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Diffusion models were tested to select the most appropriate model for measuring the diffusion
of glucose and ethanol trough hydroxyethylcellulose (HEC) cryogels. The lag-time model was selected
as accurate, rapid and reliable for evaluating the diffusivity of the solutes. The diffusion coefficient of
glucose through the HEC cryogel loaded with cells was estimated to be 6.9x10° cm?/s, while the diffusion
coefficient of ethanol had a value of 2.5x10-° cm?/s. The cells inside the gel matrix were not a barrier for
the transport of the solute molecules. The diffusion properties of the cryogel were also examined in a real
system. The parameters characterizing the repeated batch fermentation of glucose to ethanol by entrapped
Saccharomyces cerevisiae cells gave evidence of very good diffusion properties of the HEC gel.
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OIIPEJAEJTYBAILE HA TU®Y3NJA HA CYIICTPAT U ITPOAYKT
HU3 XUJIPOKCUETWILHEJAYJIO3HU 'EJIOBU HAMEHETH
3A UMOBUWIN3AIINJA HA KBACOYHMU KVIETKH CO ,,LAG-TIME“ MOJEJI

3a J1a ce celeKTHpa HajIoroJIeH MOAeN 3a Mepeme Ha audys3ujara Ha TIIyKO3a W €TaHOJ HH3
xunpokcuerminenyinosen (HEC) ren 6ea Tectupanu moBeke nudysuonn monenu. Kako mnperwseH, Op3 u
CHTYPEH METO/I 33 Olpe/ieslyBambe Ha AM(y3UMBHOCTA Ha PACTBOPEHNTE KOMITOHEHTH Oeliie M30paH MOJEI0T
»lag-time®. Kopuctejku ro oBoj mozmen, Oea onpeneicHr KoeQuiueHTH Ha nudy3rja Ha IIyKo3ara U Ha
eranoniotr Hu3 (HEC) remor ucnonuer co wietku. Koedurnmenture Ha qudysuja Ha DIyKo3a U €TAHOIM
usHecysaar 6,9x10°cm?s u 2,5%x10° cm?/s, cooasetHo. KieTknuTe BO refioT He MpeTCTaByBaa Mpeyka 3a
MPEHOCOT HA PACTBOPCHHUTE KOMITOHEHTH HH3 Hero. J[udy3noHHUTEe CBOjCTBA HA KPUOTEIOT Oca MCIUTaHH
u BO peaseH cucteM. [TapamerpuTe IITO ja omumiryBaaT MOBeKeKpaTHara (epMeHTalyja Ha DIyKo3ara
JI0 €TaHOJI CO MMOOMIIM3MPaHU KIETKH Ha Saccharomyces cerevisiae TV TIOTBpIMja HAOJUTE 3a J00pHUTE
nudysuonn ceojerBa Ha (HEC) renor.

Kayunu 360poBu: umobwnusanuja; Saccharomyces cerevisiae, nudy3uja; XuIpOKCUCTUIIECTYII03a;

KpHOred.
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1. INTRODUCTION

Immobilization of biocatalysts in gels,
over the years has gained attention of many
biotechnologists, because such systems dis-
play better operational stability and higher ef-
ficiency. The selection of a proper carrier is of
great importance for successful performance
of the immobilized cell system. The cell car-
rier should have good permeability, chemical,
mechanical and thermal stability, suitable shape
and insolubility [ 1-3]. In recent years, there has
been a growing interest for the immobilization
of microbial cells in hydrogels. Several meth-
ods have been proposed for modification of the
structure of the polymer network and the size of
pores, among which is the preparation of new
generation of hydrogels and cryogels [4-6].
The immobilized systems have a number of
advantages, and few disadvantages. One of the
disadvantages is that the reaction rate of an im-
mobilized system is frequently restricted by the
diffusion of substrate within particles. There-
fore, information on diffusion coefficients in
gels is of great importance.

Bioprocesses carried out with immobi-
lized viable cells are complex due to simultane-
ously occurring of mass transfer, substrate con-
version and cell growth. Entrapped cells cannot
be uniformly bathed in a bulk nutrient medium,
but rather diffusedly fed from the contact sur-
face separating the medium from the immobi-
lized cells [7]. During the biocatalytic conver-
sion, the net fluxes of substrates and products
in and out of the gel, in case of a diffusion-con-
trolled transport, are driven by concentration
gradients of the reactants. The local steepness
of the gradients depends on the conversion and
transport rates, as well as the gel size and poros-
ity, cell loading and intraparticle reactant dif-
fusivity [8]. Transport properties, particularly
diffusion coefficients, provide a direct measure
of molecular mobility, an important factor for
the preservation of biological materials in gel
matrices [9]. Diffusion coefficients under vari-
ous conditions are needed to model the diffu-
sion kinetics of the system. The feed substrate

concentration and residence time may be ma-
nipulated to control cell growth. Some growth
can be desirable, but sometimes overgrowth
can cause cell leakage, breaking of the carrier
and consequently lowering the product yields.
Additionally, the presence of the cells in the gel
can also cause alteration of the diffusion coef-
ficients [10].

Two of the most common methods for
determining diffusion coefficient are the non-
steady state method and the diaphragm diffusion
chamber method. With the non-steady state
method the diffusion rate is measured while the
solute diffuses into or out of gel beads in a well-
stirred solution [11]. The diffusion chamber
method is reliable for measuring diffusion
trough gel plates with uniform thickness [12].
The basic idea of the chamber is very simple:
the diffusion flux through a gel membrane,
separating two compartments, is studied. This
type of chamber has been improved over the
years [10, 13].

In this study different diffusion models
were tested to select the most suitable model for
measuring the diffusion trough hydroxyethyl-
cellulose (HEC) gels. Diffusion coefficients
for glucose and ethanol for pure gels and gels
loaded with cells were determined. The diffu-
sion properties of the HEC gels were tested in
a real system, which is fermentation of glucose
to ethanol by immobilized Saccharomyces cer-
evisiae cells.

2. MATERIALS AND METHODS
2.1. Materials

Natrosol (2-hydroxyethylcellulose)
(Mn = 1.3x10° g/mol) was obtained from Un-
ion Carbide Chemicals and Plastics Co. The
(4-benzoylbenzyl)trimethylammonium  chlo-
ride (BBTMAC) was purchased from Aldrich
and was used as a photoinitiator without further
purification. All other chemicals used were pur-
chased from commercial sources and were of
analytical grade.
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2.2. Yeast, medium and inoculum preparation

The yeast used in this study was a com-
mercial grade baker’s yeast, Saccharomyces
cerevisiae. The cells were grown in a medium
with the following composition (per liter dis-
tilled water): 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 100 g glu-
cose. The sugar and salt solutions were auto-
claved separately at 121°C for 15 min. The ini-
tial pH was 5.

2.3. Preparation of cryogels,
without and with yeast cells

Hydroxyethylcellulose was dissolved
in an appropriate amount of distilled water to
obtain 2 % aqueous solution at 40 °C. Then
the solution was kept for 24 h at room tem-
perature to ensure complete dissolution and
homogeneity. Given amount of photoinitiator,
(4-benzoylbenzyl)trimethylammonium  chlo-
ride, BBTMAC, (2 wt % of the polymer mass)
dissolved in 1 mL distilled water was added
under stirring at room temperature. The homo-
geneous solution was poured into Teflon dishes
with 20 mm diameter, forming a 2—3 mm thick
layer, followed by freezing step at =30 °C
for 2 h. Afterwards the dishes were quickly
placed in a temperature-controlled chamber
and the polymer was UV irradiated in a Dimax
5000-EC UV light curing system for 2 min-
utes. The gels in the Teflon dishes were left at
room temperature for few minutes, turned over
the other side and placed back in the freezer
for additional 2 h, when they were UV irradi-
ated again on the other side for 2 minutes under
same conditions.

Cells of Saccharomyces cerevisiae
were immobilized in hydroxyethylcellulose
cryogels. Homogenized cell suspension,
containing 15 % (w/v) with respect to the
polymer solution, was added under stirring at
room temperature to the 2 % (w/w) aqueous
solution of HEC and vortexed. The resulting
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homogeneous solution was poured into the same
Teflon dishes (previously mentioned) forming
about 2.5 mm thick layer and frozen at —30 °C
for 2 h. The dishes were then irradiated with UV
light by Dymax 5000-EC curing equipment with
400 W metal halide flood lamp following the same
procedure. After immobilization procedure the
gels were lyophilized.

2.4. Gel membrane characterization

The gel membrane characterization was
performed via measuring the equilibrium degree
of swelling (ES) at room temperature. Disks of
dried gel were equilibrated in distilled water
for 48 h, removed from the water, blotted with
filter paper and weighed. They were then dried
to constant mass under vacuum and weighed
again. The ES is presented as grams of swollen
gel sample per gram of dried gel sample:

Equilibrium swelling =

_ mass of equilibrated swollen sample

mass of dry sample (1)

2.5. Diffusion measurements

These measurements were performed in
a Plexiglas chamber consisting of two separate
cells with double jacketed walls as described
earlier [14]. Each cell represented a cylinder of
200 mL volume (Figure 1). The temperature
was kept at 28 + 1°C. The cells were held
together with clamps and the area around the
junction was sealed with parafilm. One of the
cells was filled with distilled water and used as
an acceptor cell and the other one was a donor
cell filled with the solution examined. Both
cells were stirred mechanically. Samples were
withdrawn periodically. The membranes, tested
for diffusion of glucose and ethanol, were made
in special dishes with a diameter of 36 mm by
the same procedure, previously described, for
synthesis of the cryogels. Before the start of the
diffusion measurements the membranes were
mounted in the chamber and pre-swollen in
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Fig. 1. Two compartment plexiglass chamber
for diffusion measurements.

distilled water for 24 h at room temperature.
2.6. Fermentations

Batch fermentations with immobilized
cells of Saccharomyces cerevisiae were carried
out in 100 mL nutrient medium placed in a 250
mL Erlenmeyer flask on a rotary shaker (100
rpm) at 28°C. After 20 hours of preculturing,
the gels with immobilized cells were washed
in sterile distilled water and transferred into
fresh nutrient medium for ethanol fermentation,
under same conditions. Forty gel pieces were
placed in each flask providing 40 mL to 100 mL
volume ratio of gel to medium.

For repeated batch fermentation after
every cycle the immobilized biocatalysts were
recovered from the flasks and were immersed in
fresh medium to start a new batch cycle.

2.7. Analytical methods

In batch fermentation, approximately
2 mL samples were collected for analysis.
Dry weight of yeast cells in the gels was
estimated by the Kjeldahl method. Gels used
for this procedure were removed from the
fermentation medium, blotted with filter paper
and weighed before pyrolysis. To determine
the degree of cell leakage from the matrices,
after the immobilization procedure, the cell
concentration in the fermentation broth was

calculated by measuring the absorbance of each
sample withdrawn from the medium at 620 nm
using spectrophotometer, Varian, Cary 50.

Ethanol was analyzed by gas
chromatography using a Varian CP 3800 with
a capillary column WCOT fused silica (30 m
*0.32 mm), CP WAX 52 CB, d = 0.25 um,
equipped with flame ionization detector (FID)
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
standard.

Glucose concentration was  deter-
mined using a reducing chemical reagent,
3,5—dinitrosalycilic acid solution following the
procedure described by Miller.

2.8. Calculation of fermentative parameters

Ethanol yield was calculated as mass of
the ethanol formed per mass of the glucose
consumed, while the volumetric productivity
was calculated as mass of the ethanol formed
per liter medium per hour.

The suitability of carriers for cell
immobilization is estimated by determination of
the cell retention and immobilization efficiency.
Cell retention, R, was calculated by dividing
the mass of the entrapped cells with the mass
of the matrix used for cell immobilization. The
immobilization efficiency, #, represents the ratio
of the concentration of the immobilized cells to
the concentration of the total cells, immobilized
plus free cells.

3. RESULTS AND DISCUSSION
3.1. Selection of a diffusion model

Different approaches to describe diffusion
datacanbefoundintheliterature. Awide-ranging
summary of these theories based on a solution
of Fick’s first law for different geometries
is given in Table 1. Most of the models are
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referring to diffusion in gel beads while a few
to diffusion in gel membranes. The diffusion
theory originally developed for polymers with a
moderate solvent content has been successfully
extrapolated to gels, especially to cryogels.
Our hydroxyethylcellulose cryogels were
synthesized as gel membranes, and therefore,
the models 6 (pseudo-steady state model) [20],
7 (steady-state model) [21] and 10 (lag-time

model) [10], describing the diffusion in gel
membranes were selected for further studies.
These HEC cryogels distinguished themselves
with heterogeneity, chemical inertness and
uniform distribution of pores [27].

Each of the selected models has its own
specificities. According to the pseudo steady
state model, all data before reaching the steady
state condition are neglected. The characteris-

Table 1
Diffusion models
No Model Equation Ref.
| b (-2 [15]
1 Mackie and Mears theory D_ =—
o {1+%,)
. asEa*Ep [16]
2 Ogston theory E = e[ *3 Ep ]
Dy
s [17]
3 Free volume theory E = e[ Hi“"‘.‘:
Dy
, D 1-@, (18]
4 Renkin model — = ( — )Z
Dy T3
D 1 Kz —nC, +nc [19]
5 Namikawa theory —= —( +— F A_)
.Du 2 {B" +‘1!""1CA.II{U}E‘_"
Cra—Crs DAL 1y, [20]
6 Pseudo-steady-state model ~ In =-—|5-t—1)
Cras—Cim DAV Vs
D_AC, [21]
7 Steady-state model Q= M t
b, (1-2,) (22
8 Laplace approach D, &,
o 1422
g
, D _n 23]
9 Hydrodynamic model o= g A
o
: 13 [10]
10 Lag-time model Q= ARC1aD ( — )
l 60
: D, 2 [24]
11 Simple pore model o= (1-2.)
o
£, [25]
12 Lustig and Pepas theory E = (1 RA) =)
Dy 5
Hydrodynamic scaling D —Ei [26]
13 —_— =g ¥
model Dq
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tics of the steady-state model are that the con-
centration of the solute in the membrane is re-
quired for calculating the accurate diffusion co-
efficient. The lag-time method takes into con-
sideration all measured data including the lag
time before reaching the steady-state condition.
The linearization of these three models is pre-
sented in Figure 2. Fitting of our experimental
data (glucose and ethanol concentrations) into
the selected models gave correlation factors
above 0.95 in all cases, with the highest cor-
relation factor of 0.99 for the lag-time method
(Table 2). Consequently, this method was used
for measuring the diffusion coefficient of glu-
cose and ethanol trough the hydroxyethylcel-
lulose gels.

Table 2

Selected models for measuring the diffusion
coefficients in gels

Correlation factor, R?

Model
Glucose Ethanol
pseudo-steady- g, 0.992
state
steady-state 0.990 0.995
lag-time 0.992 0.997

By rearranging the equation (2):

ADC, I?
= t——
0-22% (-]

2)

a mathematical solution for calculating the

diffusion coefficient was derived:

l2

D=—_
6t,

3)

As can be seen from the equation (3) the
diffusion coefficient can be easily calculated
if membrane thickness, /, and the lag time,

35
[ ]
a
30 - )
B o 8
w| @
Al s
1|
| =
-l T
VIS 20 .
&
15 -
10 - 0
5 -
0 T -
0 15 30 45 60 75 90
t4: (min)
35
( ]
30 b)
@
g 25
2
o
3
20
&
b= .
§ 15
G
9
g 10
=
<
5
o —1
0 15 30 45 60 75 90
f1
Time (min)
35
c)
= 30 -
E
g 25
[e]
w
'ug 20 -
<
§ 15
&
G
2
g 10
g
< 5
f
0 e L :
0 15 7\ 30 45 60 75 90
lng time Time (min)

Fig. 2. Graphic presentation of pseudo-steady state (a),
steady state (b) and lag time method (c) for diffusion

of solutes
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t, of transferred solutes are known. The lag
time can be estimated from the intercept of
the time axes and extrapolated straight line
of the data representing the transferred solute
(Figures 3 and 4). Figures 3 and 4 represent
the experimental graphs of the total amount
of glucose and ethanol transferred trough pure
hydroxyethylcellulose cryogels and gels loaded
with yeast cells.

35 -

Total amount of transferred glucose (mg)

80

Time (min)

Fig. 3. Lag time for solute diffusion in 2 % hydroxy-
ethylcellulose cryogel: (-®-) glucose diffusion through
pure gels, (-m-) Glucose diffusion through gels with
entrapped cells. (glucose concentration,
C,=100 g/L,A=5.3 cm’ 1=0.15 cm, t = 60 min).

Many authors have reported the
measurements of effective diffusivities for
substrates and metabolic products within
gel matrices in the form of beads or large
membranes withoutcells (Table 3). The diffusion
coefficients for glucose and ethanol through the
HEC cryogel given in Table 3 are similar to
the diffusion rates of these solutes in liquids,
and comparable to the diffusion coefficients
of the same solutes trough other types of gel
matrices. Nakanishi et al. [29] had reported a
value of 3.1x10° cm?/s for glucose diffusion

Maced. J. Chem. Chem. Eng. 30 (1), 85-96 (2011)

45 -

Total amount of transferred ethanol (mg)

80
Time (min)

Fig. 4. Lag-time for solute diffusion in 2 % hydroxy-
ethylcellulose cryogel: (-®-) ethanol diffusion through
pure gels, (-m-) ethanol diffusion through gels with
entrapped cells. (ethanol concentration, C,= 81 g/L,
A=53cm’ [=0.15 cm, £= 60 min).

Table3
Diffusion coefficients for glucose and
ethanol through cell free gel membranes
Medium Diffusion czoefﬁments Ref
(cm?/s)
Glucose Ethanol

Water 6.67.10°  1.1.10°  [28]
Dextran 5.80.10°¢ / [19]
Photg-crosslmkable 3.10.10° / [29]

resin
Ca-alginate beads 6.70.10° / [30]
Ca-alginate membrane ~ 6.10.10°¢  1.00.10° [10]
Ca-alginate beads 6.20.10¢  0.99.10°5 [31]

—monolayer
Ca-alginate beads Py 5

_double layer 6.23.10 0.99.10° [31]
Agarose / 0.92.10° [32]
Carraginane 3.70.10°¢ / [33]
Gelatine 3.20.10¢ / [7]
Polyacrilamide 2.90.10°¢ / [34]
Poly(ethylene oxide) 2.00.10° / [35]
Hydroxyethylcellulose ~ 3.90.10¢  0.97.10° [14]




92

Elena Velickova, Maja Cvetkovska, Slobodanka Kuzmanova, Eleonora Winkelhausen

trough photo-crosslinkable resin, which is very
similar to the value we obtained. In this study,
our focus was on the diffusivity of the glucose
and ethanol that is substrate and product,
through hydroxyethylcellulose cryogel loaded
with cells. The diffusion coefficient of glucose
and ethanol through the gel with immobilized
cells had values of 6.9x10° cm?/s and 2.5x10
cm?/s, respectively. The slower diffusion rates
of glucose and ethanol in cell-loaded gels is
probably due to the decrease in the number and
length of the free pores rather than a decrease in
their diameters [27]. In these gels the diffusion
was controlled by the rate at which the solutes

Table4d

Characterization of hydroxyethylcellulose
membranes without and with entrapped cells

Gel composition Gel composition

HEC: cells HEC: cells ES
% (w/w) % (W/v)

1:0 0 24

1:6 15 18

diffuse trough the cells occupying the pores.
Still, the diffusion coefficients obtained were
within comparable range of the diffusion
coefficients through pure gels, proving that the
cells inside the matrix did not cause a barrier
for the transport of the solute molecules. It is
evident that solutes such as glucose and ethanol
with diameters of 7.2 and 4.5 A, can smoothly
pass through both pure and cell loaded cryogel.

Table 5

From the numerous studies on the
variables affecting the solute transport, it has
been established that the transport depends
on mesh size, swelling ratio, ionization, ionic
strength, pH values and temperature [36].
Another feature of the gels important for the
solute transport is the ability of the gels to
absorb and hold in their structure, a certain
amount of the solvent. For measurements of
the amount of transferred solute we used pre-
swollen membrane in the diffusion chamber.
The equilibrium degree of swelling for the pure
gels, as well as gels with entrapped cells, is
presented in Table 4. The presence of entrapped
cells did not hinder the swelling of the gels,
proving that besides the cells there was enough
space in the porous structure of the gel for
absorbing solutes from the nutrient medium.

3.3. Testing of the diffusion properties of the
gel in the fermentative process

The calculated values for cell retention
(R,) and immobilization efficiency (n) are
presented in Table 5. These two parameters
apart from characterizing the efficiency of
cell immobilization, are also very good and
useful indicators of the diffusivity of the
solutes trough the gels. The immobilization
efficiency was around 0.92+0.03 throughout
the batches, while the cell retention values were
around 0.20+0.03 gceu/ggel. The values of the
immobilization efficiency and the cell retention
confirmed the ability of HEC cryogels to

Kinetic and immobilization parameters of ethanol production from glucose medium by Saccharomyces
cerevisiae cells immobilized in cryogels and used in repeated batch fermentation. The initial dry
biomass entrapped in the gels was 17.64 g/L, t = 60 h.

Parameter
Batch p Yp/s p/t Qp residual AS/SO Rc n
(gD (/g (%) (g/L-h) (€4D) (o) (geell/ggel)
I 334 0.35 69 0.56 5.60 94 0.20 0.92
II 33.0 0.35 69 0.55 6.84 93 0.22 0.95
111 29.6 0.31 60 0.49 7.10 93 0.18 0.89
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serve as immobilization matrices for the cells
of Saccharomyces cerevisiae. These two
parameters, along with the equilibrium swelling
and the diffusion coefficients, demonstrated
that the cryogels are porous enough to hold the
cells inside the matrix and enable easy diffusion
of the substrate and product molecules trough
the gel.

To confirm the good diffusivity properties
of the HEC gel in real system, repeated batch
fermentation with immobilized cells was
performed.  Immobilized  Saccharomyces
cerevisiae cells were used in three repetitive
runs for conversion of glucose to ethanol
(Table 5). The production of ethanol at the end
of the three runs ranged from 30 to 34 g/L. The
residual sugar concentrations were low in all
cases (5.0-7.0 g/L) with conversions from 93
% to 94 %, demonstrating good diffusivity of
the system. The final product yields achieved
by the cells immobilized in cryogels were in the
range from 60 to 69 % of the theoretical yield,
proving the acceptable performance of the
immobilized system. The product yield above
60 % with the immobilized cells is 1.3 times
higher than the product yield of the fermentation
process carried out with free yeast cells [27].
The maximal volumetric productivities of 1.36,
1.98 and 1.49 g/L-h in the first, second and the
third batch reached after 12 h of cultivation,

also go in line with the maximal volumetric
productivity of 1.35 g/L-h for the process with
free cells.

5. CONCLUSION

The lag-time model was selected
as accurate, rapid and reliable model for
measuring diffusivity of solutes. The diffusion
coefficients of glucose and ethanol through
the hydroxyethylcellulose cryogels with
immobilized cells had values of 6.9x107° cm?/s
and 2.5x10° cm?s, respectively. The cells
inside the matrix did not profoundly change the
swelling properties of the gel and did not cause
a diffusional barrier for the transport of the
solute molecules. Testing the diffusivity of the
substrate and product through the gel in a real
system proved that this immobilized system is
satisfactory and can be compared with the free
cell system.
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NOMENCLATURE

A membrane area, cm?

BBTMAC (4-benzoylbenzyl)trimethylammonium chloride

C, initial concentration of solute, g/L
C,,C,,,C,, concentration of liquids in pore, g/L
D diffusion coefficient, cm?/s

D, effective diffusion coefficient, cm?/s
D, diffusion coefficient in water, cm?/s
ES equilibrium swelling degree

HEC hydroxyethylcellulose

K constant

k partition coefficient

1 membrane thickness, mm

n constant

P product (ethanol) concentration, g/L
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