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Abstract

Background: Iron based ferromagnetic nanoparticles (IONP) have found a wide range of application in microelec-
tronics, chemotherapeutic cell targeting, and as contrast enhancers in MRI. As such, the design of well-defined mono-
disperse IONPs is crucial to ensure effectiveness in these applications. Although these nanostructures are currently
manufactured using chemical and physical processes, these methods are not environmentally conducive and weigh
heavily on energy and outlays. Certain microorganisms have the innate ability to reduce metallic ions in aqueous solu-
tion and generate nano-sized IONP’s with narrow size distribution. Harnessing this potential is a way forward in con-
structing microbial nanofactories, capable of churning out high yields of well-defined IONP’s with physico-chemical
characteristics on par with the synthetically produced ones.

Results: In this work, we report the molecular characterization of an actinomycetes, isolated from tropical fresh-
water wetlands sediments, that demonstrated rapid aerobic extracellular reduction of ferric ions to generate iron
based nanoparticles. Characterization of these nanoparticles was carried out using Field Emission Scanning Electron
Microscope with energy dispersive X-ray spectroscopy (FESEM—-EDX), Field Emission Transmission Electron Microscope
(FETEM), Ultraviolet-Visible (UV-Vis) Spectrophotometer, dynamic light scattering (DLS) and Fourier transform infrared
spectroscopy (FTIR). This process was carried out at room temperature and humidity and under aerobic conditions
and could be developed as an environmental friendly, cost effective bioprocess for the production of IONPs.

Conclusion: While it is undeniable that iron reducing microorganisms confer a largely untapped resource as potent
nanofactories, these bioprocesses are largely anaerobic and hampered by the low reaction rates, highly stringent
microbial cultural conditions and polydispersed nanostructures. In this work, the novel isolate demonstrated rapid,
aerobic reduction of ferric ions in its extracellular matrix, resulting in IONPs of relatively narrow size distribution which
are easily extracted and purified without the need for convoluted procedures. It is therefore hoped that this isolate
could be potentially developed as an effective nanofactory in the future.
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Background

Ferric based magnetic nanoparticles (IONP) have drawn
a great deal of interest due to their versatility for appli-
cations in microelectronics, environmental remediation
and theranostics [1-4]. The central role of IONP in bio-
medicine as high resolution contrast agents in magnetic
resonance imaging (MRI) [5] and in magnetically guided
chemotherapeutic delivery to malignant cells via hyper-
thermia [6] is undeniable. In addition to its pertinent role
in targeting and destroying malignant cells, IONP’s can
be engineered for in vivo applications such as cellular
therapy [7], bioseparation [8] and immunoassay [9]. Mul-
tifunctional IONP’s have also been used as nanoadsor-
bents in water treatment and purification and as sensitive
biosensors [10] that track down formidable pollutants in
aqueous solutions.

Due to its widespread application potential, the synthe-
sis of well-defined ferromagnetic IONP’s has emerged as
a widely investigated research niche. Currently, most syn-
thesis protocols rely heavily on chemical methods includ-
ing co-precipitation [11], thermal decomposition [12],
atomic layer deposition, [13] and sol-gel processes [14],
or physical protocols such as ball milling [15], electron
beam evaporation [16], radio frequency (RF) sputter-
ing [17] or sonochemical synthesis [18]. Although these
methods produce predictable outcomes, they require rig-
orous adherence to stringent protocols and entail a high
cost and energy investment. Additionally, potent chemi-
cals such as dialkylamide [19], octadecene or oleylamine
[20] are often used as capping agents, solvents or stabiliz-
ers which are hazardous and leave noxious environmen-
tal residues [21]. Furthermore, producing biocompatible
nanostructures with uniform morphology poses a sur-
mountable challenge in large scale production.

These shortcomings have therefore led to the pursuit
of alternative routes in nanoparticle synthesis. Biosyn-
thesis routes unravel the innate ability of sustainable bio-
systems such as plants and algae [22], bacteria [23] and
fungi [24] to generate large amounts of uniform, mono-
dispersed metallic nanoparticles and have emerged
as a promising preference towards the design of envi-
ronmentally sound, biocompatible IONPs. In general,
the biosynthesis of metallic nanoparticles employs two
mechanisms—bioreduction [25] which reduces metal
ions in salt solution to stable nanostructures using dis-
similatory metal reduction [26] and intracellular biomin-
eralization where iron is imported into the cell and
well-defined IONP crystals such as magnetite are con-
structed in organelles known as magnetosomes [27].

Bacteria have demonstrated tremendous potential as
emerging nanofactories, conferring the cellular mecha-
nisms to accumulate high concentrations of metallic
ions and possessing the enzymatic machinery to catalyze
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the reduction of metallic ions in ferrofluids to nano-
sized iron crystals at ambient temperature and pressure
[28]. Their occurrence in extreme habitats denotes their
unique enzymatic machinery which could substitute the
need for potent solvents or catalysts in nanoparticle fab-
rication. Bharde [28], Byrne et al. [29] postulated that
fine-tuning specific process parameters such as incuba-
tion time, biomass and precursor concentration could
generate stable, uniform-sized, well defined nanostruc-
tures without the need for synthetic capping agents and
stabilizers. Finally, bioprocesses can be easily in scaled-
up for cost-effective large scale production [30], without
leaving trails of noxious residues and byproducts.

Although intracellular biomineralization generates
mono-dispersed and intricately designed nanomag-
nets with uniform particle dimensions [31], extracting
and purifying these intracellular nanocrystals down-
stream and producing sufficient biomass of industrial
proportions is challenging. The downstream process of
extracting and purifying nanoparticles generated using
Fe(III)-reducing bacteria such as Shewanella and Theroa-
naerobacter [32] through extracellular reduction of ferric
ions in aqueous solution is less challenging and results
is better yield. Unfortunately, most Fe reducing bacte-
ria are anaerobic requiring anoxic growth conditions in
bioreactors and long periods of incubation for growth in
well formulated media [33]. Therefore, a relentless hunt
for aerobic microorganisms capable of rapid extracellu-
lar production of IONPs capable of being developed as
efficient nanofactories for industrial scale production is
essential.

The tropical aquatic environment offers a species rich
environment for the bioprospection of highly potent
microorganisms capable of generating attractive bioac-
tive ingredients for commercial use. This is largely due
to its conducive environmental conditions in soil fertil-
ity, water availability and temperature consistency that
enable a large array of organisms to thrive comfortably in
these well-carved out niches. Unfortunately, the tropical
aquatic ecosystem is largely unexplored and few reports
exist on microbial factories originating from these fresh-
water or marine ecosystems, thereby necessitating an
expedition into this ocean of opportunity.

We describe in this study, a novel pigmented aerobic
actinomycete isolated from freshwater sediments of a
tropical rainforest in Peninsular Malaysia which rapidly
reduced metallic iron precursors in aqueous solution to
generate IONP’s in considerable quantities under aerobic
conditions and ambient temperature. Through this inves-
tigation, we established that this isolate has the potential
to be further developed as a viable green nano-factory
capable of large scale sustainable production of well-
defined IONPs.
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Methods

Sampling and isolation of aquatic microorganisms
Samples were collected from freshwater wetlands sedi-
ments at coordinates 2.8289°N, 101.8236°E in a tropical
rainforest at Peninsular Malaysia. These sediment sam-
ples were collected from the river sediments at a depth
of 15-20 cm from the surface using a sterile cork borer,
transferred to sterile petri dishes and stored at 4 °C.

Isolation of bacteria

1 g of sediments from the samples that were collected
were suspended in 10 ml sterilized river water and vor-
texed for 1 min. 1 ml of this suspension was removed and
placed in a boiling tube with 9 ml sterilized river water.
This process was repeated until a dilution factor of 107°.
50 pl of suspension from this dilution was removed and
spread plated on Nutrient Agar (Peptone 5 g/l, sodium
chloride 5 g/1, beef extract 1.5 g/l, yeast extract 1.5 g/l and
Agar 15 g) (NA) (Himedia India) and incubated at room
temperature, 28 °C for 5 days. The colonies that survived
under laboratory conditions and demonstrated unique
morphology were picked and streaked on NA plates
before screening for IONP production.

Screening isolates for extracellular biosynthesis of IONP

To screen for the extracellular biosynthesis of IOND, sin-
gle colonies of all isolated bacteria were inoculated in
5 ml freshly prepared sterile Nutrient Broth (NB) (HiMe-
dia, India) and incubated at room temperature for 24 h
in a rotary shaker (Lab Companion S1-300) at 120 rpm.
This seed culture was then transferred into a Falcon
tube with 30 ml NB and incubated at 30 °C for 48 h at
120 rpm. The cells were then harvested by centrifugation
(6000 rpm, 28 °C, 15 min) using a Hettich Universal 16
Benchtop Centrifuge (1624 Rotor) and the supernatant
transferred to another tube. Equal volumes of filter steri-
lized IONP precursor, 1 mM FeCl;-6H,O (QRec, Italy)
was added to the supernatant and incubated in the dark
at 120 rpm at 30 °C for 48 h. This procedure was repeated
using an equal volume of another precursor, 1 mM
FeSO,-7H,0 and observed. The formation of iron oxide
nanoparticles was indicated through the change of the
color from yellow to dark brown, or black. The isolated
bacteria that demonstrated this color change was then
characterized using 16S rRNA sequencing protocols [34]
for identification.

Molecular identification of positive isolate using 16S rRNA
sequencing

Molecular identification of the positive isolate
was carried out using 16S rRNA sequencing [34].
Bacterial 16S rDna was amplified using 1492R
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(5"TACGGYTACCTTGTTACGACTTZ') and 27F
(5’AGAGTTTGATCMTGGCTCAG 3') universal prim-
ers. The total volume of 25 pl PCR reaction mixture con-
sisted of 0.5 pl bacterial DNA (1 ng/ml), 10 pmol of each
forward and reverse primers, 0.5 pl of deoxynucleotides
triphosphates (ANTPs, 400 pM each), 0.75 pl Taqg DNA
polymerase and PCR buffer (contents). The PCR was
0.5 pl DNA (1 ng/ml) from crude bacterial lysate, 0.5 pl
(10 pmol) of each primer, 0.5 pl of each deoxynucleotides
triphosphates (ANTP’s) (400 uM), 0.8 pl Taqg DNA poly-
merase, 5 pl 10x PCR buffer and sterile distilled water.
The PCR was performed as follows: 1 cycle (95 °C for
5 min) for initial denaturation; 30 cycles (95 °C for 45 s;
51 °C for 15 s; 72 °C for 2 min) for annealing and exten-
sion, and 1 cycle (72 °C for 10 min) for final extension of
the amplified DNA. Purified PCR products were subse-
quently sequenced with 518F and 800R primers using the
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). The sequenced DNA was then compared for
percent similarity in a BLAST sequence similarity search
on the NCBI website [34].

Characterization of iron oxide nanoparticles

The formation of IONPs in bacterial supernatant was
initially examined by measuring the optical density of
the samples using a UV-Visible spectrophotometer (Shi-
madzu UV-160, Japan) at wavelengths ranging from 300
to 600 nm. For FESEM—-EDX characterization, the bac-
terial supernatant containing IONP’s was centrifuged
at 15,000 rpm for 45 min to separate the nanoparticles
from the liquid culture. The pellet containing IONP was
re-suspended in 2 ml deionized sterile water and filter
sterilized using a 45 pm filter. 300 pl of this suspension
was drop coated on aluminium stubs and air-dried for
2 days. The sample was then gold-coated and character-
ized using FESEM (FEI Nova NanoSEM 230 FE-SEM). To
determine the elemental composition of the sample, EDX
spectroscopy with an imaging resolution of 1 nm at 15 kV
was used together with FESEM. Further morphologi-
cal characterization was carried out using a Field Emis-
sion Transmission Electron Microscope (TEM) Model
JEM-2100F (JEOL, Munich, Germany) operating at beam
strength of 200 kV. The IONP’s suspension was first dis-
persed using an ultrasonic bath, and then deposited on a
copper grid and air-dried overnight. To further verify the
size distribution of the biosynthesized IONP’s, dynamic
light scattering (DLS) was performed using the Zeta-
sizer (Malvern Instruments, USA), operating at a scat-
tering angle of 173° was used. In this method, when the
incident ray from a light beam impinges on the IONP’s
in colloidal solution, the direction of the light beam is
scattered based on the size of the nanoparticle [35]. This
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gives us an accurate postulation of the size distribution
and polydispersity of the biosynthesized IONPs. Finally,
the surface chemistry of the biosynthesized iron based
nanoparticles was analyzed by Fourier-Transform Infra-
red Spectroscopy using a Thermo Nicolet 6700 FTIR.

Results

Isolation and screening of aquatic microorganisms

for extracellular biosynthesis of IONP

A total of 24 bacterial strains that survived under labo-
ratory conditions and demonstrated unique morphology
and pigmentation were recovered from the riverbed sedi-
ment samples. The morphological characteristics of the
lab survived bacteria are depicted in Table 1.

When challenged with the IONP precursors, 1 mM
FeCl;-6H,0 and 1 mM FeSO,-7H,0, only one strain,
MS2, demonstrated the reduction of ferric ions in aque-
ous solution to generate IONP’s as observed in a colori-
metric change in the liquid culture from yellow to dark
brown within 5 min after adding the precursors (Fig. 1a).
This colorimetric change was a preliminary indication of
a positive outcome. MS2 formed tough, cream-colored,
leathery colonies which formed powdery spore-like
structures on NA without any L-tyrosine and diffusible
brownish black pigmentation when plated on L-tyrosine
supplemented NA as depicted in Fig. 1b.
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Molecular identification of positive isolates using 16S rRNA
sequencing

Molecular identification of the positive isolate, MS2 was
carried out usingl6S rRNA sequencing, based on the
percentage of similarities in the highly conserved hyper-
variable regions of 16S rRNA gene sequences.

Figure 2a shows the results of the PCR amplified 16S
rRNA gene depicted as a single band on the agarose gel.
The PCR product was purified and sequenced and sub-
jected to a BLAST query as depicted in Table 2. MS2
sequence showed maximum homology (99%) with 3
species namely Streptomyces jiujiangensis strain JX]J
0074 (Genbank Accession No. NR 1257061), Strepto-
myces rhizophilus strain JR-41 (Genbank Accession No.
NR 125578 1) and Streptomyces gramineus strain JR-43
(Genbank Accession No. NR 109017 1) with a high score
and zero e-value. A phylogenetic tree (Fig. 2b) was con-
structed using the Neighbor Joining (Unrooted Tree)
NCBI Blast Tree Method where the branches of the phy-
logenetic tree is based on the distance originating from
an unrooted tree which depict the similarities within
sequences. Phylogenetic analysis revealed Strain MS2
as belonging to the Streptomyces genera due to the high
percentage of similarities with the strains in this tree but
possessing exclusive features to warrant a branch of its
own.

Table 1 Morphological characteristics of the tropical riverbed bacterial isolates

No. Isolate Colony morphology No. Isolate Colony morphology

1 MS1 Circular, raised, yellow 13 MS13 Irregular, concave,
white

2 MS2 Creamish, umbonate, 14 MS14 Irregular, convex, pale
yellow

3 MS3 Circular, flat, milky white 15 MS15 Circular, raised, pale
peach

4 MS4 Circular, raised, peach 16 MS16 Circular, flat, red

MS5 Circular, flat, orange 17 MS17 Irregular, flat orange

6 MS6 Circular, raised green 18 MS18 Irregular, raised,
yellow

7 MS7 Circular, flat, pale yellow 19 MS19 Irregular, white,
convex

8 MS8 Irregular, raised, yellow 20 MS20 Irregular, creamish,
flat

9 MS9 Circular, raised, white 21 MS21 Circular, convex,
brown

10 MS10 Circular, raised, orange 22 MS22 Circular, raised, dark
yellow

11 MS11 Circular, convex, purple 23 MS23 Threadlike projec-
tions, white

12 MS12 Circular, convex yellow 24 MS24 Circular, convex, black

All positive bacterial isolates formed colonies on NA and were stored at room temperature
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Fig. 1 a Positive isolate MS2 (i) NB without bacterial culture (i)

with 5 mg/L L-tyrosine

MS2 in LB when added culture with FeCL;
MS2 bacterial isolates formed. b Cream colored white colonies on regular NA as compared to diffusible brown pigmentation on NA supplemented

A = 2

-6H,0 (iii) MS2 without precursor. Positive

Morphological characterization of IONP using FESEM-EDX
and FETEM

Field Emission Scanning Electron Microscope-Energy
Dispersive Spectrometer (FESEM-EDS) was used in
surface morphology and dimensional characterization
of the biosynthesized IONP’s. The sharp probing beams
emitted by the field emission cathode in a FESEM are
able to provide excellent spatial resolution with minimal
sample intrusion in the morphological characterization,
surface chemistry and size uniformity of IONP’s. FESEM

images (Fig. 3a, b) demonstrated that MS2 was able to
reduce ferric ions in aqueous solutions and generate
well-defined, fairly uniform-sized iron based nanopar-
ticles in the size range of 30—60 nm. The appearance of
particles as aggregates in the electron microscopy images
was thought to be a consequence from the drying process
during sample preparation and not a physical represen-
tation of the nanoparticles synthesized, a phenomenon
that was previously reported [36—38]. EDX is an energy
dispersive X-ray detector which analyzes and determines
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Streptomyces durhamensis strain CSSP538

Streptomyces costaricanus strain NBRC

Streptomyces murinus strain NBRC 12799

Streptomyces hygroscopicus subsp. jinggangensis strain 5008

Streptomyces canus strain CSSP527

Streptomyces rhizophilus strain JR-41

Streptomyces gramineus strain JR-43

Streptomyces jiujiangensis strain JXJ 0074

Streptomyces shenzhenensis strain 172115

Streptomyces graminisoli strain JR-19

Strain MS2

Fig. 2 a Gel image of the PCR amplified 16S rRNA sequence depicted as a single band on the agarose gel. b Phylogenetic tree constructed based
on comparison between 10 sequences of high percentage similarities
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Table 2 Results showing percentage similarities against NCBI 16S ribosomal RNA sequences (Bacteria only)

Description Max score Total score Query cover (%) E value Ident (%) Accession
Streptomyces jiujiangensis strain JXJ 0074 2473 2473 100 0.0 99 NR_125706.1
Streptomyces rhizophilus strain JR-41 2459 2459 99 0.0 99 NR_125578.1
Streptomyces gramineus strain JR-43 2452 2452 929 0.0 929 NR_109017.1
Streptomyces shenzhenensis strain 172115 2450 2450 100 0.0 98 NR_118018.1
Streptomyces hygroscopicus jinggangensis 5008 2448 2448 100 0.0 98 NR_074563.1
Streptomyces canus strain CSSP527 2444 2444 100 0.0 98 NR_043347.1
Streptomyces graminisoli strain JR-19 2443 2443 99 0.0 98 NR_125577.1
Streptomyces costaricanus strain NBRC 100773 2441 2441 99 0.0 98 NR_041414.1
Streptomyces murinus strain NBRC 12799 2439 2439 99 0.0 98 NR_041072.1
Streptomyces durhamensis strain CSSP538 2439 2439 100 0.0 98 NR_043352.1

cl

Spectum 1

cl

Fe

Spectrum 2

Full Scale 2236 cts Cursor: 10.151 (0 cts)

10 0

1

ke Full Scale 2236 cts Cursor: 10.151 (0 cts)

Fig. 3 a, b FESEM micrographs and ¢, d EDX profiles of biosynthesized IONP using FeCl;-6H,0 and FeSO,-7H,0 as precursors respectively

the elemental composition of component particles on the
surface of the IONP’s. EDX profiles (Fig. 3c, d) based on
percentage composition of elements present (Table 3)

confirmed the presence of Fe (35.47%) and oxygen
(29.94%). Other elements C, N and P represented in the
EDX profiles could be present due to bacterial debris,
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Table 3 Elemental breakdown of biosynthesized MNP based on EDX profiles

Element C N (o} Al P S Fe cl
Weight% 2241 6.75 29.94 0.86 2.24 0.55 3547 1.77
Atomic% 3713 9.59 37.23 0.64 1.44 0.34 12,64 0.99

while the presence of Al could be caused by the Al grids
used throughout sample preparation.

From the Field Emission TEM images in Fig. 4a, b, the
agglomeration of the biosynthesized IONP’s was evident
as perceived in both the images, possibly caused by the
nanoparticles still being suspended in the bacterial extra-
cellular matrix in the supernatant. The agglomeration of
these nanoparticles made it difficult to obtain individual
particles for measurement but close observation revealed
that the IONP’s were irregular shaped with a narrow size
range between 10 and 20 nm. Through close observation
of the crystal lattice structure at higher magnification
(Fig. 4a(ii)), the mono- crystalline structure of the bio-
synthesized IONPs could be verified.

Characterization of IONP using UV-Vis spectroscopy

The presence of biosynthesized IONP’s in the bacterial
supernatant was determined based on characteristic col-
orimetric changes and absorption band in UV-Visible
Spectrophotometry. In this study, a rapid color change
from yellowish brown to black, distinctive to IONP’s, was
observed in the bacterial supernatant upon the addition
of the IONP precursors. The UV-Vis spectrum reflects
the surface plasmon resonance (SPR) of nanomaterials,
a phenomenon attributed to a compilation of different
oscillation moments of free moving surface electrons in
response to an electromagnetic field [39]. Here, metal-
lic nanoparticles in colloidal aqueous solution display a
characteristic absorption band in the UV-Vis spectrum
contributed by the dielectric constant between the sol-
vent and surface-adsorbed species [40]. In this study, an
absorption peak of 370—400 nm (Fig. 5) is observed, coin-
ciding with the absorption spectra of magnetite (Fe;O,)
superparamagnetic nanoparticles as reported by Rah-
man et al. [41]. This absorption peak (Fig. 4) appears as
a narrow band suggesting that the biosynthesized IONPs
could be monodispersed and spherical in shape, as spher-
ical nanoparticles, as postulated by Mie [42] are expected
to give a singular, narrow peak in the absorption spectra
whereas anisotropic nanoparticles could give rise to mul-
tiple bands.

Size distribution measurements of biosynthesized IONPs
using dynamic light scattering

Dynamic light scattering (DLS) was used to ascertain the
average hydrodynamic diameter [43] and monodispersity

of the IONP’, with the underlying concept being the
measurement of the scattering of a light beam when it
strikes the IONP’s in colloidal solution. This technique
has been widely used for determining the size of metallic
nanoparticles in liquid phase and its precision is affected
by the concentration of suspension, angle of scatter-
ing and anisotropy of nanoparticles [44]. The average
percentage intensity is calculated based on 3 replicate
measurements.

Figure 6a shows the particle size distribution of the
IONP’s in colloidal solution From Fig. 6a, the average
hydrodynamic particle size distribution of the IONP’s fall
within the range of 20 nm to over 240 nm with the high-
est intensity of light scattering being within 30-50 nm
in range as depicted in the FESEM images. The average
polydispersity index (PDi) was calculated at 0.394.

Table 4 depicts the zeta average, polydispersity index
and percentage intensity of the nanoparticles in solution.
Zeta average values provide the average hydrodynamic
size of particles in solution, which is between 50 and
60 nm, coinciding with the particle size depicted in the
FESEM images. The polydispersity index which is meas-
ure of the IONP size distribution here is calculated to be
an average of 0.52, which is an indication of the narrow
size distribution of the manufactured nanoparticles.

Fourier transform infrared spectrocopy (FTIR)

Fourier transform infrared spectrocopy profiles of both
precursor added culture supernatant and control are
depicted in Fig. 7. Figure 7a, b shows the FTIR spectrum
of the colloidal IONP’s synthesized with the precursors
FeCL;-6H,O and FeSO,-7H,O respectively. The bands
at 3260-3270 correspond to the O—H stretching and
bending. The formation of IONP’s were depicted in the
characteristic peaks between 400 and 600 cm™! [44] for
biosynthesized IONP’s where the bands are shifted to
lower frequencies due to the presence of the C=0 and
—OH bands. The band found at 449 cm™! (Fig. 7a) and
430 cm ™! (Fig. 7b) could be assigned to octahedral-metal
stretching of Fe—O [44], confirming the octahedral crys-
talline shape of the biosynthesized IONP’s. When com-
pared to the control FTIR profile (Fig. 7c) without the
addition of any precursors, both FTIR profiles (Fig. 7a, b)
showed additional peaks in 1350—-1370 cm™! originating
from the C—N stretch vibration of the aromatic amine I
and amine II and 1224-1227 cm™! corresponding to C—H
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Fig. 4 a Field emission TEM images of IONP's formed using FeCl;-6H,0 as precursor at (1) 100,000x magnification and (Il) crystal lattice structure of
IONP at 300,000%. b IONP synthesized using FeSO,-7H,0 as precursor at (I) 100,000x magnification and (Il) IONP lattice structure (600,000 )
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Fig. 6 a Depicting size distribution comparing to average light scattering intensity and b representing hydrodynamic diameter of biosynthesized
IONP
Discussion none of these isolates demonstrated the ability to reduce

Screening and isolation of a potential IONP generating
microbial nanofactory

The tropical freshwater ecosystems represent among
the richest biodiversity in the world, wherein lie great
mysteries waiting to be unraveled. Microorganisms
that thrive in this environment demonstrate adaptation
mechanisms such as biosorption, biomineralization,
extracellular sequestration and chelation in coping with
this heavy metal laden environment [46]. These adaptive
alternative biochemical pathways create the platform for
the generation of metallic nanoparticles through intra-
cellular biomineralization or extracellular bioreduction
metallic ions in aqueous solution.

Iron based ferromagnetic nanoparticles have attracted
much attention due to its versatility in pertinent appli-
cations. Magnetotactic bacteria produce uniform sized,
well-defined magnetite nanoparticles in their magneto-
somes but harvesting these IONP’s involve scrupulous
downstream extraction and purification processes. Extra-
cellular biosynthesis has the potential of generating large
volume of IONP’s but the process is time-consuming,
requires stringent culture conditions for anaerobic bacte-
ria and IONP’s formed have poor morphology. It is there-
fore imperative that for a microorganism to be developed
into a IONP nanofactory, it would demonstrate rapid
generation of uniformed sized nanoparticles in large vol-
umes at ambient conditions.

The isolates screened in this study originated from
both the freshwater and marine sediment samples. As
these environments are rich in mineral resources, wide
arrays of microorganisms with unique morphological
features were isolated. Most marine bacteria demon-
strated unique pigmentation that aids in the survival of
the microorganism in a halophytic environment [47] but

Fe* ions to form IONP. Although the marine environ-
ment is home to iron reducing bacteria, they are usually
found in deep sea sediments where they thrive as obligate
anaerobes.

The positive isolate, MS2 originated from the tropical
freshwater environment of a riverbed soil sediments. It
shouldn’t be overlooked that soil sediment samples from
a tropical aquatic environment comprise rich biodiversity
due to its consistent weather conditions and rich nutrient
composition making it a recommendable site in micro-
bial bioprospection of industrial potential.

The positive isolate MS2 demonstrated rapid reduc-
tion of Fe>" ions in aqueous solution at ambient tem-
perature with minimal media requirements. This positive
isolate grew under aerobic conditions and took less than
48 h to appear on basal NA. Molecular identification of
this Gram positive isolate traced it to the Streptomyces
genera and on L-tyrosine enriched media, a diffusible
brown pigment, possibly melanin, was observed. Mela-
nin producing microorganisms have generated silver
and gold nanoparticles [48] but this is the first attempt
in using melanin pigmented bacteria to produce IONP’s.
Pyomelanin, a derivative of melanin, has been proven to
confer ferric reductase activity in Legionella pneumo-
philia when confronted with Fe*>* in surrounding media,
enabling iron acquisition and assimilation through the
cellular membrane [49], postulating that this could be a
similar mechanism used in this bioprocess as evidenced
with similar pigmentation in MS2.

FESEM images captured the morphological structure
of biosynthesized IONP’s with narrow size distribution
between 35 and 50 nm. The appearance of IONP’s as
micro-aggregates could be due to the extreme heat and
drying during sample preparation that encourages the
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Fig. 7 FTIR profile of IONP’s generated with a FeClI3-6H20, b FeSO4-7H20 compared with ¢ control supernatant without a precursor

particles to be drawn to the other as an aggregate of par-
ticles. In order to determine the elemental composition
of the crystalline nanostructures, EDX analysis was car-
ried out that demonstrates the atomic percentage of the
elements present in the solution. The predominant peaks
as depicted in this analysis were Fe and O suggesting

the presence of IONP and C which could originate from
extracellular bacterial matrix in the supernatant. The
TEM images confirm the agglomeration depicted in the
FESEM images possibly caused by high surface energies
of raw IONPs due to the high surface area per volume
ratio of nano-sized particles. This agglomeration could be
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caused by the amorphous layer of bacterial extracellular
matrix which may contain stabilizing proteins that pro-
tect IONP structure.

There is, however, a significant difference in the sizes
of nanoparticles measured using FESEM (between 36.4
and 62.7 nm) as compared to the field emission TEM
(from 9.81 to 20.81 nm). This could be because TEM has
higher resolution than SEM, allowing individual particles
to be measured separately and accurately compared to
FESEM images which may be measuring a group of par-
ticles due to lower resolution. Also, samples for FESEM
analysis have been gold coated, adding to the particle
size compared to TEM samples which are not coated.
Furthermore, biosynthesized IONPs are still covered in
extracellular polymeric matrix which are visible under
FESEM but not in TEM where electron beams can pen-
etrate through the polymeric matrix to reveal the actual
sizes of embedded individual particles.

Nanoparticles have optical properties that are very sen-
sitive to size, shape, agglomeration, and concentration
changes. The unique optical properties of metal nanopar-
ticles are a consequence of the collective oscillations of
surface conduction electrons when excited by electromag-
netic radiation, called surface plasmon resonances (SPPR)
[40]. Those changes have an influence on the refractive
index next to the nanoparticles surface. Using this phe-
nomena, IONP’s could be characterized using UV-Vis
spectroscopy. From the absorbance spectra (Fig. 5), the
formation of IONP’s were depicted at its characteristic
peak of 370—400 nm. The absorption maxima is very simi-
lar to B-Fe,O; as reported by Cornell and Schwertmann
[1, 36—-38] but further investigation is needed to deter-
mine the exact derivative of the iron based nanoparticle.

Particle size remains a crucial parameter in determin-
ing the physicochemical properties associated with the
IONP. The diameter of the nanoparticle is inversely pro-
portional to the high-surface-to-volume ratio, causing
smaller nanoparticles to have a larger surface area and
more loading sites vacant for drug delivery and heavy
metal removal applications [43]. Contrary to most extra-
cellular IONP production by anaerobic bacteria which
result in polydispersed nanoparticles with poor morphol-
ogy, the IONP’s generated by MS2 show relatively high
monodispersity as demonstrated by a low polydispersity
index (Fig. 6) and narrow size distribution (30—-60 nm).

The FT-IR spectrum of biosynthesized nanoparti-
cles (Fig. 7), show weak banding in the region of 420-
430 cm™! due to the stretching of Fe—~O bonds. These
bands are of low intensity probably due to the extra bands
between 1250 and 1390 cm™! (Fig. 7a, b) that assigned to
amines that may function as capping agents in the extra-
cellular matrix to stabilize the biosynthesized IONP’s in
colloidal solution.
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Conclusion

On conclusion, discovering microbial nanofactories that
have the potential for large scale generation of IONP’s
are necessary to unravel alternative pathways in nano-
particle production that are environmentally sustainable,
cost effective and less convoluted. In this work, MS2, a
potential nanofactory was isolated that demonstrated
the ability of rapid generation of IONP’s in its extracel-
lular matrix when confronted with FeCL;-6H,O and
FeSO,-7H,0 as precursors in its supernatant. The abil-
ity to reduce ferric ions in solution could be attributed
to the melanin like pigment which confers iron reduc-
tase activity to facilitate the uptake and assimilation of
Fe ions. Characterization of the IONP’s using FESEM—
EDX, UV Spectrophotometry, DLS and FTIR showed
that these nanoparticles were relatively mono-dispersed,
well defined octahedral crystals with narrow size distri-
bution. These nanoparticles remained stable in colloidal
solution for over a week, probably due to the capping
carboxy-proteins present in its extracellular matrix.

Authors’ contributions

PJJ and MJM designed and conceptualized the project. MZH contributed to
the interpretation of the characterization data and RAR contributed to the
methodology in the microbiology section. PJJ carried out the experiments; PJJ
and MJM analyzed the data and drafted the manuscript. PJJ, MJM, MZH and
RAR contributed to the drafted manuscript. All authors read and approved the
final manuscript.

Author details

! Department of Cell and Molecular Biology, Faculty of Biotechnology and Bio-
molecular Sciences, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor,
Malaysia. 2 Institute of Biosciences, Universiti Putra Malaysia, 43400 UPM Ser-
dang, Selangor, Malaysia. * Institute of Advanced Technology, Universiti Putra
Malaysia, 43400 UPM Serdang, Selangor, Malaysia.

Acknowledgements
We thank Universiti Putra Malaysia for the financial support to MJM for this
research.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The data collected upon which this article is based upon are all included in
this manuscript and the Additional files associated with it.

Ethics approval and consent to participate
No animals or human subjects were used in the above research.

Funding
This research was supported by a grant disbursed by Universiti Putra Malaysia
attached to MJM.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 30 May 2017 Accepted: 3 October 2017
Published online: 11 October 2017



Jacob et al. Microb Cell Fact (2017) 16:175

References

1.

Cornell RM, Schwertmann U. The iron oxides: structure, proper-

ties, reactions, occurrences, and uses. Weinheim: Wiley-VCH; 2003.
doi:10.1002/3527602097.

Jain TK, Richey J, Strand M, Leslie-Pelecky DL, Flask C, Labhasetwar V.
Magnetic nanoparticles with dual functional properties: drug delivery
and magnetic resonance imaging. Biomaterials. 2008;29(29):4012-21.
doi:10.1016/}.biomaterials.2008.07.004.

Khurshid H, Tzitzios V, Colak L, Fang F, Hadjipanayis GC. Metallic iron-
based nanoparticles for biomedical applications. J Phys Conf Ser.
2010;200:072049. doi:10.1088/1742-6596/200/7/072049.

Akbarzadeh A, Samiei M, Davaran S. Magnetic nanoparticles: preparation,
physical properties, and applications in biomedicine. Nanoscale Res Lett.
2012;7(1):144. doi:10.1186/1556-276X-7-144.

Lee N, HyeonT. Designed synthesis of uniformly sized iron oxide nano-

particles for efficient magnetic resonance imaging contrast agents Chem.

Soc Rev. 2012;41:2575-89. doi:10.1039/C1CS15248C.

Laurent S, Dutz S, Hafeli UO, Mahmoudi M. Magnetic fluid hyperthermia:
focus on superparamagnetic iron oxide nanoparticles Adv. Colloid Inter-
face Sci. 2011;166(12):8-23. doi:10.1016/j.cis.2011.04.003.

Cao B, Qiu P Mao C. Mesoporous iron oxide nanoparticles prepared by
polyacrylic acid etching and their application in gene delivery to mes-
enchymal stem cells. Microsc Res Tech. 2013;76(9):936-41. doi:10.1002/
jemt.22251.

Bruce lan J, Sen Tapas. Surface modification of magnetic nanoparticles
with alkoxysilanes and their application in magnetic bioseparations.
Langmuir. 2005;21(15):7029-35. doi:10.1021/1a050553t.

Hung LY, et al. Magnetic nanoparticle-based immunoassay for rapid
detection of influenza infections by using an integrated microfluidic sys-
tem. Nanomed Nanotechnol Biol Med. 2014;10(4):819-29. doi:10.1016/j.
nano.2013.11.009.

Bhalerao ST. A review: applications of iron nanomaterials in bioremedia-
tion and in detection of pesticide contamination. Int J Nanoparticles.
2014;7(1):73-80. doi:10.1504/1JNP2014.062034.

Mascolo MC, Pei Y, Ring TA. Room temperature co-precipitation synthesis
of magnetite nanoparticles in a large pH window with different bases.
Materials. 2013;6:5549-67. doi:10.3390/ma6125549.

Dixit S, Jeevanandam P. Synthesis of iron oxide nanoparticles by thermal
decomposition approach. In: Ray S, Nath SK, Kumar A, Agarwala RC,
AgarwalaV, Chaudhari GP, Daniel BSS, editors. Advanced materials
research. Nanomaterials and Devices: Processing and Applications, Vol.
67. Switzerland: Trans Tech Publications; 2009. p. 221-6. http://www.
scientificnet/AMR.67.221.

Avila JR, Dong WK, Rimoldi M, Farha OK, Hupp JT. Fabrication of thin
films of a-Fe203 via atomic layer deposition using iron bisamidinate
and water under mild growth conditions. ACS Appl Mater Interfaces.
2015;7(30):16138-42. doi:10.1021/acsami.5b04043.

Yu Lu, Yin Yadong, Mayers Brian T, Xia Younan. Modifying the surface
properties of superparamagnetic iron oxide nanoparticles through a
sol—gel approach. Nano Lett. 2002;2(3):183-6. doi:10.1021/nl015681q.
Munoz JE, Cervantes J, Esparza R, Rosa G. Iron nanoparticles produced
by high-energy ball milling. J Nanopart Res. 2007,2007(9):945-50.
doi:10.1007/511051-007-9226-6.

Zhao B,Wang Y, Guo H, Wang J, He Y, Jiao Z, Wu M. Iron oxide (Ill)
nanoparticles fabricated by electron beam irradiation method. Materials
Science Poland. 2007;25(4):1143-8.

Elttayef AK, Jaduaa AP, Muhammed MA. “Study The Structural and Optical
Properties of Fe203 Thin Films Prepared by RF Magnetron sputtering’,
4(4),2015. Int J Appl Innov Eng Manag IJAIEM. 2015;4(4):099-105 (ISSN
2319-4847).

Morel Anne-Laure, Nikitenko Sergei I, Gionnet Karine, Wattiaux Alain,
Kee-Him Josephine Lai-, Labrugere Christine, Chevalier Bernard, Deleris
Gerard, Petibois Cyril, Brisson Alain, Simonoff Monique. Sonochemical
approach to the synthesis of Fe304@SiO2 core—shell nanoparticles with
tunable properties. ACS Nano. 2008;2:847-56. doi:10.1021/nn8000914.
Cara Claudio, Musinu Anna, Mameli Valentina, Ardu Andrea, Niznansky
Daniel, Bursik Josef, Scorciapino Mariano A, Manzo Giorgia, Cannas Carla.
Dialkylamide as Both Capping Agent and Surfactant in a Direct Solvo-
thermal Synthesis of Magnetite and Titania Nanoparticles. Cryst Growth
Des. 2015;15(5):2364-72. doi:10.1021/acs.cgd.5b00160.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

Page 13 of 14

Wu W, Wu Z,YuT, Jiang C, Kim WS. Recent progress on magnetic
iron oxide nanoparticles: synthesis, surface functional strategies and
biomedical applications. Sci Technol Adv Mater. 2015;16(2):43-8.
doi:10.1088/1468-6996/16/2/023501.

. Gupta AK, Gupta M. Synthesis and surface engineering of iron oxide nan-

oparticles for biomedical applications. Biomaterials. 2005;26(18):3995—
4021. doi:10.1016/j.biomaterials.2004.10.012.

Mohanpuria P, Rana KN, Yadav SK. Biosynthesis of
nanoparticles:technological concepts and future applications. J Nanopar-
ticle Res. 2008;10:507-17. doi:10.1007/511051-007-9275-x.

Gurunathana S, Kalishwaralal K, Vaidyanathana R, Deepaka V, Pandiana SR,
Muniyandi J, Hariharana N, Eom SH. Biosynthesis, purification and charac-
terization of silver nanoparticles using Escherichia coli. Colloids Surfaces B
Biointerfaces. 2009;74:328-35. doi:10.1016/j.colsurfb.2009.07.048.

Gade AK, Bonde P, Ingle AP, Marcato PD, Duran N, Rai MK. Exploitation

of Aspergillus niger for synthesis of silver nanoparticles. J Biobased Mater
Bioenergy. 2008;2(3):243-7. doi:10.1166/jbmb.2008.401.

Deplanche K, Caldelari I, Mikheenko |, Sargent F, Macaskie L. Involvement
of hydrogenases in the formation of highly catalytic Pd(0) nanoparticles
by bioreduction of Pd(ll) using Escherichia coli mutant strains. Microbiol-
ogy. 2010;156(9):2630-40. doi:10.1099/mic.0.036681-0.

Pantidos Nikolaos, Horsfall Louise E. Biological synthesis of metallic
nanoparticles by bacteria, fungi and plants. J Nanomed Nanotechnol.
2014;5:233.doi:10.4172/2157-7439.1000233.

Rahn-Lee L, Komeili A. The magnetosome model: insights into the
mechanisms of bacterial biomineralization. Front Microbiol. 2013;4:352.
doi:10.3389/fmich.2013.00352.

Bharde A, Wani A, ShoucheY, Joy PA, Prasad BLV, Sastry M. Bacte-

rial aerobic synthesis of nanocrystalline magnetite. J Am Chem Soc.
2005;127(26):9326-7. doi:10.1021/ja0508469.

Byrne JM, Muhamadali H, Coker VS, Cooper J, Lloyd JR. Scale-up of the
production of highly reactive biogenic magnetite nanoparticles using
Geobacter sulfurreducens. J R Soc Interface. 2015;12:107-17. doi:10.1098/
rsif.2015.0240.

Bazylinski DA, Frankel RB. Magnetic iron oxide and iron sulfide minerals
within organisms. In: Bauerlein E, editor. Biomineralization: from biology
to biotechnology and medical application. Weinheim: WileyVCH; 2000.
doi:10.1002/1521-3757(20010917)113:18<3588::AID-ANGE3588>3.0.CO;2.

. RohY, Vali H, Phelps TJ, Moon JW. Extracellular synthesis of magnetite

and metal-substituted magnetite nanoparticles. J Nanosci Nanotechnol.
2006;6(11):3517-3520(4). doi:10.1166/jnn.2006.047.

Caccavo F, Lonergan DJ, Lovley DR, Davis M, Stolz JF, Mclnerney MJ.
Geobacter sulfurreducens sp. nov., a hydrogen- and acetate-oxidizing
dissimilatory metal-reducing microorganism. Appl Environ Microbiol.
1994,60(10):3752-9.

Srinivasan R, Karaoz U, Volegova M, MacKichan J, Kato-Maeda M, Miller S.
Use of 16S rRNA Gene for identification of a broad range of clinically rel-
evant bacterial pathogens. PLoS ONE. 2015;10(2):e0117617. doi:10.1371/
journal.pone.0117617e0117617.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local align-
ment search tool. J Mol Biol. 1990;215(3):403-10. doi:10.1016/
S0022-2836(05)80360-2.

Hartmann M. Light scattering by small particles. Von H. C. VANDE
HULST. New York: dover Publications, Inc. 1981. Paperback, 470 S., 103
Abb. und 46 Tab., US $ 7.50. Acta Polym. 1984;35:338. doi:10.1002/
actp.1984.010350426.

Fava F, Di Gioia D, Merchetti L. Characterization of a pigment produced
by Pseudomonas fluorescens during 3-chlorobenzoate co-metabolism.
Chemosphere. 1993;27:825-35.

Etheridge ML, Hurley KR, Zhang J, Jeon S, Ring HL, Hogan C, Bischof

JC. Accounting for biological aggregation in heating and imaging of
magnetic nanoparticles. Technology. 2014;2(3):214-28. doi:10.1142/
$2339547814500198.

Kiran GS, Dhasayan A, Lipton AN, Selvin J, Arasu MV, Al-Dhabi NA.
Melanin-templated rapid synthesis of silver nanostructures. J Nanobio-
technol. 2014;12:8. doi:10.1186/1477-3155-12-18.

Pereira DV, Petronilho F, Pereira HR, Vuolo F, Mina F, Possato JC, Vitto MF,
de Souza DR, da Silva L, da Silva Paula MM, de Souza CT, Dal-Pizzol F.
Effects of gold nanoparticles on endotoxin-induced uveitis in rats. Invest
Ophthalmol Vis Sci. 2012;53(13):8036-41. doi:10.1167/iovs.12-10743.


http://dx.doi.org/10.1002/3527602097
http://dx.doi.org/10.1016/j.biomaterials.2008.07.004
http://dx.doi.org/10.1088/1742-6596/200/7/072049
http://dx.doi.org/10.1186/1556-276X-7-144
http://dx.doi.org/10.1039/C1CS15248C
http://dx.doi.org/10.1016/j.cis.2011.04.003
http://dx.doi.org/10.1002/jemt.22251
http://dx.doi.org/10.1002/jemt.22251
http://dx.doi.org/10.1021/la050553t
http://dx.doi.org/10.1016/j.nano.2013.11.009
http://dx.doi.org/10.1016/j.nano.2013.11.009
http://dx.doi.org/10.1504/IJNP.2014.062034
http://dx.doi.org/10.3390/ma6125549
http://www.scientific.net/AMR.67.221
http://www.scientific.net/AMR.67.221
http://dx.doi.org/10.1021/acsami.5b04043
http://dx.doi.org/10.1021/nl015681q
http://dx.doi.org/10.1007/s11051-007-9226-6
http://dx.doi.org/10.1021/nn800091q
http://dx.doi.org/10.1021/acs.cgd.5b00160
http://dx.doi.org/10.1088/1468-6996/16/2/023501
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012
http://dx.doi.org/10.1007/s11051-007-9275-x
http://dx.doi.org/10.1016/j.colsurfb.2009.07.048
http://dx.doi.org/10.1166/jbmb.2008.401
http://dx.doi.org/10.1099/mic.0.036681-0
http://dx.doi.org/10.4172/2157-7439.1000233
http://dx.doi.org/10.3389/fmicb.2013.00352
http://dx.doi.org/10.1021/ja0508469
http://dx.doi.org/10.1098/rsif.2015.0240
http://dx.doi.org/10.1098/rsif.2015.0240
http://dx.doi.org/10.1166/jnn.2006.047
http://dx.doi.org/10.1371/journal.pone.0117617e0117617
http://dx.doi.org/10.1371/journal.pone.0117617e0117617
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1002/actp.1984.010350426
http://dx.doi.org/10.1002/actp.1984.010350426
http://dx.doi.org/10.1142/S2339547814500198
http://dx.doi.org/10.1142/S2339547814500198
http://dx.doi.org/10.1186/1477-3155-12-18
http://dx.doi.org/10.1167/iovs.12-10743

Jacob et al. Microb Cell Fact (2017) 16:175

40.

41.

42.

43.

44,

45.

Xia Younan. Shape-controlled synthesis and surface plasmonic proper-
ties of metallic nanostructures. MRS Bull. 2005;30:338-48. doi:10.1557/
mrs2005.96.

ur Rahman O, Mohapatra SC, Ahmad S. Fe304 inverse spinal super-
paramagnetic nanoparticles. Mater Chem Phys. 2012;132:196-202.
doi:10.1016/j.matchemphys.2011.11.032.

Mie G. Contributions to the optics of turbid media, particularly of col-
loidal metal solutions. Annalen de Phys. 1908;25(3):377-445.

Lim Jit Kang, Yeap Swee Pin, Che Hui Xin, Low Siew Chun. Characteriza-
tion of magnetic nanoparticle by dynamic light scattering. Nanoscale Res
Lett. 2013;8:381-95. d0i:10.1186/1556-276X-8-381.

Takahashi K, Kato H, Saito T, Matsuyama S, Kinugasa S. Precise meas-
urement of the size of nanoparticles by dynamic light scattering

with uncertainty analysis. Part Syst Charact. 2008;8:31-8. doi:10.1002/
ppsc.200700015.

Demir A, Topkaya R, Baykal A. Green synthesis of superparamagnetic
Fe304 nanoparticles with maltose: its magnetic investigation. Polyhe-
dron. 2013;65:282-7. doi:10.1186/511671-016-1498-2.

46.

47.

48.

49.

Page 14 of 14

Parlinska-Wojtan M, Kus-Liskiewicz M, Depciuch J, Sadik O. Green
synthesis and antibacterial effects of aqueous colloidal solutions of silver
nanoparticles using camomile terpenoids as a combined reducing and
capping agent. Bioprocess Biosyst Eng. 2016;39(8):1213-23. doi:10.1007/
500449-016-1599-4.

Baker S, Harini BP, Rakshith D, Satish S. Marine microbes: invisible nanofac-
tories. J Pharm Res. 2013;6(3):383-8. doi:10.1016/j,jopr.2013.03.001.

Apte M, Girme G, Bankar A, RaviKumar A, Zinjarde S. 3, 4-dihydroxy-
L-phenylalanine-derived melanin from Yarrowia lipolytica mediates the
synthesis of silver and gold nanostructures. J Nanobiotechnol. 2013;11:2.
doi:10.1186/1477-3155-11-2.

Chatfield CH, Cianciotto NP. The secreted pyomelanin pigment of
Legionella pneumophila confers ferric reductase activity. Infect Immun.
2007;78(8):4062-70. doi:10.1128/IA1.00489-07.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1557/mrs2005.96
http://dx.doi.org/10.1557/mrs2005.96
http://dx.doi.org/10.1016/j.matchemphys.2011.11.032
http://dx.doi.org/10.1186/1556-276X-8-381
http://dx.doi.org/10.1002/ppsc.200700015
http://dx.doi.org/10.1002/ppsc.200700015
http://dx.doi.org/10.1186/s11671-016-1498-2
http://dx.doi.org/10.1007/s00449-016-1599-4
http://dx.doi.org/10.1007/s00449-016-1599-4
http://dx.doi.org/10.1016/j.jopr.2013.03.001
http://dx.doi.org/10.1186/1477-3155-11-2
http://dx.doi.org/10.1128/IAI.00489-07

	Facile aerobic construction of iron based ferromagnetic nanostructures by a novel microbial nanofactory isolated from tropical freshwater wetlands
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Sampling and isolation of aquatic microorganisms
	Isolation of bacteria
	Screening isolates for extracellular biosynthesis of IONP
	Molecular identification of positive isolate using 16S rRNA sequencing
	Characterization of iron oxide nanoparticles

	Results
	Isolation and screening of aquatic microorganisms for extracellular biosynthesis of IONP
	Molecular identification of positive isolates using 16S rRNA sequencing
	Morphological characterization of IONP using FESEM–EDX and FETEM
	Characterization of IONP using UV–Vis spectroscopy
	Size distribution measurements of biosynthesized IONPs using dynamic light scattering
	Fourier transform infrared spectrocopy (FTIR)

	Discussion
	Screening and isolation of a potential IONP generating microbial nanofactory

	Conclusion
	Authors’ contributions
	References




