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The effect of contacting neat ethanol and an ethanol: H,O mixture on Novozym® 435 was investigated
at room temperature and 45°C, during various periods of time of interaction with the alcohol (from
40 min to 8 days) and at different biocatalyst: ethanol (ethanol/water) ratios. The alcohol dissolves the
polymethylmethacrylate (PMMA) that constitutes the support of the Candida antarctica B lipase (CALB)
regardless of the conditions investigated and diffuses into the biocatalyst’s beads remaining strongly
adsorbed (the desorption of the alcohol is evidenced only upon heating at 150°C). The diffusion of the

ﬁi{, Vg:;f;"@ 435 alcohol alters the inner texture of the beads generating channels and increasing the roughness of the
Ethanol polymeric material. Additionally, the ethanol (with or without water added) modifies the secondary
CALB structure of the enzyme by decreasing the a-helix contributions and increasing the (3-sheet structure.
Biocatalyst © 2011 Elsevier B.V. All rights reserved.
Stability

1. Introduction

Among the commercially available biocatalysts, there is
no doubt that Novozym® 435 is the most commonly hetero-
geneous biocatalyst used in the enantioselective synthesis of
optically active alcohols, amines and carboxylic acids. Novozym®
435 is the commercial immobilized Candida antarctica lipase B
(CALB) produced by submerged fermentation of a genetically
modified Aspergillus microorganism. The lipase is adsorbed on
a macroporous resin called Lewatit VP OC 1600, according to
the information given by the Novozymes Co. in their web-
site (http://www.novozymes.com/en/MainStructure/ProductsAnd
Solutions/Biocatalysis/Commercial+products/Novozym+435/Novo
zym+435). This macroporous resin is a polymer of metacrylic acid
cross-linked with divinylbenzene (DVB) and possesses certain
hydrophobic nature [1].

The supplementary material accompanying this investigation
summarizes the applications of Novozym® 435 that have been
published in the last 10 years along with the temperature of reac-
tion, conversion of substrate, enantiomeric excess of the substrate
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and/or the desired product and the composition of the reaction
media (from references [2-22]). This literature survey demon-
strates that, in most cases, the substrates are used in stoichiometric
amount and a non-reactive co-solvent such as isooctane and n-
heptane is added to the reaction media in order to dissolve the
substrates. In contrast with that conventional operation modus,
our research group demonstrates that the enantiomeric esterifica-
tion of racemic R/S-ibuprofen is feasible with an excess of ethanol
[9]. In this context, the alcohol operates as a substrate and also
dissolves the ibuprofen, therefore no co-solvent is necessary. The
investigation shows that the conversion of ibuprofen towards the
ethyl esters and the enantiomeric excess towards S(+)-ibuprofen
are greatly affected by the ethanol and the initial nominal water
contents of the reaction media.

In this context, when an ethanol: R/S-ibuprofen molar ratio
equals 141 (0.2 ml of ethanol per milligram of biocatalyst) was
assayed, a low conversion (18%) and enantiomeric excess (12%)
was achieved. However, a molar ratio equal to 7.0 (0.01 ml/mg)
yields 62% conversion of ibuprofen with 50% of enantiomeric
excess towards S(+)-ibuprofen at optimum operation conditions
(see the application: Resolution of racemic ibuprofen within
the supplementary material for details). The performance of the
biocatalyst diminishes to half its initial activity upon several
reuses [9,10]. In this context, there are several investigations that
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account for the deactivation of Novozym® 435 as observed in the
supplementary material. Particularly, those investigations devoted
to bio-diesel production observed that the excess of methanol or
ethanol inhibits the transesterification reaction [2-5]. Similarly,
the biocatalyst deactivates when 1-propanol, octanol, methanol,
butanol, t-butanol and 1,2-propanediol are used as the acylating
agent in esterification type of reactions [8,11,12,14,17,18]. Despite
the reports of the deactivation/inhibition of Novozym® 435, none
of the investigations have been focused on a reliable explanation
of the causes of such behavior. In this context, the present inves-
tigation provides evidences on the deactivation of Novozym® 435
upon contact with ethanol (with or without water added) based
on the effect of the alcohol on the secondary structure of Candida
antarctica B lipase, the dissolution of the macroporous resin (the
core of Novozym® 435 beads), the desorption of the enzyme and
the surface interaction of ethanol with the macroporous support of
the lipase.

2. Experimental
2.1. Materials

Candida antarctica lipase (CALB L) (batch LCN02102) and the
commercial biocatalyst Novozym® 435 (batch LC200217) were
obtained as a gift from Novozymes Brasil (Parand, Brazil). The spe-
cific surface area (determined through the BET method) of the
biocatalyst is 72 m?/g.

Highly pure Candida antarctica lipase (35,500 g/mol) purchased
from Sigma Aldrich Argentina (10.9 U/mg) was used as a reference
for the infrared analysis purposes.

2.2. Procedures for the quantification of proteins

2.2.1. Procedure for the quantitative precipitation of Candida
antarctica lipase

The concentration of Candida antarctica lipase (Lipozyme batch
LCN02102) of the sample provided by Novozymes Brasil was deter-
mined through the precipitation and weighing of the total amount
of protein. A known volume of the sample (1.00 ml) is cooled down
with anice bath and continuous stirring. Then 2.00 ml of a saturated
solution of ammonium sulphate at 4°C is added drop by drop and
maintained for 5 h. The saturated solution of (NH4),SO4 possesses
533 mg per ml at 25°C.

The precipitated enzyme is centrifuged for 15 min at 6000 rpm,
dried for 16 h in a vacuum oven at room temperature and weighed.
This procedure allowed us to determine that the sample contained
68 mg of protein capable of being precipitated per ml of the liquid
simple.

2.2.2. Protein quantification through UV-vis spectroscopy

The amount of enzyme desorbed out of Novozym® 435 was
determined through UV-vis spectroscopy. In this context, the
absorbance of the supernatant solution remaining after each treat-
ment with ethanol was studied in the 200-400 nm range with
a Perkin Elmer Lambda35 equipment. Then, the absorbance at
256 nm was correlated with the concentration of CALB by means of
a calibration curve performed with several solutions of known con-
centration of the CALB Lenzyme in ethanol medium (the calibration
was also performed in aqueous solution). In turn, the concentration
of protein in the starting solution of CALB L was obtained through
a precipitation method as described in Section 2.2.1.

2.2.3. Bicinchoninic acid assay
The quantification of protein through the bicinchoninic acid
(BCA) was assayed both in a mixture of dimethylsulfoxide and

Triton X-100 and in an ethanol: 4.76% H,O mixture in order
to establish the total amount of protein of Novozym® 435 (the
removal of protein is described in Section 2.3) and the amount of
protein desorbed upon interaction with ethanol, respectively.

The BCA method involves the preparation of three aqueous solu-
tions that are called A, B and C for brevity. Solution A contains
0.4000g of BCA (Fluka>90%), 0.8000g Na,CO3; (Mallinckrodt),
0.1630g NaHCOs3 (Anedra), 0.1581 g NaOH (Carlo Erba > 97%) and
0.0641 g sodium tartrate dibasic dihydrate (Fluka > 99% in 40 ml of
distilled water. Solution B contains 4% (w/v) of CuSO4 and solution
Cis a mixture of solution A and B in a 100/2 (v/v) ratio (in this par-
ticular case, solution C corresponds to 30.00 ml of solution A and
0.60 ml of solution B, and is prepared just before the quantification).

The standard solutions for the calibration curves were prepared
with bovine seroalbumin (Sigma 99%, A3059 lot 12640255). The
starting aqueous solution containing 1 mg/ml of bovine seroalbu-
min was diluted to 0.1 mg/ml with either an ethanol: 4.76% H,0
mixture or a mixture containing 35% (v/v) DMS:35% (v/v) Triton
X-100:30% (v/v) H,0O (similar to the mixture used to remove CALB
from Novozym® 435) depending on the particular application of
the BCA method as discussed above. The standard solutions for cal-
ibration purposes were prepared by taking an appropriate volume
of the 0.1 mg/ml of bovine seroalbumin solution then 1.00 ml of
the solution C was added and incubated at 60 °C for 10 min (each
solution was prepared by duplicate). The mixtures were allowed
to cool down and the absorbance was measured at 562 nm (the
spectrophotometer was described in Section 2.2.2). The calibration
curves were performed in an interval containing from 0.694 p.g/ml
t0 9.90 pg/ml.

The equation of the linear regression of the curve determined
in DMS:Triton X-100 was: A (absorbance)=-0.035+0.047 x C
(protein concentration in pg/ml) with a linear regression coef-
ficient equals to 0.99. When the BCA method was applied
to bovine seroalbumin in the ethanolic medium it was
impossible to obtain reproducible results in four successive
experiments.

2.3. Removal of protein out of Novozym® 435

The biocatalyst was subjected to the procedure described by
Gross and coworkers in order to desorb the protein (lipase B
from Candida antarctica) immobilized over the macroporous resin
Lewatit VP OC 1600 [23]. Novozym® 435 (0.1000 g) was contacted
at 37°C for 30 min with 3.00ml of dimethylsulfoxide (J.T. Baker,
100%) at 200rpm in a shaker bath. The biocatalyst’s beads were
separated by filtration and washed with portions of 5.00ml of
dimethylsulfoxide. Then the recovered beads were contacted for
30 min with 3.00 ml of 5% Triton X-100 solution at 37 °C, filtered
afterwards, washed three times with 5.00 ml portions of the same
solution and finally washed with distilled water. This procedure
allowed obtaining the support Lewatit VP OC1600 and to quantify
the total amount of enzyme of Novozym® 435 through the bicin-
choninic acid assay described in Section 2.2.3. Different attempts to
precipitate the enzyme desorbed using ammonium sulphate were
not fruitful using 1g of Novozym® 435. This is probably related
to the fact that the amount of CALB reported to be present in this
commercial biocatalyst is from 30 to 55 mg CALB/gram.

2.4. Procedure for the treatment of Novozym® 435 with ethanol

The effect of ethanol on the biocatalyst was studied through
four sets of experiments. In the first set, Novozym® 435 was con-
tacted three consecutive times with ethanol (Carlo Erba, 99.8%)
at 28°C and 200rpm in a shaker bath (Julabo SW22) for 40 min.
These experiments were performed varying the ratio between
the amount of Novozym® 435 and ethanol volume in 12:1 ratio
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(1.1800 g of biocatalyst with 100.00 ml of ethanol) and 100:1 ratio
(100 mg of biocatalyst with 1.00 ml of ethanol). This last experiment
also contains an initial nominal water content of 4.76% (v/v).

A second set of experiments mimics the reaction conditions
of the enantiomeric esterification of ibuprofen as discussed in
the introduction of the present investigation. In this context,
Novozym® 435 was contacted four consecutive times with a mix-
ture of ethanol and 4.76% (v/v) H, O (initial nominal water content),
at 45°C and 200rpm in a shaker bath (Julabo SW22) for 48 h. The
ratio between the amount of Novozym® 435 and ethanol volume
was kept constant at 100 mg/ml. The above described experiments
were performed in closed vials. A sample of the biocatalyst was
withdrawn after each treatment for FTIR and ESEM analysis. The
amount of desorbed lipase was quantified in the liquid media
remaining after contacting with the biocatalyst. The procedure of
precipitation of potential precipitable protein in supernatant using
ammonium sulphate was unsuccessful. Additionally, the super-
natant was allowed to dry for further FTIR analysis in order to
determine the presence of dissolved biocatalyst.

Finally, 1.0000 g of the biocatalyst was contacted with 10.00 ml
of a mixture of ethanol: 4.76% (v/v) H,0 at 45°C and 200 rpm for
8 days (such period of time corresponds to 4 cycles of 48 h). Then,
the beads were dried in a desiccator for 8 days (to dehydrate) and
further heated at 150°C for 10 min (to desorb the ethanol), cooled
down and weighed. This last procedure was repeated eight times
until constant weight. This procedure allowed establishing the total
weight loss of the biocatalyst and the amount of adsorbed ethanol.

The solvent was allowed to dry and the remaining solid was
dissolved with 2.00ml of water, centrifuged to separate the
non-soluble substances and recover the enzyme for further quan-
tification through UV-vis spectroscopy as described in Section
2.2.2.

2.5. Ibuprofen adsorption kinetics on Novozym® 435

The adsorption of ibuprofen (Parafarm 99.23%) over Novozym®
435 was assayed at 298K, 301 K and 305K by contacting the bio-
catalyst (80-100 mg) with 20.6 ml of a solution containing 60 ppm
of racemic ibuprofen in ethanol (Carlo Erba, 99.8%) for 40 min. The
experiments were performed in sealed flasks placed in a shaker
bath at 120 rpm and controlled temperature. The ibuprofen solu-
tion (200 pl) was withdrawn at 0, 5, 10, 15, 20, 25, 30 and 35 min
during the experiment. The analysis of both enantiomers of ibupro-
fen and the ethyl esters was conducted by chiral HPLC analysis
using a Nucleodex beta-PM (Macherey-Nagel) with an UV detec-
tor operated at 230 nm. The mobile phase (metanol/0.1% TEAA pH
4.0 (60/40, v|/v)) was operated at a flow rate of 0.700 ml/min.

Additionally a control experiment was performed by following
the adsorption methodology described above without the biocata-
lystin order to evaluate the errors involved in the whole procedure.
This experiment demonstrated that the quantification of ibuprofen
in ethanol through chiral HPLC possesses a standard deviation of
0.74 ppm.

2.6. Determination of the secondary structure of lipase with
infrared spectroscopy

The evolution of the secondary structure of Novozym® 435 upon
successive treatments with ethanol was followed through infrared
analysis. The samples were diluted with KBr and pressed in a con-
ventional wafer for FTIR analysis. Spectra were collected in the
4000-400 cm~! range (+2cm™! resolution) with a Bruker Vertex
70 equipment. The infrared analysis was recorded with 60 scans
in the absorption mode. The contribution of the infrared spectrum
of the support Lewatit VP OC1600 (obtained through the method
described in Section 2.3) was digitally subtracted from the spec-

tra of Novozym® 435. Similarly maximum absorption intensity of
all the spectra was verified, which indicates that a constant optical
path length was maintained during the analysis of the samples.

To estimate the secondary structure, peak fitting of the Amide
I band (1700-1600cm~1!) by Lorentzian-shaped components was
performed on the non-deconvoluted spectra. The software used
with this purpose was a special peak fitting module of Origin 5.0.
The positions and number of the components were determined
from the second derivative analysis of the spectra. The contribution
of each component to the Amide I band was evaluated by integrat-
ing the area under the curve and then normalizing to the total area
of the Amide I band.

2.7. Scanning electron microscopy analysis and fractal dimension
calculation: surface roughness

Surface morphology of Novozym® 435 before and after con-
tacting with ethanol was investigated through scanning electron
microscopy analysis with an environmental ESEM FEI Quanta 400.
The samples were prepared as ultra thin specimens by embedding
the biocatalyst in a LR White resin and further sliced with a micro-
tome. These specimens, covered with a conductive gold layer in
order to avoid electrical charges on the surface, were observed in
the microscope in the high and low vacuum modes (pressure of
0.98 Torr in the last case).

Images of the samples at 400x and 600x magnifications, with
and without being in contact with ethanol, were taken and analyzed
with the FERImage program to calculate the fractal dimension D
and the d,,;, parameter by using the variogram [24-26]. The vari-
ogram, used to determine parameters that characterize the surface
roughness, consists of a graph of the variance of variation of heights
in a surface for different steps, as a function of such steps and at
logarithmic scale. The slope of the graph is related to the fractal
dimension D as D=3 — slope/2.

The different signals produced by the SEM do not directly supply
the elevation profile and a stereo pair of SEM images is necessary to
obtain this profile. Another way to obtaining information about sur-
face roughness by means of the variogram is from the texture study
of SEM images. In the case of the fractal dimension, for instance,
the gray levels in the digitized image of a fractal surface, shows the
same fractal behavior as that of the fractal original surface [26].

For many images observed with the SEM, the variogram presents
a fractal behavior at low scale and a behavior that seems to have
an asymptotic tendency at high scale, but, if the vertical axis was
expanded variance maximums and minimums appear. This peri-
odic region was described by two parameters: dpi, and dper [27].
The duin parameter will be also used in this work to characterize
the roughness of the samples and it corresponds to the inferior end
of the periodic scale region and is representative of the smallest cell
size with enough statistic weight to produce periods.

2.8. Temperature programmed surface reaction of ethanol

The interaction of ethanol with the surface of Novozym® 435
was investigated through the adsorption of the alcohol at 32 °C fol-
lowed by temperature programmed surface reaction (TPSR). Details
of the equipment used in this investigation have been published
before [28]. The sample (46.6 mg) was pretreated at 32 °C for 40 min
under a flow of helium (35 cm3(NTP) min~!) prior to adsorption
and TPSR analysis. Successive pulses of 0.5l of ethanol (Merck
P.A., 100%) were dosed through a heated septum until the satu-
ration of the Novozym® 435 was reached. The adsorption process
was monitored in situ through a mass spectrometer and a conduc-
tivity cell that detects the non-adsorbed alcohol and/or the species
desorbed from the sample. After the saturation, the sample was
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Fig. 1. Amount of S(+)-Ibuprofen in parts per million adsorbed on Novozym® 435
in contact for 40 min with S(+)/R(—)-Ibuprofen at different temperatures.

heated up to 200 °C at 10 K/min for the temperature programmed
surface reaction experiment. The species resulting of desorption
and/or reaction of the surface species are detected in the mass
spectrometer and recorded in a computer. The following m/e ratios
were employed to identify the desorbed species: ethanol C;H50H,
m/e=31; acetaldehyde, m/e =29; acetic acid, m/e=31, m/e=41 and
m/e=42; ethyl acetate, m/e=43; ethyl ether, m/e=31, m/e=29 and
m/e=59; H,0, m/e=18; CO,, m/e=44; ethylene and CO, m/e=28.

2.9. Temperature programmed desorption

Temperature programmed desorption analysis was performed
over Novozym® 435 and Lewatit VP OC1600 after being treated
with ethanol (as described in the Ethanol Treatment Procedure sec-
tion). The samples (~20 mg) are heated up to 400°C at 10°C/min
under a flow of pure helium (35 cm3(NTP) min~!) for the temper-
ature programmed desorption experiment. The species resulting
of desorption and/or reaction of the surface adsorbed species are
detected in the mass spectrometer and recorded in a computer. The
equipment used in this experiment and the m/e ratios investigated
were described in the preceding section.

3. Results
3.1. Adsorption of ibuprofen on Novozym® 435

Previous investigation on the stereo-selective esterification of
racemic ibuprofen using ethanol as reactant and solvent (without
additional co-solvents) demonstrated that Novozym® 435 losses
50% of its initial activity after reusing it for 4 successive cycles
of 48 h. of reaction [9]. This behavior that might be attributed to
the inhibition caused by the alcohol and/or the degradation of the
biocatalyst was further investigated through the adsorption of an
ibuprofen-ethanol mixture and ethanol, respectively.

Figs. 1 and 2 present the adsorption of S(+)-Ibuprofen and R(-)-
Ibuprofen over Novozym® 435 as a function of time when the
biocatalyst is in contact with a solution of the racemic ibuprofen
in ethanol at different temperatures for extended periods of time.
In general, the amounts adsorbed in those experiments are above
the standard deviation of the procedure which ensures that the
amounts adsorbed do not correspond to errors of the method (see
Section 2.5).
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Fig. 2. Amount of R(—)-Ibuprofen in parts per million adsorbed on Novozym® 435
in contact for 40 min with S(+)/R(—)-Ibuprofen at different temperatures.

The adsorption of ibuprofen on Novozym® 435 at 25 °Cincreases
in the first 10 min of contact and slowly desorbs afterwards indi-
cating a weak physisorption (the experiment was performed three
times with the same results). An irreversible adsorption of S(+) and
R(-)-ibuprofen is detected at 28 °C while at 32 °C the amount of
adsorbed ibuprofen greatly diminishes to about 0.01 wmolm~—2 on
the biocatalyst. This behavior cannot be attributed to the surface
reaction of ibuprofen with ethanol since the HPLC analysis did not
evidenced esterification products at the investigated temperatures.
Further experiments contacting Novozym® 435 with ethanol and
an ethanol/water mixture were the key to understand those obser-
vations as will be discussed in the following sections.

3.2. Dissolution of Novozym® 435 support upon contact with
ethanol

The effect of the amount of alcohol (with and without water
added) on Novozym® 435 was investigated varying the ratio
between the amount of the biocatalyst and ethanol volume, the
temperature and the contact time (as described in Section 2.4). In
this context, Fig. 3A and B compares the infrared spectra of highly
pure CALB, Novozym® 435 (before contacting with ethanol), the
resin Lewatit VP OC1600 and the solids phase recovered after dry-
ing the liquid medium in contact with the biocatalyst. Particularly
Fig. 3B shows the solids recovered after three consecutive exper-
iments of contacting 1.1800g of Novozym® 435 with 100.00 ml
of neat ethanol (12:1 mg/ml ratio); along with the solids recov-
ered after contacting 100 milligrams of biocatalyst with 1.00 ml of
ethanol (100:1 mg/ml ratio) containing 4.76% (v/v) H,O at room
temperature for 40 min and at 45 °C for 48 h. Additionally, Table 1
summarizes the band’s position and the assignments of the infrared
signals.

The infrared spectra of Candida antarctica lipase possesses an
intense signal centered at 3331 cm™! arising from the stretching
vibration of the intramolecular hydrogen bonded N-H species that
is superimposed with the stretching vibrations of O-H species [29].
Additionally, the lipase possesses the intense bands correspond-
ing to the Amide I and Amide II signals centered at 1653 cm™!
and 1540 cm™!, respectively [29,30]. The infrared signal known as
Amide I arises from the stretching vibration of the carbonyl bond
C=0 of the backbone structure of the proteins. This vibration is
not affected by the nature of the side chain but it is influenced by
the secondary structure of the proteins. The infrared signal called



Table 1

Summary of the nature of the organic groups and the corresponding infrared signals that were detected on Novozym® 435, Lewatit VPOC, Candida antarctica CALB lipase and the solids recovered upon contacting Novozym® 435

with ethanol.

Out-of-plane
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1269-1145cm™!

1361 cm™!

1387cm!
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Novozym® 435
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Fig. 3. (A) Infrared spectra of Novozym® 435, macroporous resin Lewatit VP OC
1600 and native Candida antarctica B. (B) Infrared spectra of the solids recovered
from the supernatant solutions remaining after contacting ethanol with Novozym®
435 under the following conditions: (a), (b) and (c) correspond to the first, second
and third cycles of treatment of 12 mg of Novozym® 435 with 1.00 ml of ethanol
for 40 min at 28 °C. Spectra (d) and (e) correspond to the solids recovered after the
treatment of 100 mg of Novozym® 435 with 1.00 ml of a mixture of ethanol with
4.76% (v/v) of water for 40 min at 28 °C and 48 h at 45 °C, respectively.

Amide II is attributed to the out-of-plane combination of the in
plane bending mode of the N-H bond and the stretching vibration
of the C-N bond of the protein.

The support Lewatit VP OC1600 possesses an intense signal at
1731 cm! due to the stretching vibration of the carbonyl groups
of the poly-methylmethacrylate PMMA -(CH,CCHjs),-CO-O-CHj3
[31,32]. Additionally, the intense signals belonging to asymmet-
ric and symmetric stretching of the methyl groups (2950 cm™!
and 2875 cm™1, respectively) along with asymmetric and symmet-
ric bending vibrations (of weak intensity) of the methyl groups
(1387cm~! and 1361 cm™, respectively) are observed [33]. These
last two signals are characteristic of the C-H vibration of methyl
and methylene groups attached to a tertiary carbon atom such as
the one of the PMMA resin (see Fig. 10 for details of the molec-
ular structure). The intense set of signals observed in the range
from 1269cm~! to 1145cm~! are characteristic of twisting and
wagging vibrations of methylene groups. The PMMA resin also has
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divinylbenzene as a cross-linker as it was commented before. The
presence of this substance is evidenced through the doublet of
medium intensity at 1510cm~! and 1454cm~! due to the skele-
tal vibrations involving the carbon-carbon stretching within the
aromatic ring. Additionally, a set of weak signals is observed from
834cm~! to 709 cm~! that is characteristic of the C-H out-of-plane
bending bands of the alkyl-substituted benzene [32,33].

The PMMA resin does not possesses O-H species therefore, the
broad signal of medium intensity at 3436 cm~! could be ascribed
to adsorbed water molecules.

The commercial biocatalyst Novozym® 435 possesses both the
signals belonging to CALB (a weak signal belonging to Amide I is
observed at 1656 cm~1) and the macroporous polymer as expected
(see Table 1). Fig. 3B shows the infrared spectra of the solids
recovered from the organic medium after being in contact with
Novozym® 435 under various conditions (temperature, amount
of ethanol, with and without water added and contact time were
screened as described in 2.4).

The solids recovered from the organic medium show both the
CALB enzyme and the species of the macroporous matrix as can be
concluded from the similarity of the infrared signals of those three
systems (see Table 1). Additionally, the infrared analysis provides
evidences of the presence of molecularly adsorbed ethanol even
though the alcohol was allowed to evaporate before the analysis of
the sample (these new signals are indicated in Fig. 3B; not shown in
Table 1). The signal observed as a shoulder at 3294 cm~! belongs to
the stretching vibration of the O-H of the alcohol. According to pre-
vious studies on the adsorption of ethanol onto a silica surface from
ethanol-cyclohexane binary liquids, the signal at 3294 cm~" corre-
sponds to hydrogen-bonded clusters (polymers) that are formed
between the adsorbed ethanol molecules [34]. The in-plane bend-
ing of the O-H species might also contribute to the intense signal
observed at 1387 cm~! formerly attributed to the bending of the
C-H species. Additionally, the signals at 2923 cm~! and 1070 cm™!
account for the stretching vibration of the methyl groups and
the asymmetric stretching of the C-C-0 species of the adsorbed
ethanol [33].

The nature of the solid phase recovered from the ethanol that
was in contact with Novozym® 435 evidences the dissolution
(diggregation) of the biocatalyst exposed to the organic medium.
The biocatalyst dissolves in the organic medium regardless of the
amount of ethanol, the addition of water and the temperature and
occurs even when the biocatalyst is in contact with the ethanol for
a period of time as short as 40 min.

The dissolution of PMMA resin has been reported previously by
Gonzalez-Benito and Koenig, and Schubert and coworkers [35-37].
The authors demonstrated that PMMA dissolves in mixtures of ace-
tonitrile/alcohol, CCl4/alcohol (methanol, ethanol, and 1-propanol)
and alcohol-water mixtures even at room temperature with a
dissolution rate that increases in a parabolic way with time of
exposure to the solvents. The dissolution process begins with the
swelling of the polymer by the carbon tetrachloride that allows
the alcohols to penetrate the PMMA. The alcohol interacts with
PMMA through hydroxyl-carbonyl hydrogen bonds and separates
the polymer chains. In this context, those observations also explain
our findings on the modifications of the inner texture of Novozym®
435 beads that are presented in the following sections.

3.3. Desorption of protein from Novozym® 435 upon contact with
ethanol

The results discussed above provide evidences of the
dissolution-disaggregation of Novozym® 435 in contact with
ethanol which in turn induces the loss of the surface protein (Can-
dida antarctica B lipase). In this context, the biocatalyst was treated
for extended periods of time (four cycles of 48 h each) at 45°C

mimicking the conditions of the esterification of ibuprofen with
ethanol as reactant and solvent. It is worth notice that at first the
quantification of protein was assayed through the bicinchoninic
acid method which is reported as the less affected by interferences.
However, the bicinchoninic acid method proved neither accurate
nor reliable when assayed in ethanol medium. As a second attempt,
the amount of desorbed CALB was determined through UV-vis
spectroscopy (as described in Section 2.2.2). However, the analysis
always provided a concentration of protein higher than the whole
amount of enzyme of Novozym® 435 which allows to conclude that
an interference was present or other unknown phenomena that
makes the quantification method not useful. It is worth to notice
that the total amount of protein determined through the method
reported by Gross et al. (applied in the present investigation) is
similar to the protein content based on HPLC analysis that was
reported by Halling and coworkers for Novozym® 435 [23,38].
However, it does not match with other reports from the literature
where contents as high as 10% of protein have been reported for
Novozym® 435 [39].

Inorder to avoid the interferences, the biocatalyst (1.0000 g) was
allowed to interact with 10.00 ml of ethanol: 4.76% H,0 for 8 days
as described in Section 2.4. After that period of time, the remaining
liquid was separated by filtration with a GE nylon membrane filter
(0.45 pm pore size) in order to retain the non-soluble substances
as polymethylmethacrylate. The biocatalyst’s beads were washed
4 times with 5.00 ml of ethanol and the solvent was separated by
filtration (as described before) each time. The liquids remaining
after each wash were added to the liquid phase initially separated
after the 8 days treatment of Novozym® 435 and allowed to evap-
orate. The solids retained in the filters and the one precipitated
from the liquid phase (after the ethanol was completely dried) were
suspended in a minimum amount of water (1.50ml) and further
centrifuged in order to separate the non-soluble substances. Then
the aqueous medium containing the enzyme was analyzed through
UV-vis spectroscopy to quantify the amount of desorbed protein.
This analysis evidenced that a 2.76% (mg of protein per mg of pro-
tein immobilized in 1g of Novozym® 435) of the total amount of
protein was desorbed.

The biocatalyst’s beads were sequentially heated at 150°C for
10 min, cooled down and weighed (see Section 2.4 for details). The
cycle was repeated until constant weight which ensures that the
ethanol was removed from the beads. The temperature choosed
for the treatment (150°C) corresponds to the temperature of the
ethanol desorption found in the TPSR analysis as will be described
in Section 3.5. This experiment evidenced that Novozym® 435 lost
16.6% of its initial mass and irreversibly adsorbed 38.8% of alcohol
due to the contact with ethanol at 45 °C for 8 days. The Scheme 1
shows the mass balance of the above described experiments.

3.4. Evolution of the secondary structure of the Candida
Antarctica B lipase

Novozym® 435 was also analyzed through infrared spec-
troscopy in order to investigate the effect of the ethanol on the
secondary structure of CALB that remained adsorbed on the beads.
The beads of biocatalyst withdrawn after each treatment with
ethanol were allowed to equilibrate its humidity in a desiccator
for four days at room temperature. A careful screening demon-
strated that the intensity and profile of the infrared spectra of the
Amide I are improved when that procedure was applied due to the
elimination of physically adsorbed water molecules.

The analysis of the infrared spectra of enzymes in the
1700-1600cm~"! region (the so-called Amide I region) provides
qualitative and also quantitative information on the secondary
structure elements that compose the protein [20,29]. The Amide
I band originates from the stretching vibrations of the peptide car-
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Scheme 1. Mass balance for Novozym® 435 before and after being in contact with a mixture containing ethanol and initial nominal water content of 4.76% (v/v). Desorbed

protein, dissolved matrix and recovered beads amounts are included.

Table 2
Characteristic assignments of the infrared signals that composes the Amide I region
of Candida antarctica B lipase of Novozym® 435,

-1

Wavenumber range (cm Assignment

1618-1622 Intermolecular 3 aggregates
1629-1631 B-Sheet

1639-1642 B-Sheet, antiparallel 3-sheet
1648 a-Helix

1650-1655 a-Helix

1662-1666 a-Helix

1671-1674 Turns

1676-1679 Turns

1684-1691 B-Sheet

bonyl groups in the backbone of the protein, whose frequency
depends on the hydrogen-bonding and coupling along the protein
chain, and is therefore sensitive to the protein conformation. The
Amide I signals of the infrared spectra of the starting Novozym®
435 and after several cycles of ethanol treatment (for 40 min at
28°C and for 48 h at 45°C), along with pure Candida antarctica
B lipase (as reference material), were de-convoluted in order
to obtain evidences of the secondary structure changes of the
enzyme. Table 2 shows the wavenumbers and assignments of the
signals that were identified through the second derivative cal-
culation performed on the Amide I band [29,30]. Additionally,
Figs. 4 and 5 compare the percentage contribution of the a-helix
and [3-sheet obtained through the integration and further normal-
ization of the corresponding signals. The percentage contribution
of the a-helix structure was obtained by adding the area of the
signals appearing in the 1650-1655cm~! range. Similarly, the
contribution of the (3-sheet structure corresponds to the addi-
tion of the areas of the signals located at 1629-1639cm~! and
1684-1691 cm~!. Other structures such as 3 aggregates and turns
do not show modifications therefore they are not presented in this
discussion.
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Fig.4. Contribution of a-helix and 3-sheet to the secondary structure of pure CALB
(Sigma-Aldrich), Novozym® 435 before and after being treated three times (washed
I, I and I1I) with ethanol: 4.76% (v/v) H,0 in a 100 mg/ml (milligrams of Novozym®
435 per milliliter) ratio, at room temperature for 40 min (each cycle of treatment).

The infrared analysis of highly pure CALB used as refer-
ence indicates a 43% contribution of the alpha helix and 26%
of beta sheet structures which is in agreement with the liter-
ature. The secondary structure of the enzyme is not modified
upon adsorption of the lipase on polymethylmethacrylate as
observed in Novozym® 435 (see Fig. 4). However, the contact
with ethanol at 28°C in three cycles of 40 min. produces a grad-
ual diminution of the alpha helix structure and increment of the
beta sheet structure up to 43% (see Fig. 4). The same outcome
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Fig. 5. Contribution of a-helix and (3-sheet to the secondary structure of pure CALB
(Sigma Aldrich), Novozym® 435 before and after being treated four times (1, 2, 3,
4) with ethanol: 4.76% (v/v) H,0 in a 100 mg/ml (milligrams of Novozym® 435 per
milliliter) ratio, at 45 °C for 48 h (each cycle of treatment).

is observed when the biocatalyst is treated with ethanol at a
higher temperature (45°C) for extended periods of time (four
cycles of 48 h. each) even in the presence of added water (see
Fig. 5).

3.5. Surface interaction of ethanol with Novozym® 435

The interaction of ethanol with Novozym® 435 was investigated
through the adsorption of gaseous and liquid ethanol followed
by in situ temperature programmed surface reaction. Initially this
investigation was performed over a sample of Novozym® 435
without any previous treatment with ethanol or used in the ester-
ification of ibuprofen. However, to our surprise there was no
adsorption of ethanol. Therefore, in a second stage a sample already
used in the esterification of ethanol was analyzed. The adsorption

18 | Ethanol m/e = 31
16
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1858
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10

1186
| |

Mass Spectrometer Response (a.u.)
[

m 2089

was performed with successive doses of gaseous ethanol passing
through the beads of Novozym® 435 and subsequently detected
in a mass spectrometer as described in the experimental section.
Fig. 6 shows seven pulses of the alcohol after leaving the “used”
biocatalyst as a function of time. The area (indicated above each
signal) of the pulses leaving the biocatalyst bed steadily increases.
This observation indicates that the biocatalyst’s surface adsorbs
ethanol from the very beginning of the dosing and becomes sat-
urated (is expected that the surface is completely covered with a
layer of alcohol molecules) on the sixth dose. Moreover no desorbed
species such as water, CO or CO, were detected which demon-
strates that ethanol adsorbs without surface reaction at 32 °C which
ensures that the surface adsorption sites are not modified during
the analysis.

The temperature programmed surface reaction shows a broad
signal of molecular ethanol and water desorption starting at 52 °C
(seem/e=31inFig.7).The observation that neither ethylene, CO nor
CO,, are produced during the experiment evidences that ethanol do
not react over the surface of the support of the biocatalyst. How-
ever, if there are PMMA chains not cross-linked with DVB, they may
be solubilized by interaction with ethanol.

Further evidences of the strong adsorption of ethanol was
obtained through the temperature programmed desorption per-
formed on Novozym® 435 after being treated repeatedly with
ethanol in the liquid medium at R.T. (as described in Section 2.4).
Again molecular ethanol desorbs without surface reaction. Nev-
ertheless, the process of desorption begins at 150°C and shows a
maximum at 184 °C (see Fig. 8).

Temperature desorption experiments (that is without previ-
ous adsorption of alcohol) were carried on fresh Novozym® 435
and the support (Lewatit VP OC 1600) in order to unambiguously
demonstrate that molecular ethanol was detected in the previous
analysis. These experiments demonstrated that water molecules
are desorbed in different temperature ranges that are: 37-150°C,
157-207 °C and a third desorption event that begins at 222 °C and
continuous even above 400°C as observed in Fig. 9. This desorp-
tion of water molecules at high temperature is accompanied by
CO and CO, that is assigned to the decomposition of amino-acids
and the PMMA support (the TPD of the support is not shown).
This observation allows to confirm that the signal of m/e=31
observed in the TPSR analysis at 184°C corresponds to ethanol
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Fig. 6. Mass spectrometer signal of several doses of gaseous ethanol (m/e=31) after interacting with Novozym® 435 beads that was previously used in the esterification of

ibuprofen with ethanol.
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Fig.9. Temperature programmed desorption spectra of Novozym® 435 as obtained
from the commercial batch.

and do not belong neither to the CALB nor to PMMA thermal
decomposition.

At the beginning of this section, it was pointed out that “fresh”
Novozym® 435 does not adsorb ethanol. However, the observation
that the biocatalyst exposed to ethanol and ibuprofen-ethanol mix-
ture develops the capacity to adsorb the alcohol deserves a further
discussion based on recent investigation reported by Zhao and Song
[40]. The authors identified 17 substances (mainly glycerol, benzoic
acid, 2-hydroxyethyl benzoate, 2-hydroxyethyl sorbate and sorbic
acid) that migrate from Novozym® 435 towards aqueous solutions,
organic solvents (such as methanol, acetone, acetonitrile, t-butanol
and hexane) and ionic liquids. Although, the origin of those sub-
stances is not clear they suggested that might be introduced during
enzyme formulation and immobilization onto the PMMA resin as
preservatives or contaminants. Particularly, sorbic acid and benzoic
acid are used as additives during the polymerization of acrylate. In
general, the migration of those substances towards polar solvents
happens in about 30 min at room temperature. Therefore, based
on those observations, it is expected that the samples exposed to
ethanol for atleast 40 min (according to the procedure performed in
the present investigation) do not possess the majority of such sub-
stances. Additionally, the present investigation demonstrates that
also the PMMA resin is dissolved due to the contact with ethanol.
Therefore, the exposure of Novozym® 435 to ethanol eliminated
those interfering substances allowing further diffusion and adsorp-
tion of the alcohol in the inner portion of the beads as experienced
in the TPSR analysis.

Fig. 10 shows the interaction of water with the PMMA surface
and the interaction of the PMMA: water with ethanol. There are sev-
eral compounds that may be exchanged by ethanol in liquid phase
interaction. The lack of initial ethanol adsorption from the gas phase
points out to the occupancy of the adsorption sites on the resin and
even the unavailability of water to generate H-bonding adsorption
of ethanol. If the additives/compounds are adsorbed on the water:
PMMA surface, the PMMA surface is not available to the ethanol in
gas phase or after shortinteractions with ethanol. However, looking
at the interaction in the liquid phase, the relative solubility of these
species in liquid ethanol makes available many adsorption sites for
ethanol (by H-bonding to water and by H-bonding to the PMMA's
oxygens). The hydrophobic interaction between the ethyl group
of the ethanol and the CH,-C(CH3)- of the PMMA is important to
understand the high temperature at which the ethanol is desorbed
from the surface. Looking at Fig. 8, ethanol and water show peaks
near 180°C which is probably related to the similar strength of
the bonding of both molecules when H-bonding is involved as the
main interaction with the surface or other molecules and to the
strength of the ethanol adsorption on the Lewatit from the liquid
phase.

3.6. Effect of ethanol on the outer and inner texture of Novozym®
435

SEM micrographs of the entire biocatalyst’s beads and the cross-
sections before and after being in contact with liquid ethanol
are shown in Figs. 11 and 12, respectively. The external texture
of the beads exposed to ethanol show an evident scratched sur-
face compared with the non-treatment biocatalyst as observed in
Figs. 11 and 12A, respectively. In this context, the ethanol affected
the inner texture of the beads also even though is not as vis-
ible as in the surface of the beads (see Figs. 11 and 12B). The
inner structure morphology of the Novozym® 435, before and after
interacting with ethanol, was studied with the estimator of the frac-
tal dimension D and the d,;, parameter, by using the variogram
method, implemented on the FERImage program [24]. This pro-
gram works with square images therefore, the central portion of
the corresponding images that is typically a square of 132 x 132 um
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or 84 x 84 um depending on the particle size was taken. If the
image is anisotropic, both parameters, D and d,y;,, will not nec-
essarily be constant in different directions, therefore, an average
value of those obtained at six different directions, between 0°
and 90°, was used. Figs. 13 and 14 show, as an example, graphs
of variance versus step for images taken at 600x magnification
of a slice of the cross-section of Novozym® 435 before and after
interacting with ethanol, respectively. As can be seen in these fig-
ures, the inner structure is different for particles non-interacting
or interacting with ethanol. Nevertheless, the inner structure for
different particles in each one of the cases was similar and the
same behavior was observed for the corresponding calculated
parameters, D and d,;, by working with high and low vacuum.
In this context, five images corresponding to five different parti-
cles for each case were studied and their average values and its
uncertainty are reported here. Fresh Novozym® 435 that is, with-

out being in contact with ethanol possesses dpj,=1.8+0.2 um
and D=2.54+0.01. In contrast, the contact with ethanol increases
both parameters towards dpj, =2.7+0.5um and D=2.72 +0.04.
The increase of the d,;;, parameter indicates that the alcohol
increased the minimum internal structure of the enzyme sup-
port.

The D values ranging from 2<D<2.5 indicate a persistent
smooth surfaces while values 2.5<D<3 are an indication of anti-
persistence, being a completely rough surface when D is close
to 3. The particular case of D equals to 2.5 corresponds to ordi-
nary Brownian surfaces. The values in both types of analyzed
samples (non-interacting and interacting with ethanol) indicate
an anti-persistent fractal behavior (D >2.5). The increase in the
estimator of the fractal dimension D in the case of samples
interacting with ethanol, indicate that their surface roughness
increased.

Adsorption of additives through hydrophobic and hydrophillic interactions
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Fig. 10. Interaction of PMMA-Additives with ethanol.
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Fig. 11. Scanning electron micrographs of (A) a bead (magnification of 200X) and (B) the cross-section (magnification of 600x ) of fresh Novozym® 435.
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Fig. 12. Scanning electron micrographs of (A) a bead (magnification of 200x ) and (B) the cross-section (magnification of 600x ) of Novozym® 435 after being in contact with

ethanol:4.76% (v/v) H,0 at room temperature.
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Fig. 13. Variogram corresponding to the 84 x 84 wm central portion of the image at
600x magnification of a slice of the cross-section of Novozym® 435 before contact-
ing with ethanol. The image appears as an insert in the graph.

4. Discussion

The motivation of the present investigation was to elucidate
the causes of the deactivation of Novozym® 435 after several
reuses in the enantiomeric esterification of ibuprofen with ethanol
as reactant and solvent (without the addition of a co-solvent).
The exhaustive examination of the literature of the last 10 years
devoted to the application of that biocatalyst shows several reports
of its deactivation/inhibition under different reaction conditions
however, there is not a clear and conscious explanation of that phe-
nomenon. In this context, the present investigation demonstrates
that there are not only one but several causes that account for
the degradation of the biocatalyst in contact with ethanol (with or
without water added). The most relevant effect of the solvent is the
dissolution/de-aggregation of the PMMA that constitutes the core
of the biocatalyst’s beads. This effect is not restricted to ethanol
since the literature also reports that PMMA dissolves in contact
with mixtures of carbon tetrachloride and acetonitrile with alco-
hols of low molecular weight (methanol, ethanol and 1-propanol)
regardless of the composition of the mixture [35-37]. The dissolu-
tion process exerted by the solvents leads to the migration of the
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Fig. 14. Variogram corresponding to the image taken at 600x magnification of a
slice of the cross-section of Novozym® 435 after contacting with ethanol. The image
appears as an insert in the graph.

polymer and other substances towards the liquid phase. In this con-
text, Zhao and Song reported the appearance of 17 substances that
migrated from Novozym® 435 towards organic solvents and ionic
liquids. Additionally, some of those substances resulted active as
acyl donors in the esterification and transesterification reactions in
the presence of Candida antarctica B lipase [40].

Previous observations already reported in the literature and our
investigation, are undoubtedly an evidence of the contamination
and/or interference that happens when Novozym® 435 is used in
organic media. This is a relevant observation that the researchers
might not be probably aware of.

Moreover, the interaction of the ethanol with Novozym® 435
occurs not only at the surface but also diffuse into the biocata-
lyst’s beads. Previously, Heinsman and coworkers found anomalous
results of the enantiomeric ratio during the enantioselective ester-
ification of 4-methyloctanoic acid with ethanol catalyzed with
Novozym® 435 [41]. The authors demonstrated that ethanol
produces the swelling of the enzyme support and that the 4-
methyloctanoic acid strongly absorbs into the biocatalyst’s beads.
These two combined effects produce an increment of 175-200% of
the bead’s volume (from an initial volume of 58 ml to a final vol-
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ume of 125ml). The present investigation has further confirmed
that ethanol diffuses into the beads through the parameterization
of the SEM images of the cross-section of the beads. These calcula-
tions that, to our knowledge have never been performed before on
a biocatalyst surface, evidence the modification of the internal tex-
ture of the beads. The increase of the length (the d,;; parameter)
of the statistic pattern that describes the texture of Novozym® 435
upon interacting with ethanol indicates that the alcohol increases
the internal pore structure of the enzyme support. Moreover, the
increase in fractal dimension D correlates with the increase of the
surface roughness.

The adsorption of gaseous ethanol and further TPSR analysis
provides an indication of the interaction of the alcohol with the out-
ermost layer of the biocatalyst’s bead where is located the enzyme
(CALB is located in approximately 100 wm outermost layer of the
bead according to the reference [34]). The desorption of molecu-
lar ethanol (only m/e=31 was detected) allows to conclude that
the alcohol adsorbs on the enzyme but does not further reacts
upon heating. Additionally, the broad desorption profile of ethanol
(from 60°C to 200°C) indicates a plurality of adsorption sites of
the enzyme and probably the presence of exposed PMMA at the
surface. In fact the TPSR analysis of the biocatalyst after interact-
ing with liquid ethanol that, certainly diffuses into the beads as
discussed before, demonstrates that the interaction of molecular
alcohol with the PMMA is much stronger (again without reaction
upon heating) since the desorption begins at 150°C. The disso-
lution process of Lewatit may take place in the non-cross-linked
portions of the PMMA, with low molecular weight. Low molecu-
lar weight resin probably dissolves by the interaction with ethanol,
through swelling and disruption of Van der Waals forces between
resin chains in the support. The competition that is proposed to
take place (leading to partial dissolution) would be between the
Van der Waals forces in the solid resin polymer and the H-bonding
interaction of ethanol with the polar tails of the resin. This simple
physical process does not involve breaking any covalent bond in the
resin. Fig. 10 shows the differences between the DVB cross-linked
PMMA and the PMMA chains interacting through Van der Waals
forces — mainly hydrophobic but also hydrophobic plus H bonding -
with ethanol. The exchange of the additives present on Novozym®
435 by ethanol is fast in a liquid media, probably affected by the
relative solubility of the different additives present, exposing the
adsorption hydrophobic surface to more ethanol. In the gas phase,
this reaction is by far less favored due to the steric restrictions and
strong interactions with the surface of the additives. The FTIR shows
evidence of adsorbed water, but as expected the adsorbed amount
is not high therefore it is not thought to be particularly important
in the coordination of the ethanol.

These observations provide further evidence of the inhibiting
effect that exerts the alcohol that was both experimentally and
theoretically reported previously by some of us [9]. In this context,
the molecular modeling calculations in a simple model allowed us
to postulate that the formation of irreversible dead-end complexes
between ethanol adsorbed on the serine (Ser 105) and histidine (His
224) residues of the catalytic triad of CALB, is thermodynamically
feasible. Additionally, these complexes might be formed before the
ibuprofen coordination which undoubtedly, leads to an inhibition
of the enzyme’s active sites in the esterification process.

The inhibition exerted by the alcohol along with the desorp-
tion of the protein out of Novozym® 435 caused a decrease of the
active adsorption sites of the biocatalyst which in turn diminishes
the amount of adsorbed ibuprofen as observed in the experiments
discussed in Section 3.1. In this context, it is hypothesized that the
different behaviors observed in Fig. 1 at 25 °C versus 28 °Cand 32 °C
could be attributed to the existence of two different pathways that
take place according to the assay temperature. At 25 °C co-adsorbed
additives that are known to be present in Novozym® 435 and that

are plausible to be washed away in the ethanolic medium are not
given enough time to abandon the support [40]. Then ibuprofen is
adsorbed onto the additives instead than onto the enzyme and the
support. As time goes by, the additives are washed away from the
support and adsorbed ibuprofen is washed away with them. The
previous could explain the dramatic decrease of ibuprofen con-
centration shown at 25°C in Fig. 1. On the other hand, at higher
temperatures (28 °C and 32 °C), additives might be washed away
more rapidly and then ibuprofen would be allowed to become
adsorbed directly onto Novozym® 435, leading to the irreversible
adsorption illustrated in Fig. 1 for the mentioned temperatures.

The strong interaction of ethanol with the amino acids’ residues
might also perturb the hydrogen bonding between protein atoms
which affects the tertiary structure (not investigated here) and
in turn, might also be responsible for the modifications observed
on the secondary structure of CALB. In this context, proteins in
hydrophobic solvents are thought to retain their native structure
due to stronger hydrogen bonding between the protein atoms
and a more rigid structure in the absence of water. Conversely,
proteins in polar solvents than can strip water from the surface
of the protein and compete for hydrogen bonds between pro-
tein’s atoms are thought to denature the structure to a largely
unfolded state [42]. However, the investigations of Griebenow and
Klibanov show a completely different behavior of the secondary
structure of proteins (crystalline and lyophilized lysozyme and sub-
tilisin) in aqueous-organic mixtures ranging from pure water to
pure solvent such as, acetonitrile, tetrahydrofuran and 1-propanol
[43]. The authors demonstrated that the a-helix content declined
markedly in most water-solvent mixtures. This behavior was found
to be kinetically controlled, i.e., to be due to inherent restrictions
on protein conformational mobility in anhydrous, in contrast to
aqueous-organic, media. Nevertheless, the influence of alcohols
on the conformation and catalytic activity of immobilized lipases
has been far less investigated. In this context, Gao and coworkers
studied the effect of ethanol, n-propanol, isopropanol, n-butanol
and t-butanol on the hydrophobicity of Candida rugosa, Candida
antarctica B and Porcine Pancreas lipases in aqueous solutions con-
taining alcohols and the specific activity of lipase immobilized on
silica aerogels [44]. In the particular case of CALB, the addition of
ethanol changes the folding of the enzyme in some extent which in
turn, increases the exposure of more hydrophobic groups of the
enzyme (the hydrophobic index increases). As presented before
16.6% of the Lewatit mass was lost and also the 2.76% of the total
protein content of the biocatalyst. Considering 5.33 as the amount
of protein present initially for 100 mg, this percentage implies
0.147 mg for a total mass loss of CALB in 16.6 mg of total mass
difference and only the 0.88% of protein content in the dissolved
Lewatit mass. The ethanol affects strongly the Lewatit through dis-
solution and the dissolved PMMA has not high affinity for the CALB
compared with the average biocatalyst reported to have 5-10% of
CALB.

5. Conclusion

The present investigation demonstrates for the first time in the
literature that the commercial biocatalyst Novozym® 435 is dis-
solved by ethanol and an ethanol/water mixture in 16.6% of the
initial mass of 1.0000 g, leading also to the loss of some protein
(2.76% of the total protein content). In this context, the results on
the protein quantification by different techniques and the prob-
lems found with their application emphasize the need of carefully
designed and implemented quantification techniques.

The observation that ethanol is not adsorbed on the fresh biocat-
alyst (that has not been in contact with ethanol) suggests that the
alcohol exposes the hydrophobic/hydrophillic surface of the PMMA
that was previously hindered because of the presence of additives
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and the cross-linker divinyl benzene. Moreover, the temperature
programmed desorption studies undoubtedly demonstrated that
the alcohol remains strongly adsorbed (most probably hydrogen
bonded) to the biocatalyst’s surface.

The action of ethanol over the integrity of the PMMA resin was
also determined on the inner texture of the biocatalyst’s beads.
In fact, the microscopic analysis of the cross-section of the beads
demonstrated the increase of their roughness and internal pore
structure.

Finally, the ethanol impacts on the secondary structure of the
Candida antarctica B lipase increasing the contribution of the -
sheet structure.

The conclusions discussed above demonstrate that the deacti-
vation reported by ourselves and other researchers on the catalytic
activity of Novozym® 435 in contact with alcohols cannot be
explained straightforward since there is a multiplicity of effects
that account for such phenomena. In this context and considering
the variety of applications of Novozym® 435 and the future ones,
the present investigation is a starting point for more studies on
the stability of commercial biocatalysts in order to design reliable
biotechnological processes. It then follows that, prior to its use, —
and spite of the generally high activity shown by Novozym® 435 in
a number of processes —, the stability of the biocatalyst as a whole
should be investigated in the solvent/s before the development of
a specific application. More importantly, the researchers should be
aware that the dissolution of Novozym® 435 support in an ethano-
lic medium could certainly (i) damage/alter the performance of the
analysis equipment used (i.e., chromatographic columns), and most
important, (ii) targeted products could result contaminated with
substances that migrated from the biocatalyst, which for medical or
food applications is unacceptable since they could have a negative
impact in human health.
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