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ABSTRACT

In the search for suitable alternatives to titanium implants due to their frequent
failure, allergic reactions, and non-degradability, magnesium-based bone implants
have gained popularity for reasons such as biodegradability, biocompatibility, ability to
reduce stress-shielding, and so on. Magnesium is a naturally produced element within
our body that has excellent osteopromotive and regenerative characteristics. However,
it is also known to have high corrosive properties in its unadulterated form,
necessitating alloying. Because of their adaptability and strength, magnesium-based
alloys are exceptionally effective as biodegradable materials. The research topic
addressed here is the lack of durability of magnesium-based implants, which leads to
local hydrogen accumulation and, ultimately, disintegration before the complete
healing of the wounds. The current study is founded on the premise that manufacturing
magnesium implants with graphene oxide, zinc, and hydroxyapatite and coating the
implant with pectin can improve the durability, antibacterial characteristics, and
hemocompatibility of such implants and thereby allow them to be evaluated for the

same.

Keywords: Biocompatibility, Cytocompatibility, Cytotoxicity, Hemocompatibility, Bone

implants, stress shielding
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CHAPTER-1
1. INTRODUCTION:

Bone repair is regulated by chemical, cellular, biomechanical, and pathological
variables. In general, bone healing takes six to twelve weeks, which is approximately
three months. However, depending on the patient's age, underlying medical
conditions, and the severity of the damage, it can occasionally take longer—up to a
year. If bone damage exceeds a particular threshold, the bone tissue loses its ability
to self-heal (Camarero-Espinosa et al., 2016).
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Fig 1.1: Natural bone healing process

The bone tissue can no longer heal itself if the length of the bone damage
exceeds twice the diameter of the fractured bone (Amin Bigham-Sadegh et al., 2014).
To repair defects like tumour formation, traumatic fractures, infections, and
osteoporosis, autografts, allografts, or artificial bone substitutes, are used. Autografts
have higher failure rates, though they are being used widely. Metal implants may
cause discomfort at the site of injury, the necessity for repeated procedures, the
occurrence of infections, and so on. Titanium is non-biodegradable, however, implants

made in the purest form of magnesium break down before the fracture heals fully.



Conventionally, titanium and its alloys, stainless steel, gold, cobalt-chromium
alloys, magnesium, silver, palladium, iron, zinc, tantalum, and platinum electrodes
were used to make metal implants. The polymers that are utilised are hydrogels,
amides, propylenes, methyl-methacrylate esters, and polyethylenes. Alumina,
Zirconia, HAp, bioactive glasses, porceins, and phosphates are among the ceramics
that are used. The metals can either be used as an implant material or alloyed, and
the ceramics and polymers are used as coatings. Titanium, silver, palladium, gold, and
tantalum are unsuitable for bone implants due to their inability to degrade (Quizhi chen
et al., 2015). Stainless steel is less desired because of stress-induced corrosion and
fissures, and iron can cause brain cell degeneration. Zinc and magnesium are

advantageous because of their degradability (Prasad et al., 2017).
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Fig 1.2: Stress induced corrosion caused by metal implants

While stainless steel and titanium alloy fracture fixation devices are helpful in
achieving effective therapy, they may also cause a stress shielding effect that causes
bone resorption and loosening (Junlei Li et al., 2020). This issue typically arises when
there is a significant modulus difference between the implant and the bone, which

interferes with fracture repair. An ideal bone implant is supposed to feature a stronger



and durable osseointegration property, a good in vivo timespan, the ability to promote
osteoconduction, vascularization, and osteoinduction, the ability to prevent the stress-
shielding effect, a good storage stability, etc. To create a bone scaffold, pores must
have high porosity and an ideal size because they promote cell proliferation, enter
blood vessels, and help create bone tissue—all of which are very beneficial processes
(Frank Schulze et al., 2023). Implants made of pure Magnesium deteriorate before the
fracture heals entirely.

Although pure magnesium-based implants are biocompatible, naturally
biodegradable, and have favourable mechanical qualities, their lack of durability
hinders wound healing and is the main factor contributing to local hydrogen build-up.
It is also well known that magnesium has weak antimicrobial properties. Due to their
higher specific strength, Young's modulus, which is almost identical to that of human
bone, naturally degradable nature, biocompatibility, osteopromotive property,
plasticity, stiffness, etc., magnesium alloys are said to be beneficial (Meysam Nasr
Azadani et al., 2022). There's no need for more surgery because magnesium alloys
melt, absorb, ingest, or are eventually expelled. They don't cause the patient any
toxicity or adverse effects. Graphene, the fundamental constituent of graphene
guantum dots, nanofibers, 3D graphite, and numerous other carbon allotropes, is the
strongest and thinnest 2-D nanostructured allotrope (Jodati et al., 2021). Strong
oxidizers are used to extract graphene oxide, which is a highly oxidised form of
graphene. Reduced graphene oxide can be generated using methods such as
microwave, thermal, chemical, and bacterial reduction (Vishali Gupta et al., 2017).
Scaffolds based on graphene oxide have demonstrated encouraging outcomes in
tackling the prevalent research issue of insufficient bone regeneration. Because
graphene and graphene oxide are two-dimensional materials, they can lessen the
harmful consequences of implants. Furthermore, they promote osteogenesis and
show improved osteogenic performance, which is excellent. Their exceptional
mechanical strength, excellent osteoconductive efficiency, large surface area, and
exceptional adaptability are further attributes (Shadjou et al., 2018). Zinc has the
potential to mitigate the primary drawback of magnesium, which is its low strength
(less than 350 MPa). By strengthening osteogenesis and integration, alloying zinc with
magnesium can increase its mechanical integrity and biocompatibility.

Hydroxyapatite is a key component of bone's inorganic matrix, which gives

tissues rigidity and durability. Hydroxyapatite can replicate the structure of natural


https://link.springer.com/article/10.1007/s40204-022-00182-x#auth-Meysam-Nasr_Azadani-Aff1
https://link.springer.com/article/10.1007/s40204-022-00182-x#auth-Meysam-Nasr_Azadani-Aff1

bones when utilised in bone healing applications, encouraging cell adhesion,
proliferation, and eventually bone regeneration. Because of its osteoconductivity and
biocompatibility, it's a great substance for encouraging bone mending and integration
with surrounding tissues. Furthermore, as healing advances, hydroxyapatite can
progressively break down, allowing new bone tissue to grow in its place and speeding
up the process of bone regeneration (Kinga pielichowska et al., 2010).

Pectin is an innate polysaccharide derived from plant cell walls that has a
chemical structure similar to alginate. It artificially acts as an extracellular matrix to
immobilise cells for bone tissue regeneration and can promote enhanced adhesion
and proliferation of cells within microspheres (Munarin et al., 2011). It can both stay
intact throughout the gastrointestinal tract and be broken down by the bacteria in the
colon. Because natural polymers aren't very strong mechanically, filler like graphene
oxide can be added (Claudia Lara Espinoza et al., 2018). The above-mentioned
features of these materials can greatly assist in meeting the appropriate bone implant
criteria.

Biocompatibility testing is conducted to ensure that orthopaedic implants meet
criteria and are a viable alternative in clinical settings. The fabricated bone implants
were evaluated for antibiofilm qualities, antibacterial capabilities, platelet adhesion,

cellular adhesion, corrosion resistance, and hemocompatibility.


https://pubmed.ncbi.nlm.nih.gov/?term=Lara-Espinoza%20C%5BAuthor%5D

CHAPTER-2

2. REVIEW OF LITERATURE:

2.1 MAGNESIUM ALLOYS AND THEIR PROPERTIES:

Magnesium alloys have sparked increased attention in the construction of bone
implants since their young's modulus is strikingly close to that of human bones. The
Young's modulus of human bone ranges between 15 and 30 GPa, whereas that of
Ocomparable to human bone, which has a density of 1.75 g/cm3 (Yasamin Zamani et
al., 2021). Magnesium alloys have an elasticity limit of 100-200 MPa, whereas bone
has a limit of 130-180 MPa and a fracture toughness of 3-6 MPa/m0.5. The elastic
modulus of bone is 3-20 GPa, that of magnesium is 41-45 GPa, while titanium alloys
have a greater elastic modulus (Pishgahi Fard Zahra et al., 2018). Magnesium-based
alloys deteriorate more rapidly in acidic or neutral environments due to electrochemical
reactions with water that produce hydrogen and magnesium oxide but do not protect
the magnesium matrix from further corrosion (Liangyu Wei et al., 2023). The rate of
degradation of magnesium implants can be reduced by alloying, heating, or surface
treatment. Moreover, by applying coatings or other surface treatments, magnesium
alloys can be designed to encourage osseointegration. One significant advantage of
alloying is its ability to improve the mechanical strength and corrosion resistance of
magnesium implants. Alloying enables the control of grain size, phase distribution, and
alloy composition, resulting in stronger, ductile, and fatigue-resistant implants.
Furthermore, alloying magnesium can reduce the rapid degradation rate seen in pure
magnesium implants, increasing their lifespan and providing a more regulated

degradation profile that is consistent with the bone healing process.

2.2 ZINC-BASED ALLOYS:

Zinc-based alloys exhibit cathodic reactions when oxygen is reduced and
anodic reactions when exposed to a solution. When chlorine ions are present, the
insoluble zinc hydroxide that is released functions as a passive layer that dissolves
into a salt. This decreases the layer's protective effect, reopening the matrix to the
solution and initiating the electrochemical reactions (Calderon et al., 2022). The
structure and composition of alloys ultimately determine the rate of degradation. In

comparison to other alloys, zinc-based alloys degrade at a modest rate. Zinc when



alloyed, showed a greater reduction in corrosion rates. Zinc can decrease
magnesium's corrosion performance by refining the grain, which results in a uniform

corrosion surface (Makhlof et al., 2018).

2.3 CHARACTERISTICS OF REDUCED GRAPHENE OXIDE:

Modified Hummer's method is a widely used method for synthesising Graphene
Oxide. At the end of the process, we have reduced graphene oxide, which has several
applications. Coating magnesium with graphene oxide doped hydroxyapatite
significantly enhanced the implant’s hydrophilic and biomineralization capabilities,
opening the door for a faster rate of deterioration (Safavi et al., 2018). The mechanical
characteristics of polymeric scaffolds improved dramatically after introducing
graphene oxide at lower concentrations. In general, carbonaceous nanomaterials
have larger aspect ratios, higher Young's moduli, and higher thermal activity. One TPa
is the intrinsic strength, and the intrinsic strength is about equivalent to 130 GPa. It
has a density of only 1 g/cm3. There is an exact surface area of 2630 m2/g. When
peroxidase catalyses an enzymatic oxidation reaction, graphene nanoplatelets
spontaneously disintegrate. This type of oxygen-supported natural degradation is
seen in biological reactions (Dervishi et al., 2013). When combined with magnesium
to produce a composite, graphene oxide may be able to prevent corrosion assaults
and encourage the production of apatite (Wu et al., 2019). Flexural strength and
roughness can both be increased using graphene oxide. Higher antibacterial activity
is obtained when graphene oxide, with a sheet size ranging from 0.01 to 0.65

micrometres, is employed in bone implants (Mazinani et al., 2021).

2.4 PECTIN AND ITS PROPERTIES:

Pectin is a polysaccharide that is hydrophilic, meaning it possesses both
carboxyl and hydroxyl groups. This property allows it to be highly biocompatible, easily
degraded, and least harmful. The hydrophilic groups increase the physical and
chemical characteristics of pectin through esterification, transesterification,
coordination, and electrophilic addition. Pectin can be used to change the surfaces of
implants and other medical equipment. Pectin does, however, also have undesirable
corrosive and swelling qualities. For biomedical applications, pectin is highly
recommended since it contains Rhamnogalacturonan Il, a necessary ingredient to

improve biocompatibility (Noreen et al., 2017). Because pectin's polysaccharides are



non-toxic, reasonably priced, and have anti-inflammatory and antibacterial qualities,
they are suggested for use in biomedical applications. Research has demonstrated
that a higher concentration of pectin in a bone scaffold composed of gelatin and pectin
enhances the vitality of the cells (Nguyen et al., 2015). Pectin can be utilized to
transport medications to the colon because it can be broken down by microbes there.
Increased quantities of graphene oxide demonstrated high support bearing for a
nanocomposite including pectin and nanohydroxyapatite (Al-Arjan et al., 2020).

2.5 HYDROXYAPATITE AND ITS PROPERTIES:

Hydroxyapatite (HAp) is a bioceramic material that closely resembles the
mineral component of human bone, making it an excellent candidate for bone healing
and regeneration applications. Its chemical composition, primarily calcium phosphate,
provides a natural affinity for integration into the bone structure (Ressler et al., 2021).
When used in orthopedic implants or scaffolds, HA promotes osseointegration, the
process by which the implant fuses with surrounding bone tissue, leading to improved
mechanical stability and long-term success. It covers around 65% of the inorganic
phase of native bone. The density is around 3.22g/cm?. It is a crystalline compound
made up of closely packed Ca, PO4 and OH ions that form an appatite structure.
Hydroxyapatite has the same calcium-to-phosphate ratio as humans, which is 1.67.
The large pH range (4-12) and the 1.67 molar ratio of calcium to phosphorus
contribute to their remarkable stability (Shi et al., 2021). One of the key properties of
hydroxyapatite is its bioactivity, meaning it can actively participate in biological
processes within the body. HAp's surface reacts with bodily fluids, facilitating the
formation of a biologically active layer of calcium phosphate, which stimulates
osteoblast activity and encourages new bone formation. This bioactive behavior
accelerates the healing process and enhances bone regeneration at the implant site.
Due to their greater surface energy, which results in superior mechanical qualities, a
greater capacity for resorption, and increased activity, HAp nanoparticles are more
stable than their bulk counterpart. Moreover, the incorporation of HA into magnesium-
based implants can also modulate the release kinetics of degradation by-products,
such as magnesium ions, which may have cytotoxic effects at elevated concentrations
(Tsakiris et al., 2021). By controlling the degradation rate and altering the local
microenvironment, HAp contributes to mitigating potential inflammatory responses

and improving overall biocompatibility. Hydroxyapatite is a highly promising material



for bone implantation due to its biocompatibility, bioactivity, osteoconductivity, and
corrosion resistance. One notable drawback is the intrinsic brittleness of HA, which
might impair the mechanical strength of implants. This brittleness raises the possibility
of implant fracture, especially in load-bearing settings when implants are subjected to
significant stress. Evidence suggests that HAp nanocoatings on magnesium implants
play an important role in cell adhesion and biocompatibility.

2.6 INVITRO BIOCOMPATIBILITY OF MAGNESIUM IMPLANTS INCORPORATED
WITH GRAPHENE OXIDE:
2.6.1. ANTIBACTERIAL PROPERTIES:

The incorporation of graphene oxide (GO) into magnesium implants is a viable
technique for improving their antibacterial capabilities, notably against common
pathogens such as Staphylococcus aureus and Pseudomonas aeruginosa, which are
known to cause implant-related illnesses. Graphene oxide, with its distinctive two-
dimensional structure and abundance of oxygen-containing functional groups, has
extraordinary antibacterial activity. It disrupts bacterial cell membranes, inhibits
adhesion, and induces oxidative stress-mediated bacterial death (Mohammed et al.,
2020). When applied to magnesium implants, graphene oxide coatings provide a
comprehensive defence mechanism against these bacteria. Studies have shown that
graphene oxide-modified magnesium surfaces efficiently limit the adhesion and
colonisation of Staphylococcus aureus and Pseudomonas aeruginosa, lowering the
chance of biofilm development, which is a major contributor to chronic infection
(Kulshrestha et al., 2015).

Somayeh et al., tested the antibacterial activity of ZM31-xRGO composite
(where x represents various graphene oxide concentrations, ranging from 0 to 1.5
weight percent and ZM31 stands for Mg-3Zn-1Mn), using Staphylococcus aureus and
Escherichia coli by agar diffusion method, where the controls were inoculated with
1x107"4 CFU/mL of both the bacteria. The inhibition zones formed around the
composites placed in an agar medium inoculated with the bacteria in an incubator at
room temperature for one day were checked with their respective controls. The results
showed significant antibacterial activity after the encapsulation of reduced graphene
oxide at a concentration of 1.5 wt % (Abazari et al., 2021). Safari N et al.; studied the
antibacterial activity of Magnesium- 1 Aluminium- Copper based implant against

bacteria like Escherichia coli, Staphylococcus aureus, etc., and found that addition of



Graphene oxide at a weight% of 0.18 significantly increased the diameter of the
inhibition zone (Safari et al., 2020). Staphylococcus aureus has been reported as the
most common bacteria in wounds that require surgical intervention and hence has
been used in various studies (Zhang et al.,, 2020). The other pathogens are
Escherichia coli and Pseudomonas aeruginosa. Hydroxyapatite when doped with Zinc
showed considerable antibacterial activity MSCs, MRC-5 and rat primary
osteoprogenitor cell lines (Szurkowska et al., 2018). Sinulingga et al., have proven
that 2.5 Mg-2.5 Ag-HAp and 2.5 Zn-2.5 Ag- HAp showed significant antimicrobial
effectiveness against Escherichia coli (Sinulingga et al., 2021). Gopi et al., have
reported improved antibacterial performance, when tested with strains of S.aureus,
C.albicans, E. coli, etc., when pectin-doped HAp nanocomposite is used to implant
bones (Gopi et al., 2015). Zhang C et al., demonstrated that 2 Mg-0.5 Zn-Ca-based
bone implant greatly reduced surface bacterial adhesion more efficiently than pure
magnesium (Zhang et al., 2019). Qu X et al., have established and proven that Zn-
2Ag alloy can greatly minimize bacterial adhesion and the biofilm formation
significantly (Qu et al., 2021).

Furthermore, graphene oxide coatings allow for the regulated release of
antibacterial chemicals, which increases their potency against certain infections
(Aunkor et al., 2020). The synergistic effects of magnesium and graphene oxide lead
to increased antibacterial activity through processes such as metal ion release and
reactive oxygen species production, which target bacterial cells via various pathways
(Kumar et al., 2019). However, optimising the graphene oxide loading while also
assuring the composite implant’s long-term durability and biocompatibility remain
critical issues. Nonetheless, incorporating graphene oxide into magnesium implants
shows significant promise for generating new biomaterials with improved antibacterial
characteristics, which is critical for reducing the risk of implant-associated infections
caused by Staphylococcus aureus and Pseudomonas aeruginosa (Sahoo et al.,
2022).



2.6.2. HEMOCOMPATIBILITY:

The hemocomepatibility of magnesium implants containing graphene oxide (GO)
is crucial for their successful use in biomedical devices, notably in orthopaedic and
cardiovascular applications. Magnesium alloys, recognised for their biodegradability
and mechanical qualities similar to natural bone, have sparked substantial attention
as implant materials. However, due to their high corrosion rate and probable negative
effects on blood compatibility, changes are required to improve hemocompatibility (Liu
et al., 2018). Graphene oxide, with its distinct physicochemical features, represents a
possible option. GO coatings on magnesium implants not only improve corrosion
resistance but also provide good hemocompatibility properties (Tong et al., 2022).
Graphene oxide improves hemocompatibility by decreasing platelet adhesion and
activation, which reduces thrombogenicity and the risk of thrombus formation (Singh
et al., 2011).

ASTM standards suggest that the samples with a hemolysis rate below 2 % are
preferable and a Graphene Oxide-Titanium-Silk Fibroin-Hydroxyapatite-based
nanocomposite was found to have a hemolysis rate ranging from 0 to 0.3% hence itis
safe to use (Li M et al., 2016). Yuan et al., have reported that Zn-1Mg-based alloys
can provide excellent hemocompatibility, where the rate of hemolysis is below 0.2%
(Chen YW et al., 2021). Escudero et al., tested the hemocompatibility of Graphene
oxide on a cobalt and chromium-based alloy using J774A (mouse macrophage) and
found that graphene oxide that has been synthesized by electrochemical reduction
can increase the biocompatibility of the alloy (Escudero et al., 2020). Zinc in its purest
form as well as in combination with Graphene-based nanosheets showed hemolysis
less than 2 % and hence are biocompatible (Fan et al., 2022).

Graphene oxide's antifouling properties inhibit protein adsorption and blood
coagulation, favouring the creation of a persistent, non-thrombogenic blood-mimicking
layer on the implant surface (Staneva et al., 2021). Moreover, the biocompatibility of
graphene oxide ensures little cytotoxicity to blood components, allowing them to
interact with the implant surface without causing unfavourable reactions. Furthermore,
the regulated release of bioactive molecules enabled by GO coatings improves
hemocompatibility by encouraging endothelialization and decreasing inflammation.
Despite the promising results, challenges such as optimising graphene oxide loading
and ensuring long-term stability and biocompatibility of composite implants

necessitate additional research to fully realise the potential of magnesium implants
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incorporating graphene oxide for improved hemocompatibility in biomedical

applications.

2.6.3. IN VITRO LEACHING:

Slow degradation preserves the structural integrity of implants, whereas rapid
degradation harms bone and tissue cells due to non-uniform disintegration and gas
release (Hassan et al., 2022). The simulated bodily fluids are generated using the
methodology established by Kokubo et al. Chen K et al. investigated the deterioration
rates of 2Sr-Mg, 2Sr-Mg-Ca, and 2Sr-Mg-Zn alloys and discovered that alloys
containing Magnesium provided excellent corrosion resistance (Chen K et al. 2020).
Yuan et al. demonstrated that the Zn-1Mg alloy can boost corrosion and leaching
resistance (Chen YW et al., 2021). Bavya Devi K et al. evaluated the degradation of
MgS in vitro in an alloy of 0.5Zn-Mg in SBF and discovered improved degradation
capacity (Devi et al. 2018). Bodhak et al. discovered that when HAp is electrically
polarised, cell attachment increases and tissue in-growth accelerates, demonstrating
its osteogenic nature (Bodhak et al., 2011). Rhamnogalactouronan Il in pectin can
enhance cell adherence (Gurzawska et al., 2014). Yuan et al. showed that using Zn-
1Mg alloys can jointly promote cell adhesion and proliferation (Yuan et al., 2022). Chen
D et al. found that when MC3T3-E1 cells were grown on Magnesium and Zinc alloy
implants, they attached more easily than to Poly-L lactic acid-based implants. After 30
days of immersion, SBF showed a 15% reduction in weight loss when 5 wt. % HAp
was combined with Magnesium and Zinc. After 24 days of immersion, SBF showed a
27% reduction in weight loss when 1 wt% HAp was combined with 3 wt. % Zinc and
0.5 wt. % Zirconium. After 4 days of immersion in PBS with 5 wt% HAp and

Magnesium, weight loss was reduced by 75% (Jaiswal et al., 2019).
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CHAPTER-3
3. AIM AND OBJECTIVE:

e To increase the durability of Magnesium implants that are being used for bone
regeneration.

e Utilizing Graphene Oxide, Zinc, Hydroxyapatite and Pectin in the fabrication
process of implants.

e To study the Biocompatibility of the prepared implants materials.

12



CHAPTER-4

4. MATERIALS AND METHODS:

4.1. MATERIALS AND PROCESSING:

Sigma-Aldrich, St. Louis, MO, USA, provided magnesium powder with a purity
of 299% (assay = 99%, Fe <500 mg/kg) as the foundation material. Zinc (particle size
<45 ym) acquired from Sigma-Aldrich, Canada, Oakville, Ontario is employed as one
of the components. The Modified Hummer's method was used to synthesize graphene
oxide nanosheets. The precursors used were graphite (Assay = 99.50%) from
HiMedia, Mumbai, India, and NaNO3 (Assay = 99%) from Merck Lifes cience Pvt. Ltd.,
Mumbai, India. Hydroxyapatite was synthesized utilising the Low molecular weight
Heparin technique, with KoHPOs (assay > 99.5%) acquired from Sisco Research
Laboratories Pvt.Ltd., Mumbai, India, and CaNO3.4H>O (assay >99%, pH (5%

aqueous solution) - 5 to 7) as precursors.

4.2. GRAPHENE OXIDE PREPARATION BY MODIFIED HUMMER’S METHOD:

In a beaker, 0.5 g of graphite and 0.25 g of NaNO3z were combined with 11.5
mL of sulfuric acid. The mixture was then placed in an ice bath and agitated constantly
for an hour. The temperature is raised to 35°C and maintained for 30 minutes. After
adding 23 mL of distilled water, the temperature is maintained at 70°C for 2 hours, with
no stirring. The created graphene oxide nanosheets were washed five times with
diluted HCI and distilled water before being placed in a vacuum oven for 24 hours. The
cleaning procedure comprised adding 70 mL of distilled water and 5 mL of 10% v/v
H20O: (Bansal et al., 2022).

4.3. HYDROXYAPATITE PREPARATION BY LOW MOLECULAR WEIGHT
HEPARIN METHOD:

The mixture of 1.67 g of CaNO3.4H>0 and 10 g of KzHPO4 were added to 100
mL of distilled H.O and was agitated for six hours at room temperature. The mixture
was mixed with approximately 69 mg of heparin and swirled until a gel was formed.
The solution is dried in an oven at 80°C, and the dried gel is then placed in a silica

crucible and calcined for 6 hours at 400°C in a muffle furnace (Rajeshwari et al., 2013).
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4.4. FABRICATION BY POWDER METALLURGY METHOD:

Different concentrations of the synthesized Graphene oxide (0.1, 0.5 and 1 wt
%), HAp, Zinc and Magnesium were ground together in a mortar and pestle and 0.05
g of the mixture is taken and pressed in a pelletizer machine (Figure 4.1) to create
implant implants of 8 mm diameter. The prepared implants were then sintered at
350°C for 4 hrs in a muffle furnace and then coated with 10 wt % pectin using dip
coating method, where the implants were dipped in 10 wt % pectin for 1 hr, followed

by drying in an oven for 1 hr until completely dry (Saberi et al., 2021).

Y

/  PELLETIZER MACHINE |

Fig 4.1: Pelletizer machine

The power metallurgy procedure aids in the fabrication of the implants. This
was attributed to better sintering mechanisms, such as tight packing of irregular
particles and the removal of barriers from the sintering route by removing oxide
coatings on the particle surfaces. The resulting pellets had accurate density and
thickness because the powder was pressed with sufficient pressure (100 ton) and

sintered at the optimum temperature (350°C).
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4.5. BIOCOMPATIBILITY ASSESSMENTS:

4.5.1. ANTIBACTERIAL ACTIVITY:

The process of biofilm formation involves bacteria growing and adhering
irreversibly to a surface, producing extracellular polymers that aid in matrix production
and adhesion. This changes the organism's phenotype, affecting growth rate and gene
transcription (Donlan et al., 2001). P. aeruginosa and S. aureus broth cultures were
added to fresh medium, discs cleaned with phosphate buffer saline were added, and
the mixture was incubated for 24 hours at 37°C on an orbital shaker. The samples
were suspended in a 96-well plate, the optical density of adhered cells was measured

at 570 nm with the Synergy H1 Biotek, USA microplate reader (Figure 4.2), and
antibacterial activity was evaluated.

A

seBiolek

SYNERGY |1

microplate readsr

'/

S/RP/COR/MBFL/10.1

S

Fig 4.2: Microplate reader

4.5.2. BACTERIAL ADHESION STUDIES:

S. aureus and P. aeruginosa broth culture was added to fresh medium and then
transferred onto the UV sterilized pellets that were placed in the 24 well plate. The
setup was incubated for 24 hours at 37°C on an orbital shaker. SEM imaging was

performed on Pure Mg, Mg with 1 wt % GO and Mg with 1 wt % GO + 10% pectin.
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4.5.3. CORROSION STUDIES:

Cylindrical samples with a diameter of 8 mm were immersed in Hank's balanced
salt solution for 96 hours. The arrangement in Figure 4.6 was kept at 37°C to
approximate the temperature of the human body. The sample dimensions were 8 mm
in diameter. The solution-to-sample ratio was maintained at 20 mL-1 cm2 (Waizy et
al., 2012). The optical density readings were obtained by suspending the solution in a
96-well plate and inserting it into the microplate reader. The OD was recorded at 559

nm.

4.5.4. HEMOLYSIS ASSAY:

Add 5% (v/v) sterile defibrinated blood warmed to room temperature to sterile
Blood Agar Base, which has been melted and cooled to 45 to 50°C To properly blend,
spin the flask while avoiding the formation of bubbles. Pour the mixture into sterilised
plates, avoiding surface froth and bubbles. This approach requires cooling the agar
and reheating the blood (Buxton et al., 2005). Hot agar cannot be used in hemolysis
assays because high temperatures can denature red blood cells and alter their
properties, interfering with hemolysis detection, whereas cold temperatures can affect
blood viscosity and coagulation properties, making it difficult to prepare uniform blood
agar plates with consistent hemolysis characteristics (Seebg et al., 2023).

100 mL of blood agar was prepared and poured onto four sterilised plastic petri
dishes, with each plate divided into two parts. Each partition received 3 pectin-coated
implants with 3 different concentrations of graphene oxide (0.1, 0.5, and 1 wt %), as
well as 3 uncoated implants containing 3 different concentrations of graphene oxide.
The fourth plate was treated with pure magnesium to highlight the significance of the
new development. The examination of hemolytic activity was performed
macroscopically after the incubation duration of 24 hours at 37°C (Lima et al., 2022).

Alpha hemolysis displays a partial breakdown of red blood cells, resulting in a
greenish discoloration. Greenish appearance is due to the conversion of hemoglobin
to methemoglobin, while beta hemolysis involves complete lysis of red blood cells (Lad
et al., 2022).
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CHAPTER-5

5. RESULTS AND DISCUSSION:

5.1. MATERIAL FABRICATION:

5.1.1. GRAPHENE OXIDE:

Graphene Oxide Nanosheets were prepared using Modified Hummer’s
technique. The synthesized Graphene Oxide nanosheets were washed using distilled
water and HCI. They were then placed in a vacuum oven for 24 hrs to make them

devoid of any contamination.

Fig 5.1: Synthesized Graphene Oxide Nanosheets

5.1.2. HYDROXYAPATITE:

Hydroxyapatite was prepared using the Low Molecular Weight Heparin method.
It involves the hydrolysis and condensation of precursor compounds (calcium nitrate
and dipotassium phosphate) with the addition of heparin in a liquid solution to form a

sol. Which is then dried and calcinated to produce Hydroxyapatite.
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Fig 5.2: Prepared Hydroxyapatite nanoparticles

5.1.3. FABRICATED IMPLANTS:

The implants were prepared and fabricated with the addition of various
concentrations of GO (0.1 wt %, 0.5 wt % and 1 wt %) and then pelletized in 8mm
pellets. These pellets were sintered in a muffled furnace to create an implantable pellet
(Figure 5.3 (a)). The pellets were then coated with 10 wt % pectin (Figure 5.3 (b)).

(a) (b)

Fig 5.3: Fabricated Implants: (a) Uncoated implant and (b) Coated implant
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5.2. CHARACTERIZATION:

5.2.1. OPTICAL MICROSCOPIC IMAGING:

An optical microscope, often known as a light microscope, uses one or more
lenses to magnify visible light images of small materials. The lenses are positioned
between the sample and the viewer's eye to expand the image and allow for more
detailed analysis. The samples were examined under the digital optical microscope
with LES 4.0 software (Figure 5.4) to investigate the grain distribution of various

samples.

Fig 5.4: Digital optical microscope

5.2.1.1 UNCOATED IMPLANT:

Fig 5.5: Optical microscopic image of Pure Mg
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Fig 5.6: Optical microscopic image of Mg with 1 wt % GO

5.2.1.2 COATED IMPLANT:

Fig 5.7: Optical microscopic image of pectin coated implant

The optical images were utilized to analyze the surface of implants (pure Mg,
Mg with 1 wt % GO and Mg with 1 wt % GO coated with pectin). The images of pure
Mg and Mg with 1 wt % GO confirmed an even grain distribution with a smooth surface

as seen in Figure 5.5 and Figure 5.6. The pectin coated sample (Figure 5.7) shows a
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properly coated surface with minimalistic air gaps which can be further optimized to

enhance implant’s performance.

5.2.2. SEM ANALYSIS:

SEM analysis is a microscope technique for obtaining high-resolution pictures
of surface morphology. SEM analysis of magnesium-based bone implants can reveal
surface topography, corrosion behaviour, and bacterial adherence (Shah et al., 2019).
This helps to optimize implant design, evaluate biocompatibility, and understand the

factors that influence implant performance.

ZEISS|
10. 15.07:26

Fig 5.8: SEM images of uncoated sample

The SEM images reveal homogeneous dispersion of all included components,
including Graphene Oxide, Hydroxyapatite, zinc, and Magnesium. A reasonable
distribution can be observed (Figure 5.8), indicating that the sintering process

successfully broke down the big particles into little clusters.
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Fig 5.9: SEM images of coated sample
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The consistent incorporation of the pectin coating on the implant’s surface is
verified through the SEM images (Figure 5.9). This can be attributed to proper dip
coating and drying process of pectin to attain pectin coat throughout implant’s

surface.

5.3. LEACHING ASSAY:

The leaching assay was performed by immersing the implants in HBSS, which
simulates the interaction between the implant and human fluids, evaluating
parameters such as corrosion resistance and leaching. This controlled environment
allows for an accurate assessment of the implant's effectiveness and potential effects
on neighbouring tissues (Eliaz et al., 2019).

Fig 5.10: Implants immersed into Hank’s balanced salt solution for leaching

assay

After two weeks, there was a noticeable difference in the colour of the solution
containing coated and uncoated implants, demonstrating the endurance of implants
coated with 10 wt % pectin. This can be attributed to pectin coating on the implants for

their enhanced biocompatibility, controlled degradation and reduced corrosion rate.
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Figure 5.11: Leaching Assay (Plot between wet weight and absorbance)

A plot between days and absorbance (Figure 5.11) indicated that the leaching
rates of implants with 0.1 wt % Graphene Oxide without coating, 0.1 wt %, and 1 wt %
Graphene Oxide which were coated with 10 wt % pectin, are considerably less

compared to the implants made with pure Magnesium.

5.3.1. LEACHING ASSAY WITH VARIABLE PH (PH 4 and PH 7):
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Fig 5.12: Leaching assay (pH 4)
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Fig 5.13: Leaching assay (pH 7)

The presence and intensity of peaks indicate the concentration of corrosion
products (Gnedenkov et al., 2022). Figures 5.12 and 5.13 demonstrate that the peaks
at pH 4 were greater than those at pH 7, showing that corrosion occurs faster at acidic
pH. At pH 4 and 7, the absorbance peaked at 300 nm and rose significantly over time,

indicating an increase in corrosion products.
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5.4. ANTIBACTERIAL ACTIVITY:

The antibacterial activity of Magnesium based bone implants against P.
aeruginosa and S. aureus bacteria was assessed using the Crystal Violet (CV) assay.
The CV assay provides a quantitative measure of bacterial viability by staining the
bacterial cells on the suspended implants and subsequently measuring the optical
density of the stained samples in a microplate reader at 570 nm (Welch et al., 2012).

Fig 5.15: CV-stained Bacteria suspended in 96 well plate

25



4 -
- [] Control
i = Mg
= 3—_ Mg = 0.1% GO
E 4 Mg+ 0.5 % GO
o 2_' Mg + 1 % GO
E - s Mg+01%GO+10%P
;n. 1__ u Mg+05%GO+10% P
i n Mg+1% GO+10% F
D—
samples

Fig 5.16: Antibacterial activity on P. aeruginosa

Gram negative bacteria: Implants made of 0.1 wt % and 0.5 wt % Graphene
Oxide coated with pectin, showed a considerable amount of antibacterial activity

(Figure 5.16), compared to other samples.
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Fig 5.17: Antibacterial activity on S. aureus

Gram positive bacteria: Implants made of 0.1 wt % and 0.5 wt % Graphene
Oxide, showed a considerable amount of antibacterial activity, compared to other

samples as seen in Figure 5.17.
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5.5. BACTERIAL ADHESION STUDIES:

Staphylococcus aureus and Pseudomonas aeruginosa represent two of the
most challenging bacterial pathogens in the context of infections and their ability to
adhere to the surface of the materials associated with magnesium-based bone
implants. The SEM imaging of such implants provides a valuable insight about the
adhesion rate of the bacteria on different magnesium-based implants. The SEM
images of the implants were captured using Hi — Resolution Scanning Electron
Microscope, Thermosceintific apreo S, USA (Figure 5.18).

Fig 5.18: High Resolution Scanning Electron Microscope

Fig 5.19: P. aand S. a bacterial adhesion on the implants
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5.5.1. S. aureus ADHESION:
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Fig 5.20: SEM images of adhered S. aureus on implants: (a) Pure Mg, (b) Mg with
1 wt % GO and (c) Mg with 1 wt % GO coated with pectin.
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5.5.2. P. aeruginosa ADHESION:

(©)

Fig 5.21: SEM images of adhered P. aeruginosa on implants: (a) Pure Mg, (b)
Mg with 1 wt % GO and (c) Mg with 1 wt % GO coated with pectin.

The SEM analysis on the adhesion of S. aureus and P. aeruginosa reveals that
compared to pure Mg and Mg with 1 wt % GO sample, the sample of Mg with 1 wt %
GO which was coated with pectin had great adhesion rate of S. aureus bacteria (Figure
5.20) but in contrast to that the bacterial adhesion of P. aeruginosa was greater in
samples made of Pure Mg and Mg with 1 wt % GO when compared with the sample
of Mg with 1 wt % GO coated with pectin (Figure 5.21). This can be attributed to factors
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like surface characteristics of the samples such as roughness and porosity which can
enhance and provide a microenvironment that facilitates the attachment of bacteria.

5.6. HEMOLYSIS ASSAY:

Assessing the hemolytic activity on Magnesium based bone implants placed in
blood agar involves incubating the implants in blood agar plates to evaluate their
potential to induce hemolysis, the rupture of red blood cells (Lima et al., 2022). This

involves placing the implants onto the surface of blood agar plates and incubate them

under appropriate conditions as shown in the Figure 5.22.

(a)

(b)
(c) (d)

Fig 5.22: Implants suspended on Blood Agar for Hemolysis Assay: (a) pure Mg/
control, (b) Mg with 1 wt % GO Coated/ Uncoated, (c) Mg with 0.5 wt % GO
Coated/ Uncoated, (d) Mg with 1 wt % GO Coated/ Uncoated.
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5.6.1. OBSERVATIONS AFTER 24 HOURS:

(@) (b)

(c) (d)

Fig 5.23: Hemolysis assay observations after 24 hours: (a) pure Mg/ Control,
(b) Mg with 0.1 wt % GO Coated/ Uncoated, (c) Mg with 0.5 wt % GO Coated/
Uncoated, (d) Mg with 1 wt % GO Coated/ Uncoated

All plates treated with implants made of three different concentrations of
Graphene Oxide (0.1 wt %, 0.5 wt %, and 1 wt %) coated with 10 wt % pectin as well
as the uncoated samples showed a hemolysis (Figure 5.23). This indicates the partial
destruction of red blood cells caused by the release of Hydrogen peroxide from the

implants, thus oxidising the haemoglobin present in blood. As a result, gas bubbles
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may form in the circulation, potentially leading to blood vessel blockage. H.0O> can also
destroy or damage red blood cells, causing hemolysis. H.O» observed may also affect
platelets and white blood cells, reducing the body’s ability to clot and fight infections
(Ghabach and Davarpanah et al., 2020).
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CHAPTER-6

6. SUMMARY AND CONCLUSION:

The characterisation results showed that the generated nanoparticles were
graphene oxide and hydroxyapatite. Optical microscopy experiments and FESEM
analysis revealed that the powder metallurgy technique may minimize gaps in the
generated implants and create a homogeneous mixture. The in vitro leaching assay
results indicated that coated implants were more durable. When the concentration of
graphene oxide was increased, significant antibacterial activity was seen. After one
week of monitoring, all implants exhibited a-Hemolysis, with the implant with the
highest amount of Graphene oxide showing no signs of oxidation. To summarise, in
vitro biocompatibility investigations on the utilisation of graphene oxide integrated
magnesium implants for bone regeneration produced promising findings. Adding
graphene oxide, zinc, HAp, and pectin coatings to magnesium implants improves their
mechanical and biological properties, making them more appropriate for bone
regeneration applications. Furthermore, positive hemocompatibility, antibacterial
activity, and durability results from in vitro experiments verified the implant's
biocompatibility. These results indicate that the proposed revolutionary implant has a
strong potential to replace traditional implants in bone regeneration applications.

To confirm these results and evaluate the long-term use and safety of the implants,

more in vivo research is required.
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