Chinese Journal of Catalysis 34 (2013) 1608-1616

EALFIR 201345 %345 %847 | www.chxb.cn

available at www.sciencedirect.com

journal homepage: www.elsevier.com/locate/chnjc

Article

Synthesis of vitamin E succinate by interfacial activated Candida
rugosa lipase encapsulated in sol-gel materials

Yi Huab, Xiangjun Jiang?, Suwen Wu?, Ling Jiang2b, He Huang ab*

aCollege of Biotechnology and Pharmaceutical Engineering, Nanjing University of Technology, Nanjing 210009, Jiangsu, China
b State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing University of Technology, Nanjing 210009, Jiangsu, China

ARTICLE INFO ABSTRACT

Article history:

Received 22 April 2013
Accepted 28 May 2013
Published 20 August 2013

Keywords:

Sol-gel

Interfacial activation
Candida rugosa lipase
Vitamin E succinate

Vitamin E succinate was synthesized by interfacial activated Candida rugosa lipase (CRL) encapsu-
lated in sol-gel materials. The effects of various immobilization parameters were investigated. The
optimum conditions were found to consist of n-propyltrimethoxysilane/tetraethoxysilane molar
ratio = 1/1, water/silane molar ratio (R value) = 20, lipase loading = 0.5 mg/ml sol, and PEG400
loading = 12 pl/ml sol. Compared with free enzymes, sol-gel encapsulated enzymes kept its activity
of 70.58% and achieved 2.6-fold increased stability after 18 h incubation in phosphate buffer (0.025
mol/L, pH = 7.0) at 50 °C. Based on the interfacial characteristics of CRL, five kinds of surfactants
were used for activation. The results demonstrate that olive oil was the most effective in activating
CRL. The esterification activity of vitamin E succinate synthesis by interfacial activated CRL encap-
sulated in sol-gel materials reached up to 6.7-fold and 1.43-fold that of free enzyme and
non-interfacial activated enzyme, respectively.

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

Immobilized enzymes have been used in a wide number of
applications due to advantages of high stability, separation,
recyclability, easy transport and storage, and continuous and
automatic production [1,2]. Entrapping the enzyme in sol-gel
formed by organic silane precursors further enhances its ther-
mal stability and resistance to organic solvents, high enzymic
activity, and maintains the advanced structure of the enzyme.
This is an important immobilization method [3,4]. Nguyen et al.
[5] reported that creatine kinase entrapped in sol-gel was ob-
tained using tetramethyl orthosilicate as silane precursors. The
results demonstrate that the thermal stability of the immobi-
lized enzyme was greatly improved. At 60 °C the immobilized
enzyme retained 50% of its maximum activity after 5 h incuba-

tion. Noureddini et al. [6] reported that lipase AY was en-
trapped in sol-gel formed using isobutyltrimethoxysilane and
tetramethyl orthosilicate as silane precursors. The immobilized
lipase was stable up to 70 °C, whereas for the free enzyme, a
moderate to severe loss of activity was observed beyond 40 °C.
The immobilized lipase also retained more than 95% of its ini-
tial activity after twelve reactions.

The thermal stability of the enzyme could be enhanced by
the sol-gel encapsulating immobilization method. However, the
catalytic efficiency of the entrapped enzyme was also low,
mainly because entrapped enzyme did not have a suitable con-
formation to form the product. Most lipases have a lid-like
structure. The substrates enter the catalytic center of lipases
and the catalytic behavior is fulfilled after the “lid” of the en-
zyme opens. Maruyama et al. [7] demonstrated that the lid of
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most enzymes was closed in the water phase but would open at
the oil-water interface. Interface activation was not available
for the organic solvents, as they cause the lid of the lipase to
close and results in low catalytic efficiency. If the lid of the li-
pase could be opened before catalytic behavior, the catalytic
efficiency could be greatly improved. Generally speaking, the
lipase lid could be opened by interfacial activation formed at
the oil-water phase. Foresti et al. [8] reported that Candida
rugosa lipase (CRL) adsorbed on polypropylene powder was
subjected to interfacial activation in order to enhance ethyl
oleate synthesis activity in solvent-free. The esterification ac-
tivity was increased by up to 29% compared with non-interfa-
cial activated enzyme. Yilmaz [9] employed surfactants such as
lecithin, Tween 20, and olive oil to activate porcine pancreatic
lipase and Pseudomonas fluorescens liapse. The results show
that the interesterification activities of both porcine pancreatic
lipase and Pseudomonas fluorescens lipase were quadrupled by
lecithin.

Vitamin E succinate is one of the important vitamin E deriv-
atives. It has remarkable effects against all kinds of tumors,
including colon and breast tumors. In particular, it has no in-
fluence on the proliferation of normal cells, making it a poten-
tial anti-cancer drug [10,11]. Recently, to ensure environmen-
tally friendly processing, synthesis by enzyme-catalyzed reac-
tions instead of traditional chemical catalysts has become of
commercial interest [12,13]. Biocatalysts have been widely
used in many kinds of reactions. For example, the Michael addi-
tion reaction, Markovnikov addition reaction, and aldol con-
densation use biocatalysts [14,15]. Torres et al. [16] described
the enzymatic acylation of vitamin E with vinyl acetate in
2-methyl-2-butanol for the first time, in which Novozym 435
was chosen as the catalyst, reaching a yield of about 65% after
18 days. Yin et al. [17] described the synthesis of vitamin E
succinate using a chemically modified Novozym 435 in
tert-butanol and DMSO (v/v = 2:3). The yield of vitamin E suc-
cinate reached 94.4% after 48 h, while the yield was only
13.13% with unmodified Novozym 435. In this study, sol-gel
encapsulating immobilization and interfacial activation were
employed to improve the esterification activity of CRL in the
synthesis of vitamin E succinate (Scheme 1). This research also

Scheme 1. Synthesis pathway of vitamin E succinate by interfacial
activated Candida rugosa lipase (CRL) encapsulated in sol-gel materials.

explored the influence of different kinds of enzymes and or-
ganic solvents, as well as the operating conditions on the syn-
thesis of vitamin E succinate [18].

2. Experimental
2.1. Preparation for CRL encapsulated in sol-gel materials

A certain amount of CRL (Sigma-Aldrich) was first dissolved
in phosphate buffer (0.025 mol/L, pH = 7.0) and centrifuged
(6000 r/min, 4 °C, 10 min) to remove any insoluble material.
The supernatant was obtained. A mixture of n-propyltri-
methoxysilane (PTMS, 97%, Aladdin-reagent)/tetraethox-
ysilane (TEOS, AR, Aladdin-reagent, 12 mmol), 1.5 ml deionized
water, HCI solution (1 mol/L, 90 pl), and a certain amount of
polyethylene glycol 400 (PEG400, Sinopharm Chemical Rea-
gent Co. Ltd.) were intensively agitated at 0 °C for 30 min. The
supernatant was added to the above hydrolyzed silane solution.
The mixture was vigorously agitated for 10 min and then at
100 r/min for another 1 h. The agitated mixture was aged at 4
°C for 24 h, then dried in air at 30 °C for 3 d. Finally, the gener-
ated gel was crushed and the immobilized enzyme was ob-
tained.

2.2 Preparation for interfacial activated CRL encapsulated in
sol-gel materials

A certain amount of lipase powder was dissolved in phos-
phate buffer (0.025 mol/L, pH = 7.0) and centrifuged (6000
r/min, 4 °C, 10 min) to remove any insolubles. The supernatant
was obtained. A certain amount of olive oil, triacetin, Tween 20,
lecithin, and n-octyl glucoside (n-OG, Sinopharm Chemical Re-
agent Co. Ltd.) was added into the supernatant. Sol-gel immobi-
lization was performed as described in Section 2.1. Interfacial
activated CRL encapsulated in sol-gel material was dried and
crushed. n-OG and Tween 20 were washed with ben-
zene/ethanol (90/10). Olive oil, triacetin, and lecithin were
washed with n-hexane. The interfacial activated CRL encapsu-
lated in sol-gel materials was then dried in air.

2.3.  Immobilization efficiency assay

The dried sol-gel was washed by a phosphate buffer and the
washed buffer collected. Protein was determined according to
Bradford’s method using bovine serum albumin (Alad-
din-reagent) as a standard [19]. The immobilization efficiency
(IY) was calculated from the formula: IY = (Ci—- Ci/Ci) x 100%,
where Ci and Cr mean the concentration of the initial and final
enzyme protein concentrations in the immobilization medium

(mg/ml).
2.4. Specific surface area and pore diameter assays

N2 adsorption-desorption assays of silane particles were
conducted on a Micromeritics ASAP 2020 analyzer. All the
samples were degassed at 80 °C for 12 h before measurement.
Specific surface area was determined by BET model, and the
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pore diameter was determined by BJH method [18].
2.5.  Hydrolysis activity assays

The hydrolysis activity of enzyme was determined by olive
oil hydrolysis. A mixture of 8.5 g of gum arabic powder (Si-
nopharm Chemical Reagent Co. Ltd), 100 ml of deionized water,
and 100 ml of olive oil (AR, Sinopharm Chemical Reagent Co.
Ltd) was stirred overnight at room temperature to prepare the
olive oil emulsion. The enzyme solution consisted of 10 ml
phosphate buffer (0.025 mol/L, pH = 7.0), 10 ml olive oil emul-
sion and a certain amount of enzyme. The mixture was contin-
uously titrated with 0.025 mol/L NaOH to maintain the pH at
7.0. The hydrolysis temperature was strictly controlled at 35
°C. The volume of NaOH consumed in 10 min was recorded.
Hydrolysis activity (U) was determined by calculating the con-
sumption of NaOH and was defined as micromoles per minute
per gram of protein.

2.6. Thermal stability assays

A certain amount of enzyme was dissolved in phosphate
buffer (0.025 mol/L, pH = 7.0) at 30-60 °C for 18 h. The en-
zyme solution was then cooled and added into the olive oil sys-
tem. The hydrolysis activity was measured as 2.5.

2.7. Esterification activity assays

Enzymatic esterification was typically performed in a reac-
tion mixture consisting of 1 mmol vitamin E (AR, Sinopharm
Chemical Reagent Co. Ltd), 5 mmol succinic anhydride (AR,
Sinopharm Chemical Reagent Co. Ltd), a certain amount of free
enzyme, enzyme encapsulated in sol-gel material, or interfacial
activated enzyme encapsulated in sol-gel material, and 5 ml
DMSO (AR, Sinopharm Chemical Reagent Co. Ltd). The reaction
was performed in tightly closed 25 ml conical flasks, in a water
bath of 55 °C, agitated with mechanical stirring at 150 r/min
and a reaction time of 18 h. Quantitative analysis of the reac-
tants and products were conducted by HPLC system from Shi-
madzu, Japan. A reversed-phase column (Sepax BR-C18, 250
mm x 4 mm, 5 pm) was used and the reactants and products
detected by SPD-20AVP UV-Vis detector at 285 nm. A mixture
of methanol/acetic acid, 50/0.3 (v/v), was used as an eluent at
36 °C with a flow rate of 1 ml/min. Esterification activity was
determined by calculating the transformation of the substrate
(vitamin E) to ester, and was defined as micromoles per hour
per gram of protein.

3. Results and discussion

3.1. Effects of immobilization conditions on the immobilized
CRL

3.1.1. Effect of molar ratio of silane precursors

The molar ratio of the hydrophobic and hydrophilic silane
precursors determines the hydrophobicity of the gel. When the
ratio is higher, the hydrophobicity of the growing gel results in

g 100
3200

2800

<
= i IS
£ ool 3 180 2
SOINEN s
:*g 2000-— _70%
= J o
éz 1600 N 60 S
S 1200 | -
o L
? g0l '_SOE

400-\ NN 40

31 2:1 11 1:2 1:3
PTMS:TEOS molar ratio

Fig. 1. Effect of the PTMS to TEOS molar ratio on the specific activity
and immobilized protein ratio of immobilized enzymes.

microscopic phase separation, during which the aqueous phase
solution might be squeezed out of the gel phase. Hence, when
the phase separation and the gelation proceeded at a certain
balanced rate, some lipase molecules could be aptly trapped
near the surface of the resulting gel [20]. As lipases are inter-
face active enzymes, a suitable surface hydrophobicity of the
gel might be helpful to maintain favorable molecular confor-
mation and hence enhance activity [3]. So an optimum molar
ratio of the hydrophobic and hydrophilic silane precursors is
desirable. The effect of the molar ratios of hydrophobic PTMS
and hydrophilic TEOS on the specific activity and immobilized
protein ratio of the immobilized enzymes were investigated
and the results are shown in Fig. 1. When the amount of PTMS
decreased in the precursor mixture, the immobilization protein
ratio fell, while the specific activity first enhanced and then
decreased, achieving a maximum value at the molar ratio of
1/1. Therefore, 1/1 was selected as the optimum silane pre-
cursor molar ratio for further experiments.

3.1.2. Effect of lipase loading

Lipase loading directly influences the support loading and
indirectly influences the specific activity of immobilized en-
zymes. Enzyme denaturation by the hydrophobic gel material
with low lipase loading might explain the initial activity in-
crease [21]. Intraparticle diffusion limitations and/or enzyme
aggregation may be responsible for decreased activity at high
enzyme loading. When the PTMS/TEOS molar ratio was 1:1, the
water/silane precursor molar ratio (R value) was 20, and the
amount of PEG was 80 pl/ml sol, the effect of varied lipase
loading on immobilization was investigated and the results are
shown in Fig. 2. The specific activity and immobilized protein
ratio increased with increasing enzyme loading when the lipase
loading was less than 0.5 mg/ml. The specific activity and im-
mobilized protein ratio decreased with increasing enzyme
loading when the lipase loading was above 0.5 mg/ml. When
the lipase loading was 0.5 mg/ml, the highest values of specific
activity and immobilized protein ratio were achieved.

3.1.3.  Effect of the molar ratio of water to silane precursor
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Fig. 2. Effect of lipase loading on specific activity and immobilized pro-
tein ratio of immobilized enzymes.
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Fig. 3. Effect of the R values on specific activity and immobilized protein
ratio of immobilized enzymes.

The molar ratio of total water to silane precursor was usu-
ally reflected by the R value in the gel-forming reaction. As
shown in Fig. 3, the specific activity and immobilized protein
ratio were low when the R values < 15. The specific activity and
immobilized protein ratio decreased when the R values > 15.
Both the specific activity and immobilized protein ratio
achieved the highest values when the R value = 15. Lower R
values might result in enzyme aggregation, which leads to low
activity. Alcohol condensation was also likely to occur during
network forming and might damage the enzymes. However, at
higher R values, more lipase molecules remained in the aque-
ous supernatant, so a lower immobilized protein ratio resulted
[22].

3.1.4. Effect of PEG400 amount

PEG400 adsorbed onto the surface of the gel before the en-
zyme, which weakened interactions between the enzyme and
gel. PEG400 was able to maintain enzyme activities because of
their satisfactory biocompatibility. The amount of PEG400 had
a significant influence on the gel structure [23,24].

As shown in Fig. 4, when the amount of PEG400 increased,
the specific activity was first raised and then declined, with a
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Fig. 4. Effect of PEG on the specific activity and immobilized protein
ratio of immobilized enzyme.

maximum value (6279.12 U/mg) at the point of 12 pl/ml. The
specific activity improved by 3.6 times that of free enzymes.
The immobilized protein ratio reached 95.3%. The optimum
immobilized conditions of PTMS/TEOS = 1/1 (mol/mol), wa-
ter/silane molar ratio (R value) = 20, lipase loading = 0.5
mg/ml sol, and PEG400 loading = 12 pl/ml sol were found by
exploring the immobilized conditions.

3.1.5. Specific surface area and pore diameter of the gels

The specific surface area and pore diameter of the gels were
also determined by N2 adsorption-desorption assays. As shown
in Table 1, compared with the blank gels, the specific surface
area of the immobilized enzymes increased, while the pore
diameter of the immobilized enzymes decreased. Enzyme mol-
ecules were encapsulated in the sol-gel material in the
gel-forming reaction. The structure of the gels was loose and
porous, which resulted in high specific surface area. The pore
diameter of the gels decreased because enzyme was encapsu-
lated in sol-gel materials. These changes demonstrated that the
enzyme was successfully encapsulated in the sol-gel materials.
The specific surface area of the immobilized enzymes was also
bigger than that of the blank gels, which favors movement of
the substrates and products coming in and out of the enzyme
catalytic active center. This results in high enzyme catalytic
efficiency [25,26].

3.2. Enzymatic properties

3.2.1. Thermal stability

Thermal stability is an important character of enzymes.
Nguyen et al. [5] reported that enzymes by sol-gel encapsula-
tion obtain higher stability. The thermal stability of the lipase
encapsulated by PTMS/TEOS was investigated at the immobi-

Table 1
BET surface area and average pore width.

BET surface area Average pore width

Sample

P (m?/g) (nm)
Blank 43.23 4.23
Immobilized enzyme 54.71 3.26
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lization conditions described above. It was shown in Fig. 5 that
the improved thermal resistance was achieved after immobili-
zation. Especially at high temperatures of 50 and 60 °C, the
immobilized enzyme kept 70.58% and 68.11% of its enzymatic
activity, while the free enzyme kept 26.72% and 12.68%, re-
spectively. The enhanced stability of the sol-gel encapsulated
enzymes might be attributed to the global movement (e.g. un-
folding, rotating) being restricted by the rigid polymer [24].

3.2.2. Comparison of esterification activity of CRL by interfacial
activation with different surfactants

The difference between lipase and other esterase lies in the
performance of the lipase-catalytic behavior at the oil-water
interface, which was determined by the unique “lid” structure.
The crystallography of the lipase demonstrated that there was
a helicoid lid covering the catalytic triad of the lipase, which
separated the catalytic center from the surface of lipase. There
was an electrophilic area (oxygen anion hole) formed by the
hydrophobic and hydrophilic groups under the lid [25]. The lid
was open and the catalytic center was exposed to the wa-
ter-organic interface. Therefore, the substrates could easily
combine in the catalytic center. From the data presented in
Table 2, it was demonstrated that the esterification activity of
the interfacial activated immobilized lipase improved by vary-
ing degrees compared with free and immobilized lipase. Among
the surfactants tested, the best surfactant was olive oil and the
esterification activity of the interfacial activated lipase encap-
sulated in sol-gel materials was 7.59 x 104 U. The esterification
activity of the free enzyme was 1.13 x 104 U. The esterification
activity of vitamin E succinate synthesis by interfacial activated

Table 2
Esterification activity of encapsulated CRL by interfacial activation with
different surfactants for the synthesis of vitamin E succinate.

Surfactant Esterification activity (U) Change
Blank 5.31x10* 1
Triacetin 5.98x10* 1.13
Lecithin 6.25x104 1.17
Tween 20 6.65x10* 1.25
n-0G 6.77x10% 1.27
Olive oil 7.59x10* 1.43

CRL encapsulated in sol-gel material reached up to 6.7 times
and 1.43 times that of free enzymes and non-interfacial acti-
vated immobilized enzymes, respectively. This was because the
hydrophobicity of olive oil was the strongest and the two-phase
system was well formed. The lipase lid could effectively open
and the esterification activity of vitamin E succinate synthesis
by CRL was greatly improved [8,27,28]. Compared with previ-
ous reports, the esterification activity of vitamin E succinate
synthesis by interfacial activated CRL encapsulated in sol-gel
materials was obviously improved more than Novozym 435
[16,17].

4. Conclusions

The effects of various immobilization conditions on the
synthesis of vitamin E succinate by interfacial activated Can-
dida rugosa lipase (CRL) encapsulated in sol-gel materials were
investigated. These conditions involved the molar ratio of
silane precursors, lipase loading, R value, and amount of
PEG400. Optimum conditions were found where
n-propyltrimethoxysilane/tetraethoxysilane = 1/1 (mol/mol),
water/silane molar ratio = 20, lipase loading = 0.5 mg/ml sol,
and PEG400 loading = 12 pl/ml sol, the specific activity was
6279.12 U/mg protein and the immobilized protein ratio was
95.3%. The thermal stability and hydrolysis activity were also
obviously improved. Lecithin, n-OG, olive oil, triacetin, and
Tween 20 were used to activate CRL based on the interfacial
characteristics of CRL. Compared with non-interfacial activated
enzymes, the esterification activities were improved by varying
degrees. The results demonstrate that olive oil has the greatest
effect on CRL. The esterification activity of vitamin E succinate
synthesis by interfacial activated CRL encapsulated in sol-gel
materials reached up to 6.7 times and 1.43 times that of free
enzymes and non-interfacial activated immobilized enzymes,
respectively. Therefore, the sol-gel encapsulating immobilized
method and interfacial activation could effectively reform and
improve the catalytic ability of the enzyme.
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