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Abstract The efficacy of chemotherapy drug candidates is conventionally
investigated using 2D cancer cell cultures and in vivo animal models. It is crucial to
determine signaling pathways, controlling cell proliferation, metabolism, differen-
tiation, and apoptosis functions, which are not optimal to investigate in the mono-
layer 2D cell culture models. Further, accurate investigation of tumor growth and
therapeutic drug efficacy in murine models is challenging because of technical con-
straints of in vivo imaging and requires euthanizing the animals. Therefore, alterna-
tive in vitro cancer models are needed to facilitate the transition of new
chemotherapeutic drug candidates from bench to clinical trials. Recent technologi-
cal advances in microfabrication and bioengineering have provided tools to develop
in vitro 3D cancer models that mimic natural tissue microenvironment. This chapter
highlights recent developments in in vitro 3D cancer models and their applications
for studying the efficacy of the chemotherapeutic drug candidates. We discuss the

Waseem Asghar and Hadi Shafiee contributed equally to this work.

W. Asghar ¢ H. Shafiee ¢ P. Chen ¢ S. Tasoglu ¢ S. Guven

Bio-Acoustic-MEMS in Medicine (BAMM) Laboratory, Center for Biomedical Engineering,
Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School,
Cambridge, MA, USA

U.A. Gurkan

CASE Biomanufacturing and Microfabrication Laboratory (CASE-BML),
Department of Mechanical and Aerospace Engineering,

Advanced Platform Technology Center, Louis Stokes Cleveland Veterans
Affairs Medical Center, Case Western Reserve University,

Cleveland, OH, USA

U. Demirci (D<)

Bio-Acoustic-MEMS in Medicine (BAMM) Laboratory, Center for Biomedical Engineering
and Division of Infectious Diseases, Brigham and Women’s Hospital, Harvard Medical
School, Cambridge, MA, USA

Harvard-MIT Health Sciences and Technology, Cambridge, MA, USA
e-mail: udemirci@rics.bwh.harvard.edu

Y.H. Bae et al. (eds.), Cancer Targeted Drug Delivery: An Elusive Dream, 635
DOI 10.1007/978-1-4614-7876-8_24, © Springer Science+Business Media New York 2013



636 W. Asghar et al.

methods and technologies to develop 3D cancer models including embedded and
overlay cell culture, suspension culture, bioprinting, hanging drop, microgravity
bioreactor, and magnetic levitation. We also discuss the extracellular matrix compo-
nents and synthetic scaffolds used in vitro 3D cancer models.

Introduction

Cancer caused 7.6 million deaths worldwide in 2008 [1]. About 80 % of tumors are
originated from the epithelium characterized by the uncontrolled growth of epithe-
lial cells [2]. Epithelial cells interact with other cells like endothelial and stromal
fibroblast cells, and extracellular matrix (ECM) based on microenvironmental con-
ditions [2, 3]. Endothelial vasculature provides oxygen and nutrients to other cells
present in ECM. This vasculature also provides the immune system cells (macro-
phages, neutrophils and mast cells) to fight against pathogens and for removal of
dead cells. ECM consists of a mesh of protein fibers like elastins and collagens [4].
The fibers are further functionalized with cell adhesive proteins such as fibronectin
and laminin. These cell adhesive proteins on ECM provide binding locations for the
cells to get attached to ECM through cell transmembrane integrin receptors. In
blood cells, the integrins also mediate cell-cell adhesion along with ECM adhesion.
All of these receptors are involved in intracellular signaling pathways and regulate
cell growth, shape, proliferation, migration and differentiation [4]. Occasionally
cell signaling pathways are disturbed (e.g., due to injury) that results into the prolif-
eration and movement of epithelial sheets. These abnormal conditions are reversible
upon healing. If the inflammable conditions are sustained, the stromal fibroblast and
macrophages continuously upregulate the matrix metalloproteinase (MMP)
enzymes that remodel ECM and can promote abnormal cell proliferation [2].
Abnormal cell interactions and signaling pathways can lead to genetic mutations,
and hence epithelial cells attain tumorigenic potential [5]. At this stage, the cancer
cells behave as an independent organ and define their cellular responses and reorga-
nize ECM to accommodate tumor mass formation. The tumor size cannot grow
beyond 200 pm without the nutrients and oxygen supply that induce the upregula-
tion of hypoxia-inducible factor (HIF1a) [6]. Hypoxia leads to a signaling cascade
followed by upregulation of angiogenic growth factors including vascular endothe-
lial growth factor (VEGF). New blood vessels are formed in response to these
changes that can supply nutrients and oxygen to growing tumor cells. Tumor aggres-
siveness is further enhanced by the increased secrection of other growth factors such
as basic fibroblast growth factor (bFGF) and interleukin-8 (IL-8) [7]. As a result, the
cancer grows continuously into a solid tumor along with the supporting vasculature
and microenvironment.

Many chemotherapeutic drugs have been introduced to treat cancer. Most of these
drugs fail during transition from murine models to clinical trials [8]. On the other hand,
the number of potential drugs waiting to be tested far exceeds the number of patients
available for drug testing. Therefore, alternative in vitro cancer models for verification
and testing of drugs are needed [9]. Conventionally, 2D cancer cell culture and in vivo
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animal models are used to determine the efficacy of chemotherapeutics. Both of these
models have certain advantages and limitations. In 2D cell culture techniques, the can-
cer cells are cultured on the plastic substrata as a monolayer where important signaling
pathways controlling cell proliferation, metabolism, differentiation, and apoptosis
functions are lost; whereas in natural form the cancer cells grow into 3D tumor mass
while interacting with other cells and the ECM. For instance, when breast cancer cells
were cultured on 2D substrata and treated with various signaling inhibitors, there was
no change in expression and activity of f1-integrin and epidermal growth factor recep-
tors (EGFR); whereas these activities were reciprocally down regulated when cancer
cells were cultured in 3D tumor model [10]. In another report, tumor cells were treated
with PI3-Kinase inhibitors in both 2D and 3D tumor culture models. The inhibitors
mediated the reversion of malignant phenotype only in 3D tumor model by down regu-
lation of EGFR and B1-integrin whereas in 2D tumor culture, these phenomena were
absent [11]. The 2D cancer cultures respond differently to exogenous apoptotic stimuli
and chemotherapeutic agents. Tumor cells cultured in 3D spheroids attained multidrug
resistance phenotype when exposed to a chemotherapeutic agent whereas cancer cells
cultured on 2D substrata were sensitive to drug treatment [12, 13]. These results
implied that the composition of tissue ECM and cell-ECM interactions generated
resistance to apoptosis, a phenomena absent in 2D monolayer cultures [13—15]. Solid
tumors such as breast and liver cancers are denser and hypoxic at the center, which
cannot be modeled using the 2D culture technique that includes just a monolayer of
cells. Therefore, it is obvious that 2D cancer culture models present limitations in pro-
viding a natural 3D microenvironment for cancer cells and may not be effective to
study the drug efficiency.

The human tumor xenograft model is the most commonly used in vivo tumor
model that can provide natural 3D tumor microenvironments. In this method, small
cancerous tissue biopsies or inoculating cancer cells are placed either subcutane-
ously or into the other organs of immunocompromised mouse and allowed to pro-
liferate for couple of weeks [ 16, 17]. Mice used in this model are immunocompromised
and therefore the injected human cancer cells are not rejected. Different types of
immunocompromised mice are available for xenograft models including athymic
nude mice, severely compromised immunodeficient (SCID) mice and non-obese
diabetic (NOD) SCID mice [17-20]. Although the xenograft mice models can
induce the immune response similar to native tumor stroma, the imaging of tumor
growth after specific time intervals is very challenging. The drug efficacy can only
be analyzed when the mouse is sacrificed at the end. Although the modern in vivo
imaging systems can be used to assess the drug efficacy during experiment, these
imaging systems are costly [21-24]. Previously, xenograft mice models were used
to test the efficacy of angiogenic inhibitor endostatin [25, 26]. It was concluded that
tumor regressed effectively once treated with endostatin. The later clinical trials
revealed that endostatin interacted differently in humans; only 20 % of the patients
administrated with endostatin showed tumor regression, while no toxicity was
observed in any patients [27]. Although xenograft mice models are preferable to 2D
cancer culture models, they can, sometimes, lead to false interpretations. Therefore,
there is an unmet need to develop in vitro 3D cancer culture models that employ
human cells and which can reliably recapitulate native tissue structures.
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In vitro 3D cancer models rely on encapsulating cells within hydrogels or scaffolds
or seed them on a defined substrate and method where they can form 3D aggregates
mimicking natural tissue microenvironments while overcoming some of the limita-
tions of 2D and xenograft animal models. 3D cancer models can be composed of
single or multiple cell types. This chapter focuses on the state-of-art technologies
and processes that were developed for 3D cancer cultures and cocultures. Most of
the in vitro 3D cancer models have been introduced including spheroids, hanging
drop cell encapsulation and printing, and scaffold seeding. Further, the effects of
dynamic fluid flow conditions and scaffold stiffness on cancer growth are discussed.
In the end, future research directions are also described.

Methods and Technologies to Develop 3D Cancer Models

Recapitulating in vivo metabolic activities and spatial organization of cells within in
vitro conditions hold paramount assets in cancer research. In vitro culture models
mimicking features of native environments are in great importance in order to reveal
cancer cell activities including self-sustained growth signal secretion, resistance and
insensitivity to inhibitory cytokines, avoidance of apoptosis, continuous self-divi-
sion, angiogenesis, migratory capacity, and metastasis [28]. Native tissue environ-
ment provides co-localization of different cell types in a well-defined organization
enhancing cell-cell contact, exchange of secreted signaling cytokines and cell-
ECM interactions [29]. Coculture of relevant cell types enhances cell—cell cross talk
through secreted cytokines and growth factors. External addition of growth factors
lacks in dose precision and timing. Such cross talk between cell types can be imple-
mented simply by seeding multiple cell types together simultaneously in the same
place or by introducing particular cell type on top of the pre-seeded cell layer (i.e.,
fibroblast cells). In such methods, cells have direct cell-cell interactions and differ-
ent cell types can be plated in cell culture inserts. Such inserts have porous mem-
branes that provide the exchange of cytokines between cells. Indirect cell—cell cross
talk can also be established by obtaining a conditioned culture media from one cell
type or culture time point and using it in another cell culture or time point. Classical
monolayer cell cultures are able to assist needs to coculture multiple cell types and
supply signaling cytokines by introducing them through culture media. However,
spatial organization of cell morphology and interpretation of physical and biochem-
ical cues from ECM are unmet.

Embedded and Overlay Cell Cultures

Efforts to mimic native microenvironment introduced basic ingredients of ECM
such as collagen type I, collagen type IV, fibronectin, laminin and glycosaminogly-
cans, and elastin as tools to build a basement membrane in 3D culture systems
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Fig. 24.1 Schematic representation of embedded and overlay culture models. Reprinted by per-
mission from Macmillan Publishers Ltd: [NATURE REVIEWS CANCER], copyright (2005) [169]

including Matrigel™ and alginate based materials [30]. Basement membrane can
be applied in two different ways to promote 3D cellular organizations: (1) embed-
ded, and (2) overlay culture. Both methods aim to establish biologically relevant
contact between cells and substratum. In the embedding method, cells are sus-
pended into the basement membrane and applied in culture well (Fig. 24.1 left).
Encapsulated cells start to adhere, reshape and secrete factors (e.g., MMP) to
remodel the matrix that provide space for spreading, proliferation and migration to
contact other cells [31]. In an overlay culture, basement membrane is applied to the
surface of a substrate and forms a thin hydrogel coating. Later, cells are introduced
with culture media on the coating (Fig. 24.1 right). Formation of the optimum 3D
cell organizations depends on the type of applied cells and basement membranes.
Some cell types require additional biological cues from the basement membrane
such as growth factors. For instance, most of the epithelial cells form spherical hol-
low cysts only when embedded in Matrigel ™, whereas Madin-Darby canine kidney
(MDCK) epithelial cells can easily develop into polarized cell clusters with a hol-
low lumen when encapsulated within collagen type I hydrogels [32, 33].

Suspension Culture

3D cell cultures can also be achieved by culturing cells in suspension. In this
method, cell adhesion to the substratum of culture plate is reduced or prevented.
Regular cell culture plates are made of polystyrene and have treated surfaces that
provide negatively charged hydrophilic properties enhancing cell adhesion. When
there is no treatment applied, polystyrene surfaces are uncharged and have hydro-
phobic nature, which results in poor and uneven cell adhesion. Cell adhesion
decreases dramatically by 99.8 % when special treatment is applied to polystyrene
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surface by making it neutral and still hydrophilic (Corning Ultra-Low Attachment
Surface). Alternatively, agarose coated cell culture plates also provide suspension
culture conditions.

Hanging Drop Technique

In standard cell culture, cells are pressed against hard flat surfaces by gravitational
force, which results in constrained cell growth in a two-dimensional plane. Hanging
drop technique allows to gravitationally aggregate cells at a flexible, spherical air-lig-
uid interface within hanging drops, which facilitates the formation of 3D cell struc-
ture (e.g., spheroids) without a scaffold [34—37]. Currently, a number of commercial
3D cell culture products are available in market based on hanging drop technique
(Table 24.1). For example, InSphero Company offers GravityPLUS™ platform
with 96-well and 384-well plates for 3D cell culture. To generate microtissue, 50 pL.
of cell suspension was seeded in each well (Fig. 24.2a, b). Spheroids were formed
within 2—4 days after seeding. Long-time cell culture can finally result in cell spher-
oids with a dimension up to 500 pm. The spheroids can be collected using
GravityTRAP™ plate with a simple media addition step. As a product validation
step, formation of micro-tissues were demonstrated with a number of cancer cell
lines, including human colon (HTC-166), liver (HEP-G2), prostate (DU-145), kid-
ney (A-498) cancer cell lines. In addition, hanging drop technique also enables
cocultures of multiple cell types or spheroids by various approaches (Fig. 24.2c—e),
which is useful for studying cancer invasion and cell interactions. In general, hang-
ing drop technique provides high-throughput approach for in vitro tumor researches,
especially for antitumor drug screening.

Magnetic Levitation

In the magnetic levitation method, cells or cell micro-carriers (e.g., cell encapsulat-
ing droplets or hydrogel units) are labeled with paramagnetic/diamagnetic materials
and then suspended cultured in cell culture medium by balancing gravitational force
with magnetic force. The levitated cells can grow in 3D space, which results in the
formation of spheroids. Souza et al. demonstrated a paramagnetic cell levitation
method for 3D tissue culture (Fig. 24.3a—c) [38]. Cells are first adherently cultured
and incubated with hydrogels containing magnetic iron oxide nanoparticles, gold
nanoparticles, and filamentous bacteriophage. The cells obtained paramagnetic
property by uptaking magnetic iron oxide nanoparticles. Subsequently, the mixture
of the cells and hydrogels were levitated on the liquid—air interface by applying a
magnetic field through a magnet. The levitated cells and hydrogels first aggregated
and then self-assembled into 3D microtissue, the shape of which is related to distri-
bution of the magnetic field. Taking human glioblastoma cells as an example,
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Fig. 24.3 Magnetic levitation technique. (a—c¢) Operational procedure for magnetic levitation
technique. F,, F, and F, are magnetic, buoyant and gravitational forces respectively. (d and e)
Fusion of multiple-cell-type spheroids by magnetic levitation

the levitated cells self-assembled into spheroidal shape between third and eighth
day and finally generated a maximum diameter of 1 mm. Morphological analysis
together with molecular similarity test proved that the generated cancer spheroids
were more similar to human tumor xenograft than the 2D cultured cells [38]. In
addition, coculture of different cell lines was also demonstrated with human glio-
blastoma cells and normal astrocytes (Fig. 24.3d, e). This paramagnetic cell levita-
tion technology has been already commercialized as a product named “The
Bio-Assembler™ System” by Nano3D Biosciences (Table 24.1).
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To obtain a more complex shaped microtissue, Lin et al. introduced a magnetic
organoid patterning technique that allows assembly of multicellular spheroids into
a complex geometry [39]. Magnetic cell spheroids were first generated using a
hanging drop method by incubating cells with RGD peptide-conjugated magnetic
microparticles. The spheroids were then manipulated by magnetic field and pat-
terned into different shapes (e.g., rings, lines, and arrays). The patterned spheroids
were further immobilized by thermo-responsive hydrogel and further fused together.
By stacking the patterned spheroid layer by layer, complex 3D microtissues can be
generated [39].

In addition, magnetic assembly of cell-encapsulating microscale hydrogels
(M-gels) was developed for generation of 3D microtissues [40—42]. Both magnetic
nanoparticle loaded and free radical loaded M-gels were used as building blocks for
constructing various macroscopic shapes (e.g., multilayer spheroids, lines, and
domes) or microscopic M-gel arrangements (e.g., square, line, and cross), respec-
tively. Cell viability and proliferation assays indicated a good biocompatibility of
this method. This method can be potentially used for modeling 3D tumor with com-
plex structures.

Microgravity Bioreactor

Microgravity bioreactor refers to any engineered devices or systems that enable cell
or tissue culture in a very small gravity/net acceleration environment compared with
that at earth surface [43—46]. Comparing with standard 2D cell culture under earth-
gravitational environment, cell culture in microgravity environment possesses vari-
ous advantages, including no sedimentation, loss of gravity-driven convection,
decreased hydrodynamic shear and hydrostatic pressure gradient, and isotropic
mass transfer based molecular diffusion. These advantages facilitate a 3D cell
growth with spatially uniform cell distribution, enhanced cell-to-cell interactions,
large cell harvest rate, and good cell viability.

Cell Culture in International Space Station

Cancer cells have been also cultured in microgravity environment. To obtain real
microgravity environment, free fall principle is widely explored. During the free
fall, gravity is supposed to be the only force acting upon an object, which results in
the object losing its weight. Based on the free fall principle, a number of methods
are developed to create microgravity environment with a time scale ranging from
seconds to days. These methods include parabolic flight by aircraft, sub-orbital
(100 km above sea level) flight by rockets, low-earth-orbit (between 160-2,000 km
above sea level) flight by space shuttle and international space station (ISS).
However, only low-earth-orbit space shuttle and international space station (ISS)
can provide long enough duration of microgravity environment for cell culture.
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Fig. 24.4 Rotating wall
vessel technique. Fy, F, and
F, are hydrodynamic drag,
centripetal and gravitational
forces respectively

\

micro-carrier bead with cells

Since 2000, a series of cancer cell culture experiments were performed in ISS to
study mechanisms of tumor formation and development. For example, culture of
LN1 human ovarian tumor cells and human colorectal carcinoma cells were per-
formed in a self-contained cell incubator separately during the period of August
2001 to December 2001 in ISS Expedition 3 [47, 48]. Both cancer cell lines grew
into complex 3D structures, which were much closer in true dimension and shape to
original tumors found in cancer patients. These researches imply that cancer cells
cultured in microgravity environment can serve as a close in vitro model to examine
cancer’s behavior (e.g., growth, differentiation, maturation and death) in the body,
which provide an insight into seeking potential treatments for cancer and other
related diseases.

Rotating Wall Vessel (One-Axis Clinostat)

Due to high cost and limited number of ISS Expedition missions, several alternative
bioreactor technologies have been developed for simulation of microgravity envi-
ronment on the ground. Among these technologies, rotating wall vessel (RWV) is
one of widely used bioreactors originally developed by NASA [49]. RWV works as
a single-axis clinostat with two concentric cylindrical surfaces (Fig. 24.4a, b). The
inner surface-made is a silicone gas exchange membrane, while the outer vessel is a
rotating wall that’s used to generate hydrodynamic drag force. Culture medium is
completely filling the space between the inner and outer cylinders. Currently, there are
three different derivatives of RWV design, i.e., the slow lateral turning vessel (STLV),
the high aspect ratio vessel (HARV) and the rotating wall perfused vessel (RWPV)
[50, 51], out of which HARYV is commercially available in the market (Table 24.1).
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Both STLV and HARV have the same operational principle with a difference in
their gas exchange sources. RWPV contains additional culture medium exchange
column in the central cylinder for the applications in space [45, 52]. A time-aver-
aged low gravitational field (1072 to 102g) is created on suspended cells or cell
micro-carriers in the annular space by rotating the RWV along axis perpendicular to
gravitational direction at rates of 15-40 rpm. RWV has advantages, such as low
shear stress (0.3 dynes cm?), good mass transfer for nutrients and wastes exchange,
which promotes the formation of large-size (5—10 mm) cancer cell spheroids. These
cancer cell spheroids closely resemble the natural tumor with respect to their cel-
lular organization and specialization. The RWYV facilitates generation of 3D tumor
models for various cancers, such as human breast, ovarian and prostate cancers. For
example, Grun and his coworkers developed 3D cancer culture models of endome-
trial cancers and human ovarian cancers by RWYV [53]. Both immunohistochemical
profiling of multiple markers (e.g., p53, BCL2, and CA125) and proteomic profiling
(e.g., prohibitin, VDACI, and annexin 4) were performed to validate the model
systems. Compared to standard 2D cancer culture models, the 3D models were
more similar to the natural tumors in biological and morphological characteristics.
Besides RWYV, random positioning machine (RPM) is also used to simulate micro-
gravity conditions for 3D cancer cell culture [49, 54-58]. RPM is a 3D clinostat that
can rotate bioreactor along three independent axes, and it potentially offers more
uniform simulated microgravity environment acting on the cells. However, three-
axis clinostats are rarely used in reality due to their mechanical complexity and high
cost. Some representative examples for 3D cancer culture model are given in
Table 24.2. Comparison of these bioreactor technologies is also given in Table 24.3.

Bioprinting for Cancer Research

In this section, we first describe use of bioprinting technologies in developing can-
cer models. Then, a statistical model is described to estimate probability for single
target cell encapsulation. Finally, we describe a finite-difference/front-tracking
model for deposition of a compound droplet composed of cell (highly viscous drop-
let) and an encapsulating droplet with a flat substrate.

Bioprinting can address some of the limitations in developing 3D models such as
limited repeatability, poor control over cell density, low throughput, and lack of reli-
able control over spatial resolution between cell types (e.g., cancer and stromal
cells) in the case of coculture models [59]. Recently, a high-throughput ejector plat-
form composed of a xyz computerized stage and two ejectors has been introduced to
micropattern a 3D coculture model using cancer cells and normal fibroblasts [59]
(Fig. 24.5a). In this study, OVCAR-5 and MRC-5 cells were printed within a spa-
tially controlled microenvironment (e.g., cell density, cell-cell distance) in a high-
throughput and reproducible manner. Results showed that both OVCAR-5 and
MRC-5 cells remained viable during printing and sustained proliferation capacity
following patterning. Such approaches can enable: (1) miniaturization of established
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macro-scale 3D culture models, (2) systematic examination into the several
unidentified regulatory feedback mechanisms between stromal cells and tumor, and
(3) high-throughput drug screening.

Cell encapsulation prior to bioprinting is highly probabilistic phenomena as
there are several governing parameters such as number of cells that can be encapsu-
lated, and locations of cells within a printed droplet [60, 61]. Statistical methodolo-
gies can provide an understanding of cell encapsulation process for developing 3D
cancer models via bioprinting. Eventually, a reliable and repeatable control can be
gained over the parameters that characterize the cell encapsulation process. Recently,
a computational model of cell encapsulation process has been developed [60]. For
several target cell concentrations and types of cell loading, encapsulation process
was performed and captivated via a computational model (Fig. 24.5b). Probability
functions, P(X,) for encapsulation of single target cells in heterogeneous cell mix-
ture (Equation 3.6 in [60]), were plotted in Fig. 24.5¢c. While the percentage of tar-
get cells and homogeneity reduced in cell suspensions, each probability function,
P(X,), approached a Poisson distribution (Fig. 24.5¢).

Similarly, for cell printing process, computational models offer a potential to
develop an understanding of how parameters, that can be adjusted experimentally,
affect cell viability [62—64]. There are two critical stages during cell printing pro-
cess: (1) detachment of cell encapsulating droplets from the ejector during ejection
and (2) landing of cell encapsulating droplets onto receiving substrate [65, 66]. In
these two stages, mechanical factors, e.g., shear stresses, hydrodynamic pressures,
capillary forces, may amplify and cause deformation of droplet and cell surface.
Eventually, this process may end up with cell death. However, these factors can be
controlled experimentally by tuning ejection speed or by replacing encapsulating
fluids with those having more suitable material properties including density, surface
tension, and viscosity. Cell viability may depend on receiving surface characteris-
tics, e.g., hydrophobicity/hydrophilicity. Prediction of cell deformation and viabil-
ity via computational methods can enable researchers to successfully build 3D
cancer models as well as complex viable tissue constructs [40—42, 67]. A finite-
difference/front-tracking technique was described for deposition of viscous com-
pound droplets onto a receiving surface as a model for cell printing process [68].
Inner droplet representing the cell was assumed to be a highly viscous fluid and
non-wetting (not sticking to the surface) while encapsulating droplet partially wet-
ted the substrate. A moving contact line model [69, 70] was utilized to predict the
dynamic contact angle. In this study, it was also anticipated that cell viability might
be correlated with deformation rate [68]. Hence, the settings that result in least cell
deformation and the rate of deformation were identified. To do that, analyses were
performed for a set of non-dimensional numbers, i.e., Reynolds number (Re), Weber
number (We), viscosity ratio (u./uq4), surface tension ratio (o,/0;), diameter ratio
(d,/d;), and equilibrium contact angle (6.). Re and We are widely used non-
dimensional numbers in fluid mechanics [71] to give the ratio of inertial forces
compared to viscous forces and surface tension, respectively [72, 73].

Pressure contours (left side) and pressure distribution on the surface of cell (right
side) are plotted in Fig. 24.5d. Shear stresses peaked in the vicinity of the triple
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Fig. 24.5 Schematic of a high-throughput bioprinting platform composed of a xyz computerized
stage and two ejectors diagonally aligned. Ejectors pattern cancer cells (OVCAR-5) and fibroblasts
(MRC-5) simultaneously. (b—e) Statistical and computational modeling of cell encapsulation and
printing process. (b) A droplet ejector was filled with heterogeneous mixture including target and
non-target cells for random cell encapsulation process. (X;) the number of droplets that contain
cells, (X.) number of cells per droplet, (X,) number of target cells, and (X;) droplets encapsulating
a single target cell, were mapped onto a matrix of cell encapsulating droplets. (¢) Cell encapsula-
tion probability, P(X)), as a function of number of target cells per droplet for cell concentra-
tion=1.5x 10° cells/ml. (d) Pressure contours and pressure distribution on the cell were plotted at
the left half and the right half, respectively. Governing non-dimensional numbers are: We=0.5,
Re=30, d/d;=2.85, 6,/0;=2541, u/us=10. (e) Sequential impact images of cell encapsulating
droplet. (a) is reproduced with permission [59], (b) and (c¢) with permission [60], and (d) and (e)
with permission [68]



650 W. Asghar et al.

point during the initial phase of droplet—surface interaction. Triple point is the point
where outer droplet, receiving substrate, and ambient air coincide. Maximum pres-
sure was located near the contact line just before recoil, and migrated to the distal
end from the receiving surface where it stayed there until the recoil phase. Cell geo-
metrical deformation was defined as,= (W, — H,)/(W,+ H,) [68]. The computational
results demonstrated that the geometrical deformation of cell monotonically
increased as: (1) Re increased; (2) d,/d; decreased; (3) o./0; increased; (4) u./uq
decreased; or (5) 0, decreased. On the other hand, a local minimum, at least, of
maximum geometrical deformation was obtained at We=2. Cell viabilities were
linked to cell deformation by employing an experimental correlation of compres-
sion of cells between parallel plates [74]. Results showed that 6, and p./uy were
highly correlated with cell viability.

To develop a better understanding of cell printing process, further computational
studies have to be performed [75-78]. The described model above provided a frame-
work to identify conditions that can increase cell viability. Next generation compu-
tational models may include non-Newtonian characteristics of flows [79-81],
smaller contact angles matching better with experimental conditions, microstruc-
tured models for cells, and multiple deposition of cell encapsulating droplets.

Scaffolds (Materials/Composition Perspective)

Basement Membrane Extract

Basement membranes are sheets of ECM that form an interface between epithelial,
endothelial, adipose and smooth muscle cells [82]. They contain proteins like lam-
inin and collagen IV that play an important role in the tissue organization [82]. BD
Matrigel™ and Cultrex® (Trevigne) matrixes are the examples of the reconstituted
basement membrane preparations. These matrixes are extracted from a culture of
Engelbreth-Holm-Swarm (EHS) mouse sarcoma. BD Matrigel™ is composed of
60 % laminin, 30 % collagen (IV), and 8 % entactin. BD Matrigel matrix also con-
tains heparan sulfate proteoglycan (perlecan), TGF-f, EGF, insulin-like growth fac-
tor, bFG, tissue plasminogen activator, and other growth factors along with MMP
enzymes which occur naturally in the EHS tumor [82]. As these matrixes resemble
the structure and composition of native basement membrane, they are extensively
used for tumor cell culture studies. The SEM image of Matrigel is shown in
Fig. 24.6a. Cancer cells can be mixed with liquid Matrigel which forms a 3D gel at
body temperature levels. The human small cell lung carcinoma cells mixed with
Matrigel were subcutaneously injected into the athymic mouse [83]. It was found
that Matrigel helped tumor cells to grow whereas cells did not form large tumors
when injected without Matrigel. Other cancer cell lines such as transformed mouse
EHS tumor cells (T-EHS), human submandibular carcinoma A253 cells, mouse
melanoma B16F10 cells, human epidermoid carcinoma KB cells, and human pri-
mary renal cell carcinoma cells were also mixed in Matrigel and coinjected sub-
cutaneously [83]. All of these cancer cell lines rapidly formed growing tumors.
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Fig. 24.6 SEM images of various scaffolds for 3D tumor models. SEM image of (a) Matrigel,
(b) PuraMatrix peptide hydrogel, (¢) PLG scaffold (Scale bar: 250 pm), and (d) Polystyrene
scaffolds. (a) is reproduced with permission [91], (b) with permission [170], (¢) with permission
[109], and (d) with permission [171]

The sizes of the grown tumors, in the case of A253, KB, and B16F10 cells, were
five to ten times more as compared to when cells were grown without Matrigel.
These findings unequivocally describe the effects of the Matrigel in improving the
growth of human tumors [83, 84]. Matrigel were also employed in coculture of
preneoplastic human breast epithelial cells and breast fibroblast derived from tumor
tissues [85]. The presence of fibroblast cells supported tumor invasiveness by secret-
ing MMP enzymes which disturbed the ECM architecture. Despite these advan-
tages, Matrigel does not fully represent tumor microenvironment as it lacks collagen
(I) and hyaluronan that are present in native ECM of tumors. Collagen type I protein
plays an important role in maintaining tissue architecture. Absence of these proteins
from Matrigel would not guarantee the fully natural response of tumor cells.

PuraMatrix™ Peptide Hydrogel
BD™ PuraMatrix™ Peptide Hydrogel (BD™ PuraMatrix™) is a biologically

inspired self-assembling peptide hydrogel (RAD16-I) matrix that is used to pro-
duce 3D microenvironments for various cell cultures including cancer cells [86].
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The peptides can be self-assembled into nanofibers at physiological pH by just
changing the salt concentration. The diameters of the nanofibers and interconnected
pores are ~10 nm and 5-200 nm respectively [87, 88] as shown in Fig. 24.6b.
Composition of the PuraMatrix is similar to other natural/synthetic hydrogels as it
contains 99 % water and only 1 % w/v standard amino acids. The advantage of
PuraMatrix is that the researchers can control the quantity of growth factors, cyto-
kines, ECM proteins and hormones whereas Matrigel and other hydrogels contain
non-quantified substances and residual growth factors [32, 89-91]. When ovarian
cancer cells (OVCAR-5) were encapsulated into PuraMatrix, they assembled into
3D acinar shapes that closely resembled the shape of metastatic nodules observed
clinically [86]. In another study, human hepatocellular carcinoma cells (HepG2)
were mixed with PuraMatrix hydrogel and the cell mixture was hydrodynamically
focused in the middle of a poly(dimethylsiloxane) channel of a microfluidic device
[92]. The cells in PuraMatrix hydrogel secreted twofold more albumin than other
scaffolds; quantity of albumin secretion is related to the function of liver cells [92].
New peptides can also be designed such as RADA16 and incorporated with various
functional motifs including motifs derived from laminin [93], collagen [94], fibro-
nectin [95], and bone marrow homing peptides [96]. The incorporation of these
motifs enhances cell attachment, survival, and proliferation [88, 97, 98]. In one
report, motifs incorporated peptide scaffolds significantly enhanced the survival and
proliferation of mouse stem cells and also helped in differentiation of stem cells into
neurons cells [91]. Compared to PuraMatrix, designer peptide hydrogels signifi-
cantly enhanced the proliferation of mouse pre-osteoblast MC3T3-E1 cells [99].

Synthetic Scaffolds for In Vitro 3D Cancer Models

ECM structure along with various adhesion proteins and enzymes play an important
role in defining tumor aggressiveness and metastatic potential. 3D scaffolds can
replicate few components of natural ECM and regulate the specific cell-cell and
cell-ECM interactions [2, 100]. Scaffolds have extensively been used in various tis-
sue engineering applications including bone and cartilage [101-103]. The 3D syn-
thetic scaffolds have interconnected microporous structures with nanotopographical
features that help cells to adhere the scaffold surface and proliferate. The cell behav-
ior is greatly dictated by physio-mechanical and chemical properties of scaffolds.
Scaffolds are composed of natural molecules (Collagen, Chitosan) or synthetic
polymers such as polylactide (PLA), polyglycolide (PGA), polyethylene glycol
(PEG), poly(lactic-co-glycolic acid) (PLGA), and poly(lactide-co-glycolide) (PLG)
[104, 105]. The stiffness of the synthetic scaffolds can be well controlled as com-
pared to the natural scaffolds but synthetic scaffolds do not allow better cell attach-
ment. For this purpose, either surfaces of the synthetic scaffolds need to be
functionalized [106] or ECM components are premixed with scaffold solutions
before synthesis [107]. In one study, PLGA and PLA polymers were used to synthe-
size porous microparticles using solvent evaporation method and were employed for
studying 3D tumor culture [108]. Cell adhesion agents such as poly(vinyl alcohol)
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and chitosan were also incorporated into the internal structure of microparticles.
Different ECM components were physically adsorbed on the microparticles prior to
cell seeding. The breast cancer cells (MCF-7) formed clumps on the microparticles,
the morphology similar to natural tumor cells. Overall, PLA microparticles contain-
ing PVA showed better cell adhesion and growth mechanisms and gave seven times
increase in cell density compared to the initial cell seeding density in 9 days [108].
PLGA and PLA are hydrophobic polymers and do not allow cell adhesion in gen-
eral, but the incorporation of a hydrophilic agent such as PVA/chitosan would make
scaffold’s surface hydrophilic and enhances the tumor cell growth and attachment.
These findings are preliminary and further clinical investigations should be done to
analyze the power of microparticle based scaffold for 3D tumor modeling [108]. In
another report, the PLG scaffolds were formed using the gas foaming technique and
used as a 3D culture model for oral squamous cell carcinoma (OSCC-3) cells [109].
The SEM image of PLG scaffold is shown in Fig. 24.6c. Significant increase in the
tumor growth was noticed when cancer cells were pre-cultured on 3D PLG scaffolds
as compared to 2D culture. Angiogenic factors were also upregulated by cancer
cells cultured on PLG scaffolds; 2, 23, and 98 fold increase in VEGF, bFGF, and
IL-8 respectively [109]. Pre-fabricated synthetic scaffolds are also commercially
available such as polystyrene scaffold (Alvetex® [110]) (Fig. 24.6d). These scaffolds
are designed into the thin membranes so that they can fit into the conventional cul-
ture plates. The 3D porous geometry of the polystyrene scaffold facilitates cell
growth, differentiation and migration [110]. It is reported that lymphoma cells
(HBL-2 cells) showed increased proliferation in 3D Alvetex® scaffolds as compared
to 2D culture plates [111]. It is evident from these reports that synthetic scaffold has
great potential as 3D tumor models because their morphology and structures resem-
ble natural ECM microenvironment. Other factors such as ECM chemical composi-
tion and proteins also influence tumor growth and aggressiveness. Synthetic
scaffolds are not synthesized from natural ECM components, and therefore, getting
natural response from tumor cells using synthetic scaffolds is a challenging task.

Matrix Stiffness and Fluid Flow Shear Stress
for Tumor Cell Migration

Mammalian cells live in 3D microenvironments and are exposed to chemical,
mechanical, and structural signals. These stimuli signals change due to disease inva-
sion and progression through the 3D microenvironment [112-114]. Statistically
nine out of ten cancer deaths is due to metastasis indicating that metastasis is the
primary cause of death in cancer. Investigating the mechanical markers of single
cells can help characterizing and monitoring the metastatic potential and invasive-
ness of cancer cells [112, 115, 116]. During metastasis, invasive cancer cells shed
from the primary tumor and navigate through very tiny pores in the ECM to enter the
blood vessels and circulate to create a new tumor at a remote organ [115-117].
Studying mechanical response of the invasive cancer cells to the matrix stiffness
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gradient of the ECM specifically during the first stage of metastasis and intravasa-
tion can illuminate the mechanism of cancer metastasis [116]. Mak et al. explored
the migration of cancer cell types in microenvironments with 3D gradients using
parallel PDMS microchannels with tapered junctions that connect a large channel
with a small channel. The spatially gradient tapered microchannels provide the abil-
ity to investigate the cell migration from a more confined environment to a region
with greater amounts of freedom. In this case, cells were observed to migrate from
wider channel to narrower channel. These results showed that MDA-MB-231
(highly metastatic) cancer cells were more invasive and therefore greater ability to
migrate through the tiny high gradient microchannels where non-metastatic cancer
cells (MCF-10A’s) were not able to penetrate [116].

Matrix stiffness is one of the most important characteristics investigated in cel-
lular microenvironment. Microenvironments in human body have various matrix
stiffness ranging from soft such as brain with Young’s modulus E~250-500 Pa, to
significantly more rigid matrixes including bone (E ~GPa) and cells respond accord-
ingly in different ECM with different mechanical stiffness. The matrix stiffness of
tumors changes during the course of cancer invasion and progression [112, 118].
As an example, recent studies revealed that the breast tumor (4,000 Pa) is an order
of magnitude stiffer than healthy breast tissue (200 Pa) [112]. Collagen hydrogels
have been one of the most effective and widespread systems for investigating tumor
cellular reaction to 3D matrixes with various stiffnesses [112, 114, 119]. This is
because collagen hydrogels have physical and biochemical properties that can be
altered to match the properties of tissues surrounding a tumor [119]. In a study,
Casey et al. showed that the cell-scale gel microarchitecture is important in cell
migration and overcome the effect of the bulk matrix density in characterizing inva-
sive behaviors of metastatic cancer cells such as migration [119]. The tumor micro-
environment matrix stiffness is a function of stromal collagen deposition and
cross-linking which can alter tumor cell migration. Cancer cells employ contractile
forces to change the ECM fibers surrounding tumor by aligning the fibers perpen-
dicularly to the tumor [114, 120, 121]. Charest et al. [122] have used a 2D poly-
acrylamide hydrogel to develop 3D topographical features with various hydrogel
stiffness. In such a system, cells are first seeded on a 2D matrix and then after
spreading on the surface, cells contact the 3D features on the matrix and migrate
along the 3D structures. In this investigation, cells had a higher contact length on
stiffer matrixes. The traction forces produced by the cancer cells in 2D and 3D
matrixes to characterize metastatic cancer cells have also been investigated [123].
These results showed that breast, lung and prostate cancer cells had metastatic abil-
ity and at the late stages of the cancer disease had significantly higher traction forces
than the normal healthy tissue cells. In addition, cancer cells generated greater con-
tractile forces on stiffer matrixes. Tumor microenvironment’s mechanical proper-
ties as well as chemical properties define the degree of the traction forces [123].
Further, optical measurements and Atomic Force Microscopy (AFM) studies on the
mechanical response of metastatic cancer cells have shown that these cells are more
compliant compared to benign cells [123—126]. The metastatic cancer cells are then
more plastic and therefore are able to easily migrate through the ECM [123].
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During the first stage of metastasis, the ECM around the tumor degrades due to the
action of matrix MMPs [127-129]. Fluid shear stress is one of the extracellular stim-
uli that modulate MMP genes [130], and therefore, shear forces could potentially
alter the migratory response of cancer cells. Qazi et al. investigated shear stress as a
main controller of cell migration that helped explaining the differences between the
invasiveness glioma cells in vitro compared to in vivo [129]. This work explains the
diverse migratory response of tumor cells and differential invasiveness of the cancer
cells due to fluid flow forces and shear stress. These results show that the motility of
glioma cells can be reduced due to the shear stress by changing the MMP expression
[129]. Recently, the role of fluidic shear stress on the metastatic potential of epithelial
ovarian cancer cells was investigated using microfluidic platform. The ovarian cancer
cells showed enhanced epithelial-mesenchymal transition and metastatic potential
only when cultured under continuous and controlled laminar flow [131].

Conclusions and Future Perspectives

Tumor tissues and carcinomas are comprised of a 3D spatially organized ECM [38,
132-135] with multiple cell types [136, 137]. For in vitro cancer models, presence of
multiple cell types is critical as the stromal cells play a critical role in malignant pro-
gression of tumor including angiogenesis [136], metastasis [138], and invasiveness
[139], and these cell types are important targets for tumor therapies [140]. Presence
and spatial positioning of neighboring cells are important factors when studying the
precise role of stromal cells in tumors [141, 142]. There are several technologies that
can precisely position different cell types in a 3D setting, such as bioprinting [41, 42,
143-146], microfabrication [147], and microscale assembly [40-42,148]. These
methods can potentially be used to create 3D cancer models and to study the interac-
tion between different cell types [149]. In embedded and overlay cultures, basement
membranes can promote 3D cellular organizations by establishing biologically rele-
vant contact between cells and substratum [30]. Culturing cells in 3D suspension is
another way of creating 3D cell cultures by reducing the adhesion between cells and
the substratum. Hanging drop is a promising method to create 3D cell culture models
through aggregation of cells at a spherical air-liquid interface within hanging drops
[34-37]. Cells can be magnetically labeled with paramagnetic/diamagnetic materials
and suspended in culture medium using magnetic levitation and gravitational force to
create 3D tissue cultures [38]. Microscale hydrogels encapsulating cells have also been
assembled using magnetic assembly that can be used potentially for 3D cancer models
[40-42]. Bioprinting technology is a repeatable, reliable, and high-throughput method
that utilizes a programmable and automated stage with ejectors to bioprint different cell
types and to create 3D coculture cancer models [59, 150]. Controlling cell culture in
low gravitational forces is another way of facilitating 3D cell growth in a spatially uni-
form cell distribution [43-46]. Microgravity bioreactor [43—46], rotating wall vessel
[49], and cell culture in international space [47, 48] are three examples of such methods
as these techniques were discussed in detail in this chapter.
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Cells cultured as 2D monolayers showed substantial mutations in gene expression
compared to cells in 3D cultures and native tissues [151, 152]. Cancer cells cultured
on 2D versus 3D microenvironments display dissimilar cell morphology [153],
metabolic characteristics, and drug response [154]. Moreover, genes responsible for
angiogenesis, chemokine generation, cell migration and adhesion have different
expression levels between 2D and 3D settings [155, 156]. Importantly, cancer cells
are known to display different behavior to chemotherapeutic drugs in 3D culture
compared to 2D controls [157]. Cumulative evidence in the literature demonstrates
that in vitro 3D cancer models better recapitulate in vivo conditions and response
compared to 2D cultures [153, 158, 159]. There are also cancer types (e.g., Ewing’s
sarcoma) for which the currently available murine models and murine cells perform
poorly compared to in vitro models employing human cells [160]. For these cancer
types, human cells need to be used in 3D culture conditions to effectively represent
the in vivo conditions.

There are many factors that need to be considered in a 3D in vitro cancer models
to produce a characteristic feature of the in vivo 3D solid tumors. In embedded and
overlay cell culture, 3D models provide the space for cell migration and prolifera-
tion, which mimic the 3D in vivo models [31]. RWV cancer models also provide a
3D microenvironment that were validated to produce a characteristic feature of the
tumor by immunohistochemical profiling of multiple markers such as p53, BCL2,
and CA125 and proteomic profiling such as prohibitin, VDACI, and annexin 4 [53].
Multicellular spheroids mimic the native tumor microenvironment and emulate the
drug-resistant hypoxia regions at the center of grown tumor mass [161]. On the other
hand, these spheroids do not emulate the in vivo blood vessel barrier due to direct
contact with culture media of cancer cells in spheroids [162, 163]. The spheroid
culture do not fully provide in vivo host immune interactions during tumor growth
[161]. In basement membrane tumor models, such as BD Matrigel matrix, the effect
of multiple parameters that occur in a solid tumor including heparan sulfate proteo-
glycan (perlecan), TGF-f, EGF, insulin-like growth factor, bFG, tissue plasminogen
activator, and MMP enzymes have been considered. However, Matrigel 3D cancer
model lacks collagen-1 and hyaluronan that are essential in maintaining the architec-
ture of tissue. The absence of these proteins affect the cancer cell response in a 3D
model [82]. It was reported that mammary epithelial cells self-assembled into spheri-
cal structures with a central lumen resembling natural mammary acini, when cul-
tured on laminin-rich basement membrane [164]. In another report, the epithelial
cells have inverse polarity and did not form central lumen when cultured on 3D
collagen gels alone, whereas they showed normal polarity and central lumen struc-
ture when cocultured with myoepithelial cells. The myoepithelial cells deposited the
basement membrane component laminin-1 which was an important factor to deter-
mine the tumor polarity and central lumen formation. [165]. It clearly points out that
ECM components have a significant effect on morphology and polarity of cancer
cells during tumor cancer growth. Bioprinting is a high-throughput technology that
can produce 3D cancer models repeatably with a reliable control over spatial resolu-
tion. In one report, ovarian cancer cells (OVCAR-5) and fibroblast cells (MRC-5)
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were patterned on Matrigel using a bioprinting platform. The cancer cells spontane-
ously formed multicellular acini structures that resembled the polarity of the tumor
[59]. The coculture of cancer and supporting stromal cells at various cell densities
were overlaid successfully using the bioprinting technique [59]. However, more
studies have to be conducted to show if such a platform mimics the aggressive and
invasive characteristics of tumor cells.

In order to minimize the animal testing and cost, there is a need for 3D in vitro
tissue models, which are scalable, can be produced with high-throughput methods
and that mimic the tissue native microenvironment [166]. Scaffold-free 3D micro-
tissue models are considered more organotypic and compatible with high-throughput
technologies. They are currently being developed and used with automated produc-
tion platform for tumor microtissues [167]. High-throughput bioscreening allows
systematic and quantitative screening of chemotherapeutic drugs, supporting rapid
pharmacokinetic and pharmacodynamic analyses. Since throughput is critical in
cancer research, where large compound libraries are evaluated regularly with many
different cell types, advanced assembly/fabrication technologies with precise com-
positional and spatial control over cells to establish 3D platforms are needed [149,
168]. Automation and miniaturization of these technologies would also allow rapid
and effective fabrication of a large scale of 3D in vitro tissue models with patient’s
own cells, which then can be used to screen a palette of therapeutic candidates and
to match the best fit with the patient in a personalized manner. Future 3D models of
complex tissues and tumors also need to take into consideration the physiological
environment, such as the mechanical microenvironment including fluid flow and
mechanical forces in play.
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