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Central composite design was chosen to determine the com-
bined effects of four process variables (AgNO; concentration,
incubation period, pH level and inoculum size) on the extra-
cellular biosynthesis of silver nanoparticles (AgNPs) by Stre-
ptomyces viridochromogenes. Statistical analysis of the results
showed that incubation period, initial pH level and inoculum
size had significant effects (P<0.05) on the biosynthesis of
silver nanoparticles at their individual level. The maximum
biosynthesis of silver nanoparticles was achieved at a con-
centration of 0.5% (v/v) of 1 mM AgNOs3, incubation period
of 96 h, initial pH of 9 and inoculum size of 2% (v/v). After
optimization, the biosynthesis of silver nanoparticles was im-
proved by approximately 5-fold as compared to that of the
unoptimized conditions. The synthetic process of silver nano-
particle generation using the reduction of aqueous Ag+ ion
by the culture supernatants of S. viridochromogenes was quite
fast, and silver nanoparticles were formed immediately by
the addition of AgNO; solution (1 mM) to the cell-free su-
pernatant. Initial characterization of silver nanoparticles was
performed by visual observation of color change from yellow
to intense brown color. UV-visible spectrophotometry for
measuring surface plasmon resonance showed a single absorp-
tion peak at 400 nm, which confirmed the presence of silver
nanoparticles. Fourier Transform Infrared Spectroscopy
analysis provided evidence for proteins as possible redu-
cing and capping agents for stabilizing the nanoparticles.
Transmission Electron Microscopy revealed the extracellular
formation of spherical silver nanoparticles in the size range
of 2.15-7.27 nm. Compared to the cell-free supernatant, the
biosynthesized AgNPs revealed superior antimicrobial ac-
tivity against Gram-negative, Gram-positive bacterial strains
and Candida albicans.
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Introduction

Nanotechnology involves the production, manipulation and
use of materials which are less than a micron in size (Mohan-
puria et al., 2008). In recent years, there has been growing
interest in the manufacture of silver nanoparticles. Silver,
in its metallic as well as ionic forms, exhibits cytotoxicity
against several microorganisms, and hence, is used as an
antimicrobial agent (Valodkar et al., 2010) in surgically im-
planted catheters in order to reduce infections caused during
surgery, and has been proposed to possess anti-fungal, anti-
inflammatory, antiangiogenic and anti-permeability activi-
ties (Kalishwaralal et al., 2009, 2010), as well as being cur-
rently used as an antibacterial agent in food storage and tex-
tiles. Silver nanoparticles are also used in hygienic products
including water purification systems, linings of washing ma-
chines, dishwashers, refrigerators, and toilet seats (Rai et al.,
2009), in addition to numerous industrial applications, in-
cluding heterogeneous catalysis, cosmetics, microelectronics,
conductive inks and adhesives (Akaighe et al., 2011). Biologi-
cally synthesized silver nanoparticles could have many ap-
plications, as in spectrally selected coatings for solar energy
absorption, as intercalation materials for electrical batteries,
as optical receptors, as catalysts in chemical reactions, as
antimicrobials, and in bio-labeling (Souza ef al., 2004). An
important aspect of nanotechnology is the development of
toxicity-free synthesis of metal nanoparticles, which is a great
challenge. The chemical synthesis of nanoparticles has ad-
verse effects due to the use of toxic-reducing agents, which
pose potential risks to human health and the environment.
Hence, there is an ever-growing need to develop inexpensive,
clean, nontoxic, large scale and environmentally safe syn-
thesis procedures. The microbial mediated biosynthesis of
nanomaterials has recently been recognized as a promising
source for mining nanomaterials (Verma et al., 2009). Bio-
synthetic methods can be categorized into intracellular and
extracellular synthesis, according to the location where na-
noparticles are formed in relation to the cell (Ahmad et al.,
2010; Tang et al., 2011). It has been well documented that
silver nanoparticle production is possible using certain bac-
teria, fungi, and yeast strains. However, microbe-specific
variation in nanoparticle properties has been observed (Vig-
neshwaran et al., 2006; Sanghi and Verma, 2009). For exam-
ple, the time required for completion of nanoparticle pro-
duction varies from 24 to 120 h. In addition, the size, sta-
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bility, and dispersion properties of produced nanoparticles
varied with the type of microbial strain employed (pyramidal,
spherical shaped particles), indicating that the biochemical
and genetic nature of microbial strains employed, plays a
significant role in controlling the nanoparticle biogenic pro-
cesses (Hemanth Naveen et al., 2010).

Optimization of medium components and cultural para-
meters is the primary task in a biological process (Djekrif-
Dakhmouche et al., 2006). Fermentation processes have been
optimized by changing one independent variable or factor at
a time, while keeping the others at some fixed values. Single
variable optimization methods are not only tedious, time con-
suming, laborious and expensive but can also lead to a mis-
interpretation of results, especially because the interaction
effects among different factors are overlooked (Wenster-Botz,
2000). Limitations of the single factor optimization can be
eliminated by employing response surface methodology
(RSM) which is used to explain the combined effects of all the
factors in a fermentation process (Elibol, 2004). Response
surface methodology is a statistical technique, based on the
fundamental principles of statistics, randomization, replica-
tion and duplication, which simplifies the optimization by
studying the mutual interactions among the variables over
a range of values in a statistically valid manner. It is an effi-
cient statistical technique for the optimization of multiple
variables in order to predict the best performance conditions
with a minimum number of experiments, and can explain
the individual and interactive effects of test variables on the
response (Panwal et al., 2011).

The aim of the present study was to optimize the green syn-
thesis of silver nanoparticles by Streptomyces viridochro-
mogenes using response surface methodology. The biosyn-
thesized silver nanoparticles were characterized using a UV-
VIS spectrophotometer, transmission electron microscope
(TEM), Fourier Transform Infra-Red (FTIR) spectroscopy
analysis and Energy dispersive X-ray (EDX) spectroscopy
analysis, in addition to antimicrobial properties using Gram-
positive, Gram-negative bacterial strains and yeast.

Materials and Methods

Microorganisms and cultural conditions

Seven Streptomyces isolates were kindly provided by Dr.
Noura El-Ahmady El-Naggar (Department of Bioprocess
Development, Genetic Engineering and Biotechnology Re-
search Institute, City of Scientific Research and Technolo-
gical Applications, Alexandria, Egypt). These isolates were
maintained on slopes containing starch-nitrate agar medium
(Waksman, 1959) of the following composition (g/L): Starch
20; KNO; 2 ; KHPO, 1; MgSO47H,0 0.5; NaCl 0.5; CaCOs
3; FeSO47H,0 0.01; agar 20 and distilled water up to 1 L.
Slopes were incubated for a period of 7 days at 30°C. The
isolates were stored as spore suspensions in 20% (v/v) glycerol
at -20°C for subsequent investigation.

Inoculum preparation

250 ml Erlenmeyer flasks containing 50 ml of medium con-
sisting of g/L: Soluble starch 20; NaNOs 2; K;HPO, 1;

MgSO4+7H,0 0.5 and distilled water up to 1 L were inocu-
lated with three disks of 9 mm diameter taken from a 7-days
old stock culture grown on starch nitrate agar medium. The
flasks were incubated for 48 h in a rotatory incubator shaker
at 30°C and 200 rpm, and were used as an inoculum for
subsequent experiments.

Extracellular synthesis of AgNPs

In order to screen for an efficient strain for the synthesis of
AgNPs, 7 Streptomyces isolates were freshly inoculated in an
Erlenmeyer flask containing 50 ml of the production medium
consisting of g/L: Soluble starch 20; NaNOs 2; K;HPO, 1;
MgSO.-7 H,O 0.5 and distilled water up to 1 L. The inocu-
lated flasks were incubated on a rotatory incubator shaker
at 30°C and 200 rpm for 72 h. After the incubation period,
the cell free supernatant was obtained by centrifugation at
5,000 rpm for 30 min. For the biosynthesis of AgNPs to oc-
cur, 1% (v/v) of 1 mM AgNO; was added to cell free super-
natant and was incubated on an orbital shaker (dark con-
dition) for 24 h at 30°C. The cell free supernatant without
the addition of AgNO3 was maintained as a control. Conse-
quently, the bio reduction reaction was monitored by visual
color change and UV-visible absorbance of the reaction mix-
ture in the 300-600 nm range. Based on the rapid reduc-
tion of AgNO; into AgNPs, a proficient Streptomyces strain
was selected and used for further characterization.

Experimental design

In this study, the effect of four process parameters, namely
AgNOs; concentration (X;), incubation period (X,), pH level
(X5) and inoculum size (X4) on the biosynthesis of silver
nanoparticles was studied and optimized using central com-
posite design (CCD). Each factor in the design was studied
at five different levels (-2, -1, 0, 1, 2). The central values (zero
level) chosen for experimental design were: 1 mM AgNO;
1% (v/v), incubation period 72 h, pH level 8 and inoculum
size 4% (v/v). The experimental design used for the study
consisted of 30 trials (Table 1). Experiments were conducted
in 250 ml Erlenmeyer flask containing 50 ml of medium pre-
pared according to the design. The flasks were kept in an in-
cubator shaker which was maintained at 30°C and 200 rpm.

All the experiments were carried out in duplicate and the
average of absorbance at 400 nm which indicated the bio-
synthesis of silver nanoparticles was taken as the dependent
variable or response (Y).

The experimental results of CCD were fitted via the re-
sponse surface regression procedure, using the following
second order polynomial equation:

Y= [30+ Zﬂ,X, +Z’ﬂiiXiZ + Zﬁ,]XZX] Equation (1)
i ii ij

where Y is the predicted response, Py is the regression co-
efficients, f is the linear coefficient, B is the quadratic co-
efficients, By is the interaction coefficients) and Xi is the
coded level of independent variables. In this study, the in-
dependent variables were coded as X, X5, X3, and X4. Thus,

the second order polynomial equation can be presented as
follows:
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Table 1. Full factorial central composite design matrix of four process variables, with actual factor levels corresponding to coded factor levels, and mean

responses for the biosynthesis of silver nanoparticles by S. viridochromogenes

Absorbance at 400 nm

Run AgNO;, 1 mM (%, v/v) Incubation period (h) Initial pH level Inoculum size (%, v/v) = =
Experimental Predicted
1 0 (1) 2 (120) 0 (8) 0 (4) 1.438 1.269
2 -2 (0.2) 0 (72) 0 (8) 0 (4) 0.374 0.495
3 0 (1) 2 (24) 0 (8) 0 (4) 0.105 0.281
4 2 (2) 0 (72) 0 (8) 0 (4) 0.497 0.383
5 0 (1) 0 (72) 2 (10) 0 (4) 1.488 1.531
6 0 (1) 0 (72) 0 (8) 0 (4) 0.395 0.395
7 0 (1) 0 (72) 2 (6) 0 (4) 0.248 0.212
8 0 (1) 0 (72) 0 (8) 0 (4) 0.395 0.395
9 0 (1) 0 (72) 0 (8) 2 (1) 0.504 0.501
10 0 (1) 0 (72) 0 (8) 2 (8) 0.279 0.289
11 1 (1.5) 1 (96) 1 @) 1) 0.285 0.384
12 1 (1.5) -1 (48) 1 (9 -1 (2) 0.822 0.770
13 1 (1.5) 1 (96) 1 @) 1 (6) 0.492 0.516
14 1 (1.5) 1 (96) 1 (9 -1 (2) 0.948 1.079
15 0 (1) 0 (72) 0 (8) 0 (4) 0.395 0.395
16 -1 (0.5) -1 (48) -1 (7) -1 (2) 0.037 0.004
17 1 (1.5) 1 (48) 1 @) 1 (6) 0.129 0.218
18 0 (1) 0 (72) 0 (8) 0 (4) 0.395 0.395
19 -1 (0.5) 1 (96) 1 (9) 1 (6) 1.028 1.085
20 -1 (0.5) -1 (48) 1 (9 1 (6) 0.603 0.501
21 1 (1.5) 1 (48) 1 (9) 1 (6) 0.83 0.792
22 -1 (0.5) -1 (48) -1 (7) 1 (6) 0.011 -0.124
23 -1 (0.5) 1 (96) 1 @) 1 (6) 0.507 0.555
24 -1 (0.5) 1 (96) -1 (7) -1 (2) 0.753 0.788
25 1 (1.5) 1 (96) 1 (9) 1 (6) 0.966 0.996
26 -1 (0.5) 1 (96) 1 (9 -1 (2) 1.626 1.534
27 0 (1) 0 (72) 0 (8) 0 (4) 0.395 0.395
28 0 (1) 0 (72) 0 (8) 0 (4) 0.395 0.395
29 1 (1.5) -1 (48) 1 @) -1 () 0.041 -0.020
30 -1 (0.5) -1 (48) 1 (9 -1 (2) 0.871 0.844

Y= ﬂo + ﬂlx1 + /32962 + ﬂ33€3 + /34364 + ﬂllexz + /313361363
2 2 2
+ ﬁ14x1x4 + ﬂ23x2x3 + ﬁ24x2x4 + ﬁuxl + ﬂzzxz + ﬂ33X3
+ ﬂ44xj Equation (2)

The graphical representation of the model equation results
in response surface plots that represent the individual and
interactive effects of test variables on the response.

Statistical analysis

The experimental data obtained was subjected to multiple
linear regressions, using Microsoft Excel 2007 to evaluate the
analysis of variance (ANOVA) and to estimate the main ef-
fect, t-value, P-value and confidence level. The student t-test
was used to determine the significance of the parameters
regression coefficients. The P-values were used as a tool to
check the significance of the interaction effects, which in
turn, may indicate the patterns of the interactions among
the variables (Montgomery, 1991). The quality of fit of re-
gression model was expressed via the correlation coefficient
(R), the coefficient of determination (R”) and the adjusted
R’, and its statistical significance was determined by an
F-test. The optimal value of activity was estimated using the

solver function of Microsoft Excel. The statistical software
package, STATISTICA software (Version 8.0, StatSoft Inc.,
USA) was used to plot the three-dimensional surface plots,
in order to illustrate the relationship between the responses
and the experimental levels of each of the variables utilized
in this study.

Characterization of silver nanoparticles

UV-visible spectral analysis: The biosynthesized silver nano-
particles using the cell free supernatant were monitored by
changes in color. AgNPs was characterized by UV-vis spec-
trophotometer (Jenway UV/Visible-2605 spectrophotometer,
England) scanning in the range of 300-600 nm, at regular
intervals. Cell free supernatant without the addition of silver
nitrate was used as a control throughout the experiment.
Electron microscopic analysis: The supernatant from the
maximum time-point of production of silver nanoparticles
was subjected to a transmission electron microscope (JEOL,
JEM-100CX), at the Electron Microscope Unit, Faculty of
Science, Alexandria University.

Fourier Transform Infra-Red (FTIR) spectroscopy analysis:
The interaction between protein and AgNPs was analyzed
by Fourier transform infrared spectroscopy. The synthesized
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AgNPs sample was freeze dried and diluted with potassium
bromide (in the ratio of 1:100) to make a pellet. The FTIR
spectrum of samples was recorded on a FTIR instrument
(Shimadzu FTIR-8400 S). The measurement was carried out
in the range of 500-4000 cm " at a resolution of 1 cm™.
Energy dispersive X-ray (EDX) spectroscopy analysis: EDX
was carried out with the scanning electron microscope Jeol
JSM-6360 LA (at the Central Laboratory, City of Scientific
Research and Technological Applications, Egypt) equipped
with an EDAX detector operated at an accelerating voltage
of 20 keV to perform elemental analysis.

Antimicrobial activity of AgNPs by agar diffusion method

Antimicrobial activity was tested for biosynthesized AgNPs
and cell free supernatant against bacterial pathogens of Gram-
positive (Staphylococcus aureus), Gram-negative bacteria
(Pseudomonas aeruginosa) and yeast (Candida albicans) using
the well-diffusion method on Luria Bertani (LB) agar plates.
A 100 yl bacterial suspension of each bacterial test organism
was used to prepare bacterial lawns. Agar wells of 9 mm di-
ameter were prepared with the help of a sterilized stainless
steel cork borer. The wells were loaded with 100 ul of Ag
nanoparticles solution and 100 pl of culture broth from S.
viridochromogenes cell free supernatant without AgNO; as
a control. The plates were incubated at 30°C for 24 h and
were then examined for the presence of zones of inhibition.
The diameter of such zones of inhibition was measured and
the mean value for each organism was recorded and expressed
in millimeters.

Results and Discussion

Evaluation of biosynthesis of silver nanoparticles by Strep-
tomyces isolates

Seven Streptomyces isolates were evaluated for their ex-
tracellular silver nanoparticles biosynthesis. Out of 7 iso-
lates, three isolates had the potential to reduce the silver ions
to silver nanoparticles. Among the isolates, a strain that ex-
hibited the rapid production of AgNPs, was identified as
Streptomyces viridochromogenes (El-Naggar et al., 2011). The
biosynthesis of silver nanoparticles was indicated by the
immediate change of the yellow colored reaction mixture
to dark brown after the addition of 1 % (v/v) 1 mM aqueous
AgNO:; to the cell free supernatant of S. viridochromogenes.
The reaction mixture was kept in the dark to avoid photo-

(A) (B) Fig. 1. Visible observation of AgNPs
| biosynthesis by S. viridochromogenes:
(A) cell-free supernatant, (B) After ex-

posure to (1 mM) AgNOjs solution.

Iytic reaction. In contrast, there was no color change ob-
served in aqueous AgNOj; incubated without cell free su-
pernatant under the same conditions (Fig. 1). The color for-
mation is dependent on the excitation of surface Plasmon
vibrations of silver nanoparticles (Ganesh Babu and Guna-
sekaran, 2009).

AgNPs are best formed in darkness (Minaeian et al., 2008;
Natarajan ef al., 2010), but it is still not known how darkness
influences the formation of AgNPs. It has been suggested that
DNA (Feng et al., 2000), sulfur-containing proteins (Morones
et al., 2005) and NADH-dependent nitrate reductase (Ahmad
et al., 2003; Kalimuthu ef al., 2008) are involved in the syn-
thesis of AgNPs by the bioreduction of silver ions to metallic
silver. An NADH-dependent reductase is the main factor
responsible for biosynthesis processes. This reductase gains
electrons from NADH and oxidizes it to NAD+. The enzyme
is then oxidized by the simultaneous reduction of metal
ions (Senapati et al., 2005). This enzyme is induced by nitrate
ions and reduces silver ions to metallic silver (Vaidyanathan
et al., 2010).

UV-Visible spectral analysis

The presence of nanoparticles was confirmed using scanning
UV-visible spectrophotometry in the range of 300-600 nm.
The specific surface plasmon resonance (SPR) spectra of
silver nanoparticles produced by the S. viridochromogenes
revealed an absorption peak at 400 nm (Fig. 2) indicating
the presence of AgNPs. Brause et al. (2002) reported that
the optical absorption spectra of metal nanoparticles are
mainly dominated by surface plasmon resonance, and the
absorption peak is related to particle size. The surface plas-
mon resonance peak of silver nanoparticles in aqueous sol-
ution shifts to longer wavelengths with increasing particle
size. The position and shape of plasmon absorption of silver
nanoclusters are strongly dependant on particle size, stabi-
lizing molecules or surface adsorbed particles, as well as the
dielectric constant of the medium (Krishnaraj et al., 2010).
According to Mie’s theory (Mie, 1908), only a single SPR
band is expected in the absorption spectra of spherical nano-
particles, whereas anisotropic particles could give rise to two

Sean Spectum Curve
2000
1475
400 nm
0%
Abs
045
0100
30000 40000 50000 50000
Wavelengthinm)

Fig. 2. UV-Vis absorption spectrum of silver nanoparticles synthesized
by cell free supernatant of S. viridochromogenes. The absorption spec-
trum of silver nanoparticles exhibited a strong broad peak at 400 nm,
and observation of such a band is assigned to surface Plasmon resonance
of the particles.
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Table 2. Analysis of variance (ANOVA) for optimization of silver nanoparticles biosynthesis using central composite design

df SS MS F-test Significance F (P-value)
Regression 14.000 5.094 0.364 30.210 0.000
Residual 15.000 0.181 0.012
Total 29.000 5.275

df, Degree of freedom; SS, Sum of squares; MS, Mean sum of squares; F, Fishers’s function; Significance F, Corresponding level of significance.

or more SPR bands depending on the shape of the particles.
The number of SPR peaks increases as the symmetry of the
nanoparticle decreases (Sosa et al., 2003). In the present in-
vestigation, the reaction mixture showed a single SPR band
at 400 nm revealing spherical shape of AgNPs, which was
further confirmed by TEM images.

Optimization of silver nanoparticles biosynthesis using re-
sponse surface methodology

In this study, a total of 30 experiments with different com-
bination of AgNOj; concentration (X,), incubation period
(X3), initial pH (X3), and inoculum size (X4) were per-
formed, and the results of experiments are represented in
Table 1. Treatment runs 1, 5, and 26 showed a high silver
nanoparticles biosynthesis (>1.4). The maximum silver nano-
particles biosynthesis (1.626) was achieved in the run number
26 under the conditions of 1 m MAgNO; (0.5%, v/v), in-
cubation period (96 h), initial pH (9), and inoculum size
(2%, v/v).

By applying multiple regression analysis to experimental
data of central composite design (CCD), a second-order
polynomial model explains the role of each variable and
their second-order interactions on silver nanoparticles bio-
synthesis.

The determination coefficient (R?) values provide a measure
of how much variability in the observed response values
can be explained by the experimental factors and their
interactions. The R value is always between 0 and 1. The
closer the R® value is to 1, the stronger the model is, and
the better it predicts the response (Kaushik et al., 2006).
The determination coefficient (R%) of the model was 0.9657

indicating that 96.57% of variability in the response could
be explained by the model. A regression model having an

R’-value higher than 0.9 is considered to have a very high
correlation (Chen et al., 2009). Therefore, the present R"-value
indicates a very good fit between the observed and pre-
dicted responses, and implies that the model is reliable for
silver nanoparticles biosynthesis in the present study. In
addltlon the value of the adjusted determination coefficient
(Adj. R?=0.9338) is also very high, which indicates a high
significance of the model (Akhnazarova and Kafarov, 1982).
A higher value of the correlation coefficient (R=0.9827)
signifies an excellent correlation between the independent
variables, this indicates a good correlation between the ex-
perimental and predicted values (Box et al., 1978). Thus, the
analysis of the response trend using the model was consid-
ered to be reasonable.

The results of the second order response surface model
fitting in the form of analysis of variance (ANOVA) are
given in Table 2. ANOVA is required to test the significance
and adequacy of the model. The Fisher variance ratio, the
F-value, which is a statistically valid measure of how well
the factors describe the variation in the data about its mean.
The analysis of variance (ANOVA) of the regression model
demonstrates that the model is highly appropriate, as is evi-
dent from the Fisher’s F-test (30.210) and a very low prob-
ability value (0.000).

All values of model coefficients were calculated by multiple
regression analysis. The significance of each coefficient was
determined by the Student’s ¢-test and P-values, as listed in
Table 3. The P-values were used as a tool to check the sig-
nificance of each of the coefficients, which, in turn, are ne-
cessary to understand the pattern of the mutual interactions

Table 3. Estimated regression coefficients for the optimization of silver nanoparticles biosynthesis using central composite design

Variables Coefficients Main effect t-Stat P-value Confidence level (%)
Intercept 0.395 0.790 8.816 0.000 100.000
AgNOjs concentration (Xi) -0.028 -0.056 -1.259 0.227 77.279
Incubation period (X) 0.247 0.494 11.024 0.000 100.000
Initial pH level (X3) 0.330 0.660 14.729 0.000 100.000
Inoculum size (X4) -0.053 -0.106 -2.357 0.032 96.754
XXz -0.095 -0.190 -3.469 0.003 99.657
Xi X3 -0.013 -0.025 -0.458 0.654 34.639
XXy 0.091 0.182 3.323 0.005 99.537
XoX5 -0.024 -0.047 -0.859 0.404 59.602
XoXy -0.026 -0.053 -0.959 0.353 64.724
X3Xy -0.054 -0.108 -1.966 0.068 93.189
XiXy 0.011 0.022 0.524 0.608 39.235
XoXo 0.095 0.190 4.533 0.000 99.960
X5X3 0.119 0.238 5.684 0.000 99.996
XXy 0.000 0.000 0.000 1.000 0.039

t-student’s test; P, corresponding level of significance
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between the test variables. Interpretation of the data was
based on the signs (positive or negative effect on the re-
sponse) and statistical significance of coefficients (P<0.05).
Interactions between two factors could appear as an antag-
onistic effect (negative coefficient) or as a synergistic effect
(positive coefficient). It can be seen from the degree of sig-
nificance that the linear effects of X, (incubation period),
X; (initial pH), and X4 (inoculum size) and quadratic effects
of X; (incubation period) and X; (initial pH) are significant,
meaning that they can act as limiting factors, and little varia-
tion in their value will alter the production rate. Furthermore,
the probability values of the coefficient suggest that among
the four variables studied, X; (AgNO; concentration) and X,
(incubation period) show maximum interaction between
the two variables (0.003), indicating that 99.657% of the
model is affected by these variables; followed by interaction
between X, (AgNOs concentration) and X4 (inoculum size)
(0.005), and then by the interaction between X3 and X4. On
the other hand, among the different interactions, interac-
tions between X; (AgNOj; concentration), X; (initial pH),
interaction between X, (incubation period) and X; (initial
pH), interaction between X, (incubation period) and X4
(inoculum size), as well as linear and quadratic effects of X,
and quadratic effects of X4 did not show significant effects
on silver nanoparticles biosynthesis.

In order to evaluate the relationship between dependent and
independent variables, and to determine the maximum silver
nanoparticles biosynthesis corresponding to the optimum
levels of AgNOs concentration (X;), incubation period (X),
initial pH (X3), and inoculum size (X4), a second-order pol-
ynomial model (Equation3) was proposed to calculate the
optimum levels of these variables. By applying multiple re-
gression analysis to experimental data, the second-order
polynomial equation that defines the predicted response
(Y) in terms of the independent variables (X;, X5, X3, and
X,) was obtained:

Y (Silver nanoparticles biosynthesis) = 0395'0028X1 + 0247X2 + 0330X3
- 0.053X4 - 0.095X; X5 - 0.013X; X3+ 0.091X; X4 - 0.024X, X5
~0.026X, X4 — 0.054X5 X4+ 0.011X,> + 0.095X,” + 0.119X5>

+0.000X,” Equation (3)

the silver nanoparticles biosynthesis by S.
viridochromogenes [the blue colour rep-
resent positive effects and the red colour
represent negative effects; Ranks (%) val-
ues ranging from 0.001 to 27.821].

0 12 14 16 18 20 22 24 26 28 30

Where Y is the predicted response, X, is the coded value
of AgNOs concentration, X, is the coded value of incu-
bation period, X; is the coded value of initial pH and X, is
the coded value of inoculum size.

The Pareto chart (Fig. 3) illustrates the order of signifi-
cance of the variables affecting silver nanoparticles biosyn-
thesis in central composite design. Among the 4 variables,
the linear effects of initial pH showed the highest positive
significance by 27.821%. Next to linear effect of initial pH,
linear effect of incubation period and quadratic effect of in-
itial pH showed positive effects of 20.823% and 10.026%,
respectively. Interaction between AgNOs concentration and
initial pH showed the higher negative effect by 1.059%.

Usually, it is necessary to check the fitted model to ensure
that it provides an adequate approximation to the real system.
Unless the model shows an adequate fit, proceeding with
the investigation and optimization of the fitted response
surface is likely give poor or misleading results. Figure 4A
shows the normal probability plot of the residuals, which is
an important diagnostic tool to detect and explain the syste-
matic departures from the assumptions. The residuals were
plotted against expected normal values of the model. The
normal probability plot of the residuals shows the points
close to a diagonal line; therefore, the errors are normally
distributed and are independent of each other, and the error
variances are homogenous. This indicates that the model
was well fitted with the experimental results. As the residuals
from the fitted model are normally distributed, all the major
assumptions of the model have been validated. Figure 4B
presents a plot of predicted vs. observed values of response,
showing a satisfactory correlation between the experimented
values and predicted values. The points gathered around
the diagonal line indicate the good fit of the model. The re-
sidual plot in Fig. 4C shows equal scatter of the residual data
above and below the x-axis, indicating that the variance was
independent of silver nanoparticles biosynthesis, thus, sup-
porting the adequacy of the model fit.

The interaction effects and optimal levels of the variables
were determined by plotting the response surface curves
(shown in Figs. 5A-5F) when one of the variables is fixed
at the optimum value and the other two are allowed to vary.
Figure 5A represents the interaction between AgNO; con-
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(A)

Normal Probability Plot of Residuals

Fig. 4. (A) The normal probability plot of
the residuals. (B) Correlation between the
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centration and incubation time. It showed that the maxi-
mum silver nanoparticles yield appeared at high levels of
incubation time. Lower levels of AgNO; concentration sup-
port high levels of silver nanoparticle yield, and further in-
crease in the AgNO; concentration led to a gradual decrease
in silver nanoparticles biosynthesis. Figure 5B shows that
higher levels of pH support high silver nanoparticles yield.
On the other hand, the maximum silver nanoparticles bio-
synthesis clearly situated at lower levels of AgNO; concent-
rations. Further increases in the concentration of AgNO; led
to the gradual decrease in the production of silver nanopar-
ticles. Figure 5C represents the interaction between AgNO;
concentration and inoculum size. It showed that low level
of inoculum size and AgNOj3 concentration supported high
silver nanoparticles yield, and further increases in the ino-
culum size or AgNO; concentration led to a decrease in the
silver nanoparticles biosynthesis. Figure 5D represents the
three dimensional plot as function of pH and incubation
time on silver nanoparticles biosynthesis. It was observed

1.2 1.4 1.6

[=_95%confidence|

that there is a gradual increasing in silver nanoparticles bio-
synthesis through increasing both pH and incubation time.
The maximum silver nanoparticles yield appeared at high
levels of both pH and incubation time. Figure 5E depicts the
interaction of incubation time and inoculum size. The plot
reveals that the low level of inoculum size and high level of
incubation time supported a high silver nanoparticles yield.
Figure 5F is a three dimensional plot of the effects of pH and
inoculum size on silver nanoparticles biosynthesis. Accor-
ding to the plot, an initial alkaline pH caused maximum
silver nanoparticles biosynthesis with low level of inoculum.
The biosynthesis was decreased remarkably as pH decreased.
While further increases in the inoculum size resulted in a
gradual decrease in silver nanoparticles yield.

Low inoculum may require longer time for microbial multi-
plication and substrate utilization to produce the desired
product. On the other hand, high inoculum would ensure
rapid proliferation of the microbial biomass. So, a balance
between the proliferating biomass and substrate utilization
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should yield maximum activity, as recorded by Ramachan-
dran et al. (2004). As the concentration of inoculum increases,
it is followed by an increase in cell mass, and after a certain
period, metabolic waste interferes with the production of me-

Control
Fig. 6. Antimicrobial activity of

silver nanoparticles produced by
S. viridochromogenes against bac-
terial species: Gram-positive bac-
teria (S. aureus), Gram-negative
bacteria (P. aeruginosa) and yeast
(C. albicans).
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Fig. 5. Three-dimensional response surface
plots (A-F) showing the interactive effects
of independent variables: AgNOs, 1 mM (%,
v/v), incubation period (h), initial pH level,
inoculum size (%, v/v) on biosynthesis of
silver nanoparticles.
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tabolites, which causes degradation of the product. A lower
inoculum density may reduce product formation, whereas
a higher inoculum may lead to poor product formation, es-
pecially due to the large accumulation of toxic substances,
and the reduction of dissolved oxygen and nutrient depletion
in the culture media (Rahman et al., 2005). The pH of the
cultivation medium is very important for the growth of mi-
croorganisms and characteristic of their metabolism, and
hence, for the biosynthesis of metabolites. The hydrogen ion
concentration may have a direct effect on the cell, or it may
indirectly affect it by varying the dissociation degree of the
medium components.

Verification of the model

Optimal concentrations of the factors obtained from the op-

Table 4. Antimicrobial activity of silver nanoparticles produced by S.
viridochromogenes against: Gram-positive bacteria (S. aureus), Gram-
negative bacteria (P. aeruginosa) and yeast (C. albicans).

Inhibition zone diameter (mm)

Microorganism Cell-free supernatant After addition
(before addition of AgNO;)  of AgNO;
Staphylococcus aureus 13 20
Pseudomonas aeuroginosa 15 30
Candida albicans 15 25
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timization experiment were verified experimentally and are
compared with the predicted data. The measured AgNPs
value was 3.5, where the predicted value from the polynomial
model was 3.63. The verification revealed a high degree of
accuracy of the model (more than 96.41%), indicating the
model validation under the tested conditions. The optimal
levels of the process variables for biosynthesis of silver nano-
particles by S. viridochromogenes were 0.2%, (v/v) of 1 mM
AgNOs, incubation period (120 h), initial pH (10) and ino-
culum size (1%, v/v).

Antimicrobial activity of synthesized AgNPs

In this study, the antimicrobial activity of fabricated AgNPs
was evaluated against Gram-positive (S. aureus), Gram-
negative (P. aeruginosa) bacterial strains and yeast (C. albi-
cans) by the well diffusion method (Fig. 6). A control (cell-
free fermentation broth without AgNOs addition) was also
maintained in each plate. The diameter of inhibition zone
around each well is presented in Table 4. The highest anti-
microbial activity was observed against Pseudomonas aeru-
ginosa, whereas a lower activity was found against S. aureus.
These findings are in agreement with those of previous stu-
dies which examined the antimicrobial activity of AgNPs
against S. aureus (Shahverdi et al., 2007).

The antibacterial potency of silver is directly proportional
to the concentration of silver ions in solution (Lansdown,
2006). There are different theories proposed to evaluate the
mechanism of action of AgNPs. Matsumura et al. (2003)
proposed that silver ions interact with the thiol groups of
some of the major enzymes and inactivate them. Silver ions
exhibit an oligodynamic effect by denaturing the cellular
proteins, inhibition of DNA replication, and alteration cell
membrane permeability (Feng et al., 2000). Their other stu-
dies showed that there were some structural changes in the
cell membrane due to silver ions, which was responsible for
the antibacterial activity of the AgNPs. The antibacterial pro-
perties of AgNPs have been attributed to the ability of the
AgNPs to anchor and penetrate the bacterial cell wall and
to modulate cellular signaling (Braydich-Stolle et al., 2005).
The major mechanism through which silver nanoparticles
manifested antibacterial efficacy is by anchoring to, and pen-
etrating the bacterial cell wall, and possibly cause further

- * 100nm

Fig. 7. Transmission electron microscopy image of produced spherical
silver nanoparticles using culture supernatant of S. viridochromogenes.
Scale bar = 100 nm.
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Fig. 8. FTIR spectrum recorded by making KBr disc with synthesized sil-
ver nanoparticles by S. viridochromogenes.

damage by interacting with sulphur and phosphorus con-
taining compounds, including DNA (Singh et al., 2008).
The synthesized AgNPs with smaller size can drastically af-
fect the cell membrane and further interact with DNA, and
causes inhibition of DNA replication (Morones et al., 2005),
causing depletion of intracellular ATP by rupture of plasma
membrane or by blocking respiration in association with
oxygen and sulthydryl (S H) groups on the cell wall, to form
disulfide (R S S R) bonds, thereby leading to cell death
(Kumar et al., 2004).

Characterization of AgNPs by transmission electron micro-
scopy (TEM)

Transmission electron microscopy analysis was carried out
to determine the morphology and size of the AgNPs. TEM
analysis showed the formation of well dispersed spherical
silver nanoparticles, the size of AgNPs in the range of 2.15-
7.27 nm (Fig. 7). The shape of AgNPs, predominantly sphe-
rical in shape, is common to microbial mediated synthesis
(Shivaji et al., 2011).

Fourier Transform Infrared (FTIR) analysis

FTIR spectroscopy was used to characterize the surface
chemistry of silver nanoparticles. The FTIR measurement

Counts
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Fig. 9. EDX spectrum recorded showing peak between 3 and 4 keV, con-
firming the presence of silver.
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can also be utilized to study the presence of protein mole-
cules in the solution. Figure 8 shows the FTIR spectrum re-
corded by making KBr disc with synthesized silver nano-
particles by S. viridochromogenes. The spectrum shows the
presence of six bands. The presence of bands at 1066.56 cm’™"
in the FTIR spectra is attributed to C-O stretching vibration
(Chao et al., 2012). The FTIR band at 1384 cm ™ corresponded
to C=C stretching of an aromatic amine group or C-N stre-
tching vibrations of aromatic amines (Faramarzi and Foro-
otanfar, 2011), suggested that the capping agent of biosyn-
thesized nanoparticles possesses an aromatic amine group.
In addition, the presence of bands at 1635 and 2136 Cm'"
in the FTIR spectra are attributed to -C=0 stretching vib-
rations in amide linkages (amide II) of protein present in
bacterial supernatant (Kovnir et al., 2009; Hudlikar et al.,
2012). The band seen at 3415 cm " is typical of the stretch-
ing vibration mode of O-H stretching vibrations (Das et al.,
2006). This type of FTIR spectra supports the presence of a
protein type of compound on the surface of biosynthesized
nanoparticles, confirming that metabolically produced pro-
teins acted as capping agents during production, and pre-
vented the reduced silver particle agglomeration. In fact, the
carbonyl groups from amino acid residues, as well as those
from peptides of proteins, are known for their strong silver
binding properties. It has been suggested that the stability
of the AgNPs generated using cell-free culture supernatants
could be due to the presence of a proteinaceous capping agent
that prevents aggregation of the nanoparticles (Saifuddin et
al., 2009).

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an analytical
technique which is used for the elemental analysis or che-
mical characterization of a sample. In the current study, for
the confirmation of AgNPs, EDX spectroscopy analysis was
performed, which confirmed the presence of elemental silver
by the signals (Fig. 9). The optical absorption band peak in
the range of 3 to 4 keV is typical for the absorption of metallic
silver nanocrystallites (Magudapathy et al., 2001). However;
there were other EDX peaks for Na, P and K, suggesting
that they were mixed precipitates from the centrifuged cell
free supernatant.

Conclusion

In this study, we demonstrated the green extracellular syn-
thesis of spherical shaped silver nanoparticles when the cell
free culture supernatant of the Streptomyces viridochromo-
genes was treated with 1 mM silver nitrate. The silver nano-
particles thus formed were characterized by UV-Vis spec-
troscopy, TEM, FTIR and EDX. The synthesized AgNPs
were found to be spherical in shape, and the particle sizes
were in the range of 2.15-7.27 nm. UV-visible absorbance
spectral analysis confirmed the single surface plasmon res-
onance at 400 nm of biosynthesized AgNPs. Furthermore,
the biosynthesized AgNPs displayed a pronounced antimicro-
bial activity against different clinically important pathogenic
microorganisms. The outcomes indicated an increased an-
timicrobial activity for the biosynthesized AgNPs compared

to the cell-free filtrate alone. The FTIR study suggests that
the protein might have played an important role in the sta-
bilization of silver nanoparticles, through the coating of a
protein moiety on the nanosilver particles.
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