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ABSTRACT: A handful of work focused on improving the
intrinsic low mechanical properties of hydroxyapatite (HA) by
various reinforcing agents. However, the big challenge regarding
improving mechanical properties is maintaining bioactivity.
To address this issue, we report fabrication of apatite-based composites by incorporation of alumina nanoparticles (n-Al2O3).
Although numerous studies have used micron or submicron
alumina for reinforcing hydroxyapatite, only few reports are
available about the use of n-Al2O3. In this study, spark plasma
sintering (SPS) method was utilized to develop HA-nAl2O3
dense bodies. Compared to the conventional sintering, decomposition of HA and formation of calcium aluminates phases are restricted using SPS. Moreover, n-Al2O3 acts as a bioactive agent
while its conventional form is an inert bioceramics. The addition of n-Al2O3 resulted in 40% improvement in hardness along with
a 110% increase in fracture toughness, while attaining nearly full dense bodies. The in vitro characterization of nanocomposite
demonstrated improved bone-speciﬁc cell function markers as evidenced by cell attachment and proliferation, alkaline phosphatase activity, calcium and collagen detection and nitric oxide production. Speciﬁcally, gene expression analysis demonstrated
that introduction of n-Al2O3 in HA matrix resulted in accelerated osteogenic diﬀerentiation of osteoblast and mesenchymal stem
cells, as expression of Runx-2 and OSP showed 2.5 and 19.6 fold increase after 2 weeks (p < 0.05). Moreover, protein adsorption
analysis showed enhanced adsorption of plasma proteins to HA-nAl2O3 sample compared to HA. These ﬁndings suggest that
HA-nAl2O3 could be a prospective candidate for orthopedic applications due to its improved mechanical and osteogenic properties.
KEYWORDS: hydroxyapatite, alumina, nanocomposite, osteoblast, adipose derived mesenchymal stem cells
has a socioeconomic burden for patients. Indeed, aﬀected people
endure great pain, besides the enormous medical cost is another
major problem they are facing with during treatment.3
Accordingly, demands for ﬁnding new approaches and better
ways to develop appropriate hard tissue replacement implants,
having both abilities of binding to the surrounding tissue and

1. INTRODUCTION
A myriad of people around the world are suﬀering from orthopedic and bone diseases. For instance, just in the USA 332 000
total hip replacement (THR) and 719 000 total knee replacement (TKR) surgeries were performed in 2010. Estimates anticipated that by the year 2030, the number of THR and TKN
revisions grow to 572 000 and 3.48 million procedures per annum,
respectively.1,2 Reconstruction of bone defects in load-bearing sites
caused by a traﬃc accident, trauma, aging, infection or tumors
© 2018 American Chemical Society
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(Table S1). Utilizing nano alumina has a signiﬁcant eﬀect on
mechanical properties, therefore, in the modern era, it has attracted
a large amount of attention. However, the most interestingly
marvelous trait of nano alumina is its bioactive nature, which has
rarely been investigated. Whereas conventional alumina is generally considered as a bioinert ceramic, Webster et al., have reported
that osteoblast adhesion was signiﬁcantly higher on nanophase
alumina compared to its conventional form.15 Furthermore, they
demonstrated that nanophase alumina possessed enhanced functions of osteoblast cell (e.g., proliferation, alkaline phosphatase
activity, and deposition of calcium-containing mineral) compared to conventional ones.16 It has been proved that adsorption
of speciﬁc proteins mediated enhanced cell functions regarding
nanostructured alumina compacts.17
Considering the presented scenario, in this study nanocomposites comprising of HA and Al2O3 was synthesized and
consolidated by SPS technique. Phase characterization, physical,
and mechanical properties of samples were analyzed. In hard
tissue engineering, the two important cell types are osteoblasts
and mesenchymal stem cells (MSCs), as they play critical roles in
bone homeostasis and remodeling. Therefore, in this study
interaction of fabricated bioceramics with both bone forming
cells and MSCs was studied via evaluation of cell proliferation,
adhesion, various functions, and diﬀerentiation.

match of mechanical properties, is a major challenge for materials
communities and clinical researchers.4
Thanks to its chemical and structural similarity to mineral phase
of natural bone and its outstanding bioactive properties, hydroxyapatite (HA) is generally recognized as a promising candidate for
orthopeadic and dental implants. In spite of these favorable
advantages (e.g., it has been considered as an osseointegrative
and osteoconductive material), inherent poor mechanical properties of HA such as low fracture toughness (0.28−1.08 MPa m1/2),5
low wear resistance, and strength restrict its application for major
load-bearing implants.4,6
Hence, a large number of researchers aimed to amend the
mechanical reliability of HA by various methods.7 In this context,
one of the most prevalent techniques is the fabrication of apatitebased composites with second phase reinforcements such as yttriastabilized zirconia (YSZ), alumina (Al2O3), zirconia (ZrO2), titania
(TiO2), carbon nanotubes (CNTs),5 strontium carbonate (SrCO3),8
Magnesium oxide (MgO)9 and lanthanum oxide (La2O3).10
Among diﬀerent reinforcing agents, metal oxide ceramics such as
ZrO2, TiO2, and Al2O3 has been widely used because of their high
wear resistance, exceptional strength and fracture toughness as
well as hardness. The striking beneﬁt of using mentioned materials is their chemical inertness that does not compromise the
biocompatibility of hydroxyapatite.4,6
Alumina is one of the most widely investigated reinforcement
materials for HA bioceramics. It is mainly used as a substantial component in stress bearing areas such as total hip, shoulder and knee replacement.11 In the past three decades, alumina
has been investigated as a powerful contender for reinforcement of HA. To date, several researchers have studied various
approaches to synthesize hydroxyapatite-alumina (HA-Al2O3)
composites followed by characterization of microstructures and
measurement of mechanical properties. In this regard, diﬀerent
mechanical properties (i.e., bending and compressive strength,
fracture toughness and hardness) has been investigated. As
summarized in Table S1, all the relevant studies about HA-Al2O3
composites are reviewed and diﬀerent aspects of studies are
compared.
An undesired problem associated with producing dense bodies
of these composites is deleterious reactions between HA and
reinforcing phase. On the other hand, during the sintering process decomposition of HA into α or β tricalcium phosphate (TCP)
phase occurs which results in poor densiﬁcation and reduced
mechanical properties. Besides, formation of third phases (i.e.,
calcium aluminates phases) is another byproduct of these reactions. The formation of calcium aluminates phases has raised
unresolved questions about their eﬀect on biological and mechanical features of HA-Al2O3 composites.12 In this context, several
solutions have been developed to overcome the tendency of
degradation of HA to tricalcium phosphate (such as the addition
of CaF2, MgF2 or AlF3 or calcination of starting powder13,14),
whereas each of them has its drawbacks.
Therefore, an eﬀective way to attain a full dense HA-Al2O3
compact without decomposition of HA is to take advantage of
spark plasma sintering (SPS). SPS technology is a pressureassisted sintering method in which high heating rates together
with high voltage and pulsed direct current is applied resulted in a
highly consolidated material, where can maintain the grain size
similar to starting powder and suppress the diﬀusional time
dependent reactions.
Although numerous studies in the literature used micron or
submicron alumina for reinforcing hydroxyapatite composites,
only a few publications are available concerning nano alumina

2. EXPERIMENTAL SECTION
2.1. Starting Materials and Mixing Conditions. Nanocrystalline
alumina (Sigma-Aldrich, purity 99.99%) and HA (Sigma-Aldrich)
powders with the average particle size of 50 and 60 nm were utilized as
starting materials for samples preparation in this research. Figure S1A, B
shows the scanning electron microscopy (SEM) images of as-received
alumina and HA nanopowders. HA-Al2O3 nanocomposite powder mixtures containing 10, 20, 30 wt % of alumina as reinforcement were mixed
and homogenized in a PTFE jar mill using ethanol (chemical grade,
Merck Ag, Germany) for 24 h rotation time at the speed of 100 rpm, and
the weight ratio of ball-to-powder was 10:1. The mixtures were gradually
dried in a rotary evaporator under vacuum and passed through −60
mesh sieve to obtain a homogeneous powder. The composite samples
were named as HA-10A, HA-20A, HA-30A, according to the percentage
of alumina.
2.2. Sample Preparation via SPS Procedure. Bioceramic
composite powders were consolidated using SPS (FCT HP D25/1)
under vacuum (1 × 10−2 mbar). Powders were poured into a graphite
die and a sheet of graphite was placed between the powders and die/
punches to ease the specimen removal. Afterward, a ﬁxed heating rate of
50 °C/min under a constant applied pressure of 50 MPa with a soaking
time of 5 min was employed to produce disks with 20 mm diameter and
approximately 5 mm thickness. An optical pyrometer was utilized to
measure the temperature at about 4 mm from the sample. Soaking
temperature of 1150 °C was selected for sintering pure HA and all three
composites. Moreover, the sample containing 30 wt % of alumina was
sintered at the higher temperature of 1250 °C to improve the density of
the sample and obtain relative density higher than 95%. Nomenclatures
of four sintered composites are tabulated in Table 1.
Moreover, during all sintering cycles, the height variations (displacement changes) of the samples (Li) were directly monitored by means
of a laser device. The instantaneous relative density (Di) calculated by
the eq 1:
Di = (Lf /L i)Df

(1)

Where Lf and Df are the ﬁnal height and relative density of samples,
respectively. The densiﬁcation curves of the samples were plotted as
relative density vs temperature (RD-T).
2.3. Characterization of Sintered Samples. X-ray diﬀraction
(XRD) method was exploited to identify phases in the samples using Cu
Kα radiation over the 2θ range of 20−60° at a scan rate of 0.01 (Philips
PW1800, Netherlands). The specimens were ground and polished using
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isolation, adipose tissue was dissected and incubated in collagenase
solution (0.5%, Gibco) for 1 h under shaking to digest the tissue.
Afterward, the cells were isolated by centrifugation and transferred to a 6
well tissue culture plate. For osteoblast isolation, a piece of bone was
rinsed in culture medium and transferred into a 6 well tissue culture
plate. During a period of 14 days, adhered cells were suspended and used
for further analysis. The cells were cultured in Dulbecco’s modiﬁed
Eagles’ medium (DMEM, Gibco, Scotland)/Ham’s F12 (GIBCO,
Scotland) supplemented with 10% Fetal Bovine Serum (FBS, Nanobioarray, Iran), 100 U/mL penicillin and 100 μg/mL streptomycin
(Sigma, USA) at 37 °C in a humidiﬁed atmosphere consisting of 5%
CO2. Cells were detached by trypsin−EDTA solution and seeded on
ceramic discs. A seeding density of 3 × 103 cells/cm2 was applied for cell
attachment and proliferation studies, while for osteogenic diﬀerentiation
assays (i.e., alkaline phosphatase (ALP) activity, extracellular matrix
(ECM) mineralization, collagen synthesis, nitric oxide (NO) production, and mRNA gene expression) cells were cultured at a higher density
of 2 × 104 cells/cm2 according to previously described protocol20 unless
otherwise noted.
2.6. Morphology, Attachment, and Growth of Seeded ASCs.
Adhesion and spreading of ASCs seeded on the samples, was observed
via SEM. After incubation for 4, 24, and 72 h, cells on the specimen
surfaces were ﬁxed with 2.5% glutaraldehyde (Sigma-Aldrich, Castle Hill,
NSW, Australia) solution. Subsequently, ﬁxed samples were washed
with distilled water, dehydrated using a graded series of ethanol (30, 50,
70, 95, and 100%) for 10 min, dried using a solution of 50% ethanol and
50% hexamethyldisilazane (HMDS, Sigma-Aldrich, Castle Hill, NSW,
Australia) for 5 min and exchanged with 100% HMDS for 10 min.
Finally, cell seeded ceramic discs were sputter coated with gold
(EMITECH K550) and observed by SEM (Hitachi S-3400).
2.7. Cell Proliferation Assay. The proliferation rate of ASCs
cultured on ceramic discs was assessed by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay. Brieﬂy, 100 μL of
culture medium containing 3 × 103 cells were seeded upon each sample
in a 12-well culture plate. Plates were incubated in standard culture
conditions (37 °C, 5% CO2 and a humidiﬁed atmosphere) for 3 h, then
1.9 mL culture media was added to each well. After 7 and 14 days of
culture, 500 μL of MTT solution (0.5 mg/mL) was added into each well,
and the plate was kept in the incubator for 4 h. The generated purple
crystals of formazan were dissolved in isopropanol (Sigma, USA) and
the absorbance at an optical density (OD) of 540 nm was measured
using a microplate reader (STAT FAX 2100, USA). Absorbance values
were presented as percentages relative to control. Moreover, the cell
proliferation in contact with biomaterials particulate debris was evaluated by colony formation assay. In brief, approximately 100 cells were
cultured in a 6-well plate containing 100 μg/mL particles of each sample
and growth medium. At day 14, the medium was discarded, cells were
washed with PBS and ﬁxed with glutaraldehyde (6.0% v/v). Finally,
colonies were stained with crystal violet (0.5% w/v).
2.8. ALP Activity Assay. To determine the level of ALP activity of
osteoblast and ASCs cultured on pure HA and composite samples, cells
were cultured for 7 and 14 days under the same culture conditions as
described in section 2.7. After detaching the cells from the sample
surfaces according to Kaili Lin et al. study,21 the relative ALP activity for
each sample was assayed by measuring the amount of p-nitrophenol
(pNP), the end product of hydrolyzed p-nitrophenyl-phosphate
(pNPP) based on the instruction of manufacturer (Pars Azmun kit,
Pars Azmun Co., Iran).22
2.9. Alizarin Red S (ARS) Staining and Quantitative Analysis.
ECM mineralization of osteoblasts and ASCs was assessed by staining
the calcium nodules formed after 7 and 14 days culture, as described
previously.23 In brief, at the predetermined time point the cells were
ﬁxed by paraformaldehyde (4%) for 10 min and stained with ARS
solution (2%, pH 4.2) for 45 min at room temperature. The cells were
rinsed twice with PBS to remove any further color and viewed by
stereomicroscope (Nikon C-SD, Japan). For quantitative analysis of the
mineralization process, 400 μL of 10 vol % acetic acid was added to each
well, and the samples were incubated at 37 °C for 30 min. Cell layer was
detached, transferred to a 1.5 mL microtube and heated at 85 °C for
10 min. They were placed into ice for 5 min and centrifuged at 20 000g

Table 1. Characteristics of Sintering Conditions for Pure HA
and Composite Samples
notation

composition

HA
HA-10A
HA-20A
HA-30A
HA-30A*

pure HA
HA with 10% Al2O3
HA with 20% Al2O3
HA with 30% Al2O3
HA with 30% Al2O3

sintering
sintering time pressure
temperature (°C)
(min)
(MPa)
1150
1150
1150
1150
1250

5
5
5
5
5

50
50
50
50
50

diamond abrasive discs to remove the graphite contamination followed
by ﬁne polishing with 1 μm diamond solution. Then the specimens were
thermally etched at 1050 °C for 15 min in air atmosphere. The microstructure of sintered sample was observed using a ﬁeld-emission scanning electron microscope (FE-SEM, VEGA/TESCAN, Mira 3-XM).
Energy-dispersive X-ray spectroscopy (EDX) and elemental mapping of
the composite sample was studied using FEI Nova NanoSEM 450.
Surface topography and roughness of polished and thermally etched
samples were tested using atomic force microscopy (Bruker’s dimension
icon atomic force microscope (AFM)) in tapping mode. The scan rate
was around 0.25 Hz, and scan size was 3 × 3 μm2 with a resolution of
512 samples/line. Roughness values were evaluated from images taken
at three random areas on each sample. The nano scope analysis software
(version 1.7) was utilized to analyze the AFM results. To compare the
wetting behavior of pure and composite sample, the hydrophilicity of
samples was tested by water contact angle measurement using Kruss
contact angle analyzer (DSA100) at three diﬀerent locations of each
sample. Density of the sintered samples was measured by Archimedes’
water immersion principle. The theoretical densities of the composites
were calculated based on the rule of the mixtures.
2.4. Evaluation of Mechanical Properties. Indentation test was
performed using a diamond Vickers indenter under 0.5 and 5 kg loads
for hardness and fracture toughness measurements, respectively, with a
dwelling time of 20 s on the carefully polished surface of specimens. The
hardness (HV) was calculated from the diagonal length of the indentation using eq 2:18
HV = 1.854

P
d2

(2)

Where P and d denote the applied load and the mean value of the
diagonal length, respectively. Fracture toughness (KIC, MPa m1/2) was
determined by measuring the crack length (indicated as C in Anstis’
equation19) which measured immediately after indentation by means of
an optical microscope.

⎛ E ⎞0.5⎛ P ⎞
KIC = 0.016⎜ ⎟ ⎜ 1.5 ⎟
⎝ Hv ⎠ ⎝ C ⎠

(3)

Where E is the Young’s modulus (GPa) calculated based on the rule of
mixtures, HV is the Vickers hardness (GPa), and P is the load (N). The
average HV and KIC values were reported from at least ten valid
measurements for each sample.
Since that ﬁnal shaping of ceramic compacts is a striking phase for
producing implants with complex geometry, quantitative evaluation of
the machinability of the HA/Al2O3 composites was carried out by
determination of brittleness index (BI) using eq 4.19
⎛H⎞
BI = ⎜ ⎟
⎝ KIc ⎠

(4)

Where H is the hardness and KIc is the fracture toughness. The average
values of H and KIc were used for calculation.
2.5. Cell Culture Experiments. Prior to cell culture, HA and
HA-20A ceramic discs were washed with 70% ethanol, sonicated
in acetone, rinsed in distilled water and sterilized using an autoclave
(121 °C, 20 min).
Osteoblast and adipose derived mesenchymal stem cells (ASCs) from
white New Zealand Rabbit were freshly isolated based on Iran National
Cell Bank established protocols under the ethical rules. For ASCs
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DOI: 10.1021/acsbiomaterials.7b00754
ACS Biomater. Sci. Eng. 2018, 4, 1324−1336

Article

ACS Biomaterials Science & Engineering
for 15 min at 4 °C. 80 μL from each sample was transferred to 96-well
plate and 30 μL of 10 vol % ammonium hydroxide was added to neutralize the solution. The absorbance was measured in triplicate at 405 nm.
2.10. Collagen Production Assay: Sirius Red Staining. For
collagen production measurement, Sirius red dye (Direct Red; Sigma,
USA) was used to stain collagen. In this test, osteoblastic cells and ASCs
were cultured in the same condition of previous tests. After 7 and 14 days
of culture, staining was performed according to previously reported
protocols.24,25 The cell layers were extensively washed, then ﬁxed and
air-dried. Culture dishes stained with 0.1% Sirius red in saturated picric
acid at room temperature for 1 h. The plates containing cells were
washed with 0.01 N HCl three times to remove the unbounded dye. The
stained cells were ﬁnally observed by a light microscope.
2.11. NO Production. Nitric oxide level was measured indirectly in
cell culture supernatants using the Griess method.26 A volume of 100 μL
of supernatant from each sample was mixed with 100 μL of the mixture
of Griess reagent A and B (1:1, v/v) (A: 1% sulfanilamide in 5% H3PO4,
B: 0.1% naphtylenediamine in H2O). After 30 min incubation, optical
density was recorded at 540 nm using a spectrophotometer (STAT FAX
2100, USA) indicated the total level of nitrite in each sample and the
concentration was calculated by means of NaNO2 standard curve.
Tissue Culture Polystyrene (TCPS) was considered as control similar to
other tests. All experiments were performed in triplicate.
2.12. Quantitative Real Time Polymerase Chain Reaction
(qRT-PCR). The osteogenic-associated gene expression for two distinct
cell types (osteoblast and ASCs) were examined by quantitative realtime reverse transcriptase-polymerase chain reaction (qRT−PCR).
Total cell RNA was isolated from the cells grown on each sample for
14 days using RNeasy Plus mini kit (Qiagen, 74104) and quantiﬁed by a
spectrophotometer (Nanodrop, Germany). Subsequently, RNA was
converted into complementary DNA (cDNA) via QuantiTect Reverse
Transcription Kit (QIAGEN, Gaithersburg, MD), and ﬁnally, real-time
PCR was performed in an ABI 7300 real-time PCR system (Applied
Biosystems) with SYBR Green PCR master mix (Applied Biosystems).
Gene expression was quantiﬁed using the ΔΔCt method. All experiments were performed in triplicate and the house keeping gene,
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
endogenous control. The primer sequence for runt-related transcription
factor 2 (Runx-2), collagen type I (COL I) and osteopontin (OSP) are
listed in Table S1.
2.13. Plasma Proteins Adsorption on Bioceramic Specimens.
HA and HA-20A disks were incubated in Fetal bovine serum (FBS,
Seromed, Germany) (with a concentration of 100 μg.ml−1) at 37 °C in a
humidiﬁed atmosphere to mimic the quasi-physiological conditions.
After incubation for 4 and 24 h, samples were washed twice with
deionized water to remove the loosely adherent proteins. To verify the
protein adsorption to each sample, after rinsing with d-H2O, we washed
samples with 0.01, 0.1, and 1 M potassium chloride solutions based on
previously published method.27 Finally, an SDS-polyacrylamide gel electrophoresis (SDS-PAGE) procedure was employed to assess the KCl
solution having adsorbed proteins, according to the Laemmli method.28
Silver nitrate was used to stain the gels. To quantitatively study the
amount of adsorbed proteins, we performed a Bradford assay.29
2.14. Statistical Analysis. All data were expressed as the average ±
standard deviation (SD), and each experiment was repeated at least
three times. Statistical comparison was examined by one-way analysis of
variance (ANOVA) followed by a posthoc student’s t test. Diﬀerences
between groups were considered signiﬁcant at p < 0.05.

a slight improvement in relative density (up to 5%) happens in
the last stage of sintering by raising the temperature from 1100 to
1150 °C. Furthermore, it can be observed that addition of alumina
in composites inﬂuences the relative density of composite samples.
The same trend in sintering of ceramic matrix composites has
been reported in the literature where the second phase repressed
diﬀusion mechanism during sintering.22,31−33 When the alumina
content increases, the density decreases. Because in this study,
attaining a full dense structure with the best mechanical properties is the main challenge and the density pertained to HA-30A
was much lower than other samples, the composite comprising
30% alumina was spark plasma sintered (SPSed) at an elevated
temperature (i.e., 1250 °C) in order to have better densiﬁcation.
Relative densities of the sintered samples are compared in Figure 1C.
Figure S1A−C shows the high-resolution-SEM micrographs
of the starting materials and the mixture of HA-30A after mechanical blending. One can observe well-dispersed alumina nanopowder without traces of agglomeration within HA powder.
Uniform distribution of alumina phase throughout the composite is
of great importance in terms of obtaining homogeneous mechanical properties and biocompatibility in the ﬁnal implant. Therefore, results of elemental distribution of calcium, phosphorus,
and aluminum studied by energy-dispersive X-ray mapping,
indicates the uniform presence of alumina in HA matrix (see
Figure S1D for more detail). The XRD pattern of SPSed pure HA
and composites are shown in Figure 1B. XRD spectrum of asreceived HA and alumina are also presented for comparison. For
all the composite samples, characteristic peaks of HA are in good
correspondence with the reference pattern (JCPDS no. 09−432).
Furthermore, other diﬀraction peaks at 2θ values of 35.1, 37.7,
43.3, 52.5, and 57.5 matches strongly with those of Al2O3
standard diﬀraction ﬁle (JCPDS no. 10−173). In pure HA and
all composite samples sintered at 1150 °C, no additional peaks
were observed suggesting that no phase transition has been
occurred. Increasing the sintering temperature to obtain better
densiﬁcation led to appearance of some new peaks in spectrum of
HA-30A* sample. The emerged peaks were attributed to TCP
phase. Dissociation of HA to TCP based on the following reaction is a prevalent reaction in conventional pressureless sintering
that has been categorically proved above 1200 °C.
2Ca5(PO4 )3 (OH) → 3Ca3(PO4 )2 + CaO + H 2O

This reaction could be restricted in SPS because of its very short
sintering time. Nevertheless, in some studies such as researches
performed by Dubey et al.34 and Feng and colleagues,35 it has
been shown that decomposition of HA to β-TCP occurs at
temperatures higher than 1200 °C even during SPS. Hence, the
presence of peaks of tricalcium phosphate in the later sample
showed that sintering of the rather dense composite containing
30% of alumina was not achievable even during SPS method.
Another critical ﬁnding of the present study is the absence of any
calcium aluminate phases. A handful of work over the past decade
focused on sintering of HA-Al2O3 composites using micron- and
nanosized component. Conventional sintering in these studies
leads to the formation of calcium aluminate phases (such as
CaO(Al2O3)6, CaAl4O7, Ca12Al14O33, Ca3Al2O6, Ca5Al6O14, and
CaAl2O4), a method in which diﬀusion plays a major role and
alumina in this system leads to the formation of as mentioned
calcium aluminate phases. Variation in sintering temperature
ranging from 1000 to 1400 °C could not prevent such a phase
transformation.12 In this regard, SPS has been introduced as a
reliable technique that enables the production of HA based
composites without any reaction products and interestingly with

3. RESULTS
3.1. Physical Properties and Phase Analysis. Figure 1A
illustrates the relationship between relative density and sintering
temperature during the heating part and dwelling at the
maximum sintering temperature. A standard sintering sigmoidal
curve with three main steps attributed to sintering of materials
can be observed.30 For example, in pure HA, the ﬁrst step is less
than 800 °C where there is almost no densiﬁcation. It follows by
an intense enhancement from 63 to 92% theoretical density
when the temperature increases from 850 to 1100 °C. Finally,
1327
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Figure 1. (A) Densiﬁcation (relative density vs temperature) obtained in the pure HA and composites reinforced with diﬀerent amounts of alumina
nanopowder during spark plasma sintering. Because herein, attaining a fully dense structure with the best mechanical properties is the main challenge
and the density of HA-30A was much lower than other samples, the composite comprising 30% alumina was spark plasma sintered at an elevated
temperature (i.e., 1250 °C) to have better densiﬁcation. (B) X-ray diﬀraction pattern of HA, alumina, and composite samples sintered via SPS. (C−F)
Relative density and mechanical properties of HA/alumina composites. Because the diﬀerence between mechanical properties of HA-20A and HA-30A*
is negligible, the brittleness index reached to the lowest amount for the HA-20A sample and the HA-30A* sample indicated decomposition in HA, the
HA-20A sample was selected to study the biological properties.

much ﬁner microstructure.36 For example, HA-ZrO2 ,37
HA-mullite,34 and recently HA containing only 20 wt % alumina
in a functionally graded composite38 have showed phase stability
during SPS process.
3.2. Mechanical Characterization. Figure 1C−F presents
the mechanical properties of pure HA and HA/Al2O3 composites
including hardness, fracture toughness and brittleness index as
well as their relative density. Because the density of HA-30A
sample was less than 90% (as can be seen in Figure 1A), the
mechanical properties of the mentioned sample were not evaluated. As can be seen in Figure 1C, the density of the samples
decreases by increasing alumina nano powders content. Consequently, the specimen with the highest fraction of alumina nanopowder (30 wt %) was sintered at higher temperature to achieve
similar relative density as its counterparts. The general trend of
density is in logical agreement with previous studies31 as the increase
in the weight fraction of the second phase inhibited diﬀusion
mechanism during sintering in the corresponding samples.
In regard to the hardness of the specimens, the hardness value
of HA-30A* reaches to 6.41 GPa, which shows more than 40%
improvement in comparison with the pure HA sample. Because
alumina has higher intrinsic hardness and sintering process was
successful in achieving near full dense samples without
decomposition, the observed increment is in accordance with
available results in the literature.31,39
The fracture toughness of the pure HA and its composites are
also presented in Figure 1E. Because of the well-known mechanisms

presented in the previous study of the authors about introducing
second particle phase,22,33,40 the fracture toughness of the samples
presented in this paper augmented from 1.34 to 2.82 MPa m1/2
by adding 30 wt % nano alumina into pure HA. This increment
was about 110%, which is considerable comparing to previously
published articles.30,40
It is noteworthy to mention that the diﬀerence between
mechanical properties of HA-20A and HA-30A* is negligible,
and the brittleness index reached to the lowest amount for the
sample comprising of 20 wt % alumina. Considering Boccaccini’s
model for machinability of a candidate material for use as dental/
bone implant, lower brittleness index (e.g., BI < 4.3 μm−1/2)
improves the machinability of ceramics.19 Furthermore, as mentioned in previous part, the HA-30A* sample sintered in 1250 °C
indicated the decomposition in HA. Hence, the HA-20A sample
can be selected as a proper candidate to study the biological
properties in the upcoming sections.
3.3. Cell Attachment and Proliferation. To evaluate cell
adhesion and observe cell morphology on the specimens, ceramic
discs cultured with ASCs were examined 4, 24, and 72 h after cell
seeding by SEM. To observe the early attachment, cells were
ﬁxed after 4 h culture. It can be seen that at early stage attachment
cells grew favorably on both samples and attached well with
a rounded shape. Morphological examination of cells on the surface illustrated at a higher SEM magniﬁcation also conﬁrms this
trend (Figure S2A−D). Prolonging the culture time to 24
(Figure S2E, F and Figure 2A, B) and 72 h, cells started to spread
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Figure 2. Proliferation, attachment, and growth of ASCs. (A) SEM images show cell attachment after 24 h on HA (A) and HA-20A (B), cells spread after
72 h on (C) HA and (D) HA-20A. To observe individual cell shapes, areas with a low cell density was selected. ASCs are pseudocolored turquoise to
highlight spreading of cells. SEM images are taken by 60° tilting. Scale bars represent 10 μm in A-D images. (E) MTT assay for ASCs after seeding the
cells for 7 and 14 days. HA-20A showed signiﬁcantly higher cell viability (P < 0.05). Crystal violet staining of (F) ASCs and (G) osteoblast colonies after
2 weeks in growth media for (i) TCPS, (ii) HA, and (iii) HA-20A samples. Colony forming units for stem cells (CFU-F) and osteoblasts (CFU-OB) was
much greater for the alumina-incorporated sample. Scale bars represent (i) 5 mm and (i′) 250 μm.

on the surfaces with growth of lamellipodia and ﬁlopodia.
Morphology of attached single cells were also examined on pure
and composite samples after 24 and 72 h. Figure 2 C, D displays
the thoroughly ﬂat cells after 72 h on each sample. Although
HA surface is a favorable substrate, HA-20A sample provides a
better environment, as can be seen in the higher density of cells
(Figure S2E vs F), which are much ﬂatter with more and longer
ﬁlopodia, due to topographic eﬀects. Both samples provide a
proper surface to attach, anchor, and proliferate the cell on them.
On the composite sample with nanosubmicron hybrid microstructure and topography, spreading and proliferation occurred
faster. Quantitative evaluation of cell proliferation was measured
using MTT assay. Results shown in Figure 2E demonstrate that
cells grown on the HA-20A substrate and HA were able to proliferate well. However, after 7 days, the proliferation rate of cells
cultured on HA was slightly higher compared to others, HA-20A
specimen had signiﬁcantly enhanced rate of proliferated cells
after 14 days (p < 0.05). It should be mentioned that in Figure 2E,
viability is displayed in percent (%), which means that for each
time point the values for samples were normalized to the control
values. The control values for 7 and 14 days were diﬀerent, and
the results showed that the values for 14 days were signiﬁcantly
higher than 7 days. Clonogenic assay results indicated that particulate of pure and composite sample showed no toxic eﬀect on
cells. The self-renewal capacity of examined cells in terms of
ability to form colonies of osteoblasts (CFU-OB) and ASCs
(CFU-F) visualized by crystal violet staining displayed that both
osteoblast and stem cells in contact with ceramic particles retained

the capacity to produce colonies after 2 weeks (Figure 2F, G).
This ability was notably higher for ceramic samples containing
alumina.
3.4. ALP Activity. ALP activity of osteoblast and ASCs
cultured on the composite specimen for 7 and 14 days was investigated and compared with HA and TCPS as the control. Results
showed in Figure 3A indicates an increase in ALP level after
7 days and a decrease for all samples at day 14 for osteoblast cells.
It is well-known that alkaline phosphatase is considered as one
of the essential markers of early osteogenesis. ALP activity was
signiﬁcantly higher for both HA-20A and HA as compared to
control (p < 0.05). No signiﬁcant diﬀerence was observed after
2 weeks of culture for control and HA samples. However, the
composite sample had a stronger activity. This down regulation
of ALP activity of osteoblast was observed in similar studies. Wang
et al.,41 investigated ALP activity of ﬂuoridated-HA, observed this
decrease in ALP activity, which shows cells stepped into the next
diﬀerentiation stage. This enzymatic activity also had an increasing
trend over time of assay for stem cells. Meanwhile, after 14 days,
HA and composite samples had signiﬁcantly higher values compared to control (P < 0.05), indicating the stem cells are at diﬀerentiation stages to osteoblastic lineage.
3.5. Mineralization Process and Quantitative Analysis.
Figure 3B, C represents the results of ARS staining and quantitative analysis. Formation of mineralized nodules is apparent for
ceramics specimens. Besides, after 14 days of culture, the presence of calcium deposits was higher for these samples. Figure 3C
shows its corresponding quantitative analysis in which measured
1329

DOI: 10.1021/acsbiomaterials.7b00754
ACS Biomater. Sci. Eng. 2018, 4, 1324−1336

Article

ACS Biomaterials Science & Engineering

Figure 3. (A) ALP activity of osteoblast and ASCs after 7 and 14 days. HA-20A sample showed the highest amount of ALP activity for osteoblast and
ASCs after 2 weeks culture. (B, C) Matrix mineralization and its quantitative analysis for Osteoblast and ASCs. Compared to control and HA, the
composite sample showed more amount of ECM mineralization for both osteoblast and ACS after 2 weeks. (D) Sirius red staining of osteoblast and
ASCs cultured for 7 and 14 days. Production of collagen after 14 days of culture was considerably higher for both ceramic samples compared to control.
(E) Nitric oxide production of osteoblast and ASCs after 7 and 14 days. For osteoblast cells, NO production was signiﬁcantly lower after 7 and 14 days of
culture compared to HA and control. In case of ASCs, NO production for the composite sample was higher than HA, but was lowered compared to
control after 2 weeks. Results are expressed as means ± SD, * denotes signiﬁcant diﬀerences compared with the control (p < 0.05).

dependent collagen, in which after 2 weeks, the highest amount
of collagen production was determined for HA. Collagen staining
also proved that HA-20A composite sample could motivate
osteogenic diﬀerentiation of ASCs as can be seen in Figure 3D.
3.7. NO Production. Results of Griess assay demonstrates
that osteoblasts had the lowest NO production in culture with
HA-20A sample (Figure 3E). Nitric oxide has a mediatory role in
cardiovascular hemostasis, immune function and bone resorption
and formation.42 In designing a material for orthopedic application, important criteria from a biological viewpoint is minimizing
the immune response. For example, some applications like a
coating for knee or hip implant requires high cell attachment and
proliferation and low NP production.26 It is well-demonstrated
that low levels of NO could enhance the activity and

absorbance is signiﬁcantly higher for cells cultured on HA and
HA-20A compared with control sample (p < 0.05). Furthermore,
ASCs grown on ceramic samples and speciﬁcally the composite
one exhibited a greater amount of mineralization of ECM.
Collectively, alumina-incorporated HA specimen revealed its
positive role in calcium nodule formation at time of experiments
compared to control samples for osteoblast and stem cells.
3.6. Sirius Red Staining. Staining of collagen content as a
standard histological procedure24 was performed in order to
assess the collagen synthesis for osteoblast and ASCs. Figure 3D
illustrates that some Sirius red stained spots apparently could be
seen for composite specimen. Production of collagen after 14 days
of osteoblast culture was considerably higher for both ceramic
samples. ASCs cultured for 7 and 14 days also can secret a time
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Figure 4. Gene expression results for osteogenic diﬀerentiation of (A−C) osteoblast and (D−F) ASCs. (A) Osteoblast cultured on HA-20A composite
sample expressed signiﬁcantly higher Runx2 compared to HA and control. (B) COL I was slightly upregulated in osteoblast cells cultured on HA-20A.
(C) Expression of OSP for both ceramic samples was signiﬁcantly higher in comparison to control. (D) Although no signiﬁcant diﬀerence in Runx-2
expression level was observed for ASCs cultured on HA, up regulation took place for stem cells cultured on the composite specimen. (E) HA showed an
enhanced level of OSP (up to 8.1 fold compared to control). An elevated level of COL I was also detected for HA and HA-20A. (F) ASCs cultured on the
composite sample displayed greatest level of OSP expression compared to control (up to 19.6 fold). * denotes signiﬁcant diﬀerences compared with the
control (p < 0.05). ns represents no signiﬁcant diﬀerence.

diﬀerentiation of bone cells.42,43 Ralston et al. showed that cultured human osteoblast like cells produce NO in response to
proinﬂammatory cytokines whereas this agent inhibits osteoblast
proliferation.44 Accordingly, the present data suggest that a considerably lower amount of NO produced in the SPSed composite
sample will pose the eﬀectiveness of manufactured sample.
Cultured ASCs on HA showed signiﬁcantly lower NO after 7 and
14 days. Although the highest nitric oxide was produced after
7 days culture for composite sample, it was reduced comparably
with control at diﬀerentiation stage.
3.8. Gene Expression Analysis. The mRNA expression
level of typical osteogenic markers, i.e., Runx-2, COL I, and OSP
were analyzed by qRT-PCR. Osteoblast and ASCs were cultured
for 14 days and results are shown in Figure 4. mRNA expression
level of Runx-2 was markedly higher for composite sample and
exhibited a 2.5 fold increase, whereas expression of OSP was
enhanced for HA and HA-20A samples (p < 0.05). Compared to
Control, COL I was slightly upregulated for osteoblast cells
cultured on HA-20A. ASCs cultured on the composite sample
displayed greatest level of OSP expression compared to control
(up to 19.6 fold). Likewise, HA showed an enhanced level of
OSP up to 8.1 fold compared to control. While no signiﬁcant
diﬀerence in Runx-2 expression level was observed for ASCs
cultured on HA, up regulation took place for stem cells cultured
on composite specimen. An elevated level of COL I was also
detected for HA and HA-20A. RUNX2 is the most powerful determinant of osteogenic diﬀerentiation, a critical regulator during
osteoblastic diﬀerentiation and mineralized tissue generation and
it has a crucial role for induction of expression of other genes
such as ALP, COL-I, etc.45,46 The osteoblastic growth and

diﬀerentiation is divided into distinct phases including selfrenewal, lineage commitment, proliferation, ECM maturation,
and matrix mineralization. At each stage, diﬀerent markers are
expressed that could be either upregulated or suppressed.47 For
example, ALP and Col-I could be in down regulation phase as they
inherently go up and down at certain times of diﬀerentiation.48
According to a study49 that compared gene expression of primary mouse and human bone marrow mesenchymal stem cell on
diﬀerent surface features ranging from sub nano, nano, submicron
to micron, expression levels of Runx-2, COL I, and OSP were
signiﬁcantly higher on nanosubmicron titanium surface features.
Evidences from this study explained that only nanosubmicron
hybrid surface features activated α1, α2, α5, and αv integrins,
which ﬁnally leads to stronger gene pathways for Runx-2, COL I,
and OSP. Although other topographical features activated only
α2 and α5 integrins.49 Besides, in a recent study, Yang et al.
reported an increasing expression level of OPN for human bone
marrow mesenchymal stem cell cultured on a near square arrangement of nano pits (NSQ50) over a 4 weeks timecourse.50
3.9. Protein Adsorption on Substrates. Plasma protein
adsorption behavior on the HA and HA-20A surfaces was studied
via 1D SDS-PAGE analysis. As can be seen in the Figure 5, the
bands’ intensity in the protein proﬁle of the HA-20A sample was
stronger after 2 h of adsorption. This behavior was also recorded
for extended time of 24 h. Figure 5C, D shows the amount of
adsorbed protein onto the surface of samples investigated by
Bradford assay. The adsorption amount of proteins in each stage
of washing demonstrated in this graph, states that washing with
0.1 M KCl solution was more eﬀective in isolating adsorbed
protein in comparison with other solutions. Moreover, amount
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Figure 5. Plasma protein adsorption behavior on HA and HA-20A sample. A and C represent SDS-PAGE analysis and Bradford assay results for protein
adsorption after 4 h. B and D correspond the results for protein adsorption after 24 h.

sample is not signiﬁcant, as mean wetting angle for HA-20A was
56.5 ± 4.3 (Figure 6 (F-G)). The relationship between wettability and surface roughness was studied in detail by Wenzel.52
Moreover, Cassie−Baxter equation53 states that for chemically
heterogeneous surfaces with two diﬀerent chemistries, surface
wettability is altered by adding second surface roughness and
chemistry.54,55 Altogether, altered roughness along with surface
wettability of HA-20A enhanced the protein adsorption of
composite sample.

of proteins adsorbed on composite sample was signiﬁcantly
higher (8.6 and 11.5 μg/mL for 2 and 24 h of exposing time)
compared to HA substrate. This ﬁnding was consistent with the
results of protein electrophoresis experiment. It was worth mentioning that the considerable amounts of high molecular weight
proteins (i.e., molecular weight of 66 kDa, such as albumin) are
seen in electrophoresis pattern.
3.10. Surface Properties of Ceramic Samples.
Figure 6A−C displays the SEM as well as AFM images of the
polished and subsequently thermal-etched surface of HA and
HA-20A samples. The average grain sizes of the HA and HA-20A
samples were calculated to be 580 and 310 nm, respectively.
It can be comprehended that alumina nanoparticles are located in
the grain boundaries and hindered the grain growth of HA particles during the sintering process. Ji et al.51 reported the same
trend by adding alumina micro particles into HA matrix sintered
conventionally at 1200 °C. In this study, achieving such ﬁne
matrix in HA composite is related to the rapid sintering method
and homogeneously dispersion of nano alumina in the matrix.
High-resolution microscopy and AFM images revealed the presence of micron/submicron features on HA surface and submicron/
nano features on the composite surface. Surface roughness values of
ceramic surfaces (i.e., Ra and Rq) are compared in Figure 6D, E.
Average Ra values for HA and HA-20A are 46.3 and 34.5 nm and
RMS are 56.1 and 43.5 nm, respectively. This decrease in roughness
values is in agreement with the previous studies, whereas Khang
et al.49 reported decrease in surface roughness for titanium surfaces with subnano, nano and submicron surface features. Due
to decreased average surface roughness, protein adsorption was
enhanced for composite sample. The static contact angle (CA)
measurement showed that both surfaces have hydrophilic behavior.
HA as a bioactive material has a hydrophilic surface with a mean
value of 59.5 ± 2.2. The diﬀerence of CA for pure and composite

4. DISCUSSION
In response to increasing demand to ﬁnd proper biomaterials for
patients suﬀering the orthopedic and dental problems, many
studies have been performed in the last decades. Clinical success
of an implant in long-term periods is related to early events of
osseointegration of implant. In this regard, surface modiﬁcation of
implants has attracted much attention in terms of modiﬁcation of
surface roughness, chemistry and wettability. Research studies
analyzing various surface roughness from subnano and nano to
submicron and micron size49,56 showed that the surfaces having
hybrid features of nanosubmicron−micron scale are necessary
for improved protein adsorption, anchorage-dependent osteogenic cells adhesion, growth and subsequently enhanced cellular
function and stimulated osseointegration in vivo. In most of the
studies, titanium nano/micro particles are coated on a transparent coverslip for ease of simulation of osteoblast or stem cell
interaction with biomaterials. In this study, we aimed to develop a
hydroxyapatite based ceramic with improved mechanical and
bioactivity properties. Physical and mechanical characteristics of
HA containing 20 wt % alumina was improved compared with
HA. Chemical and phase analysis of bulk and surface of HA-20A
(as revealed by EDX and XRD), along with wettability and
roughness examination (as revealed by water contact angle
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Figure 6. Surface analysis of bioceramics. (A) SEM images of the polished and subsequently thermal-etched pure HA and HA-20A composite. Scale bar
is 1 μm. (B−E) Representative AFM amplitude, topographical images and roughness values for HA and HA-20A after polishing and subsequently
thermal-etching, (B) 2D Amplitude representative images. (C) 3D topographical representative images. The AFM image was processed by ﬁrst order
ﬂattening using NanoScope analysis software. (D, E) Corresponding Ra and Rq (RMS) surface roughness of HA and HA-20A after polishing and thermal
etching. (F, G) Water contact angles of HA and HA-20A indicating the surface wettability of the substrates. (F) Optical images of water contact angles
and (G) corresponding values on HA and HA-20A composite. (H) Schematic representation of bone/implant interaction and role of diﬀerent
topographies required for a successful osseointegration. The HA-Al2O3 composite sample has the combinatorial micron-submicron-nano features on
the surface, as well as the presence of alumina nanoparticles as the bioactive agent results in higher initial protein adsorption, cell attachment, and
diﬀerentiation.

measurements and AFM), showed that the presence of alumina
nano grains at the grain boundaries of micron and submicron sized
HA grains favors initial protein adsorption and subsequent cell adhesion and growth. Previous studies by Webster group16,17 proved

that nanophase alumina is bioactive while its conventional micron
size is considered bio inert. Hence, not only alumina nano grains
that dispersed in the microstructure of developed composite act as
a bioactive site for protein adsorption, subsequent bone cellular
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functions was also improved. There is a direct relation between
serum proteins adsorption capacity of a surface and successive
cell adhesion and growth,57 so plasma proteins directly mediate
cellular adhesion and spreading. It was found that HA-nAl2O3
adsorbed up to 8.6 and 11.5 μg/mL of proteins after 4 and 24 h,
compared to 7.6 and 8.9 μg/mL on HA surface. Since the size of
proteins and cell membrane receptors (such as focal adhesion sites)
are in nano magnitude, heterogeneous features size of HA-20A
composite is comparable to resorption pits and cell dimensions
(Figure 6H). HA-nAl2O3 composite also showed great results
regarding mesenchymal stem cell fate. Stem cells located in a
bone niche (e.g., mesenchymal, hematopoietic, etc.) will contribute to bone regeneration and healing of surrounding bone
after clinical insertion of an implant. ASCs exhibited faster cell
attachment and spreading, improved proliferation and enhanced
cell functions and diﬀerentiation. It should be also noted that in
all experiments, culture media was normal growth media without
use of osteogenic stimulating factors like dexamethasone, BMP-2
or other growth factors. This indicates that the bioactive HA-Al2O3
composite can be used in various orthopedic applications like
bone/dental ﬁllers and implants and tissue engineered scaffolds. This material as monolith can be used as middle ear implant
that currently is made of apatite-wollastonite (A-W) glass ceramics
as artiﬁcial middle ear bone implant.58−60 HA alone does not
have the proper strength to be used but the HA-20A which has
improved mechanical properties with enhanced bioactivity could
be used as load bearing implant for small defects. It is worthwhile
to mention that the current challenge in the fabrication of tissue
engineered scaﬀold is the weakness of the scaﬀolds when they
have a highly porous structure. The higher the porosity, the faster
the degradation rate is. Because this material has a high mechanical strength, it can be made at a higher porosity that automatically compensates its chemically inherent low degradability.
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5. CONCLUSIONS
In this study, nano alumina (nAl2O3) was added to nano hydroxyapatite (HA) structure to improve the physical-mechanical
properties as well as the biological activity. The incorporation of
nAl2O3 followed by spark plasma sintering resulted in a microstructure of combined submicron/micron-sized HA and nanosized Al2O3 grains. HA-nAl2O3 without any calcium aluminate
phases has the improved mechanical behavior as evidenced by
density, hardness, toughness and machinability measurements, as
well as enhanced biological activity. Nearly full dense composite
samples containing nAl2O3 exhibited superior hardness values up
to 6.41 GPa (more than 40% improvement in comparison with
the pure HA) along with elevated fracture toughness values up to
2.82 MPa.m1/2 (about 110% increase compared to pure HA sample).
Primary osteoblasts and mesenchymal stem cells cultured on
HA-nAl2O3 showed signiﬁcantly higher attachment and proliferation, bone cell functions and expression of osteogenic diﬀerentiation
markers compared to HA. Overall, the results suggest that
HA-nAl2O3 has the potential application to be used as ﬁller,
implant, and scaﬀold material for middle ear, bone, and gingival
defects because of its excellent mechanical properties coupled
with its bioactivity.
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Table S1, a review of all the relevant publication about
HA-Al2O3 composites from 1992 up to now, presents
various approaches for synthesis, sintering, phase characterization, and mechanical and biological properties
evaluation in each study, to highlight the signiﬁcance of
the present work compared to previous studies; Table S2,
primers for real-time PCR; Figure S1, SEM images and
EDAX of the starting powders and composite powder;
Figure S2, SEM images of cell attachment after 4 and 72 h
in diﬀerent magniﬁcations (PDF)
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