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Abstract The present study for the first time explores the use of Central composite
design (CCD) of RSM to optimize the process parameters of biosynthesis of AgNPs
from rhizome extract of Curculigo orchioides based on the absorbance of surface
plasmon resonance (SPR) band at 430 nm that corresponds to the synthesis of
mono-disperse, spherical AgNPs. A polynomial model was established as a func-
tional relationship between the synthesis of AgNPs and four independent variables
such as concentration of AgNOj;, % rhizome extract, pH and temperature. The
optimum conditions for maximum AgNPs synthesis were 2 mM concentration of
AgNO3, 20 % rhizome extract, pH 8, and temperature of 60 °C. A significant
correlation (R? = 0.8947) was observed between the experimental data and the
predicted values indicating the adequacy of the model. Transmission electron
microscopy (TEM) revealed spherical particles with size range of 5-28 nm.
Selected area electron diffraction pattern and X-ray diffraction analysis confirmed
the face-centered cubic structure of metallic silver. The plausible mechanism for the
reduction of AgNO; to AgNPs was proposed following the identification of func-
tional groups by FTIR. The antioxidative activity of AgNPs was demonstrated with
scavenging of hydrogen peroxide (H,O,), 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
and superoxide radicals.
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Introduction

Bio-inspired synthesis of silver nanoparticles (AgNPs) has become the focus of
extensive research during the last decade. Owing to its unique size-dependent
optical, electronic and biological properties they are now being utilized in various
fields and applications in microelectronics [1], photocatalysis [2], photonics [3],
lithography [4], biomaterials [5], biosensors [6], drug delivery [7], bio-imaging [8],
food preservation [9], and water purification systems [10]. A variety of biological
systems including bacteria, fungi, algae and plant extracts have been used for the
green synthesis of AgNPs. Compared to chemical and physical methods, the green
synthesis of nanoparticles employing the plant extracts has emerged as a simple and
viable alternative due to its non-toxic, environmentally benign and renewable nature
[11]. Moreover, plant-mediated green synthesis is more preferable than microbial
systems since microorganisms used for the synthesis of AgNPs are reported to be
pathogenic in nature to either plants and/or humans and the direct use of plant
extract in synthesis eliminates the elaborative process of cell culturing [12, 13].

In recent years, medicinal plant mediated synthesis has emerged to be one of the
advantageous sources for biosynthesis of AgNPs. Typical medicinal plants utilized
for the synthesis of AgNPs are Aloe vera [14], Ocimum sanctum [15], Leucas aspera
[16], Cissus quadrangularis [17], Solanum nigrum [18], Azadirachta indica [19].
Secondary metabolites of medicinal importance appeared to act as the main
reducing agent responsible for the synthesis of nanoparticles.

A variety of factors such as the concentration of plant extract, AgNOj3 solution,
temperature, pH, and incubation time regulates the synthesis of AgNPs. The
intensity and the position of the surface plasmon resonance (SPR) band are
dependent on the nature, size and shape of the particles formed, their—interparticle
distances, functional groups adsorbed on the particle surface, and dielectric constant
of the medium [20, 21]. A shift in the SPR band due to variations in the reaction
conditions gives a measure of the synthesis of nanoparticles in terms of shape, size
and aggregation of the particles. The effect of varying concentrations of plant
extract and silver salt on the biosynthesis of AgNPs along with the influence of
temperature and pH on the process of nucleation have been well demonstrated by
several workers [22-24]. However, studies carried out with plant extract mediated
synthesis of AgNPs have mostly utilized traditional one-factor-at-a-time (OFAT)
approach to optimize the synthesis process. With this univariate approach, the
interactions between the process variables have been ignored, and that may lead to
ambiguous conclusion with regard to the efficiency of the process. This inefficient
approach can be replaced with the multivariate chemometric methods, one of which
is response surface methodology (RSM). RSM is a statistically valid method which
simplifies the process optimization by analyzing the mutual interactions among the
variables over a range of values and predicts the best fit conditions with a minimum
number of experiments. It can also explain the effects of individual and interactive
test variables on the response. RSM has been applied for optimization of AgNPs
biosynthesis in several microbial systems [25, 26], whereas the application of RSM
for determining the optimum conditions for the biosynthesis of AgNPs in plants was
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limited only with the extract of Tridax procumbens and the experimental design
used was Box-Behnken matrix [27]. In another instance, Taguchi orthogonal arrays
experimental design was used for optimization of biosynthesis of AgNPs by
aqueous extract of Eucalyptus oleosa [28]. In RSM category, central composite
design (CCD) which is appropriate for fitting second order polynomial with two-
level factorial design points, 2k axial points and centre points representing replicate
terms has been frequently used for optimizing a variety of biochemical processes.
However, RSM with CCD has not yet been adopted for optimizing the biosynthesis
of AgNPs using plant extract. Recently, we have successfully applied CCD and
optimize the biosynthesis of AuNP from Swertia chirata, an endangered medicinal
plant [29].

In the present study, we have reported the biosynthesis, optimization of the
process parameters using CCD of RSM and characterization of AgNPs using
rhizome extract of Curculigo orchioides Gaertn., a medicinally important herb
belongs to the family Hypoxidaceae. The rhizome extract has been used in many
pharmaceutical formulations of herbal industry and reported to possess hypo-
glycemic, spasmolytic, aphrodisiac, antipyretic, diuretic, antioxidant and anticancer
properties [30, 31]. The medicinal property of the plants is mainly due to the
presence of cycloartane triterpenes [32, 33]; phenolic glycosides [34] and
chlorophenolic glucosides [35].The plant extract was claimed to possess a potent
antioxidative activity due to the presence of phenolic glycosides [36]. Thus, the
application of AgNPs towards the scavenging potential of reactive oxygen species
has also been addressed.

Materials and Methods
Biosynthesis of AgNPs

Healthy plants of Curculigo orchioides Gaertn., grown in the Agricultural Farm of
IIT Kharagpur (West Bengal, India) were collected and washed thoroughly with tap
water. After drying in laminar air flow cabinet rhizomes were chopped into small
pieces. Different amounts of rhizome sample were crushed and boiled in 50 ml of
distilled water in a 250 ml Erlenmeyer flask for 30 min to obtain different
concentrations of extract solutions (5, 10, 15, 20 and 25 %; w/v). The extract was
filtered using Whatman No. 1 filter paper and the volume of the final filtrate was
adjusted to 50 ml by adding sterile distilled water. Aqueous silver nitrate (AgNO5;)
solution (Sigma- Aldrich, India) was prepared using double distilled water.
Rhizome extract and AgNOj solution were mixed in the ratio of 1:9 to form the
reaction mixtures and incubated for 8 h. Synthesis of AgNPs was monitored by
visual color change and UV-visible absorbance in the wavelength range of
300-700 nm. For the recovery of AgNPs, the reaction mixtures after 8 h of
incubation were centrifuged at 12,000 rpm for 30 min, washed three times with
double distilled water and lyophilized using a freeze dryer and the dried powder
obtained was used for further experiments.
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Experimental Design and Optimization of Biosynthesis by Response Surface
Methodology (RSM)

The parameters considered for optimization in this study were concentration of
AgNO;3 (X;), % rhizome extract (X,), temperature (X3) and pH (X4). Design Expert
9.0 (Stat-Ease Inc., USA) was used for RSM following Central composite design
(CCD) to evaluate the influence of four independent variables. The central values
(zero level) for experimental design were chosen to be 1.5 mM AgNO;, 15 %
rhizome extract, temperature 50 °C and pH 7 (Table 1).

The study consisted of 30 trials and the experiments were conducted according to
the CCD matrix (Table 2). All the experiments were carried out in duplicate and the
absorbance at 430 nm was taken as the dependent variable or response (Y) which
corresponds to the surface plasmon resonance band of biogenic AgNPs [25]. A second
order polynomial equation was used to fit the experimental results of central composite
design using response surface regression method. The equation is as follows:

Y=o+ BiXi+ > PiiXi + Y BijXiXj (1)

where predicted response is denoted by Y, regression coefficients by B, linear
coefficient by B;, quadratic coefficients by B, interaction coefficients by f;; and
coded level of independent variables by X; respectively.

The independent variables were coded as X, X;, X3, and X4, and the second
order polynomial equation is as follows:

Y =B, + BiXi + BoXa + B3X5 + BuXa + B1oXiXo + B3 X1 X5 + B14X1 X
+ BruXoXs + BouXoXs + P11 XT + PuXs + B3 X3 + BuaX;

2)

Characterization of AgNPs

The initial characterization of the biosynthesized AgNPs was carried out by UV-vis
spectroscopy. The reaction mixtures were analyzed in the wavelength range of
300-700 nm using Systronics Double Beam UV-vis Spectrophotometer (Ahmed-
abad, India) at a resolution of 1 nm. The double distilled water was used as a blank.
The reaction condition (2 mM AgNOs3, 10 % rhizome extract, 50 °C and pH 6.0)
that produced the appearance of sharp peak at 430 nm was selected for TEM in
order to analyze the size and shape of the synthesized AgNPs. A thin film of the

Table 1 Experimental ranges
and coded values of the test

variables -2 -1 0 +1 42

Variables Ranges and levels

Concentration of AgNO; (mM) (X;) 0.5 1.0 1.5 20 25

% Rhizome extract (X), 5 10 15 20 25
Temperature (°C) (X3) 30 40 50 60 70
pH (X4) 5 6 7 8 9
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Table 2 CCD matrix of test variables with actual factor levels corresponding to coded values and mean
responses at 430 nm for the biosynthesis of AgNPs using C. orchioides rhizome extract

Concentration of Rhizome Temperature pH Absorbance Predicted
AgNO; (mM) extract (%) (°C) (430 nm) absorbance
(430 nm)
1 —1(1) —1(10) —1 (40) —1(6) 1.79 1.78
2 2(2.5) 0 (15) 0 (50) 0 2.70 2.40
3 0(1.5) 0 (15) 0 (50) -2(5) 2.00 2.31
4 0 (L.5) 2 (25) 0 (50) 0(7) 2.90 2.76
5 12 -1 (10) 1 (60) 1(8) 2.72 2.61
6 0 (L.5) 0 (15) 0 (50) 209 2.59 2.65
7 —1(1) -1 (10) 1 (60) 1(8) 1.93 1.82
8 12 1 (20) —1 (40) 1(8) 2.89 2.97
9 —-1(1) -1 (10) —1 (40) 1(8) 1.70 1.65
10 0 (L.5) 0 (15) -2 (30) 0(7) 1.40 1.62
11 0 (1.5) 0 (15) 2 (70) 0(7) 1.90 2.05
12 1(2) —1(10) —1 (40) —1(6) 2.17 2.08
13 —1(1) 1 (20) 1 (60) —1(6) 1.82 1.78
14 1(2) 1 (20) 1 (60) 1(8) 3.07 3.11
15 0(1.5) 0 (15) 0 (50) 07 1.53 1.61
16 1(2) 1 (20) 1 (60) —1(6) 3.00 2.92
17 —1(1) 1 (20) 1 (60) 1(8) 1.92 1.89
18 0 (1.5) 0 (15) 0 (50) 07 1.53 1.61
19 0(1.5) 0 (15) 0 (50) 07 1.56 1.61
20 —1(1) 1 (20) —1 (40) 1(8) 1.79 1.78
21 1(2) —1(10) 1 (60) —1(6) 2.63 2.40
22 0(1.5) -2 (5) 0 (50) 0 1.60 2.11
23 —2(0.5) 0 (15) 0 (50) 0(7) 1.00 1.14
24 0 (L1.5) 0 (15) 0 (50) 0(7) 1.58 1.61
25 —1(1) -1 (10) 1 (60) —1(6) 1.99 1.79
26 12 1 (20) —1 (40) —1(6) 2.80 2.66
27 0 (1.5) 0 (15) 0 (50) 0(7) 1.52 1.61
28 1(2) -1 (10) —1 (40) 1(8) 2.70 2.40
29 0 (L1.5) 0 (15) 0 (50) 0(7) 1.94 1.61
30 —-1(1) 1 (20) —1 (40) —1(6) 1.67 1.66

sample was made on the carbon coated copper TEM grids. The copper grid was
dried at room temperature and the TEM analysis was done by using an FEI-
TECNAI G2 20S-TWIN, FEI, USA equipped with the selected area electron
diffraction (SAED) pattern facility and energy dispersive X-ray analysis (EDAX)
attachment. TEM was operated at an accelerating voltage of 200 kV. The size of the
particles was measured from 100 TEM images at the magnification of 71,000.
X-ray diffraction pattern of dried AgNPs was carried out with Panalytical High—
Resolution XRD-I, PW 3040/60 using 2.2 KW Cu Ka radiation (A = 0.1542 nm).
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The generator voltage used was 40 kV and current was set at 30 mA. The scanning
was recorded in the 20 range of 10-80 in continuous scan mode with 0.016 step size.
The values for interplanar spacing (d;, ¢ ;) were calculated following the equation:

dhkl = 1/2 sin@hkl (3)

The lattice constant (Ag) of the synthesized AgNPs was also determined from the
equation:

Ag= da* (h*+ K>+ 12)1/2 (4)

The average size of the AgNPs synthesized was estimated from the XRD pattern
using the Debye—Scherrer formula [37].

D = 09(A/fcost) (5)

where, “D” is the particle size, “A” is the wavelength of X-ray (0.1541 nm), “f” is
the full width at half maximum (FWHM) of the XRD peak and “0” is the Bragg
angle in radians.

For Fourier transform infrared spectroscopy (FTIR), lyophilized AgNPs were
palletized with kBr and analyzed in the range of 400-4000 cm ™' using a Perkin—
Elmer Spectrum-One FTIR spectrophotometer (Perkin—Elmer, USA). The scans of

sample were taken at a resolution of 4.0 cm™".

Antioxidant Assays

Different concentrations of rhizome extract (100, 200, 300, 400 and 500 pg/ml)
were prepared by maceration using water and methanol as solvent following the
method of Onkar et al. [38], and designated as aqueous (ARE) and methanolic
(MRE) extract respectively. Similar concentrations of biosynthesized AgNPs
dispersion in deionized water were made by ultrasonic vibration using Sonicator,
Rivotek, USA (100 W, 30 kHz).

DPPH Free Radical Scavenging Assay

1,1-Diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging potential of the
AgNPs and rhizome extracts was evaluated according to the method of Hanato et al.
[39].The reaction mixture containing rhizome extract or AgNPs was mixed with
1 ml of fresh prepared DPPH (0.3 mM) and vortexed thoroughly. Finally, the
mixture was incubated in dark for 30 min at 37 °C, and the absorbance was
recorded at 517 nm. The DPPH radical scavenging activity was expressed as the
percentage of inhibition using the following equation:

DPPH radical scavenging activity (% inhibition) = (Ac — As)/Ac x 100 (6)

where Ac is the absorbance of DPPH solution without nanoparticles and rhizome
extract; As is the absorbance of DPPH solution with ARE/MRE/AgNPs/AA.
Ascorbic acid (AA) was used as a positive control.
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Hydrogen Peroxide Scavenging Assay

The H,O, scavenging activity was assayed following the modified method of
Jayaprakash et al. [40]. A solution of hydrogen peroxide (20 mM) was prepared in
phosphate buffer (pH 7.4). Different concentrations of ARE, MRE, AgNPs and AA,
were mixed with 2 ml of hydrogen peroxide solution. After an incubation of 10 min
at room temperature the absorbance was measured at 230 nm against a blank
solution of hydrogen peroxide. The percentage of scavenging activity of H,O, was
calculated using the Eq. 6 by replacing DPPH with H,0,.

Superoxide Radical Scavenging Activity

Superoxide radical scavenging activity was measured by inhibition of nitroblue
tetrazolium (NBT) reduction [41]. The reaction mixture consisted of 1 ml of NBT
solution (156 pM NBT in 100 mM phosphate buffer, pH 7.4), 1 ml of NADH
solution (468 pM in 100 mM phosphate buffer, pH 7.4) and 1 ml of ARE, MRE,
AgNPs or AA (100-500 pg/ml). The reaction was initiated by adding 100 pl of
phenazine methosulphate (PMS) solution (60 uM PMS in 100 mM phosphate
buffer, pH 7.4) to the mixture. After incubation at 25 °C for 5 min, the absorbance
of the reaction mixture was measured at 560 nm against the blank sample. The
super oxide radical scavenging activity was expressed in percentage of inhibition.

Results and Discussion
Synthesis of AgNPs

After addition of silver nitrate to the light yellow colored rhizome extract solution, a
visual color change was observed. The reaction mixture turned dark brown after 8 h
of incubation, indicating the formation of AgNPs. The UV-vis spectra obtained
from various reaction mixtures show characteristic absorption bands of AgNPs at
around 413-450 nm. The appearance of absorption peaks in this region corre-
sponded to the wavelength of the surface plasmon resonance (SPR) of AgNPs and
confirmed the formation of AgNPs [42-44].The position and shape of SPR
absorption spectra of nanoparticles are mainly dependent on particle size, stabilizing
molecules, state of aggregation and the dielectric constant of the medium [21].

A variation in the reaction condition is known to influence the synthesis of metal
nanoparticles [23, 24, 43]. In the present study, the position and shape of the SPR of
AgNPs varied with the concentrations of AgNO;, % plant extract, incubation
period, temperature and pH. Previous studies using various types of plant extract
documented the influence of these parameters on the green synthesis of AgNPs
following OFAT approach [23, 24, 45, 46]. The combined effects of the factors and
their functional relationships on the biosynthesis of AgNPs were ignored. Based on
the SPR band at 430 nm (Fig. 1) which produced spherical shape of AgNPs as
confirmed by TEM images, the present study optimized the process parameters
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Fig. 1 UV-Vis absorption spectrum of AgNPs

using RSM taking into account the intensity of the absorbance representing yield of
AgNPs as a dependent variable.

Optimization of AgNPs Biosynthesis Using Response Surface Methodology

On the basis of the experimental design presented in Table 2, a second order
polynomial equation in terms of actual factors was developed that illustrates the
empirical relationships between the independent variables and the response:
Absorbancesson, = +14.24917 — 1.75000 * Conc. of AgNO;— 0.25700

x % Rhizome Extract — 0.024083 x Temperature—2.93750

x pH + 0.043750 x Conc.of AgNO3 x % Rhizome Extract

+ 1.87500E — 003 x Conc.of AgNO3 x Temperature

+ 0.088750 x Conc.of AgNO3 x pH—3.12500E — 004

x % Rhizome Extract x Temperature—1.12500E — 003

x % Rhizome Extract x pH — 2.81250E — 003

x Temperature x pH + 0.42542 x Conc.angNO%

+ 8.25417E — 003 x % Rhizome Extract* + 5.63542FE

— 004 x Temperature* + 0.21760 x pH?

Analysis of variance (ANOVA) was performed to test the significance and
adequacy of the model (Table 3). The significance of the model is evident from the
model F value of 9.10 with a very low p value (p < 0.0001). There is a 10.75 %
chance that the “lack of fit F value” could occur due to the inadequacy of the model.
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Table 3 ANOVA results for the response surface quadratic model

Source DF Sum of squares Mean square F value p Value
Model 14 8.40 0.60 9.10 <0.0001
Residual 15 0.99 0.066 3.17 0.1075*
Lack-of-fit 10 0.85 0.085

Pure error 5 0.13

Total 29 9.39

* Not significant

The good predictability of the model is confirmed by a non-significant “lack of fit”
value of 3.17.

In this model, the linear effects of X; (concentration of AgNOs3), X, (% rhizome
extract) and quadratic effects of X;X; (Concentration of AgNOj3, Concentration of
AgNO3), X, X, (% rhizome extract, % rhizome extract) and X4X, (pH, pH) are
significant. On the other hand, the p-value greater than 0.05 suggests that the model
parameters are insignificant. Thus, the linear effect of X; (temperature), X, (pH) and
the quadratic effects of X;X; (temperature, temperature) are insignificant factors.

The goodness of fit of the model was assessed by the determination coefficient
(R?). The R* value of the model provides a measure of dispersion between the
observed and predicted responses. The closer the R? value to 1, the better the
predictability of the model. The R of the model was 0.8947 and it indicates a very
good fit between the observed and predicted responses of the model for AgNPs
biosynthesis in the present study.

In order to better understand the interactions between variables and to determine
their optimum values, response surface contour curves were plotted by fixing one of
the variables at the optimum level and varying the other two (Fig. 2). Figure 2a
shows the effects of pH and % rhizome extract on AgNPs biosynthesis. An increase
in the absorbance was observed with increasing pH of the reaction mixture from 6 to
8. Similar response was also noted with % rhizome extract. A three dimensional plot
representing the interactions between temperature and % rhizome extract is shown
in Fig. 2b. It is clear that the higher levels of temperature along with % rhizome
extract support high yield in terms of absorbance. However, compared to the
interaction of pH and % rhizome extract the yield was poor with temperature. There
is a gradual increase in AgNPs biosynthesis with increasing pH and AgNO;
concentration (Fig. 2c). The absorption intensity increases with increasing pH and
the maximum absorption of 3.07 was obtained with pH 8. The findings indicate that
the basic pH enhances the bio-reduction process towards the formation of AgNPs.
Moreover, the formation of AgNPs was suppressed at acidic pH i.e. pH < 7.
Presumably, the bioavailability of functional groups in the rhizome extract at high
pH stimulated the synthesis of AgNPs (24, 27). The interaction between
concentration of AgNO3 and % rhizome extract revealed the same trend, although
the degree of increase in absorbance was found to be higher than that of cumulative
effects of pH and AgNO; concentration (Fig. 2d). The maximum yield as
represented by absorbance of 2.7 was obtained with the interaction of % rhizome
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Fig. 2 Response surface plot of biosynthesis of AgNPs (in terms of absorbance at 430 nm) a pH versus
rhizome extract, b temperature versus rhizome extract, ¢ pH versus conc. of silver nitrate, d rhizome

extract versus conc. of silver nitrate, e temperature versus conc. of silver nitrate and f pH versus
temperature

extract and concentration of AgNOj;. Figure 2e represents the effect of temperature
and concentration of AgNO; on the biosynthesis of AgNPs. Higher levels of AgNO;
influenced the synthesis without any prominent effect of temperature. The
interaction between pH and temperature had no remarkable influence on biosyn-
thesis (Fig. 2f). The higher p value of temperature again confirmed the insignificant
effect of temperature on the synthesis process. The response surface analysis
showed that the pH, AgNO; concentration and % rhizome extract had significant
effects on the biosynthesis of AgNPs. The influence of these factors on the stability
of the particles and plasmonic absorption intensity has already been well
documented [24, 27, 47]. Previous optimization approach considered the size of
the nanoparticles as dependent variable [27, 28]. As it is difficult to obtain uniform
size of the particles at particular reaction conditions, the present study optimized the
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reaction conditions based on the absorbance of SPR band at 430 nm that correspond
with the synthesis of spherical AgNPs in the range 5-28 nm as evidenced by TEM
analysis. Such optimization approach may lead to the improved synthesis of AgNPs
of similar nature.

To determine the specific points of optimization numerical optimization was
employed. Desirability function was used to find out the optimal conditions for
AgNPs synthesis in terms of maximum absorbance. The desirability function
converts each response into an individual function that varies over the range (0, 1)
and takes the value one when the response is at its target value and less than one if
not [48]. To construct desirability indices, five possibilities such as none, maximum,
minimum, target and within range were considered as a goal. The criteria for each of
the variables like goal, limit, weight and importance are listed in Table 4.

Based on the settings and boundaries mentioned in Table 4, the optimum
conditions for maximum AgNPs synthesis obtained were 2 mM concentration
of AgNOs, 20 % rhizome extract, 60 °C temperature and pH 8 (Fig. 3). The
maximum intensity of the plasmonic resonance of 3.07 at 430 nm obtained
from the experimental conditions was found to corresponds well with the
absorbance of 3.11 at the same waveband following the optimized model
conditions. The good agreement between the experimental value and the
predicted value from the polynomial model not only confirms the validity of the
model, but it also augments the reproducibility of the experiment for the
biosynthesis of AgNPs.

TEM and EDAX Analysis

The shape and size of the synthesized AgNPs were analysed using TEM. As shown
in Fig. 4a. the particles were monodispersed and spherical in shape with different
sizes ranging from 5 to 28 nm. The average size obtained was 18.16 & 5.93 nm
with predominant occurrence (inset Fig. 4a).The EDAX analysis of the synthesized
AgNPs reveals the presence of elemental silver which also supports the XRD results
(Fig. 4b). A strong signal of Ag Peak was obsevered at 3 keV due to surface
plasmon resonance and the appearance of the peak indicates the reduction of silver
ions to elemental silver [19]. The signal for Cu in the EDAX may arise from Cu

Table 4 Overall desirability response obtained from the optimized individual responses

Name Goal Lower Upper Lower Upper Importance
limit limit weight weight

A: Conc of AgNO; Is in range 1 2 1 1 3

B: % Rhizome extract Is in range 10 20 1 1 3

C: Temperature Is in range 40 60 1 1 3

D: pH Is in range 6 8 1 1 3

Absorbance Maximize 1 3.07 1 1 5
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Fig. 3 Desirability ramp for numerical optimization of five goals, namely, rhizome extract (%), pH,
silver nitrate, temperature and absorbance of AgNPs at 430 nm
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Fig. 4 a TEM micrograph of synthesized AgNPs (inset showing the particle distribution), b EDX
analysis and ¢ SAED patterns

TEM grid used in the study. The selected area electron diffraction (SAED) pattern
of AgNPs is shown in Fig. 4c. The concentric diffraction rings as bright spots
corresponding to the presence of (111), (200), (220), (311) and (222) planes of the
face- centered cubic (fcc) AgNPs indicate the crystalline nature of the nanoparticles.

X-Ray Diffraction

The crystal structure of synthesized AgNPs was determined by XRD analysis. The
presence of Bragg reflection peaks at 20 values of 38.1,44.37, 64.59, and 77.48°,
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respectively were indexed to reflections from (111), (200), (220), (311) planes of
face centered cubic (fcc) crystal structure of metallic silver (Fig. 5).The XRD
patterns obtained are consistent with the previous reports [19, 24, 47].

The various XRD parameters calculated are shown in Table 5.

The interplanar spacing (dy, x 1) values and the lattice parameters were matched
well with Joint Committee on Powder Diffraction Standards values (JCPDS, silver
file No. 04-0783).The average size of the AgNPs synthesized in the bioreduction
process is determined using Scherrer's formula and estimated to be
16.28 + 0.90 nm which is in accordance with the size observed in TEM analysis.
Noteworthy, the derived particle size using the Scherrer’s formula is in the lower
limit than that of TEM presumably due to the instrumental broadening.

FTIR Analysis

FTIR spectroscopy was used to characterize the functional groups present in the
rhizome extract and as-obtained AgNPs in order to explain the mechanism of
bioreduction and particle stabilization. The FTIR spectra of rhizome extract show
the presence of strong absorbance bands at 3409, 2926, 1639, 1418, 1320, 1254 and
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Fig. 5 XRD diffraction pattern of the synthesized AgNPs

Table 5 Calculated XRD parameters with size of the AgNPs synthesized from rhizome extract of C.
orchioides

20 of the intense  hkl FWHM of intense peak d-spacing Lattice Size of the particles
peak (°) (p), radians (nm) constant (nm) (D) (nm)

38.12 (111) 0.0093 0.2358 0.4084 15.77

44.37 (200) 0.0093 0.2042 0.4084 16.01

64.57 (220) 0.0093 0.1442 0.4078 17.63

77.48 (311) 0.0113 0.1230 0.4082 15.73
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Fig. 6 FTIR spectra of rhizome extract (a) and synthesized AgNPs (b) from Curculigo orchioides

1049 cm™" (Fig. 6a). The strong band located at 3409 cm ™' is typical to the O—H
stretching vibrations of phenols and carboxylic acids [49]. The peak at 2926 cm™"
corresponds to the symmetric and asymmetric C—H stretching vibrations of aliphatic
acids and aldehydes [50]. The band at 1639 cm ™" is characteristic of N-H, bending,
C=N and C=C stretching of amino acids and confirms the presence of proteins in the
extract [51, 52]. The peak at 1418 cm™' may be due to C—H deformation in
aliphatics. The presence of peak at 1320 cm™' indicates the occurrence of C-N
stretching band of aromatic functional group of protein [53]. The peak obtained at
1254 cm™! suggests C—O stretching of esters [54]. The strong peak observed at
1049 cm™' implied the C-O-C glycosidic symmetric stretching vibration of
acetylated polysaccharides [52].

The FTIR spectrum of rhizome extract mediated AgNPs showed distinct peaks at
3397, 2919, 1646, 1544, 1382, 1317, 1244 and 1028 cm™' (Fig. 6b). Compared to
the FTIR profile of rhizome extract, a shift in the bands at 3397, 2919, 1382 and
1028 cm ™' was noted in the as-obtained AgNPs and could be attributed to the
binding interactions of functional groups of amines, alcohols, ketones, aldehydes,
hydroxyl, and carboxylic acids of rhizome extract with the AgNPs during their
synthesis. The peak noticed at 1544 cm ™' in the AgNPs might be due to the NH-
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Fig. 7 Plausible mechanism of AgNPs synthesis by a Phenolic Glycosides and b Curculigosaponins
from rhizome extract of Curculigo orchioides

stretch vibrations in the amide II linkage of the protein. The presence of this peak
along with the band at 1646 cm™' suggested the stabilization of AgNPs by the
surface bound proteins [55].

Previous phytochemical analysis of rhizome extract of C. orchioides revealed the
presence of phenolic glycosides [34], cycloartane triterpenes [32, 33], and
chlorophenolic glucosides [34]. However, the phenols and phenolic glycosides
played a major role in the biological activity of the plant extract [36, 56]. The
presence of such compounds may be responsible for the reduction of AgNO; to
AgNPs as they possess hydroxyl group and glycosidal linkages. Based on a previous
report [57] that the primary C-6-hydroxy group was selectively oxidized to
carboxylic acid in glycosides, Jung et al. [58] synthesized gold nanoparticles from
auric acid using glycosides as reducing agents. Among the various sugar containing
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reductants, phenyl B-d glucoside generated the highest yield of gold nanoparticles
and the oxidation site determined was C-6—OH in glycosides. Considering the
proposed type of reductant with oxidation site, the major metabolites present in the
rhizome extract and the depicted FTIR spectra, the plausible mechanism (s) pro-
posed in the present study for the synthesis of AgNPs are presented in Fig. 7. The
oxidation of C-6-OH in phenolic glycosides of C. orchioides (e.g. curculigoside,
curculigoside B, C, G) upon reaction with AgNO; resulted in the synthesis of highly
mono-disperse AgNPs (Fig. 7a). The other possibility is the oxidation of hydroxyl
group at C 11 present in the curculigosaponins which may contribute to the
reduction of Ag™ to Ag® via hydrogen abstraction [59] (Fig. 7b). The proposed
mechanisms of bioreduction are in agreement with the saponin mediated synthesis
of AgNPs in Trianthema decandra [60]. Further, coat covering of the AgNPs by
proteins present in the extract rendered the stability and prevented agglomeration of
the particles.

Antioxidant Assay
DPPH Free Radical Scavenging Activity

The DPPH scavenging ability of ARE, MRE and AgNPs are shown in Fig. 8a and
compared to that of AA. The percent of DPPH radical inhibition of ARE varied
from 15 to 42 %. A similar range (17-47 %) was also obtained with MRE.
However, the percent inhibition was found to be higher in MRE than that of ARE.
The increased activity might be due to more availability of functional groups for
antioxidant activity in MRE than ARE. Compared to ARE and MRE, inhibition was
found to be high in AgNPs and ranged from 22 to 61 %. The scavenging potential of
AgNPs was evident from the UV-vis spectra of DPPH in the absence and presence
of AgNPs (Fig. S1). A significant increase in percent inhibition was evident up to
300 pg/ml concentration in all the tested samples. At 300 pg/ml concentration,
AgNPs resulted in 53.5 % inhibition as against 36.7 and 41.2 % respectively for
ARE and MRE. The DPPH scavenging potential followed the order of
AA > AgNP > MRE > ARE. The higher scavenging ability of AgNPs could be
attributed to more reactivity of the functional groups adhered to the large surface
area of the AgNPs which could entrap a large number of free radicals than the
rhizome extract. DPPH free radical scavenging activity of AgNPs synthesized from
medicinal plants of Solanum torvum [61], Helicteres isora [62], Cassia tora [63],
and Abutilon indicum [64] has also been reported with similar efficiency.

Hydrogen Peroxide Scavenging Assay

In living cells, uncontrolled accumulation of hydrogen peroxide leads to the
formation of peroxides and hydroxyl radicals which damage the cell membrane
components. The H,O, scavenging activity of AgNPs and rhizome extracts along
with AA as standard is shown in Fig. 8b. The maximum scavenging activity of 60,
63 and 68 % was obtained with ARE, MRE and AgNPs respectively at 500 pg/ml
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Fig. 8 In vitro antioxidant activity of AgNPs along with different rhizome extracts and standard
Ascorbic Acid. a DPPH free radical scavenging activity. b Hydrogen peroxide scavenging assay.
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concentration. The percent inhibition of AgNPs was comparable to that of standard
AA. The findings are well in accordance with the earlier reports of hydrogen
peroxide scavenging activity [62, 64].
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Superoxide Radical Scavenging Activity

The superoxide radical scavenging activity of ARE, MRE, and AgNPs was assessed
by their ability of NBT reduction using AA as a positive control. Superoxide anion
reduced NBT into formazon and formazon generation was measured spectropho-
tometrically at 560 nm. The degree of NBT reduction was found to be directly
proportional to superoxide radical scavenging activity. The scavenging ability of
ARE, MRE, AgNP and AA is shown in Fig. 8c. A gradual increase in percent
inhibition was noted with increasing concentrations of the tested samples. There was
no significant difference in superoxide radical quenching ability of ARE, MRE and
AgNPs and the percent inhibition estimated was 71.4, 72.4 and 75.2 respectively at
500 pg/ml concentration. The findings indicate the availability of common
functional groups in the reaction mixture prepared from ARE, MRE and AgNPs
and their involvement in scavenging superoxide radical in a similar manner. The
AgNPs mediated superoxide radical scavenging have also been reported in Solanum
torvum [61] and Abutilon indicum [64].

Conclusions

In this study, we demonstrated the biosynthesis of AgNPs from Curculigo
orchioides, a pharmaceutically important medicinal plant. Response surface
methodology was applied to optimize the process parameters for the biosynthesis
of AgNPs. This report for the first time explores the use of experimental design
methodology to model and optimize the parameters of biosynthesis of AgNPs in
higher plants utilizing absorbance of SPR band as a dependent variable. The derived
polynomial model illustrates the functional relationship between the synthesis of
nanoparticles in terms of plasmonic resonance intensity at 430 nm and four
independent variables: AgNO;5 concentration, % rhizome extract, pH and temper-
ature. The optimum conditions for maximum AgNPs synthesis obtained were 2 mM
AgNO;3, 20 % rhizome extract, 60 °C temperature and pH 8. There was a good
agreement between the predicted value and the experimental value which validates
the model adequacy. AgNPs thus synthesized were characterized by UV-vis
spectroscopy and TEM-EDAX. The TEM-EDAX studies reveal monodispersed
particles, spherical in shape and the presence of elemental silver. The SAED pattern
and the X-ray diffraction study confirmed the crystalline nature of the AgNPs. XRD
parameters such as 26 peak position, d-spacing values and lattice constant of
biosynthesized AgNPs are well matching with the theoretical values of silver. FTIR
analysis suggests the presence of biomolecules which play a role in bioreduction of
AgNOj; and capping the synthesized AgNPs. Biogenic AgNPs with their plant
derived phenolic glycosides and curculigosaponins exhibited potent in vitro
antioxidant activities. This optimization approach for biosynthesis of AgNPs along
with their ability to scavenge free radicals facilitates the possibility of large-scale
production and utilization in agricultural and medicinal applications.
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