ii) microscale surface
roughness, from 1 to 100 μm; (iii) submicron surface rough-
ness, from 100 nm to 1 μm; and (iv) nano-roughness,
≤100 nm.34 Each type of surface roughness has a specific influ-
ence on the behavior of the implant and also on the adhering
cells.34 In a previous work,23 by means of digitalized scanning
electron microscopy images and different software packages,
we computed Ra; the root mean square roughness (Rq); the
maximum height of peaks (Rp); the maximum depth of valleys
(Rv); the maximum height of the profile (Rt); kurtosis (Rku) and
skewness (Rsk) coefficients for the studied nano-HAp materials.
The results of this study indicate that controlling surface
roughness is an efficient platform to manipulate the biomi-
metic bone-like apatite layer deposition, which is essential for
the material osseo-integration.23 From MI to MIV, the
materials showed a decrease in the surface roughness degree.
According to the obtained Ra values, MI and MII are associated
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with a submicron surface roughness and the MIII and MIV
materials to a nano-roughness surface. A deep analysis of para-
meters Ra, Rsk and Rku was performed and their correlation
can be appreciated in the 3D surface plots of Fig. 1; denoting
differences in the surface topography of each material. All
materials presented positive values of the parameters Rsk and
Rku indicating the existence of an asymmetrical surface in
relation to a theoretical mean plane that cuts the relief. Never-
theless, such asymmetry is different in each material, and a
thoughtful analysis can be performed from the single rough-
ness depth (Rz,i); the maximum roughness depth (Rz,max) and
the mean roughness depth (Rz,mean) parameters;35 see ESI† for
statistical details. Rz,i is the vertical distance between the
highest peak and the deepest valley within a sampling length.
The arithmetic mean value of the single roughness depths of
consecutive sampling lengths is Rz,mean and the largest single
roughness depth within the evaluation length corresponds to
Rz,max. MI and MIII showed the lower computed values of
Rz,max and, a Rz,mean data displaying the lesser standard devi-
ations (SD). These values are associated with regular surfaces
formed by a great number of high peaks and depth valleys of
comparable extent. The higher Rz,max and SD values exhibited

by MII and MIV are associated with irregular surfaces created
by peaks and valleys of dissimilar dimensions.

Furthermore, cell adhesion and spreading are highly influ-
enced by the materials’ surface hydrophilicity34 and the water–
surface interaction.36 An explanation for these results will be
that the presence of oxygen-containing groups on wettable
shells makes the surface more susceptible to adsorption of
adhesion-mediating ECM proteins. On wettable surfaces, these
molecules are adsorbed in a more flexible form, which allows
them to be reorganized by the cells and thus provide access for
cell adhesion receptors to the adhesion motifs on the ECM
proteins. Nano-HA powder hydrophilicity and wettability were
analyzed by the inspection of near-infrared (NIR) spectra of
H2O molecules adsorbed on material surfaces, as shown in
Fig. 2. All materials present a similar pattern of bands ascribed
to different states of physisorbed H2O molecules on their
surface, indicating hydrophilicity. Small adsorption bands
could be observed at 1380 nm and 1880 nm that can be
assigned to the combination of symmetric and asymmetric
stretching (ν1 + ν3) vibrational modes of less hydrogen-bonded
water molecules.37 Broad bands centered at 1420–1450 nm
and 1920 nm are assigned to the (ν1 + ν3) and the combination
of bending and asymmetric stretching (ν2 + ν3) vibrational
modes of intermediate intensity hydrogen bonded water mole-
cules.37 Finally a broad, less intense band at 2200 nm similar
to that due to the (ν2 + ν3) vibration modes of ice37 can be
associated with highly structured hydrogen bonded water
molecules. Ordered and strongly adsorbed hydration layers on
HAp surfaces have been detected in literature reports.38,39

Experiments performed by Corno and co-workers38 revealed
that HAp surface–water binding energy originates by the direct
interaction of the exposed Ca2+ with H2O molecules, which
simultaneously involves slightly strong H-bonds with the basic
oxygen of the PO4

3− surface groups. At higher H2O adsorp-
tions, the lateral H-bonding interactions among the adsorbed
molecules provide a significant fraction of the binding energy.

Fig. 1 3D surface plots of nano-HAp materials. Percentage of intensity
(I%); standard deviation (SD).

Fig. 2 Near-infrared (NIR) spectra of H2O molecules adsorbed on
material surfaces. ν1: symmetric stretching; ν2: bending; ν3: asymmetric
stretching; LHBW: less hydrogen bonded water; IHBW: intermediate
hydrogen bonded water; HHBW: high hydrogen bonded water.
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3.2 Nano-HAp powder’s biodegradability

Under certain clinical situations, rapid resorption was reported
to result in a lower quality of bone formation. Nevertheless for
some applications, such as cranioplasty, rapid implant resorp-
tion and replacement by health tissue is perhaps not as impor-
tant as implant stability or integrity. For other uses, such as
periodontal bone defect repairs or sinus augmentation, the
ability of the implant to be replaced quickly by bone is highly
desirable.40 These observations suggest that in order to
achieve the optimal clinical results for each instance, the
appropriate resorption rate of the implantable material must
be carefully assessed. The in vitro degradation of nano-HAp
materials, incubated at 25 and 36 °C, in physiological fluid
environment (pH = 7.4) and under cell-mediated acidic con-
ditions (pH = 4.24) was monitored by the material weight loss
(WL) as a function of time during a 25 day period. At acidic
conditions and 25 °C, Fig. 3A, materials are 50% degraded
during the first 4–8 days of treatment. By completion of the
evaluation period, materials had shown a maximum degra-
dation of 64–70%. Increases of temperature caused a consider-
able increase of the nano-HAp materials’ degradation rate. As
shown in Fig. 3B, at 36 °C the materials are 50% degraded at
the first 1–2.5 days of treatment, showing 98–100% degra-
dation on the 25th day.

Many models have been already proposed to explain the
processes involved in the dissolution of calcium apatites in
acids.41 They generally accepted that the steady-state con-
ditions of apatite dissolution in aqueous acidic media include
the following steps: (i) diffusion of chemical reagents (H+ and
acid ions) from bulk solution to the solid–liquid interface; (ii)
adsorption of the H+ and acid ions on the surface of apatite;
(iii) chemical transformation on the surface; (iv) desorption of
products (Ca2+, PO4

3− ions) from the surface; and (v) their
diffusion into the bulk solution.41 Literature findings39

emphasize that after adsorption of water the exchange of Ca2+

by two H+ is energetically favored; see section 3.1. Instan-
taneously after being placed in contact, water molecules and
acid ions are adsorbed on the surface of apatite crystals
forming a solid–liquid interface and various adjacent strata,
such as a Nernst diffusion layer or an electrical double layer.
Transport of the chemicals to the solid–liquid interface always
happens by ionic diffusion through the Nernst diffusion layer.
The thickness of this layer depends on both the solution
hydrodynamics and the dissolving crystal’s dimensions. It
decreases with the augment of solution’s agitation and with
reduction of the crystal’s size.41 Under our experimental con-
ditions, the thickness of the diffusion layer is reduced due to
the use of nano-particles. However, in none of the cases the
thickness becomes equal to zero and as a consequence a con-
centration gradient is always present near the solid–liquid
interface; the diffusion laws always remain valid. All findings
of the diffusion-controlled model remain applicable for any
case of apatite dissolution which is consistent with an
improved degradation at a superior temperature. The tempera-
ture increase intensifies the thermal agitation of the ions in
solution and therefore their diffusion through the Nernst’s
layer. A similar approach is correct for the surface phenomena;
when dissolution occurs, adsorption and desorption of ions
and water molecules, as well as, chemical transportation
always take place on the surface regardless the experimental
conditions chosen. Thus, surface properties of the materials
can be very important. At both evaluated temperatures, the
degradation profiles were similar for all materials, whereas at
36 °C the initial degradation rate follows the resultant
sequence: specimens MII > MIV > MIII > MI. Degradation rate
is a function of the surface roughness parameters’ set, Fig. 4.
Comparing the degradation test’s results with the 3D surface
maps constructed based on the surface texture values, it was
observed that the faster degradation material (MII) is that
which has a submicron rough surface composed by peaks and
valleys of dissimilar dimensions; while the material exhibiting
a lower degradation rate (MI) has a submicron rough surface
formed by a great number of high peaks and depth valleys of
comparable extent. Materials MIII and MIV showed intermedi-
ate surface topographies between the aforementioned extremes
and as a consequence intermediate degradation rates. No sig-
nificant effect on materials’ degradation can be appreciated by
the variation of Ca/P ratio or the 3D fractal dimension (D3D).
In a physiological fluid environment at 25 °C or 36 °C,
materials’ degradation was not considerable; the results are

Fig. 3 Degradation of nano-HAp materials at pH = 4.2 and different
temperature conditions: (A) 25 °C and (B) 36 °C.
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shown in Fig. 5, ESI.† This is a desirable characteristic because
the biodegradation rate must be comparable to the formation
of bone tissue, which is between 8 and 16 weeks.42

This degradation study was carried out in the absence of
enzymes and cells, and therefore cannot be predictive of the
resorption times in vivo; however an important in vitro result of
the degradation analysis is that nano-HAp materials do not
dissolve under pH physiological fluid conditions, yet are
resorbable under cell-mediated acidic conditions26 similar to
those that are set in vivo during new bone formation43,44 and
bone remodeling. The goal of this in vitro biodegradation
study is to ascertain that nano-HAp materials can act as tem-
porary templates, providing structural and mechanical support
initially and regenerative properties over time and finally,
under resorption conditions, its complete degradation.

3.3 nano-HAp powder’s osteo-induction, osteo-conduction
and osseo-integration properties

Bone repair properties of nano-HAp powders were tested in the
presence of two different cell types that could be potentially be
used in orthopedic or tissue engineering applications:45,46

primary mature osteoblast and mesenchymal stem cells that
are known to form bone tissues when implanted in vivo or
differentiated into bone cells.47

3.3.1 Osteoblast spreading, proliferation and differen-
tiation. The variation of nano-HAp powders’ surface topo-
graphy and degradation on neonatal rat calvarial osteoblasts’
viability, spreading and morphology were preliminarily ana-
lyzed by simple microscopic observation of cultured cells
through two different treatments for 24, 48 and 72 h, accord-
ing to a previous work.23 During a first procedure (T1), the
nano-HAp powder was extended in the culture media and cells
were seeded in the presence of the material from the begin-
ning of the test. Then, a second treatment (T2) was applied to
evaluate the effect of material on cells’ spreading perturbation;
at this time osteoblasts were plated in culture media and
nano-HAp were added 24 h later. The cells’ behavior was
similar to control after 72 h for both treatments, Fig. 5A. To

evaluate the cell’s morphology, the samples were then
smeared on a microscope slide, air dried, fixed with absolute
ethanol and stained by Giemsa dye.48 In the presence of all
tested nano-HAp samples, rat osteoblasts displayed normal
morphological features49 for both applied culture methods;
and they showed their typical polygonal or widespread forms
with fine filopodia and abundant surface folds, Fig. 5B. The
obtained results exclude any significant difference due to the
nano-HAp powder surface properties or particle degradation
on the process of adhesion, spreading and morphology of the
tested cells. There are no apparent differences in the cell via-
bility after they are cultured in the presence of the prepared
materials. Further inspection of cell–material interactions, was
analyzed by differentiation assays.

The induction of APL activity is used as a predictive para-
meter for in vivo osteoblast maturation. A successful bone
scaffold must demonstrate support for enhanced bone for-
mation, including organic and inorganic components of
natural tissue. ALP is a key component of bone matrix vesicles
because of its role in the formation of apatite calcium phos-
phate,50 and it is an early indicator of immature osteoblast
activity. Although cells in several tissues (liver, kidney,
placenta, etc.) generate the enzyme, elevated levels of ALP in bone
tissue typically are observed several days prior to neo-mineral-
ization and during the initial phase of bone matrix depo-
sition.51,52 Fig. 6 displays the influence of different material
properties on the ALP activity of rat primary calvarial osteo-
blast after 4 and 7 days of culture in the synthetic serum sub-
stitute with and without the addition of 4 mM Ca2+ ion
concentration.

The material exhibiting a submicron rough surface com-
posed by peaks and valleys of comparable extent (MI), shows
an ALP activity statistically superior to the control during the
7 days of treatment (p < 0.05); while those materials having a
surface composed by peaks and valleys of dissimilar dimen-
sions (MII), nano-surface roughness degree (MIII) or both
(MIV) present a considerable decrease in ALP activity that
intensified with time. Investigations performed by Maeno
et al.28 revealed that low concentrations of Ca2+ (2–6 mM) can
provide suitable conditions for osteoblast proliferation and
differentiation in both monolayer and 3D cultures. Our experi-
ments showed a clear decrease in rat calvarial osteoblast differ-
entiation after the addition of 4 mM Ca2+ in culture media in
the presence of all tested nano-HAp materials, while in the
absence of the materials the ALP activity increases with respect
to the control and in agreement with Maeno et al. results.28

Statistically considerable and equivalent ALP activity reduction
was noticed in the presence of materials MII, MIII and MIV.
The obtained results may be associated with an increase of
Ca2+ concentration due to nano-HAp degradation above the
acceptable limit to promote cell differentiation. The pH of the
interstitial fluid bathing cell tissues will generally be slightly
acidic and subject to complex gradients, depending on the
metabolic activity of the cells.53 Being MI the less degraded
material under acidic conditions, its presence generates a
smaller reduction in ALP activity.

Fig. 4 Variation of degradation rate versus the material’s roughness
parameters.
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3.3.2 Effects of nano-HAp powders on MSC adhesion. Rabbit
MSC spreading was evaluated on coatings of collagen type I,
the principle organic component of bone, with and without
incorporated nano-HAp. The experiments were performed in
an attempt to mimic a remodeling bone environment in which
the MSCs attach and differentiate. First, a cytocompatible level
of nano-HAp to use in the coating was identified. Rabbit MSCs
were treated with different amounts of nano-HAp particles
(15–3100 μg HAp per cm2 coating), and their mitochondrial
metabolic activity was measured after culture for 24 and 48 h.
The obtained data collected after the first 24 hours were incon-
clusive, while by the completion of 48 hours the results show
that the inhibition effect produced by the particles was dose-
and material type-dependent, Fig. 7. Mitochondrial metabolic
activity was correlated with the cells viability; proliferation

status was confirmed by microscopic observation, Fig. 7, inset;
for more details see, Fig. 6, ESI.† A measurement of MSC via-
bility after adhesion is imperative to evaluate the capacity for a
material to support initial cell spreading and proliferation. In
order to be successful in providing a scaffold with therapeutic
potential, the cells must demonstrate viability properties statis-
tically comparable to the control. As expected, our results
suggest that cell viability is related to the materials surface pro-
perties. Materials having comparable dimensions of peaks and
valleys on their surfaces (MI and MIII) exhibited a 50% cell

Fig. 6 ALP activity of rat primary osteoblast after culture in the pres-
ence of different nano-HAp materials. [Ca2+] = 4 mM. Statistical analysis
was performed between different materials and control, *p < 0.05; sig-
nificant differences between the samples are indicated with brackets.

Fig. 7 Mitochondrial metabolic activity of rabbit mesenchymal stem
cells adhered on different concentrations of nano-HAp material coat-
ings. Experimental results were fitted to Boltzmann sigmoidal curve
(continuous line); non-coated well was used as a control. Statistical ana-
lysis was performed among different materials, *p < 0.05; significant
differences between the samples are indicated with brackets. Inset:
optical microphotographs of adhered cells on (I) 15 μg cm2, (II) 300 μg cm2

and (III) 3100 μg cm2 MI coating.

Fig. 5 (A) Rat primary osteoblast viability after cultured through to two different treatments (T1 and T2) during 72 h in the presence of different
nano-HAp materials. (B) Giemsa stains of rat primary osteoblast after culture in the presence MI sample.
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proliferation inhibition at 300 μg HAp per cm2 coating; while it
required 162 and 124 μg HAp per cm2 to reach similar cell
mortality in the presence of materials with more asymmetrical
surfaces (MII and MIV). The sample MIV, which has a combi-
nation of nano-surface roughness degree and an asymmetrical
topography, causes the greatest toxic effect on initial MSC via-
bility. As the concentration of particles exceeded the 300 μg
HAp per cm2 coating, the inhibition effect is similar for all
tested materials. Literature findings54 inform that the degree
of toxicity of nano-HAp powder correlated well with the degree
of cellular uptake. This strongly suggests that cellular particle
load is the main cause of cytotoxicity, probably due to the
release of calcium.54 This fact is consistent with our results
since the less degraded material, MI, causes the lowest cyto-
toxicity of cells of mesenchymal origin.

3.3.3 MSC adhesion on a mimic bone matrix. Regarding
the cell–material interactions, the information discussed in
the preceding sections indicate a clear difference among
sample MI and the rest of the studied nano-HAp superstruc-
tures. MI provides an adequate environment to permit rat
primary osteoblast differentiation, and higher ALP activity rela-
tive to the control compared to the attained values in the pres-
ence of the other three materials. Even though there are no
differences among rat primary osteoblast spreading and pro-
liferation in the presence of the four tested nano-HAp
powders, rabbit MSC adhesion and viability on the MI coating
is slightly favored in comparison to control at low material
concentration. Furthermore, a greater amount of MI material
is required to reach the 50% of rabbit MSC mortality. Results
obtained in a previous work23 showed that the mineral HAp
coating formed on the surface of MI material after it was
immersed in simulated body fluid (SBF) giving an estimate of
the material’s bone-bonding potential,24,25 exhibited a globu-
lar morphology and a Ca/P weight ratio of 1.56 close to what
exists in trabecular bone.55 Both characteristics are considered
essential for bone-bonding.55,56 Accordingly, the specimen MI
was selected as the material with the best osseo-integration,
osseo-induction and osteo-conduction characteristics to be
combined with collagen type I in MI/Co I coatings and to
indirectly evaluate their potential use in bone tissue repair. It
is considered that the average mineral content of bone tissue
is within the range of 30 to 55 vol% or 50 to 75 wt%, and col-
lagen is the principal organic matrix in bone,57 thus the MI/Co
I coatings were prepared in compliance of these proportions
and taking into account that higher amounts of MI (>300 μg cm−2)
tested as coatings caused the inhibition of MSCs’ adhesion
and metabolic activity, see Fig. 6–8, ESI.† Fig. 8 shows
the rabbit MSC mitochondrial metabolic activities after
culture in the presence of different MI/Co I weight ratio coat-
ings. No significant statistical difference with respect to
control was observed among the MSC viability after adhesion
on the different MI/Co I coatings. Current discoveries have
recognized that mechanical properties of the cellular environ-
ment such as its rigidity, geometry, and external stresses play
imperative roles in the definition of the cellular function and
fate.58 It has been shown that mechanical properties influence

cell shape and orientation, regulate cell proliferation and
differentiation and even govern the development and organiz-
ation of tissues.58 It is widely known that for most tissue cells
the traditional picture of the cell as a lipid membrane that sur-
rounds a liquid-like cytosol containing localized organelles is
not relevant.59 Adherent cells such as fibroblasts, neurons,
endothelial cells, and bone cells, contain an actively regulated
gel-like elastic cytoskeleton.60 The elastic nature of the cyto-
skeleton is important not only for the mechanical stability of
the cell, but also for transmitting mechanical signals in the
form of elastic stress and strain fields, from the environment,
through the cytoskeleton and to the nucleus.61

The cytoskeleton is a complex dynamical network of actin,
intermediate filaments, and microtubules that interact with a
myriad of molecular motors and cross-linking proteins. Many
of these proteins are collectively responsible for cellular
mechano-sensing. Recent studies have identified a contractile
muscle actin isoform, α-SMA, in osteoblasts62 as well as in a
number of other musculoskeletal connective tissue cells.
Associated studies demonstrated the ability of α-SMA-expres-
sing osteoblastic cells to contract a collagen-glycosamino-
glycan analog of extracellular matrix in vitro.63 It was proposed
that α-SMA enabled contraction might be responsible for the
retraction of osteoblasts on the bone surface at the initiation
of the remodeling cycle. Moreover, α-SMA-enabled contraction
may allow for the generation of the higher forces required for
the cellular modeling of the newly synthesized extracellular
matrix, to impart the tissue specific architecture.64 Thus, the
elevation of α-SMA expression might be expected to be associ-
ated with an osteogenic process such as bone transport.65 Fur-
thermore, the α-SMA expression is a relatively reliable
indicator that the MSC cells maintain their mesenchymal stem
cells phenotype.66 MSCs’ α-SMA-based spreading on MI/Co I
coatings was evaluated by confocal fluorescence microscopy
and histomorphometry.

The results indicate that the rabbit MSCs spread, adhere,
and proliferate on 0.5/1, 1/1 and 2/1 MI/Co I coatings cultured

Fig. 8 Mitochondrial metabolic activity of rabbit MSCs adhered on
different MI/Co I weight ratio coatings. Non-coated wells were used as
positive control (C+).
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Fig. 10 (A) Relative percentage of MSCs on cultured surface. (B) Relative percentage of positive stain for α-SMA. (C) Mean brightness value per cell
and (D) confocal microphotographs in order to show the α-SMA expression of MSCs adhered on different MI/Co I weight ratio coatings per cell.
Non-coated glass slide was used as positive control (C+).

Fig. 9 Immunofluorescence assay: (A–E) 40× magnification laser scanning confocal microphotographs showing cell nucleus and α-SMA
expression, blue and green stains respectively, scale bar 50 µm; (F–J) 400× magnification laser scanning confocal microphotographs showing
α-SMA filaments’ size and morphology, scale bar 5 µm. (K–O) Optical phase contrast images showing MSCs’ morphology and adherence to surface.
Non-coated glass slide was used as positive control (C+).
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in proliferation medium for 29 h in the same manner as on
biocompatible glass control surfaces exhibiting α-SMA fila-
ments of similar size and morphology, Fig. 9. The time ana-
lyzed, the visualization of the cell number and the
rearrangement of the α-SMA’s cytoskeleton do not show any
significant difference with respect to control, Fig. 10A–C. The
visual inspection of proliferation, as well as a measurement of
cellular metabolism and spreading provided information on
the ability of cells to populate MI/Co I coatings. Altogether,
these data demonstrate that, under the conditions tested,
in vitro culture MI/Co I materials are cytocompatible, and that
the HAp nanoparticles do not interfere with mesenchymal
stem cell character or spreading.

4. Conclusion

We successfully fabricated a biocompatible nano-HAp super-
structure that possesses the precise controlled surface topo-
graphy and hydrophilicity allowing normal growth and
differentiation of bone cells in vitro. The material has a regular
sub-micron rough surface and the optima degradation rate
under cell-mediated acidic conditions, which resulted in a
uniform cell seeding, spreading, adhesion and differentiation.

The obtained results highlight the importance of micro-
patterning and surface properties of nano-HAp superstructures
and provide new insight for the design of scaffolds based on
HAp nanoparticles for effective bone repair and regeneration.
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