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Abstract

In this work, a simple method, called PVA assisted foaming method (PAF method), is for the first time reported to prepare 3D interconnected
macroporous hydroxyapatite scaffolds (MHSs) without resorting to either porogens or templates or complicated chemical process. In this method,
PVA-cryogels formed upon freezing is employed to set the air bubbles incorporated by the physical agitation and therefore the macroporous
structures. After sintering, uniform and tuneable macropores in sizes of 90–130 μm with window pore sizes ranging from 20 to 70 μm can be
facilely achieved. Moreover, balanced macroporosity (70–73%) and compressive strength of 1.8–3.1 MPa make the resultant MHSs promising
materials for bone tissue engineering application. Simple modifications to this PAF method, e.g. applying an extra mechanical stirring or adding
small amounts of surfactant (e.g. SDS) to PVA solution, enable further manipulation of the macroporous structures.
& 2013 Published by Elsevier Ltd and Techna Group S.r.l.

Keywords: B. Porosity; C. Strength; D. Apatite
1. Introduction

Hydroxyapatite (HA), the main mineral component of natural
bone, has received extensive attention for bone repair or
replacement in area of tissue engineering due to its excellent
osteoconduction, overall safety and bone bonding ability with
surrounding tissue [1–4]. So far, among many forms of HA
bioceramics developed to fulfill various clinical requirements,
such as granular [5], bulk [6,7] and porous forms [4,8],
macroporous HA scaffolds (MHSs) with high porosity and three
dimensional (3D) interconnectivity have been regarded as the
most attractive bone substitutes. Especially, the porous structures
of MHSs, mimicking those of natural bone, are expected to be
beneficial to nutrient transfer, osteoconduction, metabolite elim-
ination, cell migration and bone ingrowth, etc [9,10].

Optimal pore sizes for osteoconduction and bone ingrowth
for biomaterials have rarely been defined and the intervals
mentioned are quite variable in different studies. Some results
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in the literatures are even contradictory. For example, some
studies reported that notable bone ingrowth occurred in pores
smaller than 100 μm [11,12]; some authors considered that
only pores larger than 100–150 μm can facilitate the ingrowth
of mineralized bone [13–15]. Regardless of these discrepan-
cies, it is generally accepted that the macropore sizes should
fall in the range of 50–400 μm considering the applied cell size
and the specific surface area for the availability of binding sites
[16–18]. Therefore, the fabrication of MHSs with intercon-
nected macropores with sizes fallen in above range should be
highly desirable for the application.
With respect to the methods to prepare interconnected

MHSs, so far there are mainly several kinds of methods
involving (A) surfactant assisted foaming [19–22], (B) poro-
gens [23–26], (C) macroporous perform/templates, i.e. sponges
[27–29] and (D) chemical foaming agents [30,31], etc. In
method A, as reported by Montufar et al. [20], foamed HA
slips assisted by nonionic polysorbate 80 can be set through
the hydrolysis of a-TCP to a calcium-deficient hydroxyapatite
and eventually macroporous hydroxyapatite solid foam. Under
the same principle but in different ways, the setting of the
foamed slurry can be accomplished via a catalyzed sol–gel
p S.r.l.
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process [19] or gel-casting process [22]. In method B, Tadic
et al. [23] reported the fabrication of MHS using dual
templates: with macropores templated by NaCl granules and
interconnecting pores (windows) afforded by PVA fibers, both
of which can be removed by water. Other porogens like
sucrose granules, polymer spheres, oil droplets were often used
to template the HA compact to form macropores [23–26].
In Method C, copying the macroporous structure of the
sponges by coating or multi-coating HA-containing slurry is
another option to prepare MHS [27–29], while the method D
depends on the careful control over the chemical foaming
process to obtain MHS with interconnected pores [30,31].

In abovementioned methods, either porogens/templates or
chemical processes are employed, which could add the costs or
complication to the fabrication process of MHS. This paper
reports a recently patented method [32], called PVA assisted
foaming method (denoted as PAF method), to fabricate MHS
without using any porogens or templates or involving con-
trolled chemical process. The principle of the PAF method is
based on the cryogel characteristics of PVA in water and the
incorporation of air bubbles by physical agitation. Via this
method, MHSs with desirable 3D-interconnected porous struc-
tures and macropore sizes can be facilely obtained.

2. Materials and methods

2.1. Materials

Chemicals including Ca(OH)2, NH3 �H2O, H3PO4, c-HCl
(37%) (AR grade), sodium dodecyl sulfate (SDS) and absolute
ethanol were purchased from Sinopharm Chemical Reagent
Co., Ltd. PVA (#2099, Mw �90000) was purchased from
Shanxi Sanwei Group Co. LTD. All the chemicals were used
as received.

2.2. Preparation of HA powders

The preparation method of HA was similar to that reported
previously [6] with slight modification. Briefly, the Ca(OH)2
suspension was dispersed in water by vigorous stirring at 40 1C,
to which the H3PO4 was added dropwise to produce a milky
suspension. The pH value of the solution was then adjusted to
10.5 by using ammonia. The stirring was continued for another
6 h, followed by aging for 24 h at ambient temperature. The
obtained precipitation was subject to centrifuging, washing,
drying and finally calcination at 750 1C for 2 h in the air. After
calcination, the powders were then ball-milled for 24 h in ethanol
medium to break down agglomerates.

2.3. Preparation of MHSs by PAF method

Appropriate amounts of HA powders were added to the
PVA aqueous solution (6.75 wt%) with pH value being
adjusted from 7 to �5 using a few drops of c-HCl in a
polypropylene bottle. The incorporation of air bubbles was
completed by vigorous shaking of the bottle with alumina balls
for 20 min. The homogeneous HA slurry in PVA solution
containing bubbles was transferred to an Al cup, and then put
in a fridge set at �17 1C. After freezing at this temperature for
15 h, the sample was allowed to thaw at room temperature.
The water in the gel was then extracted by immersing in
ethanol for 5 h at room temperature. The extraction process
was performed twice. The PVA/HA foam was dried at 120 1C
for 5 h and calcined at 1250 1C for 2 h with heating ramp of
5 1C/min in the air. Obtained MHSs were denoted as PAFxx,
where xx denotes the PVA/HA weight ratio.
For samples prepared with bubbles incorporated by extra

stirring at 1200 rpm for 10 min, the stirring step was inserted
after the shaking but before being transferred for freezing. The
rest procedures are the same as the above. Obtained MHSs
with extra stirring were denoted as PAFxx-R.
For samples using surfactant, i.e. SDS, to assist the foaming

process, the surfactant was dissolved in the PVA solution
before the addition of HA powders. In this work, SDS weight
contents in PVA solution of 0.7‰ and 1.4‰ were studied.
The rest procedures are the same as the above. Obtained MHSs
using SDS were denoted as PAFxx-Syy, where 'xx' denotes the
same, 'yy' means the concentrations of SDS (‰), i.e., 0.7 or
1.4, in the PVA solution.

2.4. Characterization

The densities of sintered samples were measured via
Archimedes principle using distilled water, and the porosity
was calculated. The microstructure was examined using a
scanning electron microscope (SEM, SSX-550) and the con-
focal laser scanning microscope (CLSM, OLS3100). The
macropore size and its distribution were calculated based on
the measured pore sizes in SEM images. The HA particle size
was measured by using laser particle size analyzer (LA-920,
Horida) using refractive index value of 1.6. The phase and
crystallinity were analyzed via X-ray diffraction (XRD, Bruker
D8) using Cu Ka radiation at 40 kV and 30 mA. The average
crystallite size of the obtained HA was estimated by using the
simple Scherrer equation: D¼kλ/(βcos(θ)). The compressive
strength of macroporous HAs (4–6 mm (in height)� 10 mm�
10 mm) was tested on a mechanical tester (WE-10A) at a
crosshead speed of 0.5 mm/min. Five scaffolds were used to
determine the average maximum compressive strength.

3. Results and discussion

3.1. HA powders

Firstly, the prepared HA powders were studied. The morphol-
ogy of the synthesized HA powders after calcination at 750 1C for
2 h is shown in Fig. 1a. The obtained HA particles are uniform in
sizes of about 100 nm. XRD analysis (Fig. 1b) reveals that the
obtained HA powders by the precipitation are quite pure,
evidenced by the non-existence of peaks from other phases
compared with the reference XRD pattern. By careful examination
of the XRD pattern of HA, some broadening in XRD peaks can be
seen. The HA crystal sizes are estimated to be about 60 nm based
on the Scherrer equation, which is consistent with the SEM result.



Fig. 1. SEM image (a), XRD pattern (b) and particle size distributions (c) of
synthesized HA powders calcined at 750 1C for 2 h. The reference pattern
(JCPDS 084-1998) of synthesized HA was also given for comparison purpose.
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In addition, the HA powders tend to agglomerate to form
secondary particles. After ball-milling, the measured particle size
distributions obtained by laser particle size analyzer are shown in
Fig. 1c, which gives the mean secondary particle size of about
2.9 μm.
3.2. 3D interconnected macroporous HA scaffolds

To prepare the MHS, the first step is to mix the HA powders
with PVA solution. The formed slurry is subject to vigorous
shaking for about 20 min. This process ensures the formation
of both homogeneous slurry and incorporation of a large
numbers of air bubbles. The effects of synthetic variables, such
as PVA:HA weight ratio, extra mechanical stirring and
surfactant on the macroporous structures of MHS were studied.

The influence of PVA:HA weight ratios on the macroporous
structures of MHS is illustrated in Fig. 2. It can be seen that
highly macroporous 3D-interconnected MHS can be success-
fully prepared by the PAF method irrespectively of the PVA:
HA weight ratios. Both the SEM results and CLSM results
correlate well with each other. High (Fig. 2a) or low (Fig. 2d)
PVA:HA ratio leads to MHSs with less uniform macropores.
The PAF4.9 and PAF4.4 show rather uniform macropores
interconnected with each other, which can be seen from both
SEM and CLSM measurements. The most probable primary
macropore sizes for both PAF4.9 and PAF4.4 are around
130 μm, with the latter showing narrower pore size distribu-
tions. The interconnecting pores (windows) with sizes ranging
from 20 μm to 60 μm are discernable in both cases. No doubts
that the higher amounts of HA are added, the higher the
viscosity of the slurry will be. As can be seen in PAF4.1
(Fig. 2d), high amounts of the HA added to the PVA solution
result in inhomogeneous incorporation of air bubbles under the
same physical agitation conditions and eventually non-uniform
macropores. In the case of PAF5.5 with too less of HA, though
the low viscosity allows the incorporation of high amounts of
air bubbles, the merging of these bubbles also becomes more
prominent, which can be seen from the larger and more
interconnecting pores (30–70 μm, Fig. 2a). The most probable
primary macropore size of PAF5.5 is about 90 μm, which is
lower than those of PAF4.9 and PAF4.4 due to the emulsifying
effect of increasing amounts of the PVA.
The mechanism to set the generated air bubbles in the PAF

method is based on the cryogel characteristic of the PVA
aqueous solution upon freezing, as shown in the Scheme 1.
It has been extensively studied that the gelation of PVA in
aqueous solution takes place via extensive inter-/intramolecu-
lar hydrogen bonds in forms of H � � �O � � �H in PVA during
the freezing–thawing process [33]. After mixing physically,
HA particles were homogeneously dispersed in the PVA
solution to form slurry templated by a larger numbers of air
bubbles, which will form the macropores. The contacting
points of air bubbles form the interconnection of macropores
(window pores). After freezing–thawing, the above macropor-
ous structure will be set with the PVA/HA composite forming
the walls, leaving water and air to occupy prior air bubbles.
Therefore, the setting process based on the physical cryogel
characteristic of PVA in water in the PAF method is
significantly different from those relying on both the chemical
process and surfactant [19,20,22]. In many works to prepare
dried cryogels, the freeze drying process is often needed
[33,34], which is time-consuming and needs a freeze dryer.
In our case, water in the wet cryogels was extracted in ethanol
by making use of the insolubility of PVA in ethanol. The
following drying process can be accomplished easily in oven
with nearly unchanged shape inherited from the container and
negligible shrinkages (Fig. S1, Supplementary Data). If the wet
PVA/HA cryogel composite is directly dried in the oven,
distortion in shapes and diminishment in the porosity will take
place due to the re-dissolving of PVA in water and the
depletion of air bubbles even at temperature of as low as
50 1C. After extraction and drying in oven, the porous PVA/
HA composite can be obtained with set macroporous struc-
tures. It is worthy to note that the homogeneously dispersed
HA particles in PVA/HA composite are bound well by PVA
molecules, which can be seen from the clear water/ethanol
solution after extraction. After sintering, the joining of HA
particles forms the wall with macroporous structure preserved
and concomitant shrinkage in volume (Fig. S1, Supplementary
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Fig. 2. The macropore size distributions (left column) and SEMs (middle column) and CLSM images (right column) of MHSs by PAF method with different PVA:
HA weight ratios: (a) 5.5, (b) 4.9, (c) 4.4 and (d) 4.1. The bars in CLSM images are 510 μm. The macropore size distributions are calculated based on the statistic
results of the pore size shown in the SEM images.
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Data). Both the dried HA/PVA composite and sintered MHS
are machinable (Fig. S2, Supplementary Data). According to
our knowledge, this is the first example showing that 3D
interconnected MHS can be fabricated based on this mechan-
ism. This pore forming mechanism described above is also
different from those employed for the direct freezing the HA
aqueous suspension [35–37] or macroporous PVA/HA com-
posite [38–40] in terms of both the preparation protocol and
resultant macrostructures. In these reports, the ice crystals
induced by the freezing serve as template, while in our
protocol, air bubbles instead play the role.

According to the SEM results of MHSs sintered at 1250 1C
(Fig. 3a), HA particles in the walls were joined together by
sintering, which are reflected by both the interconnection between
particles and growth of discrete HA crystals. Single particle with
size up to 3 μm can be seen. These results are corroborated by the
XRD patterns of MHS sintered at 1250 1C. Compared with the
XRD pattern of original HA powders (Fig. 1b), more resolved
XRD peaks (Fig. 3b) indicate the growth of the HA crystals.
No apparent decomposition of HA during the sintering can be
identified based on XRD result. The wall thickness is in the range
of 3–10 μm. There are also some sub-micrometer sized pores in the
walls, which arise from the decomposition of the PVA and are not
eliminated by the sintering.
By varying the weight ratios of PVA/HA, it is demonstrated

that the MHSs can be obtained with macropores sizes ranging



Scheme 1. Schematic of the pore forming mechanism in the PAF method.

Fig. 3. SEM image (a) and XRD pattern (b) of PAF5.5. Reference pattern was
also given for comparison (JCPDS 084-1998).

Fig. 4. SEM images of MHSs with extra stirring at 1200 rpm for 10 min and
PVA:HA weight of (a) 4.9 and (b) 5.5. Some big window pores are circled for
clarity. Inset in (a) shows the sintered walls and presence of smaller
window pores.

W. Wang et al. / Ceramics International 40 (2014) 1789–1796 1793
from 90 to 130 μm with 20–70 μm window pores. Actually,
the macropore sizes can be further enlarged by extra mechan-
ical stirring the slurry after bubble incorporation by shaking.
Fig. 4 shows the SEM images of MHSs with extra stirring at
1200 rpm. Compared with MHSs prepared without extra
stirring (Fig. 2), larger primary macropores in PAF4.9-R and
PAF5.5-R ranging from 150 to 200 μm can be observed. The
window pores can also be enlarged to around 100 μm. Careful
examination of the macropore shapes without (Fig. 2) and with
stirring (Fig. 4), the round/near-round shaped macropores
change into irregularly shaped larger macropores. This phe-
nomenon arises from the strong shearing force during the
vigorous stirring, which stretches walls and merges the
bubbles. This can be seen from the very thin walls (Fig. 4,
inset) of 1–2 μm. Apparently, the PAF method coupling with
extra mechanical stirring at high speed leads to the formation
of larger macropores and larger window pore as well. Via the
PAF method, both the macropores and window pores in these
MHSs with or without extra stirring meet the requirement in
the pore size defined by application for bone tissue engineering
[16–18].
In above sections, the MHSs were all prepared using pure

PVA aqueous solution and without using any surfactant. In



Fig. 5. SEM images of MHSs (PVA:HA¼4.9) with SDS of (a–b) 0.7‰ and (c–d) 1.4‰. The insets show the porous walls.

Fig. 6. Macroporosity and corresponding compressive strength of MHSs
prepared by PAF method.
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some literatures, surfactants were used as foaming agents to
assist the formation of slurries with bubbles [19–22]. In this
work, the effect of the surfactant, i.e. SDS, on the PAF method
derived macrostructures was studied. In Fig. 5, the utilization
of the SDS gives rise to much smaller macropore sizes than
MHSs prepared by the PAF method without using SDS
(Figs. 2 and 4). The decreased macropore sizes upon the
addition of SDS can be attributed to the emulsifying effect of
SDS, which decreases the surface tension force and thus leads
to the formation of smaller air bubbles. The addition of
increasing amounts of SDS further leads to slightly decreased
macropores sizes. The macropores size of PAF4.9-S0.7 is
around 30 μm, while only about 20 μm sized macropore can be
obtained for PAF4.9-S1.4 using doubled amount of SDS
(1.4‰). Additionally, some sporadic large macropores can
also be seen, which are due to the encapsulated larger air
bubble and are observable in both cases (PAF4.9-S0.7&1.4).
In the SEM images at high magnifications (Fig. 5b and d,
� 500), although the sintering behaviors are similar (Fig. 5,
insets), it is unable to see the presence of relative large window
pores. The primary macropores are indeed connected by the
smaller macropores between the sintered HA grains (Fig. 5,
insets), which are in contrast with the much more dense walls
of MHSs but much larger window pores in the cases without
using SDS (Figs. 2 and 4). This observation of the less-
densified wall has also been reported by other groups in the
presence of surfactants [20,21], which is associated with the
different packing behaviors of HA particles. Although the PAF
method shows to decrease the macropore size by using small
amounts of SDS, such small macropore sizes fall out the
optimal pore range shown in the Introduction (50–400 μm)
[16–18]. These small macropores might be not advantageous
to the cell migration and bone ingrowth in these scaffolds. The
influence of SDS on the macroporous structures was also
reflected in samples prepared using 4.4 wt% PVA solution
(PVA:HA=3:3) (Fig. S3, Supplementary Data). Upon the
addition of the SDS, comparable macropore sizes can be
obtained, which slightly decrease from �30 μm to �20 μm
when the concentrations of SDS in the PVA solution were
increased from 1.2‰ to 2.3‰. Less densified walls still form.

3.3. Macroporosity and compressive strength

The above work shows that the PAF method can produce
MHSs with interconnecting pores in the optimal pore range. The
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macroporosities of these MHSs were present in the column chart of
Fig. 6, in which the compressive strength on the MHSs prepared
by the PAF method was also included. Not surprisingly, the
compressive strength decreases with the increasing macroporosity.
For example, the MHSs with higher macroporosities (�83% for
both PAF-4.9R and PAF-5.5R, �0.7 MPa) show much lower
compressive strength than those of the PAF-4.1 �PAF-5.5 (1.8–
3.1 MPa), in which macroporosities range from 70% to 73%. The
medium macroporosities in PAF-4.9S series show medium
compressive strength. The decreased compressive strength upon
high macroporosity is related to the reduced quantity of the solid
HA in the specimen. Such dependence of the compressive strength
on the macroporosity has also been reported elsewhere [20,41]. It is
worthy to mention that the compressive strength for MHSs
developed in this work is comparable to those with similar
macrostructures [20,21,30,42]. It is known that the highly porous
structures are advantageous to the osteoconduction and bone
ingrowth. In PAF-4.1 �PAF-5.5 series, the obtained high macro-
porosities (70–73%) and compressive strength of 1.8–3.1 MPa
represent a good balance for bone tissue engineering applications.
Such strength is comparable to the low end of compressive
strength of cancellous bone (2–25 MPa) [43,44] and ISO standard
[45]. It is thus reasonable to expect that the mechanical property of
such MHSs, when implanted and cultured in vivo, will increase
with the continuous formation of new bone tissue.
4. Conclusion

It is demonstrated in this work that via a simple PVA
assisted foaming method (PAF method), the 3D interconnected
macroporous hydroxyapatite scaffolds can be prepared without
using porogens or templates or chemical process. Uniform and
tunable macropore sizes (90–130 μm) with window pore size
ranging from 20 to 70 μm can be facilely achieved. Well
balanced macroporosity (70–73%) with the compressive
strength (1.8–3.1 Mpa) can be obtained by this method. With
the help of extra mechanical stirring to the agitation, the
macropore sizes can be further enlarged to 150–200 μm at the
sacrifice of the compressive strength (o1 Mpa). These sizes
of MHSs fall in the optimal pore range proposed for the bone
tissue engineering application. By contrast, the addition of
small amounts of surfactant (SDS) to the preparation mixture
leads to significant decreases in the macropore sizes to 20–
30 μm.
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