
Chasing the optimum 

Optimization of the enzymatic synthesis of Glucose-1B-Ethyl acrylate 

 

 

Bachelor Thesis: Steven Roest 

Supervised by: Wouter Kloosterman 



 

Abstract 

The poly vinyl saccharides are of interest because of their surfactant like behavior, high 
biodegradability and a low toxicity. The monomers for these polymers are vinyl 
glycosides, and are normally synthesized under harsh conditions and require difficult 
protecting and deprotecting steps. In this project the enzymatic approach of the 
synthesis of the vinyl glycoside glucose-1B-ethyl acrylate was investigated and 
optimized. The enzyme used is almond β-glucosidase. For 2-Hydroxyethyl acrylate (2-
HEA) and water a central composite design was set up. The optimal concentrations are 
for 2-HEA: 79 v% and water 14 v%. Further investigations concluded that at optimal 
conditions the amount of enzyme is 5,5 mg/ml (29 units), glucose is 0,08 mg/ml, the 
temperature is 50°C and the concentration 1,4-dioxane is 7 v%. The maximum 
concentration of product was 28 mg/ml (56%). To stabilize and test possible reuse of 
the enzyme was immobilized on XAD4. The immobilization did not enhance the 
activity of the enzyme. 
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1 Introduction 

 

The poly vinyl saccharides are of interest because of their surfactant like behavior, high 

biodegradability and a low toxicity1. The monomers for these polymers are vinyl 

glycosides. Chemical processes to produce these vinyl glycosides are often expensive 

and produce a mixture of anomers or require difficult protecting and deprotecting steps2. 

For instance the Koenigs-Knorr method requires up to 4 equivalents of heavy metal 

salts3. These difficulties with the chemical procedures stimulate enzymatic approaches. 

The main advantage of the enzymatic approaches is that only one double bond is 

attached to the saccharide. Also with the use of enzymes anomeric pure products can be 

obtained. Also the reaction does not require strong acids or bases and is performed 

under mild temperatures. The enzymes used for this reactions are commercially 

available and relatively inexpensive. 

The goal of this investigation is the optimization of the enzymatic synthesis of Glucose-

1B-Ethyl acrylate by changing the reaction parameters systematically. This was done by 

using the central composite design. The general reaction scheme is shown below. The 

enzyme used in this project was almond β-glucosidase. The investigated parameters 

were: concentration of 2-HEA, water, glucose, 1,4-dioxane and the amount of enzyme. 

Also the optimal temperature was investigated and a method to immobilize the enzyme 

on a solid support, the Amberlite XAD4 Resin, was performed.  

  

Figure 1. The general reaction. 
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2 Theory 

2.1 Mechanism 

In nature the glycosidases (EC 3.2.1) 

catalyzes the hydrolysis of glucosidic 

bonds between two glucose units. 

They can be divided into two classes: 

retaining or inverting. Retaining 

enzymes keep the stereochemical 

configuration the same. The anomeric 

configuration at the beginning is the 

same as at the end of the reaction. 

Inverting enzymes change the 

stereochemical configuration, thus α-

anomers become β-anomers and also 

the other way around. All retaining 

glycosidases have similar catalytic 

mechanisms2 (Figure 2)4. The active site of the enzyme contains two glutamic acid 

residues. One catalyzes the departure of the leaving group and stabilizes the addition of 

the nucleophile. The second acid residue stabilizes the formed oxonium ion. This 

reaction mechanism results in absolute anomeric selectivity, only the β-glucose will be 

formed. In the reversed reaction water hydrolyzes the vinyl glycoside yielding the 

starting compounds 

  

Figure 2. The mechanism of β-galactosidase from Escherichia 

coli. 
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2.2 Enzyme catalyzed synthesis 

Normally there is an excess of water and therefore no equilibrium, but the reaction can 

be shifted in the other direction (synthesis) by keeping the water concentration very low 

and increase the substrate concentrations5. In this project the alcohol 2-HEA is used as a 

solvent. The correct term for this reaction would be condensation but because it is so 

entrenched in literature the term reversed hydrolysis will be used. The retaining enzyme 

used in the experiment is β-glucosidase (EC 3.2.1.21) obtained from almonds. This 

enzyme only forms the beta linkage between the glucose unit and the alcohol. In this 

way it is possible to produce only the beta linkage between the glucose and the alkyl tail 

without difficult protection steps. There is one drawback, the enzyme needs at least 

some water to function5. Below a certain concentration of water the enzyme loses 

almost all of its catalytic activity6. This means that there is an optimum concentration of 

water. This will be investigated. 

2.3 Optimization 

The first step in this optimization 

method is to setup a 22factorial 

design. With this design a 

maximum amount of information 

can be gathered with a minimum 

amount of experiments. This design 

(Figure 3) uses four center 

measurements to calculate the 

standard deviation7. This design has 

two variables (1, 2) which will be set 

to a high and a low level (1, -1). For 

this design a design matrix can be set up (Table 1) in this matrix x1 and x2 are the 

variables of the reaction and x12 is the crossterm. This crossterm gives information 

about what kind of influence the two variables have on each other.  +1 is the setting to a 

high value, -1 is the low value. R is the response of the experiments.  

  

Figure 3. Factorial design with centerpoints. 



4 
 

 

Table 1. The design matrix 

B0 x1 x2 x12 Ry 

exp1 (--) 1 -1 -1 1 R1 

exp2 (+-) 1 1 -1 -1 R2 

exp3 (-+) 1 -1 1 -1 R3 

exp4 (++) 1 1 1 1 R4 

exp5 (cc) 0 0 0 0 R5 

exp6 (cc) 0 0 0 0 R6 

exp7 (cc) 0 0 0 0 R7 

exp8 (cc) 0 0 0 0 R8 

 

When the response is near an optimum there will be curvature in the response plane. See 

Figure 4, upper grid. This curvature can be proved by comparing the average of the 

factorial points (Yf), with the average of the center points (Yc): 

�� � �� � ��
�,
�� � ���



� �



� 

Sc is the standard deviation of the center points, nf 

and nc are the number of factorial and center points. 

When zero is in the confidence interval there is no 

significant curvature. If this is the case the model is of 

the first order and the response can be fitted with a 

linear function:  

� � �� � �� � ���� � ����� 

����: � � �� �!� � � � �" 

In the formula X is the design matrix. See Table 1. The values of matrix b can easily be 
calculated with a mathematical computer program.  
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The next experiments should be done in the direction of the function until there is an 
optimum. Around this optimum a second factorial experiment can be setup. Then again the 
check for curvature should be preformed (formula above). When there is curvature (using the 
central composite design Box & Wilson 1951), four more experiments are necessary to 
predict the optimum. The additional experiments are called axial points and lie (a) away from 

the centre, see Figure 5. The value of (a) can be determined with the formula: �#! � �$%!&'. In 

this case there are two values for k, so �#! � �$$!&' � √$. The extra experiments that should 
be performed are tabulated in Table 2. 

 

Figure 5. The central composite design. 

Table 2. The central composite design points 

 

 

 

  

exp # x1 x2 

exp 9 �√2 0 

exp 10 √2 0 

exp 11 0 √2 

exp 12 0 �√2 
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3 Experimental 

3.1 Chemicals  

2-Hydroxyethyl acrylate and 1,4-dioxane were purchased from Acros Organics 

(Belgium). The almond β-glucosidase was purchased from Sigma Co. (USA) (EC 

3.2.1.21 5,2 U/mg) and the D-glucose from Merck (Germany). Amberlite XAD4 was 

obtained from SUPELCO (USA). All chemicals were used without any further 

purification. To obtain the product concentration the samples were analyzed using NP-

HPLC with hexane-ipa as eluent. 1H and 13C NMR spectra were taken on a Varian 

Mercury 300 MHz magnetic resonance spectrometer with D2O as solvent 

3.2 Optimization 

General reaction. D-Glucose was solved in water, then 2-hydroxyethyl acrylate (2-

HEA) and 1,4-dioxane were added. To start the reaction β-glucosidase was added. The 

reaction temperature was 50°C and the mixture was continuously stirred. After 24 and 

48 hours a sample of 1 ml was taken. This sample was diluted by adding 24 ml 

methanol and was analyzed by HPLC.  

2-HEA and water. In this first design the amounts of 2-HEA and water were 

systematically changed, see Table 3 for the high / low settings. (For reaction data see 

appendix I). The concentrations of glucose (0,050 g/ml) and β-glucosidase (0,005 g/ml) 

were kept constant. 1,4-dioxane was used to fill up to a total of 15 ml for each sample. 

The next design was set up with an average of 0,75 ml more water. From here a third 

design was setup with an average of 2,00 ml more 2-HEA and 0,25 ml less water 

  

design I high low 

water 2 ml 1 ml 

2-HEA 12 ml 8 ml 

design II high low 

water 2,5 ml 2 ml 

2-HEA 11 ml 7 ml 

design III high low 

water 2,25 ml 1,75 ml 

2-HEA 12 ml 10 ml 

Table 3. Design settings 
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3.3 Further optimization 

General reaction. Unless stated different: 0.7 g D-Glucose was solved in 2 ml water, 

then 11 ml 2-hydroxyethyl acrylate (2-HEA) and 1 ml 1,4-dioxane were added. To start 

the reaction 364 u (0,07 g) β-glucosidase was added. The reaction temperature was 

50°C and the mixture was continuously stirred. After 24 and 48 hours a sample of 1 ml 

was taken. This sample was diluted by adding 24 ml methanol and was analyzed by 

HPLC.  

Influence of Enzyme concentration. The reaction was performed as described above. 

Four experiments with four different amounts of enzyme were performed: 47, 31, 26 

and 20 units/ml 

Glucose concentration. The reaction was performed as described above. Seven 

experiments with different concentrations of glucose were performed with 0.02, 0.04, 

0.05, 0.06, 0.07, 0.08 and 0.11 g/ml 

1,4-Dioxane concentration. The reaction was performed as described above. Five 

experiments with different amounts of 1,4-dioxane were performed with 0, 1, 3, 5 and 7 

ml dioxane 

Temperature dependence. The reaction was performed as described above. Two 

experiments with the temperatures set to 45°C and 55°C were performed. 

Immobilization of the enzyme I. An enzyme solution was prepared by dissolving 70 

mg of β-glucosidase in 10 ml 50mM, PH=5 acetate buffer. 1 g of Amberlite XAD-4 was 

added, the mixture was stirred overnight, filtrated and the polymer was lyophilized. 

Immobilization of the enzyme II. An enzyme solution was prepared by dissolving 70 

mg of β-glucosidase in 10 ml 50mM, PH=5 acetate buffer. 1 g of Amberlite XAD-4 was 

added, the mixture was stirred overnight and lyophilized. The immobilized enzyme was 

stored at -16 °C until use. 

Activity of the immobilized enzyme. The activity was determined by an assay using p-

Nitrophenyl β-D-Glucoside as a chromogenic substrate (410 nm). Measurements were 

taken on a UV/VIS spectrometer from Pye Unicam 
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Purification of Glucose-1B-Ethyl acrylate. Inhibitor (4-methoxyphenol) was added to 

the combined reaction mixtures to prevent polymerization. To remove the unneeded 

glucose, the glucose was precipitated in ether and filtered. The ether was removed at 35-

40°C at a rotary evaporator. The temperature should be as low as possible to prevent 

polymerization. The product was obtained by column chromatography with a 

chloroform/methanol mixture as eluent. Starting with pure chloroform then with 

increasing concentration of methanol (ratio 9:1, 4:1, 2:1). Again some inhibitor was 

added. The solvents were evaporated using a rotary evaporator. NMR showed that some 

polymer had been formed. The product is soluble in acetone, the undesired polymer is 

not. The product was dissolved in water and precipitated in acetone to remove all the 

polymer formed. The Glucose-1B-Ethyl acrylate was obtained by evaporation of the 

solvents on a rotary evaporator at 35-40°C to prevent polymerization.  
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4 Results and discussion 

 

2-HEA and water. The effects of 

2-HEA and water concentration 

were examined. It was observed 

that after 24 hours the conversion 

did not change significantly, 

therefore only the yields after 24 

hours are used as responses. 

The central composite design 

(Figure 6A) showed directly the 

dependence on water: 1 ml (7%) 

is not enough to keep the enzyme 

hydrated and therefore it shows 

almost no activity. On the other 

side at high concentrations the 

hydrolysis of the product is more 

present and thus the yields were 

found to be  lower. There 

appeared to be only a small 

working range between keeping 

the enzyme active and have a 

high reaction speed on one side 

and hydrolysis of the product on 

the other. Due to the great 

dependency on water none of the 

parameters appeared to be 

significant and thus it was impossible to obtain a formula to predict the response. For 

further designs only the factorial design is used because the high standard deviation.  

Figure 6A showed that the yield is higher when more water is present in de system, so 

the second design was set up with more water. At higher concentrations of water the 

yield is lower, with higher concentration of 2-HEA the yield is higher, see Figure 6B. 

Figure 6. The three designs to find the optimum in 2-HEA and 

water. 
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Figure 6C was set up with more 2-HEA and less water, also the measurement 12 ml 2-

HEA and 2 ml water was performed again because the value was a lot lower than 

expected from graph 6B. Indeed the first result appeared to be an error. 

The centre measurements of the third design was the optimum. 2-HEA: 11ml (79%); 

water 2 ml (14%), 1,4-dioxane 1 ml (7%) with a product concentration of 26 ml/mg. 

This is used for the different optimization reactions.  

 

Influence of Enzyme 

concentration.  The 

concentration of enzyme at 

which the yield after 24 hours 

was at its maximum around 5,5 

mg/ml (29 units/ml). The 

expectation was that the yield at 

high concentrations of enzyme 

stays at its maximum, because 

the enzyme is only a catalyst and does not influence the equilibrium. However a 

decrease of product concentration at higher enzyme concentrations is observed. The 

cause for this effect can be that every enzyme needs some water to function. At really 

high concentrations of enzyme there is not enough water for the enzymes to function 

properly and therefore the reaction is slowed. To check this the reaction with a large 

amount of enzyme could be performed with more water in the system. With 

proportional more water the yield should reach the same conversion obtained with lower 

concentrations of enzyme in the reaction mixture. Also at high concentrations the 

enzyme is not completely solvated and forms small aggregates. This should also be 

solved with a higher concentration of water in the system. 
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more glucose is added the more 
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glucose. The cause that the 

product concentration decreases 

at higher concentrations of 

glucose can be explained by the fact that glucose is a known inhibitor for β-

glucosidase8.  

 

Temperature dependence.  

The optimal reaction 

temperature was investigated. 

Glycosidases have in vitro an 

optimal temperatures between 

40°C and 60°C1. The reactions 

were performed at two different 

temperatures (45°C and 55°C). 

In both cases the yield after 24 

hours was lower than when the temperature is set to 50°C. The expectation was that the 

yield after 24h stays the same, or increases because the reaction can be slower at 45°C. 

For the decrease of the yield there is no explanation found. A recommendation would be 

to follow the reaction with an interval of a few hours, so that the reaction can be 

followed in time more precisely.   
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1,4-dioxane concentration. 1,4-

dioxane is used as a co solvent in this 

reaction. With no 1,4-dioxane present in 

the reaction mixture the reaction is 

rather slow, but at a concentration of 

7% 1,4-dioxane the yield was at a 

maximum (26 ml/mg). On the other 

hand, with increasing concentration of 

1,4-dioxane the yield decreased. In the 

reaction mixture it was observed that the more 1,4-dioxane was present the more the 

enzyme aggregates. The enzyme formed a hydrated mass inside the reaction flask. An 

explanation could be that the 1,4-dioxane lowers the solubility of the enzyme and 

therefore starts to aggregate as mentioned in the enzyme concentration assay. 

  

Immobilization of the enzyme and 

activity assay. It was observed that the 

enzyme forms a hydrated mass in the 

alcohol used as solvent. This effect is 

even more present at high concentrations 

of 1,4-dioxane. When the enzyme 

aggregates the effective activity is 

lowered and the reaction is significantly 

slowed. To prevent this aggregation the 

enzyme was immobilized on XAD4 in 

two different ways. During the first method the protein uptake by XAD4 was followed 

in time by a BCAtm protein assay (Figure 7). After 24h about 40% of the protein in 

solution was immobilized. The activity of the immobilized enzyme was determined by 

an assay using p-Nitrophenyl-β-D-Glucoside as a chromogenic substrate. The activity 

(u) of the immobilized enzyme using the first method was very poor, about 0,1% (free 

enzyme = 5,2 u/mg). In the second method the XAD4 was not filtrated. The enzyme 

solution with XAD4 was directly lyophilized after stirring overnight. This direct 

lyophilization was performed to “force” the enzyme on the XAD4 resin. Indeed the 

activity was higher compared to the first method, but still rather low, 1% of free  
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enzyme. One possibility is that the reactants cannot diffuse into the highly porous 
polymer, and therefore cannot reach the enzyme. A recommendation is to use a different 
resin to support the enzyme. 

Purification of Glucose-1B-Ethyl acrylate. Glucose-1B-Ethyl acrylate obtained gave 

an oily product, NMR showed that the product (3,47 g) contained about 40% inhibitor. 

This was not further purified. 1H-NMR (see appendix II) (300 MHz; D20) δ 3,00-4,00 

(10 H, (8 H glucose 2 H, O-(CH2)-CH2-O)), δ 4,22 (t, J 4,1, 2 H, O-CH2-(CH2)-O), δ 

4,34 J 7,9 (d, 1 H, OCHO), δ 5,83 (d, J 10,5, 1 H, CH=CHtrans(H)), δ 6,00-6,20 (dd, J 

17,3 10,5 C(H)=CHtransH), δ 6,3 (d, J 17,3 1 H, CH=C(Htrans)H)  
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5 Conclusions 

 

The enzymatic synthesis of Glucose-1B-Ethyl acrylate was optimized. HPLC analyses 

showed that a reaction time of 24 hours was the most efficient, because the yield didn’t 

increase significantly after 24 hours. By setting up three factorial designs the optimal 

concentrations for water, 2-Hydroxyethyl acrylate (2-HEA) and 1,4-dioxane were 

obtained. 2-HEA: 79v%, water 14v% and 1,4-dioxane: 7v%. Further tests concluded the 

optimum amount of enzyme is 5,5 mg/ml (29 units). The optimum concentration of 

glucose is 0,08 g/ml. The optimum temperature is 50°C. The maximum concentration of 

product was 28 mg/ml, this corresponds to 56% conversion of the glucose added. The 

immobilization on XAD4 worked but only with poor yields, the activity after 

immobilization was about 1% of the activity of the free enzyme. The low activity can be 

caused by the low diffusion possibilities of the reactants into the XAD4 resin. 
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APPENDIX I: Reaction data factorial design 

 

Design 
I 

2-HEA 
(ml) 

H2O 
(ml) 

1,4-
dioxane 
(ml) 

Tot 
vol. 
(ml) 

Glucose 
(g) 

Enzyme   
( g) 

R 
(mg/ml) 

8,0 1,0 6,0 15,00 0,75 0,075 1 
12,0 1,0 2,0 15,00 0,75 0,075 2 
8,0 2,0 5,0 15,00 0,75 0,075 14 
12,0 2,0 1,0 15,00 0,75 0,075 26 
10,0 1,5 3,5 15,00 0,75 0,075 13 
10,0 1,5 3,5 15,00 0,75 0,075 10 
10,0 1,5 3,5 15,00 0,75 0,075 14 
10,0 1,5 3,5 15,00 0,75 0,075 9 
10,0 2,2 2,8 15,00 0,75 0,075 15 
10,0 0,8 4,2 15,00 0,75 0,075 1 
12,8 1,5 0,7 15,00 0,75 0,075 12 
7,2 1,5 6,3 15,00 0,75 0,075 11 

Design 
II 
7,0 2,0 1,0 10,00 0,50 0,050 8 
11,0 2,0 1,0 14,00 0,70 0,070 17 
7,0 2,5 5,0 14,50 0,73 0,073 9 
11,0 2,5 5,0 18,50 0,93 0,093 14 
9,0 2,3 3,0 14,25 0,71 0,071 12 
9,0 2,3 3,0 14,25 0,71 0,071 13 
9,0 2,3 3,0 14,25 0,71 0,071 12 
9,0 2,3 3,0 14,25 0,71 0,071 10 

Design 
III 
10,0 1,8 1,0 12,75 0,64 0,064 26 
12,0 1,8 1,0 14,75 0,74 0,074 17 
10,0 2,3 1,0 13,25 0,66 0,066 15 
12,0 2,3 1,0 15,25 0,76 0,076 25 
11,0 2,0 1,0 14,00 0,70 0,070 11 
11,0 2,0 1,0 14,00 0,70 0,070 25 
11,0 2,0 1,0 14,00 0,70 0,070 28 
11,0 2,0 1,0 14,00 0,70 0,070 24 
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APPENDIX II: NMR spectrum product 
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