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Abstract

Decellularized tissues have become a common regenerative medicine platform with multiple 

materials being researched in academic laboratories, tested in animal studies, and used clinically. 

Ideally, when a tissue is decellularized the native cell niche is maintained with many of the 

structural and biochemical cues that naturally interact with the cells of that particular tissue. This 

makes decellularized tissue materials an excellent platform for providing cells with the signals 

needed to initiate and maintain differentiation into tissue-specific lineages. The extracellular 

matrix (ECM) that remains after the decellularization process contains the components of a tissue 

specific microenvironment that is not possible to create synthetically. The ECM of each tissue has 

a different composition and structure and therefore has unique properties and potential for 

affecting cell behavior. This review describes the common methods for preparing decellularized 

tissue materials and the effects that decellularized materials from different tissues have on cell 

phenotype.
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1. Introduction

Decellularized tissues are widely used clinically for tissue repair and regeneration. A few 

tissues such as dermis, small intestinal submuscosa, urinary bladder, and pericardium from 

humans, pigs, and cows have been decellularized to create commercially available scaffolds 

such as AlloDerm, CuffPatch™, MatriStem, Pelvicol, and Dura-Guard® [1]. However, in 

basic research and preclinical studies, numerous tissues and organs have now been 

decellularized and used in various regenerative medicine applications [2]. The extracellular 

matrix (ECM), which remains after decellularization, plays a crucial role as a structural 

support for tissue as well as a source of biochemical and biophysical cues for the cells that 

reside within it. Through these two roles the ECM directs cell proliferation, migration, 
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differentiation, and behavior [3]. The ECM of each tissue provides a unique tissue specific 

microenvironment for resident cells. This cell niche has been adapted by nature to provide 

the cells with the structure and biochemical cues that are required for their function [4]. It 

has therefore been hypothesized that decellularized tissue materials should have distinct 

effects on cell differentiation based on which tissue the material was sourced. Using nature’s 

tailored cell niches to direct cells to differentiate towards specific cell lineages has become a 

popular avenue for tissue engineering studies. By understanding decellularized tissues’ 

effects on cell differentiation more thoroughly, this technology could provide a useful 

platform for controlling cell fate and generating regenerative therapies.

This manuscript will review the different methods for creating decellularized tissue materials 

and the studied effects of these materials on cell behavior, with a focus on differentiation. 

These materials can be in the form of entire organ scaffolds, slices or blocks of ECM, 

hydrogels, and coatings, and have been derived from the following tissues: lung, liver, 

kidney, heart, central nervous system, adipose, tendon, skeletal muscle, cartilage, bone, 

nucleus pulposus, uterus, corneal stroma, musculofascia, trachea, and dermis.

2. Preparation of Decellularized Materials

2.1. Decellularization Methods

The goal of decellularizing tissues is to maintain all of the structural and biochemical cues in 

the ECM, but remove the cellular components that cause an adverse inflammatory response 

in the host and hinder regeneration [2]. The different methods used for decellularization 

utilize mechanical, chemical, enzymatic, or detergent approaches [2, 3]. The protocols for 

decellularizing different tissues have been reviewed thoroughly, but there is no consensus for 

the best protocols to use with each tissue [2, 5, 6]. When choosing decellularization 

protocols it is important to realize that one method does not work for every tissue, since 

tissues vary in ECM density, cell density, and basic morphology [2]. Other reviews have 

more thoroughly examined different decellularization protocols and the effects of the 

commonly used methods. The reader is referred to several excellent reviews in this area [1, 

2, 7]. Briefly, freeze-thawing can affect the ultrastructure of the ECM, pressure techniques 

may affect mechanical properties of the ECM fibers, alkaline and acidic solutions can 

degrade components of the ECM, ionic detergents (like sodium dodecyl sulfate) disrupt non-

covalent bonds between proteins and can be problematic to remove from the matrix, and 

alcohol has been shown to crosslink collagen in the ECM increasing its stiffness [1, 2, 6–8]. 

All of these factors can also affect how cells interact with the materials because they change 

the environment with which the cells are in direct contact. Therefore, care must be taken to 

choose the ideal decellularization protocol for each application because it can affect the 

success of directing cells towards a specific lineage [9]. In short, considerations must be 

made in designing and selecting the optimal decellularization process before the materials 

are manipulated into their final form.

2.2. Material Preparation

While decellularized tissue materials can be left as an intact whole organ, they can also be 

further processed by cutting into small sections or blocks, or digesting into a liquid to form a 
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hydrogel or coat a substrate. Each of these categories of materials has been used with 

multiple tissues and may provide different benefits. Keeping the whole organ intact during 

the decellularization process is especially useful when the goal is to engineer a 

transplantable organ. Decellularizing cadaveric organs maintains the macro and micro 

architectures of the organ along with the natural ECM composition, thereby providing a 

platform for recellularization and regeneration of the organ [1]. Perfusion decellularization 

has been used on lungs, livers, kidneys, and hearts from rats, mice, pigs, and humans to 

create acellular organ scaffolds [10–19]. The process of perfusion decellularization requires 

flowing the decellularizing reagents through native arteries at physiological pressures in 

order to enter the innate blood vessel system and reach every cell [20]. Thin tissues, like 

mouse tibialis anterior, and ones that do not have easily accessible blood vessel systems, like 

cartilage, may use submersion and agitation techniques [21, 22].

If an entire organ is not required for a study, then thin sheets of the decellularized organ can 

be used as a more convenient method for testing the ECM’s effect on cells while still 

maintaining the tissue’s architecture and biochemical composition. The two main 

approaches for creating these slices are either to first decellularize the entire organ then cut it 

into slices or do the opposite by sectioning the unprocessed organ and then decellularizing 

the slices. To section the organ after decellularization, the organ must first be stiffened either 

by embedding the organ in agarose, OCT freezing medium, or paraffin [9–12, 23, 24]. 

However, the most common approach to create decellularized sections is to first cut the 

tissue into the desired thickness and then decellularize the slices of tissue. This approach has 

been used for tendon, brain, kidney, lung, liver, corneal stroma, and dermis [25–30]. 

Decellularized materials can also be created with sizes between whole organ 

decellularization and thin slices, for example 4 × 4 × 3 mm cubes of bone [31] or 4 × 2 × 0.5 

cm pieces of musculofascial tissue [32].

Decellularized tissue can also be processed further into hydrogels. Hydrogels are commonly 

used with the goal of injecting into sites of injury to promote regeneration, but are also a 

favorable platform for cell culture because they can be made in larger quantities and 

designed to retain cells more easily than ECM sections. The methods of preparation vary 

greatly depending on the application and the characteristics that need to be modified for an 

experiment. The strategies include using decellularized matrix as the only component of the 

hydrogel, using cross-linking agents, or creating composites with additional materials. A 

common method for making hydrogels with ECM as the only element in the material 

requires lyophilizing, milling, and digesting the ECM with pepsin. At this point the ECM 

can be brought to body temperature to form a hydrogel [30, 33–37]. These materials have 

been used alone in vivo [37–40] or to create a 2D and 3D culture environments in vitro [36, 

40–42]. Another approach is to continue manipulating the hydrogel after it is created and 

make it into a composite material [40–44]. Composite hydrogels can be fabricated by using 

photo-crosslinking [40, 41], chemical crosslinking [43], or addition of collagen with the goal 

of improving cell delivery ability and/or altering mechanical properties and degradation rate 

of the material [42, 44]. Another modification to hydrogels is the use of cross-linking within 

the ECM alone, which can increase the stiffness of the material and increase degradation 

times [45, 46]. Table 1 summarizes the hydrogel chemistries of the reviewed manuscripts.
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The final category of ECM materials is a substrate coating. A liquid form of the ECM 

material is first created with a digestion process similar to making hydrogels, and then the 

ECM proteins are adsorbed onto a tissue culture surface [49–52]. Cells are then seeded onto 

the coated plates or wells and can interact with the specific biochemical cues. A 

polyacrylamide gel with various degrees of stiffness may be used beneath the coating to alter 

the mechanical cues of the cell niche [53, 54]. Coatings are comparable to thin 

decellularized tissue slices, in that they create a 2D surface to study; however, they no longer 

maintain the native architecture of the tissue.

3. ECM Effects on Cell Differentiation

Each tissue has a unique ECM composition that affects cell differentiation in a variety of 

ways. A representation of differences in tissue architectures can be found in Figure 2. In 

addition to the architecture of the tissue, the biochemical cues play a significant role in 

determining cell fate. A variety of experiments have been completed to study this interaction 

with various tissues, cell types, and conditions. Table 2 summarizes the tissues, materials, 

and cell types used in the reviewed studies.

3.1. Lung

Many studies have shown that decellularized lung matrices are able to encourage lung 

specific cell differentiation of more mature cell types such as progenitor cells, however other 

more naïve cell types require additional cues to initiate differentiation into lung specific 

lineages. Cortiella et al. seeded murine embryonic stem cells (mESCs) onto a small block of 

acellular rat lung matrix with lung cell culture media. The study showed an increase in lung 

epithelial and endothelial cell markers on cells cultured on the acellular lung compared to 

cells cultured on Gelfoam, Matrigel, and Collagen 1 [69]. However, the differences in 

porosity and stiffness of the lung ECM, compared to the controls used, do not allow for the 

conclusion that the effects are due to the ECM itself and not the mechanical and transport 

property variability of the materials. Increased lung epithelial cell markers were also seen 

with human derived mesenchymal stem cells (hMSCs) cultured in a whole decellularized rat 

lung with small airway epithelial growth medium in a perfusion bioreactor [13]. These 

previous studies used supplemented media to achieve their results. Further studies also 

suggest that media supplements are required and lung ECM cannot induce lung specific 

differentiation of MSCs with regular growth media alone [10]. Zhou et al. showed that the 

mouse induced pluripotent stem cells (iPSCs) required initial differentiation in order to 

become integrated into a whole decellularized mouse lung. The undifferentiated cells formed 

clusters and did not show differentiated phenotypes when grown on lung sections [11]. 

However, when human iPSCs were differentiated into lung progenitor cells before seeding 

onto decellularized human lung slices, there was increased lung specific differentiation into 

alveolar epithelial cells compared to non-ECM cultures [12]. An additional study 

demonstrated that mouse embryonic stem cell (ESC) derived endoderm cells differentiated 

into multiple mature lung epithelium cell types with no additional growth factors or serum in 

the growth medium when cultured on thick sections of decellularized rat lung [70]. This 

study also concluded that the differentiation required heparan sulfate proteoglycans [70]. 

These studies showed that lung ECM had a beneficial effect on differentiation into lung 
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specific lineages, but it did not provide all of the cues necessary to initiate the 

differentiation.

Lung derived materials have also been shown to have tissue specific effects. When mouse 

alveolar and hepatocyte progenitor cells were grown on thick slices of decellularized rat lung 

and liver, the tissue-specific material best guided differentiation of the corresponding 

progenitor cell [71]. The influence of these tissue specific cues on differentiation depends on 

which cells and tissues are being compared. When human embryonic stem cells (hESCs) 

were cultured on decellularized rhesus monkey kidney and lung sections, both materials led 

to an increase in kidney and lung markers. It was hypothesized that the tissue-specific 

materials did not improve differentiation into their corresponding cell lineages because of 

their similarity in architecture [29]. Additionally, ESCs are in a less differentiated state than 

the progenitor cells and therefore may require more cues to determine their cell lineage. 

There are still many unknowns about how lung matrices affect different cells. For example, 

when rat alveolar type II cells were cultured on a whole decellularized rat lung they lost all 

of their epithelial markers and began expressing mesenchymal markers [15].

Another area of interest is not only the extent of differentiation that the ECM can direct, but 

also how differences in the matrix can affect stem cell behavior. While few studies to date 

have investigated the effect of diseased lung matrices on cell differentiation, proliferation 

and viability assessments showed that the intact 3D architecture of a decellularized 

emphysematous human lung was not able to sustain cell growth of human bronchial 

epithelial cells, endothelial progenitor cells, hMSCs, and lung fibroblasts [14]. One study 

also showed that primary human fibroblasts grown on fibrotic human lung matrix slices 

pushed them to a myofibroblast lineage [23]. These studies are part of the ever-growing 

body of knowledge about how lung ECM can be used for tissue engineering.

3.2. Liver

Multiple groups have demonstrated that liver ECM is able to direct cells towards or maintain 

a hepatocyte phenotype. Initial studies determined that primary human hepatocytes seeded 

between two layers of decellularized porcine liver hydrogel maintained their hepatocyte 

phenotype as successfully as when cultured on matrigel when looking at functional qualities 

like albumin secretion, transport ability, and ammonia metabolism [30]. A later study 

completed a thirteen day perfusion of human fetal hepatocytes and human fetal satellite cells 

into an entire decellularized porcine liver and showed a trend towards full maturation of the 

cells into epithelial cells according to phenotype and gene analysis [16]. More recently, 

groups have investigated the potential of decellularized liver to differentiate cells into 

hepatocytes. Lee et al. studied human adipose-derived stem cell (hASC) differentiation on 

rat liver ECM versus collagen in both coating and hydrogel forms. They observed a 

significant increase in differentiation on the ECM materials compared to collagen [50]. 

However, the study was done with hepatocyte culture media, so it did not fully characterize 

the liver ECM’s potential alone. Zhang et al. further studied a decellularized rat liver coating 

in relation to collagen, Matrigel, and fibronectin with and without growth factors. In all 

cases mouse adipose derived MSCs had improved hepatic differentiation on the liver ECM 

[52]. Rat liver ECM has also shown that is has organ specific characteristics by successfully 
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guiding differentiation of mouse hepatocyte progenitor cells but not mouse alveolar 

progenitors [71]. Overall it has been demonstrated that liver ECM has the potential to 

maintain and guide hepatocyte cell lineages.

3.3. Kidney

There have been a variety of experiments performed with decellularized kidney materials. 

Perfusion of an entire decellularized kidney with cells has demonstrated great promise for 

the use of the kidney matrix for tissue engineering. When mESCs were incorporated into a 

whole decellularized rat kidney, epithelial differentiation was seen on the cells lining the 

native vasculature in the matrix [17]. Similarly, a different study observed that when mESCs 

were perfused into an intact decellularized rat kidney the cells in peritubular capillaries and 

tubular compartments began to differentiate into meso-endodermal lineages [18]. These 

studies both suggested that the kidney matrix has region specific effects on differentiation. 

O’Neil et al. examined the effects of kidney regions directly by creating ECM slices, 

hydrogels, and media supplements from the medulla, papilla, and cortex of porcine kidneys. 

They saw that mouse kidney stem cells had different metabolic activity, proliferation, and 

morphology in each kidney region [36]. Although differentiation was not directly measured, 

the differences indicate that there may also be region-specific effects on stem cell 

differentiation due to different mechanical or biochemical cues. It is important to note that 

none of these studies directly concluded that the kidney caused kidney specific cell 

differentiation. As mentioned above, a study that compared the effect of rhesus monkey 

kidney and lung matrix slices on hESCs showed that both matrices caused an increase in 

lung and kidney markers, with no significant differences between each other [29]. Burgkart 

et al. had a unique experimental set up where they showed that a decellularized kidney could 

be used for bone engineering because the intact vasculature provided nutrients to the 

osteoblasts. In this study they perfused a whole decellularized rat kidney with primary 

human osteoblasts using osteogenic media and saw that the osteoblasts kept their phenotype 

and reconstructed the matrix [19]. These results highlight that there is still little understood 

about the kidney ECM niche and how it can affect differentiation.

3.4. Heart

Three cardiac tissues have been decellularized and studied to show how they affect stem cell 

differentiation: myocardium, heart valve, and pericardium. Several groups have looked at the 

effect of myocardium ECM on cell lineage. The general conclusion was that the 

decellularized material alone was able to guide differentiation and maturation of cells into a 

cardiac cell fate. This was demonstrated with hESCs, hESC derived cardiomyocytes, human 

mesendodermal cells, rat cardiac progenitor cells, and neonatal rat ventricular myocytes on 

entire decellularized hearts, hydrogels, collagen composite hydrogels, and 2D coatings [42, 

49, 51, 72–74]. One of these studies encapsulated hESC embryoid bodies into hydrogels 

with varying percentages of porcine heart ECM and observed that the higher percentage of 

ECM correlated with increased cardiac markers and increased number of contracting cells 

with larger contraction amplitudes [42]. The studies mentioned above all used healthy adult 

hearts to create the decellularized materials. When fetal, neonatal and adult rat heart ECMs 

were compared, the neonatal cardiac ECM hydrogel was able to promote Nkx2.5 and 

GATA4 expression in rat MSCs better than the others [43]. Comparing rat MSCs cultured on 
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an ECM coating from infarcted rat hearts and healthy rat hearts showed that ECM from 

infarcted tissue caused MSCs to release proangiogenic, anti-fibrotic, and cytoprotective 

factors and did not lead to mesenchymal stem cell (MSC) differentiation into 

cardiomyocytes [54].

A study of porcine heart valve ECM demonstrated that the ECM from the ventricularis and 

fibrosa regions both guided hMSCs toward valve interstitial cell lineages, with the 

ventricularis being more significant [75]. There was also location specific differentiation 

when human iPSC derived MSCs were seeded onto human pulmonary valve leaflets. Cells 

on the surface of the valve expressed more α-smooth muscle actin compared to cells deeper 

in the tissue [76]. In addition to studying the heart valve, people have looked at the 

pericardium. It was observed that making a decellularized hydrogel from human pericardium 

and then lyophilizing it created a successful platform to increase the expression of early 

cardiac markers in human cardiac progenitor cells compared to collagen and non-lyophilized 

decellularized pericardium [46]. They showed that the lyophilization increased the 

interconnectivity of the pores in the material and therefore improved cell migration and 

nutrient transportation [46]. This suggests there may be benefits of testing alternative 

processing procedures for decellularized ECM materials.

3.5. Central Nervous System

Research on the effect of decellularized tissue from the central nervous system is more 

limited compared to other tissues. A porcine brain-derived ECM coating was used to culture 

human iPSC derived neurons and increased dendritic branching was observed compared to a 

Matrigel coating, suggesting improved neural maturation on the matrix [77]. A different 

study looked at the effect of ECM solubilized and incorporated into the media for culturing 

PC12 cells, a cell line that can differentiate into neural-like cells. Matrix from porcine optic 

nerve, spinal cord, brain, and urinary bladder were compared and all four matrices promoted 

neural differentiation while the central nervous system materials also promoted cell 

migration [78]. Further, an electrospun gelatin material incorporating rat brain ECM showed 

successful cell adhesion, proliferation, survival, and preliminary differentiation of rat MSCs 

towards neural progenitors [56]. These studies showed potential for the use of decellularized 

central nervous system tissue for neural cell differentiation, although they do not confirm 

that the tissue specific matrix is necessary. Conversely, one study looked at the opposite 

effect, namely maintenance of an undifferentiated phenotype. Waele et al. used 

decellularized mouse brain sections as a platform to culture rat neural stem cells (NSCs). 

They were able to maintain the NSC phenotype without further differentiation with media 

supplements such as epidermal growth factor and human basic fibroblast growth factor [25]. 

This may suggest that cues from nervous system ECM that were shown to promote 

differentiation in the previously mentioned studies can be overridden simply with media 

supplements.

3.6. Adipose

Adipose tissue is uniquely accessible from living human donors because of the prevalence of 

liposuction surgeries and has been shown to create a matrix that directs adipogenic 

differentiation. Studies of the effect of decellularized adipose tissue on cell differentiation 
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have focused both on in vitro and in vivo studies. One in vitro experiment studied the 

combination of biochemical and mechanical cues of the native cell niche by coating various 

polyacrylamide gels with a decellularized human adipose tissue coating. Increased 

adipogenic markers were observed on hASCs cultured on gels of lower stiffness, confirming 

that this engineered environment provided the necessary cues to direct differentiation [53]. 

Another in vitro study compared a composite hydrogel, made of decellularized adipose 

tissue with methacrylated glycol chitosan or methacrylated chondroitin sulfate, that 

incorporated decellularized human adipose tissue to a hydrogel with no ECM and showed 

that there was increased glyrcerol-3-phosphate dehydrogenase activity (an important enzyme 

in lipid metabolism) and adipogenesis in the hASCs on the composite hydrogel [40]. A third 

group created a 3D printed bioink from porcine adipose matrix and encapsulated hASCs in 

the gel before forming the scaffold. They observed that hASCs cultured in the material 

successfully committed to adipogenic lineages [79]. The results described all show how 

decellularized adipose tissue was capable of providing the necessary biochemical cues to 

influence hASCs to differentiate down adipogenic lineages. When a human adipose matrix 

hydrogel combined with human ASCs or a cross-linker was injected into mice 

subcutaneously there was increased adipogenesis in the material compared to Juvederm 

injections, which is currently the clinical standard for filling adipose deficits [33]. However, 

the adipogenesis occurred through endogenous cells rather than the transplanted hASCs. 

Another group injected mouse adipose ECM with basic fibroblast growth factor into mice 

subcutaneously and saw adipogenesis in the material along with host tissue infiltration [80]. 

Together, these studies demonstrate the ability of decellularized adipose tissue materials to 

promote adipogenic differentiation.

3.7. Tendon

Differentiation of stem cells into tenocytes using decellularized tendon scaffolds has been 

studied with an assortment of approaches with varying success. One study found that the 

cues from porcine tendon ECM sections were able to cause human tendon progenitor cells to 

differentiate towards tendon lineage even in the presence of osteogenic growth factors [27]. 

In contrast, Zhang et al. observed that rabbit tendon stem cells were able to proliferate and 

remain undifferentiated on rabbit tendon ECM films. However, when the same cells were 

injected into the back of rats with a rabbit tendon ECM hydrogel, tendon-like tissue formed, 

a result not observed following cell only injections [48]. This implies that additional cues 

were required in order to continue differentiation from the tendon stem cell stage.

Many groups incorporated mechanical and architectural cues to the decellularized tissue 

constructs to further control differentiation and were more successful in directing 

tenogenesis. When canine ASCs were grown in 3D culture in a collagen and human tendon 

ECM composite hydrogel with static tension, the cells underwent differentiation towards 

tenocytes and showed increased alignment and tenomodulin expression [44]. One group 

observed improved horse MSC integration and differentiation into thick horse tendon ECM 

sections with 3% strain compared to lesser values [26]. To increase tendon-like architecture 

of the material, one study took canine MSC-seeded tendon sections and sutured them 

together to create bundles that were cultured in suspension. This led to cell alignment and an 

increase in tenomodulin expression compared to day zero [24]. Additionally, a study from 
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Tong et al. argued that the process of decellularizing tendon tissue changes its crucial tissue 

architecture, thus instead of decellularization they cultured human MSCs directly onto 

histological sections of bovine tendon [81]. To further test their hypothesis they used their 

sections as templates and molded polydimethylsiloxane (PDMS) replicas of the topography 

of the slices. When hMSCs were seeded on collagen coated PDMS replicas they elongated 

like tendon cells and expressed tenomodulin [81]. Though the decellularized material 

showed positive results, there is continued investigation necessary to completely understand 

the mechanisms that factor into tenocyte differentiation and how best to recreate its 

microenvironment.

3.8. Skeletal Muscle

Studies into the effects of decellularized muscle on cell differentiation are limited. C2C12s, 

a mouse myoblast cell line, cultured on a coating of decellularized porcine muscle ECM 

exhibited increased muscle differentiation compared to a collagen coating [51]. Additionally, 

when a decellularized mouse muscle scaffold graft was transplanted into a mouse there was 

successful host cell infiltration and multinucleated myofibers were seen in the scaffold [22]. 

Similar results were however also seen when a decellularized porcine urinary bladder 

scaffold was transplanted into mice [82]. Wang et al. sought to replicate the musculofascial 

tissue environment by using decellularized porcine muscle and decellularized porcine fascia 

seeded with hASCs. They determined that the muscle scaffold had myogenic and angiogenic 

potential while the decellularized fascia provided more mechanical support [32]. The effects 

of muscle ECM scaffolds may however not dominate over soluble differentiation cues. 

Perniconi et al. observed that although mouse muscle ECM can provide the necessary cues 

for differentiation along a muscle lineage, it does not prevent differentiation to other lineages 

when cells are exposed to specific growth factors [83]. While some of these results are 

promising, further research is still needed on decellularized skeletal muscle materials for 

tissue engineering.

3.9. Cartilage

Decellularized cartilage has been tested in many different forms and shown to direct 

chondrocyte specific differentiation to a certain extent. When differentiation media was 

added to canine MSCs cultured on a human cartilage ECM porous disc-shaped scaffold, the 

cells proliferated and differentiated into chondrocytes. The same material implanted in vivo 
led to cartilage-like tissue formation [57]. Another group 3D printed a porcine cartilage 

ECM bioink with a polycaprolactone frame and observed higher expression of chondrocyte 

specific genes in hMSCs on the ECM material than on collagen [79]. A third approach was 

to decellularize an entire bovine ear and culture hMSCs on small punches from the 

decellularized organ. The cells expressed more chondrogenic-specific genes when cultured 

on the scaffold compared to a monolayer [21]. Finally, Visser et al. created a composite 

hydrogel with the equine cartilage ECM and gelatin methacrylamide but did not see clear 

improvements between composites with and without the ECM [41]. Compared to several 

tissues mentioned above, there are currently limited studies with cartilage ECM, including 

those with conflicting results, and therefore further investigation is needed.
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3.10. Other Tissues

Several studies have observed benefits of using decellularized tissue materials for cell 

differentiation in tissues besides those mentioned above. One group decellularized blocks of 

porcine bone and observed rat MSC differentiation towards osteogenic lineage without 

added dexamethasone [31]. Another study created a decellularized porcine nucleus pulposus 

hydrogel and observed nucleus pulposus positive cell markers in hASCs cultured on the 

hydrogel with no differentiation media added [45]. A decellularized rat uterus that was 

recellularized with a mixture of rat neonatal uterine cells, adult uterine cells, and MSCs 

formed endometrium-like tissue in vitro and successfully supported pregnancy in a grafted 

uterus [84]. Also, hASCs grown on decellularized human corneal stroma sections 

differentiated into keratocytes [28]. Finally, a study showed that the biochemical cues from 

decellularized porcine dermis and mesothelium can be overridden by using differentiation 

media to differentiate hMSCs down adipose or osteoblast lineages [85]. The success of 

decellularized materials in these various tissues demonstrates that this approach can be used 

for even more tissues to direct cell differentiation.

4. Current Challenges and Future Opportunities

There are common themes explored within each tissue type that provide their own sets of 

challenges moving forward. A common experimental approach was exploring the role of 

biochemical and mechanical cues of the decellularized ECM on stem cell differentiation. 

These studies provide important insight into the effects of these cues, but are often limited in 

how many combinations of mechanical and biochemical factors can be probed. The ECM 

itself is a complex combination of biochemical cues and therefore it can be difficult to 

determine which specific components or combinations thereof are causing certain cell 

behaviors. Additionally, the majority of studies that included stiffness in their design were 

limited to 2D cultures, as opposed to 3D cultures, which are arguably more physiologically 

relevant. The combination of more quantitative analysis of the components of the ECM [86, 

87] along with high throughput cell-biomaterial interaction screening [88, 89], which can 

simultaneously examine multiple biochemical cues and mechanical properties, could enable 

more mechanistic future studies.

Another common question guiding these studies was whether there were tissue or region 

specific effects on differentiation. These results varied based on which tissues were being 

compared. This suggests that the ECM of some tissues are more similar than others and 

studies of this nature should compare a large variety ECMs in order to investigate this theme 

more thoroughly. The region specific effects on differentiation in highly complex organs, 

such as the kidney, provide an interesting consideration for all decellularized tissue studies. 

Even studies that do not look at region specificity must still be cautious in creating samples 

due to possible regional variations in composition and therefore varied effects on 

differentiation.

The effects of alternative processing methods on the ECM are also clearly important based 

on several of the studies reviewed. This provides an additional challenge to researchers 

probing ECM effects because the material preparation itself can alter the outcomes of the 

experiment. It is therefore important to continue working towards improved processing, but 
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to also keep the processing consistent when comparing results. Furthermore, more 

quantitative analysis of the ECM, such as QconCat based mass spectrometry [86, 87], is 

needed to more rigorously assess differences in the ECM and efficiency of decellularization 

after processing.

The last theme that was repeated with many tissues is the effect of diseased decellularized 

ECM on the material’s ability to guide differentiation. This is both important for 

understanding disease mechanisms, but also for looking forward towards scaling up the 

production of decellularized ECM materials. Many of the available human samples that 

could be used for decellularized materials are either aged or diseased. In order to ensure 

consistent materials are being created, the variables (including the health and age of the 

donor) that may affect the material quality must be thoroughly understood.

Addressing these challenges will provide an avenue to further expand the use of 

decellularized ECM as a basic research platform for studying stem cell biology, as well in 

preclinical studies with the goal of moving towards clinical translation. To date, clinical 

application with decellularized ECM has included acellular administration, mainly in the 

form of ECM sheets as surgical patches [90, 91], and recently the initiation of a clinical trial 

with an injectable cardiac ECM derived hydrogel (clinicaltrials.gov identifier 

NCT02305602). The acellular route is undoubtedly easier in terms of translation and has the 

potential to modulate the fate of endogenous progenitor cells. However, the studies reviewed 

herein also suggest that ECM scaffolds have potential as cell delivery scaffolds, although 

this significantly increases treatment costs and has a more difficult regulatory pathway as a 

combination product. More long term development could result in the use of decellularized 

ECM for whole organ engineering [92–95]; however, this increase in complexity creates 

numerous more challenges that must be overcome, including creating fully functional 

constructs and preventing thrombosis in the vasculature [96, 97].

5. Conclusion

The use of decellularized tissue materials has had success in many different applications. 

The current designs of these materials include different types of entire organ matrices, 

sections, blocks, hydrogels and coatings. There is room to expand on the materials and 

methods for creating decellularized ECM in order to maintain the native architecture and 

incorporate all of the cues that are beneficial for cell differentiation [1–3]. Each tissue has its 

own obstacles when decellularizing and processing the material, and as new tissues are used 

for decellularization experiments there will be new challenges that will have to be overcome. 

Each material category also has its own benefits for specific applications. Entire organ 

matrices can be used for larger transplants and organ replacements. Hydrogels are best for 

creating 3D environments and can be used as injectable therapies. Sections and coatings are 

useful for discovering the effects of the matrix components on cell differentiation directly.

Overall, there are clear effects of decellularized materials on cell differentiation. To date, 

lung, liver, kidney, heart, central nervous system, adipose, tendon, muscle, cartilage, and 

other decellularized tissues have shown signs of positive impact on cell differentiation in 

laboratory settings. However, the extent to which each tissue can direct cell lineage differs. 
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Heart, liver, and adipose tissue all demonstrate the ability to direct differentiation with the 

ECM alone and no addition treated media [40, 49, 52]. The other reviewed tissues had an 

effect on stem cell behavior, but required additional cues in order to control stem cells into 

the tissue specific lineages. This may be due to unique tissue microarchitecture, use of cell 

lineages that are more easily directed, variations in the decellularization process that altered 

the ECM’s structure and composition, or other unknown factors. For this reason, further 

studies must be conducted to understand these details more fully.

It is important to remember this variation among tissue and material types when designing 

decellularized tissue materials. Though it is generally understood that the ECM contains 

necessary cues for directing tissue specific gene expression, there are many factors that are 

needed for differentiation and the ECM alone may not be sufficient for every tissue 

engineering purpose. However, the papers reviewed demonstrate that decellularized tissue 

materials can be a powerful tool by harnessing what nature has already designed. With 

future research and development, this field has excellent potential to provide a greater 

impact in both basic and translational tissue engineering studies.
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Highlights

• Different methods of ECM material preparation provide various 

benefits

• ECM of each tissue has a unique architecture and biochemical 

composition

• ECM materials have tissue specific effects that can direct cell 

differentiation

• Decellularized tissues are a promising platform for tissue engineering 

applications
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Figure 1. 
Decellularized tissue materials made from various tissues. After removing the cellular 

contents of the native tissue, the extracellular matrix remains and can be left unprocessed as 

an entire organ, or be processed into a section, hydrogel, or coating. The tissues that have 

been processed for the purpose of testing cell differentiation effects are shown below each 

material category.
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Figure 2. 
Representative scanning electron microscopy (SEM) images for different decellularized 

tissues. These images demonstrate the vast differences in microenvironment architecture that 

are found in different tissues. These architectures make up the local niche that cells interact 

with and are therefore understood to play a significant role in shaping cell differentiation 

into corresponding cell lineages. SEM images reprinted with permission from [23, 31, 32, 

36, 55–68].
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Table 1

Hydrogel Formation

Hydrogel Formation Organ/Tissue Type Composite? Citations

Self-Assembly Adipose, Heart, Kidney, Liver, 
Tendon, Urinary Bladder

No [33],[37],[35],[47],[36], [30],[48], [34]

Self-Assembly Heart, Tendon Yes
Collagen

[42],[44]

Photo-Crosslinked (Methacrylation) Adipose, Cartilage, Meniscus, 
Tendon

Yes
Glycol Chitosan, 

Chondroitin Sulfate, 
Gelatin

[40],[41]

Chemically Crosslinked (NHS) Heart Yes
Polyacrylamide

[43]

Chemically Crosslinked (EDC and 
NHS)

Heart, Nucleus Pulposus No [46],[45]
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Table 2

Cell and ECM Materials

Organ/Tissue Cell Types Material Types Citations

Adipose ASC, MSC, Host Cell Hydrogel, Coating [53], [33], [40], [80], [79]

Central Nervous System iPSC derived nueron, PC12, MSC, NSC Section, Coating [77], [78], [56], [25]

Cartilage ASC, MSC Hydrogel [57], [79], [41], [21]

Heart MSC, ESC, ESC derived cardiomyocyte, 
cardiac progenitor, iPSC derived MSC, 

neonatal ventricular myocyte

Hydrogel, Composite 
Hydrogel, Entire Organ, 

Coating

[75], [51], [72], [42], [43], [49], 
[46], [54], [76], [73]

Kidney ESC, Kidney Stem Cell, Osteoblast Hydrogel, Entire Organ, 
Section

[17], [36], [29], [18], [19]

Liver hepatocyte, progenitor hepatocyte, fetal 
hepatocyte, fetal satellite, ASC, MSC

Hydrogel, Entire Organ, 
Section, Coating

[30], [71], [16], [50], [52]

Lung ESC, MSC, Fibroblast, lung epithelial cell, 
endothelial progenitor cell, ESC derived 

endoderm cell, iPSC derived alveolar 
epithelial cell and lung progenitor

Entire Organ, Section [69], [71], [10], [23], [29], [11], 
[12], [13], [14], [15], [70]

Skeletal Muscle C2C12, Host Cell, ASC Entire Organ, Coating, Section, 
Scaffold

[51], [22], [83], [32], [82]

Tendon MSC, ASC, Tendon Stem Cell, Progenitor 
Tendon Cell

Hydrogel, Section [24], [48], [44], [81], [27], [26]

Curr Opin Solid State Mater Sci. Author manuscript; available in PMC 2017 August 01.


	Abstract
	1. Introduction
	2. Preparation of Decellularized Materials
	2.1. Decellularization Methods
	2.2. Material Preparation

	3. ECM Effects on Cell Differentiation
	3.1. Lung
	3.2. Liver
	3.3. Kidney
	3.4. Heart
	3.5. Central Nervous System
	3.6. Adipose
	3.7. Tendon
	3.8. Skeletal Muscle
	3.9. Cartilage
	3.10. Other Tissues

	4. Current Challenges and Future Opportunities
	5. Conclusion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2

