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Cyclodextrins (CDs) are cyclic oligosaccharides of wide industrial application, whose syn-
thesis is catalyzed by Cyclodextrin glycosyltransferase (CGTase) from starch. Here, CDs
were produced using CGTase from Bacillus circulans DF 9R in continuous process and an
ultrafiltration membrane reactor. The batch process was conducted as a control. This
method allowed increasing the yield from 40 to 55.6% and the productivity from 26.1 to
99.5 mg of CD per unit of enzyme. The method also allowed obtaining a high-purity product.
The flow rate remained at 50% of its initial value after 24 h of process, improving the
results described in the literature for starch hydrolysis processes. CGTase remained active
throughout the process, which could be explained by the protective effect of the substrate
and reaction products on CGTase stability. In addition, batch processes were developed
using starches from different sources. We concluded that any of the starches studied could
be used as substrate for CD production with similar yields and product specificity. © 2015
American Institute of Chemical Engineers Biotechnol. Prog., 31:695-699, 2015
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Introduction

Cyclodextrin glycosyltransferase (CGTase, E.C. 2.4.1.19)
is a member of the glycoside hydrolase family 13, also
known as the a-amylase family.! This enzyme converts
starch into mixtures of cyclic, linear, and limit dextrins.
Cyclodextrins (CDs) are the most important products of
CGTase; small concentrations of glucose, maltose, and mal-
totriose and negligible amounts of other linear maltooligo-
saccharides are also obtained. Limit dextrins are insoluble
and branched polysaccharides, generated by the action of
CGTase on amylopectin, because this enzyme is unable to
attack the o 1-6 linkages that give rise to the ramifications
of this starch fraction.”

CDs are nonreducing maltooligosaccharides with a hydro-
philic surface and a hydrophobic central cavity. The most
common types are o, [3, and y-CDs, which consist of 6, 7,
or 8 glucose residues, respectively, linked by «-1,4 bonds.?
Because these molecules can form inclusion complexes with
many compounds, they are widely used in the food, pharma-
ceutical, cosmetic, and chemical industries.*® In the last
years, there has been a progressive increase in the number of
publications and patents related to the production of CDs.’
Because the purification of a- and vy-CDs considerably
increases the cost of production, 97% of the CDs used in the
market are B-CDs.” Research has been conducted with the
aim to enhance the performance of the CD production pro-
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cess and to change the specificity of CGTases to increase the
concentration of a particular CD.® Generally, the enzymatic
conversion of starch is performed in batch reactors, using
high concentrations of substrate. However, our previous stud-
ies* have shown that CGTase from Bacillus circulans DF 9R
is inhibited by starch concentrations higher than 20 mg/mL.
We have also shown that CDs and other reaction products
such as maltose and maltotriose inhibit CGTase activity.
Because of this, it is interesting to develop systems with
immobilized enzymes that allow the separation of the prod-
ucts as they are formed. Among these systems, the enzyme
membrane reactor is highlighted because it enables the local-
ization of the enzymes within a defined area and the preser-
vation of its catalytic activity, thus allowing reuse.
Furthermore, when the reaction products are removed, their
inhibitory effects on the activity of the enzyme are
decreased.” On the other hand, membrane fouling and
enzyme activity decay are responsible for strong limitations
in the performance of enzyme membrane reactors.'® Regard-
ing CD production, some researchers have used ultrafiltration
membrane reactors, but could not prolong the processing
time due to the inactivation of the enzyme or membrane
fouling.' =13

In a previous study, we described the optimization of CD
production from cassava starch as substrate catalyzed by
CGTase from B. circulans DF 9R in a batch process.'* The
purpose of the present study was to optimize the conditions
for the bioconversion of starch into CD using a reactor
coupled to an ultrafiltration membrane able to retain the sub-
strate and enzyme and allow the passage of the reaction
products of smaller size. We also compared the production
of CDs using starches from different sources as substrate.
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Materials and Methods

Reagents

a, B, and y-CDs; soluble potato, corn, rice, and wheat
starches; glucose, maltose, and maltotriose were obtained
from Sigma Chemical Co., MO. Food-grade cassava starch
was obtained from a local supplier. The other chemicals
used were AR grade from Merck, Darmstadt, Germany.

CGTase production

The experiments were performed using CGTase obtained
from B. circulans DF 9R and purified by affinity chromatog-
raphy on a-CD coupled to Sepharose-4B.'> The strain is
deposited at the Microbial Culture Collection, Facultad de
Farmacia y Bioquimica, Universidad de Buenos Aires (Bue-
nos Aires, Argentina), catalog number CCM-A-29: 1290
from the WFCC. The strain was cultured in a minimum
saline medium with starch (MAS) consisting of 1.5% cas-
sava starch, 0.4% (NH4),SO,4, 100 mM phosphate buffer pH
7.6, 0.002% MgSO., and 0.002% FeSO,.'°

CGTase cyclizing activity

The cyclizing activity of CGTase was determined accord-
ing to the phenolphthalein method,'” measuring B-CD pro-
duction spectrophotometrically at 550 nm on the basis of its
ability to form a colorless inclusion complex with this dye.
One unit of CGTase is defined as the amount of enzyme that
catalyzes the production of 1 pmol of B-CD per min under
the reaction conditions.

Colorimetric determination of CD

a-CD concentration was determined by the decrease in
absorbance at 507 nm because of the formation of a complex
between methyl orange and a-CD.'® B-CD concentration was
determined according to the method described in the section
CGTase cyclizing activity. y-CD concentration was deter-
mined measuring the absorbance at 630 nm because of the
formation of an inclusion complex with bromocresol green.'”

Analysis of products by HPLC

The CDs obtained were analyzed by HPLC using a Konik
KNK-500 apparatus, with a column for carbohydrate analysis
(LiChrospher® 100 NH, — 5 pm) at 30°C. Samples (20 pL,
2040 mg of carbohydrate/mL) were injected and oligosac-
charides were eluted with acetonitrile:water (70:30), at a
flow rate of 1.0 mL/min. Sugars were detected with a
Shimadzu RID-10A differential refraction detector. «, 3, and
v-CD, glucose, maltose, and maltotriose were used as stand-
ards for HPLC analysis.

Effect of reaction products on CGTase stability

To evaluate the effect of reaction products on CGTase sta-
bility, thermal inactivation was performed at 56°C in sodium
phosphate buffer 25 mM pH 6.4 with addition of maltose,
B-limit dextrins, or «, 3, or y-CD. It is known that each of
these compounds individually are not attacked by the
enzyme.2 A solution of purified CGTase, with 3.1 U/mL in
the same buffer, was used as control. The concentrations of
maltose and CD were 10-fold higher than the K; of each
compound, which are sufficient to ensure saturation condi-
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tions. Three different concentrations of 3-limit dextrins were
tested (1.0, 2.0, and 5.0 mg/mL). Aliquots were taken at dif-
ferent times during a period of 140 min and the residual
activity was determined.

CD production in batch

For the production of CDs in batch, we reproduced the
conditions described by Szerman et al.'"* A suspension of
5.0% cassava starch in phosphate buffer 25 mM pH 6.4 was
pretreated for 3 min at 95°C to gelatinize the substrate.
Then, 15 U of purified CGTase per gram of starch was
added and the mixture was incubated at 56°C for 4 h at
100 rpm. Subsequently, the reaction mixture was centrifuged
for 15 min at 25,000g and the supernatant was ultrafiltered
through YM10 membranes to separate the CDs produced
and to retain molecules larger than the cut-off value of 10
kDa. All the experiments were performed at least three
times. The reaction products contained in the ultrafiltrate
were analyzed by colorimetric reactions and HPLC.

CD production in continuous operation

The continuous production of CD was performed using as
reactor a 3-L BioFlo 110 New Brunswick Scientific, USA,
coupled to an Ultrafiltration cell, model 8200, Amicon,
USA, with Amicon YM10 membrane (diameter 63.5 mm,
NMWL 10 kDa). To 1 L of reaction medium consisting of
2.0% liquefied cassava starch solution in phosphate buffer
25 mM pH 6.4, 15 U of purified enzyme per gram of starch
was added. The incubation conditions were 56°C and
100 rpm. The initial flow rate was 2.0 mL/min using a vac-
uum pump. Fractions containing the products whose molecu-
lar weights were below 10 kDa were collected at different
times during a period of 24 h. As the solution products were
separated, the reactor was fed automatically, completing the
volume to 1 L with fresh solution of starch in phosphate
buffer through the action of a level sensor and a peristaltic
pump. The reaction products were analyzed by colorimetric
reactions and HPLC.

Results and Discussion

CD production in batch

The conditions for CD production from cassava starch in
a batch process using CGTase from B. circulans DF 9R
were those optimized by Szerman et al.'

The highest yield was obtained using 5.0% gelatinized
cassava starch and 15 U of purified enzyme per gram of
starch in phosphate buffer 25 mM pH 6.4. The mixture was
incubated for 4 h at 56°C and 100 rpm. To compare the per-
formance of the process and the CD profile obtained using
starches from various sources such as potato, corn, rice, and
wheat, several batches were performed in the conditions
described above. CDs were determined by HPLC analysis
and chromatograms showed elution profiles similar to those
obtained using cassava starch as substrate (Supporting Infor-
mation). On the basis of those chromatograms, we estimated
the yield of CD production for each starch. The analysis of
variance showed no significant differences in the efficiency
of conversion of starch to total CD (P < 0.001) between the
different starches and no differences in the a-:B-:y-CD rela-
tionship (Table 1). Therefore, starches from different sources
as those tested could be used as substrate to produce CDs
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with similar yields. These results disagree with the statement
by Biwer et al.,** who claimed that the yield and selectivity
of the process depend on the type of substrate. Other
researchers have described the use of starches from different
sources to obtain CDs. Although potato starch is the most
commonly used, corn and wheat starch have also been used.
However, the latter contain a high proportion of amylose to
amylopectin ratio, which leads to decreased production of
CD compared with that obtained with potato starch.'*
Although cassava starch is one of the least frequently used,
it seems to be a good substrate because of its high content
of amylopectin and low liquefaction temperature. Charoenlap
et al.”! optimized CD production using starch from Cycas
revoluta, a plant species from Southeast Asia commonly
known as Sago palm. Moriwaki et al.?* used a strain of
Bacillus firmus to transform starch from various sources into
CD. These authors obtained the best results with corn starch
and concluded that starches from different sources can affect
the production of CD and that this could be due to differen-
ces in the physical structure of the starch granules and their
properties. Ibrahim et al.>® used starches from various sour-
ces, including corn, potato, sago, rice, and cassava and
obtained the highest CD conversion with potato starch
(38.7%). These authors found no differences in the a-:3-:y-
CD relation obtained by varying the starch source. Zhekova
and Stanchev?* achieved 45.88% corn starch conversion to
CD by working with CGTase from Bacillus megaterium.
Urban et al.>> compared the conversion of starch to CD by
CGTase from Paenibacillus macerans CCM 2012 and
obtained a yield of 22.24% with amaranth starch and
14.56% with corn starch.

Continuous process for CD production in an ultrafiltration
membrane reactor

In a previous work in our laboratory, we showed that the
activity of CGTase from B. circulans DF O9R is inhibited by

Table 1. CD Production From Starches of Different Sources

Starch Yield (%)* Ratio o-:f-:y-CD
Cassava 39.2+1.6 1.0:1.7:0.4
Potato 40.2£25 1.0:1.8:0.4
Corn 38.0+2.0 1.0:1.8:0.4
Rice 37714 1.0:1.8:0.4
Wheat 37.6+2.4 1.0:1.8:0.4

*Relative to the mass of starch added to the reaction medium.

697

high concentrations of substrate and reaction products.2 CDs
behaved as competitive inhibitors, maltose as an uncompeti-
tive inhibitor, and maltotriose showed a mixed inhibition pat-
tern. Therefore, we attempted to increase the yield of
conversion from starch to CD by lowering the substrate con-
centration and the removal of products from the reaction
mixture as they are formed. To reach this goal, we devel-
oped a continuous process to obtain CDs using a reactor
coupled to an ultrafiltration cell. This approach also allows
the reuse of the enzyme. The membrane reactor was
designed in our laboratory and its features are shown in Fig-
ure 1. The ultrafiltration membrane used is 63.5 mm in
diameter and has a cut-off of 10 kDa. The cut-off value was
selected on the basis of the reports of other authors who
found that lower cut-off values lead to a reduction in the
permeate flux.'* This membrane retains the enzymes whose
molecular weight is 74.47 kDa and allows the passage of
CDs whose molecular weight is on average 1 kDa. To pre-
vent membrane clogging, a system of magnetic agitation was
located on its surface. The reaction solution used was 2%
cassava starch because, at concentrations higher than that,
the enzyme was inhibited.” Fractions were collected at dif-
ferent times and the volume and CD concentrations were
determined. After 24 h reaction, the concentration of each
CD had values similar to those obtained at the initial stages.
This demonstrated that the enzyme remained active and
could be used for a longer time period (Figure 2).

The process yield was 55.6 =0.2%, higher than that
obtained with the same starch in the batch process
(39.2 £ 1.6%). The productivity calculated was 99.5 mg of
CD per unit of CGTase for the continuous process and
26.1 mg of CD per unit of CGTase for the batch process.
Regarding product specificity, the concentrations of 3- and
v-CD obtained in the continuous process were slightly lower
than those obtained in the batch process. The «-:3-:1y-CD
relationship throughout the process was 1.0:1.4:0.3. An addi-
tional advantage of this system is the high purity of the final
product, because the enzyme and the unreacted substrate are
retained within the reactor.

Son et al."® obtained 49.7% yield with a CGTase from
Bacillus macerans, using a stirred tank equipped with an
ultrafiltration membrane, but the production system devel-
oped was repeated-batch. Gawande and Patkar'' compared
the production of CDs in batch and continuous process at
40°C, catalyzed by a-CGTase from Klebsiella pneumoniae
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Figure 1. Graphic representation of a reactor coupled to an ultrafiltration membrane.
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Figure 2. Concentrations of o-CD (square), f-CD (circle) and
y-CD (triangle) determined in the fractions collected
along the process for 24 h using a reactor coupled to
an ultrafiltration membrane.
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Figure 3. Thermal stability of CGTase at 56°C in sodium phos-
phate buffer 25 mM pH 6.4 without (triangle) and
with addition of carbohydrates: (a) Maltose (square),
o-CD (open square), -CD (circle) and y-CD (open
triangle). Concentrations were 10-fold higher than
the Ki of each compound. (b) f-limit dextrins at
three concentrations (mg/ml) 1.0 (asterisk), 2.0 (open
circle) and 5.0 (plus sign). Aliquots were taken at dif-
ferent times and the residual activity was
determined.

AS-22 and found that the yield was 15% lower in the contin-
uous process. The authors attributed these results to a possi-
ble inactivation of the enzyme during its circulation or
adsorption to the membrane. In fact, in that work, the resid-
ual activity after 5 h process was 50%. Slominska et al.'”
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Figure 4. Flow rate throughout the continuous process for CD
production in ultrafiltration membrane reactor.

also observed a decrease in enzyme activity during the pro-
cess and attributed this observation to the entrapment of the
enzyme in the membrane. According to Rios et al.,'® enzyme
activity decay could be due to several phenomena such as
catalyst leakage, enzyme denaturation under the effects of
pH or temperature, shear effects or adsorption/deposit at the
wall. However, CGTase from B. circulans DF 9R maintained
nearly 100% of its initial activity after 24 h at 56°C. Stabil-
ity studies showed that the enzyme was mainly stabilized by
CD and B-limit dextrins (Figure 3). Although the CDs are
removed from the reactor via the ultrafiltration membrane,
limit dextrins become concentrated. Moreover, we observed
that limit dextrins had little inhibitory effect on CGTase
activity, even at high concentrations. A concentration of [3-
limit dextrins 10-fold higher than that of starch showed a
10% decrease in the inhibitory effect on the B-cyclizing
activity.2 We observed that starch and its hydrolysis products
also have stabilizing effect on the enzyme. However, this
effect is difficult to quantify because the substrate is attacked
by the enzyme and its composition varies during the assay.
Another point to consider is the decrease in the flow rate
throughout the process (Figure 4). Although the flow rate
decreased to a value of about 50% in the first 300 min of
the process, its development was not precluded. According
to Rios et al.'® a pre-hydrolysis step before continuous oper-
ation minimizes fouling troubles in starch hydrolysis reac-
tions. This would be due to the decrease in the viscosity of
the solution. Starch liquefaction before use as substrate may
have contributed to preventing membrane fouling and may
be the reason for the maintenance of the flow rate during the
production of CDs.

Conclusions

CD production from cassava starch catalyzed by CGTase
from B. circulans DF 9R was conducted in batch and contin-
uous operation in an ultrafiltration membrane reactor. The
yield obtained in each case was 39.2 and 55.6%, respec-
tively. The productivity was 26.1 mg of CD per unit of
enzyme for the process in batch and 99.5 mg of CD per unit
of enzyme for the continuous process. The flow rate
remained at 50% of its initial value after 24 h of process,
improving the results described in the literature for starch
hydrolysis processes. These results could be due to the pre-
hydrolysis of starch. CGTase remained active for at least



Biotechnol. Prog., 2015, Vol. 31, No. 3

24 h, which could be explained by the protective effect of
the reaction products on the enzyme stability demonstrated
by thermal inactivation assays. The batch tests performed
using potato, corn, rice, and wheat starch as substrate
showed that these polysaccharides are also suitable substrates
for CD production, showing yields close to 40% and similar
product specificity.

Acknowledgments

The work was supported by grants from Universidad
Nacional de Lujan, Lujan, Buenos Aires, Argentina and
Agencia Nacional de Promocion Cientifica y Tecnoldgica
(ANPCyT), PICT 2013-0880 préstamo BID. HC is a career
member of the Argentine Council of Scientific and Technical
Research (CONICET). We thank Maria Victoria Gonzalez
Eusevi for language supervision.

Literature Cited

1. Stam MR, Danchin EGJ, Rancurel C, Coutinho PM, Henrissat
B. Dividing the large glycoside hydrolase family 13 into subfa-
milies: towards improved functional annotation of o-amylase-
related proteins. Protein Eng Des Sel. 2006;1:555-562.

2. Rodriguez Gaston JA, Szerman N, Costa H, Krymkiewicz N,
Ferrarotti SA. Cyclodextrin glycosyltransferase from Bacillus
circulans DF 9R: activity and kinetic studies. Enzyme Microb
Technol. 2009;45:36-41.

3. Singh R, Bharti N, Madan J, Hiremath SN. Characterization of
cyclodextrin inclusion complexes — a review. J Pharm Sci Tech-
nol. 2010;2:171-183.

4. Loftsson T, Duchéne D. Cyclodextrins and their pharmaceutical
applications. Int J Pharm. 2007;329:1-11.

5. Astray G, Gonzalez-Barreiro C, Mejuto JC, Rial-Otero R,
Simal-Gandara J. A review on the use of cyclodextrins in foods.
Food Hydrocolloids. 2009;23:1631-1640.

6. Parrot-Lopez H, Perret F, Bertino-Ghera B. Amphiphilic cyclo-
dextrins and their applications. Preparation of nanoparticles
based on amphiphilic cyclodextrins for biomedical applications.
Ann Pharm Fr. 2010;68:12-26.

7. Shahrazi S, Saallah S, Mokhtar MN, Baharuddin AS, Yunos
KF. Dynamic mathematical modelling of reaction kinetics for
cyclodextrins production from different starch sources using
Bacillus macerans cyclodextrin glucanotransferase. Am J Bio-
chem Biotechnol. 2013;9:195-205.

8. Leemhuis H, Kelly RM, Dijkhuizen L. Engineering of cyclodex-
trin glucanotransferases and the impact for biotechnological
applications. Appl Microbiol Biotechnol. 2010;85:823-835.

9. Ma J, Zhang L, Liang Z, Zhang W, Zhang Y. Recent advances
in immobilized enzymatic reactors and their applications in pro-
teome analysis. Anal Chim Acta. 2009;632:1-8.

10. Rios GM, Belleville MP, Paolucci D, Sanchez J. Progress in
enzymatic membrane reactors — a review. J Membr Sci. 2004;
242:189-196.

699

11. Gawande BN, Patkar AY. Purification and properties of a novel
raw starch degrading-cyclodextrin glycosyltransferase from
Klebsiella pneumoniae AS- 22. Enzyme Microb Technol. 2001;
28:735-743.

12. Slominska L, Szostek A, Grzeskowiak A. Studies on enzymatic
continuous production of cyclodextrins in an ultrafiltration mem-
brane bioreactor. Carbohydr Polym. 2002;50:423-428.

13. Son YJ, Rha CS, Park YC, Shin SY, Lee YS, Seo JH. Produc-
tion of cyclodextrins in ultrafiltration membrane reactor contain-
ing cyclodextrin glycosyltransferase from Bacillus macerans.
J Microbiol Biotechnol. 2008;18:725-729.

14. Szerman N, Schroh I, Rossi AL, Rosso AM, Krymkiewicz N,
Ferrarotti S. Cyclodextrins production by cyclodextrin glycosyl-
transferase from Bacillus circulans DF 9R. Bioresour Technol.
2007;98:2886-2891.

15. Ferrarotti SA, Rosso AM, Maréchal MA, Krymkiewicz N,
Maréchal LR. Isolation of two strains (S-R type) of Bacillus cir-
culans and purification of a cyclomaltodextrin-glucanotransfer-
ase. Cell Mol Biol. 1996;42:653—657.

16. Rosso AM, Ferrarotti SA, Krymkiewicz N, Nudel BC. Optimisa-
tion of batch culture conditions for cyclodextrin glucanotransfer-
ase production from Bacillus circulans DF 9R. Microbial Cell
Factories. 2002;1:1-10.

17. Goel A, Nene S. Modifications in the phenolphthalein method
for spectrophotometric estimation of beta cyclodextrin. Starch
1995;47:399-400.

18. Higuti IH, da Silva PA, Papp J, Mayumi de Eir6z Okiyama V,
Alves de Andrade E, Abreu Marcondes A, do Nascimento AJ.
Colorimetric determination of o and f3- cyclodextrins and studies
on optimization of CGTase production from B. firmus using fac-
torial designs. Braz Arch Biol Technol. 2004;47:837-884.

19. Kato T, Horikoshi K. Colorimetric determination of y-Cyclodex-
trin. Anal Chem. 1984;56:1738-1740.

20. Biwer A, Antranikian G, Heinzle E. Enzymatic production of
cyclodextrins. Appl Microbiol Biotechnol. 2002;59:609-617.

21. Charoenlap N, Dharmsthiti S, Sirisansaneeyakul S, Lertsiri S.
Optimization of cyclodextrin production from sago starch. Bio-
resour Technol. 2004;92:49-54.

22. Moriwaki C, Ferreira IR, Rodella JRT, Matioli GA. A novel
cyclodextrin glycosyltransferase from Bacillus sphaericus strain
41: production, characterization and catalytic properties. Bio-
chem Eng J. 2009;48:124—131.

23. Ibrahim ASS, El-Tayeb MA, Elbadawi YB, Al-Salamah AA.
Effects of substrates and reaction conditions on productions of
cyclodextrins using cyclodextrin glucanotransferase from newly
isolated Bacillus agaradhaerens KSU-All. Electron J Biotech-
nol. 2011;14:4.

24. Zhekova BY, Stanchev V. Reaction conditions for maximal
cyclodextrin production by cyclodextrin glucanotransferase from
Bacillus megaterium. Pol J Microbiol. 2011;60:113-118.

25. Urban M, Beran M, Adamek L, Drahorad J, Molik P, Matusova
K. Cyclodextrin production from amaranth starch by cyclodex-
trin clycosyltransferase produced by Paenibacillus macerans
CCM2012. Czech J Food Sci. 2012;30:15-20.

Manuscript received Oct. 7, 2014, and revision received Dec. 11,
2014.



