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ABSTRACT

Green nanotechnology, characterized by reduced toxicity and environmental compatibility, leverages microorganisms for nanoparticle synthesis. This review delves into microbial mechanisms in nanoparticle production. Fungi like Saccharomyces cerevisiae, Candida glabrata, and Fusarium oxysporum employ distinct enzymatic pathways for synthesis. Aspergillus spp and Pleurotus ostreatus demonstrate diverse enzymatic and reducing agent routes. Bacteria, notably Rhodopseudomonas palustris and Bacillus thuringiensis, contribute through lyases and bioreduction, respectively. Cyanobacteria display bioaccumulation tendencies yielding gold nanoparticles, while Rhodopseudomonas palustris reveals cellular-nanoparticle dynamics. This exploration illuminates the potential of microorganism-mediated nanoparticle synthesis for sustainable applications, providing insights into mechanisms and interactions.
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 INTRODUCTION 

Despite of having tangible progress in the field of synthesis of nanoparticles (1) (2) (3) (4), green nanotechnology(5) has emerged as an attractive feature with a reduction in toxicity values and ameliorating potential for environmental issues (6). Green nanotechnology uses microbial entities for the synthesis of nanoparticles. Many microorganisms and plants store or accumulate various inorganic materials inside or outside the cell and this property can be exploited to synthesize nanoparticles (7). The studies on enzyme structure and nucleic acids that code for these specific enzymes can demystify the mystery regarding synthesis of nanoparticles (8). Metal ions are reduced to nanoparticles by cell walls (9) and cell wall proteins of microorganisms and due to advancements in techniques infer the application of nanoparticles in a variety of fields on the basis of composition, shape, size and molecular interactions. In this article emphasis is laid on the microorganisms that can be employed for synthesis of nanoparticles along with a brief glimpse of their mechanism.


BIOSYNTHESIS USING FUNGI

Fungi have been extensively employed for the biosynthesis of nanoparticles and the mechanistic aspects controlling the nanoparticle formation have also been deduced for a few. Contrasting to bacteria, fungi could be used as a source for mass production of nanoparticles. This is due to the piece of evidence that fungi exude more amounts of proteins which directly decipher increased productivity of nanoparticle formation (10). In addition to dispersity in single dimension, nanoparticles with well illustrated dimensions can be acquired by using fungi.
In case of biosynthesis of gold nanoparticles by V.luteoalbum, the rate of nanoparticle formation and their size can be manoeuvred using physical parameters like pH, temperature, gold exposure time and concentration. (11).


Biosynthesis by Saccharomyces cerevisiae and Candida glabrata:
Nature has provided yeasts and some other fungus with membrane bound oxidoreductases and cytosolic oxidoreductases along with quinines ( 12) (13). These oxidoreductases and quinones (14) are supposed to be the reason for reduction of inorganic substances to nanoparticles (15 ). Oxidoreductases are pH sensitive enzymes with a specific ability to work as oxidases at low pH and reductases at high pH (16) (17). The method to synthesize nanoparticles involves generation of stress. During such stressful conditions transformation takes place and this transformation is subjected to strictness at two distinct levels. At cell membrane level, as TiO(OH)2 is added tautomerization of quinones and oxidases takes place. In a similar study with Candida glabrata(18.), where stress was provided using Cd ions and the tautomerization has deduced an elaboration of phytochelatin synthase (19) and HMT-1 (20) which further helped in synthesis of CdS nanoparticles from the microbe (21). Secondly, if the TiO(OH)2  reaches cytosol, a family of oxygenases are activated in the endoplasmic reticulum, mainly responsible for detoxification using the process of oxygenation. The action as reductases releases derivatives of compounds popularly known as benzoquinones (22) and toluquinones (23). The above mentioned methodologies have been employed for the synthesis of metallic nanoparticles of titanium, silver and cadmium (24).

Biosynthesis by Fusarium oxysporum:
Inferences from protein assays have pointed towards NADH-dependent reductase as key factor for biosynthesis processes. The enzyme oxidizes NADH to NAD+ by gaining electrons from NADH. Further, this enzyme gets oxidized by metal ion reductions. Fusarium oxysporum was used to synthesize 10-25 nm silver hydrosol by the above mentioned enzyme of molecular weight 44 kDa (25).  Action of napthoquinones (26) and anthraquinones (27) as redox centres for the reduction of Ag nanoparticles has also been demonstrated (28). 
Conjectures from various assays for nitrate dependent reductases (29) show that the reduction potential can be utilized for the synthesis of nanpoparticles. In Fusarium oxysporum quinine conjugates this enzyme and reduces the metal ion to change it to elemental form (30). Interestingly, Fusarium monoliformae that has extracellular and intracellular reductases in the same trend as Fusarium oxysporum is unable to synthesize nanoparticles. The possible reason could be that reductases from Fusarium monoliformae are fruitful for conversion of only Fe3+ to Fe2+ not Ag+ to Ag0  (31).

Biosynthesis by Aspergillus:
Aspergillus flavus (32) (33.) upon challenging with silver nitrate has been found to mount up silver nanoparticles on the surface of its cell wall. The nanoparticles thus formed were monodispersed nanoparticles of size range 8.92+/-1.61 nm (34). Aspergillus flavus secretes some proteins and reducing agents that help to stabilize the nanoparticlees in extracellular state. Four high molecular proteins were found to be released by Aspergillus flavus in alliance to these nanoparticles (35) (36). Aspergillus niger also employed to synthesize silver nano particles of size 3-30 nm and nitrate reductase appeared to be a key mechanistic aspect (37) (38).

Biosynthesis by Pleurotus ostreatus:
Pleurotus ostreatus after getting challenged from 1mM silver nitrate exuded the synthesis of silver nanoparticles. The presence of NADH dependent nitrate reductase (39) in cell filtrate provided the evidence for hypothesizing the mechanism for conversion of Ag(NO3)2to Ag nanoparticles (40) (41.).

Biosynthesis using bacteria 

Bacteria are considered to be a potent biomass for nanoparticles synthesis. Production of gypsum and calcium carbonate from S layer bacteria and production of magnetic nanoparticles from magnetotactic bacteria are well known demonstrations (42). Growth and survival of some microorganisms has been observed even at high metal ion concentrations, this survival may be the result of high level of tolerance or resistance developed in microorganisms. The reason for tolerance could be various efflux systems, bioaccumulations, removal of toxicity by reduction or oxidation or deficiency of metal transport systems (43).

A. Biosynthesis by Rhodopseudomonas palustris:
Cadmium sulfide nanoparticle synthesis was revealed using Rhodopseudomonas palustris  (44) by lyases class of enzymes. Systematically D-cysteine sulfide-lyase, which participates in cysteine metabolism, could be the key cause of this synthesis (45). The maximum absorbance peak at 425 nm demonstrated the quantum size organization of CdS particles. The causal enzyme was located in cytoplasm and Rhodopseudomonas palustris was found quite efficient in transporting CdS nanoparticles out of cell (46).


0. Biosynthesis by Bacillus thuringiensis:
Growth of multi drug resistant strains of Streptococcus aureus , Pseudomonas aeruginosa and Escherichia coli were inhibited by use of silver nanoparticles synthesized by utilizing bioreduction property of Bacillus thuringiensis. The spore crystal mixture was shown to have bioreduction property by converting silver nitrate solution to yellowish silver nanoparticles (47).

0. Biosynthesis by Cyanobacteria:
A cyanobacterium (Plectonema boryanum UTEX 485) was reported to synthesize gold nanoparticles by their tendency towards bioaccumulation.  Documentations reveal that cyanobacteria upon interaction with gold(III)-chloride solution initially resulted in accumulation of gold(I)-sulfide (48). Further treatment resulted into formation of octahedral (III) platelets.  Interestingly, Plectonema boryanum UTEX 485 when interacted with Au(SO4)23- gold nanoparticles  of size 10-25 nm were accumulated in the solution whereas particles of size <10 nm were accumulated inside the cell. But the presence of AuCl4- solution resulted in octahedral gold platelets of size 1-10 micrometer and particles of size <10 nm inside the cell (49). Cyanobacteria were also incorporated in biological synthesis of palladium (50), silver (51) and platinum (52) nanoparticles.
	.

CONCLUSIONS

The use of microbes as means to synthesize nanoparticles has provided a vast insight into environment friendly approaches along with opening gates for various other approaches towards micro interactions of nanoparticles with proteins. Here the emphasized microbial entities use distinct communities of enzymes for synthesis purpose. Various oxidareductases, nitrate reductases and lyases result into synthesis of different nanoparticles with definite microbial and industrial possibilities. The synthesis using Aspergillus incorporated the use of four proteins and these proteins can be employed to study micro-interactions of nanoparticles. Synthesis using cyanobacteria has revealed a fact that the size of nanoparticles accumulated inside the cell are independent of solution used. Whereas, the aggregating or agglomerating property of nanoparticles is quite dependent on the type of solution used as 10-25 nm particles were formed using Au(SO4)23- and octahedral platelets formed by aggregation or agglomeration in AuCl4-. Lastly, the transfer of nanoparticles from cytoplasm to extracellular space in Rhodopseudomonas palustris illustrates the membrane structure that favors the to and fro motion of nanoparticles.
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