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Abstract

Advances in metallic materials have significantly enhanced biomedical applications,
particularly in the fields of dentistry, orthopedics, nursing, and pharmaceuticals. This
paper explores the development, properties, and applications of metallic materials
such as titanium alloys, stainless steel, and cobalt-chrome in healthcare. These
materials offer high strength, corrosion resistance, and biocompatibility, making them
essential in dental implants, orthopedic prosthetics, surgical instruments, and
pharmaceutical containers. Recent innovations in surface modifications and additive
manufacturing have further improved the functionality and longevity of biomedical
devices. For example, titanium alloys with advanced coatings enhance
osseointegration and reduce the risk of implant failure, while precision-designed
prosthetics improve patient outcomes in dentistry and orthopedics. The role of
metallic materials in nursing tools and pharmaceutical applications, such as sterile
containers and drug delivery systems, is also highlighted. Despite their widespread
use, challenges such as corrosion, biocompatibility, and cost remain areas of ongoing
research. This paper concludes by discussing future trends in metallic materials for
biomedical applications, including 3D-printed implants, custom designs based on
clinical imaging, and the integration of nanotechnology to address emerging
healthcare needs.
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1. Introduction to Metallic Materials in Biomedical Applications

The development of metallic materials has driven the enhancement of healthcare and
medical technology, improving the quality of life and the survival of individuals in at-risk
populations. Metals selected for medical applications include established metals of high
fatigue and strength for orthopedic implants: Ti6Al4V and 316L stainless steel. In
addition to this, the noble metals gold, silver, and nanoparticles have been investigated as
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antimicrobial agents, especially in dental and wound management applications. In cases
of hip replacements, bone plates, and screws, the most widely used metals are Ti6AI4V,
316L stainless steel, and CP-titanium. Durable and corrosion-resistant materials have
revolutionized medical procedures, extending life and improving health for a range of
physical and mental health conditions since the first surgical wires were used in the
eighteenth century. These so-called biomaterials are used in two main application areas:
orthopedic implants and dental implants. Titanium and its alloys are often used for
orthopedic implants that involve hip and knee replacements due to their high mechanical
strength properties and corrosion resistance in the harsh environment present in the
human body. Although widely used in surgical procedures across the world, there remain
challenges and areas of research that need to be addressed in the quest for increased
patient benefit. The next few sections will report recent research findings in the
development of titanium-based materials for dental, orthopedic, nursing, and
pharmaceutical applications. (Nabeel et al.2023)(Ali et al.2022)(Hasiak et al.2021)(Aufa
et al., 2022)(Teo et al., 2021)(Ahmed et al.2023)

2. Dental Innovations

In dental medicine, different metallic materials coupled with innovative technologies are
used based on procedures and prostheses that include dental implants and teeth. Besides
the most common ligatures of the aforementioned metallic prosthesis, the preventive
robotic supplement is quite innovative. On the other hand, today, the most modern
instruments in dentistry are being researched with the application of nanoparticles in the
dental field, as well as the modernization of pharmaceutical robotics and nursing
improvement using dental, orthopedic, and orthodontic materials. Today's dental implants
are made of alloys of titanium and niobium.

Insufficient dental health can have first, minor external effects, such as tooth stains, tartar
formation, and additional complications requiring accurate brushing of the teeth and
monthly specialist oral hygiene. Innovatively, in order to prevent oral complications in
nursing, the prevention of certain intraoral disorders is essential. In this sense, dental
implants are formed and placed entirely based on design details manufactured with a
combination of zirconia, with fine manufacturing properties for dental treatment with
robotic manufacturing implemented in innovative dentistry. Also, pure and noble metals
may represent the modern materials that constitute parts of the high-quality alloy under
dental robotic operations. Thus, titanium and cobalt-chromium prosthetic components in
dental alloys are highly reliable. With the use of mixed zirconia crowns composed of
lithium zirconate and other dental implant ornaments. (Ban, 2021)(Zhang et
al.2022)(Zhang et al.2022)(Panchal et al., 2022)(Saha & Roy, 2022)(Cinquini et al.2023)

2.1. Titanium-Based Alloys in Dental Implants

Titanium (Ti) is one of the most popular metals used as raw materials for implants and is
produced in various compositions: 99.7% primary, 99.5% secondary, commercial pure
titanium, and o-f alloys are mainly used in medicine and dental surgery. Pure titanium o
has a better capacity to combine with bone compared to cobalt and titanium-based alloys,
which are not easily combined with bone. These materials have higher fracture strength,
fatigue limit, and good resistance to corrosion and hypoallergenic properties, causing no
irritation in the tissues. Nowadays, the use of titanium-based alloys loaded with possible
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foreign agents is limited to dental implants with a low metal mass. Furthermore, in
implant surgeries, B-stabilizing elements are tantalum, zirconium, and molybdenum.
Tantalum has a positive effect on the integration of screws with human cancellous bone,
while zirconium reduces the adverse effects of vanadium. Some vessels can lose
transparency when part of the microvascular tissue of the oral mucosa shrinks and
inhibits bone growth. The femoral stem is loaded perpendicularly to the affected bone
joint under axial load, while screws are implanted into the parasymphyseal jawbone and
the masticatory joint in harmony with patients' occlusal forces. Until now, despite the
various grades of titanium alloys traditionally offered, dental implants have been
produced and used without considering the distribution of stress and strain on the
jawbone lesion. Various implants have been designed according to the information found
in the patient's computed tomography images and produced by electron beam melting
utilizing Ti6Al4V powder. (El Khalloufi et al., 2021)(Baltatu et al.2021)(Depboylu et
al.2022)(Marin & Lanzutti, 2023)(Gummadi & Alanka, 2023)

2.2. Advancements in Dental Prosthetics

The field of dentistry has seen significant advancements in restoring the functions and
aesthetics of teeth affected by diseases and trauma. Prosthetic restorations—prostheses or
a “bridge”—can replace one or several missing teeth. These help in redistributing arch
distribution and enabling a balanced bite during chewing and speaking. Materials used in
prostheses should be durable and compatible with oral tissue to provide long-term
function and comfort. Mostly, non-precious alloys based on cobalt-chrome, nickel, and
chromium show desirable corrosion resistance and biocompatibility. They are wear-
resistant and polished to achieve excellent luster. Ceramics are also used as in-layer
compatible materials in prostheses. Recent designs have been directed toward precision
fit of the crown, long-term retention, and antimicrobial components. New research is
focusing on bioactive and bioinert overdenture prosthetic materials.

In dentistry, the term “prosthetic” refers to restoration procedures such as fitting a
prosthesis over a present structure in the body to straighten or return to normal function.
Dental prosthetics refer to sciences such as the design, manufacture, and fitting of
artificial replacements for natural teeth and tissues. Dental prostheses can be classified
based on materials as follows: * Metallic (oxides). « Ceramics. Metallic prostheses
replacements are generally made from metals like chrome-cobalt, in which the latter also
contains a sensitivity rate and hence is very little used—the base of prostheses alloys like
titanium and biocompatible alloys like nichrome. In the past, precision attachments were
also made of gold. The tooth section or the crown part of a prosthetic replacement is
made out of bioinert materials (e.g., ceramics). In dentistry, the research outcomes of
prostheses are not often expressed in impact factors. Most of the research topics are
related to dental implant improvements, including improved materials, antimicrobial
properties, and applications. The advancements in metallic dental prosthetic materials
will be more clinical rather than typical reviewing research. To improve the variety and
interest for our readers, we have added innovations in prosthetic technology. Digital
dentistry allows for the modulation of prosthetic teeth to enable patients to visualize how
they will look when finished. Increasing comfort with modified prosthetics will allow a
precise fit without the use of dental loupes or microscopes. New designs for prosthetic
teeth have also been presented with reinforcing cross-sections in each tooth to reduce
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brittleness and minimize the risks of fracture, coupled with colorful ceramics to produce
life-like aesthetic teeth. Overall, innovations and research in the near future should focus
more on the development of overdenture prosthetic materials. Fundamental research in
wear parameters of materials and a market survey to understand the true needs of
researchers in dental prostheses reconstruction has been relatively more prevalent. The
increasing focus has been much on dental implant properties and peri-implantitis, which
is the leading cause of dental implant failure. Techniques on tooth prostheses, complete
denture impression techniques, including high and low viscosity impression materials,
have also been widely studied. Other areas where there is moderate research include the
development of antimicrobial properties associated with dental prostheses. As a
fingerprint for this type of research, glass ionomer cements have a long history of dental
restorative materials, which have had moderate work done compared with metallic and
ceramic materials. (Thienpont, 2023)(Hesse & Ozcan, 2021)(Plusa et al.2023)(Ude et
al.2021)

3. Orthopedic Applications

The development and application of metallic materials for the treatment of human bone
fractures have grown exponentially over the past years, reaching a 10% share of the
global implants materials market. Orthopedic implants have contributed significantly to
biocompatible alloy research, with an emphasis on the need to create materials to
compensate for human bone deficiency when the implant is to be removed. Materials that
have undergone the most pertinent metal matrices are Nitinol, stainless steels, and cobalt-
based systems. Basing bone implants on materials of metallic nature has grown widely
because there are many advantages to using them in bone grafting; their factors are
lightweight, lack of allergenic potential, high fracture strength, and compatibility with
magnetic resonance imaging, especially with the possibility of osseointegration. A
number of metallic materials are commonly used as friction plates in biologically active
buffering layers when producing orthopedic devices. This is because biocompatible
materials allow for osseointegration, vertically directing the stress to the bone, allowing
changes in size and shape of the trauma fixation plates without being affected by the
interfacial bond of the peri-implant.

Surgeons are continuously innovating the orthopedic sector by updating the innovations
used in orthopedic trauma devices with modeling studies concerning their mechanics,
coatings, and additive designs. Their experiences have shown that, given the growth of
biocompatible materials in applications, a patent was taken from a double-thread implant
to repair trochanteric hip fractures in order to improve their specific mechanical strength.
Other innovations include coated lag screws containing shark skin and necrotized
colonies using the anodizing and plasma spraying method. The transition between
stainless steel and Ti6AI4V rods opens up a wide field of research concerns on
biocompatible hip implant materials, such as causing excessive force in the placement
area. Together, there is an interesting shift in many countries towards implant designs
that exhibit a buffer layer, delaying the failure of biomedical materials, enhancing their
properties, and increasing patient care. This growing market has led to many companies
producing such innovations and a focus on the need for surgeons to work hand in hand
with materials scientists. This is important so that high-quality innovations are presented
to the orthopedic biomechanics market, and the new innovations can attract the right

1032



Abdullah Hayazi Abdullah Al barigi!, Salwa Mohammed Almadani?, Salwa Mohammed
almadani3, Waleed Ali Al Mater?, Atif Mohammed almadani®, Ahmed Abdullah Alkharisi® , Sahar
Saad Alharbi’, Fahd Salem Ali AL shariah8

market. While metal materials are widely used for orthopedic and dental applications, the
main challenge that researchers face is the ability to slow down corrosion within the
human body while the product is exposed to body fluids for a period often reaching
thousands of hours. Additionally, the pistons resulted in high wear rates from orthopedic
materials such as Ti-based, Mg-based, and Zn-based materials. As the technologies of
highly distributed titanium alloys and dense ceramics develop for continued innovation,
thermite materials are still important, ultra-dense bonded ceramics. Prior to military
introduction to the market, these developed materials must undergo animal testing, in
vitro studies, and in vivo studies. (Lewandrowski et al.2023)(Donnelley et
al.2021)(Vaishya et al., 2022)

3.1. Biocompatible Metallic Alloys for Orthopedic Implants

Generally, the metallic materials used to make orthopedic implants can be summarized
into stainless steels and titanium alloys, due to their inherent strength, corrosion
resistance, and biocompatibility. The most widely recognized stainless steels include
316L and 316LVM, where the corresponding titanium alloys include Ti-6Al-4V and Ti-
6Al-7Nb. About 55% of the root mean square curve of tensile strength-extension rate
scatter of bone—implant materials, respectively, are the best of 316LVM, where its
Young’s modulus is the lowest. Currently, 350,000 total hip replacements, 750,000 total
knee replacements, and 673,000 fixations of hip fractures are carried out each year in the
USA. The oxide layer increases the bond strength of stainless steels or titanium alloys
with synthetic bioceramics. In clinical practice, mechanical interlock between an implant
and autologous bone is improved by coating a bond layer comprising bioglass or
bioceramic.

During the past three decades, extensive research activities have been carried out
concerning the modification of the bulk or surface of bone—implant systems. For instance,
porous metallic with pre-coating of bioceramic enhancement, bioactive coating, and
fibrous structure with colloidal deposition of different biomaterials. The long-term
success of implanted devices in the human body is typically influenced by the proper
interactions among neighboring tissues of implants, which depend on the overall sub-
properties of constituent materials. Alloying and surface treatment might not only protect
bioimplant materials from additional corrosion, but they can also be used as a drug-
eluting surface to minimize the risks of bioinfection. The growing degree of efforts is
dedicated to improving the mechanical or cellular performance of the implants by
designing new alloy compositions. Their performances from in vitro and in vivo findings,
as well as in clinical aspects, have been validated. The requirements to apply these
materials in clinics are also extensive, but this requires ensuring the biological safety and
biocompatibility of these materials. (Oladapo et al.2021)(Bairagi & Mandal,
2022)(Gautam et al.2022)(Guo et al.2022)(Davis et al.2022)

3.2. Surface Modifications for Enhanced Osseointegration

Although biomechanical load sharing in vitro and in vivo is essential for a successful
osseointegration process, the bone healing mechanisms are significantly affected by the
surface characteristics. Therefore, the philosophy and technology of modern orthopedic
implants are focused on topographical and chemical surface modifications that provide
the driving force for favorable cellular and interfacial reactions. The intriguing role of
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roughened surfaces was postulated more than 20 years ago regarding load-bearing
implants. If originally load sharing is limited to early healing, the modifications facilitate
load sharing up to final osteotomy repair and, in some cases, beyond.

Currently, numerous top-down and bottom-up strategies to modify the surface
characteristics are available. They can be classified into coatings and non-coating
methods such as acid-alkali treatment, chemical etching, electric discharge texturing, and
gelatin dialdehyde. According to rigorous standards and substantiation methodology,
several studies have shown a positive correlation between specific surface modifications
and superior clinical outcomes. Titanium dental implants with a sand-blasted and acid-
etched yield a higher success rate than smooth implants. Additionally, some important
studies in the field have been conducted on the patient-specific nature of the surface
demand, because surface requirements in the elderly, diabetics, and osteoporotic patients
should differ from those of healthy young adults. This is an exception to the rule, and the
most challenging part of developing modern implants is the proper combination of
superior mechanical strength, enabling faster fracture healing and bone neoformation
with biological, anti-inflammatory, and drug-eluting capacity. This balance can be
tailored by using cutting-edge innovation. Modern additive systems can be used to create
a bioactive iron oxide, hydroxyapatite, and sulfonated graphene oxide coating onto
treated biometals. These new-generation implants can be used to influence the behavior
of several immune system pathways, such as the release of specific cytokines or P-
glycoproteins, CXCL2, and VEGF. In addition, such a surface should have a dual
biological effect, as revealed by a significant decrease in oxidative stress markers and an
increase in VWF factor. The additive systems offer several advantages, including
maximum elimination of adhesion and flakes and homogeneous adherence, which can
significantly increase the probability of use in clinical practice. (Thakur et al.2022)(Zhu
et al., 2021)(Kligman et al.2021)(Stich et al.2022)(Chhetri and Bougherara2021)(Chan et
al.2021)(Usman et al.2021)

In conclusion, surface characteristics seem to be significantly important for orthopedic
success. Even though well-established and validated criteria are lacking, novel surface
strategies will impact the mechanobiology of the peri-implant environment in various
ways. Modern additive systems are the optimal choice to obtain a surface that combines
mechanical strength and biological capacity. They go far beyond conventional coating
techniques and may potentially be the new bone-bedside implants.

4. Nursing Tools and Devices

The practice of nursing incorporates the use of a wide array of instruments that contribute
to us tending to the ill in a safe, effective, hygienic, and compassionate manner. Durable
and reliable instruments are essential in the daily operation of a clinic or hospital.
Stainless steel surgical instruments have many desirable functional characteristics that
can easily be applied. One significant value of some of these properties is the safety of
one-handed use or disposability; these instruments are often designed with a focus to be
easy to handle, with some including distinctly colored arms or buttons to avoid the risk of
cross-contamination from surface contact. Along the shaft of the medical-grade
hypodermic needle, angle indents occurring at every 45 degrees help encourage cap
removal in the orientation that reduces the risk of harm to the user. Surgical eyeglasses
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and face masks are designed to prevent moisture droplets from patients' coughs or liquids
from splashing into workers' eyes and faces; they are not safety goggles that are resistant
to high-speed projectiles. The inadequacy of personal protective equipment prompted
coordinated efforts and funding behind the rapid development of effective vaccines and
therapies, with mixed success in their outcomes.

In the case of metallic tools, their often smooth surface finish is of great advantage in the
cleaning and sterilization process. Materials that are used within the medical field must
be traceable and fully labeled in addition to being regularly tested and within the legal
framework set up by different authorities. Establishing efficient sterilization and hygiene
protocols is necessary to prevent the spread of contamination from one tool to the next. In
the case of metallic devices, adequate and renewed training on sterilization procedures is
also important to prevent the transfer of bacteria from a contaminated fuel canister to the
patient, thus rendering even the best dental handpieces mainly useless. More complex
integrated devices where reusable components can be more difficult to reach with a brush
may benefit from the ease of sterilization and cleaning of some polymers. Likewise, these
companies constantly innovate with new design traits to assist in the prophylactic fight
against hospital-acquired complications, as have companies in providing the robotic
sewing of suture threads and employing spun fiber in making transfusion filters, whose
fiber density prohibits cross-contaminating blood groups. A reusable metallic tool must
be resistant to the sterilization mechanism and, in the case of harsh, alkaline, and
oxidative chemicals, the design must be such that the chemicals do not overly build up in
nooks and crannies and are readily rinsed away. In other ways, easy rinsing of the
washing or lubricant degradation products will increase the reliability of the final
reusable metallic tool. For those tools using a fixative bonding, care must be taken to
ensure not only a proper bond and heat-affected zone, but also to ensure that the joined
zones have an equivalent strength and hardness to the parent material or that any variable
properties are known and designed for in the loads and stresses encountered by the tool.
(Musamih et al.2021)(Uddin et al.2021)(Omar et al.2022)(Leal et al.2021)(Herman et
al.2021)(Ma et al.2022)(Casino et al.2021)

4.1. Metallic Materials in Surgical Instruments

Introduction Reducing patient trauma during minimally invasive procedures requires the
highest amount of precision in surgical procedures and the proper design of surgical
devices. In the hands of a trained surgeon, metallic materials such as steel and aluminum
offer the qualities needed to produce such precise instruments via stamping or forming,
wire EDM, or abrasive waterjets and other manufacturing methods. Whether meant for
single or reusable use, any surgical device must withstand the forces required to perform
its duties without deforming and will be exposed to a number of biofluids, making
sterilization necessary to eliminate or reduce any surviving microbes. Common metallic
materials used to manufacture such surgical devices should be high-strength, corrosion-
resistant, biocompatible, and easily sterilizable. One recent driver of surgical device
design for minimally invasive surgery has been the push toward single-use devices for
safety purposes, which often use a lesser grade of wear-resistant steel while still
considering cost. Another trend includes the use of integrated technologies with devices
to measure, monitor, and control burr formation, sharpness, or suturing accuracy.
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Materials must balance the need for sharp tips and edges with the inherent weaker areas
where fractures may be likely to occur.

Several different surgical instruments are commonly used in endoscopic or arthroscopic
surgery, with each category of device using varying degrees of sharp tips and edges,
linkage of metallic and polymer components, and straight or pre-bent working envelopes.
Orthopedic and dental fixation devices, such as plates, screws, pins, and wires, must be
made of a metallic material that provides the needed holding force and stability for bone
healing. The advantage of using a metallic material rather than other materials lies in the
number of characteristics of relative importance for surgical device populations,
including function, characteristics, and performance, as well as material properties or
advancements affecting design. The longevity of these devices can be influenced by the
strength of the bone and therefore the working load, making fatigue studies for these
populations essential as well. Revisions can occur for weight-bearing implants such as
hips and knees, so for these patients, corrosion mechanisms that are not well understood
can eventually create bone fractures and/or effects of toxicity as recent international
regulations have been passed. (Choi et al., 2023)(Szczesny et al.2022)(Barber et
al.2021)(Mazurek-Popczyk et al.2022)(Bandyopadhyay et al.2023)

Conclusion In summary, materials such as steel and aluminum are indispensable in a
surgical setting, where precision and permanence are required. The tensile, bending, and
torsional strengths of a material play a significant role in its functionality, in addition to
corrosion resistance and the ability to be sterilized. A surgical instrument is a collective
term with many subcategories, each of which requires different designs for its ideal
function. The locking screw and other parallel wire fixation devices are designed to
surpass interfragmentary strain in comparison to modern bone plates and work towards
solving these common orthopedic problems.

5. Pharmaceutical Innovations

Metallic materials have been widely employed in the pharmaceutical field. They have
supported development in both the sciences and the industries specializing in drug
design, control of food matrices, and manufacture of primary packaging materials. The
use of metals has a significant impact on patient care and on nurse practice. From the
beginning, metals and alloys have been used in the complex requirements of the design
and manufacturing of pharmaceutical containers, ensuring drug stability, effectiveness,
safety, and proper drug release.

Metallic container technologies are divided into different types that depend greatly on the
scientific requirements of the functions of dosing, bioavailability, and final clinical
efficacy of the drug: parenterals, named prefilled syringes and cartridges for automatic
injectors; otic-pharyngeal formulations; nasal, dermal, ocular-local, and rectal drugs, in
which droplets or fine powders are the basis of administration technologies, as well as
assuring thermal and environmental protective functions; special heavy-metal
pharmaceutical packaging aimed at containing and releasing the drug in diagnosis or
therapeutics by means of containers adaptable to the machines used in radiodiagnosis and
radioimmunotherapy. Special attention must be given to the impact of pharmaceutical
technology innovations in mass production instruments, which require, in addition to
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dimensional guarantees, resistance and compatibility with the drugs that will fill the
containers, blow-fill-seal fractional package, and aerosol doses.

Special notice is given for the physical and chemical, cosmetic, toxicological medicinal
interactions with the environment that a container of drug molecules outside the area of
the official international quality standards in relation to the possibility of off-label use can
activate. Research trends are focused on the interaction of some metallic materials before
and after the deposit over time, to verify the in vitro formation of biocompatible or
injectable bioadhesives in the brain, as well as with new drugs for the treatment of stroke
diseases such as ischemia maltreatment and neural or nephritic stones. New standards for
drug container materials to be used in transplantation, with human milk banks and with
plasma viruses have been designed. The technological and product issues, as well as
within the main biopharmaceutical materials such as dendrimers, liposomes, nanospheres,
vespa oviducts, and lipoproteins, are part of a formidable new and important therapeutic
trend of nano-cures. The main therapy-targeted designs that have been developed recently
by the search of pharmaceutical science aiming for the products containing drugs for
lungs using inhalers, oral, bone, genital, intrauterine, breast, and brain therapies, and for
the topical and ocular drug therapies are reported. As can be deduced, the use of metals
and alloys has received a great deal of interest in research concerning the product of wear
and the administration of parenteral and otic-pharyngeal drugs. Lungs account for 22%
and 25% of the totals, and to this aim, a number of patents have been published on the
improvements in the retained drug in the lungs. (Raabe, 2023)(Bandyopadhyay et
al.2022)(Tan & Ramakrishna, 2021)(Heidarzadeh et al.2021)

5.1. Metallic Containers for Drug Storage and Delivery

Drug storage and preventive release are performed by employing suitable containers.
Among the variety of different materials used for pharmaceutical packaging, including
polymers and glass, metals have their importance because they provide an inert surface to
maintain purity and strength for breakage resistance. These features are of significant
importance, especially in drug storage and for the final dose production techniques. In
long-term storage or for the storage of injections, infusions, and so forth, the integrity
must not be compromised. Although metals are used for the storage of formulations from
injections or infusions to tablets, capsules, and vials, they are more commonly used for
the delivery of drugs where they are used to make capsules and vials to be sent to the
different parts of the body.

Metals encompass pure metals such as aluminum, titanium, tungsten, zinc, steel, stainless
steel, and aluminum alloys depending on the anticipated compatibility of the drug with
metals in formulations. Another area of current interest relates to the removal of
effervescent tablets for asthma treatment and designs where the container is to be
entrapped in an article. Many of the metallic formulations are coated with various
materials to minimize interfacial interaction, especially with non-compatible substances.
On an extended note, metallic formulations with newer apparatus and delivery systems
are available for drug administration. While these innovative techniques are in place, they
are also subjected to limitations on compatibility, recyclability, and incineration, so focus
is given to relevant areas concerning container delivery systems based on their original
metallic forms. Regulatory standards for these containers are under development. (Arun
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et al., 2023)(Chakraborty et al.2022)(Nazari et al.2022)(Bandyopadhyay et al.2023)(Zhou
et al.2021)

6. Future Trends and Challenges in Metallic Materials for Biomedical Applications
The future of metallic materials for biomedical applications is currently full of cutting-
edge developments in the fields of medical 3D printing, metallomics, stainless steel
surface antibacterial effects, dental welding, and the relationship between dental
restorations and obstructive sleep apnea. Furthermore, new developments in the use of
antibacterial metallic surfaces are expected. It is envisioned that custom implants based
on clinical imaging data of patients will completely change the orthopedics scenario.
Currently, the new technologies and their near future developments are expected to
change the metallic materials in biomedical applications scenarios. Involvement of
various experts from different fields like medicine, chemistry, biology, material science,
and mechanical engineering are expected to overcome the drawbacks and challenges of
metal development for biomedical applications.

New regulatory laws are of concern in transition and developing countries, as they could
hinder the use of current patients. It is also needed to discuss social aspects, such as the
production of metals and their raw materials for medical purposes. Metallic biomaterials
could revolutionize the future in various fields in healthcare, as it is possible to 3D print
them, which would enable customization. Ophthalmology, wound healing, and
cardiology could be the new landscapes for metallic materials in the near future when
healthcare and technology co-developments are connected. In the near future, new market
trends are expected with the emergence of new healthcare facilities with technologies that
could be available only to a few in the population due to high prices in high-resource
countries, and are also entering lower socioeconomic classes in low-resource countries.
This would make metallic materials strong emerging products in the future of healthcare
with the technologies. The new healthcare facilities are supposed to have technologically
advanced treatment for specific patients based on the various biomedical data collected
from patients. Hence, continuous development in metallic biomaterials research is
expected as the healthcare facilities are changing with the advancements in technology.

Conclusion

The advancements in metallic materials have revolutionized biomedical applications,
enhancing healthcare outcomes across dentistry, orthopedics, nursing, and
pharmaceuticals. Materials such as titanium alloys, stainless steel, and cobalt-chrome
have demonstrated exceptional properties, including high strength, corrosion resistance,
and biocompatibility, making them indispensable in medical devices, implants, and tools.
Innovations in surface modifications and additive manufacturing have further improved
the performance and longevity of these materials, particularly in critical applications like
dental and orthopedic implants. Despite their success, challenges such as implant
corrosion, biocompatibility concerns, and cost barriers persist and require ongoing
research and development.
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The integration of emerging technologies such as 3D printing, nanotechnology, and
custom-designed implants based on clinical imaging has the potential to address these
challenges. These advancements not only improve the functionality and safety of medical
devices but also pave the way for personalized medicine, where patient-specific solutions
become the norm. As healthcare systems evolve, the demand for innovative metallic
materials will grow, necessitating interdisciplinary collaboration and continuous
innovation to meet future healthcare needs.

Recommendations
1. Enhance Research on Corrosion Resistance and Biocompatibility

o Develop advanced coatings and surface treatments to mitigate corrosion
and improve compatibility with human tissues.

o Explore alternative metallic alloys and hybrid materials with improved
mechanical and biological properties.

2. Invest in Additive Manufacturing

o Expand the use of 3D printing technologies for creating custom implants
and prosthetics tailored to individual patient needs.

o Focus on improving the precision and cost-efficiency of 3D-printed
metallic materials.

3. Promote Interdisciplinary Collaboration

o Encourage collaboration between material scientists, engineers, and
healthcare professionals to design innovative solutions for biomedical
applications.

o Support partnerships between academic institutions and industry to
accelerate technology transfer.

4. Integrate Nanotechnology in Medical Devices

o Utilize nanomaterials and nanocoatings to enhance the antimicrobial
properties and osseointegration of implants.

o Develop nanostructured surfaces for improved drug delivery systems and
pharmaceutical applications.

5. Develop Sustainable and Cost-Effective Solutions

o Focus on sustainable manufacturing processes and recycling of metallic
materials to reduce environmental impact.

1039



Advances in Metallic Materials for Biomedical Applications: A Focus on Dental, Orthopedic,
Nursing, and Pharmaceutical Innovations

o Prioritize cost-effective designs to ensure accessibility in resource-limited
healthcare settings.

6. Strengthen Regulatory Frameworks

o Update and standardize guidelines for the testing and approval of new
metallic materials to ensure safety and efficacy.

o Encourage global collaboration to streamline regulatory pathways for
innovative medical devices.

References:

Nabeel, M., Farooq, A., Miraj, S., Yahya, U., Hamad, K., & Deen, K. M. (2023). Comparison
of the properties of additively manufactured 316L stainless steel for orthopedic applications:
A review. World Scientific Annual Review of Functional Materials, 1, 2230001. [HTML]

Ali, S, Irfan, M., Niazi, U. M., Rani, A. M. A., Rashedi, A., Rahman, S., ... & Trefil, A.
(2022). Microstructure and mechanical properties of modified 316L stainless steel alloy for
biomedical applications using powder metallurgy. Materials, 15(8), 2822. mdpi.com

Hasiak, M., Sobieszczanska, B., Laszcz, A., Bialy, M., Checmanowski, J., Zatonski, T., ... &
Wawrzynska, M. (2021). Production, mechanical properties and biomedical characterization
of ZrTi-based bulk metallic glasses in comparison with 316L stainless steel and Ti6AI4V
alloy. Materials, 15(1), 252. mdpi.com

Aufa, A. N., Hassan, M. Z., & Ismail, Z. (2022). Recent advances in Ti-6Al-4V additively
manufactured by selective laser melting for biomedical implants: Prospect development.
Journal of Alloys and Compounds. utm.my

Teo, A. Q. A, Yan, L., Chaudhari, A., & O'Neill, G. K. (2021). Post-processing and surface
characterization of additively manufactured stainless steel 3161 lattice: Implications for
biomedical use. Materials. mdpi.com

Ahmed, N., Hurairah, M. A., Ali, M. A., Raza, M. H., Rehman, A. U., & Rafagat, M. (2023).
Impact analysis of electrode materials and EDM variables on the surface characteristics of
SS316L for biomedical applications. Journal of Materials Research and Technology, 27,
3487-3505. sciencedirect.com

Ban, S. (2021). Classification and properties of dental zirconia as implant fixtures and
superstructures. Materials. mdpi.com

Zhang, F., Spies, B. C., Willems, E., Inokoshi, M., Wesemann, C., Cokic, S. M., ... & Rabel,
K. (2022). 3D printed zirconia dental implants with integrated directional surface pores
combine mechanical strength with favorable osteoblast response. Acta Biomaterialia, 150,
427-441. kuleuven.be

Zhang, F., Monzavi, M., Li, M., Coki¢, S., Manesh, A., Nowzari, H., ... & Van Meerbeek, B.
(2022). Fracture analysis of one/two-piece clinically failed zirconia dental implants. Dental
Materials, 38(10), 1633-1647. kuleuven.be

1040


https://www.worldscientific.com/doi/abs/10.1142/S281092282230001X
https://www.mdpi.com/1996-1944/15/8/2822/pdf
https://www.mdpi.com/1996-1944/15/1/252/pdf
http://eprints.utm.my/102842/1/AufaAN2022_RecentAdvancesinTi6Al4VAdditively.pdf
https://www.mdpi.com/1996-1944/14/6/1376/pdf
https://www.sciencedirect.com/science/article/pii/S2238785423024973
https://www.mdpi.com/1996-1944/14/17/4879/pdf
https://lirias.kuleuven.be/retrieve/698145
https://lirias.kuleuven.be/retrieve/698068

Abdullah Hayazi Abdullah Al barigi!, Salwa Mohammed Almadani?, Salwa Mohammed
almadani3, Waleed Ali Al Mater?, Atif Mohammed almadani®, Ahmed Abdullah Alkharisi® , Sahar
Saad Alharbi’, Fahd Salem Ali AL shariah8

Panchal, M., Khare, S., Khamkar, P., & Bhole, K. S. (2022). Dental implants: a review of
types, design analysis, materials, additive manufacturing methods, and future scope.
Materials today: proceedings. [HTML]

Saha, S. & Roy, S. (2022). Metallic dental implants wear mechanisms, materials, and
manufacturing processes: a literature review. Materials. mdpi.com

Cinquini, C., Alfonsi, F., Marchio, V., Gallo, F., Zingari, F., Bolzoni, A. R., ... & Barone, A.
(2023). The Use of Zirconia for Implant-Supported Fixed Complete Dental Prostheses: A
Narrative Review. Dentistry Journal, 11(6), 144. mdpi.com

El Khalloufi, M., Drevelle, O., & Soucy, G. (2021). Titanium: An overview of resources and
production methods. Minerals. mdpi.com

Baltatu, M. S., Vizureanu, P., Sandu, A. V., Florido-Suarez, N., Saceleanu, M. V., & Mirza-
Rosca, J. C. (2021). New titanium alloys, promising materials for medical devices. Materials,
14(20), 5934. mdpi.com

Depboylu, F. N., Yasa, E., Poyraz, O., Minguella-Canela, J., Korkusuz, F., & De los Santos
Lopez, M. A. (2022). Titanium based bone implants production using laser powder bed
fusion technology. journal of materials research and technology, 17, 1408-1426.
sciencedirect.com

Marin, E. & Lanzutti, A. (2023). Biomedical applications of titanium alloys: a
comprehensive review. Materials. mdpi.com

Gummadi, J. & Alanka, S. (2023). A review on titanium and titanium alloys with other
metals for biomedical applications prepared by powder metallurgy techniques. Materials
Today: Proceedings. [HTML]

Thienpont, E. (2023). Titanium niobium nitride knee implants are not inferior to chrome
cobalt components for primary total knee arthroplasty at medium-term follow-up. Archives
of orthopaedic and trauma surgery. [HTML]

Hesse, H. & Ozcan, M. (2021). A review on current additive manufacturing technologies and
materials used for fabrication of metal-ceramic fixed dental prosthesis. Journal of Adhesion
Science and Technology. tandfonline.com

Ptusa, T., Baranowska, A., Baranowski, P., Dudek, J., & Baranowska-Kijewska, J. (2023).
Metal hypersensitivity in hip, knee and spine surgery. Advances in Dermatology and
Allergology/Postepy Dermatologii i Alergologii, 40(2), 215-219. termedia.pl

Ude, C. C., Esdaille, C. J., Ogueri, K. S., Kan, H. M., Laurencin, S. J., Nair, L. S., &
Laurencin, C. T. (2021). The mechanism of metallosis after total hip arthroplasty.
Regenerative engineering and translational medicine, 7(3), 247-261. springer.com

Lewandrowski, K. U., Elfar, J. C., Li, Z. M., Burkhardt, B. W., Lorio, M. P., Winkler, P. A.,

. & Novellino, P. (2023). The changing environment in postgraduate education in
orthopedic surgery and neurosurgery and its impact on technology-driven targeted
interventional and surgical pain management: Perspectives from Europe, Latin America,
Asia, and the United States. Journal of Personalized Medicine, 13(5), 852. mdpi.com

1041


https://www.sciencedirect.com/science/article/pii/S2214785322052142
https://www.mdpi.com/1996-1944/16/1/161/pdf
https://www.mdpi.com/2304-6767/11/6/144/pdf
https://www.mdpi.com/2075-163X/11/12/1425/pdf
https://www.mdpi.com/1996-1944/14/20/5934/pdf
https://www.sciencedirect.com/science/article/pii/S2238785422000874
https://www.mdpi.com/1996-1944/17/1/114/pdf
https://www.sciencedirect.com/science/article/pii/S2214785323022885
https://link.springer.com/article/10.1007/s00402-022-04754-1
https://www.tandfonline.com/doi/pdf/10.1080/01694243.2021.1899699
https://www.termedia.pl/Journal/-7/pdf-50714-10?filename=Metal%20hypersensitivity.pdf
https://link.springer.com/content/pdf/10.1007/s40883-021-00222-1.pdf
https://www.mdpi.com/2075-4426/13/5/852/pdf

Advances in Metallic Materials for Biomedical Applications: A Focus on Dental, Orthopedic,
Nursing, and Pharmaceutical Innovations

Donnelley, C. A., Devlin, V. J., Harris, M. B., Poggie, R. A., Sanders, R. W., & Morshed, S.
(2021). Regulation of orthopaedic devices: Future implications for research and innovation.
OTA International, 4(2S), e101. lww.com

Vaishya, R., Scarlat, M. M., & lyengar, K. P. (2022). Will technology drive orthopaedic
surgery in the future?. International Orthopaedics. springer.com

Oladapo, B. I., Zahedi, S. A., Ismail, S. O., & Olawade, D. B. (2021). Recent advances in
biopolymeric composite materials: Future sustainability of bone-implant. Renewable and
Sustainable Energy Reviews, 150, 111505. herts.ac.uk

Bairagi, D. & Mandal, S. (2022). A comprehensive review on biocompatible Mg-based
alloys as temporary orthopaedic implants: Current status, challenges, and future prospects.
Journal of Magnesium and Alloys. sciencedirect.com

Gautam, S., Bhatnagar, D., Bansal, D., Batra, H., & Goyal, N. (2022). Recent advancements
in nanomaterials for biomedical implants. Biomedical Engineering Advances, 3, 100029.
sciencedirect.com

Guo, L., Naghavi, S. A., Wang, Z., Varma, S. N., Han, Z,, Yao, Z,, ... & Liu, C. (2022). On
the design evolution of hip implants: A review. Materials & Design, 216, 110552.
sciencedirect.com

Davis, R., Singh, A., Jackson, M. J., Coelho, R. T., Prakash, D., Charalambous, C. P., ... &
Lawrence, A. A. (2022). A comprehensive review on metallic implant biomaterials and their
subtractive manufacturing. The International Journal of Advanced Manufacturing
Technology, 120(3), 1473-1530. springer.com

Thakur, A., Kumar, A., Kaya, S., Marzouki, R., Zhang, F., & Guo, L. (2022). Recent
advancements in surface modification, characterization and functionalization for enhancing
the biocompatibility and corrosion resistance of biomedical implants. Coatings, 12(10), 1459.
mdpi.com

Zhu, G., Wang, G., & Li, J. J. (2021). Advances in implant surface modifications to improve
osseointegration. Materials Advances. rsc.org

Kligman, S., Ren, Z., Chung, C. H., Perillo, M. A., Chang, Y. C., Koo, H., ... & Li, C. (2021).
The impact of dental implant surface modifications on osseointegration and biofilm
formation. Journal of clinical medicine, 10(8), 1641. mdpi.com

Stich, T., Alagboso, F., Kienek, T., Kovatik, T., Alt, V., & Docheva, D. (2022). Implant-
bone-interface: Reviewing the impact of titanium surface modifications on osteogenic
processes in vitro and in vivo. Bioengineering & translational medicine, 7(1), e10239.
wiley.com

Chhetri, S., & Bougherara, H. (2021). A comprehensive review on surface modification of
UHMWPE fiber and interfacial properties. Composites Part A: applied science and
manufacturing, 140, 106146. sciencedirect.com

1042


https://journals.lww.com/otainternational/_layouts/15/oaks.journals/downloadpdf.aspx?an=02039743-202104001-00006
https://link.springer.com/content/pdf/10.1007/s00264-022-05454-6.pdf
https://researchprofiles.herts.ac.uk/files/25718687/ACCEPTED_Manuscript_RSER_D_21_00547R1_Dr_Sikiru_O._ISMAIL.pdf
https://www.sciencedirect.com/science/article/pii/S2213956721002322
https://www.sciencedirect.com/science/article/pii/S2667099222000056
https://www.sciencedirect.com/science/article/pii/S0264127522001733
https://link.springer.com/content/pdf/10.1007/s00170-022-08770-8.pdf
https://www.mdpi.com/2079-6412/12/10/1459/pdf
https://pubs.rsc.org/en/content/articlepdf/2021/ma/d1ma00675d
https://www.mdpi.com/2077-0383/10/8/1641/pdf
https://aiche.onlinelibrary.wiley.com/doi/pdf/10.1002/btm2.10239
https://www.sciencedirect.com/science/article/pii/S1359835X20303845

Abdullah Hayazi Abdullah Al barigi!, Salwa Mohammed Almadani?, Salwa Mohammed
almadani3, Waleed Ali Al Mater?, Atif Mohammed almadani®, Ahmed Abdullah Alkharisi® , Sahar
Saad Alharbi’, Fahd Salem Ali AL shariah8

Chan, Y. Y., Pang, Y. L., Lim, S., & Chong, W. C. (2021). Facile green synthesis of ZnO
nanoparticles using natural-based materials: Properties, mechanism, surface modification and
application. Journal of environmental chemical engineering, 9(4), 105417. [HTML]

Usman, J., Othman, M. H. D., Ismail, A. F., Rahman, M. A., Jaafar, J., Raji, Y. O, ... & Said,
K. A. M. (2021). An overview of superhydrophobic ceramic membrane surface modification
for oil-water separation. Journal of Materials Research and Technology, 12, 643-667.
sciencedirect.com

Musamih, A., Salah, K., Jayaraman, R., Arshad, J., Debe, M., Al-Hammadi, Y., & Ellahham,
S. (2021). A blockchain-based approach for drug traceability in healthcare supply chain.
IEEE access, 9, 9728-9743. ieee.org

uUddin, M., Salah, K., Jayaraman, R., Pesic, S., & Ellahham, S. (2021). Blockchain for drug
traceability: Architectures and open challenges. Health informatics journal, 27(2),
14604582211011228. sagepub.com

Omar, I. A., Debe, M., Jayaraman, R., Salah, K., Omar, M., & Arshad, J. (2022). Blockchain-
based supply chain traceability for COVID-19 personal protective equipment. Computers &
Industrial Engineering, 167, 107995. nih.gov

Leal, F., Chis, A. E., Caton, S., Gonzalez—Vélez, H., Garcia—Gémez, J. M., Dura, M., ... &
Mier, M. (2021). Smart pharmaceutical manufacturing: ensuring end-to-end traceability and
data integrity in medicine production. Big Data Research, 24, 100172. sciencedirect.com

Herman, A., Uter, W., Rustemeyer, T., Matura, M., Aalto-Korte, K., Duus Johansen, J., ... &
ESCD, EECDRG, EADV Contact Dermatitis Task Force, EAACI. (2021). Position
statement: the need for EU legislation to require disclosure and labelling of the composition
of medical devices. Journal of the European Academy of Dermatology and Venereology,
35(7), 1444-1448. wiley.com

Ma, T., Wang, H., Wei, M., Lan, T., Wang, J., Bao, S, ... & Sun, X. (2022). Application of
smart-phone use in rapid food detection, food traceability systems, and personalized diet
guidance, making our diet more health. Food Research International, 152, 110918. [HTML]

Casino, F., Kanakaris, V., Dasaklis, T. K., Moschuris, S., Stachtiaris, S., Pagoni, M., &
Rachaniotis, N. P. (2021). Blockchain-based food supply chain traceability: a case study in
the dairy sector. International journal of production research, 59(19), 5758-5770. google.com

Choi, S., Kwon, J., Suk, K., Kim, H., Moon, S., Park, S., & Lee, B. H. (2023). The clinical
use of osteobiologic and metallic biomaterials in orthopedic surgery: the present and the
future. Materials. mdpi.com

Szczgsny, G., Kopec, M., Politis, D. J., Kowalewski, Z. L., Lazarski, A., & Szolc, T. (2022).
A review on biomaterials for orthopaedic surgery and traumatology: from past to present.
Materials, 15(10), 3622. mdpi.com

Barber, C. C., Burnham, M., Ojameruaye, O., & McKee, M. D. (2021). A systematic review
of the use of titanium versus stainless steel implants for fracture fixation. OTA International,
4(3), e138. lww.com

1043


https://www.sciencedirect.com/science/article/pii/S2213343721003948
https://www.sciencedirect.com/science/article/pii/S2238785421001940
https://ieeexplore.ieee.org/iel7/6287639/9312710/09316803.pdf
https://journals.sagepub.com/doi/pdf/10.1177/14604582211011228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8817762/
https://www.sciencedirect.com/science/article/pii/S221457962030040X
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1111/jdv.17238
https://www.sciencedirect.com/science/article/pii/S0963996921008188
https://drive.google.com/file/d/1acn0Ve_GXX8ErWS-2nbNQaGiM30QqAV_/view
https://www.mdpi.com/1996-1944/16/10/3633/pdf
https://www.mdpi.com/1996-1944/15/10/3622/pdf
https://journals.lww.com/otainternational/_layouts/15/oaks.journals/downloadpdf.aspx?an=02039743-202109000-00012

Advances in Metallic Materials for Biomedical Applications: A Focus on Dental, Orthopedic,
Nursing, and Pharmaceutical Innovations

Mazurek-Popczyk, J., Palka, L., Arkusz, K., Dalewski, B., & Baldy-Chudzik, K. (2022).
Personalized, 3D-printed fracture fixation plates versus commonly used orthopedic implant
materials-biomaterials characteristics and bacterial biofilm formation. Injury, 53(3), 938-946.
[HTML]

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

Raabe, D. (2023). The materials science behind sustainable metals and alloys. Chemical
reviews. acs.org

Bandyopadhyay, A., Traxel, K. D., Lang, M., Juhasz, M., Eliaz, N., & Bose, S. (2022). Alloy
design via additive manufacturing: Advantages, challenges, applications and perspectives.
Materials Today, 52, 207-224. sciencedirect.com

Tan, J. & Ramakrishna, S. (2021). Applications of magnesium and its alloys: A review.
Applied Sciences. mdpi.com

Heidarzadeh, A., Mironov, S., Kaibyshev, R., Cam, G., Simar, A., Gerlich, A,, ... & Withers,
P. J. (2021). Friction stir welding/processing of metals and alloys: A comprehensive review
on microstructural evolution. Progress in Materials Science, 117, 100752. sciencedirect.com

Arun, K. L., Udhayakumar, M., & Radhika, N. (2023). A Comprehensive review on various
ceramic nanomaterial coatings over metallic substrates: applications, challenges and future
trends. Journal of Bio-and Tribo-Corrosion. [HTML]

Chakraborty, A., Ghosh, R., Sudan, M., & Mondal, A. (2022). Improvement in hot dip
galvanized coating microstructure and properties by pre-metallic deposition on steel surface:
A comprehensive review. Surface and Coatings Technology, 449, 128972. [HTML]

Nazari, M. H., Zhang, Y., Mahmoodi, A., Xu, G., Yu, J., Wu, J., & Shi, X. (2022).
Nanocomposite organic coatings for corrosion protection of metals: A review of recent
advances. Progress in Organic Coatings, 162, 106573. [HTML]

Zhou, Z., Han, F. X, Yao, H. H., Li, Y. Z, Yang, Y. G., Guo, X. Y., ... & Wang, L. (2021).
Novel Fe-based amorphous composite coating with a unique interfacial layer improving
thermal barrier application. ACS Applied Materials & Interfaces, 13(19), 23057-23066.
[HTML]

1044


https://www.sciencedirect.com/science/article/pii/S0020138321010056
https://www.sciencedirect.com/science/article/pii/S0079642522001347
https://pubs.acs.org/doi/full/10.1021/acs.chemrev.2c00799
https://www.sciencedirect.com/science/article/pii/S1369702121004314
https://www.mdpi.com/2076-3417/11/15/6861/pdf
https://www.sciencedirect.com/science/article/pii/S007964252030116X
https://link.springer.com/article/10.1007/s40735-022-00717-6
https://www.sciencedirect.com/science/article/pii/S0257897222008933
https://www.sciencedirect.com/science/article/pii/S0300944021004446
https://pubs.acs.org/doi/abs/10.1021/acsami.0c22868

