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Introduction

Esterase (EC 3.1.1.1) catalyzes the cleavage and for-

mation of ester bonds with short-chain monoesters

(C ≤ 10), including esterification, interesterification and

transesterification [1]. Esterase exhibits higher specific-

ity of substrate, region and chirality, which are widely

applied in formulation of detergents, resolution of

racemic mixtures, synthesis of food ingredients [2, 3].

Esterase is widely distributed in animals, plants and

microorganisms. Microbial enzymes are superior to

enzymes from plant and animal because microorgan-

isms are easy to scale-up culture and genetic manipula-

tion [4]. However, higher production cost is the main

obstacle limiting the industrial application of enzyme.

Although enzyme production is mainly related to the

inherent properties of microorganism or strain, approxi-

mately 30−40% of the production cost is related to the

medium composition (carbon and nitrogen source, pH

and inducer) and culture condition (temperature, agita-

tion, inoculum age and size) [5]. Traditional one-vari-

able-at-a-time is time-consuming and tedious, can lead

to misinterpretation of results [6, 7]. In order to over-

come these shortages, statistical experimental designs

are widely applied for the optimization fermentation and

process. The Plackett-Burman (PB) design and response

surface methodology (RSM) are the most popular experi-

ment design. The PB design screens the significant fac-
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tors from a large number of variables. RSM is a

collection of statistical techniques that is useful for

designing experiments, building models, evaluating the

effects of different factors and searching for optimal con-

ditions of selected factors for desirable responses [8]. 

The addition of chemical inducer into the medium is a

more effective strategy for improving the production of

enzymes or secondary metabolites [9−11]. Inducers

include vegetable seed oil, fatty acid, organic solvent and

surfactants [11]. Among surfactants, Tween 80 (a non-

ionic surfactant, polyethylene glycol sorbitan monooleate)

exhibits a remarkable stimulating effect on enzymes or

exopolysaccharides (EPS) [9, 12−16]. The addition of

Tween 80 in cultures of Thermomyces lanuginosus

improved the α-amylase activity with a 2.7-fold [12].

Tween 80 could increase the activity of amylase, car-

boxymethyl cellulose enzyme (CMCase) and xylanase of

Penicillium simplicissimum isolated from compost [9].

EPS production in Cordyceps sinensis Cs-HK1 was

markedly increased two-fold at 1.5% (w/v) Tween 80,

which was probably related to the stimulation of EPS

biosynthesis by Tween 80 [15]. It was reported that the

EPS increase brought by Tween 80 was highly

attributed to glucosyltransferase activity and fatty acid

composition [14, 16]. However, a little information is

available about effect of Tween 80 on esterase produc-

tion. 

In this study, one-variable-at-a-time and RSM experi-

ments were conducted to enhance the esterase produc-

tion of strain B1. The results of inducers showed that

Tween 80 has a significant increase on esterase activity.

Effect of Tween 80 on esterase was explored by measur-

ing esterase activity, biomass, the content of extracellu-

lar protein and fatty acid composition. Based on the

results of one-variable-at-a-time, PB design and CCD

was further conducted to screen the significant factors

and determine the optimal level of screened significant

factors in order to enhance the esterase production of

strain B1.

Materials and Methods

Microorganism and medium
The strain B1 (Acinetobacter sp. B1) was isolated from

oil-polluted sea-water samples and stored in our labo-

ratory. The basal fermentation medium was as follows

(w/v): 0.5% glucose, 1.0% peptone, 0.5% NaCl, 0.1%

K2HPO4.

Esterase assay
Esterase assay was determined by using spectrophoto-

metric assay as described by Zhang et al. [17] with minor

modification. The reaction mixture contained 1 ml of 50

mM Tris-HCl buffer (pH8.0), 30 μl of 10 mM p-nitrophe-

nyl butyrate (substrate) and 0.3 ml of cell-free superna-

tant with appropriate concentration. After reaction

mixture was incubated for 10 min at 40℃, the reaction

was terminated by the addition of 150 μl 20% (w/v)

sodium dodecyl sulfate (SDS). The amount of released p-

nitrophenol was measured by its absorbance at 405 nm.

One unit of enzyme was defined as the amount of

enzyme that releases 1 μmol p-nitrophenol per minute. 

Screening of factors effecting esterase production
In the present study, esterase production by strain B1

was optimized with different nutrients (carbon and

nitrogen sources, inducers, the concentration of the suit-

able inducer). Various carbon sources including glucose,

sucrose, glycerol, soluble starch, tributyrin and triolein

(w/v, 0.5%) replaced glucose of the basal fermentation

medium to determine their influence on esterase produc-

tion. Correspondingly, the screened nitrogen sources

were tryptone, yeast extract, soybean meal, casein, beef

extract, NH4NO3 and NaNO3. The medium of suitable

carbon and nitrogen source was supplemented with var-

ious inducers (Tween 80, span 85, olive oil, soybean oil,

benzene, hexane and swill oil (w/v, 1%)). The optimal

concentration of the suitable inducer was investigated

from 0.1% to 3.0% (w/v). The cell-free supernatants of

strain B1 were measured for esterase activity after

strain B1 was cultivated for 48 h at 170 rpm and 30℃. 

Influence of Tween 80 on biomass, esterase production,
protein content and specific activity of strain B1

To assess whether Tween 80 acts as a carbon source,

strain B1 was inoculated in the basal fermentation

medium with glucose and Tween 80, respectively. The

fermentation broth was sampled every 12 h and centrif-

ugated to measure the biomass and esterase production

of strain B1. The cell pellets was washed twice with dis-

tilled water and dried at 80℃ to a constant weight for

the determination of biomass. The cell-free supernatants
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were used for measuring esterase activity as described

above. 

Strain B1 was inoculated in the basal fermentation

medium containing different concentrations of Tween 80

(w/v, 0.1, 0.5, 1.0, 1.5%), without the addition of Tween

80 as control. After strain B1 was cultivated for 48 h at

170 rpm and 30℃, the protein content of cell-free super-

natants was determined by the Bradford method with

bovine serum albumin as standard. The cell-free super-

natant of strain B1 was measured by esterase activity as

described above.

Effect Tween 80 on fatty acid composition
The strain B1 was inoculated into the basal fermenta-

tion medium with and without Tween 80, respectively.

After strain B1 was cultivated for 36 h at 30℃ and

170 rpm, cell pellets washed twice with distilled water

were freeze-dried and sent to Shanghai Public Health

Clinical Center of Fudan university to analyze the fatty

acids. 

Screening of significant factors using Plackett-Burman
design

The Plackett-Burman (PB) design is an efficient way

to screen the most significant variables affecting the

enzyme production among a large number of process

variables. Eight variables (soluble starch, tryptone,

Tween 80, pH, NaCl, K2HPO4, inoculum size and inocu-

lum age) were chosen to screen the main factors. Every

variable was tested at two concentrations, the high level

(+1) and the low level (-1). PB design allows the investi-

gation of N variables in at least N+1 experiments [6].

Based on the PB design matrix, twelve experiments

were conducted (Table S1). The esterase activity were

measured in the withdrawn samples and acted as the

responses, which were subjected to compatible analysis

and regression coefficients. PB design is based on the

first order model, Y = β0 + Σβiχi (where Y is the response

(esterase activity), β0 is the model intercept and βi is the

linear coefficient and χi is the level of the independent

variable). The model is used to screen and evaluate the

significant factors that influence the response [18].

According to the regression analysis of variables, the sig-

nificant factors (p < 0.05) for esterase activity were fur-

ther optimized by the central composite design (CCD). 

Optimization by central composite design
Based on the results of PB design, the factors (Tween

80, pH and K2HPO4) exhibited the highest regression

coefficients, indicating that these factors significantly

influenced on esterase production. The optimal level of

the significant variables (Tween 80, pH and K2HPO4)

was determined by CCD in order to enhance the ester-

ase production of strain B1. Each variable was tested in

five different levels: lowest (-1.68), low (-1), middle (0),

high (+1) and highest (+1.68). Table S2 represented the

design matrix of a 20-trials experiment. The esterase

production was analyzed using a second-order polyno-

mial equation and the data were fitted into the equation

by multiple regression procedure. The model equation

used for the analysis is given below, Y = β0 + ΣβiXi +

ΣβiiXi
2+ ΣβijXiXj  (In this equation, Y being the response

(esterase activity), Xi and Xj representing the indepen-

dent coded variables, β0 representing the intercept term,

βi representing the linear coefficient, βii representing the

squared coefficient, and βij representing the interaction

coefficient). The quality of fit of the second-order model

equation was expressed by the coefficient R2 and its sta-

tistical significance.

Statistical analysis
The Design-Expert Software (Version 8.0.6.1) was

used for the regression analysis of obtained data and

plotting the response surface graphs. Statistical analysis

of the model was performed to evaluate the analysis of

variance (ANOVA). 

Results and Discussion

Evaluation of the factors affecting esterase activity 
Different strain has its own specific culture conditions

for maximum enzyme production. Carbon and nitrogen

sources of fermentation medium play a significant role

in enzyme production. The effects of various carbon and

nitrogen sources on esterase activity were tested. Higher

esterase activity was observed in different sugars (soluble

starch (21.19 U/ml), glucose (15.58 U/ml) and sucrose

(13.44 U/ml)) (Fig. 1A). In earlier reports, glucose [19],

fructose [20], sucrose [6], lactose [1] and soluble starch

[7] were the suitable sugar for the lipase/esterase pro-

duction. In the present study, tributyrin supplemented
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in the LB agar medium was conducted to screen ester-

ase-producing strain according to the transparent zone

of clone. However, the lowest esterase production

(0.56 U/ml) was observed in the medium supplied tribu-

tyrin (Fig. 1A), which indicated that tributyrin inhibited

esterase activity of strain B1. This result was accorded

with the results of Esakkiraj et al. [20]. However, tribu-

tylin improved the esterase activity of Lactobacillus

casei CL96 by 2.5-fold, compared to the control [1]. 

Among the added nitrogen sources, the highest ester-

ase activity of strain B1 was the medium containing

tryptone (14.23 U/ml), followed by yeast extract (11.62

U/ml), soybean meal (11.73 U/ml), casein (11.99 U/ml)

and beef extract (11.56 U/ml) (Fig. 1B). A similar result

was reported that yeast extract [7], peptone and soy

bean flour [6] stimulated the esterase/lipase production.

Kudanga et al. reported that casein was a good source

for esterase production by Aureobasidium pullulans

[21]. Corn steep liquor (waste product of corn processing)

was reported to increase recombinant esterase produc-

tion [22]. The organic nitrogen source composition is

complex and contains trace elements for the growth and

metabolism of microorganisms, which benefits for the

enzyme production [7]. However, weak esterase produc-

tion was observed in the presence of inorganic nitrogen

source, sodium nitrate (5.81 U/ml) and ammonium

nitrate (0.46 U/ml). 

A total of 7 stimulatory agents in 3 chemical categories

were added into the culture medium. They include (1)

oils (olive oil, soybean oil and swill oil), (2) organic sol-

vents (benzene, hexane), (3) surfactants (span 85, Tween

80). Compared with the control, the addition of these

agents (olive oil, soybean oil, swill oil, span85 and hex-

ane) into the culture medium inhibited the esterase

Fig. 1. Evaluation of the factors affecting esterase activity of Acinetobacter sp. B1 (strain B1). (A) Effect of different carbon
sources, (B) Effect of different nitrogen sources, (C) Effect of different inducers, (D) Optimal concentration of Tween 80. The cell-free
supernatants were used for measuring the esterase activity after strain B1 was cultivated in the culture medium for 48 h at 170 rpm
and 30℃. All the data are given mean ± SD, n = 3.
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activity (<10 U/ml) (Fig. 1C). The esterase activity was

18.32 U/ml in the medium containing 1% benzene, being

slightly higher than that of the control (12.28 U/ml),

which indicated that strain B1 could endure benzene.

However, Tween 80 showed an obvious stimulating

effect on esterase activity (Fig. 1C). Esterase activity of

strain B1 increased by 5.5 fold (59.57 U/ml) than that of

control when 0.5% Tween 80 was added to the fermenta-

tion medium (Fig. 1D). However, higher Tween 80 con-

centration didn’t improve the esterase activity, which

was accorded with the results of Byreddy et al. [23]. It

was reported that Tween 80 as inducer increased the

enzyme activity and EPS [9−13]. Except Tween 80,

tributylin [1] and glycerol [19] were applied for lipase/

esterase inducer. 

Effect of Tween 80 on esterase production by strain B1
To evaluate effect of Tween 80 on the growth and

esterase activity of strain B1, glucose of the basal fer-

mentation medium was replaced by Tween 80. The bio-

mass and esterase of strain B1 cultivated in the medium

containing Tween 80 were higher 1.43-fold (4.48 g/l) and

3.61-fold (78.24 U/ml) than that of control (glucose as

carbon source) after 36 h-fermentation, respectively (Fig.

2). These data are coincided with observations reported

by Zeng et al. [9] and Byreddy et al. [23]. The addition of

Tween 80 in the medium increased activities of extracel-

lular enzymes (amylase, carboxymethyl cellulose and

xylanase) and biomass of Penicillium simplicissimum

[9], lipase production and biomass of Schizochytrium

S31 [23]. Increase of biomass indicated that Tween 80

might be served as extra carbon source, which was

accorded with the results of Sidhu et al. [24]. However,

Sheng et al. [14] reported that Tween 80 increased

pullulan production and glucosyltransferase activity,

but had no effect on biomass of Aureobasidium pullu-

lans, which indicated that Tween 80 wasn’t degraded to

act as extra carbon source. Therefore, the function of

Tween 80 was diverse. 

Table 1 showed the effect of Tween 80 on extracellular

protein and esterase activity of strain B1. Different con-

centrations of Tween 80 were added into the basal fer-

mentation medium. The amount of total extracellular

protein was obviously elevated with the increase of

Tween 80 concentration. Compared to the control, a

3.49-fold increase of extracellular protein was observed

at 1.5% (w/v) Tween 80 supplied the medium (Table 1),

which indicated Tween 80 stimulated the total protein

secretion of strain B1. Compared with other concentra-

tions of Tween 80, the addition of 0.5% Tween 80 in the

medium significantly enhanced the esterase activity

(59.57 U/ml) (Fig. 1D) and specific esterase activity (43.2

U/mg) (Table 1). These data indicated that effect of

Tween 80 not only stimulated the secretion of total pro-

Fig. 2. Effect of Tween 80 on the esterase activity (A) and biomass (B) of Acinetobacter sp. B1 (strain B1) cultivated the basal
medium. ▲ The experimental group (carbon source being 0.5% Tween 80). ● The control group (carbon source being 0.5% glu-
cose). The strain B1 were cultivated in the corresponding medium at 170 rpm and 30℃, and sampled every 12 h. The cell-free super-
natants were used for measuring the esterase activity. The cell pellets was washed twice with distilled water and dried at 80℃ to
a constant weight for the determination of biomass. All the data are given mean ± SD, n = 3.  
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tein, but also enhance the enzyme activity in this study.

A similar finding was observed by Arnesen et al. [12],

which reported that the addition of Tween 80 stimulated

the secretion of total extracellular protein (6-fold) and

increased the α-amylase (2.7-fold) of Thermomyces

lanuginosus. 

The major fatty acid components of strain B1 were

investigated in the fermented medium supplemented

Tween 80 or without. Table S3 showed that the major

fatty acids included palmitic acid (C16:0), palmitoleic

acid (C16:1), stearic acid (C18:0) and oleic acid (C18:1).

The ratios of palmitic acid (C16:0) and stearic acid

(C18:0) weren’t obviously different when strain B1 was

cultured in the medium with or without Tween 80. How-

ever, the ratio of oleic acid (C18:1) and unsaturated/satu-

rated fatty acids in the cell lipid was significantly

increased in the presence of Tween 80 (Table S3). The

increase in the unsaturated degrees was mainly due to

the increase of oleic acid (C18:1), which indicated that

the oleic acid (C18:1) contained in Tween 80 might be

incorporated into the cell membrane. A similar pattern

was observed in Schizochytrium S31 [23]. The above

results suggested that Tween 80 could affect the cell

membrane composition and increase the permeability of

the lipid bilayer membrane of the cell, which enhanced

the secretion of extracellular protein and enzyme activ-

ity [10, 14]. In addition, Tween 80 in the media could

also increase the homogeneity of the medium and facili-

tate the transfer of the nutrient to the cell [10, 16]. 

Selection of significant factors for esterase production
using Plackett-Burman design

A total of eight factors (soluble starch, tryptone,

Tween 80, pH, NaCl, K2HPO4, inoculum size and inocu-

lum age) were evaluated to determine their effects on

esterase production based on PB design. The experimen-

tal design matrix together with the corresponding

response (esterase activity) is given in Table S1. Varia-

tion of esterase ranged from 8.72 U/ml to 86.72 U/ml,

which indicated the importance of medium composition

and other conditions to enhance esterase activity. The

polynomial model describing the correlation between

eight factors and the esterase activity could be written

as, Y = 47.30 + 0.94X2 − 15.88X3 + 12.19X5 − 3.00X6 −

1.31X7 − 4.45X9 + 5.63X10 + 4.32X11 (Where Y is ester-

ase activity; X2, X3, X5, X6, X7, X9 and X10 represent tryp-

tone, Tween 80, pH, inoculum size, inoculum age, NaCl

and K2HPO4, respectively). Statistical analysis of the

responses were represented in Table 2. It was reported

that factors (above a 95% confidence) were considered to

have a significant effect on the enzyme production [18].

Based on the ANOVA analysis of Table 2, Tween 80, pH

and K2HPO4 were the most significant variables. pH

and K2HPO4 exerted a positive effect, while Tween 80

Table 1. Effect of Tween 80 on total extracellular protein,
esterase activity and specific esterase activity by Acineto-
bacter sp. B1.

Tween 80 
concentration 

(%, w/v)

Total extracellular 
protein

 (mg/ml)

Esterase
activity
 (U/ml)

Specific esterase 
activity
 (U/mg)

0 0.89 16.82 18.9

0.1 0.95 26.51 27.9

0.5 1.24 53.54 43.2

1 2.03 44.31 21.8

1.5 3.09 28.11 9.1

Table 2. Analysis of variance (ANOVA) for the regression model representing esterase production by Acinetobacter sp. B1
based on Plackett-Burman design matrix.

Source Sum of squares d.f. F value P value (Prob > F) Ranking

Model 5786.92 8 20.36 0.015*

X2-Tryptone (%) 10.53 1 0.30 0.624 7

X3-Tween 80 (%) 3024.57 1 85.14 0.003** 1

X5-pH 1781.89 1 50.16 0.006** 2

X6-Incubation size (%) 107.71 1 3.03 0.180 5

X7-Inoculum age (h) 20.54 1 0.058 0.502 6

X9-NaCl (%) 237.56 1 6.69 0.081 4

X10-K2PO4 (%) 380.16 1 10.70 0.047* 3

**Extremely significant level, p < 0.01, *Significant level, p < 0.05.
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showed a negative effect on esterase activity. This was

accorded with the results of Fig. 1D, which showed that

higher Tween 80 concentration inhibited the esterase

activity of strain B1. A similar finding was observed the

lipase activity of Schizochytrium S31 [23]. The optimal

levels of the three selected factors (Tween 80, pH and

K2HPO4) and their interactions were determined by a

central composition design (CCD). Others factors kept at

middle level. 

Optimization of significant factors using central composi-
tion design

Experimental matrix design along with the corre-

sponding response (esterase activity) was conducted

according to a CCD (Table S2), esterase activity varying

from 33.52 U/ml to 162.84 U/ml in 20-trails. On regres-

sion analysis of experimental data, a second-order poly-

nomial equation showing the relation between esterase

activity and selected factors (Tween 80 (X1), pH (X2) and

K2HPO4 (X3)) was expressed as follows, 

Y = 129.90 + 7.03X1 + 34.56X2 − 4.53X3 − 2.54X1X2

− 4.02X1X3 + 2.08X2X3 + 2.54X1
2
− 15.67X2

2
 

+ 1.27X3
2

The coefficient values of the regression model are

listed in Table 3. The statistical analysis of Table 3

showed that the linear coefficients of Tween 80, pH and

quadratic coefficients of pH had a significant effect on

esterase production (p < 0.05), but the interaction terms

of three variables were not significant, which indicated

that there wasn’t mutual interaction between any two

variables. The model F-value is 23.67. High F-value

implies the model is significant [25]. The model P-value

(<0.0001) and the lack of fit (0.1500) also suggested that

the obtained experimental data agree well with the

model. The fit of the model was also expressed by the

determination of coefficient R2 and adjusted R2. For a

good statistical model, the R2 value should be close to 1.0

and all of the factors should be positive and close to each

other [8]. The high R2 value (0.9552) (Table 3) indicated

that 95.52% of total variations could be explained by

activity model, which indicated that the polynomial

model is accurate and good. The adj R2 value (0.9148)

was also higher, further advocating the good consistency

between the experimental results and the theoretical

values predicted by the model. A lower value of CV (8.22)

indicates that the experiments conducted were accurate

and reliable.

By using the response surface plot, it is easy to under-

stand and determine the interaction of the medium com-

positions and the optimum concentration of each

composition for the esterase production. Fig. 3A showed

that an increase in the Tween 80 improved the esterase

activity at high pH level; with the maximum esterase

activity being 159.50 U/ml. Fig. 3B showed that the

response varied little as a function of K2HPO4 and

Table 3. Significance of regression coefficients for esterase activity by Acinetobacter sp. B1 using central composite design.

Source Sum of squares d.f. Mean square F value P value (Prob>F)

Model
X1-Tween 80

X2-pH
X3-K2PO4 

X1X2

X1X3

X2X3

X1
2

X2
2

X3
2

21351.69
675.77

16308.80
280.37

51.52
128.99

34.52
92.85

3539.17
23.26

9
1
1
1
1
1
1
1
1
1

2372.41
675.77

16308.80
280.37

51.52
128.99

34.52
92.85

3539.17
23.26

23.67
6.74

162.71
2.80
0.51
1.29
0.34
0.93

35.31
0.23

<0.0001**
0.0267*

<0.0001**
0.1254
0.4898
0.2831
0.5703
0.3585
0.0001*
0.6404

Residual 1002.34 10 100.23

Lack of fit 731.32 5 146.26 2.70 0.1500

Pure error 271.01 5 34.20

Cor total 22354.03 19

R2 = 0.9552; Adj R2 = 0.9148; CV% = 8.22. 
**Extremely significant level, p < 0.0001; *significant level, p < 0.001.
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Tween 80. Low K2HPO4 level (0.5%) and high Tween 80

level (0.8%) resulted in the maximum enzyme activity.

Fig. 3C depicted the interaction between K2HPO4 and

pH when Tween 80 concentration was stayed at 0.8%. 

Verification of model
The extracellular esterase activity of strain B1 grown

on the basal fermentation medium and optimized

medium was sampled and measured as described above

every 12 h (Fig. 4). According to the results of the statis-

tical design, the optimized medium and condition were

as follows (w/v): 0.8% Tween 80, 0. 5% K2HPO4, 2.5%

soluble starch, 1.5% tryptone, pH 8.0, inoculum size 1%,

inoculum age 24 h and the culture temperature was 30℃.

Under the above optimized condition, the maximum

esterase activity was 152.13 U/ml after 36 h-cultivation,

higher 10-fold than that of the non-optimized (Fig. 4).

The maximum esterase activity of 163.60 U/ml was pre-

dicted by the model. The excellent correlation between

measured and predicted values certifies the authenticity

of model. 

In this study, one-variable-at-a-time, Plackett-Bur-

man design and central composite design (CCD) were

used for optimizing the medium composition and culture

conditions for esterase production by strain B1. Tween

80 significantly enhanced the esterase production, due

to Tween 80 acting as carbon source, increasing the per-

meability of cell membrane and stimulating the secre-

tion of total protein. Based on the results of PB design

and CCD, the maximum esterase activity under opti-

mized culture conditions was 152.13 U/ml, which was

close to the predicted of maximum esterase activity

(163.60 U/ml).
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Fig. 3. Three dimensional response surface curves of esterase
activity from strain B1 showing interactions of two variables.
(A) pH and Tween 80, (B) K2HPO4 and Tween 80, (C) K2HPO4 and
pH.  

Fig. 4. Time profile of esterase activity in the basal medium
and optimized medium.  
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