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Three-dimensional polymeric systems for cancer cell studies
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Abstract Three-dimensional (3-D) culture of can-
cer cells and of normal mammalian cells in a
polymeric matrix is generally a better alternate model
for understanding the regulation of cancer cell
proliferation and for evaluation of different antican-
cer drugs. A substantial amount of evidence demon-
strates important differences in the behavior of cells
grown in monolayer, i.e., two-dimensional (2-D), and
in 3-D cultures. Cancer cells grown in 3-D culture are
more resistant to cytotoxic agents than cells in 2-D
culture; growth of cells in vitro in 3-D requires a
suitable polymer that provides a structural scaffold
for cell adhesion and growth. Many naturally derived
polymers as well as synthetic polymers have been
investigated as scaffolds. The aim of this review is to
overview the polymeric materials of natural and
synthetic origin that are of specific interest to 3-D cell
cultures, and discuss the development of new poly-
mers that should be specifically designed for 3-D
culture applications.
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Introduction

Traditionally, most cell cultures are developed in 2-D
environments. In mammalian tissue, cells connect not
only to each other, but also to a support structure
called the extracellular matrix (ECM). Natural tissues
are comprised of functionally diverse cell types that
are organized in spatially complex arrangements
(Hutmacher 2002). ECM contains proteins, such as
collagen, elastin and laminin, that give tissues their
mechanical properties and help to facilitate commu-
nication between cells embedded within the matrix.
Cells in the human body grow within an organized
3-D matrix, surrounded by other cells. The behavior
of individual cells is controlled through their inter-
actions with immediate neighbours and the ECM.
Receptors on the surface of the cells, in particular a
family of proteins called the integrins, anchor their
bearers to the ECM, and also determine how the cells
interpret biochemical signals from their immediate
surroundings. The complex summation of these
multiple signals determines whether a given cell
undergoes differentiation, apoptosis, proliferation, or
invasion. Given this complex mechanical and bio-
chemical interaction, it is perhaps no surprise that
biological subtleties are inadvertently omitted in 2-D
cell culture systems (Smalley et al. 2006).

Indeed, many of these complex interactions are
lost in 2-D culture. As a result, a growing number of
studies report differences in phenotype, cellular
signaling, cell migration, and drug responses when
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the same cells are grown under 2-D versus 3-D
culture conditions. One potential application of 3-D
culture systems is to anticancer drug discovery,
which has long been hampered by the lack of good
preclinical models. Compounds with good antitumor
activity in 2-D cell culture models often fail to
translate into the clinic. Although many findings in
cell and molecular biology have come from cells
grown in monolayer, the limitations of 2-D cell
culture are now becoming clear (Cukierman et al.
2001). Bissell and coworkers (1997) found that the
antibody against f1-integrin completely changed the
behavior of cancerous breast cells grown in 3-D
culture. The cells seemed to become non-cancerous,
losing their abnormal shapes and patterns of growth
(Weaver et al. 1997). This result had never been
observed in 2-D cultures. Since that time, Bissell and
coworkers have demonstrated further important
differences in the behavior of cells grown in 2-D
and 3-D cultures (Gudjonsson et al. 2002; Nelson
et al. 2005; Schmeichel et al. 2003; Wang et al.
1998; Weaver et al. 2002). Recently, 3-D cultures
within a polymeric matrix (also termed “scaffold”)
were proposed as a better model to study complex
biological processes than cells grown in monolayer
(Abbott 2003). Cancer cells grown into a tissue-like
structure in a polymeric matrix may closely mimic
the biology of tumor development in vivo and hence
can serve a better model system for preclinical
evaluation of the cytotoxic effect of anticancer agents
(Jacks et al. 2002).

Polymeric matrix composition and structures must
be carefully considered when designing 3-D cell
culture systems (Voytik-Harbin 2001). Many syn-
thetic polymers such as polylactide (PL), polyglyco-
lide (PG), poly (p,L-lactide-co-glycolide) (PLG), as
well as natural polymers such as collagen, alginate,
and chitosan, have been investigated as scaffold
matrices. This review presents the need for 3-D
cancer cell culture, current states of polymers used in
3-D culture, and recent advances in polymer research
for 3-D cancer cell culture.

Significance of 3-D cancer cell culture
Two-dimensional in vitro cell cultures have been

applied in cancer research for a few decades.
However, 2-D cell cultures cannot completely
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simulate the in vivo cellular environment, due to
the important differences in the cellular surroundings.
Monolayer cultures generally consist of cells growing
in a nutrient-rich liquid environment with plenty of
oxygen, which form a nearly homogeneous colony.
In vivo, a mature tumor with extensive vasculature
has a very complex structure, generally consisting of
regions of regularly dividing, hypoxic, and necrotic
cells (Friedrich 2003).

Though animal models give a more accurate
morphological representation of tumor development,
they are considerably less amenable to large-scale
molecular biology research. A 3-D cell culture
system, therefore, combines the virtues of animal
models and monolayer cell cultures. Three-dimen-
sional in vitro models allow cells to develop into
structures similar to those in living organisms and
thus enable researchers both to perform genetic
manipulations and to observe some of the biological
changes. It is recognized that 3-D cell culture systems
better reflect the in vivo behavior for most cell types
(Kunz-Schughart et al. 2004).

Natural and synthetic polymers used as 3-D cell
culture matrices

Polymers are a class of that are distinguished by
repetition. In general, polymers can be classified into
two groups, naturally occurring and synthetic. Cells
are seeded into a 3-D polymeric matrix and, follow-
ing their adhesion, spreading, proliferation, and
differentiation, they develop into a tissue-like struc-
ture (Sachlos et al. 2003). One of the essential
requirements for promoting 3-D cell growth in vitro
is the design of a suitable polymeric matrix scaffold
that provides a structural template for cell adhesion
and growth. Providing an appropriate environment is
no easy matter. An ideal degradable matrix should
degrade at a rate matching the rate of extracellular
matrix deposition until no residual polymer remains
(Vunjak-Novakovic et al. 1998).

Natural polymers include collagen (Liao et al.
2004), chitosan (Madihally et al. 1999), and alginate
(Alsberg et al. 2003; Shea et al. 1994). Hydrogels,
such as alginate, are cross-linked macromolecular
networks formed by hydrophilic polymers swollen in
water or biological fluids (Peppas et al. 1996). Their
3-D networks can retain large volumes of water in the
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cross-linked structures. The extent of swelling and
the content of water retained depend on two factors:
the hydrophilicity of the polymer chains and the
cross-linking density.

Synthetic polymers that have been investigated as
scaffold matrices include polylactide, polyglycolide
and their copolymers (Mikos et al. 1993; Mooney
1999). PL and PLG are the biocompatible and
biodegradable polymers most widely used in the
fabrication of different scaffold forms (Murphy et al.
2002). PL and PLG have better mechanical strength
but less cell affinity than natural polymers. One way
to address this problem is to modify the polymer
surface to improve cell adhesion. Surface modifica-
tion of PL/PLG has been accomplished by either
blending them with a hydrophilic polymer or by
coating the scaffolds with an extracellular matrix
(Chen et al. 2003).

Recent studies have demonstrated the significance
of polymer characteristics on cell adhesion and
proliferation (Cui et al. 2003; Yang et al. 2002; Zhu
et al. 2002). Self-assembly is an important concept in
ECM function. Many ECM molecules can self-
assemble into larger units, as in the case of collagen
and laminin. Self-assembly allows molecular units to
form larger structures, such as basement membrane,
which present an array of sites for cell binding.
Enlightened by this concept, some researchers are
now using nanoscale structured hydrogels, fashioned
through the self-assembly of peptides, for 3-D cell
culture, (Jayawarna et al. 2006; Semino et al. 2003).

Specifications of polymers commonly used in 3-D
cancer cell cultures

Collagen type 1

Collagen is the major component of mammalian
connective tissue, and is found in every major tissue
that requires strength and flexibility, such as tendons
and skin. Collagen is secreted by chondrocytes,
fibroblasts, and other cell types. Fourteen types of
collagens have been identified to date, where the most
abundant is type I. Because of its abundance and its
unique physical and biological properties, type I
collagen has been used extensively in the formulation
of biomedical materials (Pachence 1996). Each type
of collagen contains the same basic macromolecular

unit: an o-helical chain formed by the interaction of
three polypeptides. These polypeptides chains are
approximately 1,050 amino acids in length and are
specific to each type of collagen. Following secretion
into the ECM, molecules of type I collagen organize
themselves into larger fibrils of 10 to 300 nm
diameter. These fibrils are stabilized by crosslinks,
which connect lysine residues within or between
adjacent collagen molecules. In some tissue, these
fibrils become further organized, forming larger
collagen fibers several micrometers in diameter.
Fibrillar collagen interacts with cells through the
integrin receptors located on cell surfaces. Cell
differentiation and migration during development
are influenced by fibrillar collagen (Pachence 1996).

When collagen is implanted in vivo, it is degra-
dated by collagenases, frequently eliciting a host
immune response if the collagen is from an animal
source. Chemical modification of collagen (e.g.,
cross-linking) makes it less susceptible to enzymatic
degradation and also can reduce its immunogenicity
(Weadock et al. 1984).

Collagen matrices may be designed with a porous
structure, thereby providing three critical functions
for the scaffold. First, pores and channels can allow
the migration or entry of cultured cells into the
scaffold. Second, the porous structure can give the
scaffold an enormous surface area for cells to adhere
to and interact with the scaffold. Third, the porous
structure can allow nutrients to diffuse into the
scaffold to support the growth of the seeded cells
(Dagalaskis et al. 1980). Three-dimensional type I
collagen cell culture systems are able to support
short- and long-term growth of various cell types,
including cancer cell lines, endothelial cells, endo-
metrial cells, hepatocytes, osteoblasts, and fibro-
blasts, and to sustain or even enhance cell
differentiation in vitro (Themistocleous et al. 2004).
Some recent applications of type I collagen to 3-D
cell cultures are now described.

Since the available 2-D cultures systems could not
provide sufficient information to assess the morpho-
logic evidence of bone reaction to cancer cells,
Koutsilieris and coworkers developed a 3-D type 1
collagen hydrogel system that allows co-culture of
human osteoblasts (MG-63) with cancer cells, such as
MCEF-7, MDA-AB-231 or ZR-75 breast cancer cells,
PC-3 prostate cancer cells, KLE endometrial cancer
cells, and Calu-1 lung cancer cells (Mitsiades et al.
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2000). The 3-D system was prepared by mixing
MG-63 cells with type I collagen in 24-well plates,
followed by inoculation with cancer cells and main-
tenance using standard cell culture procedures. After
one week of culture, the hydrogel matrix was fixed
with formalin and embedded in paraffin. The inoc-
ulation of PC-3 cells in this collagen matrix produced
a blastic reaction, documented by an increased
number of MG-63 cells and increased density of
type I collagen. The human KLE cells produced no
reactions, while MCF-7, ZR-75 and Calu-1 produced
local degradation of the collagen matrix. Adriamycin
induced apoptosis in prostate cancer cells and estro-
gen receptor negative (ER-) MDA-MB-231 breast
cancer cells, but the adriamycin-induced apoptosis
was inhibited by co-culture with osteoblast-like cells
(MG-63). Therefore, the authors concluded that the
3-D culture system was a useful in vitro model,
allowing the analysis of local mediators of osteolytic
and osteoblastic reactions to bone metastases and
treatment response.

Three-dimensional culture systems that simulate
the tumor extracellular microenvironment may be
appropriate to test cancer cell potential for invasion
and tumor cell sensitivity to anticancer drugs.
Koutsilieris and coworkers embedded and grew
human PC-3 prostate cancer cells, A549 colon cancer
cells, HT-29 lung cancer cells, MCF-7, and MDA-
MB231 breast cancer cells in a collagen hydrogel
surrounded by a fibrin clot (Doillon et al. 2004).
Cisplatin, doxorubicin, paclitaxel and 5-fluorouracil
were compared for their ability to inhibit tumor cell
proliferation and colony formation in vitro. The
results demonstrated that all cells, except MDA-
MB231, formed colonies in collagen. PC-3, A549 and
HT-29 cells massively invaded the fibrin, forming
migratory fronts. Cell colonies were also formed in
the fibrin, apart from the migratory fronts. HT-29
cells were the most aggressive in this regard. PC-3
cells were primarily sensitive to cisplatin and doxo-
rubicin. A549 cells displayed the greatest potential
for invasion and were sensitive mostly to cisplatin.
HT-29 cells were sensitive to fluorouracil and
doxorubicin. MCF-7 showed sensitivity to all anti-
cancer regimens tested, while MDA-MB231 cells
were particularly sensitive to doxorubicin. The
authors recommended that 3-D collagen cell culture
systems be used to study cancer cell invasion
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potential and cancer cell relative sensitivity/resis-
tance to anticancer drugs.

Wu and coworker cultured SH-SYS5Y human
neuroblastoma cells in 3-D collagen hydrogels (Desai
et al. 2006). Their results showed differences
between 2-D and 3-D resting membrane potential
development profiles wupon differentiation. In
response to a high K* depolarization, 3-D cells were
less responsive in terms of increase in intracellular
Ca?*, in comparison to 2-D cells, supporting the
hypothesis that 2-D cell calcium dynamics may be
exaggerated. In general, this study confirms the
depolarization-induced differences in intracellular
calcium release when cultured using a 2-D vs. a
3-D matrix.

Chitosan

Chitosan is a biosynthetic polysaccharide, which
corresponds to the deacetylated form of chitin.
Chitin, a structural and protective material, is found
in the shells of crustacean and mollusks, in the
backbone of squids, and the cuticle of insects, and is
an important constituent of the exoskeleton (Baxter
et al. 1992). Chitin is also present in the algae
commonly known as marine diatoms, in protozoa,
and in the cell walls of several fungal species (Wu
et al. 2005). Chitin is one of the most abundant
organic materials, second only to cellulose in the
amount produced annually by biosynthesis. As a
natural polymer, chitosan is biodegradable due to its
p-1, four glycosidic linkages, which are susceptible to
the lysozymes present in the human body. Chitosan is
therefore a potential candidate for tissue engineering
application.

Chitin is a copolymer of N-acetyl-glucosamine
and N-glucosamine units, distributed randomly or in
block throughout the biopolymer chain—the distri-
bution depending on the processing method used to
derive the biopolymer. When the number of N-acetyl-
glucosamine units exceeds 50%, the biopolymer is
termed chitin, whereas the term chitosan is used to
describe an N-acetyl-glucosamine unit content less
than 50%. Chitosan chains are strongly hydrogen-
bonded, making the biopolymer insoluble in common
solvents. Chitosan is more prevalent because of its
solubility in dilute acids—rendering chitosan more
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accessible for chemical reactions and a preferred
choice for utilization (No et al. 2000).

In order to develop and standardize polymeric
scaffolds of chitosan for 3-D growth of cancer cell
lines, chitosan scaffolds of varying degrees of
deacetylation were prepared for 3-D growth of
MCF-7 breast cancer cell lines by Panda and
coworkers (Dhiman et al. 2004). With cells growing
in the near tissue-like morphology and structure of a
polymeric scaffold, the chitosan scaffolds could be
used for cytotoxic evaluation of anticancer drugs. It
was expected that, due to the 3-D nature of cell
growth in chitosan scaffolds, the cytotoxicity of
anticancer drugs in vitro would be very similar to that
observed in in vivo tissue conditions. It was observed
that chitosan with a high degree of deacetylation
promoted better cell growth. MCF-7 cell growth was
comparable to that observed in the tissue culture
flasks, with the added advantages of 3-D growth.
Metabolic activities of the MCF-7 cell lines, i.e.,
glucose uptake and lactic acid production, were
comparable to those observed in cell culture with
standard tissue culture flasks. Growth of anchorage-
dependent cell lines such as MCF-7 on chitosan
matrices provided a better alternative to static culture
experiments for the evaluation of anticancer drug
response. It is expected that by using cell culture
models on polymer scaffolds, the anticancer activities
in terms of dose and action will be better understood
than when cells are propagated under 2-D growth
conditions. Such models can also be used to more
effectively screen the activities of new drugs for
anticancer effects. The ease of availability, low cost,
simple preparation, and excellent biocompatibility of
chitosan thus make it a very attractive substratum for
cell culture in vitro.

Because 3-D culture of MCF-7 cells on chitosan
matrices provided a better understanding of the cell’s
carbohydrate metabolism, Panda and coworkers fur-
ther studied the cytotoxic effect of anticancer drug
and, more importantly, the kinetics and uptake of
cathepsin D in breast cancer cells (Dhiman et al.
2005). On chitosan scaffolds, the MCF-7 cells
produced more lactic acid in an amount similar to
that observed for tumor cells in vivo, suggesting that
their metabolism more closely resembled that
observed in tissues. Tamoxifen-induced cell growth
retardation was low in 3-D culture in comparison to
the tissue culture growth at a similar drug

concentration. It was also observed that cathepsin D
uptake was inhibited by tamoxifen in the 3-D culture
of MCF-7 cells. As cathepsin D was an autocrine
mitogen for breast cancer cells, it can be concluded
that one of the ways by which tamoxifen works on
growth arrest of estrogen positive cancer cells is by
the inhibition of cathepsin D uptake during cell
growth. Chitosan offers many more advantages, like
low immunogenicity, biodegradability and biocom-
patibility, allowing it to be used as 3-D scaffold for
tissue engineering purposes (Nettles et al. 2002).
Thus such 3-D tissue growth models can be used not
only for evaluating the anticancer activities of new
drugs but also for providing information about the
regulation of both autocrine and paracrine growth
factors that control cancer cell growth.

Alginate

Alginates are produced by brown seaweeds, and are
linear unbranched polymers containing [-(1-4)-
linked p-mannuronic acid (M) and o-(1-4)-linked
L-guluronic acid (G) residues. Although these resi-
dues are epimers, they possess very different confor-
mations. Alginates are not random copolymers but,
according to the source of algae, consist of blocks of
similar and strictly alternating residues (i.e.,
MMMMMM, GGGGGG and GMGMGMGM), each
of which has a different conformational preference
and behavior. Alginates may be prepared with a wide
range of weight average molecular weights (50—
100,000 residues) to suit the specific application
(Draget et al. 1997).

The primary function of alginates is as thermally
stable cold setting gelling agents in the presence of
calcium ions. Such gels can be heat-treated without
melting, although they may eventually degrade.
Alginate’s solubility and water-holding capacity
depend on pH, molecular weight, ionic strength and
the nature of the ions present. Generally alginates
show high water absorption and may be used as low
viscosity emulsifiers and shear-thinning thickeners.
As a macromolecule of natural origin, alginate has
been used as a scaffold material (Hutmacher et al.
2001). Zhang and coworkers suspended cells in a
1.5% wi/v sterilized sodium alginate and dispensed
the solution into a 100 mM CaCl, solution to form
calcium alginate hydrogel beads (Zhang et al. 2005).
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The hydrogel beads were incubated with 0.1% w/v
poly-L-lysine to form alginate-poly-L-lysine-alginate
(APA) membranes around the surface. The mem-
brane-enclosed hydrogel beads were further sus-
pended in 55 mM sodium citrate to liquefy the
alginate hydrogel core. MCF-7 cells in the resulting
APA microcapsules began to aggregate after 24 h and
formed a single multicellular tumor spheroid up to
150 pm diameter after 5 days of cultivation. Similar
to monolayer culture, the cell viability of the
multicellular tumor spheroid was reduced after treat-
ment with anticancer drugs. However, the inhibition
rate of cell viability in the spheroid was much lower
than that in monolayer culture. The spheroid was
more resistant to anticancer drugs than cells in a
monolayer culture. These results suggested that
multicellular tumor spheroids have the potential to
be rapid and valid in vitro models, useful in the
screening of chemotherapeutic drugs and mimicking
in vivo cell growth patterns.

PLGA

Poly (x-hydroxy acid) is a general name for a class of
polymer including polylactide (PL), polyglycolide
(PG), and copolymer PLG. These polymers are
currently the most widely investigated and most
commonly used synthetic biodegradable polymers in
the biomaterials fields. One of the important reasons
for their wide use is that the constituent units of these
polymers are derived from natural metabolites
(Athanasiou et al. 1998). Lactic acid is a chiral
molecule, existing in two stereoisometric forms: p-L
and L.

Therefore, it has three corresponding polymers:
two stereoregular polymers, poly (p-L) and poly (L),
and the racemic form poly (p,L-L). Both poly (p-L)
(PDL) and poly (L) (PL) are crystalline polymers,
while poly (b, L-L) is an amorphous polymer. PL is
the most commonly used form, as opposed to PDL,
because the degradation product L-lactic acid is the
natural occurring stereoisomer of lactic acid. As an
absorbable polymer, PL has satisfactory in vitro
biocompatibility (Ashammakhi et al. 1997). It is
essentially non-toxic and elicits only a mild inflam-
matory response. The hydrolysis product L-lactic acid
is a normal intermediate of carbohydrate metabolism
and will not accumulate in vital organs. PL has been
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proposed and successfully applied to the reconstruc-
tion of bone, articular defects, suture materials, drug
carriers, and fixation devices. PL degrades slowly
in vivo (Tsuji et al. 2005).

Polyglycolide is a highly crystalline linear aliphatic
polyester. It has been used in suture materials and bone
fixation devices. PG degrades relatively quickly
compared to PL. Therefore PG is frequently used as
co-monomer to modify the degradation rate of the
copolymer (Athanasiou et al. 1996; Avgoustakis et al.
2004). When used in tissue engineering as a scaffold,
poly («-hydroxy acids) is processed into 3-D scaffolds.
There have been many processing methods developed
to prepare PL, PG, and their copolymer scaffolds. One
of the commonly used methods is termed the solvent-
casting/particulate-leaching technique.

Sahoo and coworkers designed and evaluated
biodegradable porous polymeric microparticles as
scaffolds for cell growth (Sahoo et al. 2005). Their
hypothesis was that microparticles with optimized
composition and properties would have better cell
adhesion and hence facilitate cell growth into a
tissue-like structure. The solvent-evaporation method
was modified using sucrose as an additive to form
large porous microparticles of PLG and PL polymer.
Microparticles containing hydrophilic polymers (poly
(vinyl alcohol) and chitosan) incorporated in their
internal matrix structure were also formulated. Dif-
ferent formulations of microparticles were evaluated
for physical properties, cell adhesion, and cell growth
in culture.

PL microparticles containing poly (vinyl alcohol)
(PVA) in the matrix structure (PL-PVA) and treated
with serum prior to cell seeding demonstrated better
cell adhesion and cell growth than other formulations
of microparticles. Cells grew into aggregates, engulf-
ing microparticles completely with time, and forming
a 3-D tissue-like structure. Cell density (cells per mg
of microparticles) was achieved in 9 days of culture,
which resulted in a 7-fold increase from the initial
seeding cell density. The improved cell growth on
PL-PVA microparticles appears to be due to the PVA
associated with the internal matrix structure of
microparticles. These microparticles demonstrated
better wetting and cell affinity in culture; they may
be used to grow cancer cells in vitro and provide a
model system for preclinical evaluation of the
cytotoxic effect of anticancer agents (Sahoo et al.
2005).
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Significance of normal cell culture in 3-D
polymeric systems

Although this paper is focused on the growth of
malignant cancer cells in 3-D culture systems with
polymeric scaffolds, it is worth mentioning explicitly
that the growth and differentiation of normal cells is
also improved in a 3-D culture environment (Battle
et al. 1999). Hepatocyte transplantation is an effec-
tive treatment for patients suffering from hepatic
failure. However, one of the major problems has been
that a large number of transplanted hepatocytes died
within a few days. A 3-D PL scaffold is a good
support material for the cultivation of fetal liver cells,
and may be used as a vehicle for in vivo transplan-
tation (Jiang et al. 2004). Studies of primary hepato-
cyte cultures on woven and non-woven poly(ethylene
terephthalate) fibers showed that cell cultures in 3-D
exhibited clear differences in morphology and phe-
notype compared to those observed in 2-D culture
(Leong et al. 2002). Semino and coworkers studied
the capacity of a 3-D peptide hydrogel culture system
to promote functional hepatocyte differentiation of an
expandable clonal epithelial stem cell line (Lig-8). In
conventional dish culture, Lig-8 cells divide expo-
nentially, expressing the primitive hepatocyte marker
o-fetoprotein. However, after culturing Lig-8 cells in
hydrogels, the cells acquire spheroid morphologies,
cycle with non-exponential cell kinetics, produce
progeny cells, and express mature hepatocyte differ-
entiation markers (Semino et al. 2002). Frisk and
coworkers found it possible to perform medium- to
long-term cultivation of cells in a controlled 3-D
environment, a concept which opens the possibilities
of performing studies of normal cells in a more
physiological environment compared to traditional
2-D cultures on flat substrates (Frisk et al. 2005).
Skeletal muscle cells show distinctly different char-
acters in 2-D vs. 3-D culture. Cells from the skeletal
muscle cell line, C2C12, differentiate in 3-D type I
collagen gel cultures, but do not differentiate in 2-D
cultures on type I collagen coated dishes (Tanaka
et al. 2002).

Acknowledgement The authors wish to acknowledge the
Department of Defense Era of Hope Scholar Award program
for providing financial support for the compilation of this
manuscript.

References

Abbott A (2003) Biology’s new dimension. Nature 424:870-
872

Alsberg E, Kong HJ, Hirano Y, Smith MK, Albeiruti A,
Mooney DJ (2003) Regulating bone formation via con-
trolled scaffold degradation. J Dent Res 82:903-908

Ashammakhi N, Rokkanen P (1997) Absorbable polyglycolide
devices in trauma and bone surgery. Biomaterials 18:3-9

Athanasiou KA, Niederauer GG, Agrawal CM (1996) Sterili-
zation, toxicity, biocompatibility and clinical applications
of polylactic acid/polyglycolic acid copolymers. Bioma-
terials 17:93-102

Athanasiou KA, Agrawal CM, Barber FA, Burkhart SS (1998)
Orthopaedic applications for PLA-PGA biodegradable
polymers. Arthroscopy 14:726-737

Avgoustakis K (2004) Pegylated poly (lactide) and poly (lac-
tide-co-glycolide) nanoparticles: preparation, properties
and possible applications in drug delivery. Curr Drug
Deliv 1:321-333

Battle T, Maguire T, Moulsdale H, Doyle A (1999) Progressive
maturation resistance to microcystin-LR cytotoxicity in
two different hepatospheroidal models. Cell Biol Toxicol
15:3-12

Baxter A, Dillon M, Taylor KD, Roberts GA (1992) Improved
method for the determination of the degree of N-acety-
lation of chitosan. Int J Biol Macromol 14:166-169

Chen G, Sato T, Ushida T, Hirochika R, Tateishi T (2003)
Redifferentiation of dedifferentiated bovine chondrocytes
when cultured in vitro in a PLGA-collagen hybrid mesh.
FEBS Lett 542:95-99

Cui YL, Qi AD, Liu WG, Wang XH, Wang H, Ma DM, Yao
KD (2003) Biomimetic surface modification of poly
(L-lactic acid) with chitosan and its effects on articular
chondrocytes in vitro. Biomaterials 24:3859-3868

Cukierman E, Pankov R, Stevens DR, Yamada KM (2001)
Taking cell-matrix adhesions to the third dimension.
Science 294:1708-1712

Dagalaskis N Flink J Stasikelis P, Burke JF, Yannas IV (1980)
Design of an artificial skin Part III Control of pore
structure. J Biomed Mater Res 14:511-519

Desai A, Kisaalita WS, Keith C, Wu ZZ (2006) Human neu-
roblastoma (SH-SY5Y) cell culture and differentiation in
3-D collagen hydrogels for cell-based biosensing. Biosens
Bioelectron 21:1483-1492

Dhiman HK, Ray AR, Panda AK (2004) Characterization and
evaluation of chitosan matrix for in vitro growth of MCF-
7 breast cancer cell lines. Biomaterials 25:5147-5154

Dhiman HK, Ray AR, Panda AK (2005) Three-dimensional
chitosan scaffold-based MCF-7 cell culture for the
determination of the cytotoxicity of tamoxifen. Biomate-
rials 26:979-986

Doillon CJ, Gagnon E, Paradis R, Koutsilieris M (2004) Three-
dimensional culture systems as a model for studying
cancer cell invasion capacity and anticancer drug sensi-
tivity. Anticancer Res 24:2169-2177

Draget KI, Skjak-Braek G, Smidsrod O (1997) Alginate based
new materials. Int J Biol Macromol 21:47-55

@ Springer



142

Cytotechnology (2007) 54:135-143

Frisk T, Rydholm S, Andersson H, Stemme G, Brismar H
(2005) A concept for miniaturized 3-D cell culture using
an extracellular matrix gel. Electrophoresis 26:4751-4758

Friedrich MJ (2003) Studying cancer in 3 dimensions. JAMA
290:1977-1979

Gudjonsson T, Ronnov-Jessen L, Villadsen R, Rank F, Bissell
MIJ, Petersen OW (2002) Normal and tumor-derived
myoepithelial cells differ in their ability to interact with
luminal breast epithelial cells for polarity and basement
membrane deposition. J Cell Sci 115:39-50

Hutmacher DW (2002) Adult stem cells—state of the art and
future directions in tissue engineering. Tissue Eng 8:1119

Hutmacher DW, Goh JC, Teoh SH (2001) An introduction to
biodegradable materials for tissue engineering applica-
tions. Ann Acad Med Singap 30:183-191

Jacks T, Weinberg RA (2002) Taking the study of cancer cell
survival to a new dimension. Cell 111:923-925

Jiang J, Kojima N, Guo L, Naruse K, Makuuchi M, Miyajima
A, Yan W, Sakai Y (2004) Efficacy of engineered liver
tissue based on poly-L-lactic acid scaffolds and fetal
mouse liver cells cultured with oncostatin M, nicotin-
amide, and dimethyl sulfoxide. Tissue Eng 10:1577-
1586

Jayawarna V, Ali M, Jowitt TA, Miller AF, Saiani A, Gough
JE, Ulijn RV (2006) Nanostructured hydrogels for
three-dimensional cell culture through self-assembly of
fluorenylmethoxycarbonyl-dipeptides. Adv Mater 18:
611-614

Kunz-Schughart LA, Freyer JP, Hofstaedter F, Ebner R (2004)
The use of 3-D cultures for high-throughput screening: the
multicellular spheroid model. J Biomol Screen 9:273-285

Leong KW, Lu HF, Yin C, Yang JC, Chua KC, Chen F,
Ramakrishna S, Mao HQ (2002) Functional fibrous
scaffolds. Tissue Eng 8:1139

Liao SS, Cui FZ (2004) In vitro and in vivo degradation of
mineralized collagen-based composite scaffold: nano-
hydroxyapatite/collagen/poly (L-lactide). Tissue Eng
10:73-80

Madihally SV, Matthew HW (1999) Porous chitosan scaffolds
for tissue engineering. Biomaterials 20:1133-1142

Mikos AG, Bao Y,Cima LG, Ingber DE,Vacanti JP, Langer R
(1993) Preparation of poly(glycolic acid) bonded fiber
structures for cell attachment and transplantation. J Bio-
med Mater Res 27:183-189

Mitsiades C, Sourla A, Doillon C, Lembessis P, Koutsilieris M
(2000) Three-dimensional type I collagen co-culture sys-
tems for the study of cell-cell interactions and treatment
response in bone metastases. J Musculoskelet Neuronal
Interact 1:153-155

Mooney DJ (1999) DNA delivery from polymer matrices for
tissue engineering. Nature Biotechnol 17:551-554

Murphy WL, Dennis RG, Kileny JL, Mooney DJ (2002) Salt
fusion: an approach to improve pore interconnectivity
within tissue engineering scaffolds. Tissue Eng 8:43-52

Nelson CM, Bissell MJ (2005) Modeling dynamic reciprocity:
engineering three-dimensional culture models of breast
architecture, function, and neoplastic transformation.
Semin Cancer Biol 15:342-352

Nettles DL, Elder SH, Gilbert JA (2002) Potential use of
chitosan as a cell scaffold material for cartilage tissue
engineering. Tissue Eng 8:1009-1016

@ Springer

No HK, Cho YI, Kim HR, Meyers SP (2000) Effective
deacetylation of chitin under conditions of 15 psi/121 °C.
J Agric Food Chem 48:2625-2627

Pachence JM (1996) Collagen-based devices for soft tissue
repair. J] Biomed Mater Res 33:35-39

Peppas NA, Sahlin JJ (1996) Hydrogels as mucoadhesive and
bioadhesive materials: a review. Biomaterials 17:1553—
1561

Sachlos E, Czernuszka JT (2003) Making tissue engineering
scaffolds work review: the application of solid freeform
fabrication technology to the production of tissue engi-
neering scaffolds. Eur Cell Mater 5:29-39

Sahoo SK, Panda AK, Labhasetwar V (2005) Characterization
of porous PLGA/PLA microparticles as a scaffold for
three dimensional growth of breast cancer cells. Bio-
macromolecules 6:1132-1139

Schmeichel KL, Bissell MJ (2003) Modeling tissue-specific
signaling and organ function in three dimensions. J Cell
Sci 116:2377-2388

Semino CE, Merok JR, Crane G, Panagiotakos G, Sherley JL,
Zhang S (2002) Hepatic phenotype with inducible
metabolizing activities acquired by adult stem cells cul-
tured in synthetic hydrogels. Tissue Eng 8:1154-1155

Semino CE, Merok JR, Crane GG, Panagiotakos G, Zhang S
(2003) Functional differentiation of hepatocyte-like
spheroid structures from putative liver progenitor cells in
three-dimensional peptide scaffolds. Differentiation
71:262-270

Shea LD, Smiley E, Bonadio J, Boxberger HJ, Meyer TF
(1994) A new method for the 3-D in vitro growth of
human RT112 bladder carcinoma cells using the alginate
culture technique. Biol Cell 82:109-119

Smalley KS, Lioni M, Herlyn M (2006) Life isn’t flat: taking
cancer biology to the next dimension. In vitro Cell Dev
Biol Anim 42:242-247

Tanaka T, Kishi K, Sato H, Nakajima H, Nakajima T (2002)
C2C12 cells differentiate in three-dimensional culture in
collagen gel. Tissue Eng 8:1142

Themistocleous GS, Katopodis H, Sourla A, Lembessis P,
Doillon CJ, Soucacos PN, Koutsilieris M (2004) Three-
dimensional type I collagen cell culture systems for the
study of bone pathophysiology. In vivo 18:687-696

Tsuji H (2005) Poly (lactide) stereocomplexes: formation,
structure, properties, degradation, and applications.
Macromol Biosci 5:569-597

Voytik-Harbin SL  (2001) Three-dimensional extracellular
matrix substrates for cell culture. Methods Cell Biol
63:561-581

Vunjak-Novakovic G, Freed LE (1998) Culture of organized
cell communities. Adv Drug Deliv Rev 33:15-30

Wang F, Weaver VM, Petersen OW, Larabell CA, Dedhar S,
Briand P, Lupu R, Bissell MJ (1998) Reciprocal interac-
tions between betal-integrin and epidermal growth factor
receptor in three-dimensional basement membrane breast
cultures: a different perspective in epithelial biology. Proc
Natl Acad Sci USA 95:14821-14826

Weadock K, Olson RM, Silver FH (1984) Evaluation of col-
lagen crosslinking techniques. Biomater Med Devices
Artif Organs 11:293-299

Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P,
Damsky C, Bissell MJ (1997) Reversion of the malignant



Cytotechnology (2007) 54:135-143

143

phenotype of human breast cells in three-dimensional
culture and in vivo by integrin blocking antibodies. J Cell
Biol 137:231-245

Weaver VM, Lelievre S, Lakins JN, Chrenek MA, Jones JC,
Giancotti F, Werb Z, Bissell MJ (2002) Beta4 integrin-
dependent formation of polarized three-dimensional
architecture confers resistance to apoptosis in normal and
malignant mammary epithelium. Cancer Cell 2:205-216

Wu T, Zivanovic S, Draughon FA, Conway WS, Sams CE
(2005) Physicochemical properties and bioactivity of
fungal chitin and chitosan. J Agric Food Chem 53:3888—
3894

Yang J, ShiG, Bei J, Wang S, Cao Y, Shang Q, Yang G, Wang
W (2002) Fabrication and surface modification of

macroporous poly(L-lactic acid) and poly(r-lactic-co-gly-
colic acid) (70/30) cell scaffolds for human skin fibroblast
cell culture. J Biomed Mater Res 62:438-446

Zhang X, Wang W, Yu W, Xie Y, Zhang X, Zhang Y, Ma X
(2005) Development of an in vitro multicellular tumor
spheroid model using microencapsulation and its appli-
cation in anticancer drug screening and testing. Biotech-
nol Prog 21:1289-1296

Zhu H, Ji J, Lin R, Gao C, Feng L, Shen J (2002) Surface
engineering of poly(p,L-lactic acid) by entrapment of
chitosan-based derivatives for the promotion of chondro-
genesis. J] Biomed Mater Res 62:532-539

@ Springer



	Three-dimensional polymeric systems for cancer cell studies
	Abstract
	Introduction
	Significance of 3-D cancer cell culture
	Natural and synthetic polymers used as 3-D cell culture matrices
	Specifications of polymers commonly used in 3-D cancer cell cultures
	Collagen type I
	Chitosan
	Alginate
	PLGA

	Significance of normal cell culture in 3-D polymeric systems
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


