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Abstract

This is a first-time report of structural characterization and assessment of the antibacterial activity of silver nanoparticles
synthesized using the fungus Aspergillus hortai isolated from domestic wastewater. Silver nanoparticles were synthesized
using cell-free filtrate of Aspergillus hortai cultured in potato dextrose broth at 60 °C in the presence of 2-mM silver nitrate
for 24 h. The appearance of reddish brown color and a surface plasmon resonance peak at 420 nm confirmed the formation
of the silver nanoparticles. Dynamic light scattering analysis reported an average particle size of 57 nm having a polydis-
persity index of 0.21 and zeta potential of — 19 mV. Transmission electron micrographs confirmed almost spherical shape
of the nanoparticles and the selected area electron diffraction pattern corresponded to the crystal lattice structure of silver.
The antibacterial potential of the silver nanoparticles was evaluated using a growth curve assay, well diffusion method, and
DREAM assay on Escherichia coli (ATCC 35218) and Staphylococcus aureus (ATCC 25923). The assessment of the anti-
bacterial potential of the silver nanoparticles demonstrated activity comparable to that of streptomycin, which was used as

a positive control in all the experiments.
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1 Introduction

Excessive and indiscriminate use of antibiotics has led to
a surge in multi-drug resistant bacterial strains termed as
superbugs [1, 2]. This has triggered the search for new drugs
or agents that are effective against these superbugs. Silver
is a known antimicrobial agent that has been used in differ-
ent forms to effectively treat infections caused by a range of
microorganisms. Silver nanoparticles are more effective than
silver nitrate or free silver because of the capping agents that
confer stability and make them less toxic and more specific
in their activity [3, 4]. In recent times, the antimicrobial
capability of silver nanoparticles has been harnessed in
cleaning agents, water treatment systems, and as coatings
in medical devices [5].

Conventional physical and chemical methods of syn-
thesis of silver nanomaterials involve hazardous reagents
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and stabilizing agents, expensive equipment, and laborious
protocols. Alternative green synthesis routes utilize biologi-
cal systems such as bacteria, fungi, and plants wherein bio-
molecules like proteins, polysaccharides, and lipids serve
as reducing and capping agents [6, 7]. Among them, fungi
which exude large quantities of extracellular biomolecules
such as proteins, enzymes, lipids, and polysaccharides
[9-11] are more advantageous due to ease of handling,
higher capacity for metal accumulation, and economic via-
bility in scale-up operations.

Microorganisms involved in the biological treatment of
wastewater include such organisms which are capable of thriv-
ing under stress from pollutants, physical pressure, and other
microorganisms in its surroundings. Fungi found in these con-
ditions are capable of co-existing in a microbial community
and work in tandem with bacteria for the breakdown of organic
pollutants. Due to their large surface area and ability to provide
a substratum for other microorganisms to bind and trap mol-
ecules leading to the formation of flocs, fungi play a significant
role in wastewater treatment plants. Filamentous fungi that are
able to adapt to and survive in such hostile environments con-
taining a variety of organic and inorganic pollutants are of
great significance in bioremediation processes.
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Recently, a cost-effective and rapid dye reduction-
based electron-transfer activity monitoring (DREAM)
assay was employed to investigate the antibacterial activ-
ity of plant extracts [12]. Although this assay has been
used previously to evaluate the electron transfer activity
of bacteria in the presence of nanoparticles [13], it has
not been employed hitherto for assessing the antibacte-
rial activity of silver nanoparticles. This technique can
overcome the problem of ineffective diffusion of silver
nanoparticles across the agar medium in diffusion assays.

This study presents a first-time report of mycosynthe-
sis of silver nanoparticles using extracts of the fungus
Aspergillus hortai isolated from a domestic wastewater
treatment plant, structural characterization of the nano-
particles, and evaluation of their antimicrobial potential.

2 Materials and Methods
2.1 Mycosynthesis of Silver Nanoparticles

Isolate MWWRSI1c (A. hortai) was isolated from activated
sludge of a domestic wastewater treatment plant located in
the Prasanthi Nilayam township and was cultured in flasks
containing potato dextrose broth maintained at 25 °C at
130 rpm in a temperature-controlled shaker for 7 days. Fun-
gal biomass was then harvested and rinsed twice with sterile
deionized water to remove media components. Ten grams
of biomass was then suspended in 100 ml of sterile deion-
ized water for 3 days at 25 °C at 130 rpm. The cell-free
filtrate (CFF) was obtained after discarding the biomass
and filtering the medium with Whatman filter paper No.1.
Fifty milliliters of the CFF was added to an equal volume
of different concentrations of silver nitrate solution (1 mM,
2 mM, and 5 mM) and incubated at different temperatures
(30 °C, 40 °C, 50 °C, and 60 °C) in the dark for 24 h [14].

2.2 Characterization of Mycosynthesized Silver
Nanoparticles

Synthesis of silver nanoparticles (AgNPs) was confirmed
by a typical change in color of the reaction mixture to
brown. The surface plasmon resonance peak was recorded
by a wavelength scan in the range of 200 to 800 nm using a
UV-visible spectrophotometer (Spectramax M5, Molecu-
lar Devices). Size distribution and zeta potential of AgNPs
were analyzed by dynamic light scattering (DLS) using a
particle size analyzer (Litesizer 500, Anton Paar) at room
temperature. The morphology and crystalline structure
of AgNPs were characterized by transmission electron
microscopy (TEM) (JEOL HRTEM JEM-2100Plus) at
an accelerating voltage of 200 kV. For determining the
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capping agents on the surface of AgNPs, the reaction mix-
ture was centrifuged at 13,000 rpm for 10 min. The pellet
was washed thrice with double distilled H,O to remove
remnants of the CFF and dried overnight at 60 °C. The
resultant AgNP powder was mixed with potassium bro-
mide (KBr) in a 1:80 ratio to make KBr pellets that were
used to perform FTIR scan (Spectrum Two, Perkin Elmer)
at room temperature in transmittance mode between 4000

and 400 cm™! at a resolution of 1 cm™".

2.3 Antibacterial Activity of AgNPs
2.3.1 Bacterial Growth Curve Assay

Escherichia coli (ATCC 35218) (Gram negative) and Staph-
ylococcus aureus (ATCC 25923) (Gram positive) were used
for this study. Each of these strains was inoculated in 50 ml
of sterile Luria Bertani (LB) broth in 250-ml conical flasks
and incubated overnight at 37 °C at 180 rpm. 0.5 ml of the
overnight culture was added to 50 ml of sterile LB broth
to initiate the growth curve experiment. The AgNP sam-
ple was added during the 2nd hour of the growth phase of
the bacteria after inoculation. One milligram Streptomycin
ml~! was used as a positive control. The bacterial growth
curve was plotted based on the ODg, values for 8 h at 1-h
intervals using a UV—visible spectrophotometer [15]. All
the experiments were performed in triplicates.

2.3.2 Well Diffusion Method

Overnight cultures of E. coli and S. aureus in LB broth after
obtaining 0.5 McFarland standard were inoculated on LB
agar plates using sterile cotton swabs. After allowing the
plates to stand for 10 min, 6 mm wells were bored into the
medium. Fifty microliter of the samples were added to the
wells and the plates were incubated overnight at 37 °C. One
milligram Streptomycin ml~! was used as a positive control
[16]. Experiments were performed in triplicates.

2.3.3 DREAM Assay

DREAM assay was employed with slight modifications. Sam-
ples were added to different conical flasks containing freshly
inoculated bacterial cultures at 37 °C. Methylene blue reduction
kinetics were recorded as Agq for 3 min at 1-h intervals along
the growth curve experiment for 8 h using a UV—-visible spec-
trophotometer. One milligram Streptomycin ml~! was used as
a positive control. All the experiments were done in triplicates.
The methylene blue reduction trajectory at A4, was plotted as a
function of time to obtain the microbial activity profile.
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16, MT558939 - Aspergillus terreus isolate 2011F5 small subunit ribosomal RNA gene partial sequence
11| MH857411 - Aspergillus neoafricanus strain CBS 130.55 internal transcribed spacer 1 partial sequence
8|
"®|NR 131276 - Aspergillus terreus ATCC 1012 ITS region from TYPE material
63
MWWRS1c contig «———
MH860930 - Aspergillus elongatus strain CBS 387.75 interal transcribed spacer 1 partial sequence

KP987087 - Aspergillus hortai strain CBS 124230 18S ribosomal RNA gene partial sequence

a - illus hortae strain CBS 124230 small subunit ribosomal RNA gene partial sequence

KP987071 - Aspergillus alabamensis strain CBS 125693 18S ribosomal RNA gene partial sequence

82 | MW513987 - Aspergillus alabamensis culture CBS:125693 small subunit ribosomal RNA gene partial sequence

KX443224 - Aspergillus jiinensis strain NN058401 18S ribosomal RNA gene partial sequence

62 |NR 171932 - Aspergillus jilinensis CGMCC 3.18134 ITS region from TYPE material

NR 137472 - Aspergillus pseudoterreus NRRL 4017 ITS region from TYPE material

94 | EF669598 - Aspergillus pseudoterreus isolate NRRL 4017 intemal transcribed spacer 1 5.8S ribosomal RNA gene

KP987086 - illus terreus var. floccosus strain CBS 116.37 18S ribosomal RNA gene partial sequence

Fig. 1 a Colonies of A. hortai on potato dextrose agar. b Identity of A. hortai confirmed by phylogenetic analysis based on Internal Transcribed

Spacer (ITS) gene sequencing

3 Results and Discussion

A. hortai, first described by Langeron (1922), was initially
considered as a synonym of A. ferreus and was later found
to be distinct due to its distinct extrolite profile [18]. Fig-
ure la and b present the cultural characteristics of the iso-
late MWWRS ¢ and the phylogenetic analysis based on ITS
sequencing (Indiseq Genomics, Chennai) respectively which
confirm its identity as A. hortai. The sequence was deposited
in GenBank with accession number MZ678771. This isolate
showed the best response in terms of biosynthesis of silver
AgNPs compared to all the other fungal specimens isolated
from the wastewater samples. Formation of AgNPs upon addi-
tion of CFF to silver nitrate solution resulted in the reduction
of Ag* ions and was visualized as a change in color from pale
yellow to dark reddish brown (Fig. 2 inset) which is typical for
AgNPs. The UV-visible spectrum (Fig. 2) showed a surface
plasmon resonance peak at 420 nm which is within the 380
to 450 nm range described for AgNPs [19].

Results of the studies on the optimization of reaction
temperature for AgNP biosynthesis using A. hortai (Fig. 3a)
showed that AgNP formation was better at higher tempera-
tures. The rate of formation, size, and stability of the particles
depends on the reaction temperature which is responsible
for creating a conducive environment for the nucleation of
AgNPs [20] and would vary depending on the fungal species
involved [21, 22]. Since the further increase in temperature
can result in the denaturation of enzymes responsible for the
reduction of Ag* ions [23, 24], the temperature was main-
tained at 60 °C for the reaction time of 24 h. Similarly, higher
AgNO; concentrations (1 mM, 2 mM, and 5 mM) resulted
in a corresponding increase in the peak intensity as shown in
Fig. 3b. But it was observed that the peak broadened at higher
concentrations of silver nitrate over a period of time probably

due to aggregation of the AgNPs. It is also known that excess
metal ions can lead to the formation of larger nanoparticles
with irregular morphology due to the contention between
Ag? ions and functional groups from the CFF [20, 22, 24].
As a result, a 2-mM concentration of AgNO; was used for
the synthesis of AgNPs in this study.

Dynamic light scattering analysis (Fig. 4a) showed that the
average size distribution of the AgNPs was 4.08 nm (3.35%),
57.65 nm (72.67%), and 458.4 nm (23.98%) with a polydis-
persity index of 0.21. It was noticed that with an increase in
temperature, the size and polydispersity index of the AgNPs
reduced. The zeta potential value of AgNPs was—19.1 mV
(Fig. 4b) which indicates the stability of the AgNPs due to
repulsion between the nanoparticles [21]. The negative charge
can be attributed to the proteins present on the surface of
nanoparticles as capping agents during synthesis, because of
which, the electrostatic repulsive force between the nanopar-
ticles results in the prevention of aggregation and agglomera-
tion in lower silver nitrate concentrations [22, 25]. TEM and
HR-TEM micrographs confirmed the polydispersity of the
near-spherical AgNPs (Fig. 5a) and their crystalline structure
(Fig. 5b). The selected area electron diffraction (SAED) pat-
tern (Fig. 5¢) suggests a correspondence of the AgNPs to the
crystal lattice structure of metallic silver.

FTIR spectrum of the mycosynthesized AgNPs (Fig. 6)
showed a broad peak at 3283 cm™! corresponding to alcohol
or phenol. The peaks at 3283 cm™! and 2919 cm™! corre-
spond to the stretching vibrations of primary and secondary
amines respectively, and their corresponding bending vibra-
tions are observed at 1643 cm™! and 1555 cm™! respectively
[26]. These bands confirm the role of proteins in the forma-
tion of capping agents on the surface of the nanoparticles
thereby conferring stability [19, 27]. Biomolecules exuded
from fungi are known to have an affinity towards metal
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Fig.2 UV-visible spectrum showing surface plasmon resonance (SPR) peak at 420 nm confirming the formation of silver nanoparticles. The
inset image shows the color change to reddish brown following the addition of silver nitrate
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Fig.3 a Effect of temperature: Biosynthesis of AgNPs was better at higher temperatures. b Effect of AgNO; concentration: Higher concentra-
tions of AgNO; were more favorable for the formation of AgNPs at 60 °C after a reaction time of 24 h
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Fig.4 a Size distribution profile of the AgNPs by dynamic light scattering (DLS) analysis. b Zeta potential of AgNPs indicating the negative
charge of the AgNPs

surfaces. The biomolecules responsible for the reduction of ~ simultaneously bind to the metal surface during the nanopar-
the silver ions are activated as soon as silver nitrate is added ticle synthesis as capping agents and confer stability [22, 28].
to the CFF. These protein and amino acid residues in the CFF

Fig.5 a TEM micrograph image at 50 nm. b HR-TEM micrograph image at 2 nm. ¢ Selected area electron diffraction (SAED) pattern of AgNPs
confirming the polydispersity and crystalline structure of the AgNPs
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Fig.6 FTIR spectrum illustrating the presence of amide bonds of amino acids and proteins on the surface of the AgNPs

Growth curve plots of E. coli and S. aureus in the pres-
ence of the mycosynthesized AgNPs showed that bacterial
growth was inhibited upon the addition of the AgNPs to the
bacterial culture 2 h after initiation of the culture (Fig. 7).

CFF, which was used as a negative control, had no inhibitory
effect on the growth of bacterial strains while streptomycin,
added to the culture along bacterial inoculation as a positive
control, inhibited the bacterial growth. This method indicates

a b
—a— Control |—=— Control _
—e— Streptomycin I gt;ertomycm
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Fig.7 Growth curve plots of (a) E. coli and (b) S. aureus showing the inhibitory effect of the AgNPs that was added 2 h after initiation of the
cultures
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Table 1 Well dif.fusion. assay to Zone of inhibition (mm)

assess antibacterial activity of

A. hortai synthesized AgNPs Streptomycin ~ Cell-free fil- AgNP (1 mM) AgNP (2 mM) AgNP (5 mM)

against Gram-positive (S. (1 mg ml™h) trate (CFF)

aureus) and Gram-negative (E.

coli) strains Staphylococcus aureus  20.3+0.6 0.0 83+1.2 13.3+0.6 15.7+1.5
Escherichia coli 19.0+1.0 0.0 9.0+0.0 11.0+0.0 13.0+1.0

the detrimental effect of silver nanoparticles on the bacterial
growth. Silver which has a high affinity to sulfur and phospho-
rous binds to the cell wall and disrupts its integrity. AgNPs
are also known to inhibit protein translation by binding to
translation factors [1, 2]. These results point to the antibacte-
rial potential of the AgNPs synthesized using A. hortai.

The inhibitory activity of the mycosynthesized AgNPs
on bacterial proliferation was tested using the agar well
diffusion assay. Upon observation of the plates 24 h after
inoculation, the zone of inhibition was found to be the
largest for the highest concentration of AgNPs (Table 1).
It was interesting to note that the antibacterial activity
was more pronounced in S. aureus compared to E. coli.
Gram-positive bacteria are generally expected to be less
susceptible to inhibitory activity due to the presence of
a thick peptidoglycan layer. This could be the reason for
previously reported AgNPs having no effect on Gram-
positive bacteria [29, 30]. It must also be noted that the
size of the nanoparticles has an impact on antibacterial
activity [3] due to variations in their dispersion across the
agar medium [15]. Bactericidal activity can also be attrib-
uted to the proteins on the surface of the mycosynthesized
AgNPs [4, 5]. It would be interesting to carry out further

studies to identify the reasons for the more pronounced
antibacterial activity in the Gram-positive S. aureus.
DREAM assay which relies on the transfer of electrons,
resulting from the microbial breakdown of the organic
substrates, to methylene blue helps in understanding the
viability of bacteria rather than merely the bacterial cell
load [12, 17]. It can be evidenced from the methylene blue
reduction profiles in Fig. 8 that the addition of AgNPs to
the bacterial cultures disrupted their cellular function lead-
ing to loss of viability and eventually death. The reduc-
tion of methylene blue was almost negligible when the
bacterial cultures were grown with the AgNPs, similar to
that observed in the presence of the positive control strep-
tomycin. The addition of only CFF to the cultures did not
significantly impact bacterial viability. Preliminary studies
carried out to ascertain the ability of the CFF or AgNPs by
itself to reduce methylene blue ruled out the possibility.
Although the precise mechanism of antibacterial
activity of AgNPs is not completely understood, a mixed
approach involving different assays will help in gain-
ing perspective about the different modes of action that
are possible. AgNPs could inhibit bacterial growth and
activity by a combination of the following: (i) adhering

|E| —=— Control
—e— Streptomycin
129 —a— CFF
1.1 —v— AgNP
1.0+
0.9
0.8
0.7
0.6
0.5 1
0.4
0.3
0.2
0.1

0-0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Time (seconds)

AGGO

@ = Control
e Streptomycin
12 A—CFF
1.1 v AgNP
INES = = 5 5 o 20 28 S B SRR R -
09 A
081 " a
0.7 1 ':r-lll-H—l—l—rlllI
. e NN
0.5
0.4
0.3
0.2 4
0.1
0-0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (seconds)

Fig.8 The DREAM assay reduction profiles of methylene blue at the 6th hour after initiation of cultures along with AgNPs clearly demonstrate

the bactericidal effect of the AgNPs on E. coli and S. aureus
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to the cell membrane, altering membrane structure and
permeability resulting in impaired membrane transport
and hampered ATP production [31]; (ii) penetrating the
cell, interacting with cell organelles and disrupting their
function [32, 33]; (iii) disrupting signalling pathways by
interacting with associated proteins and rendering the cell
incapable of performing basic physiological functions
[34, 35]; (iv) oxidizing proteins, lipids and DNA bases
resulting in cellular toxicity [36, 37]; and (v) releasing
reactive oxygen species (ROS) and free radicals leading
to oxidative stress [38].

4 Conclusions

The rising trend of bacteria acquiring resistance to anti-
biotics has spurred the search for alternative approaches
to counter microbial contamination and infections. The
antibacterial properties of silver have been successfully
exploited in the use of AgNPs synthesized from biological
sources as alternatives to antibiotics. This first-time report
of AgNPs synthesized using A. hortai isolated from domes-
tic wastewater showcases their antibacterial potential. The
AgNPs were structurally characterized using UV—vis and
FTIR spectroscopy, DLS analysis, and TEM. The antibacte-
rial potential of these mycosynthesized AgNPs, ascertained
using growth curve analysis, agar plate well diffusion, and
the DREAM assay, was found to be comparable to that of
streptomycin. Future work would involve further physico-
chemical characterization and testing the capacity of these
AgNPs as broad-spectrum antibacterial agents.
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