Chettinad Health City Medical Journal

Review Article

Volume 9, Number 2

Bacterial Cell — A Bioreactor for the Synthesis of Nanoparticles

S Meenakshi*

*Assistant Professor, Faculty of Allied Health Sciences, Chettinad Hospital and Research Institute, Chettinad Academy of Research

and Education, Kelambakkam, Chennai, Tamil Nadu, India.

Dr. S. Meenakshi is working as Assistant Professor at Faculty of Allied Health Sciences, Chetti-
nad Academy of Research and Education, India. She has carried out her doctoral work at
Madurai Kamaraj University. She has also published 6 research articles in international journals.
Her current research work is focused on development of novel anti-microbial compounds

Corresponding author - Dr. Shanmugaraja Meenakshi (srgmeenakshi@gmail.com)
Chettinad Health City Medical Journal 2020; 9(2): 130 - 136

DOI: https://doi.org/10.36503/chcmj9(2)-09

Abstract

Nanotechnology is an interdisciplinary science which is rapidly progressing in the recent past. Nanoparticles
(NPs) exhibit unique properties that label them as molecules having potential applications in engineering,
medical and environmental research fields. Due to the limitations associated with the conventional meth-
ods of nanoparticle synthesis, there is an upsurge in biological means of nanoparticle synthesis. Nature has
bestowed with diverse defence mechanisms in bacteria that help them to survive in any extreme environ-
mental conditions. This property has been righteously exploited by the scientists to meet their need with
respect to nanoparticle synthesis. Although extensive reports are available on bacteriogenic synthesis of
NPs, the underlying mechanism is yet to be explored. Since bacteria can be easily handled and genetically
altered, it can serve as a best system to fabricate nanoparticles with desired physiological properties.
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Introduction

Particulate substances whose size is measurable in
the range of 1-100nm (sometimes less than
soonm) are referred as nanoparticles (NPs) and it
can be made using wide variety of materials. NPs
take up different shapes such as spherical, tubular
and irregular shapes and exist as single, fused or
aggregated.’ With respect to dimension, NPs can be
zero dimension (oD-quantum dots), one dimension
(1D - nanowires), 2 dimension (2D - nanometer
thick films) and 3 dimension (3D-nano- particles).?
Most of the NPs are shown to be composed of
three layers; i) surface layer — the outermost layer
which can be functionalised by small molecules,
metal ions or polymers ii) shell layer — the middle
layer whose chemical properties show much
difference compared to the inner core and iii) core
- the central part that represents the NPs itself.3
Based on their physical and chemical properties,
the NPs have been grouped into different
categories such as Carbon based NPs, Metal NPs,
Ceramics NPs, Semiconductor NPs, Polymeric NPs,
Lipid based NPs. Discovery of the fact that the size
of the substances influence their physical and
chemical properties revolutionized the field of
nanotechnology. Reduction in size actually imparts
some unique properties to the materials more
notably, the Ilarge surface area, quantum
confinement, optical and magnetic properties etc.4

Enormous development in the technical aspect has
allowed the scientists to tailor up the materials to
meet their need. Flooded research on the
improvement of nanoparticles have made them
almost indispensable in all areas such as
engineering, electronics, environmental reme-
diation and health care etc. Integration of
biomolecules with nanoparticles have made great
impact on drug and gene delivery, bio-sensing and
bio-imaging thus, nanotechnology has been
deep-rooted in the field of biology and medicine
that actually gave rise to a new field of study called
Nanobiotechnology.s Owing to its plethora of
applications, scientists across the globe are
exploiting various sources for the synthesis of NPs.
There are many techniques available for the
synthesis of NPs, some of them are ultraviolet
irradiation, aerosol technologies, lithography, laser
ablation, ultrasonic fields and photochemical
reduction techniques.®™® The involvement of
hazardous chemicals, complex procedure and
expensiveness have become a subject of
paramount concern."2 Recent development in
exploiting microbes and plants for the synthesis of
NPs have become a major breakthrough since this
approach is found to be safe, eco-friendly, cost
effective and sustainable.®s This review details
how microbes especially bacteria are being
exploited for the synthesis of NPs.
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Microbes the green Nanofactories

Usage of microorganisms such as bacteria, fungi and
yeast for the synthesis of NPs are gaining
momentum in recent years as they possess certain
advantages over the conventional methodologies.
Various enzyme systems, co factors and metal
resistant genes of the microbial system help in the
detoxification of heavy metals, reduction of metal
salt into metal nanoparticles and further they
provide  natural capping thereby prevent
nanoparticle aggregation leading to increase in
stability.’® '7 Microbes have the capacity to reduce
metal ions either intra or extracellularly, however
the precise mechanism involved in the synthesis of
NPs is yet to be uncovered. Different biological
agents react differently with the metal ions that
pose difficulty for the scientists to understand the
exact process. Nevertheless, intracellular and
extracellular means of NPs synthesis remains the
two major approaches. Array of protocols have been
reported till date that employs microbial biomass,
supernatant and derived components.’®

Intracellular synthesis

Intracellular synthesis of NPs in certain bacteria
has helped the researchers to understand the
mechanism to some extent. The process takes
place in step wise manner that involves trapping,
bio-reduction and capping. The ion transport
proteins present on the cell wall of the bacteria
play a major role in transporting the metal ions;
this is further facilitated by the electrostatic inter-
action between the negatively charged cell wall
and positively charged metal ions. Metal ions form
cluster in the case of Lactobacillus species which
strengthens the electrostatic interaction between
the cell surface and metal ions. The enzymes
present within the cell wall reduce the metal ions
into metal NPs. Thus formed NPs or the cluster of
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NPs get into the cell by diffusion through the cell
wall (Fig 1).2° The basic experimental steps
involved in the synthesis of NPs are as follows; the
bacterial cells are grown to an optimal stage,
centrifuged and the cells pellet is washed. The
filter sterilized metal salt solution is co-incubated
with the cell suspension. Formation of NPs can be
monitored by visualizing the colour change in the
medium. The cells are washed and lysed by ultra-
sonication which releases the NPs that can be
centrifuged, purified and collected.”® 2* Down-
stream processing is a cumbersome procedure in
case of intracellular synthesis of NPs and that
seems to be a primary limitation of this approach.

Extracellular synthesis

The enzyme nitrate reductase which was secreted
extracellularly by the fungi had the capability to
reduce the AgNO, into AgNPs, this finding actually
helped in the understanding of mechanism of extra-
cellular synthesis of NPs. Subsequently, number of
studies were reported supporting this observa-
tion.2223 A similar mechanism involving the co factor
NADH and NADH dependent enzyme in the conver-
sion of Au ions into AuNPs has been reported in
Rhodopseudomonas capsulate.? Recent studies
have reported the importance of cytochromes and
redox mediators in the promotion of extracellular
synthesis of NPs. Exopolysaccharides (EPS) secret-
ed extracellularly in most of the bacteria has been
shown to play a major role in the synthesis of NPs.
Detailed investigation has revealed that the
aldehyde and hemiacetal groups present in the EPS
act as reducing agent. It is generally accepted that
when the metal ions bind to the EPS containing the
active moieties, get chelated, reduced and stabilised.
Moreover, the polyanionic groups such as hydroxyl,
carboxyl, phosphoric, hemiacetal and amino end
groups play important role in reducing the metal
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Figure 1: Schematic illustration showing the mechanism involved in the intracellular mediated nanoparticle

synthesis in bacteria
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Figure 2: Schematic illustration showing the

extracellular synthesis of nanoparticles by bacteria.

ions as well as in enhancing the electrostatic interac-
tion between the metal ions and EPS (Figure 2).25
For extracellular synthesis of NPs, the bacteria is
initially grown to optimal level and then centrifuged
to separate the biomass. The supernatant is collect-
ed to which the filter sterilized metal salt solution is
added and monitored for colour change. Change in
colour indicates the formation of NPs for example,
the change in color from pale yellow to brownish
color indicates the formation of silver NPs, pale
yellow to pinkish color indicates the formation of
gold NPs, and the formation of whitish yellow to
yellow color indicates the formation of manganese
and zinc NPs.92

Bacterial synthesis of NPs

Bacteria are the tiniest life on the earth that dwells
in diverse environmental conditions from terrestri-
al to deep sea. Bacteria can get adapted to any
changing conditions by acquiring favourable muta-
tions in them. In this way bacterium presents a
wide variety of biological processes, novel regula-
tory functions, enzyme systems and other mole-
cules/compounds which serve as a best platform
to carry out various research activities. Synthesis
of metal NPs by the bacterial cells is a kind of natu-
ral defence mechanism that the cell employ to
detoxify the higher concentration of metal ions.
The commonly used bacterial species for the
synthesis of NPs are Escherichia coli, Bacillus
cereus, Lactobacillus species, Klebsiella pneumoni-
ae, Corynebacterium species, Pseudomonas
species, Ochrobactrum and Acinetobacter
species.?®?7 Bacterial synthesis of NPs dates back
to 1980s when Beveredge and Murray?® first time
reported the synthesis of Au NP by Bacillus subtilis,
however, the resurgence was appeared only after
2000 followed by the report of Ag NPs (200nm)
synthesis by Pseudomonas stutzeri AG259.2° In
2008, extracellular synthesis of Ag NPs (sonm)
was demonstrated using the supernatant of
B. licheniformis.3® It was reported that
Pseudomonas aeruginosa could intracellularly
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synthesize variety of metal NPs such as Pd, Ag, Rh,
Ni, Fe, Co, Pt, and Li. A novel marine strain, Kocuria
flavahas been reported to synthesize copper
nanoparticle with particle size within the range of
5 to 30 nm.>" Lactobacillus plantrum and Aero-
monas hydrophila are shown to be involved in
biosynthesis of ZnO NPs.3233 Synthesis of triangu-
lar shaped CuO NPs by Halomona selongate has
been reported recently.34

Recent report on biosynthesis of magnetite NPs by
different microorganisms namely, Magnetotactic
bacterium MV-1, MS-I, M. gryphiswaldense,
Candidatus magnetoglobus multicellular adds
more value to this aspect of research. Further the
simple Bacillus cereus has been shown to
synthesize super paramagnetic iron oxide
nanoparticles (29 nm). Perez-Gonzalez et al have
revealed the mechanisms used for the fabrication
of magnetite NPs by Shewanella oneidensis. As per
their report, when ferrihydrite is provided/
available, bacteria utilize it as a final electron
acceptor that elevates the pH around the cell
resulting in active production of Fez2+ ions. This
further leads to the accumulation of Fez2+ and
Fe3+ at cell wall causing super-saturation state of
the cell. Synthesis of bacterial magnetite particle
(BacMP) starts with the formation of small
vesicles. Then vesicles are joined in chains along
with cytoskeletal filaments. The assemblage of
Fe2+ inside the vesicles by iron transporters is the
next step of BacMP synthesis. Finally, proteins
attached to BacMP initiate nucleation and also
regulate the morphology of magnetite crystals.
Several proteins attached to the BacMP
membrane plays an important role for the
generation of magnetite.353% While biosynthesis of
highly monodispersed NPs is still a challenging
one, the marine cyanobacterium Phormidium
fragile has been reported to synthesise highly
monodispersed Ag NPs with the size in the range
of 5-6.5 nm. Furthermore, biosynthesis of
bimetallic Ag-Au nanostructures has also been
demonstrated using bacterial strains. E. coli DH5a
has been shown to produce morphologically
different for example round, triangular or
hexagonal AuNPs.3” Cadmium sulphide (CdS), the
semiconductor nano crystals were shown to get
accumulated intracellularly in Klebsiella
pneumonia, E. coli and Clostridium thermoa-
ceticum.3®39 Bio-reduction of selenite to selenium
(a non-metallic NP) has been observed in various
bacterial species namely, Stenotrophomona
smaltophilia SELTEo2, Enterobacter cloacea
SLD1a-1, Rhodo spirullumrubrum, Tetrathiobacter
kashmirensis, P. stutzeri, Desulfovibrio desul-
furicans, E. coli. These microbes were able to
synthesize Se NPs in different shapes like granular,
circular, fibrillar and they were found to be
deposited either in cell cytoplasm or periplasmic
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space, some cases it was synthesised
extracellularly.4>4 The very common Lactobacillus
strains have also shown to synthesize Titanium
NPs.42 Sharma et al,*3 reported that a novel marine
bacterial strain, Marinobacter Pelagius was able to
produce stable, monodisperse gold nanoparticles.

Advances and Challenges in
Bionanosynthesis

A study report suggest that reduction of aqueous
Ag+ ion using the culture supernatants of Klebsiella
pneumoniae, Escherichia coli, and Enterobacter
cloacae hasten the process of fabrication of
AgNPs.o 4445 Researchers have successfully made
the common bacterial strain present in the
buttermilk namely, Lactobacillus, to synthesizes
both Au and Ag NPs under standard conditions.z®
Varshney et al4¢ have reported a rapid biological
synthesis technique for the synthesis of spherical Cu
NPs in the size range of 8-15 nm using
non-pathogenic Pseudomonas stutzeri. It has been
shown that the morphological pattern of NPs can be
controlled by using microorganisms. Furthermore,
the pH of the environment has been shown to
influence the size of the NP formed. The bacteria R.
capsulata synthesized gold NPs of size range
between 10 and 20 nm at pH 7, while gold nano
plates were formed at pH 4.47 It is reported that
bacteria could synthesize NPs as hollow metal
microspheres/ tubes, such hollow assemblies
possess superior photo-catalytic activity compared
with the corresponding solid counterparts.”” When
the NPs are synthesised biologically, the capping and
stabilizing agents are not added externally since the
biomolecules take care of these functions.#® These
biomolecules also functionalize the nanoparticles,
making it more effective relative to NPs synthesized
through non-biological means.>

The process of microbes mediated synthesis of
NPs is rather slow compared to the conventional
(physical/chemical) methods. The rate of synthe-
sis of NPs depends upon the rate of growth and
metabolism of the microorganisms. The growth
and metabolic rate of any microbe get easily
affected by the surrounding environmental factors
in particular pH, temperature, nutrition availability,
osmotic conditions etc.49 Although some studies
have shown the mechanism involved in bacterio-
genic NP synthesis, further exploration in this
aspect is very much necessary for tailoring the NP
synthesis depending upon the need. Detailed
investigation on catalytic proteins, reducing
enzymes and stabilizing molecules would certainly
provide sufficient information to manipulate the
physiological properties of the NPs. Downstream
processing is the one another step where scien-
tists struggle. Exploring the microbial diversity to

Bacterial Cell — A Bioreactor for the Synthesis of Nanoparticles

Volume 9, Number 2

search for novel and sustainable microorganisms
to biosynthesize NPs. Extensive research focused
on the aforesaid points will improve the microbe
especially bacteria mediated NP synthesis.

Applications

Nanoparticles display unique biological, physical
and chemical properties having potential
application in plethora of scientific areas such as
environmental, biomedical, agricultural etc. In
recent past, there has been a progressive research
on NPs with respect to biomedical applications.
Significant number of studies report that most of
the metal NPs (Ag Nps, ZnO NPs) exhibit
anti-microbial activity.5°5* Ag NPs are also shown to
confer cytotoxic activity against cancer cell lines.5?
The paramagnetic iron oxide nanoparticles (29
nm) fabricated using Bacillus cereus were reported
to show anti-cancer effects in a dose-dependent
manner. Other magnetic nanoparticles like Fe304
(magnetite) and Fe203 (maghemite) have been
actively investigated for targeted cancer
treatment, stem cell sorting and manipulation,
guided drug delivery, gene therapy, DNA analysis,
tissue repair, cell labeling, targeting and
immunoassays, detoxification of biological fluids
and magnetic resonance imaging.5354 The Au NPs
synthesised using Lyngbya majuscule isolated
from the Arabian Gulf were found to act as an
anti-myocardial infarction agent in combination
with Lyngbya majuscule.s> Gold NPs have been
studied extensively for their application in specific
delivery of drugs, tumour detection, angiogenesis,
genetic disease and genetic disorder diagnosis,
photo imaging and photo thermal therapy.s®
Significant usage of zinc and titanium NPs in
biomedical, cosmetic, ultraviolet (UV)-blocking

agents, and various cutting-edge processing
applications can be attributed to their
biocompatible, nontoxic, self-cleansing, skin-

compatible, antimicrobial,
behaviours.5758

and dermatological

Metal-reducing microbes act as geochemical agent
since they play vital role in promoting the
transformations, precipitations and dissolutions of
minerals.5® Very interestingly, the metal reducing
microbes exhibiting extracellular electron transfer
mechanism are suggested to have implications in
electro-microbiological applications for renewable
energy.?> Bacteria-based controlled synthesis of
hollow porous silver NPs attract more interest
since they show great application potentials in
catalysts, Surface Enhanced Raman Scattering
(SERS), photo electronic devices, antimicrobial
agents, gas adsorption etc.” Combination of
microbial physiology, metabolic and genetic
engineering tools can offer innovative bio-based
sustainable method for NPs synthesis.
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