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Abstract This study aimed to improve the yield of cy-
clodextrins (CDs) production in repetitive batches. An in-
novative ultrafiltration system was used to remove the
inhibitory products that accumulated in the medium and to
recover the enzyme. The assays were performed with the
CGTase from Bacillus firmus strain 37 in purified, semi-
purified, and crude extract forms. Maltodextrin (10 % w/v)
and corn starch (5 % w/v) were used as substrates. After
eight repetitive 24-h batches, the yield of B-CD obtained
with the purified enzyme and the corn starch substrate was
0.54 mmol/L/h, which was 36 % greater than that observed
with the 10 % maltodextrin substrate. The crude CGTase
extract with the corn starch substrate showed a productivity
of 0.38 mmol/L/h, which was 29 % lower than using the
purified enzyme and the corn starch substrate but 7 %
higher than using the purified enzyme and the maltodextrin
substrate. The crude extract, assayed with the corn starch
substrate in the presence of 10 % ethanol reached
0.43 mmol/L/h productivity, which was 12 % higher
compared to the assay without ethanol. The semi-purified
enzyme was assayed with the corn starch substrate in the
presence of 10 % ethanol for eight batches lasting 12 h and
an excellent selectivity for the B-CD was obtained,

V. C. Fenelon
Pharmaceutical Science Program, State University of Maringa
(UEM), Av. Colombo, 5790, Maringa PR 87020-900, Brazil

M. F. A. Aguiar - J. H. Miyoshi - G. Matioli (IX])

Department of Pharmacy, State University of Maringa (UEM),
Av. Colombo, 5790, Maringa PR 87020-900, Brazil

e-mail: gmatioli@uem.br

C. O. Martinez
Food Science Program, State University of Maringa (UEM),
Av. Colombo, 5790, Maringa PR 87020-900, Brazil

reaching a mean percentage of 96.0 %. Therefore, this
ultrafiltration system enabled several batches of CD pro-
duction, with efficient removal of products inhibitory to the
CGTase and recovery of the enzyme. The possibility of
industrial application of this system is promising.

Keywords Cyclodextrins - CGTase - Ultrafiltration -
Bacillus sp - Corn starch - Repetitive batches

Abbreviations

CDs Cyclodextrins

o-CD Alpha-cyclodextrin

B-CD Beta-cyclodextrin

v-CD Gamma-cyclodextrin

CGTase Cyclodextrin glycosyltransferase
NMWL  Nominal molecular weight limit
Introduction

Cyclodextrins (CDs), also called Schardinger dextrins,
cycloamylose, or cyclomaltose, are a family of non-
reducing cyclic oligosaccharides, in which the glucose
units are joined by a-1, 4-glycosidic bonds. The most
common structures are formed by 6, 7, or 8 glucopyranose
units, and named o-CD, B-CD or y-CD, respectively [1-4].
They are produced from the cyclization reaction of starch,
catalyzed by the enzyme cyclodextrin glycosyltransferase
(CGTase) [5].

CGTase is a monomeric enzyme with a molecular mass
of approximately 74.5 kDa. CGTase is an enzyme found in
bacteria, generally extracellular produced, and converts
starch and related substrates into CDs [6, 7]. Its amino acid
sequence shows a structural similarity with the o-amylase
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enzyme. The CDs are formed through reversible in-
tramolecular transglycosylation reactions, or cyclization.
However, CGTases also have activity in reactions of in-
termolecular transglycosylation (coupling and dispropor-
tionation) and, to a lesser extent, in the hydrolysis of starch
[8].

The hydrophobic nature of the cavity of CDs confers a
strong ability to encapsulate a large number of organic and
inorganic molecules, forming stable complexes by mole-
cular inclusion [1, 9]. The inclusion complexes modify the
physicochemical properties of the guest molecule, greatly
increasing their stability and solubility [10, 11]. These
features allow CDs or their derivatives to be suitable for
applications in the pharmaceutical, food, cosmetic, textile,
chemical, and other industries [12—-14].

Thus, many researchers have been searching for inno-
vative technology for the production of CDs, including
Gawande and Patkar [15], who assayed the effect of en-
zyme concentration on the production of CDs from wheat
starch (125 g/L) in the presence of 2 % (v/v) butan-1-ol.
As expected, higher concentrations of enzyme led to higher
initial production rates of CDs; however, the final yield of
o-CD after 6 h was nearly the same at concentrations be-
tween 20 and 40 U/g of enzyme. Although the reason for
the insensitivity of the CD yield to higher enzyme con-
centrations is unknown, two main hypotheses were pro-
posed. The first considers that the cyclizing CGTase
activity can be inhibited by high concentrations of product,
which causes a decrease in the production of CDs as pro-
duct concentration in the medium increases. The second
possibility is that the reaction mixture is close to equilib-
rium at the end of the experiments, therefore only higher
concentrations of enzyme would cause the equilibrium to
be reached more quickly.

Many studies have reported an increase in the produc-
tion of CDs with the presence of ethanol in the reaction
medium [15]. Calsavara et al. [16], working with the
Toruzyme® in the presence of 10 % ethanol, obtained an
18 % increase in production of B-CD, while the yield of a-
CD almost tripled.

A strong inhibition of CGTase by CDs produced in the
medium has been reported. Gaston et al. [17] showed that
the CDs competitively inhibited the CGTase from Bacillus
circulans DF 9R, with an increase in the K, values, while
the maximum speed of the reaction remained constant. The
results showed that the strongest inhibitor is y-CD, fol-
lowed by B-CD and then o-CD. Maltodextrins also had
inhibitory effects on the activity of CGTase, and maltose
was the most potent inhibitor. Thus, the yield of CDs can
be improved by removing its inhibitory products that ac-
cumulate in the reaction medium, which can be obtained by
the use of an ultrafiltration system coupled to the reactor
[15, 17, 18].
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Considering the importance of CDs and their numerous
industrial applications, this research aimed to optimize
their production by the CGTase from Bacillus firmus strain
37, in purified, semi-purified, and crude extract forms,
using an ultrafiltration system for the separation of CDs
and enzyme recovery steps, removing their inhibitory
products and allowing the reuse of CGTase in repetitive
batches. Furthermore, the effect of different substrates and
the presence of ethanol were evaluated for improving the
production of these molecules.

Materials and methods
Reagents, microorganism, and culture conditions

The o-, B-, and y-CDs were purchased from Sigma (St.
Louis, MO, USA). The corn starch substrate used in the
assays was food grade (Maizena, Unilever Company), and
it was purchased in a local market. The maltodextrin
(dextrin 10 from maize starch, article 31410) was obtained
from Fluka (Buchs, Switzerland). The other chemicals used
were of analytical grade.

The CGTase enzyme was obtained from B. firmus strain
37 isolated from cassava plantation soil by Matioli et al. [19]
and maintained on a sterile soil sample. The microorganism
was seeded in Petri plates containing solid medium with
the following composition (%w/v): soluble starch 1.0;
polypeptone 0.5; yeast extract 0.5; K,HPO4 0.1; MgSO,.
7H,0 0.02; Nay,CO;3 1.0 and agar 1.5 [20]. After incubation
at 37 °C for 48 h, the colonies formed in the culture medium
were freeze-dried. For freeze-drying, the colonies were re-
moved from the plates, suspended in a small amount of
sterile water and 2 mL of this suspension were transferred to
glass vials. The samples were frozen in a freezer and sub-
sequently placed inside the freeze dryer (LIOTOP-L101).
The samples were then stored in a freezer until use.

Production and obtainment of CGTase in purified,
semi-purified, and crude extract forms

To produce the enzyme, a pre-inoculum was prepared by
adding 350 mg of freeze-dried cells of B. firmus strain 37 to a
500 mL Erlenmeyer flask containing 250 mL of liquid culture
medium (with the same composition of the solid medium, but
without agar), for turbidity corresponding to absorbance 1.0 at
a wavelength of 660 nm [21]. The pre-inoculum was incu-
bated at 37 °C and shaken at 80 rpm for 48 h. Aliquots of
50 mL of the pre-inoculum were transferred to 2 L Erlen-
meyer flasks containing 1 L of liquid medium. After
inoculation of each medium, a 1.0 mL aliquot was collected
(t0) for the determination of enzyme activity. The media were
incubated at 37 °C and shaken at 80 rpm for 5 days.
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During the incubation period, 1.0 mL aliquots were
collected at 24, 48, 72, 96 and 120 h for monitoring en-
zyme activity. After collecting the last aliquot, the contents
of all 4 Erlenmeyer flasks were pooled and centrifuged for
10 min at 8,000 rpm at 4 °C. The pellet, composed of cells
and insoluble components in the medium, was discarded. A
sample of the supernatant containing the enzyme was set
aside to be used in CD production assays as crude extract
of CGTase and for the determination of enzymatic activity
and protein concentration.

To the remainder of the supernatant, ammonium sulfate
was added at a ratio of 561 g per 1 L of supernatant to
obtain 80 % saturation for protein precipitation. The so-
lution was kept in a refrigerator (4 °C) for 48 h. The pre-
cipitate was separated by centrifugation at 4 °C and
8,000 rpm for 20 min. The pellet was suspended in a small
volume of 50 mM Tris—HCI buffer pH 8.0/5S mM CaCl,
solution in a 60:40 ratio. Then, a sample of the pellet was
set aside to be subjected to semi-purification procedure.
The sample was suspended in 50.0 mL of 50 mM Tris—
HCI pH 8.0/5 mM CacCl, solution in a 60:40 ratio, and then
subjected to ultrafiltration through a membrane of 30 kDa
NMWL (nominal molecular weight limit) and 44.5 mm
diameter, in an Amicon® device. For washing, 50.0 mL of
the solution 50 mM Tris—HCI buffer/5 mM CaCl, (60:40)
was added and a new ultrafiltration was performed. Next,
the enzymatic activity and the protein concentration of the
semi-purified CGTase were determined.

The enzymatic activity of the remaining pellet was de-
termined and was kept refrigerated until the purification
procedure. Purification of the CGTase from B. firmus strain
37 was performed using biospecific affinity chromatogra-
phy (BAC) according to the methodology described by
Moriwaki et al. [22].

Determination of enzymatic activity and protein
concentration of purified, semi-purified, and crude
extract CGTase

The protein concentration was determined by the Bradford
method (Bradford [23]) using bovine serum albumin as the
standard. The enzymatic activity of the samples was deter-
mined according to the production of B-CD, measured by
the spectrophotometric method. One unit of activity corre-
sponds to the amount of CGTase that produces 1 pmol of -
CD/min under the defined reaction conditions [22, 24].

Preliminary assay of CD production by the purified
CGTase during 24 h

For the CD production assays using the CGTase from B.
firmus strain 37, three compositions of the reaction medium
were used, which differed with regard to the substrate used,

its concentration, or whether in the presence of ethanol.
The general composition of the medium was the substrate
(at the specified concentration); 50 mM Tris—HCI (pH 8.0)
20 % (v/v); 5 mM CaCl, solution 10 % (v/v); and purified
water (q.s. 100 %).

To determine the duration of each batch for the CD
production assays, a previous CD production assay lasting
24 h was performed for each substrate using the CGTase
from B. firmus strain 37.

Maltodextrin substrate 10 % (w/v)

The assay was conducted in a jacketed reactor containing
1.0 mL of the purified CGTase and 99.0 mL of production
medium containing the maltodextrin substrate 10 % (W/v).
The reaction medium remained under constant stirring and
the temperature was maintained at 50 °C with the aid of a
magnetic stirrer and a thermostat bath connected to the
jacketed reactor. During the reaction, aliquots were col-
lected at 0, 30, 60, 90, 120, 180, 240, 360, 540, 720, 960,
1,200, and 1,400 min, and stored for later quantification of
the CDs produced.

Corn starch substrate 5 % (w/v)

The same procedure described in the preceding section was
performed on the reaction medium containing the corn
starch substrate 5 % (w/v) at pH 8.0. The lower concen-
tration used, compared to maltodextrin substrate, is due to
the high viscosity conferred by starch substrate.

Repetitive batches of CD production with recovery
of CGTase by ultrafiltration system

After obtaining the CGTase from B. firmus, the CD pro-
duction proceeded in repetitive batches using the purified,
semi-purified, and crude extract CGTase preparations,
following the reaction parameters optimized by Matioli
et al. [25]. At the end of each batch, one ultrafiltration
system (Fig. 1) was used to remove the CDs and other
inhibitory products formed during the reaction (glucose,
maltooligosaccharides, and etc) [24]. The CGTase was
recovered and then immediately reused in the next pro-
duction batch.

Purified CGTase and maltodextrin substrate 10 % (w/v)

The assay was performed in a jacketed glass reactor with a
capacity for 50 mL of medium. The dilution of the CGTase
in the medium was 1:100, which corresponded to a con-
centration of 8.70 x 10™* mg protein/mL of medium.
First, the maltodextrin substrate in a concentration of 10 %
(w/v), pH 8.0, was used. The reaction medium remained at
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Fig. 1 Schematic view of the ultrafiltration system

constant stirring and the temperature was maintained at
50 °C with the aid of a magnetic stirrer and a thermostat
bath connected to the jacketed reactor. The duration of
each batch was set at 24 h.

After the first 24-h batch, a small aliquot was collected
for the measurement of CDs produced and next the entire
volume of medium was transferred by a peristaltic pump to
an Amicon® ultrafiltration device (equipped with a mem-
brane of 10 kDa NMWL and 44.5 mm diameter). The ul-
trafiltration was performed under nitrogen gas pressure and
agitation (Fig. 1). The CGTase from B. firmus strain 37 has
a molecular mass of approximately 78,000 Da [25] and
thus is retained by the membrane. CDs have a size of 972,
1,135, and 1,297 Da for o, B, and y-CD, respectively, and
were subsequently filtered [26].

The filtrate was collected and stored for determining the
CD concentration by high-performance liquid chromatog-
raphy (HPLC). All of the retained volume containing the
enzyme was suspended in a new reaction medium until the
volume reached 50.0 mL and was transferred back to the
reactor with the aid of the peristaltic pump. A second 24-h
batch was then performed under the same conditions as the
first batch, applying again the ultrafiltration procedure at
the end. Repetitive batches were performed until the en-
zyme lost considerable activity which was determined by
monitoring the B-CD yield using the spectrophotometric
method at the end of each batch.

Purified CGTase and corn starch substrate 5 % (w/v)
The same assay conditions described in the preceding

section were performed for the CD production with the
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Magnetic stirrer

reaction medium containing the corn starch substrate 5 %
(w/v) at pH 8.0.

Crude CGTase extract and corn starch substrate 5 % (w/v)

Considering that the crude enzyme extract is easily ob-
tainable and inexpensive compared to the enzyme purifi-
cation, this extract was used in the CD production. Its
enzymatic activity was correlated with the purified CGTase
activity, allowing us to determine the volume of crude
extract required to achieve the activity equivalent to that
observed in the assays with the purified enzyme. Thus, the
amount of crude extract used was 72-fold the volume of the
purified enzyme.

Due to the good results obtained with regard to the -CD
yield with the 5 % (w/v) corn starch substrate, this sub-
strate was selected for the assay with the crude extract. The
assay followed the methodology cited for the purified en-
zyme in “Purified CGTase and maltodextrin substrate 10%
(wWiv).”

Crude CGTase extract and corn starch substrate 5 % (w/v)
in the presence of ethanol 10 % (v/v)

A new assay was performed to increase the yield of CDs
obtained with the CGTase crude extract and corn starch
substrate, considering that both offer economic advantages
for production.

Because of the reported increase in the CD yield in the
presence of ethanol, and considering the satisfactory results
obtained by Calsavara et al. [23] with a concentration of
10 % (v/v), the same assay conditions described in “Crude
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CGTase extract and corn starch substrate 5% (w/v)” were
repeated to include the addition of ethanol to the reaction
medium at a concentration of 10 % (v/v) at the beginning
of each batch.

Semi-purified CGTase and corn starch substrate 5 % (w/v)
in the presence of ethanol 10 % (v/v)

The methodology used to obtain the semi-purified enzyme
is simplified compared to the full purification of the en-
zyme, comprising only the initial stages. Furthermore,
semi-purification enables the CGTase to be obtained in
greater concentration and purity than that observed in the
crude extract. The CD production using semi-purified
CGTase was performed in repetitive batches lasting 12 h
because the most significant production of CDs occurred in
this time interval.

For this assay, the substrate used was 5 % (w/v) corn
starch in the presence of 10 % (v/v) ethanol. The same
procedures and conditions of pH and temperature described
in “Purified CGTase and maltodextrin substrate 10% (w/
v)” were used. At the end of each 12-h batch, the medium
was subjected to ultrafiltration in an Amicon® device, as
described in “Purified CGTase and maltodextrin substrate
10% (wiv).”

Determination of the starch conversion rate in CGTase
products

To define the amount of starch remaining in the medium
retained by ultrafiltration, as well as to calculate the rate of
conversion of starch into CDs and linear oligosaccharides,
some samples of the assay with the semi-purified enzyme
were selected for the determination of total sugars by the
phenol sulfuric method (Dubois et al [27]).

Spectrophotometric and chromatographic
determination of CDs

During the CD production assays, yield measurements
were performed by spectrophotometric determination of
the concentration of B-CD by the method described by
Tardioli et al. [24] and Moriwaki et al. [27]. This method is
based on the discoloration of a phenolphthalein solution at
550 nm, which occurs after complexation with B-CD pre-
sent in the sample. Because the relationship between ab-
sorbance and B-CD concentration remains stable only at
concentrations up to 0.4 mmol/L, the Complexing Theory
was used, as previously mentioned in the literature [24, 28],
which provides the non-linear relationship between ab-
sorbance and B-CD concentration.

The concentration of a-CD, B-CD, and y-CD produced
in different assays with CGTase from B. firmus strain 37

were determined by HPLC. A CG-480C liquid chro-
matograph (Varian) was used, which was equipped with
the refractive index detector IR-CG 410, and an amino-
propylsilane column (SGE) (particle size 5 mm, length
25 cm, and internal diameter 4.6 mm). The development
was made by isocratic conditions using a solution of ace-
tonitrile and water (70:30) as the mobile phase and a flow
rate of 0.7 mL/min at room temperature (21 °C). Standards
and samples were filtered through a 0.45-pum membrane.
Analytical curves were constructed for a-CD, B-CD, and -
CD in different concentration ranges. For o-CD, the values
ranged from 1.0 to 7.0 mg/mL; for B-CD, the range was
from 1.0 to 11.0 mg/mL; and for y-CD, the range was from
1.0 to 3.0 mg/mL. The results of peaks area of each CD as
a function of the concentration on the pattern were adjusted
by linear regression.

Statistical analysis

The CD yield results were evaluated by analysis of vari-
ance (ANOVA), and means were compared by a Tukey test
at a 5 % significance level.

Results and discussion

Enzymatic activity and protein concentration
of purified, semi-purified, and crude extract CGTase

For purified CGTase, the protein concentration determined
by the Bradford method corresponded to 0.09 mg/mL,
while the enzyme activity related to B-CD reached
9.36 pmol B-CD/min/mL. Thus, the specific enzyme
activity, expressed as activity per milligram of protein,
corresponded to 108.92 umol B-CD/min/mg. These para-
meters were satisfactory, justifying the use of the sample in
CD production assays.

For crude extract CGTase, the protein concentration was
determined to be 0.03 mg/mL, with an enzymatic activity
of 0.13 umol B-CD/min/mL with specific enzyme activity
of 4.21 pmol B-CD/min/mg. These parameters were con-
sidered the concentration of enzyme typically obtained
from B. firmus strain 37 after 5 days in culture. Despite
showing approximately 72-fold lower activity than purified
CGTase, the possibility of using the crude extract to pro-
duce CDs is very advantageous due to the ease of obtaining
it.

For the semi-purified CGTase, a protein concentration of
0.10 mg/mL and an enzymatic activity of 2.32 pmol B-CD/
min/mL were observed. Thus, the specific enzyme activity
of semi-purified CGTase corresponded to 23.10 pmol
B-CD/min/mg. The enzyme semi-purification process al-
lowed it to be concentrated, significantly reducing the
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volume of enzyme solution added to the reactor. It was
necessary to use 36.0 mL of the crude extract to obtain the
same enzymatic activity of the purified enzyme when di-
luted 1:100, while the semi-purified enzyme required only
2.0 mL. Thus, the enzyme semi-purification provided op-
erating order advantages. Furthermore, the semi-purifica-
tion eliminated much of the contaminants (cyclodextrins,
oligosaccharides, low molecular weight proteins, and etc.)
that could exert inhibitory activity against the CGTase.

Preliminary assay of CD production by the purified
CGTase during 24 h

In agreement with previous studies on CGTase from B.
firmus strain 37, the B-CD production was significantly
higher compared with other CDs (Fig. 2), therefore char-
acterizing it as a B-CGTase.

The B-CD concentration in the medium increased
rapidly in the first 5 h of the reaction, and thereafter the
concentration continued to increase more gradually. The
production curves suggest that after 24 h the reaction is
close to equilibrium (Fig. 2), subsequently showing limited
change in CD concentration.

With a 10 % (w/v) maltodextrin substrate (Fig. 2a), the
production was 11.9 mmol/L of B-CD, 1.9 mmol/L of

a-CD, and 1.1 mmol/L of y-CD. The 5 % (w/v) corn starch
substrate gave a higher production of B-CD at the end of
24 h, reaching 13.5 mmol/L (Fig. 2b). Simultaneously, the
o-CD production was affected dramatically, approaching
zero. The y-CD yield barely changed (1.0 mmol/L).

Repetitive batches of CD production with recovery
of CGTase by ultrafiltration system

Considering the results obtained from the preliminary CD
production assay, the duration of each batch was initially
set at 24 h. The purified enzyme was assayed with the
10 % (w/v) maltodextrin substrate (Fig. 3a) and the 5 %
(w/v) corn starch substrate (Fig. 3b) during eight repetitive
batches of CD production. The effectiveness of the ultra-
filtration system for batch CD production was shown in the
first few batches of production, proving to be simple and
eliminating the need for sophisticated reactors. The reten-
tion and recovery of the total CGTase enzyme present in
the reaction medium and the removal of most inhibitory
enzyme products using an Amicon® ultrafiltration device
enabled an almost constant CD production for the initial
batches.

The B-CD yield obtained was 0.54 mmol/L/h when the
assay was performed with purified enzyme and the corn
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starch substrate and 0.35 mmol/L/h when using purified
enzyme and the maltodextrin substrate. Specifically, the
use of the corn starch substrate gave a 36 % increase in
productivity, proving the superiority of the corn starch
substrate over maltodextrin for producing this CD. Nota-
bly, 5 % (w/v) corn starch was used compared to 10 % (w/
v) maltodextrin for the substrate; therefore, better results
were obtained using corn starch even at half the concen-
tration of maltodextrin (Table 1).

The CGTase activity may be related to the size of the
substrate molecules. Maltodextrin, being smaller, would
discourage the production of CDs and accelerate other re-
actions such as the coupling and degradation [29]. Fur-
thermore, the interaction of the crystalline structure of
starch with amino acids in the enzyme active site influences
the specificity of the CGTase [30]. Therefore, it is likely
that the corn starch best fit to the active site of the CGTase
from B. firmus strain 37. Additionally, the proportion of
amylose and amylopectin should be considered. The helical

structure of amylose, with spins of six to seven glucose
units, may favor the action of CGTase. Finally, increasing
the substrate concentration and the degree of branching of
polysaccharides can increase the B-CD yield [31].

The almost zero o-CD yields for some batches with the
corn starch substrate can be understood as a consequence
of the shift in production toward a higher B-CD yield, due
to the higher specificity of the CGTase. Moriwaki et al.
[32] obtained similar results when they immobilized B.
firmus strain 37 and Bacillus sphaericus strain 41 in a loofa
sponge, in which there was practically no o-CD production
when the corn starch substrate was used.

The crude extract was assayed with the corn starch
substrate 5 % (w/v) (Fig. 4a) and also with the corn starch
substrate 5 % (w/v) in the presence of 10 % (v/v) ethanol
(Fig. 4b), for eight repetitive batches of CD production.

When the CGTase crude extract was assayed using only
the corn starch substrate, the productivity was 0.38 mmol/
L/h, showing a 29 % decrease compared to the assay that
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Table 1 B-CD productivity determined in each assay

Assay B-CD productivity (mmol/L h)

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8
PEM? 0.51 + 0.03 0.49 + 0.03 0.50 £ 0.04 047 +£0.04 0.38 + 0.04 0.17 £ 0.04 0.14 £0.02  0.10 £ 0.02
PEC® 0.66 + 0.03 0.66 + 0.02 0.58 £0.02 0.56 = 0.02 0.55 + 0.02 0.51 +£0.03 0.43 £ 0.01 0.35 £+ 0.02
CEC* 0.48 + 0.02 0.44 + 0.02 0.37 £0.02 038 +£0.02 0.38 + 0.01 0.34 + 0.01 0.33 + 0.01 0.28 + 0.03
CECE® 058 £0.06 0.511 +0.005 049 +0.02 043 £0.04 0.400 + 0.005  0.37 + 0.01 0.35+0.04 031 £ 0.02
SPCE* 0.76 + 0.01 0.76 + 0.01 0.75 £ 0.01 0.75 £ 0.02  0.696 £+ 0.004  0.69 + 0.01 0.68 + 0.02  0.66 + 0.01

a
b
c
d

e

used purified enzyme and the same substrate, with pro-
ductivity of 0.54 mmol/L/h (Table 1). Although the vol-
umes of extract used were equivalent to the same amount
of enzyme in the assays with purified CGTase, this de-
crease can be due to numerous contaminant compounds in
the supernatant used as the extract. These substances can
act as interfering factors, disrupting the CD production by
the CGTase. Even so, the assay using the crude extract and
corn starch substrate had a 7 % greater productivity com-
pared to the assay in which the purified enzyme and mal-
todextrin substrate were used.

Ethanol has been cited as an alternative for increasing
CD production. It has the property of reducing the water
activity in the enzyme active site, preventing hydrolytic
reactions and reverse reactions, and thus decreases the
decomposition of newly formed CDs [23]. The crude ex-
tract assayed with corn starch substrate in the presence of
10 % (v/v) ethanol showed a productivity of 0.43 mmol/L/
h, or approximately 12 % higher compared to the assay
without ethanol (Table 1).

The assay with crude extract, corn starch substrate, and
ethanol showed a 19 % higher productivity when compared
to the assay that used purified enzyme and the maltodextrin
substrate. The test with crude extract, corn starch substrate,
and ethanol only had 20 % lower productivity than the
assay with the corn starch substrate and purified enzyme, in
which the best B-CD yield was obtained. However, the
purification process is laborious and expensive, which
could offset the benefit of a better yield of CDs [33].

In an attempt to optimize CD production even more, a
new assay was defined with the use of semi-purified en-
zyme and shorter-duration batches (Fig. 5). Thus, the du-
ration of each CD production batch was set at 12 h because
it was observed in preliminary assays with purified enzyme
and corn starch substrate 5 % (w/v) (Fig. 2) that the most
significant CD production occurred in this range of time, in
which 88 % of the B-CD yield had already been achieved.
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PEM = purified enzyme and maltodextrin substrate 10 % (w/v), 24-h batches

PEC = purified enzyme and corn starch substrate 5 % (w/v), 24-h batches

CEC = crude extract and corn starch substrate 5 % (w/v), 24-h batches

CECE = crude extract and corn starch substrate 5 % (w/v) in the presence of 10 % (v/v) ethanol, 24-h batches

SPCE = semi-purified enzyme and corn starch substrate 5 % (w/v) in the presence of 10 % (v/v) ethanol, 12-h batches

For this new assay, 5 % (w/v) corn starch substrate in the
presence of 10 % (v/v) ethanol was used, considering the
good results observed with this combination in the assay
with the CGTase crude extract.

The B-CD productivity observed for eight repetitive
batches lasting 12 h was 0.72 mmol/L/h, and the thermal
inactivation of the enzyme was very low throughout the
repetitive batches. For comparison purposes, in the assay
which used the CGTase crude extract and 5 % (w/v) corn
starch substrate in the presence of 10 % (v/v) ethanol, the
productivity for the first four batches lasting 24-h corre-
sponded to 0.50 mmol/L/h, demonstrating that in the same
range of time, the productivity was 30 % higher for the
assay with the semi-purified enzyme and 12-h batches
(Table 1).

An important observation in the assay with semi-puri-
fied enzyme refers to the percentage of B-CD relative to the
total amount of CDs produced. In this assay with batches of
12 h production, an excellent selectivity for the B-CD was
obtained, reaching a mean percentage of 96.0 % (Table 2).
The lower selectivity observed in the 24-h assays can be
understood as an effect of approaching the B-CD produc-
tion equilibrium, making the CGTase adjust its production
to o- and y-CDs.

Determination of the starch conversion rate in CGTase
products

This assay was performed with the semi-purified CGTase,
a 12-h production batch and 5 % (w/v) corn starch sub-
strate. The amount of starch remaining in the reaction
medium at the end of the first batch after ultrafiltration was
obtained by determining the total sugars using the phenol
sulfuric method, which corresponded to 1.85 g. Whereas
the total corn starch amount present in 50.0 mL of pro-
duction medium at the beginning of the batch was 2.50 g, it
was observed that 0.65 g starch was converted to CDs and
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Fig. 4 CD production in repetitive batches using a CGTase crude extract with a corn starch substrate 5 % (w/v) and b corn starch substrate 5 %
(w/v) in the presence of 10 % (v/v) ethanol
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Fig. 5 CD production in repetitive batches using semi-purified CGTase and corn starch substrate 5 % (w/v) in the presence of 10 % (v/v)
ethanol, 12-h batches
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Table 2 Percentage of B-CD relative to the total CDs produced in each assay

Assay B-CD relative to the total CDs (%)

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8
PEM? 712 £ 0.8 70.3 £ 0.6 71.4 + 09 69.7 + 1.1 70.2 + 0.8 58.1 +£ 0.9 55.0 £ 0.6 444 £ 0.4
PEC® 88.0 = 0.7 874 £ 0.1 83.9 £ 0.6 85.9 + 0.8 86.0 + 0.5 834+ 09 86.1 = 0.4 829 +0.9
CEC* 84.5+ 0.5 91.7 £ 0.5 76.6 + 0.5 87.0 £ 0.1 842 +0.8 89.0 £ 0.3 86.2 +£ 0.3 86.4 + 0.6
CECE® 86.5+ 1.3 925+ 04 929 + 04 85.1 + 1.0 88.85 + 0.04 88.5 £ 0.2 972 £ 1.0 89.6 £ 1.2
SPCE* 945 +£ 0.3 96.4 + 0.3 96.5 + 0.3 96.3 + 0.5 952+ 0.3 95.5 + 0.2 96.2 + 0.6 97.0 £ 0.3

% PEM = purified enzyme and maltodextrin substrate 10 % (w/v), 24-h batches

® PEC = purified enzyme and corn starch substrate 5 % (w/v), 24-h batches

¢ CEC = crude extract and corn starch substrate 5 % (w/v), 24-h batches

4 CECE = crude extract and corn starch substrate 5 % (w/v) in the presence of 10 % (v/v) ethanol, 24-h batches

¢ SPCE = semi-purified enzyme and corn starch substrate 5 % (w/v) in the presence of 10 % (v/v) ethanol, 12-h batches

linear oligosaccharides, which were separated by ultrafil-
tration using a 10 kDa membrane. Therefore, the starch
conversion rate in the first batch reached 26 %.

The remaining starch at the end of the eighth CD pro-
duction batch after the last ultrafiltration was 13.5 g, and
the total amount of starch added during the assay was
18.0 g. Therefore, the starch amount converted in CGTase
products, particularly CDs, was 4.5 g. Thus, the starch
conversion rate for the whole assay (eight repetitive 12-h
batches) was 25 %.

The satisfactory B-CD yield during the eight repetitive
12-h batches demonstrates that the higher starch concen-
trations used in the final batches did not affect the activity
of the CGTase. However, for all assays in which the corn
starch substrate was used, the gradual increase of the
medium viscosity during the batches made the ultrafiltra-
tion process become progressively slower. This suggests
that considering the conversion rate, it may be advanta-
geous to add a progressively lower starch amount to each
subsequent batch. These conditions need to be studied in
the future and may save on time and raw materials, re-
sulting in a reduction of CD production costs.

Conclusions

The ultrafiltration system proposed in this research to pro-
duce CDs in repetitive batches allowed for the performance
of eight high-productivity batches. Provided removal of in-
hibitory products accumulated in the medium, and at the
same time, the CGTase recovery. The utilization of a corn
starch substrate 5 % (w/v) was beneficial for obtaining [3-
CD, both by increasing the yield and by serving as a low-
cost raw material with wide availability in Brazil. Even
using half the concentration of the maltodextrin substrate,
the corn starch substrate resulted in better CD production.
The crude extract and semi-purified CGTase preparations
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provided advantages for CD production, as they are easily
obtained and produced satisfactory yields in the tested
model. The CD production in the presence of 10 % (v/v)
ethanol was shown to be an effective option to increase the
yield, and may be associated with other economic advan-
tages, making the use of the crude extract and semi-purified
CGTase preparations and the corn starch substrate even
more attractive for B-CD production. The 12-h batches
showed more advantageous results compared to the 24-h
batches, in addition they greatly increased the CGTase se-
lectivity for B-CD production. The suggested ultrafiltration
system proved to be efficient for CD production in repetitive
batches. The possibility of industrial application for this
innovative system, together with the assay conditions stud-
ied in this research, is promising.
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