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ABSTRACT 

The applications of nanoparticles (NPs) and another nanomaterial (NM) are widely increasing in various fields including biomedical and 

clinical sciences. Conventional methods used for the synthesis of NM have several demerits like chemical procedures producing toxic 

materials and physical methods being costly and forming particles of non-uniform sizes. The use of such NM has prevented their 

applications in biomedical fields especially in clinical applications. In order to use NPs in clinical fields, there is a need to use reliable, 

nontoxic and eco-friendly methods for their synthesis. The use of eco-friendly and biological methods for the synthesis of NPs and other 

NM has attracted the attention of nanobiotechnologists due to synthesis of such particles by using nontoxic method. The enzymatic 

synthesis of NPs is highly specific as this procedure results in the formation of nontoxic materials of controlled shape, size and high 

stability. In this chapter an effort has been made to critically review recent developments in the area of biosynthesis of several types of 

NM by using enzymes of diverse groups such as oxidoreductases, transferases, hydrolases, lyases and ligases. The mechanisms of 

enzyme catalyzedsynthesis of NPs and the reaction conditions to control their shape, size, and stability of NPs have also been described. 

Numerous kinds of techniques employed for the identification and characterization of NM have been discussed. The biomedical and 

other applications of as-synthesized NM have also been mentioned in this article. 
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Abbreviations: AFM, atomic force microscopy; DLS, dynamics light scattering; EDX, energy dispersive X-ray; FT-IR, fourier 

transform infrared; GO, graphite oxide;  GOD, glucose oxidase; GR, glutathione reductase; GS, glutathione synthetase; HRP, 

horseradish peroxidase; HRTEM, high resolution-transmission electron microscopy; LDH, lactate dehydrogenase; NPs, nanoparticles; 

PGPB, plant-growth-promoting bacteria; PAA, polyacrylic acid; SEM, scanning electron microscopy; TEM, transmission electron 
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1. INTRODUCTION 

 Nanobiotechnology is an emerging field of modern science 

and technology which has helped us in improving the quality of 

human life. The synthesis of diverse kinds of nanomaterial (NM) 

has attracted the interest of the scientists in the last decade due to 

their wide spectrum applications in the fields of biotechnology, 

biomedicine, electronics, environmental, food and fuel analysis, 

and other industries [1-6]. Nanoparticles (NPs) with one or more 

dimensions of the order of 100 nm or less have demonstrated their 

merits over their bulk counterparts due to their unique and 

fascinating properties [7, 8]. Several types of chemical, physical, 

biological or combination of these methods have been exploited 

for the synthesis of different kinds of NPs [ 9-13]. However, 

physical and chemical methods are commonly employed for the 

synthesis of NPs but these procedures have some inherent 

limitations such as chemical methods are highly toxic while the 

physical ones are very expensive and time consuming[14-16]. 

Sometimes the use of toxic chemicals in the synthesis of NPs 

prevents their applications in biomedical fields especially in 

clinical applications [17, 18] Prabhu. In order to use NPs in 

clinical fields, there is a need to use reliable, nontoxic and eco-

friendly methods for their synthesis. Recently, biological 

procedures of NPs synthesis have significantly drawn the attention 

of nanobiotechnologists, although these procedures have some 

drawbacks. In order to synthesize NPs by an eco-friendly and 

inexpensive manner, plenty of efforts have been made to replace 

currently available conventional chemical and physical methods 

by biological methods [16]. 

Biological methods, apart from being inexpensive, also provide 

protein capped NPs which exhibited very high stability and good 

dispersity and prevent aggregation of NPs during synthesis [19-

21]. These particles may find several applications in a number of 

disciplines [22-24]. Enzymes are an important group of 

biomolecules whose catalytic properties can be exploited beyond 

the limit of conventional chemistry. An enzyme can work under 

very mild experimental conditions and requires a very low amount 

of energy. The synthesis of NPs by an enzymatic process has 

shown its superiority over all known conventional physical and 

chemical methods. The use of an enzymatic process will eliminate 

application of costly and toxic chemicals and this procedure is a 

more acceptable “green” route. It is an eco-friendly and less 

energy consuming procedure [19, 25]. 

In this manuscript an effort has been made to describe a brief 

overview of the recent research activities that focused on the 

enzymatic synthesis of various kinds of NPs such as metallic, 

oxide, sulfide and other types of NM. The mechanisms of NPs and 

NM synthesis and the conditions to control their size, shape 

andmono-dispersity have been discussed. The characterization of 

synthesized NPs and other kinds of NM by different techniques 

have also discussed. The clinical, biomedical and other 
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applications of NPs synthesized by this procedure have also been summarized in the chapter. 

 

2. OXIDOREDUCTASES 

 An oxidoreductase catalyzes the transfer of electrons from 

electron donors, reductants, to the electron acceptors, oxidants. 

The following reaction is catalyzed by an oxidoreductase. 

Pi + Glyceraldehyde-3-phosphate + NAD+→ NADH + H++ D-

glycerate 1,3-bisphosphate 

In this reaction, NAD+ is an oxidant and glyceraldehyde-3-

phosphate is a reductant. Oxidoreductases are oxidases and 

dehydrogenases. Oxidases involve O2 as an acceptor of hydrogen 

or electrons whereas dehydrogenases oxidize a substrate by 

transferring hydrogen to an acceptor that is NAD+/NADP+ or a 

flavin enzyme. There are some other oxidoreductases i.e., 

peroxidases, hydroxylases, oxygenases, and reductases. 

Peroxidases are localized in peroxisomes and catalyze reduction of 

H2O2. Hydroxylases add hydroxyl groups to its substrates. 

Oxygenases incorporate oxygen from O2 into organic substrates. 

Reductases catalyze reductions, in most of the cases reductases 

can act as an oxidase [26]. Table 1 summarizes NM obtained by 

employing oxidoreductases. 

Lactobacillus sp. and Saccharomyces cerevisae mediated 

biosynthesis of TiO2 NPs has been performed at room 

temperature. X-ray diffraction (XRD) and transmission electron 

microscopic (TEM) studies demonstrated formation of TiO2 NPs. 

The size of individual NPs as well as few aggregates was 8-35 nm. 

Concentric Scherrer rings in the selected area of electron 

diffraction pattern showed NPs of varying orientations. The 

synthesis of n-TiO2 was catalyzed by pH-sensitive membrane 

bound oxidoreductases and carbon source dependent rH2 in the 

culture solution [27]. In a further study similar group has 

evaluated the potential of Saccharomyces cerevisiae for the 

synthesis of Sb2O3 NPs. The production of Sb2O3 NPs has been 

examined by XRD and TEM and face centered cubic unit cell 

structure of Sb2O3 NPs has been revealed by Rietveld analysis. 

The shape of the NPs was spherical with 2-10 nm size. The 

synthesis of n-Sb2O3 was resulted due to tautomerisation of 

membrane-bound quinones or the pH-sensitive oxidoreductases. 

The involvement of endoplasmic reticulum-bound oxygenases in 

this process has been noticed [28]. Low cost reproducible bacteria, 

Aeromonas hydrophila was employed for the formation of ZnO 

NPs both as reducing and capping agent. UV-vis spectroscopy, 

XRD, Fourier transform-infra red (FT-IR), atomic force 

microscopy (AFM), non-contact atomic force microscopy (NC-

AFM) and field emission scanning electron microscopy (FESEM) 

with energy dispersive X-ray (EDX) were performed in order to 

confirm the production and characterization of ZnO NPs. The 

obtained ZnO NPs were characterized by a peak in UV-vis 

spectrum at 374 nm. AFM exhibited spherical and oval shape of 

NPs with an average size of 57.72 nm. XRD confirmed the 

crystalline nature of NPs and Rietveld analysis of the X-ray data 

indicated that ZnO NPs have hexagonal unit cell at crystalline 

level. The synthesis of ZnO NPs might be due to variation in the 

level of rH2 or pH, which resulted in the activation of pH sensitive 

oxidoreductases. The synthesized ZnO NPs were hydrophilic in 

nature, dispersed uniformly in water, highly stable and exhibited 

remarkably high antimicrobial activity [29]. 

More recently Sandana and Rose [30] investigated production of 

ZnS NPs in quantum regime by Saccharomycescerevisiae MTCC 

2918 fungus and characterize their size and spectroscopic 

properties. Intracellular ZnS NPs were produced by a facile 

procedure and freeze thaw extraction using 1.0 mM ZnSO4. The 

ZnS NPs showed surface plasmon resonance (SPR) band at 302.57 

nm. The produced NPs were in low yield and their obtained size 

was 30-40 nm. XRD analysis of the powder revealed that the NPs 

were in the sphalerite phase. Photoluminescence spectra excited at 

280 nm and 325 nm exhibited quantum confinement effects. These 

findings have revealed that yeast cells have sulfate metabolizing 

systems which is a useful fungal source to assimilate sulfate. 

Further evidence are needed to understand the transport/reducing 

processes that result in the synthesis of ZnS NPs such as an 

oxidoreductase-mediated mechanism. 

2.1. Glucose Oxidase. Glucose oxidase (β-d-glucose: O2 1-

oxidoreductase; EC 1.1.3.4) catalyzes the oxidation of β-d-glucose 

to gluconic acid in the presence of O2 as an electron acceptor:  

β-d-glucose +O2 Gluconicacid + H2O2 

Currently microbial glucose oxidases (GODs) have attracted much 

attention due to their wide spectrum applications in chemical, 

analytical, pharmaceutical, food, beverage, clinical chemistry, 

biotechnology and other industries [31-33]. Yasui and Kimizuka 
[34] explained an enzymatic route for the synthesis of protein-

wrapped AuNPs. GOD catalyzed reduction of Au(III) ion in 

presence of β-D-glucose which resulted in the synthesis of stable 

AuNPs with diameter of 14.5 nm. FT-IR spectra, zeta potential 

and circular dichroism (CD) spectra of purified NPs exhibited that 

the particles were stabilized by adsorbed protein layer. An elegant 

GOD mediated approach has been adopted for the synthesis of 

AuNPs of controlled shape and size. In this method GOD was 

immobilized on solid substrates using layer-by-layer technique. 

The layer-by-layer films included four alternative layers of 

chitosan (CS) and poly(styrene sulfonate) by GOD in the 

uppermost bilayer adsorbed on a fifth CS layer: For the synthesis 

of AuNPs the films were dipped in the solutions of varying pH 

containing gold salt and glucose. The highest yield for AuNPs was 

obtained at pH 9. The size of NPs determined by TEM was 30 nm. 

Immobilized GOD produced AuNPs more effectively as compared 

to its free form [35]. 

2.2. Glutathione Reductase. Glutathione reductase (GR; 

EC.1.8.1.7) is also known as glutathione-disulfide reductase. It 

catalyzes reduction of glutathione disulfide (GSSG) to the 

sulfhydryl form glutathione (GSH). GR works as a dimeric 

disulfide oxidoreductase and utilizes FAD prosthetic group and 

NADPH to reduce one mole of GSSG to two moles of GSH [36]. 

Some workers have evaluated the role of FAD-dependent enzyme, 

GR in the NADPH-dependent reduction of AuCl4 and PtCl62 in 

http://sciencelinks.jp/j-east/result.php?field1=author&keyword1=YASUI%20K&combine=phrase&search=SEARCH
http://sciencelinks.jp/j-east/result.php?field1=author&keyword1=KIMIZUKA%20N&combine=phrase&search=SEARCH
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order to synthesize NPs at the active site of the enzyme. The active 

site of enzyme relatively stabilized very small metallic clusters 

and prevented their aggregation in absence of a capping ligand. 

Theenzyme synthesized AuNPs at its active site strongly retained 

via catalytic cysteine. NPs from the active site of the enzyme was 

released by using β-mercaptoethanol [37, 38]. A novel tellurite 

reductase from the Antarctic bacterium Pseudomonas sp. BNF22 

was used to produce tellurium-containing NM. This new enzyme 

was recognized as GR and was overproduced in E. coli. The 

enzyme was capable of synthesizing Te-containing NM of nearly 

68 nm. These NM have exhibited very strong antibacterial activity 

against E. coli and showed no apparent cytotoxic effect against 

eukaryotic cells [39]. 

2.3. Glycerol Dehydrogenase. Glycerol dehydrogenase (EC 

1.1.1.6) is also called as NAD+-linked glycerol dehydrogenase, 

glycerol: NAD+2-oxidoreductase. This enzyme belongs to 

oxidoreductase family that utilizes the NAD+ to catalyze the 

oxidation of glycerol to form dihydroxyacetone[40]. Niide et al. 

[41]  have reported an enzymatic synthesis of AuNPs by an 

engineered E coli harboring a NADH cofactor regeneration system 

which coupled with glycerol dehydrogenase, its activity was 

stimulated by adding exogenous glycerol. 

2.4.  Hydrogenases. Hydrogenases are catalyzing reversible 

oxidation of H2 to H+ at close to thermodynamic potential. The 

reaction takes place at a bimetallic active site consisting of Fe 

atoms ([Fe Fe]-hydrogenases) or one Ni and one Fe atom ([Ni Fe]-

hydrogenases), coordinated by biologically unusual CO and 

CNligands [42].Riddin and coworkers [43] reported an enzymatic 

mechanism for total bioreduction of Pt(IV) into Pt(0) NPs by a 

mixed consortium of sulphate-reducing bacteria. Two different 

hydrogenases were involved in this process, firstly the Pt(IV) was 

reduced to Pt(II) by a two-electron bioreduction using an oxygen-

sensitive novel cytoplasmic hydrogenase while in second step 

Pt(II) ion was reduced to Pt(0) NP by another two-electron 

bioreduction, involving an oxygen-tolerant/protected periplasmic 

hydrogenase. The enzyme was identified from its reaction with 

Cu(II), an active inhibitor of periplasmic hydrogenases. The 

endogenous electrons were used for the reduction of Pt(II) by the 

periplasmic hydrogenase in the absence of sulphate. It was noticed 

that the Pt(IV) ion was completely reduced prior to thereduction of 

Pt(II) ion. TEM and EDX analysis demonstrated deposition of Pt 

NPs in the periplasmic space. The incubation of purified dimeric 

Fusarium oxysporum hydrogenase with Pt salt under an 

atmosphere of hydrogen and optimum enzyme conditions at pH 

7.5 and 38°C resulted in the synthesis of Pt NPs. The 90% Pt was 

reduced in a buffer of pH 9.0 at 65oC in 8 h while 10% of Pt was 

reduced at pH 7.5 and 38°C within the same time. The 

bioreduction of Pt salt by a hydrogenase involved a passive 

process [44, 45]. 

2.5.  Laccase. Laccases (EC 1. 10. 3. 2) are copper-containing 

oxidases and are present in many plants, fungi, insects and 

microorganisms. These enzymes catalyze one electron oxidation 

of various organic and inorganic substrates including mono-, di- 

and polyphenol aminophenol, methoxyphenol, aromatic amines 

and ascorbate with the concomitant four electron reduction of O2 

to H2O [46]. Laccases belong to oxidase family of enzymes and 

require O2 as a second substrate for their action. These enzymes 

catalyze ring cleavage of aromatic compounds [47]. 

Galliker and coworkers [48]  have developed a new system based 

on laccase-modified silica NPs by examining its potential to 

degrade a major endocrine disrupting chemical, bisphenol A. The 

NPs were produced by Stöber method and characterized by SEM, 

dynamic light scattering (DLS) and f-potential analysis. The 

introduction of primary amino groups at the surface of the 

particles was obtained using amino-propyl-triethoxysilane. The 

use of GA as the bifunctional coupling agent allowed the efficient 

conjugation of Coriolopsis polyzona laccase at the surface of NPs, 

The oxidative activity of the synthesized bio-conjugate was 

evaluated by radioactive (14C) labeled bisphenol A. Sanghi et el. 

[49] have demonstrated the production of AuNPs by fungus 

Phanerochaete chrysosporium after treating with gold ions under 

ambient aqueous conditions for 90 min. It was found that the 

laccase was the main enzyme involved in the synthesis of 

extracellular AuNPs. Ligninase was responsible for the 

intracellular formation of NPs on the fungal mycelium. The 

stabilization of NPs via protein layer was confirmed by AFM 

which showed spherical NPs of 10-100 nm size. These findings 

demonstrated an important role of fungal enzymes in the synthesis 

of highly stable AuNPs. Faramaarzi and Forootanfar [50] used 

purified laccase from Paraconiothyrium variabile to synthesize 

AuNPs. The UV-vis spectrum of gold NPs showed a peak at 530 

nm related to SPA of AuNPs represented the formation of AuNPs 

after 20 min incubation of 0.6 mM HAuCl4 in presence of 73 U 

laccase at 70°C. TEM image of AuNPs demonstrated well 

dispersed NPs in the range of 71-266 nm as determined by the 

laser light scattering (LLS) method. The pattern of EDX for the 

prepared gold NPs confirmed its nanocrystal structure. 

Vetchinkina et al. [51] used medicinal basidiomycete 

Lentinusedodes for the reduction of Au(III) from HAuCl4 to 

elemental Au [Au(0)], which resulted in the formation of AuNPs. 

TEM, electron energy loss spectroscopy (EELM), X-ray 

fluorescence and DLS techniques were employed to characterize 

NPs. The synthesized NPs have spherical in shape and 5-50 nm 

size. Laccase, tyrosinase, and Mn-peroxidase were found to be 

involved in the synthesis of AuNPs. 

2.6.  Lactate Dehydrogenase.The systematic name for lactate 

dehydrogenase (LDH; EC 1.1.1.27) is lactate:NAD+-

oxidoreductase. LDH catalyzes conversion of pyruvate to lactate 

with concomitant oxidation of NADH during the last step in 

anaerobic glycolysis [52]. It is present almost in all body tissues. 

However, when tissues are damaged by injury or disease, they 

secrete more LDH into bloodstream. Several conditions can cause 

increased LDH in blood include liver disease, heart attack, 

anemia, muscle trauma, bone fractures, cancers and infections 

such as meningitis, encephalitis and HIV. E. coli exudate was used 

for the synthesis of AuNPs at pH 7.35, 30oC and 100 ppm 

aurochlorate salt. The results were confirmed by UV-vis 

spectroscopy, XRD and high resolution transmission electron 

microscopy (HRTEM). HRTEM micrographs as well as SPR 

peaks of UV-vis spectra showed that obtained AuNPs were of 25-

http://en.wikipedia.org/wiki/Oxidoreductase
http://en.wikipedia.org/wiki/Dihydroxyacetone
http://www.ncbi.nlm.nih.gov/pubmed?term=Niide%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21629910
http://www.sciencedirect.com/science/article/pii/S0141022909001240
http://www.sciencedirect.com/science/article/pii/S0927776511002293
http://www.sciencedirect.com/science/article/pii/S0927776511002293
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30 nm size. Further, HRTEM analysis has demonstrated that at 

inherent pH of reactant spherical NPs were formed while the 

anisotropic nanostructures were obtained at pH 4. The mechanism 

of NP formation was decoded using LDH knock out E. coli. It was 

found that LDH knockout bacteria were incapable of synthesizing 

AuNPs. The role of LDH was further demonstrated when its 

activity was reduced from 73.5 µmol mg-1 min-1 to 24 µmol mg-

1min-1 in normal  E. coli [53]. 

2.7.  NADH-Dependent Reductase. NADH is employed as a 

most common reduced coenzyme in redox reaction in an organism 

and thus it is participating as a reducing agent in vivo in many 

enzymes catalyzed reactions [54, 55]]. It has been noticed that A. 

terreus NADH-dependent reductase involved in the synthesis of 

AgNPs. The silver ions received electrons from NADH via 

NADH-dependent reductase and then reduced to Ag. Several 

earlier workers have also reported the involvement of NADH-

dependent reductases from Fusarium oxysporum and P. 

fellutanum during biosynthesis of AgNPs [44, 56]. Li et al. [57] 

have reported reduction of aqueous Ag+ ion by the culture 

supernatants of Aspergillus terreus for the purpose of synthesis of 

AgNPs. The reaction occurred at ambient temperature and in a 

very short time. The bioreduction of AgNPs was monitored by 

UV-vis spectroscopy. The obtained AgNPs were polydispersed 

spherical as characterized by TEM and XRD. The size of NPs was 

in a range of 1-20 nm. The obtained NPs were quite stable and 

were produced without the participation of any toxic chemicals as 

capping agents. Reduced NADH was found to be an important 

reducing agent during the formation of AgNPs in an enzyme-

mediated extracellular reaction process. NADH and NADH-

dependent reductase were found key players in the synthesis of 

AgNPs. The as-synthesized NPs have efficiently inhibited various 

pathogenic organisms, including bacteria and fungi. Correa-

Llantén et al.[58] have described the generation of AuNPs by 

thermophilic bacterium Geobacillus sp. strain ID17. Cells exposed 

to Au3+ turned from colorless into an intense purple color. The 

elemental analysis and composition of NPs were determined by 

TEM and EDX investigation. The intracellular localization and 

particles size of NPs was confirmed by TEM which illustrated two 

different types of particles of predominant quasi-hexagonal shape 

with 5-50 nm size. The majority of the particles were in a range of 

10-20 nm. FT-IR spectroscopy was used to characterize chemical 

surface of AuNPs. In an earlier study the involvement of reductase 

activity in the synthesis of AuNPs by some other microorganism 

has also been reported, where the reduction was initiated by the 

electron transfer from NADH via a NADH-dependent reductase 

and thus it involved in the reduction of Au3+[59].. This reduction 

using NADH as substrate was evaluated in ID17 and it was found 

that the crude extracts of the microorganism catalyze NADH-

dependent biosynthesis of AuNPs by ID17. 

2.8.  Nitrate Reductase. Nitrate reductase is a multi-domain 

enzyme which is made up of prosthetic groups molybdopterin, Fe-

heme, and FAD in a 1:1:1 stoichiometry that mediates an electron 

transfer from NADPH to nitrate. The FAD and Mo-pterin domains 

function as the binding sites for NADPH and NO3
-, respectively. 

However the cytochrome b5-like heme domain facilitates electron 

transfer from FAD domain to the active-site Mo-pterin [60]. In an 

earlier study, Durán and coworkers [61] have described the 

reduction of aqueous silver ions into silver hydrosol by the 

exposure of several Fusarium oxysporum strains. The size of 

obtained AgNPs was in the range of 20-50 nm. This reduction of 

metal ions was mediated by a nitrate-dependent reductase and a 

shuttle quinone extracellular process. The produced NM expressed 

very high antibacterial activity. In vitro synthesis of AgNPs by α-

NADPH dependent nitrate reductase and phytochelatin have been 

demonstrated. The silver ions were reduced in presence of nitrate 

reductase and thus it produced stable silver hydrosol of 10-25 nm 

diameters. These NPs were stabilized by capping peptide. XRD, 

TEM, XRPES and UV-vis absorption techniques were used for the 

characterization of NPs [62]. The filtrate from fungus Fusarium 

semitectum has been used for the extracellular synthesis of highly 

stable and crystalline AgNPs from silver nitrate solution. The 

production of NPs was evaluated by UV-vis spectroscopy and 

XRD analysis. Majority of synthesized NPs were spherical in 

shape as visualized by TEM and their obtained size was 10-60 nm. 

The reduction of Ag+ to Ago was mediated by an enzyme present 

in organism. It was recorded that the exposure of Ag ions to F. 

oxysporumcaused release of nitrate reductase and subsequent 

formation of remarkably stable AgNPs. These NPs showed 

antibacterial activity [63, 64]  

In a further investigation, Vaidyanathan and coworkers [65] 

reported the synthesis of AgNPs by nitrate reductase. The obtained 

NPs were characterized TEM and the size of NPs was in the range 

of 10-80 nm. These NPs were employed in various medical 

applications. Marine macro alga Sargassum wightii was used for 

synthesis of AuNPs. A remarkable reduction in the nitrate 

reductase activity was noticed after fabrication of AuNPs. The 

morphology of the fabricated AuNPs was visualized by electron 

microscopy which showed the presence of isotropic spheres along 

with anisotropic NPs. The size of the obtained NPs was from 30-

100 nm. XRD was used to evaluate the crystalline nature of 

AuNPs and it was found to be face centered cubic [66]The leaf 

extract of Adathoda vasica a tropical shrub was considered in 

order to convert gold ions into monodispersed AuNPs. The 

maximum production of NPs was obtained at 80-100ºC, pH 6 and 

50 ppm of aurochlorate. These NPs were characterized by UV-vis 

spectroscopy, XRD and HRTEM. The obtained size of AuNPs 

was 10-20 nm. It was observed that nitrate reductase and 

glutathione were the main reducing agents in the synthesis of 

AuNPs [67] . In further study these workers demonstrated a green 

nanotechnological procedure for the biosynthesis of AuNPs by 

exploiting the reducing and thermodynamically efficient 

molecular mechanisms of medicinal plant, Asparagus racemosus. 

FT-IR analysis has shown the role of glutathione as one of the 

capping agent and biochemical assays exhibited the involvement 

of nitrate reductases as reducing agent during synthesis of AuNPs. 

The nitrate reductase and capping protein activities were reduced 

after biofabrication of AuNPs. The electron microscopy and XRD 

were employed to examine morphology and crystal structure of 

AuNPs, respectively [68]. 

http://dur.n.n.lib.bioinfo.pl/auth:Dur%C3%A1n,N
http://www.ncbi.nlm.nih.gov/pubmed?term=Vaidyanathan%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19796922
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El-Batal and colleagues [69] have employed culture supernatant of 

Bacillus stearothermophilus for synthesis of AgNPs by reduction 

of silver ions via nitrate reductase. Synthesized AgNPs were 

characterized by TEM, DLS, FT-IR and UV-vis spectroscopic 

analysis. The antimicrobial activity of the NPs was monitored 

against some pathogenic multidrug-resistant strains of yeast, 

Gram-negative and Gram-positive bacteria by using Kirby-Bauer 

method. The inhibition of microbial growth of the investigated 

strains was in the order of Candida spp>Gram-positive 

bacteria>Gram-negative bacteria. The synthesis of AgNPs by a 

probiotic microbe has been examined. The synthesized NPs was 

investigated by UV-vis spectroscopy and characterized by UV 

spectra, FT-IR analysis, SEM with energy dispersive spectroscopy 

(EDS) and using particle size analysis. Nitrate reductase assay 

showed its involvement in the synthesis of NPs. The bactericidal 

effect against common Gram-positive and Gram-negative bacteria 

has also been demonstrated. The results exhibited high 

antimicrobial activity against Gram-negative organism [70]. 

Mewada et al. [71] described formation of AuNPs by 

Pseudomonas denitrificans exudates and they noticed participation 

of nitrate reductase in the reduction of gold. UV-vis spectroscopy 

and HRTEM were employed for analysis of optical properties and 

morphology of NPs and the measured size of NPs was from 25-30 

nm. XRD was used to determine crystalline nature of AuNPs and 

it was found to be face centered cubic. FT-IR analyses of NPs 

having sulphydryl, amido, carbonyl functional groups which 

demonstrated role of peptides in capping the NPs in order to 

provide them stability. Penicillium sp. was used for the 

extracellular synthesis of AgNPs and this process of reduction of 

silver ions into AgNPs was due to involvement of nitrate 

reductase. The formation of AgNPs was monitored by UV-vis 

spectrophotometry. The size of AgNPs was 75 nm as determined 

by AFM [72]. 

Gunasekar and coworkers [73] have constructed three TiO2 

samples i.e., TiO2 (TiO2-A), biotemplated TiO2 (TiO2-B), and 

enzyme, nitrate reductase mediated Ag-TiO2 biotemplate (TiO2-

C). XRD, FESEM, EDS and UV-vis-NIR spectroscopy were used 

to examine the presence of anatase phase of TiO2 and silver in 

synthesized complex. Photocatalytic efficiencies of these 

photocatalysts were evaluated for oxidation of reactive black dye 

under solar light irradiation in batch reactors. Photocatalytic 

efficiencies of samples were compared by statistical tools like one-

way ANOVA and Tukey test. The findings of this work have 

shown that photocatalytic efficiency of TiO2-C was 40% higher 

than that of TiO2-A under solar light irradiation. Fernando et al. 

[74] have screened 12 plant-growth-promoting bacteria (PGPB) 

and 4 actinomycetes isolate from Philippine soils and investigated 

their roles in the synthesis of gold NPs from ionic gold. They 

observed the participation of nitrate reductase in the bioreduction 

of ionic gold. Only 10 PGPBs exhibited nitrate reductase activity 

after 5 d of incubation at 37°C. PGPB culture supernatants were 

incubated with gold (III) chloride trihydrate for 7 d at 28°C for 

invitro synthesis of AuNPs. UV-vis scanning spectroscopy of the 

culture supernatants of PGPBs 1 and 5 showed absorbance peaks 

of AuNPs at 570 nm and 541 nm, respectively. TEM analysis of 

PGPBs 1 and 5 exhibited the presence of AuNPs of 10-100 nm 

size. SEM and EDX analysis showed the formation of AuNPs by 

PGPB 5. 

Recently it has been noticed that chromosomally encoded silver 

resistance determinant of E. coli strain produced AgNPs in 

periplasmic space when it was exposed to Ag(I) salts. The 

synthesized AgNPs were present in zero-valent metallic silver 

lattice form. The production of such NPs was favorable under 

anaerobic conditions; it showed biological reduction of Ag+ ions. 

The role of microbial c-type cytochromes has been evaluated in 

the formation of AgNPs. A deletion mutant of the cytoplasmic 

membrane-anchored tetra-heme c-type cytochrome subunit of 

periplasmic nitrate reductase (NapC) exhibited a marked decrease 

in the synthesis of AgNPs. Moreover, the re-introduction of NapC 

has further retained biosynthetic property of AgNPs. Thus this 

investigation has confirmed the participation of c-type cytochrome 

during synthesis of AgNPs [75]. The production of AgNPs was 

obtained by using a purified fungal nitrate reductase in presence of 

gelatin as a capping agent and these NPs exhibited very strong 

biological activity against human pathogenic fungi and bacteria. 

NPs were characterized by XRD, DLS spectroscopy, SEM and 

TEM. The stable non-aggregating NPs were spherical in shape 

with an average size of 50 nm and a zeta potential of -34.3 [76]. 

2.9.  Peroxidase. Peroxidases (EC 1.11.1.x) are a large family of 

enzymes that typically catalyze the following reaction: 

ROOR' + electron donor (2 e-) + 2H+ → ROH + R'OH 

Most of these enzymes require optimal substrate as H2O2, but 

some of them are active in the presence of organic hydroperoxides 

such as lipid peroxides [77, 78]. The chiral conducting PANI NC 

[polyacrylic acid (PAA)/PANI/(-) camphorsulphonic acid (CSA)] 

were synthesized by HRP in a buffer, pH 4.3. It was noticed that 

HRP played an important role in the polymerization, which 

allowed PANI to prefer a specific helical conformation whether 

the induced chirality in the monomer‐CSA complex is either by 

(+)CSA or (-)CSA. The structural characterization of NC was 

made by solid state 13C cross-polarization with magic angle 

spinning NMR techniques. The structural features of PANI in the 

conducting form of synthesized NC were similar to chemically 

synthesized PANI [79]. Three methods were developed for the 

synthesis of DNA-templated PANI nanowires and networks. 

Oxidative polymerization of PANI in the buffer of moderate pH 

was completed using ammonium persulfate as an oxidant or 

alternatively HRP mediated oxidation, or by ruthenium complex 

mediated photo-oxidation. It has been observed by AFM that all 

three methods led to the preferential growth of PANI along with 

DNA templates. PANI was immobilized on the surface of DNA 

templates. Current-voltage measurements were done on 

DNA/PANI networks synthesized by either enzymatic method or 

by photo-oxidation. The conductance was consistent with values 

measured for undoped PANI films [80]. 

A biocatalytic procedure was followed for the production of 

conducting PANI-NPs. This procedure involved in the synthesis of 

NC of PANI and PAA by polymerizing aniline-CSA 

macromonomer using HRP in presence of template PAA. The 

second step included the separation of PANI polymers from PAA 
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and CSA in NC. TEM analysis was used to investigate the 

creation of PANI-NPs by the two-step approach. High-resolution 

solution 13C NMR and UV-vis spectroscopic techniques were 

employed to monitor the formation of conducting PANI chains by 

this method [81]. HRP catalyzed oxidative polymerization of 

aniline to form conductive PANI. This process was enhanced by 

the presence of a macromolecular template with sulfonic acid 

groups which developed a unique environment for the formation 

of conducting polymer. These investigators have used a photo-

cross-linkable thymine-based polymer with phenylsulfonate 

groups as a template substrate for this synthesis [82]. PANI 

colloidal particles were produced by HRP catalyzed 

polymerization of aniline employing CS as steric stabilizer and 

toluene sulfonic acid (TSA) or CSA as doping agents. FT-IR and 

UV-vis spectroscopic analysis exhibited that enzymatic polymer 

formation of aniline in dispersed media which produced 

emeraldine salt form of PANI. TEM was used to examine the 

morphology of colloids. CSA produced rod-like particles while 

TSA formed mainly oblong particles. PANI particles with high 

colloidal stability and size below 200 nm were achieved in the 

presence of 1.0 wt% of CS in reaction media, showing that this 

polymer was highly effective as a steric stabilizer. About 20 wt% 

CS was attached to the PANI. The colloids obtained either by TSA 

or CSA demonstrated a strong pH-dependent colloidal stability 

and underwent rapid flocculation in near neutral or alkaline media. 

This fascinating property of the colloids might be employed in 

separation technology [83]. Nabid et al. [84] reported an 

enzymatic method for synthesis of conducting NC between PANI 

and anatase TiO2 NPs. The presence of sulfonated polystyrene 

(SPS) affects the polymerization reaction and this reaction is 

catalyzed by HRP. For forming a core-shell structure PANI was 

deposited on the surface of TiO2. The synthesized NC was 

characterized by FT-IR, UV-vis spectroscopy and SEM analysis. 

These findings showed a strong binding at the interface of PANI 

and nano-TiO2. The ability of PANI and PANI/TiO2 NPs for 

electron exchange by Pt electrode, by casting the PANI and 

PANI/TiO2 NPs on the Pt electrode surface was examined by 

cyclic voltammetry. Difference of anodic and cathodic peak 

potential and formal potential values for PANI (281 mV and 425.5 

mV, respectively) and PANI/TiO2 NPs (39 mV and 591.5 mV, 

respectively) were analyzed by voltammograms. Gao et al. [85] 

evaluated the self-assembly and transformation of nanostructures 

controlled by enzymatic kinetics in a system consisting of HRP, 

H2O2 and 3,3′,5,5′-tetramethylbenzidine (TMB). Numerous TMB 

derivatives were obtained in the system in presence of varying 

concentrations of HRP which assemble into nanoscale structures 

in a number of morphologies and colors. These assemblies were 

reversible under physiological conditions. The synthesis and 

controlling of such “nano-transformers” via enzymatic kinetics 

will expand new areas for the formation of smart materials and 

biomimetic nanofabrication. Ryu et al. [86] have prepared for the 

first time composites of MWCNT and polypyrrole (Ppy) by HRP 

catalysis. Electron micrographs showed that the in situ enzymatic 

reaction by HRP resulted inuniform coating of MWCNT with Ppy 

without containing the polymer aggregates. The specific 

capacitance of the composites (46.2 F g−1) measured with a two-

electrode cell containing an electrolyte of 1 mol L−1 NaNO3 

increased more than 4-fold compared with that obtained with bare 

MWCNT (10.8 F g−1). In situ enzymatic polymerization of aniline 

onto MWCNT and COOH-MWCNT was evaluated in order to 

produce NC. HRP was used to catalyze polymerization of aniline 

in the presence of H2O2 at room temperature in a buffer of pH 4. 

FT-IR, SEM, TEM and thermo-gravimetric analysis (TGA) were 

used for the characterization of NC. TEM analysis exhibited 

tubular morphology with uniformly distributed MWCNT in the 

NC. SEM and TEM exhibited wrapping of the MWCNT with 

PANI chains. TGA demonstrated that the PANI component was 

thermally more stable in PANI/COOH-MWCNT than 

PANI/MWCNT composites. The synthesized NC had higher 

conductivity than pure PANI and it was due to a strong interaction 

between PANI chains and MWCNT [87]. GO/PANI NC was 

produced by HRP catalyzed polymerization of aniline in aqueous 

acidic medium using TSA as doping agent and H2O2 as an 

oxidizer. Two GO dispersions with sheets of an average lateral 

size of 12.50 μm and 247 nm were taken. The polymerization 

reaction was examined using 1.0, 2.5 and 5 wt % of GO and nGO 

dispersions. The attachment of PANI colloids with GO sheets was 

monitored by SEM. The characterization of PANI-GO colloids 

was done by FT-IR and UV-vis spectroscopy. The colloidal 

stability of NC was determined in the buffer of different pH [88]. 

The AgNPs were synthesized by peroxidase reduction and silver 

enhancement kit, EnzMetTM from Nanoprobes. The structures of 

AgNPs films of different densities were examined by SEM and 

TEM. TEM evaluated cross sections of AgNPs, were further 

investigated in order to confirm their chemical composition by 

EDX spectroscopy. The surface coverage of substrates by AgNPs 

and the maximum particles height was determined by Rutherford 

backscattering spectroscopy. The initial growth state the AgNPs 

exhibit desert-rose or nano-flower structure. It is indicated the 

desert-rose-like AgNPs consist of single-crystalline plates of pure 

silver [25]. Tetronic–grafted CS containing tyramine moieties was 

used for HRP-mediated hydrogel formation in situ. This gel was 

useful for loading NPs of biphasic calcium phosphate, mixture of 

hydroxyapatite and tricalcium phosphate, forming injectable 

biocomposites. HRP catalyzed the production of hydrogel 

composites in the suspension of copolymer and biphasic Calcium 

phosphate NPs. The compressive stress failure of the wet hydrogel 

was at 591±20KPa with the composite 10 wt% biphasic calcium 

phosphate loading. The composite was biocompatible and cells 

were well-attached on the surfaces. The experiment was 

performed in vitro by using mesenchymal stem cells [89]. 

 

Table 1.Biosynthesis of NM by Using Oxidoreductases. 

Name of enzyme Name of NPs Size (nm) Shape Reference/s 

Oxidoreductases ZnO 57.72 Spherical & oval [29]  
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Name of enzyme Name of NPs Size (nm) Shape Reference/s 

Oxidoreductases ZnS 30-40 Sphalerite [30]  

Glucose oxidase Au 14.5 ---- [34]  

Glucose oxidase Au 30 ---- [35]  

GR, Thioredoxin reductase, 

lipoamide dehydrogenase 

AuCl4 & PtCl62 -------- ---------- [37, 38]  

Ligninase Au 10-100 Spherical [49]  

Laccase Au 71-266 Nanocrystal [50]  

Laccase/Tyrosinase 

/Mn peroxidase 

Lactate dehydrogenase 

Au 

 

Au 

5-50 

 

25-30 

Spherical 

 

Spherical 

[51]  

[53]  

Sulfate reductase CdS --- Q-state [92]  

NADH dependent reductase 

NADH dependent  

Reductase 

Ag 

 

Au 

1-20 

 

5–50 

Spherical 

 

Quasi-hexagonal 

[57]  

[58]  

NADH dependent nitrate reductase Ag 20-50 Hydrosol [61]  

Nitrate reductase 

Nitrate reductase 

Ag 

Ag 

10-25 

10-60 

Hydrosol 

Spherical 
[62] [63, 64] ] 

Nitrate reductase Ag 10-80  [65]  

Nitrate reductase Au 30-100 Isotropic spheres [66]  

Nitrate reductase Au 10-20 Monodispersed [67]  

Nitrate reductase Au  Crystal [68]  

Nitrate reductase Ag 50 Spherical [76]  

Sulphite reductase CdS 

Au 

5-20 

7-20 

Quantum dots 

Gold hydrosol 

[93] [94]  

Sulphite reductase Co3S4,PbS,Ni7S6 --- Quantum dots [95]  

 

2.10. Sulphite/Sulfate Reductase. Sulfite reductases (EC 

1.8.99.1) belong to the family of oxidoreductases and are present 

in archaea, bacteria, fungi and plants. These enzymes catalyze 

reduction of sulfite to H2S and H2O. The reaction obtained 

electrons from the dissociable molecules of either NADPH, bound 

flavins or ferredoxins [90, 91]. 

SO3
2- + electron donor H2S + oxidized donor + 3 H2O 

Ahmad et al. [92] have demonstrated production of Q-state CdS 

NPs by reaction of aqueous CdSO4 solution with fungus, Fusarium 

oxysporum. The formation of NPs started by release of sulfate 

reductase from the fungus and this enzyme catalyzed the 

conversion of sulfate ions into sulfide ions that subsequently react 

with aqueous Cd2+ ions to yield highly stable CdSNPs. The in 

vitro synthesis of CdS quantum dot NPs have been achieved by 

using sulphite reductase and capping peptide in the presence of a 

co-factor NADPH. Sulphite reductase catalyzed production of 

CdSNPs of 5-20 nm dimensions in aqueous solution of CdCl2, 

Na2SO3 and capping peptide in the presence of NADPH. These 

CdSNPs were coupled to plant lectins, jacalin and chick pea lectin 

by 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide mediated 

coupling. These eco-friendly synthesized CdSNPs have shown 

their application as fluorescent biolabels [93]. α-NADPH-

dependent sulfite reductase and phytochelatin were used for 

invitro synthesis of AuNPs. The gold ions were reduced in 

presence of sulfite reductase which led to the formation of a stable 

gold hydrosol of 7-20 nm size. These NPs were stabilized by 

capping peptide and were characterized by XRD, TEM, X-ray 

photoelectron spectroscopy (XRPES) and UV-vis optical 

absorption [94]. Further, Ansary and colleagues [95] have 

demonstrated the use of sulfite reductase along with synthetic 

peptides for in vitro formation of control particle size metal sulfide 

quantum dots viz. Co3S4, PbSand Ni7S6. Sulfite reductase was 

incubated with aqueous solution of CdCl2, or Co(NO3)3 or NiCl2 

or Pb(NO3)2, and Na2SO3 in presence of a suitable capping peptide 

that produced controlled particle size CdS, Co3S4, Ni7S6, or PbS 

quantum dots, respectively. Absorbance and photoluminescence 

spectrometry, XRD, XRPES and HRTEM techniques were used 

for the characterization of sulfite reductase synthesized and size 

controlled metal sulfide quantum dots. A temperature and sodium 

dodecyl sulphate resistant sulfite reductase was purified from 

extremophilic actinomycete Thermomonospora and was employed 

for the synthesis of AuNPs along with the capping molecule, 

which produced AuNPs monodispersed in solution [96]. Gholami-

Shabani et al. [97] used α-NADPH-dependent sulfite reductase 

purified from Escherichia coli for cell-free synthesis of gold NPs. 

The obtained NPs were spherical with an average size of 10 nm 

and a zeta potential of −30 ± 0.2 and demonstrated remarkably 

high antifungal activity towards a wide range of human 

pathogenic fungi. These NPs exhibited no toxicity for two cell 

lines, i.e., Vero and Hep-2 at the concentrations ranging from 0.31 

to 10%. In a most recent study these workers have further 

developed a cell-free system for the biosynthesis of AuNPs using 

a fungal sulfite oxidoreductase from Fusarium oxysporum. The 

obtained NPs were spherical in shape with an average size of 

http://en.wikipedia.org/wiki/Oxidoreductase
http://en.wikipedia.org/wiki/Archaea
http://en.wikipedia.org/wiki/Sulfite
http://en.wikipedia.org/wiki/Hydrogen_sulfide
http://en.wikipedia.org/wiki/Flavin_group
http://en.wikipedia.org/wiki/Ferredoxin
http://ukpmc.ac.uk/abstract/MED/12371846/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A50832,50833,50835
http://ukpmc.ac.uk/abstract/MED/12371846/?whatizit_url_Species=http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=5507&lvl=0
http://ukpmc.ac.uk/abstract/MED/12371846/?whatizit_url_Species=http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=5507&lvl=0
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20 nm as determined by SEM, TEM and DLS. NPs showed very 

high growth inhibitory activity against all tested human 

pathogenic yeasts and molds [98].  

3. HYDROLASES 

3.1. Carbohydrases. 

Table 2 lists NM synthesized by the involvement of 

carbohydrases. 

3.1.1. α-Amylase .α-Amylase (EC 3.2.1.1) hydrolyses α bonds of 

large, α-linked polysaccharides, such as starch, glycogen and other 

related polysaccharides yielding glucose and maltose. The official 

names of enzymes is 1,4-α-D-glucan glucanohydrolase; which is 

maintained by a commission on enzyme nomenclature. It is the 

major form of amylase found in humans and other mammals [99]. 

It is also present in seeds containing starch as a food reserve and is 

secreted by many fungi. Rangnekar et al. [100]  used α-amylase to 

synthesize and stabilize AuNPs in aqueous solution. The activity 

of enzyme was retained in AuNP-α-amylase complex. The 

presence of AuNPs and α-amylase in complex was confirmed by 

UV-visible and FT-IR spectroscopy, XRD and TEM 

measurements. It was noticed that the presence of free and 

exposed SH groups was essential during reduction of AuClO4 to 

AuNPs. The structural analysis of α-amylase showed the presence 

of free and exposed SH groups in its native state and thus the 

enzyme was found suitable for the production of NPs. Some 

investigators have evaluated synthesis of AuNPs by an 

extracellular α-amylase for the reduction of AuCl4 with the 

retention of enzymatic activity in the complex. The enhanced 

synthesis of particles was achieved by optimizing the medium 

components for α-amylase. The NPs size was determined by TEM 

analysis as 10-50 nm [101]. The α-amylase was employed to 

synthesize NPs of five metal ions; i.e., Cu+2, Se+4, Bi+4, Au+3, Ag+, 

among which Au, Ag and Au/Ag alloy NPs were successfully 

synthesized and characterized. Maximum absorbance at 530, 440 

and 458 nm related to the formation of AuNPs, AgNPs and 

Au/AgNPs, respectively, were determined by UV-vis 

spectroscopy. The biosynthesis of nanostructures by α-amylase 

was probed by SEM equipped with EDX microanalyser. Two 

intense peaks at 1620 cm-1 and 3430 cm-1 in FT-IR spectra of 

obtained NPs were related to carbonyl and OH/NH groups, 

respectively. The size of AuNPs, AgNPs and Au/Ag alloy NPs, 

analyzed by LLS method, was determined to be 89 nm, 37 nm and 

63 nm, respectively [102]. Further, biosynthesis of Au, Ag and 

Au-Ag alloy NPs was mediated by α-amylase at 70°C in 0.1 mM 

AgNO3. The average particles sizes determined by LLS method 

for Au, Ag and Au/Ag alloy NPs were 86 nm, 37 nm and 63 nm, 

respectively [103] . Mishra and Sardar [104]  have used α-amylase 

for the synthesis of AgNPs. The silver ions were reduced to stable 

AgNPs by α-amylase. The synthesized NPs were characterized by 

UV-visible absorption and TEM analysis. TEM study 

demonstrates mono-disperse NPs of 22-44 nm diameters with 22-

44 triangular and hexagonal shape. UV-vis measurement exhibited 

absorption band at 422 nm due to SPR. Arunkumar et al. [105]  

exploited bioreductive potential of Micrococcus luteus for eco-

friendly synthesis of AuNPs. Biochemical and physiological 

analysis showed that AuNPs production was due to dual mode 

which involved extracellular α-amylase and cell wall teichuronic 

acid of Micrococcus luteus. Isolated bacterial α-amylase and 

teichuronic acid reduces Au3+ into Auwhich resulted in the 

synthesis of AuNPs. These NPs were stable for more than one 

month. The characterization of synthesized AuNPs was done by 

UV-vis spectrophotometry, TEM, FT-IR and DLS analysis. The 

obtained AuNPs were found to be mono-dispersive and spherical 

in shape with an average size of 6 nm and 50 nm for α-amylase 

and teichuronic acid, respectively. In a further study, Mishra and 

Sardar [106]  have used α-amylase as a sole reducing and capping 

agent for the production of AuNPs. The formation of AuNPs in 6 

h was confirmed SPR band at 525 nm. The obtained gold NPs 

were characterized by TEM, HRTEM, DLS and XRD. The 

synthesized NPs catalyzed degradation of p-nitroaniline and p-

nitrophenol in aqueous solutions. Most recently the same group 

has produced TiO2 NPs by using α-amylase as a reducing and 

capping agent. XRD and TEM analysis were employed for 

characterization of obtained NPs. The monophasic crystalline 

nature of NPs was confirmed by XRD. The antibacterial effect of 

these NPs was monitored on S. aureus and E. coli andMIC of TiO2 

NPs was observed as 62.50 g mL-1 for both bacterial strains [107]. 

3.1.2. Dextranase. Dextranase (EC 3.2.1.11, dextran hydrolase) is 

an enzyme with systematic name as 6-α-D-glucan-6-

glucanohydrolase. It catalyzes endohydrolysis of (1-6)-α-D-

glucosidic linkages in dextran. Kim and Walsh [108] have 

successfully synthesized CuS, CuxS, Ag2S and CdS NPs using a 

novel green procedure to give dextran biopolymer stabilized metal 

sulfide nanosuspensions. In this reaction dextranase was used to 

remove bulk of the bound dextran in order to get pure stable metal 

sulfide nanocrystals for their applications in medicine, photonics 

and solar cells. Particles of good homogeneity were obtained. The 

size of NPs for CuS, Cu2S Ag2S and CdS was 9-27 nm, 14 nm, 20-

50 nm and 9 nm, respectively. NPs were characterized by TEM, 

XRD, TGA, FT-IR and zeta-potential measurement and their UV-

vis spectroscopic absorption properties were determined. This 

procedure has demonstrated very high potential for the large scale 

production of a range of functional sulfide NPs. 

3.1.3. β Galactosidase. β Galactosidase was used to synthesize 

AgNPs and UV-vis spectroscopy was used to screen SPR peaks of 

AgNPs. The size of NPs was 12.89 ± 0.16 nm as visualized by 

TEM and the obtained NPs were fine spherical and quasi-spherical 

shape as examined by SEM. The crystallinity and presence of 

elemental silver were revealed by XRD and EDS. The 

antimicrobial potential of AgNPs was evaluated against 

pathogenic bacterial strains of E. coli, S. aureus, P. 

aeruginosa and S. epidermidis. The obtained AgNPs showed very 

high bactericidal and dye decolorization activity. The as-prepared 

AgNPs did not show any cytotoxic effect as examined on 

peripheral blood lymphocytes in vitro.  The findings of the work 

demonstrated that environmentally friendly method was quite 

efficient in the synthesis of AgNPs [109] . 

http://pubs.acs.org/action/doSearch?action=search&author=Rangnekar%2C+Abhijit&qsSearchArea=author
http://www.sciencedirect.com/science/article/pii/S092777651200608X
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3.1.4. Endoglucanase. β-1,4-endoglucanase (EC: 3.2.1.4) is an 

enzyme that catalyzes the endohydrolysis of cellulose, licheon and 

cereal β glucans. It is produced mainly by fungi, bacteria, and 

protozoans. Recently nanocellulose from cellulosic biomass has 

attracted the attention of nanobiotechnologists due to their 

biodegradable nature, low density, high mechanical properties, 

economic value and easy availability [110]. The enzymatic 

synthesis and functionalization of nanocellulose from 

lignocelluloses have already been reviewed [111]. Henriksson et 

al. [112] have treated cellulosic wood fiber pulps by 

endoglucanases or acid hydrolysis in combination with mechanical 

shearing in order to disintegrate MFC from the wood fiber cell 

wall. The produced MFC nanofibers were studied by AFM. It is 

noticed that the enzymatic-treatment of cellulosic wood fiber pulp 

facilitate disintegration and MFC nano-fibers production. 

Cellulose nanocrystals (CNC) from recycled pulp were prepared 

by an endoglucanase. The maximum amount of CNC was 

produced by treatment with 84 U of endoglucanase per 200 mg 

recycled pulp at 50oC for 60 min of microwave and conventional 

heating. Two types of heating were involved in this synthesis.  

Microwave heating at each treatment gave a greater amount of 

product as compared to conventional heating. TEM and SEM 

analysis of suspensions demonstrated CNC with widths of 30-80 

nm and lengths of 100 nm-1.8 mm. It was within the limit of the 

length of CNC, 100 nm-3.5 mm, obtained by DLS analysis. The 

average zeta potential of CNC was -31.37 mV. XRD of CNC, 

recycled pulp and residues of recycled pulp exhibited a gradual 

change in the particle size [113]. Bacterial CNC were obtained by 

using commercially available cellulase. AFM and TEM were 

employed for the evaluation of morphology and dimensional 

parameters of the CNC. The thermal stability and activation 

energy of enzymatically produced CNC was much higher as 

compared to sulfuric acid processed ones [114]. 

Cellulase from Trichodermareesei was used to synthesize CNC by 

controlled hydrolysis of bamboo fibers. FESEM and XRD were 

used to characterize morphology and crystallinity of CNC fibers, 

respectively. The degree of polymerization was examined by 

automatic viscosimeter. The surface charge in suspension was 

measured by zeta-potential. All CNC fibers were found in a rod-

like shape with an average diameter of 24.7 nm and length of 286 

nm, with an aspect ratio of around 12. The zeta potential of 

cellulase hydrolyzed CNC was 4-times less than that produced by 

acid hydrolysis [115] . Aspergillus niger cellulase was exploited 

for the production of CNC and microcrystalline cellulose from 

solubilized kraft pulp feedstock with minimal processing and that 

a chimeric cellulase partially digested kraft pulp and live wood 

feedstock [116]. 

3.2. Proteolytic Enzymes. 

Table 3 represents NPs synthesized by proteolytic enzymes. 

3.2.1. Bacterial protease. Bharde et al. [117] evaluated the 

formation of anisotropic AuNPs biologically by using bacterium 

Actinobacter spp. They challenged bacterium with gold chloride in 

the presence of bovine serum albumin (BSA).The generation of 

AuNPs was taking place by simultaneous induction of a protease 

secreted by the bacterium in presence of BSA. The presence of 

BSA helps to enhance the rate of AuNPs biosynthesis and may 

also participate in controlling shape. 

3.2.2. R-chymotrypsin. Chymotrypsin (CHT, EC 3.4.21.1) is a 

digestive enzyme. It is a component of pancreatic juice and it 

catalyzes proteolysis of proteins and peptides in duodenum. CHT 

preferentially hydrolyzes peptide/amide bonds where the carboxyl 

side of the amide bond (P1 position) has a large hydrophobic 

amino acid i.e., tyrosine, tryptophan and phenylalanine.  It also 

cleaves other types of amide bonds in peptides at slower rates 

particularly those containing leucine and methionine at the P1 

position [118] . Narayanan et al .[119]  have discussed the 

synthesis of CdSNPs directly conjugated to CHT by chemical 

reduction in aqueous solution. Matrix-assisted laser desorption 

ionization mass spectrometry exhibited strong conjugation of 

CdSNPs to CHT via covalent bonding in CdS-CHT conjugates. 

HRTEM analysis showed that CdSNPs are well dispersed with an 

average diameter of 3 nm, and EDX elemental analysis 

demonstrated composition of CdS-protein conjugates. The CD 

analysis was used to examine the structural integrity of CHT 

before and after binding to CdSNPs. The functional integrity of 

CHT after conjugation with CdSNPs was investigated by 

monitoring the enzymatic activities of CHT and CdSNPs bound 

CHT by absorption spectroscopy.  

3.2.3. Curcain. Curcain is a proteolytic enzyme and it is obtained 

from Jatropha curcas shoots. It shows wound healing property in 

mice [120] . Hudlikar et al .[121]  synthesized ZnSNPs by using 

0.3% Jatropha curcas L latex solution. ZnSNPs were 

characterized by XRD, selected area electron diffraction, TEM, 

EDX, UV-vis optical absorption and photoluminescence 

techniques. FT-IR spectroscopy was performed to find out the role 

of cyclic peptides namely curcacycline A, curcacycline B and 

curcain which acts as a reducing and stabilizing agents present in 

the latex of J. curcas L. The average size of ZnSNPs was found to 

be 10 nm. Latex of J. curcas L. was also the source for sulphide 

(S-2) ions that are donated to Zn ions under present experimental 

conditions. Source of sulphide (S-2) ions is still unknown, but it is 

expected that cysteine or thiol residues present in enzyme curcain 

may be donating sulphide (S-2) ions. Further these workers have 

prepared TiO2NPs by using 0.3% aqueous extract from latex of 

Jatropha curcas L. The NPs were characterized by XRD, selected 

area electron diffraction, TEM, EDX and FT-IR. FT-IR was 

formed in order to understand the role of curcain, curcacycline A 

and curcacycline B as possible reducing and capping agents, 

present in the latex of J. curcas L. The mean size of NPs was from 

25-100 nm. These findings have indicated the presence of two 

broad categories of NPs. First types of NPs were spherical in 

shape with diameter from 25-50 nm while the second types were 

larger and uneven shapes NPs [122] . 

3.2.4. Papain. Papain (EC. 3.4.22.2) is a thiol protease. It is 

present in the leaves, latex, roots, and fruit of the papaya plant 

(Carica papaya) that catalyzes the breakdown of proteins. Papain 

is used in biochemical research involving the analysis of proteins, 

in tenderization of meat, clarifying beer, removing hair from hides 

before tanning and as a cleansing agent for soft contact lenses. It is 

also used in toothpastes and cosmetics and in preparations of 

various remedies for indigestion, ulcers, fever and swelling [123, 

124]. Gold nanoclusters have been for the first time synthesized by 

using papain as a capping and reducing agent. Various optimal 

conditions such as concentrations of papain and NaOH, reaction 

time and temperature for the synthesis of gold nanoclusters have 

http://rd.springer.com/search?facet-author=%22Manish+Hudlikar%22
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been standardized. The synthesized gold nanoclusters exhibited 

intense red emission at 660 nm (QY 4.3%) and are uniform in 

size. The clusters are quite stable and the intense red emission 

remained unchanged in the range of buffers, pH 6-12. The 

fluorescent gold nanoclusters were employed as a label-free probe 

for the sensitive detection of Cu2+ upto 3 nM [125] . 

3.2.5. Serratiopeptidase. Serratiopeptidase (EC 3.4.24.40) is a 

proteolytic enzyme obtained   fromenterobacteriumSerratia sp. E-

15. This microorganism was originally isolated in late 1960s from 

silkworm Bombyx mori L., intestine. It dissolves its cocoon. This 

enzyme is prescribed in several specialities like surgery, 

orthopaedics, otorhinolaryngology, gynaecologyand dentistry for 

its anti-inflammatory, anti-edemic and analgesic effects. Some 

anecdotal reports have described anti-atherosclerotic effects due to 

its fibrinolytic and caseinolytic properties [126]. 

Venkatpurwar& Pokharkar [127] studied synthesis of AuNPs by 

using a therapeutic enzyme serratiopeptidase at 25oC and in 

buffer, pH 7.0. UV-vis spectroscopy, TEM, XRD and FT-IR 

spectroscopy were used for identification and characterization of 

AuNPs. Proteolytic enzyme assay showed that the composite 

contained 64% enzyme capped on AuNPs whereas the remaining 

36% enzyme activity is present in supernatant. Moreover, 

retention of enzymatic activity of such NPs was confirmed by in 

vitro casein agar plate method as well as by in vivo anti-

inflammatory activity performed in experimental animals. The 

prepared AuNPs were quite stable for over six month at 25oC. It 

was demonstrated since there was no shift in surface plasmon 

band. The use of AuNPs as a carrier for serratiopeptidase 

exhibited an improvement in its anti-inflammatory activity. 

3.2.6. Silicatein. Silicatein is an enzyme used by sponges to 

capture silicate and build silica nanostructures. The production of 

controlled nanostructural Ga2O3 at low temperature by silicatein 

has been investigated. This enzyme catalyzed hydrolysis of 

Ga(NO3)3 into oriented nanocrystallites and it was obtained along 

the length of filaments in absence of acid or alkali [128]. ZrNPs 

were produced by incubating fungus Fusarium oxysporum with 

aqueous ZrF6
2− anions; extra-cellular protein-mediated hydrolysis 

of anionic complexes resulted in the facile room temperature 

production of nanocrystalline zirconia. Extracellular hydrolysis of 

metal anions by cationic proteins of molecular weight about 24-28 

kDa, which was found catalytically similar to silicatein, was 

involved in the production of ZrNPs [129]. Andre et al. [130]  

investigated production of nanostructured SnO2 by silicatein-α. 

TEM, HRTEM and XRD revealed the formation of cassiterite 

SnO2. Surface bound silicatein retained its catalytic activity. It was 

demonstrated by immobilizing silicatein on glass surfaces using a 

histidine-tag chelating anchor. The subsequent deposition of SnO2 

on glass was examined by quartz crystal microbalance 

measurements and SEM. This aspect of silicatein activity toward 

the formation of metal oxides other than SiO2, TiO2and BaTiO3 

demonstrated us new opportunities for the synthesis of composite 

material. 

3.2.7. Trypsin. Trypsin (EC 3.4.21.4) is a serine protease, present 

in the digestive system of many vertebrates, where it helps in the 

digestion of proteins. It is synthesized by the pancreas as an 

inactive precursor, trypsinogen and it is hydrolyzing peptide 

chains mainly at the carboxyl side of the amino acids lysine or 

arginine, except when either is followed by proline[131] ]. It is 

used in several biochemical/biotechnological applications. This 

enzyme catalyzes the hydrolysis of peptide bonds in proteins in 

duodenum and produces smaller peptides. The peptide products 

are then further hydrolyzed into amino acids via other proteases, 

making them available for absorption into the blood stream. Li and 

Weng [132] described an eco-friendly approach for synthesis of 

trypsin-mediated three-dimensional gold nano-flowers with high 

colloidal stability at room temperature. In this procedure ascorbic 

acid (AA) was rapidly added into premixed solution of HAuCl4 

and trypsin in a buffer, pH 5.0. The formation of gold nano-

flowers involved three steps; i.e., (i) immobilization of AuCl4-ions 

by a positively charged trypsin template, (ii) insitu spontaneous 

reduction of AuCl4-ions by AA and capping Au0 by 12 cysteines 

residues of trypsin and (iii) reduction of more AuCl4-ions on Au 

nuclei produced at initial stages and anisotropic growth into gold 

nano-flowers. 

3.2.8. URAK. URAK is a fibrinolytic enzyme produced by 

Bacillus cereus NK1. Deepak et al. [133] described an eco-

friendly process for the synthesis of silver and gold NPs using 

purified URAK. The enzyme produced AgNPs when incubated 

with 1.0 mM AgNO3 for 24 h and AuNPs when incubated with 1.0 

mM HAuCl4 for 60 h. The addition of NaOH enhanced the 

production of NPs. AgNPs were produced within 5 min while for 

the synthesis of AuNPs required 12 h. The synthesized NPs were 

characterized by a peak at 440 nm and 550 nm in the UV-visible 

spectrum. TEM analysis showed that the size of silver NPs was 60 

nm and AuNPs was 20 nm. XRD confirmed crystalline nature of 

NPs and AFM demonstrated spherical shape of NPs. The 

involvement of protein in the synthesis of NPs has been exhibited 

by FT-IR. Moreover, the synthesized NPs were found to contain 

immobilized enzyme. 

3.3.  Other Hydrolases. 

3.3.1 Alkaline and acid phosphatases. Kolhatkar et al. [134] for 

the first time described in vitro enzymatic synthesis of 

paramagnetic and antiferromagnetic NPs toward magnetic ELISA 

reporting. In this method, alkaline phosphatase catalyzed the 

dephosphorylation of l-ascorbic-2-phosphate, which worked as a 

reducing agent for salts of iron, gadolinium and holmium, forming 

magnetic precipitates of Fe45±14Gd5±2O50±15 and Fe42±4Ho6±4O52±5. 

The NPs were found to be paramagnetic at 300 K and 

antiferromagnetic under 25 K. Although weakly magnetic at 300 

K, the room-temperature magnetization of the NPs found here is 

considerably higher as compared to analogous chemically-

synthesized LnxFeyOz (Ln = Gd, Ho) samples discussed earlier . 

The NPs showed a significantly higher saturation magnetization of 

45 and 30 emu g-1 for Fe45±14Gd5±2O50±15 and Fe42±4Ho6±4O52±5 at 5 

K, respectively. Thus the procedure of synthesizing magnetic 

labels reduces the cost and avoids diffusional mass-transfer 

limitations associated with pre-synthesized magnetic reporter 

particles. Purple acid phosphatase from Limonia acidissimawas 

considered for the synthesis of silver NPs. Stable AgNPs were 

formed by a sonochemical method using enzyme as a stabilizing 

and capping agent. UV-vis spectroscopy, FT-IR, XRD and TEM 

were employed for the characterization of NPs. X-ray study 

demonstrated that NPs were made of silver and silver oxide. As-

prepared NPs showed remarkably high antimicrobial activity 

against E. coli, P. aeruginosa and S. aureus [135] . 

http://en.wikipedia.org/wiki/Enterobacteria
http://www.ncbi.nlm.nih.gov/pubmed/?term=Venkatpurwar%20VP%5BAuthor%5D&cauthor=true&cauthor_uid=21361131
http://en.wikipedia.org/wiki/Trypsinogen
http://en.wikipedia.org/wiki/Proline
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kolhatkar%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=25854425
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3.3.2 Urease. Urease (EC 3.5.1.5) is an enzyme which catalyzes 

the hydrolysis of urea into CO2 and NH3 [136] . The following 

reaction is catalyzed by urease: 

NH2CONH2+H2O→CO2+ 2NH3 

Some workers have investigated urease mediated synthesis of ZnO 

nanoshells at room temperature. In this work, the urease molecules 

were incubated with urea and zinc nitrate hexahydrate. Ammonia 

was produced by the enzyme and ZnO shells were grown on the 

urease core. The average outer diameter of the nanoshells was 18 

nm with a fairly narrow distribution as visualized by TEM. ZnO 

nanoshells were highly crystalline [137]. Urease was taken to 

synthesize nanocrystalline TiO2 and it produced monodisperse 

TiO2 nanostructures with high surface area. These nanostructures 

can be employed in various energy-based applications such as 

low-cost photovoltaics and photocatalysts [138]. A mechanistic 

approach has been developed for the synthesis of metal and 

metallic alloy NPs by using jack bean urease as a reducing and 

stabilizing agent under physiological conditions. The urease 

activity was exploited for the synthesis of metal-ZnO core-shell 

NC. Thus urease was used as an ideal bionanoreactor for the 

production of higher order nanostructures such as alloys and core-

shell under ambient conditions [139]].Shi et al. [104]demonstrated 

for the first time a simple and environmentally friendly method for 

the preparation of highly stable dispersions of Fe3O4NPs of 

controlled morphologies by using urease. Fe3O4NPs of various 

morphologies such as nanospheres, nanosheets and nanorods were 

obtained. The obtained NPs show a larger specific surface area 

and a stronger magnetism. It increases their dye adsorption 

capacity and enhances their potential for the treatment of 

wastewater. 

 

Table 2.Biosynthesis of NM by using carbohydrases. 

Name of enzyme Name of NPs Size (nm) Shape Reference 

α-amylase Au 

Au 

- 

10-50 

---- 

 

[100] 

[101] 

α-amylase AuNPs, 

AgNPs  

Au/Ag alloy NPs  

Ag 

 

Au 

 

TiO2 

89,86 

37, 37 

63, 63 

22-44  

 

6 

 

30-55 nm 

---- 

---- 

----- 

Triangular & hexagonal  

Spherical 

Monodispersive 

Nanorings 

[102, 103]  

[104]  

 

[105] 
 

[107]  

Dextranase CuS  

Cu2S 

Ag2S 

CdS 

9–27 

14 

20-50 

9 

Nanocrystals [108]  

Endoglucanases MFC nanofibers 

MFC nanofibers 

-- 

Width 30-80 

Length100 nm- 1.8 

mm 

Nanofibers 

Nanocrystal 

[112] [113]  

 

 

Table 3.Biosynthesis of NM by Employing Proteases. 

Name of enzyme Name of NPs Size (nm) Shape Reference 

Bacterial protease Au ---- Rods, cubes, tetrapods & prisms [117]  

R-chymotrypsin CdS 3 Well dispersed [119]  

Curcain ZnS 10 Spherical [121]  
Curcain TiO2 25-50 Spherical [122]  
Papain Au  Fluorescent nanocrystals [125] 

Silicatein SnO2  Cassiterite [130]  
URAK  Ag & Au 60 &20 Spherical [133]  

 

4. TRANSFERASE, LYASES AND SYNTHETASES 

 Table 4 illustrates NPs synthesized by transferases, lyases 

and synthetases. 

4.1.  Transferases. 

4.1.1. Amylosucrase. Amylosucrase (E.C. 2.4.1.4) is a member of 

family 13 of the glycoside hydrolases, α-amylases. It also showed 

biological activity to synthesize amylose-like polymers from 

sucrose. The following reaction is catalyzed by this enzyme. 

Sucrose + (1,4-α-D-glucosyl)n  D-fructose + (1,4-α-D-

glucosyl)n+1 

The systematic name of this enzyme is sucrose: 1, 4-α-D-glucan 4-

α-D-glucosyltransferase. Other commomnly used names are 

sucrose-glucan glucosyltransferase, and sucrose-1,4-α-glucan 

glucosyltransferase. This enzyme participates in starch and 

sucrose metabolism [141]. Lim and coworkers [142] adopted a 

biological approach to synthesize pure amylose microbeads using 

amylosucrase from Deinococcus geothermalis. Single-walled 

carbon nanotubes were simply incorporated into amylose structure 

during enzymatic action in order to produce well-defined 

amylose–single-walled carbon nanotubes composite microbeads. 

4.1.2. Phytochelatin synthase. Phytochelatin synthases (EC. 

2.3.2.15) are also known as glutathione-γ-glutamyl 

cysteinyltransferases. These enzymes catalyze synthesis of 
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phytochelatins and homophytochelatins, the heavy-metal-binding 

peptides of plants and such enzymes are needed for detoxification 

of heavy metals, eg., cadmium  and arsenate [143] . E. coli strains 

have been genetically engineered to synthesize phytochelatins as 

capping agents and used for the intracellular synthesis of 

fluorescent and water-soluble phytochelatins-coated CdS NPs. The 

size of the semiconductor nanocrystals was controlled by the 

population of capping phytochelatins [144] . Liu et al. [145]  

synthesized CdS nanocrystals by immobilized phytochelatin 

synthase which catalyzed conversion of glutathione into metal-

binding peptide phytochelatin PC. CdS nanocrystals were 

produced in the presence of CdCl2, Na2S and PC as a capping 

agent. The highly stable nanocrystals with tunable sizes from 2.0-

1.6 nm diameter were synthesized by varying reaction times, 

different compositions of PCs fromPC2 to PC3. It showed that this 

approach can be generalized to direct in vitroself assembly of 

several nanocrystals of various compositions and sizes. Park et al. 

[146] produced a recombinant E. coli system expressing 

phytochelatin synthase and metallothionein for the synthesis of 

diverse kinds of metal NPs in vivo. The size of the metal NPs was 

regulated by controlling the concentrations of metal ions. These 

obtained NPs exhibited good optical, electronic, chemical and 

magnetic properties. 

4.2.  Lyases 

4.2.1 Cysteine desulfhydrase. D-cysteine desulfhydrase (EC: 

4.4.1.15) catalyses α, β-elimination reaction of D-cysteine and its 

derivatives. 

D-Cysteine + H2O  Sulfide + NH3+ Pyruvate 

This enzyme belongs to the family of lyases, specifically the class 

of carbon-sulfur lyases. The systematic name of this enzyme is D-

cysteine sulfide-lyase (deaminating; pyruvate-forming) [147]. Bai 

et al. [148] have shown the formation of CdS NPs by 

photosynthetic bacteria Rhodopseudomonas palustris. The CdSO4 

solution incubated with R. palustris biomass changed into yellow 

color from 48 h onwards. It exhibited production of CdSNPs and 

purified solution showed maximum absorbance peak at 425 nm 

due to CdSNPs in the quantum size regime. X-ray analysis 

confirmed CdS production and TEM analysis exhibited a uniform 

distribution of NPs of 8.01+/-0.25 nm whereas electron diffraction 

pattern confirmed face-centered cubic crystalline structure of CdS. 

Further, it was noticed that the cysteine desulfhydrase producing 

S(2-) in the R. palustris was located in cytoplasm and this cysteine 

desulfhydrase carried out the synthesis of CdS nanocrystal. 

4.3.  Synthetases 

4.3.1. Glutathione synthetase. Glutathionesynthetase (GS, EC 

6.3.2.3) is one of the enzymes involved in glutathione biosynthesis 

pathway. It catalyzes the condensation of γ-glutamylcysteine and 

glycine in presence of ATP in order to synthesize glutathione and 

ADP [149].  Chen et al. [150]constructed a recombinant E. coli 

ABLE C strain to over express GS. The exposure of recombinant 

cells to CdCl2 and Na2S, GS over-expression augmented 

glutathione synthesis and thus it resulted into the production of 

CdSNPs. The resultant CdSNPs has wurtzite structure and 2-5 nm 

size. These findings showed the potential of genetic engineering 

approach to enhance CdSNPs formation in bacteria. 

Table 4: Synthesis of NM by Using Transferases, Lyases & Synthetases. 

 

5. CONCLUSION 

It is concluded that enzymatically synthesized NM are highly safe 

and suitable for human consumption because their synthesis 

procedure did not include any additional toxic 

compound/substance. The as-fabricated NPs have expressed their 

high antibacterial, antifungal and anticancer activities. However, 

there are a lot of reservations and a big challenge in using the NM 

for biomedical and therapeutic uses due to toxicity of the material 

itself and its impact on the metabolism and structure and functions 

of biological macromolecules. Prior to applying these nano 

products as therapeutic agents it is necessary to investigate the 

effect of NM on the structure and functions of different kinds of 

biomolecules and biomembranes. To study the toxic effect of such 

molecules on various organs and organelles of the human body is 

also necessary before recommending them as nanomedicine or 

drug. 
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