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Abstract

This paper presents an experimental comparison of the kinetics of esterification catalyzed with the lip8sektmideria cepacigeither
free, or encapsulated in a silica aerogel dried by the supercriticain@thod. The operational characteristics, in terms of pre-equilibration
at given water thermodynamic activify,, mass of enzyme in the gel, size of aerogel particles, are presented. The kinetic model known as
Bi—Bi Ping Pong with inhibition by both substrates has been found to fit relatively well with the experimental results, except when both
substrate concentrations were high with the encapsulated enzyme. All kinetics constants were found to be increased by aerogel encapsulation
In particularVmax was increased by a factor of the order of 10 per mg of enzyme.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (isooctane) with the same lipase as previously and in only
one type of aerogel made from 20% of a silicon precursor

The sol-gel encapsulation of enzymes is a field at the carrying a hydrophobic group (methyltrimethosysilane). The

crossing of materials sciences and biotechnology, which re- precise aim was first to study in details the influence of the

ceives a significant attention in both fie[ds-4]. On the other catalytic test experimental conditions on the activity, in par-

hand, regarding catalysis by lipases at large, the kinetics of re-ticular the water thermodynamic actividy,, the aerogel par-

actions have been extensively reported in the literature, andticle size, the mass of enzyme in the gel, the temperature,

a large variety of possible kinetics mechanisms have beenand recycling. Secondly, a comparison of the kinetic mod-

gathered in a book by Sedél]. els for the free and for the encapsulated enzyme had to be
In the present paper, the aim is to grasp some insight onmade, because this can also bring some information on how

how encapsulation in an aerogel modifies the kinetics mech-the aerogel may influence the enzyme activity.

anism. In a recent previous publicatif#] we reported on

the compared kinetic mechanisms of free and aerogel encap-

sulated lipase fronBurkholderia cepaciain a transesterifi-

cation reaction. The latter paper was also largely focussed2- Experimental part

on comparing aerogels made with a different proportion of

hydrophobic groups, and catalysis in mixtures of hydrophilic 2-1. Materials and methods

and hydrophobic solvents. The present paper is addressing

a simple esterification reaction, in a hydrophobic solvent  The lipase fromB. cepacia(previously known aseu-
domonas cepacjawas kindly provided by Amano as a

lyophilized powder (lipase PS 40 U/mg noted BCL). This
* Corresponding author. Tel.: +33 4 72 44 53 38; fax: +33 478 228 16. lipase was either tested as such to determine the catalytic ac-
E-mail addressapierre@catalyse.cnrs.fr (A.C. Pierre). tivity of the so-called free enzyme, or previously purified and
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used in aqueous solution, as described further on, to deter- The concentration in proteins of agueous solutions was
mine its activity after encapsulation in a silica aerogel. determined according to a protocol described in the com-
The chemical reactants used for the sol-gel synthesis,mercial test “BCA-200 Protein Assay Kit” froffiPierce, by
in this study, were polyvinyl alcohol, termed PVA (aver- UV-visible spectrophotometry. Typically the protein concen-
age molar mass 15000 g/mol from Fluka); methanol (R.P. trations werex20 mg/ml after centrifugatiorny3.9 mg/ml af-
Normapur-Prolabo), acetone (Riedel deéda99.8%), and  ter precipitation redissolution before dialysis and <1 mg/ml
the silicon precursors methyltrimethoxysilane (MTMS, 98%, after dialysis. It must also be mentioned that for a given
Aldrich), and tetramethoxysilane (TMOS, 98%, Fluka). commercial enzyme batch, a large scatter in the final pro-
Other reactants comprise the metallic salts gMSOy, tein concentration (from=0.3 to 1 mg/ml) was obtained af-
LiBr, MgCl,-6H,0O, SrCb-6H,0, KNO3 (Fluka, >99%) ter purification. To understand these variations, two purified
and (NH;)>SOy (Fluka, 99.8%) to study the effect of wa- enzyme solutions were analyzed by electrophoresis on poly-
ter activity, in particular ammonium sulfate, ultra pure acrylamide gels, according to the technique of Laenfibd],
water prepared by an ELGA PURELAB UHQ water withaMiniPIl equipmentfrom Biorad. In both solutions, the
purification system, hydrochloric acid (Prolabo, 37%), polyacrylamide gels showed ablotdue to proteinswithamass
tris(hydroxymethyl)aminomethane (Fluka, 99.8%) noted of 33kDa, corresponding to the lipaseBfcepaciaOn the
Tris and technical grade acetone (Prolabo). other hand in one solution, another unidentified protein of
The compounds used to test the catalytic activity of mass 27 kDa also showed, and was associated with a higher
the enzyme were isooctane (Fluka, 99.5%) as the solvent,protein concentration as experimentally determined.
lauric acid (200.32 g/mmol, Aldrich, 99.5%) and 1-octanol
(130.23 g/mol, Fluka, 98%) as the substrates. 2.3. Enzyme encapsulation in silica aerogels

2.2. Enzyme purification process The aerogels studied were made from a solution of MTMS
and TMOS in methanol, such that the molar ratio of Si

For aerogel encapsulation, the commercial enzyme pow-coming from TMOS to total Si wassyt=0.8. The pres-
der was first dispersed in water and centrifuged to eliminate ence of MTMS introduces hydrophobic functionalities in the
the insoluble part, as described by Reetz efAl. Then the gel, which are important to achieve a good lipase activity,
protein was precipitated from the soluble part, recovered andas shown by Reetf7,14]. The aqueous enzyme solution
further dispersed in water and finally dialized against pure (pH7.5 Tris—HCI solution dialyzed against HPLC grade wa-
water, according to a technique adapted from works by Pen-ter) was introduced before silica gelation, as previously de-
creac’h et al[8—11]and Secundo et d112]. scribed. Typically, the two silicon precursors (82MTMS

In details, typically 1.2g of lyophilized enzyme from and 328u.l of TMOS) were dissolved in methanol and added
Amano was dispersed in 20ml of a 0.1 M Tris—HCI buffer toamixture of 192.l of aqueous enzyme solution in 1p0of
solution at pH 7.5. After stirring for about 20 min, the sus- a PVA solution (PVA concentration: 4%, w/w). Stirring was
pension was centrifuged at 2700 rpm for 10 min to elimi- maintained during=2 h, until a clear homogeneous solution
nate the insoluble part, which represented about 90% of thewas achieved. Gelation generally occurredihh after ag-
initial weight of commercial powder. The supernatant solu- itation was stopped. Reetz also showed that the addition of
tion was isolated and the proteins were precipitated from this PVA improves the catalytic activity of encapsulated lipases
solution by adding=6 g of ammonium sulfate (NH4$Oy, [7,14], and leads to stiffer gels, which shrink less during dry-
(~35% of a saturated solutiof}2]. The latter mixture was  ing. The total molar ratio of water used for hydrolysis of the
stirred for 3h at 4C, then centrifuged at 3700rpm dur- Si precursors, per Si atom, wag ~6.8.
ing 30 min to isolate the proteins, which were then recov-  In the present study, the gels were dried by the, GO
ered, dissolved in 10 ml of Tris—HCI buffer, and dialyzed percritical method. This technique was used for the first time
48h at #C against HPLC grade water. The dialysis mem- by Kistler[15]. For this purpose, a wet gel must be heated in
branes were in cellulose ester of the type float-A-Ifzeom an autoclave to a temperature above the critical temperature
Biovalley and had a MWCO of 10 kDa. This made it possi- T and a pressure above the critical pres$yef the liquid
ble to eliminate all the proteins with a mass significantly inside the gel's pores. When a gel contains fragile bioma-
smaller than that of the full enzyme molecules, as well as terials, which do not withstand heat, such as enzymes, it is
electrolytes such as salts. Dialysis was performed in 1.8 therefore necessary to use a liquid with a lysuch as CQ
water, at~4°C and the dialysis water was changed every (T.=31°C, P;=7.37 MPa). Silica gels dried by this tech-
5h. According to the concentration in proteins determined nique usually have a high specific surface area (e.g. 809 m
by using the method of PierBethe purification yield was  or higher) and mainly a very high pore volume (up to 98%
found to be slightly less than 1% (by mass), which is lower porosity)[16,17] They contain a high proportion of meso-
than that achieved by Pencreac’h et[8}11], and slightly pores (pore size between 2 and 50 nm) and are termed aero-
lower than that achieved by Secundo et[&R]. In some gels. A major problem with the C{supercritical drying is
cases, more concentrated purified enzyme solutions werethat liquid CQ is generally poorly miscible with the liquid
needed. inside the wet gel pores. Hence it is necessary to proceed to
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an intermediate exchange with a liquid miscible with both case of the recycling study of an aerogel, the water thermo-
the fluid in the wet gel (mostly methanol and water), and dynamic activitya, was not optimum, but the solvent used
liquid CO,. In the present study, acetone was used. The ex-was water saturated isooctane as done by Reetz[&éB84l.
change was done by simply dipping the wet gels in acetone In all investigations, except when one parameter was
for 20 h. Next, the gels were placed in a “Supercritical Point changed and mentioned, the reaction was carried out with
Drier” autoclave of the society PolarBnand liquid CQ was mole numbers of lauric acidy, =0.5 mmol, and 1-octanol
introduced to progressively replace the acetone inside thengc,t=1mmol, in a solvent volume (isooctane) = 10 ml, placed
wet gel pores. For this purpose, the gels were left for 30 min in a 30 ml flask. The catalyst was either added as free enzyme
in liquid CO,, new CQ was then injected and the mixture (powder), or as 200 mg aerogel encapsulated enzyme. A dif-
COy/acetone flushed out of the autoclave, an operation which fusion limitation study described further on, was carried out
was repeated three times to fully exchange acetone for liquidin order to select the size of the gel particles to avoid limi-
COy inside the gels. Next, the temperature and pressure weregtation by diffusion of the substrates and product. As a result
raised to 35C and 8.5 MPa, respectively, hence beyond the of the latter study, most catalytic tests were performed with
critical point values of C@and, maintained in these condi- aerogels pieces ¢4 mm.

tions for 45 min. Finally, the supercritical G@vas evacuated The reaction temperature was maintained at@0n a

as a gas by slowly releasing the pressure, e.g. from 8.5 toshaking water bath agitated at 180 rpm after checking that
~6.5 MPa in~30 min, so as to maintain the temperature at a no mass transfer limitation external to a gel occurred at this
constant value of35°C, higher than the critical pointtem-  agitation speed. This method of mixing was also chosen in
perature of C@. The latter procedure is necessary to avoid order to avoid mechanical grinding of the gel, which occurred
cutting the liquid-gas coexistence line of g®y adiabatic with magnetic stirring.

cooling. Below~6.5 MPa, the C@evacuation can be accel- The esterification was followed by gas chromatography
erated without any danger for the aerogel. The dried aerogelsand quantitative determination of the initial reaction rate
obtained were stored &t=4°C before being used. was made by comparing the chromatograph signals intensity

Typically, the mass of a dry aerogel sample w&)0 mg of the substrates and product with those of reference com-
and contained from 0.05 to 0.1 mg added purified enzyme. It pounds, according to the method known as internal—external
was not easy to determine the exact amount of enzyme in a(standard added just prior to injection). For this purpose,|50
dry aerogel, by direct analysis of this aerogel. However de- aliquots were taken from the reaction medium at regular inter-
termination of the amount of protein lost during the various vals of time. Known concentrations of reference compounds
stages of the encapsulation process was attempted, by meawere then added in the aliquots diluted by addition of £00
suring the concentration of proteins in the various fluids in isooctane. The reference compounds were methylphenylac-
contact with the gel, by means of the Pierce method. Actually, etate and capric acid (Fluka, 99%), which give GC signals
no free enzyme was found in the acetone, after the intermedi-respectively close to those of 1-octanol and lauric acid or
ate liquid exchange, before placing the gel in the autoclave. octyl laurate. In the present paper, the focus was on the initial
On the other hand, analysis of the acetone extracted from theesterification rate, determined during the first 100 min of the
autoclave by C@ exchange, showed that about 20% of the reaction, where the linearity of ester formation as a function
protein initially introduced in the gel was evacuated with the of time was checked. Actually, the conversion curves of the
CO; and therefore lost from the gel's network. reactants were found to be linear upa#@0% conversion.

Because of variations in the activity and concentration of All tests were done in duplicate or triplicate. The enzymatic
different enzyme solutions, all aerogels used to study a givenactivity was measured as the initial formation rate of the ester
catalysis characteristic in this paper, forinstance to determineoctyl laurate in U, withl U = 1umol of octyl laurate formed
the kinetic mechanism, were made from the same purified in 1 h. Often, this activity was expressed per mg of enzyme.

enzyme solution. In the case of aerogel encapsulation, this amount was cal-
culated from the volume and concentration of the enzyme
2.4. Catalytic activity solution introduced in the gel preparation before gelation.

As explained previouslyz20% of this enzyme was lost dur-

The catalytic test used to determine the enzymatic activity ing supercritical drying. Nevertheless, this was not taken into
was the esterification reaction of lauric acid with 1-octanol account to present the data, because this value can only be
which produces octyl laurate and water. considered as a rough estimation, and may vary from one gel

The effect of pre-equilibration of the reaction medium on to the other. For the test directly made with the commercial
free enzyme or encapsulated enzyme, was studied for arangenzyme (termed free enzyme), the data are reported per mg
of water thermodynamic activitg, achieved with water sat-  of commercial powder.
urated solutions of the following metal salts (WRISOy, The chromatograph was a Shimadzu GC-14B, equipped
LiBr, MgCl,-6H20, SrCh-6H,O and KNG. The study on with a capillary polar column from SGE (Ref: 12QC2/
the catalysis kinetic mechanism was carried out after pre- BP210.25), with the following characteristics: length 12 m,
equilibration of reaction media and catalyst at the optimum internal diameter 0.22 mm, external diameter: 0.33 mm. The
ayw, for the encapsulated lipase as well as the free one. In theheating program was as follows: hold 5min at Q0 fol-
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lowed by heating at 18C/min up to 190C, ending with Table 2

4 min hold at 190C. The carrier gas was nitrogen, the injec- Evolution of the commercial enzyme activity after long time storagedstC
tor temperature 220C, the detector temperature 2Zand .2 dessicator

the detector a flame ionisation detector (FID).

Enzyme Just received Aged enzyme Activity

A number of parameters were investigated in the present'® enzyme Uf(mg powder) _ Ul(mg powder) __loss (%)
kinetic study. These parameters are presented altogether witt? 35 1.5 (6 months) 60
the corresponding results in the next sections. In each case; 2.0 1.3 (5.5 months) 36
the aerogel samples and all catalytic tests were made at least
in duplicate. at —9°C in desiccators, in the un-purified as-received state.
The results inTable 2clearly show that an important loss of
activity occurred during such a conservation procedure.

3. Results and discussion
3.2. Blank tests
3.1. Variation in the enzymatic activity
Regarding the silica aerogels themselves, blank tests were

The effect of the purification process is well illustrated performed with samples in which the enzyme solution was
by the data gathered iflable 1 which shows the range replaced by an equivalent volume of water at same pH. These
of activities of enzyme powder lots and encapsulated en- tests showed no esterification activity at all.
zyme after each step of the purification process. Clearly,
the precipitation-dialysis technique was efficient. This ta- 3.3. Influence of pre-equilibration at a given water
ble also shows that a large variation in the catalytic activ- thermodynamic activity,a
ity was reached for different solutions prepared otherwise
by the same protocol, which was consistent with the results It is important to control the quantity of water available
obtained by electrophoresis on polyacrylamide gels. As a for the enzyme in the reaction medium. When a biocataly-
consequence, each parameter studied later on (in particulasis reaction is performed in organic solvents, many authors
the kinetic mechanism) was done with a single enzyme solu- have reported that the addition of a small quantity of water
tion. For a given solution preparation, the activity was found was necessary to insure a proper activation of the enzyme, in
to be reproducible with a precision10% after encapsula-  particular to insure some conformation flexibility to the en-
tion in similar aerogel samples prepared and tested with samezyme moleculg¢10,11,19] Itis generally admitted that a bet-
experimental protocols. ter control of the transformation kinetics can be achieved by

A possible reason for the variation of the enzymatic ac- working at a constant, optimal water thermodynamic activity
tivity could be its evolution during aging, either before en- a,. Because water is produced in an esterification reaction,
capsulation, or after. The loss of activity of purified enzyme it is more simple to pre-equilibrate all components (aerogel,
when aged in the aqueous solution where itwas purified, at +4solvent and substrates) at a given water actigify and to
and—9°C, was compared to the loss when aged after encap-only determine the initial esterification rate. Pre-equilibration
sulation inside a dry aerogel, at room temperature in closedis generally done by achieving equilibrium, by the interme-
containers. The results showed that for up to 2 months, the li- diate of the vapor phase, between these components and a
pase did not lose its activity neither before encapsulation, nor water saturated aqueous metal salt solufiN.
after encapsulation. Hence the previous scatter cannot really In the present study, the optima), was determined both
be explained by different aging times of the purified solu- for the free (commercial) enzyme powder for a given enzyme
tions before use, for instance. On the other hand, the activitylot, and for the aerogel encapsulated enzyme from another
of two commercial enzyme lots were tested, first just after enzyme lot. For this purpose, free enzyme or aerogel encap-
reception, secondly after about 6 or 5.5 months conservationsulated enzyme and, separately, the reaction medium (sol-

Table 1

Catalytic activity of lipase solutions after encapsulated in aerogels, depending on the original lot number from Amano, the solution and thun staifiea

Lot number Activity U/(mgpowder Purification stage Activity U/(mgotein) Pre-equilibration

free enzyme encapsulated enzyme

1 1.10 Centrifugation ~94 Water saturated isooctane
Precipitation/dialysis ~550-1650

2 1.90 Precipitation ~105 Water saturated isooctane
Precipitation/dialysis ~840 to~90(

3 3.50 Precipitation/dialysis ~1080 Water saturated isooctane

4 2 Precipitation/dialysis ~1050 Water saturated isooctane

~1350-2656

ay=0.81

The commercial powder activity was determined with 20 mg powder in the same conditions.
2 Depending on the solution preparation from a given lot.
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Fig. 1. Influence of the water thermodynamic actiayat which all com- Fig. 2. Adsorption of 1-octanol or lauric acid in aerogels pre-equilibrated at
ponents were pre-equilibrated, on the relative catalytic activityo max aw=0.81.

(vo,max maximum activity), for aerogel encapsulated enzyme and free en-
zyme powder. Each set of data was obtained on a single enzyme lot.
(mass~200 mg, volume~0.51 cn?) were pre-equilibrated

atay =0.81, then placed in 10 ml isooctane (10 ml) in which
vent+lauric acid + 1-octanol) were placed under controlled gjther 0.5 mmol lauric acid, or 1 mmol 1-octanol was added
atmosphere, in the presence of water saturated metal salfnd the solutions also pre-equilibratedagt=0.81. These
solutions, for at least 40h, at 20. Six differentay were  mole numbers were selected to reproduce the initial condi-
used corresponding to equilibrium with either pure water, tions prevailing in a standard catalytic test. The diffusion
or the list of saturated salts previously mentiori2d]. Be- tests were carried out in the same experimental conditions
cause two different enzyme lots were used, for the free en- 35 a standard catalytic test and the evolution of each sub-
zyme and the encapsulated one, the relative catalytic activity gtrate concentration in the isooctane was followed by GC.
vo/vo,max (Vo,max Maximum activity) are reported ifig. 1 From these data, it was possible to calculate the rate at which
The optimalay was found to be different for the free en-  each substrate adsorbed on the aerogel. The results are re-
zyme @y =0.92) and the encapsulated omg €0.81). In norted inFig. 2 First, it clearly appears that the rate of
further studies, each catalyst and reaction medium were thenadsorption of these substrates was much faster than the es-
pre-equilibrated at the corresponding optiragl except for  terification rates. Secondly, it also appears that aerogels ab-
the recycling study. It must also be noticed that the catalytic ggrped a maximum of about 25% of the initial amount of
activity did not change much faa, beyond this optimum  poth substrates, after 1 h. Adsorption of the product octyl

values, in particular for the aerogel. laurate was also studied, but the results showed that within
the precision of the gas chromatograph, this product was not
3.4. Influence of aerogel particle size adsorbed.

An important question is to know whether substrate
Three aerogel particles size, derived from similar aero- molecules can participate in an esterification reaction with
gel monoliths, were tested: (1) single un-broken cylindrical the lipase, when they are adsorbed inside a gel. Actually,
aerogel monolith (height-0.5cm, diameter:1.2cm); (2)  the data inFig. 2 shows that a significantly higher percent
similar cylindrical monolith broken to pieces with a size ofa of lauric acid was taken up by an aerogel containing the
few mm; (3) similar cylindrical monolith crushed to a powder enzyme 40% of the substrate) than by an aerogel with-
of size <200pm. The activity with these three different par-  out enzyme4:25%). Besides, when lauric acid was the only
ticles size, were respectivelyp ~ 1.37+0.01; 2.28:0.01 substrate present in the adsorption experiment with an aero-
and 2.20t 0.23 U/mgyotein Hence, no difference was ob-  gel containing some enzyme, the formation of methyl lau-
served between the powder and the monolith pieces. The acrate was clearly identified by gas chromatograph couple to
tivity was slightly lower with the monolith which indicated mass spectrum (GC-MS) and already reported in a previ-
limitation by diffusion. In all further studies, the aerogels ous study[4]. This product could indeed only result from
were then used as broken to pieces of a few mm, which wasthe esterification between lauric acid and the methanol pro-

more convenient for recycling and sample taking. duced during gel synthesis which remained adsorbed in-
side a dry aerogel as shown previously by solid state NMR
3.5. Diffusion of the substrates in the aerogels study [21]. Adsorption of alcohols, 1-octanol as well as

methanol, occurs on the gel silano-8iH functionalities.
Itis also possible to estimate the adsorption rate of the sub-Once this methanol has been consumed, methyl laurate no
strates on these aerogels. For this purpose, aerogel monolithtonger forms. This was checked after washing the aerogel in
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Fig. 3. Adsorption of lauric acid or 1-octanol in solution in isooctane, on  Fig- 4. Influence of the mass of enzyme encapsulated in an aerogel on the
recycled aerogels. total activity.

isooctane and performing a second adsorption test. In this3.8. Mass of free enzyme
second test, the final adsorption of lauric acid was drastically
lowered to~15% of initial amount of substrate introduced Catalytic tests were made with an increasing mass of free
(Fig. 3. Actually 10% “un-adsorbed substrates” would be (commercial) enzyme, from 5 to 60 mg. The results are pre-
sufficient to provide an un-limiting supply of substrates to sented inFig. 5and show a reasonable linear fit, indicating
the enzyme, which is consistent with the present adsorptionno marked limitation by diffusion due to a too high mass of
studies. enzyme. The kinetics study with free enzyme was further on
In summary, the present adsorption data completed by pre-made with 10 mg commercial powder.
vious experimental reports seem to indicate that the lipase
can actually perform esterification with an adsorbed substrate3.9. Enzymatic kinetics mechanism
such as an alcohol, methanol or 1-octanol.
Each data point used to determine the kinetics was the
3.6. Stirring rate average of results obtained with two new samples, spe-
cially made for this data point. In order to determine the
Determination of the optimum stirring speed is important kinetic model, it is common to plotg as a function of
to avoid limitation of the reaction by transport of the sub- [S]o, where [S) represents the initial substrate concentra-
strates and products from the bulk to the gel. With the shak- tion and vg the initial ester formation rate (i.e., the cat-
ing bath used, the data showed that the activity levelled out alytic activity), for each of the two substrates (lauric acid
at a shaking rate of 150 rpm. Actually, in all further studies, and 1-octanol). With the encapsulated and free enzyme, these
a shaking rate of 180 rpm was selected to work in optimum graphs Figs. 6 and Y showed a maximum for lower values
conditions. of vg. According to the different kinetics models presented
by Segel[5], this type of graph suggested a model such as
3.7. Influence of the mass of enzyme encapsulated in an  “Bi-Bi Ping-Pong with inhibition by both substrates”, which
aerogel would therefore prevail for the free as well as the encapsulated
enzyme.
In this part of the study, the enzyme was introduced dur-
ing the gel synthesis, as a concentrated enzyme solution, 180
completed by an appropriate volume of water to maintain __ 160 - -
a constant molar ratio of water to Si. The mass of enzyme 2 140 - .
ranged from 0 to 0.125 mg per aerogel sample (0to 0.6 mg/g%‘ 120 - -

aerogel). AsFig. 4 shows, the total catalytic activity was g 100 - -
a reasonably linear function of the total mass of enzyme. ‘_; 80 £ 4
That is to say, in this range, no marked limitation by diffu- E 60 I 4
sion due to a too high mass of enzyme was observed. Con- 44 | 3 i
sequently, further work was carried out with a mass rang- 20 i
ing from 0.025 to 0.05 mg enzyme/g aerogel. Similar stud- 0 . . .

ies were made by Pencreac’h and Barg&tl0,22]for the 0 20 40 60 80
same enzyme immobilized by adsorption on Accurel, who Enzyme powder mass (mg)

also observed limitation by diffusion beyond 0.12 mg/g of
support. Fig. 5. Influence of the mass of free enzyme on the total activity.
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theoretical equation with the best fitted parameters, for encapsulated enzyme.

The data were then fitted to the corresponding direct Eq.
(2) given below, of a B+Bi Ping Pong type mechanism with
inhibition by alcohol and acifb]. Presently, the fitting was
done with the software “Sigma Plot®'of the society SSPS,
using all data points.

Vo
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[acid][alcohol]
= Ky Jalcohol(1+ [alcoholl/Ki..)
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vp is the initial ester formation rate (activity) (1000 U/mg);

Vmax the maximal rate, Michaelis Menten parameter
(1000 U/mg); []: Initial concentration of 1-octanol or lauric

acid (mol/l); Ky, the Michaelis constant, for the alcohol or

the acid (mol/l)K; the inhibition constant, for the alcohol or

the acid (mol/l).

Direct fit with this full equation, which comprises five pa-
rameters, ended with a very large standard deviation for most
kinetics parameters exceyhax. The numerical values were
meaningless and they are not reported. Nevertheless, this first
fitting showed the values &, as well ak;, ., were very
small, for the encapsulated as well as the free enzyme. Hence,
inhibition by the Lauric acid was strong. Consequently the
ratio [acid)/ Ki,., was>>1, so that Eq(1) could be rewritten
with four parameters as (2)

V0

Vmax
N [acid][alcohol]
"~ Kmygglalcohol](1+ [alcohol)/ i)
+ K[acid][acid] + [acid][alcohol]

)

whereK = Kn/Ki

With this simplification, a fit with the direct rate equation
for the same data points ended with significant lower standard
deviations for the four parameters, includiigTable 3. It
must be mentioned that fitting with the inverse rate as a func-
tion of the inverse concentrations, corresponding to the so-
called Lineweaver—Burk transformation method, showed as
good a fit as by non-linear regression. Indeed, no observable
difference could be observed on the graphs, when plotting the
fitted equations determined from the inverse or direct rate.

According to the graph ifrig. 6, the fit between the ex-
perimental data points and the theoretical model can be con-
sidered as overall acceptable in the case of the free enzyme.
With the encapsulated enzyme, the fit in the graph appears
qualitatively acceptable, except when both concentrations of
lauric acid and 1-octanol were high (e.g. when both concen-
trations = 0.5 mol/l). In the latter conditions, the esterification
rate increased again, an effect which was only observed with

Table 3

Numerical values of the kinetics constants obtained by best fitting of the
experimental data points with the theoretical activity @jjof a “Bi—Bi Ping
Pong model with inhibition by 1-octanol and lauric acid”, for encapsulated
enzyme and free enzyme

StatisticalR? Encapsulated enzyme Free enzyme

0.744 0.845
Constant Average Stand dev. Average Stand. dev.
Vmax (MMol/Mgyroteinh)  5.07 1.37 043  0.08
Kmyeig (Mol/l) 0.0243 0.0135 0.0111  0.006
Kiziconol (MoOI/T) 0.0815 0.0454 0.0319 0.0162
K’ = Kmacig! Kiaiconol 0.499 0.243 0.1370  0.0424

lauric acid concentrations. Experimental data points and curves from the 2 Value estimated fronVmax (Mmol/Mgowderh) = 0.0044, assuming the

theoretical equation with the best fitted parameters, for free enzyme.

powder contains 1% active protein by mass.
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the encapsulated enzyme, not with the free one. This sug- Most studies on sol-gel encapsulation of enzyme have
gests that some other kinetics model involving the gel might shown that encapsulation does not change the kinetics mech-

be more appropriate. anism type, but only the magnitude of the kinetics constants.
Other studies on the mechanism and kinetics of esterifica- Moreover the effect depends largely on the encapsulation
tion with a lipase were published in the early 199@3-25] medium and the enzyme. Usually, in xerogels, the Michaelis

They showed an excellent agreement with-aliPing Pong constan, increases and the present results are consistent
mechanism and inhibition by alcohol. One study also showed with this. In a classical quasi-equilibrium Michaelis type in-
that the thermodynamic activity of watey, was not suffi- terpretation of the kinetics, and for give substrate S,
cient to predict the activity of an enzynigg]. Other studies, [E][S]
with the lipase fromB. cepacia were made by adsorption Ky =-—-—
on polypropylene bead9-11] In the latter case, it was re- [ES]
ported that the lipase activity increased by up to 18.9-fold where [S], [E] and [ES] stand for the concentrations of,
after immobilization, in a hydrolysis reaction. respectively, the substrate, enzyme free of substrate and
However, all these studies were made with lipase immo- enzyme—substrate complexes, in the solution. A highgr
bilized by adsorption on commercial beads, probably syn- is then considered as an indication of a weaker affinity of the
thesized in large batches. Hence, the dispersion in the samenzyme for the substraf27-30]
ple preparation was minor. With the present aerogel, two  For a given enzyme, i.e. the present lipase, it may seem
new small samples{200 mg each) were made for each data difficult to admit that<,,, should be modified, unless the sub-
point. Besides, immobilization was not on the pore surface of strate itself were modified before being fixed by the enzyme.
macroporous beads, but inside a mesoporous gel texture withThis in turns suggests that a possible transformation of the
a much higher specific surface area. This induced sample tosubstrate by the gel may be worth considering. Such a possi-
sample structure and texture variations during gel synthesis.bility would indeed be very similar to that which prevails in
Such variations were indeed the major source of dispersion oftraditional chemical catalysis, for instance in the isomeriza-
the experimental data points with the encapsulated enzyme tion of paraffins by strong acidic catalysts such as chlorided
which was~10% as previously mentioned, for apparently alumina or a zeolite of the type mordenite. Metals such as Pt
identical samples made and tested according to the same prodeposited on the acidic oxide do not by themselves catalyze
tocols. such reactions. However they can adsorb and dissociate dihy-
On the other hand, by comparison with these previous drogen molecules, so that the resulting monoatomic hydrogen
kinetics studies made with organic polymer beads, the main can migrate in surface towards the acidic catalytic oxide sites
focus was presently on the support material, i.e. the aerogel,and regenerate them by destroying the deactivating carbona-
and how this aerogel modifies the enzyme activity. The net ceous residues. Hence they accelerate the catalytic process, a
result is that, starting from a given total powder activity (in phenomenon known as “spillovel31]. Actually, in an ester-
U) for a given mass of enzyme powder, this total activity was ification reaction by a lipase, the enzyme performs the same
significantly increased in an aerogel, a result consistent with final transformation (formation of an ester) as an acid catalyst
the well known results by Reetz et al. on so-called “ambigels” such as HSQy in traditional chemical synthesis. Moreover,
(present generic name for gels dried by evaporation without in a silica aerogel, both substrates (alcohol and carboxylic
shrinkage, because of a high density of hydrophobic groups).acid) can easily adsorb on silanols-8iH. Considering that
Simply, in aerogels, supercritical drying makes it possible atneutral pH the surface of silica carries an excess of negative
to avoid shrinkage with a lower proportion of hydrophobic charges (zero point charge at pH.5), an alcohol molecule
groups. ROH could easily adsorb by hydrogen bonding on a nega-
Overall, regarding the present aerogel, the type of kinetics tively charged surface siloxamSi—O~ or even on a neutral
model fitting best the data was not changed by encapsulationsilanol to=Si—OH, and lose a proton to produce respectively a
(i.e. Bi-Bi Ping Pong with inhibition by both substrates, in neutral siloxanesSi-OH or a protonated silangiSi-OH, ™,
particular by the alcohol) except when both substrate concen-plus an alkoxy anion RO. This anion would in turn diffuse
trations were high. Mainlyymaxwas of the order of Iimes very fast in surface towards the enzyme, due to repulsion by
lower, per mg of powder for the free enzyme, than per mg of negative silica surface charge. This suggestion is consistent
protein for the encapsulated one. Even if one considers thatwith the fact that the lipase was also able to perform an es-
1 mg of so-called free enzyme only contairreti% protein, terification reaction with adsorbed methanol molecules, in
this still madeVihax 10 times lower for the free lipase than for  spite of the fact this methanol remained adsorbed on silica
the encapsulated one, per mg of protein. This is probably aneven after acetone dialysis and subsequent §i(ercritical
effect of using an organic solvent in which free enzyme ag- drying.
glomerate, while this agglomeration is avoided when using  As for Vimax it has usually been found to decrease for
agueous an enzyme solution to synthesize the gel, as distost xerogel§32] except in recent studies with a few en-
cussed further on in the text. This result is also globally con- zymes where it could drastically increase. This is the case
sistent with a previous report regarding the transesterification with some lipasef?,33,34]and the present study fits within
of vinyl laurate[6]. this second category¥may is related to the total concentra-

3)
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tion of enzyme [g] available to complex the substrate, by the 250
relationship. 225
> 200
Vmax = kcalEo] 4) % 175 M1 =
& 150 +—=
where the catalytic constant ratgy represents the rapidity £ 125 = =
(or frequency) with which an enzyme accomplishes a cat- .g 100 — s
alytic cycle. A reason foVhaxincrease could come fromthe ¢ 7577 1 4
real maximum concentration of enzymes available for a cycle SO 1
[Eq]. By using an encapsulation process where the enzyme is 22 ™ 1

introduced as an aqueous solution, the lipase is well dispersed L e L L

in the gel and d_oes not agglomerate._ Encapsulat_ion als_o en- Number of cycles

ables to well disperse the enzyme in an organic medium,

which is not the case when using free enzyme, which is not Fig. 8. Evolution of the catalytic activity of an aerogel, by comparison with
soluble and tends to agglomerate. the activity during the first test, after several recycling.

particles were lost during washing by filtration and recycling.
The exact mass of gel lost was un-practical to assess exactly,
because the initial sample was dry, while the gel was wet with
isooctane after atest. Nevertheless a mass not exceeding 10%

part to. pre—equmbrate the reactlon.medlum "’.‘t constant wa- of the initial gel mass was estimated to be lost after several
ter activitya, between each catalytic tests, with metal salts. ests

Hence, all tests were simply carried out in water saturated '

isooctane. A water saturated hydrocarbon should have a wa-

ter thermodynamic activits, close to 1, while the hygrome- ~ 3-11. Influence of the temperature
try of the vapor in equilibrium with water saturated isooctane
was measured to be closedg =0.39, which was roughly
the hygrometry prevailing in the laboratory most of the year.
Nevertheless, this surprising finding may be significant. In-

deed, considering that water is virtually un-soluble in isooc- = ‘ - =7 -
tane (no data are available to our knowledge), the diffusion reported inFig. 9 were obtained from the initial conversion
curves were linearity as a function of time appeared exper-

of a very small population of water molecules is sufficientto | . )
reach equilibrium in changing humidity conditions. Hence, imentally acceptable, as shownfig. 10 given a probable

a previously water saturated isooctane solution can very fastdéactivation ofthe enzyme as the temperature increases. They
return to a state with am, close to that prevailing in the lab- show that free and encapsulated enzyme had a similar behav-

oratory, when in contact with air. In such case, a first catalytic 107 @nd an optimum catalytic activity around %0. These
test was virtually made by pre-equilibrium with the labora- r_esults are consistent with previous results indicating an op-
tory humidity. On the other hand, after this first catalytic test, imal temperature of 37C for the same enzyme, although in

the water produced by the esterification reaction may have re-2 different reactiorig]. The determination of an activation
mained trapped inside the gel, bringing the aigto a value energyk,, accord_lng to a variation of the Arrhenius type has
closer to the optimal enzyme catalytic activity. been attempted in the temperature range 20€40he re-

Besides a significant enhancement of the catalytic activity Sults were compared with those determined for a traditional
after one recycling, the data ffig. 8show a gradual decline ~ "0mogenous chemical catalysis by 0.85 mmgBRy, in the

during further tests. The initial activity was recovered at the

3.10. Recycling study

As explained previously, it was not convenient for this

All data reported so far were obtained at°8) How-
ever, the effect of temperature was studied. Catalytic tests
were carried out at temperatures ranging from 20 t6G@,0
both with encapsulated enzyme and free enzyme. The data

eighth test. To determine if the gradual loss of activity after 1500.0 7 encapsulated enzyme
the second test was due to a loss of enzyme in the reaction 12000 -

medium (phenomenon of lixiviation), an aerogel was with- 2

drawn from a reaction medium after 2 h catalysis in a test. S 9000 1

It was then observed that the esterification reaction stopped. 2

On the other hand, if the washed aerogel was introduced in % 600.0 1

a new fresh reaction medium, the esterification started again < 3500 | .

with the same initial rate as when used in the previous re- .

action medium. This proves that catalysis is not due to free 0.0 10 20 30 40 ' ' !
- 50 60 70

enzyme. Nevertheless, the loss of activity could also be due to Temperature(°C)

some enzyme inactivated enzyme, possibly desorbed during

the process. In anyway, an aerogel is also partially crushedrig. 9. variation of the catalytic activity of free enzyme and encapsulated
by the agitation process during a test and some of the finestenzyme as a function of the reaction temperature.
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120 substrates”, except at high substrate concentration for the en-
100 full conversion capsulated enzyme. Aerogel encapsulation has the effect of
drastically increasing the Michaelis kinetics constartsy,

as well as alKy, and K;. Small aerogel monoliths with a
size of a few mm do not show limitation diffusion and they
improve the storage stability of the enzyme.

% ester formed
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