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a b s t r a c t

Two secondary alcohol glucosides, cyclohexyl-�-d-glucoside and cyclohexyl-�-d-glucoside, were syn-
thesized via the condensation reaction of cyclohexanol with d-glucose in a biphase system catalyzed by
�-glucosidase and �-glucosidase, respectively. The effects of pH, water content, glucose concentration
and metal ions on the yield of glucosides were studied. The optimum catalytic conditions established
for �-glucosidase was 25% (v/v) water content, 2.5 mol/L glucose concentration and pH 2.0, and for �-
glucosidase was 30% (v/v) water content, 2.0 mol/L glucose and pH 5.0. The maximum yield of glucoside
yclohexyl-�-d-glucoside
nomeric purity

was 13.3 mg/mL for cyclohexyl-�-d-glucoside and 8.9 mg/mL for cyclohexyl-�-d-glucoside. Synthesis
progress was monitored by TLC and quantitatively analyzed by pre-derived capillary gas chromatography
(GC). The retention time was 12.34 min for the ˛ isomer and 12.96 min for the ˇ isomer, respectively. With
an anomeric purity of more than 99.5%, the two glucosides display excellent site-specific catalysis by �-
and �-glucosidase. Herein, we present a general method to produce anomerically pure glucosides via a
one-step bio-reaction in a biphase system. This method could potentially be applied in glucosylation of

cohol
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. Introduction

Glucosides are ubiquitous in nature and possess diversity of
iological properties. Most bioactive glucosides are anomerically
ure glucosides, such as gastrodine (p-hydroxymethylphenyl-�-
-glucopyranoside) and arbutin (p-hydroxyphenyl -�-d-glucopy-
anoside). According to the spatial orientation of the C1 hydroxyl
n glucose, there are two types of glucosides: �-glucosides and
-glucosides, which are anomers. Alkyl glucosides, a group of
on-ionic surfactants, have been used widely in detergents,
osmetics, foods and pharmaceuticals [1,2]. Due to limited nat-
ral resources, production of glucosides is traditionally carried
ut by a chemical process in which by-products, environ-
ental pollution and expensive consumption are inevitable.

lso, it is difficult to separate one anomerically pure gluco-
ide from another [1]. An alternative approach is the enzymatic
ynthesis of glucosides. The enzymatic route offers certain
dvantages such as having mild reaction conditions, being
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s or other reactions requiring glucosylation.
© 2008 Elsevier B.V. All rights reserved.

nvironmental friendly, and moreover, it enables anomeri-
ally pure products to be obtained in a one-step reaction
3–7].

Both �-glucosidase (EC 3.2.1.20) and �-glucosidase (EC 3.2.1.21)
re hydrolases for glucosides, but they reverse hydrolysis in favor
f synthesis in low-water-activity media, high concentration of
lucosyl donor media, or in organic media [8,9]. Corresponding
lucosides were obtained through intermolecular condensation
etween glucose and alcohols in the reverse hydrolysis reac-
ions (Fig. 1.). Methyl-, ethyl-, propyl- [6], butyl- [10], hexyl-
11,12], octyl- [13,14], benzyl- [7], arbutin [15], myrtenyl and neryl
-d-glucosides [16], have been synthesized via condensation reac-

ions, but few of �-d-glucosides have been reported to date
17].

In this paper, we explore a general approach to prepare anomer-
cally pure glucosides through an enzymatic method. In our study,
oth isomers, cyclohexyl-� and �-d-glucosides, were synthe-
ized through the condensation of glucose and cyclohexanol by

-glucosidase and �-glucosidase catalysis in a biphase system.
oreover, factors affecting the yield, such as water content, glucose

oncentration, pH, and metal ions were studied. We also investi-
ated the detection method of �-d-glucoside and �-d-glucoside by
apillary gas chromatography.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:gaorj@jlu.edu.cn
mailto:Caosg@jlu.edu.cn
dx.doi.org/10.1016/j.molcatb.2008.03.005
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Fig. 1. Enzymatic synthesis o

. Materials and methods

.1. Materials

�-Glucosidase (EC 3.2.1.20) from Aspergillus niger
300,000 U/mL) was purchased from Amano Enzyme Inc.,
agoya, Japan, and used without purification in a liquid state.
-Glucosidase (EC 3.2.1.21) from almonds (27 U/mg), p-nitrophenyl
- and �-glucoside (�-p-NPG, �-p-NPG) were purchased from
igma, St. Louis, MO, USA. Hexamethyl-disilazane (HMDS) and
hlorotrimethylsilane (TMS) were purchased from Fluka Chemic
GmbH, Buchis, Germany). Silica gel G and silica gel G plate are from
ingdao Haiyang Chemical Co., Ltd., Shan Dong, China. d-glucose,
yclohexanol and other reagents are all analytical reagents.

.2. Synthesis of cyclohexyl glucosides in a biphase system

In our biphase system, the aqueous phase consists of
.0–2.5 mol/L glucose, 0.1 mol/L sodium acetate and enzymes, the
rganic phase is cyclohexanol presaturated with 0.1 mol/L sodium
cetate buffer. In a typical reaction, glucose, sodium acetate buffer
nd cyclohexanol were pre-equilibrated in a vial tightly screw-
apped at 50 ◦C for 10 min. By adding corresponding glucosidase
n above equilibrated reaction system to initialize the reaction, the
ondensation between cyclohexanol and glucose was carried out
nder vigorous shaking at 50 ◦C for 24 h. The reaction process was
onitored by thin-layer chromatography (TLC) with acetone:ethyl

cetate:cyclohexane (4:1:1) as the developing solvent and with
.2% 1-naphthoresorcinol (w/v, ethanol) as the visualization
eagent at 105 ◦C for 2 min. By the end of the reaction, the organic
hase and the aqueous phase were separated from each other, the
yclohexyl glucoside in the organic phase and the aqueous phase
ere analyzed by gas chromatography (GC) with �-p-NPG as the

nternal standard. The yield of cyclohexyl glucosides was defined
s the amount of products per milliliter reaction mixture (mg/mL).
arious concentrations of purified cyclohexyl-�-d-glucoside were
sed as standard in quantitative analysis.
.3. Purification of cyclohexyl glucosides

Organic phase was separated form aqueous phase by centrifu-
ation when the reaction finished. Cyclohexanol in the organic
hase was recovered by vacuum concentration with the remaining

i
g
s
t
w

hexyl-� and �-d-glucoside.

esidues containing glucosides. The aqueous phase was extracted
ith ethyl acetate and the separated ethyl acetate layer was dried

y evaporation. The residues of organic and aqueous phases were
edissolved in acetone and mixed together. The cyclohexyl gluco-
ides in the mixture were separated from other components by sil-
ca gel chromatography with acetone as the mobile phase. The pro-
ess monitored by TLC was described as above. After collecting the
ractions and evaporating acetone, the glucosides and cyclohexyl-
- or cyclohexyl-�-d-glucoside were obtained at last, respectively.

.4. GC analysis of cyclohexyl glucoside

30 �L of the organic phase mixed with 3 �L �-p-NPG
100 mg/mL, pyridine) was put in an uncapped vial and evap-
rated to dryness at 180–190 ◦C for 3 min. The residua was
edissolved in 30 �L pyridine. Then it was further mixed with
0 �l HMDS and 3 �L TMS. The mixture was incubated at 80 ◦C
or 10 min. Reactant was centrifuged at 12,000 rpm for 1 min, and
�L of supernatant was taken out for GC analysis. 30 �L of the
queous phase mixed with 3 �L �-p-NPG (100 mg/mL, pyridine)
as extracted twice by acetone. The extracts were mixed and

vaporated to dryness at 50 ◦C. Then the residua was derivatized
nd analyzed by GC, as above.

The capillary gas chromatography system (GC-2014, Shimadzu
orporation, KYOTO, Japan) was equipped with a silica capillary col-
mn (O: 0.25 mm × 30 m, film thickness: 0.25 �m) and FID detector.
2 was the carrier gas with a pressure of 110 kPa. A typical GC pro-
ram was performed as follows: 160 ◦C for 2 min, 10 ◦C/min from
60 ◦C to 260 ◦C, and 260 ◦C for 5 min was performed. The temper-
ture of the injection chamber and detector were 270 and 300 ◦C,
espectively.

. Results and discussion

.1. Water content in the reaction system

The aqueous phase content in the reaction system was titrated
rom 5% to 35% (v/v), the condensation reaction was carried out

n the presence of 9000 U/mL of �-glucosidase or 6 U/mL of �-
lucosidase. The results showed that the yield of glucoside was
ignificantly dependent on the water content. For �-glucosidase,
he yield of glucosides increases with the increase of water content
hen it is lower than 30%. For �-glucosidase, the glucoside yield is
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ig. 2. Effects of water content on the yield of glucosides at 50 ◦C, 2.0 mol/L glu-
ose, 0.1 mol/L sodium acetate and 9000 U/mL of �-glucosidase (�) or 6 U/mL of
-glucosidase (�). (a) cyclohexyl-�-d-glucoside; and (b) cyclohexyl-�-d-glucoside.

aximal when the water content is 25% (see Fig. 2). The optimum
ater content is 30% for �-glucosidase and 25% for �-glucosidase.

It is well known that sufficient water is necessary for enzyme
ctivity. But in the synthesis of glucosides it is necessary to main-
ain a low water content [8,9]. In the biphase system, the synthesis
f glucosides is an interface reaction and the products, cyclohexyl
lucosides, will be extracted from reaction interface into organic
hase, which is beneficial to the synthesis of glucoside [18]. Our
ata indicated that it is important to maintain a proper water con-
ent to obtain high yields of glucosides, and the optimum water
ontent could be various according to the type or source of enzymes
hemselves.

.2. Glucose concentration in the reaction system

The concentration of glucose in aqueous phase of the reaction
ystem was titrated from 0.2 mol/L to 3 mol/L. The condensa-

ion reaction was carried out in the presence of �-glucosidase
12,000 U/mL) or �-glucosidase (8 U/mL). Fig. 3 shows the effect of
lucose concentration on the yields of cyclohexyl glucosides. The
ield increased with the concentration of glucose from 0.5 mol/L

ig. 3. Effects of glucose concentration on the yield of glucosides at 50 ◦C, 0.1 mol/L
odium acetate, 25% (v/v) water content and 12,000 U/mL of �-glucosidase (�) or
U/mL of �-glucosidase (�). (a) cyclohexyl-�-d-glucoside; and (b) cyclohexyl-�-d-
lucoside.

(
i

F
0
(
c

ig. 4. Effects of pH on the yield of glucosides at 50 C, 2.5 mol/L glucose, 0.1 mol/L
odium acetate, 25% (v/v) water content and 9000 U/mL of �-glucosidase (�) or
U/mL of �-glucosidase (�). (a) cyclohexyl-�-d-glucoside; and (b) cyclohexyl-�-d-
lucoside.

o 2.0 mol/L, but there was no visible increase above 2.5 mol/L. The
ptimum glucose concentration is 2.5 mol/L for �-glucosidase and
.0 mol/L for �-glucosidase.

The reverse hydrolysis of glucosidases is thermodynamically
ontrolled [7,11], and a higher concentration of glucose leads a
hift of the reaction equilibrium toward the synthesis of gluco-
ides. Here, our experiments show that high glucose concentration
s essential for high yield of cyclohexyl glucoside [8,9], while the
ield tends to decrease at the higher glucose concentration (above
.5 mol/L). In the melicera microenvironment of the high glu-
ose concentration, the enzymes were limited to contact with the
rganic phase, which may have in turn limited the synthesis of
lucoside and resulted in lower yield.

.3. Effects of pH on the yields of glycosides
With the other conditions fixed, sodium acetate buffer
0.1 mol/L) at various pH values ranging from 1.5 to 6.0 were tested
n the reaction system. Fig. 4 shows the effects of pH on the

ig. 5. Effects of metal ions on the yield of glucosides at 50 ◦C, 2.5 mol/L glucose,
.1 mol/L sodium acetate, 25% (v/v) water content and 9000 U/mL of �-glucosidase
black) or 6 U/mL of �-glucosidase (gray). (a) cyclohexyl-�-d-glucoside; and (b)
yclohexyl-�-d-glucoside.
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ig. 6. (A) GC detect of cyclohexyl-�-d-glucoside. (B) GC detect of cyclohexyl-�-d-g

lycoside yields in the presence of 2.5 mol/L glucose, 25% water
ontent, 9000 U/mL of �-glucosidase or 6 U/mL �-glucosidase. The
-glucosidase from almonds can work well between pH 4.5 and
.0, with an optimum pH of 5.0 (see Fig. 4b). In contrast to �-
lucosidase, �-glucosidase from A. niger is an acidophilic enzyme
n the synthesis of cyclohexyl-�-d-glucoside. It performed well
etween pH 1.5 and 3.5 and with an optimum pH 2.0. The yield
f cyclohexyl-�-d-glucoside decreased sharply from pH 3.5 to 6.0
see Fig. 4a). At pH 6.0, it showed only about 20% of the yield com-
ared with that at pH 3.5. This is different from the optimum pH
.0–5.5 for hydrolase activity in the manufacturer’s protocol. Based
n these results, our data suggest an acid-activating mechanism in
he glucosidase-catalyzed synthesis of cyclohexyl-�-d-glucoside.

.4. Effects of metal Ions on the yields of glycosides

To inspect whether metal ions are essential to glucosidases
uring synthesis of glucosides, some univalent, bivalent and triva-

ent metal ions were selected to prepare the reaction buffer. All
etal salt solutions (0.1 mol/L) were adjusted to pH 4.0 with acetic

cid, except for Fe3+ and Sn2+, which were pH 1.8 and 2.0, respec-
ively. Fig. 5 shows the effects of metal ions on the yields of
lucosides under the condition of 2.5 mol/L glucose, 25% water
ontent, 9000 U/mL of �-glucosidase or 6 U/mL �-glucosidase. The
wo glucosidases can catalyze the synthesis of glucosides in lower
ields without metal ion. Na+, K+, Ca2+ and Mg2+ can obviously
ncrease the yields of glucosides, while significantly lower yields

ere observed in the presence of Zn2+, Pb2+, Mn2+, Cd2+, Cu2+, Sn2+

r Fe3+. These results indicate that metal ions are not essential for
nzymatic synthesis of glucosides. However, the presence of spe-
ific ions can cause a marked increase in the yields. The mechanisms
f the effect of these metal ions on the enzyme activity are not
nown.

.5. Purification and GC analysis of glucosides

Synthesized glucosides with high anomeric purity (>99.5% by GC
ssay) were separated easily from other components by silica gel
hromatography. The product of cyclohexyl-�-d-glucoside is a yel-
ow oleaginous substance and cyclohexyl-�-d-glucoside is orange
leaginous substance. Cyclohexyl-�-d-glucoside can be crystal-
ized at high concentration to obtain a yellowish crystal, while
yclohexyl-�-d-glucoside cannot be crystallized.
One of the obstacles to studying the saccharide is a lack of an
ppropriate detection method. GC, HPLC and GC–MS are usually
sed in saccharide analysis [12,19,20]. Unfortunately, these gluco-
ides could not be separated and detected well in HPLC. Here, a
ighly sensitive approach to detect �- and �-d-glucosides by cap-

R

ide. (a) cyclohexyl-�-d-glucoside; (b) cyclohexyl-�-d-glucoside; and (c) �-p-NPG.

llary GC is described. Derived cyclohexyl-�- and �-d-glucoside
an be separated thoroughly by GC with retention times of 12.34
nd 12.96 min, respectively (Fig. 6). When slightly modified, this
ethod can be used in the analysis of other glucosides (data not

hown).

.6. The condensation between glucose and cyclohexanol

In the synthesis reactions, high concentrations of the glucosyl
onor (glucose) were present in the aqueous phase, while water-

mmiscible alcohols used as glucosyl acceptors were in the organic
hase. The high efficiency of the method was attributed to the shift
f the thermodynamic equilibrium due to the extraction of the
roduct from the aqueous phase, where the reaction occurs, into
he organic phase [21]. As a reaction model, �- and �-glucosides
ave been synthesized from some primary and secondary alco-
ol including n-butanol, n-pentanol, n-hexanol, n-octanol, n-decyl
lcohol, benzenemethanol, 2-phenethanol, 2-pentanol, and 2-
ctanol. These products can be analyzed by TLC and GC under
imilar conditions (data not shown).

. Conclusion

A one-step bio-reaction model has been established to per-
orm the condensation between glucose and alcohols to produce
nomeric glucosides. Anomerically pure (above 99.5%) gluco-
ides, cyclohexyl-�- and �-d-glucosides, with yields of 13.3 and
.9 mg/mL, have been synthesized for the first time by this method.
his reaction model can be used in the glucosylation of primary
nd secondary alcohols or other reactions required glucosylation.
t the end of the reactions, glucose and cyclohexanol can be recov-
red conveniently, which is also cost beneficial. We also developed
highly sensitive approach to detect �- and �-d-glucosides by GC.

As a whole, enzymatic synthesis in biphase system may be a
eneral approach to produce anomerically pure glucosides, which
re widely used in detergents, cosmetics, foods and pharmaceuti-
als. In addition, GC can be more efficiently used in the analysis of
nomeric glucosides.
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