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ABSTRACT

The green synthesis of metallic nanoparticles is an active area of academic
and more importantly, “application research” in nanotechnology. A variety
of chemical and physical procedures could be used for synthesis of
metallic nanoparticles. However, these methods are fraught with many prob-
lemsincluding use of toxic solvents, generation of hazardous by-products,
and high energy consumption. Accordingly, there is an essential need to
develop environmentally benign procedures for synthesis of
metallic nanoparticles. A promising approach to achieve this objective is to
exploit the array of biological resources in nature. Indeed, over the past
severa years, plants bacteria and fungi have been used for production of
low-cost, energy-efficient, and nontoxic metallic nanoparticles. In this re-
view, we provide an overview of various reports of Biosynthesis of
metallic nanoparticles using inactivated plant biomass, living plants, bac-
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INTRODUCTION

Definition

In nanotechnol ogy, aparticleisdefined asasmal
object that behavesasawholeunitintermsof itstrans-
port and properties. It isfurther classified accordingto
size: Intermsof diameter, fine particlescover arange
between 100 and 2500 nanometers, whileultrafine par-
ticles, onthe other hand, are sized between 1 and 100
nanometers Similarly to ultrafine particles, nanoparticles
are sized between 1 and 100 nanometers'®,
Nanoparticles (NPs) are usually considered to be a
number of atomsor moleculeswitharadiusd” 100 nm.
But this definition is somewhat arbitrary. The
nanoparticleregimemight be best defined asthe point

a whichthepropertiesof theparticlesdiffer fromthose
of thebulk material §42.

Their small sizealowsthemtointeract with bio-
logical macromol eculesand passthrough most of the
cellular machinery unnoticed by theimmunesystem as
the macromolecule can act asashield from any im-
muneresponse. Furthermore nanoparticlesmay act as
ascaffold that would alow the attachment of other
biomol ecul es, such as antibodies, peptides and even
DNAP,

SYNTHESIS
Thebiologicd production of metal nanoparticlesis

becoming avery important field in chemistry, biology,
and materials science. Metal nanoparticleshavebeen
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produced chemically and physically for along time;
however, their biological production hasonly beenin-
vestigated very recently. The biological reduction of
meta sby plant extractshasbeen knownsincetheearly
1900s; however, thereduction productswerenot stud-
ied. Furthermore, the synthesis of nanoparticlesusing
plant materids, for themost part, hasonly recently been
studied withinthelast three decades, whilethe produc-
tion of nanoparticlesusing living plantshasonly been
studiedinthelast half decade™.

NPscould bemetds, ceramics, polymersand com-
positesand synthesisof nanoparticlescan beachieved
through severa methods such asextensvebdl milling,
condensation or precipitation (chemical route), draw-
ing glassy materids, self-assembly including biologica
fabrication, forming materid saround/within templ ates,
growth of secondary materidlson acrystdlinelatticein
whichthelattice parameter do not match (strained-layer
growth), etc. All these proceduresarecapitd, timeand
|abour-intensive and each having its own advantages
and disadvantages.

Thesynthesisand assembly of nanoparticleswould
benefit from the devel opment of clean, nontoxic and
environmentally acceptable “green chemistry” proce-
dures, probably involving organismsranging from bac-
teriato fungi and even plants®. Among variousbio-
logica systems, plants provide an easy and safegreen
routefor the synthesisof variousmetal nanoparticles®.

Formation of metal nanoparticlesby inactivated
plant biomass

Thistechnol ogy, known asbiosorption, emergedin
the 1980s and obtai ned attention becauseit hasshown
to bevery promising for theremoval of contaminants
from effluents in an environmentally friendly ap-
proachl*258l,

Ti/Ni nanoparticles can be synthsized by bio-re-
duction methods, by meansof mixturesof aqueousso-
Iution of sAltsof nickd andtitanium, usngdfdfatreated
as biomass source. Single crystalline and multiple
twinned types of nanoparticles were produced. The
structure, shapeand sizes of thealoyed nanoparticles
werecritically controlled by the sampl e preparation.
Theparticleszedistributionfor every pH wasbimodd
but with thehighest percentage of particleswithsizesin
the quantum dot range*®.

BIOCHEMISTRY (mm—

Stable gold nanoparticleswereformed by treating
an agueous HAUCI4 solution using the plant leaf ex-
tracts as reducing agents. The proposed method re-
quiresonly afew minutesfor >90% conversion by us-
ing Magnoliaand Persmmon leaf brothsby increasing
the reaction temperature to 95 8C; the reaction rate
thus obtained was higher or comparableto therate of
gold nanoparticle synthesisby chemica methods. The
particlesizeranging from 5 to 300 nm and the shape of
the plate and spherical structures could be controlled
by changing the reaction temperature and leaf broth
concentration/*d,

In previuos study™™ gold nanoparticleswere syn-
thesized by using Barbated Skullcup (BS) herb (adried
wholeplant of ScutellariabarbataD. Don) asthere-
ducing agent. After exposing thegoldionsto BSherb
extract, rapid reduction of goldionswas observed lead-
ing to theformation of gold nanoparticlesin solution.
Transmission eectron microscopy (TEM) micrograph
anaysis of the gold nanoparticlesindicated that they
werewell-dispersed and ranged in size5-30 nm.

For mation of metal nanoparticlesby living plants

The mechanism of formation of nanoparticles;
whether they areformed outsidein themediaand then
translocated to plants or whether they areformed by
thereduction of meta saltswithin the plantsitsdlf il
needsmorecl arification®. Thereduction of silverions
(Agt) inagueoussolutiongenerdly yieldscolloidd sl-
ver with particlediameter in therange of nanometers.
Initialy, thereduction of various complexeswithAg+
ionsleadstotheformation of silver atoms(Ag0), which
isfollowed by agglomeration into oligomeric clusters.
Theseclusterseventualy lead to theformation of col-
loidal Ag particles™.

Biosynthesismight haveresulted dueto different
metabolites(likeorganicacidsand quinonesinthiscase)
or metabolic fluxes and other oxido-reductively
labilemetabolites like ascorbates or catechol/
protocatacheuic acid¥as shownin Figures(1,2,3).

Development of biologicaly inspired experimenta
processesfor the synthesi sof nanoparticlesisevolving
into animportant branch of nanotechnol ogy. For ex-
ample, usngthefruit extract of EmblicaOfficndis(amla,
Indian Gooseberry)i?, using theleaf extract of Glycine
max (soybean)®, using theleaf extract of Geranium
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Figure2: M echanism of biosynthesisof Ag nanoparticlesusing mesophytes

(Pelargonium graveol ens)!“®! asreducing and protect-
ing agents. In addition to using bacterium for
nanoparticles synthesisas Brevibacterium caseai(*® or
using Aspergillus clavatus®lor using mushroom ex-
tract of Volvariella volvacea™!.

Silver nanoparticleswere successfully synthes zed
from AgNO3 through asimplegreen route using the
latex of Jatropha curcas asreducing as well as cap-
ping agent™4.

In previous study®, nano-sized Ag particleswere
synthesized using novel C. zeylanicumbark powder
(CBP) and extract (CBPE) was succeeded. Also, Sil-
ver nanowires (AgNWs) with diametersin therange of
40-60 nmand lengths up to tens of micrometerscanbe
synthesized by using thebroth of Cassiafistulaleaf as
reductant and capping agent without using any chemi-
cd reagent or surfactant templateas?? asshownin Fig-
ure4.

Thisenvironmentdly friendly method of biologica
silver nanoparticles production providesrates of syn-
thesisfaster or comparableto those of chemical meth-
ods and can potentialy be used in various human con-
tacting areas such ascosmetics, foodsand medical ap-
plicationg*.

Formation of metal nanoparticlesby bacteria

Until now, awide range of prokaryotes as pro-
spective nanoparticlesynthes zershave been witnessed.
One major advantage of having prokaryotes as
nanoparticlesynthesizersisthat they canbeeasily modi-
fied using genetic engineering techniquesfor over ex-
pression of specific enzymes, apart from the ease of
handling?!. Bacterial cellsare constantly exposed to
stressful Situationsand an ability toresist those stresses
isessentid for their survival. Theability of microorgan-
ismstogrow inthepresenceof high meta concentrations
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might result from specific mechanismsof resistance.
Such mechanismsinclude: efflux systems; dteration of
solubility and toxicity by changesintheredox state of
themeta ions; extracellular complexation or precipita-
tion of metals; and thelack of specific metal transport
systemg®t.

Microorganismsare paramount for metal cycling
and mineral formationin Earth surface environments.
Metal cyclesaredriven by microorganisms, because
some metal ionsare essential for microbial nutrition,

BIOCHEMISTRY  (mm—

othersare oxidized or reduced to obtain metabolic en-
ergy, whilein particular heavy metd ions, e.g., Hg*,
Cd>, Ag, Co*, CrO/2, Cu*, Ni**, Pb**, Zn*, dso
causetoxic effectd®!. To counter these effects, micro-
organisms have devel oped genetic and proteomic re-
sponsesto strictly regulate metal homeostasis®.
Metallophilic bacteria, such asthe Gram-negative
B-proteobacterium Cupriavidus metallidurans, har-
bor numerous metd resistance gene clustersenabling
cell detoxification viaanumber of mechanismssuchas
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complexation, efflux, or reductive precipitation. Hence
meta lophillic bacteriathrivein environmentscontaining
high concentrationsof mobileheavy meta ions, suchas
minewasterock piles, efflux sreamsof metal process-
ing plants, and naturally mineraized zones.

Microbia resistance against heavy metd ionshas
been exploited for biological metal recovery viareduc-
tion of themetd ionsor formation of metal sulfides®.

Sul phate-reducing bacteriahave been cited in the
literature asexce lent mode sfor meta bioremediation.
Meta sareremoved from sol ution either by precipita
tion, wherethe metalion becomes complexed with the
sulphides— produced from sulphate metabolism in the
dissmilatory sulphate reduction pathway — forming an
insol uble metal -sul phide*and/or viametal-hydroge-
nase activity, where the metal-ion becomesreduced to
alower, oftenlesstoxic oxidation state, dueto thecata
Iytic action of theredox, hydrogenaseenzymes?. Itis
well documented that SRB contain avariety of hydro-
genase enzymes both cytoplasmic and periplasmic, ei-
ther free or membrane bound capabl e of hydrogen up-
take or hydrogen evolution(?®!,

Twodifferent hydrogenase enzymesfrom sul phate-
reducing bacteriaareresponsiblefor the bioreductive
mechanism of platinuminto nanoparticles. A mixed con-
sortium of SRB was capableof reducing Pt(1V) to Pt(0)
via the intermediate cation Pt(Il) in a two-step
twod ectron reductionmechanis minvolvingtwo differ-
ent hydrogenase enzymes.

First, a cytoplasmic hydrogenase, that was
oxygensensitive, wasnot inhibited by Cu(ll), required
no exogenous el ectron donorsand produced hydrogen
(and excess dectrons) from metabolite oxidation and/

]
]
]
Organic

3 2H
acids

—— M inireview

or Pt (IV) reduction. Second, aperiplasmic hydroge-
nasethat was oxygen-tol erant/protected, wasinhibited
by Cu(l) and used the endogenoudy formed hydrogen
donors (and Pt (Il) ions) to form Pt (0)
nanoparticles*@ashownin Figure>5.

Low-cost green and reproduci ble microbes (Lac-
tobacillus sp. and Sachharomyces cerevisiag) can me-
diatebiosynthessof CdSnanoparticlesperformed akin
to room temperaturein thelaboratory ambience®! as
showninFigure®6.

BacteriaR.capsulatais capableof producinggold
nanoparticlesextrace lularly and thegold nanoparticles
arequitestablein solution. BacteriaR. capsulataare
known to secrete cofactor NADH- and
NA DHdependent enzymesthat may beresponsiblefor
the bioreduction of Au (3+) to Au (0) and the subse-
guent formation of gold nanoparticles.

Thereduction seemsto beinitiated by e ectrontrans-
fer from the NADH by NA DH-dependent reductase
asdectron carrier. Thenthegoldions obtain electrons
and arereduced to Au (0)*” asshownin Figure?7.

Phototrophic bacteriaare ubiquitousin freshand
marinewater, soil, wastewater, and activated sludge.
They are metabolically the most versatileamong all
procaryotes. anaerobically photoautotrophic and
photoheterotrophic in the light and aerobically
chemoheterotrophicinthedark, so they can useabroad
range of organic compounds as carbon and energy
sources?,

Phototrophic bacteria Rhodopseudomonas
paustris, atypica purplenon-sulfur bacterium, reported
to synthesize CdS nanocrystals at room temperature
through asingle step process. C-S-lyase, anintracel lu-
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Figure5: Suggested mechanismfor thedoubletwo—electroﬁ bioreduction of Pt (V) into nanoparticlesviaan intermediary

=)

e, BIOCHEMISTRY

Hn Tndéan g%wumé



164

Review article: Bioloical factories of metallic nanoparticles

BCAIJ, 8(5) 2014

Minireview ===

Prokaryotic Lactobacillus cell

Micro scale CdS —

—> Nano scale CdS

pH dependent membrane
bound oxido-reductases
(e.g. Laccase)
(acting as stress shearing system)

(a)

Eukaryotic Yeast cell

NADH+HL ~

Fo-§

/\, [FeS) VAN J
ND' ™ Roduted < Onydized & | ROH

{ b Cytosol )

1
Tl P s
= |
L P e S e
COCH, it
OH

(Keto form)

(Enal form)
( In culture salution )

Micro scale CdS —  Nano scale CdS

Figure6: Schematicsfor thebiosynthesisof n-CdSusing (a) L actobacilli and (b) yeast (Sachharomycescerevisiae)

‘_

"

NADH-Dependant
Reductase

Figure7: Schemeillustratespossible mechanismsof gold ionsbioreduction

lar enzymelocated in the cytoplasm, wasresponsible
for theformation of nanocrystal 4.

S. algae cellswere proposed to deposit platinum
nanoparticlesat roomtemperatureand neutra pH. The
resting cellsof S. agae cellswere ableto reduce 1mM
aqueous PtCI6 2" ionsinto elemental platinum at 25
&%C and pH 7 within 60 min in the presence of lactate
asthe e ectron donor™,

Production and structura characterization of crys-
tallinesIver nanoparticlesfrom Bacilluscereusisolate.
Thefreeamineand carbonyl groups presentinthebac-
terial protein could possibly perform thefunction for
theformation and stabilization of silver nanoparticles™.
stabilizationof theAgNPby surface-bound proteinsisa
possibility. mechanism|eading to thereduction of meta
ions

Biominerdization of particulateAuinmetdlophillic
bacterium Cupriavidus metallidurans CH34 isconsid-
ered to be aresult of Au-regulated gene expression
leading to the energy-dependent reductive precipita-
tion of toxic Au-complexesleading to theformation of
Au (1)-C-compounds and nanoparticulate Au0i®.

The enzyme involved in the synthesis of
nanoparticles may bethe nitrate reductase presentin
B. licheniformis. Thisenzymeisinduced by nitrateions
andreducessilver ionstometalic slver®™, Varioustypes
of naturally synthes zed nanoparticlesby different trains
of bacteriaaresummarizedin TABLE 1.

Formation of metal nanoparticlesby fungi

Both bacteriaand fungi have shown ability tore-
duce metal ionsto form metallic nanoparticles. How-

BIOCHEMISTRY (mm—
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TABLE 1: Summary of varioustypesof naturally synthe-
sized nanoparticlesby different strainsof bacteria

—— M inireview

TABLE 2: Summary of varioustypesof naturally synthe-
sized nanoparticlesby different typesof fungi

Bacterial Species Nanoparticle  References Fungal species Nanoparticle References
Escherichia coli Platinum [3] Ganoderma lucidum Silver [190]
Aeromonas hydrophila ~ ZnO [17] Aspergillusterreus Silver [25h]
Bacillus megaterium Silver [41] actinomycete Sreptomyces  Gold [5b]
Shewanella oneidensis  Silver sulfide [50] Penicillium Gold [29]
Bacillus Cadmium 48 brevicompactum
amyloliquifaciens sulfide [48] Paraconiothyrium Gold [10]
Pseudomonas Silver variabile
aeruginosa [23] Neurospora crassa Silver, Gold [7
Brevibacterium casei. Silver and Gold [180] Aspergillus clavatus Silver [53]

ever, it would be advantageousif afungusisused for
the devel opment of aprocesskeepingin mind handling
of the biomass and down stream processing of the
nanoparticles®,

Even though gold/silver nanoparticleshave been
synthesized using prokaryotes such as bacteria, and
eukaryotes such asfungi, the nanoparticlesgrow intra-
cellularly. Theuse of specific enzymes secreted by or-
ganismssuch asfungi intheextracdlular synthesis of
nanoparticlesisexciting for thefollowing reasons. The
synthesisof nanoparticlesin solution would be of im-
portancein homogeneous cataysisand other gpplica
tionssuch asnon-linear opticg™.

The nanoparticlesmay beimmobilized in different
matricesor inthinfilm form for optoe ectronic applica
tions. thisbeingimpossibleto achieveif thenanoparticles
were bound to the biomasg?,

The use of biosource such asfungi can catalyze
specific reactionsleading to inorganic nanoparticlesis
amodern and rationa biosynthesisstrategy that can al-
ternateto other physicd and chemicd methods. Extra-
cellular secretion of themicroorganismsoffersthe ad-
vantage of obtaininglargequantitiesinarelaively pure
state, freefromother cellular proteinsassociated with
theorganism and can be easily processed by filtering of
the cdlsand i sol ating theenzymefor nanoparticlessyn-
thesisfrom cell-freefiltrate®d. Varioustypesof natu-
raly synthes zed nanoparticlesby different typesof fungi
aresummarizedin TABLE 2.

Functionalized silver nanoparticles cab be
extracellularrly biosynthes zed by strains of Cladospo-
rium cladosporioides fungus®. Also, Aspergillus
fumigatus has shown potential for extracellular syn-
thesisof fairly monodispersed, silver nanoparticlesin

therangeof 5-25 nm!#2,

Non-pathogenic fast growing fungus Trichoderma
viride, which habited in dead organic materials, was
used for extracd lular biosynthesisof silver nanoparticles
around 2-4 nm. in size",

CONCLUSION

Thesynthessof nanoparticlesby bio-organisnsmay
support uswith green treasures of nanopartoiclesin safe
and economic way.
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