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Interactions between immobilized cell populations and polymer matrixes in the form of hydrogel within micro-beads have
complex restrictive action on cell growth dynamics. The forces generated by cell growth and interactions between solvent,
network parts and cells influenced this process. It induces structural changes of hydrogel which has the feedback action on
cell growth. Rheological response of hydrogel includes both the reversible deformation of domains, as well as the domains
partially disintegration which cause permanent irreversible deformation. Estimation of the relationship between cell
dynamic environment and cell function offers the possibility for the optimization of various biotechnological processes.
The growth of yeast cells within Ca-alginate hydrogel matrix is used as model system for considering such complex
phenomena. Structural changes of Ca-alginate hydrogel is modelled using modified general Zener constitutive equation
with fractional derivatives. It is suitable for incorporating irreversible effects on macroscopic level. However, the
additional consideration of the dynamics of structural changes of Ca-alginate network on mesoscopic level offers the
deeper insight into the irreversible nature of deformation caused by cellular local mechanical action. The particular form of
free energy functional on mesoscopic level describes various kinds of interactions, which affected the dynamics of cell
growth and cause pseudo-phase transition of hydrogel.
Keywords yeast growth; disintegration of Ca-alginate hydrogel

1. Introduction
The entrapment of cells within hydrogel matrixes is a cell immobilization technique attractive for a variety of
applications including food technology, pharmacy and biomedicine [1-16]. Of the basic interest for various applications
is the choice of material and procedure of micro-bead matrix preparing. Owing to the very gentle, simple and rapid
procedure, the entrapment of cells in alginate hydrogels is still the most frequently used method for immobilization [117]. Significant attempts have been made to optimize the performances of such beads by ensuring appropriate
conditions for their biotechnological functions [3-10]. These functions depend on efficient supply of cells by nutrients,
optimal microenvironment conditions for cells inside the bead, decrease of cell leakage from beads, etc. However, much
less explanation has been made of the microenvironmental restrictive effects of cell growth. A number of authors have
reported early suppress of cell growth for different systems of immobilized cells [1-16]. Some authors also detected
such charges, but it is rather hard to describe more in detail the mechanism of that multi component and multilevel
process. Therefore, if can be elucidated the relationship between the cell dynamic environment and cell function it is
highly possible to find a method by which cell functions can be regulated.
For this purpose, it is necessary to consider the rheological behavior of hydrogel matrix. Significant attempts have
been made to examine the rheological response of hydrogel matrix to stresses generated by compression, shear and
tension [15-16]. However, little is known about the rheological responses of variously structured matrixes caused by
cells growth. The growing cells press to the surrounding and create a new space for further cells growth inside the
matrix. Such cell actions are obtained on two time scales, i.e. one is migration time (short-time scale) while the other is
growing time (long-time scale). These cell actions result in the matrix structural changes and provoke the complex
rheological response. The response includes both the reversible deformation of domains, as well as the domains
partially disintegration which cause permanent irreversible deformation. This complex process is influenced by various
multi scale interactions, i.e. the interactions between domains themselves as well as the interactions between chains
within the domains. Pragmatic approach to such multidisciplinary field sometimes overshadows some serious problems
which arise from complexity of multi scale interactions, so adequate interpretation is a major challenge. We consider
such complex phenomenon by estimating the growth of yeast cells entrapped within Ca-alginate hydrogel matrix on
mesoscopic and macroscopic levels.
Simpson et al. [17] reported that expansion of immobilized cell population induces irreversible structural changes of
Ca-alginate network. They consider the growth of βTC3 cell within Ca-alginate matrix with and without washing with
CaCl2. Washing treatment causes reconnection of disintegrated parts of network. Microenvironmental growth restriction
is more significant for the washing case. However, Pajic-Lijakovic et al. [12-13] obtained significant suppression of
yeast cell growth within Ca-alginate matrix in experiments without washing with CaCl2. Irreversible structural change
of Ca-alginate network is dominant in such case. Cells are able to partially disintegrate the network and find the new
space for growth. However, they fill only 20 % of Ca-alginate micro-bead volume. Irreversible changes of Ca-alginate
hydrogel intensify the electrostatic interactions between the free parts of polyelectrolyte chains such as alginate and
negatively charged cell membranes. On the other hand, the attractive forces of the network segments tend to keep the
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structural integrity and cause the damping of energy dissipation. It is rather hard to interpret more in detail this
multilevel process, from the molecular level of polymer network till the cell united actions in clusters. But, its energetic
effects can be considered the process modeled in terms of modern thermodynamics and rheology [12-13].
Pajic-Lijakovic et al. [13] considered the mechanism of alginate matrix rheologcal changes by using fractional
derivatives on macroscopic level. It enables us to determine system behavior by calculating the order of fractional
derivative. Such quantity represents the crude indicator of irreversibility. Formulation of further step in modeling should
consider the mechanism of pseudo-phase transition of hydrogel matrix from connected to disintegrate state on
mesoscopic level. The pseudo-phase transition represents the consequence of yeast cells local mechanical actions during
growth. Pajic-Lijakovic et al. [12] applied "coarse graining" of such multilevel systems to obtained netto changes of
their free energy. The free energy changes can be represented by Landau-Ginzburg-Wilson (LGW) functional [18-22].
The dynamics of yeast-Ca alginate hydrogel system is described by modeling of the temporal evolution of effective free
energy functional towards the equilibrium state.

2. Mechanical properties of Ca-alginate hydrogel and (Saccharomyces uvarum)
brewer's yeast
Alginate is collective term for a family of polysaccharides produced by brown algae and bacteria. Chemically they are
linear copolymers of 1→4 linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) arranged in a block wise pattern
along the chain with homo-polymeric regions of M (M blocks) and G (G blocks) residues interspersed with regions of
alternating structure (MG blocks). Polygluronate units in the alginate molecules form a chelated structure with calcium
ions called an ‘egg box’ junction with interstices in which the cations may pack and be coordinated [23]. The junctions
between the chains formed in this way are kinetically stable toward dissociation. Polymannuronate units show the
normal polyelectrolyte characteristics of cation binding.
Mechanical properties of hydrogel matrix are usually characterized by compression, shear and tension [15-16]. The
properties of Ca-alginate hydrogel quantified through the values of Young’s modulus, compression modulus and shear
modulus are highly dependent on the choice of the alginate polymer and how it was processed. High guluronic acid
containing alginate polymers yielded stronger, more ductile hydrogels than high mannuronic acid containing alginates.
The properties of Ca-alginate hydrogel also depend on the cross-linker, the gelling environment and storage
environment. The Young’s modulus ranges from 1 to 10 kPa, the compression modulus ranges from less than 1 kPa to
greater than 1000 kPa, while the shear modulus has values in the range of 0.02 to 40 kPa [15-16]. Ca-alginate network
represents the dense structure with the effective pore size between 11 to 20 nm [25], which is much less than the
averaged diameter of yeast cell (about 6 µm).
The primary function of alginate matrixes in biotechnology applications is to provide mechanical integrity of
immobilized cell population through keeping the optimal packing state. Matrixes simultaneously transmitted
mechanical signals to the cells and developing population. As Ca2+ ions in bucked egg-box junction are being released
as the results of action of cells, electrostatic repulsion between carboxylate anions enhances the additional swelling
effects of alginate gel. This electrostatic repulsion forces have the feedback action on cell growth [12-13].
A common method to characterize the mechanical properties of cells is by the compression experiments using
micromanipulation [24]. In such experiments the cell is compressed between flat parallel plates. Force is measured
during the cell deformation up to burst. Single yeast cell behave as hyper-elastic material. The Young’s modulus of
single cell is equal to 112±6 MPa for cell in exponential phase and 107±6 MPa for cell in stationary phase [26].
Bursting force is in the range 50-200 µN while the corresponding breaking strain is in the range 60-110 %. Yeast cells
are stronger than mammalian cells. However, immobilized mammalian cells can also destroy the Ca-alginate network
[3-6].

3. Ca-alginate structural changes on macroscopic and mesoscopic levels
3.1

Phenomenological description of Ca-alginate microbead with immobilized yeast cells

We focus on growth of yeast cell population within Ca-alginate hydrogel matrix. The considered system, i.e. microbead consists of two subsystems: polymer hydrogel matrix and dispersed cell population. The cell population is
entrapped within matrix in the form of separate clusters. The motion of cells is restricted to the motion of cells within
the clusters. The averaged initial number of cells per cluster is 1-3, while the final number is about 3000 cells per
cluster based on our experimental observations. The interactions between clusters can be neglected based on our
experimental observations [12]. The number of clusters is approximately the same during the cell growth. In the
absence of external forces, composite system of cells and hydrogel could be treated as isotopic (and homogeneous on
scale much larger than the cell size). We point to the influence of mechanical and electrostatical loading arise through
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the interactions between cell and matrix subsystems during the cell growth on structural changes of Ca-alginate
hydrogel and feedback restrictive action on cell growth.
Both subsystems change their packing states during the relaxation processes obtained at two time scales. The shorttime τ represents the migration time of cells, while the long-time t is growing time [27-28]. The number of cells per
micro-bead is constant during the short-time period. The long-time t represents the time in which the number of cells
per micro-bead changes are present. The complex phenomenon studied can be described through the many relaxation
cycles for both, cell population and polymer matrix during the short-time period τ ∈ 0, τ eq for every numer of cell

[ ]
per micro-bead N (t ) obtained at long-time t . For every current equilibrium states at (τ → τ , t ) the external stress
eq

generated within the matrix is equilibrated with the internal mechanical stress within the cell population. Further
increase of number of cells represents the energetic perturbation for both subsystems.
Considering kinetics of yeast growth in the long-time period, we observed an interesting phenomenon, as can be seen
from Fig. 1.
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Fig. 1 The increase of the cell number density per volume of micro-bead during the long-time period.
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t of
cultivation, to line out the trends of cell growth change. For first ca. 45 hours can be observed steep increase of ρ e (t )
It is presented the number of cells in a bead per unit volume, averaged over the system

vs. long-time

up to 8 x 108 cells/ml with the averaged rate 1.9 X 107 cells/(ml h) indicating really good conditions for cell growth.
Then, the rate of growth significantly decreases up to 1.23 x 106 cells/(ml h) ca. 16 times and than almost levels off till
t = 125 h with 1 x 109 cells/ml. Then, the rate of growth suddenly increases significantly till t eq = 150 h and ρ e (t )
to 1.75 x 109 cells/ml, when finally levels off.
Initially calls have a lot of free space to grow in already swollen micro-bead. However, when the number of cells
increases, they feel elastic resistance of the network. It causes the restrictive effects and the decrease of growth rate. The
restrictions of the network increase with further cells expansion. The cell clusters have to push polymer chains and
ensure the small increase the free volume. It represents the third part of the curve shown in Fig. 1. At some critical
number of cells, clusters have enough power to destroy ionic bonds and ensure the significant new free space. That can
be explanation for final increase of growth speed in the forth section of the curve, although all other conditions in the
experiment are the same. Breaking of network ionic bonds does not only open a new free space for cell growth. It also
leaves new charges at so delivered free groups in the hydrogel. The cell membranes are also partially charged what
brings new repulsive interactions into that complex system and probably, finally stops the increase of the number of
cells.
The basic question is what type of loading: reversible or irreversible dominantly affect cell growth dynamics and
suppress cell growth after t eq = 150 h in spite of the fact that cells fill only 20 % of micro-bead volume. Reversible
loading mechanicaly influences cell growth during the generation the elastical deformation of hydrogel. Irreversible
loading becomes dominant for the case of partial disintegration of hydrogel. Such irreversible nature of deformation
intensified electrostatic repulsion betwen the some charged parts of free alginate chains and cell membranes. External
loading of cells caused by generated stress within Ca-alginate hydrogel has the impact on changes the packing state of
cells within clusters.
Yeast population naturaly changes the packing state during the period of growth without external compression [29].
The exponential period of growth corresponds to lower density population while the matured population becomes more
compact The external loading of immobilized cell population additionaly contribute to the changes of the packing state.
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It causes to the decrease of the averaged distances between cells and intensified the interactions between cells within
clusters which can restrict cell growth dynamics [30].
3.2 The rheological model of structural changes of Ca-alginate hydrogel on macroscopic level
The rheological model is developed to elucidate the mechanism of Ca –alginate matrix deformation caused by
cells action. Both subsystems, hydrogel and cell population relax during the short-time period τ ∈ 0, τ eq for every

[

]

number of cells N (t ) obtained at long-time t .
The rheological response of hydrogel includes both the reversible deformation of domains, as well as the domains
partially disintegration which cause permanent irreversible deformation. The change of effective volume of hydrogel
represents the quantitative indicator of matrix rheological response to cells action. The effective volume for hydrogel
subsystem during the growing-time period is expressed for time sets τ eq , t as:

(

Veff (τ eq , t ) = Vb (τ eq , t ) (1 − φ (τ eq , t ))

where

)

(1)

Vb (τ eq , t ) is micro-bead volume, φ (τ eq , t ) is volume fraction of cells inside the micro-bead. Micro-bead

volume increases with time, which is experimentally obtained [12]. At the same time, the term

1 − φ (τ eq , t ) decreases

with time due to cell growth. In general, two rheologial trends can be observed. The first is tinning behavior due to
reversible, elastically deformed hydrogel. This behavior causes the decrease of the effective volume of hydrogel
subsystem. The second trend is additional swelling due to partially disintegration of hydrogel, causes the increase of the
effective volume of hydrogel. Based on our experimental observation calculated effective volume of hydrogel changes
from 2.67x10-4 to 1.13x10-3 ml [13]. Such increase of the effective volume indicates irreversible deformation of
hydrogel as dominant. It represents the result of partial disintegration of hydrogel which causes electrostatic repulsion
between relatively stiff chains of polyelectrolytes as alginate. This part of the process causes the swelling effects.
The stress generated within hydrogel matrix represents the sum of the reversible and irreversible contributions. It is
expressed as:
σ~m T τ eq , t = σ~m R τ eq , t + σ~m I τ eq , t
(2)

(

)

(

)

(

)

where σ~m T (τ eq , t ) is the total stress generated within matrix, σ~m R (τ eq , t ) and σ~m I (τ eq , t ) are reversible and

irreversible parts of the stress, respectively. Reversible part of stress is purely mechanical stress while the nature of the
irreversible part of stress is the combination of the mechanical and electrostatic. Reversible part of stress decreases
while irreversible part of stress increases as the result of cells action during period of growth. It results in the increase of
the total stress generated within matrix. After the relaxation cycle at τ = τ eq for every number of cells N (t ) obtained

t the stress generated within matrix is equilibrated with the stress generated within cell population:
~
(3)
m T (τ eq , t ) = σ c (τ eq , t )
where σ~m T (τ eq , t ) is the stress tensor within matrix and σ~c (τ eq , t ) is the stress tensor within cell population. The
at long-time

σ~

stress generated within cell population depends on cell packing state and can be expressed as function of cell number
density per micro-bead. Pajic-Lijakovic et al. [13] expressed the reversible part of stress generated within matrix as:
σ m R τ eq , t ~ ∆ρ τ eq , t
(4)

( ) ( )
where σ
(τ , t ) is the component of the reversible part of stress tensor generated within matrix,
∆ρ (τ , t ) = ρ (τ , t ) − ρ (τ , t ) is the cell number density difference while ρ (τ , t ) is the equilibrium
mR

eq

eq

eq

eq

eq

eq

eq

number density of cells per micro-bead volume. Cell number density per micro-bead is expressed as:

ρ (τ eq , t ) =

N (t )
.
Vb (τ eq , t )

Considering structural changes of Ca-alginate hydrogel correspond to viscoelastic behavior. Zener-type constitutive
equation is widely used for describing the viscoelastic behavior for various systems. This model equation should be
modified for describing the specific effects of energy dissipation due to interactions between cells with hydrogel parts
and interactions between hydrogel parts themselves. Consideration of such complex phenomena needs using the
constitutive equation with fractional derivatives [31-33]. Pajic-Lijakovic et al. [13] formulate the long-time evolution of
reversible part of stress within hydrogel based on modified Zener-type equation as:

σ m R (τ eq , t ) = η 0 Dtα (λm (τ eq , t ))

(5)
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where

η

λm (τ eq , t )

is the effective viscosity,

is the component of effective deformation tensor of hydrogel which

includes both reversible and irreversible contributions. The volumetric deformation and generated stress is isotopic on
macroscopic level, which is in accordance with the experimentally observed uniform expansion of the micro-bead.
Riemann-Liouville’s fractional derivative [34-35] in Eq. 5 is given by:
α
0 Dt (λm (τ eq , t )) =

where

α

t
1
d λm (τ eq , t ')
dt '
Γ(1 − α ) dt ∫0 (t − t ' )α

is the order of fractional derivative and

we obtain

0

(6)

Γ(1 − α ) is the gamma function. If parameter α is equal to α = 0 ,

Dt0 (λm (τ eq , t )) = λm (τ eq , t ). The proportionality between the volumetric stress component and the strain

Γ(1 − α ) → ∞ and the
fractional derivative is not defined. However, it can be shown, that in the limit when α → 1 , follows
dλm (τ eq , t )
α
, where the dot denotes the first time derivative. In this case, the proportionality
0 Dt (λm (τ eq , t )) →
dt
dλm (τ eq , t )
implies the elastic Hookean behavior. When

α = 1,

the corresponding gamma function

between the volumetric stress component and the rate of deformation

dt

implies the dissipative behavior.

When parameter α is in the range 0 ≤ α p 1 , Eq. 1 describes the specific rheological behavior of dumped dissipative
phenomena. The component of effective deformation tensor of hydrogel can be obtained from:

 V (τ , t ) 
λm (τ eq , t ) =  eff eq 
(7)
 Veff 0 
where Veff 0 is initial effective volume of hydrogel while Veff (τ eq , t ) is effective volume of hydrogel given by Eq. 1.
1/ 3

The value of the order of the fractional derivative α provides deeper understanding of rheological mechanisms
producing dissipation effects as described above. For that purpose the following iterative procedure is developed: (1)
the volumetric deformation due to cell growth is calculated from Eq. 7; (2) as the first guess for the value of the
parameter α is chosen 0.1; (3) the corresponding fractional derivatives for every moment of long-time t are calculated
numerically (using Grunwald method [36]); (4) the values for cell number densities per micro-bead are predicted from
the model; (5) the cell number densities obtained from the model are compared with cell number densities obtained
experimentally.
The best agreement between experimental and calculated values from the model is obtained for α = 0.96 [13].
The closeness of the optimal value for α to one indicates irreversible deformation due to cell growth as dominant.
3.3

The thermo-dynamical model of structural changes of Ca-alginate hydrogel on mesoscopic level

The order of fractional derivative (Eq. 5) represents the crude indicator of irreversibility on macroscopic level.
Formulation of further step in modeling is detail consideration of the irreversible structural changes of hydrogel caused
by local mechanical actions of cells. Cell actions depend on cell number density per micro-bead. Macroscopically, it is
formulated using Eqs. 3-4. Local cell actions depend on local cell number density per micro-bead domain ρ x ,τ eq , t .

(

)

Cell number density represents the sum of local contributions expressed as:

ρ (τ eq , t ) =
where

ρ (x,τ eq , t )

1

(

Vb τ eq ,t

Vb (τ eq , t )

)

∫ ρ (x,τ

eq

, t ) dv (x,τ eq , t )

0

is local cell number density per meso-domain,

(8)

Vb (τ eq , t ) is the volume of nearly spherical micro-

4
π Rb3 (τ eq , t ) , dv (x,τ eq , t ) is the volume
3
2
increment of micro-bead. The volume increments represent the thin layers equal to dv (x,τ eq , t ) = r (x, τ eq , t ) π dx ,

bead with the radius

while

Rb (τ eq , t ) which is equal to Vb (τ eq , t ) =

r (x,τ eq , t ) = x (2 Rb (τ eq , t ) − x ) . Considering meso-domains represents 10 µm thin layers of micro-bead
2

based on experimental observation [12].
The irreversible structural changes of hydrogel could be quantified using number density of disintegrated junction
zones per micro-bead volume ψ τ eq , t . The effective volume of hydrogel expressed by Eq. 1 can be correlated with

(
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the number density of disintegrated junction zones, i.e.
contributions as ψ

(τ , t ) =
eq

Vb (τ eq ,t )

1

Vb (τ eq , t )

∫ψ (x,τ

eq

Veff (τ eq , t )~ψ (τ eq , t ) . It represents the sum of local

, t ) dv (x,τ eq , t ) (where ψ (x,τ eq , t ) is the local number density

0

of disintegrated junction zones).
In further modeling consideration, we are interesting in pseudo-phase transition of hydrogel from connected to
disintegrated state caused by various kinds of interactions between cells, between cells and hydrogel and between a
parts of hydrogel themselves. Thermodynamics approach is suitable for describing such multi-level process through
particular form of free energy functional which includes various affinity contributions F ρ x , τ eq , t ,ψ x , τ eq , t .

[(

)]

) (

Free energy functional represents the modification of Ginzburg-Landau-Wilson free energy functional [18-22]:

F [ρ (x,τ eq , t ),ψ (x,τ eq , t )] ≈ ∫ dx 3 V [ρ (x,τ eq , t ),ψ (x,τ eq , t )]

where

(9)

V [ρ (x, τ eq , t ),ψ (x, τ eq , t )] is the potential function. Pajic-Lijakovic et al. [12] formulate the potential function

based on modified form of equation proposed by Munoz et al. [21] as:

V [ρ ,ψ ] ≈ −
where

µ, α , β , ν

µ
2

ρ2 +

α
2

ρ2 ψ +

β
3

ν
ρ3 − ψ 3

(10)

3

are supposed to be constants which should be physically described accordingly with the

development of the model proposed. The first term has to represent the energy input, generated from growing cells. The
second term will represent the energy dissipation part due to interactions between cells and the parts of hydrogel, which
cause the disintegration. The third term will represent the energy dissipation part due to interactions between cells itself.
The forth term will represent the resistance of hydrogel to disintegration. The changes of free energy functional indicate
temporal evolution of the states of both subsystems.
Langevin-type equation is widely used for modeling the phase transition within various systems [19]. Munoz et al.
[20-22] expanded and modified such modeling equation for describing temporal evolution of the dynamical systems
with absorbing state phase-transitions. Pajic-Lijakovic et al. [12] formulate the system of Langevin-type model
equations for considering the pseudo-phase transition of Ca-alginate network caused by cell growth as the modification
of so called model C [19].

δF [ρ (x,τ eq , t ),ψ (x,τ eq , t )]
+ ρ (x,τ eq , t ) η ρ (x,τ eq , t )
δρ (x,τ eq , t )
∂t
∂ψ (x,τ eq , t )
δF [ρ (x,τ eq , t ),ψ (r, t )]
=Γ
+ ψ (x,τ eq , t ) ηψ (x, τ eq , t )
δψ (x,τ eq , t )
∂t

∂ρ (x,τ eq , t )

= −Γ

(11)

(12)

where x is the distance of 10 µm-thin layers from center of the bead, Γ determines the rate of long-time relaxation
towards the equilibrium state. The second terms of Eqs. 11-12 represent the multiplicative noises while η ρ x ,τ eq , t
and

ηψ (x,τ eq , t )

(

)

are Gaussian while noises. The multiplicative noises terms describe external micro-environmental

non-homogeneity inside the micro-bead.
The local number density of disintegrated junction zones can be expressed in suitable form for further modeling
consideration:
(13)
ψ x,τ eq , t = ξ y x,τ eq , t

(

where

ξ

)

(

)

is the specific volume of disintegrated junction zone and

y (x,τ eq t ) is the local volume fraction of

disintegrated junction zones. Such volume is higher than the volume of connected junction zones as the result of
electrostatic repulsive interactions between the charged parts of free alginate chains. It is in accordance with the
increase of effective volume of hydrogel (Eq. 1).
The final form of model equations is obtained after introducing Eq. 9 in Eqs. 11 and 12 as:

∂ρ
= µ * ρ − α * * y ρ − β * ρ 2 + ρ ηρ
∂t
∂y α * 2
=
ρ −ν * y2 + y ηy
∂t
2
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where

µ* = Γ µ

is the effective kinetic constant,

α ** = Γ α ξ

represents the magnitude of repulsive interactions

between the same charged parts of alginate chains, causing by disintegration of hydrogel structure,
represents the magnitude of interactions between cells themselves, which also restricted the cell growth,

β* = Γ β ,
ν * = Γν ξ

represents the magnitude of attractive interactions between the parts of hydrogel structure, which try to save hydrogel
structural connectivity, α * = Γ α represents the kinetic constant for disintegrated junction zones formation as the
consequence of cell growth. The first, the second and the fourth terms of eq. 14 are incorporated into the effective rate
of cell growth which incorporates microenvironmental restrictive effects:

rρeff (x, τ eq , t ) = (µ * −α * * y (x, τ eq , t ) + η ρ (x,τ eq , t )) ρ (x,τ eq , t )

(16)

where the first term is the kinetic term, while the second, coupled term represents the negative feedback restriction to
cell growth.
Eqs. 14 and 15 are solved numerically using the method of finite differences starting with the initial conditions: a) at
t = 0 for 0 ≤ x ≤ R0 where R τ eq , t = 0 = R0 is the initial micro-bead radius, the initial cell concentration is
equal ρ

(x,τ

(

eq

subsystem is

0 ≤ x ≤ Req

)

, t = 0) = ρ 0 , while the initial local volume fraction of disintegrated junction zones inside the hydrogel

y (r,0) = 0 ; b) at equilibrium state for cells, experimentally obtained after teq = 150 h , for
( R (τ eq , t eq ) = Req is the equilibrium micro-bead radius), the total volume fraction of disintegrated

junction zones should be equal or higher than total volume fraction of cells i.e.

y (τ eq , teq ) ≥ φ (τ eq , t eq ) . The total

volume fraction of disintegrated junction zones represents the sum of the contributions for all thin layers inside the
bead. The volume fraction of cells φ τ eq , t eq is experimentally determined.

(

)

The model prediction of the total volume fraction of disintegrated junction zones after 150 h is
approximately y τ eq , teq = 0.24 , while the experimental value of volume fraction of cells is φ τ eq , t eq = 0.192

(

)

(

)

[12].
Acknowledgements The support by grant (# III 46001) from the Ministry of Science and Environmental Protection, Republic of
Serbia is gratefully acknowledged.

References
[1] Peppas NA, Bures P, Leobandurung W, Ichikawa H. Hydrogels in pharmaceutical formulations. Europ. J. Pharm. Biopharm.,
2000: 50,:27-46.
[2] Hoffman AS. Hydrogels for biomedical applications, Adv. Drug Delivery Rev., 2002; 43:3-12.
[3] Bugarski B, Vukovic DV, Jovanovic G, Vunjak-Novakovic G, Goosen MF. Design and operation of the bioreactor for the
production of immunochemicals. In: Biological from Recombinant Microorganisms and Animal Cells, Production and
Recovery, White MD, Reuveny S, Shaffeman A., eds. Philadelphia: VCH; 1991:213-220.
[4] Bugarski B, Jovanovic G, Vunjak-Novakovic G. Bioreactor Systems Based on Microencapsulated Animal Cell Cultures.
In: Fundamentals of Animal Cells Immobilization and Microencapsulation, Goosen MFA, ed. Boca Raton, Florida: CRC
Press; 1993:267-296.
[5] Bugarski B, Goosen MFA, Vunjak-Novakovic G. Principles of Bioreactor Design for Encapsulated Cells. In: Cell Encapsulation
Technology and Therapeutics, Kuhtreiber WM, Lanza RP, Chick WL., eds. Birkhauser, Boston, Basel, Berlin; 1999:395-416.
[6] Bugarski BM, Obradovic B, Nedovic VA, Goosen MFA. Electrostatic Droplet Generation Technique for Cell Immobilization. In:
Finely Dispersed Particles: Micro-, Nano-, and Atto-Engineering, Spasic, AM, Hsu JP., eds. Marcel Dekker, CRC Press,
Taylor & Francis; 2006:869-886.
[7] Nedovic V, Willaert R. eds. Applications of Cell Immobilization Biotechnology, Berlin, Heidelberg, New York, Springer
Dordrecht, ISBN-10 1-4020-3229-3; 2005.
[8] Melvik JE, Dornish M. Alginate as a carrier for cell immobilization. In: Fundamentals of cell immobilization biotechnology,
Nedovic V and Willaert R., eds. Kluwer Academic Publishers Dordrecht/Boston/London, ISBN 1-4020-1887-8, 2004:33-51.
[9] Nedovic V, Obradovic B, Leskosek-Cukalovic I, Trifunovic O, Pesic R, Bugarski B. Electrostatic generation of alginate
microbeads loaded with brewing yeast. Proc. Biochem., 2001; 37(1):17-22.
[10] Pajic-Lijakovic I, Nedovic V, Bugarski B. Nonlinear dynamics of brewing yeast cell growth in alginate micro-beads.
Mat. Sci. Forum, 2006; 518:519-524.
[11] Pajic-Lijakovic I, Bugarski D, Plavsic M, Bugarski B. Influence of microenvironmental conditions on hybridoma cell growth
inside the alginate-poly-L-lysine microcapsule. Proc. Biochem., 2007; 42(2):167-174.
[12] Pajic-Lijakovic I, Plavsic M, Bugarski B, Nedovic V. Ca-alginate hydrogel mechanical transformations - the influence on yeast
cell growth. J. Biotechnol., 2007; 129(3):446-452.

1492

©FORMATEX 2010

Current Research, Technology and Education Topics in Applied Microbiology and Microbial Biotechnology
A. Méndez-Vilas (Ed.)
_______________________________________________________________________________________

[13] Pajic-Lijakovic I, Plavsic M, Nedovic V, Bugarski B. Investigation of Ca-alginate hydrogel rheological behavior in conjunction
with immobilized yeast cell growth dynamics. J. Microencap., 2007; 24(5),:420-429.
[14] Plavsic M, Pajic-Lijakovic I, Lazic N, Bugarski, B, Putanov P. Processes and swelling of alginate bio-medical gels under
influence of oxygen, Mat. & Manufact. Proc., 2009; 24:1-7.
[15] Drury JL, Dennis RG, Mooney DJ. The tensile properties of alginate hydrogels. Biomaterials, 2004; 25:3187-3199.
[16] Lee KY, Rowley JA, Eiselt P, Moy EM, Bouhadir KH, Mooney DJ. Controlling Mechanical and Swelling Properties of Alginate
Hydrogels Independently by Cross-Linker Type and Cross-Linking Density. Macromolecules, 2000; 33:4291-4294.
[17] Simpson NE, Stabler CL, Simpson CP, Sambanis A, Constantinidis I. The role of the CaCl2-gluronic acid interaction on alginate
encapsulated βTC3 cells. Biomaterials, 2004; 25:2603-2610.
[18] Landau LD and Lifshitz EM. Statistical Physics, Part 1, 3th ed. New York, Pergamon Press; 1980.
[19] Ala-Nissila T, Majaniemi S, Elder K.. Phase-Field Modeling of Dynamical Interface Phenomena in Fluids, Phys., 2004;
640:357-388.
[20] Munoz MA, Hwa T. On nonlinear diffusion with multiplicative noise. Europhys. Let., 1998; 41:147-52.
[21] Munoz MA, MarconiUMB, Cafiero R . Phase separation in systems with absorbing states. Europhys. Let., 1993; 23(1):1-5.
[22] Munoz MA, Pastor-Satorras R.. Stochastic Theory of Synhronization Transitions in Extended Systems. Phys. Rev. Let.,
2003; 90:204101 1-4.
[23] Stokke BT, Draget KI, Smidsrod O, Yuguchi Y, Urakawa H, Kajiwara K, Small-Angle X-ray Scattering and Rheological
Characterization of Alginate Gels. Macromolecules, 2000; 33,:1853-1863.
[24] Stenson JD, Thomas CR, Hartley P. Modelling the mechanical properties of yeast cells. Chem. Eng. Sci., 2009; 64: 1892-1903.
[25] Funueanu G, Nastruzzi C, Carpov A, Desbreres J, Rinaudo M, Physico-chemical characterization of Ca-alginate microparticles produced with different methods. Biomaterials, 1999; 20:1427-35.
[26] Smith AE, Moxham KE, Middelberg APJ. Wall material properties of yeast cells. Part II. Analysis, Chem. Eng. Sci., 2000;
55:2043-2053.
[27] Rieu JP, Upadhyaya A, Glazier JA, Ouchi NB, Sawada Y. Diffusion and Deformations of Single Hydra Cells in Cellular
Aggregates. Biophys. J., 2000; 79:1903-1914.
[28] Cowin, SC. Tissue Growth and Remodeling. Ann. Rev. Biomed. Eng., 2004; 6:77-107.
[29] Varon M, Choder M. Organization and Cell-Cell Interactions in Starved Saccharomyces cerevisiae Colonies. J. Bacteriol.,
2000; 182(13):3877-3880.
[30] Plavsic MB, Pajic-Lijakovic I. Plavsic MM. Compactivity of cell colonies-relations between living cells inside polymer
hydrogel beads. Int.J. Mod. Phys. B, 2010; 24:813-824.
[31] Bagley RL, Torvik PJ. On the fractional calculus model of viscoelastic behavior, J. Rheol., 1986; 30:133-155.
[32] Djordjevic VD, Jaric J, Fabry B, Fredberg JJ, Stamenovic D. Fractional Derivatives Embody Essential Features of Cell
Rheological Behavior. Ann. Biomed. Eng., 2003; 31, 692-699.
[33] Atanackovic TM. A modified Zener model of a viscoelastic body. Continuum Mech. Thermodyn., 2002;14:137-148.
[34] Metzler R, Klafter J. The random walk’s guide to anomalous diffusion: a fractional dynamics approach. Phys. Reports,
2000; 339:1-77.
[35] Podlubny I. Fractional Differential Equations, Mathematics in Science and Engineering, Vol 198, Academic Press
ISBN 0-12 558840-2; 1999.
[36] Meerschaert MM, Tadjeran C. Finite difference approximations for fractional advection-dispersion flow equations. J.
Compute. Appl. Math., 2004; 172:65-77.

©FORMATEX2010

1493

