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Hydrogel matrices were designed as hybrid networks of poly(ethylene oxide) (PEO) with natural poly-
mers, alginate or chitosan by UV irradiation. The networks were formulated in the single-stage procedure in
which the alginate or chitosan were added to the crosslinking reaction solution of PEO, and two-stage proce-
dure, with additional chemical crosslinking of alginate or chitosan. Double-layer hydrogels composed of PEO
hydrogel core with entrapped cells and outer natural hydrogel layer were also synthesized. The hydrogels were
characterized by gel fraction yield and degree of equilibrium swelling as well as by rheological measurements.
The production of ethanol by immobilized Saccharomyces cerevisiae was used to test the suitability of the syn-
thesized hybrid hydrogels to serve as carriers for cell immobilization. The presence of cells affected the mechani-
cal properties and the structure of the polymer networks. The best system for immobilization was found to be
the PEO/alginate/Ca, which exhibited high mechanical strength (G’, 830; GF, 93; ES™°, 15) without affecting
the metabolic functions of the cells. The maximum ethanol yield was 0.42 g/g corresponding to 82 % of the
theoretical yield.
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NMOBUWJIM3ALINJA HA SACCHAROMYCES CEREVISIAE BO HOBU XU/IPOI'EJIOBU HA
BA3A HA XUBPUJTHU MPEKHA O] TIOJIM(ETUJIEH OKCHU ), AJITUHAT U XUTO3AH
3A ITPOAYKINJA HA ETAHOJI

Marpunu o XuaporesoBu Bp3 0a3a Ha xuOpuaau Mpexku ox PEO co mpupoaHu mommMepH, anruHaTt
WM XWUTO3aH, Oea nmobmenu co UV BMmpexyBame. Mpexure Oea MOATOTBEHM CO €IHOKpaTHa IOCTarka
BO KOja JTMHATOT WJIM XUTO3aHOT Oea momajeHu BO pactBopoT of PEO 3a BMpexyBame, a cO ABOKpaTHA
TIOCTarKa, MpoCieeHa CO JOMOIHUTEHO XEMHUCKO BMPEXKyBame Ha alTHMHATOT WIM XWTO3aHOT. McTo Taka
Oea TOTOTBEHH JIBOCIIOJHH XUJIPOTENIOBH cocTaBeHH of jaapo ox PEO co 3apoOeHn KIETKH M HaJIBOPEIICH
CIIOj OZ TIPUPONICH XHUAPOTeN. XHUIPOTeIOBUTE Oea KapaKTepHU3MpaH! CO OIMpeNeNlyBame Ha Ten-(hpakimjara,
CTETICHOT HA PAMHOTEKHO 0abperbe, Kako U cO Mepere Ha PEOJIOIIKUTE apamMeTpu. TecTuparmbe Ha HOroHOCTa
Ha CUHTETU3UPAHUTE XUOPHIHHU XHPOTEIOBU KaKO MaTPHUIIM 32 MIMOOMJIM3AlMja Ha KIIETKH 3a IPOJIyKIHjaTa Ha
eTaHon Oellle HalpaBeHo cO MMOOMIIM3UPAHU KIIETKH off Saccharomyces cerevisiae. IIpucycTBOTO Ha KIIETKHTE
BIIMjaclle BP3 MEXaHWUKHTE KapaKTEpPUCTHKU M BP3 CTPYKTypara Ha HoiauMepHHTe Mpexu. Kako Hajmobap
cucteM 3a nmoOmm3anuja oemre cenekrupan PEO/alginate/Ca, koj mokaxka HajroiemMa MexaHnuka jadnsa (G,
830; GF, 93; ES™°, 15) Ge3 na Binjae Bp3 MeTaOONMMUKATE (HDYHKINK Ha KICTKUTE. MaKCUMATHHOT TIPHHOC HA
eranon Oemre 0,42 g/g, mro oarosapa Ha 82 % 0O TEOPETCKHOT MPHHOC.

Kiryunu 360poBH: XUOpHIHE MPEXKH; MOTH(ETHICH OKCH]T); AJITMHAT; XUTO3aH; IMOOM/IN3AI1ja Ha KIICTKH;
MIPOAYKIIMja Ha €TAHOI
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1. INTRODUCTION

With the inevitable depletion of the world’s
energy supply, there has been an increasing
worldwide interest in alternative sources of en-
ergy. Although biofuels offer diverse range of
promising alternatives, ethanol constitutes 99 %
of all biofuels. Ethanol is a renewable, environ-
mentally friendly fuel that is inherently cleaner
than gasoline. Ethanol reduces harmful tailpipe
emissions of carbon monoxide, particulate mat-
ters, oxides of nitrogen, and other ozone-forming
pollutants [1, 2]. Present world bioethanol pro-
duction is around 50 billion litres per year and it
is constantly expanding with a possibility to reach
120 billion litres per year until 2025 [3].

As the demand for ethanol has been grow-
ing, ethanol industry has to respond with improved,
more efficient production technology and greater
production capacity. This prospect includes fer-
mentation with immobilized microorganisms. The
use of immobilized yeast cell systems for alcoholic
fermentation is rapidly expanding research area be-
cause of the technical and economical advantages
compared with the free cell system. One method
that has emerged as successful in the laboratory and
promising in commercial applications is the entrap-
ment of cells in polymer hydrogels [4]. Develop-
ment of the hydrogels is a dynamic field of study
wherein there is a continuous search for materials.
Polymers are the largest group of materials being
exploited. They are used separately and/or as com-
positions of natural and synthetic materials. Algi-
nate and chitosan are two of the natural polymers
with a numerous applications in the immobilization
technology due to their non-toxic, biocompatible,
biodegradable and antimicrobial properties [5, 6].
Several groups have assessed the encapsulation of
cells in double layer alginate or alginate-chitosan,
microcapsules [7]. In some studies chitosan was
used as the main matrix entrapping the cells [8]. In
other studies chitosan or chitosan and alginate was
used as the coating membrane of alginate micro-
capsules with entrapped cells [9, 10].

Recently, the effective syntheses of poly-
mer hydrogels via UV irradiation were reported
[11-13]. The advantages of the UV-crosslinking
were the extremely short time for efficient gel

formation and the simplicity of the technique. In
our previous study, UV irradiated high molecu-
lar weight poly(ethylene oxide) (PEO) hydrogels
with different crosslinkers were used for entrap-
ment of Candida boidinii cells [11]. PEO was
selected because of its properties: good strength,
ability to increase the elasticity, non-toxicity and
biocompatibility.

The objective of the present study was to
develop novel hydrogels for cell immobilization
based on UV irradiated high molecular weight
PEO with natural polymers, alginate or chitosan
in a single-stage procedure and in a two-stage
procedure with additional chemical crosslinking.
Double-layer hybrid hydrogels composed of PEO
hydrogel core with entrapped cells and outer al-
ginate or chitosan layer were also prepared. The
polymer networks were characterized in terms of
gel fraction yield, equilibrium swelling and rheo-
logical parameters, and tested for immobilization
of Saccharomyces cerevisiae cells that were sub-
sequently used for ethanol production.

2. EXPERIMENTAL
2. 1. Materials

Saccharomyces cerevisiae, a commercial
grade baker’s yeast, with 32 % dry biomass was
used. Poly(ethylene oxide) was from Union Car-
bide Corp., USA Polyox N12K (M ,=1-10° g/
mol), sodium alginate with approximately 70 %
G-block content was from Aldrich, and chitosan
(medium molecular weight, M , ~ 4-10° g/mol)
was from Fluka. The (4-benzoylbenzyl)trimeth-
ylammonium chloride (BBTMAC) purchased
from Aldrich was used as a photoinitiator, with-
out further purification. Other chemicals used
were purchased from commercial sources and
were of analytical grade.

2. 2. Preparation of hydrogels

2. 2. 1. Single-stage procedure for hydrogels
preparation

Aqueous solution of PEO (5 mL, 5 % w/v)
or PEO with 1 % w/v sodium alginate or 1 %
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w/v chitosan containing BBTMAC (5 % of the
polymer mass) was poured into a Teflon Petri
dish with a diameter of 5 cm, forming a 2 mm
thick layer, which was then placed in a freezer at
—40 °C for 2 hours. The frozen solution was irra-
diated with UV light in a temperature-controlled
open chamber connected with cryostat apparatus
in a Dimax light curing system 5000-EC equipped
with 400 W metal halide flood lamp (input power
=93 mW/cm?), for 2 minutes (dose = 11.4 J/cm?).

2.2. 2. Two-stage procedure for hydrogels
preparation

PEO/alginate or PEO/chitosan hydrogels
(prepared in single-stage procedure as above)
were then additionally crosslinked with sterile so-
lution of calcium chloride (1 mol/L) to form PEO/
alginate/Ca hydrogels or glutharaldehyde (GA) (3
% w/v) for PEO/chitosan/GA hydrogels.

2.2. 3. Double-layer hydrogels

Aqueous solution of PEO (5 mL, 5 % w/v)
containing BBTMAC (5 % of the polymer mass)
was irradiated wih UV light. PEO hydrogels were
then coated with solutions of sodium alginate (3
% w/v) or chitosan (3 % w/v). Finally, after 30
minutes reaction time, hydrogels were placed in
solutions of calcium chloride (1 mol/L) or gluth-
araldehyde (3 % w/v), as crosslinking agents, to
form outer layer.

2. 2. 4. Immobilization of the cells

The yeast was immobilized by adding yeast
cells (5 or 10 % w/v) to the mixture of polymers,
followed by the same crosslinking procedure as
already described. The size and shape of prepared
hydrogels with yeast cells are as presented in

Figure 1.

Fig. 1. PEO hydrogel disks loaded with yeast cells
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2. 3. Characterization of the hydrogels

2. 3. 1. Measurements of gel fraction yield and
equilibrium degree of swelling

For complete removal of sol fraction, the
prepared hydrogels were soaked in water for 48
hours, and then they were taken out and dried to
constant mass under vacuum and weighed. The
gel fraction yield (GF) was calculated as:

mass of the dried sample after extraction

-100%) (1)

Gel fraction = PR p—
For determination of the equilibrium
degree of swelling (ES), the hydrogels were
equilibrated in distilled water or chloroform for
at least 72 h, removed from the solvent, blot-
ted with filter paper and weighed. They were
then dried to constant mass under vacuum and
weighed again. The ES was calculated as:

mass of equilibrated swollen sample ( 2)

Equilibrium swelling = 4 0
mass of dry sample

2. 3. 2. Rheological measurements

Dynamic rheological measurements of the
hydrogels were performed on a Haake RheoStress
600 rheometer with a cone-plate system (2°) and
Peltier temperature controller. Shear storage mod-
ulus G'and loss modulus G"” were measured in the
frequency range of 0.1-10 Hz at 25 °C.

The experimental errors of the estimated
GF, ES, G'and G" values are £3 %.

2. 3. 3. Number average molecular weight
between crosslinks

The number average molecular weight
between crosslinks, M . was determined using
the equilibrium swelling data and Flory and
Rehner equation (Eq. 3) (for PEO) [14, 15] and
the data for shear modulus G’ (Eq. 4).

/Pl -v,,)+,, + 702, ]

e e o

where M, is the number average molecu-
lar weight of the polymer before crosslinking
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(M ,=1-10° g/mol); v is the specific volume
of the polymer (for PEO, p=1.13 g/cm and v
= 0.885 cm’/g); V| is the molar volume of the
swelling agent (18 cm?/mol for water; 80.67 cm?/
mol for chloroform); and y is the Flory-Huggins
constant (for PEO gels and water, 0.45; for PEO
gels and chloroform 0.477) [14]. The polymer
volume fraction in the equilibrium swollen poly-
mer, v, , was calculated as v, = 1/ES.
According to [16], p7. can be deter-
mined as:
Mc _ cRT
G’ 4

where R is the gas constant (8.3143 J/mol K), T
is the temperature (298 K) at which the modu-
lus G’ was measured, c is polymer concentration
(5-10* g/m®) in the crosslinking solution.

2.3. 4. Mesh size of the PEO polymer network

The number of links between two cross-
links, n, was calculated as n = M./ M, where
M_is the average molecular weight of the re-
peating unit. The mesh size of the polymer net-
work, &, was calculated by [17]:

—2

§ =oz,1”(ro)m )

where the root mean squared end-to-end dis-
tance of the polymer chain in the unperturbed
state was calculated as [/ | = JC, tn; C s the
Flory characteristic ratio or rigidity factor of the
polymer; / is the carbon-carbon bond length, n
1s the number of links along the polymer chain.

2. 3. 5. Scanning electron microscope

Micrographs of cross-section and the in-
terior of PEO hydrogel loaded with S. cerevi-
siae cells were obtained by using a Jeol JSM-
5510 scanning electron microscope (SEM).
The composite hydrogels specimens were first
dried, then quenched in liquid nitrogen, fixed
on a glass substrate and coated with gold in a
Jeol JFC-1200 fine coater for 60s.

2. 4. Cultivation of Saccharomyces cerevisiae

The medium had the following composi-
tion (per litre): 10 g yeast extract, 2 g KH,PO,,
1 gNaCl,0.2¢gCaCl-2H,0,1.7gMgSO,-7H,0,
0.01 g FeCl,-6H,0, 2 g NH,Cl, and glucose.
For preculturing the glucose concentration was
20 g/L and for batch production of ethanol, it
was increased to 50 g/L.. The media were auto-
claved at 121°C for 15 min. The initial pH value
was 5. Immobilized cells were cultivated in 50
mL nutrient medium placed in a 250 mL Erlen-
meyer flask on a rotary shaker (150 rpm) at 28
°C. After 20 hours of precultivation, the immo-
bilized cells were washed with sterile distilled
water and transferred into the fresh nutrient me-
dium for ethanol production. One gel of about 5
mL volume was placed in each flask providing
1:10 (v/v) ratio of gel to medium.

2. 5. Analytical methods

Cell concentration was estimated by UV-
VIS spectrometer (Varian) at 620 nm, after di-
luting the samples within the range of 0.05 to
0.5 units. One optical density unit corresponded
to 0.3 mg dry cell mass per mL. Samples were
clarified by centrifugation (Heraus) at 2500xg
for 15 min for products and residual sugar
analysis. Supernatants were stored at —18 °C
before analysis. Ethanol was analyzed by gas
chromatography using a Varian CP 3800 with
a capillary column WCOT fused silica (30 m x
0.32 mm), CP WAX 52 CB, d,= 0.25 um and
a manual injector type 1709. The injector and
detector temperatures were 250 °C, and the
column temperature was 200°C. Nitrogen was
used as a carrier gas with a flow rate of 30 mL/
min. Isopropanol was used as an internal stan-
dard. Glucose concentration was determined by
a 3,5-dinitrosalicylic acid procedure of Miller.
The mean of two individual measurements was
used to calculate the glucose, ethanol and cell
concentration.
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3. RESULTS AND DISCUSSION

3. 1. Physical and mechanical properties
of hydrogels

Hydrogel matrices were designed as hy-
brid networks of PEO and natural polymers,
alginate or chitosan, by UV irradiation, with
additional chemical crosslinking. Double-layer
hydrogels composed of PEO hydrogel core with
entrapped cells and outer natural hydrogel lay-
er were also synthesized. The properties of the
formed hydrogels, as shown in Figure 2, were
affected by the hydrogel preparation technique.
Gel fraction yields between 53 and 93 % and
equilibrium degrees of swelling between 5 and
65 in chloroform were determined. Two-stage
preparation procedure contributed to the higher
values of gel fraction yield, 93 % for PEO/al-
ginate/Ca and 87 % for PEO/chitosan/GA, and
to the smaller equilibrium degree of swelling,
ESCH:=11 for PEO/alginate/Ca, and ES®H:=5
for PEO/chitosan/GA, respectively. As expect-
ed, additional crosslinking of natural polymers
resulted in the networks that allow less swelling.
The phenomena of adding a crosslinking agent
to decrease water uptake has also been noted by
other authors [18].

The physico-mechanical properties of the
hydrogels are of crucial importance. The presence
of cells during the preparation of the matrices can
affect the physical properties and the structure
of the formed polymeric matrix. Therefore, all
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Fig. 2. Hydrogels prepared by UV irradiation.
Gel fraction yield (%) (W), equilibrium
swelling degree in chloroform (0).

studies were performed on hydrogels without
and with incorporated yeast cells and the results
are presented in Figure 3. The apparent values
of G' and G" were independent of the frequency
and G' > G" over the entire frequency range ex-
plored. The observed results were consistent with
the typical behaviour of a polymer gel. For the
control sample of PEO hydrogels, irradiated at
room temperature, the values of G" and G" were
255 Pa and 10 Pa. The hybrid hydrogels exhib-
ited quite a different behaviour. The values of G',
as shown in Figure 3a, are orders of magnitude
higher than the values for the PEO hydrogels. The
highest increase of G" was observed with PEO/
alginate/Ca (3.3-fold) and PEO/chitosan/GA (2.8-
fold) as compared to the control sample of PEO
hydrogels. Our study evidently showed that the
two-stage procedure for hydrogel preparations re-
sulted in strong and stable matrices.
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Fig. 3. Mechanical spectra of differently prepared PEO based hydrogels. Elastic modulus (G') and loss modulus (G”)
of hydrogels without cells (a) and loaded with cells (b)
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Several authors reported on a decrease in
the mechanical properties of the gel matrices as
a result of the presence of microbial cells [11, 19-
21]. Our findings in these experiments indicated
that the incorporation of the yeast cells had an
impact on the viscoelastic properties of all gels
studied and the resultant hydrogel networks were
of high mechanical strength, causing increase of
G'values (Figure 3b). PEO/alginate/Ca and PEO/
chitosan/GA with entrapped cells, exhibited the
highest values of storage modulus, 977 and 812
Pa, respectively, recorded at 1 Hz, compared with
830 Pa and 710 Pa for the same hydrogels with-
out cells. When cells were incorporated in the
polymer networks a decrease of G’ values was
observed only with the control sample of PEO
hydrogel (225 Pa).

The approximate values of the num-
ber average molecular weights between cross-
links, M., was calculated for PEO networks,
thus characterizing the extent of crosslinking.

The results for M. and mesh size, de-
rived from two experimental methods including
swelling (in water and chloroform) and dynamic
mechanical analysis for PEO hydrogel are pre-
sented in Table 1. It can be noted that value for
M . calculated according to Eq. 3 for swelling
in chloroform (434,000 g/mol) were comparable
with the value for M . calculated from dynamic
rheological measurements (486,000 g/mol), since
chloroform is a better swelling agent for this type
of hydrogel. The equivalent mesh sizes were simi-
lar as well, 173 and 161 nm, respectively. Scan-
ning electron microscopy revealed the presence
of S. cerevisiae in the inner region of PEO hy-
drogel loaded with cells. In Figure 4 the relative
size of both cells and matrix porosity are seen.
The size of the pores gives enough space for the
growth of gel-entrapped cells. Morphology of
S. cerevisiae cells does not seem to be affected
by the UV-crosslinking entrapment procedure.

immobilization (a) and after one fermentation cycle of 24 hours (b)

Table 1

Number average molecular weight between crosslinks and mesh size for PEO hydrogels

Esto M, . Esrcn M < ¢ M -
¢ (nm) ¢ (nm) (Pa) ¢ (nm)
(g/mol) (g/mol) (g/mol)
PEO 44 135,000 85 65 434,000 173 255 486,000 161

Calculated according to * Eq. 3 swelling in water; ® Eq. 3 swelling in chloroform;© Eq. 4; G'recorded at 1Hz.
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The apparent values for M. for the hy-
brid hydrogels, calculated by dynamic rheolog-
ical measurements, are summarized in Table 2.
It can be seen that increasing the crosslinking

Table 2

density resulted in an increase of G’, and con-
sequently a decrease of M . values. The values
for M . varied from 149,000 to 221,000 g/mol.

Number average molecular weight between crosslinks for hybrid networks based on PEQ.

Concentration of

G! _

System M, *

polymer (w/w %) (Pa) (@/mol)
PEO/ alginate 5/1 725 171,000
PEO/chitosan 5/1 562 221,000
PEO/ alginate/Ca 5/1 830 149,000
PEO/chitosan/GA 5/1 710 174,000

*Calculated according to Eq. 4; G' recorded at 1 Hz.

3. 2. Activity of the immobilized yeast cells

3. 2. 1. Effect of the initial yeast cell loading
on the fermentation behaviour of the yeast

The effect of the initial cell loading in hy-
drogels on cell proliferation, metabolic activity
and product formation by the immobilized cells
was investigated. It has been generally observed
that it 1s difficult to predict the type and magni-
tude of the metabolic changes in the cells due to
the immobilization procedure. The first experment

60

and cells (g/1)

Concentration of glucose, ethanol

0 4 8 12 16 20 24 28
Time (h)

with PEO immobilized S. cerevisiae cells dem-
onstrated that immobilization procedure did not
affect cell activity. Figure 5 showed the distinc-
tive profile of glucose consumption and ethanol
formation in immobilized cell culture with dif-
ferent initial cell loadings of 5 and 10 % w/v. It
was clear that both culture systems had a good
metabolic activity. The ethanol production started
at 3 hour, and reached a maximum level at 24"
hour (15.3 g/L) with 5 % entrapped cells (Figure
5a), while with 10 % entrapped cells (Figure 5b)
ethanol concentration reached its maximum level
(14.7 g/L) at 12" hours.

60

50

40 |

30

and cells (g/1)

20

10

Concentration of glucose, ethanol

0 4 8 12 16 20 24 28
Time (h)

Fig. 5. Glucose (m), ethanol (A ), and biomass (®) concentration during batch culture of immobilized S. cerevisiae
in synthetic PEO hydrogel with cell loading (a) 5 % w/v and (b) 10 % w/v
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However, the concentration of the free
cells in the medium was very high, 16.04 g/L at
24" hour in the case with 10 % entrapped cells,
thus suggesting that the cell load of 5 % w/v
was a better choice for further immobilization
studies. Lower initial cell density in microcap-
sules of alginate-chitosan-alginate was also re-
ported to be better for proliferation, metabolism
and product formation by S. cerevisiae [9].

One of the most common problem to
overcome in using entrapped yeast cells for fer-
mentation is the leakage of cells from the en-
trapment matrix into the medium. In the next
experiments, our ultimate goal was to create
hydrogel/cell systems where the core PEO

hydrogel will contain the immobilized cells and
the additional polymer will ensure the mechani-
cal strength and will act as barrier membrane
against cell leakage as well. For this purpose,
yeast cells were cultivated in the hybrid hydro-
gels and double-layer carriers based on PEO
hydrogels with natural polymers, alginate or
chitosan. The size of the hydrogel samples and
yeast cell content (5 % w/v) were prepared to
be identical for the three techniques of prepa-
ration. The effects of these types of polymer
matrices on the ethanol production by immobi-
lized S. cerevisiae are demonstrated in Figures
6 and 7.

Concentration of glucose, ethanol
and cell (g/1)

0 4 g 12 16 20 24 28

Time (h)

Fig. 6. Time course of glucose (m), ethanol (A) and cell mass (®) concentration in batch cultivation
with entrapped S. cerevisiae cells carriers with alginate: (a) PEO/alginate and (b) PEO/alginate/Ca
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3. 2. 2. Ethanol production by immobilized
cells in PEO-based hybrid hydrogels

The behaviour of the immobilized Sac-
charomyces cerevisiae in PEOQO/alginate and
PEO/alginate/Ca hybrid hydrogels is presented
in Figure 6. The rapid glucose consumption
in the first 12 h of the fermentation coincided
with the maximum ethanol production of 18.6
g/L (78 % from the theoretical yield) for the
PEO/alginate and 19.0 g/L ethanol (82 % from
the theoretical yield) for the PEO/alginate/Ca.
These results suggested that both PEO/alginate
and PEO/alginate/Ca could serve as matrices
for yeast cell immobilization and could be used
for ethanol production. However, the cell leak-
age in the medium with PEO/alginate (4.9 g/L)
was higher than the cell leakage with PEO/al-
ginate/Ca (3.0 g/L). Obviously, the PEO/algi-
nate could not retain the proliferated cells due
to its lower crosslinking density (GF, 75 % and
ES"°, 33) compared to PEO/alginate/Ca (GF,
93 and ES™°, 15). These results suggested that
the PEO/alginate/Ca could be used as a yeast
cell carrier for ethanol production in scaled-up
experiments. These experiments should employ
higher initial glucose concentration and should
be carried out for a longer time so that the op-
erational stability of the system could be also
investigated.

In the fermentation with entrapped cells in
PEO/chitosan and PEO/chitosan/GA, the cells
did not start consuming glucose before 6™ hour
(Figure 7). The cells might be inactivated not
only due to the immobilization procedure, but
also due to the composition of the hydrogels.
Additionally, ethanol was not detected before
24™ hour. It was assumed that ethanol was pro-
duced only by S. cerevisiae cells immobilized
in PEO/chitosan (11.1 g/L) due to the more
expressed swelling in water media (ES™°=19)
compared to PEO/chitosan/GA (ES™°=9). In
addition, the absence of the ethanol in the PEO/
chitosan/GA was most probably a result of the
use of glutharaldehyde as a crosslinker. Simi-
lar behaviour of the immobilized cells has been
also reported [22]. Because of the toxic effect
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of the glutharaldehyde, on the one hand, and
the solid physico-mechanical properties of the
PEO/chitosan/GA, on the other hand, a substi-
tution of glutharaldehyde by sodium tripoly-
phosphate will be investigated as alternative.

3.2.3. Ethanol production by immobilized cells
in PEO-based double-layer hydrogels

Immobilized S. cerevisiae cells in double-
layer hydrogels of PEO/Ca-alginate and PEO/GA-
chitosan did not produce ethanol (data not shown).
Besides, the double-layer polymer carriers did not
fulfil our expectations of good mechanical proper-
ties. The outer layer of these carriers was fragile. As
shown in Figure 3b, the G’ values were the lowest
of all hybrid hydrogels, 404 Pa for PEO/Ca-algi-
nate and 376 Pa for PEO/GA-chitosan.

4. CONCLUSIONS

Hydrogel matrices were designed as hybrid
networks of poly(ethylene oxide) with natural
polymers, alginate or chitosan, by UV irradia-
tion and chemical crosslinking. We explored the
feasibility of these hybrid hydrogels as matrices
for immobilization of Saccharomyces cerevisiae
cells. The immobilized yeast cells were used for
ethanol production from glucose. The best system
for immobilization was found to be PEO/alginate/
Ca, which exhibited high mechanical strength and
did not negatively affect the metabolic activity of
the cells. In addition, the PEO/alginate/Ca system
reduced significantly the leakage of the entrapped
cells into the medium. Having selected the proper
carrier, the further experiments should focus on
optimizing the conditions for ethanol production.
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NOMENCLATURE

BBTMAC

(4-benzoylbenzyl)trimethylammonium
chloride

ES equilibrium swelling degree

ESCcHC equilibrium swelling degree in chloroform

ES™0 equilibrium swelling degree in water

G’ elastic modulus, Pa

G" loss modulus, Pa

GA glutharaldehyde

GF gel fraction yield, %

PEO poly(ethylene oxide)

PEO/alginate hybrid network of poly(ethylene oxide)
and sodium alginate

PEO/alginate/Ca  hybrid network of poly(ethylene oxide)

PEO/Ca-alginate

and calcium alginate
double-layer carrier of poly(ethylene oxide)
and calcium alginate

PEO/chitosan hybrid network of poly(ethylene oxide)
and sodium alginate
PEO/chitosan/GA  hybrid network of poly(ethylene oxide)

PEO/GA-chitosan

SEM

[1]

[2]

[4]

[7]

and chitosan-glutharaldehyde
double-layer carrier of poly(ethylene oxide)
and glutharaldehyde-chitosan
scanning electron microscope
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