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Abstract

This work investigated the influence of temperature, pressure, exposure times and depressurization rate on the activity of a non-commercial
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mmobilized lipase from Yarrowia lipolytica (YLL) submitted to compressed carbon dioxide, propane and n-butane. A high-pressure cell was
mployed in the experiments, in the pressure range of 10–280 bar, varying the temperature from 35 to 75 ◦C, exposure times from 1 to 6 h, and
dopting distinct decompression rates. Results showed that significant activity losses were obtained when the treatment was conducted in carbon
ioxide, while negligible losses were observed in both propane and n-butane. For the treatment with carbon dioxide, within the range studied,
he decompression rate affected positively enzyme activity, while the exposure time and temperature presented an opposite effect on the non-
ommercial immobilized lipase from Y. lipolytica (YLL). Additionally, the performance of two commercial immobilized lipases (Lipozyme IM
nd Novozym 435) and the immobilized YLL in the three solvents was compared. Immobilized YLL has shown to be more suitable than Lipozyme
M for enzyme-catalyzed reactions using compressed propane and n-butane as solvents, but with inferior performance compared to Novozym 435
reated in these solvents.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Microbial lipases (acylglycerol acylhydrolase, EC 3.1.1.3)
ave been increasingly employed in a broad range of appli-
ations. Furthermore, biocatalysis has been considered as the
ost efficient way of producing fine chemicals in a near future

1,2]. Lipases are generally effective biocatalysts due to high-
ubstrate specific activity, low impact on the environment,
unctional group and stereoselectivities. Lipase immobilization
ffers unique advantages in terms of better process control,
nhanced stability, enzyme-free products, predictable decay
ates and improved economics [3–5]. Adsorption is the most
sual method for lipase immobilization as it is a low cost method
nd presents minor deleterious effects on enzyme activity and

∗ Corresponding author. Tel.: +55 21 2562 7360; fax: +55 21 2562 7266.
E-mail address: freire@iq.ufrj.br (D.M.G. Freire).

selectivity [5]. Polymeric resins such as microporous polypropy-
lene Accurel® MP 1000, and materials containing hydrophobic
groups as octyl-agarose are examples of carriers suitable for
lipase immobilization by adsorption [4–6].

For a long time enzymes were believed to work efficiently
only in aqueous solutions. Consequently, their utilization in
organic synthesis was rather scarce, as the low water solubil-
ity of many substrates represented a serious obstacle [7]. This
disadvantage, nevertheless, stimulated the search for systems
based on the use of non-aqueous solvents in order to increase
the solubility of hydrophobic substrates, and as a consequence,
non-aqueous biocatalysis has rapidly becoming a standard
approach in the development of strategies for organic synthesis
[8–11].

Since the first reports on enzyme-catalyzed reactions in super-
critical fluids [12–15], much attention has been paid to the use
of dense gases, mainly supercritical carbon dioxide, as potential
alternatives to conventional organic solvents. The advantages of
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using compressed fluids over organic liquid solvents as reaction
media are well discussed in the literature [1,16–18].

Several studies have shown that many reactions can be
conducted in liquid or supercritical carbon dioxide, and, in
some cases, rates and selectivities achieved are greater than
those obtained in normal liquid or gas phase reactions [19–21].
Undoubtedly, compared to other gases, carbon dioxide has
been the most widely studied fluid as solvent medium for
enzyme-catalyzed reactions [1,22]. Nonetheless, a serious draw-
back of those applications may arise from the non-polarity of
carbon dioxide, which means non-proper dissolution of both
hydrophobic and hydrophilic compounds [1]. Furthermore, the
hydrophilic characteristics of carbon dioxide over wide pres-
sure ranges may affect negatively the activity of the enzyme, as
the water partitioning between the enzyme and reaction mixture
may be a key factor for conducting enzymatic reactions [1,23].

Nevertheless, other compressed gases seem also to be ade-
quate for biocatalysis [18]. Actually, the comparable dielectric
constant of propane and n-butane to carbon dioxide [8,24], and
the higher pressure phase transition values generally found in
systems formed by carbon dioxide with high molecular weight
(e.g. triglycerides) compounds when compared to the use of
propane and n-butane support a firm belief that propane and
n-butane may also be suitable as reaction media for enzyme-
catalyzed bioconversions [25–27]. Besides, compared to higher
homologue hydrocarbons, liquid solvents at ambient conditions,
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2. Experimental

2.1. Materials

2.1.1. Enzymes
Lipase from Y. lipolytica was produced in a 2000 L fermentor

containing (w/v) 1% of glucose, 3% of whey powder, 0.8% of
ammonium sulphate, 1% of cornsteep syrup and 0.5% of olive
oil. After 30 h of fermentation, the culture broth was centrifuged
and the supernatant was dried by lyophilization [29].

Commercial immobilized lipases were kindly supplied by
Novozymes Brazil (Araucária, PR, Brazil): Mucor miehei
(Lipozyme IM) immobilized on a macroporous anion exchange
resin, and Candida antarctica (Novozym 435) immobilized on
a macroporous anionic resin. According to the manufacturer,
the optimum activity is achieved at 40 ◦C for Lipozyme IM and
70 ◦C for Novozym 435 [30].

2.1.2. Chemicals
Lauric acid, ethanol, acetone and other chemicals (analyti-

cal grade) were obtained from Merck. Carbon dioxide (99.9%),
propane (99.5%) and n-butane (99.5%) were purchased from
White Martins S.A.

2.2. Apparatus and experimental procedure

2

b
t
M

e
w
d
i
(
3
s
(
T
e
p
t
m

2

e
m
t
o
a
d
o
1
l

he use of propane and n-butane offers the advantages of low
eparation costs, and also solvent-free products.

In order to accomplish lipase-catalyzed reactions at high
ressures, the enzyme behavior in compressed fluids is of pri-
ary importance as the loss of enzyme activity may lead to

ndesirable poor reaction rates and low yields of target prod-
cts. Enzyme stability and activity may depend on the enzyme
pecies, characteristics of compressed fluid, water content of the
nzyme/support/reaction mixture, and process variables manip-
lated. As aforementioned, while there is relatively abundant
ata regarding activity and stability of enzymes in carbon diox-
de, there is a lack of corresponding experimental information
or propane and n-butane.

Though at present the high cost of enzyme production may
e the major obstacle to commercialization of enzyme-catalyzed
rocesses, recent advances in enzyme technology, such as the use
f solvent-tolerant lipases and immobilized lipases—making
atalyst re-utilization possible, have been made to develop cost-
ffective systems [28]. Furthermore, the possibility of using a
on-commercial lipase obtained from relatively low-cost and
enewable raw materials renders additional importance towards
onducting studies on enzymatic activity in non-conventional
uids.

In this context, this work investigates the influence of tem-
erature, pressure, exposure time and decompression rates on
he activity of an immobilized, non-commercial lipase from
arrowia lipolytica (YLL). A comparison between immobilized
LL with two commercial immobilized lipases (Lipozyme IM

nd Novozym 435) as submitted to supercritical carbon diox-
de and compressed propane and n-butane media at the same
xperimental conditions is provided.
.2.1. Lipase immobilization
The lyophilized preparation was solubilized in phosphate

uffer (0.05 M pH 7.0) and submitted to preferential immobiliza-
ion by physical adsorption on hydrophobic support (Accurel®

P 1000) [6].
Carrier preparation was performed by adding 10 mL of

thanol to 1000 mg of the carrier. After 30 min, the supernatant
as poured out and the carrier was washed repeatedly with
istilled water until ethanol was completely removed. Enzyme
mmobilization was performed at a relation soluble enzyme
mL): support (mg) of 1:25 and the activity was in the range of
0–260 UH/mL. Immobilization was performed with magnetic
tirring in an ice cooler and aliquots were sampled periodically
0, 1, 5, 10, 15, 20, 30, 60, 90, 120 min) for protein content assay.
he supernatant and carrier with enzyme were also assayed for
nzyme activity. Lipase activity was determined as described
reviously [31]. One lipase activity unit (UH) was defined as
he amount of enzyme that produces 1 �mol of fatty acids per

inute, under the assay conditions.

.2.2. Lipases esterification activity
The enzyme activity was determined as the initial rates in

sterification reactions between lauric acid and propanol at a
olar ratio of 3:1, temperature of 60 ◦C and enzyme concen-

ration of 5 wt% in relation to the substrates. At the beginning
f the reaction, samples containing the mixture of lauric acid
nd propanol were collected, and the lauric acid content was
etermined by titration with 0.04 M NaOH. After the addition
f the enzyme to the substrates, the mixture was kept at 60 ◦C for
5 min. Then, the lauric acid consumption was determined. One
ipase activity unit (UE) was defined as the amount of enzyme
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Fig. 1. Schematic diagram of the high-pressure apparatus for enzyme activity
tests. A, solvent reservoir; B, syringe pump; C, equilibrium cell; D, sapphire
windows; E, magnetic stirrer; F, white light source; G, pressure transducer; H,
ball valve; I, micrometering valve; J, relief valve.

necessary to consume 1 �mol of lauric acid per minute at the
established experimental conditions presented previously. All
enzymatic activity determinations were replicated at least three
times.

2.2.3. High-pressure enzyme treatment
The equipment used in all experiments consists basically of

a solvent reservoir, a 20 mL view cell with three sapphire win-
dows for visual observations, an absolute pressure transducer
(Smar LD 301), with a precision of ±0.30 bar, a portable pro-
grammer (Smar, HT 201) for the pressure data acquisition, and
a syringe pump (ISCO 260D). The equilibrium cell contains a
movable piston, which permits the pressure control inside the
cell. The experimental apparatus, built to conduct the experi-
ments up to 300 bar and 80 ◦C, is schematically presented in
Fig. 1.

The lipases (approximately 1.0 g) were charged into the cell
and the temperature established in the experimental design
was set. Afterwards, the system was pressurized and then
maintained at constant temperature and pressure during pre-
established exposure time. Typically, the pressure come up time
was less than 0.5 min and accordingly it was not included in
the pressure holding time because of its relatively small time
compared to longer holding times. Then, at the decompres-
sion rates defined: 10–200 kg m−3 min−1 for CO2 and in the
range of 2–50 bar min−1 for propane and n-butane, the sys-
t
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p

2.3. Experimental design

A Plackett–Burman semi-factorial experimental planning
with two levels and four variables (temperature, exposure
time, decompression rate and reduced density or pressure) was
adopted to establish the experimental conditions. The exper-
imental planning was conceived to cover the variable ranges
commonly used for enzyme-catalyzed reactions in compressed
fluids. The experiments were accomplished randomly, and dupli-
cate runs were carried out at the central point of the experimental
design to allow estimation of standard deviation. The influence
of the process variables on the enzyme activity was assessed by
an empirical modeling technique. In order to obtain indepen-
dent parameters (effects) and to allow a direct comparison of
each variable effect, the independent variables were normalized
in the range of −1 to +1, according to:

xi = 2 (Xi − Xmin)

Xmax − Xmin
− 1 (1)

where xi is the normalized value of variable X at condition i,
Xi the actual value, and Xmin and Xmax represent the lower and
upper limit, respectively.

The “−1” level represents the lower limit, while the “+1”
level represents the upper limit of each variable. A statistical
modeling technique was used to obtain an empirical model able
to reproduce the experimental data. Empirical models were built
b
p
e
d
S
t
f
e
i
t

3

t
a
p
t
t

T
I tents

P
c
c

Hy
(U

18
47

2 68
4 58

H

em was depressurized and the lipase activity was measured.
he change in the lipase activity was defined as the differ-
nce between the activity at the beginning and at the end of the
rocess.

able 1
mmobilization of lipase from Yarrowia lipolytica at different initial protein con

rotein
ontent (mg/g
arrier)

Immobilized protein
(mg/g carrier)

Protein immobilized
yield (%)

4.0 2.3 58
8.1 4.9 60
0 13 65
2 35 83

ydrolytic specific activity equal to 21.4 ± 0.1 UH/mg.
y assuming that all variable interactions were significant, the
arameters related to each variable interaction and main variable
ffects were estimated, and the meaningless parameters were
iscarded considering a confidence level of 95%, by using the
tudent’s “t” test. The objective of using the Student’s t-test is

o evaluate whether the parameters were significantly different
rom zero. This test takes into account the standard error of
ach parameter according to a well-known procedure available
n many textbooks [32]. The parameters were estimated using
he Statistica® 5.5 software [33].

. Results and discussion

Table 1 presents YLL immobilization at different initial pro-
ein contents and results obtained as hydrolytic activities (UH)
nd protein immobilization yields. The YLL immobilization
rocedure was completed within 2 h for all initial protein con-
ents, with protein and hydrolytic activity immobilized yields in
he range of 58–83% and 7.9–44.5%, respectively (Table 1).

drolytic activity

H/g carrier)
Immobilized specific
activity (UH/mg protein)

Hydrolytic
activity yield (%)

7.8 36.4
9.6 44.9
5.2 24.3
1.7 7.9
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Table 2
Experimental design for Yarrowia lipolytica activity measurements in pressurized CO2

Experiment T (◦C) t (h) R (kg m−3 min−1) RD Enzyme activity (UE/g) Activity loss (%)

Initial Final

1 35 (−1) 1 (−1) 10 (−1) 0.5 (−1) 342 307 10.2
71.5a

2 35 (−1) 1 (−1) 200 (+1) 1.6 (+1) 338 297 12.1
110.4

3 35 (−1) 6 (1) 10 (−1) 1.6 (+1) 390 306 21.5
110.4

4 35 (−1) 6 (1) 200 (+1) 0.5 (−1) 385 322 16.3
71.5

5 75 (+1) 1 (−1) 10 (−1) 1.6 (+1) 390 346 11.2
276.4

6 75 (+1) 1 (−1) 200 (+1) 0.5 (−1) 387 342 11.6
100

7 75 (+1) 6 (1) 10 (−1) 0.5 (−1) 360 257 28.6
100

8 75 (+1) 6 (1) 200 (+1) 1.6 (+1) 382 288 24.6
276.4

9 55 (0) 3.5 (0) 105 (0) 1.05 (0) 370 324 12.1b

117.9 383 338

a Second line along this column provides pressure values (bar) estimated from the Angus et al. [34] equation.
b Standard deviation: ±0.4. R is the decompression rate (kg m−3 min−1) and RD is the reduced density (dimensionless).

An increase in the initial protein content led to an enhance-
ment of protein immobilization yields. However, immobilized
hydrolytic activity yields enhanced until 8.1 mg of initial pro-
tein content (44.9%), decreasing afterwards. Immobilized YLL
activity (UH/g) was smoothly improved up to 20 mg protein per
g carrier (maximum activity of 68 U/g carrier). Nevertheless,
higher initial protein contents have not increased the hydrolytic
activity neither the hydrolytic activity yields probably due to the
fact that at this value the carrier Accurel® MP1000 had achieved
maximum enzyme load and higher protein contents caused car-
rier overcrowding. Immobilized YLL preparation immobilized
with 20 mg of initial protein content (68 UH/g) was selected for
further experiments to evaluate storage stability, esterification
activity and stability under high pressure conditions.

Immobilized biocatalyst presented storage stability higher
then 90% during about 1 month of storage at room tempera-
ture (25 ◦C) in comparison to only 1 day for soluble YLL.

The biocatalyst esterification activity was found to be
350 UE/g. It is worth mentioning that the soluble YLL prepa-
ration did not show any esterification activity, so that this immo-
bilization procedure is essential for enzyme utilization in non-
hydrolytic reactions.

The esterification activity of immobilized YLL after been
submitted to supercritical carbon dioxide and compressed
propane and n-butane are presented in Tables 2–4. In these tables,
real and coded levels (±1) are given on columns 2–5, while
the last three columns show the enzyme activity values before
and after treatment along with the computed percent change on

Table 3
Experimental design for Yarrowia lipolytica activity measurements in compressed propane

Experiment T (◦C) P (bar) t (h) R (bar min−1) Enzyme activity (UE/g) Activity loss (%)

Initial Final

1 35 (−1) 30 (−1) 1 (−1) 2 (−1) 336 336 0
2 35 (−1) 250 (+1) 1 (−1) 50 (+1) 315 312 0.9
3 35 (−1) 250 (+1) 6 (+1) 2 (−1) 322 319 0.9
4 35 (−1) 30 (−1) 6 (+1) 50 (+1) 331 329 0.6
5 75 (+1) 250 (+1) 1 (−1) 2 (−1) 350 345 1.4
6 75 (+1) 30 (−1) 1 (−1) 50 (+1) 331 329 0.6
7 −1)
8 +1)

9 0)

RD is
75 (+1) 30 (−1) 6 (+1) 2 (
75 (+1) 250 (+1) 6 (+1) 50 (

55 (0) 140 (0) 3.5 (0) 26 (

a Standard deviation: ±0.3. R is the decompression rate (kg m−3 min−1) and
325 320 1.5
391 387 1.0

389 385 1.3a

364 358

the reduced density (dimensionless).
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Table 4
Experimental design for Yarrowia lipolytica activity measurements in compressed n-butane

Experiment T (◦C) P (bar) t (h) R (bar min−1) Enzyme activity (UE/g) Activity loss (%)

Initial Final

1 35 (−1) 10 (−1) 1 (−1) 2 (−1) 322 319 0.9
2 35 (−1) 250 (+1) 1 (−1) 50 (+1) 339 334 1.4
3 35 (−1) 250 (+1) 6 (+1) 2 (−1) 390 387 0.7
4 35 (−1) 10 (−1) 6 (+1) 50 (+1) 330 328 0.6
5 75 (+1) 250 (+1) 1 (−1) 2 (−1) 395 392 0.7
6 75 (+1) 10 (−1) 1 (−1) 50 (+1) 355 351 1.1
7 75 (+1) 10 (−1) 6 (+1) 2 (−1) 364 360 1.0
8 75 (+1) 250 (+1) 6 (+1) 50 (+1) 349 347 0.5

9 55 (0) 130 (0) 3.5 (0) 26 (0) 317 314 0.7a

318 316

a Standard deviation: ±0.1. R is the decompression rate (kg m−3 min−1) and RD is the reduced density (dimensionless).

enzyme activity. Additional runs (last rows of these tables) were
carried out at the central point, coded 0, to estimate the overall
curvature effect.

The experiments were accomplished in the temperature (T)
range of 35–75 ◦C and exposure times (t) of 1–6 h for all solvents.
For carbon dioxide, the decompression rates (R) covered the
range 10–200 kg m−3 min−1 with reduced density (RD) varying
from 0.5 to 1.6. For this solvent, densities were estimated from
the Angus et al. [34] equation. For propane and n-butane, due to
their nearly incompressible nature within the temperature and
pressure ranges investigated, the lower (slow) and upper (fast)
depressurization (R) levels of 2 and 50 bar min−1 were adopted,
and the system pressure (P) as process variables (30–250 bar for
propane and 10–250 bar for n-butane). Results for immobilized
YLL can be better visualized in Fig. 2, which shows that expo-
sure to carbon dioxide led to the highest activity losses (up to
≈29%), and then followed in a much lesser extent by propane
(maximum of 1.5%) and by n-butane (maximum of 1.4%).

Table 5 presents the results obtained in the statistical model-
ing for immobilized YLL. The values of the parameters shown in
this table reflect the enzyme activity losses as a result of chang-
ing each variable from the lower to the upper level. In this sense,
positive values of a specific parameter mean that the change of a
process variable from lower to upper level leads to an increase in

F
d

the response variable (enzyme activity loss). The absolute value
of each variable indicates how much the variable influences the
enzyme activity loss. For example, concerning the results for car-
bon dioxide, a change of temperature from 35 ◦C (−1) to 75 ◦C
(+1) causes a decrease of 1.9% in the enzyme activity compared
to the untreated enzyme. The independent parameter indicates
the mean value of the enzyme loss when all independent values
are located in the average values.

Table 5
Regression results for the activity of Yarrowia lipolytica in compressed CO2,
propane and n-butane

Effect Parameter value Parameter uncertainty

Carbon dioxide: activity loss = a0 + a1T + a2t + a3R + a4TRD + a5RDR + a6

quadratic, correlation coefficient = 0.999
Independent a0 = 12.0 0.59*

Temperature (T) a1 = 1.9 0.21*

Exposure time (t) a2 = 5.7 0.21*

Decompression rate (R) a3 = −0.8 0.21*

TRD a4 = −1.3 0.21*

RRD a5 = 1.8 0.21*

Quadratic a6 = 5.0 0.63*

Propane: activity loss = a0 + a1T + a2P + a3t + a4R + a5TR + a6tR + a7quadratic,
correlation coefficient = 0.999

Independent a0 = 1.2 0.05*

Temperature (T) a1 = 0.2 0.02↑

n
c

Exposure time (t) a2 = −0.1 0.02*

Decompression rate (R) a3 = −0.1 0.02*

TP a4 = −0.1 0.02*

Quadratic a5 = 0.1 0.06*

Superscripts * and ↑ denote, respectively, significant and non-significant param-
eter at a 95% confidence level. Quadratic term: indicates possible non-linear
behavior of some variable within the experimental range investigated.
ig. 2. Loss of immobilized YLL activity after treatment in compressed carbon
ioxide, propane and n-butane. Experimental conditions presented in Tables 2–4.
Pressure (P) a2 = 0.1 0.02*

Exposure time (t) a3 = 0.1 0.02*

Decompression rate (R) a4 = −0.1 0.02*

TR a5 = −0.2 0.02*

tR a6 = −0.1 0.02*

Quadratic a7 = −0.3 0.05*

-Butane: activity loss = a0 + a1T + a2t + a3R + a4TP + a5quadratic, correlation
oefficient = 0.986

Independent a0 = 0.6 0.05*

Temperature (T) a1 = 0.1 0.02↑
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One should note from this table that the treatment in all
solvents promotes a decrease in enzyme activity, especially in
compressed carbon dioxide (see the significant value of the
independent parameter). In general, the decompression rate is
affected negatively by the enzyme activity while the temperature
showed to be relevant only for carbon dioxide and the exposure
time did not demonstrate to be a relevant variable for propane
and n-butane. Note also that some cross-interaction effects,
like temperature-reduced density or temperature-pressure, on
enzyme activity should not be neglected.

Apart from the results obtained in three experimental con-
ditions (3, 7 and 8) for carbon dioxide, activity losses for the
immobilized YLL can be considered low when compared to the
values reported in the work of Habulin and Knez [8], who studied
the activity of some lipases through the esterification reaction
of butyric acid and ethanol in supercritical carbon dioxide and
propane at 40 ◦C and 100 bar. It is interesting to mention that
these authors also verified that the enzyme activity was improved
in propane.

Fig. 3 presents a comparison between the immobilized YLL
with two commercial immobilized lipases, Lipozyme IM and
Novozym 435, at the same experimental condition (central point
of the experimental design—condition 9 of Tables 2–4). The
treatment in carbon dioxide also had a deleterious effect on the
activity of the commercial Novozym 435 and Lipozyme IM,
though in a less degree compared to immobilized YLL. On the
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longer valid for supercritical carbon dioxide containing systems
[19,20].

It has been argued that the decrease of lipase activity in super-
critical carbon dioxide may be attributed to enzyme–solvent
interactions, leading to the formation of covalent complexes
with the free amino groups on the surface of the enzyme to
form carbamates, which would result in charge removal at his-
tidine residues, and thus could contribute to the loss of enzyme
activity [1,8,22,43].

According to the log P hydrophobicity factor, defined as the
logarithm of the partition coefficient in a standard octanol–water
two-phase system, activities are low in relatively hydrophilic
solvents having log P < 2, are quite variable for solvents hav-
ing log P between 2 and 4, and is high in hydrophobic sol-
vents for which log P > 4 [3]. The reason is that solvents having
log P < 2 strongly distort the essential water–biocatalyst interac-
tions, thereby inactivating or denaturing the biocatalyst [3].

Recent results show that pressurized carbon dioxide is rather
hydrophilic; with log P values lower than 2 in a wide pres-
sure range and hydrophilicity increasing with a decrease in
pressure, though the water solubility decreases simultaneously
[23]. Accordingly, supercritical carbon dioxide could strip the
essential water from the enzyme microenvironment, thus caus-
ing enzyme deactivation with the unfavorable water partitioning
between the enzymatic support and the solvent [1,8,22]. Hence,
differences in water partitioning may have also contributed to the
h
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ther hand, it is worth noticing that treatment of Novozym 435 in
ompressed propane and n-butane improved enzyme activity for
his experimental condition, with resulting activity gains around
0%. For these two compressed gases however activity losses
ere also observed for Lipozyme IM.
Results reported in this work for all enzymes treated in carbon

ioxide are in complete agreement with those reported by some
uthors [1,8,17,18,35–39], but opposite to the ones reported by
ie�auf and Gamse when dealing with porcine pancreatic lipase

40]. Furthermore, a series of enzyme-catalyzed reactions con-
ucted in both conventional and supercritical fluid media has
hown that while no loss of enzyme activity was experimentally
bserved for the conventional medium [41,42], the same was no

ig. 3. Comparison of activity changes between lipase from Yarrowia lipolyt-
ca with two commercial lipases after treatment in compressed carbon dioxide,
ropane and n-butane at experimental condition 9 of Tables 2–4.
igher activity values found for the examined lipases in propane
nd in n-butane compared to those in carbon dioxide [8].

This factor may have a crucial role when considering a rapid
elease of carbon dioxide dissolved in the bound water [18].
teinberger et al. [38] have pointed out that the stability of
n enzyme in supercritical carbon dioxide depends on both
ts tertiary structure and on several parameters during expo-
ure to high-pressure carbon dioxide. They argued that high
emperatures, water content in carbon dioxide and pressuriza-
ion/depressurization steps can cause enzyme inactivation.

Regarding treatment in propane and in n-butane, it has been
entioned that solvents with low dielectric constant favor inter-

acial activation thus opening the lipase lid [1,8]. Furthermore,
ecause of the hydrophobic characteristics of propane and n-
utane and the fact that they behave like a conventional liquid
n the present study, and possibly due to affinity of the enzyme
articles for these solvents, relatively lower activity losses as
ompared to treatment in carbon dioxide or even significant
ctivity improvements were experimentally observed.

. Conclusions

The results obtained in this work showed that this new bio-
atalyst (YLL immobilized in hydrophobic carrier) presented
ood storage stability and high stability under high pressure
onditions, enabling its utilization in many biotransformation
rocesses of raw materials in compressed and supercritical flu-
ds. We concluded that the magnitude of pressure (or reduced
ensity), temperature, decompression rate and exposure time
ffected lipase activity in different grades, depending on the
ature and the source of enzyme and, mainly, whether the
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enzyme is in its native or immobilized form. It seems also that
the use of non-commercial, “home-made”, enzymes may be a
feasible alternative to the development of cost-effective enzy-
matically catalyzed processes.
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