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Abstract: Biologically engineered entities have enabled discoveries in the past decade and a half, spanning from novel
routes for the syntheses of drugs and value-added products to carbon capture. The precise cellular re-programming
has extended to the production of nanomaterials owing to their ever-growing demand. The primary advantage of the
biological nanoparticle synthesis is the eco-friendly approach performed at ambient temperature and pressure, where
the usage of harsh chemical stabilisers and capping agents is eliminated, providing ease of handling and downstream
processing. Although the techniques hold great promise, many short comings hamper their scalability; thus, rendering
them unsuitable for industrial applications. A fundamental understanding of the underlying mechanisms which involve
various enzymes of different metabolic pathways is most crucial in surmounting these impending blocks leading to
successfully engineered systems which can be tuned in accordance with the goals of specific applications. This mini
review highlights the recent developments in nanoparticle synthesis that employ the use of microbial reaction vessels
with specific emphasis on engineering of these biological entities such as bacteria, yeast, fungi and algae. Also
presented are the challenges and future trends in this domain where novel and engineered approaches will be the
most consequential.
1 Introduction

Nanoparticles, the building blocks of nanotechnology, are particles
with at least one dimension of less than or equal to 100 nm.
Nanoparticles have potential applications in diverse fields that
include targeted drug delivery vehicles, gene therapy and cancer
treatment. Other applications such as antibacterial agents, DNA
analysis, biosensors, separation science, magnetic resonance
imaging (MRI) and nanogenerators, have been explored [1].

Although the size and shape of these particles might appear
as merely physical, their complex effects on chemical properties
and physical interactions are important in maintaining their func-
tionality. For example, gold nanoparticles are reactive when they
are <10 nm in size while particles with a small radius of curvature
and angular shapes have improved catalytic properties [2, 3].
Therefore, it is essential to synthesize shape- and size-controlled
nanoparticles. However, this is met with multiple challenges.
Nanoparticle synthesis is primarily categorised as either chemical
or biological. Atomistic, molecular and particulate processing
either in vacuum or in a liquid medium are applied in various chem-
ical synthesis methods [4]. Many physical and chemical methods,
which are extensively used, result in monodispersed nanoparticles
but they require the use of harsh chemical stabilisers and capping
agents. These techniques are capital intensive and inefficient in
energy usage [5]. To lower the high surface energy leading to
thermodynamic instability, nanoparticles stabilise themselves either
by lowering the surface area through agglomeration or by sorption
of surrounding molecules. To kinetically stabilise nanoparticles,
stabilisers or capping agents such as surfactants, polymers, small
ligands, cyclodextrins and polysaccharides are used [6]. The pres-
ence of capping agents may affect the functionalities of the nano-
particles and additional steps such as solvent washing, thermal
annealing and UV-ozone irradiation are required to remove the
stabilisers which could in turn alter the nanoparticle shape, size
and stability [7, 8]. Such synthesis procedures that use non-polar
solvents and toxic chemicals on the surface to produce nanoparticles
limit their usage in clinical fields. Hence, there exists a requirement
for bio-compatible, clean, non-toxic and ‘green’ methods of pro-
ducing monodispersed, size-controlled nanoparticles.

Many microbes are naturally capable of producing nanoparticles
either intracellularly or extracellularly when challenged with metal
salts. The availability of various biotechnological tools, such as
genetic and protein engineering, systems and synthetic biology,
encourages the use of microbial systems to fine tune nanoparticle
synthesis. This mini review highlights recent developments in the
field of nanoparticle production by microbes (e.g. bacteria, cyano-
bacteria and yeast) and microbe-derived scaffolds, and identifies
some challenges associated with the approach. There have been
numerous reports on microbial synthesis of nanoparticles but
very few studies have contributed to understanding the process
and the mechanism of the syntheses. The knowledge is important
to overcome the synthesis bottlenecks and for the systematic engin-
eering of microbes. The last part of the review sheds light on
the future directions and highlights the importance of understand-
ing the synthesis mechanisms for controlled production of
nanoparticles.
2 Microbial production of nanoparticles

The concept of biological synthesis of nanoparticles was first
reported in 1960 with marked progress being witnessed in the past
1.5 decades (Fig. 1). Biological synthesis of nanoparticles refers to
a wide array of biological techniques for producing nanoparticles
by employing biological hosts including, but not limited to,
bacteria, yeast, fungi, algae and plants. Successful microbial
production of nanoparticles requires hosts that are tolerant to the
products to be synthesised and the availability of molecular
machineries. Proteins involved in the cell metabolism are found to
be instrumental in the reduction of added metal ions and their
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Fig. 1 Milestones in nanoparticle research (above) [9–19] compared with that of genetic engineering (below) [20–26]
conversion into metal nanoparticles with controlled size and
morphology [27, 28]. The main advantage of this approach is that
it does not require any chemicals that can possibly be toxic and
these reactions can occur at ambient temperature and pressure
conditions.

The biological process of nanoparticle formation in micro-
organisms can occur in two ways: intracellular (non-templated or
templated) and extracellular (in the culture broth or adhered to the
membrane) as demonstrated in Fig. 2. In intracellular production,
the cell culture is challenged with metal salt solution where the
metal ions are transported across the cell membrane and nanoparticle
formation occurs within the cell. Subsequently, the nanoparticles are
recovered by lysing the cells and purified. In contrast, during extra-
cellular synthesis the added metal salts are converted to nanoparticles
either on the cell membrane or in culture broth. Recovery of the
extracellularly produced nanoparticles will expectedly involve
fewer downstream processing steps.
Fig. 2 Different modes of nanoparticle biosynthesis by microorganisms

a CdS quantum dots produced in genetically engineered E. coli [29]
b Gold nanoparticles produced on the membrane if Synechocystis sp. PCC 6803 [30]
c Silver nanoparticles produced by P. aeruginosa SM1 [31]
d Silver nanoparticles on plasmid scaffolds [19]
e Magnetite nanoparticles produced in Rhodospirillum rubrum [32]. Parts of the figure are rep
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2.1 Bacterial production

Bacteria, owing to the ease of its manipulation and the availability
of well-established genetic tools, are of particular importance in
the field of nanoparticle synthesis. Easy maintenance and fast
growing time are added advantages. The first genetic engineering
of bacteria for nanoparticle synthesis is reported by Chen et al.
[16]. Genetically engineered Escherichia coli JM109 expressing
phytochelatin synthase gene from Schizosaccharomyces pombe
(SpPCS) along with modified g-glutamylcysteine synthetase
(GSHI*) was used as a synthetic host to produce cadmium
sulphide (CdS) nanocrystals. The GSHI* catalysed the synthesis
of glutathione (GSH), the precursor for phytochelatin, which in
turn enhances the production of phytochelatin that serves as the
capping agent for the CdS nanocrystals. The strategy was adopted
from S. pombe natural defence mechanism. Further improvement
to the strategy shows that it is extendable to another strain, E. coli
roduced with permission
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R189, resulting in the synthesis of uniform CdS quantum dot
nanocrystals (3–4 nm).

In another study, E. coli was transformed with plasmids contain-
ing gene encoding foreign CdS-binding histidine-rich peptide
(CDS7) [29]. High-resolution transmission electron microscopy,
X-ray diffraction, luminescence spectroscopy, and energy dispersive
X-ray spectroscopy were used to characterise the quantum dots and
showed that the average particle diameter was 6 nm. Various alkaline
earth, semiconducting, magnetic and noble metal nanoparticles have
been synthesised using recombinant E. coli expressing phytochelatin
from Arabidopsis thaliana and metallothione from Pseudomonas
putida [33]. Some extremophiles, such as Antarctic bacteria, have
natural resistance and tolerance towards cadmium and telluride,
hence have been exploited for the synthesis of respective fluorescent
nanoparticles [34]. However, the details of the mechanisms and the
molecular machineries are not yet elucidated.

Silver nanoparticles produced from Rhodobacter sphaeroides
are spherical and relatively mono-dispersed with average size
of 9.56 ± 0.32 nm. The 6-h production time is an improvement com-
pared to a few days in previous studies; hence, making it a rapid
method to produce silver nanoparticles in vivo [35]. Some silver
resistant E. coli strains contain CusCFBA silver/copper system
which helps in the accumulation of silver nanoparticles in the
periplasm [36]. Lin et al. have exploited such strain for anaerobic
production of silver nanoparticles in the periplasm [37]. This
process employs the use of oxidised metal ions as electron acceptors
resulting in the generation of reduced metal nanoparticles with the
help of multi-heme cytochrome-c [38, 39]. Nitrate reductase
(NapC) mutant of this strain ceased to produce silver nanoparticles
establishing the role of cytochrome-c in the synthesis of silver nano-
particles. This study attempts to shed light on the mechanism
of nanoparticle synthesis at the protein and metabolism level
which deepens our understanding of the process (Fig. 3).

Many studies have utilised bacteria to produce various kinds of
nanoparticles but only a few have focused on understanding the
synthesis mechanisms. Despite the exciting findings from these
studies, limited information is available on the factors responsible
for the synthesis. Understanding these systems is particularly
important for controlled synthesis of unconventional nanoparticles,
such as ruthenium and rhodium, and for further extrapolation into
synthesis in easy-to-handle bacteria, such as E. coli. Pseudomonas
aeruginosa SM1 was used for intracellular production of lithium
and cobalt nanoparticles [31]. The production was achieved
without the addition of growth media, stabilisers, electron donors
or pH adjustments while being performed at room temperature.
The same strain was also shown to produce extracellular silver,
palladium, iron, rhodium, nickel, ruthenium and platinum
nanoparticles [31]. It is to be noted that this is the first report on
Fig. 3 Proposed model of biosynthesis of nano-Ag by periplasmic c-type
cytochrome NapC in the silver-resistant E. coli strain 116AR [37].
Reproduced with permission
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rhodium and ruthenium nanoparticles production by living
organism and nickel nanoparticle synthesis in bacteria.

Morganella morganii, a silver-resistant bacterium, was the first
synthetic host reported to produce copper nanoparticles in aqueous
phase [40]. Production of homogenous copper nanoparticles in
aqueous phase is challenging due to the formation of copper oxide
on the surface. The silver-resistant bacterium contains proteins
that are similar to copper binding proteins; hence, it was envisaged
that M. morganii is a suitable candidate for pure metallic copper
nanoparticle synthesis. The resulting copper nanoparticles are
19 nm in size and devoid of copper oxide.

To add additional control to the biosynthesis of nanoparticles,
biological templates have been explored to give better control in
the shape and size distribution. Biological systems have natural
ability for controlled deposition and structure of inorganic materials
which has given rise to biomimetic approaches to synthesise
inorganic nanomaterials. Protein shell with hollow cavities in the
centre, such as cowpea chlorotic mottle virus capsids, ferritin and
ferritin-like proteins, serve as a size-constrained reaction vessel for
the synthesis of inorganic materials with controlled dimensions
[41]. In addition, the protein surface provides a platform for
surface modifications. An example of templated nanoparticle
synthesis is the synthesis of 1D C-doped Fe3O4 nanoparticles
inside self-assembled magnetosomes in magnetotactic bacterium,
Magnetospirillum gryphiswaldens [42]. Characterisation of the nano-
particles using field emission scanning electron microscopy and
transmission electron microscopy revealed nanoparticles of 50 nm
size assembled into 1–2 µm long chains. Attempts to transfer the
magnetosome biomineralisation pathway from the magnetotactic bac-
terium, Magnetospirillum gryphiswaldense, for heterologous expres-
sion into another synthetic host, Rhodospirillum rubrum, were
successful by incorporating mamAB, mamGFDC, mamXY, and
mms6 genes. The resulting magnetite nanoparticles were 24 nm in
size surrounded by a protein shell [32]. The role of mamO gene
was recently established in the formation of magnetic nanoparticles
in magnetotactic bacteria by negating its long believed putative func-
tion by acting as serine protease [43]. It was identified by X-ray crys-
tallography and genetic analysis that the degenerate active site of
the protein hogties its protease activity. Also, a di-histidine motif
which is surface exposed confers metal binding capability which is
responsible for the initiation of biomineralisation in vivo. A recent
report suggests using mms6 gene as a reporter for MRI [44]. This
was achieved by expressing the mms6 gene in a mammalian cell
line which in turn resulted in changes in magnetic resonance contrast
due to formation of nanoparticles within the mammalian cells. This
study showcases the myriad applications possible by understanding
the mechanism of nanoparticle synthesis.
2.2 Production of nanoparticles by photosynthetic
microorganisms

Cyanobacteria, robust microorganisms which have the capability
to adapt to extreme environmental conditions, are of particular
interest as a synthetic host for nanoparticle production as they
convert CO2 to other forms of carbon catalysed by sunlight [45].
The feature has implications on reduced cost for growth medium,
hence lower production costs, and potentially reduced carbon
footprint of the process. Silver and gold are the most reported
nanoparticles synthesised using cyanobacteria as the host system.

Intracellular gold nanoparticles have been made using
Synechocystis sp. PCC 6803 [30]. The nanoparticles of average
size 13 ± 2 nm were found to localise at the cell wall, plasma
membrane, and inside the cytoplasm. The study compared the gold
nanoparticle synthesis to the metabolic activity of cyanobacteria
namely, photosynthesis and respiration. It was observed that the
production of nanoparticles was detrimental to photosynthesis in
the presence of light but the same was not observed with
respiration when cultured in the dark. The study also reported that
photosynthetic electron transport in the thylakoid membranes
played a key role in gold nanoparticle synthesis compared to the
respiratory electron transport taking place at the cellular and
Eng. Biol., 2017, Vol. 1, Iss. 1, pp. 12–17
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thylakoid membranes. It is also speculated that the formation of
gold nanoparticles within the cell wall of cyanobacteria may be
due to the polyphosphates, polysaccharides and carboxyl groups
present on the cell membrane which catalyse the reduction of gold
ions. The findings are important for process development of gold
nanoparticle production using cyanobacteria cultured in water
under sunlight.

Sixteen different strains of cyanobacteria and microalgae were
tested for their ability to produce silver nanoparticles of which
fourteen were successful in the production [46]. Both cell extracts
and extracellular medium (i.e. medium that had been used to grow
the microbes) were capable of producing nanoparticles indicating
that the extracellular medium contains excreted compounds
responsible for the synthesis of nanoparticles of sizes 13–31 nm.
Experiments showed that extracellular polysaccharides released by
cyanobacteria and algae act as reducing agents in the nanoparticle
synthesis. Interestingly, the extracellular medium failed to produce
silver nanoparticles in the dark. In contrast, the washed biomass
of a few strains retained the nanoparticle formation ability in the
dark suggesting that light played a role in the process [47]. The
study also demonstrated that C-phycocyanin, which is the blue
coloured accessory pigment produced by cyanobacteria, can
reduce silver to form silver nanoparticles. Algal extracellular
medium of Chlorella vulgaris when treated with chloroauric acid
resulted in size and shape controlled nanogold crystal formation
[48]. The protein, referred to as gold shape-directing protein,
aiding in gold reduction was isolated and purified; and was further
shown to produce triangular and hexagonal gold nanoplates.

A recent study employs genetically engineered micro-algae
Thalassiosira pseudonana to attach IgG binding domain on bio-
silica for its use as a cancer targeting moiety. IgG-bio-silica
complex and chemotherapy drug (camptothecin and
7-ethyl-10-hydroxy-camptothecin) loaded liposomes were individu-
ally prepared. Subsequently, the loaded liposomes were attached
to the IgG biosilica complex and targeted towards cancer cells [49].

Cyanobacteria and algae seem to be promising hosts for
nanoparticle synthesis. However, to increase the feasibility of
using these reaction vessels for various applications, including
nanoparticle synthesis, requires established genetic tools which is
currently still lacking.
2.3 Production by yeast

Yeast, being a unicellular eukaryote, is an important model organism
in molecular biology. Availability of genetic tools for manipulations
makes it an interesting host to engineer for nanoparticle synthesis.
Yeast has been employed for producing various metallic and
non-metallic nanoparticles. Extracellular syntheses of gold, silver,
and palladium nanoparticles are achieved using the yeast,
Hansenula anomala [50]. Gold nanoparticles have been produced
with and without the addition of stabilisers. The use of the G5
PAMAM dendrimer as the stabiliser gave bigger gold nanoparticles
with average particle size of 40 nm whereas the average particle size
without the addition of the stabiliser was found to be 14 nm. This
generality of using bio-reductant was applied to silver and palladium
resulting in nanoparticles of 35 nm as characterised by TEM.

Selenium nanoparticles which have a great potential as anti-cancer
agents were synthesised using yeast Saccharomyces boulardii
[51]. Extracellular synthesis of selenium nanoparticles was
observed as the culture solution turned from colorless to red and
the nanoparticle size averages 200 nm as revealed by TEM and
dynamic light scattering techniques.

The yeast Rhodotorula mucilaginosa was employed as biofactory
to produce copper nanoparticles [52]. Both dead and live biomass
could produce pure metallic copper nanoparticles and it was
found that the dead biomass was more efficient in synthesis by
producing the nanoparticles within 1 h. It was speculated that the
nanoparticle synthesis using dead biomass bypassed the toxicity
barrier and the reducing enzymes formed nanoparticles more
efficiently. This provides an added advantage by removing the
requirement for growth medium during synthesis.
Eng. Biol., 2017, Vol. 1, Iss. 1, pp. 12–17
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Despite the availability of genetic tools and well established
methods of manipulation, genetic engineering in yeast to produce
nanoparticles has not been well explored. There is immense scope
in this area to identify limiting parameters leading to novel
engineered pathway.
2.4 Other scaffolds

In addition to microbial synthesis and protein-templated synthesis
of nanoparticles, cell-derived substrates such as plasmids and
bacteriophages have been explored for nanoparticle synthesis.
Plasmids derived from Bacillus host were employed as scaffolds to
form silver nanoparticles [19]. Silver ions incubated with plasmids
were photoirradiated under UV at 254 nm at room temperature and
resulted in nanoparticles with an average diameter of 20–30 nm.
The phosphate backbone of DNA being negatively charged,
binds to the positively charged metal ions through electrostatic
interactions. Photoirradiation with UV light led to nucleation of
nanoparticles on the plasmid which acted as a reducing agent,
aiding in the formation of nanoparticles. This study shows that
plasmids could be used not only as templates but also as reducing
agents to drive the nucleation of nanoparticles.

Jeong et al. [53] fused three glutamates on the N-terminus of
the major capsid P8 of M13 bacteriophage. Incubation with
barium glycolates and subsequently with titanium glycolates
resulted in calcination of this compound forming perovskite
crystal structure while retaining the viral fibrous morphology
(50–100 nm). Electrostatic interactions and hydrogen bonding led
to the formation of barium titanate nanoparticles which were used
as nanogenerators. This system could generate an electrical output
up to ∼300 nA and ∼6 V.
3 Discussion and future prospects

Various attempts to utilise microbes as factories to produce nano-
particles have resulted in nanoparticles of varied type, shape,
colour and size. Bacteria, owing to the ease of its handling and
short multiplication time have been a favourite choice as a synthesis
host. Thus far, the ‘green’ methods in nanoparticle synthesis that
have been explored are those available in nature almost without
any modifications. Systemic design and production optimisation
for industrial level synthesis are challenged by the lack of under-
standing between causal mechanisms and the various interactions
within the microbial system. For significant enhancement of the
system, there is a definitive need for understanding the underlying
mechanisms of biological nanoparticle synthesis. By establishing
the pathways or the enzymes required for a particular kind of nano-
particle synthesis in a given organism, it is possible to extrapolate
this system to other hosts which would better suit the applications
at hand.

Another important aspect to be taken into consideration is
the availability of genetic tools for systemic manipulation of the
genetic circuits in microorganisms. E. coli which has been the
model organism for genetic manipulation in the production of nano-
particles. However, more research needs to focus on improving the
available genetic tools for other organisms such as cyanobacteria
and unconventional yeasts which would aid in the employment
of these non-traditional microorganisms for the synthesis of nano-
particles [54–56].

The challenges that remain to bring these processes to industrial
scale are optimising the production and minimising the time required
while choosing a suitable strain [57]. Development of microbial
strains for industrial applications employing system-wide engi-
neering, cellular metabolism optimisation and product recovery
optimisation is a stand-alone research topic by itself [58].
Contemporary techniques in synthetic biology, systems biology
and metabolic engineering serve as building blocks in industrial
strain development. Strain improvement and controlled nanoparticle
synthesis efforts should be brought together to design robust
15Commons Attribution-NonCommercial License



industrial strains capable of producing nanoparticles of desired shape
and size.

The emergence of synthetic biology in this era will chart the
development of this field in the next decades. Engineering
non-native genetic circuits in yeast to produce artemisinic acid and
engineering E. coli to see light are some of the classic examples
of the potential of this field [26, 59]. Synthetic biology, which
deconstructs biological systems into synthetic circuits and
logic gates, will provide indispensable tools for tuneable synthesis
and optimisation of nanoparticle synthesis in biological hosts.
Synthetic circuits may be generated for the synthesis of
nanoparticles with controlled size and shape. Understanding how
the microbes react to stress and how the corresponding regulatory
networks play a role will provide insights into metal toxicity and
tolerance mechanisms. Integrating systems engineering approach in
biology has paved way for the synthesis of small chemicals and
similar advances are expected for the synthesis of nanoparticles.
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