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1. ABSTRACT

©

It is well recognized that one of the major
drawbacks of using traditional two dimensional cultures
to model the living systems is inaccurately reflecting the
physiological manner in which modulators, nutrients,
oxygen, and metabolites are applied and removed.
Moreover, the two dimensional culture system poorly reflects
how different cell types interact with each other in the same
microenvironment. Since the first global development of
three dimensional (3D) cell culture techniques in the late
1960s, this last decade has seen an explosion of studies to
promote 3D models in the fields of regenerative medicine
and cancer. The recent surge of interest in 3D cell culture in
cancer research is attributable to the interest in developing
closer to real life models. The ability to include various
cell types and extracellular components reflect more the
physiological conditions of tumor microenvironment. In this
short review, we will discuss different approaches of 3D
culture system models and techniques with a focus on the
3D interactions of cancer cells with stromal cells in the goal
to reevaluate old and develop new therapeutics.

2. INTRODUCTION

Three dimensional (3D) cell culture techniques,
pioneered at the beginning of 20" century by Harrisson
and Carrel, have been rapidly gaining popularity in recent
years (1, 2). In fact, around 90% of all 3D cell culture
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articles listed on PubMed have been published since
2000. This recent wave of interest and investigation in
3D cell culture, especially in the area of cancer research,
is likely attributable to increased recognition of the
importance of cellular interactions in the context of the
specific microenvironment. The 3D cell culture market is
expected to grow to a staggering 3.7 billion US dollars by
the year 2021 (3). Although research has come a long way
toward improving our understanding of cells, the bulk of
this knowledge has come from piecemeal investigations
into one signaling pathway or another. This method has
produced, to date, a comprehensive picture of the biology
of individual cells. However, fundamental gaps remain
between our understanding of individual cells and how
these cells function collectively in interdependent tissues.
In aresearch climate heavy with the influence of traditional
2D monoculture, understanding the influence of real
cell-cell and cell-matrix interactions on general cellular
proliferation, differentiation, apoptosis, etc., requires a
closer to real life model. Three dimensional models are
particularly relevant in the study of interactions between
normal and cancerous cells.

Through insights gained by stromal cell and
cancer research using two dimensional (2D) models, we
now have a better picture of how cells require signals
from their environment to differentiate and form functional
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Figure 1. a) Structure of normal epithelium b) Structure of epithelium during epithelial- mesenchymal transition in tumor microenvironment.

tissues. These signals include not only ligands, such as
VEGF, Wnt proteins, cytokines, and metabolites, but signals
induced through tensile and sheer stresses relayed to cells
by their attachments to the extracellular matrix (ECM) (4-7).
There are, in fact, numerous studies providing compelling
evidence that ECM remodeling is an essential component
of the metastatic cascade in cancer (8, 9). Additionally, the
distribution of oxygen, nutrients, and signaling molecules
in 2D cultures are not the same as in 3D cultures. Indeed,
because oxygen has low solubility in tissue culture media,
it is sometimes supplied to cells within 3D scaffolds in
specially-built perfusion bioreactors (10). This review
will focus on the capacity of 3D culture to increase our
knowledge of cancer initiation and progression, with the
ultimate goal of finding new diagnostics and therapeutics
through these techniques. It is compelling to develop
and study the tumor 3D structures in order to advance in
developing physiologically relevant tumor models.

3. EPITHELIAL TUMOR STRUCTURE

Between 80 - 90% of all cancers arise in the
epithelium, which is present throughout the body as a
component of the skin tissue, as well as the covering
and lining of organs tissues, cavities, and internal
passageways (11). Epithelial tissue has a bilayer
structure that consists of polarized epithelial cells and
ECM rich stroma (Figure 1a). Epithelial cells are very
closely packed with almost no gap between cells and
are based on a thin membrane-like extracellular matrix.
The stroma contains essential structural and nutrient
supplement systems, which include blood and lymphatic
vessels, immune cells and fibroblasts. Blood vessels do
not penetrate beyond the stroma, and nutrients at the
apical surface are reached through diffusion. The apical
facade of the epithelium protects the tissue by forming a
barrier against the external environment. Depending upon
the location, the apical layer of epithelium may consist
of specialized structures known as cilia or microvilli.
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These specialized structures have vital functions like
absorption, adsorption, secretion or removal of debris.
The basal facade of the epithelium is attached to the
basal surface through integrins and other matrix adhesion
molecules (12). The stroma provides the epithelium with
both physical support and ECM. The extracellular matrix
is rich in collagen scaffolds and several other structural
proteins, which forms the basis for physical support to
the epithelial cells (13). The ECM also interacts with
epithelial layer by controlling the microenvironment
with their ability to bind to various proteins and
molecules (12). Epithelial tumors originate from foci
and then these cells evolve to proteolytically degrade
their basement membrane to become mesenchymal
cells by the epithelial-mesenchymal transition program
(Figure1b) (7). These now mesenchymal cells enter
the blood stream and migrate to farther locations.
Malignancies formed in epithelial tissue are known as
carcinomas. Carcinomas mainly affect organs or glands
that are capable of secretion. Examples include breasts,
lungs, prostate, bladder etc. (11). Carcinomas are highly
heterogeneous even within the gland/organ type. Each
type of neoplasm exhibits distinct histopathological and
biological features. For example, according to World
Health Organization (WHO) endorsed classification,
there are 20 major types and 18 minor types of breast
cancers that are prevalent (14). In another example of
tumor complexity, efforts to identify the cell origin of the
adenocarcinoma of the lungs resulted in unfruitful results
due to not only epithelial cell types in the lungs, but also
due to heterogeneity even in individual tumors (15).
Given the knowledge about the tumor structure, a true
to life model of an epithelial tumor would include stromal
cells, epithelial cells, immune cells and endothelial cells.

4. MESENCHYMAL TUMOR STRUCTURE

Much of mass of the body is composed of
connective tissue or “soft” tissue. Connective tissue is

© 1996-2017
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mesenchymal in nature, originating from mesodermal
layer of the embryo (16). Contrary to epithelial tissue,
cells in mesenchymal tissue lack polarity and are able to
differentiate into multiple cell types (17). Mesenchymal
cells play the pivotal role in tumor metastasis of
several kinds of cancers (18). Tumors that originate in
mesenchymal cells are called sarcomas. Sarcomas are
relatively rare cancers and are observed predominantly
in children and young adults (19). Physiologically,
sarcomas are aided by stromal cells and ECM with
structural support and nutrient supplement. Several
reports conclude that ECM has great influence on
proliferation, migration, and differentiation in various
sarcomas (6, 7, 20). For example, proteins like stathmin
| that regulate cell motility increase the metastatic
potential of sarcoma cells (21, 22). Enzymes such as
matrix metalloproteinases contribute to angiogenesis
by unsettling extracellular matrix barriers and enabling
endothelial cells migration through the surrounding
tissues (5, 23). Sarcomas are less complex compared
to carcinomas. However, they are hard to diagnose and
are often underrated as benign due to painlessness and
its ineffectiveness on overall health (24, 25). Sarcomas
develop in bones, joints, and soft tissue, and are
predominately observed in children. According to WHO
classification, there are 10 major types of soft tissue
sarcoma and 9 major types of bone sarcoma, in which
both soft tissue and bone sarcomas contain at least one
class that is either an undifferentiated or an unclassified
sarcoma type (26). Osteosarcoma, Ewing sarcomas
and rhabdomyosarcoma are most commonly observed
sarcomas among children. Undifferentiated pleomorphic
sarcoma, liposarcoma, and leiomyosarcoma are the
most common sarcomas in adults (27).

5. TUMOR SPHEROID MODELS

Multicellular tumor spheroids (MCTS) can be
obtained by the aggregation and compaction of cell
suspension cultured under non-adherent or low-adherent
conditions. Tumorospheres are then formed by clonal
proliferation in low-adherent conditions (28). Primarily,
there are four methods researchers have used to create
the MCTS (Figure 2).
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5.1. Suspension culture of stromal and cancer
cells

In this method, cells are suspended in swirling
liquid medium using a rotational motion to resist cell
attachment to the culture surface. The swirling cells
then form MCTS through collisions and subsequent
agglomeration (29, 30). For example, in vitro dynamic 3D
techniques cultures of Mesenchymal Stem/Stromal Cells
(MSC) using spinner flasks and a rotating wall vessel
bioreactor have been showed to be beneficial for retaining
MSC properties over prolonged period of times (31-33).
Spinning bioreactors have been used to generate large
production of tumor spheroids to test the efficacy of
chemotherapy or immunotherapeutic drugs (34-36).

5.2. Ultra-low cell adherent surfaces

Here, the interactions between cells are stronger
than their adhesive forces with tissue culture plates (28).
Several studies reported usage of an agarose surface to
create MCTS, mainly due to the low cancer cell attachment
to agarose (37-39). Commercially available ultralow
attachment plates that use a hydrophilic, non-ionic,
neutrally charged hydrogel covalently bound to a tissue
culture polystyrene surface (Corning, Lowell, MA) have
also been extensively used to generate MCTS (40, 41).
Researchers have also used extracellular matrix (ECM)
and protein-based hydrogel coatings to create MCTS.
One such surface thatis commonly used is Matrigel, which
is obtained from the ECM of mouse sarcoma cells (42).
Matrigel does not require single cell suspensions, which
are sometimes difficult to obtain. For instance, Young et al.
cultured cell clusters obtained from LuCap xenografts
atop the ultralow attachment plates (43) and Theodoraki
et al. used spontaneously- formed spheroids of tumor
explants sieved for various sizes using cell strainers (44).

5.3. The hanging drop technique

In this method, the cells are suspended in a
droplet of medium and are allowed to aggregate into MCTS
under the influence of gravitational forces (Figure 3). This
technique, used since the last century, is very simple to
execute and highly cost-effective. Standard cell culture
plates or lower cost bacterial culture plates are alternative
choices to generate MCTS as the cells do not attach the
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Figure 3. Schematic depicting the principle of hanging drop technique. Dark spots in the center of droplets in (a) and (b) represent cancer cells. Dark
mass in the center of droplets in (c) represents well-formed 3D tumor spheroids.

culture surface. One of the major limitations of this technique,
and also shared by the two other described above, is an
important size variability between MCTS obtained. There
are commercial 96 or 384-well plates specially designed
to create hanging drops in a more uniform manner using
an automated cell culture robot to achieve high throughput
drug screening (45). Other commercially available designs
have been used to create MCTS of breast cancer cells in a
semi-automated process (46).

5.4. Microfluidic devices

Microfluidic technologies involve the manipulation
ofvery smallfluid volumes within artificial microsystems (47).
In this method, the formation of spheroids is based on
hydrodynamic trapping of cells in micro-chambers with
controlled geometries. The continuous perfusion of fresh
liquid media maintains the compaction of the trapped cells,
and the size uniformity of the spheroids can be controlled
by perfusion flow rate (48). Each micro-chambers that can
house one to a few-hundred cells are usually designed
using soft lithography on polydimethylsiloxane (PDMS), an
elastomeric material with optical transparency and high gas
permeability qualities (49). Several studies have adapted
this technology to grow more size controlled spheroids.
For example, Sabhachandani et al. prepared MCTS of
MCF-7 breast cancer cells by encapsulating them in
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alginate droplets inside a PDMS microfluidic device (50).
This device has the capacity to simultaneously culture a
thousand MCTS on a chip and can perform drug sensitivity
testing in a high throughput manner. Ayuso et al. used
spheroids of oral squamous carcinoma cells embedded in
collagen in a microfluidic device to study their chemotactic
response (51). More recently, microfluidics coupled to a
flow cytometry device has shown the ability to produce and
analyze thousands of spheroids, making this technique
suitable for drug screening applications (52). In the coming
years, the generalization of 3D printing devices will allow
the explosion of microfluidic chip use (53).

Other microfluidic systems have been used for
large production of spheroid. For instance, Alessandri
et al. have developed a microfluidic technique using
permeable, elastic, hollow microspheres capsules by
co-extrusion of colon carcinoma cells with alginate (54).
Similarly, Kim et al. obtained a large number of embryonic
carcinoma cells spheroids in alginate core-shell
microcapsules using a 3D coaxial flow (55).

6. 3D SCAFFOLD-BASED MODELS

To achieve true to life model of cells interactions,
other studies have focused on the integration not

© 1996-2017
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only of particular cells but also by addition of multiple
components to improve the cellular three-dimensional
microenvironment. Several approaches have been
used in the construction of 3D scaffold-supported tissue
models.

One approach is to use materials with the
closest 3D environment already available by using tissue
decellularization techniques (56, 57). These promising
techniques developed for clinical transplantation
applications have not been tested yet to study stromal-
cancer interactions but might be really useful once
adapted for in vitro research studies.

At the in vitro level, researchers have
developed particular scaffold materials ranging from
natural biomaterials (e.g., collagen, fibrin, hyaluronic
acid, gelatin, matrigel, or alginate) (58-62) to synthetic
biomaterials (e.g., polymers such as polycaprolactone
or polyethylene glycol, and inorganic materials such as
titanium or ceramic-based materials) (63-66). Natural
biomaterials have the advantages to be biocompatible
but are also biodegradable, which can cause problems
in the study of stromal and cancer cells interactions (67).
These problems do not occur with synthetic scaffolds
but they may lack sites for proper cellular adhesion. In
addition, 3D cells aggregates may be difficult to recover
for further in vitro studies (68).

While using a scaffold to encapsulate cells can
put diffusion limits on nutrient and waste flow, researchers
have used the various scaffold properties such as
chemistry, porosity, and stiffness to generate favorable
culture performance. For instance, Liang et al. compared
soft collagen gel to stiff collagen-PEG gels and found
that the scaffold stiffness suppressed tumor malignancy
in hepatocellular carcinoma cells (69). The elasticity
and stiffness of scaffold material can be controlled by
changing the concentrations of gelating agents. Ulrich
et al. developed a strategy to improve the elasticity of
weak collagen gels by two orders of magnitude by
incorporating the agarose, without disrupting the fiber
architecture (70). For example, a recent reports suggests
the possibility of using nanofiber based scaffolds (71),
which improve the survival and differentiation of mouse
embryonic stem cells.

Many reviews reported advantages and
disadvantages between the multiple types of 3D
scaffold (72-75), and it appears that combinations
of different approaches, including with non-scaffold
technologies, are the most promising (Table 1).

7.FUTURE PERSPECTIVES FOR 3D CULTURE
METHODS

Regardless of the methods used to generate 3D
cells aggregates, there are a few mandatory requirements

to accurately replicate the in vivo environment in vitro.
Essentially, in varying levels of complexity, these models
seek to recreate as closely as possible the real cellular
microenvironment by integrating multiple cell types, blood
and lymphatic vessels or mimics, and extracellular matrix
components (76). Immortalized and primary in vitro
cultures have now been derived from a wide range of
cancers and are currently used in numerous cell biology
studies. Newer methods for 3D cultures of these cells will
range from bottom-up to top-down methods, including
but not limited to: 1) decellularization of natural tissue,
followed by recellularization with the desired cell types,
2) gradual layer-by-layer cell growth in culture dishes,
3) micropatterning and microfluidics technologies, and
4) 3D printing. The micropatterning and microfluidics
technologies offer a great prospect of standardized MCTS
generation for mass production. It will enable scientists
to employ high-throughput screening technologies
including using more sophisticated MCTS co-culture
models, which more closely reflect to the reality of tumor
tissues composed of tumor and various stromal cell
types (77-79). For example, a stereolithography-based
3D printer using hydroxyapatite nanoparticles suspended
in hydrogel is able to create a geometrically optimized
matrix to mimic the 3D environment of bones (80).
Similarly, 3D bioprinting offers unlimited possibilities to
arrange different cell types and ECM-based biomaterials
in a normal anatomical arrangement to create a more in
vivo-like culture performance (81) as shown in Figure 4.

8. DRUG SENSITIVITY PATTERNS

Recent developments in tissue culture
technology made it possible to culture patient derived
cells to obtain tumor spheroids without losing the
original tumor’s properties in terms of genotype and
phenotype (82-84). These developments may soon
replace the traditional 2D cell culture protocols and will
establish themselves as standard techniques for culturing
cancer cells. Establishment of 3D cell culture as standard
technique provides an exciting prospect in drug screening
for specific types of tumors for specific patients, which will
be a giant leap towards the development of personalized
medicine. Nevertheless, these developments also grant
different challenges. For example, traditional cytotoxicity
assays are developed and optimized for 2D cell culture
models and may not serve the purpose in 3D models.

3D cell culture is currently used in anticancer
studies, cytotoxicity studies, drug discovery experiments
and biosensor/bioassay applications (84-86). 3D cell
culture models are superior models and better mimic
the actual tumor microenvironment and pathological
conditions. For example, 2D cell culture cells are grown
in a single layer spread on a plastic surface. When a
potential treatment model is tested, cells are prone to
death at lower concentrations of chemotherapeutic
agents or under low intensity radiation (87-89). The
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Figure 4. A 3D bioprinter prints cell aggregates in precise patterns to yield anything from simple 3D cell spheroid to whole tissue. 3D bioprinting also
makes it possible mimic tumor microenvironment that is closely comparable to real tumor microenvironment.

Table 1. Advantages of 3D vs. 2D cell culture models

3D culture

2D culture

Superior model and closely represents the tumor microenvironment

Less relevant with tumor cell monolayers

support

ECM interacts with cells by providing structural, nutrient, and communicative

Cells are in contact with ECM and with plastic on one surface

Co-culture model mimics tumor microenvironment with multiple cells layers

Co-culture model incapable to create a tumor microenvironment

Tumor drug distribution and drug dosage can be studied more precisely

Drug distribution cannot be studied on a monolayer

Cell-cell interactions are similar like in tissues in vivo

Limited cell-cell interactions

reason for this kind of observation is that the drug/
radiation has to penetrate just a single layer in order to be
effective against cancer cells. Whereas, MCTS grown in
3D model are multilayered structures and may not likely
be killed at similar concentrations. This phenomenon
may be attributed to the inefficiency of the low doses of
drug or radiation, which may not be able to penetrate
the core of the tumor, a close mimic of the real tumor
conditions. Similarly, differences in cellular compaction
has been observed in cancer cells spheroids model
generated by suspension culture, ultra-low attachment
or hanging drops techniques, which led to an increased
chemotherapeutic resistance (90). Hence, MCTS/3D
model serves as valid targets for developing personalized
medicine/drug screening/drug discovery experiments.

9. CAVEATS

Though 3D scaffold based models boast close
resemblance to real tumor micro-environment, it is not
a 100% match to real tumor environment for obvious
reasons (anatomical complexity, physiological context,
etc.). Apart from that, 3D models also suffer from severe
reproducibility problems. Oftentimes, it is observed that
the size of spheroids is not uniform (86, 91, 92). Pipetting
errors or non-homogenous cellular resuspension can lead
to important size difference. In addition, the presence of
any small particles in the culturing media could modify cells

aggregation and the fate of the spheroid shape (93). This
non-uniformity in the spheroid size leads to inequivalent
distribution of nutrients, differences in microenvironment,
and inequivalent drug/radiation exposure. 3D scaffolds also
demand a much more carefully controlled environment in
terms of temperature and pH, which is laborious (94-97).
Post culture process is another laborious task involved
and automated solutions are yet to be improvised. It
is also difficult to analyze 3D models using the most
common biology lab tool the microscope in which typical
light penetration depth is around 100 ym (98). Insufficient
penetrability of light makes it tricky to analyze the cells
in the inner layers of the spheroids, causing some well-
established, cost effective techniques like MTT, Trypan
blue assay ineffective in the analysis of 3D models.

3D cell culture undoubtedly has improved the
efficiency of non in vivo assays by closely mimicking the
tumor microenvironment. Scientists are able to obtain
more meaningful data before they enter into any mouse
or human models and were successful in eliminating
those drug candidates which are only effective against
less relevant 2D cell culture models. However, 3D
culture models still are impeded by some reproducibility
problems, and lack of automation makes it a tedious
technique. Addressing these problems will greatly
enhance the capability of the technique itself and high
throughput screening as well.

© 1996-2017



Three dimensional tumor models for cancer studies

10. ACKNOWLEDGEMENTS

Patrice Penfornis, Krishna C. Vallabhaneni,
Amol V. Janorkar and Radhika R. Pochampally
declare that they have no conflict of interest. Financial
Support: This work was supported in part by NIH Grant
CA1515851, and the UMMC Cancer Institute startup
funds to RP. We acknowledge Rebecca Crouch,
Rajashekhar Kanchanapally and Jacob E. Pruett for their
manuscript review.

11. REFERENCES

1. A. Carrel: On the Permanent Life of Tissues
Outside of the Organism. J Exp Med, 15(5),
516-28 (1912)

(doi not found)

2. R. G. Harrison: Observations of the living
developing nerve fiber. The Anatomical
Record, 1(5), 116-128 (1907)

(doi not found)

3. 3D Cell Culture Global Market - Forecast
to 2021, 303 (2016). Available at:
http://www.researchandmarkets.com/
research/9827pt/3d_cell _culture
(doi not found)

4. T. R. Cox and J. T. Erler: Remodeling and
homeostasis of the extracellular matrix:
implications for fibrotic diseases and cancer.
Dis Model Mech, 4(2), 165-78 (2011)

DOI: 10.1.242/dmm.004077

5. P. Lu, K. Takai, V. M. Weaver and Z. Werb:
Extracellular  matrix  degradation and
remodeling in development and disease. Cold
Spring Harb Perspect Biol, 3(12) (2011)

DOI: 10.1.101/cshperspect.a005058

6. P. Lu, V. M. Weaver and Z. Werb: The
extracellular matrix: a dynamic niche in
cancer progression. J Cell Biol, 196(4),
395-406 (2012)

DOI: 10.1.083/jcb.201102147

7. Y. L. Martin TA, Sanders AJ, Lane J., Jiang
WG: Cancer Invasion and Metastasis:
Molecular and Cellular Perspective. In:
In. Madame Curie Bioscience Database
(Internet). Ed R. Jandial. Landes Bioscience,
Austin (TX) (2000-2013)

(doi not found)

8. A. Harlozinska: Progress in molecular
mechanisms of tumor metastasis and
angiogenesis.  Anticancer Res, 25(5),
3327-33 (2005)

168

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

(doi not found)

C. Wittekind and M. Neid: Cancer invasion
and metastasis. Oncology, 69 Suppl 1,
14-6 (2005)

DOI: 10.1.159/000086626

D. Wendt, S. Stroebel, M. Jakob, G. T. John
and |. Martin: Uniform tissues engineered by
seeding and culturing cells in 3D scaffolds
under perfusion at defined oxygen tensions.
Biorheology, 43(3-4), 481-8 (2006)

(doi not found)

L. G. Griffith and M. A. Swartz: Capturing
complex 3D tissue physiology in vitro. Nat
Rev Mol Cell Biol, 7(3), 211-24 (2006)

DOI: 10.1.038/nrm1858

J.A.Alberts B, Lewis J, et al.: The Extracellular
Matrix of Animals. In: Molecular Biology of the
Cell. Garland Science, New York (2002)

(doi not found)

Cancer Classification. In: Ed E. a. E. R. S. P.
U.S. National Cancer Institute’s Surveillance.
Available at: http://training.seer.cancer.gov/
disease/categories/classification.html

(doi not found)

H. P. Sinn and H. Kreipe: A Brief Overview
of the WHO Classification of Breast Tumors,
4th Edition, Focusing on Issues and Updates
from the 3rd Edition. Breast Care (Basel),
8(2), 149-54 (2013)

DOI: 10.1.159/000350774

World Health Organization Classification of
Tumours. Pathology and Genetics of Tumours
of the Lung, Pleura, Thymus and Heart. In:
Ed B. E. Travis W.D., Muller-Hermelink H.K.,
Harris C.C. IARC Press, Lyon (2004)

(doi not found)

MacCord: Mesenchyme. In: Ed E. P
Encyclopedia. (2012). Available at: https://
embryo.asu.edu/pages/mesenchyme

(doi not found)

D. M. Bryant and K. E. Mostov: From cells to
organs: building polarized tissue. Nat Rev Mol
Cell Biol, 9(11), 887-901 (2008)

DOI: 10.1.038/nrm2523

R. Bhome, M. D. Bullock, H. A. Al Saihati,
R. W. Goh, J. N. Primrose, A. E. Sayan and
A. H. Mirnezami: A top-down view of the
tumor microenvironment: structure, cells and
signaling. Front Cell Dev Biol, 3, 33 (2015)
DOI: 10.3.389/fcell.2015.0.0033

© 1996-2017


http://dx.doi.org/10.1.242/dmm.004077
http://dx.doi.org/10.1.101/cshperspect.a005058
http://dx.doi.org/10.1.083/jcb.201102147
http://dx.doi.org/10.1.159/000086626
http://dx.doi.org/10.1.038/nrm1858
http://dx.doi.org/10.1.159/000350774
http://dx.doi.org/10.1.038/nrm2523
http://dx.doi.org/10.3.389/fcell.2015.0.0033

Three dimensional tumor models for cancer studies

19. Z. Burningham, M. Hashibe, L. Spector and J.
D. Schiffman: The epidemiology of sarcoma.
Clin Sarcoma Res, 2(1), 14 (2012)
DOI: 10.1.186/2045-3329-2-14

20. D.F.QuailandJ.A. Joyce: Microenvironmental
regulation of tumor progression and
metastasis. Nat Med, 19(11), 1423-37 (2013)
DOI: 10.1.038/nm.3394

21. G. Baldassarre, B. Belletti, M. S. Nicoloso, M.
Schiappacassi, A. Vecchione, P. Spessotto,
A. Morrione, V. Canzonieri and A. Colombatti:
p27(Kip1)-stathmin interaction influences
sarcoma cell migration and invasion. Cancer
Cell, 7(1), 51-63 (2005)
DOI: 10.1.016/j.ccr.2004.1.1.0.25

22. B. Belletti, M. S. Nicoloso, M. Schiappacassi,
S. Berton, F. Lovat, K. Wolf, V. Canzonieri,
S. D’Andrea, A. Zucchetto, P. Friedl, A.
Colombatti and G. Baldassarre: Stathmin
activity influences sarcoma cell shape, motility,
and metastatic potential. Mol Biol Cell, 19(5),
2003-13 (2008)
DOI: 10.1.091/mbc.E07-09-0894

23. J. E. Rundhaug: Matrix metalloproteinases
and angiogenesis. J Cell Mol Med, 9(2),
267-85 (2005)

(doi not found)

24. F. Brouns, M. Stas and |. De Wever: Delay in
diagnosis of soft tissue sarcomas. Eur J Surg
Oncol, 29(5), 440-5 (2003)

(doi not found)

25. G. D. Johnson, G. Smith, A. Dramis and R.
J. Grimer: Delays in referral of soft tissue
sarcomas. Sarcoma, 2008, 378574 (2008)
DOI: 10.1.155/2008/378574

26. World Health Organization Classification of
Tumours. Pathology and Genetics of Tumours
of Soft Tissue and Bone. In: Ed U. K. K.
Fletcher C.D.M., Mertens F. (Eds.): IARC
Press, Lyon (France) (2002)
(doi not found)

27. What are the key statistics about soft
tissue sarcomas? (2016). Available at:
http://www.cancer.org/cancer/sarcoma-
adultsofttissuecancer/detailedguide/sarcoma-
adult-soft-tissue-cancer-key-statistics
(doi not found)

28. L. B. Weiswald, D. Bellet and V. Dangles-
Marie: Spherical cancer models in tumor
biology. Neoplasia, 17(1), 1-15 (2015)

169

29.

30.

31.

32.

33.

34.

35.

36.

DOI: 10.1.016/j.ne0.2014.1.2.0.04

R. L. Carpenedo, C. Y. Sargent and T. C.
McDevitt: Rotary suspension culture enhances
the efficiency, yield, and homogeneity of
embryoid body differentiation. Stem Cells,
25(9), 2224-34 (2007)

DOI: 10.1.634/stemcells.2006-0523

K. Yagi, K. Tsuda, M. Serada, C. Yamada,
A. Kondoh and Y. Miura: Rapid formation of
multicellular spheroids of adult rat hepatocytes
by rotation culture and their immobilization
within calcium alginate. Artif Organs, 17(11),
929-34 (1993)

(doi not found)

C. Bellotti, S. Duchi, A. Bevilacqua, E. Lucarelli
and F. Piccinini: Long term morphological
characterization of mesenchymal stromal cells
3D spheroids built with a rapid method based
on entry-level equipment. Cytotechnology
(2016)

DOI: 10.1.007/s10616-016-9969-y

H. M. Cha, S. M. Kim, Y. S. Choi and D. I.
Kim: Scaffold-free three-dimensional culture
systems for mass production of periosteum-
derived progenitor cells. J Biosci Bioeng,
120(2), 218-22 (2015)

DOI: 10.1.016/j.jbiosc.2014.1.2.0.19

J. E. Frith, B. Thomson and P. G. Genever:
Dynamic three-dimensional culture methods
enhance mesenchymal stem cell properties
and increase therapeutic potential. Tissue
Eng Part C Methods, 16(4), 735-49 (2010)
DOI: 10.1089/ten.TEC.2009.0432

S. Kloss, N. Chambron, T. Gardlowski, S. Weil,
J. Koch, R. Esser, E. Pogge von Strandmann,
M.A. Morgan, L.Arseniev, O. Seitzand U. Kohl:
Cetuximab Reconstitutes Pro-Inflammatory
Cytokine Secretions and Tumor-Infiltrating
Capabilities of sMICA-Inhibited NK Cells in
HNSCC Tumor Spheroids. Front Immunol, 6,
543 (2015)

DOI: 10.3.389/fimmu.2015.0.0543

Y. T. Phung, D. Barbone, V. C. Broaddus and
M. Ho: Rapid generation of in vitro multicellular
spheroids for the study of monoclonal antibody
therapy. J Cancer, 2, 507-14 (2011)

(doi not found)

B. S. Youn, A. Sen, M. S. Kallos, L. A. Behie,
A. Girgis-Gabardo, N. Kurpios, M. Barcelon
and J. A. Hassell: Large-scale expansion of

© 1996-2017


http://dx.doi.org/10.1.186/2045-3329-2-14
http://dx.doi.org/10.1.038/nm.3394
http://dx.doi.org/10.1.016/j.ccr.2004.1.1.0.25
http://dx.doi.org/10.1.091/mbc.E07-09-0894
http://dx.doi.org/10.1.155/2008/378574
http://dx.doi.org/10.1.016/j.neo.2014.1.2.0.04
http://dx.doi.org/10.1.634/stemcells.2006-0523
http://dx.doi.org/10.1.007/s10616-016-9969-y
http://dx.doi.org/10.1.016/j.jbiosc.2014.1.2.0.19
http://dx.doi.org/10.1089/ten.TEC.2009.0432
http://dx.doi.org/10.3.389/fimmu.2015.0.0543

Three dimensional tumor models for cancer studies

37.

38.

39.

40.

41.

42.

43.

mammary epithelial stem cell aggregates in
suspension bioreactors. Biotechnol Prog,
21(3), 984-93 (2005)

DOI: 10.1.021/bp050059f

M. Zanoni, F. Piccinini, C. Arienti, A. Zamagni,
S. Santi, R. Polico, A. Bevilacqua and A.
Tesei: 3D tumor spheroid models for in vitro
therapeutic screening: a systematic approach
to enhance the biological relevance of data
obtained. Sci Rep, 11(6), 19103

DOI: 10.1038/srep19103

A. P. Napolitano, D. M. Dean, A. J. Man, J.
Youssef, D. N. Ho, A. P. Rago, M. P. Lech and
J. R. Morgan: Scaffold-free three-dimensional
cell culture utilizing micromolded nonadhesive
hydrogels.  Biotechniques, 43(4), 494,
496-500 (2007)

(doi not found)

G. Su, Y. Zhao, J. Wei, J. Han, L. Chen, Z.
Xiao, B. Chen and J. Dai: The effect of forced
growth of cells into 3D spheres using low
attachment surfaces on the acquisition of
stemness properties. Biomaterials, 34(13),
3215-22 (2013)

DOI: 10.1.016/j.biomaterials.2013.0.1.0.44

J. E. Ekert, K. Johnson, B. Strake, J.
Pardinas, S. Jarantow, R. Perkinson and
D. C. Colter: Three-dimensional lung tumor
microenvironment modulates therapeutic
compound  responsiveness in  Vitro--
implication for drug development. PLoS One,
9(3), 92248 (2014)

DOI: 10.1.371/journal.pone.0092248

D. P. Ivanov, T. L. Parker, D. A. Walker, C.
Alexander, M. B. Ashford, P. R. Gellert and
M. C. Garnett: Multiplexing spheroid volume,
resazurin and acid phosphatase viability
assays for high-throughput screening of
tumour spheroids and stem cell neurospheres.
PLoS One, 9(8), e103817 (2014)

DOI: 10.1.371/journal.pone.0103817

L. M. Bergstraesser and S. A. Weitzman:
Culture of normal and malignant primary
human mammary epithelial cells in a
physiological manner simulates in vivo growth
patterns and allows discrimination of cell type.
Cancer Res, 53(11), 2644-54 (1993)

(doi not found)

S.R.Young, M. Saar, J. Santos, H. M. Nguyen,
R. L. Vessella and D. M. Peehl: Establishment
and serial passage of cell cultures derived

170

44.

45.

46.

47.

48.

49.

50.

51.

from LuCaP xenografts. Prostate, 73(12),
1251-62 (2013)
DOI: 10.1.002/pros.22610

M. A. Theodoraki, C. O. Rezende, Jr,
O. Chantarasriwong, A. D. Corben, E.
A. Theodorakis and M. L. Alpaugh:
Spontaneously-forming spheroids as an
in vitro cancer cell model for anticancer
drug screening. Oncotarget, 6(25),
21255-67 (2015)

DOI: 10.1.8632/oncotarget.4013

Y. C. Tung, A. Y. Hsiao, S. G. Allen, Y. S.
Torisawa, M. Ho and S. Takayama: High-
throughput 3D spheroid culture and drug
testing using a 384 hanging drop array.
Analyst, 136(3), 473-8 (2011)

DOI: 10.1.039/c0an00609b

N. Falkenberg, I. Hofig, M. Rosemann, J.
Szumielewski, S. Richter, K. Schorpp, K.
Hadian, M. Aubele, M. J. Atkinson and N.
Anastasov: Three-dimensional microtissues
essentially contribute to preclinical validations
of therapeutic targets in breast cancer. Cancer
Med, 5(4), 703-10 (2016)

DOI: 10.1.002/cam4.6.30

G. M. Whitesides: The origins and the
future of microfluidics. Nature, 442(7101),
368-73 (2006)

DOI: 10.1.038/nature05058

L. Y. Wu, D. Di Carlo and L. P. Lee:
Microfluidic self-assembly of tumor spheroids
for anticancer drug discovery. Biomed
Microdevices, 10(2), 197-202 (2008)

DOI: 10.1.007/s10544-007-9125-8

J. M. Ng, I. Gitlin, A. D. Stroock and G. M.
Whitesides: Components for integrated
poly(dimethylsiloxane) microfluidic systems.
Electrophoresis, 23(20), 3461-73 (2002)

DOI:  10.1.002/1522-2683 (200210)23:20
<3461:AID-ELPS3461>3.0.CO;2-8

P. Sabhachandani, V. Motwani, N. Cohen, S.
Sarkar, V. Torchilin and T. Konry: Generation
and functional assessment of 3D multicellular
spheroids in droplet based microfluidics
platform. Lab Chip, 16(3), 497-505 (2016)
DOI: 10.1.039/c5Ic01139f

J. M. Ayuso, H. A. Basheer, R. Monge, P.
Sanchez-Alvarez, M. Doblare, S. D. Shnyder,
V. Vinader, K. Afarinkia, L. J. Fernandez and
I. Ochoa: Study of the Chemotactic Response

© 1996-2017


http://dx.doi.org/10.1.021/bp050059f
http://dx.doi.org/10.1038/srep19103
http://dx.doi.org/10.1.016/j.biomaterials.2013.0.1.0.44
http://dx.doi.org/10.1.371/journal.pone.0092248
http://dx.doi.org/10.1.371/journal.pone.0103817
http://dx.doi.org/10.1.002/pros.22610
http://dx.doi.org/10.1.8632/oncotarget.4013
http://dx.doi.org/10.1.039/c0an00609b
http://dx.doi.org/10.1.002/cam4.6.30
http://dx.doi.org/10.1.038/nature05058
http://dx.doi.org/10.1.007/s10544-007-9125-8
http://dx.doi.org/10.1.002/1522-2683%28200210%2923:20%3C3461:AID-ELPS3461%3E3.0.CO%3B2-8
http://dx.doi.org/10.1.002/1522-2683%28200210%2923:20%3C3461:AID-ELPS3461%3E3.0.CO%3B2-8
http://dx.doi.org/10.1.039/c5lc01139f

Three dimensional tumor models for cancer studies

52.

53.

54.

55.

56.

57.

58.

59.

of Multicellular Spheroids in a Microfluidic
Device. PLoS One, 10(10), e0139515 (2015)
DOI: 10.1.371/journal.pone.0139515

B. Patra, C. C. Peng, W. H. Liao, C. H. Lee and
Y. C. Tung: Drug testing and flow cytometry
analysis on a large number of uniform sized
tumor spheroids using a microfluidic device.
Sci Rep, 6, 21061 (2016)
DOI: 10.1.038/srep21061

A. K. Au, W. Huynh, L. F. Horowitz and A.
Folch: 3D-Printed Microfluidics. Angew Chem
Int Ed Engl, 55(12), 3862-81 (2016)

DOI: 10.1.002/anie.201504382

K.Alessandri, B. R. Sarangi, V. V. Gurchenkov,
B. Sinha, T. R. Kiessling, L. Fetler, F. Rico, S.
Scheuring, C. Lamaze, A. Simon, S. Geraldo,
D. Vignjevic, H. Domejean, L. Rolland, A.
Funfak, J. Bibette, N. Bremond and P. Nassoy:
Cellular capsules as a tool for multicellular
spheroid production and for investigating the
mechanics of tumor progression in vitro. Proc
Natl Acad Sci U S A, 110(37), 14843-8 (2013)
DOI: 10.1.073/pnas.1309482110

C. Kim, S. Chung, Y. E. Kim, K. S. Lee, S.
H. Lee, K. W. Oh and J. Y. Kang: Generation
of core-shell microcapsules with three-
dimensional focusing device for efficient
formation of cell spheroid. Lab Chip, 11(2),
246-52 (2011)

DOI: 10.1.039/c0lc00036a

T. W. Gilbert, T. L. Sellaro and S. F. Badylak:
Decellularization of tissues and organs.
Biomaterials, 27(19), 3675-83 (2006)

DOI: 10.1.016/j.biomaterials.2006.0.2.0.14

T. J. Keane, I. T. Swinehart and S. F. Badylak:
Methods of tissue decellularization used for
preparation of biologic scaffolds and in vivo
relevance. Methods, 84, 25-34 (2015)

DOI: 10.1.016/j.ymeth.2015.0.3.0.05

G. Benton, |. Arnaoutova, J. George, H. K.
Kleinman and J. Koblinski: Matrigel: from
discovery and ECM mimicry to assays and
models for cancer research. Adv Drug Deliv
Rev, 79-80, 3-18 (2014)

DOI: 10.1.016/j.addr.2014.0.6.0.05

P. de la Puente and D. Ludena: Cell culture
in autologous fibrin scaffolds for applications
in tissue engineering. Exp Cell Res, 322(1),
1-11 (2014)

DOI: 10.1.016/j.yexcr.2013.1.2.0.17

171

60.

61.

62.

63.

64.

65.

66.

67.

68.

A. K. Ekaputra, G. D. Prestwich, S. M.
Cool and D. W. Hutmacher: The three-
dimensional vascularization of growth
factor-releasing hybrid scaffold of poly
(epsilon-caprolactone)/collagen fibers and
hyaluronic acid hydrogel. Biomaterials,
32(32), 8108-17 (2011)

DOI: 10.1.016/j.biomaterials.2011.0.7.0.22

S. Reed, G. Lau, B. Delattre, D. D. Lopez, A.
P. Tomsia and B. M. Wu: Macro- and micro-
designed chitosan-alginate scaffold architecture
by three-dimensional printing and directional
freezing. Biofabrication, 8(1), 015003 (2016)
DOI: 10.1.088/1758-5090/8/1/015003

B. D. Walters and J. P. Stegemann: Strategies
for directing the structure and function of three-
dimensional collagen biomaterials across length
scales. Acta Biomater, 10(4), 1488-501 (2014)
DOI: 10.1.016/j.actbio.2013.0.8.0.38

F. Baino, G. Novajra and C. Vitale-Brovarone:
Bioceramics and Scaffolds: A Winning
Combination for Tissue Engineering. Front
Bioeng Biotechnol, 3, 202 (2015)
DOI: 10.3.389/fbioe.2015.0.0202

S. Psycharakis, A. Tosca, V. Melissinaki,
A. Giakoumaki and A. Ranella: Tailor-made
three-dimensional hybrid scaffolds for cell
cultures. Biomed Mater, 6(4), 045008 (2011)
DOI: 10.1.088/1748-6041/6/4/045008

M. Rasekh, Z. Ahmad, C. C. Frangos, L.
Bozec, M. Edirisinghe and R. M. Day: Spatial
and temporal evaluation of cell attachment
to printed polycaprolactone microfibres. Acta
Biomater, 9(2), 5052-62 (2013)

DOI: 10.1.016/j.actbio.2012.0.9.0.32

J. Zhu: Bioactive modification of poly (ethylene
glycol) hydrogels for tissue engineering.
Biomaterials, 31(17), 4639-56 (2010)

DOI: 10.1.016/j.biomaterials.2010.0.2.0.44

M. H. Zaman: The role of engineering
approaches in analysing cancer invasion
and metastasis. Nat Rev Cancer, 13(8),
596-603 (2013)

DOI: 10.1.038/nrc3564

M. P. Lutolf and J. A. Hubbell: Synthetic
biomaterials as instructive extracellular
microenvironments for morphogenesis in
tissue engineering. Nat Biotechnol, 23(1),
47-55 (2005)

DOI: 10.1.038/nbt1055

© 1996-2017


http://dx.doi.org/10.1.371/journal.pone.0139515
http://dx.doi.org/10.1.038/srep21061
http://dx.doi.org/10.1.002/anie.201504382
http://dx.doi.org/10.1.073/pnas.1309482110
http://dx.doi.org/10.1.039/c0lc00036a
http://dx.doi.org/10.1.016/j.biomaterials.2006.0.2.0.14
http://dx.doi.org/10.1.016/j.ymeth.2015.0.3.0.05
http://dx.doi.org/10.1.016/j.addr.2014.0.6.0.05
http://dx.doi.org/10.1.016/j.yexcr.2013.1.2.0.17
http://dx.doi.org/10.1.016/j.biomaterials.2011.0.7.0.22
http://dx.doi.org/10.1.088/1758-5090/8/1/015003
http://dx.doi.org/10.1.016/j.actbio.2013.0.8.0.38
http://dx.doi.org/10.3.389/fbioe.2015.0.0202
http://dx.doi.org/10.1.088/1748-6041/6/4/045008
http://dx.doi.org/10.1.016/j.actbio.2012.0.9.0.32
http://dx.doi.org/10.1.016/j.biomaterials.2010.0.2.0.44
http://dx.doi.org/10.1.038/nrc3564
http://dx.doi.org/10.1.038/nbt1055

Three dimensional tumor models for cancer studies

69.

70.

71.

72.

73.

74.

75.

76.

77.

Y. Liang, J. Jeong, R. J. DeVolder, C. Cha,
F. Wang, Y. W. Tong and H. Kong: A cell-
instructive hydrogel to regulate malignancy
of 3D tumor spheroids with matrix rigidity.
Biomaterials, 32(35), 9308-15 (2011)

DOI: 10.1.016/j.biomaterials.2011.0.8.0.45

T. A. Ulrich, A. Jain, K. Tanner, J. L.
MacKay and S. Kumar: Probing cellular
mechanobiology in three-dimensional culture
with collagen-agarose matrices. Biomaterials,
31(7), 1875-84 (2010)

DOI: 10.1.016/j.biomaterials.2009.1.0.0.47

N. Dehdilani, K. Shamsasenjan, A.
Movassaghpour, P. Akbarzadehlaleh, B.
Amoughli Tabrizi, H. Parsa and F. Sabagi:
Improved Survival and Hematopoietic
Differentiation of Murine Embryonic Stem
Cells on Electrospun Polycaprolactone
Nanofiber. Cell J, 17(4), 629-38 (2016)

(doi not found)

E. Knight and S. Przyborski: Advances in
3D cell culture technologies enabling tissue-
like structures to be created in vitro. J Anat,
227(6), 746-56 (2015)

DOI: 10.1.111/joa.12257

D. J. Maltman and S. A. Przyborski:
Developments in three-dimensional cell
culture technology aimed at improving the
accuracy of in vitro analyses. Biochem Soc
Trans, 38(4), 1072-5 (2010)
DOI: 10.1.042/BST0381072

X. Meng, P. Leslie, Y. Zhang and J. Dong:
Stem cells in a three-dimensional scaffold
environment. Springerplus, 3, 80 (2014)

DOI: 10.1.186/2193-1801-3-80

G. Rijaland W. Li: 3D scaffolds in breast cancer
research. Biomaterials, 81, 135-56 (2016)
DOI: 10.1.016/j.biomaterials.2015.1.2.0.16

M. Alemany-Ribes and C. E. Semino:
Bioengineering 3D  environments  for
cancer models. Adv Drug Deliv Rev, 79-80,
40-9 (2014)

DOI: 10.1.016/j.addr.2014.0.6.0.04

H. Hardelauf, J. P. Frimat, J. D. Stewart,
W. Schormann, Y. Y. Chiang, P. Lampen, J.
Franzke, J. G. Hengstler, C. Cadenas, L. A.
Kunz-Schughart and J. West: Microarrays
for the scalable production of metabolically
relevant tumour spheroids: a tool for
modulating chemosensitivity traits. Lab Chip,

172

78.

79.

80.

81.

82.

83.

84.

85.

11(3), 419-28 (2011)
DOI: 10.1.039/c0Ic00089b

F. Hirschhaeuser, H. Menne, C. Dittfeld, J.
West, W. Mueller-Klieser and L. A. Kunz-
Schughart: Multicellular tumor spheroids: an
underestimated tool is catching up again.
J Biotechnol, 148(1), 3-15 (2010)

DOI: 10.1.016/j.jbiotec.2010.0.1.0.12

R. Mori, Y. Sakai and K. Nakazawa:
Micropatterned organoid culture of rat
hepatocytes and HepG2 cells. J Biosci
Bioeng, 106(3), 237-42 (2008)

DOI: 10.1.263/jbb.106.2.37

W. Zhu, B. Holmes, R. I. Glazer and L. G.
Zhang: 3D printed nanocomposite matrix for
the study of breast cancer bone metastasis.
Nanomedicine, 12(1), 69-79 (2016)
DOI: 10.1.016/j.nan0.2015.0.9.0.10

I. T. Ozbolat and M. Hospodiuk: Current
advances and future perspectives in
extrusion-based bioprinting. Biomaterials, 76,
321-43 (2016)

DOI: 10.1.016/j.biomaterials.2015.1.0.0.76

Y. K. Chong, T. B. Toh, N. Zaiden, A.
Poonepalli, S. H. Leong, C. E. Ong, Y. Yu,
P. B. Tan, S. J. See, W. H. Ng, I. Ng, M. P.
Hande, O. L. Kon, B. T. Ang and C. Tang:
Cryopreservation of neurospheres derived
from human glioblastoma multiforme. Stem
Cells, 27(1), 29-39 (2009)

DOI: 10.1.634/stemcells.2008-0009

U. Rajcevic, J. C. Knol, S. Piersma, S.
Bougnaud, F. Fack, E. Sundlisaeter, K.
Sondenaa, R. Myklebust, T. V. Pham, S. P.
Niclou and C. R. Jimenez: Colorectal cancer
derived organotypic spheroids maintain
essential tissue characteristics but adapt
their metabolism in culture. Proteome Sci, 12,
39 (2014)

DOI: 10.1.186/1477-5956-12-39

G. Zhang, K. Xiong, W. Ma, W. Xu and H.
Zeng: Initiate Tumors with Single Cell Spheres
Formed in Serum-Containing Medium.
J Cancer, 6(9), 901-12 (2015)

DOI: 10.7.150/jca.11910

K. J. Kijanska M: In vitro 3D Spheroids and
Microtissues: ATP-based Cell Viability and
Toxicity Assays. In: Assay Guidance Manual.
Ed C. N. Sittampalam GS, Nelson H, et al. Eli
Lilly & Company and the National Center for

© 1996-2017


http://dx.doi.org/10.1.016/j.biomaterials.2011.0.8.0.45
http://dx.doi.org/10.1.016/j.biomaterials.2009.1.0.0.47
http://dx.doi.org/10.1.111/joa.12257
http://dx.doi.org/10.1.042/BST0381072
http://dx.doi.org/10.1.186/2193-1801-3-80
http://dx.doi.org/10.1.016/j.biomaterials.2015.1.2.0.16
http://dx.doi.org/10.1.016/j.addr.2014.0.6.0.04
http://dx.doi.org/10.1.039/c0lc00089b
http://dx.doi.org/10.1.016/j.jbiotec.2010.0.1.0.12
http://dx.doi.org/10.1.263/jbb.106.2.37
http://dx.doi.org/10.1.016/j.nano.2015.0.9.0.10
http://dx.doi.org/10.1.016/j.biomaterials.2015.1.0.0.76
http://dx.doi.org/10.1.634/stemcells.2008-0009
http://dx.doi.org/10.1.186/1477-5956-12-39
http://dx.doi.org/10.7.150/jca.11910

Three dimensional tumor models for cancer studies

Advancing Translational Sciences, Bethesda
(MD) (2016)
(doi not found)

86. M. Zanoni, F. Piccinini, C. Arienti, A. Zamagni,
S. Santi, R. Polico, A. Bevilacqua and A.
Tesei: 3D tumor spheroid models for in vitro
therapeutic screening: a systematic approach
to enhance the biological relevance of data
obtained. Sci Rep, 6, 19103 (2016)

DOI: 10.1.038/srep19103

87. A. Casey, M. Gargotti, F. Bonnier and H. J.
Byrne: Chemotherapeutic efficiency of drugs
in vitro: Comparison of doxorubicin exposure
in 3D and 2D culture matrices. Toxicol In vitro,
33, 99-104 (2016)

DOI: 10.1.016/).1iv.2016.0.2.0.22

88. Y. Imamura, T. Mukohara, Y. Shimono, Y.
Funakoshi, N. Chayahara, M. Toyoda, N.
Kiyota, S. Takao, S. Kono, T. Nakatsura and
H. Minami: Comparison of 2D- and 3D-culture
models as drug-testing platforms in breast
cancer. Oncol Rep, 33(4), 1837-43 (2015)
DOI: 10.3.892/0r.2015.3.767

89. T. Sun, S. Jackson, J. W. Haycock and S.
MacNeil: Culture of skin cells in 3D rather than
2D improves their ability to survive exposure
to cytotoxic agents. J Biotechnol, 122(3),
372-81 (2006)

DOI: 10.1.016/j.jbiotec.2005.1.2.0.21

90. S.Raghavan,P.Mehta, E.N.Horst,M.R.Ward,
K. R. Rowley and G. Mehta: Comparative
analysis of tumor spheroid generation
techniques for differential in vitro drug toxicity.
Oncotarget, 7(13), 16948-61 (2016)

DOI: 10.1.8632/oncotarget. 7659

91. V.Das,T. Furst, S. Gurska, P. Dzubak and M.
Hajduch: Reproducibility of Uniform Spheroid
Formation in 384-Well Plates: The Effect of
Medium Evaporation. J Biomol Screen (2016)
DOI: 10.1.177/1087057116651867

92. O. Schmal, J. Seifert, T. E. Schaffer, C.
B. Walter, W. K. Aicher and G. Klein:
Hematopoietic Stem and Progenitor Cell
Expansion in Contact with Mesenchymal
Stromal Cells in a Hanging Drop Model
Uncovers Disadvantages of 3D Culture. Stem
Cells Int, 2016, 4148093 (2016)

DOI: 10.1.155/2016/4148093

93. V. Z. Beachley, M. T. Wolf, K. Sadtler, S.
S. Manda, H. Jacobs, M. R. Blatchley, J.

S. Bader, A. Pandey, D. Pardoll and J. H.
Elisseeff: Tissue matrix arrays for high-
throughput screening and systems analysis
of cell function. Nat Methods, 12(12),
1197-204 (2015)

DOI: 10.1.038/nmeth.3619

94. K. Chitcholtan, P. H. Sykes and J. J. Evans:
The resistance of intracellular mediators to
doxorubicin and cisplatin are distinct in 3D
and 2D endometrial cancer. J Transl Med, 10,
38 (2012)

DOI: 10.1.186/1479-5876-10-38

95. H. Harrington, F. R. Rose, J. W. Aylott and A.
M. Ghaemmaghami: Self-reporting scaffolds
for 3-dimensional cell culture. J Vis Exp, (81),
50608 (2013)
DOI: 10.3.791/50608

96. H. J. Sung, C. Meredith, C. Johnson and Z.
S. Galis: The effect of scaffold degradation
rate on three-dimensional cell growth
and angiogenesis. Biomaterials, 25(26),
5735-42 (2004)

DOI: 10.1.016/j.biomaterials.2004.0.1.0.66

97. P. Swietach, A. Hulikova, S. Patiar, R. D.
Vaughan-Jones and A. L. Harris: Importance
of intracellular pH in determining the
uptake and efficacy of the weakly basic
chemotherapeutic drug, doxorubicin. PLoS
One, 7(4), 35949 (2012)

DOI: 10.1.371/journal.pone.0035949

98. B. W. Graf and S. A. Boppart: Imaging and
analysis of three-dimensional cell culture
models. Methods Mol Biol, 591, 211-27 (2010)
DOI: 10.1.007/978-1-60761-404-3_13

Abbreviations: 3D: three dimensional, 2D: two
dimensional, ECM: extracellular matrix, MCTS:
multicellular tumor spheroids, MSC: mesenchymal
stromal/stem cells, MTT: 3-(4,5-Dimethylthiazol-
2-YI)-2,5-Diphenyltetrazolium Bromide, PDMS:
polydimethylsiloxane, PEG: polyethylene glycol
WHO: world health organization

Key Words: Three Dimensional Culture, 3D Cell
Culture, Tumor Spheroids, 3D Scaffold, Bioprinting,
Microfluidic, Drug Screening, Review.

Send correspondence to: Radhika Pochampally,
University of Mississippi Medical Center, 2500 North
State St, Jackson, MS 39216, Tel: 601-815-1979,
Fax: 601-815-6806, E-mail: rpochampally@umc.edu

© 1996-2017


http://dx.doi.org/10.1.038/srep19103
http://dx.doi.org/10.1.016/j.tiv.2016.0.2.0.22
http://dx.doi.org/10.3.892/or.2015.3.767
http://dx.doi.org/10.1.016/j.jbiotec.2005.1.2.0.21
http://dx.doi.org/10.1.8632/oncotarget.7659
http://dx.doi.org/10.1.177/1087057116651867
http://dx.doi.org/10.1.155/2016/4148093
http://dx.doi.org/10.1.038/nmeth.3619
http://dx.doi.org/10.1.186/1479-5876-10-38
http://dx.doi.org/10.3.791/50608
http://dx.doi.org/10.1.016/j.biomaterials.2004.0.1.0.66
http://dx.doi.org/10.1.371/journal.pone.0035949
http://dx.doi.org/10.1.007/978-1-60761-404-3_13
mailto:rpochampally@umc.edu

