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Abstract 

Recent advances in the extraction and purification of decellularized extracellular matrix (dECM) 

obtained from healthy or malignant tissues open new avenues for engineering physiomimetic 3D 

in vitro tumor models, which closely recapitulate key biomolecular hallmarks and the dynamic 

cancer cell-ECM interactions in the tumor microenvironment. We review current and upcoming 

methodologies for chemical modification of dECM-based biomaterials and advanced 

bioprocessing into organotypic 3D solid tumor models. A comprehensive review of disruptive 

advances and shortcomings of exploring dECM-based biomaterials for recapitulating the native 

tumor supporting matrix is also provided. We hope to drive the discussion on how 3D dECM 

testing platforms can be leveraged for generating microphysiological tumor surrogates that 

generate more robust and predictive data on therapeutic bioperformance. 

 

Keywords: Extracellular Matrix, Decellularization, Physiomimetic 3D Tumor Models, Preclinical 

In vitro Screening. 
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Capturing ECM complexity in 3D preclinical in vitro models 

   Increasing evidence connects the acquisition of tumor hallmarks and therapeutic resistance to 

both the stromal and extracellular matrix (ECM) components of the tumor microenvironment 

(TME) [1]. During tumor development, the accumulation of mutations in cancer cells and the 

ensuing dysregulation of surrounding stromal cells phenotypes leads to biofunctional and 

biomechanical changes in tumors ECM (see Box 1) [2]. The importance that the tumor 

microenvironment ECM (TME-ECM) exerts in the context of solid tumor progression is widely 

recognized and has been discussed in depth in numerous reports [3,4]. These TME-ECM 

alterations have been associated with accelerated disease development and poor prognosis, with 

cells demonstrating increased invasion of surrounding tissues and resistance to standard-of-care 

therapeutic agents. Despite the increasing knowledge regarding tumor-ECM interplay, most 

preclinical drug-screening assays are generally still performed in monoculture 2D models lacking 

both the three-dimensional cellular organization, cell-cell contacts and the appropriate ECM 

supporting microenvironment observed in vivo [5].  

   Improving preclinical testing platforms biomimicry of human tumor complexity will increase 

the cross-correlation between a therapeutic’s in vitro bioperformance data and clinical outcome. 

To overcome the limitations of conventional 2D testing models, 3D in vitro tumor proxies have 

recently been developed that better recapitulate the intricate dynamics of the native tumor and of 

its unique microenvironment. Such organotypic 3D in vitro tumor models provide complex 3D 

environments in which key cellular, biochemical, and mechanobiological cues are present [6]. The 

field of 3D disease models is currently thriving, gathering a widespread interest in medical and 

research communities, as well as from pharmaceutical and biotechnological industries. However, 

regardless of remarkable advances, mimicking human solid tumors ECM in 3D in vitro models 

remains highly challenging due to the dynamic and disease-specific mechanical and biomolecular 

complexity of this key TME component. 

   Tissue-specific decellularized matrix-based platforms have been gathering increased relevance 

in the field of in vitro 3D tumor modeling due to their biomimicry of native tissue ECM. Recent 

advances in their production, extraction, and processing have leveraged cell-derived and tissue-

derived decellularized extracellular matrix (dECM) as novel scaffolds for bioengineering 3D 

tumor-ECM mimetic in vitro models [7–10]. Several reports have exploited dECM biomaterials 
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processing into bioinstructive recellularized scaffolds [11,12], soft hydrogels [13], bioinks for 3D 

bioprinting of complex shape-controlled bioactive 3D constructs [14], or biocomponents in hybrid 

synthetic-natural scaffolds [15] (Figure 1). Furthermore, the application of novel decellularization 

methodologies combined with the powerful analytic capacity of omics-based technologies are 

paving the way for the guided recapitulation of solid tumor ECM composition in a patient-

personalized manner [16–18].  

   We review the development of 3D in vitro tumor models employing cell and tissue-derived 

dECMs. We begin by highlighting key methodologies employed for isolating dECMs and for their 

physicochemical modification, discussing advantages or limitations for establishing biomimetic in 

vitro tumor models. A comprehensive overview and critical analysis on dECM-based scaffolds 

currently employed in in vitro tumor modelling follows, providing ground for discussing future 

methodologies and challenges of dECM-based 3D tumor models.  

State-of-the-art ECM Decellularization Methodologies 

   The composition and architecture of TME-ECM varies in accordance with tumor type and stage 

of progression [19]. Presenting such a dynamic nature, the TME-ECM functions both as a 

structural scaffold, as a reservoir for pro- and anti-tumoral growth-factors, and as a bioactive 

regulator of cell differentiation, immune system cells activity, and cancer cell migration [20,21]. 

Decellularization procedures must therefore be specifically adapted to preserve tissues ECM 

microarchitecture and composition, accounting for variations in ECM source composition, lipid 

content and tissue-specific vascular density/architecture. When carefully designed, such dECM-

based tumor models can preserve native TME-ECM properties [22], therefore enabling the 

investigation of physicochemical ECM modifications in controlled culture conditions, or of key 

cell-ECM interactions established with the diverse cellular components of the native TME. 

Several decellularization techniques have been employed to obtain virtually cell-free dECM 

biomaterials [23]. Regarding tumor-derived dECM models most attempts at tissue or cell-sheet 

derived matrix decellularization have been performed via chemical treatment with surfactants such 

as Sodium Dodecyl Sulfate (SDS), Sodium Deoxycholate (SDC), and Triton-X100 (Table 1). 

These detergents/protein denaturizing compounds have been commonly conjugated with either 

enzymatic (i.e. trypsin), and or acid\basic decellularization agents (i.e. ammonium hydroxide, 

peracetic acid) (Table 1). 
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   Efficient decellularization processes specifically degrade the cellular material while maintaining 

ECMs microarchitecture, biochemical composition inherent bioactivity [24]. Decellularization 

methodologies can be classified in three main categories, namely: (i) physical decellularization, 

(ii) enzymatic decellularization, and (iii) chemical decellularization (see Box 2). Multiple 

combinations of different methodologies have also been reported (Table 1).  

   Decellularization protocols for whole-organ or tissue sections require extensive optimization and 

equipment adaptation to the organ in question. Whole-organ and tissue section decellularization 

protocols often present variable hands-on time until completion (30 min – 96 h), depending on the 

density, lipidic content, vascularization density of the organ in question [25,26]. Conversely, the 

decellularization of cell-derived matrixes can be easily achieved within minutes up to 24h 

depending on the cell-sheet thickness and employed methodology [27,28]. Recovered tissue and 

cell derived dECM are then commonly re-sterilized using peracetic acid, ethanol, antibiotics and/or 

UV or gamma radiation prior to cell culture [11,29]. Apart from decellularization, devitalization 

via physical methods has been leveraged for tissue processing and ECM obtention. However, the 

presence of genetic material and cellular debris in final preparations makes them far less attractive 

for in vitro disease modeling since such contaminants may have deleterious effects in cells 

phenotype, can generate artifacts in DNA-based assays during in vitro preclinical screening, or 

prompt immunogenic responses in immunocompetent models. 

   In summary, decellularization is a highly valuable approach for downstream tumor in vitro 

modelling, however efficient matrix retrieval encompass a stepwise protocol that requires a careful 

choice of decellularization agents to assure the removal of any cell or genomic material, while 

attempting to preserve to the highest degree of fidelity the composition and microarchitecture of 

the native ECM. Post-decellularization resulting matrix must be subject to quality control 

regarding variations in matrix composition, growth-factor availability and structural modifications. 

ECM composition is generally analyzed through biochemical assays, such as collagen content 

analysis through hydroxyproline staining [13], or by more precise, but also more complex 

technologies such as mass spectroscopy analysis (e.g. LC/MS or MALDI-TOFF imaging) [30,31] 

Although such rigorous control increases the price in developing these biomimetic biomaterials 

for in vitro disease modeling, they contribute with valuable data regarding cell-ECM interactions 

and ECM composition influence in cancer progression. 
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Modulating dECM Mechanical Properties 

   Currently, most dECM-derived hydrogels are assembled by taking advantage of dECMs collagen 

content and its pH/temperature controllable crosslinking [32]. To obtain soluble pre-gelling dECM 

hydrogels present collagen chains need to cleaved without destroying collagen ultrastructure, a 

process commonly performed through enzymatic digestion (e.g. Pepsin, urea) [33,34]. As 

previously demonstrated respectively by Brightman and colleagues [35], and Johnson and 

colleagues [36], alternating the osmolality, temperature, macromolecular composition and protein 

concentration of the pre-gelling dECM digest can be employed for regulating its mechanical 

properties [35–38]. However, despite dECM self-gelling hydrogels recapitulating native tissue 

ECM composition and collagen fibril ultrastructure, these platforms are often softer and more 

easily degradable the than their native TME-ECM counterpart [35–38]. 

   Common stiffness values of dECM hydrogels range between 0.1-4 kPa [34,39], presenting a 

value well below most solid tumors ECM (e.g. breast cancer: 10-42 kPa) [40]. Seeking to improve 

dECM mechanical properties several studies have attempted to: (i) embed dECM within matrixes 

of either synthetic [41], or natural scaffolds [42–44]; (ii) directly crosslink dECM components; or 

(iii) incorporate modifiable or cross-linkable moieties. However, given the complex 

macromolecular nature of dECM biomaterials, achieving direct modification of dECM scaffolds 

without promoting either alteration of its native structure or bioactivity remains challenging 

[33,34]. 

   Up-to-date, dECM crosslinking methodologies are designed for the production of dECM-based 

acellular scaffolds, being based on the chemical crosslinking of common reactive groups 

ubiquitously present within the diverse macromolecular components of ECM (i.e. glutaraldehyde 

– crosslinks lysine residues within proteins, genipin – covalently binds free carboxylic and amine 

groups, procyanidins – specifically bind carboxylic acid groups of glutamic and aspartic acids with 

unspecific free amine groups) [38,45]. 

   Such generalized crosslinking reactions in dECM can result in undesirable changes in matrix 

mechanical properties, composition and bioactive profile. The impact of these alterations in cancer 

cells ability to interact and rearrange their surrounding ECM must be considered when developing 

in vitro tumor models aimed at the study of cell-ECM interactions. For example, both EDC and 

genipin [39,46] based crosslinking has been shown to decreased dECM degradation rate, and lead 
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to altered immune response in crosslinked dECM hydrogels [47,48]. Furthermore, most synthetic-

based generalized-crosslinking approaches have been show to lead to increased cytotoxicity and 

loss of dECM-bound glycoproteins, altering ECM microarchitecture and fibrillar arrangements, 

and promoting the appearance of non-representative non-invasive phenotypes in reportedly 

metastatic cancer cells [13,21].  

   Contrarily to synthetic-based crosslinking agents, natural-based crosslinkers (e.g. genipin, 

riboflavin – Table 1) have been shown to present lower cytotoxicity and a diminished propensity 

to alter dECM composition. However, similarly to self-gelling dECM and most chemical 

crosslinking-based strategies, genipin and procyanidin based crosslinking methodologies require 

extensive gelation times rendering them inadequate for the assembly of complex structurally 

controlled 3D tumor models [38]. 

   Seeking to overcome the limitations of conventional chemical crosslinking strategies, several 

studies have attempted to developed quickly polymerizable dECM bioinks. These bioinks allow 

stimuli-responsive polymerization of dECM by using either chemically modified dECMs 

containing photo-reactive groups such as methacrylate moieties, or randomized crosslinking of 

dECM macromolecular chains [49]. Similarly to methacrylated gelatin[46] or other human-derived 

protein based hydrogels [50,51], chemical modification of dECM hydrogels with methacrylate 

groups has been recently shown to permit the production of photo-crosslinkable bioinks, with 

tunable stiffness and suitable for 3D bioprinting of kidney constructs[52]. Alternatively, the 

application of enzyme based crosslinking strategies such as transglutaminase-based collagen 

crosslinking, or ubiquitous photo-stimuli responsive riboflavin-based crosslinking seem to present 

an easier methodology for achieving stimuli responsive crosslinking of dECMs. Amongst these 

natural derived crosslinking agents, riboflavin UV-based crosslinking strategies have been 

previously shown to promote extremely fast and effective photo-crosslinking, permitting the 

assembly of structured collagen and dECM hydrogels into complex self-sustaining structures [53]. 

Furthermore, as recently shown [49], riboflavin induced collagen crosslinking can be conjugated 

with dECM thermal-based gelation to obtain dECM-based bio-ink tailored for printing 

microtissues mimicking the stiffness of native cardiac tissues.  

   In comparison to tissue derived ECM, cell-derived dECMs obtained from in vitro expanded cell 

cultures offer a platform in which both ECM composition and deposition rates can be reproducibly 
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manipulated and engineered to include reactive moieties. Specifically, through genetic or 

glycoengineering-based approaches cell derived ECMs can be engineered with unnatural chemical 

groups for biorthogonal click chemistry crosslinking providing a valuable tool for tuning dECM 

mechanical properties or conjugation with other ECM-mimetic biomaterials [54,55]. Unlike non-

specific crosslinking reactions (e.g. EDC-NHS or carbodiimide chemistry) [46], biorthogonal click 

chemistry offers high specificity and reactivity under mild conditions compatible with cells culture. 

This chemistry is also very attractive since it can occur in complex biological environments 

[55,56]. As demonstrated in previous studies, the inclusion of azide-modified monosaccharides in 

cell culture media facilitates the incorporation of these moieties into the glycan structure of 

deposited extracellular matrix proteins. Such clickable azide moieties, encased within the complex 

mesh of deposited ECM can then be used to develop crosslinkable (e.g. via Copper(I)-catalyzed 

azide-alkyne cycloaddition or Copper-free strain-promoted alkyne-azide cycloaddition (SPAAC) 

- azide-DBCO or azide-BCN) cell-derived dECMs capable of being assembled into complex 

structures upon crosslinking [55]. 

   Overall, currently employed methodologies for the modification and mechanical property 

enhancement of dECM based biomaterials are still lagging. While novel application of 

glycoengineering and genetic engineering principles can open new pathways for punctual 

biorthogonal modification of cell derived ECMs, overall modification of organ and tissue derived 

matrices remains challenging. The development and discovery of further biocompatible and 

biorthogonal crosslinking strategies that are less costly than those currently available may open the 

possibility for dECM mechanical modulation and multi-component model’s assembly. 

Decellularized Matrix In vitro Tumor Models 

   In the field of tumor modeling decellularized based in vitro models represent structurally 

advanced, easily analyzable, and biologically relevant scaffold-based models. While dECM 

biomaterials have seen extensive use in the field of regenerative medicine, only recently have these 

complex biomaterials been translated to in vitro tumor modeling. In this context, an increasing 

number of exciting works has been published [12,13,57–59], showcasing dECMs capacity to 

effectively and precisely recapitulate the crucial communications and check-points imposed by 

cancer cells surrounding ECM in the evolution, progression and metastasis of solid tumors (Figure 

2).  



 

7 

 

Cell-Derived Matrix – One piece of the puzzle at a time 

   Using dECMs derived of in vitro grown cells, we can analyze the contributions of distinct ECM 

components or TME populations towards ECM-derived cancer progression. Given their highly 

controllable nature cell derived dECMs offer highly tailorable platforms to study the influence of 

ECM composition and mechanical properties in the context of tumor progression [54,55]. 

Moreover, as previously demonstrated these cell derived dECMs present highly reproducible 

biochemical, and structural properties dependent on the cell line, and cultured conditions used for 

their deposition[60,61]. Recent evidences highlight the influence that cancer cells phenotype and 

malignancy stage can have in the composition and function of de novo secreted ECM 

[11,29,62,63]. In four distinct studies researchers analyzed the influence of in vitro cultured cancer 

cell derived dECMs in cancer cell epithelial-mesenchymal transition and resistance to 5-

fluorouracil [11,29,62,63]. In all instances dECMs derived from cells exhibiting higher malignancy 

and stemming from the same organ of origin as posteriorly cultured cancer cells, promoted an 

increased invasive potential and activation of therapeutic resistance mechanisms [29]. Given the 

stage and origin-specific effect that such dECMs had on cultured cancer cells resistance to 

therapeutics, these studies highlight the importance of studying TME-ECM remodeling 

mechanisms in the context of tumor progression and therapy [64]. 

   Considering the crucial contributions of tumor-associated stromal populations to disease 

progression and therapeutic resistance, TME cell-cell and cell-ECM interactions must be 

accounted when developing in vitro tumor models [65,66]. For example, within the TME, tumor 

associated mesenchymal stem cells (TA-MSCs) are believed to differentiate into myofibroblasts, 

known for regulating, stimulating and generating high quantities of matrix remodeling factors in 

surrounding tissues [67]. However, little is known about the composition of the matrix generated 

by these cells in the TME of different cancers. The controllable nature of cell-derived ECMs, 

allows to precisely evaluate the role of cancer associated populations, such as CAFs and hBM-

MSCs, in the dysregulation of TME-ECM and promotion of a pro-tumoral environment in tumor 

progression [68]. For example, prostate cancer laden in cell derived dECM-based, revealed that 

the dECM obtained from hBM-MSCs previously stimulated with prostate cancer cell conditioned 

media, has the ability to partially modulate prostate cancer cells castration resistant profile 

acquisition [69]. Comparing LNCAP and MDA-PCa-2b prostate cancer cell cultures in dECM 



 

8 

 

derived from cancer cell conditioned hBM-MSCs cultures versus those cultured in plasma treated 

polystyrene substrates, it was revealed that dECM derived from cancer cell conditioned hBM-

MSCs lead to an increase in cancer cell proliferation, and resistance to Docetaxel. The observed 

alterations in LNCAP behavior highlight the importance of providing a TME mimetic ECM when 

performing drug-screening assays [69]. 

   Comparable results regarding cancer conditioned media influence in deposited matrix 

composition, and these conditioned dECM effect in cultured cancer cells where recently reported 

[58]. In this study, conditioned media derived of CD44v6+ gastric cancer cells induced 

myofibroblast phenotype acquisition in conditioned ASCs. Consequently, cell derived dECM 

obtained from this conditioned ASCs exhibited fibrotic arrangement, with increase alignment of 

collagen fibers, and increased deposition of fibronectin. Gastric cancer cell grown in these dECMs 

exhibited higher proliferation, clustering and migration. Moreover, inhibition of MMP activity 

indicate matrix degradation was partially behind the promotion of increased proliferation in 

CD44v6+ gastric cancer cells, which coupled with the pro-myofibroblast nature of these cells 

highlighted these subset of pro-MMP expressing cells as an interesting target for novel therapeutics 

[58]. Overall, these works demonstrate the ability of cell derived ECMs to recapitulating increased 

secretion of ECM specific components such as fibronectin, laminin, combined with the 

restructuration of present fibrillar collagenous meshes promoted by cell-cell communication. 

Therefore, serving as ideal platform for precisely studying the continuous interaction between 

cancer and stromal associated cells that take place during cancer progression and result in an altered 

TME-ECM. 

   Additionally, as previously discussed, given the highly controllable nature of these dECMs, the 

exploitation of genetic engineering technologies to modify cells secreted ECM can serve as a 

valuable tool for the analysis of single component influence in cancer cells-ECM interactions. This 

concept was explored in an elegant study [70] in which collagen III deficient primary embryonic 

fibroblasts were used to selectively produce in vitro dECMs devoid of this important ECM 

component. The culture of 4T1 and MDA-MB-231 breast cancer cells in matrices lacking collagen 

III exacerbated their metastatic potential, with in vitro assays revealing a decreased adhesion 

mechanism in breast cancer cells, accompanied by increased proliferation and decreased apoptosis. 

Moreover, the lack of collagen III was accompanied by an increase in collagenous fibers alignment 
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and by the establishment of CAF populations in vivo. Such findings highlight the important role 

that unitary components of TME-ECM can have on the suppression of pro-tumoral 

microenvironments [70], with future similar studies holding great potential for the discovery of 

new promising therapeutic targets. 

Recapitulating the Dynamic Tumor Microenvironment  

   Given the complexity and spatial-temporal nature of tumor progression [16,71], in vitro tumor 

models should also be designed to mimic specific stages of malignant tumors evolution [72]. 

Recapitulating variations in TME-ECM composition\macromolecular ratios, and ECM mechanical 

properties, observed during specific stages of cancer progression (see Box 1), could provide more 

predictive insights regarding the complex networks and pathways involved in invasion and 

metastasis [4]. 

   Tumor models based on the recellularization of tissue derived matrices tend to exhibit highly 

conserved fibrous microarchitectures, similar to those of the native tissue from which ECM is 

derived [73]. Given the structural realignment of TME-ECM that tends to accompany cancer cell 

invasion of surrounding tissues, as such researchers have employed such dECM models to study 

cancer cell basement membrane invasion within the context of dense fibrillar dECM networks [74]. 

Seeking to emulate the microarchitecture /composition of the basement membrane and aiming to 

evaluate cells invasion ability, researchers exploited a commercially available decellularized 

human dermal tissue coated with collagen IV and laden with GFP-labelled head and neck small 

cell carcinoma cells (HNSCC-GFP) [74]. This approach allowed to correlate matrix composition 

and fibrillar arrangement with cancer cells invasion overtime. In this context, it is increasingly 

recognized that cancer cells phenotype can also be concurrently affected by the lack of native 

TME-ECM mimetic biochemical signaling, independently of the substrate microarchitectural 

fibrillar arrangement [75]. To further assess ECM composition and microarchitecture influence in 

cancer progression, PLLA, chitosan-gelatin and lung dECM-based scaffolds were used for 

evaluating the migration patterns of breast cancer cells [76]. This study indicates that despite  the 

presentation of micro-alveolar ECM pore architecture and microfibrillar nature, dECM models 

were less efficient than chitosan-gelatin based models in promoting a closer-to-native phenotype 

in breast cancer MCF-7 cells [76]. However, it is important to emphasize that recellularization-
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based dECM models poorly recapitulate the complex cellular organization of the TME, due to a 

random recellularization. 

   Seeking to overcome these limitations dECM hydrogels with tunable mechanical properties were 

employed for evaluating cancer invasion, metastasis and preclinical drug-screening [12]. These 

dECM-based hydrogels were assembled from a reconstituted dECM obtained from murine breast 

and muscle tissues. Extracted decellularized breast ECM (B-dECM) and decellularized muscle (M-

dECM) matrixes preserved the respective native ECM composition (e.g. various collagens – Type 

I, type III, type V and VI and also collagen XI and XVI, fibronectin, fibrinogen, periostin, fibrillin, 

laminin and key proteoglycans/glycosaminoglycans - lumican and perlecan) [12]. Moreover 

detailed liquid chromatography–mass spectrometry analysis revealed B-dECM recapitulated 

breast tissue-specific ECM macromolecular component ratios, and thus better recapitulating native 

breast tissue cell-ECM biomolecular cues [12]. These powdered dECM were enzymatically 

digested, molded into cylindrical format at neutral pH, and crosslinked with via UV and tyrosinase. 

Adjusting the concentration of ECM and regulating the crosslinking under UV the authors were 

able to control the porosity and architectural stability of the obtained scaffolds. The structural and 

compositional properties of porous B-dECM scaffolds promoted breast cancer cell survival, 

proliferation, migration, and invasion in 2D culture and in in vivo vascularization assays. 

Moreover, an important comparison with commonly used scaffold materials (such as PLGA, 

Collagen I, Laminarin Rich Basement Membrane Extracts) demonstrated that breast cancer cells 

cultured in B-dECM-based models not only exhibited higher similarity regarding histological 

hallmarks of cancer cells invasion, but also closely mimic clinical resistance profiles to HT and 

Taxol chemotherapeutic agents [12]. 

   Given the specificity of TME-ECM, it is expectable that non-tumor specific or tissue-specific 

dECMs, for the development of in vitro tumor models, can potentially lead to crucial alterations 

on cell phenotype and behavior. Taking into consideration this effect, the development of in vitro 

models in which cancer cell phenotype and activity can be studied in non-tumoral environment 

could conversely serve as potential alternative to study their response to non-native scenarios, 

helping to elucidate cancer cell and tumor associated cells influence in TME-ECM modification, 

as well as pathways of cell-ECM communication. For example, while the influence of immune cell 

in cancer progression cannot be overstated, TME specific interactions between immune cells and 
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ECM also carry an elevated weight in tumor progression [77]. A report by Pinto and colleagues  

aimed at understanding how patient derived healthy colon and colorectal carcinoma matrices 

influenced the communications establish between colorectal cancer cells and resident macrophage 

regarding their polarization [22]. Results demonstrated that contrarily to healthy matrices derived 

from the same patient, tumor derived matrices promoted macrophage polarization towards an anti-

inflammatory M2-like phenotype. Moreover, analysis of cancer cell invasion when co-cultured 

with macrophages in the distinct matrices revealed that these M2-like macrophages stimulated 

colorectal cancer cell invasion. Furthermore, the observed increase in invasion was postulated to 

result from both the communications established with macrophages and the decellularized tumoral 

matrix influence in cancer cells [22]. As such, therapeutic recovery of colon-cancer TME-ECM, 

could foreseeably lead to a recovery of TAM phenotypes towards anti-tumoral macrophage 

activity.  

   Interestingly, studies have demonstrated the utility of developing on-demand or stimuli-

responsive hydrogels with tunable soft/stiffening properties that allow to better mimic cell-ECM 

communication [78] and the onset of cell invasion/metastasis via matrix mechanics modification 

[79]. However, as previously discussed, most dECM-based models are currently assembled via 

simple crosslinking chemistries. As such, the development of 3D in vitro models that can 

dynamically recreate precise matrix biomolecular and biomechanical soft/stiffening stimuli 

associated with initial TME-ECM dysregulation, cancer cells invasion, basement membrane 

breaching, and cancer cell metastasis in a tissue-specific manner would provide major advances 

and contribute for moving forward the development of novel therapies targeting the metastatic 

process. In this context, the integration of dECM models into dynamic microfluidic platforms can 

lead to an increase in the range of interactions and conditions that can be simulated in vitro. 

 

Patient-Personalized and Tumor-On-a-Chip dECM-Based 3D in vitro Tumor Models 

   Cancer variability resulting from tumor type, stage, patient-heterogeneity and intratumoral 

differentiation is a critical factor to consider when choosing ideal therapeutic routes and executing 

point-of-care decisions [80]. Likewise, screening of more effective treatments should ideally be 

carried out in a patient-personalized model portraying the dynamic landscape of both the stage and 

patient-specific tumor microenvironment. Therefore, in vitro dECM tumor models should 
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ultimately seek to mimic tumor tissue specificity, cancer-stromal cells heterogeneity and serve as 

patient-personalized platforms that can assist physicians in selecting optimal treatment approaches 

[81].  

   Taking advantage of patient-derived, tissue-specific excised sections for posterior 

decellularization and in vitro disease modeling is therefore crucial. Sampling from patient-derived 

ECM requires increased care regarding careful patient-stratification, and standardization of 

handling and decellularization protocols, given the low amount of tissue available and possibility 

of introducing additional variations in composition or structure [82]. Hence, extensive 

characterization of dECM composition is desirable before pooled dECMs derived from diverse 

donors are exploited for disease modeling. Following this approach, glioblastoma tissue samples 

collection from several patients with similar tumor stage classification, were processed and 

combined to produce patient-derived decellularized ECM hydrogels [13]. Glioblastoma primary 

cells successfully proliferated and migrated in dECM hydrogels and showcased behaviors and 

phenotypes similar to those observed in a clinical setting [13]. Furthermore, cancer cells exhibited 

an increased invasive potential in dECM scaffolds when compared to standard collagen hydrogels, 

indicating that specific matrix constituents (e.g. laminin, fibronectin) and microarchitecture play a 

key role. 

   Recently, new methodologies of analysis such as single-cell analyses have further exposed the 

existent intra and inter-tumoral heterogeneity of human tumors, revealing new pathways of cell-

cell and cell-ECM interaction crucial for tumor progression [16,83]. Taking advantage of these 

newly identified schematics of tumor architecture in the development of new dynamic 3D in vitro 

tumor model is crucial. As recently discussed, tumor-on-a-chip platforms serve has as in situ 

adaptable environments suited for the study of dynamic and time-dependent cell-cell interactions 

[84]. Combining dECM-based scaffolds with tumor-on-a-chip technologies offers a feasible 

approach to obtain a TME mimetic platform in which high-throughput screening of multiple 

therapeutic combinations, and dynamic variation of the model biochemical and physical 

parameters can be achieved. As recently demonstrated, for hepatocarcinoma metastasis model, the 

integration of decellularized liver matrix conjugated with methacrylated gelatin (GelMA) in a 

microfluidics 3D cell culture system improved hepatocarcinoma cells proliferation, viability and 

ability to portray in vivo tumor mimetic phenotype [85]. In comparison with GelMA based models 
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the biomimetic hepatocarcinoma dECM-based tumor-on-a-chip further increased hepatocyte 

function, which in conjunction with the reestablishment of biophysical cues imposed by the 

dynamic nature of this model helped recapitulate dose-dependent response by cancer cells to 

clinically used therapeutic agents, acetaminophen and sorafenib [85]. Ultimately, as seen in 

previous studies [86–88], patient-derived dECM models could stand to serve as a patient-

personalized platforms to assist in clinical decisions during patient treatment follow-up. As shown 

in a recent study [89], further discussed at the end of the next section, the integration of automatable 

3D printed patient-derived dECM models within microfluidic chips could promisingly allow to 

obtain predicative patient-specific models, capable of serving as in vitro therapeutics screening 

platforms for assessing patient-specific tumor response.  

3D Bioprinting dECM-based in vitro Tumor Models  

   Adapting dECM-derived biomaterials into printable formulations allows the production of ECM-

enrich bioinks for 3D bioprinting and unlocks a myriad of possibilities for bioengineering 

anatomic-sized in vitro tumor models with increasing complexity [90,91]. While dECM 

biomaterial-inks and bioinks from varied tissue-sources have been extensively employed for tissue 

engineering and regenerative medicine [91,92], their application for generating 3D bioprinted 

tumor models is yet to be streamlined, with only few studies addressing this topic to date 

[14,15,57,89]. Similarly, to dECM-based self-gelling hydrogels, dECM-based biomaterial inks can 

present distinct viscoelastic properties not closely recapitulating those of native TME-ECM. 

Moreover, pristine dECM-based biomaterial inks and bioinks can present mechanical properties 

of soft tissues, therefore requiring chemical modification with other crosslinking agents or 

combination with biocompatible biomaterials, as previously discussed [93]. 

   Aiming to produce liver cancer 3D bioprinted models, porcine hepatic tissue derived dECM was 

cryomilled and combined with alginate to generate printable hybrid alginate-dECM scaffolds 

within which hepatocellular carcinoma cells (HCCLM3) were cultured [57]. Changes in the 

alginate fraction allowed to precisely control hybrid constructs stiffness, and consequently to 

modulate HCCLM3 cancer cell response. Increases in stiffness dependent effect in MMP 

expression in dECM containing beads. In a different approach [15], porcine liver dECM was 

combined with GelMA to obtain a tunable, UV crosslinkable, bioink, enabling the recapitulation 

of cirrhotic liver ECM. This bioink was use for 3D printing hexagonally shaped tumor models with 
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tissue-scale organization exhibiting and regio-selective stiffness. allowing to study HepG2 stromal 

invasion through surrogate cirrhotic nodules. The produced dECM-GelMA hydrogels showed 

positive staining of collagen I, collagen IV, with decreased staining for laminin and fibronectin. 

These platforms allowed to evaluate hepatocarcinoma cancer cells (HepG2) response to substrates 

exhibiting different mechanical properties and indicate the acquisition of more aggressive 

phenotypes in stiffer constructs. Overall, such models were able to mimic biomolecular and 

mechanical proprieties of cirrhotic liver tissue in vitro providing an extremely valuable platform 

for screening anti-cancer therapeutics.  

   In a different approach, 3D bioprinted self-gelling mammary adipose tissue derived dECM-based 

hydrogels from both rat and human sources enabled the generation of organotypic constructs 

conjugating distinct breast cancer cells [14], demonstrating the importance of using tissue-specific 

ECM as a basis for TME-ECM cancer cell interaction analysis and the need for carefully 

establishing comparisons with observations derived from other non-tissue-specific ECM derived 

biomaterials. Comparison between commercially available hydrogels including Geltrex® and rat 

tail collagen gels, and the obtained dECM-based hydrogels indicate that dECMs have a closer 

functional correlation with patient TME-ECM composition and architecture. Such variations in 

growth-factor and ECM protein composition translated into distinct phenotypic and morphological 

profiles of cultured cancer cells. [14]. Moreover, associated with these discrepant morphological 

presentations, equally discordant signaling pathway variations were observed. Such discordant 

presentations demonstrate of the importance of tissue specific ECM recapitulation and the 

necessity of closely monitoring the integration of non-ECM specific components into tumor-ECM 

mimetic models.  

   Overall, 3D bioprinted dECM models [93–95], highlight the possibility of generating ECM-

based models with specific anatomic features that mimic those of native tissues. Nevertheless, 

much remains to be explored in the field of 3D bioprinted dECM tumor models and advances 

regarding the inclusion of printed models within microfluidic system, capable of providing a 

dynamic and automatable platform for HTS patient-specific therapeutic screening. The value of 

such an approach was recently expertly demonstrated [89], with patient-specific ex vivo 

glioblastoma models produced using porcine-derived brain dECM-bioinks bioprinted within a 

microfluidic chip showcasing similar biochemical and biophysical properties of patient-specific 

glioblastoma tumor microenvironment. Following this approach glioblastoma patient-derived cells 
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were co-cultured with endothelial cells using brain-dECM bioinks strategically printed to mimic 

the compartmentalized cancer-stroma structure of glioblastoma tumor microenvironment. The 

anatomically similar models were cultured within an in-house printed microchip, generating 

oxygen-gradient within its concentric-ring structure, thus recapitulating observed 

pathophysiological properties of patient the native tumors [89,96]. Importantly, analysis of with 

concurrent chemoradiation and temozolomide treatments revealed that glioblastoma-on-a-chip 

platforms better reproduced clinically observed patient-specific resistances to treatment, serving 

as suitable organotypic and physiomimetic platforms for drug-combination analysis regarding 

cancer cytotoxicity efficacy [89].  

Concluding Remarks and Future Perspectives 

   Decellularized tumor models provide a unique platform to study specific interactions between 

cancer cells and ECM. The conjugation of dECM-based scaffolds with cancer cells and other TME 

associated populations provides a crucial pathway toward a better understanding of cell-cell and 

cell-ECM communications, better model human tumors in vitro. However, before widespread 

application of dECM-3D tumor models is possible, standardizing decellularization protocols 

across studies is crucial, given that simple variations in ECM composition translate into highly 

altered cellular phenotypes regarding various cancer hallmarks such as invasion, proliferation, 

immune escape and appearance of multi-therapy resistance. In this context optimization of 

decellularization procedures is a primary crucial step for the generalized development of dECM-

based scaffolds. Moreover, several challenges must be surpassed for the obtention of relevant and 

high-throughput compatible dECM-based models, with new multi-omics and single-cell analysis 

approaches exhibiting promising potential by allowing the obtention of highly precise snapshots 

of tumor microenvironment development and by allowing the analysis and follow-up model 

development (see Outstanding Questions) [16,83]. 

   Nonetheless, current dECM based tumor models already demonstrate their potential as testing 

platforms for screening drug libraries, and their ability for recapitulating stage and patient-specific 

tumor microenvironment interactions. Standardization of decellularization and ECM 

characterization procedures, accompanied by translation of advanced conjugation strategies 

already implemented in the field of tissue engineering, and the development novel crosslinking 

strategies or matrix engineering approaches will undoubtedly lead to the development of evermore 
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precise and controllable models. conjugation of dECMs with crosslinking agents and development 

and exploration of new covalent dynamic or bioorthogonal crosslinking strategies based on cells 

glycoengineering are bound to open new pathways for dECM based biomaterials  and bioinks with 

tunable crosslinking and mechanical properties that better resemble human tumors [93][97]. Tissue 

specificity and cancer heterogenic nature must also be highly considered when developing dECM-

based scaffolds for modelling tumors in vitro [86–88]. The use of patient-derived tissue specific 

samples for decellularization introducing patient specific variations in composition or structure. 

Therefore, careful experimental design and analysis must be must be implemented in order to open 

new pathways of cooperation between the preclinical screening and patient-personalized models. 

Therefore, further standardized quantitative biochemical compositional analysis, rheological and 

ultra-structural studies of ECM must be implemented for the development of a library of 

comparable studies. Alternatively, to human or animal derived sources of ECM, cell-derived 

matrices produced in vitro constitute a promising alternative [70] [68]. Representing highly 

controllable, reproducible and modifiable ECM production ability, cell-derived matrices require 

however intensive optimization given their low yield of ECM when compared to bulk tissue or 

organ decellularization. Foreseeable implementation of advanced culturing techniques (e.g. 

macromolecular crowding, bioreactors, etc) or genetically modified cells could unlock the full 

potential of this strategy.  

   Taking advantage of such envisioned innovations, advanced tissue specific models of solid 

tumors invasion of lymphatic and vascular branches could, theoretically, be materialized [93–95]. 

Ultimately, while an numerous questions regarding dECM models development (see Outstanding 

Questions), require further study and analysis in future works, it is becoming increasingly clear 

that dECM-based models represent an extremely promising source of biomaterial scaffolds with 

which the field of in vitro tumor modeling could evolve to more patient-personalize approaches in 

upcoming years.  
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Glossary 

Bioink Formulation of cell biomaterial combinations, and/or other bioactive molecules, 

exhibiting suitable physicochemical and rheological properties for posterior 

processing via additive manufacturing techniques. 

3D Bioprinting An additive manufacturing process in which spatially controlled deposition of 

biomaterials and living cells is performed to fabricate living 3D constructs. 

Cell-derived 

extracellular matrix 

The macromolecular ECM network secreted from 2D or 3D in vitro cultured cells. 

Decellularization The process of removing the cellular components from a whole-organ, tissue or 

other cell-rich assembly. 

Decellularized 

Extracellular 

Matrix (dECM) 

An ECM devoid of cellular components, that presents similar composition and 

ideally similar architecture to its cell-rich native counterpart. 

Glycoproteins A family of proteins containing oligosaccharide chains covalently attached to amino 

acid sidechains. Glycoproteins greatly contribute to make the extracellular matrix a 

cohesive network of molecules, acting as crucial regulators of cellular adhesion, 

mechano-sensing and migration. 

Glycosaminoglycans 

(GAGs): 

Long unbranched polysaccharides in the ECM and responsible for binding to other 

proteins, such as growth factors. The structure of GAGs can vary in complexity, 

presenting long chains of negatively charged disaccharides, and serving as signaling 

and binding domains for cells. 
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Organotypic 3D in 

vitro tumor models 

Models that mimic the histology and physiology of the tumor microenvironment 

and can be derived from cancer tissue or assembled in vitro. Established organoid 

3D tumor models must resemble the in vivo tumor cellular and matrixial spatial 

organization, exhibiting cell–cell and cell–ECM interactions, duplicating the in vivo 

tumor microenvironment. Furthermore, such models should be amenable to high-

throughput cultivation and suited for drug-screening or fundamental biological 

studies. 

Proteoglycans Proteoglycans represent the second most common constituent of most human 

tissues ECMs, being characterized as polypeptides covalently linked to 

glycosaminoglycan domains (GAGs). Due to the presence of high negative charge 

density, proteoglycans are able to retain water and cations, acting as the main source 

of ECM resistance to compressive stress and as a growth-factor reservoir. 

Tumor 

Microenvironment 

(TME) 

The combined set of cellular and extracellular elements that comprise the native 

tumor niche. Tumor progression, metastasis, therapeutic responses or drug 

resistance is profoundly influenced by tumor microenvironment multidirectional 

interactions established by its extracellular matrix and heterogeneous cellular 

populations, such as stromal cells (e.g. fibroblasts, endothelial cells, mesenchymal 

stem cells), immune cells (e.g. infiltrating and resident macrophages, natural killer 

cells, dendritic cells, T cells), and cancer cells.  

Tumor-ECM 

Interplay 

Set of direct cell-ECM interactions, spatial rearrangements and 

deposition/degradation of ECM components, derived from the interaction of tumor 

microenvironment resident cells (e.g. cancer cells, stromal cell immune cells) which 

shape tumor-ECM, contributing for disease progression and metastasis onset. 

Preclinical-Testing 

Platforms 

Encompasses the establishment of any 2D/3D in vitro cell cultures or animal-based 

disease models for screening candidate compound efficacy and cytotoxicity prior to 

the realization of clinical trials.  

Cancer Associated 

Fibroblasts (CAF) 

Represent a set of spindle-shaped dysregulated fibroblasts population present within 

the stoma of the TME. CAFs generally exhibit a proliferative phenotype and 

recognized to promote tumor progression via a number of interactions with cancer 

cells and the tumor-ECM. 

Tumor Associated 

Macrophage (TAM) 

Tumor-associated macrophages represent a subset of macrophages present in high 

numbers in the microenvironment of immunologically active solid tumors, normally 

associated with tumor inflammation, angiogenesis and immune suppression.  

Mesenchymal Stem 

Cells (MSCs) 

Also classified as multipotent mesenchymal stromal cells, are a subset of 

multipotent precursor stromal cells, with fibroblast-like morphology residing in the 

mesenchyme of a wide variety of tissues, and showcasing the capacity to 

differentiate into chondrocytes, adipocytes, and osteoblastic lineages. In the tumor 

microenvironment specific bone MSCs are known to differentiate into 

myofibroblasts. 
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Highlights: 

Despite scaffold-based 3D multicellular tumor models remarkable potential as preclinical screening 

platforms, currently used ECM-mimetic biomaterials fail to fully mimic the biomechanical and 

biomolecular complexity of tumors ECM.  

Decellularized matrix (dECM) 3D tumor models recapitulate key ECM components, and cancer-stromal 

cell-ECM interactions, providing significant advantages over currently available in vitro testing platforms. 

State-of-the-art decellularization and processing methodologies contribute with key advances toward the 

preservation of key ECM components and the incorporation of dECM into complex multicellular 3D 

microtumor assembly strategies. 

Leveraging dECM-3D in vitro tumor models integration into high-throughput screening platforms and 

analysis via multi-omics and single-cell profiling will unlock new avenues for developing more predictive 

and physiomimetic 3D tumor models. 
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Figure Captions 

Figure 1. Schematic overview of common dECM sources and employed methodologies for fabricating 3D tumor in vitro models. 

Careful consideration regarding the source (cell line, animal, human patients), decellularization method and processing must be 

undertaken with the aim of obtaining an ECM-mimetic biomaterial with desired properties. In the context of in vitro tumor modeling 

dECMs have been explored as (i) recellularized cell or tissue-derived scaffolds mimicking composition and architecture of the 

native tumor [11,98], (ii) cell-adhesive and bioinstructive networks [24], (iii) Bioinks for bioprinting complex 3D constructs with 

tunable shape [49], and (iv) as bioactive components in hybrid synthetic-natural scaffolds [99]. 

Figure 2. Schematic overview of the distinct dECM-based scaffolds currently employed for bioengineering 3D tumor models. The 

main advantages and limitations are showcased. 
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Figures 

 

Figure 3. 
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Outstanding Questions: 

➔ How can multi-omics and single-cell analysis technologies help evaluate the ability of 3D 

dECM-based models to recapitulate the cues provided by native ECM in the in vivo tumor 

microenvironment?  

➔ How can variability in ECM composition derived from distinct decellularization protocols 

be overcome? Given the different methodologies and processing time, it is crucial to 

standardize decellularization methodologies for each specific tissue. 

➔ Given the widespread availability of animal-derived ECMs can these platforms mimic 

human TME-ECM specific molecular homology, and thus provide more predictive 

preclinical drug-screening platforms? 

➔ Can new technological advances regarding tissue decellularization processes lower costs, 

enable production scale-up and at the same time increase the reproducibility of obtained 

dECM batches? Addressing these parameters, would allow to obtain off-the-shelf materials 

for numerous preclinical drug-screening applications. 

➔ How can genetic engineering and glycoengineering help drive forward the development of 

cell-derived dECM with reactive chemical groups that allow further processing into 

hydrogel scaffolds or 3D bioprinted constructs with in vivo-like anatomic features? Can the 

optimization of such technologies help mitigate dECM variability and contribute for 

standardization of drug screening assays? 

➔  How can patient-derived dECM models, conjugated with high-throughput screening and 

single-cell analysis technologies open new pathways of cooperation toward generating 

patient-personalized models and assist in point-of-care screening? 

➔ How can macromolecular crowding, glycoengineering or genetic cell engineering in 

multiple cancer cell-stromal cell co-cultures be leveraged for guiding the production and 

deposition of patient-specific dECM in vitro? 

➔  Although being valuable for generating mechanically tailored 3D printed constructs, direct 

conjugation of other biomaterials with dECMs leads to a loss of structural fidelity. Can 

ECM microfibrillar architecture be recapitulated in 3D bioprinted constructs? 
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Box 1 – Dynamic ECM reprograming by the tumor microenvironment 

The ECM represents a crucial supporting and regulatory element of every tissue, being mainly 

composed by collagen (e.g., fibrillar and non-fibrillar), elastin, proteoglycans and 

glycosaminoglycans (GAGs) (e.g., heparan sulfate, hyaluronic acid and perlecan), and some 

glycoproteins such as fibronectin, laminin, amongst others [31]. During tumor progression the 

ECM experiences significant compositional and architectural modifications (Figure I) 

synergistically exerted by cancer, activated stromal cells (e.g. cancer associated fibroblasts 

(CAFs), human bone-marrow derived mesenchymal stem cells (hBM-MSCs), endothelial cells) 

and associated immune cells (e.g. Tumor associated macrophages (TAMs)) [71,100]. Primarily, 

collagen networks established during human tissues development suffer extensive rearrangements 

either through degradation/deposition cycles or via extensive crosslinking (e.g. increased activity 

of LOX1 and MMPs). TME-ECM stiffening and alignment of deposited ECM fibrils has been 

found to promote increased expression of tumor suppressor gene silencing microRNAs, promoting 

the translocation of specific nuclear factors (e.g. YAP\TAZ) involved in cell proliferation [101]. 

These alterations to collagen networks alignment are commonly associated with the onset of EMT, 

invasion and therapeutics resistance.  

Accompanying collagen alterations, other components of the interwoven macromolecular network 

also suffer changes in stability/deposition rates [102]. The degradation of structurally important 

ECM proteoglycans such as nidogen, heparan sulfates, and glycosaminoglycan such as hyaluronic 

acid, further alter ECM stiffness and biochemical signaling during disease progression [103]. 

Increased deposition of hyaluronic acid has been extensively associated with increased tumor 

malignancy, immune suppression, angiogenesis promotion and development of therapeutics 

resistance [20]. Excessive deposition of ECM proteoglycan domains is also associated with the 

entrapment of growth-factors and with the display of growth-factor like domains present in ECM 

(e.g. EGF-like domains). 

Interestingly, the beforementioned variations in TME-ECM composition synergize with 

cancer/stromal cells phenotype variations originating cancer cells invasion and metastasis to 

healthy organs. Particularly, dynamic transitions in glycoprotein networks involving laminin 

degradation/deposition patterns, together with increased fibronectin production, and collagen 

network rearrangement have been associated with an increased invasive potential of breast and 

ovarian cancer cells [21]. Changes in matrix composition promoted by tumor progression also 
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interfere in cell-ECM adhesion, cell polarity and amplify growth-factor signaling cascades. The 

resulting process of TME-ECM dysregulation leads to the establishment of abnormal feedback 

loops, that ultimately result in further dysregulation of cancer cells and tumor-associated cells [71]. 

Therefore, such TME associated populations, together with TME-ECM dynamics, are increasingly 

recognized to represent crucial therapeutic targets [104]. 

 

Figure I. Schematic representation of disease stage-associated hallmarks found in most solid tumors and correlation with the main 

pathways through which these features influence their supporting ECM in the tumor microenvironment. The resulting process of 

TME-ECM dysregulation leads to the establishment of abnormal feedback loops, that ultimately result in its further dysregulation 

of cancer cells and tumor-associated cells [20,21,66,105]. These TME associated alterations are increasingly shown to represent 

crucial targets in tumor progression and as such promising pathways for novel therapeutic development [104]. 
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Box 2 – Decellularization: Current Approaches and Promising Methodologies 

   Decellularization approaches based on physical treatments, involving magnetic stirring, 

sonication, high-hydrostatic pressure, or freeze-thawing procedures, to disrupt cells membrane 

[24,57,106]. Physical methods are commonly combined with extensive washing and further 

chemical processing, rarely being used alone [15,24]. The use of pressure gradients is amongst the 

most promising physical decellularization methods. Hydrostatic pressure (e.g. 1000 MPa)can be 

applied to tissue decellularization procedures in combination with chemical agents for improving 

cell lysis, while also forcing cellular debris to be removed [107]. Conversely, supercritical CO2 

based decellularization has been equally shown to efficiently decellularize small tissues while 

preserving native ECM composition[108].  

   Chemical treatments generally employ acid\bases, hypertonic solutions, and detergents to disrupt 

cells membranes and degrade released cellular debris. Addition of acids (e.g. acetic acid, peracetic 

acid, deoxycholic acid) and/or bases (e.g. ammonium hydroxide, sodium hydroxide) can improve 

the efficiency of decellularization. However, given the extreme pH, such procedures can easily 

lead to key biomolecules degradation [109,110]. Conversely, bases are commonly employed only 

during initial steps of decellularization of denser tissues given their aggressive capacity to remove 

cellular and genetic material [111]. However, both acid and basic solutions have been associated 

with degradation of distinct matrix components, being capable of extensively affecting ECMs 

structural stability and bioactivity [109,110]. Therefore, the utilization of softer detergent-based 

decellularization protocols is a preferable choice in comparison to the use of single acid/base 

decellularization agents.  

   Detergent-based decellularization agents can be ionic, non-ionic, or zwitterionic, all being 

capable of solubilizing cell membranes and degrading DNA due to dissociation from associated 

proteins. In this regard, non-ionic detergents such as Triton X-100 are usually considered to be 

softer agents, capable of maintaining native protein structure and enzymatic activity. Ionic 

detergents such as SDS and triton X-200 exhibit a higher capacity to decellularized tissue but are 

considered more aggressive [112]. Although more efficient, combined detergent solutions can 

synergistically increase ECM physicochemical modification. Moreover, in lipid rich tissues, 

detergent-based decellularization is often complemented with the addition of methanol, ethanol or 

chloroform to promote total lipid removal [113].  
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   Alternatively, enzymatic digestion via trypsin, peptidases or nucleases can also be employed to 

remove cells from tissues. This methodology is generally conjugated with both physical and 

chemical treatments to assure that no genetic material remains [23]. Such combinations have been 

reported to more efficiently preserve architecture and composition of complex tissues and whole 

organ derived dECM [74]. 

 

 

Table 1. - Decellularization methodologies and agents employed in the production of decellularized tumor models. 

Category Agents Mechanisms ECM Sources Tumor Model Ref 

Chemical 

0.5% SDS (Breast) 

1% SDS (Muscle) 

Isopropyl Alcohol 

(Breast) 

1% Triton X-100 

(Muscle) 

Ionic and 

Nonionic Surfactants 

Animal Derived Tissue 

- Murine Breast and 

Muscle; 

Cell Derived Matrix 

- Breast Cancer -MDA-

MB-231 

Breast Cancer 

- MCF10A, MDA-MB-

231 

[12] 

Chemical 
0.1% SDS 

1% Triton X-100 

Ionic and 

Nonionic Surfactants 

Animal Derived Whole-

Organ 

- Murine Lung 

Lung Cancer 

- H358, PC9, SW1573 
[115] 

Chemical 

0.1% Triton X-100 

2% sodium 

deoxycholate 

Ionic and 

Nonionic Surfactants 

Animal Derived Whole-

Organ 

- Murine Lung 

Breast Cancer 

- MDA-MB-231, MCF-7; 
[98] 

Chemical 
0.1% SDS 

1% Triton X-100 

Ionic and 

Nonionic Surfactants 

Animal Derived Whole-

Organ 

- Murine Lung Tree 

Breast Cancer 

- MCF7 MDA-MB-231 

SUM159 

[26] 

Chemical 

0.1% SDS 

0.1% peracetic 

acid solution 

Ionic and 

Nonionic Surfactants 

Animal Derived Whole-

Organ 

- Tumorous Murine Liver 

Hepatocarcinoma - 

HepG2 
[116] 

Chemical 
0.5% Triton X-100  

20 mM NH4OH 

Ionic and 

Nonionic Surfactants 

Cell Derived Matrix 

-Colorectal Cancer 

- HT-29, SW480, 

CCD-841-Com 

Colorectal Cancer - HT-

29, SW480 
[62] 
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Chemical 
0.5% Triton X-100  

20mM NH4OH 

Ionic and 

Nonionic Surfactants 

Cell Derived Matrix - 

Breast Cancer - MDA-

MB-231, MCF-7; 

Healthy Breast 

Fibroblasts - MCF-10A; 

Colorectal Cancer - 

HT29, SW480; 

Healthy Colon Epithelial 

Tissue - CCD-841-com 

Breast Cancer 

- MDA-MB-231, MCF-7; 

Colorectal Cancer - 

HT29, SW480. 

[29] 

Chemical 

0.05% Triton X- 

100 

50 mM NH4OH 

Ionic and 

Nonionic Surfactants 

Cell Derived Matrix - 

IMR90, WI38, and HDF 

Fibroblasts 

Lung Cancer - A549, 

H358, 
[111] 

Chemical 

0.5% Triton X- 

100, 

20 mM NH4OH 

Ionic and 

Nonionic Surfactants 

Cell Derived Matrix - 

MDA-MB-231, MCF-7, 

MCF-10A. 

Breast Cancer - MDA-

MB-231, MCF-10A 
[63] 

Chemical 
1% Triton X-100 

0.1% NH4OH 

Ionic and 

Nonionic Surfactants 

Human Derived Tissue - 

Glioblastoma Matrix 

Glioblastoma - p 

Patient-derived 

Glioblastoma cells 

[13] 

Chemical 

5mM EDTA 

10% DMSO 

1% Triton X-100 

10 mM sodium 

cholate hydrate 

50 mM Tris-HCl 

Centrifugal 

Rotation 

Ionic and 

Nonionic Surfactants 

Mechanical Mixing 

Human Derived Tissue - 

Colon Mucosa 

Colorectal Cancer 

- HT29,  LoVo, SW480 
[75] 

Chemical 

1 % EDTA 

10 mM Tris  

0.1% EDTA 

0.5% SDS 

Mixing 

Ionic and 

Nonionic Surfactants 

Mechanical Mixing 

Cell Derived Matrix - 

hBM-MSCs 

Ewing sarcoma 

- HTB-10, HTB-166; 

Osteosarcoma 

- U2OS, HEK293T 

[117] 

Chemical 
1% SDC with 

phospholipase 
Ionic surfactant 

Animal Derived Tissue 

- Murine lung and liver 

tissue 

Colorectal Cancer 

- HT-29, SW480, Caco2 
[59] 

Chemical 0.1% SDS Ionic surfactant 

Human Derived Tissue - 

Colon Mucosa: both 

healthy and Malignant 

tissue 

Colorectal Cancer 

- RKO, CCl18 
[22] 
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Chemical 20 mM NH4OH Ionic Surfactants 
Cell Derived Matrix 

- Primary osteoblast. 

Prostate Cancer 

- LNCAP, PC3 
[118] 

Chemical 20 mM NH4OH Ionic Surfactants 

Cell Derived Matrix - 

Conditioned Adipose 

Stem Cells 

Gastric Cancer -– 

MKN74 
[58] 

Chemical and 

Enzymatic 

400 U/mLl type II 

collagenase 

0.5% Triton X-100 

20 mM NH4OH 

Collagen Fibril 

Cleavage 

Ionic and 

Nonionic Surfactants 

Cell Derived Matrix - 

hBM-MSCs. 

Prostate Cancer - 

LNCAP, PC-3, MDA-

PCa-2b 

[69] 

Chemical and 

Enzymatic 

Tris-Trypsin-

Triton treatment 

or 

1% SDS 

Ionic and 

Nonionic Surfactants 

Enzymatic Digestion 

of  

Mechanical Mixing 

Animal Derived Tissue 

- Murine A549 induced 

Lung Tumor 

Breast Cancer 

-MCF-7, SW480; 

Lung Cancer 

- A549; 

Esophageal squamous 

cell carcinoma 

- KYSE-510 

[114] 

Physical and 

Chemical 

Freezing 

1% Triton X-100 

0.1% NH4OH 

Physical Disruption 

Ionic and 

Nonionic Surfactants 

Animal Derived Tissue 

- Porcine Liver 

Hepatocarcinoma - 

HCCLM3 
[57] 

Physical and 

Chemical 

Freezing 

2% SDC 

1% Triton X-100 

Physical Disruption 

Ionic and 

Nonionic Surfactants 

Human Derived Tissue - 

Colon-Rectal Cancer 

Mucosa 

Colorectal Cancer 

- SW620, SW480, 

HCT116 

[119] 

Physical and 

Chemical 

Freezing 

1% SDS 

Physical Disruption 

Ionic Surfactants 

Animal Derived Whole-

Organ 

- Porcine Liver 

Hepatocarcinoma - 

HepG2 
[15] 

Physical, 

Chemical and 

Enzymatic 

Freezing 

0.02% Trypsin 

0.05% EGTA 

 1% Triton X-100 

0.05% EGTA 

Physical Disruption 

Ionic and 

Nonionic Surfactants 

Animal Derived Tissue 

- Murine Fibrotic and 

healthy Liver 

Hepatocarcinoma - 

HLF, Huh7 
[9] 
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Physical, 

Chemical and 

Enzymatic 

Freezing 

NaCl solution (0.5 

M and 1 M) 

0.25% trypsin 

EDTA 

1% Triton X-100 

Isopropanol 

Physical Disruption 

Ionic and 

Nonionic Surfactants 

Mechanical Mixing 

Human Derived Tissue - 

Mammary Adipose 

Tissue 

Breast Cancer 

- MCF-7, BT474, and 

SKBR3 

[120] 
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