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ABSTRACT 

 

Hydroxyapatite (HAp) is a widely studied material for bone tissue engineering applications, but it 

has no intrinsic antibacterial properties to prevent infection. Further, target deficiency is also an 

obstacle in its commercialization. Various nanoparticles (NPs) such as ZnO, Fe3O4, Ag, peptides, 

and peptoids, a new class of bio-organic nanomaterials, have been found to possess antibacterial 

activity. The objective of this thesis was to explore the effect of metal ion integration with the HAp 

lattice to incorporate the self-antibacterial activity as well as the target efficacy for biomedical 

applications. The entire thesis is divided into five sections explaining the step-wise extension of 

the thesis. The first section deals with the synthesis and characterization of the ZnO nanoparticles 

and the evaluation of their antibacterial activity. The antibacterial activity of ZnO remains 

dependent on its size and morphology. The size and morphology can be tuned by using various 

sophisticated techniques. Our idea was to obtain the required antibacterial activity by simple co-

precipitation method via metal ion doping. In this section, we have scrutinized the effect of doping 

of trivalent Al3+ ions into the ZnO lattice to enhance its antibacterial action. The minimum 

inhibitory concentration (MIC) value was decreased by ~19 times at 15 % doping, and the major 

antibacterial activity was found due to the intracellular accumulation of the Zn2+ ions and reactive 

oxygen species (ROS) independent. However, rupturing in the bacterial cell wall could not be 

achieved. Hence, in the second section, we doped another trivalent ion, Fe3+, into the ZnO lattice 

and explored its antibacterial activity and mechanism. In the case of Fe doping, the release of the 

Zn2+ ions was linear as compared to Al doping (exponential), leading to the rupturing into the 

bacterial cell wall. These two sections explained the tuning of the Physico-chemical properties of 

ZnO based on the dopant type. Following the rupturing of the bacterial cell wall and enhanced 

antibacterial activity, in the third section, Zn and Fe were co-integrated with the HAp lattice. A 

biphasic ferric-HAp-zincite nanoassembly was designed and was explored for its antibacterial, 

biocompatibility, and bone cell proliferation ability. The designed ferric-HAp-zincite 

nanoassembly possessed excellent antibacterial activity, which was ROS independent, and due to 

the linear release of the Zn and Fe ions, causing the rupturing of the bacterial cell wall. 

Additionally, the designed ferric-HAp-zincite nanoassembly possessed a cell viability ~300 times 

higher than that of control cells and reflected no inflammatory response studied via TNF-α activity. 

Furthermore, the designed ferric-HAp-zincite nanoassembly possessed excellent bone cell 
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proliferation ability (alkaline phosphatase activity) based on the concentration of the Zn within the 

designed HAp based nanoassembly. Moreover, this ferric-HAp-zincite nanoassembly possessed 

paramagnetic behavior, which is ideal for the target efficiency. This section explained the role of 

metal ion doping into the HAp lattice and tuning of its biological responses via altering the lattice 

parameters and phases. The fourth section of this thesis explains the bone tissue engineering 

application of the designed ferric-HAp-zincite nanoassembly. In this section, we fabricated the 

Chitosan-CMC-ferric-HAp-zincite scaffold and scrutinized its biochemical properties. The 

biochemical properties such as porosity, swelling behavior, and enzymatic degradation were found 

to be dependent on the concentration of the ferric-HAp-zincite nanoassembly. The designed 

scaffolds possessed excellent bone cell proliferation and bio-mineralization ability. Hence, the 

scaffolds are plausible for bone tissue engineering applications. This thesis's fifth and final section 

comprises the design, characterization, and antibacterial activity of the novel peptidomimetics 

“peptoid” (Ampetoids) micelles. These micelles may be suitable to fabricate the ferric-HAp-

zincite-Ampetoids organic-inorganic hybrid nanomedicine systems. 
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Chapter 1 

Introduction 

 

Calcium Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is the major mineral component of bone. It is 

one of the most studied bone bio-mimic, which possesses substantial properties for bone tissue 

engineering applications [1-4]. These properties include and are not limited to good bioactivity, 

biodegradability, osteoconductivity, biological stability, and affinity at biological pH values [5]. 

In the human body, it is found in carbonated apatite form with small calcium deficiency. HAp is 

insoluble at physiological pH (7.4) but is slightly soluble at acidic pH, i.e., below 6.5 [6]. 

Depending upon the Ca/P ratios, calcium phosphate encompasses variable phases, such as 

Monocalcium phosphate, Dicalcium phosphate, Tricalcium phosphate, and Hydroxyapatite for 

0.5, 1.0, 1.5, and 1.67, Ca/P ratios, respectively. 

However, HAp possesses various above-discussed properties, yet it lacks in its commercialization 

due to three major lags, i.e., lack of self-antimicrobial activity, target deficiency, and generation 

of other phases of calcium phosphate, e.g., β-TCP along with HAp. Various approaches have been 

endeavored to change the crystal structure of the HAp lattice to enhance the existing properties of 

HAp and to acquire the self-antimicrobial activity, target efficiency with various degrees of 

success [5, 7-11], yet no study has been successful in achieving them together. These studies have 

also confirmed the generation of other phases along with HAp at elevated dopant concentrations. 

The doping of metal ions causes various imbalances as well as the deformation in the crystal lattice 

and alters the properties of the material. In this context, the nano-HAp and its composites have 

also been attempted to explore the generation of self-antimicrobial activity and target efficiency 

[8, 12-14]; yet did not report the simultaneous incorporation of these two highly demandable 

properties for biomedical applications. 

In addition to the metal ion doping, several metal oxides have been tested to be integrated with the 

HAp lattice to acquire antimicrobial activity, anticancer activity [15] as well as target efficiency. 

Yet, no reports are available to acquire them together without harming the HAp phase or the 

required bioactivity as well as the mechanical properties [16-18]. For example, the chemical charge 

imbalance due to the monovalent and trivalent-doped ions causes changes in the chemical 
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properties of HAp. Although doping of divalent ions does not cause the charge imbalance, yet the 

size of the metal ion plays an important role. 

The selection and concentration of metal ion/metal oxide play a crucial role in delivering the 

desired phase as well as the biological responses of the HAp lattice and hence, provides an 

opportunity to tune the biological properties of the HAp to a biomaterial researcher [19]. Hence, 

the need to understand the selection of metal ion/metal oxide is crucial. Metal ions/metal oxides 

with self-antimicrobial activity could incorporate the desired properties to HAp. For example, the 

ionic radii of zinc (0.074 nm) is smaller than that of calcium (0.099 nm). Hence, incorporation of 

zinc into the HAp lattice declined the ‘c’ lattice parameter and enhanced the ‘a’ lattice parameter, 

which decreased the crystallinity of HAp with an increase in the zinc concentration [20, 21]. 

Similarly, metal ion/metal oxide with target efficiency could generate target efficiency in the HAp 

lattice [3, 22]. As HAp does not possess any self-antibacterial activity, the incorporation of metal 

ions as well as the separate metal oxide phase generation without hampering the HAp phase is one 

of the major challenges for a biomaterial researcher [23, 24].  

Hence, to achieve the antibacterial and target efficacy together, we planned to modify the HAp 

lattice by integrating it with the metal oxides. For this purpose, various metal/metal oxides were 

scrutinized based on the available literature. Primarily, Chitosan, Ag, Cu, Zn, and peptoids “bio-

mimic of peptides” were scrutinized [25-30], and ZnO was selected to be integrated with the HAp 

lattice because of its abundance in nature, ease of synthesis, and detailed antibacterial mechanisms. 

Zn doped HAp shows different mechanical behavior due to two reasons: first, the difference in the 

size of Zn and Ca, and second, the different melting temperatures of Ca and Zn, i.e., 842 °C and 

419.5 °C, respectively. In addition, it has been observed that the major antibacterial mechanism 

by ZnO is given in three ways. 1) by membrane damaging through Zn ions, 2) by rupturing in the 

cell wall of bacteria through the generation of Reactive Oxygen Species (ROS), and 3) via entering 

into the bacterial cell and damaging the cellular components [19]. Among all these mechanisms, 

ROS dependent antibacterial mechanism is not preferable for the human cells, as the major toxicity 

to the human cells by the nanoparticles (NPs) is due to the ROS production. 

Similarly, doping of Fe not only provides target efficiencies but also functions for various 

therapeutic applications [31, 32], yet suffers the lack of desired antibacterial activity. Iron-based 

nanocomposite has been proven for its antibacterial properties [33, 34] and hyperthermia 
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applications [35, 36]. Furthermore, it has been observed that nano-iron oxide increases the 

osteoblast density but suffers in its direct application due to its biofouling in blood plasma [37]. 

The integration of Zn and Fe has been proven to play a pivotal role in incorporating the desired 

properties to the HAp lattice, yet the co-integration of them has not been processed yet. The major 

challenge in incorporating the Zn and Fe into the HAp lattice remains in managing the HAp phase 

of calcium phosphate for bone integrity, low Minimum Inhibitory Concentrations (MIC) values, 

as well as the paramagnetic behavior for target efficiency altogether. 

In this thesis work, we first analyzed ZnO’s antibacterial activity and modified its structure via 

doping with trivalent ions (Al3+ and Fe3+) to enhance the antibacterial efficacy. Additionally, the 

antibacterial mechanism of the modified ZnO lattice was also studied. Parallelly, we synthesized 

the antibacterial peptoids and scrutinized their antibacterial activity over a wide range of bacteria, 

along with their cytocompatibility to integrate it with HAp. Finally, the Zn and Fe integrated HAp 

nanoassembly was designed with the desired self-antibacterial activity and target efficiency. 

Following the successful synthesis of ferric-HAp-zincite nanoassembly, we examined its 

biomedical application, e.g., by designing Chitosan, Carboxymethyl cellulose (CMC), and ferric-

HAp-zincite nanoassembly scaffolds for bone tissue engineering applications. Chitosan and HAp 

are the major constituents of bone. Human bone mineral is a non-stoichiometric nanocrystalline 

apatite with impurities in the form of co-substituted trace elements of Na+, Mg2+, Zn2+, Sr2+, K+, 

F-, Cl-, CO3
2-, Si, etc. Chitosan possesses many properties desired for biomedical applications like 

biodegradability, biocompatibility, bioactivity, and antimicrobial properties. CMC, an anionic 

polymer with chemical similarity with chitosan, provides a strong ionic cross-linking to enhance 

the biochemical feature. Hence, chitosan, cellulose, and ferric-zincite in HAp were blended to 

mimic the bone microenvironment for bone tissue engineering applications. To control the porosity 

and its dependant biochemical properties, the concentration of ZFHAp-2 was varied. 
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1.1 Objectives 

The overall aim of this study was to incorporate and elaborate the two most desired properties of 

the HAp system required for efficient bone tissue engineering applications, i.e., self-antibacterial 

activity and target efficacy. For this purpose, the ZnO was first synthesized and were modulated 

to reduce the MIC values via doping Al and Fe ions. The antibacterial activity and mechanism 

were evaluated by calculating the release of metal ions and ROS generation. After successfully 

incorporating these properties into the HAp lattice, the designed material was scrutinized for bone 

tissue engineering application in powder and scaffold forms. The point wise objectives are as 

follows: 

 

1. Formulation, characterization, and antibacterial mechanism analysis of Al-doped ZnO 

2. Design and characterization of Fe(III) doped ZnO nanoparticles (NPs) and evaluation of its 

antibacterial mechanism 

3. Selection and formulation of Al or Fe and ZnO co-integrated HAp NPs and evaluation of its 

antibacterial activity, cytocompatibility, and target efficacy 

4. In-vitro osteogenic activity analysis via synthesizing scaffold of the designed material 

5. Synthesis and characterization of the antimicrobial peptoids micelles 
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1.2 Thesis outlines 

Based on the above objectives, the present thesis is divided into 8 chapters. The detailed outline 

for this thesis is as follows: 

In Chapter 2, we have critically reviewed the studies over HAp, its existing properties, and the 

shortcomings for its commercialization. Additionally, the addition of various metal ions/oxides 

has been reviewed to finalize the selection of antimicrobial nanomaterials to be integrated with the 

HAp. Furthermore, metal ions have been explored with inherent antibacterial activity as well as 

the target efficiency. Following the review, in Chapter 3, we discussed the synthesis 

characterization and antibacterial activity of ZnO NPs. Further, the doping of Al3+ ions into the 

ZnO lattice was studied. The effect of metal ion doping on the physical and chemical properties of 

ZnO lattice was explored. In brief, the crystal structure of AZO (Al-doped ZnO) nanoassembly 

was explored and was evaluated for its antibacterial activity and mechanism. The 

cytocompatibility of the AZO nanoassembly was also examined. Summarily, the physical and 

chemical properties of AZO nanoassembly were co-related with its biological responses. However, 

the inactivation of the bacterial cells was achieved successfully, the rupturing in the cell wall could 

not be acquired. Hence, in Chapter 4, we examined the doping of another trivalent metal ion 

Fe(III), into the ZnO lattice (FZO). Similar to that of Chapter 3, the effect of Fe3+ ion doping over 

its physical, chemical, and biological responses was evaluated. In brief, the difference in the 

antibacterial activity and mechanism of metal ion doping into the ZnO lattice was explored. 

Summarily, the selection of metal ion doping with respect to its biological interactions and 

responses was explored and detailed.  

After successfully achieving the lower MIC values of FZO and rupturing in the bacterial cell wall, 

we intended to incorporate the FZO into the HAp lattice. Hence, Chapter 5 is dedicated to the 

design and characterization of the self-antibacterial ferric-HAp-zincite bimetallic nanoassembly. 

Briefly, this chapter explains the design of the said nanoassembly for incorporating the 

simultaneous self-antibacterial activity as well as the target efficacy to the HAp lattice. The 

designed nanoassembly was examined for its physicochemical properties, and these were co-

related with its biological interactions. The designed nanoassembly was evaluated for its 

antibacterial activity, antibacterial mechanism, target efficiency, cytocompatibility, anti-

inflammatory responses, and bone cell proliferation ability for biomedical applications. 
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Chapter 6 is focused on the biomedical application of the designed ferric-HAp-zincite 

nanoassembly, particularly for bone tissue engineering applications. In this regard, a scaffold of 

Chitosan-CMC-ferric-HAp-zincite was fabricated and was evaluated for its physicochemical 

properties. The required scaffold properties such as swelling behavior, porosity, and enzymatic 

degradation were evaluated and were co-related with the concentration of the ferric-HAp-zincite 

nanoassembly. Additionally, the fabricated scaffolds were examined for their self-antibacterial 

utility as well the bone cell proliferation efficacy. In Chapter 7, we designed the micelles of the 

antibacterial peptoids “Ampetoids” and assessed them for their physical and chemical 

characterizations. The micelles were also evaluated for their antibacterial activity as well as their 

cytocompatibility. Additionally, various peptoid sequences were also evaluated to calculate their 

MIC values for biomedical applications. Finally, Chapter 8 summarizes the conclusions and 

findings of the thesis work. Additionally, suggestions for future work are also listed. 
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Chapter 2 

Literature Survey 

 

Calcium hydroxyapatite, commonly known as Hydroxyapatite (HAp), is a metal bioceramic 

typically made up of calcium phosphate. HAp is one of the most abundant bioceramics in nature 

and is found in all vertebrates in the form of bones and shells. In a typical chemical structure, HAp 

carries the molar ratio of Ca:P as 1.67, which possesses physical, chemical, and biological 

similarities with the hard tissues such as bone, dentine, enamel, and tendons [5]. The major mineral 

component of the bone is found in the form of hydroxyapatite, and this similarity with bone 

provides HAp various properties suitable for bone tissue engineering applications. These 

properties include and are not limited to biogenic activity, osteoconductivity, required bio-

stability, and degradability [19]. In general, HAp is considered the most studied bioceramic for 

bone tissue engineering applications, with and without modifications. 

In general, Apatites are known as metal phosphate with chloro, fluoro, or hydroxyl substitutes. 

Apatites reflect various colors based on their metallic composition. The basic formula of an apatite 

remains in the form of M10(PO4)6X2, where M represents a variety of minerals such as Ca, Mg, Fe, 

Cd, etc., and Z represents P, As, V, S, C, S, etc. X represents F, Cl, Br, OH, etc. [38]. The HAp 

being “Calcium” and “Hydroxy” substitutes carries the chemical formula of Ca10(PO4)6(OH)2. As 

discussed earlier, HAp possesses physical and chemical similarities with bone. However, calcium 

phosphate possesses various forms based on its Ca: P ratio, which are listed in Table 2.1. All these 

forms of calcium phosphate have their respective bioactivity, mechanical behavior as well as 

biodegradability. However, the chemical similarity is maximum matched with its HAp phase. 

Hence, obtaining a pure HAp phase has been a great challenge for biomedical researchers. Various 

researchers have tried to modify the crystal lattice of the HAp depending on the required 

applications with varying degrees of success. However, in-depth information about the crystal 

lattice of the HAp is highly required for an efficient modification for site-specific applications. 

To enhance to biochemical properties of the HAp lattice, researchers have also tested to modulate 

the size as well as the morphology of the HAp. The major work has been applied over the nano-

ranged HAp. Nanotechnology has been proven to play a pivotal role in enhancing the surface 

properties of various materials for a wide range of applications. High surface-to-volume ratios and 
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the confined directional properties help researchers to tune the material properties based on their 

required applications [39]. Nanomaterials being in the nano-ranged or sub-atomic range provide 

an opportunity for the researcher to modulate the specific surface, interfacial as well physical, and 

mechanical properties of the biomaterials. Hence, nano-HAp was considered to be a proven strong 

candidate than that of micro or bulk HAp for various biomedical applications. Nano-HAp pristine 

or doped nano-HAp has also been investigated for various biomedical applications, majorly for 

hard tissue engineering applications such as Bone Tissue Engineering (BTE) and dental 

applications. 

 

Table 2.1. Variable phases of HAp 

S. No. Ca/P Ratio General Name Formula 

1 0.5 Monocalcium phosphate Ca(H2PO4)2 

2 1.0 Dicalcium phosphate CaHPO4 

3 1.33 Octacalcium phosphate Ca8(HPO4)2(PO4)4 

4 1.5 Tricalcium phosphate Ca3(PO4)2 

5 1.67 Hydroxyapatite Ca10(PO4)6(OH)2 

 

Musculoskeletal diseases have become more frequent these days due to the increased number of 

accidents, fatigue in a rush, and old age. In developing countries like India, it’s expected that the 

cases of osteoarthritis may reach up to 60 million by 2025 [40]. Hence, designing bio-material 

with frequent synthesis routes and treatments is the necessity of the current scenario. Nano-HAp 

is one of the most studied materials in BTE and has been utilized for various biological applications 

at the laboratory or in-vivo level. These applications include and are not limited to bone tissue 

engineering [41-43], drug delivery [44-46], treatment of osteomyelitis [47-49], and osteoporosis 

[14, 50, 51], etc. 

One of the major advantages of the HAp remains its abundance in nature to be extracted from the 

natural waste and resources as well the tunability of its size and morphology, resulting in the site-

specific design of HAp for various BTE. Various synthesis routes provide a variety of control over 

its properties, which in turn results in the altered biological response of the HAp, such as 

bioactivity, biodegradability as well as bio-compatibility. In general, the size and the morphology 

of the HAp NPs can be controlled by varying the changing the concentration of the dispersions 
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such as surfactant and the reducing agent’s concentration. The detailed information about these 

synthesis routes is discussed after defining the crystal structure of the HAp lattice. 

 

2.1 Chemical structure of HAp 

The crystal structure of a biomaterial plays a crucial role in its biomedical applications. The first 

interaction with proteins and cells and the biological responses, such as the selection and/or 

rejection of a biomaterial, is guided by the crystal structure of the biomaterial. One can tailor the 

biological fate of material by altering the crystal symmetry or by modulating the crystal grains by 

creating deforms and doping various metallic ions. HAp has substantial biological properties such 

as solubility, bioactivity, and biocompatibility. All these properties can be tailored by substituting 

the Ca/P of the OH group from the HAp crystal structure, and the biological responses will be 

altered. For example, carbonate substituted HAp is more bioactive than stoichiometric HAp [52].  

In brief, the HAp crystal possesses the hexagonal structure with space group P63/m. The lattice 

parameter are as follows; a = b = 9.432 Å and c = 6.881 Å and γ = 120° [53]. However, the 

stoichiometric HAp carries the space groups monoclinic P21/b form [54]. HAp does not carry a 

high crystallite structure in both natural and synthetic powder, which results in the identical 

symmetry between the hexagonal and monoclinic structure when analyzed through the XRD data. 

Both hexagonal and monoclinic structure carries the similar chemical and biological properties in 

terms of bioactivity and biodegradation, however, P63/m hexagonal structure is not favorable [55]. 

The comparison between the hexagonal and monoclinic HAp lattice is given in Table 2.2. It has 

been reported that HAp crystal may also be found as a mixture of hexagonal and monoclinic 

symmetries, and this can cause crystal deforms in the lattice. Hence, designing a pure phase HAp 

with a hexagonal structure has been a challenge for biomaterial researchers [56]. In addition, the 

hexagonal structure carries the nonstoichiometric HAp, which results in the co-existence of the 

impurities in the HAp lattice, such as Cl¯ and F¯ ions. Figure 2.1 illustrates the crystal structure 

of the hexagonal HAp. As shown in Figure 1, Ca occupies two different sites, Ca1 (columnar Ca, 

four sites) and Ca2 (axial Ca, six sites). Six PO4 groups occupy the Ca1 site, and five PO4 groups 

occupy the Ca2 site, and one OH group. Substitution at any of the Ca sites alters the lattice 

parameters of the pristine HAp, which ultimately alters the biochemical responses of the 

formulated HAp. These very small differences between the hexagonal and the monoclinic 
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geometry and lattice parameters of the HAp particles effectively impact the physicochemical 

properties of the HAp such as compressive strength and porosity [57].  

 

Table 2.2. Hexagonal and Monoclinic crystal structure of HAp 

Properties Hexagonal Monoclinic 

Space group Symmetry P63/m P21 /b 

Lattice Parameter 

a = b = 9.432 Å 

c = 6.881 Å 

γ = 120° 

a = 9.4214 Å 

b = 2a 

c = 6.8814 Å 

γ = 120° 

Sintering Temperature 25-100 °C Elevated temperature, 850 °C 

Details 

Array of PO4 tetrahedra held 

together by Ca ion. Ca ions 

occurs at axes and in 

accurately aligned columns 

Same as hexagon, only direction 

of OH group changes 

 

However, the replacement of calcium ions from either of the Ca sites changes the biological 

properties; the replacement of the OH group surrounding the Ca ion at the Ca2 site also plays a 

crucial role in tuning the crustal properties and the interfacial responses pf the HAp lattice. The 

human bone is an organic-inorganic hybrid of HAp-collagen. Typically in structure, the human 

bone remains in the form of Ca substituted HAp matrix with collagen fibers. The metal ion which 

replaces Ca in HAp is Na+, Mg2+, Zn2+, Sr2+, K+, F¯, Cl¯, CO3
2-, Si, etc. [38]. These impurities 

cause the inversion in the centers for the OH directions, resulting in the alteration in the HAp lattice 

parameters and thus forms a stable and mechanically strong bone. Hence, to maintain the charge 

stoichiometry, the Ca2+ ion is replaced by the cations, SiO4
4-

  replaces the PO4 tetrahedra and 

fluoride and the chloride ion replaces the hydroxyl group in the basic crystal lattice [58]. Another 

difference between the hexagonal and monoclinic symmetry remains the arrangement of the metal 

ions. In detail, the hexagonal structure is centrosymmetric, whereas the monoclinic geometry of 

HAp is non-centrosymmetric, which results in the piezoelectric properties of HAp.  
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Figure 2.1. Crystal structure of HAp, the three a-axis at 120° angle, and the perpendicular 

c-axis 

 

To design an effective HAp lattice based on site-specific applications, the in-depth knowledge of 

HAp lattice, the metal ion replacing site, and thermodynamics plays an important role. For 

example, the synthesis route (discussed later) and sintering temperature play the deciding role in 

defining the phase as well as the crystal structure of the HAp lattice. It has been observed that the 

sintering at a higher temperature usually generates the β-Tri calcium phosphate (β-TCP) of calcium 

phosphate along with the HAp phase of the calcium phosphate [19]. The pristine HAp is usually 

obtained while sintering at low temperatures. Hence, researchers are under investigation to acquire 
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the pure HAp phase in pristine and doped HAp lattice as the integration of metal ions generates β-

TCP phase as a secondary phase in the calcium phosphate lattice [59-61]. Hence, obtaining a pure 

HAp phase after transition metal ion doping still remains a challenge for biomaterial researchers. 

 

2.2 Synthesis routes of HAp 

The synthesis procedure of the biomaterial is the most important and primitive step towards the 

selection/rejection of a biomaterial. Plenty of researches have been optimized in order to obtain 

the desired phase as well as the size and morphology of the HAp. As discussed earlier, various 

reaction procedures for designing a nano-HAp have been tested. Various factors during the 

synthesis of HAp have been observed to result in different sizes and morphologies, and these 

factors majorly include aging time, chemical solutions, temperature, pH, and the sintering 

temperature. These factors were found to play a decisive role in deciding the size as well as the 

morphology of the HAp lattice. These synthesis parameters, as well as the reactions, play a crucial 

role in the commercialization of the HAp based materials based on their respective chemical 

solutions and the inputs of energies while synthesis by governing the end cost of the material. In 

general, the synthesis of the HAp can be divided into two major methods, i.e., Biological or from 

natural resources, and chemical methods. The details are as follows: 

 

2.2.1 Nano-HAp from natural resources 

As discussed earlier, HAp is found in abundance in nature in the form of shells and bones. In the 

extraction from the natural resources, the HAp is extracted from the natural resources such as fish 

scale, fishbone, eggshells, and seashells. The biological wastes are harvested to produce HAp, 

leading to high environmental cleanup as well as a low-cost synthesis of HAp. However, these 

techniques do not provide the control to tune the size and morphology of the HAp, for example, 

granular, rod-shaped, flower-shaped, and particulate structure, etc. However, because of being 

extracted from the natural resources, the Ca/P ratio remains constant at 1.67, resulting in the pure 

HAp phase. Furthermore, few metals ions are found to be integrated with the HAp as a mineral 

supplement, depending on the source of the HAp. Similarly, the mechanical strength of samples 

remains close to that of bone, as they are extracted from similar resources. The advantage of such 

a method is that these methods do not require the usage of toxic chemical solvents in synthesis and 
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do not produce toxic waste end materials. Conversely, few solvents are used to clean the shells 

prior to the synthesis. There are majorly two methods in extracting HAp from natural resources; 

 

2.2.1.1 Solid-state method 

In this method, the waste biosamples are washed with MilliQ water to remove the dirt and 

impurities. The washed powders are then dried at temperatures ranging from 60-80 ºC. The dried 

samples are then physically processed to produce the HAp. In few studies, the biosamples have 

been smashed into small pieces followed by the sintering at a higher temperature, i.e., 900 ºC. The 

samples were then grounded through various ways, such as grinding by the mortar pestle before 

applications [62]. Similarly, samples were the first ball milled until 10 h to obtain the nano-HAp 

prior to the calcination at a higher temperature, i.e., 800 ºC [63]. In addition, an ultrasonic 

technique has also been used to produce the nano-sized HAp from biowastes [64]. 

 

2.2.1.2 Wet technique 

In this method, the biosamples are first washed and cleaned by MilliQ water followed by heating 

at high temperatures to remove the organics wastes. The samples are then dried, and after drying, 

the samples are placed in a hydrothermal chamber at 280 °C for 3 h prior to the calcination [65]. 

In another approach, Tilapia scales were treated with 5 % NaOH solution to remove the organic 

waste, followed by the heat treatment at 70 ºC. The samples were again treated with 50 % NaOH, 

followed by heating at 100 ºC. Finally, the samples were filtered, and the 7 pH of the solution was 

achieved by the addition of H3PO4 solution followed by drying the samples at 100 ºC [66]. In wet 

techniques, washing with solvents as well as sintering at high temperatures removes most of the 

organic waste from the biowastes, and a pure form of HAp is achieved. 

 

2.2.2 Chemical methods 

The synthesis through the natural resources is an efficient technique with a high yield, yet it does 

not provide control over the tuning of size and the morphology of the HAp. Hence, chemical 

methods are used as an alternative to natural processes. In this process, the chemical precursors of 

the Ca and P are processed in various ways. The HAp produced is typically known as synthetic 

HAp. The reaction parameters which govern the size and the morphology of the HAp are reaction 

solvents’ concentration, temperature, pH, and the reaction conditions such as stirring speed and 
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titration speed. However, the inputs of energy and the cost of precursors make them costlier 

processes as compared to the natural HAp synthesis routes. A few of the most used methods are 

discussed below; 

 

2.2.2.1 Chemical precipitation method 

The chemical precipitation method is one of the simple most methods to produce the HAp. In brief, 

the Ca and PO4 precursors are mixed with the MilliQ water with a predefined molar ratio of 1.67 

and are heated at elevated temperatures, i.e., > 65 ºC temperature. Separate solutions for both the 

precursors are prepared, and the PO4 solution is titrated dropwise with the Ca solution. The rate of 

titration plays a crucial role in defining the size and the morphology of the produced HAp. After 

the titration is completed, the pH of the solution is increased to > 9 using liquid ammonia. The 

respective chemical reaction is as follows; 

 

10 Ca(NO3)2.4H2O + 6 (NH4)2.HPO4 + 8 NH4OH = Ca10(PO4)6(OH)2 + 20 NH4NO3 + 46 H2O 

 

In this process, the HAp gets reduced or precipitated at elevated pH values, as it remains unsoluble 

at those pH values. In addition to the titration speed, the reaction temperature, as well as the pH of 

the solution, plays a crucial role in governing the particle size, morphology as well as surface 

charge over the HAp crystals. After precipitation, the pH of the solution is reduced to 7 by washing 

multiple times with MilliQ water followed by drying. The calcination at high temperatures 

provides the HAp phase with nano-sized crystals [67-69]. It is to be noted that the calcination 

temperature also plays a crucial role in defining the phase of the material. Usually, elevated 

temperatures > 850 °C are considered to provide secondary phases such as β-TCP. 

 

2.2.2.2 Sol-gel method 

This is the second most used protocol for producing HAp, and produce HAp by converting the 

precursor solution into the gel form. In a typical process, the Ca and PO4 precursors are first mixed 

dropwise, similar to that of the chemical precipitation method, followed by elevating the pH of the 

solution > 9. After increasing the pH, the reaction temperature is increased to > 90 ºC for few hours 

ranging from 9-12 h. As a result, a thick gel of calcium phosphate is produced. The gel is then 

dried at high temperature without stirring, and the produced HAp is washed to reduce the pH down 
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to neutral. The advantage of this method lies in its mechanism of mixing the metal precursors at 

the atomic level due to elevated temperatures, leading to the synthesis of nano-sized HAp lattice. 

Similar to that of the chemical precipitation method, calcination at high temperatures provides the 

HAp phase with size ranging in the nano range. In a typical reaction, the solution temperature for 

gel formation, pH, and gel formation time plays a crucial role and provides control over the size 

and the morphology of the HAp NPs [69-73]. 

 

2.2.2.3 Hydrothermal/Solvothermal method 

As the name suggests, these methods use the thermal incubation of the chemical precursors 

underwater in the solution environment. A water solvent-based reaction is known as Hydrothermal 

Reaction, and solvents other than water (such as organic solvents) assisted synthesis is known as 

the Solvothermal Method. In a typical process similar to that of the precipitation method, the Ca:P 

precursors in 1.67 Ca/P ratios are first mixed and stirred for few hours until precipitation; after 

mixing, the solution is transferred into a Teflon coated stainless steel autoclave with controlled 

temperature and pressure. The autoclave is then placed into a heat chamber, and the temperature 

is raised ranging from 200-500 ºC for 3-4 h. The solution is then washed and dried at high 

temperatures, followed by calcination at elevated temperatures. The control over the size and the 

morphology is majorly governed by the type of solvent and the pressure and temperature of the 

autoclave chamber. This method is majorly utilized to produce the doped and co-doped HAp 

crystals. In addition, various researchers have also utilized hydrothermal coating of HAp over 

metallic implants [12, 74] for various biomedical applications [75-79]. 

 

2.2.2.4 Surfactant Assisted technique 

Surfactants are used to produce the HAp for majorly two reasons. First, to direct the morphology 

of the material, and second to prevent the aggregation of the nanomaterials. In this process, the 

concentration of surfactants at their respective Critical Micellar Concentrations (CMC) values 

governs the morphology of the HAp NPs. At CMC, surfactant forms micelles, and spherical 

nanoparticles (NPs) are produced as the precipitated particles are entrapped within the surfactant 

micelles. The concentration below and above CMC provides rod-shaped and elongated 

morphologies than that of spherical morphology. In brief, first, the precursors are mixed with the 

desired surfactant concentration to form the micelles. This process can be followed by either a 
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similar process to that of the chemical precipitation process or by other wet methods. The selection 

of the surfactant is majorly dependant on its stability at high pH values and the melting point of 

the surfactant. Another benefit of surfactant-based synthesis is to obtain mesoporous and 

nanoporous materials. Surfactants usually get evaporated while calcinating the HAp samples at 

elevated temperatures, resulting in the formation of pores within the samples. The homogenous 

mixing of surfactant results in the mesoporous HAp NPs [80-83]. 

Among all these chemical methods, the chemical precipitation method is preferred to produce the 

HAp, as this method requires the least amount of precursors, input of energies, and solvents. In 

addition, the yield remains higher than that of other methods. Furthermore, the tuning of size and 

morphology, as per the application, can be governed by simply changing the reaction temperature, 

titration speed, and aging time. 

 

2.3 Role of elemental doping in HAp 

As discussed earlier, the human bone mineral is a non-stoichiometric nanocrystalline apatite with 

impurities in the form of co-substituted trace elements of Na, Mg, Zn, Sr, K, F, Cl, Si, etc. Hence, 

the various substitution of ions into the HAp lattice has been attempted, which deviates the lattice 

parameters, crystal arrangement, and biological responses of the HAp. A few of the examples are 

listed below; 

 

2.3.1 Lithium doped HAp 

Few researchers have used the doping of lithium-ion into the HAp lattice. It was expected that a 

higher concentration of Li increases the mechanical strength HAp. Li substituted HAp also altered 

the dielectric properties of HAp cement and hence is majorly recommended for bone and dental 

implants. However, due to gamma irradiation, a lower concentration of lithium doped HAp is 

suggested for the patient who undergoes radiation examinations with gamma rays [84, 85].  

 

2.3.2 Selenium doped HAp 

Selenium deficiency can cause various ill conditions, majorly cancer [86]. The doping of Se into 

the HAp matrix alters the charge distribution at the material surface and thus enhances the loading 

efficiency of the HAp for its usage as a drug delivery vehicle. An increase in loading efficiency 

from 34.1 % to 41.7 % was obtained after Se doping. Se doped HAp has been utilized as a potential 
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lysozyme delivery vehicle [87]. Besides this, the excellent antitumor activity of the Se doped HAp 

was also examined [88]. The study revealed that 10 % doping of Se into the Hap matrix was 

sufficient to degrade the osteosarcoma cells. The synthesized material was presumed to be the pH-

responsive material for anticancerous activity. 

 

2.3.3 Aluminum doped HAp 

Aluminum is the trace elements found in hard tissues and has been reported to be a disease inducer 

at elevated concentrations [89]. Doping of Al into HAp decreases the size as well as crystallinity 

of HAp. It distorts the vicinity and integrity of the crystal at the site of doping [90], which 

consequently increases the calcium deficiency in the HAp crystal, and thus, the Ca/P ratio alters. 

However, low cytotoxicity can be implemented at Al doping. It was reported that a lower 

concentration of Al, i.e., 1 mg mL-1 of HAp crystal, did not cause any cytotoxicity [91]. 

 

2.3.4 Zirconium doped HAp 

Zirconium is generally utilized for its mechanical strength. Although the intrinsic doping of Zr into 

the HAp matrix enhances the mechanical property, osteogenicity remains very low. Various 

researchers have tried to co-dope Zr with other elements such as Ca, Mg, Sr, Zn, etc. Ca-Zr doped 

HAp showed enhanced osteogenic activity [92]. Other elements, when co-doped with Zr, showed 

enhanced mechanical and biological properties and did not alter the basic phase configuration of 

HAp crystal. An increment in compressive strength of Zr doped HAp was found to be 850 MPa 

which was higher than that of pure HAp, i.e., 300-600 MPa. [93]. 

 

2.3.5 Silver doped HAp 

Silver nanoparticles are a well-known antimicrobial agent. Ag NPs are found in trace concentration 

in the human body and are utilized as a nutrient element in hard and some soft tissues. In addition, 

silver is used to stimulate the immune system in the body. Silver readily reacts with the body's 

protein, amino acids, and free anions [94]. Silver composites have shown excellent antimicrobial 

activity [95], and hence doping of Ag NPs generally results in the antimicrobial HAp matrix. 

Various authors have reported doping of Ag into HAp matrix with various applications [23, 96-

98]. Doping of Ag into the HAp matrix also enhances the mechanical strength of HAp ceramic 

without altering the phase behavior of HAp. Hence, HAp doped with Ag is considered as a best-
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fit scaffold material for orthopedic applications [97]. Also, Ag-doped HAp has shown better 

corrosion resistance in the presence of Seminal Body Fluid (SBF) [99].  

 

2.3.6 Magnesium doped HAp 

Magnesium is also found as the trace element in the bone as well as other hard tissues and hence 

is very useful for bone tissue engineering. In addition, Mg is also utilized in more than 300 

metabolic reactions in the human body. Mg also serves for normal neural function and supports 

the maintenance of the immune system. Mg also serves in maintaining the blood glucose level and 

helps in the production of protein. Similar to that of Zr, doping of Mg into the HAp matrix enhances 

the crystallinity as well as the mechanical strength of HAp. A lower concentration of Mg doping 

has shown no toxicity with enhanced mechanical strength from 38 MPa to 72 MPa [100]. In 

addition, Mg doping enhances the osteoblast activity with optimized degradability and thus 

enhances bone growth [101]. 

 

2.3.7 Iron doped HAp 

Iron is an important trace material found in the human body. It serves in the formation of red blood 

cells. In addition, it is a major part of Hemoglobin. It serves in the transportation of oxygen from 

the lungs to the rest of the parts of the body. Iron also helps in the conversion of energy from blood 

sugar. Besides this, iron serves in the normal functionality of the nervous as well as the immune 

system and takes part in the formation of various metabolic enzymes. Iron-based nanocomposite 

has been proven for its antibacterial properties [33, 34] and hyperthermia applications [35, 36]. 

The doping of iron into HAp serves various functions and helps in the vast applications of HAp. 

Because of its natural magnetic properties, iron serves to magnetically target the HAp at the site 

of action and hence is very useful in targeted drug delivery through HAp [102]. In addition, doping 

of iron also serves in making HAp suitable for hyperthermia application for cancer treatment [103]. 

Fe doped HAp has also been utilized for bone tissue engineering as it enhances the stability of 

HAp and also provides the dielectric properties to HAp, which is the native property of bones [13]. 
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2.3.8 Zinc doped HAp 

Zinc is the native element found in the body. It is found in the bone as well as other hard tissues. 

It plays a major role in the immune system and serves in cell division and cell growth. Zinc servers 

various metabolic as well as defense reactions of the human body and precisely works in wound 

healing and energy conversion. A zinc deficiency has been noticed in Alzheimer’s and Parkinson’s 

disease [104]. In addition, zinc also acts as an antidepressant [105]. The incorporation of zinc into 

the HAp matrix takes place by removing Ca ions from the lattice. An ion-exchange method takes 

place during this process. ZnO NPs are considered antimicrobial agents, and hence doping of ZnO 

NPs into HAp serves in the utilization of HAp as an antimicrobial agent with enhanced mechanical 

properties [19, 106, 107].  

 

2.3.9 Anion doped HAp 

Doping of anions in the HAp matrix stabilizes the HAp structure. Generally, fluoride, chloride, 

and carbonate are substituted in the HAp matrix for various biomedical applications. Unlike cation, 

anionic doping takes place by the removal of the OH group present in HAp [108]. Carbonated 

HAp is considered the second most abundant element found in bone apatite after calcium 

phosphate. In addition, carbonated HAp is considered more bioactive in terms of osteogenesis than 

pure and synthetic HAp [52]. Similarly, fluoridated HAp has shown better osteogenic activity than 

that of pure HAp. Fluorine is present in a trace amount in bone and is considered as the promotor 

for osteogenesis [4]. Chloride substitution provides thermal and electrical stability to the HAp 

[109]. 

Various approaches have been tried to change the crystal structure of the HAp lattice to acquire 

the antibacterial as well as target efficacy with various degrees of success [5], yet no study has 

been successful in achieving them together. In addition to the metal ion doping, several metal 

oxides have been tested to be integrated with the HAp lattice to acquire the antibacterial activity, 

anticancer activity [15] as well as target efficiency, yet no reports are available to acquire them 

together without harming the HAp phase or the required bioactivity as well as the mechanical 

properties [16-18]. The selection and concentration of metal ion/metal oxide play a crucial role in 

delivering the desired phase as well, and the biological responses of the HAp lattice and hence 

provides an opportunity to tune the biological properties of the HAp to a biomaterial researcher 

[19]. For example, the ionic radius of zinc (0.074 nm) is smaller than that of calcium (0.099 nm). 
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Hence, incorporation of zinc into the HAp lattice declined the ‘c’ lattice parameter and enhanced 

the ‘a’ lattice parameter, which decreased the crystallinity of HAp with an increase in the zinc 

concentration [20, 21]. As HAp does not possess any self-antibacterial activity, the incorporation 

of metal ions as well as the separate metal oxide phase generation without hampering the HAp 

phase is one of the major challenges for a biomaterial researcher [23, 24]. Similarly, to achieve 

target efficiency, HAp has been modified with various metals and biological substances. However, 

these modifications remain very specific in terms of their applications [3, 22]. Hence, various 

nanomedicines were scrutinized for their integration with HAp. The detailed discussion is as 

follows; 

 

2.4 Types of Nanomedicines and their antibacterial mechanism 

Various kinds of metals, metal oxides, and organic moieties have been utilized as nanomedicines. 

Before integrating the nanomedicines with HAp, detailed information about their antibiotic action 

is required.  

 

2.4.1 Silver Nanoparticles 

Silver NPs have been widely utilized for their antibacterial activity. Ag NPs and their composites 

have been synthesized via various synthesis methods; these methods include the chemical 

precipitation method [110], a sol-gel technique [111], sonochemical synthesis [112], and 

microwave-assisted synthesis [113]. However, these methods are widely used for the synthesis of 

Ag and its composites, but the chemical reaction remains toxic to the environment. Hence, various 

researchers are working in the direction of the green synthesis of Ag NPs [114, 115]. Ag NPs 

typically possesses a Faced-Centered-Cubic (FCC) structure [116] with XRD diffraction planes at 

38.28 °, 44.40 °, 64.57 °, and 77.48 ° 2θ values [117]. Ag NPs exhibit UV-visible spectral values 

between 300-400 nm as one of its most characteristic confirmations [117]. It has been proposed 

that due to their high specific surface area, and surficial electrons, Ag NPs showed higher 

antibacterial action than that of bulk Ag [118]. The antibacterial activity of Ag NPs depends on 

their size, size distribution, synthetic methods, and reducing agents and stabilizers [119]. Ag NPs 

have shown excellent antibacterial properties over a wide range of bacterial strains, including both 

gram-positive and gram-negative bacteria.  
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2.4.1.1 Antibacterial mechanism and of Ag NPs 

Ag NPs possesses various kinds of antibacterial mechanism to kill the pathogens. These 

mechanisms include ROS generation through surficial electrons [120] and through the penetration 

of released Ag ions. However, the antibacterial mechanism varies from one strain to another. The 

contact-based killing (through Ag ions), and Non-contact killing (ROS), depends on the surface 

charge over the bacterial strain as well as the Ag NPs. Higher electrostatic interaction leads to the 

contact-based killing of the bacterial strain, which remains non-specific as compared to the ROS-

based mechanism [121]. It has been proposed that Ag NPs can interact with thiol groups of the l-

cysteine to inactivate the enzymatic function of various proteins [122]. The Ag NPs majorly create 

permeable bacterial cell walls, deactivate cellular enzymes, and disrupt the membrane to cause the 

cell disruption toxic effect to bacteria.  

 

2.4.1.2 Problems associated with Ag NPs 

Few of the researchers have reported that few of the bacterial strains have evolved genes to 

counteract the toxic effect of Ag ions and have shown their resistance towards it [123]. Recently, 

Panacek et al. reported that Escherichia coli 013, Pseudomonas aeruginosa CCM 3955, and E. 

coli CCM 3954 generated resistance towards Ag NPs via producing flagellin, an adhesive 

flagellum protein, which causes the aggregation in  Ag NPs, which could eliminate the 

antibacterial activity of Ag NPs [124]. The situation is highly critical, as this resistance was 

generated without any genetic modification, and only physical changes could be able to surpass 

the antibiotic activity. The aggregation of Ag NPs can act against all antibacterial mechanisms, 

including contact inhibition as well as ROS generation, as all these activities depend on surficial 

properties and bio-interfacial interactions. Hence, researchers should focus on more precise 

synthesis techniques to synthesize Ag NPs, which could produce non-aggregated NPs to fight 

against superbugs. In addition, Ag NPs have also shown cyto-toxic effect over human cells as well. 

These cytotoxic effects remain dose and size dependent. Hence, researchers are working towards 

controlling the specificity of the Ag NPs for their effective clinical actions. 
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2.4.2 Zinc Oxide (ZnO) NPs 

Various researchers have explained the use of ZnO NPs as a potential nanoantibiotic. ZnO is an 

(II-VI) type of semiconductor, which is being utilized in various semi-conducting applications. 

ZnO NPs are believed to be stable under harsh processing conditions and show selective 

antibacterial activity due to their positive surface charge at physiological pH. Our group has 

discussed the structural as well as the physical properties of ZnO previously [19]. ZnO NPs are 

believed to carry high antibacterial activity with a minimal toxic effect on human and animal cells. 

In addition, Zn is cheaper than Ag, Au, and Ti. A typical ZnO possesses a hexagonal wurtzite 

structure and P63/m symmetry with the diffraction at 31.9°. 34.7°, 36.2°, 47.6°, 56.6°, 63.1°, 67.9°, 

and 69.0° ‘2θ’ values. A typical ZnO structure reflects characteristic peaks at 436cm-1 in the 

Raman spectra and FTIR spectra for the Zn-O bond. ZnO NPs can be synthesized via any chemical 

or physical route. The most widely used methods are co-precipitation [125], sol-gel method [126], 

ultrasonication [127], microwave-assisted synthesis [128], and polyol method [129]. However, for 

commercialized applications of ZnO NPs, various researchers are working towards the biogenic 

synthesis of ZnO NPs [130]. In addition to its antibacterial activity, ZnO has also been utilized for 

its antifungal [131] as well as anti-cancerous activity [132]. It is believed that the antibacterial 

activity of ZnO NPs remains dependent on their size and morphology [133]. 

 

2.4.2.1 Antibacterial mechanism of ZnO NPs 

Various researchers have explained three different antibacterial mechanisms of ZnO NPs. Few of 

the literature indicates that ZnO NPs possess high specific surface area and discrete bandgap. Such 

a small surface area enhances the contact between NPs and the bacterial cell. As described 

previously, ZnO NPs carry a positive surface charge at physiological pH, which helps in the 

electrostatic contact between bacteria and ZnO NPs. Higher surface area enhances the contact 

points between them, resulting in the accumulation of higher NPs at the bacterial surface. 

Interfacial interaction between the bacterial cell and ZnO NPs plays a crucial role in the 

antibacterial activity of ZnO NPs. This interaction also causes the selectivity of ZnO NPs. After 

accumulation at the bacterial surface, ZnO NPs show majorly three distinct ways to kill the 

bacterial cells. 1) ROS generation; ZnO NPs, due to their discrete bandgap, carry a higher number 

of electrons at their surface, which reacts with the intermediates of the metabolic pathways and the 

surrounding environment and gives rise to the hydrogen peroxide, hydroxyl radicals, and 
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superoxide anions. Radical causes the disruption and changes in the bacterial cell wall to kill the 

bacterial cell. Various reports have suggested the altered permeability as well as the morphology 

of the bacterial cell wall after incubating with ZnO NPs [134]. 2) Cell wall rupturing: Electrostatic 

interaction between ZnO NPs and the bacterial cell also causes damage in the bacterial cell wall 

due to the crystal defects of ZnO NPs [19]. 3) Internalization of ZnO NPs: after accumulating at 

the surface of the bacteria, ZnO NPs, due to their small size, get accumulated inside the bacterial 

cell, which in turn release more amount of Zn2+ ions. These Zn2+ ions disrupt the bacterial DNA 

as well as the protein to inactivate the bacterial cells [125]. The antibacterial mechanism of the 

ZnO NPs is given in Figure 2.2. In addition to all the above-stated mechanisms, ZnO NPs may 

cause death to bacterial cells via oxidative stress and Zn toxicity as well. After the internalization 

of Zn2+ ions, more amount of ROS is generated, which causes oxidative stress inside the bacterial 

cell. Also, a high amount of accumulated ZnO NPs at bacterial surfaces releases more Zn2+ ions. 

Higher concentrations of Zn2+ ions cause malfunctioning of the metalloproteins of the bacterial 

cell wall, which in turn allows the accumulation of more Zn2+ ions, which causes toxicity to 

bacterial cells. 

 

 

Figure 2.2. Antibacterial mechanisms of ZnO NPs 

 

2.4.2.2 Problems associated with ZnO NPs 

ZnO NPs are believed to carry effective antibacterial applications. However, their main 

antibacterial mechanism is due to their photocatalytic activity. The photocatalytic activity requires 
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the addition of sunlight/UV light to excite the electron from the valance band to the conduction 

band for ROS production. It is difficult to obtain photocatalytic activity of ZnO NPs during in-vivo 

applications as well as for clinical applications. Such kinds of applications can only be utilized for 

clinical applications for the sterilization of medical equipment. Another drawback of ZnO NPs is 

the solubility of these NPs. ZnO NPs are poorly soluble in water, which interrupts the direct use 

of ZnO as a nanoantibiotic. In addition, the cytotoxic behavior of ZnO is still unknown. A recent 

study explained that the toxic behavior of ZnO is not only because of the Zn2+ ions [135]. Hence, 

it can be concluded that the toxic behavior of ZnO NPs is majorly due to their ROS generation 

ability at the nanoscale. However, the lower surface area produces a high amount of ROS at the 

site of action, which consequently may cause a detrimental effect on the human cells as well. 

Hence, nano-cytotoxicity of ZnO is still required to be studied for its long-term applications. 

Additionally, Zn2+ ions are also believed to cause aggregation in globular proteins [136], which 

eventually may cause other side effects to the animal body, leading to questionable medical 

applications.  

However, ZnO NPs possesses a broad spectrum of antibacterial activity as well as all the required 

antibacterial mechanism. Various researches are under investigation to enhance the antibacterial 

efficacy as well as the removal of the discussed lags of the ZnO lattice. A few of the recent 

advances of ZnO NPs are discussed in Table 2.3. 

 

Table 2.3. Recent advances in ZnO NPs as nanomedicine 

S. 

No 
Metal 

Synthesis 

method (temp) 
Morphology Size Organism and MIC Ref. 

1 ZnO 

Precipitation 

method using 

Monsonia 

burkeana plant 

extract 

hexagonal 

wurtzite 
5 to 15 nm 

Escherichia coli, 

Pseudomonas 

aeruginosa, 

Staphylococcus 

aureus and 

Enterococcus 

faecalis 

NA [137] 

2 ZnO 
Precipitation 

method using 
Hexagonal 

16 nm 

(callus), 22 

Staphylococcus 

aureus, 

 

NA 
[138] 
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Verbascum 

thapsus extract 

(leaf, aerial and 

callus) 

nm (leaf), 24 

nm (aerial 

part) 

Streptococcus 

pneumoniae, 

Klebsiella 

pneumonia and E. 

coli 

3 ZnO 

Precipitation 

method using  

Penicillium 

chrysogenum 

MF318506 

strain 

 

Hexagonal 
9 to 35 nm 

Staphylococcus 

aureus 

2 

mg/mL 

[139] 

Bacillus subtilis 
3 

mg/mL 

Pseudomonas 

aeruginosa 

2 

mg/mL 

Escherichia coli 
2 

mg/mL 

Salmonella 

typhimurium 

3 

mg/mL 

4 ZnO 

Precipitation 

method using 

Tecoma stans 

leaf extract 

(60°C) 

Triangular 20.42 nm 

Achromobacter 

spanius 

NA [140] 

Acinetobacter 

johnsonii 

Achromobacter 

xylosoxidans 

Chromobacterium 

pseudoviolaceum 

Bacillus cereus 

5 ZnO 

Precipitation 

method using 

Saponaria 

officinalis 

leaves extract 

(35°C) 

Spherical 20 to 80 nm 

P. aeruginosa 
206.1 

μg/mL 

[141] 
Escherichia 

coli 

61.30 

μg/mL 

B. subtilis 
14.50 

μg/mL 
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S. aureus 
14.46 

μg/mL 

A. baumannii 
86.21 

μg/mL 

C. albicans 
0.098 

μg/mL 

6 ZnO 

Biogenic 

synthesis using 

Artemisia 

pallens plant 

extract 

Crystalline and 

Hexagonal 
50 to 100 nm 

Bacillus subtilis, 
62.5 

μg/ml 

[142] 
Staphylococcus 

aureus 

31.25 

μg/ml 

Eschercia coli 
62.5 

μg/ml 

7 ZnO 

Precipitation 

method using 

zinc acetate 

dihydrate to 

form 

ZnO/Chitosan 

nanocomposites 

(90 °C) 

Nanorods 

200 to 300 

nm diameter 

and 2 to 3 µm 

length 

Brevibacterium 

lactofermentum 

NA [143] 

Escherichia coli 

Corynobacterium 

glutamicum 

8 
Ag-doped 

ZnO 

Biogenic 

synthesis using 

Moringa 

oleifera plant 

extract 

Crystalline 

54.1 nm 

(Scherrer 

method) and 

36.187 nm 

(Williamson-

Hall method) 

Staphylococcus 

aureus 

NA [144] 

Escherichia coli 

Pseudomonas 

aeruginosa 

Salmonella typhi 

Klebsiella 

pneumonia 
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9 

Α-

Bismuth 

ZnO 

Ultrasound 

assisted 

chemical 

precipitation 

Monoclinic and 

hexagonal 

4 to 5 μm 

breadth and 

10 to 11 μm 

length 

S. aureus. 

0.05 

mg/L 

 

[145] 

10 
Fe-Cu-

ZnO 

Chemical 

precipitation 

Hexagons and 

spheres 

100 nm to 2 

mm and 0.4 

to 0.5 nm 

Xanthomonas 

campestris 

NA [146] 
Pseudomonas 

aeruginosa 

Pseudomonas 

fluorescens 

11 

Pb 

substituted 

ZnO 

Co-

precipitation 

method 

Hexagonal and 

Spindle 
5- to 110 nm 

Salmonella typhi 

 [147] 
Klebsiella 

pneumonia 

Vibrio cholera 

12 

Hybrid g-

C3N4/ Cr-

ZnO 

Co-

precipitation 

method 

Heterostructures 

(Cr-ZnO 

hexagonal and 

g- C3N4 

nanosheets) 

10 to 12 nm 

Cr-ZnO 

Escherichia coli 

NA [148] 

Bacillus subtilis 

Staphylococcus 

aureus 

Streptococcus 

salivarius 

13 
Nd(OH)3-

ZnO 

Co-

precipitation 

method 

Hexagonal 32 nm 

Escherichia 

coli NA [149] 

S. aureus 

14 ZnO 

Biogenic 

synthesis using 

Justicia 

procumbense 

plant extract 

Hexagonal 5 to 15 nm 

Escherichia coli 

NA [150] 

Staphylococcus 

aureus 

Pseudomonas 

auriginosa 

15 
N-

succinyl 

Co-

precipitation 
Spherical 

40 nm 

 

Staphylococcus 

aureus 

10 

μg/ml 
[151] 
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chitosan-

ZnO 

and chemical 

modification 
Escherichia coli 

5 

μg/ml 

16 ZnO 

Periconium sp. 

extract 

mediated sol-

gel synthesis 

hexagonal 

wurtzite 
40 nm 

Staphylococcus 

aureus 

50 

μg/ml 
[152] 

Escherichia coli 
50 

μg/ml 

17 ZnO Sol-gel method 
hexagonal 

wurtzite 
10 to 20 nm 

Escherichia coli 

 [153] 
Staphylococcus 

aureus 

Bacillus subtilis 

18 
Cr doped 

ZnO 

Co-

precipitation 

method 

hexagonal 

wurtzite 

22.15 nm 

 

K. pneumoniae 
100 

μg/ml 
[154] 

Pseudomonas 

aeruginosa 

100 

μg/ml 

19 ZnO 

Biogenic 

synthesis and 

sol-gel method 

using 

Azadirachta 

Indica leaf 

extract 

hexagonal 

wurtzite 

25.97 nm 

(biosynthesis) 

and 33.20 nm 

(sol-gel) 

Escherichia coli NA [155] 

20 
Cu2O-

ZnO 

Sol-gel method 

(calcination at 

500°C) 

Spherical 10 to 60 nm 

Staphylococcus 

aureus 

 

0.16 

ng/mL 

 
[156] 

Escherichia 

coli 

1.25 

mg/mL 
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2.4.2.2 Effect of Zinc integration to HAp over Mechanical properties and microstructure 

As mentioned earlier, HAp possesses high brittleness and lower fracture toughness. The bio-

apatites have better biological and indentation properties than HAp under physiological conditions. 

This prompts various researchers to focus on the substitution of HAp with various metal ions, 

which subsequently can improve these lags for biomedical applications. The incorporation of Zn 

enhanced the mechanical properties of HAp [157]. These substitutions revised the lattice 

parameters, which altered the crystallinity as well as the physical properties of HAp [158]. 

Incorporation of zinc into the HAp lattice declined the c lattice parameter and enhanced the lattice 

parameter, which decreased the crystallinity of HAp with an increase in the zinc concentration [20, 

21]. Zn doped HAp shows different mechanical behavior due to two reasons: first, the difference 

in the size of Zn and Ca, and second the different melting temperatures of Ca and Zn, i.e., 842 °C 

and 419.5 °C, respectively. Various studies are ongoing to reduce the formation of β-TCP in the 

HAp doped with zinc. In this contrast, Huang et al. (2016) co-doped Zn2+ ions with F¯ ions, and 

co-doping inhibited the formation of β-TCP phases at 200 ºC. It was concluded that the mechanical 

and chemical stability of co-doped HAp is higher than that of pure HAp at physiological conditions 

[159]. However, doping of Zn2+ ions and integration of ZnO with the HAp have different effects 

on the crystal structure of HAp, which imparts different physical, chemical, mechanical and 

biological responses to the HAp. 

Summarily, we can conclude that the doping of zinc alone does not play a role in the generation 

of other phases such as β-TCP. Zn doped HAp, when sintered at a higher temperature such as 900 

ºC, showed the other phases. Iconaru et al. 2017 sintered the Zn doped HAp at 500 ºC, and Ran et 

al. 2017 did not sinter the composite. The major phase as HAp along with the dopant phase was 

observed in both the studies, with a reduction in ‘c’ lattice parameter, indicating that only zinc 

doping does not disperse the HAp into other phases. However, sintering temperature also plays an 

important role in the HAp phase generation during synthesis. 

 

2.4.3 Copper (Cu), and CuO NPs 

Cu NPs are another widely studied and utilized NPs for antibacterial actions. Cu2+ ions-based toxic 

effects towards bacterial cells have been utilized in various laboratories. In general, CuSO4 

solution is utilized in a CO2 incubator and water bath to check bacterial contaminations. CuO is 

one of the most promising nanoantibiotic and is being utilized in various other applications such 
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as magnetic storage, solar cells, electronics, and catalytic activities [160]. Like other metals and 

metal oxides, CuO and Cu NPs can also be synthesized through various above-given synthesis 

methods, including precipitation [161], sol-gel method [162], ultra-sonication [160], and 

microwave-assisted synthesis [163]. However, recently, the green synthesis of these NPs has been 

under investigation due to the harsh effect and more input of the energy for the synthesis. The 

biosynthesis of CuO and Cu NPs has been proven to be the best fit method for commercial 

synthesis due to their non-toxic effect as well as less waste production [164]. Cu NPs generally 

carry an FCC structure, with diffraction peaks at 43.2°, 50.3°, and 73.9° 2θ values. Similarly, CuO 

reflects a monoclinic crystalline phase [165].  

 

2.4.3.1 Antibacterial mechanism of Cu and CuO NPs 

Various researchers investigated the antibacterial action of Cu and Cu-based nanocomposites for 

their clinical applications. Majorly, Cu and CuO possess two bactericidal actions. These methods 

include oxidative stress caused by the generation of ROS [160], which attributes to its higher 

surface area and lowered bandgap. A small bandgap causes the requirement of less energy to excite 

an electron from the valance band to the conduction band of NPs; these electrons react with the 

metabolic oxygen to generate the ROS, leaving a hole (positive charge) in the valance band. The 

process continues to stabilize the crystal by attaining a zero-valent structure. This continuous 

process causes a high amount of ROS generation, which surpasses the enzymatic activity of the 

bacteria to fight against ROS, resulting in the death of the bacteria. Another antibacterial activity 

of Cu and CuO-based alloys include the release of the toxic Cu ion, which causes structural 

changes in the bacterial cell wall, resulting in false permeability. This malfunctioned permeability 

of the bacterial cell wall causes the outflow of the cytoplasm, which in turn causes cell disruption 

[166]. Another study reported that Cu and CuO-based nanocomposites, due to their smaller size, 

can get internalized to the bacterial cell and release higher amounts of Cu ions. These Cu ions 

interact and disrupt plasmid pUC19 DNA to cause bacterial cell disruption [167]. 

 

2.4.3.2 Problems associated with Cu and CuO NPs 

Copper and copper-based nanocomposites and alloys are very prone to corrosion. The disability 

of Cu to fight against corrosion is one of the major drawbacks of Cu to be utilized in biomedical 

applications. Liu et al. found that Cu-bearing stainless steel was worse resistant to corrosion in the 
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presence of sulfate-reducing bacteria [168], which indicates that the addition of Cu may also not 

only introduce the antibacterial activity but also ca reduce the corrosion resistance. This indicates 

the low-spectrum antibacterial activity of Cu. Furthermore, metal-contaminated soils are 

considered as one of the major sources of metal-resistant bacteria, which can cause damage to the 

fertility of the soil, as well as the contamination to the crop as well. In early 2005, Berg et al. 

isolated twenty-five gram-negative bacteria from Cu enriched soil. However, the number of gram-

positive Cu-resistant bacteria was lower. In addition, the Cu resistant bacteria were also found to 

be resistant to chloramphenicol and other two antibiotics, which hints that Cu resistance may give 

rise to bacterial resistance to other antibiotics as well [169]. The situation remains highly critical, 

as this may cause severe harmful effects if Cu is being used for prolonged treatment. Another study 

revealed that modified bacteria are already have existing protein structures to generate resistance 

against Cu [170]. Hence, Cu-based nanoantibiotics cannot be utilized for prolonged action, for 

example, in the case of osteomyelitis, where regular incubation of antibiotics is required. Another 

drawback of Cu and Cu-based composites is their toxic effect on human cells as well. A study 

explained that Cu could catalyze a Fenton-like reaction that causes lipid peroxidation as well as 

lead to protein damage [170]. Hence, elevated Cu concentrations may damage human cells as well 

as protein. All these studies together question the clinical application of Cu as a potential 

nanoantibiotic. 

 

2.4.4 Titanium dioxide (TiO2) NPs 

TiO2 is also one of the most studied nanoantibiotic because of its well-known photocatalytic 

activity. TiO2 is majorly used as a semiconductor and a photocatalyst. TiO2 NPs exhibit strong 

bactericidal activity with near-UV light and UVA. The MIC of TiO2 varies from 100 to 1000 ppm, 

depending on its size as well as the light source. The major property, which makes TiO2 a strong 

candidate to be utilized as a nanoantibiotic, is its antibacterial activity under visible light itself. 

TiO2, like other NPs, can also be synthesized through various chemical and physical methods. 

Major routes include the precipitation method [171], sol-gel technique ultrasonic [172], microwave 

[173], hydrothermal, and ionothermal methods. However, various researchers have also utilized 

green routes for the synthesis of TiO2 NPs. TiO2 NPs possess anatase phase with a space group of 

I41/and) or rutile phase with space group P42/mnm). Although TiO2 NPs possess a wide bandgap, 
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which restricts their usage under UV light only, researchers are focusing on metal-doped TiO2 NPs 

for their usage under visible light [174].  

 

2.4.4.1 Antibacterial mechanism of TiO2 NPs 

As demonstrated earlier, TiO2 NPs majorly reflect its antibacterial mechanism via photocatalytic 

activity due to the wide-bandgap. Various researchers have explained the photo-gradation of 

bacterial species under different conditions. Yadav et al. 2016, reviewed the photocatalytic 

mechanism of TiO2 NPs. It was explained that, under UV light, the TiO2 semiconductor gets 

excited and generates a positively charged hole in the valance band and a negatively charged 

electron in the conduction band. The UV light brings the excitation because of carrying higher 

energy than that of the bandgap energy. These holes are then filled by the adjacent molecule, and 

the free electron moves out. This free electron remains mobile and carries high reducing ability, 

which in turn generates the ROS species, which is responsible for rupturing the bacterial cell wall, 

causing cell disruption [175]. Long et al. 2014, explained the antibacterial action of TiO2 NPs 

under the influence of UV light. Two bacterial species Salmonella and Listeria, were tested. The 

study explained a sequential killing of the bacterial species starting from the bacterial cell wall. It 

was observed that TiO2 NPs ruptured the bacterial cell by disrupting the outer cell wall, followed 

by rupturing the inner membrane and peptidoglycan. Ultimately, the cell lost its integrity, and 

cellular substances were moved out, causing the complete removal of the bacterial cell [176]. In a 

similar way, Ma et al. 2015 explained the photo-degradation of E.coli and S. aureus using Fe3O4-

TiO2 nanosheets under solar light. It was explained that the nanosheets exhibited an excellent 

antibacterial action via different mechanisms over gram-positive and gram-negative bacterial cells. 

The Fe3O4-TiO2 nanosheets possessed more separation of the electron-hole pair, which in turn 

enhanced the generation of ROS. The mechanism proposed by the authors elucidated that the 

rupturing in the cell wall and the cell bodies of E.coli was the main antibacterial mechanism, 

whereas adsorption of bacterial clusters over Fe3O4-TiO2 nanosheets caused the malfunctioning in 

the permeability of the bacterial cell wall, which ultimately destroyed S. aureus [177]. These 

studies revealed that TiO2 possesses different antibacterial actions against a wide variety of 

bacteria. The band-gap, which is solely responsible for the disruption of the cell wall, can be tuned 

by modulating the crystal structure of the TiO2, thus, providing the choice of designing target-

specific nanoantibiotics. 
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2.4.4.2 Problems associated with TiO2 NPs 

As previously explained in section 5B(ii), it is difficult to obtain the antibacterial activity of an NP 

based on photo-catalysis for its practical applications. TiO2 has shown excellent antibacterial 

activity under the influence of UV/visible light, which remains a major drawback of these NPs to 

be utilized in biomedical industries. Moreover, these NPs produce excessive amounts of ROS, 

which is found to be lethal for human cells as well as after a certain concentration. In this regard, 

Zhang et al. 2019, explained the toxicity of the TiO2 NPs due to excessive ROS production through 

dermal exposure and its relation with cardiac malfunctions. It was revealed that exposure to TiO2 

enhanced the increase in the ROS as well as the 8-hydroxy-2’-deoxyguanosine, thus indicating 

excessive oxidative stress in the dermal cells. In addition, the inflammatory biomarkers were also 

enhanced under increased ROS concentrations. These biomarkers include IgE, intercellular 

adhesion molecule-1, interleukin-8, and hypersensitive C-reactive protein. These results indicated 

that a higher ROS concentration might bring cell apoptosis as well. It was also studied that via 

oxidative stress-induced inflammation and cytotoxicity; dermal exposure brought the cardiac 

dysfunction s well in the Balb/c mice. However, it was found that antioxidants, such as Vitamin 

E, may reduce the side effects of TiO2 NPs [178]. Various studies revealed the accumulation of 

nano-TiO2 in macrophages. Hence, it is necessary to study the effect of TiO2 NPs over 

macrophages. Recently, Brzicova et al. 2019 explained various factors, which affect the toxicity 

of the TiO2 NPs over macrophages. It was perceived that exposure for a long duration, stable 

dispersion, and particle size 20-60 nm have more toxic effects as compared to the nonstable 

dispersion and smaller particle size. It was also explained that the toxicity of the TiO2 NPs remains 

unchanged with respect to their shape and morphology. However, these results indicate the toxic 

effect of TiO2 but also provide the criteria for selection of the TiO2 NPs, based on its size and the 

exposure time to reduce its cytotoxic effect [179]. Similarly, Andreoli et al. 2018, explained the 

significant increase in 8‐oxo‐7,8‐dihydro‐2′‐deoxyguanosine (a product of DNA oxidation) and 

the breakage of the DNA strands by the exposure of the TiO2 NPs in the peripheral blood 

mononuclear cells. The probable reason for the cytotoxicity as well as the genotoxicity of the TiO2 

NPs was found to be caused by excessive ROS generation at the surface of the cells, which was 

covered by NPs after exposure [180]. All these cytotoxic effects over different cell types restrict 

the potent usage of TiO2 NPs at a commercial scale. 
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2.4.5 Antimicrobial peptoids 

Poly-(N-substituted glycine) “peptoids” are structural isomers of peptides, with the only difference 

between them being the attachment position of the functional sidechain for e.g., poly(N-(2-

methoxyethyl) glycine). These are located on the backbone α-carbon in peptides while they are 

instead located at the α-nitrogen in peptoids. This rearrangement is not recognized in nature and 

accounts for the protease resistance of the peptoids [181]. Functional group attachment at the 

amide group also removes chirality and hydrogen-bond (H-bond) donors from the peptoid 

backbone, promoting increased backbone conformation flexibility while enabling a versatile 

synthetic route (the “submonomer” method) to install a diverse array of commercially available 

sidechains [182]. The conformational flexibility and lack of intra- and inter-backbone H-bonding 

also increase thermal processability and solubility in common solvents [181, 183]. Overall, the 

combination of biomimetic properties, resistance to enzymatic degradation, and material 

processability make peptoids a potential candidate for various biomedical as well as technological 

applications [181, 182, 184].  

 

2.4.5.1 Antimicrobial mechanism of peptoids 

The exact antibacterial mechanism of the peptoids is still unclear. However, it is believed that 

peptoids mimic the peptides in their antibacterial action [185], hence can cause the rupturing in 

the cell wall of the bacteria by interacting with it [186]. However, the mode of interaction is 

debatable. In broad terms, it can be concluded that the antibacterial action of the peptoids remains 

dependent on their peptoid length, orientation charge, and cationic/hydrophobic ratios [187]. 

Hence, further studies are required to explore the possible antimicrobial mechanism of the 

peptoids. 

 

2.4.5.2 Problems associated with antimicrobial peptoids 

A plethora of antimicrobial peptides occurs in nature, but their susceptibility to enzymatic 

degradation has hindered their application. Hence, peptoids, which are resistant to proteolysis, are 

considered a plausible molecular platform for the development of novel antimicrobial agents [188-

193]. However, the cytotoxic effects of current antimicrobial peptoids, as well as the general 

problem of rising antimicrobial resistance with the environmental release of antimicrobials, remain 
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untouched. The application routes, methods to integrate with inorganic moieties, as well as the 

synergistic effect over the material properties are still understudies 

Based on the given nanomedicines, ZnO NPs were selected because of their non-resistance for 

bacteria, a broad spectrum of antibacterial activity and mechanism, abundance in nature as well as 

the ease of synthesis to be integrated with the HAp lattice to incorporate the antibacterial activity 

to the HAp lattice. Along with the ZnO NPs, Fe was selected to co-integrate the magnetic targeting 

to the HAp lattice for various biomedical applications.  

 

2.5 Biomedical applications of HAp 

As discussed earlier, HAp possesses chemical and biological similarities with bone, has higher 

mechanical strength, and is the most studied bioceramic for hard tissue treatments and 

regenerations. Hence, HAp is majorly utilized for BTE applications. In addition, due to its high 

mechanical strength, bioactivity, and stability, HAp has also been utilized for dental applications 

[194, 195]. Nevertheless, the required bioactivity, biodegradation, and mimicking of exact 

mechanical strength to that of bone have been the major challenges for biomaterial researchers. 

Hence, diverse studies have been performed to alter the crystal lattice of the HAp by doping the 

transition metal ions or by compositing the HAp lattice with other metal oxides and polymers. 

Each substitution has provided different add-on properties to HAp for a diverse range of 

applications. A few of the alterations of the HAp lattice are listed in Table 2.4. Based on these 

alterations, miscellaneous applications of HAp have been scrutinized. Typically, HAp has been 

produced as doped HAp, inorganic-organic hybrid, and biphasic HAp for various applications. In 

order to obtain the desired property, metal ions with ionic radii less than Ca are selected, as it 

decreases the particle size of HAp and results in reduced lattice properties for biomedical 

applications. In addition, the integration of lanthanides and actinides into the HAp matrix provides 

the dual functionality of diagnosing and treatment via incorporating the bio-imaging properties to 

the HAp NPs. 
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Table 2.4. Recent advances in Hydroxyapatite and its composites for biomedical applications 

S.No 
Hydroxyapatite and 

other metals 
Size (nm) Morphology Applications References 

1.  HAp and Chitosan 49.79 ± 20.90 Round shape 
Scaffold for bone 

tissue engineering 
[41] 

2.  

Yttrium and 

strontium co-

substituted nano-

hydroxyapatite 

60 to 84 

And 

 

64-120 for 

agglomerates 

Spherical 

Biomedical 

Applications 

 

(Load Bearing 

Applications) 

[70] 

3.  HAp 

At pH 7- 44 

 

At pH 11- 10 

At pH 7 

rectangular 

shaped 

 

At pH 11 

infantile 

particles 

Tailoring of particle 

size and morphology 
[73] 

4.  HAp 55-69 

Rod-shaped 

to stubby 

shaped 

Tailoring of particle 

size and morphology 
[75] 

5.  
Gd3+, Eu3+ doped 

HAp 

Pure HAp 

42.7 ± 6.3 

nm, 

Gd doped 

HAp 40.22 ± 

4.7 nm, and 

Eu doped 

Hap 38.14 ± 

8.5 nm 

Spherical 

Biomedical imaging 

and therapeutic 

applications 

[196] 

6.  Ag/Zn doped HAp 
18 ± 2 for 

powder 
NA 

Antimicrobial 

surfaces 
[197] 
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15± 2 for 

coatings 

7.  Ag-doped HAp 22-23 nm Rod-shaped 
Antimicrobial 

surfaces 
[198] 

8.  
Graphene doped 

HAp 
25-115 nm 

Particulate 

shaped 

Dielectric and 

ferroelectric 

Biomedical 

applications 

[199] 

9.  
Lanthanum-doped 

hydroxyapatite 
50-150 nm Plate-shaped Bone Regeneration [200] 

10.  Ce doped HAp  40–60 nm Rod-shaped 
Biomedical 

application 
[201] 

11.  Cu/Ag-doped HAp 20-57 nm Rod-shaped Nanomedicine [202] 

12.  

Co-doped 

Hyaluronan-directed 

HAp 

diameter: 32 

± 11 nm 

length: 138 ± 

26 nm 

Rod-shaped 
Tumor specific bio-

imaging 
[203] 

13.  Se doped HAp <200 nm 
Multi-walled 

sphere 
Bone scaffold [204] 

14.  Sm doped HAp 17-19 nm Rod-shaped 
Antibacterial and 

antifungal 
[205] 

15.  Er-doped HAp <100 nm 

Spherical and 

near 

elongated 

Diagnosis and Bio-

imaging 
[2] 

16.  Cu doped HAp 

Length 73 ± 

8 nm; 

Width 25 ± 6 

nm 

Rod-shaped Drug delivery [206] 
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2.5.1 Hydroxyapatite in bone tissue engineering 

HAp and its composites have widely been used for bone tissue engineering in their direct powdered 

form. HAp is used either as a matrix for bone tissue engineering or as a filler for the treatment of 

osteoporosis. In recent studies, various composites of HAp are being tested for bone repair or 

obtaining the required osteogenesis by enhancing its bioactivity. As discussed before, the size and 

the morphology of material play a pivotal role in the biological responses of that material. The size 

of NPs remains a tunable property, depending on the route of synthesis and its parameters. Hence, 

several studies have been performed to observe the size-based biological responses as well as the 

physical and mechanical behavior of the nano-HAp lattice. Recently, Indra et al. studied the effect 

of size over the physical and mechanical behavior of the HAp bioceramic. For this purpose, the 

authors mixed the 2.5 µm size of HAp with the 200 nm of HAp itself, ranging up to 20 wt %. The 

pallets were designed using a uniaxial pressing method by applying a pressure of 200 MPa. The 

pallets were then sintered at higher temperatures, i.e., 1200 ºC for 2 h. The mechano-testing 

indicated that the addition of nano-HAp enhanced the mechanical strength of the HAp bioceramic 

by multiple folds. In detail, at the addition of 20 wt% of nano-sized HAp, the compressive strength 

was increased from 132.2 MPa to 208.6 MPa without altering the HAp phase. The increase in the 

compressive strength is believed due to the filling of the micron-sized pores of the macro-HAp by 

the addition of the nano-sized HAp fillers [211]. This indicates that the doping and/or co-doping 

17.  
Pt-loaded, Se doped 

HAp 
156-256 nm 

Particulate 

shaped 

Treatment of breast 

and prostate cancer 
[207] 

18.  Ce doped HAp 

Length ~100 

nm; 

Width ~20 

nm 

Needle-like As bright phosphor [208] 

19.  Ce doped HAp 12 nm Needle-like 
Biomedical 

Applications 
[209] 

20.  Fe (III) doped HAp < 100 nm Round shaped 

Triple-negative 

breast cancer 

monitoring 

[210] 
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of other transition metal ions may alter the mechanical strength of the HAp bioceramic up to the 

required level without altering the HAp phase. Similarly, various metal ions have been scrutinized 

to understand the effect of doping on the mechanical behavior of the HAp matrix. In a recent study, 

it was seen that the addition of Si, Mg, Zn, Sr alters the mechanical behavior of the chitosan/HAp 

matrix. The elastic modulus was found to be in the range of Si-CS/HAp > Zn-CS/HAp >Mg-

CS/HAp >Sr-CS/HAp >CS/HAp and fracture stress and toughness was found to be in the order of 

Si-CS/HAp >Sr-CS/HAp>Mg-CS/HAp>Zn-CS/HAp>CS/HAp and Mg-CS/HAp>Sr-

CS/HAp>CS/HAp >Si-CS/HAp >Zn-CS/HAp order [212]. The metal ions either replaces the Ca 

ion from the HAp lattice incorporating the crystal defects or alters the mechanical behavior by 

working as a strong filler in the mesoporous HAp matrix. This results in the enhanced and tunable 

physical, chemical and mechanical properties of the HAp matrix. 

In addition, the incorporation of various transition metal ions is expected to enhance the other 

biological responses of HAp due to their native properties and biological characters. For example, 

Karunakaran et al. studied the polyvinylpyrrolidone (PVP)-assisted microwave synthesis of Mg-

doped HAp NPs from seashell bio-wastes. The CaCl2 was harvested using HCl-based washing and 

grinding. Finally, the Mg precursor was mixed with the obtained Ca precursor and was titrated 

against K2HPO4 followed by PVP-based microwave-assisted synthesis to produce the Mg-doped 

HAp samples. It was found that doping of Mg incorporated a rod-shaped morphology for HAp 

lattice with a width of 5-20 nm and length of 50-80 nm. The surface area of the NPs was found to 

be increased with the increase in the Mg concentration from 47.2 to 113 until 1.7 M of Mg 

concentration. Similarly, the zeta potential was also found to be increased with an increase in Mg 

concentrations. In terms of biological responses, the cells were viable > 80 % until 250 µg/ml 

concentration with decent antibacterial activity. However, the cell mortality rate was increased 

from 2.9 % to 4.1 %, with an increase in Mg concentration from 2.9 % to 7.3 %. Hence, the 

incorporation of Mg not only governed the size and morphology but also incorporated the 

antibacterial activity to the HAp lattice [213]. In another approach, Abutalib et al. designed Mo-

doped hydroxyapatite nanorods via microwave-assisted synthesis. They reported the rod-shaped 

morphology of 25–70 nm diameter and 25 nm to 200 nm of length. With an increase in the Mo 

concentration from 0.05-0.5 wt %, the crystallite size was found to be increased from 16 to 30 nm, 

with an increase in the crystallinity from 0.5 to 0.7 %. The addition of Mo also incorporated the 

antibacterial activity to the HAp matrix [214]. In addition, multi-elements, i.e., Mg, Zn, Sr, Si-
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doped HAp, have also been synthesized. Authors varied the concentration of Sr by 5 % and 10 %. 

Similar to the previous results, the surface area and the pore size of the HAp were found to be 

increased with an increase in the dopant concentrations. In addition, the increased dopant 

concentration inhibits the faster degradation of the HAp matrix via controlling the release of the 

ions [215].  It can be seen that the transition metals with lower ionic radii than Ca incorporated the 

lowering in size and resulted in a rod-shaped morphology. In addition, it has also incorporated 

antibacterial activity into the HAp matrix at elevated concentrations. 

 

2.5.2 Hydroxyapatite in scaffolds 

Various polymers have been studied to explore their effect on the native properties of the HAp 

matrix. Various polymer/HAp composites have been studied with enhanced composite properties 

for bone tissue engineering and for the differentiation of stem cells to bone cells [216]. Diverse 

applications of polymer-HAp composites have been studied for bone tissue engineering 

applications. For example, nano-hydroxyapatite/graphene oxide/chitosan was studied for the 

treatment of osteosarcoma treatment. The composite achieved 48ºC under 808-nm NIR irradiation 

and killed the human osteosarcoma cells. It was also observed that hBMSC was promoted for 

osteogenesis at 42 ± 0.5 ºC, and the post-operative bone volume/tissue volume ratio was found to 

be 20.36 % within 8 weeks [217].  It is also believed that the addition of polymeric matric to the 

HAp lattice and vice-versa enhances the biological responses of HAp to the required level. For 

example, Mobika et al. studied the effect of the addition of silk fibroin to the HAp ceramic and 

studied its biological responses. Authors reported that addition of silk fibroin not only governed 

the size of the HAp NPs, but also regulated its morphology, with no organic-inorganic phase 

separation. It was reported that the swelling ratios and the biodegradation was found to be 

increased with the addition of silk fibroin protein to the HAp matrix. Similarly, bioactivity of the 

sample was also found to be increased [218]. Another report by Luz et al. suggested that the 

oxidation of bacterial cellulose and its composite with HAp is more bioactive and biodegradable. 

In brief, bioactivity and biodegradation were found to be the function of the degree of oxidation 

of bacterial cellulose [219]. Hence, nanocomposites of HAp and natural polymers are of great 

potential for bone regeneration application. Modification in polymers or in HAp lattice alters the 

bioactivity, bio-responsivity as well as bio-interfacial interactions of the composite scaffolds. 
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Various studies have confirmed that after the incorporation of HAp bioceramic, the biological 

properties enhance with an increase in the HAp concentrations. For example, Kandasamy et al. 

designed a nanocomposite made up of Zn and Mn substituted HAp with Carboxymethyl cellulose 

(CMC) and (Polyvinyl pyrrolidone (PVP) for bone repair via electrospinning. A random fiber 

arrangement was obtained with rough surfaces and interconnected pores. The addition of 

Zn/Mn/HAp introduced more roughness to the obtained fibers at 60 % of its contribution to the 

whole system. Similarly, polymer solution possessed the viscosity value of 186 ± 3.0 cP, and with 

increase in ceramic concentration, (60 wt %) (PC60 (Zn-Mn-0.5M) and PC1-60 (Zn=Mn=1M)) 

obtained higher viscosity 311 ± 2.81 cP and 327 ± 2.45 cP values, respectively. Indicating the role 

of HAp ceramic in controlling the roughness as well as the viscosity of the fiber solution required 

for the biological responses of the nanocomposite. In a similar way, an increase in the bioceramic 

also enhances the porosity of the samples. In brief, the sample containing higher ceramic 

concentration, i.e., 60 wt %, possessed a higher porosity value of 97.8091 ± 1.19 for PC60 and 

98.6870 ± 1.14 for PC1-60. Another advantage of adding Zn/Mn/HAp ceramic to the polymeric 

matrix was to obtain higher mechanical strengths. The mechanical strength was increased with an 

increase in the ceramic concentration and was found to be maximum for PC60 and PC1-60 

samples. The maximum values obtained were 63.35 ± 2.06 and 65.86 ± 1.81 MPa tensile strength, 

1015.73 ± 2.05 and 1149.03 ± 4.15 MPa Young’s modulus and 137.35 ± 1.36 and 139.94 ± 1.65 

% of elongation at break for PC60 and PC1-60 samples. In addition, for samples PC60 and PC1-

60 the biocompatibility was also found to be increased. In detail, within the 15th day, the mineral 

crystals cover the whole surface after incubating in SBF. In addition, the hemolytic rate was found 

to be decreased to 2.6 and 2.23 % for PC60 and PC1-60 from 4.4 % of the pure polymeric solution. 

In addition, the antibacterial activity was also found to be increased with an increase in 

Zn/Mn/HAp concentration, probably due to the increased Zn and Mn concentration. The study 

shows that by altering the ceramic concentration, various properties of the nanocomposites can be 

governed required for bone repair applications [220].  

Similarly, Gan et al. reported that the addition of the HAp enhances the mechanical strength of the 

double-crossed network of the physically cross-linked poly (vinyl alcohol)-

(nanohydroxyapatite)/(2-hydroxypropyltrimethyl ammonium chloride chitosan) (PVA-

HA/HACC-Cit) hydrogels. It was reported that the nano-composite hydrogels possessed excellent 

mechanical properties, i.e., a fracture tensile stress of 2.70 ± 0.24 MPa, toughness 14.09 ± 2.06 
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MJ/m3, and compressive modulus of 0.88 ± 0.09 MPa. It was observed that the cytocompatibility 

of the nano-composite was increased with an increase in the HAp concentration. In addition, a low 

friction coefficient of 20 mm/s and excellent ear resistance of the nano-composite postulates the 

designed nanocomposite hydrogels for cartilage repair [221]. The addition of HAp or modified 

HAp alters the size, morphology, and mechanical behavior of the composite materials to be utilized 

for bone tissue engineering applications. Studies suggested that the addition of carbonated-HAp to 

the PVA/Chitosan decreased the diameter of the fiber from 160 nm to 139 nm at 15 wt % of its 

addition. In addition, Young’s modulus and ultimate strength were also found to be increased from 

56.01 ± 16.48 to 103.86 ± 37.30 MPa and 5.44 ± 1.89 to 7.49 ± 4.04 MPa, respectively. However, 

the Elongation of break (%) was decreased from 22.00 ± 8.71 to 12.73 ± 3.77 % at 15 % addition 

of carbonated-HAp. The swelling ratio and the protein adsorption was also found to be increased 

from 125.5 ± 17.8 to 208.3 ± 41.7 % and 0.7 ± 0.1 to 1.8 ± 0.1 % respectively [41]. However, the 

addition of 20 % carbonated-HAp affected these biological properties adversely. Hence, the 

bioactivity and the biochemical properties of the polymeric-HAp composites can be tuned based 

on the HAp concentration, and application-specific scaffolds can be designed. 

Although majorly HAp based scaffolds have been studied for bone tissue engineering. 

Nevertheless, researchers have also utilized these scaffolds for various other environmental 

applications as well. In a study, the HAp matrix was first functionalized with the 3-

aminopropyltrimethoxysilane to produce the amino-HAp and was then further cross-linked with 

the chitosan by using glutaraldehyde as the linker. The nanocomposite was found to achieve the 

adsorption capacity of 125 mg g-1 at 15 min for diclofenac sodium [222]. Scaffolds carrying higher 

surface area can be utilized for various other environmental cleanup applications such as heavy 

metal removal, dye degradation, and dye adsorption. 

 

2.5.3 Hydroxyapatite in drug delivery 

Increased number of bacterial infection and cancer cases have raised the concern to design the 

effective drug delivery vehicle. For a long, it has been a challenge for biomedical/ biomaterial 

researchers to design a cost-effective, biocompatible and biodegradable drug delivery based on 

site-specific applications. The traditional antibiotics are effective over a range of concentrations 

and least effective at lesser concentrations and may be toxic at elevated levels [223]. However, 

these drugs being non-soluble in aqueous media, require a cartridge for their effective delivery at 
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the site of action. Hence, the delivery of medicine at a particular concentration is essential for its 

effect or biological responses. In bone infections such as osteomyelitis, a regular dosage of 

antibiotics is required at the site of infection for a long duration. Hence, it is essential to design 

such a drug delivery vehicle, which can release the drug in a sustained and controlled manner for 

its effectiveness. Nanomaterials carry high surface area than their bulk materials and are of great 

interest in designing the drug delivery vehicle. Nano-HAp being bioceramic possesses two major 

and essential properties for being applicable as a drug delivery vehicle for various biomedical 

applications. Firstly, nano-HAp is a bioactive material, its controlled biodegradation rate helps in 

loading more amount of drug, and the release of the drug can be achieved in controlled kinetics, 

suitable for the treatment of osteomyelitis. Secondly, HAp is an inorganic bioceramic and hence 

is stable for the aqueous environment, pH, and temperature variations within the human body. 

Various types of medicines have been studied to load over nano-HAp for their potential 

applications. A few of them are discussed herewith. 

Chen et al. designed a multi-responsive drug delivery system based on mesoporous HAp, Au 

nanorods, and poly(N-isopropylacrylamide- co-acrylic acid) (PNA). The composite material was 

found to be pH-responsive due to the presence of mesoporous HAp, and the thermal 

responsiveness and NIR responsiveness were achieved by the addition of PNA and Au nanorods, 

respectively. The doxorubicin (DOX) loading capacity was found to be 77.05 ± 11.11 %, with a 

drug content was 0.18 ± 0.02/10 mg sample. A high DOX loading is expected due to the 

electrostatic interactions between the HAp and the drug. The nano-composite carried a drug release 

of 18.15 % within 36 h at a HAp concentration of 46.09 % at room temperature and pH 7.4. In 

addition, at the cumulative response, i.e., pH 4.5 and NIR irritation, a high drug release rate was 

observed, and 67.89 % of the drug was released within 6 h [46]. Hence, depending upon the 

requirement/application, the drug release rate and concentration could be tuned. Such multi-

responsive drug release systems are of great applications for the treatment of osteomyelitis. 

Similarly, Yang et al. prepared a Rhein-PEG-nano-HAp composite material for the sustained 

release of the doxorubicin.  A spherical morphology for both nano-HAp (with smooth surfaces) 

and Rhein-PEG-nano-HAp was achieved with a size less than 100 nm. A 19.68 % of drug loading 

capacity was observed. At pH 7.4, a total of 50.42 % drug was released as compared to pH 6.8 and 

5, as the release was found to be 60.37 % and 85.85 %, respectively. Under different pH intervals, 

the sustained release of the drug was observed within 360 h [224]. The results showed the long-
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term release of the drug, indicating the high potential of its application in the treatment of the bone 

diseases such as osteosarcoma and osteomyelitis.  

In another study, the DOX was loaded over the PLGA NPs followed by their incorporation in the 

formulated bone cement for a highly localized drug release proficiency. The study elaborates that 

the loading of DOX also changes the pore size of the bone cement. In brief, the bone cement 

without DOX carried the largest pore area (0.56 μm2) as compared to the 40 μM (0.0195 μm2) and 

100 μM (0.0198 μm2), respectively. In both conditions, around 80 % of the DOX was released 

within 7 days. However, < 20 % of DOX was released without NPs attaining a plateau within 2–3 

days of the incubation. Hence, the study suggests that effective drug delivery can be achieved by 

loading the drug over polymer and then embedding it within bone cement as compared to the bone 

cement loaded with the drug [225]. Similarly, Zha et al. prepared the Zein/HAp NPs and explored 

their applications as a drug delivery system. A pH-based drug release was observed with IC50 of 

HAp/Zein-DOX NPs and DOX to be 17.89 and 133.10 µg/ml. This indicates that the efficacy of 

the DOX is increased by the seven folds after incorporating them into the Zein/HAp 

nanocomposite than that of pristine DOX solution. After injecting intravenously, the Cmax value of 

HAp/Zein-DOX NPs and DOX solution was found to be 8.82 ± 0.53 and 12.66 ± 0.91 mg/ml, 

respectively, indicating a sustained release of DOX through HAp/Zein-DOX NPs [226]. 

However, these studies have shown potential application in the treatment of osteosarcoma, yet 

their commercial applications are still hindered due to the application sustained at the laboratory 

scales only. Further clinical trials are under investigation for their commercial applicability. 

However, until the effective delivery of antibiotics is achieved, researchers are working to enhance 

the drug loading efficiency of the HAp NPs for the better incubation and treatment of osteomyelitis 

and osteosarcoma. In continuation, Souza et al. explored the loading and the release profile of 

Doxycycline antibiotics from the mesoporous HAp bioceramic as a bone targeting drug delivery 

system. The loading capacity was found to be 28.2 ± 4.5 mg doxycycline/mg HAp. It was observed 

that the loading of the drug affected the porosity of the HAp bioceramic. In detail, the pristine HAp 

retained 26 % ± 5.0) of pores, whereas at 1.5 mg/mL drug loading concentration of drug-enhanced 

it to 52.0 % ± 2.5.  A release of around 20 % was observed within the initial 24 h, followed by a 

slow and steady drug release. After nine days, 40 % of the total drug concentration was released 

from the HAp microspheres [44]. These studies revealed that the loading of the drug over the 

bioceramic enhances their porosity. Similar kind of results can be observed when bioceramics are 
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composited with the polymeric matrix. Hence, it can be concluded that the mixing of bioceramics 

with organic/aromatic moieties enhances their porosity, required for various purposes in 

biomedical applications. 

 

2.5.4 Hydroxyapatite as surface coatings  

Metallic implants are entrenched at the site of injury, where the damage is non-self-curable, or the 

bone has been damaged completely. However, various metallic implants are under study and are 

being used for various commercial applications; they are usually bio-inert. This bio-inert nature 

affects the biological responses and the corrosion behavior of metallic implants under 

hydrophobic/biological environments. In addition, metallic implants are also liable to the infection 

during and after the implantation and may cause severe detrimental effects on the host health, 

sometimes may lead to the death of the host body. Hence, the bio researchers are focusing on the 

modification of the metallic surfaces via various Self Assembled Monolayers (SEMS) [227] or via 

bioceramics [228] to enhance their bioactivity and biocompatibility. Various techniques have been 

optimized for the coating of HAp over metallic implants, sorted based on the stability, bioactivity, 

and biological responses of the bioceramic coatings.  

Coating of HAp modifies the mechanical and tribological behavior of the metallic surface, which 

in turn alters the biological behavior of the metallic alloy. Various studies are under investigation 

for the coating of biphasic calcium phosphate (BCP) over metallic implants. It was found that 4 h, 

6 h, and 8 h of Radio Frequency Sputtering (RF Sputtering) provided the 400 nm, 700 nm, and 

1000 nm of the thickness of the BCP coatings over the Ti-6Al-4V surfaces. The thickness of the 

BCP coatings altered the surface roughness and contact angles from 112–153 nm and 89.6 ± 2° to 

61.2º ± 2, respectively. In 1000 nm surface thickness, no cracks were observed at 2.3 N, and no 

delamination up to the load of 7.8 N could be observed as reflecting the maximum strength of the 

film coating. The biomineralization was also found to be increased from 44.87 % to 86.7 % after 

14 days in the 1000 nm thickening, which is expected to alter the biological responses positively 

[63]. 

Alteration in mechanical behavior should positively affect biological responses. Hence, biological 

characterization is one of the most important studies for these metallic implants. In this regard, 

Behera et al. deposited the BCP over Nd-YAG laser textured Ti-6Al-4V surfaces to enhance the 

biocompatibility of the metallic surface. It was observed that the simultaneous effect of laser 
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texturing and BCP coating directly altered the surface wettability.  The contact angle of Ti-6Al-

4V surfaces was found to be 89º, which was reduced to the range of 71º-77º and was further 

reduced to the range of 17º-21º after coating with BCP. Similarly, the surface roughness of the 

bare Ti-6Al-4V was found to be incease4d from 0.94 nm to 0.98-1.84 µm after laser texturing, 

which was not further affected by the BCP coating. Because of the change in the hydrophobicity 

and the surface roughness, the protein adsorption was found to be increased from 5.3 to 7.11 

µg/cm2. Additionally, the MG63 cell size was found to be in the range of 50-200 µm, indicating a 

more number of cells than that of textured surfaces only. Hence, the laser texturing enhanced the 

surface properties of the Ti-6Al-4V metal, which was further enhanced by the BCP coating [229].  

In a similar way, Ti-6Al-4V surfaces were modified with the laser cladding using 100 % HAp and 

functionally graded TiO2-HAp material (FGM) to enhance the cytocompatibility as well as the 

bioactivity of the surfaces. The hydrophobicity of the samples was changed from 91.9° (±1°), 71.3° 

(±2 °), and 60.6 ° (±2 °) for non-cladded Ti–6Al–4 V, 100 % HA, and FGM cladding surfaces, 

respectively. Similarly, the surface roughness was found to be 0.99 ± 0.1 µm, 5.16 ± 0.5 µm, and 

3.57 ± 0.4 µm for non-cladded Ti–6Al–4 V, 100 % HA, and FGM cladding surfaces, respectively. 

These changes in the surface roughness resulted in the altered protein adsorption of 1.31 µg/cm2, 

2.94 µg/cm2, and 4.14 µg/cm2 for non-cladded Ti–6Al–4 V, 100 % HA, and FGM cladding 

surfaces, respectively. As a result of protein adsorption, the maximum to minimum cell density 

was found to be 85 ± 8 %, 71 ± 11 %, and 60 ± 2 % for FGM cladding, 100 % HA, and non-

cladded Ti-6Al-4V, respectively [228]. In another study, TiO2 was mixed with the BCP, and the 

changes in the surficial and biological responses were studied. It was detected that the wettability 

was decreased from 95°(±3°) to 73°(±2°) and 35°(±1°), for 100 % BCP, for 25 % TiO2-75 % BCP, 

and for 50 % TiO2-50 % BCP coated surfaces respectively. The critical load-bearing capacity was 

enhanced from 8.7 N to 14.8 N to >19 N for 100 % BCP, for 25 % TiO2-75 % BCP and for 50 % 

TiO2-50 % BCP. The adsorption of fetal bovine serum (FBS) was enhanced from 7.11 ± 0.25 to 

4.42 ± 0.17 µg/cm2 with an increase in TiO2 percentage, and globular apatite formation was 

observed at a higher rate in 50 % TiO2 concentration. As a result of apatite formation and protein 

adsorption, 210.1 ± 6.5 % of cell proliferation was counted in the 50 % TiO2-50 % BCP coatings 

[230]. Hence, it can be seen that the mechanical treatment simultaneously with the HAp coating 

enhances the surface properties of the metallic implants, and as a result, biological activity and 

other responses also get altered positively. 
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2.6 Disadvantages of nanoantibiotics 

Many NPs are already being utilized in many pharmaceuticals as well as cosmetics products; 

however, their toxic effect is still an untouched challenge for their commercialization. It is 

noteworthy that nano-medicine appears to be a promising alternative to traditional antibiotics, yet 

many of the aspects of these nanomedicines are still untouched. 

 

2.6.1 Synthesis route and mode of action 

The synthesis of NPs is a tedious process governing most of the responses of the material inside 

the host body. Various researchers have shown the size and morphology-dependent antimicrobial 

mechanism of these NPs. However, controlling the morphology as well as the morphology requires 

more input of energy, which in turn causes hindrance in the commercialization of these nano-

medicines. Various researchers have explored a vast level of synthesis routes for the synthesis of 

NPs, yet none of the approaches has been focused on the scaled-up production of NPs. Besides 

this, the purity of an NP is the key factor for their application in the medical industry. 

Unfortunately, none of the techniques provide a pure form of NPs, which is the main factor of the 

non-commercialization of nanomedicine. Another drawback in this section comes from the target 

deficiency. Except, magnetic NPs, no other nanomedicine carries target efficiency. Moreover, no 

synthesis route provides target efficiency to nanomedicine. This encumbers the performance of the 

nanomedicines to be utilized at a commercial level. An ideal drug contains a self and non-self-

recognition ability to specifically treat a disease. However, the interaction between the cells and 

NPs majorly depends on the surface properties of NPs, which is majorly contributed by the 

electronic interaction and conjugate bonding at the interface of cell-material [231]. This leads to 

another drawback of the nanomedicines, which backs in non-commercialization of the 

nanoantibiotics. 

 

2.6.2 Antibacterial mechanism 

 Majorly, nanomedicines are considered for their antimicrobial action. Various studies have 

revealed different kinds of antibacterial activity of the designed NPs. However, none of the studies 

precisely explains the antibacterial mechanism of nanomedicines. The major antibacterial 

mechanism is considered through ROS generation, which will be discussed in the next section. 

Conversely, effective metal oxide NPs show ROS generation under the influence of light, which 
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is not suitable for the in-vivo application of NPs. Although at the nano-level, the band-gap of the 

metal oxide NPs gets reduced, which in turn causes the generation of ROS, still many questions 

are still untouched in the nano-medicine industry. These include a) selectivity of NPs; how does 

an NP selectively kill the bacterial cell? b) cell-dependent mechanism- why are there different 

mechanisms for different bacterial cells if there are no surface markers? c) Fate of NPs after 

internalization- after being internalized to the bacterial cell, how do they cause the disruption in 

the cell body, and why not to the human/healthy cells? These studies are still untouched by the 

research community. However, few of the studies have explained the significance of NPs to be 

utilized as direct medicine, yet their commercialization requires a full proof mechanism of action 

that must not harm the host body. All these together are major factors for the non-

commercialization of nanomedicines. 

 

2.6.3 ROS generation and cytotoxicity 

As discussed above, the generation of ROS is one of the major antibacterial mechanisms of most 

nanomedicine. Nevertheless, various researchers have reported the ROS-dependent toxicity of NPs 

to human cells [232, 233]. Table 2.5 summarizes the production of ROS by various NPs at different 

surface areas.  

 

Table 2.5. ROS production by different NPS 

S.no. Nanoparticles 
Morphology 

and size 

ROS 

production 

Cytotoxic 

Concentration 
Reference 

1.  

Ag/TiO2 and 

Ag/N-TiO2 

NPs 

Spherical, 

3-5 nm 

At >300 

µg/ml 
>500 µg/ml [234] 

2.  Ag-Fe NPs 
Spherical, 

~35 nm 

At >500 

mg/L 

>1000 mg/L 

in sludge 
[235] 

3.  
Phycocyanin-

ZnO 

Rod shaped, 

~35 nm 

At 

>100µg/ml 

At >200 

µg/ml 
[236] 

4.  
Cu doped 

ZnO 

Particulate, 

~20 nm 

At >50 

µg/ml 

At >200 

µg/ml 
[237] 
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5.  
Surface 

coated CuO 

Particulate, 

~12 nm 

At <25 

µg/ml 

No effect of 

ROS 
[238] 

6.  Cu NPs 
Particulate, 

~29.5 nm 

At 0.2-

1mg Cu/L 

At >5 mg 

Cu/L 
[239] 

7.  TiO2 NPs 
Spherical 

~12-48 nm 

At, 25 

mg/ml 
At, 25 mg/ml [240] 

8.  Fe3O4-TiO2 
Particulate, 

20-25 nm 

At, 

25 µg/cm2 

surface 

area 

At, 

15.625 

µg/cm2 

surface area 

[241] 

 

The oxidative stress caused by NPs has shown various adverse effects on the host body. As 

discussed previously, the side effect of ROS generated through NPs, which explained the various 

adverse effects of NPs while being utilized as a nanomedicine. In addition to the ROS generation, 

NPs have also shown the dose defendant cytotoxicity to the human cells [242, 243]. The 

providence of NPs inside the human body is undescribed fully. Researchers have disputed over 

the excretion of NPs from the body, as well as their effect at an elevated concentration over the 

normal cells have been a question for their clinical applications. Moreover, the effect of NPs over 

the cell bodies, including DNA, RNA, and protein, has been intact for research. No study 

comprehensively demonstrates the impact of NPs over the cell bodies; however, few researchers 

have claimed the mutations caused by NPs [244]. Hence, these studies are essential prior to the 

commercialization of NPs. 

 

2.6.4 Complement activation 

An idyllic drug should not induce any adverse effect on the host cell. Precisely, they should not 

provoke any immune response after coming in contact with the immune cells. Few of the 

researchers claimed that the macrophage could interact with the polymeric as well as the inorganic 

NP. Wysokinska et al. 2019, studied the low dosage effect of NaGdF4:Yb3+, Er3+ over 

macrophage. Authors reported an interaction and internalization of NPs by the macrophage, which 

subsequently increased the lysosomal compartment with a decrease in mitochondrial potential, 

indicating the impairment of mitochondrial homeostasis [245]. In a similar way, Liang et al. 2018, 
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studied the effect of ZnO NPs over BSA (Bovine Serum Albumin; a model protein) and 

macrophage cells. The result indicated that ZnO NPs significantly encouraged cytotoxicity and 

lysosomal subversion. In addition, long exposure of ZnO NPs enhanced the intracellular 

concentration of Zn2+ ions, which in turn enhanced the expression of Endoplasmic Reticulum (ER) 

stress markers (DDIT3 and XBP-1s) and apoptosis genes (CASP9 and CASP12) [246]. Moghimi 

et al. 2011 explained that various chemical properties of NPs, including chain length and 

architecture for polymeric NPs, size, morphology, and surface chemistry are the main factors that 

can provoke the complement systems, which might consequently result in the rejection of NPs via 

host body and toxicity [247]. Quach et al. 2017, explored the complement activation via Au NPs 

and reported that non-specific protein adsorption over the Au NPs significantly provoked 

complement activation leading to its toxic and inflammatory effects [248]. Hence, designing NPs 

with precise size, morphology and architecture are the key aspects that govern the 

commercialization of nanomedicines. In addition, the choice of metal ion/oxide doping in HAp, 

its concentration as well as the final composition are the major factors governing the 

selection/rejection of HAp based nanomedicine. As indicated by the literature, HAp lacks in self-

antibacterial activity and target efficacy. Although, doping of metal ions incorporates antibacterial 

activity to the HAp, but also generates undesirable secondary phases. In addition, the MIC values 

remain very high, which hinders its practical applications. Furthermore, the size and morphology-

based dependency of NPs for their antibacterial action require sophisticated techniques leading to 

the commercial incompatibility of these NPs. Hence, based on the given literature review, the 

chemical precipitation method along with the integration of Zn and Fe with HAp were selected for 

designing the HAp based nano-antibiotic for biomedical applications. Parallelly, antimicrobial 

peptoids’ micelles were also synthesized, and scrutinized for their antibacterial activity and 

cytocompatibility. 
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Chapter 3 

Design and characterization of Al-doped ZnO (AZO) nanoassembly 

This chapter discusses the synthesis and characterization of ZnO and Al-doped ZnO (AZO) NPs. 

ZnO and AZO NPs were synthesized via a simple co-precipitation method. The synthesized NPs 

were analyzed using various characterization techniques. The XRD data, together with EDX and 

Raman analysis, confirmed a hexagonal wurtzite structure of AZO. A rod-shaped morphology up 

to 15 % doping of Al was obtained. The antibacterial activity enhanced to ~19 times in terms of 

MIC values, which were decreased to 14.33 ± 0.20 and 14.68 ± 0.20 µg/ml for AZO15 (15 % 

doping) as compared to 254.88 ± 3.0 and 338.14 ± 9.0 µg/ml for ZnO against E. coli and E. hirae, 

respectively. An electrostatic interaction between the negatively charged bacterial cells and 

positively charged AZO nanorods, followed by the intracellular accumulation of the Zn2+ ions 

released under a kinetic controlled (diffusion-limited) manner, caused the bacterial inactivation.  

 

Schematic 3.1. Antibacterial mechanism of the synthesized AZO NPs; Figure indicates the 

electrostatic interaction between the AZO NPs and Bacterial cells, followed by the internalization 

of the Zn2+ ions and inactivation of cells by the interaction between the DNA and Protein binding 

to Zn ions (Applied Nanoscience 8 (8), 1925-1941, 2018)  
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3.1 Introduction 

As discussed in Chapter 2, various NPs have been scrutinized for their antibacterial activity. 

Among all the NPs, ZnO NPs were selected because of their broad spectrum of antibacterial 

activity, ease of synthesis, and possession of all the three possible antibacterial mechanisms, i.e., 

intracellular accumulation of Zn2+ ions, ROS generation and rupturing into the cell wall, and cell 

wall rupturing by the crystal defects. The advantage of using ZnO as an antimicrobial agent also 

includes Zn as a mineral, essential to humans, non-toxicity, long-term stability (controlled 

degradation), and strong activity (bio-interactions) even at lower concentrations [249, 250].  

It has been reported that the antimicrobial effect of ZnO depends on its size and morphology [251, 

252]. Various researchers have hypothesized that the production of Reactive Oxygen Species 

(ROS) and the accumulation of Zn2+ ions in the cytoplasm or the outer plasma membrane of the 

bacterial cell are the main factors governing the antimicrobial activity of ZnO [251, 253]. 

However, the release of Zn2+ ions from ZnO and production of ROS at physiological conditions 

remain very slow, which affects its antibacterial efficacy. Hence, based on the size and the 

morphology of the ZnO NPs, the Minimum Inhibitory Concentration (MIC) values vary in the 

range of 512 µg/ml to 25 µg/ml [254-256].  

As the antibacterial activity of the ZnO NPs depends on their size and morphology, tuning of the 

lattice parameters of the ZnO plays a crucial role in its antibacterial activity and mechanism. To 

control the antibacterial activity of the ZnO NPs, researchers have tried various synthesis 

techniques to alter the lattice parameters and the morphology of the ZnO NPs. Although, these 

techniques such as hydrothermal synthesis, ultrasonic methods, ball-milling, etc., were found to 

be successful in reducing the size and controlling the morphology of the ZnO NPs, however they 

require sophisticated instruments and input of higher energies during synthesis. Elemental doping 

into the ZnO lattice can be an efficient way to control the size and morphology of the NPs by 

creating the charge imbalance and altering the bond length [257, 258]. Here, the selection of dopant 

ions can be crucial for the reduction and control over the morphology. Hence, a simple 

precipitation method for doping transition metal ions into the ZnO lattice may be feasible for the 

bulk production of the ZnO NPs. 

In this chapter, we synthesized the ZnO NPs via a simple precipitation method and examined their 

antibacterial activity. The MIC value of ZnO NPs was found to be ~250 µg/mL. Hence, to reduce 

the antibacterial activity of the ZnO NPs, first, trivalent ions Al3+ ions were incorporated to reduce 
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the lattice parameters. Al doping has been proven to induce the upregulation of apoptotic genes in 

breast cancer cell lines (MCF-7) [259]. Furthermore, Al3+ ions were selected to be doped into the 

ZnO lattice because of their smaller size and higher reduction potential than Zn2+ ions. 

 

3.1 Material and methods 

 

3.1.1 Materials 

The precursors for Zn, Al, and O were selected as Zinc nitrate hexahydrate, Zn(NO3)2.6H2O 

(EMPLURA Merck, India, 1.93703.0521), Sodium hydroxide, NaOH (Himedia, India, MB095), 

and Aluminum Nitrate nonahydrate, Al(NO3)3.9(H2O) (Himedia India, GRM 3880). For biological 

characterization, fluorescent dyes such as MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, TC191] were purchased from Himedia India. Other fluorescent dyes 

such as CFDA (Carboxyfluorescein diacetate succinimidyl ester, C4915), PI (propidium iodide, 

P4170), and DCFH-DA (dichloro-dihydro-fluorescein diacetate, D6883) were procured from 

Sigma Aldrich.  Phosphate Buffer Saline (PBS) was synthesized by mixing NaCl (EMPARTA 

Merck, India 1.93206.0521, 137 mM), KCl (EMPARTA Merck, India, 1.93238.0521, 2.7 mM), 

Na2HPO4.2H2O (EMPARTA Merck, India 1.93209.0521, 10 mM), KH2PO4 (EMPARTA Merck, 

India, 1.93205.0521, 1.8 mM) in appropriate concentrations. Luria Bertani Broth Media, (LB 

Media), (Himedia India, M 1245)) was used for bacterial culture. Double distilled water (MiliQ, 

18 mΩ, Millipore systems) was used throughout the experiments. 

 

3.1.2 Methods 

A simple one-step precipitation method was utilized for the production of ZnO and AZO NPs. The 

detailed process is as follows; 

 

3.1.2.1 Preparation of ZnO and AZO 

The ZnO NPs were synthesized via a co-precipitation method as described previously with slight 

modifications [260]. In brief, 25 ml of 1M Zn(NO3)2.6H2O solution was prepared, which was 

transferred to an oil bath at a reaction temperature of 65 ºC. 25ml of 2M NaOH preheated solution 

was then titrated to the above solution under vigorous stirring. Then, the mixture was heated at 65 

ºC and stirred continuously for three h, followed by washing with deionized water (18mΩ, Milli-
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Q, Millipore systems) several times until neutral pH was obtained. After washing, the samples 

were air-dried at 80ºC in a hot air oven and were sintered at 450 ºC. 

AZO was synthesized by using a similar synthesis process to that of ZnO, as given in scheme 1. 

The Aluminum precursor was mixed in four different concentrations in the solution containing (1-

N) molar concentrations of Zn(NO3)3.9H2O, where N= 0, 0.05, 0.1, 0.15, 0.20. The precursor molar 

concentrations and their sample codes are listed in Table 3.1. The samples are represented as 

AZOM, where M is the dopant (metal; Al), percentage (M=0, 5, 10, 15, and 20 % Al). The same 

codes are referred throughout the thesis.  

 

Table 3.1. Molar concentrations of Zn and Al in AZO samples 

S. 

No. 

Sample 

code 

Doping 

Percentage 

(w/v) 

Concentration of 

Zinc (Moles/Liter) 

Concentration of 

Al (Moles/Liter) 

1 AZO0 0 1 0 

2 AZO5 5 0.95 0.05 

3 AZ10 10 0.90 0.1 

4 AZO15 15 0.85 0.15 

5 AZO20 20 0.80 0.20 
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Schematic 3.2. Schematic representation of AZO synthesis from its precursors 

 

3.1.3 Characterizations of the synthesized materials 

As synthesized AZO NPs were characterized using various techniques. The crystal 

characterization was done using a high-resolution X-ray powder diffraction (XRD) (RIGAKU, 

ULTIMA IV, JAPAN). The XRD data were recorded by placing the samples over a silicon zero-

background sample holder with Cu Kα radiation (λ= 1.5406 Å) at slow step size (of 0.03° 2θ). The 

synthesis was further confirmed by recording Raman spectra using a LabRam HR laser micro 

Raman system from Horiba with 514 nm wavelength incident laser light. Field Emission Scanning 

Electron Microscope (FESEM) (Zeiss, Model: Sigma) was used for size and morphology analysis 

of AZO NPs. The elemental analysis of the designed NPs was confirmed by using Energy-

dispersive X-ray spectroscopy (EDX) analysis using the same FESEM instrument. The samples' 

thermal analysis with the lowest and highest concentrations of dopant Al (5 % and 20 %) was 

analyzed using a high-temperature Differential scanning calorimetry/ Thermogravimetric Analysis 
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(DSC/TGA) system (Netzsch, Model: STA449F3A00) at a rate of 10K/min under an argon 

environment.   

 

3.1.4 In vitro experiments 

Two in vitro experiments were performed with the synthesized NPS. Firstly, the cytocompatibility 

analysis of the designed NPs was analyzed, followed by the antibacterial activity as well as the 

mechanism analysis of the designed NPs. The details of these procedures are as follows. 

 

3.1.4.1 In vitro cytocompatibility analysis 

The in-vitro cytocompatibility was analyzed using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay using procedures described previously [261-263]. For this 

purpose, mouse fibroblast (L929, NCCS India) cell line was grown in Dulbecco's Modified Eagle's 

Medium (DMEM, Invitrogen) augmented with 10 % fetal bovine serum (FBS, Invitrogen) and 1 

% antibiotic (Pen Strep, Invitrogen) at 37 ºC, 5 % CO2 and 85 % humidity in a CO2 incubator. 

5×103 cells per well in 100 µl of DMEM were added to 96 well plates, carrying lower 20×103 

µg/ml concentration to the higher 40×103, 80×103, 160×103, and 320×103 µg/ml concentrations of 

the minimum and maximum Al-doped samples, i.e., AZO5 and AZO20. Cells were incubated for 

1, 3, and 6 days to assure the long-term applicability of the designed nano-assembly. Cells without 

any material incubation were considered as a positive control. The media was replaced with 20 µl 

of MTT solution (5000 µg/ml, PBS pH 7.4) and fresh media. The cells were further incubated, as 

mentioned above for 4 h. After incubation, 150 µL of Dimethyl sulfoxide (DMSO) was 

supplemented for 10 minutes, and the optical density (OD) was measured at 570 nm using an 

Infinite M200 PRO Tecan plate reader. The viability of the cells was calculated using the following 

equation: 

                                                % 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑠

𝐴𝑐
∗ 100                                               (3.1) 

Where, 𝐴𝑠 is the optical density in the presence of designed material, 𝐴𝑐 is the optical density of 

the positive control. 

 

3.1.4.2 Antibacterial activity and determination of MIC values 

The bacterial inactivation studies were carried out using a serial broth dilution method. The 

antimicrobial activity of synthesized material was analyzed over Escherichia coli (E. coli, Gram-
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negative, MTCC 1610) and Enterococcus hirae (E. hirae, Gram-positive, MTCC 3612) bacteria. 

In brief, the bacterial culture was first inoculated in the fresh LB media (Himedia, India).  The 

optical density at 600 nm (OD600) of the suspensions was adjusted to 0.025, corresponding to an 

approximate concentration of 1×107 CFU/ml. The OD-adjusted cultures were incubated at 37 °C 

and 120 rpm for 12 hrs in a 96-well plate, and the OD600 values were recorded in the presence of 

various concentrations of the synthesized NPs. The MIC value for AZO samples was defined as 

the lowest concentration of NPs at which it inhibited bacterial growth.  

 

3.1.4.3 Assessment of antibacterial mechanism 

In order to elucidate the antimicrobial action of AZO, three major mechanisms discussed in 

Chapter 2 were discussed. 

 

3.1.4.3.1 Cells staining and ROS production 

Bacterial cells were grown in LB medium up to log phase and were washed twice with freshly 

synthesized and autoclaved PBS (pH 7.0). The cells (OD600=0.025) were grown in 500 µg/ml of 

samples at 37 °C and 120 rpm for 6 h. A higher concentration (500 µg/ml) of AZO was chosen 

instead of MIC values in order to minimize the experimental error while measuring Zn2+ 

concentrations. The cells were separately stained with 10 µL of 2 mM CFDA (green fluorescent 

dye, λE = 515 nm, λex = 495 nm) for live cells staining [264], and 15 µL of 1.5 mM of PI (red 

fluorescent nucleic acid staining dye, λE = 617 nm, λex = 535 nm) for dead cells staining [265]. 

Cells were also stained with 10 µM of DCFH-DA (λE = 530 nm, λex = 480 nm) for ROS detection 

[266]. Live cells stained with CFDA, dead cells stained with PI, and H2O2 treated cells stained 

with DCFH-DA were used as a positive control, and dead cells stained with CFDA, live cells 

stained with PI were used as the negative control. Finally, flow cytometric analysis was 

accomplished on a BD FACS flow cytometer, and data were analyzed using the FCS Express 5 

Flow software. The ROS production was also confirmed through the measurement of fluorescence 

intensities of DCFH-DA staining after treating the bacterial cells with and without AZO samples 

for 6 h. LB media, 0.9% saline solution, and bacterial cells in LB media without any AZO 

incubation were considered positive controls. The fluorescent intensities were recorded using 

Infinite M200 PRO Tecan plate reader at 495 nm and 529 nm excitation and emission wavelength 

of the DCFH-DA dye, respectively. 
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3.1.4.3.2 Release of Zn2+ ions 

500 µg/ml of the as-prepared samples (AZO0, AZO5, AZO10, AZO15, and AZO20) were incubated 

with the bacterial cells as well as in 0.9 % saline solution for 6, 24, and 48 hrs. After incubation, 

the cells were isolated via centrifugation, and the supernatant was collected separately. The cells 

were then sonicated for 5 minutes at 35 % amplitude and 750 Watt power and were washed with 

1 X PBS. The intracellular and extracellular concentration of Zn2+ ions was calculated using 

Atomic Absorption Spectroscopy (AAS) analysis of re-suspended ruptured cells and supernatant, 

respectively, using spectra 55B Varian atomic absorption spectrometer. The intra and extracellular 

Zn2+ ion concentrations were compared with the Zn2+ ion concentration in saline solution. 

 

3.1.4.3.3 Analysis of cell membrane rupturing 

The rupturing of the cell membrane was analyzed via FESEM analysis of bacterial cells grown 

after the treatment of samples (AZO0, AZO5, AZO10, AZO15) and the PI staining. In brief, the cells 

were first grown in LB medium incubated with the synthesized NPs, followed by centrifugation at 

10000 rpm for 5 minutes. The cellular pellet was then dissolved in sterile PBS and was washed 

thrice with the same buffer. The cells were then fixed with 2.5 % glutaraldehyde for 2-4 hrs. 

Finally, the dehydration with various concentrations of alcohol was performed before drop-casting 

it onto the carbon tape. The gold coating was performed prior to the imaging. 

  

3.1.4.3.4 Measurement of zeta potential 

The specificity of the antibiotic is the main factor for its effectiveness. Presuming the electrostatic 

interaction between the bacterial cells and the synthesized material (AZO0, AZO5, AZO10, AZO15, 

and AZO20), the zeta potential of the samples was measured using Zetasizer Nano ZS90 (Malvern, 

ZEN3690) to measure the surface charge, at 50 µg/mL concentration. The samples were first taken 

in 500 µg/ml concentrations and were sonicated for 30 minutes. The samples were further diluted 

ten times for the final measurement. Water (refractive index 1.333) was taken as a diluent. The pH 

of the samples was measured and adjusted to 7.4. 

 

3.2 Results and discussion 

The synthesized AZO NPs were characterized to evaluate the various physical and chemical 

properties. 

TH-2536_156106030



59 
 

3.2.1 Physical characterization of AZO 

All the samples were analyzed via XRD, and the patterns are shown in Figure 3.1. The XRD pattern 

represented the classical polycrystalline hexagonal wurtzite structure of ZnO (JCPDS 36-1451) 

[267, 268]. Various peaks corresponding to the different planes of zinc wurtzite structure are listed 

in Table 3.2.  

 

Table 3.2. XRD peaks of ZnO hexagonal wurtzite structure (JCPDS 36-1451) 

S. 

No. 
h k l d [A°] 2θ[°] I [%] 

1 0 1 0 2.81 31.79 52.7 

2 0 0 2 2.60 34.45 41.3 

3 0 1 1 2.47 36.28 100.0 

4 0 1 2 1.90 47.57 22.3 

5 1 1 0 1.62 56.65 36.0 

6 0 1 3 1.47 62.91 31.5 

7 0 2 0 1.40 66.44 4.8 

8 1 1 2 1.37 68.01 26.7 

9 0 2 1 1.35 69.15 13.5 

 

Figure 3.1 confirmed that the doping of Al did not alter the wurtzite structure of ZnO as no separate 

peaks of Al were identified. From this result, it was anticipated that the Al3+ ions replaced the Zn2+ 

ion in the lattice. The critical analysis of the XRD patterns of the designed samples reflected a shift 

of major peaks (2θ =31.79, 34.4 and 36.28) at higher dopant concentrations (i.e., >5 %) of the 

synthesized nanoparticles (Figure 3.1B), presumably due to the smaller ionic radii of Al3+ ions 

(0.053nm) than that of Zn2+ ions (0.074nm) [269, 270]. The smaller atomic radius of Al remains 

helpful in replacing the Zn2+ ion. In addition, the reduction potential of Al (-1.68 mV) [271] is 

higher than that of Zn (-0.763 mV) [272], which indicates that they underwent the displacement 

reaction in the ZnO lattice. The averaged spacing of the AZO lattice was found to be 2.47 nm. The 

crystallite size of the synthesized material was also calculated according to the full-width half 

maxima (FWHM) of the strongest (011) diffraction peak by Scherrer equation as follows.  
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                                                              𝑑 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
                                                           (3.2) 

Where d is the mean size of the crystallite domain, 𝐾 is a non-dimensional shape factor (0.94), 𝜆 

is the wavelength of incident X-ray (1.54A°), 𝛽 is the FWHM of maximum intensity, and 𝜃 is the 

Bragg's angle. The calculated values are given in Table 3.4, where sharp peaks with respect to 

different planes confirmed the high crystallinity of AZO samples [273]. The crystallinity analysis 

revealed the minimum crystallite size (36.98 nm) for AZO15. Similarly, no significant difference 

could be observed for lattice parameters ‘a’ and ‘b’, but the values for ‘c’ constant was found to 

be decreased with an increase in the Al concentration (Table 3.4; Figure 3.2, linear co-relation; 

R2= 0.99). As per Vegard's rule, the lattice constant of the alloy (made of two metals A and B) 

remains in the weighed proportions of a and b from A and B, i.e., a(1-x)bx. Hence, the decrement 

in the lattice parameter with respect to Al concentration affirms the successful doping of Al into 

the ZnO lattice. 

 

Figure 3.1. XRD data of (A) various AZO samples along with references ZnO (JCPDS 36-1451) 

and Al2O3 (JCPDS 98-011-3790), (B) Change in the peak position with respect to doping 
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Figure 3.2. Decrease in the Lattice parameter a, b and c with respect to doping percentage 

 

Table 3.4. The crystallite sizes of AZO samples 

S. 

No 

Sample 

Name 

FWHM 

(°) 
2θ (°) 

Crystallite 

size (nm) 

Lattice Parameter (nm) 

a b c 

1  AZO5 0.17712 36.27 49 0.3252 0.3250 0.5205 

2  AZO10 0.17712 36.31 49 0.3248 0.3246 0.5207 

3  AZO15 0.23616 36.20 37 0.3247 0.3246 0.5202 

4  AZO20 0.20664 36.33 42 0.3244 0.3242 0.5195 

5  AZO0 0.20664 36.34 42 0.3244 0.3242 0.5190 
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A typical wurtzite ZnO structure reflects Raman active symmetries A1 and E1, which split into 

two components LO (Longitudinal optical) and TO (transverse optical), due to the induced 

macroscopic electric field coupled with LO [274]. The characteristic vibrational peaks of ZnO in 

the Raman spectrum corresponding to 2E2 (M), A1 (TO), and E2 (high) vibration modes were 

found at 331, 382, and 438 cm-1, respectively [275]. The doping of Al causes structural alteration 

in the ZnO lattice as the mean size of the lattice is reduced. Hence, the vibrational signal of the 

P63mc symmetry is budged and weaken. Figure 3.3 shows the vibrational signals corresponding 

to 2E2 and A1 vibration modes, which got diminished and shifted at every Al doping concentration 

[276]. The vibrational peak corresponding to 2E2 vibration at 438 cm-1 presents in all the samples 

complimented the result obtained from XRD analysis. Based on the concept given by Wang et al. 

and Sahni et al., the AZO samples' synthesis mechanism can also be explained in a systematic 

process. First, the Zn-O bond was formed, followed by the replacement of Zn2+ ions by Al3+ ions 

forming small degrees of Al-O bonds at the molecular level, resulting in the peak shifts in the XRD 

pattern and budged the signals in Raman spectra [277, 278]. As the doping concentration was kept 

up to 20%, not all the Zn2+ ions were replaced, which assisted in retaining the hexagonal wurtzite 

structure.  
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Figure 3.3. Raman analysis of AZO5, AZO10, AZO15, AZO20, AZO0; Result shows that classical 

2E2 vibration of ZnO at 438 cm-1 is present in all the samples 

 

Various morphologies of as-prepared AZO NPs were observed depending upon the concentration 

of dopant, as displayed in Figure 3.4. The particle size was analyzed using Image J software. 

Different concentrations of Al had a divergent effect on the morphology of the synthesized 

nanorods. With an increase in Al concentration (up to 15 %), one dimension of the designed 

nanomaterials was reduced. Hence, AZO0 obtained spike-like structure, and AZO0 obtained spike-

like structure, and AZO5, AZO10, AZO15, and AZO20 were mixed morphology, i.e., rod-shaped, 

fibrous, globular, and irregular shaped in morphology.  The average diameter of the samples was 

found to be 126 ± 38 nm, 65 ± 15 nm, 59 ± 16 nm, 46 ± 12 nm, and 115 ± 32 nm, respectively for 

AZO0, AZO5, AZO10, AZO15, and AZO20 samples. The AZO5  and AZO10 samples reflected a 

mixed morphology with rod-shaped and globular morphology, and AZO15 samples obtained a thin 
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fibrous structure. Further AZO20 samples were found to be irregular in shape. One dimension of 

the AZO samples was found to be larger than another, and hence the samples were termed 

nanorods. At 20 % doping of Al, the second dimension (length) of the designed material was also 

reduced, and irregularly shaped morphology of AZO20 with an average diameter of 115 ± 32 nm 

was obtained. We re-examined the samples using FESEM, and similar morphologies were 

obtained as given in Figure 3A-5 of Annexure 3A. Additionally, a size distribution histogram 

based on the shortest diameter to the area covered by the particle is also added as Figure 3A-6. 

 

 

  

Figure 3.4. Various morphologies attained by A) AZO5, B) AZO10, C) AZO15, D) AZO20, E) 

AZO0; The result shows that increase in Al concentration decreased the width up to 15 % doping 

of Al, however at 20 % doping of Al, the second dimension also decreased resulting into particulate 

morphology 
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The morphology of the designed AZO nanorods was found to be dependent on the dopant 

concentration. For example, at 5 % doping of Al, i.e., AZO5, the NPs started acquiring the rod-

shaped structure. The rods became more developed at 10 % doping of Al (AZO10), and further 

narrowing in the width of the nanorods at 15 % doping of Al (AZO15) was observed. However, at 

20 % doping, the rod-shaped morphology became diminished, and the reduction in the second 

dimension took place, and the AZO20 acquired spherical morphology [279]. Hence, the 

morphology of the as-prepared nanomaterial became dependent on the dopant concentration.  

The elemental composition of these materials was analyzed by recording the EDX data. As shown 

in Figure 3.5A, the principal elements of the samples are Zn and O, with varying concentrations 

of Al, confirming the successful doping of Al into the ZnO matrix. The Al wt % increased with an 

increase in the doping concentrations as follows: AZO5 (0.6) < AZO10 (3.4) < AZO15 (5.3) < AZO20 

(7.7), indicating the bimetallic composition of the nanoassembly. The theoretical Al wt % was 

calculated using a molecular formula ZnxAl(1-x)O for all the samples. The value of x was taken as 

the molar concentration of Zn listed in Table 3.1. The Al wt % obtained from EDX analysis was 

found to be linearly correlated with the theoretical wt % of Al (R2=0.98) as given in Figure 3.5B. 

These results clearly show the successful doping of Al into the ZnO matrix without affecting the 

basic wurtzite structure of the ZnO.  
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Figure 3.5A. EDX spectrum of AZO5, AZO10, AZO15, AZO20, AZO0; the result confirms the 

presence of Zn, Al, and O, with an increase in the Al concentration, with respective doping 

percentage 
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Figure 3.5B. The correlation between the theoretical and experimental Al wt% values; Al 

(R2=0.98) 

 

The materials' thermal stability was further analyzed using DSC/TGA, which showed the 

crystallinity temperature of 390 ºC, 410 °C, and 440 °C for AZO0, AZO5, and AZO20, respectively 

(Figure 3.6). In a similar way, the melting point for AZO0, AZO5, and AZO20 was found to be 610 

°C, 800 °C, and 900 °C, respectively. TGA data showed good thermal stability of synthesized 

nanorods. Hence, the doping of Al to the ZnO lattice enhanced the thermal stability of ZnO at 

increasing concentrations of Al. This high thermal stability of AZO samples can be further utilized 

for thermoelectric applications.  
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Figure 3.6. DSC curve of AZO0, AZO5, and AZO20 

 

 

The zeta potential of the AZO samples was measured to examine their respective surface charges 

to identify the electrostatic interaction between the bacterial cell surface and the synthesized 

nanorods. The zeta potential was found to be the maximum for AZO15 (22.7 ± 0.3 mV) and the 

minimum for AZO0 (6.17 ± 0.5 mV). The zeta potential of AZO5 (13.8 ± 0.9 mV), AZO10 (16.1 ± 

0.9 mV), and AZO20 (18.2 ± 1 mV) ranged in between the two. The measured zeta potential was 

found to increase with an increase in Al doping up to 15 %, presumably due to the replacement of 

Zn2+ by Al3+ (Figure 3.7). The evaluation would correspond to the antibacterial potency of the 

AZO samples. AZO15 possesses the maximum positive surface charge at physiological pH, which 

enhances the electrostatic interaction with the bacterial cell surface (negatively charged, owing to 

polyphosphate anions). This electrostatic interaction contributed to the antibacterial activity of 

AZO samples, as discussed in the following section. 
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Figure 3.7. Zeta potential of various samples, AZO5, AZO10, AZO15, AZO20, AZO0; measured in 

water at pH 7.4; the result shows that the zeta potential of ZnO increases with an increase in dopant: 

Al concentration up to 15 % doping 

 

3.2.2 In vitro cytocompatibility analysis 

In order to explore the biocompatibility of the prepared materials, minimum and maximum Al-

doped nano-assembly (AZO5 and AZO20) samples were examined using L929 (mouse fibroblast, 

P-38) cells. Various concentrations of the samples, i.e., 20×103 µg/m, 40×103 µg/ml, 60×103 

µg/ml, 800×103 µg/ml, 160×103 µg/ml,  and 320×103 µg/ml concentrations of both samples were 

examined for their cytotoxicity. The MTT assay was performed as discussed above, and the results 
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were validated by performing a positive control experiment, as shown in Figure 3.7. The cell 

viability was found to be > 97 ± 4% in the presence of both AZO5 and AZO20 (Figure 3.7) after 

three days. The excellent cell viability > 9 2 ± 2% was observed for both the samples (Figure 3.7), 

even at a very higher concentration of the samples, i.e., 320×103 µg/ml. The statistical analysis 

revealed that there was no significant difference (p value ≥ 0.05) in the cell growth as compared 

to the control samples. After long-term incubations, the cell viability was found to be > 93 ± 3% 

even after six days of incubation, as shown in Figure 3.8. Similarly, the spreading of the MG63 

cells was performed by replacing the Pen-strep with AZO samples. The cell circularity and fraction 

area covered by the cells were measured using ImageJ software. The cells with Pen-strep showed 

a circularity index of 0.58 ± 0.2 with 26 ± 3 % fraction area covered. Similarly, the circularity 

index of the cells incubated with AZO samples was found to be 0.60 ± 0.1, 0.54 ± 0.2, 0.52 ± 0.1, 

and 0.56 ± 0.2, respectively for AZO5, AZO10, AZO15, and AZO20 samples. The fraction area 

covered by the cells was found to be 24 ± 1 %, 26 ± 2 %, 28 ± 1 %, and 27 ± 2 %, respectively for 

AZO5, AZO10, AZO15, and AZO20 samples (Figure 1A-3). Hence, no differences as compared to 

the control cells could be observed, indicating them as cytocompatible. These results clearly 

indicate that the biocompatibility of ZnO was not altered after doping of Al3+ ion at various 

concentrations into ZnO lattice. This designates the material best fit for various other biomedical 

applications in vivo. 

 

TH-2536_156106030



71 
 

 

  

Figure 3.8. In vitro cytotoxicity analysis of A) AZO5, B) AZO20; the results show the cell viability 

> 93 ± 3 % up to prolonged 6 days of AZO incubation; × p value > 0.05; n = 3. 

 

 

3.2.2.1 Antibacterial assay  

The growth for both E. coli and E. hirae bacteria was hindered in the presence of AZO nanorods. 

The MIC values were determined against both the bacteria by incubating them at various 

concentrations of AZO at 1000, 500, 250, 125, 62.5, 31.25, 15.625, and 7.81 µg/ml. The OD600 vs. 

concentration graphs are shown in Figures 3.9A and 3.9B. There is an initial sharp decrease in 

OD600 values followed by a slighter decrease and finally a plateau with an increase in the dosages. 

The MIC values were chosen as the lowest concentration of AZO, which obstructed bacterial 

growth. A tangent was drawn to the initial OD600 drop, and its intersection point at the lowest OD 

value was referred to as MIC.  Table 3.5 summarizes the regression value, initial slope, and MIC 

values for AZO nanorods against both bacteria.  
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Table 3.5. Regression and slope value of the antibacterial activity 

S. 

No

. 

Sample 

code 

Bacteria 

E.coli E. hirae 

  
R2 

Value 
Initial slope MIC (µg/ml) 

R2 

Value 
Initial slope MIC (µg/ml) 

1 AZO0 0.93 -3.22 ± 0.04 254.88 ± 3.18 0.93 -1.64 ± 0.03 338.14 ± 9.34 

2 AZO5 0.79 -24.95 ± 0.24 33.08 ± 0.32 0.77 -7.50 ± 0.01 62.67 ± 0.35 

3 AZO10 0.78 -27.79 ± 0.20 29.25 ± 0.14 0.88 -14.81 ± 0.46 35.16 ± 0.84 

4 AZO15 0.76 -58.66 ± 1.01 14.33 ± 0.20 0.75 -34.58 ± 0.38 14.68 ± 0.20 

5 AZO20 0.80 -19.05 ± 0.68 45.67 ± 1.53 0.95 -9.85 ± 0.21 47.42 ± 0.73 

 

The antibacterial activity of the ZnO was enhanced up to 15 % of Al doping, which was 

interestingly reduced at 20 % doping. The slope of the AZO15 sample against both the bacteria was 

steepest (-58.66 ± 1.01 for E.coli and -34.58 ± 0.38 for E. hirae), confirming the more effective 

antibacterial activity of AZO15. These results are also in correlation to the maximum positive 

charge of AZO15. The statistical significance of experimental OD600 values corresponding to the 

bacterial growth in the presence of AZO was analyzed, which showed the p-value < 0.001 (n = 6) 

for all the samples against both bacteria (Figure 3.9C and 3.9D). To further confirm the 

effectiveness of the MIC values, the E. coli cells were treated at MIC of AZO0 and AZO15. Cells 

without AZO were taken as positive control and resulted in a typical sigmoidal growth profile, 

with a specific growth rate of 0.73 h, which is consistent with previous reports [280]. There were 

no growths of bacterial cells at the MIC of both the samples, confirming that the MICs are effective 

enough to control the bacterial growth (Figure 3.10).  

The enhanced antibacterial activity of the synthesized AZO nanorods can be attributed to their 

reduced sizes and elevated positive surface charges. AZO15 showed the maximum inhibitory action 

against both the bacteria indorsed to its smallest crystallite size, rod-shaped morphology, and the 

maximum surface charge. Additionally, AZO15 samples were found to be fibrous in their 

morphology, with maximum homogenous size distribution ranging between 50-100 nm as 

compared to the other AZO samples. This homogeneity was gradually enhanced with an increase 

in the Al concentration up to 15 %, and AZO20 was found to possess the most heterogeneous size 
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distribution resulting in the decrease in the antibacterial action. The electrostatic interaction 

between AZO nanorods (positively change) and bacterial cell surface (negatively charged) 

attributes to its functional specificity. The reduced antibacterial activity (higher MIC) at 20 % 

doping of Al can be explained through its spherical-shaped morphology and particle aggregation. 

Researchers have also explained the morphology-based antibacterial activity of ZnO [252]. 

Interestingly, we obtained the desired morphology, depending upon the dopant concentration, 

which resulted in enhanced antibacterial activity. 

 

 

Figure 3.9A, B, C & D. Antimicrobial Activity of AZO5, AZO10, AZO15, AZO20, AZO0; against 

E. coli (A); against E. hirae (B); Statistical dependency of AZO15 with *AZO0, **AZO5, 

***AZO10 and **** AZO20 (p-value <0.001; n=6) at 15.625µg/ml concentration; against E. coli 

(C), against E. hirae (D); The results shows the effective most antibacterial activity of AZO15 

against both Gram-positive and Gram-negative bacteria with statistical significance 
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Figure 3.10. Growth kinetics of E. coli at MIC of AZO15 and AZO0 

 

 

3.2.2.2 Antibacterial mechanism of AZO 

To analyze the main antibacterial mechanisms of AZO NPs, the bacterial cells were incubated with 

500 µg/ml solution of AZO samples for various time intervals (6, 24, and 48 hrs). 

 

3.2.2.2.1 Cells staining and ROS production 

The live/dead analysis of the cells was carried out by first staining the cells with CFDA. Figure 

3.10A shows the flow cytometry profile for live cells (positive control) density above 102 Forward 

Scattering Counts (FSC) (Figure 3.11A (1)), while dead cells (negative control) density below 102 

FSC (Figure 3.11A (2)). The flow cytometry profile for CFDA staining revealed a very dense 

population much lower than the 102 events indicating the least number of viable cells after 
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incubation with AZO samples (Figure 3.11A(3-7)). These observations also confirm no bacterial 

growth at and above respective MIC values, as shown in Figure 3.9.  

 

 

 

Figure 3.11 A. CFDA staining of samples, (1) Positive control, (2) Negative control, (3) AZO0, 

(4) AZO5, (5) AZO10, (6) AZO15, (7) AZO20 
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Figure 3.11 B. PI staining of samples, (1) Positive control, (2) Negative control, (3) AZO0, (4) 

AZO5, (5) AZO10, (6) AZO15, (7) AZO20 
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Figure 3.11 C. DCFH-DA staining of samples, (1) Positive control, (2) AZO0, (3) AZO5, (4) 

AZO10, (5) AZO15, (6) AZO20 
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In a similar way, The PI staining was performed to analyze the cell rupturing / membrane damage 

in bacterial cells, if any. PI stained dead cells showed population density above 102 FSC (Figure 

3.11B (1)), while live PI stained cells showed population density below 102 FSC (Figure 3.11B(2)). 

Surprisingly, a lower cell density below 102 FSC values was observed after incubation with all the 

AZO samples (Figure 3.11B (3-7)), indicating no damage to the cell membrane. 

The reduction in the OD600 values, as shown in Figures 3.7A and 3.7B, reflects the decrease in 

the number of viable cells. This can be explained through the fluorescence mechanism of the dyes. 

CFDA is a lipophilic diacetate dye, which binds with the plasma membrane and is cleaved by 

intracellular non-specific esterases. Fluorescent carboxyfluorescein (CF) is produced after this 

cleavage, which remains intact with plasma membrane indicating the live cells' integrity [281]. As 

no significant CFDA signals were recorded with the incubated cells, the cells can be termed 

metabolically inactive. Similarly, the nucleic acid staining is achieved using PI only if the cell 

membrane is damaged [282]. Significant PI signals were not observed for cells treated with AZO 

samples, indicating no rupturing of the bacterial cell membrane. The CFDA and PI staining 

together indicated the inactivation of cells rather than the lysis of the cell membrane. This was 

further confirmed through the FESEM analysis of AZO-treated cells. No apparent cell membrane 

damage or cell lysis was detected, as shown in Figure 3.12. 
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Figure 3.12. FESEM imaging of bacterial cells treated with AZO5, AZO10, AZO15, AZO20, AZO0; 

the figure shows no cell membrane rupturing in the presence of AZO 

 

ROS generation was analyzed using DCFH-DA dye. The staining profile of positive control was 

not dense, with a low FSC value of 101 (Figure 3.11C(1)). However, the DCFH-DA signals could 

be obtained after incubating the cells with AZO in between 101 and 102 FSC values, which can be 

attributed to the auto-fluorescence of the dye (Figure 3.11C(2-6)). There were no significant 

increases in the ROS production in the presence of AZO samples in saline, LB media, and cells 

compared to all three controls (p values > 0.05)  (Figure 3.13). Hence, it can be concluded that 

ROS production did not attribute to the antibacterial mechanism. 
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Figure 3.13. ROS production by AZO5, AZO10, AZO15, AZO20, AZO0; the result shows no 

significant ROS production by AZO samples; Statistical analysis as compared to control resulted 

in *p value > 0.05 ; n=2. 

 

3.2.2.2.2 Intracellular accumulation of Zn2+ ions 

As no noteworthy ROS production could be obtained, the ROS-independent antibacterial 

mechanism of AZO nanorods was confirmed. To proceed further, the release of Zn2+ ions from 

AZO samples in the presence and absence of cells was calculated. The release of Zn2+ ions from 

AZO samples was examined using AAS in 0.9 % saline solution, LB media, and LB media with 

bacterial cells. The concentration of released Zn2+ ions was found to increase with an increase in 

incubation time, as shown in Figure 3.14. The release amounts of Zn2+ ions from AZO in media 

and supernatant as well as in saline (0.9 %) and intercellular were found to be comparable, 

respectively, owing to their similar salinity. Experimental release data for all the samples in various 
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above solutions were fitted by combining a diffusion-controlled (Higuchi model) and a kinetic 

controlled (1st order kinetics) models [262, 263, 283], as follows:   

𝑓𝑡 = 𝐴(1 − 𝑒−𝑘1𝑡) + 𝐵(𝐾𝐻 × 𝑡0.5)     (3.3) 

Where 𝑓𝑡 is the concentration of Zn2+release (ppm) in time t, A and B are constants, 𝐾𝐻 is the 

Higuchi diffusion constant, and 𝑘1 is the first-order rate constant. 

Table 3.6 summarizes the fitted parameters A, B, 𝑘1 and 𝐾𝐻 and the fitted data are plotted in Figure 

3.14. The release of the Zn2+ ions from AZO0 was majorly diffusion-controlled (kinetic limited) 

under all the local environments such as intracellular, supernatant, media, and saline, as the 𝐾𝐻. 

Values were found to be higher for AZO0 samples, which were decreased with the Al doping. 

Whereas the release of Zn2+ ions from other AZO samples was majorly 1st order kinetic controlled 

(diffusion-limited), as the 𝑘1 values were higher than that of the 𝐾𝐻 values in all the doped samples. 

Hence, the doped samples reflected first-order release kinetics for its antibacterial action. The 

kinetics of Zn2+ release can be correlated with a change in lattice structure due to the replacement 

of Zn2+ ions with Al3+ ions.  It is reported that the c/a ratio of ZnO decreases with an increase in 

Al doping [284]. Smaller atomic radii of Al (RaAl =1.18 Å) as compare to Zn (RaZn=1.42 Å) 

presumably eliminated the diffusion-controlled release of Zn2+ ions. Therefore, all AZO samples 

except AZO0 resulted in a kinetically controlled release of Zn2+ ions. The release of the Zn2+ ions 

was increased with an increase in the Al doping up to 15 % with the maximum release for AZO15 

and further decreased at 20 % Al doping. The rate constant 𝑘1 values were found to be the 

maximum for the release of Zn2+ ions from AZO15 samples in various solutions. The highest 

release of Zn2+ ions in the presence of AZO15 is attributed to its lowest MIC value.  
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Figure 3.14. The release profile of Zn2+ ions from A) AZO5, B) AZO10, C) AZO15, D) AZO20, E) 

AZO0 in various local environments; scattered data are experimental values and fitted data are 

plotted as line graph. 
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Table 3.6. Kinetic parameters for the release of the Zinc ions in saline, media, supernatant and intracellular for various AZO 

samples 

Sample 

code 
Intracellular Zinc (ppm) 

Zinc released in cell 

supernatant (ppm) 

Zinc released in LB Media 

(ppm) 

Zinc released in 0.9% Saline 

(ppm) 

 
A 

(ppm) 

B 

(ppm) 

K1 

(h-1) 

KH 

(h-0.5) 

A 

(ppm) 

B 

(ppm) 

K1 

(h-1) 

KH 

(h-0.5) 

A 

(ppm) 

B 

(ppm) 

K1 

(h-1) 

KH 

(h-0.5) 

A 

(ppm) 

B 

(ppm) 

K1 

(h-1) 

KH 

(h-0.5) 

AZO0 102 82.35 0.007 0.251 86 90.67 0.015 0.182 107 90.46 0.010 0.231 169.99 10.47 0.069 0.264 

AZO5 98 9.53 0.162 0.040 85.15 8.12 0.082 0.118 106.56 8.3 0.107 0.027 160.78 0.62 0.075 0.745 

AZO10 144.22 17.51 0.163 0.027 101.77 6.67 0.101 0.027 114.75 10.60 0.147 0.027 114.73 8.86 0.345 0.027 

AZO15 188.74 2.55 0.242 0.027 154.61 6.99 0.229 0.027 173.58 7.53 0.286 0.027 187.17 3.20 0.228 0.027 

AZO20 153.19 9.22 0.193 0.031 137.76 9.18 0.181 0.027 159.86 8.95 0.210 0.027 144.05 20.55 0.206 0.027 
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3.3 Antibacterial mechanism of AZO 

From section 3.7.1, it is confirmed that a very small amount of ROS is being produced, which 

cannot be much effective for the inactivation of the bacterium. The intracellular accumulation of 

the Zn2+ ions may be one of the major causes of the bacterial cells' inactivation. Doping of Al 

enhances the electrical conductivity [285] and surface charge (positive) over the ZnO lattice as 

suggested by zeta potential, which helps in enhanced electrostatic interactions between the 

bacterial cells and AZO nanorods [286]. The zinc release study indicated the internalization 

(transport) of Zn2+ ions into the cytoplasm of the bacterial cells after the electrostatic binding of 

AZO with cells caused bacterial inactivation. 

The intracellular Zn2+ ions cause damage to the DNA and proteins of the bacterial cells, which 

consequently turns bacteria into an inactive form. Ara joe et al. 2017, explained the role of 

membrane metalloproteins such as the ATP-binding cassette (ABC) family and Natural resistance-

associated Macrophage Protein (NRAMP) in the transportation of transition metal ions into the 

cytoplasm. The exporter metalloproteins maintain the homeostasis of competitive metals in the 

Irving–Williams series (i.e., Zn2+ and Cu2+). However, at higher concentrations of Zn2+ ions, the 

critical selectivity of these metalloproteins loses, which consequently results in the transport of 

more Zn2+ ions intracellularly instead of other noncompetitive metal ions (i.e., Ca2+ and Mg2+) 

[287]. We have also observed a higher concentration of Zn2+ ions intracellular than in supernatant. 

Various researchers have also confirmed the antibacterial activity of ZnO by cellular 

internalization of Zn2+ ions under dark conditions [288, 289]. The exponential release of the ions 

caused the excessive Zn2+ concentrations at the bacteria-nanorods interface, leading to the 

internalization of the Zn2+ ions, causing damages to the genomic or protein material of the bacteria. 

This leads to the metabolic inactivation of the bacterial cells. Hence, the major mechanism of 

bacterial inactivation through AZO remains the electrostatic interaction between AZO and cells 

followed by the Zn2+ ions' internalization. The burst release of the Zn2+ ions in the first 6 h 

inhibited the cellular growth in the log phase, followed by a slower release of Zn2+ ions, which 

may help in prolonged antibacterial activity of the synthesized AZO.  

 

3.4 Conclusions 

In this chapter, we successfully synthesized different Al-doped ZnO (AZO) nanorods and 

characterized their physical and chemical properties. AZO samples possessed the hexagonal 
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wurtzite structure and nanorods assembly. The size and morphology of the AZO nanorods were 

found to be governed by the dopant concentration. Hence, the morphology and the size of the ZnO 

NPs could be altered by synthesizing the NPs through a simple precipitation method, depending 

on the choice and concentration of the dopant. The positive surface charge was found to increase 

with the increase in Al doping and was found to be the maximum for AZO15, which in turn 

significantly enhanced the antibacterial activity. As expected from the surface charge and particle 

size values, the MIC values were found to be decreased with an increase in the Al concentration. 

AZO15 resulted in the least MIC values of 14.33 ±  0.20 and 14.68 ± 0.20 µg/ml against both E. 

coli and E. hirae, bacteria, respectively. The pristine ZnO reflected the MIC value of 254.88 ± 3.0 

and 338.14 ± 9.0 µg/ml against E. coli and E. hirae, respectively. Hence, the MIC values were 

decreased by ten folds as compared to ZnO nanorods at Al doping.  

The present findings explained the electrostatic interaction between the bacterial cell and the AZO, 

followed by the internalization of the Zn2+ ions as the main antibacterial mechanism of the AZO. 

The release of the Zn2+ ions from the AZO lattice was found to be kinetic controlled and diffusion-

limited, which will aid in the prolonged antibacterial activity of the AZO. The AZO nanorods did 

not rupture the bacterial cells, but the bacterial cells were inactivated. No rupturing in the bacterial 

cell wall could be obtained while staining the cells with PI or while the FESEM analysis of the 

treated bacterial cells. However, at MIC value, the bacterial cells did not show any growth, 

indicating the metabolic inactivation of the bacteria. Exponential release of the Zn2+ ions due to 

the presence of crystal defects caused by the presence of Al reasons the charge imbalance at the 

bacteria-nanorods interface leading to the internalization of the Zn2+ ions. Hence, the antibacterial 

mechanism of the ZnO nanorods was controlled by the dopant choice and concentration. 

This chapter correlated the physical and chemical properties of synthesized AZO nanorods with 

their antibacterial mechanism, which will help design efficient nanoantibiotics for sustained uses. 

The study provides in-depth knowledge to develop more efficient nanoantibiotics against resistant 

bacteria and reduce traditional antibiotics' harmful side effects. 
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Chapter 4 

Design and characterization of Fe(III) doped ZnO nanoparticles 

(NPs) and evaluation of its antibacterial mechanism 

This chapter explains the design of Fe doped ZnO (FZO) NPs. Similar to that of Chapter 3, the 

FZO NPs were synthesized via a simple co-precipitation method. Identical to that of AZO NPs, 

FZO NPs also acquired the typical hexagonal wurtzite structure of ZnO with an increase in the 

lattice parameters with increasing dopant concentration. The FZO NPs possessed dual morphology 

of rod-shaped and particulate shaped with < 100 nm of one dimension and a lower surface area 

(2.301 m2/g). Additionally, the FZO NPs reflected the soft ferromagnetism and positive surface 

charge. FZO NPs possessed enhanced antibacterial activity than ZnO and AZO at 15% doping of 

Fe(III). FZO15 resulted in the least IC50 value of 0.20 μg/ml. Here, the rupturing in the bacterial 

cell wall through the release of Zn2+ and Fe3+ ions was found to be the main bactericidal 

mechanism. Furthermore, high cytocompatibility at 20 times higher concentration than MIC value 

was obtained.  

 

Schematic 4.1. Proposed cytotoxicity mechanism of FZO NPs (J. Trace Elem. Med. Biol. 57: 

126416, 2020) 
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4.1 Introduction 

As discussed in Chapters 2 and 3, ZnO NPs are one of the most studied nano-systems for 

biomedical applications [126, 290, 291] and have been proven to offer a broad spectrum of 

antibiotic activities. However, the ZnO NPs synthesized by the co-precipitation method possessed 

higher MIC values due to larger particle size than that of ZnO NPs produced through sophisticated 

techniques. The AZO NPs reflected their main antibacterial mechanism by the release of Zn2+ ions, 

followed by internalization. However, no rupturing in the bacterial cell wall could be obtained 

[292].  

Majorly, ZnO NPs cause genotoxicity and damage in the cell wall through the generation of ROS 

[293, 294] or by photocatalytic activity [295, 296]. The ROS are undesirable for clinical 

applications, as it is found to cause cytotoxicity for human cells as well at elevated concentrations 

[297, 298]. However, ZnO has been conflicted for its cytotoxicity to the human cells [299], yet it 

has also been effective against various superbugs [300]. Henceforth, the medical implementation 

of ZnO NPs is still under extensive research. It is essential to reduce the MIC values of ZnO 

nanoantibiotic, as well as to achieve the ROS-independent antibacterial mechanism for the 

effective clinical applications of ZnO. Various reports affirmed that ZnO’s antibacterial activity is 

size and morphology-dependent [13]; hence, altering the dimensions of ZnO crystal is expected to 

lower MIC values. The antibacterial mechanisms are reported to differ based on the dopant types 

and their concentrations. [125, 301, 302]. Fe-based complexes have been proven to produce 

enhanced antibacterial activities against various pathogens [33, 303]. Also, due to their magnetic 

properties, Fe-based nanomaterials provide target efficiency for the localized antibacterial action, 

and its degradation has been found to be faster, i.e., within 28 days [304]. Hence, Fe3+ ions were 

doped into the ZnO lattice due to their ionic radii of Fe3+ (0.06 nm) lesser than that of Zn2+ (0.074 

nm), which is expected to amend the crystal defects in the ZnO lattice to enhance its antibacterial 

activity without implying any cytotoxicity. Additionally, doping of Fe(III) may introduce rupturing 

of bacterial cells as an antibacterial mechanism via quick release of metal ions, owing to the 

smaller size than Zn and Al. 
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4.1 Materials and methods 

4.2 Materials 

All the chemicals were utilized to prepare FZO as that of AZO, except Ferric chloride anhydrous 

FeCl3 (Merck India, 6178905001730). Similar chemicals were used for the detection of the 

antibacterial mechanism, as given in section 3.1.1. 

 

4.2.1 Preparation of FZO NPs 

The FZO NPs were synthesized through a similar co-precipitation method. In brief, 50 ml of (1-

M) molar concentrations of Zn(NO3)3.6H2O, (where M=0, 0.05, 0.1, 0.15, 0.20) solution was 

mixed with M molar anhydrous FeCl3 solution at 65 °C. To this solution, 2 M and 50 ml NaOH 

(preheated at 65 °C) solution was added dropwise. After titration, the synthesis reaction mixture 

was kept at continuous stirring for 3 h. The precipitate was then separated out and was washed 

with deionized water (18mΩ, Milli-Q, Millipore systems) until neutral pH, followed by drying at 

80ºC. The samples were then sintered at 650 ºC. 

 

4.2.2 Characterizations of the synthesized materials 

The synthesized FZO NPs were characterized over various physical techniques as given in section 

3.1.3.  

 

4.2.3 Biological Characterizations 

The synthesized NPs were tested for their cytotoxicity against both bacterial and human cells. The 

detailed procedure is as follows: 

 

4.2.3.1 Antibacterial activity and determination of MIC/Minimum Bactericidal 

Concentration (MBC) values 

The antibacterial activity of the synthesized NPs was carried out using a broth dilution method. 

Four clinically significant bacteria (Two gram-positive and negative each) were chosen to analyze 

the broad spectrum of the synthesized nanoantibiotic. These bacteria include Escherichia coli (E. 

coli, Gram-negative, MTCC 1610; S paratyphi Gram-Negative, MTCC 735) and Enterococcus 

hirae (E. hirae, Gram-positive, MTCC 3612; S. aureus, MTCC 6538). The MIC values were 

calculated using the same protocol as that of AZO nanorods. Additionally, the concentration at 
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which FZO NPs completely killed the bacterial cells was considered as the MBC. The 

effectiveness of the MIC concentration was tested using a disc diffusion method. In detail, the 

bacterial cells at OD600=0.025 were spread over the agar plate, and small discs carrying FZO NPs, 

and Kanamycin (30 µg disc concentration) were placed at respective sites. The corresponding Zone 

of Inhibition (ZOI) was then measured and compared to Kanamycin’s ZOI.  

 

4.2.3.2 Nano-cytotoxicity analysis for Human cells 

The nano-cytotoxicity of the FZO NPs was analyzed using tetrazolium dye MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, same as that of AZO (Section 

3.1.4.1) using Human osteosarcoma cell lines (MG-63, NCCS, India). 

 

4.2.3.3 Analysis of the antibacterial mechanism 

Similar to that of AZO, as given in section 3.1.3, the antibacterial mechanism were identified using 

flow cytometry and Atomic Absorption Microscopy (AAS).  

 

4.2.3.3.1 The release of Zn2+ ions 

The release of FZO NPs was examined using the same protocol as given in section 3.1.4.3.2. 

 

4.3 Results and discussion 

Four different concentrations of Fe(III) were doped into the ZnO lattice. The molar concentrations 

of the precursor ions and the respective sample codes are listed in Table 4.1.  Same sample codes 

are referred throughout the chapter.  

Table 4.1. Sample codes and the molar percentages of the respective ions 

 

 

S.No Sample Code Zn(NO3)2.6H2O (M) FeCl3 (M) NaOH (M) 

1 FZO5 0.95 0.05 2 

2 FZO10 0.90 0.10 2 

3 FZO15 0.85 0.15 2 

4 FZO20 0.80 0.20 2 
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4.3.1 Physical characterizations of the synthesized FZO NPs 

The successful synthesis of FZO NPs was confirmed using XRD, Raman, and FTIR analyses. The 

XRD data, as shown in Figure 4.1A, revealed the classical hexagonal wurtzite structure of FZO 

NPs (2θ=31.84 (010), 34.55(002), and 36.35 (011)), corresponding to the JCPDS ID (98-002-

8858). As shown in Figure 4.1A, the XRD result imitated a smaller peak corresponding to the 

Fe3O4 at 2θ values of 35.45º and 62.61º (JCPDS 98-001-7122). Nevertheless, no other significant 

peak corresponding to the Fe3O4 could be observed. Hence, Rietveld refinement of the XRD data 

was performed to confirm the presence of Fe3+ ions in the ZnO lattice, either as an impurity or 

replaced ions in the ZnO lattice. The XRD patterns were refined using FullProf software for 

hexagonal P63/m space group symmetry, as described elsewhere [305, 306]. The refined pattern 

(solid line, Figure 4.1B) and the recorded pattern (open circle) are represented in Figure 4.1B. The 

reliability parameters and lattice parameters are listed in Table 4.2. The refinement data revealed 

that Fe3+ ions were present in the form of Fe-O impurity in the ZnO lattice. The impurity level was 

increased with an increase in the concentrations of the Fe3+ ions (High RBragg values as listed in 

Table 4.2). FZO20 sample was found to possess the maximum impurity, and FZO15 sample was 

found to carry the minimum impurity, resulting in a very low-intensity peak corresponding to the 

Fe3O4 at 2θ values of 35.45º. As shown in Table 4.2, the refinement values reflected that lattice 

parameter a, b, and c of the hexagonal wurtzite structure were increased with an increase in the 

Fe3+ ion concentrations. The crystal size was found to be increased up to 15 % doping of Fe3+ 

(Table 4.2), which was reduced at higher (20 %) dopant concentration indicating the maximum 

crystallinity up to 15 % doping, which resulted in the reduction in the crystal size by 50 % in 

increasing the dopant concentration from 15% to 20 %. At intermediate zinc concentrations (15 % 

<  x < 65 %), the material transforms into a nano-composite rather than doping [307]. Similarly, 

in this study, FZO20 was found to be with maximum impurity and the least crystallinity. Therefore, 

further doping concentrations were not tested. The crystallinity and orientation uniformity is 

important for various biomedical applications such as cytocompatibility and surface coated 

materials [308, 309]. 
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Figure 4.1. XRD data of FZO5, FZO10, FZO15, and FZO20 along with standard ZnO JCPDS ID 

(98-002-8858), and Fe3O4 (JCPDS 98-001-7122) (A), Rietveld refinement of FZO5, FZO10, FZO15 

and FZO20 NPs (B) 
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Table 4.2. Rietveld refinement parameters and crystal sizes of various FZO NPs 

S.No. Sample Rbragg Rf χ2 Lattice Parameters (nm) Occupancy 
Crystal 

Size (nm) 

 a b c Zn Fe O  

1 FZO5 12.3 13.4 1.75 0.3239 0.3239 0.5187 0.958 0.05 1 55.14 

2 FZO10 14.95 22.09 2.06 0.3233 0.3232 0.5187 0.938 0.10 1 62.49 

3 FZO15 3.44 4.89 1.96 0.3230 0.3230 0.5186 0.848 0.145 1 72.77 

4 FZO20 23.5 21.2 1.58 0.3219 0.3217 0.5186 0.800 0.22 1 37.85 

 Where RBragg is the Bragg factor, Rf is the crystallographic factor, and χ2 refers to the goodness of fit.  

 

As can be obtained from Table 4.2, the Fe/Zn (0.05, 0.10, 0.17, and 0.27 for FZO5, FZO10, FZO15, 

and FZO20, respectively) ratios were found to be equivalent with the Fe/O (0.05, 0.10, 0.145, and 

0.22 for FZO5, FZO10, FZO15, and FZO20, respectively) ratios indicating the homogenous 

distribution of Fe into the ZnO lattice. However, for FZO20 samples, these ratios were differed, 

resulting in the heterogeneous size distribution. However, the Fe+Zn/O ratios were 1.008, 1.038, 

0.993, 1.02, respectively, for FZO5, FZO10, FZO15, and FZO20 samples. A slight decrement in 

Fe+Zn/O ratio indicates an anion-rich FZO lattice as compared to other cation-rich FZO samples. 

Raman and FTIR spectra of the synthesized NPs were recorded to confirm the successful synthesis 

of FZO NPs. After doping of Fe3+ ions into the ZnO lattice, the vibrational peaks at 341 and 436 

cm-1 were obtained (Figure 4.2A). The shift in the classical E2 (high) vibration mode from 438 

cm-1 wavenumber reflected the successful doping of F0.10, e3+ ions into the ZnO lattice. Similarly, 

the classical hexagonal wurtzite lattice reflected the stretching of Zn-O at 436 cm-1 in FTIR spectra 

[310]. We also observed a blue shift from 431 cm-1, which indicated the replacement of Zn2+ ions 

with Fe3+ ions.  
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Figure 4.2. Spectroscopic analyses of FZO5, FZO10, FZO15, and FZO20 samples, A) Raman 

Spectra, B) FTIR Spectra 

 

The elemental composition of the FZO NPs was confirmed using EDX (Figure 4.3B). The EDX 

spectra reflected that Zn and O were the major constituents of the FZO lattice, and Fe was present 

as a minor element. The weight percentages of Fe are listed in Table 4.3, which was found to be 

in a linear co-relation (R2 = 0.99) with the theoretical values calculated using the empirical formula 

ZnxFe(1-x)O (Figure 4.3C). The EDX analysis was also confirmed by the occupancy obtained by 

the Zn and Fe ions calculated using Rietveld refinement as given in Table 4.2. The occupancy 

calculated was found to be in good correlation with the theoretical and experimental fraction of 

the Zn and Fe ions, affirming the successful doping of the desired Fe concentration into the ZnO 

lattice. Hence, Raman spectra together with FTIR and EDX endorsed the result obtained from the 

XRD refinement and confirmed the successful synthesis of FZO NPs. The morphology and the 

particle size of the synthesized NPs were calculated using FESEM. The FZO samples contained 
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mixed morphology, particulate and rod-shaped (perfect crystals with a hexagonal shape and no 

perfect ones (between amorphous state and crystallographic one)) as shown in Figure 4.3A. The 

mixed morphology confirmed the results obtained from the refinement of XRD data and indicated 

that Fe3+ ions were present in the form of impurity in the ZnO lattice. From the FESEM image, the 

average particle size was determined using ImageJ software and found to be 79 ± 8, 100 ± 12, 110 

± 14 and 160 ± 61 nm for rod-shaped morphology (width only), and 33 ± 9, 54 ± 6, 53 ± 5 and 54 

± 12 nm for particulate morphology, for FZO5, FZO10, FZO15, and FZO20, respectively. However, 

due to this large deviation in sizes, the size distribution histogram based on the shortest diameter 

to the area covered by the particles was plotted for an average of 50 particles of each sample, as 

given in Figure 4.3B. Similar to that of AZO samples, the homogenous size distribution was found 

to be in FZO15 samples as compared to the other FZO samples, resulting in their least MIC values. 

It has been observed that the nano-size and rod-shaped morphology of the ZnO-based NPs can be 

obtained by regulating the calcination (> 500 ºC) as well as the reaction temperature (> 50 ºC) 

[311, 312]. In this study, the FZO samples were synthesized at a constant temperature of 65 ºC 

throughout the reaction, and the calcination temperature was kept constant at 650 ºC for four h 

based on the DSC analysis of the highest dopant concentration (Figure 4.3E), which was presumed 

to provide low dimensioned rod-shaped morphology. In addition, studies have revealed that the 

rod-shaped morphology with a high surface-to-volume ratio can be obtained by optimizing the 

Zn2+/OH- ratio [312]. In the current work, the Zn2+ concentration was reduced with an increase in 

the Fe3+ ions, which presumably provided a dual morphology with reduced surface area, which 

facilitated no ROS production. 
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Figure 4.3. A) FESEM images of the synthesized FZO NPs 
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Figure 4.3. B) Particle size distribution histogram of FZO samples 
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Figure 4.3. C) EDX spectra of the FZO NPs  

 

Figure 4.3 D) Co-relation between the theoretical and experimental wt % of Fe 
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Figure 4.3. E) DSC curve of non-calcinated FZO20 NPs 

 

Zeta potential of all the samples was measured at pH 7.4 to examine respective surface charges. 

The corresponding zeta potentials of the synthesized bimetallic FZO NPs are listed in Table 4.3 

(Figure 4.3A). The positive zeta potential of the synthesized NPs was enhanced up to 15 % doping 

of the Fe(III) and was reduced at further doping, i.e., at 20 %. The reduced zeta potential at 20 % 

doping of Fe3+ ions was presumably due to the decreased lattice parameters and lower crystallinity 

of the FZO20 samples. The data obtained from XRD refinement revealed that, as the impurity level 

of FZO NPs was significantly enhanced, the crystallinity was reduced, which consequently 

reduced the zeta potential. Target deficiency is one of the major drawbacks of traditional as well 

as nanomedicines. Doping of Fe3+ ions helps in originating the magnetic target efficiency in NPs 

and nanomedicines. Hence, FZO samples were analyzed for their magnetic properties. All the 

samples exhibited soft ferromagnetic properties. The retentivity and coercivity values of the 

synthesized NPs were found to be increased up to 15 % doping and were decreased at higher 
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Fe(III) (20%) concentration (Figure 4.3C, Table 4.3), presumably due to the decreased lattice 

parameters. An apparent increase in the magnetization values of the FZO NPs with an increase in 

dopant concentration was observed. The magnetization values were linearly (slightly) increased 

with an increase in the Fe3+ ions concentration with a slope value of 0.0015. Hence, the magnetic 

properties of the synthesized material can be tuned based on its variable applications via altering 

the concentration of Fe3+ ions (Figure 4.3D). 

 

Table 4.3. Surface charge and magnetic behavior of FZO NPs 

S.No. Sample 
Fe (wt 

%) 

Surface 

Charge  

(mV) 

Magnetization 

(emu) 

Retentivity 

(emu) 

Coercivity 

(Oe) 

1 FZO5 3.5 13.1 ± 0.7 4.4938E-3 46.505E-6 19.118 

2 FZO10 7.0 17.9 ± 0.4 6.4594E-3 100.71E-6 27.929 

3 FZO15 10.6 32.6 ± 1.4 13.794E-3 230.30E-6 45.676 

4 FZO20 15.1 27.5 ± 2.6 22.101E-3 229.74E-6 42.992 
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Figure 4.4. A) Zeta potential of FZO NPs; indicating the positive surface charge, with the maximum 

surface charge on FZO15, B) VSM curve of FZO NPs; showing an increase in magnetization with an 

increase in Fe3+ concentration C) Relation between the Fe wt % and magnetization; A linear relation 

R2= 0.94 
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4.3.2 Biological characterizations 

The synthesized NPs were tested for their cytocompatibility, as well as their antimicrobial activity 

and mechanism of action. The detailed results are as follows: 

 

4.3.2.1 Antibacterial Activity 

As discussed before, the Fe3+ ions were chosen as a dopant, majorly because of the three reasons 

(a) smaller atomic ((Fe (0.126 nm), Zn (0.138 nm)) and ionic radii, ((Fe3+ (0.06 nm), Zn2+ (0.074 

nm)), (b) more reduction potential, (c) self-antibacterial activity. Hence, it was presumed that Fe3+ 

ions would replace the Zn2+ ions in the ZnO lattice and may produce synergistic antibacterial 

activity.  

The MIC and MBC values were determined as the concentration at which no visible growth was 

observed. However, IC50 and IC90 values were theoretically calculated using a simple double 

exponential equation [59] as follows:  

𝑂𝐷 (𝐶𝑒𝑙𝑙𝑠) = 𝐴1 (1 − 𝑒−𝑘1𝑥) + 𝐴2 (1 − 𝑒−𝑘2𝑥)   (4.1) 

Where, and refer to the rates of rapid killing and slow killing, respectively. A1, 𝑘1, 𝑘2, and A2 are 

constants, and x refers to the concentration of NPs. IC50 and IC90 concentrations were determined 

at OD values as 50 % and 10 % of the initial OD, respectively. MIC, MBC and the IC50 and IC90 

values, and the respective Zone of Inhibition are listed in Table 4.4 (Figure 4.5).  FZO15 exhibited 

the lowest IC50 and IC90 value (Figure 4.5; Lower OD600 curve; blue line), presumably due to the 

least Fe impurity and maximum positive surface charge. Additionally, the Fe+Zn/O ratio for FZO15 

was found to be 0.993, indicating anion-rich ZnO lattice, which presumably reduced the MIC 

values of the FZO15 samples by elevating the release of Zn2+ and Fe3+ ions. 
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Figure 4.5. Antibacterial activity of FZO samples against different bacterial species; indication 

the least OD600 values for FZO15, corresponding to its highest antibacterial affinity 
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Similarly, the bacterial species were incubated with the synthesized NPs at the 0.25 mg/ml 

concentration, which resulted in zero or no growth of the bacteria. The MBC visualized was found 

to be 0.25 mg/ml for all the samples against all the bacteria inspected (Figure 4.6A). The 

effectiveness of the MIC value was examined via the disc diffusion method (Figure 4.6B). The 

Zone of Inhibition (ZOI) was calculated and was validated against the standard Kanamycin (K-

disc; concentration 30 µg/mg) [313]. The ZOI for the respective nanoantibiotics is given in Table 

4.4. The synthesized NPs were found to be comparable with Kanamycin. These results indicated 

that the FZO NPs are practically effective against all the clinically applicable bacteria. 
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Figure 4.6A). Effect of MBC over bacterial growth; No bacterial growth after treatment at MBC 

B) Antibacterial effect of FZO NPs, at their respective MIC values, where K-Kanamycin 30 µg 

disc concentration, B-30 % DMF (FZ1-FZO5, FZ2- FZO10, FZ3-FZO15, and FZ4-FZO20; ZOI 

consistent to the Kanamycin 
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Table 4.4. MIC values of FZO NPs against various bacterial species and their respective ZOI 

S.No

. 

Sampl

e ID 

E. Coli S. paratyphi E. hirae S. aureus 

MIC /IC90 

(mg/ml) ZOI 

(mm) 

MIC /IC90 

(mg/ml) ZOI 

(mm) 

MIC /IC90 

(mg/ml) ZOI 

(mm) 

MIC /IC90 

(mg/ml) ZOI 

(mm) IC50 

(µg/ml) 

IC50 

(µg/ml) 

IC50 

(µg/ml) 

IC50 

(µg/ml) 

1 FZO5 
0.25/0.33 18.32±

1.24 

0.25/0.29 20.00±

1.37 

0.25/0.18 22.84

±1.14 

0.25/0.29 17.75

±0.81 0.28 0.24 0.27 0.24 

2 FZO10 

0.25/0.38 
18.72±

1.97 

0.25/0.30 
29.69±

0.94 

0.25/0.25 
23.04

±1.29 

0.25/0.30 
18.09

±0.67 0.25 0.22 0.26 0.22 

3 FZO15 

0.125/0.31 19.95±

0.70 

0.125/0.10 21.72±

0.84 

0.125/0.11 23.99

±2.06 

0.25/0.15 18.83

±1.55 0.20 0.19 0.16 0.20 

4 FZO20 

0.25/0.53 17.35±

0.52 

0.25/0.29 19.39±

1.66 

0.25/0.38 21.72

±0.84 

0.25/0.27 17.72

±0.98 0.24 0.22 0.24 0.22 

5 
Kana

mycin 

0.5 

(Standard) 

20.82±

0.70 

0.5 

(Standard) 

21.84±

0.40 

0.5 

(Standard) 

26.01

±0.96 

0.5 

(Standard) 

19.72

±0.85 

 

In addition, the designed bimetallic FZO was found to be more effective in terms of MIC with 

recently reported ZnO-based NPs, as listed in Table 4.5. After doping of Fe3+ ions into the ZnO 

lattice (as indicated by XRD data), the lattice parameters were decreased, and the impurity level 

was enhanced, which enhanced the antibacterial activity of the FZO NPs. The enhanced 

antibacterial activity might also be the result of the reduced size as well as the rod-shaped 

morphology of the synthesized NPs. As presumed, FZO15 was found to be the most effective (Least 

MIC values and Higher ZOI) against all the bacterial species due to their higher crystallinity, least 

impurity, higher zeta potential, lowest width, and higher colloidal stability. The visible MIC values 

(Table 4.4) were found to be effective against all the bacterial species.  
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Table 4.5. Recent advances in ZnO nanomedicine 

S.No. Sample 

Surface 

area 

(m2/g) 

ROS 

producti

on 

Bacteria 
MIC 

(mg/ml) 

MBC 

(mg/ml) 
Reference 

1 
ZnO 

nanorods 
14.1 Yes 

B. subtilis 0.128 0.512 
[314] 

S. aureus 0.512 0.512 

2 
Li doped 

ZnO 
NA Yes 

E. Coli 0.400 NA 

[315] S. typhimurium 0.300 NA 

E. faecalis 0.600 NA 

3 Ag/ZnO NA Yes S. mutans 0.256 0.512 [316] 

4 ZnO/GQD NA Yes E.coli 3.2 NA [317] 

5 Ni/ZnO NA NA 

P. aeriginosa 0.125 0.125 

[318] B. subtilis 0.015 2.0 

C. albicans 0.5 2.0 

6 

GPTMS 

modified 

ZnO-

Annealed at 

600ºC 

NA NA 

E.coli 1.25  
Bacteriostatic 

only 

[319] 

S. aureus 0.4167  

 

Bacteriostatic 

only 

7 

Ag 

nanoparticles 

supported on 

ZnO flowers 

NA NA 

E.coli 0.25 0.5 

[320] 
S. aureus 0.25 1.0 

8 ZnO NPs 6.2 Yes E.coli 0.125 4.0 [321] 

 

 

4.3.2.2 Cytotoxicity analysis for Human cells 

To analyze the cytotoxic effect of FZO, the NPs were incubated with Human osteosarcoma MG63 

cell lines [322, 323] at various concentrations, i.e., from 20-80 mg/ml, and MTT assay was 
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performed as mentioned above. Cells without material were treated as the positive control. Cells 

were found to be more than 90 % viable at a higher concentration (80 mg/ml) of FZO15 sample up 

to three days of incubation. However, at the same concentration, the cell viability was decreased 

slightly to 87.67 % after six days of incubation. The cells were more than 90 % viable after six 

days of incubation at 20 mg/ml concentration of the FZO (Figure 4.7A), which is around ten times 

higher concentration than that of the MIC values. Hence, no negative effect of material 

concentration could be observed (p values ≥ 0.05). Various researches claimed that metal-doped 

ZnO or surface-modified ZnO NPs produced ROS at around > 200 µg/ml concentration, which 

was toxic to human cells [236, 324]. However, bare ZnO has been proven to produce ROS after 

entering into the cells and causing around 50% cell death at a concentration of 10 µg/ml [325]. To 

verify the antibiotic action as well as the cytocompatibility of bimetallic FZO, MG63 cells were 

incubated with DMEM media in three different batches for 48 h; (i) DMEM with Penstrep 

antibiotic, (ii) DMEM with FZO NPs, and (iii) DMEM without any antibiotic. As shown in figure 

4.4C, FZO NPs effectively functioned as an antibiotic (Penstrep) and hindered the bacterial 

infection possibilities to MG63 cells, same as Penstrep incubated cells (Figure 4.7B). The 

confluency level was quantified using ImageJ software, which was found to be the highest (85 ±3 

%) in the presence of FZO15 followed by Penstrep (80 ± 5 %) and without antibiotic (60 ± 2 %). 

These observations indicated that the synthesized NPs are highly cytocompatible to be utilized as 

nanoantibiotic for their clinical applications. 
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Figure 4.7. A) Cytocompatibility of FZO NPs against MG-63 cells in the range of 20 mg/ml to 80 

mg/ml, B) MG63 cells incubated for 48 hrs in DEMEM with Penstrep antibiotic, and C) MG63 

cells incubated for 48 hrs in DEMEM with FZO NPs; *p value > 0.05 ; n=3. 

 

 

NPs possess specific properties such as high surface area, distinct morphology, and nano-ranged 

size, which contributes critically to their antibacterial and toxic behavior to human cells. However, 

the toxicity majorly depends on their size, solubility, surface coating, UV induction, and metal 

release [326-328]. These properties play a crucial role in the bio-interface to enhance the biological 

activities of the NPs. Hence, it is essential to evaluate the nano-leveled properties of these 

materials, which include size, morphology, and surface charge. In this study, the FESEM image 

as shown in Figure 4.3A, indicated dual morphology; rod-shaped morphology with size ~100 nm 

and particulate shaped morphology with average size ~55 nm. The particle size was increased with 

dopant concentration FZO15 samples were found to carry the least dual morphology (Minimum 

RBragg value, Table 4.1). Figure 4.3A corresponded to the result obtained after refinement that the 

Fe3+ ions enhanced the impurity of the ZnO lattice leading to the dual morphology of the FZO 
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samples. This, in turn, helped in the enhancement of its antibacterial activity, as well as the lowered 

ROS production, which was presumed to help in obtaining high cytocompatibility to human cells. 

Similarly, the surface charges of the synthesized NPs were evaluated by calculating the zeta 

potential of the NPs. All the samples showed positive zeta potential; the highest zeta potential was 

found to be of FZO15 NPs, which complemented the antibacterial analysis of FZO samples. The 

high positive zeta potential values indicated, the higher the colloidal stability of the synthesized 

NPs. In addition, a positive surface charge helps in the interaction and selectivity of the NPs for 

their antibacterial activity, as shown in Figure 4.8. 

 

Figure 4.8. Selective electrostatic interaction of FZO NPs with bacterial cells 

 

4.3.2.3 Analysis of the Antibacterial mechanism 

To analyze the antibacterial mechanism of FZO, we investigated three major mechanisms as 

previously performed for AZO. Cells were stained with CFDA and PI dyes to analyze the live and 

dead cells, respectively. The flow cytometric analysis, as shown in Figure 4.9A, displayed the 

CFDA staining lesser than 102 FSC values (negative control), indicating the auto-fluorescence and 

the presence of dead cells. Similarly, as shown in Figure 4.9B, the PI stain was found to contain 

more than 102 FSC values (comparable to positive control), which complemented the CFDA data. 

Hence, fluorescence studies confirmed the killing of bacterial cells. Additionally, PI staining 

confirmed the rupturing of the bacterial cell wall after incubation with the FZO samples. This 

rupturing in the bacterial cell wall can be because of two obvious factors; ROS generation by 

released toxic ions. To analyze the ROS production, we stained the cells with DCFH-DA dye and 

analyzed using an Infinite M200 PRO Tecan plate reader at 495nm/529nm excitation and emission 

wavelengths, respectively. The fluorescence intensities obtained from various cells incubated with 
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FZO were found to be lesser than that of media. These observations revealed that there was no 

ROS production in the presence of FZO samples under dark conditions (p values ≥ 0.05) (Figure 

4.9C).  

 

Figure 4.9. A) CFDA, B) PI, and C) DCFH-DA stain profile after incubating cells with FZO NPs 

D) Release profile of Zn2+ and Fe3+ ions in ppm from FZO15, under various environments; Solid 

line Zn2+ and dotted line Fe3+; *p value > 0.05 ; n=2. 
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This can be explained by the previous studies through various research groups. ZnO NPs are 

known for their photocatalytic activity through ROS generation [329]; as all the experiments were 

performed under dark conditions, FZO NPs did not result in ROS production. Also, nano-sized 

ZnO has been proven to exhibit nano-cytotoxicity through its higher reactive surface area, which 

consequently results in the production of ROS [330]. In this study, the effective surface area 

calculated through BET isotherm was found to be smaller, i.e., 1.014, 5.134, 2.301, and 0.387 m2/g 

(Figure 4.10 for FZO15), which is presumably not sufficient to produce ROS.  This reduced surface 

area was due to the dual morphology of FZO because of the reduction in the Zn2+/OH- ratio. These 

observations were also supported by the MTT assay, as ten times higher concentrations than MIC 

values did not show any cytotoxicity.  

 

Figure 4.10. Nitrogen adsorption-desorption isotherm of the FZO15 NP; a lowered surface area 

resulting in no ROS production 

 

As no ROS production could be obtained, the release of Zn2+ and Fe3+ ions from the FZO lattice 

was analyzed to establish antimicrobial action. The release of Zn2+ ions was enhanced with an 

increase in time. The intracellular accumulation of the released Zn2+ ions was found to be the 
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maximum, with a linear release profile, indicating the slower degradation of FZO than that of AZO 

under various local environments, i.e., saline solution and physiological pH. The release profile of 

Zn2+ ions was found to be almost similar for intracellular as well as the other saline environments 

(Figure 4.9D, solid line). However, the concentrations of the Zn2+ ions (intracellular) were around 

50 % higher than that of extracellular Zn2+ ions concentrations within 24 h. 

Similarly, the release of Fe3+ ions was higher for PBS solution and was an almost similar profile 

for supernatant and 0.9 % saline environment. However, after 24 h, an almost equal concentration 

of Fe3+ ions was found in the supernatant than that of the saline environment (Figure 4.9D, dotted 

line). The release rate of Zn2+ ions and Fe3+ ions and their maximum concentration released are 

listed in Table 4.6A and B, which corresponded to the lowest MIC values of FZO15 among all FZO 

samples. 

 

Table 4.6A. The release rate of Zn2+ and Fe3+ ions under various environments 

S.No Environment Ions 

Release rate (ppm/hr)  

FZO5 FZO10 FZO15 FZO20 

1 Intracellular 

Zn 17.54 ± 0.44 16.8  ± 0.14 17.89 ± 0.30 17.35 ±0.36 

Fe 2.06 ± 0.02 1.96 ± 0.02 1.96 ± 0.02 1.92 ± 0.03 

2 Supernatant 

Zn 8.47 ± 0.17 8.97 ± 0.15 8.96 ± 0.21 8.38 ± 0.18 

Fe 0.95 ± 0.07 0.88 ± 0.01 0.94 ± 0.02 0.98 ± 0.01 

3 Saline 

Zn 16.95 ± 0.04 17.23 ± 0.53 17.64 ± 0.48 17.45 ± 0.44 

Fe 2.03 ± 0.07 1.95 ± 0.04 2.08 ± 0.10 1.95 ± 0.08 

4 PBS 

Zn 17.00 ± 0.10 17.32 ± 0.08 17.67 ± 0.36 17.88  ± 0.35 

Fe 2.13 ± 0.02 2.14 ± 0.07 2.30 ± 0.06 2.17 ± 0.02 

 

 

 

TH-2536_156106030



 

115 
 

Table 4.6B. Maximum amount of the released Zn2+ and Fe3+ ions under various environments 

S.No Environment Ions 

Maximum amount of ion released (ppm) 

FZO5 FZO10 FZO15 FZO20 

1 Intracellular 

Zn 432 ± 10 426 ± 7 458 ± 8 432 ± 10 

Fe 52 ± 1 49 ± 1 48 ± 1 48 ± 1 

2 Supernatant 

Zn 208 ± 4 228 ± 3 218 ± 5 207 ± 4 

Fe 25 ± 1 21 ± 1 23 ± 1 25 ± 1 

3 Saline 

Zn 432 ± 12 440 ± 12 447 ± 10 448 ± 10 

Fe 52 ± 1 48 ± 1 50 ± 1 49 ± 1 

4 PBS 

Zn 432 ± 7 441 ± 10 441 ± 9 450 ± 10 

Fe 51 ± 1 51 ± 1 52 ± 1 49 ± 1 
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Figure 4.11.  Antibacterial mechanism identification using FESEM imaging (Light Brown line- 

Normal cell lineage; Redline- Ruptured cell wall after treatment) 

 

As shown in Figure 4.11, the bacterial cell was found to be ruptured and shrunk. These outcomes 

are consistent with previously observed results, which states that the untreated cells do not exhibit 

any injury to the cell wall, whereas the treated cells undergo cell shrinkage and disruption and 

disorganization of the cell membrane [331]. The release of more Zn2+ and Fe3+ ions at the interface 

resulted in electrostatic interaction (Scheme 4.1), which triggered the damage of the cell wall of 

the bacteria as well the internalization of ions, and consequently caused the bacterial cell death 

[125]. The fluorescence and FESEM imaging, as shown in Figures 4A-1 and 4.11, also confirmed 

the rupturing of the cell wall of the bacteria and their genetic material. Hence, the main 

antibacterial mechanism of FZO was found to have occurred through the release of Zn2+ and Fe3+ 

ions. A similar mechanism has been reported recently for the anti-tumor activity of the ZnO NPs 

[332]. 
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The ROS independent mechanism of action resulted in excellent cytocompatibility up to a very 

high concentration of 80 mg/ml. In addition, FZO NPs not only effectively hindered the bacterial 

infection to the MG63 cells but also helped in its proliferation, as indicated by the highest 

confluency level. Hence, FZO can be effectively utilized for various biomedical applications.  

 

4.4 Conclusions 

In this chapter, the bimetallic FZO nano-assemblies were successfully synthesized and 

characterized. The physical properties of the synthesized NPs were correlated to their bio-

interfacial properties. FZO NPs exhibited a classical hexagonal wurtzite structure and were found 

to carry dual morphology with an average size < 100 nm and positive surface charge. However, 

their effective surface area was found to be lower (2.301 m2/g), which resulted in no ROS 

generation and excellent cytocompatibility to human cells (87.67 % after six days of incubation at 

80 mg/ml concentration). The magnetization values of the FZO NPs were found to increase 

linearly with dopant concentrations. The MIC values were found to be comparable to the MIC 

value of Kanamycin, and MBC values showed the complete inhibition of bacterial cells. FZO15 

resulted in the least IC50 value of 0.20 μg/ml due to its highest surface charge. Rupturing of the 

cell wall as well as the genetic material of bacteria through the release of Zn2+ and Fe3+ ions 

synergistically was found to be the main antibacterial mechanism of FZO. 

In chapter 2, it was found that the doping of the Al3+ ions causes a decrement into the ZnO lattice, 

which consequently results in the inactivation of the bacteria. Similarly, in this chapter, the doping 

of the Fe3+ ions into the ZnO lattice caused the antibacterial action by the release of the Zn2+ and 

Fe3+ ions. Doping of both the transition metal ions into the ZnO lattice caused the crystal distortion 

in different ways due to the difference in their respective ionic sizes and the reduction potential. 

In the case of AZO, no separate peak corresponding to the Al2O3 could be obtained in the XRD 

data, but a shift into the ZnO peaks was observed. In FZO NPs, peaks corresponding to the Fe3O4 

were observed, and the refined XRD data expressed a distorted ZnO lattice with increased Fe3+ ion 

concentration. Fe3O4 is cubic in nature, which creates more crystal imbalance as compared to the 

Al doping, causing different release patterns and kinetics for Zn2+ ions. This change in the lattice 

parameters not only altered the crystal sizes but also affected the antibacterial activity as well as 

the mechanism of the ZnO NPs. The MIC values were found to be ~ 16 µg/mL for AZO, and an 

IC90 value for FZO was found to be ~ 33 µg/mL. In addition, in the case of AZO nanorods, the 

TH-2536_156106030



 

118 
 

major antibacterial mechanism was found to be the release of Zn2+ ions, followed by 

internalization, causing the inactivation of the bacterial cell. However, in the case of the FZO NPs, 

the major antibacterial activity was due to the release of Zn2+ ions, causing the rupturing in the cell 

wall of the bacteria. The variance in the different modes of bacterial killing can be explained by 

the rate of release of Zn2+ ions. In AZO, the Zn2+ ions were released at a higher rate (exponential 

release) than that of the Zn2+ ions released from the FZO NPs (linear release). As discussed in 

Chapter 2, more release of Zn2+ ions caused the charge imbalance at the material-cell wall 

interface, leading to the altered permeability of the cell membrane and internalization of the Zn2+ 

ions. However, the slow release of the Zn2+ ions in FZO did not cause the charge imbalance, and 

the interactions of the Zn2+ ions with the cell wall caused the rupturing into the bacterial cell wall. 

Hence, the selection of the dopant plays a crucial role in the antibacterial mechanism of the ZnO 

lattice. By the selection of the dopant ion and controlling the release of the Zn2+ ions, the 

antibacterial mechanism of the nanoantibiotics can be tuned. As rupturing into the bacterial cell 

wall was caused by the FZO NPs, the Zn2+ and Fe3+ ions were selected for their co-integration with 

the HAp, as given in Chapter 3.  
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Chapter 5 

Selection and formulation of Al or Fe and ZnO co-integrated HAp 

NPs and evaluation of its antibacterial activity, cytocompatibility, 

and target efficacy 

This chapter explains the design of Zn and Fe co-integrated HAp (ZFHAp) NPs. Similar to that of 

Chapters 3 and 4, the ZFHAp NPs were prepared via a simple one-step co-precipitation method. 

The designed nanoassembly acquired a bi-phasic nanosystem, i.e., ferric-HAp and zincite phases. 

Ferric-HAp obtained Ca9.333Fe1.167(PO4)7 phase, and a separate zincite phase was present in all the 

samples. The Fe dopant concentration governed secondary phases such as Ca9Fe(PO4)7 and 

Ca28.8Fe3.2(PO4)21O0.5. A dual morphology, i.e., rod-shaped (77.8 ± 10 nm; major corresponding 

to HAp) and particulate shaped (30.9 ± 5 nm; minor due to zincite), was obtained for all the 

samples. The ZFHAp samples were paramagnetic, resulting in the magnetic target efficiency. 

ZFHAp samples showed lower MIC values (60-80 µg/ml) and no cytotoxicity to bone cells up to 

5 mg/mL concentration. The ZFHAp samples did not show any TNF-α activity and exhibited 

excellent ALP activity, which was found to be increased with an increase in Zn concentration 

within the HAp matrix. 

 

Schematic 5.1. Bi-phasic Ferric-HAp-zincite nanoassembly; Self-antibacterial, Paramagnetic 

target efficiency, higher bone cell proliferation (Ceramic International; 47 (20); 28274-28287; 

2021) 
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5.1 Introduction 

Various biomaterials have been investigated for orthopedic and dental applications, including 

HAp, ZnO, Zr, and Ag-based materials.  HAp is the most extensively studied material for 

orthopedic applications. However, the clinch of non-commercialization of the HAp relics its target 

deficiency and non-antimicrobial properties [333, 334]. Hence, it is clinically significant to focus 

on upgrading the HAp metrics for its commercial biomedical applications. As explained in 

Chapters 2 and 3, via doping of transition metals into the ZnO matrix, the antibacterial activity, as 

well as the mechanism of the ZnO, could be altered. The ROS independent antibacterial 

mechanism, along with the rupturing into the bacterial cell membrane, was obtained via doping of 

Fe3+ ions into the ZnO matrix. Hence, Fe was selected along with Zn to integrate with the HAp 

matrix to obtain the two most desirable properties of the biomaterials, i.e., antibacterial activity 

and the target efficiency. Doping of Zn2+ ion into HAp has been proven to provide the desired 

antibacterial properties [19] and a suitable environment for bone regeneration [335]. Also, it has 

been a challenge for the researchers to obtain the HAp phase after doping the desired concentration 

of Zn2+ to obtain antimicrobial activity into the HAp lattice [336-339] or to avoid β-TCP (Ca/P= 

1.5). β-TCP is less stable and higher degradable than that of HAp [340] and hence is not suitable 

for prolonged applications such as the treatment of osteomyelitis.  

Similarly, doping of Fe not only provides target efficiencies but also functions for various 

therapeutic applications [31], yet suffers the lack of desired antibacterial activity. Furthermore, it 

has been observed that nano-iron oxide increases the osteoblast density but suffers in its direct 

application due to its biofouling in blood plasma [37]. In this context, we designed a biphasic 

ferric-HAp-ZnO (ZFHAp) nanomaterial to incorporate the essential anti-bacterial and target 

efficiency properties to the HAp. The Zn and Fe co-integrated HAp (ZFHAp) was synthesized via 

a simple co-precipitation method and explored its antibacterial activity, mechanism, and 

biocompatibility. 

 

5.2 Materials 

All the precursors for the synthesis of ZFHAp were used as procured without any further 

modification. Calcium nitrate tetrahydrate Ca(NO3)2.4H2O (HiMedia India) and diammonium 

hydrogen phosphate (NH4)2.HPO4  (HiMedia India), were used for HAp’s synthesis. Similar 

precursors for Zn and Fe were used as given in section 3.1. Cell proliferation analysis was done 
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using MTT dye as given in section 3.1.1. Alkaline phosphatase (ALP) activity was analyzed using 

the ALP kit (CCK035, Himedia India), and the TNF-α activity was analyzed using the TNF-α 

analysis kit (Sigma, RAb0476). Double distilled water (MiliQ, 18 mΩ, Millipore systems) was 

used throughout this research study. 

 

5.3 Synthesis of Zn and Fe co-integrated HAp nano-assembly 

The ZFHAp samples were prepared via a simple one-step co-precipitation method using the 

previous process reported by our group [292]. As discussed in Chapter 3 and 4, a 15 % doping of 

metal ions into ZnO was found to improve its antibacterial activity [292, 341]; hence the molarity 

of Zn and Fe was varied within 0.15 M. At the same time, the molar concentration of Ca was kept 

constant at 0.85 M. In brief, 0.85 M of Ca(NO3)2.4H2O aqueous solution (50 ml) and 0.6 M of 

(NH4)2.HPO4  aqueous solution (50 ml) was prepared separately. Varying concentrations of 

Zn(NO3)2.6H2O and Ferric chloride anhydrous FeCl3 were premixed with Ca precursor as per 

Table 5.1. The precursor molar concentrations and their sample codes are listed in Table 5.1, and 

the same codes are followed throughout the thesis. The final molar ratio was kept constant with 

(Ca+Zn+Fe)/P= 1.67. The mixture was transferred to an oil bath at the reaction temperature of 65 

°C. Once the temperature was stabilized, 50 mL of 0.6 M (NH4)2.HPO4 preheated at 65 °C was 

added in a dropwise manner to the mixture under vigorous stirring. Afterward, NH4OH solution 

was further added dropwise until the pH of the mixture reached 11. The mixture was continuously 

heated at 65 °C, with vigorous stirring for 3 h, and then was aged for 24 h. Further, the solution 

was washed several times with deionized water until pH reached neutral. The samples were air-

dried at 80 °C in a hot air oven followed by sintering at a temperature evaluated using differential 

scanning calorimetry (DSC) analysis (Netzsch, Model: STA449F3A00) at a rate of 10 K/min under 

Ar environment. The DSC analysis revealed that the crystallization temperature of the as-prepared 

HAp sample was 447.5 °C. Hence, all the samples were calcinated at 650 °C for further evaluation 

and applications. 
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Table 5.1. The precursor molar concentrations used for the synthesis of ZFHAp samples and 

their sample codes  

S.No. Sample code 
Conc. of Ca 

(M) 

Conc. of Zn 

(M) 

Conc. of Fe 

(M) 

Conc. of P 

(M) 

1 ZFHAp-0 or “HAp” 1.0 0 0 0.6 

2 ZFHAp-1 0.85 0.075 0.075 0.6 

3 ZFHAp-2 0.85 0.10 0.05 0.6 

4 ZFHAp-3 0.85 0.05 0.10 0.6 

 

 

5.4 Characterizations of synthesized ZFHAp 

Similar to that of AZO and FZO nanomaterials, the ZFHAp samples were evaluated as given in 

sections 3.1.3 and 4.2.2. 

 

5.5 Biological characterizations  

The synthesized ZFHAp samples were assessed for their suitability for biomedical applications. 

Two biological characterizations were carried out. First, the synthesized ZFHAp samples were 

evaluated for their incorporated antibacterial activity, and the mechanism of the antibacterial 

activity was deciphered. Second, the cytocompatibility, as well as the cell proliferation analyses, 

were conducted. The detailed procedures are as follows: 

 

5.5.1 Antibacterial activity analysis 

The broad-spectrum antibacterial activity of the designed ZFHAp samples was evaluated as given 

in section 4.2.3.1. Further, the OD600 values were recorded at different concentrations (𝑐) and fitted 

with an exponential decay expression to determine the MIC value. 

𝑂𝐷600 = 𝑦0 + 𝐴𝑒−𝑘𝑐                                              (5.1) 

Where A is a constant, y0 refers to the MIC value, and 𝑘 is the decay constant.  
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5.5.2 Cytotoxicity and Cell proliferation analysis 

The cytotoxicity and the cell proliferation analysis of ZFHAp samples were carried out following 

the previously reported protocols [292] using the MTT assay a given in section 4.2.3.2. 

 

5.5.2.1 Anti-inflammatory assay 

In addition to cytocompatibility, the TNF-α activity (inflammatory response) of the prepared 

material was evaluated by using the protocol provided by the manufacturer of the TNF-α kit from 

Sigma Aldrich. In detail, the MG-63 cells were first grown in the presence 1 mg/mL concentration 

of the ZFHAp samples. The cell media was then analyzed for its TNF-α activity using the TNF-α 

ELISA kit.  

 

5.5.2.2 Bone cell proliferation assays 

The practical applicability of the designed material was evaluated as nano-antibiotic in place of 

Pen-strep antibiotic in DMEM media. The MG63 cells (5×104 cells/mL) were incubated in a 24-

well plate for 24 h using ZFHAp samples (0.25 mg/mL) in DMEM without Pen-strep antibiotic at 

37 ºC, 5 % CO2, and 85 % humidity in a CO2 incubator. In this analysis, DMEM with Pen-strep 

was taken as control. After the incubation, cell viability was analyzed using an MTT assay, and 

cell proliferation (growth) was examined using an optical microscope. Similarly, to analyze the 

bone proliferation efficiency of the ZFHAp samples, the ALP activity of the ZFHAp samples was 

investigated. In brief, the cells were first incubated at two concentrations of material, i.e., 1 and 

0.1 mg/mL. After incubation, the cell lysate was collected, and the ALP activity was analyzed 

using the manufacturer's protocol on the 7th, 14th, and 21st days, respectively. 

All the experiments were performed in triplicates. The results are presented as the average values 

± standard deviations. 

 

5.6 Results and discussion 

 

5.6.1 Phase structures of prepared ZFHAp samples 

The phase analysis of the designed ZFHAp samples was carried out using XRD analysis. The 

diffractograms of the prepared samples, along with standard JCPDS patterns, are shown in Figure 

5.1A. The XRD data elucidated that ZFHAp samples contained the major peaks corresponding to 
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the hexagonal HAp (JCPDS 98-010-3652) but blue-shifted from 28.90°, 31.85°, 39.99°, and 

49.59° (Figure 5.1B). The presence of a peak corresponding to 77.33° of Fe3O4 (JCPDS 98-001-

7122) indicated the successful synthesis of Fe3+ doped HAp by replacing a few of the Ca2+ ions 

from the hexagonal HAp matrix. In addition, different peaks corresponding to the hexagonal 

wurtzite structure of ZnO (JCPDS 98-001-5464) were coincided in ZFHAp samples, along with 

two distinct peaks at 33.43° and 44.24° (Figure 5.1C and D), confirming the successful synthesis 

of Zn and Fe co-integrated HAp. Ca2+ ions of the HAp matrix were preferentially displaced by 

Fe3+ ions because of the highest reduction potential (+0.77 V) and the lowest ionic radii of 0.06 

nm than  Zn (0.074 nm) and Ca (0.099 nm). The crystallite sizes of the samples were calculated 

using the Scherrer equation as previously described [341]. The crystallite size of the samples was 

found to be 22.70, 46.07, 51.08, and 68.04 nm for HAp, ZFAHp-1, ZFHAp-2, and ZFHAp-3 

samples, respectively. It is reported that the doping of ions alters the crystalline structure and size 

of HAp [19]. 

The phase analysis was performed by comparing the obtained XRD patterns with various JCPDS 

data. It was observed that Ca9.333Fe1.167(PO4)7 phase was one of the dominating phases available in 

all the samples. The ZFHAp-1 sample contained 91 % of Ca9.333Fe1.167(PO4)7 phase and 2.2% of 

the zincite (ZnO) phase. The ZFHAp-2 sample consisted of 33 % of the Ca9.333Fe1.167(PO4)7 phase, 

3 % of the Ca28.8Fe3.2(PO4)21O0.5 phase, and 44 % of their mixed-phase along with the 8.3 % of the 

zincite phase. The ZFHAp-3 contained only 0.8 % of the Ca9.333Fe1.167(PO4)7 phase, 1.8 % of the 

Ca9Fe(PO4)7 phase, and 84 % of their mixed-phase along with 4.6 % of the zincite phase.  

The doping of metal ions into the HAp lattice introduced crystal deforms depending on the 

concentrations of the dopant ions [342]. In the present study, at the lowest (3 % molar) iron 

concentration, Ca28.8Fe3.2(PO4)21O0.5 and Ca9.333Fe1.167(PO4)7 phases were formed in the ZFHAp-2 

sample. With the increase in ion molar ratio to 4.5 %, the Ca9.333Fe1.167(PO4)7 phase was dominated 

in the ZFHAp-1 sample. However, a further increase in the iron molar ratio to 6% resulted in the 

formation of Ca9Fe(PO4)7 phase and Ca9.333Fe1.167(PO4)7 phase in the ZFHAp-3 sample. It has been 

observed that the incorporation of Fe into the HAp lattice incorporates the oxygen to the PO4 

tetrahedral to obtain PO5 trigonal bipyramids [343].  

At the lowest concentration of Fe3+ (ZFHAp-2), linear interactions (interstitial coupling) within 

the ferric-HAp due to Fe-O-Fe planes led to the formation of Ca32-xFex(PO4)21O0.5 phase along with 

Ca11-xFex(PO4)7 phase. An increase in the molar concentration of Fe3+, Fe-O-Fe planes diminished 

TH-2536_156106030



 

125 
 

and resulted in ferric-HAp (Ca11-xFex(PO4)7) rich phase (91%) in the ZFHAp-1 sample. At a further 

elevated concentration of Fe3+ ions, the atomic distribution was shifted from Ca11-xFex(PO4)7 phase 

to Ca10-xFex(PO4)7 phase. Because of the maximum pure phase of Ca9.333Fe1.167(PO4)7, the ZFHAp-

1 sample is expected to provide the highest magnetization values.  

On the other hand, no phases corresponding to (Ca10-xZnx)-(PO4)6(OH)2 or (Ca10-x-yZnxFey)-

(PO4)6(OH)2 were observed in all the samples. However, a separate ZnO phase was present in all 

the samples leading to the synthesis of the biphasic ferric-HAp-zincite nano-assembly indicating 

the successful integration of the zinc and iron into the HAp lattice without hampering the HAp 

phase. The most probable reason for forming a separate phase of ZnO is the available replacement 

sites for Zn ions in the HAp lattice. It is reported that zinc ions replace only the surficial calcium 

ions from the HAp lattice [344, 345]. However, due to the high reduction potential of the Fe3+ ions 

than that of Zn2+ ions, iron competitively (preferentially) replaced the calcium ions from the HAp 

lattice, and thus separate zincite phases were formed. The abundance of the zincite phase varied 

according to the molar concentrations of zinc precursors as ZFHAp-2 > ZFHAp-3 > ZFHAp-1. 

Therefore, it was expected to attain a higher antibacterial activity of the ZFHAp-2 sample. These 

observations indicated that the generation of phases in HAp lattice could be governed by the 

selection of metal ions and their concentrations. 
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Figure 5.1. A) XRD pattern of various ZFHAp samples with the standard HAp (JCPDS 98-010-

3652), ZnO (JCPDS 98-001-5464), and Fe3O4 (JCPDS 98-001-7122); B) Shift in the peaks of 

ZFHAp samples 
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Figure 5.1. C) XRD pattern of various ZFHAp samples with the standard HAp (JCPDS 98-010-

3652), ZnO (JCPDS 98-001-5464), and Fe3O4 (JCPDS 98-001-7122); C) Peaks corresponding to 

the ZnO (JCPDS 98-001-5464) 

 

To further confirm the structure, the ZFHAp samples were evaluated using the Raman analysis, as 

shown in Figure 5.2. Three major peaks were observed: a sharp peak at 960 cm-1 corresponding to 

the Raman shift of phosphate group [346], a characteristic vibrational peak of ZnO at 438 cm-1 

correspondings to E2 (high) [275], and another peak corresponding to Fe-O bond at 580 cm-1. The 

Raman spectra complemented the XRD data and indicated the successful integration of the Zn2+ 

and Fe3+ with hydroxyapatite as the major phase (matrix) of the developed nanomaterials. 
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Figure 5.2. Raman Spectra of various ZFHAp samples, showing three major peaks at 980 cm-1 of 

phosphate, 480 cm-1 of Zn-O, and 580 cm-1 of Fe-O. 

 

For the elemental analysis, the EDX examination was carried out for all the ZFHAp samples using 

the FESEM instrument. The primary elements in all the samples were Ca, P, O, while minor 

elements (Zn and Fe) were found in ZFHAp samples (Figure 5.3). The Ca:P ratio of the HAp was 

1.63, while the same for ZFHAp samples were slightly lesser due to the formation of new ferric 

hydroxyapatite phases. The (Ca+Fe):P ratios were found to be 1.43, 1.57, and 1.42 for ZFHAp-1,  

ZFHAp-2, and ZFHAp-3 samples, respectively. The elemental analysis supported the results 

obtained from XRD and Raman. The XRD, Raman, and EDX analysis together confirmed the 

successful synthesis of ZFHAp samples. 
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Figure 5.3.  EDX analysis of HAp and ZFHAp samples 

 

5.6.2 Morphologies of prepared ZFHAp samples 

The biological properties of the biomaterials are dependent on their particle size and morphology 

[319]. The morphological analysis of ZFHAp samples using FESEM and subsequent image 

analysis using ImageJ software revealed that the presence of dual morphology in all the ZFHAp 

samples. The irregular morphology corresponded to HAp and particulate-shaped structures for 

minor ZnO. The diameter for the irregular morphologies in the HAp and ZFHAp was 58.9 ± 11 

nm, 84.4 ± 37 nm, 77.8 ± 10 nm, 56.9 ± 6 nm, respectively (Figure 4A-D). The particulate shaped 

morphology attained the 56.7 ± 9 nm, 30.9 ± 5 nm, and 22.4 ± 2 nm sizes for ZFHAp-1, ZFHAp-

2, and ZFHAP-3 samples, respectively (Figure 5.4B-D). Further, the ZFHAp-2 sample was 

analyzed using the FETEM. The particle size was confirmed as < 100 nm, with an average size of 

96.41 ± 9.9 and 20.71 ± 7.20 nm for rod-shaped and particulate-shaped morphology, respectively 

(Figure 5.4E). Similarly, the TEM image reflected two distinct d spacing of 0.62 nm and 0.21 nm 

(Figure 5.4F), indicating the high crystallinity and dual planes distances in the biphasic ferric-

HAp-ZnO system. This confirmed the dual morphology of the designed nanoassembly. 
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Figure 5.4. FESEM images of ZFHAp samples; A) HAp B) ZFHAp-1, C) ZFHAp-2, D) ZFHAp-

3; FETEM image (E) and lattice fringe pattern (F) of ZFHAp-2 sample; indicating the dual 

morphology, i.e., rod shaped and particulate shaped, and high crystallinity 
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5.6.3 Magnetic properties and colloidal stability 

The integration of Zn and Fe not only provided the dual morphology but was also expected to 

provide the desired antibacterial as well as the target efficiency. To calculate the target efficiency, 

the ZFHAp samples were evaluated using VSM. Doping of Fe3+ ions incorporated paramagnetic 

properties to all the ZFHAp samples (Figure 5.5). The pure HAP sample showed diamagnetism 

behavior [347]. The respective magnetization, retentivity, and coercivity values are listed in Table 

5.2. The saturation magnetization values were 0.664, 0.151, and 0.254 emu/gm for ZFHAp-1, 

ZFHAp-2, and ZFHAp-3 samples, respectively, which are in correlation with the previous reports 

for targeted drug delivery and other therapeutic applications [10, 348]. As indicated by the XRD 

data, the highest magnetization values were found to be for the ZFHAp-1 sample containing the 

purest form of the Ca9.333Fe1.167(PO4)7 phase, followed by the sample containing the highest Fe3+ 

concentration (ZFHAp-3), or sample containing maximum mixed-phases (Ca9.333Fe1.167(PO4)7 and 

Ca9Fe(PO4)7 phase). ZFHAp-2 carried the least magnetization values. This corresponded that an 

increase in the zincite phase decreased the magnetization because of its diamagnetic nature [349].  

The colloidal stability of the prepared samples was tested by measuring the zeta potential. All the 

surfaces carried a negative surface charge, which ranged from -19.9 mV, -20.8 mV, -28.6 mV, and 

-23.4 mV for HAp, ZFHAp-1, ZFHAp-2, and ZFHAp-3 samples, respectively (Figure 5.5B). The 

higher values of zeta potential ≥ ± 20 mV reflect the greater colloidal stability of the samples [350]. 

Hence, the obtained values of surface charge indicated the excellent colloidal stability of the 

prepared ZFHAp samples.  

 

Table 5.2. Magnetic properties of the synthesized ZFHAp samples  

 

S. No Sample 
Magnetization 

(emu/g) 
Coercivity (Oe) 

Retentivity 

(emu/g) 

1 HAp 29.41 × 10-3 106.03 1.75 × 10-3 

2 ZFHAp-1 0.664 0.384 833.28 × 10-6 

3 ZFHAp-2 0.151 105.78 5.29 × 10-3 

4 ZFHAp-3 0.254 198.04 13.35 × 10-3 
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Figure 5.5 A) VSM analysis of HAp and ZFHAp samples B) Zeta potential of the ZFHAp samples 
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5.6.4 Biological activity of ZFHAp samples 

After successfully achieving the target efficiency, the biological activities of the ZFHAp samples 

were evaluated. The detailed discussion is as follows: 

 

5.6.4.1 Antibacterial activity analysis  

The antibacterial activity of nanoparticles is usually dependent on their morphology and size [252], 

which causes a hurdle in the bulk production of the nanoantibiotic due to their high energy input 

requirements and post-production cost. In addition, most of the nanomaterials are efficient for the 

photodynamic inactivation of the bacteria or via the generation of ROS [295, 296], which is also 

a major cause of toxicity to mammalian cells toxicity [29]. Hence, obtaining the desired 

morphology using simple, non-complex methods with antibacterial action under dark conditions 

is essential for their commercialization. In this study, ZFHAp samples were synthesized via a 

simple co-precipitation method, which acquired a dual morphology with sizes < 100 nm. The 

antibacterial efficacy, as well as the mechanism of action, were investigated. All the samples 

showed good antibacterial activity against two Gram-positive and two Gram-negative bacteria 

(Figure 5.6A). The decrease in OD indicated the killing of bacteria. The MIC values were 

evaluated using equation 1 and the obtained results are listed in Table 5.3.  The sample containing 

the highest amount of ZnO (ZFHAp-2) provided the lowest MIC values. The MIC values were 

further scrutinized for their effectiveness in terms of ZOI against all the bacterial species via 

comparing with a traditional antibiotic, kanamycin (Figure 5.6B). The respective ZOI sizes are 

depicted in Table 5.3. The ZOI sizes of the ZFHAp samples at their respective MIC were found to 

be comparable with that of kanamycin at 0.5 mg/mL. This indicated that the synthesized ZFHAp 

NPs were effective at a lower concentration (60-80 µg/mL) and comparable to the kanamycin’s 

antibacterial performances. Interestingly, the antibacterial effectiveness was dependant on the 

dopant concentration and not on the particle size, as the particle size was found to be the lowest 

for ZFHAp-3 samples. In contrast, the highest antibacterial activity was observed for the ZFHAp-

2 sample. 

To evaluate the antibacterial mechanism, the ROS production by the ZFHAp samples was 

examined. ZFHAp samples showed no ROS generation, as shown in Figure 5.6C. The control 

samples (Saline, LB Media, and E.coli in LB media without ZFHAp samples) showed similar 

intensities (p values > 0.05) with and without ZFHAp samples, affirming the ROS independent 
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antibacterial activity of the ZFHAp samples. As HAp lacks in its antibacterial activity, the biphasic 

ferric-HAp-ZnO system induced the antibacterial activity into the HAp matrix due to the presence 

of the ZnO phase. Our group has previously reported a ROS-independent antibacterial mechanism 

of Fe (III) doped ZnO via the release of Zn2+ and Fe3+ ions [341]. Hence, the release of the Zn2+ 

and Fe3+ ions was evaluated under PBS incubation at a pH value of 7.4. As expected, and 

corresponding to the release pattern of Chapter 4, the Zn2+ and Fe3+ ions followed linear release 

kinetics. ZFHAp-2 samples exhibited the highest release of Zn2+ ions, while ZFHAp-3 samples 

showed the highest release of the Fe3+ ions (Figure 5.6D). Henceforth, in this study, no ROS 

production indicated the major antibacterial activity of ZFHAp by the release of Zn2+ and Fe3+ ions 

from the HAp matrix. 

 

Figure 5.6A. Antibacterial activity of various ZFHAp samples against A) E.coli, B) E. hirae, C) 

S. paratyphi, and D) S. aureus 
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Figure 5.6B: ZOI of various ZFHAp samples against E. coli, and S paratyphi (Gram-negative) 

and E. hirae and S. aureus, (Gram-positive) 

 

Figure 5.6C: ROS production by ZFHAp samples under incubation with Saline, E.coli cells and 

LB Media. Statistical analysis as compared to control resulted in *p value > 0.05 ; n=3. 
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Figure 5.6D. Release of Zn2+ and Fe3+ ions by ZFHAp samples under PBS incubation at pH 7.4 

 

As a linear release of Zn2+ and Fe3+ ions was observed, it was expected that the slow release of 

these two ions might rupture the bacterial cell wall. Hence, to evaluate the rupturing into the 

bacterial cell wall, the E.coli cells were first grown for 6 h and were further treated with the 

ZFHAp-2 sample for 6 h. After incubation, the cells were first washed, followed by fixing, as 

discussed in Chapters 3 and 4. The cells were then analyzed by using FESEM imaging. The 

untreated cells co-cultured for up to 6 h were taken as a positive control. As given in Figure 

5.6E(1), the untreated cells reflected the intact cell wall. However, the bacterial cells incubated 

with ZFHAp-2 samples reflected a shrunk and ruptured cell wall (Figure 5.6E(2)). As discussed 

in Chapter 3, the slow and steady release of the Zn2+ and Fe3+ ions was successful in damaging the 

cell wall of the bacteria; the ZFHAp samples also attained a similar antibacterial mechanism. 

Hence, the release of Zn2+ and Fe3+ ions were found to be the main antibacterial mechanism, 
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avoiding ROS generation. ROS independent antibacterial mechanism indicated the higher 

cytocompatibility of the ZFHAp samples. 

 

Figure 5.6E. 1) E.coli cells untreated, grown up to 6 h, 2) E.coli cells treated with ZFHAp-2 

sample up to 6 h 

 

Table 5.3. MIC and ZOI of ZFHAp samples 

 

Various recent studies have explored the antibacterial activity of the Zn integrated HAp, but none 

have focused on exploring or achieving the ROS independent antibacterial mechanism as given in 

Table 5.4. 

S.

No 
Sample 

MIC (µg/mL) ZOI (mm) 

E.coli 

 

E.hirae 

 

S. aureus 

 

S.paraty

phi 

E.coli 

 

E.hirae 

 

S. 

aureus 

S.paraty

phi 

1 ZFHAp-1 
77.5±0.0

2 

72.2±0.0

2 
71±0.02 

72.9±0.0

1 
17.85±1 

20.55±

2 
20.30±1 

21.92±1.

5 

2 ZFHAp-2 
66.1±0.0

1 

67.6±0.0

1 
63.3±0.02 

66.2±0.0

1 
18.9±1.2 

21.96±

1.2 

22.53±1.

1 
21.19±1 

3 ZFHAp-3 
75.9±0.0

2 

73.4±0.0

2 
78.3±0.01 

78±0.01.

4 

18.98±1.

4 

21.36±

1.7 

21.09±1.

0 

20.85±1.

3 

4 Kanamycin 0.5 mg/mL 
23.17±1.

2 

25.9±1.

2 
22.±1.3 

23.94±1.

8 
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Table 5.4: Various metal ions doped HAp, their synthesis methods, and biological 

performances 

S

.

N

o 

Materials 

Methods 
Ca/P Ratio: 

Phase 
Antibacterial Activity 

Cytotox

icity 
Ref. 

Process 
Temp. 

(°C) 

Calcinati

on 

Temp. 

(°C) 

 MIC 
Mechanis

m 
  

1.  

Zinc and 

chromium 

co-doped 

calcium 

HAp 

Sol-gel 70-80 
800-

1000 

NA/ HAp and 

–β-Ca3(PO4)2 
NA NA NA [351] 

2.  

Zn- and 

Mg-doped 

HAp 

Precipit

ation 
90 900 

1.9-2.2 for 

various 

doping 

concentration

s: 

0.5 mg/mL 

(taken for 

Zone of 

inhibition 

(ZOI): 

8-11 mm 

NA NA [1] 

3.  

Zn and Co 

co-doped 

HAp 

Precipit

ation 

followe

d by 

Spark 

Plasma 

Sinterin

g 

90-100 NA NA 

17.82±1.81 

mm for 0.24 M 

Co, 

and  

13.11±0.11 

mm for 0.24 M 

Zn 

 

NA 

100 

µg/mL 

Cell 

viabilit

y ~85 

% at 

day 6 

[11] 

4.  

Silver-zinc 

co-doped β-

tricalcium 

phosphate 

Spray 

pyrolysi

s 

RT 1050 

(Ca + Ag + 

Zn)/P ratios: 

1.45 to 1.53 

 

99 % 

antibacterial 

activity by 

NA NA [352] 
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colony 

counting 

5.  

Ag, Zn or 

Co doped 

HAp 

Biomim

etic 

approac

h 

37 NA NA NA NA 

~85 % 

cell 

viabilit

y at 0.1 

gm 

HAp 

[353] 

6.  
Ag/Fe co-

doped HAp 

Co-

precipita

tion 

method 

RT NA 
HAp and 

maghemite 
NA NA 

500 

µg/mL 

toxic 

conc. 

[354] 

7.  

Strontium/fl

uoride-

codoped 

HAp 

Hydroth

ermal 
160 

Lyophili

zed 
1.3-1.9: HAp 

18.07-81.56  

with increased 

F and Sr 

concentration 

NA 

No 

toxicity 

till day 

7 

[355] 

8.  

Zinc and 

strontium 

co-doped 

HAp 

whiskers 

Hydroth

ermal 

homoge

neous 

precipita

tion 

180 NA 

NA: HAp and 

CaZn2(PO4)2.

2H2O 

NA NA NA [356] 

9.  
Sr/Fe co-

doped HAp 

Precipit

ation 

60 for 5 

h 

followe

d by 

sonicati

on 

NA NA: HAp 

ZOI: 

E.coli  (16.6 to 

17.5 mm) 

S. aureus 

(18.5-19.5 

mm) 

NA 

No 

toxicity 

as 

compar

ed to 

control 

[357] 

TH-2536_156106030



 

140 
 

 

 

5.6.4.2 Cytotoxicity and bone cell proliferation analysis  

The successful synthesis of ZFHAp and its desirably obtained excellent antibacterial and target 

efficiency indicated the potential use of this material for bone tissue engineering. However, the 

cytotoxicity of the nanomaterials is the major concern for material researchers to counteract. On 

the other hand, HAp based materials are known for their structural similarities with bone [5]. 

Hence, it is essential to evaluate its effect of incubation with the bone cells for the expected 

orthopedic applications. In this regard, the synthesized ZFHAp samples were incubated with MG-

63 bone cells at various concentrations, as discussed in section 5.5.2 . The maximum concentration 

for ZFHAp samples was taken as 5 mg/mL, which was about 60 time’s higher concentration than 

the observed MIC values. The cells showed more viability than control samples in the presence of 

the ZFHAp samples up to 5 mg/mL concentration for six days. Interestingly, the maximum cell 

viability was found to be for ZFHAp-2 samples (Figure 5.7). At 1 mg/mL concentration (15 times 

higher concentration than the MIC value), ZFHAp-2 showed the highest cell survival after three 

days, i.e., 300% survival of cells as compared to the control sample. At a higher concentration of 

5 mg/mL, the cell viability was slightly decreased, but still, ZFHAp-2 showed 200% cell survival 

at day 3. The statistical analysis revealed that the cell growth at day 3 and day 5 was highly 

significant as compared to control with p value ≤ 0.0001. A decrease in the cell viability at day 6 

can be attributed to the high confluency of the cells, leading to less space for the cells to be grown. 

These results indicated that the ZFHAp samples are highly efficient for bone cell proliferation and 

did not cause any cytotoxic effect over the bone cells, presumably due to the dual morphology, 

10.  

Zn and Fe 

co-doped 

HAp 

precipita

tion 
65 650 

(Ca+Zn+Fe)/
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nano size, and mineral similarities with bone. It has also been reported that magnetic materials 

enhance osteoblast activity [358], and the presence of Zn2+ and Fe3+ ions also promotes cell 

proliferation [341]. Hence, the designed materials are effectively appropriate for orthopedic as 

well as other biomedical applications due to their excellent antibacterial activity, target efficiency, 

and high cell proliferation activity. 

 

 

Figure 5.7 Cytocompatibility of ZFHAp NPs against MG-63 cells (A) ZFHAp-1, (B) ZFHAp-2 

and (C) ZFHAp-3. Statistical analysis as compared to blank (only cells) *** p value ≤ 0.0001 and 

* p value ≥ 0.05; n=3. 
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5.6.4.2.1 Anti-inflammatory assay 

The excellent cytocompatibility, as well as the practical applicability analysis of the ZFHAp 

samples, indicated its potential use for bone treatment. However, the growth of the cells or increase 

in the number of cells only does not indicate the biocompatibility as well as the cell proliferation 

ability of the designed material. Hence, to further investigate the ZFHAp samples' 

biocompatibility, the samples' TNF-α activity was analyzed for up to 21 days. A 1 mg/mL 

concentration of the samples was incubated with MG-63 cells at an initial 500 cells/well cell 

seeding density. After 7, 14, and 21 days, the TNF-α activity of the samples was analyzed. As 

shown in Figure 5.8, the ZFHAp samples exhibited the 735-850 pg/mL, 1181-1273 pg/mL, and 

1019-1110 pg/mL of TNF-α protein at Day 7, 14, and 21, respectively (p values ≥ 0.05 for all the 

samples). However, the release of TNF-α in the presence of the samples was found to be similar 

to that of MG-63 cells without any incubation. Hence, the release of the TNF-α was not significant, 

indicating the absence of an inflammatory environment in the presence of the ZFHAp samples 

[359, 360]. 

 

Figure 5.8. TNF-α activity of the ZFHAp samples; MG-63 cells reflected a similar amount of 

TNF-α release with and without ZFHAp samples; No inflammatory response; * p value ≥ 0.05; 

and ALP activities of ZFHAp samples as compared to HAp **  p value ≤ 0.05, *** p value ≤ 

0.0001; n=2. 
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5.6.4.2.2 Bone cell proliferation analysis 

The practical antibiotic applicability of the ZFHAp samples was evaluated via replacing Pen-strep 

with ZFHAp nanoantibiotic in the DMEM while incubating the bone cells for their proliferation 

analysis. The adhered cells on surfaces from media containing Pen-strep antibiotic, ZFHAp-1, 

ZFHAp-2, and ZFHAp-3 samples are shown in Figure 5.9. These images were analyzed using 

ImageJ software to calculate the confluency levels. The cells with Pen-strep antibiotic showed 0.75 

± 0.1 circularity index with 22 ± 3 % of the area covered. Correspondingly, the circularity index 

in the presence of ZFHAp-1, ZFHAp-2, and ZFHAp-3 samples was found to be 0.73 ± 0.1, 0.72 

± 0.1, and 0.73 ± 0.1, respectively. A lesser circularity index reflected better spreading and 

proliferation of cells. Similarly, the fraction areas covered (%) by the cells in the presence of the 

ZFHAp-1, ZFHAp-2, and ZFHAp-3 samples were found to be 24 ± 4 %, 26 ± 3 %, and 23 ± 4 %, 

respectively. These observations agreed to the results obtained during the cell viability analysis 

using MTT assay. A slight improvement in circularity index and the fraction area covered indicated 

that ZFHAp samples not only acted as a potential nanoantibiotic but also helped in the proliferation 

of the bone cells. Among ZFHAp samples, ZFHAp-2 exhibited the least MIC value, highest cell 

viability, and maximum cell proliferation. Hence, this study designates the ZFHAp as a potential 

candidate for bone tissue engineering applications.  

 

 

TH-2536_156106030



 

144 
 

 

Figure 5.9: MG63 cells grown in DMEM media with Pen-strep as antibiotic and ZFHAp-1, 

ZFHAp-2, and ZFHAp-3 samples 

 

Further, the ALP activity of the ZFHAp samples was evaluated to examine its bone cell 

proliferation efficiency. For this purpose, two concentrations, i.e., 1 mg/mL and 0.1 mg/mL were 

incubated with MG-63 cells, and the ALP activity was examined using the ALP activity kit. As 

shown in Figure 5.10, the HAp, ZFHAp-1, and ZFHAp-3 samples exhibited the enhanced ALP 

activity with an increase in time. However, at low concentrations, i.e., 0.1 mg/mL, no significant 

differences in the samples' ALP activity could be obtained (p value ≤ 0.05). Furthermore, on Day 

21, the samples' ALP activity was found to be similar at both concentrations. Conversely, the 

ZFHAp-2 samples exhibited excellent ALP activity at both low and high concentrations, indicating 

the highest bone cell proliferation ability (p value ≤ 0.05). The samples containing the highest Zn 

concentration exhibited maximum ALP activity, i.e., ZFHAp-2, followed by ZFHAp-1 and 

ZFHAp-3. The results corresponded to the release date of the Zn2+ ions. Hence, the presence of 
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the Zn2+ ions not only provided an excellent antibacterial activity to the HAp samples but also 

provided a higher bone cell proliferation ability. 

 

Figure 5.10. ALP activity of the ZFHAp samples; Highest ALP activity in ZFHAp-2 samples (co-

related with Zn concentration); * p value ≥ 0.05; and ALP activities of ZFHAp samples as 

compared to HAp **  p value ≤ 0.05, *** p value ≤ 0.0001; n=2. 

 

 

Hence, the designed materials are effectively appropriate for the orthopedic as well as other 

biomedical applications due to their excellent antibacterial activity, target efficiency, and high cell 

proliferation activity. 

 

5.7 Conclusions 

This study aimed to incorporate the self-antibacterial activity as well as the target efficiency to the 

HAp together for orthopedic applications. Hence, the co-integration of the Zn and Fe ions with 

HAp was investigated under in-vitro environments. The co-integration resulted in a biphasic 

nanoassembly of Ferric-HAp-Zincite via a simple co-precipitation method. The nanoassembly 

acquired majorly three phases, i.e., Ca9.333Fe1.167(PO4)7 and zincite phases in all the samples and 
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the secondary phases of Ca9Fe(PO4)7 and Ca28.8Fe3.2(PO4)21O0.5 based on the Fe concentration. All 

the samples obtained dual morphology with 50-85 nm width of rod-shaped HAp morphology and 

30-57 nm particulate shaped morphology of zincite. ZFHAp-2 sample showed a minimum visible 

MIC value of 66 µg/ml against all the bacteria, and the ZOI was comparable with the traditional 

kanamycin antibiotic. It enhanced three times higher proliferation of bone cells than that of control 

at 60 times higher concentration than that of MIC, i.e., 5 mg/mL. The major antibacterial activity 

of the ZFHAp samples was found to be by the release of the Zn2+ and Fe3+ ions, causing the 

rupturing into the bacterial cell wall. Furthermore, the absence of ROS production led to a higher 

cytocompatibility. As MG-63 cells were grown at a 300 times higher rate than that of control 

samples, the bone cell proliferation was affirmed. This ability was further confirmed by performing 

the ALP activity assay. The ALP activity analysis explained the excellent potential of ZFHAp 

samples for bone tissue engineering. The ALP activity was found to be in correlation with the Zn 

ions’ presence, as the sample containing the highest Zn contained the highest ALP activity. Hence, 

the presence of the Zn not only incorporated the excellent antibacterial activity but also provided 

the excellent bone integration ability to the ZFHAp samples. Similarly, the integration of Fe ions 

provided the target efficiency to the ZFHAp samples and synergistically upgraded the antibacterial 

activity of the ZFHAp samples. No significant TNF-α release also adds to the ZFHAp samples’ 

biocompatibility, indicating its potential for various biomedical applications. 

This study provides an insight into the design of biphasic nanoassembly based on the dopant 

concentration and opens the access to tune the magnetic as well as antibiotic activity. The study 

designates the ZFHAp samples as a potential nanomaterial for bone tissue engineering 

applications. Hence, after achieving the required antibacterial activity, chosen antibacterial 

mechanism, target efficiency, enhanced bone integration and proliferation ability, and no 

inflammatory responses, we further analyzed the designed material (ZFHAp-2) for various 

biomedical applications, including bone tissue engineering via scaffold preparation. The detailed 

analysis is in the followed chapters. 
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Chapter 6 

In-vitro osteogenic activity analysis via synthesizing scaffold of the 

designed material 

In this chapter, we have described the chitosan-CMC and ZFHAp-2 integrated nanocomposite 

scaffolds to achieve the inherent antibacterial activity within the scaffold and control the porosity 

of the scaffold. This chapter focuses on the insight into designing the polymeric scaffolds with 

self-antibacterial properties along with controlled biochemical behavior. The effects of various 

amounts of ZFHAp-2 on the biochemical properties (porosity, swelling, and degradation) and 

antibacterial activity have been investigated. The prepared scaffolds were microporous in structure 

(25-123 µm), and their biochemical behavior, such as porosity (60-80%), swelling, and enzymatic 

degradation (21-50%), was dependent on the concentrations of ZFHAp-2. The swelling and 

degradation of the prepared scaffolds were linearly related. The presence of 5 % ZFHAp-2 in the 

scaffolds (SCA-5) resulted in a pore size of 92 ± 10 µm and a 50 % degradation time of 42 days. 

This scaffolds SCA-5 also showed self-antibacterial activities along with excellent cell 

proliferation ability.  

 

 

Schematic 6.1. Material concentration based tunability of the biochemical properties of scaffolds 

(Cellulose; 28, 9207–9226 (2021) 
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6.1 Introduction 

As described in the previous chapter, the ZFHAp-2 samples possessed the minimum MIC values 

and the biochemical properties compared to others. In addition, ZFHAp-2 samples contained the 

maximum ALP activity. Hence, to apply the designed material for bone tissue engineering 

applications, we synthesized the scaffold of Chitosan, CMC, and ZFHAp-2 and evaluated its 

biochemical properties. 

For the appropriate cell attachment and proliferation, 3D scaffolds are the most studied bone tissue 

engineering systems. The major benefits of using scaffolds include the high specific surface area, 

porous structure, and the ability to adhere to a large number of cells over it [361]. Chitosan 

possesses many properties desired for biomedical applications like biodegradability, 

biocompatibility, bioactivity, and antimicrobial properties [361]. However, the presence of β-1-4-

glycosidic linkage makes it more prone to degradation by lysozyme and other body fluids [362], 

restricting its applicability for controlled cell growth, antibacterial action, and biomolecule 

delivery. Hence, composite scaffolds were scrutinized to remove these lags.  

Cross-linking within polymers has proven to guard the hydrophilicity and water solubility [363]. 

Carboxymethylcellulose (CMC), an anionic polymer with chemical similarity with chitosan, 

provides a strong ionic cross-linking to enhance the biochemical feature, i.e., swelling, porosity, 

and degradation. Further, Chitosan, CMC, and their composites have been integrated with various 

inorganic materials such as HAp [364-367] to achieve the desired mechanical strength along with 

biochemical behavior. The swelling and degradation behaviors remain directly dependent on the 

porous nature of the scaffolds. Hence, the most suitable way to control biochemical behavior is to 

control the porosity. Yet, the tunability of these behaviors is still under extensive research due to 

interconnections between porosity, composition, mechanical properties, and bioactivity. The 

challenge remains to control the biochemical features without compromising the mechanical 

properties, i.e., strength and biological behavior (bioactivity) and vice-versa.  Hence, to control the 

porosity and its dependant biochemical properties, we varied the concentration of ZFHAp-2 and 

compared its effect on porosity and other properties compared to the integration of Chitosan and 

CMC with HAp. 
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6.1 Materials and Methods 

6.1.1 Materials 

For the scaffold synthesis, chitosan (CS, Mw = 50–190 kDa and degree of deacetylation = 75–

85%, Cat No. 448869) was procured from Sigma, India, and CMC-sodium (RM10844; the degree 

of substitution of 0.9) was purchased from Himedia, India. Double distilled water (MiliQ, 18 mΩ, 

Millipore systems) was used throughout the experiments. 

 

6.1.2 Preparation of chitosan-CMC-ZFHAp-2 scaffold 

The nanocomposite scaffold of Chitosan, CMC, and ZFHAp-2 was prepared by mixing the 

Chitosan and CMC at 2 % (w/v) and varying the concentrations of HAp and ZFHAp-2 [361]. 

Briefly, 2 % (w/v) chitosan solution in acetic acid was mixed with 2 % (w/v) of CMC for three h. 

After proper mixing various concentrations of designed ZFHAp-2 and HAp nanoparticles (0 %, 1 

%, 2 %, 2.5 %, 5 %, 10 % (w/v)) was mixed to the chitosan-CMC mixture until a homogenous 

mixture was achieved. The mixtures were frozen at -20 °C, and pH neutralized using 1M NaOH 

prior to freezing drying under vacuum. The prepared scaffolds were stored under vacuum for their 

characterization and applications. The scaffolds were named as listed in Table 6.1, and the same 

sample codes are referred throughout the thesis. 

 

Table 6.1. Sample codes of scaffolds with various concentrations of ZFHAp-2 

S.No. Sample code 
Chitosan (w/v) 

% 
CMC (w/v) % 

ZFHAp-2 (w/v) 

% 

HAp 

(w/v) % 

1 SCA-0 2 2 0 0 

2 SCA-1 2 2 1 0 

3 SCA-2 2 2 2 0 

4 SCA-2.5 2 2 2.5 0 

5 SCA-5 2 2 5 0 

6 SCA-10 2 2 10 0 

7 HSCA-1 2 2 0 1 

8 HSCA-2 2 2 0 2 

9 HSCA-2.5 2 2 0 2.5 

10 HSCA-5 2 2 0 5 
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11 HSCA-10 2 2 0 10 

 

6.2 Biochemical characterizations of the scaffolds 

After successfully analyzing the physical features, the scaffolds were scrutinized for their various 

biochemical analysis, as discussed below. 

 

6.2.1 Porosity of scaffolds 

The porosity of the scaffolds was evaluated using the liquid displacement method as studied 

previously [368]. In brief, the scaffolds were cut into pieces, and the known weight of scaffolds 

(𝑊𝑑) were immersed in hexane under vacuum for the forced entry of hexane into the microporous 

scaffolds. The scaffolds were quickly transferred into the pre-weighed weighing bottles containing 

known weight (𝑊1) and volume (𝑉1) of hexane and the final weight (𝑊2) and volume (𝑉2) were 

recorded. The porosity of the scaffolds was calculated using the following equation-6.1. 

∅% =
𝑊2−𝑊1−𝑊𝑑

𝜌(𝑉2−𝑉1)
       (6.1) 

Where 𝜌 is the density of hexane, i.e., (0.655 gcm-3). 

 

6.2.2 Swelling behavior of scaffolds 

For various biomedical applications of the scaffolds, along with porosity, the swelling behavior 

also plays a key role. The bioactivity of a scaffold is majorly dependent on its fluid retention, fluid 

transfer, and swelling behavior. Along with porosity, swelling behavior governs the scaffolds’ 

degradation behavior, leading to its bone integration ability. To analyze the swelling behavior of 

the scaffolds, the known weight of scaffolds (𝑊𝑖) were treated with PBS, pH-7.4, for various time 

intervals at 37 ºC. At each time interval, the scaffolds were removed and dried using blotting paper. 

The dried weight (𝑊𝑓) was measured, and the swelling behavior 𝑄 (%) was analyzed using the 

following equation-6.2. 

% 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (𝑄) =
𝑊𝑓−𝑊𝑖

𝑊𝑖
× 100    (6.2) 

The above  𝑄𝑡 data was fitted a second-order swelling kinetics model [365] using as given in 

equation 6.3. 

 𝑄𝑡 =
𝑘𝑠𝑄𝑒

2 𝑡

1+𝑘𝑠𝑄𝑒𝑡
       (6.3) 
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Where 𝑘𝑠 is the 2nd order rate constant (g g-1min-1), the swelling rate constant and 𝑄𝑒 represents 

the theoretical equilibrium swelling capacity (g g−1). 

 

6.2.3 Enzymatic degradation of scaffolds 

The enzymatic degradation studies were carried out using the lysozyme (2 mg mL-1) in PBS 

solution (pH-7.4). For this purpose, the known weight of scaffolds (𝑀𝑖) were subjected to the 

lysozyme-PBS solution under constant stirring (60 rpm) at 37 ºC for the different durations, i.e., 

4, 8, 12, 16, and 20 days. The lysozyme-PBS solution was replaced regularly with a fresh solution. 

After the treatment, the scaffolds were freeze-dried, and the final weight of the scaffolds (𝑀𝑓) were 

calculated. The degradation (%) was calculated using the following equation-6.4. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % =
𝑀𝑓−𝑀𝑖

𝑀𝑖
× 100     (6.4) 

In addition, degradation kinetics was also studied. The degradation data were fitted using the first 

order equation-10 to estimate the degradation rate constant 𝑘𝑑  (day-1) and 50 % scaffold 

degradation (T50). 

𝑀𝑡 = 𝑀𝑖 (1 − 𝑒−𝑘𝑑𝑡)      (6.5) 

Similarly, the degradation kinetics was also studied using the Michaelis-Menten equation. 

 

6.3 Biomineralization assay and mechanical strength analysis 

The in-vitro biomineralization assay was performed to determine the apatite mineralization 

capabilities of scaffolds for bone tissue engineering applications. Briefly, the synthesized scaffold 

samples were immersed in SBF solution, which has a concentration and composition similar to 

human body fluid. HSCA-5, SCA-2.5, and SCA-5 were immersed in the SBF solution for 14 days 

at 37 °C, and the SBF was replaced every 24 h. The scaffolds were then rinsed gently with ethanol 

and were washed with Milli Q water thrice, followed by drying at 45 °C overnight to remove any 

entrapped water molecules. The deposition of the apatite layer after immersion in SBF for 14 days 

was studied by EDX analysis for their elemental analysis. 

The mechanical strength of scaffolds was determined using an Electromechanical Universal 

Testing Machine (UTM) instrument (Zwick Roell: Z005TN) equipped with a 5kN load cell with 

a crosshead speed of 1 mm/min.  
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6.4 Biological activity of scaffolds 

After successful synthesis and biochemical characterizations of scaffolds, the prepared scaffolds 

were subjected to their biological investigations for practical applications. For this purpose, the 

antibacterial activity, as well as the cell proliferation analyses, were performed. 

 

6.4.1 Antibacterial activity 

Many of the implanted biomaterials exhibit bacterial contamination due to surgical procedures, 

which lead to immunogenic responses and ultimately resulting in the rejection of the implants. 

Thus it is desirable to impart additional antibacterial characteristics in the biomaterials to prevent 

such unwanted processes and implant failure. The antibacterial activity was tested against two 

Gram-negative strains (E. coli, MTCC 1610 and S. paratyphi, MTCC 735) and two Gram-positive 

strains (L. monocytogenes, (ATCC 19115) and S. aureus, MTCC 6538) using ASTM G 21–09 

protocol, as reported previously [361]. Briefly, scaffold discs of 15 mm diameter were first washed 

with 70% alcohol and Milli Q water to remove the adhered bacteria, if any, followed by rinsing 

with sterilized water. The bacterial culture of all the bacteria (100 µL, 1.0×106 CFU mL-1) were 

seeded on the SCA-0, SCA-2.5, SCA-5, HSCA-2.5, and HSCA-10 scaffolds, and were incubated 

at 37 °C for 24 h. After the incubation, the scaffolds were washed with 0.87 wt % NaCl solution 

containing 0.03 wt % Tween 80. The washed solution was diluted suitably and speared over a 

freshly prepared agar plate. The agar plates were incubated at 37 °C for 24 h. The scaffolds with 

excellent antibacterial activity (0 % growth) were further investigated for bone cell proliferation. 

 

6.4.2 Bone cell proliferation and cytotoxicity analysis 

The bone cell proliferation ability of the scaffolds was studied using an MG-63 cell line procured 

from NCCS Pune, India. The cells were first grown to their confluency in a T25 flask at 37 °C, 5% 

CO2 and 85% humidity under a CO2 incubator. DMEM supplemented with 10% fetal bovine serum 

(FBS, Invitrogen) and 1% antibiotic (Pen Strep, Invitrogen) was used for this experiment. The 

scaffold with no bacterial growth was analyzed for in-vitro bone cell proliferation. 1 × 105 cells 

mL-1 of MG-63 were seeded on the scaffolds for five days in DMEM media and incubated at 37 °C 

and 5 % CO2. After five days, the scaffolds were washed with sterilized PBS (pH-7.4) multiple 

times for the removal of un-adhered cells. The scaffolds were then analyzed via two means FESEM 

analysis as well as fluorescence imaging. In brief, the scaffolds were first treated with Calcein AM 
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dye (Sigma-India, 4 μM in PBS) for 30 min and directly analyzed using a fluorescent microscope 

(Zeiss) with an excitation filter of 450-490 nm. For FESEM analysis, after washing with PBS, the 

cells on the scaffolds were first fixed with 4% paraformaldehyde in PBS for 24 h. Then, the 

scaffolds were washed multiple times with PBS followed by stepwise dehydration with 30 %, 40 

%, 50 %, 60 %, 70 %, 80 %, 90 %, and 100 % concentration gradient of ethanol for 10 minutes 

each. Finally, the critical point drying was performed by treating the scaffolds with 

hexamethyldisilazane (HMDS) for 10 min prior to attachment over the carbon tape for FESEM 

analysis.   

Also, the scaffolds were analyzed for their cytotoxicity using an MTT assay similar to that of 

Chapters 1-3. In brief, the UV sterilized SCA-0, HSCA-2.5, HSCA-5, SCA-2.5, and SCA-5 

scaffolds were soaked separately in the serum-free DMEM free media for 24 h at 37 °C. After 24 

h, the supernatant was collected and filtered using a 0.22 μm filter. The media was termed as 

‘conditioned media.’ 100 μL of this conditioned media was supplemented to the previously grown 

MG-63 cells (5000 cells/well in a 24 well plate). The conditioned media was changed every 

alternate day. The MTT assay was then performed at respective days for the cytotoxicity analysis. 

 

6.5 Results and discussion  

6.5.1 Morphology and pore size analysis of the scaffolds 

The scaffolds were analyzed to obtain the morphology with respect to the integration of HAp and 

ZFHAp-2 samples. FESEM analysis was carried out to examine the internal morphology of the 

scaffolds. All the samples exhibited microporous architecture, as shown in Figures 6.1.1 and 6.1.2, 

while pore sizes were varied for the different samples. The pore size of the microporous structures 

plays a critical role in regulating the bio-interfacial aspects (cell infiltration, adhesion, cell 

signaling, angiogenesis, and nutrient exchange) [361]. A well interconnected macroporous 

structure was obtained for all the samples, probably due to the cross-linking between amino groups 

of the chitosan and carboxyl group of CMC and solid-liquid phase separation [369]. Apparently, 

the aggregation of particles or the formation of clumps was not observed (Figure 6.1.1), which 

indicated the good dispersion of HAp and ZFHAp-2 throughout the scaffolds. With the increase 

in HAp and ZFHAp-2 concentrations, the scaffolds were found to be packed more densely, as 

shown in Figures 6.1.1 and 6.1.2. The pore size of the samples was found to increase with the 

increase in HAp and ZFHAp-2 concentration as listed in Table 6.2 and 6.3. The pore size of HAp 
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integrated samples was found to be lesser than that of the ZFHAp-2 integrated scaffolds (Figure 

6.1.2). In addition, the ZFHAp-2 integrated scaffolds carried homogenously distributed pores as 

compared to the HAp integrated scaffolds. The increase in the pore size is attributed to the 

increased concentration of HAp and ZFHAp-2, as more morphological distortion was supposed to 

take place due to the dual morphology of the ZFHAp-2 nanoparticles. Covalent bonding between 

OH groups of HAp and NH2 groups of chitosan, as well as the coordination bonding, are reported 

in their composites [366]. Presumably, with an increase in the concentration of ZFHAp-2, these 

bonds were increased, which interfered with the chitosan (amine group) and CMC (COOH) group 

interactions. This resulted in increasing the pore size via solid-liquid phase separation [370]. 

Notably, the pore size of cancellous bone lies 300-600 µm in diameter and cortical bone as 10-50 

µm [371]. However, it is reported that the threshold pore size for bone growth remains to be 100 

µm [372]. In this study, SCA-2.5, SCA-5, and HSCA-10 resulted in the pore size of 89 ± 8 and 92 

± 10 µm, 78 ± 7 µm, respectively, affixing their suitability for bone tissue engineering. 

 

 

Figure 6.1.1. Morphological analysis of the scaffolds using FESEM; A) SCA-0, B) SCA-1, C) 

SCA-2, D) SCA-2.5, E) SCA-5.0 and F)  SCA-10; Scale bar represents 100 µM 
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Figure 6.1.2 Morphological analysis of the scaffolds using FESEM; A) HSCA-1, B) HSCA-2, C) 

HSCA-2.5, D) HSCA-10; 

 

6.5.2 Biochemical characterization of scaffolds 

The successful synthesis of scaffolds was accessed through its biochemical behavior for 

biomedical applications. Biological responses to the implant materials depend on various material 

properties, among which biochemical properties play a significant role. Considering the 

importance of these properties, the porosity, swelling, and degradation behavior of the scaffolds 

were analyzed as reported in the following sub-sections. 

 

6.5.2.1 Porosity 

The major challenge in designing a scaffold for bone tissue engineering remains its porosity while 

maintaining its swelling and degradation behavior. Chitosan, due to its cross-linking with CMC, 
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provides the desired microporous behavior [373]. However, controlling the porosity remains a 

significant challenge for various biomedical applications, especially in bone tissue engineering. A 

decrease in the porosity was observed by the systematic increase in the concentration of ZFHAp-

2 in the scaffolds’ composition. However, no significant differences in the porosity could be 

observed at the integration of HAp (Figure 6.2.2 A). For instance, SCA-0 exhibited 95% porosity, 

which was significantly reduced to ~ 60 % for all the HSCA samples. However, the porosity was 

found to be 88 % in SCA-1 (1% addition of ZFHAp-2). Likewise, the porosity further decreased 

to the range of 68 % - 75 % upon the increase in ZFHAp-2 concentrations. The least porosity of 

58 % was observed for the scaffold with the maximum amount of ZFHAp-2 (SCA-10) (Figure 

6.2.1 A). A similar pattern, i.e., the decrease in porous morphology, can be seen in Figures 6.1.1 

and 6.1.2. Hence, the measured porosity supported the results obtained through the morphological 

analysis of the scaffolds. The decreased porosity can be ascribed to the high concentration of 

ZFHAp-2 with dual morphology, i.e., rod-shaped and particulate. The HAp NPs carried single 

particulate morphology and hence were mixed homogenously with the Chitosan and CMC and did 

not cause any change at an increase in their concentration. The packing of dual morphology of 

ZFHAp-2 increases the heterogeneity and hence presumably regulates the density, 

interconnectivity, and orientation of the designed scaffolds. The osseointegration has been reported 

to be best observed at 60-80% of porosity, which is similar to the porosity of the cancellous bone 

[361]. Based on the results, porosities were obtained in this desired range for all HSCA scaffolds 

and SCA-2, SCA-2.5, and SCA-5 scaffolds. It is to be noted that the porosity can be controlled by 

varying the concentrations of ZFHAp-2. This provides an advantage of tuneable porosity, which 

is also expected to alter the scaffolds’ swelling behavior.  

Table 6.2. Pore size, degradation, and swelling behavior of the ZFHAp-2 integrated scaffolds 

S.No. 
Scaffold 

sample 

Pore 

size 

(µm) 

Porosity 

(%) 

Degradation Swelling 

𝑘𝑑 

(day-1) 

T50 

(days) 

Michaelis 

constant 
𝑄𝑒 

𝑘𝑠 ×

103 

(gg-

1min-

1) 

R2 

1 SCA-0 25 ± 4 
95.44 ± 

0.33 
0.045 16 7.8 1003 2.24 0.99 
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2 SCA-1 35 ± 4 
87.77 ± 

3.0 
0.036 19 9.9 949 2.71 0.99 

3 SCA-2.5 89 ± 8 
75.09 ± 

0.6 
0.027 26 13.3 738 1.33 0.99 

4 SCA-5 
92 ± 

10 

67.74 ± 

1.49 
0.017 42 28.7 706 0.98 0.99 

5 SCA-10 
123 ± 

28 

58.0 ± 

2.17 
0.013 53 37.8 597 1.53 0.99 

 

Table 6.3. Pore size, degradation, and swelling behavior of the HAp integrated scaffolds 

S.No. 
Scaffold 

sample 

Pore 

size 

(µm) 

Porosity 

(%) 

Degradation Swelling 

𝑘𝑑 

(day-1) 

T50 

(days) 

Michaelis 

constant  
𝑄𝑒 

𝑘𝑠 ×

103 

(gg-

1min-1) 

R2 

1 HSCA-1 35 ± 3 
 62.81 ± 

0.59 
0.13 6 9.7 1006 1.8 0.99 

2 
HSCA-

2.5 
12 ± 3 

62.10 ± 3.5 
0.14 5 12.2 802 0.9 0.99 

3 HSCA-5 22 ± 5 61.33 ± 1.0 0.14 5 12.3 705 0.7 0.99 

4 
HSCA-

10 
78 ± 7 

61.17 ± 

0.58 
0.03 23 24.3 565 1.0 0.99 

 

6.5.2.2 Swelling behavior 

Similar to the porosity, controlling the swelling behavior is also crucial for maintaining the 

integrity and fidelity of the scaffolds upon interactions with the biological fluids. However, the 

swelling of scaffolds is originated from the native properties of the constituent materials, i.e., 

Chitosan, CMC, HAp, and/or ZFHAp-2. This enables to control the swelling ability at the material 

selection level. In this study, the swelling behavior was evaluated via immersing the scaffolds into 

the PBS at 37 °C. It was found that the swelling behavior decreased with an increase in HAp and 

ZFHAp-2 concentration, as shown in Figures 6.2.1B and 6.2.2B. The obtained experimental data 
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were fitted to the second-order swelling kinetics model (equation 8). The experimental data fitted 

well with the second-order kinetics (R2 = 0.99), while the data did not fit with the first-order 

kinetics. This indicated that the swelling behavior is affected by the diffusion of the water along 

with the intermolecular interactions between the constituents of the scaffolds. The fitted kinetic 

parameters are listed in Tables 6.2 and 6.3, which indicated that the scaffolds’ swelling capacity 

decreased with an increase in the concentration of HAp and ZFHAp-2 due to the reduction of H-

bonds between chitosan and CMC [374]. A high decrease in the swelling behavior of the HSCA 

samples was obtained as compared to the SCA samples, presumably due to the less reduction in 

the H-bonds owing to the presence of the Zn and Fe in the ZFHAp-2 lattice. Similarly, the rate 

constant 𝑘𝑠 was also found to decrease with the increase in the contents of Hap/ZFHAp-2; 

however, the 𝑘𝑠 values were higher for the ZFHAp-2 based scaffolds. ZFHAp-2 interacted with 

the Chitosan and CMC with different physical (Van der Waals) and chemical bonds, which 

resulted in the decreased fluid intake capacity of the scaffolds. The reduced swelling behavior is 

desirable for the controlled degradation of scaffolds for various biomedical applications, including 

drug delivery and bone tissue engineering applications. Hence, SCA samples containing ZFHAp-

2 NPs were more suitable for these applications than the HSCA samples. 

 

6.5.3 Enzymatic degradation. 

Enzymatic degradation is one of the key factors for the performance of scaffolds in biological 

fluids. Various enzymes such as lysozymes are found abundant in body fluids. The lysozymes’ 

antibacterial activity is reported as the first line of defense against bacterial infection through the 

rupturing of the β-1-4-glycosidic linkages of peptidoglycan [362]. Chitosan also undergoes 

catalytic degradation over its β-1-4-glycosidic linkages by the action of lysozyme. Hence, the 

stability under such body fluids is a significant challenge in designing the implant materials. The 

degradation of β-1-4- glycosidic linkages in chitosan by lysozyme’s action is found to loosen the 

interactions between Chitosan and CMC, which resulted in collapsing of the scaffold 

microstructure [361]. The deprotonation under PBS incubation may also weaken the electrostatic 

interactions between Chitosan/CMC and HAp/ZFHAp-2. However, it has been observed that the 

scaffolds made up of various polymers containing HAp exhibited negligible degradation. For 

example, HAp/Polycaprolactone scaffolds degraded only 3.7 % in 10 weeks [375], and no 

significant degradation was reported in carbon fiber reinforced HAp/polylactide biocomposite 
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scaffolds even in 12 weeks [376]. Therefore, we performed enzymatic degradation in PBS 

containing lysozymes. In this study, a higher degradation rate for SCA-0 was obtained as compared 

to other scaffolds containing HAp and ZFHAp-2 (Figure 6.2.1 and 6.2.2 C, Table 6.2 and 6.3). 

The degradation was found to be in the range of 21-50 %, depending on the physical and chemical 

characteristics of the scaffolds. SCA-0 scaffolds resulted in a degradation of 50 %, which was 

consistent with the previous studies [361]. However, the increase in the HAp and ZFHAp-2 

concentration resulted in the augmented form of the coordination bonds between chitosan-HAp, 

and chitosan-ZFHAp-2 particles, respectively, which prevented and retarded the degradation 

activity of lysozymes. Thus we observed a faster degradation of scaffolds without (SCA-0) or with 

less content of HAp and ZFHAp-2 (SCA-1, SCA-2) as compared to SCA-5 and SCA-10. However, 

the degradation rate of HSCA samples was higher than that of SCA samples, due to the presence 

of less coordination bonds with Chitosan and CMC as compared to ZFHAp-2. 

Table 6.2 lists the fitted data obtained using equation 10. The degradation rate 𝑘𝑑 was found to 

decrease with an increase in the concentration of HAp/ZFHAp-2. T50 values were also estimated 

as ln 2/ 𝑘𝑑, which was found to be significantly enhanced with the increase in HAp/ZFHAp-2 

concentrations. It has been reported that the bone formation starts at the corner of the scaffolds in 

the initial 0-10 days, followed by no bone formation for 10-20 days (only changes in scaffolds). 

Later bone formation occurs along with scaffold degradation up to 90 days and becomes thicker 

with whole scaffold degradation within 90 to 150 days [377]. The study suggested the role of dense 

and oriented bone formation at a slower scaffold degradation rate. In this study, the T50 degradation 

for SCA-5 was found to be 42 days (6 weeks; almost double to HSCA), signifying its excellent 

bone formation ability. The enzymatic degradation was also assessed using the Michaelis-Menten 

equation. The Michaelis constant was found to be increased with an increase in the sample 

concentration (Table 6.2 and 6.3). SCA scaffolds possessed higher values of Michaelis constant 

than that of HSCA samples, indicating their comparatively slower degradation than HSCA 

scaffolds. 

The dual morphology of ZFHAp-2 samples affects the packing and density of Chitosan and CMC. 

Additionally, the uniformly distributed ZFHAp-2 alters the cross-linking sites and the nature of 

the bond formations between Chitosan and CMC. Various ionic and van der Waals interactions 

take place between the three constituents of scaffolds, i.e., Chitosan, HAp/ZFHAp-2, and CMC. 

For example, the NH2 groups of Chitosan and OH groups of HAp form bonds, altering the porosity 
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as well as the degradation rate of the scaffolds. Similarly, the HAp has been reported to form 

covalent bonds with the CMC [365], altering the swelling and degradation behavior of the 

scaffolds. In this study, incorporation of ZFHAp-2 is presumed to delay the degradation rate due 

to synergistic effects of the chemical interactions between the NH2 groups of chitosan and the 

carboxyl group of CMC, co-ordination bonds between Ca, Zn, and Fe with Chitosan, and ionic 

interactions with the carboxyl groups of CMC. 

 

Figure 6.2.1. Biochemical characterizations of the ZFHAp-2 integrated scaffolds; A) porosity, B) 

% Swelling, C) Degradation studies. Points are the experimental data, while lines refer to the fitted 

data.  
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Figure 6.2.2 Biochemical characterizations of the HAp integrated scaffolds; A) porosity, B) % 

Swelling, C) Degradation studies. Points are the experimental data, while lines refer to the fitted 

data.  

 

6.6.3 Bio-mineralization and mechanical strength 

Biomineralization is a crucial phenomenon required for bone formation. It explains the ability of 

a scaffold for bone tissue formation by depositing the apatite layer over it. Hence, to analyze the 

scaffolds’ bone formation ability, we examined the bio-mineralization ability of HSCA-5, SCA-

2.5, and SCA-5, as given in the material and method section. After 14 days of incubation in SBF, 

the apatite layer formation was analyzed using the EDX analysis of the scaffolds and was 

compared with the scaffolds before SBF incubation. As given in Figure 6.3, the deposition of the 

apatite layer was found with an increase in the Ca and P atomic percentage, the apatite layer in all 

the samples. HSCA-5 exhibited the atomic percentage of Ca and P as 13.4 and 8.4, respectively, 
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which was increased to 19.3 and 10.3, respectively, for HSCA-5 after 14 days of incubation under 

SBF. Similarly, the Ca:P atomic percentage was increased from 1.9:2.4 and 19.3:13.8 to 12.5:5.5 

and 20.4:11.1 for SCA-2.5 and SCA-5, respectively. Hence, with an increase in ZFHAp-2 

concentration, the scaffolds’ biomineralization ability was also found to be increased. This can be 

attributed to the Chitosan, Ca, P, and Zn/Fe ions within the scaffolds. The presence of the anionic 

groups such as COO¯ and OH¯ in HAp and ZFHAp-2 triggers the apatite’s deposition over the 

scaffolds. Similarly, cationic groups within scaffolds such as NH2
+ in HSCA-5, NH2

+, Zn2+, and 

Fe3+ in ZFHAp-2 acted as a nucleation point for the formation of the apatite layer over the deigned 

scaffolds [378, 379], leading to its high bone cell proliferation ability. 

 

 

Figure 6.3. Bio-mineralization assay of the HSCA-5, SCA-2.5, and SCA-5 scaffolds 
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Similarly, the mechanical strength of scaffolds is an essential parameter for the proliferation of the 

bone cells, as well as the integrity. Hence, we examined the mechanical strength of the HSCA-2.5, 

HSCA-10, SCA-2.5, and SCA-10 scaffolds as given in the material and methods section. The 

mechanical strength parameters are given in Table 6.4.  

HSCA-10 exhibited the maximum tolerance against the applied force, and the scaffold was not 

deformed until 0.32 MPa of the force was applied per the 3.14 cm2 area.  HSCA-2.5, ad SCA-2.5 

were found to be similar in terms of mechanical strength, suggesting that at low concentrations of 

the nanocomposite, the presence of metal ions, i.e., Zn and Fe, do not impart any impact on the 

mechanical strength. However, SCA-10 exhibited the minimum tolerance to the applied force, 

indicating that at higher concentrations, the dual morphology of the ZFHAp-2 samples caused the 

maximum distortion, and heterogeneity leading to the poor mechanical strength of the SCA-10 

scaffolds. It is to be noted that the scaffolds with minimum degradation rate and swelling behavior 

exhibited the least mechanical strength, leading to the tunability of the desired properties of the 

scaffolds based on the concentration of the nanocomposite. 

 

Table 6.4. Mechanical strength analysis of the scaffolds 

S.No. 
Emod 

(MPa) 

Fmax 

(MPa) 

HSCA-2.5 0.27 0.25 

HSCA-10 0.72 0.33 

SCA-2.5 0.17 0.24 

SCA-10 0.32 0.16 

 

4.6.3 Antibacterial activity analysis  

HAp is considered the most suitable inorganic material for bone tissue engineering because of its 

physical and chemical properties similar to bone. However, the lack of inherent antibacterial 

activity remains a significant challenge for biomaterial researchers [19]. For this purpose, we 

integrated FZO with HAp. The major challenge for this study was to obtain the desired 

antibacterial activity after the integration of ZFHAp-2 with Chitosan. For this purpose, the 

antibacterial activity of nanocomposite scaffolds, SCA-0, SCA-2.5, and SCA-5, HSCA-2.5, and 

HSCA-10 was tested against Gram-negative (E. coli and S. paratyphi) and Gram-positive (S. 
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aureus and L. monocytogenes) bacteria. As presumed, SCA-0 did not show any antibacterial 

activity, and densely packed bacterial colonies (fully covered plates) were observed (Figure 6.3). 

Similarly, for SCA-2.5, a reduction in the bacterial colony as a visible decrease is seen in Figure 

6.3.  Although a considerable number was decreased, yet the bacterial colonies were spread all 

over the agar plate. For SCA-5, no bacterial growth was observed (Figure 6.3), affirming its 

suitability for antibacterial action. It is to be noted that HAp does not carry antibacterial activity 

by itself, no antibacterial activity could be obtained for HSCA-2.5 and HSCA-10, and hence the 

antibacterial activity of the scaffolds can be attributed to the integration of Zn2+ and Fe3+ ions to 

the HAp lattice. Chitosan is reported to exhibit antibacterial activity at a higher concentration 

[380]. In a previous study, we have reported the antibacterial activity of FZO against pathogenic 

bacteria through the release of Zn2+ and Fe3+ ions [341]. Hence, the scaffolds’ observed 

antibacterial activity can be attributed to the slow and controlled degradation of the SCA-5, 

providing the desired bactericidal concentrations of the Zn2+ and Fe3+ ions. 
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Figure 6.4. Antibacterial activity of scaffolds SCA-0, SCA-2 and SCA-5, HSCA-2.5 and HSCA-

10 against E. coli (A), S. paratyphi (B), S.aureus, (C), and L. monocytogenes (D), respectively; 

Dense colonies in SCA-0, HSCA-2.5 and HSCA-10 reflecting no antibacterial action; reduction 

in bacterial colonies by SCA-2.5; and complete inhibition of bacterial growth by SCA-5 scaffolds 

 

6.6.5 Cell proliferation analysis of MG-63 (bone like) cells 

The designed scaffolds were analyzed for their bone cell proliferation ability using FESEM and 

fluorescence microscopy. Human bone-like cells, MG-63, were seeded over the SCA-5 to analyze 

the bone cell formation ability of the scaffolds. As we identified the best response of the SCA-5 

against bacterial cells, the same scaffold sample was further tested for in-vitro cell proliferation 

applications. The FESEM images for the MG-63 cells adhered to the scaffolds for five days were 

recorded, as shown in Figure 6.5A. The results demonstrated that the MG-63 cells adhered well 

TH-2536_156106030



 

166 
 

and penetrated inside the microporous structure of SCA-5. To analyze the cell proliferation, cells 

grown for five days on SCA-5 were treated with Calcein-AM dye and monitored using an inverted 

fluorescent microscope. The bright green spots under the fluorescence microscopy image (Figure 

6.5B) represent the dense population of attached and proliferating cells. The interfacial interaction 

between the scaffold and the cells can be attributed to its bone-like chemical configuration due to 

the presence of Chitosan and HAp as major constituents and Zn and Fe as trace mineral 

components. It has been previously reported that the presence of Zn and Fe also promotes better 

interaction between cells and underlying bone tissue [381]. Additionally, our group previously 

reported that the MG-63 cells exhibited ~100% viability after days 2, 4, and 6 days; when cultured 

on the composite scaffolds prepared using chitosan, carboxymethyl cellulose, and silver 

nanoparticle modified cellulose nanowhiskers [361]. Hence, ZFHAp-2 nanocomposite uniformly 

distributed within chitosan might have provided a suitable microenvironment for bone cells’ 

growth. 
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Figure 6.5. The attachment and proliferation of MG-63 cells over SCA-5 scaffold A) FESEM 

image and B) Fluorescence image 
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In addition to the cell proliferation analysis, the HSCA and SCA samples’ cytotoxicity analysis 

was carried out, as described in the materials and method section. To analyze the toxic effect of 

any degradation by-product or by the scaffolds, the conditioned media was supplemented to the 

MG-63 cells. The MTT assay analysis revealed no significant decrease in both HSCA and SCA 

scaffolds (p value > 0.05). The cells were found to be ~ 99 % viable as compared to the control 

cells (Cells grown in DMEM media; Figure 6.6). SCA-0, and HSCA, and SCA scaffolds did not 

exhibit any cytotoxicity up to 6 days of incubation. 

 

Figure 6.6. Cytotoxicity analysis of the HSCA and SCA scaffolds for 1, 3, and 6 days; No toxicity 

was reflected by the scaffolds; *p value > 0.05 ; n=3. 

 

 

Summarily, various physical, chemical, and biological properties of the prepared scaffolds have 

been tuned by varying the contents of ZFHAp-2. The porosity of the scaffold controls the swelling 
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behavior as well as the enzymatic degradation of the scaffolds. As shown in Figure 6.7, the 

scaffolds’ porosity was found to be directly correlated with the degradation and the swelling 

behaviors. Linear correlations between the porosity and enzymatic degradation with an R2 value 

of 0.92 and porosity and % swelling with an R2 value of 0.99 were observed, indicating that the 

porosity governed the swelling and enzymatic degradation. Hence, it was confirmed that the 

ZFHAp-2 concentrations directly affected the porosity of the scaffolds, leading to control over its 

other biochemical behaviors. Hence, along with the controlled swelling and porous behavior, a 

slower degradation rate was observed (Figure 6.2.1). The presence of ZFHAp-2 also imparted 

antibacterial properties to the scaffolds (Figure 6.3). The degradation of scaffolds leads to the 

release of metal ions similar to that of ZFHAp powder samples, and hence the antibacterial 

mechanism can be attributed to the release of Zn2+ and Fe3+ ions. The controlled degradation 

provided an excellent antibacterial activity to the scaffold (~100% cell death) and provided better 

cell attachment and growth.  

Various studies have been performed on chitosan-based scaffolds for the controlled bone tissue 

engineering and are listed in Table 6.3. A study reported the excellent swelling behavior and the 

required microporous structure of the scaffolds but with a higher degradation rate, i.e., 50% 

degradation in 28 days [382]. Few studies utilized HAp as a constituent for the scaffold, yet their 

degradation was higher (Table 6.3). This can be explained by the bond formation between HAp 

and Chitosan. However, the antibacterial activities in the Chitosan-HAp based scaffolds were not 

observed. In this study, the ZFHAp-2 contained three electron donor groups, i.e., Ca, Fe, and Zn, 

that form the coordination bonds between HAp and Chitosan. With the increase in ZFHAp-2 

concentrations, the number of coordinate bonds was increased, and the scaffolds remained 

unaffected by the enzymatic degradation. Hence, SCA-5 could only show an effective antibacterial 

action than that of other scaffolds. On the other hand, the integration of Zn and Fe to HAp prior to 

the scaffold formation provided an excellent antibacterial activity to the scaffolds. The 

concentration-dependent controlled degradation, excellent antibacterial activity, along with the 

desired swelling behavior and porosity, enable these scaffolds to be the potential candidates for 

bone tissue engineering applications. Hence, this study designates the SCA-5 as plausible scaffolds 

for orthopedic applications.  
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Figure 6.7. Linearly fitted data of correlation between co-relation between Porosity, Degradation 

and Swelling Behaviour 

 

Table 6.5. Recent advances in chitosan-based scaffolds 

S. 

No. 
Scaffolds 

Swelling 

ratio 

(%) 

Porosity 

(%) 

Degradation 

(%) 

Antibacterial 

Activity 
Ref. 

1.  nanoHAp/Chitosan/CMC NA 77.8 
30 % (after 

30 days) 
NA [383] 

2.  nanoHAp/Chitosan/CMC NA ~72-80 

10-12 % 

(after 56 

days) 

NA [384] 
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3.  Chitosan/HAp 
1300-

2200 
84-91 NA NA [385] 

4.  
Agarose/Chitosan/Graphene 

oxide 

2640-

2930 
73-79 

43-45 % 

(after 28 

days) 

NA [368] 

5.  
Clinoptilolite-

nanoHAp/Chitosan/Gelatin 

1200-

1800 
79-98 

28-56 % 

(after 21 

days) 

NA 

 
[367] 

6.  Chitosan/Silk protein 200-300 77-85 

29-50 % 

(after 28 

days) 

NA [386] 

7.  

Chitosan/CMC/reinforced 

with multiphasic Calcium 

Phosphate 

600-

1500 
61-75 NA NA [387] 

8.  
Collagen/Chitosan Poly 

(ethylene glycol)/nanoHAp 

1150-

1400 
75-84 40-73 % NA [382] 

9.  
Chitosan/CMC/mesoporous 

wollastonite 

1800-

2200 
NA 

~50-80 % 

(after 14 

days) 

NA [388] 

10.  

Chitosan/Carboxymethyl 

cellulose/Silver 

nanoparticles modified 

Cellulose nanoWhiskers 

(CCNWs-AgNP) 

584-

1070 
77-96 

21-55 % 

(after 20 

days) 

100% 

antibacterial 

efficiency at 

2.5 % and 5 

% of 

CCNWs-

AgNP 

concentration 

[361] 

11.  Chitosan/HAp NA NA 
0.5-3 % 

(after 72 h) 
NA [389] 

12.  Chitosan/TCP/HAp 200-800 54-91 
13 % (after 

28 days) 
NA [390] 
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13.  
Hydroxypropyl chitosan 

/nano-HAp/Fucoidan 

250-

2500 

61.5–

81.2 

10-28 % 

(after 28 

days) 

NA [391] 

14.  Chitosan NA 98-99 

2.5-14 % 

(after 14 

days) 

NA [392] 

15.  Chitosan/CMC/ZFHAp-2 473-997 58-96 

21-50 % 

(after 20 

days) 

~100 % 

Antibacterial 

at 5 % 

concentration 

of ZFHAp-2 

This 

Study 

NA, Not available; β-TCP, tricalcium phosphate; HAp, hydroxyapatite; CMC, carboxy methyl 

cellulose 

 

6.7 Conclusions 

In this chapter, we successfully prepared the naturally occurring polymer-nanocomposite based 

hybrid scaffolds with concentration-dependent biochemical behaviors. The Fe and ZnO integrated 

HAp nanocomposite (ZFHAp-2) showed excellent control over the scaffold’s physical and 

biochemical properties. The dual morphology of ZFHAp-2 and intermolecular interactions altered 

the packing behavior and thus controlled the porosity, swelling behavior as well as the controlled 

degradation of the scaffolds. The presence of Zn and Fe ions in the HAp lattice also played a 

crucial role in controlling the porosity, degradation, and swelling behavior of the scaffolds. The 

presence of metal ions in the HAp lattice not only altered its morphology but also affected its 

charge unbalancing, which altered the interaction with Chitosan and CMC to a great extent. The 

coordination bonding of ZFHAp-2 with Chitosan and CMC resulted in reduced enzymatic 

degradation, whereas less coordination bond with HAp resulted in rapid degradation as compared 

to HSCA scaffolds. The swelling behavior and enzymatic degradation were found to be linearly 

related to the porosity of the scaffolds. The addition of Zn and Fe to the HAp matrix imparted 

excellent antimicrobial activity to the scaffolds. In addition, synergistically, ZFHAp-2 and 

Chitosan supported the bone cell proliferation ability of the scaffolds. This study provides an 
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insight into designing the polymeric scaffolds with self-antibacterial properties along with 

controlled biochemical behaviors. 
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Chapter 7 

Synthesis and characterization of the antimicrobial peptoids 

micelles 

This chapter explains the synthesis, characterization, and biological evaluation of antimicrobial 

Peptoids (Ampetoids). As reviewed in Chapter 2, Ampetoids were also scrutinized for their 

antibacterial activity and cytocompatibility for their potential applications as nanoantibiotics. 

Ampetoids were designed via sub-monomer synthesis route (solid-phase synthesis) and were 

characterized via Reverse-Phase High-Pressure Liquid Chromatography (RP-HPLC) and Liquid 

Chromatography-Mass Spectroscopy (LCMS). The antibacterial activity (MIC calculation) and 

cytocompatibility analysis of the designed Ampetoids was carried out using the Serial Dilution 

Method and AlamarBlue assays, respectively. The retention time was found to be increased with 

an increase in the Nae unit. Similarly, singly, doubly, and triply charged species of the synthesized 

Ampetoids were present in the LCMS analysis, conforming to a successful synthesis. The addition 

of the aliphatic chain enhanced the antibacterial activity; however, with an increase in the chain 

length, the antibacterial activity was found to be decreased. The synthesized Ampetoids were 

found to be cytostable than being cytotoxic. 

 

Scheme 7.1. Antimicrobial Peptoid micelles; highly efficient as antibiotic and cytostable 
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7.1 Introduction 

Antimicrobial Peptides (AMPs) are naturally occurring bio-molecules exhibiting excellent 

antibacterial activity. The AMPs are considered as the intrinsic component of innate immunity 

against various pathogens [393]. The non-specific interactions between the AMPs and bacterial 

membrane cause the rupturing into the bacterial cell wall, leading to its broad-spectrum 

antibacterial activity. Various cationic peptides, majorly derived from the AMPs of the human 

innate immune system, are under clinical trials. It is believed that the antibiotics, which are 

produced by the microorganisms, are peptide-based biomolecules. In addition, bacteria can 

generate resistance against AMPs via passive or inducible mechanisms, known as intrinsic 

resistance [394]. Furthermore, enzymatic degradation is one of the major issues in the practical 

applications and commercialization of the AMPs. 

In this regard, various bio-mimics of the AMPs are under investigation for their bactericidal 

activity. For example, Poly-(N-substituted glycine) “Peptoids” are protease-resistant due to the 

attachment of the functional group at α-nitrogen as compared to the peptides. Functional group 

attachment at the amide group increases the backbone conformation flexibility while enabling a 

versatile synthetic route (the “submonomer” method) to install a diverse array of commercially 

available sidechains (Figure 7.1).  
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Figure 7.1. Peptoid chemical structure and synthesis. (A) A shift in the sidechain connection from 

the α-carbon to the amide nitrogen, accompanied by loss of main chain chirality and amide 

hydrogens, differentiates Peptoids from peptides (L-amino acid residue showed). (B) Submonomer 

solid-phase synthesis: residue coupling is split into elongating the chain via acylation with a 

haloacetic acid and sidechain introduction via displacement with a primary amine submonomer. 

DIC: N,N′-diisopropyl carbodiimide. (C) NCA peptoid polymerization (Adapted with permission 

from Biomaterials Science 2 (5), 627-633 (2014); [395] 

 

The sub-monomer design of Ampetoids provides an opportunity to tune the sequence and length 

of the Ampetoids, which alters the antibacterial activity and the cytocompatibility of the 

Ampetoids. In this chapter, we designed the antimicrobial Peptoids and prepared their micelles by 

adding the ethylene glycol (EG2) and eight-carbon aliphatic chain (C8) to enhance their 

antimicrobial and cytocompatibility. The details are followed in the sequel. 

 

7.2 Materials and Methods 

7.3 Materials 

All the solvents ((HPLC grade), such as Dimethylformamide (DMF), Dichloromethane (DCM), 

N-Methyl-2-pyrrolidone (NMP), Trifluoroacetic acid (TFA), N,N-Diisopropylethylamine 
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(DIEA), Bromoacetic acid (BAA), (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU)) and chemicals used were purchased from Sigma-Aldrich UK. Rink 

amide MBHA resin was bought from Merck, UK. Tert-butyl N-(4-aminobutyl) carbamate (NLys) 

and (1S)-1-Phenylethylamine (Nspe) monomers were purchased from Apollo Scientific, UK. 

Fmoc-Amino-3,6 dioxaoctanoic acid was procured from FluroChem, UK. LB Media and MH 

media for antibacterial analysis was purchased from Merck, UK. AlamarBlue dye for 

cytocompatibility was purchased from Thermo Scientific.  

 

7.4 Methods 

Following methods were used to synthesize and characterize the Ampetoids over various physical 

and biological means. 

 

7.4.1 Synthesis of antimicrobial Peptoids 

Peptoid synthesis was carried out manually using submonomer synthesis on rink amide MBHA 

resin as reported previously [396-398]. Briefly, MBHA resin was initially swelled in DCM 

followed by DMF twice. The swelled resin was de-protected twice using 20 % piperidine in DMF 

for 20 min. Bromoacetylated intermediate was formed on terminal secondary amine groups present 

on de-protected resin by activating BAA with DIC. Later, bromine was substituted by desired 

amine submonomers (20x excess, 1M in NMP) (sequence-specific synthesis) through SN2 

displacement. This step was repeated for growing peptoid chain from C to N terminal direction.  

For ethylene glycol coupling, 6x excess of Fmoc-amino-3,6 dioxaoctanoic acid and 6x excess of 

HBTU coupling agent were dissolved in DMF along with 9x excess of DIEA. The reaction mixture 

was stirred for 2 h at RT and was later recoupled for 4 h to ensure complete coupling. Fatty acids 

(C8) were coupled using the method reported previously by Dr. Aaron’s group [398]. Briefly, 0.5 

M solution of fatty acid in DCM and 0.5 M solution of HBTU in DMF was added to the resin, 

followed by the addition of DIPEA. The reaction was carried out for 2 h at 35°C and was further 

processed (recoupled) for 4 h. Post synthesis, the peptoid chains were cleaved by treating rink 

amide resin with a cleavage recipe (TFA:TIPS: H2O/95:2.5:2.5 v/v/v) at RT for 30 min before 

filtration through cotton wool. To confirm the synthesis, 65 μL of the solution was transferred into 

a sample vial containing 0.1 % TFA in distilled water (250 μL) and 0.1 % TFA in ACN (250 μL) 

for analysis via LC-ESI-MS and analytical HPLC. 
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7.4.2 Characterizations of the synthesized Peptoids 

Analytical HPLC measurements were taken across a concentration gradient of mobile phase 95 % 

water in 5 % ACN to 5 % ACN in 95 % water for 47 min with a flow rate of 1.0 mL min-1. The 

wavelengths of interest were 214 nm and 220 nm, corresponding to the peptoid backbone. A blank 

(1:1 solution of 0.1 % TFA in acetonitrile ACN and 0.1 % TFA in MQ) was run along with the 

samples. Liquid Chromatography-Electrospray Ionisation-Mass Spectrometry (LC-ESI-MS) data 

were acquired on an Agilent 1200 Series instrument coupled with an Agilent 6130 Mass 

Spectrometer. The same samples and blanks used in analytical HPLC were used for LC-ESI-MS 

at a similar sample gradient. 

  

7.4.3 Biological Characterizations 

The synthesized Ampetoids were tested for their cytotoxicity against both bacterial and human 

cells. The detailed procedure is as follows: 

 

7.4.4 Antibacterial activity and determination of MIC values 

The antibacterial analysis was performed in the Mueller–Hinton (MH) broth using the serial 

dilution method (CLSI M07-A10) in 96 well round bottom plates. Briefly, Gram-positive 

(Staphylococcus epidermidis, and Gram-negative Pseudomonas aeruginosa (N676) bacteria were 

incubated with various concentrations of Ampetoids and lipopeptoids ranging from 0-160 µM, at 

37 °C for overnight. The OD600 values were recorded (Infinite 200 Pro, Tecan), and the MIC value 

was calculated based on no bacterial growth.  

 

7.4.5 Nano-cytotoxicity analysis for Human cells 

The cell viability of the Ampetoids was analyzed using AlamarBlue assay [399, 400]. In brief, 

Mouse fibroblast cell lines (3T3, NIH, UK) were procured and grown in DMEM at 37 ºC, 5 % 

CO2, and 85 % humidity in a CO2 incubator. The complete medium was prepared by supplementing 

10% calf bovine serum, 1% antibiotic (Pen-Strep and Fungizone) into the DMEM.  

For the analysis of cell viability, 500 cells per well (24 well plate) in 500 µl of DMEM were 

incubated for 24 h. After 24 h, the peptoid solution in DMEM (10, 20, 40, 80, 160 µM) was 

replaced with the previous DMEM. The medium was replaced with fresh Peptoids solution in 

DMEM at every 2nd day. Cells without Peptoids were considered as a positive control. The viability 
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of the cells was analyzed for 1, 4th, and 8th days. On desired day, the peptoid-DMEM solution was 

replaced with 10% Alamar blue in DMEM solution, and the cells were incubated further for 4 h. 

After 4 h, the AlamarBlue solution was collected, and the optical density (OD) was measured using 

a spectrophotometer at 570 nm and 600 nm, respectively. The cells were washed with the 1X PBS 

and were incubated with the respective concentrations of Peptoids for further analysis. The 

viability was analyzed using the following equation 

 

                                               𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
(𝜀𝑜𝑥)𝜆2 𝐴𝜆1−(𝜀𝑜𝑥)𝜆1 𝐴𝜆2

 (𝜀𝑜𝑥)𝜆2 𝐴°𝜆1−(𝜀𝑜𝑥)𝜆1 𝐴°𝜆2   
                               (7.1) 

 

Where, (𝜀𝑜𝑥) is molar extinction coefficient of alamarBlue oxidized form (BLUE), A is the 

absorbance of test wells, A° is the absorbance of positive growth control well, λ1 is 570nm, and 

λ2 is 600nm wavelengths. 

To calculate the cell viability at the MIC values and 10 X MIC values, the obtained cell viability 

data were further evaluated via double sigmoidal curve fitting, and the cell viability at respective 

MICs was calculated via the following equation: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑏1 [1 −
1

1+𝑒−𝑘1(𝑥−𝑥01)] + 𝑏2[1 −
1

1+𝑒−𝑘2(𝑥−𝑥02)]+C]   (7.2) 

Where b1 and b2 are the differences between the highest and lowest viabilities at individual 

sigmoidal curves, k1 and k2 are the rate constants; x is the known viability at respective peptoid 

concentration, x01 and x02 are the peptoid concentrations referring to a drop in the first and 2nd  

sigmoidal curves respectively, and C is the lowest viability observed. 

 

7.5 Results and discussion 

Various Peptoids with sequence formula (Nae-Nspe-Nspe)n and (Nae-Nspe-Nspe)n-Nae-Nae were 

synthesized (where n=2,3,4). Post-synthesis ethylene glycol was coupled at the N terminal of the 

peptoid followed by the addition of fatty acids nonanoic acid (C8), leading to the sequences C8-

EG2-(Nae-Nspe-Nspe)4 and C8-EG2-(Nae-Nspe-Nspe)n-Nae-Nae. The structure, formulae, and 

molecular weight for the given sequences are as follows. Same sample codes will be followed 

throughout the thesis. 
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Table 7.1. Sample codes, structure, and the molar weight of the respective Peptoids 

S.No. Sequences Structure M. Wt 

1. 1 12 mer 

 

1705.95 

2.  9 mer 

 

1283.72 

3.  6 mer 

 

861.49 

4.  6+2 mer 

 

1061.62 

5.  9+2 mer 

 

1483.85 

6.  12+2 mer 

 

1906.08 
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7. 2 C8-EG2-(12+0) 

 

1991.15 

8. 3 C8-EG2-(6+2) 

 

1346.81 

9. 4 C8-EG2-(9+2) 

 

1769.04 

10. 5 C8-EG2-(12+2) 

 

2191.28 

 

The synthesized Peptoids were characterized using HPLC and LCMS. The HPLC curve of the 

sequences are given below: 
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Figure 7.2. HPLC curve of (Nae-Nspe-Nspe)n, (A), and (Nae-Nspe-Nspe)n-Nae-Nae (B), where 

n=2,3,4 

 

The HPLC curve showed the retention time for 6 mer, 9 mer, and 12 mer was found to be 19.98, 

22.21, and 33.28 min, respectively, as shown in Figure 7.2A. With an increase in the 
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hydrophobicity and chain length [401], the required amount of DCM was intensified, increasing 

the retention time (with respect to the DCM concentration), indicating the successful synthesis of 

the sequences. The synthesis of the sequences was confirmed by the LCMS analysis, which 

showed the peaks at respective masses at 863.5 [M+H]+ for 6 mer, 1284.7  [M+H]+  for 9 mer and 

853.5 ([M+2H]+/2), 569.5 ([M+3H]+/3) and 427.5 ([M+4H]+/4) for 12 mer respectively (Figure 

7.3A). After successfully synthesizing the (Nae-Nspe-Nspe)n, where n=2,3,4 sequences, the chain 

length was increased by adding two extra Nae units at the N terminal to enhance the hydrophobicity 

and positive charge of the sequences [401]. The addition of these two Nae units was also expected 

to enhance the overall positive charge over the sequences leading to its high-expected 

antimicrobial activity. 

The addition of the two Nae units at each sequence decreased the modified sequences’ retention 

time, increasing its hydrophobicity. The decrease in the retention time showed the successful 

synthesis of the (Nae-Nspe-Nspe)n-Nae-Nae sequences (Figure 7.2B). The synthesis was further 

confirmed by the LCMS analysis. The LCMS data reflected the corresponding peaks of 1064.5 

1063 [M+H]+ for 6+2 mer, 1485.7  [M+H]+  for 9+2 mer, and 954.5 ([M+2H]+/2) for 12+2 mer, 

respectively, confirming the successful synthesis of the desired Peptoids (Figure 7.3B). 
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Figure 7.3. LCMS data for (Nae-Nspe-Nspe)n (A), and (Nae-Nspe-Nspe)n-Nae-Nae (B), where 

n=2,3,4 

 

After successful synthesis of (Nae-Nspe-Nspe)n-Nae-Nae sequences, the ethylene glycol coupling 

and the fatty acid chains were added at the C terminal of the synthesized sequences as per the 

protocol given in section 7.2.1.  
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Figure 7.4. HPLC curves (A) and LCMS data (B) of C8-EG2-(Nae-Nspe-Nspe)n-Nae-Nae 

sequences 

 

The ethylene glycol coupling and addition of aliphatic tail slightly enhanced the hydrophobicity 

and the retention time of the sequences, indicating their successful coupling (Figure 7.4A). The 

LCMS data as shown in Figure 7.4B further confirmed the successful synthesis with peaks at 
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1346.8 [M+H]+ for C8-EG2-6+2, 591.6  ([M+3H]+/3) for C8-EG2-9+2, 1096.6 ([M+2H]+/2) for 

C8-EG2-12+2 and 996.5 ([M+2H]+/2)  for C8-EG2-12+0. The addition of an aliphatic chain along 

with ethylene glycol adds the capability to fold the antimicrobial sequences and form a micellar 

structure. These micelles are supposed to possess decent antimicrobial and cytocompatibility 

properties. 

 

7.5.1 Antibacterial analysis: 

In this study, the antibacterial activities (MICs) of differently designed Peptoids were evaluated 

against both Gram-positive and negative strains (Table 7.3). The peptoid concentration at which 

no bacterial growth was observed after 24 h of incubation was recorded as MIC.  

The antibacterial capability of the designed Peptoids was evaluated for the 12 mer sequence 

designed. The MIC values were found to be much higher (>50 µM) as compared to the previously 

designed sequences with NLys (NLys-Nspe-Nspe)4 (<15 µM) as compared to sequences with Nae 

(Figure 7.5). Hence, the bactericidal activity of all the sequences with NLys was analyzed.  
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Figure 7.5. Antibacterial activity of (NLys-Nspe-Nspe)4 and (Nae-Nspe-Nspe)4 against S. 

epidermidis and P. aeruginosa 

 

Previous members of Dr. Aaron’s lab fabricated lipopeptoids library from existing antibacterial 

peptoid sequences reported by Barron’s [186] and Hansen’s [189] groups. Various aliphatic chains 

were added to the base sequences 6-12 mers, and their MICs were calculated. Sequences 9 mer 

and 12 mer possessed higher antibacterial activity (lower MICs) than that of 6 mer, reflecting that 

a minimum of three-unit repeats is required for the effective MICs. The addition of the aliphatic 

chain did not alter the antibacterial activity negatively. The MICs were found to be stable and 

slightly decreased after the addition of the aliphatic chains to the designed sequences. The MICs 

were stable after the addition of C8 and C11 chains. However, the addition of C15 chains adversely 

affected the bactericidal activities of the designed sequences (Table 7.3). 
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Table 7.2. MIC values of various Peptoids 

S. 

No. 
Samples S. epidermidis (MIC, µM) P. aeruginosa N676 (MIC, µM) 

  Value Stdev Value Stdev 

8  6 mer 11.1 0.9 13.5 0.74 

9  9 mer 10 0.7 11.9 0.5 

10  12 mer 13 0.6 14.29 0.55 

11  12 mer with Nae 12.05 2.4 68.44 4.53 

12  15 mer 15.4 3.5 14.5 0.75 

13  12 mer-EG2 (Free N Terminal) 2.31 1.45 17.44 1.6 

14  EG2-12 mer (Free C Terminal) 1.46 0.14 22.9 2.53 

15  4K  (YZYXKKKK) 3.05 0.99 14.77 1.08 

16  5K  (YZYXKKKKK) 4.55 0.45 24.73 2.56 

17  KYKXK  (YKZKYKXK) 7.26 0.71 25.72 4.41 

18  C8-EG2-6+2 11.4 2 12.8 0.34 

19  C8-EG2-9+2 7.6 0.7 15.1 0.59 

20  C8-EG2-12+2 30.5 8 39.7 0.25 

21  C8-EG2-12+0 40 4.6 6.9 0.54 

22  C11-EG2-12+2 9.9 0.31 13.8 0.79 

23  C11-EG2-6+2 8.6 1.7 18.8 0.69 

24  C11-EG2-9+2 9 1.2 15.3 0.42 

25  C15-EG2-12+2 89.9 21 102.9 0.9 

26  C15-EG2-12+0 >100 NA >100 NA 

27  C15-EG2-4K >200 NA >200 NA 

28  C15-EG2-5K >200 NA >200 NA 

29  C15-EG2-KYKXK >200 NA >200 NA 

30  12mer-EG2-Pentyne 0.94 0.03 14.54 0.56 

Where X: N-(butyl)glycyl;  K- Lysine; Y: N-(1-naphthalenemethyl)glycyl; Z: N-(4-

methylbenzyl)glycyl); NA: Not applicable 
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7.5.2 Cytotoxicity analysis 

The designed sequences were evaluated for their cytocompatibility, as discussed above. The 12 

mer sequence with NLys was found to be cytocompatible at its MIC value after Day 1 of 

incubation. However, a significant drop was observed in the cell concentration on Day 4. Cells 

were further processed until day 8, and it was observed that the number of cells increased after day 

4. The drop in cell concentration might be originated due to the low growth of cells under the 

influence of the Peptoids. The results obtained indicated that the designed Peptoids are more 

cytostatic than cytotoxic, as cells were alive and more in number after day 8. The addition of 

ethylene glycol at C terminal effectively altered the cytotoxicity of Peptoids over the mouse 

fibroblast until day 8, and cells were found to be more viable at day 8. Similarly, ethylene glycol 

at N terminal also affected the cell growth, yet the effect wasn’t significantly altered as compared 

to pristine 12 mer (Figure 7.6). 
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Figure 7.6. Cytocompatibility of the sequences (NLys-Nspe-Nspe)4 (A), (NLys-Nspe-Nspe)4-EG2 

(B), and EG2-(NLys-Nspe-Nspe)4 (C) 

 

It was observed that a significant decrease occurred in cell viability under the incubation of C8 

modified Peptoids at 1 X MIC concentration after 4 days and at 10 X MIC concentrations after 4 

and 8 days. In all the samples, a drop at day 4 and more cell viability at day 8 strongly indicated 

that the designed sequences are more cytostable than cytotoxic (Figure 7.7). 
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Figure 7.7. Cytotoxicity analysis of the synthesized Peptoids at MIC values 

 

Hence, it can be seen that the synthesized peptoid library with the base sequence (Nae-Nspe-Nspe)n 

and (NLys-Nspe-Nspe)n were cytostable, and their cytotoxicity can be tuned by altering the 

structure or adding the functional group at either C or N terminal. 

 

7.6 Conclusion 

In this chapter, the antimicrobial Peptoids were synthesized successfully. The 12 mer sequence 

with Nae did not kill the bacteria effectively; however, the same sequence with NLys was found 

to be more effective for its antibacterial action. This indicates that the chain length of the functional 

group also plays a crucial role in its biological responses along with the surface charge. The 

addition of EG2 at the free C terminal enhanced the cytocompatibility and reduced the MIC values 

of 12 mer sequence. However, the addition of aliphatic chains did not alter the bactericidal activity 
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until C8 and C11, but decreased the bactericidal action at the C15 chain. This indicated the 

maximum allowed aliphatic chain modification for the peptoid micelles to be effective. 

Furthermore, the addition of the aliphatic chain indicated the conformation-dependent antibacterial 

activity as well as the cytocompatibility of the Ampetoids. However, the cytocompatibility of the 

sequences was decreased with an increase in the chain length. The decreased cytocompatibility at 

day 4 and a further increase in the cell concentration indicated that the Peptoids are cytostable in 

nature than cytotoxic. Hence, the designed sequences can be used effectively for a short duration 

of cell incubation, such as coating over the medical instruments. 
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Chapter 8 

Conclusion and Future work 

 

Calcium hydroxyapatite, the most studied bone-mimetic biomaterial, has shown great potential in 

bone tissue engineering applications. However, its commercialization and applications are 

restricted due to lack of self-antibacterial activity, target deficiency, and the generation of other 

undesired phases such as β-TCP along with the HAp phase. This study aimed to work on the 

undesirable lags that can help in understanding the microstructure required for the potential 

biomedical applications of HAp. We planned to improve the crystal lattice of HAp by its 

integration with self-antibacterial metal ions/metal oxides to generate the antibacterial activity as 

well as the target efficiency simultaneously, without distorting the HAp phase. For this purpose, 

various metal ions and their oxides were scrutinized based on their antibacterial activity as well as 

the mechanism for their possible integration with the HAp lattice. 

After a thorough review of the literature, the ZnO NPs were selected to be incorporated with HAp 

for generating self-antibacterial activity due to their abundance in nature, ease of synthesis, and 

comprehensive antibacterial mechanisms. Similarly, for incorporating target efficiency, the Fe(III) 

ions were selected and were expected to incorporate the paramagnetism into the HAp lattice for 

magnetic target efficiency. Simultaneously, the antimicrobial Peptoids were also studied for their 

potential antimicrobial applications, and their expected functionalization over ZFHAp coated 

implants. To reach the goal of generating self-antibacterial HAp, we first synthesized the ZnO NPs 

via a simple co-precipitation method and evaluated their antibacterial activity. However, the ZnO 

nanorods were below 100 nm in size and exhibited rod-shaped morphology; their MIC values were 

higher, i.e., ~340 µg/mL.  

Hence, prior to the addition of ZnO into the HAp lattice, the ZnO crystals were modified via doping 

of trivalent ions. It is well known that the antibacterial activity, as well as the mechanism of ZnO 

NPs, lies in their size and morphology. To control the size and morphology, various techniques 

have been designed, which are sophisticated and require more input of raw material and energies. 

Our idea was to enhance the antibacterial activity by using a simple co-precipitation method. 

Hence, to govern these two important crystal properties, Al3+ and Fe3+ were doped into the ZnO 

lattice separately, and their antibacterial activity, as well as the mechanism, were evaluated. We 
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observed that the doping of Al3+ and Fe3+ ions reduced the MIC of ZnO lattice via 10 folds, and 

the MIC values were found to be 14 µg/mL and 33 µg/mL for AZO and FZO, respectively. The 

major antibacterial activity via both the designed NPs was found to be due to the release of metal 

ions, and no ROS production could be obtained. ROS production is not suitable for the 

cytocompatibility of the NPs for mammalian cells. Hence, obtaining a ROS-independent 

mechanism added pros to the designed ZnO NPs. However, the MIC values for AZO were lower 

than that of FZO NPs, yet no rupturing in the bacterial cell wall could be obtained in the presence 

of AZO, resulting in the complete inactivation of bacteria. Whereas FZO NPs cause complete 

rupturing into the bacterial cell wall. This was attributed to the kinetics of the release of the toxic 

Zn2+ ions from the AZO and FZO lattice. An exponential release of Zn2+ ions from AZO caused 

the charge imbalance around the bacterial cell wall resulting in the malfunctioning of its 

permeability. As a result, the ions were internalized and ruptured the genetic material of the 

bacteria. In the case of FZO, the linear release of the Zn2+ ions caused the steady interaction 

between the bacterial cells and metal ions and caused the rupturing into the bacterial cell wall. 

FZO samples were paramagnetic in nature; hence, co-doping of Zn and Fe were selected to design 

the modified HAp lattice. This resulted in the dopant type-based antibacterial action. Further, due 

to their lower MIC values doping of Zn and Fe was attempted rather than forming a composite of 

ZnO and HAp, thus providing an opportunity to reduce the generation of multiple phases such as 

β-TCP. 

Following the successful reduction in the MIC of ZnO, the co-integration of Zn and Fe with HAp 

was tested. The co-integration resulted in a biphasic nanoassembly of Ferric-HAp-Zincite with 

majorly three phases. Ca9.333Fe1.167(PO4)7 and zincite phases were present in all the samples and 

the secondary phases, e.g., Ca9Fe(PO4)7 and Ca28.8Fe3.2(PO4)21O0.5 based on the Fe concentration 

was varied within the samples. A dual morphology (rod-shaped for ferric-HAp and particulate 

shaped for zincite) with a size less than 100 nm was observed for all the ZFHAp samples. As HAp 

does not possess antibacterial activity, the major antibacterial activity was related to the co-existing 

ZnO phase along with the ferric-HAp phase. The MIC values were found to be ~ 66 µg/mL for the 

sample containing the major zincite phase. ZFHAp-2 samples possessed the least MIC values, as 

they carried the highest amount of the zincite phase. An obvious increase in MIC values was 

reported than that of FZO and was found to be highly suitable against both Gram-positive and 

Gram-negative bacteria.  The linear release of Zn2+ ions from the ferric-HAp-zincite nanoassembly 
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resulted in the rupturing of the bacterial cell wall similar to that of FZO NPs, reflecting its 

applicability in the treatment of osteomyelitis. The ZFHAp samples possessed paramagnetic 

behavior suitable for the targeted delivery of the material for biomedical applications. The ZFHAp 

samples were found to be highly bioactive for bone cells, and 300% more growth in the bone cells 

than that of control cells (without adding any material) was observed. Moreover, the ALP activity 

was in co-relation with the Zn ion concentrations, as the sample containing the highest Zn resulted 

in the highest ALP activity. No significant TNF-α release reflected the high biocompatibility of 

the ZFHAp samples, signifying its potential for various biomedical applications. Hence, by this 

work, we were able to remove three of the major lags associated with the HAp, i.e., antibacterial 

inactivity, target deficiency, and the retaining of the HAp phase at metal ion integrations along 

with an enhance in its bioactivity. 

The designed Ferric-HAp-Zincite nanoassembly was further explored for its potential biomedical 

applications. A scaffold of Chitosan-CMC and ZFHAp was designed and was evaluated in-vitro 

for their respective biochemical and biological responses. The dual morphology of ZFHAp and 

intermolecular interactions altered the packing behavior and thus controlled the porosity, swelling 

behavior as well as the controlled degradation of the scaffolds. The swelling behavior and 

enzymatic degradation were found to be linearly related to the porosity of the scaffolds. The 

scaffolds possessed excellent antibacterial activity with around 100 % cytocompatibility, 

indicating that the designed scaffolds were suitable for bone tissue engineering applications. 

Hence, the designed ZFHAp samples were prospective for various biomedical applications, e.g., 

bone tissue engineering, drug delivery, and enhancing the surface responses of metal substrates. 

The ZFHAp samples can primarily be used for bone tissue engineering applications. These 

applications can be performed by using ZFHAp samples as scaffolds, drug delivery vehicles, and 

as a coating material over the metallic implants, as shown in Scheme 8.1. Hence, ZFHAp samples 

were utilized in the preparation of scaffolds for bone tissue engineering applications. The 

antibacterial efficacy of the ZFHAp for surface coating applications can be further enhanced by 

functionalizing them with organic moieties, including amines, peptides, peptoids, and 

polyphenols. Hence, the antibacterial activity of peptoids was examined. For this purpose, the 

antimicrobial Peptoids -based micelles were synthesized, and their structure was examined using 

RP-HPLC and LCMS. To form the micelles of the Peptoids, coupling with PEG and eight aliphatic 

carbon chains (C8) were incorporated into them. The C8 chain added sequences showed fewer 
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MIC values against both Gram-positive and Gram-negative bacteria, with an excellent 

cytocompatibility of the fibroblast cells. Peptoid (NLys-Nspe-Nspe)4 can be effective to coat over 

Ferric-HAp-Zincite, as they carry both positively and negatively charged moieties on their 

surfaces. This interaction can lead to an organic-inorganic hybrid with long-term antibacterial 

applications, from Ampetoids before degradation and from Ferric-HAp-Zincite after degradation 

of Ampetoids.  
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Scheme 8.1: Schematic of the Thesis 
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8.2 Suggestions for future work 

The designed material possessed the desired antibacterial activity and target efficiency without any 

ROS production and has also shown its potential for various biomedical applications. However, 

further clinical trials can be performed to evaluate the biological responses under diverse 

conditions. A few of the suggestions are listed below and are given in scheme 8.1. 

 

8.2.1 Co-relation of impurity level and defect densities with antibacterial activity  

We examined the antibacterial activity based on its physical properties, such as particle size, 

surface area, surface charge, and surface area. Furthermore, the antibacterial activity can be co-

related with its antibacterial activity. For example, the impurity level and the defect densities 

directly affect the antibacterial activity of ZnO NPs via the change in its band-gap. This change in 

band-gap can control the production of ROS, a major antibacterial mechanism of ZnO. Similarly, 

with an increase in impurity level, the release of metal ions might be boosted, which should 

enhance the antibacterial activity of ZnO.  

 

8.2.2 Stem cell differentiation studies 

Additionally, the excellent responses of the ferric-HAp-zincite nanoassembly for ALP activity 

intimate its potential application in stem cell differentiation. Hence, the studies for the 

differentiation of the Mesenchyme Stem Cells (MSCs) into the bone cells in the presence of ferric-

HAp-zincite nanoassembly can be further studied. Furthermore, the molecular biological 

responses of the ferric-HAp-zincite nanoassembly can also be evaluated under further clinical 

tests. 

 

8.2.3 Drug delivery, surface coating, and In-vivo studies 

We executed the in-vitro performance of the ferric-HAp-zincite nanoassembly and obtained the 

required antibacterial activity, target efficacy, enhanced cytocompatibility, bioactivity, and ALP 

activity. Additionally, various biomedical applications of the designed nano-assembly were 

scrutinized, and the designed ZFHAp material exhibited great potential for bone tissue engineering 

applications. Hence, the designed material can also be used as a drug delivery vehicle and a coating 

material over metallic implants for bone treatment. Correspondingly, the in-vivo behavior of the 

designed material can be evaluated for the given applications. The in-vivo tests for all the evaluated 
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experiments will further aid in the commercial applications of the designed ferric-HAp-zincite 

nanoassembly.  

 

8.2.4 Integration of Ampetoids and ferric-HAp-zincite nanoassembly  

Synthesized antimicrobial Peptoids reflected excellent antibacterial activity and cytocompatibility. 

The great tunability of the Ampetoids for their antibacterial and cytocompatibility can be explored 

further for their biological responses. The interaction of metal ions/oxides did not alter the basic 

HAp phase of the calcium phosphate in the designed ferric-HAp-zincite nanoassembly and 

possessed the required antibacterial and magnetic target efficacy. A hybrid HAp-Ampetoids 

organic-inorganic nanosystem can be scrutinized for its latent application as an antimicrobial bone 

tissue-engineering candidate. Further, ZFHAp coated metallic implants can be functionalized with 

the synthesized Ampetoids for long-term and enhanced antibacterial activity. 

 

 

Scheme 8.2. Suggestions for future work for Ferric-HAp-zincite nanoassembly 
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Appendices  

Appendix-3A 

Design and characterization of Al-doped ZnO (AZO) nanoassembly 

  

To further confirm the rupturing into the bacterial cell wall, the E.coli bacteria were first grown in 

LB media for 6 h, and the OD600 value was set to 0.025. The E.coli bacteria was then sub-cultured 

in the presence and absence of AZO15 NPs overnight. After incubations, the cells were pallet down 

and were washed with PBS five times. The cells were then fixed using 10% glutaraldehyde and 

were washed with series of ethyl alcohol concentrations. The cells were finally re-suspended in 

OPBS and were drop cast over the carbon tape before analysis. As given in Figure 1A-1, the 

untreated bacteria (control cells) had a distinct morphology, and the treated bacterial cells were 

found to be shrunk. No rupturing into the bacterial cell wall could be observed; rather, a shrinkage 

was obtained, affirming that the cells were inactivated by the internalization of the released Zn2+ 

ions from the AZO15 nanorods without rupturing the cell wall. 

 

 

Figure 3A-1. E. coli bacteria; before and after treatment with AZO15 nanorods 
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Figure 3A-2. E. coli bacteria; before and after treatment with AZO15 nanorods at low 

magnification 

  

TH-2536_156106030



 

205 
 

 

Figure 3A-3. MG63 cells spreading analysis in presence of Penstrap A), and without Penstrap 

using AZO5 B) , AZO10 C), AZO15 D) and AZO20 E) samples as nanoantibiotic 
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Figure 3A-4. Antibacterial activity of AZO0, AZO5, AZO10, AZO15 and AZO20 samples as against 

E. coli and E. hirae (At high resolution) 

 

 

 

 

Figure 3A-5. Particle size distribution of AZO0, AZO5, AZO10, AZO15 and AZO20 samples  
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Appendix-4A 

Design and characterization of Fe(III) doped ZnO nanoparticles 

(NPs) and evaluation of its antibacterial mechanism 

 

For further confirmation of the antibacterial activity, the E.coli cells stained with CFDA, DCFH-

DA, and PI were analyzed using a fluorescence microscope. Figure 4A-1 revealed that the CFDA 

and DCFH-DA did not produce any fluorescence, and only PI staining could be observed. This 

indicates that the cell wall of the bacteria was ruptured, and no ROS was produced. In a few of the 

samples, the PI staining was minimal compared to the nucleus staining, indicating the damage in 

the genetic material of the bacteria. Similarly, to confirm the rupturing of the cell wall, we analyzed 

the bacterial cells treated with FZO samples using FESEM.  
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Figure 4A-1. Antibacterial mechanism identification using Fluorescence Microscopy; No green 

stain in CFDA indicating no live cells, Red stain in PI indicating ruptured cell wall, and No green 

stain in DCFH-DA, indicting no ROS production 
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To further confirm the release of the metal ions from the FZO lattice, The release of the metal ions 

was investigated using AAS. For this purpose, 500 µg/mL of FZO samples were taken in 0.9 saline 

solution, PBS, and in LB media with cells. 1 mL of this solution was replaced with 1 mL of the 

fresh solution at every 6 hours. After 6 hours, the bacterial samples were first centrifuged to collect 

the supernatant, and the pelleted bacteria were further ruptured and diluted in MilliQ water for 

calculating the intracellular metal ion concentration. The readings were calculated at every 6 hours. 

All the samples show a linear release of both metal ions, i.e., Zn and Fe. However, FZO15 samples 

indicated a quicker release of Zn and Fe as compared to other samples, leading to its lower MIC 

values. 

 

Figure 4A-2. Release of Zn and Fe from FZO samples under various solutions, A) FZO5, B) 

FZO10, C) FZO15, D) FZO20 
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Figure 4A-3. E. coli bacteria; before and after treatment with FZO15 samples at low magnification 
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Appendix-5A 

Design and characterization of Fe(III) doped ZnO nanoparticles 

(NPs) and evaluation of its antibacterial mechanism 

 

For further confirmation of the antibacterial mechanism, the cells E.coli cells were treated with 

ZFHAp-2 samples as given in Appendix 1A. the FESEM image at low resolution is given in Figure 

5A-1. 

  

Figure 5A-1. E. coli bacteria; before and after treatment with ZFHAp-2 samples at low 

magnification 
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