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The purpose of this paper was to study the immobilization of two glycosidases, �-L-arabinofuranosidase (EC
3.2.1.55) and �-D-glucopyranosidase (EC 3.2.1.21), contained in a commercial preparation and purified as
reported in Part I. The procedure which proved to be the best is simple and inexpensive to perform, employing
the chitosan derivative, glyceryl-chitosan, especially synthesized and characterized, as a support. The glycosi-
dases were adsorbed on this support and cross-linked with glutaraldehyde to prevent them from being released
into the wine. Subsequent reduction of the biocatalyst with sodium borohydride allowed for improved stability.
Finally, the immobilized glycosidases were compared with free ones in terms of optimum pH and temperature,
stability over time, and kinetics parameters (Km and Vmax) after which they were employed for aromatizing a
model wine solution containing aromatic precursors. © 1998 Elsevier Science Inc.
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Introduction
Glycosidases including �-l-arabinofuranosidase (Ara, EC
3.2.1.55) and �-d-glucopyranosidase (�G, EC 3.2.1.21) are
enzymes of considerable importance in food technology1–3
with potential applications in the aromatization of musts,
wines, other alcoholic beverages (brandy, bitters, etc.), and
fruit juices (apple, apricot, peach, papaya, passion fruit, and

so on).4–15 They contain aromatic compounds bonded to
�-d-glucopyranose and �-l-arabifuranose. In particular, the
more abundant aromatic precursors are found in wine in the
form of diglycosidates so that the action of the glycosidases
is sequential, Ara acting first, followed by �G.16–18 In the
previous paper, a simple method for the purification of Ara
and �G from the Aspergillus niger present in a commercial
enzyme preparation was described.19 In the present study,
the purified glycosidases were coimmobilized on chitosan
by means of simple adsorption and subsequently on glyceryl
chitosan (GCh),20 a derivative especially prepared by the
reaction of chitosan with glycidol. The glycosidases ad-
sorbed on this latter support were then cross-linked with
glutaraldehyde to prevent them from being released into the
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wine. Finally, the biocatalyst was reduced with sodium
borohydride in order to increase its stability over time.
Chitosans offer a number of advantages for the immobili-
zation of enzymes in the food processing industry.21–24 In
fact, they are non-toxic (foodgrade), easily available, inex-
pensive, moderately biodegradable, available in different
forms (powder, gel, fibers, and membranes), and easy to
functionalize; moreover, they exhibit a high affinity toward
proteins and have already been successfully used for the
immobilization of the �G contained in another type of
enzyme preparation.25–26

Materials and methods
Materials
A commercial preparation, AR 2000 (Gist Brocades, France),
purified according to the method described in a previous paper19
was the source of the glycosidases Ara and �G. Synthetic
substrates, namely the p-nitrophenyl of �-l-arabinofuranose
(p-NPA) and �-d-glucopyranose (p-NPG) (Sigma Chemical Co.,
St. Louis, MO) were used for activity assays while the aromatic
precursors extracted from the skins of Moscato grapes from
Alessandria (Italy) were employed as a natural substrate.19 Protein
determination was made using Coomassie Brilliant Blue G-250
(Serva, Heidelberg, Germany) as a colorimetric agent and bovine
serum albumin (BSA; Sigma) as a standard. The following
supports were used for the immobilization tests: carboxymethyl-
cellulose (CM-cell; CM23), diethylaminoethyl-cellulose (DE-cell;
DE11) supplied by Whatman (London, England) chitosan supplied
by Protan (Redmond, Washington, USA) and glyceryl-chitosan
(GCh) synthesized by reaction of chitosan with glycidol (2-3-
epoxy-1-propanol) at 96% supplied by Sigma. Glutaraldehyde
(GA; 50%, Fluka, Buchs, Switzerland) and NaBH4 (Sigma) were
used as a cross-linking agent for the glycosidases adsorbed on the
GCh and as a reducing agent, respectively. All other reagents not
specified here were high purity and supplied by Sigma.

Synthesis of GCh
GCh was synthesized according to the method for agarose func-
tionalization reported by Guisan et al.27 A sample of chitosan
taken from the same lot used for the tests of immobilization by
simple adsorption was ground and sieved to obtain particle sizes
between 75–125 �m. Powdered chitosan was suspended in 0.1 m
NaOH, recovered by filtration, and repeatedly washed and filtered
using (in sequence) water (four times) and ethanol (three times),
and finally dried at 60°C under dynamic vacuum pumping until a
constant weight was retained. The degree of n-acetylation of
chitosan was determined by infrared (IR) spectroscopy28 as well as
by acidimetry29 and colorimetry30 of the amino group. The
n-acetylation percent values determined with the three aforemen-
tioned techniques showed excellent agreement. Dry chitosan (0.9
g) was suspended in 0.17 m NaOH (12 ml) and treated under slow
stirring with NaBH4 (0.342 g). The mixture was cooled (3–4°C)
and glycidol (6 ml) was added dropwise at a temperature below
18°C. Upon addition being completed, the temperature was held
constant at 20°C for about 18 h. The resulting GCh was filtered,
washed thoroughly with distilled water and then with methanol,
and finally dried at 60°C under dynamic vacuum pumping until a
constant weight was retained (about 1.2 g). The quantitative
determination of unreacted amino groups was performed accord-
ing to the colorimetric method of Ngo.30 Microanalytical results
(C, H, N, O) were provided by Redox Laboratories (Milan, Italy).
IR spectra of chitosan and GCh were obtained using a Perkin-
Elmer 1,750 Fourier Transform infrared (FTIR) spectrophotome-

ter. The samples were prepared by mixing the powders with KBr
(about 0.3% w/w) and pressing the dilute mixture to form a clear
semitransparent pellet. 13C-NMR solid state CP-MAS spectra of
chitosan and GCh were obtained using a Bruker CXP 300
spectrometer operating at 75.45 MHz. The solid samples were
packed into a 7 mm zirconia rotor and spun at the magic angle with
a spinning rate in the order of 3–4 KHz. The 1H pulse duration for
a 90 flip angle was 4 �s which was also the value for 13C as set by
Hartmann-Hahn conditions.31 A contact time of 2 ms was adopted
for cross-polarization while the recycle delay for CP experiments
was generally 5 s. The number of transients, in the order of several
thousands, was varied to achieve good signal-to-noise ratios. The
chemical shifts were measured with respect to the lower frequency
signal for adamantane at 29.4 ppm and with respect to TMS (by
replacement).

Adsorption
A sample of 10 mg chitosan or GCh in a 10-ml test tube was
equilibrated at room temperature for at least 15 min by means of
5 ml 0.025 m citrate-phosphate (C-P) buffer at pH values between
3.4–7.0. Five ml of the purified enzyme solution19 containing
about 15–20 U of �G and 60–120 U of Ara were brought to the
same pH of the equilibration with HCl or NaOH (0.1 m) and then
added to the support. Finally, the tube was plugged and stirred in
a carousel (75 rpm) at 3–4°C overnight. The same procedure was
adopted for CM-cell and DE-cell except for the fact that in this
case, the supports were pretreated with HCl (0.1 m) and NaOH
(0.1 m) according to the method recommended by the manufac-
turer (Whatman).

Cross-linking
A sample of 5 ml glutaraldehyde (GA) at different concentrations
(0.1–2%) dissolved in a 0.025 m C-P buffer at pH values between
3–7 was added to the glycosidases adsorbed at pH 5.0 on 10 mg of
CGh followed by stirring in a carousel at 4°C for 7 h and at 25°C
for 30 or 60 min. After centrifugation at 2,000 g for 10 min, the
biocatalyst was washed twice at room temperature with 5 ml of a
1 m NaCl solution.

Reduction of Schiff bases
Before reducing the biocatalyst with NaBH4 at an alkaline pH, the
stability of the free glycosidases contained in the purified enzyme
preparation19 was tested in a 0.1 m carbonate-bicarbonate buffer at
pH 9.0 and 25°C, and subsequently in the same buffer containing
10 mg ml�1 NaBH4 at the storage temperatures of 4 and 25°C.
The glycosidases were adsorbed on GCh at pH 5.0 and

cross-linked with GA at pH 5.0 and 25°C for 60 min. The
biocatalyst thus obtained was reduced under light stirring at 4 and
25°C for 1 h with 5 ml of a solution of 1 or 10 mg ml�1 of NaBH4
dissolved in a 0.1 m buffer at pH 8 (phosphate-phosphate), 9 and
10 (carbonate-bicarbonate). The biocatalyst was then filtered and
thoroughly washed with 0.1 m C-P buffer at pH 7 until the pH of
the wash water was neutral. After centrifugation at 2,000 g for 10
min, the biocatalyst was washed twice at room temperature with
5 ml of a 1 m NaCl solution.

Enzyme assays
Depending on whether the enzyme was free or immobilized, 50 �l
of a solution or a suspension of enzyme were added with stirring
at 25°C to 450 �l of 2.0 mm p-NPA or 5.5 mm p-NPG dissolved
in 0.1 m C-P buffer at pH 3.5. The assay was performed for 0.5–5
min after which 1 ml of 1 m Na2CO3 was added to stop the reaction
and allow the yellow color of the p-nitrophenolate ion to develop.
This color was read against the blank at a � of 400 nm and
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determined by using a � of 18,300 m�1 cm�1. The order of the
reagents was reversed in the blank test, i.e., the Na2CO3 solution
was added to the substrate before the enzyme. In determining
immobilized enzyme activity, the insoluble material was removed
by centrifugation at 2,000 g for 15 min before measuring absor-
bance. One unit of enzyme was defined as the amount of enzyme
releasing 1 �mol of p-nitrophenolate min�1 under assay condi-
tions.25 Finally, protein determination was made by colorimetric
reaction with Coomassie Blue G250 according to Bradford.32
Adsorption yield (AY) and immobilization yield (IY) are

defined as follows: AY � Uads/Ueq 	 100; IY � Uact/Uads 	
100 where Ueq are the enzyme units which are equilibrated with
the support, Uads are those which remain bound to the support
after separation of the supernatant, and Uact are those which are
active in the immobilized enzyme.
The activity of the free or immobilized glycosidases was also

tested on natural substrates according to the method described in
Part I.19 Samples of 1–2 ml of the free enzyme or the immobilized
enzyme suspension were added to 30 ml of a model wine solution
in a test tube which contained 9 g l�1 tartaric acid in 10% ethanol
adjusted to pH 3.3 with potassium carbonate and added with the
aromatic precursors extracted and isolated from 100 g of Moscato
skin grapes. The tube was sealed with a screw cap and incubated
at 25°C for 18 h. The analysis was made using a Carlo Erba 5300
gas chromatograph fitted with a Durabon Wax column.33

Characterization
The following parameters were determined for the free and the
immobilized enzymes: optimum pH (between 3.0–7.0 in 0.1 m
C-P buffer) at 25°C; optimum temperature (between 20–90°C) at
pH 3.5; stability over time at 57°C (pH 3.5 in 0.1 m C-P buffer) and
at 25°C in the wine (Trebbiano, Emilia Romagna, Italy); and
finally, the kinetic parameters Km and Vmax (at pH 3.5 and 25°C)
calculated according to Lineweaver Burk.34

Results and discussion
Immobilization by adsorption onto chitosan
Upon pH values being varied, the glycosidases, �G and Ara,
adsorbed on chitosan exhibited similar trends in terms of
yields and activity (Figures 1a and 1b). �G and Ara AY
followed a bell-shaped pattern with maximum adsorptions
at pH values close to 5 and 4, respectively. IY demonstrated
an opposite trend, with minimum values being recorded at
maximum AY values. Activity was therefore fairly constant
at rather low mean values of 30 U g�1 for �G and
150 U g�1 for Ara.
The main interactions between the enzymes and chitosan

are of an electrostatic nature, even if other weak interactions
such as hydrogen bonding and Van der Waals forces are
also present. The enzyme capture (AY) peak recorded in the
central pH zone is presumably ascribable to the electrostatic
interaction between the negatively charged enzymes and the
positively charged chitosan (pKa of about 6.4). The differ-
ence in the maximum values of AY between the two
enzymes is probably related to their different isoelectric
points (pI of about 4.0–4.5 for �G and 3.3–3.7 for
Ara).35–38 A possible explanation of the IY trend is that the
catalysis of the glycosidases involves an acid/base-type
behavior of the carboxyl groups present at the active
site.39–40 At pH values for which the electrostatic interac-
tion between the dissociated carboxyl groups of the active
sites of the enzymes and the protonate amino groups of the
chitosan is at a maximum, the enzyme molecules may
preferentially orientate themselves so that their active sites
come to be facing the surface of the support. If this is the
case, the carboxyl groups would be less available for
catalysis and the accessibility of the substrate to the active
sites would be reduced (steric hindrance). Conversely, as
can be seen in Figures 1a–1b, at extreme pH values,
reduced adsorption is associated with an increase in IY.
To test these hypotheses, adsorption of �G and Ara was

performed on two differently derived cellulose supports.
One is the DE-cell, which is basic and contains tertiary
amino groups which may simulate the structure of chitosan,
and the other is the CM-cell which is acid and contains
carboxyl groups. As can be seen in Figure 2, the �G

Figure 1 Immobilization of the glycosidases, �G (a) and Ara (b),
by adsorption onto chitosan as a function of pH

Figure 2 Immobilization of �G by adsorption on diethylamino-
ethyl-cellulose (DE-cell) and carboxymethyl-cellulose (CM-cell)
as a function of pH
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adsorbed on the DE-cell exhibits a behavior similar to that
on chitosan, that is with opposite trends in AY and IY. The
electrostatic interaction of the positively charged support
with the negatively charged enzymes once again causes a
sensible inactivation. On the contrary, AY and IY for the
�G adsorbed on the CM-cell follow parallel trends, dimin-
ishing as pH increases, and with IY values always greater
than those reported for the DE-cell. Unlike on the DE-cell,
the electrostatic interaction occurring during glycosidase
immobilization on the CM-cell involves the protonate
amino groups of the enzyme and the dissociated carboxyl
ones of the support. This means that the enzyme molecules
are capable of orientating themselves and that the carboxyl
groups, including those present at the active site, are less
involved. On both the DE- and CM-cell, Ara yield trends
were similar to those found for �G (data not shown). The
results obtained in these immobilization tests on cellulose
derivatives confirm that the carboxyl group rather than the
amino one is involved in the catalysis. It may therefore be
concluded that chitosan is not the ideal support for the
immobilization of �G or Ara by simple adsorption.

Characterization of GCh
The % n-deacetylation of the chitosan used to synthesize
GCh was 62%.28–30 This means that the starting chitosan
was the copolymer possessing 62% of �-(13 4)-2-amino-
2-deoxy-d-glucopyranose units and 38% of the correspond-
ing 2-acetamido units. After reaction with glycidol, an
average number of 95 glyceryl groups per 100 copolymeric
units of GCh was calculated on the basis of the carbon-to-
nitrogen ratio as determined by elemental analysis (46.7%
C, 7.2% H, 5.7% N, 40.5% O). Notwithstanding, an average
number of 30 unreacted primary amino groups per 100
copolymeric units of GCh was still found to be present.30
Overall, these results may reflect the fact that, in the
alkaline medium used for the reaction between chitosan and
glycidol, a random distribution of n-mono-, n-bis-, and

o-alkylation occurred. This influence of the pH is similar to
that observed by Loubaki et al.20
Figure 3 shows the infrared spectra of chitosan and GCh

between 1,800 and 1,200 cm�1 with the amide I band at
1,655 cm�1 having been assumed as an internal standard to
compensate for differences in sample concentration. As can
be seen, at the frequency of about 1,550 cm�1, typical of the
amide II band in chitin and in highly acetylated chitosans,41
the chitosan does not exhibit any clear absorption, but only
a very slight upward swelling at about 1,562 cm�1, caused
by the rather intense absorption at 1,600 cm�1 which can be
ascribed to the NH2 deformation band.42 On the other hand,
in the spectrum of GCh, the amide II band can be clearly
observed at 1,562 cm�1, despite the same extent of n-
acetylation of chitosan. This is due to the marked decrease
in the intensity of the 1,600 cm�1 absorption band, indica-
tive of the reaction of glycidol with the amino groups of
chitosan; moreover, the intensities of both the CH stretching
vibration of the methylene group in the region of 2,850–
2,900 cm�1 and the CH bending band at 1,461 cm�1 (not
shown) increase for GCh, thus confirming the introduction
of glyceryl groups in the structure of chitosan.
A comparative analysis of the 13C-NMR solid state

CP-MAS spectra of GCh and chitosan also provided struc-
tural information on GCh. The signals in the 50–110 ppm
range observed for the unsubstituted chitosan were assigned
on the base of the solution data.43–45 The two peaks at 57.4
and 60.6 ppm were assigned to C2 and C6 of the glycosidic
rings, the most intense peak at 75.4 ppm was attributed to
C3, C5, while the signals at 83 and 105 ppm were assigned
to C4 and C1, respectively. Considerable differences were
observed between the relative intensity signals of chitosan
and GCh, suggesting the introduction of a glyceryl group in
the structure. Although in GCh the signal broadness pre-
vented discrimination between n- and o-alkylation in the
chitosan unit, several considerations could be drawn by
comparing experimental and calculated shifts from empiri-
cal equations,46 for both o- and n-alkylation. The observed
reduction of the broad peak at 57.4 ppm was attributed to
the CH2 of the glyceryl group n-substituted and to the C2 of
unreacted chitosan; moreover, the increased area of the
signal at 61.8 ppm was attributed to C2 n-substituted and to
C6 of unreacted chitosan. The emerged signal at 71.8 ppm,
however, attributed to the OCH2 of the glyceryl group and
the increased area of the peak at 75.0 ppm suggest that
o-alkylation also occurred. This reinforces the interpretation
of the FTIR data and confirms that a mixture of n- and
o-alkylation has occurred in the substitution of chitosan
with glycidol.

Immobilization by adsorption on GCh
Figure 4 shows the yields and activities of the glycosidases
�G and Ara adsorbed onto GCh as a function of pH. A
comparative analysis of the data shown in Figure 4 with the
corresponding data shown in Figure 1 clearly indicates
higher catalytic responses for GCh as compared to chitosan
with increases in activity being up to about 12 times for �G
(350 U g�1) and 29 times for Ara (4,400 U g�1).
The improvement in yields may be ascribable to the

presence on the GCh of hydroxylate side chains which make

Figure 3 IR spectra of GCh (a) and chitosan (b)
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it even more hydrophilic than chitosan, therefore endowing
it with the possibility of forming a greater number of
hydrogen bridges with the enzyme molecules, in particular
with the carbohydrate moiety of the enzyme;36–37 more-
over, there may be a reduction in enzyme-support interac-
tion owing to the reduction in the amino groups occurring
during the functionalization reaction and the presence of the
glyceryl groups in the GCh which may distance the enzyme
from the support surface (space-arm effect). This latter
effect may play a crucial role in increasing the accessibility
of the substrate toward the active site.

Cross-linking and reduction
Despite the excellent results obtained for immobilization on
GCh, in solutions with a high ionic force such as wine,
electrostatic interactions caused the glycosidases to be
released. The subsequent cross-linking of the adsorbed
enzyme with a bifunctional agent was performed in order to
prevent the enzyme from being released in the wine. GA
was employed as the cross-linking agent since it is inexpen-
sive, easy to use, and does not react with the carboxyl
groups which, as already mentioned, are probably present in
the active site of the glycosidases.39–40
GA is capable of reacting via the aldehyde groups with

the nucleophile groups such as the amino ones present on
the surface of the enzyme and chitosan derivative, thus
forming Schiff bases. Monsan et al.47 have discussed the
possibility of GA reaction also via the �,�-unsaturated
double bonds originating from its polymerization (aldolic
condensation) which is favored by the increase in pH so that

as pH varies, the reactivity of GA changes; therefore, GA
would be able to form both enzyme-enzyme and enzyme-
support bonds, thus enhancing the adsorption interactions.
Before proceeding with immobilization, the stability of

the free enzymes was tested in a glutaraldehyde solution.
The activity of the enzymes in the GA solution (2% at pH
5.0 and 25°C) only slightly decreased with such decrease
occurring during the first hour of contact and being greater
for Ara (about 20%) than for �G (about 10%).
The enzymes adsorbed onto GCh were cross-linked with

GA at different pHs and concentrations. As the activation
pH varied, the activity trends of both enzymes exhibited a
bell-shaped pattern with maximum values around pH 4.5–
5.0, i.e., in the optimum adsorption zone (Figure 5). This
finding suggests that at the above pH values, GA is capable
of “blocking” the enzyme molecules in the optimal confor-
mation and orientation corresponding to the highest cata-
lytic activity. Notwithstanding, while at the peak of the
curve the activity of �G is essentially retained (about
280 U g�1), that of Ara drastically drops (about 1,200 U
g�1). As for the free enzymes, therefore, Ara was found to
be more sensitive to the inactivating action of GA than �G
even after immobilization on GCh.
The activity of both glycosidases did not change appre-

ciably when GA concentration (at pH 4.5) was increased
from 0.1–2%; nevertheless, a partial release of the immo-
bilized glycosidases (about 20% after 3 days at pH 3.5) was
reported at low GA concentrations (0.1–1%), an effect
which was not observed at GA concentrations greater than
1%. This finding is in line with that of Blanco48 according
to whom adsorption becomes irreversible only in the case of
a minimum bond threshold being formed between the
enzyme and the support.
Even though no glutaraldehyde was seen to have been

released, the biocatalyst was treated with sodium borohy-
dride in order to improve biocatalyst stability by reducing
the C¢H and CH¢O groups.48 Sodium borohydride was
used as the reducing agent since it is nontoxic, inexpensive,
and highly reactive and selective toward the Schiff bases
and the aldehyde groups; moreover, the small dimensions of
its molecules permit it to diffuse more easily inside the
matrix. This reducing agent may, however, exert an inacti-

Figure 4 Immobilization of the glycosidases, �G (a) and Ara (b),
by adsorption onto GCh as a function of pH

Figure 5 Immobilization of the glycosidases, �G and Ara, by
cross-linking on GCh as a function of the activation pH (GA 2.0%
at 25°C)
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vating effect on the enzymes. In fact, sodium borohydride
must be employed at an alkaline pH (8–10) at which value
the protein structure of the enzyme can be denatured and the
serine and threonine residues reduced to alanine and
�-amino butyric acid, respectively. Finally, sodium borohy-
dride can break up the disulfide bridges, although this effect
can be ruled out in the case of the enzymes examined since
their amino acid composition does not contain any cys-
teine.36–37
Before testing the operative conditions for the reduction

of the glycosidases, the stability of the purified free en-
zymes was tested at alkaline pHs in the absence and
presence of the reducing agent. �G proved to be fairly stable
at pH 9 and 25°C with a half-life of about 80–100 h while
under the same conditions, Ara was seen to inactivate much
more easily with its half-life being about 5–6 h. The
addition of sodium borohydride to the purified enzyme
solution at pH 9.0 and 25°C caused a sharp drop in activity
in particular for Ara while at 4°C the decrease in activity
was acceptable at least during the first hour of reaction
(about 20 and 30% for �G and Ara, respectively) (Figure
6). In view of these results, the cross-linked glycosidase
reduction tests were conducted at 4°C for 1 h.
The drop in activity at basic pHs can be ascribed to the

conformational deformation undergone by the enzyme mol-
ecules at pH values which are very far from their pI. Given
that the pI of both glycosidases is similar, it may be assumed
that the protein structure of Ara is less compact, i.e., more
“soft” than that of �G;49–50 moreover, the fact that Ara
exhibits a higher sensitivity also to sodium borohydride may
instead be partially ascribable to the presence, in its primary
structure, of a greater amount of the hydroxylate amino
acids, serine and threonine, as compared to �G.36–37
The activity trend for the cross-linked glycosidases as a

function of the increase in the reduction pH between 8–10
was similar for both enzymes. In particular, while a de-
crease in activity (from about 280 to 100 U g�1 for �G and
from about 1,200 to 510 U g�1 for Ara) was observed at 1.0
mg ml�1 of the reducing agent a fairly constant activity was
observed at 10 mg ml�1 (about 175 U g�1 for �G and 770
U g�1 for Ara). A possible explanation is that at all pH
values, the reduction of Schiff bases was incomplete at the

lower concentration of the reducing agent (in fact, the
typical yellow color of the matrix was maintained) so that
the inactivating effect of the alkaline environment was able
to prevail over the stabilizing effect of the reduction
reaction. Conversely, at the higher concentration of the
reduction agent, reduction was complete as demonstrated by
the complete decoloring of the biocatalyst. The enzymes
were thus “frozen” in their original cross-linked conforma-
tion and protected against the inactivating effect of the
reduction pH.
Before establishing the optimum reduction pH, an accel-

erated stability test was conducted on the nonreduced and
reduced biocatalyst. Biocatalyst stability at the lower con-
centration of the reducing agent was practically the same as
that of the non-reduced one at all reduction pHs while at the
higher concentration, the stability of the reduced glycosi-
dases was considerably higher than that of the nonreduced
ones (Figures 7a–7b). The increase in stability was essen-
tially independent of the reduction pH value except for �G
reduced at pH 8 which maintained its activity more than at
other pHs. The following reduction conditions were there-
fore adopted: NaBH4, 10 mg ml�1; pH 8, and temperature
at 4°C.

Characterization of free and immobilized enzymes
The enzymes immobilized on GCh were characterized and
compared with the free ones.
The optimum pH of the immobilized �G was found to be

shifted toward more acid values (from about 4.5 to 4.0)
(Figure 8a) while no shift was observed in the optimum pH

Figure 6 Stability of the glycosidases, �G and Ara, free in a
solution of NaBH4 (10 mg ml�1, pH 9.0) at two different temper-
atures (4 and 25°C)

Figure 7 Stability (at pH 3.5 and 57°C) of the glycosidases, �G
(a) and Ara (b), immobilized by cross-linking on GCh, nonre-
duced and reduced with NaBH4 (10 mg ml�1) at different pH
values (8, 9, and 10)
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for Ara which remained around 4 (Figure 8b). Notwith-
standing for both immobilized glycosidases and in particu-
lar for Ara, greater percent activities were recorded at acid

pH values between 3–3.5, a fact which is advantageous for
oenological applications. The behaviors observed are typi-
cal of polycationic supports such as chitosan and GCh
which cause an unequal distribution of the H
 and OH�

ions in solution with a greater concentration of OH� ions in
proximity to the microenvironment of the immobilized
enzyme. The latter is therefore affected by a pH value
higher than that of the bulk of the solution.51
The optimum temperature of the immobilized �G (Fig-

ure 9a) was increased from 60 to 67°C, its stability
decreasing more slowly at higher temperatures. The behav-
ior of immobilized Ara is similar (Figure 9b), with the
optimum temperature having been increased from 65 to
75°C; moreover, the stability of the glycosidases also
increased with immobilization (Figure 10). At 57°C after
2 h, activity retention rose from about 30 to 90% for �G and
from about 40 to 65% for Ara. As expected at 25°C,
absolute values were higher and after 10 days, activity
retention rose from about 20 to 55% for �G and from about
40 to 80% for Ara.
The presence in the immobilized glycosidases of intra-

and intermolecular covalent bonds and of bonds with the
support confers rigidity to the secondary and tertiary protein
structure of the enzymes which are therefore less affected
by the denaturing effect of the temperature and acquire
greater stability; moreover, the presence on GCh of side
chains containing oxydryl groups may favor the solvation of
the enzyme and the retention of its globular structure.52–53
Regarding the Km of the immobilized enzymes, that of

Figure 9 Activity of the glycosidases, �G (a) and Ara (b),
immobilized by cross-linking on GCh and subsequently re-
duced, as a function of temperature

Figure 10 Stability of the glycosidases, �G and Ara, immobi-
lized by cross-linking on GCh and subsequently reduced, at
different storage temperatures: 57°C (a) and 25°C (b)

Figure 8 Activity of the glycosidases, �G (a) and Ara (b),
immobilized by cross-linking on GCh and subsequently re-
duced, as a function of pH
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�G did not vary (being about 0.60 mm) while that of Ara
increased (from about 0.63 to 1.3 mm). The increase in Km
in immobilized enzymes is mainly ascribable to the confor-
mational changes which the protein undergoes following
immobilization on the support and/or to the difficulty of the
substrate to diffuse toward the catalytic site.51 The Vmax of
the immobilized enzymes diminished with �G from 4.0 to
1.2 U mg�1 protein and Ara from 37 to 20 U mg�1 protein.
The reduction of Vmax in the immobilized as compared to
the free enzymes is essentially ascribable to the partial
inactivation of the former and to the fact that, when
immobilized, the enzyme is not in the best condition for
catalysis.51
Both the free and immobilized enzymes were capable of

releasing a high amount of total terpenols from the model
wine solution (Figure 11) even though the action of the
immobilized ones was slightly less (by about 10%); more-
over, the immobilized enzymes were seen to be less
selective when compared to the free ones toward the
glycosidate precursors of linalool, a tertiary alcohol, than
toward those of nerol and geraniol, both primary alcohols.
This behavior may be explained by presuming that the
glycoside of the tertiary alcohol is less accessible to the
catalytic site of an immobilized enzyme than to that of a free
one.

Conclusions
Chitosan was suitable for achieving high adsorption of the
glycosidases �G and Ara which, however, were sensibly
inactivated. On the other hand, the chitosan derivative,
GCh, further increased the adsorption of the glycosidases
(in particular of Ara) while allowing significant increases in
activity. Cross-linking of the enzymes adsorbed onto GCh
with glutaraldehyde prevented their release into the wine
without the activity of �G being adversely affected even
though that of Ara was reduced. The subsequent reduction
in the Schiff’s bases formed by the reaction between
glutaraldehyde and the biocatalyst, despite causing a further
decrease in activity, nevertheless led to a considerable
increase in stability.

As compared to the free glycosidases, the ones immobi-
lized on GCh exhibited an increase in relative activity and
stability at acid pH values (that is, at values suitable for the
potential application of the biocatalyst in oenology) as well
as a higher optimum temperature. Finally, the immobilized
glycosidases proved to be capable of increasing the aroma
of a model wine solution even though, compared to the free
ones, they exhibited a lower selectivity toward linalool.
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