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Background: The periplasmic overexpression of recombinant human interferon beta (rhIFN-β)-1b using a synthetic gene in Escherichia 
coli BL21 (DE3) was optimized in shake flasks using Response Surface Methodology (RSM) based on the Box-Behnken Design (BBD).
Objectives: This study aimed to predict and develop the optimal fermentation conditions for periplasmic expression of rhIFN-β-1b in 
shake flasks whilst keeping the acetate excretion as the lowest amount and exploit the best results condition for rhIFN-β in a bench top 
bioreactor.
Materials and Methods: The process variables studied were the concentration of glucose as carbon source, cell density prior the induction 
(OD 600 nm) and induction temperature. Ultimately, a three-factor three-level BBD was employed during the optimization process. The 
rhIFN-β production and the acetate excretion served as the evaluated responses.
Results: The proposed optimum fermentation condition consisted of 7.81 g L-1 glucose, OD 600 nm prior induction 1.66 and induction 
temperature of 30.27°C. The model prediction of 0.267 g L-1 of rhIFN-β and 0.961 g L-1 of acetate at the optimum conditions was verified 
experimentally as 0.255 g L-1 and 0.981 g L-1 of acetate. This agreement between the predicted and observed values confirmed the precision 
of the applied method to predict the optimum conditions.
Conclusions: It can be concluded that the RSM is an effective method for the optimization of recombinant protein expression using 
synthetic genes in E. coli.
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1. Background
Human Interferon β (IFN-β) is a cytokine that mediate 

the early innate immune response to viral infections. The 
recombinant human interferon beta (rhIFN-β) produced 
in E. coli has 165 amino acid residues, which has a molec-
ular mass of 18 kDa. It is not glycosylated although it is 
physiologically active. Some studies are shown that IFN-β 
has antiviral, anticancer and immunomodulatory prop-
erties (1-3). Different clinical trials have been done on 
rhIFN-β and now it is approved for the treatment of multi-
ple sclerosis (4, 5), chronic viral hepatitis (6), rheumatoid 
arthritis (7, 8), and as a potential adjuvant in prophylactic 
vaccines against infectious diseases (9, 10). A large quan-
tity of the required rhIFN-β is produced in Escherichia coli 
and Chinese Hamster Ovary (CHO) cell lines.

The Gram-negative bacterium of E. coli has developed 
into a highly successful system for the production of a va-
riety of heterologous proteins thanks to its rapid growth 

to high cell densities on inexpensive substrates and sim-
ple process scale up. Moreover,, its genetic and physiol-
ogy is well-studied, and various cloning vectors and host 
strains have been developed to use E. coli as an expression 
host for foreign proteins (11-13). Generally, the presence 
of an expressing plasmid in the host cell causes a meta-
bolic burden, which may reduce the specific growth rate 
and biomass content and plasmid instability (14). On the 
other hand, the specific growth rate has an upper limit 
which is determined by the onset of glucose overflow 
metabolism (15) and acetate formation (16) which is det-
rimental to recombinant protein production (17). There-
fore, obtaining an optimum condition for overexpres-
sion of recombinant proteins is very important.

The fermentation medium defines the chemical and 
nutritional environment of the host cell during the 
production of foreign proteins. The components of fer-
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mentation medium directly affect the productivity and 
the process economics (18). The type of carbon source 
and its amount in culture medium is essential for high 
level production of the recombinant protein. It involves 
in the microorganism biosynthetic pathways and pro-
vides the required energy for the host cell to perform 
its physiological activity. Thermal or chemical inducers 
are developed for simple and cost-effective promoter in-
duction. The sugar, Isopropyl-β-D-thiogalactopyranoside 
(IPTG) is a powerful and widely used chemical inducer 
for recombinant protein expression. The optical density 
at induction time is also a critical parameter in protein 
overexpression procedure. Because the productivity (i.e. 
the amount of product formed per unit volume per unit 
time) is related to the biomass level of the host cells (19). 
Moreover, environmental factors, such as fermentation 
temperature have a major effect on the cell metabolism 
and consequently the total protein production (20). 

Varying single factors at a time to reach an apparent op-
timum point for optimization of production conditions 
during overproduction of recombinant proteins are labor 
intensive, unable to identify interactions between the dif-
ferent factors involved, and fail in identifying the true op-
timal conditions for protein overexpression. In contrast, 
using a Design of Experiments (DOE) methodology helps 
to identify the possible interactions between multiple fac-
tors which lead to a more reliable prediction of the true 
optimum conditions. Several studies have been done to 
adopt a statistical DOE methodology in order to optimize 
the rhIFN-β expression in its foreign hosts. In an investiga-
tion, a Response Surface Methodology (RSM) based on a 
Box-Behnken design (BBD) (21) was used during beta- inter-
feron production from E. coli BL21-SI to reach to maximum 
production of 61 mg L-1 (22). In another study a three-level 
factorial RSM method was applied to optimize the induc-
tion condition of rhIFN-β in an E. coli BL21 (DE3) host to ob-
tain 0.151 g L-1 h of beta interferon (23).

2. Objectives
In this study, we applied DOE using a RSM method based 

upon the BBD for optimization of the fermentation con-
ditions in order to improve the final yield of the rhIFN-
β-1b during expression in shake flasks culture by the E. 
coli BL21 (DE3) strain and eliminate the acetate secretion 
as an undesirable by-product. Three factors; the glucose 
concentration as carbon source (5-15 g L-1), intensity of 
the cell density prior induction (OD 600 nm = 0.7 - 3.5) and 
induction temperature (24 - 32°C), alone and in combina-
tion, were investigated using the RSM. The amount of the 
periplasmic rhIFN-β production after SDS-PAGE Sodium 
dodecyl sulphate-Polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis was measured by gel densitometry 
with an accuracy of greater than 95%. The amount of ac-
etate production was determined using an appropriate 
kit. The best result was repeated in batch culture experi-
ment using a bench top bioreactor. 

3. Materials and Methods

3.1. Bacterial Strain and Vector System
Escherichia coli BL21 F- ompT hsdSB (rB-mB-) gal dcm (DE3) 

(Invitrogen, CA, USA) harboring a recombinant plasmid 
(24) was used as host for production of the requested pro-
tein. A synthetic construct (6.8 kbp) encoding rhINFIFN-β 
was inserted into the XhoI and MscI cloning sites (Bioma-
tik, ON, Canada). The plasmid contains the strong induc-
ible T7 promoter under the control of lac-operator se-
quence and an ampicillin resistance cassette. It contains 
also, the ColE1 origin of replication and the strong tran-
scription terminator of phage λ. The heat shock method 
was used for transformation of the prokaryotic host cells 
and the transforming clones were selected using Luria-
Bertani (LB) agar plates containing 100 µg L-1 of ampicil-
lin. Aliquots containing transformed bacterium were 
stored in 20% (v/v) glycerol at −70°C for long-term usage.

3.2. Media and Culture Condition
Recombinant cells were precultured as 50 mL cultures 

in 500 mL Erlenmeyer flasks on a NB-205 V incubator (N-
BIOTEK, Bucheon-si, South Korea) at 160 rpm with orbital 
shaking at 37°C and incubated overnight. For antibiotic 
selection, ampicillin was added at a concentration of 100 
µg L-1. The first preculture in TB medium was inoculated to 
a second preculture for 4 hours at 37°C at 160 rpm, which 
was then inoculated to an OD 600 nm of 0.7 to the main 
cultures of shake flask. The culture medium was supple-
mented with equal amounts of glucose and yeast extract 
as carbon and nitrogen sources, respectively, to keep the 
carbon-nitrogen ratio equal in all experiments. Each ex-
periment was performed under different conditions of 
glucose concentration, cell density prior induction and 
temperature as described in experimental design (Table 1). 

Table 1.  Independent Variables and Their Coded and Actual 
Values Used for Optimization

Independent Variable Symbol Code Levels
-1 0 1

Glucose concentration, g L-1 X1 5 10 15
Optical density, OD600 nm X2 0.7 2.1 3.5
Induction temperature, °C X3 24 28 32

3.3. Bioreactor Experiment
A single colony of E. coli BL21 (DE3) containing the re-

combinant plasmid was inoculated in Terrific Broth (TB) 
culture medium containing 100 µg mL-1 of ampicillin over-
night at 37°C and shaken at 160 rpm. The inoculum with 
OD 600 nm = 1.0 was aseptically transferred to the bioreac-
tor. Batch cultivation was carried out in a 5-L bench-top 
Minifors stirred bioreactor (Infors HT, Basel, Switzerland) 
with a working volume of 2L, including two six-blade 
Rushton impellers with a speed range of 50 - 500 rpm. 
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Growth was initiated by sparging air into the bioreactor 
at 1.0 vvm, and the dissolved oxygen concentration was 
maintained above 30% of air saturation throughout the 
experiment by varying the stirrer speed. The pH was con-
trolled at 7.0 by automatically feeding 1.0 M NaOH and 1.0 
M HCl. The temperature was maintained at the specified 
value. Glucose as the sole carbon source was added at the 
indicated amount. Ampicillin, when required, was added 
to the medium at the concentration of 100 µg mL-1. The 
foam was controlled by the addition of a silicone-based 
anti-foaming reagent. Samples were taken at different 
times and analyzed for OD 600 nm, acetate excretion and 
rhINFIFN-β production. 

3.4. Induction and Expression of Recombinant Hu-
man Interferon Beta

IPTG (Fermentas, Vilnius, Lithuania) was added to a final 
concentration of 0.2 mM as soon as the OD 600 nm value 
reached about the requested value. Growth was contin-
ued for additional 5 hours at 37°C. The cell pellet was col-
lected by centrifugation at 5000 g for 10 minutes at 4°C 
and frozen.

3.5. Experimental Design and Optimization by Re-
sponse Surface Methodology

Box-Behnken design was used to evaluate the main, 
interaction and quadratic effects of three independent 
variables on rhIFN-β overexpression and acetate secre-
tion. Box-Behnken Design was specifically selected since 
it requires fewer runs than a Central Composite Design 
(CCD) in the cases of three or four variables. The experi-
mental design and statistical analysis were performed 
using the statistical package Design-Expert, version 7.0.0 
(Stat-Ease, Inc. Minneapolis, MN, USA). After selection of 
independent variables involved in the overexpression 

of rhIFN-β, the preliminary range of the independent 
parameters were determined, and the proper ranges of 
the requested variables were defined. A three-level three-
factor BBD was chosen to evaluate the combined effect of 
three independent variables the glucose concentration 
(factor A), OD 600 nm (factor B), and induction tempera-
ture (factor C) coded as X1, X2 and X3, respectively. The 
minimum and maximum values for glucose concentra-
tion were set at 5 and 15 g L-1, OD 600 nm between 0.7 and 
3.5, and induction temperature between 24°C and 32°C 
(Table 1). The response values were the amount of pro-
duced rhIFN-β in mg L-1 of culture medium and excreted 
acetate in g L-1. The complete design consisted of 15 com-
binations, including three replicates of the center point 
(Table 2). The responses function (Y) was partitioned into 
linear, quadratic and interactive components:

(1) Y =β0+
∑
βi xi +
∑
βiix

2
ii+
∑
βijxi x j + ε

Where β0 is defined as the constant, Bi the linear coefficient, 
Bii the quadratic coefficient and Bij the cross-product coef-
ficient. Xi and Xj are levels of the independent variables, 
while ε is the residual error. The analysis of variance (ANO-
VA) tables were generated and the effect and regression 
coefficients of individual linear, quadratic and interaction 
terms were determined. The significances of all terms in 
the polynomial were judged statistically by computing 
the F-value at a probability (P) of 0.001, 0.01, or 0.05. The 
regression coefficients were then used to make statistical 
calculations to generate contour maps from the regres-
sion models. The significance of each coefficient (linear 
or quadratic) was determined with the Student’s t-test, at 
0.05 probability level. The optimal values were obtained 
solving the regression equation by the Newton-Raphson 
method and analyzing the response surface contour.

Table 2.  Box-Behnken Design With the Values of the Independent Variables in Natural and Coded Units, the Glucose Concentration 
(Factor A), OD 600 nm (Factor B), and Induction Temperature (Factor C) and the Experimental Results for the Production of Recombi-
nant Human Interferon Beta Using Densitometry Method (mg L-1) and Acetate Excretion (g L-1) Using the Acetate Kit

Experiment Factor A, g L-1 Factor B, OD600 Factor C, °C Acetate 
Accumulation, g L-1

Production of 
IFN, g L-1

Maximum Growth 
Cell, g L-1X1 X2 X3

1 10 (0) 2.1 (0) 28 (0) 1.23 0.32 1.52
2 10 (0) 0.7 (-1) 32 (1) 1.22 0.22 1.05
3 15 (1) 2.1 (0) 32 (1) 2.43 0.28 1.21
4 10 (0) 2.1 (0) 28 (0) 1.22 0.31 1.56
5 10 (0) 3.5 (1) 24 (-1) 1.34 0.28 1.19
6 10 (0) 0.7 (-1) 24 (-1) 1.62 0.34 1.71
7 5 (-1) 2.1 (0) 24 (-1) 0.73 0.28 1.27
8 5 (-1) 2.1 (0) 32 (1) 1.05 0.20 0.96
9 15 (1) 2.1 (0) 24 (-1) 2.24 0.36 1.87
10 10 (0) 2.1 (0) 28 (0) 1.23 0.31 1.57
11 5 (-1) 3.5 (1) 28 (0) 0.89 0.19 0.91
12 10 (0) 3.5 (1) 32 (1) 1.52 0.24 1.18
13 15 (1) 0.7 (-1) 28 (0) 2.43 0.26 1.49
14 5 (-1) 0.7 (-1) 28 (0) 0.68 0.25 1.25
15 15 (1) 3.5 (1) 28 (0) 2.61 0.29 1.42
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3.6. Analytical Procedures
The cell growth profile was followed by optical density 

measurements at 600 nm in a CT-1500 spectrophotom-
eter (E-Chrome Tech, Taipei, Taiwan). The culture was 
diluted to the linear range before measuring the absor-
bance. Acetate was analyzed enzymatically using the ap-
propriate kit (Megazyme, Wicklow, Ireland), according to 
procedures suggested by the supplier. The total protein 
concentration was determined by Bradford method us-
ing Bovine Serum Albumin (BSA) (Merck Millipore, Darm-
stadt, Germany) as the standard. The rhINFIFN-β protein 
was extracted from the periplasm by osmotic shock treat-
ment. Proteins then were separated in a 17.5% sodium do-
decyl sulphate polyacrylamide gel electrophoresis using 
a vertical electrophoresis unit (omniPAGE mini, Cleaver 
Scientific, UK). A commercial rhIFN-β (ZiferonTM, Zist Daru 
Danesh, Tehran, Iran) was used as the standard. Proteins 
were stained with Coomassie Brilliant Blue R-250 (Merck 
Millipore, Darmstadt, Germany). The prepared gels were 
analyzed using a Bio-Rad Gel Doc 2000 densitometric gel 
scanner to measure the concentration of the rhIFN-β. 

4. Results 

4.1. Data Analysis and Evaluation of the Models
Response surface methodology is a collection of useful 

mathematical and statistical procedures, based on the 
fit of a polynomial equation to the experimental data 
(25) which reduces the number of experimental trials in 
comparison to one factor at a time methods. Compared 
to the other experimental design methodologies, such 
as CCD and Doehlert Matrix (DM), Box-Behnken employs 
a design that allows testing a large number of effective 
factors with fewer experimental points (three levels per 
factor) and high efficiency (26). After preliminary studies, 
a three-factor three-level RSM of BBD was used to analyze 
the effects of three parameters, glucose concentration 
(X1), optical density (X2), and induction temperature (X3) 
on the rhIFN-β production (Y1) and acetate excretion (Y2).

The experimental design and results were shown in 
Table 2. The whole design consisted of 15 experimental 
points carried out in a random order, which included 
12 factorial points and 3 central points. Three replicates 
(runs 4, 11, 13) at the center of the design were used to 
allow for estimation of a pure error sum of squares. An 
approximate regression model for predicting the yield 
(Y) of recombinant protein production based on the ex-
perimental results was calculated and expressed by the 
following second-order polynomial Equation  (in terms 
of actual values):

(2)
Y1 = 0.35406 + 0.022333X1 − 0.057143X2 − 1.45833E

− 003X3 + 3.21429E − 003X1X2 + 3.57143E − 003X2X3

− 1.11667E − 003X 2
1 − 0.019345X22X 2

2 − 3.38542E − 004X 2
3

In Equation 2, Y1 is the amount of rhIFN-β production, X1, 
X2 and X3 are corresponding coded variables of glucose 
concentration, optical density and induction tempera-
ture, respectively. Moreover, suggested a regression mod-
el to predict the amount of acetate excretion in terms of 
actual value was as follows:

(3)
Y2 = 5.72500 − 0.038583X1 − 0.93304X2 − 0.30615X3

− 1.07143E − 003X1X2 − 1.62500E − 003X1X2 + 0.025893X1X3

+ 0.012267X 2
1 + 0.060799X 2

2 + 4.94792E − 003X 2
3

In Equation 3, Y2 is the amount of acetate excretion, and 
the other parameters are the same as Equation 2.

To determine the statistical significance of the regression 
model, the F-distribution analysis was performed which 
measures the ratio of two chi-square distributions. The 
analysis of variance (ANOVA) for experimental results was 
shown in Table 3. The ANOVA of regression model implies 
the model terms are highly significant, as is shown in Fish-
er’s F-test with a very low probability value (P value < 0.05). 
The R2 coefficient was determined to check the fitting of the 
model. The closer values of R2 to 1, means stronger the mod-
el and the better prediction of the response. As described in 
Table 3, the R2 value, adjusted R2 value (R2

adj) and predicted 
R2 value (R2

pred) of 0.9885, 0.9679 and 0.8434, respectively 
which show that the regression model for rhIFN-β overex-
pression fits to the experimental values (Figure 1). Besides, 
as it has been shown in Table 3, the R2 value, adjusted R2 val-
ue (R2

adj) and predicted R2 value (R2
pred) for amount of ac-

etate excretion were 0.9779, 0.9381 and 0.6464, respectively.

4.2. Graphical Interpretation of the Response Sur-
face Model

The response surface curves are plotted to explore the

Figure 1. Predictability of the Obtained Model for Recombinant Human 
Interferon-Beta Overexpression Was Studied Using the Scatter Plot of the 
Predicted Versus Measured Experimental Densitometric Values
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The fit to the line of parity was shown with R2 = 0.9885, which indicated 
that the regression model was able to predict output data with high reli-
ability.
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effects of changing the factor levels on the response and 
to determine the optimum level of each variable to reach 
a maximum amount of the requested recombinant pro-
tein whilst keeping the minimum amounts of acetate 
excretion. Three-Dimensional (3D) surface plots and con-
tour plots were constructed as shown in Figure 2 A-F. The 
3D surface plots show the effects and interaction of two 
independent variables on the response while the other 
independent variable was remained unchanged. 

As shown in Figure 2 A and 2C, increasing the amounts of 
glucose concentration favored the rhIFN-β overexpression 
to an extent. More concentrations of glucose disfavored 
the recombinant protein production. This observation 
may be explained by the fact that the presence of higher 
concentration of glucose causes the bacterial Crabtree ef-
fect. As a consequence of Crabtree effect, more than 15% of 
the glucose will be excreted as acetate (16). Figures 2 B and 
2D prove this observation. The acetate excretion level was 
increased in the presence of higher amounts of glucose. 
Besides, more values of optical density to some extents 
led to an increase in the recombinant protein production 
(Figure 2 A). Meanwhile, increasing the induction temper-

ature in presence of the higher glucose amounts slightly 
decreased the levels of rhIFN-β overexpression (Figure 2 C).

As demonstrated by the data depicted in Figure 2 E, in-
creasing the level of induction temperature, the rhIFN-β 
overexpression was found to increase rapidly at the be-
ginning but with a slower rate toward the end. As the 
optical density increased, the rhIFN-β overexpression 
increased obviously, especially at the higher induction 
temperature. It was demonstrated that an extended 
increase in optical density disfavors the production of 
rhIFN-β (Figure 2 E). This might be due to the acidification 
of culture medium after acetate excretion due to higher 
growth rates of the recombinant cells and subsequent 
inhibition of recombinant protein production. As can 
be seen in Figure 2 F, higher acetate levels were observed 
after induction at higher optical densities. The higher val-
ues of temperature at the induction point were slightly 
decreased the rhINFIFN-β overexpression. Considering 
all the responses, it is evident that the glucose concentra-
tion, optical density and the induction temperature had 
a significant effect on the rhINFIFN-β overexpression. The 
results agree well with presented data in Table 3.

Figure 2. Response Surface Plots (3D) Showing the Influence of Three Studied Variables on the rhINFIFN-β Production Reflected by the Densitometric 
Measurement and Acetate Using Kit, When Optimizing the Following Pair of Parameters, While the Other Parameter Was Kept Constant at a Central Point 
(zero level): (A and B) Interaction Between Glucose Concentration and Optical Density; (C and D) Interaction Between Glucose Concentration and Induc-
tion Temperature; and (E and F) Interaction Between Optical Density and Induction Temperature
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Table 3.  Analysis of Variance for the Effect of the Independent Variables on the Dependent Variables and the Regression Coefficients, 
of the Fitted Quadratic Equations Obtained Obtained From Experimental Results; Regression Coefficients, R2, and P or Probability 
Values for Four Dependent Variables for rhIFN-β Production a

Source DF rhIFN-β Production, mg L-1 Acetate Excretion, g L-1

Sum of 
Squares

Mean 
Square

F Value P Value Sum of 
Squares

Mean 
Square

F Value P Value

Model 9 0.034 3.754E - 003 47.92 0.0003 5.57 0.62 24.57 0.0013

X1 1 9.112E - 003 9.112E - 003 116.33 0.0001 5.06 5.06 200.90 ˂ 0.0001

X2 1 6.125E - 004 6.125E - 004 7.82 0.0382 0.021 0.021 0.83 0.4028

X3 1 0.013 0.013 163.4 ˂ 0.0001 0.011 0.011 0.42 0.5466

X1X2 1 2.025E - 003 2.025E - 003 25.85 0.0038 2.250E - 004 2.250E - 004 8.940E - 003 0.9283

X1X3 1 0.000 0.000 0.000 1.0000 4.225E - 003 4.225E - 003 0.17 0.6990

X2X3 1 1.600E - 003 1.600E - 003 20.43 0.0063 0.084 0.084 3.34 0.1271

X1
2 1 2.878E - 003 2.878E - 003 36.73 0.0018 0.35 0.35 13.80 0.0138

X2
2 1 5.308E - 003 5.308E - 003 67.77 0.0004 0.052 0.052 2.08 0.2085

X3
2 1 1.083E - 004 1.083E - 004 1.38 0.2925 0.023 0.023 0.92 0.3817

Residual 5 3.917E - 004 7.833E - 005 0.13 0.025

Lack of fit 3 3.250E - 004 1.083E - 004 3.25 0.2441 0.13 0.042 1257.75 0.008

Pure error 2 6.667E - 005 3.333E - 005 6.667E - 005 3.333E - 005

Cor. total 14 0.034 5.69

SD 8.851E - 003 0.16

Mean 0.28 1.50

CV, % 3.21 10.60

PRESS 5.350E - 003 2.01

R2 0.9885 0.9779

R2
adj 0.9679 0.9381

R2
pred 0.8434 0.6464

Adeq. precision 23.698 13.452
a  Abbreviations: DF, degree of freedom; PRESS, predicted residual sums of squares; CV, Coefficient of variation.

4.3. Model Validation and Experimental Confir-
mation

The second-order polynomial model obtained described 
in Equations 2 and 3 were utilized for response optimiza-
tion using Design Expert software (version 7.0.0, Stat-Ease, 
Inc. Minneapolis, MN, USA). The maximum rhIFN-β produc-
tion as 0.267 g L-1 and minimum amount of acetate excre-
tion as 0.961 g L-1 were determined at the following opti-
mum conditions: glucose concentration 7.81 g L-1, induction 
at optical density at 600 nm of 1.66 and induction tempera-
ture of 30.27°C. To confirm the validity of model for predict-
ing the maximum rhIFN-β overexpression and minimum 
amount of acetate excretion, an additional experiment 
using this optimum operation conditions was performed 
in a 5-L bench top bioreactor. The average value of recom-
binant protein production and observed acetate secretion 
obtained experimentally were 0.255 g L-1 and 0.981 g L-1, 
which were very similar to the predicted yield (0.267 g L-1 

and 0.961 g L-1 respectively), thus confirming the validity of 
Equations 2 and 3 within the specified range of process pa-
rameters and the existence of an optimal production point 
for rhIFN-β production in the prokaryotic host while keep-
ing the acetate excretion to the minimum level.

4.4. Cell Growth, Acetate and Recombinant Protein 
Production

The growth profile of the prokaryotic host cell was de-
termined in each experiment using spectroscopy meth-
od. The formation of by-product acetic acid was deter-
mined enzymatically and the productivity was detected 
using densitometry method and reported as grams per li-
ter. The maximum values for the cell growth, acetate and 
the rhIFN-β production observed in each experiment are 
shown in Figures 3 and 4. A complete agreement between 
the maximum cell growth and the acetate production 
level was observed.
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Figure 3. Growth Profile Measured as Optical Density at 600 nm, Acetate Production and Recombinant Protein Production of (a) Wild Type and (b) Recom-
binant Escherichia. coli BL21 (DE3) Cells for 6 Hours in Shake Flask Experiment
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Cells were induced by 0.2 mM IPTG at OD600 nm 0.7.

Figure 4. Visualization of the Increased Periplasmic rhIFN-β-1b Over-
expression Yield in Escherichia. coli After the Optimization Study Using 
SDS–PAGE (17.5%) Analysis

Lane 1: Chromatine prestained protein ladder (SinaClon, Tehran, Iran), 
Lane 2: rhIFN-β as positive control (ZiferonTM, Zist Daru Danesh, Tehran, 
Iran), Lane 3: Cell lysates from nonoptimized conditions (consisted of 5 
g L-1 glucose, OD600 nm prior induction 3.5 and induction temperature 
of 37°C) and Lane 4: Optimized conditions (consisted of 7.81 g L-1 glucose, 
OD600 nm prior induction 1.66 and induction temperature of 30.27°C). 
The additional band with molecular weight of 18 kDa in periplasmic frac-
tion after induction corresponds to rhINFIFN-β. The arrow indicates the 
position of rhIFN-β-1b.

5. Discussion
Box and Behnken design as a RSM was originally devel-

oped in the 60’s (27). The BBD is a very efficient model, 
which requires a small number of runs; therefore, is an 
important alternative avoiding time-consuming and la-

borious experiments (28). At present, BBD is extensively 
used to predict and improve the optimization issues 
involving several variables simultaneously in different 
fields of study. Box and Behnken design is a spherical, ro-
tatable, or nearly rotatable second-order RSM design that 
consists of a central point and with the middle points 
of the edges of the cube circumscribed on the sphere. 
It could be considered as three interlocking 22 factorial 
designs with points lying on the surface of a sphere sur-
rounding the center of the design (29). Its missing cor-
ners may be useful when the combined factor extremes 
should be avoided. This property prevents potential loss 
of data in those cases.

The number of experimental points (N) is defined using 
following Equation (4):

N = 2k (k − 1)+C0

Where k is the number of variables and C0 is the number 
of center points (30). An equation is used to describe how 
the test variables affect the response and determine the 
interrelationship among the variables. In order to find 
the appropriate fermentation conditions to enhance the 
recombinant protein production, several parameters 
should be considered. Among them the induction point, 
the initial point at which the recombinant protein accu-
mulates in the periplasmic space of the prokaryotic host 
is a critical parameter. Many researches have proposed 
the mid-log phase as the optimum point for induction 
(31, 32). Although some other has mentioned the station-
ary phase as the best point (33). Indeed the optimum in-
duction point seems to be strain dependent. 

In some strains the induction at early log-phase will 
utilize the whole cellular machinery to recombinant 
protein production instead of expressing the essential 
proteins for the cell proliferation (34). Hence, the late-
log or stationary phase induction is preferred to provide 
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the high-cell densities of the recombinant host. In other 
cases, induction at the lower specific growth rates makes 
the carbon/energy level as the limiting factor for recom-
binant protein overexpression (35). Consequently, the in-
duction points between the early to middle-log phase are 
the favored to enhance the protein production. Similarly, 
the obtained results in this study propose the middle 
log-phase as the best induction point for rhIFN-β overex-
pression. On the other hand, the induction temperature 
which defines the activity of cellular enzymes and solu-
bility of the produced protein also has a significant role 
to achieve the maximum production yield of the protein 
production. Although the maximal activity of the lac pro-
moter occurs at higher temperatures (36), but in the case 
of periplasmic proteins the transport machinery will be 
the limiting factor (37). Therefore, the lower tempera-
tures are favorable in which facilitate the rate of protein 
transfer through the cellular membranes.

As it has been shown, more accumulation of acetate in 
the presence of higher amounts of glucose was expected. 
Because during a fermentation experiment, the excess 
amounts of glucose will be diverted towards the forma-
tion of acetate due to overflow metabolism instead of 
biomass and energy generation through the respiratory 
chain and proton motive force (38). The optimal fermen-
tation condition achieved from the current study may be 
applied to the scale-up of rhIFN-β production using E. coli 
BL21 (DE3) in a high-cell density cultivation experiment 
using a fed-batch cultivation strategy. Besides, using such 
a system will be helpful to save the time and increase 
the cost-effectiveness of the fermentation condition; be-
cause, the less amounts of the undesirable by-product ac-
etate will be accumulated and the carbon flux will be di-
verted to biomass and recombinant protein production.

In conclusion, the RSM experiment predicted that a set 
level of 7.81 g L-1 glucose, induction at OD 600 nm = 1.66, 
and induction temperature of 30.27°C would provide 
the overall optimum region for overexpression of the 
requested recombinant protein with the maximum pro-
ductivity. The obtained amount of IFN-β production and 
acetate excretion under optimized conditions showed 
95.50% and 97.96% productivity, showing a good coinci-
dence with the predicted value, and thus indicating the 
adequacy of the fitted model. This study showed that the 
BBD and RSM could be successfully used in optimizing 
fermentation condition operating variables for overex-
pression of rhIFN-β.
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