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ABSTRACT

In order to understand the role of glucose limitations in controlling
multicellular tumor spheroid growth, knowledge of the glucose diffusion
coefficient is essential. The effective diffusivity of glucose in spheroids
of rodent and human tumor cell lines has been determined by measuring
the efflux of tritium labeled L-glucose from spheroids with time. When
the rapid and irreversible binding of L-glucose in spheroids is properly

taken into account, measurements of the efflux of this diffusion tracer
from spheroids into label-free medium can be correlated to the diffusion

equation in order to obtain the effective glucose diffusivity in spheroids.
Such measurements have been made in EMT6/Ro mouse mammary
tumor spheroids as well as in spheroids derived from human colon
carcinoma cells (HT29, COI 12, and WiDr) and from human squamous
carcinoma cells (CaSki and A431). EMT6/Ro spheroids have a glucose
diffusivity of 1.1 x lir" crir/.v, while glucose diffusion coefficients in the
human cell spheroids studied vary from 5.5 x 10~7 cur/* to 23 x Id "

nir/j. These values are low enough to suggest that significant gradients
in glucose concentration may exist in spheroids and tumors. It is thus
believed that these glucose diffusivities, as well as their variation with
cell line, may have important implications for the role played by glucose
in the growth and cellular heterogeneity of spheroids and tumors.

INTRODUCTION

Solid tumors and multicellular spheroids exhibit a heteroge
neous structure which complicates their growth and their re
sponses to treatments (1). There is a great deal of evidence to
suggest that low concentrations of glucose in the inner regions
of tumors and spheroids may contribute to the formation of
necrotic and quiescent cell subpopulations. It has been shown
in spheroids that the size of the necrotic center can be increased
by decreasing the medium glucose concentration (2-5). Medium
glucose concentration can also have an effect on spheroid
growth (6), fraction of proliferating cells (4, 7), and radiation
resistance (4). There is also some evidence in the literature that
glucose gradients can exist in tumors. Cullino (8) has measured
glucose concentrations in rat tumors and has found only trace
amounts of glucose in the interstitial fluid. Tannock (9) esti
mated a glucose penetration distance in tumor chords of 280
^m. It has also been shown that hyperglycemia can cause
decreases in tumor pH (10). This may be due in part to increased
anerobic glycolysis caused by increased glucose supply, sug
gesting that significant glucose gradients existed prior to hy
perglycemia. In single cells, glucose deprivation has been asso
ciated with differentiation (11), quiescence (12, 13), synthesis
of stress proteins (14), decreasing hypoxic toxicity and binding
of misonidazol (15), decreasing glucose metabolism (16), and
increasing oxygen consumption rates (17). The effect of glucose
concentration on oxygen metabolism is important in spheroids:
it has been shown that decreases in medium glucose concentra
tion cause decreases in the oxygen partial pressure at the
spheroid center (18). In addition, both glucose and oxygen
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consumption rates per viable spheroid volume decrease as
spheroids increase in size (3, 17). Thus, the radiation or drug
resistant hypoxic fraction in spheroids and in tumors will be
dependent, in part, upon the glucose concentration gradients
that are established.

Despite these interesting glucose effects, little is known about
glucose concentration gradients in tumors and spheroids. There
is currently no proven reliable method of measuring glucose
concentration profiles in situ. Glucose gradients can be calcu
lated via solution of the partial differential equations arising
from a microscopic mass balance around the spheroid, provided
that consumption rates and diffusion coefficients are known.
However, efforts to quantify glucose gradients by using math
ematical modeling have been hindered by lack of knowledge of
the effective glucose diffusion coefficient.

Li (16) calculated a glucose diffusion coefficient of 9.25 x
10~6 cm2/s in medium at 37Â°Cby correcting a tabulated value
of the glucose diffusivity in water at 15Â°Cfor the differences in
temperature and viscosity. If a "random pore" model (19) is

used to estimate the effective diffusivity value in EMT6/Ro
mouse mammary tumor spheroids based on this medium dif
fusivity, a value of 2.6 x 10~6cm2/* is obtained. Busemeyer et

al. (20) measured effective glucose diffusivities in tumor slices
and packed ascites cells by using a diffusion chamber in which
one side of the tissue is exposed to a known glucose concentra
tion while at time zero there is no glucose on the other side.
The diffusion of glucose through the tumor slice was measured
in the presence of 7 HIMsodium iodoacetate, which was added
to inhibit cellular transport and metabolism. A value of 2.5 x
10~6 cm2/s was obtained in tumor slices and a value of 4.3 x
10~7 cnr/i was obtained for packed ascites cells. Freyer and

Sutherland (21) measured inulin diffusion in EMT6/Ro and
V79 Chinese hamster lung cell spheroids and used correlations
based on molecular weight to estimate the glucose diffusivity
from these data. Values of 4.2 x 10~7 cm2/* and 1.1 x 10~6
cm2/s, respectively, were obtained.

It is obvious that the reported values for glucose diffusivity
in tumors and spheroids cover a wide range. The aim of this
work is to measure the effective glucose diffusivity in spheroids
of human as well as rodent tumor cell lines using L-[3H]glucose

as a diffusion probe. Using these measurements, the importance
of glucose diffusion limitations and variations in glucose diffu
sivity among spheroid types can be assessed.

MATERIALS AND METHODS

Theoretical Approach. Glucose diffusivities are obtained in this study
by measuring the rate of diffusion of L-glucose into or out of spheroids.
L-Glucose is not metabolized by cells nor is it facultatively transported
into cells (22-24). Passive diffusion has been seen in some cases, but it
occurs at a slow rate compared to the time scale of spheroid diffusion
experiments (25-27). Therefore, L-glucose can be considered as a
nonreacting substance that diffuses only in the extracellular space. In
this respect, L-glucose diffusion mimics that of D-glucose since D-
glucose is rapidly phosphorylated upon entering cells and can only
reach inner regions of spheroids via extracellular diffusion. Also, since
L-glucose is otherwise identical to D-glucose, the diffusion coefficient
of L-glucose will be the same as that of D-glucose.
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GLUCOSE DIFFUSIVITY IN SPHEROIDS

If a substance diffuses only in the extracellular space and is not
consumed or produced, the transient diffusion equation can be solved
analytically. The treatment of this problem in the present work differs
from that of Freyer and Sutherland (21) only in that a surface boundary
condition is used which takes into account the imperfect mass transfer
from the bulk fluid to the spheroid surface. Details of the formulation
and solution of such a problem are given by Crank (28). The total
amount of a diffusing substance present in the sphere at any time, l(/),
is given by the expression:

AdÃ¬=\ l - 3 Z a-exp| -* "Mil
(A)

where R0 is the spheroid radius, Cgois the glucose concentration in the
bulk medium, < is the porosity, the fraction of the spheroid volume
taken up by extracellular space, and D,t is the effective glucose diffusiv-
ity. The eigenvalues, Â«Â¡,are dependent on the Sherwood number, NSh,
and the u, values are dependent on the eigenvalues as shown below:

1 -
â€”tan K,

sin K,- cos K,

ai:
1 sin 2/i,
2 4ic,

(B)

(Q

where the Sherwood number, a dimensionless number expressing the
ratio of the mass transfer resistance in the bulk medium to that in the
spheroid, is defined below:

kR
(D)

The mass transfer coefficient, k, is a measure of the external mass
transfer resistance between the bulk medium and the external surface
of the spheroid. Empirical correlations are available in the literature to
estimate this quantity for particles near neutral buoyancy suspended in
stirred vessels based on fluid properties, spinner flask geometry, particle
size, and rotational speed (29, 30). Under the experimental conditions
used (SO ml medium in flasks with a magnetic stirring bar rotating at
190 rpm) the mass transfer coefficient was calculated to be reasonably
high. Moreover, it was found that even a factor-of-2 error in its
estimation will produce, at worst, a 10% change in the calculated
diffusion coefficient.

The ratio of the amount of L-glucose in the spheroid to that which
would be obtained if the entire spheroid volume was filled with i
glucose at the medium concentration, ,/. is given by the expression:

Adi
(E)

If L-glucose diffusion is only extracellular, Â¡/must approach the poros
ity, <.as diffusion reaches steady state. If the spheroids are exposed at
time zero to medium loaded with tritium labeled L-glucose, the total
amount of L-glucose that has diffused into the spheroid at any time can
be determined by measuring the radioactivity in the spheroid. The
effective diffusivity can then be determined by fitting the L-glucose
uptake data to Equation A, using a least squares analysis as described
by Shoemaker et al. (31). The formula for computing standard devia
tions is taken from Snedecor and Cochran (32). Similarly, spheroids
containing steady state amounts of labeled L-glucose can be placed in
label-free medium and the diffusion coefficient can be estimated from
the amount of L-glucose that diffuses out of the spheroid with time.

Finally, it should be noted that the analysis above assumes that D,g
and t are independent of radial position. In actuality, spheroids can be
heterogeneous in structure in their viable regions and, at large diame
ters, can have large necrotic centers. In such cases, the method above
gives an "average" glucose diffusivity in the spheroid.

Spheroid Growth. Six tumor cell lines were used in our experiments:
EMTo/Ro, a mouse mammary tumor cell; HT29, COI 12, and WiDr,
human colon carcinoma cells; and CaSki and A431, human squamous
carcinoma cells. The growth of EMT6/Ro spheroids is described in
detail by Luk and Sutherland (4). Briefly, EMT6/Ro spheroids are
initiated by seeding EMT6/Ro cells in plastic, nontissue culture dishes
(Lab Tek) in which the cells do not attach. After 4 days of growth,
spheroids are placed in 500-ml spinner flasks (BÃ©lico)with 300 ml
medium (basal medium Eagle with 15% fetal bovine serum) equilibrated
with 3% CO.. in air. Then medium is replenished periodically and the
number of spheroids per flask is reduced to maintain a relatively
constant cell number. The human cell spheroids are initiated in agar
dishes and subsequently grown in spinner flasks with medium replen
ishment and periodic reduction of spheroid number taking place every
48 h. Details of human cell spheroid growth are given by Sutherland <â€¢/

al. (33). The media used in the growth of human tumor cell spheroids
are: basal medium Eagle with 10% serum for WiDr; DMEM3 with 10%

serum for COI 12; DMEM with 5% serum for HT29; RPMI with 10%
serum, and 10 ^g/ml for CaSki; and DMEM with 20% serum and 10
Mg/ml epidermal growth factor for A431.

Experimental Protocol. The method used to measure uptake of a
radiolabeled diffusion probe in spheroids is very similar to that used by
Freyer and Sutherland (21). After 2 to 3 weeks of growth, the spheroids
were hand sorted into groups of similar diameter [usually Â±10%by
volume (SI))|. After sorting, spheroids were added to spinner flasks
containing 50 ml medium maintained at 37Â°Cspinning at 190 rpm. At
time zero, 50 to 75 nCi of L-[l-3H]gIucose (New England Nuclear) were

added to the flask. Periodically, 5 to 15 spheroids were removed from
the flask and centrifuged at 15,000 rpm in 1.5-ml centrifuge tubes
containing 0.5 ml of a 1:4 mixture of corn oil and dibutyl phthalate.
The spheroids reached the bottom of the tube in typically less than 30
s with the oil separating them from excess medium. No damage to the
spheroids was observed during the spinning process. The medium was
insoluble in the oil and there was no radioactivity above background in
the oil after spinning. The bottom of the tubes were cut and the
spheroids were placed in scintillation vials with 3 ml Protosol tissue
solubilizer and kept for 12 h at 55Â°Cto dissolve. Finally, 10 ml of

Scinti-Verse I scintillation fluid were added and the samples were
counted for total radioactivity on a Mark IV scintillation counter. The
counting efficiency was then determined by correlating the Mark IV
External Standard Pulse number, a measure of efficiency provided by
the counter by using an internal standard, to efficiencies measured with
tritium labeled water standards.

In order to follow the diffusion of labeled L-glucose out of spheroids,
spheroids exposed to labeled medium for l h were transfered to label-
free medium, and at various times spheroid samples were taken as
described above. Experiments were also conducted with suspensions of
single cells in the exponential growth phase to check for L-glucose
uinding on or transport into the cells. These experiments were carried
out by suspending cells in exponential growth phase in labeled medium
at 37Â°Cat a concentration of about 1 million cells per ml medium. At

various times, I -ml samples of medium were removed and spun down
in oil as described earlier so that the cells could be counted for total
radioactivity. Following l h of exposure to labeled medium, cells were
centrifuged out of the labeled medium and resuspended in label-free
medium. Again, samples were taken at various times.

RESULTS

A typical uptake and efflux curve for EMT6/Ro spheroids of
760 firn in diameter is given in Fig. 1, where the ratio of the
concentration of label in the spheroids to that in the medium,
7j, is plotted against time. During the uptake portion of the
experiment, labeled L-glucose diffuses into the spheroid with a
large portion of the uptake taking place in the first 15 min and
steady state being established in about 1 h. The steady state
concentration ratio is in agreement with the porosity of the

3The abbreviation used is: DMEM, Dulbecco's modified Eagle medium.
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60.0 90.0

Time (min)
120.0 150.0

Fig. 1. Uptake of L-glucose from labeled medium into spheroids and efflux of
L-glucose from spheroids into label-free medium with time measured for I MI 6
Ro spheroids of 760 /MILThe uptake curve is fit to Equation A while the efflux
curve is fit to Equation G.

spheroids as determined by spheroid dissociation and cell sizing
and counting with a Coulter counter (an e value of 0.53 Â±0.04
is obtained here). During the desorption phase of the experi
ment, however, not all of the L-glucose leaves the spheroid.
This suggests that L-glucose binds either on surfaces, within the
cells, or in the extracellular matrix. Since this binding must
occur simultaneously with diffusion, Equation A, which as
sumes free extracellular diffusion only, cannot be used for
estimating Degfrom the uptake data.

The location and the nature of this L-glucose binding was
investigated so that it could be properly taken into account in
diffusivity calculations. The location of the bound L-glucose
was examined by using spheroid dissociation with trypsin. Since
trypsin action will break spheroids into single cells after 15 min
and remove some cell surface molecules, L-glucose bound to
cell surfaces and to extracellular material should also be re
moved by trypsin. For spheroids exposed to labeled medium
for l h and label-free medium for l h more, 15 min of trypsin-
ization removed 53% of the label compared with the amount
present before trypsin exposure. An additional 15 min in trypsin
reduced the bound L-glucose to 35% of its original level. It was
then concluded that a substantial portion of the residual L-
[l-3H]glucose was bound to cell surfaces or to the extracellular
matrix. After 45 min in trypsin, the level of labeled L-glucose
was near background values, although at this point it was likely
that some of the cells had lysed. Decreasing the temperature of
the medium to 4Â°Ccaused a substantial decrease in L-glucose

binding (to 38% of the normal level) while removal of o-glucose
from the medium (using glucose oxidase) had no effect, sug
gesting that L-glucose did not compete with D-glucose for
binding sites. The addition of 10 MMcytochalasin B, an inhibitor
of glucose transport into cells, also did not inhibit L-glucose
binding.

Experiments were conducted to determine labeled L-glucose
uptake and efflux in suspensions of cells in the exponential
phase of growth. Fig. 2 shows the uptake and efflux of L-glucose
by cells with time. If passive diffusion of L-glucose into the cells
were involved, j; would increase with time from 0 to 1 (26)
during the uptake phase. Instead, an >/value of about 0.18 is
rapidly reached and then there is little change with time. Data
similar to those in Fig. 2 during the uptake phase have been
reported for shorter times by Ling (24). It can also be seen in
Fig. 2 that, as in the case with spheroids, the label remains in
place during the efflux phase. These experiments with cell
suspensions suggest that L-glucose is rapidly and irreversibly
bound to the cells. If this is indeed the case, then the spheroid
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Fig. 2. Uptake of L-glucose from labeled medium to EMT6/Ro single cells
and efflux of L-glucose from prelabeled EMT6/Ro single cells into label-free
medium with time.

efflux data can be used to determine the diffusion coefficient
by considering the diffusion of free, unbound L-glucose only.
This can be done by defining a new concentration ratio, rÃ§',

which goes from 0 to 1 as follows:

10 ~ T]

lo â€” >)Â«
(F)

where 770is the steady state uptake value of ij and ??. is the
residual steady state bound value of 77.Using this new concen
tration ratio, the diffusivity is determined from a least squares
fit of the data to the following expression:

= -11 - 3 Z Â«.expl-(
MI

(G)

Effective diffusivities for EMT6/Ro spheroids ranging from
697 to 1145 firn in diameter showed no systematic variation
with size (suggesting that variation in />,â€žwith size due to
increases in necrotic volume was not noticeable in the range of
sizes used in this study). Fig. 3 shows all EMT6/Ro data, with
the time scaled by using the square of the radius so that data
from all diameters can be plotted on the same curve (see
Equation G). The solid curve shown in Fig. 3 was obtained
from a least squares fit of the data with Equation G. Similar
plots for the spheroids of the human cell lines are given in Fig.
4. Table 1 gives values of rja, Â»)Â»,and /â€¢>,,.with its standard
deviation for all of the spheroid types investigated.

DISCUSSION

The Dtg values reported in Table 1 are lower than those
measured in rat DS-carcinosarcoma slices by Busemeyer et al.
(20). For example, their value in this rodent cell line is 2.5
times higher than the value reported here for the EMT6/Ro
mouse mammary tumor spheroid. This is not surprising since
a spheroid models the tumor mass around a blood vessel while
tumor slices will contain a variety of elements, including rem
nants of blood vessels that can provide avenues for much faster
diffusion. It is also possible that although sodium iodoacetate
was used to prevent glucose metabolism in their experiments,
glucose could still diffuse into and out of cells. Moreover, the
use of a toxic agent could weaken the cell membranes and
change cell shape.

The Dtg value for EMT6/Ro spheroids reported here is
significantly higher than that determined by Freyer and Suth
erland (21) with experiments using inulin (4.2 x 10~7 cm2/*)-

This discrepancy is most likely due to the possible presence of
inulin binding affecting uptake rates and to uncertainty in the
molecular weight conversions which Freyer and Sutherland
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Fig. 3. Efflux of L-glucose with scaled time for all data with EMT6/Ro
spheroids with least squares fit of data to Equation G shown (D,, = 1.05 x 10"'

Table 1 Glucose diffusivity values and initial and final concentration ratios
obtained from desorption experiments with spheroids of various types

All errors are given as SD.

CelltypeEMTO/ROA431COI

12HT29WiDrCaSki1.0.530.400.330.430.510.60X-0.190.060.130.090.130.1910'

x 0Â«.(cmVi)10.5

Â±2.35.5
Â±0.53.4

Â±1.32.9
Â±0.52.4
Â±0.42.3
Â±0.5

used to compute the glucose diffusivity from the measured
inulin diffusivity. It should be noted that if the uptake data
obtained in our study, rather than the efflux data, are used to
estimate Degby ignoring L-glucose binding, a Degvalue of 5.7 Â±
1.8 x 10~7cm2/* is obtained.

The Degvalues measured in our study are lower than those
predicted by a random pore model (19) (2.6 x 10~6cm2/s). This

obviously suggests that the path traveled by a glucose molecule
in the course of its diffusion in the interior of the spheroid is
highly tortuous. This high tortuosity is likely to be partly a
result of extracellular matrix material present in spheroids (34)
hindering diffusion and obstructing pathways between cells.
Cell-cell contacts and cell surface microvilli can also increase
tortuosity. Some spheroids, notably COI 12, are marked by the
random formation of tight intercellular junctions and other
differentiated structures (33). (The relative prominence of these
in COI 12 may explain the variability in the COI 12 efflux data
shown in Fig. 4.) As these structural factors will vary among
types of spheroids, it is not surprising to find variations in
glucose diffusion coefficient values among spheroids of different
cell lines. Similarly, it is probable that these kinds of variations
in Dn with cell type also occur among tumors in vivo.

The results given in Table 1 clearly show that the human cell
spheroids studied here have lower D,g values than the EMT6/

25.0 50.0 75.0IO3 x (t/R2) (min/cm2) IO3 x (t/R2) (min/cm2)

Fig. 4. Efflux of L-glucose with scaled time for all data with human tumor cell
spheroids with least squares fit of data to Equation G shown (!>â€žvalues given in
Table 1).

Ro spheroids. This implies that, unless glucose consumption
rates are also lower, glucose gradients would be greater in these
human cell spheroids. This, in turn, would suggest that glucose
may become a limiting factor for viability at relatively small
spheroid sizes. Indeed, in most cases the human spheroids
studied here do develop necrosis at smaller sizes than do the
EMTo/Ro spheroids. For instance, COI 12 and HT29 spher
oids have viable rim thicknesses, measured by histology, of 191
and 216 ^m, respectively (33), while EMT6/Ro spheroids
grown at the same medium glucose concentration have viable
rim thicknesses of 303 urn (4). The maximum size at which
these human spheroids can grow is generally smaller than the
maximum size of EMT6/Ro spheroids grown at similar glucose
levels in the medium. It has been postulated by Freyer and
Sutherland (7) that toxic products of necrosis may inhibit
growth of viable cells in spheroids. If so, then the maximum
sizes of spheroids may be determined, in part, by the extent of
necrosis, and human spheroids which initiate necrosis at smaller
sizes may, therefore, reach smaller maximum sizes.

It is possible that the lower glucose diffusion coefficients in
the human spheroids studied here may be the main cause of
these differences in growth. However, a great deal more infor
mation is needed in order to calculate glucose gradients. Cel
lular glucose and oxygen consumption rates must be known as
well as their variation with glucose, oxygen, lÃ¡clate,and hydro
gen ion concentration. Then mathematical models of spheroid
microenvironment can be used to assess the relative importance
of glucose diffusion limitations in spheroid growth. In the case
of EMTo/Ro cells, where oxygen and glucose consumption
data under a variety of conditions are available (17), use of a
mathematical model for oxygen and glucose transport and
consumption in these spheroids showed, using the glucose
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GLUCOSE DIFFUSIVITY IN SPHEROIDS

diffusivity value measured in the present study, that glucose
deprivation may be a major factor in the onset of necrosis (35).

Finally, these glucose diffusivity measurements in spheroids
may provide some insight toward understanding glucose diffu
sion in vivo. The interstitium of spheroids is in many ways
similar to that in tumors: both contain extracellular matrix (34,
36) and the cell packing densitys in spheroids are in the range
of those reported in tumors (36). Therefore, it is not unreason
able to assume that the glucose diffusivities in spheroids can be
similar to those in the viable microregions of tumors near blood
vessels. This sheds some interesting light on the theoretical
calculations by Tannock (9) in which, using a tabulated value
of the glucose diffusion in water at 18Â°C(5.6 x 10~5cm2/Â«)as

an estimate of the glucose diffusivity in tumor interstitium, a
glucose diffusion length of 280 Â¿tmwas obtained. As the D,,K
value used by Tannock was 5 to 20 times higher than the values
obtained in this study, it is likely that glucose gradients in
tumors are in fact steeper than Tannock estimated. This lends
further evidence to the idea that limitations in glucose supply
may be important in tumors.
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