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Abstract

The long-term success of orthopedic implants depends not only on their mechanical per-
formance but also on their ability to establish a stable and biologically active interface
with surrounding tissues. Despite the widespread clinical use of metallic, ceramic, and
polymeric biomaterials, implant failure remains associated with insufficient osseointegra-
tion, bacterial infection, wear, corrosion, and adverse immune responses. This review
provides a comprehensive overview of conventional biomaterials used in orthopedic im-
plants and critically examines current surface engineering strategies developed to improve
implant performance and longevity. Particular emphasis is placed on coating technologies,
including sol-gel processing, electrochemical deposition, plasma spraying, physical and
chemical vapor deposition, and CoBlast™, highlighting their influence on coating adhesion,
bioactivity, and clinical performance. Recent developments in bioactive, antibacterial, im-
munomodulatory, and stimuli-responsive coatings are discussed, together with advances
in therapeutic ion incorporation, extracellular matrix-inspired functionalization, and smart
drug-delivery systems. Furthermore, the emerging role of osteoimmunomodulation, addi-
tive manufacturing, and patient-specific implant design is examined as a key driver for the
next generation of orthopedic devices. By integrating materials science, surface engineering,
and biological mechanisms, this work highlights current challenges and future opportuni-
ties in orthopedic implant technology, offering valuable insights for the development of
safer, longer-lasting, and more biologically responsive implant systems.

Keywords: orthopedic implants; surface modification; biomaterials; coating techniques;
osseointegration; bioactive coatings

1. Introduction

The use of biomedical devices to restore musculoskeletal function has become a key
part of modern surgical practice, especially in response to trauma, degenerative pathologies,
and congenital skeletal abnormalities. Over recent decades, the clinical demand for such
technologies has expanded significantly, driven by an aging global population, the rise
in chronic bone-related diseases, and the need to improve the quality of life in affected
individuals. These interventions are designed not only to recover anatomical structure and
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mobility but also to perform reliably in environments subject to continuous mechanical
loading, biological variability, and microbial exposure [1,2].

Historically, the first generations of structural implants were developed using met-
als with proven mechanical robustness and resistance to body fluids. Alloys containing
titanium, iron-chromium-nickel combinations, and cobalt have been widely used due to
their high load-bearing capacity, resistance to fatigue, and manufacturing versatility [3].
However, their long-term interaction with surrounding tissues has exposed certain biologi-
cal limitations. These materials typically do not establish direct molecular communication
with living cells, which can compromise their stability in vivo and increase the risk of
complications such as chronic inflammation, fibrous encapsulation, or device migration
over time [4].

To address these drawbacks, significant attention has been directed toward modifying
the interaction between implantable materials and biological systems. A key focus has been
on optimizing their capacity to influence cellular responses such as adhesion, proliferation,
and differentiation, particularly of bone-forming cells [5]. This resulted in the development
of external layers and surface designs that are intended to create a more favorable biological
environment, either by mimicking the natural extracellular matrix or by releasing chemical
signals that stimulate tissue regeneration [6]. However, balancing biological integration
with long-term mechanical stability remains a significant challenge, particularly when these
components are subjected to repetitive loading, micromovements, or chemical degradation
in situ [3].

In parallel, other types of implant materials have gained recognition for their adapt-
ability, especially in contexts where structural agreement or time-dependent degradation is
desired. These systems can be engineered to accommodate dynamic physiological envi-
ronments, offering solutions for temporary support structures or slow degradation that
correspond with healing phases. In particular, blends or composites that combine rigid and
flexible components have shown promise in supporting more natural mechanical behavior
and improved biocompatibility [7].

The interaction between structural and functional performance has also influenced
how these technologies are manufactured. Over the past decade, innovative fabrication
platforms have emerged, allowing control over architecture at micro- and nanoscales. Tech-
niques capable of adjusting geometric complexity, spatial resolution, and physicochemical
features at the surface have opened new avenues for personalizing design to individual
patient needs. In many cases, this has enabled the inclusion of substances with therapeutic
action such as ions with antibacterial or osteoinductive potential, or bioactive molecules
that modulate immune response [8].

A growing area of research focuses on coatings that react dynamically to their sur-
rounding environment. These platforms aim to adapt their behavior in response to local
chemical or mechanical signals, such as the presence of inflammatory mediators, variations
in fluid composition, or external forces [9]. One notable example is the use of polymeric
matrices capable of releasing pharmaceutical agents in response to specific biological stim-
uli, such as cytokines or pH alterations. These approaches have great potential to reduce
early complications and improve implant osseointegration, defined as the direct structural
and functional connection between living bone and the surface of a load-bearing implant
without the interposition of fibrous tissue [10].

Therefore, the integration of engineering principles, biological insight, and mate-
rial science has become central to advancing the next generation of bone-interfacing
devices. This review explores the state-of-the-art in such technologies, examining the
structural bases, interface mechanisms, fabrication routes, and current limitations that
shape their development.
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This review aims to provide a comprehensive and integrative overview of conven-
tional orthopedic implant materials and recent advances in surface modification strategies,
with particular emphasis on the interplay between physicochemical properties, biolog-
ical responses, and clinical performance. Unlike previous reviews that often focus on
individual material classes or isolated coating technologies, the present work adopts a mul-
tidisciplinary perspective, linking material selection, surface engineering approaches, and
emerging biological mechanisms involved in osseointegration and implant longevity. The
manuscript is intended for a broad readership including biomaterials scientists, biomedical
engineers, clinicians, and researchers entering the orthopedic field, offering both foun-
dational knowledge and critical insights into translational challenges. By highlighting
current limitations, comparative advantages of different technologies, and future research
directions, this review seeks to contribute to the development of next-generation orthopedic
implants with improved functionality, durability, and patient-specific adaptability.

Literature Search Strategy

This review was conducted to provide a comprehensive overview of conventional
biomaterials and surface engineering strategies for next-generation orthopedic implants. A
structured literature search was initiated in 2024 and continuously updated throughout the
preparation of the manuscript to incorporate recent advances in the field.

Electronic databases, including Web of Science, Scopus, PubMed, and ScienceDirect,
were searched to identify relevant publications. The search included combinations of key-
words such as orthopedic implants, biomaterials, surface engineering, surface modification,
coating technologies, osseointegration, bioactive coatings, antibacterial coatings, smart
coatings, drug delivery systems, and implant surface functionalization. The reference
lists of selected articles and recent review papers were also manually screened to identify
additional relevant studies.

Priority was given to peer-reviewed publications published primarily during the
last decade that addressed conventional implant materials, coating deposition techniques,
biological responses at the implant-tissue interface, and emerging strategies for improving
implant performance and longevity. Classical studies and international standards were
also included whenever necessary to provide historical context or describe well-established
concepts that remain fundamental to the field.

The selected literature was critically analyzed according to its scientific relevance,
methodological quality, and contribution to understanding current advances, existing
challenges, and future perspectives in orthopedic biomaterials and implant surface engi-
neering. This approach enabled a comprehensive synthesis of established concepts together
with emerging technologies aimed at improving the biological and clinical performance of
orthopedic implants.

2. Orthopedic Implants: History and Market

Orthopedic implants are devices surgically inserted into the body, developed to restore
function by replacing or reinforcing a structure (joint, bone, or cartilage) due to damage
or deformity. One of the earliest records mentioning orthopedic surgery is the Edwin
Smith Papyrus from ancient Egypt, which described bone fractures and surgical treatments.
Between 430 BC and 330 BC, the Greek physician Hippocrates was recognized as the father
of medicine due to his contributions to the understanding of the musculoskeletal system.
His anatomical observations and surgical practices laid the foundation for orthopedic
progress. This evolution continued through the Roman era, where amputations and
primitive prostheses began to be implemented. However, during the Middle Ages, scientific
advancement slowed significantly due to religious influence that inhibited free thought
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and forbade human dissection, thereby limiting the study of human anatomy and delaying
progress in orthopedic surgery [11,12].

The recovery of medical knowledge occurred in the 11th century with the establish-
ment of academic centers such as the University of Bologna, which enabled a gradual
separation from ecclesiastical control. The expansion of universities encouraged the dis-
semination of surgical techniques across Europe. In the 20th century, particularly during
and after the World Wars, orthopedic surgery experienced its greatest transformation. The
demand for effective trauma care catalyzed the development of surgical techniques and the
introduction of metallic implants for bone fixation and structural replacement [11,13,14].
These historical milestones resulted from the contributions of pioneering surgeons and
researchers across Europe, fostering the evolution of implant materials and surgical proce-
dures (Figure 1) [15-17].

Themistocles

Joseph Lister Gluck Albin Lambotte
VST UK. Germany Belgium
1860 ) 1900 )
N Introduction of 1 implantation Introduction of_the term
surgeries with of a joint 0§teqsynthe3|s (bone
W. Morton and J. antiseptic composed of fixation through ofa
Simpson procedure. iron. Austin Moore device).
U.S.A. and UK. USA.
1870 1940
Introduction of anaesthesia 1st metal hip
(ether and chloroform) in arthroplasty.
surgery: Carl Hansman
Germany Ulf Fernstrom
A~ Sweden
1880 Development of (1950 ) 1st implantation of stainless
experiments with steel S steel artificial disc in the
screws and pla_tes_for spinal surgery (good
Arbuthnot Lane small fracture fixation. Per-Ingvar Branemark results).

Sweden

.
Fixation of tibial and fibula 1890 1# utilization of titanium 1960

fractures with steel screws de:\tal implintfi:'n ﬂ::
and plates (unsuccessful replacement ot teeth.
surgery).
Figure 1. Historical milestones and important events related to orthopedic surgery. This timeline
emphasizes the progressive shift from empirical fracture management to technologically advanced
implant designs, highlighting how historical milestones laid the groundwork for contemporary

orthopedic practice.

Currently, the growing demand for orthopedic implants is primarily attributed to the
aging population and increased participation in sports activities. Geriatric injuries are often
linked to bone loss (osteoporosis), cartilage damage (osteoarthritis), and falls. Additionally,
post-pandemic work patterns have contributed to sedentary lifestyles, which are associated
with spinal disorders and bone diseases related to obesity [18,19].

To address implant failures and improve integration, the orthopedic industry has
increasingly focused on patient-specific designs. Nevertheless, the sector still faces limi-
tations, including high production costs and limited access for certain populations. As a
result, some patients seek less invasive alternatives such as physiotherapy, rehabilitative,
or pharmacological treatments [18].

According to Grand View Research, the global orthopedic implants market was valued
at USD 27 billion in 2025 and is expected to reach USD 36.6 billion by 2033, growing at a
compound annual rate of 3.9%. This growth was temporarily slowed by the COVID-19
pandemic, which led to a decline in elective surgeries, including non-urgent orthopedic
procedures, and disrupted global supply chains [18].

Regarding regional distribution in 2025, North America held the largest share of the
orthopedic implant market at 45.1%. Europe ranked second, led by Germany, the United
Kingdom, France, and Belgium. Asia-Pacific is the third-largest region, driven by increased
healthcare infrastructure, the growing geriatric population, and the rise in medical tourism
in countries such as India, China, and Japan [18,20].
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The orthopedic implant market can be categorized based on application as follows:

Joint implants (hip, knee, upper/lower extremities);

Spinal implants;

Trauma and craniomaxillofacial implants;

Dental implants;

Orthobiologic implants (demineralized bone matrix, allografts, bone morphogenetic
proteins, synthetic bone substitutes, among others).

Lower extremity implants represent the main segments of the orthopedic implant
market in 2025, as shown in Figure 2. This dominance is largely attributed to the growing
prevalence of obesity, high-impact sports injuries, and traffic accidents, which place sig-
nificant strain on the knee joint, a major load-bearing structure particularly vulnerable to
degeneration [18].

Global Orthopedic Implants Market Size and Forecast
Market overview, forecast trajectory, and category-based contribution, 2025-2033

40

35

30

n
o

USD billions
o

2025 2026 2027 2028 2029 2030 2031 2032 2033
B Hip implants B Knee implants Spinal implants B Softtissue fixation / SET
B Dental implants Craniomaxillofacial implants

Figure 2. Global orthopedic implant market by product for the period 2026-2033 [18,19].

In addition to these essential needs of the population, the market is further shaped by
the strong presence of global manufacturers and distributors. Companies such as Zimmer
Biomet and Stryker offer comprehensive ranges covering nearly all types of prostheses
and fixation devices, while Johnson & Johnson MedTech focuses on fixation devices and
spinal implants. Figure 3 highlights the main players responsible for supplying the various
categories of orthopedic implants [21].

The historical evolution of orthopedic implantology and the continued growth of
the global market highlight the strategic relevance of the materials used in these devices.
Clinical performance, long-term durability, and biological interaction are closely tied to
the nature and physicochemical properties of the biomaterials employed. In this context,
it is essential to analyze the main classes of materials used in orthopedic implants, as
well as their limitations and current challenges, opening the way for innovative solutions
that enhance biocompatibility, improve bone integration, and extend the longevity of
implanted devices.
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Leading Companies by Segment
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Figure 3. Main manufacturers and distributors in the orthopedic implant market. Ranking based
on estimated segment-specific sales leadership, global commercial presence, and breadth of the
segment-specific portfolio. Data sources used for the market estimates: Zimmer Biomet 2025 Annual
Report; Smith & Nephew 2025 Annual Report; Stryker FY2025 Results and 2024 Comprehensive
Report; Johnson & Johnson 2025 Form 10-K and DePuy Synthes investor information; Medtronic
FY2025 Annual Report and investor disclosures.

3. Materials for Orthopedic Implants

The increasing demand for orthopedic implants has driven research toward the devel-
opment of materials capable of maintaining structural integrity and proper function over
extended periods, minimizing the risk of mechanical failure and the need for revision surg-
eries. To achieve these objectives, numerous materials have been investigated, individually
or in combination, to meet the complex mechanical, biological, and chemical requirements
associated with the specific anatomical site where the implant will be placed.

In the early years of the industry, especially between the 1930s and 1950s, metals were
the most commonly used materials due to their strength and availability. From the 1950s
onwards, with advances in chemistry, polymers began to emerge and become popular,
bringing greater lightness and versatility to products. In the following decades, especially
from the 1970s and 1980s onwards, there was a growing diversification of materials, includ-
ing composites, advanced ceramics, and special metal alloys, allowing for improvements in
performance and efficiency [22-25]. Nowadays, materials are chosen according to function,
durability, and sustainability, combining different types as needed. The historical progres-
sion of implant materials over the past century is summarized in Figure 4. This historical
progression highlights the evolution from predominantly metallic devices toward more
diverse material platforms, including ceramics, polymers, and composites, enabling better
tuning of mechanical performance and biological response.

1930 1940 1950 1960 1970 1980 1990
I <D -P < EED * B

Stainless Vitallium Titanium
steel
HDPE B-TCP PLA and PLGA
PMMA  (high-density (tricalcium (polylactic acid and
(polymethyl polyethylene) phosphate) polyglycolic acid)
metlﬂ)crylaio)
ALO, Hydroxyapatite
Bl Metals EMPolymers Bl Ceramics and Glass , ®
Bioglass

Figure 4. History of the implant materials in the last century [23,25].
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For optimal performance and long-term success of an implant, the selection of ma-
terials must consider a combination of mechanical, chemical, and biological properties
(Figure 5). Mechanically, implants require high fatigue and wear resistance, adequate
ductility, and an elastic modulus compatible with bone. Chemically, high corrosion re-
sistance and favorable wettability are essential to ensure stability in the physiological
environment. From a biological perspective, materials must be biocompatible, non-toxic,
non-allergenic, and non-carcinogenic to minimize adverse host responses. In addition
to these fundamental requirements, recent advances have emphasized the importance
of functional characteristics such as bioactivity, osteoinductivity, osteoconductivity, and
antimicrobial effects, including antifungal activity, which play a critical role in implant
integration and longevity [24-26].

Required Properties For Implant Material

MECHANICAL High fatigue resistance ¢ Low Young’s modulus
PROPERTIES Wear resistance ¢ High ductility

BIOLOGICAL Biocompatible ¢ Non-allergenic

PROPERTIES Non-toxic * Non-carcinogenic

Figure 5. Main material properties required for successful implant integration. Taken together, these
properties demonstrate that successful implant performance arises from a balance of mechanical relia-
bility, chemical stability, and biological functionality rather than from any single material parameter.

Building on these fundamental requirements, increasing attention has been directed
toward the bioactivity of biomaterials, defined as the capacity of a material to induce a
specific biological response at the interface with living tissue, leading to the formation of a
stable and functional bond. This concept has gained particular relevance as an alternative to
earlier bioinert materials, which are designed to remain chemically stable and biologically
passive in the physiological environment. Although bioinert materials minimize immediate
adverse reactions, their limited interaction with surrounding tissues may contribute to
long-term complications such as fibrous encapsulation, mechanical loosening, or infection,
occasionally necessitating revision surgery [3,4,27].

From a biological interaction perspective, materials used in orthopedic applications
can be broadly classified according to their degradability and in vivo biological behavior.
Bioinert materials aim to avoid significant biological engagement and maintain long-term
structural stability. In contrast, bioactive materials are characterized by their ability to trig-
ger a controlled biological response at the material-tissue interface, frequently promoting
osseointegration, defined as the direct structural and functional connection between living
bone and an implant surface. Calcium phosphates and bioactive glasses are canonical
examples, forming a bone-like apatite layer in contact with body fluids and correlating
with in vivo bone bonding capacity [23,24,28].

Conventionally, orthopedic biomaterials are grouped into three principal classes: met-
als, ceramics, and polymers. Each class presents distinct combinations of mechanical
performance, chemical stability, and biological behavior. These material groups are dis-
cussed in detail in the following subsections, with emphasis on their intrinsic properties,
clinical applications, limitations, and their ability to address specific functional require-
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ments in orthopedic implantology. The main methods used to assess these functional
properties, their advantages, and limitations are discussed in Section 4.4.

3.1. Conventional Metals

Metallic materials remain the most commonly used class in orthopedic surgery, par-
ticularly for permanent implants and temporary fixation devices. Their popularity stems
from their excellent mechanical performance, including high strength, hardness, fatigue
resistance, and ductility, as well as corrosion resistance and biocompatibility. These at-
tributes are particularly important in load-bearing implants, such as total joint replacements
and fracture fixation systems, which must withstand repeated mechanical loads without
deformation or failure. Stainless steel, cobalt-based alloys, magnesium alloys, and titanium
alloys represent the main metallic biomaterials currently in clinical use and have been
approved by regulatory agencies such as the United States Food and Drug Administration
(FDA) [24]. Figure 6 shows the variety of clinical applications of metal-based implants in
orthopedics [26].

Cranium and Maxillofcial: 316L SS. Ti

Dental: Noble metals (e.g. Au, Pt).
316L S8, Co-Cr-Mo alloys, Ti,

Spine: Co-Cr-Mo alloys. Ti Ti6Al4V

Bone Scaffolds: Co-Cr-Mo alloys.
Ti. Ti6Al4V, degradable metals
(e.g. Mg. Zn) —

Bone Fractures and Joint Replacement:
Co-Cr-Mo alloys, Ti. Ti6Al4V. 316 SS

Figure 6. The clinical application of metal implants (adapted from [26]), licensed under CC BY 4.0.

3.1.1. Stainless Steel

Stainless steel is an iron-based alloy that typically contains 16-18% chromium and
10-14% nickel, along with smaller amounts of molybdenum (2-3%), manganese (2%),
and carbon (0.03%). Trace elements such as sulphur, silicon, phosphorus, and nitrogen
may also be present in reduced concentrations [29]. This alloy was one of the first metals
applied in orthopedic implants, dating back to the 1920s, primarily due to its corrosion
resistance and mechanical hardness. These properties can be adjusted by modifying the
alloy’s microstructure and elemental composition. Chromium and nickel are particularly
relevant for corrosion resistance, as they promote the formation of a stable and passive
oxide layer that minimizes interactions with physiological fluids. However, excessive
release of these elements may provoke tissue irritation, immune responses, and systemic
toxicity. Nickel, in particular, has been associated with increased susceptibility to infections
caused by nickel-dependent bacteria, as it supports enzymatic activity in such organisms.
Conversely, molybdenum and nitrogen play key roles in improving mechanical strength
and corrosion resistance, respectively [29,30]. Among stainless steels, AISI (American
Iron and Steel Institute) 316L is the most commonly used in biomedical applications. It is
present in various surgical instruments (scalpels, tweezers, scissors) and remains widely
employed in fixation devices such as bone plates and screws. Nevertheless, its application

https://doi.org/10.3390/app16199708


https://doi.org/10.3390/app16199708

Appl. Sci. 2026, 16, 9708

9 of 49

in long-term or load-bearing orthopedic implants is limited due to its relatively low fatigue
and wear resistance [31,32].

3.1.2. Cobalt Alloys

Cobalt-based alloys were first used in the biomedical field during the early 20th
century, initially in orthodontics and later in orthopedic implants. Typical compositions
include 62-68% cobalt, 27-30% chromium, 5-7% molybdenum, and less than 2.5% nickel,
in addition to traces of tungsten and titanium [29]. By adjusting these elemental ratios,
different cobalt alloys can be tailored for both short- and long-term medical applications.
Similar to stainless steel, the presence of chromium, molybdenum, and nickel enhances
corrosion resistance by forming protective oxide layers. However, the corrosion resistance
of cobalt alloys is generally one order of magnitude greater than that of stainless steel,
making them particularly advantageous in harsh physiological environments. These alloys
also exhibit excellent wear and fatigue resistance, making them suitable for load-bearing
prostheses such as total joint replacements. Nonetheless, their high Young’s modulus can
lead to the stress shielding effect (as discussed in Section 4.1), which may compromise
long-term implant success. Under optimal conditions, cobalt-based implants may remain
functional for up to 70 years [29]. One of the most widely used biomedical cobalt alloys
is ASTM (American Society for Testing and Materials) F75 CoCrMo, which is applied
in cemented total hip and knee arthroplasty, as well as in metal-on-metal bearings [33].
Despite their mechanical advantages, concerns remain regarding the potential release of
toxic ions (Co, Cr, Ni) and the associated immunological responses [25], driving research
into alternative materials such as titanium alloys.

3.1.3. Titanium Alloys

Titanium and its alloys exhibit distinct advantages over stainless steel and cobalt-
based materials, particularly in terms of biocompatibility, corrosion resistance, and fatigue
strength. While stainless steel has higher hardness and ductility and a greater modulus
of elasticity, titanium alloys demonstrate superior fatigue performance, especially under
cyclic loading conditions. The naturally formed titanium oxide layer (TiO,), which is
highly adherent and regenerates rapidly in physiological environments, provides excellent
protection against corrosion. This passive layer forms instantly upon exposure to oxygen
and contributes significantly to the alloy’s long-term stability in vivo. Titanium’s non-
ferromagnetic nature and low magnetic susceptibility also make it ideal for postoperative
imaging via magnetic resonance [29]. The most commonly used titanium-based biomateri-
als include grade 4 titanium (ASTM F67), Ti6Al4V (ASTM F136), and commercially pure
titanium (CP-Ti) [29,31]. CP-Ti was first applied in dental implants in the 1940s and was
later introduced in orthopedics due to its mechanical compatibility with bone and its os-
seointegration capability [29]. Currently, Ti6Al4V is the most used alloy in orthopedic and
trauma implants, including complete prosthetic replacements such as total hip and knee
prostheses (Figure 7). This titanium alloy, strengthened with aluminum and vanadium,
delivers excellent fatigue resistance, exceeding that of 316L stainless steel and comparable
to cobalt-based alloys’ performance. Its modulus of elasticity is closer to that of cortical
bone, which minimizes stress concentration and the risk of bone resorption or implant
failure [31].
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(a) (b)

Figure 7. Ti6Al4V femoral stem (a,b) parts of knee replacement (femoral component and tibial

baseplate). These examples highlight the versatility of Ti6Al4V for both hip and knee prostheses,
demonstrating how a single alloy can be adapted to distinct joint geometries while maintaining
favorable mechanical and biological performance.

Despite these advantages, titanium alloys are not free from limitations. Their wear and
fatigue resistance may be insufficient in certain demanding applications, although surface
treatments have been proposed to enhance these properties. Additionally, there are reports
of allergic reactions associated with aluminum and vanadium content. To address these
concerns, newer f3-type and near-{3 titanium alloys incorporating 3-stabilizing elements
such as niobium, molybdenum, tantalum, iron, and, in some compositions, zirconium have
been developed. These alloys eliminate or reduce potentially problematic aluminum and
vanadium additions and may exhibit lower Young’s modulus values, typically in the range
of 50-65 GPa, thereby improving biomechanical compatibility with bone. However, further
investigation is still required to fully validate their long-term biocompatibility and clinical
performance [29,30].

3.1.4. Magnesium Alloys

Magnesium alloys have attracted significant attention as the new generation of
biodegradable metals in orthopedic implantology. Often referred to as the most promis-
ing metallic biomaterials of the 21st century, magnesium alloys have seen a rapid rise in
research interest since the early 2000s. Their mechanical properties, particularly elastic mod-
ulus and density, closely match those of natural bone, reducing stress shielding. Moreover,
magnesium is biocompatible and bioresorbable, which enables its gradual degradation in
the body while simultaneously supporting bone regeneration, thus eliminating the need
for surgical removal. Magnesium alloys can be employed in orthopedic implants, such as
temporary plates, screws, or pins for the fixation of fractures in small to medium-sized
bones, particularly in pediatric patients where implant removal would be difficult, and
for osteosynthesis of peripheral bones, including the hand, wrist, ankle, or face, where
mechanical loading is low [33]. However, challenges remain regarding their degradation
rate. Magnesium alloys tend to degrade rapidly in physiological environments, which may
compromise their mechanical integrity before the healing process is complete. The degra-
dation also leads to hydrogen gas release, potentially causing tissue toxicity or gas pocket
formation [24,32]. To overcome these limitations, alloying elements such as aluminum,
manganese, calcium, zinc, and rare earths have been added to control the degradation rate
and improve mechanical performance [31]. Table 1 summarizes the key advantages and
limitations of conventional metallic biomaterials for orthopedic implants. Stainless steel
and cobalt alloys provide robust mechanical performance at relatively low cost, whereas ti-
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tanium and magnesium alloys offer superior elastic modulus matching to bone but present

ongoing challenges in wear resistance, corrosion control, and processing complexity.

Table 1. Critical comparison of metallic materials used in orthopedic implants.

Physicochemical

Material Advantages Limitations Basis of Téal?slllatlonal Kn(();wledge Refs.
Performance allenges aps
ChpEe i mprove
Low cost; Easy High stiffness; resistance: tribocorrosion dependent
processing; Limited wear A oy , resistance; :
Stainless steel Good strength and fatigue using:fcfﬁﬁ?;[ure Limit Ni/Cr mﬂ?fm r:lat(f)ry [29-31]
and corrosion resistance; Fretting disruI’)ts release without trigoceoCrEOC;ion
resistance Ni/Cr release passivation — ion reducing products;
release fatigue strength /
Cr-rich passive film Long-term
High wear and Verv high — corrosion Reduce ion and effects of
fatigue stif fnZSS' %ow resistance; particle release; nanoscale
Co-Cr allovs resistance; ductility: Carbides and Improve debris; [29-31]
Yy Excellent Co/Crd %’ . solid-solution mechanical Patient-specific b
corrosion O{ r .f r1s strengthening — compatibility response to
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3.2. Conventional Ceramics

Complications associated with metal-on-metal (MoM) orthopedic implants, such as
the release of metal ions and wear particles that can trigger hypersensitivity reactions,
have limited their clinical use and stimulated the search for alternative materials. In this
context, ceramic materials have gained attention, particularly due to their superior chemical
stability, wear resistance, and biological performance. Similar to metallic systems, ceramics
can be classified as bioinert or bioactive, depending on their interaction with host tissues.
Bioinert ceramics are used to replace or repair skeletal structures and are often employed as
structural components in joint replacements. In contrast, bioactive ceramics are primarily
used as coatings or scaffolds to support bone regeneration and integration [34].
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Bioinert ceramics do not elicit significant reactions when implanted in living tissues
and remain physically and chemically stable for long periods, typically exhibiting excel-
lent compressive strength, high hardness, good biocompatibility, and exceptional wear
resistance. However, their low ductility and brittleness limit their use in dynamic fixa-
tion devices. Among the most studied bioinert ceramics are alumina (Al,O3) and zirconia
(ZrOy), both of which have been widely investigated for orthopedic and dental applications.
Conversely, bioactive ceramics interact directly with bone tissue, forming a chemical bond
at the interface and supporting osseointegration. These materials are commonly used in
small bone defect fillings or as bioactive coatings, as their intrinsic brittleness precludes
application in load-bearing devices. One of the most representative bioactive ceramics is
hydroxyapatite (HA), which will be discussed in detail below [24,25].

3.2.1. Alumina and Zirconia

Alumina was first introduced in the 1970s for the fabrication of femoral heads in hip
prostheses, primarily to enhance wear resistance and biocompatibility. The material is
composed of strong ionic and covalent bonds between Al** and O?~ ions, which provide
high chemical stability and excellent biocompatibility. Alumina exhibits high hardness,
compressive strength, and resistance to wear and acidic attack. Its surface shows high
wettability due to the chemisorption of hydroxyl groups, which facilitates the adsorption
of water molecules and proteins. These properties have contributed to its widespread use
in dental and orthopedic implants. However, its inertness may also result in fibrous tissue
development at the bone-implant interface, potentially compromising implant stability.
Furthermore, the low tensile and flexural strength of alumina limits its application in
load-bearing or fracture fixation devices [32].

Zirconia, particularly in the form of yttria-stabilized tetragonal zirconia polycrystals (Y-
TZP), emerged in the 1990s as an alternative to alumina in hip prostheses due to its higher
fracture toughness, twice that of alumina, and greater flexural strength. Y-TZP is biocompat-
ible, presents superior tribological properties, and has a lower elastic modulus compared
to alumina, closer to that of titanium-based alloys, allowing for more flexible prosthetic
designs. Due to its mechanical limitations in orthopedics, zirconia has found broader use in
dental applications. A notable feature of zirconia is its light transmission, which enhances
the esthetics of dental prostheses, especially in cases involving visible implant components
or thin soft tissues. Additionally, it shows lower bacterial adhesion and reduced plaque ac-
cumulation. Nevertheless, zirconia-based materials may undergo structural degradation in
the presence of water over time, a phenomenon known as low-temperature degradation or
aging. This process leads to the formation of surface microcracks and roughness, resulting
in decreased mechanical stability and wear performance over the long term [31,34,35].

To overcome these limitations, composite ceramics combining the hardness of alumina
with the toughness of zirconia have been developed. One example is alumina-toughened
zirconia (ATZ), which exhibits superior crack resistance compared to pure Y-TZP. These
composites also maintain low wear rates and excellent long-term biocompatibility, making
them suitable for applications in arthroplasty [29,34].

In 2003, the company CeramTec GmbH (Plochingen, Germany) introduced Biolox®
Delta, a high-performance ceramic consisting of 82% Al,O3 and 17% ZrO, with trace
elements. This material has become a clinical standard for total hip replacements due to its
fine and homogeneously dispersed zirconia grains, which improve mechanical strength
and fracture resistance [31,34].
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3.2.2. Hydroxyapatite

HA is a calcium phosphate ceramic that closely resembles the mineral component of
natural bone. The typical Ca/P molar ratio of stoichiometric HA is 1.67, although biological
apatites are generally calcium-deficient and carbonated [36]. The chemical similarity
enhances its biocompatibility and osteoconductive properties, making it one of the most
widely used bioactive ceramics in orthopedics. Osteoconduction refers to the ability of a
material to serve as a three-dimensional scaffold that supports the adhesion, migration,
proliferation, and differentiation of osteogenic cells, thereby promoting new bone formation
along its surface and within its porous structure. This process is primarily determined
by physicochemical surface properties, porosity, and ionic exchange at the implant-tissue
interface, which collectively regulate cellular responses and bone remodeling dynamics [37].
Table 2 summarizes the Ca/P ratio of various biologically relevant calcium phosphates. The
comparison shows that variations in Ca/P ratio span from calcium-deficient to calcium-rich
phases, which directly affect solubility and bioactivity and therefore their suitability for
coatings, cements, or resorbable scaffolds.

Table 2. Materials, formulas, and Ca/P ratio of the biologically significant calcium phosphates
[38-40].

Materials Formula Ca/P Ratio
ACP (amorphous calcium phosphate) CaxHy(POy)z-nH70,3 <x <45 1.2-2.2
HA (hydroxyapatite) Caig(POy)s(OH), 1.67
CDHA (calcium-deficient HA) Ca10-x(HPOD)X(POsx(OH)2x 1.5-1.67
Cayp(PO4)6(OH)2 -2y (CO3)y
A-type HCA (HA carbonated) 0<y<1 1.67

OH ™ replace by CO%‘

Cajp_x(POy4)s_x(OH),_x(CO3)x
0<x<2

B-type HCA (HA carbonated) ,. 0SXS . >1.67
PO; ™ replace by COj5

AB-type HCA (HA carbonated) ngixiigﬁéo}??;?l;;;z(gggy >1.67
MCPM (monocalcium phosphate, monohydrate) Ca(HyPOy4),-H,O 0.5
MCPA (monocalcium phosphate, anhydrous) Ca(H,POy), 0.5
DCPD (dicalcium phosphate dihydrate) CaHPO,4-2H,O 1.0
DCPA (dicalcium phosphate anhydrous) CaHPOy4 1.0
-TCP (p-tricalcium phosphate) -Caz(POy), 1.5
a-TCP (a-tricalcium phosphate) a-Caz(POy)s 1.5
TTCP (tetracalcium phosphate) Cay(POy),0 2.0
OCP (octacalcium phosphate) Cag(HPOy4)»(POy4)4-5H,0O 1.33

HA facilitates direct bonding to host bone by creating a biological interface that sup-
ports new bone growth without producing inflammatory or cytotoxic responses. Despite
being bioactive, biodegradable, and exhibiting excellent integration with bone tissue, HA
presents insufficient mechanical strength and toughness for load-bearing implant applica-
tions. Consequently, its primary applications are in the filling of small bone defects as well
as in spinal and short bone surgeries [31,32,36].

Synthetic HA is widely utilized as a coating for metallic implants, particularly titanium-
based alloys, to enhance their biological performance. This strategy promotes early stabiliza-
tion and improves fixation by forming a direct bond between the implant and surrounding
tissues. Although HA-coated implants have achieved extensive clinical success, certain
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challenges remain. These include poor coating adhesion to the metallic substrate, which is
strongly influenced by the deposition technique used [25,33].

Given the diverse properties and clinical implications of ceramic materials such as
alumina, zirconia, and HA, their main advantages and limitations are summarized in
Table 3. Overall, alumina and zirconia are best suited for wear-resistant bearing components,
while HA is primarily employed as a bioactive phase to improve bone bonding despite its

limited structural strength.

Table 3. Critical comparison of ceramic materials used in orthopedic implants.

. P Physicochemical Basis = Translational Knowledge
Material Advantages Limitations of Performance Challenges Gaps Refs.
Strong Al-O bonds — %’r.elzvenf brittle Infl "
high hardness and a:iufr € te?sure n uec?cfe Ot
Low friction and  Brittle behavior; wear resistance; etect- i;ee. rrg(ciro € dec ?
wear; high low fracture Limited plastic , processb & a st;::slesl'la
Alumina chemical stability; toughness; poor deformation — flaw 1n}1:1r0ve ti one lone-term [34,41]
good intrinsic os- sensitivity; tegration &
bi tibilit seointegration Surface hydroxylation without stability of
10compatibtitty & N in}llprovz d compromising surface
o wear treatments
wettability performance
Ti?fggﬂizo_ Control phase
. tability; limit .
. transformation — stabiaty; Standardized
High fracture Hydrothermal increased crack aging after aging protocols;
Zirconia toughnes_;s; high aging; surface resistance: sterilization combined
(Y-TZP) wear resistance; microcracking; Strong Zr-O borl1 ds — and surface atfocts of [31,35]
o gOOd‘b'l' high processing high hardness; finishing; moisture and
iocompatibility cost Water-assisted phase pr?)réeselsl;ieng cyclic loading
rsormaton - eproducbiy
Balance
Low Bone-like Ca/P dissolution and .
mechanical chemistry — high stability; ~ Optimal
. . strength and tissue affinity; prevent dissolution rate;
os te]ilcooarfgzce{ive' toughness; risk ~ Surface ion exchange cracking and lgggt-itrelrril
HA promotes direct of coating — protein adsorption  delamination; substra%ce [32,36]
bone bondin delamination; and apatite formation; control stability: effect
& processing- Predominantly ionic crystallinity, of iZ;ﬁ c
dependent bonding — brittle composition -~
’ . . substitutions
performance behavior and Ci]f}'{tequaaal
adhesion

3.3. Conventional Polymers

Polymers have been used as biomaterials in orthopedic surgery for several decades.
Their initial application focused on minimizing friction between articulating metal com-
ponents and reducing wear, thereby preventing the generation and accumulation of toxic
particles in surrounding tissues. Over time, the versatility of polymers has expanded their
use into a broad range of orthopedic applications, including total joint replacements, soft
tissue reconstruction, joint fusion procedures, and fracture fixation devices [42]. One of the
major advantages of polymers lies in their inherent biocompatibility, which reduces the
likelihood of adverse immune responses. Moreover, polymers offer considerable flexibility
in terms of chemical composition, mechanical properties, and processing techniques, allow-
ing them to be tailored to specific clinical needs. Their excellent machinability also enables
fabrication into complex, patient-specific geometries, making them suitable for a variety of
implant configurations [43].

Among the wide range of polymers investigated for orthopedic use, polyaryletherether-
ketone (PEEK), polymethylmethacrylate (PMMA) and poly (caprolactone) (PCL) are recog-
nized for their established clinical performance and distinct functional roles.
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3.3.1. Polyaryletheretherketone (PEEK)

Initially investigated in the 1980s as a candidate for orthopedic implants, PEEK soon
became recognized as a high-performance thermoplastic suitable for replacing metallic
components in load-bearing applications. Its combination of high strength, chemical and
wear resistance, corrosion stability, and excellent processability has made it increasingly
attractive for diverse clinical uses. Today, PEEK is employed in intervertebral fusion
devices, cranial and maxillofacial reconstructions, dental implants, joint replacements
(e.g., hip and knee) and fixation systems. Clinical translation of PEEK into large joint
arthroplasty has also been demonstrated, including femoral and tibial components for
total knee replacement. In the orthodontic field, the addition of carbon fibers to form
CFR-PEEK (carbon fiber-reinforced polyetheretherketone) has enabled the material to reach
elastic modulus values close to those of cortical bone and dentin, with tensile properties
resembling those of bone, enamel, and dentin. However, a limitation of this composite is
its slight cytotoxicity, which may restrict its use in some clinical scenarios [44].

One of the main challenges associated with PEEK is its biological inertness, which
results in limited osseointegration. This property can hinder direct bonding with surround-
ing bone tissue. To address this, several strategies have been developed, including surface
modifications and the incorporation of bioactive materials, such as HA or bioactive glass.
These modifications have significantly improved its biological response, making it a viable
and adaptable option in modern orthopedic implantology [31,45,46].

3.3.2. Poly(methyl methacrylate) (PMMA)

Widely recognized for its role in bone cement formulations, PMMA is frequently used
as a primary component of bone cement for anchoring cemented orthopedic prostheses,
particularly in hip and knee arthroplasty procedures, as well as in spinal interventions such
as vertebroplasty and kyphoplasty. PMMA provides immediate fixation of the prosthesis
and acts as an elastic shock absorber due to its relatively low Young’s modulus, which
helps in distributing loads and reducing interfacial stress concentrations. Despite its
widespread clinical use, PMMA presents several limitations, particularly related to its
polymerization process. The curing of PMMA involves an exothermic reaction that can lead
to local thermal necrosis of the adjacent bone tissue. In addition, the presence of residual
monomers may lead to systemic complications, such as embolism, and local adverse effects,
including inflammatory responses. The mechanical performance of PMMA-based cement
is also compromised by volumetric shrinkage during polymerization, which may result in
gaps at both the cement-bone and cement—prosthesis interfaces, reducing overall stability.
The curing process further influences the porosity of the cement matrix; larger pores, in
particular, are detrimental to mechanical strength and may serve as initiation sites for
crack propagation. Over time, wear debris and degradation products from the cement
can interact with the surrounding tissue, eliciting chronic inflammatory responses and
promoting bone resorption at the interface, which may compromise long-term implant
fixation [29-31].

3.3.3. Poly(caprolactone) (PCL)

PCL, a synthetic and biodegradable polymer broadly used in tissue engineering, com-
bines flexibility with ease of fabrication into complex structures. Its elastic behavior allows
it to return to its original shape after deformation, making it well-suited for applications
that require resistance to repeated mechanical stress or strain cycles. While PCL does not
offer the same load-bearing capacity as metallic materials, its strength is sufficient for use as
a temporary support structure or scaffold, particularly in non-load-bearing environments.
One of its most important features is its controlled biodegradability, with degradation
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occurring gradually over a period of approximately 3 to 4 years. This prolonged degra-
dation profile is especially advantageous in applications such as nerve regeneration or
long-term tissue repair, where extended structural support is required during the healing
process. Moreover, this extended timeline enhances its utility in sustained drug delivery
systems, allowing for controlled release over prolonged periods [32,47]. Furthermore, its
processability via advanced manufacturing techniques, such as 3D printing, enables the
creation of patient-specific implants and porous structures that mimic the native extra-
cellular matrix, thereby enhancing cell adhesion, proliferation, and differentiation [48].
These features highlight its potential as a versatile and valuable material for orthopedic
applications, particularly in the repair of critical-size bone defects and the development of
bioresorbable implants.

The advantages and disadvantages associated with these polymeric materials are
summarized in Table 4. Collectively, these data indicate that PMMA and PEEK are favored
for their mechanical robustness and handling, whereas PCL is mainly exploited for its

degradability and drug delivery potential in lower load-bearing contexts.

Table 4. Critical comparison of polymeric materials used in orthopedic implants.

. Fhysicochemical Translational
Material Advantages Limitations Basis of Challenges Knowledge Gaps Refs.
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polymerization — ]
. rapid in situ Reduce curing Influence of
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absorber direct bone reduced fatigue strength after Lfat1gue fallgre,
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bonding
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When compared with ceramics and polymeric biomaterials, metallic implants gen-
erally exhibit superior mechanical properties, including higher tensile and compressive
strength, fracture toughness, and fatigue resistance, which are essential for applications
involving significant load-bearing and cyclic mechanical stresses, such as hip and knee
arthroplasty or fracture fixation devices [29,42]. These characteristics, combined with their
ductility and reliability under long-term mechanical loading, have established metals,
particularly titanium alloys, stainless steels, and cobalt-chromium alloys, as the clini-
cal gold standard for structural orthopedic applications. Nevertheless, most metallic
materials are intrinsically bioinert and do not actively promote biological bonding with
surrounding bone tissue, which may result in fibrous tissue formation at the implant-bone
interface and increase the risk of long-term loosening. Consequently, additional surface
modification strategies are frequently required to enhance osseointegration and biological
fixation [3,25,33].

In contrast, ceramic biomaterials, especially calcium phosphate-based compounds
such as HA and tricalcium phosphate, exhibit excellent bioactivity and osteoconductivity
due to their chemical similarity to the mineral phase of bone, enabling direct bonding with
host tissue and promoting new bone formation. However, their inherent brittleness, low
fracture toughness, and limited resistance to tensile and shear stresses significantly restrict
their use as bulk load-bearing components, confining their clinical application mainly to
coatings, fillers, or low-load environments [37,40]. Polymeric biomaterials, on the other
hand, offer advantages related to lower elastic modulus, closer to that of natural bone,
reduced stress shielding effects, ease of processing, and the potential for biodegradability
or radiolucency, which can be advantageous for imaging compatibility and temporary
implants. Despite these benefits, polymers generally present inferior mechanical strength,
creep behavior under sustained loading, and potential degradation-related limitations that
may compromise long-term stability in high-load orthopedic applications [42,46].

Therefore, the selection of implant materials typically involves balancing mechanical
reliability with biological performance, as no single material class simultaneously satisfies
all structural, biological, and clinical requirements. This trade-off has driven the develop-
ment of hybrid systems and multifunctional surface engineering strategies that combine
the mechanical robustness of metals with the bioactivity of ceramics or the functional ver-
satility of polymers, aiming to optimize implant integration, longevity, and patient-specific
therapeutic outcomes [25,33].

https:/ /doi.org/10.3390/app16199708


https://doi.org/10.3390/app16199708

Appl. Sci. 2026, 16, 9708

18 of 49

4. Mechanical, Chemical, and Biological Properties of Conventional
Implant Materials

The functional performance of orthopedic implant materials is determined by a com-
bination of mechanical, chemical, surface, and biological properties, which collectively
determine structural reliability, degradation behavior, tissue integration, and resistance
to infection. These properties determine the implant’s response to mechanical loading,
its chemical interaction with the physiological environment and the biological reaction
of adjacent tissues. An ideal biomaterial must not only support structural loads but also
integrate effectively with bone, resist degradation over time, and avoid triggering adverse
immune or inflammatory reactions. Balancing mechanical strength, corrosion resistance,
and biocompatibility remains a central challenge in the development of advanced im-
plant materials, particularly as the clinical demand drives the search for more durable,
patient-specific, and minimally invasive orthopedic solutions [42].

4.1. Stress and Strain

The mechanical behavior of implant materials under physiological loads is a critical
determinant of their clinical performance. Understanding how materials respond to stress
and strain is essential to ensure structural integrity, promote osseointegration, and avoid
long-term complications such as implant loosening or failure.

The stress—strain curve (Figure 8) illustrates the behavior of the material when sub-
jected to an external load. This curve can be divided into two distinct regions corresponding
to the elastic and plastic behavior of the material. From this relationship, several mechanical
properties can be derived, including Young’s modulus, yield strength, and ultimate tensile
strength. The elastic modulus, or Young’s modulus, quantifies the material’s resistance to
elastic (non-permanent) deformation. Within the elastic region, the material deforms under
applied stress but fully recovers its original dimensions once the load is removed. When
the strain exceeds the elastic limit and reaches the yield point, the material transitions into
the plastic region, where deformation becomes permanent even after the applied stress is
released [50].

Elastic limit Ult|m'ate
l tensile
strength
» 1 g
0 1 .
o i V'§|d Breaking
& | point stress I
I
| |
4= | Young’s modulus (slope) |
1 I
1 I
| |
I
Elasctic i Plastic !
zone zone !
Strain

Figure 8. Typical stress-strain curve showing key transition points.

Ideally, the Young’s modulus of the implant should approximate that of cortical bone
(~18 GPa) to minimize mechanical mismatch and ensure effective load sharing between
the implant and surrounding bone tissue. Insufficient compliance with this condition may
result in a phenomenon known as stress shielding, in which the implant bears most of
the mechanical load, reducing the stimulus necessary for bone remodeling. According
to Wolff’s law, bone adapts to mechanical stresses, and in their absence, bone mass can
decrease due to reduced osteoblastic activity and increased resorption. This schematic
highlights how an elastic mismatch between implant and bone can redistribute loads away
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from the surrounding tissue, ultimately promoting bone resorption and aseptic loosening
(Figure 9) [51,52].

<— Atrophied bone

Hip implant

direction
<4— Dense bone

1

Figure 9. Mechanical load behavior before and after implant insertion (created by S.R. Gavinho in
Biorender). The red arrows indicate the direction of the applied load.

The mechanical performance of the most commonly used orthopedic materials is
summarized in Table 5. The data confirm that metals far exceed bone and polymers in
strength and stiffness, whereas polymers and some ceramics provide elastic moduli closer
to bone but at the expense of load-bearing capacity.

Table 5. Mechanical properties of the bone and the implant materials [53,54].

Materials Tensile Strength Yield Strength Young’'s Modulus
(MPa) (MPa) (GPa)
Cortical bone 70-150 30-70 3-30
Trabecular bone n.a. 0.05-0.5
Magnesium alloys 250 162 442
Ti-6Al-4V alloy 960-970 850-900 110
316L SS 579 190-690 193
Co-Cr-Mo alloys 430-1028 200-823 230
Alumina 282-551 - 420
Zirconia 800-1500 - 210
Hydroxyapatite * 34-48 - 7-13
PEEK 90-150 97-95 3.40-3.50
PMMA 38-70 66 3
PCL 10.5-16.1 10.3-12.5 0.38-0.43

Note: n.a.—not applicable; * 3% of porosity.

Beyond elastic behavior, ductility is another vital property, especially for metallic
implants. It refers to the ability of a material to undergo significant plastic deformation
before rupture. Ductile materials exhibit a characteristic necking region during tensile
testing and are preferred for implants due to their superior machinability and resistance
to brittle fracture during service. In addition to ductility and stiffness, high tensile and
compressive strength, elevated yield strength, and excellent fatigue resistance are essential
for withstanding repeated loading cycles over time. These properties ensure the mechanical
durability and functional reliability of the implant, particularly in load-bearing applications
such as hip, knee, or spinal prostheses [55].
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4.2. Wear and Corrosion Resistance

In the physiological environment, orthopedic implants are exposed to complex me-
chanical and chemical conditions that can compromise their long-term integrity. Among the
primary degradation mechanisms, wear and corrosion are critical factors that directly affect
implant performance, biocompatibility, and longevity. Corrosion is a major contributor to
the failure of metallic implants, occurring through various mechanisms such as fretting
corrosion, electrochemical corrosion, and galvanic corrosion.

Fretting corrosion arises when two surfaces in contact undergo repeated relative mo-
tion, as commonly observed in joint replacements. This mechanical interaction generates
microscopic wear particles, especially at the modular connections of prostheses. In metals,
this process disrupts the protective native oxide layer, leaving the underlying surface
vulnerable to further corrosion. In ceramics, although less prone to electrochemical attack,
repetitive micromovements can cause surface damage and particle release. These parti-
cles tend to accumulate in surrounding tissues and elicit an immune response, triggering
macrophage activation and subsequent recruitment of osteoclasts, which promote local-
ized bone resorption and may lead to implant loosening and failure [56]. In addition to
mechanical degradation, these processes also affect the structural and mechanical integrity
of the implant. Loss of material mass reduces hardness and fatigue resistance, increasing
the likelihood of mechanical fracture under cyclic loading [57].

Electrochemical corrosion is a general phenomenon that occurs when a single metal
undergoes redox reactions in the presence of an electrolyte, such as physiological fluids.
In this process, anodic and cathodic sites form on the metal surface, where oxidation and
reduction reactions take place simultaneously. The electrolyte facilitates ionic transport
between these regions, sustaining the electrochemical circuit and progressively dissolving
the metal, thereby degrading the implant surface [57,58]. Galvanic corrosion, in contrast, is
a specific type of electrochemical corrosion that arises when two dissimilar metals are in
direct contact within an electrolyte. In this scenario, the less noble metal functions as the
anode and corrodes at an accelerated rate, while the more noble metal acts as the cathode
and is relatively protected. This phenomenon is particularly relevant in modular implants
that combine different metallic components [58,59].

Although many metallic biomaterials form a passive oxide layer that temporarily
inhibits corrosion, this protective film can be compromised by wear. In physiological envi-
ronments, the rate of re-passivation is often insufficient to prevent progressive degradation,
especially under dynamic mechanical loads. Thus, corrosion resistance becomes a decisive
factor in material selection. To address this challenge, passivated layers can be designed
through surface oxidation or the application of biocompatible and non-toxic coatings, with
the aim of preventing direct interaction between the implant and body fluids [58,59].

Surface modification has emerged as a widely adopted strategy to improve both corro-
sion resistance and biological performance. By altering surface properties, such as surface
charge, roughness, and wettability, implants can be tailored not only to resist degradation
but also to promote osseointegration and reduce the cytotoxic effects of corrosion products.
These modifications aim both to prolong the implant’s functional lifespan and to enhance
its integration with surrounding biological tissues [60].

4.3. Surface Modifications

Early implant designs prioritized improving overall mechanical properties, whereas
contemporary approaches have increasingly focused on surface modifications to influ-
ence biological interactions. Surface modification has emerged as a powerful approach
to improve the performance of orthopedic implants by enhancing corrosion and wear
resistance, promoting biocompatibility, and fostering favorable biological responses at
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the implant-tissue interface. Modifications may involve changes in surface topography,
chemical composition, or the application of bioactive coatings to mitigate adverse effects
such as inflammation, infection, and fibrous encapsulation, ultimately contributing to the
long-term survival of implants [61].

Beyond improving biocompatibility, surface treatments aim to influence interactions
with host cells, extracellular matrix proteins, and the vascular system, facilitating os-
seointegration and functional integration. Additionally, strategies that endow implant
surfaces with antimicrobial and anti-inflammatory properties are increasingly important in
minimizing post-surgical complications and improving patient outcomes. These surface
modifications have proven particularly beneficial for load-bearing orthopedic and dental
implants, where mechanical demands and biological challenges are both pronounced [62].

4.3.1. Protective Coatings

Among the most effective strategies for enhancing implant durability, the application
of protective coatings stands out for its ability to shield metallic surfaces from corrosion
and wear in the aggressive physiological environment. In addition to acting as physical
barriers, these surface modifications can enhance the mechanical properties of implants by
increasing their hardness, strength, and surface finish. Various bioinert materials, including
titanium nitride (TiN), thermoplastic polymers, and carbon-based compounds, have been
widely applied as coatings, particularly for metallic orthopedic devices [57].

TiN coatings, originally developed for decorative and industrial purposes, have gained
increasing attention in the biomedical field, particularly in the field of dental implants
(Figure 10). Their application in orthopedic implants has demonstrated significant im-
provements in corrosion and wear resistance, reduction in friction coefficients, and effective
suppression of metal ion release due to their function as a diffusion barrier. Studies have
explored different titanium-based coatings on commercially pure titanium substrates, in-
cluding titanium nitride, titanium oxynitride (TiOxNy), and titanium aluminum nitride
(TiAIN). Among these, TIAIN has exhibited superior corrosion resistance, positioning it as
a promising candidate for biomedical applications, although the potential risks associated
with aluminum content must be carefully considered [60].

Figure 10. Dental implant fixation screw and abutment with TiN coating applied by physical vapor
deposition (PVD).

Another material of interest is PEEK, a thermoplastic polymer with excellent mechani-
cal and thermal properties. When used as a surface coating, PEEK improves the tribological
performance of implants by enhancing wear resistance and thermal stability, making it par-
ticularly suitable for sliding or load-bearing components. Similarly, carbon-based coatings,
such as nanocrystalline diamond films, offer comparable benefits. These coatings provide
high corrosion and wear resistance, reduce friction, and exhibit good biocompatibility,
making them effective alternatives or complements to polymeric protective layers [61,63].
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4.3.2. Bioactive Coatings

In addition to reducing the release of toxic ions, bioactive coating enhances osseointe-
gration by promoting chemical and physical bonding between the implant and host bone.
Their performance depends on the combined effects of chemical composition, surface to-
pography, wettability, dissolution behavior, coating adhesion, and biological stability. These
properties regulate protein adsorption, immune-cell recruitment, osteogenic cell adhesion,
bacterial colonization, and ultimately the quality of the bone-implant interface [62].

Coatings with osteoconductive and osteoinductive properties, such as calcium
phosphate-based materials, are particularly effective. Among them, HA coatings (Figure 11),
due to their chemical similarity to bone mineral, act as a source of calcium phosphate (CaP)
at the bone-implant interface, stimulating new bone formation and providing a favorable
environment for the adhesion of non-collagenous proteins and osteogenic cells [36,38,40].
The combination of HA with amorphous phases, such as tricalcium phosphate, has shown
to accelerate bone growth through rapid dissolution and osteoblast recruitment. The ef-
fectiveness of these coatings depends on the balance between crystallinity and stability of
HA with the solubility of amorphous components (e.g., amorphous calcium phosphate
(ACP)) [64]. Excessive dissolution may compromise coating integrity, whereas very high
crystallinity may reduce biological reactivity. lon substitution is increasingly used to tailor
the biological and physicochemical properties of calcium phosphate coatings. Therapeu-
tic ions such as strontium, zinc, magnesium, copper, and silver can provide osteogenic,
angiogenic, immunomodulatory, or antibacterial functionality. For example, strontium-
functionalized titanium surfaces have been associated with enhanced peri-implant bone
formation and reduced osteoclast activity, whereas zinc-containing surfaces may simul-
taneously support osteogenic differentiation and antibacterial activity. Nevertheless, ion
concentration and release kinetics must be carefully controlled, since insufficient release
may limit biological efficacy, while excessive concentrations may induce cytotoxicity or
impair tissue regeneration [65].

(a) (b)

Figure 11. (a) Metal acetabular prosthesis and (b) metal tibial component coated with pure HA by
plasma spray.

Among ceramic-based coatings, bioactive glass has been extensively investigated
for metallic implants because of its inherent bioactivity and its capacity to support osteo-
conduction and bone bonding. Its controlled dissolution and subsequent formation of a
hydroxyapatite-like interfacial layer can promote strong bonding with surrounding bone
tissue and improve implant stability [28,66,67]. The clinical performance of these coatings
nevertheless depends on adequate adhesion to the metallic substrate, controlled dissolution,
compatibility between the thermal expansion coefficients of the coating and substrate, and
resistance to cracking or delamination during processing and clinical use [67].

The biological response to coated implants is not determined exclusively by osteoblast
activity. Early immune events, particularly macrophage behavior at the implant-tissue
interface, strongly influence subsequent bone regeneration. Surface nanotopography, wet-
tability, chemical composition, and ion release can modulate macrophage phenotype and
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the balance between pro-inflammatory and reparative signaling. Nanostructured titanium
surfaces have been reported to promote a shift toward M2-like macrophage phenotypes
while simultaneously enhancing mesenchymal stem-cell osteogenic differentiation and
improving bone-implant contact in vivo [68]. Nanoscale surface features may also regu-
late integrin-mediated signaling and cytoskeletal organization, thereby influencing cell
adhesion, differentiation, and osseointegration [69,70]. These findings support the concept
of osteoimmunomodulation, in which implant surfaces are designed to actively regulate
the early immune response and create a microenvironment that favors tissue regeneration
rather than chronic inflammation.

The host response to biomedical implants is also strongly influenced by interactions
between bone cells and the extracellular matrix (ECM). Accordingly, coatings containing
ECM-derived proteins, such as collagen, gelatin, fibronectin, vitronectin, and fibrinogen,
have been investigated as biomimetic strategies for promoting bone healing [71]. These
coatings can influence protein adsorption, ligand availability, and integrin-mediated
cell adhesion, thereby regulating osteogenic cell attachment, spreading, proliferation,
and differentiation. A particularly promising approach combines inorganic calcium
phosphate coatings with bioactive ECM proteins. For example, collagen-infiltrated
HA coatings can form fibrous organic-inorganic networks that more closely reproduce
the composition of bone and enhance the adhesion, proliferation, and differentiation
of mesenchymal stem cells [71,72]. However, the stability of these biological compo-
nents during processing, sterilization, storage, and implantation remains an important
translational challenge.

Biological molecules can also be incorporated into implant coatings to provide more
specific control over cellular behavior. Growth factors such as bone morphogenetic proteins,
insulin-like growth factor, transforming growth factor-f, and fibroblast growth factor
regulate osteogenic differentiation, matrix production, angiogenesis, and tissue remodeling.
Their controlled release from coatings may enhance local bone regeneration while reducing
the systemic exposure associated with conventional administration [38]. Nevertheless,
clinical translation is limited by dose-dependent adverse effects, short biological half-life,
burst release, loss of activity during sterilization, and difficulties in maintaining long-term
coating stability. These concerns have encouraged the investigation of shorter bioactive
peptides and extracellular vesicles, which may provide more controlled and physiologically
relevant signaling. Osteogenic peptides can reproduce selected functional domains of larger
proteins while offering greater chemical stability, whereas extracellular vesicles may deliver
proteins, lipids, and nucleic acids involved in intercellular communication [73]. However,
reproducible production, loading efficiency, storage stability, and long-term in vivo safety
still require further investigation.

Beyond coatings that release therapeutic agents continuously, stimuli-responsive sys-
tems are being developed to provide localized treatment only when specific pathological
conditions arise. These coatings may respond to changes in pH, enzymatic activity, inflam-
matory mediators, temperature, or external physical stimuli. For example, pH-responsive
polymer coatings can be designed to release antimicrobial agents preferentially under the
acidic conditions commonly associated with infection and inflammation, thereby reducing
bacterial colonization while limiting unnecessary exposure of host cells [74]. Enzyme-
responsive systems may similarly exploit bacterial or inflammatory enzymes to trigger
drug release at the implant interface. Although these approaches offer improved temporal
and spatial control, their increased structural complexity creates additional challenges
related to reproducibility, sterilization, storage stability, manufacturing scale-up, and regu-
latory validation.
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Infection remains one of the most important causes of orthopedic implant failure. Al-
though systemic antibiotic prophylaxis is widely used, it may provide insufficient drug con-
centrations at the implant surface and contribute to antimicrobial resistance. Consequently,
both passive and active antibacterial surface strategies have been developed. Passive ap-
proaches modify surface roughness, charge, wettability, or nanoscale architecture to reduce
bacterial adhesion or induce contact-mediated membrane damage (Figure 12) [57,71,75].
Active approaches rely on the local release of antibiotics, metallic ions, nanoparticles, or
other antimicrobial agents. Silver, copper, and zinc-containing coatings have received
particular attention because they can disrupt bacterial membranes, interfere with metabolic
processes, and promote reactive oxygen species formation [71].

Recent strategies increasingly combine antibacterial activity with osteogenic and
immunomodulatory functions. Hybrid coatings containing silver nanoparticles to-
gether with osteogenic ions have shown the ability to reduce bacterial adhesion while
maintaining or enhancing osteoblast activity [76]. Dual-functional surfaces have also
demonstrated reduced biofilm formation together with improved peri-implant bone
formation and bone-implant contact in vivo [77]. However, antibacterial efficacy
must be carefully balanced against cytocompatibility, since the same mechanisms re-
sponsible for bacterial killing may damage osteogenic or immune cells at excessive
concentrations. The clinical translation of multifunctional coatings therefore depends
on controlled release kinetics, coating adhesion, long-term mechanical stability, steril-

infection and implantation models.

ization resistance, manufacturing reproducibility, and validation in clinically relevant
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Figure 12. Interactions of bacteria with different surface charges, different degrees of wettability,
and levels of roughness (created by S.R. Gavinho in Biorender). The illustration reinforces that fine
control of surface charge, wettability, and roughness is crucial to simultaneously discourage bacterial
colonization and support favorable cell-material interactions.

Overall, bioactive coatings are evolving from single-function layers toward multifunc-
tional interfaces capable of simultaneously regulating bone formation, immune response,
and bacterial colonization. Their clinical success will depend not only on short-term bi-
ological activity but also on coating durability, controlled release, sterilization stability,
manufacturing reproducibility, and long-term in vivo performance.

4.4. Characterization and Validation of Functional Performance

The mechanical, chemical, surface, and biological properties described above are
evaluated using complementary characterization methods. Mechanical testing provides
information on structural integrity and fatigue resistance, whereas electrochemical and
tribological methods assess corrosion, wear, and tribocorrosion. Surface-sensitive tech-
niques are used to determine topography, wettability, chemical composition, and coating
stability, while in vitro and in vivo assays evaluate cytocompatibility, antibacterial activity,
immune response, bone formation, and implant fixation. Since each method captures only

https:/ /doi.org/10.3390/app16199708


https://doi.org/10.3390/app16199708

Appl. Sci. 2026, 16, 9708 25 of 49

one aspect of implant performance, results should be interpreted collectively, particularly
for coated, degradable, porous, or multifunctional systems. Table 6 summarizes the main
techniques, their advantages, limitations, and current challenges.

The functional performance of orthopedic implant coatings must be validated not only
through in vitro characterization but also under biologically and mechanically relevant
in vivo conditions. While laboratory studies provide essential information on coating
composition, adhesion, degradation, ion release, antibacterial activity and osteogenic
potential, they do not fully reproduce the complexity of the implant-tissue interface.
In vivo studies are therefore critical to determine whether the expected functional benefits
are maintained after implantation, particularly in terms of osseointegration, bone formation,
infection control, coating stability and mechanical fixation.

Table 6. Main techniques used to characterize and validate the functional performance of orthopedic
implant materials and surfaces.

Functional Main Characterization Advantages Limitations and Current Refs.
Property Techniques Challenges
Quantitative Conventional specimens may not
Tensile, compression assessment of strength, represent porous implants,
Mechanical and flexural tests; stiffness and local complex geometries or thin
. ; ' ] [50,53]
integrity hardness; hardness; several coatings; results depend on
nanoindentation methods are loading mode and sample
standardized preparaﬁon
. Cyclic fatigue testing; Evaluates durability . L .
faueand OURERSTE i repen owdng T omsemng bghlyseniive
e facureoughness sndand susceptibily Ttk '
crack-growth tests crack propagation
Pin-on-disk, Deftge.rr.nirles frictio? Simplified tests may not reproduce
Wear and friction ball-on-disk and a(;?c(l3 dleckl)i?s f Vglfe?;art?oi' joint kinematics, biological [56,57]
reciprocating wear suitab%e for ! lubrication, third-body wear or !
tests; joint simulators comparative screening patient-specific loading
Open-circuit potential;
potentiodynamic N . .
polarizaton Setive and St lecrocheica st do o
Corrosion and electrochemical quantitative evaluation . e
tri . ; . . - or simultaneous wear; [58]
ribocorrosion impedance of passive-film stability .. . tocol .
troscopy; and corrosion behavior TIDOCOTTOS 0T Protoro’s femain
spectroscopy; difficult to standardize
combined
wear—corrosion tests
. . Scratch, pull-off, shear Direct evaluation of Results depend on coating
Caoig?ﬁtifg i?;?n and tensile adhesion coating-substrate thickness, substrate geometry and [78-80]
1 tests; coating-fatigue integrity and critical failure mode; methods are not
stability t . ; -
ests failure load directly interchangeable
Profilometry; atomic Provid ltiscal Results depend on scan area,
S force microscopy; rovides murtiscale resolution and roughness
urface topography . loct information on ter: & Py al [69,70]
and roughness scanning e.ec r(_)nl morphology, roughness parameter; topography alone ,
microscopy; optica and surface defects cannot predict the biological
interferometry response
Strongly affected by
Wettability and Static and dynamic Rapid, inexpensive and contamination, aging, roughness
P contact-angle sensitive to changes in and test-liquid selection; indirect [61,62,75]
surlace energy measurements surface treatment di f i d cell
predictor of protein and ce
interactions
X-ray photoelectron Identifies elemental : oo s .
Surface chemistry spectroscopy; EDS; composition, chemical "l(";chmques differ in sampl ng
1 . epth and spatial resolution;
and phase FTIR; Raman states, functional h . h [38,81]
composition spectroscopy; X-ray groups and crystalline amorpbm(lf f?r rr;mor dp ases may
diffraction phases e difficult to detect
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F;)mchonal Main Characterization Advantages Limitations and Current Refs.
roperty Techniques Challenges
Immersion tests; mass Static tests poorly reproduce fluid
Degradation and loss; pH momtormg; Quantifies degrad?tlon flow, me(j.hamcal loading, protein
release kinetics ICP-OES/MS; UV-Vis, and release profiles adsorption and cellular uptake; [65,67,82,83]
HPLC or LC-MS for over time in vitro-in vivo correlations
drug-release profiles remain limited
Direct-contact and . . Strong dependence on cell type,
Cytocompatibility extract assays; cell bSultal?le for initial exposure method and culture
R . iological screening e
and cellular viability, adhesion, . conditions; simplified [5,31,32]
. . and comparison
response proliferation and . monocultures do not reproduce
between formulations . .
morphology tissue complexity
ALP activity;
Osteogenic and mineralization; Provides mechanistic In vitro mineralization or apatite
Ost & ducti osteogenic gene and evidence of osteogenic formation does not directly [28,66]
° Sffcoimifrfcéve protein expression; differentiation and demonstrate in vivo ¢
P simulated body fluid surface reactivity osseointegration
testing
CFU counting;

[57,71,75-77]

Cytokine analysis;

Assesses inflammatory

The M1 /M2 classification is

Ipflammatory and  macrophage phenotype signaling and simplified; short-term cultures do
immunomodula- markers; flow host-response A [57,65,68-71,74]

. . . not reproduce the dynamic in vivo

tory response cytometry; mechanisms associated immune response
immune-cell cocultures with healing
Micro-CT; . . :

‘ histomorphometry; Provides direct Results depend str.ongl.y on anlmal

In vivo bone—implant contact: preclinical evidence of model, implantation site, loading
osseointegration p ’ peri-implant bone conditions and follow-up period, [65,74,76,77,84]

and fixation

removal torque;
push-out and pull-out
tests

formation and
mechanical fixation

limiting comparison between
studies

The current in vivo evidence for orthopedic implant coatings remains strongly de-
pendent on the deposition technique, with substantial differences in both the recency and
maturity of the available studies. For sol-gel coatings, one of the most recent confirmed
in vivo investigations evaluated a gentamicin-releasing hybrid sol-gel layer applied to
hydroxyapatite-coated titanium rods in a small-animal healing model. The coating en-
abled local antimicrobial delivery without compromising tissue healing, supporting the
potential of sol-gel processing for multifunctional anti-infective coatings [85]; however, no
more recent orthopedic in vivo study from 2023 to 2026 could be confirmed, while recent
publications have mainly remained at the in vitro stage.

More recent in vivo progress has been reported for electrochemical deposition. Black
phosphorus nanosheet-hydroxyapatite composite coatings deposited on titanium were
evaluated in vivo for vascularized bone regeneration, antibacterial activity and osseointe-
gration, demonstrating the versatility of electrochemically assisted deposition for incorpo-
rating bioactive nanomaterials into implant surfaces (2024) [86]. Similarly, physical vapor
deposition, particularly magnetron sputtering, continues to generate relevant preclinical
evidence. Magnetron-sputtered tantalum coatings on Ti-6Al-4V implants were shown to
enhance osteogenic differentiation, new-bone formation and implant integration in vivo,
indicating that sputtering remains one of the most clinically promising approaches for
producing thin, compositionally controlled metallic coatings (2025) [87].

In contrast, the recent in vivo orthopedic evidence for chemical vapor deposition
is limited. A frequently cited study evaluated nanostructured TiO, coatings produced
by metal-organic chemical vapor deposition on titanium implants in rabbit cortical and
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cancellous bone, reporting increased bone apposition (2004) [88]. Nevertheless, no ortho-
pedic in vivo study published between 2023 and 2026 could be confirmed in which the
implant coating was explicitly produced by CVD, suggesting a persistent translational
gap between the extensive laboratory development of CVD coatings and their preclinical
orthopedic validation.

Plasma spraying remains comparatively well established for implant applications
and continues to be supported by recent large-animal evidence. Titanium plasma-sprayed
coatings applied to PEEK and titanium implants were evaluated in an ovine metaphyseal
model, where they increased trabecular bone apposition and pull-out strength (2024) [89].
These findings reinforce the clinical relevance of plasma-sprayed porous metallic coatings,
particularly for improving the fixation of load-bearing and spinal implants.

As regards CoBlast™, the evidence base is currently less well established, as no
published in vivo orthopedic study has been identified that explicitly reports the use of
the patented CoBlast™ process. The most recent directly related work remains an in vitro
investigation of 4555 bioactive glass/hydroxyapatite coatings produced using this approach
(2023) [90]. Therefore, although CoBlast™ offers advantages such as low-temperature
deposition and the possibility of incorporating bioactive ceramic phases, dedicated in vivo
studies are still required to confirm coating stability, osseointegration, biological safety and
long-term performance under clinically relevant mechanical loading.

Overall, the most recent in vivo evidence is currently strongest for magnetron sput-
tering, electrophoretic/electrochemical deposition and plasma spraying. Sol-gel coatings
show promising multifunctionality but require updated orthopedic in vivo validation,
whereas CVD and CoBlast™ remain comparatively underrepresented in recent preclinical
studies. This imbalance highlights the need for standardized large-animal models, direct
comparisons between deposition techniques and longer follow-up periods addressing
coating adhesion, degradation, wear, ion release and implant fixation.

5. Deposition Techniques for Implant Coatings

In orthopedic implants, various coatings have become a key strategy for overcoming
the biological limitations of conventional materials, particularly with regard to increas-
ing osseointegration and preventing implant-associated infections. The performance of
these coatings is strongly influenced by surface characteristics, particularly roughness and
thickness, which are controlled by the chosen deposition method and its parameters.

Surface roughness has been directly associated with the success of implant osseoin-
tegration. Roughness is often quantified by the average roughness (Ra) and can be clas-
sified as smooth surfaces (£0.5 um), moderately rough (1.0-2.0 pm), or highly rough
(>2.0 pm) [91]. Moderately rough surfaces have been shown to improve osteoblast differen-
tiation and increase bone-implant contact (BIC). In vivo studies on dental and orthopedic
implants confirm that a roughness of 1-1.5 um tends to provide an ideal environment for
bone formation and stable osseointegration [92,93]. However, increased surface roughness
may also favor bacterial adhesion and biofilm formation. Rough surfaces provide shel-
ter for microorganisms, protecting them from shear forces and host immune responses.
This duality highlights the importance of balancing topography and roughness to promote
osseointegration while minimizing the risk of infection. Therefore, the control of surface fea-
tures during the deposition process is fundamental in optimizing implant performance [75].

In addition to roughness, the thickness of the coating plays a vital role in determining
its mechanical integrity and bioactivity. Excessive thickness may lead to delamination
under mechanical stress, while coatings that are too thin may degrade prematurely or
provide insufficient biological signaling. The desired thickness is typically determined
by the deposition technique, which must ensure strong adhesion, uniform coverage, and
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preservation of the substrate’s mechanical properties. These requirements can be achieved
and controlled using deposition techniques such as sol-gel, electrochemical deposition,
physical vapor deposition (PVD), chemical vapor deposition (CVD), plasma spray and
Coblast™ as verified in Figure 13.

CoBlast™ | E—
CVD - —
PVD —
Electrochemical deposition
Plasma spray | I
Sol-gel ]
T T T
0.01 0.1 1 10 100
Coating thickness (um)
(a)
CoBlast™ - S
CVD ~ e
PVD - s
Electrochemical deposition — _
Plasma spray [
Sol-gel [
T T T T
0 20 40 60 80 100

Adhesion strength (MPa)
(b)

Figure 13. Representative (a) thickness and (b) adhesion ranges associated with successful orthopedic
coating performance; values depend on coating composition, substrate, processing conditions, and
functional requirements. * PVD and CVD/PECVD: approximate ranges, as adhesion is often reported
as the critical scratch load in N rather as bond strength in MPa.

These techniques offer distinct advantages and limitations in terms of coating unifor-
mity, crystallinity, adhesion, and ion release dynamics. The appropriate choice of deposition
method is thus crucial for tailoring the surface functionality of orthopedic implants accord-
ing to the intended clinical application.

Table 7 provides a concise comparison of the main coating technologies considered
in this section, highlighting the most suitable coating materials and implant substrates,
the key physicochemical factors influencing performance, the biological response, and the
main advantages, applications, limitations, and translational status of each method. The
following subsections examine these techniques in greater detail, with particular emphasis
on their deposition principles, processing conditions, coating properties and relevant
findings reported in experimental and clinical studies.
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Table 7. Comparison of coating deposition techniques for orthopedic implants according to material compatibility, properties, functional performance, and
translational status.

Deposition Most Suitable Compatible Physicochemical Biological Main Advantages and Limitations and
Technique Coating Implant Determinants of Performance Typical Applications Translational Status Refs.
Materials Substrates Performance yP PP
Molecular precursors - .
enable homogeneous Low-to-moderate Limited thlckness: per
. . ) I processing temperature; cycle may require
Tiand Ti alloys; compositions and Promotes apatite ood compositional repeated deposition;
BGs, HA and other stainless steel; Co—Cr controlled ion formation in EBF and g con’g' ol: creikin n dpth . ’1
Sol-gel CaP; SiO,-, TiO,- and alloys; alumina; incorporation at low may improve suitable for complex ; tg}? € d a [94,95]
ZrO;-based oxides; zirconia; selected temperatures, but o teob}l]a t ;I; dhesion " | surf p ; m1sdn}11a c c.aﬁl/[rg luce
polymers shrinkage during drying S s S10 U e(>1< fe rna sur aceis,t adnesion; Viainy
King or sed for screws, plates, preclinical and early
can cause cracking porous Ti, spinal cages translational
delamination
Electrolyte composition, Can accelerate Near-ambient- Restricted to
local pH, current density CaP/HA formation  temperature process; good conductive
and ion concentration and improve control of morphology and substrates; coating
HA; other CaP; Ti and Ti alloys determine nucleation, bone-implant . composition; suitable for quality depends
Electrochemical  ion-substituted CaP; stainless steel. Co.Cr crystal morphology, . cocllltact; Used for Ti irregular and porous strongly on [96]
metallic and allovs and M allovs porosity and adhesion; and Mg screws, pins, conductive surfaces; electrolyte and
antibacterial layers y & aloy Non-uniform current plates, porous Ti Used for Ti and Mg screws,  electrical parameters;
distribution and hydrogen implants and pins, plates, porous Ti post-treatment may
evolution may create temporary fixation implants and temporary be needed; Limited
weakly adherent regions devices fixation devices clinical adoption
Energetic species form i High purity; precise High equipment cost;
S ) ickness and composition relatively low
dense, low-porosity films TiN, DLC and control; good wear, deposition rate for
s ' ' ) with high hardness and HA-based coatings o8 i PO ;
Metals; nitrides; Ti and Ti alloys; COrTOSion resistance: can improve cell corrosion and barrier thick coatings;
PVD, including  oxides; diamond-like  stainless steel; Co-Cr : ] P performance; residual stresses ma
: - ; Residual stresses and adhesion, reduce S y [97,98]
sputtering carbon; thin HA or alloys; alumina; line-of-sight t t limit A Used for knee femoral cause cracking or
CaP films zirconia; PEEK ine-ol-sight transport Umit  bacterial attachment components, hip femoral At
’ coating thickness and and enhance wear h dp tratm Pl N d delamination;
coverage of deep pores or resistance €ads, trauma p-ates an Established clinical
complex geometries screws, spinal implants experience for hard
and PEEK interbody cages coatings.
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Table 7. Cont.

Deposition Most Suitable Compatible Physicochemical Biological Main Advantages and Limitations and
. Coating Implant Determinants of . .o . Refs.
Technique . Performance Typical Applications Translational Status
Materials Substrates Performance
Volatile precursors enable Dense and conformal .
conformal coatings and layers; excellent interfacial Convenhopal}?V}llD
Ti and Ti alloys; strong chemical bonding; bonding; good chemical m’?e};rfeggaliﬁrelsg
stainless steel; Co—Cr Conventional CVD Functional layers stability, wear resistance pre cufs or toxi ci’ty
DLC; SiC; SiOy; TiN; alloys; alumina; requires thermal stability, may provide good and barrier properties; and residual species
CVD/PECVD carbon-, silicon- and zirconia; selected whereas plasma activation cytocompatibility Used for hip and knee must be cont rIc))H od: [99,100]

nitride-based films

polymers using

low-temperature
PECVD

lowers deposition
temperature but
introduces sensitivity to
precursor chemistry and
residual by-products

and barriers against
metal-ion release

bearing components,
femoral heads and Ti or
Co-Cr implants requiring
hard, low-friction or
diffusion-barrier coatings

limited compatibility
with biomolecules;
Orthopedic use
remains limited

Plasma spraying

HA,; other CaP;
bioactive glasses; Ti
and other thermally

stable ceramic or
metallic powders

Primarily Ti and Ti
alloys; Co—Cr alloys;
stainless steel

Molten or semi-molten
particles form thick
lamellar coatings through
rapid solidification and
mechanical interlocking;
High thermal input may
modify HA crystallinity,
induce secondary phases
and generate residual
stresses through
thermal-expansion
mismatch

Clinically established
HA and Ti coatings
promote bone
apposition and
osseointegration

Rapid deposition of thick
coatings; high industrial
maturity; extensive clinical
and regulatory experience;
Widely used for
uncemented hip stems,
acetabular cups, tibial
trays and other
joint-replacement
components

High temperature
may alter phase
composition;
Residual stress,
porosity and thermal
mismatch can
promote cracking or
delamination;
Unsuitable for
proteins and most
drug-loaded systems

[101-103]

CoBlast™

HA; other CaP;
bioactive glasses;
ceramic and
ion-doped powders

Ti and Ti alloys;
stainless steel; Co—Cr
alloys; other
impact-resistant
metallic substrates

Abrasive activation and
particle impact promote
mechanical and
tribochemical
incorporation without bulk
heating; Adhesion and
coverage depend on
particle hardness, size,
morphology and substrate
ductility

Thin, adherent HA or
bioactive-glass layers
may improve protein
adsorption and
osteogenic response

Ambient-temperature
process; avoids thermal
degradation; Combines
surface roughening and

coating deposition;

Suitable for Ti screws,

plates, spinal implants and
trauma or joint
components requiring
room-temperature
bioactive functionalization

Limited coating
thickness and
coverage; Rensitive
to particle and
substrate properties;
Coating uniformity
may be challenging;
Limited
standardization and
long-term clinical
data

[90,104]
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5.1. Sol-Gel Deposition

Among the surface modification techniques available for orthopedic implants, the
sol-gel method stands out as a versatile and cost-effective approach for producing thin,
uniform, and chemically homogeneous bioactive coatings.

During the sol-gel process, a colloidal system known as a “sol” is first generated
through the hydrolysis and condensation of metal-based precursors, either inorganic salts
or organometallic compounds. As the reactions progress, the “sol” evolves into a three-
dimensional “gel” network through polymeric cross-linking. The subsequent drying stage
removes most of the liquid phase, resulting in structural contraction, hardening, and
increased density [78]. Depending on the application, the sol can be deposited using
various techniques, including dip coating (Figure 14a), spin coating (Figure 14b), or spray
coating (Figure 14c) [79].
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Figure 14. Different types of sol-gel deposition: (a) Dip coating; (b) Spin coating and (c) spray coating

(created by S.R. Gavinho in Biorender). Arrows indicate the direction of movement, deposition,
rotation, or solvent evaporation associated with each coating process.

This deposition strategy is capable of generating dense or porous microstructures,
depending on the choice of precursors, pH, solvents, and processing parameters. One of
the most notable advantages of the sol-gel technique is its low processing temperature,
which avoids thermal degradation or phase transitions of sensitive substrates, such as tita-
nium alloys (which have a phase transition temperature near 883 °C). This is particularly
relevant for preserving the mechanical properties of orthopedic-grade Ti-based implants.
Furthermore, sol-gel-derived coatings exhibit high purity and compositional homogeneity,
leading to improved corrosion resistance and bioactivity compared to some physically de-
posited coatings. In many cases, this method achieves comparable or superior performance
using simpler equipment and lower energy input than techniques such as PVD or plasma
spray [105].

Despite its advantages, the sol-gel process presents certain limitations, notably the
high cost of raw materials, particularly high-purity alkoxide precursors. Additionally,
challenges such as crack formation during drying, delamination due to thermal or me-
chanical mismatch between the coating and the substrate, low wear resistance, and high
permeability have been reported. These drawbacks must be carefully managed through
optimized processing and post-deposition treatments [33].

Among the coatings most commonly produced via the sol-gel process for biomedical
applications are silica-based, titanium dioxide, and other ceramic films, often designed to
enhance the surface bioactivity and corrosion resistance of metallic implants. Promising
results have been reported for various systems. For instance, coatings of BG deposited
on 316L stainless steel via sol-gel demonstrated a crack-free crystalline structure with
enhanced corrosion resistance. Furthermore, immersion in simulated body fluid (SBF) for
30 days resulted in the formation of a HA layer, indicating high in vitro bioactivity [25].
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Similarly, titanium dioxide coatings incorporating calcium, phosphorus, and silver, devel-
oped through the sol-gel method combined with dip-coating, exhibited excellent surface
homogeneity, enhanced bioactivity, significant antibacterial activity, and improved cell
adhesion and proliferation, underscoring their potential for orthopedic and dental pros-
thetic applications [106]. Researchers also developed, polypeptide coatings modified with
catechol groups were applied to common metallic implant substrates via a dip-coating
process, enabling chemical anchoring through catechol-metal interactions. The resulting
coatings exhibited antifouling properties that reduced bacterial adhesion and enhanced
biocompatibility, demonstrating potential to prevent implant-associated infections and
improve device longevity [107].

Compared with high-temperature deposition methods such as plasma spraying or
vapor-based techniques, the sol-gel approach offers superior compositional control, lower
processing temperatures, and the possibility of incorporating bioactive molecules or ther-
apeutic ions without significant degradation. These advantages make it particularly at-
tractive for multifunctional coatings and complex implant geometries. However, sol-gel
coatings are typically thinner and may exhibit lower mechanical robustness and adhesion
strength compared with plasma-sprayed or PVD coatings, which can limit their long-term
performance in high load-bearing environments. Consequently, this technique is often
more suitable for applications where biological functionality is prioritized over mechanical
durability.

5.2. Electrochemical Deposition

Electrochemical deposition is a versatile surface modification technique that enables
the formation of uniform, adherent, and compositionally controlled coatings on metallic
implants (Figure 15). In this process, the implant substrate, commonly titanium alloys or
stainless steel acts as the cathode, where deposition occurs upon application of a direct
electric current through an electrolyte solution containing the desired coating components.
The system includes a counter electrode, typically inert (e.g., platinum), and a power sup-
ply, which allows for precise adjustment of operating parameters such as current density
and deposition time [108]. The deposition mechanism is determined by electromigration
of charged particles, followed by nucleation and growth on the substrate surface as rep-
resented in Figure 15. This allows precise control over the thickness, morphology, and
crystallinity of the resulting coating. Key process variables, such as electrolyte pH, tempera-
ture, particle size, and the inter-electrode distance, can be modulated to tailor the structural,
mechanical, and bioactive properties of the coating, adapting it for specific orthopedic
applications [109].

Power
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Figure 15. Electrochemical deposition system (created by S.R. Gavinho in Biorender).
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Researchers have developed a hybrid bioactive coating composed of PEEK and BG was
successfully deposited onto 316L stainless steel substrates. The study demonstrated that
both the electric field intensity and deposition time were critical factors influencing coating
homogeneity and thickness (90-110 pum), with higher field strengths and longer deposition
times resulting in denser and thicker coatings [110]. More recently, an electrochemical co-
deposition approach combining polydopamine and polyhexamethylene biguanide (PHMB)
has been developed to produce antibacterial coatings on porous titanium alloys. This
study reported uniform and adherent layers with strong antibacterial efficacy and good
cytocompatibility, underscoring the growing interest in multifunctional sol-gel-related
and electrochemical strategies for advanced implant surface modification [111]. In another
study, titanium implants were coated with CaP via electrodeposition incorporating BMP-2.
These implants exhibited a microporous surface that enhanced cell adhesion and enabled
sustained release of the osteoinductive factor over 35 days, resulting in significantly im-
proved osseointegration and bone formation in animal models compared to unmodified
implants [112].

This technique offers several advantages, including low cost, mild processing condi-
tions, suitability for complex geometries, large surface areas, and the ability to produce
high-purity coatings with tailored surface mineralization. However, this technique also
presents several disadvantages, including the potential formation of undesired phases, poor
coating adhesion, and non-uniform thickness if deposition parameters are not properly
controlled. Furthermore, the use of acidic, alkaline, or cyanide-containing electrolytes in
certain systems raises environmental and safety concerns, requiring careful handling and
appropriate waste management. These challenges highlight the importance of optimizing
process conditions and implementing safety protocols to ensure high-quality coatings and
environmental sustainability [80].

5.3. Physical Vapor Deposition (PVD)

PVD provides several advantages in orthopedic applications, as it produces coatings
with high purity, high density, and excellent adhesion while allowing nanoscale control of
surface properties, making it particularly suitable for functionalizing implant surfaces with
bioactive layers that promote bone integration and reduce inflammatory response [113].

PVD is a group of vacuum-based techniques for depositing thin films onto substrates
by physically transferring vaporized material. Common methods like thermal evaporation
and sputtering deposit atoms or molecules layer by layer, achieving nanometric control.
Performed in a vacuum chamber to prevent contamination, PVD uses gaseous plasma
conditions to project target atoms onto the implant surface, where the atoms condense and
form uniform coatings, with thermal evaporation and magnetron sputtering (Figure 16)
being the most used for biomedical applications [80].

In thermal evaporation, the target material is heated to its evaporation point using a
resistive heater, electron beam, or high-energy arc. The vaporized atoms then condense
onto the cooler substrate surface. This method is ideal for coating materials with low
melting points, as high-melting-point metals such as molybdenum and tungsten require
more advanced energy sources like electron beams to achieve evaporation [108]. However,
the limited versatility for high-temperature materials restricts its broader application in
implant coatings.

PVD sputtering, on the other hand, is more versatile and has become the most com-
monly used technique for orthopedic implants. In magnetron sputtering, an argon plasma
is generated inside the chamber. Positively charged argon ions are accelerated toward a
negatively charged target (cathode) composed of the coating material. The impact of the
ions causes the ejection of target atoms, which then deposit onto the substrate surface to
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form a thin film. Several parameters influence the characteristics of the resulting coating,
including magnetron power, working pressure, ion current density, substrate bias and
temperature, and the target composition [115].
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Figure 16. Schematic drawing of two conventional PVD processes: (a) sputtering and (b) evaporating.
Blue dots represent atoms released from the target material. Reproduced with permission from S.R.
Gavinho and M.PF. Graga [114]. Copyright © 2025 Springer.

This method has been widely used to produce coatings such as HA and TiN offering
significant improvements in surface biocompatibility and osteoconductivity. Researchers
fabricated HA coatings via sputtering that exhibited a high-density nanostructure (100-
200 nm), which significantly enhanced the formation of mineralized extracellular matrix
in vitro compared to uncoated substrates. Similarly, coatings of Mg-doped TiN, produced
using cathodic arc evaporation, showed the formation of nanoscale HA crystals (2-5 nm)
after immersion in simulated body fluid, indicating improved bioactivity and potential for
enhanced osseointegration [80].

Although the high precision and performance of PVD-based coatings still make
it a valuable tool for the surface engineering of next-generation orthopedic implants,
the method has several limitations, such as high equipment and operational costs, time-
consuming procedures, and limited feasibility for components with complex geometries.

5.4. Chemical Vapor Deposition (CVD)

To address the limitations of physical deposition techniques in coating complex geome-
tries, chemical vapor deposition (CVD) provides an efficient alternative through gas-phase
chemical reactions. Unlike PVD, where material is physically ejected from a solid source,
CVD involves the reaction of volatile precursor gases introduced into a vacuum chamber,
typically at elevated temperatures. Inside the reactor, the reactant gases are transported
and may either directly diffuse through the boundary layer and adsorb onto the heated
substrate surface or undergo gas-phase reactions forming intermediate species and by-
products. These intermediates then deposit onto the substrate by diffusion and adsorption.
On the substrate surface, further surface diffusion and heterogeneous reactions occur,
leading to the formation of a solid thin film or coating. Finally, by-products and unreacted
species are desorbed from the surface and continuously removed from the system in the
direction of the gas flow, as illustrated in Figure 17 [80].
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Figure 17. Schematic chemical vapor deposition steps. The scheme emphasizes that CVD processes
enable conformal coatings on complex shapes, making them particularly attractive when uniform
coverage and high chemical stability are required.

One of the key advantages of CVD is its ability to deposit uniform and conformal
coatings, even on substrates with intricate or porous geometries, which are commonly
found in orthopedic and dental implants. The technique supports excellent control over
film thickness, composition, and crystallinity, with the reaction temperature being a critical
parameter. Adjustments to the chamber temperature can modulate both the growth rate
and morphology of the resulting coating, enabling the fabrication of nanostructured layers
with tunable bioactivity. Despite these advantages, CVD also presents certain limitations.
The high processing temperatures, which can reach up to 1600 °C, may restrict its use
with thermally sensitive materials and require careful thermal compatibility with the
underlying substrate. Additionally, many precursor gases used in CVD are volatile and
potentially hazardous at room temperature, requiring complex exhaust systems and strict
environmental control, which contribute to the higher cost of the technique [116,117].

CVD has been successfully used to deposit nanometric coatings composed of various
calcium phosphate phases, including HA, «- and B-tricalcium phosphate (Caz(POy),),
and calcium pyrophosphate (CayP,0y7), on metal-based implants. These coatings have
demonstrated promising structural and biological characteristics, contributing to improved
osseointegration [118]. Furthermore, TiO, coatings developed by CVD have shown signif-
icant enhancement in bone-implant interface quality. In vivo studies demonstrated that
TiO,-coated titanium implants exhibited superior integration in both cortical and cancel-
lous bone after 12 weeks compared to uncoated controls, confirming the osteoconductive
potential of such coatings. Recently, diamond-like carbon coatings were applied to orthope-
dic implant surfaces by CVD technique, showing a very low coefficient of friction, high
hardness, and significant wear reduction, demonstrating strong potential to enhance the
durability and performance of joint prostheses [119]. Other study investigated Ti/TaN
coatings applied by CVD on Ti6 Al4V alloy, focusing on biocompatibility and mechanical
properties. In vitro tests with MG63 osteoblastic cells showed a cell viability of 96.62% on
coated samples, indicating excellent biocompatibility. Additionally, the coatings exhibited
high hardness and wear resistance, demonstrating significant potential to enhance the
durability and performance of orthopedic implants [120].

5.5. Plasma Spray (PS)

Thermal spray technologies have attracted considerable attention in biomedical appli-
cations, with plasma spraying (PS) emerging as one of the most reliable and widely used
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techniques for depositing bioactive coatings on orthopedic implants. The technique uses
a high-temperature plasma jet to melt and accelerate powder particles onto a substrate
surface. Plasma is generated by introducing gases, such as argon (Ar), helium (He), hydro-
gen (Hj), or nitrogen (Ny), between a cathode and an anode. An electric discharge ignites
the plasma arc, which is elongated by the gas stream and exits the nozzle as a plasma
flame (Figure 18). Reaching temperatures of up to approximately 15,000 °C, the plasma
flame is capable of melting nearly all classes of materials, including ceramics and refractory
metals [121].
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Figure 18. Scheme of the plasma spray technique. eproduced with permission from S.R. Gavinho
and M.PE. Graca [114]. Copyright © 2025 Springer.

Optimizing parameters such as plasma energy, spray distance, and particle mor-
phology is crucial, as they directly influence the coating’s microstructure, porosity, and
mechanical integrity.

The thickness of coatings on orthopedic implants plays a critical role in ensuring their
mechanical integrity and biological function. Excessively thick coatings are prone to crack-
ing or delamination, whereas overly thin coatings may degrade too rapidly, compromising
osseointegration. Process variables, including stand-off distance, number of layers, and
particle melting temperature, can be adjusted to control coating thickness. Powder charac-
teristics such as particle size, shape, and distribution are also critical. More homogeneous
coatings are achieved with narrower particle size distributions, and smaller particles melt
more readily [122]. Adhesion between the coating and metallic substrate is one of the
main challenges of the PS technique. Rapid cooling and mismatched thermal expansion
coefficients can result in residual stresses and weak bonding at the interface. The minimum
tensile adhesion strength for biomedical coatings, according to ASTM standards, ranges
from 15 to 22 MPa, depending on the material [122].

A study by Cafias et al. demonstrated that BG coatings formed more effectively when
using powder with particle sizes below 63 pm. Larger particles, particularly those above
200 um, failed to melt completely, leading to irregular and discontinuous coatings. When
particle size was optimized, the resulting coatings were smoother and more uniform on
304L stainless steel substrates [123]. Regarding adhesion, a recent study demonstrated
that plasma-sprayed HA-Ti-MgO composite coatings on titanium substrates achieved a
pull-off strength of 29.2 & 3.4 MPa, surpassing the ASTM F1147 minimum tensile adhesion
standard [102].

As with other thermal spraying methods, cost and equipment complexity are notable
limitations of the plasma spray method [124]. Nevertheless, plasma spray remains the
only deposition method approved by the U.S. FDA for clinical use in orthopedic implants,
specifically for HA coatings on titanium substrates [125].
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5.6. CoBlast™ Process

CoBlast™ is a low-temperature, ambient-pressure deposition method that enables
the formation of thin, strongly adherent coatings without the need for inert environments
or thermal energy. This allows the deposition of amorphous or crystalline coatings on
heat-sensitive metals (e.g., titanium, stainless steel, magnesium) without inducing thermal
damage or altering microstructure [126]. In this technique, a mixture of abrasive and
coating powders is simultaneously projected onto the substrate using compressed air,
as illustrated in Figure 19. The coating adhesion is achieved through a combination of
complementary processes, where mechanical abrasion removes the passive oxide layer,
exposing a clean and reactive metallic surface, and the kinetic energy of the impacting
particles promotes both tribochemical bonding and mechanical interlocking of the coating
in the exposed metal (Figure 20).
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Figure 19. Schematic illustration of the CoBlast™system. Produced with permission from S.R.
Gavinho and M.PF. Graga [114]. Copyright © 2025 Springer.
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Figure 20. Schematic illustration of the tribochemical bonding and mechanical interlocking effect
of the coating to the exposed metal (created by S.R. Gavinho in Biorender). The arrow indicates the

direction of particle movement.

The single-nozzle system simplifies the process while ensuring consistent deposition,
even on geometrically complex surfaces. Due to the absence of heat input, the structural and
chemical integrity of both the substrate and the coating material are preserved. Operational
parameters such as the nozzle-substrate distance (10-50 mm), air pressure (4-6 bar), the
ratio of coating to abrasive material, the particle [90]. The process typically produces
coatings with thicknesses ranging from 2 to 5 um and bond strengths exceeding 50 MPa,
surpassing the ASTM F1147 standard minimum requirement of 15 MPa for HA coatings on
metallic implants [90,127].
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Comparative analyses between CoBlast™ and conventional PS techniques reveal
critical performance differences in terms of morphology and adhesion strength of HA
coating. CoBlast™ enables the formation of much thinner HA coatings, typically less
than 10 pm, compared to the ~70 pm coatings commonly obtained via PS. This thin yet
uniform layer is particularly advantageous for preserving surface details and minimizing
internal stresses. The coating adhesion were also studied and the tensile strength tests were
performed based on ASTM F1147. The Coblast™ coatings exhibited significantly higher
adhesion (~60 MPa) than the plasma sprayed HA coating (~10 MPa) [128].

More recently, the technique has been extended to incorporate BG either as a coating
material or as an abrasive, opening new possibilities for multifunctional and bioactive coat-
ings. Three types of samples were investigated, BG coatings using sintered HA as abrasive
(BG/HA), HA coatings using BG as abrasive (HA/BG), and a commercial HA coating (Os-
teoZip) using sintered HA. Protein adsorption assays confirmed greater protein retention
on BG/HA coatings compared to the other groups, likely due to the higher surface energy
and ionic activity of BG. These properties are directly linked to the presence of calcium
and phosphate in the BG composition, which can stimulate osteoblastic differentiation and
mineralization processes. Furthermore, the ability to tune roughness and surface energy by
simply switching the abrasive/coating combination positions highlights the versatility of
this method for tailoring implant surfaces for specific clinical needs [129,130].

6. Challenges and Future Perspectives

The development of orthopedic implants has progressed substantially, especially
with the advent of surface modification techniques and the incorporation of bioactive
materials. However, despite these advances, several challenges persist in translating these
technologies into broad clinical applications.

A persistent challenge is the limited mechanical and biological performance of bioac-
tive coatings under dynamic physiological conditions. Coatings like HA and calcium phos-
phate derivatives offer excellent bioactivity but often lack sufficient mechanical strength
and adhesion when applied to metallic substrates, particularly in load-bearing scenar-
ios [131,132]. This limitation has been consistently reported in both in vitro and in vivo
studies, where mechanical degradation of HA-based layers under cyclic loading leads to
cracking, delamination, and particle release at the bone-implant interface, compromising
long term stability [133]. Poor bonding and brittle failure therefore remain key constraints
to their clinical reliability. To overcome these limitations, recent studies have focused on
multilayered or hybrid coatings that incorporate intermediate bonding layers or surface
pre-treatments to improve interfacial strength. For instance, graded multilayer CaP-TiO,—
Ti architectures have been shown to reduce interfacial stress concentrations and delay crack
propagation compared to single phase HA coatings [134]. For instance, Liang et al. demon-
strated that graded multilayer CaP-TiO,-Ti coatings significantly reduced interfacial stress
concentrations compared to single-phase HA. Similarly, Santos et al. demonstrated that the
introduction of a TiO; interlayer enhances the bonding strength of calcium phosphate coat-
ings and improves their mechanical resilience under cyclic loading, while graphene-based
interlayers have been reported to facilitate more efficient load transfer and reduce fatigue
crack initiation in CaP systems [135,136].

Controlling coating thickness, porosity, and crystallinity remains critical and depends
heavily on the deposition method. Techniques such as sol-gel processing, electrochemical
deposition, plasma spraying, and CoBlast™ each present distinct advantages and limi-
tations in terms of cost, scalability, and material compatibility. Recent work has shown
that careful optimization of plasma spray parameters as stand off distance, particle size
distribution, and plasma energy enables precise control over HA coating morphology,
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reducing thermal degradation, amorphous phase formation, and residual stresses [101].
In parallel, electrophoretic deposition combined with tailored heat treatments has been
reported to produce highly crystalline HA and CaP coatings with improved adhesion
strength and controlled porosity, which are beneficial for both mechanical performance and
bone ingrowth [137].

Additionally, significant efforts have been directed toward the functionalization of
implant coatings with therapeutic agents to provide biological functions beyond struc-
tural support. The incorporation of osteogenic ions, such as Sr?* and Zn?*, together with
antimicrobial agents, including Ag* and Cu?*, has emerged as an effective strategy to
simultaneously stimulate bone regeneration and reduce the risk of implant-associated infec-
tions. Tailored doping approaches have enabled controlled modulation of ion release while
preserving coating integrity, thereby enhancing angiogenesis, osteogenesis, and osseointe-
gration in preclinical studies. Among these strategies, strontium-containing CaP coatings
have shown particular promise, promoting osteoblast activity and increasing new bone
formation in osteoporotic models, highlighting their potential for patients with compro-
mised bone quality [138]. Despite these encouraging findings, achieving a controlled and
sustained release of therapeutic agents under the dynamic physicochemical and mechanical
conditions of the implantation site remains a significant challenge [103]. To address this
limitation, smart CaP-based coatings capable of responding to local stimuli, particularly
pH changes associated with inflammation or infection, have recently been developed to
enable on-demand ion and drug release, providing more precise and context-dependent
therapeutic effects [139].

Growing interest has focused on stimuli-responsive (smart) coatings that dynamically
adapt their behavior to local biological or mechanical cues, such as inflammation, pH, or
load [140]. Examples include hydrogel and polymer-based interfaces capable of releasing
anti-inflammatory or antimicrobial agents in the presence of specific cytokines, as well as
mechanoresponsive composites in which applied strain modulates drug diffusion [141].
Tang et al., for instance, reported flexible hydrogel coatings that release anti-inflammatory
drugs when exposed to pro-inflammatory cytokines, enabling on-demand modulation of
the peri-implant environment. Multifunctional polymer—ceramic composites have also
been engineered to adjust release rates as a function of mechanical deformation, suggesting
the feasibility of load-activated therapeutic delivery in weight-bearing implants [141,142].

Another emerging strategy for implant surface biofunctionalization is Cold Atmo-
spheric Plasma (CAP), which differs fundamentally from plasma spraying by modifying
the physicochemical properties of the implant surface rather than depositing an additional
coating. Exposure to CAP generates reactive oxygen and nitrogen species (RONS), increas-
ing surface wettability and promoting the incorporation of oxygen-containing functional
groups that facilitate protein adsorption and subsequent cell attachment. These physico-
chemical changes have been associated with improved biological responses, particularly
during the early stages of implant healing. In an in vitro study, Gund et al. demonstrated
that CAP-treated titanium disks significantly enhanced the attachment and colonization of
primary human osteoblasts after 24 h compared with untreated surfaces, indicating that
plasma activation can accelerate the initial cellular events required for successful osseointe-
gration [143,144]. Encouraging results have also been reported in preclinical animal models.
A recent systematic review by Barausse et al. [145], which analyzed in vivo studies, showed
that CAP treatment consistently improved early osseointegration outcomes. Most studies
reported significant increases in bone-to-implant contact, reaching improvements of up
to approximately 20% compared with untreated implants, together with higher bone area
fraction occupancy, increased peri-implant bone density, and superior biomechanical fixa-
tion. Nevertheless, considerable variability in plasma sources, treatment gases, exposure
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times, and experimental protocols remains a major limitation for direct comparison among
studies and for clinical translation. Therefore, the establishment of standardized treatment
protocols and long-term clinical investigations will be essential to define the role of CAP as
a complementary surface biofunctionalization strategy for orthopedic implants [145,146].

At the same time, additive manufacturing technologies, particularly three-dimensional
(3D) printing, are reshaping the design space of orthopedic implants by enabling the fabri-
cation of complex, patient-specific geometries with controlled internal architectures and
integrated surface features. Metal additive manufacturing (e.g., selective laser melting and
electron beam melting) allows the production of porous Ti-based structures with tunable
stiffness, improved osseointegration, and reduced stress shielding, and has already been
translated into customized acetabular cups, spinal cages, and trauma devices [147,148].
Beyond metallic lattices, printable bioactive inks based on calcium phosphates, silicate
ceramics, and polymer—ceramic composites have been explored for layer-by-layer deposi-
tion of gradient scaffolds that better mimic the hierarchical architecture and mechanical
gradients of native bone tissue [149]. Recent work has further combined 3D-printed scaf-
folds with controlled delivery of growth factors and pro-angiogenic cues, supporting
vascularization and endochondral ossification in preclinical large animal models [150].

The convergence between 3D-printed implants and tissue engineering approaches
is therefore emerging as a key direction for the next generation of orthopedic devices.
Advanced scaffolds can be designed not only to match patient-specific defect geome-
tries, but also to serve as carriers for stem cells, growth factors, and immunomodula-
tory molecules, creating integrated implant-tissue engineering constructs that actively
participate in regeneration [151]. Bioinspired coatings that combine inorganic CaP
phases with extracellular matrix proteins and osteogenic factors have already demon-
strated improved osteogenic differentiation and vascular invasion, suggesting that
“living” hybrid implants may progressively replace purely inert components in selected
indications [152,153].

Looking forward, the integration of multidisciplinary approaches combining materi-
als science, nanotechnology, biotechnology, advanced manufacturing, and clinical insight
will be essential to address current limitations. Next-generation orthopedic implants
are expected to be multifunctional and patient-specific, capable not only of providing
structural support and reliable osseointegration but also of sensing and responding
to the local microenvironment, delivering therapeutics on demand, and potentially
monitoring healing progression. Early examples include sensor-enabled or smart im-
plants capable of detecting local mechanical overload or biochemical markers associated
with inflammation and infection, opening possibilities for earlier intervention before
overt clinical failure [150]. Such advances have the potential to reduce implant failure
rates, extend device longevity, and improve outcomes, particularly in aging patients
and in individuals with comorbidities such as osteoporosis, diabetes, or chronic inflam-
matory diseases, as schematically illustrated in Figure 21, which summarizes how 3D
bioprinting, customization, and implant-tissue engineering constructs converge toward
patient-specific regenerative solutions.
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Figure 21. Future perspectives in orthopedic implants. Schematic representation of emerging
strategies combining 3D bioprinting, customization and tissue engineering. On the left, 3D-printed
implants and scaffolds are integrated with bioinks and 3D-printed tissues to form implant-tissue
engineering constructs that actively participate in regeneration. On the right, patient-specific
digital planning enables personalized implants, tailored treatments and sensor-enabled “smart”
implants with therapeutic coatings. Together, these approaches converge into patient-specific
solutions aimed at improving bone regeneration and long-term repair outcomes (created by T.
Menezes in BioRender).

7. Conclusions

The development of orthopedic implants has evolved from the optimization of
individual biomaterials toward the design of multifunctional systems capable of simul-
taneously providing mechanical support, biological activity, and long-term stability.
Rather than relying solely on the intrinsic properties of metals, ceramics, or polymers,
current strategies increasingly exploit surface engineering to tailor the implant-tissue
interface and regulate the complex biological events that determine tissue healing and
implant integration.

This review highlights that the combination of advanced coating technologies with
bioactive materials has significantly expanded the functionality of orthopedic implants.
Surface modifications not only improve corrosion and wear resistance but also promote
osseointegration, reduce bacterial colonization, and modulate the host immune response.
Emerging approaches based on therapeutic ion incorporation, extracellular matrix-inspired
coatings, immunomodulatory surfaces, smart drug-delivery systems, and additive man-
ufacturing further demonstrate the transition from passive implants toward biologically
responsive and patient-specific devices.

Despite these advances, several challenges continue to limit clinical translation.
Achieving durable coating adhesion under long-term physiological loading, controlling
degradation behavior, ensuring manufacturing reproducibility and scalability, and meeting
regulatory requirements remain critical obstacles. Furthermore, the biological complexity
of the implant-host interface highlights the need for standardized preclinical evaluation
and long-term clinical validation to establish reliable correlations between material design
and clinical performance.

Future research should therefore prioritize:
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(i) the development of mechanically robust, biologically active, and chemically stable
coating systems;

(if) the integration of immunomodulatory, antibacterial, and osteogenic functionalities
into unified surface platforms;

(iii) the coupling of advanced surface engineering with additive manufacturing for patient-
specific implant design; and

(iv) the establishment of standardized in vitro and in vivo evaluation frameworks that
better predict long-term clinical performance.

In this context, next-generation orthopedic implants are expected to evolve into mul-
tifunctional, bioactive, and patient-adapted systems that actively participate in tissue
regeneration rather than merely providing structural support. Continued interdisciplinary
collaboration between materials science, surface engineering, biology, and clinical research
will be essential to translate these innovations into safe, effective, and durable clinical
solutions, ultimately improving long-term outcomes and quality of life for patients.
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ACP Amorphous Calcium Phosphate
ATZ Alumina-Toughened Zirconia

BIC Bone-Implant Contact

BMPs Bone Morphogenetic Proteins

CaP Calcium Phosphate

CDHA Calcium-Deficient Hydroxyapatite

CFR-PEEK  Carbon Fiber-Reinforced Polyetheretherketone
Co-Cr-Mo  Cobalt-Chromium-Molybdenum Alloy

CP-Ti Commercially Pure Titanium
CVD Chemical Vapor Deposition
DCPA Dicalcium Phosphate Anhydrous
DCPD Dicalcium Phosphate Dihydrate
ECM Extracellular Matrix
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FDA Food and Drug Administration
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HCA Carbonated Hydroxyapatite

HDPE High-Density Polyethylene

IGF Insulin-Like Growth Factor

MCPA Monocalcium Phosphate Anhydrous
MCPM Monocalcium Phosphate Monohydrate
MoM Metal-on-Metal

MSCs Mesenchymal Stem Cells

ocr Octacalcium Phosphate

PCL Poly(caprolactone)

PEEK Polyetheretherketone

PLA Polylactic Acid

PLGA Poly(lactic-co-glycolic acid)

PMMA Poly(methyl methacrylate)

PVD Physical Vapor Deposition

Ra Average Surface Roughness

ROS Reactive Oxygen Species

SBF Simulated Body Fluid

TCP Tricalcium Phosphate

TGF-B Transforming Growth Factor Beta
TiAIN Titanium Aluminum Nitride

TiN Titanium Nitride

TiO, Titanium Dioxide

TiON Titanium Oxynitride

TTCP Tetracalcium Phosphate

Y-TZP Yttria-Stabilized Tetragonal Zirconia Polycrystals

316L SS 316L Stainless Steel
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