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Abstract

Pseudomonas Cepacia lipases were encapsulated in hybrid silica-polyvinyl alcohol gels, which were dried either
supercritically in order to form aerogels or by evaporation so as to obtain xerogels. In each case, the catalytic activity of the
encapsulated enzymes was studied and compared to free enzyme biocatalysis. This study demonstrates that the activity of the
enzyme is increased when the procedure used allows it to resist capillary stresses occurring during the drying of the gel. That
is, esterification rates are higher when the gels are synthesized with a base catalyst, such as NaF, in the presence of
polyvinyl acohol and then dried supercritically. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent developments in biocatalysis have in-
creased the activity of enzymes by encapsulating
them inside sol—gel materials. Reetz et al. [1] have,
for instance, increased the activity of certain lipases
by immobilizing them inside hybrid silica-organic
gels. The increase was even more important when a
hydrophobic group, such as methyl or propyl, is used
in the gel precursor, and when an organic compo-
nent, such as polyvinyl alcohol, is added to the
structure.

In this work, we analyze the effect that the pore
texture of the gel has, on the activity of a specific
lipase; Pseudomonas Cepacia, by modifying the
technique used to dry the gels synthesized by various
hydrolysis and condensation procedures. Two tech-
nigques were studied: drying by evaporation which
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leads to the formation of xerogels, and supercritical
drying in CO, which produces aerogels.

2. Experimental procedure

The reactants used in this study are polyvinyl
acohol (PVA) with an average molar mass of M =
15,000 (termed PVA in this paper), methanol (R.P.
Normapur-Prolabo), ammonia (minimum 28% Pro-
labo), hydrochloric acid (minimum 36% Prolabo),
sodium fluoride technical grade (Prolabo), meth-
yltrimethoxysilane (MTMS, 98% — Aldrich) and
tetramethoxysilane (TMOS, 98% — Aldrich). The
enzyme studied is P. Cepacia (P.C.) and comes from
Fluka.

This is a carboxyesterase which belongs to the
class of hydrolases and the subclass of lipases; it
contains divalent metal cations (Mg?* or Ca&?") in
its active center. A 0.01 M phosphate buffer solution
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of pH 6.18 used to suspend the enzyme was aso
made by mixing agueous solutions of sodium dihy-
drogen phosphate dihydrate and disodium hydrogen
phosphate dodecahydrate. Both sodium phosphates
used were of microselect grade and came from Fluka.

Fresh enzyme suspensions were prepared by dis-
persing 3 mg,/ml of P.C. either in the buffer solution
discussed above or in deionized water. Suspensions
were used instead of solutions because solubilization
experiments in excess water followed by the elimina
tion of the unsolubilized part by centrifugation
showed that only a small fraction of enzyme (= 10%
by mass) can be solubilized. The remaining = 90%
could not be solubilized even by further dilution. Use
of suspensions with higher contents of enzyme could
therefore be better compared to free enzyme cataly-
sis. It also permitted to see by Si NMR possible
interactions between the silica gel network and the
enzyme. It is important to note that for a given fresh
lot of enzyme used in a relatively short span of time
(a few days), the catalysis data are quite repro-
ducible. The samples in which the enzymes were
found to have the highest catalytic activity were
reproduced using solutions instead of suspensions. In
these cases, the concentrations of the enzymes were
determined by measuring the protein concentration
using the commercia test “BCA-200 Protein Assay
Kit®” from Pierce. Solutions of about = 0.9
mg,/cm?® were made by centrifuging a given suspen-
sion.

In the first set of samples, hydrophobic silica
aerogels were prepared according to Schwertfeger et
al. [2], in a procedure that consisted in dissolving
MTMS and TMOS in methanol, in quantity such that
the molar ratio of Si provided by MTMS, to the total
Si provided by MTMS + TMOS, was r,, = 0.2. The
molar ratio of methanol to total Si was I, = 2.
Samples AMV and XMV, both containing PVA and
P.C., were obtained by hydrolysis of the previous
silica solution with a 4% (by mass) PVA agueous
solution and with a buffered enzyme suspension. The
enzymatic solution provided = 56% by mass of the
total water used in hydrolysis. Samples containing
enzymes but not PVA, termed AM and XM, were
aso made by replacing the PVA solution used in
hydrolysis by an equivalent volume of buffer solu-
tion without enzyme. In all cases, the total molar
hydrolysis ratio of water to Si was r, = 6.8. The
enzyme suspension was aways added to the silica
solution just prior to gelation. Pure silica samples
similar to the ones mentioned above but without
enzymes and respectively termed as AsM, XsMV,
AsM and XsM were also prepared. In these samples,
the enzyme suspension was replaced by an equiva
lent volume of buffer.

The aim of this study is to assess the effect that
PVA and the enzymes have on the porous structure
and texture of the gels, and also, to primarily study
the effect that different drying procedures have on
the catalytic activity of P.C. The xerogels termed

Table 1

Specific surface area, Ag,, and specific pore volume, V,, of samples as derived from their adsorption isotherms

Samples Ay % contribution of Vo % contribution of
(m?/g) mesoporesto A, (cm®/9g) Mesopores to Vg,

with enzymes

AMV 712 69 15 90

XMV 543 3.7 0.32 9.5

AM 788 69 16 87

XM 491 2.9 0.28 9.5

ARV? 108 0 0.06 0

XRV?2 1 0 0 0

without enzymes

AsMV 877 62 17 86

XsMV 495 0.6 0.28 8.8

AsM 932 73 134 85

XsM 488 12 0.26 3.6

#Data given for indication.
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XMV and XM when they contain enzymes, or XsMV
and XsM when they do not, were dried by evapora-
tion at room temperature. The aerogels AMV and
AM with enzyme, and AsMV and AsM without,
were dried supercriticaly in CO, in the following
manner. First, water is replaced by acetone through
dialysis, then, the acetone is exchanged for liquid
CO, according to a diffusion process taking place in
an autoclave.

A sample similar to the aerogel AMV, which, as
explained further, gives one of the highest reaction
rate, was made using an enzyme solution instead of
the suspension. This sample is called ZAMV. The
equipment used for this supercritical drying tech-
nique was a “Supercritical Point Drier” of Polaron®,
an autoclave able to stand pressures and tempera
tures above the critical point CO,.

In order to compare the results of this study with
other published ones, another set of gels was pre-
pared from only MTMS by a technique described by
Reetz et a. [1]. This set comprised aerogels ARV
and AsRV, respectively, with and without P.C. and
the corresponding xerogels XRV and XsRV. In sam-
ples ARV and XRV, the total molar ratio of hydroly-
Sis water to Si was r,, = 7.4. 12.5% by mass of this
water came from a 1 M NaF solution, 25% from a
4% by mass PVA solution, and 50% from the en-
zyme suspension. The remaining was deionized wa-
ter. In the corresponding samples AsRV and XsRV,
which do not contain any enzyme, the enzyme sus-
pension was replaced by deionized water. The sodium
fluoride used was of technical grade from Prolabo.
To avoid any spontaneous heating, which could be
harmful to the enzymes, these samples were kept in

% Octyl laurate formed

with PVA  without PVA with PVA
AMV AM XMV
° o ]
Aerogels

100 150 200

Time (hours)

without PVA  Reetz type

XM XRV F
o % —
Xerogels Free enzyme

Fig. 1. Esterification kinetics for the transformation of 1-octanol to octyl laurate of the AMV and AM aerogels and XMV and XM xerogels
prepared in this study. The kinetics of a xerogel sample prepared according to Reetz (XRV) as well as the initial rate for 0.7-mg free
enzyme catalysis (F) are also indicated. The AM, AMV and XMV samples contained = 0.6 mg, while the XM and XRV samples contained

=~ 0.7 mg.
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Table 2
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Reaction rates of encapsulated enzyme and reaction rates relative to free enzyme catalysis

Material Esterification rate v Relative esterification ratev/ v (free enzymes)

(wmol h™t mg™1) Total en ;
Zymes Enzymes' soluble part

Tota enzymes

Free enzyme 13 1

Aerogels

Enzyme suspension

AMV 15.2 11.7 1172

AM 8 6.2 622

ARV 16.1 124 1242

Enzyme solution

ZAMV 350 269 269

ZARV 240 185 185

Xerogels

XMV 24 19 198

XM 0.09 0.07 0.72

XRV 4.7 36 362

@Estimated if 10% of the enzymes of the suspension are actually solubilized.

an ice bath during gelation. Here again, a sample
similar to aerogel ARV, which as shown later, has
one of the highest catalytic activity, was made using
an enzyme solution instead of the suspension.

The pore texture of each sample was character-
ized by the Brunauer Emmett and Teller (BET)
method after desorption at 150°C. The network struc-
tures were analyzed by *Si solid-state NMR spec-
troscopy on a Bruker DSX-400 spectrometer at 400
MHz. The samples were spun in the magic angle at
ca. 10 kHz using a pulse technique with a pulse
interval time of 5 s. A free induction decay of 4096
was taken for Si. The catalytic activity of the P.C.
enzyme was tested on the esterification of 1-octanol
with Lauric acid which produces octyl laurate ac-
cording to the following reaction also used by Reetz
et a. [1]:

CH, (CH,), OH

1-octanol

CH, (CH,) COOH

Lauric acid

—>

M+ ANNSNy

o

/\/\/\/\/\)k

octyl laurate

CH; (CH, ) (COOCgH, 7

ogH,, *™°

D

For this purpose, a gel sample of about 300 mg
was grounded to powder and added to 9.84 ml of a
water saturated isooctane in a 25-ml flask containing
0.5 mmol of lauric acid and 1.0 mmol of 1-octanol.
In all samples, grinding produced powder with the
same average size, that is to say =15 pm. The
enzyme content of the gel sample was estimated
from the enzyme suspension volume proportion used
for the hydrolysis of silica. The catalytic reaction
was carried out at 30°C with magnetic stirring at 180
rpm. At determined times, 0.15-ml aliquots were
taken from the reaction mixture and analyzed by gas
chromatography. The sample that produced the high-
est catalytic activities were remade to test the synthe-
sis reproducibility; the effect of their repeated used
was also studied.

3. Resaults

During gelation, the XM xerogels remained trans-
parent while the XR xerogels and AR aerogels be-
came white. The AM aerogels dried supercritically
with CO, became partly transparent. These visual
characteristics were the first indication that these
samples had very different porous textures. Another
one was the shrinkage occurring during drying. XM
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xerogels shrunk a lot during drying while AM aero-
gels amost did not change in volume. There was
also practically no shrinkage in the white XR xero-
gels and AR aerogels made according to Reetz.

More detailed data on the texture of the samples
after catalysis, derived from nitrogen adsorption
isotherms, are gathered in Table 1. The specific
surface area A, and specific volume V, were higher
in the aerogels than in the xerogels synthesized by
the same procedure (e.g. AM aerogel vs. XM xero-
gel). There is no consistent effect of PVA nor of the
enzymes on V,,, that it be of xerogels or of aerogels.
However, a systematic decrease of the order of 100
m?/g in Ay, due to the presence of enzymes,
occurs in AM and AMV aerogels when compared
respectively to AsM and AsMV samples.

Regarding the pore size distribution, AMV aero-
gels had a type IV nitrogen adsorption isotherm in

the BDDT classification, which corresponds to a
mesoporous structure with a mean radius of 8 nm.
This pore size distribution is not significantly af-
fected by PVA nor by the enzyme. Moreover, it
practically does not change even after subsequent
catalysis experiments and washing and drying the
aerogels by evaporation. The nitrogen adsorption
isotherms of XMV xerogels were of type | in the
BDDT classification, which is due to a mgjor contri-
bution of micropores[3]. The pore size was therefore
very different in XMV xerogels and AMV aerogels.
The ARV aerogels had a specific surface area deter-
mined by the Horvath and Kawazoe method [4],
Ay = 100 m? /g due to pores that are very difficult
to access such as hollow spheres with a narrow
opening. The XR xerogels were virtually unporous.
The kinetics of the esterification reaction (1) are
reported in Fig. 1 for M-type gels made with compa-

% Octyl laurate formed

| |

AMV ARV

with PVA  Reetz type
[ ] X
Aerogels

100 150 i 200
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XRV
Reetz type F
X —
Xerogels Free enzyme

Fig. 2. Esterification kinetics for the transformation of 1-octanol to octyl laurate of samples made according to Reetz and dried to a xerogel
(XRV) or to an aerogel (ARV). Both samples contained = 0.7 mg of enzymes. The average initial rate for a 0.7 mg free enzyme catalysis
(P), as well as the kinetics for an AMV aerogel containing 0.6 mg of enzymes, are also indicated.
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rable enzyme contents of = 0.6—0.7 mg. The abso-
lute activities were determined from the initial slopes
and the relative activities were derived by dividing
the absolute activities by the absolute activity of free
enzymes at the same concentration. The correspond-
ing results are reported in Table 2. These data were
found to be reproducible in the case of encapsulated
enzyme, while they were much more scattered for
free enzyme catalysis. The data obtained shows that,
for the same wet chemical procedure and enzyme
content, if evaporating the gel to a xerogel has a
negligible effect on the enzyme activity, drying it
supercritically to form an aerogel can multiply the
reaction rate by a factor of up to 12. This same trend
is observed for Reetz-type xerogels XRV and aero-
gels ARV asitisillustrated in Table 2 and Fig. 2. It
is always the aerogel that gives better kinetics. The
positive effect of PVA first reported by Reetz et al.
[1] is also confirmed in this study. This positive
effect is, however, similar in xerogels and aerogels.
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The effects of supercritical drying and PVA on the
catalytic activity of the enzyme are apparently addi-
tive.

In the comparison of the R-type and M-type gels,
the Reetz-type XRV xerogels with PVA performed
similarly to the AM aerogels without PVA, while the
XMV xerogels with PVA behaved similarly to free
enzymes. The XM xerogels (that is, without PVA)
were the only samples which performed much less
efficiently than free enzymes.

In Table 2, the esterification rates of aerogels
made with enzyme suspensions are also compared to
those made with solutions. Reaction rates per mil-
ligram of enzymes show that samples obtained from
the enzyme solutions were more active than when
they were made from enzyme suspensions. But if
one considers that in the suspension, there are about
10% of the enzymes that are solubilized and that the
reactivity of non-solubilized enzymes are negligible
in front of solubilized ones, the data obtained are

@<
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b. Aerogels with PVA

Fig. 3. Si NMR spectra of M-type aerogels with and without enzymes: (a) without PVA: (b) with PVA.
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Fig. 4. S NMR spectra of R-type gels with and without enzymes: (a) xerogels; (b) aerogels.

consistent. The catalytic activity of AMV aerogels
decreased by a factor of two when it was used for
the second time. This seems to indicate that part of
the most dispersed enzymes (the enzymes that were
not well-encapsulated) was washed away when the
sample was washed. This loss of activity was not so
important when the sample was washed and used for
a third time. Still, this must certainly be improved
for industrial applications.

The®Si NMR spectra of AM aerogels and R-type
gels are respectively reported in Figs. 3 and 4. The
XM xerogels spectra are similar to those of AM
aerogels showed in Fig. 3a and they show a system-
atic increase of the Q* Si sites, as compared to the
Q3 ones, when the enzymes are present in the gels.
This finding is true whether PVA was used or not,
and it therefore suggests that the lipase and silica gel
network interacts with each other. However, the
NMR spectra of AMV aerogels were not modified
by the presence of lipase. As for the R-type samples
(Fig. 4), the NMR spectra did not show Q* and Q*
sites, but only T2 and T2 ones. Here again, some

interaction between the enzyme and the silica net-
work was observed, as the presence of enzymes
somewhat decreased the relative magnitude of the T2
sites by comparison with the T2 ones.

4. Discussion

This study first confirmed important results al-
ready described by Reetz et a. [1]. The first one is
that the presence of hydrophobic groups in a gel is
important to enhance the catalytic activity of lipase
in esterification reactions. However, this does not
require special hydrophobic interactions between the
enzyme and the gel network, as the simple presence
of hydrophobic sites on the gel is sufficient to expel
water from its network. The esterification equilib-
rium (1) is therefore displaced towards an acceler-
ated formation of ester. This study demonstrated that
using 20% of MTMS as silica precursor is sufficient
to provide a good encapsulating silica gel. This is
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consistent with the data from Schwertfeger et al. [2],
which showed that such a proportion of MTMS
makes the silica gels fully hydrophaobic.

Another result that was confirmed is that an or-
ganic additive, such as PVA, enhances the activity of
enzymes encapsulated in silica gels. The last one is
that there is no direct relationship between the en-
zyme activity and the gel’s pore texture, as character-
ized by either its specific surface area Ag, or its
specific pore volume V. The XRV xerogels, for
instance, were not porous but very active, while the
XMV xerogels, were very porous and inactive.

The most important result demonstrated by this
study is that the procedure used to dry the gel has an
effect as important as using PVA on the catalytic
activity of P.C. The effects of these two factors (use
of PVA and supercritical drying) were actually cu-
mulative. They can possibly be interpreted by the
intricate structure and microporous texture of the
enzymes. An enzyme can have a much higher cat-
alytic activity when it has a specific conformation. It
can therefore be interpreted that supercritical drying
systematically enhances the catalytic activity, be-
cause such a drying submits both the gel and the
enzyme to much lower drying stresses than does
drying by evaporation. This result is true for both the
AMV and ARV aerogels, respectively, compared to
the XMV and XRV xerogels. Lower drying stresses
also considerably attenuates the shrinkage of the
sample during drying. Hence, the lower stresses of
the supercritical drying allows, for a given chemical
procedure, the pore’s volume and enzymes confor-
mation to be modified in the same manner.

This same interpretation explains the difference
between gels made by different protocols but dried
by the same procedure, such as the XMV and XRV
xerogels. While the XMV xerogels considerably
shrunk during evaporation, the white XRV ones
almost did not shrink. This difference is explained by
the use of NaF as a Lewis basic catalyst for silica
precursor condensation in the XRV samples. Such a
gelation catalyst is known to produce a silica mate-
rial with a coarse colloidal texture [5], which is well
illustrated by the white color of these samples; in
comparison, the XMV xerogels were fully transpar-
ent. The coarser XRV gels had stronger solid
branches, which were able to withstand without
shrinking the capillary drying stresses. These capil-

lary stresses were themselves smaller than those in
the XMV gels because the residual pores were
coarser. The enzymes could therefore place them-
selves in a configuration where they could resist
these capillary stresses, thereby preventing any dete-
rioration of their conformation.

This study has also demonstrated through *Si
NMR and specific surface area data the presence of
interactions between the enzymes and the silica net-
work. It appears difficult to understand the mecha
nism of this interaction and how it affects the en-
zymes activity. But these data are consistent with
each other, as a more condensed silica network with
a higher Q* peak intensity is expected to result in a
lower specific surface area. A weak nucleophilic—
electrophilic linkage between the enzyme proteins
and some sites of the silica network is often consid-
ered to explain these interactions. It could also be
these interactions which help the enzymes resist
capillary drying stresses in a different manner de-
pending on the gel type.

5. Conclusions

P. Cepacia lipases encapsulated in hybrid silica-
PVA aerogels show a higher catalytic activity than
when they are encapsulated in xerogels. This in-
crease is apparently not due to a particular pore
texture as obtained from a given procedure of gel
synthesis, but results from a reduction in the capil-
lary stresses during drying. Furthermore, according
to ®Si NMR and specific surface area data, the
enzymes not only interact with the silica network,
but this interaction depends on the procedure used to
synthesize the gels.
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