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a b s t r a c t

In this work we present a preliminary study directed to the realization of a new pharmaceutical formu-
lation for the treatment of lactose intolerance. The main aim of the work is to increase the stability of
�-galactosidase in order to prolong its activity in the course of time, thus improving its performance as
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dietary supplement in the digestion of lactose.
We describe a reliable and effective procedure for the immobilization of �-galactosidase in a three-

dimensional silica network. A one-step approach was optimized by using the sol–gel method to obtain
homogeneous and stable �-galactosidase/silica gel composites; the textural properties of the porous
surface were characterized by N2 physisorption analyses. The activity of �-galactosidase was evaluated
in vitro in the hydrolysis of o-nitrophenyl-�-d-galactopyranoside (used instead of lactose) at pH 7.4 and

e co
actose intolerance 37 ◦C, thus reproducing th

. Introduction

Lactose intolerance is a very common disorder due to the inabil-
ty to digest lactose into its constituents, glucose and galactose,
ecause of low levels of lactase.

Lactase, an enzyme of the �-galactosidase (EC 3.2.1.23) family, is
roduced on the brush border of the small intestine and is respon-
ible for the hydrolysis of lactose into its constituents [1]. Enzyme
evels reach their maximum shortly after birth, but they decline

ith aging: it is estimated that 75% of adults worldwide shows
ome decrease in lactase activity during adulthood [2]. Lactase defi-
iency can result in lactose maldigestion, but only in presence of
linical symptoms such as abdominal bloating and pain, flatulence,
iarrhea, nausea and borborygmi lactose intolerance occurs [3].
he diagnosis or even the suggestion of lactose intolerance leads
any people to avoid milk and/or to consume food prepared with

igestive aids. The treatment of lactose intolerance includes four
eneral principles: (i) reduction or restriction of dietary lactose, (ii)
ubstitution with alternate nutrient sources to avoid reductions in
nergy and protein intake, (iii) regulation of calcium and vitamin
intake and (iv) use of exogenous �-galactosidase [4–6]. In par-
icular, the intake of digestive supplements is a successful way to
lleviate the symptoms of lactose intolerance; actually a number of
actase preparations is commercially available. These supplements
re formulated in tablet or capsule form to be taken just before or

∗ Corresponding author. Tel.: +39 041 2348650; fax: +39 041 2348517.
E-mail address: miky@unive.it (M. Signoretto).
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nditions of the human intestine.
© 2011 Elsevier B.V. All rights reserved.

with meal [7] and the proper dosage should be suited as a function
of the seriousness of the symptoms; the final formulation of these
preparations consists of a capsule which delivers the enzyme in the
small intestine, where it can carry out its therapeutic action.

Enzyme therapy is promising in the treatment of several dis-
eases, in particular of in-born enzyme deficiencies, but many
limitations exist for the clinical use of native enzymes because, in
addition to the cost, they are unstable and have a short lifetime in
the circulation [8]. The polymeric structure of enzymes, in fact, is
stabilized by a large number of low-energy bonds, so deactivation
is relatively easy. The inactivation phenomena of an enzyme can
be of inter- or intramolecular nature: intermolecular phenomena
include autolysis and aggregation, while the intramolecular phe-
nomena are due to interactions of the enzyme with poisons such as
irreversible inhibitors, or to extremes values of pH or temperature
[9].

In the small intestine lactase is exposed to a deactivat-
ing environment because of the presence of inhibitors (glucose
and galactose) and proteases. Moreover, when taken orally, �-
galactosidase has to cross the acid pH of the stomach which can
compromise the structural integrity of the enzyme and, as a con-
sequence, its activity in the hydrolysis of lactose: if lactose passes
indigested from the small intestine into the colon it can cause phys-
iological effects that result in the clinical manifestations typical of

lactose intolerance.

The major lack of the commercial lactase supplements is then
the rapid inactivation of the enzyme, which shortens the activity
of �-galactosidase thus forcing to several assumptions during the
day.

dx.doi.org/10.1016/j.molcatb.2011.03.002
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:miky@unive.it
dx.doi.org/10.1016/j.molcatb.2011.03.002
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Immobilization can make enzymes more stable and impart a
onger circulation lifetime in the organism [8]. It is well known
hat the immobilization of enzymes (physical adsorption, covalent
onding, gel entrapping, etc.) on proper matrices can prevent their
hemical and biological degradation and enhance their stability
10–12]; it is then potentially possible to prevent the denatura-
ion of �-galactosidase in the intestine and prolong its therapeutic
ction in the course of time by its entrapment inside a matrix. The
ntrapment of �-galactosidase within a porous matrix allows to
void a direct contact of the enzyme with the surrounding medium,
hus increasing its stability, but, at the same time, it enables the
eagents to reach the catalytic site.

A large number of different supports has been used for lac-
ase immobilization [13–16], but in the case of a pharmaceutical
pplication the support must possess proper features, biocom-
atibility at first. In the last years, several ceramic and inorganic
xides have attracted the attention of researchers for their poten-
ial application in the biomedical field [17]; in this context silica
as gained increasing importance and its use for the entrap-
ent of enzymes, antibody, cells and for the design of controlled

rug delivery systems has been investigated [18–24]. In fact,
ilica matrices show high biocompatibility–biodegradability, resis-
ance to microbial attack and exhibit higher mechanical strength,
nhanced thermal stability and negligible swelling in organic
olvents compared to most organic polymers [25–28]. In addi-
ion, silica possesses physico-chemical and textural properties
hydrophilicity/hydrophobicity, surface area, pore volume, etc.)
hat can be modulated ad hoc according to the final application
nd the nature of the guest molecule.

The choice of the proper immobilization technique is funda-
ental to preserve to a high degree the structural integrity of the

nzyme, which is related to its catalytic activity; an effective tech-
ique for this purpose is the sol–gel process [29,30]. The sol–gel
ethod is particularly attractive for the entrapment of biologi-

al molecules. It is characterized by a number of unique features
ncluding: (i) mild operative conditions (in particular low temper-
ture); (ii) high versatility; (iii) encapsulation of a guest molecule
n the inorganic matrix by a one-step approach [28–31]. It is now

ell established that a wide variety of enzymes and other proteins
etains its characteristic reactivity and chemical function when
onfined within the pores of the sol–gel derived matrix, which iso-
ates the biomolecules protecting them from self-aggregation [32].
t is important to highlight that protein molecules encapsulated in
sol–gel matrix are not covalently bound to the support, but they
re physically entrapped in the gel network that has grown around
hem [33]. This can prevent the enzyme denaturation (chemical

odification of the protein) that frequently occurs in the pres-
nce of covalent linkages between the matrix and the biological
olecule and guarantees a sufficient mobility to the enzyme, which

xperiences conformational changes when it binds the reagent
olecule.
Another important parameter in the design of a pharmaceutical

ystem for the treatment of lactose intolerance is the choice of the
roper source of the enzyme.

�-Galactosidase, in fact, can be obtained from a wide variety of
ources, such as microorganisms, plants and animals, but its prop-
rties differs markedly according to the source. In particular it is
ell known that the optimum pH of enzymes obtained from fungi is

.5 to 4.5, while �-galactosidases from yeasts have their optimum
H between 6.5 and 7.0 [34]. The commercially available lactase
upplements contain a �-galactosidase obtained from GRAS yeasts

r fungi but, considering that in the small intestine the pH is close
o neutrality, �-galactosidase from yeasts should be more suitable
or this application.

The aim of this work has been the optimization of a reliable
rocedure for the synthesis of a stable �-galactosidase/silica gel
Scheme 1. Structure formula of o-NPG (a). Hydrolysis of o-NPG to galactose and
o-NP (b).

composite by using a sol–gel approach. In particular we have inves-
tigated the effect of several operative parameters (pH, aging time,
enzyme amount, etc.) on the final features (structural and physico-
chemical) of the system and subsequently on its stability. This is a
preliminary study directed to the realization of a new pharmaceu-
tical formulation for the treatment of lactose intolerance. The main
aim is the design of a stable system able to explain its therapeutic
action for a long period of time, thus avoiding the frequent admin-
istrations required by the traditional commercial preparations.

2. Materials and methods

2.1. Materials

Lactozym 3000L®, a liquid preparation of �-galactosidase from
Kluyveromyces lactis (specific activity: 4097 U/mL), Tetraethoxysi-
lane (TEOS) (98%, Aldrich), H2O milliQ, Potassium Phosphate
monobasic (99%, Aldrich), Potassium Phosphate dibasic (≥98%,
Aldrich), o-nitrophenyl-�-d-galactopyranoside (99%, o-NPG,
Aldrich), o-nitrophenol (99%, o-NP, Aldrich). All reagents have
been used as received.

2.2. Synthesis

Enzyme/silica composites were synthesized by a one-step
sol–gel process. In a typical experiment, the silica precursor (TEOS)
was combined with ultra pure water (acidified with the addition of
a few drops of HCl 0.1 M) in the proper molar ratio (1TEOS:6H2O)
and the mixture was homogenised by sonication for 3 h. A solution
of Lactozym 3000L® in phosphate buffer (pH 7.4) containing the
proper amount of �-galactosidase (in particular, we tested three
different enzyme concentrations: 137 U, 273 U, 546 U) was added
to the obtained sol, thermostated at 4 ◦C, under continuous stirring
in order to favour the homogeneous dispersion of the enzyme in
the final material. 1 mL of the sol was dispensed into polyethylene
cylindrical vials (diameter: 1.7 cm, depth: 1.0 cm). The obtained
monolithic and transparent gel were washed with a phosphate
buffer solution (pH 7.4) and then stored at 4 ◦C for 21 days cov-
ered with the buffer (0.4 mL). The buffer was replaced with a fresh
amount every day and analyzed in order to determine the amount
of enzyme released from the gel during the aging time.

2.3. Catalytic activity
The activity of �-galactosidase was assayed by means of a col-
orimetric test using o-NPG as substrate; o-NPG is a colourless
compound which is hydrolyzed to galactose (colourless) and o-
NP (yellow) (Scheme 1). The operational conditions reproduced
the characteristic pH and temperature (7.4 and 37 ◦C, respectively)
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f the small intestine, where the enzyme carries out its catalytic
ction.

A solution of o-NPG in phosphate buffer (4.1 mg/mL) was added
o a proper volume of diluted enzyme solution (0.054 U): one unit
f �-galactosidase is defined as the amount of enzyme hydrolizing
n 1 min 1 �mol of substrate at pH 7.4 and 37 ◦C.

The rate of formation of free o-NP (the chromophore) was
ecorded spectrophotometrically (� = 420 nm) using a 1-cm path
ength cuvette. The activity (a) is then defined as the conversion
ate of the substrate (o-NPG) to the products for unitary volume of
actozym 3000L® (�mol min−1 mL−1).

The activity of the encapsulated enzyme was measured in the
ame conditions (o-NPG concentration, substrate/enzyme ratio)
sed for the free enzyme. The gel was dipped for 10 min in a
hosphate buffered solution thermostated at 37 ◦C, then it was

ncubated for 20 min in the substrate solution and the o-NP amount
n solution was evaluated spectrophotometrically. At the end of the
eaction the gel was transferred in the original buffered solution
here it was kept until the following test.

.4. Temperature and pH effect

The effect of pH and temperature on the activity of �-
alactosidase was evaluated.

The pH effect was determined in the conditions detailed in
ection 2.3 at pH in the range 2–8.5, whereas the temperature
ffect was established in the range 30–60 ◦C at the constant pH
f 7.4.

.5. Characterization

Specific surface area and pores size distribution were obtained
rom N2 adsorption–desorption isotherms at 77 K (MICROMERITICS
SAP 2000 Analyser). Surface area was calculated by the BET equa-

ion [35], whereas the mesopore size distribution was determined
y the BJH method [36], applied to the N2 adsorption isotherm
ranch.

. Results and discussion

.1. Entrapment of ˇ-galactosidase in the silica gel

.1.1. Synthetic procedure
It is well known that the sol–gel process is a suitable technique

or the immobilization of a wide series of molecules in a porous
atrix; we have already verified the effectiveness of the process in

he encapsulation of enzymes [19] and in the design of controlled
rug delivery systems by the entrapment of several drugs in sil-

ca gel matrices [23,24,37]. However, in the design of the process
arameters it is fundamental to consider the nature of the guest
olecule and the final application conceived for the material in

uestion: several issues in fact could compromise the entrapment
tage.

First of all, in the immobilization of biomolecules such as
nzymes, mild operative conditions are required to prevent their
enaturation. For this reason, in the synthesis we optimized for the
ncapsulation of �-galactosidase we operated at low temperature
4 ◦C) and at pH near to neutrality: the enzyme preparation (Lac-
ozym 3000L®) was suspended in a proper volume of phosphate
uffer (pH 7.4) before its addition to the sol in order to neutralize

he original pH of the sol itself (which is weakly acid because of the
ddition of a few drops of HCl).

Another issue concerns the use of alcohol. In the sol–gel synthe-
is it is a common practice to add to the reagents (TEOS and water
n this case) an alcohol as solvent: it is nevertheless well known
lysis B: Enzymatic 71 (2011) 10–15

that, if present in large amount, it can depress the enzymatic activ-
ity [28,33]. Consequently in our synthesis we avoided the use of
alcohol.

However one should consider that in the course of the gel retic-
ulation little fractions of alcohol are released, as a consequence of
the condensation reaction which occurs even after the gel time; to
overcome this problem, the gel was washed and covered with fresh
buffered solutions (pH 7.4) every day.

After the addition of �-galactosidase to the sol we obtained, in a
few minutes, transparent, monolithic and homogeneous silica gel;
moreover the absence of supernatant liquid guarantees that the
whole amount of enzyme added to the sol has been entrapped in the
gel matrix. The gel exhibits the same appearance at the three dif-
ferent enzyme concentrations we tested and it remains unaltered
in the course of time. These features are indicative of a homoge-
neous distribution of the enzyme in the gel, which is an essential
requirement in the design of a pharmaceutical system.

The last problem we considered concerns the possibility of a
partial desorption of the enzyme from the matrix forced by the
reticulation process.

In order to determine the real enzyme amount present in
the silica gel when it has reached its definitive structure, the
supernatants were daily analyzed spectrophotometrically by the
enzymatic assay (see Section 2.3). We have verified that the enzy-
matic units desorbed from the gel in 21 days (time required for
the complete gel reticulation) are ∼0.23% (independently from the
enzyme concentration) of the initially loaded units; this is a very
satisfactory result as the yield of the encapsulation process is close
to 100%.

The results we obtained confirm the effectiveness of the sol–gel
process: the gel network grows around the enzyme, independently
from its dimension, with the formation of a “cage” that prevents its
leaching. Moreover, the �-galactosidase/silica gel composites have
the desired features in terms of gelation rate, control of the amount
of loaded enzyme and handiness; these results have been achieved
through the optimization of the synthesis parameters, in partic-
ular the Si precursor:water ratio, the temperature of the enzyme
addition and the aging conditions. All these experimental evidences
suggest the reliability of the optimized process for the successful
encapsulation of �-galactosidase in a silica gel, which is the first
aim of our work.

The most important issues in the immobilization of a bio-
molecule are the retention of its activity upon immobilization and
the increase of its stability. Therefore, the following steps of the
investigation have been the characterization of the systems and
the check of their catalytic activity and stability.

3.1.2. Activity
The activity of the encapsulated enzyme was evaluated in vitro

in the hydrolysis reaction of o-NPG at 37 ◦C and pH 7.4 (intestinal
conditions) as a function of the aging time of the gel; this test allows
to verify if the enzyme kept its bio-functionality within the silica
matrix and how its activity varies in the course of the reticulation
process.

Fig. 1 shows the profiles of the enzymatic activity as a func-
tion of the reaction time and of the gel aging. The bio-functionality
of the encapsulated enzyme was experimentally confirmed by the
appearance of a yellow colour (o-NP formation) first on the gel sur-
face and gradually in the bulk (see pictures in Fig. 1); this evidence
confirms that the reagent diffuses from the bulk solution into the
pores of the matrix, reaching the catalytic site of the enzyme.
For what concerns the catalytic kinetic, the first evident result
is the decrease of the initial activity with the aging progress; at the
same time, a clear improvement of the stability and of the repro-
ducibility (see error bars, standard deviations) of the analyses can
be detected. Moreover, after 21 days since the system preparation
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ig. 1. Enzymatic activity vs time profile as a function of the aging time, (n = 3, m
roduct. (For interpretation of the references to color in this figure legend, the read

ging does not affect any longer the reaction kinetic profile, that
orresponds to that obtained for the gel 28 days aged.

The activity reduction as a function of the reticulation degree
an be plausibly justified considering the evolution of the �-
alactosidase/silica gel system during reticulation. The superficial
nzyme can be more easily reached by the substrate (o-NPG) and
onsequently it is more reactive; however, it has been ascertained
hat the reticulation of the silica gel forces the enzyme molecules
nside the matrix. Taking into account that the accessibility of the
nzyme to the substrate is the key factor in determining the activity
f the final system [30], it is possible to justify the catalytic activity
ecrease also as a consequence of the onset of diffusion limitations
12].

Moreover, the activity decrease of the less reticulated systems
uring the catalytic tests can be ascribed to the fact that, at low
eticulation degrees, the enzyme is more exposed, so its inactiva-
ion (in particular a thermal inactivation) is easier.

In order to validate these hypotheses and obtain more informa-
ion about the structure evolution of the silica gel (surface area and
orosity) with aging progress, physisorption analyses were carried
ut.

.1.3. Physico-chemical characterization
In Fig. 2 the adsorption–desorption isotherms of the gel loaded

ith 137 U at different aging times (1, 7, 21 and 40 days since the
reparation) are showed.

It is interesting to note that aging and reticulation progress origi-

ate an evident evolution of the gel structure from microporous (gel
day aged) to mesoporous (gel 21 days aged), as denoted by the

lear hysteresis loop in the corresponding adsorption/desorption
sotherm. This is a confirmation of the mutual interaction between
he silica precursor and the enzyme in the formation of the final

Fig. 2. Adsorption–desorption isotherms of the �-galactosidase/si
) and colour change of the gel tablet following the formation of the yellow o-NP
eferred to the web version of the article.)

enzyme/gel system. In fact, in the as-prepared gel a significant
fraction of �-galactosidase molecules are located on the surface
of the silica matrix; with the reticulation progress the enzyme
moves inside the gel, modulating the gel network conformation
to a mesoporous system: it can be said that the protein acts as
a structural template [38]. This evidence confirms the supposed
correlation between the gel structure evolution and the catalytic
activity behaviour. We can observe, moreover, that 21 days are
sufficient for the complete reticulation of the silica network that
reaches a stable structural conformation. This is confirmed by the
isotherm shape of the gel 40 days aged (see Fig. 2b), that agrees
with that obtained after 21 days.

In the light of these results, all the following tests were carried
out on silica gels 21 days aged.

3.2. Temperature and pH effect

In order to evaluate to what extent the silica matrix is capable
of preserving the integrity of the enzyme, thus improving its stabil-
ity, a series of activity runs on the �-galactosidase/silica gel were
performed by employing different pH and temperature of work.

The activity trend of the �-galactosidase/silica gel composite
as a function of pH (range 2–8.5) is reported in Fig. 3. A strongly
acid pH (∼2) was selected to check the stability of the entrapped
enzyme in extreme pH conditions as those present in the stom-
ach, with a view to the bio-medical application conceived for the
synthesized systems; the enzymatic activity is usually inhibited at

extreme pH values, as the whole protein structure may suffer of
a general unfolding leading to the partial or complete inactivation
[39].

First of all it is possible to note that the activity of the encapsu-
lated enzyme reaches its maximum at pH 7.4, i.e. the pH of the small

lica gel composite containing 137 U at different aging times.
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ntestine: �-galactosidase obtained from a yeast is then suitable for
his application.

A very interesting result is the preservation of a partial activity
15% of the highest activity) at strongly acid pH (pH 2); in the same
onditions the free enzyme (and the silica matrix alone) is totally
nactive. This highlights the positive effect that the matrix plays in
rotecting the enzyme from the external solicitations. Another evi-
ence is the shift of the maximum activity from pH 7.0 for the free
nzyme to higher pH values for the encapsulated one (see Fig. 3b).
ne possible explanation, as reported by Bathia et al. [28], can be

hat the encapsulated enzyme is experiencing a local pH lower than
hat of the bulk solution. At neutral pH, silanol groups in a sil-
ca matrix are negatively charged and hence the electrical double
ayer consists of primarily cationic buffer ions and hydrogen ions.
n excess of H+ makes the pH in the double layer lower than that
f the bulk solution.

In Fig. 4 the temperature effect on the activity of the encapsu-
ated enzyme is showed.

The temperature of maximum activity is 50 ◦C and it is evident
hat the encapsulated enzyme retains a partial bio-functionality
lso at 60 ◦C and 70 ◦C, while at these temperatures the free enzyme
s completely denatured.

These results confirm once more that the silica matrix can effec-
ively preserve the enzymatic activity, even in extreme operative

onditions. This is a significant success with a view to the poten-
ial technological applications of these �-galactosidase/silica gel
ystems.
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3.3. Stability

The key element of this work was the increase of the stability
of �-galactosidase in intestinal conditions to prolong its activity in
the digestion of lactose in lactose intolerant people.

The stability of the encapsulated enzyme in the conditions of pH
and temperature typical of the small intestine was evaluated in vitro
and compared with the values obtained for the free enzyme. The
immobilized enzymes were incubated in buffered solutions at pH
7.4 at 37 ◦C for 3 h; the residual enzymatic activity was evaluated
by immersion of the gel in a buffered solution (pH 7.4) containing
the substrate (o-NPG). The conversion rate of o-NPG to o-NP was
determined spectrophotometrically at 420 nm. Fig. 5 shows the test
results.

It is evident that the siliceous matrix gives rise to an evident
improvement of the enzymatic stability: after 3 h the residual activ-
ity of the protein in solution is 60% against 81% of the immobilized
�-galactosidase. This is a very important goal because it implies a
significant increase of the therapeutic action duration in the case
of the pharmaceutical application conceived for these systems.

3.4. Enzyme concentration effect

The last parameter we investigated was the correlation between

the catalytic activity and the enzyme amount. The kinetic test
results are plotted in Fig. 6. It is evident that the catalytic activ-
ity of the gel is not proportionally correlated with the enzymatic
content: the best catalytic result was achieved, in fact, by the gel
containing an intermediate amount of protein (273 U).
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0,0
0 30 60 90 120 150 180
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/a
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     Enzyme

Fig. 5. Comparison of the stability of the free and the encapsulated enzyme in
intestinal conditions (a: activity at the time t, a0: initial activity at zero time).
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This result can be explained on the basis of the steric hindrance
rising from the increase of the enzyme concentration. As reported
y Badjić and Kostić [40], the decrease in activity as the enzyme
oncentration increases should not be caused by partial loading,
ggregation or denaturation of the enzyme, since the sol–gel incap-
ulation prevents these phenomena, but rather to the fact that the
ccessibility to the catalytic site decreases, thus reducing the over-
ll activity of the �-galactosidase/silica gel composite. Moreover,
he diffusion of the products to the bulk is hampered too, so their
etection is delayed.

Therefore these results highlight that an excessive enzyme
oad is detrimental for the enzymatic functionality as a conse-
uence of the lower accessibility of the catalytic sites by the
ubstrate.

. Conclusions

The obtained results can be summarized in the following points:

. The optimized sol–gel approach is an effective technique for
the immobilization of �-galactosidase in a silica matrix. After
21 days since the gel preparation it is possible to obtain mono-
lithic and homogeneous �-galactosidase/silica gel systems,
which are stable in terms of textural properties, enzyme content
and catalytic activity.

. The silica matrix protects the enzyme molecules from the exter-
nal environment, preserving their bio-functionality even in
extreme conditions of pH and temperature.

. The stability of the systems in the operative conditions of pH 7.4
and 37 ◦C is clearly improved compared to the free enzyme.

This study, despite its preliminary nature, is very promising
nd could be useful in the formulation of new pharmaceutical

reparations for the treatment of lactose intolerance. The �-
alactosidase/silica gel stability could assure, in fact, an adequate
nzymatic activity for a prolonged lapse of time, improving the
herapeutic efficacy of the actually available commercial formu-
ations.
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