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Abstract 

The study of nanoparticles has grown in significance during the last several 

years. Nanoparticles are a kind of material that is composed of very tiny 

particles. Nanoparticle characteristics vary greatly depending on their size and 

form. The surface of a nanoparticle significantly affects its optical, mechanical, 

magnetic, and other characteristics. Nanoparticles are categorised according to 

their size, origin and chemical composition. We created nanoparticles using 

both top-down and bottom-up techniques. In this article, we discuss various 

different methods for creating nanomaterials, such as sol-gel processes, gas 

condensation, vacuum deposition and vaporisation, chemical vapour deposition 

and condensate, mechanical attrition, chemical precipitation, electrodeposition, 
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and chemical vapour condensation. When it comes to creating nanoparticles, 

green synthesis is one of the most effective approaches. In this article, we 

explore eco-friendly techniques for manufacturing alloy nanoparticles, silver, 

gold, silver oxide and silver sulphide. We also explore the process by which 

microorganisms in this setting produce nanoparticles. Size and form must be 

maintained under certain conditions. We consider ways in which to enhance the 

production of nanoparticles in the future. The risks posed by nanoparticles and 

the ways in which to mitigate them were also taken into account. 

Keywords: nanoparticles; structural morphology; applications; green synthesis 

Introduction 

In recent years, the branch of research and development known as the study of 

nanostructures has become increasingly popular all around the world. The term 

“nanomaterials” refers to substances with a size smaller than 100 nanometres. 

Numerous disciplines are now investigating the ways in which green chemistry may be 

used to improve and protect the environment on a global scale. Metal nanoparticles are 

often used in catalytic reactions because of the low-cost, environmentally friendly 

nanomaterials that are used in fields such as health, electronics, physics, materials 

science and environmental restoration. Improving synthetic methodologies is still a 

challenge for science. It is commonly accepted that structural characteristics including 

composition, shape, size, and surface chemistry have an impact on the toxicity of 

nanomaterials. It is crucial to employ safe, non-toxic stabilisers and simple procedures 

to increase the lifetime of metal nanoparticles [1]. 

Nanotechnology is an area of study that examines the design, manufacturing and 

characterisation of materials smaller than 100 nanometres. It is now being studied in the 

developing fields of electronics, chemistry, biology, physics, medicine, food and 

aerospace. It includes every step of the development process. Nanobiotechnology, on 

the other hand, is the outcome of combining the sciences of nanotechnology and 

biotechnology with related purposes [2]. 

Owing to their physicochemical characteristics, such as morphology, size and 

distribution, magnetic properties, antibacterial properties, and catalytic activity, 

advanced precious metal nanomaterials, such as copper, silver and gold, have attracted 

the attention of scientists in recent decades [3]–[11]. There are several means to create 

nanoparticles, including physical, chemical and biological means [12], [13]. However, 

physical and chemical approaches have drawbacks, including the creation of poisonous 

and hazardous by-products. 

Stable metal nanoparticles with regulated size and form could be created using low-cost, 

secure and environmentally friendly methods. Numerous plant extracts, including 

Ocimum Sanctum [14], Petroselinum Crispum [15], Murraya koenigii [16] and 
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Coriandrum Sativum [17], have lately shown cutting-edge green/biosynthetic methods 

for the manufacture of metal nanoparticles. 

Inorganic micro- and nanoparticles have been produced by a variety of synthetic 

processes. The field of nanomaterial biosynthesis, which is still developing, was 

intended to be promoted, with green chemistry being the most well-known method. 

Nanoparticles made using biological or eco-friendly methods have various qualities, 

such as improved stability and acceptable sizes, because they are generated in a single 

step. Plants are an ideal starting point for the production of diverse nanoparticle 

materials since they are free of hazardous substances and have natural capping agents 

[18], [19]. 

When microorganisms biosynthesize nanoparticles, they first take up target ions from 

the environment and then consume enzymes obtained by cellular processes to change 

the metal ions into metallic elements. Depending on where it occurs, the creation of 

nanoparticles can be classified as extracellular or intracellular [20], [21]. In order to 

generate nanoparticles, intracellular procedures require introducing ions into microbial 

cells [22]. Extracellular nanoparticle production entails extracting metal ions from cell 

surfaces and depleting them in the presence of enzymes. Applications for biosynthesised 

nanoparticles include targeted drug delivery systems, gene therapy, cancer treatment 

(Figure 1(a)), antibiotics, biosensors, DNA analysis, separation science, response rate 

enhancement, and magnetic resonance imaging (MRI) to serve a function. 

History 

In the 4th century, nanoparticles were first used in Rome to make the diachronic glass 

cup of Lycurgus. In the 9th century, it was used in Mesopotamia (Iraq) to give vessels 

a glossy appearance. Medieval and Renaissance pottery today generally retains its 

characteristic gold or copper metallic lustre. Mixing copper and silver salts and 

oxidising them with vinegar produces nanoparticles in ceramics [23]–[25]. In the 

Islamic world, this technique was developed. Renaissance Muslims were not allowed to 

use pure gold, so instead of using pure gold they had to create a gold-like appearance. 

[26]. The properties of nanoparticles are described in Faraday’s classic work and the 

relationship experimental between gold and other metals with light published in 1857 

[27]–[29]. 

Properties 

Because of the small size of nanoparticles, they show many properties. Some of them 

are described as follows: 

• Nanoparticles are optically active compounds [30]. 
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• Nanoparticles are tiny in sizes to enclose their electrons and create a quantum 

effect [31]. 

• Nanoparticles have higher absorption of solar radiation [32]. 

• The core-shell of nanoparticles shows improved forward scattering when solar 

plasmon (a type of solar cell that converts light into electricity with the help of a 

plasmon) is located ahead of the solar cell [33]. 

• Nanoparticles show both electric and magnetic resonance [31]. 

• Nanoparticles show suspension in solution due to the strong interaction between 

the particle surface and solvent. 

• At higher temperatures, nanoparticles show diffusion because of high surface-to-

volume ratio [34]. 

• Those nanoparticles which are made up of semiconductor material have 

quantisation electronic energy levels. Such types of nanoparticle are used in 

biomedical applications [35]. 

• Nanoparticles that contain both the hydrophobic property on one part and 

hydrophilic on the other are called Janus particles [36]. Metallic nanoparticles 

produced by the green method are of great importance and use for various 

purposes [37], [38] (Figure 1(b)). 

Figure 1(a): The various ways gold nanoparticles (AuNPs) are used to treat cancer 



Khan et al. 

5 

Figure 1(b): Application of metallic nanoparticles for various purposes [37], [38] 

Types 

Nanoparticles are classified according to their origin, the number of dimensions and the 

structural basis [39]–[41] (Figure 2). Nanoparticles are classified into the following two 

categories based on their origin: 

• natural nanoparticles; and 

• artificial nanoparticles. 

Natural Nanoparticles 

Natural nanoparticles are naturally available. Examples of natural nanoparticles are 

proteins, enzymes and minerals. 

Artificial Nanoparticles 

Artificial nanoparticles do not occur naturally and can be obtained artificially by 

chemical, physical and biological synthesis techniques. When based on the number of 

dimensions, nanoparticles are classified into the following four types: 

• zero-dimensional nanoparticles (which include semiconductor and metallic 

nanoparticles); 
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• one-dimensional nanoparticles (which include nanowires, nanotubes and 

nanodots); 

• two-dimensional nanoparticles (which include nanoplates and nanocomposites); 

and 

• three-dimensional nanoparticles (which include bulkers). 

When based on the structural configuration, nanoparticles are classified into the 

following four groups: 

❖ metallic nanoparticles; 

❖ carbon-based nanoparticles; 

❖ composites nanoparticles; and 

❖ dendrimers nanoparticles. 

Figure 2: Different types of nanoparticle 
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Synthesis 

Nanoparticles occur naturally and can be synthesised in the laboratory. For the synthesis 

of nanoparticles, there are two approaches and both have advantages and disadvantages 

with respect to each other [42]–[44] (Figure 3). The two approaches are the following: 

• top-down approach; and 

• bottom-up approach. 

Figure 3: Synthesis techniques of nanoparticles 

Top-Down Approach 

In this approach, numerous thermal, chemical and physical techniques are used for 

breaking down the solid bulk materials into tiny particles by applying external force 

[45]–[47]. 

Bottom-Up Approach 

In this approach, the gathering and combining of gas and liquid ions, atoms and 

molecules occur. 
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The bottom-up approach is based on the following methods: 

• gas condensation; 

• vacuum deposition and vaporisation; 

• chemical vapour deposition (CVD) and chemical vapour condensation (CVC); 

• mechanical attrition; 

• chemical precipitation; 

• sol-gel techniques; and 

• electro-deposition. 

Gas Condensation 

Gas condensation is employed to obtain nano-crystalline metals and alloys. In this 

technique, the thermal evaporation method is used to obtain vapours of inorganic and 

metallic materials [48], [49]. 

Vacuum Deposition and Vaporisation 

In this method, compounds, alloys and elements are vapourised and deposited in a 

vacuum by thermal process [50]. 

Chemical Vapour Deposition and Chemical Vapour Condensation 

CVD and CVD refer as chemical deposition of solid deposited on a heated surface from 

vapour and gas phase. The reaction is activated at a high temperature. In 1994, CVC 

was initiated in Germany. It is based on the pyrolysis of vapours of metal-organic 

precursors in a reduced atmospheric pressure. This reaction is induced by ultraviolet 

radiation and the reaction is activated and deposited at room temperature [51]–[53]. 

Mechanical Attrition 

In this method, nanoparticles are obtained by a structural breakdown of rough-grained 

structure which is obtained by plastic malformation. This method can be conceded at 

room temperature in the following mills [54], [55]: 

• high-energy mills; 

• attrition-ball mills; 

• centrifugal-type mills; 

• vibrating-ball mills; 

• planetary-ball mills; and 

• low-energy tumbling mills. 
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Chemical Precipitation 

In this method, the size of nanoparticles can be adjusted accordingly. The separation 

between particles formed can maintain by using a surfactant [56]–[58]. 

Sol-Gel Techniques 

This is the most commonly used method. It comprises the evaluation of the network by 

the formation of gelatin (gel) and colloidal suspension (sol) to form a continuous liquid 

phase network [59]. The gel and sol are organic metallic precursors for various 

compounds. To control the pH and initiate a reaction, a catalyst is used. The formation 

of sol-gel can take place in the following four steps [60]: 

• hydrolysis; 

• condensation; 

• growth of particles; and 

• agglomeration of particles. 

Electrodeposition 

Electrodeposition plates are mechanically uniform and strong. The hypersonic plasma 

particle deposition (HPPP) method can also be used to synthesise and deposit 

nanoparticles [61], [62]. 

Green Synthesis 

There are three methods for the synthesis of nanoparticles, namely, physical, chemical 

and green synthesis. 

Green synthesis is the most commonly known method. It is environmentally friendly 

and does not produce any toxic chemicals. Instead, it helps to remove toxic substances 

from the environment to make the atmosphere pollution free. The green synthesis 

method is low-cost and less time-consuming. In recent years, various kinds of 

nanoparticle of different sizes, shapes, contents, and physiochemical properties were 

synthesised [63], [64]. 

In the green synthesis method, microorganisms such as bacteria, yeast, algae and fungi 

are used. This is a one-step process. The synthesis of nanoparticles which is done by 

bacteria is performed ex situ and in situ [65]. 
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Applications 

There are many applications of nanoparticles owing to their small size (Figure 4). A few 

of them are described as follows: 

• Nanoparticles play an important role in the diagnosis and treatment of human 

diseases [66]. 

• Nanoparticles are used as drugs, fluorescent biological labels, bio-detection of 

pathogens, gene delivery agents, tissue engineering, phaco-kinetics studies, and 

tumour destruction (hypothermia) [67]. 

• Nanoparticles can help to deliver the drug safely to the target site at the right time 

[68]. 

• Nanoparticles are used for target cancer treatment, stem cell sorting, 

manipulation, guided drug delivery, gene therapy, DNA analysis and MRIs [69]. 

• Doxorubicin can form a covalent attachment with bacterial magneto and evaluate 

the capability of these particles to resist tumour growth [70]. 

• Magnetotactic bacteria are used in drug delivery to help in blood clotting [71]. 

• Silver nanoparticles are used as antibacterial, antifungal, antiviral and anti-

inflammatory agents [72]. 

• Silver nanoparticles that are biosynthesised using the fungus Trichoderma viride 

as antibacterial agent also help in developing new antimicrobial agents. 

Nanoparticles are used in agriculture, cosmetics, the environment, food, home 

appliances, medicine, sport and fitness, and many other textile industrial sectors 

[73]. 

• Nanoparticles help in the magnetic separation and detection of attractive material 

for building assay systems. They are developed for sensitive and small molecules 

such as atmosphere pollutants, hormones and toxic detergents [74]. 

• Nanoparticles have wide applications in medicine, physics, optics and electronics 

[75]. 

• Nanoparticles can also be used as dietary supplements for delivering biologically 

active substances [76]. 
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Figure 4: Schematic diagram of different applications of nanoparticles 

Future Perspective and Recommendations 

• Over the last 10 years, there have been significant developments in the field of 

microorganisms manufacturing nanoparticles and their use. 

• Work must be done on the synthesis and the adoption of particle size and 

morphology continuously. 

• In comparison to chemical and physical processes, nanoparticle production is an 

extremely sluggish activity within the realm of knowledge [77]. 

• The biosynthesis corridor will be considerably more attractive if the synthesis 

time is reduced. 

• In the evaluation of nanoparticles, there are two major issues, namely, the mono 

disparity and particle size. 

• Remarkable particle size control and mono disparity must be further investigated. 

• Several investigations have indicated that the nanoparticles produced by microbes 

can disintegrate over time [78]. 

• Additional research into the establishment of nanoparticles formed by biological 

processes is needed, and the quality of these particles should be improved. 
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• The physical and chemical production of nanoparticles for particle shape control 

is still a work in progress, and the capacity to regulate particle morphology in 

biological processes would provide significant benefits. 

• Different parameters such as growth average, microorganism type, synthesis 

conditions, microbial cell growth stage, substrate concentrations, pH, reaction 

time, temperature, collection of nano-target ions, and source compound of target 

nanoparticle may all influence particle size and mono disparity in a significant 

way. 

• Biosynthesis techniques are advantageous because nanoparticles are covered with 

a lipid layer that provides physiological solubility and stability, which is 

important in biomedical applications and a bottleneck in other synthetic 

processes. 

• Currently, research is being conducted on cells at the proteomic and genomic 

levels. 

• Molecular and cellular levels, including the identification and isolation of 

chemicals, are responsible for nanoparticle reduction. 

• It is estimated that high synthesis and short reaction time can be obtained [79]. 

Health and Safety 

Nanoparticles may pose a threat both medically and ecologically. The majority of these 

threats are attributable to the high surface-to-volume ratio of the particles, which makes 

them highly reactive and catalytic [80]. They may also travel through the cell membrane 

of living creatures, and their interactions with biological systems are generally 

unnoticed. Owing to the size and intracellular assembly of the nanoparticles, it is 

doubtful that they would pass through the Golgi complex, nucleus, endoplasmic 

reticulum, and other internal cellular components [81]. A recent study explored the 

impact of ZnO nanoparticles on human immune cells and discovered various degrees of 

cytotoxicity resistance. There are concerns that pharmaceutical firms, in their strive for 

acknowledging nano-reformulation of existing medications, may use safety data 

generated during previous clinical trials and pre-formulation translation of medicine. 

This might lead to regulatory agencies such as the US Food and Drug Administration 

overlooking new adverse effects related to nano-reformulation [82]. On the other hand, 

a reasonable study has revealed that zinc nanoparticles are not strongly involved in the 

bloodstream in vivo. Concerns about the health consequences of repairable 

nanoparticles produced by particular combustion methods have also been expressed 

[83]. Some nanoparticles were investigated by the US Environmental Protection 

Agency in 2013 [84]–[86]. 
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Conclusion 

A combination of plant extracts and microorganisms has recently been used successfully 

to manufacture metal nanoparticles for green synthesis. The most practical, 

straightforward and environmentally acceptable method for creating nanoparticles is 

therefore through green synthesis. Green synthesis minimises the adverse impacts of 

physical and chemical processes by avoiding the use of dangerous chemicals and 

producing damaging by-products. Owing to their outstanding qualities, nanoparticles 

are frequently used and have been the area of research attention in recent years. 

Antioxidant, antibacterial and non-toxic nanoparticles made through green synthesis are 

having a noticeable physical and therapeutic impact. Most likely, research in future will 

deliberate on creating nanoparticles with little toxicity and maximum antimicrobial 

efficacy. 

Creating metallic nanoparticles is therefore crucial nowadays, especially when utilising 

a non-toxic green synthesis method, which is employed in a number of applications such 

as drug delivery, cancer treatment, and the development of biosensors. The science of 

nanomedicine is expanding quickly and has much potential to help better diagnoses and 

cure human diseases. The manufacture of nanoparticles by microbes is thought to be a 

secure, non-toxic and environmentally responsible “green chemistry” process. 

Depending on where the nanoparticles are created, the employment of microorganisms 

such as bacteria, yeast, fungus and actinomycetes can be divided into intracellular and 

extracellular production. 

The pace of intracellular particle creation and the size of the nanoparticles are, to some 

extent, influenced by the governing parameters such as temperature, pH, substrate 

concentration, and exposure time to a substrate. At the genomic and proteomic levels, 

microorganisms are currently being modified for scientific purposes. It is hoped that 

large-scale research and commercial usage of these approaches in medicine and health 

care will emerge in the next years as a result of recent advancements and ongoing work 

to increase particle synthesis efficacy and to investigate biomedical applications. The 

nanomaterials were the area of research attention over the past 10 years owing to the 

wide range of applications. Producing nanomaterials seems to be a very busy field. In 

order to create nanomaterial, a variety of techniques are used, including gas 

condensation, mechanical attrition, chemical vapour synthesis, the sol-gel method, 

chemical precipitation, electrodeposition, molecular beam epitaxial, consolidation, 

ionised cluster beam, sputtering, liquid metal ion source, and gas aggregation of 

monomers. It is common practise to combine chemical precipitation with capping 

agents, auto-combustion, and reaction in microemulsions to create nanophosphors. 

These techniques can be used to produce a wide variety of nanomaterials. 



Khan et al. 

14 

References 

[1] N. Filipović et al., “Comparative study of the antimicrobial activity of selenium 

nanoparticles with different surface chemistry and structure,” Front. Bioeng. Biotechnol., 

vol. 8, 2021, doi: 10.3389/fbioe.2020.624621. 

 

[2] L. H. Madkour, “Introduction to nanotechnology (NT) and nanomaterials (NMs),” in 

Nanoelectronic Materials: Fundamentals and Applications, Springer Nature, 1–47, 2019, 

doi: 10.1007/978-3-030-21621-4_1. 

 

[3] M. N. Atalar et al., “Economic fast synthesis of olive leaf extract and silver nanoparticles 

and biomedical applications,” Part. Sci. Technol., vol. 40, no. 5, pp. 589–597, 2022, 

doi: 10.1080/02726351.2021.1977443. 

 

[4] K. D. O. Santos, W. C. Elias, A. M. Signori, F. C. Giacomelli, H. Yang and 

J. B. Domingos, “Synthesis and catalytic properties of silver nanoparticle-linear 

polyethylene imine colloidal systems,” J. Phys. Chem. C, vol. 116, no. 7, pp. 4594–4604, 

2012, doi: 10.1021/jp2087169. 

 

[5] F. de Gaetano, L. Ambrosio, M. G. Raucci, A. Marotta and M. Catauro, “Sol-gel processing 

of drug delivery materials and release kinetics,” J. Mater. Sci. Mater. Med., vol. 16, no. 3, 

pp. 261–265, 2005, doi: 10.1007/s10856-005-6688-x. 

 

[6] J. M. Burkart, A. Bleyer and W. Chen, “Peritoneal catheter exit-site and tunnel infections in 

peritoneal dialysis in adults,” UpToDate, 2019, https://medilib.ir/uptodate/show/1888. 

 

[7] M. L. Simeral et al., “Effects of conformational variation on structural insights from 

solution-phase surface-enhanced Raman spectroscopy,” J. Phys. Chem. B, vol. 125, no. 8, 

pp. 2031–2041, 2021, doi: 10.1021/acs.jpcb.0c10576. 

 

[8] A. M. Awwad, N. M. Salem and A. O. Abdeen, “Green synthesis of silver nanoparticles 

using carob leaf extract and its antibacterial activity,” Int. J. Ind. Chem., vol. 4, no. 1, 

pp. 1–6, 2013, doi: 10.1186/2228-5547-4-29. 

 

[9] P. Banerjee, M. Satapathy, A. Mukhopahayay and P. Das, “Leaf extract mediated green 

synthesis of silver nanoparticles from widely available Indian plants: Synthesis, 

characterization, antimicrobial property and toxicity analysis,” Bioresour. Bioprocess., 

vol. 1, no. 1, pp. 1–10, 2014, doi: 10.1186/s40643-014-0003-y. 

 

[10] S. Navaladian, B. Viswanathan, R. P. Viswanath and T. K. Varadarajan, “Thermal 

decomposition as route for silver nanoparticles,” Nanoscale Res. Lett., vol. 2, no. 1, 

pp. 44–48, 2007, doi: 10.1007/s11671-006-9028-2. 

 

[11] P. Rajasekharreddy, P. U. Rani and B. Sreedhar, “Qualitative assessment of silver and 

gold nanoparticle synthesis in various plants: A photobiological approach,” J. Nanopart. 

Res., vol. 12, no. 5, pp. 1711–1721, 2010, doi: 10.1007/s11051-010-9894-5. 

 

https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://medilib.ir/uptodate/show/1888
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

15 

[12] P. Phanjom and G. Ahmed, “Biosynthesis of silver nanoparticles by Aspergillus oryzae 

(MTCC No. 1846) and its characterizations,” Nanosci. Nanotechnol., vol. 5, no. 1, 

pp. 14–21, 2015, doi: 10.5923/j.nn.20150501.03. 

 

[13] V. T. P. Vinod, P. Saravanan, B. Sreedhar, D. K. Devi and R. B. Sashidhar, “A facile 

synthesis and characterization of Ag, Au and Pt nanoparticles using a natural hydrocolloid 

gum kondagogu (Cochlospermum gossypium),” Colloids Surf. B, vol. 83, no. 2, pp. 291–

298, 2011, doi: 10.1016/j.colsurfb.2010.11.035. 

 

[14] G. Singhal, R. Bhavesh, K. Kasariya, A. R. Sharma and R. P. Singh, “Biosynthesis of 

silver nanoparticles using Ocimum sanctum (Tulsi) leaf extract and screening its 

antimicrobial activity,” J. Nanopart. Res., vol. 13, no. 7, pp. 2981–2988, 2011, 

doi: 10.1007/s11051-010-0193-y. 

 

[15] K. Roy, C. K. Sarkar and C. K. Ghosh, “Plant-mediated synthesis of silver nanoparticles 

using parsley (Petroselinum crispum) leaf extract: Spectral analysis of the particles and 

antibacterial study,” Appl. Nanosci., vol. 5, no. 8, pp. 945–951, 2015, 

doi: 10.1007/s13204-014-0393-3. 

 

[16] L. Christensen, S. Vivekanandhan, M. Misra and A. K. Mohanty, “Biosynthesis of silver 

nanoparticles using murraya koenigii (curry leaf): An investigation on the effect of broth 

concentration in reduction mechanism and particle size,” Adv. Mater. Lett., vol. 2, no. 6, 

pp. 429–434, 2011, doi: 10.5185/amlett.2011.4256. 

 

[17] R. Sathyavathi, M. B. Krishna, S. V. Rao, R. Saritha and D. N. Rao, “Biosynthesis of 

silver nanoparticles using Coriandrum sativum leaf extract and their application in 

nonlinear optics,” Adv. Sci. Lett., vol. 3, no. 2, pp. 138–143, 2010, 

doi: 10.1166/asl.2010.1099. 

 

[18] G. Singhal, R. Bhavesh, K. Kasariya, A. R. Sharma and R. P. Singh, “Biosynthesis of 

silver nanoparticles using Ocimum sanctum (Tulsi) leaf extract and screening its 

antimicrobial activity,” J. Nanopart. Res., vol. 13, no. 7, pp. 2981–2988, 2011, 

doi: 10.1007/s11051-010-0193-y. 

 

[19] M. Z. H. Khan, F. K. Tareq, M. A. Hossen and M. N. A. M. Roki, “Green synthesis and 

characterization of silver nanoparticles using Coriandrum Sativum leaf extract,” J. Eng. 

Sci. Technol., vol. 13, no. 1, pp. 158–166, 2018. 

 

[20] J. L. Arias, K. Silva, A. Neira-Carrillo, L. Ortiz, J. I. Arias, N. Butto and M. S. Fernández, 

“Polycarboxylated eggshell membrane scaffold as template for calcium carbonate 

mineralization,” Crystals, vol. 10, no. 9, p. 797, 2020, doi: 10.3390/cryst10090797. 

 

[21] C. F. Böhm, J. Harris, P. I. Schodder and S. E. Wolf, “Bioinspired materials: From living 

systems to new concepts in materials chemistry,” Mater., vol. 12, no. 13, p. 2117, 2019, 

doi: 10.3390/ma12132117. 

 

https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

16 

[22] X. Zhang, S. Yan, R. D. Tyagi and R. Y. Surampalli, “Synthesis of nanoparticles by 

microorganisms and their application in enhancing microbiological reaction rates,” 

Chemosphere, vol. 82, no. 4, pp. 489–494, 2011, 

doi: 10.1016/j.chemosphere.2010.10.023. 

 

[23] C. Merzbacher, “National nanotechnology initiative: A model for advancing revolutionary 

technologies,” in Women in Nanotechnology: Contributions from the Atomic Level and 

Up. Springer, 2020, pp. 121–133, doi: 10.1007/978-3-030-19951-7_9. 

 

[24] G. Reiss and A. Hutten, “Magnetic nanoparticles,” in Handbook of Nanophysics: 

Nanoparticles and Quantum Dots. CRC Press, 2010. 

 

[25] F. A. Khan, Biotechnology Fundamentals. CRC Press, 2012. 

 

[26] P. S. Rawson, Ceramics. University of Pennsylvania Press, 1984, 

doi: 10.9783/9780812207347. 

 

[27] M. Faraday, “Experimental relations of gold (and other metals) to light,” Phil. Trans. R. 

Soc. Lond, vol. 147, pp. 145–181, 1857, doi: 10.1098/rstl.1857.0011. 

 

[28] G. T. Beilby, “The effects of heat and of solvents on thin films of metal,” Proc. R. Soc. A, 

vol. 72, no. 477–486, pp. 226–235, 1903, doi: 10.1098/rspl.1903.0046. 

 

[29] T. Turner, “Transparent silver and other metallic films,” Proc. R. Soc. A, vol. 81, no. 548, 

pp. 301–310, 1908, doi: 10.1098/rspa.1908.0084. 

 

[30] Y. L. Hewakuruppu et al., “Plasmonic ‘pump-probe’ method to study semi-transparent 

nanofluids,” Applied Optics, vol. 52, no. 24, pp. 6041–6050, 2013, 

doi: 10.1364/AO.52.006041. 

 

[31] Ph. Buffat and J-P. Borel, “Size effect on the melting temperature of gold particles,” Phys. 

Rev. A, vol. 13, no. 6, pp. 2287–2298, 1976, doi: 10.1103/PhysRevA.13.2287. 

 

[32] J. Wu et al., “Broadband efficiency enhancement in quantum dot solar cells coupled with 

multispiked plasmonic nanostars,” Nano Energy, vol. 13, pp. 827–835, 2015, 

doi: 10.1016/j.nanoen.2015.02.012. 

 

[33] P. Yu, Y. Yao, J. Wu, X. Niu, A. L. Rogach and Z. Wang, “Effects of plasmonic metal 

core-dielectric shell nanoparticles on the broadband light absorption enhancement in thin 

film solar cells,” Sci. Rep., vol. 7, no. 1, pp. 7696, 2017, doi: 10.1038/s41598-017-08077-

9. 

 

[34] M. A. Mitchnick, D. Fairhurst and S. R. Pinnell, “Microfine zinc oxide (Z-cote) as a 

photostable UVA/UVB sunblock agent,” J. Am. Acad. Dermatol., vol. 40, no. 1, pp. 85–

90, 1999, doi: 10.1016/S0190-9622(99)70532-3. 

 

https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

17 

[35] B. Evans, “Nano-particle drag prediction at low Reynolds number using a direct 

Boltzmann-BGK solution approach,” J. Comput. Phys., vol. 352, pp: 123–141, 2018, 

doi: 10.1016/j.jcp.2017.09.038. 

 

[36] A. Luchini et al., “Smart hydrogel particles: Biomarker harvesting: One-step affinity 

purification, size exclusion, and protection against degradation,” Nano Lett., vol. 8, no. 1, 

pp. 350–361, 2008, doi: 10.1021/nl072174l. 

 

[37] A. Schröfel, G. Kratošová, I. Šafařík, M. Šafaříková, L. Raška and L. M. Shor, 

“Applications of biosynthesized metallic nanoparticles – A review,” Acta Biomater., 

vol. 10, no. 10, pp. 4023–4042, 2014, doi: 10.1016/j.actbio.2014.05.022. 

 

[38] P. Singh, Y. J. Kim, D. Zhang and D. C. Yang, “Biological synthesis of nanoparticles 

from plants and microorganisms,” Trends Biotechnol., vol. 34, no. 7, pp. 588–599, 2016, 

doi: 10.1016/j.tibtech.2016.02.006. 

 

[39] K. Byrappa, S. Ohara and T. Adschiri, “Nanoparticles synthesis using supercritical fluid 

technology – Towards biomedical applications,” Adv. Drug Deliv. Rev., vol. 60, no. 3, 

pp. 299–327, 2008, doi: 10.1016/j.addr.2007.09.001. 

 

[40] X. Li, H. Xu, Z. S. Chen and G. Chen, “Biosynthesis of nanoparticles by microorganisms 

and their applications,” J. Nanomater., vol. 2011, pp. 1–16, 2011, 

doi: 10.1155/2011/270974. 

 

[41] T. V. Miji, A. S. Harry, G. Goshitha, A. Liyana, S. Sunaina and B. Ranjini, “Green 

synthesis of silver nanoparticles and its antioxidant and antimicrobial activity,” Int. J. 

Multidiscip. Res., vol. 5, no. 1, 2023, doi: 10.36948/ijfmr.2023.v05i01.1582. 

 

[42] S. Iravani, “Green synthesis of metal nanoparticles using plants,” Green Chem., vol. 13, 

no. 10, pp. 2638–2650, 2011, doi: 10.1039/c1gc15386b. 

 

[43] H. Cerjak, “Book note: Introductions to nanoparticles and nanomaterials,” Powder 

Metallurgy, vol. 57, p. 82, 2014. 

 

[44] V. V. Makarov et al., “’Green’ nanotechnologies: Synthesis of metal nanoparticles using 

plants,” Acta Naturae, vol. 6, no. 1, pp. 35–44, 2014, doi: 10.32607/20758251-2014-6-1-

35-44. 

 

[45] S. F. Hasany, I. Ahmad, J. Ranjan and A. Rehman, “Systematic review of the preparation 

techniques of iron oxide magnetic nanoparticles,” Nanosci. Nanotechnol., vol. 2, no. 6, 

pp. 148–158, 2012, doi: 10.5923/j.nn.20120206.01. 

 

[46] B. M. Tissue and H. B. Yuan, “Structure particle size and annealing gas phase-condensed 

Eu3+: Y2O3 nanophosphors,” J. Solid State Chem., vol. 171, pp 12–18, 2003, 

doi: 10.1016/S0022-4596(02)00140-8. 

 

https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

18 

[47] S. Gohil, R. Chandra, B. Chalke, S. Bose and P. Ayyub, “Sputter deposition of self-

organised nanoclusters through porous anodic alumina templates,” J. Nanosci. Nanotech., 

vol. 7, p. 641646, 2007, doi: 10.1166/jnn.2007.121. 

 

[48] W. Chang, G. Skandan, H. Hahn, S. C. Danforth and B. H. Kear, “Chemical vapor 

condensation of nanostructured ceramic powders,” Nanostruc. Mater., vol. 4, no. 3, 

pp. 345–351, 1994, doi: 10.1016/0965-9773(94)90144-9. 

 

[49] M. Winterer, H. Hahn, and Z. Metallkd, “Chemical vapor synthesis of nanocrystalline 

powders,” Nanocer. Chem. Vapor Syn., vol. 94, pp. 1084–1090, 2003, 

doi: 10.3139/146.031084. 

 

[50] A. Konrad, U. Herr, R. Tidecks and F. Samwer, “Luminescence of bulk and 

nanocrystalline cubic yttria,” J. Appl. Phys., vol. 90, no. 7, pp. 3516–3523, 2001, 

doi: 10.1063/1.1388022. 

 

[51] A. Bokov, A. Shelyug and A. Kurlov, “Synthesis, sintering, and order–disorder transitions 

of non-stoichiometric nanocrystalline VCx,” Int. J. Refract. Met. Hard Mater., vol. 105, 

p. 105802, 2022, doi: 10.1016/j.ijrmhm.2022.105802. 

 

[52] A. B. Sharma, M. Sharma and R. K. Pandey, “Synthesis, properties and potential 

applications of semiconductor quantum particles,” Asian J. Chem., vol. 21, no. 10, 

pp. S033–S038, 2009. 

 

[53] R. N. Bhargava, D. Gallagher, X. Hong and A. Nurmikko, “Optical properties of 

manganese-doped nanocrystals of ZnS,” Phys. Rev. Lett., vol. 72, pp. 416–419, 1994, 

doi: 10.1103/PhysRevLett.72.416. 

 

[54] Z. O. Yu, D. Chang, C. Li, N. Zhang, Y. Y. Feng and Y. Y. Dai, “Blue photoluminescent 

properties of pure nanostructured γ-Al2O3,” Mater. Res. Soc., vol. 16, no. 7, pp. 1890–

1893, 2001, doi: 10.1557/JMR.2001.0259. 

 

[55] C. H. Lu and J. Jagannathan, “Cerium-ion-doped yttrium aluminum garnet nanophosphors 

prepared through sol-gel pyrolysis for luminescent lighting,” Appl. Phys. Lett., vol. 80, 

no. 19, p. 36083610, 2002, doi: 10.1063/1.1475772. 

 

[56] M. Morita, D. Rau, S. Kajiyama, T. Sakurai, M. Baba and M. Iwamura, “Luminescence 

properties of nanophosphors: Metal ion-doped sol-gel silica glasses,” Mater. Sci.-Poland, 

vol. 22, no. 1, p. 515, 2004. 

 

[57] A. I. Dikusar, P. G. Globa, S. S. Belevskii and S. P. Sidel’nikova, “On limiting rate of 

dimensional electrodeposition at meso- and nanomaterial manufacturing by template 

synthesis,” Surf. Eng. Appl. Electrochem., vol. 45, no. 3, pp. 171–179, 2009, 

doi: 10.3103/S1068375509030016. 

 

https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

19 

[58] S. A. Silkin, S. S. Belevskii, A. S. Gradinar,, V. I. Petrenko and I. V. Yakovets, 

“Electrodeposition of nanocrystalline Co-W coatings from citrate electrolytes under 

controlled hydrodynamic conditions – Part 3: The micro- and macrodistribution of the 

deposition rates, the structure, and the mechanical properties,” Surf. Eng. Appl. 

Electrochem., vol. 46, no. 3, pp. 206–214, 2010, doi: 10.3103/S1068375510030026. 

 

[59] M. Shah, D. Fawcett, S. Sharma, S. K. Tripathy and G. E. J. Poinern, “Green synthesis of 

metallic nanoparticles via biological entities,” Materials, vol. 8, no. 11, pp. 7278–7308, 

2015, doi: 10.3390/ma8115377. 

 

[60] N. A. Karim, N. J. Rubinsin, M. A. A. Burukan and S. K. Kamarudin, “Sustainable route 

of synthesis platinum nanoparticles using orange peel extract,” Int. J. Green Ener., 

vol. 16, no. 15, pp. 1518–1526, 2019, doi: 10.1080/15435075.2019.1671422. 

 

[61] K. B. Narayanan and N. Sakthivel, “Biological synthesis of metal nanoparticles by 

microbes,” Adv. Coll. Interf. Sci., vol. 156, no. 1–2, pp. 1–13, 2010, 

doi: 10.1016/j.cis.2010.02.001. 

 

[62] N. K. Mukhopadhyay and T. P. Yadav, “Some aspects of stability and nanophase 

formation in quasicrystals during mechanical milling,” Israel J. Chem., vol. 51, no. 11–

12, pp. 1185–1196, 2011, doi: 10.1002/ijch.201100145. 

 

[63] H. Korbekandi, S. Iravani and S. Abbasi, “Production of nanoparticles using organisms,” 

Crit. Rev. Biotechnol., vol. 29, no. 4, pp. 279–306, 2009, 

doi: 10.3109/07388550903062462. 

 

[64] Y. Gao et al., Synthesis of a morphology controllable Fe3O4 nanoparticle/hydrogel 

magnetic nanocomposite inspired by magnetotactic bacteria and its application in H2O2 

detection,” Green Chem., vol. 16, no. 3, pp. 1255–1261, 2014, 

doi: 10.1039/C3GC41535J. 

 

[65] D. Zheng, C. Hu, T. Gan, X. Dang and S. Hu, “Preparation and application of a novel 

vanillin sensor based on biosynthesis of Au-Ag alloy nanoparticles,” Sens. Actuators B: 

Chem., vol. 148, no. 1, pp. 247–252, 2010, doi: 10.1016/j.snb.2010.04.031. 

 

[66] J. Wang et al., “Bacterial magnetosomes loaded with doxorubicin and transferrin improve 

targeted therapy of hepatocellular carcinoma,” Nanotheranostics, vol. 3, no. 3, p. 284, 

2019, doi: 10.7150/ntno.34601. 

 

[67] B. E. B. Crețu, G. Dodi, A. Shavandi, I. Gardikiotis, I. L. Șerban and V. Balan, “Imaging 

constructs: The rise of iron oxide nanoparticles,” Molecules, vol. 26, no. 11, p. 3437, 

2021, doi: 10.3390/molecules26113437. 

 

[68] A. A. Khan, A. M. Alanazi, N. Alsaif, T. A. Wani and M. A. Bhat, “Pomegranate peel 

induced biogenic synthesis of silver nanoparticles and their multifaceted potential against 

intracellular pathogen and cancer,” Saudi J. Biol. Sci., vol. 28, no. 8, pp. 4191–4200, 

2021, doi: 10.1016/j.sjbs.2021.06.022. 

 

https://doi.org/10.3103/S1068375510030026
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

20 

[69] S. C. Kumari, V. Dhand and P. N. Padma, “Green synthesis of metallic nanoparticles: A 

review,” in Nanomaterials. Academic Press, 2021, pp. 259–281, doi: 10.1016/B978-0-12-

822401-4.00022-2. 

 

[70] C. N. Riese et al., “An automated oxystat fermentation regime for microoxic cultivation of 

Magnetospirillum gryphiswaldense,” Microb. Cell Factories, vol. 19, pp. 1–15, 2020, 

doi: 10.1186/s12934-020-01469-z. 

 

[71] A. Hubler and O. Osuagwu, “Digital quantum batteries: Energy and information storage in 

nanovacuum tube arrays,” Complexity, vol. 15, no. 5, pp. 48–55, 2010, 

doi: 10.1002/cplx.20306. 

 

[72] A. Jóźwik et al., “The effect of different levels of Cu, Zn and Mn nanoparticles in Hen 

Turkey diet on the activity of aminopeptidases,” Molecules, vol. 23, no. 5, p. 1150, 2018, 

doi: 10.3390/molecules23051150. 

 

[73] M. V. Tuttolomondo, S. Municoy, M. I. A. Echazú1, L. M. López and G. S. Alvarez, 

“Magnetic nanoparticles for nucleic acid delivery: Magnetofection, gene therapy and 

vaccines,” Magnetic Nanopart. Biomed. Appl., vol. 143, pp. 278–313, 2023, 

doi: 10.21741/9781644902332-10. 

 

[74] R. Puri, V. Arora, A. Kabra, H. Dureja and S. Hamaal, “Magnetosomes: A tool for 

targeted drug delivery in the management of cancer,” J. Nanomater., 2022, 

doi: 10.1155/2022/6414585. 

 

[75] M. A. Zoroddu, S. Medici, A. Ledda, V. M. Nurchi, J. Lachowicz and M. Peana, 

“Toxicity of nanoparticles,” Curr. Med. Chem., vol. 21, no. 33, pp. 3837–3853, 2014, 

doi: 10.2174/0929867321666140601162314. 

 

[76] A. Mnyusiwalla, A. S. Daar and P. A. Singer, “Mind the gap: Science and ethics in 

nanotechnology,” Nanotechnol., vol. 14, no. 3, 2003, doi: 10.1088/0957-4484/14/3/201. 

 

[77] J. Wu et al., “Metal-containing nanoparticles in low-rank coal-derived fly ash from China: 

characterization and implications toward human lung toxicity,” Environ. Sci. Technol., 

vol. 55, no. 10, pp. 6644–6654, 2021, doi: 10.1021/acs.est.1c00434. 

 

[78] J. Ying, Nanostructured Materials. New York: Academic Press, 2001. 

 

[79] C. Greulich, J. Diendorf, T. Simon, G. Eggeler, M. Epple and M. Köller, “Uptake and 

intracellular distribution of silver nanoparticles in human mesenchymal stem cells,” Acta 

Biomater., vol. 7, no. 1, pp. 347–354, 2011, doi: 10.1016/j.actbio.2010.08.003. 

 

[80] C. Hanley et al., “The influences of cell type and ZnO nanoparticle size on immune cell 

cytotoxicity and cytokine induction,” Nanoscale Res. Lett., vol. 4, no. 12, pp. 1409–1420, 

2009, doi: 10.1007/s11671-009-9413-8. 

 

[81] T. Vines and T. Faunce, “Assessing the safety and cost-effectiveness of early nanodrugs,” 

J. Law Med., vol. 16, no. 5, pp. 822–845, 2009. 

https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/
https://doi/


Khan et al. 

21 

 

[82] H.A. E. Benson, V. Sarveiya, S. Risk and M. S. Roberts, “Influence of anatomical site and 

topical formulation on skin penetration of sunscreens,” Ther. Clin. Risk Manag., vol. 1, 

no. 3, pp. 209–218, 2005, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1661631/. 

 

[83] V. Howard, “Statement of Evidence: Particulate Emissions and Health: Proposed 

Ringaskiddy waste-to-energy facility,” An Bord Pleanála, 2009, 

http://www.durhamenvironmentwatch.org/Incinerator%20Health/CVHRingaskiddyEvide

nceFinal1.pdf. 

 

[84] N. Pieters, “Blood pressure and same-day exposure to air pollution at school: Associations 

with nano-sized to coarse PM in children,” Environ. Health Persp., vol. 123, no. 7, 

pp. 737–742, 2015, doi: 10.1289/ehp.1408121. 

 

[85] M. Maaza et al., “Peculiar size effects in nanoscaled systems,” Nano-Horizons, vol. 1, 

2022, doi: 10.25159/NanoHorizons.9d53e2220e31. 

 

[86] P. Forouzandeh, V. Kumaravel and S. C. Pillai, “Electrode materials for supercapacitors: 

A review of recent advances,” Catalysts, vol. 10, no. 9, p. 969, 2020, 

doi: 10.3390/catal10090969. 

 

https://doi/
https://doi/
https://doi/

