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Cyclodextrin  glycosyltransferase  (CGTase)  from  Thermoanaerobacter  sp.  was  covalently  immobilized  on
glutaraldehyde-activated  chitosan  spheres  and  used  in  a  packed  bed  reactor  to investigate  the  contin-
uous  production  of �-cyclodextrin  (�-CD).  The  optimum  temperatures  were  75 ◦C  and  85 ◦C at  pH  6.0,
respectively  for free  and  immobilized  CGTase,  and  the  optimum  pH  (5.0)  was  the  same  for  both  at 60 ◦C.
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In  the  reactor,  the effects  of flow  rate  and  substrate  concentration  in the  �-CD production  were  evaluated.
The  optimum  substrate  concentration  was  4% (w/v),  maximizing  the �-CD production  (1.32  g/L) in a flow
rate  of  3 mL/min.  In  addition,  the  biocatalyst  had  good  operational  stability  at 60 ◦C,  maintaining  61%  of
its  initial  activity  after  100  cycles  of  batch  and  100%  after  100  h  of  continuous  use. These  results  suggest
the  possibility  of  using  this  immobilized  biocatalyst  in  continuous  production  of CDs.
hitosan

. Introduction

Cyclodextrin glycosyltransferases (CGTases) (EC 2.4.1.19) is
ne of the most important groups of amylolytic enzymes. These
nzymes catalyze the conversion of starch to cyclodextrins
CDs), which are cyclic oligosaccharides composed of �-(1 → 4)-
lycosidic-linked residues. The best-characterized forms are �-,
- and �-CD consisting of six (cyclomaltohexaose), seven (cyclo-
altoheptaose) and eight (cyclomaltooctaose) d-glucose units,

espectively (Goh, Mahadi, Hassan, Rahman & Illias, 2009). The
onformation of CDs is formed by a conical cylinder with a rela-
ively hydrophobic internal cavity and a hydrophilic outer surface
Szejtli, 1982). Therefore, CDs are soluble in water and capable
f forming inclusion complexes with a variety of molecules, that
re placed in their hydrophobic cavity (Nakai, Yamamoto, Terada

 Watanabe, 1987). This feature makes CDs attractive for various
pplications in diverse fields such as food, chemical, pharmaceu-
ical and textile industries as well as in biotechnology, agriculture
nd environmental protection (Astray, Mejuto, Morales, Rial-Otero

 Simal-Gandara, 2010; Biwer, Antranikian & Heinzle, 2002; Stella
 He, 2008).
Cyclodextrins have been recommended for applications in food
rocessing and as food additives with a variety of aims, mainly as
tabilizers of components that are sensitive to oxygen and heat- or
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light-induced degradation and solubilize food colorings and vita-
mins (Astray, Mejuto, Morales, Rial-Otero & Simal-Gandara, 2010;
Szente & Szejtli, 2004). Immobilization of CGTase has been proposal
as a way  for reducing CDs production cost, and makes feasible its
application in food industries (Sobral, Rodrigues, Oliveira, Olivo, de
Moraes & Zanin, 2003).

Immobilization has been seen as a very powerful tool to improve
enzyme properties allowing the use of this relatively expen-
sive catalyst in the industry (Garcia-Galan, Berenguer-Murcia,
Fernandez-Lafuente & Rodrigues, 2011). There are several bene-
fits of using immobilized enzymes, among them, the increase of
stability, activity, specificity and selectivity, the decrease of inhi-
bition by reaction products, the improved operation control, and
the easy end of reaction and enzyme recover (Rodrigues, Ortiz,
Berenguer-Murcia, Torres & Fernandez-Lafuente, 2013). Moreover,
heterogeneous biocatalysts can be used in a variety of reactors,
and its choice will depend on the immobilization protocol and
support (Garcia-Galan, Berenguer-Murcia, Fernandez-Lafuente &
Rodrigues, 2011). In the literature, there are few studies dealing
the continuous production of cyclodextrins, with emphasis on the
use of packed bed (Lee, Lee & Shin, 1991) and fluidized-bed (Cao,
2005; Tardioli, Zanin & de Moraes, 2000) reactors.

Chitin is a polymer widely abundant in nature and its use is
a good example of recycling of byproducts of the food indus-

try for value-added products (Muzzarelli, 1996). Chitosan, the
principal derivative of chitin, has desirable characteristics for
enzymes immobilization (Muzzarelli, 1980). Chitosan has reac-
tive amino and hydroxyl groups in its linear polyglucosamine
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hains, available to direct reactions with enzymes or to chemical
odifications, with glutaraldehyde for example, when the native

mino groups from chitosan surface are bound to its aldehyde
roups, that after will bind to amino groups from enzyme (Chiou

 Wu,  2004; Juang, Wu  & Tseng, 2002). Additionally, it exhibits
echanical stability, rigidity, nontoxicity and biocompatibility,

mportant features for applications in food industry (Krajewska,
004). Crucially, as biodegradable polymers chitin/chitosan mate-
ials are eco-friendly, safe for humans and the natural environment
Goycoolea, Argüelles-Monal, Peniche & Higuera-Ciapara, 2000;

uzzarelli, 2012).
Packed bed reactors (PBR) are the most commonly system

mployed for continuous production with heterogeneous catalysis,
hich can minimize labor and overhead costs for industrial appli-

ations. Compared to other immobilized enzyme reactors, such
s stirred reactors, PBR is suitable for long-term and industrial
cale production without mechanical shear stress; it is more cost
ffective than the batch operation because possesses advantages
f continuity, easy operation, high stability and lower by-product
ormation (Chang, Shaw, Yang & Shieh, 2007; Delattre, Michaud

 Vijayalakshmi, 2008; Halim, Kamaruddin & Fernando, 2009;
avernier, Michaud, Wadouachi & Petit, 2009).

Therefore, the main objective of this study was the continuous
roduction of �-CD from soluble starch. For this, a CGTase from
hermoanaerobacter sp. (Toruzyme®), was covalently immobilized
n chitosan spheres and used in a packed bed reactor, at different
perational conditions in order to achieve maximum production.

. Materials and methods

.1. Materials

Commercial CGTase from Thermoanaerobacter sp. (Toruzyme®
.0 L) was kindly provided by Novozymes A/S (Bagsvaerd,
enmark). Chitosan (from shrimp shells, ≥75% deacetylated), phe-
olphtalein and �-CD were purchased from Sigma–Aldrich (St.
ouis, USA). The soluble starch and glutaraldehyde were purchased
rom Nuclear. All chemical products used were of analytical grade.

.2. Methods

.2.1. Preparation and immobilization of CGTase
The solid support was prepared by precipitation using the

eutralization method (Chiu, Chung, Giridhar & Wu,  2004) and acti-
ated with glutaraldehyde (5% v/v) as previously described (Klein
t al., 2012). In order to test the support loading, 10 mL  of enzyme
olution with different protein concentrations, in sodium phos-
hate buffer (0.1 M,  pH 6.0) was added to 100 chitosan spheres
representing 20, 60, 120 and 200 mg/g of dry support), and incu-
ated, overnight, at room temperature under gentle shaking in
n orbital shaker (200 rpm). The immobilized biocatalyst obtained
as then sequentially washed with phosphate buffer (0.1 M,  pH

.0), NaCl (1 M)  and ethylene glycol (0.2 M)  in order to remove the
nbound proteins.

Immobilizations yield and efficiency were calculated as
escribed by Sheldon and van Pelt (2013), as follows in Eqs. 1 and
, respectively:

mmobilization yield (%) = 100 ×
(

immobilized activity
starting activity

)
(1)
mmobilization efficiency (%) = 100 ×
(

observed activity
immobilized activity

)

(2)
lymers 98 (2013) 1311– 1316

2.2.2. Activity of free and immobilized CGTase and protein
quantification

The CGTase activity was  assayed following the synthesis of
�-CD by the dye-extinction colorimetric method using phenol-
phthalein, developed by Vikmon (1981) and modified by Kaneko,
Kato, Nakamura, & Horikoshi (1987) and Pinto, Flores, Zachia Ayub,
& Hertz (2007). Reaction mixture, containing 0.65 mL of soluble
starch solution (4% w/v) in 0.1 M sodium phosphate buffer (pH
6.0) and 0.35 mL  of properly diluted free enzyme was incubated
at 60 ◦C for 15 min. The reaction was stopped by addition of 4 mL  of
0.04 mM phenolphthalein dissolved in 125 mM Na2CO3 solution.
The absorbance was  measured at 550 nm in spectrophotome-
ter (model Ultrospec 3100 pro-UV/Visible, Amersham Pharmacia
biotech).

The activity of immobilized preparation was  measured by the
same method, incubating the spheres with 1.05 mL  of phosphate
buffer (0.1 M,  pH 6.0) and 1.95 mL  of starch solution (4% w/v) of
soluble starch in the same buffer. Also, the quantification of �-CD
in the reactor product was made by adding phenolphthalein solu-
tion (2 mL)  in 0.5 mL  of the samples. A standard curve in the range
between 40 and 400 �g/mL was prepared using commercial �-CD.
One unit of cyclodextrin glycosyltranferase activity (U) was defined
as the amount of enzyme that produces 1 �g of �-CD per minute at
60 ◦C and pH 6.0 with 4% of soluble starch as a substrate solution.
Protein content (mg/mL) of the solutions was determined by the
Lowry assay (Lowry, Rosebrough, Farr & Randall, 1951).

2.2.3. Activity of CGTase at different temperature and pH
The effect of temperature on the activity of free and immobilized

enzyme was  measured at different values (50–95 ◦C) at pH 6.0. The
relative activity was calculated as the ratio between the activity at
each temperature and the maximum obtained.

The effect of pH was investigated using different buffers at var-
ious pH values (glycine–HCl pH 3.0, sodium acetate pH 4.0 and
5.0, sodium phosphate pH 6.0 and 7.0, tris–HCl pH 8.0, carbonate-
bicarbonate pH 9.0 and 10.0) and the temperature fixed at 60 ◦C, for
activity reaction. The relative activity was calculated as the ratio
between the activity at each pH and the maximum obtained. A
standard curve was prepared with commercial �-CD for each pH
value tested.

2.2.4. Operational stability of immobilized CGTase
To investigate the stability of the immobilized enzyme and pos-

sibility of reuse, repeated batch reactions were carried out at 60 ◦C,
with 4% of substrate solution, as described above. Between each
batch reaction, the support with immobilized enzyme was  washed
three times with activity buffer to remove possible residues of sub-
strate or product. The reaction cycle time was fixed at 15 min, in
order to avoid product inhibition and maintain substrate saturation
conditions and, thereafter, repeated with fresh solution of sub-
strate. The activity measured in the first cycle was  considered as
100% for calculation of the remaining percent activity after each
one.

2.2.5. System setup of the reactor and continuous production of
ˇ-CD

The continuous production of �-CD was  made in packed
bed reactor composed of a water-jacketed glass column
(12.0 cm × 1.2 cm), with temperature control (at 60 ◦C) and
adjustable cylindrical plugs at both ends. In order to retain the
enzyme immobilized into the reactor and to ensure the even dis-
tribution of reaction mixture across the bed, a glass wool (16 mg,

Merck) was placed at the ends. The column was  packed with
724 spheres of immobilized enzyme, corresponding to 7.24 mg  of
protein or 5579.79 U in the reactor. The substrate solution was
fed through the column bottom using a peristaltic pump and, to
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Table 1
Effect of the protein load in the enzyme immobilization.

Protein
concentration
applied (mg/g
dry support)

Enzyme
concentration
applied (U/g
dry support)

Immobilization
yield (%)

Immobilization
efficiency (%)

20 252.68 95.8 ± 2.24 6.1 ± 0.25
60 758.05 89.7 ± 4.51 2.6 ± 0.98

120 1 516.11 94.2 ± 2.72 1.4 ± 0.16

T

a
6
t
p

p
i
6
3
s
c

s
a

3

3

s
w
p
s
h
t
e

h
b
T
t
m
t
F
2
w
C
P
2

i
a
e
c
t
e
c
M
B
M

w

Fig. 1. Effect of the temperature (a) and pH (b) on the activity of free (©) and
immobilized (�) CGTase. (a) Activities were assayed at different temperatures using
sodium phosphate buffer (0.1 M,  pH 6.0); 100% is equivalent to 1302 U/mL  and
15796 U/g for free and immobilized CGTase, respectively. (b) Activities were assayed
200 2 526.85 47.6 ± 2.15 1.7 ± 0.32

he analysis for immobilization yield and efficiency were performed in triplicate.

void substrate precipitation, it was maintained in water bath at
0 ◦C. Samples of 5 mL  were collected in triplicate at the end of
he reactor, after reaching the steady state, and analyzed for �-CD
roduction.

To observe the effect of substrate concentration on the �-CD
roduction, the soluble starch solution, with concentrations vary-

ng from 0.2% to 10% (w/v) in sodium phosphate buffer (0.1 M,  pH
.0), were pumped into the column in a continuous flow rate of

 mL/min. Thereafter, to determine the effect of the flow rate, the
ubstrate solution with 4% of soluble starch was pumped into the
olumn in different flow rates (0.4 up to 5 mL/min).

Continuous production of �-CD was evaluated by circulating the
ubstrate solution (0.2% w/v of starch) with a flow rate of 3 mL/min,
t 60 ◦C, during 50 h.

. Results and discussion

.1. Effect of protein loading on the immobilization of enzyme

The results of immobilization yield and efficiency are pre-
ented in Table 1. The highest immobilization yield and efficiency
ere obtained at protein concentration of 20 mg/g of dry sup-
ort. Increasing the protein concentration in the immobilization
olution, both yield and efficiency immobilization decreased. The
ighest immobilization efficiency was 6.1% at that protein concen-
ration, while for higher protein concentrations the immobilization
fficiency was below 3%.

The low recovery of the enzyme activity can be due to steric
indrance caused by the process of immobilization that occurs
etween glutaraldehyde and the terminal amino of the enzyme.
hereby, the immobilization can cause diffusional restrictions of
he substrate to the active site of the protein (mainly if a macro-

olecular substrate, as starch, is used, decreasing the activity of
he enzyme after immobilization) (Amud, Presa da Silva, Tardioli,
aria Soares, Moraes & Zanin, 2008; Tardioli, Zanin & de Moraes,
006). Results of the same magnitude, as the obtained in this work,
ere also found by other authors for covalent immobilization of
GTase (Martín, Plou, Alcalde & Ballesteros, 2003; Prousoontorn &
antatan, 2007; Sobral, Rodrigues, De Oliveira, De Moraes & Zanin,
002).

A way to solve the problem of low efficiency could be chang-
ng the immobilization conditions as contact time, pH, buffer
nd temperature, or even performing the immobilization of the
nzyme in the presence of substrate (Cao, 2005). The substrates
an protect the enzyme active site against harmful conforma-
ional changes or formation of new bonds that denature the
nzyme active site during the process. Other possible solution
ould be the use of larger spacer arm (Garcia-Galan, Berenguer-
urcia, Fernandez-Lafuente & Rodrigues, 2011; Matte, Nunes,

envenutti, Schöffer, Ayub & Hertz, 2012; Tardioli, Zanin & de

oraes, 2006).
For the next experiments, the immobilization was  performed

ith a protein load of 20 mg/g of dry support.
at  60 ◦C and different pH values; 100% is equivalent to 978 U/mL and 9933 U/g for
free and immobilized CGTase, respectively.

3.2. Effects of temperature and pH on CGTase activity

Properties of the enzyme may  suffer alterations due to the con-
formational changes provided by the support after immobilization.
Thus, the enzymatic properties of the immobilized CGTase were
compared with those of soluble enzyme. The influence of temper-
ature and pH in their relative activities was  assayed in the range of
50–95 ◦C and pH values of 3–10 (Fig. 1). Both biocatalysts showed
an optimum pH of 5.0. The free enzyme showed maximum activ-
ity between 70 ◦C and 95 ◦C, and the immobilized enzyme between
75 ◦C and 90 ◦C. These results showed the protein structure after
immobilization was similar to the free enzyme. A similar behavior
regarding to optimum temperature and pH of immobilized CGTase,
without major changes, was found by Martín et al. (2003) in a
covalent binding to Eupergit C.

The synthesis of CDs at high temperatures improves the starch
solubility and decreases the viscosity, avoiding the use of other
enzymes, such as amylases, for pre-hydrolysis and solubilization

of starch (Sakinah, Ismail, Hassan, Zularisam & Illias, 2009). Con-
sequently, in the gelatinization temperature, the enzymatic rate
of conversion was improved. This peculiarity of thermostable
enzymes is ideal for immobilization processes and subsequent use
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Fig. 2. Operational stability of the CGTase immobilized. Activities were assayed at
60 ◦C and pH 6.0 (sodium phosphate buffer 0.1 M)  with 4% (w/v) of substrate in
c
i

i
t
2

3

u
e
u
r
i
6
a
s
t

H
s
1
s
w
(

3
ˇ

i
o
a
r
e
t
f
c
(
l
d
t
c
t
a
t
s

Fig. 3. Effect of the substrate concentration on the production (�), productiv-
ity (�) and conversion (dotted line). Conditions: 7.24 mg of immobilized CGTase

oligoglucuronans by immobilized glucuronan lyase, when it was
possible to control the degree of polymerization of oligoglucuro-
nans by varying these parameters.
onsecutives batch reactions of 15 min. Analyses were carried out in triplicate. 100%
s  equivalent to 10001 U/g.

n batch or continuous process, since they present a good opera-
ional stability in high temperatures (Biwer, Antranikian & Heinzle,
002).

.3. Operational stability of immobilized CGTase

The operational stability of immobilized CGTase was  evaluated
nder consecutives batch reactions, performing washes between
ach batch in order to remove remaining substrates and prod-
cts. The results (Fig. 2) show that 61% of the original activity was
etained after one hundred cycles of 15 min. A significant decrease
n the enzyme activity was observed only after 60 cycles, with
8% of remaining activity. The great operational stability can be
ttributed to a protection afforded by this immobilized system and
uggested its applicability for continuous production of cyclodex-
rins.

In a previous work (Matte, Nunes, Benvenutti, Schöffer, Ayub &
ertz, 2012), the same CGTase was immobilized on silica micro-

pheres and retained 60% of its initial activity after 15 cycles of
5 min. The Paenibacillus macerans CGTase immobilized on PVC
howed a good yield of CD (45% substrate conversion using �-CD)
ith more than 85% of the initial catalytic activity after 14 cycles

Abdel-Naby, 1999).

.4. Effect of substrate concentration and flow rate on
-cyclodextrin production

The continuous production of �-cyclodextrin was  evaluated
n a PBR containing 5579.79 U or 7.24 mg  of CGTase immobilized
n chitosan spheres. This experiment was carried out at 60 ◦C
nd pH 6.0 with different starch concentrations (Fig. 3) and flow
ates (Fig. 4). The amount of produced �-CD in the reactor was
xamined as a function of substrate concentration from 0.2 up
o 10% (w/v) of soluble starch, fixing the flow rate at 3 mL/min
or all experiments. At low substrate concentration (Fig. 3), the
onversion rate for this particular residence time was  maximal
7.9%). The increase of the starch concentration until 4% (w/v)
ed to a higher production rate, when excess substrate caused a
ecrease in conversion rate. Although at a slower rate, the produc-
ion increased until a limit that the high substrate concentration
aused its decrease, either by increasing the viscosity, which in

urn hinders access of substrate to the enzyme, or by the fact that
t high concentrations, the starch acts as an inhibitor of the reac-
ion. The maximum �-CD content was 1.32 g �-CD/L with 4% of
ubstrate.
(5579.79 U), 60 ◦C, pH 6.0 (sodium phosphate buffer 0.1 M), flow rate of 3 mL/min
corresponding to a residence time of 30 s.

The effects of the flow rate on the �-CD production were also
investigated (Fig. 4). For this study, the substrate concentration was
fixed at 4% (w/v) of soluble starch. At low flow rates (0.4–1 mL/min),
the conversion rate was  maximum, producing 1.697 g �-CD/L with
a conversion rate of 4.3%. The increase in flow rate led to a residence
time in the reactor too short and the synthesis of �-CD reduced
around 30%. However, the productivity rose until it reached the
maximum of 310 g �-CD/L h at 5 mL/min.

Comparing Figs. 3 and 4, it can be seen that higher amounts
of �-CD were formed at the intermediate concentration of sub-
strate and low flow rates. Tardioli and co-workers (2000), using
a fluidized reactor with a load of 417 mg  of immobilized CGTase
(approximately 58 times higher than in this study) and maltodex-
trin as a substrate, obtained 13.2% of conversion in �-CD, producing
12.76 g/L of �-CD with 13 min  of residence time. In this work, using
4% soluble starch as substrate, it was  reached, at a residence time
of 1 min, values of 3.8% of conversion to �-CD, and production of
1.51 g �-CD/L.

The importance of substrate concentration and residence time
was studied by Tavernier et al. (2009) in continuous production of
Fig. 4. Effect of the substrate flow rate on the production (�), productivity (�) and
conversion (dotted line). Conditions: 7.24 mg of immobilized CGTase (5579.79 U),
60 ◦C, pH 6.0 (sodium phosphate buffer 0.1 M)  and substrate concentration of 4%
(w/v).
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.5. Continuous production of ˇ-cyclodextrin and operational
tability of the reactor

To evaluate the operational stability of the PBR, it was contin-
ously used with the same amount of immobilized CGTase. The
perational conditions were selected based on the previous results;
ow rate was chosen to be an intermediate value between produc-
ion and productivity (3 mL/min), and the substrate concentration
0.2% w/v) on the higher conversion rate (7.87%). The continuous
peration was carried out during 52 h. The production of �-CD
ecreased after 49 hours, reaching 78% (±7.03) of the initial activ-

ty. This occurred due to the super packing of spheres, causing a
eduction of 45% of bed height, and the consequent decrease in the
esidence time of the substrate from 1.22 min  to 0.14 min. However,
fter the spheres being washed and re-packed to the column, at the
ame initial conditions, they recovered 100% of their initial activity
or at least more 50 h, i.e., although the super packing of chitosan
pheres, it was possible to recover the initial activity performing a
uffer wash at room temperature.

. Conclusions

In this work, cyclodextrin glycosyltransferase (CGTase) from
hermoanaerobacter sp. was immobilized on glutaraldehyde-
ctivated chitosan spheres, a polymer known for its low propensity
or microbial contamination. The immobilized enzyme exhibits no
ignificant changes in their characteristics (optimum temperature
nd pH) and has a promising operational stability for the continu-
us production of CDs.

In the packed bed reactor it was possible to achieve a produc-
ivity of the 239 g de �-CD/L h at a substrate concentration of 4%.
his ratio can be increased to above 310 g de �-CD/L h by increas-
ng the flow rate from 3 to 5 mL/min. Moreover, the biocatalyst
resented a very high operational stability. It was  possible to use
he immobilized CGTase for 100 batches retaining around 60% of
ts initial activity, or in continuous process, to use for 100 h, per-
orming a buffer wash after 50 h, maintaining the same production
ate. These results demonstrated that this system may  be effec-
ive for the scale-up of production of CDs in a packed bed reactor,

aking possible to control it by changing flow rate and substrate
oncentration.
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