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José Eduardo Gonçalves b, Graciette Matioli a,∗

a Pharmacy and Pharmacology Department, State University of Maringá, Av. Colombo 5790, 87020-900 Maringá, PR, Brazil
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bstract

Cyclodextrins (CDs) are produced industrially from starch, using bacterial cyclodextrin glucanotransferases (CGTase). Cells of Bacillus firmus
train 37, immobilized by adsorption in different inorganic matrix, were used for �-CD production. The matrices were prepared by the sol–gel
ethod and scanning electron microscopy observations showed that SiO2/TiO2 and SiO2/MnO2 were the most suitable matrices for effective

mmobilization. The operational stability of the immobilized cells was studied by repeated batch cultivation in four cycles of 144 h each. At the
nd of the second cycle, the cells immobilized in both matrices had maintained 60% of the �-CD production from the initial cycle, and a gradual
all in �-CD production occurred up to the fourth cycle, due to cell desorption from the matrices. Storage stability was studied for 7 months
nd the maximum �-CD production by immobilized cells in SiO2/MnO2 and SiO2/TiO2 occurred within 90 days of storage at 4 ◦C (4.4 ± 0.4

nd 6.0 ± 0.3 mM �-CD, respectively). After 150 days of storage, they presented the same �-CD production as freshly prepared biocatalysts.

hen control cycles using free cells were carried out, they produced on average 3.0 ± 0.1 mM �-CD; hence, the immobilized cells showed a
ne-and-a-half to twofold increase in �-CD production compared to the free cells.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides containing
ix (�-CD), seven (�-CD), eight (�-CD) or more glucopyranose
nits linked by �-(1,4) bonds, and are produced during degra-
ation of starch by cyclodextrin glucanotransferases (CGTase)
1]. This enzyme is multifunctional, and its most specific
eaction is the cyclization of maltooligosaccharides [2,3]. The
Ds molecules contain a hydrophobic central cavity and a
ydrophilic surface, and can form inclusion complexes with
rganic and inorganic molecules. They are extensively used in
he food, cosmetics, pharmaceutical and agricultural industries

4,5].

Systems of immobilized cells have been applied for many
iochemical processes and display several advantages, such as
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perational stability

he repeated and prolonged use of cells, easy separation from
he fermentation medium, higher reactor productivity, continu-
us fermentation with less sophisticated reactors and a low risk
f contamination due to an increase in thermal stability [6–8].
n the biotransformation processes, the application of immobi-
ized whole bacterial cells as a source of enzymes eliminates the
eed for them to be purified and, in some cases, the enzymes are
ore stable within the cell, which is their natural environment

9]. In addition, they provide a convenient system for obtaining
roducts without involving the use of large fermenting reac-
ors, labor-intensive and time-consuming centrifugations, and
he handling of processing fluids, etc. [10,11].

In order to obtain a high level of activity and stability from
he whole cells, various methods, including adsorption, covalent
inding and gel entrapment, have been used for immobilization

12]. The oldest and easiest method is the adsorption of bio-
atalysts in macroscopic water-insoluble carriers, and a great
election of inorganic and organic materials have been used as
upport, including activated charcoal, aluminum oxide, diatoma-

mailto:gmatioli@uem.br
dx.doi.org/10.1016/j.molcatb.2007.07.003
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The five matrices were characterized according to their spe-
C. Moriwaki et al. / Journal of Molecu

eous earth, cellulose, porous glass and synthetic resin [10]. The
mmobilization method and the type of matrix are important fac-
ors, which affect the stability and the catalytic activity of the
iocatalysts. The significant enzyme yields and operational sta-
ility of the biocatalysts indicate the possibility of continuous
nzyme production and, therefore, its resulting products [9].

In recent years, the sol–gel method has gradually gained
elevance; being widely used for the immobilization of many
iomolecules, including enzymes, microbial cells and anti-
odies. One of the main advantages of this method is the
on-involvement of high temperatures and harsh chemical reac-
ions. The materials are characterized by high homogeneity
nd purity, high superficial area and porosity control, and
ell-modeled particles, which have greater thermostablity than
rganic molecules [12–14].

The production, characterization and immobilization of
GTase have been extensively described by various publications

4,15–22], however, very few research works are known which
ave used whole cells immobilization aiming at the produc-
ion of the CGTase enzymes (Bacillus circulans ATCC 21783
23–25], Bacillus cereus [17], Bacillus amyloliquefaciens [7]
nd Bacillus agaradhaerens [11]).

Considering our research group previous studies on the
GTase from Bacillus firmus strain 37, including the isola-

ion of the microorganism, purification and characterization of
ts CGTase [15,16,21], optimization of the culture media for
nzyme production [18] and immobilization of CGTase in chi-
osan, alumina and support-controlled-pore silica [19,20], this
esearch study aimed at producing CDs from the B. firmus strain
7 immobilized in inorganic matrices, prepared by the sol–gel
ethod.

. Materials and methods

.1. Microorganism and culture conditions

The microorganism used in the current study was B. firmus
train 37, isolated from soil cassava culture by Matioli et al.
15]. The microorganism was cultivated in solid medium, pH
0.3, containing (% p/V): soluble starch 1.0; polypeptone 0.5;
east extract 0.5; K2HPO4 0.1; MgSO4·7H2O 0.02; Congo red
ye 0.01; Na2CO3 1.0 and agar 1.5. The culture plates were incu-
ated at 37 ◦C for 48 h, and the colonies were then transferred to
00 mL Erlenmeyer flasks containing 250 mL of liquid culture
edium with the same composition as the plate medium, except

or the presence of agar and dye. Incubation was carried out
ith 120 rpm orbital shaking at 37 ◦C for 48 h. The cells were
arvested from the culture medium by centrifugation (2000 × g,
0 min, 4 ◦C) and later used for the immobilization procedures.

.2. Matrices preparation and characterization

To immobilize the microorganism, five matrices were used:

ilica–titanium (SiO2/TiO2), silica–manganese (SiO2/MnO2),
anadium–titanium (V2O5/TiO2), vanadium–silica
V2O5/SiO2) and cellulose–titanium (cellulose/TiO2). These
atrices were prepared by the sol–gel method (general equation

c
T
(
a

Fig. 1. Reaction of tetraethylortosilicate (TEOS) hydrolysis in water.

1)), which basically involves hydrolysis reactions (Eq. (2)) and
olycondensation by dehydration (Eq. (3)), or dealcoholation
Eq. (4)) of the alkoxides precursors, forming oxopolymers that
re transformed into a three-dimensional network of oxides
26,27]:

(OR)n + n

2
H2O → MOn/2 + nROH (1)

(OR)n + H2O → M(OR)n−1(OH) + ROH (2)

(OR)n + M(OR)n−1(OH) → M2O(OR)2n−2 + ROH (3)

M(OR)n−1(OH) → M2O(OR)2n−2 + H2O (4)

here M is the metal and M(OR)n is the alkoxide precursor.
The reactions of hydrolysis and condensation occur by nucle-

filic substitution before the catalysts, which can be acid, basic
r nucleofilic. The reaction of hydrolysis (for example, the
etraethylortosilicate—TEOS) under acid conditions involves
he protonation of the alkoxide group followed by the water
ucleofilic attack, leading to the formation of an intermediate
entacoordenate (Fig. 1) [26,27].

The SiO2/TiO2 matrix was prepared by adding 12.1 mL of an
queous solution of HNO3 0.85 mol/L in 250 mL of an ethanolic
olution of TEOS 50% (v/v). The mixture remained under reflux
nd shaking at 80 ◦C for 150 min. Then, 21 mL of tetrabutox-
de of titanium (TBOT) and 490 mL of ethanol were added and
he preparation was kept shaking at room temperature for 2 h.
6 mL of an aqueous solution of HNO3 0.6 mol/L were slowly
dded and allowed to rest for gelation. The formed xerogels were
round, dried at 110 ◦C for 24 h and sieved in order to obtain
articles size between 75 and 250 �m diameter. The SiO2/TiO2
inary oxide obtained was calcinated at 500 ◦C under air flow
13].

Based in the method used for the synthesis of SiO2/TiO2,
iO2/MnO2 matrices were prepared, substituting TBOT for
nCl2.
The V2O5/SiO2 and V2O5/TiO2 matrices were prepared

ccording to the method described by Schneider et al. [28],
sing HCl to hydrolyze TEOS and HNO3 for TBOT, respec-
ively. After that, vanadium triisopropoxide (VOTIP) was added
or polycondensation. For preparing the cellulose/TiO2 matrix,
ccording to Porto et al. [10], TBOT with cellulose, previously
uspended in heptane, was used. The matrices tested had the
ame diameter range as that obtained for SiO2/TiO2.
ific surface area (S0), measured by the Brunauer, Emmett and
eller (BET) multipoint technique [29]; average volume pores
Vp), determined by mercurium intrusion technique [30]; and
verage diameter pores (Dp).
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and the equilibrium constant (K�-CD) was calculated using the
Quasi–Newton method, resulting in 21627.10 ± 85.61 M−1, for
the confidence interval of 95%. Eq. (5) was obtained by the
C. Moriwaki et al. / Journal of Molec

.3. Immobilization procedure

Different amounts of B. firmus strain 37 whole cells, with
known wet-cell weight (8.0 g dry cells/100 g wet cells), were
sed for each of the immobilization procedures. One point two
rams of wet-weight cells was used for the initial evaluation
f microorganism immobilization in the five matrices, 1.2–3.0 g
or studying the effect of the initial biomass concentration, and
.4 g for the stability tests.

Cell immobilization was carried out with 50 mL of sterile
istillate water, B. firmus strain 37 wet cells and the appropriate
terilized matrix (0.6 g). The suspension was shaken at 120 rpm
nd kept at 28 ◦C during 12 h.

.4. Biocatalyst characterization

The biocatalyst produced by the immobilization of B. firmus
train 37 cells was characterized by determining its activity for
he production of CDs and its storage and operational stability.
ll the experiments were carried out in duplicate.
The cells immobilized in SiO2/TiO2 and SiO2/MnO2, with

ifferent concentrations of initial biomass, were centrifuged
800 × g, 3 min, 4 ◦C), washed with sterile distillate water and
ubmitted to the CD production cycle.

The method described by Matioli et al. [15] for CDs produc-
ion using purified CGTase was adapted in this research study.
or each cycle of CD production, the culture medium was consti-

uted of 50 mL of maltodextrine 10% (w/v) in Tris–HCl buffer,
H 8.0, 50 mM and CaCl2 5 mM. The assay was performed
t 50 ◦C, with shaking of 120 rpm during 144 h. Aliquots of
mL were drawn periodically (0, 6, 12, 24, 36, 48, 72, 96, 120
nd 144 h), diluted in 1 mL of distillate water and submitted
o boiling for posterior dosage of �-CD produced. At the end
f the cycle, the CGTase activity in the reaction medium was
etermined according to the method described by Matioli et
l. [15]. One unit (U) of enzyme activity was defined as the
mount of enzyme that produces 1 �mol �-CD/min under the
ssay conditions.

To determine the operational stability, four cycles of CDs
roduction were carried out and after each cycle, the cells immo-
ilized in SiO2/TiO2 and SiO2/MnO2 were removed from the
roduction medium by centrifugation (800 × g, 3 min, 4 ◦C),
ashed with sterile distillate water and kept at 4 ◦C until re-
tilization. For each cycle a new CD production medium was
repared and the CGTase activity was determined.

In order to evaluate the storage stability, the cells immo-
ilized in SiO2/TiO2 and SiO2/MnO2 were divided into five
liquots and kept at 4 ◦C. The aliquots were periodically sam-
led and submitted to the CD production cycles (zero time,
0, 90, 150 and 210 days of storage) with no re-utilization.
ontrol cycles with free cells were also carried out in this
ssay.

To verify the possibility of cell desorption in SiO2/TiO2 and

iO2/MnO2 matrices and to analyze the chance of microbial
rowth after the immobilization in the matrices, the total protein
ontent was determined [31] in newly immobilized samples and
fter the final cycle of CD production.

s
e
i
c
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.5. Analytical methods

.5.1. Scanning electron microscopy (SEM)
The immobilized cells were placed in Tris–HCl buffer, pH

.0, 50 mM and CaCl2 5 mM, containing 2.5% of glutaralde-
yde, for 24 h. After this time, the supernatant solution was
iscarded and the immobilized cells were washed in aqueous
thanolic solution 30, 50, 70, 90 and 100%. The material was
ept in absolute ethanol for further dehydration in a supercritical
uid extraction system using CO2 under high pressure. The same
rocedure was carried out with free cells. To obtain the micro-
raphs, a scanning electron microscope (Shimadzu, model SS
50) with an accelerating voltage of 10 kV was used. The sam-
les of immobilized and free cells were put on the surface of a
ouble face conductive tape and gold coated.

.5.2. β-CD determination
The �-CD concentration was measured by the dye-extinction

olorimetric method using phenolphthalein solution [22]. The
ssay was performed by mixing 0.5 mL of sample containing �-
D with 2.5 mL of a phenolphthalein working solution 0.06 M,
ontaining carbonate–bicarbonate buffer 0.12 M, pH 10.5 and
he absorbance was read at 550 nm. For the blank, the sample
as substituted by distillate water. The phenolphthalein work-

ng solution was prepared at the dosage moment from a stock
olution of phenolphthalein 3 mM in 95% ethanol (2 mL of phe-
olphthalein stock solution, 20 mL of carbonate–bicarbonate
uffer 0.6 M, pH 10.5, and the volume completed to 100 mL
ith distilled water). The concentration of �-CD was calcu-

ated with Eq. (5), obtained by determination of the equilibrium
onstant (K�-CD) for the formation of an inclusion complex of
-CD with phenolphthalein. This constant was determined by
on-linear regression of Eq. (6) to a series of absorbance data in
unction of standard concentration of �-CD ((0–1) × 10−3 M)
repared in distillate water

�-CD = 0.3

(
1 − A550

A0/550

) (
1 + 1.0813

A0/550

A550

)
(5)

here C�-CD is the concentration of �-CD (mM), A550 and A0/550
re the absorbances of samples and blank, respectively.

�-CD = a

(
1 − A550

A0/550

) (
1 + A0/550

K�-CDaA550

)
(6)

here a is the total concentration of phenolphthalein in the assay
uvette (5 × 10−5 M).

Firstly the concentrations of standard �-CD were corrected,
aking into account the dilution performed in the cuvette (1:6)
ubstitution of K�-CD and a value in Eq. (6) and multiplying this
quation by a factor equal to 6000 that is related to the dilution
n the assay procedure and the conversion from molar in the
uvette to give millimolar of �-CD in the sample.
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ig. 2. Scanning electron micrographs. Free cells (A). Immobilized cells: SiO2

. Results and discussion

.1. Matrices characterization and microbial cells
mmobilization

The immobilization of the microorganism B. firmus strain 37
n the five matrices studied was evaluated through the micro-
raphs obtained by SEM. The bacterium size was estimated as
.5 �m × 5.0 �m (Fig. 2A).

Table 1 shows the results of the specific surface area (S0),
verage volume (Vp) and average diameter (Dp) of the pores of
he five matrices studied. Considering that the determined Dp
re in average around 1800 times smaller than the bacterium

nder study, it is possible to conclude that there was no possibil-
ty of microorganism penetration inside the matrices, meaning
hat the cells immobilization occurred by adsorption on their
urface.

able 1
pecific surface area (S0), average volume (Vp) and average diameter (Dp) of

he matrices pores

atrices S0 (m2/g) Vp (mL/g) Dp (�m)

iO2/TiO2 503 0.35 0.0028
iO2/MnO2 454 0.16 0.0014

2O5/TiO2 436 0.10 0.0009

2O5/SiO2 468 0.20 0.0017
ellulose/TiO2 48 0.08 0.0066

i
F
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1
c
1
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b
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b
p
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(B), SiO2/MnO2 (C), V2O5/TiO2 (D), V2O5/SiO2 (E) and cellulose/TiO2 (F).

The micrographs allowed observing that there was good
dsorption of the bacterium in SiO2/TiO2 and SiO2/MnO2
atrices, a satisfactory adsorption in V2O5/TiO2 matrix

nd practically no bacterium attached the V2O5/SiO2 and
ellulose/TiO2 matrices (Fig. 2B–F). Therefore, SiO2/TiO2 and
iO2/MnO2 matrices were selected to continue the study.

.2. Initial biomass effect

The amount of immobilized cell biomass in the support was a
ery important parameter which influenced the production of �-
D by the immobilized cells. For the SiO2/TiO2 matrix, the use
f an initial biomass load from 1.2 to 3.0 g provided an increase
n �-CD production of 20%, reaching 13.4 ± 0.2 mM (Fig. 3A).
or the immobilized cells in SiO2/MnO2 �-CD production was
5% higher when the amount of initial biomass, increased from
.2 to 1.8 g, and the production of �-CD remained practically
onstant when 2.4 and 3.0 g of the cells were used, reaching
7.9 ± 0.1 mM of �-CD produced (Fig. 3B).

The specific CGTase productivity showed a decrease from
0.8 to 29.3 and 77.5–38.6 U/g wet cells h when the initial
iomass was raised from 1.2 to 3.0 g for the immobilized cells
n SiO2/TiO2 and SiO2/MnO2, respectively, suggesting that

iofilm layers are produced on the external surface of the matrix
articles and that the activity is limited to only the biocatalyst
ocated in the outer biofilm layer, which comes into contact with
he substrate more easily. For the CGTase of Bacillus agarad-
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Fig. 3. Initial biomass effect on �-CD production by immobilized cells of B. fir-
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us strain 37. (A) SiO2/TiO2 and (B) SiO2/MnO2 (� 1.2 g; � 1.8 g; � 2.4 g and
3.0 g of immobilized cells). Conditions: maltodextrine 10% (w/v) in Tris–HCl

uffer, pH 8.0, 50 mM and CaCl2 5 mM, 50 ◦C and 120 rpm.

aerens LS-3C immobilized in polyvinyl alcohol-cryogel, no
ignificant difference was observed among the different beads
ith respect to their specific activity. Initial cell loading of 1, 3

nd 10% (w/v) after activation gave a specific activity of 2.2, 2.5
nd 2.8 mg �-CD production/h g beads, respectively [11].

.3. Operational stability

One of the acknowledged advantages of cell immobiliza-
ion is the ease of cell separation from the production medium,
or a possible re-utilization and the greater operational stability
iven by the number of cycles, which the immobilized cells can
e used, without significant loss of activity [23,32,33]. In this
tudy, the operational stability was determined by using 2.4 g
f initial biomass in four repeated cycles of 144 h each. For the
ells immobilized in SiO2/TiO2 and SiO2/MnO2 the best result

as obtained in the first cycle (Fig. 4), reaching 12.9 ± 0.4 and
7.9 ± 0.1 mM of �-CD, respectively. At the end of the sec-
nd cycle (288 h test), the cells immobilized in both matrices
ept 60% of the �-CD production at the initial cycle. A grad-

0
o

N

ig. 4. Operational stability of the immobilized cells of B. firmus strain 37. (A)
iO2/TiO2 and (B) SiO2/MnO2 (� first cycle; � second cycle; � third cycle
nd � fourth cycle). Conditions: maltodextrine 10% (w/v) in Tris–HCl buffer,
H 8.0, 50 mM and CaCl2 5 mM, 50 ◦C and 120 rpm.

al fall in �-CD production occurred up to the fourth cycle
576 h test), and �-CD production reduced to 10% of the pro-
uction of the first cycle for the SiO2/TiO2 matrix and 20% for
he SiO2/MnO2 matrix. The enzymatic activity obtained in the
rst cycle for CGTase of cells immobilized in SiO2/TiO2 and
iO2/MnO2 matrices was 84.4 and 117.3 U/mL, respectively. It
as decreased gradually for each successive cycle, following the
ame rate observed for �-CD production.

In Fig. 4, the first cycle is described by a curve-shaped almost
symptotic and further cycles by straight-lines. It is possible
hat the differences in �-CD production in the cycles may be
ue to weakly bound cells in the matrices that desorbed in
he course of the first cycle, thus remaining for the cells of
urther cycles that were more strongly bound to the matrices.
rotein determinations were carried out, and confirmed the cell
esorption. The protein content of the recently immobilized
ells in the SiO2/TiO2 and SiO2/MnO2 matrices was 0.17 and

.40 g nitrogen/100 g of sample, respectively, and after the end
f a CD production cycle there was an average reduction of 14%.

The repeated use of the immobilized Mycobacterium sp.
RRL B-3805 [33] and Pseudomonas putida [34] cells on Celite
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Fig. 5. Storage stability of immobilized cells of B. firmus strain 37. (A)
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upports did not prove to be effective due to cell desorption, sug-
esting that the interactions between support and cells are too
eak. On the other hand the use of chrysotile as an effective

mmobilization matrix for mycobacterial cells displayed a sig-
ificant operational stability, since catalytic activity remained
pparently unchanged for a 30-day period. The stability is related
ot only to product yield, but to mechanical integrity of the
upport as well [35].

For B. agaradhaerens LS-3C immobilized cells, after the
inth cycle (270 h of test), the CGTase activity was maintained
t 70% of the initial rate [11]. A good operational stability was
bserved with B. amyloliquefaciens, immobilized in calcium
lginate, which was studied during 14 cycles of 24 h each, keep-
ng 80% of the initial activity [7]. Vassileva et al. [23] studied the
perational stability of B. circulans ATCC 21783 immobilized
n agar during 5 cycles of 48 h each. There was a gradual increase
f CGTase activity until the fourth cycle, reaching 210 U/mL,
eaning a 14% higher enzyme concentration than the initial

ctivity. However, in the fifth cycle the enzyme activity suffered
reduction of 10% (189 U/mL).

.4. Storage stability

The long viability and continuous metabolic activity are also
dvantages for using immobilized cells [6]. The storage sta-
ility was investigated using 2.4 g of initial biomass and the
ells immobilized in SiO2/TiO2 and SiO2/MnO2 were main-
ained at 4 ◦C for 210 days. The maximum of �-CD production
ccurred with the cells stored for 90 days, giving 6.0 ± 0.3 and
.4 ± 0.4 mM of �-CD for the cells immobilized in SiO2/TiO2
nd SiO2/MnO2, respectively (Fig. 5). Therefore, the results
btained showed that the immobilized cells were quite sta-
le and, after 150 days of storage, they did not present any
eduction of �-CD production, in relation to newly made bio-
atalyst. The long viability of immobilized cells may be due
o their different protein, nucleic acid and inorganic substance
ompositions, compared to the free cells [7]. Also, accord-
ng to Jamuna and Ramakrishna [6], in the case of Bacillus
mmobilized cells, the induced stress conditions imposed by
he immobilization can alter the synthesis mechanism of the
nzyme produced. However, definitive evidence regarding this
tatement is lacking in previous literature and warrants further
tudies.

In the storage stability test, control cycles using free cells
ere also carried out, producing in average 3.0 ± 0.1 mM
f �-CD. Therefore, the immobilized cells showed a rela-
ive production 2-fold higher for the immobilized cells in
iO2/TiO2 and 1.5-fold higher for SiO2/MnO2. It is possi-
le suggest that the highest capacity of �-CD production was
ot a consequence of the increase in the amount of immo-
ilized microbial cells, considering that there was an average
eduction of 14% of the total protein content in newly immo-
ilized samples and after the final cycle of CD production.

lso, immobilized cells of Methylomonas sp. strain GYJ3,

mmobilized by sol–gel entrapment in sodium silicate, pre-
ented an enzymatic activity 1.5-fold higher than the free cells
12].

o
o
m
l

iO2/TiO2 and (B) SiO2/MnO2. Storage time: � 0 day; � 60 days; � 90 days;
150 days and © 210 days. Conditions: maltodextrine 10% (w/v) in Tris–HCl

uffer, pH 8.0, 50 mM and CaCl2 5 mM, 50 ◦C and 120 rpm.

. Conclusion

Systems of immobilized B. firmus strain 37 cells for CGTase
roduction with sol–gel matrices have been developed. How-
ver, the present research study also showed the possibility of
irect CD production by immobilized cells in inorganic matri-
es. The sol–gel preparation method of matrices showed to be
ppropriate and a good adsorption of B. firmus strain 37 occurred
n SiO2/TiO2 and SiO2/MnO2 matrices.

The SiO2/MnO2 matrix presented advantages compared to
iO2/TiO2 matrix while studying the effect of initial biomass,
s the use of 1.8 g of biomass was sufficient to reach the high-
st �-CD production (17.9 ± 0.1 mM), while for the SiO2/TiO2
atrix the use of 3.0 g of biomass was necessary to reach a �-CD

roduction 25% smaller.
Operational stability tests demonstrated that both matrices

aintained good �-CD production up to the end of the sec-

nd cycle (288 h test) and a gradual fall in �-CD production
ccurred up to the fourth cycle, due to cell desorption from the
atrices. Storage stability tests showed that the cells immobi-

ized in SiO2/TiO2 presented a �-CD production 36% higher
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han for the SiO2/MnO2 matrix and, when compared to free
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arried out, no significant loss of activity occurred; therefore,
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CD production from immobilized cells in inorganic matrices
repared by the sol–gel method proved to be as feasible as the
roduction achieved by Martins et al. [11] using PVA-cryogel
ntrapped cells. The same inference was observed when Tar-
ioli et al. [22] used enzyme immobilized in glyoxyl-agarose.
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