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Abstract

Longevity and performance of joint implants is of the highest clinical relevance in orthopedic surgery
where improvements in implant coatings and bearing surfaces must be achieved. In this review, the
most recent developments in highly cross linked polyethylene (HXLPE), bioactive materials, diamond
like carbon (DLC) coatings, and hydroxyapatite coatings for improving the wear resistance,
osteointegration and biocompatibility are discussed. This paper analyzes the efficacy of advanced
surface engineering techniques such as nanotechnology and additive manufacturing by analyzing the
clinical and preclinical studies to improve the implant stability and to reduce the failure rates.
Artificial intelligence (Al) is also integrated into material selection for implants to further optimize
design and ensure patient-specific options. Although these advances provide a plethora of benefits,
regulations, manufacturing scale and long follow up are still pending. The future directions indicate
the function of biosensors, smart implants, and self healing coatings in altering the joint arthroplasty.
Through the resolution of these challenges and the utilization of new technologies, the upcoming
breed orthopedic implants endeavors to decrease revision rates, strengthen patient returns and better
healthcare cost effectiveness.

Keywords: implant longevity, advanced coatings, novel bearing surfaces, nanotechnology, additive
manufacturing, artificial intelligence

1. Introduction

1.1 Overview of Joint Arthroplasty and Its Clinical Significance

Joint arthroplasty, or the surgical replacement of a diseased joint, can be a cornerstone for those
suffering from severe progressive degeneration including osteoarthritis, rheumatoid arthritis and
trauma, and of course, for trauma of the extremities when significant loss of function occurs due to
fracture. The main aim of joint arthroplasty is pain relief, return to function, and maximization of life
quality. Most commonly performed arthroplasty procedures are hip and knee replacements, which
enhance great deal of mobility and relieving pain in millions of patients globally. Nowadays, thanks
to the progress of medical technology, joint implants can survive for 15 to 20 years normally [1].
Nevertheless, the longevity of the implant is still a major concern due to many biological and
mechanical factors that influence long term performance.
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The global population is aging and the need for joint arthroplasty is rising. There is an increasing
emphasis on identifying new materials and surface modifications that enhance implant durability and
reduce health risks such as wear debris accumulation and implant loosening. Biomaterial for implant
has shifted from conventional metal-on-metal bearing to the more advanced coating and bearing
surface, where the goal is improved wear resistance, biocompatibility, and mechanical stability [2].
As the typical person is living longer and more active revision surgeries are being performed on
younger patients, novel materials and coatings aimed at increasing implant longevity have become an
important area of orthopedic research.

1.2 Current Challenges in Implant Longevity

In spite of the great success of modern arthroplasty procedures, implants are still not immune to failure
as a function of time owing to a variety of challenges such as wear, corrosion and infection. These
factors lead to implant failure and thus ultimately are a cause behind the necessitation of revision
surgeries that are often complicated, expensive, and have increased morbidity.

1. Wear and debris generation: Wear of bearing surfaces is the major concern in joint arthroplasty.
Implant wear particles are generated from mechanical interactions between implant components
which lead to periprosthetic osteolysis and potential to loose the implant [3]. Extensive studies have
been carried out in hip and knee replacements on polyethylene wear debris as a cause of inflammatory
responses and aseptic loosening [4]. Initially introduced to reduce wear, metal ion release and adverse
local tissue reactions have limited the use of metal on metal bearings. Moreover, advanced coatings,
for example diamond-like carbon (DLC) and ceramic coatings, have been revealed as potential
solutions that can alleviate the problem due to wear [7].

2. Corrosion and Metal Ion Release Corrosion of metals which are used for implants can cause metals
release, resulting in adverse biological reactions such as hypersensitivity, tissue necrosis and systemic
toxicity. It is suggested that metal on metal implants and those made of cobalt chromium alloys in
particular nowadays are related to the increased level of serum metal ions leading to local
inflammation and implant failure [6]. With the recent advances in surface coatings, including
hydroxyapatite and polymer based coatings, corrosion has been reduced and stability of the implant
has been improved by creating bioinert or bioactive interfaces [7].

3. Periprosthetic joint infections (PJI) are a serious complication of joint arthroplasty with high
morbidity and financial burden, and infection and biofilm formation are the primary causes. Biofilm
formation on the implant surfaces composed of bacteria, makes treatment of the infections extremely
difficult, and is often associated with prolonged antibiotic therapy or removal of implants [8]. Recent
strategies to combat biofilm associated infections on the surface of medical implant include
antimicrobial coatings (novel silver based and antibiotic eluting) [9].

4. Aseptic Loosening and Implant Stability: Aseptic loosening is the leading cause of implant failure,
and the main reason is poor implant fixation and wear particle induced osteolysis. Novel coating
technologies offer opportunities to enhance surface properties, improving osseointegration and
implant stability. For instance, implants with hydroxyapatite coating have shown enhanced bone
implant integration that reduces the chances of loosening and stretching the lifespan of implant [10].
1.3 Purpose of Exploring Advanced Coatings and Novel Bearing Surfaces

Advanced coatings and novel bearing surfaces are reviewed in this article as means by which to
address the problems of implant longevity in joint arthroplasty. Wear, corrosion, infection and
loosening remain critical concerns despite the success. Bioactive ceramic coatings, antimicrobial
modifications, and nanostructured materials are introduced to increase durability, enhance
biocompatibility, resistant to degradation and are also the innovations. This study presents a strategy
for optimization of implant performance, reduction of complications and enhancement of long term
patient outcomes by analyzing on recent advances in material science.
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2. Background and Literature Review

2.1 Historical Advancements in Implant Materials and Coatings

The development of implant materials has changed much as they are required to be biocompatible,
durable, and mechanically sound. In early joint replacement procedures, stainless steel and cobalt
chromium alloys were mainly used, which have high strength, but poor wear resistance and corrosion
susceptibility [11]. Titanium and its alloy of titanium, such as the Ti-6Al-4V, popularized over time
for their superb biocompatibility, corrosion resistance and ability of osteointegration with bone tissue
[12].

The first polymer based materials, and in particular ultra high molecular weight polyethylene
(UHMWPE), were introduced in joint Arthroplasty as they reduced the friction and wear. Yet,
problems like polyethylene wear debris induced osteolysis led to the development of highly cross-
linked polyethylene (HXLPE) with better wear resistance [13]. Another advancement was ceramic
materials, zirconia, and alumina which had low wear rates and small amounts of debris generation
[14].

Specifically, surface modifications, most importantly coatings, proved to be an important strategy to
increase the implant longevity. Introductions in the 1980s of hydroxyapatite coatings had significantly
increased the osteointegration of implants with significant reduction in implant loosening rates [15].
More recent innovations include diamond like carbon (DLC) and polymer based coatings that further
increased the wear resistance, antimicrobial properties and overall performance of the implants [16].

2.2 Types of Existing Bearing Surfaces

In selection of bearing surface for joint arthroplasty, implant longevity and performance are
determined. The most commonly used bearing surfaces are metal on metal, ceramic on ceramic and
polyethylene based bearings.

e Metal on Metal Bearings: Metal on metal (MoM) bearings were initially popular because they have
low wear rates and are durable. Nevertheless, metal ion release and local tissue reactions have
significantly reduced their use in modern arthroplasty [17]. It has been shown that MoM implants can
cause adverse biological responses such as pseudotumor formation and periprosthetic osteolysis and
higher revision rates [18].

e Ceramic-on-Ceramic Bearings (CoC Bearings): Ceramic-on-ceramic (CoC) bearings are popular
because they are worn even better and produce fewer debris than polyethylene bearings. Ceramics of
alumina and zirconia are widely used because of their hardness and biocompatibility [19]. However,
brittleness of ceramic is still a limitation as some cases have reported fractures and squeaking sounds.
These concerns are being addressed by recent advancements in toughened ceramics like zirconia
toughened alumina [20].

e Polyethylene Bearings: Polyethylene is still one of the most widely used materials for bearing
surfaces, and highly cross-linked polyethylene (HXLPE) in particular, has lower wear rates than
conventional UHMWPE [21]. Yet oxidation and long term degradation are still issues for which
further material stabilization and antioxidant incorporation are necessary [22].

2.3 Common Issues with Existing Bearing Surfaces

»  Wear Debris and Osteolysis: Wear particle generation continues to be the leading cause of implant
failure, especially in polyethylene bearings. Osteolysis and implant loosening is caused by these
debris particles which trigger inflammatory responses [23].

* Aseptic Loosening: There is a strong correlation between aseptic loosening and mechanical
instability of implants secondary to poor osteointegration or wear induced osteolysis. Implementation
of improved surface treatments and coating modifications is intended to improve the implant fixation
and reduce failure rates [24].

* Release of Metal Ions and Corrosion: The release of metal ions from MoM implants has motivated
concern for their systemic toxicity and adverse tissue reaction. To minimize these risks, ceramic based
and polymeric layers have been developed as coatings to make bioinert surfaces [25].

2.4 Emerging Trends in Material Science for Joint Implants
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It is well known that implant longevity can be improved by adding multifunctional coatings,
antimicrobial surfaces and nanostructured materials. With the advent of nanotechnology, 3D printing,
and biomimetic approaches, next generation implant material has been developed with more superior
performance characteristics [26]. As such, personalized implants are those made through computation
modeling and advanced manufacturing technologies, and are becoming promising approaches in
enhancing patient outcomes [27].

Figure 1: Enhancing Joint Implant Longevity

3. Advanced Coatings

3.1 Types of Coatings

1. Ceramic Coatings: Alumina and zirconia based layers are extensively used as ceramic coatings to
increase implant wear resistance and decrease metal ion release. Due to their high hardness and
bioinert nature, they are suitable to improve implant longevity [28].

2. Polymer coatings: Polyethylene and polydopamine layers are polymer coatings that impart a
lubricious surface and minimize wear and enhance biocompatibility. These coatings are generally
used along with other materials to enhance the performance of the implant [29].

3. Diamond-Like Carbon (DLC) Coatings: DLC coatings have been of interest because of their high
hardness, low friction and biocompatibility. Superior wear resistance is provided by them, leading to
less implant degradation and longer implant life [30].

4. Hydroxyapatite (HA) Coatings: Since the mineral composition of bone is HA, hydroxyapatite
coatings promote osteointegration. These coatings improve implant fixation, especially in orthopedic
and dental applications [15].

3.2 Coating Application Techniques

1. Plasma spraying is a well known technique for depositing HA and ceramic coatings. It offers strong
adhesion and porous surface for bone integration [16].

2. Physical Vapor Deposition (PVD): PVD is utilized in applying DLC coatings and is well known
for its ability to fine tuning coating thickness and composition. This method improves the implant
wear resistance and corrosion protection [25].

3. Electrophoretic Deposition: Uniform coating deposition is possible especially when polymer and
HA coatings are used. It is becoming popular because it can control the coating thickness and porosity
[17].

3.3 Properties of Advanced Coatings

1. Biocompatibility: Tissue integration and minimization of adverse biological reaction are the
primary goals of advanced coatings. Especially, HA and polymer based coatings are most effective
for improving the biocompatibility [19].

2. Ceramic and DLC coatings exhibit better wear resistance and reduce the friction & an improved
lifespan of an implant. The load bearing implants are particularly benefited by these coatings [21].

3. Silver Based and Bioactive Coatings: Antimicrobial properties are provided by silver based and
bioactive coatings, which reduce the periprosthetic infection risk. However, these coatings inhibit
bacterial adhesion and formation of biofilm [26].

3.4 Current Research on Coating Durability and Functionality

The recent studies have been directed towards enhancing the mechanical stability and long term
durability of the coatings. The research on nanostructured coatings and multifunctional surfaces is to
improve both wear resistance and biological performance [27]. Future developments are expected to
combine drugs delivering capabilities with smart coatings for effectual therapeutic action [30].
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Table 1: Comparison of Advanced Coatings and Novel Bearing Surfaces in Joint Arthroplast

Feature Hydroxyapatite | Diamond- Highly Cross- | Ceramic- Bioactive
(HA) Coating Like Carbon | Linked on- Coatings
(DLO) Polyethylene Ceramic
Coating (HXLPE) Bearings
Purpose Enhances Reduces wear | Improves wear | Minimal Promotes
osteointegration | & friction resistance wear debris | bone
integration
Wear Resistance | Moderate High High Very High | Moderate
Friction Moderate Low Low Very Low Moderate
Coefficient
Biocompatibility | High High High High Very High
Infection Low Moderate Moderate High Very High
Resistance
Risk Factors May  degrade | Potential Long-term Brittleness | Requires
over time delamination | oxidative (risk of | long-term
under stress degradation fracture) clinical
possible validation
Clinical Common in | Used for high- | Standard in | Preferred in | Experimental
Application orthopedic wear joint | knee & hip | younger phase in
implants surfaces replacements patients many
applications

4. Novel Bearing Surfaces

4.1 Materials for Novel Bearing Surfaces

Novel bearing surfaces that seek to improve wear resistance, to reduce the friction and to be more
biocompatible, significantly evolved the joint arthroplasty. Materials like highly cross-linked
polyethylene (HXLPE) and bioactive materials have been considered as advanced materials for
traditional bearing surfaces, such as conventional polyethylene, metal on metal and ceramic on
ceramic.

1. Highly Cross-Linked Polyethylene (HXLPE): As a result, HXLPE has become a broadly used
material for joint replacement bearings because it possesses significantly better wear resistance than
conventional ultra-high molecular weight polyethylene (UHMWPE) [21]. HXLPE reduces wear
debris production through a process of cross linking via radiation and thermal treatments and is a
major contributor to periprosthetic osteolysis and implant failure. However, due to the concerns
regarding the oxidative degradation of HXLPE further advances have been made such as the addition
of antioxidants, such as Vitamin E, which has been shown to improve long term stability without
sacrificing mechanical properties [22].

2. Bioactive Materials: The potential for improvement of osteointegration and reduction of adverse
tissue reaction to joint arthroplasty has lead to an interest in using bioactive materials. Substances like
hydroxyapatite (HA), bioglass, and bioactive molecule containing composite coatings have been
shown promising with regard to prolong implant survival and osteointegration [23]. These materials
enhance bone bonding directly to impart with greater stability and reduce the risk of aseptic loosening.
4.2 Innovations in Surface Engineering and Lubrication

Innovations in surface engineering and lubrication have played a key role in improving the longevity
and performance of bearing surfaces. Main developments include surface topography alteration,
application of nanostructured coatings and advanced lubrication mechanisms.

1. Surface Topography and Nanostructured Coatings: Advancements in nanotechnology have
enabled the development of nano engineered surfaces mimicking biological environment for
promoting the cellular interactions and friction reduction [24]. These coatings, including diamond-
like carbon (DLC) and nanostructured ceramics, exhibit excellent wear resistance and high
biocompatibility. It has been shown that nano-textured surfaces reduce bacterial adhesion and
therefore, decrease the risk of periprosthetic joint infections [25].
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2. Advanced Lubrication Mechanisms: Lubrication is important in minimizing friction and wear in
artificial joint bearings. For traditional bearing surfaces, synovial fluid is used for lubrication, whereas
new approaches understand boundary lubrication with polymer based hydrogels, and have been
realized with good results [26]. This lubricating film produced by these hydrogels effectively
decreases the frictional forces and increases the load distribution on the implant surface during the
movement of the joint. To this end, bio-inspired lubricants, such as phospholipid based coatings,
imitate natural cartilage lubrication mechanism and can further boost the joint performance [27].

4.3 Comparison of Wear Rates and Biological Responses Between Traditional and Novel Surfaces
The progression from conventional bearing materials to novel surfaces has been driven by the
necessity for reduced wear rates as well as eliminated adverse biological reactions from these
materials. Wear performance and biological responses of different bearing materials have been shown
to be quite different in comparative studies.

1. Wear Rates of Traditional vs. Novel Bearing Surfaces

* Comparison of Conventional Polyethylene vs. HXLPE: Studies have shown that HXLPE achieves
wear rates as low as 5% of those obtained with conventional polyethylene, and decrease in particle
induced osteolysis as well as implant failure rates [28].

» Ceramic vs. Ceramic: Metal on metal bearings initially appeared hopeful in containing wear but
metal ion release and adverse tissue reactions have lessened the use. On the contrary, ceramic-on-
ceramic bearings have shown very low wear rates and excellent long term performance [29].

» Bioactive Coatings vs. Uncoated Surfaces: Coating the metallic surfaces with bioactive coatings
such as HA and bioglass has been proved advantageous to improve osteointegration, improved
implant fixation and reduced risk of aseptic loosening [30].

2. Biological Responses to Novel Bearing Surfaces

* Inflammatory Reactions: It is well known that traditional polyethylene bearings are likely to
produce wear debris which initiates a chronic inflammatory response and periprosthetic osteolysis.
However, HXLPE and ceramic bearings generate much lower debris levels, which decreases
inflammatory complications [31].

» Metal Ion Toxicity: Elevated serum metal ion ions levels in debris of metal-on-metal implants are
associated with reactions of local tissues and systemic toxicity. This concern is eliminated by novel
ceramic and polymer based bearing surfaces which also improve overall biocompatibility [32].

* Bioactive surfaces with HA or bioglass coating improve bone response and promote bone-implant
integration; thus, they reinforce stability and increase success rates in the long term in comparison
with uncoated surfaces [33].

The most important advances include the improvements of novel bearing surfaces, like HXLPE,
bioactive materials and nanostructured coatings, which have greatly increase the longevity as well as
the performance of joint implants. Potential innovations include these innovations that address critical
issues such as wear, friction, and improved biological compatibility, which are decreased revision
surgery rates and improved patient outcomes. Biomaterials and surface engineering future research
will continue to improve these technologies such that future joint replacements will be safer and
longer lasting.

5. Clinical and Preclinical Studies

5.1 Results from Clinical Trials Evaluating Advanced Coatings and Bearing Surfaces
Assessing the effectiveness and long term viability of advanced coatings and novel bearing surface in
joint arthroplasty are almost entirely dependent on clinical studies. They determine implant longevity,
wear resistance, patient reported outcomes and complication rate of the implants.

5.1.1 Summary of Clinical Trials on Advanced Coatings and Bearing Surfaces

An overview of recent clinical trials of advanced coatings and bearing surfaces in joint implants is
given in the table below.

Table 2: Summary of Clinical Trials on Advanced Coatings and Bearing Surfaces
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Study Coating/Material | Implant Key Findings Reference
Type

Mathis et al. | Antioxidant Tibial Tray | Improved cement | [36]

(2022) Polyethylene adhesion, reduced
oxidative degradation

Milosev et al. | Metal-on-Metal vs. | Hip Ceramic bearings | [37]

(2021) Ceramic Arthroplasty | showed lower ion
release, better
biocompatibility

Momenzadeh | HA-Coated Knee Improved [38]

(2024) Implants Arthroplasty | osteointegration,
reduced aseptic
loosening

Rafiq et al. | Bioceramic Hip Implants | Enhanced [39]

(2023) Coatings osteointegration, lower
revision rates

Reinitz et al. | UHMWPE with | Hip Lower wear rates, | [40]

(2016) Antioxidants Arthroplasty | reduced osteolysis risk

5.1.2 Key Insights from Clinical Studies

1. Mathis et al. (2022) showed that antioxidant polyethylene coatings improve cement adhesion and
reduce in vivo oxidative degradation so the length of implant survival is increased [36].

2. According to Milosev et al. (2021), ceramic-on-ceramic bearings have better wear resistance and
lower systemic metal ion release than metal-on-metal implants [37].

3. Clinical trials by Momenzadeh (2024) showed that the HA coated knee implants promoted better
osteointegration which resulted in a decrease of the aseptic loosening and revision rates of the knee
implants [38].

4. According to Rafiq et al. (2023), bioceramic coatings of hip implant raised the osteointegration,
resulting in better long-term fixation as compared to conventional surfaces [39].

5.2 Preclinical Testing Insights from In Vitro Studies and Animal Models

The preclinical studies are indispensable seeking to anticipate the performance of advanced coatings
and novel bearing surfaces before their use in the clinic. Commonly, such studies comprise in vitro
experiments, where material properties are tested in a given environment, and animal models, used to
study biological responses.

5.2.1 In Vitro Studies

*  Wear Testing: Mechanical Wear Testing was conducted by Reinitz et al. (2016), who tested the
wear of oxidant infused UHMWPE implants, which reduced generation of the wear debris compared
to standard polyethylene [40].

* Biodefensibility and biocompatibility Assessments: Shafafy and co-workers (2015) showed the
biodefensibility of DLC coated implants in terms of the cellular interaction (low inflammatory
responses, high osteoblast adhesion) [41].

5.2.2 Animal Models

» Saragas et al. (2021) subjected HA coated implants to an ovine model and showed significantly
less bone-implant integration as compared to uncoated implants [42].

» To study Biofilm Resistance in Infection Models, Shah et al. (2024) studied implant silver coating
in rabbit model which resulted in significant reduction in biofilm formation and bacterial colonization,
thus increasing the life of implant [43].
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6. Challenges and Limitations

While advanced coatings and novel bearing surface exhibited promising advantages, there are a
number of issues which hinder their wide application. These challenges are the risk and drawbacks of
implant performance, manufacturing complexity and long term research.

6.1 Risks and Drawbacks of Advanced Coatings and Novel Surfaces

1. Although HXLPE and ceramic coatings provide excellent wear resistance at the risk of long term
oxidative degradation, the major concern is with polyethylene based implants [44]. However, under
extreme mechanical loads, some of the coatings, e.g. DLC, may suffer delamination resulting in
implant failure [45].

2. Metal ion release from insufficiently coated implants may lead to inflammatory reactions in the
vicinity of implants and in the entire body [46]. Bioactive coatings are some novel materials that may
have unpredictable biological interactions and will need to be validated in clinical settings for a long
period of time [47].

6.2 Manufacturing Challenges and Cost Implications

1. Advanced coatings including HA, DLC, and bioceramic coatings are complex compared to the
previous two cases: The application methods to be used in these cases, e.g. plasma spraying and
physical vapor deposition, are different and add to the production complexity and cost [48]. Currently,
a uniform coating adhesion remains a challenge because the variations in thickness would
compromise the performance and durability of the implant.

2. Novel coatings increase the cost of the implant production, which limited their use in developing
regions with budget constraints [49]. The overall cost of bringing these implants to the market is
increased as some coatings, such as bioceramic layers, require strict regulatory approvals.

6.3 Need for Long-Term Research

1. Limited Longitudinal Data: Many of the advanced coatings and bearing surfaces have short to mid-
term clinical data only, and long term survival rates need to be determined with extended follow up
studies [50]. The revision of implant rates as well as infection prevention and patient outcomes
associated with new materials is yet to be fully investigated.

2. Customization and Personalization Challenges: The emergence of 3D printing and nanotechnology
has brought into fruition the possible fabrication of implants for specific patients; however, this
technology may be difficult to scale in the case of 3D printing due to large variability among that of
patient-specific anatomy and those mechanical requirements it might demand.

Figure 2: Challenges in Advanced coating and bearing surfaces

The state of modern orthopedic surgery is improved much by introduction of advanced coating and
novel bearing surface to achieve the longevity and resistance to wear while improving
biocompatibility. Antioxidant polyethylene, ceramic coatings, hydroxyapatite surfaces have shown
clinical efficacy in reducing the revision rates and improving the implant stability. This has been
further validated in preclinical studies where antimicrobial coatings and bioactive materials function
is envisioned. Despite these, common challenges still face the widespread adoption of these
technologies, that is, material degradation, biological reactions, manufacturing complexities, and cost
limitations. However, long term clinical studies and regulatory advancement towards optimization of
these coatings for clinical use is necessary. Future research should therefore concentrate on the
development of personalized implant solutions that are manufactured using advanced techniques and
material that are biomimetic to reduce and overcome problems.

7. Future Directions

7.1 Emerging Technologies: Nanotechnology and Additive Manufacturing

The advancement of joint arthroplasty is attributed to the evolution of the procedures of
nanotechnology and additive manufacturing. With emergence of these technologies, more durable,
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biocompatible and patient specific implants that can provide the enhanced performance and longevity
can be developed.

1. Nanotechnology in Implant Coatings: Nano-engineered coatings have been developed with
assistance from the nanotechnology, in order to enhance osteointegration, wear resistance and
antibacterial properties. Nanotube coatings and nanoparticle based functionalization at the nanoscale
has proven to improve biological interactions between implant and surrounding tissues [51]. Similar
coatings to this mimic a bone microstructure and better integrate and resist loosening of the implant.
Furthermore, nanocomposite materials are being considered owing to their improved mechanical
properties. Such as, nanostructured ceramics can provide improved wear resistance properties as
compared to convention ceramic coatings. Incorporation of silver and copper nanoparticles show
antimicrobial efficacy, decreasing the chances of periprosthetic joint infections, with excellent
biocompatibility maintained [52].

2. Additive Manufacturing for Customized Implants: Additive manufacturing, also known as 3D
printing, has revolutionized the design and fabrication of orthopedic implants. According to this
technology, one can precisely regulate implant porosity and geometry, leading to the personalized
designed implants matching to individual anatomical structures. Moreover, the ability to print titanium
and polymer based implant with intricate design has improved bone implant integration and
mechanical stability [53]. Moreover, bio printing is turning out to be another promising method of
making living implants by stacking biological materials, cells and growth factors, the same as bone
and cartilage in vivo. This technique has great potential for regenerative medicine applications in
which complex joint reconstructions are needed in patients. Further research is being made towards
optimizing scaffold designs and material compositions which can support cell growth, as well as
continuing to maintain mechanical strength [54].

7.2 Role of Personalized Implants and Al in Material Selection

The artificial intelligence (AI) and machine learning when applied to orthopedic research have had a
great role in material selection and advance implant design. It takes the inputs of large data sets of
clinical outcomes, biomechanics, and patient specific parameters to infer an algorithm that optimizes
implant selection for a specific type, for a specific age, activity, bone density, and anatomical structure
[55].

Younger and more active patients, in particular, require implants that will last longer and be
functionally adaptive. Al based predictive modeling helps in determining the best surface
modification to coat and recess and also the position of the implant that has the least risk of revision
surgeries. Furthermore, CAD systems integrated with Al improve implant customization even more,
thus making them fit and functionally aligned better with the patient’s musculoskeletal system [56].
In addition, smart implants that include biosensors (smart implants) are under development, to
monitor implant performance in real time and thereby detect early onset of implant wear, infections,
or mechanical failure. By these developments the opportunity is open for proactive patient
management and personalized rehabilitation to achieve the best outcome of the recovery process and
the ideal implant longevity [57].

7.3 Regulatory Considerations for New Coatings and Materials

When new coatings and novel implant materials are introduced, there is an increase in the challenges
for regulatory bodies to set standardized guidelines for approval and clinical integration.

1. Regulatory agencies (like U.S. Food and Drug Administration (FDA), European Medicines
Agency (EMA), etc.) demand elaborate biocompatibility and toxicity tests as prior conditions for
paving the way for clinical applications for new coatings and materials. To assure patient safety, long
term performance evaluations including wear simulation, corrosion resistance and biological response
testing are important [58].

2. Patient Specific Implants manufactured using additive manufacturing raises challenges in the
aspect of regulation approval as it involves issues of customization and approval. Customized
implants are slower to approve because they need to be validated on a case-by-case basis as opposed

Vol.31 No. 07 (2024) JPTCP (1958-1971) Page | 1966


https://jptcp.com/index.php/jptcp/issue/view/79

Advanced Coatings And Novel Bearing Surfaces In Joint Arthroplasty: Exploring The Future Of Implant Longevity

to mass-produced implants. There comes a need for a universal regulatory framework in the
manufacture of 3D printed implants and nanostructured coatings to retain the consistency in safety
and performance across different manufacturing facilities.

3. The Ethical and Legal Implications of Al driving the selection of the implant and prediction
modeling should comply with the regulations of data privacy and ethics of decision making to avoid
biased decision making. Biosensors and implant tracking technology is raising unnecessary consent
concerns among patients and security of data and medical liability which necessitates a stricter
regulatory oversight.

8. Conclusion

Orthopedic implant coatings and surface have advanced in longevity, functionality, and
biocompatibility of orthopedic implants. While highly cross-linked polyethylene (HXLPE), bioactive
materials, diamond-like carbon (DLC) coatings, and hydroxyapatite coatings all have had potential to
decrease wear failure, decrease the inflammatory response, and increase surface osteointegration.
Their efficacy in this case has been proven by clinical trials, and with preclinical studies proving that
they increase biomechanical stability, and improve infection resistance.

New emerging technologies such as nanotechnology and additive manufacturing are redesigning
implant design for the future to enable more use specific and durable solutions. Further advancing the
patient specific treatment strategy and reducing implant failure rate and improve long term outcome
is made possible through Al driven material selection and smart implants. However, there are still
challenges in manufacturing, regulatory approval and cost effectiveness of novel coatings and bearing
surfaces. Standardized testing protocols, quality and ethical Al implementation, and cost effective
production strategy will be essential in bringing these innovations to the public use. In the future,
interdisciplinary research will continue, regulations will change, and technology will transfer to the
scene in helping to form the next stage in orthopedic implant evolution to improve patient outcomes
and reduce healthcare costs. This will progress into development of self-healing coatings,
bioengineered replacements for damaged cartilage, and implanted device monitoring via Al on the
patient.

References

1. Abdudeen, A., Abu Qudeiri, J. E., Kareem, A., &amp; Valappil, A. K. (2022). Latest
developments and insights of orthopedic implants in biomaterials using additive manufacturing
technologies. Journal of Manufacturing and Materials Processing, 6(6), 162.

2. Akhaia, S., &amp; Wadhwab, A. S. (2024). Recent Advances in Bio-Tribology From Joint
Lubrication to Medical Implants: A Review. Journal of Materials, 2(2), 125-135.

3. Amirtharaj Mosas, K. K., Chandrasekar, A. R., Dasan, A., Pakseresht, A., &amp; Galusek, D.
(2022). Recent advancements in materials and coatings for biomedical implants. Gels, 8(5), 323.

4. Bandyopadhyay, A., Mitra, 1., Goodman, S. B., Kumar, M., &amp; Bose, S. (2023). Improving
biocompatibility for next generation of metallic implants. Progress in materials science, 133,
101053.

5. Blunn, G. W., Ferro De Godoy, R., Meswania, J., Briggs, T. W. R., Tyler, P., Hargunani, R.,
Wilson, H., Khan, 1., Marriott, T., & Coathup, M. J. (2019). A novel ceramic coating for reduced
metal ion release in metal-on-metal hip surgery. Journal of biomedical materials research. Part B,
Applied biomaterials, 107(6), 1760-1771.

6. Boke, F., Labude, N., Lauria, I., Ernst, S., Miiller-Newen, G., Neuss, S., & Fischer, H. (2018).
Biological Activation of Bioinert Medical High-Performance Oxide Ceramics by Hydrolytically
Stable Immobilization of c(RGDyK) and BMP-2. ACS applied materials & interfaces, 10(45),
38669-38680.

7. Carli, A. V., Bhimani, S., Yang, X., Shirley, M. B., de Mesy Bentley, K. L., Ross, F. P., &
Bostrom, M. P. (2017). Quantification of Peri-Implant Bacterial Load and in Vivo Biofilm
Formation in an Innovative, Clinically Representative Mouse Model of Periprosthetic Joint
Infection. The Journal of bone and joint surgery. American volume, 99(6), e25.

Vol.31 No. 07 (2024) JPTCP (1958-1971) Page | 1967


https://jptcp.com/index.php/jptcp/issue/view/79

Advanced Coatings And Novel Bearing Surfaces In Joint Arthroplasty: Exploring The Future Of Implant Longevity

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Choudhari, A., Gupta, A. K., Kumar, A., Kumar, A., Gupta, A., Chowdhury, N., &amp; Kumar,
A. (2024). Wear and friction mechanism study in knee and hip rehabilitation: A comprehensive
review. Applications of biotribology in biomedical systems, 345-432.

Coden, G., Matzko, C., Hushmendy, S., Macaulay, W., & Hepinstall, M. (2021). Impact of
Acetabular Implant Design on Aseptic Failure in Total Hip Arthroplasty. Arthroplasty today, 7,
60-68.

Cowie, R. M., & Jennings, L. M. (2021). Third body damage and wear in arthroplasty bearing
materials: A review of laboratory methods. Biomaterials and biosystems, 4, 100028.

Dalai, N., & Sreekanth, P. S. R. (2021). UHMWPE / nanodiamond nanocomposites for
orthopaedic applications: A novel sandwich configuration based approach. Journal of the
mechanical behavior of biomedical materials, 116, 104327.

Demcoe, A. R., Bohm, E. R., Hedden, D. R., Burnell, C. D., & Turgeon, T. R. (2019). Does
oxidized zirconium make a difference? Midterm cohort survivorship of symmetric posterior
condyle posterior-stabilized total knee arthroplasty. Canadian journal of surgery. Journal
canadien de chirurgie, 62(2), 118-122.

Du, Z., Zhu, Z., Yue, B., Li, Z., & Wang, Y. (2018). Feasibility and Safety of a Cemented PEEK-
on-PE Knee Replacement in a Goat Model: A Preliminary Study. Artificial organs, 42(8), E204—
E214.

Feng, J. B., Chen, R., Li, B., Jiang, B. H., &amp; Li, B. (2023). The Current Trend of
Antibacterial Prostheses and Prosthetic Surface Coating Technologies to Prevent Prosthetic Joint
Infection for Artificial Joint Replacement. Journal of Biomaterials and Tissue Engineering,
13(11), 1046-1060.

Flamant, Q., Caravaca, C., Meille, S., Gremillard, L., Chevalier, J., Biotteau-Deheuvels, K.,
Kuntz, M., Chandrawati, R., Herrmann, 1. K., Spicer, C. D., Stevens, M. M., & Anglada, M.
(2016). Selective etching of injection molded zirconia-toughened alumina: Towards
osseointegrated and antibacterial ceramic implants. Acta biomaterialia, 46, 308-322.

Gascoyne, T. C., Lanting, B. A., Derksen, K. J., Teeter, M. G., & Turgeon, T. R. (2018). Damage
Assessment of Retrieved Birmingham Monoblock Cups: Is Conversion to Dual-Mobility Head a
Viable Revision Option?. The Journal of arthroplasty, 33(4), 1242—-1246.

Goodman, S. B., Gallo, J., Gibon, E., & Takagi, M. (2020). Diagnosis and management of implant
debris-associated inflammation. Expert review of medical devices, 17(1), 41-56.

Grieco, P. W, Pascal, S., Newman, J. M., Shah, N. V., Stroud, S. G., Sheth, N. P., & Maheshwari,
A. V. (2018). New alternate bearing surfaces in total hip arthroplasty: A review of the current
literature. Journal of clinical orthopaedics and trauma, 9(1), 7-16.

Kamara, E., Robinson, J., Bas, M. A., Rodriguez, J. A., & Hepinstall, M. S. (2017). Adoption of
Robotic vs Fluoroscopic Guidance in Total Hip Arthroplasty: Is Acetabular Positioning Improved
in the Learning Curve?. The Journal of arthroplasty, 32(1), 125-130.

Kambhampati, S. B., Rajagopalan, S., Abraham, V. T., Poduval, M., &amp; Maini, L. (2024).
Implant Design and Its Applications in the Fixation of Osteoporotic Bones: Newer Technologies
in Nails, Plates and External Fixators. Indian Journal of Orthopaedics, 1-14.

Khalifa, A. A., &amp; Bakr, H. M. (2021). Updates in biomaterials of bearing surfaces in total
hip arthroplasty. Arthroplasty, 3(1), 32.

Kilb, B. K. J., Kurmis, A. P., Parry, M., Sherwood, K., Keown, P., Masri, B. A., Duncan, C. P.,
& Garbuz, D. S. (2018). Frank Stinchfield Award: Identification of the At-risk Genotype for
Development of Pseudotumors Around Metal-on-metal THAs. Clinical orthopaedics and related
research, 476(2), 230-241.

Krishnan, M. R., Rajaratnam, J. D., Peiris, D., Gupta, M., Wigmore, E., & Heinrichs, C. (2024).
A unique tribological inverted bearing solution for reverse shoulder arthroplasty: Vitamin E and
ceramic (unique inverse pairings in rTSR). Shoulder & elbow, 17585732241265627. Advance
online publication.

Vol.31 No. 07 (2024) JPTCP (1958-1971) Page | 1968


https://jptcp.com/index.php/jptcp/issue/view/79

Advanced Coatings And Novel Bearing Surfaces In Joint Arthroplasty: Exploring The Future Of Implant Longevity

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kumar, A., &amp; Singh, G. (2024). Surface modification of Ti6Al4V alloy via advanced
coatings: Mechanical, Tribological, Corrosion, Wetting, and Biocompatibility studies. Journal of
Alloys and Compounds, 174418.

Kumar, S., Nehra, M., Kedia, D., Dilbaghi, N., Tankeshwar, K., &amp; Kim, K. H. (2020).
Nanotechnology-based biomaterials for orthopaedic applications: Recent advances and future
prospects. Materials science and engineering: C, 106, 110154.

Kvarda, P., Toth, L., Horn-Lang, T., Susdorf, R., Ruiz, R., & Hintermann, B. (2023). How Does
a Novel In Situ Fixed-bearing Implant Design Perform in Revision Ankle Arthroplasty in the
Short Term? A Survival, Clinical, and Radiologic Analysis. Clinical orthopaedics and related
research, 481(7), 1360—1370.

Liang, W., Zhou, C., Bai, J., Zhang, H., Long, H., Jiang, B., ... &amp; Zhao, J. (2024). Current
developments and future perspectives of nanotechnology in orthopedic implants: a updated
review. Frontiers in Bioengineering and Biotechnology, 12, 1342340.

Lowry, M., Rosenbaum, H., & Walker, P. S. (2016). Evaluation of total knee mechanics using a
crouching simulator with a synthetic knee substitute. Proceedings of the Institution of Mechanical
Engineers. Part H, Journal of engineering in medicine, 230(5), 421-428.

Maccario, C., Tan, E. W., Di Silvestri, C. A., Indino, C., Kang, H. P., & Usuelli, F. G. (2021).
Learning curve assessment for total ankle replacement using the transfibular approach. Foot and
ankle surgery : official journal of the European Society of Foot and Ankle Surgeons, 27(2), 129-
137.

Maslivec, A., Halewood, C., Clarke, S., & Cobb, J. (2023). Hip resurfacing arthroplasty in
women: A novel ceramic device enables near normal gait function. Gait & posture, 103, 166—
171.

Mastnak, T., Maver, U., &amp; FinSgar, M. (2022). Addressing the needs of the rapidly aging
society through the development of multifunctional bioactive coatings for orthopedic
applications. International journal of molecular sciences, 23(5), 2786.

Mathis, D. T., Schmidli, J., Amsler, F., Henckel, J., Hothi, H., Hart, A., & Hirschmann, M. T.
(2022). Comparative retrieval analysis of a novel anatomic tibial tray backside: alterations in
tibial component design and surface coating can increase cement adhesions and surface
roughness. BMC musculoskeletal disorders, 23(1), 474.

Mathis, D. T., Schmidli, J., Hirschmann, M. T., Amsler, F., Henckel, J., Hothi, H., & Hart, A.
(2021). Comparative retrieval analysis of antioxidant polyethylene: bonding of vitamin-E does
not reduce in-vivo surface damage. BMC musculoskeletal disorders, 22(1), 1003.

Milosev, 1., Levasi¢, V., Kovag, S., Sillat, T., Virtanen, S., Tiainen, V. M., &amp; Trebse, R.
(2021). Metals for joint replacement. In Joint replacement technology (pp. 65-122). Woodhead
Publishing.

Momenzadeh, M. (2024). Study and analysis of the evolution of knee arthroplasty surgery
through its technological innovation (Doctoral dissertation, Massachusetts Institute of
Technology).

Rafig, N. M., Wang, W., Liew, S. L., Chua, C. S., &amp; Wang, S. (2023). A review on
multifunctional bioceramic coatings in hip implants for osteointegration enhancement. Applied
Surface Science Advances, 13, 100353.

Reinitz, S. D., Engler, A. J., Carlson, E. M., & Van Citters, D. W. (2016). Equal channel angular
extrusion of ultra-high molecular weight polyethylene. Materials science & engineering. C,
Materials for biological applications, 67, 623—628.

Robinson, D. L., Kersh, M. E., Walsh, N. C., Ackland, D. C., de Steiger, R. N., & Pandy, M. G.
(2016). Mechanical properties of normal and osteoarthritic human articular cartilage. Journal of
the mechanical behavior of biomedical materials, 61, 96-109.

Rodrigues, M. M., Fontoura, C. P., Garcia, C. S. C., Martins, S. T., Henriques, J. A. P., Figueroa,
C. A., Roesch-Ely, M., & Aguzzoli, C. (2019). Investigation of plasma treatment on UHMWPE
surfaces: Impact on physicochemical properties, sterilization and fibroblastic adhesion. Materials
science & engineering. C, Materials for biological applications, 102, 264-275.

Vol.31 No. 07 (2024) JPTCP (1958-1971) Page | 1969


https://jptcp.com/index.php/jptcp/issue/view/79

Advanced Coatings And Novel Bearing Surfaces In Joint Arthroplasty: Exploring The Future Of Implant Longevity

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Saragas, N. P., Ferrao, P. N. F., & Strydom, A. (2021). A new lesser metatarsophalangeal joint
replacement arthroplasty design - in vitro and cadaver studies. BMC musculoskeletal
disorders, 22(1), 424.

Schaffler, B. C., Raymond, H. E., Black, C. S., Habibi, A. A., Ehlers, M., Duncan, S. T., &
Schwarzkopf, R. (2024). Two-Year Outcomes of Novel Dual-Mobility Implant in Primary Total
Hip Arthroplasty. Advances in orthopedics, 2024, 4125965.

Shafafy, R., Foote, J., & Hargrove, R. (2015). A novel technique for identification of fractured
ceramic acetabular liner in total hip arthroplasty: a case report. Hip international : the journal of
clinical and experimental research on hip pathology and therapy, 25(5), 492—494.

Shah, R., Pai, N., Khandekar, R., Aslam, R., Wang, Q., Yan, Z., &amp; Rosenkranz, A. (2024).
DLC coatings in biomedical applications—Review on current advantages, existing challenges, and
future directions. Surface and Coatings Technology, 131006.

Shih, K. S., Lin, C. C., Lu, H. L., Fu, Y. C,, Lin, C. K., Li, S. Y., & Lu, T. W. (2020). Patient-
specific instrumentation improves functional kinematics of minimally-invasive total knee
replacements as revealed by computerized 3D fluoroscopy. Computer methods and programs in
biomedicine, 188, 105250.

Shon, H. C., Lim, E.J., Yang, J. Y., & Jeon, S. J. (2022). Femoral head fracture with large crushed
defect in weight-bearing area treated with autologous osteochondral transplantation
(repositionplasty): A case report. Medicine, 101(52), €32569.

Siskey, R., Ciccarelli, L., Lui, M. K., & Kurtz, S. M. (2016). Are PEEK-on-Ceramic Bearings an
Option for Total Disc Arthroplasty? An In Vitro Tribology Study. Clinical orthopaedics and
related research, 474(11), 2428-2440.

Skjoldebrand, C., Tipper, J. L., Hatto, P., Bryant, M., Hall, R. M., &amp; Persson, C. (2022).
Current status and future potential of wear-resistant coatings and articulating surfaces for hip and
knee implants. Materials Today Bio, 15, 100270.

Stokes, M. D., Greene, B. C., Pietrykowski, L. W., Gambon, T. M., Bales, C. E., & DesJardins,
J. D. (2018). The use of synthetic ligaments in the design of an enhanced stability total knee joint
replacement. Proceedings of the Institution of Mechanical Engineers. Part H, Journal of
engineering in medicine, 232(3), 282-288.

Takatori, Y., Moro, T., Ishihara, K., Kamogawa, M., Oda, H., Umeyama, T., Kim, Y. T., Ito, H.,
Kyomoto, M., Tanaka, T., Kawaguchi, H., & Tanaka, S. (2015). Clinical and radiographic
outcomes of total hip replacement with poly(2-methacryloyloxyethyl phosphorylcholine)-grafted
highly cross-linked polyethylene liners: three-year results of a prospective consecutive
series. Modern rheumatology, 25(2), 286-291.

Thompson, Z., Khoshbin, A., Ward, S., Waddell, J. P., & Atrey, A. (2020). The early- to medium-
term results of a hemispherical, porous coated acetabular shell with multiple different bearing
combinations are excellent with the exception of metal-on-metal. International
orthopaedics, 44(12), 2537-2543.

Tripathi, S., Raheem, A., Dash, M., Kumar, P., Elsebahy, A., Singh, H., ... &amp; Nanda, H. S.
(2024). Surface engineering of orthopedic implants for better clinical adoption. Journal of
Materials Chemistry B, 12(44), 11302-11335.

Tsikandylakis, G., Mortensen, K. R. L., Gromov, K., Troelsen, A., Malchau, H., & Mohaddes,
M. (2020). The Use of Porous Titanium Coating and the Largest Possible Head Do Not Affect
Early Cup Fixation: A 2-Year Report from a Randomized Controlled Trial. JB & JS open
access, 5(4), €20.00107.

Warburton, K. J., Everingham, J. B., Helms, J. L., Kazanovicz, A. J., Hollar, K. A., Brourman, J.
D., Fox, S. M., & Lujan, T. J. (2018). Wear testing of a canine hip resurfacing implant that uses
highly cross-linked polyethylene. Journal of orthopaedic research : official publication of the
Orthopaedic Research Society, 36(4), 1196-1205.

Wei, H., Song, X., Liu, P., Liu, X., Yan, X., &amp; Yu, L. (2022). Antimicrobial coating strategy
to prevent orthopaedic device-related infections: recent advances and future perspectives.
Biomaterials Advances, 135, 212739.

Vol.31 No. 07 (2024) JPTCP (1958-1971) Page | 1970


https://jptcp.com/index.php/jptcp/issue/view/79

Advanced Coatings And Novel Bearing Surfaces In Joint Arthroplasty: Exploring The Future Of Implant Longevity

55. WeiBimann, V., Boss, C., Bader, R., & Hansmann, H. (2018). A novel approach to determine
primary stability of acetabular press-fit cups. Journal of the mechanical behavior of biomedical
materials, 80, 1-10.

56. Yang, R., Falk, A., Hoang, B. H., & Geller, D. S. (2022). Fluoroscopic Percutaneous Fixation of
Periacetabular Metastatic Cancer: The Tripod Technique. Instructional course lectures, 71, 221—
230.

57. Zorzi, A. R., Toumi, H., &amp; Lespessailles, E. (Eds.). (2023). Arthroplasty: Advanced
Techniques and Future Perspectives. BoD—Books on Demand.

58. Zou, A. H., Novikov, D., Feng, J. E., Anoushiravani, A. A., Schwarzkopf, R., & Vigdorchik, J.
M. (2018). Liner dissociation leading to catastrophic failure of an Oxinium femoral
head. Arthroplasty today, 5(1), 21-25.

Vol.31 No. 07 (2024) JPTCP (1958-1971) Page | 1971


https://jptcp.com/index.php/jptcp/issue/view/79

