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Abstract
The objective of the present study was to optimise the biosynthesis of gold nanoparticles using aqueous extract of 
Pongamia seed cake (PSC). Proteins, amino acids and phenolic compounds present in the PSC extract are responsible 
for reducing the metal precursor salt to nanoparticles. The levels of factors for optimisation of nanoparticles synthesis 
was evaluated using UV–Vis spectrophotometer by one factor at a time studies. Further factorial design was employed 
to study the significant effect of various parameters on the nanoparticles synthesis. The levels of two significant fac-
tors i.e. pH and concentration of PSC extract as obtained from factorial design were optimized further for maximum 
nanoparticle synthesis applying central composite design. The optimized conditions were found to be pH 3.6 and PSC 
extract concentration of 17.07% (w/v) at which an increase (OD at 530 nm = 1.3) in nanoparticle synthesis was observed 
as compared to un-optimized conditions (OD at 530 nm = 0.66). The model obtained on optimization was validated and 
it describes the nanoparticle synthesis aptly with an error between experimental and predicted values of just 1.15% with 
an  R2 of 0.985. It can be concluded that, RSM approach was found to be an efficient technique to optimize the reaction 
conditions, where a twofold increase in synthesis of small sized monodispersed gold nanoparticles was seen.
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of nanoparticles, it requires laborious work of culture 
maintenance, cost of media, sterility etc., hence, research-
ers are concentrating on the use of biological resources 
that are easily available in abundance for the synthesis of 
nanoparticles [3]. Underutilised biological resources have 
been explored in recent years, which help to reduce the 
metal ion to its corresponding nanoparticles at room tem-
perature due to phytochemicals present in them, thereby 
minimizing the energy requirements for the synthesis of 
nanoparticles. An investigation on use of fresh bark extract 
of Pongamia pinnata for synthesis of silver nanoparticles 
for its antibacterial activity against gram positive and gram 
negative pathogens was carried out [4]. The use of dried 
leaves of Pongamia pinnata (L) pierre for silver nanoparti-
cle synthesis has also been reported [5]. Hence the present 
study is aimed at synthesis of metallic gold nanoparticles 
by biological means using Pongamia pinatta seed cake 
(PSC) extract, a byproduct from the biodiesel industry. PSC 
is rich in phytochemicals like proteins, carbohydrates, alka-
loids, flavanoids and glycosides which can help in reduc-
tion and capping of nanoparticles thereby stabilizing them 
[6].

Green synthesis of nanoparticles is influenced by vari-
ous factors such as pH of solution, temperature, and time 
of synthesis, concentration of the extracts used and the 
protocol of synthesis [7]. The individual effect of these fac-
tors on the biological synthesis of nanoparticles has been 

Abbreviations
RSM  Response surface methodology
PSC  Pongamia seed cake
PSCAuNPs  PSC mediated gold nanoparticles
OFAT  One factor at a time
CCD  Central composite design
FTIR  Fourier transform infrared spectroscopy
FESEM  Field emission scanning electron 

microscope
EDAX  Energy dispersive X-ray
XRD  X-ray powder diffraction
ANOVA  Analysis of variance

1 Introduction

In the present scenario, nanoparticles with improved prop-
erties have gained a lot of importance for majority of appli-
cations related to health and environment. Properties of 
nanoparticles are dependent on the size of the nanopar-
ticles, morphology and distribution [1]. Physico-chemical 
methods used for the synthesis of nanoparticles have a 
lot of drawbacks and limitations. In the case of chemical 
methods, toxic by-products are formed, whereas in physi-
cal methods, maintenance of high temperature and pres-
sure increases the cost of nanoparticle production [2]. 
Though, microorganisms can be used for the synthesis 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:634 | https://doi.org/10.1007/s42452-020-2348-5 Research Article

studied extensively [3, 8–10]. However, the determination 
of interactive effects of factors on the green synthesis of 
nanoparticles is a difficult task and has not been exploited 
much. The effect of these factors on the nanoparticles syn-
thesis varies with respect to the chemical composition of 
the substrate and hence the process of nanoparticles syn-
thesis by novel substrates has to be optimised. Response 
surface methodology (RSM) is a collection of statisti-
cal techniques that optimises a response of interest in a 
process which is influenced by several factors [11]. It also 
describes the individual and interactive effect of factors, 
on the process of interest.

In the present study, the levels of factors such as time 
of incubation, Gold(III)chloride trihydrate  (HAuCl4·3H2O) 
concentration, PSC extract concentration, agitation speed, 
temperature, Triton X-100 concentration and pH for the 
optimisation of synthesis of PSC mediated gold nano-
particles (PSCAuNPs) were determined by one factor at 
a time (OFAT) approach. The effect of significant factors 
on PSCAuNPs synthesis was evaluated by Factorial design 
and the optimum levels of factors for maximum synthesis 
of PSCAuNPs were elucidated by applying central com-
posite design (CCD) and the characteristics of synthesized 
nanoparticles were compared at un-optimised and opti-
mised conditions. This is the first report on optimization 
and response surface methodology applied for using PSC 
extract as a biological reducing agent for gold nanopar-
ticles synthesis.

2  Materials and methods

HAuCl4·3H2O was purchased from Himedia. PSC required 
for the study was procured from Biofuel Research, Infor-
mation and Demonstration Centre, NMAMIT Nitte. Double 
distilled water was used for all the experiments.

2.1  Preparation of cell free extract

10% (w/v) PSC powder was used for the preparation of cell 
free extract and the suspension was prepared in deion-
ized water. The suspensions were kept in the water bath 
maintained at 80 °C for half an hour and filtered through 
Whatmann No. 1 filter paper and the filtrate was used for 
nanoparticle production.

2.2  Synthesis of PSCAuNPs

Aqueous  HAuCl4·0.3H2O (1 mM) was prepared in deion-
ized water and was added to the cell free extract of PSC 
in the ratio 1:9 and mixed, such that the concentration of 
PSC extract was 10%w/v. The mixture was maintained at 
a pH of 4.8 by using 0.1 N  HNO3 [12] and 1 ml of Triton 

X-100 (1 mM) was added [13], which acts as a protective 
agents and controls the size of synthesized nanoparticles 
[14]. The mixture was incubated at 25 °C at 100 rpm agi-
tation and UV–Vis absorbance at 360–600 nm range was 
measured hourly interval for 7 h till constant readings were 
obtained. The nanoparticles synthesized in the reaction 
mixture were centrifuged and the product obtained was 
washed thrice with deionized distilled water and stored at 
− 4 °C for further analysis.

2.3  Characterization of PSC AuNPs

Biosynthesized nanoparticles were characterized by vari-
ous techniques like UV- visible spectroscopy, particle size 
analyzer, Fourier transformed infrared spectroscopy (FT-
IR), Field Emission Scanning Electron Microscope (FESEM), 
Energy dispersive analysis X (EDAX) and X-ray powder dif-
fraction (XRD) at optimized and un-optimized conditions. 
The functional groups present in the phytoconstituents 
of biological material and their involvement as capping 
agents in the biosynthesized nanoparticles was deter-
mined by recording the IR on Bruker Alpha. Capping of 
nanoparticles with proteins, amino acids, and polyphenols 
was determined by FT-IR [15]. Zetasizer nano instrument 
(Malvern) was used for data acquisition and for estimat-
ing the particle size distribution as well as zeta potential 
distribution of a colloidal solution of nanoparticles. Size 
and morphology of AuNPs were examined by FESEM, CARL 
ZEISS by sputtering. Since the mettalic gold nanoparticles 
were coated with plant phytochemicals, samples were 
sputtered and the sputtered samples were analyzed for 
their microstructure at 5 kV. FESEM specimen preparation 
was done by taking small amount of powder of nanopar-
ticles dispersed on carbon tape. Thin gold coating over 
the sample was developed by passing 20  mA current 
for 10 min. X-ray diffraction profile was obtained using 
XRD (RigakuMiniflex 600, Rigaku Co., Tokyo, Japan) using 
cu-kα X-ray diffraction patterns of the tested material was 
recorded over the 2θ range of variable degrees at a scan 
rate of 4°/min.

2.4  Modified 4‑amino antipyrine method 
for estimation of phenol/polyphenol coating 
on nanoparticles

The presence of phenols and polyphenols present on col-
loidal nanoparticle solution was analysed by modified 
amino pyrine method [16]. 0.1 to 1 ml of nanoparticle sus-
pension is taken, to which, 0.8 ml of 0.5 N sodium hydrox-
ide and 1.2 ml of 0.5 M sodium bicarbonate was added. 
To the same mixture, 1 ml each of 4-amino-antipyrine 
reagent (1 mg/ml) and potassium ferricyanide (5 mg/ml) 
was added. Phenol standard of 0.1 mg/ml was used for 
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calculating the phenolic content of colloidal nanoparti-
cles. Reading of the pinkish coloured complex was taken 
at 520 nm in Shimadzu Spectrophotometer.

2.5  Optimisation of PSCAuNPs synthesis

2.5.1  Selection of levels of parameters by OFAT

OFAT is a method of designing experiments involving the 
testing of factors, or causes, one at a time instead of all 
simultaneously. OFAT was used to determine levels of fac-
tors to be optimized for PSCAuNPs production. The experi-
ments were performed by varying one factor at a time by 
keeping other factors at a fixed value. Surface plasmon 
resonance (SPR) Peak was recorded at 530 nm as it is evi-
dent from literature reports that blue shift is seen due to 
decrease in particle size owing to monodispersed nature 
of nanoparticles [17]. Similarly, experiments were per-
formed by varying other factors and keeping previously 
varied factors at the optimized values. The factors chosen 
for the study were time of incubation,  HAuCl4·3H2O con-
centration, concentration of PSC extract, agitation speed, 
temperature, Triton X-100 concentration and pH (Fig. 2).

2.5.2  Selection of significant factors for PSCAuNP synthesis 
by factorial design

The effects of PSC extract concentration (X1), agitation 
speed (X2), pH (X3), and Triton X-100 concentration (X4) 
in 2 levels on PSCAuNPs synthesis (Table 1) were studied 
by a  24 factorial design encompassing 16 runs. Absorbance 
at 530 nm (Y1), as a measure of PSCAuNPs synthesis was 
recorded as the response (Table 1).

2.5.3  Optimisation of significant factors by CCD

The levels of PSC extract concentration (X1), and pH (X2) 
were optimised for PSCAuNPs synthesis by applying CCD. 
The design consisted of 12 runs i.e., 4 factorial runs, 4 star 
runs and 4 central runs (Table 1B). Absorbance at 530 nm 
(Y1), as a measure of PSCAuNPs synthesis was recorded as 
the response.

2.5.4  Statistical analysis

The screening and optimization experiments were 
designed by STATISTICA software [18]. The experiments 
were performed and the results obtained were analysed 
by ANOVA (Table S2) to display the optimized conditions 
by the same. Also, a second order regression equation was 
generated by the software that modelled the PSCAuNPs 
synthesis.

2.5.5  Validation of the second order model

Experiments were performed at random values of 
parameters within levels considered for optimization for 
PSCAuNPs synthesis. In addition to these, experiments 
were also performed at optimized conditions indicated by 
the software (Table 3). The experimental values of absorb-
ance at 530 nm  (Y1ex) were compared with the response 
predicted by the model  (Y1pr), to evaluate the goodness 
of fit of the model.

3  Results and discussion

3.1  Synthesis and characterization of PSCAuNPs 
at un‑optimised conditions

Colour change of the solution from light yellow to deep 
purple within 5 h of incubation indicated the formation 
of gold nanoparticles at 530 nm (Fig. 1b), which was con-
firmed by UV–visible spectrophotometer (Fig. 1a). Synthe-
sis of gold nanoparticles by Padina tetrastromarica took 
24 h [12], compared to this present study where faster 
synthesis of nanoparticles is observed. Nanoparticles were 
centrifuged at 10,000 RPM for 30 min and washed thrice 
with double distilled water followed by one wash with eth-
anol and dried in desiccator. The dessicated nanoparticles 
were sent for characterization. From the FESEM analyses, 
biologically synthesized gold nanoparticles were found 

Table 1  Factorial design for 
screening of independent 
factors affecting PSCAuNPs 
synthesis with the observed 
absorbance at 530 nm

X1 = extract concentration (%w/v), 
X2 = agitation speed (RPM), 
X3 = pH, X4 = surfactant concen-
tration (mg/ml), Y1 = Absorbance 
at 530 nm

X1 X2 X3 X4 Y1

5 80 4 1 0.802
5 80 4 2 0.869
5 80 6 1 0.171
5 80 6 2 0.181
5 120 4 1 0.805
5 120 4 2 0.954
5 120 6 1 0.126
5 120 6 2 0.171
15 80 4 1 0.795
15 80 4 2 0.808
15 80 6 1 0.013
15 80 6 2 0.166
15 120 4 1 0.794
15 120 4 2 0.804
15 120 6 1 0.039
15 120 6 2 0.062
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to be 20 nm in size and spherical in shape, in monodis-
persed aggregated form (Fig. 1c). Edax results confirmed 
the purity of the samples and capping of nanoparticles 
with proteins (Fig. 1d).

Figure 1e, f shows particle size distribution in the range 
of 625 nm with intensity of 173.7% with Z-average value 

of 651.7 nm and high polydispersity index (PDI) of 0.537 
and Zeta potential value of − 5.19 mV for PSCAuNPs. This 
indicates that, negatively charged groups are capped on 
the surface of PSCAuNPs which are also responsible for 
moderate stability of nanoparticles which can lead to 
agglomeration of nanoparticles.
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Fig. 1  Characterization of PSCAuNPs at un-optimised conditions: 
UV–visible spectrum of PSCAuNPs showing maximum absorbance 
at 560  nm (a); visual observation confirming PSCAuNPs synthesis 
(PSC Extract—left, PSCAuNPs—right) (b); SEM image of PSCAuNPs 

(c); EDAX spectrum of PSCAuNPs (d); Zetasizer (e) and Zeta poten-
tial distribution of PSCAuNPs (f); FT-IR spectrum for PSCAuNPs and 
PSC extract (1—PSC extract, 2—PSCAuNPs) (g); XRD pattern of 
PSCAuNPs (h)
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FTIR results (Fig. 1g) confirmed the vanishing of peak at 
3351 cm−1 in nanoparticles synthesized from PSC extract, 
whereas the peak was present in the original extract, which 
confirms the fact that the phenolic groups are involved 
in the synthesis of nanoparticles [19]. Nanoparticles also 
showed a peak at 2360 cm−1, which signifies the protein 
coating on nanoparticles [20]. The presence of proteins in 
both extract and nanoparticles was confirmed by a peak at 
3761 cm−1, which corresponds to stretching frequency of 
OH-bond arising from proteins or absorbed water in sam-
ple [21]. Reduction in peak at 2925 cm−1 was seen in nan-
oparticles when compared to extract which signifies the 
involvement of proteins as reducing and capping agent. 
Earlier studies of IR spectra of biologically synthesized 
nanoparticles have shown the presence of biomolecules 
on their surface [13, 22, 23]. From the present study also it 
can be confirmed that the nanoparticles synthesized from 
PSC extract are capped with organic residues like proteins 
and amino acids and phenolic compounds, which are 
mainly involved in the reduction of metallic solutions. It is 
a well known fact that amines of the proteins facilitate the 
binding to nanoparticles and therefore, stabilization of the 
nanoparticles occurs through surface bound proteins [22].

Figure 1h shows the XRD pattern for PSCAuNPs, which 
exhibited broader peaks [24], where four characteristic 
diffraction peaks at 2θ values of 37.76°, 43.80°, 64.32°, 
and 77.10°, which correspond to (1, 1, 1), (2, 0, 0), (2, 2, 0), 
and (3, 1, 1). The peaks revealed that the resultant gold 
nanoparticles were in face cantered cube structure. Fur-
ther, the average crystal sizes of PSCAuNPs were calcu-
lated by applying Scherer equation and were found to be 
21.4 nm. The observed XRD pattern, thus, confirmed that 
the nanoparticles are formed by the reduction  AuCl4

− ions 
by phytochemicals of PSC extracts and the nanoparticles 
are crystalline in nature. Apart from normal peaks, some 
additional and unidentified peaks were also noticed at the 
vicinity of the characteristic peaks of gold nanoparticles. 
These peaks may be because of some bioorganic com-
pounds or proteins of the extract [25, 26]. The presence 
of phenols and polyphenols was confirmed by modified 
4-amino antipyrine method (Fig. 1S).

3.2  Optimisation of PSCAuNPs synthesis

3.2.1  Selection of levels of parameters by OFAT

OFAT was employed to investigate the selection of levels 
of factors that showed considerable PSCAuNPs synthesis, 
so that the optimisation of factors could be performed. 
The conditions were varied one at a time in levels shown in 
Table 1, keeping others factors at a fixed level and the vari-
ation of response with respect to that of the factor were 
observed (Fig. 2).

From OFAT results it is clear that PSCAuNPs synthesis 
reached a plateau at around 5 h of incubation indicating 
that 5 h is sufficient for nanoparticles synthesis at condi-
tions of 0.5 mM  HAuCl4·3H2O concentration and 10%w/v 
PSC extract concentration. Single SPR peak was seen at 
0.5 mM  HAuCl4·3H2O concentration which indicates uni-
form sized nanoparticles, whereas at higher concentra-
tions multiple SPR peaks were observed indicating poly-
dispered sized nanoparticle synthesis [27, 28]. Similarly, 
single SPR peak was seen at 25 °C, whereas at higher 
temperatures multiple SPR peaks were visualised which 
could be due to agglomeration of particles at higher 
temperature [29]. Therefore,  HAuCl4·3H2O concentra-
tion, temperature and time of incubation were fixed at 
0.5 mM, 25 °C and 5 h respectively for further studies.

The OFAT studies showed significant effect of con-
centration of PSC extract (X1), agitation speed (X2), pH 
(X3), and Triton X-100 concentration (X4) on nanoparticle 
synthesis. Therefore, these factors were chosen for sub-
sequent optimization studies. The levels of these factors 
for factorial design were determined on the basis of a 
peak obtained in the absorbance at 530 nm (Table 2). For 
instance, when Triton X-100 was varied between 0.5 and 
2 mM, a peak in the absorbance was observed from 1.0 to 
2.0 mM of Triton X-100, hence the minimum and maximum 
levels were set as 1.0 mM and 2 mM respectively.

3.2.2  Selection of significant factors for PSCAuNP synthesis 
by factorial design

The influence of the chosen independent factors on 
PSCAuNPs synthesis was studied by a  24 factorial design 
(Table  1), which also shows the absorbance values at 
530 nm (Y1). The effect of the factors on the PSCAuNPs 
synthesis was determined by means of ANOVA (Table 1A). 
The factors i.e. concentration of PSC extract and pH were 
found to be highly significant factors that effect the 
PSCAuNP synthesis as they showed p value ≤ 0.05. The co-
efficient of determination  (R2 value) was observed to be 
0.9913 which indicated that there is a strong linear rela-
tionship between the experimental values of response and 
values predicted by the design. The optimum levels of pH 
and PSC extract concentration were determined further 
by CCD and the values of agitation speed (X2) and Triton 
X-100 concentration (X4) were maintained at the centre 
of their levels.

3.3  Optimisation of significant factors by CCD

The influence of extract concentration (X1) and pH (X3) 
on PSCAuNPs synthesis was determined by applying CCD 
as indicated in Table 2, which also presents the observed 
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values for absorbance at 530 nm for PSCAuNPs (Y1) at 
different combinations of the independent parameters. 
Absorbance values at 530 nm was found to vary from 
0.233 to 1.028 in the experiments conducted which 
shows the strong influence of PSC extract concentration 
and pH on PSCAuNPs synthesis. From the ANOVA table 
(data not shown), it can be observed that, both the linear 
and quadratic effects of pH and PSC extract concentra-
tion as well the interaction between pH and concentra-
tion of PSC extract had highly significant effect on the 
PSCAuNPs syntheisis as indicated by the p value (≤ 0.05). 
The lack of fit of the model was found to be insignificant 
(p value > 0.05) indicating that, the model was significant. 
The influence of interaction of pH and concentration of 
PSC extract on the PSCAuNPs synthesis can be explained 
perfectly from the response surface plot (Fig. 3). At lower 
pH (3.5) there was a continous increase in synthesis of 
PSCAuNPs with increase in PSC extract concentration 
since lower pH has proven to be suitable for gold nano-
particle synthesis [14]. But at higher pH values (6.0) the 
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Fig. 2  Effect of time (a); metal salt concentration (b); pH (c); Triton X-100 concentration (d); agitation speed (e); concentration of PSC extract 
(f) and temperature (g) on the synthesis of PSCAuNPs

Table 2  Central composite 
design for optimisation of 
independent factors affecting 
PSCAuNPs synthesis for 
maximum synthesis with 
the observed absorbance at 
530 nm

X1 = extract concentration, 
X2 = pH, Y1 = absorbance at 
530 nm

X1 X2 Y1

5 4 0.904
5 6 0.012
15 4 0.962
15 6 0.506
1.92 5 0.346
17.07 5 0.794
10 3.58 1.028
10 6.41 0.316
10 5 0.266
10 5 0.3
10 5 0.262
10 5 0.233
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PSCAuNPs synthesis decreased with increase in concen-
tration of PSC extract since alkaline pH conditions are 
not favorable for synthesis [14]. At lower concentration 
of PSC extract (5%w/v) the PSCAuNPs synthesis was 
high at lower pH (3.5), decreased at intermediate pH 
(4.5–6.0) and continued to increase at high pH (> 6.0). 
However, at high concentration of PSC extract (15%w/v) 
the PSCAuNPs synthesis decreased with increase in pH 
since the extract concentration was too high which lead 
to faster capping therby leading to blue shift leading to 
agglomeration of nanoparticles resulting in precipitation 
[30]. At extract concentration above 15% and pH above 
4, synthesis of nanoparticles were faster which lead to 
broader SPR leading to agglomeration of particles lead-
ing to decrease in absorbance values which is compara-
ble with earlier reports [30].

The optimum levels of pH and concentration of 
PSC extract for maximum synthesis of PSCAuNPs were 
obtained from the desirability profiles (Fig. 4). The desir-
ability values can vary between 0 and 1 and is a meas-
ure of closeness of response to its maximum value. When 
the response reaches the maximum value achieved at 
the given level of factors, then the desirability is 1.0 [26]. 
From the desirability profiles the optimised conditions 
were observed to be pH 3.6 at extract concentration of 
17.07%w/v. This is comparable with earlier reports indi-
cating homogenous nanoparticle synthesis under low pH 
conditions [31].

The second order regression equation that models the 
synthesis of PSCAuNPs as a function of the significant fac-
tors is given by

Co-efficient of determination for the second order equa-
tion as obtained from CCD was found to be 0.985 which 
indicated that there was an error of only 1.5% between the 
experimental and predicted absorbance values.

3.4  Validation of the second order model

The model was validated by conducting experiments at 
random values within the optimised level ranges of fac-
tors. The experimental absorbance values were found to 
be comparable with the values as predicted by the sec-
ond order model obtained (Table 3). Also, experiment 
was performed at the optimised conditions (pH 3.58 and 
PSC extract concentration = 17.07% w/v). The experimen-
tal values of absorbance at 530 nm indicating PSCAuNPs 
synthesis (1.305) at these optimum conditions were quite 
close to the model predicted values (1.358). A twofold 
increase in the absorbance at 530 nm (1.305) was obtained 
by optimisation using RSM for PSCAuNPs synthesis (i.e. 
PSCAuNPs absorbance of 0.66 at 530 nm under unopti-
mized conditions).

3.5  Charecterization of PSCAuNPs synthesized 
post optimisation

PSCAuNPs were characterized by FESEM, EDAX, particle 
size analyser, FTIR and XRD after optimization studies 
to check if optimization helped in maximizing the syn-
thesis of nanoparticles with better surface properties. 
Visual observation of optimized nanoparticle solution 
revealed a colour change from purple (Broader SPR 
leading to agglomeration) to reddish purple (Narrrow 
SPR) which is ascribes to blue shift. Under unoptimized 
condition aggregation of nanoparticles was seen due 
to red shift, which may be due to SPR coupling between 
neighboring particles [29]. Smaller size nanoparticles 
without agglomeration were synthesized upon optimi-
zation, which was confirmed by particle size data, where 
the zeta potential values improved from − 5.16 mV (un-
optimized) to − 25.8 mV (optimized) which prooves the 
non –aggregated behavior of nanoparticles. Particle 
size results improved from 625 nm with 74% intensity 
(un-optimized) to 260.9 nm with 99% intensity (opti-
mized) and polidispersity index (PDI) improved from 
0.537 (un-optimized) to 0.279 (optimized) indicating 
monodisperse nature of nanoparticles under optimized 
conditions.

Y1 = 8.02 − 0.0185 ∗ X1 − 2.5 ∗ X2 + 0.005 ∗ X1
2

+ 0.189 ∗ X2
2
− 0.02 ∗ X1 ∗ X2

Fig. 3  Three dimensional response surface plot showing the effect 
of concentration of PSC extract (X1) and pH (X2) on the absorbance 
at 530 nm (Y1) indicating synthesis of PSCAuNPs
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FTIR results of optimized PSCAuNPs were almost same 
as that of unoptimized PSCAuNPs showing the involve-
ment of phenolic compounds as reducing agents and pro-
teins as capping agents. Although, new peak was seen at 
1674 cm−1 in optimized PSCAuNPs which could be due to 
bending vibrations of primary amines of proteins hence 
better protein coating of PSCAuNPs is acheived under 
optimized condition, thereby stabilizing them (Data 
not shown). Diffraction results for optimised PSCAuNPs 

showed sharper peaks compared to un-optimised con-
ditions, owing to highly crystalline nature of nanopar-
ticles upon optimization [29]. From EDAX spectrum for 
PSCAuNPs, it was seen that, the weight percent of gold 
increased to 76% (optimized) from 35% (un-optimized) 
indicating the increased purity of the nanoparticles post 
optimization. A slight increase in the size of PSCAuNPs was 
observed post optimization (25–37 nm) when compared 
to un-optimized condition (20 nm). This could be due 
to the reason that at acidic pH, proteins present in plant 
extract act as better reducing agents, thereby involving in 
more nucleation and the remaining proteins are involved 
in capping [9]. This was confirmed from the XRD results 
obtained post optimisation which shows sharp crystalline 
peaks indicating less protein capping on the nanoparticles 
(Fig. 5). Phenol and polyphenol estimation results con-
firmed the capping of nanoparticles with these molecules. 
Hence it is evident from the resullts that a refined coat-
ing was seen in optimized PSCAuNPs (0.09 mg/ml) when 
compared to unoptimized collidal solution (0.21 mg/ml) 
(Table 1C).

Fig. 4  Desirability profiles 
for absorbance at 530 nm 
(Y1) along with the optimum 
levels for concentration of PSC 
extract and pH for optimum 
synthesis of gold nanoparticles

Table 3  The experimental 
values of absorbance at 
530 nm and the values as 
predicted by the second order 
model obtained by central 
composite design along with 
the validation experiments

X1 = Extract concentration 
(%w/v), X2 = pH, Y1, = Absorb-
ance at 530 nm

ex experimental values, pr pre-
dicted values

X1 X2 Y1ex Y1pr

4.5 5 0.239 0.256
9 4.5 0.406 0.448
12.5 3.6 1.08 1.09
15 3.9 0.985 1.00
3 4 1.09 0.957
7 6.3 0.06 0.093
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4  Conclusions

PSC extract, an inexpensive and abundant byproduct 
from biodiesel industry, is rich in plant nutrients such 

as nitrogen and sulphur. This was found to be potential 
biological reducing agent for synthesis of gold nanopar-
ticles. The gold nanoparticles synthesized were capped 
with proteins and polyphenols present in PSC extract. The 
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Fig. 5  Characterization of PSCAuNPs at optimised conditions: UV–
visible spectrum of PSCAuNPs showing maximum absorbance at 
530 nm (a); visual observation confirming PSCAuNPs synthesis (PSC 

extract—left, PSCAuNPs—right) (b); SEM image of PSCAuNPs (c); 
EDAX spectrum of PSCAuNPs (d); Zetasizer (e); zeta potential distri-
bution of PSCAuNPs (f); XRD pattern of PSCAuNPs (g)
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present study showed the effect of factors on the synthe-
sis of gold nanoparticles by PSC extract and subsequent 
optimisation of significant factors by RSM. Concentration 
of PSC extract and pH confirmed to be the most effective 
parameter for increased synthesis of nanoparticles which 
was evident from RSM studies. RSM was found to be an 
efficient methodology for rapid optimization of influenc-
ing significant factors and modelling of the PSCAuNPs syn-
thesis, which led to a two fold increase in the nanoparticle 
synthesis. Significance of this work is that it includes the 
use of biodiesel byproduct as biological reducing agent 
for gold nanoparticle synthesis, which in turn reduces the 
cost involved in nanoparticle synthesis as well as reduces 
burden on environment by effective byproduct manage-
ment. Moreover, the optimized conditions obtained from 
this study can be used for large-scale cost-effective pro-
duction of gold nanoparticles.
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