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Abstract Silver nanoparticles (AgNPs) have been known
for their inhibitory and bactericidal effects. In the present
study, less toxic AgNPs using Cunninghamella echinulata
is reported for the first time. The obtained AgNPs were
characterized using UV-Visible spectrophotometer, XRD,
FT-IR, FE-SEM with EDAX and HR-TEM. AgNPs
showed the maximum absorbance at 420-430 nm. The
transmission electron micrograph revealed the formation of
considerably uniform-sized AgNPs with an average size of
20-50 nm. The reducing and capping agents responsible
for AgNP synthesis were identified by FT-IR. AgNP-in-
corporated cotton fabrics exhibited promising antibacterial
activity against pathogenic bacteria. In addition, the in vitro
cell viability of Vero cells (African green monkey kidney
cells) was analyzed and the ICs( value of AgNPs was found
to be 62.8 pg/mL. Taken together, these results clearly
reveal less toxic AgNPs which could be exploited for
various biomedical applications.
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Introduction

Biosynthesis of silver nanoparticles (AgNPs) became
imperative in the field of nanomaterial development due to
their increased antimicrobial properties with significant
cost effectiveness (Yadav et al. 2015). AgNPs have been
used in the field of medicine, water treatment, food pro-
cessing and storage, pest control and in textile industries
(Saravana Kumar et al. 2015). Silver is known as one of the
oldest antimicrobial agents but lost its importance due to
the emergence of various other antimicrobial agents
including antibiotics (Balakumaran et al. 2016a). But
today, in the scenario of emerging antibiotic-resistant
pathogens, silver is regaining its importance as a potential
antimicrobial agent in the form of AgNPs as it has unique
ability to kill the pathogens. Silver nanopaticles exhibit
broad spectrum antimicrobial activities against bacteria and
fungi (Bhainsa and D’Souza 2006; Fayaz et al. 2009, 2010;
Maliszewska et al. 2014).

There is always a growing demand to develop eco-
friendly procedure for synthesis of nanoparticles that does
not use toxic chemicals in the synthesis protocols. There
has been a great interest in using biological systems as a
tool for synthesis of new functional inorganic nanomate-
rials which are free from any kind of toxic chemicals and
by-products. The use of biological systems for the syn-
thesis of inorganic nanoparticles offers several advantages
since the methods are easier to carry out and more eco-
nomical than the others. Thus, various biological systems
such as bacteria (Fayaz et al. 2010), fungi (Fayaz et al.
2009) and plants (Krishnaraj et al. 2010) are being con-
tinuously investigated for the synthesis of different kinds of
metal nanoparticles.

The development of mycosynthesized AgNPs with an
advantage in the field of nanotechnology (Fatima et al.
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2016), were reported in some fungi viz. Cladosporium
cladosporioides (Balaji et al. 2009), Trichoderma viride
(Fayaz et al. 2009), Alternaria alternata (Fr.) Keissler
(MTCC-6572) (Gajbhiye et al. 2009), Penicillium pur-
purogenum NPMF (Nayak et al. 2011), Aspergillus
ochraceus (Magdi et al. 2014), Neurospora intermedia
(Hamedi et al. 2014), Penicillium nalgiovense AJ12
(Maliszewska et al. 2014), Schizophyllum commune (Arun
et al. 2014), Aspergillus terreus (Thom) MTCC632 (Velhal
et al. 2016) and Aspergillus flavus (KF934407) (Fatima
et al. 2016). Although many fungi have been explored to
synthesize metallic nanoparticles, the use of soil fungi for
the synthesis of silver nanoparticles is still at its infancy. In
the present study, AgNPs were synthesized using Cun-
ninghamella echinulata which is being reported for the first
time. The mycosynthesized AgNPs were characterized
using spectral and microscopic techniques. Furthermore,
AgNPs were coated onto the cotton fabrics and their
antibacterial efficacy was evaluated. The cytotoxicity of
AgNPs was also tested against Vero cell lines.

Materials and methods
Materials

Silver nitrate was purchased from Sigma-Aldrich, potato
dextrose agar (PDA), Muller-Hinton agar (MHA) and
3-(4,5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bro-
mide (MTT) were procured from HiMedia (Mumbai,
India). Acridine orange and ethidium bromide were pur-
chased from Sigma-Aldrich, USA.

Isolation and identification of soil fungi

The soil samples were collected from Indian Institute of
Technology Madras, Chennai in depth from the surface soil
and were kept in sterile polyethylene bags. The samples were
then brought to the laboratory for isolation of soil fungi using
serial dilution method (Saxena and Mehrotra 1952). Briefly,
10 g of soil sample was added into 100 mL of sterile distilled
water and was serially diluted. The serially diluted fractions
(107*-107°) were cultured on potato dextrose agar (PDA)
medium. After inoculation, the PDA plates were incubated at
room temperature for 48—72 h. Totally, 24 soil fungi were
isolated and identified using compendium of the soil fungi
(Domsch et al. 1980). All the fungi were screened for the
biological synthesis of silver nanoparticles.

Synthesis of AgNPs

The fungus C. echinulata was maintained in PDA slant at
25 °C. The fungus was then cultivated in 1 L of malt
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glucose yeast extract peptone (MGYP) broth medium (malt
extract 5 g, glucose 20 g, yeast extract 1 g and peptone
5 g, pH 6.5) at 25-28 °C under static condition for 96 h.
After incubation, the mycelial mat was separated from the
culture broth through filtration. The collected mycelial mat
was washed thrice with sterile distilled water. About 10 g
of the harvested mycelial mat was introduced in Erlen-
meyer flask containing 100 mL of ultra pure water and kept
under shaker at 120 rpm for 48 h. After incubation, the
mycelial mat was discarded and the cell-free filtrate was
collected by centrifugation at 8000 rpm for 30 min. A
known volume of AgNOj3; (10 mM) solution was added to
the aqueous fungal extract and was incubated in the dark
for 24 h.

Characterization of mycosynthesized AgNPs

For preliminary confirmation, mycosynthesized AgNPs
underwent spectral analysis for full scanning using UV—
Visible spectrophotometer (Hitachi-U 2900). X-ray
diffraction (XRD) was recorded with Cu Kol radiation at
the scanning mode on a Burker AXS D8 X-ray diffrac-
tometer at 260 ranged from 10° to 80°. The FT-IR spectrum
of the mycosynthesized AgNPs was recorded using Perkin-
Elmer Fourier transform-infrared spectroscopy. The mea-
surements were made in the range of 400—4000 cm™' at a
resolution of 4 cm™'. Transmission electron microscopy
(TEM) analysis of AgNPs was carried out using FEI-
TECNAI G2 T-30 S TWIN instrument.

Prepration of AgNP-coated cotton fabrics

The sterile cotton fabrics were cut into small rectangular
pieces (1 x 1 cm diameter), dried and were immersed in
AgNP solution (40 pg/mL) for 30 min. The fabrics were
constantly agitated for 24 h at 120 rpm using rotary shaker
incubator at room temperature. The treated fabrics were
dried at 40 °C for 30 min in a hot air oven. The surface
morphology of AgNP-coated cotton fabrics was studied
using field emission scanning electron microscope (Hitachi
FESEM SU6600).

Antibacterial activity of AgNP-coated cotton fabrics

The bacteria Bacillus subtilis ATCC 55614, Staphylococ-
cus aureus ATCC 29736, Escherichia coli ATCC 8739 and
Klebsiella pneumoniae ATCC 13884 were obtained from
the American Type Culture Collection (ATCC) centre. The
synthesized AgNPs were tested for their potent antibacte-
rial activity against Gram-positive (B. subtilis and S. aur-
eus) and Gram-negative (E. coli and K. pneumoniae)
bacteria by well-diffusion method (Balakumaran et al.
2016a). These bacteria were subcultured into the nutrient



3 Biotech (2017) 7:333

Page 3 of 9 333

broth (NB) medium and incubated overnight. The bacterial
cultures (1 x 107 cells/mL) were swabbed on Muller-
Hinton agar (MHA) plates and AgNP-immobilized cotton
cloth was placed over the swabbed region and incubated
overnight. After incubation, the zone of inhibition was
measured in terms of millimeter. The experiment was
repeated thrice.

Cell viability assay

MTT assay was performed using Vero cell line for ana-
lyzing the cytotoxicity of AgNPs. The cells were grown in
Dulbecco’s modified eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and antibiotic
penicillin (100 pg/mL) and streptomycin (100 pg/mL).
200 pL of Vero cells at a density of 1 x 10° were placed in
a 96-well plate. Then, the cells were incubated overnight at
37 °C in a humidified chamber with 5% CO, atmosphere
and the media were discarded. Different concentrations of
AgNPs and silver nitrate ranging from 10 to 100 pg/mL
were added into each well of the plate and incubated for
24 h. Finally, 20 pL. of MTT was added to each well and
incubated for another 6 h. After that, the medium was
removed and 200 pL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the formazan. The absor-
bance was measured at 570 nm to calculate the percentage
of cell viability. The assay was carried out in triplicate for
reproducibility. ICs5o concentration of AgNPs and AgNO;
were used to obsereve the apoptotic morphological features
using acridine orange—ethidium bromide (AO-EB) dual
staining and the images were observed through fluores-
cence microscope (FLoid cell imaging station).

Statistical analysis

All the quantitative data were expressed as mean &£
standard deviation. Statistical comparison was per-
formed using one-way ANOVA with Prism software
6.00 (GraphPad software for windows, La Jolla, CA,
USA). P values of less than 0.05 were considered sta-
tistically significant.

Results

Isolation and identification of soil fungus

In this study, about 24 soil fungi were isolated and iden-
tified. Among them, 1 species belonged to the Coelomy-

cetes, 4 species were of Zygomycetes and the remaining 19
were belonged to the Deuteromycetes. Among 24 fungi

screened, only 1 isolate (VKASO1) was found to be best for
the synthesis of silver nanoparticles (data not shown
herein). This particular isolate was further identified as
Cunninghamella echinulata (Thaxter) Thaxter through
molecular characterization and its sequence data was sub-
mitted to the GenBank (Accession Number: KF170217).

Synthesis and characterization of AgNPs

In this study, the color of fungal culture filtrate was
changed from pale yellow to dark brown after the addition
of silver nitrate and the color change was observed within
24 h (Fig. 1a). However, silver nitrate retained the original
color. The formation of AgNPs was further confirmed
using UV—Vis spectrophotometer, which showed charac-
teristic peak at 420-430 nm. The absorbance of AgNPs
was increased with the increase in incubation time as
shown in Fig. 1b.

The crystalline nature of the mycosynthesized AgNPs
was analyzed using XRD. The XRD analysis showed four
clear bragg’s peaks at 38.68°, 46.1°, 64.11° and 77.4°
corresponding to (111) (200) (220) and (311) planes of the
face-centered cubic (FCC) silver (Fig. 2a) and the data
were matched well with the Joint Committee on powder
diffraction standards (JCPDS) file No. 04-0783. The FT-IR
spectrum of AgNPs depicted the presence of major bands
at 1362, 1595, 1728 and 3432 cm™' (Fig. 2b). The IR
stretchings identified at 3432 cm™' was corresponding to
the N-H stretching of primary amine, the band at
1595 cm™! was corresponding to amide I variation, the
band at 1728 cm™' was the strong carbonyl (C=O)
stretching and 1362 cm ™' was corresponding to the C-N
stretching of aromatic and aliphatic amines.

Field emission scanning electron microscopic image
showed uniform-sized AgNPs (Fig. 3a) and the presence of
silver was confirmed through FE-SEM with EDAX anal-
ysis (Fig. 3b). TEM micrograph showed the spherical-
shaped AgNPs with a size of 20-50 nm (Fig. 3c, d).

Characterization of AgNP-coated cotton fabrics

Scanning electron micrograph of control cotton fabric
showed smooth surface as shown in Fig. 4a. However,
AgNP-coated cotton fabrics showed rough surface; in
addition, presence of AgNPs was also seen on their surface
(Fig. 4b, ¢).

Antibacterial activity of AgNP-coated cotton fabrics

In the present study, C. echinulata-mediated AgNPs
showed excellent antibacterial activity against both Gram-
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Fig. 2 a XRD spectrum of mycosynthesized silver nanoparticles; b FT-IR spectrum of mycosynthesized silver nanoparticles

positive and Gram-negative bacteria (Supplementary Fig-
ure 1 and Supplementary Table 1). Hence, the antibacterial
activity of AgNP-coated cotton fabrics was performed and
the data were presented in Fig. 5 and Table 1. The maxi-
mum antibacterial activity was recorded against S. aureus
(30 mm) followed by B. subtilis (27 mm) and E. coli
(26 mm); the lowest activity was observed against K.
pneumoniae (23 mm).

Cell viability

In this study, the viability of Vero cells was found to be

decreased  with  increasing  concentrations  of
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nanoparticles. The ICsq value of AgNPs was 62.8 pg/mL
(Supplementary Figure 2). However, silver nitrate
showed significant cytotoxicity against normal Vero
cells. The apoptotic morphological features were studied
using AO-EB double staining. The viable cells were light
green in color, early apoptotic cells were observed in
bright green in color because of the condensed chro-
matin, late apoptotic cells were orange in color and the
nonviable cells were observed in red color (Fig. 6). On
the contrary, silver nitrate-treated Vero cells showed
more number of necrotic cells under AO-EB dual
staining method as shown in Fig. 6.
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Fig. 3 a SEM micrograph of mycosynthesized silver nanoparticles; b EDAX spectrum of silver nanoparticles; ¢, d TEM micrographs of silver

nanoparticles
Discussion

Soil fungi are often considered as the interesting sources
for biological synthesis of nanoparticles (Azmath et al.
2016). To the best of our knowledge, C. echinulata, one of
the soil fungi, has not been previously explored for the
extracellular synthesis of metal nanoparticles. Hence, in
this study, C. echinulata was taken for the synthesis of
AgNPs (Supplementary Figure 3). Color change is the first
indication for biological synthesis of AgNPs. The color of
fungal culture filtrate was changed into dark brown after
the addition of silver nitrate solution. The color change was
probably due to the excitation of surface Plasmon reso-
nance bands of the AgNPs (Hamedi et al. 2014). Interest-
ingly, C. echinulata-mediated synthesis of AgNPs was
observed within 24 h.

Furthermore, the synthesis was confirmed using UV-Vis
spectrophotometer, which showed characteristic peak at
420-430 nm. Similar to our present study, other fungi have

also shown peak at 420 nm for AgNP synthesis (Bhainsa
and D’Souza, 2006; Fayaz et al. 2009). TEM image
showed that C. echinulata-mediated AgNPs were found to
be spherical in shape. In consistent with this result, other
fungi have also synthesized spherical-shaped AgNPs (Az-
math et al. 2016). The XRD analysis showed fcc silver and
the data was well supported by JCPDS. Similarly, other
researchers have also reported fcc silver using fungi
(Gopinath et al. 2015; Balakumaran et al. 2016a). FT-IR
analysis clearly revealed that the functional groups such as
primary amine, amide-I, carbonyl, aliphatic and aromatic
amines were believed to be involved in the fungus-medi-
ated synthesis of AgNPs. Other studies have also supported
this finding (Fayaz et al. 2010; Balakumaran et al. 2016a).

Many studies have clearly demonstrated that AgNPs
inhibit bacterial enzymes and bind to DNA. Silver has been
used effectively against different bacteria and fungi
including antibiotic-resistant pathogens. Silver simultane-
ously attacks multiple sites within the cell to inactivate
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Fig. 4 Scanning electron microscopic images of untreated (control) cotton fabric (a) and AgNP-treated cotton fabric (b, ¢); arrows indicate

AgNPs

critical physiological functions such as cell-wall synthesis,
membrane transport, nucleic acid (such as RNA and DNA)
synthesis, translation, protein folding and function and
electron transport (Balakumaran et al. 2016a; Franci et al.
2015). In the previous study, AgNO; showed more
antibacterial property compared to AgNPs (Mosselhy et al.
2015). However, silver in its ionic form is more toxic when
compared to silver as nanoparticle (Balakumaran et al.
2015). Since the final applications of the present study are
to prepare human-less toxic and biocompatible materials,
therefore, biogenic silver nanoparticles were preferred in
this study. In an attempt to produce wound dressing
materials for biomedical applications, AgNPs were coated
onto the cotton fabrics and their antibacterial efficacy was
evaluated. Interestingly, AgNP-coated cotton fabrics
exhibited relatively good antibacterial activity against all
the pathogens tested (Fig. 5). Similarly, few studies have
also shown the antibacterial activity of AgNP-coated
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cotton fabrics (Zhang et al. 2014; Balakumaran et al.
2016b). Even MRSA bacterium was also found to be
sensitive to AgNP-coated cotton fabric (Balakumaran et al.
2016b). Additionally, these fabrics have also shown
excellent antibacterial activity after several wash cycles
(Balakumaran et al. 2016b). The uniform-sized AgNPs
were likely attached onto the cotton fabrics through elec-
trostatic interaction or by physical adsorption. The forma-
tion of chemical bond between silver and the functional
groups of cellulosic materials played a crucial role in the
antibacterial activity and also in the durability of the
AgNP-coated cotton fabrics (Perelshtein et al. 2008). Thus,
these fabrics could be used for various medical purposes in
the near future.

Cell viability or cell toxicity is the significant charac-
teristic feature of the concentration of the drug. In the
present study, the ICso value was found to be 62.8 pg/mL
against Vero cells. This result was found to be consistent
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Fig. 5 Antibacterial activities of: (1) uncoated (control) fabric, (2) AgNP-coated fabric against, a B. subtilis; b S. aureus; ¢ E. coli; d K.

pneumoniae

Table 1 Antibacterial activity of mycosynthesized silver nanoparticle-coated cotton fabrics

Name of the bacterium Bacillus subtilis

Staphylococcus aureus

Escherichia coli Klebsiella pneumoniae

Zone of inhibition (mm)

Myco—-AgNP-coated cotton fabric 27+ 1.0

30+ 1.8
Cotton fabric 0.0 0.0

26 £1.0 23+ 1.6
0.0 0.0

with the earlier study in which the ICsq value of AgNPs
was 63.37 pg/mL (Balakumaran et al. 2015). Thus, it is
obvious from this study that AgNPs, synthesized using C.
echinulata, were less toxic and relatively safe; can be used
for biomedical applications. Further, the mycosynthesis
method employed in this study is greener, simple and low
cost involvement and can be used for large scale produc-
tion of nanoparticles.

Conclusion

In this study, biological silver nanoparticles were suc-
cessfully synthesized using C. echinulata for the first time.
The synthesized nanoparticles were coated onto the cotton
fabrics and the fabrics showed significant antibacterial
activity against selected human pathogenic bacteria. In
addition, silver nanoparticles were found to be less toxic
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Vero cells
AO-EB merged

Control (Untreated)

Fig. 6 Fluorescent microscopic images of Vero cells after AO-EB
dual staining. a Control cells; b silver nanoparticle-treated cells;
c silver nitrate-treated cells. The viable cells are (light green)
indicated by red arrows; early apoptotic cells (bright green to yellow)

against normal Vero cells. Based on these positive out-
comes, it is possible to use biological AgNPs to develop
low cost bandages for wound dressing.
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