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Impact of multicellular tumor spheroids as an in vivo-like
tumor model on anticancer drug response
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Abstract. The incidence of colorectal cancer is higher in
men than in women, amounting to 15% of cancer-related
diseases as a whole. As such, undesirable effects, arising from
the administration of current chemotherapeutic agents (the
FOLFIRI/FOLFOX combinations), which are exerted on the
remaining non-cancerous tissues and/or cells, have contributed
to the occurrence of resistance to multiple drugs, thus markedly
reducing their efficacy. However, the delivery of chemothera-
peutic agents may be improved and their action may be more
selectively targeted to diseased tissues/cells by means of devel-
oping biotechnologies and nano-techniques. Thus, the current
focus is on creating biological tissue and related tumor models,
by means of three-dimensional (3D) spheres, in an attempt
to bridge the gap between results obtained in the pre-clinical
phase and promising outcomes obtained in clinical trials. For
this purpose, the characterization and use of so-called ‘multi-
cellular tumor spheroids’, may prove to be invaluable. In this
study, we focus on describing the efficacy of a model 3D system
as compared to the traditional 2D tumor spheres in determining
drug response, highlighting a potentially greater effect of the
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drugs following the encapsulation of respective liposomes. The
results obtained demonstrate the successful preparation of a
suspension of liposomes loaded with folinic acid, oxaliplatin
and 5-fluorouracil (5-FU), and loaded with meso-tetra (4-sulfo-
natophenyl) porphyrin. Following its use on HT-29 colorectal
cancer cells, an important comparative reduction was noted in
the viability of the HT-29 cells, demonstrating the efficacy of
multicellular tumor spheroids carrying liposomes loaded with
therapeutic drugs. These findings indicate that the method of
drug encapsulation in liposomes may improve the treatment
efficacy of chemotherapeutic agents.

Introduction

In total, 15% of the malignant diseases reported worldwide are
colorectal cancer, translating into the second cause of cancer
for women i.e., 9.4% of the total number of cases, and the third
leading cause of cancer for men (10% of the total number of
cases). The incidence rates are similar regardless of gender in
patients with large bowel cancer (colon cancer), whereas the
incidence rate is higher in men with rectal cancer. All things
considered, in men, there is a higher overall occurrence of
colorectal cancer than in women (1).

The increased survival for patients with colorectal cancer
regardless of the disease stage has been significant and has
remained constant over the past 60 years (2), with a marked
relative improvement in the 5-year survival rate and in general
survival depending on the level of access to health care and
other socio-economic factors. These factors are responsible
for the significant differences between regions and countries
regarding the survival of patients with colorectal cancer (3-5).

An examination over the same time period has revealed the
existence and inter-play of several risk factors leading to the
development of colorectal cancer, among which are heredity,
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gender and age. In addition to such factors beyond our control,
an increasing range of risk factors pertaining to the environ-
ment and personal lifestyle may also influence the occurrence
of colorectal cancer.

Before the year 2000, the treatment for colorectal cancer
mainly involved palliative chemotherapy, consisting of a combi-
nation of fluoropyrimidine-containing medicines [single-agent
5-fluorouracil (5-FU)] with folinic acid (FA). Treatment with
5-FU led to a response rate of approximately 20% (tumor
size decreased by approximately 50% in these patients). The
survival rate in these patients is generally longer than that of
patients who do not respond to fluorouracil. Thus, in patients
with metastatic colorectal cancer, the 5-FU/FA treatment
schedule led to a 4-month improvement in median survival (6).

The subsequent replacement of FA with oxaliplatin (OXP) in
combination with 5-FU (FOLFOX) and irinotecan (FOLFIRI)
provided a 20% increase in the global response rate
(from 20-30 to 40-50%), leading to a median overall survival of
12-20 months (7-10).

The efficacy of chemotherapy is substantially limited
by side-effects on healthy cells and/or tissues, as well as the
development of multidrug resistance. Such limitations may
result from the lack of selectivity of chemotherapeutic agents
to cancer cells, and may also be due to the fact that in order for
sufficient and pharmacologically active concentrations of the
drug to reach the target tissue, this often means contamination
to the rest of the body (11). The prospect for the more efficient
delivery of chemotherapeutic agents to selective cells/tissues
may reside in various nano- and bio-technologies currently
under development. Therefore, innovative nanosystems, such
as liposomes, polymer nanoparticles and inorganic nanopar-
ticles created to maximize the release of chemotherapeutic
agents into the tumor tissue, and at the same time minimizing
their accumulation and toxicity in the healthy tissue, offer
encouraging new approaches that are being investigated and
developed worldwide (12-14).

The lack of the selectivity of cytotoxic agents with regard
to normal tissue and pathological tissue is a challenge in the
context of developing a strategy for medicinal products and the
treatment of tumors. In spite of the similar activity of the above-
mentioned therapies (FOLFOX/FOLFIRI) in the treatment of
stage III colorectal cancer, their toxicity profile differs: the
occurrence of alopecia and febrile neutropenia (for irinotecan,
mostly) and polyneuropathy (for OXP) is often observed due to
the need for long infusion periods (15).

Currently, much attention is being paid to the design of refined
preclinical models that can bridge the gap between preclinical
results and success in clinical trials. To help accelerate the
translation of research into practice, three-dimensional (3D)
spheroids for modeling cancer and tissue biology are being
evaluated. Standard 2D cell cultures for examining the effects
of anticancer agents are simple and convenient; however, they
present significant limitations in reproducing the complexity
and pathophysiology of tumor tissues in vivo (16-20).

To model solid tumors more accurately, several 3D culture
systems have been developed: tissue explants, whole
perfused organs, scaffold/microcarrier-based cultures and
organotypic cultures (multicellular spheroids and cellular
multilayers) (17,18,21). Of these, the multicellular tumor
spheroid (MCTS) model is the most well-characterized and the
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most widely used model. Tumor spheroids are heterogeneous
cellular aggregates frequently characterized by hypoxic regions
and necrotic centers (22,23). MCTSs not only simulate the
rough conditions in poorly vascularized tumors, but also enable
the evaluation of compound penetration properties (24,25,18).

Sutherland ez al first applied this technique in cancer research
in the 1970s (26). Since then, several methods have been used
to obtain MCTSs: spontaneous aggregation (27,28), spinner
flasks (29), rotary cell culture systems (17), poly-2-hydroxyethyl
methacrylate (poly-Hema)-coated plates (30,31), hanging
drops (32), liquid overlay on agar (33-35), low binding
plates (36,37), gel/matrix-based culture (38) or polymeric scaf-
folds (39). Each method has advantages and limitations (17,39);
however, no standardized and rapid protocols are currently
available.

In the present study, using the example of human colorectal
cancer, 3D spheroid models were generated and their impact
on the response to clinically relevant drug combinations
was evaluated. Herein, we report the impact of a 3D tumor
sphere (MCTS) culture model on drug response as compared
to a conventional 2D culture system and the potential enhance-
ment of the effects of the drugs following their encapsulation
into liposomes.

Materials and methods

Cell culture model. The HT-29 human colon adenocarci-
noma cell line [obtained from the American Type Culture
Collection (ATCC), Manassas, VA, USA] was employed in
this study. The cells were cultured routinely as a monolayer in
Dulbecco's modified Eagle's medium (DMEM), supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin
and incubated at 37°C under a humidified atmosphere of
5% CO,. The cells were serially subcultured by trypsin treat-
ment when they achieved 80% confluency and the medium was
renewed 2-3 times/week.

All the biological experiments were performed in 2D mono-
layer culture and in MCTSs. The monolayers were obtained
by seeding the cells in 96-well flat-bottom plates at an initial
cell density of 2.5x10* cells/cm? and left 1 day prior incubation
with the test compounds to allow attachment. The MCTSs
were obtained at 4 days post-seeding of 5x10° cells/drop in
384-well Perfecta hanging drop culture plate (Fig. 1). The
treatments were applied on the 5th day of culture.

Drugs and treatments. To determine the ICs, value for 5-FU
(code 1001963413; Sigma-Aldrich, St. Louis, MO, USA), OXP
(code 1001946478; Sigma-Aldrich) and FA (code 101563489;
Sigma-Aldrich) in the 2D culture system and in the MCTSs,
several drug concentrations were screened (Table I).

The potential synergistic cytotoxic effects of the drugs were
assessed by screening the combination of 5-FU and OXP with
FA and the combination of all 3 drugs as described in Table II.

Furthermore, 5 mM 5-FU, 90 yuM OXP and 500 yuM FA
were encapsulated into liposomes and the HT-29 cells in the
2D and 3D culture systems were treated with the resulting
solutions for the screening of the cytotoxic effects.

Liposome synthesis and characterization. Liposomes were
prepared by using the hydration-film method as described
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Figure 1. Multicellular tumor spheroid (MCTS) formation. contrast phase micrographs of HT-29 cells in the Perfecta Hanging drop culture system immediately

after seeding and at 1, 2, 3 and 4 days of culture.

SO;

Figure 2. Chemical structure of meso-5,10,15,20-sulfonatophenyl porphyrin
(TPPS,).

in the study by [Derycke et al (40)]. The fluorescent marker,
meso-tetra (4-sulfonatophenyl) porphyrin (TPPS,) (Fig. 2),
was synthesized and characterized as previously described in
the study by [lon ez al (41)].

Briefly, 1 mg of TPPS, (1.2 ymol) and 7.4 mg dipalmi-
toylphosphatidylcholine (DPPC) (9.4 ymol) with a 10:100 ratio
of porphyrin/DPPC were dissolved in 10 ml chloroform.
Following the evaporation of the solvent, the thin lipid film was
hydrated with 10 ml of phosphate buffer (pH 7.6) in a water
bath at 30-40°C. The resulting suspension was then sonicated
for 90 min at or slightly above the phase transition temperature
which is 42°C for DPPC. Small unilamellar vesicles (SUVs)
were prepared by sonication (US). The final phospholipid
concentration was approximately 15 mM. Porphyrin was added
to the liposomes at room temperature (approximately 22°C).

Drug-loaded liposomes were prepared as described above
in 5 mM 5-FU, 90 uM OXP and 500 uM FA solutions. The
particle sizes and the zeta potential of the liposomes were
evaluated by dynamic light scattering (DLS) using a Zetasizer
instrument and a computer with Zetasizer software (from
Malvern Instruments Ltd., Malvern, UK) (Fig. 3).

Additionally, light optical microscopy (LOM) was used
for the stratigraphic characterization of polychrome surfaces
using a Leica DM 1000 stereomicroscope and a Leica EC3
camera (Leica, Mannheim, Germany), under a magnification
of x40-x600 (Fig. 4).

Cytotoxicity assay

MTT spectrophotometric assay. In order to assess the toxicity
of 5-FU, OXP and FA on the HT-29 cells, an MTT assay was
performed. Briefly, both the monolayers and the MCTSs were

Table I. Drugs concentrations screened for the assessment of
IC,, values on HT-29 cancer cells.

Culture system Drugs Screened concentrations
2D monolayer 5-FU 5 mM, 500 uM, 250 uM,
125uM, 62.5 uM, 1.25 uM
OXP 200 uM, 90 uM, 50 uM,

25 uM, 12.5 uM, 2.5 uM
FA 1 mM, 500 uM, 250 uM,
125 uM, 62.5 uM, 1.25 uM

MCTSs 5-FU 5mM, 10 mM, 15 mM
OXP 90 1M, 300 M, 500 uM
FA 500 uM, 1.5 mM, 2 mM

2D, two-dimensional; OXP, oxaliplatin; FA, folinic acid; 5-FU,
5-fluorouracil; MCTSs, multicellular tumor spheroids.

Table II. Drug concentrations screened for the assessment of their
potential synergistic cytotoxic effects on HT-29 cancer cells.

Culture
system

Screened drugs combinations and
their respective concentrations

2D monolayer 5 mM 5-FU + 500 uM FA
90 uM OXP + 500 uM FA

5 mM 5-FU + 90 puM OXP + 500 yuM FA

15 mM 5-FU + 2 mM FA
500 uM OXP + 2 mM FA
15 mM 5-FU + 500 xM OXP + 2 mM FA

MCTSs

2D, two-dimensional; MCTSs, multicellular tumor spheroids; OXP,
oxaliplatin; FA, folinic acid; 5-FU, 5-fluorouracil.

prepared as described above in triplicate. The culture medium
was then removed and the cells were treated with various
concentrations of the drugs (Table I). Following 24 h of expo-
sure to the drugs, the HT-29 cells in monolayers were incubated
for 1 h with 1 mg/ml MTT solution and the HT-29 cells in the
MCTSs were incubated for 2 h with 5 mg/ml MTT solution,
allowing metabolically active cells to form formazan crystals,
which were further solubilized in DMSO. The concentration
of the resultant solutions was spectrophotometrically quanti-
fied at 550 nm using a multimode reader (Appliskan; Thermo
Fisher Scientific, Waltham, MA, USA).
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In order to evaluate the potential synergistic toxic effects of
the drugs on the cancer cells, HT-29 cell viability was assessed
following exposure of the cells to different combinations of
the test compounds (Table II) by the MTT assay as described
above. The only difference was that the treatment regimen was
designed using the IC;, value of each compound in different
combinations.

To examine the increase in drug uptake by the cells, the
toxicity of the drug-loaded liposomes was assessed after 24 h
of treatment by evaluating the HT-29 cell viability using the
same MTT assay.

DAPI staining of the HT-29 cells nuclei. In order to eval-
uate the dimension of the MCTSs with or without treatment,
HT-29 cell nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPI). In this view, untreated MCTSs and those treated
with 5-FU, OXP, FA, 5-FU + FA and 5-FU + OXP + FA for
24 h were fixed with cold methanol. After 20 min at 40°C, all
the MCTSs were washed in PBS buffer and then incubated in
2 pug/ul DAPI solution for 10 min at room temperature. Images
were captured using a Leica CytoVision Microscope (Leica).

Live/dead fluorescence microscopy assay. The morphology
of the HT-29 3D MCTSs and the diffusion potential of the
drugs were investigated by the simultaneous fluorescent
labeling of both living and dead cells using the Live/dead kit
(Invitrogen Life Technologies, Foster, CA, USA). HT-29 spher-
oids were stained for 20 min in the dark using a calcein AM
and ethidium bromide mixture prepared according to the
manufacturer's instructions. Images were captured using an
Olympus IX71 microscope with CellF software (Olympus,
Hamburg, Germany).

Statistical analysis. The spectrophotometric data obtained were
statistically analyzed using GraphPad Prism 3.03 software,
one-way ANOVA and the Bonferroni test. All the experiments
were performed with 3 biological replicates and each data set
is presented as the average of 3 replicates (mean + standard
deviation). A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Our results demonstrated that the 5-FU, OXP and FA
drug-loaded and the TPPS4-loaded liposome suspensions
were successfully prepared for further testing on the HT-29
cells (Figs. 3 and 4).

Cytotoxicity screening of the test compounds onthe HT-29 cells.
The viability of the HT-29 cells in the 2D and 3D culture
systems exposed to various concentrations of 5-FU, OXP
and FA, was determined by MTT spectrophotometric assay
following 24 h of treatment. The quantitative data were statis-
tical analyzed and the ICy, values were determined for 5-FU,
OXP and FA. The results for both the 2D system and MCTSs
are graphically represented in Fig. 5.

Our results demonstrated that all the test compounds
decreased the viability of the HT-29 cells in a concentra-
tion-dependent manner in both culture systems. Following
treatment with all the test compounds (5-FU, OXP and FA)
at the higher concentrations, the viability of the HT-29 cells
decreased significantly within 24 h compared with the
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Figure 3. Liposome size distributions of liposomes measured by dynamic light
scattering.

Figure 4. Light optical microscopy images of meso-5,10,15,20-sulfonatophenyl
porphyrin (TPPS,) unloaded liposomes (left panel) and TPPS,-loaded lipo-
somes (right panel).

untreated HT-29 cells (control), revealing the clear cytotoxic
potential of these anticancer drugs. Furthermore, the ICs, value
of each compound was determined. A 50% decrease in HT-29
cell viability was observed in the 2D culture system following
exposure to 5 mM 5-FU, 90 uM OXP and 500 uM FA. By
contrast, in the HT-29 MCTSs, the same treatments resulted in
a decrease in cell viability of 8.52, 9.17 and 9.2%, respectively.
Consequently, the IC;, values determined in the 3D system
for 5-FU, OXP and FA were significantly higher than those
obtained in monolayer cultures (15 mM 5-FU, 500 uM OXP
and 2 mM FA).

MCTS imagistic evaluation. The MCTSs were subsequently
subjected to imagistic evaluations following 24 h of treatment
with the test compounds at the determined ICs, values. The
images presented in Fig. 6 were captured following the fluo-
rescent labeling of the HT-29 nuclei with DAPI.

As revealed by the image of the untreated MCTSs, compact
multicellular spheroids were obtained. Furthermore, apart
from FA, all treatment with all the test drugs decreased the
spheroid dimensions, possibly due to their cytotoxic effects on
the peripheral HT-29 cells. Of note, the spheroids treated with
OXP and 5-FU + OXP + FA did not display a smooth contour
following 24 h of treatment and subsequently, their round shape
was markedly altered by the treatments.

Additionally, a second image evaluation was employed
following the fluorescent labeling of both living and dead cells
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Figure 5. Viability of HT-29 cells in the (A) two-dimensional (2D) system and (B) multicellular tumor spheroids (MCTSs) exposed to various concentrations of
5-fluorouracil (5-FU), oxaliplatin (OXP) and folinic acid (FA) as evaluated by MTT assay following 24 h of incubation. OD, optical density.

A-B-C-D-E-F-
Figure 6. Fluorescence microscopy images of HT-29 cells. DAPI-stained nuclei in (A) untreated multicellular tumor spheroids (MCTSs) and in MCTSs treated
for 24 h with (B) 5-fluorouracil (5-FU), (C) oxaliplatin (OXP), (D) folinic acid (FA), (E) 5-FU + FA and (F) 5-FU + OXP + FA.

with calcein AM and ethidium bromide, respectively. Images
were then captured using an Olympus [X71 microscope with
CellF software (Fig. 7).

Fluorescence images revealed the overall morphology of the
MCTS:s. The cell density in the core of the untreated spheroid
was found low, but no dead cells were identified. By contrast,
a large number of dead cells was observed in all the treated
spheroids, possibly due to the diffusion of the drugs and high
levels of cellular stress inside the 3D structure. Additionally, a
significantly higher amount of dead cells was observed in the
MCTS:s treated with combinations of the drugs as compared to
single drug treatment.

Enhanced cytotoxicity evaluation of combinations of
the test compounds on HT-29 cells. The cytotoxicity of
5 mM 5-FU + 500 uM FA, 90 uM OXP + 500 uM FA and
5 mM 5-FU + 90 uM OXP + 500 yM FA on HT-29 monolayer
cells was examined by MTT assay. The same investigation was
performed on the MCTS model using 15 mM 5-FU + 2 mM FA,
500 pM OXP + 2 mM FA and 15 mM 5-FU + 500 uM OXP
+ 2 mM FA treatments. The quantitative data obtained were
statistically analyzed and graphically represented (Fig. 8) using
GraphPad Prism software.

As shown in Fig. 8, following 24 h of incubation with combi-
nations of the drugs, the viability of the HT-29 cells decreased

significantly as compared to the untreated controls (P<0.0001)
in both culture systems. In the monolayer cultures, cell viability
decreased by 63.14% following treatment with 5-FU + FA,
by 47% with OXP + FA and by >75% following treatment
with 5-FU + OXP + FA. Following the same pattern, in the
MCTSs, cell viability decreased by 59% following treat-
ment with 5-FU + FA, by 48% with OXP + FA and by >75%
following treatment with 5-FU + OXP + FA. These results
indicated that the combination of OXP and FA did not provide
additional benefits, whereas the combination of 5-FU with FA
and all 3 drugs together resulted in a significant decrease in cell
viability both in the 2D and 3D culture systems.

Effect of liposome-encapsulated drugs on HT-29 cells. To
investigate the potential increase in cellular uptake in MCTSs,
5-FU, OXP and FA were encapsulated in fluorescently labeled
liposomes. The HT-29 3D MCTSs were then treated for 24 h
with a solution containing all 3 drug-loaded liposomes in a final
concentration corresponding to the 2D ICs, value for each drug
(5 mM 5-FU, 90 uM OXP and 500 M FA liposome loaded).
Cell viability was assessed by MTT spectrophotometric assay
and the data were analyzed and graphically represented using
GraphPad Prism software (Fig. 9).

Our data revealed a significant decrease (p<0.01) in the
viability of the HT-29 MCTSs treated with the drug-loaded
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Figure 7. Fluorescence microscopy micrographs showing untreated HT-29 multicellular tumor spheroids (MCTS) and HT-29 MCTSs 24 h exposed to
5-fluorouracil (5-FU), oxaliplatin (OXP), folinic acid (FA) and their combinations (green fluorescence, live cells; red fluorescence, dead cells).
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Figure 8. HT-29 cell viability following 24 h of treatment with 5-fluoro-
uracil (5-FU) + folinic acid (FA), oxaliplatin (OXP) + FA and 5-FU + OXP + FA
in (A) 2D culture system and in (B) multicellular tumor spheroids as revealed
by MTT spectrophotometric assay. OD, optical density. ““p<0.0001, treated
cells vs. untreated cells.

liposomes as compared to the untreated cells, while treat-
ment with the unloaded liposomes did not lead to a significant
decrease. These results suggest that the encapsulation of the
drugs in liposomes enhances the treatment efficacy.

Discussion

There is an increasing interest in using 3D spheroids for
modeling cancer and tissue biology in order to accelerate the
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Figure 9. HT-29 cell viability in multicellular tumor spheroid structures fol-
lowing 24 h of treatment with unloaded liposomes, 5-fluorouracil (5-FU),
oxaliplatin (OXP) and folinic acid (FA) drug-loaded liposomes as
revealed by MTT spectrophotometric assay. OD, optical density. “p<0.01,
5-FU + OXP + FA-loaded liposomes vs. untreated cells.

translation of research into clinicl practice. MCTSs have been
used as surrogates of tiny tumors for studying distribution
and determining the efficacy of chemo- and radiotherapeutic
agents (42-44). In this study, we demonstrated concentra-
tion-response effects of different readouts and measured the
IC;, values of the drugs, and compared the results obtained
from 3D spheroid to those of 2D HT-29 monolayer cell cultures.
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Spheroids mimic tumor behavior more effectively than
conventional 2D culture systems as spheroids, similar to
tumors, contain both surface-exposed and deeply buried cells,
well-oxygenated and hypoxic cells, and proliferating and
non-proliferating cells. Three phases of spheroidal growth can
generally be distinguished: firstly, all the spheroid cells are
proliferating as characterized by exponential growth. Secondly,
a change in cell cycle distribution occurs with an increasing
accumulation of non-proliferating cells in central regions of the
spheroids. Thus, there is a progressive reduction in the prolif-
erating fraction of cells and a linear increase in the spheroid
diameter with time during the second growth phase (45).
Consequently, a multicellular tumor spheroid is composed of
proliferating, quiescent and necrotic cells. Cells located at the
periphery of the spheroid are actively proliferating, whereas
those located in the center are necrotic. Spheroids are known to
be intrinsically more resistant to anticancer drugs compared to
the same cells grown as monolayer cell cultures (46).

The heterogeneity of some drug uptake might be responsible
for the observed resistance of spheroids to different treatment
methods. Consequently, TPPS, and drug-loaded liposomes
were synthetized and characterized in order to improve the
drug administration method and to increase the sensitivity of
the HT-29 cells in the MCTSs to the treatment. 3D microtu-
mors of HT-29 colorectal adenocarcinoma cells were achieved
after 4 days post-seeding in Perfecta hanging drop culture
system plates. Furthermore, following the screening of several
concentrations, both in monolayer cultures and in MCTSs, the
IC,, values of 5-FU, OXP and FA were determined. Our data
demonstrated that the viability of the HT-29 cells decreased
by 50% following treatment with 5 mM 5-FU, 90 uM OXP
and 500 M FA, whereas in the 3D culture system, the same
decrease was observed following treatment with 15 mM 5-FU,
500 uM OXP and 2 mM FA. These results indicate that the
concentrations used in the MCTSs to kill half of the cell popu-
lation were much higher than in those used in the monolayer
culture system, confirming that 3D microtumors are much
more resistant to treatment than the same cells in monolayer.
Consequently, we strongly recommend that the 3D model be
considered for relevant studies on cancer biology.

The combination of the test drugs (5-FU, OXP and FA)
at their respective ICs, concentrations in both culture systems
led to a decrease in cellular viability of >50%, suggesting a
potential synergistic effect. Consequently, the combination of
these 3 drugs may enable dosage adjustments in the view of
decreasing the concentration of each drug without altering the
the response of the cells to treatment.

Lastly, but not least, treatment with 5-FU, OXP and FA
at ICy, values corresponding to those used in the 2D culture
system decreased the viability of the HT-29 cells in the
3D culture systems by 50% following their encapsulation
into liposomes. These results suggest that drug uptake by the
cells in MCTSs was significantly increased following their
encapsulation into liposomes, which may lead to an increase
in their biodisponibility in vivo and subsequently, allow a lower
treatment dosage.

Consequently, as expected, the 3D cultures exhibited a
greater resistance to the anticancer drugs than the 2D cultures.
This was possibly due to the dimension of the MCTSs, with
cell-cell and cell-matrix contact, which improves the viability
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of the system. Particularly, with regard to drug resistance, the
3D system blocks the diffusion of the drug to all the cells, as the
cells on the outer layers of the spheroid provide a natural barrier.
Furthermore, the gradation of oxygen within the spheroid
provides a hypoxic core similar to the hypoxic regions within
solid tumors. Therefore, the hypoxic core of the spheroids should
be able to modulate the cells, in such a manner that they are able
to resist the drug effects and thus exhibit greater viability.

In conclusion, the present study demonstrates the efficacy
of multicellular tumor spheroids carrying liposomes loaded
with therapeutic drugs. However, further in vivo studies are
warranted in order to confirm the dosage adjustments when
using combinations of these 3 drugs (5-FU, OXP and FA) and
their ensuing encapsulation into liposomes.
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