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	 The potential of biodegradable materials and their alloys for use in biomedical 
applications has drawn a lot of attention. The most common biodegradable materials are 
graphene oxide (GO), iron (Fe), magnesium (Mo), and zinc (Zn), which has led to a great deal of 
research into the creation of new alloys. These metals are appropriate for bio-implant use due to 
their excellent mechanical integrity, adequate biocompatibility, and inherent biodegradability. 
The recent developments in biodegradable implants in the biomedical field in this thorough 
study, concentrating mostly on orthopedic applications were examined. The mechanical 
characteristics, corrosion mechanism, and degrading behavior of these materials both in-vitro 
and in-vivo are thoroughly examined in this work. The surface modification and fabrication 
methods, which are essential for maximizing implant performance are also explained. However, 
their extensive use has been hampered by specific constraints related to alloying materials, 
particularly iron and zinc. Additionally, the potential highlight of novel metals with exceptional 
qualities, like molybdenum, which could lead to implants with better mechanical qualities. 
All things considered, this study highlights the growing importance of biodegradable metallic 
implants and demonstrates how they can be used to meet a variety of clinical objectives. By 
overcoming material constraints and utilizing cutting-edge metals, the door is opened to create 
the implants of exceptional mechanical qualities, favourable rates of degrade, transforming the 
biomedical application space.
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	 In orthopedics,  considerat ion of 
degradable materials was expanding rapidly, 
anticipated make considerable studies earlier to 
come benefits for implants are the main factors 
contributing to their popularity.1 Advancements in 
biodegradable implants created avenues for medical 
application that were previously unattainable, 
such as promoting bio response, ability of bio-
materials, in response to particular issues like, 
pH variations, and temperatures. Implants made 
of synthetics improves living tissue function 

are referred to as biomaterials.2 Mechanical 
properties, biocompatibility, molecular weight, 
biodegradability, and physiochemical properties 
are the criteria used to choose biomaterials for 
medical applications.3

	 Based on their biological and cellular 
reactions, they are categorized as autonomous, 
responsive, active, or inactive.4 Surgical operations, 
such as dental implants, and bone settings are on 
the rise due to the world’s population growth.5 
For overall, the necessity for medical implants 
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has increased. They are employed in surgical 
procedures such as joint replacement, artificial 
tendons, fracture fixation plates, bone cement, and 
fillers for bone defects. The most widely utilized 
implant materials in orthopedic procedures at 
the moment are titanium, cobalt-chromium, and 
stainless steel.6 They promote healing because 
of their exceptional strength and resistance to 
corrosion.7 
	 These materials are not biodegradable, 
though, which has a number of negative 
consequences, including the need for repeated 
procedures to remove the implants, growth 
limitations, sensitivity to temperature changes, and 
the possibility of cross-contamination. Although 
implants have side effects, they are necessary for 
medical procedures such bone replacement, dental 
surgery, and bone-fixing.8 Synthetic biodegradable 
polymer-based implants, which reduce the need 
for repeated surgeries and speed up healing, are 
the product of advances in medical research. 
Innovative biomaterials that are used by medical 
practitioners to enhance the quality of current 
therapies and life have advanced significantly 
during the past 10 years.9 Recent advancements 
in tissue engineering, regenerative medicine, 
and targeted/sustained drug administration have 
promoted the use of novel biomaterials with 
biodegradation properties for cutting-edge clinical 
applications.10 
	 Currently, polymeric and metallic 
components make up bioresorbable materials. Bile 
duct stent applications include polymeric materials 

such as polydioxanone and poly (L-lactic acid).11 
A range of biodegradable polymers with different 
biodegradation characteristics have been used 
to create biliary stents. The required properties 
(mechanical integrity, high tensile strength, non-
toxicity, and rate of degradation regulation) are used 
to choose biodegradable polymers. Furthermore, 
their biocompatibility is greatly influenced by 
their chemical characteristics. Bioimplants should 
ideally be biocompatible with the human body, 
allowing for prolonged physiological immersion. 
	 The functional graphene oxide (GO), 
magnesium (Mg), zinc (Zn), and iron (Fe) are the 
most prevalent metallic bio-absorbable metals.12 

Following their use in medical procedures such as 
tissue repair, illness diagnostics, or support without 
causing adverse reactions in the host body, these 
biomaterials corrode and eventually deteriorate in-
vivo.13 In cardiovascular stents and bone implants, 
biodegradable metals outperform polymeric 
materials due to large mechanical properties.14 
Absorbable implant materials already have a huge 
market thanks to their desirable medicinal qualities. 
The most competitive polymers for orthopedic and 
medical therapies are now synthetic biodegradable 
poly-esters, which can be made economically and 
with a variety of properties.15 These specifications 
give rise to new difficulties in the creation of 
biomaterials. The breakdown products that 
corrosion releases into the environment are the 
main cause for worry. Fig. 1 shows the various 
orthopedic implants.16

Fig. 1. Various orthopedic implants made up of SS and Ti-6Al-4 V alloy.16
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	 These goods have the potential to be 
harmful and cause additional harm to the body. 
Therefore, in order to ensure biosafety, degraded 
products must be optimized. Furthermore, 
the kinetics and progression of the healing 
process should be consistent with the behaviour 
of deteriorating biomaterials. Inflammation, 
granulation, and remodelling are the three phases of 
the healing process in cardiovascular applications. 
The three phases of cardiac repair after MI is shown 
in Fig. 2.17

	 Recent developments in biodegradable 
materials for medical usage are reviewed, critically 
evaluated in this paper. Potential medical uses of 
various re-usable materials and their characteristics 
were also covered. Due to their advantageous 
mechanical and chemical characteristics, new 
materials are showing promise for usage in 
biological applications. Thus, it is also argued if it 
is possible to alloys with the existing materials. 
	 The significant advancements in the 
knowledge and use of biodegradable metals in 
implantology is discussed in this review. The 
current developments in the creation of new 
alloys, like materials based on molybdenum, 
which have exceptional mechanical qualities that 
have not yet been investigated in the context of 
biodegradable implants. Additionally, the state-

of-the-art surface modification and fabrication 
methods that are essential to maximizing the 
functionality of biodegradable metallic implants 
is to be discussed. These developments mark 
a substantial shift from the typical research 
environment and present encouraging paths toward 
overcoming the drawbacks of standard materials 
like iron and zinc. This review highlights the 
potential of biodegradable implants to transform 
the field of biomedical applications and offers 
important insights into their future by clarifying 
these innovative developments. 
	 This review thoroughly examines the 
intricate interactions between various conditions, 
material issues in order to clarify the fundamental 
metallic parts. These materials’ corrosion 
mechanism is thoroughly investigated, emphasizing 
the dynamic mechanisms that contribute to their 
gradual deterioration. Furthermore, it is clarified 
that the vital role in-vitro and in-vivo research 
plays in determining how biodegradable implants 
react in controlled laboratory environments 
and in the human body. These investigations 
demonstrate the complex relationships that exist 
over implant material and body environment. The 
comprehensive understanding of biodegradable 
metallic implants by thoroughly addressing these 
mechanisms. 

Fig. 2. The three phases of cardiac repair after MI17
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Bone defects and healing mechanisms
	 Bone defects are defined as deficiencies in 
bone matrix brought on by trauma or surgery, which 
frequently result in localized body malfunction, 
delayed or absent healing, and non-union.18 The 
severity of bone abnormalities is not, however, 
well defined or categorized. A critically sized 
bone defect is generally thought to require manual 
surgical intervention since it cannot heal on 
its own. However, noted that a bone loss 50%, 
which is considered critical-size. Nonetheless, it 
needs to consider the body’s condition defect’s 
anatomical placement. According to Haines et 
al.19, the degree of infection and the extent of 
the defect were important variables influencing 
therapy effectiveness. Therefore, in order to 
provide individualized treatment for clinical bone 
deformities, we need to consider all of the elements 
that could influence the defects. 
	 Two processes that are crucial to both bone 
development and natural bone repair following 
damage are intramembranous ossification (IMO) 
and endochondral ossification (EO). To put 
it briefly, IMO can enhance inner and outer 
periosteum, thicken and calcify the periosteum. 
On the other hand, EO primarily encourages 
bone marrow cavity, surrounding environment, 
hematoma at the fractured end, resulting in the 

formation of fibrous tissue, granulation tissue, and 
temporary cartilage tissue. Eventually, bone tissue 
is formed when osteoblasts infiltrate and replace 
chondrocytes.20 Following an injury, the healing 
process of bone differs from that of spontaneous 
bone growth is mentioned in Fig. 3. Mineralized 
biomaterials, such as ceramics based on calcium 
phosphate and other mineralized biomaterials, 
have been shown in several investigations to 
be efficient activators of IMO pathways.21 In 
contrast to calcified biomaterials, the EO route 
is promoted by biomaterials (such as synthetic 
and naturally produced polymers) improve cell 
treatment. Despite fact that numerous studies 
have documented these phenomena, it is unclear 
how precisely various biomaterials can trigger 
osteogenesis via various routes Barbieri et 
al.22. Due to porosity characteristics of scaffold 
particularly crucial because of the requirement 
to offer superior mechanical support as well as 
attachment.
	 The EO pathway equals to IMO pathway, 
is primarily responsible for the growth of the 
majority of bone in the human body. By giving 
undifferentiated cells external stimulation, such 
as a mineralized/mineralizable platform, stem 
cells can be stimulated to differentiate into 
functional osteocytes, or osteoblasts Quarto et al.23. 

Fig. 3. Bone defect and healing mechanism.20
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Researchers have focused a lot of attention on bone 
repair by EO stimulation in recent years. Generally 
speaking, biomaterials stimulate cells locally 
through the EO pathway to induce osteogenesis.24 

A recent study demonstrated that by simulating the 
natural extracellular matrix (ECM), EO may be 
successfully induced by exclusively biomaterial-
based treatments to heal critical-size bone lesions 
Petersen et al.25. Apart from biomaterials, Nilsson 
Hall et al.26 discovered that the EO route may also 
mend critical-size bone lesions through callus 
organisms made of certain cells that can be spatially 
bio-assembled into multi-modular structures.
Biodegradable materials for bone implants
	 For almost 50 years, bone defect repair has 
been strongly associated includes biodegradable 
materials.27 Due to their biodegradability, those are 
frequently utilized in tissue engineering. It expands 
and breaks down, and the tiny biomolecules 
created during this process can control the 
regenerative milieu to accommodate the bone 
tissue’s expansion. Simultaneously, the graft’s 
mechanical qualities progressively deteriorate, 
and the body’s biological stress shifts, preventing 

stress-shield. As a result, the harm and associated 
financial burden of a second procedure are avoided 
by the biodegradable biomaterial. Based on the 
state of research, biodegradable materials are 
mostly made up of materials based on magnesium, 
biodegradable polymers, and biodegradable 
ceramics. Various biodegradable materials for bone 
implant applications are mentioned in Fig. 4.
Graphene based materials
	 Materials from the graphene family 
should undergo a thorough evaluation of their 
cytotoxicity and biocompatibility before being 
selected for clinical trials. “is graphene a material 
that is biocompatible?” The response remains 
contentious. In aqueous media, unfunctionalized 
graphene readily agglomerates and is hydrophobic. 
A thick coating of nonspecific proteins can displace 
water from hydrophobic surfaces and instantly build 
up on the materials, causing the nanoparticles to be 
recognized by the immune system.28 For graphene 
to be employed in biomedical applications, it must 
first undergo chemical functionalization, which 
includes the oxidation, reduction, and insertion 
of functional groups. This process increases the 

Fig. 4. Different biodegradable materials for bone implant



1055 Sundar, Biomed. & Pharmacol. J,  Vol. 18(2), 1050-1084 (2025)

hydrophilicity of graphene. Materials belonging 
to the graphene family exhibit varying toxicities, 
functions, and chemical characteristics. According 
to Das et al.29, the reduced-Graphene Oxide (rGO) 
is lower harmful, intriguing to observe oxidative 
stress increased as the density of oxygen. One of 
the main elements mediating cellular cytotoxicity 
was the density of functional groups on the GO 
sheet. In addition to COOH groups were among 
the many variables that affected. 
Graphene functionalization
	 In order to create composite materials, 
graphene must be functionalized because its 
clean structure. These groups from a covalent 
bond. Fig. 5 indicates both covalent and non-
covalent functionalization of graphene.30 Using 
intermolecular interactions, the GO is formed. 
The 2D structure, XRD spectra, SEM, and FTIR 
spectra of GO is shown in Fig. 6(a-d). The various 
applications of GO were shown in Fig. 7. 

Graphene in-vitro and in-vivo responses
In-vitro
	 According to Chang et al.31, the GO 
can produce intracellular accumulation and 
dose-dependent oxidative stress in a lung cancer 
epithelial cell line (A549), and a modest decrease 
of cell viability was noted at high concentrations 
of GO (e” 50 ìg/mL). Wei et al.32 showed that at 
a low dosage of 0.1 ìg/mL, pure GO promoted 
the proliferation of BMSCs while inhibiting of 
10 ìg/mL. In a similar vein, 200 ìg/mL of GO 
obviously resulted in fewer cells, but 300 ìg/mL 
of GO was found to have a stronger cytotoxic 
effect.33 Preosteoblasts (MC3T3-E1) viabilities are 
marginally impacted over rGO at < 62.5 ìg/mL, 
considerably (p < 0.05) reduced doses (e” 100 ìg/
mL), according to Kim et al.34. Furthermore, when 
applied at low concentrations, CXYG and GQDs 
both demonstrated minimal cytotoxic potential. 
Simply put, materials belonging to the graphene 

Fig. 5. Covalent and noncovalent bonds of graphene and its derivatives.30
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Fig. 6. (a) Graphene, (b) XRD, (c) SEM, and (d) FTIR

are cyto compatible around less concentrations 
and have minimal detrimental effects on cell 
viability, proliferation, and morphology; however, 
concentration is not the only relevant element. 
	 Second, it has been suggested various 
shapes like layers are added intricacy to the 
cytotoxicity of the graphene family. Talukdar 
et al.35 assessed the cytotoxicity, and the trend 
GNOs > GONRs > GONPs was followed by 
the CD50 values, suggesting GONRs offers 
larger cytotoxic than GONPs. Therefore, another 
important factor in mediating cytotoxicity is the 
form of the nanomaterials in the graphene family. 
For example, whereas MWCNT and graphene 
under various shapes MWNTs are tubular, while 
graphene is flat, they have a comparable crystalline 
structure and chemical makeup. Only at 50 ìg/mL 
did GO exhibit cell development action of SK-N-
SH. In contrast, MWCNTs demonstrated acute 

cytotoxicity by preventing cell proliferation at low 
concentrations (6.7 ìg/mL). The MWCNTs showed 
considerable cytotoxicity on HeLa cells, while 
GO showed only mild growth inhibitory effect, 
even at concentrations as high as 50 ìg/mL.36 They 
attributed these phenomena to their diverse shapes 
and physical/chemical characteristics. 
	 The negative effects of nanostructured 
graphene derivatives were more noticeable in 
SK-N-SH cells as a brain cell line than in HeLa 
cells.36 Yoon et al.37 assessed particle size influence 
on cytotoxicity, and discovered that whereas 
the bigger graphene (80.9 ± 5.5 nm), primarily 
agglomerated over cell causes less toxicity, the 
smaller ones (30.9 ± 5.4 nm) caused apoptosis due 
to increased cell absorption. 
	 Akhavan et al.38 described the probable 
size-dependent uptake mechanisms of protein-
coated GO nanosheets and found that smaller 
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Fig. 7. The wide application of graphene-based materials

nanosheets (420 ± 260 nm) entered cells primarily 
through clathrin-mediated endocytosis, while larger 
nanosheets (860 ± 370 nm) first adhered to the cell 
surface, then underwent membrane invagination, 
pseudopodia extension, and ultimately entered cells 
primarily through phagocytosis. Human umbilical 
vein endothelial cells are seeded 10 ìg/mL of GO at 
various sizes (800 nm and 400 nm) by Das et al.39. 
The MTT assay results demonstrated bigger sheets 
are larger hazardous, subsequently, bigger GO, rGO 
(800 nm) were reduced down into smaller ones (70 
nm) by ultrasonography. Following ultrasonication, 
increased cytotoxicity was noted, suggesting that 
the smaller GO and rGO were more hazardous. 
Zhao et al.40 used graphene oxide (GO) material for 
bone repair, and they used MC3T3-E1 cells for the 
culture, and they found the used cell is excellent for 
orthopedic applications, and optical microscope, 
fluorescent images of cells are mentioned in Figs. 

8(a-b), and Cell apoptosis analysis was shown in 
Figs. 9 (a-d). 
in-Vivo
	 When Mullick et al.41 exposed zebrafish 
embryos to larger-sized GO dispersions, they 
reported decreased embryo viability in the lower 
GO dilution, but a larger embryo mortality against 
control group. Dosage of 25 mg/L, MWCNTs 
caused major morphological abnormalities 
in developing embryos, whereas GO did not 
significantly increase apoptosis in embryos. These 
investigations also showed that the sizes, had a 
significant impact on in vivo toxicity. Furthermore, 
intravenous injection are the most common ways 
that materials from the graphene family are 
introduced to animal models. 
	 In their assessment of the toxicity of 
nanoscale GO in mice administered intravenously, 
Li et al.42 discovered GO is primarily for liver, lung 
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Fig. 8. (a) Optical microscopic images, and (b) fluorescent images of cells grown on the coated substrata, non-
coated substrata and tissue culture plates.40

caused lung fibrosis. A GO/PEG may lessen acute 
tissue damage and decrease GO retention for liver. 
Because GO was more toxic over agglomerated 
GO and Pluronic diluted GO given to mice’s lungs, 
causing long lasting lung damage, Duch et al.43 
investigated ways to lessen the harmful effect of 
graphene nanoparticles in the lung. The production 
of pristine graphene by liquid phase exfoliation 
considerably reduced the toxicity, which was 
further reduced when it was distributed using the 
block copolymer Pluronic. 
	 Zha et al.44 used graphene foams (GF), 
and graphene oxide foams (GOF) on the rat model 
for short term and long term for vivo toxicity 
studies, and they have seen that, GFs and GOFs 
are not caused any discernible hematologic, 
hepatic, or renal toxicity upon implantation, there 
is no change up to 7 months. For a considerable 
amount of time, only granulomas were seen at the 
implantation site. Better in vivo biocompatibility 
was demonstrated by HE-stained pictures (Fig. 10). 
The most straightforward and efficient method of 
evaluating was by subcutaneous experimentation 
have impact on patterns of GO in vivo. The GO/
HA composite on MG-63 cells of Mahmoodi et 
al.45 and their results are shown in Fig. 11. 

The required time, pathway of degradation and 
removal of GO from body
	 For bone implant applications, graphene 
oxide (GO) is frequently added to scaffolds 
or coatings to enhance mechanical strength, 
biocompatibility, and osteogenic differentiation. 
In contrast to intravenous or free-form GO, GO is 
often encapsulated in a matrix (like hydroxyapatite 
or polymers like PLGA or PCL), which affects 
how it is biodegraded and removed from the 
body. Depending on (i) the GO concentration, 
(ii) the scaffold composition, (iii) crosslinking 
or chemical bonding, and (iv) local biological 
activity (e.g., enzyme presence), the GO in bone 
implants degrades gradually, usually over weeks 
to months. Particularly in small animal models, in 
vivo investigations indicate partial deterioration 
after 8–12 weeks.
	 The main mechanisms of bone tissue 
degradation are (i) enzymatic degradation 
by immune cells, such as macrophages and 
neutrophils surrounding the implant site, which 
produce myeloperoxidase (MPO) and ROS, 
which can oxidatively cleave GO sheets; (ii) slow 
hydrolytic degradation (in biodegradable polymer 
composites), where polymers like PLGA degrade 
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Fig. 9. Cell apoptosis determined by Annexin V-FITC and PI assays on (a) coated substrata, (b) non-coated 
substrata and (c) tissue culture plates. (d) statistical analysis of cell apoptosis.40

via hydrolysis, exposing GO to body fluids and 
enzymes over time; and (iii) phagocytosis, in 
which macrophages engulfy small GO fragments 
released from the scaffold, resulting in lysosomal 
processing and partial degradation. The GO is 
primarily trapped or embedded in the scaffold at 
the implant site. Local immune cells may absorb 
and hold onto larger or more persistent particles 
for an extended period of time.
Magnesium based composites and alloys 
	 Alloys based on magnesium exhibit 
potential as biomaterials for orthopedic purposes. 
In magnesium, there is a significant mapping of 
anisotropic properties and Young’s modulus with 
human cortical bone. Magnesium also shows a 
notable degradation. Magnesium is widely used 
medical applications. The known application of 
this technology was in 1878, when magnesium 
wires were effectively used as blood vessel 

ligatures. However, several applications were later 
studied, including the use of magnesium sheets, 
plates, and screws for vascular anastomoses, 
intestinal, and nerve anastomoses, cavernous 
hemangiomas. Trials successful than expected for 
bio-degradable. Issues such post-operative later 
decades. The Mg-Cd composite used has been 
shown in studies by Espiritu et al.46 to be useful 
in treating fractures. These magnesium-cadmium 
implants were found to promote the formation of 
robust calluses throughout the healing process of 
fractures. Infections or the development of gas 
cysts, however, caused failures in some cases. 
Interestingly, none of the patients had abnormal 
changes in their serum magnesium levels or acute 
inflammatory reactions.
	 Magnesium alloys have been shown to 
be more biocompatible than bio-polymers like 
polyether ketone (PEEK), polyglycolic acid (PGA), 
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Fig. 10. Representative HE-stained images of major organs (implantation region, liver, and kidney collected from 
the rats) implanted with graphene foams, GO foams, or nothing at day 14 post-implantation.44

and poly L-lactic acid (PLLA). Furthermore, it 
outperforms tricalcium phosphate (TCP), and 
hydroxyapatite (Hap) due to their lesser strength.47 

Magnesium alloys are easily sterilized due to 
flexibility. The magnesium alloys by-products 
that break down, particularly magnesium ions, 
possess distinct Osteopromotive. Breakdown 
of magnesium-ion, made possible proteins, 
increases Osterix levels and bone repair. Biological 
limitations due to propensity to mechanically 
disintegrate essentially. 

	 According to the advancements in 
magnesium-based research, earlier study on 
degradation of magnesium, the use of titanium 
dioxide (TiO2), hydroxyapatite (HA), and inert 
materials. Recent advancements indicate that 
in addition to corrosion protection, coating 
application is being researched to offer a range of 
therapeutic responses. For modifying the texture 
and grain size of magnesium alloys, a number 
of mechanical popularities in addition chemical 
coatings.48 mentioned the degradation process of 



1061Sundar, Biomed. & Pharmacol. J,  Vol. 18(2), 1050-1084 (2025)

Fig. 11. (a-f) The antibacterial activity of samples S-5 and S-10 against E. coli and S. aureus bacteria as compared 
to the samples.45

Mg for bone implant applications in their review 
paper and process Is shown in Fig. 12. 
Magnesium alloys and their corrosion
	 Bioimplants must be cyto-compatible, 
hemo-compatible, and corrosion resistant in 
order to operate safely in in-vivo environments. 
In orthopaedic implants, the corrosion rate of 
magnesium and materials based on magnesium 
exceeds biosafety requirements. In particular, if the 
corrosive media contains chloride at values more 
than 3 mM/L, the magnesium turns into magnesium 
chloride (MgCl2). It has a high solubility in aqueous 
solution encourages normally higher levels of 
chloride. The magnesium implant failed before 
its planned service life as a result of hydrogen 
embrittlement brought on by H2 trapping in the 
corrosion voids. On the other hand, magnesium 
alloys that break down more slowly (less than 0.5 
mm/year) are better at promoting bone repair. 
	 According to Kirkland et al.49, galvanic 
coupling causes localized corrosion in most 
magnesium alloys, accelerating the degradation 
process by generating micro-galvanic cells. 
Magnesium alloys contain metals such as copper 

(Cu), nickel (Ni), and aluminium (Al) that are less 
electronegative than magnesium alone. They may 
therefore cause damage to the protective layer Mg 
(OH)2. When the oxide film is destroyed, corrosion 
increases because the magnesium matrix comes 
into contact with the surrounding fluid. 
	 Witte et al.50 created rods using magnesium 
alloys (WE43, AZ31, LAE442, and AZ29). 
Magnesium alloy implants degraded in in-vivo 
at different rates. The main factor influencing 
the degradation was the alloy composition. After 
prolonged immersion, LAE442 showed the slowest 
corrosion rate of any alloy, whereas, WE43 Mg/
Ca and P-rich apatite. A number of surface 
modification techniques have been developed in 
addition to alloying. The surface modification 
techniques of Mg and its alloys is shown in Fig. 
13.
Magnesium based bioimplants
	 Magnesium based alloys using a variety 
of surface treatment approaches was given by 
Khatun et al.51. Micro arc oxidation (MAO) was 
widely used effective surface treatment method. 
When magnesium was treated with MAO, Wang 
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Fig. 12. (a-f) Step by step degradation process of Mg.48
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Fig. 13. Surface modification techniques of Mg and its alloys.48

et al.52 found difference in Young’s modulus and 
strength. The MAO coating method was examined 
by Chen et al.53, and proposed degree of corrosion 
damage is determined by the layer’s thickness as 
well as the homogeneity and porosity of the MAO 
coating. Some studies also focused on enhancing 
the hydrogen storage capacity of magnesium-based 
materials to counteract embrittlement occurrences. 
	 Lu et al.54 created a core-shell Mg@Pt 
composite with a nanostructure using the plasma 
arc technique. Additionally, the Rieke process 
could be used to generate metal nanoparticles of 
a variety of metals, including Al, Mg, Ni, Co, and 
others. Suh et al.55 used a machine learning-based 
data-driven methodology to investigate novel 
materials and forecast material properties. They 

used mean and standard deviation numbers to 
enhance the data. A single data point is multiplied 
by twice the number of variables in the first 
technique, which adds or subtracts the standard 
deviation for each input and output variable. In 
this case, by iterating over a total of six variables 
and changing the standard deviation of one while 
maintaining the average value of the other variable 
constant, one data point can be stretched by a factor 
of 12.
	 The development of biomaterials depends 
on various additive manufacturing (AM) techniques 
since they can create intricate geometrical structures 
and complicated material patterns. In order to 
overcome the challenges presented by conventional 
manufacturing techniques, the application of AM 
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Fig. 14. The synergetic and cross talking net among various Mg degradation triggered osteogenic pathways.48

technologies for the production of magnesium 
(Mg) alloys has increased recently. Magnesium is 
naturally difficult to manufacture using the latest 
3D processes because it oxidizes unpredictably and 
is very reactive in its pure condition. Furthermore, 
because of their high surface energy, magnesium 
in liquid. When combined, these factors make 
magnesium alloy manufacture a challenging 
process that requires specialized equipment to 
ensure worker safety and a controlled environment. 
	 On the other hand, powder bed fusion 
(PBF) is the method for making magnesium 
alloys that has been explored the most.56 This 
technique enables the creation of intricate external 
and internal geometries with densities as high 
as 96.13% by employing minimal heat flow. 

Even though alloying and treatments have made 
significant strides in enhancing the performance 
of magnesium-based biomaterials, much more 
work need to be done to make magnesium the 
ideal biodegradable material. Recent advances in 
materials science and bioengineering have given 
researchers more control over the mechanical 
properties and corrosion rates of magnesium. 
Magnesium alloys are increasingly being used 
in orthopedic and cardiovascular applications. 
Fig. 14 describes how different Mg degradation-
triggered osteogenic pathways work in concert and 
communicate with one another.48 
Magnesium responses in in-vitro and in-vivo 
	 The primary barrier to magnesium’s 
(Mg) clinical application is its deteriorating 
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Fig. 15. Mg implants application in fracture fixation.48 
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Fig. 16. Mg implants application in sports medicine.48
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Fig. 17. (a-f): Various applications of Zn-based implants for bone repair and regeneration.71

nature. Zheng et al.57 demonstrated the remarkable 
properties of the Mg–Sr alloy in a comprehensive 
study of its in vitro and in-vivo performance. 
These included larger tensile strength (203 MPa) 
qualities and lesser rate of degradation. Yao et al.58 
applied Mg–Sr composite and studied the toxicity. 
Investigation showed that the Mg-0.5Sr alloy 
deteriorated more slowly, indicating the presence 
of Ni thrombosis after in-vivo. It has been shown 
that magnesium alloys become more biocompatible 
when calcium (Ca) and zinc (Zn) are added. 
	 Notably, during in-vivo breakdown, 
calcium phosphate (Ca–P) is produced, which 
promotes improved bone mineralization. Lu et al.59 

discovered that the addition of calcium and zinc 
for vitro, vivo studies when preparing magnesium 

alloys for orthopedic implants. Examination of 
magnesium and magnesium/magnesium composite 
to mice to analyse the in-vivo weight reduction.60 
They remarkably discovered a lower rate of 
biocorrosion in vivo environments. Mg/Mg alloys 
were biocompatible with the tissues of mice’s 
kidneys, liver, skin, lungs, and hearts, according 
to the histological findings of their investigation. 
The Mg implants applications in fracture fixation 
and sports medicine is mentioned in Figs. 15 and 
16.48

The required time, pathway of degradation and 
removal of magnesium from body
	 Because of its mechanical qualities, 
biodegradability, and biocompatibility, magnesium-
based materials particularly magnesium implants, 
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Fig. 18. Possible molecular mechanisms of Zn-based internal fixation materials.71

like magnesium alloys are being utilized more and 
more in biomedical applications. The body breaks 
down magnesium mainly chemically, such as 
through corrosion in physiological environments, 
particularly when water and ions (like Cl{ ) are 
present. (ii) The biological environment influences 
the rate of corrosion, such as pH, local ion 
concentration, proteins, and cells. Near bone or 

tissue, osteoclasts and macrophages may hasten 
the breakdown of magnesium.
	 Pure magnesium implants (cardiovascular 
and orthopaedic) degrade over a period of three to 
twelve months, while magnesium alloys (stents, 
screws, and plates) such as Mg-Ca and Mg-Zn take 
six weeks to twelve months, and surface-treated 
magnesium can take up to two years. The body 
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Fig. 19. (a-b): Osteoconductive and osteoinductive effects of Zn-based scaffolds.71 

converts magnesium into Mg²z , which can be 
eliminated by metabolism or eliminated in urine; 
H‚  is eliminated through the lungs and diffusion.
Zinc and zinc composites
	 Zinc (Zn) is another popular biodegradable 
metal that is prized for its high biocompatibility and 
abundance in the human body. The second most 

common element in the human body is Zn2+, which 
is mostly found in muscles and bones. Compared 
to titanium and stainless steel, its mechanical 
and physical properties are more in line with 
those of human bones. Remarkably, around 600 
enzymes depend on Zn2+ function. It is necessary 
to emphasize that despite its physiological 
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Fig. 20. Cell viability and metal concentration: (a, b) direct method, (c, d) indirect method.72

importance, zinc is not widely regarded as a 
crucial bioresorbable drug. The potential medical 
applications of zinc, particularly in the areas of 
orthopedics and cardiovascular disease, have not 
received much attention. Furthermore, a number of 
zinc alloys’ perceived toxicity has restricted their 
usage in biological applications.
Zinc composites responses in in-vitro and in-
vivo
	 Zinc (Zn) is an excellent option for bone 
implants, has been the subject of numerous studies 
to assess its corrosion behavior, cytocompatibility, 
and bioactive effects. Zinc is a trace element that 
is necessary for numerous biological functions. 
In numerous in-vivo investigations, zinc has 
demonstrated non-cytotoxicity to endothelial 
cells, strong antiatherogenic actions, and high 
hemocompatibility. Pure zinc gives corrosion 
when compared to Mn and Fe. Torne et al.61 

showed that, in contrast the phosphate-buffered 
saline and Ringer’s estimations, the Zn surfaces 

formed passivation films composed of inorganic 
components. The barrier in whole blood was also 
examined using electromechanical measures. 
	 Notably, the content of proteins human 
blood has a significant impact on implant corrosion, 
and proteins present or absent alters the corrosion 
behavior of biodegradable zinc alloys. Several 
studies have hypothesized that an excess of zinc 
ions produced during decomposition leads to 
fibroblasts. Su et al.62 demonstrated that pure zinc 
negatively impacted MC3T3-E1 cells, while MG-
63 cells demonstrated a same effect. Alloying zinc 
with other metals, such as magnesium (Zn–3Mg), 
reduces the possibility of genotoxicity in the 
human body, claim by Krus et al.63. Kubasek et 
al.64 reported that the Zn-0.8 Mg alloy did not cause 
any appreciable damage to U-2OS cells. Zn-0.05 
Mg and Zn-0.5 al-xMg alloys have been found to 
have a positive impact on cell. Additionally, Zn-Mg 
disintegration facilitates help for bone materials. 
Additionally, it has been noted that calcium (Ca) 
and strontium (Sr) improve cytocompatibility. 
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Fig. 21. Schematic illustration of the degradation mechanism of gold sputtered iron in the physiological 
environment.81

Fig. 22. (a) Cumulative concentrations of ions released to the extract medium. (b) Cytotoxicity studies in MTT 
assay using human osteoblast-like (MG-63) cells.81

	 Yin et al.65 observed no symptoms 
of severe inflammation, platelet aggregation, 
thrombosis, or intimal hyperplasia. Similarly, 
Zhou et al.66 found no inflammation or thrombus 
formation in coronary arteries following two years 
of Zn-0.8Cu alloy stent implantation. Young pigs’ 
iliofemoral arteries were treated with Zn–3Ag alloy 
stents by He et al.67, and the outcomes showed 
satisfactory healing without thrombosis or vascular 
obstruction. When Chen et al.68 implanted Zn-xMg 
alloys in the rat abdominal aortas, they noticed 
comparatively little inflammation and intimal 
activation. Rats’ abdominal aortas were implanted 
with Zn-0.1Li alloys by Ma et al.69, who observed a 

minor inflammatory reaction. When Drelich et al.70 

implanted Zn-xAl alloy strips in the rat abdominal 
aortas, they saw a little inflammatory reaction. 
The several uses of zinc-based implants for bone 
regeneration and repair are shown in Fig. 17.71 
Functionalization of zinc materials
	 Surface modification techniques have been 
used by many researchers to increase the properties 
of Zn materials. These methods are believed to 
be effective because of the modification of the 
surface characteristics. Despite lack of research 
on Zn surface treatment in orthopedic applications, 
and wear decrease. However, because of their 
toxic qualities, they are prohibited throughout the 
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world. A common chemical conversion process that 
enhances surface qualities like adhesion, corrosion 
resistance, and wear resistance is Zn–P coating. 
	 Numerous biological processes, including 
DNA metabolism, signal transduction, apoptotic 
control, and gene expression, are impacted by 
zinc. Zinc was useful material in the preparation 
of energy, enzymes, it is said covering the metal’s 
surface with a protective laye. The electrophoretic 
deposition coating method to enhance the properties 
of degradable Zn alloy implants is shown in Fig. 
18.71 and explains how the Zn–Cu stent two-year 
implant in the coronary artery is modified on the 
surface. The osteoconductive and osteoinductive 
properties of Zn-based scaffolds are shown in Fig. 
19.71 
The required time, pathway of degradation and 
removal of zinc from body
	 Biodegradable implants made of 
zinc-based materials are becoming more and 
more common, particularly in orthopedic and 
cardiovascular stents. Zinc is a biocompatible 
and bioresorbable metal since it is necessary for 
biological function. In physiological settings, zinc 
primarily degrades by electrochemical corrosion, 
which yields zinc hydroxide (Zn(OH)‚ ) or zinc 
oxide (ZnO) as the end products. The zinc ions 
that are released into bodily fluids can also form 
protein-bound complexes, zinc phosphate, or 
carbonate. While zinc degrades more quickly 
than other materials, it does so more slowly than 
magnesium. The degradation period of pure zinc 
(used in stents and bone implants) is 6 to 24 months, 
while that of zinc alloys such as Zn-Mg and Zn-
Ca for orthopaedic implants is 12 to 36 months. 
Zn covered with polymers degrades over a period 
of more than three years. According to albumin, 
metallothionein, and other plasma proteins, the 
body eliminated Zn2+ ions. 
Iron (Fe) based bioimplants
	 Iron has been frequently used because of 
its affordability, machinability.  The compounds 
and alloys are perfect option for bio implants. 
Fe-based materials are primarily utilized in three 
fields, according to the literature, stents, scaffolds 
(Fig. 20) and bone implant materials for surgical 
operations.72 The non-degradable metal implants 
usage like screws, plates for bone operations 
outcomes larger toxicity. Removing such implants 
may result in issues including pain or anomalies 

under the implant location. Because they can be 
used for bone regeneration, Fe-based metallic 
implants get around these problems. The Fe 
material is also another application like scaffolds 
and tissue repair. Because of mechanical integrity, 
biodegradability, porous scaffolds composed of 
iron are mostly utilized to repair hard tissues, such 
as bones. 
Iron composites responses in in-vitro and in-vivo
	 Iron (Fe) has proven to be incredibly 
biocompatible in a number of in-vitro analysis. 
It is demonstrated that it did not inhibit halt 
cell growth. Furthermore, pure industrial-grade 
Fe showed negligible cytotoxicity and good 
hemocompatibility and biocompatibility, according 
to Chen et al.73. Lin et al.74 found that the 
extraction medium and oxygen availability 
were crucial for both incubation and extraction 
in their study of the L929 cells. Nonetheless, it 
was discovered that alloying elements affected 
the biocompatibility of iron alloys. The alloy 
content in the medium had a significant impact 
on the inhibitory effect, according to research 
on alloying cells. Additionally, multicomponent 
Fe alloys were examined. When Schinhammer 
et al.75 investigated the cytocompatibility of Fe–
Mn–C (-Pd) alloy with HUVECs, they extracted 
medium’s composition significantly affected both 
metabolic activity and cell viability. Furthermore, 
a substantial relationship was found between the 
rates of corrosion of Fe alloys and cell viability. 
Orinak et al.76 analysed a perfect in-vitro cell for 
Fe based scaffolds and noticed fibroblasts died in 
1-day duration. Orinakova et al.77 observed a higher 
cell viability for Fe/bio-ceramics.  
	 Furthermore, surface modification has 
proved consideration when choosing biomaterials. 
They need to be slow to corrode and biocompatible. 
Peuster et al.78 used Fe stents in descending aortas 
to conduct first in vivo testing of iron stents. 
Throughout, there were no thromboembolic 
problems, and no neointimal development, were 
observed. After the identical stents included aortas 
pigs, they were observed for 1 year; neither Fe 
overload nor organ damage was discovered. No 
indication of local toxicity from corrosion products 
was found. In a short study, the safety and efficacy 
of Fe stents were assessed by implanting them in the 
coronary arteries of young pigs and keeping them 
there for 28 days. There was no sign of thrombosis 
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or particle embolization, and histomorphometry 
revealed neither fibrin accumulation nor severe 
inflammation. 
	 He et  al . 79 observed a decreased 
inflammatory response and endothelial cell 
coverage of the Fe stents used in young pigs. There 
was no sign of local tissue necrosis or thrombosis 
even a year later. Nitrite iron stents shown good 
biocompatibility. The Fe were implanted into 
the rat femur by Khan et al.80. After 1 year, no 
complaints of pathological issues are found. 
Even though there was some mild edema for a 
day or two following surgery, often bulging as 
anticipated. There was no tissue damage from 
the implants. Furthermore, Fe–Mn–Si implants 
showed remarkable biocompatibility. In certain 
tissue studies, Fe implants were found to be 
mildly toxic, while the surrounding tissues only 
experienced modest damage. Ulum et al.72 assessed 
the bioactivity of Fe-bioceramic composites in the 
leg bones of Indonesian sheep. The inflammation 
caused by the stent decreased 35 days of usage, 
and when the lesion healed, the tissue did not 
react. Rabeeh et al.81 investigated in-vitro of gold 
coated Fe material and observed an enhanced the 
degradation. Fig. 21 is the diagram of the gold 
coated Fe.81 Fig. 22. (a-b) represents the MTT assay 
for MG-63 cells.81

Functionalization of Fe materials
	 Fe based implants are little bit slow. The 
Fe implant is encased in tissue level even in the 
face of ongoing corrosion. It has been challenging 
to accelerate the rate of Fe breakdown in biological 
applications.  Numerous techniques like alloying, 
surface treatment, adding different phases for iron. 
Among other elements analysed by Wermuth et 
al.82, it was determined that Fe bio alloys. 
	 Cheng et al.83 claim that the addition of a 
second phase decreased the corrosions. Including 
TCP, HA, and BCP, are regularly used bioceramics 
because of their solubility in the body. It has been 
noted that bioceramics and surface modification 
can improve biocompatibility. Corrosion resistance 
is significantly increased when an oxide layer 
forms on the surface of pure iron. Furthermore, 
the mechanical stability and corrosion resistance 
of Fe stents are enhanced by NaCl. Although 
nitriding did not significantly improve corrosions. 
Nitride iron coronary stents exhibited a slow rate 
of deterioration, with almost complete corrosion 

occurring 13 months post-implantation and 
generating minimal degradation products. 
	 Corrosion can cause Fe stents to lose 
their mechanical integrity. Advancements can 
improve radial, tensile strength, microhardness. 
While metallic materials produced using this 
technique have comparatively lesser mechanical 
characteristics, Fe developed with SPS offer 
outstanding corrosion resistance. Furthermore, the 
mechanical properties of Fe are enhanced by rolling 
and electrodeposition. Excellent biocompatibility 
is a feature of bioceramics. The Fe-bioceramics 
combination is among the best biodegradable 
materials. The ability to blend metal-to-non-metal 
is another advantage of powder metallurgy. The 
corrosion process may also be slowed down by 
these treatments. Developing porous materials to 
speed up corrosion is highly recommended. Iron 
properties made into metallic foam without losing 
its shape or strength.
The required time, pathway of degradation and 
removal of iron from body
	 As substitutes for permanent metal 
implants, iron-based biodegradable materials 
such as scaffolds, orthopedic pins, and iron stents 
are being researched. Although they deteriorate 
slowly, they have considerable mechanical 
strength. Under physiological conditions, iron 
corrodes electrochemically, albeit more slowly 
than magnesium and zinc. Because of passivation 
(the creation of a protective layer), these corrosion 
products may build up at the implant site and 
further slowdown degradation. 
	 Less than 24 months pass before the pure 
iron utilized in cardiovascular stents degrades. 
Iron alloys with a degradation duration of 12 to 
36 months, such as Fe-Mn, Fe-C, and Fe-P, are 
employed in orthopedic and vascular applications. 
It takes six to twenty-four months for the coated 
iron to decompose. The body gradually releases the 
Fe²z  and Fe³z  ions, which are carried by transferrin 
in the blood. 
Biodegradable polymers
	 Generally speaking, polymers are 
macromolecules made up of repeated monomers 
joined by covalent bonds. Researchers have 
preferred biodegradable polymers among them 
because to their degradability, which is crucial for 
bone defect repair. Polymers categorized either 
natural or synthetic based on where they come 
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from. Because of their biodegradability, bioactivity, 
and biocompatibility thoroughly researched 
materials for repairing bone defects. Water mixing 
qualities, potential is among of its drawbacks, 
though. Synthetic polymers made to biomaterials 
of superior qualities by adjusting their design and 
synthesis characteristics. Nevertheless, the acidic 
breakdown products of some synthetic polymers in 
vivo alter the local pH level, speeding up the rate 
of implant degradation and triggering inflammatory 
responses. 
Natural biodegradable polymers
Collagen
	 Collagen, the primary structural protein of 
tissues, is crucial for controlling the extracellular 
matrix of the cellular milieu. Collagen is the primary 
component of the roughly 30% matrix that makes 
up bone, a complex, naturally occurring structure.  
One common biomaterial in the biomedical 
industry is collagen. Collagen and apatite crystal-
based composite membranes are gaining popularity 
due to their superior mechanical qualities. Because 
collagen/bioceramic composite scaffolds are 
more akin to actual bone in composition, they 
can produce greater bone repair benefits from a 
biomimetic standpoint. Nevertheless, the collagen 
must be cross-linked, and these scaffolds frequently 
have poor mechanical qualities. Other approaches 
have been investigated to enhance the functionality 
of such scaffolds. By using surface biosilification 
technology to coat acellular, Wang et al.84 recently 
created novel biomimetic nanosilica-collagen 
scaffolds that successfully repaired the rabbit.  
	 When constructing dependable biomedical 
materials for scaffolds, wound dressings, and 
implants, it is essential to comprehend the 
mechanical strength and the requirement for 
cross-linking in biopolymers, especially collagen. 
Mammals’ skin, bones, tendons, ligaments, and 
connective tissues all contain collagen, the most 
prevalent structural protein. Cross linking improves 
mechanical strength, increases heat stability, 
reduces enzymatic degradation, and preserves 
structural integrity in damp environments.
Chitosan 
	 A naturally occurring polymer with a 
linear structure, chitosan (CS) serves as structural 
element. CS has been shown to improve cell 
adhesion, proliferation, osteoblast differentiation, 
and mineralization due to its biological activity, 

biodegradability, antibacterial and biocompatible 
properties, and hydrophilic surface. In other 
words, CS’s cationic characteristics enable 
it to interact with anions control, so playing 
physiological importance. After undergoing 
sophisticated preparation procedures, CS shaped to 
3D scaffolds of various porosity topologies. Such 
as nanotechnology and 3D printing, and composite 
materials can be used for bone abnormalities fixing. 
It should be noted that the CS usage is majority of 
load-bearing settings was unsatisfactory, regardless 
of the manufacturing process employed. Therefore, 
the only way to create scaffolds with improved 
mechanical and biological qualities is to combine 
CS with different natural or synthetic polymers 
or bioceramics. Uneven bone deformities can be 
filled with injectable CS hydrogels. According to 
a recent study, Cui et al.85 created a sort of network 
of microporous, linked. In situ cross-linking of CS 
resulted in a hydrogel, the addition of nanosilicate 
raised the hydrogel’s Young’s modulus and reduced 
its rate of breakdown. 
Fibrin
	 Thrombin acts on fibrinogen to generate 
fibrin, a natural biopolymer, in the final stage 
of the coagulation cascade. Human blood is a 
steady supply of fibrinogen, thrombin, and fibrin 
precursors, which lowers production costs and the 
chance of needless disease transmission. Fibrin 
is a viable option for inclusion in the perfect 
scaffold for fixing bone defects, given the crucial 
function that hemorrhages play in the early stages 
of bone healing. Additionally, fibrin has the 
ability to stimulate osteogenic differentiation and 
angiogenesis, both of which can quicken the rate 
of bone repair. To get around fibrin’s drawbacks, 
however, other materials must be used as well 
because of its weak mechanical qualities and quick 
rate of disintegration. Although fibrin can be made 
into injectable fibrin hydrogels, it should be used in 
conjunction with other biomaterials to treat bone 
abnormalities because it cannot treat them on its 
own. Nonetheless, there is ongoing debate on fibrin 
glue’s potential to enhance bioceramics’ ability to 
mend bone, and other researchers have focused 
on fibrin’s negative effects. The immunological 
reaction brought on experiments of excessive 
fibrin quantity are two potential causes. Fibrin 
utilized for repair of bone defects in addition to 
altering scaffolds. This helps to attract host cells 
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and encourage angiogenesis, which in turn speeds 
up the repair process of bone.  
Fibrin made of silk
	 Silkworms, spiders, and other insects are 
the primary producers of silk, a natural protein 
biopolymer that is used to make silk fiber (SF). 
Mulberry silk is the type of silk that has been the 
subject of the greatest biomedical study. Fibrin and 
sericin are the two primary protein components 
found in silkworms’ silk. Since sericin causes the 
host’s immune system to reject it, it is degummed 
during SF purification. Silk has gained importance 
in the field of bone tissue engineering due to its 
great inherent strength. Researchers in bone tissue 
engineering use silk-based scaffolds because they 
are found to have more mechanical strength than 
other naturally biodegradable polymer scaffolds. 
Silk scaffolds’ tunable and often slow pace of 
deterioration aids in optimal size bone healing. 
Recycled polymers of PLA, PGA, and PLGA were 
used as bone implants. 
	 The Runx2, OCN are examples indicators 
that have been shown to be upregulated by silk 
fibroin. Degradable bioceramics can be mixed with 
silk fibroin to create enormous, intricately shaped 
scaffolds that are incredibly strong and have the 
right amount of porosity to enable cell proliferation, 
which is crucial for the healing of big bone lesions. 
For load-bearing bone healing, McNamara et al.86 
recently created SF-hydroxyapatite (HA) ceramic 
scaffolds with a variety of mechanical structures.
Biodegradable synthetic polymers 
	 Aliphatic polyesters, including PCL, PLA, 
PGA are most researched synthetic degradable 
polymers in recent years. It has been demonstrated 
that these materials are biocompatible and degrade 
at a controlled rate, and they are good and don’t 
harm tissues when they’re in vivo. Furthermore, 
through manual adjustment polymers with better 
mechanical qualities can be created. Even though 
the tissue’s natural metabolic pathway releases and 
produce, they can cause transplant, degradation, 
and detrimental impact on repairs particularly 
when it comes to fixing bone defects in regions 
that support loads.
Poly (e-caprolactone)
	 Poly (e-caprolactone) (PCL) is a flexible 
biologic and low-cost polymer that has FDA 
approval. Despite being biodegradable and 
biocompatible, PCL was not the best material 

for repairing bone defects because, according to 
numerous long-term tests, its mechanical qualities 
were weak and its rate of breakdown was sluggish. 
But according to a recent work by Rotbaum et al.87, 
3D printed PCL scaffolds’ mechanical qualities 
can be improved by altering their pore geometry. 
According to studies, PCL can be applied through 
different scaffolds to improve cell-cell interactions.  
According to new analysis, circular lesions in the 
rat skull with a diameter of 5 mm might be healed 
in 12 weeks with the help of PLLA/PCL nanofibre 
scaffolds coated with hydroxyapatite. 
Poly (glycolic acid) 
	 Poly (glycolic acid) (PGA) has a straight 
linear molecular structure and is a basic aliphatic 
polyester. PGA is the polymer of glycolic acid, 
which human metabolism byproduct. For many 
years, PGA to be utilized in clinical applications 
due to its good tensile modulus and regulated 
solubility. Glycolic acid, a byproduct of PGA’s 
rapid breakdown, can be eliminated through the 
urine. PGA is more mechanically strong than 
other degradable polymers (such PCL and PLA). 
In particular, PGA, PCL, and PLA have young’s 
moduli of 5-7 GPA, 0.4-0.6 GPA, and 2.7 GPA, 
respectively. However, PGA scaffold by itself was 
not appropriate fixing bone deformities because of 
its unreasonably high rate of deterioration in vivo. 
For the PGA composite based on rabbit was studied 
by Toosi et al.88 and noticed the rabbit was cured 
after 12 weeks of therapy.
Poly (Lactic Acid)
	 A Swedish chemist by the name of Scheele 
made the initial discovery and naming of Poly 
(Lactic Acid) PLA, a polymer made of lactic acid, 
in 1780. PLA, on the other hand, is a biodegradable 
polymer composed of starch that comes from 
renewable plant sources, like corn and sugar cane. 
The most often utilized PLA in clinical settings at 
the moment are L-PLA and DL-PLA (combination 
of L-and D-lactic acid. L-PLA is frequently utilized 
for adequate porosity. 
	 According to one study, scaffolds made 
of PLA-PCL tissue and loaded with BMP-2 
shown good bone healing properties. In order 
to create scaffolds, PLA can also be mixed with 
biodegradable ceramics. Zhang et al.89 discovered 
that at an 8:2 PLA/HA mass ratio, the created 
porous scaffold performed the best overall. 
Recently, Ge et al.90 produced Sr-HA/PLLA that 
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may lessen the acidic environment’s deterioration 
enhance the material’s ability to adsorb proteins, 
make its surface more hydrophobic, and make it 
more osteoinducible.
Poly (Lactide-co-glycolide) 
	 The PLA, and PGA followed by 
degradation, results in Poly (Lactide-co-glycolide) 
PLGA. By altering the proportion of these two 
polymers, rate can be controlled. With these 
benefits the PLGA was perfect biodegradable 
polymer. Because it may be utilized to create 
sutures as well as cell and drug delivery systems, 
PLGA is therefore more widely used by researchers 
than PGA and PLA. Nevertheless, due to its low 
osteoconductivity and hydrophobicity, PLGA’s 
usage in bone healing is restricted, even with the 
aforementioned benefits. Thankfully, alternative 
materials can make up for these drawbacks. 
Using low temperature rapid prototyping (LT-RP) 
technology, Lai et al.91 created a porous PLGA/
TCP/Mg (PTM) scaffold that greatly accelerated 
the creation of new bone in rabbits with bone 
defects by promoting both osteogenesis and 
angiogenesis. 
3-hydroxybutyrate, or PHB Poly 
	 The French microbiologist Maurice 
Lemoigne ident i f ied  (PHB),  a  k ind of 
polyhydroxyalkanoate (PHA), for the first time 
in 1925.  PHB is a very biocompatible polymer 
that can break down both hydrolytically and 
enzymatically in tissue. When PHB breaks down, 
the local pH stays within a steady range, in contrast 
to other popular biodegradable polymers like PGA, 
PLGA, or PLA. PHB is a double-edged sword 
since it is less robust and less stiff than materials 
with stronger mechanical qualities. PHB permits 
a small amount of mobility upon implantation, 
which could aid in bone repair. After 36 weeks in 
vivo, Meischel et al.92 used PHB composites into 
the femur of SD rats and observed no discernible 
degradation, indicating that the material’s tensile 
strength, strain characteristics, and elastic modulus 
are comparable to those of natural bone, which 
may therefore be a material that shows promise 
for the healing of bone defect. Copolymers of 
3-hydroxybutyrate and 3-hydroxyvalerate (PHBV) 
are another extensively researched polymer among 
PHA, in addition to PHB. Zhang et al.93 altered 
PHBV surface with hydroxyapatite and used for 

biocomposite and seen on the 20th day of PHBV 
scaffolds.
Para-dioxanone (PDS) Poly 
	 A hydroquinone monomer undergoes 
ring-opening polymerization to produce (PDS), 
a biodegradable polyester. PDS is widely used in 
tissue engineering and fracture repair due to its 
exceptional biodegradability and biocompatibility. 
PDS fully absorbed when it is used for internal 
fracture fixation. Regretfully, no research has 
been done on the application of PDS to heal bone 
defects. 
HYAFF-11 
	 Commonly present in the extracellular 
matrix, HYAFF-11 is a benzyl ester. HYAFF-11 
is interesting substance for tissue healing because 
of its good biocompatibility and controllable 
degradation rate based on the degree of 
esterification. HYAFF-11 is currently utilized 
in bone replacement, neuron regeneration, and 
skin restoration.  and other domains. According 
to Mermerkaya et al.94  HYAFF-11 membrane 
improves osteogenic activity throughout beginning 
stages of bone healing and crucial in fixing 10-mm 
rabbit tibial lesions.
Biodegradable ceramics
	 Natural clay is primary materials used 
to make ceramic, which are then crushed, mixed, 
molded, and calcined. Because of their benefits, 
bioceramics have been employed extensively 
in the last few decades for the replacement and 
repair of injured tissues. of precise chemical 
composition, mechanical compatibility, and 
biocompatibility. Researchers are particularly 
interested in biodegradable ceramics for bone 
tissue engineering. up particular, they are primarily 
utilized to mend fractures and fill up the spaces 
left by bone abnormalities. Tricalcium phosphate, 
dicalcium phosphate, and hydroxyapatite (HA) 
are currently the most widely used biodegradable 
ceramics. The benefits of biodegradable ceramics 
include biological activity, corrosion resistance, 
and biocompatibility. The biggest benefit is 
that, upon implantation in the body, they are 
progressively broken down by cell-mediated and 
solution-driven mechanisms before being replaced. 
Hydroxyapatite
	 Ca10(PO4)6(OH)2, sometimes referred to 
as hydroxyapatite (HA), is a commonly utilized 
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bioactive material of over 65% of the total mass 
of bone. The calcium/phosphorus molar ratio 
of calcium orthophosphate ceramics ranges 
from 0.2 to 2.0, while the ratio for HA is 1.67. 
A high-temperature process is typically used to 
create the extremely crystalline form of calcium 
phosphate known as synthetic HA. Given that 
natural HA exhibits good osteoconductivity due 
to its remarkable chemical similarities. Their 
porosity, crystal size, and physical microstructure, 
however, varies somewhat. HA can immediately 
integrate with new bone tissue after being 
implanted into the gap of bone. Because of its 
comparatively sluggish rate of biodegradation, 
HA may be detrimental to the healing of bone 
defects. In particular, bone frequently covers the 
HA surface after implantation without connective 
tissue interposition, which prevents the material 
from degrading and absorbing. After implanting 
nanocrystalline HA into the rabbit’s distal femur, 
Brandt et al.95 found that most grafts had no 
discernible absorption near the edge. Researchers 
have looked into a number of HA changes in light 
of the aforementioned drawbacks. The mechanical 
and biological properties of HA-based bone 
substitutes can be improved by adding Sr2+ or Mg2+. 
This may be because the introduction of cations 
alters the physical and chemical properties of HA. 
HA bone grafts can improve bone repairs of both 
critical and non-critical sizes, according to a recent 
comprehensive review.
Tricalcium phosphate 
	 With a calcium/phosphorus ratio of 1.5, 
tricalcium phosphate, also known as Ca3(PO4)2 
was regular ceramic material. á-TCP, â-TCP, and 
á2 -TCP are the three crystalline forms of TCP. 
Since of its close resemblance to bone minerals 
makeup, researchers like â-TCP since it is highly 
biocompatible and biodegradable. TCP and HA 
have young’s moduli of 60–75 GPA and 80–110 
GPA, respectively. Despite having a somewhat 
lower mechanical strength than HA, â-TCP 
biodegrades much more quickly than HA, which 
promotes the formation of new bone. It is noted 
that HA/TCP determines the bioactivity and 
degradation rate of biphasic calcium phosphate 
(BCP), which are mostly made up of HA and 
TCP. When porous â-TCP, made using the goat 
radial shaft, 3 months following the procedure, 
significant bone growth was observed across 

the defect. Research has shown that S1P can 
considerably boost alkaline phosphatase activity 
and osteogenesis-related genes OPN, OCN, and 
RUNX2. Collagen is a crucial for bone, and 
influence vitamin D metabolism and collagen 
maturation. TCP can therefore be mixed with other 
substances like collagen, sphingosine 1-phosphate 
(S1P), and metal ions, to improve its osteogenic 
potential and biomechanical qualities. 
Phosphate dicalcium
	 A type of acid calcium phosphate, 
dicalcium phosphate (DCP) has an acidic 
phosphorus supply and a basic calcium source. 
The two forms of DCP, which are the primary 
constituent of calcium phosphate cement (CPC), 
are brushite [CaHPO4·2H2O, dicalcium phosphate 
dihydrate (DCPD)] and monetite [CaHPO4, 
dicalcium phosphate anhydrous (DCPA)]. DCPD 
has a comparatively high solubility over calcium 
phosphate that are used in body. Meanwhile, 
brushite bone cement, also known as DCPD 
bone cement authorized use in clinical settings 
in Europe. Recent research, however, has shown 
that brushite bone cement breaks down quickly 
after implantation and that the body transforms the 
breakdown products into insoluble apatite forms, 
such HA, which impacts the cement’s ability to 
heal bone lesions. According to a recent study by 
Shariff et al.96, â-TCP’s osteoconductivity can be 
enhanced by applying a suitable quantity of DCPD. 
Four weeks after procedure, rats showed significant 
bone growth. Research indicates that monetite has 
a higher capacity for bone growth and resorption 
than brushite bone cement.
Bioceramics based on calcium sulfate and 
silicate 
	 The mineral calcium sulfate, which made 
up CaSO4·2H2O is found nature as gypsum ore. 
Two kinds of calcium sulfate hemihydrate, called 
Plaster of Paris, are formed when calcium sulfate 
loses water during the calcination process at 110 
°C. Dreesman originally reported on the use of 
calcium sulfate to heal bone deformities in 1959. 
Calcium sulfate can greatly enhance according to an 
experiment that used it to fix canine alveolar bone 
abnormalities. Furthermore, calcium sulfate can 
enhance osseointegration in vivo and upregulate 
genes linked to bone formation in vitro. Long-
term research has shown that, despite the benefits 
mentioned above, calcium sulfate degrades too 
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quickly to keep up with the rate at which new bone 
tissue grows. However, it can also result in negative 
effects such surface instability and inflammation. 
In the meanwhile, because of the low mechanical 
strength, calcium sulfate is unable to give the defect 
enough long-term mechanical support. To improve 
its application in tissue engineering, researchers 
have thus treated calcium sulfate in a number of 
ways. 
	 Cui et al.97 created composite particles 
with superior compressive strength by coating 
compounding of BMP-2. osteoinductivity and 
strength (as supplied by BMP-2). Furthermore, 
Hao et al.98 created composite bone cement by 
combining tricalcium silicate with calcium sulfate, 
which was utilized to fix a rabbit’s femoral condyle 
defect. According to in vivo tests, composite bone 
cement only showed 50% degradation after 12 
weeks of implantation, while calcium phosphate 
bone cement was totally broken down after 8 
weeks. New injectable biomaterials can also be 
made with calcium sulfate. In order to create an 
injectable and controlled bone healing material, 
Chen et al.99 added calcium sulfate hemihydrate. 
The pace at which this substance degraded matched 
the rate at which new bone tissue grew in the 
rabbit’s mandibular transplant site.  Other than 
oxygen, which is mostly found as complex silicate 
or silica, silicon makes up the largest portion of 
the earth’s crust. At the same time, silicon makes 
up around 0.026% of body weight, making it vital 
trace components of human body. In connective 
tissues like bone and articular cartilage, silicon 
is crucial. Furthermore, studies have shown 
that silicon can stimulate osteoblasts’ collagen 
manufacturing process as well as the growth and 
development of rat bone. Silicate bioceramics 
frequently employed for tissue engineering because 
silicon plays a crucial role in bone development 
and mineralization. It is noted, although CaSiO3 
ceramics contain high rate of dissolution, which 
raises the pH of the surrounding environment and 
inhibits cell proliferation, therefore limiting their 
use in bone tissue engineering. In order to create 
hardystonite, a novel crystal phase of CaSiO3.  
	 N u m e r o u s  i n v e s t i g a t i o n s  h a v e 
demonstrated that a variety of silicate bioceramics, 
including akermanite (Ca2MgSi2O7), baghdadite 
(Ca3ZrSi2O9), hardystonite (Ca2ZnSi2O7), and 

diopside (CaMg-Si2O6). In particular, studies 
by Gu et al.100 demonstration of akermanite (Ca, 
Mg, and Si) stimulate ERK pathway, which in 
turn into fat stem cells. Rats’ supracondylar bone 
defect was filled by Luo et al.101 using baghdadite 
(Ca3Zr-Si2O9) and diopside (CaMgSi2O6) in the 
form of microspheres. According to in vivo tests, 
the baghdadite microspheres expressed more 
osteopontin and contained more nascent bone. 
Bioactive ceramic-based composite materials
	 Materials that combine the benefits 
of biodegradable polymers and biodegradable 
ceramics are referred to as composites. These 
composites generally have outstanding mechanical 
strength, osteogenic properties, osteoconductivity, 
and biocompatibility. At the same time, these 
composite materials have emerged as the most 
promising materials in the field of bone defect 
repair thanks to innovative fabrication procedures 
that have arisen in recent years. According to a 
recent study, a novel collagen/HA hybrid scaffold 
can promote collagen deposition, upregulate 
osteogenic gene expression. It is anticipated that 
this material will be crucial in the healing of 
bone defects because of another recent study that 
demonstrated PCL/silicon-substitute may enhance 
osteoblast adhesion, proliferation while inducing 
cell development and differentiation. Furthermore, 
novel materials with enhanced biological qualities 
that are made by mixing many elements are also 
appearing. Recently, Lai et al.102 created novel 
PLGA/TCP/Mg (PTM) using Mg powder, PLGA, 
and â-TCP to repair bone defect brought on by 
steroid associated osteonecrosis (SAON). 
Effec t  o f  env ironmenta l  changes  on 
biodegradable materials
	 Biodegradable materials, particularly those 
employed in biomedical, bioimplant applications, 
can be greatly impacted by environmental 
changes. Degradation rate, mechanical integrity, 
biocompatibility, and toxicity are all impacted by 
these impacts. 
	 Environmental factors such as pH slow 
down the rate of degradation and the compounds 
that are produced. The temperature of each material 
alters the mechanical stability and speeds up the 
process. The hydrolysis and corrosion triggers are 
caused by the moisture content of biodegradable 
materials. Oxidative degradation or stabilization is 
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produced by oxygen, deterioration is accelerated 
by enzymes, and corrosion and biofouling are 
accelerated by salts. 
	 After being implanted in the body, 
biodegradable materials particularly metallic 
alloys can react differently to environmental 
changes such as elevated body temperature 
(fever, inflammation), and high moisture content 
(which is constant in human tissues). Unexpected 
consequences including pain, inflammation, 
or rapid deterioration may result from these 
alterations. Pain or discomfort, swelling, warmth, 
or localized tissue damage are all brought on by 
elevated body temperatures. There is also a chance 
of gas accumulation, particularly with magnesium, 
which can result in pressure or pockets. Excessive 
moisture causes tissue irritation or cellular stress, 
pain from quick changes in local chemistry, and 
early loosening of implants like pins, and screws. 
Impact of metal leaching on central nervous 
system in patients
	 There is serious concern about metal 
leaking into the body from biodegradable implants, 
particularly if it gets to delicate organs like the 
central nervous system (CNS). Even while the 
majority of biodegradable metals (such as iron, 
magnesium, and zinc) are necessary trace elements, 
their excessive or unregulated release, particularly 
in susceptible people, can be neurotoxic or disrupt 
regular brain function.
	 Because the kidneys control magnesium 
levels, the effects of magnesium metal leaching 
on the central nervous system are generally 
well tolerated. However, too much magnesium 
can produce confusion, muscle weakness, slow 
reflexes, hypotension, and in extreme situations, 
coma. Excess zinc metal leads to oxidative stress 
and neuronal death, especially following brain 
injury, convulsions, and stroke. Excess iron leads 
to brain-related issues such multiple sclerosis, 
Parkinson’s disease, and Alzheimer’s disease.
Biomaterials a potential immunomodulatory 
material from translational point of view
	 Collagen, magnesium, zinc, iron, and 
other biodegradable materials are examples of 
biomaterials that can function as immunomodulatory 
agents in addition to being structural scaffolds from 
a translational (clinical application) standpoint. 
This implies that they have the ability to actively 
influence immunological responses, which is 

crucial for effective tissue integration, repair, 
and regeneration. Depending on the therapeutic 
requirement, immunomodulatory biomaterials 
can either stimulate or decrease immunological 
responses by interacting with immune cells 
(macrophages, dendritic cells, T cells, etc.).
	 Immunomodulatory biomater ia ls 
provide the following benefits: they improve 
biocompatibility and implant longevity; they speed 
up healing and tissue regeneration; and they lessen 
the requirement for systemic immunosuppressants. 
Direction of research and prospects for the 
future 
	 The characteristics, qualities, and 
functions of biomaterials are thoroughly described 
in this article. The primary focus of the research has 
been on the production and medical applications 
of minerals including iron, zinc, and magnesium. 
Recent medical experiments revealed biodegradable 
metals that function better implants, despite fact 
that biomaterials offer a wide range of potential 
applications in medicine. 
	 It is necessary to solve challenges 
presented with development methods. When 
selecting bio-metals, corrosion behavior, non-
toxicity, and biocompatibility are crucial factors. 
However, it is a fact that the development and use 
of biomaterials has improved and can continue 
to promote life’s quality. Medical implants help 
people with a range of medical conditions by 
improving comfort and mobility. Furthermore, 
tissue engineering helps patients bone failure 
thereby preventing the requirement of implant. 
The operations could make people feel better 
about themselves if they wish to appear better. 
These materials are also utilized in the production 
of rehabilitative and assistive devices, such as 
prosthetics, orthotics, and hearing aids. 
	 The currently available clinically qualified 
bioimplants (Co-Cr or Ti alloys) are permanent 
and necessitate a second procedure, which puts 
additional financial and physical burden on patients. 
Furthermore, the duration of secondary surgery 
reduces the healthcare system’s total efficacy. 
Even while Co-Cr and Ti alloys are generally 
regarded as biocompatible, effects, including as 
allergic or hypersensitive reactions. This could 
lead to inflammation, discomfort, and irritation 
around the implant site. Biomaterials present 
an opportunity to overcome these constraints. 
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The in vivo performance has been greatly 
enhanced by the advancement of fabrication 
techniques. 3D bioprinting, electrospinning, 
self-assembly, microfabrication, nanotechnology, 
additive manufacturing, decellularization, and 
recellularization are some of the most recent 
methods for creating biomaterials. However, as 
additive printing techniques enable the integration 
of different materials with the shared goal of 
achieving biocompatibility and bioactivity, it 
is recommended that more attention be paid to 
them. Customization, design flexibility, quicker 
prototyping, improved functionality, waste 
reduction, scalability, and the development of 
new material characteristics are some advantages 
additive manufacturing techniques provide for 
biomaterials. These benefits have the potential to 
expand healthcare applications and transform the 
biomaterials industry. Research on biomaterials is 
anticipated to develop and have a major influence 
on a number of disciplines in the future, such 
as engineering, environmental sciences, and 
medicine. These are a few possible avenues and 
perspectives for additional research. 

Conclusion

	 Different materials used for bone implant 
applications are reviewed in this paper. However, 
the possible toxicity of certain zinc alloys limits 
their application in biomedicine. Iron (Fe)-based 
materials are biocompatible and have excellent 
mechanical properties. Their primary use is the 
use of biodegradable metal porous scaffolds for the 
repair of hard tissues, including bones. However, 
there are disadvantages for biological applications 
due to their high corrosion resistance. Long-term 
stability, imaging compatibility, strength-to-weight 
ratio, osseointegration ability, corrosion resistance, 
and biocompatibility are all well-known attributes 
of titanium as a biomaterial. The titanium implants 
can withstand stress because they are more stiff 
than natural bone. On the other hand, excessive 
use or exposure to molybdenum may pose toxicity 
problems. Investigators were looking for ways to 
produce larger improvement metals, and alloys is a 
helpful technique. The Mo has perfect biomaterial 
for the future, but needed other regularities before 
it can be used in clinical settings. In conclusion, 
research on biomaterials is being advanced by 

interdisciplinary research involves material 
science, mechanical engineering, doctors and end 
users. Projects in this kind aim to promote new kind 
of materials that can address challenging issues in 
sustainability, engineering, and healthcare. New 
biomaterials could contain a significant impact 
on many different fields, leading to innovative 
medicinal techniques, sustainable technologies, 
and improved patient outcomes. 
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