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Hydroxyapatite (HA) whisker-reinforced polyetherketoneketone (PEKK) bone ingrowth scaffolds were
prepared and characterized. High levels of porosity (75-90%) and HA whisker reinforcement (0-40
vol.%) were attained using a powder processing approach to mix the HA whiskers, PEKK powder and a
NaCl porogen, followed by compression molding at 350-375 °C and particle leaching to remove the poro-
gen. The scaffold architecture and microstructure exhibited characteristics known to be favorable for
osteointegration. Scaffold porosity was interconnected with a mean pore size in the range 200-300 pm

g?r/l Ve‘,?;dsljowth scaffolds as measured by micro-computed tomography. HA whiskers were embedded within and exposed on
Composgite the surface of scaffold struts, producing a microscale surface topography, shown by von Kossa staining

and scanning electron microscopy. Therefore, HA whisker-reinforced PEKK bone ingrowth scaffolds

Hydroxyapatite
Micro-computed tomography
Polyetheretherketone

may be advantageous for orthopedic implant fixation, including interbody spinal fusion.
© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Orthopedic implant failure is usually due to aseptic loosening
caused by several possible factors: (i) osteolysis due to wear debris,
(ii) mechanical mismatch between the implant and surrounding
bone tissue (stress-shielding), and (iii) relative motion between
the implant and bone tissue [1]. Implant fixation has historically
been achieved through the use of an acrylic cement in both ortho-
pedics and restorative dentistry. More recently, biologic fixation
has been achieved through the addition of bioactive coatings [1-
5] or porosity for bone ingrowth [5-7]. Plasma-sprayed hydroxy-
apatite (HA) coatings promote a relatively strong tissue interface
due to the bioactivity of HA, but are prone to debond from the im-
plant surface in vivo [2-4]. Commercialized bone ingrowth scaf-
folds include sintered beads, wire meshes and foams composed
of titanium alloys, cobalt-chrome alloys and tantalum [7]. These
metallic scaffolds are generally biocompatible and osteoconduc-
tive, but are not bioactive, which may limit long-term osteointe-
gration. Furthermore, the high X-ray attenuation of metals may
inhibit post-operative radiographic analysis of bone ingrowth,
which is particularly important for interbody spinal fusion [8,9].

Efforts to improve implant fixation have simultaneously inves-
tigated reductions in stiffness through implant design (e.g. cross-
sectional moment of inertia) and material selection (e.g. titanium
and porous metals) [6,7]. Conventional biomaterials used in most
orthopedic implants today have elastic moduli at least an order
of magnitude higher (e.g. cobalt-chrome, titanium and alumina)
or lower (e.g. most polymers) than that of the extracellular matrix
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of bone tissue. Reduced implant stiffness results in increased load
transfer to the peri-implant tissue, which leads to decreased bone
resorption due to stress shielding and increased mechanical stim-
ulus for new bone formation. On the other hand, the implant and
biomaterials must have adequate mechanical properties to bear
physiological levels of load, which is where most polymers alone,
despite other advantages, fall short [10].

Polymeric scaffold materials provide unique advantages for im-
plant fixation, including reduced stiffness compared to metallic
scaffolds, radiolucency and the ability to readily incorporate bioac-
tive fillers. Numerous polymer scaffolds have been prepared with
high levels of interconnected porosity using a variety of tech-
niques, with an emphasis placed on fabricating biodegradable scaf-
folds for tissue engineering applications [10-12]. Degradable
polymer scaffolds have been reinforced with HA in order to im-
prove osteointegration and mechanical properties [12-18]. In-
creased osteoblast proliferation and differentiation has been
demonstrated on polymers reinforced with HA, compared to the
unreinforced polymers [19-21]. While biodegradable polymers
may be advantageous for tissue engineering scaffolds and syn-
thetic bone graft substitutes, degradable scaffolds are not suited
for improved permanent implant fixation, which remains a major
clinical need.

Polyaryletherketones (PAEKSs) are semicrystalline thermoplastic
polymers exhibiting biochemical and biomechanical properties
suitable for load-bearing orthopedic implants [8,9,22]. Dense HA-
reinforced PAEK composites have been reported to exhibit
mechanical properties similar to those of human cortical bone tis-
sue [23-26]. Injection-molded polyetheretherketone (PEEK) rein-
forced with 10-40 vol.% HA powder was reported to exhibit an
elastic modulus in the range of 4-16 GPa and tensile strength in
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the range of 49-83 MPa [23,24]. HA whiskers were demonstrated
to result in improved tensile and fatigue properties, compared to
conventional HA powders, at a given reinforcement level in poly-
mers [27,28]. Compression-molded PEEK reinforced with 0-50
vol.% HA whiskers exhibited an elastic modulus in the range 4-
23 GPa and tensile strength in the range 42-99 MPa [26]. HA whis-
ker-reinforced PEEK also exhibited elastic anisotropy similar to
that of human cortical bone, due to a preferred orientation of the
HA whisker reinforcements induced during processing [26].

For the above reasons, porous HA-reinforced PAEK scaffolds
may be able to improve permanent implant fixation by mitigating
mechanical mismatch, promoting osteointegration and allowing
radiographic analysis. However, many common methods used to
prepare polymeric scaffolds are difficult or impossible with PAEK
polymers due to their inherently high melting temperature (335-
441 °C) and low chemical solubility [8]. HA powder-reinforced
PEEK scaffolds were processed using selective laser sintering
(SLS) [29-31]; however, the attainable level of porosity was limited
to 70-74% which was dependent on both the reinforcement level
and laser power [31]. Additionally, scaffolds became fragile as
the HA content was increased, which limited the HA content to
40 wt.% or ~22 vol.% [29,30].

The objective of this study was to prepare porous HA whisker-
reinforced PEKK bone ingrowth scaffolds for permanent implant
fixation. Scaffolds were prepared using a combination of powder
processing, compression molding and particle leaching methods.
The powder processing approach was previously developed to
facilitate the incorporation of high levels of HA whisker reinforce-
ments into a polymer matrix [26-28]. Compression molding and
particle leaching methods were previously used together to pre-
pare HA-reinforced biodegradable polymer scaffolds [18,32].

2. Materials and methods
2.1. Starting powders

A commercially available PEKK powder (OXPEKK-C, Oxford Per-
formance Materials, Enfield, CT) and sodium chloride (NaCl) pow-
der (Product No. 71382, Fluka, Switzerland) with mean particle
sizes of approximately 70 and 600 pm, respectively, were used as
received. HA whiskers were synthesized using the chelate decom-
position method as described in detail elsewhere [27,33]. Briefly,
chemical solutions containing 0.1 M lactic acid, 0.03 M phosphoric
acid and 0.05 M calcium hydroxide (all from Sigma-Aldrich, Inc.,
St. Louis, MO) were heated to 200 °C in 2 h and held for 2 h under
static conditions in a Teflon-lined pressure vessel (Model 4600,
Parr Instrument Company, Moline, IL). The as-synthesized HA
whiskers were measured by optical microscopy to have a length
of 21.6 (+16.9/-9.5) pm, a width of 2.8 (+0.8/—0.6) um and an as-
pect ratio of 7.6 (+5.7/—3.2), where the reported values correspond
to the mean (tstandard deviation) of a log-normal distribution for
a sample of 500 randomly selected whiskers [26].

2.2. Composite scaffold processing

Composite scaffolds with 75, 82.5 and 90% porosity were pro-
cessed with 0, 20 or 40 vol.% HA whisker reinforcement. The total
scaffold volume consisted of the desired pore volume plus the
material volume. Thus, the reinforcement level was calculated
based the desired material volume, while the porosity level was
calculated based on the total scaffold volume.

Appropriate amounts of PEKK powder and HA whiskers were
co-dispersed in ethanol using a sonic dismembrator (Model 500,
Fisher Scientific, Pittsburgh, PA) pulsed at 1.0 cycle / s~! while stir-
ring at 1200 rpm. HA whiskers were first added to 2 ml of ethanol

and ultrasonically dispersed for 1 min, followed by the addition of
the PEKK powder and another 2 min of ultrasonic dispersion. After
dispersion, the appropriate amount of the NaCl porogen was added
to the suspension and mixed by hand using a spatula. Note that the
total solids loading following the addition of the HA whiskers,
PEKK powder and NaCl porogen corresponded to 50% by volume.
After mixing, the viscous suspension was wet-consolidated using
vacuum filtration, and the powder mixture was dried at 90 °C for
at least 12 h to remove residual ethanol.

Composite scaffolds were prepared by compression molding
and particle leaching. The dry powder mixture was densified at
125 MPa in a cylindrical die with a diameter of 10 mm using a
manual hydraulic platen press (Model 3912, Carver Laboratory
Equipment Inc., Wabash, IN). The die and densified powder mix-
ture were then heated in a vacuum oven to the desired mold tem-
perature and transferred back to the hydraulic platen press for
compression molding at 250 MPa. Scaffolds with 82.5 and 90%
porosity were molded at 350 °C, while scaffolds with 75% porosity
were molded at 350, 365 and 375 °C. After cooling to room temper-
ature, the molded composite was ejected from the die and placed
in approximately 300 ml deionized water for at least 72 h to dis-
solve the NaCl crystals. The deionized water bath was changed dai-
ly. As-molded composite scaffolds were 10 mm in diameter and
25 mm in height.

2.3. Composite scaffold characterization

Micro-computed tomography (micro-CT) (uCT 80, Scanco Med-
ical, Bassersdorf, Switzerland) was used to examine the porosity
and architecture of the as-prepared composite scaffolds [34]. A
2 mm section from the center of each scaffold was scanned at
70kV and 114 mA, with a voxel size of 10 pm. Two-dimensional
image slices were collected, reconstructed and segmented to gen-
erate a three-dimensional binary image. Note that neat PEKK scaf-
folds were not able to be imaged by micro-CT due to the low X-ray
attenuation of PEKK in the absence of HA reinforcement. The
threshold value for segmentation was varied systematically for
the level of porosity and HA content such that the porosity mea-
sured by micro-CT was not statistically different from the design
porosity (p > 0.10, t-test).

The scaffold porosity was measured by micro-CT as:

P — (W) 100, (1)

where TV and MV are the total volume of the scanned region and the
scaffold material volume within the scanned region, respectively.
Three-dimensional morphometric analysis was performed using
scan data to determine the average thickness, spacing (pore size),
degree of anisotropy (DA) and structure model index (SMI) of the
scaffold struts. The average strut thickness and pore size were mea-
sured using the distance transformation method [35], while the de-
gree of anisotropy was calculated using the mean intercept length
method [36]. The SMI provides a non-dimensional measure of the
scaffold strut morphology, where values of 0 and 3 indicate plate-
like and rod-like strut morphology, respectively. The SMI was calcu-
lated as:

6-MV dMS

where MV and MS are the material volume and surface area, respec-
tively, and dMS/dr is the surface area derivative [35]. The strut sur-
face area was obtained by triangulating the strut surfaces using the
marching cubes method, and the material volume was then calcu-
lated by defining polyhedra inside the triangulated surface
[35,37]. The surface area derivative was estimated by a simulated

SMI =
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thickening of the struts and retriangulation of the strut surfaces
[35]. Finally, connected component labeling was used to measure
pore connectivity as the per cent of interconnected porosity voxels
after thresholding [36,38].

The porosity of scaffolds processed at 375 °C with 75% design
porosity were also measured by Archimedes’ principle [39] in or-
der to verify the design porosity and that measured by micro-CT.
Sections of 2 mm thickness were machined from scaffolds rein-
forced with 20 and 40 vol.% HA whiskers using a low-speed dia-
mond saw. The porosity of each section was first measured by
micro-CT using the methods described above. Following measure-
ment of the dry mass, the suspended and saturated mass of the
sections were measured after impregnation in ethanol under vac-
uum for 24 h. The scaffold porosity was measured by Archimedes’
principle as:

M-D 100
PA:m'p—Et7 3)

where M, D and S are the saturated, dry and suspended masses,
respectively, and pg, is the density of ethanol.

The microstructure of selected scaffolds was also examined by
scanning electron microscopy (SEM) (Evo 50, LEO Electron Micros-
copy Ltd., Cambridge, UK) using an accelerating voltage of 10 or
20 kV and working distance of 10-20 mm. The scaffolds were
notched with a razor blade and fractured in order to reveal the
internal pore structure and strut cross-sections. All specimens
were coated with Au-Pd by sputter deposition.

Finally, von Kossa staining (American Mastertech Scientific)
was performed on approximately 2 mm thick sections of selected
scaffolds to confirm the presence of HA exposed on the surface of
scaffold struts. Scaffold sections were immersed in 15 ml of 5% sil-
ver nitrate solution under UV light for 1 h, followed by 15 ml of 5%
sodium thiosulfate for 3 min, and rinsed thoroughly in deionized
water before and after each step. Scaffolds sections were dried in
air overnight prior to optical imaging and reflected light micros-
copy (Eclipse ME60OL, Nikon Instruments Inc., Melville, NY).

2.4. Statistical methods

Five scaffolds were prepared for each group based on porosity,
HA content and mold temperature (n =5). Scaffold porosity mea-
sured by micro-CT and Archimedes’ principle were compared using
a paired Student’s t-test with a level of significance of 0.05. One-
way analysis of variance (ANOVA) (StatView, SAS Institute, Inc.,
Cary, NC) was used to compare scaffold morphometric parameters
between experimental groups. Post hoc comparisons were per-
formed using a Tukey-Kramer HSD test with a level of significance
of 0.05. Multiple ANOVA revealed that the effects of the mold tem-
perature were not statistically significant; therefore, specimens
were grouped at a similar HA content (Table 1) and two-way AN-
OVA was used to examine the effects of the porosity and HA con-
tent on measures of the scaffold architecture.

Table 1

3. Results
3.1. Composite scaffold architecture

Three-dimensional micro-CT reconstructions enabled visualiza-
tion of the porosity and architecture of HA whisker-reinforced
PEKK scaffolds (Fig. 1). Two-dimensional micro-CT slices revealed
uniform porosity throughout the scaffolds and confirmed that the
porogen was completely removed. The mean porosity of composite
scaffolds measured by micro-CT exhibited a coefficient of variation
of <2% for any group (Table 1) and was not statistically different
from measurements using Archimedes’ principle. The mean (+SD)
porosity of scaffolds compression molded at 375 °C with a with a
design porosity of 75% and 20 vol.% HA whisker reinforcement
was 75.0£0.6 and 75.1 £ 0.3% when measured by micro-CT and
Archimedes’ principle, respectively (p=0.89, paired t-test). The
porosity of similar scaffolds with 40 vol.% HA whisker reinforce-
ment was 74.5+2.3 and 74.7 + 1.0% when measured using mi-
cro-CT and Archimedes’ method, respectively (p = 0.85, paired t-
test). Greater than 99.9% of the thresholded pore volume was inter-
connected in all scaffolds.

Three-dimensional morphometric measurements for the scaf-
fold architecture are listed in Table 1. Note that the effect of the
mold temperature was not statistically significant for any of the
measured architectural parameters; therefore, specimens were
grouped at a similar HA content. The mean pore size ranged from
197 to 265 pm and, with one exception (20 vol.% HA, 82.5% poros-
ity), was reasonably consistent between experimental groups (Ta-
ble 1). The mean pore size of scaffolds with 40 vol.% HA whisker
reinforcement was significantly greater than those with 20 vol.%
(p <0.0001, ANOVA). The pore size distribution within individual
scaffolds exhibited a Gaussian distribution that consistently ran-
ged from 10 to 600 pm. The mean strut thickness ranged from
42 to 89 um (Table 1). The mean strut thickness increased with de-
creased porosity and increased HA content (p < 0.005, ANOVA). The
scaffold architecture was nearly isotropic; the mean degree of
anisotropy ranged from 1.20 to 1.26 and exhibited little interspec-
imen variability (Table 1). The SMI increased with increased poros-
ity (p < 0.0001, ANOVA) over the range of 0.76-2.74 (Table 1).

3.2. Composite scaffold microstructure

The pore microstructure and distribution in scaffolds with 75%
porosity and 20 or 40 vol.% HA whisker reinforcement molded at
365 °C appeared similar, and the polymer matrix appeared to be
fully sintered (Fig. 2a and b). Scaffolds with 75% porosity and 20
or 40 vol.% HA whisker reinforcement molded at 350 and 375 °C
also appeared similar to those shown in Fig. 2b. Scaffolds with
90% porosity and 0-40 vol.% HA whisker reinforcement processed
at 350 °C exhibited thin struts compared to scaffolds with 75%
porosity but appeared to be fully sintered (Fig. 2). However, many
holes were observed in the struts of neat PEKK scaffolds at the 90%

Porosity and morphometric parameters of HA whisker-reinforced PEKK scaffolds, showing the mean (+SD) porosity, pore size, strut thickness, degree of anisotropy (DA) and
structure model index (SMI) measured by micro-CT. Differences between experimental groups not connected by the same letter were statistically significant (p < 0.05, Tukey-
Kramer HSD test). Note that scaffolds with 75% porosity were prepared at mold temperatures of 350, 365 and 375 °C which were grouped together for 20 or 40 vol.% HA whiskers,
while scaffolds with 82.5 and 90% porosity were prepared at a single mold temperature of 350 °C.

HA content (vol.%) Design porosity (%) Measured porosity (%) Pore size (pm) Strut thickness (pm) DA SMI

20 75.0 75.3 (0.9) 247 (26)*° 74 (8)? 1.24 (0.05) 0.76 (0.22)
20 82.5 81.9 (1.0) 197 (7)° 52 (3)°€ 1.26 (0.02)? 1.88 (0.13)°
20 90.0 90.2 (1.1) 225 (12)°€ 42 (1) 1.20 (0.01) 2.74 (0.10)°
40 75.0 74.8 (1.5) 263 (24)° 89 (13)¢ 1.26 (0.07) 0.83 (0.16)*
40 82.5 82.8 (0.3) 246 (10)*° 60 (3)° 1.19 (0.01) 1.61 (0.04)°
40 90.0 89.8 (0.9) 265 (14)*° 48 (2)>¢ 1.22 (0.01) 2.38 (0.10)¢
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Fig. 1. Three-dimensional micro-CT reconstructions showing the porosity and
architecture of 2 mm thick sections from the center of 10 mm diameter PEKK
scaffolds with 40 vol.% HA whisker reinforcement and (a) 75, (b) 82.5 and (c) 90%
porosity, molded at 350 °C.

porosity level compared to HA whisker-reinforced scaffolds (Fig. 2¢
and d). Significant variation in the strut morphology was evident
within a given scaffold (Fig. 3). HA whisker reinforcements were
observed to be embedded within the scaffold struts (Fig. 3c and
d). HA whisker reinforcements were also observed to be exposed
on the surface of scaffold struts regardless of the reinforcement
content (Fig. 4), porosity level and mold temperature, resulting in
a surface topography on the order of a few microns (Fig. 5). Von
Kossa staining further verified that HA whiskers were exposed on
the surface of scaffold struts, showing little or no staining in neat
PEKK scaffolds and increased staining with increased HA content
(Fig. 6).

4. Discussion
4.1. Composite scaffold processing

HA whisker-reinforced PEKK scaffolds were prepared by a com-
bination of powder processing, compression molding and particle
leaching methods. This approach circumvented the use of the or-
ganic solvents often associated with polymer scaffolds prepared
using solvent casting and particle leaching methods. Polymer scaf-
folds processed using solvent casting techniques generally com-
prise a neat degradable polymer or a degradable polymer matrix
reinforced with calcium phosphate particles [12]. These polymers
are readily dissolved in organic solvents; however, concerns have
been raised regarding the presence of residual solvent remaining
after processing [12,14,32,40-42]. In contrast, PAEK polymers ex-
hibit excellent chemical resistance, making dissolution of the poly-
mer impractical [8]. The methods used in this study eliminated
both the need to dissolve the polymer and the use of organic
solvents.

The powder processing approach implemented in this study
was also amenable to the addition of up to 40 vol.% HA whiskers.
This is important because the extracellular matrix of human bone
tissue contains 40-50 vol.% apatite crystals [43] and cellular activ-
ity on polymers has been shown to be enhanced with increased HA
content [20]. If desired, even higher levels of HA whisker reinforce-
ment may be possible because dispersion of the polymer and rein-
forcement phases was independent of the addition of the porogen.
Previously, up to 50 vol.% HA whisker reinforcement was reliably
incorporated into non-porous high-density polyethylene [27] and
PEEK [26] using the same powder processing approach.

SLS was previously used to process PEEK scaffolds with 70-74%
porosity and 10-40 wt.% HA powder reinforcement [29-31]. How-
ever, the scaffolds became fragile as the HA content was increased,
which limited both the porosity and HA content to ~70% and 40
wt.%, respectively [29,30]. For comparison, 40 wt.% HA reinforce-
ment in PEEK or PEKK corresponds to approximately 27 vol.%. In
this study, PEKK scaffolds with 40 vol.% HA whiskers and 90%
porosity were readily molded and handled after processing. Finally,
the porosity of HA powder-reinforced PEEK scaffolds prepared by
SLS was dependent on both the HA content and the laser power
used during fabrication [31]. In contrast, the methods used in this
study allowed the level of porosity to be tailored independent of
the HA content by simply increasing the porogen content. More-
over, the level of porosity was tightly controlled, exhibiting low
interspecimen variability (Table 1).

Possible limitations of the methods in this study include geo-
metric constraints of compression molding and the presence of
an incomplete polymer skin layer on the exterior surfaces of some
as-molded scaffolds. The skin became more continuous as the
mold temperature was increased. For scaffolds processed at a mold
temperature of 350 °C, the skin layer did not prevent extraction of
the porogen. Scaffolds processed at mold temperatures of 365 and
375 °C were lightly sanded with 600 grit SiC paper to remove the
exterior skin prior to particle leaching. The composite scaffolds
exhibited excellent structural integrity prior to porogen leaching,
such that the sanding process did not damage the scaffolds. There
was also some variation in the mean pore size between experimen-
tal groups, most notably the scaffolds with 82.5% porosity and 20
vol.% HA whiskers (Table 1). Some dissolution of salt crystals prob-
ably occurred when mixing with the PEKK powder and HA crystals
in ethanol, which suggests that the time of mixing should be more
highly controlled. The greater mean pore size and strut thickness of
scaffolds reinforced with 40 vol.% compared to 20 vol.% HA whisker
reinforcement was probably due to increased viscosity during
molding at a fixed mold temperature.
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Fig. 2. SEM micrographs showing the pore structure of PEKK scaffolds with 75% porosity and (a) 20 or (b) 40 vol.% HA whisker reinforcement molded at 365 °C, and 90%
porosity with (c) 0 or (d) 40 vol.% HA whisker reinforcement molded at 350 °C. Note that specimens were fractured prior to SEM observation in order to reveal the internal

pore structure.

4.2. Composite scaffold architecture

Micro-CT proved useful in the characterization of HA whisker-
reinforced PEKK scaffolds. Porosity and morphometric parameters
were in general agreement with Archimedes’ measurements and
SEM observations, respectively. The accuracy of segmented mi-
cro-CT images was validated by comparing the level of porosity
against paired measurements using Archimedes’ principle.

Micro-CT and SEM observations indicated uniform, intercon-
nected porosity within the composite scaffolds (Figs. 1 and 2). Bone
ingrowth requires high levels of interconnected porosity with pore
sizes greater than 100 pm, but optimally in the range 200-400 pm
|3,4,7,44,45]. Thus, the mean pore size measured for HA whisker-
reinforced PEKK scaffolds was within the “optimum” range for
bone and fibrovascular tissue ingrowth (Table 1). Note that the
pore size could be further tailored by sieving the porogen material
prior to processing. Connected component labeling verified that
greater than 99.9% of the pore volume was interconnected. The
largest isolated pore volume in any scaffold was less than 50 pm
in diameter if spherical.

Micro-CT measurement of the SMI and SEM observations were
in close agreement, indicating a plate-like strut morphology for

scaffolds with 75% porosity (Table 1; Fig. 2a and b). Interestingly,
the SMI of scaffolds with 75% porosity was somewhat similar to
mean values for human trabecular bone in the iliac crest (84%
porosity, SMI = 1.15) and femoral head (74% porosity, SMI = 0.41)
[35]. The SMI of scaffolds with 82.5 and 90% porosity indicated a
more rod-like strut morphology, somewhat similar to mean values
for human trabecular bone in the lumbar vertebrae (92-93% poros-
ity, SMI=2.12-2.13) [35], while SEM observations revealed the
presence of numerous plate-like struts (Table 1, Fig. 2c and d). Dis-
crepancy between the SMI and SEM observations for scaffolds with
82.5 and 90% porosity was most likely due to the 10 pm voxel size
of the micro-CT. Strut thickness decreased with increased porosity
(Table 1) and, due to variability within individual scaffolds, the
thickness of some struts approached the width of individual HA
whiskers (Fig. 3). As the strut thickness approached the voxel size
of the micro-CT, decreased X-ray attenuation may have resulted in
very thin struts being thresholded as pore space. Therefore, a small
decrease in the strut surface area, MS, due to the erroneous inclu-
sion of holes in plate-like struts, would be expected to result in
large changes in the SMI, since the SMI depends on the square of
MS (Eq. (2)). This explanation may at first seem contradictory to
the close agreement between porosity measurements obtained



G.L. Converse et al. /Acta Biomaterialia 6 (2010) 856-863 861

Fig. 3. SEM micrographs showing variation in strut thickness and morphology for HA whisker-reinforced PEKK scaffolds molded at 365 °C with 75% porosity and (a) 20 or (b)
40 vol.% HA whisker reinforcement. (¢) SEM micrographs of a PEKK scaffold with 75% porosity and 20 vol.% HA whisker reinforcement molded at 365 °C showing (d) HA
whiskers embedded within the composite struts. The area inside the box in (c) is shown at higher magnification in (d). Note that specimens were fractured prior to SEM
observation in order to reveal the strut cross-sections.

Fig. 4. SEM micrographs showing strut surfaces for PEKK scaffolds molded at 365 °C with 75% porosity and (a) 0, (b) 20 and (b) 40 vol.% HA whisker reinforcement. HA
whiskers were observed to be exposed on the surface of composite struts, appearing as elongated prisms on the surface, and increased the surface roughness compared to the
neat PEKK scaffold.

from micro-CT and from Archimedes’ principle for scaffolds, even 4.3. Composite scaffold microstructure

at 90% porosity. However, the inclusion of erroneous holes in the

thinnest composite struts would be expected to result in a rela- HA whiskers were observed to be exposed on the surface of
tively negligible loss of material volume, MV, which would have lit- composite struts (Figs. 4-6), improving the potential for cell
tle effect on the measured porosity (Eq. (1)) and SMI (Eq. (2)). attachment, proliferation and differentiation. HA has been shown
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(b)

Fig. 5. SEM micrographs of a PEKK scaffold with 75% porosity and 40 vol.% HA whisker reinforcement molded at 375 °C showing the surface topology of the composite struts.
The area inside the box in (a) is shown at higher magnification in (b) and the arrow highlights an HA whisker with a hexagonal prism morphology.

to be bioactive, and, if porous, to promote osteoconduction [3,4].
Increased osteoblast proliferation and differentiation has been
demonstrated on polymers reinforced with HA, compared to the
unreinforced polymers [19-21]. Exposed HA particles acted as
preferential attachment sites for osteoblasts cultured on these
composite biomaterials [19-21]. Additionally, bone morphogenetic
proteins (BMPs) have been shown to adsorb onto HA through a
combination of electrostatic forces and hydrogen bonding
[46,47]. BMPs act as chemotactic agents, growth factors and differ-
entiation factors, and have been used clinically to promote spinal
fusion in place of an autograft [9,48,49]. Thus, the presence of ex-
posed HA whiskers could facilitate the use and localization of BMPs
within the composite scaffolds. The observed surface topology
(Fig. 5) resulted from either the sintering process or the arrange-
ment of HA whiskers within the composite struts during molding.
This type of surface topology or roughness has been shown to im-
prove cell attachment on polymer substrates [50].

HA whiskers were also observed to be embedded within the
composite struts (Fig. 3¢ and d). Embedded whiskers acted as a
reinforcement phase to improve the apparent elastic modulus
and yield strength over neat PEKK scaffolds [51]. Most notably,
scaffolds with 75% porosity and 20 vol.% HA molded at 375 °C
exhibited a mean apparent elastic modulus and yield strength of
149 and 2.2 MPa, respectively, which was the highest of the condi-
tions investigated and similar to human vertebral trabecular bone
[51]. At all porosity and reinforcement levels, micro-CT data indi-
cated that the composite struts were of sufficient thickness to con-

tain embedded HA whiskers (Table 1). Micro-CT measured a mean
strut thickness for a given scaffold; therefore, the standard devia-
tions included in Table 1 do not describe the variation in strut
thickness within a given scaffold. The strut thickness was observed
by SEM to vary significantly within individual scaffolds (Fig. 3),
presumably due to the arrangement of the salt crystals during
powder processing and compression molding. Whiskers embedded
within struts did not appear to be preferentially aligned (Fig. 3d),
while exposed whiskers appeared somewhat aligned in a sheet
texture on the surface of the strut (Fig. 4). Thus, as the thickness
of a strut approached the length of the HA whiskers, the whiskers
become more aligned within the plane of the strut. Finally, unrein-
forced scaffolds with 90% porosity exhibited an increased number
of holes observed in the struts, compared to scaffolds reinforced
with 40 vol.% HA whiskers at the same level of porosity (Fig. 2c
and d). HA whisker reinforcement probably increased the viscosity
of the polymer melt, which provided increased resistance for salt
crystals coming into contact during compression molding.

5. Conclusions

HA whisker-reinforced PEKK scaffolds were prepared with 75-
90% porosity and 0-40 vol.% HA whisker reinforcement. The com-
bined powder processing, compression molding and particle leach-
ing methods used in this study facilitated the incorporation of high
levels of bioactive HA whisker reinforcements into the polymer

(c)

Fig. 6. Photograph of PEKK scaffolds molded at 365 °C with 75% porosity and (a) 0, (b) 20 and (b) 40 vol.% HA whisker reinforcement after von Kossa staining, showing little or
no staining in the neat PEKK scaffold and increased staining (darkness) with increased HA content. Note that the scaffold diameter is 10 mm.
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matrix, while avoiding the use of organic solvents. HA whiskers
were both exposed on the surface and embedded within composite
scaffold struts. Micro-CT indicated that the scaffold porosity was
interconnected and within the size range required for bone in-
growth. Therefore, HA whisker-reinforced PEKK bone ingrowth
scaffolds may be advantageous for orthopedic implant fixation,
including interbody spinal fusion.
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