
Abstract. – Objectives: One important
limitation in cell therapy protocols, and regenera-
tive medicine (an innovative and promising strate-
gy for different pathologies treatment), is the lack
of knowledge about cells engraftment, prolifera-
tion and differentiation. In order to allow an effi-
cient and successful cell transplant, it is neces-
sary to predict the logistics, economic and timing
issues during cellular injection. It has been report-
ed that several parameters, such as cells number,
temperature and extracellular pH (pH0) value can
influence metabolic pathways and cellular growth.
Numerical analysis and model can help to reduce
and understand the effects of the above environ-
mental conditions on cell survival.

The aim of this paper is to develop the first step
of cells transplantation in order to identify “in vit-
ro”, which parameters can be useful to develop
and validate a numerical model, able to evaluate
“in vivo” cells engraftment and proliferation. 

Material and Methods: We studied the vari-
ation of extracellular parameters – such as medi-
um volume, buffer system, nutrient concentra-
tions and temperature on human colon carcino-
ma cells (CaCo-2) “in vitro culture” – pursuing
the goal of understanding in deeper details cel-
lular processes such as growth, metabolic activ-
ity, survival and pH0.

Results: Results showed that CaCo-2 cells
growth and mortality increase after two days in
culture when cells were suspended in 3.5 ml vol-
ume to respect of 10 ml volume. Different tem-
perature values influenced CaCo-2 cells growth
and metabolic activity showing a direct relation-
ship with the volume of the medium.

Conclusions: Our results describe as CaCo-2
cell growth, metabolic activity, mortality and ex-
tracellular pH were influenced by extracellular
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parameters, enabling us to develop and validate
a numerical model to be use to predict cells en-
graftment and proliferation.
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Introduction

The use of transplanted stem cells, leading to
regeneration of pathological tissue has emerged
as a major new opportunity in regenerative medi-
cine1-3. Despite some preliminary clinical trials
have been encouraging, due to the multiplicity of
factors influencing cells engraftment, it is neces-
sary to develop clinical protocols taking in ac-
count all the possible effectors.

Many investigations have described how drugs
and experimental parameters such as pH4 and
p(O2) influence specific metabolic pathways and
cellular growth5,6. As reported, tumor cells be-
havior are very sensitive to biochemical condi-
tions and microenvironment culture. In different
experimental conditions tumor cells can develop
gradients in oxygen and glucose concentration
and extracellular pH level as they growth7. Nu-
merical models can help to understand which
variables influence the cellular growth, metabo-
lism and their proliferation8-10. Until angiogenesis
has significantly advanced11, models can be
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cose concentration (LG and HG) and in order to
improve buffer capacity of culture medium
buffered by bicarbonate, HEPES, is added to the
culture medium. So we have the medium buffered
by sodium bicarbonate only (CO) and by N-2-hy-
droxyethyl piperazine-N′-2-ethanesulfonic acid,
HEPES, and bicarbonate (H).

Cell Culture
The CaCo-2 human colon carcinoma cells,

subclone TC715 were grown in monolayer culture
on 25 cm2 plastic culture flasks, using Dulbecco’s
Modified Eagle’s Medium (DMEM; Euroclone)
supplemented with 10% fetal bovine serum (Eu-
roclone), 2 mM glutamine (Sigma), 1.0 unit/ml
penicillin (Sigma), and 1.0 mg/ml streptomycin
(Sigma), in a humidified incubator with 95% air
and 5% CO2. Experiments was performed vary-
ing some growth critical parameters such as tem-
perature (35, 37 and 39°C), glucose concentra-
tion (LG 1000 mg/l and HG 4500 mg/l), buffer
systems (sodium bicarbonate alone and with
HEPES) and volume of the medium as an index
of nutrient concentration (3,5 and 10 ml). 

Growth Curves
Cells were seeded at density of 24 × 103

cells/cm2 on 25 cm2 plastic culture flasks. For
each experimental condition, cells were grown
for 7 days. Cells were harvested with 0.1%
trypsin-EDTA (Sigma), washed twice with PBS
and the total number of nucleated and viable
cells was counted by Trypan Blue dye (0.4%)
(Sigma) exclusion assay16 using a Bürker hemo-
cytometer chamber. This protocol was performed
at 1, 2, 3, 4, and 7 days. Each experiment was re-
peated three times.

Extracellular pH Measurement
Extracellular pH0 was measured in the medi-

um5,17 at the beginning of each experiment and
after 1, 2, 3, 4 and 7 days using pH-meter (Cri-
son GLP21) with a resolution of 0.01. pH-meter
was calibrated before and after each measure-
ment. Each experiment was repeated three times.

Metabolic Activity 
WST assay. CaCo-2 metabolic activity, an in-

dex of cellular proliferation, was quantified by a
colorimetric assay based on oxidation of tetra-
zolium salts18 (Cell Proliferation Reagent WST-
1; Roche Diagnostics). Exponentially growing
CaCo-2 cells were seeded in 96-well plates with
a density of 6000 cells/well, cultured for up to 7

based on reaction-diffusion mechanism that de-
scribes nutrient transport in cells. In such models
oxygen consumption phenomena can be simulat-
ed using Michaelis-Menten law12, whereas the
growth phase can be modeled using the Monod
kinetics. Measuring “in vitro” Monod’s13 and
Michaelis-Menten parameters it is possible to
simulate the behavior of different cellular lines.

In this work it was studied the CaCo-2 cell
growth, mortality, extracellular pH (pH0) values
and metabolic activity, when buffer systems tem-
peratures, volume of the medium and glucose
concentrations were changed14. The aim of the
investigation was to show how experimental fac-
tors can influence the CaCo-2 cells behavior dur-
ing relatively long-term culture. 

Results showed the relationship between cell
growth, metabolic activity, survival, pH0 with ex-
tracellular parameters. These parameters will be
used to update and validate the numerical model
able to evaluate “in vivo” cells engraftment and
proliferation.

Materials and Methods

We developed a numerical model in order to
study cellular growth and metabolic activity10. The
model was based on reaction-diffusion mechanism
that describes nutrient transport in cells until angio-
genesis has come to advanced step11. Oxygen con-
sumption phenomena was simulated using
Michaelis-Menten law. The growth phase was
modelled using the Monod kinetics. Measuring “in
vitro” Monod’s and Michaelis-Menten parameters
it’s possible to simulate the behavior of different
cellular lines. In the mathematical models also the
carbon dioxide production during oxygen con-
sumption and the effects of pH and temperature
were considered.

We carried out a study focalized on the “in
vitro” measurements of some model parameters, in
order to improve the numerical model10 able to
simulate substrate concentration profile, cells dis-
tribution and proliferation into different biological
tissue. A set of different measurements have been
performed on CaCo-2 cells in different conditions.
The measured parameters were: cellular growth,
metabolic activity, number of dead cells and pH0 in
correspondence of two different volumes of medi-
um (3,5 and 10 ml) and three different tempera-
tures (35, 37 and 39°C). Experiments were per-
formed using as cells’ nutrients low and high glu-
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periments were performed using two different
volumes of the medium and the synergic effects
with different temperatures, buffer systems and
glucose concentrations were studied. The date re-
ported confirmed the previous results reported in
Figures 1 and 2 showing a direct relationship
with cellular growth and extracellular pH mea-
surement. CaCo-2 cells mortality was higher in
the same samples in which cellular growth and
extracellular pH have been increased (Figure 3
A, B and C respectively).

Finally, in Figure 4 we present results regarding
the CaCo-2 cells metabolic activity measured dur-
ing relatively long-term culture, using two different
volumes of the medium. The synergic effects with
different temperatures, buffer systems and glucose
concentrations were studied. CaCo-2 cells meta-
bolic activity results showed the relevant role of the
volume of the medium in all experiments respect to
the other parameters.

For each figure a general index of the dispersion
(i.e. each point in figure was obtained for three in-
dependent experiments) is reported in Table I. In
the table the numbers “1, 2, 3, 4 and 7” are the
days in which the measurements were performed.

Discussion

The CaCo-2 cells are a good experimental
model to study the influence of extracellular pa-
rameters on cell growth, viability, mortality and
extracellular pH enabling us to identify cells be-
haviour. Our results showed the relevant role as-
sumed by the volume of the medium, with re-
spect to the temperature, during the CaCo-2 cell
growth, while glucose concentration was kept
constant. In particular, in presence of the same
volume of the medium the low temperature
(35°C) seems to produce a positive effect on cel-
lular growth and mortality respect to high tem-
perature (39°C) (Figures 1A, 3A and 4A).

When temperature was kept constant (37°C), it
was demonstrated that the volume of the medium
assumes a secondary importance in presence of
high glucose concentration, respect to low glucose
concentration (Figures 1C, 3C). Also the relevance
of extracellular pH and metabolic activity has been
studied. A decrease of pH0 (from 7.5 to 6.7) in Ca-
Co-2 cells growth in 10 ml of volume of the medi-
um (Figure 2A) and high glucose concentration
(Figure 2C) was reported. Results reported in Fig-
ure 4C showed metabolic activity increases in rela-

days in a humidified incubator, and measured
with formazan dye every 1 day. WST reagent di-
luted 1:10 was added in the wells at the begin-
ning and 1, 2, 3, 4 and 7 days after plating and
then incubated for 2 hours in humidified atmos-
phere (37°C, 5% CO2). Quantification of the for-
mazan dye florescence was performed by ab-
sorbance measurement at 450 nm using a scan-
ning multiwell spectrophotometer (Biotrack II;
Amersham Biosciences). Each experiment was
repeated three times.

Results

Figure 1 shows the CaCo-2 cells growth ob-
tained during “in vitro” time-course experiments.
Each point of the curves represents the average
of three independent measurements done in the
same conditions. 

CaCo-2 cell growth was performed in presence
of two volumes of the medium (3,5 and 10 ml).
The synergic effects with different temperatures,
buffer systems and glucose concentrations were
studied too. CaCo-2 cells growth in 10 ml of vol-
ume of the medium appeared greater than the
growth in the presence of different temperatures
(Figure 1A) and buffer systems (Figure 1B). On
the contrary 10 ml of volume of the medium was
not sufficient for cells growth in presence of low
glucose concentrations (Figure 1C). 

Figure 2 shows CaCo-2 extracellular pH
curves obtained during “in vitro” time-course ex-
periments. pH0 curves changes were performed
in presence of two volumes of the medium and
the synergic effect with three different tempera-
tures, two buffer systems and glucose concentra-
tions were studied. Extracellular pH measure-
ments on CaCo-2 cells cultured in presence of 10
ml of volume of the medium (Figure 2A) and bi-
carbonate or bicarbonate + HEPES were more al-
kaline than cells cultured without buffer systems
(Figure 2B). Moreover, the presence of high glu-
cose concentration in the medium is more impor-
tant for cells growth and vitality (Figure 2C).
These results were confirmed by the acid values
of pH0 presents in cell culture medium character-
ized by high glucose concentration. 

In Figure 3 the CaCo-2 cells mortality curves
(number of death in a population) obtained dur-
ing “in vitro” time-course experiments are report-
ed. Each point of the curves represents the aver-
age of three independent measurements. The ex-
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Figure 1. Cellular growth curves. CaCo-2 cell suspension was divided into two aliquots and cultured for seven days in
3.5 (dashed line) and 10 ml (continuous line) of the volume of the medium respectively. A, Double action of different tem-
peratures (35°C, 37°C and 39°C) and volumes of the medium. B, Synergic effects with and without buffer systems and
two volumes of the medium on the cellular growth. C, Effect of glucose concentrations (HG = 4500 mg/l and LG = 1000
mg/l) and two volumes of the medium. CO = control with sodium bicarbonate; H = with N-2-hydroxyethyl piperazine-N′-
2-ethanesulfonic acid (HEPES) and sodium bicarbonate; w/b = without buffer.
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Figure 2. Extracellular pH measurements. CaCo-2 cell suspension was divided into two aliquots and cultured for seven
days in 3.5 (dashed line) and 10 ml (continuous line) of the volume of the medium respectively. A, Synergic effects be-
tween temperatures (35°C, 37°C and 39°C) and volumes of the medium. B, Effects produced using different buffer sys-
tems and two volumes of the medium. C, Double actions produced using different glucose concentrations (HG = 4500
mg/l and LG = 1000 mg/l) and two volumes of the medium. CO = control with sodium bicarbonate; H = with N-2-hydrox-
yethyl piperazine-N′-2-ethanesulfonic acid (HEPES) and sodium bicarbonate; w/b = without buffer.
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Figure 3. CaCo-2 cellular mortality. CaCo-2 cell suspension was divided into two aliquots and cultured for seven days in
3.5 (dashed line) and 10 ml (continuous line) of the volume of the medium respectively. A, Interaction effects between
different temperatures (35°C, 37°C and 39°C) and volumes of the medium. B, Effects of two buffer systems and volumes
of the medium. C, Double action produced using different glucose concentrations (HG = 4500 mg/l and LG = 1000 mg/l)
and two volumes of the medium. CO = control with sodium bicarbonate; H = with N-2-hydroxyethyl piperazine-N′-2-
ethanesulfonic acid (HEPES) and sodium bicarbonate; w/b=without buffer.
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Figure 4. Cellular metabolic activity. CaCo-2 cell suspension was divided into two aliquots and cultured for seven days
in 3.5 (dashed line) and 10 ml (continuous line) of the volume of the medium respectively. A, Double action of different
temperatures (35°C, 37°C and 39°C) and two volumes of the medium. B, Synergic effects due to different buffer systems
and volumes of the medium. C, Interaction effects between glucose concentrations (HG = 4500 mg/l and LG = 1000 mg/l)
and two volumes of the medium. CO = control with sodium bicarbonate; H = with N-2-hydroxyethyl piperazine-N′-2-
ethanesulfonic acid (HEPES) and sodium bicarbonate; w/b = without buffer.
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Cellular Growth
SD relative
to Figure 1 1 2 3 4 7

10 ml 37°C 102,532 121,243 224,727 336,005 300,000

3.5 ml 37°C 100,000 173,205 200,000 230,651 256,969

10 ml 35°C 81,853 266,090 199,007 212,788 186,815

3.5 ml 35°C 203,066 264,575 353,411 401,497 240,208

10 ml 39°C 69,548 268,374 264,575 264,575 550,757

3.5 ml 39°C 100,000 88,881 249,799 190,787 264,575

10 ml CO 173,205 175,282 155,319 197,068 217,944

10 ml H 121,803 97,250 200,000 233,642 150,000

3.5 ml CO 91,651 111,355 202,029 210,713 229,128

3.5 ml H 87,068 86,602 183,303 140,000 200,000

10 ml w/b 97,596 111,013 62,649 82,000 40,000

3.5 ml w/b 82,213 176,680 80,000 86,857 97,596

10 ml HG 102,532 121,243 224,727 336,005 300,000

10 ml LG 125,000 97,000 164,620 204,287 132,287

3.5 ml HG 104,230 93,407 312,249 150,164 260,798

3.5 ml LG 78,581 66,022 160,000 139,000 105,929

Cellular Mortality 
SD relative
to Figure 3 1 2 3 4 7

10 ml 37°C 2,000 1,000 25,000 24,979 66,143

3.5 ml 37°C 4,000 6,000 18,330 43,588 62,449

10 ml 35°C 4,358 5,000 45,210 61,024 72,111

3.5 ml 35°C 3,000 27,712 13,228 40,000 50,000

10 ml 39°C 4,000 24,576 20,000 69,072 52,915

3.5 ml 39°C 3,000 5,291 36,055 36,055 89,000

10 ml CO 2,000 1,000 25,000 24,979 66,143

10 ml H 2,645 1,757 24,979 38,000 90,138

3.5 ml CO 4,000 6,000 18,330 43,588 62,449

3.5 ml H 3,774 3,605 8,888 26,457 43,588

10 ml w/b 2,783 2,749 8,046 12,767 27,513

3.5 ml w/b 5,068 8,717 21,656 17,586 26,457

10 ml HG 3,500 3,605 8,504 11,135 20,000

10 ml LG 2,645 1,000 8,888 13,228 15,000

3.5 ml HG 2,000 2,645 5,291 10,000 10,000

3.5 ml LG 3,000 5,000 10,000 6,082 10,000

Table I. Index of dispersion (SD).
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Extracellular pH Measurements
SD relative
to Figure 2 1 2 3 4 7

10 ml 37°C 0.03 0.02 0.03 0.03 0.04

3.5 ml 37°C 0.05 0.02 0.04 0.02 0.03

10 ml 35°C 0.03 0.02 0.01 0.03 0.03

3.5 ml 35°C 0.01 0.02 0.02 0.03 0.03

10 ml 39°C 0.02 0.03 0.01 0.03 0.03

3.5 ml 39°C 0.02 0.03 0.03 0.02 0.03

10 ml CO 0.03 0.03 0.01 0.02 0.03

10 ml H 0.03 0.03 0.02 0.01 0.02

3.5 ml CO 0.01 0.03 0.03 0.02 0.04

3.5 ml H 0.01 0.03 0.02 0.02 0.03

10 ml w/b 0.04 0.02 0.02 0.01 0.02

3.5 ml w/b 0.02 0.01 0.03 0.01 0.03

10 ml HG 0.03 0.02 0.03 0.03 0.04

10 ml LG 0.04 0.02 0.01 0.03 0.04

3.5 ml HG 0.02 0.04 0.02 0.02 0.02

3.5 ml LG 0.01 0.02 0.01 0.03 0.01

Metabolic Activity
SD relative
to Figure 4 1 2 3 4 7

10 ml 37°C 0.01 0.01 0.02 0.04 0.05

3.5 ml 37°C 0.03 0.02 0.02 0.03 0.03

10 ml 35°C 0.03 0.02 0.03 0.04 0.01

3.5 ml 35°C 0.02 0.02 0.03 0.01 0.03

10 ml 39°C 0.02 0.04 0.02 0.03 0.02

3.5 ml 39°C 0.02 0.03 0.01 0.03 0.02

10 ml CO 0.01 0.01 0.02 0.04 0.05

10 ml H 0.02 0.03 0.02 0.02 0.03

3.5 ml CO 0.02 0.03 0.01 0.03 0.01

3.5 ml H 0.02 0.04 0.02 0.03 0.01

10 ml w/b 0.03 0.02 0.02 0.01 0.03

3.5 ml w/b 0.01 0.02 0.02 0.02 0.03

10 ml HG 0.02 0.02 0.01 0.03 0.02

10 ml LG 0.02 0.03 0.02 0.02 0.04

3.5 ml HG 0.02 0.04 0.02 0.01 0.02

3.5 ml LG 0.02 0.03 0.01 0.02 0.02
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tion to volume medium and this is independent
from the glucose concentration.

Figures 1B, 2B, 3B and 4B showed the depen-
dence of cellular growth in relation to constant
pH (bicarbonate buffer system alone and bicar-
bonate + HEPES). No effect of the buffering sys-
tems was found on cell growth, in contrast the
medium volume was relevant for cellular growth,
mortality extracellular pH and metabolic activity. 

The actual numerical model available to study
the cellular growth and metabolic activity on the
basis of the reaction-diffusion mechanism (that de-
scribes nutrient transport in cells until angiogenesis
has come to advanced step) will be updated and
validated using the reported results19. In particular,
our findings of the dependence of high glucose
concentration on CaCo-2 cell growth, mortality ex-
tracellular pH and metabolic activity suggest to im-
plement a glucose model inside the mathematical
model. This upgrade will be realized using the
Michaelis-Menten law to take in account the glu-
cose consumption phenomena. Our modified
mathematical model will be also implemented by a
numerical relation between the carbon dioxide pro-
duced during oxygen consumption and the carbon
dioxide produced from glucose. The numerical
model validation will consist in reproducing the
trend of data obtained during “in vitro” experi-
ments. The cell growth, the metabolic activity, the
survival and pH0 will be simulated starting from
the same condition used during the “in vitro” ex-
periments (i.e. temperature, volume of the medium
and glucose concentration)7,9,20. 
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