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Abstract Cyclodextrin  glycosyltransferase (CGTase)
catalyzes starch conversion into cyclic or linear oligosac-
charides, important industrial products for the complexa-
tion of non-polar substances. In this work, conditions to
increase CGTase production from Bacillus circulans strain
DF 9R were optimized by two systems. On one hand, free
cells were grown in batch fermentation experiments to
optimize aeration and pH. The highest activity
(147 £021 U mlfl) was achieved after 48 h of growth,
aeration of 1.5 vvm and pH regulated to 7.6. On the other
hand, bacterial cells were immobilized on loofa and syn-
thetic sponge, and used for CGTase production in a semi-
continuous process. An initial biomass of 30 mg of
lyophilized cells and an immobilization time of 24 h
with loofa or synthetic sponge were enough to achieve
increased production of CGTase: 091 £ 0.10 and
0.95 + 0.11 U ml™", respectively. Sponges with immobi-
lized bacteria were reused in 12 successive cycles. Besides,
in our conditions, CGTase was not adsorbed onto the
supports used for immobilization, which ensured the total
recovery of the enzyme from the culture medium. The two
CGTase production processes studied showed similar
productivity and could be potentially scaled up.
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Introduction

Cyclodextrins (CDs) are non-reducing cyclic oligosaccha-
rides. The most common CDs, i.e. cyclomaltohexaose (o-
CD), cyclomaltoheptaose (B-CD) and cyclomaltooctaose
(7-CD), are composed of six, seven and eight glucose units,
respectively, linked by a-1,4 glycosidic bonds. Due to their
non-polar cavity, they are able to form complexes with
other molecules, especially hydrophobic residues, thus
changing physicochemical properties such as solubility and
stability of the guest compounds. Because of that, CDs are
suitable to be used in the food, pharmaceutical, cosmetic,
agricultural, textile and chemical industries, as well as, in
environmental protection [1-3]. The extensive industrial
application of CDs is limited by their cost; as a conse-
quence, many alternatives, such as the use of inexpensive
raw substrates and inexpensive biocatalysts, have been
tested to improve the production of these cyclic oligosac-
charides [4, 5].

CDs are obtained by starch bioconversion using cyclo-
dextrin glycosyltransferase (EC 2.4.1.19; CGTase). This
enzyme is produced by a variety of bacteria, mainly Bacilli
class, and also by Klebsiella, Anaerobranca, Thermo-
anaerobacter, Thermoanaerobacterium and Thermococcus
[6]. Many wild-type or genetically modified bacterial
strains have been used in the industry to produce CGTases
by means of different fermentation systems, such as batch
and continuous culture [7]. On the other hand, microor-
ganism immobilization is being explored in the design of
new processes using supports such as chitosan, alginate,
agar and polyacrylamide [8—13]. In these processes,
immobilized bacteria are physically localized on a defined
matrix, can be used repeatedly and continuously, and are
also less subject to the effects of inhibitory compounds,
nutrient depletion and microbial contamination [14].
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Traditional cell immobilization methods have been asso-
ciated with problems such as alterations of the cell physi-
ology, and decreased efficiency of transport of nutrients
and products.

Recently, fibrous matrices have been used as alternative
supports for cell immobilization [15]. Loofa sponge is
derived from the fruit of the cucumber family. Since loofa
sponge is composed of a network of dried cellulose fibers,
it is an inexpensive and renewable matrix for microor-
ganism immobilization. Besides, it is non-reactive, non-
toxic, easy to handle, biodegradable and highly stable
during repeated use. It has been used in production pro-
cesses of several compounds such as gibberellic acid from
milk permeate by Fusarium moniliforme cells [16], clav-
ulanic acid by Streptomyces clavuligerus [17] and lactic
acid by Lactobacillus salivarius [18]. Recently, cyclodex-
trin production [19] and CGTase synthesis [20] have been
successfully carried out by Bacillus strain cells immobi-
lized on loofa sponge.

In a previous work carried out at our lab, the conditions
to obtain CGTase from B. circulans DF 9R were optimized
in shake flasks [21]. Herein, fermentation experiments were
performed to optimize the aeration and regulate the pH
and, thus, increase CGTase production. On the other hand,
bacterial cells were immobilized on loofa and synthetic
sponge and used for CGTase production in a semi-con-
tinuous process, by transferring the immobilized cells, in
successive cycles, to appropriate culture medium. To
achieve the best system performance, it was necessary to
optimize the initial biomass of bacterial cells and the
immobilization time.

Materials and methods
Materials

Loofa sponge, from Luffa cylindrica dried fruit, and cas-
sava starch were obtained from Brazilian suppliers. Syn-
thetic polyurethane sponge was obtained from Scotch
Brite, 3 M Company, Brazil. B-CD and antifoam 204 were
obtained from Sigma Chemical Co., Mo, USA. All other
chemicals were of analytical grade (Merck, Darmstadt,
Germany).

Microorganism and growth conditions

B. circulans DF 9R was isolated from rotten potatoes by
Ferrarotti et al. [22] and deposited in the Microbial Culture
Collection, Facultad de Farmacia y Bioquimica, Universi-
dad de Buenos Aires (Buenos Aires, Argentina), catalog
number CCM-A-29: 1290 from the WFCC. The strain was
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cultured in a minimum saline medium with starch (MAS)
consisting of 1.5 % cassava starch, 0.4 % (NH4),SOy,
100 mM phosphate buffer pH 7.6, 0.002 % MgSO, and
0.002 % FeSO, [21]. After incubation at 37 °C and
120 rpm for 48 h, the bacterial suspension was centrifuged
at 4 °C and 2,940x g for 10 min. After washing the pellet
with sterile saline solution, 2-mL aliquots of these bacterial
suspensions were lyophilized in glass vials using a Christ
Beta 1-16 freeze dryer. The lyophilized cells were stored at
—20 °C for at least six months. The lyophilized cells were
then reactivated in 250-mL Erlenmeyer flasks containing
100 mL of MAS culture medium and incubated in an
orbital shaker at 37 °C and 120 rpm for 24 h for later use
as inocula or cell immobilization. At the end of the reac-
tivation time, cells were grown in MAS agar medium and
incubated for 48 h at 37 °C to rule out possible contami-
nations. Cell growth was determined by spectrophotomet-
ric measurement of absorbance at 620 nm. Optical density
values were converted to cell dry weight using a standard
curve. One unit of optical density at 620 nm equals to
0.19 g L™ cell dry weight.

Batch fermentation process

Fermentation processes were performed in a 3-L BioFlo
110 fermenter (New Brunswick Scientific, USA). An ali-
quot of 20 mL the inocula grown for 24 h (ODg,onm = 0.3)
was added to 1-L of MAS culture medium with 0.05 %
antifoam. The temperature was maintained at 37 °C and
the stirring speed at 100 rpm. The aeration rate was tested
from O to 3.0 vvm and the pH from 7.2 to 8.0.

Influence of aeration and pH on CGTase production
in batch process

Using the medium previously optimized in Rosso et al.
[21], aeration and pH were tested in a stirred-tank biore-
actor to increase enzyme production. The effect of aeration
was studied by fixing agitation at 100 rpm and pH at 7.6.
To study the effect of pH, fermentations were carried out
adjusting the pH to 7.2, 7.6 or 8.0 by KOH addition as the
process progressed.

CGTase cyclizing activity

The cyclizing activity of CGTase was determined accord-
ing to the phenolphthalein method [23], measuring -CD
production spectrophotometrically at 550 nm on the basis
of its ability to form a colorless inclusion complex with this
dye. One unit of CGTase was defined as the amount of
enzyme that catalyzes the production of 1 pmol of B-CD
per min under the reaction conditions.
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Bacterial cell immobilization

Loofa and synthetic polyurethane sponges were used as
immobilization supports. Both sponges were cut into discs
of 24 mm in diameter and 2-4 mm thick. Discs were
soaked in boiling water for 10 or 30 min for synthetic and
loofa sponges, respectively, washed thoroughly and left for
24 h in distilled water, changing the water three times.
They were then dried in an oven at 70 °C and sterilized in
an autoclave at 121 °C for 20 min. These discs were added
to flasks (three discs each) containing different amounts of
lyophilized cells and reactivated as described in section
microorganism and growth conditions.

Influence of bacterial biomass and immobilization time
on CGTase production in semi-continuous process

To optimize bacterial biomass, different amounts of
lyophilized cells (30, 50 and 70 mg each) were reacti-
vated as described in section microorganism and growth
conditions. After 24 h incubation, three discs of loofa or
synthetic sponge were placed in each flask containing
fresh MAS culture medium and incubated for 24, 48, 72
and 96 h at 37 °C and 120 rpm. To optimize the immo-
bilization time, the biomass selected in previous experi-
ments was used and incubated under the above conditions
for 24, 48, 72 and 96 h. After each immobilization period,
washed sponge discs were transferred to fresh MAS
medium for CGTase production, and enzyme activity was
measured at 0, 4, 10, 24, 48, 72, 96 and 120 h. Controls,
i.e. free cells without sponges, performed in the same
conditions. All the experiments were carried out in
triplicate.

CGTase production using immobilized bacteria

Sponge discs with immobilized biomass were washed with
sterile saline and transferred to 250-mL Erlenmeyer flasks
with 100 mL of MAS medium and incubated in a shaker at
120 rpm and 37 °C. Samples were taken at different times,
as described in section influence of bacterial biomass and
immobilization time on CGTase production in semi-con-
tinuous process, to determine CGTase activity. In addition,
free bacteria used as controls were centrifuged for 5 min at
2,940xg and 25 °C; the pellet was washed with sterile
saline and transferred to MAS medium just like sponge
discs. Further, successive operational cycles of CGTase
production were carried out for which sponge discs with
immobilized bacteria were repeatedly transferred to fresh
culture medium for reuse. From one cycle to the next, discs
were washed with sterile saline. At the end of each cycle,
CGTase activity was determined in the culture medium by
the method of Goel and Nene [23].

Scanning electron microscopy

Supports containing bacterial cells were placed into 2.5 %
glutaraldehyde in 100 mM potassium phosphate buffer pH
7.6 for 24 h. After that, discs were washed successively
with solutions of 30, 50, 70, 90 and 100 % ethanol and
finally subjected to dehydration in a supercritical fluid-
extraction system using CO, under high pressure. Photo-
micrographs were taken using a scanning electron micro-
scope (Shimadzu Model SS 550) with an acceleration
voltage of 10 kV. The samples were placed on the surface
of a double-faced conductive tape and coated with a gold
layer. This procedure was described by Moriwaki et al. [12].

Statistical analysis

The results were subjected to analysis of variance
(ANOVA) and Tukey means tests, at 5 % significance level
using Statistica 8.0/2008 (Stat Soft, Inc. Tulsa, OK, USA).

Results and discussion

Production of CGTase by B. circulans DF 9R in batch
process

Both the productivity and product yield of processes that
involve microorganisms depend on the specific growth
rate, the biomass concentration and the specific rate of
product formation. These variables are a function of the
medium composition and culture conditions. As previously
demonstrated in our experiments in shake flasks, this B.
circulans strain requires the absence of glucose and the
presence of starch as carbon source to grow and express the
CGTase gene. On the other hand, the most nutrient-rich
media lead to increased growth of B. circulans DF 9R, but
not to increased synthesis of CGTase [21]. Although we
tested starches from different sources, we used cassava
starch as substrate because it allowed the best CGTase
yield [21]. Besides, the minimal medium selected con-
tained ammonium, Mg®" and Fe?" as essential nutrients
and did not require complex nitrogen sources of unknown
composition [21]. After optimizing the composition of the
culture medium, we selected an initial pH of 7.6 and
observed that the pH decreased to 5.9 during the process of
fermentation in shake flasks because we could not keep it
regulated. Similarly, we could not control the aeration in
this system [21]. To increase the enzyme production, in the
present study, we tested the effects of aeration and pH in a
stirred-tank bioreactor, maintaining the medium and the
previously optimized conditions. We obtained the highest
growth with an aeration of 2 vvm (Fig. 1a), but achieved
most enzyme production with an aeration of 1.5 vvm
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Fig. 1 Effect of aeration rate on Bacillus circulans DF 9R growth
and CGTase production in batch process. a Bacterial growth
measured as absorbance at 620 nm. b CGTase production. Samples
were analyzed along 50 h of bacillus cultivation in a 1-L fermenter
containing MAS medium at 37 °C, initial pH 7.6 and different
aeration rates: O vvm (circle), 1 vvm (triangle), 1.5 vvim (open
square), 2 vvm (open circle) and 3 vvm (square)

(Fig. 1b). Therefore, results suggest that moderate aeration
and agitation are keys for optimal oxygen transfer, an
essential factor for CGTase production. The results are in
agreement with those reported by Pinto et al. [24], who
reached the highest activity with aeration of 1.7 vvm using
an alkalophilic strain of B. circulans. Regarding the effect
of pH, the best enzyme production was achieved after 48 h
incubation at a pH regulated to 7.6, but the greatest growth
was observed when the pH was not regulated (Fig. 2a, b).
Acidification of the medium to pH values below 6.0 leads

@ Springer

Fig. 2 Influence of pH on Bacillus circulans DF 9R growth and
CGTase production in batch process. a Bacterial growth measured as
absorbance at 620 nm. b CGTase production. Samples were analyzed
along 50 h of bacillus cultivation in a 1-L fermenter containing MAS
medium at 37 °C, aeration rate 1.5 vvm and different pH values: 7.2
(square), 7.6 (circle), 8.0 (triangle) and 7.6 not regulated (open
circle)

to the inactivation of the enzyme [25]. This is why in the
culture medium with an initial pH of 7.6 but unregulated, a
marked decrease in enzyme activity was observed. The pH
behavior of the different Bacillus that produces CGTase is
very diverse. In the case of certain alkalophilic Bacillus,
the maximum cell growth is achieved at pH 9.2 and higher
production of enzyme at pH 9.8, whereas other Bacillus
species are able to grow and produce the enzyme at pH
10.1 [26]. To compare the enzymatic activities obtained
with different bacteria, it is necessary to consider the way
in which the activity is defined. In this study, one unit of



Bioprocess Biosyst Eng (2015) 38:1055-1063

1059

CGTase was defined as the amount of enzyme that cata-
lyzes the production of 1 pmol of B-CD per min under the
reaction conditions, whereas in other studies it has been
defined as the amount of enzyme that catalyzes the pro-
duction of 1 pg of B-CD per min. Differences in the
reaction conditions and substrate used are also observed.
Other authors have reported the production of CGTase in
stirred tank with activities below those obtained in this
work [27, 28].

As seen in Figs. 1, 2, the highest enzyme yield was not
linked to greater development of biomass, as the culture
medium was optimized to increase the production of
enzyme. Thus, a minimal culture medium with the presence
of starch and salts without complex nitrogen sources was
defined. On the other hand, the release of the enzyme to
extracellular medium is related to the need of the

Fig. 3 Scanning electron
microscopy of immobilized
Bacillus circulans DF 9R cells
on loofa (left) and synthetic
(right) sponges. Upper (x40),
central (x300) and bottom
microphotographs (x5000)

microorganism to use available starch as a carbon source for
growth [21]. In the present study, the highest enzyme activity
(1.4 U mL™") was reached after 48 h of growth, with cell dry
weight of 0.39 g L™' culture medium. These results are
similar to those obtained by Pinto et al. [7] with CGTase from
alkaliphilic B. circulans, but different from those reported by
Ibrahim et al. [29] and Abdel-Naby et al. [9], who worked
with Bacillus sp. and Bacillus cereus NRC7 and reached
maximum activity at 12 and 24 h of culture, respectively.

Immobilization conditions

B. circulans DF 9R cells were successfully immobilized on
loofa and synthetic polyurethane sponges using the culture
medium and incubation conditions previously optimized
for free cells. Good adsorption of bacteria both on the
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synthetic and loofa sponges was possible to observe using
scanning electron microscopy techniques (Fig. 3). This
technique has been used to confirm the efficient immobi-
lization of cells to various supports [15, 19]. Regarding the
matrix-cell interaction, recent FTIR studies suggest that
adsorption of the bacteria to the sponge would be through
van der Waals forces, without participation of covalent
bonds [20]. Besides, in our conditions, CGTase was not
adsorbed onto the supports used for immobilization, which
ensured the total recovery of the enzyme from the culture
medium.

To evaluate the minimal initial biomass and the optimal
time for bacterial immobilization on the support that allow
the best CGTase yield, experiments were performed as
described in section influence of bacterial biomass and
immobilization time on CGTase production in semi-con-
tinuous process. Increasing the initial biomass from 30 to
70 mg resulted in the same amount of CGTase produced
(data not shown). Regarding the immobilization times, the
results obtained showed that higher immobilization times
(more than 24 h) did not improve CGTase yield (Fig. 4).
The difference in the immobilization time may be related

to the affinity of the bacteria to the sponge, as also sug-
gested by Moriwaki et al. [20], who needed an immobili-
zation time of 8-10 days to immobilize cells of Bacillus
firmus and Bacillus sphaericus on loofa. By contrast, the
production of enzyme decreased significantly after 96 h of
immobilization and the yield obtained using synthetic
sponge was similar to that obtained with free cells
(Fig. 4).The data for the different immobilization times
were subjected to analysis of variance (ANOVA) and Tu-
key test, and the significance was set at 5 %.

Production of CGTase by B. circulans DF 9R
in semi-continuous process

The bacterial cells immobilized on both sponge types were
reused to produce CGTase in 12 successive cycles (Fig. 5).
Each culture medium replacement was considered a new
production cycle, which lasted for 24 h. In another set of
experiments, the same amount of free cells was inoculated
into the culture medium. In cycles 7-12, only 40 % of the
activity produced in the first cycle was obtained. The
activity obtained with the immobilized cells on loofa was

Fig. 4 Effect of immobilization
time of the cells onto the
support on CGTase production.
Lyophilized cells (30 mg) were
reactivated in MAS medium for
24 h. Three discs of each
support, loofa (triangle) or
synthetic sponge (square), were
placed in each flask containing
fresh MAS medium and
incubated at 37 °C and 120 rpm
fora24 h,b 48 h, ¢ 72 h,

d 96 h. Free cells (circle) were
assayed as controls. Enzyme
production was measured as f3-

CD cyclizing activity 0 24 48

T T
72 96 120 0 24 48 72 96 120

CGTase activity (U ml™)
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Fig. 5 Production of CGTase by Bacillus circulans DF 9R in semi-
continuous process. Bacterial cells immobilized on loofa (black) and
synthetic sponges (gray) were reused to produce CGTase in 12
successive cycles of 24 h each in fresh MAS medium and incubated
at 37 °C and 120 rpm. Free cells (mottled) were assayed as controls

091 £ 0.10U ml_l, similar to that obtained in the syn-
thetic support (0.95 & 0.11 U ml™").The activity of the
free cells was slightly lower than that of the immobilized
cells at all cycles. To calculate productivity, only the first
six cycles were considered. Moriwaki et al. [20] conducted
a maximum of three consecutive cycles of reuse of 3 days
each to produce CGTase by immobilized cells of B. firmus
and B. sphaericus on loofa, after an immobilization period
of 8-10 days. However, the purpose of their work was to
obtain B-CD and enzyme production was not detailed.
Catalyst systems in heterogeneous phase, as immobilized
cells on a porous support, are affected by problems in the
diffusion of nutrients, especially when working with high-
molecular weight substrates such as starch. However, the
pore size of the matrix used in this study (around 500 pum
in synthetic sponge and larger in loofa, Fig. 3) is large
enough to not significantly affect the substrate diffusion
[15, 30].

A decrease in the final CGTase production level was
observed. However, when the cells were counted in plates
of growth culture media for each of the 12 operating
cycles, the results showed very low counts (data not
shown). According to Behera et al. [31], the decrease in the
production of enzyme might be due to marginal leakage of
cells from the matrix during each cycle of CGTase pro-
duction. Moriwaki et al. [20] showed by FTIR studies that
matrix-cell interactions are mediated by van der Waals
forces, which are weak bonds and would thus allow the
separation of cells from the support. According to Igbal and

Table 1 CGTase activity and specific productivity in batch and semi-
continuous processes

Process Enzyme Specific
activity productivity
Um™ (U g " dry
cells h™1)
Free cells in batch process 1.47 £ 0.21 79.6 £ 10.1
Immobilized cells in natural 0.91 £ 0.10 81.0 £ 9.8
sponge and semi-continuous
process
Immobilized cells in synthetic 0.95 £ 0.11 86.3 £+ 10.1

sponge and semi-continuous
process

Zafar [32], the release of cells into the culture medium
could be due either to desorption of the originally immo-
bilized cells or to the release of daughter cells which could
not be prevented. Saudagar et al. [17] argued that the
decreased production of enzyme along the cycles could be
due to cell death.

The values of activity and productivity achieved in batch
fermentation and by immobilized cells on loofa or synthetic
sponge are shown in Table 1. Regarding enzyme activity,
the values obtained were higher in the batch process than in
the semi-continuous process, whereas regarding specific
productivity, similar results were obtained in the two types
of processes. Abdel-Naby et al. [8] reported the specific
productivity of several CGTase-producing microorganisms,
such as:  Bacillus amyloliquefaciens strain 312,
899 U g_1 dry cells h_l; Bacillus macerans strain 3,185,
948 U g 'drycellsh™'; B. macerans strain 3,168,
66.4 U g~ " dry cells h™" and Bacillus megaterium strain
NR C4, 91 U g~ " dry cells h™'. These results agree with
that obtained here using CGTase from B. circulans DF 9R.
Recently, Abdel-Naby et al. [9] achieved a specific pro-
ductivity of 315.2 U g~ ' dry cells h™' using Bacillus
cereus.

Conclusions

In the optimization of the batch process with free cells,
most enzyme production was achieved with aeration of
1.5 vvm, after 48 h of growth and at pH regulated to 7.6.
The highest enzyme yield was not linked to greater
development of biomass. Thus, we were able to improve
the results obtained in Rosso et al. [21] in shake flasks. The
optimization of the semi-continuous process with immo-
bilized cells showed that an initial biomass above 30 mg
did not result in an increase in CGTase production and that
an immobilization time of 24 h with loofa sponge was
enough to achieve the highest enzyme production, dem-
onstrating that more prolonged incubation times were not
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required. The batch process using free cells provided
higher enzyme activity than the semi-continuous process
using immobilized cells in loofa or synthetic sponge.
However, the specific productivity was similar in both
processes. It is worth noting that the semi-continuous
process with immobilized cells is inexpensive; matrices are
renewable, non-toxic and biodegradable. Cells can be used
repeatedly and separation from the fermentation medium is
easy. Besides, scaling up of this process is very simple
since fixed beds in large-scale reactors can be easily con-
structed with the loofa sponges [15, 31]. In conclusion,
both processes of CGTase production, by free cells in batch
fermentation or immobilized cells in a semi-continuous
process, have similar productivity and can be potentially
scaled up.
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