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Abstract
This study aimed to evaluate combinations of low-cost raw materials wheat bran, cottonseed cake, and potential inductors 
(olive oil, tween 80, triton X-100, and the oil extracted from the viscera of the Nile tilapia) for lipase production by Aspergil-
lus niger IOC 4003 in solid-state fermentation (SSF). In addition, the lipase obtained was submitted to partial purification by 
precipitation with organic solvents, and its stability against pH and temperature was evaluated. The effects of SSF operating 
conditions (cultivation time, pH, inoculum, moisture), tilapia viscera oil, nutrients (glucose, urea, yeast extract, cottonseed 
cake/wheat bran ratio), and salts  (KH2PO4 and  MgSO4.7H2O) were screened for lipase production by Plackett–Burman 
Design followed by a Central Composite Rotatable Design (CCRD). The highest activity obtained using the CCRD was 
0.091 U/g. The addition of olive oil, non-ionic surfactants, and tilapia viscera oil in different concentrations did not increase 
lipase production. Acetone and ethanol precipitation was able to increase the specific activities of lipase up to 16.00 and 
4.91 times, respectively. The concentrated acetone fraction lipases showed high stability to pH and temperature stresses, 
maintaining enzymatic activity greater than 70% at pH 3 to 10 and not less than 80% at 30 to 60 °C after 6 h of exposure, 
which can be of great interest in various industrial processes.
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Introduction

Enzymes are important industrial inputs because they 
achieve results which cannot be obtained by chemical syn-
thesis (Dayanandan et al. 2013). In addition, they have high 
substrate binding specificity (Adjonu et al. 2013). The global 
market of enzymes has reached USD 5 billion in 2016. It is 
projected to reach USD 8.7 billion by 2026 (Global mar-
kets for enzymes in industrial applications 2021). Thus, the 
enzyme market is advancing and lipases correspond to 10% 
of this market (Salihu et al. 2016).

Lipases are enzymes that catalyze the hydrolysis 
of the triacylglycerol ester bonds to diacylglycerols, 

monoacylglycerols, and free fatty acids. They also catalyze 
the synthesis of esters, transesterification, and interesteri-
fication of lipids (Geoffry and Achur 2018). Lipases have 
advantages such as the ability to act in wide pH and tem-
perature ranges, stability against organic solvents, potential 
to replace conventional chemical catalysts, biodegradability, 
specificity, and selectivity (Thakur 2012; Torres et al. 2006). 
These enzymes are applied in catalysis in several productive 
sectors such as chemical (detergent formulations), environ-
mental (biosurfactants, biofuels), food (dairy industry, food 
additives), and health (digestive enzymes and cosmetics) 
areas (Geoffry and Achur 2018; Nema et al. 2019). The 
catalytic role of lipases in transesterification reactions has 
been used in oils for biofuel production (Selvakumar and 
Sivashanmugam 2017). In turn, the cosmetic industry has 
employed them for synthesizing ingredients to improve the 
emollience and fragrance of products (Khan and Rathod 
2020). However, the economic viability of industrial pro-
cesses using lipases is associated with the costs of producing 
these enzymes (Geoffry and Achur 2018).
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The main lipase production processes are submerged fer-
mentation (SmF) and solid-state fermentation (SSF) (Geof-
fry and Achur 2018). The interest in SSF is attributed to the 
high yield and productivity of the product, less generation of 
effluents, low energy consumption and the use of low-cost raw 
materials simulating the natural habitat of microorganisms 
(Nema et al. 2019; Yazid et al. 2017).

Organic wastes can be good candidates for SSF subtracts 
due to providing carbon, nutrients, and moisture at low cost, 
with minimal or no prior treatment (Yazid et al. 2017). Among 
the agricultural residues studied, wheat bran had the highest 
productivity in obtaining lipase in the SSF when combined 
with olive oil as an inductor (Kumar and Ray 2014). Cotton-
seed cake was also investigated for lipase production in SSF 
with good results (Nema et al. 2019; Thirunavukarasu et al. 
2016). In turn, no studies were found for other wastes such as 
tilapia viscera oil on its use for lipase production.

Cottonseed cake is the material that remains after extract-
ing cotton oil and has high levels of crude protein and lipids 
(McCartney and Tingley 1998). The lipid constitution is 
mainly linoleic (56.9%), oleic (16.9%), and palmitic acids 
(23.3%) (Ferreira et al. 2019). These are also the main com-
pounds of olive oil, which is the best lipase production induc-
tor (Wang et al. 2008). In the same way, the oil extracted from 
Nile tilapia viscera is rich in unsaturated fatty acids, mainly 
oleic acid (López et al. 2010). This lipid profile similar to olive 
oil has the potential to induce the production of lipases.

Selectively recovering a target protein from a crude extract 
can represent 50–90% of total production costs (Sousa Jun-
ior et al. 2016). On the other hand, there are products whose 
application does not require a high degree of purity. In this 
case, reducing the number of purification steps is fundamen-
tal for economic viability (Trentini et al. 2015). Separating 
macromolecules by extract precipitation is the most traditional 
method for recovery and partial purification. It is a low-cost 
technique as it does not require complex equipment and con-
sumes little energy (Trentini et al. 2015; Preczeski et al. 2018).

In this context, this study aimed to evaluate the potential 
of low-cost raw materials of wheat bran, cottonseed cake, 
and tilapia viscera oil and supplementation with surfactants 
and olive oil in different concentrations for lipase production 
by Aspergillus niger in solid-state fermentation. In addition, 
the lipase obtained was submitted to partial purification by 
precipitation with organic solvents, and its stability against 
pH and temperature was evaluated.

Material and methods

Agro‑industrial by‑products

Cottonseed cake (CTC) and wheat bran (WB) were obtained 
from the local market in Natal, RN, Brazil, and stored at 

room temperature. The following physicochemical charac-
terizations were performed: moisture (McCartney and Tin-
gley 1998); ash, fat, crude protein, crude fiber, and total 
carbohydrates (AOAC 2003) water activity (Sancho et al. 
2015); and water absorption index (López et al. 2018).

Tilapia viscera oil (TVO) was provided by Piscis Indus-
try and Commerce LTDA (Jaguaribara, CE, Brazil). The 
sample was stored at room temperature and protected from 
light. Acidity and peroxide values were evaluated according 
to the Association of Official Analytical Chemistry method-
ologies (AOAC 2003). The fatty acid profile of the oil was 
determined on a Shimadzu GCMS-QP2010 gas chromato-
graph mass spectrometer system (Shimadzu, Kyoto, Japan). 
In this case, methylation of fatty acids was performed to 
obtain the corresponding methyl esters (Hartman and Lago 
1973) and the chromatographic method was carried out 
according to Alcântara et al. (2019). The percentage of fatty 
acids in the sample was determined by a calibration curve 
with methyl ester standards.

The use of these by-products was authorized by the 
National System for Management of Genetic Heritage and 
Associated Traditional Knowledge (SisGen) under registra-
tion number AD83CB1.

Microorganism

Aspergillus niger IOC 4003 was provided by the Collec-
tion of Culture of Filamentous Fungi of the Oswaldo Cruz 
Institute (Rio de Janeiro, Brazil). The growth of the micro-
organism occurred in Potato Dextrose Agar at 30 ± 2 °C for 
7 days. Then, spore propagation was performed in corn cob 
medium, as previously described by Guilherme et al. (2008).

Lipase production

The Plackett–Burman (PB) experimental design was used to 
screen the conditions responsible for the increase in lipase 
production in SSF. Eleven factors were evaluated at 2 levels 
using 12 assays and three central points, totaling 15 experi-
ments. The PB design matrix was obtained using the Statis-
tica 7.0 software program. All the experiments were carried 
out in duplicate.

The independent variables evaluated were cottonseed 
cake/wheat bran ratio, tilapia viscera oil, cultivation time, 
pH, inoculum, moisture, glucose, urea, yeast extract, 
 KH2PO4, and  MgSO4.7H2O. The real and coded values 
are shown in Table 1. Fermentations were carried out 
with 5 g of waste or a combination of wastes in 250 mL 
Erlenmeyer flasks. The pH and moisture of culture media 
were adjusted by the addition of citric acid- sodium phos-
phate buffers (pH 5, 6, and 7). All nutrient solutions were 
autoclaved separately. A salt solution containing  CaCl2 
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(0.31  g/L),  FeSO4.7H2O (0.006  g/L),  MnSO4.7H2O 
(0.019 g/L), and  ZnSO4.7H2O (0.037 g) was added to all 
assays.

Cultivation was performed at 30 ± 2 °C in an incubator 
with humidified air injection. The flasks were shaken daily 
with autoclaved glass rods in a laminar flow cabinet.

After cultivation, the enzyme was extracted by adding 
10 mL tris–HCl buffer (0.05 M, pH 8) per gram of agro-
industrial by-product. Then, the mixture was incubated 
at 30 ± 2 °C and 150 rpm for 30 min. Next, the sample 
was filtered and subjected to centrifugation at 2833 xg for 
15 min. The enzymatic extract was filtered by 0.22 μm 
membrane and stored at -20 °C for the lipolytic activity 
analysis (variable response of PB design).

The most important variables  determined by  the 
PB experimental design were then selected for further 
evaluation by a  23 Central Composite Rotatable Design 
(CCRD). CCRD matrix is formed by 19 runs, which 
include 6 axial points and 5 replicates at the central point. 
The independent variables (cultivation time, cottonseed 
cake/ wheat bran ratio and moisture) were evaluated 
according to Table 2.

In 250 mL Erlenmeyer flasks, 5 g of the cottonseed 
cake/wheat bran combination were weighed according 
to the CCRD matrix. Yeast extract (3%, w/v), salt solu-
tion, and an inoculum of 2 ×  107 spores/g of residue were 
added. The pH of the culture medium and the moisture 
were adjusted with citric acid-phosphate buffer (pH 7). 
Cultivation was carried out at 30 ± 2 °C for the time pro-
vided in the matrix. After the incubation time, the enzyme 
extract was obtained with tris-HCI buffer (0.05 M, pH 8) 
as described above. Then, the lipolytic activity (dependent 
variable) was measured to verify the effects of the ana-
lyzed factors.

Supplementation with surfactants and olive oil

The effect of supplements on SSF was also investigated on 
the production of lipases. The assay with the highest lipo-
lytic activity found by CCRD (run 2) was reproduced and 
considered the control experiment. Assays were performed 
under the same conditions (combination of 30% CSC and 
70% WB, 240 h and 50% moisture) and added in the fer-
mentation medium oil olive (1.0%, 2.0%, 4.0%, 6.0%, 8.0% 
and 10.0% w/w), tween 80 (0.5% and 1.0%, w/w) and triton 
X-100 (0.5% and 1.0%, w/w). The lipolytic activities were 
subsequently analyzed and compared with a control experi-
ment (without supplementation).

Precipitation with organic solvents

Lipase precipitation tests were conducted using acetone and 
ethanol based on the methodology of Tacin et al. (2019) with 
modifications. First, 20% solvent (w/w) was slowly added to 
the crude extract (triplicate). The mixture was maintained by 
magnetic stirring for 20 min at 4 °C and then centrifuged at 
3237 xg for 20 min. The precipitate was resuspended with 
0.05 M tris–HCl buffer (pH 8) and the final volume of the 
supernatant was recorded. Then, 40% solvent (w/w) was 
added to the supernatant, and the above procedures were 
repeated. Proportions of 60% (w/w) and 80% (w/w) organic 
solvents were also used, with four fractions of each solvent 
being obtained. The fraction precipitates and the crude 
extract were submitted to lipolytic activity and total protein 
determinations.

Stability of lipases

The fraction containing pre-purified lipases (40% acetone 
fraction) was subjected to pH and temperature stresses 
according to the modified methodology by Tacin et  al. 
(2019). The following buffers were used: 0.1 M sodium cit-
rate (pH 3); 0.2 M sodium acetate (pH 4–5); 0.2 M sodium 
phosphate (pH 6–8); and 0.2 M glycine–NaOH (pH 9–10). 
The fractions were subsequently incubated at different tem-
peratures (30, 40, 50, and 60 °C) to evaluate temperature 
stability. Lipolytic activity was determined after 6 h of expo-
sure and compared with the enzyme activity of the fraction 

Table 1  Factors, real and coded values used in Plackett–Burman 
design

Factors Levels

− 1 0  + 1

X1-cultivation time (h) 96 144 192
X2-pH 5 6 7
X3-inoculum (spores/g residue) 2 ×  105 2 ×  106 2 ×  107

X4-moisture (%) 40 50 60
X5-tilapia viscera oil (%) 0 4 8
X6-glucose (%) 0 1 2
X7-urea (%) 0 0.35 0.70
X8-yeast extract (%) 0 1.5 3
X9-KH2PO4 (%) 0 0.2 0.4
X10-MgSO4.7H2O (%) 0 0.1 0.2
X11-cottonseed cake/ wheat bran ratio
(g/g)

0/5.0 2.5/2.5 5.0/0

Table 2  Factors, real and coded values used in CCRD

Factors Levels

− 1.68 − 1 0  + 1  + 1.68

X1-Cultivation time (h) 111 144 192 240 273
X2-Cottonseed cake/ 

wheat bran ratio (g/g)
0.8/4.2 1.5/3.5 2.5/2.5 3.5/1.5 4.2/0.8

X3-Moisture (%) 43.2 50 60 70 76.8
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without incubation (0.05 M tris–HCl buffer pH 8). The 
results were expressed as a percentage of relative lipolytic 
activity.

Determination of lipolytic activity

Lipase activity was determined by the hydrolysis of the chro-
mogenic substrate p-nitrophenyl palmitate (pNPP) according 
to the method described by Silva et al. (2005). One unit (U) 
of lipase activity was defined as the amount of enzyme that 
releases one micromol of p-nitrophenol per minute under 
standard assay conditions. The lipase activity result was 
expressed as U/g of the substrate. Each enzymatic extract 
was analyzed eight times.

Determination of protein concentration

The protein concentrations of the samples were obtained by 
the method of Lowry et al. (1951) adapted for microplates. 
The wavelength used was 660 nm and Bovine Serum Albu-
min was used as a standard. All measurements were made 
in triplicate.

Statistical analysis

The results were expressed as mean ± standard deviation. 
The Statistica 7.0 software program (StatSoft Inc., Tulsa, 
OK, USA) was used for Analysis of Variance (ANOVA) 
with Tukey HSD post-hoc test, considering 95% confidence 
level (p < 0.05) as a significant result.

All the experiments of the Plackett–Burman experimental 
design and CCRD were performed randomly, and the data 
were treated with the aid of the Statistica 7.0 software pro-
gram. The statistical significance of the second-order model 
equation was determined by the F-test (ANOVA).

Results and discussion

Physico‑chemical characterization of by‑products

The physicochemical characterization of CSC and WB are 
shown in Table 3. Moisture, ash, and fat results were similar 
to the CSC evaluated by Pereira et al. (2016). However, the 
protein concentration in the present study was higher. The 
high crude protein and lipid levels are important factors for 
selecting low-cost raw materials to produce lipases by SSF 
because the microorganism can use it as a source of carbon 
and nitrogen. Moreover, the lipids of CSC can act as induc-
tors for lipase production (Geoffry and Achur 2018; Salihu 
et al. 2012). The WB composition was similar to that found 
in other studies, except for the crude fiber and total carbo-
hydrate contents (Han et al. 2019; Zhao and Dong 2016). 

According to Mahadik et al. (2002), one of the reasons for 
the success of WB in enzymatic production by SSF is that it 
has sufficient nutrients for microbial development.

The WB water activity is close to ideal for fungi, which is 
around 0.5 and 0.6 (Thomas et al. 2013). However, the water 
activity of the CSC was lower. Passamani et al. (2014) found 
that the optimal growth of A. niger in a semisynthetic grape 
culture medium needed water activity higher than 0.95. 
Therefore, both agro-industrial by-products would need to 
have water added to promote the development of A. niger. 
The water absorption index (WAI) of the WB was higher 
than the CSC. WAI indicates the amount of water that can 
be absorbed by the matrix. Thus, higher WAI values are pre-
ferred for SSF because the moisture can be modified during 
cultivation (Azevedo et al. 2020).

Analysis of the physicochemical characteristics of the oil 
is important for investigating oil properties and oil qual-
ity. The quality analysis of the TVO through acidity index 
(11.93 ± 0.64 mg of KOH/100 g of oil) revealed that it has 
some degree of degradation because the result verified was 
higher than what is accepted by the Codex Alimentarius 
(maximum 3 mg KOH/100 g fish oil) (Codex Alimentarium 
Comission 2017). Enzymatic activity continues in the vis-
cera and muscles after the fish’s death, resulting in hydroly-
sis of triacylglycerides, leading to the formation of free fatty 
acids. Therefore, it is inferred that the tilapia viscera were 
stored for long periods before extraction.

Peroxides are intermediate products of oxidation reac-
tions. Thus, the peroxide index is regularly used to evaluate 
the primary oxidation of oils (Ribeiro et al. 2021). The per-
oxide index was 2.99 ± 0.29 mEq of reactive oxygen/Kg of 
oil. This result is in accordance with that recommended by 
Codex Alimentarium Comission (2017), which allows up to 
5 mEq of reactive oxygen/Kg of oil.

The fatty acid profile of the TVO (Fig. 1) revealed the 
predominance of oleic acid (37.3%), palmitic acid (27.0%), 

Table 3  Physicochemical characterization of cottonseed cake and 
wheat bran

Different letters on the same line indicate a statistically significant 
difference (p < 0.05) using one-way ANOVA followed by Tukey post-
test

Parameter Cottonseed cake Wheat bran

Moisture (g/100 g) 5.07 ± 0.33a 10.86 ± 0.80b

Ash (g/100 g) 6.40 ± 0.07a 7.16 ± 0.19b

Fat (g/100 g) 7.80 ± 0.80a 3.06 ± 0.09b

Crude protein (g/100 g) 47.88 ± 1.01a 21.97 ± 0.28b

Crude fiber (g/100 g) 27.69 ± 0.79a 41.61 ± 2.53b

Total carbohydrates (g/100 g) 32.94 ± 0.87a 56.94 ± 0.68b

Water activity 0.44 ± 0.01a 0.65 ± 0.01b

Water absorption index
(g water/g sample)

3.55 ± 0.18a 4.55 ± 0.11b
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and linoleic acid (12.7%). These constituents presented are 
the same as olive oil (Ferreira et al. 2019), corroborating the 
potential inductor of lipases of TVO.

Screening of SSF conditions by PB experimental 
design

Table 4 shows the PB matrix and the results of lipolytic 
activity of crude extract from SSF of A. niger IOC 4003.

The Pareto chart (Fig. 2) shows the effects that the vari-
ables had on lipolytic activity. The factors which signifi-
cantly influence the production of lipases (p < 0.05) were: 

cultivation time, cottonseed cake/wheat bran ratio, glucose, 
yeast extract, and pH. The positive sign of the effects showed 
that an increase in these variables (level -1 to level + 1) 
increased lipase production. Only the glucose concentration 
variable had a negative effect on lipolytic activity.

The highest results were obtained in fermentations with 
a pH equal to or greater than 7. Unlike previous studies 
showing the effect of supplementation with  MgSO4.7H2O 
and  KH2PO4 on the production of lipase (Falony et  al. 
2006; Pokorny et al. 1994), the results of this study showed 
that  MgSO4.7H2O and  KH2PO4 did not influence lipase 
production.
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Fig. 1  Chromatogram of fatty acids profile of tilapia viscera oil

Table 4  Plackett–Burman design matrix and obtained lipolytic activities

X1: cultivation time (hours); X2: pH; X3: inoculum (spores/g of residue); X4: moisture (%); X5: tilapia viscera oil (%); X6: glucose (%); X7: 
urea (%); X8: yeast extract (%); X9: KH2PO4 (%); X10: MgSO4.7H2O (%); X11: cottonseed cake/ wheat bran ratio (g/g)

Run Independent variables (Coded levels) Lipolytic 
activity 
(U/g)X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11

1  + 1 (192) − 1 (5)  + 1 (2 ×  107) − 1 (40) − 1 (0) − 1 (0)  + 1 (0.7)  + 1 (3)  + 1 (0.4) − 1 (0)  + 1 (5/0) 0.053
2  + 1 (192)  + 1 (7) − 1 (2 ×  105)  + 1 (60) − 1 (0) − 1 (0) − 1 (0)  + 1 (3)  + 1 (0.4)  + 1 (0.2) − 1 (0/5) 0.054
3 − 1 (96)  + 1 (7)  + 1 (2 ×  107) − 1 (40)  + 1 (8) − 1 (0) − 1 (0) − 1 (0)  + 1 (0.4)  + 1 (0.2)  + 1 (5/0) 0.029
4  + 1 (192) − 1 (5)  + 1 (2 ×  107)  + 1 (60) − 1 (0)  + 1 (2) − 1 (0) − 1 (0) − 1 (0)  + 1 (0.2)  + 1 (5/0) 0.044
5  + 1 (192)  + 1 (7) − 1 (2 ×  105)  + 1 (60)  + 1 (8) − 1 (0)  + 1 (0.7) − 1 (0) − 1 (0) − 1 (0)  + 1 (5/0) 0.055
6  + 1 (192)  + 1 (7)  + 1 (2 ×  107) − 1 (40)  + 1 (8)  + 1 (2) − 1 (0)  + 1 (3) − 1 (0) − 1 (0) − 1 (0/5) 0.030
7 − 1 (96)  + 1 (7)  + 1 (2 ×  107)  + 1 (60) − 1 (0)  + 1 (2)  + 1 (0.7) − 1 (0)  + 1 (0.4) − 1 (0) − 1 (0/5) 0.019
8 − 1 (96) − 1 (5)  + 1 (2 ×  107)  + 1 (60)  + 1 (8) − 1 (0)  + 1 (0.7)  + 1 (3) − 1 (0)  + 1 (0.2) − 1 (0/5) 0.026
9 − 1 (96) − 1 (5) − 1 (2 ×  105)  + 1 (60)  + 1 (8)  + 1 (2) − 1 (0)  + 1 (3)  + 1 (0.4) − 1 (0)  + 1 (5/0) 0.025
10  + 1 (192) − 1 (5) − 1 (2 ×  105) − 1 (40)  + 1 (8)  + 1 (2)  + 1 (0.7) − 1 (0)  + 1 (0.4)  + 1 (0.2) − 1 (0/5) 0.012
11 − 1 (96)  + 1 (7) − 1 (2 ×  105) − 1 (40) − 1 (0)  + 1 (2)  + 1 (0.7)  + 1 (3) − 1 (0)  + 1 (0.2)  + 1 (5/0) 0.018
12 − 1 (96) − 1 (5) − 1 (2 ×  105) − 1 (40) − 1 (0) − 1 (0) − 1 (0) − 1 (0) − 1 (0) − 1 (0) − 1 (0/5) 0.001
13 0 (144) 0 (6) 0 (2 ×  106) 0 (50) 0 (4) 0 (1) 0 (0.35) 0 (1.5) 0 (0.2) 0 (0.1) 0 (2.5/2.5) 0.005
14 0 (144) 0 (6) 0 (2 ×  106) 0 (50) 0 (4) 0 (1) 0 (0.35) 0 (1.5) 0 (0.2) 0 (0.1) 0 (2.5/2.5) 0.005
15 0 (144) 0 (6) 0 (2 ×  106) 0 (50) 0 (4) 0 (1) 0 (0.35) 0 (1.5) 0 (0.2) 0 (0.1) 0 (2.5/2.5) 0.010
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Yeast extract was a significant variable for nitrogen 
sources; however, urea had did not influence lipase produc-
tion. Similar results were found in other studies (Cihangir 
and Sarikaya 2004; Contesini et al. 2009; Kamini et al. 
1998). Fungus requires nitrogen for its maintenance and 
growth to synthesize amino acids, vitamins, nucleic acids, 
and chitin (Pastore et al. 2011). Because the by-products 
evaluated possess considerable crude protein levels (CSC: 
47.88 ± 1.01 g/100 g; WB: 21.97 ± 0.28 g/100 g), it is pos-
sible to infer that the nitrogen supply in the studied condi-
tions was from the yeast extract and the protein content of 
the by-products used.

Glucose was the only statistically significant factor in 
that supplementation reflected lower lipase activity. Other 
studies have also reported repression of lipase production 
by SSF using medium supplemented with carbohydrates 
(Cihangir and Sarikaya 2004; Salihu et al. 2016). In addi-
tion, the carbon source that strongly influences the produc-
tion of lipases is particularly lipid (Geoffry and Achur 2018). 
Thus, the lipids present in the low-cost raw materials may 
have also been the carbon source used. TVO did not influ-
ence lipase production. A hypothesis for this is related to 
the high degree of oil deterioration verified by the acidity 
index. Further studies with other samples of TVO are recom-
mended. On the other hand, it could be inferred that CSC 
contributed as an inductor of lipase production due to the 
considerable lipid content. However, the amount of lipids 
used cannot be excessive. Aliyah et al. (2016) reported that 
excessive levels can form a two-phase system to inhibit the 
transfer of oxygen and nutrient-absorbing fungi.

The three variables with the highest statistical signifi-
cance on lipolytic activity (cultivation time, cotton cake/

wheat bran ratio, and moisture) were selected and studied 
through a Central Composite Rotatable Design (CCRD)  23.

Central rotational composite design

The effects of the independent variables cultivation time, 
CSC/WB ratio, and moisture were evaluated on lipase pro-
duction using a CCRD  23. According to the experimental 
conditions (Table 5), the lipolytic activity values reached 
between 0.001 U/g (run 14) and 0.091 U/g (run 2).

The Pareto chart (Fig. 3) showed that the quadratic effects 
of variables CSC/WB ratio and moisture were significant 
with a confidence level of 95%. Furthermore, the linear 
effect of the variable CSC/WB ratio and the interaction 
between the cultivation time and moisture were also sta-
tistically significant (p < 0.05) on enzyme activity, with a 
negative effect.

The ana
The analysis of variance (ANOVA) for the CCRD was 

performed. Based on the F-test results (Supplementary 
file 1), ANOVA do not show statistical significance for the 
regression model at 90% of confidence level (p < 0.1), since 
the calculated F-value (2.12) was lower than the listed F 
(2.44). Therefore, it was not possible to obtain a statistically 
significant mathematical model. This can be attributed to the 
difficulty in reproducibility in experiments using SSF and 
agro-industrial by-products as well as to the complexity of 
factors related to the lipolytic activity. Thus, in the next steps 
in this study, run 2 was selected, which showed the highest 
lipolytic activity value (0.091 U/g). The experimental condi-
tions for this run were a combination of 30% CSC and 70% 
WB, 240 h of cultivation, and 50% moisture.

Fig. 2  Pareto chart of the Plack-
ett–Burman design
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Some studies have also shown higher lipase produc-
tion by Aspergillus sp. by combining agro-industrial by-
products: WB and sugarcane bagasse, WB and soybean 
(Fleuri et al. 2014), WB and gingelly oil cake (Mala et al. 
2007), and WB and cacay butter (Azevedo et al. 2020). 
Since some nutrients may be available at less than optimal 

concentrations or absent in the low-cost raw materials, 
exogenous supplementation or a combination of low-cost 
raw materials is needed (Costa et al. 2017; Passamani et al. 
2014; Zhao and Dong 2016). Although WB has interesting 
properties for lipase production, the combined use with 
by-products of oil extraction from seeds provides addi-
tional properties. Cottonseed cake oil is constituted by lin-
oleic (56.9%), oleic (16.9%), and palmitic acids (23.3%), 
which are also the main compounds of olive oil (Ferreira 
et al. 2019). This lipid profile similar to olive oil has the 
potential to induce lipase production.

Moisture influenced lipolytic activity at extreme values. 
Low moisture values imply low fungal development due to 
reduced nutrient diffusion and less swelling of the low-cost 
raw material. On the other hand, moisture greater than 80% 
can decrease fungal growth because reducing the porosity of 
the low-cost raw material and increase the viscosity of the 
medium (Baysal et al. 2003; Mahadik et al. 2002).

In a similar study, the best combination for lipase pro-
duction of Aspergillus sp. was 7.5 g of wheat bran and 
2.5 g of sugarcane bagasse with 40% moisture. The pro-
duction was optimized by SSF using lipases in wheat bran 
varying the initial water content of 20 to 84%. The best 
result was observed with 20% moisture (Contesini et al. 
2009). Nema et al. (2019) achieved the highest lipolytic 
activity for A. niger in SSF with 75% moisture using a 
mixture of rice husk, cottonseed cake, and red grass husk 
(2:1:1). Azevedo et al. (2020) evaluated the water absorp-
tion index of different low-cost raw materials before culti-
vating A. terreus NRRL-255 in SSF for producing lipases 
and found that some of them absorbed more water than 
others. Therefore, moisture adopted in the fermentation 
process is related and should consider the characteristics 
of the selected low-cost raw material.

Table 5  Central composite rotatable design matrix and obtained lipo-
lytic activities

X1: cultivation time (h); X2: cottonseed cake/ wheat bran ratio (g/g); 
X3: moisture (%)

Assay Coded variables (real values) Lipolytic 
activity 
(U/g)X1 X2 X3

1 − 1 (144) − 1 (1.5/3.5) − 1 (50) 0.016
2  + 1 (240) − 1 (1.5/3.5) − 1 (50) 0.091
3 − 1 (144)  + 1 (3.5/1.5) − 1 (50) 0.011
4  + 1 (240)  + 1 (3.5/1.5) − 1 (50) 0.043
5 − 1 (144) − 1 (1.5/3.5)  + 1 (70) 0.066
6  + 1 (240) − 1 (1.5/3.5)  + 1 (70) 0.040
7 − 1 (144)  + 1 (3.5/1.5)  + 1 (70) 0.006
8  + 1 (240)  + 1 (3.5/1.5)  + 1 (70) 0.045
9 0 (192) 0 (2.5/2.5) − 1.68 (43.2) 0.047
10 0 (192) 0 (2.5/2.5)  + 1.68 (76.8) 0.023
11 0 (192) − 1.68 (0.8/4.2) 0 (60) 0.067
12 0 (192)  + 1.68 (4.2/0.8) 0 (60) 0.013
13 − 1.68 (111) 0 (2.5/2.5) 0 (60) 0.035
14  + 1.68 (273) 0 (2.5/2.5) 0 (60) 0.001
15 0 (192) 0 (2.5/2.5) 0 (60) 0.004
16 0 (192) 0 (2.5/2.5) 0 (60) 0.001
17 0 (192) 0 (2.5/2.5) 0 (60) 0.005
18 0 (192) 0 (2.5/2.5) 0 (60) 0.017
19 0 (192) 0 (2.5/2.5) 0 (60) 0.018

Fig. 3  Pareto chart of the 
Central Composite Rotatable 
Design
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Considering that the effects of this variable are very 
close to the limit of the 95% confidence level and that 
by adopting a 90% confidence level (data not shown) the 
variable would have significance, it is possible to infer 
that the cultivation time has some positive influence on 
lipase production. This fact confirms the test of the high-
est lipolytic activity (run 2), in which the cultivation time 
was 240 h (level + 1). Other lipase production studies by 
A. niger in SSF had higher lipase activity with 14 days of 
cultivation using waste wineries and oil industries (Sal-
gado et al. 2014) and after 21 days of culture using olive 
pomace and wheat bran as substrates (Oliveira et al. 2016).

In contrast, Contesini et al. (2009) evaluated enantiose-
lective lipases produced by A. niger AC-54 in SSF for 72, 
96, and 120 h. Maximum activity was achieved after 96 h 
for all assays and then decreased activity. In turn, Fleuri 
et al. (2014) evaluated the lipolytic activity in SSF using 
Aspergillus sp. and the agro-industrial by-products wheat 
bran, soybean meal, and sugarcane bagasse combined with 
soybean meal and observed maximum activity (11.25 U/
mL) at 96 h of cultivation.

Based on the obtained results, the condition with the 
highest lipolytic activity (run 2) was selected to continue 
studies.

Supplementation with surfactants and olive oil

The best cultivation conditions (extract obtained from run 2 
of the CCRD) were reproduced with the addition of poten-
tial inductors in different concentrations to increase lipase 
production. However, the results (Fig. 4) showed that none 
of the supplements significantly increased lipase production.

Olive oil has been used in many studies with good results, 
which is attributed to its high constitution of unsaturated 
fatty acids, such as oleic acid (Wang et al. 2008). However, 
Edwinoliver et al. (2010) found that supplementation of 
5% olive oil showed no effect on lipase production, thus 
choosing not to supplement the medium, reducing costs and 
risks of contamination. Sharma et al. (2001) also reported 
that although lipid carbon sources seem essential for a high 
lipase yield, some authors have produced good yields in the 
absence of fats and oils.

In turn, surfactants can increase cell permeability as 
they are amphiphilic molecules, facilitating the excretion of 
molecules and also facilitating contact between the enzyme 
and the substrate (Geoffry and Achur 2018; Kumar and Ray 
2014). Similar to the present work, Kumari and Rani (2012) 
also showed that there was no increase in the lipolytic activ-
ity of the fungus Trichosporon asahii with the supplementa-
tion of tween 80.

Fig. 4  Lipolytic activities after 
supplementation with sur-
factants and olive oil. Asterisks 
indicate statistically significant 
differences (p < 0.05) in the 
condition tested to extract 2 
Central Composite Rotatable 
Design (CCRD) according to 
Tukey’s test
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In summary, the lipolytic activity of the tested extract 
did not increase with the presence of olive oil, tween 80, 
or triton X-100 at different concentrations. One hypothesis 
may have been the biocidal action of surfactants on some 
microorganisms in which the concentration may be enough 
to reduce cell viability and therefore do not increase the 
lipase activity (Mulligan et al. 2014).

This experiment shows that even supplementation with 
substances already well described in the literature does not 
always indicate an increase in enzymatic activity.

Precipitation with organic solvents

The results of precipitation carried out with organic solvents 
are shown in Table 6. The purification factors with both 
solvents were higher in the first steps (20% acetone, 40% 
acetone, and 20% ethanol). The highest yields were obtained 
in the 40% acetone and 20% ethanol fractions. 

Tacin et al. (2019) precipitated lipases from Aspergillus 
sp. using the same solvents in concentrations above 50%. 
The purification factor using ethanol was 10.72 ± 0.29 after 
three cycles of precipitation. The purification factor with 
acetone reached 16.76 ± 0.43 and an enzymatic activity of 
70.50 U/mL employed four cycles of precipitation (Tacin 
et al. 2019). Two hypotheses are raised that there was a loss 
of enzymatic activity in the current study due to the accel-
erated dripping of solvents and the precipitation was not 
as significant due to the shorter contact time between the 
solvents and the extract.

Precipitation is a common and low-cost method to con-
centrate macromolecules. However, the use of organic sol-
vents to precipitate enzymes can cause denaturation in some 
cases, and consequent loss of activity (Soares et al. 2012).

The precipitation in this study was an effective choice for 
the concentration of A. niger lipases because it was able to 
increase the specific activity by 16 times, while the increase 
in other studies using precipitation was 4.29 times (Mhetras 
et al. 2009) and 2.01 times (Sethi et al. 2016). Moreover, 

this process is aligned with the Green Chemistry since the 
organic solvents can be recovered by distillation, reducing 
environmental impacts.

Stability of lipases

The stability of pre-purified lipases of the 40% acetone frac-
tion was evaluated after 6 h of exposure to pHs in the range 
3 to 10, and the results are shown in Fig. 5. It was observed 
that the lipases were less stable at pH 3, showing the resid-
ual lipolytic activity of 74.62%. It was also observed that 
increasing stability was associated with the increase in pH, 
with the best results obtained at pH values of 8 (88.61%), 9 
(97.07%), and 10 (108.35%).

A similar profile was verified by Mhetras et al. (2009), 
in which the lipase produced by A. niger had greater stabil-
ity at alkaline pHs (pH 8–11) retaining 100% of its origi-
nal activity after incubation for 24 h. Colla et al. (2015) 
also found greater stability after 24 h at a pH greater than 7 
with residual activities greater than 60% and approximately 
50% with a pH between 4 and 6. In turn, Tacin et al. (2019) 

Table 6  Results of total enzymatic activity, total protein, specific activity, yield and the purification factor of each fraction

Fraction Total enzyme activity (U) Total protein (mg) Specific activity (U/mg) Yield (%) Purification factor

Crude extract 0.0130 ± 0.0002 67.51 ± 3.70 0.0002 ± 0.0000 100.00 1.00
20% acetone 0.0020 ± 0.0001 0.73 ± 0.40 0.0027 ± 0.0016 15.38 ± 0.79 16.00 ± 7.78
40% acetone 0.0037 ± 0.0001 4.31 ± 0.76 0.0009 ± 0.0001 28.46 ± 0.97 4.50 ± 0.71
60% acetone 0.0000 ± 0.0005 25.92 ± 5.91 0.0000 ± 0.0001 0.00 ± 0.00 0.00 ± 0.00
80% acetone 0.0005 ± 0.0007 23.64 ± 0.31 0.0000 ± 0.0000 3.85 ± 5.44 0.13 ± 0.15
Crude extract 0.0080 ± 0.0003 41.76 ± 2.40 0.0002 ± 0.0000 100.00 1.00
20% ethanol 0.0032 ± 0.0002 3.42 ± 0.14 0.0009 ± 0.0000 40.33 ± 3.03 4.91 ± 0.17
40% ethanol 0.0018 ± 0.0003 4.56 ± 0.62 0.0004 ± 0.0001 23.08 ± 3.22 2.15 ± 0.58
60% ethanol 0.0020 ± 0.0002 8.21 ± 0.68 0.0002 ± 0.0000 24.62 ± 2.46 1.26 ± 0.23
80% ethanol 0.0024 ± 0.0003 7.81 ± 0.03 0.0003 ± 0.0000 30.70 ± 3.41 1.64 ± 0.18

Fig. 5  Effect of pH on the stability of pre-purified lipases
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evaluated the lipase from A. niger stability after 6 h of expo-
sure. Maximum stability was 90% activity at pHs 7 and 7.5, 
while less than 50% of the enzymatic activity was observed 
for pHs 8, 9, and 10.

The results of the thermal stability of pre-purified lipases 
of the 40% acetone fraction after 6 h of exposure are shown 
in Fig. 6. It can be seen that the enzymatic activity decreases 
with increasing temperature, but the most important loss of 
activity was 15.10%, which only occurred at 60 °C.

Tacin et al. (2019) showed similar results, in which lipo-
lytic activities were maintained at around 100% after 6 h of 
exposure to temperatures of 30, 40, and 50 °C, and enzymes 
subjected to 60 °C lost 30% of activity. Silveira et al. (2016) 
had lower results in observing residual activity between 80 
and 90% under 40, 45, and 50 °C and residual activity of 
70% under 60 °C.

Thus, the lipases obtained in this study showed interest-
ing results regarding the term stability and pH tolerance, 
considering that the enzymatic activity was greater than 70% 
in 6 h at the pHs 3 to 10, and not less than 80% between 30 
to 60 °C.

Knowledge of the pHs at which an enzyme is stable is an 
essential aspect for choosing the most suitable buffer solu-
tions for the enzymatic process. In addition, it is necessary 
to know a temperature which enables supplying a reasonably 
high reaction rate in parallel to a reasonably low denatura-
tion rate (Glogauer et al. 2011).

The stability characteristics found are of considerable 
interest in industrial applications because production pro-
cesses commonly require maintenance of their component 
properties despite the use of high temperatures and different 
pHs. For example, thermostable lipases can be employed 

in biodiesel synthesis, biopolymers, pharmaceuticals, agro-
chemicals, and cosmetics (Colla et al. 2015).

Conclusions

It was possible to obtain lipases from Aspergillus niger IOC 
4003 in SSF by experimental design using a combination of 
low-cost raw materials of cottonseed cake and wheat bran. 
Under the study conditions, supplementation with tilapia 
viscera oil, olive oil, tween 80, and triton X-100 did not 
affect the increase in lipolytic activity. Thus, they were not 
inductors of lipase production.

Concentrated lipase fractions were obtained by precipita-
tion, which is an inexpensive method and aligned with Green 
Chemistry. The specific activity of lipase was increased up 
to 16.00 and 4.91 times with acetone and ethanol, respec-
tively. Pre-purified lipases showed excellent stability at dif-
ferent pHs and temperatures.

Thus, the results offer a more economically viable and 
sustainable source for producing and concentrating thermo-
stable and pH-tolerant lipases applicable in various indus-
trial processes.
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