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Zirconia-based sol-gels have been used for lipase entrapment, to avoid the biocatalyst inactivation asso-
ciated to the use of basic or acid catalysts. The method developed allows a single-step entrapment of
the enzyme in a zirconia sol-gel with mesopores of diameter in the range 2-4 nm, and a surface area of
219m? g-'. The zirconia matrix is substantially unaffected by the presence of the lipase. The size of the
pores, though smaller than that of the enzyme, seems large enough to minimise the effect of the internal
diffusional limitations on the overall reaction kinetics, as demonstrated by the substantial equivalence
between the activation energies measured with the free and with the immobilised lipase. The thermal
inactivation of the zirconia-entrapped lipase, characterised by a mathematical model, is significantly
reduced as compared to the inactivation of the free enzyme.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Sol-gel nanomaterials are gaining a growing importance as solid
supports for the immobilisation of biomolecules to be used for bio-
catalysis, biosensors, and biomedical applications, offering a useful
alternative to the traditional polymer technology [1-5]. As a matter
of fact, thanks to their porous structure in nanometer dimensions,
sol-gel materials offer unique intrinsic properties, such as high sur-
face to volume ratio, large surface area and porosity. In addition,
the sol-gel process offers higher flexibility as regards the surface,
composition and properties. Furthermore, nanoporous materials,
especially inorganic nanoporous materials, which are made mostly
of metal oxides, are usually nontoxic, inert, chemically and ther-
mally stable, so they have wide applications where biocompatibility
and thermal stability requirements are essential.

Due to the low temperature processing, the sol-gel technology
offers useful methods to immobilise heat-sensitive biomolecules.
Nevertheless, the structure/activity of encapsulated biomolecules
could be affected by the presence of enzyme-denaturing and cyto-
toxicalcoholin the reaction media, both as cosolvents or as products
of the hydrolysis/condensation reactions. In addition, when carry-
ing out the synthesis of silica sol-gel materials, such reactions are
usually too slow and need basic or acid catalysis, causing extreme
pH values, giving rise to biocatalysts inactivation.
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In this study, the entrapment of lipases in zirconia-based sol-gel
material has been undertaken to improve the enzyme stability. The
sol-gel method allowed to make the support material and to entrap
the enzyme in a single step, starting from a solution containing
both the matrix precursors and the enzyme, so that when the gela-
tion occurs the enzyme remains entrapped and uniformly dispersed
in the gel. Moreover, due to high hydrolysis and polycondensation
rates offered by zirconia precursors, a neutral pH could be adopted,
avoiding any possible configurational modification of the enzyme
induced by acid or basic environments.

So far, zirconia has been used as a support for enzyme immo-
bilisation only in the form of a zirconia/nafion composite [6,7],
obtained by casting on an electrode a solution containing zirconia,
nafion and an enzyme.

Lipases, chosen as model enzyme, are used in a growing num-
ber of industrial applications, both in aqueous and in nonaqueous
media. In particular, immobilised lipases have been successfully
used in organic synthesis [8-10]. Also, lipases have been recently
used in biosensors for the determination of lipids for clinical pur-
pose [11,12], and in biosensing [13,14]. So far, immobilisation of
lipases by the sol-gel technique has been carried out only using
silica-based materials [2,15-18].

2. Experimental
2.1. Enzyme encapsulation in sol-gel material
In a typical test, 45.0 mg of lipase from Rhizopous oryzae and

15mg of PEG (MW 1450) were dissolved in 3.0 mL of distilled
water and the mixture was stirred by hand up to obtaining a clear
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Nomenclature

a specific activity of the total enzyme

an specific activity of the native enzyme, N

ax specific activity of the partially inactivated form of
the enzyme, X

A B mathematical constants

D completely inactivated form of the enzyme

k, k1, ky first order inactivation constants

N native form of the enzyme

[N] concentration of the native form of the enzyme, N

t time

X partially inactivated form of the enzyme

[X] concentration of the partially inactivated form of the
enzyme

solution. Subsequently, 2.0mL of supernatant were drawn and
added to 8.5mL of 1-propanol (99.80+%). The resulting solution
was added to a solution formed by 10 mL of Zirconium(IV) propox-
ide (70 wt.% in 1-propanol) and 1.5 mL of acetylacetone (99+%). The
final solution was vigorously stirred at room temperature and the
gelation occurred in about 20 min. A transparent and homogeneous
slightly yellow coloured gel was obtained. The gel was left at room
temperature for 3 h and then lyophilized, in vacuum at —50°C for
20 h. The lyophilized material was washed three times by distilled
water to remove the lipase not entrapped. The enzyme concentra-
tion in the washing liquid, estimated by the Lowry method [19],
was very low, corresponding to a 99% entrapment yield. The mea-
sured lipase loading in the biocatalyst was 8.8 mg lipase/g zirconia,
whereas the PEG loading was 2.9 mg PEG/g zirconia.

In the same conditions was prepared a zirconia matrix, as ref-
erence material both for the activity tests and for surface area
measurements. The chemicals were provided by Aldrich, the lipase
by Fluka.

2.2. Structure and thermal behaviour

The nature and temperatures of the various reactions occurring
during the heating of the biocatalyst and the corresponding weight
losses were evaluated by a Netzsch simultaneous thermoanalyser
STA 409 PC with Al,05 as reference material. The TG/DTA curves,
recorded in N, from room temperature up to 900°C at a heating
rate of 10°Cmin~!, were carried out on 50 mg of the bulk sample.

The structure of the biocatalyst as well as that of the zirconia
matrix were studied by FTIR spectroscopy. FTIR absorption spectra
were recorded, in the 4000-400cm™~! range, using a spectrome-
ter equipped with a DTGS KBr (deuterated triglycine sulphate with
potassium bromide windows) detector. A spectral resolution of
2cm~! was chosen. 4.0 mg of each test sample were mixed with
200 mg of KBr in an agate mortar and then pressed into pellets of
13 mm diameter. The spectrum for each sample represents an aver-
age of 64 scans, which were corrected for the spectrum of the blank
KBr pellet.

2.3. Textural properties

N, adsorption-desorption isotherms at —196 °C were obtained
by a Micromeritics Gemini Il apparatus model 2370. The sam-
ples were previously treated at 50°C for 2h under N, flow.
The N, adsorption-desorption isotherms were elaborated by the
Brunauer-Emmett-Teller (BET) [20] method for the calculation
of the surface areas. Pore volumes were determined from the
amounts of adsorbed N, at P/P?=0.98 (desorption curve), assum-
ing the presence of liquid N, (density=0.807 gcm~3) in the pores

under these conditions. The pore distribution was evaluated by the
Barrett-Joiner-Halenda (BJH) method [20].

2.4. Activity assay

The activity of the immobilised enzyme as well as that of the free
enzyme was assayed by monitoring the amount of p-nitrophenol
released upon hydrolysis of a 0.5mM solution of p-nitrophenyl
butyrate (pNPB) in 50 mM of phosphate buffer, usually at pH 7.5.Ina
typical test, 10 mg of immobilized biocatalyst, 10 mg of ZrO, matrix
or 0.1 mg of free lipase were added to 2 mL of the reaction mixture.
The mixture was incubated in 5 mL test-tubes, using a thermostatic
shaker. After the fixed reaction time, the increase in absorbance at
410 nm was measured for 1 min using an apparent extinction coef-
ficient of 1.33 x 10 M~! cm~!. One unit of hydrolase activity was
defined as the amount of enzyme or biocatalyst required to trans-
form 1 wmol of p-nitrophenyl butyrate to p-nitrophenol per min at
room temperature.

The catalytic activity of the ZrO, matrix was tested to consider
the possible contribution to the reaction rate. It appeared to be so
low to be neglected in comparison with that of as the biocatalyst
and the free enzyme.

2.5. Thermal stability and reusability tests

Operational stability tests on lipases were carried out keeping
entrapped or free enzyme samples immersed in 50 mM of phos-
phate buffer, pH 7.5, at constant temperature. At given deactivation
times, enzyme samples were withdrawn and assayed for activity at
37°C.

Reusability tests on the entrapped lipase were carried out keep-
ing the enzyme samples immersed in 50 mM of phosphate buffer,
pH 7.5, at constant temperature for a fixed period (4 days), then
removing the lipase from the solution, removing external water
with filter paper and keeping it 3 days over silica gel.

3. Results and discussion
3.1. Structural and textural characterisation

TG/DTA curves of biocatalyst bulk sample are displayed in Fig. 1.
The overall weight loss given by the TG curve was 44.4 wt.%. The
majority of the weight loss takes place from room temperature to
about 400°C. In this range, for a typical gel-derived sample, the
evaporation of the solvents and the subsequent pyrolysis and/or
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Fig. 1. TG/DTA curves of the zirconia-immobilized lipase, recorded in N, at
10°Cmin~'.
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Fig. 2. FTIR spectra of the zirconia-immobilized lipase (a) and zirconia matrix (b).

burning of small molecules generally occur. In the present case,
two endothermic peaks are seen in the DTA curve: a high inten-
sity peak centred at 86°C and a broad low intensity one in the
350-400°C range. The former can be related to the evaporation
from open pores of water and alcohol molecules physically trapped
in the gel, the latter to the decomposition of unreacted and strongly
bonded molecules. In the 480-650 °C range, a further weight loss is
seen with an exothermic peak at 520°C, indicating that two over-
lapping phenomena occur: the decomposition of high molecular
weight organics such as PEG and lipase and the ZrO, crystallization
[21].

FTIR spectra of the biocatalyst and of the zirconia matrix are
shown in the traces (a) and (b) of Fig. 2, respectively. The spec-
trum of the zirconia matrix indicates that both residual precursors,
solvent and adsorbed water are still present in the sample. Actu-
ally, besides the absorption band related to the stretching modes
of O—H bonds, 3400 cm~, the other bands can subdivided in two
main groups. The bands lying in the 450-700 cm~! range are related
to vibrational modes of the Zr—O bonds in the zirconia network
and the ones in the 700-1700 cm~! range to the vibrational modes
of the residual 1-propanol and acetylacetone molecules physically
adsorbed or coordinated to the zirconia network [22,23].

The FTIR spectrum of the immobilized biocatalyst is very sim-
ilar to that of the zirconia matrix. No absorption bands related to
lipase or PEG are clearly detectable because the majority of them
lie in the same range of the other components and more probably
because their amount is too small. However the similarity between
the two spectra indicates that the presence of lipase does not affect
the matrix structure.

N, adsorption-desorption isotherms for both zirconia contain-
ing lipase and zirconia matrix are reported in Fig. 3. In both cases the
isotherms show a gradient over a wide range of P/P° values, suggest-
ing a large contribution of mesopores, despite the absence of any
desorption hysteresis. Therefore, the presence of micropores can-
not be excluded. The zirconia containing lipase adsorbs a smaller
N, volume than the zirconia matrix one, showing that in the former
sample there is a lower micropores and macropores volume.

Table 1
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Fig. 3. N; adsorption-desorption isotherms of zirconia-immobilized lipase (circles)
and zirconia matrix (triangles). In the inset the related pore distribution evaluated
by the BJH method is reported.

The N, adsorption data have been elaborated by the BET method,
and the corresponding surface areas are reported in Table 1 together
with the total pore volume, the micropore volume and the esti-
mated average pore radius. ZrO, without enzyme shows high
surface area (316 m2 g~1), whereas the presence of lipase produces
a decreasing of the area that keeps still high (219 m? g-1). The pore
distribution was evaluated by the BJH method (inset of Fig. 3), indi-
cating the presence of mesopores of diameter in the range 2-4 nm.
The fact that the lipase diameter (5-7 nm) is substantially larger
than the zirconia pore diameter will prevent leaching of the enzyme
but may lead to some pore blockage [24-26].

3.2. Catalytic activity

The activity of lipase entrapped in ZrO, at 27°C is 5.43 x
107 mmol/(Mgcapalyse Min) whereas that pertaining to the
free lipase used for the immobilisation is 1.35 x 10~3 mmol/
(mgjipase Min). As the measured entrapment yield was about 99%
(see Section 2), we could estimate the apparent activity of the
entrapped lipase to be 5.12 x 10~ mmol/(mgjipase Min). Conse-
quently, the apparent activity of the immobilised enzyme is about
3.8% of the activity of the free enzyme.

The activity-pH profiles of both the free and the immobilised
lipases at 27 °Care described in the Fig. 4. In both cases, the catalysts
show an optimal pH at about 7.5. The activity of the immobilised
enzyme is reported as activity per milligram of catalyst, while that
of the free enzyme as activity per milligram of enzyme, and conse-
quently it appears much lower as compared to the activity of the
free enzyme.

The Fig. 5 describes the effect of the temperature on the activity
of the zirconia-entrapped (Fig. 5a) and free (Fig. 5b) lipase, in the
form of an Arrhenius diagram.

The activity of the free lipase is maximum at 35°C, whereas
the optimal temperature for the activity of the entrapped lipase
is higher (45 °C). The stabilising effect of the entrapment method
is confirmed by the limited inactivation of the entrapped enzyme
when the temperature raises over the optimal point. By contrast,

Surface area, pore volume and average pore radius of samples of zirconia (with and without lipase) dried at 50°C.

Sample BET surface area (m? g ') Pore volume (cm?g1) Micropore volume (cm? g-!) Average pore radius r (nm)
ZrO, 316 0.147 0.081 0.93
ZrO,-lipase 219 0.113 0.064 1.03
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Fig. 4. Effect of pH on the catalytic activity, for the lipase entrapped in zirconia and
free lipase dissolved in aqueous solution. The activity of the immobilised enzyme is
reported as activity per milligram of immobilized lipase/zirconia system, while that
of the free enzyme as activity per milligram of enzyme.

the free enzyme undergoes a significant drop when temperatures
higher than 35 °C are adopted.

The activation energy of both the free and the immobilised
enzyme have been evaluated by nonlinear regression taking into
account only the linear parts of the Arrhenius profiles (dashed lines
in Fig. 5a and b). The activation energy of the entrapped lipase
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Fig. 5. Effect of temperature on the catalytic activity, for: (a) lipase entrapped in
zirconia; (b) free lipase dissolved in aqueous solution. The activity of the immobilised
enzyme is reported as activity per milligram of immobilized lipase/zirconia system,
while that of the free enzyme as activity per milligram of enzyme.

entrapped lipase: ®m 30°C, ® 40°C, 4 50°C
free lipase: O 30°C, © 40°C, A 50°C

=
| =
i<
k] ]‘5\\
o
>
2 0rdd S S S -
© \_D_‘
5 N —
w
@ \__A\—o\“&*u————__;]
“-—A_\_\_\B_\
gt
0,01 - , . . . . .
0 5 10 15 20 25 30 35
time, days

Fig. 6. Thermal inactivation of zirconia-entrapped and free lipases.

(3610 calmol~1) is not significantly different from that pertaining
to the free enzyme (4047 cal mol—1). These results suggest that the
overall reaction kinetics is not limited by the internal resistances to
the mass transfer.

3.3. Thermal stability and reusability of the zirconia-entrapped
lipase

In order to analyse the stabilizing effect of the immobilisation
procedure, the activity-time profiles of both the zirconia-entrapped
lipase and the free lipase have been measured at different temper-
atures (Fig. 6). The experimental data demonstrate the stabilising
effect produced by the enzyme entrapment.

The free lipase activity is strongly affected by the temperature.
In fact, in 5 days at 30 °C the residual activity fraction is about 0.5,
while this decays to 0.1 at 50°C. Upon increasing the time, essen-
tially complete deactivation occurs at each temperature.

By contrast, the activity of entrapped lipase is reduced only
30-40% after 5 days at 30-50°C and keeps the residual activity
constant for many days whatever the temperature adopted.

Reusability tests were also carried out, to test the stability of
entrapped lipases under the storage conditions. After 10 repeated
batch tests, the activity of the entrapped lipase was nearly 15% lower
than its initial value (data not shown).

3.4. Modelling of the inactivation mechanism

The simplest possible model to describe the enzyme inactivation
mechanism is based on the irreversible transition from the native
form of the lipase (N) to a completely inactivated form (D), with
first order kinetics:

N-%D (1)

In this case, the activity-time profiles are described by a simple
exponential expression (see Appendix A):

a(t) = aNe*’“ (1)

where ay is the catalytic activity of the native enzyme, and k is the
first order kinetic constant. However, as shown in the Fig. 6, the
stability tests carried out with free lipase yield convex In(activity)
vs. time curves, according to a double-exponential curve:

a(t) = Ae ¥t + Be~kat (2"
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suggesting a departure of the enzyme inactivation kinetics from
first order. A mechanistic approach that attaches a physical mean-
ing to the mathematical model (2’) is based on two sequential first
order transitions from the native form of lipase (N) to a partially
inactivated form (X), and subsequently to a completely inactivated
form (D), as shown in the Appendix A:

NS, x X2 p 2)

The experimental data in Fig. 6 have been successfully interpo-
lated using Eq. (2’), and the interpolation curves are reported in the
same figure.

As regards the lipase immobilised in zirconia, the inactivation
profiles (Fig. 6) reach a horizontal asymptote, corresponding to
about 60% of the initial value. In this case, the hypothesis can be
made that the partially inactivated form of the enzyme (X) does
not undergo further modifications. In other words, a simpler form
of the mechanism (2) may be considered, assuming k; =0:

N 3)

corresponding to the following mathematical expression of the
inactivation profile:

a(t) =Ae kit + B (3"

In synthesis, the stabilising effect of the immobilisation method
carried out can be explained assuming that the partially inactivated
form of the enzyme, named X in models (2) and (3), is highly stable
when lipases are immobilised in zirconia sol-gel, whereas it under-
goes further inactivation when the enzyme is not immobilised.

4. Conclusions

This study showed that the lipase entrapment in a zirconia-
based sol-gel material can be carried out, to obtain an active catalyst
with highly improved stability. Thanks to the higher hydrolysis and
polycondensation rates offered by zirconia precursors, the enzyme
incapsulation was carried out in the absence of acid or basic cat-
alysts, to reduce the enzyme inactivation. The structural analysis
showed that the zirconia matrix was substantially unaffected by
the presence of the lipase.

The relative abundance of mesopores reduced the effect of inter-
nal diffusional resistances on the catalytic activity of lipases. As a
matter of fact, the activation energy of immobilised lipases was not
significantly different from that pertaining to the free enzyme. The
entrapment increased the thermal stability and the reusability of
the lipase, leading to a stable, though partially inactivated, form of
the enzyme.

These data support further developments of this methodology,
for the immobilisation of lipases or other enzymes of practical inter-
est.

Appendix A

A.1. Model 1: Direct transition from the native form N to a fully
inactivated form D
ND
if the inactivation kinetics is I order respect to native enzyme con-
centration:
d[N]
—— = —Kk[N

T [N]
Upon integration, assuming as initial condition [N]=[N]0:

[N] = [N]oe ™
As a consequence, the specific activity of the enzyme will be:

_ an([N] _
[N]o

—kt

ane

A.2. Model 2: Two sequential transitions, considering a partially
inactivated form of the enzyme X

k k
N—LX 2D

if both transitions are I order kinetics:
d[N]

dr = —k1[N]
X _ i IN) - kot

Upon integration, assuming as initial conditions [N]=[N]0 and
[X]0=0:

[N] = [N]pe k¢

[NloK1  _kye — —kye
X]= 100 2t _ 1
(X] P kz(e e 1)
As a consequence, the specific activity of the enzyme will be:
_ onIN] +ax[X] _ ( _axky ) ke, OxK1 gy
B [N]O -\ kl - k2 ¢ + kl — kze

:Ae—k1t+Be—l<2t
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