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A B S T R A C T

Tri-substrate mixture of Prosopis juliflora (PJ), red gram husk (RGH) and cotton seed cake (CSC) has been studied
for the production of lipase (E.C. 3.1.1.3) using Aspergillus niger MTCC 872 in solid state fermentation. Simplex
centroid mixture design (SCMD) was implemented to optimize the tri-substrate mixture composition consisting
of PJ, RGH and CSC. Mixture taken in the ratio of 6.66:1.66:1.66 for PJ:RGH:CSC has shown highest lipase
activity of 212.20 ± 6.36 U/gds at 30 °C, 7 pH and 70 % initial moisture content (v/w). Sequential optimization
of physical parameters was done using the central composite face-centered design (CCFD). The optimum mixture
composition has shown the highest lipase activity of 269.87 ± 8.09 U/gds at 35 °C, 7 pH and 70 % initial
moisture content (v/w). ANOVA analysis for SCMD and CCFD confirms the model’s significance with R2 values
of 0.9989 and 0.968. A 1.27 fold increased lipase activity was obtained after physical parameters optimization.
Large scale production using 1 kg substrate was carried out in tray bioreactor with different bed heights and the
highest lipase activity of 208.79 ± 6.26 U/gds was obtained. This study signifies the enhancement of lipase
production using substrate PJ for lipase production along with the other agricultural residues.

1. Introduction

In the past 200 years, fossil fuel consumption has increased rapidly,
leaving the climate seriously impacted by global warming, and fossil
fuel reserves depleted. These reserves may last only for the next 40
years as per the present fuel consumption statistics [1]. An increase in
the consumption of fossil fuels increases demand. If oil depletes without
alternate fuels, its price will rise [2]. So the scientists are working on
liquid biofuels. Biodiesel emerged as the alternate source of the petro-
leum-based diesel fuel. Biodiesel manufactured by the transesterifica-
tion of vegetable oils and short-chain alcohols in the presence of cata-
lyst [3]. In previous studies, chemical (homogeneous and/or
heterogeneous) catalysts such as H2SO4, KOH, SO4/Fe-Al-TiO2, Cu/Zn/
ℽ-Al2O3 and Ti(SO4)O, etc. are used in transesterification reaction al-
though there exist several flaws with these methods [4–7]. Enzyme-
catalyzed biodiesel production has several advantages over chemical-
catalyzed transesterification, for example, the requirement of low en-
ergy, environmental friendly, relatively easy removal of glycerol and
the complete conversion of free fatty acids (FFA) [8].

Lipases (E.C. 3.1.1.3) are a group of enzymes that catalyze the

hydrolysis of triacylglycerols into di-acylglycerol, mono-acylglycerol
then glycerol and FFA at the water-lipid interface. Lipases are ubiqui-
tous and microbial lipases are advantageous over derived from plants
and animals as they can be modified at the gene level and ease of
cultivation [9]. Lipases exhibit a high degree of activity and stability.
They do not require co-factors and can be easily immobilized on dif-
ferent matrices. As surface-active enzymes, lipase activity highly de-
pends on the interfacial area of the organic-aqueous phase. Lipases can
use relatively broad spectrum substrates, stability towards high tem-
perature, pH, and they are enantioselective and regioselective [10].
Lipases can synthesize FFA and organic alcohols on the reverse reaction
of carboxylate esters in the presence of excess water in a non-aqueous
environment [11,12].

Lipases belong to the α/β hydrolases family. In general, microbial
lipases molecular weight ranges between 19–60 kDa. The active site of
lipases consists of three amino acid residues: a nucleophile is most
commonly serine or cysteine, aspartate as acid and histidine as base
residues [13]. The core consists of eight different beta strands (β1- β8)
connected to six alpha helices (αA- αF). The nucleophile serine locates
on C-terminal at the end of the β5 strand. A mobile lid covers the active
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site. Whether this lid is open or closed will determine the active or
inactive state of the enzyme. At the oil-water interface, the lid will open
to give access to the active site to the substrate [14,15].

In an organic medium, lipase can also catalyze esterification and
interesterification reactions [11]. Lipases have wide industrial appli-
cations due to their high substrate specificity, mild operating condi-
tions, and high purity of the end product. So, there is a huge demand for
lipase due to its widespread industrial applications, including detergent
formulation, biodiesel production, pharmaceutical, food, cosmetic, and
fine chemicals. The global market value for lipase predicted to reach
$590.5 million by 2020, with an annual growth of around 6.5 % be-
tween 2015 and 2020 [16–18].

The use of cheap agro-industrial wastes as the substrate in solid
state fermentation (SSF) gaining more attention due to higher activity
compared to submerged fermentation (SmF). Production of the enzyme
in the fermentation process requires the use of carbon and nitrogen
sources for the growth of microorganisms. In SmF, microorganism
grows on freely flowing liquid media. Therefore, SmF has notable ad-
vantages, such as maintenance and monitoring pH, dissolved oxygen,
Temperature, etc. Contrarily, SSF provides a natural habitat for the
most microorganisms, especially for fungi and mold. SSF requires less
energy demand, cheap raw materials, and it is less susceptible to bac-
terial contamination [19]. The use of mixed substrates is viable for the
growth of microorganisms in SSF. Mixture substrate can provide better
surface area and accessibility of the nutrition to the microorganism
[20].

Statistical design of experiments is a process that is used to plan an
experiment to generate and analyze the data using different available
methods which helps in determining objective conclusions from the
data. Any statistical method runs on three basic principles which are
randomization, replication and blocking. Randomization is the tech-
nique in which the allocation of the experimental data and the order in
which the experiments conducted are completely random that makes
the process effective. Replication is the process in which different sets of
factor combinations are run repeatedly to process the input data.
Replication brings out the variability between different runs of the
experiment. Finally, blocking is the technique that is used to improve
the accuracy of the data by comparing it with different factors used in
the experiments. It helps to reduce or eliminate unnecessary factors that
may be present in the experimental data. There are different meth-
odologies to design a different set of experiments which include fac-
torial design, mixture design, response surface methodology, etc. [21].

In the current study, lipase was produced by SSF using fungal strain
Aspergillus niger MTCC 872 with highly lipolytic solid substrate Prosopis
Juliflora (PJ) pods. Other agro-industrial wastes Red Gram Husk (RGH)
and Cottonseed Cake (CSC) also used as a tri-substrate mixture for the
better lipase production. SCMD was used to optimize the mixture
composition of the tri-substrates. Then using the SCMD results, CCFD
was used to optimize the physical parameters to enhance the lipase
activity. With all the optimized conditions, large scale production of
lipase was done in a tray bioreactor with varying bed heights.

2. Materials and methods

2.1. Microorganism and growth conditions

The fungal strain Aspergillus niger MTCC 872 was procured from

Microbial Type Culture Collection and Gene Bank (MTCC) Chandigarh,
India. The fungi were revived from glycerol stock stored at −20 °C by
streaking on Potato Dextrose Agar (PDA) slants. Later, PDA slants in-
cubated at 30 °C for 96 h. After the incubation, the slants stored at 4 °C
for the sub-culturing. The sub-cultured slants were used as the inoculum
for the production of lipase.

2.2. Solid substrates and other chemicals

Solid substrates, cottonseed cake and red gram husk, were pur-
chased from the local market, Hyderabad. Prosopis juliflora pods col-
lected from the surroundings of the Indian Institute of Technology
Hyderabad. K2HPO4, NaOH and CuSO4 from SDFCL, KH2PO4 and Folin-
Ciocalteu reagent from SRL. Na2CO3 from FINAR and p-NPP from
Sigma Aldrich. All the chemicals used are analytical grade.

Prosopis Juliflora, mesquite, is a well-known invasive plant species
widely spread in arid zones of the world, mainly Africa, India, Pakistan,
Brazil, and Australia. It belongs to the Fabaceae family, and it is native
to South America and Central America. PJ trees flower twice a year
(February-March and August-September) causes rapid spread and dis-
tribution, especially in invaded habitats [22]. It extensively used in the
diet of lambs, cattle, goats with good nutritional values. PJ pods are
rich in protein, iron, carbohydrates (30–75%), fructose (3.2–12%),
glucose (7.5–75%), maltose (< 0.4 %), lactose (0.7 %), inositol (5 %),
raffinose (1 %) and reducing sugar (2–20%) [23].

Elemental composition (% weight basis) of the substrates PJ, RGH
and CSC were analyzed using the CHNS-O organic elemental analyzer.
Carbon, Nitrogen, Hydrogen and Sulfur compositions tabulated in
Table 1.

2.3. Lipase production by SSF

Solid substrates with individual and mixture composition making a
total quantity of 10 g taken in an Erlenmeyer flask. Potassium phos-
phate buffer with 0.05M added to maintain the pH and moisture con-
tent required for the growth of the microorganism. The solid substrate
was sterilized by autoclaving at 121 °C and 15 psi for 15min. The in-
oculum with a spore concentration (counted using haematocytometer)
of 5.4 million cells per mL added to the solid media. Then, the flask kept
in the incubator with the required temperature to allow the micro-
organism for growth.

Samples collected at the regular intervals for analyzing the lipase
activity. For every 0.5 g of sample, 10mL of potassium phosphate buffer
with 0.05M, and 7.0 pH added to extract the lipase in a shaker in-
cubator at 30 °C, 150 rpm for 60min. The extracted samples filtered
using Whatman No.1 filter paper. This filtered sample was used to

Nomenclature

ANOVA analysis of variance
CSC cottonseed cake
CCFD Central Composite Face-Centered Design
FFA free fatty acid

PJ Prosopis juliflora
p-NPP p-nitrophenyl palmitate
RGH red gram husk
SCMD Simplex Centroid Mixture Design
SmF submerged fermentation
SSF solid state fermentation

Table 1
Elemental composition (% weight basis) of solid substrates analyzed by CHNS-
O organic elemental analyzer.

Element Prosopis Juliflora Red Gram Husk Cottonseed Cake

Carbon 43.5796 38.6644 44.7224
Nitrogen 5.1363 6.1397 8.2050
Hydrogen 6.111 6.0517 6.4453
Sulfur 0 8.7196 0
Other 45.173 40.4606 40.6273
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determine the lipase and protein assay.

2.4. P-Nitrophenyl palmitate (p-NPP) lipase assay

The lipase activity determined spectrophotometrically by the mod-
ified para-nitrophenyl palmitate (p-NPP) method [24]. The reaction
mixture consists of 0.65mL of 0.05M potassium phosphate buffer,
0.1 mL of 0.025M p-NPP in absolute ethanol, and 0.25mL filtered
crude enzyme. The reaction conducted in a test tube placed in a shaker
incubator at 37 °C and 130 rpm for 30min. After the reaction, the
samples were taken out, and 0.25mL of 0.1M Na2CO3 added to the
reaction mixture to quench the reaction. This mixture then centrifuged
at 4 °C and 10,000 rpm for 15min. 1mL supernatant taken out to an-
other test tube and diluted with 2.5 mL double distilled water. The
resulted solution assayed using spectrophotometer at OD 410 nm. The
samples assayed in triplicates. One unit of lipase defined as 1.0 μmol of
p-nitrophenol liberated per minute under assay conditions.

2.5. Protein assay

Protein assay determined by Lowry protocol to determine the spe-
cific activity of the sample [25]. Initially, a mixture of A (2 % of Na2CO3

(w/v) in 0.1 N NaOH), B (1 % of CuSO4 (w/v)) and C (2 % of Sodium
Potassium Tartrate, C4H4KNa (w/v)) prepared. 1mL of A+B+C
mixture of 100:1:1 vol ratio of A, B and C respectively, was taken in a
test tube. 0.2 mL of the filtered crude enzyme and 0.1mL Folin reagent
(diluted with double distilled water 1:1 vol) added to it and allowed to
react in a dark place at room temperature for 30min. After the reaction,
the mixture diluted with 2.6 mL of double distilled water and protein
analysis was done spectrophotometrically at OD 660 nm. All the sam-
ples assayed in triplicates. Though the individual solutions for the
Lowry solution can be prepared in advance, it should mix on the day of
protein measurement. Specific activity (μmol/min.mg=U/mg) defined
as the moles of product formed by an enzyme in a given amount of time
under given conditions per milligram of total proteins.

3. Optimization of Lipase for enhanced activity

Two statistical design methods used for the optimization of lipase
activity. (1) Simplex Centroid Mixture Design and (2) Central
Composite Face-Centered Design.

3.1. Simplex centroid mixture design

Design Expert v.9.0.5.1 software was used to determine the op-
timum mixture composition of the solid substrates PJ, RGH, and CSC.
The SCMD is an unconstrained design because the proportions of all the
components range from 0 to 1. The SCMD is distributed uniformly in
the interior of the triangle that helps to detect the curvature of the
response surface. The experimental design comprised of ten combina-
tions: three of them are pure mixtures, each of the components are
duplicate that located at the vertex of the triangle. Three binary blends,
each mixture contains two possible components blend located at the
center edge (one duplicate out of three). Combination of three com-
ponents blend but not in equal proportions located at axial check blend
and one center point or centroid where all the three components are in
equal proportions included in the blend.

3.2. Central Composite Face-Centered Design

Response surface methodology was used to optimize the screened
variables and studying their interaction effects for enhanced lipase
production by SSF. This method involves performing the statistically
designed experiments, estimating the mathematical coefficients, pre-
dicting the response and checking the adequacy of the model [26].
Design Expert v9.0.5.1 is used to design the experiments of Central

Composite Face-Centered Design. The design consists of 20 experi-
mental runs with six replicated center points, eight star points and six
axial points.

The relation between the dependent and independent variables
expressed in terms of a second-order polynomial Eq. (1).

= + + + + + + + + +Y A A A A A A A A A A A A0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 11 1
2

22 2
2

33 3
2

(1)

Where A1, A2 and A3 are the levels of the factors, β0 is a constant, β1, β2
and β3 are the linear coefficients, β12, β13, and β23 are the interactive
coefficient estimates and β11, β22, and β33 are the quadratic coefficients.

Statistical analysis of the model is performed to evaluate ANOVA,
which consists of F-test and coefficient of determination (R2). F-test
measures the overall model significance, and the R2 measures the
goodness of fit of the regression model.

4. Results and discussions

4.1. Optimization of substrate mixture for enhanced production of lipase
using SCMD

The mixture components PJ, RGH and CSC have been taken on a
weight basis, fixing the total weight to 10 g. Three substrates were used
to study the effect of lipase activity and specific activity fixing initial
physical parameters at 30 °C, 7 pH and 70 % initial moisture content (v/
w). Design Expert software generated 14 experimental runs. Lipase
activity and its corresponding specific activity obtained with different
solid substrate mixture composition in SSF tabulated in Table 2. All the
experiments conducted in duplicates for better understanding and
consistency of data.

The highest lipase activity of 204.92 ± 6.14 U/gds was obtained
for RGH at 48 h, whereas for PJ and CSC are 205.87 ± 6.17 and
205.92 ± 6.23 U/gds obtained respectively at 72 h. A binary mixture
of PJ:RGH has shown the highest activity of 199.78 ± 5.99 U/gds and
a mixture of PJ:CSC and RGH:CSC has shown comparable lipase ac-
tivities of 180 ± 5.40 and 171.68 ± 5.15 U/gds respectively at 72 h.
For ternary mixtures in different proportions, highest lipase activity of
212.20 ± 6.36 U/gds for mixture composition of 6.66:1.66:1.66 for
PJ:RGH:CSC and its corresponding specific activity found to be
62.21 ± 1.86 U/mg. Lipase activity for similar mixture composition of
CSC:PJ:RGH and RGH:PJ:CSC has shown the highest activity of
183.48 ± 5.50 and 139.56 ± 4.18 U/gds respectively. The ternary
mixture of all the components taken in equal ratios has shown the
highest activity of 162.06 ± 4.86 U/gds. All the ternary mixture have
shown the maximum activity at 48 h, as shown in the Fig.1. In another

Table 2
Lipase activity and its specific activity obtained with different solid substrates
mixture composition.

Run Mixture Composition (g) Response

PJ (A) RGH (B) CSC (C) Lipase Activity (U/
gds)

Specific Activity (U/
mg)

1 0 10 0 205.02 ± 6.15 42.96 ± 1.28
2 1.66 6.66 1.66 139.56 ± 4.18 27.29 ± 0.18
3 10 0 0 206.80 ± 6.20 45.78 ± 1.37
4 5 0 5 180.09 ± 5.40 38.85 ± 1.16
5 5 5 0 199.78 ± 5.99 54.56 ± 1.63
6 0 5 5 171.68 ± 5.15 26.72 ± 0.80
7 0 0 10 207.67 ± 6.23 43.66 ± 1.30
8 5 5 0 200.24 ± 6.00 54.36 ± 1.63
9 10 0 0 204.95 ± 6.14 52.96 ± 1.58
10 1.66 1.66 6.66 183.48 ± 5.50 35.32 ± 1.05
11 3.33 3.33 3.33 162.06 ± 4.86 29.44 ± 0.88
12 0 10 0 204.82 ± 6.14 42.96 ± 1.28
13 6.66 1.66 1.66 212.20 ± 6.36 62.21 ± 1.86
14 0 0 10 208.23 ± 6.24 42.95 ± 1.28
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study taking the ternary mixture wheat bran, coconut oil cake and
wheat rawa with different compositions have produced enhanced lipase
activity compared to the single substrate [20].

It was observed that the lipase activity for RGH has increased after
24 h till 48 h then the activity declined. In the case of PJ and CSC,
appreciable growth observed after 48 h. CSC has maintained its activity
until 96 h, whereas a decline in the activity after 72 h observed for PJ.
Comparable highest lipase activity obtained for all three individual
substrates. In another study conducted by Aguieiras et al. [16] on

cottonseed meal using Rhizomucor miehei produced an activity of 93 U/
g after 96 h. The maximum activity for RGH within 48 h maybe because
of the high surface area provided by RGH. If the surface area is high,
then the accessibility of the nutrition to the microorganism for its
growth is easy. The highest lipase activity for different compositions of
solid substrates represented in 3D surface plot and its corresponding
contour plots were shown in Fig. 2(a and b). From the contour plot, it
can be seen that the binary mixture of PJ and RGH composition ranging
from 1.66 to 3.33 g of PJ and 3.33 to 5 g of RGH shows a reduction,
whereas increasing PJ composition from 3.33 and above by decreasing
the RGH composition increased the lipase activity. Keeping the higher
composition of PJ or CSC in the binary mixture increased the lipase
activity, but the maximum was obtained when PJ composition is
higher. In the ternary mixture, PJ showed the maximum impact for
producing the highest lipase activity.

The standard deviation of 1.15 and R2 value of 0.9989 was observed
for the special quartic model and also the predicted and adjusted R2

values give a reasonable agreement for the model which provides the
best fit for the data. SCMD model summary was shown in Table 3. The
analysis of variance (ANOVA) data for lipase activity that shows the
sum of squares, the mean sum of squares, degree of freedom and F-
value for the model and different parameters tabulated in Table 4. The
F-value of 569.10 obtained from the model implies that the model is
significant. The higher F-value for all the model parameters suggests
that the model equation can explain the variation in the lipase activity.
The validity of F-value further confirmed by evaluating the corre-
sponding p-value to identify the statistical significance of the model and
parameters. A p-value<0.05 is considered to be statistically significant
with a high confidence level (> 95 %) whereas p-values> 0.1 are in-
significant. The p-value (< 0.0001) of the overall regression model for

Fig. 1. Lipase activity for different compositions of solid substrates (PJ, RGH
and CSC) with Aspergillus niger MTCC 872 in SSF.

Fig. 2. Optimum lipase activity plots from simplex centroid mixture design for tri-substrate mixture (a) 3-D surface plot (b) 2-D contour plot and (c) The comparison
between predicted and actual lipase activity.
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the lipase activity was found to be highly significant, and the special
quartic model equation efficiently represented by the actual relation-
ship between the lipase activity and the varying mixture composition.

The high regression coefficient (R2=0.9989) of the model equation
also confirmed the same. The F-value of 9.29 for “Lack of fit” implies
that it is significant and also the p-value suggests that there is only 3.81
% chance that it could occur due to noise.

Lipase activity (U/gds) =

+ +
+ +A B

205.95 *A 205 *B 208.03*C – 21.25*A*B – 106.38*A*C – 138.11 *B*C
2863.06* *B*C – 4644.92*A* *C 698.85*A*B*C2 2 2 (2)

Where A is Prosopis Juliflora (PJ), B is Reg Gram Husk (RGH) and C is
Cotton Seed Cake (CSC).

From Eq. (2), obtained from the special quartic model, it is clear
that the individual components have a positive effect, whereas binary
component mixtures have shown the antagonistic effect on the lipase
activity. In case of the binary mixture, RGH and CSC have shown the
highest antagonistic effect compared with the other two mixtures. For
ternary mixture comprising PJ in more quantity has shown synergistic
effect whereas mixture comprising more RGH has an antagonistic effect
on lipase activity. From the above results, it is evident that RGH is
providing sufficient surface area to support the fungal growth, but its
nutrients are getting readily depleted. CSC helps in sustaining the
growth for a longer period providing nutrients for the fungal growth. PJ
is the key component that provides nutrients to uphold the lipase ac-
tivity. From the predicted equation using special quartic model, it is
clear that the experimental values are nearer to the predicted values of
lipase activity as shown in Fig. 2(c).

Point prediction of the model was confirmed with the experimental
run using the composition of 7.72:1.82:0.46, PJ:RGH:CSC at 30 °C,
7.0 pH and 70 % initial moisture content (v/w). The predicted and
experimental activities at this condition was 207.02 U/gds and 201.74
U/gds at 48 h. The specific activity observed was 48.72 U/mg.

The lipase activity for the tri-substrate mixture composition of
6.66:1.66:1.66 g of PJ:RGH:CSC obtained was similar to those exhibited
by individual substrate components. But the specific activity for this
mixture composition is much higher than the individual components.
As specific activity signifies the purity of the enzyme in the mixture,
enzymes with higher specific activity will have higher stability, which
helps to use the enzyme in hydrolysis for an elongated time [27,28].
Hence this mixture composition was chosen for the next optimization
process.

4.2. Optimization of physical parameters using the central composite face-
centered design (CCFD)

Based on the SCMD, the optimized mixture composition of
6.66:1.66:1.66 g of PJ:RGH:CSC respectively, was chosen for CCFD
under RSM to determine the optimum physical parameters, tempera-
ture (25 °C, 30 °C and 35 °C), pH (6, 7 and 8) and initial moisture
content (v/w, 60 %, 70 % and 80 %) to enhance the lipase activity.
Independent variables, temperature, pH and initial moisture contents
were studied at three different levels, as shown in Table 5. And their
corresponding results (lipase and specific activities) were shown in
Table 6. All the experiments conducted in duplicates and average values
were reported.

The highest lipase activity of 269.87 ± 8.09 U/gds and its corre-
sponding specific activity 72.67 ± 2.18 was obtained at 30 °C, 7 pH

Table 3
Simplex centroid mixture design (SCMD) model summary.

Source Std. Dev. R-Squared Adjusted R-Squared Predicted R-Squared PRESS

Linear 22.70 0.0618 −0.1088 −0.4579 8805.81
Quadratic 17.19 0.6088 0.3643 −0.0612 6409.68
Special Cubic 17.75 0.6348 0.3218 −4.4556 32,951.73
Cubic 1.15 0.9989 0.9971 0.9070 561.47 Aliased
Special Quartic 1.15 0.9989 0.9971 0.9070 561.47 Suggested
Quartic 0.71 0.9997 0.9989 Aliased

Table 4
Analysis of variance (ANOVA) of special quadratic model using simplex cen-
troid mixture design (SCMD).

Source Sum of
Squares

df Mean
Square

F Value p-value
Prob > F

Model 6033.31 8 754.16 569.10 < 0.0001 significant
Linear Mixture 373.25 2 186.63 140.83 < 0.0001
A˟B 37.68 1 37.68 28.43 0.0031
A˟C 570.94 1 570.94 430.84 < 0.0001
B˟C 962.33 1 962.33 726.19 < 0.0001
A2BC 839.87 1 839.87 633.78 < 0.0001
AB2C 2210.59 1 2210.59 1668.14 < 0.0001
ABC2 48.64 1 48.64 36.70 0.0018
Residual 6.63 5 1.33
Lack of Fit 4.63 1 4.63 9.29 0.0381 significant
Pure Error 1.99 4 0.50
Cor Total 6039.93 13

Table 5
Range of physical parameters and their coded values for central composite face-
centered design (CCFD).

Physical parameter Low (-1) Medium (0) High (+1)

Temperature 25 30 35
pH 6 7 8
Moisture Content 60% 70% 80%

Table 6
Lipase activity and its specific activity obtained for physical parameter opti-
mization using central composite face-centered design (CCFD).

Run Temperature
(T) (°C)

pH Moisture
Content
(MC) (v/w)

Lipase activity
(U/gds)

Specific activity
(U/mg)

1 0 0 +1 195.44 ± 4.82 58.12 ± 1.74
2 −1 −1 −1 206.22 ± 4.57 48.33 ± 1.44
3 0 0 0 213.30 ± 6.35 60.05 ± 1.80
4 +1 +1 +1 178.54 ± 6.84 65.92 ± 1.98
5 0 0 0 212.38 ± 6.37 60.39 ± 1.81
6 +1 −1 −1 220.55 ± 6.61 61.97 ± 1.85
7 0 0 −1 155.75 ± 4.67 49.33 ± 1.48
8 +1 −1 +1 250.77 ± 7.52 66.03 ± 1.98
9 −1 −1 +1 192.49 ± 5.77 61.69 ± 1.85
10 0 0 0 212.10 ± 6.36 60.50 ± 1.81
11 0 0 0 212.30 ± 6.36 60.80 ± 1.82
12 0 +1 0 198.19 ± 5.94 59.98 ± 1.80
13 −1 +1 +1 168.75 ± 5.06 52.18 ± 1.56
14 +1 0 0 269.87 ± 8.09 72.67 ± 2.18
15 0 0 0 212.10 ± 6.36 60.1 ± 1.80
16 +1 +1 −1 241.66 ± 7.24 67.61 ± 2.02
17 0 −1 0 195.44 ± 5.86 60.78 ± 1.82
18 −1 0 0 206.22 ± 6.18 62.79 ± 1.88
19 0 0 0 213.30 ± 6.39 61.64 ± 1.84
20 −1 +1 −1 178.54 ± 5.35 49.00 ± 1.47

V. Mandari, et al. Process Biochemistry 89 (2020) 46–54

50



and 70 % initial moisture content (v/w) at 72 h. The quadratic model
suggested from the experimental results were shown in Table 7. The
coefficient of determination, R2 value is 0.968, and the difference be-
tween the adjusted and predicted R2 value<0.2. The value of adequate
precision which measures the signal to noise ratio of 23.249 was ob-
tained. A ratio greater than 4 is desirable, which signifies the accept-
ability of the model.

The ANOVA analysis for the quadratic model shown in Table 8. F-
values 33.59 and lack of fit values of 467.5 imply the significance of the
suggested model. There are only 0.01 % chances that the values this
large could occur due to noise. Further, F-values were validated by
evaluating the corresponding p-values, which will identify the statis-
tical significance of the model and parameters. In this case, the sig-
nificant terms are A, BC, A2 and C2.

Equation (3) in terms of coded factors represents empirical relation
between the lipase activity and the screened variable expressed as a
second-order polynomial equation.

Lipase activity (U/gds) =

+ + + + A C207.15 31.26 A 0.36 B 5.22 C 0.44 AB 1.65 AC 11.66 BC 38.68 2.55B 41.012 2 2

(3)

Where A is the temperature in °C, B is pH and C is percentage of initial
moisture content (v/w).

Individual parameters, temperature, pH and initial moisture content
are efficacious for lipase activity. Interaction terms have produced an
antagonistic effect out of which interaction between pH and initial
moisture contents contributed the maximum. Square term of tempera-
ture shows the positive effect, and the other two has an obstructive
effect on lipase activity.

4.2.1. Optimization of the combined effect of physical parameters on lipase
activity

Many reports suggest that physical parameters like temperature, pH
and initial moisture content greatly influence the production of lipase
[9,29]. In the present study, an attempt has been made to enhance the
lipase activity at flask level by optimizing physical parameters. Three-
dimensional response surface plot was constructed to obtain optimum

value for each variable. The 3D response surface for lipase activity was
plotted on Z-axis against the two independent variables on X-axis and Y-
axis while maintaining the third variable at the central level shown in
Fig. 3(a, c &e). This optimum physical parameter zone can be seen in
the two-dimensional response contour plots, as shown in Fig. 3(b, d &f).

The 3D response surface and contour plots for the interaction effect
of temperature and pH, keeping the initial moisture content of 70 % (v/
w) as a constant as shown in Fig. 3(a & b). Optimized substrate com-
position was incubated at different temperatures ranging from 25 °C to
35 °C with an increment of 5 °C and pH ranging from 6 to 8. Maximum
lipase activity of 269.87 ± 8.09 U/gds was observed at 35 °C. Further
increase in the temperature might result in the denaturation of the
protein structure of the enzyme. It is clear from the graph, an increase
in the temperature favors the lipase activity at all pH values. Interaction
between temperature and moisture content at pH 7 shown in Fig. 3(c &
d). An increase in moisture content and temperature favors lipase ac-
tivity. A saddle shape obtained for interaction of initial moisture con-
tent and temperature. Increase in initial moisture content above 70 %
results in a decline of lipase activity. Because at higher moisture con-
tent, there is a chance of agglomeration of the solid substrate. This leads
to a decrease in the porosity of the substrate, thereby affecting fungal
growth. From the plot, it confirmed that an increase in temperature
supports lipase activity at all levels of initial moisture content. Low
moisture levels would result in minimal growth due to a reduction in
nutrient diffusion and low substrate swelling [30]. Thus optimum
temperature and initial moisture content (v/w) for lipase activity were
observed at 35 °C and 70 % respectively. Effect of interaction between
pH and moisture content at a constant temperature of 30 °C shown in
Fig. 3(e & f). An increase in initial moisture content favors lipase ac-
tivity at all pH. The pH affects the stability of enzymes by changing the
electrostatic interactions of their protein structure, causing changes in
the amino acid ionization status, which defines the secondary and
tertiary structures of protein and therefore its activity and stability
[31]. It is clear from the plot that interaction of pH and initial moisture
content has no significant effect on the lipase activity. Highest lipase
activity of 269.87 ± 8.09 U/gds was obtained for a substrate mixture
containing 6.66:1.66:1.66 of PJ:RGH:CSC at 35 °C, pH 7 and 70 % of

Table 7
Central composite face-centered design (CCFD) model summary.

Source Std. Dev. R-Squared Adjusted R-Squared Predicted R-Squared PRESS

Linear 22.55 0.5526 0.4687 0.3254 12,262.05
2FI 23.24 0.6137 0.4353 0.4636 9751.00
Quadratic 7.63 0.9680 0.9392 0.8575 2589.95 Suggested
Cubic 9.63 0.9694 0.9030 −36.5579 6.827E+005 Aliased

Table 8
Analysis of variance (ANOVA) of the quadratic model using central composite face-centered design (CCFD).

Source Sum of Squares df Mean Square F-Value p-value Prob > F

Model 17,595.63 9 1955.07 33.59 < 0.0001 significant
Linear A-Temperature 9770.63 1 9770.63 167.87 < 0.0001

B-pH 1.31 1 1.31 0.023 0.8837
C-Moisture Content 272.48 1 272.48 4.68 0.0558

Two way interaction AB 1.58 1 1.58 0.027 0.8726
AC 21.88 1 21.88 0.38 0.5535
BC 1086.95 1 1086.95 18.67 0.0015

Square A2 4113.52 1 4113.52 70.67 < 0.0001
B2 17.94 1 17.94 0.31 0.5910
C2 4625.93 1 4625.93 79.48 < 0.0001

Residual 582.04 10 58.20
Lack of Fit 580.80 5 116.16 467.50 < 0.0001 significant
Pure Error 1.24 5 0.25

Total 18,177.67 19
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temperature, pH and initial moisture content (v/w) respectively. The
predicted and actual lipase activity with the R2 value of 0.968, which
gives a comparable activity, as shown in Fig. 4. An increase of 1.27
folds in lipase activity at flask level was observed after optimizing the
physical parameters. 5. Large scale production of lipase in tray bioreactor

Optimized process conditions were scaled up from the flask level to
the semi-pilot production level. Lipase production was scaled up using

Fig. 3. Interaction effect of physical parameters by response surface plots. (a & b) Temperature and pH at 70 % initial moisture content (c & d) Temperature and
initial moisture content at pH 7.0 and (e & f) pH and initial moisture content at 35 °C.

Fig. 4. The comparison between predicted and actual lipase activity from
central composite face-centered design (CCFD).

Fig. 5. Large scale production of lipase using different bed heights in tray
bioreactor with optimized mixture composition and physical parameters.
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1 kg solid substrate in tray bioreactor with dimensions of 45.2*42.7*2.5
(l*b*h) cm with intermittent mixing at different bed heights. The lipase
activity with different bed heights shown in Fig. 5. The highest lipase
activity of 208.79 ± 6.26 U/gds was found for the bed height of
2.5 cm. The large scale production yielded 77.32 % of the optimum
activity obtained at 10 g flask level. Maintaining the moisture content
in the tray bioreactor was difficult because, at an optimized tempera-
ture of 35 °C, the moisture gets evaporated. To maintain the moisture
content in the tray bioreactor, at every 6 h of time interval moisture
content was analyzed, and the required amount of buffer was added.
The observation of a reduction in yield could be moisture loss due to an
increase in temperature (35–38 °C) during the growth of the culture.
Comparable results are obtained when the substrates unevenly dis-
tributed for bed height ranges from 2.3 to 2.5 cm and 2.5 cm. Addi-
tional supports were used to maintain the bed height of 3.5 and 4.5 cm.
Increasing bed height resulted in a decrease in lipase activity. The
reason for the reduction of activity could be difficult for the spore pe-
netration into the substrates to access the nutrients and due to the
moisture loss.

6. Validation of model

To validate the suggested model for maximizing the activity, two
sets of experiments performed concerning all three parameters using
point prediction. The results for the predicted and experimental values
of lipase activity obtained are comparable as shown in Table 9.

7. Conclusion

This study provides the evidence for utilizing the Prosopis Juliflora as
a solid substrate for production of lipase using Aspergillus niger MTCC
872 by solid state fermentation. This study also involves the use of two
optimization techniques SCMD and CCFD for enhanced lipase produc-
tion. Mixture design technique, SCMD, was used to optimize the tri-
substrate mixture consisting of PJ, RGH and CSC in the ratio of
6.66:1.66:1.66 which has provided the maximum activity of
212.20 ± 6.36 U/gds. And then CCFD under RSM was used to optimize
the physical parameters. The highest lipase activity of 269.87 ± 8.09
U/gds was obtained for the tri-substrate mixture at 35 °C, 7 pH and 75
% initial moisture content (v/w). The developed models have shown a
good correlation between experimental and predicted value with the R2

values of 0.9989 and 0.968 for SCMD and CCFD, respectively. It was
observed that there is an increment of 1.27 fold in lipase activity after
the optimization of physical parameters. Large scale production of li-
pase in tray bioreactor with the bed height of 2.5 cm has shown the
highest activity of 208.79 ± 6.26 U/gds. Large scale production
yielded 77.32 % of the maximum lipase activity of the flask level study.
This study has shown that the use of PJ as a substrate can be an ef-
fective solution to meet the increasing demand for lipase production.
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