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Abstract

The ability to create cell-derived decellularized matrices in a dish gives researchers the
opportunity to possess a bioactive, biocompatible material made up of fibrillar proteins and other
factors that recapitulates key features of the native structure and composition of in vivo
microenvironments. By using cells in a culture system to provide a natural ECM, decellularization
allows for a high degree of customization through the introduction of selected proteins and soluble
factors. The culture system, culture medium, cell types, and physical environments can be varied
to provide specialized ECMs for wide-ranging applications to study cell-ECM signaling, cell
migration, cell differentiation, and tissue engineering purposes. This chapter describes a procedure
for performing a detergent and high pH-based extraction that leaves the native, cell-assembled
ECM intact while removing cellular materials. We address common evaluation methods for
assessing the ECM and its composition as well as potential uses for a decellularized ECM.

1 INTRODUCTION

The extracellular matrix (ECM) is an essential and complex meshwork of collagens,
glycoproteins, proteoglycans, and polysaccharides. For any given tissue type, the ECM is
assembled into the appropriate architectural design consisting of the correct array of
components and molecular stoichiometries to enhance the formation of multiprotein
complexes and the polymerization of the key fibrous networks required for the tissue-
specific activities of resident cells. ECM functions rely on its unique features including large
multidomain protein components and the organization of ECM protein polymers (Hynes &
Yamada, 2012; Mecham, 2011). We do not know all of the proteins that constitute an ECM
or how they vary in ECMs from different tissue types. Nor can we build an ECM with
appropriate architecture from pure protein components or synthetic materials. However,
through decellularization procedures, we can isolate the ECM from cell cultures or tissues as
a fibrous network in a form that is amenable to structure/function studies (Cukierman,
Pankov, Stevens, & Yamada, 2001; Mao & Schwarzbauer, 2005).

The goal of decellularization is to remove cells while maintaining the organization and
composition, as much as possible, of the ECM. The insoluble, highly stable core structure of
the ECM allows one to extract cellular components, leaving behind an interconnected
fibrillar network of ECM protein polymers. This core is assembled by and interacts with
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cells and also controls the types, amounts, and distributions of many matrix-associated
components and modulatory factors. Proteomic analyses of differentially extracted tissue
fractions combined with bioinformatics analyses using ECM protein motifs have defined
core matrisome and matrisome-associated proteins (Hynes & Naba, 2012; Naba et al.,
2012). The human genome contains almost 300 genes encoding core matrisome proteins
(collagens, glycoproteins, proteoglycans) and another ~800 genes for associated proteins
(e.g., proteases, growth factors, mucins). Decellularization creates a material that retains the
ECM architecture and key structural components of the core but can lack associated
modulatory proteins or soluble factors needed to stimulate tissue-specific cell functions
(Mao & Schwarzbauer, 2005). These factors can be added back to potentially restore partial
tissue-specific functions to the decellularized matrix (Williams & Schwarzbauer, 2009).

In an effort to regenerate tissues for implant, whole tissues or tissue sections, such as lung,
liver, or tendon, have been decellularized (Faulk, Wildemann, & Badylak, 2015; Hoganson,
Bassett, & Vacanti, 2014; Jung, Bhuiyan, & Ogle, 2016; Lovati, Bottagisio, & Moretti,
2016). The resulting ECM “scaffolds” can be reseeded with stem cells or tissue-appropriate
cells in attempts to regenerate a functional organ or tissue (Chen et al., 2017; Hoshiba et al.,
2016; Yu, Alkhawaji, Ding, & Mei, 2016). Because of the density and volume of cells and
matrix in a typical organ, removing cells requires rather harsh techniques. Various
combinations of physical, chemical, and biological treatments are generally used, such as
freeze—thaw cycles, protease and nuclease treatments, and detergent or acid extractions, and
have been applied over periods of days to weeks (Jung et al., 2016; Kawecki et al., 2017).
Ultimately, the decellularized ECM scaffold lacks immunogenic components making it
suitable for implant but, in the process, it seems likely that many components have been
extracted or denatured and molecular interactions have been perturbed. While these
perturbations can be one disadvantage of these methods, one of the advantages is that the
resulting decellularized ECM scaffold retains core components and some of the mechanical
properties found in the native tissue (Chen et al., 2017).

Because of the cell nonautonomy of the ECM, using a cell culture model in which all
components derive from a single cell type facilitates dissection of its biological capabilities.
Decellularization of a cell culture yields a fibrillar matrix, which for mesenchymal cell types
means a matrix in which fibronectin and type | collagen predominate (Singh, Bandini,
Donnelly, Schwartz, & Schwarzbauer, 2014). After decellularization, the matrix retains the
thickness and fibrillar organization as before cell removal (Mao & Schwarzbauer, 2005). In
the case of NIH 3T3 cells, the matrix retains a thickness of approximately 10-15 pm when
cultured for ~1 week. Studies have shown that compared to a planar protein-coated surface,
a decellularized ECM has distinct effects on cell proliferation, migration, matrix assembly,
signaling, and other cell responses (Cukierman et al., 2001; Harris et al., 2017; Hellewell,
Rosini, & Adams, 2017; Mao & Schwarzbauer, 2005, 2006; Vlodavsky, 2001) leading some
to refer to the matrix as “three-dimensional (3D).” Although there is disagreement about
whether the ECM is truly 3D, its effects on cell functions are substantially different from the
protein-coated surfaces that are widely used to study cell adhesion-dependent activities.

The methods for decellularization of cell cultures are generally milder than those mentioned
earlier for tissues. As a result, critical protein interactions and native ECM architectures can
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be maintained. One disadvantage of the milder procedures is that certain cellular
components such as actin filaments and chromatin might not be completely removed
(Hoshiba et al., 2016; Lu, Hoshiba, Kawazoe, & Chen, 2012). Additional washing steps,
enzymatic treatments, and postdecellularization screening can be used to determine the
quality of the ECM.

ECM deposition and decellularization procedures can be applied to cells grown in a variety
of formats including: on planar surfaces, inside of tubes, within or on the fibers of porous
synthetic scaffolds, and on gels (biologic or synthetic). Because the cell culture-derived
decellularized matrix can be quite fragile, incorporating the matrix into a synthetic scaffold
can provide added stability during various manipulations (Goyal et al., 2017). Once
decellularized, the ECM network provides a unique substrate for studying cell behaviors
such as migration, proliferation, and cell differentiation and for molecular and structural
analyses of protein composition, colocalization, and biophysical properties. Customization
of the ECM can be achieved by adding back matrisome-associated proteins after
decellularization or by coculturing different cell types prior to decellularization.

Here, we describe the method that we use for decellularization (Engler, Chan, Boettiger, &
Schwarzbauer, 2009; Mao & Schwarzbauer, 2005). It is a mild treatment of cell cultures
with a hypotonic solution, nonionic detergent, and multiple washes based on the original
procedure developed by Chen, Murray, Segal, Bushnell, and Walsh (1978). Other procedures
have been described and are discussed in Section 2.5.3.

2 DECELLULARIZATION OF CELL-DERIVED ECM
2.1 CELL SOURCE FOR ECM PRODUCTION

Most adherent cell types assemble some amount of ECM. The ability to maintain ECM
organization during decellularization depends on the density of the ECM network as densely
connected fibrils will stabilize the ECM structure during the extraction. A dense matrix is
usually accomplished by growing cells past confluence for extended periods with regular
medium changes to stimulate continued matrix assembly. Thus in addition to ECM density,
cells that are able to survive past confluence are advantageous for this procedure. For cells
that do not assemble significant matrix on their own, these can be cocultured with matrix-
producing cells to generate a hybrid matrix from both cell components. For example, a
coculture of matrix-producing NIH 3T3 fibroblasts with primary rat neonatal Schwann cells
that do not assemble a matrix by themselves generates an ECM containing fibronectin
produced by fibroblasts and Schwann cells (Harris et al., 2017).

Immunofluorescence staining is the most direct way to screen cells for ECM production.
First, cells should be visualized daily by phase microscopy from the time they reach
confluence until 7-8 days postconfluence. This allows one to assess cell survival in very
dense cultures. Second, cells growing on glass coverslips are fixed and stained with anti-
ECM protein antibodies and fluorescent secondary antibodies (Wierzbicka-Patynowski,
Mao, & Schwarzbauer, 2004). Microscopic visualization is used to determine the density of
the ECM proteins. Fibronectin is abundantly produced by most mesenchymal cells and is a
useful marker for ECM. Type | collagen can also be monitored in cultures grown in medium

Methods Cell Biol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Harris et al.

Page 4

containing ascorbate. Levels of specific ECM components can also be examined by
immunoblotting of cell lysates (Wierzbicka-Patynowski et al., 2004).

2.2 MATERIALS AND REAGENTS FOR DECELLULARIZATION

2.2.1 Solutions
Sterile PBS (Ca2*-Mg?2*-free)
Deionized (DI) water
Wash buffer 1: 100mM Nay,HPO,4, 2mM MgCl,, 2mM EGTA (pH 9.6)
Wash buffer 2: 10mM NayHPOg4, 300mM KCI (pH 7.5)
Lysis buffer: 8mM NayHPOy4, 1% NP-40 (pH 9.6)

Wash buffer 1, wash buffer 2, and lysis buffer should be stored at 4°C. For long-term
storage, aliquots can be frozen at —20°C

2.2.2 Materials—The standard protocol described in the next section is based on cells
growing in a 24-well plate, with or without a glass coverslip. For other culture plate sizes,
cell seeding densities and volumes of solutions should be adjusted based on surface areas.
Surfaces of plates or coverslips can be coated with 0.1% gelatin, which may help to maintain
ECM attachment to the surface during decellularization.

2.3 DECELLULARIZING CELL-DERIVED MATRIX

2.3.1 Cell culture—A suitable substrate on which to culture the cells must be selected
with glass-bottom dishes, polystyrene culture dishes, and coverslips among the options.
Examples of applications for each include: glass-bottom dishes utilized for live cell imaging
assays, polystyrene culture dishes for solubilization assays or observation with an inverted
microscope, and coverslips utilized for immunofluorescence experiments mounted on
microscope slides. Sterilize coverslips by autoclaving in a glass Petri dish or other heat-
stable container and store at room temperature.

Seed cells at a subconfluent density such that the cells become confluent in 2 days. For NIH
3T3 cells, seed approximately 2 x 10° cells/well in 1mL of medium (10% BCS, DMEM).
The seeding density should be determined empirically on a cell type-by-cell type basis.

At confluence, replace the medium with fresh medium. To increase collagen production and
matrix incorporation, add 50pg/mL ascorbic acid (Sigma) to the medium. Culture the cells
for another 3 days, 5 days from cell seeding. Exchange the medium on day 4 if necessary.

2.3.2 Decellularization procedure

Warm PBS, wash buffers, and lysis buffer to 37°C.

Remove culture medium and rinse cells twice with ImL PBS. In this and all
subsequent steps, slowly add the solution along the wall of the well and aspirate
gently to remove the solution.

Wash culture with ImL wash buffer 1, three times.
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Add 1mL lysis buffer and incubate for 15min at 37°C. From this step onward, take
special care not to dislodge the ECM in subsequent steps through forceful pipetting
or aspiration. During lysis steps, check cells by phase microscopy to monitor the
extent of cell lysis and loss of nuclear integrity.

Remove lysis buffer and add 1mL fresh lysis buffer to cells. Incubate for 40-60min at
37°C. The time can be extended or lysis buffer exchanged again if cell lysis appears
incomplete by microscopic examination. The matrix should also be visible by phase
microscopy.

Remove lysis buffer and rinse the matrix with wash buffer 2, ImL per wash, three to
five times. Then wash four times with 1mL DI water. After the final wash, replace
with PBS and store at 4°C. Samples can be stored for at least several months with
minimal degradation or structural breakdown of the ECM.

2.4 PREPARING STERILE DECELLULARIZED ECM

When using the decellularized ECM for recellularization or tissue engineering applications,
it is necessary to take the proper steps to ensure the sterility of the matrix. This can be
accomplished in two ways: carry out the decellularization procedure under sterile conditions
or sterilize the matrix after decellularization. For the first approach, we sterile filter all
solutions with 0.22-um filters in a laminar flow hood. All steps of the procedure are
performed in the hood with sterile materials and solutions to maintain sterility throughout
the decellularization. In the case of nonsterile decellularization, the ECM can be treated after
the procedure, but before storing, using irradiation or ethylene oxide (Dai, Ronholm, Tian,
Sethi, & Cao, 2016). However, these sterilization techniques might damage or degrade ECM
proteins or fibril structure.

2.5 MODIFICATIONS TO THE DECELLULARIZATION PROTOCOL

2.5.1 Matrix density—The density of the matrix can be increased by extending the
postconfluence cell culture time. For some applications, we have grown NIH 3T3 cell
cultures for 8 days after reaching confluence (10 days total) (Harris et al., 2017; Singh et al.,
2014). Lysing cells and removing debris are more difficult with a denser matrix. We modify
the protocol by extending the second lysis buffer incubation to 1h and 15min. Additional
time or a third incubation with lysis buffer can be added as necessary to thoroughly lyse
cells as visualized by phase microscopy. A wash with 0.5% deoxycholate in wash buffer 2
can be added if nuclear material remains after the lysis buffer steps (Chen et al., 1978).

2.5.2 Scaling up cell culture—To prepare decellularized matrices on surfaces larger than
a 24-well plate, scale up the cell seeding density proportionally, that is, seed the cells at the
same number per cm2. Wash and lysis volumes will also increase: use 2-3mL for a 35-mm
dish, 3-4mL for a 60-mm dish, and 5-6mL for a 100-mm dish. Test wash and lysis volumes
to assure reproducible decellularization.

2.5.3 Other decellularization procedures—Our decellularization protocol was adapted
from a method originally developed to study the organization of fibronectin matrix fibrils
using scanning and transmission electron microscopy approaches (Chen et al., 1978). Other
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methods have been described many of which are variations of an ECM denuding procedure
first applied to study endothelial cell matrices (Robinson & Gospodarowicz, 1984). In this
protocol, cells are removed by extraction with ammonium hydroxide and Triton X-100.
Detailed protocols as well as a video demonstration of the approach are available
(Cukierman et al., 2001; Franco-Barraza, Beacham, Amatangelo, & Cukierman, 2016;
Hellewell et al., 2017; Vlodavsky, 2001).

2.6 POTENTIAL PITFALLS AND TROUBLESHOOTING

A major variable that can affect results is the fragility of a cell-derived decellularized ECM.
It is very important to slowly add solutions and to be very gentle when aspirating liquid off
of the cell-assembled ECM to reduce the chances of dislodging it from the surface. Coating
the initial surface with gelatin prior to cell seeding may help to bind the ECM to the surface.
Manual aspiration with a Pasteur pipette and rubber bulb is usually gentler than vacuum
aspiration. To limit the number of sites at which the ECM is disturbed, liquid can be added
and removed at the same location on the side of the well or dish each time.

If cellular proteins or nucleic acids are not completely removed, make sure that the pH of
wash buffer 1 and the lysis buffer is at 9.6, as the high pH is important for cell lysis. Further
solubilization of DNA will occur upon storage so after several days background DAPI
staining should be reduced. If you are using a hydrogel or other nonstandard surface as a
culture platform, extra washes or multiple changes of lysis buffer may be required to
completely exchange the buffer for the water in the gel and to maintain the high pH.

3 ASSESSMENT OF DECELLULARIZED MATRIX
3.1 EVALUATION OF NUCLEAR CONTENT

Decellularized matrices are visible by phase microscopy immediately after the
decellularization protocol (Fig. 1A). The distribution of fibrils and the presence of certain
ECM proteins in the decellularized matrix can be determined by indirect
immunofluorescence. Two samples, a culture before decellularization and the decellularized
ECM, are fixed and stained with relevant ECM protein antibodies and imaging is used to
compare the similarity of matrix before and after the procedure. After incubation in PBS for
aweek, ECM can be stained for fibronectin and nuclei (4’,6-diamidino-2-phenylindole
(DAPI)) to confirm a three-dimensional fibrillar ECM as well as the absence of nuclear
material. As shown in Fig. 1B, NIH 3T3 fibroblasts assembled a dense fibronectin-rich
matrix and a subsequent decellularization protocol left them devoid of fibroblasts while
retaining fibronectin fibrils. Soluble and insoluble fibronectin matrix fractions can be
quantified using a deoxycholate lysis assay (Wierzbicka-Patynowski et al., 2004). The main
criterion for successful decellularization is the lack of residual nuclear material visualized
through DAPI staining. Other more stringent procedures call for <200bp DNA fragment
length to confirm successful decellularization, as foreign DNA is directly correlated to
immune reactions (Nagata, Hanayama, & Kawane, 2010). This condition can be analyzed
through either commercially available kits (PicoGreen dsDNA assay (ThermoFisher) for
example) or by gel electrophoresis.
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To identify the major protein components in the matrix, SDS-PAGE and either Coomassie or
silver staining can be used to detect the total protein profile in the matrix (Mao &
Schwarzbauer, 2005). Levels of specific components, including intracellular contaminants,
can be determined by quantitative immunoblotting. Immunofluorescence staining and
immunoblotting are also useful quality control measures of the ECM after storage.

3.2 QUANTIFICATION OF MATRIX FIBRIL ALIGNMENT

3.2.1 Fast Fourier transform analysis to assess fibrillar alignment—ECM
patterning is critical in determining tissue formation and function. The orientation of ECM
fibrils acts as a guide to direct cell spreading, migration, and phenotype. It is thus useful to
have tools to objectively determine whether an ECM is aligned or how the alignment of
different matrices compare. Alignment of matrix fibrils can be quantified using a fast Fourier
transform (FFT) analysis. This approach allows for morphological quantification of
alignment by transforming the spatial pixel information of immunofluorescence images to
the Fourier space (Ayres et al., 2008; Harris et al., 2017; Singh et al., 2014). A protocol for
quantifying fiber alignment with FFT theory and detailed instructions has been documented
previously (Taylor, Cao, Talauliker, & Lifshitz, 2013). As an example, we demonstrate this
approach using immunofluorescence images of decellularized matrices assembled by NIH
3T3 cells cultured for 6 days on a chemical interface patterned to produce an “aligned”
matrix (Fig. 2A) or an unpatterned surface to give an “unaligned” ECM (Fig. 2B). The
images were imported into NIH ImageJ software where analysis produces the FFT images
shown on the right in Fig. 2A and B.

3.2.2 Quantification of FFT results—Further quantification of data in the FFT image
can be achieved using the “oval profile” plugin downloaded into Imagel. FFT pixels are
summed for 360 radii around the center of the FFT image and used to produce a line graph
showing pixel intensity values. Alignment in the image will generate peaks separated by 180
degrees, at 90 and 270 degrees (Fig. 2C). A flat line indicates no alignment in the original
image. Values can be normalized and plotted for comparison of alignment of ECM fibrils
across different matrices (Fig. 2C). For a direct comparison of line graphs, a “full width-half
maximum” value can be calculated from the width of the peak at half of the maximum value
of the peak; larger widths equal less alignment and smaller widths show higher alignment of
fibrils (Fig. 2D). This approach allows quantification and direct comparison of the alignment
of fibrous materials and can be applied to natural matrices as well as engineered tissue-
mimetic substrates.

4 EXPLOITING A DECELLULARIZED MATRIX
4.1 STUDYING THE ECM AND CELL-ECM INTERACTIONS

A decellularized matrix is a unique material for studying cell-ECM interactions and cell
responses to matrices with different fibril organizations, compositions, or biophysical
properties. The ability to use any number of cell types to generate the matrix as well as the
ability to add purified proteins during assembly or after decellularization makes this a
manipulable system that can be tailored to address a variety of questions and experimental
protocols. The simplest experiment, cell adhesion and spreading, involves carefully adding a
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suspension of cells to a well containing a decellularized matrix substrate. For example,
Schwann cells seeded at low density spread on the decellularized fibroblast ECM and
adopted a polygonal morphology. Certain cell projections (visualized by staining actin
filaments) are coaligned with fibronectin fibrils in the matrix (Fig. 3). The distributions of
fibrils and cell adhesion sites can be followed over time to determine how cells restructure
the ECM fibrils and how matrix organization directs cell morphology and signaling
(Hakkinen, Harunaga, Doyle, & Yamada, 2011).

Decellularized ECM has been targeted by researchers looking to gain a deeper
understanding of how ECM architecture affects cell migration (Burns et al., 2011; Castello-
Cros, Khan, Simons, Valianou, & Cukierman, 2009; Doyle et al., 2012; Mao &
Schwarzbauer, 2006; Pankov et al., 2005; Petrie, Gavara, Chadwick, & Yamada, 2012;
Petrie, Koo, & Yamada, 2014). Recent work nicely illustrates the novel features of cell
migration on a natural decellularized matrix. A two-dimensional (2D) surface or a 3D
collagen gel promotes a lamellipodia-based migration mechanism with polarized Racl
GTPase and PIP3 signaling at the leading edge (Petrie et al., 2012). Interestingly, the natural
3D decellularized matrix promoted “lobopodia-based migration” that showed nonpolarized
Racl and PIP3 instead using a nuclear piston mechanism for leading-edge protrusion (Petrie
etal., 2014).

New insights into the effects of cell-ECM interactions on cell behaviors have been derived
from studies using decellularized matrix. FN matrix assembly is stimulated when cells
interact with a 3D decellularized matrix compared to 2D substrates (Green, Berrier, Pankov,
& Yamada, 2009; Hakkinen et al., 2011; Mao & Schwarzbauer, 2006). Analyses of the
composition or properties of decellularized matrices have been used to map the distributions
of specific ECM components such as thrombospondin-1 (Hellewell, Gong, Scharich,
Christofidou, & Adams, 2015), the effects of metabolic conditions such as high glucose
levels on ECM protein modification by nonenzymatic glycation (Pastino, Greco, Mathias,
Cristea, & Schwarzbauer, 2017), the role of matrix mechanical properties such as stiffness in
controlling various cell functions (Engler et al., 2009; Soucy, Werbin, Heinz, Hoh, & Romer,
2011), and other functional effects of variations in the ECM.

4.2 EXTRACELLULAR MATRIX IN THE STEM CELL NICHE

One hurdle for controlling stem cell pluripotency in vitro is identifying a culture
microenvironment that mimics the stem cell niche. Without the appropriate environment,
stem cells change their self-renewal capacity, differentiate along unexpected pathways, or
undergo senescence. Within the stem cell niche, the ECM provides sites for cell adhesion,
growth factor storage, and relevant mechanical cues, all of which have been linked to stem
cell maintenance (Brizzi, Tarone, & Defilippi, 2012). Recent work is illustrating the
potential for recapitulating a native cellular environment by incorporating a cell-derived
decellularized ECM into stem cell culture systems (Agmon & Christman, 2016; Cha et al.,
2013; Chen et al., 1978; Lai et al., 2010; Shakouri-Motlagh, O’Connor, Brennecke, Kalionis,
& Heath, 2017; Sun et al., 2011). For example, using ECMs prepared from bone marrow,
Prewitz and colleagues were able to maintain pluripotent mesenchymal stem cells (MSCs)
and hematopoietic stem cells in culture (Prewitz et al., 2013). Two different ECM
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preparations were compared and both improved the expansion of MSC populations in
comparison to fibronectin-coated tissue culture plastic. They also had elasticities resembling
bone marrow (0.1-0.3kPa) and were composed of similar ECM proteins (collagens, decorin,
laminins, nidogens, tenascin, thrombospondins, vitronectin, and fibronectin). However, one
type of ECM, derived from MSCs cultured with ascorbic acid, was more effective at
promoting the expansion of hematopoietic stem cells. This report also makes an interesting
technical point in showing that growing cells on a glass surface covalently coupled with
fibronectin anchors the ECM and stabilizes it during decellularization.

A cell-derived ECM not only affects proliferative signaling, but can also modulate signaling
through differentiation or stress response pathways. In one example, MSCs growing on a
cell-derived ECM had lower intracellular levels of reactive oxygen species in comparison to
tissue culture plastic (Lai et al., 2010). The osteogenic differentiation capacity of these
MSCs was retained for multiple passages on the ECM. In addition to MSC differentiation, a
decellularized ECM can also direct the differentiation capacity of embryonic stem cells. The
composition of the ECM can have a significant effect as shown for definitive endoderm
differentiation, which was dependent on the presence of laminin-111 in the matrix (Taylor-
Weiner, Schwarzbauer, & Engler, 2013). Taken together, work from a number of groups, too
numerous to mention in this chapter, shows the advantages of including decellularized ECM
in stem cell cultures and provides useful methodologies for development of other ECM-
based culture systems to mimic a particular in vivo microenvironment.

4.3 TISSUE REGENERATION

Whole-organ decellularization followed by recellularization with tissue-specific cell types in
a bioreactor enables researchers to produce organ prototypes with similarities to a native
tissue (Badylak, Taylor, & Uygun, 2011; Gilbert, Sellaro, & Badylak, 2006; Schenke-
Layland & Nerem, 2011). Yet, a limited number of whole tissue sources are available and
the decellularization procedures can affect ECM properties as described earlier in this
chapter. Therefore, methods for supplementing materials with cell-derived matrices are
gaining popularity in regenerative medicine applications.

Methods to combine decellularized matrix with synthetic materials are being developed to
convert synthetic polymers into bioactive or biomimetic materials with appropriate functions
for tissue engineering (Datta et al., 2006; Goyal et al., 2017; Rutledge, Cheng, Pryzhkova,
Harris, & Jabbarzadeh, 2014; Thibault, Scott Baggett, Mikos, & Kasper, 2010). Many
procedures use static cell cultures for decellularization. However, dynamic culture
conditions may have advantages especially when optimizing cell growth conditions for
subsequent decellularization as was done with chondrocytes cultured in an electrospun
poly(e-caprolactone) microfiber scaffold in a flow perfusion bioreactor (Liao, Guo, Grande-
Allen, Kasper, & Mikos, 2010). Fibroblasts, MSCs, and other cells routinely used for
decellularization assemble a dense network in which the ECM fibrils have no particular
orientation. The ability to control the orientation of the fibrils provides another mechanism
to control cell behaviors after reseeding. We have developed a patterned chemical interface
that when deposited in micron-sized stripes onto polymeric materials controls cell
orientations in alignment with the stripes and cells in turn assemble aligned matrix fibrils
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(Donnelly et al., 2013; Singh et al., 2014). Aligned decellularized ECM has the unique
ability to direct the orientations of neurites extended by primary neurons and neural explants
(Harris et al., 2017). This ECM—polymer biomaterial has potential as a nerve repair therapy
for directing glial cell and neuron extension across lesions.

5 CONCLUSIONS

The decellularization procedure described here maintains the 3D architecture and core
composition of the ECM, thus providing a natural substrate for cell growth that resembles
the microenvironment within tissues. Many different cell types and culture conditions can be
used to generate matrices for decellularization, allowing one to create in vitro models for
normal tissues and for various disease states. The matrix can be directly tuned through cell
cocultures, supplementation with proteins or growth factors, and chemical or enzymatic
modulation of mechanical properties. Incorporation of the matrix into various synthetic
constructs such as within polymeric scaffolds or on the surface of hydrogels is emerging as a
new direction in biomaterials design. Thus decellularized matrices are showing significant
potential as in vitro platforms for research as well as in biofriendly materials for tissue repair
and regeneration in vivo.
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FIG. 1
Cultures and ECM before and after decellularization. Phase contrast and

immunofluorescently stained images showing NIH 3T3 cells before (/ef?) and after (right)
decellularization. (A) Phase contrast images captured at 6 days of culture. (Lef?) Prior to
undergoing decellularization, the monolayer consists of highly confluent cells. (Rig/hf) One
week after decellularization, a fibrillar network with some cellular debris but lacking intact
cell bodies is visible. (B) Immunofluorescence images of NIH 3T3 cells stained with
antiserum against fibronectin (green) and with DAPI (b/ug). The fibrillar networks of
fibronectin look very similar before (/ef?) and 1 week after decellularization (righf). No DNA
was detected after decellularization (righi). Scale bars are 100um.
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FIG. 2.
Fast Fourier transform analysis of matrix fibril alignment. Decellularized matrices from NIH

3T3 cells were stained with anti-FN antiserum. Immunofluorescence images show (A, /ef?)
aligned matrix fibrils from cells cultured on a striped chemical pattern and (B, /ef})
unaligned matrix from cells grown on an unpatterned substrate. Scale bar is 100um. (A and
B, right) 2D FFT analysis transforms spatial information from the immunofluorescence
staining pattern to the frequency domain. These FFT images represent pixel alignment of
those patterns. The FFT images are artificially colored to show frequency domain
information in b/ue. A line through the FFT image origin would indicate perfect alignment.
(B, right) The circular pattern shows no alignment of pixels; (A, right) alignment gives an
oval-shaped pattern. (C) FFT pixels were radially summed around a 360 point perimeter. A
circular pattern with no alignment gives an equal summation around the perimeter with no
peaks, while the aspect ratio of the oval pattern generates peaks at 90 and 270 degrees.
Radial summation from aligned and unaligned matrices is graphed from 0 to 180 degrees
after averaging and normalization. (D) The full width-half maximum values were calculated
for each plot in (C). A larger full width half maximum signifies less alignment.
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FIG. 3.
Schwann cells spreading on a decellularized matrix. Schwann cells were seeded onto a NIH

3T3 decellularized matrix, allowed to spread, and then stained with fluorescent phalloidin to
visualize F-actin (red). Indirect immunofluorescence with antifibronectin antibodies was
used to detect the matrix (green). The right image shows merged fibronectin and actin
signals. The /eft image shows the actin staining only. Scale bar is 100um.
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