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Abstract

Background Despite its widespread use in orthopaedic
implants such as soft tissue fasteners and spinal interver-
tebral implants, polyetheretherketone (PEEK) often suffers
from poor osseointegration. Introducing porosity can
overcome this limitation by encouraging bone ingrowth;
however, the corresponding decrease in implant strength
can potentially reduce the implant’s ability to bear physi-
ologic loads. We have previously shown, using a single
pore size, that limiting porosity to the surface of PEEK
implants preserves strength while supporting in vivo
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osseointegration. However, additional work is needed to
investigate the effect of pore size on both the mechanical
properties and cellular response to PEEK.
Questions/purposes (1) Can surface porous PEEK
(PEEK-SP) microstructure be reliably controlled? (2) What
is the effect of pore size on the mechanical properties of
PEEK-SP? (3) Do surface porosity and pore size influence
the cellular response to PEEK?

Methods PEEK-SP was created by extruding PEEK
through NaCl crystals of three controlled ranges: 200 to
312, 312 to 425, and 425 to 508 pm. Micro-CT was used to
characterize the microstructure of PEEK-SP. Tensile, fati-
gue, and interfacial shear tests were performed to compare
the mechanical properties of PEEK-SP with injection-
molded PEEK (PEEK-IM). The cellular response to PEEK-
SP, assessed by proliferation, alkaline phosphatase activity,
vascular endothelial growth factor production, and calcium
content of osteoblast, mesenchymal stem cell, and pre-
osteoblast (MC3T3-El) cultures, was compared with that
of machined smooth PEEK and Ti6AI4V.

Results  Micro-CT analysis showed that PEEK-SP layers
possessed pores that were 284 + 35 um, 341 + 49 um,
and 416 £ 54 pm for each pore size group. Porosity and

F. B. Torstrick (0<)), H. Y. Stevens, R. E. Guldberg
Mechanical Engineering, Guldberg Musculoskeletal Research
Laboratory, Georgia Institute of Technology, 315 Ferst Drive
NW, Atlanta, GA 30332, USA

e-mail: brennan@gatech.edu

N. T. Evans
Materials Science and Engineering, Georgia Institute of
Technology, Atlanta, GA, USA

K. Gall

Mechanical Engineering and Materials Science, Duke
University, Durham, NC, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11999-016-4833-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11999-016-4833-0&amp;domain=pdf

2374  F. B. Torstrick et al.

Clinical Orthopaedics and Related Research®

pore layer depth ranged from 61% to 69% and 303 to
391 pm, respectively. Mechanical testing revealed tensile
strengths > 67 MPa and interfacial shear strengths > 20
MPa for all three pore size groups. All PEEK-SP groups
exhibited > 50% decrease in ductility compared with
PEEK-IM and demonstrated fatigue strength > 38 MPa at
one million cycles. All PEEK-SP groups also supported
greater proliferation and cell-mediated mineralization
compared with smooth PEEK and Ti6Al4V.

Conclusions The PEEK-SP formulations evaluated in this
study maintained favorable mechanical properties that
merit further investigation into their use in load-bearing
orthopaedic applications and supported greater in vitro
osteogenic differentiation compared with smooth PEEK
and Ti6Al4V. These results are independent of pore sizes
ranging 200 pm to 508 pm.

Clinical Relevance PEEK-SP may provide enhanced
osseointegration compared with current implants while
maintaining the structural integrity to be considered for
several load-bearing orthopaedic applications such as
spinal fusion or soft tissue repair.

Introduction

Polyetheretherketone (PEEK) is a polymer widely used in
orthopaedic and spinal applications such as soft tissue repair
and spinal fusion devices as a result of its high strength,
fatigue resistance, radiolucency, and favorable biocompat-
ibility in osseous environments [25, 38, 45, 47, 50].
However, attributable in part to PEEK’s relatively inert and
hydrophobic surface, recent evidence has demonstrated
that smooth PEEK can exhibit poor osseointegration [9,
25] and fibrous capsule formation around the implant [23,
34]. Lack of bone-implant contact can induce micromo-
tion and inflammation that leads to fibrous layer
thickening, osteolysis, and implant loosening [2, 13, 29,
37, 48]. Previous studies [1, 4, 15, 16, 18, 36] have shown
that surface modifications such as plasma treatments,
coatings, and composites can improve PEEK implant
integration, yet many suffer practical limitations such as
delamination, instability, and mechanical property
tradeoffs.

The addition of porosity is a common modification to
improve implant osseointegration by facilitating bone
ingrowth and vascularization [27]. The importance of
porosity for bone regeneration has been reviewed [24], and
methods to create porous PEEK have been reported
[10, 26, 38, 41, 45, 53]. However, it is still unclear which
aspects of the pore architecture (such as pore size, porosity,
and pore layer thickness) control the mechanical and bio-
logical properties of porous PEEK implants. Furthermore,
the overall volume of porosity and its spatial distribution
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throughout the implant should be considered as a result of
the inverse relationship between porosity and strength of
porous structures [12]. For example, limiting porosity to
just a thin surface layer could facilitate adequate ingrowth
for stable implant fixation while preserving the solid core
for loadbearing.

Previously, our group described a surface porous PEEK
(PEEK-SP) structure with high tensile strength, fatigue
resistance, interfacial shear strength, and improved
osseointegration compared with smooth PEEK [10].
Although the pore size investigated (200-312 pm) was
within the commonly accepted range for porous ortho-
paedic implants [24], additional work is needed to
investigate whether the pore microstructure can be reliably
controlled to yield other pore sizes and the subsequent
effect of pore size on both the mechanical properties and
biological responses to PEEK-SP.

We therefore asked the following three questions: (1)
Can PEEK-SP microstructure be reliably controlled? (2)
What is the effect of pore size on the mechanical properties
of PEEK-SP? (3) Do surface porosity and pore size influ-
ence the cellular response to PEEK?

Materials and Methods

To evaluate the degree to which PEEK-SP microstructure
can be reliably controlled, we processed the material using
three porogen sizes and characterized the resulting
microstructure using PCT. To assess the influence of pore
size on mechanical properties of PEEK-SP, we performed
monotonic tensile tests to evaluate the strength, failure
strain, and modulus; tensile fatigue tests to evaluate the
fatigue life; and interfacial shear tests to evaluate the
interfacial shear strength of the surface porous layer.
Finally, to determine whether surface porosity and pore
size influence the cellular response to PEEK, we cultured
human femoral osteoblasts, human vertebral mesenchymal
stem cells, and mouse preosteoblasts on PEEK-SP of all
three pore sizes and compared the proliferation and
osteogenic differentiation of the cells to smooth PEEK,
Ti6Al4V, and tissue culture polystyrene (TCPS).

Medical-grade PEEK Zeniva®™ 500 was provided by
Solvay Specialty Polymers (Alpharetta, GA, USA). Medi-
cal-grade Ti6Al4V ELI (extra low interstitials) was
purchased from Vulcanium (Northbrook, IL, USA) and the
surface was fine grit-blasted (GB-13 blast media) and
anodized according to AMS 2488D Type II by Danco
(Arcadia, CA, USA). Sodium chloride was purchased from
Sigma (St Louis, MO, USA).

Surface porous PEEK was created by extruding PEEK
through the open spacing of sodium chloride crystals under
heat and pressure as described previously [10]. By
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controlling the applied pressure and the time of processing,
the flow distance was limited resulting in samples with a
surface porosity and a solid core. After cooling, embedded
sodium chloride crystals were leached in water leaving
behind a porous surface layer. To control for pore size,
sodium chloride was sieved into ranges of 200 to 312 um,
312 to 425 pm, and 425 to 508 pm using #70, #50, #40,
and #35 US mesh sieves. Samples processed using each
size range are referenced as PEEK-SP-250, PEEK-SP-350,
and PEEK-SP-450, respectively. Injection-molded PEEK
samples (PEEK-IM) were used as nonporous controls for
mechanical testing. For cell studies, smooth nonporous
PEEK samples were manufactured with a machined sur-
face finish. Nonporous, machined smooth PEEK, PEEK-SP
pore walls, and Ti6Al4V surfaces possessed a surface
roughness (S,) of 0.59 £ 0.12 pm, 0.48 £ 0.10 pm, and
0.55 £ 0.02 um, respectively, determined by laser confo-
cal microscopy using a 50x/0.5-mm objective, 50-nm step
size and A, = 20 um (LEXT OLS4000; Olympus, Wal-
tham, MA, USA). S, values were not statistically different
between groups (p = 0.28, one-way analysis of variance).

Samples of PEEK-SP were evaluated using pCT (uCT 50;
Scanco Medical, Briittisellen, Switzerland) to measure the
pore size, percent porosity, strut thickness, strut spacing,
pore interconnectivity, and pore layer thickness. Samples
were analyzed at 10-um voxel resolution with the scanner set
at a voltage of 55 kVp and a current of 200 pA (n = 10).
Contouring, the method of delineating the region of interest
from areas not included in evaluation, was used to carefully
select the pore layer volume and to minimize inclusion of
nonporous volume. A global threshold was applied to seg-
ment PEEK from pore space for all evaluations. The global
threshold was determined by analyzing the attenuation his-
tograms for a representative sample of scans using an
adaptive thresholding algorithm (Scanco) and confirmed
visually before segmentation. Pore layer morphometric
parameters were evaluated using direct distance transfor-
mation methods as described previously [10, 19]. The depth
of the pore layer was calculated as the mean thickness of the
filled in contour around each pore layer. Pore size was
measured from pCT cross-sections as the length of the pore
diagonal (ImagelJ; National Institutes of Health, Bethesda,
MD, USA; n = 375).

Ultimate stress, failure strain, and elastic modulus were
determined from monotonic tensile tests. Tensile tests were
performed on Type I “dog-bone” specimens according to
ASTM D638 at room temperature using a Satec (MTS,
Eden Prairie, MN, USA) 20 kip (89 kN) servo-controlled,
hydraulically actuated test frame (n = 5). The crosshead
speed was 50 mm/min. Force displacement data as mea-
sured by the cross-head and validated by video (Canon
HGI10, Lake Success, NY, USA) and image processing
software (ImagelJ) were used to calculate ultimate stress,

failure strain, and elastic modulus as well as to generate
engineering stress—strain curves.

Fatigue tests were run at sequentially lower stresses (3%
decreases) below the ultimate stress of the samples to
generate S—N curves and determine the endurance limits of
the respective samples. Fatigue tests were run on the same
Satec test frame in axial stress control at a frequency of
1 Hz and an R-value (ratio of minimum load to maximum
load) of 0.05. Tests were run until failure or runout. Runout
was defined as greater than 1,000,000 cycles.

For monotonic and fatigue results, two representations
of stress for PEEK-SP were calculated: the first using the
loadbearing area, A;p (the cross-sectional area of PEEK
material in the gauge region, minus the pore area), and the
second using the total area, At (the cross-sectional area of
the gauge region, including the pores). Use of total area
produced stress values that assume void area contributed to
loadbearing, and results consequently depend on pore layer
thickness and volume fraction of porosity. Conversely,
loadbearing area includes only the cross-sectional area of
polymer material, including solid polymer and porous strut
regions, ignoring void area in the porous layer.

Interfacial shear testing was used to assess the strength
of the pore layer struts and predict their potential to with-
stand shearing loads experienced during implant insertion
of after implantation. The test method was adapted from
ASTM F1044-05 using Scotch-weld™ 2214 NonMetallic
Filled (3 M, St Paul, MN, USA) as adhesive and a 30-kN
load cell (Instron 5567, Norwood, MA, USA). A thin layer
of adhesive was applied evenly to the surfaces of shear
samples, and like faces were pressed together, clamped,
and placed in a vacuum oven to cure at 121°C for 1 hour.
The shear test fixtures were clamped in Instron jaws and
adjusted to enable horizontal alignment of the shear sam-
ple. The plane of the adhesive was coincident with the axis
of loading. Cured samples were placed into custom fixtures
ensuring a tight clearance fit. The fixtures were pulled apart
at 2.54 mm/min until the interfacial surfaces of the samples
were completely sheared. The interfacial shear stress was
calculated based on the measured failure load and cross-
sectional area.

Proliferation of human femoral osteoblasts (hOB; Sci-
enCell, Carlsbad, CA, USA) and human vertebral
mesenchymal stem cells (hMSC; ScienCell) was evaluated
on smooth nonporous PEEK, PEEK-SP-250, PEEK-SP-
350, PEEK-SP-450, Ti6Al4V, and TCPS (n = 6) by
measuring DNA incorporation of 5-ethynyl-2’-deoxyur-
idine (EdU) (Click-iT®-EdU; ThermoFisher, Waltham,
MA, USA). hOB and hMSC were seeded at 10,000 cells/
cm? in growth media (ScienCell) and proliferation was
measured at 48 hours per the manufacturer’s instructions.
Osteogenic differentiation was evaluated on each surface
using clonal mouse preosteoblast cells (MC3T3-El;

@ Springer



2376  F. B. Torstrick et al.

Clinical Orthopaedics and Related Research®™

ATCC, Manassas, VA, USA) as a result of their homo-
geneity, availability, and differentiation profile that is more
similar to human osteoblasts than other in vitro models [7].
MC3T3 cells were seeded at 20,000 cells/cm? in growth
media composed of a-MEM (Life Technologies, Carlsbad,
CA, USA) supplemented with 16.7% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA, USA) and 1%
penicillin-streptomycin-L-glutamine (Life Technologies).
Cells were cultured under dynamic conditions using a
rocker plate. After 3 days, cells reached confluence and
half of all samples were switched to osteogenic media
comprising growth media supplemented with 6 mM
B-glycerophosphate, 1 nM dexamethasone, 50 ng/mL thy-
roxine, 50 pg/mL ascorbic acid 2-phosphate, and 1 nM
1a,25-dihydroxyvitamin D3 (Sigma, St Louis, MO, USA).
The remaining half of the samples was maintained in
growth media. Samples were cultured for 14 days after
confluence, changing media every 3 to 4 days. At 14 days,
samples undergoing assays for alkaline phosphatase (ALP)
activity and DNA content were washed with phosphate-
buffered saline (PBS) (—Ca”/—Mg”), ultrasonically lysed
in Triton X-100 (0.05% in PBS), and subjected to one
freeze-thaw cycle before further analysis. Samples assayed
for calcium were washed with PBS (-Ca*"/-Mg®") and
vortexed overnight at 4°C in 1 N acetic acid to solubilize
calcium. ALP activity, an early osteogenic differentiation
marker, was determined by colorimetric intensity of cell
lysates exposed to p-nitrophenyl phosphate (Sigma) and
was normalized to same-well DNA content determined by
a Picogreen dsDNA assay (Life Technologies). Calcium
deposition, a marker indicative of mineralization, in

parallel cultures was determined by a colorimetric Arse-
nazo III reagent assay (Diagnostic Chemicals Ltd, Oxford,
CT, USA). To determine the extent of noncell-mediated
mineral deposition, the assay was also performed on
acellular control samples and on samples seeded with a
nonmineralizing cell line (Human Embryonic Kidney
[HEK]; ATCC). HEK cells were seeded to reach conflu-
ency at the same 3-day time point as MC3T3 cultures. Both
acellular and HEK controls were cultured under osteogenic
conditions. Vascular endothelial growth factor (VEGF)
production by MC3T3-El cells was measured from culture
media at Day 14 after confluence using an enzyme-linked
immunosorbent assay and normalized to same-well DNA
content (R&D Systems, Minneapolis, MN, USA).

Results of mechanical tests were analyzed using a one-
way analysis of variance (ANOVA) and Tukey post hoc
analysis (95% confidence interval). In vitro assays were
analyzed using a one-way ANOVA for EdU assays and a
two-way ANOVA for all other assays. Tukey post hoc tests
were used to compare all in vitro groups. All data are
expressed as mean £ SD.

Results

Can PEEK-SP Microstructure Be Controlled?

Using nCT analysis, we found that pore morphology could
be reliably controlled by varying the sodium chloride

crystal size with the pores conforming to the porogen’s
cubic shape (Fig. 1). The data demonstrate that salt crystal

Fig. 1A-C Representative pCT reconstructions of the surface and cross-section of PEEK-SP. (A) PEEK-SP-250, (B) PEEK-SP-350, and (C)

PEEK-SP-450 are shown.
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Table 1. PEEK-SP pore layer morphometrics

Surface Pore size (um)  Strut spacing (um)  Strut thickness (um)  Porosity (%) Interconnectivity (%) Layer thickness (um)
PEEK-SP-250 284 + 35 169 £ 3 73 £ 8 69 £ 3 99.9 £+ 0.04 391 £ 79
PEEK-SP-350 341 4+ 49* 208 + 5% 104 + 9% 61 £ 3* 99.8 £ 0.17 303 + 29*
PEEK-SP-450 416 4 54+ 248 4 17 119 + 14*7 62 £ 4% 99.8 £+ 0.25 342 4+ 38
Mean + SD; *p < 0.01 versus SP-250; f p < 0.05 versus SP-350 (one-way analysis of variance, Tukey).
size can be used to reliably control the pore size of PEEK-
SP (SP-250 = 284 + 35 um, SP-350 = 341 + 49 um, 100y
SP-450 = 416 &+ 54 pm) (p < 0.001). Porosity was T sol St~ emmmmeooo
slightly affected with SP-250 having marginally higher o
porosity (69% + 3%) compared with SP-350 (61% =+ 3%) % 60t
and SP-450 (62% =+ 4%) (p < 0.001). All three groups had »
high levels (> 99%) of pore interconnectivity (Table 1). $ 40}t - =« PEEKIM

& ——  PEEK-SP-250

20t ——  PEEK-SP-350

Effect of Pore Size on Mechanical Properties PEEK-SP-450

Mechanical testing results showed that varying PEEK-SP
pore size within the studied range had relatively little
influence on tensile strength, interfacial shear strength, and
ductility; however, the data suggest that larger pores (SP-
450) led to lower fatigue strength. Compared with the
tensile strength of PEEK-IM (97.7 & 1.0 MPa; 95% con-
fidence interval [CI], 96.5-99.0), PEEK-SP showed no
difference in tensile strength when normalized to A;g for
PEEK SP-250 (96.1 & 2.6 MPa; 95% CI, 93.4-98.9;
p = 0.458) and PEEK SP-450 (94.5 £ 1.4 MPa; 95% CI,
92.8-96.2; p = 0.050), but there was a small decrease for
the PEEK-SP-350 group (93.4 + 1.5 MPa; 95% CI, 91.5-
95.2; p = 0.006) (Fig. 2). All pore sizes showed a decrease
in ductility compared with PEEK-IM as indicated by a
decrease in failure strain (IM = 20.2% =+ 2.4%, 95% CI,
17.2-23.3; SP-250 = 7.8% + 2.2%, 95% CI, 5.4-10.2;
SP-350 = 7.0% £ 0.9%, 95% CI, 5.9-8.0; SP-450 =
8.1% + 1.5%, 95% CI, 6.3-10.0) (p < 0.001) (Table 2).
No difference was found in the modulus between PEEK-SP
samples and PEEK-IM when using A; g; however, differ-
ences were evident when normalized to Ay (IM = 3.3 &+
0.1 GPa, 95% CI, 3.2-3.5; SP-250 = 2.5 £ 0.3 MPa, 95%
Cl, 2.1-2.8; SP-350 = 2.5 £ 0.2 MPa, 95% CI, 2.2-2.8;
SP-450 = 2.3 &£ 0.2 MPa, 95% CI, 2.0-2.6) (p < 0.001)
(Table 2). Fatigue tests showed that surface porosity
decreased the fatigue strength of PEEK with the difference
being more qualitatively pronounced at higher cycles
(lower cyclic stresses) (Fig. 3). Furthermore, PEEK-SP-
450 appears to have a lower fatigue strength than the
PEEK-SP-250 material. Runout stress at one million cycles
was 81.7 MPa for PEEK-IM, 60.0 MPa (A;p) and
45.3 MPa (At) for PEEK-SP-250, 54.1 MPa (Arg) and

O L L L 1 1 1 ! ! 1
0 2 4 6 8 1012 14 16 18 20
Strain (%)

Fig. 2 Representative stress—strain curves of PEEK-IM and PEEK-
SP are shown.

66.3 MPa (A1) for PEEK-SP-350, and 53.4 MPa (AL p) and
38.0 MPa (At) for PEEK-SP-450. The mean interfacial
shear strength of PEEK-IM (7.5 &+ 3.6 MPa; 95% CI, 1.7-
13.3) was less than PEEK-SP-250 (24.0 £+ 2.3 MPa; 95%
CI, 22.1-25.8), PEEK-SP-350 (21.4 &+ 4.3 MPa; 95% CI,
17.4-25.4), and PEEK-SP-450 (22.4 £+ 3.6 MPa; 95% CI,
19.1-25.8) (p < 0.001) (Fig. 4). Different interfacial shear
failure modes were apparent for smooth PEEK and PEEK-
SP. Smooth PEEK failed at the glue layer interface and the
PEEK-SP samples failed within the porous network and
within the solid region on the edges of some samples.

Influence of Surface Porosity on Cellular Response

Overall, cells cultured on PEEK-SP surfaces (regardless of
pore size) exhibited a more differentiated phenotype than
those cultured on smooth PEEK. All PEEK-SP groups had
greater EAU DNA incorporation, which is indicative of
increased cell proliferation, than smooth nonporous PEEK,
Ti6Al4V, and TCPS surfaces for both hOB and
hMSC cultures (hOB: smooth = 8752 £ 4700 counts, SP-
250 = 27,065 £ 12,812, SP-350 = 38,200 + 8874, SP-
450 = 32,810 £ 12,257, Ti6Al4V = 3583 + 924, TCPS =
1341 £ 419; hMSC: smooth = 7343 4+ 5098, SP-250 =
33,738 £ 16,485, SP-350 = 28,937 &+ 1581, SP-450 =
33,636 £ 12,341, Ti6A4V = 3685 + 636, TCPS = 2474 + 274)
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Table 2. Mechanical properties of PEEK-SP

Surface Tensile strength, A; g (MPa) Tensile strength, At (MPa) Failure strain (%) Modulus, A;g (GPa) Modulus, At (GPa)
PEEK-IM 977 £ 1.0 977+ 1.0 20.2 + 24 33+0.1 334+0.1
PEEK-SP-250 96.1 2.6 71.1 + 2.2% 7.8 £ 2.2% 34 +£0.3 2.5 + 0.3*%
PEEK-SP-350 93.4 4 1.5% 70.3 + 3.4% 7.0 &+ 0.9% 33402 2.5 + 0.2%
PEEK-SP-450 945+ 14 67.0 £ 1.5%" 8.1 £ 1.5% 32403 2.3 4+ 0.2%

Mean + SD; load-bearing area, A; g, includes only the cross-sectional area of the polymer materials, ignoring void area; the total area, Ar,
assumes void area contributes to load bearing area and is thus the measured sample dimensions; *p < 0.01 versus IM; T p < 0.01 versus SP-250

(one-way analysis of variance, Tukey).

100 0
8ot ] "‘.%. L °® >
W TR
R L .
e 60 2
L 3 -
= o $B8 o DAE & f o
< 2 @ 0
a o>
o 40
n
20te IM
m SP250,A)g O SP-250, At
¢ SP350,A;y & SP-350, Ar
SP-450, A.g SP-450, At
?00 101 102 108 104 105 108 107

Cycles to Failure

Fig. 3 Stress versus loading cycle (S-N) curves comparing the
fatigue behavior of PEEK-IM and PEEK-SP of different pore sizes.
The arrows denote tests that were halted after reaching 1 x 106
cycles, which was defined as the runout cyclic stress.

wW
o

N
(=]
T

Shear Strength (MPa)
S

IM SP-250 SP-350 SP-450

Fig. 4 Interfacial shear strength of PEEK-SP compared with the
strength of the PEEK-IM contacting adhesive with the shear strength
of trabecular bone shown in the shaded region [14, 17]. *p < 0.001
versus all SP groups (one-way ANOVA, Tukey). Mean + SD.

(p < 0.001, except smooth versus SP-250 [hOB], p =
0.008) (Fig. 5). However, there were no differences found in
EdU incorporation between pore sizes (p > 0.148). Likewise,
all PEEK-SP groups had similar calcium levels (p > 0.779)
that were much greater than smooth PEEK (p < 0.001),
Ti6Al4V (p < 0.001), and TCPS (p < 0.001) in osteogenic
conditions (growth: smooth = 5.7 £ 2.3 pg, SP-250 =
52+ 14, SP-350=58+14, SP-450=53=0.5,

@ Springer

Ti6Al4V = 3.0 £ 0.2, TCPS = 1.6 £ 0.6; osteogenic:
smooth = 11.6 + 1.3, SP-250 = 804 + 9.4, SP-350 =
80.9 £ 6.7, SP-450 = 85.2 +£ 9.4, Ti6Al4V =72 + 1.3,
TCPS = 12.5 + 5.2; HEK: smooth = 6.7 &+ 2.8, SP-250 =

9.2 £2.1, SP-350 =5.8£0.1, SP-450 =7.7 £ 0.1,
Ti6Al4V = 6.2 £ 3.7, TCPS =24 +£0.1; acellular:
smooth = 3.9 + 1.7, SP-250 = 8.1 £ 5.1, SP-350 =

39.0 + 21.0, SP-450 = 13.3 £ 8.8, Ti6Al4V = 6.1 &+
2.6, TCPS = 2.2 £ 1.4) (Fig. 6A). As expected, an overall
reduction in calcium was seen on acellular controls and was
further reduced in HEK groups, approaching levels detected
in MC3T3 groups under growth media conditions. No dif-
ferences in calcium were found between groups for MC3T3
cultures in growth media or HEK cultures (p > 0.723).
Under osteogenic conditions, smooth PEEK supported
fewer cells than TCPS (growth: smooth = 1.4 £+ 0.6 png,
SP-250 = 1.3 £ 0.1, SP-350 =14 £ 0.1, SP-450 =
1.6 + 0.4, Ti6Al4V =2.7 £ 0.7, TCPS =32 + 0.7,
osteogenic: smooth = 0.9 £ 0.4, SP-250 = 1.4 £ 0.2, SP-
350 = 1.3 £+ 0.2, SP-450 = 1.4 + 0.4, Ti6Al4V = 1.5 +
0.4, TCPS = 1.8 + 0.4) (p = 0.009) (Fig. 6B). In growth
media, TCPS and Ti6Al4V surfaces supported more cells
than all PEEK and PEEK-SP surfaces (p < 0.001). ALP
activity of MC3T3 cells in osteogenic conditions at Day 14
was greater on TCPS compared with all other surfaces
(growth: smooth = 0.27 £ 0.08 pumol pNP/hr/ug DNA,
SP-250 = 0.05 £ 0.02,  SP-350 = 0.06 & 0.02,  SP-
450 = 0.06+ 0.02, Ti6Al4V = 0.13 + 0.03, TCPS =
0.19 £ 0.07; osteogenic: smooth = 3.10 = 1.31, SP-250 =
0.82 £ 0.11, SP-350 = 1.18 &+ 0.35, SP-450 = 091 +
0.40, Ti6Al4V = 2.66 £ 1.02, TCPS = 5.17 £ 2.29) (p <
0.001, except smooth PEEK, p = 0.003) and was greater
for smooth PEEK and Ti6Al4V compared with all PEEK-
SP groups (smooth versus SP-250, p < 0.001; smooth ver-
sus SP-350, p = 0.007; smooth versus SP-450, p = 0.001;
Ti6Al4V versus SP-250, p = 0.011; Ti6Al4V versus SP-
350, p = 0.070; Ti6Al4V versus SP-450, p = 0.018)
(Fig. 6C). No differences in ALP activity were found
under growth conditions (p > 0.998). VEGF secretion of
MC3T3 cells in growth media was greater on SP-250 compared
with TCPS (growth: smooth = 392.4 £ 93.0 pg/ug DNA,
SP-250 = 507.6 £ 41.7, SP-350 = 453.5 + 95.7, SP-450 =
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various pore sizes, Ti6Al4V, and TCPS. *p < 0.01 versus all SP groups (one-way ANOVA, Tukey). Mean £ SD.
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Fig. 6A-C (A) MC3T3 mediated calcium deposition on PEEK-SP
groups compared with smooth PEEK, Ti6Al4V, and TCPS in growth
media and osteogenic media. HEK cell and acellular cultures were
used to determine the extent of noncell-mediated mineralization.
Osteo: *p < 0.001 versus all SP groups; acellular: 'p < 0.001 versus
all groups, j;p < 0.05 (two-way ANOVA, Tukey). (B) DNA content
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of parallel cultures on the same groups as in (A). Growth: %
p < 0.001 versus all PEEK groups; Osteo: *p < 0.01 (two-way
ANOVA, Tukey). (C) ALP activity of same-well cultures as (B).
Osteo: *p < 0.05 versus all SP groups, 'p < 0.01 versus all groups,
Ip < 0.05 (two-way ANOVA, Tukey). Mean + SD.
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430.1 £ 54.0, Ti6Al4V = 293.2 £ 73.5, TCPS = 252.7 +
61.5; osteogenic: smooth = 403.6 & 327.6,SP-250 = 662.4 +
131.0, SP-350 = 692.2 £ 80.2, SP-450 = 656.2 &+ 62.8,
Ti6A4V = 4674 £ 86.5, TCPS = 309.7 £ 76.8) (p < 0.001,
except smooth PEEK, p = 0.003) (p = 0.037). Likewise,
VEGF secretion in osteogenic media was greater on all PEEK-
SP groups compared with smooth PEEK and TCPS (smooth
versus SP-250, p = 0.022; smooth versus SP-350,p = 0.008;
smooth versus SP-450, p = 0.040; TCPS versus SP-250,
p < 0.001; TCPS versus SP-350,p < 0.001; TCPS versus SP-
450, p = 0.001) (Fig. 7).

Discussion

Interest in improving PEEK’s osseointegration has accel-
erated in recent years after numerous reports have
described its inability in smooth form to facilitate bone
apposition [9, 23, 25, 34, 51]. Reasons why this interest
persists (as opposed to abandoning PEEK altogether) are
often attributed to the other qualities of PEEK that make it
favorable in orthopaedic and spinal applications, mainly its
radiolucency, MRI compatibility, high strength, and fatigue
resistance. In addition, the elastic modulus of PEEK is
between that of cortical and trabecular human bone
[14, 24], which may result in a lower risk of stress
shielding and subsidence in applications such as spinal
fusion when compared with other implant materials of the
same geometry. We have previously shown that a surface
porous PEEK implant facilitated osseointegration while
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Fig. 7 VEGF secretion from MC3T3-E1 cells on PEEK-SP groups
compared with machined smooth PEEK, Ti6Al4V, and TCPS in
growth media and osteogenic media. Tp < 0.05 versus all SP groups,
*p < 0.05 (two-way ANOVA, Tukey). Mean + SD.
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sufficiently preserving the mechanical properties of PEEK
to be considered as a material for loadbearing orthopaedic
implants [10]. Here we further investigated the PEEK-SP
pore structure to compare the mechanical and biological
performance of PEEK-SP with varied pore sizes.

Our study has a few limitations. First, percent porosity
was not systematically studied and the range of pore sizes
tested is rather small and only represents a twofold dif-
ference from the smallest to largest pores. However, the
range of pore sizes that we tested are expected to cover the
range that is clinically relevant [24]. Second, many appli-
cations can place implants under complex static or cyclic
loading environments such as compression, torsion, and
bending (or combinations thereof) that were not tested
here. Surface flaws will have the most detrimental effect on
the bulk properties in tension; thus, we believe that the data
presented here represent a worst case scenario. However,
further work is needed to understand the compressive
properties of the surface porous layer. Additionally, all
mechanical tests were performed in air at room tempera-
ture; however, we expect the behavior to be comparable in
a more physiologic environment [11]. Third, we have not
exclusively singled out pore size as a factor because other
parameters also change with pore size (such as layer
thickness) (Table 1).

We were able to reliably control pore size by selecting
the size of salt crystal used as porogen. Reports investi-
gating optimum pore sizes for various tissues generally
recommend a pore size of 200 to 500 pm for bone [3, 45].
Smaller pores may prevent cell infiltration or lead to
insufficient vascularization and nutrient transport in vivo
[24, 35]. Therefore, salt crystal sizes used in this study
(200-508 pum) were chosen to promote bone ingrowth and
create a pore structure favorable for osseointegration.
Microstructural characterization also showed that strut
morphology parameters (spacing and thickness) were
strongly influenced by crystal size, but were again highly
consistent within the three groups, suggesting a high level
of manufacturing reproducibility and control.

Mechanical characterization showed that pore size has
relatively little influence on the mechanical properties of
PEEK-SP within the evaluated size range; no differences
were found between PEEK-SP of the three different pore
sizes. The data demonstrate that although the loadbearing
capacity for all pore sizes decreases when using Ar, this is
mostly a geometric effect because their strength approa-
ches that of PEEK-IM when calculated using Apg.
However, this will still influence the structural application
of the material and is an important consideration in implant
design. Tensile tests also revealed that failure strains were
decreased to below 50% of PEEK-IM, consistent with
previous studies that showed that polymers experience a
decrease in failure strain in the presence of notches,
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whereas the effect on strength is typically marginal [42,
44]. There was no change in modulus with the addition of
surface porosity when using Aj g. As a result of the cyclic
loading experienced by orthopaedic implants and the often
detrimental decrease in the fatigue resistance of polymers
with surface flaws [33, 39, 46], it was important to evaluate
the fatigue resistance of PEEK-SP. All pore sizes demon-
strated a high fatigue resistance at one million cycles when
using App despite a decrease in endurance limit from
injection-molded PEEK. It also appears that, qualitatively,
PEEK-SP-450 had a slightly lower fatigue strength than
PEEK-SP-250, in agreement with the finding that larger
pores initiate more and larger fatigue cracks than small
pores and therefore might have a greater effect on the
fatigue life [21, 22]. Interfacial shear testing was also
performed on PEEK-SP samples to investigate the
mechanical integrity between the porous layer and solid
core. No difference was found between PEEK-SP samples
of different pore sizes. However, all PEEK-SP samples had
higher interfacial shear strength than smooth PEEK, sug-
gesting that any bone ingrowth will result in a mechanical
interlock providing increased loadbearing area and higher
bonding strength than smooth PEEK implants. Altogether,
the mechanical properties of surface porous PEEK support
its potential to bear physiologic loads with minimal risk of
failure. For a clinical loading comparison, lumbar inter-
vertebral discs experience loads of approximately 1000 to
3000 N depending on activity level, which is partially
transferred to interbody implants after spinal fusion [32,
40, 49]. A simple stress calculation predicts that a PEEK-
SP implant under such loading would require 25 to
80 mm? of surface area to remain in the elastic regime
and below the fatigue strength at one million cycles
(38 MPa). Most common spinal fusion implants exceed
this size, lending support for use of PEEK-SP in spinal
applications.

In vitro data support the ability of PEEK-SP to facilitate
bone cell proliferation and differentiation. At early time
points, cells exhibited increased proliferation on PEEK-SP
compared with smooth PEEK, Ti6Al4V, and TCPS. During
this proliferative phase, cells are thought to produce the
extracellular matrix proteins required for matrix mineral-
ization [28]. Therefore, the reduced cell proliferation on
smooth PEEK, Ti6Al4V, and TCPS (Fig. 5) may have
caused matrix production and mineralization to occur at
later time points in comparison to PEEK-SP (Fig. 6A).
This point is further evidenced by the higher ALP activity
of cells on smooth PEEK, Ti6Al4V, and TCPS at Day 14
(Fig. 6C), suggesting that the cells and matrix were still
preparing for mineralization. This is in contrast to cultures
on PEEK-SP that were extensively mineralized by Day 14
and exhibited lower ALP activity levels, which can occur
in heavily mineralized cultures and mature bone (Fig. 6C)

[28, 52]. This increased mineralization seen in PEEK-SP
cultures was clearly cell-mediated and not the result of the
increased surface area of the porous layer. Additionally,
cells grown on TCPS exhibited similar temporal trends in
ALP activity and mineralization as in a previous report [6],
suggesting that PEEK-SP accelerated osteoblast differen-
tiation rather than smooth PEEK and Ti6Al4V causing
delayed differentiation. One potential explanation for the
initially increased cell proliferation on PEEK-SP is that the
increased surface area effectively decreased the seeding
density of cells, which could have facilitated greater cell
proliferation at early time points [20, 54]. However, this
increase in surface area and early proliferation did not
translate to greater cell numbers at later time points
(Fig. 6B). Although dynamic culture conditions likely
enhanced nutrient transport within the pore layer [5], it is
possible that cells on the surface of the porous layer caused
more hypoxic conditions for the cells residing within the
deeper pores. Although our previous data suggest that
nutrient diffusion is not a limitation in vivo, where blood
vessels are able to perfuse the pore network and allow bone
to penetrate the full depth of the pore layer [10], hypoxia is
known to influence osteoblast differentiation and endo-
chondral ossification [8, 43]. This hypothesis is supported
by the increased VEGF production of MC3T3 cells on
PEEK-SP groups (Fig. 7), which is known to increase
under hypoxic conditions [31, 43].

In this study, we demonstrated that surface porous
PEEK can be created with a tunable microstructure. The
results show that the introduction of a porous surface layer
has the potential to provide an improved clinical outcome
for polymeric implants while maintaining adequate load-
bearing capacity. Unlike other methods to improve the
osseointegration of PEEK implants such as fully porous
PEEK scaffolds [30], PEEK-SP retains the bulk mechani-
cal properties necessary for orthopaedic applications while
potentially accelerating bone cell proliferation and differ-
entiation compared with smooth PEEK and Ti6Al4V.
Therefore, PEEK-SP may offer improved stability and
performance over current implants at the critical bone-
implant interface. Future studies will investigate the effect
of pore size and pore layer depth on functional osseointe-
gration in vivo within a preclinical animal model. In
addition, further testing is needed to optimize the porosity
to account for the tradeoff in bone ingrowth and com-
pressive strength. To predict clinical performance in a
spinal fusion application, implants possessing a PEEK-SP
surface will undergo biomechanical testing to evaluate
insertion force into the intervertebral disc space and the
degree of subsidence into the endplates. This technology
recently received FDA 510(k) clearance on the COHERE™
Cervical Interbody Fusion Device (Vertera Spine, Atlanta, GA,
USA) and clinical data are forthcoming.
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