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Abstract—A tissue-mimetic culture system (TMCS) in which
cells are sandwiched between two glass slides provides an ideal
microenvironment for studying the effects of oxygen and nutrient
gradients on cells in culture. A mathematical model was utilized to
predict the time course of the development of oxygen and glucose
concentration gradients within the TMCS. Oxygen and glucose
consumption rates of mouse embryonic stem cells were measured
as parameters for the model. The model predicts oxygen and glu-
cose concentration profiles directly using a single experimentally
controlled variable, the seeding density of cells within the system.
The model predicts that the time required for the gradients to
reach steady state is inversely related to the cell density, and the
penetration depth of the gradients into the TMCS is inversely
related to the square root of the cell density. Experimental oxygen
concentration measurements were performed at a cell density of
9.1 × 106 cells cm−3, and the gradient was found to develop to
a steady-state profile within 20 min and penetrate approximately
2 mm into the TMCS, consistent with the theoretical predictions.
This model and the TMCS provide useful tools for investigating
the effect of the metabolic microenvironment on cells in culture.

Keywords—Mathematical modeling, Cancer, Hypoxia, Stem cell
biology, Tissue-mimetic culture.

ABBREVIATIONS

TMCS tissue-mimetic culture system
ES cell embryonic stem cell
HIF hypoxia-inducible factor
OBS Oxygen biosensor
OCR oxygen consumption rate

INTRODUCTION

Stem cell therapy is a promising field of research for the
development of regenerative medicine technologies. Often,
the external conditions that stem cells experience are mod-
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ulated to control the fate of differentiation of stem cells.
However, the effects of local changes and gradients in the
microenvironment on stem cells are often ignored. Here we
develop a system to allow the predictable control of the
oxygen and glucose levels experienced locally in an assay
that will allow the assessment of stem cell biology under
different conditions. In addition, the system developed has
broader applications in the area of tumor biology and the
study of microenvironmental effects on the response of cells
to pharmaceuticals.

To achieve this aim, a tissue-mimetic culture system
(TMCS) was used in which cells are grown between two
glass slides separated by a fixed distance. This system was
initially described as an in vitro tumor analog, analogous
to multicellular spheroids in mimicking the gradients of
oxygen, nutrients, and waste products that develop within a
growing tumor.17 The advantages to using the TMCS over
the spheroid system are that cells under the entire gradient
can be monitored microscopically without fixation and sec-
tioning15,17 and that the viable region of the TMCS has been
shown to be an order of magnitude larger than the viable rim
of a spheroid, which is often only a few cell layers thick.17

The disadvantage of the TMCS is that like any monolayer
in vitro system, there is no three-dimensional cell-cell con-
tact. However, for the purposes of investigating the effects
of the metabolic microenvironment on cells in culture, the
TMCS provides the desirable features of 1) stable and con-
trollable oxygen and nutrient gradients, 2) a region of in-
terest large enough to monitor the cell migration, cell-cell
interactions, apoptosis, proliferation, or any other micro-
scopically observable behavior of numerous cells simulta-
neously, and 3) the ability to monitor the system microscop-
ically in real time, allowing for assessment of the kinetics
of these behaviors. The gradients within the TMCS are
somewhat “tunable,” in that the steepness of the gradient
can be modulated by varying the cell density of the TMCS
and the height of the gap between the two glass slides.
The mathematical model described in this paper provides a
predictive method of planning TMCS experiments.
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Mathematical models for the prediction of oxygen pro-
files within three-dimensional spheroids have been devel-
oped extensively and microelectrode measurements used
to measure oxygen profiles within spheroids.1,7,8,20,21,26

One comprehensive model by Casciari et al.7 modeled the
growth of spheroids based on gradients of oxygen, glu-
cose, lactate ion, carbon dioxide, bicarbonate ion, chlorine
ion, and hydrogen ion within the spheroids. Oxygen and
glucose consumption rates as well as glucose diffusivi-
ties and cell growth rates were measured in the EMT6/Ro
mouse mammary sarcoma cell line, and the spheroid growth
rates, viable rim thickness, and nutrient consumption rates
were predicted from the model. In their model, steady-state
was assumed so that only the time-independent differen-
tial equations were solved. In the realm of spheroids, the
utility of these models has typically been their ability to
predict spheroid growth rates and determine the factors that
contribute to the growth of spheroids.

The TMCS can also be modeled using standard diffu-
sion equations with a consumption term for the depletion
of oxygen and nutrients by the cells in the system.17,18

The model used in this paper was originally applied to the
TMCS by Hlatky et al.18 to predict the viable border width
of cells within the system. The present model builds on
the prior studies and advances them in two ways: 1) the
mathematical model predicts the time course of the evo-
lution of oxygen and glucose concentration profiles, and
2) the predicted oxygen concentration profiles are directly
validated by measurement of oxygen concentrations within
the TMCS.

MATERIALS AND METHODS

Theoretical Model of Tissue-Mimetic Culture System

The TMCS is illustrated in Fig. 1(a). As oxygen and
nutrients diffuse into the system from the edge of the cul-
ture (x = 0 mm), they are consumed by the cells which are
seeded on the bottom slide. A steady-state is established
when the diffusion into the system is balanced by cellular
consumption within the system. The following assumptions
are made:

1. Oxygen and glucose are the only components of
interest within the model. It is well known that
per-cell consumption of either oxygen or glucose
depends on the concentration of both substances,2

so both are accounted for within the model.
2. The cell number is assumed to be spatially and tem-

porally constant over the 24-hour period of interest.
In reality, the cells are dividing and growing during
the time of interest, and likely at different rates in
different locations due to the dependence of cell
proliferation on oxygen concentration. Thus, the

FIGURE 1. (A) Diagram of the Tissue-Mimetic Culture System
(TMCS). The cells are “sandwiched” between two glass slides
separated by a spacer of known height. Oxygen and nutrients
from the media can only reach the central region of the system
by diffusion, setting up oxygen gradients within the system
as the cells consume oxygen. An agarose mold surrounds
the system, which allows diffusion of small molecules such
as oxygen and nutrients while preventing convective mixing
of the fluid in contact with the cells. The x-direction is the
direction of diffusion of oxygen and gradients, the y-direction
is parallel to the edge of the system, and the z-direction is
perpendicular to the surface on which the cells are grown.
(B) Light microscopic image of ES cells growing within the
TMCS at the time of the addition of the top slide to the system,
demonstrating the morphology and growth pattern of the cells
within the TMCS.

model is primarily valid at early time points before
the cell density changes significantly.

3. The per-cell consumption rates of oxygen and glu-
cose do not depend explicitly on time, only on the
concentrations of oxygen and glucose at any given
location.

4. The oxygen and glucose concentrations are as-
sumed to be independent of location in the y-
direction (see Fig. 1(a)), as measurements are made
in the center of the slide (approximately 3 cm from
the edge of the culture in the y-direction).

5. The oxygen and glucose concentrations are inde-
pendent of z-direction (above the cells). The va-
lidity of this assumption will be assessed in the
Discussion section.
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6. The agarose gel does not limit the diffusion of glu-
cose or oxygen into the TMCS. As seen in Fig. 1(a),
diffusion through the agarose occurs in 3 dimen-
sions, as glucose and oxygen can also diffuse in
through the top of the agarose. The shortest diffu-
sion distance through the agarose is approximately
0.5 mm, and the characteristic diffusion times of
oxygen and glucose across this distance are 1.4 min
and 4.6 min, respectively. It will be shown that the
characteristic consumption times of oxygen and
glucose within the TMCS for the experiments per-
formed herein are approximately 11 min and 11
hours, respectively. Thus, it is assumed that the
contribution of diffusion through the agarose gel
can be disregarded in the solutions of the proposed
mathematical model.

7. The ES cells form a monolayer within the TMCS.
Figure 1(b) shows a light microscopic view of the
ES cells within the system soon after the intro-
duction of the top slide. While the cells tend to
clump together, the clumps are spread thin so that
the monolayer approximation is likely valid. Al-
though the local cell density may vary from point
to point, it is assumed that the macroscopic, aver-
age cell density will determine the overall oxygen
consumption, and thus the oxygen gradient, within
the TMCS.

For these assumptions, the diffusion equations reduce to
two coupled, one-dimensional time-dependent partial dif-
ferential equations:

∂pO(x, t)

∂t
= DO

∂2 pO(x, t)

∂x2
− QO(pO, CG)

N

ZG
(1)

∂CG(x, t)

∂t
= DG

∂2CG(x, t)

∂x2
− QG(pO, CG)

N

ZG
(2)

where pO(x,t) and CG(x,t) are the location- and time-
dependent partial pressure of oxygen and concentration
of glucose, respectively; DO and DG are the diffusional
constants of oxygen13,24 and glucose19 in water at 37◦C
(DO = 3 × 10−5 cm2 sec−1; DG = 9 × 10−6 cm2 sec−1); N
is the number density of cells per unit surface area in the
TMCS (cells cm−2); ZG is the gap height of the system; and
QO(pO,CG) and QG(pO,CG) are the per-cell consumption
rates of oxygen and glucose that are dependent on oxygen
and glucose concentrations. The quantity N/ZG is a valid
measure of the volume density of cells within the TMCS
as long as the assumption of z-independence of nutrient
concentration holds.17,18

The initial and boundary conditions are set such that
the initial concentrations of oxygen and glucose, as well
as the concentration at either edge of the TMCS, are
set at the bulk media concentrations (pO = 160 mmHg;
CG = 3.5 mg ml−1). The oxygen and glucose consump-

tion rates were experimentally determined, including their
dependence on glucose and oxygen concentrations. The
combined parameter, N/ZG, was taken to be an experimen-
tally determined parameter that can be varied by changing
either the cell density or the gap height in the system.

Six useful parameters can be calculated from the math-
ematical model: the diffusion time for oxygen and glucose
to diffuse to the center of the TMCS (TD,O and TD,G); the
consumption time necessary for the total amount of oxygen
or glucose at any location to be consumed (TC,O and TC,G);
and the penetration distance for oxygen and glucose (XO

and XG), which is the characteristic diffusion distance for
each substance during the time period TC,O and TC,G, re-
spectively. If W is the entire width of the glass slide (2.5 cm)
and pO,a and CG,a are the ambient oxygen partial pressure
and glucose concentration, then the listed parameters can
be estimated as follows:

TD,O = (W/2)2

DO
= 14 hr (3)

TD,G = (W/2)2

DG
= 48 hr (4)

TC,O = pO,a

QO(N/ZG)
(5)

TC,G = CG,a

QG(N/ZG)
(6)

XO = (DOTC,O)0.5 (7)

XG = (DGTC,G)0.5 (8)

Cell Lines and Culture Conditions

Mouse embryonic stem (ES) cells that expressed (HIF-
1α+/+) or lacked (HIF-1α−/−) hypoxia-inducible-factor
(HIF)-1α, a transcription factor upregulated by low oxy-
gen concentration, were generated as described previ-
ously.6 Cells were maintained at low passage number
in Dulbecco’s Modified Eagle’s Medium (Invitrogen-
Gibco, Carlsbad, CA) with high glucose (4.5 mg ml−1)
and 20% heat-inactivated fetal calf serum, supplemented
with non-essential amino acids (0.1 mmol l−1), sodium
pyruvate (1 mmol l−1), L-glutamine (6 mmol l−1), 2-
mercaptoethanol (10 µmol l−1), penicillin/streptomycin
(100 units ml−1, 100 µg ml−1), and leukemia inhibitory
factor (ESGro, Chemicon International, Temecula, CA,
1000 units ml−1) to prevent differentiation. Cells were
grown on an inactivated primary mouse embryonic fibrob-
last feeder layer (Specialty Media, Chemicon International,
Temecula, CA) at a density of 50,000 fibroblasts cm−2.
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Tissue-Mimetic Culture System

The TMCS has been described previously.15,17 Briefly,
the ES cells (50% HIF-1α+/+; 50% HIF-1α−/−) were
seeded on a glass microscope slide at a density of
100,000 cells cm−2. The cells were grown for 24 h at 37◦C
in 5% CO2 in air. A second microscope slide was then
placed directly over the first slide, with a 350 µm gap be-
tween the two slides as a result of fixed-thickness spacers
at either end of the glass slides (see Fig. 1(a)). A 2-mm
thick agarose gel was formed around the system so that no
convection occurred due to inadvertent movement of the
culture dish. The cells in the transparent TMCS could be
visualized microscopically. A temperature-controlled stage
was utilized to maintain cells at 37◦C during the measure-
ment of oxygen concentrations over a 3 h time period at
various locations in the system.

Glucose Consumption Rates

Glucose consumption rates of ES cells were measured
in a manner similar to Hlatky et al.18 Briefly, ES cells
were seeded in 6-cm dishes on an inactivated fibroblast
layer at a seeding density of 100,000 cells cm−2 and
500,000 cells cm−2. Separate dishes were also seeded with
fibroblasts alone to measure the contribution of the fibrob-
lasts to glucose consumption. The cells were allowed to
grow for 24 h in normal cell culture conditions. At that
time, the cell culture media was changed to fresh media and
half of the dishes were placed into a normoxic cell culture
incubator, while the other half were placed in a hypoxic
chamber supplied with an artificial environment of 1%
oxygen and 5% carbon dioxide in nitrogen in a 37◦C culture
room. Every 6–10 h for the next 48 h, one fifth of the cell
culture media was removed for glucose measurements and
replaced with an equal amount of fresh media to replenish
the glucose and nutrients consumed by the cells. In separate
24-well plates, the ES cells were seeded at the same cell
densities and cultured under the same conditions. At each
time point for which media was removed for glucose mea-
surements, two wells of each condition were trypsinized
and counted by hemocytometer. The media taken from the
6-cm dishes was analyzed for glucose concentration us-
ing a glucose assay kit (Sigma, St. Louis, MO), and the
hemocytometer counts were used to measure cell density
at each time point (cells cm−2). The glucose consumed
per area of the cell culture dish was plotted vs. time, and
the slope of the curve at each time point was calculated to
obtain the glucose consumption rate. The slope was divided
by the total cell density at each measured time point to give
the per-cell glucose consumption rate (QG).

Oxygen Consumption Rate: Stirred-Chamber Method

The oxygen consumption rate of HIF-1α+/+ and HIF-
1α−/− ES cells in normal culture media (3.5 mg ml−1

glucose) was measured in a fiber-optic oxygen monitoring
system according to the manufacturer’s instructions (In-
stech Laboratories, www.instech.com/manuals/). Briefly,
cells were trypsinized and resuspended in fresh ES me-
dia. Cell concentration and viability were determined by
fluorescence-based cell counting and membrane integrity
tests using a flow cytometer (Guava PCA, Guava Tech-
nologies, Hayward, CA). The cells were concentrated to
5 − 6 × 106 cells ml−1. Cells were suspended in fresh me-
dia and sealed in a 200 µl stirred titanium water-jacketed
oxygen-impermeable chamber maintained at 37◦C (Instech
Laboratories, Plymouth Meeting, PA). The time-dependent
partial pressure of oxygen (pO) within the chamber was
recorded with a fluorescence-based oxygen sensor (Ocean
Optics, Dunedin, FL), and the decrease in oxygen tension
vs. time curve was fit to a straight line. The oxygen tension
was calibrated during each experiment both at room air
concentrations (pO = 160 mmHg) and after the oxygen has
been fully consumed from the chamber (pO = 0 mmHg).
The maximal oxygen consumption rate (OCR) was evalu-
ated by the equation QO = (dpO/dt) × kO/C, where kO is the
solubility of oxygen in water at 37◦C (1.19 nmol mmHg−1

ml−1) and C is the concentration of cells in the suspension
(cells ml−1).

Oxygen Consumption Rate: Oxygen Biosensing
Plate Method

In order to obtain high-throughput measurements of
oxygen consumption rate at various glucose concentrations,
an oxygen biosensing plate was used as described by
Guarino et al.14 The oxygen-sensing microplate used in
these experiments was the BD Oxygen Biosensor (OBS)
system (BD Biosciences, Bedford, MA). These plates incor-
porate an oxygen-sensitive ruthenium-based fluorophore
in a silicone rubber matrix in the bottom of each well of a
standard 96-well microplate.29 The ES cells were seeded
in quadruplicate at a density of 25,000 cells per well in five
different glucose concentrations (3.5 mg ml−1, 2.6 mg ml−1,
1.6 mg ml−1, 1.0 mg ml−1, and 0 mg ml−1 glucose). HEPES
buffer was added to the media at 25 mM. The microplates
were incubated at 37◦C in a temperature controlled mi-
croplate fluorometer (Fluroskan Ascent, Thermo Electron
Corporation) for 24 h, and the fluorescence from the wells
was measured every 4 h (excitation: 485 nm, emission:
620 nm). The fluorescence readings were converted to oxy-
gen concentrations, and the oxygen consumption rates was
estimated using the techniques described by Guarino et al.14

The per-cell oxygen consumption rate was calculated by
dividing the total oxygen consumption rate (extrapolated
to time zero) by the initial number of cells in each well.

Phosphorescence Quenching Microscopy

Oxygen tension measurements were made in vitro us-
ing a phosphorescence quenching microscopic technique
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described in Ref. 16. The oxygen-dependent porphyrin
probe (OxyPhor R0; Harvard Apparatus, Holliston,
MA)25,28 was bound to albumin according to the manu-
facturer’s instructions. The final albumin-bound porphyrin
solution was diluted to 5 mg ml−1 and mixed 1:10 with ES
media with HEPES buffer added (25 mM). The porphyrin-
containing media was added to the TMCS shortly before
the top slide of the culture system was put in place. The
oxygen measurements were made at 1-mm intervals across
the TMCS slide or a control slide by placing the culture
system within a temperature controlled microscope stage
designed to maintain the temperature at 37◦C. The stage
was placed on an automated stage, and the stage control
was set to automatically move the stage in 1-mm incre-
ments from the edge of the TMCS to the center. The phos-
phorescence signal of the oxygen-dependent phosphor was
detected at >630 nm with a photomultiplier tube after a
540-nm flashlamp excitation. The signal was averaged on a
digital oscilloscope before computer storage. In vitro decay
signals were fitted with an exponential function and the ex-
ponential decay time constants were converted to pO values
according to the Stern-Volmer equation:

1/τ = 1/τo + kq (pO) (9)

where τ is the time constant of decay, τ o is the time constant
of decay in the absence of oxygen, and kq is a quenching
constant. The constants τ 0 and kq in Eq. 9 were obtained
by calibration of the system as described in Ref. 16.

Statistical Analysis

The mathematical model in Eqs. (1–2) requires 7 ex-
perimentally determined parameters (see Results): (1) the
slope of the glucose consumption rate equation at low
oxygen concentrations in Eq. 10; (2,3) the slope and in-
tercept of the oxygen dependence of glucose consump-
tion rate in Eq. 11; (4,5) the slope and intercept of the
glucose dependence of the oxygen consumption rate in
Eq. 13; (6) the kinetic parameter, KM, describing the de-
pendence of oxygen consumption rate on oxygen concen-
tration in Eq. 12; and (7) the initial cell density, N/ZG,
in Eqs. (1–2). The uncertainty of model predictions re-
sulting from measurement errors of these parameters was
accounted for by the following procedure: First, the means
and the variance-covariance matrix describing the statistical
distribution of parameter estimates were determined from
experimental data. Second, 1000 sets of parameters were
drawn at random from a multivariate normal distribution
using the same means and variance-covariance, and the
mathematical model was solved for each set of parameters.
Third, the 95% confidence intervals were determined from
the 2.5-th and 97.5-th percentiles of the generated set of
model predictions. The experimental measurements were
compared graphically to model predictions including the
95% confidence interval. In addition, we calculated gener-

FIGURE 2. Glucose consumption rates for HIF-1α+/+ and HIF-
1α−/− cells (data combined) at various glucose concentrations
in normoxia (21% O2; closed circles) and hypoxia (1% O2; open
squares). The solid lines are linear least square fits of the data
with the lines forced through the origin (no glucose consump-
tion at zero glucose conditions). There was significant scatter
of the data at conditions of combined low glucose and low
oxygen concentrations.

alized R-squares3 for the experimental data as a measure of
goodness-of-fit to the theoretical predictions.

Results

Glucose Consumption Rates

In Fig. 2, the glucose consumption rate of the ES
cells is plotted against glucose concentration. The nor-
moxic (pO = 160 mmHg) and hypoxic (pO = 7.6 mmHg)
glucose consumption rates are plotted separately to obtain
the oxygen dependence of the glucose consumption rate.
It can be seen that glucose consumption rate is roughly
linear with glucose concentration, indicating that for these
cells, Michaelis-Menten saturation conditions have not
been reached. The data for HIF-1α+/+ and HIF-1α−/−

ES cells, as well as data from experiments with different
seeding densities, were combined, as these factors did not
affect the relationship between glucose consumption rate
and glucose concentration. Since glucose consumption rate
should fall to zero at zero glucose concentration, linear
approximations of the glucose dependence were forced to
intercept the origin. This linear approximation fits the data
reasonably well at higher glucose concentrations; however,
the goodness of fit decreases as the glucose concentration
falls below 1 mg ml−1. As a first approximation, this linear
fit was used for the glucose dependence of the glucose
consumption rate in the analytic solution of Eqs. (1–2).

Tziampazis and Sambanis27 measured glucose consum-
ption rate as a function of oxygen concentration in mouse
insulinoma βTC3 cells and found that glucose consumption
rate was constant at the normoxic value down to an oxygen
partial pressure (pO) of approximately 13–15 mmHg.
Below this value, the glucose consumption rate increased
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linearly to a maximum value at anoxic conditions. This
well-established rise in glucose consumption under
hypoxia, the Pasteur effect, is observed for many cell
lines.2 Balin et al.4 reported no significant difference
in glucose consumption rate in WI-38 lung embryonic
fibroblasts from 26–134 mmHg, and an increased glucose
consumption rate when grown at a pO of 7.8 mmHg. In a
model of coupled glucose and oxygen consumption in V79
Chinese hamster lung cells, Hlatky et al.18 also assumed
an approximately linear rise in glucose consumption rate
beginning at a pO of approximately 30 mmHg and rising
to a maximum value of twice the normoxic rate in anoxic
conditions. The embryonic stem cells used in the TMCS
experiments had a 33% higher glucose consumption rate
at a pO of 7.6 mmHg than at normoxic conditions (see
Fig. 2), consistent with the above results reported in the
literature. For the purposes of the solution of Eqs. (1–2),
the glucose consumption rate is assumed constant from
15–160 mmHg at the value measured for 160 mmHg
(QG,normoxic). Below 15 mmHg, the glucose consumption
rate is assumed to rise linearly by the equation, QG[mg
cell−1 hr−1] = ( − 0.045pO[mmHg] + 1.67)∗QG,normoxic

[mg cell−1 hr−1], based on the glucose consumption rates
experimentally measured at 21% and 1% oxygen.

The final expressions used for the glucose consumption
rate in the solution of Eqs. (1–2) are:

If pO ≥ 15 mmHg:

QG = 1.95 × 10−8 × CG (10)

If pO<15 mmHg:

QG = (−0.045pO + 1.67) × 1.95 × 10−8 × CG (11)

where QG is in mg cell−1 hr−1, pO is in mmHg, and CG is
in mg ml−1.

Oxygen Consumption Rates

The oxygen consumption rates measured with the stirred
chamber method for HIF-1α+/+ and HIF-1α−/− ES cells
at a glucose concentration of 3.5 mg ml−1 are shown in
Fig. 3(a). The oxygen consumption rate of the HIF-1α−/−

cells was approximately 15% higher (p = 0.02) than that of
the HIF-1α+/+ cells. For the purpose of the solution of the
mathematical model, the average value of the oxygen con-
sumption rate (OCR) for both cell types, 13.7 × 10−5 nmol
cells−1 hr−1, was used. This assumption should introduce
minimal error because 1) the difference in OCR between
the two cell types is small, and 2) the experiments are per-
formed with a mixture of 50% HIF-1α+/+ cells and 50%
HIF-1α−/− cells. Thus, the actual consumption rate expe-
rienced within the TMCS should be close to the average
value between the two cell types.

The oxygen consumption rate of cells generally fol-
lows Michaelis-Menten kinetics with respect to oxygen

FIGURE 3. Oxygen consumption rate of ES cells. (A) Stirred-
chamber measurements: Average values of 6 replicates for
each cell type. The HIF-1α−/− cell OCR is significantly higher
than that of the HIF-1α+/+ cells (p = 0.02). The error bars indi-
cate the standard error of the mean for the measurements. (B)
Method of calculation of KM for oxygen dependence of OCR.
The data is a representative curve from one of the stirred-
chamber measurements of OCR. The glucose concentration
used in this experiment was 3.5 mg/ml. The solid line is a best
fit line through the initial rising points of the curve, and the
small dashed lines demonstrate the method used to calcu-
late KM : the pO value at which the solid line crosses one half
of the Vmax value. (C) Biosensor plate measurements: Com-
bined data of oxygen consumption rates measured at various
glucose concentrations for HIF-1α+/+ and HIF-1α−/− ES cells.
Average values of 5–7 replicates for each data point. The error
bars indicate the standard error of the mean for the measure-
ments. As described in the text, these experiments were be-
gun at ambient oxygen concentrations (pO = 160 mmHg), and
the change in oxygen concentration over time was measured
using the biosensor plate technique. This technique underes-
timated the absolute oxygen consumption rate by a factor of 4
compared to the stirred chamber method.
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concentration:5,10,18,30

QO = Vmax pO

KM + pO
(12)

where Vmax is the maximum consumption rate (at normoxic
conditions) and KM is the half-maximal oxygen concentra-
tion at which the oxygen consumption rate is half of its
maximum rate. KM values typically fall in the range of
0.5–10 mmHg.5,10,18,30 The OCR data obtained from the
stirred chamber measurements was used to estimate the KM

value for ES cells (Fig. 3(b)). The instantaneous slope of
the stirred-chamber curve was plotted against the oxygen
tension for each OCR measurement, and a straight line was
fit through the initial rising portion of the resulting curve.
The point at which this line crossed the value corresponding
to one half of the maximal OCR was taken as the KM for
that curve. The average value of 12 measurements by this
method gave a KM for the ES cells of 5.2 ± 0.9 mmHg
(mean ± SEM).

The glucose dependence of oxygen consumption rate as
measured by the oxygen biosensor (OBS) plate method is
shown in Fig. 3(c). This 96-well plate method has been de-
scribed by Guarino et al.14 and has the advantage of allow-
ing multiple measurements in parallel. While this method
has been shown to be very accurate at measuring relative
oxygen consumption rates within an experiment, the abso-
lute values of oxygen consumption rate (OCR) measured
by the OBS method underestimated the OCR by a factor
of 4.0, as determined by the more accurate stirred-chamber
method (compare Fig. 3(a) to Fig. 3(c)). Therefore, the plate
method was used to calculate relative values of OCR at var-
ious glucose concentrations, and then the predicted values
were scaled appropriately by a factor of 4.0. The OCR drops
slightly with decreasing glucose concentration, as shown in
Fig. 3(c). The final expression for oxygen consumption ac-
counts for this glucose dependence, the Michaelis-Menten
dependence on oxygen concentration, and the scaling factor
obtained from comparing the OBS method with the stirred-
chamber method:

QO(nmol 10−5 cells−1 hr−1) = (1.05 CG + 10.08)

× pO

pO + 5.2
(13)

where CG is in mg ml−1 and pO is in mmHg.

Predictions of Mathematical Model

The theoretical predictions of the glucose and oxygen
profiles in the TMCS are shown in Fig. 4 for 3 different
seeding densities. In the solution of the differential equa-
tions, the quantity N/ZG is taken to be a single adjustable
parameter, corresponding to an effective volume cell den-
sity of cells within the system. Variation of the parameter
N/ZG changes two fundamental parameters of the system,
the time for the concentration profiles to reach steady-state,
and the penetration depth of each nutrient, defined as the

distance over which the gradient occurs at steady-state. As
long as the consumption time, TC, is less than the diffusion
time, TD (14 hr for oxygen, 48 hr for glucose), for the
system, then the time to steady-state can be approximated
by the consumption times, TC,O and TC,G, for oxygen and
glucose, respectively. Likewise, the penetration depths are
approximated by the diffusion distances, XO and XG, calcu-
lated from Eqs. (7–8). The variation of these parameters as
a function of the adjustable parameter, N/ZG, is shown in
Fig. 5(a) and 5(b).

Experimental Validation of Model

A TMCS experiment as described in Materials and
Methods was performed to measure the developing oxygen
profiles to compare the experimental measurements with
the predictions of the model. The oxygen tension measure-
ments are shown in Fig. 6(a) (data points) for various time
points up to 3 h after starting the experiment. The initial
measurements were taken before the top slide was added to
the culture. The phosphorescence quenching technique as
performed is only accurate from 0–60 mmHg. Above this
range, the measured phosphorescence decay half-life be-
comes constant due to limitations of the optical system and
is no longer inversely related to oxygen tension. Therefore,
the measurements above 60 mmHg in Fig. 6 correspond to
some value between 60 mmHg and 160 mmHg (room air).
Figure 6(a) indicates that a steady-state profile was reached
experimentally within 20 min and remained fairly stable for
at least 3 h, with a penetration distance of approximately
2 mm.

The cell densities 24 h after seeding with
100,000 cells cm−2 correspond to (3.2 ± 0.3) × 105 cells
cm−2 (data taken from cell counts made for glucose
consumption rate measurements), which corresponds to
an N/ZG of 9.1 × 106 cells cm−3. For this cell density, the
theoretical model predicts that the steady-state oxygen
profile will develop in approximately 11 min, and the
solid line in Fig. 6(a) shows the predicted steady-state
profile. The dashed lines in Fig. 6(a) show the 95%
confidence interval accounting for statistical variation in
data used to estimate the parameters in the mathematical
model. It can be seen that the experimental data after
steady-state is reached mostly agrees with the expected
range of solutions predicted from the theoretical model.
The generalized R-squares measuring goodness-of-fit of
the model predictions to oxygen tension measurements at
1–12 mm from the sandwich edge were 0.986 at 20 min,
0.828 at 2 h, and 0.994 at 3 h.

While the theoretical model only predicts the profiles
for a constant cell density, the effects of proliferation on the
steady-state oxygen profile were estimated by solving the
model with a cell density corresponding to 24 h of prolif-
eration within the TMCS. This cell density was estimated
from the cell counting experiments performed during the
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FIGURE 4. Glucose (A,C,E) and oxygen (B,D,F) profiles from the edge of the TMCS for seeding densities of (A,B) 3 × 105 cells cm−3,
(C,D) 3 × 106 cells cm−3, and (E,F) 3 × 107 cells cm−3. The separate curves are labeled with the corresponding time points, demon-
strating the development of the steady-state profiles over time. Note: In C-F, the length scale for the oxygen profile differs from the
length scale for the glucose profile to focus on the oxygen gradient, which occurs within the first 5 mm from the edge.

measurement of glucose consumption rate (see Materials
and Methods). An average of the proliferation rate of nor-
moxic and hypoxic cells was used to gain a rough estimate
of the cell density within the system. The average cell den-
sity obtained in this way was (7.6 ± 0.5) × 105 cells cm−2,
giving an N/ZG of 2.2 × 107 cells cm−3. The dashed line in
Fig. 6(b) is the predicted steady-state oxygen profile for the
TMCS at this higher cell density.

DISCUSSION

In this paper, a mathematical model was used to pre-
dict the initial oxygen and glucose concentration profiles
within the TMCS, an ideal system for studying the ef-
fects of the microenvironment on cells in culture. The glu-
cose consumption rates and oxygen consumption rates were
measured for mouse embryonic stem cells, and empirical
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FIGURE 5. (A) Characteristic times for consumption of all
oxygen or glucose at a given location within the TMCS as a
function of cell density. The data labels (crosses) mark the
values for the cell densities used to generate Fig. 4. This gives
an estimate of the time for the system to reach steady-state.
(B) Characteristic penetration distances for oxygen or glucose
within the TMCS as a function of cell density. The data labels
(crosses) mark the values for the cell densities used to gener-
ate Fig. 4. This gives an estimate of the distance over which
the oxygen and glucose gradients span within the system.

expressions for the glucose and oxygen dependence of the
two consumption rates were developed. These expressions
were used in the mathematical model to obtain explicit oxy-
gen and glucose concentration profiles within the system.
The only experimental parameter to be determined in the re-
sulting model is the volume cell density of cells, which can
be experimentally varied by changing either the seeding cell
density within the TMCS or the gap height between the top
and bottom slides. The oxygen profiles in the TMCS were
experimentally measured in an ES cell system to validate
the predictions of the model. HIF-1α+/+ and HIF-1α−/−

ES cells were used in preparation for future studies on the
effects of HIF-1α on the behavior of ES cells within oxygen
gradients. The experimentally determined oxygen profiles
up to three hours after initiation of the TMCS at a cell
density of 9.1 × 106 cells cm−3 were consistent with the
theoretical predictions of the mathematical model. Unfor-

FIGURE 6. (A) The data points show experimental measure-
ments of pO within the TMCS started 24 h after seeding at
a density of 100,000 cells cm−2. The cell density at this time
corresponds to N/ZG = 9.1 × 106 cells cm−3. The oxygen profile
reached steady-state within 20 min. The theoretical model pre-
dicts that the oxygen profile will reach steady-state in 11 min
(Fig. 5(a)), depicted by the solid line. The dashed lines give
the 95% confidence interval of the model prediction based on
1000 simulations using normally distributed randomly gener-
ated model parameters. �, Experimental measurements at the
beginning of the experiment; �, Experimental measurements
5 min after the addition of the top slide to the TMCS; �, Ex-
perimental measurements 20 min after the addition of the top
slide to the TMCS; ∗, Experimental measurements 2 h after the
addition of the top slide to the TMCS; �, Experimental mea-
surements 3 h after the addition of the top slide to the TMCS.
(B) Comparison of predicted curves initially and after 24 h
of proliferation. �, Experimental measurements 3 h after the
addition of the top slide to the TMCS. The solid line gives the
theoretical steady-state profile at N/ZG = 9.1 × 106 cells cm−3.
The dashed line gives the steady-state profile for a density of
N/ZG = 2.2 × 107 cells cm−3, corresponding to the density after
24 h of proliferation within the TMCS.

tunately, there is no adequate quantitative, optical technique
for measuring glucose concentrations non-invasively within
the TMCS, so that the glucose concentration profiles could
not also be validated experimentally.

The current model should be compared with previous
modeling descriptions of both tumor spheroids and the
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TMCS. Casciari et al.7 in their model of the tumor spheroid,
additionally account for the effects of pH, carbon dioxide,
and other metabolic products and ions on the behavior of
the cells within the spheroid. It would be useful in future
development of the current models to determine the effect
that these factors would have on the predicted oxygen and
glucose concentration profiles. Particularly, the effect of
pH on the consumption of glucose and oxygen should be
evaluated. In the previous study,7 a pH-dependent increase
in oxygen consumption rate was seen as glucose concentra-
tion decreased. This change was not observed in the current
study, but could potentially become important as the pH
within the system changes over time. In another study,8

both glucose consumption rate and oxygen consumption
rate were found to depend on pH. While the current model
did not account for pH effects, it still gave accurate predic-
tions of the initial profile development within the TMCS.
The ability of the model to accurately predict long-term
profiles within the TMCS may be enhanced in future modi-
fications by incorporating a model of pH effects on nutrient
consumption rates, similar to Casciari et al.7

In a previous TMCS modeling study,18 temporal changes
in cell density were also incorporated into the mathemati-
cal model using measurements of cell density taken directly
from the TMCS as inputs to the model. However, the goal
of the current study was to develop a predictive model
that could be used to design the experiments in advance,
precluding the use of measurements from the system as
inputs. Also, the primary focus of the current model was
on describing the time course of the initial development
of the concentration profiles, thus allowing an assumption
of constant cell density. Obviously, some of the later time
predictions in Fig. 4(a)–(f) would be affected by changes
in cell density over time, as indicated after accounting for
proliferation in Fig. 6(b). To incorporate the effects of cell
proliferation on the model predictions directly, it will be
necessary in future studies to measure cell proliferation
rates as a function of both oxygen and glucose concentra-
tions. Then, the cell density term, N, could be made depen-
dent on oxygen and glucose concentration, while maintain-
ing the predictive nature of the model for designing TMCS
experiments.

The predictions of the mathematical model described
herein required only a specification of the “volume” cell
density, N/ZG, to obtain estimates of the concentration
profiles. In reality, the area cell density, N (cells cm−2),
and the gap height, ZG, can be varied independently. The
key limitation for changing the gap height is the desire
to maintain constant oxygen and glucose concentrations
in the gap above a particular location within the TMCS.
The dimensionless Damköhler number is a ratio of the
characteristic diffusion time for oxygen or glucose to dif-
fuse across the gap to the consumption time TC for oxy-
gen or glucose.9 Therefore, the Damköhler number (Da)
can be given for oxygen and glucose by the following

expressions:

DaO =
(
ZG

2/DO
)

pO,a/(QO N/ZG)
(14)

DaG =
(
ZG

2/DG
)

CG,a/(QG N/ZG)
(15)

For the assumption of z-independence to hold, the diffu-
sion time should be much less than the reaction time, corre-
sponding to Da<<1. For the experimental conditions used
in Fig. 6, the relevant Damköhler numbers are DaO = 0.07
and DaG = 0.007 for the initial cell density, and DaO = 0.2
and DaG = 0.02 for the cell density after 24 h of prolif-
eration. Therefore, the assumption of z-independence is
relatively good. Improvements in the Damköhler number
could be obtained for a given N/ZG by decreasing the gap
height while decreasing the seeding density of cells by a
proportional amount.

The TMCS experimental design can be useful in a wide
variety of biological studies, and the theoretical model de-
scribed herein is a valuable tool in the design of these TMCS
experiments. Depending on the goal of the experiments,
the predictions shown in Fig. 5 can be used to achieve
desirable concentration profiles. For example, one area that
would benefit from the use of this model system is the de-
velopment and testing of pharmaceuticals. Pharmaceutical
development typically relies on high-throughput testing of
many comparison drugs to choose variations that have the
greatest effect on cells in culture. However, when the drug
encounters its target in vivo, there may be a wide variation
in the microenvironment which it experiences that is not
accounted for in these types of experiments. For example,
in tumor chemotherapy, the chaotic and poorly perfused
tumor vasculature leads to heterogeneous oxygen levels
within the tumor.16 If one wishes to study the effect of oxy-
gen gradients on the response of cells to chemotherapies
without a substantial change in glucose concentration, a
TMCS experiment can be designed such that the oxygen
gradient develops rapidly while the glucose concentration
gradient develops over a much longer time. From Fig. 4(a)
and (b), it is evident that appropriate conditions can lead to
the development of oxygen gradients without an apprecia-
ble change in glucose concentrations.

Another important area of research that could benefit
from the use of the TMCS and the models describing the
microenvironmental changes within the system is the area
of stem cell biology. The possibility of using stem cells
in regenerative medicine requires the removal of the stem
cells from their natural environment and placing them into
a foreign environment. It is necessary to understand how
the stem cells interact with their microenvironment.11 For
example, the potential of stem cells to be used in ischemic
myocardium to regenerate the dead or dying heart muscle
depends on the response of the stem cells to the ischemic



Oxygen and Glucose in Tissue-Mimetic Culture System 1257

microenvironment, including the effects of hypoxia and HIF
expression on stem cell behavior.12 The ability of neural
stem cells in the subventricular zone to replace neural cells
damaged by brain injuries also depends on their protection
against the effects of ischemia and hypoxia.23 Also, the
understanding of how hypoxia and HIF expression affects
embryonic development and stem cell differentiation is im-
portant in understanding how hypoxic responses contribute
to serious disease and developmental abnormalities.22 The
ability to accurately predict and control key microenviron-
mental conditions within the TMCS using models such as
those described in this paper make this system ideal for
furthering our understanding of stem cell biology and the
therapeutic potential of stem cell techniques.

Several key limitations of the current model may become
prohibitive for accurate stem cell studies without further
developments both in the model and in our understanding
of stem cell biology. It was previously noted that the as-
sumption of a monolayer within the TMCS leads to the
prediction of the average macroscopic gradients of oxygen
and glucose, which does not account for local microgra-
dients at the microscopic level. While this assumption did
not affect the accuracy of the model predictions within the
current system, further studies with more complex systems
in which cells grow in multilayers with greater space in be-
tween islands of cells may require the incorporation of local
gradients into the model. Also, if studies on stem cells are to
be taken beyond the initial profile development, the effect
of a heterogeneous population of differentiating cells must
also be incorporated. In future developments of the model,
it may be possible to account for varying cell proliferation
rates, oxygen consumption rates, and glucose consumption
rates within a mixed cell population. These modifications
will require simultaneous progress in the understanding
of stem cell proliferation and differentiation, as well as
new assays for tracking the cell fates of a large population
of stem cells. Ideally, future development of the TMCS
model will parallel advances in the development of assays
for the more careful study of stem cell biology and cell
fate.

To summarize, this is the first report of the application
of a time-dependent mathematical model to the TMCS to
describe the development over time of the oxygen and glu-
cose concentration profiles. The current work also provides
predictive models for the design of TMCS experiments in
which all of the parameters of the model were empirically
determined rather than fit to experimental measurements.
In addition, the current work provides the first validation
within the TMCS of the oxygen profile predictions by di-
rect, noninvasive measurement of oxygen concentrations.
The TMCS and the models described herein provide a valu-
able system for the future studies of the effects of microen-
vironment on biological systems, including cancer models,
response to pharmaceuticals, and the fast-growing field of
stem cell biology.
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