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1 Introduction

Since the development of the posterior lumbar interbody fusion (PLIF) and anterior
approach for anterior cervical discectomy and fusion (ACDF) [1-4], many different
fusion substrates such as grafts and devices have been explored. This includes auto-
grafts [5], allografts [6], and interbody spacers made from polyether-ether-ketone
(PEEK) [7], porous tantalum [8], and titanium [29]. Autografts used to be the stan-
dard due to their high fusion rate, however, disadvantages associated with them
include donor site morbidity with potential pain and numbness at the donor site [9,
10]. Allografts do not possess the autograft disadvantage of donor site morbidity,
but have been associated with the risk of infection, disease transmission, and issues
with histocompatibility [9]. In addition, a meta-analysis for one- and two-level
ACDF comparing autografts and allografts showed a statistically superior fusion
rate for autografts [6]. However, other studies have found no difference in fusion
rates between autografts and allografts for multi-level ACDFs [11]. PEEK devices
have been found to be the new gold standard for the treatment of lumbar and cervi-
cal disc disease [12, 13], showing similar fusion rates as autografts for PLIF and
ACDF [14-16]. Despite possessing the advantages of radiolucency for radiographic
determination of fusion, this may simultaneously make dislodgement and subsid-
ence difficult to determine for PEEK devices. Another disadvantage of PEEK is that
it is bioinert, which limits incorporation into the fusion mass and the subsequent
implant stability [17-19]. Hence, in order to improve on the PEEK device fusion
rate, stability, bone apposition and anchoring, new porous devices have been devel-
oped such as porous tantalum and titanium [8, 29]. These devices possess similar
stiffness as PEEK, which has a stiffness in the range between cancellous and corti-
cal bone [20, 21], thus avoiding stress shielding.

The concept of changing the material, shape and surface of the implants builds on
the fact that integration of the implant device with the native tissue is dependent on
its interactions with undifferentiated stem cells and osteoblasts [22—-27] and is influ-
enced by its surface properties [28]. These surface properties include topography,
porosity, chemistry, surface energy, and surface charge [22, 28]. Modifications to
optimize the surface properties of implant materials have been performed with the
goal of facilitating new bone growth around and within the surgical area and assimi-
lation with the device [22]. In general, the topographical character of roughness of
titanium is associated with long-term cell adhesion, and surface topography and
chemistry impact proliferation and differentiation [22, 29]. The integration of the
substrate material with the biological environment of the surgical area is enhanced by
higher porosity and larger pore sizes [30], with data from in vivo titanium models of
osteogenesis indicating that pore sizes in the range of 300—400 pm are optimal [30].
Many interbody fusion devices have thus incorporated the concept of porous or
roughened metals using various titanium or tantalum alloys (Titan Spine, Mequon,
WI; Medtronic, Minneapolis, MN; Zimmer, Inc., Warsaw, IN). By using these alloys
in a porous form, the mechanical properties of the devices can approach that of tra-
becular bone, thus avoiding stress shielding [31]. However, common for all of these
devices is the use of the alloy throughout the device. Thus, despite possessing a
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superior osteogenic surface to PEEK, interbody devices made from only porous tita-
nium or tantalum are difficult to image, causing artifacts on radiographs, CT images
and MRI scans hindering perfect assessment of spinal fusion [32-34]. Both PEEK
and titanium fulfill the requirement of biocompatibility in order to prevent host rejec-
tion of implants, device failure, and potential costly and painful revision surgeries
[26, 35-39]. In an attempt to combine only the advantages from both the PEEK and
titanium interbody devices, a novel type of PEEK titanium composite (PTC) inter-
body fusion device has been developed. This device combines a PEEK core with
titanium alloy endplates made from a novel 3-dimensional (3D) titanium mesh to
potentially enable a better bone apposition and ingrowth while enabling imaging of
the fusion site. The endplates are made of the alloy Ti6 Al4V, which has demonstrated
osseointegration within 4-8 weeks following implantation in in vivo studies using
textured implants composed of titanium foam [37], a titanium alloy Ti6Al4V core
with titanium fiber-mesh bonded onto the core [38], or dense versus porous titanium
[39]. However, the Ti6Al4V endplates for the PTC device were constructed to have
anovel D pattern while using a novel manufacturing method.

This chapter will present how the novel PTC interbody devices are manufac-
tured, which applications the PTC technology have currently been applied to, and
how the mechanical properties of the interbody devices that employ the PTC tech-
nology compare to that of standard PEEK devices. In addition, the surface topogra-
phy of the Ti6AI4V endplates will be discussed alongside a presentation of several
in vitro and in vivo studies that have been completed for the PTC technology.
Specifically, two in vitro studies will be presented showing the effect of each of the
structural components (PEEK, Ti6Al4V) on the proliferation and differentiation of
immature and mature osteoblasts. Furthermore, two in vivo studies will illustrate
the effect of the structural components (PEEK, Ti6Al4V) on bone ingrowth/
ongrowth and biocompatibility in a rabbit model, and the effect of a clinical PTC
device in an ovine lumbar fusion model. Lastly, a discussion will summarize the
presented studies and make the case for the PTC technology as a new standard for
interbody devices in spine fusion.

2 Manufacturing and Applications

2.1 Manufacturing

The manufacturing and assembly of the Ti6Al4V endplates for the PTC is novel and
performed in the following manner. First, the material (Ti6Al4V) used for the pro-
duction of the Ti porous raw plate is obtained with the Selective Laser Melting (SLM)
method, an Additive Manufacturing (AM) technique, which is based on the concept
of creating a 3D designed object by means of consolidation of the material layer by
layer until the full part is completed [40]. The SLM process is considered distinct
from traditional machining techniques, which mostly rely on the removal of material
by methods such as cutting or drilling (subtractive processes). The manufacturing
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Fig. 1 Manufacturing details of the PTC technology. (a) Single Ti6Al4V plate post AM process-
ing and thermal treatment but prior to sectioning for final assembly. (b) Illustration of the PTC
three-layered sandwich structure

method is based on laser melting of metallic powder (Ti6Al4V). A solid-state laser is
used as the energy source and a fine Ti6Al4V powder (spherical gas or plasma atom-
ized powder with a grain size lower than 50 pm) as the raw material. The unique 3D
design of the endplate is based on previous investigations into bio-reactivity to vari-
ous designs [41]. Once the AM process, the subsequent proprietary acid etching pro-
cess and thermal treatment are complete, the final product is a single plate (Fig. 1a)
ready for the final manipulations (sectioning) necessary to obtain the final spinal
implant. The final Ti6Al4V plate has a porosity of 50%, 400-pm pore size, and 100%
interconnectivity. The chemical and physical material properties of the final plate are
in agreement with the standards for Ti6Al4V medical devices [42].

Once the Ti6Al4V plate has been sectioned to fit the PTC device, the PEEK core
and the two Ti6Al4V endplates are molded together. To create a secure and consis-
tent bonding between the porous titanium structure and PEEK material, a novel
three layered sandwich structure is used (Fig. 1b). The PEEK/titanium inter-digitation
layer is a layer that combines the two materials together. At this layer, the titanium
has an array of solid dovetail structures. During the injection molding process, mol-
ten PEEK flows into the grooves formed between the dove tails. Between these two
layers (the porous titanium top layer and the PEEK/titanium inter-digitation layer),
there is a thin solid titanium membrane layer that serves as a barrier preventing
PEEK overflow into the porous titanium layer during the injection molding process.
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After the molding, the PEEK material solidifies and forms a strong mechanical
bond between the titanium endplates and the PEEK core.

2.2 PTC Applications

The specific PTC technology incorporating the novel manufacturing of endplates
made of porous Ti6Al4V (Sect. 2.1) was developed by Orthofix, Inc. (Lewisville,
Texas, USA) and has since been applied to several standard spinal fixation interbody
devices available. Specifically, the PTC technology has been applied to a standard
lumbar interbody device (FORZA® PTC Spacer System), a standard cervical inter-
body device (CONSTRUX® Mini PTC Spacer System), and a standalone lumbar
interbody device (PILLAR® SA PTC Spacer System). Figure 2 illustrates the visual
difference between the PTC devices and their standard PEEK device equivalent.

Similar to the standard PEEK interbody devices (Fig. 2b, d, f), the PTC devices
(Fig. 2a, c, e) are also intended to be used with autograft and/or allograft both within
the intended hallow core or surrounding the device. In addition, the PTC devices
have the same indication as the standard PEEK interbody devices (Table 1).

3 Mechanical Properties

3.1 Methods
3.1.1 Testing Setup

To investigate the comparative strength of a PTC interbody device and its equivalent
PEEK device, the CONSTRUX Mini PTC cervical interbody device and the
CONSTRUX Mini PEEK device were tested under axial compression, torsion and
compression-shear loads in accordance with ASTM standard F2077 (Test methods
for intervertebral body fusion devices) [43]. These testing modes are used as an
industrial standard to characterize the mechanical performance of interbody devices
enabling results between various devices to be compared. In accordance with ASTM
F2077, atotal of 12 devices (6 CONSTRUX Mini PTC, 6 CONSTRUX Mini PEEK)
were tested for each testing mode. The size of the implant was chosen to represent
a worst-case scenario, i.e., a scenario where the implant size most prone to failure
under loading was chosen. This was done for both CONSTRUX Mini PTC and
CONSTRUX Mini PEEK. Based on prior analysis for all testing modes (data not
shown) the implant with a foot print of 12 x 12 mm was chosen as the worst case for
both implants while the height was 6 mm and 5 mm for the CONSTRUX Mini PTC
and CONSTRUX Mini PEEK, respectively, as CONSTRUX Mini PTC has no
5 mm offering. Using a 858 MiniBionix hydraulic testing frame (MTC corporation,
Eden Prairie, MN), all tests were performed at room temperature in air per ASTM
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Fig. 2 Current PTC devices using the novel Ti6Al4V endplates and their PEEK equivalents. (a)
FORZA® PTC Spacer System; lumbar. (b) FORZA® PEEK Spacer System; lumbar. (c)
CONSTRUX® Mini PTC Spacer System; cervical. (d) CONSTRUX® Mini PEEK Spacer System;
cervical. (e) PILLAR® SA PTC Spacer System; lumbar standalone. (f) PILLAR® SA PEEK
Spacer System; lumbar standalone
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Table 1 PTC device type, indication, spine location, levels and year it was approved by the FDA

FORZA® PTC Spacer CONSTRUX® Mini PTC | PILLAR® SA PTC
PTC device | System Spacer System Spacer System
Device type | Standard Standard Stand alone

(fixation)
Indication | Spinal fusion procedures at | Spinal fusion procedures | Spinal fusion

one or two contiguous levels | at one or two contiguous | procedures at one or
in skeletally mature patients | levels in skeletally mature | two contiguous levels

with degenerative disc patients with DDD in skeletally mature
disease (DDD) patients with DDD

Spine Lumbar Cervical Lumbar

location

Levels L2-S1 C2-T1 L2-S1

Year 2015 2012 2016

approved by

the FDA

F2077. The devices were placed between two stainless steel test blocks with pockets
matching the outer geometry of the implant (Fig. 3a, b). The pockets provided exact
positioning and alignment of the devices to the applied load during testing. Figure 3b
shows the cross sectional view of this set up. The depth of the pocket was designed
so that the interface between the porous plate and the PEEK was fully exposed to
the stress caused by the external loading (Fig. 3b). The test setup was identical
between for the two interbody devices.

For axial compression and torsion test, an axial or torsion load was applied to the
sample in a displacement-controlled fashion (0.2 mm/s for axial load and 1°/s for
torsion load) until device failure. For compression-shear testing, the devices were
oriented in a 45-degree anterior-posterior orientation relative to the loading direc-
tion. A displacement controlled shear load (0.2 mm/s) was applied until device fail-
ure. The yield load (2% strain offset from initial yield per ASTM F2077) was
recorded for all tests and normalized to the yield load of the CONSTRUX Mini
PEEK device.

3.1.2 Statistical Analysis

The means and standard deviations for the different yield loads were calculated and
normalized to the PEEK device for the particular testing method. Statistical differ-
ences were determined by unpaired two-tailed t tests with a significance level of
P <0.05. Differences between yield loads between the PEEK and PTC devices were
assessed.
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Fig. 3 Mechanical characterization of the CONSTRUX Mini PTC device relative to its PEEK
equivalent. (a) Mechanical testing grip setup used for compression, torsion loads. Compression-
shear loads were achieved by orienting the grip setup in a 45-degrees anterior-posterior orientation
relative to the loading direction. (b) Cross sectional view of grip setup illustrating device pocket.
(c) Yield load comparison between CONSTRUX Mini PEEK and CONSTRUX Mini PTC for
static compression, torsion and compression-shear tests. Yield loads were normalized to the yield
load of the CONSTRUX Mini PEEK device for each test. Statistical significance is indicated for
PEEK vs. PTC comparison (*P < 0.05)

3.2 Results

Figure 3C shows the comparison of the normalized yield loads for axial compres-
sion, torsion and compression-shear loading conditions between the CONSTRUX
Mini PEEK and CONSTRUX Mini PTC devices. Specifically it is seen that the PTC
device has a 58%, 264% and 173% higher yield loads than the PEEK device for
axial compression, torsion and compression-shear loading, respectively. These dif-
ferences were all statistically significant.
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4 Surface Topographic Characterization

As part of the manufacturing process (Sect. 2.1) the Ti6Al4V endplates also undergo
a proprietary acid etching process which generates a micro- and nano-scale surface
texture to the individual struts within the porous endplates. Manipulation of the
surface at a micro- or nano-scale can alter the Ti6Al4V surface roughness [44]
which in turn has been shown to make the local osteogenic environment more favor-
able [45, 46]. To examine the Ti6Al4V surface topography, the micro-roughness of
a typical PTC endplate single strut of the porous titanium plate was examined. In
addition, an examination of the PEEK titanium inter-digestion layer was done to
investigate the interface between the PEEK core and the Ti6Al4V endplates. Finally,
the PTC endplate struts were examined for the presence of nano-scale structures.
The information presented on the PTC endplate surface topography examinations
has previously been presented in part as an abstract at a scientific conference [47].

4.1 Methods

For the examination, a single PTC interbody spacer was used (FORZA PTC Spacer
System). The surface morphology and the micro-roughness of one single strut of the
porous Ti6Al4V PTC endplate were investigated using atomic force microscopy
(AFM) on a Park XE 70 AFM system using contact mode. AFM measures the sam-
ple surface structure using atomic force between the tip and sample via a probe
directly interacting with a sample surface. The probe tip is made from SiO, mounted
onto a cantilever. A probe motion sensor senses the spacing between the tip apex
and the sample and provides a correction signal to control the piezoelectric scanner
movement. Near-field forces between the tip and sample were detected by a laser
beam deflection system. Surface Roughness including (1) Peak to Valley Roughness
(Rpv), (2) Root Mean Square Roughness (Rq), (3) Roughness Average (Ra) and (4)
Ten Points Roughness Average (Rz) were obtained using an XEI Image Processing
Program for SPM data.

The PEEK titanium inter-digestion layer was examined using scanning electron
microscopy (SEM) on a Hitachi S-3000N Variable Pressure Scanning Electron
Microscope. Secondary electron (SE) imaging was used to characterize the surface
morphology of the porous Ti6Al4V structure in a high-vacuum mode. Back scat-
tered electron (BSE) imaging of the PTC implant (side view) was used to study the
interface structure between the Ti6Al4V structure and PEEK in a low vacuum mode
(30 Pa). An accelerating voltage of 25 kV was used for the SEM studies.

The nanostructure on the surface of one single strut of the porous Ti6Al4V PTC
endplate was examined using high-resolution SEM in a Hitachi S-4800 field-
emission SEM microscope from the top view direction. For SE imaging, an accel-
erating voltage of 5 kV and 20 kV were used to characterize the nanostructure.
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Fig. 4 3D AFM images of Ti6Al4V strut of the PTC device taken from the (a) convex and (b)
concave regions

Table 2 Surface roughness examination of a single strut of the porous Ti6Al4V PTC endplate.
Seven locations were examined for Peak to Valley Roughness (Rpv), Root Mean Square Roughness
(Rq), Roughness Average (Ra) and Ten Points Roughness Average (Rz)

Area Rpv (pm) Rq (pm) Ra (pm) Rz (pm)
#1 7.793 1.194 0.954 7.288
#2 8.645 1.854 1.427 8.632
#3 7.012 1.074 0.87 5.884
#4 9.051 2.39 1.904 9.041
#5 6.952 2.013 1.717 6.937
#6 8.118 2.35 2.082 8.102
#7 7.229 1.484 1.179 7.117
Avg. 7.829 1.766 1.448 7.572
St.Dev. 0.821 0.530 0.471 1.088

4.2 Results

Figure 4 presents two typical 3D AFM images taken from two distinct locations
showing the morphology of the convex and concave region on the surface of a single
strut (Fig. 4a, b, respectively). Seven areas on the surface from the single strut were
examined. The micro-roughness measurements over these areas showed that the
measured average Peak to Valley Roughness (R,,) is about 7.83 um, the average
Root Mean Square Roughness (R,) is about 1.77 pm, the Roughness Average (R,) is
about 1.45 pm and the Ten Points Roughness Average (R,) is 7.57 pm (Table 2).
SEM images of the PTC device from the top view direction obtained at a low
magnification (25x) for an overview presented a very well defined structure
(Fig. 5a), while the SEM images obtained at a large magnification (3000x) presents
a well determined honeycomb like porous structure on the surface (Fig. 5d). SEM
images from the side view along both X and Y directions shown in Fig. 5a revealed
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PEEK 100 um

Fig. 5 SEM images of Ti6Al4V strut of the PTC device viewed from (A) the top and the side
along direction (B) X and (C)Y; (D) a typical magnified SEM from the top view; (E) and (F) SEM
images of the interface between Ti and PEEK along the Y and X direction, respectively

a well jointed interface between the Ti6Al4V endplate and the PEEK core of the
PTC device (Fig. 5b, c, e, f).

High resolution SEM examinations showed the formation of nanostructures on
the surface of the Ti6Al4V strut. Nano particles/features with a size of ~40 nm were
observed in the rough regions of the surface (Fig. 6a), while nano pores with a size
<10 nm were observed in the flat regions of the strut (Fig. 6b).
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Fig. 6 Examples of high resolution SEM images of Ti6Al4V strut of the PTC device at various
magnifications. (a) x100,000 and (b) x350,000

5 In Vitro Studies

In order to examine the effect of each of the structural components (PEEK, Ti6Al4V)
on the proliferation and differentiation of the cells associated with building a solid
fusion, the cellular responses of SAOS2 and MG63 cells (mature and immature
osteoblasts, respectively) to the PTC components were examined. The cell lines
were chosen to provide a larger phenotypical range to be examined, thereby enabling
pre-osteoblast attachments to the endplates to be examined too. Specifically, the
examinations were done on various individual substrates including the Ti6Al4V
PTC endplate (Ti 3D), a planar Ti6Al4V surface (Ti 2D), and PEEK. The informa-
tion presented on the immature osteoblast cell line (MG63) has previously been
presented in part as an abstract at a scientific conference [48].

5.1 Characterization of Ti 2D and 3D Substrates
with SAOS2 Cells

5.1.1 Methods
Substrates

Two different types of Ti6Al4V substrates were prepared. The first substrate (2D
reference substrate, Ti 2D substrate) was made as a planar surface (disk with
d = 12.7 mm, Mean Surface Roughness (Ra) ~ 12 =2 pm, See Fig. 7a). The second
substrate (Ti 3D substrate) was similar to the PTC device endplates (similar topog-
raphy, pore size, porosity, and material, See Fig. 7b). It was made as a 3D architec-
ture with struts having an average diameter of 0.60 mm and macroporosity obtained
with holes among the struts having diameter between 0.35 and 0.60 mm. Specifically,
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Fig.7 SEM images of Ti6Al4V substrates. (a) Ti6Al4V 2D substrate and (b) Ti6Al4V 3D porous
substrate (PTC endplate) used for in vitro characterization of SAOS2 cells

the structure had 50% porosity, 400-um pore size, and 100% interconnectivity. The
Ti 3D substrate (Fig. 7b) was manufactured so the surface on the struts appeared
similar to the surface of the Ti 2D substrate.

Cells

The human osteosarcoma cell line SAOS2 (HTB85® ATCC™) was obtained from
the American Type Culture Collection (Rockville, MD). For SAOS?2 biocompatibil-
ity assays, the cells were cultured in McCoy’s SA modified medium with 1.5 mM
l-glutamine and 25 mM HEPES (Cambrex Bio Science, Baltimore, MD), supple-
mented with 15% fetal bovine serum, 1 mM sodium pyruvate, 100 IU/mL penicil-
lin, and 100 mg/mL streptomycin (proliferative medium). For SAOS2 complete
differentiation to osteoblasts, 108 M dexamethasone, and 10 mM b-glycerophosphate
(Sigma-Aldrich, Milwaukee, WI) were added. Ascorbic acid, another osteogenic
supplement, is present as a component of McCoy’s SA modified medium (2.84 uM).
The cells were cultured at 37 °C with 5% CO,, routinely trypsinized after conflu-
ency, counted, and seeded onto the substrates.

Cell Seeding and Culture

The Ti substrates were sterilized with ethylene oxide at 38 °C for 8 h at 65% relative
humidity. After 24 h of aeration to remove residual ethylene oxide, the substrates
were placed inside a standard 24-well plate and were washed first with sterile dis-
tilled water, then with 0.9% NaCl sterile solution, and finally with culture medium.
To ensure a maximum number of attached cells for substrates, a cell suspension of
6 x 10° cells was added in two steps onto the top of each substrate and, after 0.5 h,
1 mL of culture medium was added to cover the substrates. For biocompatibility
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Fig. 8 Evaluation of SAOS2 cell viability and morphology on Ti 2D and 3D substrates. (a) MTT
assay for cell viability using proliferative medium. (b) Cell morphology at 1 and 7 days of cell
culture in proliferative medium. Scale bar in images is 100 pm

assays, the SAOS2 experiments were performed for 7 days in proliferative medium
whereas the other parts of the SAOS2 experiment were conducted for 14 days in
differentiative medium. The culture medium was changed every 3 days.

Evaluation of Cell Viability and Morphology on Ti Substrates

To evaluate the mitochondrial activity of the seeded cells, i.e., the cell viability on
the Ti substrates, a test with 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) (Sigma-Aldrich) was performed for the indicated times in prolif-
erative medium (25, 95 and 170 min following seeding on substrates, Fig. 8a).
Briefly, the culture medium was replaced by a 0.5 mg/mL solution of MTT in
phosphate-buffered saline (PBS) and the cell cultures were incubated for 4 h. After
removing the MTT solution, to solubilize the formazan bi-products, 500 pL of
dimethyl sulphoxide (Sigma-Aldrich) were added, and the well plate containing the
cultured Ti substrates was agitated for 20 min on a shaker. Aliquots of 200 pL were
sampled, and the related absorbance values were measured at 570 nm by a micro-
plate reader (BioRad Laboratories, Hercules, CA). In addition, cell morphology was
investigated by SEM at days 1 and 7 (Fig. 8b).

Rabbit Polyclonal Antisera and Purified Proteins

A set of rabbit polyclonal antisera and purified proteins were obtained as previously
reported [49].
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Extraction of ECM Proteins from the Cultured Substrates and ELISA

On day 14, to evaluate the amount of the ECM constituents throughout the sub-
strates surfaces, both the Ti substrates (2D and 3D) were washed with sterile PBS to
remove the culture medium, and then incubated for 24 h at 37 °C with 1 mL of
sterile sample buffer (20 mM Tris—HCl, 4 M GuHCI, 10 mM ethylenediaminetet-
raacetic acid, 0.066% [w/v] sodium dodecyl sulfate, pH 8.0). The sample buffer
aliquots were removed, and then both types of Ti substrates (after 14 days of culture
incubation) were centrifuged at 4000 rpm for 15 min to collect the sample buffer
entrapped in the pores. The total protein concentration in both culture systems was
evaluated by the BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL).
After matrix extraction, the substrates were incubated, once again, for 24 h at 37 °C
with 1 mL of sterile sample buffer, and no protein content was further detected.
Calibration curves to measure type-I collagen, osteopontin, osteocalcin, and alka-
line phosphatase (ALP) were performed. Microtiter wells were coated with increas-
ing concentrations of each purified protein, from 10 to 2 pg, in a coating buffer
(50 mM Na,CO;, pH 9.5) overnight at 4 °C. Control wells were coated with bovine
serum albumin (BSA) as a negative control. To measure the ECM amount of each
protein by an enzyme-linked immunosorbent assay (ELISA), microtiter wells were
coated, overnight at 4 °C, with 100 pL of the previously extracted ECM (20 pg/mL
in coating buffer). After three washes with PBS containing 0.1% (v/v) Tween 20, the
wells were blocked by incubating with 200 pL of PBS containing 2% (w/v) BSA for
2 hat 22 °C. The wells were subsequently incubated for 1.5 h at 22 °C with 100 pL
of the anti-type-I collagen, anti-osteopontin, anti-osteocalcin, and anti-ALP rabbit
polyclonal antisera (1:500 dilution in 1% BSA). After washing, the wells were incu-
bated for 1 h at 22 °C with 100 pL of horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (1:1000 dilution in 1% BSA). The wells were finally incubated with
100 pL of the development solution (phosphate-citrate buffer with o-
phenylenediamine dihydrochloride substrate). The color reaction was stopped with
100 pL of 0.5 M H,SO,, and the absorbance values were measured at 490 nm with
a microplate reader (BioRad Laboratories). An underestimation of the absolute pro-
tein deposition is possible because the sample buffer, used for matrix extraction,
contained sodium dodecyl sulfate, which may interfere with the protein adsorption
during ELISA. The amount of ECM constituents throughout the Ti substrates was
expressed as pg/(cells/substrates).

Indirect Immunofluorescence Staining

At the end of the culture period, the Ti substrates were fixed with 4% (w/v) parafor-
maldehyde solution in 0.1 M phosphate buffer (pH 7.4) for 8 h at room temperature
and washed with PBS three times for 15 min. The substrates were then blocked by
incubating with PBS-Albumin-Tween, PAT (PBS containing 1% [w/v] BSA and
0.02% [v/v] Tween 20) for 2 h at room temperature and washed. Anti-type-I colla-
gen and anti-osteopontin rabbit polyclonal antisera were used as the primary
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antibody with a dilution equal to 1:500 in PAT. The same dilution was performed
with anti-FN rabbit polyclonal IgG. Incubation with the primary antibodies was
made overnight at 48 °C, whereas the negative controls were incubated overnight at
4 °C with PAT. The substrates and the negative controls were washed and incubated
with Alexa Fluor 488 goat anti-rabbit IgG (HpL) (Molecular Probes) at a dilution of
1:750 in PAT for 1 h at room temperature. At the end of the incubation, the sub-
strates were washed in PBS, counterstained with a solution of propidium iodide
(2 pg/mL) to target the cellular nuclei, and then washed. The images were taken by
blue excitation (bandpass, 450—-480 nm; dichromatic mirror, DM500; barrier filter,
BAS515) with a fluorescence microscope (BX51; Olympus, Tokyo, Japan) equipped
with a digital image capture system (Olympus) at 20x magnification. The fluores-
cence background of the negative controls was negligible.

ALP Activity

ALP activity was determined using a colorimetric end point assay as previously
described [50]. Briefly, an aliquot (1 mL) of 0.3 M p-nitrophenyl phosphate (PNPP,
dissolved in glycine buffer, pH 10.5) was added to each substrate at 37 °C. After
incubation, the reaction was stopped by the addition of 100 mL 5 M NaOH. Standards
of PNPP in concentrations ranging from 0 to 50 mM were freshly prepared from
dilutions of a 500 mM stock solution and incubated for 10 min with 7 U of ALP
(Sigma-Aldrich) previously dissolved in 500 mL of ddH,O. The absorbance reading
was performed at 405 nm with a microplate reader (BioRad Laboratories) using
100 mL of standard or sample placed into individual wells of a 96-well plate.
Samples were run in triplicate and compared against a calibration curve of
p-nitrophenol standards. The enzyme activity was expressed as nanomoles of p-
nitrophenol produced per minute per milligram of enzyme.

Statistical Analysis

A total of 30 Ti porous substrates were used for each repeated experiment (15 Ti 2D
substrates and 15 Ti 3D substrates). Each experiment was repeated three times.
Results are expressed as the mean + standard deviation. Statistical differences were
determined by unpaired two-tailed t tests with a significance level of P < 0.05.
5.1.2 Results

SAOS2 Cell Viability and Morphology

To evaluate the cell viability on Ti 2D and Ti 3D substrates during the culture period,

a MTT test was performed (Fig. 8a). Interestingly, a higher cell attachment and
proliferation was observed for the Ti 3D porous substrate relative to the Ti 2D
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Fig. 9 Immunolocalization of type-I collagen (a, ¢) and osteopontin (b, d) on Ti 2D and Ti 3D
substrates cultured with SAOS2 cells. Images captured at 20x magnification

substrate (Fig. 8a). SAOS2 cell morphology cultured on the Ti 2D and Ti 3D
substrates was viewed by SEM (Fig. 8b). Representative images of 1 and 7 days of
cell culture in proliferative medium shows adherence of cells to the surface of both
types of substrates (Fig. 8b). In particular, the cells more homogeneously covered
the surface and spanned to the neighboring fibers on the Ti 3D porous substrates
than they did on Ti 2D substrate at 7 days (Fig. 8b). In general, more cells were
observed on Ti 3D porous substrates relative to Ti 2D substrates at both incubation
time points, confirming the MTT test. At higher magnification, no significant differ-
ences in cell morphology were observed on both types of substrates.

Characterization of the Bone Matrix Deposition

The total protein concentration was detected after 14 days of culture in differentia-
tive medium. For the Ti 2D substrate, it was reported to be 412 + 0.5 pg/mL and for
the Ti 3D porous substrates, the protein content was 536 + 1.1 pg/mL, respectively.
To evaluate the effect of the substrate type to osseointegration and bone matrix
deposition, SAOS2 cells were seeded on both types of substrates and cultivated for
14 days in a differentiative medium. At the end of cell culture, cell viability per-
formed with MTT tests was higher on Ti 3D than on Ti 2D substrates (data not
presented). Furthermore, the immunolocalization of type-I collagen (Fig. 9a, c),
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Table 3 Normalized amount of the extracellular matrix constituents secreted and deposited
throughout the substrates (* P < 0.05 for the comparison between the Ti 3D and Ti 2D substrates)

Matrix proteins deposition after 14 days of SAOS2 cell culture in

osteogenic medium expressed as pg/(cell/substrate)

Ti 2D Ti 3D Ratio Ti

3D/ 2D

Alkaline 4.08 = 0.023 6.80 £0.014* | 1.41
Phosphatase
Osteocalcin 3.03 £0.021 490 +0.010% | 1.62
Osteopontin 5.06 = 0.021 7.06 £0.013* | 1.40
Type I collagen | 60.20 = 0.022 76.00 £0.011* | 1.30

and osteopontin (Fig. 9b, d) showed a slightly more intense green fluorescence on
the Ti 3D porous substrates than on the Ti 2D substrates (Fig. 9).

The ECM extraction that was done to evaluate the amount of the ECM constitu-
ents produced throughout both types of Ti substrates showed a significantly higher
deposition of bone proteins throughout the Ti 3D porous substrates in comparison
with the culture on the Ti 2D substrates (P < 0.05) (Table 3). These data are in accor-
dance with the immunofluorescence analysis performed on Ti 2D substrates and Ti
3D porous substrates (Fig. 9).

Specifically, a 41%, 62%, 40% and 30% enhancement of ALP, osteocalcin,
osteopontin, and type-I collagen protein deposition was observed for the Ti 3D
porous substrate relative to the Ti 2D substrate, respectively (Table 3). The enhance-
ment of protein deposition was observed for ALP, which was 1.41 times greater for
the Ti 3D porous substrate when compared with the Ti 2D substrate (Table 3). The
ALP activity was measured on both types of substrates at the end of the culture
period: the level of the ALP activity was significantly higher on the Ti 3D porous
substrates (460 nmol/min/mg protein) than on Ti 2D substrate (280 nmol/min/mg
protein) (P < 0.05).

5.2 Characterization of Ti 3D and PEEK Substrates
with Human MG63 Cells

5.2.1 Methods

Substrates

Two different types of substrates were prepared. Similar to the 3D porous substrate
for the SAOS2 in vitro experiment (Sect. 5.1), the primary substrate (Ti 3D sub-

strate) was similar to the PTC endplates (similar topography, pore size, porosity,
and material). The secondary substrate was a solid, smooth PEEK surface similar to
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that used for the standard PEEK interbody spacers and for the core portion of the
PTC devices (Sect. 2.2). The outer dimensions of each substrate were 19.05 mm
(length), 19.05 mm (width), and 3.18 mm (height). The substrates were sterilized
using an autoclave before their use in cell culture experiments. Control surfaces
were standard tissue culture wells made from polystyrene (TCPS).

Cells and Assays

Human MG63 cells (ATCC; Manassas, VA) were thawed and cultured to confluence
in standard tissue culture—treated flasks. At confluence, cells were passaged using
trypsin and plated onto the PTC porous substrate, PEEK substrate, or TCPS sur-
faces. Density of plating was 3.24 x 10* cells per sample with the addition of 2 mL
of cell culture media to each well (Dulbecco’s modified Eagle’s medium +10% fetal
bovine serum +1% penicillin/streptomycin). Because of constraints in material
availability, the PTC and PEEK substrates (with their respective individual TCPS
controls) were plated at separate times. Seeding occurred for eight wells for each
group. Media was changed 24 h after cell seeding and every 48 h thereafter for the
duration of the study. Cells were cultured on the respective substrates for 7 days or
until cells reached confluence on the TCPS control surface, after which conditioned
media from each group was harvested in 15 mL centrifuge tubes and frozen at
—80 °C for subsequent analysis.

After collection and thawing of the conditioned media, secreted levels of BMP-
2, BMP-4, BMP-7, TGF-f1, and VEGF-A were determined by an ELISA using
commercially available kits per the manufacturer’s instructions (DuoSet ELISA
Development Systems, R&D Systems, Minneapolis, MN). Secreted levels of osteo-
calcin were also determined by ELISA (Osteocalcin Human Direct ELISA Kit, Life
Technologies, Carlsbad, CA) following the manufacturer’s instructions. Total pro-
tein levels in the cell lysate were determined for normalization of secreted protein
levels (Pierce BCA Protein Assay). Ratios for the levels of each secreted protein (pg
growth factor/pg total protein) on the respective substrates were calculated.
Substrate/control ratios were calculated from the ratio between each individual
substrate sample secretion level and the total average of the associated control
(TCPS) secretion level.

Statistical Analysis

Means and standard deviations (SDs) for normalized protein secretion levels were
calculated. Statistical differences between substrate and control secretion levels,
and between PTC and PEEK substrate/control ratios, were determined by unpaired
two-tailed  tests with a significance level of P < 0.05. All results are presented as
mean + SD.
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Fig. 10 Substrate/control (TCPS) ratios for the expression of growth factors on either Ti 3D sub-
strates or PEEK substrates at Day 7. Top row: BMP-2, BMP-4, and BMP-7 (growth factors
involved in osteogenesis); bottom row: osteocalcin, TGF-f1, and VEGF-A (growth factors
involved in osteoblast differentiation and maturation). Statistical significance is indicated for
Substrate/Control Ratio comparisons (*P < 0.05, TP < 0.001) and substrate vs. associated control
(TCPS) comparisons (O P <0.01, A P <0.001)

5.2.2 Results
Comparisons of Secretions from Ti/PEEK Substrate Versus Control Surfaces

Secretions from cells grown on Ti and PEEK substrates, compared with TCPS con-
trol values, are presented in Fig. 10. Levels of the osteogenic growth factors BMP-2
and BMP-4 were significantly increased from cells plated onto both Ti 3D and
PEEK substrates (all P < 0.01). Levels of BMP-7 secretion were significantly higher
in cells plated on the Ti 3D substrate (P < 0.001), but not the PEEK substrate
(P = 0.49), compared with TCPS controls. The secretion of markers of osteoblast
differentiation and maturation was also examined (Fig. 10). Levels of osteocalcin
and VEGF-A were significantly increased in cells plated onto both Ti 3D and PEEK
substrates compared to TCPS controls (all P < 0.01). Levels of TGF-B1 secretion
from cells plated on the Ti 3D substrate, but not the PEEK surface, were also signifi-
cantly increased compared with controls (P < 0.01 vs. P = 0.14, respectively).
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Comparisons of Secretions from Ti 3D Versus PEEK Surfaces

The substrate/control ratios for each of the osteogenic growth factors measured are
presented in Fig. 10. Increases in ratios for BMP-2, BMP-4, and BMP-7 (2.3-, 2.1-
and 2.6-fold, respectively) were significantly greater (P <0.001, P=0.04, P < 0.001,
respectively) for the Ti 3D substrate than the PEEK substrate, suggesting an
enhanced osteogenic response for the Ti 3D porous substrate. Figure 10 presents
substrate/control ratio data for each of the growth factors associated with osteoblast
differentiation and maturation. The increase in the respective substrate/control
ratios was significantly greater for the Ti 3D substrate than the PEEK substrate for
osteocalcin (2.3-fold, P < 0.001), TGF-B1 (8.2-fold, P = 0.007), and VEGF-A (2.5-
fold, P < 0.001).

6 In Vivo Animal Studies

Based on the in vitro evidence that the PTC endplate leads to an increased osteo-
genic environment (Sect. 5) an in vivo examination of the components of the PEEK
and PTC devices was performed in a rabbit model. This was done to determine bone
ingrowth capability into the pores of the PTC endplate and to examine biocompat-
ibility of the PTC components. Lastly, an in vivo large animal (ovine) study was
performed to examine the fusion capability of a full clinical PTC device. This large
animal study would furthermore give insight into how the PTC device differentiated
itself from a standard PEEK interbody device with respect to fusion quality and
fusion mass generation. The information presented on the two animal models have
previously been presented in part as abstracts at scientific conferences [51, 52].

6.1 Characterization of Ti 3D and PEEK Substrates
in a Rabbit Animal Model

6.1.1 Methods
Substrates for Implantation

The implants used for this in vivo experiment were 3.3-mm cylindrical rods
(3.1-mm diameter) made of either Ti6Al4V (porous substrate, with 50% poros-
ity, 400-pm pore size, and 100% interconnectivity) or PEEK (solid, smooth
surface) which were similar in properties to the endplates and PEEK core of the
PTC interbody devices (Sect. 2.2), respectively. Similar to the 3D porous sub-
strate used for both in vitro experiments (Sect. 5), the Ti6Al4V implant is refer-
enced as the Ti 3D substrate.



448 E. I. Waldorff et al.

Animals

A total of 13 New Zealand white rabbits >9 months of age were evaluated in this
study. The local Institutional Animal Care and Use Committee (IACUC) of T3Labs
(380 Northyards Blvd NW, Atlanta, GA 30313) reviewed and approved this study
(study code: OF01B). Per the approved protocol, animals were handled and main-
tained in accordance with the requirement of the Animal Welfare Act and its amend-
ments [53]; procedures conformed to standards of the Guide for the Care and Use
of Laboratory Animals [54]. Animals were observed at least once daily.

Surgery

Animals were assigned to 1 of 6 cohorts: 1) baseline, Ti 3D substrate (n = 2); 2)
4-week, Ti 3D substrate (n = 2); 3) 8-week, Ti 3D substrate (n = 2); 4) baseline,
PEEK substrate (n = 3); 5) 4-week, PEEK substrate (n = 2); and 6) 8-week, PEEK
substrate (n = 2). Each animal was scheduled to receive 4 implants of similar mate-
rial, resulting in 2 implants per leg. Due to surgical complications, 2 of the baseline
animals (PEEK group) only received implants unilaterally. Thus, the total number
of inserted substrates was 8 for each time point and implant material combination
(i.e., a total of 24 Ti 3D and 24 PEEK substrates). On the day of implantation,
sedated animals were incised on the medial side of the tibia and fasciae were dis-
sected. The right and left tibia of each rabbit was used. Drill bits (diameter, 2.5—
3.1 mm) were used to predrill holes with saline irrigation. A proximal hole was
placed 3 mm distal to the epiphysial growth plate; a distal hole was placed approxi-
mately 10 mm distal to the proximal hole, but within the metaphyseal region. Holes
were sized to ensure that substrates were flush with the periosteal surface. Substrates
were inserted using the press-fit technique, oriented perpendicularly to the long axis
of the bone. Incisions were sutured in 2 layers and bandaged; correct substrate posi-
tioning was confirmed radiographically.

Assessment

Animals were euthanized at protocol-directed time points. Bilateral tibias were har-
vested and immersed in 10% neutral buffered formalin and sent for histological,
morphometric, and microscopic analysis (Alizée Pathology LLC, Thurmont, MD,
USA). Implant sites were embedded in methylmethacrylate and sectioned longitu-
dinally, achieving the largest possible cross section of the implants in order to avoid
a false high ingrowth percentage. A single section from each specimen, which
included the center axial cut of two implants, was chosen for bone ingrowth evalu-
ation. Unstained slides were etched and stained with hematoxylin and eosin. Tibial
Ti 3D porous substrates (proximal and distal) were evaluated for bone ingrowth into
the top cortical interface of the implant area. This region of interest was defined as
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the area within 1000 pm from the “top” surface of the substrate. Only substrates for
which this region of interest was within the cortical region were included. In addi-
tion, bone apposition for the cortical region was determined for both PEEK and Ti
3D substrates. Quantification of bone apposition was done by evaluating the percent
outer surface length in direct contact with bone. Histomorphometry was performed
using Image-Pro® Plus software (Media Cybernetics, Rockville, MD, USA).
Pathological evaluation of wound healing on each slide for both Ti 3D and PEEK
substrates was conducted by a veterinarian. Per ISO 10993 (Biological evaluation of
medical devices) scoring for inflammation, polymorphonuclear cells, lymphocytes,
plasma cells, macrophages, and foreign body giant cells were assessed using a scale
from 0 to 4 (0 = none; 1 = 1-5 per 400x field; 2 = 6-15 per 400x field; 3 = 16-25
per 400x field; 4 = >26 per 400x field). Necrosis was assessed as absent (0), mini-
mal (1), mild (2), moderate (3), or severe (4). Fibrous capsule formation was
assessed as absent (0), narrow (1), moderately thick (2), thick (3), or extensive (4).
The total irritancy score was calculated as ([inflammation + necrosis] x 2 + fibrous
capsule formation) for one slide for each implant. Irritant status was assessed as
nonirritant (0.0-2.9), slight irritant (3.0-8.9), moderate irritant (9.0-15.0), and
severe irritant (>15.0). Specimens where nondevice-related inflammation and tissue
irritation presented were not included in the pathological evaluation. In total, the
following group sizes were evaluated: baseline/Ti 3D, n = 8; 4-weeks/Ti 3D, n = &;
8-weeks/Ti 3D, n = 8; baseline/PEEK, n = 8; 4-weeks/PEEK, n = 6; and 8-weeks/
PEEK, n = 8.

Statistical Analysis

The means and standard deviations for bone ingrowth, bone apposition and irritancy
scores were calculated. Statistical differences were determined by unpaired two-
tailed t tests with a significance level of P < 0.05. Differences between baseline and
week 8 values for bone ingrowth and apposition for Ti 3D substrates and differences
in irritancy scores between Ti 3D and PEEK substrates were assessed.

6.1.2 Results
Bone Apposition and Ingrowth in the Cortical Region

No ingrowth data were calculated for the week-4 group because the majority of the
Ti 3D substrates were below the cortical surface. This resulted in the following
implant group sizes: baseline, n = 8; 8-weeks, n = 8. At week 8, the Ti 3D substrate
showed significant ingrowth of bone within the top cortical interface relative to
baseline (36.5% vs 0%, respectively, P < 0.001). Bone apposition in the cortical
region at 4 and 8 weeks was found to be similar between the PEEK and Ti 3D sub-
strates (19.6% vs. 16.3% and 29.4% vs. 35.6%, respectively).
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Fig. 11 Pathological irritancy score evaluation of rabbit tibial implants made from poly-ether-
ether-ketone (PEEK) and 3D porous Ti6Al4V. Scores were derived for the entire implant evalua-
tion. Classification of scoring (per ISO 10993): nonirritant (0.0-2.9), slight irritant (3.0-8.9),
moderate irritant (9.0-15.0), and severe irritant (>15.0). Statistical significance is indicated for
Baseline vs. time point (*P < 0.05)

Biocompatibility and Irritancy

Both Ti 3D and PEEK substrates had nonexistent or minimal inflammatory response
along their surfaces (Fig. 11). The Ti 3D porous substrate showed no inflammation
at 4 or 8 weeks (Fig. 11). Because of the low severity of inflammatory infiltrate
around some of the PEEK substrates and the concurrent and confounding observa-
tion of normal hematopoiesis in the adjacent bone marrow, infiltrates could not be
ascribed to a reactive inflammatory process to the implant; under these conditions,
both substrates were considered to be nonirritant. There were no differences
observed between Ti 3D and PEEK substrates in irritancy scores at any time point.
There was no change in irritancy scores across time for the Ti 3D substrate. There
was a slight but significant increase in total irritancy score from baseline to weeks 4
and 8 (both P = 0.01) for PEEK substrates, although PEEK was still considered a
nonirritant (Fig. 11). Both substrates showed a slight fibrous capsule formation
along their surfaces. There was no evidence of sequestration in any group.

6.2 Evaluation of a PTC Interbody Device in an Ovine
Lumbar Fusion Model

6.2.1 Methods
Animals, Devices and Surgery
All animal procedures were performed at an accredited hospital for veterinary

medicine (Colorado State University, Fort Collins, CO) under a protocol approved
by the local Institutional Animal Care and Use Committee (study code: SRL 15-08).
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Per the approved protocol animals were handled and maintained in accordance
with the requirement of the Animal Welfare Act and its amendments [53]; proce-
dures conformed to standards of the Guide for the Care and Use of Laboratory
Animals [54].

Thirty-four (34) mature female sheep (weighing 65-103 kg and all 3+ years of
age) underwent instrumented interbody fusion at L2-L.3 and L4-L5, with each ani-
mal having one level treated with FORZA PTC (Fig. 2a) and the other with FORZA
PEEK (Fig. 2b) using a left lateral retroperitoneal approach (Fig. 12). The location
(L2-L3 or L4-L5) was randomized between each animal. For supplemental fixation,
the Orthofix FIREBIRD® pedicle screw system was used (4.5 x 30 mm polyaxial
screws, 5 mm rod). The graft window of the interbody cages was filled with an iliac
crest autograft harvested during device implantation.

The implants had similar size with a footprint of 9 mm x 23 mm x 7 mm (width
x length x height), O degrees of lordosis, and a 0.3 cc central opening. Eight (8)
animals were sacrificed at each time point, which included baseline, 8, 12 and
16 weeks post-surgery. Baseline (0 weeks) animals were done using fresh cadavers
from another study.

Assessments

Post sacrifice, animal spines were carefully dissected and separated into each
functional spine unit (FSU, i.e., L2-3 and L4-5, Fig. 12b). Each FSU underwent
non-destructive biomechanics testing yielding range of motion (ROM) and stiff-
ness. This was done using pure moments up to 6 N-m in flexion-extension, lat-
eral bending and axial rotation without applying off-set moments or forces. The
resulting moments were captured using a six degree-of-freedom transducer
(AMTI, Watertown, MA). Following biomechanical testing each FSU was fixed
in 10% neutral buffered formalin (NBF) for a week and then underwent micro-
computed tomography (microCT) scanning at a resolution of 37 pm yielding
bone volume fraction (BV/TV) and bone mineral density (BMD) within the graft
window of each device (Fig. 13, region 1). MicroCT was not performed for the
baseline animals.

Following microCT scanning, each FSU underwent histologic processing and
hard-tissue sectioning with two distinct sections per FSU cut in the sagittal plane.
Histomorphometry was performed for each section for each FSU yielding core
(Fig. 13, region 1), superior/inferior surface region (Fig. 13, region 2) bone and
soft tissue area fraction. The bone ingrowth into PTC endplate pores was also
calculated.

Finally, a qualitative scoring of the fusion based on the microCT and histology
sections was done using four (4) independent and blinded reviewers. The fusion
score was determined using a 5-point scale with a score of 1 indicating a non-union
and a score of 5 indicating total bridging of the graft window with calcified tissue
(Table 4).
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Fig. 12 Implantation of FORZA PTC and FORZA PEEK at L.2-1.3 and L4-L5. (a) Surgical tech-
nique using a lateral retroperitoneal approach. Supplemental fixation was done as shown using the
Orthofix FIREBIRD® pedicle screw system. (b) Lateral and sagittal post-surgery radiographs
indicating each Functional Spine Unit (FSU)
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Fig. 13 Histologic sagittal cut section of the PTC device with the disc space, cranial and caudal
vertebral bodies indicated. Histologic region of interests (ROI) indicated for (1) core section and
(2) cranial and caudal implant surfaces. ROI 2 extended 0.25 mm above and below the PTC
endplates

Table 4 Qualitative fusion score used for microCT and histology images of the core fusion mass
within the PTC device

Fusion

score Fusion quality/connectivity

1 Non-union

2 Partial bridging with large gaps (up to 1.00 mm) in the calcified tissue structure
3 Partial bridging with medium gaps (up to 0.50 mm) in the calcified tissue

structure

4 Partial bridging with small gaps (up to 0.25 mm) in the calcified tissue structure
5 Total bridging of the graft with calcified tissue
Statistical Analysis

For graphing purposes, PTC values were normalized to the PEEK values for the cor-
responding outcome measure and time point (PEEK = 100%). Graphs illustrate
mean + standard error. A 2-way analysis of variance (ANOVA) was used for each vari-
able (time and device) with a Bonferroni post-hoc test. Significance was set at P < 0.05.
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Fig. 14 Qualitative normalized stiffness for PTC device for all three biomechanical tests. Each
represented PTC stiffness was normalized to the PEEK average stiffness for the corresponding
loading pattern and time point. Pound-sign (#) indicates that the PTC group had significantly
greater stiffness than the PEEK group across time (P < 0.05, 2-way ANOVA)

6.2.2 Results
Animal Health

Animals were monitored daily with no abnormal findings attributed to the investi-
gational implants.

Biomechanical Properties

Biomechanics showed that across time the PTC group had a significantly greater
stiffness than the PEEK group for flexion/extension and lateral bending (Fig. 14)
which was accompanied by a decrease in range of motion (lateral bending:
P < 0.01; flexion-extension: P = 0.02) between 8 and 18 weeks. Although axial
rotation only showed a great trend in the difference between PTC and PEEK
across time (Fig. 14), PTC was the only one to show a significant increase
between 0 and 18 weeks, and 8 and 18 weeks (P < 0.01). Similarly to the other
loading directions this was accompanied by a significant decrease in range of
motion for PTC (P =0.01).
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Fig.15 Normalized microCT outcome measures for graft window of implant devices: Normalized
bone volume density (BV/TV) and bone mineral density (BMD) at 8 weeks post-surgery. Each
represented microCT outcome measure was normalized to the PEEK average for the correspond-
ing microCT outcome measure and time point. Asterisks (*) indicate significant difference between
PEEK and PTC (P < 0.05, Bonferroni post-hoc)

MicroCT

MicroCT analysis showed a significant increase in bone volume density and bone
mineral density (43% and 24%, respectively) in the graft window at 8 weeks for
PTC vs. PEEK (P = 0.04 and P = 0.02, respectively; Fig. 15).

Histology

Histological analyses showed that the percent bone present in the graft window was
significantly greater for PTC than PEEK at 8 weeks (51% vs. 36%, P = 0.05;
Fig. 16). In addition, there was a significant decrease in soft tissue for PTC com-
pared to PEEK at 12 weeks (29% vs. 42%, P < 0.05).

Furthermore, it was shown that the superior (cranial) and inferior (caudal) end-
plates of the PTC implant had greater bone presence with less soft tissue than the
PEEK endplates (P < 0.05, Fig. 17).

Additionally bone ingrowth into the porous PTC endplates was found to be
474 £ 3.2%, 46.3 £ 4.7%, and 41.4 £ 2.6% at 8, 12 and 16 weeks post-surgery,
respectively
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Fig. 16 Histology outcome measures for graft window of implant devices: Normalized bone and soft
tissue fraction at 8 weeks post-surgery. Each represented histology outcome measure was normalized
to the PEEK average for the corresponding histology outcome measure and time point. Asterisks (*)
indicate significant difference between PEEK and PTC (P < 0.05, Bonferroni post-hoc)

Superior/inferior surface histology @ 8 weeks
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Fig. 17 Histology outcome measures for superior (cranial) and inferior (caudal) surfaces for the
implant devices: Normalized bone and soft tissue fraction at 8 weeks post-surgery. Each repre-
sented histology outcome measure was normalized to the PEEK average for the corresponding
histology outcome measure and time point. Asterisks (*) indicate significant difference between
PEEK and PTC (P < 0.05, Bonferroni post-hoc).
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Fig. 18 Fusion score for implant device based on microCT and histology images at 8 and 12 weeks
post-surgery. Asterisk (*) indicate significant difference between PEEK and PTC for the particular
image modality (P < 0.02)

Fusion Score

Fusion scores were found to be significantly greater for PTC relative to PEEK at
both 8 and 12 weeks using both the microCT and the histology images (Fig. 18).
PEEK fusion scores, however, were the only ones to increase over time, which was
expected since PTC achieved higher fusion scores at the early time points.

7 Discussions

This novel PEEK Titanium Composite (PTC) interbody device was developed in
order to combine the advantages from both PEEK and titanium/tantalum spine
fusion interbody devices by employing a PEEK center with titanium alloy (Ti6Al4V)
endplates made from a novel 3D titanium mesh pattern. In order to examine the
mechanical characteristics relative to a standard PEEK device and to further charac-
terize the components of this novel device and the device as a whole several inves-
tigations were performed including mechanical, in vitro and in vivo assessments.
While the mechanical tests were done to examine the mechanical properties of
the full PTC device relative to a PEEK device, the surface topography examinations
were done to illustrate the added surface roughness feature of the PTC endplates. As
discussed previously, surface roughness has been correlated with an increased
osteogenic environment [45, 46], so the in vitro tests were chosen to examine the
static biological effects of the porous titanium surface versus a standard PEEK sur-
face. The first in vivo study (Sect. 6.1) was chosen to further examine the two types
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of surfaces in a native biological environment while being subject to loading due to
normal animal activity. Lastly, the large animal in vivo study (Sect. 6.2) was per-
formed to examine the fusion capability of a full clinical PTC device and give
insight into how a PTC device differentiate itself from a standard PEEK interbody
device with respect to fusion quality and fusion mass generation.

The mechanical testing results (Sect. 3) indicate that the PTC device has higher
yield loads for all testing modes when compared to a standard marketed PEEK
device. This indicates that the composite structure has a robust bonding between the
porous titanium endplates and its PEEK core (Fig. 3c), which was supported by the
inter-digestion layer examination in Sect. 4 (Fig. 5). From a mechanical perspective,
the PTC device is therefore expected to perform similarly to PEEK in an in vivo
setting as was shown in Sect. 6.2. One potential limitation to the mechanical testing
was that the shallow pocket may have constrained the expansion experienced by the
device during compression. However, this configuration gave an even higher stress
at the interface between the porous titanium layer and the PEEK core for the PTC
device which created a worst case testing scenario for the interface which still
revealed higher yield loads than the standard PEEK device.

The surface typography AFM examination of an individual Ti6Al4V strut from
the PTC endplate showed a micro-roughness range from 1.77 to 7.83 pm depending
on the surface toughness parameter, which would give expectations of an increased
osteogenic environment at the endplate [45, 46]. The surface roughness was further-
more correlated with SEM images of the strut surfaces, which showed two types of
nano-structures were present in the sample depending on the roughness. Finally, the
SEM images of the PTC also showed a solid joint of the PEEK core and the Ti6 Al4V
endplate plate at the inter-digitation layer, which correlated well with the mechani-
cal results in Sect. 3.

Based on the surface roughness of the individual Ti6Al4V struts found in Sect.
4, the in vitro studies set out to show that this would lead to an increased osteogenic
environment. Specifically, the first in vitro test of the Ti 3D PTC endplates involved
the human SAOS2 cell line which was selected as it exhibits several fundamental
osteoblast characteristics [55] and represents a widely used model for the in vitro
study of osteoblasts. Previously, it has been reported that an increase in bone forma-
tion depends on the enhancement of ECM synthesis [56]. The examined compo-
nents of the ECM included ALP, type-I collagen, osteopontin, and osteocalcin,
which are implicated in bone formation and remodeling. ALP makes phosphate
available for calcification, while bone type-I collagen, designated [alfal(I)2alfa2],
comprises 85-90% of the total organic bone matrix, and its synthesis is upregulated
at the proliferation stage and downregulated during the subsequent stages [57, 58].
Osteopontin, a glycosylated phosphoprotein, plays an important role in cell attach-
ment [59] and calcification of mineralized tissue [60]; osteocalcin, a member of the
bone Gla protein family [61], is the latest of the secreted ECM protein and consti-
tutes 1-2% of the total bone protein. As it was shown, cell seeding and cultivation
on Ti 3D porous substrates showed a significant increase in the ECM components
produced by mature SAOS2 osteoblasts relative to the Ti 2D substrates (Table 3,
Fig. 9). Specifically, the 30% increase in type-I collagen is similar to what others
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have shown using commercially pure titanium plasma sprayed substrates (~30%
relative to 2D Ti substrate at 96 h in culture) [62]. In view of the increases in ECM
components, and paired with the observation that the 3D porous surface had higher
cell attachment and proliferation (Fig. 8a), the 3D porous substrate would be
expected to be a better substrate (relative to a planar 2D substrate) for increasing
osteoblast maturation and bone formation in vivo. For the in vitro tests involving the
SAOS2 cell line, the increase in calcium deposition was consistent with the increase
in ALP expression for the Ti 3D porous substrates relative to the Ti 2D substrates
(Table 3). The positive correlation between ALP and relative surface roughness (Ti
2D vs. Ti 3D) is also consistent with what has previously been shown for smooth vs.
sand blasted (Ti 2D) vs. plasma sprayed (Ti 2.5D) titanium surface [62], or machined
vs. rough Ti6Al4V surfaces [63]. We hypothesize that the expression of the
membrane-bound ALP protein on the osteoblasts initiates the mineralization of the
matrix, which is supported by previous in vivo studies which have shown significant
expressions of ALP in osteoblasts [64], an in in vitro differentiation studies with
osteoblast-like cell lines [65]. The high expression of ALP and of osteopontin may
therefore suggest that the osteoblasts on the Ti 3D porous substrate are more dif-
ferentiated than on the Ti 2D substrate and have already initiated bone ECM
deposition.

Electing to examine the response of a second cell line (human MG63 cells) to the
Ti 3D PTC endplate was due to the SAOS2 cell line being a more mature osteoblas-
tic phenotype [66]. The MG63 cell line is an immature osteoblast [66] which would
provide a larger phenotypical range to be examined, thereby enabling pre-osteoblast
attachment to the Ti 3D substrate to be examined too. As the results indicate osteo-
conduction, as measured by the secretion of growth factors involved in the creation
and maturation of bony tissue [25, 26] which was significantly improved with the Ti
3D porous substrate compared with PEEK alone and importantly for each substrate
relative to controls (Fig. 10). The percent increase in secreted growth factors from
human MG63 cells (relative to TCPS control) for the Ti 3D substrate was further-
more found to be slightly higher than that presented in previous studies examining
rough 2D Ti6Al4V surfaces (310% vs. ~260% for BMP-2, 340% vs. ~180% for
BMP-4, 330% vs. ~240% for BMP-7, and 310% vs. ~210% for osteocalcin) [29].
Relative to other 3D Ti6Al4V substrate of similar porosity and pore size, the percent
increase in secreted growth factors were similar for BMP-2, BMP-4, osteocalcin
and VEGF-A [67]. Altogether, this may indicate that although the standard PEEK or
arough 2D titanium surface may provide an increase in osteoconduction, the Ti 3D
endplate could potentially provide a surface substrate with an even better osteocon-
ductive potential.

Paralleling the two in vitro tests, the in vivo examination of the PEEK and Ti 3D
components of the PTC device (Sect. 6.1) showed the Ti 3D porous substrate having
a significant bone ingrowth capability at week 8, in addition to similar bone apposi-
tion relative to the PEEK implant. The amount of ingrowth at week 8 (36.5%) was
found to be similar to what other studies have shown using similar porosity and pore
sizes for porous Ti6Al4V substrates albeit in different implant locations (qualita-
tively the same at 8 weeks in the rabbit cranium) [68] and species (18-25% at
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12 weeks in the goat vertebrae) [69]. The significant bone ingrowth was most likely
due to its porous, irregular surface, offering many points of bone contact. As shown
in the in vitro tests (Sect. 5) and the literature, such porous surfaces have been asso-
ciated with signaling environments that are favorable for enhancing the osteoblast
maturation required for fusion of the implant with surrounding bone [29]. The rough
surface of the Ti 3D porous substrate (Sect. 4), like other roughened titanium alloy
surfaces and unlike the solid PEEK surface, would therefore be expected to favor-
ably influence osteoconduction and osteomaturation [22, 29]. Furthermore, it was
noted that the bone apposition was lower at 8§ weeks compared to 4 weeks for both
implants. This was expected due to extensive remodeling between week 4 and week
8. In addition, the in vivo examinations showed the Ti 3D porous substrate having
similar biocompatibility as PEEK, which was expected (Fig. 11). Note that the
in vivo study presented in Sect. 6.1 has certain limitations, which include the speci-
men transplant locations for the in vivo evaluation of the device components (Sect.
6.1). Several of the Ti 3D cylindrical porous substrates were placed in a region void
of trabecular bone leading to no bone ingrowth in the medullary region of the
implant as it would be expected since bone ingrowth only occurs if several criteria
are fulfilled including the need for the implant be in close contact with the host bone
[70]. Thus, the evaluation of only the implant region in contact with cortical bone
provided a more fair assessment of the ingrowth capabilities of the implant, which
is in accordance with what has been done in other studies examining bone ingrowth
in implants spanning the cortex and medullary space [71-73].

Lastly, the large animal in vivo study (Sect. 6.2) showed that relative to a stan-
dard PEEK interbody device, the PTC device led to a significant reduction in range
of motion and significant increase in stiffness. These biomechanical findings were
reinforced by the presence of significantly more bone in the graft window, ingrowth
into the novel endplates and significantly higher fusion scores. In addition, the
radiolucent PEEK mid-portion of the PTC implant allowed for plain radiographic
determination of bone graft maturation and solidification through its central core
(Fig. 12b) as expected.

In all, the novel endplates of the PTC device composite structure provides an
enhanced expression of growth factors from immature and mature osteoblast
in vitro, indicating a favorable environment for osteoblast recruitment, maturation
and bone repair. This improvement in osteogenic environment for the Ti 3D end-
plates may be due to the proven surface roughness and strut nano-structures. The
increased osteogenic environment has also been seen for roughened 2D titanium
surfaces [29]. However, the nature of the 2-D surface does not allow for efficient
anchoring of the adjacent bone relative to surfaces such as a 3D mesh through
which bone can grow, evidenced by the significant osteointegration response pro-
vided by the Ti 3D endplate. Thus, by combining an osteoconductive surface with
a 3D geometry, the resulting amount of bony ingrowth on the Ti 3D endplate gives
the novel PTC interbody device the potential for better bone ongrowth and
ingrowth relative to a standard PEEK device as indicated in the ovine in vivo
study (Sect. 6.2).
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8 Conclusions

The PTC technology has been successfully applied to several standard PEEK inter-
body devices and subsequently been approved by the FDA. The endplate compo-
nents of the novel PTC interbody device provide solid substrates that are
biocompatible and topographically designed to provide a favorable biochemical
environment for the formation of new bone tissue ingrowth within a surgical site
relative to a standard PEEK device. In addition, the PTC interbody device provides
a PEEK/Titanium composite as structurally sound as a standard PEEK device and
with a radiolucent PEEK mid-portion allowing for plain radiographic determination
of fusion through its core. The combination of the wealth of data gathered on the
PTC components (mechanical, surface typography, in vitro, and the initial in vivo
study) and the increased structural integrity of the fusion mass when using a PTC
interbody device in a large animal model, gives credence to the notion that the PTC
interbody device could lead to a faster and more robust intervertebral fusion relative
to a standard PEEK device in a clinical setting.
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