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Abstract
The use of hydrogels derived from the extracellular matrix (ECM) in tissue engineering

applications aims to overcome the conundrum of mimicking the complexity of ECM compo-

sition in vitro. In this chapter, we describe a method of decellularization and subsequent

formation of an ECM-based hydrogel using porcine heart tissue. These decellularized ECM

hydrogels could be used to create semi-interpenetrating networks or as bioinks in bioprinting

applications to further enhance the bioactivity and increase the biomimicry degree of the

biological cardiac constructs.

1 Introduction
The field of cardiac tissue engineering has enormous potential for providing alterna-

tive treatment for heart tissue repair following damage from myocardium infarction

(MI). Due to the highly specialized nature of cardiomyocytes within the myocar-

dium, their regenerative capacity is limited (Cui et al., 2018; Eschenhagen et al.,

2017). In general, after damage to the heart, scar tissue is formed. Depending on

the extent of tissue damage, this stiff scar tissue is in direct contradiction to the

flexible nature of healthy myocardium and subsequently has a detrimental impact

on normal heart function (Mann, 1999; Shyu, 2017). Ventricular remodeling occurs

and a myriad of mechanisms are activated in what is initially an adaptive process to

compensate for the loss of contractile tissue (Chen & Cohn, 2002).

The remodeling process, which involves myocyte enlargement or

“hypertrophy” and enlargement of the ventricles, is initially compensated by

an increase in wall thickness. In the long-term, this enlargement puts the heart

at a mechanical disadvantage which can lead to heart failure (Baig et al., 1998;

Pfeffer & Braunwald, 1990). Surgical intervention is often needed to prevent pro-

gression toward heart failure. In order to prevent or limit pathological hypertrophy,

these interventions may include ventricular tissue re-sectioning or employing

devices aimed at restricting ventricular dilation (Chen & Cohn, 2002). Using

materials that can replace scar tissue and restore heart function can therefore be

an effective alternative to such procedures.

2 Decellularization of porcine heart tissue

ARTICLE IN PRESS



The complexity of the composition of native extracellular matrix (ECM) associ-

ated with the intricate interaction with cardiomyocytes still poses a significant

challenge to recapitulate artificially in vitro. Naturally derived hydrogels composed

of materials such as alginate (Gaetani et al., 2012; Shachar, Tsur-Gang, Dvir, Leor, &

Cohen, 2011), collagen (Reis et al., 2012), gelatin (McCain, Agarwal, Nesmith,

Nesmith, & Parker, 2014; Pok, Myers, Madihally, & Jacot, 2013) and fibrin

(Hasan et al., 2015; Ye, Sullivan, & Black, 2011) are easy to obtain and manufacture,

but cannot mimic native myocardium composition. Synthetic hydrogels like

poly(ethylene glycol) (PEG) (Jongpaiboonkit et al., 2008; Young & Engler, 2011)

and poly(N-isopropylacrylamide) (PNIPAAm) (Li et al., 2014) have also been inves-

tigated for cardiac tissue applications. However, when compared to natural or syn-

thetic hydrogels, decellularized ECM (dECM) hydrogels have been shown to retain

more native ECM proteins (Fernández-P�erez & Ahearne, 2019). Therefore, dECM

derived from heart tissue can be an effective means of providing all the necessary

material and chemical cues needed for tissue repair.

The development of an ECM derived hydrogel has several promising applica-

tions in tissue repair. The use of dECM as an injectable material that can be delivered

to the heart where it can self-assemble into a hydrogel at physiological temperature is

a useful technique for this purpose (Singelyn et al., 2009; Ungerleider, Johnson,

Rao, & Christman, 2015). Furthermore, the ECM hydrogel can also be combined

with biofabrication techniques like bioprinting to generate biological constructs that

can be used as “cardiac patches.” Similarly, dECM-based in vitro constructs can be

manufactured with bioprinting as models to study regeneration (e.g., useful for

screening new pharmaceutical treatments), to unravel the pathological mechanisms

of different cardiovascular diseases and to aid in patch development for tissue repair.

Cells can be embedded in the hydrogel solution, termed “bioink,” for bioprinting

(Pati et al., 2014), or seeded on top of the construct. These two methods could enable

the development of a cell-laden construct composed of ECM material that is closest

in composition to native myocardium. The scaffold provides a pattern to direct car-

diac cell organization and alignment, and the ECM hydrogel offers the necessary

cues for cell maturation and differentiation (Singelyn et al., 2009).

The main challenges with decellularization of ECM are effective cell removal

while maintaining ECM proteins that are still capable of forming a hydrogel. Insuf-

ficient removal of cellular material can lead to foreign body response by macrophage

activation (Keane, Londono, Turner, & Badylak, 2012). On the other hand, more

vigorous treatments can lead to a complete disruption or denaturation of ECM pro-

teins, preventing reconstitution into a hydrogel. To achieve this balance between cell

removal and maintaining ECM profile, the optimization of reagent concentrations,

incubation times and sample size is needed.

Here, we describe the fabrication of an ECM hydrogel from porcine ventricular

tissue. We provide a brief comparison of reported decellularization techniques and

outline an optimized method which we demonstrate is effective at removing cellular

debris while generating ECM proteins capable of undergoing gelation.

31 Introduction
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2 ECM decellularization and hydrogel preparation
2.1 Materials and equipment
2.1.1 Chemicals
• Sodium dodecylsulfide (SDS) (Sigma-Aldrich, 75746)

• Triton X-100 (VWR, 437002A)

• Peracetic acid (Fisher Scientific, AC257750250)

• Ethanol absolute

• Autoclaved water

• Pepsin from porcine gastric mucosa (Sigma-Aldrich, P7125)

• Acetic acid (Sigma-Aldrich, 33209-1L-D)

• Sodium hydroxide (NaOH) (VWR, 191373M)

• Hydrochloric acid (HCl) (VWR, 310701.1000)

2.1.2 Solutions
• 0.1% SDS

� 1g SDS

� 1000mL distilled water

• 1% SDS

� 10g SDS

� 1000mL distilled water

• 1% triton X-100

� 10mL triton X-100

� 990mL distilled water

• 0.1% peracetic acid and 4% ethanol

� 1mL peracetic acid

� 40mL ethanol absolute

� 959mL distilled water

2.1.3 Equipment
• Freezer at �80 °C or liquid nitrogen

• 0.2μm filter

• Stirring plate

• Magnetic stirrer

• Fridge or cold room at 4 °C
• Freeze dryer

• Biosafety cabinet

• Strainer bag (Stomacher® BA6041/STR)

• Bag clip

• Autoclavable container

4 Decellularization of porcine heart tissue
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2.2 ECM decellularization and hydrogel formation process
2.2.1 ECM decellularization
All decellularization steps should be performed while stirring at 4 °C. Sterilize the

solutions using a 0.2μm filter unit.

1. Isolate the left and right porcine ventricles from the heart; discard the atria and

any fatty tissue.

2. Wash the ventricular tissue in autoclaved water and cut into cubes around

1�1cm2 (Fig. 2, step 1). Make sure to work in a sterile environment in order to

prevent contamination.

3. Perform three freeze-thaw cycles. Freeze tissue for 30min at �80 °C (or flash

freeze in liquid nitrogen) and thaw at RT for 45min per cycle.

4. Cut the thawed tissue into smaller pieces around 1�1mm2 in size in order to

enable better diffusion of the decellularization solution (Fig. 2, step 2).

5. Place the tissue pieces in the sterile strainer bag and seal it with a clip. Place the

bag in a sterile sealable container with a stir bar (Fig. 1).

6. Add 0.1% SDS solution to the container until the volume is sufficient to

completely submerge the bag containing the tissue pieces and leave for 24h.

7. Add 1% SDS solution of the same volume and stir until the tissue is visibly

white (Fig. 2, step 3). Depending on the size of the sample pieces, this

decellularization step might require a minimum of 24h and up to 72h. Refresh

the solution with 1% SDS every 24h.

FIG. 1

Necessary items for decellularization of porcine tissue. Sterilized items should be used to

minimize sample contamination.

52 ECM decellularization and hydrogel preparation

ARTICLE IN PRESS



8. Once the tissue turns white, wash it three times in autoclaved water.

9. Treat tissue with 1% triton X-100 for 1h.

10. Wash three times with autoclaved water, the last wash being for 12–16h
overnight to ensure complete removal of the triton X-100.

11. Treat with 0.1% peracetic acid in 4% ethanol for 4h.

12. Perform three washes in autoclaved water, the last one being 12–16h overnight.

2.2.2 ECM digestion
1. After decellularization, lyophilize the samples until all water content is removed.

2. The lyophilized dECM will be digested using pepsin. Weigh the dECM and

prepare pepsin in 0.5M acetic acid solution, with the ratio 100mg dECM:10mg

pepsin.

3. Dissolve the required amount of pepsin in 0.5M acetic acid solution.

4. Add the dissolved pepsin to the lyophilized dECM. The final concentration

should be 2% dECM solution.

5. Stir for 72h at RT.

6. In order to inactivate the pepsin, adjust pH to 7.5 using either 10mM NaOH and

4N HCL, or 10mM NaOH and 4N HCL and 10� PBS. All pH adjustments

should be performed on ice.

2.2.3 Hydrogel preparation
1. After pH adjustment, the hydrogel solution was kept at 4 °C for short-term storage

up to 1 month. For long-term storage up to 1 year, the digested dECM was

lyophilized and stored at �80 °C.

FIG. 2

Steps showing the process of ECM extraction from porcine ventricular tissue. The tissue was

cut into 1�1cm2 pieces and freeze/thawed (step 1), then cut into smaller pieces around

1�1mm2 in size (step 2) and subjected to decellularization until the pieces turned white

(step 3). Lyophilization removed all water content from the dECM (step 4) which was digested

enzymatically using pepsin (step 5).

6 Decellularization of porcine heart tissue
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2. Incubate the solution at 37 °C for 30min until it forms a hydrogel.

3. Lyophilized dECM was re-suspended in distilled water to obtain a 4% ECM

concentration.

3 ECM characterization
3.1 Materials and equipment
3.1.1 Chemicals and reagents
• Sodium hydroxide (NaOH)

• Tannic acid

• Osmium tetroxide

• Sodium cacodylate

• Glutaraldehyde

• Formaldehyde

• Paraffin

• Formalin

• Ethanol absolute

• Gill’s III Hematoxylin solution (Millipore Sigma, GHS332)

• Eosin Y (alcoholic) solution (Sigma-Aldrich, HT110332)

• Masson’s trichrome stain kit (Sigma-Aldrich, HT15)

• Collagen type I from rat tail (VWR, 47747-218)

• Life/dead staining kit: Calcein-AM (Fisher Scientific, 10720345), Ethidium

homodimer-1 (EthD-1) (Fisher Scientific, 10184382)

3.1.2 Equipment
• Microtome

• Glass slides

• Light microscope

• Sputter coater

• Silver paint

• Aluminum stub

• Scanning electron microscope (SEM)

• Transmission electron microscope (TEM)

• Well plate

• Critical point dryer (CPD)

• Scalpel

• HL-1 cardiomyocytes (Sigma-Aldrich, SCC065)

3.2 Characterization of the decellularization process
3.2.1 Histology analysis
Samples obtained after decellularization (see Section 2.2.1) were stained with hema-

toxylin and eosin (H&E) andMasson’s trichrome (MT) staining. Samples were fixed

with formalin, paraffin embedded and 5μm slides were obtained. H&E staining
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confirmed decellularization of the samples by the absence of blue stained nuclei

while the ECM was stained pink (Fig. 3A). MT showed the presence of collagen,

which was stained blue, the remaining muscle components stained red and there

was an absence of black stained nuclei (Fig. 3B).

3.2.2 Electron microscopy imaging
Decellularized ECM can be imaged using SEM in order to observe collagen fibrils.

To observe ECM architecture, an established protocol was used (Stephenson et al.,

2016) and compared later to our protocol. Briefly, a small piece (no larger than

2�2cm2 or smaller than 5�5mm2) of porcine heart tissue was immersed in 4% glu-

taraldehyde for 1h at RT. The tissue was incubated in 10%NaOH at RT for 6–10 days
until the tissue turned white. This was rinsed with water and incubated with 1% tan-

nic acid for 4h at RT. Fixation of the tissue samples was done by washing with 0.1M

sodium cacodylate three times for 5min each, followed by immersion in 1% osmium

tetroxide and 0.1M sodium cacodylate on rotator for 1h. Tissue was subsequently

dehydrated with gradual ethanol rinses and cut into the required cross-sections to

process for CPD.

The samples were mounted on aluminum stubs using silver paint and sputter

coated with gold nanoparticles for SEM imaging. Bundles of collagen fibers could

be identified within the decellularized construct (Fig. 4A–C). The average collagen
fiber diameter was measured to be 53nm (�6nm). Collagen fiber structure was

further resolved using TEM (Fig. 4D). The characteristic banded structure of the

collagen fibrils was observed in TEM imaging.

We compared Stephenson’s methodology for decellularization and SEM imag-

ing to the protocol described in Section 2.2. The dECM obtained after lyophiliza-

tion (see Section 2.2.1) was mounted on an aluminum stub using silver glue and

sputter coated with a gold nanometric layer. The collagen bundles were difficult

FIG. 3

Decellularized samples stained with H&E (A) showing absence of blue nuclei and presence

of pink stained ECM and MT (B) showing collagen stained blue; samples were imaged at

20� (scale bar, 50μm).

8 Decellularization of porcine heart tissue
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to resolve after decellularization and lyophilization (Fig. 5), but can be seen after

pepsin digestion and ECM hydrogel formation as described later in this chapter

(see Fig. 6). The dECM is seen to be free of cellular deposits indicating efficient

decellularization.

FIG. 4

SEM imaging of the dECM showing collagen bundles in increasing magnification (A–C). The

characteristic banded structure of collagen fibrils is visible in SEM (C) and can be fully

resolved with TEM imaging (D) (scale bar, 1μm).

FIG. 5

(A) SEM imaging of the lyophilized dECM samples. (B) It is the higher magnification of

panel (A). No cellular debris were observed indicating sufficient decellularization of the

ventricular tissue (scale bar, 50μm).
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3.3 Characterization of gel formation
The ECM obtained using the methodology described above is in liquid form at 4 °C
and can form a hydrogel at 37 °C. The combined low temperature and low pH main-

tain the collagen fibrils in soluble form (Hulmes, 2008). Once the temperature is

raised to physiological temperature, the collagen fibers within the ECM can cross-

link, hence enabling formation of ECM-based hydrogel after 30min. In order to

observe the ECM structure of our hydrogels, samples were prepared for SEM

imaging. 100μL of digested or re-suspended ECM (see Section 2.2.3) was pipetted

at the bottom of a 96-well plate. The gels were left to form overnight at 37 °C. The
hydrogels formed this way are 5mm in diameter and 5mm in thickness (Fig. 6).

For fixation, a mixture of 4% formaldehyde and 4% glutaraldehyde was prepared

and 100μL of the solution was added to each hydrogel in the well plate. The hydro-

gels were left for fixation at RT for 24h. The fixative was then removed and the hy-

drogel was dehydrated with increasing concentration of ethanol in successive steps.

Ethanol was added at 20%, 50%, 70%, 80%, and 90% for 15min and then left in

FIG. 6

ECM hydrogel formed after gelation overnight at 37 °C in a 96-well plate (A and B) (scale bar,

1mm). ECM hydrogel was imaged after fixation and critical point drying. The hydrogel

was cut and pulled apart to expose the internal structure (C). Images were taken of the top

(D) and inside (E) of the hydrogel showing the collagen matrix organization after gelation

(scale bar, 10μm).

10 Decellularization of porcine heart tissue
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100% ethanol for another 24h. The gels were inserted into grid holders for further

processing using the CPD that was set to undergo 40 CO2 exchange cycles at medium

speed. The gels were then removed from the CPD, carefully cut with a scalpel and

pulled apart to expose the inside of the gel before being mounted on an aluminum

stub for gold sputter coating. The dried gel was subsequently used for SEM imaging

(Fig. 6).

3.4 Cardiomyocyte cell culture
HL-1 cardiomyocytes were encapsulated in 300μL of dECM hydrogel. A total of

40,000 cardiomyocytes were added to the dECM-based hydrogel, with collagen

I hydrogels used as a control with the same cell density. The hydrogels were cultured

for 6 days and cell viability was evaluated using a live/dead staining kit. The samples

were incubated in medium without phenol red containing calcein-AM (1μM) and

EthD-1 (6μM) for 45min. The calcein-AM stains live cells, which can then be

imaged under fluorescence in the green channel; while dead cells stained by

EthD-1 are shown as red fluorescent cells (Fig. 7).

FIG. 7

Live/dead imaging of HL-1 cardiomyocytes in collagen I (A–C) and ECM (D–F) hydrogels after

6 days in culture. Cells were imaged at 10� magnification (scale bar, 50μm).
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4 Discussion
Several protocols have been developed to decellularize tissues (Ott et al., 2008) and

to obtain ECM hydrogels by digesting the tissue for specific applications such as

bladder (Freytes, Martin, Velankar, Lee, & Badylak, 2008), bone (Gothard et al.,

2015; Sawkins et al., 2013), cartilage (Wu et al., 2015), cornea (Ahearne &

Lynch, 2015) and skeletal muscle (DeQuach et al., 2012; Ungerleider et al.,

2015). The use of specific tissue according to the required application ensures that

the ECM protein profile is preserved (Garreta et al., 2017). Here, we described the

development of a protocol for generating cardiac tissue-derived decellularized and

digested protein-based hydrogels. Table 1 gives a brief overview of the methodology

described and provides a comparison with existing published protocols for obtaining

ECM hydrogels for cardiac tissue applications.

As listed in Table 1, several protocols have been reported to decellularize heart

tissue. The choice of reagents is primarily affected by the tissue source, since factors

such as tissue density and fat content affect the process of decellularization. Different

decellularization reagents will ultimately affect the composition of the ECM present

within the hydrogels and all of them will disrupt the ECM ultrastructure (Crapo,

Gilbert, & Badylak, 2011). Therefore, while most of the methods in Table 1 may

enable sufficient decellularization, depending on the type of reagents and processing

conditions, not all will enable hydrogel formation. Out of the protocols tested, we

found that the protocol we have described in this chapter lead to the most reproduc-

ible results in terms of obtaining dECM hydrogels. Table 2 outlines some of the trou-

bleshooting and optimization steps we experienced while carrying out the protocol

outlined in Section 2.2.

Decellularization of thick myocardium tissue described by most protocols (Duan

et al., 2011; Pati et al., 2014) uses detergents that can effectively remove cellular

material by solubilizing cell membrane and DNA proteins. For dECM scaffolds

implanted in vivo, sufficient decellularization leads to macrophage polarization

toward the “positive” M2 phenotype which aids tissue repair and regeneration. How-

ever, it has been shown that insufficient decellularization of scaffolds can lead to

polarization toward the pro-inflammatory M1 phenotype which activates an adverse

foreign response against the construct (Brown, Valentin, Stewart-Akers, McCabe, &

Badylak, 2009). In our approach we used SDS for decellularization, which has been

shown to be efficient in removal of cellular proteins (Giusti, Bogetti, Bonafina, &

Fiszer de Plazas, 2009) as evidenced by the lack of cellular content in the dECM

we obtained (see Section 3.2). Duan et al. (2011) used triton X-100 and deoxycholate

for protein removal; however, tissues treated with triton X-100 have been shown

to undergo incomplete decellularization compared to SDS (Lumpkins, Pierre, &

McFetridge, 2008; Nakayama, Batchelder, Lee, & Tarantal, 2010).

While detergents are efficient at cell protein removal, they tend to disrupt ECM

constituents, an adverse effect which needs to be minimized. In the case of SDS, for

instance, we used a combination of low concentration of the detergent and decreased

temperature which has been shown to better preserve ECM profile after decellular-

ization (Nakayama et al., 2010).
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Table 1 Protocols for fabricating ECM hydrogels for cardiac tissue applications.

Decellularization
Post-
processing

Digestion and
gelation Duration References

Porcine
ventricles

n 0.1% SDS for 24h at 4°C
n 1% SDS for 24–72h at 4°C
n 1% triton X-100 for 1h at 4°C
n 0.1% peracetic acid and 4% ethanol for

4h at 4 °C

Lyophilization • 10mg ECM:1mg
pepsin in 0.5M
acetic acid (at RT)

• Tested
• Gel formation

n 80h decellularization
n 72h digestion

Current chapter,
adapted from Pati et al.
(2014)

n 1% SDS for 48h
n 1% triton X-100 for 30min
n 0.1% peracetic acid and 4% ethanol for

4h
n PBS for 72h

Lyophilized and
crushed with
mortar and pestle

• 10mg ECM:1mg
pepsin in 0.5M
acetic acid

• Not tested

n 124h decellularization
n 48h digestion

Pati et al. (2014)
adapted from Ott et al.
(2008)

n 0.02% trypsin-EDTA for 24h at 37 °C
n 3% triton X-100 for 24h at RT
n 4% deoxycholate for 24h at RT
n 0.02% trypsin-EDTA for 2h at 37°C
n 3% triton X-100 for 2h at RT
n 4% deoxycholate for 2h at RT
n 0.1% peracetic acid for 1h at RT

Frozen pieces
crushed with
mortar and pestle.
Lyophilization

• 10mg ECM:1mg
pepsin in 0.01N
HCl (at RT)

• Tested
• No gel formation

n 18h decellularization
with minced tissue as
starting material

n 48h digestion

Adapted from Duan
et al. (2011)

n 0.02% trypsin-EDTA for 2h at 37°C
n 3% triton X-100 for 2h at RT
n 4% deoxycholate for 2h at RT
n 0.02% trypsin-EDTA for 2h at 37°C
n 3% triton X-100 for 2h at RT
n 4% deoxycholate for 2h at RT
n 0.1% peracetic acid for 1h at RT

Frozen pieces
crushed with
mortar and pestle.
Lyophilization

• 10mg ECM:1mg
pepsin in 0.01N
HCl (at RT)

• Tested
• No gel formation

n 4 days decellularization
with sliced tissue as
starting material

n 48h digestion

Adapted from Duan
et al. (2011)

n 0.02% trypsin-EDTA for 2h at 37°C
n 3% triton X-100 for 2h at RT
n 4% deoxycholate for 2h at RT
n 0.1% peracetic acid for 1h at RT

Frozen pieces
crushed with
mortar and pestle.
Lyophilization

• 10mg ECM:1mg
pepsin in 0.01N
HCl (at RT)

• Not tested

n 9h decellularization
with minced tissue as
starting material

n 48h digestion

Duan et al. (2011)
adapted from Freytes,
Martin, et al. (2008)

Omentum n 10mM tris/5mM EDTA
n 1μM phenylmethanesulfonyl-fluoride
n 70%
n 100% ethanol
n 100% acetone
n Hexane:acetone (6:4)
n 0.25% trypsin/EDTA
n 50mM tris/1mM MgCl2
n 0.1% SDS
n 40UmL�1 benzonase at RT and 37 °C

Lyophilization and
homogenization
into coarse
powder

• 1mgmL�1 pepsin
(3200–4200 units
mg�1 ECM) in
0.1M HCl

• Not tested

n 60h decellularization
n 64–72h digestion

Shevach, Soffer-Tsur,
Fleischer, Shapira, and
Dvir (2014), Shevach
et al. (2015)
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Enzymatic decellularization using trypsin is also commonly used but has been

shown to be more disruptive to ECM proteins compared to detergents since collagen

within the ECMmay be cleaved by trypsin (Rosenblum et al., 2010). This issuemay be

combated with shorter incubation times. However, longer incubation timeswith trypsin

have been shown to provide better decellularization (Schenke-Layland et al., 2003).

Table 2 Troubleshooting and optimization for ECM decellularization
and hydrogel formation.

Problem Solution Explanation

Incomplete
decellularization

Increase incubation time with
SDS and triton X-100

Allows reagents enough time to
reach the center of thicker tissue
pieces

Reduce size of tissue pieces Enables better diffusion of reagents
through the sample

Incomplete
removal of
reagents

Increase number of washings To remove any trace amounts of the
reagents

Carry out two washing cycles
of 12–16h each

Enables removal of reagents from
thicker tissue samples

Incomplete
digestion

Reduce concentration to 2%
dECM or lower

Incomplete digestion of dECM can
occur at high concentration as the
solution may become too viscous for
proper enzymatic function

Ensure all decellularization and
digestion steps occur between
4 °C and RT

Exposing sample to temperatures
above 37 °C may affect ECM
digestion and subsequent hydrogel
formation

Increase amount of pepsin in
solution

Increases the amount of enzyme
available for digestion

Pepsin does not
dissolve

Dissolve pepsin on ice in acidic
solution

Pepsin dissolution needs to be
carried out at lower temperature to
prevent activation of the enzyme

ECM solution is
too dilute

Use higher concentration
solutions for pH adjustment

Increasing NaOH concentration (e.g.,
10mM to 2M) may prevent dilution of
the ECM solution

ECM
degradation too
high

Reduce concentration and
exposure time to reagents

While some ECMdegradation occurs
regardless of the reagent used,
reducing the amount and time of
exposure will help to preserve the
dECM profile

Decellularize at 4 °C Decellularization at a lower
temperature, in the case of SDS, e.g.,
reduces ECM degradation
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We carried out two decellularization protocols modified from Duan et al. (2011)

(Table 1) with longer (24h) and shorter (2h) trypsin-EDTA incubation times.

The tissue was successfully decellularized using these methods, but the dECM

obtained from both modifications failed to form a hydrogel at 37°C after pepsin

digestion.

For most of the methods we have discussed, the main method of disinfection is

the use of peracetic acid, which additionally aids in the removal of nucleic acid

residues that may have remained (Gilbert et al., 2008; Hodde & Hiles, 2002). How-

ever, this sterilization is followed by a number of additional processing steps (e.g.,

lyophilization, digestion) to arrive at a final dECM hydrogel. Therefore, preventing

contamination of the dECM during these subsequent steps is essential. Processed

proteins can be sterilized after post-processing, but most common sterilization

methods such as exposure to ethylene oxide, gamma sterilization and electron beam

irradiation can have detrimental effects on ECM properties (Freytes, Stoner, &

Badylak, 2008).

The development of an ECM-based hydrogel is an important tool for tissue en-

gineering applications. ECM hydrogels can be bioprinted as “hybrid” scaffolds in

combination with support materials to provide better mechanical properties (Pati

et al., 2014). The mechanical properties of ECM hydrogels can also be improved

using agents that promote covalent cross-linking of collagen fibrils and proteogly-

cans (Wollensak, Spoerl, & Seiler, 2003). The use of vitamin B12 in combination

with a dECM bioink was shown to improve mechanical properties of bioprinted

constructs (Jang et al., 2016).

Bioprinting using ECM hydrogels also has advantages compared to whole tissue

and organ decellularized constructs. Whole tissue or organ decellularization is

difficult in terms of ensuring complete decellularization of thick tissues; it also

encounters issues in enabling efficient re-cellularization of the structure (Garreta

et al., 2017). Bioprinted scaffolds can enable better cell distribution as well as the

possibility of building multicellular constructs.

Decellularization of whole organs is perfusion based and hence dependent on the

presence of an intact vascular network in order to deliver reagents (Ott et al., 2008).

This can limit decellularization in tissues where a vascular network cannot be easily

accessed. The methodology we have described here is an immersion and agitation

based decellularization. This technique is dependent on diffusion of reagents through

small tissue pieces which eliminates the need of vasculature and can subsequently

lead to more consistent decellularization.

ECM-based bioinks have also shown to be promising for pre-clinical applications

such as autologous and injectable hydrogel-based scaffolds for supporting myo-

cardium after tissue damage (Seif-Naraghi et al., 2013; Singelyn & Christman,

2010). ECM and ECM analogs also have potential for targeted delivery of progenitor

cells and growth factors to damaged myocardium (Hinderer, Layland, &

Schenke-Layland, 2016).

154 Discussion

ARTICLE IN PRESS



5 Conclusion
We were able to demonstrate the fabrication of ECM hydrogels from porcine ven-

tricular tissues. The process involved decellularization, lyophilization and digestion

of the tissue to ultimately obtain the hydrogel. We ensured that the dECM was easily

decellularized using an immersion and agitation based method. Using this method,

we can generate constructs that recapitulate the fibrillar collagenous network and ar-

chitecture of the native tissue. We demonstrated the ability of dECM hydrogels to

support cell viability which opens the possibility of various applications for cardiac

tissue engineering.
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