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ABSTRACT : Variations in adriamycin uptake and cytotoxicity were studied in tumor cells that were grown in
different growth states and microenvironments. RIF-1 tumor cells were maintained in an RPMI 1640 medium,
and grown in either a monolayer or multicell spheroids. For exponentially growing cells, adriamycin cy-
totoxicity increased with increased dosage up to 2.5 ug/ml, and this cytotoxicity was reduced when the cells
were grown in a platean phase or in an acidic microenvironment (pH 6.6). This reduced cytotoxicity was cor-
related with the uptake of the drug. For multicell spheroids, the cytotoxicity of the drug was reduced dramat-
ically, and this reduction was also correlated with a reduced uptake of the drug and an acidic pH inside of
the spheroids. When the drug cytotoxicity was evaluated at different locations within the spheroids, the cells
in the inner regions were least affected by the drug, suggesting that both an acidic microenvironment and non-
cycling plateau phase cells are contributing factors in decreasing the efficacy of the drug in an organized tis-

sue, such as multicell spheroids.
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INTRODUCTION

Since the first report by Sutherland et al. (1970), the multicell
spheroid system has been adopted for a variety of human and ro-
dent tumor cells (Kwok et al., 1988; Schwachofer, 1990; Kunz-
Schughart et al., 1996). This system has been considered as an in
vitro tumor model, because the microenvironment and the three-
dimensional organization of the cells are very similar to tumors
in vivo (Sutherland et al., 1979; Schwachéfer, 1990). This mul-
ticell spheroid system is particularly appropriate for studying the
parameters determining the efficacy of treatment with ionizing ra-
diation (Sutherland and Durand, 1976; Pourreau-Schneider and
Malasie, 1981) and chemotherapeutic agents (Sutherland et al.,
1979; Twentyman, 1980; Wilson et al., 1981; Kwok et al., 1988,
Erlichman and Wu, 1992). Since the microenvironment within a
spheroid is heterogeneous, variations in viability, metabolism, a-
cidity and oxygen content appear to be natural (Mueller-Klieser,
1987; Sutherland, 1988; Kunz-Schughart et al., 1996).

It has been demonstrated that cells grown as multicell
spheroids exhibit resistance to chemotherapeutic agents
(Sutherland et al., 1979; Wilson et al., 1981; Erlichman and Wu,

1992) and ionizing radiation (Rodriguez et al, 1988), when
compared to identical cells grown in the monolayer. Ra-
dioresistance may be caused by hypoxia and cell-to-cell contact
within the spheroids (Durand and Sutherland, 1972; Olive,
1989). Unlike most chemotherapeutic agents, the cytotoxic ef-
fect of adriamycin is dramatically reduced in cells grown as mul-
ticell spheroids (Sutherland et al., 1979). This report postulates
that altered metabolic and/or microenvironmental states in the
inner spheroid cells could be the possible causes. Since this
pioneering work, there has been no report delineating the cause
for the resistance to adriamycin. In the present study, we chose
growth state and an acidic microenvironment as possible factors,
and the effects of these factors on the uptake and cytotoxicity of
adriamycin have been investigated employing RIF-1 multicell
spheroids.

MATERIALS AND METHODS

Cell and spheroid cultures
Radiation induced fibrosarcoma (RIF-1) cells of C;H mice
were maintained in vive and in vitro as originally described
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(Twentyman et al., 1980). The cells were cultured in RPMI
1640 medium with 10% calf serum in a humidified incubator e-
quilibrated with 5% (v/v) CO, at 37°C. In order to produce mul-
ticell spheroids, approximately 10° cells were cultured in a petri-
dish, of which some cells adhere to one another rather than adh-
ering to the dish. After 1 to 2 days, the small cell clumps (50-
150 um) were collected and cultured in a spinner flask.
Spheroids of 0.8-1.2 mm in diameter were obtained in about 3
weeks of culture and used in the present study.

Drug treatment and survival assay

Adriamycin (Sigma, MO) was dissolved in distilled water
and mixed with an equivalent volume of double strength RPMI
1640 medium. This mixture (100 pg/ml) was sterilized with a
Millipore filter (0.22 um), and diluted to necessary con-
centrations just prior to use. The mixture containing adriamycin
was handled under a yellow light illumination, and the cells or
spheroids were exposed to the solution at 37°C, in the dark.

For our drug uptake studies, fluorometric analysis was a-
dopted in accordance with Schwartz (1973). One milliliter of a-
driamycin treated cells (10° cells) was added to tubes con-
taining 0.2 ml 33% (w/v) AgNO; and extracted at 4°C with 2.0
ml iso-amyl alcohol. The organic phase was analyzed using a
Sequoia-Turner fluorometer (Abott Diagnostics, IL) by exiting
at 490 nm and by collecting the emitting data maximally at 585
nm. Blank and standard adriamycin solutions were prepared for
each set of experiments.

Cell survival was determined by employing an in vitro clo-
nogenic assay. Adriamycin treated cells and spheroids were
dispersed with a 0.25% trypsin solution, washed twice, and an
appropriate number of cells (10°-10* cells) was plated in culture
flasks. These flasks were incubated for 6-7 days and stained
with 1% crystal violet. Clones containing more than 50 cells
were included for survival determination.

Cell sorting

In order to distinguish cell locations within a multicell
spheroid, a fluorescence-activated cell sorting technique
(Durand and Olive, 1981) was employed. Spheroids were ex-
posed to 5 uM of Hoechst 33342 (Molecular Probes, OR) for
30 min and dispersed into single cells with a 0.25% trypsin
solution. A Becton-Dickinson FACSTAR cell sorter was used
in sorting. Ten fractions with equal numbers of cells were sort-
ed by using excitation at 350-360 nm (40 mW) with emissions
monitored with a 449 nm band pass filter. Cells sorted for odd
number fractions were collected and subjected to survival as-
says.

pH determination within a multicell spheroid

Glass capillaries were pulled to 5 pum tips, and the tips were
treated for hydrophobicity. These tips were filled with a H’
selective ion-exchanger (World Precision Instruments, FL). The
response of each electrode was tested for pH 6, 7 and 8 prior
to use. Under a dissecting microscope, a spheroid was im-
mobilized by using a microforcep, and the spheroid were plac-
ed on a meshed platform in a small fountain. Medium of the
fountain was constantly overflowed to keep the spheroid in a
constant growing condition while measuring pH. Using a hy-
draulic micromanipulator, the electrode was advanced through
a spheroid at the speed of 15 pm/sec, and the signals were di-
gitized every second and stored on a disk.

RESULTS

The influence of growth state on the cytotoxicity of a-
driamycin is shown in Fig. 1. For exponentially growing cells
(Expo), adriamycin cytotoxicity increased with increased
dosage up to 2.5 ug/ml. Cytotoxicity was reduced when the
cells were grown in a plateau phase (Plat) and further reduced
when grown as multicell spheroids (Whole Spheroids). When
the spheroids were dispersed and the dispersed cells were ex-
posed to the drug, the cytotoxicity increased (Dispersed Cells)
and became an intermediate state between exponential and pla-
teau phase cells. This marked difference in drug efficacy
between whole spheroids and dispersed’ cells was correlated
with the uptake of the drug (Fig. 2).
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Fig. 1. The influence of growth state on the cytotoxicity of a-
driamycin. Left panel: RIF-1 cells were grown in either an ex-
ponential (Expo) or plateau (Plat) phase. Right panel: Whole
spheroids were much more resistant to adriamycin treatments
for 30 min than the dispersed cells from the spheroids. Each
symbol represents 4-7 experiments and the bars are S.E.M.
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Fig. 2. Differences in uptake of adriamycin. Spheroids or
cells were exposed to adriamycin for 30 min, and the drug
bound to DNA was extracted with the use of AgNO, and iso-

amyl alcohol and detected with a fluorometer. Each symbol
represents 8-15 experiments, and the bars are S.E.M.
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Fig. 3. The influence of pH on the effect of adriamycin. Ex-
ponentially growing cells were acutely exposed to pH 7.2 or
6.6 and exposed to adriamycin for 30 min. The survival of
drug treated cells (left panel) was compared with the uptake
of the drug (right panel). Each symbol represents 4-9 ex-
periments, and the bars are S.E.M.

The influence of an acidic pH on the cytotoxicity of a-
driamycin is shown in Fig. 3. The cytotoxicity of the drug was
reduced when the pH of the medium used for exponentially
growing cells was changed from 7.2 to 6.6 (left panel). This
difference was also correlated with the uptake of the drug
(right panel), suggesting an important role of an acidic mi-
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Fig. 4. pH distribution within a RIF-1 multicell spheroid. Using
a hydraulic micromanipulator, a glass microelectrode (5 pm tip
diameter) was advanced through a spheroid. pH signals are plott-
ed as a function of the distance from the surface of a spheroid.
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Fig. 5. Varying effects of adriamycin within multicell spheroids.
The location of the cells within a spheroid was distinguished by
using a Hoechst 33342 and by sorting them. Among 10 frac-
tions of equal numbers of cells, the cells from odd number frac-
tions were collected and assayed for survival. The survival of
the drug treated cells was normalized to that of untreated cells.

croenvironment in reducing drug efficacy.
When a pH microelectrode was inserted through a multicell
spheroid, the pH signal gradually decreased from 7.1 to 6.6
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while passing through the viable rim (200-250 pm), remained
low through the necrotic center (300-400 um), and gradually in-
creased from 6.6 to 7.1 through the opposite viable rim (Fig. 4).
The microenvironment inside of a spheroid was apparently a-
cidic. In order to evaluate the cytotoxicity of adriamycin for dif-
ferent locations within a spheroid, a fluorescence-activated cell
sorting technique was employed (Fig. 5). In cell sorting, RIF-1
spheroids were exposed to adriamycin, stained with Hoechst
dye, and then dispersed with a trypsin solution (Whole
spheroids). Cytotoxicity was minimal for dimly stained inner
cells (fractions 1, 3, and 5) and significant for brightly stained
outer cells (fractions 7 and 9). When the dispersed and sorted
cells were exposed to adriamycin at pH 7.2, the dim and bright
cells were equally sensitive to the drug (Dispersed cells). These
results suggest that adriamycin only works for cells in the outer
regions of spheroids, although cells in the deeper regions, once
dispersed, have similar sensitivities to the drug.

DISCUSSION

In the present study, we observed a reduced cytotoxicity of a-
driamycin for RIF-1 cells grown as multicell spheroids (Fig. 1),
and the reduced effect was correlated with the uptake of the
drug (Fig. 2). Our observations for RIF-1 spheroids are con-
sistent with the observations for EMT-6 spheroids as pre-
viously reported (Sutherland et al., 1979). For instance, when
exponentially grown EMT-6 cells were treated with 0.5 pg/ml
adriamycin for 1 h, the surviving fraction was approximately
0.001, but it increased to 0.3 when the cells were grown as
spheroids. This difference also correlated with the uptake of the
drug. Therefore, it is likely that the effect of adriamycin dramat-
ically decreases when tumor cells are grown in an organized tis-
sue, such as multicell spheroids.

It is known that there are cycling and noncycling cells within
a spheroid (Kunz-Schughart et al., 1996). The difference in the
cell cycle does not account for the reduced uptake and reduced
efficacy of adriamycin in multicell spheroids, since both ex-
ponential and plateau phase EMT-6 cells are about equally sen-
sitive (Sutherland et al., 1979). At different locations within a
multicell spheroid, the cellular uptake of adriamycin is known
to vary, decreasing from the outer regions to the inner regions,
as demonstrated by histological sections (Sutherland et al.,
1979). Employing a fluorescence-activated cell sorting tech-
nique {Durand and Olive, 1981), a gradient of adriamycin up-
take within V79 multicell spheroids has also clearly been
shown (Durand, 1981 and 1989). This gradient is correlated
with cell survival (Durand, 1989). We have also observed the

gradient of cell survival within a spheroid (Fig. 5), suggesting
that the growth of cells as spheroids seems to impart an ad-
ditional degree of drug resistance relative to the cells grown as
monolayers (Durand, 1981). Recently, the same author con-
cluded that the delivery of the drug to organized tissues is a
problem, particularly for adriamycin, probably because of a dif-
fusion barrier within organized tissues (Durand, 1989).

In the present study, we showed that there was a pH gradient
within a multicell spheroid (Fig. 4). The neutral pH (7.1)
measured at the outer regions sharply shifted to an acidic pH
(6.6) inside of the spheroid. This pH gradient appeared to paral-
lel a reduced cytotoxicity to adriamycin for cells of the inner re-
gions (Fig. 5), indicating a good correlation between a low pH
and a reduced efficacy of the drug. As we demonstrated in the
present study, uptake of adriamycin was reduced by a mod-
ification of the microenvironment to an acidic pH (Fig. 3). To
our knowledge, there has been no report which clarifies the
tole of an acidic pH in modifying the efficacy of adriamycin.
Our present observations strongly support not only the idea that
the microenvironment within multicell spheroids is an im-
portant factor determining cellular metabolism, activity and vi-
tality (Sutherland, 1988), but also the possibility that an acidic
pH microenvironment is one of the leading factors that de-
termines the uptake and efficacy of adriamycin in organized tis-
sues, such as multicell spheroids.
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