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Abstract Despite having yielded extensive breakthroughs in cancer research, tra-
ditional 2D cell cultures have limitations in studying cancer progression and metas-
tasis and screening therapeutic candidates. 3D systems can allow cells to grow,
migrate, and interact with each other and the surrounding matrix, resulting in more
realistic constructs. Furthermore, interactions between host tissue and developing
tumors influence the susceptibility of tumors to drug treatments. The past decade
has seen a rapid advancement of the application of 3D cellular systems to cancer
research. These 3D tumor models, or tumor organoids, occupy a range of distinct
form factors, each with their own strengths and weaknesses, and appropriateness for
particular applications. In this chapter we highlight the major categories of tumor
organoids and the methods by which they are biofabricated, aiming to provide the
reader with an overview of the types of tumor organoids currently employed in
cancer research applications.

Keywords Organoids * Biofabrication ¢ Bioprinting ¢ Tissue engineering * Tissue
construct ® Tumor-on-a-chip

A. Mazzocchi
Wake Forest Institute for Regenerative Medicine, Wake Forest School of Medicine,
Medical Center Boulevard, Winston-Salem, NC 27157, USA

Virginia Tech-Wake Forest School of Biomedical Engineering and Sciences, Wake Forest
School of Medicine, Medical Center Boulevard, Winston-Salem, NC 27157, USA

S. Soker ¢ A. Skardal (D<)
Wake Forest Institute for Regenerative Medicine, Wake Forest School of Medicine,
Medical Center Boulevard, Winston-Salem, NC 27157, USA

Virginia Tech-Wake Forest School of Biomedical Engineering and Sciences, Wake Forest
School of Medicine, Medical Center Boulevard, Winston-Salem, NC 27157, USA

Department of Cancer Biology, Wake Forest School of Medicine, Medical Center Boulevard,
Winston-Salem, NC 27157, USA

Comprehensive Cancer Center at Wake Forest Baptist, Wake Forest Baptist Health Sciences,
Medical Center Boulevard, Winston-Salem, NC 27157, USA
e-mail: askardal @ wakehealth.edu

© Springer International Publishing AG 2018 51
S. Soker, A. Skardal (eds.), Tumor Organoids, Cancer Drug Discovery
and Development, DOI 10.1007/978-3-319-60511-1_4


mailto:askardal@wakehealth.edu

52 A. Mazzocchi et al.
1 Introduction

Cancer research has been limited due to the inability to accurately model tumor
progression and signaling mechanisms in a controlled environment. Animal models
allow limited manipulation and study of these mechanisms, and are not necessarily
predictive of results in humans [1]. Traditional in vitro 2D cultures fail to recapitu-
late the 3D microenvironment of in vivo tissues [2]. Drug diffusion kinetics vary
dramatically, drug doses effective in 2D are often ineffective when scaled to patients,
and cell-cell/cell-matrix interactions are inaccurate [3, 4]. Tissue culture dishes
have three major differences from the tissue where the tumor was isolated: surface
topography, surface stiffness, and a 2D rather than 3D architecture. As a conse-
quence, 2D culture places a selective pressure on cells that could substantially alter
their molecular and phenotypic properties. We recently demonstrated that on 2D
tissue culture dishes, metastatic colorectal cancer (CRC) cells appeared epithelial,
but when transitioned into a 3D liver organoid environment they “switched” to a
mesenchymal and metastatic phenotype [5]. Such bioengineered platforms better
mimic structure and cellular heterogeneity of in vivo tissue, and are therefore more
suitable for cancer research. These models can be viable for long periods of time
and develop functional properties similar to native tissues. They can also recapitu-
late the dynamic roles of cell—cell, cell-ECM, and mechanical interactions inside
the tumor. Further incorporation of cells representative of the tumor stroma, such as
endothelial cells and tumor fibroblasts, and physical matrix components, can mimic
the in vivo tumor microenvironment. Thus, bioengineered tumors are an important
resource for in vitro study of cancer and development of new and more effective
therapies for patients in the clinic. In this chapter, we describe a variety of the tech-
nologies researchers employ to create, or biofabricate, 3D in vitro tumor models.
These technologies range from the simple — cell aggregates or spheroids — to signifi-
cantly more complex — bioprinted tumor constructs using extracellular matrix bio-
inks for example (Fig. 1).

2 Tumor Spheroids

Tumor spheroids represent perhaps some of the earliest forays into creating model
systems of tumors with enhanced complexity compared to traditional 2D cell cul-
tures on dishes or well plates. Spheroids are spherical cell aggregates formed by
cell-cell adhesions during self-assembly. They are simple and generally quick to
produce, thus their widespread appeal [6]. Cell spheroids are generally on the scale
of several hundred microns at the maximum, as larger aggregate suffer from poor
oxygen and nutrient transport into the center of the spheroid, often resulting in
necrotic core regions. However, this feature can mimic necrotic core regions occa-
sionally found in some tumors in vivo. Importantly, the 3D nature of tumor spher-
oids (and many of the other tumor organoid form factors discussed later) provide a
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Fig. 1 Tumor organoids vary widely in complexity from simple spheroids to more complicated
systems containing multiple organoids in a single platform
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variety of characteristics that are superior to traditional 2D cell cultures. Spheroids
allow for increased cell-cell interactions as well as interactions between cells and
cell-secreted extracellular matrix (ECM) components [7]. Because of the transport
limitations described above, spheroids can be used as models for testing drug diffu-
sion kinetics. Likewise, lack of oxygen transport in larger spheroids can create
hypoxic regions, which can be an important characteristic of certain types of tumors
that drives a variety of end biological behaviors such as proliferation or genetic
mutation. Spheroids can be comprised of a single cell population or formed using
multiple cell populations, thereby providing opportunities to better model the het-
erogeneous nature of many tumors. All of these potential features result in model
systems that often demonstrate increased chemoresistance to drugs, an outcome
observed often in human patient, but less so in 2D cultures [§—10].

Generally, these types of cell-aggregated spheroids are formed using a hanging
drop technique. Initially, this could be performed with no specialized equipment.
Droplets of a cell suspension would be placed on the underside of a Petri dish or
well plate cover and carefully flipped, resulting in drops hanging from the cover.
Within these drops, with a lack of a physical substrate, cells aggregate and adhere to
one another through cell-cell adhesions such as cadherins and tight junctions
(Fig. 2a) [11]. This process has become more streamlined with the development of
specific hanging drop plates containing wells with openings at the bottom. Cell
suspensions are simply pipetted into each well, and the drop hangs through the bot-
tom of the well. Following cell aggregation, the resulting spheroids can be collected
in a 96 or 384 well plate beneath, corresponding to the wells above (Fig. 2b) [12].
More recently, researchers have begun to use ultra-low adhesion round bottom well
plates to form spheroids. With the round bottom geometry of the wells, and the
inability to adhere to the plastic surfaces in the wells, just as in hanging drop cul-
tures, the cells aggregate with one another into spheroids (Fig. 2¢) [13].
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Fig. 2 Tumor spheroids. (a) Cells aggregate through cell-cell interactions in the hanging drop. (b)
Hanging drop commercialized increased throughput well plate format. (c¢) Cell aggregation in
round bottom plate. (d) Confocal image of a homogeneous mesenchymal stem cell (MSC) organ-
oid and (e) a heterogeneous organoid with MSCs in green and BxPC3 pancreatic tumor cells in red

2.1 Homogeneous Spheroids

Homogeneous spheroids (Fig. 2d) are often used for the study of cancer cell self-
assembly and their ability to interact with each other void of other cell types or
surfaces. It has been shown that some cell types are unable to aggregate on their
own, as they require additional signals or pathways unavailable through only them-
selves. This in itself has allowed researchers to better understand the requirements
of various cancer types and the environmental factors. Surface tension has also been
found to play a role in the development of tumor spheroids. This phenomenon was
noticed as spheroids appeared to reduce in diameter however metabolic activity was
sustained. It has been found that some cell types are more adherent to themselves
than others and will form tight junctions reducing the overall size of the spheroid
while maintaining a growing population. It has also been shown that over time sin-
gle cell line tumor spheroids will dissociate and break apart, as they can no longer
advantageously attach to each other. This too is specific to cell line and relies on
external factors including how long the spheroids are kept in culture.

Drug treatments or external factors can be added to these single cell line tumor
spheroids to study direct effects on the cancer aggregation. This allows for direct
study of tumor cell behavior in reaction to the drug treatment when stromal cells are
not present. Factors that directly influence the spheroid can also be added such as
growth factors, conditioned media, or hypoxic conditions, which allow for the
tumor spheroid to be better studied.
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Currently, outside of academic research, pharmaceutical companies utilize
spheroids in high throughput (384 well or greater) screening of compounds before
advancing them to Phase I clinical trials. They have found spheroids to be advanta-
geous because of their ability to better replicate an in vivo tumor over 2D culture
and offer a platform from which more advance drug screens can be carried out.

2.2 Heterogeneous Spheroids

Heterogeneous spheroids have become of greater interest as cell types related to
cancer types, but that are not necessarily tumor cells themselves, are added to
improve the robustness of the model (Fig. 2E). Integration of additional cell types
allows for natural cell assembly leading to more ideal replication of the tumor archi-
tecture. This self-assembly has been studied across many cancer types with numer-
ous stromal cell additions. Tumor behavior is not uniform across all spheroids and
can exhibit a variety of behaviors. The cancer cells have been shown to tightly grow
together and force the stromal cells to grow as an outer shell around the center
tumor spheroid, the cancer cells have also grown together with the stromal cells
forming a second grouping grown together next to but attached to the tumor growth,
and dispersal of the stromal cells within the tumor spheroid has also been shown.
Each of these behaviors can be attributed to multiple factors including cell signal-
ing, cell type adhesion propensity, and surface tension. Interestingly, it has been
found that surface tension and cell viscosity play a role in the formation of spher-
oids, as the collection of cells, or the tissue itself, exhibits fluidic properties over
time. This interesting phenomena occurring within the spheroids is that which con-
tributes to cell organization or lack of organization with them. This also can play a
role in the interconnection and adhesion of two spheroids grown of different cell
lines that are then placed with each other to merge. Dependent on the fluidic proper-
ties of each of the cell types, they spheroids will merge in varying ways.

Drug studies are also widely preformed on co-cultured tumor spheroids offering
insight into how a more complete tumor environment would react to drug. These
studies can show how the tumor cells and stromal cells both behave in the presence
of drug and if they play any role in the survival of each other. Heterogeneous spher-
oids are being further employed in applications such as body- and organ-on-a-chip
where they can be placed into devices and studied with other spheroids or with drug
via applied flow.

3 Biofabricated Tumor Constructs

Tumor spheroids have become a widely adopted tool for cancer biologists and engi-
neers who wish to model cancer in 3D, using a relatively simple, yet effective meth-
odology. However, this approach can be limited in some applications. For example,
many primary tumor cells do not aggregate and self-assembly as easily. Additionally,
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in the body, tumors do not exist in isolation; they reside in, on, or around other tis-
sues. Therefore, in many studies, one may wish to integrate tumor cells with an
extracellular matrix (ECM)-inspired environment or a surrogate for normal tissue.
In these cases a wide variety of other technologies can be employed that range in
complexity. Often these approaches employ other tools such as bioreactor or micro-
fluidic systems to create supportive environments, or utilize biomaterials such as
hydrogels and other scaffolds to serve as ECM analogs.

3.1 Rotating Wall Vessel

While hanging drop cultures employ gravity and a lack of adherent surfaces to form
spherical organoids, a similar form factor of organoid can be biofabricated using a
lack of gravity, or rather microgravity, and inclusion of adherent surfaces. Rotating
wall vessel (RWV) bioreactor culture [14—19] is an established methodology that
employs a rotating bioreactor to generate low fluid shear stress rotational forces,
which simulates microgravity conditions. Simulated microgravity allows cells to
self-aggregate into spheroids or to nucleate around microcarrier beads for adherent
suspension cultures (Fig. 3a). To date, a wide variety of tissue types have been mod-
eled as 3D organoids using RWYV technology, including lung, colon, intestine, liver,
vaginal epithelium, breast, and others [14-16, 18-22].

Our team employed this technology with the help of a custom-developed hydro-
gel microcarrier technology [19] to create tissue-tumor hybrid organoids. This plat-
form is built on the combination of a modular hydrogel platform [23-25], which
has been demonstrated extensively in the application of biofabricating tissue and
tumor organoids [5, 19]. Our team recently published a study using this platform to
create 3D organoids containing a hepatic cells line, HepG2, and metastatic colorec-
tal cancer cells, HCT116 [5]. The organoids supported HCT116 tumor cell growth
over time, induced expression of in vivo-like mesenchymal and metastatic markers,
including active signaling pathways, and responded to chemotherapeutical drugs
(Fig.3b). More recently, we described new 3D liver tumor organoids comprised of
more functional primary human hepatocytes, the same HCT116 colorectal cancer
cells, and mesenchymal stem cells (MSC) as a surrogate for the stromal compo-
nent of the liver, the liver stellate cells. We are using this tumor organoid model to
observe tumor cell growth and tumor tissue maturation, and perform anti-cancer
drug studies. Importantly, the cancer microenvironment is a complex space that
contains stromal cells, a multitude of ECM components and proteins, as well as a
plethora of signaling, paracrine, and growth factors. Together, these components
of the microenvironment push and pull cancer cells between phenotypes and have
a significant effect on the long-term progression of a tumor and response to ther-
apy [26, 27]. With this platform, we were able to include a stromal component of
the tissue-tumor environment in the form of MSCs. Liver-tumor organoids failed
to grow in the absence of MSCs, indicating that the MSCs provide essential sup-
port for tumor growth, similar to hepatic stellate cells in liver cancer. By tracking
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Fig. 3 Generation of tumor organoids in a rotating wall vessel (RWV) bioreactor ssytem. (a) AN
RWYV system with microcarriers supporting cell aggregation. (b) Using this technology, organoids
can be formed such as liver organoids containing metastatic colorectal cancer cells that allow for
screening of chemotherapy drugs. (¢) Using stromal cell populations, phenomena such as self-
organization into distinct stromal and tissue/tumor zones can be observed

fluorescently labeled HCT116 cells we demonstrated the active proliferation of the
tumor cells when the MSCs were present. Besides supporting tumor cell growth
in the liver organoids, inclusion of MSCs in these organoids resulted in tumor-like
tissue organization and maturation. The MSCs migrated to the periphery of the
organoid and created an organized shell-like tissue encapsulating the tumor cells
and hepatocytes at the core of the organoid (Fig. 3c). Our results demonstrated
not only a dose dependent response of the tumor liver organoid to a range of 5-FU
drug concentrations but also that more organized organoids were less sensitive to
the treatment, similar to results in many studies where the stroma can protect the
tumor from therapy [28-30]. These results further demonstrate the capacity of the
RWY bioreactor conditions to create a more physiologically relevant tumor models
compared with tumor cells in cell culture dishes.

3.2 Three Dimensional Bioprinting

In the last decade and a half, bioprinting, once referred to as “organ printing” [31-34],
has emerged as a tool with incredible potential in tissue engineering and regenerative
medicine [35]. Bioprinting can be described as additive fabrication using biological
building blocks that has the potential to build or pattern living 3D organ-like or tissue
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Fig. 4 Bioprinting. (a) Types of bioink. (b) Inkjet printing. (¢) Extrusion printing. (d) Laser-
induced forward transfer (LIFT) printing

structures [36]. In general, bioprinting employs a computer-controlled 3D printing
device — the bioprinter — to accurately deposit cells and printable biomaterials into
physiologically relevant biological structures. Different bioprinters have different
capabilities, but generally are able to print cell aggregates, cells encapsulated in
hydrogels or viscous fluids, cell-seeded microcarriers, or cell-free biomaterials — all
of which can be referred to as “bioink” (Fig. 4a) [31, 37]. Biologically-derived 3D
computer-aid design files, such as .stl or .dwg file formats, can be used to guide the
placement of cells and bioinks into geometries that may mimic the macro-architec-
ture of actual tissues and organs. Eventally, the ultimate goal of bioprinting is to print
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organs, which are subsequently matured into functional tissue constructs or organs
[32, 38, 39]. To date, complete fully functional solid organs have not been printed, but
this remains the primary long-term goal of bioprinting. However, small-scale tissue
and tumor constructs are currently being implemented in a number of applications,
including pathology modeling, drug development, and toxicology screening.

A number of bioprinting modalities exist, encompassing use of inkjet-like print-
ers, extrusion devices, and laser-assisted devices. Inkjet printing (Fig. 4b), also ref-
ereed to as drop-by-drop bioprinting, is one bioprinting approach that is being
explored for creating 3-D biological structures, that is closely related to technolo-
gies used for cell patterning. Where basic cell patterning creates a 2-D pattern com-
prised of cells on a surface, by incorporating a hydrogel or other cell-friendly
biomaterial, 3-D cellularized structures can be fabricated drop by drop [40, 41].
Extrusion-based deposition (Fig. 4c), generally from syringe-like equipment, is an
additional approach for 3-D bioprinting that relies on the mechanical and temporal
properties of the polymer materials being printed. In this modality, the properties of
the printed polymer or hydrogel are used to facilitate extrusion through a syringe
tip, commonly driven by pneumatic pressure or mechanical pistons controlled by a
computer. Laser-induced forward transfer (LIFT)-based bioprinting (Fig.4d) is a
recently introduced method that has been adopted from other fields by researchers
pursuing bioprinting [42, 43]. LIFT technology was initially developed for high
resolution patterning of metals for use in areas such as computer chip fabrication.
More recently it has been employed to create micropattern peptides, DNA, and
cells. LIFT technology is comprised of a laser beam that is pulsed at desired time
lengths and a donor material “ribbon” comprised of the printable material. This is
supported on a transport layer such as gold or titanium that absorbs the laser energy
and transfers it to the ribbon. When the laser pulses on the ribbon, the focused
energy generates an incredibly small, high pressure bubble that propels a droplet of
the donor material onto a collecting substrate and stage. By either moving the stage
or the laser in relation to the ribbon, material can be patterned on the collecting
substrate [44—46]. In the case of LIFT-based bioprinting, the ribbon may be com-
prised of a biopolymer or protein, and can contain cells within. In this scenario the
laser pulse-driven ribbon droplets contain cells, which are then deposited in a pat-
tern on the substrate to create cellular structures and patterns. The ability to print
nearly a single cell per droplet [47], has positioned LIFT as a bioprinted modality
with much potential in the future. Of these methods each has particular print speeds,
resolution, cell densities, and cell viability outcomes that often must be considered
when selecting a technology for a given application (Table 1) [35, 48-51].

To date, bioprinting has only for a short time been applied to generating tissue
models or organoids. Some notable examples do exist, including using bioprinting to
fabricate microfibrous scaffolds to support myocardium and endothelial cells as a
cardiac construct in a heart-on-a-chip platform [52]. In addition, our lab has devel-
oped a tissue specific hydrogel bioink system for bioprinting that can be used to
match both the elastic modulus of a select soft tissue as well as the biochemical
growth factor profile of that tissue. We demonstrated this by bioprinting primary
human liver organoids [53, 54]. Fewer examples exist still in which bioprinting has



60 A. Mazzocchi et al.

Table 1 Printing parameters for different bioprinting parameters, including resultion, print speed,
and cell viability

Printer type Resolution (pm) Print speed Cell viability (%)
Inkjet >300 5 x 10° drops/s 75-90

Laser — assisted 10-30 9 x 10 mL/s Not available as %
LIFT 30-100 10 drops/ 95-100

Extrusion 5 pm to millimeters 10-50 pm/s 40-80

Malignant
Tumeor Foci

No Drug
Control

Regorafenib -

Fig. 5 Bioprinted tumor organoids. (a) Multi-zoned tumor organoid printing. (b) Biofabrication
of multiple zones allows generation of more in vivo-like models, in which the tumor resides inside
healthy tissue. This allows drug screens to be performed that demonstrate the capability of target-
ing the tumor (T), not the healthy tissue (E). In (b), green indicates calcein AM-stained viable cells
and red indicates ethidium homodimer-stained dead cells

been employed to create tumor organoids, although there is currently work occurring
in this area. For instance model systems such as a 3D ovarian cancer coculture model
[55] and 3D glioma stem cell-derived brain tumor models have been bioprinted for
disease modeling and testing of drug susceptibility [56]. Currently, our team is adapt-
ing a long track record of bioprinting experience and bioink development towards
printing both cell line-based tumor organoids and primary patient tumor-derived
models, incorporating multi-zoned printing to incorporate not only the tumor, but
also healthy surrounding tissue in which the tumor resides (Fig. 5a). This is an impor-
tant feature in these models, as it now allows querying the tumor targeting capabili-
ties of drugs that might be screened. For example, we have shown recently that a
broad acting chemotherapeutic agent such as 5-FU can be effective against a tumor
population, but also exhibits toxicity in the normal cells surrounding the tumor.
Conversely, a drug such as regorafenib that targets a specific mutation of the epider-
mal growth factor receptor (EGFR) pathway [57] only found in the tumor population,
can be effective against the tumor, while being less toxic to the healthy cells (Fig. 5b).
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3.3 Photopatterning

An alternative strategy for fabricating 3D tissue and tumor constructs is through
photopatterning. Specifically, as more and more microfluidic organ-on-a-chip sys-
tems evolve [58, 59], strategies that allow integration of 3D constructs inside these
devices are becoming more important. The limitation stems from the nature of most
microfluidic devices are inherently closed systems, with no direct access to the
internal channels and chambers. To address these challenges of integrating 3D cell
culture with on-a-chip platforms we have developed a methodology for their in situ
fabrication [19] that utilizes widely employed hydrogel biomaterials comprised of
photocrosslinkable hyaluronic acid and gelatin [20, 21]. Unlike conventional mate-
rials such as collagen, Matrigel, and alginate, these materials are easily integrated
with variety of biofabrication techniques, including bioprinting as described above.
Furthermore, since HA and gelatin are natural components of native ECM, it pro-
vides a truly biomimetic structure in the form of crosslinked HA polysaccharide
chains and cell-adherent motifs in the form of hydrolytically degraded collagen gel
[23, 53]. In the general approach to fabricating cell culture constructs, HA and gela-
tin components are mixed with target cells, as well as a crosslinker and photoinitia-
tor to support thiol-acrylate photopolymerization via UV exposure [22, 23]. This
mixture is introduced to all microfluidic chambers for a given cell/tissue type and
patterning is then performed using a positive-tone photomask to define the shape
and location of one or more polymerized construct (Fig. 6a). The cross-linked
hydrogel is adherent to the top and bottom surfaces of the chamber, allowing it to be
retained following a wash with clean buffer. This photopatterning can be performed
simultaneously in an arbitrary number of independent microfluidic chambers. The
resulting 3D cell culture constructs can subsequently be kept under circulating flow
with long-term viability, and the total system is amenable to analytical investiga-
tion, including direct imaging, aliquot sampling, and biochemical administration,
such as drug and toxicology screens [19]. Additional patterning (e.g. with additional
cell types) can also be used to produce multi-component, concentric structures as
well, enabling significant tissue construct complexity to be achieved (Fig. 6b).
Notably, the hydrogel platform employed in our work also supports incorporation of
components derived directly from tissue ECM, employing heparin pendant changes
that can immobilize ECM-derived growth factors, presenting encapsulated cells
with additional biomolecular factors specific to the tissue [53, 54, 60, 61]. Our stud-
ies have shown that such in vitro constructs recapitulate a broad range of physiolog-
ical activities and reactions observed in vivo [7, 19], highlighting the biomimetic
nature of the system. This type of patterning can be used across many types of
crosslinkable materials that require activation via UV or visible light and is not
restricted to the HA and gelatin gels described above. UV crosslinkable materials
are considered those that include thiol groups that can react with free radicals to link
with other thiol groups. Versatility is restricted only by materials that are crosslink-
able and allows for optimization of each tumor microenvironment being studied.
Overall, this fabrication approach is rapid, inexpensive, and modular, with straight-
forward potential to be expanded to massively parallel investigation.
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Fig. 6 Photopatterning of hydrogels to create organoids. (a) In situ photopatterning within a
microfluidic device. A photo-crosslinkable hydrogel precursor solution with cells is injected into
the device organoid chambers. A photomask is placed above with apertures allows light exposure
to photopolymerize select regions. The uncrosslinked material is washed out leaving 3D organoids
within the device chambers. (b) Multi-stage photopatterning allows biofabrication of more com-
plex, multi-zoned structures, such as the concentric circle structure shown. These can be fabricated
as incredibly small structures, such as the clear circle shown in the middle of the microfluidic
device. Blue dye is used to visualize the organoid

3.4 Tumor-on-a-Chip

Further development of bioengineered organ microengineering [62, 63] combined
with microfluidic device fabrication has resulted in a growing library of organ-on-a-
chip technologies. These kinds of on-a-chip devices and systems can take on a wide
variety of forms, from single cell analysis devices to multi-organoid housing sys-
tems that can be employed for drug testing, toxicology [64], high throughput screens
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[65], and disease modeling (Fig. 7a) [66]. These platforms bring together a variety
of important parameters that allow better mimicry of in vivo conditions, including
3D architecture, cell-cell/cell-matrix interactions, circulation, and integration of
multiple tissues within one platform. With the biofabrication technologies previ-
ously described, tumor-on-a-chip devices can be fabricated in a multitude of ways,
which allow for many devices created in parallel for high-throughput screening and
research. The tumors organoids are often contained within spheroids or bioinks and
placed within the devices and then sealed, resulting in contained systems, which
may have open or closed fluidic perfusion. Within these systems, adequate nutrients
and oxygen are supplied and external factors can be administered to treat and study
the tumor. This technology has been advanced to reduce the overall size of these
devices allowing for them to be produced in industry and research on plates as small
as 384 wells. With these advances a greater number of studies are able to be con-
ducted in parallel [65].

3.5 Metastasis-on-a-Chip

A metastasis-on-a-chip platform, comprised of tumor foci within multiple host tis-
sue constructs, is a concept that to our knowledge has not been widely explored
outside our laboratory and our collaborators’ laboratories. Metastasis here, is
defined as the migration of tumor cells from a primary source to a secondary tissue
that is not physically connected to the source, but requires a circulatory system con-
necting the two sites. This is unlike the study of tumor cells simply in circulation. In
the past decade, with the growth of the organ-on-a-chip field, there have also been
advances in on-a-chip devices that assess specific scenarios of metastasis. For
example, the Kamm group has developed a device that includes endothelium barrier
tissue and an adjacent bone construct, facilitating modeling of intravasation of
breast cancer cells from circulation into bone [67, 68]. Other platforms of recent
years include devices for assessing the effects of interstitial pressure on cell migra-
tion [69], multi-channel microfluidic devices that aim to investigate the processes
through which aggregated tumor cells migrate through a collagen gels and endothe-
lium [70], and a platforms for increased throughput screening anti-angiogenic drugs
[71]. However, there has been an obvious lack of technologies that aim to integrate
both primary and metastatic sites, and the features in between (i.e. endothelium and
circulatory system) in one device. To address this gap, we employed biofabricated
tissue and tumor organoids integrated into a multi-chambered microfluidic device in
which the chambers were connected by circulating perfusion (Fig. 7b). By provid-
ing circulating flow through the organoid system, we can achieve the dissemination
of CRC cells from a colon organoid into circulation, after which metastatic cells can
colonize the liver organoid downstream (Fig. 7c) [25]. This model was one the first
in vitro models of metastasis recapitulating migration from a 3D primary tissue to a
3D target tissue. This is important and novel because phenotype of cells in the origi-
nating malignant tumors and metastases often vary in invasiveness due to genetic
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Fig. 7 Cancer-on-a-chip. (a) Examples of generic organ-on-a-chip devices. An organoid is housed
within a chamber connected to a perfused fluidic system. Linking together of organoid chambers
results in a device supporting multiple organoids onboard a single device. (b) A metastasis-on-a-
chip device, consisting of 2 organoids for modeling colorectal cancer metastasis from the gut to liver

profiles that influence functions such as MMP secretion and stemness [72, 73]. This
makes the ability to study both sites and microenvironments extremely important.
Notably, we also showed that while metastatic cells metastasized in our system, less
malignant non-metastatic tumor cells did not, suggesting that these types of systems
can discriminate between different classes of tumors [25]. This opens up potential
for new studies that can focus on the mechanistic side of metastasis, or on the other
hand, facilitate screening of candidate agents with anti-metastatic properties.

4 Patient-Specific Tumor Models for Personalized Medicine

Precision oncology, whereby tumor DNA is sequenced to identify actionable gene
mutations, is poised to become a standard clinical practice for therapeutic decision
making of cancer treatment [74—76]. However, in practice, the utility of precision
medicine is less clear [77]; even after identification of key mutations, oncologists
are often left with several drug options, and for some patients there is no one defini-
tive treatment solution, thus creating a need to further develop a model system to
help predict the personalized response to anti-cancer drugs [78, 79]. Novel
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technologies, capable of extending the diagnostic utility of tissue specimens are
critically needed for robust assessment of therapeutic biomarkers and validation of
these biomarkers as actionable targets. Moreover, there is a great variability in the
biologic behavior of cancer based on histologic type, grade and volume of disease.
This variability is currently addressed through precision medicine analysis, by relat-
ing genetic mutations to chemotherapy options. However, the efficacy of a given
treatment in a specific patient is often unknown. Within research, patient derived
xenografts are also used to study patient tumor progression and drug treatment
response. These models are lacking in that they require immunodeficient mice to
place the biopsies or tumor samples in which causes them to become infiltrated with
cells from the mouse. The cells also adapt to their new environment and genetic drift
has been shown from the initial samples again making them less ideal. In the clinic,
after identification of a mutation through precision medicine, given the unknown
impact of the specific mutation on tumor biology and the equally unknown effect of
chemotherapy options on the specific cellular phenotype, a modification of a prede-
termined fixed treatment strategy is a rare event. Bioengineered tumor models
derived from patient tumor biospecimens may be more easily attained and less
expensive than PDX models, and provide a powerful tool for screening potential
therapeutic agents and determining the most efficacious and safest therapy for a
particular patient. This is a very new area of tumor organoids, but is one that holds
incredible potential for improving cancer patient outcomes.

Such personalized tumor models are currently being developed within our labo-
ratory. With regular access to primary patient samples from biopsies and complete
resections, we have been able to dissociate the tumor masses into single cells and
use biomaterials and bioinks to biofabricate patient-specific 3D tumor organoids
(Fig. 8a) that remain viable in the laboratory (Fig. 8b). Using both bioprinting and
photopatterning methods, we have created platforms for testing drugs on these per-
sonalized tumor organoids. Figure 8c shows an example of such a drug screening
scenario in which tumor organoids created from a gastrointestinal tumor biospeci-
men responded well to 5-fluorouracil and oxaliplatin (anti-proliferative agents), and
regorafenib, an agent targeting a particular EGFR. However, these organoids did not
respond to the combination therapy of trametinib and dabrafenib, a therapy often
used to treat tumors with a different EGFR mutation profile [57]. These platforms
are creating the opportunity for personalized drug treatment optimization in patients
that have unclear genetic data that does not respond to standard treatments. We are
also able to confirm our models by treating the patient tumor organoids with drugs
that the patient responded to in the clinic. Additionally, genetic data can be paired
with the patient tumor organoids to study genetic drift and relation to drug response.
These tools are still being optimized but show promise for future personalized med-
icine applications. We anticipate one day having the technology and capabilities to
determine the most effective therapy, and just as importantly, the safest therapy, for
a given patient prior to any actual treatment administration in the clinic (Fig. 8d).
We hope this significantly improves outcomes in patients afflicted with cancer.
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Fig. 8 Patient-derived tumor organoids for personalized medicine. (a) Tumor organoids com-
prised of patient tumor-derived cells encapsulated in 3D extracellular matrix hydrogel constructs
(b) remain viable in culture (Green — viable cells; Red — dead cells). (¢) An example of an in vitro
drug screen using these patient-specific tumor organoids. These organoids were more responsive
to 5-fluorouracil, oxaliplatin, and regorafenib than a combined treatment of trametinib and dab-
rafenib (Green — viable cells; Red — dead cells). (d) Typically, precision medicine works by using
the patient tumor biospecimen to run genetic analysis with the goal being to identify actionable
mutations for which there are drugs available (red arrows). However, often multiple mutations and
drugs are identified and there is still no clear answer to which will yield the best result for the
patient. Patient-specific tumor organoids (green arrows) can be used to supplement genetic analy-
ses by allowing drug screens to be performed prior to administration of therapy in the patient,
thereby identifying the most effective and safest drug or drug combination

5 Conclusions

Cancer research as a whole, and in particular, development of new, effective thera-
peutic agents, has been limited due to the inability to accurately model tumor biol-
ogy, progression, and signaling mechanisms in a controlled environment. Animal



Biofabrication Technologies for Developing In Vitro Tumor Models 67

models allow limited manipulation and study of these mechanisms, and are not
necessarily predictive of results in humans [1]. Traditional in vitro 2D cultures fail
to recapitulate the 3D microenvironment of in vivo tissues [2]. Drug diffusion kinet-
ics vary dramatically, drug doses effective in 2D are often ineffective when scaled
to patients, and cell-cell/cell-matrix interactions are inaccurate [3, 4]. Furthermore,
2D tissue culture dishes have three major differences from the tissue where the
tumor was isolated: surface topography, surface stiffness, and a 2D rather than 3D
architecture, which can force alterations of their molecular and phenotypic proper-
ties. Bioengineered tumor organoid technologies provide an immense opportunity
to change how researchers study cancer and design studies aimed at identifying new
treatment options for patients. As described in this chapter, tumor organoids vary
greatly in geometry and form factor, cellularity, which combinations of cells are
present if more than one population is utilized, inclusion and composition of extra-
cellular matrix components, and how the organoids are formed or biofabricated.
Having worked with the range of these organoid types, our philosophy is that no
single platform is necessarily the best overarching superior technology. For instance,
hanging drop spheroids are simple and inexpensive to fabricate, but often lack in
complexity. Conversely, bioprinted tissue-tumor hybrid constructs in a metastasis-
on-a-chip system may offer the most complexity in terms of recapitulating cell-
matrix interactions, circulation, and multiple tissue sites, but may at this point in
time be more difficult to run in a high throughput setting. As such, the different
tumor organoid types described here can provide a toolset for researchers, from
which a particular organoid form factor can be drawn to address a particular prob-
lem or ask a particular question. Nevertheless, tumor organoid technology as a
whole provides a significantly improved platform for cancer research compared to
traditional approaches, and will in all likelihood continue to advance in a rapid pace
in the near future.
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