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ABSTRACT 

 

The primary purpose of biomaterials is to substitute tissues that are infected, injured, or damaged. 

The initial biomaterials used were bioinert, aiming to minimize the formation of scar tissue at the 

interface between the implant and the tissue. Dr. Larry Hench discovered Bioglass in 1969, which 

possesses the ability to bond with bone without being surrounded by fibrous tissues. It has been 

observed that Bioglass exhibits a significantly greater bonding capacity than other biomaterials. Its 

capability to generate hydroxyapatite with body fluid renders it unparalleled when compared to 

hydroxyapatite crystals. Besides providing a platform for cell development, the presence of silicon 

ions serves as a catalyst to accelerate cellular proliferation. Recent findings indicate that Bioglass is 

not only suitable for hard tissue regeneration but can also be applied beyond bone regeneration, 

such as in soft tissue engineering. Since the late 1960s, various techniques, including the melt-

quench method, the sol-gel method, flame spray synthesis, microwave synthesis, and others, have 

been developed for Bioglass formation. Additionally, a novel, cost-effective, environmentally friendly 

synthetic approach known as the bioinspired route was introduced by Santhiya et al. in 2013. This 

method draws inspiration from naturally synthesized nanostructured materials like silica in diatoms, 

following the guidance of biomacromolecule templates. Over the past two decades, bio-inspired 

synthesis of nanostructured ceramic oxides below 100°C has been well-established using organic 

templates. Santhiya et al. investigated the impact of various templates on the textural and 

morphological properties of Bioglass particles. In this current study, magnetic nanoparticles were 

templated on BG NPs, thus developing magnetism in BG.  Further we developed PTAs showing 

luminescence and magnetic properties in BG which are mesoporous in nature. In this thesis, 

considering the huge importance of bioactive glass hybrid materials for both soft and hard tissue 
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engineering applications, various in-situ mineralized bioactive glass hybrid materials are synthesized 

and characterized in detail. This thesis has been summarized in 4 chapters. 

Chapter 1 gives a broad overview of biomaterial generations, bioactive glass as a third-generation 

biomaterial in soft and hard tissue engineering, and applications of bioglass beyond bone 

regeneration. Furthermore, a comprehensive review of research on the synthesis of bioactive glass 

and the mechanism of bioactivity in simulated body fluid is presented. Synthetic techniques for 

doped magnetic and non-magnetic bioactive glasses are briefly described, along with their 

importance in biological applications. 

Chapter 2 Multiple biological advances have made use of bioactive glass (BG) nanoparticles (NPs) in 

regenerative medicine, bone and tooth repair, drug and gene transfer, cancer treatment, and 

cosmetics. Normal biocompatible coatings alongside hydrocarbons, polymers, and silica significantly 

affect fundamental attributes of NPs. In this study, we synthesized a novel mesoporous BG NPs with 

magnetite core shell (AMAG_BG) using L-arginine as a template processing magnetic hyperthermia 

(MH). BG network coverage on magnetite (AMAG) NPs were orchestrated first time by bio-inspired 

synthesis in watery dissolvable.  AMAG and AMAG_BG NPs were characterized by utilizing FE-SEM, 

HR-TEM, and BET analysis. The elemental composition of L-arginine templated magnetite (AMAG) 

and AMAG_BG NPs was also determined by XPS and EDX analysis. Characteristics of AMAG_BG were 

contrasted with bare AMAG NPs in morphology, particle size, porosity, and composition. The 

fabricated BG NPs' in-vitro bioactivity and heat studies were successfully monitored after interaction 

with simulated bodily fluid (SBF). Magnetic studies and in-vitro heat studies together demonstrated 

the behavior of BG NPs towards MH treatment of cancerous cells.  Cytotoxicity tests on AMAG_BG 

NPs using U2OS and human blood cells with appropriate control experiments revealed 
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biocompatibility. The study represents magnetic and thermal property-dependent sustainable 

synthetic process of AMAG_BG NPs for cancer treatment. 

 

Chapter 3 The nanosized 45S5 bioactive glass (BG) containing iron (Fe) and bismuth (Bi) as magnetic 

photothermal agent (PTA) (B_F_FABG) was first time synthesized by Bio-inspired route using folic 

acid (FA) template. Similarly, for a comparative analysis, BG doped with Fe/Bi separately (F_FABG 

and B_FABG) were also synthesized.  XPS and FTIR analysis of B_F_FABG revealed the presence of 

folic acid (FA) and dopants Fe and Bi in the BG network. Based on the XRD pattern, B_F_FABG was 

semi-crystalline in nature, with an average crystallite size of 0.2 ± 0.04 nm. Fe ions and FA molecules 

have a lower affinity for the BG network than the heaviest and most polarizable Bi ions, according 

to TGA analysis. An increase of Q4 species in B_F_FABG network was revealed by 29Si NMR 

investigation, due to the presence of Fe and Bi ions. For B_F_FABG, there was also a rise in Q3 and 

Q2 species due to the dual dopants. B_F_FABG is nano-crystalline, with an average diameter of 12.8 

± 0.3 nm, according to HR-TEM and SAED pattern.  The BG samples, both doped and undoped, were 

found to be mesoporous, with pore diameters ranging from 2 nm to 50 nm. Due to the presence of 

Bi ions, B_F_FABG showed remarkable photoluminescence along with bone bonding ability during 

excitation in the range of ~1092 nm. The magnetic characteristics were also induced in B_F_FABG 

due to Fe doping. The novel B_F_FABG NPs reported least toxicity through in-vitro haemolysis assay 

and is an ultimate multifunctional material to treat bone abnormalities. 

Chapter 4 The current study focused to synthesize magnesium (Mg2+) and bismuth (Bi3+) co-doped 

bioactive glass (BG) nanoparticles (NPs) at ambient conditions. Curcumin (CC) a therapeutic agent 

was used as a template to synthesize BG NPs along with 1 mol% MgO and increasing amount of 

Bi2O3 (From 0.5 mol% to 1.5 mol%). XPS confirmed the presence of doped elements in BG samples. 
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XRD reported an increase in mean crystallite size that was from 0.1 ± 0.02 nm to 0.3 ± 0.02 nm with 

the increase in Bi3+ ions concentration, which has metallic nature. The FTIR study confirmed silicate 

network development in CCBG with CC template and largely highlights the Si–O–Bi stretching 

vibrations. TGA revealed that co-doping of Mg2+ and Bi3+ to the BG samples increased their thermal 

stability in comparison to the control. Co-doping in BG NPs indicated more open SiO2 network as 

depicted by NMR. FE-SEM and HR-TEM along with SAED pattern confirmed that co-doped BG NPs 

were nanosized with increased crystallinity with increasing Bi3+ concentration. The optical 

transmittance behaviour showed a strong emission peak at 480 nm with decreased intensity with 

increasing Bi3+ ion concentration. Co-doped BG NPs were found to be mesoporous, with pore 

diameters ranging from 2 nm to 50 nm according to BET analysis. In-vitro bioactivity revealed 

excellent bone bonding ability of BG. The novel co-doped BG reported least toxicity and excellent 

biocompatibility through in-vitro haemolysis assay and MTT assay. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction: 

 

Fig.1.1 Musculoskeletal disorders that typically develop and affect bone densities 

Although composed of living bone cells suspended in a biomineral media, bone is not uniformly 

robust. Taking everything into account, the hardening of this medium of nearly entangled cells 

becomes bone. Collagen filaments and tiny crystals of an inorganic bone mineral make up most of 

the bone itself. In addition to being the primary structural support, bone serves as a mechanical aid, 

the attachment points for muscles, tendons, and ligaments, and a shield for the most important tissues. 

Furthermore, bone marrow structure provides essential mineral elements and site for haematopoiesis. 

Osteoarthritis, osteoporosis, rheumatoid joint inflammation, low back discomfort, and appendage 
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injuries are examples of musculoskeletal disorders that typically develop and affect bone densities 

[1].  

The normal process of bone recovery is particularly more effective against minor cracks or small 

bone deformities. In any case, the challenge emerges with an increment in the severity of fractures or 

complications brought about in different bony illnesses, prompting reduced vascularity or enormous 

bony tissue loss. This poses a significant challenge to our health system. Even after the colossal 

progression in the field of biomedical designing, surgery stays the lone choice for the therapy of bone 

illnesses and wounds [2], which further leads to the danger of unfavorable response to sedation and 

prosthetic joint, bleeding, blood clots, delayed skin healing, instability or firmness in the joints, 

damage to the nerves and veins, dislocation or extricating of the artificial joint and many more. 

The connection among bone and cancer has gone through significant changes lately and oncology 

needs to deal with an expansion of bone metastases occurrence with an extreme difference in 

epidemiological information and a strong clinical effect. Consequently, at present bone metastases 

are answerable for the high dismalness in malignant cancer patients [3]. This bioactive glass (BG) is 

thought to be the first man-made material to attach to living tissue and has been successfully moved 

to industry and clinics with Food and Drug Administration (FDA) endorsements and CE marking 

certificate for dental and orthopedic products. Nanosized bioactive glass has likewise been created 

and joined with other natural materials to improve nanocomposites for muscular health. For example, 

45S5 BG nanoparticles (NPs) with size circulation of 20 nm to 50 nm can be prepared by flame spray 

method [4] and added to polymeric frameworks to shape nanocomposites. [5] 

Diverse kind of biomaterials as a bone replacement material are notable from late hundreds of years 

and were arranged under three distinct ages. Generally, the motivation behind original biomaterials 

was to replace unhealthy, diseased, or aging tissues. Along with it, the actual property of the chosen 

material needs to coordinate with the supplanted tissue with least toxic reaction for example it must 

be bioinert, corrosion-resistant, nontoxic. It should not trigger any response in the host, neither 
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dismissed nor perceived. The quality of 'Bio-inert' tissue reaction results in the development of non-

adherent fibrous capsules at the material-host interface. The second-age biomaterials are bioactive for 

example they can bond with the living tissues so they can connect with the organic climate to upgrade 

the natural reaction and are bioresorbable. For example, they can degrade while new tissue forms and 

recovers. BG as a bone regeneration material goes under the second-age biomaterials. For example, 

on interaction with the injury site of bone, BG NPs prompts the disintegration of particles which 

brings out a healthy bone. The third-age biomaterials are bioresorbable, biodegradable, and 

furthermore have the capacity for cell and gene activation [6]. Because of three-dimensional 

permeable structures, they can activate genes that prompts the recovery of living tissue. For these 

biomaterials, the bioactivity and biodegradability ideas are consolidated, so the blend of bioactivity 

and biodegradability is the most crucial attributes of the third-age biomaterials. The work of BG as 

third-age biomaterials can be stretched out to various applications.  

 

Fig.1.2 Crucial attributes of three age biomaterials 
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1.2 Bioactive Glass: 

The origins of BG can be traced back to late spring 1967, when Larry Hench, a leading figure in 

contemporary biomaterials science, happened to meet a US Army colonel while travelling to the US 

Army Materials Research Conference [7]. Hench initiated the groundbreaking work that resulted in 

the discovery of 45S5 Bioglass®, the first BG, and all following research in that field [8]. 

 The main example of a substance that may adhere to living tissues without becoming "disengaged" 

in a collagenous capsule were BG, which also paved the way for a novel concept involving three 

materials in medicine. Remarkably, substances that could not only last inside the human body without 

becoming toxic or deteriorating but also actively participate in tissue healing processes were used [9]. 

Particles of calcium and phosphate found in BG are available to the same degree as hydroxyapatite 

(HA) found in bone. These glasses are biocompatible and stick to the tissue. They are currently used 

as covering material, scaffolds, and bone grafts in the context of muscle health and have a broad range 

of clinical uses [10]. Silica is used as a key component of the glass structure in the construction of 

BG. SiO4 tetrahedron, which is joined at the oxygen centres, provides the basis for the amorphous 

structure found in silicate glasses. The open structure of silica in silicate glasses is a result of non-

connecting oxygen particles attached to the silicon.  

Network modifier expansion, such as that of Na+ and Ca2+, also contributes to the opening of silica 

network structures. These particles open the glass structure by replacing the structure's crossing over 

oxygens with non-connecting oxygens. A few characteristics of the comparison glass are determined 

by the amount of modifier ion-oxygen bonds and non-connecting oxygen links [11]. Every silica 

tetrahedron has more than 2.6 non-bridging oxygen particles because of BG, which is necessary for 

bioactivity [12]. BG composition differs slightly from that of traditional soda-lime-silica glasses, 

which contain more than 65% silica by weight. The components SiO2, Na2O, CaO, and P2O5 are 

necessary for a glass to gain bioactivity [13].  
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SiO2 levels should range between 45 and 60 weight percent, while high levels of Na2O, CaO, and 

CaO/P2O5 ratios are desirable. Increased SiO2 content slows down the rate at which the glass particles 

break down on the surface, which reduces bioactivity. Moreover, exceptionally low silica content 

results in completely soluble monomeric SiO4 units. When in contact with physiological fluid, silica 

content also plays a major role in the formation of hydroxyapatite carbonate (HCA), which initiates 

the synthetic bond to hard or fragile tissues. When a body liquid is absorbed, a high CaO/P2O5 ratio 

will often encourage the arrival of particles from the material's surface, forming a surface layer of 

HCA in a very short interval of time.  

Since phosphate particles are also available in physiological fluid, bioactivity can be free of P2O5 

[14]. 

 

1.3 Bioactivity mechanism for Bioactive Glass: 

The system proposed by Hench for clarifying the nucleation and precipitation of crystalline HA (or 

when all is said in done, apatite-like stages) on the glass surface is a 5- stage process dependent on 

the disintegration of ionic species from the glass network [15,16]:  

1) Cation exchange: the principal stage includes the trading of monovalent and bivalent cations, 

specifically Na+ furthermore, Ca2+ inside the glass, and H+ particles from the solution. This will 

prompt the development of silanol bonds (Si-OH) on the outside of the glass as per the reaction:  

Si-O-Na2+ + H+ + OH-   →    Si-OH+ + Na+ (aq) + OH- 

As a result, the arrangement pH will increase and a silica-rich layer will form. If present in the glass 

composition, additionally phosphate particles can be released. Since monovalent particles are less 

firmly attached to the glass network, they will be lost quicker than bivalent ones;  

2) With the progressing of the exchanging reaction and the ascending of the pH towards alkalinity, 

Si-O-Si bonds are captured by hydroxyl particles. At the point when all the four Si-O bonds of a 
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solitary Si atom are broken, soluble silica, Si(OH)4, is lost in the arrangement. This builds the quantity 

of silanols at the glass-liquid interface;  

3) Since hydroxyl gatherings can respond and condensate between one another, the third step includes 

the buildup and the polymerization of silanol groups. Doing as such, a silica-rich amorphous layer is 

shaped (silica gel). It can assimilate particles from the arrangement and serve as a decent atmosphere 

for the precipitation of HA;  

4) Diffusion of calcium (Ca2+) and phosphate (PO4
3-) particles through the silica gel and from the 

arrangement, consequently forms a amorphous CaO- and P2O5
- rich film on the silica gel   layer. A 

short time later, the undefined calcium-phosphate film begins to solidify;  

5) Crystallization of the calcium-and phosphate-rich layer and arrangement of HA. Due to the 

presence of extra ionic species, like carbonates – which relocate from the solution to the glass surface 

– and F- particles delivered by the glass (if it contains fluorides [17]), the HA shaped on the embed 

surface may not be stoichiometric yet is really a blended apatite including hydroxycarbonate apatite 

and fluorapatite. 

1.4 Doping of Magnetic Nanoparticles in Bioactive glasses: 

Applications of magnetic hyperthermia in cancer treatment have been investigated in detail for 

ferromagnetic, ferrimagnetic, and superparamagnetic materials [1]. Applying an alternating external 

magnetic field to a magnetic material result in magnetic losses that are dissipated as heat, raising the 

local temperature and creating magnetic hyperthermia. The placement of these materials adjacent to 

tumours may cause the cancer cells to weaken or die, while maintaining the viability of the healthy 

cells [1]. It is conceivable since cancer cells can only withstand temperature stress up to 43 °C, 

whereas healthy cells may withstand stress up to 46 °C. Thus, cancer cells are specifically destroyed 

while healthy cells are little impacted by increased temperature that is carefully regulated [2], [3]. 
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The most readily available materials for applications involving hyperthermia are superparamagnetic 

iron oxide nanoparticles (SPIONs) [4, 5, 6, 7]. However, other ceramics with appropriate magnetic 

properties can also be used for this purpose, such as magnetic bioactive glass-ceramics (MBGCs), 

which have been suggested as a means of treating bone cancer through hyperthermia. These intriguing 

glass-ceramics, known as MBGCs, are made from the partial crystallisation of BG and have the 

potential to treat bone cancer by inducing hyperthermia and promoting repair of the tumor-caused 

bone defect. Their bioactivity, or their capacity to develop an apatite-like layer on their surface in a 

host tissue, is what gives them the capacity for regeneration [8]. 

As in the case of MBGCs, the bioactivity behaviour can be affected by several glass structure-related 

factors, including the inclusion of therapeutic ions in the glass network or the crystallisation of the 

glass matrix [9]. Thus, the primary concerns with MBGCs are optimisation of both bioactivity and 

magnetization. Biomaterials known as MBGCs are used to treat bone cancer by magnetic 

hyperthermia, which not only heals the injured bone but also treats the bone tumour. However, 

because the heat treatment procedure that is used to generate magnetic phases is also associated with 

bioactivity loss, thus maintaining high bioactivity and high saturation magnetization remains difficult.  

A special blend of organic and inorganic components makes up bone. [4] The natural component is 

dominated by stringy collagen, while most of the inorganic ingredient is translucent HA. Bone may 

self-heal and mend. However, the bony abnormalities caused by external damage, bone infections, 

cancers, or aberrant bone development cannot be met by the bone's ability to heal itself. [5] Using 

clinical supplies such as artificial, allogeneic, and autologous bone tissues are essential. [6,7] Both 

techniques depend on recovering adjacent bone tissue. [8] Conditions that are recognised as vital in 

this cycle include pressure stimulation, synthetic stimulation, [9] organic component stimulation, 

magnetic field, electric field, and so on. [10,11] It has been demonstrated that the magnetic field 

affects cell metabolic activity, which improves the repairing of bone tissue.  

Due to its para-attraction, iron (Fe) is the substance that has garnered the most interest in recent 
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studies. [12] Unpaired electrons in the farthest layer twist, causing the particle to keep a certain 

magnetic moment. When activated by an external attractive field, this nuclear magnetic moment 

exhibits a weak attractive power that adapts to that field as it is constructed along the same field. This 

is known as paramagnetic character. [13] Nuclear magnetic moments made of unpaired electrons are 

present in ferromagnetic materials. These moments are equally well-organized and exhibit strong 

outward attraction in the absence of any attractive field. The bone has a small amount of paramagnetic 

iron which is superbly conductive. Thus, it is used in bone implant materials.  

It is due to their extraordinary appealing qualities and excellent biocompatibility, magnetic 

nanoparticles (MNPs) are exploited as biomaterials. [14] Recent applications include drug transfer, 

attractive hyperthermia, natural division, and atomic attractive imaging. Under the influence of the 

attractive field, the attracted particles are gradually saved on the outer layer of the cell film. [15] The 

enticing particles are engulfed by the cells as they endocytose them. Once within a cell, it is simpler 

to alter its physiological capabilities. Each magnetic molecule will turn into an attractive source if the 

magnetic field is utilized, allowing the magnetic framework material to be used in the therapy of bone 

tissue damage. [16,17] The magnetically attracting particles rapidly charge up when they come into 

contact with an external attractive field (EAF). [18] The EAF and the attracted particles work together 

to increase the effectiveness of their treatment for bone tissue modelling. [19] Different MNPs 

 like iron, nickel, cobalt, chromium, manganese, gadolinium etc. have been employed in the clinical 

industry, either stacked with or without medications. MNPs have proved to be effective, particularly 

in the repair of bone tissue. The employment of appealing NPs in the field of bone tissue regeneration 

is examined in this article together with conventional synthetic techniques, equipment, and 

applications. [20] Because of recent developments in biomedical applications, synthesis and 

processing of biomaterials should follow safer and sustainable techniques for clinical diagnosis and 

therapies. Sustainable technology is currently most significant in biological applications. [21] Since 

they have distinct synthetic, organic, and physical properties, NPs provide a number of advantages. 
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[22] The structures (lipids, metals, peptides, and polymers) and forms (circles, pyramids, poles, and 

blooms) of NPs are influenced by mixing methods and functionalization processes.  

Biomedical NPs evaluating novel pharmaceuticals were the main focus for the development of a 

practical nano system that simultaneously provides imaging and are useful to medical experts as well. 

[23,24] 

1.5 Synthetic Methods to prepare Magnetic Nanoparticles: 

Fe3O4, Fe, Co, Ni, MgFe2O4, and Co Fe2O4 are just a few of the interesting nanostructures that utilise 

various fundamental arrangements. The most creative and usual invention of alluring nanomaterials 

is Fe3O4. With endless potential applications, effective strategies have tremendously advanced. The 

two most common attractive Fe3O4 arrangement procedures are the dry strategy and the wet 

technique. [25] The wet method, which includes the accompanying method, aqueous strategy, 

hydrothermal synthetic method, synthetic co-precipitation method, mechanical grinding method, wet-

synthesis method, and film deposition technology, is the one most commonly employed. [26,27] 

Depending on the ready circumstances, planning techniques, and driving forces used, the turnover 

number (TON) and turnover recurrence (TOF) in the amalgamation of MNPs could be variable. [28] 

With the aid of various impetuses, the Suzuki reaction and Heck response of halogenated benzene 

can be successfully carried out in the synthesis of MNPs for bone fixing. [29] The average TOF and 

TON can be greater than 50,000 h-1 and 30.000 mol, respectively. [30] 



35 
 

 

Fig.1.3 Methods to prepare Magnetic Nanoparticles 

1.5.1 Organic phase synthesis 

MNPs may also be created in response to natural arrangement patterns. MNPs can be made via wet 

chemical methods that involve watery environments, such as microwave amalgamation, aqueous 

reactions, and synthetic co-precipitation techniques. [31] Using a natural stage blend, MNPs have 

been planned while accounting for Fe, Co, and Ni oxides, centre/shell structures, and free weight 

structures. Provisional Magnetic Nanomaterials in Bone Tissue Repair is a temporary record. The last 

set article shape, and organisation of MNPs are not affected by at least one response boundary, such 

as reactant focus, dissolvable extremity, and reaction temperature/time. [32] Here, the primary 

concern is the combination of monodisperse MNPs. 

 

1.5.2 Hydrothermal Synthetic Method 

The aqueous approach is a better method for creating attractive nanocomposites. A reactor, which has 

several benefits like easy operation and excellent response efficiency, is also used to manage the 

reaction. [33] The metastable state and nano morphology obtained by aqueous/hydrothermal 

processes are challenging to obtain using alternative approaches. Most of the times, Fe3O4 is 
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introduced to a high-pressure reactor along with FeCl2, FeCl3, and NaOH utilizing an aqueous 

approach. [34] The response criteria for the solvothermal approach and aqueous strategy are 

comparable despite variances in the methods for using the ethylene glycol medium. The approach is 

suitable for larger temperature range since the dissolvable employed has a higher edge of boiling over 

water. [35] Using decreasing solvents, materials could be shielded from oxidation during high-

temperature planning. Experts have effectively pre-arranged basic metals, compounds, and attractive 

metal oxides using aqueous/hydrothermal processes. [35] 

1.5.3 Chemical co-precipitation 

The most readily approach for Fe3O4 is synthetic co-precipitation. To create an expedient or hydrated 

precursor, basic medium substance is added to the mixture of dissolvable iron salt and ferrous salt. [36] After 

washing, drying, and consumption methods, attractive NPs would be added. This technique is easy to apply 

and can produce a large quantity of NPs. The only aspect of grain growth that can be regulated is its dynamic 

component. Hence this strategy's weakness is the inability to influence molecular size and transportation. [37] 

 

1.5.4 Mechanical Grinding Method 

Through solid plastic mis-shaping, mechanical crushing reduces big particles (Fe3O4 with an average 

molecular size of 10 mm) to nanometre size. [38] The principal process for repurposing coarse-

grained material in the planetary ball plant is impact, either between the steel balls itself or between 

the steel balls and the interior mass of the crushing tank. Dry crushing interactions can be used to 

create NPs, but the end result is micron-sized molecule totals with nanograin structure because to 

repeat crushing virus welding. [39] To obtain deeply disseminated NPs, a moist crushing contact with 

a strong crushing and pounding force is required. Ceramic powder is more suitable for ball processing 

since it is weaker than metal. [40] Excellent molecule size reproducibility is provided by the actual 

ball processing technique. Due to prohibitively expensive technology, lengthy production cycle, and 

limited expertise, modern creativity is difficult to fulfil. [41] 
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1.5.5 Wet Method Synthesis 

The best wet technique is a wet chemical approach to produce nano metal oxide. To structure a "sol" 

of NPs, this technique depends on hydroxylation and the accumulation of subatomic precursors. In 

supercritical environments, scientists organised Fe3O4 NPs using the wet chemical technique. [42] 

The particles had a monodisperse dispersion with size typically close to 8 nm, according to the data. 

Because of the particles' small molecular size and robust dispersion, the authors hypothesised that 

they might be employed in biological magnetotherapy. It was found that by combining 

Co(NO3)26H2O, chromium nitrate, Cr (NO3)39H2O, and iron nitrate, monodisperse circular Co-Cr-

Ferrite nanomaterials could be produced easily. Co-Cr-Ferrite NPs were constructed in monodisperse 

layers that were stable and showed incredibly alluring properties. [43] 

 

1.5.6 Film Deposition Technology 

Recently, film layer deposition has emerged as a crucial thin film deposition invention. It is frequently 

employed in thin film evidence on the outer layer of different semiconductors, metal oxides, and 

polymers. [44] This process has lot of benefits, including high consistency and accurate item 

thickness control. For multi-part structures, it is a useful technique for integrating controlled 

composite materials. Researchers used SiO2-coated -Fe2O3 nanofibers along with film deposition 

techniques. It served as an electromagnetic wave absorber. According to the results, the generated 

attractive carbon nanowires have a uniform shape, less attractive reflection loss, and a larger recurring 

ingestion area than basic carbon nanowires. This shows that electromagnetic waves have a larger 

retention limit. [45] 

 

 

1.6 Sustainable Synthesis of Magnetic Nanoparticles: 

As it facilitates the creation of less polluting chemical processes and synthetic pathways to get desired 
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products using sustainable resources, catalysis is a crucial instrument in green chemistry. Catalysts 

must be able to recover, for them to be used on an industrial scale; this is a sine qua non need. 

Although heteroelement-containing molecules and metal complexes of rhodium, palladium, and iron 

have shown superiority in terms of activity and selectivity, the bulk of industrial catalysts continue to 

be heterogeneous due to the latter’s ease of recovery. [46] Metal-containing NPs are desirable catalyst 

choices in this situation because they offer increased opportunities for recycling along with high 

activity, selectivity, and tunability. Size, crystallinity, the type of exposed facets, monodispersity, and 

composition of NPs are among those which influence catalytic process the most. [47] 

 

1.7 Bio-Inspired Synthesis of doped Bioactive Glass Nanoparticles: 

A golden mean between synthetic and bio-based solutions has been found, considering the drawbacks 

of the bio-based approaches. Using a technique known as "bioinspiration," one can create synthetic 

molecules with the desired motifs by first comprehending the chemical principles that underlie the 

biological pathways. These artificial molecules enable control over important characteristics of 

nanomaterials, including particle size, crystallinity, and porosity, at the laboratory scale, while 

preserving the gentle, environmentally friendly character of biological production [26]. These 

bioinspired procedures typically work in water and at room temperature, taking a few minutes to 

complete. These characteristics lead to mild, one-step process that uses non-hazardous chemicals and 

significantly reduces time and energy consumption while allowing the synthesis of high-value 

compounds for specified applications. 

The design of surfactants as templates for ordered mesoporous materials is the one used for 

bioinspired synthesis techniques [27]. Since its first report in 1992 [28], the surfactant-templated 

synthesis route has revolutionised the field of inorganic porous nanomaterials research. Nevertheless, 

because surfactants are frequently single-use substances, the strategy continues to have problems with 

poor resource (raw material) efficiency 27, 29. Renewable surfactants can take the place of 
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conventional synthetic surfactants by adding bioinspired motifs to their chemical structures [30]. This 

lessens the problem of materials’ intensity during their manufacture. 

 

 

1.8 Doped Bioactive glass Nanoparticles as effective photothermal agents (PTAs): 

Due to their extraordinary qualities, which are essential for creating multifunctional systems, such as 

good biocompatibility, controllable degradation rate, osteo-inductivity, antibacterial capability, and 

pro-angiogenic effect, BG and glass-ceramics (BGCs) have been used since 1969 for a variety of 

applications in tissue engineering, implantology, and pharmaceutics.6–8 Since 21st century, several 

compounds have been seriously examined for the treatment of cancer.9, 10 They are altered to serve 

this goal by adding uncommon and biologically active components, which expands the scope of their 

functionality.11, 12 The various cancer treatment modalities that employ BG and BGCs are 

mentioned, including phototherapy, medication delivery, radiation, and hyperthermia. 

Mesoporous bioactive glasses (MBGs) are a more targeted treatment for malignant tumours because 

they include built-in features such as the capacity to control gene expression and regenerate damaged 

tissue or bone, along with the ability to load and release medications under control. In order to 

selectively improve treatment of medications depending on the pH difference between normal and 

malignant tissues, new drug delivery methods based on pH-triggered drug release by MBGs are being 

developed. These intelligent devices exhibit specific tumour damage in vivo and increase the toxicity 

of cancer cells in vitro. 

Since laser penetration may be controlled, a locally heated malignant area exposed to laser radiation 

may occur in photothermal effect (PTT). Here, hot cancer cells are eliminated without endangering 

surrounding tissues or organs. As PT conversion agents, a variety of NPs have been used to absorb 

near infrared (NIR) light and convert it to heat. Thermal apoptosis of malignant cells can also be 

produced by the PT effect brought on by light input. Research revealed that the glass structure's 

doping of metal ions may have PTT therapeutic potential. The first PTT effect in BG doped with 
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copper, iron, manganese, and cobalt ions was reported by a researcher. Moreover, carbon dots (148) 

and bismuth (Bi) (147) caused a PTT effect in BG. One novel concept involved utilising BG to rebuild 

bone while combining PTT, medication administration, radiotherapy, and spectacles to create 

multifunctional cancer treatment devices. To achieve the best possible therapeutic impact for bone 

tumours, multifunctional glasses with anticancer and bone-regenerative capabilities that can remove 

bone tumours and frequently stimulate the production of new bones are being developed. Bi-doped 

BG were created by another researcher to induce PTT and bioactivity response for bone tumour 

therapy and tissue restoration. Bi-doped BG enhances remineralization of bone tissue and provides 

photo-induced hyperthermia. Depending on the irradiation time and Bi concentration, the high PTT 

transformation of Bi raised the temperature locally from 42 °C to 86 °C.  

The nonradiative and radiative techniques were controlled to regulate the PTT effects. Additionally, 

Bi-doped BGs had a strong inhibitory effect on the survival of malignant cells and were noncytotoxic 

before and after laser irradiation. It was demonstrated that exposure to NIR killed over 80% of human 

osteosarcoma line U2OS tumour cells. These dual-functional materials present novel opportunities 

for the treatment of bone tumours due to their exceptional bioactivity and tumour therapy. Another 

element that can be added to MBGs to provide PTT effect while preserving bioactivity is copper. 

Owing to their superior biocompatibility, antimicrobial qualities, bone-regenerating capacity, and 

cancer theragnostic, copper-doped BG offer promising prospects for biomedical uses. In PTT, it is 

essential to administer a very homogeneous laser to the treated region to prevent tissue damage from 

localised hot spots. 
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1.9 Biomedical Applications 

 
 

Fig.1.4 Synthetic techniques and Biomedical Applications of the Magnetic Nanoparticles 

 

 

1.9.1 Ability of Magnetic field to Repair Bone Cells or Bone Tissue 

It is possible to manage and direct a cell's capacity when it is subjected to an external attractive field 

because attractive NPs can stick to the surface of the cell. The study investigated the effects of 

attractive 200 NPs on undifferentiated mesenchymal cells in bone marrow. [48] When an external 

attractive field is triggered, attractive NPs have the potential to greatly accelerate the proliferation of 

undifferentiated bone marrow mesenchymal cells. The experiments concentrated on the impact of 

attractive NPs and an applied attractive field on human mesenchymal basic microorganisms. [49] 

After 21 days of in-vitro development with accepting medium and the action of attractive NPs with 

attractive field, human mesenchymal immature microorganisms can separate into osteoblasts, 

adipocytes, and chondrocytes. [50] Defective skull bones of naked mice were filled with polished in 

vitro cells. However, the control group did not show any new bone shape 14 days after the cells were 

inserted, according to histological analyses (no embedded cells). [51] It demonstrated how combining 
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the effects of an attractive field and a NP attractor might hasten bone healing. It has been demonstrated 

that due to larger part of their own intrinsic attractive power and the external attractive field, attractive 

NPs can accelerate bone tissue healing. The external attractive field's impact on bone healing was the 

subject of studies. [52] They placed calcium phosphate-attractive NP composites under the rodent's 

back. When subjected to an external attractive field, this composite material can considerably speed 

up cell division and proliferation as well as the development of new bone tissue 30 days later. This 

exemplifies the ability of the field of attraction to aid in bone mending. [53] It is essential to maintain 

the flow of NPs among MNPs to ensure the full impact. Although this degree of misunderstanding is 

most obvious at the nanometre scale, it grows when molecule size lowers on the material's surface. 

[54,55] NPs exhibit highly pronounced impacts of material holding power, van der Waals scattering 

power, and Coulomb power. Reassembling particles is simple. From the standpoint of surface energy, 

the bulk of MNPs have high surface energies and are hydrophobic. [56,57] The tendency of these 

NPs to combine into large agglomerates ultimately causes molecules to grow larger in order to 

decrease the total surface energy. [58] As demonstrated by the agglomeration system of MNPs, the 

scattering problem of nanometres is largely intended to address the issue of hard agglomeration 

(particles agglomerated in an eye-to-eye association between NPs). Freeze drying, non-agglomeration 

under ultrasonic activity, naturally dissolvable washing, and surfactant against agglomeration are 

currently the most widely used non-agglomeration techniques. [59] The one that best inhibits 

agglomeration among them is the surfactant, also referred to as a surface modification. The ability of 

MNPs to heal bones in interesting fields will depend on how well they can re-join, deteriorate, or 

change in structure. [60] Particles with underlying alterations mainly show that after the action, the 

responsiveness of the attractive field boost, the migration of bone cells, and the bone healing work 

gets diminished. This is in contrast to MNPs in good condition. [61] Magnetic nanomaterials are 

superparamagnetic and offer desirable responsiveness in addition to the exceptional properties of 

nanoscale materials. [62] They can hold onto electromagnetic waves to generate heat in a variable 
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attractive environment and can align and orient themselves in a constant attractive field. Attractive 

iron oxide NPs are widely used in these processes to promote drug stacking, bone organisation with 

undifferentiated cells, bone arrangement with structures, and bone creation. It has been proved 

through various studies that attractive NPs have high application potential that can significantly heal 

the bone. [63] 

 

1.9.2 Magnetic nanoparticles in Imaging 

The advancements in nanotechnology, cell and atomic research, and imaging modalities have led to 

new imaging discoveries. MRI is used in biomedical imaging to visualise a sign that manifests as a 

tissue response to an external attractive field that is controlled by the proton thickness of a proton and 

the attractive unwinding time. [64] More than 30% of MRI investigations conducted till now have 

focused on contrast experts. The practical applications for cancer imaging of sizes 2 -3 mm are 

enabled by the high spatial MRI aim and MNP accuracy to the objective. [65] Pre-arranged 

composites may be excellent T2 contrast specialists that improve imaging of HepG2 human 

hepatocellular carcinoma present in mice, according to experimental evidence from animals. [66] 

Despite attempts in vivo, macrophages and tumour cells absorbed poly (ethylene glycol) (PEG)-

coated, customised MNPs with a 15 nm centre size with little to no negative effects in in vitro 

experiments. [55] After injection, the tumour ingested organised nanoparticles in substantial volumes, 

providing unusual possibility for continual monitoring of the growth's evolution while magnetic 

resonance imaging (MRI) continued to contrast different specialists. Surface ligands significantly 

enhanced the MNPs' MRI application look. [67] MNPs have recently been combined with other NPs 

for multimodal imaging techniques to enhance the imaging signal for the early detection and 

treatment of cerebrum disorders. MNPs can be used for bimodal imaging because of their uniqueness. 

[10] In order to analyse diseases or internal wounds in veins, bones, delicate tissues, and other parts 

of the body, MNPs have been studied in registered tomography (CT) as multimodal contrast 

specialists. Other NPs, such as gold NPs, have been mixed with these particles.[69] Due to their high 
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X-beam reduction and high thickness, mixture NPs can be used as CT contrast agents to help 

distinguish between organic and nonbiological materials and tests. MNPs with beneficial groups 

enable them to target certain organs or potentially even tissues, reducing their detrimental effects. 

[68] In ghosts for X-beam CT and T2-weighted MRI, novel multimodal contrast agents constructed 

of gold-covered SPIONs have been investigated. When illuminated with X-beams, the gold coating 

may raise the difference of these NPs. The appealing material is a well-known cause of negative 

differentiation in MRI. [69] Separately, gold nanospheres with amino functionalities (Au-SHPEG-

NH2) and hydrophilic and carboxyl-functionalized Fe3O4 NPs were mixed. By mixing hydrophilic 

Fe3O4 NPs with gold NPs via an amide reaction, Au-Fe3O4 nanohybrid composites were created. [70] 

MNPs have also been employed in ex vivo tissue models and as a bosom mirrored ghost for ultrasonic 

CT (UCT) imaging. It demonstrated an improvement in the ratio of difference to commotion and can 

be applied as a first step in a medical diagnosis. [71] It was also suggested that these MNPs may be 

used for multimodal magnetic resonance/computed tomography imaging, making it possible to detect 

the presence and spatial distribution of molecules in both raster-filter projection and ultrasound 

computed tomography imaging. These nanocomposites have incredible promise for synchronous 

multimodal imaging-directed malignant growth biomedical applications because of their profoundly 

adaptive multifunctionality. [72] These bimodal experts upgraded the double/multipurpose 

differentiation, which may also have the potential to occur on the watch. However, it was anticipated 

that additional research will highlight the clinical utility of metallic NPs. [73] 

 

1.9.3 Magnetic nanoparticles in Cancer Treatment 

Biocompatible MNPs have undergone substantial study as heat sensors for hyperthermia in the 

therapy of malignant development due to their high adequacy and a number of incidental 

consequences. [74] It eventually developed into a cutting-edge and creative heat therapy where MNPs 

are the masters of heat delivery. Effective therapeutic procedures include chemotherapy, surgery, 

immunotherapy, and radiation therapy in addition to the disease-treating methods presently in use. 
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[75] When cancer cells are exposed to a non-intrusive applied exchange alternating magnetic field 

(AMF), MNPs produce heat that causes attractive hyperthermia, which leads to cell death. MNPs are 

a treatment option for hyperthermia in general. [76] Furthermore, IONPs coated in dextran or 

liposomes are another class of MNPs that has attracted significant clinical attention. Due to their 

greater strength in aqueous arrangements, mixture nanomagnetic structures displayed higher specific 

absorption rates (SAR) values than exposed NPs. [77] Both in vitro and in vivo, they provide heat to 

cancer cells while having no negative or unfavourable impact on the cells around them. According to 

a recent study, the underlying reasons for the temperature increase are still not entirely understood. 

[78] In cultures with low MNP content and another AMF of low force, it is difficult to forecast the 

observable temperature rise in attractive hyperthermia. Therefore, it was investigated if cell death 

may be caused in this circumstance by intracellular ROS formation. It is nevertheless anticipated that 

strong and superior hotness nano mediators with incredible SAR values will be produced for 

quantified clinical applications. They are essential to overcome the different challenges previously 

faced because of the considerable amount of nanomaterial required for effective therapy. [24] The 

advantages of SAR are influenced by the attractive field's abundance and recurrence (f), as well as 

the morphology and synthesis of the MNPs (H). Therefore, the favourably implanted NPs should 

display high SAR and low f/H in the low material to achieve an influence of hyperthermia to 

malignancies. [79] To boost the SAR upsides when measuring SPIONs, either f or H (or both) can be 

extended. Still, clinical heating of prostate malignant growth is a difficult task. Clinical investigations 

using transmitted MNPs for thermotherapy have been successfully targeted for patients with prostate 

and glioblastoma problems since 2007. [81] Ten individuals had IONP liquid transperineally 

administered into their prostates over the course of six weeks. Six heated treatments lasting 60 

minutes each. The cancer zone and peritumoral zone have mild temperatures of 40.7 °C and 40.2 °C, 

respectively, whereas the prostate has the greatest temperature at 55 °C. Because of experiencing no 

substantial post therapy-related diseases, it proved the feasibility of the theory. [80] They examined 
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the possibility and universal acceptability of interstitial warming using IONPs in patients with locally 

recurring prostate malignant development and the very long-lasting maintenance of NPs in the 

prostate in a further modified clinical test. [81] The hyperthermia therapy can treat the most 

aggressive part of the tumour in people with normal glioblastoma, delaying or eliminating the need 

for radiotherapy or other medical intervention. The patients in this preliminary trial had a fever of 

44.6 °C after receiving 4/10 medicines. All patients appeared to tolerate IONPs well, with little to no 

side effects. [82] Patients with metastatic bone growths have developed hyperthermia as a result of 

carefully manipulating "exposed" magnetite NPs and calcium phosphate concrete, a biocompatible 

bone substitute, before implanting it. [83] Future preclinical research should focus on developing 

MNPs with improved targeting and heating capabilities for tumours. Additionally, other hyperthermia 

enhancers should be investigated in conjunction with attractive hyperthermia in order to attain clinical 

viability. [84] 

1.9.4 Drug Targeted Therapy of Magnetic Nanoparticles 

Attractive drug delivery systems with a therapeutic component embedded in composites of MNPs 

and polymers or bonded to shallow MNPs. The direct distribution of medications to an infection site 

without causing systemic side effects is known as targeted drug delivery. This can happen under a 

range of circumstances, including electric flow, attractive fields, temperature, light, and ultrasound. 

[85] The surface charge, charge thickness, substance compliance, shape, inner morphology, size, 

debasement, and aversion to upgrades of MNPs are among their intriguing and promising therapeutic 

qualities for the treatment of disorders. In a rodent intravenous growth model, IONPs coated in amino-

silane were administered as a vaccine. The growth was then heated to a temperature of around 43 °C 

to initiate the AMF growth inversion. [86] After the mice had been dead for 30 minutes, researchers 

discovered that, in an AMF, directly injecting an IONP solution into mouse head and neck cancer 

cells had no effect on normal cells. The biocompatible polymer PEG, which allowed this compound 

to pass through the reticuloendothelial framework, also enabled longer-lasting drug control. A new 

nanocarrier containing magnetite NPs and DOX was made using a single emulsion process, enclosed 
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in a biocompatible poly (lactic-glycolic corrosive) (PLGA) shell. [87] They were employed for 

controlled drug administration via intra-tumorally planned distribution. For MRI examinations, 

representational and therapeutic superparamagnetic magnetite NPs with an oleic corrosive coating 

are created in uniform-size PLGA nanospheres utilising an improved two-fold emulsion technique. 

The inclusion of MNPs altered the acquisition properties of the marginally water-soluble anti-cancer 

drug camptothecin. [88] The regulated drug release can concentrate on inhibiting malignant growth 

in actual animal bodies because the medication is coupled with MNPs in a composite. The use of 

MNPs as a transporter design is so effective and has intriguing biomedical and biotechnology 

implications. In order to develop multidisciplinary investigations in drug-conveyance frameworks 

and disease therapy with superior execution and few side effects, poly(lactide-co-glycoside) (PLGA) 

nanocomposite particles containing 5-FU and gold-improved magnetite NPs with a raspberry-like 

morphology were developed. [89] The most recent test showed improved double magneto- and 

photothermal reactions as a result of the coexistence of gold and Fe3O4 NPs. The drug delivery profile 

of the 5-fluorouracil (5-FU)-stacked nanocomposite particles was proven using a regulated delivery 

temperature of 37 °C in a phosphate-cradled saline setup. [90] Additionally, novel silica-covered iron 

oxide/polyaniline nanocomposites (Si-MNPs/PANI) with double stimuli-responsiveness have been 

created for biological applications. The findings demonstrated that Si-MNPs/PANI nanocomposites 

exhibited both aesthetically pleasing and electrically sensitive properties. Furthermore, these 

composites' in vitro cytocompatibility and hemocompatibility support their usage in particular 

dosages for controlled drug administration. [91] Despite its versatility and low cost advantages, 

electrical upgrades cannot be used in biomedical applications due to the risk of damaging healthy 

tissue due to its deeper penetrating action (lessening the improvement). [92] 

 

1.9.5 Magnetic nanoparticles in Isolation and purification of bio-analytes 

The world of biomedicine is transformed by attractive detachment thanks to sophisticated, focused, 

and controlled target capture. Chemicals, nucleic acids, antibodies, and proteins are examples of bio-
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analytes that can be separated and filtered utilising intricate, time-consuming chromatographic and 

electrophoretic procedures that integrate a range of advances. [93] The transfer of intriguing 

biomolecules that have been immobilised on a robust framework is one of these techniques. These 

methods can be replaced in terms of work, time, and yield by using MNPs produced with proclivity 

ligands to separate biomolecules from the mixture. [94] A faultless and skilled partition stage with 

excellent magnetophoretic adaptation is attractively responsive. The materials' enticing helplessness 

and size have an impact on how rapidly they respond to the intriguing field that is distantly applied. 

[95] Using a few levels of schematic depiction, the bio-separation of bio-analytes bound to MNPs is 

introduced. Because of their strength, great biocompatibility, appealing qualities, and high limits, 

MNPs are being used widely in bio-separation. [96] Without causing any damage to the sample, 

MNPs differentiate natural analytes from synthetic samples and lessen the hazy adsorption of 

undesired bio-analytes. Because of their low cost, high expulsion limit, reusability, high surface-to-

volume proportion, and reactivity towards eluent chemicals, MNPs are perfectly suited for 

detachment applications. [97] Additionally, it is more effective than centrifugation and filtration. In 

order to protect their surface from high temperatures and solid pH and to efficiently immobilise and 

separate proteins, nucleic acids, antibodies, chemicals, and other biomolecules, MNPs have replaced 

other substances due to their limited solubility. [98] Detachment methods have transformed into 

repeatable, quantitative, and arbitrary analytical instruments for biomedical applications in light of 

MNPs. Attractive division transforms into a quick, suitable, careful, and sensitive strategy for the 

improvement, cleansing, and identification of cells and macromolecules when paired with other 

identification approaches like microscopy. [99] It can also be produced as a fundamental part of 

microfluidic gadgets. MNPs can also be utilised to remove pathogens, tumours, and antigens locally 

or more broadly in vivo for diagnostic purposes. [101] 

 

1.9.6 Magnetic nanoparticles for Chemotherapeutic treatment 

Chemotherapeutic therapy does not have the ability to target individual cells; instead, it has cytostatic 
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and cytotoxic effects. It is widely used to treat malignant developments and kill cancer cells. After 

disguising, MNPs can be trained to concentrate on a specific area. [100] These NPs include 

therapeutic mixtures that are delivered to the cytoplasm of the cell to carry out the intended activity. 

Chemotherapeutic drug experts utilise MNPs that are infused into the blood and controlled by an 

alluring field remotely applied to the objective specific growth area to manufacture a helpful 

chemical. [101] Chemotherapeutics begin with the introduction of drugs intended to harm the disease-

causing cells' architecture. Biodistribution is improved by the impact of an appealing field on MNPs 

for safe transit of the drug to the interior milieu. [102] MNPs make it possible to utilise 

pharmaceuticals at dosages that minimise their potential negative effects. For drug-conveyance 

frameworks, these restorative combinations have a number of advantages over standard mixtures, 

including an improvement in intracellular invasion, a longer drug dissemination duration, and an 

increase in hydrophobic solubility. [90] Reduced hazy take-up, improved focus, controlled drug 

release, easier administration, and rational organisational frameworks are all benefits of controlled 

medicine delivery systems (aspiratory, oral, transdermal, and parenteral). The DOX medicine was 

effectively delivered using the intended nanocarrier, which was based on IONPs. By creating heat in 

an AMF, it could indirectly destroy disease-causing cells. [103] The model drug for the treatment of 

bosom illness was delivered using DOX-stacked alluring alginate chitosan microspheres (MCF-7). 

To induce the release of the medication DOX, they employed SPIONs, or alluring experts in 

hyperthermia. Studying MCF-7 cells in vitro and comparing them to either chemotherapy or attractive 

heat revealed significant cell passage. [104] The MNPs provided the heat within the shell and 

enhanced its permeability to enable medication administration. Bosom malignant growth cell (4T1) 

in vitro cultures induce apoptosis similarly to chemotherapy. MNPs and a lipophilic drug, carmustine, 

were stacked in the lipid centre of the oleosome to treat disease. These appealing oleosomes release 

the medication in a burst, which starts the anticancer effect. Combining an inventive SPION hydrogel 

with DOX demonstrated a successful remedy design and controlled medication release. [105] This 



50 
 

ground-breaking hydrogel therapy technique demonstrated excellent promise for slowing the growth 

of certain malignancies. Fe3O4-centered NPs in an AMF can produce enough heat by the release of 

DOX from an alginate shell to perform dynamic hyperthermia in conjunction with chemotherapy. 

These NPs include folic acid, which made it easier for the finished nanocomposite to penetrate and 

remain in the developing cells for longer period of time. [106] Specifically in light of the existence 

of a folate factor, in vivo trial and error proved the common sense of shared therapy for cellular 

breakdown in the lungs of mouse. [107] 

 

1.9.7 Magnetic nanoparticles for treating genetic and acquired human diseases 

The most efficient method for treating both inherited and acquired human illnesses is the conveyance 

stage with MNPs mixed with characteristics. It has viral, polymeric, non-viral, and MNPs that 

improve cell uptake to cure inherited diseases. The addition of an exterior quality with a functional 

quality to encode the helpful protein to treat the infection-causing transformation is the fundamental 

idea guiding the proposed remedial framework. [108] In order to supply quality, it is essential for 

these actions to advance DNA security, safeguard an objective quality from nuclease contamination, 

and raise change viability or care. One of the major quality delivery factors is the ability to target 

specific tissues or cells. MNPs and gene therapies have been proved to be effective in shielding 

nucleic acids from enzymatic degradation and endosomal liberation following cell internalisation. 

[109] Human bronchial epithelial cells that have undergone full transfection in vitro serve as the 

foundation for MNP-based quality transfection. By attaching DNA covalently to stripped MNPs, a 

novel DNA nano-vector was created, which by default created an incredibly sturdy quality 

conveyance structure. It was the reason why mesenchymal basic microorganisms had better cell 

uptake and higher transfection productivity. [110] To combat the undervaluation of typical quality 

treatment techniques, MNPs were created with restorative quality transporters. MNPs may 

successfully deliver exogenous quality to large vertebrate cells, while intracellular monitoring can 

reveal very consistent quality articulations. Thus, a promising method for the transfection of diverse 
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tissue explants and cell lines for quality therapy is exquisitely focussed upon via MNPs. For the 

successful recycling and recovery of a catalyst, intriguing (Fe3O4) NPs with alkyltrimethoxysilane 

functionalization and legal alkyl lengths formed uncommon candidates for efficient transporters for 

immobilising lipase. Trypsin molecule was noncovalently bonded to magnetite NPs in order to 

immobilise it and preserve the catalytic action for future re-use. [111] Using biotin to create MNPs 

for protein immobilisation dramatically reduced the likelihood of denaturation or protein debasement. 

Due to their vast surface area and tiny size, MNPs have been developed as flexible and 

multifunctional devices that offer ideal backings for the immobilisation of catalyst. By combining 

them with the appropriate surface functionalization, a variety of MNPs have been effectively used to 

immobilise chemicals and proteins that had previously demonstrated promising qualities in a number 

of real-world bio-applications. [112] 

 

2.0 Research Gap 

• The possible research gaps that I have came across till date for bioactive glass are as follows: 

1. Major studies focus on the bioactive glass as a bone regenerative material and in bone tissue 

engineering applications. 

2. Studies related to therapeutic applications related to regenerative medicine, periodontology using 

Bioactive glass are very less.  

3. To the best of our knowledge, therapeutic molecule laden bioactive glass for bone regeneration at 

a bone diseased site through topical delivery is an unexplored area which can be exploited for 

future benefits. 
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2.1 Objectives 

 

• To synthesize and characterize soft templated bioactive glass nanoparticles by bio-inspired 

method. 

1. To develop magnetite templated bioactive glass nano assembly for magnetic hyperthermia 

treatment of cancer. 

2. To fabricate folic acid templated bioactive glass nanoparticles for biomedical applications. 

3. To synthesize curcumin templated bioactive glass nanoparticles for photothermal treatment 

of cancer. 

• To investigate the structure and properties of anti-cancerous drugs for bone cancer treatment. 

• To evaluate magnetic and photothermal properties of bioactive glass nanoparticles. 

• To evaluate the cytocompatibility and in-vitro interaction of bioactive glass-based material with 

the bone cells for therapeutic applications. 
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CHAPTER 2 

Synthesis of Mesoporous Core Shell Magnetite Bioactive Glass Nanoparticles for 

Magnetic Hyperthermia Treatment of Cancer 

 

GRAPHICAL ABSTRACT 

 

 

 

2.1 Introduction 

Cancer is a comprehensive term which is used to address an enormous gathering of illnesses 

influencing human frame. Cancer is one of the destructive and deadly disorder causing an enormous 

killing of people around the globe, independent of developed nations [1,2]. There is no single 

treatment to fix this disorder. Rather, a blend of different methods is to be included for improved 

results. The most accomplished strategies for cancer treatment incorporate radiotherapy (to operate 

disease cells with light), chemotherapy (to operate disease cells with synthetic substances/drugs), 

medical procedure (by slicing), immunotherapy (by supporting resistant framework to battle against 

malignant growth), gene therapy (by utilizing genes), hormonotherapy (by dialing back or halting 

development of disease) and magnetic hyperthermia (MH) (to expose malignant growth of cells with 

temperature) [3,4]. 

MH is the encouraging method that has exhibited incredible ability to destroy malignant growth of 

cells through heat treatment. MH is typically utilized in mix with other therapeutic treatments like 
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radiation therapy and anti-angiogenic therapy of malignant growth cells [5]. It can be explained as 

the heat increase is due to the raise in hyperthermia cycle. This will further amplify the responsiveness 

of cells towards radiation therapy as well as anti-angiogenic therapy [6]. Generally, the word 

hyperthermia implies increasing the temperature of a particµµµar body part more than the typical 

internal heat level and maintaining it for a particular time span. It includes exposing of cancerous 

cells to excess heat (temperature close to 43 ⁰C) without damaging the healthy cells present in that 

part of the human body [7].The cell apoptosis process occurs when the temperature ranges between 

42 ⁰C to 46 ⁰C and when the temperature rises to 48 ⁰C, cell putrefaction begins. Both these systems 

lead to the killing of cells [8]. 

The hyperthermic potential of multiple magnetic nanoparticles (NPs) has been studied, including 

nanomaterials with SPIONs, NPs containing metals such as Mn, Zn, Co, Fe, Ni, Gd and related oxides 

[9]. Some of the best-known hyperthermic substances containing iron-oxide include magnetite 

(Fe3O4) NPs and maghemite (Fe2O3) NPs. Fe3O4 NPs are stabilized by ligands like hydrogel, 

cationic liposomes, dextran and polyvinyl alcohol while Fe2O3 NPs are stabilized by dextran. 

Another classification is of ferrites. It includes mixed ferrites of zinc, nickel, and copper 

(Ni0.65Zn0.35Cu0.1Fe1.9O4), cobalt-nickel ferrites (Cox Ni(1-x) Fe2O4), nickel ferrites 

(NiFe2O4), lithium ferrites (Li0.5Fe2.5O4), and manganese-nickel ferrites (MnFe2O4). Additional 

ferromagnetic NPs include Mn-Gd-Zn doped iron oxide composites (Mnx Znx Gdx Fe(2-x) O4), Fe-

doped Au and Zn-Mn-doped iron oxides (Znx Mn(1-x) Fe3O4) [10]. Out of all these materials, 

bioglass materials have been the most efficient in hard tissue regeneration. They are used as drug 

carriers in the treatment of cancer [11]. They are known for their bioactive reaction with physiological 

liquids within the affected bone leading to the formation of healthy bone cells. Also, they are good 

candidates for soft tissue engineering applications [12,13]. Thus, destroying the cancerous hard and 

soft tissues during treatment. Likewise, they also aid in recuperation of the affected bone parts. 

Despite their appealing properties, bioglass fell short on other necessary attributes. To join bioactivity, 
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solvency, mesoporosity and magnetic properties in the same material is a strenuous task. So, as per 

the knowledge, an attempt has been made to synthesize first of its kind mesoporous nanosized 

bioactive glass (BG) network with magnetite core shell by bio-inspired synthesis.  

Recently, magnetite (AMAG) NPs have been extensively studied because of their remarkable 

properties, like superparamagnetism, more remarkable surface region, and simple detachment system. 

To integrate magnetic NPs with reasonable surface science, many physical, synthetic, and 

organic approaches have been adopted. Therefore, we synthesized AMAG NPs by co-precipitation 

method to produce controlled size of  mesoporous AMAG NPs [14]. L-arginine is categorized as a 

fundamental amino acid in this research study. Carnitine is a supplement that is produced by L-

arginine and is an essential component of many human body cells [15]. Critically, L-arginine is liable 

for changing unsaturated fatty acids into energy. Thus, lowering down the cholesterol levels.  

The novelty of the present study is to develop magnetism in 45S5 BG NPs. Magnetite was used as a 

template to synthesize magnetism induced BG (AMAG_BG) through bio-inspired route for the first 

time. MH effect was observed in the novel AMAG_BG which generated heat, and applicably killed 

the malignant cells without destroying or harming the healthy cells. In addition, BG is also known 

for soft and hard tissue regeneration. To the best of our knowledge, magnetism developed in core 

shell magnetite in 45S5 BG is not reported till today. AMAG and AMAG_BG are tested mesoporous 

in nature. The mesoporous AMAG NPs and AMAG_BG NPs helped in faster dissolution. Apart from 

healing to the soft and hard tissues mesoporous AMAG_BG is expected to promote combinational 

therapy such as drug delivery. 

The magnetically active novel mesoporous BG NPs are synthesized first time through bio-inspired 

route to not only treat cancer but also for the hard and soft tissue regeneration. In this, BG in 

surrounding conditions, is delivered without creating much difference in mechanical strength and 

bioactivity utilizing a natural biodegradable surface coordinating specialist. Natural templates are 
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picked as they hold their innovation and initiate the synthesis of inorganic particles from the 

arrangement work in desired surrounding conditions. Picked bio-inspired methodology is aqueous 

based and involves straightforward, less expensive, eco-friendly strides alongside the oversight for 

calcination [16]. AMAG and AMAG_BG NPs are thoroughly characterized using techniques like 

XPS, XRD, FTIR, TGA, SEM-EDX, TEM and BET. The magnetic measurements were done for 

AMAG and AMAG_BG NPs. They were tested for magnetic nature of particles and capability to 

produce heat in external magnetic field. Thus, making it competent for participating in MH treatment 

of cancer. The nature of magnetic BG NPs to produce heat in external alternating current magnetic 

field is experimented by in-vitro magnetherm studies [17]. By interacting the NPs with a simulated 

body fluid (SBF) solution, the bioactivity of AMAG and AMAG_BG NPs were investigated. The 

cytotoxicity assays were conducted to check the biocompatibility of AMAG_BG NPs.  

 

2.2 Experimental Section 

2.2.1 Materials: 

L-arginine (CAS No- 74-79-3) and all of the precursors employed for BG synthesis, including 

tetraethyl orthosilicate (TEOS) (CAS No- 78-10-4), triethyl phosphate (TEP) (CAS No- 78-40-0), 

sodium acetate (NaAc) (CAS No- 127-09-3), and calcium acetate (CaAc) (CAS No- 114460-21-8), 

were purchased from Sigma-Aldrich. Also, the Hank’s Balanced Salt solution (HBSS) termed as 

simulated body fluid (SBF) was obtained from Sigma-Aldrich. Other chemicals used are of the 

highest purity analytical reagent (AR) grade. Milli-Q water is used for all the experiments done. All 

the experiments were conducted at room temperature until mentioned specially. 
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2.2.2 Synthesis of L-arginine templated magnetite (AMAG) nanoparticles: 

Template solution prepared such that L-arginine (1 mg/ml) was dissolved in 100 ml distilled water 

was kept on stirring for 30 minutes. To that constant stirring solution, ferrous sulphate (FeSO4.7H2O) 

and ferric chloride (FeCl3.6H2O) was added in 1:2 ratio. After 30 minutes, added 2 M sodium 

hydroxide till pH 9 to pH 11 was obtained. Black precipitate obtained, was washed with 70 % ethanol, 

dried in an air oven for 2 days and then stored in desiccator. 

2.2.3 Synthesis of L-arginine templated core shell magnetite- bioactive glass 

(AMAG_BG) nanoparticles: 

The procedure for synthesis of AMAG_BG NPs was exactly followed with minimal changes [18]. 

AMAG is synthesized using L-arginine as a template. L-arginine (1 mg/mL) was dissolved in 100 

mL distilled water and kept on stirring for 30 min. To that constant stirring solution, ferrous sulphate 

(FeSO4.7H2O) and ferric chloride (FeCl3.6H2O) was added in 1:2 ratio. After 30 min, added 2 M 

sodium hydroxide till pH 9 to pH 11 was obtained. Black precipitate obtained, was washed with 70 

% ethanol, dried in an air oven for 2 d and then stored in desiccator. For AMAG_BG, the template 

AMAG (1 mg/mL) was dispersed in 100 mL trizma buffer whose pH 8 (10 mM) was maintained. 

The solution was kept on constant stirring at 500 rpm for 20 min at room temperature on the digital 

magnetic stirrer. After that the BG precursors were added sequentially after a gap of 30 min such that 

TEOS (9.29 g) is added first. Then, TEP (1 g) is added, followed by NaAc (6.36 g) and CaAc (4.21 

g). The solution was continuously stirred for half an hour and then kept for incubation on silicone oil 

bath for 24 h. The obtained solution was then processed in centrifuge machine at 13000 rpm at room 

temperature. The resulting precipitate was cleaned, dried in an air oven at 40 ⁰C for 48 h, and then 

stored in a desiccator. 

The material has not undergone calcination process because this is the novelty of the bio-inspired 

synthesis that it omits the calcination step. The procedure has been well established in our lab for the 
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BG synthesis [18–20]. XRD spectra further confirms the existence of magnetite in AMAG and 

magnetite and BG in AMAG_BG. The peaks in FTIR at 1077 cm-1 (Si-O stretching, Si–O–Si 

asymmetric stretching, Si–O–C stretching, C–O stretching), and 977 cm-1 (Si-O-Si, Si-O-C and Si-

O-H), suggests the formation of BG. In TEM, the increase in particle size of AMAG_BG (27.5 ± 1.1 

nm) compared to AMAG (14.6 ± 0.3 nm) confirm the formation of BG network on AMAG NPs as 

evidenced by FTIR and XRD analysis. Synthesis of BG at ambient conditions without any 

compromise in mechanical strength and bioactivity via bio-inspired route using an organic 

biodegradable surface directing agent is taking place which has been shown in well reputed 

publications [21]. Chosen bio-inspired methodology is aqueous based and comprises of few simple 

cheaper, eco-friendly steps along with the omission for calcination.  

2.3 Characterization of AMAG and AMAG_BG NPs: 

2.3.1 X-ray photoelectron spectroscopy (XPS): In an Ultra-high vacuum (UHV) chamber with a 

homemade hemispherical electron energy analyser (ESA-31) and a non-monochromatized Al K X-

ray source, XPS measurements were carried out. The photon beam's direction and the analyzer's axis 

were at a 70⁰ angle. In a direction normal to the surface, photoelectrons were gathered. The XPS 

spectra were collected using the fixed retarding ratio (FRR) mode, with the survey spectra having a 

retarding ratio of k = 4 and the energy regions of interest having a retarding ratio of k = 8. C++ was 

used to write the measurement control and data collecting programme. In order to mount the samples 

on the sample holder, conductive double-sided adhesive tape (3M-9713-Cu) was used. 

 

2.3.2 X-ray Diffraction (XRD) Analysis: The magnetic samples were subjected to XRD 

examination using a Panalytical X'Pert Pro Diffractometer that operated at 45 kV and 40 mA current 

with Cu- Kα radiations as the source of X-rays. It recorded the spectrum in the 2θ range of 5⁰ to 90⁰ 

with the slow scan speed and the very slow scan rate of 0.2 ⁰/min. 
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2.3.3 Fourier Transform Infrared Spectroscopy (FTIR): Using the spectrophotometer's ATR-

FTIR mode, all samples, including AMAG and AMAG_BG NPs, were recorded. The Perkin Elmer 

(Model Spectrum 2) spectrometer, which operates in the 400 cm-1 to 4000 cm-1 range and has a 

resolution of 1 cm-1, was used to evaluate the FTIR spectra of the synthesized material. 

2.3.4 Thermogravimetric (TGA) Analysis: The TGA analysis of the samples was performed on the 

instrument Perkin Elmer thermogravimetric analyzer (Model TGA 4000). By heating the magnetic 

samples to temperatures between 0 ⁰C to 800 ⁰C under a nitrogen environment at a heating rate of 10 

⁰C/min and nitrogen gas flow of 50 ml/min, the thermal stability of the sample was examined. 

2.3.5 CHNSO analysis: 

Using the CHNSO analyzer, Vario Micro Cube, Elementar Analysensysteme, Germany, the amount 

of AMAG and AMAG_BG NPs was validated. The experiment followed the established protocol. 

First, a small sample size was precisely weighted into a tin capsule. Additionally, the material was 

burnt at 1000 °C with an excess of oxygen to produce CO2, H2O, and NXOY constituents. Inside the 

reduction tube, the produced NXOY was further reduced to N2. To determine the amount of C, H, and 

N in the sample, the final gases, including CO2, H2O, and N2, were then run through a gas 

chromatography (GC) column. 

2.3.6 Morphological Studies 

2.3.6.1. Field Emission Scanning Electron Microscopy (FE-SEM) and Energy Dispersive X-Ray 

Analysis (EDX): 

Using a scanning electron microscope (ZESIS EVO MA15), the morphology was examined for the 

AMAG and AMAG_BG NPs. The AMAG and AMAG_BG NPs were gold coated and observed 

under SEM at 10,000 magnifications and accelerating voltage of 5.0 kV. The magnetic nanoparticles 

were subjected to Energy Dispersive X-Ray Analysis (EDX), which was performed using a ZEISS 
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EVO MA15 at a voltage of 20 kV to check for the presence of Fe, O, Si, P, Na, and Ca ions in diverse 

samples. 

2.3.6.2. Transmission electron microscopy (TEM): 

The size of AMAG and AMAG_BG NPs is measured using a high-resolution Transmission Electron 

Microscope (HR-TEM) model (TALOS S) from Thermo Scientific in the United States, which 

operates at an accelerating voltage of 200 kV. For the TEM analysis, the ImageJ program that comes 

with 64-bit Java 1.8.0 172 was used. 

2.3.7 Nitrogen Sorption Analysis: 

The material was degassed under vacuum for 2 h at 200 °C before analysis. The nitrogen adsorption-

desorption analysis is carried out using Microtrac BEL (Model BELSORP-max), Japan, at -196 °C, 

and nitrogen is used as the adsorptive gas (N2, cross-sectional area 0.162 nm2). This analysis measures 

the porosity of AMAG and AMAG_BG NPs. The surface area of the nitrogen adsorption data was 

calculated using the Brunauer-Emmett-Teller (BET) equation. To analyse the pore-size distribution 

in the desorption portion of the isotherm, the Barret-Joyner-Halenda (BJH) method was used. 

2.3.8 Magnetic Measurement: 

The magnetic hysteresis or M-H magnetization curve was plotted for AMAG and AMAG_BG NPs 

through Vibrating Sample Magnetometer (VSM) instrument (Microsense, Model ADE – EV9) at 

room temperature. The magnetic field was recorded up to 2.2 Tesla. The Field resolution was 0.001 

Oe and sensitivity was 0.00005 emu such that magneto resistance was maintained between 1 Ω and 

10,000 Ω. 

2.3.9 Bioactivity Test: 

The method outlined by [22] involved the formation of hydroxyapatite layer on bioactive glass 

surface. The method involves the evaluation of in- vitro bioactivity of AMAG and AMAG_BG NPs. 
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The samples were immersed in simulated body fluid (SBF) at a concentration of 1 mg/ml and 

incubated for 4 days, 7 days, 15 days and 30 days under sterile conditions at 37 ⁰C. The SBF solution 

is changed after every 4 days so that concentration of ions doesn’t decrease in solution and also 

hydroxyapatite layer is formed easily. The sample is then centrifuged, dried in an oven at 48 ⁰C, and 

kept in a desiccator for additional characterizations including XRD, FTIR, SEM, magnetic 

measurements and magnetherm studies when the appropriate time period has completed. 

2.3.10 In- vitro Heat Studies: 

In this work we use magnetic hyperthermia (Magnetherm, NanoTherics Ltd., United Kingdom) that 

measures the ability of materials to generate heat energy with application of alternate magnetic field 

(AMF) at certain frequency [23,24]. Typically, in this experiment, magnetic NPs at various 

concentrations of 1.0 mg/mL and 5 mg/ml were taken in a “cylindrical” tube placed in a thermally 

insulating polystyrene (Thermocol) sample holder to isolate the heat generated inside the tube to the 

environment and cooling water was circulated to avoid heating due to application of current in the 

magnetic coil. Application of AC-voltage (Vac) of 32.1 V with frequency of 464 kHz could produce 

AC-current (Iac) of 7.9 amp for a 17 turns coil and sums up to generate a magnetic field strength (B0) 

of 11 mT. The overall variation of temperature was recorded with AMF. The variation in temperature 

of the material slurry was measured using a T-type thermo-couple with time, maintaining the AMF 

as constant throughout the experiment. The size and form of the magnetic NPs have a significant 

impact on their magnetic characteristics. Theoretically, the prepared NPs of small particle sizes, could 

produce high magnetization and could generate induction heating power. Through a specified 

absorption rate (SAR), the amount of heat produced by the particles could be determined. 

When exposed to an AMF at a specific frequency and B0, a material's SAR measures how much 

energy is absorbed per unit mass [25,26]. It is calculated using the watts per kilogram (W/g) and "rate 

of temperature rise": 
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SAR (W/g) = 
𝐂 𝐦𝐝

𝐦

𝐝𝐓

𝐝𝐭
 

where C is the specific heat capacity of water (C = 4.189 J/g ℃), md is the dispersion medium of 

particles which is water, m is the mass of the sample, and dT/dt is the initial slope within first 80 

seconds of the temperature versus time plot. 

2.3.11 In- vitro Hemolysis Assay: 

Minor modifications are made to the experimental method for the in-vitro hemolysis assay while 

performing it on human blood [27]. Briefly, PBS buffer was prepared in autoclaved distilled water. 

Human blood (0.5 ml) was taken in 7 micro-centrifuge tubes, centrifuged for 5 minutes at 4 ⁰C, RCF= 

500*g and plasma as supernatant was discarded in surfactant. In meanwhile, sonicated 1 mg of 

AMAG and AMAG_BG NPs in 1 ml autoclaved distilled water such that the required stock solution 

of 1 mg/ml is obtained. Prepared different concentrations (1 µg/ml, 5 µg/ml, 10 µg/ml, 25 µg/ml, 50 

µg/ml) from 1 mg/ml stock solution. After discarding plasma, two times washing of blood is given 

with 500 µl of PBS at first and 1000 µl of PBS at second by mixing the content in micro-centrifuge 

tubes properly. Centrifuged the mixture properly and removed the supernatant carefully without 

disturbing the red blood cells. Washing is done until clear supernatant is obtained. As soon as clear 

supernatant is obtained, it is discarded and now added prepared five concentrations (1 µg/ml, 5 µg/ml, 

10 µg/ml, 25 µg/ml, 50 µg/ml) in five micro-centrifuge tubes containing red human blood. Added 1 

ml PBS in one micro-centrifuge tube containing red human blood which is termed as negative control 

and added 950 µl of PBS and 50 µl of Triton X-100 (till transparent solution is observed) in seventh 

micro-centrifuge tube containing blood which is termed as positive control. Absorbance at 570 nm 

and absorption spectrum from 300 nm to 800 nm were measured for different incubation periods of 

0 h, 1 h, 2 h, 24 h. Also, fluorescent microscope imaging is recorded for 2 h. The percentage hemolysis 

rate was determined by the following equation: 

% Hemolysis = [(At − Ac)/ (A100% − Ac)] × 100 
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Where, At is the absorbance of the supernatant of samples incubated with the particles, Ac is the 

absorbance of the supernatant from negative control (PBS), and A100% is the absorbance of the 

supernatant from positive control Triton X 100. Triplicates of experiments were performed and error 

analysis was done. In our studies, hemolysis less than 5 % was considered to be nontoxic. This figure 

has also been recorded in other sources [28] and is in accordance with ASTM 75633 [29].  

 

2.3.12 MTT Assay: 

In MTT assay, the cytotoxicity and biocompatibility of the BG samples was evaluated. The 

colorimetric MTT method was used to assess the vitality of U2OS cells (osteoblasts in osteosarcoma), 

in the presence of BG NPs. By evaluating the conversion of MTT into formazan crystals, which 

represents cellular metabolic activity, the MTT assay assesses the viability of cells. To conduct the 

experiment, distinct BG specimens with varying concentrations (1 µg/mL, 5 µg/mL, 10 µg/mL, 25 

µg/mL, and 50 µg/mL) were UV-sterilized for half an hour and thereafter cultured with cells (10,000 

cells per well) on a 96-well plate at 37 °C for a full day. The MTT assay was then carried out by 

filling each well with 100 μL of 1 mg/mL of MTT reagent. After covering the plate with foil and 

leaving some space for air, it was incubated under cell culture conditions for 2 h at 37 °C. Following 

the incubation period, the medium and MTT were aspirated, and the plate was removed. After 

dissolving the formazan crystals with 100 µL of dimethyl sulfoxide, the plate was incubated for an 

additional 20 min under cell culture conditions. A TECAN multimode plate reader was used to read 

the plate at 570 nm and 630 nm wavelengths after it had been incubated. The positive control was 

made up of cells grown in DMEM media. Every experiment was carried out three times, and the 

results were reported as means ± standard deviation. 
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2.4 Results and Discussions 

2.4.1 X-ray photoelectron spectroscopy (XPS): 

The XPS analysis was performed to investigate the NPs’ elemental composition and oxidation state 

of elements. The typical XPS spectra of AMAG and AMAG_BG was displayed in Figure 1 (a-b) and 

their binding energies are recorded in Table 1. The magnetite phase in AMAG was given credit for 

the iron band that appeared at 710.1 eV [30]. At 710.1 eV and 723.8 eV. The iron peak was 

deconvoluted into two spectral bands. The iron in the magnetite phase is said to have the strongest 

peak at 710.1 eV. The appearance of a small but noticeable peak between 714 eV and 720 eV, which 

is a fingerprint for oxidized phases like γ-Fe2O3. The O1s region's XPS spectrum was displayed in 

supplement file Figure S1a. The lattice oxygen (O2-) in the magnetite phase is responsible for the 

peak with the highest energy at 530.0 eV [31]. 

The survey scan XPS of AMAG_BG sample is shown in Figure 1b together with the curve-fitting 

spectra for Fe, O, C, Ca, and Si in supplement file Figure S1 (d-h). The L-arginine in magnetite may 

have been absorbed by the glass surface, producing the (C 1s) peak. The Si 2p high-resolution XPS 

spectra is shown in Figure 1b, with the largest peak occurring at 103.5 eV [32]. This peak is caused 

by tetrahedral Si coupled with four oxygen atoms (SiO4 4-), which is confirming the existence of BG 

network along with core shell magnetite. The O 1s XPS spectra may be seen around 532.3 eV as 

mentioned in Table 1. Although it is challenging to obtain O 1s data because of overlapping oxide 

peaks and the possibility that the material surface has been hydroxylated or carbonated, the peak at 

about 532.3 eV is frequently attributed to the oxygen in a silica environment that is typical of silica 

glasses [33]. The iron band at 710.1 eV in the BG sample indicates that magnetite is successfully 

templated on BG particles. The observation reveals the successful existence of magnetite phase in 

BG network. 
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Table 2.1: Binding energy (eV) of AMAG and AMAG_BG by XPS analysis. 

 

 Various Elements Binding energy (eV) 

AMAG AMAG_BG 

 

 

XPS 

O (1s) 530, 531.2, 534 529.7, 532.3 

C (1s) 284.3, 287.6 284.5, 286.3 

Fe (2p) 710.1, 718, 723.6, 732.3 710.1, 718.5, 725, 734 

Ca (2p) - 346.9, 350.5 

Si (2p) - 103.5 

 

2.4.2 X-ray Diffraction (XRD) Analysis: 

The synthesized AMAG and AMAG_BG NPs were characterized by XRD. The 2θ values of 

characteristic diffraction peaks reported in Figure 1a. are listed as follows: 30.28⁰ (220), 35.62⁰ (222), 

43.21⁰ (400), 57.21⁰ (511), and 62.80⁰ (440); the inverse cubic spinel structure is suitably indexed by 

these values for AMAG. (JCPDS card 00-001-1111, Fe3O4). This proves that AMAG can be obtained 

by co-precipitation method [34]. The Debye-Scherrer formula, which is (D = kλ / βcosθ) where K is 

the constant, λ is the X-ray wavelength, β is the peak width of the half-maximum of the diffraction 

peak, and θ is the X-ray diffraction angle, can be used to quantitatively compute the mean crystallite 

size of 12 ± 0.2 nm shown by the XRD patterns.  

The AMAG_BG NPs (Figure 1c) is semi-crystalline, as shown by the sharp, intense diffraction 

maxima at 2θ values of 31.53⁰ (102), 37.12⁰ (222), 43.03⁰ (400), 54.95⁰ (104), 59.59⁰ (300), and 62.31⁰ 

(114) and the broad hump in the 2θ range of 15⁰-30⁰ in the AMAG_BG (Figure 1c) sample is 

observed. The Ca0.89Na0.11O3P0.11Si0.89 phase corresponds to the diffraction maxima reported 

for BG elsewhere in JCPDS file No. 00-033-1229  [35]. Few of 2θ values at 30.28⁰ (220), 57.21⁰ 

(511), and 62.80⁰ (440) are originated from Fe3O4 and 31.53⁰ (102), 54.95⁰ (104), 59.59⁰ (300), and 

62.31⁰ (114) peaks corresponds to AMAG_BG alone and two peaks 37.12⁰ (222), 43.03⁰ (400) are 

overlapping diffraction maxima. The average crystallite size "D" by Debye-Scherrer formula of 

AMAG_BG NPs was calculated using the X-ray measurements and this comes out to be around 0.5 
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± 0.04 nm. XRD spectra further confirms the existence of magnetite in AMAG and magnetite and 

BG in AMAG_BG. 

 

Figure 2.1: (a-b) XPS spectra of AMAG and AMAG_BG, (c) XRD pattern of AMAG and 

AMAG_BG and (d) FTIR spectrum of AMAG and AMAG_BG respectively. 

  



76 
 

2.4.3 FTIR Analysis: 

Figure 1d displays FTIR diagrams of pure L-arginine. The peak at 3084 cm-1 in L-arginine firstly 

represents primary and secondary amines. The vibration of C-H stretching and the higher frequency 

vibration of N-H stretching is due to the peak at 2303 cm-1. At 1630 cm-1 and 1404 cm-1, L-

arginine amino acid exhibits the C=O and C-O stretching vibrations respectively. The observations 

and reported FTIR data are well-concordant [36]. 

Figure 1d depicts the FTIR spectrum made from pure AMAG NPs. It is interesting to note that the 

interaction of L-arginine with iron oxide species caused the primary and secondary amine peaks 

absorbed from L-arginine, centered at 3084 cm-1, to shift to a higher wavenumber of 3374 cm-1. 

While, C-O stretching shifted from 1404 cm-1 to 1558 cm-1. The sharp peak at 542 cm-1 is caused 

by the stretching vibration mode connected to the metal-oxygen Fe-O bonds in the crystalline lattice 

of Fe3O4 [37]. For ferrites, they are distinctively evident in all spinel forms. 

During the synthesis of AMAG_BG NPs, FTIR spectra for each BG precursor added to an AMAG 

suspension, were recorded at pH 7.4. A peak at 1576 cm-1 corresponds to AMAG_BG. The L-arginine 

content of AMAG (1558 cm-1) originated the COO- peak. The significant rise in wavenumber in the 

absorbed peak of COO- at 1578 cm-1 in AMAG_BG from 1558 cm-1 in AMAG indicate its chemical 

interaction. So, this observation indicates the significant interaction of AMAG template with BG 

network. Other peaks at 1077 cm-1 (Si-O stretching, Si–O–Si asymmetric stretching, Si–O–C 

stretching, C–O stretching), and 977 cm-1 (Si-O-Si, Si-O-C and Si-O-H), suggests the formation of 

BG. A silicate network's distinctive ring structure can be seen at 795 cm-1 [38]. A shift in peak from 

542 cm-1 of AMAG to 559 cm-1 is seen indicating chemical interaction of BG precursors with 

AMAG. 
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2.4.4 Thermogravimetric (TGA) Analysis: 

For pure L-arginine sample, the breakdown begins around 217.4 ⁰C. The only melting point is the 

definite indicator of a crystal's perfect crystallinity [39]. The thermogram displays barely any residue 

at 700 ⁰C as shown in Figure 2a. 

TGA thermograms of AMAG and AMAG_BG are shown in Figure 2b. AMAG saw an early weight 

loss of 3.13 % at (180.8 ⁰C to 390 ⁰C) and a further steady weight loss of 0.8 % at (390 ⁰C to 769 ⁰C). 

The evaporation of surface water and sorbed water, respectively, are the reason for this change. 

Additionally, a 6.9 % weight loss from (53 ⁰C to 769 ⁰C) is seen which is attributed to the 

decomposition of organic content (L-arginine) of AMAG NPs [40]. 

In the case of AMAG_BG (Figure 2b), a preliminary weight loss of 4.2 % was noted in the (269.9 ⁰C 

to 427.4 ⁰C) range. Then, a weight reduction of 2.2 % between 427.4 ⁰C to 721 ⁰C was noted. 

Additionally in the range (721 ⁰C to 844.9 ⁰C), weight loss of 1.6 % was also seen. In contrast to 

AMAG, AMAG_BG required the highest temperature (400 ⁰C) to eliminate the water content. The 

finding suggests that there is water content inside both the BG network as well as the AMAG 

template. A gradual drop in weight loss for NPs from 269 °C to 427.4 °C indicates the decomposition 

of organic matter probably due to L-arginine molecules which are retained in AMAG_BG. These 

observations and FTIR findings are well concordant (Figure 1b) which reveal the interaction between 

L-arginine and inorganic components. Interestingly, slight decrease (1.6 %) in weight continues from 

721 °C to around 844.9 °C and thereafter slight increase up to 896 °C, corresponding to stabilization 

of inorganic network. 
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Figure 2.2(a): Thermogravimetric analysis of L-arginine, (b) Thermogravimetric analysis of AMAG 

and AMAG_BG NPs, (c-d) SEM micrographs of AMAG and AMAG_BG, (e-f) HR-TEM 

micrographs and SAED patterns of AMAG (e1, e2 and e3) and AMAG_BG (f1, f2 and f3) under dark 

field and bright field 
 

2.4.5 CHNSO Analysis: 

The compositions of AMAG and AMAG_BG NPs were analyzed using CHNSO (for C, N and H) 

and results are portrayed in Table 2. 14.6 ± 0.2 w/w %, 0.26 ± 0.1 w/w %, 0.67 ± 0.1 w/w % and 

15.54 ± 0.2 w/w % were of organic contents (C, N and H respectively) reported from AMAG while 

20.47 ± 0.2 w/w %, 0.07 ± 0.1 w/w %, 0.998 ± 0.1 w/w % and 21.53 ± 0.2 w/w % were of organic 

contents (C, N and H respectively) reported from AMAG_BG NPs. These findings corroborate the 

L-arginine molecule's presence in the magnetite and BG network. 
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Table 2.2: Elemental composition of AMAG and AMAG_BG by CHNSO (for C, N and O) 

analysis. 

 
 Various Elements Experimental Values (w/w %) 

AMAG AMAG_BG 

 

CHNSO 

Carbon (C) 14.6 ± 0.2 20.47 ± 0.2 

Nitrogen (N) 0.26 ± 0.1 0.07 ± 0.1 

Hydrogen (H) 0.67 ± 0.1 0.998 ± 0.1 

Total Organic Content 15.54 ± 0.2 21.53 ± 0.2 

 

2.4.6 Morphological Studies: 

2.4.6.1 Field Emission Scanning Electron Microscopy (FE-SEM) and Energy Dispersive X-Ray 

Analysis (EDX): 

The Figure 2(c-d) shows the micrographs of AMAG and AMAG_BG NPs. AMAG appears to have 

homogenous, uniform-sized particles in the FE-SEM image. The morphology of AMAG and 

AMAG_BG with exceptionally smooth surfaces can be seen in the micrographs, which further 

suggests that the particles were properly formed. It is important to note that the corresponding surfaces 

of the AMAG and AMAG_BG NPs were found to be exceedingly devoid of any intriguing 

morphological traits when they were examined using FE-SEM. The composition of the AMAG and 

AMAG_BG by Energy Dispersive X-Ray Analysis (EDX) is displayed in Table 3. Fe (35.6 %) and 

O (48.7 %) in AMAG and O (31.5 %) and Si (7.3 %), P (1.3 %), Ca (0.7 %), Na (4.2 %) and Fe (33.2 

%) in AMAG_BG, respectively, are equivalent to this. The elemental compositions confirm the 

success of the synthesis, which has been documented in numerous investigations like XPS (Figure 1 

(a-b)). According to the EDX spectrum, the iron oxide structures solely include Fe and O. The 

statistics attest to the samples' great purity. Interestingly, Si, P, Na and Ca elements were found on 

these globular structures in the AMAG_BG EDX spectra (Table 3). These observations supported the 

FTIR spectra's conclusions that bioactive glass particles had mineralized along with L-arginine 

templated magnetite. 
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Table 2.3: Elemental composition of AMAG and AMAG_BG by EDX analysis. 

 

 Various 

Elements 

Experimental Values (w/w 

%) 

Observed Values (w/w %) 

AMAG AMAG_BG AMAG 

 

AMAG_BG 

 

 

 

EDX 

Analysis 

Total Organic 

Content 

15.54 21.53 15.6 ± 0.2 21.2 ± 0.2 

Iron (Fe) 35.6 33.2 35.5 ± 0.1 33.3 ± 0.1 

Oxygen (O) 48.7 31.5 48.61 ± 0.2 31.7 ± 0.1 

Silicon (Si) - 7.3 - 7.46 ± 0.2 

Phosphorus 

(P) 

- 1.3 - 1.21 ± 0.1 

Calcium (Ca) - 0.7 - 0.8 ± 0.2 

Sodium (Na) - 4.2 - 4.31 ± 0.2 

 

 

2.4.6.2 Transmission electron microscopy (TEM): 

The HR-TEM results (Figure 2(e-f)) show morphological characteristics of AMAG and AMAG_BG 

NPs. The NPs with a limited size distribution make up the majority of the AMAG NPs. The average 

particle size of AMAG is 14.6 ± 0.3 nm while that of AMAG_BG was 27.5 ± 1.1 nm by Image J 

analysis (Figure S2 (a-b)). The increase in particle size of AMAG_BG (27.5 ± 1.1 nm) compared to 

AMAG (14.6 ± 0.3 nm) confirm the formation of BG network on AMAG NPs as evidenced by FTIR 

and XRD analysis (Figure 1(c-d)).  The shape of the AMAG NPs is almost uniform. The Figure 2(e-

f) also demonstrates some agglomeration between the particles, which might result from the magnetic 

interaction of the NPs. In comparison to AMAG, there is less agglomeration among the particles in 

AMAG_BG due to the formation of BG network on magnetite core and are in good agreement with 

FE-SEM results (Figure 2(c-d)). HR-TEM dark field and bright field images of AMAG and 

AMAG_BG are displayed which clearly shows porous structure of AMAG and AMAG_BG NPs 

which supports the BET results. According to the classification of core/shell NPs [41], the multiple 
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small core materials coated by single shell material is also very well depicted by HR-TEM dark field 

images of AMAG_BG NPs. It is clearly depicted with the two contrasting colours which is observable 

in HR-TEM images of AMAG_BG NPs. SAED pattern depicts those two (hkl) values (220) and (511) 

of AMAG are also present in AMAG_BG which proves that magnetite is present in BG and is well 

corroborated with XRD result. 

2.4.7 Nitrogen Sorption Analysis: 

Fig. 3(a-b) shows the AMAG and AMAG_BG NPs' nitrogen adsorption-desorption isotherms and 

their pore size distribution. Data are presented in Table III for surface area, pore volume, and pore 

size. Based on BET analysis, AMAG_NPs were reported with surface area (93.02 m2g-1), pore volume 

(0.1627 cm3g-1) and pore diameter (6.99) nm which is not in much difference with AMAG_BG NPs 

with surface area (80.39 m2g-1), pore volume (0.1443 cm3g-1) and pore diameter (7.18 nm).  

The type IV adsorption isotherm and hysteresis loop H3 is observed in the nitrogen adsorption-

desorption isotherms for AMAG and AMAG_BG NPs which confirms that the material is 

mesoporous (as its diameter ranges from 2 to 50 nm) in nature, with slit-like pores [42]. The analysis 

of the pore size (Table III) distribution reported by the Barrett-Joyner Halenda (BJH) method provided 

additional evidence in favor of the identification of AMAG's and AMAG_BG's consistently sized 

mesopores. It will be important to keep in mind that the bio-inspired process does not involve 

calcination because mostly drying occurs at ambient temperature for the particles by retaining the 

template molecules (L-arginine). In context of this, the formation of AMAG and AMAG-BG network 

might naturally possess mesoporous properties due to the interaction with L-arginine as indicated in 

FTIR (Fig. 1b) and CHNSO analysis (Table II). Additionally, the surface area for AMAG determined 

by BET was found to be 93.02 m2g-1, which is higher than AMAG_BG (80.397 m2g-1), indicating a 

small particle size for AMAG compared to AMAG_BG as revealed by TEM analysis (Fig. 2(e-f)) 

[43]. 
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Fig. 2.3(a–b): Nitrogen adsorption-desorption isotherm and pore size distribution  

 

Table 2.4: Surface area, pore volume and pore size data of AMAG and AMAG_BG. 

 

 AMAG AMAG_BG 

Total Surface Area (as,BET [m2 g-1]) 93.022 80.397 

Total pore volume(p/p0=0.944) [cm3 g-1] 0.1627 0.1443 

Mean pore diameter [nm] 6.9958 7.1801 

 

   

2.4.8 Magnetic Measurement: 

The VSM measurement for the AMAG and AMAG_BG NPs shows a superparamagnetic behavior in 

the form of a hysteresis curve of magnetization with the magnetic field, as represented in the Figure 

4a.  The saturation magnetization (Ms) and remanent magnetization (Mr) values of AMAG and 

AMAG_BG NPs are determined by the hysteresis curve, as given in the Table 5. When working with 

superparamagnetic materials, such as NPs of magnetite, the coercivity value ought to be nearly zero 

which is clearly depicted in the inset of the graph (Figure 4a). The lack of coercivity in 

superparamagnetism allows for easy magnetization and demagnetization of the NPs without the need 

for a residual magnetic field. Superparamagnetism can be explained by proving that the coercivity is 

small or nearly equal to zero [44]. So, by using magnetite as templating agent for BG NPs, 
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superparamagnetism is also developed in AMAG_BG NPs whose coercivity is again nearly equal to 

zero. The saturation magnetization (Ms) values for AMAG and AMAG_BG were determined to be 1 

emu/g and 0.25 emu/g, respectively, using the magnetization plots. The remanent magnetization (Mr) 

values for AMAG and AMAG_BG are determined to be 0.24 emu/g and 0.06 emu/g, respectively, 

from the hysteresis curve. The saturation magnetization (Ms) values of AMAG NPs were less as 

compared to the reported value [43]. This is due to the retention of L-arginine in AMAG NPs and in 

good agreement with FTIR (Figure 1d) results and CHNSO analysis (Table 2) which reports peaks 

corresponding to L-arginine. The addition of AMAG template increases the size of AMAG_BG from 

14.6 ± 0.3 nm to 27.5 ± 1.1 nm significantly (Figure 2(e-f)) and drops saturation magnetization value 

from 1 emu/g of AMAG to 0.25 emu/g of AMAG_BG. These findings confirm the incorporation of 

magnetic properties in BG NPs. Since AMAG_BG has low remanence, it is a soft magnetic material 

compared to AMAG. They have lower coercivity with potential change in polarity, and suffer 

comparatively little electrical losses. Whereas AMAG has high remanence and is a hard magnetic 

material. The saturation magnetization of AMAG is higher that poses it as a highly magnetic material 

in nature. Thus, successfully creating magnetism in AMAG_BG. 

 

Figure 2.4(a): Magnetization curve of AMAG and AMAG_BG (Inset shows zoomed image of 

magnetization curve of AMAG and AMAG_BG from -350 Oe to 350 Oe). (b) Time-dependent 

temperature curves of AMAG and AMAG_BG under AC magnetic field of 110 Oe with two 

different concentrations of 1 mg/ml and 5 mg/ml respectively. 
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Table 2.5: Saturation and Remanent Magnetization of AMAG and AMAG_BG NPs 

 

 Saturation Magnetization (Ms) 

(emu/gram) 

Remanent Magnetization (Mr) 

(emu/gram) 

AMAG 1.0 0.24 

AMAG_BG 0.25 0.06 

 

2.4.9 In- vitro Heating Studies: 

Magnetic hyperthermia is used to examine the heating capabilities of AMAG and AMAG_BG NP’s 

at the concentration of both the magnetic NP slurry of 1 mg/mL and 5 mg/mL as shown in Figure 4b 

[45,46]. Before switching on the system to run the magnetic NPs AMAG and AMAG_BG, it was 

ensured that everything was connected properly especially water supply to magnetherm setup. After 

which it was looked to the reference matrix sheet for the combination of coil-capacitor box, power 

supply and function generator settings to get the required AMF strength (Bo). To test the samples 

AMAG and AMAG_BG NPs at 464 kHz with 11 mT field strength (Bo), the function generator must 

first be turned on and 464 kHz inputted to ensure that the DC power supply's current and voltage are 

set to their maximum and minimum values, respectively. Living organisms and biological material 

are generally deemed to be safe at magnetic field strengths of about 110 Oersted (Oe) which has been 

used in in-vitro heat studies [47]. Compared to industrial and natural magnetic field intensities, 

including the Earth's magnetic field, this level of magnetic field used is much weaker. Higher natural 

magnetic fields are what biological systems are used to. Since BG is frequently used in biomedicine, 

it is intended to be biocompatible and is unlikely to be compromised in any way by exposure to a 110 

Oe magnetic field while samples are being prepared. Biological samples and researchers are protected 

by safety regulations and guidelines, and a 110 Oe field usually conforms with these regulations [48]. 
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As soon as the sample was in contact with the thermocouple probe, it was monitored for changes in 

temperature in real time. The polystyrene sample holder that was used to contain the test sample was 

prevented from non-specific heating. The sample slurry's initial temperature was set at room 

temperature (27 ⁰C). Now that the DC power supply is turned on and the voltage knob has been 

gradually raised to 32.1 V, we will see a rise in the oscilloscope signal's peak-to-peak voltage and be 

able to record the sample's temperature change in real time. The temperature variation with time in 

AMAG and AMAG_BG NP’s is due to the magnetite NPs exhibiting superparamagnetism at room 

temperature. Superparamagnet NPs have a large magnetic moment. There are three mechanisms 

responsible for heat dissipation (a) Hysteresis power loss, due to irreversibility of magnetization 

process (b) Neel relaxation, when the magnetic moment of the particles was rotating (c) Brownian 

rotation, frictional loss due to rotation [49]. The particles' magnetic moments constantly align with 

the direction of the field when they are subjected to an AMF, releasing energy in the form of heat 

[50]. The number of magnetic domains in magnetite NPs diminishes with magnetite particle size; this 

threshold size is around 128 nm, after which only one magnetic domain is left [51]. 

Superparamagnetism is seen in magnetite NPs below this size, and in the presence of an AMF, heat 

is mostly produced via Néel and Brownian relaxation. When exposed to an AMF, a particle 

experiences rapid changes in its magnetic moment known as Néel relaxation. This resistance from 

the particle's crystalline structure causes the particle to generate heat. Conversely, Brownian 

relaxation produces frictional heat as a result of particles physically rotating within a supporting 

medium in an effort to realign with the shifting magnetic field [52,53]. Similarly, superparamagnetism 

is seen in AMAG and AMAG_BG in presence of an AMF. Thus, producing heat capable of MH effect 

in cancerous cells. 

The heat generation with time for AMAG and AMAG_BG NPs was shown in Figure 4b and the 

corresponding frequency dependence SAR field is estimated from the data measured at AMF strength 

B0 = 11 mT and frequency 464 kHz, tabulated in Table 6. 
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It was seen that from both the concentration 1 mg/mL and 5 mg/mL of AMAG and AMAG_BG, the 

temperature rise was more and in lesser time for 5 mg/mL concentration that is around 44 ⁰C in 1200 

s. The SAR value is inversely proportional to the mass of the samples (Supplementary file section 

2.10). As we increase the concentration of both the magnetic NP slurry AMAG and AMAG_BG from 

1 mg/mL to 5 mg/mL the corresponding SAR value decreases. So, 1 mg/mL concentration shows 

higher SAR value for individual magnetic anisotropy. Both AMAG (14.849) and AMAG_BG (8.106) 

NPs show high SAR values. AMAG_BG NPs shows higher SAR value due to the BG network 

coverage on the magnetite core that are in good agreement with XRD (Figure 1c) and FTIR (Figure 

1d) findings. AMAG_BG is synthesized at ambient conditions in aqueous solvent omitting the 

requirement of calcination. The SAR values from 2.439 W/g to 14.849 W/g discovered in this study 

are suitable for the MH therapy of cancer. The SAR values in melt-derived magnetic bioactive glass-

ceramics (MBGC) range from 19 W/g to 61 W/g when magnetite crystals doped in glass ceramics 

shows ferrimagnetic properties, while SAR value ranges between 4 W/g and 26 W/g when 

synthesized from zinc ferrites crystals [54,55]. For biphasic MBGC SAR values are seen from 3.5 

W/g and 10 W/g. Additionally, the SAR values range from 0.039 W/g to 8.4 W/g for those MBGC 

that are totally synthesised by the sol-gel process, which is significantly lower [56,57]. Similar to the 

nanocomposite that is demonstrated in this study, researcher [58] developed a heterostructure system 

Fe2O3@SiO2-CaO that consists of maghemite NPs templated BG. The reported SAR values for the 

heterostructures ranged from 4.45 W/g to 5.8 W/g.  

 Hence, we can say that in current study, the synthesized material is nanosized mesoporous in nature 

that can cause hyperthermia and become potential treatment for cancer. The obtained sizes of AMAG 

and AMAG_BG NPs are small and therefore obtained SAR values are sufficient to kill cancerous 

cells (close to 42 ⁰C). Also, at higher temperatures the tissue might be burnt. Therefore, findings 

suggest that BG is known for soft and hard tissue regeneration which will further aid in wound healing 

after cancer treatment.  
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Table 2.6: SAR values of AMAG and AMAG_BG for 1 mg/mL and 5 mg/mL concentrations 

 

Sample Concentration 

(mg/mL) 

Slope (℃/s) SAR (W/g) 

AMAG 1 0.00392 14.849 

AMAG 5 0.0077 5.833 

AMAG_BG 1 0.00214 8.106 

AMAG_BG 5 0.00322 2.439 

 

2.4.10 In-vitro Bioactivity: 

BG biomaterials are distinguished from silica particles by their ability to regenerate bone. Bioactivity 

is evaluated through the deposition of hydroxyapatite (HAP) like bone bonding formation. It is 

characterized in terms of in-vitro biological reaction at bioactive glass and biological fluid (SBF) 

contact. Bioactivity of AMAG and AMAG_BG NPs was observed in SBF by XRD, FTIR, FE-SEM, 

magnetization curve and in-vitro heat studies analysis as represented in Figure (5-6). Figure 5(a-b) 

shows the FTIR spectra of AMAG and AMAG BG after 4 d, 7 d, 15 d, and 30 d of interaction with 

SBF respectively. It was seen that during the interaction with SBF, the L-arginine and AMAG 

characteristic peaks in the AMAG_BG samples (Figure 5(a-b)) either lost their strength or vanished, 

while HAP peaks simultaneously developed [59] (Figure 5b), distinctive FTIR peaks for hydroxyl 

groups (1631 cm-1), carbonate (789 cm-1), and phosphate (1117 cm-1 and 971 cm-1). This is because, 

after 30 d of contact with SBF, HAP began to accumulate on the surface of AMAG_BG NPs. 

Similarly, XRD study (Figure 5d) of AMAG_BG for 30 d in SBF revealed a few additional diffraction 

maxima in addition to the broad hump seen in (2θ range of 15⁰ to 30⁰). After 4 d of interaction between 

AMAG_BG and SBF, numerous additional diffraction maxima emerge, and their intensities 

considerably rise. When in contact with SBF, these novel XRD diffractions showed interfacial activity 

on the surface of AMAG_BG. According to the JCPDS file number 01-086-0740, the observed 

reflections in the matching XRD pattern pertain to (Ca5(PO4)3(OH)). This demonstrates that the 
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microcrystals of bone-like HAP developed on the surface of the AMAG_BG after interaction with 

SBF. After 15 d of interaction with SBF and due to the HAP deposition, FE-SEM micrographs of 

AMAG (Figure 5(e-h)) showed a substantially different rough surface morphology compared to the 

comparable bare surface morphology of AMAG_BG (Figure 5(i-l)). It is interesting that AMAG 

corroborated the findings of the XRD measurements and demonstrated a thin layer or no layer of 

HAP deposition when compared to AMAG_BG (Figure 5(c-d)). Mesoporosity in general was the 

main cause of the AMAG_BG sample's fast HAP deposition. Even after 15 d of contact with SBF, 

the AMAG showed weak or no HAP deposition, as indicated in the Figure 5(e-h) [60]. 

The VSM measurement for bioactivity of AMAG and AMAG_BG NPs for 4 d, 7 d, 15 d and 30 d 

indicates a hysteresis curve of magnetization with the magnetic field, as shown in Figure 6(a-b). It 

clearly showed that there is not much difference in saturation magnetization of AMAG NPs after 

bioactivity of 4 d, 7 d, 15 d and 30 d. But in case of AMAG_BG, saturation magnetization (Ms) is 

clearly increasing from 7 d to 15 d to 30 d which shows that ability of magnetization is maximum 

when deposition of HAP is maximum.  

MH is also used to test the AMAG and AMAG_BG NPs' ability to heat up after interacting with SBF 

for 4 d, 7 d, 15 d, and 30 d respectively. The heat generation with time for bioactivity of AMAG and 

AMAG_BG NPs was shown in Figure 6(c-d). At AMF strength B0=11 mT for the AMAG and 

AMAG_BG NPs, the SAR value is measured and the calculated SAR values of AMAG and 

AMAG_BG NPs were shown in Table 7. It was seen that in AMAG concentration of 1 mg/mL for 4 

d, 7 d, 15 d, and 30 d respectively, the change in SAR value was not so evident in individual 

concentrations. But as we compare the SAR value of AMAG 1 mg/mL concentration to AMAG 5 

mg/mL concentration, its value changes rapidly. Here, the 1 mg/mL concentration have higher SAR 

value hence showing a better hyperthermia effect.  
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Now, in case of AMAG_BG, for both the concentrations 1 mg/mL and 5 mg/mL, the change in SAR 

value is very evident. As the bioactivity increases from 4 d to 30 d, the temperature increases in lesser 

time interval. And for 15 d bioactivity of both the concentration sample slurry 1 mg/mL and 5 mg/mL, 

AMAG_BG NPs shows better hyperthermia effect. Considering together hyperthermia effect and 

bioactivity (Figure (5-6)), AMAG_BG shows good in-vitro hyperthermia effect. Hence, AMAG_BG 

would be a novel material for cancer treatment as well as tissue regeneration. 

 

 
 

 

Figure 2.5: (a – b) FTIR spectra, (c-d) XRD patterns and (e-l) SEM micrographs of AMAG and 

AMAG_BG after 4 d, 7 d, 15 d and 30 d of bioactivity in SBF solution. 
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Figure 2.6: (a-b) Magnetization curve and (c-d) Time-dependent temperature curves under AC 

magnetic field of 110 Oe with two different concentrations of 1 mg/mL and 5 mg/mL of AMAG and 

AMAG_BG after 4 d, 7 d, 15 d and 30 d of bioactivity in SBF solution respectively. 

 
 
Table 2.7: SAR values of AMAG and AMAG_BG at 1 mg/mL and 5 mg/mL concentrations after 

bioactivity of 4 d, 7 d, 15 d and 30 d in SBF solution. 

 
Sample 

(Bioactivity) 

Concentration 

(mg/mL) 

Slope (℃/s) SAR (W/g) 

AMAG (4 d) 1 0.00613 23.221 

AMAG (4 d) 5 0.01012 7.667 

AMAG (7 d) 1 0.00589 22.312 

AMAG (7 d) 5 0.01254 9.500 

AMAG (15 d) 1 0.00947 35.873 

AMAG (15 d) 5 0.02396 18.152 

AMAG (30 d) 1 0.00785 29.736 

AMAG (30 d) 5 0.01399 10.599 

AMAG_BG (4 d) 1 0.00319 12.084 

AMAG_BG (4 d) 5 0.00297 2.250 

AMAG_BG (7 d) 1 0.00414 15.682 

AMAG_BG (7 d) 5 0.00396 3.000 

AMAG_BG (15 d) 1 0.00553 20.948 

AMAG_BG (15 d) 5 0.00547 4.144 

AMAG_BG (30 d) 1 0.00361 13.675 

AMAG_BG (30 d) 5 0.00447 3.386 
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2.4.11 In- vitro Hemolysis Assay: 

Hemolysis is a process that causes red blood cells (RBCs) to release the iron-containing protein 

haemoglobin into the plasma [61]. NPs may interact with erythrocytes differently than traditional 

medicines do because of their small size and distinct physicochemical features. They may also cause 

problems for the in-vitro assays that are used to standardize procedures. Separating true hemolytic 

responses from misleading positive or negative results caused by particle interference is essential for 

accurate interpretation of these tests [62]. The cytotoxicity of the produced NPs was evaluated using 

the hemolysis assay. The AMAG hemocompatibility was evaluated by in-vitro hemolysis assay using 

human blood (declaration for human blood has been attached in supplementary file S4). Images of 

different variants like Triton X 100 (positive control), PBS (negative control), AMAG and 

AMAG_BG NPs (1, 5, 10, 25, 50 µg/mL) were centrifuged at (500× g) for 5 min till a complete clear 

solution was obtained as depicted in Figure 7(a-b). Hemoglobin absorbance at 570 nm was measured 

spectrophotometrically to determine how NPs affected the lysis of human red blood cells. As 

represented in (Figure S3 (a-h), each of the produced NPs demonstrated a very modest hemolytic 

activity. AMAG and AMAG_BG NPs are hemocompatible and may not be harmful at the prescribed 

doses, according to this representation. Hemolysis typically follows a dose-dependent pattern, 

wherein the rate of hemolysis increases at higher test material concentrations. However, this is not 

the case with AMAG and AMAG_BG NPs. Therefore, it can be assumed that it may occur at the 

lower pH ranges examined. Hence, it can be concluded that AMAG and AMAG_BG NPs exhibits 

minimal hemolysis at physiological pH of 7.4 as shown in Figure 7(c-d). As observed from UV based 

data and optical micrographs, we further tried to explain the compatibility of the material with RBCs 

through optical microscopy (Figure 7(e-h)). Through observation of slides, we could see intact RBCs 

present at random position of the slide in case of control and samples. However, in case of Triton X 

100 no intact RBCs could be observed rather overall distribution of debris was observed which could 

possibly be a result of breakdown of RBCs.  
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The obtained results (Figure 7) demonstrate that hemolysis activity was present in all NPs and was 

concentration dependent. Maximum hemolysis was seen when the NP concentration was 50 µg/mL, 

and was found to be 20 % in AMAG and 8 % in AMAG_BG. As previously reported, <5% 

of hemolysis was seen at lower concentrations, which can be safely employed [63,64]. The percentage 

of hemolysis activity revealed that lower doses of nanoparticles were safe and biocompatible. The 

best sample was then used to test the hemolytic activity with concentration variations over time 

(Figure 7). Under all different concentrations, the synthesized samples showed low hemolytic 

activity. Therefore, optimised samples are suitable for application as anticancer agents. 

 

Figure 2.7: (a-b) Determination of hemolytic activity through images of each variant (centrifugation 

500× g, 5 min to a completely clear solution). (c-d) Relative comparison of hemolytic activity after 0 

h, 1 h, 2 h and 24 h of AMAG and AMAG_BG NPs (1, 5, 10, 25, 50 µg/mL) with 100% of Triton X 

100 as a positive control and PBS as the negative control. (e-h) Determination of hemolytic activity 

through microscope images of AMAG, AMAG_BG, Negative Control (PBS) and Positive Control 

(Triton X 100) after 2 h interaction. (i) MTT assay of AMAG_BG NPs. All experiments were carried 

out in three replications. 

 

 

2.4.12 MTT Assay: 

The study was mainly concerned with the application of BG in the treatment of bone-related disorders. 

We used cytocompatibility testing with the 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium 

Bromide (MTT) assay to evaluate the compatibility of BG with human bone cells, particularly the 
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U2OS osteosarcoma cell line. The existence of live cells was assessed using the MTT assay following 

a 24 h exposure of the cells to varying concentrations of AMAG_BG NPs, as shown in Figure 7i 

below. The cells cultivated in media without any treatment were represented by the "Control” group. 

The results showed that the AMAG_BG NPs showed biocompatibility with over 80% cell viability 

from 1 µg/mL to 10 µg/mL of tested doses. It showed around 70% cell viability for 25 µg/mL and 50 

µg/mL of dose. Notably, we saw a small decrease in cellular viability at higher concentrations. 

2.5. Interaction Mechanism 

The structure-directing molecule for the magnetite and BG sample in this investigation is L-arginine, 

an important amino acid, at a constant pH condition (pH 7.4). At physiological pH, L-arginine has a 

net positive charge (Figure 8). The L-arginine molecules can interact through carboxylic acid groups, 

primary and secondary amino groups (Figure 8). The observed interaction between iron oxide species 

and L-arginine was evidenced by FTIR analysis (Figure 1b). In AMAG_BG sample, the chemical 

interaction of L-arginine coating on magnetite and BG network was indicated through COO- group 

of L-arginine (Figure 8). Such interactions of L-arginine molecules in AMAG_BG nanoparticles are 

evident by TGA and CHNSO analysis (Figure 2(a-b) and Table 1). In this study, the L-arginine 

templated magnetite core shell reacted with the BG network under ambient conditions to produce 

AMAG_BG. The interaction of L-arginine with BG precursors leads to the formation of BG network 

around L-arginine coated magnetite core shell. As a result, nanosized, mesoporous AMAG_BG 

(Average pore diameter: 7.1801 nm) could be synthesized with surface area (80.39 m2g-1) at ambient 

conditions. Mesoporous AMAG_BG interacted with SBF forming HAP on its surface 

thus demonstrating good in-vitro bioactivity. The observation promises for AMAG_BG's capacity to 

bind to bones. The core shell AMAG when encounters BG network, it tends to develop magnetic 

properties in AMAG_BG such that its saturation magnetization is 0.25 emu/g and remanent 

magnetization is 0.06 emu/g. AMAG BG NPs tends to develop heat ( 43 ⁰C) successfully with SAR 
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value 8.106 W/g for 1 mg/mL concentration thus becoming successful for hyperthermia treatment of 

cancer. To our knowledge, for the first time BG NPs have been synthesized using L-arginine 

templated magnetite core shell through bio-inspired route.  Importantly, using the above-mentioned 

methods, it becomes challenging to synthesize such property-dependent BG samples for biological 

applications. Hence, there is no doubt that AMAG_BG is a magnetic property dependent BG material 

for cancer treatment. 

 

Fig. 2.8: Representative structure of AMAG_BG NPs showing multi-centred interaction of L-

arginine with magnetite and BG network. 
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2.6 Conclusion: 

In answer to magneto heat transfer of the nano-carrier to diseased sites, magnetic NPs have been 

developed through a simple bio-inspired process. It is significant to note that AMAG not only 

functions as a templating agent for the synthesis of AMAG_BG NPs but also acts as a precursor for 

network formers and network modifiers in it. FTIR, CHNSO analysis revealed the existence of BG 

network and L-arginine in AMAG_BG NPs. The XPS and EDX gave the elemental composition of 

magnetic NPs. The XRD confirmed the existence of nanosized crystallites in the magnetic samples 

and FE-SEM, TEM portrayed the formation of nanosized particles. BET analysis proves that 

magnetic NPs are mesoporous in nature. The in-vitro heat studies, bioactivity studies and hemolysis 

assay along with magnetic studies depicts that AMAG NPs are successful in developing magnetism 

in BG network. Thus, making it suitable for hyperthermia treatment of cancer, combinational therapy 

and promises for regeneration of hard and soft tissues. So, obtained magnetic material is a good 

candidate to show significant impact on clinical use and therapeutics with distinct surface 

characteristics and biocompatibility for cancer treatment.  
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CHAPTER 3 

Mesoporous bioactive glass nanoparticles with dopants bismuth and iron as 

magnetic photothermal agents for biomedical applications 

 

GRAPHICAL ABSTRACT 

 

 

3.1 Introduction 

Bioactive glasses (BG) have been developed into a diverse class of biomaterials with 

potential applications in the management of numerous illnesses [1]. BG have long been linked to their 

ability to connect bone [2]. Currently, these materials are considered for soft and bone tissue 

regeneration, implant coatings, additive manufacturing for 3D printing, drug carriers etc [3]. 

Interestingly, role of BG in biomedical applications can be widened through the incorporation of 

unique metallic ions/organic molecules into silicate (or phosphate) network [4]. As a result, these 

functionalised BG can be employed as various therapeutic agents such as to produce heat for 

phototherapy or magnetic-induced hyperthermia, supply radiation for brachytherapy, and help deliver 

drugs to fight against cancer and infections [5].  

High incidence and mortality rates led researchers to investigate on effective cancer treatment 
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methods as well as faster and more precise diagnostic techniques. The most frequently used traditional 

clinical treatments include surgery, radiation, and chemotherapy [6,7]. These treatments withheld a 

significant chance of failure or side effects. Currently, photothermal therapy (PTT) is drawing 

attention in cancer therapy. In PTT, use of photothermal agents (PTAs) convert absorbed light energy 

into heat to inflict thermal burns on malignant cells [8,9]. PTAs can display modest photothermal 

conversion in healthy tissues but robust photothermal conversion at the location of malignant cells 

[10,11]. As a result, it causes the targeted heating of the malignant location while posing little or no 

threat to healthy cells.  

The present research work aims to synthesize BG based PTAs. Dual functions such as network 

formation and modification of dibismuth trioxide (Bi2O3) in oxide glasses are well known [12]. In 

addition to their outstanding properties, including great mechanical strength, thermal stability, and 

chemical endurance, glasses containing Bi2O3 are attractive candidates for practical applications 

[13,14]. Bismuth (Bi) is regarded as less toxic than other heavy metals and is currently used in the 

production of pharmaceutical products [15]. Bi doped materials can be visualized by using X-ray 

imaging techniques like computed tomography and radiography. These doped materials are 

particularly useful for bone and dental implants. As a result, it is possible to track implant adhesion 

and long-term morphological changes at the implant site [16,17]. Doping iron (Fe) successfully into 

BG is demonstrated by the creation of osteostimulatory materials that have a variety of advantages. 

By increasing osteoblast proliferation, boosting calcification, and having the ability to create apatite, 

these materials have shown to improve bone metabolism [18–20]. Importantly, Fe compounds 

especially in its oxide state (Fe2O3) have demonstrated notable anticancer action. These substances 

are also known to start chemical processes, such as the Fenton's reaction, which eventually cause 

tumour cells to die. All the materials are mostly synthesized by sol-gel method using organic solvents 

[21]. 

 



104 
 

The bio-inspired method at ambient conditions was developed by taking inspiration from naturally 

occurring nanostructured materials like silica found in diatoms [22–24]. The selected bio-inspired 

approach utilizes an aqueous-based methodology. Importantly, the methodology follows simple, cost-

effective, and environmentally friendly steps, while also ensuring oversight for calcination [22,23]. 

Presently, hybrid materials are also produced using this technique [24]. 45S5 BG based PTAs have 

never been developed earlier. In this study, we attempted first time to synthesize a novel Bi and Fe 

co-doped mesoporous 45S5 BG as PTA using folic acid (FA) as a template through bio-inspired 

approach. The use of therapeutic FA template in BG synthesis can help in the targeted delivery of 

anti-cancer drugs to the cancer site, as cancer cells are rich in folate receptors [25]. Bi and Fe are co-

doped in 45S5 BG composition (B_F_FABG) for a combination of photothermal effect due to Bi and 

magnetic effect due to Fe. Such a combinational effect of both the doped metals can be used in various 

biomedical applications.  

The novelty of our study on sample B_F_FABG is to display an intriguing combination of 

capabilities. The multifunction of the material includes mesoporosity, bioactivity for apatite 

mineralization in addition to photothermal activity and magnetic property. The elemental analysis of 

folic acid templated bioactive glass (FABG), Fe doped folic acid templated bioactive glass 

(F_FABG), Bi doped folic acid templated bioactive glass (B_FABG) and Bi as well as Fe co-doped 

folic acid templated bioactive glass (B_F_FABG) BG nanoparticles (NPs) was performed using X-

ray photoelectron spectroscopy (XPS) followed by other characterizations like XRD, FTIR, TGA, 

FE-SEM, TEM, NMR, BET. In addition, magnetic property and photothermal property of BG are 

tested using Vibrating Sample Magnetometer (VSM) and photoluminescence (PL) respectively. In-

vitro bone binding ability (bioactivity), and in-vitro hemolysis assay to test biocompatability of the 

materials were also carried out. A thorough comparative analysis of the characteristic properties of 

B_F_FABG was carried out with FABG, F_FABG and B_FABG to draw the importance of 

B_F_FABG.   
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3.2 Experimental Section 

3.2.1 Materials: 

All the precursors used for synthesis of BG, such as tetraethyl orthosilicate (TEOS) (CAS No. 78-10-

4), triethyl phosphate (TEP) (CAS No. 78-40-0), sodium acetate (NaAc) (CAS No. 127-09-3), and 

calcium acetate (CaAc) (CAS No. 114460-21-8), were purchased from Sigma-Aldrich. Additionally, 

Folic Acid (FA) (CAS No. 59-30-3),  

Ferric Chloride Hexahydrate (FeCl3.6H2O) (CAS No. 10025-77-1), Bismuth Nitrate Pentahydrate 

(Bi(NO3)3.5H2O) (CAS No. 10035-06-0), Hank's Balanced Salt solution (HBSS), which is also 

known as simulated bodily fluid (SBF) is supplied by Sigma Aldrich. The highest purity analytical 

reagent (AR) grade was used for all other chemicals used. All experiments were conducted with Milli-

Q water. Unless otherwise specified, all experiments were carried out at room temperature. 

 

3.2.2 Bio-inspired Synthesis of FABG NPs doped with metals: 

The BG NPs synthesis protocol was followed exactly, with very few modifications [26]. The template 

FA (1 mg/ml) was first dissolved in 100 ml of trizma buffer with a pH of 8 (10 mM). On the digital 

magnetic stirrer, the solution was continuously stirred at 500 rpm for 20 min at room temperature. 

After an interval of 30 min, the BG precursors were then introduced in order, starting with TEOS 

(9.29 g). TEP (1 g), NaAc (6.36 g), and CaAc (4.21 g) were then added sequentially each at a gap of 

30 min as per the mentioned procedure. For synthesis of F_FABG, B_FABG and B_F_FABG, Ferric 

Chloride Hexahydrate (FeCl3.6H2O), Bismuth Nitrate Pentahydrate (Bi(NO3)3.5H2O) and both 

FeCl3.6H2O, Bi(NO3)3.5H2O respectively were added after 30 min of adding last precursor CaAc. 

The solution was continually agitated for 30 min, and then it was left to incubate for 24 h in a silicone 

https://www.sigmaaldrich.com/IN/en/search/10035-06-0?focus=products&page=1&perpage=30&sort=relevance&term=10035-06-0&type=cas_number


106 
 

oil bath.  The obtained solution was centrifuged at room temperature at 13000 rpm to obtain the 

precipitate, which was then cleaned, dried in an air oven at 40 ⁰C for 48 h, and stored in a desiccator. 

 

3.3 Characterization of FABG, F_FABG, B_FABG and B_F_FABG NPs: 

3.3.1 X-ray photoelectron spectroscopy (XPS):  

XPS measurements were performed in an Ultra-high Vacuum (UHV) chamber using a non-

monochromatized Al K X-ray source and a home-made hemispherical electron energy analyser (ESA-

31). The angle between the direction of the photon beam and the axis of the analyser was 70⁰. 

Photoelectrons were gathered in a plane parallel to the surface. The survey spectra were acquired 

using the fixed retarding ratio (FRR) mode, with a retarding ratio of k = 4 for the survey spectra and 

k = 8 for the energy zones of interest. The measurement control and data collection programme was 

created using C++. Conductive double-sided adhesive tape (3M-9713-Cu) was used to mount the 

samples on the sample holder. 

3.3.2 X-ray diffraction (XRD) analysis:  

Using a Panalytical X'Pert Pro Diffractometer that ran at 45 kV and 40 mA current with Cu-Kα 

radiations as the source of X-rays, the prepared NPs were subjected to XRD analysis. With an 

extremely slow scan rate of 0.2 ⁰/min and a slow scan speed of 5⁰ to 90⁰, it captured the spectrum in 

the 2θ range. 

3.3.3 Fourier transform infrared spectroscopy (FTIR):  

All samples, including FABG, F_FABG, B_FABG and B_F_FABG NPs, were captured using the 

spectrophotometer's ATR-FTIR mode. The FTIR spectra of the synthesized material were assessed 

using the Perkin Elmer (Model Spectrum 2) spectrometer, which has a resolution of 1 cm-1 and 

operates in the 400 cm-1 to 4000 cm-1 range. 
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3.3.4 Thermogravimetric (TGA) analysis:  

The Perkin Elmer thermogravimetric analyzer (Model TGA 4000) was used to perform the TGA 

analysis on the samples. The thermal stability of the sample was tested by heating the magnetic 

samples to temperatures ranging from 0 ⁰C to 800 ⁰C in a nitrogen environment at a heating rate of 

10 ⁰C/min and nitrogen gas flow of 50 ml/min. 

3.3.5 29Si solid state nuclear magnetic resonance (NMR):  

Using 29Si solid state NMR, the atomic level silicate structure has been elucidated on doping with 

various transition metal ions and insight into the Qn species distribution of BG was gained. A 9.4 T 

ECX-II Jeol 400 MHz FT-NMR spectrometer was used in an experiment using magic-angle spinning 

(MAS) NMR, which operates at a frequency of 79.5 MHz. 

3.3.6 Morphological studies 

3.3.6.1. Field emission scanning electron microscopy (FE-SEM): 

The morphology of the NPs was investigated using a scanning electron microscope (ZESIS EVO 

MA15). Gold-coated FABG, F_FABG, B_FABG, and B_F_FABG NPs were seen under SEM at 

10,000 times the normal magnification and an accelerating voltage of 5.0 kV.  

3.3.6.2. High resolution transmission electron microscopy (HR-TEM): 

A high-resolution Transmission Electron Microscope (HR-TEM) model (TALOS S) from Thermo 

Scientific in the United States, which runs at an accelerating voltage of 200 kV, was used to measure 

the sizes of FABG, F_FABG, B_FABG and B_F_FABG NPs. The 64-bit Java 1.8.0 172 ImageJ 

program was used for the TEM analysis. 
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3.3.7 Nitrogen sorption analysis: 

Before analysis, the material was degassed for 2 h at 200 °C in a vacuum. Nitrogen was utilised as 

the adsorptive gas (N2, cross-sectional area 0.162 nm2) in the nitrogen adsorption-desorption analysis, 

which was performed using a Microtrac BEL (Model BELSORP-max), Japan, at -196 °C. In this 

investigation, the porosity of FABG, F_FABG, B_FABG and B_F_FABG NPs was determined. The 

Brunauer-Emmett-Teller (BET) equation was used to determine the surface area of the nitrogen 

adsorption data. The Barret-Joyner-Halenda (BJH) method was applied to examine the distribution 

of pore sizes in the desorption part of the isotherm. 

3.3.8 Magnetic measurement: 

The vibrating sample magnetometer (VSM) instrument (Microsense, Model ADE - EV9) was used 

to plot the magnetic hysteresis or M-H magnetization curve for FABG, F_FABG, B_FABG and 

B_F_FABG NPs at ambient temperature. Up to 2.2 Tesla of magnetic field was observed. Magneto 

resistance was kept between 1 Ω and 10,000 Ω according to the Field resolution of 0.001 Oe and 

sensitivity of 0.00005 emu. 

3.3.9 Bioactivity test: 

The procedure described by [20] depicted the development of a hydroxylapatite (HAp) layer on the 

surface of BG. The technique entailed assessing the in-vitro bioactivity of FABG, F_FABG, B_FABG 

and B_F_FABG NPs. The samples were immersed in SBF at a concentration of 1 mg/ml and 

incubated at 37 ⁰C under sterile conditions for 4 d, 7 d, 15 d, and 30 d. In order to maintain the 

concentration of ions in the solution and to facilitate the formation of the HAp layer, the SBF solution 

was changed every 4 d. The sample was then centrifuged, dried at 48 ⁰C in air oven, and maintained 

in desiccator for further characterizations, such as XRD, FTIR, SEM and magnetic 

measurements, once the necessary time period passed. 
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3.3.10 Photoluminescence study (PL): 

A Xenon lamp was used as the source of excitation for the Time Resolved PL (TR-PL) spectral 

recordings, which were conducted using an Edinburgh FLSP 900 Spectro fluorophotometer with a 

spectral resolution of 0.1 nm. The characterization was done at room temperature. 

3.3.11 In- vitro hemolysis assay: 

When using human blood, a few minor adjustments were performed to the experimental procedure 

for the in-vitro hemolysis assay [27]. PBS buffer was made in distilled water that was initially 

autoclaved. Human blood was extracted (0.5 ml), centrifuged for 5 min at 4 ⁰C with an RCF of 500*g, 

and the plasma as supernatant was discharged in surfactant. During that time, 1 mg of FABG, 

F_FABG, B_FABG and B_F_FABG NPs were sonicated in 1 ml of autoclaved distilled water to 

get the necessary stock solution of 1 mg/ml. The different concentrations (from 1 mg/ml stock 

solution): 1 µg/ml, 5 µg/ml, 10 µg/ml, 25 µg/ml, 50 µg/ml were prepared. After removing the plasma, 

the blood was correctly mixed in micro-centrifuge tubes and washed twice with 500 µl and 1000 µl 

of PBS, respectively. The mixture was adequately centrifuged, and the supernatant was removed with 

caution so as not to disturb the red blood cells. Up till a clear supernatant was obtained, washing was 

performed. Once clear supernatant had been collected, it was discarded. Red human blood was then 

added to five micro-centrifuge tubes at concentrations of 1 µg/ml, 5 µg/ml, 10 µg/ml, 25 µg/ml, 50 

µg/ml. One microcentrifuge tube containing 1 ml of PBS in red human blood was termed as a negative 

control, and a seventh microcentrifuge tube containing blood was assigned as a positive control on 

adding 950 ml of PBS and 50 ml of Triton X-100 (until a transparent solution was noticed). For 

various incubation times of 0 h, 1 h, 2 h, and 24 h, absorbance at 570 nm and the absorption spectrum 

from 300 nm to 800 nm were determined. Additionally, 2 h of fluorescent microscope imaging were 

also recorded. The following equation was used to calculate the percentage hemolysis rate: 

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 = [
𝐴𝑡 −  𝐴𝑐

𝐴100% − 𝐴𝑐
] × 100 
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Where, Ac is the absorbance of the supernatant from the negative control (PBS), and A100% is the 

absorbance of the supernatant from the positive control (Triton X 100), At is the absorbance of the 

supernatant of samples incubated with the particles. Experiments were run in triplicate, and an error 

analysis was conducted. In our research, hemolysis of less than 5% was regarded as nontoxic. This 

value is consistent with ASTM 75633 [28] and has been reported in several sources [27]. 

 

3.4 Results and Discussions 

3.4.1 X-ray photoelectron spectroscopy (XPS): 

The XPS survey spectra of BG depicted the presence of Si 2p (~103 eV), Ca 2p (~347 eV), C 1s 

(~284 eV), P 2p (~133 eV), Na 1s (~1071 eV) and O 1s (~531 eV) as shown in Fig. 1(a-d). Doped 

samples showed peaks corresponding to Fe 2p (~709 eV) in F_FABG, Bi 4f (~156 eV) in B_FABG 

and Fe 2p (~712 eV) as well as Bi 4f (~160 eV) in B_F_FABG respectively (Fig. 1(a-d)).    As 

illustrated in Fig. S1(a-d), high resolution XPS spectra of Si 2p, Ca 2p, C 1s, P 2p, Na 1s, O 1s, Fe 2p 

and Bi 4f were gathered to determine the chemical status of the corresponding elements as depicted 

in Table I. The experiments were performed with the VGESCALAB II system using AlKα radiation. 

The Si 2p peak around ~103 eV and Ca 2p showed Ca 2p1/2 and Ca 2p3/2 peaks around ~347.0 eV and 

~350 eV respectively in all the samples. The observations confirmed the existence of Si and Ca 

species in all BG and are in good agreement with Barrioni et al. [29].  

Fe peaks were reported in both F_FABG (Fig. S1b) and B_F_FABG samples (Fig. S1d). Noticeably, 

two peaks can be seen at 727.8 eV and 711.8 eV, that were associated with characteristic signal of Fe 

2p1/2 and 2p3/2 in B_F_FABG (Fig. S1d) respectively. While  a single peak located at 723.1 eV can be 

associated with Fe 2p1/2 in F_FABG (Fig. S1b) [30]. The broad peak at 737.4 eV in F_FABG is 

attributed to satellite peak of Fe. The observed Fe 2p signals in F_FABG and B_F_FABG indicated 

the existence of dopant Fe. The peaks of Bi 4f around ~158.5 eV and ~164 eV XPS exclusively 
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depicted the presence of Bi in B_FABG and B_F_FABG [31]. In general, a shift in the XPS peaks to 

higher or lower binding energies compared to the control (Fig. S1a) confirmed the presence of dopant 

moieties and their participation in the BG network. O 1s signals were reported at 532.1 eV in FABG, 

531.3 eV in F_FABG, 532.3 eV in B_FABG and 531.5 eV in B_F_FABG and are assigned to oxygen 

atoms in phosphates, hydroxyl and adsorbed water. The peak at 530.0 eV in B_FABG is attributed to 

metal oxides present in the compound. The peak around ~1071 eV is associated with Na 1s in FABG, 

F_FABG, B_FABG and B_F_FABG. The P 2p peak was at 134.9 eV, 133.9 eV, 133.2 eV and 132.0 

eV for FABG, F_FABG, B_FABG and B_F_FABG respectively. The observation corresponded to 

characteristic of phosphate moieties in BG network [32]. For all BG peaks appeared around ~284.4 

eV and around ~288 eV are attributed to the C – C bond in C 1s that might have derived from FA 

template. Hence, XPS studies confirmed the presence of dopants Fe in F_FABG and B_F_FABG 

while Bi in B_FABG and B_F_FABG in comparison to control FABG. 

Table 3.1: Binding energy (eV) of FABG, F_FABG, B_FABG and B_F_FABG by XPS analysis. 

 

XPS 

Various 

Elements 

Binding energy (eV) 

FABG 

 

F_FABG B_FABG B_F_FABG 

Na (1s) 1071.1 1071.3 1071.4 - 

O (1s) 532.1 531.3 530.0, 532.3 531.5 

Ca (2p) 346.8, 350.4 347.0, 350.6 346.7, 350.6 347.2, 351.1 

C (1s) 284.4, 287.2 284.4, 288.0 284.4, 287.3 284.3 

P (2p) 134.9 133.9 133.2 132.0 

Si (2p) 103.0 102.2 103.0 102.3 

Fe (2p) - 723.1, 737.4 - 711.7, 728.0 

Bi (4f) - - 158.5, 163.9 158.7, 164.0 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phosphate
https://www.sciencedirect.com/topics/chemistry/hydroxyl
https://www.sciencedirect.com/topics/materials-science/apatite
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Fig. 3.1: (a-d) XPS survey spectra of FABG, F_FABG, B_FABG and B_F_FABG, (e) XRD patterns 

of FABG, F_FABG, B_FABG and B_F_FABG, (f) FTIR spectrum of FABG, F_FABG, B_FABG 

and B_F_FABG and (g) FTIR spectrum of FA. 
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3.4.2 X-ray diffraction (XRD) analysis: 

The XRD patterns of FABG, F_FABG, B_FABG, B_F_FABG are depicted in Fig. 1e. Comparing the 

doped BG samples to the FABG, it is interesting to note that phase change was seen after the 

incorporation of Bi and Fe metal ions (Fig. 1e). When sodium calcium phosphate silicate 

(Ca0.89Na0.11O3P0.11Si0.89) was present in FABG, typical reflections (JCPDS 00-033-1229 at 

2θ values of 22.2⁰ (101), 26.1⁰ (002) were seen. These reflections of BG are common in all the 

prepared samples, F_FABG (at 2θ values of 31.7⁰ (102)), B_FABG (at 2θ values of 23.3⁰ (101), 30.8⁰ 

(102), 53.9⁰ (104)) and B_F_FABG (at 2θ values of 25.9⁰ (222), 40.9⁰ (201), 54.1⁰ (104), 58.7⁰ (300)). 

The XRD pattern for F_FABG (Fig. 1e) revealed that the material was in an amorphous form and 

presence of Fe species was seen corresponding to JCPDS 00-001-1252 at 2θ value of 45.6⁰ (110). 

Similarly, for B_F_FABG, Fe species is reported according to JCPDS 00-001-1252 at 2θ values of 

65.0⁰ (200), 83.5⁰ (211) [18]. 

The increase in the characteristic diffraction peak intensities in B_FABG (JCPDS 00-001-0688 at 

2θ values of 26.60 (012), 46.20 (113), 48.30 (202), and 56.20 (024)) indicated the inclusion of Bi 

species with increased crystallinity [33,34]. Similarly, XRD pattern of B_F_FABG with 2θ values of 

47.20 (113) and 68.70 (214) confirmed the incorporation of Bi species in B_F_FABG sample [30, 

31]. The observation of XRD analysis is in good agreement with XPS data (Fig. 1) 

The Debye-Scherrer formula, which is (D = kλ / βcosθ) where K is the constant, λ is the X-ray 

wavelength, β is the peak width of the half-maximum of the diffraction peak, and θ is the X-ray 

diffraction angle, can be used to quantitatively determine the mean crystallite size which was found 

to be 0.1 ± 0.04 nm for FABG, 0.2 ± 0.03 nm for F_FABG, 0.3 ± 0.01 nm for B_FABG and 0.2 ± 

0.04 nm for B_F_FABG by the XRD patterns. The results shown here are the average of triplicates 

performed. 
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Hence, XPS and XRD results depicted the presence of trace amount of Fe in F_FABG, B_F_FABG 

and Bi in B_FABG, B_F_FABG. 

3.4.3 Fourier transform infrared spectroscopy (FTIR): 

An FTIR spectrum of FA is depicted in Fig. 1g from 2000 cm-1 to 400 cm-1 wavelength region. The 

characteristic IR absorption peaks of native FA were seen at 1606 cm-1 because of the amide I (N-H 

bending), 1697 cm-1 due to amide II (C=O stretching), and 1484 cm-1 due to the absorption band of 

phenyl ring, respectively [35]. 

Fig. 1f depicted FTIR spectra of FABG, B_FABG, F_FABG and B_F_FABG. The existence of 

characteristic FA peaks (amide I and amide II) in FABG and doped BG informed the presence of 

template FA in BG. A huge shift in amide II peak towards lower wavenumber that is 1566 cm-1 in 

FABG, 1556 cm-1 in F_FABG, 1537 cm-1 in B_FABG and 1556 cm-1 in B_F_FABG are reported 

compared to native FA molecule (1697 cm-1). It might be due to -C=O group interactions with 

dopants/BG network (Fig. 1f) as reported earlier [22,36]. Apart from this, —COO¯ symmetrical 

stretching vibration of native FA at 1415 cm-1 is also reported in FABG at 1442 cm-1 and doped BG 

around 1433 cm-1 with significant shift towards higher wavenumbers. The observation confirmed the 

chemical interaction of —COO¯ group of FA with dopants/BG network [37]. All the other peaks of 

FA at about 3500 cm-1, which is caused by O-H/N-H stretching vibrations was also reported in BG. 

These observations confirmed the existence of FA molecules in BG. Importantly, peaks corresponds 

to the silicate network at 1100 cm-1  (Si–O–, Si–O–C. Si–O–Si_ bonds) and 795 cm-1 (typical silicate 

network ring structures) were observed for all BG, confirming successful formation of the BG 

network [22].  

Interestingly, in addition to silicate network peak at 1100 cm-1, an additional peak around 1061 cm-1 

and 1033 cm-1 were found for F_FABG and B_F_FABG respectively compared to FABG. The finding 

confirmed the rearrangement of silicate network due to doped metal ions (M) , which might lead to 
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form Si–O–M bond [32, 33].  In the case of B_FABG the additional peak was at 1006 cm-1, which 

appeared at much lower wave number compared to other doped BG indicating existence of the highly 

polarizable the largest Bi ions in the silicate network.   

FTIR results were in good agreement with XPS and XRD data that proved silicate network formation 

along with FA molecules in FABG. In doped BG, metal ions are evidenced into the BG network. 

along with the existence of FA template. 

3.4.4 Thermogravimetric (TGA) analysis:  

Fig. 2(a-b) depicted TGA thermograms of FA, FABG and doped FABG. Initial weight loss of FABG 

was 10.5 w/w% in the temperature range from 50.3 °C to 276.4 °C due to evaporation of sorbed water 

molecules. Thereafter, from 276.4 °C to 677 °C, 45.6 w/w% weigh loss of FABG was reported. The 

observed weight loss pattern is in good agreement with FA thermogram. In temperature range of 213.7 

°C to 600 °C a steep increase in weight loss was observed for native FA, whereas weight loss of FA 

content of FABG was reported at slightly higher temperature range from 276.4 °C to 600 °C. The 

observation can be corroborated to the interaction between FA molecules and the BG network and is 

in good agreement with XRD and FTIR results (Fig. 1e and Fig. 1 (f-g)). Thermograms of F_FABG 

and B_F_FABG were also showed majorly two steps of degradation but elevated stability of the 

material from the temperature range 430 °C to 850 °C. The observation indicated existence of FA 

content in lesser amount in F_FABG and B_F_FABG compared to FABG. Interestingly, thermogram 

of B_FABG was reported with single step degradation with the highest stability in the temperature 

range 430 °C to 850 °C. The residual weight of various BG was reported in the order FABG (56.5 

w/w%) < F_FABG (32.2 w/w%)  B_F_FABG (28.8 w/w%) < B_FABG (19.8 w/w%). The 

observation evidenced existence of FA content in BG network depending on the dopants. The heaviest 

and highly polarizable Bi ions showed greater affinity towards BG network compared to Fe ions and 

FA molecules and in corroboration with FTIR and XRD findings (Fig. 1(e-g)).   
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Fig. 3.2: (a) Thermogravimetric analysis of FABG, F_FABG, B_FABG and B_F_FABG, (b) 

Thermogravimetric analysis of FA, (c) NMR spectrum of FABG, F_FABG, B_FABG and 

B_F_FABG, (d) FE-SEM micrographs of FABG, F_FABG, B_FABG and B_F_FABG, (e) Image J 

Analysis for particle size, HR-TEM micrographs in bright field and SAED pattern of FABG, 

F_FABG, B_FABG and B_F_FABG. 
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3.4.5 29Si solid state nuclear magnetic resonance (NMR): 

The structure of silicate glasses can be determined using 29Si-NMR, which provides in-depth 

knowledge of the connectivity and distribution of Qn species. As seen in Fig. 2c, Q denotes tetrahedral 

structural unit and bridging oxygen atoms are referred by n. By analysing the chemical shift produced 

by a magic angle spinning (MAS) NMR, the presence of different chemical species can be detected 

in BG. Using 29Si MAS solid state NMR, it has been possible to understand the doped metal ions Fe 

and Bi in these glasses with the network modifiers sodium and calcium [39]. As shown in Fig. 2c, Q4 

dominates the glass structure for individual BG samples (FABG and B_F_FABG), with Q3, Q2 and 

Q1 species following in decreasing order. It is significant to note that each glass sample that underwent 

gaussian fitting deconvolution displayed an uneven peak. A small shift to a negative value of 2.4 ppm 

is visible in glasses co-doped with Fe and Bi as compared to the total peak position of the signal 

associated with Si [40]. The observed shift in the 29Si signal is most likely the result of a modification 

to the parent glass structure's network modifier cation. The increase in Q4 in the glass network, which 

is neutralised by Bi and Fe2+/Fe3+ ions, together with an increase in Q3 and Q2 species for B_F_FABG, 

resulted in the observed alteration [41]. The rise in Q4 percentage may also be supported by the FTIR 

spectra (Fig. 3a), in which results demonstrated a broadening of peak at 1033 cm-1 of the Si–O–Si 

linkage in the doped sample in comparison to pure BG. When compared to FABG, B_F_FABG's 29Si 

signal's FWHM (full width at half maximum) decreased from 14.87 ppm (-1.03 ppm) to 13.84 ppm. 

Table 2 lists the Qn distribution percentages and resulting network connection (NC). Using equation 

II, 𝑁𝐶 =
4𝑄4+3𝑄3+ 2𝑄2+ 1𝑄1

100
 was calculated.  A repolymerization impact produced by the introduction 

of dopant metal ions Bi and Fe into the BG network is suggested by the increased network 

connectivity for the doped glass samples (B_F_FABG) compared to the pure BG control (FABG), 

which agrees with the published literature [40]. 
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Table 3.2: Qn content and chemical shift data (δ) of FABG and B_F_FABG 

Sample Q4 Q3 Q2 Q1 NC 

 δ(ppm) δ(ppm) δ(ppm) δ(ppm)  

FABG -112.4 -107.1 -102.6 -83 10.59 

B_F_FABG -110 -94.6 -73.6 -50.2 9.21 

 

Note: NC stands for the network connectivity defined as 𝑁𝐶 =
4𝑄4+3𝑄3+ 2𝑄2+ 1𝑄1

100
 . Errors: δ ± 0.5 

ppm and NC ± 0.05. 

 

3.4.6 Morphological Studies 

3.4.6.1. Field emission scanning electron microscopy (FE-SEM): 

SEM analysis to test morphology of the prepared BG has been done. Highly aggregated BG particles 

with irregular shape of FABG, F_FABG, B_FABG, and B_F_FABG were visible in corresponding 

FE-SEM images (Fig. 2d).  

 

3.4.6.2. High resolution transmission electron microscopy (HR-TEM): 

The BG were also visualized using HR-TEM (Fig. 2e) and observed to be nanosized as well as 

aggregated. Additionally, using image J analysis, particle sizes for FABG, F_FABG, B_FABG, and 

B_F_FABG were found to be in the range of 15.9 ± 0.3 nm, 19.4 ± 0.7 nm, 25.3 ± 0.9 nm, and 12.8 

± 0.3 nm respectively. It is evident that in comparison to bare BG, BG doped with both Fe and Bi 

were reduced in the particle size. This may be explained by a greater silica matrix deformation 

brought on by the inclusion of metal ions [42]. This observation is in good accord with FE-SEM (Fig. 
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2d). SAED pattern of FABG depicted amorphous nature of the material. For F_FABG, d- spacing 

0.425 Å and 0.380 Å corresponded to (114) and (521) hkl values respectively. Similarly for B_FABG, 

d- spacing 2.644 Å, 1.814 Å and 1.322 Å corresponded to (104), (202) and (114) hkl values 

respectively. B_F_FABG has d- spacing 0.68 Å, 0.54 Å, 0.44 Å, 0.38 Å, 0.33 Å, 0.31 Å, 0.27 Å and 

0.24 Å corresponded to (411), (510), (521), (131), (312), (128), (300) and (114) hkl values 

respectively. Some of the hkl values from SAED pattern are in combination with XRD values like 

(104), (202) in B_FABG and (300), (114) in B_F_FABG.   It depicted that F_FABG, B_FABG and 

B_ F_FABG are nano-crystalline and in good agreement with XRD analysis (Fig. 1e).  

 

3.4.7 Nitrogen sorption analysis: 

The pore diameter, pore volume, and surface area for all BG are shown in Table III. All doped and 

undoped BG are determined to be mesoporous as pore diameters lie between 2 nm to 50 nm range. 

According to the IUPAC classification of adsorption isotherms, the adsorption-desorption isotherm 

for FABG, F_FABG, B_FABG, and B_F_FABG exhibit a conventional type IV isotherm with an 

hysteresis loop of H3 type (Fig. 3 (a-d)) [43].  

This phenomenon shows that the pore size distribution of all BG NPs, is generally narrow and has 

slit-like pores [42]. In Fig. 3(a-d), Barrett-Joyner-Halenda (BJH) model displays pore diameter and 

the pore size of all BG NPs that lies in range of 10 nm to 27 nm. The B_FABG showed the largest 

mean pore size and B_F_FABG showed largest pore volume compared with the FABG and F_FABG. 

The total surface area recorded for F_FABG is highest which is 86.680 m2/g and slightly less that is 

80.621 m2/g for B_F_FABG. This is important data about the material's physical composition since 

the size of a solid's surface influences how that solid will respond to its environment. Numerous 

characteristics, such as dissolution rates, enzyme activity, retention of humidity, and shelf life, are 

typically correlated with a substance's surface area. Pore diameter of FABG is 1.699 nm which 
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increased to 3.412 nm in F_FABG and 9.680 nm in B_FABG, indicating participation of dopants in 

BG network. Interestingly, pore diameter increases with increase in the size of the dopant. On the 

other hand, in co-doping, we could get the more or less same pore diameter and surface area compared 

to F_FABG depicting that Fe ions functions mostly as network former while Bi as both former and 

modifier [44]. So, above data is in good accord with NMR findings where values of Q4, Q3, Q2, Q1 

for FABG is more than the respective values of B_F_FABG. 

Table 3.3: Surface area, pore volume and pore size data of FABG, F_FABG, B_FABG and 

B_F_FABG. 

 FABG F_FABG  B_FABG B_F_FABG 

Total Surface Area (as,BET [m2 g-1]) 1.439 86.680 15.218 80.621 

Total pore volume(p/p0=0.944) [cm3 g-1] 0.003 0.076 0.056 0.065 

Mean pore diameter [nm] 1.699 3.412 9.680 3.435 
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Fig. 3.3: (a–d) Nitrogen adsorption-desorption isotherm and pore size distribution of FABG, 

F_FABG, B_FABG and B_F_FABG, (e): Magnetization curve of F_FABG and B_F_FABG NPs. 
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3.4.8 Magnetic measurement: 

An essential physical characteristic of materials is magnetism. The saturation magnetization (Ms) of 

B_F_FABG (20001.1 Oe) and F_FABG (20001 Oe) is achieved significantly at same magnetic field.  

The hysteresis curve calculated the remanent magnetization (Mr) values for F_FABG and 

B_F_FABG, which are found to be 0.0002 emu/g and 0.0001 emu/g, respectively. After doping BG 

with Fe in F_FABG and Bi, Fe in B_F_FABG, the saturation magnetization of both materials was 

found to have increased to 0.001 emu/g (Fig. 3e). Due to its deformed silica network, the obtained 

pure FABG sample demonstrated diamagnetic nature. Due to the inherent ferromagnetism of Fe, it is 

doped with 2% (wt.) Fe in FABG and 2% (wt.) each with Bi, Fe in B_F_FABG, which reduced the 

diamagnetism of both samples. When placed in an external magnetic field, F_FABG and B_F_FABG 

exhibited some magnetic effects compared to FABG due to the decrease in diamagnetism. The 

F_FABG and B_FABG samples' crystallinity, as opposed to FABG, which is wholly amorphous in 

nature, justifies the high magnetizations [45]. It is important to note that XRD and TEM data have 

already confirmed the crystalline nature of both the samples. The results mentioned above support 

the inclusion of magnetic characteristics in BG NPs. In contrast to F_FABG, B_F_FABG is a soft 

magnetic material with a low remanence; as a result, it has a reduced coercivity, the potential to shift 

polarity frequently, and relatively low electrical losses. Due to its magnetic effect, the material created 

with Fe and Bi doping is thus also suitable for biomedical applications [46]. 

Table 3.4: Saturation and Remanent Magnetization of F_FABG and B_F_FABG NPs 

 

 Saturation Magnetization (Ms) 

(emu/g) 

Remanent Magnetization (Mr) 

(emu/g) 

F_FABG 0.0015 0.0002 

B_F_FABG 0.0011 0.0001 
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3.4.9 Bioactivity test: 

The inclusion of network formers and modifiers like Fe and Bi metal ions disturbs the BG network 

consistency [47]. Unbridged oxygen groups are connected to Si–O bonds because of breaking of some 

of the silicate bonds. To stimulate the synthesis at the glass surface of silanol groups, the quantity of 

silicon oxygen bonds bounded to unbridged oxygen groups regulates the pace of silica dissolution. 

When exposed to bodily fluids, the biological reaction is directed towards the interface of the BG 

material. 

The structure, material composition, and ions contained in the BG have a significant impact on its 

chemical susceptibility (i.e., physiological fluid dissolution) [48]. Protein-protein interactions and 

bioactivity are subsequently impacted by this. Additionally assessed was the material's bioactivity, or 

its capacity to produce HAp when in contact with biological fluid. According to Kokubo et al. [49], 

bioactivity was assessed in the current study using simulated bodily fluid (SBF). The doped bioactive 

glass samples were submerged in SBF from 4 d to 30 d before being examined for the development 

of a HAp layer using XRD, FTIR, SEM, and VSM. 

According to the JCPDS file number 00-024-0033, the observed reflections in the matching XRD 

pattern pertained to (Ca5(PO4)3(OH). Interesting reflections at 2θ values between 20⁰ and 60⁰ 

corresponding to the production of HAp was found in the XRD data of the SBF treated doped and 

undoped samples (Fig. 4(a-d)). After contact with SBF, a small number of new diffraction maxima 

with modestly increasing intensities from 4 d to 30 d developed for all of the samples. Furthermore, 

FTIR spectra depicted the existence of distinctive phosphate and carbonate vibration modes (Fig. 4(e-

h)) of doped samples when undergone bioactivity from 4 d to 30 d that supported the production of 

HAp. For the deposited samples, a peak about 1633 cm-1 that is attributed to the hydroxyl group was 

seen. Additionally, from 4 d to 30 d, the peaks ranging from 1300 cm-1 to 1720 cm-1 signifies 

carbonate peaks and peaks at 900 cm-1 signifies phosphate peaks, were noticed to have gradually 
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emerged. Additionally, it is interesting to note how the intensity of the identifiable silicate network 

peak at 795 cm-1 fell to a hardly noticeable level from FABG to other doped samples. It demonstrated 

that, in line with Hench's proposed bioactivity process, ions dissolve on the doped BG surface, 

enhancing the conversion of silicate to silanol groups. The production of HAp is interestingly 

indicated by the presence of phosphate, hydroxyl, and carbonate groups simultaneously.  

FE-SEM micrographs showed the contact with SBF, bone-like HAp microcrystals formed on the 

surface of the BG NPs. The micrographs of BG NPs (Fig. 5(a-d)) revealed a significantly bare surface 

morphology after 15 d of interaction with SBF and because of the HAp deposition. It is intriguing 

that in comparison to control, other doped samples showed thick layer of HAp deposition from 4 d to 

30 d. The key factor contributing to the quick HAp deposition in the doped BG samples, was 

mesoporosity in general. 

The VSM measurement for bioactivity of F_FABG and B_F_FABG NPs from 4 d to 30 d indicated 

a hysteresis curve of magnetization with the magnetic field, as depicted in Fig. 5(e-f). It clearly 

showed that saturation magnetization (Ms) is increasing from 4 d to 30 d while remanent 

magnetization shows slight change with increasing days of bioactivity. This showed that ability of 

magnetization is maximum when deposition of HAp is maximum.  
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Fig. 3.4: (a-d) XRD patterns and (e-h) FTIR spectra of FABG, F_FABG, B_FABG and B_F_FABG 

after 4 d, 7 d, 15 d and 30 d of bioactivity in SBF solution. 
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Fig. 3.5: (a-d) FE-SEM micrographs of FABG, F_FABG, B_FABG and B_F_FABG and (e-f) 

Magnetization Curve of F_FABG and B_F_FABG after 4 d, 7 d, 15 d and 30 d of bioactivity in SBF 

solution. 
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3.4.10 Photoluminescence study (PL): 

The phenomenon known as PL occurs when a substance emits light after absorbing photons. The host 

glass matrix of BG NPs often contains an array of ions. During the synthesis process, the glass 

structure is doped with Bi3+ and Fe+2/Fe+3 ions. The exact glass composition and doping concentration 

are key factors in influencing the PL properties [50]. 

The NIR absorption peak absorbed around 600 nm is seen in the usual materials for PT therapy 

applications in order to achieve optimum luminescence of the converter species and perfect radiation 

transmission into the tissue [50].  

Bi-doped 45S5 BG NPs require an excitation wavelength in the ultraviolet (UV) or visible light range 

to cause photoluminescence. Typically, the emission peak occurs between the wavelengths of 250 

nm and 550 nm (Fig. 6a) [51]. Numerous variables, including the glass composition, the doping level, 

and the experimental apparatus, might affect the precise excitation wavelength. In contrast to the 

undoped sample FABG, the doped BG showed emission peaks at ~480 nm for B_FABG, and 

B_F_FABG (Fig. 6a). Depending on the particular glass composition and Bi concentration, the exact 

excitation peaks can change. For B_FABG, the excitation peaks are located about ~1100 nm and 

~1208 nm and for B_F_FABG at ~1017 nm and ~1092 nm respectively (Fig. 6b). Previous studies 

have suggested that these peaks correspond to the transitions of Bi+ from 3P0 to 3P2 and Bi0 from 

4S3/2 to 2D3/2(2) and 2D3/2(1), respectively [52]. When exposed to radiation, the samples' active 

species of Bi absorbed this photon energy, allowing transitions to higher excited states. Radiative and 

non-radiative contributions can both lead to a subsequent relaxation. The latter causes the transfer of 

heat as a result of multiphoton relaxation, energy transfer between different states of Bi. Therefore, 

once PL is suppressed, the thermal effect tends to be enhanced. 
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Fig. 3.6: (a) Emission spectra and (b) Excitation spectra of B_FABG and B_F_FABG 

 

3.4.11 In- vitro hemolysis assay: 

The hemolytic effects on RBCs are closely related to elements such as the porosity, shape, and surface 

functioning of NPs [53]. External surface area is known to have an impact on hemolysis via altering 

the quantity of RBCs that bind to NPs or the ability of cell membranes to encircle NPs [54]. To 

evaluate the overall cytotoxicity of the synthesized NPs, the hemolysis assay was performed. We 
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generated NPs with low or insignificant hemolysis rates, in contrast to recent studies on comparable 

materials with various dopants [55,56]. Images of various samples, such as positive and negative 

control attributed to Triton X 100 and PBS respectively. FABG, F_FABG, B_FABG, and B_F_FABG 

NPs (1, 5, 10, 25, 50 g/mL), were centrifuged at 500× g  for 5-6 min so as to obtain a fully transparent 

solution as shown in Fig. 7a. To find out how NPs affected the lysis of human red blood cells, 

spectrophotometric measurement of haemoglobin absorbance at 570 nm was performed. Each of the 

synthesized NPs displayed a very low hemolytic activity, as shown in (Fig. 7 (b-e)). According to this 

picture, all of the prepared NPs are hemocompatible and might not be dangerous at these 

concentrations. Increasing levels of hemolysis often occur at increasing test material concentrations, 

and hemolysis typically follows a dose-dependent pattern. With FABG, F_FABG, B_FABG, and 

B_F_FABG NPs, this is not the case, so it may be concluded that it might take place at the lower pH 

ranges under consideration. Therefore, it can be inferred that at physiological pH of 7.4, FABG, 

F_FABG, B_FABG, and B_F_FABG NPs display negligible hemolysis as seen in Fig. 7(b-e). We 

further attempted to explain the compatibility of the material with red blood cells (RBCs) using 

optical microscopy, as seen from UV-based data and optical micrographs (Fig. 7f). In both the control 

and sample cases, we were able to see intact RBCs on the slides in a variety of locations. However, 

with Triton X 100, no intact RBCs could be seen; instead, an extensive spread of debris was seen, 

which may have been caused by the breakdown or lysis of RBCs. 
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Fig. 3.7: Determination of hemolytic activity. (a) Images of each variant (centrifugation 500× g, 5 

min to a completely clear solution). (b-e) Relative comparison of hemolytic activity after 0 h, 1 h, 2 

h and 24 h of FABG, F_FABG, B_FABG and B_F_FABG (1, 5, 10, 25, 50 µg/mL) with 100% of 

Triton X 100 as a positive control and PBS as the negative control. (f) Microscope images of FABG, 

F_FABG, B_FABG and B_F_FABG, Negative Control (PBS) and Positive Control (Triton X 100) 

after 2 h interaction. All experiments were carried out in three replications. 
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3.5 B_F_FABG as an efficient magnetic PTA: 

In this study, BG precursors were interacted with FA and metal ion dopants (Fe and Bi) to synthesize 

mesoporous B_F_FABG under ambient conditions. It is aqueous based sustainable synthesis. XPS 

confirmed the metal ions doping and the composition of BG network (Fig. 1(a-d)). The doping of Fe 

and Bi increased the crystallinity in the BG network. The average crystallite size of doped samples 

have been identified with the Scherrer formula which is found to be 0.2 ± 0.04 nm for B_F_FABG 

confirmed by XRD (Fig. 1e). FA is retained in BG network as per the FTIR and TGA analysis by 

physical interactions (Fig. 1(f-g) 2(a-b)). NMR evidenced the decrease in Q4, Q3, Q2, and Q1 structures 

of B_F_FABG compared to FABG confirming the doping of metal ions compared to BG (Fig. 2c). 

BET confirmed that pore diameter of Bi in B_FABG is highest compared to other samples and pore 

volume is highest for F_FABG compared to other samples which depicted that Fe and Bi ions are 

network former as well as network modifier (Fig. 3(a-d)) [57]. Hence, the presence of Bi and Fe in 

BG network is also confirmed by XPS studies (Fig. 1(a-d)). As a result, it was possible to synthesize 

nanosized, mesoporous B_F_FABG with an average pore diameter of 3.435 nm and a very high 

surface area of 80.621 m2/g. FE-SEM (Fig. 2d) and HR-TEM (Fig. 2e) depicted that the samples are 

nanosized (FABG, F_FABG, B_FABG, and B_F_FABG were found to be in the range of 15.9 ± 0.3 

nm, 19.4 ± 0.7 nm, 25.3 ± 0.9 nm, and 12.8 ± 0.3 nm respectively) and are in good agreement with 

NMR findings. Pl luminescence and VSM (Fig. 6(a-b) and Fig. 3e) depicted B_F_FABG work as an 

efficient nanosized PTAs with magnetic property (Fig. 3e). By deposition of HAp on its surface, 

mesoporous B_F_FABG interacted with SBF and demonstrated good in-vitro bioactivity (Fig. 4(a-h) 

5(a-f)). The observation promised for bone bonding nature of B_F_FABG. The in-vitro hemolysis 

assay’s cytotoxicity test results showed that BG are biocompatible and perhaps safe at tested 

concentrations (Fig. 7(a-f)). The effective qualities for biomedical applications are thus confirmed by 

a detailed comparison of B_F_FABG with other BGNPs (FABG, F_FABG, and B_FABG). According 

to researches we found that only the sol-gel process, which combines artificial polymer templates, 
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strong organic solvents, and calcination at high temperatures with organometallic precursors, can 

produce such mesoporous BG materials. Truth to be told, organometallic precursors along with 

synthetic or biological molecules are demanding in bio-inspired synthesis of BG where they act as a 

structure directing template [26,58]. Significantly, it becomes difficult with the aforementioned 

methods for synthesizing such BG samples which are property dependent. Therefore, we can say that 

nanosized mesoporous B_F_FABG is an environmental friendly biocompatible and bioactive 

magnetic PTA for biomedical applications. 

 

3.6 Conclusion 

A straightforward and carefully monitored process for the bio-inspired synthesis of BGNPs has been 

developed, using FA as a template and metal ions (Fe and Bi) as dopants. The material developed 

(B_F_FABG) is a bioactive mesoporous magnetic PTA having optical, magnetic and regenerative 

properties for wide biomedical applications. It is significant to remember that FA behaves as a 

templating agent for the synthesis of BG NPs such that metal dopants Fe and Bi ions function as 

network former as well as modifier. The presence of metal dopants in the BG network was confirmed 

by thorough elemental, FTIR, and TGA analysis while maintaining the BG composition necessary 

for demonstrating the bioactive property. The mesoporous nature of the BG NPs with large surface 

area and pore volume was revealed by nitrogen sorption studies, and its nanosize was validated by 

HR-TEM. In a comparison of the four BG NPs, mesoporous B_F_FABG performed as a better 

multifunctional material in terms of both magnetic and optical properties with excellent bioactivity 

as well as biocompatibility.  
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CHAPTER 4 

Effect of Magnesium and Bismuth co-doping on Structural Optical and 

Bioactive properties of Bioactive Glass Nanoparticles for Biomedical 

Applications  

 

GRAPHICAL ABSTRACT 

 
 

4.1 Introduction 

Ceramics and bioactive glasses (BG) stand out among all biomaterials as interesting options for 

biomedical applications involving hard and soft tissue regeneration [1–3]. BG form a hydroxyl 

apatite-like layer (HA) on the surface upon implantation at defective wound site, which resembles 

the mineral phase of bone. The recently formed HA layer not only bind with bone and also promote 

binding of soft tissue by neovascularization [4]. There exists a numerous reports on the effect of 

therapeutic ion dopants to BG on bioactivity and clinical applicability [5]. Aluminum 

(Al), zirconium (Zr), magnesium (Mg), strontium (Sr), zinc (Zn), copper (Cu), cobalt (Co) [6] and 

silver (Ag) are few metal ions, which were incorporated individually/co-dopants in BG. These metal 

ions in critical concentrations are known to substitute for Ca in BG network to improve osteogenesis, 

angiogenesis, and biocide activity of BG [7–9]. Mg is an important content of human body especially 

in hard tissues and plays essential role in energy metabolism, macromolecule synthesis, bone 

https://www.sciencedirect.com/topics/materials-science/aluminum
https://www.sciencedirect.com/topics/materials-science/zirconium
https://www.sciencedirect.com/topics/materials-science/strontium
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development as well as maintenance and expression of genetic information [5]. Doped Mg ions in 

BG functions as a network modifier and offers an excellent mechanical strength to the material. In 

addition, presence of Mg2+ in BG also promotes human osteoblast cell adhesion, proliferation, and 

calcification [10]. Mg doped mesoporous BG were shown to promote bone regeneration with 

excellent biocompatibility and also providing sustained drug release [11]. As a result, Mg shows 

widespread use in a variety of implants such as porous bone scaffolds, cardiovascular stents, and 

internal fixing components for bone fractures [12].  

Biomaterials with bismuth (Bi) or its compounds can release Bi ions in physiological conditions, 

which can potentially have detrimental biological effects [3]. Bi is less toxic than other heavy metals 

and is also widely used in pharmaceutical products [13] and bio markers [14]. Various Bi containing 

materials are reported to show antibacterial [15,16], anticancer properties [17] and are used in treating 

gastrointestinal infections, syphilis, hypertension [18] and tumors [5]. Bismuth ferrite reinforced BG 

composites were demonstrated as scaffold for cellular support with enhanced bone tissue formation 

and accelerated osseointegration under magnetic field exposure. Bismuth oxide-doped BG 

synthesized by flame spray was shown as a radiopacifier to improve the functionality of dental 

implants [19]. However, human osteoporosis and soft tissue damages can result from an overly high 

concentration of Bi [20,21]. Addition of Bi2O3 to 45S5 nano-bioactive glass powders by flame spray 

technology displayed radiopaque to X-rays with enhanced bioactivity.  

Bi based nanoparticles (NPs) have been the recent subject for investigation, as they have proven to 

be very effective agents for photothermal therapy (PTT) [22]. The use of PTT for numerous 

biomedical applications has become popular due to its non-invasive, controllable  and weak side 

effects [23,24]. PTT essentially needs photothermal agents (PTA) for enhanced targeted treatments 

that include various inorganic, organic and inorganic-organic composite materials. Under visible and 

near infrared light radiation (NIR), PTA molecules absorb light energy, which cause electronic 

transition from the ground singlet state to an excited singlet state [25]. Consequently, electronic 
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excitation energy undergoes non-radiative vibrational relaxations and return to the ground state by 

collisions with the surrounding molecules. Resulted increased kinetic energy generates heat, which is 

subjected to various biomedical applications namely to target tumors, wound healing, and infection 

control measures. NIR light assisted PTT with polymer scaffolds can promote bone cell proliferation 

and bone regeneration by delivering PTA [26]. A mild heat-induced high efficacy osteogenesis was 

demonstrated by a biodegradable osteo-implant, composed of black phosphorus nanosheets and 

poly(lactic-co-glycolic acid) [27]. A novel magnetic nanoparticles modified-mesoporous 

Bioglass/Chitosin scaffold (MBCS) was fabricated for enhancing bone regeneration capacity and PTT 

against bone tumors [28]. However, most PTA developed till today are non-degradable and are not 

known for long term toxicity as well as   target specificity. Multifunctional PTA including tissue 

regeneration, drug delivery, real time imaging are still in need [29]. 

Dual ion-doped bioactive glass has drawn high attention because of well-improved tailored 

therapeutic characteristics and mechanical properties [5]. Doping of Mg and La elements in BG 

resulted as potential regenerative bone substitutes [30]. Interestingly, Zn and Ag co-doping on BG 

nanoparticles were shown to promote bone regrowth, eradicates bone cancer, and guards against bone 

infection [31]. The effects of Sr2+ and Li+ single and binary doped bioactive glass offered a way to 

supply bioactive substances that will hasten bone mending and improve bone implant anchoring in 

orthopaedic surgery [32]. Mg and Cu co-doped MBG were demonstrated as promising candidates for 

bone regeneration owing to bioactivity, cell proliferation and antibacterial properties [5]. 

In this study, Mg and Bi were co-doped first time in 45S5 BG composition to tailor therapeutic and 

photothermal properties in BG.  Co-doped BG are synthesized by bio-inspired approach using 

curcumin (CC) as template that utilizes an aqueous-based methodology. Most importantly, the bio-

inspired method uses simple, economical, and eco-friendly processes, considering calcination 

oversight with great care [15,31]. CC is an widely known therapeutic agents for numerous biological 

potentialities and pharmacological activity [33,34]. A series of BG nanoparticles (NPs) were 
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synthesized by varying the concentration of Bi from 0.5 mol% to 1.5 mol% by maintaining Mg 

concentration constant (M_B1_CCBG, M_B2_CCBG and M_B3_CCBG). Throughout the study CC 

templated 45S5 composition of BG (CCBG) was used as a control material. The structure, 

morphology, pore size distribution of BGNPs were tested using XRD, XPS, FTIR, FE-SEM, HR-

TEM, BET, NMR and TGA. We also demonstrated in-vitro bioactivity as well as cytotoxicity trials 

and photoluminescence tests to examine the effects of Mg and Bi doping in 45S5 BG for biomedical 

applications. 

 

4.2 Experimental Section 

4.2.1 Materials: 

The precursors such as tetraethyl orthosilicate (TEOS) (CAS No. 78-10-4), triethyl phosphate (TEP) 

(CAS No. 78-40-0), sodium acetate (NaAc) (CAS No. 127-09-3), and calcium acetate (CaAc) (CAS 

No. 114460-21-8) were used in the synthesis of BG NPs. All these precursors were obtained from 

Sigma-Aldrich. Furthermore, Hank's Balanced Salt solution (HBSS), also referred to as simulated 

bodily fluid (SBF), Bismuth Nitrate Pentahydrate (Bi (NO3)3.5H2O) (CAS No. 10035-06-0), 

Magnesium Chloride (MgCl2.6H2O) (CAS No. 7791-18-6), and Curcumin (CC) (CAS No. 458-37-

7) were also purchased from Sigma-Aldrich. For all other compounds, the highest purity analytical 

reagent (AR) grade was used. All the experiments used Milli-Q water, and were carried out at room 

temperature. 

 

4.2.2 Bio-inspired Synthesis of co-doped (Bi3+ and Mg2+) CCBG NPs: 

The synthetic procedure for BG NPs was meticulously adhered with minimal modifications to our 

previous findings [31,35]. First, 100 mL of pH 8 (10 mM) trizma buffer was used to dissolve the 
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template solution (CC (1 mg/mL) in 2 mL of ethanol). The solution was constantly stirred at 500 rpm 

using a digital magnetic stirrer for 20 min at room temperature. The BG precursors were added 

sequentially at an interval of 30 min.  According to the specified protocol, TEOS (9.29 g) was added 

first, followed by TEP (1 g), NaAc (6.36 g), and CaAc (4.21 g) for 45S5 composition. The solution 

was incubated in a silicone oil bath for 24 h after being continuously stirred for 30 min. The resultant 

mixture was then centrifuged at room temperature and 13000 rpm to separate the precipitate. After a 

thorough cleaning with MilliQ water, the precipitate (CCBG) was dried for 48 h at 40 °C in an air 

oven, and it was then kept in a desiccator. A series of doped CCBG (M_CCBG, M_B1_CCBG, 

M_B2_CCBG and M_B3_CCBG) were synthesized with fixed quantity of (1 mol%) MgO and 

varying (0.5 mol%, 1 mol% and 1.5 mol %) quantities of Bi2O3 respectively. The BG NPs 

composition was maintained as 45SiO2–6P2O5–(24.5−x−y) CaO-24.5Na2O-xMgO (x= 0, 0.5)–

yBi2O3(y= 0, 0.5, 1.5).  Mg2+ doped CCBG (M_CCBG (1 mol% MgO)) was synthesized by adding 

required amount of Magnesium Chloride (MgCl2.6H2O) after the addition of all BG precursors as 

mentioned previously. Similarly, CCBG was also co-doped with Mg2+ and Bi3+ by using Magnesium 

Chloride (MgCl2.6H2O) and Bismuth Nitrate Pentahydrate (Bi (NO3)3.5H2O) respectively. The 

resulted BGNPs were washed, dried and preserved as described for CCBG.  

 

4.3 Characterization of CCBG, M_CCBG and co-doped CCBG: 

4.3.1 X-ray photoelectron spectroscopy (XPS):  

XPS measurements were carried out using a non-monochromatized Al K X-ray source and a specially 

designed hemispherical electron energy analyser (ESA-31) in an Ultra-high Vacuum (UHV) chamber. 

Photoelectrons were gathered on a plane parallel to the surface, with the photon beam direction 

forming a 70° angle with the analyser’s axis. Retarding ratios (k) of 4 for survey spectra and k = 8 for 

the energy zones of interest were used to obtain survey spectra in the fixed retarding ratio (FRR) 
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mode. C++ was used in the development of the measurement control and data collection programme. 

The samples were attached to the sample holder with 3M-9713-Cu conductive double-sided adhesive 

tape. 

 

4.3.2 X-ray diffraction (XRD) analysis:  

XRD analysis of BG NPs was performed using a Panalytical X'Pert Pro Diffractometer, operating at 

45 kV and 40 mA current. The X-ray source was Cu-Kα radiation. A very slow scan rate of 0.2 °/min 

and a slow scan speed ranging from 5° to 90° were used to record the 2θ spectrum. 

4.3.3 Fourier transform infrared spectroscopy (FTIR):  

CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG were recorded by using ATR-

FTIR mode of the spectrophotometer. The Perkin Elmer (Model Spectrum 2) spectrometer operating 

in the range of 400 cm-1 to 4000 cm-1 with a resolution of 1 cm-1 was used to record FTIR spectra for 

various BG NPs. 

4.3.4 Thermogravimetric (TGA) analysis:  

BG NPs were subjected to a TGA analysis using a Perkin Elmer thermogravimetric analyzer (Model 

TGA 4000). The samples were heated from 0 ⁰C to 800 ⁰C in a nitrogen environment at a heating rate 

of 10 ⁰C/min with a nitrogen gas flow of 50 mL/min to examine the thermal stability.  

4.3.5 Morphological studies 

4.3.5.1. Field emission scanning electron microscopy (FE-SEM): 

Using a Zeiss EVO MA15 scanning electron microscope, the morphology of BG NPs was examined. 

Gold-coated CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG were observed 

under a 5.0 kV accelerating voltage and 10,000 times the normal magnification.  
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4.3.5.2. High resolution transmission electron microscopy (HR-TEM): 

CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG NPs were visualized under a 

high-resolution Transmission Electron Microscope (HR-TEM) model (TALOS S) from Thermo 

Scientific in the United States. This model operates at an accelerating voltage of 200 kV. For the 

particle size analysis, the 64-bit Java 1.8.0 172 ImageJ software was used. SAED pattern analysis 

was done by a 4k × 4k Ceta camera using Velox software (Thermo Fisher).  

4.3.6 Nitrogen sorption analysis (BET): 

The substance was degassed in a vacuum for 2 h at 200 °C prior to analysis. Using a Microtrac BEL 

(Model BELSORP-max), Japan, at -196 °C, nitrogen was used as the adsorptive gas (N2, cross-

sectional area 0.162 nm2) in the nitrogen adsorption-desorption analysis. The porosity of the CCBG, 

M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG NPs was ascertained in this study. 

Based on nitrogen adsorption data surface area of each NP was calculated using the Brunauer-

Emmett-Teller (BET) equation. The distribution of pore diameters in the desorption portion of the 

isotherm was also examined for all samples using the Barret-Joyner-Halenda (BJH) method.  

4.3.7 29Si solid state nuclear magnetic resonance (NMR):  

The atomic level silicate structure was rationalized on doping with different metal ions using 29Si 

solid state NMR, providing insight into the Qn species distribution of various BG NPs. For the magic-

angle spinning (MAS) NMR experiment, a 9.4 T ECX-II Jeol 400 MHz FT-NMR spectrometer 

operating at a frequency of 79.5 MHz was used. 

4.3.8 Photoluminescence study (PL): 

The Time Resolved PL (TR-PL) spectrum records were made for M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG NPs at room temperature with an Edinburgh FLSP 900 Spectro fluorophotometer. The 

instrument has a 0.1 nm spectral resolution, excited by a Xenon lamp.  
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4.3.9 Bioactivity test: 

The in-vitro bioactivity of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG NPs 

were evaluated as per the procedure described earlier [36]. The samples were immersed in SBF at a 

concentration of 1 mg/mL and sterilely incubated for 4 d, 7 d, 15 d, and 30 d at 37 °C. The SBF 

solution was replaced for every 4 d to maintain the ion concentration in the solution and promote the 

development of the HAP layer. After the required time had elapsed, each sample was centrifuged, 

dried at 48 °C in an air oven, and kept in a desiccator. Further, the samples were characterized using 

XRD, FTIR as well as FE-SEM.  

4.3.10 In- vitro hemolysis assay: 

Small modifications were made to the experimental protocol of the in-vitro hemolysis assay while 

using human blood [37].1 mg/mL stock solution was prepared for all the BG NPs such that five stock 

suspensions can be prepared from original stock solution (1 µg/mL, 5 µg/mL, 10 µg/mL, 25 µg/mL, 

and 50 µg/mL). A volume of 0.5 mL of human blood was collected, centrifuged at 4 °C for 5 min with 

a 500×g RCF, and the plasma-containing supernatant was released into surfactant. The blood sample 

was properly mixed in micro-centrifuge tubes after the plasma was removed, and it was then twice 

cleaned with 500 µL and 1000 µL PBS autoclaved PBS buffer. Washing was done up until a clear 

supernatant was seen. The clear supernatant obtained was discarded. Subsequently, micro-centrifuge 

tubes containing each BGNPs at various concentrations (1 µg/mL, 5 µg/mL, 10 µg/mL, 25 µg/mL, 

and 50 µg/mL) were interacted with the human red blood cells. A negative control was designated as 

one microcentrifuge tube containing 1 mL of PBS in red human blood, whereas a positive control 

was designated as a seventh microcentrifuge tube containing blood after adding 50 µL of Triton X 

100 and 950 µL of PBS. The absorbance at 570 [38] nm was measured for different incubation 

durations of 0 h, 1 h, 2 h, and 24 h. The hemolysis rate as a percentage was determined using the 

following equation: 
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% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 = [
𝐴𝑡 −  𝐴𝑐

𝐴100% − 𝐴𝑐
] × 100 

Where, Ac is the absorbance of the supernatant from the negative control (PBS), and A100% is the 

absorbance of the supernatant from the positive control (Triton X 100), At is the absorbance of the 

supernatant of samples incubated with the particles. The experiments were conducted in triplicate, 

and error analysis was carried out. In our study, hemolysis levels below 5% were considered non-

toxic. This criterion aligns with ASTM 75633 [39] and has been corroborated by various sources [37]. 

 

4.3.11 MTT Assay: 

In MTT assay, the cytotoxicity and biocompatibility of the BG samples was evaluated. The 

colorimetric MTT method was used to assess the vitality of U2OS cells (osteoblasts in osteosarcoma), 

in the presence of BG NPs. By evaluating the conversion of MTT into formazan crystals, which 

represents cellular metabolic activity, the MTT assay assesses the viability of cells. To conduct the 

experiment, distinct BG specimens with varying concentrations (1 µg/mL, 5 µg/mL, 10 µg/mL, 25 

µg/mL, and 50 µg/mL) were UV-sterilized for half an hour and thereafter cultured with cells (10,000 

cells per well) on a 96-well plate at 37 °C for a full day. The MTT assay was then carried out by 

filling each well with 100 μL of 1 mg/mL of MTT reagent. After covering the plate with foil and 

leaving some space for air, it was incubated under cell culture conditions for 2 h at 37 °C. Following 

the incubation period, the medium and MTT were aspirated, and the plate was removed. After 

dissolving the formazan crystals with 100 µL of dimethyl sulfoxide, the plate was incubated for an 

additional 20 min under cell culture conditions. A TECAN multimode plate reader was used to read 

the plate at 570 nm and 630 nm wavelengths after it had been incubated. The positive control was 

made up of cells grown in DMEM media. Every experiment was carried out three times, and the 

results were reported as means ± standard deviation. 
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4.4 Results and Discussions 

4.4.1 X-ray photoelectron spectroscopy (XPS): 

The XPS survey spectrum of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG 

NPs confirmed respectively the existence of Ca 2p (346.6 eV, 347 eV, 346.7 eV, 346.7 eV and 348 

eV), O 1s (532 eV, 532.3 eV, 532.1 eV, 532.6 eV and 533.4 eV), P 2p (127.2 eV), Na 1s (1071 eV), 

Si 2p (102.8 eV, 102.8 eV, 102.7 eV, 10.3.3 eV and 104.4 eV) as well as the spurious C 1s peak (284.1 

eV, 284.1 eV, 284.1 eV, 284.4 eV and 285.3 eV) (Fig. 1(a-e)). The C 1s peak (284.1 eV) might have 

arrived from template molecule [40]. Doping of Mg2+ in M_CCBG was represented by Mg 1s (1303.6 

eV). Co-doping of Mg2+ and Bi3+  in M_B1_CCBG, M_B2_CCBG and M_B3_CCBG were indicated 

by peaks corresponding to Mg 1s (1303.3 eV, 1302.6 eV, 1305.4 eV) and Bi 4f (158.7 eV, 158.7 eV, 

159.1 eV) respectively [30,41]. In case of Bi3+ doping, intensities of Bi 4f peak increased with 

increase in doping concentration (0.5 mol% to 1.5 mol%). As illustrated in Fig. S1(a-e), high 

resolution XPS spectra of Si 2p, Ca 2p, C 1s, P 2p, Na 1s, O 1s, Mg 1s and Bi 4f were also recorded 

to determine the chemical status of the corresponding elements as depicted in Table I. The 

experiments were performed with the VGESCALAB II system using AlKα radiation. A single peak 

at 1071 eV and 127.2 eV reported for Na 1s and P 2p as phosphate moieties [42] respectively for BG 

NPs. The observation is in good agreement with similar characteristic of phosphate moieties as 

reported elsewhere in other reported BG network [43]. Ca 2p signals showed two peaks correspond 

to Ca 2p1/2 and Ca 2p3/2, which are separated by approximately ~3.5 eV.  The broad XPS peaks of O 

1s was divided into two peaks located at 532.6 eV and 529.7 eV, revealing two different kinds of 

chemical status of oxygen in BG NPs. The peak at 529.7 eV is ascribed to the lattice oxygen. O 1s 

signals show major contribution of a band at 532.6 eV assigned to oxygen atoms in phosphates, 

hydroxyl, and adsorbed water [44]. C 1s signal at 284.1 eV in BG samples confirm the contribution 

of C atoms appeared from a carbonate environment, probably from the template CC. M_CCBG 

showed signal due to Mg 1s while M_B1_CCBG, M_B2_CCBG and M_B3_CCBG indicated both 
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the signals due to Mg 1s and Bi 4f respectively. Binding energy (BE) value of Mg 1s at 1303.6 eV 

indicated the existence of MgO [45] in M_CCBG, M_B1_CCBG  and M_B2_CCBG . The O 1s peak 

showed a shoulder around 529.7 eV, which is due to existence further confirm the existence  of MgO 

in M_B2_CCBG [45]. The XPS spectra of Bi 4f depicted the two peaks at 164 eV and 158.7 eV can 

be assigned to Bi 4f5/2 and Bi 4f7/2, respectively [30]. The reported two shoulders revealed the 

existence of Bi species as Bi3+ in the form of Bi2O3  [46]. Also, slight change in binding energies of 

Bi 4f from M_B1_CCBG (158.7 eV, 164 eV), M_B2_CCBG (158.9 eV, 164.1 eV) to M_B3_CCBG 

(159.1 eV, 164.4 eV) confirmed changes in the environment of Bi3+ in BG network due to its 

increasing concentrations as 0.5 mol%, 1 mol% and 1.5 mol% respectively. Hence, XPS studies 

confirmed the presence of dopant Mg2+ as MgO in M_ CCBG and co-doped BG. Importantly, co-

doped BG contain Bi species in the form of Bi2O3. 

 

Table 4.1: Binding energy (eV) of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG by XPS analysis. 

 

XPS 

Various 

Elements 

Binding energy (eV) 

CCBG 

 

M_CCBG M_B1_CCBG M_B2_CCBG M_B3_CCBG 

C (1s) 284.1 284.1 284.1 284.4 285.3 

Ca (2p) 346.6, 

350 

347, 350.6 346.7, 350.5 346.7, 350.1 348, 351.6 

Na (1s) 1071 - - - - 

O (1s) 532 532.3 532.1 529.7, 532.6 533.4 

P (2p) 127.2 127.2 - - - 

Si (2p) 102.8 102.8 102.7 103.3 104.4 

Mg (1s) - 1303.6 1303.3 1302.6 1305.4 

Bi (4f) - - 158.7, 164 158.7, 164 159.1, 164.4 
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Fig. 4.1(a-e): XPS survey spectra of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG 
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4.4.2 X-ray diffraction (XRD) analysis: 

The XRD patterns of various BG NPs are shown in Fig. 2 (a-b). A broad diffracting domain in 2𝜃 

range of 15° and 30° with few less intense reflections observed for CCBG and M_CCBG indicated 

semi-crystalline nature. In CCBG, typical diffraction patterns  correspond to Ca0.89Na0.11O3P0.11Si0.89 

(JCPDS 00-033-1229) at 2θ values of 24.5⁰ (002), 29.7⁰ (102), 37.6⁰ (200), 40.8⁰ (201), and 44.4⁰ 

(202) were seen [31], which confirm the formation of BG network. The XRD pattern of M_CCBG 

(Fig. 2a) showed only a few diffracting domains correspond to Ca0.89Na0.11O3P0.11Si0.89 (JCPDS 00-

033-1229) at 2θ values at 224.5⁰ (002), 29.7⁰ (102). Other reflections reported at 2θ values of 31.6⁰ 

(100) and 45.4⁰ (102) confirmed existence of Mg species and in good agreement with JCPDS 00-001-

1148. This indicates that even after Mg2+ doping, there was not much crystalline phase present in 

M_CCBG [32]. The reported minimal diffraction domains in CCBG and M_CCBG suggested a 

disorganised structure. Co-doped M_B1_CCBG, M_B2_CCBG, and M_B3_CCBG samples 

exhibited distinctive reflections of BG Ca0.89Na0.11O3P0.11Si0.89 (JCPDS 00-033-1229) with 2θ values 

of 25.9⁰ (002) and 54.3⁰ (104) along with diffracting domains due to both Mg as well as Bi species. 

For all co-doped samples, presence of Mg species was confirmed by appearance of similar diffracting 

domains as seen in the case of M_CCBG. The existence of Bi species in M_B1_CCBG, 

M_B2_CCBG, and M_B3_CCBG was confirmed from 2θ values of 40.5⁰ (110) and 58.5⁰ (024) 

(JCPDS 00-001-0688). As the concentration of Bi doping rises (from 0.5 mol% to 1.5 mol%), the 

corresponding diffraction patterns move towards low angles and narrow with a full width half 

maximum (FWHM). The observation indicated good crystalline nature of co-doped samples 

compared to CCBG and M_CCBG. Fig. 2b also depicts an increase in the intensity of XRD patterns 

corresponds to Bi3+ dopant concentration (2θ values of 40.5⁰ (110) and 58.5⁰ (024) (JCPDS 00-001-

0688)). The incorporation of large sized metallic dopant (Bi3+ ions) into the amorphous BG network 

enhances the crystallinity and increases the intensity of corresponding diffraction pattern with 

increase in Bi3+ concentration. The Debye-Scherrer formula, which is (D = kλ / βcosθ) where K is the 
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constant, λ is the X-ray wavelength, β is the peak width of the half-maximum of the diffraction peak, 

and θ is the X-ray diffraction angle, can be used to quantitatively determine the mean crystallite size. 

The mean crystallite size of M_B1_CCBG, M_B2_CCBG and M_B3_CCBG was calculated as 0.1 

± 0.01 nm for, 0.2 ± 0.01 nm, and 0.25 ± 0.04 nm respectively. Herein, each size value represented is 

an average of triple tests. At the lowest concentration of Bi3+ (0.5 mol%) the average crystallite size 

is comparatively smaller than that of M_B2_CCBG and M_B3_CCBG. The observation confirms a 

reduction of amorphous phase in co-doped BG with increase in Bi3+ concentration, which is metallic 

in nature. The above results are in good accord with XPS and evidence the incorporation of MgO and 

Bi2O3 species in BG network. 
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Fig. 4.2(a-b): XRD patterns of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG, 

(c-d) FTIR spectra of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG and (e) 

Thermogravimetric analysis of CC, CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG. 
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4.4.3 Fourier transform infrared spectroscopy (FTIR):  

In CCBG, two broad peaks at 1550 cm-1 due to overlapping vibrations of carbonyl C=O stretching as 

well as skeletal vibrations of keto-enol configuration and at 1410 cm-1 due to aromatic C=C stretching 

vibrations were reported. These characteristic vibrations must be emerged from remnant CC 

(template) molecules of CCBG (Fig. 2c) [47]. The reported carbonyl peak in CCBG (1550 cm-1) was 

at higher wavenumber compared to native CC molecule (1507 cm-1). It might be indicating 

interactions of -C=O group with BG network and in good agreement with our earlier reports [48]. 

Stretching vibrations due to Si—O—Si, Si—O—C and Si–O– of CCBG were reported at 1079 cm-1. 

A shoulder at 961 cm−1 is due to P—O—C, P—O—Si vibrations. Symmetric stretching vibration of 

Si–O appeared at 861 cm-1. The characteristic ring vibration of the silicate network was appeared at 

794 cm-1. The P–O stretching and Si-O-Si vibrations were shown at 647 cm-1 and 614 cm-1 

respectively. All these FTIR peaks were also seen more or less at the same positions for Mg2+ doped 

and co-doped BG. Interestingly, sharper silicate network peak found around 1075 cm-1 for CCBG and 

M_CCBG was broadened and centred at lower wavenumber 1050 cm-1 for co-doped samples (Fig. 

(c-d)). The finding confirmed the rearrangement of silicate network due to largest dopant Bi3+ , which 

might lead to form Si–O–Bi bond [49,50]. In addition, M–O bending vibration was reported at 540 

cm-1for all co-doped BG. The above FTIR peaks of BG NPs confirm the entrapped CC molecule in 

BG network. In addition, the existence of dopants in the glass structure of doped BG were also 

evidenced [51] by supporting finds of XPS and XRD analysis (Fig. 1(a-e) and Fig. 2(a-b) ) 

 

4.4.4 Thermogravimetric (TGA) analysis:  

Thermograms of BG NPs were portrayed in (Fig. 2e). CCBG showed 9.8 w/w% weight loss in the 

temperature range from 50 °C to 215 °C due to evaporation of sorbed water molecules. The weight 

loss of 46.8 w/w% was seen for CCBG in the temperature range 215 °C -699 °C. The reported weight 
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loss pattern is more or less in good agreement with CC thermogram, evidencing existence of CC 

content in BG network [52]. The observation also corroborates with XPS, XRD and FTIR results 

(Fig. 1(a-e) and Fig. 2(a-d)). Similarly, M_CCBG and co-doped BG NPs displayed majorly two steps 

of degradation with elevated material stability in the temperature range of 456 °C to 850 °C in 

comparison with CCBG (215 °C to 841 °C). The thermal stability of various BG NPs was reported 

in the order CCBG < < M_CCBG < M_B1_CCBG  M_B2_CCBG < M_B3_CCBG. The 

observation evidenced existence of CC content in BG network is depending on the dopants (Mg2+ 

and Bi3+).  The heaviest and highly polarizable Bi3+ showed greater affinity towards BG network 

compared to Mg2+ and CC molecules and in good agreement with FTIR findings (Fig. 2(c-d)). 

   

4.4.5 Morphological studies 

4.4.5.1. Field emission scanning electron microscopy (FE-SEM): 

FE-SEM micrographs (Fig. 3(a-e)) of CCBG and doped BG portrayed highly aggregated particles 

with regular morphology. HR-TEM micrographs of BG were observed to be nanosized as well as 

aggregated (Fig. 3(a-e)).  

4.4.5.2. High resolution transmission electron microscopy (HR-TEM): 

Particle sizes of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG were analyzed 

using Image J analysis and reported as 10.1 ± 0.3 nm, 16.7 ± 0.7 nm, 50 ± 0.9 nm, 47 ± 0.9 nm and 

46.7 ± 0.3 nm respectively. The doping of Mg2+ has significant effect on particle size of M_CCBG 

(16.7 ± 0.7 nm) compared to CCBG (10.1 ± 0.3 nm), which showed increase in particle size due to 

the phase change. Similarly, co-doped sample M_B1_CCBG (50 ± 0.9) also showed increase in 

particle size. Further increase in the concentration of Bi2O3 from 0.5 mol% to 1.5 mol % did not show 

much effect on the particles size. Furthermore, SAED patterns of CCBG and M_CCBG depicted 
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amorphous nature. Doping of Bi3+ makes M_B1_CCBG, M_B2_CCBG and M_B3_CCBG 

crystalline in nature due to its metallic behavior. In SAED pattern, M_B1_CCBG exhibit the 

diffraction rings (JCPDS: 00-033-1229 for BG, JCPDS: 00-001-1148 for Mg, JCPDS: 00-001-0688 

for Bi) (002 (BG)), (100 (Mg)), (110 (Bi)), (102 (Mg)), (104 (BG)) and (112 (Mg)) corresponding to 

d-spacing 3.3 Å, 2.7 Å, 2.2 Å, 1.9 Å, 1.5 Å and 1.3 Å respectively (Fig. 3(c)). Similarly, SAED pattern 

of M_B2_CCBG (Fig. 3(d)) was reported with d-spacing 3.2 Å, 2.6 Å, 2.1 Å, 1.8 Å, 1.6 Å and 1.5 Å 

corresponds to (002 (BG)), (100 (Mg)), (110 (Bi)), (102 (Mg)), (104 (BG)) and (024 (Bi)) 

respectively. M_B3_CCBG (Fig. 3(e)) also exhibited diffraction rings (002 (BG)), (100 (Mg)), (202 

(Bi)), (104 (BG)), (024 (Bi)), (112 (Mg)) and (208 (Bi)) with d-spacing at 3.2 Å, 2.6 Å, 1.8 Å, 1.6 Å, 

1.5 Å, 1.3 Å and 1.1 Å respectively. Few of these hkl values of BG NPs are in good accord with XRD 

analysis (Fig. 2(a-b)). 
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Fig. 4.3(a-e): FE-SEM, HR-TEM micrographs in bright field and SAED pattern of CCBG, 

M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG. 
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4.4.6 Nitrogen sorption analysis (BET):  

The porosity and surface area of BG NPs were evaluated using nitrogen sorption analysis (Fig.4 (a-

e)) and the pore width, pore volume, and surface area are shown in Table II. Based on nitrogen 

adsorption-desorption isotherms and the BET analysis, surface area of each BG NPs was determined. 

The adsorption isotherm of all BG were classified as Type IV by the IUPAC standard nomenclature, 

with an H1 hysteresis loop that is typical of mesoporous materials with uniform pore diameters [50]. 

M_B2_CCBG was reported with the highest specific surface area (52.863 m2/g) among the other 

samples. The pore sizes of all BG NPs were reported in the lower mesoporous range (2 nm-50 nm) 

by Barrett-Joyner-Halenda (BJH) method. The highest pore diameter 25.7 nm was reported for 

CCBG. However, pore diameter for M_CCBG and M_B1_CCBG drastically decreased to 2.499 nm 

and 2.482 nm, respectively, suggesting reorganization BG network in the presence of dopants. In 

contrast, an increase in pore diameter was reported for co-doped BG with increase in Bi3+ 

concentration (M_B1_CCBG (2.482 nm) < M_B2_CCBG (7.143 nm) < M_B3_CCBG (8.672 nm)). 

The observation suggested the discontinuity of BG network due to the largest size and increase in 

concentration of Bi3+. The pore diameters of doped and co-doped BG are in good agreement with the 

corresponding pore volume data. Surface area of each doped and co-doped BG was found more or 

less same compared to CCBG (control). All these findings indicate that the dopants Bi3+ as well as 

Mg2+ primarily function as network modifiers and Bi3+ as network  former [53,54] and in consistent 

with NMR (Fig. 5(a-b)) and XPS (Fig. 1(a-e)) findings.  
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Table 4.2: Surface area, pore volume and pore size data of CCBG, M_CCBG, M_B1_CCBG, 

M_B2_CCBG and M_B3_CCBG. 

 

 CCBG M_CCBG M_B1_CCBG M_B2_CCBG M_B3_CCBG 

Total Surface Area 

(as,BET [m2 g-1]) 
29.506 45.696 50.826 52.863 47.187 

Total pore 

volume(p/p0=0.944) 

[cm3 g-1] 

0.247 0.083 0.115 0.168 0.175 

Mean pore diameter 

[nm] 
25.682 2.499 2.482 7.143 8.672 
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Fig. 4.4(a–e): Nitrogen Sorption Analysis of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG. 
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4.4.7 29Si solid state nuclear magnetic resonance (NMR):  

The structure of silicate glasses can be well described by 29Si NMR technique by connectivity and 

distribution of Qn species. Q stands for tetrahedral structural unit and n for number of bridging oxygen 

atoms [31]. The chemical shift from magic angle spinning (MAS) nuclear magnetic resonator (NMR) 

is an indicative of the type of chemical species present in the glass sample. The effect of dopants 

(Mg2+ and Bi3+) on substituting network modifiers namely, Na+ and Ca2+ within 45S5 BG 

composition are elucidated via 29Si MAS solid state NMR (Fig. 5(a-b)). For each undoped and doped 

BG NPs an asymmetrical peak was reported and was deconvolved by Gaussian fitting. A negative 

shift was observed in peak position of the Si-related signal by 0.18, 5.93, 1.02, and 6.82 ppm values 

for M_CCBG, M_B1_CCBG, M_B2_CCBG respectively compared to CCBG. The reported 29Si 

signal shift indicates a change in the network modifier cation of the control sample. In detail, an 

increase of the Q3
 species were seen for M_CCBG; with the simultaneous increase in Q4

 in the glass 

network neutralized with Mg2+. For co-doped BG, upto 1.5 mol% increase in Bi2+, Q4
 and Q2

 species 

increase with a decrease in Q3 and Q1 species. Further, increasing the concentration of Bi2+ to 1.5 

mol% a drastic change in network structure was reported by elevating the existence of Q3
 species 

compared to other species. In general, increase in Q4
 fraction for doped BG could also supported by 

the FTIR spectra (Fig. 2(c-d)) with a broadening in the peak centered at 1079 cm-1 attributed to Si-O-

Si vibrations compared to the control. In comparison with CCBG, a broader 29Si peak is seen for 

M_CCBG, M_B1_CCBG, M_B2_CCBG (10.33) and M_B3_CCBG (10.33) with FWHM of the 29Si 

signal 10.48 ppm (-0.15 ppm), 27.38 ppm (-17.05 ppm), 29.05 ppm (-18.72 ppm) and19.09 ppm (-

8.76 ppm) respectively. The fractions of Qn distribution and resulting network connectivity (NC) were 

calculated as per the equation (Eq1) (Table 2).  

Eq1                                      𝑁𝐶 =
4𝑄4+3𝑄3+ 2𝑄2+ 1𝑄1

100
 

The higher network connectivity was reported for only Mg 2+ doped  M_CCBG in comparison to 

CCBG, which suggests a repolymerization effect caused by introducing dopant in the form of MgO 
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into the BG network, which is consistent with the reported literature [55]. For Co-doped samples NC 

value decreased with 0.5 mol% Bi3+ doping for M_B1_CCBG (9.62) and more or less remained at 

the same for M_B2_CCBG (1 mol% Bi3+, 10.75) and M_B3_CCBG (1.5 mol% Bi3+ 10.66) compared 

to M_CCBG. The observation indicates, incorporation of Bi3+ as Bi2O3 depolymerizes at low 

concentration due to its larger size. In contrast, repolymerises with increasing concentration of Bi3+ 

indicating the domination of dopant charge affinity towards the negatively charged silica network.     

  

Table 4.3: Qn content, chemical shift (δ) and relative intensity (I) data of CCBG, M_CCBG, 

M_B1_CCBG, M_B2_CCBG and M_B3_CCBG 

 

 

Samples 

Q4 Q3 Q2 Q1 NC 

δ(ppm) I(%) δ(ppm) I(%) δ(ppm) I(%) δ(ppm) I(%)  

CCBG -127.2 5.88 -111.4 64.7 -99.8 29.42 - - 10.42 

M_CCB

G 

-124.2 9.09 -111.4 68.18 -100.5 18.18 -89.8 4.55 11.21 

M_B1_

CCBG 

-110.6 15.78 -107 63.15 -99.4 21.05 - - 9.62 

M_B2_

CCBG 

-111.9 25.65 -105.7 21.73 -104.4 52.17 -101.7 0.45 10.75 

M_B3_

CCBG 

-111 15.78 -110.2 21.05 -100.8 10.52 -90.1 52.63 10.66 
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Fig. 4.5(a–b): NMR spectra of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG, 

(c-d) Photoluminescence spectra of M_B1_CCBG, M_B2_CCBG and M_B3_CCBG. 
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4.4.8 Photoluminescence study (PL): 

PL spectra of M_B1_CCBG, M_B2_CCBG, and M_B3_CCBG with varying concentrations of Bi3+ 

(0.5 mol%, 1 mol%, and 1.5 mol%) respectively recorded at room temperature are shown in Fig. 5(c-

d). At 1086 nm excitation wave length in NIR region co-doped BG NPs showed a strong emission 

peak at blue region centered around 480 nm. Bi3+ doped BG samples exhibit two broad excitation 

bands with marginally same intensities at around ~1035 nm and ~1086 nm. Since, the peak positions 

of PL signals in excitation spectrum do not change a little, indicates that there are several relatively 

stable energy levels of excitons and surface states [56]. The single broad band seen at 480 nm for all 

three  co-doped BG samples in the blue region were originating from Bi3+ ions due to 3P1 → 1S0 

transition [57]. For Bi3+ ions allowed transitions are from 1S0→1P1 and 1S0→3P1, and the other 

transitions to the upper states are spin forbidden. Thus Bi3+ ions show transitions from the ground 

level to either the 1P1 or 3P1 states. Subsequently Bi3+ ions emit luminescence in the blue area due to 

non-radiative relaxation to the 3P1 / 1S0 states. The PL signal intensity decreases with increasing Bi3+ 

doping concentration, suggesting effective suppression of photo-generated electron-hole pair 

recombination in bulk crystal defects [56]. This observed PL emission of co-doped BG NPs promises 

for great potential to function as PTA in wide variety of biomedical applications. For example, 

psoriatic and skin illnesses were shown to be effectively treated with PL due to its strong emission 

peak at about 480 nm [58].  

 

4.4.9 Bioactivity test: 

Dissolution of BG in physiological fluids is highly depending on structure as well as composition 

[59], which further tunes bioactivity and promotes osteoblastic activity followed by cell 

differentiation [11].  As a result, bone-like apatite forms on the surface of BG. In the present study, 

bioactivity of BG NPs was evaluated after immersing in simulated body fluid (SBF) using FTIR, 
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XRD and FE-SEM analysis for the duration of 1 d to 15 d as per the procedure described by Kokubo 

et al  [36]. The XRD analysis (Fig. 6 (a-e)) after interaction with SBF for 4 d indicated new diffraction 

maxima at 2θ values of 12.2⁰ (100), 14.5⁰ (101), 17.2⁰ (110), 21.4⁰ (200), 23.4⁰ (111), 25.5⁰ (002), 

27.3⁰ (102) (JCPDS file no. 01-024-0033) having chemical formula Ca5(PO4)3(OH) for CCBG in 

comparison with the corresponding virgin sample (Fig. 6a). The intensity of these new diffraction 

maxima was observed to slightly increase along with few more new reflections from 4 d to 15 d on 

interaction with SBF. Similar to the control (0 d) the broad diffracting domain in 2𝜃 range of 15° and 

30° was retained indicating semi crystalline nature. The observations are almost similar in the case of 

M_CCBG. After immersion in SBF, co-doped BG NPs resulted with almost similar diffraction pattern 

as corresponding virgin BG but with increase in intensity except very few new reflection (2θ value 

of 74.8⁰ (215)). The reported diffraction pattern of co-doped BG NPs mostly in overlap with 

Ca5(PO4)3(OH) (JCPDS file no. 01-024-0033).  

These observations are also in good agreement with FTIR analysis after immersion in SBF (Fig. S3(a-

e)). For all BG NPs after immersing in SBF, small shoulder reported at 1634 cm-1 due to O-H 

deformation and phosphate peaks at 800 cm-1, 600 cm-1 and 560 cm-1 were reported from 0 d to 15 d 

with increase in intensity by supporting the deposition of Ca5(PO4)3(OH) on BG NPs. FE-SEM 

micrographs of various BG NPs after 1 d, 7 d and 15 d of interaction with SBF are shown in Fig. 7(a-

e). These micrographs display markedly distinct rough surface morphology compared to the bare 

surface morphology of untreated BG NPs possibly due to the deposition of Ca5(PO4)3(OH). The rapid 

apatite deposition on BG samples can be due to their mesoporous nature of the sample (Fig. 7(a-e)). 

In general, micrographs display dense apatite deposition from 4 d to 15 d of SBF incubation for co-

doped BG NPs. After interaction with SBF, smaller particle size, high surface area, larger pore volume 

and pore diameter (Fig. 4(a-e) and Table II) help in faster dissolution of ions from the co-doped BG 

NPs into the surrounding SBF solution. Further, introduction of larger network modifier Bi3+ 

provoked and broke some of the Si–O–Si bonds leading to the formation of non-bridging oxygen 
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groups (Si–O–NBO) (Fig. 5(a-b)) and increase the silica dissolution rate through the formation of 

silanol groups at the glass surface. As a result, faster deposition of apatite onto the surface of BGNPs 

can be seen within few days of incubation in SBF [60].  

 

Fig. 4.6(a-e): XRD patterns of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG 

after 1 d, 4 d, 7 d, and 15 d of bioactivity in SBF solution.  
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Fig. 4.7: (a-e) FE-SEM micrographs of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG after 1 d, 4 d, 7 d, and 15 d of bioactivity in SBF solution.  

 

4.4.10 In- vitro hemolysis assay: 

The cytotoxicity and hemocompatibility of BG NPs were evaluated through in- vitro hemolysis assay. 

Each BG NPs at various concentrations (1 µg/mL, 5 µg/mL, 10 µg/mL, 25 µg/mL and 50 µg/mL) 
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were prepared such that hemoglobin absorbance at 570 nm was measured spectrophotometrically to 

determine the corresponding lysis of human red blood cells. The quantitative hemolysis evaluation of 

BG NPs was done with reference to the positive control (Triton X 100, 100 % hemolysis) and the 

negative control (PBS, 0% hemolysis). As shown in Fig. 8(a-e), the maximal hemolysis (~20 %) was 

noted at the highest concentration of 50 µg/mL at 24 h. On the other hand, less than 5% hemolytic 

activity was observed for all lower concentrations upto 24 h, which is consistent with the safety limits 

set in earlier research. So, we can say that hemolysis follows dose-dependent pattern such that 

percentage of hemolysis increases at higher concentrations. Hence, all the BG NPs showed a very 

modest hemolytic activity and have excellent hemo-biocompatibility as well as low cytotoxicity. 

Therefore, in-vitro hemolysis test decreases the possible dangers of using the synthesized NPs in 

external biological environments. 
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Fig. 4.8(a–e): In-vitro hemolysis assay of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and 

M_B3_CCBG. 
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4.4.11 MTT Assay: 

The biocompatibility of all the doped BG NPs was evaluated with CCBG as the control via in- vitro 

MTT assay for biomedical applications in the U2OS osteosarcoma cell line (Fig. 9(a-e)). The 

cytotoxicity of the synthesized BG NPs at different concentrations (1 µg/mL, 5 µg/mL, 10 µg/mL, 25 

µg/mL, and 50 µg/mL) was observed using untreated human osteoblast-like osteosarcoma cells 

(U2OS) grown in DMEM medium as positive control. All the BG NPs depicted 80% cell viability at 

dosages varying from 1 µg/mL to 10 µg/mL. At 25 µg/mL doses of BG NPs, there was a slight 

decrease in cellular viability below 80%. At the highest concentration of BG (50 µg/mL) cell viability 

was reduced around 70%. Over all, BG NPs were demonstrated for excellent biocompatibility up to 

25 µg/mL concentrations even after co-doped with Mg2+ and Bi3+.  
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Fig. 4.9(a–e): MTT assay of CCBG, M_CCBG, M_B1_CCBG, M_B2_CCBG and M_B3_CCBG 

at 24 h interaction 
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4.5 Discussion 

In present research, BG precursors were interacted with CC a therapeutic molecule and metal ion 

dopants (Mg2+ and Bi3+) to synthesize mesoporous co-doped NPs under ambient conditions. High 

resolution XPS spectra validated existence of doped metal ions as MgO and Bi2O3 in the BG network 

Fig. S1(a-e). The incorporation of Mg2+ and Bi3+ dopants led to an increase in crystallinity within the 

BG network (Fig. 2(a-b)) due to the metallic nature of Bi3+. The average crystallite size of the doped 

samples was determined using the Debye-Scherrer formula, which increased from 0.1 to 0.25 nm 

with increase in the concentration of Bi3+ in co-doped BG (Fig. 2(a-b)). The presence of CC within 

the BG network was proven by two distinct broad FTIR peaks at 1550 cm-1 and 1410 cm-1due to 

carbonyl C=O and aromatic C=C stretching vibrations (Fig. 2(c-d). TGA analysis indicated the 

highest thermal stability of co-doped BG (Fig. 2e). NMR findings depicted the domination of Bi3+ 

charge affinity towards the negatively charged silica network with increasing concentration (Fig. 5(a-

b)). FE-SEM (Fig. 3(a-e)) and HR-TEM (Fig. 3(a-e)) illustrated that CCBG, M_CCBG, 

M_B1_CCBG, M_B2_CCBG, and M_B3_CCBG exhibited nanosized characteristics. The sizes were 

determined to be 10.1 ± 0.3 nm, 16.7 ± 0.7 nm, 50 ± 0.9 nm, 47 ± 0.9 nm, and 46.7 ± 0.3 nm, 

respectively. BET analysis further validated mesoporous nature of co-doped BG with an increase in 

the pore diameter and pore volume with increase in Bi3+ concentration (Table II). This observation 

suggests that Mg2+ functions as a network modifier, while Bi ions work as both network former and 

modifier which is well corroborated with NMR (Fig. 5(a-b)) [57]. PL analysis (Fig. 5(c-d)) indicated 

that co-doped BG NPs function as efficient PTA by emitting blue light at 480 nm. Upon the deposition 

of HAP on its surface in SBF, BG NPs depicted in-vitro bioactivity (Fig. 6(a-e), Fig. S3(a-e), 7(a-e)). 

These observations suggest the bone bonding ability of the co-doped BG samples. In-vitro hemolysis 

and MTT assays revealed biocompatibility of BG NPs and were proven to be safe at the tested 

concentrations (Fig. 8(a-e) and Fig. 9(a-e)). The comprehensive assessment of co-doped BG NPs in 
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comparison to CCBG confirms their efficacy as soft and hard tissue regenerating therapeutic loaded 

PTAs for biomedical applications.  

4.6 Conclusion 

The current study focusses on the synthesis of BG NPs, using CC as a template and co-doping metal 

ions (Mg2+ and Bi3+). Bio-inspired strategy, the synthetic method adopted was made use of minimal 

precursors and solvents as well as omits calcination step. The co-doped BG NPs synthesized with 1 

mol% MgO and increasing amount of Bi2O3 (From 0.5 mol% to 1.5 mol%). The template CC a 

therapeutic agent was incorporated in BG network during BG synthesis, while metal ions Mg2+ and 

Bi3+ function as network modifier and both former and modifier respectively. The existence of metal 

ion dopants within the BG network was confirmed through comprehensive elemental XPS, XRD, 

FTIR and TGA analysis. The structural determination of BG NPs was done by NMR. Nitrogen 

sorption studies revealed the mesoporous nature of the BG NPs, characterized by a large surface area 

and pore volume. The surface morphology and nanosize of BG NPs was confirmed by FE-SEM and 

HR-TEM. The in-vitro bioactivity, hemolysis and MTT assay confirmed the bioactive nature, 

minimum cytotoxicity, and good biocompatibility of BG NPs. The co-doped NPs resulted as bioactive 

mesoporous PTAs with versatile optical and regenerative properties for a broad spectrum of 

biomedical applications. 
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FUTURE PROSPECTS 

 

Research on bone tissue engineering over the past few decades has paved the way for the creative 

design of novel materials with improved performance, broader applications, and new synthesizing 

methods. Since the discovery of bioactive glass, there has been a great deal of advancement in this 

subject, but there is still chance for improvement in terms of processing, functioning, and targeted 

delivery. The need for new research horizons is important because of the viability of bioactive glass 

in the administration of hormones, steroids, vaccines, and therapeutic proteins, as well as the 

validation of growth factors and gene delivery. It would be dynamic approach in the future if bioactive 

glass materials could be orally or through the skin in a non-invasive manner. The delivery route is 

important in this situation.  

The approach to mould the bioactive glass into the appropriate defect shape during operation periods 

is still a practical big challenge facing the medical community. Moreover, bioactive glass needs to be 

investigated for its limited application in the field of connective tissue engineering. In addition, with 

the introduction of magnetic bioactive glass-ceramics, research activity is rapidly expanding for 

potential substantial advancements in the field of cancer. Most crucially, a bioinspired bioactive glass 

in-vivo clinical test has not yet been conducted, much like any other biomaterial that must undergo 

clinical tests before being introduced to the market. 
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To take my career to greater heights through innovation, research, excellence, ethics and to work in 
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nanoparticles for bone regeneration,” International online conference on Advanced 
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9 April, 2022. (oral presentation) 

• Divya Goel, Deenan Santhiya, “Bio-Inspired Route for Synthesis of Bioactive Glass 
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IAC 2022 organized by Graphic Era University and CSIR- Indian Institute of Petroleum, India 
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• Divya Goel, Deenan Santhiya, “Synthesis of Bioactive glass nanoparticles by bio-inspired route 

for Bone regeneration,” Platinum Jubilee Conference entitled ‘Perspectives in Materials 
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Indian Institute of Technology, Delhi 

Summer Research Project in Organic Chemistry under supervision of Prof. V. Haridas, Indian 

Institute of Technology, Delhi on topic “Synthesis and UV-Visible Studies of BOC Tryptophan and 

Tryptophan Ester” for a period of 2 months. (1 June 2019- 29 July 2019) 

 

• Sovereign Public School, Rohini, Delhi 

Taught Science and Chemistry from classes 6-12 for a period of 6 months. (2017) 
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• Good Interpersonal and communication skills. 
• Analytic and technical Problem-solving skills. 
• Well versed with Internet Applications. 
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• Participated in “Faculty Development Programme” on 22 December 2017. 
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• Awarded several certificates in Sanskrit and English Debate Competitions at school and state 

levels. 
• Volunteer with NGO- Divya Jyoti Jagrati Sansthan. 
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