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   Study Design.     An  in vitro  study examining factors produced by 
human mesenchymal stem cells on spine implant materials. 
   Objective.   The aim of this study was to examine whether the 
infl ammatory microenvironment generated by cells on titanium-
aluminum-vanadium (Ti-alloy, TiAlV) surfaces is affected by surface 
microtexture and whether it differs from that generated on poly-
ether-ether-ketone (PEEK). 
   Summary of Background Data.   Histologically, implants 
fabricated from PEEK have a fi brous connective tissue surface 
interface whereas Ti-alloy implants demonstrate close approximation 
with surrounding bone. Ti-alloy surfaces with complex micron/
submicron scale roughness promote osteoblastic differentiation and 
foster a specifi c cellular environment that favors bone formation 
whereas PEEK favors fi brous tissue formation. 
   Methods.   Human mesenchymal stem cells were cultured on tissue 
culture polystyrene, PEEK, smooth TiAlV, or macro-/micro-/nano-
textured rough TiAlV (mmnTiAlV) disks. Osteoblastic differentiation 
and secreted infl ammatory interleukins were assessed after 7 days. 
Fold changes in mRNAs for infl ammation, necrosis, DNA damage, 
or apoptosis with respect to tissue culture polystyrene were 
measured by low-density polymerase chain reaction array. Data 
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     Materials such as titanium-aluminum-vanadium alloy 
(Ti-6Al-4V, TiAlV) and poly-ether-ether-ketone 
(PEEK) are commonly used in spinal interbody 

fusion surgical procedures. These 2 materials, while used for 
similar clinical applications, have substantially different sur-
face characteristics, especially on a micron scale. Poly-ether-
ether-ketone is popular because its modulus of 3 to 4 GPa 1  ,  2  is 
close to that of native cortical bone, 14 to 18 GPa. In addition, 
PEEK is radiolucent, allowing surgeons to examine whether 
bone fi lls the intervertebral space. However, it is often encap-
sulated by fi brous tissue. The lack of bone integration can 
ultimately result in implant subsidence and nonunion. 

 Ti alloys have higher elastic moduli than bone but have 
yielded successful results clinically. 3  ,  4  Studies in animal models 
show greater bone apposition to Ti and Ti alloy surfaces, par-
ticularly when the surfaces have a rough microtopography. 5–7  

were analyzed by analysis of variance, followed by Bonferroni’s 
correction of Student’s  t -test. 
   Results.   Cells on PEEK upregulated mRNAs for chemokine 
ligand-2, interleukin (IL) 1 β , IL6, IL8, and tumor necrosis factor. 
Cells grown on the mmnTiAlV had an 8-fold reduction in mRNAs for 
toll-like receptor-4. Cells grown on mmnTiAlV had reduced levels of 
proinfl ammatory interleukins. Cells on PEEK had higher mRNAs for 
factors strongly associated with cell death/apoptosis, whereas cells 
on mmnTiAlV exhibited reduced cytokine factor levels. All results 
were signifi cant ( P   <  0.05). 
   Conclusion.   These results suggest that fi brous tissue around 
PEEK implants may be due to several factors: reduced osteoblastic 
differentiation of progenitor cells and production of an infl ammatory 
environment that favors cell death  via  apoptosis and necrosis. Ti alloy 
surfaces with complex macro/micro/nanoscale roughness promote 
osteoblastic differentiation and foster a specifi c cellular environment 
that favors bone formation. 
    Key words:   mesenchymal stem cells  ,   PEEK  ,   Ti6Al4V  ,   interbody 
spine cage  ,   infl ammatory mediators  ,   implant surface  ,   osteogenesis  , 
  fi brosis  ,   mRNA array  . 
  Level of Evidence: N/A  
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 In vitro  studies indicate that microtextured Ti and Ti alloy 
surfaces promote osteoblast differentiation and production of 
factors that favor bone formation  in vivo , whereas PEEK does 
not. 8–10  

 After a material is implanted into the body, the immune 
system initiates an immune response sequence. 11  The infl am-
matory response to the biomaterial is mediated in large part 
by the local infl ammatory microenvironment, which results in 
a cascade triggering migration of other cells to the vicinity. A 
high level of infl ammation creates a longer resolution period. 
Fibroblasts initially produce extracellular matrix in an effort 
to support the damaged tissue; however, extended activation 
of macrophages and other immune cells leads to reduction 
in matrix remodeling and the fi brotic scar tissue that was 
formed in the support stage of wound healing, which remains. 

 The persistence of fi brosis around PEEK implants in con-
trast to peri-implant bone formation around Ti alloy suggests 
that PEEK may stimulate formation of microenvironment 
consisting of specifi c infl ammatory cytokines that enhance 
fi brous tissue formation, whereas micron-scale–roughened 
Ti alloy surfaces reduce production of these factors. To test 
this hypothesis, we cultured human mesenchymal stem cells 
(MSCs) on disks consisting of machined PEEK, machined 
Ti6Al4V, and microtextured Ti6Al4V, and examined their 
production of factors associated with infl ammation, apopto-
sis, and necrosis.   

 MATERIALS AND METHODS  

 Material Fabrication 
 Fifteen-millimeter diameter disks of PEEK, smooth TiAlV 
(sTiAlV), and macro-/micro-/nano-rough (mmnTiAlV) were 
provided by Titan Spine (Mequon, WI). Processing of these 
disks resulted in varying surface topographies with average 
roughness (S a ) for sTiAlV of 0.27  ±  0.01  μ m or 2.74  ±  0.18 
 μ m for mmnTiAlV. PEEK substrates were machined, result-
ing in a S a  of 0.43  ±  0.07  μ m. Surface topography was visual-
ized using scanning electron microscopy (SEM, Ultra 60 FEG-
SEM; Carl Zeiss SMT Ltd., Cambridge, United Kingdom) 
recorded using a 5 kV accelerating voltage and 30- μ m aper-
ture. All disks were ultrasonically cleaned in ultrapure water 
(Millipore, Billerica, MA) and autoclave sterilized (Tuttnauer, 
Hauppauge, NY) before use in cell culture studies. 9    

 Cell Culture 
 Human MSCs (Lonza Biosciences, Walkersville, MD) were 
seeded on PEEK, sTiAlV, or mmnTiAlV at an initial den-
sity of 10,000 cells/cm 2  and cultured in MSC growth media 
(MSCGM, Lonza Biosciences) at 5% CO 2  and 100% humid-
ity. Cells cultured on tissue culture polystyrene (TCPS) served 
as an internal control.   

 Osteoblast Phenotype 
 When cells reached confl uence on TCPS, the media were 
changed and cells were incubated for 24 hours. Cells were 
lysed in 0.05% Triton X-100 and homogenized using a sonic 
dismembrator. Alkaline phosphatase activity, an early marker 

of osteoblast differentiation that reaches a peak just before 
matrix mineralization, was assayed in lysates by measuring 
the release of  p -nitrophenol from  p -nitrophenyl phosphate 
at pH 10.2. Activity was normalized to total protein content 
(Thermo Fisher Pierce BCA Protein Assay, Rockford, IL) of 
the cell lysates. Secreted osteocalcin, a later marker of osteo-
blast differentiation important in modulating hydroxyapa-
tite crystallization, was measured using a radioimmunoassay 
(Biomedical Technologies, Stoughton, MA) and normalized 
to DNA content (Quant-iT Assay Kit, Life Technologies, 
Carlsbad, CA) in the cell lysate.   

 Interleukin Protein Production 
 Cells were cultured as described previously and at confl u-
ence on TCPS, cells on all surfaces were incubated with fresh 
medium for 24 hours. Levels of secreted cytokines IL1 β , IL6, 
IL8, and IL10 were assayed in the conditioned medium (R&D 
Systems DuoSet ELISA, Minneapolis, MN) and normalized 
to DNA in the cell lysate.   

 Polymerase Chain Reaction Array 
 Cells were cultured on TCPS, PEEK, sTiAlV, or mmnTiAlV 
substrates. Cells were incubated with fresh medium for 12 
hours after reaching confl uence on TCPS. RNA was harvested 
using a TRIzol (Life Technology) extraction method follow-
ing manufacturer’s protocol and was quantifi ed (NanoDrop 
1000, Thermo Scientifi c, Waltham, MA). RNA (500 ng) was 
amplifi ed by reverse transcription (RT 2  First Strand Kit, Qia-
gen, Valencia, CA). mRNA was measured for 39 genes using 
PathwayFinder RT 2  Profi ler PCR Array (polymerase chain 
reaction array; Qiagen) and fold change to TCPS was nor-
malized to 3 housekeeping genes in the array using the Web-
based PCR Array Data Analysis Software (Qiagen).   

 Statistical Analysis 
 PCR array experiments were performed on n  =  3 samples 
per variable. Statistical differences were determined using 
Qiagen software, and changes greater than 2-fold was con-
sidered signifi cant. All other experiments involved 6 inde-
pendent cultures for each variable. Data from each experi-
ment were analyzed separately by analysis of variance and 
signifi cant differences between groups were determined using 
Bonferroni’s modifi cation of Student  t -test in GraphPad Prism 
Version 5.04.  P  value of less than 0.05 was considered to be 
signifi cant.    

 RESULTS 
 SEM imaging qualitatively demonstrated differences in sur-
face structures. PEEK disks had relatively smooth surfaces 
and had only minor parallel grooves because of processing 
( Figure 1 ). Likewise, sTiAlV surfaces were mostly smooth, 
with superfi cial grooves from machining ( Figure 1 ). Rough 
mmnTiAlV surfaces featured large pits and craters with super-
imposed micron- and submicron-scale features ( Figure 1 ).  

 DNA content was signifi cantly lower in cultures on PEEK 
and mmnTiAlV, but not different on sTiAlV, in compari-
son with TCPS ( Figure 2A ). Alkaline phosphatase activity 
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was the same in MSCs cultured on TCPS or PEEK ( Figure 
2B ) and was signifi cantly higher on TiAlV surfaces in com-
parison with both TCPS and PEEK. Levels were signifi cantly 
higher on mmnTiAlV than activity on the sTiAlV surface. 
Likewise, osteocalcin production was increased only on the 
Ti alloy surfaces, with the effect being greater on mmnTiAlV 
( Figure 2C ).  

 Production of proinfl ammatory interleukins IL1 β , IL6, 
and IL8 by MSCs was highest on PEEK compared with all 
other materials ( Figure 3A–C ). Conversely, production was 
lowest on the mmnTiAlV surface and was even lower than 
on TCPS. These were consistent observations, regardless of 
the protein analyzed. Levels of anti-infl ammatory IL10 were 
comparable in conditioned media of cultures grown on TCPS 
and the TiAlV surfaces ( Figure 3D ). Moreover, in cultures 
grown on the Ti alloy substrates, levels of IL10 were signifi -
cantly greater than on PEEK.  

 The PCR array ( Figure 4 ) demonstrated that cells cultured 
on mmnTiAlV exhibited the lowest levels of mRNAs for 
proinfl ammatory proteins ( Figure 4A ) and for proteins asso-
ciated with necrosis ( Figure 4B ), DNA damage ( Figure 4C ), 
and apoptosis ( Figure 4D ). In contrast, fold changes in these 
mRNAs on PEEK were the highest in comparison with cells 
on TCPS.    

 DISCUSSION 
 Spine surgeons traditionally augment interbody fusion 
implants with bone graft or bone graft substitutes of vary-
ing biologic potency. It is, therefore, challenging to discern 
meaningful differences between Ti alloy and PEEK implant 
materials in a clinical study. An  in vitro  model can identify 
cellular response differences between materials without use of 
additives in the medium to promote osteogenesis. 

 Previous  in vitro  studies showed that osteoblast differ-
entiation of human MSCs 12  and osteoblasts 13  is infl uenced 
by implant surface properties. When MSCs are cultured on 
PEEK, cells fail to exhibit known markers of bone formation 
such as increased alkaline phosphatase activity or osteocal-
cin production compared with cells cultured on TCPS. In 
contrast, MSCs cultured on rough Ti and Ti alloy do exhibit 
increased levels of these markers as well as production of pro-
teins that favor osteoblast differentiation (BMP-2, BMP-4, 
VEGF), even in the absence of media supplements used to 
stimulate expression of an osteoblast phenotype. 12  These  in 
vitro  studies are supported by  in vivo  results examining peri-
implant bone formation in sheep spine, where Ti alloy pedi-
cle screws with micron scale and submicron scale roughness 
exhibited 2-fold increases in pullout strength. 14  

 Histologically, Ti alloy implants demonstrate close appo-
sition with surrounding bone; however, implants fabricated 
from PEEK develop a fi brous connective tissue interface. 1  ,  14  ,  15  
Differences in the chemical and physical properties of an 
implant surface can directly affect immune cell response. 
Studies examining dendritic cell maturation show that it is 
sensitive to both chemistry and shape of a biomaterial, 16–18  
including surface microstructure. 19  When immature dendritic 
cells were cultured on microtextured Ti surfaces compared 
with smooth surface Ti surfaces, the expression of a mature 
dendritic cell phenotype was reduced. 

 Our results suggest that differences in biological response 
to Ti alloy and PEEK may be due to differences in the infl am-
matory microenvironment generated by cells on the implant 
surface. Increase of proinfl ammatory cytokines, specifi cally 
high levels of IL1 β , is associated with fi brous tissue forma-
tion, 20  and IL1 β , IL6, and IL8 are increased in chronic infl am-
mation. We observed the lowest levels of these infl ammatory 

   Figure 1.    Scanning electron microscopy images of PEEK (left panel), sTiAlV (middle panel), and mmnTiAlV (right panel) surfaces obtained at 1k ×  
magnifi cation. PEEK indicates poly-ether-ether-ketone; sTiAlV, smooth titanium alloy; mmnTiAlV, micro-textured rough titanium alloy.  

   Figure 2.    DNA content ( A ), alkaline phosphatase–specifi c activity ( B ), and osteocalcin production ( C ) in mesenchymal stem cells cultured on 
TCPS, PEEK, sTiAlV, or mmnTiAlV. * P   <  0.05 versus TCPS; † P   <  0.05 versus PEEK; ‡ P   <  0.05 versus sTiAlV. TCPS indicates tissue culture polysty-
rene; PEEK, poly-ether-ether-ketone; sTiAlV, smooth titanium-aluminum-vanadium alloy; mmnTiAlV, macro-/micro-/nano-textured rough TiAlV.  
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factors in MSC cultures grown on mmnTiAlV. In contrast, 
the cultures grown on PEEK resulted in the highest levels, sug-
gesting a profi brosis, infl ammatory response. 

 The opposite was true with respect to the anti-infl amma-
tory factor IL10. Reduced levels of this mediator favor a pro-
infl ammatory state, and PEEK was associated with reduced 
levels of IL10 compared with Ti. Taken together, our results 
showed that mmnTiAlV reduced the local infl ammatory envi-
ronment, decreasing the proinfl ammatory cytokines but also 
increasing the levels of the anti-infl ammatory cytokine IL10. 

 Particularly interesting was the observation that expres-
sion of factors associated with DNA damage and necrosis was 
upregulated on PEEK but either unchanged or reduced on Ti 
alloy. Similarly, PEEK consistently upregulated factors for 
apoptosis whereas the mmnTiAlV reduced these factors more 
than smooth Ti. Our results suggest that cells grown on PEEK 
are exposed to cellular stress and increase expression of genes 
that lead to DNA damage, apoptosis, and necrosis. All results 
together demonstrate that cells grown on PEEK produce a 
proinfl ammatory environment, but it is not clear whether 
PEEK can induce apoptosis and necrosis by direct contact or 
as a result of the high proinfl ammatory environment. 

 The question remains as to whether our fi ndings were due 
to PEEK’s chemistry or to its surface structure. PEEK surface 
topography varies with processing, and rougher PEEK surfaces 
do support greater osteoblast differentiation of human osteo-
blasts than smooth surfaced PEEK. 21  Recent studies have shown 
that bone formation is improved around PEEK implants that 

have been blasted using biphasic calcium phosphate 22 ; however, 
residual mineral may contribute to the outcome. PEEK that has 
been treated by oxygen plasma exhibits improved osseointegra-
tion, 23  supporting the hypothesis that surface topography is an 
important variable.  In vitro  studies also indicate that adipose-
derived stem cells exhibit improved osteoblast differentiation 
when grown on PEEK treated by oxygen plasma, but the sur-
face modifi cations lead to changes in contact angle and elec-
trochemical properties in addition to altered nanostructure. 24  
Another modifi cation of the PEEK surface has been generated 
using a porogen fi ller, polymer extrusion, and removal of the 
fi ller. 25  Bone marrow stromal cells cultured on these surfaces 
exhibit osteoblast differentiation, but the contribution of sur-
face chemistry is not known. Well-controlled experiments in 
which porosity on the PEEK surface is produced using various 
chemical methods show that small differences in resulting sur-
face properties can alter osteoblast growth and differentiation 
as well as osseointegration. 26  Although these studies demon-
strate the value of surface roughness in osteogenic effects of 
PEEK materials, few reports have directly compared responses 
to PEEK with responses to Ti6Al4V. Even those studies that 
have examined responses to PEEK and Ti6Al4V have not 
assessed effects on immune modulation. 

 Our study did not address the contribution of substrate 
stiffness to the outcomes measured. PEEK and Ti6Al4V have 
different moduli, both of which differ from that of the bone 
surface. Stiffness of a substrate does infl uence MSC differen-
tiation, but it is very diffi cult to separate effects of stiffness 

   Figure 3.    Levels of IL1 β  ( A ), IL6 ( B ), IL8 ( C ), and IL10 ( D ) in the conditioned media of mesenchymal stem cells cultured on TCPS, PEEK, sTiAlV, or 
mmnTiAlV. * P   <  0.05 versus TCPS; † P   <  0.05 versus PEEK; ‡ P   <  0.05 versus sTiAlV. TCPS indicates tissue culture polystyrene; PEEK, poly-ether-
ether-ketone; sTiAlV, smooth titanium-aluminum-vanadium alloy; mmnTiAlV, macro-/micro-/nano-textured rough TiAlV.  
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  ➢  Key Points   

   MSCs diff erentiate into osteoblasts on micro-/
nano-textured Ti alloy surfaces but not on PEEK 
surfaces.  
   MSCs produce anti-infl ammatory factors on 

micro-/nano-textured Ti alloy surfaces but not on 
PEEK surfaces.  
   Factors produced by MSCs on PEEK surfaces may 

favor fi brosis whereas factors produced on Ti al-
loy surfaces favor osteogenesis.    

from those of chemistry. We have attempted to investigate 
this very question using photopolymerized networks. 27  Our 
results indicated that chemistry was the primary regulator 
of osteoblast differentiation, and the effect of stiffness was 
secondary to the effect of surface chemistry. Although the 
greatest degree of osteoblast differentiation was on the stiffest 
polymers in 1 copolymer system, when grown on a different 
copolymer system, cells became more differentiated on the 
less stiff surface. When cells were grown on substrates with 
identical stiffness and surface topography but differing chem-
istry, chemistry proved to be a critical variable. 28  ,  29  Thus, even 
if PEEK and Ti6Al4V could be fabricated to have comparable 
stiffness and surface microstructure, differences in biological 
response would be likely. 

 In conclusion, this study found that MSCs are compat-
ible with the mmnTiAlV surface, and when cultured on it, 
reduce production of infl ammatory mediators and enhance 
production of anti-infl ammatory mediators compared with 
PEEK. Although we did not address fi brosis specifi cally, our 
results suggest that the fi brous tissue interface seen with PEEK 
implants may be due to increased infl ammatory cytokines 
and decreased cell viability. In addition, the macro-/micro-/
nano-scale–roughened Ti alloy surface is more effective than 

smooth Ti alloy in promoting an osteogenic environment 
with low infl ammation and robust cell viability.         
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