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ABSTRACT
Porous hydroxyapatite-polyhydroxybutyrate (HA-PHB) composites were fabricated by infiltrating PHB micro-/nanoparticles into rigid HA scaffolds via centrifugation, followed by subsequent heating at 175°C to melt the PHB into the
scaffolds. HA scaffolds were obtained by heating trabecular bovine femur bone at 1350°C to remove the organic and sinter
the HA. PHB particles were recovered and purified from microbial cells by two different chemical methods, which either
filled the apparent porosity of the scaffolds or coated the trabecular network of the scaffolds after heating. The mechanical
properties, porosity, HA/PHB volume fractions and surface adhesion of the resulting HA-PHB composites were investigated
and compared to the original HA scaffolds. The final porosities of the filled and coated composites were ~54% and ~67%,
respectively. All of the HA-PHB composites showed a slight increase in strength with the addition of PHB. The filled
composites showed no change in stiffness from the addition of PHB, while the coated composites showed an increase in
stiffness over the original HA scaffolds from ~ 35 MPa to ~ 105 MPa. The enhanced stiffness in the coated composites was
due to strong interactions between its HA and PHB constituent phases. Very little inter-constituent adhesion was observed in
the filled composites.

INTRODUCTION
The fabrication of new biocompatible composites that mimic the biological, structural and mechanical properties of natural
materials, such as bone, are of great interest in the fields of tissue engineering, materials science and mechanical engineering.
Bone is a natural inorganic-organic composite material primarily composed of hydroxyapatite (HA) and collagen [1, 2]. Bone
is a low density, highly porous material with higher than expected strength, stiffness, and toughness [1-3]. The exceptional
mechanical properties in bone are due to its complex structural hierarchy at multiple length scales and the strong interactions
that exist between its individual mineral and protein constituents [1-3]. New materials that mimic the natural architecture and
match the mechanical properties of bone may be useful in a variety of tissue engineering applications, such as total bone
replacements, bone substitutes, and bone implant scaffolds.
A variety of bone implant materials currently exist [4-8]. Some of the most promising materials are composites composed of
hydroxyapatite (HA) - the primary mineral constituent in bone - and polymers such as polylactic acid (PLA), polyglycolic
acid (PGA), polycaprolactone (PCL), or polyhydroxyalkanoate (PHA) [9-17]. HA-biopolymer composites are attractive
because they are biocompatible, osteoconductive/inductive, and biodegradable/resorbable. Most HA-biopolymer composites
developed to date, however, are simple mixtures of HA powders or whiskers dispersed throughout a biopolymer matrix. A
major disadvantage of these composites is their inherent lack of porosity and structural order. A novel way to fabricate HAbiopolymer composites that mimic the complex microstructures in bone is to infiltrate a polymeric phase into rigid HA
scaffolds. Two important design considerations for the fabrication of this type of composite include: (1) the architectural
design of the HA scaffold and (2) the polymer infiltration technique. HA scaffolds can be found in nature [1, 18] or designed
synthetically by a variety of methods [19-24]. Polymer infiltration techniques that currently exist including polymer melt
immersion [25], polymer-solvent evaporation [26-28], in situ polymerization [29, 30], and chemical vapor deposition [31].

This work introduces for the first time, polymer infiltration via centrifugation as a low cost, mechanically driven technique to
infiltrate biopolymer micro-/nano-particles into rigid HA scaffolds.
This study aims to develop porous HA-polyhydroxybutyrate (PHB) composites with enhanced mechanical properties and
similar trabecular architecture to that of natural cancellous bone. PHB is a type of PHA biopolyester that accumulates
naturally in microbial cells as tiny intracellular granules. In its purified form PHB is a rigid, highly crystalline (~80 %)
biopolymer, making it ideal for compressive load-bearing applications [14, 17]. Micro-/nano-particles of PHB may be
recovered from its host cells by extracting and purifying the biopolyester with a variety chemical methods [32-35]. In this
work, trabecular HA scaffolds from deproteinated bovine femur bone were infiltrated with PHB particles via centrifugation
and heated to melt the biopolyester into the HA scaffolds. Two different chemical methods were used to recover PHB
particles, which resulted in two very different HA-PHB composites. In one case PHB filled the apparent porosity of the HA
scaffolds, while in the other case PHB coated the trabecular network of the HA scaffolds. The physical and mechanical
properties of the different HA-PHB composites were characterized and compared to that of the original HA scaffolds with
microscopy imaging and compression testing.

MATERIALS AND METHODS
HA scaffolds
The HA scaffolds were obtained from trabecular bone from the proximal end of a bovine femur bone (~18 months old)
sourced from a local supermarket. For sample preparation, the soft tissues were removed from the bone and the remaining
bone marrow was cleaned with a dental water pick. The cleaned bone was then cut into small samples approximately 5×5×7
mm3. The samples were heated in a high temperature furnace at 1350 °C for 3 hrs at ramp and cool down rates of ± 5 °C/min
to remove the organic and sinter the remaining HA into rigid scaffolds (Fig 1A). These scaffolds retained their original
trabecular microstructure with pore sizes ranging from 100-500 µm in diameter and were composed of 100 % hydroxyapatite
- confirmed by X-ray diffraction (XRD) on a Miniflex II XRD machine (Rigaku, The Woodlands, TX). Four sets of 8
samples (32 total scaffolds) with similar dry mass and volume were selected for this study, so that the initial density (ρ = 0.48
± 0.03 g/cm3) and porosity (ϕ = 84.7 ± 0.9 %) of all the samples tested were nearly equal.

Recovery of PHB particles
An aqueous solution (pH 7) of Ralstonia eutropha cells containing 65 wt% PHB was centrifuged at 5000 g for 20 min and
then resuspended in 0.2 M H2SO4 (pH 2.0) to stop cell activity. The acidic solution of cells contained 200 g/L dry cell mass
and 75 wt% PHB. The acidic solution of cells was subjected to two different chemical recovery methods: (1) pH change and
(2) acetone cleaning. In the pH method, the acidic solution of cells was heated at 100°C for 1 hr, then the pH of the solution
was raised to 12 by adding 10 M NaOH and heated at 100 °C for 10 min. The basic solution of cells was then centrifuged at
7500 g for 10 min to remove the majority of non-PHB cell debris in the supernatant. In the acetone method, the acidic
solution of cells was centrifuged at 7500 g for 10 min, resuspended in 200 vol% acetone and stirred for 24 hr. The treated
slurry was then centrifuged at 7500 g for 10 min to remove the majority of cell debris in the supernatant. The pellets
containing PHB particles from both methods were each suspended separately in a commercially available bleach solution of
6 wt% NaClO, stirred for 1 hr, and centrifuged to remove any residual biomass. The PHB particles from each solution were
again each resuspended in 6 wt% NaClO twice more, then washed three times with deionized water and oven dried at 60 °C
to ensure recovery of high purity PHB particles. The PHB particles recovered by the two methods were both confirmed to be
> 99.9 % pure PHB, determined by gas chromatography with a Varian 450-GC analyzer (Varian, Inc., Walnut Creek, CA).
The particle size distributions of the PHB recovered by the two methods were analyzed with a 90Plus/BI-MAS particle size
analyzer (Brookhaven Instruments Corporation, Holtsville, NY) capable of measuring particles in the range of 2 nm to 3 µm.

Fabrication of HA-PHB composites
The PHB particles recovered from each method (i.e., pH and acetone) and an even mixture of PHB particles from both
methods (pH/acetone, 1/1 by volume) were infiltrated into the sintered HA scaffolds via centrifugation. First, dried PHB
particles from each case were suspended in water for working concentrations of ~50 g/L and ball-milled with alumina
grinding media for 30 min to thoroughly mix the solutions and break apart any large aggregates of particles. Second, HA

scaffolds were placed in flat bottomed centrifuge tubes and ~10 mL of the PHB particle solutions were pipetted over the
scaffolds. Third, the centrifuge tubes containing the HA scaffolds and PHB particle solutions were spun at 5000 g for 10 min
to infiltrate the PHB particles into the porous scaffolds. Then, the supernatant was removed, replaced with a fresh solution of
PHB particles, and centrifuged. The process was repeated until the scaffolds were completely covered by a pellet of PHB
particles. After complete infiltration, the centrifuge tubes containing the wet pellets were oven dried overnight at 60 °C. After
drying, excess PHB was carefully removed from the HA-PHB pellets. Finally, the dried HA-PHB pellets (Fig 1B) were
placed in an open atmosphere oven at 175 °C for 30 min to melt the PHB particles into the HA scaffolds, then cooled at room
temperature. A heating temperature of 175 °C was selected to limit PHB degradation, since the melting and molecular
degradation points of PHB are nearly equal at ~180 °C [36].

Physical characterization
Density and porosity measurements were calculated from the dry weight and volume of the samples with respect to the
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where 𝑉 is the total volume of the porous rectangular cuboid samples, 𝑚𝑖 is the mass and 𝑉𝑖 is the volume of the HA scaffold,
HA-PHB composite, HA and PHB fractions, respectively. The porosity (𝜙) of the samples were calculated by equation 3:
𝜙 = 1 − 𝜑𝐻𝐴 − 𝜑𝑃𝐻𝐵 .

(3)

Microscopy
Optical microscopy images were taken with a VHX-1000 digital microscope system equipped with a CCD camera
(KEYENCE Corporation, Osaka, Japan).
Transmission electron microscopy (TEM) images were viewed on a LEO912 EFTEM (Zeiss, Germany) at 100 kV and
photographed with a frame-transfer CCD camera (Proscan, Germany). For TEM preparation the cells were fixed with
glutaraldehyde and calcium chloride in a sodium cacodylate buffer, then post-fixated with osmium tetroxide, stained with
uranyl acetate, dehydrated with ethanol and embedded in epoxy. Ultrathin (60-80 nm) sections were obtained on an Ultracut
E ultramicrotome (Reichert, Austria), double stained with uranyl acetate and lead citrate.
Scanning electron microscopy (SEM) images were taken at 5 kV on a Philips XL30 field emission environmental scanning
electron microscope (ESEM) (FEI-XL30, FEI Company, Hillsboro, OR). For SEM preparation the samples were sputtercoated with iridium using an Emitech K575X sputter coater (Quorum Technologies Ltd., West Sussex, UK).

Mechanical testing
Compression testing of the samples was performed on an Instron materials testing machine (Instron 3342, Norwood, MA)
with a 500 N load cell at a crosshead velocity of 10-3 mm/sec. The compressive strength and elastic modulus were determined
from the maximum stress and the linear slope of the stress-strain curve just before the maximum stress, respectively. The
relative strength and modulus were calculated by dividing the measured values by the strength and modulus of fully dense
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RESULTS AND DISCUSSION
Fig 1 shows representative images of a sintered HA scaffold before centrifugation (Fig 1A) and after centrifugation with
infiltrated PHB particles (Fig 1B). As seen in the figure, the PHB particles completely filled the apparent porosity of the HA
scaffolds.
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Fig 1. Images of a sintered HA scaffold: (A) before polymer infiltration showing the porous scaffold and (B) after polymer infiltration
showing PHB particles completely filling the scaffold.

Fig 2 shows representative TEM micrographs of the progression of PHB particles at different stages of polymer recovery by
the pH method. During recovery, the PHB particles were extracted from the cells and residual non-PHB biomass was
removed. In vivo, PHB is amorphous and exists in the cells as discrete, intracellular granules 200-500 nm in diameter (Fig
2A). As the amorphous granules are extracted from the cells they tend to aggregate into larger particles (Fig 2B-C). However,
varying degrees of crystallization may occur in the particles depending on the particular recovery method used [36, 38].
Highly crystalline particles are less likely to aggregate. Therefore, inducing PHB crystallization is desirable to recover
submicron sized particles [36]. Fig 3 shows the particle size distribution of the PHB particles recovered by the pH and
acetone methods. As seen in the figure, the pH and acetone methods yielded particles with average diameters of 617 ± 49 nm
and 896 ± 94 nm, respectively.

Fig 2. TEM images of PHB particles at different stages of recovery by the pH method: (A) in vivo at pH 7; (B-C) after partial polymer
recovery; (D) after complete polymer recovery.
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Fig 3. Particle size distribution of the PHB particles recovered by the pH method (blue) and acetone method (red).

Depending on the PHB particles used to infiltrate the scaffolds (i.e., pH, acetone, or mixed), the physical and mechanical
properties of the resulting HA-PHB composites were quite different. Fig 4 shows representative images of the HA-PHB
composites fabricated by heating the scaffolds infiltrated with PHB from the three different particle solutions. Fig 5 shows
the HA-PHB interfaces at fracture surfaces of the three different composites. As seen in Fig 4A and 5A, the PHB particles
recovered by the pH method filled the large pores of the HA scaffolds, but did not seem to wet and adhere to the surfaces of
the trabecular network after heating. Fig 4B and 5B show that the PHB particles recovered by the acetone method fully
coated the trabecular network of the HA scaffolds after heating. A mixture of the PHB particles recovered by both the pH and
acetone methods filled the pores of the HA scaffolds and seemed to adhere to very little of the HA scaffold surfaces after
heating, as seen in Fig 4C and 5C.
The exact mechanisms that lead to the different wetting behaviors of PHB (i.e., filling or coating the scaffolds) are not well
understood at this point. It seems that the particular chemical treatments used to recover the PHB particles may, not only
affect the PHB particle size, but also the thermodynamic and electrochemical properties of the PHB particles. It was
determined that the three different solutions of PHB particles all had a pH in the range of 4-5. Lowering or raising the pH of
the solutions had no effect on the wetting behavior of the particles; although, a significant decrease in the strength and
modulus of the resulting composites were observed from solutions prepared at high pH (data not shown here). This
observation can be explained by the fact that increasing the pH of the PHB particle solutions causes significant molecular
degradation in the PHB, thereby resulting in the poor mechanical properties of the composites.
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Fig 4. Images of HA-PHB composites: (A) PHB recovered by the pH method filling the porous scaffold; (B) PHB recovered by the acetone
method coating the trabecular scaffold; (C) a mixture of PHB recovered by both the pH and acetone methods filling the porous scaffold.
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Fig 5. SEM micrographs of the composite fracture surfaces showing the HA-PHB interfaces: (A) HA filled with PHB recovered by the pH
method; (B) HA coated with PHB recovered by the acetone method; (C) HA filled with PHB recovered by both methods (mixed).

Fig 6 contains plots comparing the physical and mechanical properties of the original sintered HA scaffolds before polymer
infiltration and the HA-PHB composites filled or coated with PHB recovered by the pH, acetone, and mixed methods. For
clarity, the four different specimens are referred to as HA, HA-PHB (pH), HA-PHB (acetone), and HA-PHB (mixed),
corresponding to the images in Fig 1A and Fig 4A-C, respectively. As seen in Fig 6A the volume fraction of the HA is nearly
equal for all the specimens tested (~15 vol% HA). The volume fraction of the PHB and porosity of the HA-PHB composites,
however, varies. The HA-PHB (pH) and HA-PHB (mixed) composites filled with PHB both have larger PHB fractions (~30
vol% PHB) than the HA-PHB (acetone) composite coated with PHB (~17 vol% PHB). Accordingly, the porosity of the HAPHB (acetone) composite coated with PHB has a greater porosity (~67 %) than the HA-PHB (pH) and HA-PHB (mixed)
composites filled with PHB (~54 %). Dry weight measurements of the composites before and after heating confirmed that
there was no significant loss of PHB from heating at 175 °C. The lower volume fraction of PHB in the HA-PHB (acetone)

composite is due to the larger particle sizes of the PHB recovered by acetone (Fig 3), which reduces the amount of PHB that
can be packed into the pores of the HA scaffolds.
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Fig 6. Comparison of the HA scaffold, HA-PHB (pH), HA-PHB (acetone), and HA-PHB (mixed) composites filled or coated with PHB.
(A) Volume fractions of HA (blue) and PHB (red) and the final porosity of the scaffolds/composites (green); (B) Compressive strength
(purple) and elastic modulus (orange) of the scaffolds/composites. Error bars show the true standard deviation of the mean (sample size for
each specimen, N = 8).

Fig 6B compares the compressive mechanical properties of the HA scaffold with the three HA-PHB composites fabricated in
this study. As seen in the plot the compressive strengths of the composites (~2.5 MPa) are slightly greater than the HA
scaffolds (~1.5 MPa). The compressive elastic modulus of the composites, however, did not follow a similar trend.
Interestingly, the composites filled with PHB (i.e., pH and mixed) did not show any increase in stiffness, while the composite
coated with PHB (i.e., acetone) showed a significant increase in stiffness over the HA scaffold from ~35 MPa to ~105 MPa.
The small increase in strength seen in all the composites can be attributed to the addition of PHB. As seen in Fig 7A, the
strengths of the HA scaffolds and the HA-PHB composites relative to pure HA are strongly dependent on the volume fraction
of the HA material. Adding PHB to the composites increased their strength and decreased their dependence on the HA phase.
The relative stiffness of the composites, on the other hand, seemed to become more dependent on the volume fraction of the
HA phase when PHB was added (Fig 7B). Moreover, the degree of interaction between the individual HA and PHB
constituent phases seemed to be most influential on the resulting composite stiffness. The strong interaction between the PHB
coating and the HA struts of the trabecular network in the HA-PHB (acetone) composite (Fig 5B) resulted in much higher
stiffness than the other two composites filled with PHB, where very little inter-constituent contact was observed (Fig 5A and
5C). This explains why the coated HA-PHB (acetone) composite was much stiffer yet more porous than the filled HA-PHB
(pH and mixed) composites. These results agree with similar observations made in nature, where the strong interactions
between individual constituent phases enhance mechanical properties regardless of a material's low density and high porosity.
Table 1 summarizes the porosity (𝜙), strength (𝜎), modulus (𝐸), and the slopes (𝑚, 𝑛) of fitted trend lines determined from
Fig 7, corresponding to equations 4 and 5, modified from Gibson and Ashby [39]:
𝜎
𝑚
′ = 𝐶1 (𝜑𝐻𝐴 )
𝜎𝐻𝐴
𝐸
𝑛
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𝐸𝐻𝐴
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= 800 MPa and 𝐸𝐻𝐴
= 112 GPa for
where 𝜎 and 𝐸 are the measured compressive strength and modulus of the samples, 𝜎𝐻𝐴
fully dense HA [1], 𝜑𝐻𝐴 is the volume fraction of HA in the samples, 𝐶1 and 𝐶2 are empirical constants, and 𝑚 and 𝑛 are the
slopes of the power law fits. As seen in the Table 1, 𝑚 decreases and 𝑛 increases when PHB is added to the HA scaffolds.

This result agrees with the conclusion that the rigid microstructure of the HA scaffolds plays a more significant role in adding
stiffness to the composites, while the addition of PHB adds strength.
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Fig 7. Comparison of the HA scaffolds, HA-PHB (pH), HA-PHB (acetone), and HA-PHB (mixed) composites filled or coated with PHB.
(A) Relative compressive strength versus volume fraction of HA; (B) Relative elastic modulus versus volume fraction of HA. Trend lines
show power law fits for the HA scaffolds (solid) and HA-PHB composites (dashed).

Table 1. Porosity, mechanical properties, and slopes of the power law fits from Fig 6 for the HA scaffolds and HA-PHB composites
Sample
PHB
Porosity (%)
Strength (MPa)
Modulus (MPa)
m
n
HA scaffold
--85.5 ± 2.3
1.40 ± 0.44
34.93 ± 11.41
2.11
1.32
HA-PHB (pH)
filled
53.5 ± 1.8
2.14 ± 0.43
36.79 ± 10.38
1.33
1.98
HA-PHB (acetone)
coated
67.1 ± 1.0
2.59 ± 0.57
105.65 ± 37.13
2.00
2.34
HA-PHB (mixed)
filled
54.2 ± 2.0
2.54 ± 0.40
31.41 ± 6.66
1.43
1.32
* All values stated as average ± standard deviation.

CONCLUSIONS
Hydroxyapatite-polyhydroxybutyrate (HA-PHB) composites fabricated by infiltrating deproteinized, sintered trabecular bone
scaffolds with PHB micro-/nano-particles via centrifugation were analyzed and compared. Depending on the chemical
methods used to recover the PHB particles, the PHB either filled or coated the HA scaffolds after polymer infiltration and
heating at 175 °C. All of the HA-PHB composites showed a slight increase in strength with the addition of PHB. The filled
composites showed no change in stiffness from the addition of PHB, while the coated composites showed a dramatic increase
in stiffness over the original HA scaffolds from ~35 MPa to ~105 MPa. Regardless of the higher porosity observed in the
coated composites, strong interactions between its individual HA and PHB constituent phases seemed to be the underlying
reason for its enhanced stiffness.
The HA-PHB composites develop in this work are fully biocompatible materials that may be useful in tissue engineering
applications such as bone implant scaffolds. When fabricating bone implants it is desirable to make scaffolds with high
porosity and large pore sizes that allow the migration, adhesion, and proliferation of cells such as osteoblasts to promote bone
ingrowth. The biocompatibility, large pore sizes, high porosity, and natural trabecular architecture of the coated HA-PHB
composites designed in this work may be ideal scaffold environments for the development of new tissues and bone ingrowth.
Still, additional research on the exact mechanisms related to the fabrication and mechanical performance of these scaffolds is
necessary before in vitro or in vivo implantation. It is important to understand why the PHB particles recovered by the two
different methods either filled or coated the surfaces of the HA scaffolds. It is also necessary to optimize the fabrication
process of the composites to further enhance HA-PHB interfacial adhesion and improve the compressive mechanical
properties of the resulting composites.
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