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Abstract

In the present study, biosynthesis of iron oxide nanoparticles (IONPs) was achieved using three manglicolous fungi, STSP10
(Trichoderma asperellum), STSP 19 (Phialemoniopsis ocularis) and STSP 27 (Fusarium incarnatum) isolated from estuarine
mangrove sediment of Indian Sundarban. Synthesised IONPs were initially monitored by UV-Vis spectrophotometer and further
characterised by Fourier transform infrared (FTIR) spectroscopy, which provides information regarding proteins and other
organic residues involved with iron nanoparticle. The morphology of iron nanoparticle were found to be spherical with average
particle size ranging between 25+3.94 nm for 7. asperellum, 13.13 +4.32 nm for P. ocularis and 30.56 +8.68 nm for
F incarnatum, which were confirmed by field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM). Energy-dispersive x-ray analysis (EDX) analysis was performed during FESEM study to confirm the
presence of elemental Fe in the sample. X-ray diffraction (XRD) pattern has shown that the IONPs are iron oxide in nature.
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1 Introduction

In the last two decades, synthesis of inorganic nanoparticles of
novel metals has attracted the attention of researchers from
applied and fundamental fields [1]. Utilisation of nanoparti-
cles of noble metals (Ag, Au, Pt); magnetic compounds
(Fe,03, Fe304) and semiconductors (PbS, ZnS) have shown
enormous impacts in various fields of biotechnology, environ-
ment, information technology, medicine, MRI imaging and
treatment of cancer [2—6]. Nowadays, iron oxide nanoparticles
(IONPs) are considered as a potential candidate for environ-
mental remediation [7, 8]. The synthesis of nanoparticle of
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different shapes, sizes, and chemical compositions is an inter-
esting area for the researchers [9]. The unique catalytic [10],
optical [11], electronic [12] and photochemical properties [13]
of the nanoparticles contribute towards a wide range of appli-
cations in the field of applied and basic research. There are
several physical and chemical processes like microwave irra-
diation [14], sonolysis [15] and photochemical and chemical
reductions [16], which are commonly employed for the syn-
thesis of IONPs. Most of these synthesis processes involve
hazardous and expensive chemicals which brings the necessi-
ty for the development of green, environmentally benign and
sustainable process for the synthesis of I[ONPs.

Green synthesis is an alternative, safe, eco-friendly and
economic method where biological components are utilised
for the synthesis of IONPs. IONPs thus generated are consid-
ered as a single domain consisting of a large surface area and
shows superparamagnetic phenomenon due to quantum
tunnelling, of magnetisation, which dramatically changes the
magnetic property of the nanoparticles [17]. In recent years,
green-synthesised magnetic nanoparticles are widely used as
nanobiocides, nanocatalysts [18], nanomedicine [19],
nanoadsorbent and nanofiltration [20, 21]. Different biologi-
cal components like plant extract [22—24], bacteria [25], fungi
[26], yeast and algae [27] commonly acts as an eco-friendly
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and sustainable precursors for the green production of IONPs.
IONPs synthesised by the plant extract of Camellia sinensis
[22], Azadirachta indica [23] and Punica granatum [24] and
microorganisms like Alternaria alternata [26] and
Chlorochoccum sp. [27] had shown effective roles in the treat-
ment of contaminated water. High sustainability of the micro-
organisms under ambient pressure, acidity and temperature
renders them as a potential candidate for the development of
IONPs. Among diverse group of microorganisms, fungi have
been reported as a novel and effective candidate for the green
production of IONPs [28-32].

In comparison to other microorganisms, fungi are easy to
handle, have faster growth rate and needs low-cost mainte-
nance, which makes them perfect organisms for the green
synthesis of nanoparticles. Due to its filamentous nature, they
can withstand agitation in bioreactors and can produce huge
amounts of extracellular enzymes in a short period of incuba-
tion time [28], which acts as an efficient bioreductant for the
green synthesis of nanoparticles [33, 34]. Although most of
the reported works for the mycosynthesis of IONPs represents
utilisation of terrestrial fungi [28—-32], as per best of our
knowledge, there is a single report where fungi isolated from
a mangrove habitat was utilised for the production of silver
nanoparticle [32]. Thus, exploring the potentiality of fungi
isolated from a mangrove habitat for the green production of
IONPs brings a novel avenue for research.

Mangrove forest consists of a detritus-based niche which
serves as a hot spot for fungal diversity [35]. The Sundarbans
mangrove forest is a coastal wetland which is formed by
sedimental deposition by three major rivers: Ganga,
Brahmaputra and Meghna [3]. It covers about 350 km (in
width) of land and is shared between India and Bangladesh
[36]. The fungal communities which inhabit the mangrove
forests are known as ‘manglicolous fungi’. They have been
recognised as the second largest group of marine fungi [37].
Several environmental factors such as substrate diversity, sa-
linity, intermittent inundation and regular interval changes of
water levels due to tides contribute to species diversity in
mangrove fungi [38]. Moreover, regular exposure of salt can
lead to high salt tolerance in these fungi [39]. Manglicolous
fungi play an ecologically important role in the mangrove
ecosystem. They shows an active participation in nutritive
cycle by decomposition of organic matter by production of
various extracellular degradative enzymes such as amylase,
cellulose, xylanase and pectinase [40]. Due to their stress tol-
erance capacity and being a rich source of various bioactive
compounds, manglicolous fungi are considered as excellent
candidate for nanoparticle synthesis.

In the present study, the novel production of IONPs was
achieved with the application of three manglicolous fungi iso-
lated from mangrove sediments of Indian Sundarbans. The
article provides a detailed report on the characterisation of
IONPs using various instruments.
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2 Material Methods
2.1 Sampling Location

Surface sediment at 5—10-cm depth were collected aseptically
from intertidal zone of mangrove wetland of Satjelia island
(22° 8" 52.12" N, 88° 51’ 47.69" E) located in the eastern
Indian Sundarban region (Fig. 1). Collected sediment sample
were kept inside a ziplock pouch in an ice box and transferred
immediately to the laboratory for further processing.

2.2 Isolation of Fungi from Soil Sample and Collection
of Fungal Cell Filtrate

The serial dilution and agar plating was employed for the
isolation of manglicolous fungi from the sediment sample.
One hundred microliters of each diluted sediment samples
were inoculated aseptically on potato dextrose agar (PDA,
HiMedia India) and Czapek dox agar (CDA, HiMedia India)
using spread plate technique. Antibiotic ampicillin
(100 pg/ml) was added to the media for checking the bacterial
growth. Plates were incubated for 72 h at 28 °C (pH 5.6 +
0.02). All reagents and culture media components (FeCls,
FeCl, culture media, etc.) were purchased from Merck
(India) and HiMedia Laboratories (India). Ten fungal strains
were isolated from the sediment sample (Fig. 2). Preliminary
identification on the basis of morphological characteristics of
the fungal isolates were carried out according to their colony
morphology, colour, arrangement of filaments and spore
shape, following the slide culture technique and cotton blue
staining [41-43]. Each fungal isolate was morphologically
identified under compound microscope following the identi-
fication key present in the standard manual [41-43]. Fungal
isolates were then subculture in PDA and CDA slants (pH 5.6
+0.02). From each subcultured tube, fungal isolates were aer-
obically cultured in 50-ml autoclaved potato dextrose
broth (PDB) in 250-ml Erlenmeyer flask for 11 days at
27 °C (pH 5.6+0.02) [34]. After 11 days of incubation
period, the vacuum pump-assisted filtration of the media
was done aseptically through Whatman filter paper 1.
Fifty millilitres of fungal cell filtrate (FCF) was collected
in sterilised 50-ml falcon tube and was centrifuged at
5000 rpm for 5 min. The supernatant were again filtered
through Whatman filter paper 1. The final filtrate was
collected in sterilised 50-ml falcon. FCF was later utilised
for the bioreduction of salt solution comprising ferric tri
chloride (FeCls) and ferric dichloride (FeCl,) [29].

2.3 Synthesis of IONPs
FCF of all fungal strains were screened to check their poten-

tiality for reduction of precursor salt solution consisting of
ferric trichloride (FeCls) and ferric dichloride (FeCl,) by co-
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Fig. 1 Study area map

precipitation assay. Ten millilitres of FCF was mixed with
solution containing ferric trichloride (FeCl;) and ferric
dichloride (FeCl,) salt solution (2:1 mM final concentration)
in 15-ml sterilised falcon tube (pH 3.2 +0.02). The reaction
mixture was agitated for 5 min at room temperature (30 °C).
The visual change in the colour of the reaction mixture was
considered as positive result for the development of IONPs.
The fungal strains showing positive result were further select-
ed for molecular identification.

The formed IONPs was separated by centrifugation at
12,000 rpm for 20 min and washed thrice with deionised wa-
ter. The purified IONPs were re-dispersed in the deionised
water and ultrasonicated in Biobase ultrasonicate (Biobase
UC20A) cleaner. The synthesis of IONPs were repeated thrice
(n=3) and subsequently utilised for the characterisation of
particles. FCF (without precursor salt) and salt solution (with-
out FCF) were considered as positive and negative control.
Flow chart for the synthesis of IONPs has been shown in
Fig. 3.

2.4 Molecular Characterisation of Fungus

Fungal DNA was extracted from the culture which has
shown positive results for the synthesis of IONPs using
HiPurA™ plant genomic miniprep purification Kit.
Quality of extracted DNA was evaluated on 0.8% agarose
gel [44], a single band of high molecular weight DNA was

O Sampling Location
22°8'52.12" N, 88° 51'47.69" E
88°50'0"E 88°52'0"E 88°54'0"E

observed. Amplification of Internal transcribed spacer
(ITS) of ribosomal DNA was amplified using primers
ITS1 (5'TCC GTA GGT GAA CCT TGC GG 3') and
ITS4 (5'TCC TCC GCT TAT TGA TAT GC 3') [45].
PCR reaction was carried out in 25 pl containing ddH,O
16.8 pl, PCR buffer (10x) 2.5 pl, dNTP’s (200 mM) 1 pl,
Taq polymerase (1 U/ul) 0.2 pl, Primer ITS1 (10 pM/ul)
1 pl, Primer ITS 4 (10 pM/ul) 1 pl and Template DNA
2.5 ul. The PCR reaction was carried out using Veriti® 99
well Thermal Cycler (Model No. 9902). The PCR condi-
tion followed for amplification were 5 min of initiation
denaturation at 95 °C, followed by 30 cycles of 1 min of
denaturation at 95 °C, annealing at 57 °C for 1.5 min,
extension of 3 min and a final extension of 7 min at
72 °C The PCR amplicon was enzymatically purified
and further subjected to Sanger sequencing (ABI 3730xl1
Genetic Analyser). Consensus sequence of ITS region was
generated from forward and reverse sequence data using
aligner software. Molecular identification of isolates was
carried after comparison of sequences using the Basic
Local Alignment Search Tool (BLAST) network services
of the National Centre for Biotechnology Information
(NCBI) database (http://www.ncbi.nlm.nih.gov/). The sequence
data were processed using BioEdit (version 7) and most close-
ly related species were determined. The sequences were fur-
ther submitted to Gene Bank for obtaining the accession
numbers.
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<« Fig. 2 Morphological characteristic of fungal isolates. a STSP 2
(Aspergillus sp.). b STSP 7 (Aspergillus sp.). ¢ STSP 8 (Penicillium
sp.). d STSP 10 (Trichoderma sp.). e STSP 14 (Penicillium sp.). f
STSP 18 (Fusarium sp.). g¢ STSP 19 (Phialemoniopsis sp.). h STSP 24
(Penicillium sp.). i STSP 26 (Penicillium sp.). j STSP 27 (Fusarium sp.)

2.5 Characterisation of the Green-Synthesised IONPs

The green-synthesised IONPs were characterised to under-
stand their shape, size and morphology using various
instruments.

2.5.1 UV-Visible Absorption Spectroscopic Analysis

The nanoparticle formed was characterised using a UV-Vis
spectrophotometer system (PerkinElmer Lambda 35 UV-Vis
spectrophotometer) between 200 and 700 nm with 1-nm in-
tervals, using a quartz quavate of 1-cm thick. The progress of
reaction was monitored by the visual change in colour of the
reaction mixture.

2.5.2 Fourier Transform Infrared Spectroscopic Analysis
For Fourier transform infrared spectroscopic (FTIR) analysis,

the lyophilised IONPs were mixed with potassium bromide at

Fig. 3 Flow chart for the
synthesis of IONPs

aratio of 1:100 in attenuated total reflection (ATR) mode and
the spectra were recorded with a Jasco FT/IR-6300 between
3500 and 400 cm ' operating at 4 cm ™" resolution.

2.5.3 Field Emission Scanning Electron Microscope

IONPs in the reaction mixture were separated by centrifuga-
tion at 12,000 rpm for 20 min and washed with deionised
water. IONPs suspension was then centrifuged and the pellet
was lyophilised using free dryer (Biobase BK-FD10PT).
Lyophilised IONPs powder samples were further analysed
with FESEM (JEOL JSM-7600F) at 15-20 kV.

2.5.4 Transmission Electron Microscopic Analysis

Five microlitres of the sample solution was placed on carbon-
coated copper grids and was kept in desiccators. After drying,
the grids were observed in JEOL JEM 2100 HR. Evaluation of
the size distribution for IONPs polydispersity index (PDI) was
calculated using following equation [46, 47].

PDI = (0/D)* (1)

where D is equivalent to the mean diameter of the IONPs
and the o is equivalent to the standard deviation.
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2.5.5 Energy-Dispersive X-Ray Analysis

Lyophilised IONPs was analysed with field scanning electron
microscopy (FESEM; JEOL JSM-7600f FESEM) at 15 kV
voltage, equipped with EDX (Oxford Instruments, INCA
PENTA FET X3).

2.5.6 X-Ray Diffraction Analysis

The crystalline phase of nanoparticle was identified by x-ray
diffraction (XRD) measurements carried out on x-ray diffrac-
tometer (Philips, Model: PW1830). The diffraction pattern of
thin layer of synthesised nanoparticle on glass substrate was
recorded from 10° to 80° (26) with a step size of 0.02° using
Cu Ka (k=1.542 A) as radiation source and operating at
40 kV-30 mA. The crystal phase was determined by compar-
ing the calculated values of interplanar spacing and the corre-
sponding intensities of diffraction peaks with theoretical
values from the Joint Committee on Powder Diffraction
Standards-International Centre for Diffraction Data (JCPDS-
ICCD) database.

3 Results and Discussion

3.1 Screening and Molecular Identification
of the Potential Fungal Species

Fungi were isolated from sediment samples of intertidal zone
of Satjelia island located in eastern region of Indian
Sundarban. On the basis of preliminary morphological identi-
fication a total of 10 (Fig. 2) fungal strains belonging to five
genus Aspergillus sp., Trichoderma sp., Penicillium sp.,
Fusarium sp. and Phialemoniopsis sp. were obtained. After
screening, the fungal isolates, which had shown maximum
potentiality for hydrolysing the precursor salt complex, were
selected for molecular identification. FCF collected from iso-
late STSP 10, STSP19 and STSP27 had shown a positive
result in the bioreduction of precursor salts. The visual iden-
tification of changes in colour of the reaction mixture (Fig. 4)
after 5 min of incubation at room temperature (30 °C) was
considered as a positive result for the formation of IONPs.
The formation of IONPs might occur due to reduction of iron
chloride complex by FCF following three simple steps. The
first step involved release of chloride from iron chlorine com-
plex immediately when placed in the solution [19]. In the
second step, several extracellular fungal bioactive molecules
like proteins, polysaccharides, enzymes and polyphenols,
which constitute the FCF in the solution, acted as a hydrolys-
ing agent and might formed a partial bond with metal ions [19,
48]. In the third step, a partial bond between the metal ion and
biomolecules got broken and electrons were transferred to
metal ions, further co-precipitation and nucleation of available

@ Springer

ions results in synthesis of IONPs in the reaction mixture
[19, 48, 49]. The IONPs generated was further monitored
in UV-Vis spectrophotometer. In case of positive control
(only FCF) and negative control (FeCl;/FeCl, solution), no
visual change in colour was observed. Molecular identifi-
cation of fungal isolates were carried out by analysing the
sequences of the ITS region of ribosomal DNA. The PCR
sequencing products for ITS region resulted in 585 bp for
STSP10, 540 bp for STSP19 and 550 bp for STSP27. The
sequences were compared in BLAST algorithm. Isolate
STS10 had shown maximum similarity with Trichoderma
asperellum, STSP 19 had shown maximum similarity with
Phialemoniopsis ocularis and STSP 27 had shown maxi-
mum similarity with Fusarium incarnatum. These fungal
DNA sequences were submitted in NCBI gene bank. The
accession numbers for the isolate STSP10 is MH045583,
for STSP 19 is MH045585, and for STSP 27 is
MHO045587.

3.2 Characterisation of Green-Synthesised IONPs
3.2.1 UV-Visible Spectra Analysis of the IONPs Suspension

Optical property of green-synthesised IONP suspensions
was evaluated by UV-VIS spectroscopy analysis (Fig. 5).
UV-VIS spectrum of IONPs suspensions exhibited in-
crease in the intensity of absorbance in the shorter UV
spectrum. Green synthesised IONPs, synthesised by
F incarnatum, T. asperellum and P. ocularis had shown
a maximum absorbance at 216 nm, 290 nm and 298 nm,
respectively, which might be due to plasmon resonance
of unoxidised iron nanoparticle [49-52]. This result
shown by IONPs synthesised by F. incarnatum was
found to complement the report provided by Mazumdar
and Haloi [49]. A broad peak at 435 nm was also observed
for IONPs synthesised using 7. asperellum which might
ascribe to iron (core shell) nanostructures present in the
solution [50].

3.2.2 FTIR Characterisation of IONPs

FTIR spectroscopy analysis (Fig. 6) was carried out to inves-
tigate the presence of biomolecules in synthesised [ONPs. The
FTIR analysis of lypholised IONPs synthesised by
T asperellum, P. ocularis, and F. incarnatum has showed band
at wavenumbers 560 cm ' and 670 cm™' which designates
Fe—O-Fe band [53]. Band at a wavenumber of 1045 cm ',
1075 cm™" and 1064 cm ™! for iron oxide nanoparticles syn-
thesised by T. asperellum, P. ocularis and F. incarnatum, re-
spectively, showed the C-O-C stretch band [54].
Wavenumbers 1283 cm™' and 1380 cm ' showed COO-
stretching band [55]. Peaks observed at 1510-1545 cm !
and 1635-1640 cm ™' indicated the presence of amide II and
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Fig. 4 FCF of fungal isolates of a STS10 (7richoderma asperellum), b

STSP 19 (Phialemoniopsis ocularis) and ¢ STSP 27 (Fusarium
incarnatum) showing colour change during reaction with iron precursor

amide I bond, respectively, for all the green synthesised
IONPs, which could suggest involvement of extracellular pro-
tein in synthesis of nanoparticles [56]. The peak at wavenum-
ber 3385 cm ' showed the OH stretch band which suggested
the involvement of water molecule due to exposure of IONPs
in air during sample analysis [57].
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to 2:1 M ratio of FeCls and FeCl, solution after 5-min incubation

3.2.3 Field Emission SEM TEM Analysis of IONPs

Iron salts were biologically reduced to form IONPs by three
manglicolous fungal species 7. asperellum, P. ocularis and
E incarnatum were characterised using FESEM and TEM which
showed the spherical nature and different sizes of nanoparticles
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Fig. 5 UV-Vis spectra of IONPs in aq. solution synthesized by fungal isolates. a STSP10 (Trichoderma asperellum). b STSP 19 (Phialemoniopsis

ocularis). ¢ STSP 27 (Fusarium incarnatum)
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Fig. 6 FTIR spectra of iron oxide nanoparticles synthesized by fungal isolates. a STSP10 (7richoderma asperellum). b STSP 19 (Phialemoniopsis

ocularis). ¢ STSP 27 (Fusarium incarnatum)

(Figs. 7 and 8). The diameter of the IONPs were measured and
found to be in a range between 18 and 32 nm for 7. asperellum,
08-22 nm for P. ocularis, and 15-55 nm for F incarnatum,
respectively. The SAED pattern for the synthesised IONPs had
shown polycrystalline nature for 7. asperellum and P. ocularis.
The diffraction ring pattern for IONPs synthesised by
T asperellum were (110), (202) and (113) and by P ocularis
were (104), (018) and (006). These diffraction patterns were
identical for the calculated d values for the compound Fe,O;
(JCPDS Card No. 33-0664). IONPs synthesised using
F. incarnatum had showed diffused ring pattern during the
SAED analysis. This indicated the amorphic nature of the nano-
particles, which might have occurred due to physical and chem-
ical factors involved during the green synthesis of IONPs.
According to a previous report, low pH [58] and high tempera-
ture [59] favours the crystallization of nanoparticles. So, during
the formation of IONP constant reaction, parameters like pH (3.2
+0.02) and temperature (30 °C) might favour the generation of
crystalline IONPs, synthesised using 7. asperellum and
P, ocularis, whereas maintaining the similar condition might re-
sults in amorphisation of IONPs generated using F. incarnatum.
Thus, it could be concluded that lowering the pH and increasing
the temperature during the reaction of FCF with precursor salt
might result in the crystallization of IONPs synthesised using
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E incarnatum [60, 61]. As per classical step- rule scenario [60]
crystallization of nanoparticle from solution occurs due to aggre-
gation of atoms/molecules to form amorphous bulk phase.
Crystalline phase later appears after nucleation event of nanopar-
ticle in the solution in due course of time. In case of IONPs
synthesised using F. incarnatum particles, they might not under-
go nucleation step thus amorphic bulk phase prevails in the sys-
tem [60, 61]. Analogously, the crystallization of nanoparticle
might occur directly without any amorphous bulk phase [62],
which could be observed in the IONPs synthesised using
T’ asperellum and P. ocularis. The mean diameter and the stan-
dard deviation of the particle was found to be 25 +3.94 nm for
T asperellum, 13.13 +4.32 nm for P. ocularis and 30.56 +
8.68 nm for F. incarnatum. The calculated polydispersity
index (PDI) for the IONPs synthesised using 7 asperellum,
P. ocularis and F. incarnatum was found to be 0.02, 0.10
and 0.08 clearly indicating the monodisperse nature of the
nanoparticles [47, 62]. TEM images also confirmed the
imbeddedment of the synthesised IONPs with a matrix-
like structure, which could be the protenecious materials
secreted by the fungal strains [29]. IONPs are appeared to
be well separated, as they are capped by the protein secreted
by the fungal strains. Such smaller size of the synthesised
IONPs provides novelty to the work.
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Fig.7 FESEM micrograph displaying surface topology of iron oxide nanoparticles synthesized by fungal isolates. a STSP10 (Trichoderma asperellum).

b STSP 19 (Phialemoniopsis ocularis). ¢ STSP 27 (Fusarium incarnatum)

3.2.4 EDX of Iron Oxide Nanoparticles

To understand the elemental composition of the synthesised
IONPs, EDX spectrum were taken for the lyophilised powder
sample of IONPs (Fig. 9). The EDX spectrum of the
lyophilised IONPs synthesised using isolates 7. asperellum,
P ocularis and F. incarnatum had shown strong signal of iron
(Fe). The signal of platinum (Pt) and carbon (C) was also
observed due to platinum coating and carbon tape. The pres-
ence high peak of oxygen (O) characterise the IONPs powder
is in oxide form. The absorbance peak of IONPs were

approximately in 1 and 7 keV due to surface plasmon reso-
nance of iron nanocrystal [63]. However, several other peaks
for Mn and K in EDX spectrum suggest presence of protein
precipitate [64].

3.2.5 XRD Analysis
To understand the crystalline nature of IONPs, XRD
analysis was performed (Fig. 10). XRD pattern for

IONPs synthesised using fungal isolate 7. asperellum
showed distinct diffraction peaks at (012), (104), (110),

@ Springer
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Fig. 8 TEM micrograph revealed the size and shape of mycosynthesized
iron oxide nanoparticles. SAED pattern (right upper) and particle size
distribution histogram (right lower) showed that average size of iron

(202), (024), (116), (214) and (300) lattice plan from
20 =24.31°, 33.31°, 35.78°, 41.01°, 49.59°, 54.18°,
62.61° and 64.17° for P. ocularis diffraction peaks can
be observed at (110), (202), (122) and (214) lattice plan
from 260 =30°, 35°, 43° and 63° were consistent with the
standard structure of Fe,O; (JCPDS Card No. 33-0664).
Several distinct diffraction reflections were seen in the
observed XRD pattern which are well matched with the
rhombohedral Fe,O5 structures with calculated lattice
constants of a=15.0356 A and ¢=13.7489 A. In addition
to this, due to sharp and strong diffraction reflection, one
could confirm that, green-synthesised nanoparticles were
well-crystalline. The broadened peak (full width at half
maximum) shows the size of both the IONPs synthesised
by T. asperellum and P. ocularis were in nanometre
range. Utilising the calculation of average crystalline size
from Scherrer formula:

d = 0.9/ Bcosd

where d is average crystalline size, v is wavelength of ra-
diation AND g is the full width at the half maximum at dif-
fraction angle 6. Using THE above equation, it was found that
the size of IONPs synthesised by STSP10 and STSP 19 at
20 =33.81° was approximately 25 nm and at 26 =35° was
approximately 15 nm, respectively.
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oxide nanoparticles synthesized by fungal isolates. a STSP10
(Trichoderma asperellum). b STSP 19 (Phialemoniopsis ocularis). ¢
STSP 27 (Fusarium incarnatum)

Whereas the IONPs synthesised using F. incarnatum does
not show any distinctive diffraction peaks. This infer to its
amorphic nature of green synthesised nanoparticle.

3.2.6 Comparison with Contemporary Literature

Studies considered for the comparison of different synthesis
process are listed in Table 1. Physical and chemical synthesis
and green synthesis of IONPs with their size and morphology
of the nanoparticle formed were considered in the present
comparative study. Different species of plant, fungi, bacteria
and algae had been considered under green synthesis process-
es. From previous studies as represented in Table 1, sonolysis
[66], microwave irradiation [72] and flow injection technique
[70] had generated spherical-shaped nanoparticles of size less
than 10 nm. Among different green synthesis processes plant
extract of Aloe vera [73], Salvia officinalis [75], and fungal
extract of A. alternata [26] had shown potentiality in reduction
of'iron salts and generated nanoparticles of size range less than
10 nm. Considering the above-mentioned points, the present
study highlights the green synthesis of IONPs by three
manglicolous fungi from Indian Sundarban. To our knowl-
edge, it is the first report where manglicolous fungi were
utilised for the green synthesis of IONPs. Although in the
present study P. ocularis had generated nanoparticles of size
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Fig. 9 EDAX Spectrum revealed the chemical composition of iron oxide nanoparticles synthesized by fungal isolates. a STSP10 (Trichoderma
asperellum). b STSP 19 (Phialemoniopsis ocularis). ¢ STSP 27 (Fusarium incarnatum)

Fig. 10 XRD pattern of iron 1600+ 104 a b
oxide nanoparticles synthesized 1000+
by fungal isolates. a STSP10 140071 110
(Trichoderma asperellum). b ol 110 900+ [\
STSP 19 (Phialemoniopsis - £ g0 I 214
ocularis). ¢ STSP 27 (Fusarium 2 10004 116 £ i \\
' f 8 012 024 £ I .
incarnatum) = 800 ’ r 2|02 i £ 700 A J‘ | 202 |
J | L
M | A M‘A‘W Myt
| I\ 600
U S G N O | S e
500
400 T T T T T ! . . . . . :
20 3 40 50 60 70 80 20 30 40 50 60 70 80
2 theta 2 theta
300 c
280

Intensity
NN
[T
o ©
—j;;z_
=
—
3
—

@ Springer



648 BioNanoSci. (2019) 9:637-651
Table 1  Comparative analysis for the synthesis of IONPs by different processes
Synthesis method Processes/species Size Shape References
Physical and chemical Liquid phase method 30-100 nm Spherical [65]
methods Sonolysis 3 nm Spherical [66]
Hydrothermal reaction 274+7 nm Rhombic [67]
Polyols method 100 nm Spherical [68]
Chemical precipitation ~60 nm Spherical [69]
Flow injection technique 2-7 nm Spherical [70]
Electrochemical method 5-40 nm Spherical [71]
Microwave irradiation >10 nm Spherical [72]
Green Plants  Azadirachta indica 50-100 nm Spherical [23]
synthesis Aloe vera 6-30 nm  Cubical (73]
Eucalyptus globules 50-80 nm  Spherical [74]
Salvia officinalis 5-25 nm Spherical [75]
Fungi  Fusarium oxysporum and Verticillium sp. 20-50 nm  Spherical and [29]
cubical
Pochonia chlamydosporium, Aspergillus fumigatus, 5-200 nm  Spherical [76]
Curvularia lunata, Chaetomium globosum, A. fumigatus, and
A. wentii
Aspergillus sp. 5-200 nm  Spherical [77]
Aspergillus japonicus 60—70 nm  Cubical [31]
Alternaria alternata ~9 nm Spherical [26]
Trichoderma asperellum 18-32 nm  Spherical Present
study
Phialemoniopsis ocularis 6-22 nm Spherical Present
study
Fusarium incarnatum 15-55 nm  Spherical Present
study
Bacteria Actinobacter sp. 1040 nm  Cubical [25]
Bacillus subtilis 60-80 nm  Spherical [78]
Algae  Sargassum muticum 1422 nm  Spherical [79]

less than 10 nm, but in comparison to other studies,
T asperellum and F. incarnatum had also generated novel
nanoparticles (less than 55 nm).

4 Conclusion

With growing awareness, green synthesis of nanoparticle is
becoming a critical interesting topic for researchers of basic
and applied science [3]. Green synthesis processes are present-
ing an alternative solution for the easy, effective, economic,
eco-friendly and sustainable way for the development of novel
metallic nanoparticles [18-21]. Although there are several
routes for the synthesis of nanoparticles but among them
mycosynthesis of nanoparticles could be considered as an ef-
fective pathway for the development of novel nanoparticles
[29]. In the present study, as per our knowledge, we have
demonstrated the first report on the green synthesis of
IONPs by manglicolous fungi isolated from soil sample of
Indian Sundarbans. The mycoreduction of mixture of iron
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chloride salt had yielded novel monodisperse and stable nano-
particle of range between 25 +3.94 nm, 13.13 £4.32 nm and
30.56 £8.68 nm using T. asperellum, P. ocularis, and
F. incarnatum, respectively. IONPs generated using
T. asperellum, P. ocularis showed crystalline nature whereas
the IONPs generated using F. incarnatum showed amorphic
nature. Thus, the present work illustrates the extracellular
mycosynthesis and stabilization of IONPs by different bioac-
tive molecules present in the FCF. The advantages of follow-
ing this protocol over the different protocols present are that
the nanoparticles which are formed are quite stable in nature.
The longer incubation period of the fungi provides more ex-
tracellular protein in FCF, which increases the hydrolysis po-
tentiality of the iron chloride complexes and thus leads to
rapid extracellular development of nanoparticles. Hence, the
present study revolves around development of green synthesis
process which is economic, safer, and environment friendly in
nature. Green production of nanoparticle is a novel approach
due to its potential applications in different fields like medi-
cine, industry, and waste water treatment. Additionally,
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utilization of manglicolous fungi from Indian Sundarbans for
bioreduction opens up several avenues for research on man-
grove fungi. Further studies on the biochemistry of the extra-
cellular protein matrix of fungal cell filtrate are needed to
understand the mechanism of the bioreduction procedure.
Cataloguing the biomolecules responsible for the reduction
of iron salt complex can leads to development of improved
green process. Thus, in the near future, manglicolous fungi
could be utilised as nanofactories for production of metal
nanocrystals of complex structure and controlled able size.
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