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Abstract

Lipid vesicles prepared by the dehydration–rehydration method were used as carrier for the microencapsulation of�-galactosidase in
order to permit the hydrolysis of the milk lactose following the lysis of liposomes in the presence of gastric fluid. Some characteristics of
the liposomal and free�-galactosidase were compared. The kinetic behaviour of the enzyme was altered substantially in presence of lipid
vesicles. The kinetic study indicated an decrease in both substrate affinity and maximum velocity when�-galactosidase was associated with
phospholipid vesicles. Differences in the activity of free and liposomal�-galactosidase as a function of pH and temperature were found,
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lthough the optimum incubation temperature of free and entrapped enzymes remained similar. However, the optimum pH for
nzyme was more acid than that for free enzyme. First-order kinetic analysis of thermal inactivation of enzymes showed that the
nergy with free enzyme was smaller than that with liposomal enzyme. In relation to the�H* and�S* , their values were greater than that th
ith free enzymes. These results confirm that�-galactosidase entrapped in liposomes showed superior thermal stability at all temp
valuated. Moreover, the proteolytic stability of the�-galactosidase was enhanced by encapsulation in liposomes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

�-Galactosidase (E.C. 3.2.1.23) is an enzyme widely dis-
ributed, mainly used to hydrolyze lactose into glucose and
alactose, but it also utilized to catalyse the hydrolysis of

erminal�-glycosidic bonds present in carbohydrate, glycol-
pids, glycoproteins and glycosamineglucans[1]. Problems
ith lactose fall within three main areas, heath, food technol-
gy and environment[2]. Concerning the health issue, more

han 70% of the worlds population suffer from the inability to
se lactose or lactose-containing products due to the lactose

ntolerance symptoms caused by the lack of�-galactosidase
ctivity [3,4]. Because of these problems, the reduction of

he lactose content in milk and dairy products is of prime
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importance and the enzyme�-galactosidase is commercia
used for this purpose. An enzymatic hydrolysis of lactos
more adequate than a chemical hydrolysis because thi
cess does not generate nasty flavours, odours and colou
the alimentary properties of dairy products are not mod
[5].

Two alternatives exist for the enzymatic hydrolysis
milk lactose. It can be hydrolyzed by free or immo
lized �-galactosidase to its constituent monosaccha
[6–11]. However, these methods face the problem tha
hydrolyzed-lactose milk has a sweeter taste than whole
[5,12] and some subjects dislike this taste. An approac
overcome this problem could be the microencapsulatio
�-galactosidase in liposomes[13].

Interest in the use of microencapsulation technolog
the food industry has been increasing during the last de
[14] and liposomes recently showed potential as suppo
enzymes in the food industry[15–17]. Liposomes are simp
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vesicles in which an aqueous volume is entirely enclosed by
a membrane composed of lipid molecules (usually phospho-
lipids) and they can entrap and retain a wide range of active
agents[18]. Lipid vesicles could be used as containers, which
protect the enzymes from getting in immediate contact with
the medium to which they are added[19]. For the hydrolysis
of lactose milk, the enzyme-containing lipid vesicle is added
to milk and is disrupted into the stomach by the presence of
bile salts, allowing an in situ degradation of the lactose[20].

Walde and Ichikawa have given an excellent review of
methods that can be used for the preparation of enzyme-
containing lipid vesicles (liposomes) and their applications
[19]. Numerous methods of enzyme entrapment in liposomes
have been published, however, the vesicles prepared by the
dehydration–rehydration method (DRV) have the following
advantages over other methods: the entrapping efficiency is
high, it is simple and easy to deal with the product, and it can
be used for large-scale production[20].

In this context, the present paper reports on several
attempts to gain knowledge of the entrapment of�-
galactosidase in liposomes prepared by the dehydration–
rehydration method. The effects of microencapsulation on
the catalytic efficiency of the enzyme, as well as its kinetic
properties and stability, compared to those of its native coun-
terpart were investigated.
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The mixture was freeze-dried and rehydrated with 5 mL of
phosphate buffer. Prior to the enzyme assay, the liposomal
�-galactosidase was separated from unencapsulated enzyme
by ultracentrifugation (100,000×g for 40 min at 10◦C) and
washed four times with 0.1 M phosphate buffer at pH 7.4. The
liposomal pellet was resuspended in the phosphate buffer at
pH 7.4 to a total volume of 3 mL.

2.3. Enzyme assay

Enzymatic activity of free and liposomal enzyme were
determined usingo-nitrophenyl-�-d-galactoside (o-NPG) as
substrate. An aliquot of 0.5 mL of free and liposomal enzyme
was added to the mixture of 0.1 mL Triton X-100 (0.1 M) and
4.9 mL of phosphate buffer (0.1 M, pH 7.4). The liposomes
were disrupted by the addition of Triton X-100 to allow�-
galactosidase to be released to the dispersion medium. About
0.5 mL of the mixture containing�-galactosidase was reacted
with 2.5 mL of 2.3 mM ofo-NPG dissolved in phosphate
buffer. After the incubation for 30 min at room temperature,
the enzymatic reaction was stopped by adding 0.25 mL of 2 M
Na2CO3 solution. The absorbance of the reaction mixture
was then measured spectrophotometrically at 405 nm[20].
The standard curve was established usingo-NP (0–20 mM).

2.4. Determination of kinetics parameters
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. Materials and methods

.1. Reagents

Phosphatidylcholine (PC) type XII-E from egg yolk (60
f PC), cholesterol (Ch),�-galactosidase fromEscherichia
oli grade VII (specific activity 39 mgo-nitropheno
h−1 mg−1 protein at 37◦C), o-nitrophenol (o-NP) ando-
itrophenyl-�-d-galactosidase (o-NPG) were from Sigm
hemical Co (St. Louis, MO, USA). All other reagents w
f analytical grade.

.2. Liposomal encapsulation ofβ-galactosidase

Liposomes were prepared by the dehydratation–re
atation vesicle (DRV) method described by Kirby and G
oriadis[18]. Vesicles were prepared with cholesterol
hosphatidylcholine in a molar ratio of 0.53. The lipid m

ure (100 mg) was dissolved in 5 mL of chloroform and d
y rotary evaporation under reduced pressure at 35◦C. The
esulting film was rehydrated with 5 mL of 0.1 M phosph
uffer at pH 7.4. The formed multilamellar vesicles were
upted with a Branson S250 sonicator (150 W) at 4◦C under
2 atmosphere. The solutions were centrifuged at 7500×g

or 30 min at 4◦C to eliminate the larger lipid aggregates
itanium particles released from the sonicator probe. Th
ultant dispersion of small unilamellar vesicles was m
ith 5 mL of an enzyme solution in 0.1 M phosphate bu
t pH 7.4 to obtain an enzyme: lipid ratio of 13.7 (w/
The apparent kinetic constants of Michaelis for the
nd liposomal�-galactosidase were determined by mea

ng the enzymatic reaction rates at different substrate co
ration ranging from 0.5 to 5.5 mM and at pH 7.4. Micha
onstants were calculated by analysing the data accord
he Hanes–Woolf equation[21].

.5. Determination of the pH–temperature/enzyme
ctivity curves

The effect of pH and temperature of both free and
roencapsulated�-galactosidase activity was studied us
response surface design[22]. A central composite desig

22 factorial design) with 2 axial points was employed. T
elative�-galactosidase activity (in %) was considered as
endent output variable. The factors were pH and temper
ssayed at five levels (5.2, 5.6, 6.5, 7.4 and 7.8 for pH; 26
0, 50 and 54◦C for temperature). The design matrix of
entral composite design chosen together with the resu
he free and liposomal�-galactosidase are shown inTable 1.
he design of the statistical experiments and the evalu
ere performed using the computer program Statgraph®

lus for Windows 4.0 (Statistical Graphics Corp., Rockv
D, USA).

.6. Enzyme stability towards thermal deactivation

Resistance of�-galactosidase to storage at elevated
eratures was examined by incubating samples of free
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Table 1
Design matrix and response of the central composite design for free and
liposomal�-galactosidase

Run no. Factors �-Galactosidase activity (in %)

pH T (◦C) Free Liposome

1 5.6 30 55.05 100.00
2 7.4 30 100.00 47.30
3 5.6 50 1.04 26.37
4 7.4 50 1.95 31.20
5 5.2 40 32.69 63.17
6 7.8 40 94.59 33.65
7 6.5 26 49.23 84.33
8 6.5 54 0.30 27.67
9 6.5 40 15.61 59.33

10 6.5 40 15.52 59.34
11 6.5 40 15.61 59.29
12 6.5 40 15.60 58.96
13 6.5 40 15.58 58.72
14 6.5 40 15.60 59.36

liposomal enzyme at 30, 40, 50, 55, 60, 70 and 80◦C for
60 min and measuring the residual enzyme activity. Addi-
tionally, thermal stability of the free and encapsulated en-
zyme was also examined by incubating the enzymes at three
temperatures (30, 35 and 40◦C) and withdrawing samples
for assay at fixed intervals over an incubation period of 6 h.
Thermal-decay constants (kd) were determined from a linear
regression analysis of the semi-logarithmic plot of percentage
activity remaining versus time[23], calculated as:

ln

(
A

A0

)
= −kdt + C1 (1)

whereA is the enzyme activity at timet,A0 the initial enzyme
activity, t the treatment time, andkd the thermal decay con-

stant. The enzyme half-life was calculated from the values of
thermal decay constants at different temperatures, following
this equation[23]:

t1/2 = ln (2)

kd
(2)

The enzyme half-life represent the time required for enzyme
to decline to 50% of its initial value of activity. To deter-
mine the activation energy (Ea) for thermal inactivation, an
Arrehenius plot was constructed, and the line slope and in-
tercept determined by linear regression analysis[23] of this
equation:

ln kd = − Ea

RT
(3)

whereR is the universal gas constant andT the absolute tem-
perature. The thermodynamic data were calculated according
to the Eyring absolute rate equation[24]:

ln

(
kd

T

)
= ln

(
kB

h

)
+

(
�S∗

R

)
−

(
�H∗

R

) (
1

T

)
(4)

wherekB, h, �S* and�H* andR are Boltzmann constant,
Planck’s constant, entropy of activation and enthalpy of acti-
vation, respectively.
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Fig. 1. Initial rate vs. substrate concentratio
.7. Enzyme stability towards proteolytic deactivation

The effect of protease fromStreptomyces griseus(Pronase
, Sigma) on free and liposomal�-galactosidase was al
tudied. A reaction mixture containing 0.5 mL of native o
osomal enzyme with an activity of 10−3 mgo-NP ml−1 h−1

nd 3.5 mL of protease (0.5 mg ml−1) in 0.1 M phosphat
uffer at pH 6 was incubated at 37◦C for 24 h. The reac

r-galactosidase free and entrapped in liposomes.
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tion was stopped by reducing the temperature at 4◦C and the
residual�-galactosidase activity was measured.

3. Results

�-Galactosidase was microencapsulated in liposomes
with an entrapment efficiency of 28%. Entrapment efficiency
was defined as the percentage amount of active enzyme en-
trapped in the vesicles in relation to the total amount of ac-
tive enzyme present during the vesicle formation and entrap-
ment procedure. The�-galactosidase activity corresponding
to the amount of enzyme immobilized was 10−3 mg o-NP
ml−1 h−1.

3.1. Kinetic analysis

It has been assumed that the enzyme inside the vesi-
cle follows Michaelis–Menten kinetics identical to the be-
haviour outside of the vesicle[25]. Free and liposomal�-
galactosidase were assayed using different substrate con-
centration to determine the effect of the microencapsu-
lation on the activity of �-galactosidase (Fig. 1). The
Michaelis–Menten equation predicts a hyperbolic relation-
ship between initial velocity and substrate concentration and
the kinetic behaviour of free and liposomal enzyme was de-
s the
f om
H hs
w

F
g

0.9892. Comparison of the kinetic parameters for a given free
and immobilized enzyme provides information about inter-
action between enzyme and its support. In this sense, theKm
andVmax values were (i) 0.57± 0.01 mM and 26.1± 1.01 g
o-NP ml−1 h−1, respectively, using soluble enzyme and (ii)
3.38± 0.12 mM and 43.72± 2.20 go-NP ml−1 h−1, respec-
tively, for liposomal enzyme.

It is found that the value ofKm with the immobilized en-
zyme was greater than that with free enzyme. Regarding the
maximum rate of reaction, it was significantly low as com-
pared to soluble enzyme. In this point, it is important to re-
mark that the kinetic study was realized in the presence of
0.1 M Triton X-100 in order to release the enzymes from the
interior of the liposomes. These modifications observed in the
kinetic parameters once the enzyme has been microencapsu-
lated, indicate that the liposomal enzyme has an apparent
lower affinity for the substrate than that of free enzyme does,
which may be caused by chemical and/or conformational
changes in the enzyme structure provoked by an association
of the �-galactosidase with the lipid vesicles. Sanchez and
Perillo [26] related that two mechanisms may participate in
the modulatory effect of phosphatidylcholine vesicles on the
�-galactosidase activity. The first one would induce an inhi-
bition through a sequestration of the enzyme–substrate com-
plex by its penetration into the vesicular bilayer. The second
mechanism might be a competition in the�-galactosidase-
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� were
cribed by this relationship. The kinetic parameters of
ree and liposomal�-galactosidase were calculated fr
anes–Woolf plot ([S]/Vversus [S]). In both cases the grap
ere linear with a correlation coefficient (R2) higher than

ig. 2. Effect of pH and temperature on enzymatic activity for�-

alactosidase free and entrapped in liposomes. i
atalysed reaction exerted by the polar head group o
hospholipids.

On the other hand, a parallel kinetic study in the abs
f Triton X-100 was realized. In this case, it was not po
le to detect liposomal�-galactosidase activity at the d

erent substrate concentrations (data not shown). Th
s affirm that the hydrolysis of the substrate did not o
n the external surface of the vesicular bilayer and tha
icroencapsulation totally limited the accessibility of s

trate molecules into the liposome where the enzymes
ocated.

.2. Influence of the reaction pH and temperature on th
nzyme activity

The pH and temperature influence the velocity of
nzyme-catalysed reaction. The active sites on enzyme

requently composed of ionisable groups that must b
he proper ionic form in order to maintain the conform
ion of the active site. As the temperature increases
xpected increase in enzyme activity resulting from
reased enzyme/substrate collisions is offset by the inc
ng rate of denaturation[22]. Results obtained on the effe
f pH on enzyme entrapped are usually unpredictabl
ome cases both the optimal pH and the pH/activity pr
hange upon immobilization, whereas in other cases
o not. Differences in the activity of free and liposom
-galactosidase as a function of pH and temperature

nvestigated.
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Fig. 3. Thermal stability of�-galactosidase free and entrapped in liposomes.

Fig. 2 indicates that pH and temperature promote differ-
ent behaviour in the native enzyme in comparison with the
entrapped one. Thus, native enzyme exhibits a maximum at
pH 7.7 and 26◦C while liposomal enzyme shows a maximum
at pH 5.2 and 26◦C. It was found, that the microencapsula-
tion affects the optimum pH and that the pH activity profile
of liposomal�-galactosidase was displaced to acid region
with respect to that of free�-galactosidase. In the case of
entrapped enzyme, the effect of the temperature is more im-
portant to acid values of pH. By contract, the influence of the
temperature at basic pH on free enzyme seems to be higher
than that on entrapped enzyme.

3.3. Thermal stability

Though immobilization does not necessarily lead to sta-
bilization, there have been many reports on enzyme stabi-
lization by immobilization[27–29]. Thermal stability of the
liposomal enzyme was investigated by heating the samples
for 1 h at seven different temperatures ranging from 30 to
90◦C, and the residual activity was measured. Microencap-
sulation of�-galactosidase in liposomes offers a noticeable
increase in thermal protection. At 55◦C, liposomal enzyme
retained 86% of its activity, however, only 65% of the activity
of free�-galactosidase was observed at the same temperature
(Fig. 3).
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n the
i era-

ture on the rate of inactivation was observed. For most en-
zyme catalysed reactions, rate constants depend on changing
temperature in accordance with the Arrhenius equation[30].
The relationship between the rate constant of reaction and the
activation energy (Ea), can be given by this equation. The acti-
vation energies for free and liposomal�-galactosidase were
determined in the temperature range of 30–40◦C. A lineal
relationship between thekd and the inverse of temperature
(1/T) was found for free and liposomal enzyme. The coef-
ficient of determination was high (>0.996) hence this linear
model was appropriated for the inactivation data. The acti-
vation energies (Ea) for free and entrapped�-galactosidase
were 100.6± 10.3 and 138.8± 8.6 kJ mol−1, respectively.
These values again suggest that the microencapsulation of�-
galactosidase into lipid vesicles causes a significant increase
in thermal stability.

In order to have more knowledge about the effect of
the microencapsulation on the stability of�-galactosidase,
the values of activation enthalpy (�H* ) and entropy
(�S* ) were determined. The overall�H* and �S* val-
ues for soluble enzyme were 98.1± 6.3 kJ mol−1 and
6.47± 1.3 J mol−1 K−1, respectively. The�H* and�S* val-
ues obtained for free enzyme were noticeably lower than
values of 134.3± 6.4 kJ mol−1 and 20.0± 3.7 J mol−1 K−1

estimated for liposomal enzyme. From here it can be seen
that the enzymatic immobilization of�-galactosidase in li-
p viour
c with
p f the
t si-
t in
g heat-
i ber
o lvent
d n of
e

the
h f the
e
n
T s sta-
b een
t e re-
l in-
d and
1 s at

T
T l
�

T

3
3
4

Additionally, thermal stability kinetics of free and lipos
al enzyme at 30, 35 and 40◦C were also studied for 6
he logarithm of the relative residual�-galactosidase acti

ty, based on the initial enzyme activity, was plotted aga
he incubation time (Fig. 4). The deactivation step obeys
rreversible first-order kinetic (with correlation coefficie
igher than 0.9969) and it suggests that a direct trans
ccurs from active enzyme to totally inactive protein. As
e observed inTable 2, the deactivation constants (kd) of

he free enzyme were higher than those of the entrapp�-
alactosidase, noting that the thermal stability of the enz
as improved by entrapping them in liposomes.
To understand the effect of the microencapsulation o

nactivation of�-galactosidase, the dependence of temp
osomes declines the thermal inactivation. This beha
ould be attributed to the association of the enzyme
hospholipid vesicles, which provokes an increase o

hermal stabilization of the�-galactosidase. These po
ive �H* and �S* values obtained in this study are
eneral agreement with values expected for enzyme

nactivation [31] and provide a measure of the num
f non-covalent bonds broken and the net enzyme/so
isorder change associated with a thermal inactivatio
nzymes[32].

From the point of view of applied enzymology, data of
alf-life are more important than a detailed knowledge o
ffect of temperature on catalysis[32]. The half-lives of the
ative and liposomal�-galactosidase are listed inTable 2.
he encapsulation of enzyme in liposomes enhanced it
ility with time at all temperatures. The relationship betw

he half-lives of the entrapped and free enzyme can b
ated as a stabilization factor. A value higher than one
icates a stabilizing action. These values were 2.1, 1.8
.3 for �-galactosidase microencapsulated in liposome

able 2
hermal inactivation constants (kd) and half-lives (t1/2) for free and liposoma
-galactosidase

(◦C) kd (h−1) t1/2 (h)

Free Liposome Free Liposome

0 0.07± 0.01 0.03± 0.01 4.67± 0.63 9.62± 0.73
5 0.13± 0.04 0.07± 0.01 2.34± 0.78 4.17± 0.13
0 0.23± 0.03 0.17± 0.02 1.33± 0.23 1.69± 0.28
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Fig. 4. Plots of the remaining activity of�-galactosidase free and entrapped in liposomes.

30, 35 and 40◦C. Similar results were found in a previ-
ous research with glucose oxidase immobilized in liposomes
[34].

3.4. Stability towards proteolytic deactivation

In enzymatic reactions, inactivation of enzyme is of-
ten accelerated by contamination with proteolytic enzymes
[33]. The encapsulation in liposome is increasingly recog-
nised as a method of protecting biocatalysts from inactiva-
tion by proteolytic enzymes. Pronase fromS. griseuswas
used for testing the resistance of the free and liposomal�-
galactosidase to proteolysis[28]. About 70% of the native
enzyme activity was lost after 4 h of exposure to protease
and only 7% activity remained after 24 h (Fig. 5). The �-
galactosidase entrapped in liposomes showed high resistance
to proteolysis, retaining about 93 and 75% of its initial ac-
tivity after 6 and 24 h, respectively. The immobilization in
lipid membranes was very effective in protecting the en-

F ped
i

zyme from proteolytic deactivation. The loss of activity of
liposomes after 24 h could be motivated by the fact that the
liposomes were not stable enough at high incubation time
or/and that there were inactive enzymes on the external sur-
face of the liposomes vulnerable to the attack of the pro-
tease.

4. Conclusion

Kinetic properties and thermal and proteolytic inactiva-
tion of �-galactosidase entrapped in liposomes were stud-
ied. Microencapsulation of the enzyme shifted pH optima
from 7.7 to 5.5, however, the temperature optima was
unaltered. Liposomal and free enzyme showed a typical
Michaelis–Menten profile, but the entrapment altered the
affinity of the enzyme to its substrate and the maximum
rate of reaction. Half-life and energy of activation displayed
by the liposomal enzyme indicated the thermostabilization
of �-galactosidase by microencapsulation. Thermodynamic
characterization led to conclude that encapsulation in lipo-
somes improved both entropy and enthalpy of deactivation,
thus, confirming the superiority of immobilized enzyme over
the free one. Finally, proteolytic stability of liposomal�-
galactosidase was demonstrated in the presence of a protease
f

R

98

005)

nol.

ig. 5. Effect of pronase on the activity of�-galactosidase free and entrap

n liposomes.
romS. griseus.
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