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ABSTRACT: Colorectal cancer is one of the leading causes of cancer-related
deaths. A main problem for its treatment is resistance to chemotherapy, requiring
the development of new drugs. The success rate of new candidate cancer drugs in
clinical trials remains dismal. Three-dimensional (3D) cell culture models have
been proposed to bridge the current gap between in vitro chemotherapeutic studies
and the human in vivo, due to shortcomings in the physiological relevance of the
commonly used two-dimensional cell culture models. In this study, LS180
colorectal cancer cells were cultured as 3D sodium alginate encapsulated spheroids
in clinostat bioreactors. Growth and viability were evaluated for 20 days to
determine the ideal experimental window. The 3- (4,5- dimethylthiazol- 2- yl)-2,5-
diphenyltetrazolium bromide assay was then used to establish half maximal
inhibitory concentrations for the standard chemotherapeutic drug, paclitaxel. This
concentration was used to further evaluate the established 3D model. During
model characterization and evaluation soluble protein content, intracellular
adenosine triphosphate levels, extracellular adenylate kinase, glucose consumption, and P-glycoprotein (P-gp) gene expression
were measured. Use of the model for chemotherapeutic treatment screening was evaluated using two concentrations of paclitaxel,
and treatment continued for 96 h. Paclitaxel caused a decrease in cell growth, viability, and glucose consumption in the model.
Furthermore, relative expression of P-gp increased compared to the untreated control group. This is a typical resistance-producing
change, seen in vivo and known to be a result of paclitaxel treatment. It was concluded that the LS180 sodium alginate encapsulated
spheroid model could be used for testing new chemotherapeutic compounds for colorectal cancer.
KEYWORDS: Colorectal cancer, LS180, clinostat bioreactors, spheroids, sodium alginate, three-dimensional cell culture

Cancer remains a global burden, and finding new
chemotherapeutic drugs is still crucial in drug discovery

and development. Colorectal cancer is the most common type
of gastrointestinal malignancy, with nearly 145,000 new cases
reported annually in the USA,1 and is often detected only in its
advanced stages.2 The main problems for treatment are
chemotherapy resistance development and progression to
metastatic cancer.3

Several treatment options are available including surgery,
chemotherapy, radiation therapy, immunotherapy, and nutri-
tional support therapy.2 The treatment method selected is
dependent on the location and the stage of the tumor.4,5

However, the backbone of first-line treatment chemotherapy is
a fluoropyrimidine (like fluorouracil) in various combinations
and schedules.6 Paclitaxel is widely used for various cancer
types and has been shown to be active against colorectal cancer
cells and acts by stabilizing microtubules, leading to apoptosis.7

Currently, the preclinical identification of new chemo-
therapeutic agents relies on in vitro cell line models and in vivo
animal models. The use of animals in research is a sensitive
ethical topic, with the United States Environmental Protection

Agency announcing a 2035 deadline for their elimination from
research.8 Implementation of the 3 “R’s” (Reduction,
Replacement, and Refinement) through in silico or in vitro
assays has become an essential element of risk management in
nonclinical and preclinical stages,9 requiring new and improved
high throughput in vitro models and assays.10,11 Thus, in vitro
studies aimed at understanding the molecular progression of
cancer or identifying effective chemotherapeutic agents
(whether derived from natural products or synthesized de
novo) rely on a pathophysiological model which closely mimics
the tumor and microenvironment in vivo.12

Tumor-derived cell lines are often used as in vitro models
despite the fact that they carry millions of deviations from the
tumors from which they originated and often lack physiological
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relevance.13,14 This contributes to the problem of only about
3.4% of cancer drug candidates being successful in clinical
trials.15 New models with better correlation are therefore
urgently needed.
Human colorectal cancer cell lines are commonly used in

preclinical systems and have provided many insights into
tumor and cell biology.16 One example, the microvillus
expressing LS180 cell line, has been extensively characterized
and used for various in vitro studies including chemo-
therapeutic screening.17 It has been reported to express
many CYP450 isoforms, including CYP1A2 and
CYP3A418−20 and is an excellent cell line to study CYP450
induction, especially as it expresses the pregnane X receptor
(PXR).21

Since the early 1950s cells, cultured either in suspension or
on flat surfaces as two-dimensional (2D) monolayers, have
contributed to the establishment of a myriad of drug
candidates. Although convenient, these systems have disadvan-
tages due to deficient cellular communication as compared to
cells in vivo and their short growth time period.22,23 Novel
three-dimensional (3D) cell culturing techniques attempt to
overcome these obstacles by providing a cellular environment
more closely related to the in vivo state, increasing the
predictability of drug efficacy and toxicity prior to the initiation
of clinical trials.22−25

Spheroids are simple 3D models that most effectively
recapitulate not only structural but also physiological and
biological features of tumors in vitro.26 Spheroids can be
created from a wide variety of cell types due to the tendency of
adherent cells to aggregate.27 In this study, LS180 cells were
cultured as cell spheroids. There are several approaches to
maintain, expand, and differentiate these spheroid cultures,
using different 3D culture systems.28 One such a system is the
dynamic clinostat-based rotating bioreactor and BioArray
Matrix drive (BAM) system.24 Bioreactors are devices in
which spheroids develop under closely monitored and tightly
controlled environmental operating conditions (i.e., pH,
temperature, shear stress, pressure, nutrient supply, and
waste removal).29 Bioreactors induce the mixing of oxygen
and nutrients throughout the medium, reducing the concen-
tration boundary layer commonly found in static cultures.30

Various methods can be employed to construct 3D
spheroids, one of which entails encapsulating a single cell
suspension in substances with gelling properties.31 Alginates
are anionic polysaccharides extracted from brown seaweed,
composed of β-D-mannuronic acid and α-L-guluronic acid.
These alginates form hydrogels when cross-linked with
multivalent cations, such as Ca2+, Ba2+, or Fe2+.32 Alginates
cross-linked with Ca2+ have been popularized for in vitro cell
culture and tissue engineering applications due to their
biocompatibility, low toxicity, relatively low cost, and mild
gelation properties.33,34 They have a relatively inert aqueous
environment and high gel porosity (which allows for high
diffusion rates) and are biodegradable.35−37

Purified alginate gels have been shown to support
proliferation of rat marrow cells and their differentiation
along the osteoblastic lineage after encapsulation. This
indicates that sodium alginate has potential to act as a tissue-
engineering scaffold on which tissues may be formed.38

Alginate gels are especially useful when creating spheroids of
cell lines which do not naturally aggregate or aggregate poorly,
like the LS180 cell line.

Establishing new 3D cell culturing systems to evaluate
anticancer potential of drugs will be a valuable asset for future
research, having the potential to bridge the gap between in
vitro research and the in vivo situation without using animal
models. The aim of this study was, therefore, to create a new
3D colorectal cancer cell culture model based on LS180 cells,
by combining the dynamic clinostat bioreactor technique with
the microencapsulation technique using sodium alginate. This
model was then characterized before validating its use as a
cancer treatment screening tool by evaluating its reactivity to
treatment with the standard chemotherapeutic drug, paclitaxel.
The following parameters were measured as an indication of

cell viability: intracellular adenosine triphosphate (ATP)
content, extracellular adenylate kinase (AK) release, and
glucose consumption. Cell growth, in terms of soluble protein
content, was also measured. Relative expression of the P-
glycoprotein (P-gp) gene was measured using a real-time
reverse transcription polymerase chain reaction-based (qRT-
PCR) assay.

■ TWO-DIMENSIONAL ANTICANCER ACTIVITY
PRESCREENING

The anticancer activity of paclitaxel was first evaluated in 2D
cultures of the LS180 cell line, employing the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
This was done to estimate the 50% inhibitory concentration
(IC50) per protein content relative to an untreated control.
LS180 cells were treated with increasing paclitaxel concen-
trations for 96 h, and the cell viability was determined with the
MTT assay. The data was analyzed with the Probit regression
analysis tool to calculate the IC50 concentrations (binominal
response variable).39 In this study, the data was used to
determine paclitaxel’s IC50 value at 95% confidence limits.
The IC50 of paclitaxel, relative to an untreated control, in 2D

LS180 cells treated for 96 h was 94.6 nM (81.5 nM to 108.9
nM 95% confidence limits). Reduced LS180 cell viability was
observed at concentrations above 9.0 nM paclitaxel. The IC75

value in 2D LS180 cells was calculated to be 613.8 nM for
paclitaxel. Treatment with 1 μM paclitaxel resulted in a lower
percentage of cell viability inhibition (73.9%). This was
indicative of drug resistance that started to occur against
paclitaxel in this cell line at the highest concentration applied.
The IC50 concentration determined here fell within the

known active ranges for the drug. Rossouw studied the effects
of paclitaxel on various cell lines, including a noncancerous
porcine kidney cell line (LLC-PK1).40 The IC50 concentration
observed following 96 h exposure in this cell line was 29.7 nM.
In the small cell lung cancer (SCLC) cell line (HCI-H69 V),
the IC50 concentration was found to be 2.8 nM. Lastly,
paclitaxel was tested on drug resistant SCLC cell lines (H69AR
and NCI-H69/LX4), with their IC50 concentrations estimated
at 4.8 nM and 613.1 nM, respectively. This showed the high
level of variability in in vitro activity between different cancer
types. Rossouw40 also indicated that SCLC cells underwent
adaptations as a coping mechanism after exposure to paclitaxel.
These cell models can eventually reach a threshold of
cytotoxicity, and then multidrug resistance will emerge. This
correlates with our findings where the relative percentage cell
viability inhibition decreased as the dose reached 1.0 mM
(results not shown).
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■ PREPARATION OF SODIUM ALGINATE
ENCAPSULATED LS180 CELL SPHEROIDS

The sodium alginate encapsulation of LS180 cells was
optimized and applied in this study. Parameters investigated
during the optimization of the method included sodium
alginate concentrations, spheroid volume, cell concentration,
cross-linker volume, and incubation time, as well as finding a
quick and practical way to form the spheroids.
The optimized method had 2,000 cells cultured as 3D

encapsulated spheroids using 2.5% w/v sodium alginate, in 1
μL droplets (Figure 1a). After adding the cross-linker solution

and incubating for 5 min, the hemispherical spheroids were
collected into growth medium and transferred to clinostat
bioreactors (Figure 1b). Rotation speed of the drive unit was
adjusted to ensure that spheroids remained in an essentially
stationary position relative to the bioreactor throughout the
experiment. Photographs of sodium alginate encapsulated
LS180 cell spheroids at different stages are shown in Figure 1.

■ CHARACTERIZATION OF THE LS180 SODIUM
ALGINATE ENCAPSULATED SPHEROID MODEL

During the development and maintenance of multicellular
organisms, there must be a balance between cell division and
cell death.41 According to Ahmann et al.,42 ATP levels are
linearly related to the number of viable cells and that will
increase with time, correlating to growth kinetics. The ATP
content of 3D cell cultures is therefore a powerful tool to
predict health, growth, and energy status with high
confidence.43 When cells die, ATP levels may fall rapidly due
to ATPases.42 In order for cells to undergo apoptosis, adequate
amounts of intracellular ATP levels are required. If ATP
depletion has occurred, cells will still die, but their demise will
be necrotic.44

Cell death is an important variable in cancer development.45

Apoptosis occurs normally during development and aging of
normal tissues and serves as a homeostatic mechanism to
maintain cell populations in tissues.46 Another parameter that
can measure cell death is AK since it is an intramitochondrial
enzyme that is released into the extracellular space upon cell
lysis.47 When mammalian cells interact with toxins, they
undergo a series of dramatic structural and morphological
changes, which can lead to loss of membrane integrity.48

Cytotoxicity can therefore be detected by the presence of
extracellular AK, and this serves as an important marker of cell
death.49

The LS180 sodium alginate encapsulated spheroid model
was cultured, maintained, and characterized for 20 days. This
was important as it has previously been shown that cancer cells
typically need at least 18 days to reach an equilibrium in 3D
cultures.25,50 To evaluate the viability and growth, intracellular
ATP and extracellular AK levels were measured, and the data
was normalized per microgram of soluble protein to correct for
changes in cell numbers (Figure 2).
There was a consistent slow increase in soluble protein

content in the LS180 cell spheroids until day 10 followed by a
substantial increase. All bioreactors contained 300 LS180 cell
spheroids from day 0−10. The number of spheroids was then
reduced to 150 spheroids per bioreactor by splitting following
sampling on day 10. This resulted in a greater abundance of
nutrients per cell. This may have caused the sudden increase in
soluble protein content. The slower growth from day 0 to 10
could have been a result of recovery from trypsinization during
which spheroids are engaged in restoring key functions.50

Clearly, this was not the only contributing factor to the protein
content increase (because halving of the number of spheroids
led to a 5-fold increase in the amount of protein per spheroid).
Other factors that should be considered include the growth
phase of the cells, the time elapsed since trypsinisation, and
acclimatization to the 3D environment. The cellular protein
content increase, from day 13−20, was statistically significantly
higher (p < 0.001) than the initial protein content at time 0.
Photographs reveal that there was a substantial difference in
the number of cells per spheroid over time (Figure 1d−f). On
day 15 the population was further reduced to 50 spheroids per
bioreactor.
A steady increase in the intracellular ATP content per μg

protein could be observed during the first 10 days (Figure 2b).
The decrease of intracellular ATP content per μg protein from
day 10 to day 13 corresponded with handling of spheroids
(where some spheroids were transferred to another bio-
reactor). After this, the spheroids started to recover and an

Figure 1. Photographs of LS180 cells encapsulated in 2.5% w/v
sodium alginate solution at different stages: (a) Drops of cell
suspension in sodium alginate solution on a square block, treated with
cross-linker solution prior to transfer to bioreactors; (b) 21 day old
encapsulated LS180 cell spheroids in a rotating bioreactor; (c) 21 day
old encapsulated LS180 cell spheroids, photographed in a Petri dish;
(d) LS180 cells in a spheroid directly after sodium alginate
encapsulation before transfer to a bioreactor; (e) encapsulated
LS180 spheroid 8 days after transfer to a bioreactor; (f) encapsulated
LS180 spheroid 20 days after transfer to a bioreactor.
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increase in ATP content was visible, with ATP levels at days 17
and 20 being significantly increased compared to the initial
ATP content on day 0 (p < 0.001).
The extracellular AK release per μg protein remained

relatively low for the first 6 days of culturing (Figure 2c), with
a subsequent steady increase until day 10 (relative to day 0, p <
0.05) indicating cell death due to competition for nutrient
resources. The reduction in the number of spheroids per
bioreactor on day 10 resulted in a decrease in the extracellular
AK release per μg protein from day 10−17, followed by a slight
increase on day 20.
Glucose disappearance from the culture medium indicated

metabolic activity during spheroid growth. Fresh medium
contains 6.8 mmol/L glucose and was provided each 48 h.
After day one, the average glucose content in the spent
medium decreased to 3.9 mmol/L, and after 3 days it was
below 1.1 mmol/L. From day 6 to 10, the glucose content was
below detection limits. Even following the reduction in
spheroid density on days 10 and 15 (where splitting occurred),
the glucose was still depleted in the spent culture medium.
This indicated that all the glucose in the culture medium was
consumed by the LS180 spheroids between the medium
changes and that cells in the spheroids were metabolically
active. According to Wrzesinski and Fey,51 the lack of glucose
appeared to play a minimal role in the metabolic reprogram-
ming of cells as it causes little stress after prolonged starvation.

The small effects that were present appeared to stabilize
cellular metabolism and were anti-apoptotic.
Characterization of the model illustrates that there was a

steady increase in the intracellular ATP per protein content.
The extracellular AK release per protein content also slowly
increased as the spheroids aged, possibly indicating apoptosis.
However, the intracellular ATP per protein content indicated
that cells inside the spheroids were viable despite that AK
release also increased. This was supported by the increase and
extent of glucose consumption observed over time. The
interplay between these parameters indicated that spheroids
were actively growing and dying during the characterization
period, showing that the sodium alginate encapsulated
spheroids were viable for at least 20 days of culturing. C3A
cells, in their adaptation to 3D spheroid culture, show similar
changes in ATP levels, proliferation rate, and adenylate kinase
release.52

The spent medium glucose content remained low
throughout the characterization period, indicating rapid
glucose consumption. It is possible that the low glucose levels
could have detrimentally affected spheroid growth. This should
be closely monitored.
This characterization allowed an optimal experimental

window to be identified for further experiments. The first 10
days were automatically ruled out because of the slow increase
in soluble protein content and the expected recovery from
trypsinisation. After day 17, there was a slight decrease in the
intracellular ATP content per μg protein, with a corresponding
increase in the extracellular AK release per μg protein.
Although these findings could be attributed to the depletion
of nutrients, it was decided not to use the model after day 17
for this study. The experimental window was therefore
identified as days 12 to 17.

■ EVALUATION OF THE LS180 SODIUM ALGINATE
ENCAPSULATED SPHEROID MODEL FOR
ANTICANCER TREATMENT SCREENING

The standard chemotherapeutic drug, paclitaxel, was employed
to evaluate the model’s potential for screening of prospective
compounds for cancer treatment. Two concentrations of
paclitaxel were used, and spheroids were treated every 24 h for
96 h. The doses were determined by dividing the 2D IC50
concentration by the soluble protein content per well. This
converts the IC50 (nM) to LD50 (mg compound/mg cellular
protein) for easier comparison to in vivo blood plasma levels.24

For the model to be useful to identify potential chemo-
therapeutic compounds, it is expected that standard chemo-
therapeutic drugs used to treat colon cancer will have a
negative effect on cell viability. Because paclitaxel can activate
the xenobiotic receptor52 treatment would be expected to
increase P-gp gene expression.
The soluble protein content per spheroid was measured

(using the Bradford assay) during a 96 h exposure to paclitaxel
[IC50] and two times the paclitaxel IC50 concentration
(2[IC50]). All data was normalized to the untreated control
group (Figure 3a). It was evident that the soluble protein
content per spheroid of the paclitaxel treated groups was
similar to that of the untreated spheroids (Figure 3a). It was
also notable that there was not a statistically significant
difference between the paclitaxel [IC50] treatment group, the
paclitaxel 2[IC50], and untreated control. After some initial
variation, there was a steady reduction in the intracellular ATP
levels per mg protein starting after 24 h for both the paclitaxel

Figure 2. Characterization of the sodium alginate encapsulated LS180
spheroid model as a function of time: (a) Soluble protein content per
spheroid (μg protein); (b) intracellular adenosine triphosphate
content per μg protein (μM/μg); (c) extracellular adenylate kinase
release per μg protein (n = 3, error bars = standard deviation;
statistically significant: * = p < 0.05; # = p < 0.001 (one-way ANOVA
followed by the Dunnett posthoc test for comparison with time point
0)).
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treatment groups relative to the untreated control (Figure 3b).
After 96 h exposure, the ATP levels for both treatment groups
were reduced to almost half of the untreated group’s, with
paclitaxel 2[IC50] being statistically significantly decreased
relative to the untreated control (p < 0.05). This indicated that
the treatment with paclitaxel affected the health, growth, and
energy status of the LS180 spheroids.
The AK released for both paclitaxel treated groups was not

substantially different from the untreated group for the first 48
h of exposure (see Figure 3c). The paclitaxel [IC50] treatment
group had a sharp increase in AK release per μg protein at the
72 h time point, followed by a decrease to below the untreated
control at 96 h (dead cells cannot release AK). It was notable
that the AK release per μg protein following exposure to the
higher concentration paclitaxel (2[IC50]) did not reach the
high levels seen for the lower paclitaxel concentration ([IC50]).
The paclitaxel 2[IC50] concentration had a steady increase in
the AK release after 48 h exposure. This suggests that cell
death took place at a slower pace in the higher paclitaxel
concentration group than in the lower paclitaxel concentration
group.
The approximate quantities of glucose consumed by cells in

each treatment group (mmol/L) were estimated from the
glucose disappearance from the culture medium and corrected
for the amount of protein present in the cells. The data were
normalized to the glucose consumption per μg protein of the
untreated control group (Figure 3d).
Following 6 h exposure to paclitaxel [IC50], there was a

marked increase in glucose consumption compared to the
untreated control group. Thereafter, there was a strong and
steady decline, with very little glucose consumed after 72 h.
The paclitaxel 2[IC50] treatment group showed glucose
consumption comparable to the control group for the first
24 h followed by a decrease similar to that of the lower dose
group (echoing the fall in ATP levels).
Paclitaxel is known to be exported from the cells via P-gp, a

broad-specificity efflux pump protein encoded by the gene
MDR1 (which plays a pivotal role in the development of drug
resistance). The relative expression of the efflux protein, P-gp,
was therefore measured before and after exposure (96 h) by
means of qRT-PCR.
Treatment with paclitaxel resulted in an increase in P-gp

efflux pump gene expression (Figure 3e). Synold et al.
demonstrated that paclitaxel induced its own efflux from 2D
cultured LS180 cells.53

The data presented here indicate that this increase in P-gp
expression was dose dependent, and the higher dose showed a
statistically significant increase (p < 0.01). Li and colleagues54

Figure 3. Graphs illustrating the results of the sodium alginate
encapsulated LS180 spheroid model during 96 h treatment with
paclitaxel, where blue indicates the untreated control group, green
indicates the paclitaxel [IC50] treatment group, and red indicates the
paclitaxel 2[IC50] treatment group: (a) Normalized soluble protein

Figure 3. continued

content (μg) per spheroid; (b) normalized intracellular adenosine
triphosphate content per soluble protein (μM/μg); (c) normalized
extracellular adenylate kinase release per μg protein; (d) normalized
glucose consumption per μg protein. All data was normalized to the
untreated control group (n = 2, error bars = standard deviation; * =
statistically significant, p < 0.05; # = statistically significant, p < 0.001
(one-way ANOVA followed by the Dunnett posthoc test for
comparison with the untreated control)). (e) Relative P-gp gene
expression. All data was normalized to the untreated control group at
time point 0 h (n = 3; error bars = standard deviation; ** =
statistically significant, p < 0.01 (one-way ANOVA followed by the
Bonferroni posthoc test for comparison with the untreated control)).
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confirmed paclitaxel induced up-regulation of P-gp and that P-
gp gene expression can be stimulated by various xenobiotics
and clinically administered P-gp substrates.53

■ CONCLUSIONS
3D models have been shown by various sources to be better
than their 2D counterparts, as they more closely resemble the
in vivo situation.31,55,56 Taken together, the results indicated
that the in vitro LS180 sodium alginate encapsulated spheroid
model can be used for future screening for efficacy of
chemotherapeutic compounds (natural or synthesized). The
model was viable for up to at least 20 days and revealed the
development of resistance to the treatment (via up-regulation
of an efflux transporter) in the same way previously observed
in patients.
This LS180 sodium alginate encapsulated spheroid model

can serve as a new platform for screening of compounds
(derived from natural sources or from chemical synthesis) for
the treatment of colorectal cancer.
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