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a  b  s  t  r  a  c  t

The  synthesis  and  characterization  of  biocatalysts  based  on  lipase  from  Rhizomucor  miehei  (RML)  immobi-
lized  on  chitosan-based  supports  were  investigated.  The  enzyme  was  immobilized  on  chitosan  following
two strategies:  (i)  physical  adsorption;  and  (ii)  covalent  bonding  using  glutaraldehyde.  The content  of
enzyme  bound  in  the  supports,  as  precipitable  protein,  was  analyzed  using  UV/visible  methods.  FTIR-ATR
eywords:
iocatalysis
ipase from Rhizomucor meihei
nfrared spectroscopy
TIR-ATR

spectroscopy  was  employed  to characterize  the  prepared  biocatalysts,  as  well  the  native  enzyme  and  a
commercial  biocatalyst  Lipozyme  RM  IM,  used  as  reference  materials.  Analysis  of  the  amide  I′ signal
allowed  to  follow  the  changes  in the  secondary  structure  of  the  enzyme  after  binding  to  the  support  and
its  thermal  stability.  The  hydrolysis  of  ethyl  stearate  monitored  in  situ  by  FTIR-ATR  was  used  as  a  test
reaction.  Results  showed  that  RML  was  bound  to Chit  and  Glut–Chit  with  minor  changes  in  its  secondary
structure,  thermal  stability  and  enzymatic  activity  in  a  selected  reaction  test.
. Introduction

Lipases (triacylglycerol hydrolases) are special enzymes that
ydrolyze triacylglycerol at the lipid/water interface. These
nzymes have technological importance due to their increasing
tility in food industry processes [1] and pharmaceuticals, in
.g. enantio-selective purification [1–3]. However, the use of com-
ercial lipases in its native free-form is limited by the difficulty of

heir recovery. Thus, lipases must be anchored on a suitable sup-
ort, insoluble in the reaction medium, to enable their re-use and
o be applicable to the industrial scale. Nevertheless, the process of
mmobilization may  induce alterations in the conformation of the
nzyme producing a loss of activity [4],  which has to be investigated
n order to design better biocatalysts.

Among several supports employed for the immobilization of
nzymes, chitosan (Chit) has shown suitable characteristics for this
urpose [5–8]. Chit is a polysaccharide, made by monomers of d-
lucosamine, which is obtained from the shells of mollusks. It is
ydrophilic but insoluble in water and other polar/non-polar sol-
ents. Also, it has interesting biological and chemical properties:

t is biodegradable, biofuel-compatible, bioactive, poly-cationic in
queous solution, and may  be chemically modified in a variety of
ays [9,10].  The morphology of Chit particles makes it a suitable
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material for enzyme immobilization [8].  Thus, some of us reported
on the immobilization of Candida antarctica lipase B (CALB), Can-
dida rugosa lipase (CRL) and Pseudomonas fluorescens lipase (PFL) in
hydrophobic supports (such as polypropylene) and a hydrophilic
biopolymer (chitosan) to generate bioactive and selective cata-
lysts for the solvent-free synthesis of ethyl oleate [11] and, more
recently, the enantiomeric resolution of R/S ethyl esters of ibupro-
fen [3].

Usually, enzymes are immobilized onto supports by adsorption
and covalent bonding. Adsorption is a complex process where Van
der Waals forces, electrostatic interaction between charged groups
on the surface of the enzyme and substrate and hydrogen-bonding
are involved [12]. In the case of covalent coupling, a bond is formed
between the functionalized support and one or more functional
groups of the enzyme. Glutaraldehyde (Glut) is one of the most
common compounds used to functionalize chitosan. Particularly,
Glut has been employed to modify Chit, due to formation of an
imine (C N) bond between NH2 groups of Chit and aldehyde groups
of Glut, which leave the other aldehyde group to react with the
amine groups of side chains of amino acids of the enzyme, such as
lysine [13].

Immobilization of enzymes can change their secondary
structure modifying its activity. Conformational study of

enzyme–protein structures can be made by spectroscopic tech-
niques such as circular dichroism (CD) and infrared (IR), both
in its free-state as well as in its immobilized form [14,15].  IR
spectroscopy has the advantage of being a technique of narrow

dx.doi.org/10.1016/j.molcatb.2011.06.009
http://www.sciencedirect.com/science/journal/13811177
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andwidth, thus a good correlation between the signals recorded
n the zone of amide I (1700–1600 cm−1) and the secondary
tructure of proteins have been established [15–17].  In particular,
R spectroscopy in attenuated total reflectance mode (ATR) allows
he in situ study of enzymes or proteins in liquid and/or solid
hase.

This work presents the results of preparation and characteriza-
ion by ATR-IR of Rhizomucor miehei lipase (RML) immobilized on
are and glutaraldehyde-functionalized chitosan. The amount of

mmobilized enzyme is carefully quantified by means of a simple
nd accurate UV–vis method. After isotopic exchange with D2O,
he analysis of the amide I′ band brings important information
bout changes suffered by RML  anchored in the support, which
s relevant to correlate with enzymatic activity at selected reac-
ions and selected conditions. Additionally, the thermal-induced

odifications in the secondary structure are investigated in situ, as
ell the enzymatic activity obtained in a simple and fast method,
hich are important to know about the efficiency and activity of

mmobilized forms. With these goals, the manuscript presents how
his information can be obtained with ATR mode about the RML
onformation, thermal stability and enzymatic activity in free vs
mmobilized forms. This kind of approach may  avoid more expen-
ive and time-consuming activity measurements, even when the
atalytic results presented here are qualitative. However, it is clear
hat the immobilized RML  on bare chitosan and on glutaraldehyde

odified chitosan retains their activity. This fast measurement of
he hydrolytic activity may  be useful to select some group of immo-
ilized lipases vs others for more sophisticated reaction tests.

. Experimental

.1. Biocatalysts

Pure lipase from Rhizomucor miehei (RML) – in aqueous solu-
ion – and Lipozyme RM IM (Rhizomucor miehei lipase immobilized
n a macroporous ion exchange resin) were kindly provided by
ovozymes (Brasil). An aqueous solution of 25% wt/wt  Glut (Fluka)
as used. Biocatalysts based on immobilized RML  onto chitosan
ere prepared in our laboratory. Chitosan from Chitoclear, Pan-

alus borealis (Primex, Iceland) with a deacetylation degree of 92%
Colloidal Titration) and a viscosity of 7 cP (1% chitosan solution)
as employed as support. Two strategies were chosen to prepare

hese samples: (i) a physical adsorption and (ii) a covalent bonding
o the support using Glut.

0.5 ml  of commercial solution of RML  (5000 U/ml-equivalent to
ear 100 mg  of precipitable protein (PP) using ammonium sulfate)
nd 200 mg  of chitosan were dispersed in 5 ml  of bi-distilled water
n a vial of 10 ml,  and stirred vigorously for 4 h at room temperature.
his procedure generated the biocatalyst RML/Chit. After immobi-
ization, the resulting biocatalyst was filtered, washed three times

ith distilled water and dried to constant weight at room tempera-
ure. The washing solutions were analyzed to measure the amount
f desorbed protein at the washing steps. Due to the complexity of
ommercial lipase solution, the biocatalysts will be characterized
n terms of the PP content, as a measurement of the RML  content.

The goal of the manuscript was to use the chitosan as received.
e  have found that at long immobilization times of the enzyme

r protein, chitosan dissolves partially. This information, however,
as taken into account in the determination of the amount of PP

mmobilized on chitosan.
Glut–Chit support was prepared by mixing a Glut solution with
 dispersion of chitosan in bi-distilled water (37.5 mg  Glut/1 g
hit/25 ml  H2O). The reaction was carried out under vigorous
agnetic stirring at 45 ◦C (2 h). Then, a similar methodology was

mployed to bind the RML  to the Glut–Chit support to generate the
ysis B: Enzymatic 72 (2011) 220– 228 221

RML/Glut–Chit biocatalyst. Also a similar purification procedure
through 3 washing steps was  applied.

About the strength of remaining RML  on chitosan, it is clear from
the washing steps that only the first washing desorbed the highest
amount of RML  (near 80% of the full amount of the total desorbed
RML) being the other two washing steps of lower importance. The
remaining enzyme is strongly bonded to the support, and active.
The tests done on the ATR mode demonstrated no desorption of
the lipase in the measurement time (see below).

The protein content in each support was  determined through
a mass balance from the initial amount of protein from the com-
mercial RML, the mass lost during washing procedures and the
non-immobilized protein remained in the supernatant. The PP con-
tents were measured through UV/visible spectroscopy using the
absorbance at 280 nm technique [17]. The data were reported as
percentage of PP relative to the total biocatalyst mass; and calcu-
lated as follows:

%PP = mg  PPinitial − mg  PPin supernatant − mg PPin washings

mgrecovered biocatalyst
× 100

where PP initial stands for the initial amount of protein from the
commercial RML; PPin supernatant stands for the amount of protein
remained during the immobilization procedure; and PPin washings
stands for the amount of protein desorbed during the washings.

2.2. In-situ infrared spectroscopy

Infrared spectra of biocatalysts based on RML  were acquired
in situ as a function of temperature and time using attenuated total
reflection (ATR) cell. To achieve an accurate analysis of secondary
structure based on amide I mode, all samples were studied after
being subjected to an isotopic exchange with D2O as described
below. This procedure allows the observation of IR signals in the
amide I region (1700–1600 cm−1) without the interference of the
ı(OH), the water signal at 1640 cm−1 [15,16].

RML, from its commercial concentrated solution, was  deposited
as a homogeneous film on the ATR crystal after evaporation of the
aqueous solvent. Then, 200 �l of D2O (D > 99.7%) was added to the
film and the cell was closed and incubated at room temperature
overnight to allow isotopic exchange occurs. The cell was purged
with dry N2 (99.999%) for 3 h to remove excess of D2O and remain-
ing traces of H2O. Next, 200 �l of D2O was added to the cell, again.
This procedure ensures complete isotopic exchange of the enzyme.

In the case of solid biocatalysts about 1 mg was dispersed in
500 �l of D2O by vigorous stirring for 10 min. The previous slurry
was  dropped on one side of the ATR crystal using a micropipette.
Then, the catalyst layer was dried in situ by flowing N2 (99.999%)
at r.t (3 h). The solvent evaporated leaving the catalyst particles
homogeneously distributed onto the crystal surface.

The cell was mounted onto an ATR attachment (Pike Technolo-
gies) inside the sample compartment of the FTIR spectrometer
(Thermo-Electron, Nicolet 8700 with a cryogenic MCT  detector).
The bench of the spectrometer was continuously purged with dried
air (Parker Balston FTIR purge gas generator) to eliminate CO2 and
water vapor contributions to the spectra. Time-resolved ATR-FTIR
spectra were recorded in kinetic and rapid-scan mode at a resolu-
tion of 0.5 and 4 cm−1. The cell temperature was controlled within
±0.5 ◦C with a thermostatic water bath (Julabo) connected to the
heating jacket of the cell.

2.3. Catalytic test
Hydrolysis of ethyl stearate was studied for free and immo-
bilized RML, monitoring the progress of the reaction using
time-resolved in situ ATR. A solution of 7 mg/ml of ethyl stearate
(98%, Sigma) in iso-octane was mixed with a determined amount
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Table  1
Precipitated protein – PP – from RML  in the biocatalysts.

Supporta RML in supernatant (mg) RML  in washings (mg) Mass of recovered biocatalyst (mg)c %RML in biocatalyst

Chit 72 10 177.6 10.1
Chit–Glut b b 167.5 b

a Initial amounts: 200 mg  support; near 100 mg  PP from commercial RML.
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[19]). In this case the difference between the original amounts (mg)
of the raw materials and the final mass of recovered biocatalysts
supports the hypothesis of the Chit dissolution. In agreement with
b The determination was  not possible. See the discussion in the text.
c The differences in mass balance could be attributed to the partial dissolution of

f biocatalyst (5–8 mg)  and a molar ratio of 2:1 water:ester. The
TR cell was filled with this dispersion. Subsequently, the cell was
losed and heated at 36 ◦C. The hydrolysis yield was measured by
he decrease of the carbonyl ester absorption peak (1745 cm−1)
ver time, and quantified by integrating this peak in the interval
760–1700 cm−1. Meanwhile, the stearate ester conversion was
ollowed through the increase of the characteristic signal of stearic
cid at 1700 cm−1. In an additional experiment, the linear response
f the bands at 1745 cm−1 for the ester and at 1700 cm−1 for the acid
as corroborated by measuring the integrated area for solutions
ith different concentrations in isooctane.

. Results and discussion

.1. Preparation of biocatalysts

The protocol employed in the biocatalysts preparation is
uite simple and non-time-consuming. Reproducible results were
btained using this method in a series of preparations.

The amount of protein immobilized onto the chitosan-based
upports was carefully determined. However, some experimen-
al difficulties were found during the PP quantification, which are
orth to mention. Two different methods were employed to mea-

ure the PP content in the immobilized biocatalysts: (i) the analysis
f the PP when possible through a direct UV/visible method, and (ii)
he comparison of the enzymatic activities using RML–Chit or RML
s reference (results not shown). Method (ii) will be discussed later.

Using the UV/visible quantification procedure, results of the
mount of PP adsorbed on Chit were more accurate than with the
ther methods (using the enzymatic activity). The UV/visible sim-
le method used here takes into account the protein aggregation,
he use of the same protein to quantify as standard and the appli-
ation of bi-distilled water as the adsorption and measurement
edia. These strategies were implemented to avoid quantification
istakes and were based on previous work [18].
Additionally, the contribution of the solubilization of chitosan

uring the RML  immobilization was evaluated as an additional
rror source in the quantification of PP by UV/visible measure-
ents. Chitosan was incubated in bi-distilled water following the

mmobilization protocol. UV/visible spectra were recorded at ini-
ial and final selected time. Chit contributes in the UV/visible region
n this experiment. The solubilization of low molecular weight Chit
pon interaction with the RML  cannot be ruled out, especially with
he problems in the PP quantification found during the immobiliza-
ion of RML  on Glut–Chit. The contribution of the dissolution of pure
hit was considered to calculate the percentage of RML  adsorbed
n Chit. The dissolution of pure Chit under the same experimen-
al conditions than in RML  immobilization was about 10.1%, wt/wt.

 fraction of Chit of low molecular weight was dissolved during
he RML  immobilization and lost during the washing steps. This
raction was found as large as the 20% of the initial Chit based on
he mass balance considering the initial amounts of Chit and RML

nd the final mass of biocatalyst recovered (see Table 1). The same
ituation was also observed in the case of RML/Glut–Chit.

The protein quantification by UV/visible methods is a tedious
ask to obtain reproducible results. The data from the PP quantifi-
see the discussion in the text.)

cation are listed in Table 1. The mass of protein lost during the
washing steps could be ascribed to protein weakly adsorbed on the
Chit surface, which is removed upon contact with bi-distilled water.
This step is very important to avoid leaching of weakly adsorbed
protein in the reaction media.

In the case of Glut–Chit support, a reliable result of the amount
of adsorbed PP from RML  was not obtained. Confusing results were
found trying to quantify protein by UV/visible spectroscopy. Fig. 1
shows the UV/visible spectra of the sample obtained from the RML
immobilization supernatant at initial and final stages. The baseline
is missing, and also the band at 254 nm,  typical of RML. The spectra
show a broad band from 290 nm up to 500 nm,  a zone when the
diluted RML  does not show any bands. This could be attributed to
several possible causes: (i) a very fast adsorption of the enzyme on
the support, (ii) the interference of the dissolved Chit and/or Glut
desorbed – from weakly adsorbed Glut – in the region of UV/visible
absorption of the PP, from the commercial RML, (iii) a fast disso-
lution of low molecular weight Chit upon strong magnetic stirring,
with contribution in the 200–500 nm zone, and (iv) a colloidal dis-
persion of low molecular weight Chit or Glut–Chit, introducing a
dispersive effect on the spectra, increasing absorbance of the base-
line. In order to check some possible interferences of the support in
the quantification of PP, the Glut–Chit was incubated in bi-distilled
water in absence of RML, at the experimental conditions of the RML
immobilization. The shape of the spectrum is considerable different
than the one observed in the Fig. 2, especially in the 240–300 nm
range. A distortion of the baseline is found in the region where the
typical Glut band is located (293 nm). A signal at 235 nm is also
observable in agreement with that observed in the Fig. 1. Therefore
this band could be assigned to the fraction of soluble Chit or a Chit
derivative arising from its reaction with Glut. It is known that sol-
uble Chit exhibits a band near 190–214 nm (results not shown and
Fig. 1. UV/visible spectra of the sample obtained from the RML immobilization
supernatant at initial and final stages.
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Table 2
Assignment for amide I′ band position to secondary structure [15–17].

Secondary structure Band position of amide I′ (D2O)  cm−1

Average Extremes

�-Helix 1652 1642–1660
�-Sheet 1630 1615–1638

1679 1672–1694

by Fourier Self-Deconvolution (FSD) – not shown – to identify the
position of each band in this region. Fig. 4A shows, as an example,
the second derivative spectrum in the region of amide I′ for pure
RML  sample. It is possible to identify up to six components in the
ig. 2. UV/visible spectra of the sample obtained from Glut-Chit support at initial
nd  final stages.

he analysis exposed above, we suggest that any UV/visible based-
ethod, even those with reaction such as Bradford, Lowry or the

ichinconinic Acid (BCA) ones, will cause erroneous protein quan-
ification data regarding to the immobilization of RML  in this kind
f supports. Therefore alternative techniques are currently under
nalysis to quantify protein content in this case.

.2. Spectral/conformational analysis

Fig. 3 shows the infrared spectra at room temperature of pure
ML  before and after the complete isotopic exchange with D2O.
mide I band, corresponding to �(CO) carbonyl stretching mode of

he peptide, is present in the region of 1700–1600 cm−1 [15–17].
his band consists of a group of overlapped signals, which contain
nformation on secondary protein structure of the enzyme.

Bands centered at around 1547 cm−1 are assignable to the amide
I band, which is a out-of-phase combination mode of the NH in
lane bend and the CN stretching vibration with smaller contri-
utions from the CO in plane bend and the CC and NC stretching
ibrations [15]. Additionally, the peak at 1590 cm−1 can be assigned

o the asymmetric stretching mode of carboxylic groups, �(COO),
f aspartic acid (Asp A.) and/or glutamic acid (Glu A.) in side chains
15].

ig. 3. Infrared spectra of pure RML  before (a) and after (b) the isotopic exchange
ith D2O.
Unfold/aggregated 1612 1605–1625
Disordered/random 1645 1639–1654

Finally, a set of bands can be distinguished in the region of
1400–1200 cm−1 due to amide III mode. This mode is assigned to
the in-phase combination of the NH deformation vibration with
CN, with a minor contribution of CO and CC stretching. These
polypeptide bands are complex and do not allow a direct corre-
lation with the protein structure [15–17,20].  Amide III peaks are
better resolved after deuteration due to loss of coupling with the
ı(NH) vibration. This information was  used to evaluate the degree
of deuteration achieved.

The secondary structure, after the complete exchange with D2O,
was  studied using the amide I′ band. The interference of the strong
band at 1630 cm−1 of H2O, which is impossible to suppress in the
supported samples, was avoided.

Table 2 summarizes the commonly reported assignations for
signals in the amide I′ region. Due to the high degree of overlap
in the amide I′ band, an analysis of reduced bandwidth was first
performed [16]. This analysis was accomplished using the second
derivative of each spectrum in the region of 1700–1600 cm−1, and
Fig. 4. A second derivative spectrum in the region of Amide I′ for pure RML  (A), and
deconvolution of the overlapped bands (B).
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Table  3
Secondary structure in each biocatalyst.

Biocatalyst Secondary structure Glu A.–Asp A./amide I′

�-Helix �-Sheet

RML 48 32 0.2
Lipozyme 30 46.5 0.2
RML/Chit 32 48 0.1
RML/Glut–Chit 15 54.5 –
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DRX-RMLa 45 41

a Ref. [22].

pectrum. A Gaussian-sum function was used to fit the overlapped
ands, measuring peak position and areas. The best fit was used to
stimate the percentage contribution of each band to the spectrum
f amide I′ as shown in Fig. 4B.

�-Helices show a strong and characteristic absorption band
entered at 1653 cm−1. Additionally, it is also possible to identify

 band at 1645 cm−1, which can be assigned to random struc-
ures [15–17,20].  �-Sheets have two signals at 1635 (intense)
nd 1683 cm−1 (weak) [15]. The splitting of the amide I mode in
-sheets structures is a consequence of differences in hydrogen-
ridged bonds and the dipole transition coupling. The band at
683 cm−1 may  also contain overlapping contributions (i.e. that
ould not be resolved in our spectra) due to turn structures [15].

 low intensity peak at 1614 cm−1 can be assigned (see below) to
nfold or aggregated �-sheet structures [21].

Table 3 presents the percentage of secondary structures for pure
ML  estimated from the ATR infrared spectrum. This result is in rea-
onable agreement with the reported secondary structure of RML
rom the analysis of its crystal structure by X-ray diffraction [22].
ikewise, Goormaghtigh et al. [23,24] published, using a 50-protein
atabase, that the secondary structure prediction by infrared anal-
sis has a relative overall error below 10%.

The same approach was employed to analyze the secondary
tructure in the supported biocatalysts. Nevertheless, as discussed
elow, signals coming from the support complicate the analysis of
he amide I′ region. The spectra for each support and biocatalyst are
eported in Fig. 5. Table 3 presents the results of the deconvolution
f the spectra obtained for each sample.
Fig. 5 shows in comparative form the spectra in the region of
750–1500 cm−1 of the investigated samples: pure RML, Lipozyme
M IM,  RML/Chit, RML/Glut–Chit, along with Chit and Glut–Chit. In

ig. 5. ATR-FTIR spectra in the region of 1750–1500 cm−1 of the investigated sam-
les: pure RML, Lipozyme RM IM,  RML/Chit, RML/Glut–Chit, along with Chit and
lut–Chit bare supports.
ysis B: Enzymatic 72 (2011) 220– 228

general, it is clear that there are differences in the distribution of
signals in the 1700–1600 cm−1 region.

The infrared analysis of protein secondary structure in the
Lipozyme RM IM sample is further complicated by the presence of
an intense peak centered at 1636 cm−1. This signal corresponds par-
tially to the support polystyrene-divinyl-benzene resin [25]. After
spectral deconvolution signals contributions were identified due
to �-sheets (46%) and �-helices (30%), see Table 3. It is worth to
note here that the relative error in this analysis may  increase as
a consequence of the support signal in this region. Nevertheless,
the secondary structure estimated from the infrared results allows
concluding that protein conformation has been mostly preserved,
which is in good agreement with the results of catalytic activity of
this material in selected reactions [26,27].

The spectrum of bare chitosan support, showed in Fig. 5,
presents a broad band in the 1700–1500 region due to ı(OH) and
ı(NH2) modes of the polyamine-saccharides [28–30].  The presence
of the amide I′ band can be clearly discerned by comparing the spec-
tra of RML/Chit with the one of pure chitosan in Fig. 5. In order to
estimate the protein secondary structure in the RML/Chit biocata-
lyst, it was  necessary to subtract the contribution of chitosan signals
to the spectra. Additionally, the band shape in RML/Chit is differ-
ent from that of pure RML, which indicates that some changes have
occurred in the conformation of the enzyme after adsorption to the
support. As seen in Table 3, the conformational changes observed
in the enzyme indicate that part of the �-helix structure have been
lost, probably giving rise �-sheet and/or self-aggregates [20].

It is also possible to estimate the relationship between the bands
between 1560 and 1600 cm−1 assigned to �(COO−) of deprotonated
amino acids (Glu A. and/or Asp A.) in side chains as compared to
the total area of amide I′ (1600–1700 cm−1), as shown in Table 3.
Although the protonation of side groups depends on the pH of the
solution of immobilization, it has been reported that the enzyme
retains, as a “memory effect”, the pH of the solution of immobiliza-
tion [13]. It can be noted that the relative amount of deprotonated
aminoacid Glu, and/or Asp in side chains in the RML/Chit catalyst is
lower than in the free RML  (Table 3). This result could indicate that
the enzyme links to the support through the negatively charged
side chains that may  form hydrogen bonds and/or by protonation
via NH3

+ groups of chitosan at the immobilization pH (5.8).
As it has been mentioned, chitosan has a hydrophilic nature,

while RML  has many non-polar amino acids in its structure. Chi-
tosan presents a distribution of NH2/NH3

+ groups which depends
on the solution pH. The NH2/NH3

+ fraction approaches to 0.5 at a
pH near to 6 [31]. Thus, it is expected that the interaction between
RML/Chit be a combination of: (i) ionic, through charged amino
acids, e.g. Asp A. and Glu A. of the protein with NH3

+ groups of
chitosan, and (ii) via Van der Waals forces and hydrogen bonding
involving NH2/OH groups of chitosan.

The infrared spectra of Glut–Chit and bare Chit are compared in
Fig. 6 in the 2000–900 cm−1 region. As shown in the spectra, a set of
new bands appeared in the modified Chit sample after the binding
of glutaraldehyde: (i) a weak shoulder at 1710 cm−1, assigned to
�(C O) mode of remaining aldehyde groups of Glut; (ii) a group of
bands at 1660 cm−1 (increased as compared with bare support) and
1598 cm−1, assigned to the imine bond �(N C) produced after the
reaction of aldehyde with amine groups, which revealed the Schiff’s
base formation [28,32], and (iii) a signal observed at 1548 cm−1,
better resolved in the spectrum of Glut–Chit, attributed to the for-
mation of an ethylenic double bond in the chitosan–glutaraldehyde
interaction in crosslinked structures [31]. Similar results have been
reported by Monteiro and Airoldi [28] in studies of the func-

tionalization of chitosan with glutaraldehyde by FTIR and Raman
spectroscopies.

After comparing the ATR spectra of functionalized support
Glut–Chit with the biocatalyst RML/Glut–Chit, a shoulder emerged
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Fig. 6. Infrared spectra of Glut–Chit and Chit in the 2000–900 cm−1 region.

t higher frequencies from the main band centered at 1684 cm−1.
his band was not present in the spectrum of RML/Glut–Chit. At the
ame time, there is a (slight) increase in signal intensity of the imine
and at 1598 cm−1. This result indicates that indeed the residual
ldehyde group in the Glut reacted with NH2 residues present in
he lipase to form a covalent protein–substrate link.
Fig. 7 shows schematically the enzyme-support interactions
dentified for the biocatalyst RML/Glut–Chit. It has been proposed
hat the reaction of Glut with lipases takes place through mainly
he reaction of lateral groups of lysine residues from proteins

ig. 7. Scheme of the enzyme-support interactions identified for the RML/Glut–Chit
nd RML/Chit biocatalysts. RML  imagen from [37].
ysis B: Enzymatic 72 (2011) 220– 228 225

[33]. RML  has seven lysine groups per molecule (3tgl-Protein Data
Bank). Therefore it is expected a higher rigidity and stability in
RML/Glut–Chit biocatalyst vs RML–Chit. Additionally, given the
diversity of exposed amino acid side groups, it cannot be ruled
out that other polar side groups than lysine were involved in the
immobilization. Besides, the 25% Glut solution is not present as
monomer, but it contents a wide distribution of products by aldolic
condensation [34,35]. Glutaraldehyde in aqueous solution suffers
several types of reactions, such as aldol condensation, hydra-
tion, hydration-polymerization and oxidation [36]. Therefore, the
RML/Glut interaction may  be rather complex.

The main signals that conforms the band between 1700 and
1600 cm−1 in the spectrum of RML/Glut–Chit were deconvoluted
using the same criteria described above. However, the uncer-
tainty introduced by the consumption of remnant aldehyde and the
increase of signals due to the new imine bonds as compared with
the Glut–Chit support, hampers a detailed analysis of secondary
structure of the enzyme in this material.

The combination of UV/visible and ATR-FTIR results allows to
draw several conclusions: (i) RML  adsorbs from very strongly to
weakly on bare Chit with changes in the ATR-FTIR signals assignable
to some minor modifications in its secondary structure; (ii) there
is a partial dissolution of Chit or complexes Glut–Chit and also
RML  × Chit and RML  × Glut × Chit during the immobilization step,
(iii) RML  reacts with Glut adsorbed or reacted on Chit and it may
produce soluble species that interfere with the UV/visible simple
methods; (iv) treatment of the supports Chit or Glut–Chit at the
same experimental conditions of RML  immobilization are not use-
ful as “blanks” due to the impact of the RML  in the solubilization of
Chit or Glut–Chit; (v) washing steps after immobilization are cru-
cial to avoid the presence of weakly adsorbed RML  in RML/Chit;
and (vi) Glut in RML/Glut–Chit interferes with the analysis of the
changes in the secondary structure after covalent binding of RML.

3.3. Thermal stability

The immobilization process onto a solid support can also influ-
ence the thermal stability of the enzyme. The IR spectra of a pure
RML  film are shown in Fig. 8 in the amide I′ region, after 90 min
at 30, 60, 70 and 90 ◦C. From 70 ◦C, an infrared peak shows up at

1620 cm−1, together with a broader band centered at 1678 cm−1.
At the same time, there is a decrease in the band at 1653 cm−1,
previously assigned to �-helixes. Likewise, significant changes in

Fig. 8. ATR-FTIR spectra of pure RML  sample in the amide I′ region after 90 min at
30,  50, 70 and 90 ◦C.
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36 C. The progress of the reaction was monitored by FTIR-ATR
in situ as described in the experimental section.

Fig. 10A shows time-resolved infrared spectra in the �(COO)
region, 1800–1600 cm−1, collected during the hydrolysis of ethyl
ig. 9. Temporal evolution of the normalized signal at 1620 cm−1 for RML, Lipozyme
nd RML/Chit at 90 ◦C.

he area of amide II′ and III′ (not shown) were also observed in the
pectra, which are also correlated with structural changes affecting
he protein.

A distinctive band at 1620–1615 cm−1 accompanied by a signal
f lower intensity at 1678 cm−1, is attributed to aggregated �-sheet
tructures formed by polypeptide chains unfolded by tempera-
ure. �-Sheets interact with each other forming aggregates linked
y strong hydrogen bonds. From 70 ◦C onwards, the structure of
he protein suffers a conformational change, where �-helix unfold
o form �-sheet aggregates through hydrogen bridge bonds [21].
hus, the IR signal at 1620 cm−1 can be used as a good measure
f the degree of unfolding/thermal denaturation of proteins and,
herefore, the thermal stability of the lipase.

After heating the sample at 90 ◦C for 90 min, the ATR cell was
ooled to room temperature. The spectra collected showed that
he signals due to aggregate/self-assembled structures were simi-
ar to those observed at 90 ◦C. Thus, the changes in the secondary
tructure of RML  were irreversible. In order to compare the thermal
tability of the set of biocatalysts investigated here, ATR-IR spectra
ere collected as a function of time during the incubation samples

t 90 ◦C. Fig. 9 presents the evolution of the normalized signal at
620 cm−1 for RML, Lipozyme and RML/Chit at 90 ◦C. The denatu-
alization reached a plateau for all materials after approximately
0 min. However, each material has a particular evolution in terms
f denaturalization mechanism. On one hand, the unfold rate of
ure RML  is faster than in the commercial Lipozyme RM IM.  Then,
imilar results were obtained when studying the evolution of the
enaturalization of Lipozyme RM IM vs RML/Chit, which indicates
hat the thermal stability of our biocatalysts – from the IR point of
iew and its complexity – is close to the commercial one.

In the case of RML/Glut–Chit, it was not possible to identify
ignificant differences in the spectra that could be attributed to
onformational changes, because of the interference of the strong
ignals due to the reacted glutaraldehyde.

The deactivation of lipases by denaturalization is not consid-
red as a simple process, from the native state to a final inactive
orm. On the contrary, this occurs through a series of intermedi-
ries, which may  have a lower or greater activity than the native
tate of the enzyme [21]. Noel and Combes [38] reported on the
ffect of temperature and pressure on the activity of RML  using as

 test reaction the esterification of lauryl acid with butanol. They

ound an irreversible loss of activity of 20% after 60 min  incubation
f the enzyme at 50 ◦C, which decreases to 80% after 60 min  at 60◦

. The enzyme showed no activity after 10 min  at 70 ◦C. Additional
ysis B: Enzymatic 72 (2011) 220– 228

studies using fluorescence attributed the thermal inactivation of
the enzyme aggregation processes rather than by conformational
changes unfolding.

Our results on the denaturation of RML  in biocatalysts are in
agreement with those reported by Noel and Combes [38]. However,
the analysis by IR-ATR of the amide I′ region allows the discussion of
more details about the secondary structure of the enzyme. In addi-
tion to aggregation, there are conformational changes with loss of
�-helix structure, which are inferred results in a loss of enzyme
activity by thermal effect. Nevertheless, the overall thermal stabil-
ity of RML  was not significantly affected by the immobilization on
chitosan.

3.4. Catalytic activity

Previous results have brought information about the amount,
structure and thermal stability of RML  immobilized on chitosan
based supports. However, it is also necessary to check if the sup-
ported protein retained its catalytic activity after immobilization.
To this end, the enzymatic activity of each biocatalyst was  investi-
gated using as a test reaction the hydrolysis of ethyl stearate at

◦

Fig. 10. ATR-FTIR spectra in the �(COO) region during the hydrolysis of ethyl stearate
to stearic acid using pure RML  (A). Evolution of the integrated absorption of the ester
and acid as a function of time (B).
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Table 4
Hydrolysis of ethyl stearate.

Biocatalyst Conversion after 5 h (%)

RML  gela 53
Lipozyme 50
RML/Chit 57
RML/Glut–Chit 53
Chit 32
Glut–Chit 15
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a No solid was  obtained after vacuum treatment. No reaction was observed after
 h in a blank experiment without solid.

tearate using pure RML  catalyst. The hydrolysis of ethyl stearate
esults in the release of free fatty acids from the ester. The decrease
f the carbonyl ester absorption frequency at 1745 cm−1 allows
onitoring the hydrolysis of the ester bond. Moreover, the carbonyl

bsorption frequency of free fatty acids (ca. 1700 cm−1) is also suit-
ble to follow the reaction in organic media [29,39].  As mentioned
n the experimental section, in an additional experiment the pro-
ortionality between both IR signals of carbonyl in the ester and

n the acid, and their concentration was verified. Fig. 10B present
he evolution of the integrated absorption of the ester and acid as

 function of time using free RML.
Approximately 53% conversion was reached after 5 h of reac-

ion using pure RML. The test reaction was also investigated
sing Lipozyme RM IM,  RML/Chit and RML/Glut–Chit and the bare
upports, Chit and Glut–Chit. All the Chit supported biocatalysts
resented a complication to follow the ethyl stearate hydrolysis
ue to adsorption of reactants and products on the Chitosan sur-
ace. Then, after 5 h of reaction, ATR-FTIR spectra were obtained
fter “washing” the sample with n-pentane into the ATR cell (200 �l
as aggregated with a micropipette). The characteristic signal of

tearic acid at 1700 cm−1 showed up. In turn, no lixiviation of the
nzyme was observed during the reaction test in none of the bio-
atalysts tested. This finding correlates with the important loss of
nzyme found in the washing solutions in the case of RML/Chit,
eaving only strongly adsorbed RML  on the Chit surface.

It must be emphasized here that the conversions results for the
nzymatic catalyzed hydrolysis of ethyl stearate possess a qualita-
ive character, with the main goal of corroborate the preservation
atalytic activity after immobilization. When the method (ii), pre-
ented in Section 3.1 to quantify lipase, was applied as an additional
pproach, several confounders in the data were found. First, there
ay  be diffusional problems for all the biocatalysts. Second, free

ML  is surely aggregated upon water evaporation from a solution
nd the results are not comparable to a reaction in a stirred vessel
n an organic solvent. In this sense it is not a credible compar-
son term because the RML  is not expressing its best enzymatic
ctivity [34]. Third, commercial RML  and Chit-supported RML  have
ifferent supports in nature and in porosity therefore comparisons
re not applicable. Fourth, no stirring of any kind was applied in
he ATR cell, and therefore internal and external mass diffusion
roblems may  be present. Nevertheless, this test is very useful
s a fast measure of the efficiency of the immobilization process
nd the characterization of the activity in supported biocatalysts in
omparison with free and commercial immobilized systems, con-
idering the limitations of the test. It is also worth to mention,
eplications of these assays were performed and accurate results
ere obtained (±5% conversion).

Table 4 presents the conversion of ethyl stearate for each biocat-
lyst after 5 h of reaction. The immobilized RML  samples show an
thyl stearate conversion in the range of 50–57%, while the Chit and

lut–Chit supports present a 30 and 15% conversion, respectively.
he activity of the bare supports is related to the non-enzymatic
eaction kinetics through the NH2/NH3

+ surface sites in the chi-
osan. Moreover, as expected, the Glut–Chit solid showed a lower

[

[

[

ysis B: Enzymatic 72 (2011) 220– 228 227

activity, since several NH2/NH3
+ groups are not available due to

the anchoring of glutaraldehyde on these sites. When lipase reacts
with Glut and/or adsorbs on the surface, the amino groups on the
surfaces are even more blocked. The results allow us to speculate
that the amount of active RML  in Lipozyme and Chit supported bio-
catalysts are probably similar, beyond the determination of total
PP. The results from Table 4 imply that the immobilization process
does not alter significantly the original catalytic character of the
enzyme, at least in the context of a test reaction like the one here
studied.

4. Conclusion

Biocatalysts from Rhizomucor miehei lipase immobilized onto
chitosan-based supports were prepared by physical adsorption and
covalent bonding to the support using glutaraldehyde. These bio-
catalysts were characterized by in situ FTIR-ATR spectroscopy and
compared with pure RML  and a commercial Lipozyme sample.

The amount of enzyme as precipitable protein was carefully
determined on each catalyst. Several experimental problems aris-
ing during lipase quantification using UV/visible methods were
addressed, suggesting that most of conventional methods do not
provide an accurate protein quantification data regarding to the
immobilization of RML  in this kind of supports.

The infrared characterization of the supported RML showed that
the enzyme was bounded to the Chit and the Glut–Chit with minor
changes in its secondary structure, thermal stability and enzymatic
activity in the selected reaction test.
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