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Abstract

The present study envisaged two stage optimization of conditions using RSM for extraction of total phenolic compounds from pearl millet koji
prepared with Aspergillus awamori. Antioxidant activity was determined by employing DPPH and radical cation of ABTS. In phase-1, fermen-
tation time (5–8 days), extraction temperature (40–60 °C), extraction time (45–60 min.) and solvent (ethanol, 50%; 0.5 ml HCL + 99.5 ml
methanol) were tested for maximizing extraction process. The optimum conditions of phenolic recovery were achieved at 8 days fermentation time,
40 °C extraction temperature, 45 min. extraction time with 50% ethanol as solvent, with values of 169.19 mg GAE/g for TPC, 262.7 VCEAC
μmol/g for DPPH and 281.86 VCEAC μmol/g for ABTS. TPC were found to be positively correlated (p < 0.05) with DPPH and ABTS under these
conditions. In phase-2, a central composite design was applied for design of experiments and model building using extraction time and extraction
temperature as process variables for further maximizing the extraction of TPC. The optimized conditions using RSM for maximizing the extraction
of total phenolic compounds were: ethanol concentration, 50%; extraction temperature, 44.5 °C and extraction time, 23.8 mins. Under these
conditions, 176.82 mg GAE/g of total phenolic compounds were extracted which was very close to the predicted value of 173.2 mg GAE/g. The
model was validated at these optimal points.
© 2016 Tomsk Polytechnic University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

There has been an increasing interest over the use of natural
antioxidants primarily due to free radical scavenging ability of
a variety of phytochemicals, especially phenolic compounds
[1]. Grains, fruits, herbs, spices and other dietary sources
containing hundreds of phenolic compounds have been
demonstrated to be effective antioxidants in model systems
[2–5]. These compounds have attracted the attention of food
biotechnologists and medical scientists due to their strong in
vitro and in vivo antioxidant activities and their ability to scav-
enge free radicals. The later are highly reactive and unstable
molecules are produced as a result of normal metabolism in
higher organisms. These are also involved in organism’s vital

activities including phagocytosis, regulation of cell prolifera-
tion, intracellular signaling and synthesis of biologically active
compounds [6]. However, excess production of reactive oxygen
species (ROS) such as hydrogen peroxide, superoxide anion
radical, and the hydroxyl radical causes damage in cells leading
to etiology of many chronic diseases including atherosclerosis,
diabetes and cancer [7,8].

Pearl millet (Pennisetum glaucum) is the most widely grown
millet crop. India is the leading producer of pearl millet which
is primarily cultivated and consumed in the states of Haryana,
Rajasthan, Gujarat and Madhya Pradesh. Locally known as
‘bajra’ it is a principal source of energy, protein, vitamins and
minerals for millions of the poorest people in the regions where
it is cultivated. It is also a major food staple in semi-arid and
arid lands of Africa and Asia and is well adapted to drought and
sandy acid soil of low fertility. The crop ranks as worlds’ fourth
most tropical food cereal. The nutrient composition of pearl
millet indicates that it is a good source of energy and protein
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[9]. Essential amino acid profile revealed that it is 40% richer in
lysine and methionine and 30% richer in threonine compared to
corn protein [10]. Nutritional studies indicated that metabolized
energy of pearl millet for non-ruminant animals is approxi-
mately equal to that of maize [11]. As with other cereals, certain
nutritional inhibitors, such as enzyme inhibitors, phytic acid
and tannins are also associated with pearl millet. These factors
affect the nutritional value of the grain by inhibiting protein and
starch digestibility and mineral bioavailability.

Considering the dietary needs of humans, the nutritional
improvement of grains is seen an added advantage in diminish-
ing the damaging effects of free radicals. Most phenolic acids
in cereals occur in bound form as conjugate with sugars,
fatty acids or proteins [12]. In the recent past solid state fer-
mentation of cereal grains with GRAS filamentous fungi
[4,13,14] yeasts and lactic acid bacteria [15] has gained interest
for bioaugmentation of phenolic contents and antioxidant
activity. However, an industrial process will be economical if
high extraction efficiency is attained. Traditionally, process
optimization could be achieved by either empirical or statistical
methods [16]. One-factor-at-a-time approach, in which one
factor varies at a time and all others are kept constant, has
several limitations including the inability to determine interac-
tions between the variables, time consuming, expensive and less
effective [17].

Response surface methodology (RSM), originally described
by Box and Wilson [18], is a mathematical and statistical
tool that allows evaluation of the influence of several input
process variables and their interaction on output response [19].
RSM has been widely employed to find a combination of factor
levels that produce an optimum response. Therefore, RSM has
become most popular optimization technique and has been
successfully used to model and optimize biochemical and bio-
technological processes. It has been used for optimizing extrac-
tion of phenolic compounds from a number of dietary sources
[2,16,20,21].

The objectives of the present investigation were twofold.
Firstly, to enhance the phenolic content and antioxidative prop-
erty of pearl millet (millet koji) prepared through solid state
fermentation using Aspergillus awamori Nakazawa (tradition-
ally used in the preparation of many oriental food products) as
the starter organism. Secondly, to model and optimize the
extraction conditions (solvent concentration, extraction time,
temperature) in order to maximize the yield of total phenolic
content (TPC) and antioxidant activity of pearl millet using
RSM.

2. Materials and methods

2.1. Plant material

Whole grains of pearl millet (HHB-197) were obtained from
the Bajra section, Chaudhary Charan Singh Haryana Agricul-
tural University, Hisar, India. The millet grains were washed
thoroughly to remove any debris or dust particles and dried in
shade followed by drying at 40 °C in an oven for 24 hrs. The
grains were stored in airtight containers until used for further
studies.

2.2. Chemicals and glasswares

All the solvents used were of analytical grade and obtained
from Fischer Scientific. The compounds, DPPH (2, 2-diphenyl-
1-picrylhydrazyl) and 2, 2′-azino-bis [3-ethylbenzothiazoline-
6-sulfonate (ABTS)] were obtained from Hi-media Pvt. Ltd.,
Mumbai and Sigma respectively. Glasswares used in the experi-
mental work were of Borosilicate. Before using, glasswares
were washed with labolene detergent and rinsed with distilled
water and sterilized in an oven at 180 °C for three hours.

2.3. Microorganism and inoculum

Aspergillus awamori (MTCC-548) used for preparation of
millet koji was obtained from Microbial Type Culture Collec-
tion, Chandigarh and maintained in the laboratory on Czapek
agar slants at 4 °C. Spore suspension was prepared by washing
the mycelium grown on Czapek agar for 4 days at 30 °C, with
an aqueous solution of 0.1% (w/v) Tween 80. Spore suspension
obtained as such containing approximately 1 × 105 spores/ml
was used for inoculating the autoclaved millet grains.

2.4. Preparation of millet koji

Solid state fermentation, as described in our earlier study
[4], was performed in 250 ml Erlenmeyer flasks to prepare
millet koji. Briefly, washed and dried millet grains (50 g) were
first soaked overnight at room temperature in 50 ml Czapek
solution. After decanting the solution, the millet grains were
steam cooked in an autoclave (121 °C, 15 min). After cooling,
the steamed millet substrate was inoculated with 1 ml spore
suspension of A. awamori under aseptic conditions. The inocu-
lated millet substrate, after thorough mixing, was incubated
at 30 °C up to 10 days. During the cultivation period, the millet
grains were stirred and mixed after 24 h and 36 h of cultivation
to accelerate the release of fermentation heat. The unfermented
millet grains were prepared without the addition of spore
suspension.

2.5. Preparation of millet extracts

The fermented millet grains were taken out of the Erlen-
meyer flask at 2 days interval and dried in an oven at 40 °C for
24 h. The dried substrates were ground in an electric grinder
to obtain a fine powder. All samples were defatted by blending
the finely ground substrate with hexane (1:5 w/v, 5 min, thrice)
in a waring blender at ambient temperature. Defatted millet
samples were air dried for 24 h and stored at −20 °C until
further analysis.

One gram of defatted substrate was extracted with 20 ml of
extraction solvents [ethanol 50%, methanol 50% and HCl/
methanol (1:99, 0.5:99.5 {v/v})] separately at 60 °C for 60 min
in a water bath. Extracts were filtered and the supernatants
were collected, pooled and dried in rotary vacuum at 40 °C [4].
Residues containing extracted phenolics/antioxidants were
dissolved in 2 ml of the respective solvent for determination
of TPC and antioxidant property. All extracts were stored at
−20 °C in the dark until further analysis.
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2.6. Total phenolic content (TPC) determination

Total phenolic contents of the extracts were determined using
Folin–Ciocalteu (FC) reagent following Yu et al. [22] with minor
modifications. Briefly, 100 μl of extracts were mixed with 0.5 ml
of FC reagent in a 10 ml volumetric flask. Subsequently 1.5 ml
aqueous solution (20%, w/v) of sodium carbonate anhydrous was
added, vertexed and incubated for 15 min at room temperature.
The flask was filled with distilled water to volume. The absorbance
was read at 765 nm, subtracting the value of a control solution
consisting of distilled water instead of extracts.The amount of total
phenolic content was calculated as gallic acid equivalents (GAE)
from the standard calibration curve of gallic acid and expressed as
mg gallic acid equivalents per gram of sample.

2.7. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging assay

The radical scavenging capacity of different samples was
measured using 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
according to Yen and Chen [23] with slight modifications. The
mixture was prepared by taking 200 μl of extract in a spectro-
photometric cell and then 3 ml of 100 μM DPPH (4 mg DPPH
in 100 ml methanol) were added. The changes in absorbance
at 519 nm upon time during 10 minutes were recorded using a
visible spectrophotometer. In the reference sample, 200 μl of
solvent were used instead of extracts. The absorbance values in
minute 10 relative to the reference sample were used for evalu-
ation of antioxidant activity. The DPPH radical scavenging
capacities were quantified using ascorbic acid as reference anti-
oxidant and the results were expressed as vitamin-C equivalent
antioxidant capacity (VCEAC) in μmol/g of sample.

2.8. 2, 2′-Azino-bis (3-ethylbenzothiazoline-6-sulfate) (ABTS)
radical cation depolarization assay

Antioxidant activity was measured by using a modified
method of Re et al. [24] and Arts et al. [25]. 2, 2′-Azino-bis
(3-ethylbenzothiazoline-6-sulfate) (ABTS, Sigma) was used for
production of corresponding radical cation (ABTS+) by dissolv-
ing 17.2 mg ABTS and 3.3 mg K2S2O8 in 5 ml distilled water,
and the resulting solution was left to stand for 16 h in dark
at room temperature. A stock solution of ABTS+ was prepared
by mixing 1 ml of this reaction mixture with 60 ml water. The
concentration of ABTS+ was determined spectrophotometri-
cally using the characteristic value of molar absorption coeffi-
cient at 732 nm, 1.5 × 104 mol−1·l·cm−1. After rigorously mixing
2.5 ml ABTS+ solution with 50 μl of extracts, the absorbance
was taken after 10 minutes. Spectrum of initial ABTS+ solution
measured against distilled water was taken as a reference spec-
trum. The difference in the absorbance in 10th min at 732 nm
relative to reference spectrum was used to calculate the anti-
oxidant activity. The ability of samples to eliminate ABTS+ is
expressed as VCEAC in μmol/g of sample.

2.9. Experimental design for response surface methodology

In this study two step optimization of total phenolic compounds
extraction from millet koji employing three independent response
variables (solvent concentration, extraction temperature and

extraction time) was carried out using response surface
methodology (RSM). The maximization of extraction was taken as
response. Half normal probability plot was used for selection of
process variables in phase-1 andANOVA model was constructed in
phase-2 which best fits the response data. D-optimal design
consisting of 22 experimental runs followed by center composite
design (CCD) were employed. The design variables were the
solvent composition (%, v/v, water/methanol, water/ethanol, HCL/
methanol), extraction temperature (A, °C) and extraction time (B,
min.) while response variable was total phenolic content (TPC).

3. Results and discussion

The use of different GRAS (generally recognized as safe)
filamentous fungi during solid state fermentation is recognized
to enhance the phenolic content and antioxidative properties of
various food grains [4,14,26,27]. Generally, the efficiency and
effectiveness of extraction of polyphenol compounds is gov-
erned by multiple variables such as temperature, time and
solvent concentration and composition [2,28]. The influence of
extraction variables such as extraction temperature, time and
solvent concentration and composition on the recovery of
phenolic compounds in millets has not been reported yet. Thus,
the present study was divided into three parts. The initial study
included determination of fermentation time (in days) for
maximal mobilization of phenolic contents of millet koji.
Second part of the study involved optimization of extraction
conditions viz., temperature, time and solvent concentration and
composition using response surface methodology. Finally, the
experiments were verified based on predicted conditions and
actual values of experimental data were obtained.

3.1. Effect of fermentation on phenolic compounds
mobilization

Cereal grains possess phenolic compounds and their derivatives
in bound form. Fungal fermentation may help in mobilizing these
phenolic compounds from their bound form to free state by
producing various enzymes during fermentation. In the present
investigation, TPC in millet koji were measured in terms of
GAE in mg/g dw. Accordingly, a calibration curve of gallic acid
was constructed. The calibration equation for gallic acid was
y = 0.001x + 0.045 (R2 = 0.998). The results reported in this study
were computed from this equation. A. awamori has been fre-
quently used to ferment various food grains viz., wheat [14], black
bean [27,29]. In the present study, A. awamori (MTCC 548) was
used to enhance phenolic contents in millet under SSF up to 10
days.The total phenolic contents of fermented millet koji increased
manifold up to 8 days of fermentation (85.12 mg GAE/g dw) as
compared to unfermented millet (18.00 mg GAE/g dw) (Fig. 1).
Thus 8 days was the optimum time for fermentation to release
bound phenolics from millet grains and in all future experiments
SSF was carried out up to 8 days.

3.2. Selection of solvent for extraction of TPC

The choice of extraction solvents is critical as it usually
determines the type and amount of phenolic compounds being
extracted. Aqueous solvents such as acetone, ethanol and
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methanol are commonly employed in phenolic extraction from
plant sources [30,31]. In the present investigation, the initial
step of the preliminary experiment was to select a suitable
extraction solvent system for millet phenolics. Three different
solvent systems viz., ethanol (50%), methanol (50%) and
HCl:methanol (in ratio of 0.5:99.5, 1:99) was used. The crude
phenolic extracts were prepared by extracting the ground millet
(unfermented and fermented) samples (1 g) with 20 ml of
solvent at a varying temperature range of 45–75 °C for 45–90
minutes using D-optimal design to optimize the extraction of
phenolic compounds. Based on the results obtained (Table 1),
two best solvents and their composition were chosen.

Maximum extraction of total phenolic content i.e.
152.51 mg/g was observed at 45 °C and 45 minutes with
HCl:methanol in ratio 0.5:99.5. Whereas minimum extractions
of total phenolic content i.e. 43.53 mg/g was observed at
75 °C and 90 minutes with HCl:methanol in ratio 0.5:99.5
(Table 1). It is clear from the results that either ethanol 50% or
HCl:methanol in ratio of 0.5:99.5 would be the best solvent for
the extraction of phenolic compounds from pearl millet.
Further, to compare the effect of both solvents on extraction,
a series of 22 experiments were again conducted in which
moderate temperatures of 40, 50 and 60 °C were chosen as
lower, middle and upper levels, respectively and a time dura-
tions of 45, 52.5 and 60 minutes as lower, middle and upper
levels, respectively to be applied in RSM optimization.

According to new design generated by RSM, millet grains
were again fermented with A. awamori for a period of 5 days,
6.5 days, and 8 days. Screening was done for the detection of
conditions for extraction of maximum phenolic compounds
from the fermented millets. Results of this investigation are
presented in Table 2 and reveal that maximum amount of phe-
nolic content was obtained from 8 days fermented sample.
Finally, 8 days fermented samples were selected to investigate
the best extraction conditions. It is clear from the results
that maximum extraction of TPC could be possible with 50%
ethanol. Experimental observations indicate the extraction of
maximum phenolic compounds (169.19 mg/g) at 40 °C for 45
minutes prepared in 50% ethanol and minimum extraction of
phenolic content (94.83 mg/g) at 60 °C for 45 minutes prepared
in HCl:methanol in a ratio of 0.5:99.5 (Table 1). Cacace and
Mazza [32] revealed that maximum total phenolics in black
currant extracts was obtained at about 60% ethanol followed by
a decrease with further increase in concentration. Nepote et al.
[33] also established that increasing the ethanol concentration

Fig. 1. Total phenolic content of pearl millet extracts prepared in ethanol
(50%).

Table 1
Screening of solvent, temperature and time for maximizing total phenolic content (TPC) using D-optimal design for variable duration of fermentation time.

Exp. No. Fermentation time Solvent Extraction temp. Extraction time Total phenolic content
Days °C minutes (mg GAE/g DW)

1 5 Ethanol 50% 60 60 120.6
2 8 Ethanol 50% 40 45 169.19
3 8 Ethanol 50% 60 60 117
4 8 Ethanol 50% 40 60 148.5
5 5 Ethanol 50% 60 45 138
6 5 Ethanol 50% 40 60 130.6
7 5 Ethanol 50% 40 45 129.08
8 6.5 Ethanol 50% 50 52.5 130.1
9 8 Ethanol 50% 60 45 125.85

10 6.5 Ethanol 50% 50 52.5 133.14
11 6.5 Ethanol 50% 50 52.5 127.52
12 5 0.5 ml HCl + 99.5 ml Methanol 40 60 131.13
13 5 0.5 ml HCl + 99.5 ml Methanol 60 45 113.29
14 8 0.5 ml HCl + 99.5 ml Methanol 40 60 137.83
15 6.5 0.5 ml HCl + 99.5 ml Methanol 50 52.5 119.01
16 8 0.5 ml HCl + 99.5 ml Methanol 60 45 94.83
17 5 0.5 ml HCl + 99.5 ml Methanol 40 45 134.36
18 5 0.5 ml HCl + 99.5 ml Methanol 60 60 103.68
19 8 0.5 ml HCl + 99.5 ml Methanol 40 45 152.36
20 6.5 0.5 ml HCl + 99.5 ml Methanol 50 52.5 133.61
21 6.5 0.5 ml HCl + 99.5 ml Methanol 50 52.5 126.2
22 8 0.5 ml HCl + 99.5 ml Methanol 60 60 97.64
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beyond 70% dramatically reduces the amount of phenolics
extracted from peanut skins. A remarkable drop in TPC at 100%
ethanol revealed that absolute solvent does not ensure a good
recovery of phenolic compounds as compared to aqueous
ethanol [33].

3.3. Effect of extraction time on extraction of TPC

The extraction time is also crucial for extraction of phenolic
compounds and can be as small as few minutes or very long and
extending up to 24 hours [34,35]. In our study, the range of
extraction time was premeditated on practical and economical
aspects. Increase in extraction time from 23.8 to 45 min led to
a small rise in TPC from 158.9 to 173.713 mg GAE/g (Fig. 3b).
No further significant increase in extraction of millet phenolics
was observed after 45 min. This observation was supported by
Fick’s second law of diffusion, which states that “final
equilibrium will be achieved between the solute concentrations
in the solid matrix (plant matrix) and in the bulk solution
(solvent) after a certain time”, hence, a longer extraction time
was not useful to extract more phenolic antioxidants [36].
Furthermore, extended extraction process might lead to
oxidation of phenolic compounds owing to prolonged light or
oxygen exposure. Thus, taking into account all these facts,
an extraction time of 23.8–66.2 min was chosen for RSM
optimization.

3.4. Response surface methodology experiments

3.4.1. Screening of process variables
In phase-1, fermentation time (5–8 days), extraction tem-

perature (40–60 °C), extraction time (45–60 min) and solvent
(ethanol 50%, 0.5 ml HCl + 99.5 ml methanol) were tested for
maximizing extraction of TPC. The half probability plot pre-
dicted fermentation time, temperature and solvent as important

process variables. ANOVA model was significant at 99.99%
with F-value of 16.37. The predicted R2 was close to adjusted R2

with signal to noise ratio greater than 4 (permissible level).
Also, model has the non significant lack of fit.

3.4.2. Analysis of response surface plot
Fig. 2 illustrated three-dimensional response surface plots by

presenting the response in function of two factors and keeping
the other constant at its middle level. Each figure revealed the
effects of the selected parameters on phenolic content. The
predicted response surface depicts the effect of fermentation
time and extraction temperature on total phenolic content at
constant solvent concentration i.e., 50% ethanol. Fig. 2 also
depicts higher amount of phenolic content yield in 8 days
fermented sample. Both fermentation time and extraction
temperature showed significant quadratic effects on phenolic
content (Fig. 2). Therefore, the phenolic content gradually
mounted up with the increase of fermentation time up to 8 days.
In general, the polarity of ethanol–water mixture would
increase continuously with the addition of water to ethanol.

3.4.3. Center composite design optimization
In phase-2, CCD was used for design of experiments and

model building using extraction temperature and extraction
time as process variables. The model was generated with few
non significant model terms. Thus, model was again generated
after eliminating model terms with p-value >0.05. The reduced
model was again significant with F-value of 16.37 at 99.99%
significance level. The lack of model was not significant at
p-value of 2.86. Thus, model can be navigated in the design
space. The relationship between the tested independent vari-
ables and the response was explained by applying multiple
regression analysis (Equation 1):

Table 2
Effect of temperature and time on total phenolic content (TPC) for 8 days fermentation time with ethanol 50% as solvent.

Sr. no. Fermentation time Solvent Temp. (°C) Time TPC (mg/g dwb)

1 8 days Ethanol 50% 37 30 137.5668 ± 0.40*
2 8 days Ethanol 50% 37 30 137.7764 ± 0.25
3 8 days Ethanol 50% 52 30 121.3673 ± 0.38
4 8 days Ethanol 50% 52 30 121.8843 ± 0.19
5 8 days Ethanol 50% 37 60 143.5825 ± 0.39
6 8 days Ethanol 50% 37 60 143.358 ± 0.44
7 8 days Ethanol 50% 52 60 109.4938 ± 0.41
8 8 days Ethanol 50% 52 60 108.5818 ± 0.41
9 8 days Ethanol 50% 33.9 45 121.6272 ± 0.60

10 8 days Ethanol 50% 33.9 45 122.068 ± 0.83
11 8 days Ethanol 50% 55.1 45 107.0189 ± 0.61
12 8 days Ethanol 50% 55.1 45 107.9659 ± 0.45
13 8 days Ethanol 50% 44.5 23.8 176.8298 ± 0.33
14 8 days Ethanol 50% 44.5 23.8 176.2238 ± 0.23
15 8 days Ethanol 50% 44.5 66.2 173.3333 ± 0.32
16 8 days Ethanol 50% 44.5 66.2 173.1002 ± 0.17
17 8 days Ethanol 50% 44.5 45 173.7063 ± 0.36
18 8 days Ethanol 50% 44.5 45 173.4266 ± 0.44
19 8 days Ethanol 50% 44.5 45 173.8462 ± 0.11
20 8 days Ethanol 50% 44.5 45 173.7063 ± 0.54
21 8 days Ethanol 50% 44.5 45 173.7529 ± 0.55

* ±Standard deviation.
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The suitability of the model equation for predicting the
response values was verified by conducting the extractions
under the recommended optimal conditions. In this experiment,
an optimization method was adopted to find a point that maxi-
mizes the response. The experimental and predicted values of
TPC were compared in order to determine the validity of the
model. To confirm the results, runs were carried out in tripli-
cates under the selected optimized conditions. Extraction
temperature and time demonstrated quadratic effect on total
phenolic content present in millet extracts prepared in ethanol
50% (Table 3).

The relationship of extraction temperature and extraction
time with TPC is shown in Fig. 3a and b. Both the factors
displayed significant linear and quadratic effect (at least
at p < 0.05) on TPC (Table 4) with reference to extraction
temperature, TPC of millet extracts increased readily with
increasing temperature up to 44.5 °C followed by a slight
decrease subsequently. This suggested that incubation up to this
temperature did improve phenolics extraction, yet was gentle
enough to avoid heat degradation of the target phenolic anti-
oxidants. Mild heating might soften the plant tissue, weaken
the cell wall integrity, hydrolyze the bonds of bound phenolic
compounds (phenol–protein or phenol–polysaccharide) and
enhance phenolics solubility, as a result more phenolics would
dispense to the solvent [37–39]. At optimum extraction tem-
perature (44.5 °C), higher amounts of phenolic contents were
recovered with short extraction time. This shows that long

extraction time may recompense the beneficial effects of
moderate temperature by inducing oxidation or degradation
of phenolic compounds, yielding low TPC [40]. By combining
the results presented in Fig. 3a and b, it was concluded
that extraction temperature and time had the most critical
role in the extraction of phenolic compounds from millet
followed by ethanol concentration. Modulation of phenolic
compounds could be enhanced using an aqueous ethanol over a
limited compositional range. In general, it was observed that
ethanol concentration ranging from 40 to 60% had greater
effectiveness in the extraction of polyphenol compounds com-
pared to pure ethanol. This seems to be agreed with 50%
ethanol reported in the present study. On the contrary, extrac-
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Fig. 2. Response surface plot for the effect of fermentation time and temperature at a constant solvent concentration (ethanol 50%) on total phenolic content of millet
koji.

Table 3
Two factor and five level central composite design (CCD) with experimental
and predicted values under different extraction conditions.

Runs Solvent type
and conc.

Independent variables Dependent variable
total phenolic content
(mg GAE/g DW)

A, Temperature
(°C)

B, Time
(mins.)

Experimental Predicted

1 Ethanol 50% 37.0 30.0 143.1 145.8
2 Ethanol 50% 52.0 30.0 121.8 125.4
3 Ethanol 50% 37.0 60.0 140.3 144.8
4 Ethanol 50% 52.0 60.0 126.0 124.5
5 Ethanol 50% 33.9 45.0 134.1 130.0
6 Ethanol 50% 55.1 45.0 101.7 101.2
7 Ethanol 50% 44.5 23.8 158.9 155.4
8 Ethanol 50% 44.5 66.2 155.2 154.1
9 Ethanol 50% 44.5 45 176.4 173.2
10 Ethanol 50% 44.5 45 174.6 173.2
11 Ethanol 50% 44.5 45 167.6 173.2
12 Ethanol 50% 44.5 45 178.4 173.2
13 Ethanol 50% 44.5 45 169.1 173.2
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tion temperature and time were important variable to be opti-
mized in order to minimize the energy cost of the process.
The results revealed that extraction carried out at moderate
temperature (44.5 °C) for shorter time (23.8 min.) was enough
to saturate the solutions with phenolic compounds (Table 3).
Additionally, this condition was able to minimize the possible
impact on phenolics present in millet which might be heat and
light sensitive.

3.4.4. Verification experiments
Using the best solvent type and the best solvent concentra-

tion selected in single factor experiments, samples were
extracted at various extraction temperatures ranging from 37 to
55.1 °C and time ranging from 23.8 to 66.2 minutes. The best
extraction temperature was selected according to the amount of
TPC obtained. Based on the results of single factor experiment,
the ranges of three factors (solvent concentration, extraction
temperature and extraction time) were determined for RSM
(Table 2). Verification experiments were performed with the
predicted conditions derived from the response surface and
contour plots of RSM. It demonstrated that experimental values
were reasonably close to the predicted values confirming the
validity of the performed models (Table 3).

3.5. Effect of extraction temperature on extraction of TPC

The final step in a sequence of single factor experiments
was to select an appropriate extraction temperature. The extrac-
tion of phenolic compounds increased moderately when extrac-
tion temperature was increased from 37 to 44.5 °C (Fig. 3a)
However, it is imperative to note that increasing the temperature
beyond certain limit may prop up decomposition of phenolic
compounds which were already mobilized at low temperature
or may even lead to degradation of phenolics still left over in the
extracts. Moreover, high temperature may also promote solvent
loss through vaporization thereby increasing the cost of extrac-
tion. Hence, moderate extraction temperature of 30 °–55.1 °C
(Fig. 3a) was selected as the lower and upper limits for optimi-
zation using RSM.

3.6. Verification of predictive model

CCD employed a correlation between the actual experimental
values and the predicted values that are generated by the response
surface methodology. Table 3 showed that the experimental results
were very close to the predicted one. This implied that there was a
high fit degree between the values observed in experiment and the
values predicted from the regression model. Hence, the response
surface modeling could be applied effectively to predict extraction
of phenolic compounds from millet.

To fit the response function and experimental data, the
linearity and quadratic effect of the independent variables,
their interactions and regression coefficients on the response
variables were evaluated by analysis of variance (ANOVA)
(Table 4). The ANOVA of the regression model showed that the
model was highly significant due to a very low probability value
(p < 0.0001). The fitness and adequacy of the model were
judged by the coefficient of determination (R2) and the signifi-
cance of lack-of-fit. R2 which is defined as the ratio of the
explained variation to the total variation was a measure of the
degree of fit [41]. The closer the R2 value to unity, the better
the empirical model fits the actual data [42]. By referring to
Table 4, R2 value for the model of TPC was 0.977, which was
close to 1. This suggested that the predicted models defined
well the real behavior of the system. In addition, the value of
adjusted R2 (0.965) was also very high to advocate for a high
significance of the model. The adjusted R2 was a corrected value
for R2 after the elimination of the unnecessary model terms. If
many non-significant terms have been included in the model,
the adjusted R2 would be remarkably smaller than the R2 [43].
In this study, the adjusted R2 was very close to the R2 value.
Besides, the absence of any lack of fit (p > 0.05) also strength-
ened the reliability of the model.

The P-values were used as a tool for checking the signifi-
cance of each coefficient, which in turn might indicated the
interaction patterns between the variables [44]. The smaller
the P-value, the more significant was the corresponding coef-
ficient. It could be observed from Table 2 that both the linear
and quadratic terms of all parameters (ethanol concentration,
extraction temperature, and extraction time) had significant (at
least at p < 0.05) effect on TPC. In addition, TPC was also
significantly influenced by the interactions between extraction
temperature and extraction time (Fig. 3). Among all the three
extraction parameters studied, temperature had the most critical
role in the extraction of phenolic compounds from millet fol-
lowed by extraction time and ethanol concentration.

3.7. Antioxidant activity

Obtaining the enhanced concentration of TPC in fermented
millet as compared to control, antioxidant activities of both the
extracts were also determined using DPPH and ABTS anti-free
radical assays.

3.8. Scavenging of 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
radical

Hydrogen/electron transfer is considered as an important
mechanism of antioxidant action, consequently DPPH was used

Table 4
Analysis of variance (ANOVA) of the model for total phenolic contents of
millet.

Degree of
freedom

Mean
squares

F-value p-Value

Source Prob>F
Model 6825.2 4 1706.31 84.72 <0.0001*
A: Extraction temp. 827.7 1 827.72 41.10 0.0002*
B: Extraction time 1.8 1 1.75 0.09 0.7755#

A2 5782.1 1 5782.08 287.10 <0.0001*
B2 595.9 1 595.90 29.59 0.0006*
Lack of fit 74.0 4 18.51 0.85 0.5605#

Model statistic
Std. dev. 4.49 R2 0.977
Mean 149.79 Adjusted R2 0.965
C.V.% 3.00 Predicted R2 0.933
PRESS 467.08 Adequate

precision
25.9

* Significant at p < 0.001.
# Not-significant at p < 0.05.
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to determine the scavenging action of fermented and unfer-
mented millets. The DPPH radical has been widely used to test
the free radical scavenging activity of various natural products
[45] and has been accepted as a model compound for free
radicals originating in lipids [46,47]. The purple color of
DPPH solution disappears in the presence of antioxidants.
The extent of discoloration indicates the scavenging potential
of the extracts. In the present investigation, extracts prepared
from fermented millet showed increased scavenging of the

DPPH radicals. The DPPH scavenging activity of fermented
millet extracts prepared in 50% ethanol was highest
(262.7 μmol VCEAC/g dw) as compared to unfermented millet
(233.36 μmol VCEAC/g dw) on 8th day of fermentation
(Table 5). Free and bound phenolic compounds are present in
grains with the levels of the later being highest in corn
(85%) > oats and wheat (75%) > rice (62%) [12]. The contri-
bution of bound phytochemicals to free radical antioxidant
activity was 90% in wheat, 87% in corn, 71% in rice and 58%
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Fig. 3. Response surface plot (a) and contour plots (b) for the effect of extraction time and extraction temperature at a constant solvent concentration (ethanol 50%)
on total phenolic content of millet koji.
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in oats [12]. As investigated, SSF process offers great advantage
over chemical and enzymatic processes to release the bound
form of phytochemicals present in millet and thus increasing
the product’s antioxidant ability.

3.9. Scavenging of ABTS radical

The ABTS radical solution possesses a distinctly blue green
color which disappears quickly in the presence of antioxidants.
In the present study, ABTS radical decolorization assay also
showed similar results as reported for the DPPH assay. As
revealed in Table 5, the highest ABTS radical scavenging
activity (281.86 μmol VCEAC/g) was observed on 8th day
of fermentation of millet extracts as compared to control
(244.28 μmol VCEAC/g). The obtained results of vitamin C
equivalent antioxidant capacity per gram of millet were slightly
higher as compared to DPPH assay. This may be explained by
the fact that both lipophilic and hydrophilic antioxidants are
involved in ABTS radical assay. The results were found to be
significant at P < 0.05 level. Thus, higher antioxidant activities
of fermented millet in the present study could be positively
related to higher total phenolic contents which were modulated
during SSF by A. awamori.

4. Conclusions

This investigation corroborates the benefit of RSM over
traditional methods for optimizing the extraction conditions for
phenolic compounds from fermented millet grains. RSM
results depicted that the extraction of phenolic compounds from
millet was mostly influenced by ethanol concentration, fol-
lowed by extraction time and extraction temperature. The opti-
mized conditions using RSM for the extraction of maximum
phenolic compounds were: ethanol concentration, 50%; extrac-
tion temperature, 44.5 °C and extraction time, 23.8 mins. Under
these preconditions of optimization, 176.82 mg GAE/g of phe-
nolic compounds was extracted which was very close to the
predicted value of 173.2 mg GAE/g. Thus, solid state fermen-
tation could be successfully used to improve the nutraceutical
properties of millet. The results suggested that fermented millet
(millet koji) may be a healthy food supplement rich in antioxi-
dants compared to unfermented millet. Further work is in prog-
ress to elucidate the solo or blended flour of fermented millet
for preparation of various millet based food products rich in
antioxidants. However, careful examination of the other nutri-
tional parameters is also warranted.

Acknowledgements

The work was supported by grant F. No. 41-541/2012 (SR)
received from University Grants Commission (UGC), New
Delhi, India for a major research project awarded to Dr. R.K.
Salar.

References

[1] F. Shahidi, M. Naczk, Food Phenolics: Sources, Chemistry, Effects and
Applications, Technomic Publishing Company Inc., Lancaster, PA, 1995,
pp. 281–319.

[2] J. Saha, A. Biswas, A. Chhetri, P.K. Sarkar, Response surface optimization
of antioxidant extraction from kinema, a Bacillus fermented soybean
food, Food Chem. 129 (2) (2011) 507–513.

[3] R.K. Salar, L. Seasotiya, Free radical scavenging activity, phenolic
contents and phytochemical evaluation of different extracts of stem
bark of Butea monosperma (Lam.) Kuntze. Front, Life Sci. 5 (3–4) (2011)
107–116.

[4] R.K. Salar, M. Certik, V. Brezova, Modulation of phenolic content and
antioxidant activity of maize by solid state fermentation with Thamnidium
elegans CCF-1456, Biotechnol. Bioprocess Eng. 17 (1) (2012) 109–116.

[5] C.Y. Cheok, N.L. Chin, A.Y. Yusof, R.A. Talib, C.L. Law, Optimization of
total phenolic content extracted from Garcinia mangostana Linn. hull
using response surface methodology versus artificial neural network, Ind.
Crops Prod. 40 (2012) 247–253.

[6] J. Miquel, A. Romano-Bosca, Oxidative stress and antioxidant diet
supplementation in ageing, arterosclerotic and immune dysfunction
processes, ARS Pharm. 45 (2) (2004) 91–109.

[7] A.P. Wickens, Ageing and the free radical theory, Respir. Physiol. 128
(2001) 379–391.

[8] R.K. Salar, L. Seasotiya, S.K. Rohilla, Evaluation of antioxidant activity
and radical scavenging property of Ficus bengalensis L. applying various
spectroscopic and spin-trapping methods, J. Biol. Active Prod. Nat. 1 (4)
(2011) 248–261.

[9] M.A. Gassem, M.A. Osman, Chemical composition and nutritional
potential of pearl millet grown in Jazan region of Saudi Arabia, J. Saudi
Soc. Agric. Sci. 7 (2008) 1–22.

[10] G.W. Burton, A.T. Wallace, K.O. Rachile, Chemical composition and
nutritive value of Pearl Millet, Crop Sci. 12 (1972) 187–188.

[11] B.I. Fancher, L.S. Jansen, R.L. Smith, W.W. Hana, Metabolize energy
content of pearl millet, Poult. Sci. 66 (10) (1987) 1693–1696.

[12] K.K. Adom, R.H. Liu, Antioxidant activity of grains, J. Agric. Food
Chem. 50 (21) (2002) 6182–6187.

[13] G.C. Yen, C.Y. Chi, S.W. Su, Antioxidant activity and active compounds
of rice koji fermented with Aspergillus candidus, Food Chem. 83 (1)
(2003) 49–54.

[14] T. Bhanja, A. Kumari, R. Banerjee, Enrichment of phenolics and free
radical scavenging property of wheat koji prepared with two filamentous
fungi, Bioresour. Technol. 100 (11) (2009) 2861–2866.

[15] T.M. Dordevic, S.S. Marinkovic, S.D. Brankovic, Effect of fermentation
on antioxidant properties of some cereals and pseudo cereals, Food Chem.
119 (3) (2010) 957–963.

[16] C. Liyana-Pathirana, F. Shahidi, Optimization of extraction of phenolic
compounds from wheat using response surface methodology, Food Chem.
93 (1) (2005) 47–56.

[17] H.N. Sin, S. Yusof, N.S.A. Hamid, R.A. Rahman, Optimization of hot
water extraction for sapodilla juice using response surface methodology,
J. Food Eng. 74 (3) (2006) 352–358.

[18] G.E.P. Box, K.B. Wilson, On the experimental attainment of optimum
conditions, J. R. Stat. Soc. Series B Stat. Methodol. 13 (1) (1951)
1–45.

[19] K.N. Chen, M.J. Chen, Statistical optimization: response surface
methodology, in: F. Erdogdu (Ed.), Optimization in Food Engineering,
CRC Press., FL, 2009, pp. 115–140.

[20] K.W. Kong, A.R. Ismail, S.T. Tan, K.N. Prasad, A. Ismail, Response
surface optimization for the extraction of phenolics and flavonoids from a

Table 5
Antioxidant activity of fermented and unfermented millet extracts (VCEAC
μmol/gm) prepared in 50% ethanol.

Fermentation time (DPPH assay) (ABTS assay)

Control 233.36 ± 0.00 244.28 ± 0.12*
2 days 241.7 ± 0.01 251.95 ± 0.85
4 days 248.53 ± 0.01 255.36 ± 0.53
5 days 254.28 ± 0.19 254.86 ± 0.40
6 days 252.53 ± 0.02 264.11 ± 0.10
8 days 262.7 ± 0.23 281.86 ± 0.31
10 days 242.11 ± 0.02 249.45 ± 0.50

* ±Standard deviation.

156 R.K. Salar et al. /Resource-Efficient Technologies 2 (2016) 148–157

http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0010
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0010
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0010
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0015
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0015
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0015
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0020
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0020
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0020
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0020
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0025
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0025
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0025
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0030
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0030
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0030
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0030
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0035
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0035
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0035
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0040
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0040
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0045
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0045
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0045
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0045
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0050
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0050
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0050
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0055
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0055
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0060
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0060
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0065
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0065
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0070
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0070
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0070
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0075
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0075
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0075
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0080
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0080
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0080
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0085
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0085
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0085
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0090
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0090
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0090
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0095
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0095
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0095
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0100
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0100
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0100
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0105
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0105


pink guava puree industrial by-product, Int. J. Food Sci. Technol. 45 (8)
(2010) 1739–1745.

[21] C.Y. Gan, A.A. Latiff, Extraction of antioxidant pectic polysaccharide
from mangosteen (Garcinia mangostana) rind: optimization using
response surface methodology, Carbohydr. Polym. 83 (2) (2011) 600–607.

[22] L. Yu, S. Haley, J. Perret, M. Harris, Antioxidant properties of hard winter
wheat extracts, Food Chem. 78 (4) (2002) 457–461.

[23] G.C. Yen, H.Y. Chen, Antioxidant activity of various tea extracts
in relation to their mutagenicity, J. Agric. Food Chem. 43 (1) (1995)
27–32.

[24] R.N. Re, A. Pellegrini, A. Proteggente, M.Y. Pannala, C.R. Evans,
Antioxidant activity applying an improved ABTS radical cation
decolorization assay, Free Radical Bio. Med. 26 (9–10) (1999)
1231–1237.

[25] M.J.T.J. Arts, G.R.M.M. Haenen, H.P. Voss, A. Bast, Antioxidant
capacity of reaction products limits the applicability of Trolox equivalent
antioxidant capacity (TEAC) assay, Food Chem. Toxicol. 42 (1) (2004)
45–49.

[26] C.H. Lin, Y.T. Wei, C.C. Chou, Enhanced antioxidative activity of
Soybean koji prepared with various filamentous fungi, Food Microbiol. 23
(7) (2006) 628–633.

[27] I.H. Lee, H.H. Yu, C.C. Cheng, Solid-state fermentation with fungi to
enhance the antioxidative activity, total phenolic and anthocyanin contents
of black bean, Int. J. Food Microbiol. 121 (2) (2008) 150–156.

[28] M. Alothman, R. Bhat, A.A. Karim, UV radiation-induced changes of
antioxidant capacity of fresh-cut tropical fruits, Innov. Food Sci. Emerg.
Technol. 10 (4) (2009) 512–516.

[29] I.H. Lee, H.H. Yu, C.C. Cheng, Total phenolic and anthocyanin content, as
well as antioxidant activity of black bean koji fermented by Aspergillus
awamori under different culture conditions, Food Chem. 104 (3) (2007)
936–942.

[30] M. Naczk, F. Shahidi, Extraction and analysis of phenolics in food,
J. Chromatogr. A 1054 (1–2) (2004) 95–111.

[31] E.A. Hayouni, M. Abedrabba, M. Bouix, M. Hamdi, The effects of
solvents and extraction method on the phenolic contents and biological
activities in vitro of Tunisian Quercus coccifera L. and Juniperus
phoenicea L. fruit extracts, Food Chem. 105 (3) (2007) 1126–1134.

[32] J.E. Cacace, G. Mazza, Optimization of extraction of anthocyanins from
black currants with aqueous ethanol, J. Sci. Food Agric. 68 (1) (2003)
240–248.

[33] V. Nepote, N.R. Grosso, C.A. Guzman, Optimization of extraction of
phenolic antioxidants from peanut skins, J. Sci. Food Agric. 85 (1) (2005)
33–38.

[34] B. Lapornik, M. Prosek, A.G. Wondra, Comparison of extracts prepared
from plant by-products using different solvents and extraction time,
J. Food Eng. 71 (2) (2005) 214–222.

[35] B.K. Lee, J.E. Jung, Y.H. Choi, Optimization of microwave-assisted
extraction process of Rehmannia Radix preparata by response surface
methodology, Food Eng. Prog. 9 (2005) 283–290.

[36] E.M. Silva, H. Rogez, Y. Larondelle, Optimization of extraction of
phenolics from Inga edulis leaves using response surface methodology,
Sep. Purif. Technol. 55 (3) (2007) 381–387.

[37] T. Juntachote, E. Berghofer, F. Bauer, S. Siebenhandl, The application of
response surface methodology to the production of phenolic extracts of
lemon grass, galangal, holy basil and rosemary, Int. J. Food Sci. Technol.
41 (2) (2006) 121–133.

[38] B.B. Li, B. Smith, M.M. Hossain, Extraction of phenolics from citrus
peels II. Enzyme-assisted extraction method, Sep. Purif. Technol. 48 (2)
(2006) 189–196.

[39] G. Spigno, L. Tramelli, D.M.D. Faveri, Effects of extraction time,
temperature and solvent on concentration and antioxidant activity of grape
marc phenolics, J. Food Eng. 81 (1) (2007) 200–208.

[40] I. Hismath, W.M. Wan-Aida, C.W. Ho, Optimization of extraction
conditions for phenolic compounds from neem (Azadirachta indica)
leaves, Int. Food Res. J. 18 (3) (2011) 59–67.

[41] L.H. Wang, B. Yang, X.Q. Du, C. Yi, Optimization of supercritical fluid
extraction of flavonoids from Pueraria lobata, Food Chem. 108 (2) (2008)
737–741.

[42] G.J. Fan, Y.B. Han, Z.X. Gu, D.M. Chen, Optimizing conditions for
anthocyanins extraction from purple sweet potato using response surface
methodology (RSM), LWT Food Sci. Technol. 41 (1) (2008) 155–160.

[43] R.H. Myers, D.C. Montgomery, Response Surface Methodology, Process
and Product Optimization Using Designed Experiments, Wiley, New
York, USA, 2002, p. 32.

[44] X.J. Hou, W. Chen, Optimization of extraction process of crude
polysaccharides from wild edible Bachu mushroom by response surface
methodology, Carbohydr. Polym. 72 (1) (2008) 67–74.

[45] W. Brand-Williams, M.E. Cuvelier, C. Berset, Use of free radical method
to evaluate antioxidant activity, Lebensm. Wiss. Technol. 28 (1) (1995)
25–30.

[46] T. Hatano, H. Kagawa, T. Yasuhara, T. Okuta, Two new flavonoids and
other constituents in licorice root, their relative astringency and radical
scavenging effects, Chem. Pharm. Bull. 36 (6) (1988) 1090–2097.

[47] T. Yasuda, A. Inaba, M. Ohmori, T. Endo, S. Kubo, K. Ohsawa, Urinary
metabolites of gallic acid in rats and their radical scavenging effect on
DPPH, J. Nat. Prod. 63 (10) (2000) 1444–1446.

157R.K. Salar et al. /Resource-Efficient Technologies 2 (2016) 148–157

http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0105
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0110
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0110
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0110
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0115
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0115
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0120
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0120
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0120
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0125
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0125
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0125
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0125
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0130
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0130
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0130
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0130
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0135
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0135
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0135
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0140
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0140
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0140
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0145
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0145
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0145
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0150
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0150
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0150
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0150
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0155
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0155
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0160
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0160
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0160
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0160
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0165
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0165
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0165
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0170
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0170
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0170
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0175
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0175
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0175
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0180
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0180
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0180
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0185
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0185
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0185
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0190
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0190
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0190
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0190
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0195
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0195
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0195
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0200
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0200
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0200
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0205
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0205
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0205
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0210
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0210
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0210
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0215
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0215
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0215
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0220
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0220
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0220
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0225
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0225
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0225
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0230
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0230
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0230
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0235
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0235
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0235
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0240
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0240
http://refhub.elsevier.com/S2405-6537(16)30037-9/sr0240

	 Optimization of extraction conditions and enhancement of phenolic content and antioxidant activity of pearl millet fermented with Aspergillus awamori MTCC-548
	 Introduction
	 Materials and methods
	 Plant material
	 Chemicals and glasswares
	 Microorganism and inoculum
	 Preparation of millet koji
	 Preparation of millet extracts
	 Total phenolic content (TPC) determination
	 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay
	 2, 2-Azino-bis (3-ethylbenzothiazoline-6-sulfate) (ABTS) radical cation depolarization assay
	 Experimental design for response surface methodology

	 Results and discussion
	 Effect of fermentation on phenolic compounds mobilization
	 Selection of solvent for extraction of TPC
	 Effect of extraction time on extraction of TPC
	 Response surface methodology experiments
	 Screening of process variables
	 Analysis of response surface plot
	 Center composite design optimization
	 Verification experiments

	 Effect of extraction temperature on extraction of TPC
	 Verification of predictive model
	 Antioxidant activity
	 Scavenging of 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical
	 Scavenging of ABTS radical

	 Conclusions
	 Acknowledgements
	 References


