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Introduction

Mammalian cell culture has served as an invaluable tool in cell biology for several decades. Mono-
layers of adherent cells grown on flat and rigid two-dimensional (2D) substrates, such as polysty-

rene or glass, have evolved as the mainstay in conventional cell culture systems. Two-dimensional

cell culture studies have played a pivotal role in furthering our understanding of developmental biol-
ogy, tissue morphogenesis, disease mechanisms, drug discovery, large-scale protein production, tissue
engineering, and regenerative medicine. Simultaneously, a multitude of inadequacies associated with
2D culture systems have also emerged, especially with respect to their inability to emulate in vivo con-
ditions and providing physiological relevance.

In the body, nearly all cells in tissues reside in an extracellular matrix (ECM) consisting of a complex
three-dimensional (3D) architecture and interact with neighboring cells through biochemical and
mechanical cues®. Cell-cell and cell-ECM interactions establish a 3D communication network that
maintains the specificity and homeostasis of the tissue?. Key events in the life cycle of a cell are reg-
ulated by organizing principles that are determined by the surrounding cellular microenvironment3.
The inability of cells to achieve in vivo-like structural organization and connectivity in 2D cell culture
assays can limit or diminish properties such as cellular morphology, viability, proliferation, differentia-
tion, gene and protein expression, response to stimuli, drug metabolism, and general cell function.

These limitations of 2D cultures have contributed to poor predictive power of preclinical cell-based
drug and toxicity screening assays. More than 90% of drugs that pass through in vitro preclinical stud-
ies fail to meet the desired efficacy or safety margins required in subsequent clinical trials*. The fail-
ure rate is even higher for cancer drugs>? as 2D culture systems are often inadequate to effectively
model tumor biology®’. Furthermore, there is a strong dependence on concomitant use of animal
models for bioavailability and toxicological studies during preclinical drug development when 2D cell
culture models are utilized. The high rates of failed drugs suggest that animal models may not be
suitable and/or representative for safety assessment of therapeutics intended for human use*6:17.

To overcome some of these shortfalls, numerous 3D cell culture models have been developed over the
past two decades. These developments are further fueled by the optimism that 3D models may signif-
icantly accelerate translational research in cancer biology, tissue engineering, and regenerative med-
icine. To this end, concerted multidisciplinary efforts have been put forth by cell biologists, material
scientists, biomedical engineers, and others with a vision of developing more useful, in vivo-like 3D
models to bridge the gap between 2D cell culture and live tissues. Emerging evidence strongly sug-
gests that 3D cell cultures that establish physiological cell-cell and cell-ECM interactions can mimic
the specificity of native tissue with greater physiological relevance than conventional 2D cultures81°.
This is particularly evident in applications such as stem cell culture and differentiation, cancer biology,
drug and toxicity screening, and tissue engineering.



The spectrum of 3D cell culture models is vast and varied owing to the diverse requirements of differ-
ent cell types and applications. Each model comes with its own set of advantages and limitations, and
one distinct model is not suitable for all applications. Nevertheless, some methodologies have gained
wider applicability than others especially for in vitro 3D culture. According to a 3D cell culture trends
reportl, natural ECM-based hydrogels (e.g., Corning® Matrigel® matrix and Collagen) and 3D cell
aggregates known as spheroids are among the most widely used models for 3D cell culture in vitro.
These 3D models have been used to demonstrate increased physiological representation for diverse
cell types and have been extensively applied to stem cell differentiation, tumorigenesis, and drug
discovery. Spheroids and/or natural hydrogels have an added advantage in that they can be easily
manipulated into more complex in vivo-like co-culture models that incorporate multiple cell types.
Furthermore, devices such as permeable supports (e.g., Transwell® inserts) can be incorporated into
3D culture models with a hydrogel substrate(s) to facilitate the study of interactions between differ-
ent cell types, soluble factors, and the culture microenvironment.

This review article will focus on general principles, advantages and caveats of in vitro 3D cell culture
systems, with particular attention to the following three areas: 1) Cell Biology and Tissue Modeling,

2) Drug Discovery, and 3) Drug Toxicity. In this perspective, particular emphasis will be placed on the
most commonly used matrices for in vitro 3D culture such as ECM-based hydrogels and their application.

1. 2D versus 3D Cell Culture Models

Fundamental differences in the microenvironment of 2D and 3D cell culture systems influence var-
ious cellular behaviors including the way in which cells attach, spread and grow, their morphology
and polarity, gene and protein expression, viability, proliferation, motility, differentiation, response to
stimuli, cellular metabolism, and overall function. One of the primary differences observed when com-
paring cells in 2D and 3D cultures is the dissimilarity in cell morphology. Cells adopt 2D or 3D shapes
primarily based on the orientation of integrin-mediated adhesions to the extracellular matrix. In the
case of 2D cultures, cell attachment occurs on one side of the cell (that which is in contact with the 2D
surface), whereas in 3D cultures, cell attachment occurs around the entire surface of the cell'3. In gen-
eral, cell attachment and spreading on restraint-free 2D substrates occurs within minutes. In contrast,
cell attachment and spreading in 3D cultures is preceded by proteolytic degradation of their physical
environment, which can occur over hours, and, in some instances, over the course of a number of days*8.

It has been suggested that the degree of cell spreading can impact cell proliferation, apoptosis and
differentiation1®22. Many cells, when isolated from tissues and placed onto planar cell culture sur-
faces, become progressively flatter, divide aberrantly, and lose their differentiated phenotype?324.
Interestingly, some of these cell types can regain their physiological form and function when embed-
ded in a 3D culture environment. For instance, encapsulation of dedifferentiated chondrocytes in 3D
cultures restores their physiological phenotype, including cell shape and the expression of cartilagi-
nous markers?>. Similarly, mammary epithelial cells embedded in a 3D environment halt uncontrolled
division, assemble into acinar-like structures, and establish a de novo basement membrane2426:27,

Apart from cell spreading, the morphology adopted by a cell can also impact its functionality?®-32.
For example, glandular epithelial cell organization, signaling, and secretion more closely resemble
the properties observed in vivo when cultured in a 3D environment, in contrast to the behavior that
occurs on 2D surfaces3334. The morphologies of fibroblasts, including cytoskeletal organization and
the types of cell adhesions, are also more similar to their in vivo behavior when the fibroblasts are
grown in a 3D matrix as compared to 2D3>. Moreover, a 3D environment has been found to be opti-
mal for supporting fibroblast intracellular signaling characteristics36-38.

Another important physiological attribute conferred by 3D models is appropriate cell polarity. Polarity
in vivo depends both on the cell type and the tissue microenvironment. Epithelial cells are often polar-
ized, with apical and basolateral surfaces that are important for tissue organization and directional
secretion of bioactive molecules. Tissue organization is lost when these cells are explanted onto flat
2D tissue culture substrates. When they are returned to appropriate 3D culture conditions, epithelial
cells generally regain apical-basolateral polarity, and glandular cells form a lumen into which cellular
factors are secreted3>. Permeable supports, such as Transwell Inserts, have been particularly useful for
recreating 3D models of epithelial cells with native tissue-like cell morphology, cell-cell interaction,
polarity, and secretory function3°-42. An example of a 3D in vitro model for endometrial glands is
shown in Figure 1. In this model, endometrial epithelial cells were cultured in medium containing
Corning® Matrigel® matrix for 7 to 8 days followed by immunofluorescence staining of various



Figure 1. In vitro developed endometrial glands display epithelial apicobasal polarity. Double immunostaining of
either in vitro developed glands cultured for 8 days in BIE medium (A-E) or cryostat sections obtained from mouse
endometrium (F-1). A and F: Cytokeratin (green) and vimentin (red). B and G: Laminin (green) and phalloidin (red). C
and I: GM130 (green) and phalloidin (red). D and H: ZO-1 (green) and E-cadherin (red). E: ZO-1 (green) and B-catenin
(red). White scale bar = 20 mm. BIE medium = basal medium supplemented with 5 ng/mL EGF and 1:100 dilution
of ITS supplement and 3% fresh Corning® Matrigel® matrix; EGF = epidermal growth factor; ITS = insulin transferrin
selenium. (Eritja, et al., 2010)43.

polarity markers. Marker expression analysis confirmed that the glandular structures were composed
exclusively of cells of epithelial origin (Figure 1A and 1F). Furthermore, spheroids representing endo-
metrial glands displayed correct apical-basolateral polarity (Figure 1B and 1G), positioning of Golgi
apparatus (Figure 1C and 11), adherent junctions (Figure 1D and 1H), and tight junctions (Figure 1E).

Gene expression and mRNA splicing patterns can also vary considerably depending on whether cells
are cultured under 2D versus 3D conditions*344. For example, melanoma cells exhibit distinct gene
expression patterns when cultured on flat substrates, when compared to melanoma cell spheroids
that are observed in a 3D environment. The genes that are up-regulated in the 3D spheroids are also
found to be up-regulated in tumors in vivo*>. Other studies have demonstrated that properties of the
cell culture substrate influence the expression of integrin mRNA and protein biosynthesis. Mammary
epithelial cells that are cultured on flat 2D plastic substrates, exhibit a dramatic up regulation of a1
integrin mRNA expression. In contrast, when the same cells are cultured under 3D conditions using a
reconstituted basement membrane such as Corning Matrigel matrix, the cells exhibit mRNA expres-
sion levels comparable with those observed in native breast tissue(reviewed in 13,46).

The differentiation niches of primary cells and stem cells are inherently 3D, and their biochemistry and
topology have been found to dramatically affect the differentiation process*’. For example, primary
hepatocytes cultured as a monolayer dedifferentiate and die within a few days*8. One of the first func-
tions lost in dedifferentiated hepatocytes is the biosynthesis of drug-metabolizing enzymes known

to be essential for toxicity assays in pharmaceutical research*®. The deficits in hepatocyte function
observed on 2D surfaces can be overcome by embedding primary hepatic cells within 3D matrices such
as Collagen 1#°, Corning Matrigel matrix®, synthetic peptide scaffolds®°, or by maintaining them under
conditions of perfusion flow>.

Collectively, these observations demonstrate that 3D cell culture systems are capable of supporting
varying degrees of cell complexity and functionality that are observed in vivo, which is dependent on
the cell type and culture conditions. In contrast, in most cases, 2D culture models support limited cell
differentiation and in vivo-like functionality.

2. 3D Cell Culture Techniques

One of the most critical aspects of in vitro 3D models is the need to mimic specific aspects of in vivo
cell behavior to enable the accurate prediction of tissue development and morphogenesis, cellular
differentiation, genotypic, and/or phenotypic response to compounds in drug and toxicity screening
assays. Some of the more basic 3D models have involved the culture of cellular aggregates in suspen-
sion without the use of matrix-based substrata. However, the majority of more complex 3D cell cul-
ture models utilize either hydrogel-based matrices or solid scaffolds. A vast array of materials and
fabrication techniques has been employed to develop scaffolds with varying physical and biological
characteristics to address the requirements of different cell types in the body. Of the various methods
available, naturally derived ECM-based hydrogels are most commonly used for in vitro applications of
3D cell culture.



3D Spheroid Cultures

Cellular spheroids are simple 3D models that can be generated from a wide range of cell types, which
form spheroids because of the tendency of adherent cells to aggregate. Common examples of spher-
oids include embryoid bodies, mammospheres, tumor spheroids, hepatospheres, and neurospheres.
Adherent cells have a natural tendency to aggregate and form spheroids under circumstances that
impede adhesion to cell culture substrates. Common matrix-free methods employed for generating
spheroids include the use of attachment resistant cell culture surfaces such as the Corning® Ultra-Low
Attachment surface, or by maintaining the cells as suspension cultures in media (e.g., hanging drop
technology, rotary cultures, and bioreactors). Several cell types also form spheroids in 3D hydrogels,
and to a limited extent, in some solid scaffolds depending on the structural and physical properties
of the material. The overall size of spheroids is limited to a few hundred micrometers, beyond which,
necrosis ensues within the core of the spheroids>2.

Spheroids naturally mimic various aspects of solid tissues and are equipped with inherent gradients
for efficient diffusion of oxygen and nutrients as well as the removal of metabolic wastes. These
cellular aggregates can emulate avascular, solid tumor behavior more effectively than standard 2D
environments because spheroids, much like tumors, usually contain a heterogeneous population of
surface-exposed and deeply buried cells, proliferating and non-proliferating cells, and well-oxygen-
ated and hypoxic cells>3. Additionally, differentiation of pluripotent stem cells (PSCs) typically involves
formation of spherical structures called embryoid bodies, an important step for subsequent cell dif-
ferentiation studies in vitro. Spheroids thus represent an especially good physiological 3D model for
studying solid tumorigenesis and stem cell differentiation. In addition, spheroids can be readily ana-
lyzed by imaging using light, fluorescence, and confocal microscopy, which is an advantage over more
complex 3D cell culture models. Furthermore, it is relatively simple to mass-produce uniformly sized
3D spheroids making them highly amenable for many in vitro high throughput and toxicity screening
applications.

3D Cultures using Hydrogels and Extracellular Matrices

Hydrogels are comprised of networks of cross-linked polymer chains or complex protein molecules

of natural or synthetic origin. Due to their significant water content, hydrogels possess biophysical
characteristics very similar to natural tissue, and serve as highly effective matrices for 3D cell culture.
Hydrogels can be used as stand-alone 3D matrices or combined with other technologies, such as solid
scaffolds, permeable supports, cellular microarrays, and microfluidics devices.

Hydrogels can be employed in 3D culture systems in a variety of ways. They can be used as a coat-
ing reagent for various cell culture surfaces including solid scaffolds. Alternatively, cells can be encap-
sulated in or sandwiched between these matrices. The morphology, growth and functionality of cells
within the hydrogel matrices depend on the presentation of biophysical and biochemical cues, as well
as physical properties such as permeability and matrix stiffness.

Natural Hydrogels and Extracellular Matrices (ECMs)

Naturally derived hydrogels for cell culture are typically formed of proteins and ECM components
such as collagen, laminin, fibrin, hyaluronic acid, chitosan, or Corning Matrigel® matrix. Derived from
natural sources, these gels are inherently biocompatible and bioactive>*. They also promote many
cellular functions due to the presence of various endogenous factors, which can be advantageous for
supporting viability, proliferation, function, and development of many cell types>®.

The ECM surrounding a cell performs several critical functions. To begin with, it provides a complex,
nanoscale architecture of structural proteins such as collagen, laminin, and fibronectin to create the
mechanical properties inherent in the cellular microenvironment®%91, Cells sense these mechanics
through their cell surface integrins, and bind to specific adhesion motifs present on the ECM proteins.
As described earlier in this review, cell adhesion in a 3D system leads to and influences a series of
subsequent cellular responses that are more physiologically relevant compared to cells grown on

2D surfaces®3. Furthermore, the ECM is vital for sequestering soluble biomolecules and growth factors,
and releasing these signaling molecules with spatial-temporal control to guide processes such as cell
migration, matrix degradation and deposition®®°1. ECM remodeling is imperative for achieving tissue
homeostasis and is particularly pronounced during development and diseases. Thus, to truly mimic
the ECM in vivo, it is necessary to develop 3D culture models that exhibit the mechanical and chemical
properties of the ECM, not only at the initial stage of cell seeding, but rather, in a dynamic and tunable
manner as the cells grow and develop.



Corning® Matrigel® matrix is an ECM-based natural hydrogels that has been used extensively

for 3D cell cultures in vitro and in vivo. This reconstituted basement membrane is extracted from
Engelbreth-Holm-Swarm (EHS) mouse tumors and contains all of the common ECM molecules found
in basement membrane (i.e., laminin, collagen IV, heparin sulfate proteoglycan, and nidogen/entac-
tin)>¢. The ECM components of Matrigel matrix activate various signaling pathways in cancer cells that
control angiogenesis®”->8, cancer cell motility>®, and drug sensitivity®°. Because it mimics an in vivo
basement membrane, Matrigel matrix is often used for studying cancer cells that resemble the cells
that reside in epithelial tissues®. Dr. Mina Bissell’s pioneering research on mammary epithelial cells
and breast cancer has utilized Matrigel matrix, or an equivalent, which demonstrated the enabling
power of 3D culture for creating in vivo-like model systems®? and the importance of integrin signaling
in cancer6364,

Collagen Type | is another commonly used natural hydrogel for 3D cell culture. Collagen | is a common
ECM molecule found in stromal compartments and bone. It can be isolated from various biological
sources including bovine skin, rat tail tendon, and human placenta. Collagen | can also be electrospun
into membranes®>%, and can support 3D cell growth and differentiation. Additionally, Collagen | inter-
acts with integrin receptors to modulate gene expression®’. Target genes include those that alter the
production of matrix metalloproteinases (MMPs), enzymes that degrade ECM components and allow
tumor cell invasion®8, and those that affect cell sensitivity to anti-cancer drugs®, cell proliferation, and
cell migration70.71,

Natural hydrogels do present some disadvantages, including their isolation from animal-derived
sources, and inherent batch-to-batch variability in composition. Also, they contain endogenous bioac-
tive components such as growth factors that can be advantageous for creating some 3D models, but
in other instances, can confound the specific cell behavior or response that is under investigation.

To circumvent some of the issues associated with animal-derived biomaterials, matrices have been
developed in organisms that are animal-free, or derived from recombinant nucleic acid technology.
Hyaluronic acid (hyaluronan or HA) is an increasingly popular biologically derived matrix’>74. Most
commercial grade HA is of bacterial origin, and characterized by high purity and homogeneous quality.
These gels may be modified by the addition of ECM components for improving cell attachment and
growth properties.

Synthetic Hydrogels

Synthetic hydrogels are a good choice for 3D cell culture applications when naturally derived biological
matrices are unsuitable. Synthetic hydrogels are comprised of purely non-natural molecules (reviewed
in 75) such as poly(ethylene glycol) (PEG)”®, poly(vinyl alcohol)??, and poly(2-hydroxy ethyl metha-
crylate)’®. They are biologically inert, but provide structural support for various cell types.

PEG hydrogels have been shown to maintain the viability of encapsulated cells while allowing for ECM
deposition as the hydrogel degrades’®, thereby demonstrating that synthetic gels can function as 3D
cell culture platforms in the absence of integrin-binding ligands. Such inert gels are highly reproduc-
ible, allow for facile tuning of the mechanical properties, and are simple to process and manufacture.

It is also possible to modify inert synthetic hydrogels with appropriate biological components. An
example of a synthetic hydrogel that is tunable is Corning PuraMatrix™ peptide hydrogel, a self-
assembling, synthetic oligopeptide that exhibits nanometer scale fibers. Nanometer-sized fibres
and pores are essential to ensure a true 3D environment for the cell®%81. An additional advantage of
PuraMatrix peptide hydrogel is the ability to customize the material with specific peptide sequences
to improve cell attachment, cell homing, and other behaviors®2. To achieve optimal cell growth and
differentiation using PuraMatrix peptide hydrogel, it is necessary to supplement the hydrogel with
appropriate bioactive molecules (e.g., growth factors, ECM proteins, and/or other molecules). An
example of this is shown in Figure 2, where functionalized PuraMatrix peptide hydrogel was used
to support neuronal cell proliferation and differentiation. In this study, Ortinau and colleagues used
PuraMatrix peptide hydrogel supplemented with laminin (PML 0.25%) for neuronal differentiation
of human neural progenitor cells. Using transmission light microscopy (Figure 2A and 2B) and scan-
ning electron microscopy (Figure 2C and 2D) the researchers showed that neural progenitor cells can
develop into a dense network of neuronal processes (Figure 2B and 2D). Furthermore, immunocyto-
chemistry revealed that after 7 days of differentiation in the Corning PuraMatrix-laminin scaffold, the
neuronal precursor cells began to express neuronal markers (BllI-tubulin and tyrosine hydroxylase
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Figure 2. Proliferation and differentiation in 3D scaffold. (A, B) Transmission light picture of proliferating cells in
Corning PuraMatrix peptide hyrdrogel with 0.25% laminin (PML) and differentiating cells in PML 0.25%. (C, D)
Scanning electron microscope picture of proliferating cells and differentiated cells in PML 0.25%. (B, D) Upon
induction of differentiation one observes the development of a dense 3 dimensional network of processes. (E)
Immunocytochemistry for Blil-tubulin and TH of uninduced cells in PML 0.25% and (F) Cells after 7 days of differ-
entiation revealed a dense network of Blll-tubulin positive cells. TH+ cells were found to possess processes, but
without building up a dense network (Ortinau, et al., 2010)*33.

[TH]) (Figure 2E and 2F). These observations demonstrate how functionalization with appropriate
biological factors can convert inert synthetic matrices such as Corning® PuraMatrix™ peptide hydrogel
into useful in vitro models for supporting differentiation of stem and progenitor cells. As this field
advances, there will be a need for matrices with combined properties of natural and synthetic
hydrogels.

Solid Scaffolds

Solid scaffolds for 3D cell culture are fabricated with a broad range of materials including metal, cer-
amics, glass, and polymers. In particular, polymers are a common choice for generating solid scaffolds
of diverse size, varying structure, stiffness, porosity, and permeability®l. A multitude of fabrication
techniques are being utilized to generate solid scaffolds for 3D cell culture, including soft-lithography,
electrospinning, microarray, bio-printing, and many others. The major drawbacks of using solid scaf-
folds are limited scope for cell imaging and difficulties that are encountered when recovering cells
from the matrix.

An important consideration for designing scaffolds for 3D cell culture is the scale and topography of
the internal structures within the scaffold. In the body, the ECM provides an intricate nanoscale infra-
structure to support cells, and presents an instructive background that governs cell behavior83-87,
Cells binding to scaffolds that exhibit microscale architectures may flatten and spread out as if cul-
tured on flat surfaces®®. Even minute nanoscale level alterations in topography of the cell’s environ-
ment can elicit diverse effects on cell behavior®. Apart from scale and structure, the material used for
constructing the scaffold, the surface chemical properties, matrix stiffness, permeability, and mechan-
ical force can significantly impact cell adhesion, growth, and behavior?©.

3. Applications of 3D Cultures In Vitro

Despite the emergence of a myriad of 3D culture systems, the use of natural ECM-based hydrogels
continues to be the predominant method for in vitro 3D cell culture!. Many of the newer 3D culture
systems have been developed for specific cell types, and have not been optimized or validated for a
wide variety of applications. Furthermore, many of the complex biological processes involved in the
progression of cell differentiation and tumor formation are still not well established, and thus cannot
be easily recreated using culture systems that require specific biological components that need to be
identified and added exogenously.



Cell Biology and Tissue Models
Stem Cell Differentiation and Organoid Generation

Remarkable advances in culture and differentiation of stem cells and committed progenitor cells have
been realized with the use of 3D cell culture systems. Stem cells, particularly pluripotent stem cells
(PSCs), have tremendous potential for generating pure populations of any cell type in the body. Pure
populations of progenitor or terminally differentiated cells, especially those that are difficult to isolate
from tissues, could be invaluable for enabling drug discovery, cell therapy, and tissue regeneration.

Major breakthroughs have been recently achieved in the area of stem cell differentiation using 3D
culture systems that recapitulate in vivo development and temporal control of signaling pathways
(Table 1). Notably, in a sophisticated study by Koehler and colleagues, mouse embryonic stem cells
(mESCs) were successfully differentiated to inner ear sensory epithelia when cultured as floating cell
aggregates in media containing Corning® Matrigel® matrix®2. From the sensory epithelia, hair cells
with structural and functional properties of native mechanosensitive hair cells in the inner ear were
shown to spontaneously arise®2. This novel approach has enabled elucidation of complex mechanisms
underlying inner ear development, and may be useful for in vitro disease modeling, drug discovery, or

Table 1. Tissue and Disease Models

Application

STEM CELL DIFFERENTIATION

ORGANOID GENERATION

Cell Type
Human PSCs

Human PSCs
Human PSCs
Human ESCs
Human ESCs

Human ESCs
Mouse ESCs

Mouse ESCs
Mouse ESCs
Mouse ESCs
Mouse ESCs
Human NPCs
Human NPCs

Mouse primary
neuronal cells

Human MSCs
Canine AdMSCs

Human dental pulp
stem cells

Human PSCs
Mouse ESCs

Mouse embryonic
pancreatic
progenitors

Mouse epitheilia

Mouse primary
colon tumor cells

Mouse ESCs
Human ESCs

3D Model Culture Substrate and Matrix Reference
Differentiation to ureteric-bud committed renal Corning® Matrigel® matrix 94
progenitor cells

Differentiation to cardiac microtissues Aligned collagen | 124
Differentiation to Endoderm Collagen | 125
Differentiation to hepatocytes Collagen I scaffold; 2D collagen I-coated dish 126
Differentiation to smooth muscle, neurons, and Polymer scaffold with ECM coating 127
hepatocyte-like cells

Differentiation to neural precursors Hyaluronic acid matrix 128

Differentiation to renal tubular cells Corning Matrigel matrix; Ultra-Low Attachment 93

plates
Differentiation to inner ear sensory epithelia Corning Matrigel matrix 92
Differentiation to neurons Collagen 1 scaffold 129
Diffrentiation to neurons and astrocytes Fibrin scaffold 130
Differentiation to chondrocytes PEG scaffold 131
Differentiation to neuronal cells Corning PuraMatrix™ (RADA-16) scaffold 132
Differentiation to neuronal cells Corning PuraMatrix * functionalized matrix 133
(laminin 1)
Differentiation to osteogenic lineage cells in PLLA and polystyrene polymer scaffolds coated 134
2D and 3D systems with Collagen |
Differentiation to osteocytes Corning PuraMatrix peptide hydrogel 135
Differentiation osteogenic lineage cells in 2D, Corning Matrigel matrix 136
3D, and in vivo (implantation in dog) systems
Differentiation to osteocytes Corning Matrigel matrix; Collagen sponge 137
Intestinal organoids Corning Matrigel matrix 95, 96
Retinal optic-cup structure Corning Matrigel matrix 97
Pancreatic organoid Corning Matrigel matrix 98
Mammary organoid Corning Matrigel matrix 138
Primary mouse colon tumor organoids Corning Matrigel matrix 139
Functional thyroid follicular cells Corning Matrigel matrix 140
Cerebral organoid model of human brain Corning Matrigel matrix 141

development and microcephaly



cell therapy.

Recent studies have enabled the derivation of renal lineage from stem cells. In a recent study by
Morizane, et al., it was illustrated that mESCs could differentiate into complex renal tubular cells
when grown as a 3D culture using Corning® Matrigel matrix®3. In another study by Xia, et al., hPSCs
were differentiated into renal progenitor-like cells®*. Further maturation of these cells into ureteric
bud structures was accomplished by establishing a 3D culture system in which differentiated human
cells assembled and integrated alongside murine cells to form chimeric ureteric buds®*. Both of these
studies identified key steps in modeling kidney development, and collectively highlight the importance
of 3D systems for supporting the differentiation of cells associated with highly organized organs.

Another major advancement in stem cell differentiation is the formation of self-organizing 3D mini
“organs” known as organoids. Organoids can recapitulate incredible histological details and provide
functional representation of multiple cell types that are present within the native organs. Organoids
representative of intestinal®>%, retinal®’, pancreatic®®, mammary®?, colonic'®, and cerebral tissues%?
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Figure 3. Organoids recapitulate progenitor expansion and organized differentiation. (A-E) Immunohistochemistry
on sections of 7-day organoids showing that (A) all cells (DRAQ5, red nuclei) are epithelial (E-cadherin) and many
proliferate [phospho-histone H3 (pHH3)] and (B, C) retain pancreatic markers PDX1, SOX9 and HNF1B. (C) Cells
polarize and form tubes lined by mucin 1. (D) Exocrine differentiation (amylase) is seen at the periphery. (E)
Endocrine differentiation (insulin) is detected in the center. The section in B is close to that in A, and the section

in D is close to that in C. (F) Experimental scheme to test endocrine differentiation after back-transplantation of
cells grown in organoid in a pancreatic niche. WT, wild type. (G-J) The cells that were first grown in vitro integrate
into the host epithelium (white in G and green in H-J). Some remain progenitors (G; HNF1B), some become acinar
(H; amylase) or ductal (I; DBA) and others become endocrine (glucagon or insulin). Insets are magnifications of the
dashed boxes. Scale bars: 50 um (Greggio, et al., 2013)%.



have been developed recently using 3D models comprised of Corning Matrigel matrix (Table 1). Figure 3
illustrates a schematic of 3D culture conditions that enabled efficient expansion of dissociated mouse
embryonic pancreatic progenitors®®. By manipulating the medium composition, researchers generated
either hollow spheres, which are mainly composed of pancreatic progenitors, or complex organoids
that spontaneously undergo pancreatic morphogenesis and differentiation. Another example is shown
in Figure 4, where Lancaster, et al., generated cerebral organoids with remarkable structural similarity
to brain tissuel®. These cerebral organoids grew larger than typical cellular spheroids and survived

for weeks to months. In vitro culture of organoids is a major step toward elucidating the principles of
organ development and the mechanisms responsible for genetic diseases.

Cancer and Tumor Cell Biology

Perhaps the most notable application of Corning® Matrigel® matrix for 3D cell culture is in the field
of cancer biology. Since Matrigel matrix is a reconstituted basement membrane isolated from mouse
tumors, this physiological material appears to be well equipped with microenvironment characteris-
tics that are important for mimicking key steps that are involved in the progression of tumor growth,
vascularization, and metastasis. Tumor cells typically form spheroids when grown in 3D suspension
cultures or within hydrogels. Cells within the spheroids are heterogeneous and organized in a man-
ner that enables gradient formation and diffusion dynamics that correspond more closely to tumors
formed in vivo'®2. The inner core of the spheroids exhibits a hollow lumen resembling the necrotic
areas of in vivo cancers'2. These areas are hypoxic and are usually observed at a distance from nutri-
ent and oxygen supplies. In addition, the proliferation of tumor cells cultured in 3D is typically slower
than that observed in monolayer cultures92103,

Tumor cells of epithelial origin that are cultured in 3D have been shown to change shape and lose

polarity, a feature typically associated with tumor progression in vivol%4. Other parameters, such as
proliferation, gene expression, and drug-sensitivity of tumor cells cultured in 3D environments, are
also more representative of in vivo tumors compared to those cultured on 2D surfaces (reviewed in
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Figure 4. Description of cerebral organoid culture system. (A) Schematic of the culture system used to generate
cerebral organoids. Example images of each stage are shown. bFGF, basic fibroblast growth factor; hES, human
embryonic stem cell; hPSCs, human pluripotent stem cells; RA, retinoic acid. (B) A comparison between organoid
and mouse brain structure demonstrates recapitulation of dorsal cortical organization. Immunohistochemistry
for neurons (TUJ1, green) and radial glial stem cells (PAX®6, red) in a large dorsal cortical region. (C), Sectioning and
immunohistochemistry revealed complex morphology with heterogeneous regions containing neural progeni-
tors (SOX2, red) and neurons (TUJ1, green) (arrow). (D) Low-magnification bright-field images revealing fluid-filled
cavities reminiscent of ventricles (white arrow) and retina tissue, as indicated by retinal pigmented epithelium
(black arrow). (Lancaster, et al., 2013)41,



61,105) (Table 2). For example, Cichon, et al., demonstrated that lung cancer cells adopt a flattened
morphology when grown on 2D tissue culture plastic, but can form smooth, round spheroids, grape-
like structures, or invasive, branching structures when grown in 3D Corning® Matrigel® matrix06.
Gene expression analysis revealed differences that distinguish lung cell lines that grow as smooth
versus branched structures in this 3D model. This type of information may be useful for understand-
ing differential prognostic outcomes of adenocarcinoma patients%. In another study, Harma, et al.,
illustrated that primary and non-transformed prostrate epithelial cells as well as some prostate can-
cer epithelial (PrC) cell lines formed well-differentiated round spheroids, while most PrC lines formed
poorly differentiated spheroids or aggressively invading structures in 3D Matrigel matrix cultures?’.
Additionally, specific signaling pathways were activated in the invasive PrC aggregates, suggesting
potential targets for blocking invasion of tumor cells in 3D models1®’. Yet another group investigated
the impact of 3D microenvironments on phenotype, gene expression, and EGRF inhibition of common
colorectal cancer cell linest8. Culture of PrC cell lines in 3D Matrigel matrix resulted in a drastically
altered phenotype and significant changes in gene expression patterns compared to 2D culture, which
was consistent with sensitivity to anti-EGFR targeted therapy in vivol®8. The ability to model pheno-
typic and genotypic changes in cancer cells that are present in live tumors (especially tumors that are
malignant or metastatic) is critical for developing more effective and predictive screening assays for
chemotherapeutics.

Cancer Co-culture Models

Most in vitro cell culture models involve growing a single cell type to enable investigation of its growth
and behavior in isolation. In the body however, communication between different cell types is critical
to maintaining tissue homeostasis. Simulating these interactions between two or more pertinent cell
types through co-culture can improve the overall biological relevance of cell culture models.

Table 2. 3D Cancer and Tumor Cell Models

Application
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CANCER AND TUMOR CELL BIOLOGY

Cell Type

Normal and
breast cancer
cell lines

Lung cancer
cell lines

Primary mouse
endometrial
epithelial cells

Prostate cancer
cell line (panel)

Breast adino-
carcinoma
fibroblast-like,
epithelial-like,
and human
fibrosarcoma
cell lines

Mouse breast
cancer cell
line + stromal
fibroblasts

Colorectal
cancer cells

Human intestinal
cancer cell line
(Caco-2)

3D Model Culture Substrate and Matrix = Comments/Benefits of 3D Model Reference
A model to evaluate effects of Corning® Matrigel® matrix;  In vivo-like morphology, polarity 142
BMP4 on breast cancer cellsin a PEG observed in Matrigel matrix but not
3D system PEG gel
Compared cell morphology and Corning Matrigel matrix Gene expression profile and tumor cell 106
gene expression in 2D and 3D morphology varied for different cancer
systems cell lines in 3D but not 2D model
Evaluated effects of growth Corning Matrigel matrix Single-lumened, polarized glandular 143
factors, drugs, and RNAI- structures resembling endometrial
induced gene alterations on cell carcinogenic tissue in vivo. Model
proliferation, polarization, and suitable for studying effects of drugs,
glandular formation growth factors, and gene alterations.
Compared tumor morphogenesis, Corning Matrigel matrix Some cancer cell lines demonstrated 107
gene expresssion, and metabo- differences in signaling pathway
lism in 2D and 3D models activation and poorly differentiated
spheroids and invasive structures that
could be blocked in 3D but not 2D
systems
Developed an XTT proliferation Corning Matrigel matrix; Cell proliferation kinetics, anti- 144
assay in 2D and 3D systems Collagen 1 proliferative and cytotoxic effects
for HTP drug screening of drugs were established in a more
physiologically relevant 3D model
compared to 2D systems
Co-culture model to study the Corning Matrigel matrix Fibroblasts confered chemoresistance 109
effects of stromal cells on breast and protected cancer cells from
cancer progression. cytotoxic compounds in 3D cultures
Investigated impact of 3D Corning Matrigel matrix Significant changes in cell phenotype 108
microenvironment on pheno- and gene expression was observed in
type, gene expression and EGFR 3D but not 2D model; data from 3D
inhibition of common colorectal studies correlated with sensitivity to
cancer cell lines anti-EGFR targeted therapy in vivo
Studied the effects of CLCA1 Corning Matrigel matrix Found that CLCA1 may contribute 145

on cancer proliferation and
differentiation

to spontaenous differentiation and
reduce proliferation of Caco-2



Table 3. 3D Co-culture Models

Three-dimensional co-culture models have been very useful for studying complex interactions between
cancer cells and other cell types, and elucidating their contribution to tumor growth, vascularization,
and metastasis (Table 3). For example, stromal cells have been shown to induce chemo-resistance and
protect tumor cells from the toxic effects of anti-cancer drugs©°. Endothelial cells and the associated
vasculature provide a blood supply that enables tumor growth and survival, which is also responsible
for carrying therapeutic compounds to the cancer cells. In a recent co-culture study it was shown
that endothelial cells can sensitize tumor spheroids to the toxic effects of chemotherapeutic drugs

in vitro, and can induce angiogenesis and metastasis following implantation in vivo1®.

Tissue Co-culture Models

Permeable supports (e.g., Transwell® inserts) offer unique advantages for co-culture studies and are
thus widely incorporated into these systems (Table 3). The pore-containing membranes of perme-
able supports are available with small pore sizes (e.g., 0.4 micron) that allow the passage of bioactive
factors or soluble cues across the membrane, yet serves to physically separate cells located on oppo-
site sides of the membrane. In two recent studies, permeable supports were used to investigate the
role of endothelial cells in the growth of breast epithelial cells1? and human lung epithelial cells*?
embedded within 3D Corning® Matrigel® matrix. In both instances, the endothelial cells were found

Application

CANCER CO-CULTURE MODELS

MULTI-CELLULAR CO-CULTURE MODELS

Cell Type

Mouse mammary tumor cells +
endothelial cells

Primary breast epithelial cells +
endothelial cells

Mesenchymal stem cells + ovarian
cancer cells (OCC)

Mouse breast cancer cell line +
stromal fibroblasts

Keratinocytes + melanocytes +
dermal stem cells + melanoma cells

Human melanoma cells +
keratinocytes

Human primary brain endothelial
cells + human primary pericytes +
human primary astrocytes

Hepatocytes + mouse fibroblasts or
bovine endothelial cells

Human bronchial epithelial cells +
endothelial cells

Primary rat hepatocytes + rat liver
endothelial cells

Alveolar cell line + macrophage-like
cells + mast cells + endothelial cells

Mesenchymal stem cells + alveolar
epithelial cells

Human retinal progenitor cells +
endothelial cells

Human mammary epithelial cells +
human fibroblasts + adipocytes

Human bronchial epithelial cells

Polarized airway epithelial cells

3D Model Culture Substrate and Matrix Reference

Co-culture of tumor spheroid to study Hanging drop; implantation in 111

impact of endothelial cells on tumor growth, nude mice

vascularization and metastasis in vitro and

in vivo

Co-culture model to study the role of Transwell® filters (0.4 pm); 112

endothelial cells in growth of normal and Corning® Matrigel® matrix

cancerous breast epithelial cells in 3D cultures

Co-culture model to study the influence of Transwell filters; Ultra-Low Attachment 114

MSCs on OCC migration and invasion in an plates; Corning Matrigel matrix;

amniochorionic membrane model Amniotic membrane scaffold

Co-culture model to study the effects of Corning Matrigel matrix 109

stromal cells on breast cancer progression

A 3D skin reconstruct model to study Bovine Collagen | 150

melanoma progression in human skin

Organotypic skin melanoma spheroid model Collagen | 151

for in vitro drug testing

Blood-brain barrier model Transwell inserts (0.4 um) 146

Micropatterned co-culture of hepatocyte Micropatterned PEG hydrogel; 113

spheroids gelatin

A model to recapitulate lung morphogenesis Transwell inserts (0.4 pm); 42
Corning Matrigel matrix

A physiologically relevant co-culture model of  Collagen | 147

hepatic sinusoids

Tetraculture model mimicking alveolar barrier ~ Transwell inserts (0.4 pm) 39

to study toxic effects of particles on the

lungs; cells cultured at air-liquid interface

(ALI)

Novel collagen-drop cell migration assay for Transwell insert (3 pm); 148

wound repair model Collagen |

Hypoxia induced retinal neovascularization Transwell inserts (0.4 um); 41

with and without endothelial cells Corning Matrigel matrix

A physiologically relevant tri-culture system Corning Matrigel matrix + Collagen I; 149

to model human breast tissue porous silk protein scaffold

Differentiation of cells to glandular acini on Transwell Collagen IV-coated; 152

ALl Corning Matrigel matrix

Infection of polarized epithelial cells from Transwell inserts (0.4 um) 40

normal and cystic fibrosis patients. Cells were
grown at ALl

11



to induce growth and morphological changes of the cancer epithelial cells, which could be achieved,
at least in part, through secretion of soluble cues. In another study, fibroblasts and endothelial cells
were co-cultured with hepatocyte spheroids, which were found to significantly enhance hepatocyte
function!3. Using permeable supports, it was further determined that endothelial cells required direct
cell-cell contact to enhance the function of hepatocytes, while fibroblasts were able to accomplish
this through the action of soluble factors (paracrine regulation) or when the cells were cultured with
direct contact. In a more complex permeable support co-culture model, four cell types (alveolar, mac-
rophage-like, mast, and endothelial cells) were grown together to generate a model that mimics the
alveolar barrier to study the potential toxic effects of particles on the lung3®. In this study, the mem-
brane played a central role by providing support for the complete tetraculture system, and enabled
3D organization of cells that closely resembled in vivo histology of the alveolar barrier (Figure 5). Here,
endothelial cells were seeded on the basolateral side of the microporous membrane and the other
three cell types were seeded in the apical compartment and cultivated at the air-liquid interface
(ALI)3°. In addition to cell permeation responses, permeable supports are also used to study cell migra-
tion and invasion. In an interesting 3D co-culture model, mesenchymal stem cells within an amnionic
membrane scaffold were found to enhance the migration and invasion of ovarian cancer cells via

the action of MSC-secreted IL-614. These findings using permeable support co-culture models sug-
gest that such approaches may significantly improve existing drug screening and tissue engineering
methodologies.

Drug Discovery

The cost of drug development is becoming unsustainable due to the high attrition rate of drugs in
late-stage human clinical trials, or in some cases, post-marketing'46. The predominant reasons for
drug failure are lack of efficacy, poor pharmacokinetics, and adverse or toxic side effects that are not
identified during early preclinical studies involving cell-based assays and animal testing®'215. These
challenges of drug discovery predicate the need for improved preclinical models; those that can better
recapitulate pathobiological processes underlying diseases of specific tissues and organs in humans,
and also more accurately predict physiological responses to therapeutic compounds and toxicity screens.

Physiologically relevant 3D cell culture models are ideally suited to bridge the gap between conven-
tional 2D preclinical models and in vivo clinical studies in humans. Great strides have already been
achieved over the past few decades in this field, yet there remain many practical limitations before

Day 0 Day 3 Day 4 Day 5
Seeding of EA.hy 926 Stimulation of THP-1 Seeding of differentiated System ready for
cells on the basolateral cells with 20 ng/mL THP-1 cells exposure to particles
side of the Transwell® PMA overnight » 2.4 x 10° cells/cm? or chemicals via
insert Vitrocell chamber
» 2.4 x10° cells/cm? Seeding HMC-1 cells

» 1.2 x 10° cells/cm?
Seeding of A549 cells
in Transwell inserts Switch to ALl conditions
» 1.2 x10° cells/em? for 24 hours once THP-1
and HMC-1 cells attached

ligj A549 cells @ HMC-1 cells % Differentiated THP-1 cells @ EA.hy 926 cells

O NPs I_, Cultivation well .I__I-Transwellinsert Culture medium Surfactant

Figure 5. Workflow to setup an aerosol exposure experiment with the tetraculture system. (Klein, et al., 2013)3.



3D cell culture models can be widely implemented in drug discovery. To begin with, many of the3D
models are novel, and data generated using these methods needs to be validated against established
in vivo responses to avoid misinterpretation of the observed results. Additionally, the outcome of 3D
assays can be highly variable owing to a lack of standardized protocols and the use of heterogeneous,
and sometimes multiple, cell populations. Many of the 3D assays can be cumbersome, technically
challenging, and may require highly specialized and uncommon detection methods. Also, some 3D
matrices have limited permeability or poor diffusion dynamics that can impact cell viability and func-
tion. Furthermore, cell recovery and visualization can be greatly restricted in certain 3D scaffolds.
Another major limitation is that many of the 3D culture models cannot be easily automated or scaled
for high throughput screening. Apart from these reasons, the cost of some 3D cell culture systems can
be prohibitively high and hinder their utilization for drug discovery. These limitations however, are prog-
ressively and mindfully being overcome with emerging technologies and improved 3D in vitro assays.

Hanging drop and magnetic cell levitation technologies have recently been utilized for commercializ-
ing 3D in vitro assays with matrix-free cell cultures in suspension. The liquid medium in these assays
facilitates visualization of cells with conventional microscopes. Drug permeation and diffusion of
soluble factors are also easily achieved using these models.

Of the natural ECM-based hydrogels, Corning® Matrigel® matrix has been the longstanding gold
standard material for 3D cell culture, especially for recreating tumor models. The most common in
vitro 3D applications for this matrix are tumor cell invasion and angiogenesis (i.e., endothelial cell
tube formation) assays in cancer drug development. One of the issues limiting the use of Matrigel
matrix in drug discovery is dispensing small volumes of this viscous gel reproducibly in high through-
put 3D assays. In a recent study however, Hongisto, et al., successfully generated a high throughput
3D screening assay using Matrigel matrix in a 384 well format that was filled with a diluted prepa-
ration of Matrigel matrix (1:3 dilution) using a liquid handling system'?>. When 63 prominent can-
cer drugs were analyzed using this Matrigel matrix system, the sensitivity and the gene expression
profile for breast cancer cells (JIMT1) was found to closely match those of tumor xenografts?>. In
the same study, breast cancer cells grown in polyHEMA-induced anchorage independent 3D culture
failed to show similar drug sensitivity or gene expression profiles, and instead, displayed results that
more closely resembled those of cells cultured in 2D conformation. This study exemplifies the types of
assays that may be more predictive and effective compared to existing 2D preclinical models, if they
can be successfully translated into drug discovery.

Recent improvements in microscale engineering techniques such as fabrication of microarrays and
microfluidics devices have the potential to transform the current drug discovery landscape. Micro-
arrays consist of a solid support wherein small volumes of different biomolecules and cells can be
positioned in defined locations, allowing multiplexed investigation of living cells and their responses
to stimuli. Microfluidics devices manipulate small volumes (10 to 10 L) to generate and precisely
control dynamic fluid flow and spatio-temporal gradients, as well as deliver nutrients and other chem-
ical cues to cells in a controlled manner?'6-118 Microfluidic networks have been incorporated directly
within cell embedded hydrogels, as well as several other matrices, to enable efficient convective trans-
port of nutrients and other soluble cues throughout the 3D scaffolds!!’. Use of these technologies

can greatly improve viability and functionality of cell types such as hepatocytes that are impoverished
when grown in static cultures. Moreover, these technologies can increase throughput and significantly
reduce the cost of culture due to low reagent volume requirements.

Toxicity Screening

State-of-the-art drug metabolism and toxicity screening assays often use difficult to source and
expensive primary cells such as hepatocytes, cardiomyocytes, and neurons in 2D cell culture models.
Long-term toxicity tests are usually performed in animal models. As discussed earlier, these models
can be highly inaccurate and misleading in predicting the in vivo human responses to drugs*16:17,
Several 3D cell culture models have the potential to improve the predictive outcome of preclinical
toxicity studies.

Microfabrication and microfluidics technologies have been used to generate several organ-on-chip
models (reviewed in 117). These are essentially miniaturized 3D models of organs with in vivo-like
functionality, which may prove to be very useful for toxicity testing (Table 4). For example, Toh, et
al. developed a 3D hepatocyte chip (3D HepaTox Chip) for in vitro toxicity testing. In this model, the
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hepatocytes retain their synthetic and metabolic functions, and multiple drugs can be tested simul-
taneously using this system1'°. The ICs, values of drugs tested in this model closely correlated with
reported in vivo LDsq values. Lee, et al., created another 3D microarray for HTP screening of drug can-
didates and their cytochrome p450-generated metabolites'2°. This microarray chip consists of cells
encapsulated in collagen or alginate gels arrayed on a functionalized glass slide and a complemen-
tary human P450-containing microarray, and is also suitable for screening multiple compounds

simultaneously?°.

Culturing cells at an air-liquid interface (ALI) using permeable supports has enabled the development
of many in vitro 3D models used in drug discovery (Table 4). One of the well-known applications of
ALl cultures is 3D modeling of lung epithelium. These cellular models mimic native tissues and dem-
onstrate apical-basal polarity, cilia on the apical end, and are capable of secreting mucus (reviewed in
121). ALl cultures made from freshly isolated nasal and bronchial biopsies are commercially available
as MucilAir™ (Epithelix) and is useful for studying inhalation based toxic responses to nanoparticles,
gases, smoke and viral infections. Using cells from diseased donors for MucilAil™ enables modeling
pulmonary disorders such as asthma, allerigies, viral infections, and cystic fibrosis. The ALl cultures

Table 4. Drug Discovery and Toxicity Models

Application
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DRUG DISCOVERY AND TOXICITY

Cell Type

Human
epithelial-like
breast cancer
cell line (JIMT1)

Rat primary
hepatocytes

Human alveolar
epithelial cells

Human breast
cancer cell
line (MCF7)
and human
hepatoma cell
line (Hep3B)

EGFP-expressing
colon cancer and
mouse ES cells

Human
primary nasal
or bronchial
epithelial cells

Alveolar cell line
+ macrophage-
like cells +

mast cells +
endothelial cells

3D Model

High throughput 3D
screening assay

A microfluidic 3D hepatocyte
chip for drug toxicity testing

A human lung-on-a-chip
microdevice for nano-
toxicology testing

Microarray for HTP toxicology
assay screening of drugs

and their p450-generated
metabolites

High throughput 3D
proliferation and cytotoxic
assay

MucilAir™ (Epithelix Sarl)-
human airway epithelium
model for toxicity testing

Tetraculture model mimick-
ing alveolar barrier to study
toxic effects of particles on
the lungs; cells cultured at
air-liquid interface (ALI)

Culture Substrate and Matrix

Corning® Matrigel® matrix;
polyHEMA

3D matrix made with positively
charged methylated collagen +
negatively charged HEMA-MMA-
MAA terpolymer; microfluidic
perfusion enabled

PDMS microscaffold coated with
fibronectin and collagen for
supporting cells

Cells encapsulated in collagen |
or alginate gel arrayed on a
functionalized glass slide with
complementary p450-containing
microarray

Microbioreactors were made
from multiwell plates. PET fibrous
scaffold disks were fitted in the
microwells within the bioreactors.
Scaffolds were coated with
fibronectin.

Cells cultured using ALI method
on Transwell® inserts (0.4 um)

Transwell inserts (0.4 um)

Comments/Benefits of 3D Model

Using a liquid handling system
and diluted Matrigel matrix
(1:3) drug sensitivity and gene
expression of 63 drugs were
compared simultaneously. Drug
response in Matrigel matrix
closely matched tumor xenografts
while those on polyHEMA
anchorage-independent 3D
culture resembled profiles
closer to 2D cell culture.

High throughput model

for testing multiple drugs
simultaneously in perfused
hepatocytes that retain synthetic
and metabolic function

Mimicked organ-level lung
function for studing effects of
nanotoxic particles on lung;
also able to model impact of
mechanical strain on lung
function and inflammation

Enabled testing of multiple
compounds and their metabolites
generated by CP1A2, CYP2D6,
CYP3A4, and a mixture of the
three p450s

Significantly increased fluores-
cence signals and high signal-to-
noise ratio (10-fold) in this 3D
system compared to 2D cultures.
Could be used with conventional
fluorescence microplate readers.

Mimics physiological character-
istics of lung epitheliuma (e.g.,
morphology, apicobasal polarity,
cilia formation, and mucus
secretion). Validated model.

In this study, the Transwell
membrane played a central role
by providing support for the
complete tetraculture system and
enabled 3D organization of cells
that closely resembled in vivo
histology of the alveolar barrier.
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can be maintained in a homeostatic state for long periods of time (3 to 4 weeks), which is typically
only feasible in animal models and not in vitro 2D cell culture models*?!. Another commercially avail-
able ALl culture is EpiDerm™ (MatTek), a model for human epidermis derived by differentiating epider-
mal keratinocytes on chemically modified collagen-coated cell culture inserts. This in vitro skin model
reproduces morphological, structural, and barrier function properties of normal human skin, and is
used for studying dermal toxicity. This same technology has been used by MatTek to generate other
models for toxicity testing such as EpiOcular™ (corneal), EpiAirway™ (lung), EpiOral™ (inner cheek) etc.,
all representing tissue models for potential points of entry for toxins.

Another potential method for improving drug discovery is through production of PSC-derived differ-
entiated cells. PSCs can provide an unlimited source of scarce or difficult to isolate cells for evaluating
disease mechanisms, drug screening and toxicity testing. In particular, differentiated cardiomyocytes,
hepatocytes, and neuronal cells are highly sought after for toxicity screens. One critical issue that hin-
ders the use of PSCs is that they are susceptible to apoptosis upon enzymatic dissociation??, which
limits production of large-scale cultures of these cells. Faulkner-Jones, et al. recently demonstrated for
the first time that ESCs could be bio-printed into micro-droplets that can be cultured in hanging drops
to generate uniform spheroids while maintaining viability and function!?3. These findings suggest
there is potential for high throughput screening assays using directed differentiation of pluripotent
stems cells. Using hPSC-derived cells could circumvent the problems of species-specific differences in
drug response that are often encountered when using animal models to predict toxicity in humans.

Future Directions

In vitro 3D cell culture models have become increasingly sophisticated, and their usefulness in sup-
porting cell growth, tissue morphogenesis, stem cell differentiation, disease modeling, drug discovery,
and toxicity testing is well established. It is also evident that different 3D models with varying char-
acteristics are required to meet the needs of specific cell types or applications. To date, many complex
3D models of tumorigenesis, stem cell differentiation, and organoid formation make use of natural
ECM-based hydrogels, such as Corning® Matrigel® matrix or collagen. Combining newer technologies
such as microarray on a chip, microfluidics, or bio-printing with biologically relevant materials, such
as Matrigel matrix, could help to scale-up and drive some of these complex 3D cell culture models

to highly predictive and relevant drug screening assays and toxicity tests, as well as providing novel
systems and models for basic research.
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