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ARTICLE DETAILS ABSTRACT

Article History: Orthopaedic devices are expected to be implanted at much higher rates in the upcoming decades since individuals 
are living longer and still demand the same quality of life. Successful procedures will continue to improve based 
on optimized surgical technique and advanced implant designs/coatings. The success of orthopaedic implants 
cannot be attributed solely to good intuition or the material type alone. While titanium is a preferred biomaterial 
for many orthopaedic applications, additional factors significantly impact implant survivorship. Therefore, this 
article is intended to provide an overview of critical principles and will discuss what we define as the 5 hallmarks 
of orthopaedic biomaterials success. 
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1. INTRODUCTION

Much of what is known about biomaterials derived from non-biomedical 
engineering endeavors. For example, during World War II pilots who 
sustained windshield shrapnel in their eyes from combat experienced 
a minimal foreign body reaction. Thus Dr. Harold Ridley investigated 
polymethylmethacrylate (PMMA) as a biocompatible material for lens 
replacement. Similarly, the large-scale production of titanium for jet 
aircrafts prompted researchers to investigate its use as a biomaterial 
(due to its excellent mechanical properties and resistance to corrosion).

In the mix of the war, Bothe et al. published results suggesting for the 
first time that bone may fuse with titanium. Eleven years later, Leventhal 
published further results demonstrating minimal soft tissue reaction to 
titanium and its potential use as a metal in orthopaedic applications. 
Approximately the same time as Leventhal, Per-Ingvar Brånemark 
independently observed that bone attached to titanium chambers that 
were used to visualize blood cell formation in rabbit marrow. However, 
it is Brånemark’s research with titanium and bone integration that is 
mostly recognized as contributing to the current understanding of 
“osseointegration”. From this work, titanium has become commonplace 
in dental implants, total joint replacements, fracture fixation plates, 
intramedullary nails and external fixators [1].

Prior to the use of titanium as an orthopaedic implant, various other 
metals—including stainless steel and VitalliumTM—were used for 
fracture fixation plates and dental implants, but these metals were 
not investigated as a substitute for hip replacements until the 1940s. 
Stemming from the work by Glück in 1891, who used ivory as a ball 
and socket joint to create a hip fixation implant, Moore was the first 
surgeon to implant a total hip fixation device made of VitalliumTM. Sir 
John Charnley then revolutionized the design by developing a separate 
acetabular cup and femoral component made of Teflon™ and titanium 
respectively, which were cemented into place with PMMA. The use 

of Teflon™ by Charnley marked one of the early uses of a polymer in 
orthopaedic implants. However, because of premature wear, Teflon™ 
was found to not be a suitable material for acetabular components, and 
by 1962 was replaced by ultra-high-molecular-weight-polyethylene 
(UHMWPE) since it produced fewer wear particles during cyclic loading. 
This pioneering work by Charnley prompted joint arthroplasty, which 
once was a rare procedure, to become commonplace. Total knee 
arthroplasty (TKA) in particular, is one of the most frequent elective 
surgical procedures and accounts for 450,000 cases in the United States 
annually [2].

The success of orthopaedic implants (similar to those designed by 
Brånemark, Glück, Charnley, etc.) cannot be attributed solely to good 
intuition or the material type alone. While titanium is a preferred 
biomaterial for many orthopaedic applications, additional factors 
significantly impact implant survivorship. Therefore, this article is 
intended to provide an overview of critical principles and will discuss 
what we define as the 5 hallmarks of orthopaedic biomaterials success: 
1) biocompatibility, 2) physician technique, 3) design, 4) mechanical 
stability/initial fixation, and 5) infection prevention.

2. HALLMARKS OF ORTHOPAEDIC BIOMATERIALS SUCCESS

2.1 Biocompatibility

Over the past two decades, several definitions of “biocompatibility” have 
been proposed. Williams stated that “biocompatibility is the ability of 
a material to perform with an appropriate host response in a specific 
application”. Mardis and Kroeger defined biocompatibility as being “the 
utopian state where a biomaterial presents an interface with a physi-
ologic environment without the material adversely affecting the envi-
ronment or the environment adversely affecting the material”. These 
definitions have provided general guidelines for which researchers have 
compared the response of host tissue to biomaterials, and vise versa. 
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However, as discoveries continue to be made, these definitions must be 
modified to conform to the ever-increasing understanding of biomateri-
al-host interactions [3].

Although no material known to man is completely biocompatible (i.e. no 
wound will heal in the same manner when a biomaterial is present than 
if it is not), it may be that our understanding of protein-surface interac-
tions contributes most significantly to how we define biocompatibility. 
More specifically, shortly after implanting a biomaterial in the body, a 
conditioning film containing small molecules including water, electro-
lytes, cholesterol, complement, vitamins, lipids and proteins (such as 
albumin, IgG, fibronectin, fibrinogen, laminin, collagen and of interest to 
orthopaedics, osteopontin) forms on the surface of the implant long be-
fore cells are present and reach a state of equilibrium thereon. This layer 
is dynamic and ever changing due to the differential diffusion and mass 
transport of these molecules/cells toward the implant surface. Compet-
itive binding occurs on the surface due to the affinity of the molecules/
cells towards the surface. Thus, it can be hypothesized that cells never 
“see” the entire surface of a biomaterial, but more correctly respond to 
and interact with the conditioning film that already developed in situ. 
The same would be true for bacteria that might be present near the im-
plant surface (discussed in subsequent sections).

Attachment-dependent cells secure themselves to these proteins or 
protein matrices using integrin receptors, thus this conditioning film 
becomes very important in the reaction of cells to the surface of an or-
thopaedic biomaterial. This interface is what has prompted researchers 
to investigate protein-preconditioned surfaces of biomaterials. Impor-
tantly, this conditioning film plays a significant role in biocompatibili-
ty because of the conformational changes that occur to adsorbed pro-
teins, which often result in proinflammatory signals by the host immune 
system. As proteins adsorb to a biomaterial surface, they often change 
conformation and expose epitopes that are not typically identified as 
self-produced by the body’s immune cells. Immune cells then react as 
they detect what once were normal physiological proteins as foreign 
body materials. The result of this effect may be a cascade of blood coagu-
lation and/or chronic inflammation, which can further lead to occlusion 
of nutrients, changes in oxygen tension, excessive fibrous capsule forma-
tion and most importantly rejection of an implant system [4].

The extent of protein deformation and the assortment of proteins that 
adsorb onto an orthopaedic implant vary based on the material type. For 
example, in an attempt to make metal surfaces more “passive,” i.e. more 
resistant to corrosion, chemical treatments are often added during the 
manufacturing process. Passivation with nitric acid of stainless steel de-
vices creates a less reactive oxide layer for enhanced biocompatibility. 
However, passivation also has one added benefit; it serves as a means for 
removing foreign material from the surface of metals such as machin-
ing oil and bacteria, (including bacteria that reside in a biofilm). How-
ever, our team recently grew biofilms of Staphylococcus epidermidis on 
the surface of titanium metal and found that despite being sonicated in 
detergent, passivated with nitric acid, rinsed with copious amounts of 
water and autoclaved, the surface of titanium still contained biofilm on 
the surface in over 30% of cases (unpublished data). Thus, if bacteria 
remain on the surface of an implant, dead or alive, their foreign materials 
and endotoxins may foster inflammation and lead to subsequent implant 
failure.

In the case of titanium, these specific metals naturally develop an oxide 
layer on the surface which helps chemically bond the surface with the 
osseous cells during cementless skeletal fixation. While this is generally 
desired, in specific applications, long chain alcohol treatment of titanium 
may be used to make the surface more hydrophobic, generally, hydro-
philic surfaces have greater biocompatibility due to water retention at 
the surface. Therefore, a unique surface may be developed if only tran-
sient bone attachment is desired. Hydrophobic surfaces are also more 
apt to attract the adsorption of albumin, the most abundant protein in 
plasma that contains several hydrophobic residues. It is almost always 
undesirable to have albumin on the surface of an orthopaedic implant 
due to the inability of attachment-dependent cells to adhere to it. If al-
bumin is the dominating protein at the surface, greater fibrous capsule 
formation occurs and there are problems maintaining a durable cement-
less skeletal fixation. An implant which does not remain fixed at the 
bone-implant construct may generate more wear particulate and this 
leads to bone loss and implant loosening. Taken together, any change in 
the treatment/production of orthopaedic implants should be noted and 

the success rate of the implants documented to determine the effect of 
treatments and modifications.

2.2 Physician techniques

Perhaps the most difficult measure for predicting the success of an 
implanted device is the variation of physician technique. Multiple in-
struments have been designed to optimize the approach to total joint 
replacements (TJRs), however, the aspect of human variability will never 
be entirely removed. Importantly, it should be recognized that despite 
a surgeon’s best efforts, the dissimilarity of each patient’s bone quality, 
porosity, vasculature and lifestyle play a significant role in the success 
of an implant.

One option for reducing host rejection of orthopaedic implants requires 
careful surgical procedures and controlled drilling techniques. Attention 
must be paid to the temperature of the implantation site since excessive 
heat generated from frictional forces may lead to necrosis of the host 
bed—thus increasing the likelihood of scar tissue formation, which lacks 
the tensile strength of normal connective tissue and cannot sustain the 
loads exerted on an orthopedic implant. Once a soft-tissue reaction has 
occurred, the healing process resembles pseudarthrosis, and repair is 
unlikely. Determining the critical temperature of bone necrosis also 
compounds this problem. Literature indicates that that temperatures 
must be maintained below 56˚C since alkaline phosphatase (AP) is de-
natured at this temperature threshold. P is an enzyme produced during 
osteogenesis and may be an important phosphate transporter. However, 
during conventional surgery, temperatures may exceed 65˚C and have 
been recorded as high as 89˚C.

2.3 Design

An ideal implant design is one that models the anatomical geometry of 
living tissue and contains the same ratios of physiological byproducts. 
However, tissue engineering models are still in their infancy and will re-
quire years of research prior to widespread usage during orthopaedic 
applications. Biocompatible metals and non-biodegradable polymers, on 
the other hand, are readily available and have been used for hundreds of 
years. Despite the host of available bioactive agents which may be de-
posited to the exterior of a material surface, the fixation of all orthopedic 
implants depends on establishing a strong mechanical interlock with the 
bone, proper surgical technique, and the implant design altogether.

Because TJRs are subjected to high cyclic loads, clinical reports have in-
dicated that approximately 25% of surgical implants fail from aseptic 
loosening and have been attributed to wear from articular bearings. Al-
tered loading patterns on newly implanted TJRs may compromise the 
material integrity since hip contact forces may exceed 409% the body 
weight with disturbed gait patterns. Abnormally high non-physiologi-
cal loads may not be supported and wear improperly given that hip and 
knee joints are cyclically loaded approximately 2 × 106 times annually.

To prevent implant loosening and ensure firm skeletal attachment, the 
orthopaedic industry has looked to porous coated surface treatments. 
Increasing implant roughness has improved the longevity of TJRs, but 
has also raised concerns with coating disassociation at the bone-im-
plant interface. Metal particulate released from orthopaedic implants 
have been noted to appear in the urine, blood, and lungs remote from 
an implantation site; and some of the metal alloys may be toxic and dis-
solve in the body fluids. While there has not be a direct association with 
detached coatings and health problems due to underpowered studies, 
high aggregations of metal from orthopaedic implants may be linked 
with pathological diseases such as marrow fibrosis, cystic destruction of 
bone, granulomatosis, necrosis of the bone marrow, neoplasia, sarcoma 
bone resorption, cardiomyopathy and thyroid dysfunction.

2.4 Mechanical stability/initial fixation

Attaining a strong skeletal interlock at the bone-implant interface is a 
prerequisite for long-term implant function and stability. While PMMA 
may be used for patients with inadequate bone stock, evidence of mono-
mer leakage or exothermic curing reactions are some reasons why some 
patients advocate for osseointegration procedures. Immediate weight 
bearing in joint arthroplasty is often advocated and does not compro-
mise the integrity of the periprosthetic bone as long as micromotion is 
carefully controlled.
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Despite the signs of adequate implant “fit and fill”, “it is evident that there 
must always be some movement between and artificial joint component 
and bone, even if its amplitude is minuscule and the precise site of its 
occurrence obscure.” However, the complete lack of integration between 
the host bone and implant leads to excessive micromotion and prema-
ture failure. This condition does not provide the skeletal attachment re-
quired for secondary implant stability (which results from bone remod-
eling that occurs over time) and does not have the structural integrity 
to withstand the dynamic mechanical forces from during ambulation. 
While initial implant fixation is required to prevent micromotion and 
fibrous encapsulation, the long-term success of orthopaedic implants 
requires firm skeletal attachment, which may require up to 9 months in 
human cancellous bone. Therefore, the primary step in initial implant 
fixation is to minimize gaps greater than 50 μm since this has been noted 
to be unstable and prevents integration.

Roughness, porosity and surface topography may be specifically tailored 
based on the application and will impact the host response to an implant 
More specifically, the implant surface is vital in cementless skeletal fixa-
tion, as specific profiles influence osteoblast and osteoclast attachment 
and metabolism. Boyan et al. previously noted that implant surfaces 
should be between 4 - 7 μm in roughness to ensure proper osteoblast 
cuboid morphology; while others in the peer-reviewed literature note 
that skeletal fixation is most effective with porous implants in the 50 
- 400 μm range and with roughened surfaces. This hallmark has been 
demonstrated by observing that osteoblasts seated on roughened sur-
faces have increased proliferation and in vivo animal models revealed 
that textured surfaces required higher removal torques compared with 
smooth controls during bone-implant removal.

2.5 Infection prevention

Orthopaedic implant-related infections are catastrophic to patients and 
physicians. These occurrences are often accompanied by extensive and 
expensive strategies of debridement, implant removal, antibiotic thera-
py and rehabilitation. The severity and concern of implant-related infec-
tions has been amplified in the past several decades with an increased 
understanding of bacterial biofilms that have the potential to form on 
the surface of implanted materials. Biofilms are communities of bacteria 
that have the ability to communicate, transfer genetic material, protect 
themselves with secreted polymeric substances that encapsulate the 
community in a hydrated matrix and preferentially adhere to solid sur-
faces. Biofilms may serve as reservoirs of infection in patients who have 
indwelling devices. More specifically, as antibiotics are administered, 
planktonic cells within the body may be killed and alleviate symptoms 
of infection short term. However, once antibiotic treatment has been dis-
continued, infection may recur. This cycle may continue for years until a 
biofilm-ridden device or tissue is removed.

In light of the ever-present risk of biofilm implant-related infection, em-
phasis is placed on rigorous sterilization techniques for instrumentation 
and implants prior to surgery. Yet despite these efforts, infection remains 
a significant problem. Adherence of bacteria to orthopaedic devices be-
gins with contamination of the surgical site or implant. This contami-
nation may come from multiple sources, the most likely of which is the 
patient, surgeon, or healthcare worker. The surrounding environment, 
such as air from filtration systems, may likewise contain bacteria. As not-
ed by Williams and Costerton, skin preps have the ability to remove the 
top few layers of skin and kill approximately 99.9% of bacteria, i.e., a 3 
log10 reduction. However, mature bacterial biofilms may reside up to 7 
layers deep in human skin. Thus, when an incision is made, contamina-
tion of tissues may follow despite extensive treatment with surgical prep 
packs. In addition, bacteria may be released from the nose, mouth or skin 
of surgeons, a patient or healthcare workers in an operating room. Ven-
tilation systems may also transport bacteria from one room to another 
even in laminar flow surgical suites.

Once an incision site has been contaminated, microorganisms reproduce 
in high quantity. The adhesion process becomes almost irreversible as 

extracellular polymeric substances act as an adhesive between the bio-
film and an implant surface. Bacteria express membrane adhesins, which 
help to prevent phagocytosis by neutrophils and adhere to host cells, 
thus increasing their virulence. One of the most difficult aspects of or-
thopaedic device-related infections is the diagnosis of biofilm-related in-
fections. For example, Sir John Charnley, credited with the creation of the 
artificial hip, was unaware of biofilm formation in the early 1970s and 
noted “a rather high incidence of manifestations of infections, months or 
years after the implant was made… which might be blood-borne in origin 
or even the result of chemical reaction.” Failure of orthopedic implants is 
often misclassified as aseptic because due to the lack of clinical evidence. 
However, new promising technologies involve 16s DNA sequencing to 
identify non-culturable bacteria, may improve diagnosis and increase 
implant success. 

Once a medical device is placed in vivo, biofilms may cause damage by 
inducing a significant inflammatory response and colonizing the host 
tissue. Biofilm-related infections may develop months or years after 
implantation and often require excision of necrotic bone or implant 
removal. Once the onsite of infection has been determined, antibiotics 
may be administered, but have marginal efficacy since biofilms require 
exponentially higher antibiotic concentrations. It has been reported that 
biofilms are between 500 - 5000x more difficult to eradicate because 
they are in a non-planktonic form.

In short, understanding the development of sessile, biofilm communi-
ties are a fundamental factor for determining how to prevent biofilm im-
plant-related infections from occurring. In an attempt to prevent these 
infections, multiple technologies have been developed including: passive 
and active release antimicrobial coatings, antimicrobial loaded bone 
cements and beads, antimicrobial loaded sleeves for fracture fixation 
plates, and novel antimicrobial compounds that are specifically synthe-
sized to be active against biofilms.

3. CONCLUSION

Orthopaedic devices are expected to be implanted at much higher rates 
in the upcoming decades since individuals are living longer and still de-
mand the same quality of life. Successful procedures will continue to 
improve based on optimized surgical technique and advanced implant 
designs/coatings. However, to further increase the likelihood for long-
term implant survivorship, the 5 hallmarks for biomaterials noted above 
should be considered. While this narrative is intended to provide an 
overview, the authors recognize that there is not a perfect roadmap to 
prevent early implant loosening, infection or other failures. Adherence 
to these principles may not guarantee success, however, ignoring these 
principles will likely yield future complications. In conclusion, future de-
signs should emphasize infection prevention, early mechanical stability 
and geometry which ensure proper fit and fill.

REFERENCES

[1] Gomez, P.F. and Morcuende, J.A. 2005. Early attempts at hip arthor-
plasty—1700s to 1950s. The Iowa Orthopaedic Journal, 25, 5-9.

[2] Charnley, J. 1966. Letter to the editor. The Journal of Bone and Joint 
Surgery, 48-A, 819.

[3] Leventhal, G.S. 1951. Titanium, a metal for surgery. Journal of Bone 
and Joint Surgery, 33A, 473-474.

[4] Charnley, J. 1976. The wear of plastics materials in the hip-joint. Plas-
tics and Rubber, 1, 59-63.

[5] Brånemark, P.-I. 2005. The biologic origin of Osseo integration. The 
Osseo integration book: from calvarium to calcaneus. Quintessence 
Books, Berlin, 22.


