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Micro-CT Analysis of Implanted Poly-Ether-Ether-Ketone
Scaffolds: Plasma Immersion lon Implantation Increases

Osteoconduction

Georgio Katsifis,* Hedi Kruse, Will Lewin, Abdullah Al Maruf, Jonathan R. Clark,

David R McKenzie,* and Natalka Suchowerska

Poly-ether-ether-ketone (PEEK) is a biocompatible, high-strength polymer with
biomechanical properties similar to soft bone that has been proposed as an
alternative to titanium for orthopedic implants. Herein, micro-CT imaging of a 3D
printed PEEK scaffold treated with plasma immersion ion implantation (PIIl) to
assess the degree of osteoconduction relative to an identical untreated structure,
by implantation in the scapula of sheep, is performed. To overcome the lack of
contrast between soft tissue and PEEK, a customized apparatus and alignment
technique is designed and constructed. Principal component analysis is used to
accurately locate the boundaries of the implant in the 3D dataset, with respect to
reference coordinates. It is found that, within the interior volume of the scaffold,
the PIIl treated PEEK contains bone that is both more dense and in higher
amounts than for untreated PEEK. The untreated PEEK shows more bone
immediately outside the boundaries of the scaffold, indicating a lower affinity of
the untreated scaffold for in-diffusion of osteocytes and associated mineraliza-
tion. The greater osteoconduction of the PlII treated scaffold is attributed to the
improvement in hydrophilicity and the provision of protein covalent binding.

1. Introduction

Bone diseases such as osteosarcoma often
require aggressive removal of bony tis-
suel'l After surgery, bone function is
restored by the hemostatic stimulation of
the local bone to fill the defect™ In criti-
cal-sized defects, this mechanism is insuf-
ficient to fill bone loss and reconstruction
using a bone graft from another part of
the skeleton or a prosthetic bone implant
is needed.®* Titanium plates have been
used to bridge bone segments but because
of the differences in elastic modulus,
implant failure from stress-shielding
osteolysis may ultimately occur.”™” For
cancer patients requiring radiation therapy,
titanium causes unwanted shielding and
scattering of the radiation, compromising
treatment quality.>®'% Poly-ether-ether-

ketone (PEEK) is a thermoplastic polymer,
with biomechanical properties similar to
those of bone, and has been proposed as an alternative to tita-
nium for implants, causing less interference for both imaging
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and radiation therapy.®#"'? PEEK is chemically inert but in its
natural state has hydrophobic characteristics®>**! that may pre-
vent osseointegration.'*'*! Plasma immersion ion implantation
(PIII) is a surface modification technique, which utilizes high ion
energy bombardment to impart hydrophilic properties and pro-
vides reactive sites in carbon-based polymers, and allows better
adhesion of bone on-growth and encouraging stronger binding
of biomolecules, for example, bone morphogenic proteins that
may assist bone growth.[“’m’lsl

PIII has been demonstrated to be successful in treating the
internal cavities of porous polymer objects with complex
geometries.'® The treatment has been found to remain active
for long periods from months to years.'®'! PIII treatment has
been shown to promote calcium mineralization invitro and to
increase the proliferation of bone cells on polymer surfaces!***"!
by covalently binding biomolecules to the surface.?! Using in
vivo scapular implants in sheep, a stronger interface between
the implant that had received PIII treatment and the bone of
the host was demonstrated using a torque test.””) However, it
was not known from the previous study whether PIII could
improve the penetration of bone mineralization into the
cavities of a porous bone scaffold referred to here as
osteoconduction.

The aim of the current study is to determine using micro-CT
(RCT) whether PIII treatment provides improved osteoconduc-
tion of the scaffold as assessed by the extent of ingrowth of
new bone into the scaffold implanted in the same sheep model.
uCT is capable of determining the relative X-ray attenuation as a
function of position in a specimen in Hounsfield units (HU),
providing direct evidence of bone mineralization and osteocon-
duction.””?! However, this technique relies on adequate contrast
between the phases which is influenced by the energy spectrum
of the X-ray beam, the exposure, and the difference in attenua-
tion between the phases.”® Following integration with the body,
outlining the boundaries of a PEEK scaffold can prove difficult
because the X-ray attenuation properties of prebone tissues are
very close to those of PEEK.'"*¥ Here, we use innovative
approaches to improve both data collection and data analysis
to investigate the osteoconduction in the PEEK scaffold after
implantation in the sheep.

Data analysis using simple thresholding and boundary detec-
tion is not adequate in cases where there is poor contrast between
soft tissues. The noise and high scatter from higher density and
atomic number materials’® leads to overlap between the distribu-
tion of HU for soft tissue and PEEK and creates uncertainty in
the thresholding.”® Furthermore, traditional noise reduction
techniques such as median filters or low pass filters are not
always adequate as they may remove high-frequency components
of the image that may be the result of tiny, isolated bone
depositions. >

To improve data collection, we carried out careful alignment of
the scaffold with the imaging axis by designing and constructing
a novel immobilization device in polylactic acid (PLA), using
fused deposition modeling (FDM), to fix the implant relative
to the imaging bed during the acquisition of data. Iron PLA
(FePLA) (55% PLA, <45% iron) rings and markers were utilized
to locate the midpoint of the scaffold, and then, using principal
component analysis (PCA), the angle of deviation was
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determined from the dot product of the unit vector along the
z-axis and the principal component vector.?”)

2. Experimental Section
2.1. Design of Scaffold and pCT Stage

The scaffolds and pCT stage were designed using Fusion 360
(software version V.2.0.9719) and fabricated using fused deposi-
tion modeling in an AON M.2 3D printer [AON, Montreal,
Canada]. The mesh portion of the implant consisted of a stack
of alternating lattices of PEEK. The lattices were stacked in
the Z direction such that each lattice would align with the print-
ing plane during 3D printing by FDM. Each lattice consisted of a
repeating pattern of a layer of rectilinear bars in the X direction, a
layer of concentric rings, a layer of rectilinear bars in the Y direc-
tion, and a final layer of concentric rings. The parameters of the
mesh scaffold were selected to achieve a structure that had an
approximate porosity of 50% and was accurately producible in
the printer; the width of the bars and gaps in the lattice was
0.5 mm, equal to the extrusion width during printing; and the
height of the bars was 0.4 mm.

2.2. Sheep Model and Surgery

The 3 x 2.8 mm screw fixation holes were evenly distributed
around the mesh center at a radius 14.3 mm. The holes were
designed to fix the surface of the scaffold to the bone when
implanted. Each of the three shapes of the fixation legs was
designed with a unique shape to record the orientation of the
scaffold when implanted. The scaffolds were implanted into
the left scapula of the sheep, as shown in Figure 1. The pattern
was designed differently for PIII treated implants compared
to UT implants to distinguish treated from UT scaffolds.
The design of the scaffold and the two primary layers of its micro-
structure are shown in Figure 2a—c.

In this study, half of the PEEK implant scaffolds were PIII
treated and half were UT. A total of six sheep were implanted
with the UT/PIII pairs and at 8, 10, and 12 weeks postsurgery,
the sheep were sacrificed and implants were extracted. There
were two sheep for each time point. Prior to implantation, the
scaffolds were autoclaved at 134 °C using the standard cycle time
of 4 min.

2.3. Pl

PIII utilizes high energy ions to modify the properties of a
material.®® In this work, the scaffold is capacitively coupled
to a high voltage pulsed power supply as performed by Tran
et al. and Katsifis et al.***°! Recently, the technique has gained
popularity in the treatment of porous materials in the biomedi-
cal field as it is a nonline of sight technique and can treat small
cavities as long as the plasma parameters are tuned
appropriately.[2%-3°)

Twelve FDM printed PEEK scaffolds of each design were fab-
ricated. Half of all the implants were treated with PIII using
10kV negative square wave pulses at 1kHz, with a length of
40ps and rise time of 220ns created by a RUP 6 (KE
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Figure 1. Surgical location of the ion implanted (PII1) treated (blue) and untreated (UT, yellow) scaffolds shown. a) The planned location of the scaffolds
on a computer-generated image on the left scapula implanted into the scapula of the sheep. b) Photograph of implanted PEEK scaffolds in left scapula.
The two implants below the mesh implants are not relevant for this study.

(@) (b)

|||

Figure 2. The primary layers for the scaffold comprised concentric rings a), horizontal bars b), stacked to form the structure in c).

Electronik Gmbh, Germany) pulsed DC power supply. The cham-
ber was evacuated to a pressure of 10> Torr, before nitrogen gas
was admitted to the chamber to a pressure of 40 Pa for a treatment
time of 20min and then at 107 Pa for a further 20 min. The
different operating pressures were utilized to ensure that the
plasma gave sufficient ion dose to the exterior surface at low pres-
sure, but also penetrated the pores of the substrate at the higher
pressure.'®?9731

2.4. Surgical Procedure and Implant Retrieval

All procedures involving live sheep were performed with
approval from the animal ethics committee of the University
of Sydney (ethics approval number: 2020/1817). The surgical
procedure has been described in detail elsewhere (Kruse et al.
2022).2%) Six male sheep, aged between 7 and 8 years, were sepa-
rated into two groups (A and B) and underwent surgery under
appropriate anesthesia. One sheep was omitted from the analysis
in group B due to premature death. The bone of the infraspinous
scapula was carefully exposed and two bone defects of 25 mm
diameter and of full bone thickness were created using a bone
trephine and piezoelectric saw. Each sheep received one PIII
treated and one UT mesh implant placed in the lateral and
medial infraspinous scapula, respectively (Figure 1b). The mus-
cle tissue surrounding the area was reattached after placement
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and the wound was closed. The sheep were grouped into group
A and group B. In each group, one sheep was euthanized at
8 weeks, one at 10 weeks, and one at 12 weeks postimplantation.
In group B, the sheep at 10 weeks was omitted from the study
owing to its premature death. To retrieve the mesh implants, the
overlying skin, fascia, and muscle were removed and the implants
with at least 5 mm of surrounding bone were removed from the
scapula by rough circular saw cutting. The mesh implants with
surrounding bone were placed in 10% neutral buffered formalin
(Livingstone) for tissue fixation. To assess the osteoconduction
within the mesh, excess soft tissue has been removed in order
to fit the immobilization device for pCT analysis.

2.5. pCT Acquisition and Analysis

The pCT data were acquired on a MILabs UHR (ultrahigh reso-
lution) pCT, using a tube voltage of 50 kVp and a tube current of
0.19mA, an exposure time of 75ms, and a step angle of
0.25 degrees for the image acquisition. Images were then recon-
structed at one projection per step with a 1 x 1 pixel binning and
a spatial resolution of 40 pm. Image analysis was performed in
MATLAB2019b using the “dicomread.m” function on the
University of Sydney Cluster Network (see acknowledgements).
The basic principle of the following method is to use the FePLA
as fiducial markers and then using principal component analysis
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(PCA)*'to determine the tilt of the scaffold/stage and determine
its coordinates in the CT dataset.

2.5.1. Alignment

FePLA has a much greater HU than the surrounding regular
PLA material and air, which makes it easier to locate than the
PEEK scaffold.?? Here, intensity thresholding using the HU
was used for the segmentation due to the high contrast/noise
ratio. The midpoint of the FePLA ring was located using a center
of mass algorithm. The tilt along the z-axis was calculated by tak-
ing the corresponding voxel locations in the image as Cartesian
coordinates and binning them in a rectangular matrix such that
r; = [%i,y;, zi]. The singular values were calculated by making the
matrix square by multiplying on the left by the transpose ().
Hence, the covariance matrix (C), was derived

T
tili

N-1

C= 1)
We then solved for the singular values of r; by solving for the
singular values of C as follows!*?!

C=VAV?T ()

Here, the eigenvectors (V = [vy,V,,v3]) correspond to the
three best lines of best fit drawn through FePLA ring
which are the principal components. The principal components
correspond to the vector along the axis of the cylinder and the two
vectors spanning the axial plane. From the principal component

(b)

Iron-PLA
coordinates ()

www.aem-journal.com

corresponding to the axis of the ring (v, ), the tilt angle (6,) was
determined from the dot product with the unit vector (2)

Vaxis * 2 = |Vaxis||i‘ cos 0, 3)

Given that the distance between the midpoint of the FePLA
ring and the scaffold is known, the center of the scaffold was
located by projecting from the midpoint of the ring (M,ng) to
the midpoint of the scaffold (M) in n steps along the vector
(Vaxis)» Where n is determined from the known distance of the
midpoints. From M., the extrema along the z-axis were located
using calculations based on the tilt angle (6;), the radius (R), and
the height (h) of the cylindrical scaffold. The total length of the
scaffold along the z-axis (I,) is given as

l, = 2Rsind, + h cos 6, 4)

Hence, the boundary points in the z-axis are found to be
Z. = Mg £ 172 The diagrams in Figure 3a,b are plotted to visu-
alize the derivation of the quantities in Section 2.5.1.

2.5.2. Obtaining Cross Sections of the Scaffold

For a cylinder tilted at an angle (6,), the cross section along the
imaging Z axis takes the shape of an ellipse, with the lengths of
the semimajor (a = KRH,) (green) and semiminor axes (b = R)
(vellow), as shown in Figure 4. Elliptical cross sections were
generated along the axis of the cylinder to the extreme points
at l,. To account for the flat base of the cylinder, two planes were
generated at the bases of the tilted cylinders at coordinates

Figure 3. a) Segmented iron-PLA coordinates distributed in Cartesian space (X, Y, and Z are in arbitrary units) with normal vector v,,;; drawn normal to
the plane of the ring. b) The cross section and geometry of the tilted cylindrical scaffold were used to derive the projected height of the scaffold along Z.

(@)

Figure 4. a) A cylinder cut at an arbitrary height at an angle 6, corresponding to the tilt angle. b) Cross section of the cut cylinder with lengths along its

semimajor (a) (green) and semiminor (b) (yellow) axes.
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(%, y,z1) and (x,,y,.2,). The equations of the planes were
derived from the principal component v, = (vy, Vy, V) from

V(% — %) +Vy(y —y1) +Vo(z—2) =0 (5)

Vx(x_ xu) +Vy(Y_Yu) +Vz(z_zu) =0 (6)

2.5.3. Thresholding

The density and composition of bone is variable, with softer
trabecular/cancellous bone possessing a density of 1.0 gcm™>
and cortical bone a density of 1.6-2gcm ™ as a result of its
higher concentration of hydroxyapatite mineral. In the literature,
the HU corresponding to the different types of bone are usually
given as a range, with cancellous and trabecular bone possessing
a HU in the range between 300 and 800 HU and cortical bone
with 1000 + HU. Here, solid water and bone calibration phan-
toms were imaged alongside with HU between 0 and 1200
HU corresponding to various fractions of CaCO; mineral up
to cortical bone. A summary of the calibration values is given
in the appendix (A2).

2.5.4. Error Analysis

The segmentation method was first applied first to a nonim-
planted scaffold with the final segmented image shown in
Figure 5a.

The uncertainty in volume (A) was calculated from the
intersection of volumes between the “known” cylinder (C)
and bounding volume (V) given by

cnVv
A== 7)

In Figure 5a, a thresholding range was chosen between —300
and 300 HU, excluding 0 HU to remove the exterior region of the
scaffold yielding only the volume of PEEK in this CT dataset, cal-
culated at 952.88 mm’. Given the volume of PEEK calculated
from the slicing software was 954.97 mm?, giving an uncertainty

(a)

www.aem-journal.com

of 0.2%. For this segmentation, the PEEK and air phase were
readily distinguished using intensity thresholding.** This
method is not as accurate when attempting to segment the tissue
in an integrated bone scaffold as there is an additional uncer-
tainty in assigning the correct HU range for the different mate-
rial phases.

3. Results

There are two quantities of interest: the intensity distribution of
HU for the internal volume of the scaffold and its immediate
surroundings; the spatial distribution of bone, characterized
by a minimum HU, integrated along the z-axis and radially from
the symmetry axis of the cylindrical scaffold at its center.

3.1. HU Distribution

The HU distributions of the segmented volumes, corresponding
to each set of scaffolds, are shown in Figure 6, plotted from a mini-
mum HU of 290. For a CT image, acquired with a polyenergetic
X-ray source, a homogenous structure will appear as a Gaussian
distribution with a mean HU and standard deviation which will be
influenced by neighboring structures and the quality of the CT
image. In Figure 5b, only the hard bone and soft tissue are distin-
guishable, with the other tissue types hidden by noise and scatter.
Atlow HU, there is a high pixel count for all scaffolds, correspond-
ing to the high-tail values from soft tissue. One of the important
features in these HU distribution curves is the peaks at higher HU
values. These peaks occur between 600 and 650 HU for the PIII
treated scaffolds at 12 weeks in Figure 6a,b and between 500 and
600 HU for the UT scaffolds at 12 weeks in Figure 6b. A peak at
higher HU indicates the presence of a more attenuating material,
most likely bone. For HU values between 290 and 1000, we classify
these regions as predominantly bone, with some contributions
from soft tissue. In this region, the PIII treated PEEK shows a
higher pixel count in each PIII/UT pair, indicating a higher bone
count in the interior volume of the scaffold.

The second region of interest is the layer of bone on the external
boundary of the scaffold. The HU distribution for a 1 mm external

(b)

Figure 5. CT slice of a scaffold prior to implantation, segmented using the method described in the text a) CT slice of a Plll treated scaffold, explanted
after 12 weeks showing bone mineralization penetrating from the circumference (white) b).
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Figure 6. Intensity (pixel count) distribution as a function of HU value for segmented scaffold volumes for sheep in group A a) and group B b), calculated
for the interior volume of the scaffolds. The curves with solid lines refer to the Pl treated and the dotted lines to UT. The curves corresponding to
nonimplanted scaffolds (Ctrl) are shown as a solid black line. The results for implantation times of 8 W, 10 W, and 12 W (weeks) are plotted in blue, red,

and green, respectively. The plots are constrained to HU values greater than
rather than soft tissue or scaffold material.

shell enclosing the scaffold is shown in Figure 7a,b. Here, thereis a
stark contrast compared to the internal HU distribution, where the
UT PEEK now has a higher intensity than the PIII treated implants.
The peak between 700 and 900 HU is more prominent in these
results compared to the bone in the interior scaffold volume
and is also present for all samples. From the distribution curves
in Figure 6 and 7, it is clear that there is a greater accumulation
of bone outside the scaffold volume in the UT scaffolds, whereas
for PIII treated scaffolds there is more bone in the interior.

3.2. Bone Count Along the Axis of the Scaffold

We have defined bone to have a CT value greater than 290 HU.
A cumulative summation was performed along the axis of the
scaffold, as shown in Figure 8.

Figure 8 shows that the PIII treated scaffolds have a higher
bone count in the interior of the scaffold compared to the UT

— C 1|
—10W PIII
12W-PlIl

Pixel Count
-
wn

-

0.5+

0 T
300 400 500 600 700 800 900 1000 1100 1200

HU Value

@ g (b)._ 100

290 and less than 1200 in order to focus primarily on the intensities of bone

scaffolds, except for the implants explanted at 8 weeks in group
A, where the intensities are similar. In group A, the biggest
change in HU tends to occur toward the middle of the scaffold
except for the UT samples at 8 and 12 weeks, which tend to
increase toward the deeper end of the scaffold, which is facing
interiorly. The radial distributions are shown for the scaffolds in
group A and B, respectively, in Figure 9a,b.

The entire CT was projected along its axis onto a single slice
and then the radial integral was computed from the center of the
scaffolds (r=0mm) up to 1 mm past the boundary of the scaf-
fold (r=13mm). From Figure 9ab, there is no significant
increase in bone until the scaffold boundary at r=12mm.
For the scaffolds in group A, significant ingrowth is not encoun-
tered until r=11mm. For set B, the onset of bone ingrowth
varies between each implant. At the scaffold boundary, we
observe a greater count of bone for the PIII treated scaffolds.
The ongrowth begins at closer distances to the center of the

35
— ]

12W-PIll

Pixel Count

0 2
300 400 500 600 700 800 900 1000 1100 1200

HU Value

Figure 7. Intensity (pixel count) distribution as a function of HU value for segmented scaffold volumes for sheep in group A a) and group B b), calculated
for the exterior volume of the scaffold. The curves with solid lines refer to the PlIl treated and the dotted lines refer to UT. The curves corresponding to
nonimplanted scaffolds (Ctrl) are shown as a solid black line. The results for implantation times of 8 W, 10 W, and 12 W (weeks) are plotted in blue, red,

and green, respectively.
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Figure 8. Cumulative bone count (pixel count) using CT values greater than 290 HU plotted as a function of depth along the axis of the scaffold: a) the
results from the sheep in group A and b) the results from group B. The curves with solid lines refer to the PIll treated and the dotted lines to UT. The
curves corresponding to nonimplanted scaffolds (Ctrl) are shown as a solid black line. The results for implantation times of 8 W, 10W, and 12 W (weeks)
are plotted in blue, red, and green, respectively.
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Figure 9. The bone count for the implants in group A a) and Group B b) normalized to unit area, integrated radially from the center of the scaffold to
1 mm past the outer edge of the scaffold. The scaffold boundary is marked at r=12 mm (vertical dashed line). The region at the scaffold boundary in (a)
has been enlarged in the inset. The curves with solid lines refer to the Plll treated and the dotted lines to UT. The curves corresponding to nonimplanted
scaffolds (Ctrl) are shown as a solid black line. The results for implantation times of 8 W, 10 W, and 12 W (weeks) are plotted in blue, red, and green,
respectively. The 12 W UT scaffold in (b) appears to have mineralization in the interior; however, it was found to be ongrowth from the base rather than

from the circumference.

scaffolds compared to the UT scaffolds, with the exception of the
UT PEEK in set B at 12 weeks, which was confirmed to be growth
from the base of the implant and was not penetrating from the
outer circumference. Outside the exterior boundary of the scaf-
fold, the bone count is generally higher in the UT scaffolds.
The ongrowth on the UT scaffolds also has a steeper increase
in bone beyond the boundary compared to the PIII treated
scaffolds.

There is a clear difference in the distribution of bone between
UT and PIII treated scaffolds around the exterior boundary of the
scaffolds where there is a greater intensity in the PIII scaffolds.
The greatest ingrowth of bone was observed in the sheep in
group B where the scaffold was implanted for 12 weeks.
Here, the bone has penetrated the scaffold and is observed to fill

Adv. Eng. Mater. 2023, 2201297 2201297 (7 of 10)

the voids of the scaffold. For the PIII scaffold, more bone is con-
centrated around the circumference inside the scaffold, whereas
in the UT case bone was not found in the interior, but only on the
exterior surface immediately adjacent to the scapula.

4. Discussion

This pCT study has shown that for UT scaffolds, there is a greater
quantity of dense new bone adjacent to, but exterior to, the scaf-
fold. For treated scaffolds, the penetration of dense new bone
into the outer edges of the scaffold is greater, although there
is somewhat less new bone immediately outside. The percentage
of bone by volume for both groups A and B is summarized in
Table 1.
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Table 1. Summary of bone fraction, given as a percentage of the total
scaffold volume for groups A and B for all explanted times, for PIlI
treated (PIIl) and UT scaffolds.

Time (weeks) Volume of bone [%]

Group A Group B
Pl uT PIll uTt
8 0.22 0.2 0.25 0.035
10 0.1 0.035
12 0.36 0.16 2.2 0.75
Untreated
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defect. Unfavourable osteoconduction
impedes cells from entering scaffold.

Cells accumulate outside the boundary
of the scaffold. Osteoclasts initiate
remodelling and encourage resorption.

Dense bone has formed around the
boundary. Little mineralisation enters the
internal scaffold volume.
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The presence of bone within a scaffold is important because it
implies that bone has penetrated the pores, improving the overall
mechanical strength of the scaffold.®*>% In a previous study
using 3D printed PEEK implants treated by an identical PIII pro-
cess. Kruse et al.*?! found that PIII treated scaffolds required a
greater torque to liberate them from the surrounding bone.
Given that the implants used for the torque test in the previous
study were not porous, we expect that in the present case the
bone ingrowth into the PIII treated scaffold will result in stronger
osseointegration due to both structural interlocking and covalent
bonding of biological material to the polymer.?>2**”! For a

(4111}

O
Y

@
0—>\ o
® 4

® ® O

Plll treatment of the PEEK encourages
cells to cross the scaffold boundary and
diffuse inwards.

Bone cells surround the boundary but
have diffused deeper into the scaffold.
Remodelling also takes place.

Dense bone has formed around the
boundary, accompanied by more
mineralisation within the internal
scaffold volume.

Figure 10. A schematic illustrating the different responses to UT (left) and PIlI treated (right) PEEK scaffolds.
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connected piece of bone which encloses a porous structure, the
increased penetration and surface area from PIIIP~® create more
available sites for the bone to bind more strongly,* increasing
the resistance to shear forces. The energetic bombardment of the
PEEK surfaces with nitrogen ions increases the surface rough-
ness of the material, by introducing various surface textures, etch-
ing, densification, or through subsurface gas accumulation.’®!
In contrast, the UT scaffolds exhibit a greater bone count on
the exterior of the scaffold.

The use of a customized apparatus, incorporating fiducial
markers to locate the bounds of the scaffold, was required due
to the low contrast between PEEK and soft tissue. This approach
allowed us to quantify the osteoconduction into the internal and
external volumes of the PEEK scaffold. To accurately quantify the
osseointegration as opposed to the osteoconduction, information
regarding the anchorage of the bone and the type of tissue would
have to be obtained.[*”! As the strength of the interface between
implant and bone cannot be measured in pCT, only the osteocon-
duction is assessed. We confirmed that PIII implants have a
greater volume of bone present inside the implant adjacent to
the interface. This bone is likely to have formed a stronger
interface with the surrounding bone.

Regarding the PIII process and the modification of PEEK, the
increased hydrophilicity,'*'*'? the presence of covalent binding
sites, and more favorable chemical properties have improved
the osteoconduction process. Improved conduction leads to a
redistribution of bone mineralization as shown schematically
in Figure 10. The UT scaffold has an accumulation of bone just
outside the outer boundary, while the PIII treatment of the scaf-
fold encourages a greater number of cells to migrate across the
boundary, decreasing their number outside the boundary but
increasing it in the interior. The increase in bone osteoconduc-
tion on PIII treated PEEK surfaces is a likely result of both the
improved hydrophilicity and the increased bioactivity arising
from the formation of covalent linkages enabled by the radicals
from the PIII treatment. The surface analysis has been discussed
previously in Kruse et al.' The remodeling process by osteo-
clasts takes place in both cases, but the increased osteoconduc-
tion is important in generating a greater amount of mineralized
bone in the interior of the PIII treated scaffold.

When comparing the volume of bone and the intensity distri-
bution in HU, for the implants with different explanted times,
there is a decrease in intensity in both the HU distribution
and bone count when comparing the scaffolds explanted at 8
and 10 weeks. It is suggested that a decrease in bone is the result
of bone resorption by osteoclasts.*"*?! The sheep model used in
this study is chosen because of the similarities to humans in
terms of weight, bone and joint structures, and bone regenera-
tion. Sheep have also been shown to demonstrate similar meta-
bolic rates and bone turnover rates to humans, which make them
important for testing bone remodeling in porous scaffolds.****
The remodeling stage of bone turns the softer prebone into more
dense bone produced by osteoblasts, which is accompanied by
the deposition of hydroxyapatite mineral.*"*?

This work developed mounting techniques for improving the
setup during acquisition of pCT data that enabled the challenging
problem of distinguishing PEEK from biologically derived mate-
rials. The results show, by comparing bone count at each explan-
tation time of implanted scaffolds from the animals, that PIII
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treatment provides PEEK with improved osteoconduction prop-
erties, enabling osteogenic bone cells to adhere and mineralize
more successfully within the interior of the scaffold than was the
case for UT implants. The improved osteoconduction results in a
greater cumulative bone count along both the longitudinal and
radial axes of the scaffolds. The comparison of X-ray scattering
power in HU also showed that the bone developed in the PIII
treated scaffolds also had a higher density than the bone in
the UT scaffolds.
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