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Abstract

Lipases fromCandida antarcticaand Mucor mieheiwere encapsulated in lecithin water-in-oil (w/0) microemulsion-based organogels
(MBG). These gels were formulated with either hydroxypropylmethyl cellulose (HPMC) or gelatin. The esterification of lauric acid and
1-propanol catalyzed by these MBGs was examined in supercritical carbon dioxide,(83C0, 110 bar) as solvent for the substrates. The

results were compared to those obtained with the reference substrate solvent isooctane. It turned out that the initial rates of this model reaction
in scCQ were higher than those observed in the reference system. Various parameters affecting the biocatalysis such as pressure, alcohol

and acid chain length, and gel composition were investigated. Kinetic studies showed that the ester synthesis catalyzed by the i@mobilized
antarcticalipase occurs via a Ping Pong Bi Bi mechanism in which only inhibition by excess of alcohol was identified. Values of all kinetic
parameters were determined. In addition, experiments on the reusability of these gelsim&r€Carried out and the state of water within

the organogel was examined with the help of differential scanning calorimetry. The present study shows that biocatalysis using MBGs in

scCQ is a promising alternative to other bioconversion processes.
© 2005 Published by Elsevier B.V.

Keywords:Microemulsion; Organogels; Lipases; Enzymatic reaction; Supercritical CO

1. Introduction

In the field of catalysis, the use of enzymes in organie
synthesis and in non-conventional solvents has become anin-

Increasing concerns regarding toxicity and environmental teresting alternative to conventional chemical metH8dg. s

compatibility of industrial processes have resulted in
intensified efforts in “sustainable development” and “green

One of the most intensively studied methods has been the
technique of solubilizing enzymes in hydrated reverse mis

chemistry”. These terms describe a new field in chemistry, celles or water-in-oil microemulsions where they may retain

which is based on waste minimization through reaction de-

their catalytic ability. Of particular interest is the case Of li-z

sign, on energy efficiency, on non-hazardous raw materials, pases since apart from their physiological function to hy=s
solvents or products, on inherently safe chemical processesdrolyze triglycerides they may also catalyze under specifie
and on renewable feedstocks. Among other strategies forconditions biotechnologically interesting synthetic reactions
achieving these aims, the research on catalytic reactioninvolving fatty acidg5]. 46
processes and sustainable solvents is of special interest Due to problems in product isolation and enzyme reuse

[1,2].

* Corresponding authors.
E-mail addressesarisx@eie.gr (A. Xenakis);
Werner.Kunz@chemie.uni-regensburg.de (W. Kunz)

0896-8446/$ — see front matter © 2005 Published by Elsevier B.V.
d0i:10.1016/j.supflu.2005.06.007

in microemulsion systems, the use of microemulsion-based
organogels (MBGs) has attracted attention. MBGs are rigid
and stable in various non-polar organic solvents and may
therefore be used for biotransformations in organic media.
The gel matrix formed by a gelling agent, such as gelatin, fully
retains the surfactant, water and enzyme components and ean
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be handled as an immobilized biocatalyst that facilitates the 2. Experimental 109
diffusion of non-polar substrates and products. The prepara-

tion of MBGs was first reported in 1946-8]and subsequent  2.1. Materials 110

spectroscopic investigatiori8,10] have shown that the mi-
croemulsion structure is well preserved in the network of the  Lipases from C. antarctica and Mucor miehei re-
gels, which are believed to contain amore or less bicontinuousspectively, and bis-(2-ethylhexyl)sulfosuccinate (AOT;
phase that may co-exist with conventional w/o microemul- BioChemika MicroSelect) were supplied by Fluka. Lipases
sion droplets. MBGs containing immobilized lipase were ap- B from C. antarctica (CaL) had a specific activity of 1
plied for the preparative scale synthesis of miscellaneous es9.2Umg! (1U corresponds to the amount of enzymes
ters and both regio- and stereoselectivity have been observedvhich liberates 1 mmol butyric acid per min at pH 8.0 ands
[11-21] 40°C using tributyrine as substrate), whereasNhaniehei 17
Apart from gelatin, biopolymers such as agar, k- lipase (MmL) had a specific activity of 242Umg§ (LU  us
carrageenan and cellulose have been reported to form MBGscorresponds to the amount of enzyme which liberates 1 mmseol
as an enzyme immobilization matrjie2—-24]} These gels  oleic acid per min at pH 8.0 and 4C using trioleine as 1o
overcome the restrictions to which the gelatin-based gels aresubstrate). Lecithin, containing approximately 40% (TLGC)
subject with regard to biocatalytic applications, as they pro- phosphatidylcholine, HPMC (3500-5600 cP) and lauric acig
vide good mechanical and thermal stability and show high (> 99%) were purchased from Sigma. All other materialss
resistance to hydrophilic environments. were at least reagent grade except for gelatin (Mercl;
In parallel, liquid or supercritical carbon dioxide (sc®dO  powder food grade) andi-hexane (Puriss). Millipore i
has emerged as perhaps the most promising “green” solveniMilli-Q water was used for preparation of gels and buffees

(apart from water): carbon dioxide is toxicologically harm- solution. 127
less, not inflammable, readily available and inexpensive.
Besides, it exhibits a moderate critical poi@(= 30.98°C, 2.2. Preparation of microemulsions 128

pc = 73.773 bar[25]) and tunable solvent and solvation
properties by simple control of pressure and temperature Lecithin microemulsions for HPMC-based gels were prezx
[26]. pared by adding appropriate amounts of lipase in 200 miM
The low critical temperature makes scg&@n ideal Tris/HCI pH 7.5 buffer to a solution of 5.0% (v/v) 1-propanoks
solvent for heat-sensitive substances such as biocatalysts(2-propanol) and 4.8% (w/w) lecithin (used as received) ig
Consequently, enzymatic reactions in s¢gChave been isooctane. AOT microemulsions were prepared by adding ap-
under investigation since 1985, when Randolph et al. were propriate amounts of lipase in 200 mM Tris/HCI pH 7.5 buffes.
the first to conduct an enzymatic reaction in se¢Q@ing to a200 mM AOT solution in isooctane. The final water conss
alkaline phosphatas€27]. Apart from a few reported tentof the system was 3.5% (v/v) yielding a molar hydratioiss
enzymatic reactions in microemulsions formulated with ratiowg = [H20]/[AOT] of approximately 10. 137
special CQ-philic surfactant§28-30] these studies were In the case of lecithin microemulsions for gelatin gels aps
predominantly performed with solid (free) or conventionally propriate amounts of buffer containing lipase were added ta:a
immobilized enzymes. Reviews about systems studied so farsolution of 22.2% (w/w) lecithin in isooctane containing 32%o
are given by PerryB1], Hartmann et a[32] and Oakes etal. ~ (v/v) 1-propanol and 26.5% (v/v) water. Respective AOT Mi=
[33]. croemulsions were prepared by addition of lipase containing
The present work is a first attempt to join the two research buffer to a solution of 17.8% (w/w) AOT in-hexane con- 1
directions — MBGs and scCO- aiming at replacing any taining 7.3% (v/v) water. 144
external organic solvent, e.g. isooctane, used in the conven-
tional biocatalytic process by the harmless sgCEbr this 2.3. Preparations of gels 15
purpose, lipases were encapsulated in lecithin water-in-oil
(w/0) microemulsion-based organogels which were formu-  The MBGs were prepared by introducing appropriates
lated with hydroxypropylmethyl cellulose (HPMC). The amounts of microemulsion containing lipase to a second se-
effect of various parameters, like pressure, mass fraction oflution of polymerin water. In the case of HPMC gels, 1.02 mks
biopolymer, alcohol and carboxylic acid chain length, was of lecithin or AOT microemulsion containing 1.20 mg Caliss
studied in scC@. Results are discussed with reference to or 0.22 mg MmL was gelled with 1.0 g HPMC and 2.0 mL ofso
experiments performed with the same MBGs in isooctane aswater at room temperature. The gelatin gels were prepareddy
solvent. In addition, a kinetic study of MBG encapsulated gelling 4.0 mL AOT or 3.6 mL lecithin microemulsion with is2
Candida antarcticalipase in scCQ, based on a simple 1.4g gelatin and 1.8 mL of water. The gelatin—water mixss
model esterification reaction, was undertaken to clarify the ture was preheated to 5€, stirred until homogeneous and:s.
reaction mechanism and to determine the apparent kineticthen allowed to cool. Organogels were formed by addition of
constants. To characterize the gels in more details differentialthe microemulsion part at 3%. Data concerning the exactiss
scanning calorimetry (DSC) measurements were also carriedamounts of enzyme in the respective gelatin-based MBGssis
out. giveninTable 1
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Table 1 Engineering). Pressure was generated with a dosing pump
Esterification of 103 mM lauric acid and 207 mM 1-propanol (Milroyal D, Dosapro Milton Roy) and electronically mea-o
Polymer ~ Surfactant  Lipase miipasdmg)  %of conversion sured with pressure transducers (ED 517; Bourdon-Haenni).
HPMC2 Lecithin Cal 1.20 36 Both the air thermostat chamber and the pressurizing assem-
MmL 0.22 115 bly were computer controlled. 173
ACT Cal 120 107 Furthermore, the apparatus was additionally equipped
MmL 0.22 16 with a Gilson M305 HPLC pump and a Rheodyne injections
Gelatin Lecithirf CaL 0.90 18 valve for the injection of substrates by pumping fresh carben
AoT '\C";T_t 3&; 1% dioxide into the cell and thus reaching the adjusted reaction
MmLE 1.2 2 pressure. 178
MmLd 1.39 368
— , el
Versionoffauic acco 1-propytaurate, Reactontime.3h unlessomerise 25+ Lipase-catalyzed reactions
stated.
235°C, 110 bar. P 25°C, 150 bar. © 25°C, 175 bar. 9 252°C, 130 The freshly prepared gels were loaded into the higke
bar, gelation with 4.6 mL AOT microemulsion, reaction time: 7 h. pressure cell, which was then sealed. The temperature was
adjusted to about 0.8 K below the final temperature as pres-
surizing results in a temperature increase. After increasing
2.4. High-pressure cell the pressure by feeding the cell with g@he reactions were 1s
started by injecting appropriate amounts of lauric acid and
Anoutline of the high-pressure apparatus is giveffign 1 1-propanol solubilized in small amounts of isooctane. The

Experiments were performed with a stainless steel view cell solutions were not stirred during reaction. Analysis of the,
with fixed volume (32.1 mL total volume) with four 6 mM di-  reactions was done by GC (HP 6890 Series; HP-5 capillasy
ameter sapphire windows (SITEC-Sieber Engineering) per- column) after depressurizing and sample recovery. For the
mitting visual observation. The cell assembly was placed in HPMC gels the reaction temperature was’@5whereas in 190
an air thermostat allowing temperature control to 0.1 K. Ad- the case of the gelatin gels a temperature 6f@%as chosen 1a
ditionally, the cell temperature was controlled to within less (liquid COy). 192
than 0.1K at constant pressure via a thermostating jacket Kinetic measurements were carried out batchwise: sets.of
by a cryostat, and the temperature inside the cell was mon-identical samples with freshly prepared, new gels were sealed
itored with a Pt100 resistance thermometer (SITEC-Sieberinthe high-pressure cell and the reactions were stopped at cer-

> pc
>

M1 ? v3 (P PT1
=

Ccv2

Liquid
co

air thermostat

Fig. 1. Outline of the high-pressure apparatus. DP: dosing pump. V1-V6: high-pressure valve; CV1-CV2: check valve; PV: air operated valve; M1-M2:
analogue manometer; PT1-PT2: pressure transducer; Pt100: Pt resistance thermometer; S1-S4: sapphire window; HPLC: Gilson M305 HPLC pump; RIV:

Rheodyne injection valve; SL: sample loop; LFP: loop filling port; TJ: additional cell thermostatting; PC: computer.
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tain predefined time intervals. Reproducibility tests showed of the gels. This is observed for both gelatin and HPM&:
that all measured conversions were reproducible witt#ifo, gels. 243
most of them even within less thairl %. With carbon dioxide as external solvent both enzymes

For a reference system isooctane was chosen as the exwere catalytically active in MBGs based on either HPMC o#s
ternal conventional organic solvent. In this case, the lipase gelatin formulated with either AOT or lecithin microemul-s
containing MBGs were put into vials where the solvent con- sions (cf.Table J). It should be noticed that the experiments»
taining the substrates was added. The reactions took place awith the gelatin MBGs were carried out in liquid G@t 2

35°C and ambient pressure as described elsewdie 25°C because they are molten at®5 After having accom- 24
plished the reactions in the G@nvironment, all gels were 2o
2.6. Determination of kinetic parameters tested in a subsequent esterification reaction with isooctarne

as external solvent according to the conventional proceduse

Parametric identification of maximum velocity, [24]. These tests showed that the catalytic activity of the
Michaelis—Menten constants and inhibition constants enzyme was maintained in all gels excluding any deleterious
was done from the equation for the initial reaction rate in effect of CQ on the lipase. According to the results shown igs
absence of product. The program used for identification was Table 1, the most appropriate system is the HPMC organogsl

based on a Levenberg—Marquardt algorithm. formed with lecithin microemulsion and Cal as catalysts
Consequently, the focus was set on this particular type f
2.7. DSC measurements gel. 259

Furthermore, esterification reactions with different alcaso

Differential scanning calorimetry (DSC) measurements hols such as geraniol or nerol, or different acids such as
on gels of different composition were performed using a the phenolic acidg-hydroxyphenylacetic acid (HPA) andzs
Setaram Micro DSC Ill. Phase transition of water in these p-hydroxyphenylpropionic acid (HPP) were conducted ifs
gels was studied betweer0 and 25C with a scan rate of  scCQ. In the case of geraniol and nerol, 1-propanol in the:

0.5K min~L. microemulsion was replaced by 2-propanol in order to avoid
substrate competition. The conversions observed for the es-
2.8. Biocatalyst reuse terification of these alcohols with lauric acid where not as

high as those obtained for the synthesis of 1-propyl-laurate.
In order to determine the stability of the CaL immobilized In the case of phenolic acid esterification with 1-propancks
in the HPMC organogels with lecithin microemulsion, the following the reaction was not possible, as neither acids nar
gels were reused in consecutive independent batches;scCO esters could be detected after sampling. m
Each batch reaction was continued for 3 h at@5The total Various esters, such as butyl laurate, vinyl acetate, ethyl
volume of the batch was 32.1 mL in each case. After each acetate, ethyl acetoacetate and ethyl crotonate, were tested
run, the organogels containing lipase were washed twice with for transesterification with 1-propanol. However, as the
10 mL isooctane and a new catalytic reaction was started inlatter two esters did not show any conversion in isooctane
scCQ as described before. The same series of experimentsas solvent within 3h and the reaction of ethyl acetate was
was also performed in the reference systemisooctane& 35 very slow, transesterification reactions in sgO@ere just 2
and with 32.1 mL total volume. performed with butyl laurate (88 mM butyl laurate; 207 mMrs
1-propanol; 110 bar; 35C; reaction time: 3 h; conversion:
8.9%) and vinyl acetate (202 mM vinyl acetate; 207 mhko
3. Results 1-propanol; 110 bar; 3%C; reaction time: 3 h; conversion: zs:
28.2%). 282
3.1. Choice of system
3.2. Effect of pressure 283
In the present work, the ability of HPMC as well as gelatin
organogels based on both AOT as well as lecithin microemul-  Fig. 2shows the effect of pressure on the reaction profiles
sions to catalyze esterification reactions in se@@s inves- of the esterification of lauric acid with 1-propanol and thuss
tigated. As a first reaction the esterification between lauric on the initial reaction velocities in scG@t 35°C. The initial  2ss
acid and 1-propanol was chosen. The preliminary tests wererate decreases with increasing pressure from 110 to 200 bar,
performed with gel compositions similar to those published but a further raise of pressure does not affect the reactien

recently[22—-24] velocity anymore. 289
It was observed that the carbon dioxide phase above
the HPMC gels remained transparent, whereas in the case3.3. Kinetic analysis 290

of the gelatin gels turbidity appeared when the amount

of microemulsion in the gel exceeded 55% (w/w). After Fig. 3 shows the initial reaction profile of the esterifi-o
injection of the substrate solution the carbon dioxide phase cation of 103 mM lauric acid with various concentrations:
becomes turbid independently of the microemulsion content of 1-propanol catalyzed by CaL immobilized in a HPMC-ss
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S 1oL /__/ ///,." ~° 0.10 + g
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Fig. 4. Effect of the 1-propanol concentration, [P], on the initial reaction
velocity, vg. Esterification of 1-propanol by lauric acid at different fixed
concentrations of lauric acid in scG@t 110 bar and 35C. Lines calculated
according to the kinetic model (cf. EfL) andTable 3.

Fig. 2. Influence of pressure on the reaction profiles of the esterification of
103 mM lauric acid and 207 mM 1-propanol catalyzed by CalL immobilized
in a HPMC-lecithin MBG containing 1.20 mg enzyme at'85in scCQ.

lecithin MBG containing 1.20 mg enzyme at35 and 110  3-4. Effect of substrate chain length 310

barin scCQ. Typical profiles are observed with the produced ] ) .

amounts of ester increasing upon increase of the alcohol con-  The influence of the alcohol and acid carbon chain length
centration up to 207 mM. A further increase of the 1-propanol Was studied in both scGand the reference isooctane sys».
concentration results in a decrease of the initial rate. The samd®M- For the determination of the changes in the reaction rate
can be seen iRig. 4which displays the initial rate as a func- N SCCQ the conversions after 3h were chosen. Since the
tion of the alcohol concentration at different constant lauric @mount of produced ester is supposed to increase moresor

acid concentrations. Again, too high alcohol concentrations !€Ss linearly in this time interval, the differences in the conss
lead to an inhibitory effect. version after 3h are assumed to correlate to different initial

A Lineweaver—Burk double reciprocal plot of the initial ~ 'ates. With r_egar_d to the obseryed rep_roducibilities in s£CQs
rate versus the 1-propanol concentration in the non-inhibitory the chosen time interval of 3 h is considered long enough far
alcohol concentration range is showifig. 5. Ascanbe seen, ~ Sécure differentiation of the results above possible error. Rar
a set of parallel lines is obtained. Furthermdfig. 6 shows the experiments in the reference system, the initial rates far
the double reciprocal plot of the initial velocity as a function the different alcohols and acids were determined from the

of the lauric acid concentration. Again, the plots appear to be initial slope of the reaction profile. _ 323
parallel for alcohol concentrations up to 207 mM. The effect of alcohol chain length was studied by fok.
lowing the esterification of lauric acid with a seriesmf s

70
I | —=—26.5 mM 1-propanol » .
60| ‘L 51%111 mm tg:gg:;g: = 103 mM lauric acid
i e e Bk i 2 513 mMlaur aca
50 - T SR ploba ,}/'- v 24.9 mM lauric acid
-
= 4 -
e 20 <
= | c
=
4, : =
2 10} —
4 .
,}o
0
0.0 0.5 10 15 2.0
1h
1 L 1 1
6 8 10 12 2 1 1 I i
t/h 0.00 0.01 0.02 0.03 0.04

P17/ mM”"
Fig. 3. Reaction profile of the esterification of 103 mM lauric acid and 1-
propanol catalyzed by CaL immobilized in a HPMC—lecithin MBG contain-
ing 1.20 mg enzyme at 3% and 110 bar in scCOThe insert represents a
magnification of the first 2 h.

Fig. 5. Double reciprocal plot of the initial reaction velocity, as a function
of the 1-propanol concentration, [P], at different fixed concentrations of
lauric acid in scC@at 110 bar and 35C.
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10 = 415 mM 1-propanol ° —&— scCO, 0.9
I ® 207 mM 1-propancl ) 2 N
104 mM 1-propancl F ° ®— isooctane
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Number of C-atoms

Fig. 6. Double reciprocal plot of the initial reaction velocity, as a function
of the lauric acid concentration, [L], at different fixed concentrations of 1-
propanol in scC@at 110 bar and 35C.

Fig. 8. Effectofthe acid chainlength onthe conversion after 3 hreactiontime
in scCQ (35°C; 110 bar) and on the initial rateg, in isooctane (35C).
Esterification of different acids (100 mM each) with 200 mM 1-propanol
catalyzed by CalL immobilized in HPMC-containing lecithin MBG.
alcohols as shown ifig. 7. In order to avoid competition
reactions with the internal alcohol of the microemulsion of 3.5. Effect of gel composition a2
the organogel, 2-propanol was used for the microemulsion
formulation. This secondary alcohol cannot be converted by  Fig. 9shows the effect of changes of the gel compositios
Cal under these conditions. It can be seen that in 3cCO on the initial rate of the esterification of lauric acid and 1z
there is an increase of the reaction rate from ethanol to 1-propanol in both scC®(110 bar) and isooctane as solvenis
butanol. This maximum is followed by a sharp decline and a at 35°C. As can be seen, an increase of the HPMC mass
slow increase towards the long chain alcohols. In isooctanefraction, énpmc, and thus a decrease of the water content;
the observed pattern is similar. Only the maximum is shifted &.,0, of the gel results in an increased initial reaction rate s«
from 1-butanol to 1-propanol. In addition, experiments on freezing and melting of wates
In the case of examining the fatty acid chain length ef- in HPMC gels of different biopolymer and thus different wasso
fect on the esterification of 1-propanol, the results Fof. ter concentrations were performed by DSC measurementsan
8) showed a diverse behavior in the two media. In seCO freshly prepared MBGs. A peak-analysis was accomplishesl
there is a tendency towards increasing reaction velocity with with the DSC data and the amounts of different water types
increasing number of carbon atoms, whereas in isooctane thavere estimated from the peak areas by using an equations$er
initial rate decreases in the same direction. the temperature dependent heat of fusion for water derived
from thermoporometry studig84,35] DSC measurementsass

40 0.6
—a— scCO. L]
—a— \smd;ne ./ 040F r——— l-—‘___________—.
- = 0.30} -
S 104 = —
% 3 - 0.25} //."_’—*—0
g § g 7
5 0.20} /
o 8 103 & % -,./
3 = = o15) /
-—-O | /"
> ﬂ/
{02 0.10} / /
/
005/ .
, s : : 2 ‘ ' * 1'0 0.1 0.00 [ /\ L ; ) )
2 4 6 8 :
0.15 0.20 0.25 0.30 0.35 0.40 0.45
Number of C-atoms
‘J’:HPMC

Fig. 7. Effect of the alcohol chain length on the conversion after 3 h reaction
time in scCQ (35°C; 110 bar) and on the initial ratep, in isooctane
(35°C). Esterification of different primary alcohols (100 mM each) with
100 mM lauric acid catalyzed by CaL immobilized in HPMC-containing
lecithin MBG.

Fig. 9. Influence of the HPMC mass fractidapmc, on synthetic activity of
Cal in lecithin-based MBGs containing 1.20 mg enzyme. Esterification of
100 mM lauric acid and 200 mM 1-propanol at35in scCQ and isooctane,
respectively.
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Table 2
DSC measurements on HPMC—lecithin MBGs with increasing HPMC frac-
tion, éypmc, and thus decreasing water contet,o

Ewpmc  &H,0 Bulk-like Interfacial Interfacial
water water | water Il
Onset  xp Onset Onset  x
(°C) (°C) (°C)
0.18 070 -14 039 -438 056 - -
0.27 053 —-22 026 —-6.7 047 —139 0.15
0.42 042 - - -75 030 -—-139 0.40

Results from heating experiments starting fref@0°C with a scan rate of

0.5 Kmin~1. Onset temperatures of the different water peaks and estimated

fractionsy; with respect to the total water amount in the gel matrix.

on the pure lecithin microemulsions displayed no melting and

freezing events in the studied temperature range.

Table 2shows the results of the DSC analysis allowing the
identification of three different states of water in the MBGs.
The highest melting point at approximateh?2°C can be
assigned to bulk-like water which is free water with no or very
weak interactions with the biopolymer. In addition, there are
two different types of interfacial water with weaker (melting
point of approximately—5 to —7°C; type 1) and stronger
(melting point approximately-14°C; type ll) interactions
with the polymer. The results compiled Table 2also hint
at a fourth type of water in the gel matrix, as not all water

smaller particles while it is pressed through the outlet of the
cell resulting in smaller gel particles with each reuse. Whila
the reaction products can easily be collected, the recovesy
of the gel is difficult and not complete at least with the highes2
pressure apparatus used. The smaller the gel particles getz¢he
less complete the gel recovery becomes. For the second sse
the available gel mass recovered was 83% of the initial gel
mass, while for the third application it was just 45%. Aftess
the second reuse the amount of gel was too small to stasta
fourth cycle.

388

4. Discussion 389

4.1. Choice of system 3%

As Table 1shows, HPMC and gelatin organogels baseg
on both lecithin as well as AOT microemulsions are active
in COy. However, the gels are not completely inert in this:s
medium under the particular reaction conditions chosen, a5
the solutions above the gels get turbid. This might indicate
that some components are partially extracted from the gel.
However, all gels exhibit catalytic activity.

The esterification between lauric acid and 1-propanol cats
alyzed by Cal in HPMC-lecithin organogel in sce0is-

397

399

is found by the DSC measurements. This water structure canplayed initial rates higher than those in the reference systein
be classified as non-freezable, bound water with the strongesisooctane (cfFig. 9). In terms of conversion this reaction.o

polymer interactions of all water types.
3.6. Biocatalyst reuse

In order to get a firstimpression of the operational stability
of the HMPC-lecithin gels containing Cal, they were used

yielded 36.5% after 3h. Such a conversion can be consid-
ered to be quite high as compared to data reported on simikar
enzymatic reactions in GO Srivastava et al[36] reported 404
just 18% conversion for the reaction between myristic acig
and ethanol in a batch reaction with a total volume of 6 mis
using 10 mg of crude lipase, an enzyme quantity which is

three consecutive times. Conversions per gram of gel aftereight times higher than in the present study. Steytler et ak.

successive operational steps are showrign 10
In the case of scC&a mass loss of gel occurs while pres-

[37] presented the esterification of lauric acid with butanak
catalyzed by supporte@andidalipase with a conversion of o

sure is released. The gel is partly flushed out and crushed intoabout 20% within 3h. Here again, the quantity of enzyme

100F

60

40}

[ scCO,; 35T, 110 bar; 32.1 mL total volume
[__Jisooctane; 35T; 32.1 mL total volume

I

use

20+

conversion / g gel with respect to 1st use

Fig. 10. Catalytic activity of CaL immobilized in a HPMC-lecithin MBG

used is very high with 2.4 g in a reactor volume of 120 mLa.
Furthermore, comparing to other studjg8,39]concerning s
lipase-catalyzed reactions in scg@ seems that one of the 4.
main advantages of MBGs is the very small quantity of efrs
zyme required for the efficient catalysis of such reactions
(here, 1.20 mg).
The experiments with the phenolic acids HPA and HPP ras
veal a general restriction for the use of HPMC-based MBGss
Although these two acids can be catalytically esterified with
1-propanol in lecithin microemulsions containing CalL (date:
not shown), the use of HPMC-based MBGs is not possible as
the acids are absorbed and can no longer be detected in.the
solutions above the gels. This can be directly observed fer
both acids in reactions with MBGs in isooctane with contines
uous sampling after predefined time-intervals, as the amouat
of acid detected by GC is continuously decreasing until com-
plete absorption. Consequently, HPMC gels cannot be ap-

417

containing 1.20 mg enzyme towards repeated synthesis of 1-propyl-laurate. Plied for esterification reactions of acids that show too strong

Esterification of 100 mM lauric acid and 200 mM 1-propanol.

interactions with the gel matrix. 430
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Furthermore, the HPMC-lecithin MBGs with CaL are titioning of the substrates between the supercritical fluid, the
capable to catalyze transesterification reactions in scCO oil phase of the microemulsion in the gel and the immediate
However, tests with the gels in isooctane showed that not all vicinity of the enzyme is changed. The enzyme environmesat
esters might be suitable for catalytic transesterification with is depleted with regard to the substrates, which causes a de-
the MBG system investigated. For esters with additional cline in the reaction rate. As soon as the partitioning of the
functional groups or double bonds within the alkyl chain no substrates is completely shifted to the supercritical phasega
conversion was observed after 3 h of reaction time. Similarly, further increase of pressure should no longer result in a fus
the branched alcohols geraniol and nerol containing a doublether depletion in the enzyme environment, which means that
bond react very slowly. the initial rate should no longer be affected by the rise ek

pressure. The plateau observedrig. 2is in accordance to s
4.2. Effect of pressure the later hypothesis. 495

The effect of pressure on enzymatic reactions in seCO 4.3. Kinetic analysis 496
has been the subject of investigation in several studies with
contradictory results. Randolph et 0] reported a linear The results of the kinetic analysis (¢figs. 5 and Bin- 4o
increase of the enzymatic oxidation rate of cholesterol with dicate that a Ping Pong Bi Bi mechanism with dead-end irs
increasing pressure when using sgGaturated withthe sub-  hibition by alcoholic substrate (1-propanol) occurs in thiss
strate. Miller et al[41,42] working with lipases in scC® system. The same mechanism has been proposed for esteifi-
reported an increase of reaction rate with pressure as well.cation or transesterification reactions catalyzed by both free
They both explained this fact by an increase of solubility of lipasesin microemulsiorjd7]as well asimmobilized lipases s
the substrates in the carbon dioxide. Similarly, Steytler et al. (lipozyme) in non-polar organic solvenf48] and scCQ  so
[37] observed an increase in the esterification rate of lauric [49]. Furthermore, it has also been suggested for lipases -
acid with butanol catalyzed by an immobilized lipase in near- mobilized in MBGs[13,24] 505
critical CO; when the pressure was increased. The authors  According to the Ping Pong Bi Bi mechanism model, thes
attributed this effect to a higher adsorption of the synthesized lipase reacts with lauric acid to form a lipase acid complex;
ester on the enzyme bed as the solvent capacity of €0 which is then transformed to a carboxylic lipase by releasg
creases with decreasing pressure. of water. A subsequent nucleophilic attack of alcohol on this

In contrast, Verm@ et al.[43] observed a decline of the intermediate results finally in the regeneration of the enzyme
reaction rate in the transesterification of nonanol and ethyl and the release of ester. A possible explanation for the alcohel
acetate when raising the pressure in the system. The saménhibitory effect might be that 1-propanol reacts with the freg.
observation was made by Erickson et [@4], who stud- lipase, a dead-end complex is formed, and the lipase cansaot
ied the transesterification between trilaurin and palmitic acid further participate in the reaction. The general rate equatien
catalyzed by immobilized lipase frorRhizopus arrhizus  for this kind of mechanisnfs0] is shown in Eq(1), where ss
in supercritical ethane. They attributed the pressure effectvg is the initial velocity,umaxis the maximum velocity under sis
to changes of the reactants’ partitioning between the su-saturation conditionska, andk B are the Michaelis—Menten s
percritical fluid and the vicinity of the enzyme. Likewise, constants for the acid and the alcohol, respectively,léﬁd 518

Rantakyh and Aaltonei39] reported a decrease of reaction is the inhibition constant for the alcohol. 519
rate with rising pressure in the enantioselective esterification vmax]Al[B]

of racemic ibuprofen with 1-propanol catalyzed by Lipozyme Vo = (1) s
Moo P Prop R KAIBIQL + (BI/KP)) + KEIA] + [AJIA]

Finally, Ikushima et al[45] and Nakaya et al46] ob- The kinetic constants were determined by fitting the exx
served even a peak of the initial rate at the vicinity of the perimental datato E@l) by non-linear regression and values..
critical point of carbon dioxide. are given inTable 3 In Fig. 4, symbols represent experimen-szs

Recapitulating, Nakaya et §#16] stated that at pressures tal data, whereas lines represent the kinetic model according
above the critical region an increase of pressure results in anto Eq.(1). 525

increase of reaction rate, if the amount of substrates is higher  The determined kinetic constants represent apparent ones,
than the solubility limit, as this results in increasing substrate as the esterification does not take place in a homogeneeus
concentrations with pressure. On the other hand, an increasenedium and the constants are probably affected by intes
of pressure results in a decline of reaction velocity in the case nal diffusion, i.e. substrate transport from the surface of the
of concentrations below the solubility limit. organogel to the microenvironment of the enzyme. In spite
In the present study, the reason for the decrease of the re-of the unstirred solution, the influence of the diffusion withirs:
action rate with increasing pressure might be similar to the the solvent should be small because of the high diffusivity g
explanation given by Erickson et g44]. The rising pres- supercritical fluidg51]. 533
sure is accompanied by an increase of the solvating power of  Kinetic analysis of the same reaction system performed
scCQ, i.e. the solubility of lauric acid and 1-propanol in the in isooctane issued plots that likewise indicate a Ping Porg
supercritical phase rises. Due to this solvation effect, the par-Bi Bi mechanism. However, due to the poor reproducibikss
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Table 3 the literature. So far, just the differences in the final yield afs
Apparent kinetic constants for scG@ccording to Eq(1) ester have been report{ml 21 23] 580
Apparent kinetic constants HPMC-lecithin MBG in sc£O In the case of acids with different chain length, the be=
KA(MmM) 229+ 6.80 havior in scCQ and isooctane is completely different. Irs.
K,E(mM) 5644108 scCQ, the initial rate increases with increasing chain lengths;
KP(mMm) 367+ 205 whereas in isooctane there is a decline of the reaction rateso-
Umax (MM min~1) 0.420+0.039

wards longer acids. Again, this can be attributed to a differesat
Esterification of lauric acid and 1-propanol catalyzed by CaL immobilized partitioning ofthe acids between the solvent and the microeg-
in @ HPMC—lecithin MBG containing 1.20mg enzyme at'@and 110 ..y ment of the enzyme. The longer the chains of the acids
bar in scCQ. A and B stand for the substrates lauric acid and 1-propanol, y s 9 1 .
respectively. become, the more alkane-like they behave, which resultssin
an increasing solubility inisooctane and a decreasing solubil-
ity in scCQ. This means that in scCQhe concentration of se

ity the fitting ththesi? data agcc)Irdlrig to Ifz(%) results In K the acids in the vicinity of the enzyme increases with increas:r
errors greater than the numerical values of the respective Kl ; o ain length leading to higher reaction rates. In contrast,

netic constants. Thus, adirect comparison between the kineti he surrounding of the enzyme is depleted, if the solventss
constants in the two different solvents cannot be accuratelyisooctane ’ oo

drawn. Furthermore, it seems that the reaction system consistiag

ofthe enzyme immobilized onthe MBG prefers the acids withs

4.4, Effect of substrate chain length 6, 10 and 14 C-atoms to the acids with 8 and 12 C-atoms,sas
the initial rates for the latter acids are lower compared to the
Reactions of various alcohols in both media, indicated no former ones. Obviously, this is not affected by the change 4n

significant differences regarding the effect of alcohol chain the solvent as it can be seen from both curveSign 8. 600
length on the initial rates in scGand isooctane, respec-
tively, except for the case of 1-propanol. It is known that the 4.5. Effect of gel composition 601

different partitioning of alcoholic substrates in various phases
of the system influences the catalytic behavior of lipases in  Fig. 9indicates an increase in the reaction rate with ire
AOT or lecithin microemulsion$52]. Thus, differences in  creasing HPMC mass fraction. The same has already been
the reaction rates for different alcohols can be attributed to reported for the catalytic esterification of lauric acid and %o
the diverse partitioning of the alcohols between the (organic) hexanol using agar- or HPMC-based organogels containiag
solvent and the microenvironment of the immobilized lipase. M. mieheilipase entrapped in an AOT microemulsif2#]. eos
Consequently, the observed maximum in the reaction rate The effect was observed for both solvent-free reactions -
for 1-butanol in scC@can be attributed to the high solubility  hexanol as solvent) as well as reactions carried out in isoee-
of this alcohol in the vicinity of the enzyme displaying the tane. In addition, a similar behavior has been reported on the
good co-surfactant property of this alcohol. Similar observa- esterification of 1-propanol with lauric acid catalyzedtyi- e
tions have been made in other studies on the effect of alcoholzomucor mieheas well asC. antarcticalipase in organogels s

chain length on lipase activity. Sawant and co-workers statedformulated with lecithin microemulsiorf23]. 612
a maximum in the initial rate for 1-butanol for both immo- The different states of water in (hydro-)gels based on cels
bilized M. mieheilipase[53] as well as for soluble lipolase lulose or cellulose derivatives have been the subject of inves-
100L in a biphasic reaction systgs#]. In addition, Delim- tigations by many authors. A review was given by Ford ang
itsou et al[24] reported the same finding fbt. mieheiipase Mitchell [55]. The majority of authors discusses models afs
immobilized on HPMC-containing AOT MBG at 2%. gel structures displaying three different states of water. These

However, in this study the maximum inisooctane is shifted are generally bound water, free (unbound) water and weakly
to 1-propanol. A possible explanation might be that an ex- bound or interfacial watgb5]. Taniguchi and Horigomgs6] e
change of the inner (2-propanol) and the outer (1-propanol) described four different states of water in cellulose acetate
alcohol proceeds in isooctane leading to a higher concentra-membranes, namely completely free water, free water intes-
tion of the reactant in the microenvironment of the enzyme, acting weakly with the polymer, bound water which can con:.
whereas this substitution does not occur to the same extend irtain salts, and bound water which rejects salts. 623
scCQ hindering the external 1-propanol from reaching the ~ The present DSC measurements on organogels also kint
enzyme. This would also explain the observed maximum for at four different states of water in a similar way as those mess
1-butanol mentioned in a study &. mieheilipase immo- tioned above. It was found that the different water types ef
bilized on HPMC-containing AOT MB@24], a system that  the organogel matrix depended on the HPMC mass fractien.
does not contain an internal alcohol in the microemulsion of The matrix of the gel with the highest water content shows
the gel. bulk-like water and interfacial water I, whereas the gel witks

Investigations concerning the influence of acid chain the highest HPMC fraction contains just the two types of ins
length on the initial rate of esterifications catalyzed by li- terfacial water. The gel with medium composition displays:
pases immobilized on MBGs have not yet been reported in all three different water types in lower concentration with res:
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spect to the two gels mentioned before. The initial rates of lecithin MBG. In order to get a further impression of thes:
the enzymatic reaction correlate with this change in water reusability of the organogels, the number of reuses should
structure: increasing interfacial water Il and thus decreasing be increased and the MBGs should also be investigated ig.a
bulk-like water content leads to an increase of the reaction continuous reaction—separation process. This seems a realis-
rate. A possible explanation for this behavior might be that tic scenario for a future scale up of the MBG use in sgCQa
the diffusion of the reactants to the enzyme located in the mi- in which no depressurizing steps would deteriorate the bie>
croemulsion through the gel matrix is less impeded by weaker catalyst. At the present stage of the high-pressure apparatts
interactions with the more strongly bound and thus more ap- these experiments could not be carried out. 694
olar water. A similar conclusion was drawn for changes in the
semipermeability of cellulose membrariéé] and the mod-
ulation of drug release from cellulose matrix tablets, where

the interactions between drugs and the hydrating gell layer The present study demonstrates that microemulsion-based
around the tablets seem to be at least partly responsible for

changes in the drug releas]. organogels formulated with HPMC and gelatin can be usedsas

. . solid-phase catalysts in liquid and supercritical carbon dioss
Another explanation might be a change of the total surface ; . .
. ide as external solvents for substrates. Lipase hosted in MB&s
area of the gels. Although all gels were cut into several pellets

of approximately equal size, the gels differ quite strongly retains its ability to catalyze esterification reactions of fatty

. - acids and alcohols and transesterifications in these media.

from each other in the outward appearance. HPMC gels with - e

. . . . Furthermore, the initial rates of the model esterification reae-
high water content are cohesive and are in a way similar to tion of lauric acid and 1-propanol are higher in scaBan
gelatin-based MBGs. In contrast, the gels with high HPMC and ~-prop 9 o

. . .. _in the corresponding isooctane system. 704

content appear to consist of many loose gel particles sticking With a focus on HPMC-based organoaels formulated withs
together. Hence, the change from low to high HPMC fraction ganog

; . lecithin microemulsions containinG. antarcticalipase, it o
might lead to an increase of the total surface area of the gels .
. S e : . has been shown that the mechanism of the chosen model-es-
and might thus minimize diffusion distances in the gel.

The influence of the surface area of MBGs on the reac- terification of lauric acid and 1-propanol seems to be of the

tion rate has first been observed by Jenta and co-workersPlng Pong Bi Bi type with dead-end inhibition by excess afs

[12]. They reported that granulated gelatin-based gels with alcohol. In addition, the effect of pressure on the initial rate
a AbT microemulsion containinghromobacterium visco- of the esterification displayed a similar behavior as described

sumlipase behave differently from pelleted MBGs of the in literature for reactant concentrations below saturation. The

” o influence of alcohol and acid chain length on the initial rate;
same composition. The observed initial rates were generally A : )
. . . showed significant differences between isooctane and scCéax
higher for the granulated gels having a higher surface area pe

unit volume than the pellets. They attributed this effect to the r.ThIS can be attributed to different partitioning of the reactants

importance of diffusion distances. Furthermore, Heifstet in the two solvents. In contrast, the effect of gel compositiom

: on the reaction rate is similar in both solvents. Further, DSG
al.[57] conducted a study on the influence of the gel surface . - :
L . . measurements on the gels of different composition gave addi-
area on the initial rate of gelatin AOT MBGs wi€ antarc- : N . : .
S . ... tional insight into the observed increase of reaction velocity
tica lipase and were able to show that the extrapolated initial =~ . i
. e with increasing polymer fraction. 720
rate of hypothetical pellet gels with infinitely large areas are

in good agreement with those obtained for granulated MBGs . Biocatalyst reuse experiments in scE¢howed that the 7=
; P . . S slight decrease of activity is similar to that observed in isooe»
representing gels where diffusion distances are minimized.

tane. Provided that continuous reaction—separation processes
lead to similar conclusions, the combination of MBGs with.
the solvent scC®represents a promising “green” reactionzs
system for bioconversions. It should be noted that in sueh
a combination the amount of less green substances suchas
the constituents of the microemulsion and the enzyme is vesy
g . Lo . . small. 729
seen inFig. 1Q the lipase activity in both solvents is quite In summary, the potential of reusable MBGs in biocats

well preserved. It should be noted that in the case of scCO . . : o .
- .~ alytic processes involving enzymes with high biotechnologx
the mass loss due to the sudden depressurizing of the high- ; X
ressure cell, leads by itself to a decline of activity as the ical vglue can b(_e combined with the tun_able soIvent.and
P ' solvation properties of scCQand hence with the superiorzss

total enzyme concentration in the cell decreases. Neverthe- . . o .
. - & ) reaction—separation processes based on supercritical fluids.
less, the slight decrease of activity is comparable in both

solvents, i.e. scC@obviously does not negatively influence

the operational stability of the HPMC gels containing lipase. References 73
However, due to the limited number of reuses the experi-
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5. Conclusion 695

4.6. Biocatalyst reuse
The operational stability of an immobilized enzyme, i.e.

the ability to reuse it, is an important parameter determining
the economic viability of a biocatalytic process. As can be
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