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Abstract

In vitro mammalian cell culture has served as an invaluable tool in cell biology for several decades. Classically, monolayer cultures of adherent
cells were grown on flat and rigid two-dimensional (2D) substrates, such as polystyrene or glass. However, many cells, when isolated from
tissues and placed onto stiff planar 2D cell culture surfaces, such as tissue culture plastic, become progressively flatter, divide aberrantly, and
lose their differentiated phenotype1’2. While these two-dimensional cell culture studies have played a pivotal role in furthering our understanding
of many biological processes, they do not emulate in vivo conditions.

Video Link

The video component of this article can be found at http://www.jove.com/video/5517/

Introduction

In vitro mammalian cell culture has served as an invaluable tool in cell biology for several decades. Classically, monolayer cultures of adherent
cells were grown on flat and rigid two-dimensional (2D) substrates, such as polystyrene or glass. However, many cells, when isolated from
tissues and placed onto stiff planar 2D cell culture surfaces, such as tissue culture plastic, become progressively flatter, divide aberrantly, and
lose their differentiated phenotype1’2. While these two-dimensional cell culture studies have played a pivotal role in furthering our understanding
of many biological processes, they do not emulate in vivo conditions.

In the body, cells reside in a complex extracellular matrix (ECM) consisting of a three-dimensional (3D) architecture that allows direct interactions
with neighboring cells and matrix molecules 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®. Therefore it is not surprising that fundamental differences
in the microenvironment of 2D and 3D cell culture systems influence various 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'?*.

The 3D ECM surrounding a cell performs several critical functions. To begin with, it provides a complex, nanoscale architecture of structural
proteins such as collagen, laminin, fibronectin and glycosaminoglycans to establish the mechanical properties inherent in the cellular
microenvironment'""'®. Cells sense these mechanics through their cell surface integrins and bind to specific adhesion motifs present on the ECM
proteins and glycosaminoglycans. 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”’w. Thus, to truly
mimic the native ECM, 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 seeding the cells, but rather, in a dynamic and tunable manner as the cells grow and develop. To address the requirements

of different cell types and applications in the body, a vast array of materials and fabrication techniques have been employed to develop 3D
microenvironments with different physical, biological, and mechanical characteristics. Each model comes with its own set of advantages and
limitations, and one distinct model is not suitable for all applications.

Protocol

3D Culture systems

A. 3D Cultures using Hydrogels and Scaffolds

Hydrogels are comprised of networks of cross-linked polymer chains or complex protein or polysaccharide-like molecules of natural or synthetic
origin. Due to their significant water content and range of tunable mechanical properties, hydrogels possess biophysical characteristics similar to
natural tissue, and serve as highly effective matrices for 3D cell culture. Hydrogels can be used as stand-alone 3D matrices, as a coating, or as
a method of encapsulating cells to be combined with other technologies, such as solid scaffolds, permeable supports, cellular microarrays, 3D
printing or microfluidics devices. The morphology, growth and functionality of cells within the hydrogel depend on the presentation of biophysical
and biochemical cues, as well as physical properties such as permeability and matrix stiffness.

Copyright © 2014 Journal of Visualized Experiments and Corning October 2014 | 92 | e5517 | Page 1 of 9


http://www.jove.com
http://www.jove.com
http://www.jove.com
http://www.jove.com/video/5517
http://dx.doi.org/10.3791/5517
http://www.jove.com/video/5517/

L]
lee Journal of Visualized Experiments www.jove.com

Natural Hydrogels and Extracellular Matrices (ECMs)

Naturally derived hydrogels for cell culture are typically formed of proteins, polysaccharides and ECM components such as collagen, laminin,
fibrin, hyaluronic acid, chitosan or Matrigela (a reconstituted basement membrane extract from Engelbreth—Holm—Swarm mouse tumors
containing a mixture of laminin, collagen IV, heparin sulfate proteoglycan, and nidogen/entactin19, Figure 1). Gels derived from natural sources
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 type521.

However, 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 bioactive 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. For instance Matrigel
activates pathways that control angiogenesiszz'zs, cancer cell motiIity24, and drug sensitivity25 while collagen type 1 alters the production of matrix
metalloproteinases (MMPS%, enzymes that degrade ECM components and allow tumor cell invasionzG, cell sensitivity to anti-cancer drugs®’, cell
proliferation, and migration 829

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 polysaccharide-based
biologically derived matrix***2. 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 and Extracellular Matrices

Synthetic hydrogels are an option for 3D cell culture a§)3plications when naturally derived biolggical matrices are ugssuitable. Synthetic

hydrogels are formed of purely non-natural molecules™ such as poly(ethylene glycol) (PEG)™, poly(vinyl alcohol)™, and poly(2-hydroxy ethyl
methacrylate)36. They are biologically inert, but provide structural support for various cell types. They are also highly reproducible, allow for facile
tuning of the mechanical properties, and are simple to process and manufacture.

Synthetic hydrogels can maintain the viability of encapsulated cells while allowing for ECM deposition as the hydrogel degrades37, thereby
demonstrating that synthetic gels can function as 3D cell culture platforms in the absence of integrin-binding ligands. As an alternative approach
inert synthetic hydrogels can be modified 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 (Fia%ure 2). Synthetic hydrogels
can be customized with specific peptide sequences to improve cell attachment, cell homing, and other behaviors™ or the hydrogels can

be supplemented with bioactive molecules (e.g., growth factors or ECM proteins). Furthermore, devices such as permeable supports (e.g.,
Transwell® inserts) can be incorporated into 3D culture models with hydrogel substrates to study the interaction between different cell types,
soluble factors, and the culture environment.

Solid Scaffolds

Solid scaffolds for 3D cell culture are fabricated with a broad range of materials including metal, ceramics, glass, and polymers. In particular,
polymers are a common choice for generating solid scaffolds of diverse size, varying structure, stiffness, porosity, and permeabilitySg. A
multitude of fabrication techniques are being utilized to generate solid scaffolds for 3D cell culture, including soft-lithography, electro-spinning,
microarray, bio-printing, and many others. The major drawbacks of using solid scaffolds 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 bod(y, the ECM provides an intricate nanoscale infrastructure to support cells, and presents an instructive background that governs their
behavior*™*. Cells binding to scaffolds that exhibit microscale architectures usually flatten and spread out as they would if cultured on flat
surfaces*®. Even minute nanoscale level alterations in topography of the cell’'s environment 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
mechanical forces can significantly impact cell adhesion, growth, and behavior*.

B. Spheroids

Cellular spheroids are simple 3D models that can be generated from a wide range of cell types, which form spheroids naturally due to the
tendency of adherent cells to aggregate. Common examples of spheroids include embryoid bodies, mammospheres, tumor spheroids,
hepatospheres, and neurospheres. In particular, adherent cells tend to aggregate under circumstances that impede adhesion to cell culture
substrates. Common matrix-free methods employed for generating spheroids include the use of ultra-low attachment surfaces for cell culture,
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 mechanical properties of
the material. The overall size of the spheroids is limited to a few hundred micrometers, beyond which, necrosis ensues within the core of the
spheroids ™.

As cells spontaneously aggregate into spheroids they 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-oxygenated and hypoxic cells*®.
Additionally, differentiation of pluripotent stem cells typically involves the formation of spherical structures called embryoid bodies, an important
step for subsequent cell differentiation 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 analyzed by imaging using light, fluorescence, and confocal
microscopies, 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 (HTP) and toxicity screening applications.
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C. Organoids

Another major advancement in stem cell differentiation is the formation of self-organizing 3D mini “organs” known as organoids. Organoids can
recapitulate histological details and provide functional representation of multiple cell types that are gresent within the native organs. Organoids
representative of intestinal50’51, retinal®, pancreaticss, mammary54, colonicss, and cerebral tissues® have been developed recently using 3D
models comprised of Matrigel Matrix. Figure 3 illustrates a schematic of 3D culture conditions that enabled efficient expansion of dissociated
mouse embryonic pancreatic progsenitorSSB. Another example is shown in Figure 4, where Lancaster et al. generated cerebral organoids with
structural similarity to brain tissue 7 While, in vitro culture of organoids is a major step toward elucidating the principles of organ development
and the mechanisms responsible for genetic diseases, the consistency and predictability of obtaining the same structures varies from sample
to sample57. Similar to spheroids, they are also limited in size by the development of necrotic cores, limiting their usefulness for regenerative
approaches.

D. Perfusion bioreactors

One of the major challenges of creating 3D cultures in vitro is the limited mass transfer distances required for nutritional supply and removal.
Bioreactors address this challenge by controlling the physiological environment surrounding 3D constructs (i.e. nutrient supply, oxygen tension,
waste removal, mechanical inputs, pH, and temperature). Bioreactors therefore are essential when larger tissue constructs are required

and also to sustain tissues in vitro for extended periods of time, as increased transport through perfusion heg)s to avoid necrotic centers. In
particular, bioreactors can be used to sustain long term cultures where d)énamic changes can be monitored™. Additionally bioreactors control
the size and shape of 3D cultures, and promote uniform cell distributions>>®*. Bioreactors come in many different formats including: (direct)
perfusion bioreactors®, (indirect) hollow fiber perfusion bioreactors®, perfusion bioreactors with mechanical stimulation®, rotating wall vessel
bioreactorses, spinner flaskseg, and orbital shakers’®.

E. Other ways to address limited mass transfer

Another physiologically relevant solution to address limited mass transfer in large tissue constructs is to recreate the tissue vasculature (which
provides and removes nutrients in vivo) with interconnected, vascularizable channels ™ As an artificial substitute to support high-density cell
growth, ‘pseudovascularization’ through hollow fiber membrane bioreactors has also shown promising results®® "> The hollow fibers act as the
blood vessels transferring culture medium throughout the tissue engineered constructs while the bulk can be seeded with extracellular matrix or
other scaffold materials and cells.

Recent improvements in microscale engineering techniques, such as fabrication of microfluidic devices and microarrays have the potential to
address nutrient supply issues by creating micro scale models. Microfluidic devices manipulate small volumes (10'9 to 10 L) to generate and
precisely control dynamic fluid flow and spatio-temporal gradients, as well as deliver nutrients and other chemical cues to cells in a controlled
manner’>. Microfluidic networks have been incorporated directly within cell embedded hydrogels, as well as several other matrices, to enable
efficient convective transport of nutrients and other soluble cues throughout the 3D scaffolds 5 Microarrays 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. Use of these technologies can improve cell viability and functions. Moreover, microfluidic technologies can increase
throughput and significantly reduce the cost of culture due to low reagent volume requirements.

F. Cell considerations

Different types of cells can be incorporated in 3D models resulting in altered outcomes. There are three main classifications of cells that can

be used: stem cells, primary cells, and immortalized cell lines. Stem cells are undifferentiated cells that can be stimulated to differentiate down
different lineages. Stem cells are an attractive option since they self-renew in culture and can be used to create patient specific models. There
are many types of stem cells which are defined by their stage of development. The different types include: adult stem cells (often from bone
marrow or adipose tissue), fetal stem cells, cord blood stems, embryonic stem cells, or induced pluripotent stem cells. Primary cells on the other
hand are obtained directly from a specific tissue and therefore are already committed to a specific lineage. They have a limited lifetime in culture
and thus are more limited in numbers, and they eventually undergo senescence and stop proliferating. Immortalized cells in contrast have been
altered to proliferate and evade cellular senescence. Gene delivery systems are also an option for modulating a specific phenotype in tissue
engineered models.

In the body, communication between different cell types is critical to maintaining tissue homeostasis and specificity. Enhanced differentiation and
survival is accomplished by co-culturing appropriate cell ’g/pesn'm. Furthermore, co-cultures lead to increased ECM deposition82’83, improved
functional outcome measurements®, proper morphology 384 and vascular structures®' not achieved in monocultures. Besides mimicking
normal physiology better, 3D co-culture models have been useful for studying complex interactions between cancer cells and other cell types by
elucidating their contribution to tumor growth, vascularization and metastasis.

Uniqsue cellular considerations for organs that interface with air have resulted in cultures of multiple cell types at an air-liquid interface, including
lung 5, epidermisse, cornea87, and inner cheek models®®.

Culturing cells at an air-liquid interface using permeable supports has enabled the development ofin vitro3D models for drug discovery, including
modeling of the lung epithelium. Using cells from diseased donors, these cellular models are used for studying a variety of pulmonary disorders.
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Representative Results

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-I). 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 5ng/mL EGF and
1:1008(gilution of ITS supplement and 3% fresh Matrigel™ Matrix; EGF = epidermal growth factor; ITS = insulin transferrin selenium (Eritja et al.,
2010)™.

Figure 1 description - 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 surfaces '*'". A 3D in vitro model for endometrial glands is
shown in Figure 1. In this model, endometrial epithelial cells were cultured in medium containing Matrigel™ Matrix for 7-8 days followed by
immunofluorescence staining of various polarity markers. Marker expression analysis confirmed that the glandular structures were composed
exclusively of cells of epithelial origin (1A and 1F). Furthermore, spheroids representing endometrial glands displayed correct apical-basolateral
polarity (1B and 1G), positioning of Golgi apparatus (1C and 11), adherent junctions (ID and IH), and tight junctions (IE).

PML 0.25% 100Hm PML 0.25% 100 um

Figure 2. Proliferation and differentiation in 3D scaffold. (A + B) Transmission light picture of proliferating cells in PuraMatrix 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 blll-tubulin and TH of uninduced cells in PML 0.25% and (F) Cells after 7 days of differentiation 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)90.

Figure 2 description — In this study, Ortinau and colleagues used a synthetic hydrogel, PuraMatrix™ supplemented with laminin (PML 0.25%)

for neuronal differentiation of human neural progenitor cells®. Using transmission light microscopy (FIGURE 2A + B) and scanning electron
microscopy (FIGURE 2C + D) the researchers showed that neural progenitor cells can develop into a dense network of neuronal processes
(FIGURE 2B + D). Furthermore, immunocytochemistry revealed that after 7 days of differentiation, the neuronal precursor cells began to express
neuronal markers (blll-tubulin and tyrosine hydroxylase (TH)) (FIGURE 2E + F). These observations demonstrate how functionalization with
appropriate biological factors can convert inert synthetic matrices into useful in vitro models for supporting differentiation of stem and progenitor
cells.
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Fig. 3. Organoids recapitulate progenitor expansion and organized differentiation.

(A-E) Immunohistochemistry on sections of 7-day organoids showing that (A) all cells (DRAQS5, 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 ym (Greggio et al., 2013)53.

Figure 3 description — Figure 3 illustrates a schematic of 3D culture conditions that enabled efficient expansion of dissociated mouse embryonic
pancreatic progenitorssa. 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.
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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, Neuroepithelial tissues generated using this approach (left) exhibited large fluid-filled cavities and typical apical localization of the neural N-
cadherin

(arrow). These tissues were larger and more continuous than tissues grown in stationary suspension without Matrigel (right). C, Sectioning and
immunohistochemistry revealed complex morphology with heterogeneous

regions containing neural progenitors (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). Scale bars, 200
mm (Lancaster et al., 2013)°*’.

Figure 4 description — Lancaster et al. generated cerebral organoids with remarkable structural similarity to brain tissue®”. These cerebral
organoids grew larger than typical cellular spheroids and survived for weeks to months.

Construction of physiologically relevant 3D tissues is a multifaceted research initiative where the resulting tissues can be used for many
applications. Since 3D cell culture systems provide a more accurate environment for cell growth, tissue morphogenesis, and stem cell
differentiation they have potential to be used for modeling tissue development, disease progression and for implantation in situ for large tissue
defects. 3D cell culture models are also suited to bridge the gap between conventional 2D preclinical models for drug and toxicity screening
and in vivo clinical studies in humans. Improved 3D preclinical models will better recapitulate pathobiological processes underlying diseases of
specific tissues and organs in humans, and also more accurately predict physiological responses to therapeutic compounds.

Great strides have already been achieved over the past few decades in this field, yet there remain many practical limitations before 3D cell
culture models can be widely implemented in many applications. To begin with, many of the 3D models are novel, and data generated using
these methods need to be validated against established in vivo responses for calibration. 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. Nondestructive data
analysis techniques (secreted factors, morphological changes, and/or non-invasive functional markers) are therefore essential for tracking the
same 3D construct over culture. Also, some 3D matrices have limited permeability or poor diffusion dynamics and therefore must incorporate
perfusion systems to maintain viability and function. Furthermore, cell recovery and visualization can be 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.

These limitations however, are being overcome with emerging technologies and newer 3D in vitro assays. In vitro 3D cell culture models have
progressed in supporting cell growth, tissue morphogenesis, stem cell differentiation, disease modeling, drug discovery, and toxicity testing. It is
also evident that different 3D models with varying characteristics are required to meet the needs of specific cell types or applications. Combining
newer technologies such as microarrays on a chip, microfluidics, or bio-printing with biologically relevant matrices 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 provide
novel systems for regenerative research.

No conflicts of interest declared.
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