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Abstract

�-L-rhamnopyranosidase (Rha, EC 3.2.1.40) is an enzyme of considerable importance to food technology in increasing the aroma of
wines, musts, fruit juices and other beverages. The aim of this research is the immobilization of the Rha contained in a commercial
preparation already used in the winemaking industry and purified in the manner described in a previous study [1]. The immobilization
supports tested were chitin, chitosan and derivatized chitosan, diethylaminoethyl chitosan (DE-chitosan) never previously used for this type
of application. Particularly, on DE-chitosan, the Rha was adsorbed and cross-linked with various bifunctional agents (glutaraldehyde,
diepoxyoctane, suberimidate and carbodiimide), whose best results (immobilization yields and activity) were obtained with carbodiimide
(EDC) that allowed a reduction in the involvement of the enzyme amine groups that are probably important in catalytic mechanism. In
addition, the use of rhamnose and a succinimide (NHS) during cross-linking enhanced the action of the EDC and so increased the
immobilization yield and activity. The immobilized Rha retained the kinetic parameters (Km and Vmax) of the free enzyme and increased
stability. Moreover, this biocatalyst allowed an increase in the aroma in a model wine solution containing glicosidic precursors with a
marked reduction in specificity toward tertiary monoterpenols as compared to the free enzyme. © 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction

Chitosan is a good support for enzyme immobilization in
the food industry since it is non-toxic (food grade), user-
friendly, available in different forms (powder, gel, fibers
and membranes), has high protein affinity and allows easy
derivatization; moreover, it is easily available and inexpen-
sive since derived from chitin, a by-product of the fishing
industry and one of the most common polysaccharides
[2–8].
The aim of the research is the immobilization of �-L-

rhamnopyranosidase (Rha, EC 3.2.1.40) on chitosaneous
materials for use in beverage technologies [9,10]. It is being
used increasingly to heighten the aroma of fruit juices (cher-

ry, passion fruit, pineapple, apricot, cherry, strawberry, ap-
ple, pear, papaya, banana, tomato, etc.) [1], musts and wines
[1,11–19].
Rha is an enzyme that catalyses the breakage of the

glycosidic linkages of rhamnose with other compounds,
including precursors of the aromatic components present in
glycosidic form [20]. In wines, the rhamnose is indirectly
bound by the glucose to several volatile aglycons, e.g.
monoterpenes [21–24]. The hydrolytic action of the Rha
along with those of other glycosidases releases fragrant
compounds. The aromatic precursors also undergo slow
chemical hydrolysis during aging of wine, however some of
them (linalool, nerol and geraniol) may be rearranged into
less fragrant compounds (�-terpineol, diols and triols, ox-
ides) so that after aging, an aromatic wine can actually have
a less intense aroma. Given its high specificity, enzymatic
hydrolysis releases the terpenols bound to the glycosidic
residues more rapidly and in a selective manner without
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bringing about structural alterations in the monoterpenes,
thus developing a more natural aroma. Despite the applica-
tive importance of such enzyme, few studies exist regarding
its immobilization [9,25] and those found regard Rha from
Penicillium decumbens [26]. Aspergillus niger produces
less Rha compared to Penicillium, but has the advantage of
being a GRAS microorganism and producing cheap en-
zymes that are widely employed in the food industry.
The immobilization supports tested were chitin, chitosan

and a specially derivatized chitosan (diethylaminoethyl chi-
tosan, DE-chitosan), never previously used to immobilize
enzymes. The method provides for adsorption onto said
support and subsequent cross-linking, as well as aromatiza-
tion testing of a model solution containing glycosidic pre-
cursors.

2. Materials and methods

2.1. Materials

The �-L-rhamnopyranosidase (Rha, EC 3.2.1.40) was
purified according to the method described in a previous
paper [1] from a commercial preparation, AR 2000 (Gist
Brocades, Seclin, France). The synthetic substrates, p-nitro-
phenyl �-L-rhamnopyranoside (pNPR) were supplied by
Sigma (Milan, Italy). The aromatic precursors, extracted
from the skins of Moscato grapes from Alessandria (Italy),
were employed as a natural substrate. Protein concentration
was determined after precipitation in 7% (w/v) trichloro-
acetic acid by means of Coomassie Blue G250 (Serva,
Heidelberg, Germany) and employing bovine serum albu-
min as a standard (BSA; Sigma) according to Bradford
(1976; 1977). The following supports were used for the
immobilization tests: carboxymethyl cellulose (CM-cell;
CM23), diethylaminoethyl cellulose (DE-cell; DE11) sup-
plied by Whatman (USA), chitin and chitosan supplied by
Protan (USA). Activators, functionalizing agents, cross-
linkers: Glutaraldehyde (GA 50%, Fulka, Buchs, Switzer-
land); 1,2–7,8 Diepoxyoctane (DEP) and Dimethylsuber-
imidate dihydrochloride (SUB) (Aldrich-chemie, Milan,
Italy); 1-ethyl-3-(3-dimethylamino propyl)carbodiimide
(EDC), 2-(Diethylamino)chloroethane hydrochloride (DE-
HCl) and N-hydroxysulfosuccinimide (sulfo-NHS) (Sig-
ma). Glucose, Fructose, Rhamnose, Catechin were supplied
by Sigma; the buffers used were citrate-phosphate (C-P),
phosphate-phosphate (P-P), carbonate-bicarbonate (C-B).
The other reagents not specified here were high purity and
supplied by Carlo Erba (Rodano, Italy).

2.2. Synthesis of DE-chitosan

A sample of chitin and chitosan taken from the same lot
used for the tests of immobilization by simple adsorption
was ground and sieved so as to obtain particle sizes of
between 75 and 125 mm. Powdered chitin and chitosan

were suspended in 0.1 M NaOH, recovered by filtration and
repeatedly washed and filtered in sequence using water (4
times) and ethanol (3 times), and finally dried at 60°C under
dynamic vacuum pumping until a constant weight was re-
tained. The degree of the N-deacetylation of chitosan was
determined by Infrared (I.R.) spectroscopy [27,28] as well
as by acidimetry [29] and colorimetry [30] of the amino
group. The N-deacetylation percentage values determined
with the three aforementioned techniques showed excellent
agreement. DE-chitosan was synthesized according to the
method described by Kim and Lee [31].
5 g of chitosan (75–125 �m) are weighed and dissolved

in 200 ml of methanol solution at 10% v/v of acetic acid.
The methanol avoids gelation of the aminated support and
increases solubility of the aldehyde. Next, 26.35 g of benz-
aldehyde were slowly added in ca 5 min and left to react for
ca. 24 h at 60°C. In order to obtain protection for the amino
group of the support, a gel is formed of the reaction inter-
mediate: N-benzylidenechitosan. After several washes with
methanol in order to remove the unreacted benzaldehyde
(spectrophotometric determination at 280 nm), the alcohol
is removed by vacuum evaporation at around 30°C. The
powder obtained was swollen in a solution of Chloroform/
Pyridine 1:1 and continuously stirred at 60°C for 24 h.
5.73 g of DE.HCl were added and left to react at 50°C for
24 h, thus obtaining O-diethylaminoethylbenzylidene-
chitosan. The product obtained is suspended in an ethanolic
solution of HCl 0.25 M. With the deprotection of the amino
group, acid hydrolysis is completed in 24 h at 25°C. The
solid residue is filtered and washed several times with eth-
anol, in order to remove the unreacted DE.HCl, acetone and
dyethyl ether (removal of benzaldehyde). Finally, it is
treated with 1 M NaOH. The synthesized DE-chitosan sup-
port is vacuum anhydrized at 60°C for 48 h, in a dryer
containing P2O5.
Microanalytical results (C, H, N, O) were provided by

Redox Laboratories (Milan, Italy). 13C-NMR solid-state
CP-MAS spectra of DE-chitosan were obtained using a
Bruker CXP 300 spectrometer operating at 75.45 MHz. The
solid samples were mixed with salt and finely ground, then
were packed into a 7 mm zirconium rotor and spun at the
magic angle with a spinning rate of 4 kHz. The spectra were
acquired with a standard CP sequence, the 1H pulse duration
was 4 �s which was also the value for the 13C as set by
Hartmann-Hahn conditions. A contact time of 1.5 ms was
adopted for the cross-polarization while the recycle delay
was 5 s [32–35].
The number of transients was of the order of several

thousand in order to achieve a good signal to noise ratio.
The chemical shifts were calibrated by replacement with
respect to the lower frequency signal for the adamantine at
29.4 ppm.
The IR spectra were obtained using a Perkin-Elmer 1,750

Fourier Transform Infrared (FTIR) spectrophotometer. The
samples were prepared by mixing the compounds with KBr
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(about 0.3% w/w) and pressing the diluted mixture to form
a clear semi-transparent pellet.

2.3. Immobilization

A sample of 10 mg of chitin, chitosan and DE-chitosan in
a 10 ml test tube was equilibrated at room temperature for
at least 20 min by means of 5 ml of 0.025 M citrate-
phosphate (C-P) buffer at pH values between 3.2 and 8.0,
whilst 10 ml of the purified enzyme solution containing
about 9–11 U of Rha (about 1U/mg of support), brought to
the same pH as the equilibration with HCl or NaOH 0.1 M,
were 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, ex-
cept for the fact that in this case the supports were pre-
treated with 0.1 M HCl and 0.1 M NaOH according to the
method recommended by the manufacturer (Whatman,
USA).
For the activation of the chitin and chitosan, 5 ml of GA

solution of concentration varying from 0.01 to 5% (w/v) in
25 mM C-P buffer at pH 6.0 were added to 10 mg of the
supports. After about 2.5 h at 25°C, the suspensions were
centrifuged at ca 2,500 g for 15 min at 25°C. The activated
supports were then washed at least 2–3 times with 9 ml of
distilled water to remove the GA, determined at 245 nm. In
conclusion, following centrifugation, 9–11 U of Rha at pH
4.0, 6.0 and 8.0 were added to the activated supports in the
manner previously described. The immobilization tests giv-
ing the best results were repeated using 10 ml of ca 25 U of
Rha obtained by concentrating about 3 times the enzyme
solution using lyophilization.

2.4. Cross-linking

The Rha adsorbed on 10 mg of DE-chitosan at pH 8 was
cross-linked with various bifunctional agents.
With the GA, 5 ml of 0.5% GA at pH 4.0, 6.0 (10 mM

C-P buffer) and 8.0 (10 mM P-P buffer) were added to the
Rha adsorbed on 10 mg of DE-chitosan at temperatures of
4 and 25°C for 2.5 h. Subsequently, centrifugation took
place at 2500 g for 15 min at the same temperature and the
support was washed with 5 ml of 0.5 M NaCl and then with
water, separating the surnatant by centrifugation.
For the SUB, 5 ml of a SUB solution with concentration

varying from 0.005 to 0.5% (w/v) were added to the Rha
adsorbed on DE-chitosan at pH 8.0 (10 mM of P-P buffer)
for ca 2 h at 25°C. The biocatalysts obtained were separated
and washed as above; the DEP was treated in the same
manner except as regards the different cross-linking condi-
tions: 4°C for around 2–3 days.
For the EDC, 5 ml of 0.02 M EDC dissolved in 10 mM

C-P buffer were added to the adsorbed Rha at pH between
3.0 and 9.0. The cross-linking conditions are 4°C and 2.5 h
in a carousel at 75 rpm. The support is once again separated
by centrifugation. In the test at pH 8.0, increasing concen-

trations of solid NHS up to 0.5 M were also added with the
EDC.
Finally, in several tests, 5 mg of rhamnose every 10 U of

Rha were also added to the enzyme solution and left to
equilibrate for at least 1h at 25°C before being added to the
support.

2.5. Enzyme assays

Depending on whether the enzyme was free or immobi-
lized, 50 �l of a solution or suspension of enzyme were
added by stirring at 25°C to 450 �l of 2.0 mM pNPR
(�-L-rhamnopyranoside and �-D-glucopyranoside, respec-
tively) dissolved in 0.1 M C-P buffer at pH 3.5. The assay
was carried out for 1–15 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. In determining
immobilized enzyme activity, the residue material was re-
moved by centrifugation at 2,500 g for 15 min before
measuring absorbance. The order of the reagents was re-
versed in the blank test, i.e. Na2CO3 solution was added to
the substrate before the enzyme. The color was read against
the blank at a � of 400 nm and determined by using a �° of
18,300 M�1 cm�1. On the basis of the results of a calibra-
tion curve, the spectrophotometric readings were considered
valid up to maximum absorbance of about 0.9 U.
One unit of enzyme was defined as the amount of en-

zyme releasing 1 �mol of p-nitrophenolate per minute un-
der assay conditions [36,37]. Finally, protein determination
was carried out by colorimetric reaction with Coomassie
Blue G250 according to Bradford [38,39].
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 equili-
brated 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. All
the assays were done in triplicate.

2.6. Aromatization

Free and immobilized glycosidases were tested on natu-
ral substrates according to the method described in a previ-
ous work [1]. Samples of 1–2 ml of the free enzyme or the
immobilized enzyme suspension (about 10 U of Rha) were
added to 30 ml of a model wine solution in a test tube which
contained 9 g/liter of tartaric acid in 10% ethanol, adjusted
to pH 3.3 with potassium carbonate and with the addition of
the aromatic precursors extracted and isolated from 100 g of
Moscato skin grapes according to Gunata et al. [40].
The tube was sealed with a screw cap and incubated at

25°C for 18 h. At least five extractions were made from the
solution using 10 ml of a pentane-dichloromethane mixture
(2:1 v/v). The emulsion thus formed was stirred for 5 min,
allowed to stand, and finally centrifuged at 2,000 g for 5
min. A known quantity of an n-heptanol hydroalcoholic
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solution (200 �g/liter) was added, as an internal standard, to
the fractions of pentane-dichloromethane. The sample was
then dried in a cylinder using anhydrous sodium sulphate.
The liquid fraction was concentrated to a few milliliters by
means of distillation in a Vigreaux column. The analysis
was carried out using a gas chromatograph HRGC 5300
(Carlo Erba, Rodano, Italy) comprising a Durabon Wax
column according to Versini et al. [41].

2.7. Characterization

The following were characterized: free Rha, immobilized
on chitosan activated with GA (C-GA), immobilized on
DE-chitosan after adsorption at pH 8.0 and cross-linked
with GA (D-GA) or EDC/NHS (D-EN). The purified en-
zyme concentrated 3 times by lyophilization was used to
equilibrate the selected supports (about 2.5 U/mg of sup-
port). The following parameters were determined: optimum
pH, between 3.0 and 7.5 in 0.1 M C-P buffer at 25°C;
optimum temperature, between 25 and 85°C, at pH 3.5;
stability over time at 70°C, in 0.1 M C-P buffer at pH 3.5
after 3 h, and at 25°C in wine (Moscato, Alessandria, Italy);
the kinetic parameters Km and Vmax (at pH 3.5 and 25°C),
calculated according to Lineaweaver and Burk [42] and,
finally, the effect on the activity of the ethanol (up to 33%
v/v), certain monosaccharides such as rhamnose, glucose
and fructose (up to 10% w/v) and catechin (up to 80 mg/
liter). All the analyses were done in triplicate.

3. Results and discussion

3.1. Immobilization on chitin and chitosan

Between pH 3 and 8, the adsorption of Rha on chitosan
and chitin was almost virtually zero (AY � 1–3%). The
enzymes are mainly adsorbed on the chitosan by way of
electrostatic interactions and other weak interactions such as
those of hydrogen, Van der Waals, London, etc. [43,44].
The electrostatic interactions between enzyme and chitosan
are affected by the adsorption pH that, in order to be effec-
tive, needs to be between the isoelectric point (IP) of the
enzyme and the pKa of the chitosan, about 6.3 [4]. The lack
of adsorption of Rha on the chitosan could be due to the fact
that the enzyme IP, about 6.0, [1] is similar to chitosan pKa,
whilst for chitin, the high degree of acetylation (about 93%)
almost entirely rules out the establishment of electrostatic
interactions.
In order to allow Rha adsorption, the chitin and chitosan

were activated with glutaraldehyde (C-GA) to increase their
reactivity toward proteins [45–47]. Starting from concen-
trations of glutaraldehyde (GA) � 0.5%, the chitosan acti-
vated with GA (Fig. 1) shows total adsorption of Rha
(AY � 100%) with trends unrelated to the support activa-
tion pH. Nevertheless, the immobilized Rha was almost
entirely inactivated, with low IY values (less than 1%),

reaching maximum values at 0.5% GA concentration and at
pH 6.0 (9 U g�1 of support)
GA is a bifunctional reactive agent mainly capable of

reacting with the surface amine groups of the enzyme and
chitosan, through the formation of Schiff bases and Michael
adducts [48]. The nucleophilic property of the amino groups
required for the reaction is also assured at lower pH values
by microenvironmental effects of the chitosan surface [49].
The protonated amine groups of the chitosan have a repul-
sive effect on the solvated hydrogen ions, so the pH close to
the surface becomes higher than in the bulk of the solution,
thus favoring the reaction. At low concentrations of GA, it
is probable that the aldehyde groups present on the support
cross-link the amine groups of the chitosan, and the few
reversible bonds (Schiff bases) involving the enzyme mol-
ecules are not sufficient to avoid their leakage. By raising
the concentration of GA, the increase in the aldehyde groups
reaches a point of saturation that allows complete adsorp-
tion of the equilibrated enzyme. The considerable inactiva-
tion of the free and immobilized Rha induced by the GA
could be due to the involvement of GA with one or more
amine groups essential to catalysis in cross-linking. The
maximum IY value is seen at the Rha IP (�6.0) since at
such pH the intra- and inter-molecular interactions of the
immobilized enzyme molecules are at their height. It is
probably here that the enzyme is to be found in its optimum
globular conformation and protects itself from unfolding
phenomena. On the other hand, at pH immobilization values
far removed from its IP (4.0 and 8.0), the enzyme assumes
a net charge different from zero, so that the repulsive phe-
nomena eliminate the self-protection effect. At an interme-
diate concentration of GA (0,5%) the lower density of bond
per enzyme molecules and its high amount adsorbed, prob-
ably give a less distorted conformation; this effect is favored
by secondary interactions of “self-protection” between the
enzyme molecules.

Fig. 1. Adsorption yield (AY) and immobilization yield (IY) of Rha
immobilized (at pH 4.0, 6.0 and 8.0) on chitosan activated with GA
(C-GA), as a function of the cross-linker concentration. Activation step at
pH 6 and 25°C for 2.5 h.
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Unlike chitosan, in chitin, adsorption undergoes only a
very slight increase (YA � 2–5%); the situation is basically
identical to that of the non-activated matrix [50,51]. In such
case, it is probably the chitin’s high degree of acetylation
that determines only reduced activation of the support. Such
an hypothesis is confirmed by the fact that no staining of the
chitin (typical of the imino bond formed) is noted during the
activation phase.

3.2. Immobilization on derivatized chitosan

The poor results obtained from the previous methods of
Rha immobilization on chitosan and chitin by adsorption of
the enzyme, with or without activation of the support with
GA, have forced us to consider the possibility of its deri-
vatization. Adsorption of Rha on DE-cell and CM-cell was
carried out, between pH 3.0 and 8.0, in order to assess the
more efficient derivatization of the chitosan.
The Rha adsorbed on CM-cell shows elevated AY at pH

levels below 6.0, while IY values rise only slightly. Such
trends can be explained by assuming the establishment of
enzyme-support electrostatic interactions. At acid pH, the
negatively charged CM-cell is capable of absorbing Rha,
got as long as it is positively charged, i.e. close to its IP,
after which the increase in pH induces an electrostatic
repulsion between enzyme and support. At acid pH, the
slight increase in the IY could depend on the larger amount
of adsorbed enzyme that minimizes its secondary interac-
tions with the support.
The DE-cell shows contraring yield trends compared to

those of the CM-cell with zero yields at pH below 5.0 and
increasing at higher pH. The DE-cell is an anion exchange
resin positively charged (pKa 9.0) at all pH values tested. At
pH below 6.0, a situation of repulsion between Rha (IP �
6.0) and matrix could prevail, as they are both positively
charged, therefore the AY is zero. On increasing pH, elec-
trostatic attraction rises progressively since the Rha assumes
a negative charge and is captured by the positively charged
DE-cell (tertiary protonated amino group).
If we compare the behavior of the two cellulosic sup-

ports, it can be noted that yields, and in particular IY, are
higher for DE-cell than for CM-cell. The different activity
retention could be correlated with the different amino acid
residues involved in Rha adsorption and different orienta-
tion assumed by the enzyme molecules on the surface of
such matrixes. Rha adsorption on the positively charged
DE-cell should mainly take place through the enzyme’s
dissociated carboxyl groups, whilst that on the negatively
charged CM-cell through the protonated amine groups (e.g.
lysine). These results seem to indicate that the amino groups
are essential in Rha catalysis. In addition, a “space arm”
effect could occur for the DE-cell, caused by the diethyl-
aminoethyl groups that facilitate the access of the substrate
to the active site and minimize secondary deforming en-
zyme-support interactions.
In view of the favorable results obtained for DE-cell, in

order to improve the use of the chitosan, the DE-chitosan
was synthesized, as already described, and characterized.
The characterization of the structural changes occurred

in the derivatization from the initial chitosan up to the
o-diethylaminoethyl derivative (DE-chitosan) was provided
by the elementary analysis and spectroscopic (NMR and IR)
data.
The elementary analysis data for the DE-chitosan, re-

ported in Table 1, were compared with those of the unsub-
stituted material, and showed that the ratio C/N resulted
unchanged whereas the ratio O/N decreased and the ratio
C/O increased as forecast in theoretical analysis.
A further confirmation of the satisfactory derivatization

of the chitosan came from the 13C-NMR solid-state CP-
MAS spectrum that, when compared with the initial chi-
tosan, showed significant differences in the intensity and in
the number of signals. The peak at 23.7 ppm, not observed
in the chitosan, was assigned to the methyl groups of the N,
N-diethylaminoethyl group. Instead the NCH2 carbons of
the same group were attributed to a part of the increased
signal between 58–65 ppm where also the C2 (NCH) and
C6 (OCH2) carbons of the glycoside and the C7 (OCH2) of
the diethylaminoethyl group are included. The most intense
peak at 75 ppm was assigned to the carbons C5 and C3
(OCH) whereas the carbons C4 and C1 of the glycosidic ring
were assigned to the broad peak at 83 and 105.5 ppm
respectively.
A comparative analysis of the IR spectra of the initial

chitosan and the DE-chitosan does not show substantial
differences; however the DE-chitosan spectrum showed a
more marked absorption band in the region of 2,850–2,900
cm�1, CH stretching vibration, due to the increased number
of the methylene groups. In addition to that, the disappear-
ance, after the last reaction, of the bands observed at 760
and 720 cm�1 in the benzilidene intermediate suggests the
substitution of the diethylamino-ethyl group on the CH2OH
of the chitosan.
DE-chitosan shows similar behavior to that of the DE-

cell (Fig. 2), allowing at pH 8.0 high yields and activity of
about 80 U g�1; this appears to confirm the validity of the
derivatization and the previous hypothesis on the DE-cell.
Nevertheless, the enzyme adsorbed on DE-chitosan was

Table 1
Experimental and theoretical C, H, N, O analysis for the samples of the
unsubstituted chitosan (62% of deacetylation) and the DE-chitosan

Sample Experimental Analysis (%) Ratio

C H N O C/N C/O O/N

Chitosan 44.4 7.3 7.9 40.4 5.6 1.1 5.1
DE-chitosan 50.0 12.3 9.1 28.6 5.5 1.8 3.1

Theoretical Analysis (%)

C H N O C/N C/O O/N

Chitosan 45.8 6.6 7.9 39.7 5.8 1.2 5.0
DE-chitosan 51.0 11.8 9.2 28.0 5.5 1.8 3.0
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released completely in solutions with high ionic strength,
such as saline (2 M NaCl) and wine, or in buffer solutions
at pH � 5.0, but in the latter case the leakage took place
very slowly (release of 10% after about 2.5 h). The enzyme
leakage in solution at acid pH can be easily explained by
considering the enzyme-matrix electrostatic repulsion due
to the previously mentioned difference in IP values of the
Rha and pKa of the support.

3.3. Immobilization by cross-linking on DE-chitosan

The high enzyme activity retention achieved with the
Rha adsorption on DE-chitosan (at pH 8.0) and the difficulty
in leakaging the Rha probably adsorbed in its optimum
molecular orientation, have allowed us to carry out at a
subsequent stage cross-linking with bifunctional agents at
high pH and time ranges. In fact, this procedure could avoid
the leakage of the enzyme and, at the same time, increase its
stability.
Depending on the pH (Fig. 3), the enzyme adsorbed on

DE-chitosan cross-linked with GA (D-GA) shows similar
IY trends at the two temperatures tested, with a maximum at
pH 6.0 and at 4°C. Nevertheless, IY values for D-GA are
still low, even though higher than those of the Rha immo-
bilized on chitosan activated with GA (C-GA). An interpre-
tation based on enzyme IP seems plausible. At pH close to
the enzyme IP, the Rha self-protection restricts the deform-
ing action of GA. The best values for cross-linking at 4°C
are mainly attributable to the lower reactivity of the GA,
thus resulting in a lower density of bond per enzyme mol-
ecule with reduced conformational distortion.
Two other bifunctional reagents were tested, a diepoxide

(DEP) and an iminoester (SUB), both with chain length C8.
In both cases, the cross-linking reaction is carried out at
alkaline pH, in order to facilitate the SN2 mechanism be-
tween the enzyme-support nucleophilic (aminic) groups and
the electrophilic centers of the cross-linkers [52] while

maintaining the optimum orientation of the enzyme ad-
sorbed. These cross-linkers show different IY trends (Fig.
4), with maximum IY values (about 4.0%) almost coinci-
dent but slightly higher than those of cross-linking with GA.
On varying the concentration of DEP, the IY show a steep
rising trend up to 0.05%, then reach a plateau. This can be
explained considering that on the basis of the high reaction
time (2.5 days at 4°C), only at the highest concentrations of
DEP, the enzyme will not be released from the support. The
slight increase in IY, with respect to GA, could be due to its
lower reactivity and to the higher selectivity of cross-linked
reactions. In addition, its chain length (C8) could have a
positive effect on the IY, reducing the phenomenon of steric
hindrance, caused by the closeness of the enzyme to the
support, and making the enzyme more flexible and efficient
in its interaction with the substrate. Finally, by using this
cross-linker, the product formed by immobilization is an
amino alcohol derivative, stable at the acid pH characteristic
of wine solution.

Fig. 2. Yields (AY and IY) of Rha adsorbed on DE-chitosan as a function
of pH.

Fig. 3. IY of Rha adsorbed (at pH 8) on DE-chitosan and cross-linked with
GA (at 4 and 25°C) (D-GA), as a function of pH.

Fig. 4. IY of Rha adsorbed on DE-chitosan and cross-linked with DEP and
SUB as a function of cross-linker concentration.
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SUB is an iminoester salt with a center of unsaturation to
which the nucleophilic group of enzyme and chitosan can be
added under alkaline conditions, with the release of a me-
thoxyl group and re-establishment of the imino bond [53].
Like DEP, SUB has fewer side reactions than GA, but is
more reactive. The SUB IY values (Fig. 4) are always low
and similar to those obtained with DEP, but in this case,
their trend does show a maximum. The better results when
compared to GA could be due to the same reasons that
regard DEP: few side reactions and greater chain length
(C8). In addition, with SUB, protonable nitrogen is pre-
served at acid pH (imino group). The drastic fall in activity
at higher cross-linker concentrations is probably due to the
high density of the enzyme-support bonds that caused
marked distortion in the enzyme structure.
In conclusion the low IY value obtained in the cross-

linking with GA, DEP and SUB, all reactive toward the
amino group, seems to confirm the involvement of that
group in the biocatalytic mechanism. It would appear es-
sential to minimize its involvement in the cross-linking of
the adsorbed Rha using different cross-linkers capable of
involving other functional groups of the enzyme.
EDC is a cross-linker of zero length that, besides having

a good specificity action and moderate reactivity, can form
an amide bond between carboxyl groups of the enzyme and
amine groups of the support.
Formation of the amide bond basically occurs in two

stages (activation and coupling): first, the activation of the
carboxyl group, leading to the formation of the activated
derivative O-acyl-isourea; second, the formation of an
amide bond with elimination of urea that acts as a thermo-
dynamic drive force [54].
Higher yields for EDC at pH 8 (Fig. 5) are compared to

the previous cross-linkers, with IY values of about 7% and
activity of about 18 U g�1. The zero IY noted at pH 3.0 are
probably caused by the low reactivity of EDC, in such
condition, toward the carboxyl groups and thus by the leak-
age of the enzyme molecules during cross-linking. The

possible side reaction of aqueous hydrolysis at acid pH
could also reduce the efficiency of the main cross-linking
one. At pH 9.0, extraneous proteins could also compete in
the cross-linking reactions. Moreover, other enzyme amino
acid residues containing hydroxyl (e.g. tyrosine) and car-
boxyl (e.g. aspartic and glutamic acids) groups could react
with the electrophilic center of the EDC unsaturated carbon
and with the activated enzyme carboxyl [55]. This favors
the capture of Rha, but probably increases the density of
bonds per enzyme molecule, thus causing conformational
distortions and steric hindrance of the substrate toward the
active site, amplified by the zero length of the cross-linker.
Altogether, IY values are, as a whole, higher than other
previous cross-linking methods thus confirming the essen-
tial biocatalytic role of the amino group [56].
The addition of rhamnose during adsorption and cross-

linking with EDC has produced a slight increase in IY (up
to 8%) and thus in activity (about 21 U g�1). As a compet-
itive inhibitor, rhamnose is capable of binding to the Rha
active site, protecting the residual amino acids present and
blocking the enzyme in its optimum conformation. This
increases the resistance of the protein to deactivating dis-
tortion phenomena that may occur during immobilization.
To optimize this methodology as suggested by Klibanov

et al. [57], NHS was added to EDC (Fig. 6). NHS increases
EDC selectivity, reducing its competitive reactions and fa-
cilitating the main immobilization reaction, i.e. formation of
the amide bond, as well as avoiding those of probable
deactivation. The immobilization yield of Rha increases at
intermediate NHS concentration, with a maximum IY of
19%, a slight fall compared to the simple adsorption and an
activity of 50 U g�1.
With NHS, the formation of the enzyme-support amide

bond occurs in different stages. Firstly there is the activation
of the carboxyl groups with EDC, then the formation of the
N-hydroxysulfosuccinimide ester derivative that subse-
quently reacts with the aminic groups. Compared to the

Fig. 5. IY of Rha adsorbed on DE-chitosan and cross-linked with EDC as
a function of pH.

Fig. 6. IY of Rha adsorbed on DE-chitosan and cross-linked with EDC
(0.02 M) and NHS (D-EN), in the presence of rhamnose, as a function of
NHS concentration.
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activated intermediate obtained with only EDC, the inter-
mediate activated with NHS is affected to a lesser extent by
the side reactions of aqueous hydrolysis and cross-linking
between the functional groups (hydroxyl and carboxyl) of
the enzyme residues (tyrosine, aspartic and glutamic acids).
The low concentrations of NHS result in its poor effi-

ciency, as the enzyme carboxyl groups are present to a
greater extent under the form of the derivative with EDC.
On the other hand, by increasing the concentration of NHS,
there is a rise in the forms relative to the activated carboxyl
groups that make the action of the EDC more effective.
Finally, at the highest concentrations of NHS, cross-linking
efficiency presumably increases, but the Rha conformation,
bound at several points (many reactive carboxyls), is more
distorted.

3.4. Characterization of Rha

For chemical-physical characterization, the Rha immo-
bilized on chitosan activated with GA (C-GA), on DE-
chitosan and cross-linked with GA (DE-GA), and on DE-
chitosan and cross-linked with EDC/NHS (D-EN), were
compared to the free enzyme. The biocatalysts chosen also
allow the effects of the different matrixes and cross-linking
procedures to be assessed. In order to increase the activity of
the immobilized Rha, all matrices were equilibrated with a
more concentrated enzyme solution (about 3 times) with
respect to previous tests, without the yields (AY and IY)
suffering any variation. Table 2 summarizes the main results
obtained regarding the characterization trials.
Fig. 7 shows relative activity trends as a function of pH.

Compared to the free enzyme, the Rha immobilized on
chitosan activated with GA (C-GA) has a broader peak
activity at more acid pH. The enzymes immobilized on
DE-chitosan (D-GA and D-EN) follow a similar pattern,
with a shift of optimum pH toward the acid zone (from 4.0
to 3.5) and a more pronounced trend of activity compared to
the free enzyme. In the pH range of wine (3.0–3.5), the
relative activity of various immobilized enzymes and the
free enzyme has the following decreasing order: D-EN,
D-GA, C-GA, and free enzyme. The shift of the optimum
pH of the biocatalysts, advantageous for use in wine mak-

ing, is characteristic of enzymes immobilized on polyca-
tionic supports such as chitosan and DE-chitosan. These
have amine groups that are easily protonable at acid pH,
which determine an increase in the concentration of hy-
droxyls, in the microenvironment of the immobilized en-
zyme, that in turn raises pH with respect to the bulk of the
solution [52]. This hypothesis could also explain how the
type of cross-linking does not affect the behavior of the Rha
immobilized on DE-chitosan (D-GA and D-EN).
Fig. 8 shows the pattern of relative activity as a function

of temperature. The free enzyme and the immobilized D-EN
have similar relative activity trends with coinciding values
for optimum temperature (70°C). Despite the difference in
the supports, the two immobilized with GA, C-GA and
D-GA, have similar relative activity trends and a slightly
higher optimum temperature value (75°C) compared to the
previous cases. These trends could depend on the high
density of bonds per enzyme molecule formed by the GA.
The cross-linkers [58,59] are capable of increasing the con-
formational rigidity of the enzyme and thus raising the
activation energy of the thermal denaturation reaction. GA

Table 2
Physical-chemical characterisation of Rha free and immobilized on chitosan activated with GA (C-GA), DE-chitosan cross-linked with GA (D-GA) and
EDC/NHS (D-EN)

Enzyme Support Cross-
linker

AY
(%)

IY
(%)

Activity
(U g�1

of support)

pH
Optimum

Temperature
optimum (°C)

Relative
stabilities

Vmax
U (mg protein)�1

min�1

Km
mM

70°C 25°C

Free none none 4 70 1.0 1.0 1.30 1.35
Immobilised chitosan C-GA 100 0.85 21 3.5–4 75 1.9 2.2 0.0 2.70

DE-chitosan D-GA 25.9 3.4 22 3.5 75 1.6 2.0 0.65 2.70
D-EN 25.9 19.4 126 3.5 70 1.3 1.6 1.20 1.35

Note: Relative stabilities at 70°C in the buffer at pH 3.5 (after 3.5 h) and at 25°C in wine (after 20 d) referred at residual activity of free enzyme (25%
at 70°C and 36.5% at 25°C).

Fig. 7. Relative activity of Rha free and immobilized on chitosan activated
with GA (C-GA), DE-chitosan cross-linked with GA (D-GA) and EDC/
NHS (D-EN), as a function of pH. The data are the mean values of three
analyses. The variability in activity was �2% (with a 95% of confidence
interval).
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is a more powerful cross-linker than the others utilized,
therefore the immobilized enzyme molecules are probably
more cross-linked, i.e. less mobile and more distorted; this
would explain the lower activity, the higher thermal resis-
tance of Rha cross-linked with GA and the moderate influ-
ence of the type of support used (chitosan or DE-chitosan).
Differently, in the case of D-EN the enzyme probably finds
itself in a more similar state to that of the free one.
Stability tests for the free and immobilized state are of

considerable technological interest. In accelerated stability
tests at 70°C in an acid buffer (pH 3.5) it is possible to
observe the following increasing order of stability: free
enzyme, D-EN, D-GA, C-GA (Table 1). In tests effected in
wine at ambient temperature, stability kept to the same order
(Fig. 9).

These results could be explained on the basis of theories
enunciated by various authors [57–59] who, as regards en-
zyme stability, generally assume unfolding of the protein
structure one of the main phenomena involving the irrevers-
ible mechanism in enzyme inactivation. In such case, it may
be supposed that the stability results are closely connected
to variations in the conformational structure of Rha and
particularly in the rigidity of the secondary and tertiary
structure of enzyme that reduces the unfolding rate. These
last data could be correlated with previous results, in par-
ticular with those of activity and optimum temperature (Ta-
ble 2).
In the supports (chitosan and DE-chitosan) cross-linked

with GA (C-GA and D-GA), the high reactivity of the
cross-linker causes a high density of enzyme-support bonds
that increases rigidity and conformational distortion of the
immobilized Rha molecules. Consequently, stability and
optimum temperatures are higher, whilst activity decreases
due to the lesser adaptability of the enzyme’s active site
toward the substrate. On the contrary, the behavior of D-EN
could also be explained in terms of the high structural
mobility of Rha that determines greater activity and facili-
tates the unfolding phenomenon of its structure.
The values of kinetic parameters Km and Vmax are the

same for the free Rha and immobilized D-EN, as well as for
Rha cross-linked with GA (C-GA and D-GA). On the
whole, the behavior noted in this test also confirms that the
method used for immobilization of Rha on DE-chitosan
cross-linked with EDC/NHS (D-EN) alters the characteris-
tics of the enzyme to a lesser extent.
On the other hand, for the enzymes immobilized with

GA (C-GA and D-GA), the reduction of Vmax and increase
in Km are typical of the passage from a free enzyme to an
immobilized one [52] and may be attributed to at least two
phenomena that can occur following immobilization of the
enzymes on solid supports. The first regards problems of
substrate diffusion caused by the microenvironment of the
immobilized enzyme. This phenomenon would result in a
lower concentration value of the substrate surrounding the
immobilized enzyme than in the “bulk” of the solution, thus
altering the value of its Km that would be higher than the
effective one (apparent Km). The second phenomenon,
“steric effects,” arises from the structural rigidity of the
enzyme conformation, distorted following covalent immo-
bilization, that could reduce the affinity toward the substrate
of the active site of the immobilized enzyme, thus increas-
ing Km and lowering Vmax as a result of reduced flexibility
of the entire enzyme structure. Therefore, the two phenom-
ena described above would not appear to be so important for
the biocatalyst D-EN. As already suggested, its probable
state of greater mobility and lesser distortion compared to
the enzymes immobilized with GA (C-GA and D-GA)
makes its kinetic parameters similar to those of the free Rha.
Finally, an assessment was made of the possible inhib-

iting action of the rhamnose and several compounds present
in the must and/or wine, such as monosaccharides (glucose,

Fig. 8. Relative activity of Rha free and immobilized on chitosan activated
with GA (C-GA), DE-chitosan cross-linked with GA (D-GA) and EDC/
NHS (D-EN), as a function of temperature. The data are the mean values
of three analyses. The variability in activity was �2% at temperature
�60°C and �6% at temperature �60°C (with a 95% of confidence
interval).

Fig. 9. Stability over time of Rha free and immobilized on chitosan
activated with GA (C-GA), DE-chitosan cross-linked with GA (D-GA) and
EDC/NHS (D-EN), in wine at 25°C.
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fructose), ethanol and catechins. The inhibiting action of the
three monosaccharides on the free Rha and immobilized
enzymes shows a similar pattern (Fig. 10) with extensive
falls in activity at low concentrations (up to ca 10 g/liter)

which lessen slightly upon increasing the concentration. For
all monosaccharides inhibition followed the decreasing or-
der: free enzyme, D-EN, D-GA and C-GA; whilst, using the
same biocatalyst, inhibition decreased in the order, rham-
nose, glucose and fructose.
In order to act, the monosaccharides must bind to specific

sites of the enzyme structure; if this has become more rigid
and distorted due to the immobilization, the action of these
compounds is probably reduced. This could explain the high
inhibiting action suffered by the free enzyme and the de-
creasing order of efficiency on the various immobilized
Rha.
Technologically it is interesting to verify the action of

ethanol on free and immobilized rhamnosidase. For free and
immobilized Rha, the reduction in relative activity as a
function of the rising concentration of ethanol is quite
marked. At concentrations of about 15% this has already
fallen to almost half the initial value. The activity reductions
follow the decreasing order: C-GA, D-GA, D-EN and free
enzyme, with less marked differences at the various rising
concentrations of ethanol.
Ethanol acts, in an aspecific way, on the overall state of

the enzyme conformation, mainly through weak interac-
tions, in particular hydrogen bonds. These can cause its
partial destabilization or more marked denaturation. Fol-
lowing immobilization, that presumably stiffens the enzyme
structure, the action of ethanol is reduced. Nevertheless, the
protective effect to be seen following immobilization is less
marked for ethanol compared to monosaccharides, perhaps
due to the reduced molecular size of this compound that
determines easy diffusion.
Finally, no type of inhibition was noted for the free or

immobilized rhamnosidase as regards phenols such as cat-
echins (up to concentrations of 80 mg/liter).

3.5. Aromatization

Both the free enzyme and the immobilized D-EN show
�-glucosidase (�G) activity; the ratio with Rha is ca 1 and
0.5 respectively, therefore the aromatization tests were car-
ried out without adding more �G. If we consider the terpe-
nols that offer the greatest contribution to the aroma of a
Moscato wine (Table 3), the enzyme in both free and im-
mobilized form (D-EN) causes a net increase in them (dou-
bled). Nevertheless, both enzymes act with greater selectiv-
ity toward primary alcohols (citronellol, nerol, geraniol)
compared to tertiary ones (linalool), especially the immo-
bilized form. This behavior could depend on the lesser
selectivity of glycosidases toward tertiary alcohol caused by
phenomena of steric hindrance of the substrate toward the
enzyme’s catalytic site. This is even more apparent in the
case of immobilized enzyme whose active sites are probably
even less accessible to the substrates.

Fig. 10. Relative activity of Rha free and immobilized on chitosan acti-
vated with GA (C-GA), DE-chitosan cross-linked with GA (D-GA) and
EDC/NHS (D-EN), as a function of rhamnose (a), glucose (b) and fructose
(c) concentration. The data are the mean values of three analyses. The
variability in activity was �2% (with a 95% of confidence interval).
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4. Conclusions

Chitosan only adsorbs the Rha if activated with GA;
nevertheless, the enzyme immobilized in this manner has
almost no activities. The functionalization of chitosan with
2-diethylaminochloroethane hydrochloride (DE.HCl), de-
cided after a preliminary test with DE-cell, allows good
adsorption and activity retention. The results obtained seem
to indicate that the amino group plays an essential role in the
catalysis of Rha from Aspergillus niger.
Under the pH conditions of wine, the enzyme is almost

entirely released, albeit slowly. The problem was solved by
cross-linking the immobilized enzyme with bifunctional
agents (GA, DEP, SUB, EDC). Amongst these, EDC in
combination with NHS is the one best suited to cross-
linking (D-EN), since with a view to its potential use in
wine making, it combines high activity (about 130 U g�1)
with good stability, sufficient for aromatization, even
though less than that of the Rha immobilized on chitosan
activated with GA (C-GA) and DE-chitosan cross-linked
with GA (D-GA). In addition, the inhibiting action on the
activity of the immobilized Rha of some compounds present
in the must and/or wine, such as certain monosaccharides
and ethanol, was lower than that of the free enzyme and
absent as regards catechins. Nevertheless, with respect to
the free enzyme, the biocatalyst D-EN acts with even more
marked selectivity toward primary glycosidic terpenols
compared to tertiary ones and this could also alter the
natural aroma profile of the wine. Thus an improvement to
the immobilization method would be desirable, to make the
wine aroma similar to that obtained with the free enzyme.

References

[1] Spagna G, Barbagallo RN, Pifferi PG, Martino A. A simple method
for purifying glycosidases: �-L-rhamnopyranosidase from Aspergil-
lus niger to increase the aroma of Moscato wine. Enzyme Microb
Tech 2000;27:522–30.

[2] Widmer F. Chitosan: a promising support for enzyme immobilization.
Preliminary-system design and assessment with Aspergillus niger
P-Galactosidase (lactase). Chemische Rundschau 1979;32:2–3.

[3] Muzzarelli RAA. Chitin and its derivates: new trends of applied
research. Carboyd Polym 1982;3:53–75.

[4] Dunn ET, Grandmaison EW, Goosen FMA. Application and proper-
ties of chitosan. J Bioact Compat Pol 1992;7:370–97.

[5] Weiner ML. An overview of the regulatory status and of safety of
chitin and chitosan as food and pharmaceutical ingredients. In: Brine
CJ, Sanford PA, Zikakis JP, editors. Advances in chitin and chitosan.
New York: Elsevier Science Publ LTD. p. 663.

[6] Li Q, Dunn ET, Grandmaison EW, Goosen MFA. Applications and
properties of chitosan. J Bioact Compat Pol 1992;7:370–97.

[7] Arvanitoyannis IS, Nakayama A, Aiba S. Chitosan and gelatin based
edible films: state diagrams, mechanical and permeation properties.
Carboyd Polym 1998;37:371–82.

[8] Hirano S. Chitin and chitosan as novel biotechnological materials.
Polym Intern 1999;48:732–4.

[9] Tsen HY, Tsai SY. Comparison of kinetics and factors affecting the
stabilites of Chitin-immobilized naringinase from two fungal sources.
J Ferment Tech 1988;66:193–8.

[10] Wrostald RE, Wightman JD, Durst RW. Glycosidase activity of
enzyme preparations used in fruit juice processing. Food Technol
1994;11:90–8.

[11] Patriks JW, Strauss CR, Bevan W. Novel monoterpene disaccharide
glycosides of vitis vinifera grapes and wine. Phytochem 1981;21:
2013–20.

[12] Williams PJ, Sefton MA, Francis IL. Glycosidic precursors of varietal
grape and wine flavor. In: Flavor precursors. ACS Symp Ser 1992;
490:74–86.

[13] Haight KG, Gump BH. The use of macerating enzymes in grape juice
processing. Am J Enol Viticult 1984;45:113–6.

[14] Aryon AR, Wilson B, Strauss CR, Williams PJ. The properties of
glycosidases of Vitis vinifera and a comparison of their �-glucosidase
activity with that of exogenous enzymes. An assessment of possible
applications in enology. Am J Enol Viticult 1997;38:182–8.

[15] Gunata Z, Bitteur S, Brillouct JM, Bayonove C, Cordonnier R. Se-
quential enzymic hydrolysis of potentially aromatic glycosides from
grape. Carbohyd Res 1988;184:139–49.

[16] Gunata Z, Dugelay I, Bayonove C. Actions des glycosidases exo-
genes au cours de la vinification: libèration de l’arome a partir de
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