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Abstract

Biomedical coatings have become essential in modern healthcare, significantly improving the
performance, durability, and biocompatibility of medical implants and devices. These coatings serve
multiple functions, including reducing infection risks, enhancing osseointegration, promoting tissue
integration, and enabling localized drug delivery. Advances in surface engineering have led to the
development of innovative coatings with superior properties such as antimicrobial resistance,
bioactivity, and controlled biodegradation. Various materials are employed in biomedical coatings,
including polymers, ceramics, metals, and composites, each offering distinct advantages based on the
intended application. Techniques such as physical vapor deposition (PVD), chemical vapor deposition
(CVD), plasma spraying, sol-gel processing, and electrospinning are widely used for coating
fabrication, ensuring precise surface modifications that enhance implant performance. One of the most
significant advancements in this field is the development of multifunctional coatings. These coatings
integrate multiple capabilities, such as antibacterial effects combined with enhanced cell adhesion or
sustained drug release with improved mechanical stability. Nanotechnology-driven approaches,
including nanostructured coatings and bioactive nanoparticles, further enhance the therapeutic
potential of medical implants. Emerging trends focus on smart and stimuli-responsive coatings that
react to physiological conditions, providing on-demand therapeutic actions. Additionally, bioinspired
and biomimetic coatings are gaining attention for their ability to closely replicate natural tissue
environments, improving implant integration and reducing complications. This review provides a
comprehensive overview of biomedical coating materials, deposition techniques, and recent
innovations. By exploring current research and technological advancements, it highlights the critical
role of coatings in modern medical applications. As research progresses, the future of biomedical
coatings holds promise for more effective, durable, and patient-specific solutions, ultimately
contributing to better clinical outcomes and enhanced quality of life for patients receiving medical
implants.
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minimizing adverse immune reactions, promoting
better integration with biological tissues, and
providing additional protective and therapeutic
properties. With the increasing demand for safer and

© STM Journals 2025. All Rights Reserved



Biomedical Coatings Mausam Jha

more efficient medical implants, biomedical coatings have emerged as a critical area of research and
development Figure 1.

A primary challenge associated with implantable medical devices is the body's immune response,
which can lead to inflammation, fibrosis, or even implant rejection. By modifying the surface properties
of these devices, biomedical coatings help reduce immune reactions, ensuring better compatibility with
surrounding tissues. Additionally, they support cell adhesion and proliferation, which is essential for
implants such as orthopedic and dental prostheses that require strong osseointegration for long-term
stability [1].

Beyond biocompatibility, biomedical coatings also provide functional enhancements tailored to
specific medical needs. Antimicrobial coatings, for instance, are designed to prevent bacterial
colonization and biofilm formation, reducing the risk of post-surgical infections. This is particularly
critical for implants like catheters, pacemakers, and orthopedic screws, where infections can lead to
severe complications. Similarly, drug-eluting coatings enable the controlled release of therapeutic
agents, such as antibiotics or anti-inflammatory drugs, directly at the implantation site, improving
treatment efficacy while minimizing systemic side effects [2].

The continuous advancements in material science and surface engineering have expanded the scope
of biomedical coatings. A variety of materials, including ceramics, polymers, metals, and composites,
are now being used to develop coatings that meet specific medical requirements. These materials are
selected based on factors such as biocompatibility, mechanical strength, degradation rate, and functional
properties. For instance, hydroxyapatite coatings are widely used in orthopedic and dental applications
due to their excellent bioactivity and ability to promote bone growth. Similarly, polymer-based coatings,
such as those made from polylactic acid (PLA) or polyethylene glycol (PEG), are commonly utilized
for their biodegradability and drug delivery capabilities [3].

The methods used to deposit biomedical coatings have also evolved significantly, allowing for greater
precision and improved surface characteristics. Techniques such as physical vapor deposition (PVD),
chemical vapor deposition (CVD), plasma spraying, dip coating, electrospinning, and sol-gel processing
provide diverse approaches to achieving desired coating properties. Each deposition technique offers
unique advantages, depending on the required thickness, adhesion strength, and surface morphology.
The selection of an appropriate deposition method is crucial to ensuring the long-term stability and
performance of the coated medical device [4].

In recent years, the development of multifunctional and smart coatings has further revolutionized the
field of biomedical engineering. These next-generation coatings integrate multiple functionalities, such
as antimicrobial properties, bioactivity, and responsive drug release, into a single layer. Smart coatings,
which react to physiological stimuli such as pH, temperature, or enzymatic activity, have opened new
avenues for personalized medicine and adaptive therapeutic approaches [5].

As research in biomedical coatings continues to advance, their role in improving patient outcomes
and medical device efficacy is becoming increasingly significant. The integration of nanotechnology,
bioinspired designs, and innovative material science is paving the way for more sophisticated and
effective biomedical coatings, promising a future where medical implants and devices achieve
unprecedented levels of safety, performance, and patient-specific customization [6].

TYPES OF BIOMEDICAL COATINGS

Biomedical coatings are classified based on their composition and function, each designed to enhance
the performance and longevity of medical devices. These coatings play a critical role in improving
biocompatibility, promoting tissue integration, and providing antimicrobial protection. The major types
include polymeric, ceramic, metallic, and bioactive coatings, each offering distinct advantages for
medical applications [7].
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Figure 1. Essential Characteristics of bio implant material.

Polymeric Coatings

Polymeric coatings are widely used in biomedical applications due to their biocompatibility,
flexibility, and ability to incorporate therapeutic agents. Common polymers include polyethylene glycol
(PEQG), polylactic acid (PLA), and polyvinylpyrrolidone (PVP). These coatings are often employed for
drug delivery, anticoagulation, and reducing immune response.

PEG-based coatings prevent protein adsorption and cell adhesion, making them ideal for vascular
stents and catheters. PLA, a biodegradable polymer, is commonly used in drug-eluting coatings,
allowing for sustained drug release at the implant site. PVP, known for its hydrophilicity, enhances
blood compatibility and reduces thrombogenicity in cardiovascular implants [8].

One of the key advantages of polymeric coatings is their tunability; they can be engineered to degrade
at controlled rates, ensuring optimal therapeutic outcomes. Ongoing research focuses on enhancing
polymer stability and incorporating bioactive molecules to improve functionality.

Ceramic Coatings

Ceramic coatings, primarily hydroxyapatite (HA) and zirconia, are widely applied in orthopedic and
dental implants to enhance osseointegration and bone regeneration. These materials mimic the mineral
composition of natural bone, promoting strong implant fixation.

Hydroxyapatite coatings are bioactive and facilitate the attachment of bone-forming cells, reducing
healing time and improving implant stability. HA coatings are commonly used in hip replacements,
spinal implants, and dental prosthetics. Zirconia-based coatings, known for their high mechanical
strength and wear resistance, are particularly useful in load-bearing implants.

One challenge with ceramic coatings is their brittleness, which can lead to delamination or fracture
under mechanical stress. To address this, researchers are exploring composite coatings that combine
ceramics with polymers or metal layers to enhance durability while maintaining bioactivity.

Recent advancements in ceramic coatings include nanostructured surfaces, which provide greater
surface area for cell adhesion, and doped-HA coatings with elements such as strontium or magnesium
to improve osteogenic properties [9].
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Metallic and Metal-Oxide Coatings

Metallic coatings, including titanium (Ti), tantalum (Ta), and silver (Ag), are widely used for their
corrosion resistance, mechanical strength, and antimicrobial properties. Titanium-based coatings are
particularly favored in orthopedic and cardiovascular applications due to their excellent
biocompatibility and ability to integrate with surrounding tissues.

Titanium oxide (TiO:) coatings further enhance corrosion resistance and improve cell adhesion in
implants. Silver-based coatings exhibit strong antimicrobial effects, preventing bacterial colonization
and reducing the risk of post-implant infections. Tantalum coatings, known for their high
osteoconductivity, are increasingly used in reconstructive surgeries.

While metal coatings offer significant benefits, issues such as ion release and potential toxicity
remain concerns. Ongoing research focuses on optimizing deposition techniques like plasma spraying,
electrochemical anodization, and atomic layer deposition to enhance coating stability and performance
[10].

Bioactive and Antimicrobial Coatings

Bioactive and antimicrobial coatings are designed to enhance tissue integration and prevent
infections, a major concern in medical implants. These coatings incorporate bioactive molecules, such
as peptides, antibiotics, or silver nanoparticles, to create an environment that supports cell attachment
while inhibiting bacterial growth.

Silver nanoparticles are widely used due to their strong antimicrobial activity and low toxicity to
human cells. Chitosan-based coatings, derived from natural biopolymers, offer antimicrobial and
wound-healing properties, making them ideal for surgical implants and wound dressings.

Drug-eluting coatings, such as antibiotic-releasing layers, provide localized therapy to prevent post-
surgical infections. Smart coatings that release antimicrobials in response to bacterial activity are an
emerging trend, offering targeted and on-demand infection control [11,12].

Future developments in bioactive coatings focus on integrating growth factors, stem-cell-friendly
surfaces, and multi-functional antimicrobial layers to create next-generation medical implants with
enhanced therapeutic potential. Table 1

DEPOSITION TECHNIQUES

Biomedical coatings are applied using various deposition techniques, each offering unique
advantages in terms of coating thickness, adhesion, composition control, and surface properties. The
choice of deposition method depends on the material being coated, the intended medical application,
and the required functional properties. The major deposition techniques include physical vapor
deposition (PVD), chemical vapor deposition (CVD), plasma spraying, electrodeposition, and sol-gel
coating.

Table 1. Summary of biomedical coating types.

Coating Type Examples Primary Function Applications
Polymeric PEG, PLA, PVP Drug delivery, blood Stents, catheters, wound
compatibility dressings
Ceramic Hydroxyapatite, Osseointegration, bone Orthopedic and dental
Zirconia regeneration implants
Metallic Titanium, Tantalum, Corrosion resistance, Orthopedic and
Silver antimicrobial cardiovascular implants
Bioactive/Antimicrobial | Silver nanoparticles, Infection prevention, cell Surgical implants, wound
Chitosan adhesion healing
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Physical Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD)

PVD and CVD are widely used techniques for applying thin and highly durable coatings on
biomedical implants. PVD involves the physical transfer of coating material in a vacuum environment,
where it is vaporized and then condensed onto the implant surface. This technique provides excellent
adhesion, uniform thickness, and precise control over coating composition, making it suitable for
metallic and ceramic coatings used in orthopedic and cardiovascular implants.

CVD, on the other hand, involves a chemical reaction of gaseous precursors that results in the
deposition of a solid film. This method is particularly useful for producing biocompatible coatings, such
as titanium nitride (TiN) and diamond-like carbon (DLC), which enhance wear resistance and reduce
friction in joint implants. Both techniques are preferred for high-performance applications requiring
enhanced durability.

Plasma Spraying

Plasma spraying is a thermal deposition technique widely used for applying hydroxyapatite (HA) and
other bioactive coatings on orthopedic and dental implants. In this process, a high-energy plasma jet is
used to melt and accelerate coating particles, which are then deposited onto the implant surface, forming
a strong and uniform layer.

One of the primary advantages of plasma spraying is its ability to produce thick coatings with
excellent adhesion to the substrate. This makes it ideal for bioactive coatings that promote
osseointegration, such as calcium phosphate and zirconia-based coatings. The high temperatures
involved in the process also allow for the deposition of dense, wear-resistant layers, which enhance the
mechanical properties of the implant.

However, a key challenge with plasma spraying is maintaining the bioactivity of heat-sensitive
materials. Advanced modifications, such as cold plasma spraying and suspension plasma spraying, are
being developed to address this issue by reducing thermal degradation while maintaining the functional
properties of the coating. Plasma spraying remains a preferred technique for large-area coatings that
require enhanced biocompatibility and mechanical stability.

Electrodeposition

Electrodeposition is a cost-effective method for applying metal-based coatings, such as silver,
titanium, and gold, onto implant surfaces. This technique involves the use of an electric current to
deposit metal ions from a solution onto the substrate, creating a uniform and adherent coating.

One of the major advantages of electrodeposition is its ability to form coatings with controlled
thickness and porosity, making it highly suitable for biomedical applications. Silver coatings deposited
via electrodeposition, for example, exhibit strong antimicrobial properties, reducing the risk of post-
implant infections. Titanium-based electrodeposited coatings improve implant corrosion resistance and
promote better cell adhesion.

Additionally, electrodeposition can be combined with other techniques to develop composite coatings
incorporating bioactive nanoparticles or drug-loaded materials. This allows for multifunctional coatings
with both structural and therapeutic benefits. Recent advances focus on using pulse electrodeposition
and electrophoretic deposition to enhance coating uniformity and reduce defects. The simplicity,
scalability, and cost-effectiveness of electrodeposition make it a widely adopted method for enhancing
the performance of medical implants.

Sol-Gel Coating
The sol-gel process is a versatile deposition technique used for creating bioactive and drug-eluting
coatings. This method involves the preparation of a liquid sol, which undergoes a chemical
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transformation into a gel-like network that can be deposited onto the implant surface. After drying and
thermal treatment, the gel forms a dense or porous ceramic coating with controlled microstructure.

One of the key advantages of sol-gel coatings is their ability to incorporate bioactive molecules,
growth factors, or antimicrobial agents directly into the coating. This makes them highly suitable for
applications requiring controlled drug release, such as antibacterial orthopedic implants or wound-
healing dressings. The porosity of sol-gel coatings can be fine-tuned to regulate drug diffusion rates,
ensuring sustained therapeutic effects.

Sol-gel coatings also provide excellent adhesion to a variety of substrates, including metals and
polymers, making them compatible with a wide range of biomedical devices. Additionally, they can be
engineered to mimic natural tissue environments, promoting better cell interactions and integration.
Research in sol-gel technology continues to advance, focusing on hybrid organic-inorganic coatings and
nanostructured sol-gel layers to improve performance and longevity in medical applications Table 2.

CHALLENGES AND FUTURE DIRECTIONS

Biomedical coatings have significantly improved the functionality and biocompatibility of medical
implants, but several challenges remain. Long-term stability, wear resistance, immune responses, and
potential toxicity are key concerns that must be addressed to ensure the safety and effectiveness of
coated medical devices. The continuous interaction between the implant surface and the surrounding
biological environment can lead to degradation, delamination, or loss of functionality over time. These
issues are particularly relevant for load-bearing implants, such as orthopedic and dental prostheses,
which are subjected to mechanical stress and friction.

Another major challenge is the risk of immune system activation and inflammatory responses. Even
with biocompatible coatings, the body may recognize the implant as a foreign object, leading to chronic
inflammation or fibrosis. To mitigate this, researchers are exploring bioinspired coatings that mimic
natural tissue structures and use biomolecules to promote seamless integration with surrounding tissues.
Additionally, wear-resistant coatings are being developed to enhance the durability of implants,
especially in joint replacements and cardiovascular stents.

Future advancements in biomedical coatings are focused on creating multifunctional coatings with
self-healing properties and smart-release mechanisms for therapeutic agents. Self-healing coatings
have the ability to repair minor cracks or damages autonomously, extending the lifespan of implants.
Smart-release coatings, on the other hand, enable controlled and on-demand drug delivery in response
to physiological stimuli such as pH, temperature, or bacterial presence. This can significantly improve
post-implantation healing and reduce complications such as infections.

Nanotechnology is also playing a transformative role in the future of biomedical coatings.
Nanostructured surfaces enhance cell adhesion, antimicrobial resistance, and bioactivity, leading to
better osseointegration and reduced bacterial colonization. The incorporation of nanoparticles such as
silver, zinc oxide, and graphene-based materials further enhances antimicrobial properties and overall
implant performance.

Table 2. Summary of biomedical coating deposition techniques.
Deposition Technique

Principle Advantages Applications

PVD & CVD

Vapor-based deposition

High durability, precise
thickness control

Orthopedic implants,
cardiovascular stents

Plasma Spraying

High-energy plasma jet
deposits molten particles

Strong adhesion, thick
coatings

Hydroxyapatite coatings for
bone implants

Electrodeposition

Electrochemical deposition
of metal ions

Cost-effective, tunable
porosity

Antimicrobial silver
coatings, titanium implants

Sol-Gel Coating

Liquid-based gel deposition
and heat treatment

Bioactive incorporation,
drug delivery

Drug-eluting coatings,
wound dressings
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Another promising area is bioinspired coatings, which take inspiration from natural biological
systems, such as bone, skin, and extracellular matrices. These coatings are designed to interact more
effectively with cells, proteins, and biomolecules, fostering enhanced tissue regeneration and reducing
immune rejection. Advances in biomaterials and regenerative medicine are driving the development of
coatings that actively participate in healing rather than serving only as passive protective layers.

In addition, 3D printing and additive manufacturing are revolutionizing biomedical coatings by
enabling precise control over coating thickness, composition, and surface microstructure. This allows
for the customization of coatings tailored to individual patient needs, leading to personalized medicine
and improved implant success rates.

CONCLUSION

Biomedical coatings have brought significant advancements to the medical field, enhancing the
safety, functionality, and longevity of medical implants and devices. These coatings play a crucial role
in improving biocompatibility, reducing infection risks, and enabling targeted drug delivery, making
them indispensable in modern healthcare. The continuous evolution of surface engineering techniques
has led to coatings that not only protect implants but also actively contribute to tissue integration,
antimicrobial defense, and controlled therapeutic release.

The integration of advanced materials such as polymers, ceramics, metals, and bioactive compounds
has expanded the scope of biomedical coatings, ensuring compatibility with different types of medical
implants. Innovations in deposition techniques, including physical vapor deposition (PVD), plasma
spraying, and sol-gel methods, have further enhanced coating performance by improving adhesion,
durability, and surface properties. These developments have paved the way for more reliable and long-
lasting medical devices, reducing complications and improving patient well-being.

As research progresses, the focus is shifting toward multifunctional coatings with smart
capabilities, such as self-healing, stimuli-responsive drug release, and enhanced regenerative
properties. The incorporation of nanotechnology and bioinspired materials is set to redefine the next
generation of biomedical coatings. Nanostructured surfaces and bioactive molecules will further
improve osseointegration, antimicrobial efficacy, and overall implant success.
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