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Abstract 
 

Bioimmobilization with sol-gel method is a complicate system, 
involving many parameters that can affect sol-gel structure and 
immobilized biomolecules activity. In this study, trypsin, a model 
enzyme, was entrapped into sol-gel glasses produced from 
tetraethoxysilane (TEOS) and water to study the relationships 
between the immobilization parameters, namely ratio of water to 
TEOS, volume of poly (ethylene glycol) (PEG), concentration of 
buffer solution, pH of buffer solution by using statistical methods. 
Two regression equations and analysis of variance (ANOVA) were 
obtained with the entrapped enzyme activity and enzyme loading 
yield as the response values, respectively. Statistical calculations 
showed that the effects of the four variables on the entrapped 
enzyme activity and enzyme loading yield were different. Entrapped 
trypsin activity (35.6%) and trypsin loading yield (68.3%) were 
obtained by using optimized immobilization conditions. The results 
of this study may help to manipulate the properties of sol-gel to get 
high immobilization efficiency. 

Keywords: Sol-Gel, Trypsin, Enzyme, Entrapment, Response 
surface methodology  
 

Introduction 
 
The application of sol-gel glass to entrap active biomolecules is now 
well documented and widely demonstrated (Gill 2001; Jin and 
Brennan 2002; Li et al. 2004). Sol-gel glass offers a better way to 
immobilize biomolecules within its porous matrix compared to other 
typical  immobilization   techniques,  such  as  covalent  attachment,  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
physical adsorption, cross-linking and encapsulation in polymer and 
inorganic matrixes (Bhatia 2000). This is due to mild sol-gel 
processing conditions, possibility to design the material structure 
and property and possibility of tailoring for specific requirements 
(Li et al. 2004; Cichna-Markl 2006; Gupta and Chaudhury 2007). 
However, biomolecules immobilized by sol-gel method is a 
complicate system involving many parameters. Sol-gel process 
begins with hydrolysis of a precursor to form an aqueous sol. After 
hydrolysis, the aqueous sol is mixed with a buffered aqueous 
solution containing the biomolecules and additives, resulting in 
gelation of the sol and entrapment of the biomolecules. After 
gelation, the wet silica network needs to age a period of days to 
promote further condensation and strengthen the network (Livage 
1997; Collinson 2002; Siouffi 2003). There are many parameters 
involved in the sol-gel process that can affect the sol-gel matrix and 
the native activity of biomolecules (Gupta and Chaudhury 2007). 
Therefore, immobilization parameters should be studied and 
optimized to preserve the native activity of biomolecules and to 
achieve high immobilization efficiency. 
 
Different strategies can be used for the optimization of 
immobilization. The classical method of experimental optimization 
involves changing one variable at a time keeping the others 
constant. The method, however, requires a large number of 
experiments to illustrate the effect of individual factors. In addition, 
this does not consider the effect of interactions of various 
parameters (Myers and Montgomery1995). Use of statistical 
methods helps to select important parameters from a large number 
of factors and the interactions between important variables can be 
understood easily. Response surface methodology (RSM) is a 
statistical and mathematical method that involves main and 
interactions effects to improve optimal process settings. RSM has 
been widely used to evaluate the interactions among various process 
parameters. RSM was applied to optimize process parameters for 
various processes in biotechnology (Gonzalez-Saiz and Pizarro 
2001; Melo et al.2005; Mundra et al. 2007; Potumarthi et al. 2008; 
Prakash et al. 2008; Senthilkumar et al. 2008; Kumar and 
Satyanarayana 2007). 
 
In the present study, trypsin, a model enzyme, was immobilized by 
sol-gel method to illustrate the relationships between the variables 
of the sol-gel process. Although several studies have been published 
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with trypsin immobilized in sol-gel glass matrix as catalyst or 
biosensor (Shtelzer et al. 1992; Park and Clark 2002; Sakai-Kato et 
al. 2002; Sakai-Kato et al.2003; Kato et al.2005) , the studies of 
relationships between the variables of the sol-gel process have never 
been reported. The purpose of this paper is to better understand 
relationships between the variables of sol-gel process and the 
response and to obtain the optimum conditions by using RSM. 
 
Materials and methods 
 
Materials 
 
Trypsin was a commercial enzyme, obtained from Amresco, 
tetraethoxysilane (TEOS), N-alpha-benzoyl-DL-arginine-4-
nitroanilide hydrochloride (BAPNA, 99%) and Poly (ethylene 
glycol) 6000 (PEG 6000) were purchased from Acros Organics. All 
other chemicals were purchased from standard sources with regent 
grade. 
 
Preparation of sol-gel entrapped trypsin 
 
Preparation of sol-gel entrapped trypsin was performed according to 
the following procedures. Briefly, TEOS (0.1ml) was mixed with 
appropriate volume of PEG 6000 (200 mg/l), appropriate amount 
distilled water, and H3PO4 (2μl, 1M) and then sonicated for 20 min 
to produce a homogeneous solution. The homogeneous solution was 
then mixed with appropriate buffered trypsin solution and allowed 
to gel at room temperature for 5 min. Then PBS (0.2ml) was added 
to the gel. The gel was then stored at 4℃ until tested. 
 
Determination of the amount of entrapped trypsin 
 
Entrapped trypsin sample was washed with PBS (1.5ml), and the 
washer was collected and mixed with Coumassie Blue dye solution 
(1.5ml), and determined in absorbance at 595 nm (Dulay et al. 
2005). The amount of the entrapped trypsin is got as follows: 

We = Wt - Wu 

Where We is the amount of entrapped trypsin; Wt is the total trypsin 
involved in the process; Wu is the amount of unentrapped trypsin, 
which is got from the absorption at 595nm. 
 
Measurement of trypsin activity 
 
Entrapped trypsin sample was washed with PBS (1.5ml) to remove 
the unentrapped free trypsin. The enzymatic activity of free and 
entrapped trypsin were determined in Tris-Hcl buffer solution 
(0.8ml, 50mM , pH 7.8) containing distilled water (2 ml), and using 
BAPNA (0.3 ml, 10 mM) as the substrate. The mixtures were 
incubated at 37℃ for 5 min and 20 min, respectively. After 
incubation, acetic acid (0.5ml, 33%) was added to stop the reaction. 
The mixtures were filtered and then determined in absorbance at 
410nm. 
 
Entrapment efficiency 
 
The efficiency of entrapped trypsin was evaluated in terms of 
relative activity (%) and trypsin loading yield (%) as follows (Chang 
et al. 2008): 

%100
 trypsinfree ofamount  equal ofActivity 

 trypsinentrapped ofActivity  (%)activity  Relative ×=  

%100
introduced trypsin ofAmount 

 trypsinentrapped ofAmount  (%) yield loadingTrypsin ×=  

Experimental design and optimization by RSM 

To find out the optimum levels of the most effective variables and to 
study their relationships, RSM using central composite design 
(CCD) was applied. Based on the one-factor experimental results, 
four critical variables selected were ratio of water to TEOS, volume 
of the PEG 6000 (200mg/ml), concentration and pH of buffer 
solution. Every variable at five coded levels (-α, -1, 0, 1, α) and non-
coded values was shown in Table 1. Because in this study four 
variables were considered, so k =4, α = [2k]1/4 =2 [15]. 
 
Table 1. Coded and non-coded values of the experimental variables 
Variables Symbols -α -1 0 1 α 
Ratio of 
water to 
EOS 
 (mol: mol) 

A 37.14 43.32 49.5 55.7 61.89 

Volume of 
PEG 6000 
(200g/l) (ml) 

B 0.06 0.08 0.10 0.12 0.14 

Concentratio
n of buffer 
solution 
(HEPES) 
(mM) 

C 250 300 350 400 450 

pH of buffer 
solution D 6.90 7.00 7.10 7.20 7.30 

 
According to this design, the total number of experimental runs was 
2k+2k+x0, where k is the number of variables and x0 is the number of 
repetitions of the experiments at the center point. Thus, for this 
design, a total of 30 experiments were performed according to the 
central composite design given in Table 2. 

 
        Table 2. Response surface central composite design and experiments 

Run 
order A B C D 

Trypsin 
relative activity 
measured (%) 

Trypsin 
loading 

yield (%) 
1 1 -1 -1 -1 33.7 32.6 
2 1 1 1 -1 34.2 53.9 
3 0 0 0 0 33.6 59.9 
4 -1 -1 1 -1 34.1 56.9 
5 1 -1 1 1 29.9 56.5 
6 -1 1 1 1 33.2 67.8 
7 0 0 0 0 37.6 54.8 
8 1 1 -1 1 32.5 67.7 
9 -1 -1 -1 1 43.1 55.0 

10 -1 1 -1 -1 37.7 63.0 
11 1 1 1 1 32.1 63.2 
12 -1 1 -1 1 40.6 51.3 
13 -1 -1 1 1 40.2 47.4 
14 1 1 -1 -1 38.0 41.4 
15 -1 -1 -1 -1 34.1 43.8 
16 1 -1 -1 1 40.6 36.5 
17 -1 1 1 -1 41.6 51.7 
18 1 -1 1 -1 18.7 35.4 
19 0 0 0 0 36.1 54.9 
20 0 0 0 0 37.6 53.5 
21 0 0 0 -2 21.4 50.5 
22 0 2 0 0 30.0 67.3 
23 0 0 0 0 29.6 56.1 
24 0 -2 0 0 25.8 42.1 
25 0 0 0 2 31.6 64.0 
26 -2 0 0 0 32.2 63.0 
27 2 0 0 0 19.7 42.1 
28 0 0 0 0 33.2 60.4 
29 0 0 -2 0 30.2 61.0 
30 0 0 2 0 34.2 60.1 
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The relationship between the variables and the response was 
calculated by the second order polynomial equation. 

Y=β0 + ∑βiXi +∑βiiXi
2 +∑βijXiXj 

Where Y is the predicted response, Xi, Xi
2, Xj are variables in coded 

values; β0 is the constant; βi is linear effect; βii is squared effect and 
βij is interaction effect. 
 
The analysis of results was performed with statistical and graphical 
analysis software (Design Expert, Version 7.1.3). The software was 
used for regression analysis of the data obtained and to estimate the 
coefficient of regression equation.  
 
Results and discussion 

Interpretation of regression analysis 

By applying multiple regression analysis to the experimental data, 
the experimental results of the central composite design were fitted 
with a second-order full polynomial equation. The empirical 
relationship between entrapped trypsin relative activity (Y) and the 
four variables in coded units is given below: 

Y = 34.78 - 2.91A + 1.00B - 1.18C+1.69D + 0.77AB - 1.47AC + 
0.056AD + 1.31BC - 2.89BD - 0.41CD - 1.02A2 - 0.53B2 + 0.54C2 - 
0.88D2 

Where Y is entrapped trypsin relative activity; A is ratio of water to 
TEOS; B is volume of PEG 6000 (200mg/ml); C is concentration of 
buffer solution (HEPES); D is pH of buffer solution. 
 
The analysis of variance (ANOVA) summary for the model of 
entrapped trypsin relative activity is shown in Table 3. 
 
Table 3. ANOVA analysis for the model of entrapped trypsin relative 
activity 

Source DF F-value Prob>F  
Model 
significant 

14 3.61 0.0133 significant 

A 1 17.07 0.0012 significant 
B 1 2.00 0.1812  
C 1 2.80 0.1182  
D 1 5.73 0.0324 significant 
AB 1 0.79 0.3894  
AC 1 2.89 0.1126  
AD 1 0.004246 0.9490  
BC 1 2.29 0.1542  
BD 1 11.24 0.0052 significant 
CD 1 0.22 0.6457  
A^2 1 2.39 0.1459  
B^2 1 0.65 0.4340  
C^2 1 0.68 0.4253  
D^2 1 1.79 0.2038  
Residual 13    
Lack of Fit 10 3.42 0.1701 Not 

significant 
Pure Error 3    
Cor Total 29    

     R2, 0.7953; adjusted R2, 0.5749; CV, 10.38%;  
     Adeq Precision, 8.7390 
 
The model F-value of 3.61 implied the model was significant. 
Values of “Prob>F” less than 0.0500 indicated model terms were 
significant, A, D, BD were significant model terms. The “Lack of Fit 
F-value” of 3.42 implied the Lack of Fit was not significant relative 
to the pure error. Non-significant lack of fit is good. The coefficient 
of determination (R2) calculated was 0.7953, indicating that the 

model could explain 79.53% of the variability. A relatively lower 
value of the coefficient of variation (CV = 10.38%) indicated a 
better precision and reliability of the experiments. Adeq Precision 
measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Here, the ratio of 8.7390 obtained in this model indicated an 
adequate signal. In addition, Tukey Test was applied to test the 
ANOVA, and the results showed that different levels of each 
variable had no significant difference. 
 
The empirical relationship between trypsin loading yield (Y) and the 
four variables in coded units is given below: 

Y= 56.6 - 3.81A + 6.1B + 1.65C + 3.90D - 2.16AB + 1.26AC + 
3.41AD - 0.94BC + 0.83BD + 0.46CD - 1.81A2 - 1.27B2 + 0.19C2 - 
0.63D2 

Where Y is trypsin loading yield; A is ratio of water to TEOS; B is 
volume of PEG 6000 (200mg/ml); C is concentration of buffer 
solution (HEPES); D is pH of buffer solution. 
 
The ANOVA summary for the model of trypsin loading yield is 
shown in Table 4. 
 
    Table 4. ANOVA analysis for the model of trypsin loading yield 

Source DF F-value Prob>F  
Model 
significant 14 11.35 <0.0001 significant 

A 1 26.2 0.0002 significant 
B 1 66.98 <0.0001 significant 
C 1 4.93 0.0447 significant 
D 1 27.48 0.0002 significant 
AB 1 5.59 0.0343 significant 
AC 1 1.90 0.1917  
AD 1 13.94 0.0025 significant 
BC 1 1.07 0.3197  
BD 1 0.83 0.3788  
CD 1 0.25 0.6253  
A^2 1 6.71 0.0224 significant 
B^2 1 3.31 0.0919  
C^2 1 0.078 0.7842  

D^2 1 0.82 0.3822  

Residual 13    

Lack of Fit 10 1.94 0.3199 Not 
significant 

Pure Error 3    
Cor Total 29    

         R2, 0.9244; adjusted R2, 0.8430; CV, 6.78%;  
         Adeq Precision, 12.5690 
 
The model F-value of 11.35 implied the model was significant. 
Values of “Prob>F” less than 0.0500 indicated model terms were 
significant, A, B, C, D, AB, AD, A2

 were significant model terms. 
The “Lack of Fit F-value” of 1.94 implied the Lack of Fit was not 
significant relative to the pure error. Non-significant lack of fit is 
good. The coefficient of determination (R2 = 0.9244) indicated that 
the model could explain 92.44% of the total variations. A relatively 
lower value of the coefficient of variation (CV = 6.78%) indicated a 
better precision and reliability of the experiments. Adeq Precision 
(12.5690) indicated an adequate signal. In addition, Tukey Test was 
applied to test the ANOVA, and the results showed that different 
levels of each variable had no significant difference. 
 
Interpretation of perturbation graph and contour plots 
 
The regression model can be represented in the form of contour 
plots and perturbation graph. Perturbation graph shows the response 
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of each independent variable against other variables kept at their 
respective ‘0’ levels. 
 

 
Fig.1. Perturbation graph showing the effect of each of the independent 
variables on entrapped trypsin activity while keeping other variables at 
their respective midpoint 
 
The perturbation graphs (Fig.1 and Fig.2) show several trends. 
Firstly, when ratio of water to TEOS (A) was about -1, the 
maximums of entrapped trypsin activity and trypsin loading yield 
were achieved. Secondly, entrapped trypsin activity and trypsin 
loading yield increased when volume of PEG 6000 (B) and pH of 
buffer solution (D) increased. Thirdly, the effect of concentration of 
buffer solution (C) on entrapped trypsin relative activity was 
opposite to trypsin loading yield. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The perturbation graphs also show that when volume of PEG 6000 
(B)  and  pH  of   buffer solution (D)  were  in  relatively  high level 
 

 

 

 

 

 

 

 

 

 

 

Fig.2. Perturbation graph showing the effect of each of the independent 
variables on trypsin loading yield while keeping other variables at their 
respective midpoint 
 
while ratio of water to TEOS (A) was in relatively low level, the 
higher level of entrapped trypsin activity and trypsin loading yield 
were achieved. These findings are consistent with the previous 
report by Besanger et al., 2006. 
 
The contour plots described by the regression models were drawn to 
show the effects of the four variables, and combined effects of each 
independent variable on entrapped trypsin relative activity and 
trypsin loading yield. 

 

       

 

     
Fig.3. (a-f) Contour plots of entrapped trypsin relative activity: the effect of two variables while the other two are 
held at 0 levels 
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Fig.3.a-c and Fig.4.a-c show ratio of water to TEOS (A) had 
significant effect on the entrapped trypsin activity and trypsin 
loading yield, respectively. When ratio of water to TEOS (A) 
decreased, the activity of entrapped trypsin and trypsin loading yield 
increased. This situation may be due to ratio of water to TEOS (A) 
which is the main factor affects the polymer structure, including the 
pore size and the network, etc. The enzyme activity responds to its 
microenvironment and the interactions to the solid matrix (Vidinha 
et al.2006). The protein-matrix interaction is of critical importance 
because it affects not only the protein conformation, but also the 
activity and stability ( Sotiropoulou and Chaniotakis 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.a, Fig.3.d and Fig.3.e show volume of the PEG 6000 (B) 
having no significant effect on the entrapped trypsin activity, and 
there is some interaction effect between volume of PEG 6000 (B) 
and pH of buffer solution (D). The entrapped trypsin activity 
increased when volume of PEG 6000 (B) and pH of buffer solution 
(D) increased. Fig.4.a, Fig.4.d and Fig.4.e show volume of PEG 
6000 (B) having a significant effect on the trypsin loading yield. 
Increasing volume of PEG 6000 (B) resulted in the trypsin loading 
yield increasing. Ratio of water to TEOS (A) and volume of PEG 
6000 (B) had an interaction effect on the trypsin loading yield which 
was due to PEG 6000 used as structure modifier (Gill 2001). So 
PEG 6000 affects the trypsin loading yield, and has little effect on 
the entrapped trypsin activity. 
 
Fig.3.b, Fig.3.d and Fig.3.f show concentration of buffer solution 
(C) had no significant effect on the entrapped trypsin activity. 
Fig.4.b, Fig.4.d and Fig.4.f show that concentration of buffer 
solution (C) had less significant effect on the trypsin loading yield 
than the effects of other three variables. This is due to the 
concentration of buffer solution that is used to stabilize the pH of 
the system. 
 
Fig.3.c, Fig.3.e and Fig.3.f show pH of buffer solution (D) had a 
significant effect on the entrapped trypsin activity. The activity of 
the entrapped trypsin increased with an increase in pH. Fig.4.c, 
Fig.4.e, and Fig.4.f show pH of buffer solution (D) had a significant 

effect on the trypsin loading yield. When pH of buffer solution (D) 
increased, the trypsin loading yield increased. Ratio of water to 
TEOS (A) and pH of buffer solution (D) had an interaction effect on 
the trypsin loading yield. This could be attributed to the fact that 
enzyme entrapment and subsequent processing must be 
biocompatible in the biological pH range, pH has an impact on the 
polymer structure and enzyme activity ( Jin and Brennan 2002). 
 
The contour plots also show that the effects of the four variables on 
the entrapped trypsin activity and trypsin loading yield were 
different, the order of effects were A> D> C> B and B> D> A> C, 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in the perturbation graph and contour plots, when A was 
about -1 level, B, D was about 1 -2 level, C was about 0 level, the 
optimized immobilization conditions were obtained. The 
experimental models were tested in the optimized immobilization 
conditions as above. The experiments were performed six times. 
The entrapped trypsin activity (35.6%, mean value of six 
experiments) and the trypsin loading yield (68.3%, mean value of 
six experiments) were close to the predicted response, which proved 
the validity of the models. 
 
The study of entrapping trypsin in sol gel glass matrix will be useful 
to manipulate the properties of sol-gel glass when another enzyme 
besides trypsin was entrapped with the same method, which will 
provide a method having potential in both affinity chromatography 
and bioreactor applications. 
 
Conclusions  
 
The present study was aimed to study the relationships and 
optimization of the immobilization parameters to achieve high 
entrapment efficiency. With the help of response surface 
methodology, the models of entrapped enzyme activity and enzyme 
loading were established with ratio of water to TEOS, volume of 
PEG 6000 (200mg/ml), concentration of buffer solution and pH of 
buffer solution as four variables. The results of this study may help 

 

      Fig.4. (a-f) Contour plots of trypsin loading yield: the effect of two variables while the other two are held at 
0 levels 
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to manipulate the properties of sol-gel to get high immobilization 
efficiency when enzymes were entrapped in sol gel glass matrix. 
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