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Summary

The process of producing cyclodextrins from starch with cyclodextrin glucanotransfe-
rase from Bacillus megaterium has been studied. The effect of starch and enzyme concentra-
tions was evaluated using optimal composite designs and the response surface methodo-
logy. Mathematical models describing the process in two overlapping areas of variation of
the independent variables were developed. The models were used to determine the opti-
mal values of the variables. The increase in starch concentration resulted in an increase in
the amount of b-cyclodextrin formed, but lowered the yield. The optimal starch concentra-
tion was considered to be 50.0 mg/mL. The critical cyclodextrin glucanotransferase con-
centration necessary for maximum b-cyclodextrin production was 2.0 U/g. Factors that limit
the complete conversion of starch to cyclodextrins were established. The enzyme activ-
ity was strongly inhibited by the reaction products. The coupling activity of cyclodextrin
glucanotransferase was proved. The enzyme was able to degrade high concentrations of
b-cyclodextrin and to transform different types of cyclodextrins one into another. Cyclo-
dextrin glucanotransferase formed a-, b- and g-cyclodextrins in different ratios, depending
on the duration of the process.

Key words: coupling activity, cyclodextrins, cyclodextrin glucanotransferase, optimal com-
posite design, b-cyclodextrin production, product inhibition, starch

Introduction

Cyclodextrins are cyclic oligosaccharides composed
of 6, 7, or 8 a-1,4-linked glucose units, respectively clas-
sified as a, b, and g. They are produced by the catalytic
action of cyclodextrin glucanotransferase (CGTase, EC
2.4.1.19). The enzyme displays its cyclic action on sub-
strates with a-1,4-glycosyl chain, such as starch, amylose,
amylopectin, dextrins, or glycogen. However, the most
frequently used raw material for cyclodextrin production
is starch.

CGTase can catalyze three other reactions (1). The
enzyme is able to degrade cyclodextrins by intermole-
cular transglycosylation in the presence of suitable ac-
ceptor molecules. This reaction, called coupling, is the
reverse reaction of cyclization. CGTase also produces
oligosaccharides with different polymerization degree
through a reaction of disproportionation and can hydro-
lyze starch. These activities can have a negative effect on
conversion of starch into cyclodextrins. Reaction condi-
tions are essential for directing the enzyme action to cy-
clodextrin production.
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Substrate and enzyme concentrations have a strong
effect on cyclodextrin production (2,3). According to the
literary data the cyclodextrin content of the reaction mix-
ture increases with the increase in starch concentration
(4,5). However, cyclodextrin yield in relation to initial
starch used decreases. For these reasons, determination
of the optimal starch concentration is difficult and often
represents a compromise. Regardless of the low conver-
sion degree, the use of a higher starch concentration is
preferred in most cases, since it ensures higher cyclodex-
trin content of the reaction mixture.

The use of high initial starch concentration is im-
peded by the high viscosity of the reaction mixture and
by the difficult separation of cyclodextrins from byprod-
ucts. The use of partly hydrolyzed, water soluble starch
enables easier stirring and a better contact between the
enzyme and the substrate. However, the conversion de-
gree of the hydrolyzed starch is lower in comparison
with the native substrate, as high dextrose equivalence
has a negative influence on CGTase action (6,7).

Maximum cyclodextrin yield at a fixed substrate con-
centration can be achieved by applying an optimal en-
zyme amount. Typical of cyclodextrin production is the
presence of a critical enzyme concentration, over which
no increase in cyclodextrin yield is noticed. Since differ-
ent methods for CGTase activity determination can be
used, the optimal enzyme concentration of different en-
zymes is hardly comparable. For these reasons its deter-
mination is necessary for each case.

The aim of the present work is to investigate the ef-
fect of substrate and enzyme concentrations on b-cyclo-
dextrin production by applying mathematical models
and to determine the limiting factors of starch conver-
sion in cyclodextrins.

Materials and Methods

CGTase production

A strain of Bacillus megaterium from the collection of
the Department of Biochemistry and Molecular Biology,
UFT, Plovdiv, Bulgaria was used for CGTase preparation.
The strain was cultivated on a slant agar medium, con-
taining (in g/L): meat-peptone broth 13.0, starch 10.0,
and agar-agar 20.0. The medium pH was adjusted to 7.5.
The tubes were incubated at 37 °C for 24 h and stored at
4 °C up to 3 months (8).

For inoculum preparation the biomass from a slant-
-agar tube was transferred to a 500-mL Erlenmeyer flask,
containing 50 mL of potato extract, pH=7.5. The strain
was cultivated at 37 °C on a rotary shaker at 200 rpm
for 22 h.

CGTase biosynthesis was carried out in 500-mL
Erlenmeyer flasks, in a medium containing 100 mL of
potato extract and 0.5 % (by volume) corn steep liquor,
pH=7.5. A volume of 1.0 % inoculum was added and
the flasks were incubated at 37 °C on a rotary shaker at
200 rpm for 72 h. Biomass was removed by centrifuga-
tion at 5000´g for 20 min. The culture liquid was con-
centrated by vacuum evaporation on a rotary vacuum
evaporator until 3-fold volume reduction was obtained.

CGTase activity of the crude enzyme concentrate thus
prepared was 1.61 U/mL.

Cyclodextrin production

Native corn starch (amylum) and soluble potato
starch (Poland) were used as substrates for cyclodextrin
production. Substrate solutions were prepared in phos-
phate buffer, pH=7.0, in a manner allowing the desired
concentration to be reached after the addition of the dis-
solved enzyme. Both types of starches were dissolved in
steam water bath. The resultant substrate solutions were
cooled to 45 °C and the necessary amount of CGTase
was added. The enzyme reaction was conducted in 100-mL
Erlenmeyer flasks containing 50 mL of reaction medium,
at 45 °C on a reciprocal shaker for 20 h. Samples were
taken at certain intervals and CGTase was inactivated by
boiling for 10 min in a water bath. The cyclodextrin con-
tent of the reaction mixture was determined.

Inhibition of CGTase by cyclic and linear
oligosaccharides

Inhibition of CGTase was determined by adding dif-
ferent amounts of a-, b-, g-cyclodextrins, glucose and
maltose to the reaction mixtures of 4.0 mL, containing
50.0 mg/mL of soluble starch in phosphate buffer,
pH=7.0, and 2.0 U/g of CGTase. The enzyme reaction
was conducted at 45 °C for 10 min. After enzyme inacti-
vation, the concentration of b-cyclodextrin formed by
CGTase was determined. The inhibition was expressed
as relative CGTase activity, calculated on the basis of the
enzyme activity, determined without the addition of oli-
gosaccharides under the same reaction conditions.

Experimental design

The effect of substrate and enzyme concentrations
on cyclodextrin production was studied by applying fac-
torial designs and a response surface methodology. The
factorial design used was of the type optimal composite
design with 'star points' around the centre points. The
distance from the centre of the design space to a facto-
rial point was ±1. This approach allowed fitting the data
to nonlinear second order polynomials of the type:
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where the variable
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Y is the predicted response, xi and xj

are the independent variables, b0 is the offset term, bi is
the linear effect, bij is the interaction effect, bii is the
squared term and k is the number of the independent
variables.

Real and coded values of the independent variables
and their variation intervals are presented in Table 1.

The test for statistical significance of the regression
coefficients and the models developed was performed
using data analysis software for ANOVA. For determi-
nation of the function maxima, MATLAB 6.0 was used.

Assays

CGTase activity was determined with phenolphtha-
lein using Kestner’s method (9) with modification (8).
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Soluble potato starch solution (20.0 mg/mL) in phos-
phate buffer (pH=6.0) was used as a substrate. A mix-
ture of 2 mL of starch solution and 2 mL of CGTase was
incubated at 30 °C for 10 min. At the beginning and the
end of the reaction, samples of 0.2 mL were taken and
the concentration of b-cyclodextrin was determined. One
unit of CGTase activity was defined as the amount of
enzyme that forms 1 mmol of b-cyclodextrin for 1 min
under the assay conditions.

The concentration of b-cyclodextrin was determined
with freshly prepared solution of 1 part of 3.8 mM phe-
nolphthalein in ethanol and 50 parts of carbonate buffer
(pH=10.5). Appropriately diluted samples were mixed
with 2.0 mL of the phenolphthalein solution and disti-
lled water to a final volume of 5.0 mL. The absorbance
was measured at 550 nm in relation to a blank sample,
containing a mixture of water and phenolphthalein.
b-Cyclodextrin concentration was calculated using a cal-
ibration curve. The content of a-cyclodextrin was deter-
mined with methyl orange (10), and of g-cyclodextrin
with bromocresol green (11).

Thin layer chromatography (TLC) was performed on
a silica gel plate (Merck, 20´20 cm). A volume of 5.0 mL
of the standard solutions of glucose, maltose, malto-
triose, maltopentaose and a-, b- and g-cyclodextrin (1.0
mg/mL each) and 5.0 mL of 20-fold diluted reaction mix-
tures were applied to the start line. The mobile phase
consisted of propanol/ethylacetate/water in a ratio of
7:1:2. The chromatogram was developed once before the
mobile phase reached 15 cm from the start line. After
being air-dried in a horizontal position, it was sprayed
with a mixture containing carbazol 0.5 g, sulphuric acid
5.0 mL, and ethanol 95.0 mL. After heating for 10 min in
an oven at 120 °C the carbohydrates appeared as purple
spots on a blue background.

Results and Discussion

The effect of substrate and enzyme concentration on
b-cyclodextrin production was studied using Eq. 1 in two
neighbouring overlapping areas of variation of their val-
ues. Native corn starch was used as a substrate in these
experiments. In the first experimental design, starch
concentration varied from 10.0 to 50.0 mg/mL and the
amount of CGTase from 0.5 to 3.5 U/g. In the second
experimental design, the effects of both factors were
evaluated in the range of 40.0–100.0 mg/mL of starch
and 3.0–7.0 U/g of CGTase. The dynamics of b-cyclo-
dextrin formation in the range of the first experimental
design is presented in Fig. 1.

Starch concentration had a strong effect on b-cyclo-
dextrin production. Its increase led to a significant in-
crease in b-cyclodextrin content of the reaction mixture.
Comparing the results in Figs. 1a and 1c, it can be no-
ticed that a 5-fold increase in starch concentration result-
ed in 3.0- to 3.6-fold increase in cyclodextrin concentra-
tion, depending on the enzyme amount.

Enzyme concentration had an effect on b-cyclodex-
trin production only up to 2.0 U/g. Further increase led
only to an increase in the initial velocity of the enzyme
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Table 1. Variation intervals of the independent variables

Independent variable

Native starch Soluble starch

Design 1 Design 2 Design 3

–1 0 +1 –1 0 +1 –1 0 +1

x1 – g(starch)/(mg/mL) 10.0 30.0 50.0 40.0 70.0 100.0 40.0 70.0 100.0

x2 – CGTase/(U/g) 0.5 2.0 3.5 3.0 5.0 7.0 3.0 5.0 7.0
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Fig. 1. Dynamics of b-cyclodextrin production from: a) 10.0, b)
30.0, c) 50.0 mg/mL of native starch with (�) 0.5, (�) 2.0 and
(�) 3.5 U/g of CGTase



reaction (Figs. 1a–c). When the process was prolonged
up to 10–12 h, b-cyclodextrin production was the same,
not depending on the higher enzyme concentration. This
fact may be explained by two hypotheses. On the one
hand, CGTase action is strongly inhibited by b-cyclodex-
trin, and on the other hand, a state of equilibrium may
be reached at the end of the process. In this case the
higher enzyme concentration just leads to its faster ap-
proach and the maximum b-cyclodextrin concentrations
are achieved earlier in the process time. Similar results
were reported by other investigators (12,13).

In all experimental points maximum b-cyclodextrin
was formed after 11 h of incubation. These values (mark-
ed in Table 2 with Y1 and Y2 for design 1 and design 2,
respectively) were used for the development of the math-
ematical models. The regression coefficients and the test
for their significance are presented in Table 3. The coeffi-
cients with p-value higher than 0.05 were found to be

insignificant and were not included. The following math-
ematical models were obtained:

�

Y1=14.397+6.232·x1–1.905·x1
2–1.555·x2

2 /2/

�

Y2=25.303+5.707·x1–1.640·x1
2–0.310·x2

2 /3/

where
�

Y1 and
�

Y2 are the predicted values of b-cyclodex-
trin concentrations, achieved for values of x1 and x2 in
the boundaries of design 1 and design 2, respectively.
The analysis of variance (Table 4) showed that the re-
gression equations are statistically significant at 99.0 %
confidence level. The values of the response b-cyclodex-
trin concentrations

�

Y1 and
�

Y2 close to the experimental
data Y1 and Y2 proved the adequacy of the models
(Table 2).

After the investigation of Eqs. 2 and 3, their maxima
were determined. The maximum value of

�

Y1=18.72 mg/
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Table 2. Experimental and predicted values of b-cyclodextrin concentration

No. x1 x2

g(b–cyclodextrin)/(mg/mL)

Design 1 Design 2 Design 3

Y1

�

Y1 Y2
�

Y2 Y3
�

Y3

1 +1 +1 18.69 17.17 28.25 29.06 25.70 25.41

2 –1 +1 5.36 4.71 17.82 17.65 14.92 15.11

3 +1 –1 14.42 17.17 29.34 29.06 24.66 24.68

4 –1 –1 4.77 4.71 17.93 17.65 14.46 14.38

5 +1 0 19.95 18.72 29.90 29.37 24.43 24.71

6 –1 0 5.54 6.26 17.50 17.96 14.51 14.41

7 0 +1 13.95 12.84 23.86 24.99 21.62 21.72

8 0 –1 12.24 12.84 26.20 24.99 20.92 20.99

9 0 0 13.89 14.40 25.23 25.30 21.19 21.02

Table 3. Analysis for statistical significance of the regression coefficients

Term
Design 1 Design 2 Design 3

Value p-value Value p-value Value p-value

Intercept 14.397 3.960·10–4 25.303 2.510·10–5 21.019 1.380·10–6

x1 6.232 7.980·10–4 5.707 3.560·10–4 5.150 1.540·10–5

x2 1.095 9.160·10–2 –0.590 0.155 0.367 0.034

x1·x2 0.920 0.191 –0.245 0.567 0.145 0.316

x1·x1 –1.905 9.070·10–2 –1.640 0.056 –1.463 0.003

x2·x2 –1.555 0.138 –0.310 0.606 0.337 0.143

Table 4. Analysis of variance of the mathematical models

Design 1 Design 2 Design 3

Df SS MS Fsign Df SS MS Fsign Df SS MS Fsign

Regression 3 245.1 81.7 0.0014 3 200.9 66.0 0.0001 5 164.5 32.9 0.0001

Residual 5 14.2 2.8 5 4.1 0.8 3 0.2 0.1

Total 8 259.3 8 205.1 8 164.7

Df=degree of freedom; SS=sum of squares; MS=mean square; Fsign=F significance



mL was achieved at x1=+1 and x2=0. The analysis of Eq.
2 showed that 2.0 U/g of CGTase are sufficient for maxi-
mum b-cyclodextrin production at starch concentrations
up to 50.0 mg/mL. According to Eq. 3 the maximum
value of

�

Y2=29.37 mg/mL was at x1=+1 and x2=0. How-
ever, the effect of x2 in Eq. 3 was expressed only by the
squared term. Besides, its value is insignificant compa-
red to the other effects. For these reasons the peak value
of

�

Y2 was calculated at the bottom boundaries of design
2. At x1=+1 and x2=–1 the calculated value

�

Y2=29.06 mg/
mL was close to the maximum value,

�

Y2=29.37 mg/mL.
The relative error was found to be only 1.07 %. On the
grounds of this fact we considered the optimal value of
x2 in the boundaries of design 2 to be x2=–1. This con-
clusion was proved by the experimental data in Table 2.
The increase of CGTase concentration over 3.0 U/g had
no positive effect on b-cyclodextrin.

The effect of both factors in the whole studied area
of variation is shown graphically in Fig. 2. The response
surfaces fitted well to each other, indicating that both re-
gression equations described adequately the effect of the
variables; they also clearly showed that b-cyclodextrin
increased with the increase in starch concentration.
However, gelatinized starch in concentration above 50.0
mg/mL is characterized with high viscosity and is diffi-
cult to handle. One of the approaches to overcome this
problem is the use of soluble starch. For these reasons
the effect of the variables was studied when soluble
starch was applied as a substrate. The variation intervals
tested were the same as in the case of native starch (Ta-
ble 1). In this case, maximum b-cyclodextrins were ob-
tained earlier in the process (after 4 h of incubation).
This was probably due to the lower viscosity of the reac-
tion mixture and the easier availability of the substrate
to the enzyme. The maximum values of b-cyclodextrin
produced (marked with Y3 in Table 2) were used for de-
veloping a mathematical model. The regression coeffi-
cients and their test for statistical significance are pre-

sented in Table 3. Not considering the insignificant
terms, the following equation was obtained:

�

Y3=21.019+5.150·x1+0.367·x2–1.463·x1
2+0.337·x2

2 /4/

The model was found to be significant at confidence
level of 99.0 %. The maximum

�

Y3=25.41 mg/mL of Eq. 4
was achieved at x1=+1 and x2=+1. As in the case of na-
tive starch, maximum amount of b-cyclodextrin was for-
med at 100.0 mg/mL of initial starch concentration.
CGTase concentration had insignificant effect on

�

Y3. The
calculated

�

Y3=24.68 mg/mL at x1=+1 and x2=–1 was clo-
se to the maximum value of

�

Y3=25.41 mg/mL. The rela-
tive error was found to be 2.9 %. For these reasons the
value of x2=–1 was considered to be optimal. The exper-
imental results in Table 2 proved this consideration. The
increase in CGTase over 3.0 U/g was inefficient.

When determining the optimal starch concentration,
b-cyclodextrin yield should also be taken into account.
The cyclodextrin yield as a function of initial starch con-
centration at optimal reaction conditions is presented in
Fig. 3. Maximum conversion degree (about 55 %) was
achieved with 10.0 mg/mL of native starch. The increase
in substrate concentration led to a significant decrease in
b-cyclodextrin yield. When 100.0 mg/mL of starch were
used, the yield was only about 29 %. The lower conver-
sion degree of the higher starch amount may be due to
CGTase inhibition by b-cyclodextrin. Decrease in cyclo-
dextrin yield, when high starch concentrations are ap-
plied, has been reported by many authors (14–19). The
same tendency was observed with soluble starch. How-
ever, its degree of conversion was lower in comparison
with the native substrate. The enzyme transformation of
the soluble starch is impeded not only by the inhibitory
action of b-cyclodextrin, but also by the high dextrose
equivalent (6,7). In spite of the lower yield, the soluble
starch could be used as a substrate with the aim of appli-
cation in high concentrations and reduction of process
time.

The use of native starch in concentrations above
50.0 mg/mL is not effective and is hardly realizable. For
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these reasons the concentration of 50.0 mg/mL was con-
sidered to be optimal for cyclodextrin formation. In this
case, 2.0 U/g of CGTase and 11-hour process time were
sufficient for achieving a considerably high cyclodextrin
concentration (about 19 mg/mL) at satisfactory yield
(about 40 %).

The results of all experiments suggest that CGTase
was strongly inhibited by b-cyclodextrin. This assump-
tion was confirmed in another experiment, in which
CGTase activity was determined in the presence of dif-
ferent amounts of cyclic and linear oligosaccharides (Fig.
4). All tested compounds reduced CGTase activity. The
inhibition pattern of the three types of cyclodextrins was
not similar. In the presence of a-cyclodextrin CGTase re-
tained about 80 % of its activity, whereas b- and g-cyclo-
dextrins caused higher inhibition. In the presence of 12
mg/mL of b-cyclodextrin, a complete loss of activity was
observed. The linear oligosaccharides inhibited the en-
zyme action as well. In the presence of glucose and mal-
tose, CGTase activity was reduced up to 60 and 40 %, re-
spectively. Many authors reported CGTases inhibition by
the reaction products. Distinctively, the highest inhibi-
tion was caused by the predominant type of cyclodex-
trins (12,15,20–22).

Except for the product inhibition, another reason for
the incomplete conversion of starch in cyclodextrins is
the coupling activity of the enzyme. The ability of CGTa-
se to degrade b-cyclodextrin was proved by adding 12.0
mg/mL of b-cyclodextrin to the reaction mixture after 4
h of incubation. After the addition, b-cyclodextrin con-
tent of the reaction mixture and of a respective control
probe was determined. The results are presented in Fig.
5. In the presence of high b-cyclodextrin concentration,
CGTase activity was inhibited and the enzyme formed
no more b-cyclodextrin. However, this high concentration
favoured the coupling activity of the enzyme. As a re-
sult the content of b-cyclodextrin was rapidly reduced
and at the end of the process almost the whole added
amount was degraded. The predominance of one of the
enzyme activities was probably determined by the reac-

tion conditions. The high b-cyclodextrin amount, inhibit-
ing CGTase activity, activated the reverse reaction.

The product inhibition and the coupling activity of
CGTase limited the complete conversion of starch in cy-
clodextrins. Yield increase can be achieved after remov-
ing the inhibition action of b-cyclodextrin by the use of
specific complexing agents or by ultrafiltration.

All CGTases form a mixture of a-, b-, and g-cyclo-
dextrins in various ratios (23–25). The product profile of
the process at optimal conditions is shown in Fig. 6. The
CGTase from Bacillus megaterium formed predominantly
b-cyclodextrin. The ratio a/b/g after 11 h of incubation
was 10:79:11. When the reaction time was prolonged, the
amount of b-cyclodextrin appeared to decrease and
a-cyclodextrin increased. The ratio a/b/g after 20 h of en-
zyme reaction was found to be changed to 29:67:4. This
is probably due to the ability of CGTase to convert dif-
ferent types of cyclodextrins to one another. This fact was
established by other authors as well (13,26–28).

The products formed by CGTase action were ana-
lyzed by TLC. The results confirmed the presence of a-,
b-, and g-cyclodextrins in the reaction mixture. Linear oli-
gosaccharides with five or less glucose units were not
detected by the TLC.
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Conclusion

Mathematical models for determination of the effect
of starch and enzyme concentration on b-cyclodextrin
production were developed. The models described the
process in two overlapping areas of variation of the in-
dependent variables and predicted adequately the reac-
tion in the whole studied area. The mathematical de-
scription was used to determine the optimal substrate
and enzyme concentrations. The optimal starch concen-
tration was considered to be 50.0 mg/mL and the opti-
mal enzyme dosage was 2.0 U/g. The conversion of
starch to cyclodextrins depended not only on the reac-
tion conditions. The severe product inhibition, the cou-
pling activity of the enzyme and its ability to transform
different types of cyclodextrins into one another im-
peded the process and lowered b-cyclodextrin yield.
Yield enhancement is possible by removing these limit-
ing factors.
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