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Abstract
Purpose of Review Cancer is often a complicated and dynamic disease, which makes determining the optimal treatment for a
given patient a difficult endeavor. Moreover, even within a particular cancer type, different patients often have varying responses
to the same therapies. Bioengineered tumor model systems specific to patients would allow preemptive screening of personalized
therapies, facilitating identification of the most effective treatments prior to administration in the patients. Here, we provide an
overview of organoid technology, and how these bioengineered tumor models can be harnessed for patient-centric personalized
oncology.
Recent Findings Organoid models have ranged from simple cell spheroids to more complex tumor-on-a-chip systems. The
earliest of these models were comprised of easy to culture cell lines, but recent advances in 3D cell culture approaches have
facilitated generation of human primary cell-based organoids. Importantly, recent efforts have been made to employ tumor
biospecimens from human patients to create personalized tumor models for patient-specific predictive drug screening.
Summary Bioengineering and tissue engineering technologies have advanced significantly in recent years, culminating in the
capability to biofabricate tissue and tumor organoids derived from individual human patients. In the near future, we anticipate
such models being implemented in parallel with clinical practice as patient-oriented screening tools, thereby improving the
success rates of oncology.
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Introduction: 3D Organoids

The use of bioengineered three-dimensional (3D) tissue and
tumor organoids is common across numerous fields, as it is
becoming the gold standard for organ and tissue replication
ex vivo [1–3]. Organoids are generally small-scale cell con-
structs—much smaller than their in vivo counterparts—that
are fabricated in the laboratory to serve as 3D representations
of in vivo tissues and organs. These bioengineered platforms
support a variety of applications with implications in both
research and the clinic. Many of the earliest organoid models
take the shape of cell spheroids ranging from simple single-
cell line aggregates to heterogeneous multi-cell population
spheroids. More advanced organoids include hydrogel-based
matrices and components relevant to individual tissue envi-
ronments. The use of 3D organoid constructs allow for ad-
vancement of studies utilizing 3D environments in compari-
son to traditional two-dimensional (2D) cultures, which can be
limiting when trying to replicate tissue-level physiology [4].
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3D culture allows for more nuanced control of cell–cell and
cell–matrix interactions, stiffness, addition of biochemical fac-
tors, and modulation of tissue density—altogether allowing
for tailored extracellular matrix (ECM) to fit the tissue or
organ of interest [3]. For applications such as drug develop-
ment and precision medicine, it is increasingly important that
3D culture systems be utilized to incorporate the many aspects
of an in vivo tissue. Aspects like multi-organ communications
through organ-on-a-chip technologies and the addition of ex-
ternal factors such as flow or physical forces can be incorpo-
rated to better replicate physiologically relevant microenvi-
ronments [5, 6]. In recent years, studies suggest that drug
development has seen significant improvement in the diversi-
ty of assays available due to organoid systems and their in
vivo-like properties [7].

Organoids are commonly used for dose- and time-
dependent drug compound toxicity studies. Such studies are
being conducted on the targeted organ or tissue type, as well
as major organs such as the liver and heart that often experience
toxicity from drug treatments that are beneficial to target organs
or tissue. These studies can be done through connection of
organs and tissues to allow for more advanced understanding
of systemwide behavior or independently to study single organ
drug response. Recently published studies have shown evi-
dence that the connection of multiple different tissue type
organoids through microfluidic and on-a-chip devices has
allowed for a more complete understanding of how the body
as a wholemay respond to drug [3, 8•, 9•]. Suchmulti-organoid
Bbody-on-a-chip^ platforms have begun to be realized, and
while many of the individual of the organ systems housed
within these platforms have been characterized, additional
work will be necessary for widespread translation to commer-
cial or clinical use. Each of the tissue types within the system
can be studied in depth to understand their individual responses
to insults, but more importantly, these multi-organoid platforms
can be employed to assess integrated responses of other
organoids [10]. An example of an application that is feasible
already is screening of recalled drugs, which has provided val-
idation of organoid systems in that the organoid platform ex-
hibits negative side effects similar to those reported in human
patients by the FDA [3]. These systems are becoming more
common among researchers investigating drugs that are being
advanced into Phase I clinical trials as doses for administration
and their effects over time on multiple human-derived organ
systems can be studied before in vivo testing. These current
multi-organ systems are in a sense Bgeneric^ in that they are
comprised of commercially available cells that are sourced
from a variety of originating human subjects. As such, the
resulting system is not truly personalized but represents a ge-
neric human being. The next stage is the development of organ-
on-a-chip platforms is to personalize these models. With the
engineering and biological expertise gained in the development
of the aforementioned body-on-a-chip platforms, researchers

can now more confidently pursue development of patient-
specific organ-on-a-chip systems as predictive tools for indi-
vidual patients. Our group, as well as others, are currently mov-
ing in this direction using cancer organoids alone or integrated
with several other tissue types.

Organoids in Cancer

Implementation of Organoids as Cancer Models

To this point, animal models have been primarily used to study
cancer behavior and response to drugs beyond 2D models.
Initially, animal models seem attractive, because they can pro-
vide complexity reminiscent of the in vivo tumor physiology.
However, even beyond infrastructure requirements and ethical
questions that accompany the use of animals, the power of these
models to predict outcomes in humans is tenuous. Patient-
derived tumor xenografts (PDX) technology has recently been
introduced to predict how a patient’s tumorwill respond to drugs
[11, 12]. Small fragments of a patient’s tumor are implanted in
immune-deficient mice. Once a tumor fragment has grown to
adequate size, the tumor is removed, split into several pieces,
and re-implanted into new mice. The main advantages of PDX
technology are the following: (1) the patient’s cancer cells are
expanded in vivo recreating components of the tumor microen-
vironment that make significant contributions to the pathobiol-
ogy of the cancer and (2) the ability to test drugs on the patient’s
growing tumor prior to clinical treatment of the patient.
However, the PDX technology fails to grow tumors that are
below a certain size, and the most successful PDXs come from
very aggressive tumors, making this technology applicable to
some, but not all, cancer patients [13]. The time in which it takes
to grow out the tumors and re-implant then can also take ex-
tended periods during which patient need to receive treatment
and are unable to benefit from personalized decisions. Such
models are additionally used for cancer cell and cancer stem cell
isolation and disease modeling with relation to behavior and
drug response [14]. Furthermore, the tumor microenvironment
for PDX is of murine origin and thus, lacking human-specific
stromal elements which often leads to behavioral changes [13].

Cancer research has been limited by the inability to accu-
rately model tumor progression and signaling mechanisms in
a controlled, in vitro environment. Beyond the problems with
PDX models mentioned above, animal models allow only
limited manipulation and study, and are not necessarily pre-
dictive of results in humans. Traditional in vitro 2D cultures
fail to recapitulate the 3D in vivo microenvironment, impor-
tantly by lacking spatio-temporal cues created through matri-
ces [15]. Measurably, drug kinetics vary dramatically between
the culture types. Doses effective in 2D are often ineffective in
patients, and cell–cell/cell–matrix interactions are inaccurate
[16, 17]. Tissue culture dishes differ from in vivo tumors with
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respect to topography, stiffness, and 2D versus 3D architec-
ture. Furthermore, 2D culture can place selective pressure on
cells which can alter molecular and phenotypic properties. We
have recently demonstrated that on 2D dishes, metastatic co-
lon carcinoma cells appeared epithelial, but when transitioned
into a 3D organoid environment, they Bswitched^ to a more
appropriate metastatic phenotype [18, 19]. 3D platforms can
mimic in vivo structure, cellular heterogeneity, roles of cell–
cell, cell–extracellular matrix, and mechanical interactions
[20]. Further advances in microfluidics and microfabrication
have led to organ/tumor-on-a-chip platforms with additional
functionality [19, 21–23].

To date, a wide variety of cancer organoids and tumor-on-
a-chip systems have been developed. Organoids for tumor
applications are developed util izing spheroids or
biofabrication techniques. Spheroids offer a simple platform
for development in which homogenous or heterogeneous cell
cultures are allowed to aggregate in hanging drop or U-bottom
plastic culture plates (Fig. 1a). Cancer studies can then be
done directly on the spheroids in culture, or they can be further
removed and placed into more complex or larger systems.
Homogenous cultures are of value in that direct tumor cell
behavior and interactions between tumor cells of a single or-
igin can be studied. Heterogeneous cultures however offer
insight into how a more complete tumor environment may
respond to external stimuli. These studies can show how both
the tumor and stromal cells respond and further interact with
each other under stress. Spheroids can be challenging to use
within tumor study applications, as they can grow quickly and
develop necrotic cores which are not always representative of
the in vivo environment and may inappropriately represent
drug efficacy or cell response to stimuli. Outside of academic
research, pharmaceutical companies utilize spheroids in high-
throughput (384 well or greater) screening of compounds be-
fore they are advanced to Phase I clinical trials. 3D is used
over 2D culture, as it is universally recognized that it better
emulates the in vivo environment. Within research, both
homo- and heterogeneous spheroids have been used for the
advanced study of tumor cells and their response to treatment.
They are now being further employed in applications such as
body- and organ-on-a-chip in which they are placed in fabri-
cated devices and studied in connection with other tissue and
organ cell types to determine systemic drug response. Despite
their simplistic nature, because of the ease at which they can
be formed in large numbers, spheroids continue to be widely
used in research applications.

Biofabricated organoids can be created using a wide
range of methods related to placing cells in 3D suspension.
Such methods include rotat ing wall vessels , 3D
bioprinting, photopatterning, and by hand suspension.
Each of these methods offers a range of benefits and are
ultimately selected based on which has ideal properties for
the intended application. Rotating wall vessels allow for

cells to self-aggregate around microcarrier beads (Fig. 1b)
in which various materials can be used for bead formation
to vary cell adherence and behavior in 3D [24]. This meth-
od prevents necrotic cores commonly seen in spheroids
from developing and allows for many structures to be cre-
ated in parallel for experimentation. 3D bioprinting, which
has made substantial advancement in the past 15 years, is
commonly used to create complex, multi-zoned 3D
organoids (Fig. 1c). Many different bioprinter modalities
exist including use of inkjet-like printers, extrusion-based
devices, and laser-assisted devices. Of these methods, each
has ideal print speeds, resolution, cell densities, and cell
viability after printing which are considered when selecting
print type [25–27]. Photopatterning strategies have been
implemented to integrate 3D tissue and tumor constructs
within microfluidic devices. Through UV or blue light ex-
posure, biomaterials with added crosslinking components
are able to form solid structures through photomasks to
yield defined shapes and locations in situ within
microfluidic tumor-on-a-chip devices (Fig. 1d) [28]. Such
methods allow for designs and locations that would be pre-
viously challenging to make possible. Additional complex-
ity and physiological relevance can be realized by creating
multiple tissue and tumor organoids and combining them in
a single closed system. This facilitates study of phenomena
such as metastasis, where events take place in two loca-
tions—a primary tumor site and a downstream tissue.
Notably, we recently demonstrated such a system using a
metastasis-on-a-chip device to model metastasis of colorec-
tal cancer cells from a gut organoid to a liver organoid (Fig.
1e). Biomaterials are utilized for each fabrication technique
highlighted which allows for more physiologically relevant
components to be added to culture as previously described.
Components commonly used for the study of tumor cells
specifically include collagen, hyaluronic acid, laminin, and
fibronectin among many others [29].

Each of these organoid formation modalities has allowed
for advancement of tumor-on-a-chip devices. The tumor
organoids are created using biomaterials with single-cell or
spheroid suspensions and that are placed within micro-
devices or systems. Being open or closed loop, they allow
for cross organ and tissue communication while supplying
the system with adequate nutrients, oxygen, and external fac-
tors which may include drug treatment. These technologies
have advanced to reduce the overall size of the devices used
to allow for them to be produced in both research and indus-
trial capacities on plates as small as 384 wells which allow for
a large number of studies to be conducted in parallel.

Organoids in Precision Medicine

Most often, a drug or drug combination is administered
based on statistical likelihood of success in the broader
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Fig. 1 Organoid form factors and use of patient-derived tumor organoids in
precision oncology through drug screening assays. Tissue and tumor exist
in a number of forms, including a spheroids (homogeneous or
heterogeneous) that can be formed by the hanging drop method; b
organoids that are formed through aggregation to a biomaterial
microcarrier bead in a rotating wall vessel (RWV) bioreactor (arrows
represent rotation of the bioreactor vessel); In 3D constructs in which
cells are housed in extracellular matrix-based hydrogels that are c
bioprinted (arrows indicate X-Y-Z stage movement) or d photopatterned
in situ within microfluidic device chambers (indicated by dashed arrow). e
By connecting multiple organoids within perfused microfluidic systems,
more complex phenomena, such as metastasis from one site to another,
can be observed in vitro. Blue arrows: direction of recirculating flow; red

arrows: metastasis of tumor cells from a gut organoid to a liver organoid. f
Aworkflow of how patient-derived organoids can be deployed for precision
oncology. Blue arrows: the current state of the art precision medicine
pipeline, in which therapies are designed for patients based on their tumor
genetic profiles. However, in practice, even after identification of key
mutations, oncologists are often left with several potential drug options,
resulting in a best guess of the optimal treatment. Moreover, statistically,
precision medicine efforts have only benefited a small subset of cancer
patients to date. Red arrows: Implementation of organoids created with
patient cells can supplement genetic screens of biopsied tumor cells,
ultimately predicting the optimal therapies for patients. g An example of a
drug panel screen, assessing viability of patient-derived appendiceal cancer
tumor organoids subjected to a variety of drugs
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population, and actual effectiveness in a particular patient
is assessed only after the fact. In patients with intrinsic or
acquired resistance to the treatment, this results in further
growth of the tumor and a loss of critical treatment time.
Additional drugs can then be investigated, but only seri-
ally and with each one still being a Bbest guess^ with
diminishing probabilities of success. An ideal solution
would be a method by which a tumor could be probed
outside of the patient, where multiple candidate treatments
could be investigated in parallel to determine effective-
ness without loss of time or potential harm to the patient.
The central challenge in conventional cancer treatment
design is that there is only one reliable test bed: the pa-
tients themselves.

Currently, it is preemptively unknown which patients
will benefit from systemic chemotherapy. It is also un-
known if systemic chemotherapy should be delivered pri-
or to surgery or after surgery. This is a crucial decision
that has to balance the risk of disease progression, in the
case of a chemotherapy-resistant tumor, against the bene-
fits from reducing the volume and therefore extent of sur-
gical resection, for a potentially chemotherapy-sensitive
tumor. Precision medicine currently identifies tumor mu-
tations and correlates them with available drugs without
being able to predetermine, if those mutations for the in-
dividual patient, represent downstream actionable targets
for the proposed drug. Therefore, the efficacy of the pro-
posed therapy is being determined only by the outcome.

Precision medicine can be defined as individualized
diagnosis and treatment using diagnostic and therapeutic
strategies targeting patient- or disease-specific genetic,
proteomic, and phenotypic characteristics [30]. Such in-
novations have become vital for the advancement of
patient-oriented prognosis, diagnosis, and treatment.
Organoids have become a tool within precision medicine
efforts for a number of reasons; for instance, they require
a minimal number of cells to replicate the in vivo micro-
environment, and they can be used for many precision
applications to determine specific primary cell and patient
outcomes [9•].

As previously described, many organ systems have been
the basis for both healthy and diseased organoid models; how-
ever, they incorporate commercially available cells that may
not represent a patient’s unique physiology. Integrating patient
cells into organoid models brings a patient’s biology to the
bench for diagnosis and prognosis. These studies are advan-
tageous over cell–line, or even commercial primary cell dis-
ease studies, as they offer insight into natural genetic variation,
cell-type mixture, and patient-specific behavior. Precision
medicine can broadly concern methods, techniques, and anal-
yses that yield exact results for individual patients and their
disease state. Such studies no longer generalize disease but
seek to more precisely understand its behavior and response

to treatment to benefit the patient as well as gain greater in-
sight into disease.

Precision medicine strategies require the isolation of
patient cells, integration into a model system, and subse-
quent experimental study. For personalized organoid de-
velopment, tissue is isolated directly from the patient and
processed for single-cell culture use. Isolation is common-
ly carried out with diseased tissue resections or biopsies.
Models may also use human induced pluripotent cells
(hiPSC) techniques by gathering easy to isolate cells from
patients, dedifferentiating the cells into hiPSCs, before
differentiating the cultures into desired cell types for
study. This type of culture can create its own challenges;
however, due to the nature of hiPSC, there is often vari-
ability in the differentiation process, and results can be
unpredictable or unrepresentative of the disease state [31].

Thus far, few patient-oriented personalized organoid
models have been developed for the study of disease behavior
or their response to external stimuli. Although it has been
found that 3D models yield different and potentially more in
vivo-like results than 2D culture, most personalized models to
this point have been in 2D [32]. The gap between the use of
patient-derived cells for personalized medicine and organoid
culture is closing. Models related to cancer have started to
integrate patient isolated cells to recapitulate the in vivo mi-
croenvironment for drug screening and behavior prediction
[33, 34]. Notably, we recently published a study in which
we created mesothelioma tumor-on-a-chip (TOC) devices,
and performed drug screens to demonstrate that like patients,
their organoids and TOC demonstrate matched selective re-
sponses to drugs and can be targeted via PM data from our
Cancer Center [35••]. Looking forward, precision medicine
applications are being designed to bridge the gap between
research and clinical space. Such technologies have been im-
plied to have use in clinical trials for testing drug treatments
previous to or in conjunction with animal models with the
intentions of better replicating the in vivo patient response
[36–38]. These screenings would allow for many different
patient types to be tested such as those with other disease
states or conditions that may affect drug efficacy previous to
actual patient trials [39, 40]. Results would be able to indicate
groups that may be at higher or lower risk for adverse events
and aid in pre-selecting patient populations that would bemost
responsive to treatment [41]. Additionally, results may expose
adverse events related to treatments that were not identified in
animal models and thus determine that treatments should not
be administered to human patients [42]. Importantly, such
technologies, if FDA approved and implemented in clinical
trials, may be able to lower pharmaceutical industry attrition
rates by representing a more comprehensive range of the hu-
man population in a low-cost manner and preventing drugs
with negative side effects from being advanced to phase III
clinical trials.
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Patient-Specific Organoids From Tumor Biospecimens

To solve this problem within the framework of precision med-
icine, we have micro-engineered in our lab tumor organoids
directly from fresh tumors [43]. These organoids replicate the
tumor microenvironment, allowing for cellular biomarker rec-
ognition, biomarker expression quantification, and real-time
testing of chemotherapy drug efficacy. These systems are hu-
man, 3D, and replicate in vivo conditions, resulting in a plat-
form that more accurately models human tumor physiology
than other models. Our tumor organoids respond to chemo-
therapy agents can be manipulated mechanistically and are
housed in microfluidic devices—resulting in personalized
tumor-on-a-chip systems [19, 28]—enabling parallel screen-
ing of multiple drugs and linking of multiple tissues and tumor
together in a systems biology approach. Implementation of
organoids or tumor-on-a-chip platforms created with patient
cells can supplement genetic screens, ultimately predicting the
extent of malignancy and allowing robust prediction of opti-
mal therapies for individual patients prior to administration to
the patient (Fig. 1f). Importantly, we can biofabricate patient-
specific organoids quickly and cheaply, and perform drug
screens of varieties of drug types and concentrations,
obtaining results within less than a week from the surgical
event. In comparison, typical genetic sequencing services do
not result in actionable data sets for 3–4 weeks on average.

To date, we have generated sets of patient tumor-derived
organoids from a variety of tumor biopsies, including lung,
mesothelioma, melanoma, colorectal, appendiceal, and sar-
coma tumors, with above an 80% take rate in vitro (versus
approximately 20–30% in traditional 2D cell cultures and
30–40% in patient-derived xenograft models) and have
employed them in preliminary drug screens to demonstrate
that like patients, their tumor organoids demonstrate selec-
tive response to different drugs. While personalized tumor
organoid technology is in its infancy, it holds incredible
clinical potential. Once validated through correlation, wide
adoption of such systems may be able to significantly im-
prove outcomes of cancer patients and reduce unnecessary
health care costs through quick matching with the best
available effective drugs at the single patient level. These
3D tumor organoids can be biofabricated in high-
throughput fashion, resulting in viable sets of patient-
specific models that can be implemented in drug screens.
These drug screens can be designed to replicate the actual
therapy the patient is receiving, thus providing insight and
potentially a predictive element as to the likelihood of a
successful patient response. Moreover, as we can create
large numbers of organoids from a single, relatively small
tumor biospecimen, we can not only screen the treatment
in question, but nearly any other potential drug or drug
cocktail (Fig. 1g). Our goal is to demonstrate tight corre-
lation between the organoid platform drug responses and

patient treatment responses, thus providing a reliable plat-
form that allows accurate prediction of which therapy will
be most effective for a given patient. Following screening
of prospective drug treatment options, the results from the
screens can then aid oncologists in designing optimal ther-
apies for the patient.

Conclusion

Tumor organoid platform technologies for personalized med-
icine face many commercialization challenges as the methods
for cell isolation and characterization, organoids fabrication,
drug screening, and efficacy testing must all be standardized.
Many of these methods, while commonplace within research,
have not been used in FDA-regulated settings and would need
modification and approval to be used as part of the FDA
regulatory process. Additionally, hospital staff, training, and
facilities would have to be adapted to accommodate the sys-
tems being used. However, there are already companies built
on organoid and organ-on-a-chip technology that are already
working with the FDA to receive the necessary approval to
use such systems in the drug development pipeline. Once
these technologies are vetted appropriately, these systems will
be a gateway for personalized medicine applications to be
more easily commercialized and could easily be seen in use
as a clinical resource in the next 5 to 10 years.

The continuing goal of the described technology is the
implementation of tumor organoids and tumor-on-a-chip plat-
forms that will serve as advanced models applicable to a va-
riety of cancer types, and that will be deployed for individual
patients. Patient-centric drug screens will be performed, pro-
viding predictive data that will aid oncologists in determining
the most effective therapies for each patient. Additional ad-
vancements will further expand the capabilities of tumor
organoid technology, potentially allowing for assessment of
more complicated therapies, such as immunotherapies, and
the use of healthy tissue organoids for evaluation of treatment
side effects. Ultimately, if successfully deployed, tumor
organoid technology has the potential to significantly drive
advancements in oncology and change the way patients are
treated.
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