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Abstract

Cyclodextrins (CDs) have the ability to encapsulate numerous molecules and have applicability in several industrial areas,
however, their cost has made their use difficult. To seek alternatives that may enable the use of DCs, the present study evaluated
the efficiency of the ultrafiltration process in a continuous system to produce CDs from the enzyme cyclomaltodextrin
glucanotransferase (CGTase) from recombinant Bacillus subtilis WB800. The possibility of using the crude enzyme as an alternative
means of producing CDs was also evaluated. All strategies evaluated in this research proved to be promising for the production
of CDs, with the production of f-CD being the most efficient (average of 15 mmol/L) using crude recombinant enzyme and a
temperature of 50 °C. Therefore, the results obtained can contribute to the reduction of stages and costs of production of CDs,

favoring their industrial application.
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Practical Application: This study presents innovative alternatives to produce cyclodextrins from the recombinant enzyme.

1 Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides with
expressive applicability in several industrial segments, such as
the food, pharmaceutical, cosmetics, chemical sectors, among
others. CDs are formed by 6 (a-CD), 7 (B-CD), and 8 (y-CD)
glucose units, joined by a-1,4 glycosidic bonds, obtained from
the transglycosylation reaction of starch, which is catalyzed by
the enzyme cyclomaltodextrin glucanotransferase (CGTase)
(Ogunbadejo & Al-Zuhair, 2021; Cid-Samamed et al., 2022).

Due to the nonpolar characteristic of the CD cavity, inclusion
complexes with a wide range of organic and inorganic molecules
are capable of formation, modifying the physicochemical
properties of the guest molecule, making it possible to increase
its stability and solubility. (Del Valle, 2004; Brewster & Loftsson,
2007; Fenelon et al., 2015). Such skills explain the growing interest
in the development of innovative biotechnological processes
that can enable the industrial use of CDs (Astray et al., 2010;
Cid-Samamed et al., 2022).

The research group of the present study obtained promising
results when they evaluated the production of CDs from genetically
modified bacteria and ultrafiltration systems. (Fenelon et al., 2018;
Gimenez et al., 2019). Therefore, it is highly relevant to evaluate
new biotechnological alternatives to optimize the production
of CDs, especially in Brazil, which has substrate availability
and still does not produce the molecule on an industrial scale.

In view of the above, the present study aimed to evaluate
strategies for the production of CDs from the CGTase of the
recombinant B. subtilis WB800, using a continuous production
system associated with ultrafiltration for the semi-purified and
purified enzyme, and alternative production means for the
crude enzyme.

2 Materials and methods
2.1 Materials

The materials used were ethanol, soluble starch, commercial
corn starch, tryptone, yeast extract, sodium carbonate, sodium
chloride, and agar. 3-cyclodextrin and HPLC grade acetonitrile
were purchased from Sigma-Aldrich Ltda, Sao Paulo, Brazil.
The antibiotics used were Kanamycin Sulfate and Hygromycin
B., from Streptomyces hygroscopicus. All other reagents used
were of analytical or chromatographic grade.

2.2 Methods

Cultivation and growth of the recombinant B. subtilis WB800
bacterium

For the cultivation and growth of the bacteria, 2xYT medium
(liquid and solid) was used, composed of 1.6% tryptone, 1% yeast
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extractand 0.5% NaCl and 1.5% agar for the solid medium, both
supplemented with the antibiotics hygromycin (100 ug/mL)
and kanamycin (25 pg/mL). B. subtilis WB800 containing the
recombinant plasmid pWB980-CGTase was grown in a Petri dish
containing 2xYT solid medium supplemented with kanamycin
(25 pg/ml) and hygromycin (100 ug/mL) for 12 hat 37 °C. Then,
an isolated colony was added to 5 mL of 2xYT liquid medium
supplemented with antibiotics and placed in a shaker at 37 °C
overnight at 100 rpm. Subsequently, a pre-inoculum (50 mL)
was prepared, also supplemented with both antibiotics. In this
pre-inoculum, 0.5 mL of the previously activated enzyme was
added to the liquid medium, and it was incubated in a shaker
at 37 °C for 24 h at 100 rpm.

Production means and obtaining the crude extract of
recombinant CGTase

For the production of recombinant B. subtilis CGTase, the
methodology proposed by Fenelon et al. (2015) was used, with
modifications. 2xYT medium supplemented with kanamycin
(25 pg/mL) was used and 250 mL of liquid medium was
prepared. 5 mL aliquots of the pre-inoculum were transferred
to the production medium, which was incubated at 30 °C, at
100 rpm, for 5 days. 5 mL aliquots were collected every 24 hours
to determine enzymatic activity. After the period of production
of recombinant CGTase, the entire contents were centrifuged
at 8,000 rpm, 4 °C for 10 min. The pellet composed of bacteria
and insoluble compounds was discarded and a sample of the
supernatant containing the enzyme was separated and named
crude extract.

Obtaining semipurified and purified recombinant CGTase

The procedure for obtaining semi-purified recombinant CGTase
was carried out through ultrafiltration processes, according to
the methodology described by Fenelon et al. (2015). To obtain
purified recombinant CGTase, the technique of biospecific
affinity chromatography (CAB) was used, according to the
methodology described by Moriwaki et al. (2009). An aliquot
of each sample was used to determine the enzyme activity and
protein concentration.

CDs production assays by CGTase of recombinant B. subtilis
WB800

For the assays for the production of CDs by the CGTase
of semi-purified and purified B. subtilis WB800, the reaction
medium used was: substrate corn starch 5% (w/V), ethanol
10% (V/V), Tris-HCI 50 buffer mmol/L (pH 8.0) 20% (V/V),
CaCl2 solution 5 mmol/L 10% (V/V) and purified water q.s.p.
100% (Fenelon et al., 2015). The media were previously sterilized
in an autoclave at 121 °C for 15 min.

Production of CDs in a continuous ultrafiltration system
with CGTase from semipurified and purified recombinant
B. subtilis WB800

Production was carried out continuously with 5% corn starch
(w/V) substrate, in the presence of 10% ethanol (V/V), in a glass

jacketed reactor coupled to a Hollow Fiber TE-0198 ultrafiltration
module equipped with 50,000 NMWL exclusion threshold column.
This system provided a constant separation of the CDs and other
inhibitory products formed in the reaction medium and, at the
same time, the retention of the recombinant CGTase, which
returned to the reactor. The system was operated with a volume
of 800 mL of the reaction medium and followed the parameters
optimized by Matioli et al. (2001). The pH was controlled and
maintained at 8.0 and the temperature at 50 °C. The concentration
of semi-purified and purified recombinant CGTase was adjusted
to obtain 0.1 U/mL of reaction medium (Fenelon et al., 2018).
After the first 12 h of reaction, the continuous system was put
into operation. Pump power was adjusted to 15%, resulting in
an average flow of 4.5 mL/min, which was maintained until the
drastic reduction of recombinant CGTase activity.

Production of CDs in alternative media

The production of CDs by the CGTase of B. subtilis WB800 was
also studied using alternative media, which were evaluated to
verify the efficiency of the recombinant CGTase in the production
of CDs directly in the enzyme production step. The media used
were: CD production media described in item 2.2.4 (medium 1A
and 1B) and enzyme production media described in item 2.2.1,
plus 5% corn starch substrate (medium 2A and 2B). All media
were kanamycin supplements (25 ug/mL).

o Medium 1A (with the presence of the microorganism):
50 mL of the pre-inoculum without centrifugation, 5%
corn starch substrate (w/V), 50 mmol/L Tris-HCI buffer
(pH 8.0) 20% (V/ V), 5mmol/L 10% CaCl2 solution (V/V)
and purified water g.s.p 100%.

o Medium 1B (only with the presence of the enzyme): 50
mL of centrifuged pre-inoculum, 5% corn starch substrate
(w/V), 50 mmol/L Tris-HCI buffer (pH 8.0) 20% (V/ V),
5 mmol/L 10% CaCl2 solution (V/V) and purified water
q.s.p- 100%.

o Medium 2A (with the presence of the microorganism):
50 mL of pre-inoculum without centrifugation, 5% (w/v)
corn starch substrate, 1.6% tryptone, 1% yeast extract,
0.5% NaCl and purified water g.s.p. 100%.

o Meio 2B (only with the presence of the enzyme): 50 mL
of centrifuged pre-inoculum, 5% corn starch substrate
(w/v), 1.6% tryptone, 1% yeast extract, 0.5% NaCl and
purified water q.s.p. 100%.

For this evaluation, the tests were divided into two
stages: 30 and 50 °C. All media were incubated in shakers at
100 rpm for 5 days. 5 mL aliquots were collected every 24 h for
chromatographic analysis.

2.3 Analytical methods

Determination of enzyme activity, determination of protein
concentration, and chromatographic determination of CDs

The protein concentration of CGTase from B. subtilis
WBB800 was determined by the method of Bradford (1976). Enzyme
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activity was determined according to the production of B-CD,
quantified in a spectrophotometer at 550 nm (Matioli et al., 1998).
The concentrations of a-CD, p-CD, and y-CD were determined by
HPLC using a Waters 2695 liquid chromatograph (Milford, MA,
USA) equipped with a Waters 2414 refractive index detector and a
Microsorb-MV 100 NH2 column. Acetonitrile and water solution
(60:40) were used as mobile phase and flow rate of 1 mL/min at
room temperature. Standard solutions and samples were filtered
using 0.45 um membrane. Analytical curves were constructed
for a-CD, B-CD, and y-CD in different concentration ranges.

2.4 Statistical analysis

The assays were performed in triplicate and the results of
enzymatic activity were evaluated using analysis of variance
(ANOVA) at a 5% significance level.

3 Results and discussion

3.1 Enzymatic activity of CGTase from recombinant
B. subtilis WB800

After 5 days of production, the enzymatic activity of the
crude extract was determined, which resulted in 1.60 pmol of
B-CD/min/mL. Results of activities and total protein of semipurified
and purified recombinant CGTases are described in Table 1.

In the work carried out by Gimenez et al. (2019), which
used the same recombinant CGTase of the present research,
the value of the enzymatic activity for the purified enzyme was
157.78 pmol of B-CD/min/mL, and the specific enzymatic activity
of 114.92 U/mg. Comparing the results of Gimenez et al. (2019)
with the present study; it is possible to observe that the specific
enzymatic activity, both for the semipurified and the purified
enzyme, was significantly lower. Therefore, to verify the role of
the recombinant bacterium in the production of the enzyme, new
assays of activation and growth of the recombinant B. subtilis
WB800 microorganism were carried out and the results obtained
were similar to those shown in Table 1, inferring that some
elements may have negatively influenced the activity or in the
process of secretion of the enzyme in the production medium.

Thus, and according to Zhao et al. (2020), the plasmid pWB980,
the same one used in the present study, is a promising expression
vector in Bacillus due to its high copy number and high stability.
However, the low rate of transformation of recombinant plasmids in
wild-type cells may limit their application. Furthermore, the authors
describe that plasmid stability consists of structural and segregation
stability. Thus, it is hypothesized that the plasmid used for the cloning
of the recombinant B. subtilis WB800 bacterium may have suftered
some interference in its structural stability during the storage time,
implying the segregation structure of the recombinant enzyme.

Table 1. Enzyme activity, total protein, and specific activity of semipurified
and purified recombinant CGTase.

Fraction Enzyme activity Total Protein ~ Specific Activity
(umol B-CD/min/mL) (mg/mL) (U/mg)
Semipurified 10.40 £ 0.02 4.31+0.01 2.40 £ 0.04
Purified 8.90 £ 0.01 0.34+0.03 25.62 +0.02
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3.2 Production of CDs in continuous ultrafiltration system
for120h

The production of CDs using a continuous system associated
with the ultrafiltration process was carried out from the semi-
purified and purified enzymes. Continuous production was
maintained for 120 h (5 days). Aliquots of the ultrafiltrate
were collected every 12 hours to determine the concentration
of CDs produced. The production of B-CD in the first 12 h,
without ultrafiltration, was 17.16 mmol/L. After this period,
the continuous process with ultrafiltration was started and, after
24 h, it was possible to observe a decrease in the concentration of
CDs produced (9.83 mmol/L of p-CD). The production of CDs
was approximately constant for 120 h, which was terminated
with 7.14 mmol/L of B-CD (Figure 1).

The production of a-CD and y-CD in the first 12 h was
0.78 mmol/L and 0.09 mmol/L, respectively, and decreased
throughout the 120 h of the assay. With the results obtained,
a greater selectivity was observed for the production of B-CD.

Figure 2 shows the production of CDs using the purified
recombinant CGTase and, unlike the production from the
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Figure 1. Production of CDs in a continuous ultrafiltration system for
120 h, using semi-purified recombinant CGTase, 5% (w/V) corn starch
substrate, 10% (V/V) ethanol, pH 8.0.
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Figure 2. Production of CDs in a continuous ultrafiltration system
for 120 h, using purified recombinant CGTase, 5% (w/V) corn starch
substrate, 10% (V/V) ethanol, pH 8.0.
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semi-purified enzyme, the 12 h batch showed more significant
production of a-CD and B-CD, that is, 12.35 mmol/L and
9.46 mmol/L, respectively. Similar behavior was verified in the
other batches. It is possible to suggest that the purification of
the enzyme eliminates compounds that prevent or inhibit the
production of a-CD by binding to the active site of the enzyme
responsible for the production of this CD. A reduction in the
production of total CDs of around 30% was also observed,
while the expectation was the opposite. Therefore, it is possible
to suggest that compounds eliminated during purification may
be important to maintain or increase enzyme activity. Another
viable possibility is to alter the protein structure of the enzyme
during purification.

Koga et al. (2020) also used the ultrafiltration system
with the commercial enzyme Toruzyme® and evaluated the
production of CDs in eight batches of 72 h. The authors
obtained a maximum production of a-, B- and y-CD equal to
24.75 mmol/L, 20.59 mmol/L, and 1.66 mmol/L, in the first batch,
and a production of 13.51 mmol/L of a-CD and 7.96 mmol/L of
B-CD in the last batch. The Toruzyme® enzyme is marketed as
an o, B-CGTase, that is, it produces similar amounts of a- and
B-CD, requiring a subsequent process of separation of these CDs.

In view of the results obtained in the present study, it is
possible to suggest that, even with the low enzymatic activity
observed previously (item 3.1), the continuous process associated
with ultrafiltration is a promising strategy for the production of
CDs, since the production of a- and f-CD, although it decreased
after 24 h of production, it was constant throughout the 120 h of
the assay, without the need to add more enzyme to the reaction
medium during the time of production of the CDs. It is also worth
noting that the use of a semi-purified enzyme, in addition to
resulting in a more economical process because it does not have
expenses with the purification of the enzyme, produces much
more B-CD in relation to other CDs, not requiring separation
and purification.

3.3 Production of CDs in alternative media

A new challenge for this research was to obtain CDs directly
from the production medium of the recombinant CGTase
enzyme. The media used were selected based on previous
studies, which showed good results in the production of CDs
and growth of the recombinant CGTase enzyme (Fenelon et al.,
2015; Hao et al., 2017).

Research has also shown that corn starch is one of the most
efficient substrates for the production of CDs (Fenelon et al.,
2015). Therefore, to analyze the behavior of the bacteria in the
production of CDs simultaneously with the step of obtaining the
recombinant CGTase enzyme, 5% corn starch (w/v) substrate
was added to all tested media. In addition, all media were
supplemented with the antibiotic kanamycin (25 pg/mL), to
provide selectivity, since only the recombinant bacterium is
resistant to kanamycin.

Figure 3 presents the results obtained in the first step, which
used an incubation temperature equal to 30 °C, which is the ideal
temperature for the growth of the recombinant CGTase enzyme.
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Figure 3. Chromatographic determination of CDs using CD production
medium with 5% (w/v) corn starch substrate with microorganisms (1A
medium) and enzyme only (1B medium), and recombinant bacteria
growth medium (2xYT) with the addition of 5% of the starch substrate
with microorganisms (2A medium) and only with enzyme (2B medium).
All media were incubated at 30 °C, 100 rpm, for 5 days.

With the results obtained, it was verified that all the evaluated
media showed considerable production of CDs, even without the
enzyme going through the semi-purification and/or purification
step. The 48 h time showed the highest production of CDs,
especially f-CD, mostly in the 2xY T medium, regardless of the
presence of the microorganism or just the enzyme (13.26 and
15.06 mmol/L of B- CD, respectively). Also, Gimenez and
collaborators (2019) evaluated different means of production
of recombinant CGTase and observed that the 2xYT medium
was the most efficient for the growth of the bacteria and the
production of the enzyme. Thus, the results obtained in this
research corroborate those obtained in previous research.

Furthermore, it was possible to observe that the concentration
of B-CD began to progressively decrease, especially in medium
containing microorganisms (1A medium). This event may be related
to the fact that the microorganism is producing other enzymes
that act in the degradation of the recombinant CGTase or, still,
due to the possibility of the microorganism consuming the DCs
over time. Similar behavior was observed by Fenelon et al. (2018),
who evaluated the strategy of producing CDs in 12 h repetitive
batches with the semi-purified non-recombinant enzyme and
observed a maximum production value equal to 12.6 mmol/L
in the first batch and the following batches verified that the
production of p-CD progressively decreased until reaching values
below 50% of the initial capacity. The authors also evaluated the
continuous production strategy with ultrafiltration and until
36 h the production of f-CDs remained high (15.3 mmol/L),
however, the 3-CD yield gradually decreased throughout the assay.

Figure 4 shows the results obtained when using an incubation
temperature equal to 50 °C, which is the ideal temperature for
the growth of the recombinant CGTase enzyme.

The temperature of 50 °C was more efficient for the
production of CDs, especially for B-CD, which showed an
average production of approximately 15 mmol/L throughout the
entire assay. The production of a-CD was also more significant
compared to the previous trial. The CD production medium
(Medium 1) showed a slight drop in CD yield, while the 2xYT
medium maintained a continuous yield. In addition, and similar
to the production at 30 °C, medium 1A was the one that showed
the highest production of 3-CD at the initial time (24 h) and
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Figure 4. Chromatographic determination of CDs using CD production
medium with 5% (w/v) corn starch substrate with microorganisms
(1A medium) and enzyme alone (1B medium), and recombinant
bacteria growth medium (2xYT) with the addition of 5% of the starch
substrate with microorganisms (2A medium) and only with enzyme
(2B medium). All media were incubated at 50 °C, 100 rpm, for 5 days.

the one that showed the lowest yield in the final period (120 h),
which it also suggests the production of other enzymes that may
be degrading the produced CDs.

Gimenez et al. (2019) evaluated optimal conditions for
the production of CDs for CGTase from B. subtilis WB800 and
compared it with the production of strain 37 of B. firmus and
found that the catalytic properties of the recombinant CGTases
were equivalent, that is, the yield of production was similar for
the two lines. The authors showed a B-CD yield of approximately
13 mmol/L in 24 h of production, which is lower than that
observed in the present study.

4 Conclusion

Although the recombinant B. subtilis WB800 CGTase enzyme
showed low enzymatic activity, possibly due to interference in
its structural stability during storage, it was possible to conclude
that the use of the continuous production system associated with
the ultrafiltration process proved to be a beneficial alternative to
optimize CD production. Alternative media plus corn starch was
an interesting strategy, especially for the production of f-CD, which
is currently the most used and commercially available. In addition,
the usage of the crude enzyme is a promising alternative, as it
contributes to the reduction of costs and steps in the production
of CDs and, consequently, can favor its industrial application.
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