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Implant Materials Generate Different Peri-implant Inflammatory Factors: Poly-ether-ether-ketone Promotes Fibrosis and Microtextured Titanium 
Promotes Osteogenic Factors
Olivares-Navarrete, Rene DDS, PhD; Hyzy, Sharon L. MS; Slosar, Paul J. MD; Schneider, Jennifer M. MS; Schwartz, Zvi DMD, PhD; Boyan, Barbara D. PhD

PEEK Advantages/Disadvantages
• Persistence of fibrosis around PEEK implants may stimulate 

formation of a microenvironment consisting of specific 
inflammatory cytokines that enhance fibrous tissue formation with 
decrease cell viability

• Biologically inert preventing good bone integration

• Prone to bacterial colonization and periprosthetic infections

• PEEK is popular because its modulus is close to that of native 
cortical bone.

• PEEK is radiolucent, allowing surgeons to examine whether bone 
fills the intervertebral space
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Ideal Spinal Fusion Device
• Strength, reliability

• Biocompatible, chemically stable

• Radiolucent, images well with all modalities

• Elastic modulus near cortical bone minimizing stress shielding 
and resorption

• Bacterial resistance

• Osteoconductive/Inductive - promoting ingrowth and on-growth

**Chahoud et  al., “Surgical site infections following spine surgery: eliminating the controversies in the diagnosis ,” Front Med, 1 7 (2014).
**Smith et  al., “Rates of Infection After Spine Surgery Based on 108,419 Procedures,” SPINE, 36 [7] 556-563 (2011). 

Background
• A recent review* reports a spine surgical site infection rate 0.15%-7.2%, depending 

upon several variables
• Smith et al.** reported deep infection rates of 1.5% for open spine surgery and 

0.2% for MIS spine surgery based on a review of the Scoliosis Research Society 
morbidity and mortality database

• Readmissions due to infection are a significant burden in terms of
• pain and inconvenience for patients

• cost and effort for hospitals and care providers

• Emergence of antibiotic-resistant bacteria can make management more difficult.
• New, material-science driven approaches are needed to ensure infection rates 

continue to remain under control and minimized

• PEEK is hydrophobic at surface
• Does not resist biofilm adhesion
• Forms a surface fibrous layer that inhibits osseointegration

• Emerging technologies of coating/modifying PEEK seek 
to address these issues.

• Nano-scale roughening changing surfaces enhances biocompatibility.
• Coating/compounding  to increase wettability/bioactivity (Ti, 

hydroxyapatite, β-TCP, Ca-silicates): improves osseointegration but 
cannot resist bacterial biofilm formation

• Compounding with active antibiotic, silver-containing material, or 
PEEK Hybrids can enhance osseous integration and anti-microbial 
properties. 

θ~90°

PEEK Current & Future State
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2 main strategies

• Surface Modification through treatment or coating
• Bioactive compounds

Goal: Increasing Bioactivity

ANTIMICROBIAL COATED IMPLANTS
• Antibiotic Based Coatings
• Aniseptic Based Coatings
• Chitosan Coatings

NON-COATING TECHNOLOGY
Modified Surface Technology

Integrated Biofilms

Antibiotic-based coatings 

• Antibiotic coatings allow for local delivery of antibiotics with a sustained 
release based on the drug carrier pharmacokinetics. 

• The most widely studied antibiotic for such coatings has been gentamicin

World J Orthop 2016 June 18; 7(6): 361-369 
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World J Orthop 2016 June 18; 7(6): 361-369 

Antiseptic-based coatings 
• Antiseptic-based coatings are intended to combat a wide range 

of bacteria by way of more general chemical agents. 

Chitosan coatings 

• Chitosan is a polymer of chitin that exhibits active anti- microbial 
properties. 

• Recent pre-clinical studies have provided evidence that several 
composites of chitosan may act as effective antimicrobial agents 
suited for orthopedic implants 

• Chitin is the second most abundant biopolymer in the world! Only cellulose (the 
building block of all plants) is more abundant in nature.

World J Orthop 2016 June 18; 7(6): 361-369 

Bacteriostatic
Chitosan also binds to the cell walls of microorganisms, 
suppressing microbes through a nontoxic mode of 
action. Alternatively, most antibiotics and bactericidal 
agents work through a toxic mode of action.

Positive electrostatic charge
Chitosan binds with heavy metals, hydrocarbons, 
debris, and other. Chitosan also binds to red blood 
cells.

Chitin and chitosan are naturally nontoxic, biodegradable, and biocompatible while having 
valuable properties for a wide range of applications:

Chitosan
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Inhibition of bacterial adhesion and biofilm formation of sulfonated chitosan against Pseudomonas 
aeruginosa.
Liu Y1, Jiang Y1, Zhu J1, Huang J2, Zhang H3.

Chitosan derivatives are safe and natural polymers against micro-organisms.

Inhibition of bacterial adhesion and biofilm formation by anionic chitosan (sulfonated chitosan, 
SCS) and cationic chitosan (chitosan hydrochloride, WCS) against P. aeruginosa were investigated. 

The results showed SCS exhibited good antibacterial activity

The metabolic activity and secretion of biofilm of P. aeruginosa were significantly decreased after 
the treatment with SCS. 

Scanning electron microscopy and laser scanning microscopy further demonstrated that SCS and 
WCS could significantly inhibit the biofilm formation of P. aeruginosa.

Carbohydr Polym. 2017 Jan 2;155:321-328.  Epub 2016 Aug 22.
Synthesis, characterization, and antimicrobial activities of sulfonated
chitosan.
Sun Z1, Shi C1, Wang X1, Fang Q1, Huang J2.

Sulfonated chitosan (SCS) exhibited strong antibacterial activities against 
Escherichia coli and Staphylococcus aureus.

Scanning electron microscopy revealed that WCS and SCS could damage 
and deform the structure of fungal hyphae. 

• Modified Surface Technologies

• Integrated Biofilms

Non-Coating Technologies
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World J Orthop 2016 June 18; 7(6): 361-369 

Modified Surface Technology

• Singh demonstrated that modifying surface rough- ness of 
a material at the nanoscale level could provide 
antibacterial properties 

• The data available suggests there is threshold where 
modified surface micro-topography can be an effective 
means of reducing biofilm, or encouraging bacterial 
growth. 

Integrated Biofilms

• Film composed of polyarginine and hyaluronic acid. The 
film inhibits the production of inflammatory cytokines

• Combats bacteria using a nanoscale silver coating

• Opens the opportunity for bacteria-specific customization 
via embedded antimicrobial peptides 

World J Orthop 2016 June 18; 7(6): 361-369 

J Spine Surg. 2018 Jun;4(2):349-360. 
A single center retrospective clinical evaluation of anterior cervical discectomy and fusion comparing allograft spacers to silicon nitride cages.
Smith MW1, Romano DR2, McEntire BJ3, Bal BS3,4.

BACKGROUND:
Iliac crest autograft or allograft spacers have been traditionally utilized in anterior cervical discectomy and fusion (ACDF) to provide vertebral stabilization and 
enhanced osteogenesis. 
Abiotic cages have largely replaced these allogenic sources due to host-site morbidities and disease transmission risks, 
devices made of polyetheretherketone (PEEK) or titanium-alloys (Ti) have gained wide popularity, they lack osteoinductive or conductive capabilities. 
Silicon nitride (Si3N4) is a relatively new implant material that also provides structural stability and yet purportedly offers osteopromotive
and antimicrobial behavior. 

This study compared radiographic outcomes at ≥12 months of follow-up for osseous integration, fusion rate, time to fusion, and 
subsidence in ACDF patients with differing intervertebral spacers.

METHODS:

Fifty-eight ACDF patients (108 segments) implanted with Si3N4 cages were compared to thirty-four similar ACDF 
patients (61 segments) implanted with fibular allograft spacers. 
Lateral radiographs (normal, flexion, and extension) were obtained at 3, 6, 12, and 24 months to assess osseous integration, the presence of bridging bone, the 
absence of peri-implant radiolucencies, subsidence.

RESULTS:

In patients with ≥12 months of follow-up, fusion for the allograft spacers and Si3N4 cages was 86.84% and 96.83%, 
Osseointegration was 76.32%(allograft) and 93.65%(Si3N4)
The time to fusion significantly favored the Si3N4 cages (4.08 vs. 8.64 months (LESS OPPORTUNITY FOR 
SUBSIDENCE)
The assessed time for full osseointegration was 7.83 (Si3N4)  and 19.24 months (allograft).

Average subsidence at 1-year follow-up was 0.51 (Si3N4) and 2.71 mm for the allograft.

CONCLUSIONS:
In comparison to fibular allograft spacers, Si3N4 cages showed earlier osseointegration and fusion, higher fusion rates, and less subsidence.
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LixinWangaShuHe XiaomianWu ShanshanLiang ZhonglinMu JieWei FengDeng YiDeng ShichengWe

Journal of Biomaterials 2014.04.085

Looked at PEEK/nano-fluorohydroxyapatite (PEEK/nano-FHA) 

Smooth and rough surfaces ofPEEK/nano-FHA biocomposites were also prepared. 

Our results showed that in vitro initial cell adhesion and proliferation on the nano-FHA reinforced PEEK composite were 
improved. 

In addition, higher alkaline phosphatase activity and cell mineralization were also detected in cells cultured on for rough 
PEEK/nano-FHA surfaces. 

More importantly PEEK/nano-FHA biocomposite could effectively prevent the proliferation and biofilm formation of bacteria. 

For in vivo test, the newly formed bone volume of PEEK/nano-FHA group was higher than that of bare PEEK group based on 
3D microcomputed tomography and 2D histomorphometric analysis. 

These reports demonstrate that the developed PEEK/nano-FHA biocomposite has increased biocompatibility and antibacterial
activity in vitro, and promoted osseointegration in vivo, which suggests that it holds potential to be applied as dental 
(Ortho)implant material in dental tissue engineering applications.

• COHERE cervical cage from

• Designed to mimic the 3D structure of 
human trabecular bone

• Eliminates poor osteointegration and 
fibrous encapsulation seen with 
smooth PEEK implants

• Maintains structural integrity of PEEK

• Does have radiographic markers in 
the implant

3D Porous PEEK

First-of-its kind porous architecture designed to 
• promotes bone ingrowth for faster incorporation1,2

• appropriate biomechanics to prevent subsidence and stress-shielding3,4

• maintains imaging properties of smooth PEEK5,6 

Mimics Bone Architecture

Bone Scoria Bone Scoria 

• Fully interconnected
• ~1 mm ingrowth depth
• >60% porosity
• 300-400 µm pore size

Bone Porous PEEK

1Evans NT, Torstrick FB, Lee CS, et al. High strength surface-porous polyether-ether-ketone for load bearing applications. Acta Biomater 2015;13:159-67, 2Torstrick FB, Lin ASP, Gall K, et al. Porous PEEK improves the bone-implant interface 
compared to plasma-sprayed titanium coating in PEEK: in vitro and in vivo analysis. Orthopaedic Research Society (ORS) Annual Meeting; March 2017; San Diego, CA., 3Evans NT, Torstrick FB, Safranski DL, et al. Local deformation behavior of 
surface porous polyether-ether-ketone. J Mech Behav Biomed Mater 2017;65:522-32., 4.Carpenter RD, Klosterhoff BS, Torstrick FB, et al. Effect of porous orthopaedic implant material and structure on load ssharing with simulated bone 
ingrowth: A finite element analysis comparing titanium and PEEK. J Mech Behav Biomed Mater. 2018;80:68-76, 5Tortrick FB, Safranski DL, Burkus JK, et al. Getting PEEK to Stick to Bone: The Development of Porous PEEK for Interbody Fusion 
Devices. Tech Orthop. 2017 Sep;32(3):158-166, 6Burkus JK. Early Outcomes of Anterior Cervical Discectomy and Fusion Using a Porous PEEK Interbody Fusion Device. The Journal of Neurosurgery: Spine. Submitted

Wettable Material

Porous PEEK Interbody Devices 
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Smooth 
PEEK

Porous 
PEEK

Ti6Al4V

, 5Tortrick FB, Safranski DL, Burkus JK, et al. Getting PEEK to Stick to Bone: The Development of Porous PEEK for 
Interbody Fusion Devices. Tech Orthop. 2017 Sep;32(3):158-166

cc Increased Cell 
Proliferation

Increased Cell 
Proliferation

cc

hMSCs at 4 days, growth medium
N=6+/-SE

MC3T3s at 14 days, osteogenic medium
N=6+/-SESmooth PEEK Porous PEEK

hMSC, at 4 weeks, osteogenic medium

Increased 
Osteogenic

Differentiation

Increased 
Osteogenic

DifferentiationMineralization
at 4wks

Cell 
Attachment

hMSC, at 4 days, growth medium

Improved Osteogenic Response

Post-sac CT at 12 weeksIn vivo CT at 8 weeks

Incomplete bridging at L2-L3
Full bridging at L4-L5

Partial bridging at L2-L3
Full bridging at L4-L5

COHERE

Titanium

L2/L3

L4/L5

Titaniu
m

COHERE

COHERE

Titanium cage

Safranski DL, Phillips F, et al. Comparison of 3-D Porous PEEK Interbody Fusion Device And 2-D Roughened Titanium Devices in an Ovine 
Model. North American Spine Society (NASS) Annual Meeting; October 2017; Orlando, FL.

Imaging: Randomized Levels of Porous 
PEEK versus Titanium

• Osteoconductive properties of HA lead to enhanced bone apposition

• Initial implants struggle with correct composition of HA to PEEK and 
sacrificed a trade-off of load carry capacity

Hydroxyapatite (HA) PEEK Composites
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• EVOS HA PEEK-OPTIMA (Invibio)
• 1st lumbar HA impregnated implant

• 20% Hydroxyapatite (HA), 80% PEEK 
guaranteeing that HA will be on all aspects of 
the implant, not just on the endplates

• Implant with closest stiffness to cortical bone

HA PEEK Composite

• Invibio’s cervical fusion study in 
sheep comparing PEEK-HA with 
PEEK-Natural and allograft 
demonstrated significant increase in

• Bone growth at 6 weeks

• Quality of bone produced at 6 weeks

PEEK-HA

PEEK polymer for bone 
mimicking properties

Fully interconnected 
porous structure for 
boney ingrowth across 
the entire implant

Exposed HA whiskers on 
pore surfaces stimulate 
osteo response

BIOMECHANICAL 
PROPERTIES

BIOACTIVITY

POROSITY

PEEK

HA
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THOROUGH POROSITY WICKS FLUID THROUGHOUT

2018 – Biomaterials

1 Bone interlocking plays a critical role in implant fixation

Porous PEEK demonstrates improved bone response in vitro

F. Brennan Torstrick, Angela S.P. Lin, Daniel Potter, David L. Safranski, Todd A. 
Sulchek, Ken Gall, Robert E. Guldberg

2

Inter-connected porosity promotes boney growth throughout the implant

Porous PEEK boney fixation in vivo is greater than smooth 
PEEK or titanium coated PEEK3

Red tracer dye

PEEK WITH HA WHISKERS

Traditional HA PEEK HAPPE material 

• Smooth machined solid surfaces
• No ingrowth into exterior surfaces
• Particles shape has minimal HA exposure
• Potential for encapsulation from machining

• Machined porous exterior for ingrowth
• Interconnected internal porosity promote 

thorough osteo-conductivity
• Exposed HA whiskers maximizes bioactivity
• Selectively dense/porous optimizes implant 

design.

3D surface imaging

Density comparison

3D surface imaging

The infection-fighting material used in DiFUSION’s CleanFUZE™ is a 
‘super silicate’ molecule composed of antimicrobial silver ions that is 
compounded into the plastic spinal interbody cage. 

Once the CleanFUZE™ interbody cage is implanted into the spinal disc 
space during spinal surgery, silver ions exchange with naturally occurring 
sodium ions in the bloodstream and diffuse antimicrobial silver ions for a 
period of 4 weeks.

CleanFUZE™ contains antimicrobial properties embedded in the device, 
significantly enhancing the effectiveness.

DiFUSION CleanFUZE
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Nanovis - Confidential for Discussion Purposes Only

• Nanovis’ FortiCore interbody fusion devices are 
designed to maximize the clinical benefits of 
Titanium and PEEK.  

o Deep interconnected titanium pores

o Micron, sub micron, nano features

o Nanotube surface improving bone ingrowth

o Intermolded PEEK core for bridging bone 
visualization 

o Next generation nano PEEK for bone ongrowth

Nanovis Spine’s FortiCore Interbody Fusion Devices
Design Rationale:

2.a

2.b

Day 12Day 10 Day 17Day 14 Day 19 Day 21
Bacterial inhibition zones for S. aureus

Shot Peened 
Ti Control

“Colonization resistant”
Control

Shot Peened 
Ti Control

“Colonization resistant”
Control

S. aureus growing on agar plate.

Zone around implant where S. aureus has been 
killed.

Antimicrobial  + bone growth nanotube surfaced 
titanium.

Nanovis Spine’s Antimicrobial Nanotube Technology 
Kills Bacteria for Longer than 21 days.

• Amedica (Salt Lake City, UT)

• Began in collaboration with Univ of Utah 1996

• Only company with medical grade silicon nitride 
worldwide

• Over 35000 implants

• Amedica has characterized the chemistry and nono-tech 
driving its anti-microbial activity and osteogenesis

• 75 Peer reviewed papers

• Osteoconductivity

• Composite containing Si3N4 showed significant 
osteogenic cell culture growth in comparison to 
monolithic PEEK

• Presence of Si and N stimulated progenitor cell 
differentiation and osteoblastic activity

PEEK - Silicon Nitride-AMEDICA 
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15 vol% Sintered Si3N4 compounded into PEEK polymer

PEEK

Si3N4-PEEK

PEEK
Si3N4
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Si3N4-PEEK Composite

Osteoconductivity ResultsOsteoconductivity Results

n = 3 n = 3

Fluorescence Microscopy 3D Laser Microscopy

Bacteriostasis ResultsBacteriostasis Results

n = 3

WST Assay AnalysisCFDA/DAPI Stain Analysis

n = 8
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 Surface chemistry release ammonia (NH3) and silicic 
acid into biological fluids enhances bactericidal 
feature.

 Bioavailable silicon enhances rapid bone ongrowth
1. G. Pezzotti, "Bioceramics for Hip Joints: The Physical Chemistry Viewpoint." Materials, 7.6, 4367-4410, (2014).
2. R. C. Dante, et al., “A Review and a Fundamental Theory of Silicon Nitride Tribochemistry,” Wear, 288, 27–38. (2012).
3. R. Jugdaohsingh, "Silicon and Bone Health." Journal of Nutrition, Health & Aging, 11.2, 99-110, (2007).

Si N ’s Unique Surface ChemistrySi3N4’s Unique Surface Chemistry

• Amedica (Salt Lake City, UT)
• Translucency

• Visibility improved on X-ray

• Maintained a Young’s Modulus 
between 23—27 GPA (Cortical 
bone, 17-21)

• minimizes subsidence, stress 
shielding, bone resorption

PEEK - Silicon Nitride Polymeric Composite

• Samples ~2 mm thick

• Ti alloy samples 
radiopaque

• Si3N4 monolith 
partially radiolucent

• Si3N4-PEEK composite 
partially radio-opaque

• PEEK nearly 
completely radiolucent

Pezzotti et al, Macromol Biosci 18 [6] (2018).

Radiolucency
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• 2+ order of magnitude reduction in CFU concentration of E. 
coli and S. epidermidis on Si3N4 relative to PEEK during in 
vitro exposure
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E. coli

R.M. Bock, et al., “Bacteriostatic Behavior of Surface-Modulated Silicon Nitride in Comparison to Poly-ether-ether-ketone and Titanium,” J. Biomed. Mater. Res. Part A, 1–35 (2016).

S. epidermidis

Si3N4 biofilm resistance in vitro

• Histology performed 3 months after 104 Staph. epi. septic implantation.

• Si3N4 had significantly higher bone reformation in the defect area and at the implant 
interface with no presence of bacteria within the surgical site.

Wistar Rat Calvarial Study

T. J. Webster et al., “Anti-Infective and Osteointegration Properties of Silicon Nitride, Poly(etheretherketone), and Titanium Implants, Acta Biomaterialia, 8, [12], 4447-4454, (2012).

PEEK Si3N4

Si3N4 infection resistance in vivo

• Rate of adverse events due to infection for spine surgeries using Si3N4 cages 
is drastically lower than reported averages for spine surgeries using devices 
made from conventional materials

SN Historical Adverse Events
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Si3N4-PEEK resisted bacterial infectionin
vitro exposure to S. epidermidis

• Order of magnitude reduction in live bacteria coverage in vitro, observed 
via fluorescence microscopy, when Si3N4 is compounded into PEEK
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PEEK 15v% Si3N4
in PEEK

n=3
p<0.003

Pezzotti et al, Macromol Biosci 18 [6] (2018).

Laser Scanning 
Micrograph

Nuclei stained, blue (DAPI)

Live cells, green (CFDA)

Conclusion

Multiple New Technologies

• Some enhance Bone on-growth but are yet to demonstrate any anti-microbial activity

• Surface Technologies can enhance or diminish the osseous integration or anti-microbial activity. The trick is 
in the balance

• Many of these technologies are relatively new and promising

• Silicon Nitride has the longest experience at promoting both osseous integration and anti-microbial activity

• The future will clearly be interesting

Consider all Options before 
Beginning new Journeys

Thank-You


