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Abstract: Different materials are employed for natural 

tissue replacement based on their properties, 

biocompatibility, and specific roles in mimicking or 

supporting the function of natural tissues. Each 

material plays a specific role in tissue engineering, 

selected based on the target tissue's requirements, such 

as mechanical strength, degradation rate, and 

biological activity. Natural tissue replacement 

leverages a spectrum of biomaterials—ranging from 

biologically derived polymers to synthetic polymers, 

ceramics, metals, composites, hydrogels, and 

decellularized extracellular matrices—each selected 

for properties such as biocompatibility, degradability, 

mechanical strength, and bioactivity. Natural 

polymers mimic the native extracellular matrix to 

support cell adhesion and signaling; synthetic 

polymers allow precise tuning of degradation and 

mechanics; ceramics and bioactive glasses promote 

bone ingrowth; metals and alloys provide load-bearing 

durability; composites synergize multiple properties; 

hydrogels recreate soft-tissue environments and enable 

drug/cell delivery; and decellularized matrices retain 

native architecture and biological cues to guide 

regeneration. This work explains the different 

materials employed in it. 
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1. INTRODUCTION 

 

Over the course of the last two decades, over 

seventy to eighty percent of the metallic materials 

used in bone fracture repairs have been metallic 

(Harun et al. 2018). It is possible that the trend of 

using metallic materials will grow in the next 

decade as a result of the increase in the average life 

duration and the affordability of medical services. 

Furthermore, the need for replacement surgery is 

increasing at an exponential rate as a result of issues 

such as bone cancer, injuries sustained in sports, and 

accidents on the road. On the other hand, the ever-

increasing demand cannot be met because to the 

shortage of autografts, the poor immune response of 

allografts, adverse responses, and the risk of 

infections from donor tissues (Callan and Rohrer 

1993; Siddiqui et al. 2018; Vu et al. 2019).  

 

In today's world, a wide range of metals constitutes 

a significant proportion of the materials that are 

used in clinical settings and for several medical 

purposes. The traits of strength, fracture toughness, 

and impact resistance are especially significant for 

load bearing applications, such as total joint 

replacements, hip prostheses, and other similar 

applications. These properties are possessed by 

these materials. 

 

A natural or synthetic material that is intended to 

interact with, repair, restore, or replace any tissue, or 

to improve the biocompatibility of any tissue 

through any therapeutic or diagnostic procedure 

(Agrawal 1998; Ghasemi-Mobarakeh et al. 2019; 

Heimann 2017; Helmus et al. 2008; LeGeros and 

LeGeros 1993) is referred to as a biomaterial. A 

significant portion of the market for joint and hard 

tissue replacement was dominated by biomaterials. 

The market for orthopedic implants in the world was 

estimated to be worth $43.13 billion in 2022, and it 

is anticipated that it will reach $64.27 billion by the 

year 2030, with a compound yearly growth rate of 

5.2%4. Over the course of the preceding decade, 

there were 1.5 million joint replacement procedures 

carried out yearly around the globe in 5. According 

to estimates provided by the United States Food and 

Drug Administration (US FDA), joint infections 

now cost around $1.5 billion per year1. Nearly three 

to four million individuals will need bone 

replacement surgery by the year 2030. In the United 

States of America alone, 44 million senior people 

require replacement or revision procedures.  
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It has been around twenty years since some metals, 

which are often referred to as metallic biomaterials, 

have been used for the purpose of providing medical 

therapies. Stainless steel (316L), cobalt-based alloys, 

and titanium-based alloys are the only three 

frequently biocompatible metals that are utilized as 

materials for biomedical implants (Niinomi, 2002). 

This is despite the fact that contemporary businesses 

are capable of producing a substantial number of 

metals on their own. These metallic biomaterials are 

frequently used in orthopedic therapy due to the fact 

that they have been granted permission by the Food 

and Drug Administration (FDA) of the United States 

of America (Chen et al., 2015).  

 

In spite of the fact that there is a considerable supply 

of metallic materials accessible on the market, it is 

very difficult to satisfactorily fulfill the expectations 

of younger and more active individuals after 

surgical procedures. Because of the failure of the 

implant, revision surgery is necessary. There are 

numerous causes for this need. Infectious failure in 

the periprosthetic joint caused by improper hygiene 

maintenance during or after surgery, poor bone 

integration, and other factors, as shown in Figure 1 

(Drees et al. 2007; Lau et al. 2021; Quinn et al. 2020; 

Raphel et al. 2016; Stewart et al. 2019), are some of 

the potential causes of failure of orthopedic implants. 

Other potential causes include aseptic loosening, 

metallosis, surgical or operational failure caused by 

an error from human or implanting machinery, 

aseptic loosening, metallosis, aseptic loosening, and 

metallosis. A mismatch in mechanical parameters, 

such as young's and bulk modulus, was the cause of 

18% of the implant failures that were induced by 

aseptic loosening. It leads to stress-shielding effects, 

gradual wear and tear of high-load bearing joint, the 

release of debris which drives undesirable cellular 

responses, severe bone loss or osteolysis, eventually 

leading to osteoporosis illness and implant failure. 

About twenty percent of implant failures are caused 

by infections. According to Heimann (2017), Quinn 

et al. 2020, and Siddiqui et al. (2018), it causes 

septic loosening, which in turn causes discomfort, 

redness, and a decrease in the implant's function.

 
Figure 1 The factors responsible for secondary surgery due to implant failure. 

Because of their high toughness to mass ratio and 

resistance to corrosion, titanium alloys are the 

material of choice for a wide variety of applications 

that are considered to be absolutely essential. There 

are a number of demanding applications that make 

use of titanium alloys. Some examples include the 

components of static and rotating gas turbine 

engines, as well as heat exchangers in oil refineries. 

Titanium alloys are used in a variety of applications, 

including chemical processing, desalination, valve 

and pump components, and maritime equipment. 

This is due to the exceptional corrosion resistance 

that titanium alloys possess. Furthermore, the 

relatively low weight of the components that are 

manufactured from this alloy is a result of the high 

toughness to mass ratio. This titanium alloy, known 

as Ti-6A1-4V, is the one that is used the most often. 

Ti-6A1-4V alloy, on the other hand, has surface 

qualities that are quite weak when it comes to 

resistance to wear and high temperatures. After its 

application, however, it is not uncommon for a link 

to not form with live bone, and the process of the 
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implant being integrated with bone tissue often takes 

several months. As a result, there is a rising interest 

in elongating the process of osseointegration and, 

therefore, lessening the constraints that are placed 

on surgical procedures. 

 

2. LITERATURE REVIEW 

 

Steffi et al. (2018) proposed manipulating osteoclast 

interactions with orthopedic biomaterials to balance 

osteoclast resorption and osteoblast deposition for 

the best orthopedic surgery implantation. It 

investigated the effects of implant surfaces, 

bioceramics, and polymers on osteoclast activity, 

taking into account topography, chemical 

composition, and surface modifications. According 

to studies, coarser implant surfaces stimulate 

osteoclast activity, while smooth surfaces inhibit 

differentiation. Surface alterations caused by anti-

osteoporotic medicine may improve implant 

integration by reducing osteoclast activity. In vitro 

studies revealed that implant surface properties 

influence osteoclastogenesis, osteoclast activity, and 

bone remodeling. The study identified research 

gaps, such as osteoblast activity studies without 

osteoclast differentiation. The authors proposed 

investigating implant surface topography, chemical 

compositions, and physiochemical impacts on 

osteoclast behavior. Future study may show that 

pharmaceuticals that regulate osteoclast activity 

improve osteointegration. The results may improve 

bone integration in orthopedic implants over time 

(Steffi et al., 2018).  

 

Cadar et al. (2017) investigated nanostructured and 

multisubstituted hydroxyapatite (HAp) including 

Mg, Zn, Sr, and Si as orthopedic and dental bone 

replacement materials, as well as metallic implant 

coatings. Biomaterials were created and described, 

with Ca, P, Mg, Sr, and Si release in water and SBF 

monitored for 1-90 days. XRD and FTIR validated 

the biomaterial structure and water-SBF 

interactions. The time-dependent element release 

was evaluated using ICP-OES. Multisubstituted 

HAp materials produced physiological components 

at controlled rates, suggesting that they might be 

employed for bone regeneration and as coatings to 

enhance metallic implant biocompatibility and 

osteointegration. Replacement limit inconsistencies 

and the inability to reliably incorporate replacement 

components throughout material manufacture and 

characterization were not addressed in the study. 

The paper concentrated on orthopedic and dental 

applications, hence it did not include other medical 

applications or innovative biomaterials for future 

research. Some studies reported 2.46 wt% 

magnesium substitution in hydroxyapatite, while 

others proposed higher amounts. Silicon phosphorus 

replacement has a theoretical limit of 5.8 wt%, 

while real substitution is often between 3-5 wt%, 

highlighting the need for more study to better 

understand these restrictions and their implications 

on material characteristics and performance (Cadar 

et al. 2017). 

 

Instead of biocompatible and biodegradable bone 

wax, hydroxyapatite (HA) was investigated as an 

orthopedic biomaterial owing to its hemostatic and 

bone-regenerating capabilities. HA beat CaSiO₃ , 

calcium-attapulgite, and calcium tripolyphosphate in 

blood clotting activity, particularly when corrected 

for surface area and activity. Ca2+ ions Synthetic 

HA increased blood clotting response, which is 

required for bone repair and integration, hence its 

effects on biological tissues were investigated. The 

hydrothermal production of HA utilizing Ca(OH)₂  

and Na₂ HPO₄  allowed for precise control of 

properties for optimum tissue interaction. 

Comparison of hemostatic polymers with chitosan. 

More research is required to better understand how 

HA production influences biological interactions 

and hemostatic efficacy. Yang et al. (2017) propose 

investigating HA's in vivo interactions with 

biological systems in order to identify its 

biodegradable and biocompatible hemostatic bone 

healing properties.  

  

Hendrik et al. (2016) employed precise force field 

and pH-resolved surface models to simulate the 

chemical bonding, structural, surface, interfacial, 

and mechanical properties of hydroxyapatite (HA) 

based on experimental data. This force field was 

used by AMBER, CHARMM, GROMACS, and 

others to model apatite-biological systems of 

various compositions and ions. pH-resolved surface 

models provide better approximations of apatite 

surface interactions, especially at different pH 

values. It discusses how HA affects bone and tooth 

mineralisation. Quantitative monitoring of 

inorganic-biological assembly at 1–100 nm aids 

understanding of complex biological–mineral 

interactions. Previous models incorrectly predicted 

HA surface chemistry, interfacial interactions, 

hydration, and protonation. Work addresses these 
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concerns. These gaps impede bone and tooth 

mineralization research. The study also 

demonstrates that current models underestimate high 

OH-ion concentrations at the HA surface during 

hydration and protonation, as well as 

physiologically uncommon pH values above 14. 

This limitation is required for biological system 

solution simulation. To better recreate the habitats 

of living organisms, the authors recommend 

demonstrating protonation effects on phosphate ions 

at various pH levels and using more realistic 

solution conditions.  

In 2011, Vukelić et al. investigated the degradation 

and bioactivity of HAp/PLLA biomaterials with 

human plasma-like simulated bodily fluid (SBF). 

Researchers investigated how human plasma ionic 

concentration impacts surface degradation and the 

production of hydroxyapatite-like layers, which 

might enhance osteoconductive properties in 

orthopedic and maxillofacial surgery. SEM 

examined morphological alterations, while EDS 

evaluated chemical composition and surface 

modifications of the material-SBF interaction. 

HAp/PLLA was prepared by combining calcium 

hydroxyapatite powder with poly-L-lactide in 

chloroform, sterilizing in ethanol, and incubating in 

SBF at 37°C for 1, 2, or 3 hours. A hydroxyapatite-

like layer demonstrated bioactivity and bone 

integration capabilities. Its apatite-like covering may 

promote bone formation, making it a viable bone 

defect repair alternative despite degradation. The 

material's long-term mechanical properties and 

structural integrity following continuous SBF 

treatment, which are required to determine its load-

bearing capability in vivo, were not investigated. In 

vitro studies only looked at biomaterial 

biocompatibility, biodegradation, and mechanical 

performance under physiological conditions; in vivo 

research is required. Future study might focus on 

surface alterations that improve bioactivity or avoid 

degradation, as well as using animal models to 

imitate material behavior in actual organisms 

(Vukelić et al. 2011). 

 

3. RESULTS AND DISCUSSION 

 

Here's a concise overview of the role of different 

materials employed for natural tissue replacement, 

categorized based on their types and applications: 

3.1. Metals 

Role: Provide mechanical strength and durability, 

primarily in load-bearing applications. 

Common Materials: Titanium and its alloys, 

stainless steel, cobalt-chromium alloys. 

Applications: 

o Joint replacements (hip, knee) 

o Dental implants 

o Bone fixation devices (screws, plates) 

Advantages: High strength, biocompatibility, 

corrosion resistance. 

Limitations: Lack of biodegradability, potential for 

stress shielding, possible allergic reactions (e.g., 

nickel). 

3. 2. Ceramics 

Role: Mimic the mineral phase of bone, offer high 

wear resistance and biocompatibility. 

Common Materials: Hydroxyapatite, zirconia, 

alumina, bioactive glasses. 

Applications: 

o Bone grafts 

o Dental and orthopedic implants 

o Coatings for metallic implants 

Advantages: Bioactivity (can bond with bone), low 

wear, inertness. 

Limitations: Brittleness, low fracture toughness. 

3. 3. Polymers 

Role: Provide flexibility, tunable degradation, and 

support for cell growth. 

Common Materials: 

o Biodegradable: PLA, PGA, PLGA, PCL 

o Non-biodegradable: UHMWPE, PTFE 

(Teflon), silicone rubber 

Applications: 

o Sutures 

o Soft tissue scaffolds 

o Drug delivery systems 

o Artificial ligaments and tendons 

Advantages: Customizable properties, 

processability, degradation control. 

Limitations: Possible inflammatory response, lower 

mechanical strength compared to metals and 

ceramics. 

3. 4. Natural Biomaterials 

Role: Support natural tissue regeneration with high 

biocompatibility and bioactivity. 

Common Materials: Collagen, gelatin, chitosan, 

alginate, silk fibroin, hyaluronic acid. 

Applications: 

o Wound dressings 

o Cartilage and skin tissue engineering 

o Injectable hydrogels 

Advantages: Biocompatibility, biodegradability, 

biofunctionality. 
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Limitations: Variable mechanical properties, risk of 

immunogenicity (if not properly processed). 

3. 5. Composites 

Role: Combine the best properties of different 

materials to better mimic native tissues. 

Examples: 

o Hydroxyapatite + polymers for bone 

scaffolds 

o Metal-polymer composites for load-bearing 

soft tissues 

Applications: Bone tissue engineering, load-bearing 

implants, cartilage repair. 

Advantages: Tailorable properties, enhanced 

functionality. 

Limitations: Complex fabrication and potential for 

material incompatibility. 

Summary Table:     

Material Type Strength Biocompatibility Degradability Main Use 

Metals High High No Hard tissues, implants 

Ceramics Moderate High Variable Bone grafts, coatings 

Polymers Variable Moderate–High Yes/No Soft tissues, scaffolds 

Natural Materials Low–Moderate Very High Yes Regenerative scaffolds 

Composites Tailored Tailored Tailored Multifunctional replacements 

 

 
Figure 2: Different materials employed for natural tissue replacements 

4. CONCLUSIONS 

 

Natural tissue replacement is accomplished by the 

use of a variety of materials, each of which is 

selected on the basis of their characteristics, 

biocompatibility, and specialized functions in 

imitating or supporting the function of natural 

tissues. The needs of the target tissue, such as 

mechanical strength, degradation rate, and 

biological activity, are taken into consideration 

when selecting the materials to be used in tissue 

engineering. Each material plays a unique function 

in the process. A wide variety of biomaterials, 

including biologically derived polymers, synthetic 

polymers, ceramics, metals, composites, hydrogels, 

and decellularized extracellular matrices, are 

utilized in natural tissue replacement. These 

biomaterials are chosen for their properties, which 

include biocompatibility, degradability, mechanical 

strength, and bioactivity. Natural polymers mimic 

the native extracellular matrix to support cell 

adhesion and signaling; synthetic polymers allow 

precise tuning of degradation and mechanics; 

ceramics and bioactive glasses promote bone 

ingrowth; metals and alloys provide load bearing 

durability; composites synergize multiple properties; 

hydrogels recreate soft tissue environments and 

enable drug/cell delivery; and decellularized 

matrices retain native architecture and biological 

cues to guide regeneration. 
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