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Ischemic cardiomyopathy (ICM) affect millions of patients globally. Decellularized extracellular matrix materials
(dECM) have components, microstructure and mechanical properties similar to healthy cardiac tissues, and can
be manufactured into various forms of implantable biomaterials including injectable hydrogels or epicardial
patches, which have been extensively reported to attenuate pathological left ventricular remodeling and
maintain heart function. Recently, dECM medical devices for ICM treatment have been approved for clinical use
or studied in clinical trials, exhibiting considerable translation potential. Cells, growth factors and other
bioactive agents have been incorporated with different dECM materials to improve the therapeutic outcomes. In
addition, more detailed aspects of the biological effects and mechanisms of dECM treatment are being revealed.
This review summarized recent advances in dECM materials from variable sources for cardiac repair, including
extraction of extracellular matrix, cell integration, smart manufacturing of injectable hydrogels and cardiac patch
materials, and their therapeutic applications. Besides, this review provides an outlook on the cutting-edge
development directions in the field.

1. Introduction

Ischemic cardiomyopathy (ICM) remain one of the leading causes of
death worldwide over the past few decades [1-3], opposing heavy
medical and financial burdens on patients and community. ICM risk
factors including smoking, obesity, and sedentary lifestyles lead to
accumulation of blood clots and fatty plaques on the inner walls of blood
vessels [4,5]. When one or more coronary arteries are blocked, its
downstream cardiomyocytes die of ischemia. As cardiomyocytes are
terminally-differentiated mature cells with low endogenous regenera-
tive capacity [6-9], loss of cardiomyocytes is widely considered irre-
versible [10,11]. Necrotic myocardium is gradually replaced with
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fibrotic scar tissue, which leads to reduced myocardium contractility
and cardiac function, and heart failure (HF) at end stage [12-14].
Current surgical treatments for ICM focus on thrombolysis and resto-
ration of myocardial blood supply to the ischemic area via bypass grafting
and percutaneous coronary intervention (PCI) [15-17]. However, they
cannot regenerate the lost population of cardiomyocytes or remedy the
pathological mechanical conditions responsible for adverse ventricular
remodeling including hypotrophy and aneurysm. Drugs including angio-
tensin receptor-neurolysin inhibitors, $-blockers, angiotensin-converting
enzyme inhibitors, and mineralocorticoid-receptor antagonists reduce
the influence of the mechanical drives for HF, but do not eliminate the latter
[18-20]. Left ventricular assist devices (LVADs) and heart transplantation
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are the last options [21], but limited by high invasiveness and donor
shortage [22]. On the other hand, strategies of cardiomyocyte/stem cell
transplantation and stimulating proliferation of remaining cardiomyocytes
have been extensively investigated in clinical trials and animal studies, yet
their efficiencies are expected to be improved [23,24].

Novel biomaterials have been developed to mediate the pathological
mechanical environment and/or increase the efficiency of cell trans-
plantation [25-38]. The majority of the materials could be categorized
as injectable hydrogels and epicardial patches. Mechanically, both
intramyocardially injected hydrogels and epicardially implanted
patches can reduce the stress in cardiac wall by increasing wall thickness
[391, hence preserve cardiac geometry and function. In addition to
providing mechanical support, hydrogels and patches can also reduce
adverse reactions including cell damage, inflammation and fibrosis, and
promote desirable angiogenesis, cardiomyocyte proliferation with
intrinsic bioactivity or delivered bioactive factors [40-43]. Together
with some of these bioactivities, biomaterials that carry cells could
extend cell retention, and better maintain their activity [44,45]. Two
forms of dECM devices require different surgical procedures. Injectable
hydrogels can be delivered to myocardium in a multi-point fashion via a
minimally invasive transendocardial catheter system [46]. Such surgery
reduces the probability of infection and anesthetic risks since it does not
require open-chest procedures or full-body anesthesia. Injectable
hydrogels including Algisyl (LoneStar Heart), IK-5001 (Bellerophon
Therapeutics), XDROP (Deke Medtech) and VentriGel (Ventrix) have
entered clinical trials, and encouraging therapeutic outcomes have been
reported [46-48]. Compared to the injectable systems, epicardial
patches are attached to patient epicardium through highly invasive open
chest surgeries, which limited the patient population who can receive
patches. Minimally invasive thoracoscopic surgeries are under investi-
gation in pre-clinical studies [34,49,50]. However, dECM in patch forms
does not need to undergo structurally disruptive digestion as the
hydrogels do, thus could provide greater mechanical support to the
target myocardium, and better maintain original bioactivity [51]. Novel
dECM products approved by departments of medical device supervision
for clinical use or in clinical trials are listed in Table 1.

The vast array of biomaterials for ICM treatment can be broadly
classified as synthetic and natural polymers, according to their sources
[55,56]. Synthetic polymers include polyglycerol sebacate (PGS) [57],
polycaprolactone (PCL) [58], poly (lactic acid) (PLA) [59,60], poly D,
L-lactic acid-co-glycolic acid (PLGA) [61,62], polyurethane (PU) [29],
their copolymers and derivatives [63-65]. Commonly seen natural
materials include gelatin, collagen, alginate, chitosan, fibrin, hyaluronic
acid, and the decellularized ECM (dECM) derived from various organs
[66,67]. Generally, synthetic materials are mechanically stronger, while
natural materials are advantageous in terms of bioactivity. Among the
investigated materials, dECM is the only category which has entered the
clinical phases in both hydrogel and patch strategies.

dECM is derived from organs/tissues by removing the cells and
desirably the immunogenic components, while maintaining the majority
of the structural components and part of the bioactive components
(including collagens, glycosaminoglycans (GAGs), proteoglycans, and
matrix-bound nanovesicles) [68,69]. Therefore, dECM materials are
capable of mimicking native myocardial tissue in terms of components,

Table 1
Approved dECM medical devices and devices under clinical trials.
Products Source Form Clinical trials State Ref.
CorPatch®  Porcine small ~ Epicardial NCT03798353  Approved  [52]
intestinal patch
submucosa
(SIS)
VentriGel Porcine Injectable NCT02305602 Phase I [53]
ventricle hydrogel
PeriCord Human Epicardial NCT03798353  Phase I [54]
pericardium patch
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mechanics and microstructure while providing bioactive cues for car-
diac cell adhesion and growth [70,71]. dECM can be transformed into
powders, sheets, scaffolds and injectable hydrogels employing advanced
processing technologies, as well as being composited with other mate-
rials for function enhancement [72]. To achieve better myocardial
restoration, researchers have combined cells, growth factors and nuclei
acids with dECM to mimic physiological ECM [73]. These properties
have made dECM an attractive choice for cardiac repair, as demon-
strated by PeriCord, VentriGel, and CorPatch, among numerous efforts
in developing suitable biomaterials or tissue engineering solutions [74].
However, production of dECM inevitably causes partial loss of bioactive
matrix, original structure and mechanical strength, lowering its per-
formance [73]. To address such challenge, researchers employed
advanced manufacturing techniques including electrospinning, 3D bio-
printing, and microfluidics to precisely engineer dECM materials that
maintain or mimic the characteristics of native cardiac ECM at multiple
levels [75-77]. This review begins by providing a comprehensive
overview of the structure and properties of the cardiac ECM in com-
parison with different dECM materials, followed by an examination of
several important dECM processing techniques and their derivative
materials in cardiovascular tissue engineering (Fig. 1). Key consider-
ations in improving dECM biological function with cells and growth
factors, and in fabrication of dECM patches and hydrogel, are discussed
in detail. In addition, experience and challenges in clinical applications
of dECM are introduced.

2. Development of dECM materials for myocardial repair
2.1. Structure and composition of cardiac ECM

Cardiac wall consists of three layers: the innermost endocardium, the
myocardium, and the outer pericardium [78]. The cells and ECM present
in these layers exhibit compositional variability according to the specific
functional demands of each region of cardiac tissue [67,79]. Epicardial
patches were generally fixed to the external surface of pericardium or
myocardium [29], while hydrogel could be injected into myocardium
[30,64]. Therefore, we focus more on the pericardium and myocardial
ECM. The pericardium is the outermost layer and is composed of dense
collagen bundles fused with abundant elastin fibers organized in
waveforms, thus producing its expandability and a certain degree of
freedom of movement [80]. The myocardial ECM forms the structural
basis of the cardiac tissue, comprised by collagen fibrils (70 %) and
polysaccharides including glycoproteins, proteoglycans, and glycos-
aminoglycans [81]. Fibrillar collagen is mainly composed of type I and
type III collagen. Type I collagen is the main structural component of the
cardiac interstitium, accounting for more than 85 % of the collagen
matrix, type III collagen accounts for less than 11 %, and type IV, V, VI
and VIII collagen accounts for about 4 % [82,83]. Glycoproteins
including fibrin, fibronectin, and laminin play significant roles in
providing secondary structural support and inducing intracellular
signaling [84].

After MI, the sudden and massive loss of CM triggers acute inflam-
mation and myocardial degradation revealing the disarray/disruption of
muscle fibers [85]. Inflammatory factors including tumor necrosis
factor-a (TNF-a) and transforming growth factor-p (TGF-f) stimulate
myofibroblast activation and increase the expression of type I collagen
[86]. Excessive deposition of type I collagen-based ECM in scar tissue
stiffens the myocardium and disrupts the gap junctions of CM, hindering
normal contraction [13]. Then, the ischemic myocardium undergoes
ECM remodeling and gradually loses its original structure and contrac-
tile function [87]. Therefore, reconstructing ECM similar to the native
state is crucial for repairing cardiac tissue.

2.2. Decellularization of different ECM

In 1948, Poel knock-crushed muscle tissue at a low temperature
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Fig. 1. Schematic representation of the application of decellularized extracellular matrix materials for cardiac repair.

(=70 °C), and homogenized the crushed tissue using a cylinder and a
tight-fitting rotating plunger to obtain a decellularized homogenate,
pioneered the fabrication of decellularized matrix materials [46,88].
Since then, a variety of methods have been developed to isolate
tissue-specific ECM, including chemical treatments (e.g. acids and al-
kalis, detergents, and alcohols), biological reactions (e.g. enzymes,
chelating agents) and physical degradation (e.g. pressure, mechanical,
freeze-thaw, and electroporation), etc [75,89-93]. Combining two or
three decellularizing methods is a general strategy to improve the effi-
ciency of cell removal [71,94].

Since comparing decellularization of the species and sources of tis-
sues is difficult, this review here gives representatives of dECM. In 2008,
Ott et al. generated the first acellular rat whole heart (WH) through
coronary perfusion on a modified Langendorff apparatus, using a
chemical solution containing 1 % SDS and 1 % Triton X-100 [95]. This
decellularized rat hearts retain complex ECM components throughout
and retain intact chamber geometry and perfusable vascular architec-
ture (Fig. 2A). This milestone work led the trend of whole-organ
decellularized scaffolds. Afterwards, a series work of cardiac dECM
(cECM) based on this protocol with varying degrees of modification
have been proposed [96-101]. Momtahan et al. utilized an automation
system of pressure to perfuse and decellularize tissue for reducing the
detergent exposure time and achieving 98 % DNA removal [102]. DNase
and RNase can be utilized to eliminate nuclei acids which cannot be
cleared up by detergents [96,103]. Cutting cardiac tissues into slices can
lower the requirements of decellularization due to faster permeation of

462

chemical reagents in smaller tissues. Similarly, pericardium is a
sheet-like tissue only requiring the treatment of 1 % SDS followed by
DNase and RNase (Fig. 2B) [104]. The cECM and decellularized peri-
cardium both preserved their intrinsic organization and spatial
three-dimensional distribution of the native matrix fibrils, while decel-
lularized pericardium showed larger pores (Fig. 2C) [105]. Similar to
heart, liver has a high cell density. Liver dECM (liECM) are usually ob-
tained through a combination of freeze-thawing, detergents and en-
zymes [106-109]. Kidney dECM (kECM) can be extracted by enzyme
digestion or SDS treatment [110,111]. Decellularization of lung dECM
(luECM) has been automated through vascular perfusion with de-
tergents, despite risks of barrier damage and bleeding in the airways
[112-114]. The commonly used preparation procedure of small intes-
tinal submucosa (SIS) is to first mechanically remove serosa, bundle
mucosa and lateral mucosa, leaving mainly the submucosa of the in-
testinal wall. The remaining DNA, RNA, and cells can then be removed
from the submucosa using Triton X-100 and peracetic acid [115-122].
Recently, Palmosi et al. tested a new detergent called Tergitol 15-S-9
(15-S-9), having a lower biotoxicity, higher wettability and decellula-
rization efficacy compared to Triton X-100 [123]. In terms of preparing
soluble dECM materials, this review introduce in detail in Section 4.1.
Decellularization procedures may damage ECM structure and impair
mechanical properties [100]. Enzymes and chemical reagents including
alkalines and acids, may degrade matrix proteins, thus reducing the
mechanical strength of dECM [124]. Alcohols can crosslink or denature
collagen and other proteins, causing damage to the ultrastructure of
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Fig. 2. dECM scaffolds from different tissues preserved variable ECM components and distinct architectures. (A) Photographs of decellularization of cadaveric rat
heart using sodium dodecyl sulfate (SDS) over 12 h and H&E staining of its slice showing no intact cells or nuclei. Scale bar, 200 pm. The right row contains:
macroscopic (scale bar, 1000 pm) of coronary corrosion casts of decellularized WH; reperfused decellularized WH. Modified and adapted with permission from
Ref. [95]. Copyright 2008, Nature Publishing Group. (B) Schematic presentation of decellularization process of pericardium (Pc) and the gross images of Pc and
decellularized Pc (DPc). Modified and adapted with permission from Ref. [104]. Copyright 2015, Wiley Periodicals. (C) Ultrastructure determined by SEM of the
myocardium and pericardial scaffolds in terms of three states (native, decellularized and recellarized) and their immunostaining for col-I (green), col-III (red), and
cTnl (white). Nuclei were counterstained with DAPI (blue). Scale bars = 50 pm. Modified and adapted with permission from Ref. [105]. Copyright 2018,

Springer Nature.

dECM [122]. Ionic or non-ionic detergents (sodium dodecyl sulfate
(SDS) and Triton X-100) can disrupt non-covalent bonds between pro-
teins and cannot be removed from dECM completely [99]. The residual
SDS in dECM causes cytotoxicity during recellularization in certain ap-
plications [125]. Wang et al. solved this problem by perfusing decellu-
larized organs with 1 % Triton X-100 for 3 h in a high speed to remove
SDS down to 0.01 mg/g of dry dECM [106]. Merna et al. noninvasively
characterized the structural and mechanical change of whole heart
during different decellularization processes via multiphoton microscopy
and image correlation spectroscopy [126]. The result showed that
combined treatment with enzymes and Triton X-100 significantly
reduced collagen and elastin fiber densities and the compressive
modulus (<20 % of native cardiac tissues), while decellularization with
only Triton X-100 even increased the modulus of dECM by 150 %, higher
than native tissue. However, a large amount DNA remain after Triton
X-100 treatment alone [126]. Freeze-thaw treatment and pressure can
disrupt the ultrastructure of ECM; direct force and pressure exerting on
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tissues may destroy the integrity of their basal membranes and make the
final dECM difficult to hydrate [122]. All these structure and component
changes of dECM caused by decellularization process affect the inter-
action between cells and dECM, which depend on exposure time. In this
case, it is important to determine corresponding decellularization details
for specific tissues/organs.

2.3. Interaction between cells and dECM

To produce off-the-shelf engineered tissues, dECM materials are
sometimes recellularized in vitro before transplantation into patients,
thereby reconstructing functions of the injured tissue with both dECM
and the cells [15,74,124]. In cardiac applications, seeded cells include
skeletal myoblasts (SkMBs), bone marrow-derived cells (BMSCs),
mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), iPSCs and
cardiac stem cells (CSCs) [15,55]. In the following section, we focus on
SkMBs, MSCs, ESCs and iPSCs.
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SkMBs are employed for cardiac repair attributed to their autologous
availability, ability to be amplified in vitro, and relatively good survival
after implantation [127,128]. Menasché et al. injected SKMBs into and
around the necrotic myocardium in patients, which improved systolic
function after 5-month follow-up [129]. Carton et al. cultured C2C12
myoblasts on extracted dECM from the bovine pericardium to guide
their maturation and myotubes formation [130]. However, SkMBs do
not express connexin 43 (Cx43, an important gap junction protein for
electrical signal conduction) or form electromechanical coupling with
cardiomyocytes (CMs) in vivo, hence are electrically isolated from the
native myocardium [131]. As reported, a higher frequency of
arrhythmic events occurred in SkMB-treated patients with ventricular
dysfunction compared to the placebo group [131,132].

MSCs are by far the most commonly used cell type for cardiac tissue
engineering research. Due to the inherent low immunogenicity, high
self-renewal ability, transdifferentiation pluripotency, and cell recruit-
ing capability, MSCs can effectively promote cardiac repair via secretion
bioactive factors, attenuating fibrosis, enhancing angiogenesis, and
initiating endogenous cardiac repair [133]. MSCs could repopulate and
proliferate well in porous SIS dECM sheet without changing scaffold
morphology, and enhance cytokine secretion (e.g. vascular endothelial
growth factor and interleukin-8) compared to residing on tissue culture
plates [134-136]. Han et al. bio-printed bone-marrow MSCs (BMMSCs)
with hydrogels made from cECM, iECM and skin ECM (skECM),
respectively. The gene ontology (GO) functional classification of
BMMSCs treated by different ECMs showed that cECM upregulated
cardiomyogenesis-related genes, enriching in GO terms including
regulation of actin filament bundle assembly, stress fiber assembly, and
regulation of actin filament organization [103]. BMMSCs in liECM
hydrogel showed more liver-relevant features, while cells in skECM
hydrogel expressed more markers related to epithelial cell migration.
Therefore, cECM has the greatest potential in inducing myocardial dif-
ferentiation. MSCs are also able to reduce porcine xenograft adaptive
immune responses [136]. However, delivering MSCs cannot build the
intrinsic electrophysiological communication since they do not express
Cx43 as CMs do [137].

Human pluripotent stem cells, including ESCs and iPSCs, have been
used to generate various cells for cardiac repair, and dECM can prolong
the lifespan of these cells after being delivered to the myocardium and
upregulate the expression of cardiac transcription factors [138]. ESCs
can differentiate into other types of cardiac cells, including endothelial
cells and vascular smooth muscle cells. ESCs-differentiated car-
diomyocytes share the same physiological characteristics of the spon-
taneous beating as mature cardiomyocytes. It is recognized that the
microenvironment provided by cECM promoted the maturation of
ESC-derived CMs, revealed by the striation patterns of cardiac troponin I
and upregulation of Cx43, and improved the contractile function of
these cells [139]. Hochman-Mendez et al. found that human
ESC-derived CMs repopulated in cECM patches revealed electrical
coupling, and recellularization restored the mechanical properties of
cECM patches similar to that of fresh cadaveric cardiac tissue without
decellularization [140]. iPSCs can be derived from the fibroblasts of
donors, avoiding the immunogenicity and ethical issues when using
ESCs [141]. iPSCs have been reported to differentiate into a variety of
different cardiac cells for the treatment of cardiomyopathy on cardiac
dECM slices [142]. Lu et al. perfused cardiac dECM with iPSCs to build
functional engineered heart tissue, although it did not form synchro-
nized heart tissue and may cause an arrhythmogenic substrate [97].

The anisotropic morphology of dECM patch also influences the iPSC
fate and further cardiac formation. Schwan et al. laser-cut decellularized
myocardium into ribbon-like shapes to form an anisotropic sheet, and
cultured ESCs and iPSCs on it to build an engineered heart tissue [143].
ESCs produced detectable intracellular Ca?* transients and 1.7
mN/mm? twitch stress, which was close to human right ventricular
trabeculae. When the patch was stretched at 8 %, iPSCs on the aniso-
tropic patch produced a higher average peak stress of 2.2 + 0.76
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mN/mm? with maximum peak force of 6.5 mN/mm? and faster twitch
kinetics, benefiting cardiac tissue growth. However, the clinical use of
iPSCs must be tempered due to their tumorigenic potential [144].

2.4. dECM from diverse sources for ICM therapy

dECM extracted from different tissues/organs inherits diverse
biochemical components which relates to the development and forma-
tion of tissues/organs. Those dECM materials capable of rebuilding
myocardial tissue and restoring cardiac function are desired to salvage
ischemic myocardial injury. The advantages and disadvantages of dECM
from diverse tissues for ICM treatment are overviewed and stated in
Table 2.

Given the similarity in microstructure and composition to native
cardiac tissue, cardiac dECM is considered by many researchers the most
promising dECM material for ICM therapy. Particularly, autologous
cardiac dECM (cECM) is considered by many the optimal for treating
ICM, but its feasibility depends on the health condition of patients [163,
164]. Alternatively, allogenic cECM is usually obtained from donors.
Godier-Furnémont et al. fabricated human cECM patches at 300 pm
thickness carrying MPCs to revascularize the infarcted myocardium and
preserve cardiac function in the acute or chronic MI models [96]. The
biochemical composition of allogenic cECM varies from donors of
different ages and health conditions. As age increases, content of
structural proteins including collagens and laminin increases in cECM
[145,165]. In fetal and perinatal hearts, collagen I and laminin promote
maturation of CMs; but gradual deposition of these components over
ages increases the rigidity of myocardium and lead to fibrosis in elderly
hearts [166]. In contrast, expression of elastic ECM proteins including
fibronectin and elastin lowers in both the aged ECM and the MI tissues
[145,166]. In addition, juvenile cECM contains a higher concentration
of GAGs compared to adult counterparts, which can protect the bioac-
tivity of soluble signaling factors and facilitate them to interact with
receptors for therapeutic effects [167-170]. These active components
continue to exist in dECM after decellularization, which has been
demonstrated previously. Wang et al. injected neonatal mouse cECM
(nmECM) into ischemic areas to prevent scar expansion, and increase
angiogenesis in vivo, while adult cECM exhibited limited performance
[145]. The nmECM promoted ErbB2 expression, which is favorable as
ErbB2 level is high in embryonic and neonatal hearts, and it contributes
to cardiomyocyte proliferation and preventing fibrosis [171,172].

Pericardium is a patch-like tissue supporting, which packages the
heart to prevent the latter from over stretching and friction with sur-
rounding tissues [43]. Compared to cECM scaffold, decellularized
human pericardial dECM scaffolds have larger pores, benefiting cell
penetration and neovascularization. In addition, pericardial dECM
sheets contain more matrisome proteins (Fig. 2C), and show a typical
strain-hardening behavior with higher stiffness (~2 fold) compared to
the myocardium at 20 % strain [105]. Meyer et al. treated a transmural
infarction sizing 4 cm with a decellularized pericardium patch, which
integrated with infarcted myocardium and induced the ingrowth of
capillaries and vessels [147]. Galvez-Monto6n et al. observed markers
(S100 and By tubulin) and structural features (amyelinated axons, a
large number of transport vesicles) of newly formed nerve fibers in the
decellularized pericardium applied onto the MI region [173]. Recently,
Prat-Vidal et al. reported a first-in-man trial of a human pericardial
dECM scaffold with stem cells (PeriCord) to treat patients with ischemic
myocardial scars [54]. The PeriCord implant reduced the size of
infarcted tissue, and restored patient cardiac function.

Since human cECM materials have limitations including donor
shortage and batch variance [174,175], xenogeneic cECM (especially
the porcine cECM) is the potential alternatives, also undergoing clinical
trials [53]. Johnson et al. attempted to fabricate injectable hydrogels
with human cECM and porcine cECM (pcECM), and evaluate the sour-
ce/species influence [146]. They found that as adipose tissue deposition,
fibrosis, ECM crosslinking increase in the donors (aged from 41 to 69),
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Table 2
The advantages and disadvantages of dECM applied in ICM treatment.
dECM for ICM  Material Advantages Disadvantages Ref.
form
Human cECM Epicardial Allogeneic implants with lowest immunogenicity; upregulating Limited source; patient-to-patient variability; high contents of ~ [96,142,
patch the proliferation and cardiac-related gene expression of stem matrisome matrix in aged donors; less porosity 145]
cells; high content of GAGs benefiting the preservation of growth
factors
Human cECM Hydrogel Allogeneic implants with lowest immunogenicity Limited source; patient-to-patient variability; unable of self- [146]
assemble when using aged tissues; high amount of adipose
tissue deposition; fibrosis and crosslinked ECM in aged donors
Human Epicardial Higher stiffness; typical stretch-hardening; encouraging vascular  Calcification [147-150]
pericardium  patch and nerve neoformation in scaffolds; reducing the scar size;
enhancing myocardial differentiation

Porcine cECM Epicardial Retaining cardiac contractility and ventricular dimensions; Xenogenic immunogenicity; endogenous virus [51,151]

patch preventing cardiac remodeling; recruiting cardiac progenitors to
differentiate into CM-like cells and form “muscle-like” fibers;
upregulating the GATA binding protein (GATA4) and the myosin
light chain (MYLC)

Porcine cECM Hydrogel Facilitating the infiltration of endogenous cells; promoting Xenogenic immunogenicity; endogenous virus [53,70,152,
myocardial differentiation and contraction; enhancing 153]
neovascularization; downregulated fibrogenesis-related genes;
suppressing chronic immune responses

Porcine Epicardial Good carrier of cells and growth factors; appropriate mechanical ~ Xenogenic immunogenicity; endogenous virus [154,155]

pericardium  patch strength (>40 MPa) preventing left ventricle dilatation;
promoting vascular formation; increasing Sca-1 cells and c-kit
cells in infarcted area; restoring cardiac functions
Porcine SIS Epicardial Providing structure support; enhancing regenerative response to  The risk of rupture due to high pressure; no effort for [136,
patch repair cardiovascular defects; lower immunogenicity compared myocardial differentiation; relatively-low xenogenic 156-159]
to porcine cECM immunogenicity

Porcine SIS Hydrogel Improving cardiac function; enhancing arteriogenesis and cell No effort for myocardial differentiation; relatively-low [160]
infiltration xenogenic immunogenicity

Rat liECM Powders Suppressing myocardial necrosis; promoting neovascularization  Less effects on cardiogenesis; lack comprehensive evaluation [161,162]

and cell-induction; inducing the migration of fibroblasts

human cECM gradually loses abilities to form self-assembled hydrogels.
In terms of composition, about 96.1 % matrisome proteins of pcECM
overlapped with those matrisome proteins detected in human heart
tissues, identified by proteomics [176]. Gene ontology biological pro-
cess (GOBP) analysis showed that heart-enriched proteins were both
found in pcECM and human heart tissues, which play roles in muscle
contraction and development. These evidences show that pcECM has
human cECM-like structural and matricellular components. The differ-
ences include that pcECM contained a desirable higher sulfated GAG
content for extended retention of growth factors, while human cECM has
specific components including periostin and fibulin-2. pcECM also pre-
sented higher mechanical stiffness but matched energy dissipation,
toughness, and ultimate stress behavior [51]. The most significant
problems of pcECM are the residual endogenous virus and a-Gal epi-
topes, both of which induce immune responses. Sarig et al. indicated
that these natural, bioactive and non-supplemented acellular pcECM
patches protected cardiac function (contractility, ventricular dimensions
and cardiac remodeling) from further deterioration in both acute and
chronic MI models. Moreover, pcECM recruited progenitors that
differentiated into CM-like cells to form self-assembled “muscle-like”
fibers and constantly upregulated the GATA binding protein (GATA4)
and the myosin light chain (MYLC) which improved myocardial differ-
entiation and ventricular contractility [51]. Christman et al. developed a
pcECM injectable hydrogel and confirmed its safety and efficacy in
improving cardiac function in the murine and porcine MI model, and in
first-in-man trial [53,153,177-179]. Recently, Diaz et al. reported that
pcECM hydrogel in a murine subacute MI model upregulated several key
genes involved in cardiac muscle contraction, including ATPase sarco-
plasmic/endoplasmic reticulum Ga®" transporting 1 (Atp2al), down-
regulated fibrogenesis-related genes containing transforming growth
factor-p (Tgfb3), bone morphogenetic protein-2 (Bmp 2), Bmp 4, and
suppressed chronic immune responses [180]. This study provides deeper
insight into the mechanism of function of pcECM injectable hydrogel in
treating ICM.
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Considering the cost, processing stability, and immunogenicity, re-
searchers have also extracted dECM from other tissues for cardiac repair
[70,181-183]. Among all non-cardiac dECM sources, SIS materials and
porcine urinary bladder matrix (UBM) are more abundant and pro-
cessible compared to cECM, with higher batch-to-batch stability for
clinical application [94]. Badylak et al. applied decellularized SIS for
connective tissue repair in 1995 [184]. To date, SIS has been widely
studied and successfully translated into commercial products approved
by FDA [185]. SIS is composed of 90 % of collagen which is higher than
the cECM matrix, with type I collagen being the dominant component,
and types III, IV, V and VI collagen being minor, showing low immu-
nogenicity and inflammatory reactions in clinical use [110]. CorPatch, a
SIS multilayered sheet, is so far the only FDA-approved epicardial patch
for ICM treatment, which have shown to improve cardiac functions and
reduce fibrosis for patients [157,159]. SIS dECM is porous with 20~30
pm pores, making them suitable for cell delivery [137,159,186].
Furthermore, SIS powders can be enzymatically digested to obtain sol-
uble SIS for preparation of injectable SIS hydrogels [187,188]. However,
compared to cECM, SIS lacks some important functional proteins,
including annexin-6 (ANXA®6), agrin (AGRN), cathepsin D (CTSD) and
galectin-1 (LGALS1), which facilitate growth, adhesion, spreading, and
maintenance of neonatal CMs [189-191]. Yang et al. reported that cECM
hydrogel better improved cardiac function, inhibited fibrosis, and
maintained ventricular wall thickness in MI model compared to SIS
hydrogel [189]. On the other hand, since fibroblast growth factor 2
(FGF-2) is richer in SIS dECM, SIS was effective in promoting recellu-
larization, reparative cellular activity and angiogenesis [157].

Similar to myocardium, skeletal tissue belongs to striated muscle
tissue, having fibrous structure. Skeletal dECM (sECM) has unique
collagen, heparin sulfate, and decorin not found in cECM [192]. How-
ever, SECM has not been applied in ICM model to confirm its expected
therapeutic effects. According to proteomics, type VI and IV collagen
networks were detected in liECM, which are used to anchor interstitial
blood vessels and the surrounding connective tissues [103]. Type VI
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collagen can also induce mesenchymal cell growth and proliferation,
making it desirable for tissue remodeling. Tabuchi et al. adhered iECM
powders to the MI area, which promoted neovascularization and
inhibited CMs death, leading to more residual myocardium and vessels
in the liECM-treated group [162].

ECM products, in essence, are a series of proteins coded and secreted
by the resident cells; the specific ECM scaffolds, in turn, build niches for
the cells and send them mechanical and biochemical signals through cell
membrane receptors, thereby regulating cell fate [72]. Thus, cECM
materials are undoubtedly favorable choices for myocardium recon-
struction. However, human cECM is limited by patient-to-patient vari-
ability, while immunogenicity is a major problem for xeno cECM. More
efforts should be made to improve technologies for cECM production, to
make cECM materials safer and controllable. In addition, active com-
ponents in cECM for cardiac repair should be identified and extracted
further through advanced analytic techniques including proteomics.
Considering safety, processability, and batch-to-batch stability, Cor-
Patch is the first dECM patch to obtain FDA clearance to enter clinical
market, despite it showed less positive effects on cardiac repair
compared to cECM [157]. Active components could be added into SIS to
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enhance cardiac repair. For example, agrin, a large extracellular hep-
aran sulfate proteoglycan, is a promising additive to promote cardiac
regeneration after MI [193]. In terms of the effectiveness of SECM and
liECM for ICM, more in vitro and in vivo experiments are required to
compare with cECM. There have been different strategies of dECM
materials carrying cells and growth factors applied for ICM, as listed in
Table 3.

3. dECM cardiac patches
3.1. Treatment effects of dECM patches for ICM

dECM patches can not only provide mechanical and structural sup-
port to the damaged myocardium, but also promote cardiac repair by
intrinsic bioactivity or delivering cells or biomolecules. Sanchez et al.
cultured MSCs, cardiovascular progenitor cells (CPCs), CMs (H9C2, HL-
1), and human umbilical vein endothelial cells (HUVECs) on human
cECM scaffolds, respectively [206]. CMs infiltrated the cECM and
organize within the fibers into new muscle bundles that exhibit mature
calcium dynamics and electrical coupling. Although MSCs can infiltrate

Table 3
Strategies of dECM materials in treating ICM.
dECM source Material form Other ingredients Delivered cells or other biocues Results for treating ICM Ref.
Human Multilayered Fibrin glue TGF-p conditioning human Angiogenesis and arteriogenesis 1; restoring heart [96]
myocardium patch mesenchymal progenitor cells (MPCs) functiont; SDF-1 expression of MPCst
Human Scaffold patch None Wharton’s jelly-derived mesenchymal Cardiac scar reduced ~9 %; left ventricular end-diastolic [54]
pericardium stromal cells (WJ-MSCs) volume (LVEDV) and left ventricular end-systolic
volume (LVESV)]
Human Scaffold patch None Adipose tissue mesenchymal stem cells Cell retention and penetrance?; vascularization and [105]
pericardium (ATMSCs) cardiomyogenesist; left ventricular ejection fraction
(LVEF)1; LVESV|
Porcine Scaffold patch None Embedded cardiac stromal cells Scar size|, viable myocardium?, the proliferation of [194]
myocardium (synCSCs) secrete factors CMst, promoted angiogenesis and improved cardiac
function
Porcine Scaffold patch Gelatin Cardiac progenitor cells (CPCs) Vascularizationt [195]
ventricular methacryloyl
myocardium (GelMA)
Porcine Scaffold patch None Rat myoblasts (L6, ATCC CRL-1458) Expression of cardiac genes like Myh6 and Actnlt [101]
myocardium
Porcine Scaffold patch None CPCs, mesenchymal stem cells (MSCs), Cell migration?, cardiac functions?, remodeling and [196]
myocardium vascular endothelial growth factor fibrosis|, cardiomyogenesist, neovascularizationt
(VEGF)
Porcine SIS Scaffold patch None None Attenuated pathological left ventricular remodeling, [52,
cardiac functiont, LVEDV1, vascularizationt 197]
Porcine SIS Scaffold patch None MSCs T cell infiltration and adaptive immune response|, scar [136]
tissue|
Porcine SIS Scaffold patch None Pluripotent stem cell-derived LVEF?Y, left ventricular fractional shortening (LVFS)|, [198]
cardiovascular progenitor cells (CVPCs) cardiac functiont, ventricular dilation|
and CMs
Human lung Stretchable Polyvinyl alcohol MSCs Cell apoptosis|, left ventricular internal diameter [199]
fibroblasts membrane patch (PVA) hydrogel (LVIDs)l, fractional shortening (FS)1, fibrosis in the
infarcted tissue|, myocardial differentiation?t
Porcine Injectable hybrid Glucomannan Proangiogenic peptide Host cell infiltrationt, M2 macrophage polarizationt; [200]
myocardium hydrogel angiogenesist; cardiomyocyte survivalt
Porcine Hydrogel None None Vascular cell migration?t; proliferative cellst; arteriole [153,
myocardium density?; viable myocardiumt; cardiac funcitonst 177,
179]
Porcine Hydrogel None None Cardiac function?; vessel density1; left ventricular [201]
myocardium powders remodeling|
Porcine Hydrogel None CMs and stromal cell-derived factor 1 The survival and residence of transplanted CMs 1; the [202]
myocardium (SDF-1) coupling of transplanted CMs in the infarct areat;
angiogenesist
Porcine Hydrogel None Human pulmonary microvascular Robust vascular networks with longer and thicker [203]
myocardium endothelial cells (HPMVEC); adipose strcturet; TGF-beta 1-induced differentiation|
tissue-derived stromal cells (ASC)
Porcine SIS Hydrogel None None Infarct size|; angiogenesist; preservation of end-systolic ~ [187]
left ventricular geometry; cardiac contractilityt
Porcine spleen Hydrogel None iPSC, CMs and endothelial cells (ECs) EF?; FSt; LVDS|; LVDD|; fibrosis|; retention of [204]
delivered cellst; neovascularizationt
Zebrafish heart Hydrogel None None LVEF1; end-diastolic area (EDA) |; end-systolic area [205]

(ESA) |; the proliferation of CMst
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into the three-dimensional framework of dECM and express CM marker
genes, they do not adopt CM-like orientation. Compared to Matrigel and
Geltrex, which commonly used as 3D cell culture materials, cECM can
specifically induce iPSCs and ESCs to express cardiac-specific markers
including cardiac a-myosin heavy polypeptide 6 and cardiac troponin T2
[142]. Chang et al. implanted SIS-ECM cardiac patch with MSCs into
pigs, which effectively extended the retention of MSCs in vivo [136]. The
addition of MSCs significantly reduced the immune response of adaptive
T cells to SIS-ECM, but showed no other therapeutic effects, since the
engineered patch was applied to a non-injury model. Tan et al. seeded
bromodeoxyuridine (BrdU)-labeled MSCs on SIS-ECM material and
implanted them onto the myocardial infarct area in rabbits [137]. After
28-day treatment, the authors observed that BrdU-positive MSCs
migrated from the patch to the infarcted area, expressed myogenic
proteins including troponin T (cTNT), differentiated into
cardiomyocyte-like cells, and participated in vascular formation,
increasing the capillary density in the infarct area. However, the treated
infarct area did not express Cx43, indicating that MSCs did not establish
electrical coupling with the host [137]. Huang et al. encapsulated
CSC-secreted factors into PLGA microparticles, and embedded them into
a cECM scaffold to produce a cardiac patch, avoiding using living cells.
The transplanted myoECM patches reduced scaring, facilitated angio-
genesis, and boosted cardiac function in rodent and porcine MI models
[194].

Significant progress has been made for dECM patches in clinical
translation. Prat-Vidal et al. recently reported the first-in-man results of
MI patient treatment by allogeneic decellularized pericardial matrix
(PeriCord) bioimplant containing human viable Wharton’s jelly-derived
MSCs (WJ-MSCs) [54]. This allogenic dECM/WJ-MSCs bioimplant
effectively reduced the scar size in cardiac wall (~9 %) without adverse
reactions like myocarditis. A SIS dECM patch product, CorPatch (Cor-
Matrix Cardiovascular, Inc) has been approved by FDA. The four-layer
CorPatch consists of structure proteins, adhesion glycoproteins, gly-
cosaminoglycans and proteoglycans, and key growth factor (FGF-2)
(Fig. 3A) [207,208]. Through releasing FGF-2, CorPatch can alter the
fibroblast secretome (increasing the expression of FGF-2, VEGF and
HGF), benefit angiogenesis and downregulates fibrosis pathway [197,
208]. Mewhort et al. treated rats with chronic ischemia with epicardially
implanted CorPatch for two weeks, and reported significant improve-
ments in ejection fraction (EF), ESV, end-diastolic volume (EDV) and
anterior wall thickness compared to non-treated groups [52]. Also,
CorPatch increased the concentration of FGF-2 in myocardium and
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promoted post-infarct neovascularization compared to control groups.
Afterwards, the porcine ischemia-reperfusion model induced by ligating
the left anterior descending artery for 75 min was generated to further
detect the effects of CorPatch as an epicardial patch (Fig. 3B) [209]. The
results showed that CorPatch increased the thickness of epicardium,
reduced fibrosis, and increased blood vessel formation. These preclinical
data built a solid foundation for clinical studies. When human fibroblasts
were cultured on CorPatch, their morphology and transcriptome
changed to favor proangiogenic pathways and downregulated fibrotic
pathways compared to SIS patches without FGF-2, which indicated that
FGF-2 was a key signaling factor for post-infarct repair [197]. Fedak
et al. implanted CorPatch into MI patients during bypass graft (CABG)
surgeries [197]. After 6 months, CorPatch treated patients exhibited
more revascularization and regional myocardial perfusion (Fig. 3C).
These clinical results are inspiring and consistent with related findings
from animal studies, but patch implantation still requires open-chest
surgery. Minimally invasive patch implantation procedures need to be
developed to lower surgical risks so that to expand the subgroup of MI
patients who could benefit from ECM patch treatment.

In cardiac tissue engineering, the performance requirements for
cardiac patches are quite complex. However, physicochemical decellu-
larization processes could damage ECM bioactive composition, struc-
ture, and mechanical properties [210], and pure dECM materials lack
processability and electrical conductivity [96,146]. In addition, most
dECMs present challenges of weak mechanical properties and poor
processability. Compositing is a viable approach to improve dECM
substrate performance and supplement functions.

The incorporation of synthetic polymer materials with dECM offers a
promising avenue for enhancing the mechanical properties of the latter.
For instance, Pok et al. enhanced the mechanical strength of dECM
patches by integrating a PCL core, elastic modulus increased from 13.2
kPa to 300 kPa [211]. Kim et al. extracted fibroblast-derived ECM
(hFDM) and composited it with polyvinyl alcohol (PVA) via cyclic
freeze-thaw steps, which was then punched onto a PVA/polyethylene
glycol (PEG) hydrogel substrate to obtain a highly elastic and stretchable
ECM membrane (Fig. 4A and B) [199]. This membrane exhibited su-
perior performance in facilitating cell adhesion and proliferation,
inducing H9C2 cell connection to form a cohesive network, which
induced the formation of cardiomyocyte clusters (Fig. 4C). As a cardiac
patch, the composite significantly upregulated cardiac differentiation
markers of human MSCs, reduced cardiac cell death and fibrosis, and
attenuated left ventricle (LV) remodeling post-MI. Da et al. first
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Fig. 4. Composite dECM epicardial patches for ICM. (A) Fabrication scheme and (B) photos of stretchable fibroblast-derived ECM (hFDM)/polyvinyl alcohol (PVA)
membrane (hFDM/PVA) (Scale bar: 500 pm). (C) An increase in focal adhesions observed between H9C2 cells and hFDM/PVA membrane (red: f-actin; green:
vinculin; blue: nuclei). Primary ventricular CM cultured on hFDM/PVA express higher levels of connexin-43 (red) and o-actinin (green) than those on fibronectin-
coated membrane (FN/PVA) (scale bar: 100 ym). Modified and adapted with permission from Ref. [199]. Copyright 2019, Wiley-VCH. (D) Scheme for the fabrication
process of a novel polyurethane/SIS patch (PSP) with an electrical coating for right ventricle wall replacement. (E) Gross appearance and ultrastructure of the PU/SIS
and PSP composites under a SEM and their electrical conductivity properties. Modified and adapted with permission from Ref. [213]. Copyright 2022, Elsevier.

synthesized polyurethane (PU) with carboxyl side groups; and they level in a rat MI model in which the patches were epicardially
dispersed SIS powder in PU emulsion followed by lyophilization to form implanted.

PU/SIS foams which were further stabilized by amide-reactive cross-

linking via N-hydroxysuccinimide (NHS) and 1-(3-dimethylaminopro-

pyD-3-ethylcarbodiimide hydrochloride (EDC) catalyst (Fig. 4D) [212]. 3.2. Advanced dECM patch manufacturing

The foams supported surface-polymerization of a layer of conductive

material polypyrrole (PPy), yielding a PSP scaffold with electrical con- Attributed to the unique biomimicry physical properties and tunable
ductivity (0.0016 S/cm), comparable to native myocardium (Fig. 4E) extraction methods of dECM, advanced manufacturing including elec-
[213]. As a substitute for rabbit right ventricular wall tissue, PSP pro-  trospinning and 3D bioprinting can be employed.
moted cell infiltration, tissue integration, and degradation, compared to Although dECM patches or hydrogel have been obtained through
bovine pericardial material, leading to a more favorable repair outcome. simplified decellularization and/or digestion, it is challenging to control
Kashiyama et al. developed elastic microfibrous, porous composite or adjust them to achieve desirable properties due to their weak
cardiac patches by electrospraying porcine cardiac ECM hydrogels onto strength, low reproducibility and scalability [94,215-217]. Electro-
electrospun polyester carbonate polyurethane urea (PECUU) mem- spinning is simple, controllable, and effective for creating
branes [214]. The patches increased retention of incorporated ECM-mimicking microfiber and nanofiber architectures, which contain
adipose-derived stem cells (ADSCs) on LV epicardium, improved LV interconnected pores for faster nutrient transportation and cellular
contractility, and prevented remodeling 8 weeks after treatment. growth and proliferation [218-221]. However, it is difficult to electro-
Combining natural biomaterials with dECM can increase the spin dECM as electrospinning their synthetic polymer counterparts
complexity of mechanical properties and manufacture stability, but [222-224]. So far, there are few successful cases of electrospinning
more importantly, maintain or even enhance its biological activities. isolated dECM without the assistance of synthetic additives. There are
Godier-Furnémont et al. decellularized human cECM slices preserving ~ two main methods to fabricate dECM electrospinning membranes: 1)
the tangential modulus of a relaxed native tissue with pores (~16.7 + adding dECM hydrogel to electrospun membranes of other materials,
3.5 pm) [96]. When the slices are stretched along the circumferential and 2) directly electrospinning dECM pre-mixed with other components
direction, it has large interconnected pores and smooth channels which [76]. The former one is essentially functionalization of electrospun
facilitate oxygen and nutrient transport. The authors combined porous membranes using dECM hydrogel, which does not influence dECM
dECM slices with fibrin from patient blood and human mesenchymal bioactivity without exposing dECM to organic reagents or high electric
progenitor cells (MPCs) to produce a three-layered patch. The porous voltage. For example, Krishnamoorthi et al. employed wet electro-
structure of implanted patch supported cell migration into the infarcted spinning techniques to biofabricate a PLGA fibers which was further
tissue, integration with the host myocardium, and angiogenesis. Bejleri modified by pcECM hydrogel, preventing the denaturation of pcECM
et al. bioprinted a cardiac patch composed of GelMA and cardiac dECM (Fig. 5A) [225]. The principal challenge of latter one is to simulta-
with encapsulated human cardiac progenitor cells (hCPC) at low tem- neously achieve high ECM bioactivity and fiber stability. Organic sol-
perature, which was crosslinked via white light polymerization and vents and high-voltage drawing during electrospinning could denature
37 °C bath [195]. The geometry of the patch did not change before or ECM proteins and impair their bioactivity. In addition, these dECM fi-
after the addition of cells, showing shape stability. Compared to pure bers with large surface areas could be wetted and swell quickly when
GelMA patches, GeIMA-cECM patches improved the differentiation and being exposed to water, and gradually lose fibrous morphology, leading
angiogenesis potential of hCPCs, as shown by higher vascularization to insufficient fiber strength and stability. Crosslinking subsequent to

fiber fabrication is a convenient and effective strategy to stabilize dECM
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Schematic illustration of the fabrication process of hybrid fibrous scaffolds by co-electrospinning; confocal images and SEM images of PCL and PCL-epECM mem-
branous and tubular scaffolds. Modified and adapted with permission from Ref. [228]. Copyright 2022, Elsevier B-V.

fibers. Crosslinking agents, typically glutaraldehyde (GA), are used due
to their low cost but are known to leave toxic groups and decrease
bioactivity, biocompatibility and fine structure of electrospun dECM
[226,227].

Efforts have been made to solve the key issues in dECM electro-
spinning [229-233]. To avoid utilizing GA, Heydarkhan-Hagvall et al.
tried adding PCL to the electrospinning precursor composing of collagen
and elastin to increase fiber stability and enhance its mechanical prop-
erties [226]. Alternatively, Liu et al. co-electrospun PCL and human
placental dECM from opposite sides of the collecting mandrel to build a
hybrid scaffold with good mechanical property to resist blood pressure
(Fig. 5B) [228]. Deng et al. otherwise coaxial electrospun aligned
core-shell nanofibers composed of PCL (as the core) and dECM (as the
shell) [219]. Compared to pre-blended PCL/dECM fibers, core-shell
PCL/dECM fibers exhibited higher packing density and ductility.
Schoen et al. attempted to improve the processability of dECM without
damage to the natural properties of dECM. In this case, 1,1,1,3,3,3-hex-
afluoro-2-propanol (HFIP) was employed to dissolve pcECM into a ho-
mogeneous solution, which inevitably disrupted the hydrophobic
domain of pcECM and denatured it. PEO was added to increase solution
viscoelasticity and inhibit fiber bead formation, which led to successful
fabrication of a mechanically-strong electrosinning pcECM scaffold
(ES-pcECM) compared to the acellular pcECM scaffold. ES-pcECM can
self-assemble at 37 °C in a humidified environment, mimicking native
cardiac ECM in both structure and hydrophilicity [227]. This
self-assembly process stabilized the fibers without using toxic cross-
linking agents, which increased biocompatibility and alleviated immune
response upon in vivo implantation. Despite of the denaturation of
pcECM, ES-pcECM could still support the synchronized beating of natal
rat CMs. However, when culturing iPSCs and MSCs, this work only
analyzed the cytotoxicity of ES-pcECM without further evaluation of its
effects on cardiac differentiation. In this case, it is difficult to conclude
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whether dECM denaturation during electrospinning lead to loss in
capability of promoting regeneration. In addition, electrospinning
techniques for dECM manufacture is limited by a lack of standard
evaluation systems, and requires more modifications on chemistry and
biofabrication in the future.

3D bioprinting is an additive fabrication process, which is highly
repeatable, which is desirable in commercial production. 3D bioprinting
featured with precise spatial deposition of hydrogel prepolymer solu-
tions, cells, and bioactive factors using computer-aided design has been
widely employed for fabricating biomimetic patches for ICM treatment
[220,234-237]. dECM offers advantages over traditional bioinks, as it
maintains the composition and micro/nano structure of natural ECM
[101,238,239]. Although various 3D bioprinting technologies have been
developed, only Digital Light Processing (DLP) printing and
extrusion-based printing support dECM bioprinting so far. Before bio-
printing dECM, it must be made into the soluble status for extrusion.
Methods of solubilizing dECM is described in Section 4. Before cell
encapsulation and being extruded through the deposition nozzles, the
soluble dECM bioink through a process combining physical, chemical
and enzymatic treatment should be adjusted to a physiological state,
particularly its pH [101]. Under heating above 37 °C for a while, soluble
dECM can transfer into hydrogel. These rheological properties and
temperature-triggered  self-assemble  support its  bioprinting
applications.

Despite, the difficulty of dECM bioprinting is mainly attributed to the
slow gelation and low mechanical strength of dECM, which hinders
printability and shape fidelity of dECM constructs. For device printing,
uniform heating of pre-gel constructs could theoretically achieve com-
plete gelation, homogeneous shape fixation, and higher mechanical
strength [240]. Increasing the dispensing speed and decreasing the
nozzle diameter contribute to reducing the width of dECM printed col-
umns, achieving higher patterning accuracy [241]. To increase the weak
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strength and low viscosity of dECM bioinks, numerous strategies have
been reported in terms of chemical modification or physical enhance-
ment. As injectable dECM hydrogel shares this problem, the detailed
methods for chemical modification is discussed in Section 5.

To improve the processability of dECM bioinks, physical strategies
can be employed, including increasing the concentration of dECM solute
and using support baths, sacrificial polymers, or external supporting
structure to preserve dECM during gelation. Increasing the concentra-
tion of dECM solution results in denser and thinner hydrogel lines, yet
highly viscous bioinks exert high shear stress to cells during extrusion,
lowering cell viability [242,243]. Accordingly, 1-2% is the optimized
dECM concentration balancing pros and cons [196,244]. Adding sacri-
ficial Pluronic F-127 to dECM solution can increase the viscosity of
bioink and provide mechanical support for the constructs [245,246].
During dECM gelation under 37 °C, Pluronic F-127 melts and can be
removed from the scaffold. Supporting baths with reversible sol-gel
transition, like a slurry of gelatin granules or a shear-thinning syn-
thetic hydrogel, are under gel status during bioprinting, which is distinct
from low-viscous dECM fluids [247-249]. For example, packed gelatin
particles act like Bingham plastic during dECM bioprinting, with a high
viscosity at low shear stresses but turning to a viscous fluid at higher
shear stress. Extrusion of dECM fluids in such bath can be operated
smoothly without mechanical resistance, while the deposited dECM is
held in place [250]. The gelatin particles can then turn into solution and
be removed from container. The resultant dECM scaffold is porous and
longitudinally aligned. Cui et al. bioprinted a cell-laden dECM scaffold
mimicking a vascularized muscle tissue in a gelatin granule-based
printing reservoir with PVA to accelerate dECM crosslinking [251].
Geometrical features of printed dECM scaffold offer organized micro-
environment cues which guides cell fate and improves vascularization,
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functional restoration, etc. Polycaprolactone (PCL) or poly (ethyl-
ene/vinyl acetate) (PEVA) scaffolds printed by traditional fusing 3D
printing have sufficient structural stability and provide initial geomet-
rical restriction to dECM pre-gel solutions [238,239,252-254]. Pati et al.
developed a multi-head tissue/organ building system, which is capable
of precisely positioning both PCL framework and dECM gel precursor in
tissue constructs (Fig. 6A) [239]. Das et al. printed a needle-like PEVA
framework to assist the fixation of pcECM bioink carrying neonatal rat
CMs (Fig. 6B) [252]. Compared to collagen I 3D construct, the pcECM
3D scaffold upregulated expression of cardiac-specific proteins of CMs.
Under dynamic culture condition, cardiac regulatory proteins of CMs in
the pcECM scaffold presented a more aligned, uniform, rod-like struc-
tural arrangement with Z-disk integrity, and enhanced cell-cell and
cell-ECM interaction. Jang et al. utilized two types of stem cell-laden
dECM (hdECM containing CPCs and MSCs with VEGF factors) bioinks
to construct a 3D pre-vascularized patch (Fig. 6C) [196]. hdECM reca-
pitulated cardiac tissue specific microenvironments and significantly
enhanced the maturation of cells and generation of microvascular-like
tissue in vitro. After being adhered onto the epicardium of the rat MI
model for 8 weeks, the hdECM patch significantly attenuated left ven-
tricular remodeling and improved EF. Compared to bulk hydrogels,
porous 3D bioprinted scaffolds support transportation of nutrients and
metabolites, which is essential for cell viability and cellular activities.
Recently, automated design and fabrication of cardiac
micro-physiological devices have provided deeper insights into tissue
morphogenesis, pathogenesis, and drug-induced structural and func-
tional remodeling, which may help to reveal the repair mechanisms of
dECM for ICM [255]. Yong et al. developed a tissue-sensor platform
based on 3D printing of several thermoplastic inks, and embedding
bioprinted cell-laden pcECM on it [256]. The pcECM bioinks containing
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Fig. 6. dECM constructions fabricated by modified 3D bioprinting for treating ICM. (A) Tissue constructs was printed with only dECM or in combination with PCL
framework (scale bar, 5 mm). Modified and adapted with permission from Ref. [101] Copyright 2014, Springer Nature. (B) Fabrication of cell-laden cECM bioink by
using a 3D bioprinter. Modified and adapted with permission from Ref. [252] Copyright 2019, Elsevier. (C) Schematic illustration of the fabrication of
pre-vascularized stem cell hdECM patch via a 3D printing system and the product patch including the two types of cell-laden bioink and PCL supporting layer (scale
bar (left top), 1 mm; scale bar (bottom), 200 pm). Modified and adapted with permission from Ref. [196] Copyright 2020, Elsevier.
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hiPSC-CMs and human cardiac fibroblasts (hCFs) were deposited in the
direction parallel to the bipillar anchors onto the sensor to induce cell
alignment. The aligned cells integrated into anisotropic engineered
cardiac tissue, whose contractile activity and cardiac differentiation was
monitored by the tissue-sensor platform. Integration of 3D bioprinting
with other biofabrication techniques (including organs-on-a-chip,
microfluidics-assisted extrusion bioprinting, and four-dimensional bio-
printing) is expected to improve manufacture accuracy and efficiency
for treating ICM by combining their corresponding advantages.

4. Injectable dECM hydrogels
4.1. Manufacture of soluble dECM

dECM can be processed into injectable materials via three main
routes. The first method is to grind dECM into powders. At the time of
use, the dECM powders are re-swollen in an aqueous suspension for
subsequent injection. The corresponding clinical products include
demineralized bone matrix (Grafton® Putty, DBX® Putty, AlloMatrix
Injectable Putty), bladder matrix (MatriStem), dermis powder (Allo-
Derm), SIS ECM (CorMatrix Injectable ECM), etc [160,257]. Tabuchi
et al. fractured dECM into powders with size below 500 pm [162]. The
injectability of dECM powders depends on coupling between the particle
size and the inner diameter of needles. Beachley et al. combined cry-
omilling and sonication techniques to treat dECM in order to obtain finer
particles (<40 pm) [258]. After mixing with GAG polymers at 1:1, the
dECM hydrogel reached a storage modulus of ~500 Pa compared to that
of the control GAG hydrogel (~50 Pa). The second way to obtain
injectable dECM is enzymatically digesting pelleted dECM into dECM
solution without visible particles. The dECM solution can self-assemble
into a nanofibrous hydrogel at 37 °C, allowing in situ gel formation upon
in vivo injection [259]. Freytes et al. stirred dECM powders in pepsin
with 0.1 M hydrochloric acid (HCI) over 48 h; the soluble dECM cross-
linked into a weak hydrogel with a storage modulus between 20 and 25
Pa [259]. VentriGel was obtained by first digesting pcECM in acidified
pepsin solution for 48 h under constant stirring and subsequent incu-
bation, which presented a low storage modulus at 12.36 Pa [177,179,
260]. Obviously, although pepsin is an effective method of solubiliza-
tion, it can cause degradation and denaturation to dECM and damage
the bioactive factors in dECM networks [261,262]. Johnson et al. found
that raising the salt concentration increases the gelation time and en-
hances the mechanical strength of the final hydrogel [152]. The third
method replaces partial digestion in the second method with extraction
through high-concentration urea to retain key proteins and growth
factors of dECM [263]. Poon and Uriel et al. homogenized and dispersed
dECM directly at physiological pH to physically disrupt the tight struc-
ture of collagen fibrils and fibronectin, and then further treat it with a
highly concentrated urea solution to break non-covalent bonds to in-
crease the solubility of ECM proteins [264,265]. The hydrogel precursor
solution obtained by this process gels not only by increasing the tem-
perature to 37 °C, but also by lowering the pH to 4.0. Recently, Hussey
et al. proposed to obtain ECM solution by resuspending pelleted ECM
with subsequent ultrasonic cavitation at 20 kHz [266]. This method did
not affect the triple helix structure of collagen, maintaining the integrity
of collagen fibers. Compared to protease-treated dECM, the sonicated
ECM self-assembled into a gel below 25 °C and kept stable and strong
(~3000 Pa) between 37 °C and 4 °C. This sonicated method extended
the concentration range of ECM hydrogels from 2 to 20 mg/mL (enzy-
matic digestion method) to 25-100 mg/mL and significantly reduced the
processing time from 2 to 3 days to a few minutes.

4.2. Clinical experience of dECM hydrogel
Because dECM can gel at a physiological temperature, clinicians can

inject refrigerated dECM pregels directly into damaged myocardium to
rapidly form dECM hydrogels in situ. Christman et al. developed an
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injectable pcECM hydrogel (VentriGel) that self-assembled into nano-
fibrous and porous hydrogel scaffold in the physiological environment
[179]. They tested the safety and efficacy of the injectable hydrogel in a
porcine MI model [177]. During the first week after injection, cECM did
not show an increased likelihood of inducing arrhythmias compared to
saline, demonstrating safety for cardiac use (Fig. 7A). They verified that
hydrogel injected into myocardium could maintain and increase
endogenous CMs in the infarct area. Compared to saline injection,
VentriGel effectively restored cardiac function, as revealed by higher EF,
smaller ESV and LV (EDV) 3 months post injection. Also, this hydrogel
was successfully delivered via a percutaneous and transendocardial
route into myocardium, supporting minimally invasive injection. In
addition, no chronic inflammatory response or thrombogenicity was
observed, which laid the foundation for clinical translation of VentriGel.
Christman et al. explained the mechanism of VentriGel treating heart
failure via whole-transcriptome microarrays [260]. One week after
VentriGel injection, myocardium exhibited reduced cardiac fibro-
sis/hypertrophy, recruitment of progenitor cells, induction of cardiac
transcription factors, altered tissue metabolism, increased angiogenesis
and vascular development, and reduced CM apoptosis. Ventrigel also
altered the immune response with increased macrophage migration and
activation toward the M1 phenotype which was attributed to proin-
flammatory and pro-remodeling responses but also necessary for tissue
regeneration. First-in-man study of VentriGel treating early and late MI
patients (Fig. 7B) showed that VentriGel significantly increased the
maximum walk distance and quality of life scores with at 3 and 6 months
post-injection without severe adverse events cause by material or
mapping/injection procedure [53]. After 12-month treatment, for late
MI patients, ESV showed a trend of decrease, and volume of myocardium
increased [53]. VentriGel has entered phase 1 clinical trial
(NCT02305602).

4.3. dECM microsphere manufacturing

dECM could be transformed into injectable microgels with
micrometer-scale connected pore structure which facilitates cell
migration and tissue infiltration, thus making it a promising material
platform for cardiac tissue engineering. Du et al. co-cultured MSCs, and
HUVECs with a mixture pregel of decellularized human lung fibroblast-
derived matrix (hFDM) and collagen to form tissue-like hydrogel mi-
crospheres [267]. With extended culture time, the microgels contracted,
driven by the cells and showed good pro-angiogenic ability. Microfluidic
technologies have been applied to fabricate microspheres by utilizing
various polymers in combination of cells and growth factors. Lin et al.
utilized a microfluidic system to fabricate porcine decellularized pe-
ripheral nerve matrix (pDNM) hydrogel microspheres (Fig. 8A) [268].
The pDNM microgel provided a highly bioactive microenvironment to
support cell growth and proliferation (Fig. 8B). Lee et al. utilized a
flow-focusing microfluidic device to continuously produce dECM
microgels composed of cECM, liECM, luECM, kECM and SIS with a
controlled and uniform size (Fig. 8C). Cells were reprogrammed into
induced cardiac (iCar) cells and embedded in cECM hydrogel micro-
spheres, that latter protected cell viability when passing the micro-
channel. Immunofluorescence staining of iCar cells in cECM beads
showed positive cardiac markers including cTNT and a-actinin (Fig. 8D).
The small size of dECM microspheres theoretically support
minimally-invasive injection via percutaneous coronary intervention.

5. Functional enhancement of dECM hydrogels

While dECM from natural tissues has excellent bioactivity and po-
tential to promote tissue regeneration, their slow and incomplete gela-
tion kinetics limit the stability of their constructs and make it difficult to
match the mechanical properties of natural myocardium. dECM self-
assembled hydrogels usually present poor mechanical properties, mak-
ing them prone to collapse, and limit their applications in cases where
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Fig. 7. A commercial and injectable dECM product (Ventrigel).(A) Porcine ventricular myocardium is sliced and then decellularized, milled into powders and
solubilized through enzymatic digestion which allows for injection via syringe and a 27-gauge needle; the hematoxylin and eosin staining of a histological section
reveals cellular removal; electrocardiogram was recorded in rats 1 week post-injection of Ventrigel to detect arrhythmia inducibility. Modified and adapted with
permission from Ref. [177] Copyright 2012, Elsevier. (B) The first-in-man study of pcECM hydrogel treating early and late MI patients Modified and adapted with
permission from Ref. [53] Copyright 2019, Elsevier.

high stiffness is desirable [270,271]. dECM gelation is influenced by with longer GA treatment time (0.5 h-24 h). Compared to uncrosslinked

digesting duration, temperature, ionic strength, pH, concentration [152, dECM hydrogels which were subject to enzymatic degradation, the
272,273]. After decellularization and digestion, most dECM hydrogels at crosslinked dECM was effectively resistant to pepsin hydrolyzation
a final concentration of 6-8 mg/mL exhibited the low storage modulus [277]. Crosslinking between thiol groups can also reinforce dECM

ranging from 10°-102 Pa [152,167,259]. Interestingly, Yang et al. ob- network, which happens under the physiological conditions without any
tained a relatively-robust dECM hydrogel at only 5 mg/mL with a additives [278]. Barthold et al. utilized thiol functionalized hyaluronan

storage modulus of 300-400 Pa, by an optimized pretreatment which to crosslink the dECM scaffold via disulfide crosslinking with cysteine
removed cells with only the non-ionic gentle detergent (Triton X —100) groups on collagen fibers, thereby achieving a modulus of 26 kPa [278].
and shortened digestion duration in the pepsin acid solution to preserve However, this method also exhibited a slow gelation dynamic, taking
the intrinsic strength of dECM materials [189]. Since different source more than 30 min to a high-degree gelation. In addition, light-triggered
tissues have different dECM compositions, their gel properties are also crosslinking/photocrosslinking has been widely applied to stiffen ECM
different and require corresponding optimization of the preparation constructs. There are two main dECM photocrosslinking mechanisms: 1)
process. However, it is inevitable to lose partial mechanical properties of bonding between methacrylate or acrylate groups pre-grafted on dECM,
the native tissues after processing. Therefore, the reasonable way to and 2) bonding between tyrosine residues on dECM proteins. Upon
solve this problem lies in mechanical enhancement of dECM hydrogels. exposure to light, the added photo-initiator generates free radicals and
dECM generally can be reinforced by increasing crosslinking or com- initiates crosslinking between the active groups. The commonly-used
pounding with other macromolecules. photo-initiators and photosensitizers include 1-[4-(2-hydroxyethoxy)

Increasing the covalent crosslinking of hydrogel networks by chemi- phenyl]-2-hydroxy-2-methyl-1-propan-1-one (12959), lithium phenyl-2,
cal crosslinking agents is one of the common methods to strengthen dECM 4,6-trimethylbenzoylphosphinate (LAP), and ruthenium/sodium per-

hydrogels. Glutaraldehyde (GA) is one of the chemical crosslinking sulfate (dERS) [253]. Bejleri et al. formulated a new bioprinting ink
agents and has been used in many FDA-approved ECM devices [274,275]. consisting of GelMA, dECM, and CPC cells [195]. At low temperature, the

GA molecules mainly form hydrolysable Schiff base crosslinks between viscosity of GelMA increased rapidly, stabilizing the printed structures,
the e-amino groups of lysine [276]. Pilipchuk et al. studied the effect of followed by photo-crosslinking to form a GelMA hydrogel framework,
GA crosslinking on the mechanical properties and degradation of dermal and incubation at 37 °C to induce ECM self-assembling into hydrogel. Lee

dECM hydrogels [277]. The stiffness of dECM increased 9-15.33 folds et al. modified dECM with methacrylic anhydride to obtain MA-dECM
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(71.05 £ 0.20 % grafting degree), which added covalent crosslinking into
dECMy/alginate hydrogel network. When the blending ratio of alginate to
MA-dECM was 2:1, the storage modulus of the hydrogel increased from
about ~10 Pa—~2100 Pa, which is suitable for cell encapsulation and 3D
printing [279]. Kim et al. 3D printed cECM scaffold via fast dityrosine
crosslinking as activated by dERS (Fig. 9A) [280]. This photocrosslinked
cECM had a significantly higher compressive modulus of 86.4 kPa,
compared to thermally crosslinked cECM hydrogel at 0.18-3.0 kPa.
Moreover, dERS photocrosslinking resulted in up to 96.87 % shape re-
covery, compared to 22 % of the physical crosslinking group. By using this
strategy, a 3D heart-shaped construct was built and increased the level of
cardiac-specific proteins (Cx43 and cTNT) in iPSCs (Fig. 9A). Interest-
ingly, Jang et al. developed a novel photosensitizer, vitamin B2, which
induced cECM crosslinking when exposed to ultraviolet light (UVA)
[281]. Together with temperature triggered the self-assembly of cECM,
the double network of cECM resulted in an ~10% higher Young’s modulus
of 15.74 kPa compared to non-covalent network only (0.18 kPa) (Fig. 9B).
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The  stiffer  hydrogel  upregulated the  expressions  of
cardiac-differentiating factors, including myocyte-specific enhancer
factor 2C (MEF2C), GATA4, and Nk2 homeobox (Nkx 2.5). However,
UVA may harm cells, as vitamin B2 induced crosslinking requires 3-6
min.

Stability of dECM could also be enhanced with modification by other
polymers including alginate, chitason, fibrin, HA, GAGs, GelMA, PEG
and poly (ethylene glycol)-diacrylate (PEG-DA) [258,282-290]. Chu
et al. crosslinked a suspension of dECM co-mixed with alginate in a
calcium bath and subsequently incubated at 37 °C to enhance cross-
linking to form an interpenetrating network with higher physical
strength [279]. In order to improve the printability of dECM, De Santis
et al. mixed alginate in the ECM solution, and the mixture rapidly so-
lidifies in Ca%" ion solution to obtain rECM, which was controllably
printed into Ca bath tissue-like constructs including airway and vessel,
while maintaining the viability of epithelial cells and endothelial
(bEnd.3) cells and metabolic activity (Fig. 9C) [271]. rECM promoted
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vascularization in constructs in a chick chorionic membrane (CAM)
assay. Twenty-eight days after implantation of alginate or 3D-printed
rECM composite hydrogels into T-cell-deficient FoxN1 KO mice, the
rECM hydrogels integrated well with surrounding tissues without any
apparent inflammation or signs of foreign body reaction, while massive
infiltration of M1 macrophages was observed in alginate hydrogel. Since
alginate was degraded via fp-elimination mechanism, which proceeded
slowly in vivo [291]. The addition of alginate retarded the degradation
and extended the residence time of dECM. Williams et al. compounded
fibrin to strengthen dECM hydrogel network, but the obtained hydrogel
still presented lower Young’s modulus (~2 kPa) than that of natural
myocardium [292]. Thus, the authors utilized glutamine transaminase
(TG) to further crosslink fibrin and enhanced the gel strength to from 2
kPa to 32 kPa depending on the amount of TG additive, showing that the
Young’s modulus of this composite hydrogel is highly adjustable [293].
Also, due to the added fibrin, the material exhibited a significant
improvement in pro-angiogenic ability. With increased mechanical
strength, the composite hydrogel containing adult human cECM pro-
moted ~6-fold upregulation of endothelial marker vWF and 2-fold
upregulation of smooth muscle marker CNN1 in c-kit + CPCs [292].
Duan et al. obtained a series of hydrogels by mixing cardiac dECM and
type I collagen (Col-I, a major component of dECM) in different ratios.
When the ratio of dECM versus Col-I was higher, gelation was slower.
The gelation time of pure dECM was up to 60 min, making it difficult to
perform designs such as cell encapsulation. As the content of Col-I
increased, the gelation time of the composite reduced (at least 10
min) and its dynamic shear modulus increased from 8.6 + 1.5 Pa to 61.5
+ 5.9 Pa [139]. While ensuring dECM gelation, the authors proved that
the higher the dECM content, the better the differentiation and matu-
ration of early CPCs and the maintenance of the contractility of CMs.
Compared to 25 % dECM with exogenous growth factors, high dECM
content (~75 %) enhanced the expression of cardiac troponin I (cTnl)
and Cx43, reflecting the superiority of dECM in tissue regeneration.

5.1. Perspectives

dECM materials maintained the components, structure and biolog-
ical cues, benefiting cell infiltration, growth and differentiation. Because
of these advantages, dECM can provide a suitable microenvironment for
ICM treatment. Injectable cECM (VentriGel) and SIS cardiac patches
(CorMatrix) have been clinically translated into approved products and
obtained desirable treatment results. Despite these achievements, dECM
applications involve various risks along with opportunities.

Lowering immunogenicity and maintaining batch-to-batch stability
are two major challenges associated with dECM for ICM therapy. The
immunogenicity of dECM is mainly attributed to the residual pathogens
and nuclei acids, contaminants from processing and surgery, and unique
carbohydrate structures in non-primate dECM. These immunogenic
factors may even induce severe infection and tissue necrosis, which
determines the clinical applicability. Ideal decellularization methods
aim to clear cells, effective sterilization is often less emphasized. Com-
mon sterilization methods for medical devices, including pressurized
steam, dry heat, irradiation or ethylene oxide, compromise the me-
chanical properties of dECM materials and denature their proteins
[294]. Peracetic acid (PAA) submersion or perfusion is the most
widely-used sterilization method with a high bactericidal and fungicidal
efficiency at 0.001 % and 0.003 % respectively, while preserving ECM
proteins [101,295]. Maintaining the whole manufacture process in an
ultra-clean and sterilized condition that has been certificated by good
manufacturing practice (GMP) is important. However, sterilization
usually do not address viral contamination. Donor screening and the
thorough removal of residual nucleic acids in dECM are potential stra-
tegies to solve this problem [294]. Most of nuclei acids are removed
during decellularization, and the residual part can be cleared through
DNase and RNase enzymolysis. Yang et al. eliminated porcine endoge-
nous retroviruses (PERVs) using CRISPR-Cas9 gene editing technique
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[296]. In addition to immunogenicity risks, donor variance limited the
application of allogeneic cECM and pericardial dECM. The alternative
dECM materials from porcine or bovine can replace the function of
human-derived cECM. However, a-Gal epitope, a unique carbohydrate
structure only exhibited in non-primate mammals, induces rejection to
implants, upregulated immunogenicity and severe coagulation
dysfunction [297,298]. SIS and urinary bladder dECM contain less
a-Gals compared to pcECM and have exhibited better biocompatibility
in vivo, yet low dose of a-Gal still causes chronic immune responses. GA
crosslinking could partially mask a-Gal epitope, but cannot thoroughly
remove o-Gal epitope or a-Gal induced implant rejection [297-300].
Green coffee bean a-galactosidase was an economical tool for tempo-
rarily cleaving the terminal a-Gal (since a-Gal recovers after a certain
time in vivo) [301-304]. One ultimate solution is to generate al,3 GT
(the gene coding a-Gal epitope) knockout animals by nuclear transfer
cloning [305-307]. Lu et al. knockout three genes of porcine-specific
glycan epitopes and added 9 human transgenes via a combination of
CRISPR-Cas9 and transposon technologies, enhancing the immune
compatibility and coagulation compatibility [308]. In 2020, Revivicor
received the permission of using GalSafe™ pigs (without a-Gal epitope)
as food and for potential medical applications from FDA. However, gene
editing and high-standard animal breeding increase the cost of dECM
productions. An economical and efficient gene editing tool to obtain safe
and stable dECM source from non-primate animals is desirable.

Final DNA contents in dECM products vary batch-to-batch. Although
there is no industrial standard to identify DNA removal efficiency [92],
some basic requirements have been proposed: 1) safe amount (<50 ng
dsDNA/mg dry ECM), 2) DNA fragments shorter than 200 dp, thus not
activating inflammation, 3) no visible nuclear in hematoxylin-eosin
staining or 4',6-diamidino-2-phenylindole (DAPI) staining. For o-Gals
detection, the most widely employed method is staining with Griffonia
simplicifolia type I isolectin B4. Combining with monoclonal antibody
M86, anti-immunoglobulin M, and anti-immunoglobulin G, one can
evaluate removal of a-Gals [301].

dECMs material within myocardium may trigger arrhythmia and
impair cardiac function [153]. In clinical trials, cECM has not been re-
ported to cause arrhythmia, yet the mismatched conductivities of ma-
terial and tissue still poses a risk of arrhythmia [309]. As a guiding work,
Suarez et al. evaluated the influence of PEG hydrogel with different
interstitial distribution on the electrophysiology of myocardium, and
found that better hydrogel spread is more favorable to conduction of
myocardium, establishing the site of interstitial spread properties as
important factors for dECM hydrogel design [310]. Future studies
should involve more electrocardiographic tests. Increasing the conduc-
tivity of dECM can promote intercellular communication and bridge
electrical signals between healthy and scar tissue, which is another trend
in the field. Zhang et al. employed an injectable hydrogel with a con-
ductivity of 5.52 x 10~* S/cm to reduce arrhythmia susceptibility and
the resistivity of cardiac scar tissue [311]. Thus, improving the electrical
conductivity of dECM to match that of healthy myocardium could be
desirable for supporting electrical signal conduction.

Injectable dECM hydrogel can be delivered through minimally-
invasive catheter implantation, showing advantages in safety. Open-
heart surgery for epicardial patch implantation is more invasive and
complicated than injectable dECM hydrogels, thus is not feasible for all
patients, as ICM has a higher prevalence in an older population. For
example, CorPatch can so far only be applied to ICM patients during
CABG surgery. Wang et al. developed injectable cardiac patches by
creating interconnected macropores through an ice-crystal template to
obtain shape-memory compressibility, which was demonstrated in a
porcine model [34]. Alternatively, dECM can be injected intra-
pericardially and adhere to epicardium, followed by in situ crosslinking.

Regenerating myocardium is the ultimate goal in ICM treatment.
Although administration of dECM to the ischemic myocardium is
beneficial, fibrosis inevitably occurs rather than regeneration in adult
hearts [153,312]. So far, dECM materials for cardiac regeneration are
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mainly used in the form of delivery vehicles for cells and growth factors
to achieve better therapeutic effects. dECM materials provide the suit-
able microenvironment for residing exogenous cells after delivery to the
myocardium, prolong cell retention, and maintain cell activity. In
addition to cells delivered by the dECM materials, dECM facilitated the
infiltration of progenitor cells and macrophages. By mediating the
behavior of the delivered and recruited cells, dECM materials could
promote vascularization, modulate the immune response, etc., which
are desirable in supporting cardiac regeneration [15,70]. In the recent
decade, non-mammalian zebrafish cECM was found to promote the
proliferation of endogenous CMs and reactivation of epidermal growth
factor receptor-2 (a key factor for the survival, growth and regeneration
of CMs expression in cardiomyocytes, thereby improving histological
and functional recovery, and myocardial elasticity [205]. Thus, future
research can focus on two aspects. Primarily, the principles and different
mechanisms of dECM promoting myocardial regeneration should be
clarified from the perspective of molecular biology. Therefore, we can
determine the structure-activity relationship with dECM itself and
optimize dECM through material design. Secondly, combining new
biotechnologies like reprogramming cell techniques with dECM mate-
rials is a multi-pronged approach to enhance regeneration effects.
Sadahiro et al. discovered that overexpression of key developmental
cardiac regulators (Gata4, Mef2c, and Tbx5) through retroviral directly
convert resident cardiac fibroblasts to CMs. Otherwise, combining
muscle-specific miR (miR-1, miR-133, miR-208, and miR-499) with
cardiac fibroblasts could also in situ generate functional induced CMs.
Thus, utilizing these novel technologies based on dECM materials is
hopeful and promising to achieve better cardiac regeneration effects for
ICM.

6. Conclusion

dECM material-based medical devices are attractive for ICM treat-
ment as key therapeutic components remain in dECM after decellulari-
zation. ICM therapies by dECM patches and hydrogels have been
approved for clinical use or reached clinical trial stage. dECM can not
only be modified and processed through a variety of manufacturing
technologies but also be composited with cells and other biologically
active factors, thereby enhancing treatment effects. As the practice of
dECM for ICM treatment expands and the understanding of dECM
deepens, it is expected to improve therapeutic effects by reducing
immunogenicity, matching cardiac electrical conductivity and inducing
myocardial regeneration, leading to clinical translation of dECM
technologies.
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