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Abstract: Candida antarctica Lipase B (CALB) has a wide range of applications in many fields. In this
study, Pichia pastoris was used to express CALB for fermentation tank culture. Sodium dodecyl
sulfate (SDS) was used as a surfactant, and foam separation technology was used to explore the best
experimental conditions for the harvest of CALB. The results showed that the optimal technological
conditions for the foam separation and recovery of CALB were as follows: liquid volume was 150 mL,
separating gas velocity was 600 mL/min, pH value was 7, and surfactant SDS concentration was
0.5 mg/mL. Under these conditions, the enrichment ratio of CALB was 0.95, and recovery rate R was
80.32%, respectively, indicating that the foam separation technology is feasible to extract lipase B.

Keywords: foam separation; fermentation; lipase; surfactant; enrichment ratio; recovery rate

1. Introduction

In recent years, increasing attention has been paid to the production and application
of CALB. CALB is a triacylglycerol hydrolysis enzyme [1] which can be utilized to catalyze
the decomposition of tributyrate glycerol into fatty acids and glycerol [2]. CALB catalysis
has a good stability and selectivity as well as mild reaction conditions, and its application
covers many fields including food industry [3], household chemical industry [4], organic
synthesis [5], biomedicine [6] and so on. The traditional isolation and purification methods
of CALB contain hydrophobic chromatography [7], dual water phase extraction [8], mem-
brane separation [9], and immunopurification techniques. Foam separation technology is a
new separation technology developing rapidly in the recent 20 years [10]. According to the
principle of surface adsorption, it makes a surface-active substance in the solution gather
at the gas-liquid interface (bubble surface), and then the bubbles transfer to the foam layer
when they reach the top of the solution [11]. By separating the foam layer and the liquid
phase, it can purify the liquid phase and concentrate the surface-active substances (in the
foam layer). The application field of foam separation technology is constantly expanding,
mainly being used in wastewater treatment, food, biology, medicine, chemical industry,
etc. [12,13].

CALB contains hydrophilic and hydrophobic groups [14]. Due to its hydrophobicity
enhanced by external conditions or its own characteristic, CALB can be efficiently col-
lected by foam separation technology. The mechanism of foam separation technology is
illustrated in Figure 1. The factors affecting foam separation include the pH value of the
solution, the separated gas velocity, the liquid volume, the initial enzyme concentration,
the type and concentration of surfactants, and the collection time. The pH value mainly
affects the chargeability of the protein. The protein molecule is uncharged at the isoelectric
point, resulting in the lowest liquid surface tension and the strongest hydrophobicity [15].
Therefore, the solution is easier to form stable foam for adsorption. When the gas velocity
is low, CALB has more time to be adsorbed to the gas-liquid interface. But if the time is too
long, the biological activity of CALB will be greatly affected [16]. Liquid volume affects
the stay time of bubbles in the liquid phase [17]. When the initial enzyme concentration
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is low, the amount of CALB adsorbed by the surfactant has a linear relationship with
the concentration of CALB. When the concentration of CALB reaches the critical micelle
concentration, the adsorption capacity of the bubbles reaches saturation [18]. Different
types of surfactants have different adsorption properties. Surfactants of different concen-
trations mainly cause differences in the ratio of the height of the foam layer to the height
of the liquid layer [19]. Increasing the collection time can make the bubbles and CALB
contact more fully, which can increase the recovery rate of CALB enzyme activity, but
it will cause the enrichment ratio of the enzyme concentration to decrease [20]. In this
study, CALB expressed by Pichia pastoris was harvested by foam separation technology.
Firstly, the Pichia pastoris GS115-pPIC9k-sy CALB was used for shaking flask culture; single
factor experiment of foam separation was carried out on the culture supernatant of the
shake flask to determine the optimal conditions for the harvest of lipase in the shake flask
fermentation broth. Then, Pichia pastoris was cultured in a fermenter. According to the
optimal conditions determined in the previous step, an orthogonal test was performed on
the supernatant obtained from the fermentor to explore the optimal conditions for foam
separation and harvesting CALB.

Figure 1. Adsorption of lipase B on the surface of bubbles.

2. Materials and Methods
2.1. Main Reagents and Instruments

Main reagents: Soapberry extract (SE) (40% active ingredients), Fujian Sanqingyuan
Biological Products Co., Ltd. (Ningde, Fujian, China); Cetyl trimethylammonium bromide
(CTAB) (99.0%), Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China); Sodium dodecyl
sulfate (SDS) (86.0%), Sinopharm Chemical Reagent Co., Ltd.; Coomassie Brilliant Blue g-
520 (CP), Sinopharm Chemical Reagent Co., Ltd.; Tributyrin(CP), Tokyo Chemical Industry
(Tokyo, Japan); Hydrochloric acid; Sodium hydroxide; Potassium dihydrogen phosphate;
Dipotassium phosphate; Phenolphthalein.

Instruments: AB104N electronic balance (Sartorius); Lzb-3wb rotameter (Changzhou
Shuanghuan Thermal Instrument Co., Ltd., Changzhou, China); SKY200B constant tem-
perature shaker (SuKun Industrial Co., Ltd., Shanghai, China); HAMILTON fermenter
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(INFORS Biotechnology Co., Ltd., Bottmingen, Switzerland); 5810R centrifuge (Eppendorf
Co., Ltd., Hamburg, Germany); Microplate reader (Molecular Devices Co., Ltd., California,
USA); Foam separating device.

2.2. Experimental Methods
2.2.1. Determination of CALB Concentration

Using modified Coomassie Brilliant Blue spectrophotometric colorimetry [21], within
a certain range of CALB concentration (100~1000 mg·L−1), the combination of CALB and
Coomassie Brilliant Blue conforms to Lambert-Beer law. When Coomassie Brilliant Blue
is combined with CALB, its color will change from yellow to blue. By measuring the
OD value at 595 nm, the amount of the binding protein could be calculated. 20 µL of
sample was mixed with 200 µL of G250, with the fresh medium as a blank control, and
the absorbance of the sample at 595 nm was measured with a microplate reader. The
sample was measured three times and averaged. Protein concentration was calculated in
the sample according to the standard curve. The sample was measured three times and
averaged.

2.2.2. Determination of CALB Activity

Referring to the method of Pfeffer et al. [22], the CALB sample was added to tributyrin
in phosphate buffer and shaken to emulsify, then reacted for 10 min in a constant temper-
ature shaker at 30 ◦C and 200 rpm. Using phenolphthalein as an indicator, we titrated
with NaOH standard solution and recorded the consumed volume V of NaOH standard
solution. One CALB enzyme activity unit (U) is defined as the amount of enzyme required
to catalyze the hydrolysis of tributyrin to 1 µmol butyrate per minute at 35 ◦C and pH = 6.8.
The sample was measured three times and averaged. The calculation formula of enzyme
activity was as follows:

A =
V0 × C0

Vc × t
(1)

where A is enzyme activity (U·mL−1), V0 is the volume of standard NaOH consumed (mL),
C0 is the molar concentration of NaOH standard solution (100 mmol·L−1), Vc is sample
volume (1 mL), and t is reaction time (10 min).

2.2.3. Foam Separation Process

Figure 2 is a schematic diagram of the self-built foam separation device. All experi-
ments were performed at room temperature. We checked the air-tightness of the device and
whether the connection was normal. The required CALB sample solution was prepared
by changing the surfactant concentration and adjusting the pH. The CALB culture with
surfactant solution was fed into a foam separation column with a desired height at the
beginning of each experiment, and the foam was generated by bubbling the air into the
column through the gas distributor. The lipase concentration and activity in the sample
were measured and recorded when the foam solution was completely defoamed. We then
calculated and analyzed the enzyme concentration enrichment ratio E and enzyme activity
recovery rate R.



Processes 2021, 9, 14 4 of 11

Figure 2. Schematic diagram of the foam separation device. 1, compressed air cylinder; 2, gas cylinder pressure gauge;
3, cylinder reduction valve; 4, gas mixer; 5, rotameter; 6, branch control valve; 7, main control valve; 8, foam separation
column; 9, iron stand; 10, sample collection beaker; 11, lift.

2.2.4. Evaluation of Foam Separation Effect

Evaluation of the foam separation effects is defined by enrichment ratio (E), enzyme
recovery (R) as follows:

E =
C1

C0
× 100% (2)

R =
A1V1

A0V0
× 100% (3)

where C1 is the lipase concentration of collected foam liquid (mg/mL), C0 is the lipase
concentration of initial solution (mg/mL), V1 is the volume of foam liquid (mL), V0 is the
volume of initial solution (mL), A1 is the enzyme activity of foam liquid (U/mL), and A0 is
the enzyme activity of initial solution (U/mL).

2.2.5. Single-Factor Experiment of Lipase in Fermentation Broth from Shaker Flask

The fermentation broth cultured in the shake flask was centrifuged at 20 ◦C and
6000 rpm for 5 min, and the supernatant was collected as the initial enzyme solution for
the foam separation experiment. The enzyme activity and the lipase concentration of the
initial solution were measured and recorded. Then we proceeded to foam separation and
recorded the data before calculating the enrichment ratio E and enzyme activity recovery
rate R. The best process conditions were identified, to proceed to the next experiment.

2.2.6. Orthogonal Experimental Design of Lipase in Fermentation Broth from Fermenter

The fermentation broth in the fermenter was centrifuged at 20 ◦C, 6000 rpm for 5 min,
and the supernatant was collected as the initial enzyme solution of the foam separation
experiment. The enzyme activity and the lipase concentration of the initial solution were
measured and recorded. According to the conditions obtained from Section 2.2.5, the
orthogonal experiment was carried out and the enrichment ratio E and enzyme activity
recovery rate R calculated and analyzed to obtain the best process conditions.

3. Results and Discussion
3.1. Single-Factor Investigation of the Recovery Effect of Lipase in Shake Flask
3.1.1. The Effect of Separated Gas Velocity

After centrifuging the fermentation broth cultured in the shake flask, the supernatant
was taken for the foam separation experiment. The separated gas velocity varied from 200
to 1000 mL/min, and the gradient was 200 mL/min for five groups’ experiments of foam
separation. Regarding other experimental conditions: the pH value of the solution was



Processes 2021, 9, 14 5 of 11

6, the lipase concentration of the initial solution was 0.15 mg/mL, the enzyme activity of
initial solution was 124 U/min, the concentration of surfactant SDS was 0.2 mg/mL, the
liquid volume was 100 mL, and the collection time was 15 min. The results are shown in
Figure 3.

Figure 3. Effects of separated gas velocity on enrichment ratio and recovery.

According to the figure, the enzyme recovery rate R increased first and then decreased
with the increase of separated gas velocity. When the gas velocity was 400 mL/min, the
recovery rate of enzyme activity R was up to 52.36%. However, the enrichment ratio
E gradually decreased with the increase of liquid volume. When the gas velocity was
200 mL/min, the enrichment ratio E had a maximum value of 4.21. Combined with the
foam separation theory, it can be seen that when the gas velocity was small, the generated
foam was sparse and unstable, and the lipase molecules were difficult to be fully adsorbed
and discharged, resulting in a low recovery rate. When the gas velocity continued to
increase, the gas rose faster and the foam generation at this time was large, and the contact
time with the target molecules in the liquid phase was insufficient, thereby causing a
decrease in the recovery rate. As the gas velocity increased, it was easier to bring out
water molecules during the gas rise, resulting in a decrease in the enrichment ratio of the
enzyme concentration. Therefore, combining E and R, the optimal condition of separated
gas velocity was 400 mL/min.

3.1.2. The Effect of Liquid Volume

After centrifuging the fermentation broth cultured in the shake flask, the supernatant
was taken for foam separation experiments. The liquid volume varies from 50 to 300 mL,
and the gradient was 50 mL for six groups’ experiments of foam separation. Regarding
other experimental conditions: the pH value of the solution was 6, the lipase concentra-
tion of the initial solution was 0.15 mg/mL, the enzyme activity of initial solution was
124 U/min, the concentration of surfactant SDS was 0.2 mg/mL, the gas velocity was
400 mL/min, and the collection time was 15 min. The results are shown in Figure 4.

It can be seen from Figure 4 that the enzyme recovery rate R increased first and then
decreased with the increase of liquid volume. When the liquid volume was 100 mL, the
enzyme recovery rate R reached up to 76.98%. However, the enrichment ratio E gradually
decreased with the increase of liquid volume. At the minimum volume of 50 mL, the
enrichment ratio E has a maximum value of 1.082. Combined with the foam separation
theory [23], the liquid level in the separation column will be lower when the liquid volume
is small. Therefore, the gas medium cannot stay in the tube for a long time and cannot fully
contact with the liquid phase. As a result, the lipase molecules cannot be fully absorbed
and attached to the bubbles, resulting in a reduced recovery effect. When the liquid volume
exceeds a certain value, the gas will stay in the liquid phase for a longer time due to the
higher liquid level in the column. Therefore, when the gas is in full contact with the liquid
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phase, it will take many water molecules along with the target material, thus reducing the
enrichment ratio and recovery rate. With this consideration, the optimal condition of the
liquid volume was 100 mL.

Figure 4. Effects of loading volume on enrichment ratio and recovery.

3.1.3. The Effect of Solution pH

After centrifuging the fermentation broth cultured in the shake flask, the supernatant
was taken for foam separation experiments. The pH value varied from 5 to 9, and the
gradient was 1 for five groups’ experiments of foam separation. Regarding other exper-
imental conditions: the lipase concentration of the initial solution was 0.15 mg/mL, the
enzyme activity of initial solution was 124 U/min, the concentration of surfactant SDS was
0.4 mg/mL, the gas velocity was 400 mL/min, liquid volume was 100 mL, and collection
time was 15 min. The results are shown in Figure 5.

Figure 5. Effects of pH on enrichment ratio and recovery.

As can be seen from Figure 5, with the increase of pH value, the solution changed from
weak acidity to weak alkalinity, and the enzyme recovery rate R first increased and then
decreased. When the pH value was 7, the solution was neutral, and the enzyme recovery
rate R could reach up to 51.98%. However, the enrichment ratio E gradually increased with
the increase of pH value. When the pH value was 9, the enrichment ratio E had a maximum
value of 0.863. Due to the characteristics of lipase itself, the stability was better when the
pH is weakly alkaline. Generally, the optimal pH value for its action is 9. Therefore, at
a pH value of 9, lipase molecules can be absorbed by bubbles to the maximum extent,
thus having the maximum enrichment ratio. When the pH value is 7, since the force of
the water molecules is the smallest at this time, the water’s molecular weight entrained
during the process of foam separation is the least, thus having the maximum recovery rate.
Considering the enzyme concentration enrichment ratio E and enzyme activity recovery
rate R., the optimal condition for pH value of the solution was 7.
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3.1.4. The Effect of Surfactant Concentration

After centrifuging the fermentation broth cultured in the shake flask, the supernatant
was taken for foam separation experiments. The concentration of surfactant SDS varies
from 0.1 to 0.5 mg/mL, and the gradient was 0.1 mg/mL for five groups’ experiments of
foam separation. Regarding other experimental conditions: the pH of the solution was
6, the lipase concentration of the initial solution was 0.15 mg/mL, the enzyme activity of
the initial solution was 124 U/min, the liquid volume was 100 mL, the gas velocity was
400 mL/min, and the collection time was 15 min. The results are shown in Figure 6.

Figure 6. Effects of concentration of SDS on enrichment ratio and recovery.

According to the figure, the enzyme recovery rate R increased first and then decreased
with the increase of surfactant concentration. When the surfactant concentration was
0.4 mg/mL, the enzyme recovery rate R could reach up to 78.46%. The enrichment
ratio of E increased gradually with the increase of surfactant concentration. When the
surfactant concentration was 0.5 mg/mL, the enrichment ratio of E had a maximum
value of 1.75. Combined with the theory of foam separation, it can be seen that as the
concentration of the surfactant increased, more bubbles were generated in the solution, so
the adsorption capacity was stronger, resulting in an increase in the enrichment ratio. When
the concentration of the surfactant exceeds a certain value, the surfactant itself will start
the association reaction, thereby reducing the effective adsorption of the lipase molecule,
resulting in a decrease in the recovery rate. With this consideration, the optimum condition
of surfactant concentration was 0.4 mg/mL.

Based on the above results, the optimal process conditions for lipase harvesting in
the shaker fermentation broth are: pH value is 7, the concentration of surfactant SDS is
0.4 mg/mL, the liquid volume is 100 mL, the separated gas velocity is 400 mL/min, and
collection time is 15 min. The next experiment was designed under the best condition.

3.2. Orthogonal Experiment to Investigate the Effect of Lipase Harvesting in Fermenter

The collection time was determined to be 15 min by the above single factor experiment.
The separated gas velocity was 200~600 mL/min, the liquid volume was 50~150 mL, the
pH was 6~8, and the concentration of surfactant SDS was 0.3~0.5 mg/mL as the variable
range of each factor. Orthogonal test table (L9 34) was designed based on the optimal
process conditions obtained in Section 3.1, as shown in Table 1.

The experiment was carried out according to the design of Table 1, and the enrichment
ratio E of enzyme concentration and recovery rate R of enzyme activity were used as
evaluation indexes. The experimental scheme and data are shown in Table 2.
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Table 1. Factors and levels of the orthogonal experiment for lipase in the fermentation broth.

Experiment
Number

Separated Gas Velocity
(mL/min) Liquid Volume (mL) pH Concentration of

Surfactant SDS (mg/mL)

1 200 50 6 0.3
2 400 100 7 0.4
3 600 150 8 0.5

Table 2. Orthogonal experiment design and results analysis of lipase in the fermentation broth.

Number Separation Gas
Velocity (mL/min)

Liquid Volume
(mL) pH

Surfactant
Concentration

(mg/mL)

Enrichment
Ratio E

Recovery
Rate R (%)

1 200 50 6 0.3 0.88 25.13
2 400 100 6 0.4 0.80 34.92
3 600 150 6 0.5 0.85 73.36
4 200 100 7 0.5 0.90 50.69
5 400 150 7 0.3 0.93 39.05
6 600 50 7 0.4 0.82 28.58
7 200 150 8 0.4 0.72 51.16
8 400 50 8 0.5 0.82 29.94
9 600 100 8 0.3 0.88 68.76

K1 0.833 0.840 0.843 0.897
K2 0.850 0.860 0.883 0.780
K3 0.850 0.860 0.807 0.857
R 0.017 0.020 0.076 0.117

K1
′ 42.327 27.883 44.470 44.313

K2
′ 34.637 51.457 39.440 38.220

K3
′ 56.900 54.523 49.953 51.330

R′ 22.263 26.640 10.513 13.110

Statistical analysis of the data. K1, K2 and K3 represent the average value of the sum
of R at the level 1, 2, and 3 of each single factor, and R represents the range of K values.
K1
′, K2

′ and K3
′ represent the average value of the sum of R corresponding to the level 1, 2,

and 3 of each single factor, and R′ represents the extreme difference of K′ values. The K
value and R value distribution of the enzyme enrichment ratio E are respectively shown in
Figures 7 and 8, and the K′ value and R′ value distribution of the enzyme recovery rate R
are respectively shown in Figures 9 and 10.

It can be seen from the above figure that the value of enzyme recovery rate R is taken
as the main process condition selection indicator, and the optimal experimental process
conditions were: liquid volume was 150 mL, gas velocity was 600 mL/min, pH value
was 7, and concentration of surfactant SDS was 0.5 mg/mL. Under these conditions, the
enrichment ratio E and recovery rate R reached 0.95 and 80.32%, respectively. The order
of the degree of affecting the recovery rate R is: liquid volume > separate gas velocity >
concentration of surfactant SDS > pH.
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Figure 7. K value distribution of enrichment ratio E.

Figure 8. R value distribution of enrichment ratio E.

Figure 9. K’ distribution of enzyme activity recovery R.
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Figure 10. R’ distribution of enzyme activity recovery R.

4. Conclusions and Prospects

In this paper, the CALB cultured in shake flasks was harvested first, and the optimal
process conditions were as follows: pH value was 7, the concentration of surfactant SDS
was 0.4 mg/mL, liquid volume was 100 mL, separation gas velocity was 400 mL/min,
and collection time was 15 min. Then explore the best experimental process conditions for
harvesting the CALB cultured in the fermenter, and the optimal process conditions were ob-
tained as follows: liquid volume was 150 mL, separating gas velocity was 600 mL/min, pH
value was 7, and concentration of surfactant SDS was 0.5 mg/mL. Under these conditions,
the enrichment ratio E and recovery rate R of CALB reached 0.95 and 80.32%, respectively.
In conclusion, it is feasible to collect lipase B by foam separation method. In this paper,
factors influencing the extraction process include separation gas velocity, filling liquid
volume, pH value, type, and concentration of surfactant. However, in the lipase solution
produced by fermentation, there are many other impurities, such as glycerol, methanol,
and other proteins, which may affect the foam separation and harvesting effect of lipase.
Therefore, the influences of these factors can be considered in the future.
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