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Abstract

Millions of individuals worldwide are currently
afflicted with neurodegenerative disorders such as
Parkinson’s disease and multiple sclerosis which are
caused by the death of specific types of specialized
cells in the Central Nervous System (CNS). Recently,
Neural Stem Cells (NSCs) are able to replace these
dead cells with new functional cells, thereby provid-
ing a cure for devastating neural diseases. The clini-
cal use of neural stem cells (NSCs) for the treatment
of neurological diseases requires overcoming the
scarcity of the initial in vivo NSC population. Thus,
we developed a novel 3-dimentional cellular auto-
mata model for optimum production of neural stem
cells and their derivatives in large scale to treat neu-
rodegenerative disorder patients.

Keywords: Neural Stem Cells, Neurodegenerative
disorder, Cellular automata model

Stem cell bioengineering is a fascinating new field
that has the potential to revolutionize the practice of
medicine in the 21st century. Stem cells are unspeci-
alized master cells which reside in a particular tissue
system, and can divide to give rise to all of the differ-
ent specialized cell types present in that tissue. For
example, it was recently determined that the central
nervous system (CNS) contains neural stem cells
(NSCs). These neural stem cells can divide and gene-
rate neurons, astrocytes, and oligodendrocytes which
are the three primary specialized cell types that make
up the CNS. The capacity of stem cells to produce

specific cell types, offers the possibility of a rene-
wable source of replacement cells and tissues to treat
chronic conditions including Huntington’s disease,
spinal cord injury, heart disease, and diabetes2,3,13.

NSCs in suspension culture bioreactors grow as
aggregates, called neurospheres. A comprehensive
study on the development of bioreactor protocols for
the expansion of neurospheres in suspension bio-
reactors was conducted. Numerous process parame-
ters affecting neurospheres proliferation were investi-
gated in order to ascertain optimal operating condi-
tions and a large body of data pertaining to the cul-
ture of these cells was consequently generated9,14-18.
These studies have provided significant information
to potentially develop a comprehensive mechanistic
model for this particular bioreactor system. This
could then provide more meaningful predictions and
perhaps allow for better bioreactor design.

Models of bioreactor systems most often describe
cell growth kinetics and incorporate the effects of
various media constituents, such as nutrients, hor-
mones and growth factors7,10. The most commonly
used, and perhaps basic, model of cell growth follows
Monod growth kinetics, which predicts the cell grow-
th in batch conditions. Though this model describes
cell growth very well for a large variety of cell cul-
tures, it has generally been applied to bioreactors
containing a single phenotype1. As a result, it may
not necessarily be appropriate for heterogeneous
populations, such as stem cell cultures where many
different cell lines may be present at a given moment,
each of which could exhibit different growth and
death kinetics. In addition, Monod growth models do
not necessarily take into consideration the effects of
aggregate growth, which could result in increased
mass transfer limitations of oxygen and other nutri-
ents thereby inhibiting cell growth. Recently, there
have been some initial efforts to simulate the fate and
growth patterns of stem cells4-6,8,19,21-23. These models
are only applicable to those stem cell types that do
not form spheroids, or deal solely with derivatives of
stem cells, and not stem cells themselves. However, it
is believed that mathematical model of NSC growth
might easily simulate the fate and growth pattern of
stem cells within spheroids thereby a mathematical
model of NSCs growth need to be developed. This
could be achieved through the use of a cellular auto-
mata model in which space is represented as a uni-
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form grid, time advances by steps, and the ‘laws’ are
represented by a uniform set of rules which compute
each cell’s state from its own previous state and those
of its close neighbors. This technique had provided a
means of modeling the stochastic nature of cellular
reproduction in a relatively simplistic manner. There-
fore, due to the simplicity of this approach, a cellular
automata model was developed to model the growth
of neurosphere aggregates.

The growth of neurospheres in suspension bio-
reactors requires detailed understanding of the dyna-
mics NSCs within neurospheres themselves20. Since
stem cell growth, self-renewal, proliferation and
death are dependent upon the microscopic environ-
ment surrounding each cell, characterization of neu-
rospheres could provide insight into this micro-en-
vironment. Given that oxygen transfer has often been
considered to be the limiting factor to cell growth,
characterization of cell growth within a neurosphere
and the resulting oxygen concentration gradient will
need to be accomplished. This had been accomplish-
ed through a mass transfer model of oxygen, based
upon spherical geometries. Furthermore, neurosphere

growth and the effects of NSC mobility in neuro-
spheres were also developed through the use of a
cellular automata model incorporating the effects of
oxygen mass transfer. Cell viability in turn was deter-
mined by calculated the local oxygen concentration
surrounding each cell.

Determination of O2 Uptake Rate and
Diffusivity

The measured dissolved oxygen (DO) values of
murine single cells and neurospheres, over the 30
minute experiment are shown in Figure 1. The calcu-
lated cell density, the oxygen consumption rates and
other parameters for both single cells and neuros-
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Table 1. Parameters for murine neural single cells and
neurospheres.

Viable cells 
Conditions density, XViability O2 uptake rate, Km

(cells/mL) (%) k (mol O2/cells.s) (mM)

Single cells 5.38×105 92 1.22×10-16 -
Neurospheres 7.4×105 96 1.09×10-16 0.06
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Figure 1. DO vs. time plots of 4-day old single cells and
neurospheres/aggregates. The cells were cultured in 125 mL
spinner flasks at 37�C with 5% CO2 in air.

Figure 2. Theoretical oxygen uptake model (Solid line) was
fit with experimental data (circular points) to determine a
value of oxygen diffusivity through the neurosphere, assum-
ing an average aggregate diameter of 100µm.

Figure 3. Growth curve of 1-dimensional model when all
cells divide.
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pheres are reported in Table 1. In Figure 2, theoretical
oxygen uptake model was fit with experimental data
to determine a value of oxygen diffusivity through
the neurosphere, assuming an average aggregate dia-
meter of 100µm. This resulted in diffusivity (D) of 5
×10-7 cm2/s, which was found to be in close agree-
ment with the values found in literature for tissue
aggregates15. 

Effect of O2 Mass Transfer into 
1-dimensional Cellular Automata Model 

The cell population doubled upon each iteration in
1-dimensional until the cell mass reached the limits
of the map vector, as expected (Figure 3). In corpora-
tion of an O2 mass transfer model into the 1-dimen-
sional cellular automata provides crucial information
of oxygen availability within the aggregate. Figure 4
illustrates how rapidly oxygen can be depleted throu-
ghout the aggregate. The extent of oxygen was de-
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Figure 4. Oxygen depletion within a 1-dimensional aggre-
gate. Cells death occurred at arround 20 iterations.

Figure 5. Neurosphere growth in 3-dimensional cellular automata model (A) when all cells divide (B) when only stem cells
divide: red spheres denote stem cells and blue spheres denote terminally differentiated cells.
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pleted as aggregates grow in size. The critical oxygen
concentration, where cell death occurs due to O2 de-
privation, was determined by calculating the theore-
tical oxygen concentration at the centre of an aggre-
gate whose diameter is equal to the largest observed
neurosphere diameter and the value was found to be
4.82×10-6 mol/L.

Effect of O2 Mass Transfer into 
3-dimensional Cellular Automata Model 

Adaptation of 1-dimensional displacement cellular
automata rules to a 3-dimensional system resulted in
an aggregate that was spherical in morphology
(Figure 5A). As expected, growth curves arising from
this model matched those of growth curves generated
by the first 1-dimensional and 2-dimensional models
developed (data not shown). With a basic 3-dimen-
sional cellular automata model of cell growth devel-
oped, stem cell growth kinetics, cell mobility, oxygen
mass transfer and cell death arising from insufficient
oxygen was incorporated. It was possible to limit cell
division to just stem cells using their sphere forming
efficiency which have been found to be consistently
5% throughout the culture, suggesting that stem cells
have an equal probability of undergoing cell death as
its differentiated progeny. 

Execution of the 3-dimensional model resulted in a
spherical aggregate with stem cells randomly distri-
buted throughout the neurosphere (Figure 5B). As
expected, as aggregates became larger in size, a ne-
crotic core appeared due to oxygen limitations. Oxy-
gen concentration gradients also decreased at a much
slower rate, since aggregate diameters grew more

slowly in 3-dimensions, as opposed to 1-dimension.
Therefore, in Figure 6, cell death was observed appa-
rently at around 60 iterations while in 1-dimensional
system it was occurred after 20 iterations.

Discussion

The oxygen consumption rate of single cells was
significantly higher than that of the consumption rate
of the aggregates. This indicated that the diffusion of
oxygen into the neurospheres influenced the overall
transfer of oxygen from the bulk liquid. In 2006,
Wang reported that the effectiveness factor was 0.43
which suggests that the oxygen mass transfer rate
into neurosphere is diffusion limiting. To determine
the impact of spheroid structures on the rate of O2

diffusion into neurospheres, the diffusivity was also
determined.

In 1-dimensional system, it was apparent that the
majority of the aggregates were highly oxygen de-
prived after 20 iterations and it was unlikely that any
cell would remain viable in such conditions. It is im-
portant to note that the cellular automata model was
based upon 1-dimensional cell growth and the mass
transfer model was based upon a 3-dimensional sph-
ere. As a result, the appearance of a hypoxic centre
after 20 doublings is likely premature. This is be-
cause the rate at which the aggregate diameter in-
creases is directly proportional to the number of cells
present for a 1-dimensional system, while in a 3-
dimensional system, aggregate diameter would the
proportional to the cube root of cell number. 

The use of a 3-dimensional mass transfer model to
a 3-dimensional cellular automata model, allowed for
the correct determination of oxygen concentration
gradients with respect to cell doublings. This in turn,
provided a means of accurately characterizing neuro-
sphere growth and cell death resulting oxygen depri-
vation. The cell viability was determined by killing
off cells whose oxygen availability was less than the
critical oxygen concentration.

Sphere forming efficiency also had an effect upon
the behavior of the growth curve. At exceptionally
low sphere forming efficiencies, a greater number of
cell doublings were required to produce an equivalent
number from those produced at higher sphere form-
ing efficiencies. Additionally, at 0% sphere forming
efficiencies, the growth curve was linear since only
one terminally differentiated cell was produced at
every cell division. As expected, when sphere form-
ing efficiencies were set to 100% (i.e. only stem cell
are produced), the model reduced to the previous 1-
dimensional model where all cells divided. There has
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Figure 6. Oxygen depletion within a 3-dimensional neuros-
phere. Unlike the 1-dimensional model, cell death occurred
at around 60 iterations as opposed to 20.
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been recent evidence to suggest that cells within neu-
rospheres are highly motile, which could result in
equalizing the likelihood of cell death between stem
cells and differentiated cells. The effect of cell moti-
lity was incorporated by randomly swapping loca-
tions of viable cells within the neurosphere following
each cell doubling.

In summary, this study was involved both experi-
mental research in the laboratory, and the develop-
ment of a theoretical framework to use these experi-
mental results. In the process of developing a 3-
dimensional cellular automata model for neurosphere
growth, a more detailed understanding of this system
was gained. The development of a mass transfer mo-
del for oxygen resulted in the determination of oxy-
gen diffusivity, which was not previously known. In
determining oxygen diffusivity, theoretical oxygen
concentrations could be determined for any given
aggregate diameter. This in turn allowed for the cal-
culation of a critical oxygen concentration. With this
information it was possible to follow the growth of
the necrotic core as the neurosphere grew. The effects
of cell mobility were incorporated into the model to
equalize the probability of cell death between stem
cells and differentiated cells. The lessons learned in
the 1-dimensional system, was then applied success-
fully to a more complicated 3-dimensional system.
Thus, the development of this model should help
facilitate our understanding of neurospheres cultures
in suspension bioreactors and thereby help to opti-
mize the production of neural stem cells and their
derivatives in large scale for clinical applications.

Methods

Model Development
To get a realistic characterization of neurospheres

growth, development of 3-dimensional cellular auto-
mata model is necessary. Before a 3-dimensional mo-
del could be made, 1-dimensional and 2-dimensional
models of cell division were developed to ameliorate
possible complications arising from additional dimen-
sions. Matlab (version 6.1) was used for code genera-
tion.

1-dimensional Cellular Automata Model-
When All Cells Divide

The simplest system that can be modeled through
cellular automata is cell division along one dimen-
sion. In such a system, all cells undergo cellular divi-
sion for each time interval, displacing its neighbors
upon the cell division. As time progresses, a linear
colony of cells increases in length exponentially,

closely resembling the normal growth of certain bac-
teria such as Bacillus subtillis(Figure 7).

For 1-dimensional model development, a 1-dimen-
sional vector of set length generates discretized space.
Each element within the vector denotes a specific
node. For the model, this vector is called the map
vector. The map vector provides information on whe-
ther or not a node is occupied by a cell. The vector
element corresponding to the occupied nodes would
have a value of 1, while unoccupied nodes would ex-
hibit a value of 0. Thus, the map vector provides in-
formation on cell location. Cell displacement can be
achieved by inserting the new cell produced by cell
division between the old cell and its adjacent cell and
shifting all the remaining cells accordingly. The dis-
placed element at the end of the map vector is remov-
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Figure 7. Upon mitosis B. subtillisundergoes cell division
so that the daughter cells are attached at the ends of each
other which resemble one-dimensional growth.
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ed to ensure the length of the map vector remains
constant (Figure 8).

2-dimensional Cellular Automata Model-
When Only Stem Cells Divide

Only small number of cells (i.e. stem cells) within
the aggregate is capable of proliferating. To incor-
porate the presence of stem cells in the neurosphere,
a vector similar to the map vector is made. Like the
map vector, the stem-map vector describes the
location of stem cells through 1’s and 0’s. As a result,
the localization of stem cells within the cell popula-
tion can be followed. In addition, an address for a
specific cell within the stem-map vector will be equi-
valent to the cell’s address in the map vector. The
code for the previous 1-dimensional model is slightly
modified by incorporating a probability factor (sphere
forming efficiency of stem cells) so that only stem
cells are capable of cell division.

3-dimensional Cellular Automata Model for
Stem Cells 

Rules of cell displacement developed for the 1-di-
mensional system is adapted first to a 2-dimensional
system and then into 3-dimensional system to get a
comprehensive model for neurospheres growth. The
effects of oxygen mass transfer, cell mobility and cell
death arising from insufficient oxygen are incorporat-
ed. As aggregates increase in size, mass transfer limi-
tations of nutrients become more significant, potenti-
ally inhibiting cell proliferation and viability. More-
over, concentrations of toxic metabolic by-products
gradually increase within neurospheres as their size
increases, compromising cell viability. To account for
these effects a general mass transfer model which is
similar to reaction-diffusion models of spherical cat-
alysts can be considered as follows:

∂C ∂2C 2D ∂C kXC
mmm==Dmmmm++mmm mmm-mmmmmm (1)
∂t ∂r2 r ∂r Km++C

where k denotes oxygen uptake rate, X denotes viable
cell density, D denotes diffusivity, C denotes concen-
tration of oxygen and Km denotes the Michaelis-Men-
ten constant. Aggregate diameter was also approxi-
mated from its relationship to sphere volume, assum-
ing spherical geometries in equation 2. This was re-
quired so that aggregate size could be passed on to
the mass transfer model.

Sphere volume==π/6 (Sphere diameter)3 (2)

Equation (1) can be solved numerically with appro-
priate boundary conditions and all the model parame-
ters are determined experimentally. Once the values

of X, k, Km and D are known, it is possible to incor-
porate the effects of oxygen mass transfer within ag-
gregates into cellular automata model. 

Cell Lines, Media and Cell Culture 
This work is conducted using a murine neural stem

and progenitor cell lines, isolated from the striatal
region of the forebrain of day 14 albino mouse em-
bryos, as outlined by Reynolds and Weiss11. The me-
dium, PPRF-m4, is a serum-free medium, is used for
all relevant cell culture experiments. Filter-capped
tissue culture flasks with 0.0075 m2 surface area were
used for all static cell cultures. While 125 mL bio-
reactor vessels (corning, cat. 26502-125) were used
for suspension culture.

Measurement of Oxygen Uptake Rate 
The oxygen uptake rate of neural stem cells is de-

termined by using a modified spinner flask bioreac-
tor, which consisted of a sealed vessel with no heads-
pace. The vessel has a volume of approximately 250
mL and a rubber lid with a hole for insertion of a dis-
solved oxygen (DO) probe. The impeller is agitated at
100 rpm and a known number of actively growing
day 4 single cells/neurospheres are placed in the
modified spinner with 250 mL of fresh 37�C PPRF-
m4 medium. Immediately following this, the cali-
brated DO probe is inserted in the lid and the lid is
securely placed into the vessel, cutting off access to
the atmosphere (source of additional air). The DO
measurements have to be recorded every minute us-
ing the Wheaton BIOPRO® software. The DO is
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Figure 9. Photomicrograph of neural stem cell aggregates
(neurospheres). Day-4 old cells were used to inoculate at a
density 75,000 cells/mL in 125 mL spinner flasks. The cells
were cultured at 37�C with 5% CO2 in air.



measured at specific time until the reading becomes
zero. Oxygen uptake rate can then easily be determin-
ed from the slop of Dissolved Oxygen level (%) vs.
time (min) plot.

Measurement of Diffusivity of O2 within
Neurospheres

The diffusivity of oxygen within the neurospheres
was calculated using the same data obtained to cal-
culate the oxygen uptake rate of the neurospheres.
First the average size of neurospheres diameter was
determined by taking photographs of day-4 old cells
culture. The diameter of approximately 200 neuro-
spheres was calculated by measuring the horizontal
and vertical diameters of each neurospheres and then
averaging the two values. Then, the average of the
200 neurospheres diameters was taken as the average
neurospheres diameter of that particular day. It was
observed that on day-4 the majority of the neurosph-
eres were 100µm in diameter (Figure 9). Therefore,
to simplify the calculation of the diffusivity, all day-4
neurospheres were assumed to be 100µm in diameter.
Then, theoretical oxygen uptake kinetics was deter-
mined by solving equation (1) numerically consider-
ing some appropriate boundary conditions. A value
of diffusivity, D was estimated by fitting the resulting
decline in oxygen concentration in the experimental
apparatus, C to theoretical oxygen uptake kinetics.

Population Analysis
A population study examines the ability of cells to

form new neurospheres. The ability of a single cell to
proliferate and form a neurospheres is considered a
validation that the cell is indeed a NSC12. Population
analysis is carried out by inoculating 500 cells/200
µL/well in a 96-wells plate and then counting the
number of neurospheres formed after 6-8 days to cal-
culate the sphere forming efficiency of the popula-
tion. Figure 10 shows a general schematic diagram of
In vitro expansion of murine NSCs. At the end of the
population test, the total number of spheres formed is
divided by the total number of single cells plated at
the start of the test. This number is then multiplied by
100 and called the sphere forming efficiency which is
considered as stem cells generation probability within
neurospheres. 
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