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Abstract

The studies have been performed to analyze the production of p-glucanase by a recombinant strain of Escherichia coli immobilized in different
matrices. Porous sintered glass SIRAN®, Ceramic supporting matrices and Broken Pumice stone as well as SIRAN Raschig-rings were
examined for the immobilization of whole bacterial cells. The B-glucanase activity of bacteria immobilized in CeramTec PST 5 (4-5 mm)
was very low. CeramTec PST 5 (1.5-2.5 mm) was found to be the best carrier compared to all other matrices regarding glucanase production
(630 U/ml) and compared to enzyme activity produced by free cells (500 U/ml). Different doses of matrices were applied (2, 5, 7, 10 g/lask)
in the form of “matrix weight”. Using 2 g/flask of CeramTec PST 5 (1.5-2.5 mm) yielded enzyme activity of 630 U/ml). CeramTec gives
highest operational stability of 3-glucanase by repeated batch fermentation to 5 cycles, and activity reached 660 U/ml. Scanning electron
microscopy observations showed a high number of vegetative cells that continued growth inside the matrices, indicating that $-glucanase

activity improvement was due to the immobilization of the cells.
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Introduction

B-1,3-glucanase, synthesized by many bacteria,
hydrolyzes glucan polymers containing p-1,3-linkages
(Kourkoutas et al., 2004). This enzyme plays a key role
in both the pulp drainability and beatability changes.
The use of pure endoglucanase was responsible for most
of the success in deinking (Gusek et al., 1991). Enzymes
displaying B-glucanase activity have been found to have
a variety of uses. For example they are used as a biologi-
cal control of soil-borne plant pathogens and as a food
supplementation (Weuster-Botz, 1993). f-1,3-glucanase
is an important enzyme in the field of industrial and
agricultural processing. The resistance of this enzyme
to denaturation by high temperature and pH extremes
makes it particularly important.

Cell immobilization can be defined as the confine-
ment or localization of viable microbial cells to a certain
defined region (Hamdy et al., 1990). This is achieved by
significantly increasing the effective size or density of
the cells by their aggregation or by attachment of the

cells to some support surface. Thus, flocculated cells
in the form of large aggregates are considered to be
immobilized. The advantages of inorganic supports
compared to organic supports were studied by several
groups (Kourkoutas et al., 2004). These include their
abundance and low price, higher mechanical strength,
high thermal stability, higher resistance to organic
solvents and microbial attack, easy handling and easy
regenerability (Gusek et al., 1991; Weuster-Botz, 1993).
Many inorganic supports were studied for immobili-
zation such as polygorskite, montmorilanite, hydro-
mica, porous porcelain, pumice stone and glass beads
(Colagrande et al., 1994; Beshay, 1998).

The aim of the present work wasto optimize the pro-
duction of B-glucanases using a high bacterial cell den-
sity cultivation strategy. Cell immobilization is applied
to improve the productivity of the recombinant strain.
Different inorganic supports such as porous sintered
glass SIRAN® SIKUG 041, Ceramic supporting matri-
ces and Broken Pumice stone as well as SIRAN Raschig-
rings were tested.
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Experimental
Material and Methods

Microorganism. The E. coli strain BL21(DE3) pET-bgl-
hisactophilin-Sec used in this work was kindly provided
by prof. dr Erwin Flaschel, the head of the Fermen-
tation Engineering Department, Bielefeld University,
Germany. This strain contained a plasmid coexpress-
ing protein of a chimeric Bacillus amyloliquefaciens
B-glucanase C-terminally linked with hisactophilin from
Dictyostelium discoideum as metal chelating affinity tag
and kill protein from the plasmid CoIE1 as a permea-
bilizing agent for the outer membrane of Escherichia
coli. The fusion protein was expressed under control
of the genuine promoter of B-glucanase from Bacillus
amyloliquefaciens, whereas the kill protein was under
the control of stationary phase promoter of the fic gene
(Miksch et al., 1997; Flaschel et al., 1998).

Media for vegetative cell growth and fermenta-
tion. The optimized medium Terrific broth glycerol
TBG (Beshay et al., 2003) used in this work contained
the following gm per liter: 12.0 peptone, 24.0 yeast
extract, 5.0 NaCl, 7.0 lactose. These components were
dissolved in 800 ml distilled water and pH was adjusted
at 7.0. The medium was distributed into flasks contain-
ing 40 ml medium each and then autoclaved at 121°C
for 20 minutes. Kanamycin was added after cooling
(50 pl/50ml). The second part of the medium, i.e. “salts”,
consisted of g per liter: 2.30 potassium dihydrogen
phosphate, 12.50 di-potassium hydrogen phosphate.
Salts were dissolved separately in 200 ml distilled water
and distributed into 20 test tubes each containing 10 ml,
then autoclaved. Sterilized salts were added to the basal
medium before inoculation.

Porous supports for immobilization of E. coli.
Three inorganic porous supports, porous sintered glass
SIRAN, broken pumice stone, and the ceramic cata-
lyst carrier CeramTec F1/porous PST 5 were used to
immobilize the cells. The first supporting matrix used
to immobilize E. coli was SIRAN® in the form of porous
sintered glass beads (Schott Engineering GmbH, Mainz,
Germany). Two different shapes of porous sintered
glass SIRAN®beads and Raschig-rings SIRAS 09 were
used in this study. The characteristics of porous sintered
glass SIRAN are gathered in Table L.

Table I
Characteristics of porous sintered glass (SIRAN®)
. Characteristic Pore Pore Surface
Carrier R . .
tvpe dimensions | volume | diameter area
P (mm) (%) (um) m?/g
SIKUG 041 0.4-1 55-60 <120 0.15
SIRAS 09 8.8x9 70 1.6-400 0.4
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The broken pumice stone was supplied by Joseph
Raab GmbH & Cie. KG (Neuwied, Germany). It had
a diameter of 1.5-2.5 mm, a pore volume of 0.93 ml/g,
a particle density of 670 g/land a specific surface area
of 27 cm?/cm’. The chemical composition of broken
pumice stone is as follows: silicic acid SiO, 55%, alu-
minum oxide Al,O,22%, alkalis K,0+Na,O 12%, iron
oxide Fe,O, 3%, calcium oxide CaO 2%, magnesium
oxide MgO 1%, titanium dioxide TiO, 0.5%. Ignition
loss was 4%.

The CeramTec® carrier F1/porous PST 5 was obtained
from CeramTec® AG (Innovative Ceramic Engineering,
Wunsiedel, Germany). Two different particle sizes were
used, 1.5-2.5 mm and 4-5 mm. It has a particle density
of 1430 g/1, a pore volume of 0.25ml/g and a specific
surface area of 20 cm?*/cm’.

Before use, the supports were cleaned in 10% aqueous
hydrogen peroxide solution by gentle agitation at 80°C
for 30 min. After the liquid was decanted, the beads
were washed with water and dried overnight at 110°C.

Cultivation of E. coli in immobilized form

Effect of using different inorganic matrices on
B-glucanase production. Batch cultivation was car-
ried out in Erlenmeyer flasks (250 ml), each containing
50 ml of TBG-medium. The flasks were inoculated with
2.5ml (OD600 = 4) fresh bacterial cells grown for 24 h.
To each flask, 2 g of pre-sterilized supporting materials
such as, porous sintered glass beads SIRAN SIKUG 041,
CeramTec PST 5 (1.5-2.5mm and 4-5mm), Broken
Pumice stone (1.5-2.5 mm) and Porous sintered glass
Raschig-rings SIRAS 09 were added in order to select
the most suitable matrix for maximal production of
B-glucanase. The flasks were incubated in a shaker incu-
bator (200 rpm) at 37°C for 72 h. As a control, a free-
cell suspension was cultivated under the same culture
conditions. Samples of the liquid culture were taken at
indicated intervals for the determination of -glucanase
activity and free cell concentration. In addition, car-
rier samples were taken for the determination of immo-
bilized cells and in some cases for scanning electron
microscope (SEM) observations.

Effect of using different doses of inorganic matri-
ces on P-glucanase production. Different quantities
of selected matrices were tested to find out the most
suitable one. The quantities were (2, 5, 7 and 10) g per
flask containing 50 ml culture medium. Samples were
taken during the experimental runs to determine cell
growth and enzyme activity.

Repeated batch cultivations of E. coli on inorganic
matrices. For establishing the long-term stability of
B-glucanase production by immobilized cells, repeated
batch cultivations were carried out. Every 48 h the bio-
catalysts were washed several times with sterile water
and transferred into fresh production medium under
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repeated batch cultivation conditions. This process was
carried out by decanting the spent medium every 48 h
and replacing it with fresh medium after washing the
matrix with sterile saline. On the other hand, a similar
experiment was carried out with free cells to compare
the efficiency of free and immobilized cells for the pro-
duction of glucanase enzyme under these conditions.
Samples were taken after each cycle (48 h) to determine
cell density and B-glucanase activity.

Sample analysis. All determinations reported here
were performed in triplicate and the experiments at
least in duplicate. The results given are mean values.

The cell density in the medium was monitored by
measuring the absorbance at 600 nm using a spectro-
photometer (Pharmacia Biotech). Optical densities
values were converted to cell dry weight according to
a standard calibration curve previously obtained for
E. coli cells. Optical density at 600 nm =1 is equal to
0.4 g/1 cell dry weight.

The cell density of immobilized cells was deter-
mined indirectly by measuring the total amount of pro-
tein of the immobilized cells by a method described by
(Henry and Clim, 1964). For the determination of the
cell density of the immobilized cells, carrier samples
were washed with 1 ml phosphate buffer, followed by
adding 1 ml lysis buffer and strong vortexing for 5 min-
utes at room temperature. The assay test was performed
with the supernatant of the lysis solution.

B-Glucanase activity was determined according to
Borriss et al., (1989) using lichenan (Sigma), a polysac-
charide from Cetraria islandica as substrate. The activity
test described here expresses the activity in units (U)
corresponding to the liberation of 1 umol glucose per
min at pH 5.6 at 50°C from lichenan. Briefly, lichenan
solution (200 pl) is thermostated at 50°C for 5min
in 1.5 ml reaction vials equipped with plastic covers.
A series of reactions was started by adding the sam-
ple solution (20 pl) at 20 s intervals. Each reaction was
stopped exactly after 20 min by adding 2-hydroxy-
3,5-dinitrobenzoic acid (HDNBA) solution (100 pl)
with intensive mixing. The reaction vials were placed
on ice. After cooling, the reaction vials were centrifuged
for a few seconds in order to collect the liquid phase.
Each cover of the vials was perforated with a needle
prior to placing the vials for 10 min in a boiling water
bath followed by rapid cooling in ice water. After cool-
ing, the residual solution in the vials was complemented
with distilled water (1 ml). The absorption of this solu-
tion was measured at 530 nm.

For morphological studies of E. coli cells in carrier
beads, scanning electron microscopy was used. Car-
rier samples were taken from the flasks, washed twice
with phosphate buffer and treated in a laboratory
microwave oven according to the method of Giberson
etal., 1997. Samples were fixed for 60 seconds in 2.5%
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glutaraldehyde (in 50 mM phosphate buffer, pH 7.2) at
37°C. The second fixation was carried out with a solu-
tion of 2% osmium tetraoxide in deionized water for
2.5 minutes at 37°C. The fixed carriers were dehydrated
by treatment with 30, 45, 60, 75 and 90% acetone at
40°C-each step for 5 minutes. At the end of the dehy-
dration process the samples were treated overnight with
absolute acetone and dried by the critical point method.
The specimens were coated with a thin layer of gold to
make the surface more efficient in electron scattering.
Finally, the specimens were observed with a JXA-JEOL
scanning electron microscope.

Results and Discussion

Immobilization of E. coli cells by adsorption
method using inorganic matrices

Effect of using different matrices on cell growth
and B-glucanase production. As shown in Fig. 1A,
freely suspended cells grew and reached maximum
CDW of 3.5¢g/l after 72 h incubation while biomass
concentrations, on Pumice stone and CeramTec
(1.5-2.5mm) after 72 h, were 3.8 and 3.1 g/1, respectively.
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Fig. 1. Effect of different inorganic matrices on cell density (A)
and B-glucanase activity (B) of a recombinant E. coli BL21(DE3)
pET-bgl-hisactophilin-Sec strain in immobilized state.
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Fig. 2. Effect of CeramTec PST5 (1.5-2.5 mm) (A) and Broken

Pumice stone (1.5-2.5mmm) (B) doses on -glucanase production
by immobilized E. coli BL21(DE3) pET-bgl-hisactophilin-Sec cells.

B-glucanase production started to increase markedly
after 28 h and reached a maximum activity of 517 U/ml
at 48 h for free cells. On the other hand, the results for
B-glucanase production by immobilized cells showed
that almost all of the biocatalysts used were more effec-
tive enzyme producers than free cells. It was noticed
that immobilization bacterial cells on CeramTec PST 5
(1.5-2.5 mm) and Broken Pumice stone (1.5-2.5 mm)
lead to an increase in B-glucanase production (630 U/ml
and 590 U/ml at 72 h, respectively) in comparison to
freely suspended cells (500 U/ml).

This was probably due to the high amount of cells
immobilized inside the matrix during the cultivation
process. The difference in enzyme activity among the
various matrices could be attributed to the difference
in porosity and consequently, oxygen transfers which
facilitated better growth of the immobilized cells and
higher enzyme production (Fiedurek and Lobarzewski
1990; Beshay and Moreira 2003). Thus, E. coli cells
may be immobilized on commercially available porous
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carriers. Immobilization has been shown to be an ade-
quate means for obtaining high cell densities.

Effect of matrix dose used for cell immobilization
on both cell growth and enzyme production by E. coli.
By comparing different quantities of the matrix for cell
immobilization it was found that increasing the amount
of carrier weight from 2.0 to 10.0 g/50 ml medium was
accompanied by decreasing B-glucanase production as
shown in Fig. 2A, B for CeramTec (1.5-2.5mm) and
broken Pumice stone (1.5-2.5 mm), respectively.

This could be attributed to the fact that a rise in
carrier amount leads to increase in the possible shear
stress force and abrasion effect between microbial cells
and carrier particles. It was also found that 2.0g of
CeramTec (1.5-2.5 mm) is an optimal carrier dose for
the highest glucanase production (630 U/ml) after 72 h
cultivation. However the glucanase activity obtained by
immobilized cells in Broken Pumice stone was com-
parable with that obtained by cell immobilization in
CeramTec. This is because of the fact that broken pum-
ice stone shows a tendency to be broken by shaking
which leads to a high turbidity in culture medium.

Operational stability of f-glucanase produced by
immobilized cells in CeramTec matrix (1.5-2.5 mm)
by the adsorption method. The possibility of the mul-
tiple use of E.coli cells immobilized in CeramTec
(1.5-2.5mm) for B-glucanase production was studied
by repeated batch cultivation for 10 days (5 cycles). Each
fermentation cycle continued for 48h as previously
described in materials and methods. The substitution
of exhausted (spent) medium with fresh production
medium was carried out at the time of maximum enzy-
me production (48 h for immobilized cells). Figure 3
illustrates also that B-glucanase production by immobi-
lized cells increased with number of reaction cycles and
reached a maximum at the third cycle (660 U/ml) where
B-glucanase production (650 U/ml) remained almost
stable for the following two batches. On the other hand,

700

600 [

400 -

300 -

B-glucanaze activity (U/ml)

100

1 2 3 4 5
Batch Number

Fig. 3. Repeated batch cultivation of E. coli BL21(DE3)
pET-bgl-hisactophilin-Sec strain immobilized
in CeramTec PST 5 (1.5-2.5 mm).
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a:x2500

c:x1500

137

b: x4500

d: x4000

e:x2000

f:3000

Fig. 4. Scanning electron microscope images of immobilized E. coli BL21(DE3) pET-bgl-hisactophilin-Sec cells
in CeramTec PST 5: 1.5-2.5 mm (a, b, ¢) and 4-5 mm (d, e, f) after 24 h cultivation time.

the activity of free cells decreased after the first batch
while that of the immobilized cells increased. High and
stable enzyme production by immobilized cells in com-
parison to free cell culture was obtained in cycles from
3 to 5 days (144 ) and activity was almost 1.3 times
higher than that of that of free cells (500 U/ml).
This result was compatible with those reported by other
researchers (Manolov, 1993; Petruccioli etal., 1994;
Petruccioli et al., 1996), who concluded that the activ-
ity of free cells decreased after the first batch while that
of the immobilized cells increased.

Scanning electron microscopy observations of immo-
bilized E. coli cells. Fig. 4 shows an electron micrograph
taken immediately after 24 h cultivation of immobilized

E. coli cells in CeramTec 1.5-2.5 mm (A) and CeramTec
4-5mm (B). It is clear that a high number of cells also
penetrated into the open pores within the beads and
formed dense aggregates. Comparison of the electron
micrographs indicates that there are a much higher
number of E. coli cells in CeramTec (1.5-2.5 mm) than
in CeramTec (4-5 mm). Images showed the immobi-
lized cells on the surface and in the pores of a bead par-
ticle after 24 h of cultivation. This shows the successful
immobilization of E. coli on the studied matrices.

Conclusions. Of the three carriers assayed, the best
for the immobilization for enzyme production and
with adhered biomass on a laboratory scale are broken
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pumice stone and CeramTec. Broken pumice stone
allows the immobilization of a large number of cells
(4 g cells/l of carrier) in a short time (24 h). Moreover,
it leads to a high enzyme activity (550 U/ml), which
makes the overall yields higher. Furthermore, it is an inert
material and is very cheap, thus making the process
potentially suitable for industrial scale-up. However,
because of the abrasion problem of the broken pumice
stone, which could lead to a serious error in the obtained
results, CeramTec will be the second choice for bacterial
immobilization. Glucanase activity reached by immobi-
lized cells under batch cultivation is 650 U/ml after 60 h.
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