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Abstract Green silver nanoparticle (AgNP) biosynthesis is
facilitated by the enzyme mediated reduction of Ag ions by
plants, fungi and bacteria. The antimicrobial activity of
green AgNPs is useful to overcome the challenge of
antimicrobial resistance. Antimicrobial properties of
biosynthesized AgNPs depend on multiple factors includ-
ing culture conditions and the microbial source. The
antimicrobial activity of AgNPs biosynthesized by Pseu-
domonas aeruginosa ATCC 27853, Escherichia coli
ATCC 25922, Staphylococcus aureus ATCC 25923 and
Acinetobacter baumannii (confirmed clinical isolate) were
investigated in this study. Biosynthesis conditions (AgNO;3
concentration, pH, incubation temperature and incubation
time) were optimized to obtain the maximum AgNP yield.
Presence of AgNPs was confirmed by observing a char-
acteristic UV-Visible absorbance peak in 420-435 nm
range. AgNP biosynthesis was optimal at 0.4 g/ AgNO;
concentration under alkaline conditions at 60—70 °C. The
biosynthesized AgNPs showed higher stability compared to
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chemogenized AgNPs in the presence of electrolytes.
AgNPs synthesized by P. aeruginosa were the most
stable while NPs of S. aureus were the least stable. AgNPs
synthesized by P. aeruginosa and S. aureus showed good
antimicrobial potential against E. coli, P. aeruginosa, S.
aureus, MRSA and Candida albicans. AgNPs synthesized
by S. aureus had greater antimicrobial activity. The
antimicrobial activity of NPs may vary depending on the
size and the morphology of NPs.

Keywords Silver nanoparticle - Antimicrobial activity -
UV-Visible spectroscopy - Colony forming units - TEM

Abbreviations

AgNPs  Silver nanoparticles
701 Zone of inhibition
CFU Colony forming units

Introduction

Green synthesis of nanoparticles (NPs) using bacteria has
several advantages due to its inherent ecofriendly and
economical nature. Green biosynthesis offers an alternative
approach which can substantially overcome the environ-
mental challenges posed by physical and chemical methods
and do not involve hazardous chemicals and intolerant
reaction conditions. The method is based on the ability of
environmental microorganisms to remediate metals
through enzymatic reduction of metal ions [1]. During this
process, metal ions can be converted into nanoparticles of
varying sizes and morphologies [2].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12088-018-0723-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12088-018-0723-3&amp;domain=pdf
https://doi.org/10.1007/s12088-018-0723-3

Indian J Microbiol

Among metal nanoparticles such as gold [3], zinc oxide
[4] and titanium dioxide [5], silver nanoparticles have a
wide spectrum of applications in the field of medicine due
to its inherent antimicrobial properties. Further they are
used in biotechnological applications, in production of
biohydrogen [6], as biocatalysts and biosensors [7]. Several
groups have reported AgNP biosynthesis using different
bacterial including Pseudomonas aeruginosa, Acinetobac-
ter calcoceticus, Escherichia coli, Bacillus subtilis, Lac-
tobacills species etc. (Table 2).

These bacterial biosynthesized AgNPs vary in the
morphology, size and antimicrobial activity depending on
the conditions of biosynthesis [8]. An important consider-
ation in microbial nanosynthesis is the selection of an
appropriate microorganism which can produce the targeted
NPs with a particular particle shape and size range.
Majority of the reported bacterial synthesized AgNPs were
spherical, while other morphological forms such as trian-
gular, hexagonal, cuboidal, rod shpaed, Quasi-spherical
and nanoplates have been observed by some groups [8].

A major challenge in green nanoparticle synthesis
involves the control of the morphology, size and ability for
mono-dispersity in solution [9]. The intrinsic microbial
properties including the cellular machinery and growth
requirements of bacteria are crucial in the biosynthesis
process [2, 8, 10]. Thus, optimization of conditions for
nanoparticle biosynthesis is important to obtain maximum
yields [7]. Biosynthesized AgNPs are coated with extra-
cellular proteins [11] and various biomolecules [12] pre-
sent in the solution which contributes to higher stability.
Despite the many advantages, purification of green NPs
continues to be an important deterrent in scaling up green
nanoparticle production for industrial applications.
Although several approaches such as use of genetically
engineered microorganisms have been applied for
improved nanoparticle biosynthesis [13], thus far the
inability to obtain large quantities of purified NPs using
biological methods is a major challenge which merits
intense investigation.

The present study compared the silver nanoparticle
biosynthesis and morphological and antimicrobial charac-
teristics of AgNPs synthesized from four selected
microorganisms namely, P. aeruginosa, S. aureus, A.
baumannii and E. coli.

Materials and Methods
Production of Biomass
Pseudomonas aeruginosa ATCC 27853, S. aureus ATCC

25923, E. coli ATCC 25922 and A. baumannii (confirmed
clinical strain) were obtained from the culture collection of

@ Springer

the Department of Microbiology, University of Sri
Jayewardenepura. The cultures were incubated at 37 °C for
72 h in nutrient broth (Himedia, India) on a shaker at
150 rpm. The culture supernatant was obtained following
centrifugation at 6000 rpm for 15 min. The supernatant
was subsequently used for silver NP biosynthesis.

Biosynthesis of Silver Nanoparticles

Biosynthesis of silver nanoparticles was carried out as
described by Peiris et al. [14]. Briefly, the culture super-
natants of selected bacteria were mixed with different
concentrations of AgNO; (Park, UK) and incubated in the
dark for different time periods at varying temperatures to
allow nanoparticle formation. The absorption spectrum of
the solution was measured using a UV-Visible spec-
trophotometer (PerkinElmer Lambda 35, USA).

Optimization of Culture Parameters for AgNP
Synthesis

Reaction parameters (AgNO; concentration, pH, incuba-
tion temperature and incubation time) were optimized to
obtain the maximum yield of nanoparticles. AgNOj3; con-
centrations ranging from 0.05, 0.1, 0.2, 0.3 and 0.4 g/L
were added to the culture supernatants at different pH
(6-11) conditions and temperatures (0, 28, 37, 42, 60 and
70 °C) for AgNP biosynthesis. Presence of AgNPs in the
solution was confirmed by the characteristic UV—-Visible
absorption peak at approximately 420 nm. The pH of the
reaction solution was adjusted using 1 M HCI and 1 M
NaOH solutions. To study the best reaction time for max-
imum synthesis of AgNPs, the optimal conditions of pH,
AgNO; concentration and temperature were applied to the
culture supernatants at different incubation periods (24, 48,
72, 96 and 120 h).

Characterization of Nanoparticles
UV-Visible Spectrophotometry

Biosynthesized AgNP solutions were diluted 1:10 in sterile
distilled water and used for characterization using UV—
Visible spectrophotometer. The UV-Visible spectrum was
obtained in the range of 300—800 nm using a PerkinElmer
Lambda 35 UV-Visible spectrophotometer.

Transmission Electron Microscopy (TEM)
TEM imaging (JEOL JEM 2100, Japan) was performed

using Drop casting method on a holey carbon coated Cu
grid (Accelerating voltage 200 kV).
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Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectra of AgNPs were recorded
to provide an evidence for the interaction of functional
groups involved in the reduction of AgNOj;. The NP
solutions were dried at room temperature and the powder
form was analyzed at a spectral range 4000—400 cm™" at a
resolution of 4 cm™! (Thermo Scientific Nicolet iS10 FT-
IR spectrometer). The FT-IR analysis of cell-free extracts
was also performed which served as a reference.

Stability of AgNPs

The synthesized AgNP solutions were stored at 30 °C
under normal light conditions. The stability of green silver
NPs under electrolytic conditions in the presence of sodium
chloride (NaCl) were studied by adding aliquots of 5 M
NaCl into 2 mL of AgNP solution. UV—Visible spectra
were obtained in the range of 350-800 nm. Variability of
the UV-visible absorbance with NaCl concentration was
compared. The procedure was repeated for chemogenized
AgNP solution synthesized according to Rashid et al. [15]
for comparison.

Antimicrobial Activity of Nanoparticles
Agar Diffusion Assay

The antimicrobial activity of synthesized AgNPs against P.
aeruginosa ATCC 27853, S. aureus ATCC 25923, E. coli
ATCC 25922, Methicillin resistant S. aureus (MRSA)
(clinical strain) and Candida albicans ATCC 10231 were
determined using the well diffusion assay. Organisms were
cultured overnight at 37 °C and suspensions of 0.5
McFarland standard were prepared for each organism.
Standard inocula (100 pL) of each bacterium or Candida
was lawned on Mueller—Hinton Agar (MHA, Himedia,
India)/Sabourauds Dextrose Agar (SDA, Himedia, India).
Wells were cut in the agar medium using a sterile 9 mm
cork borer. The bottom of the wells were sealed with
molten agar. Wells were loaded with green AgNP solution,
negative controls (consisting of culture supernatants of
each organism and sterile nutrient broth) and positive
control (0.5% AgNOj; solution) and incubated at 37 °C for
24 h. All experiments were done in triplicates. Zones of
inhibition (ZOI) were measured and the average of ZOI
was calculated.

Plate Coating Method
Sterile 6 cm petri dishes were coated with (A) Biosynthe-

sized silver NPs and (B) bacterial culture supernatant as the
negative control. The prepared nanoparticle solutions

(2 mL) were added into individual petri dishes and allowed
to completely dry for 24 h inside a class II biological safety
cabinet. Subsequently 2 mL of bacterial suspension (0.5
McFarland standard) was added to each petri dish and
incubated for different time intervals (5, 10, 15, 30, 45,
60 min) at room temperature. Viable cell counts at differ-
ent contact time points were obtained by spread plate
method. The number of colony forming units (CFU) per
millilitre was calculated at each incubation time. All
experiments were carried out in triplicates.

Statistical Analysis

The viable counts obtained at different contact times were
used to calculate the percentage reduction using the fol-
lowing equation.

Average percentage reduction
CFU /ml in silver NP.
_ /ml in silver S 100

CFU /ml in control

For graph preparation, OriginPro 9.0 software was used.

Results and Discussion

Optimization of Culture Conditions for AgNP
Synthesis

In this study, all the selected organisms synthesized AgNPs
successfully under different optimized conditions. AgNP
biosynthesis can be affected by multiple factors such as the
culture conditions including pH, temperature, culture
medium and the microbial species [16]. Microbial reduc-
tion of Ag ions into NPs can be carried out intracellularly
or extracellularly [2, 8]. Culture supernatants contain
microbial products and media components that facilitate
this reaction extracellularly [8]. Proteins such as nitrate

~_

a) (b) (c) (d) (e)

)

4

=

Fig. 1 The cell free filtrates, a without AgNOj3 and after addition of
AgNOj; for biosynthesis of AgNPs, b P. aeruginosa, ¢ E. coli, d A.
baumannii and e S. aureus with AgNO; after 72 h of incubation
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Table 1 Optimized culture conditions for AgNP biosynthesis

Organism Optimized culture conditions
AgNO; Culture Incubation  Incubation
concentration pH temperature time (h)
(g/L) (°C)
P. aeruginosa 0.4 9.0 70 96
(P-AgNPs)
E. coli (E- 0.4 9.0 60 72
AgNPs)
A. baumannii 0.4 9.0 60 72
(A-AgNPs)
S. aureus (S- 0.4 9.0 60 72
AgNPs)

reductase stabilize NPs and reduce aggregation of particles
which help to maintain the nano size [1].

Addition of AgNO; to the four culture supernatants
resulted in a colour change from pale yellow to dark brown

indicating AgNP synthesis within one hour (Fig. 1). The
intensity of the colour of the solution increased further
during incubation. The UV-Visible spectra obtained
around 420-435 nm range confirmed AgNP formation in
this study. The optimum AgNO; concentrations for all four
supernatants were 0.4 g/L. (Table 1). Other studies have
reported varying time parameters for the occurrence of
colour change resulting in AgNP biosynthesis, [17, 18].
The observed color development is also known to be
associated with the shape and size of AgNPs [19, 20].
Alkaline pH favoured optimum AgNP biosynthesis.
Optimum pH for the biosynthesis of all four AgNP samples
was pH 9. The optimum incubation temperatures were
70 °C for P-AgNPs, 60 °C for E-AgNPs, A-AgNPs and
S-AgNPs while maximum UV absorbance was observed at
72 h for three of the AgNPs except for P-AgNPs where the
optimum incubation time was 96 h (Table 1). Van Dong
et al. [19] described the effect of pH on the size and shape
of the synthesized AgNPs where at high alkaline pH,
spherical and rod shaped AgNPs were produced due to the
fast reaction rate while triangular or polygonal shaped

Fig. 2 TEM images of AgNPs synthesized from different bacteria. a P-AgNPs, b E-AgNPs, ¢ A-AgNPs and d S-AgNPs (scale bar given)
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Fig. 3 Particle size distribution 60 60
of AgNPs synthesized from (a) (b)
different bacteria. a P-AgNPs,
b E-AgNPs, ¢ A-AgNPs and
d S-AgNPs 2 401 > 401
<] g
Q Q
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AgNPs resulted at low pH due to a slow reaction rate.
AgNPs have several reported morphologies including tri-
angular [21], polyhedral [21, 22], nanoprisms [19], spher-
ical [19, 21] and rod shape [21]. These results indicate the
impact of the culture conditions on the microbial metabolic
activities which can be harnessed for efficient AgNP
production.

The AgNOj concentration can also affect the size and
morphology of the AgNPs. At higher AgNOj; concentra-
tions there is an increase in the rate of reduction of silver
ions to AgNPs [14]. High silver salt concentrations can
result in aggregated NPs with larger size [23]. In a study by
Singh et al. [10] 0.7 mM AgNOj; concentration was found
to be optimum for AgNP synthesis by Acinetobacter cal-
coaceticus. The present study reports AgNP biosynthesis
by a clinical isolate of A. baumannii. To our knowledge,
Silver nanoparticle biosynthesis by A. baumannii has not
been reported previously. The microbial AgNP synthesis
was favoured by alkaline pH while under acidic conditions,
particles tend to aggregate and become unstable [24].

Morphology and Size Determination of AgNPs
by Transmission Electron Microscopy

The morphology of AgNPs biosynthesized at the optimized
parameters were determined using TEM. In this study, all
AgNPs were found to be of spherical morphology (Fig. 2).
The average sizes of the NPs were 11.14 £ 6.59 nm (S-
AgNPs), 11.71 & 2.73 nm (P-AgNPs), 12.87 4+ 2.95 nm

Particle Size (nm)

(E-AgNPs) and 12.22 4 2.45 nm (A-AgNPs). S-AgNPs
had the largest size distribution having a size range
between 3.4-33.0 nm. An important finding was that all
other bacterial synthesized NPs resulted in less than 20 nm
size AgNPs (Fig. 3).

When considering the TEM results the smaller AgNPs
were produced by S. aureus and P. aeruginosa which gave
a UV-visible absorbance peak at 430 and 427 nm respec-
tively. The highest frequency of AgNPs by S. aureus, P.
aeruginosa and A. baumannii were of the size range
8—12 nm while for E. coli it was 13—-16 nm. According to
other studies [1, 25] the optimized conditions in this study
resulted in very small AgNPs than previously reported for
P. aeruginosa, S. aureus (< 8 nm) indicating stronger
antimicrobial potential due to high surface area to volume
ratio. Table 2 shows a comparison of AgNPs from various
bacterial sources found in recent literature.

FT-IR Analysis

FT-IR analysis of P-AgNPs revealed four prominent bands
at 1643, 1586, 1397 and 1042 cm™". A-AgNPs had FT-IR
bands at 1643.75, 2161.48 and 2924.28 cm~! while,
E-AgNPs had one prominent band at 2916.88 cm™'. FT-IR
of S-AgNPs, demonstrated bands at 2164.86, 2049.17 and
1979.69 cm™" (Fig. 4).

The biosynthesized silver nanoparticles have increased
stability due to the coating of the NPs by microbial and
media components [26]. In the FTIR spectra (Fig. 4), 2924,
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Table 2 Biological synthesis of AgNPs by various microorganisms

Microorganism Particle size (nm) Particle structure and Maximum absorption References
distribution wavelength (nm)

Bacillus cereus 2-16 Spherical 420 [9]

P. aeruginosa strain BS-161R 8-24 Spherical, anisotropic 430 [26]

P. aeruginosa 20-50 Spherical, 455 [1]
monodispersed

P. aeruginosa strain KUPSB12  50-85 Spherical 442 [27]

Aspergillus flavus strain NJPO§ ~ 10-35 Spherical, 421 [11]
monodispersed

Acinetobacter calcoaceticus 8-12 Crystalline, 410440 [10]

strain LRVP54 polydispersed

E. coli 20-50 Spherical 400 [28]

Penicillium strain > 100 Colloidal, polydispersed 440 [24]

P. aeruginosa ATCC 27853 33-300 Spherical 420-430 [14]

Bacillus sp 65-70 Spherical and 420 [29]
pseudospherical

A. flavus strain NCIM650 37.3-52.92 nd 420 [30]

Emericella nidulans strain 10-450 Hexagonal, 450 [31]

APF4 monodispersed
P. aeruginosa 20-100 Crystalline 420-430 [18]
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Fig. 4 FT-IR spectra of AgNPs. a E-AgNPs, b A-AgNPs, ¢ S-AgNPs and d P-AgNPs
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Fig. 5 Stability of a E-AgNPs, b A-AgNPs, ¢ S-AgNPs, d P-AgNPs and e Chemogenized AgNPs in the presence of NaCl

Table 3 Average zones of

inhibition of AgNPs from four

different bacteria against
selected pathogens

Test organism

Average ZOI (mm) obtained from various bacterial AgNPs

E. coli A. baumannii S. aureus P. aeruginosa 0.5% AgNO; solution
E. coli 10.0 133 14.7 13.0 16.0
P. aeruginosa 10.0 14.7 13.0 12.0 17.7
S. aureus - - 12.7 12.3 12.0
MRSA - - 12.7 12.7 12.0
C. albicans - 10.0 12.7 14.0 10.0
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Fig. 6 Contact time required for 100% inhibition of selected pathogens by AgNPs. a E-AgNPs, b A-AgNPs, ¢ S-AgNPs and d P-AgNPs in CFU/

mL

2916, 1538 and 1455 cm~! modes are due to NH stretch
vibrations present in the amide linkages of primary and
secondary amines of proteins [32-34]. The peak
1397 cm ™' shows the presence of nitrocompounds from
proteins or enzymes [35]. The peak at 2849 cm™' can be
assigned to the C-H symmetrical stretch vibration of
alkanes [32]. According to Jeevan et al. [18] a band around
1643 cm™" in P-AgNP and A-AgNP samples, may indicate
—C=0 carbonyl groups and —C=C- stretching. Percentage
transmittance of 1042 cm™' refers to —C—N— stretching
vibrations. This shows the presence of proteins in the
biologically synthesized AgNP solutions which support
stabilization of AgNPs. Protein components of the medium
can bind to AgNPs through free amino or cysteine groups
and cause capping of biosynthesized AgNPs which can
help to stabilize the nanoparticles in solution and prevent
agglomeration [36].

Stability of Green AgNPs
The stability of the biosynthesized AgNPs and the

chemogenized AgNPs were compared in the presence of
electrolytes (5 M NaCl) (Fig. 5).

@ Springer

The stability of AgNPs is considered to be inversly
propotional to the rate of flocculation. The P-AgNPs and
A-AgNPs remained stable even after adding more than
3000 pL of 5 M NaCl, however S-AgNPs lost their sta-
bility at much lower volume (150 pL) of 5 M NaCl while
E-AgNPs were unstable after addition of 1500 pL of 5 M
NaCl. Of the four NPs, P-AgNPs were the most
stable followed by A-AgNPs and E-AgNPs while S-AgNPs
were found to be least stable. Chemogenized AgNPs were
found to be less stable compared to biosynthesized AgNPs
suggesting that membrane bound proteins prevent aggre-
gation of green AgNPs thereby promoting stability [37].

Antimicrobial Activity

Zones of inhibition (ZOI) were observed for AgNPs syn-
thesized by all organisms tested. E-AgNPs exhibited inhi-
bition zones against E. coli and P. aeruginosa, while S.
auerus, MRSA and C. albicans did not show any ZOI.
A-AgNPs had ZOI against E. coli, P. aeruginosa and C.
albicans (Table 3).

In this study, well diffusion results and plate coating
results suggest that E-AgNPs had the lowest antimicrobial
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activity while P-AgNPs and S-AgNPs had highest antimi-
crobial activity. In the well diffusion study, only P-AgNPs
and S-AgNPs resulted in inhibition of Gram positive test
organisms S. aureus and MRSA.

The plate coating method was performed to determine
the percentage inhibition of CFU/mL at different contact
times in the presence of the tested AgNPs. The results of
the plate coating assay indicates that AgNPs synthesized by
all four microorganisms could completely (100%) inhibit
P. aeruginosa, E. coli and C. albicans when in contact for
less than 60 min. P-AgNPs, A-AgNPs and S-AgNPs
completely inhibited S. aureus after 75 min, while
E-AgNPs completely inhibited S. following
105 min of contact. However, complete inhibition of
MRSA was achieved after 300 min of contact with
P-AgNPs, E-AgNPs and A-AgNPs while for S-AgNPs, the
contact time required was 270 min (Fig. 6).

Antimicrobial properties of synthesized AgNPs were
higher against gram negative bacteria compared to Gram
positive bacteria possibly due to the difference in cell
membrane thickness [9, 28, 38]. Spherical silver NPs have
increased antimicrobial activity due to high surface area to
volume ratio [10]. Their larger surface area favours binding
with various ligands. According to Cicek et al. [39] due to
its smaller size, AgNPs can move into microbial cells
through cell membranes and the antimicrobial activity
tends to increase with the reduced size. Silver NPs can get
attached to the cell membranes and release silver ions
slowly [1]. AgNPs is suggested to cause pit formation in
the cell wall of bacteria resulting in increased permeability
and leakage of cellular contents through the plasma
membrane. Further a study by Song et al. [40] reported a
higher concentration of AgNPs were required against Gram
positive bacteria compared to Gram negative bacteria. This
observation which supports our findings can be explained
by the difference in the bacterial cell wall, where Gram
positive bacteria contain a thick cell wall containing pep-
tidoglycan which can resist the passage of the nanoparticles
compared to the thinner cell wall of Gram negative bac-
teria. Evidence shows release of Ag ions from AgNPs
within the cell and on the cell membrane [41], where the
silver ions are suggested to interact with thiol groups on
proteins thereby altering the structure and functions of
enzymes resulting in bacterial death [42]. Further, the
negatively charged Gram positive bacterial cell wall bind
with more Ag ions which results in less number of AgNPs
interacting with the plasma membrane thereby protecting
the plasma membrane from the reactive oxygen species
generated by the AgNPs leading to increased resistance
observed. [43]. Further silver NPs mediate binding with
DNA, protein denaturation, and respiratory functions
leading to cell death [1, 9, 38]. In conclusion, AgNPs
synthesized from selected bacteria yielded less than 20 nm

aureus

NPs which showed effective antimicrobial activity and was
found to be a cost effective and eco-friendly method.
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