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Abstract 

To fully understand the mechanistic synergy of the tumor microenvironment (TME) and 

improve current therapeutic strategies, diverse approaches have been used to recapitulate 

cancer in-vivo and in-vitro. The development of 3D in-vitro models has been conducive 

to a diverse collection of 3D cultures that, using multiple fabrication techniques, 

biomaterials, and cells, have been able to recreate one or several aspects of the TME such 

as the 3D architecture, the inclusion of stromal and neoplastic components, and a 

mechanically and biologically relevant extracellular matrix (ECM). The ECM has been 

reported as a critical component in the development and progression of neoplastic 

diseases. Hence, having an accurate biomechanically fitting representation of it in in-

vitro cancer models is crucial to promote a tissue-like environment in culture. Several 

materials, both natural and synthetic, have been proposed to fulfill this need. 

Decellularized extracellular matrices (dECMs) in particular, have been of great interest 

for their bioactive properties. dECMs have been shown to promote cell development, 

differentiation, cell-matrix interactions, and can be processed into thermo-sensitive gels 

that can encapsulate cells. Here, we have formulated a composite bioink containing dECM 

derived from porcine tongue and alginate and gelatin as rheological modifiers to develop 

a highly bioprintable material that can be used to fabricate head and neck cancer 

(HNSCC) models in-vitro using extrusion bioprinting techniques. We have fully 

characterized this bioink’s mechanical properties and proven that our material has a 

comparable Young’s modulus to that observed in HNSCC tumors in-vivo. We also 

quantified its biochemical composition and cellular encapsulation capabilities. We have 

bioprinted monoculture constructs with UM-SCC-12 and UM-SCC-38 head and neck 
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cancer cell lines and vocal fold fibroblasts (HVFFs). Monocultures have shown relevant 

morphology and cell development over 19 days with high cell viability. The cancer models 

have been used to perform drug testing experiments with cisplatin and 5-fluorouracil, 

relevant standard-of-care chemotherapeutic drugs. A significant increase in IC50 was 

observed in the 3D printed cultures compared to the traditional 2D culture assay.  

In efforts to complement the monoculture cancer model with a stromal component, we 

developed and characterized a co-culture model with both UM-SCC-38 cancer cells and 

HVFFs. Over 19 days, morphology evolves into tightly packed cancer spheroids that are 

sheathed by HVFFs that tend to position in the periphery. Having cancer cells in the 

center and the stroma in the perimeter is a behavior commonly reported in-vivo. We also 

observed significant changes in collagen and MMP (matrix metalloproteinase) expression 

for 22 days of co-culture, which can be attributed to the presence of fibroblasts. These 

changes reinforce the dependency on the stromal component during cancer development 

and prove the importance of developing in-vitro cancer models that mimic the complexity 

and heterogeneity of the TME.  
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Résumé 

Pour comprendre la synergie mécaniste du microenvironment tumoral et améliorer les 

techniques thérapeutiques actuelles, différentes approches ont été mise en oeuvre pour 

reproduire un modèle de cancer in-vivo et in-vitro. Grâce à l’utilisation de biomatériaux, 

cellules et diverses techniques de fabrication, différents modèles de culture 3D in-vitro 

ont été élaboré. Ces modèles ont permis de reproduire un ou plusieurs aspects du 

microenvironnement tumoral en reproduisant l’architecture 3D, une matrice 

extracellulaire (MEC) possédant des propriétés mécaniques et biologiques d’intérêts, et 

en incorporant des composants du stroma et caractéristiques de la néoplasie. La MEC 

ayant été identifiée comme élément clé dans le développement et la progression des 

maladies néoplasiques, il est essentiel d’avoir une représentation biomécanique précise 

de celle-ci dans les modèles de cancer in-vitro afin de reproduire fidèlement 

l’environnement tissulaire en culture. Pour répondre à ce besoin, différents matériaux, 

naturels ou synthétiques, ont été étudié. Les matrices extracellulaires décellularisées sont 

particulièrement prometteuses en raison de leurs propriétés bioactives qui favorisent le 

développement, la differentiation ainsi que les interactions cellulaires, et peuvent 

également être transformées en gel thermosensibles pouvant encapsuler des cellules.  

Ici, nous avons élaboré une bio-encre composée d’une matrice extracellulaire 

decéllularisée dérivée de langue de porc, associée à de l’alginate et de la gélatine pour 

modifier ses propriétés rhéologiques. Ce matériau permet de créer des modèles de cancers 

des voies aérodigestives supérieures in-vitro en utilisant une technique d’impression par 

extrusion. Nous avons étudié les propriétés mécaniques de cette bio-encre et montré que 

notre matériau présente un module élastique de Young similaire à celui observé dans les 



9 
 

tumeurs de cancers des voies aérodigestives supérieures. Nous avons également quantifié 

sa composition biochimique et son potentiel d'encapsulation cellulaire. Nous avons bio-

imprimé des monocultures avec des lignées cellulaires de cancers des voies aérodigestives 

supérieures UM-SCC-12 et UM-SCC-38 et des fibroblastes des cordes vocales (HVFFs). 

Au cours d’une période de 19 jours, le développement cellulaire et morphologique des 

monocultures a été favorable, avec une viabilité cellulaire élevée. Des expériences ont été 

réalisé afin de tester les effets du cisplatine et du 5-flurouracil, médicaments chimio-

thérapeutiques standards, sur les modèles de cancer élaborés. Une différence significative 

a pu être observée entre la concentration inhibitrice médiane CI50 des cultures 

imprimées en 3D et celle des cultures cellulaires en 2D.  

 

Afin de compléter le modèle de monoculture cancéreuse avec un composant du stroma, 

nous avons développé et caractérisé un modèle de co-culture de cellules cancéreuses UM-

SCC-38 et de fibroblastes des cordes vocales. Au cours de 19 jours, la morphologie a 

évolué vers des sphéroïdes cancéreux compacts enveloppés par des fibroblastes des 

cordes vocales se positionnant en périphérie; cette répartition spatiale est un phénomène 

commun in-vivo. Au cours de 22 jours de co-culture, nous avons également observé des 

changements significatifs dans l’expression de collagène et des métalloprotéinases 

matricielles, qui peuvent être expliqués par la présence des fibroblastes. Ces changements 

renforcent la dépendance du développement des modèles de cancer in-vitro à l’égard du 

stroma et démontrent l’importance de développer des modèles reproduisant la 

complexité et l’hétérogénéité du microenvironnement tumoral.  
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Contribution to original knowledge 

During my doctoral studies, I established novel methodologies, material formulations, 

and processes leading to the development of a bioprinted in-vitro co-culture model of 

tumor epithelial cells and stromal fibroblasts in a mechanically defined decellularized 

ECM hydrogel. My original contributions based on the publications that resulted from 

this project are presented below. 

In my first peer-reviewed article (Chapter 3), I formulated a composite hydrogel 

containing dECM components, alginate, a seaweed-derived polysaccharide, and gelatin, 

denatured collagen. This material was used to bioprint cell-laden HNSCC constructs 

compatible with drug testing experiments. I developed methods to decellularize and 

solubilize tongue tissue to form an extrudable dECM hydrogel. This bioink permitted the 

reseeding with new cells, showing the processing protocol's success. I reinforced this 

material with alginate and gelatin as rheological modifiers to make the hydrogel 

compatible with extrusion bioprinting. I tested several formulations until I found a 

combination that allowed successful fabrication of 3D cultures, stability during long-term 

culture, permitted cell development with high cell viability, and had similar mechanical 

characteristics to the tissue of study. Cell viability remained above 90% over the three 

weeks of culture. This setup produced spheroids of at least 3000µm2 of cross-sectional 

area by day 15 of culture. This composite was designed to replicate head and neck cancer 

(HNSCC) tumors, but its mechanics can be tuned by changing the w/v ratio of its 

constituents for other applications or requirements. The bioink was thoroughly 

characterized mechanically and biochemically using rheology, atomic force microscopy, 

mass spectrometry, etc. The 3D monoculture allowed the testing of chemotherapeutic 
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drugs (cisplatin and 5-fluorouracil), showing higher IC50 levels in 3D cultures against the 

2D culture groups. A 4-fold increase in the IC50 of cisplatin and an 80-fold increase for 5-

fluorouracil were observed in the 3D constructs compared to monolayer cultures. 

In my second research article (Chapter 4), I developed a heterogenous HNSCC model 

using neoplastic cells (UM-SCC-38) and fibroblasts (HVFF) to promote and observe 

cancer-stromal interactions and their influence on spheroid growth, changes in matrix 

collagen and the regulation of matrix proteases. This model was fabricated using 

extrusion bioprinting and showed morphological changes and development over time. I 

took the time to characterize this model in detail since it is crucial to comprehend its 

behavior before its use for drug discovery, personalized therapy, or translational studies. 

This model provides the tools to recapitulate characteristics of HNSCC in-vitro and allows 

us to study its evolution through time. Contributions of the stroma and ECM leading to 

chemotherapeutic resistance caused by the acellular and cellular components of the 

stroma are directly observable or can be obtained by sampling secreted factors. Following 

the deposition of the co-culture model, we observed UM-SCC-38 spheroid formation that 

began during the first week in culture and continued over a three-week period in which 

the fibroblasts settled directly surrounding each spheroid. It is compatible with 

commonly used quantification techniques such as confocal and scanning electron 

microscopy, colorimetric assays, and fluorescent labeling. Using a Luminex assay to 

quantify matrix metalloproteases in co-cultures compared to monocultures, we observed 

significant differences in MMP-9 and MMP-10 expression corresponding to periods of the 

culture in which collagen underwent remodeling. It is an in-between scenario between 2D 

cultures and animal models that permits modification and tailoring according to the 
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needs of the study. It has the possibility to be tuned for other types of cancer and is 

proposed as an alternative tool to test novel drug treatments for HNSCC.  

Finally, I had the opportunity to publish a literature review focused on dECM hydrogels 

(Section 2.2). The intent of writing it was to provide a basic but thorough understanding 

of dECM hydrogels, their characteristics, considerations to have before using them, and 

how several groups across the globe have used them in different applications. This article 

focuses on use cases and provides practical knowledge to engineer dECM hydrogels for 

the desired application. I propose these processed tissues as materials we can tailor, 

characterize, and use in diverse applications. I view this contribution as a timely addition 

to the literature since dECM hydrogels appeal to groups with interdisciplinary 

backgrounds. I envision this article being a guide for someone who is not an expert in the 

field but is interested in it and would like to know all the critical characteristics of dECM 

hydrogels before working with them. 
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1. Introduction 

Squamous cancer of the head and neck (HNSCC) is a family of cancers often associated 

with tobacco and alcohol use but can also occur in the presence of human papillomavirus 

(HPV).1,2 In its early stages, HNSCC is treated with chemotherapy, surgery, and 

radiotherapy. Still, in late stages, traditional treatment methods result in 50% cancer 

relapse after two years of treatment, poor prognosis, and secondary effects such as 

mucositis, dermatitis, and dysphagia, etc.3  Conventional in-vitro cell culture systems, 

and preclinical small animal models, that mechanistically study cancer biology suffer 

from restricted outputs due to the lack of interactions between the tumor epithelial and 

tumor-associated stromal cells and the tumor microenvironment (TME) present in 

human tumors.4,5 Furthermore, research in preclinical small animal models has been 

proven to be an important but incomplete tool due to species-dependent physiological 

differences, compromised immune response, and dissimilar protein expression profiles.6-

9 

Alternative tools such as tissue-engineered in-vitro tumor models10 have been developed, 

including 3D hydrogel culture systems,5,11,12 spheroid, and organoid culture,13 and organ-

on-a-chip10,13,14 platforms. 3D bioprinting offers the potential to create models with the 

user-defined placement of cell types, cell density, and scaffold materials (bioinks).15,16 

Several bioinks have been proposed using synthetic hydrogels.17,18 Still, these often fail to 

replicate the biochemical and biomechanical complexity found in native ECM, resulting 

in a lack of intrinsic physiological function.19 dECM is a tissue-derived material that has 

shown bioactive (inductive) behaviour19, including the promotion of cell proliferation, 

differentiation,20 cell-ECM,21 and cell-cell interactions.  
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Extrusion bioprinting has shown the capability to create 3D constructs at a scale and time 

that is relevant for clinical and biomedical applications,22 and for dECM hydrogels, is a 

very popular biofabrication method.23 Extrusion of dECM hydrogels has been successfully 

used to develop different healthy and pathological tissue constructs,24-27 cancer models,28 

grafts,29 and organ-on-a-chip models30 in-vitro. dECM hydrogels tend to have reduced 

mechanical properties when compared to the tissue of origin due to the decellularization 

and solubilization process required to fabricate them. To overcome the lack of mechanical 

and structural stability of dECM hydrogels, many strategies have been developed to 

improve their interaction between chains, molecular structure, and formulations, 31-33 

making them more compatible materials for extrusion bioprinting.  

In this thesis, my main aim is to develop a heterogenous HNSCC model using extrusion 

bioprinting techniques. I hypothesize that co-cultures of epithelial and stromal cells 

encapsulated within a bioink containing dECM will provide an environment with crucial 

characteristics found in-vivo. This model will result in a biomimetic in-vitro platform that 

can be used for drug discovery and translational research.  

To accomplish this, I divided my project into three aims: 

• Aim 1: Develop and characterize an extrudable physiologically relevant cell-laden 

hydrogel bioink. 

• Aim 2: Fabricate and validate a three-dimensional printed (3DP) monoculture in-

vitro model of HNSCC and evaluate tumor response to chemotherapeutic 

treatment. 

• Aim 3: Fabricate and validate a three-dimensional (3D) bioprinted co-culture in-

vitro model of HNSCC.  
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In the next chapter (Chapter 2), a review of relevant literature is presented before moving 

into the findings obtained in this project.  

In Chapter 3, the article goes over the completion of Aims 1 and 2. I formulate and 

characterize a bioprintable ink that contains reinforced dECM hydrogel with alginate and 

gelatin as rheological modifiers. I encapsulated HNSCC cells and developed the cultures 

for several weeks until they were challenged with standard-of-care chemotherapeutic 

agents for HNSCC. In Chapter 4, the article focuses on Aim 3. To replicate the cancer-

stromal environment, I fabricated a heterogenous HNSCC model containing both HNSCC 

cells and fibroblasts. I made sure to characterize this model to present it as a tool for drug 

discovery and translational studies. Each scientific article has a connecting section to 

ensure a logical progression and linking the findings to the project's primary goal. Chapter 

5 includes the discussions and conclusions of the project. 
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2. Literature review 

2.1. Head and neck cancer  

Head and neck cancer (HNSCC) is a family of neoplastic diseases that arise from the head 

and neck region.34 In 2018, HNSCC was the 11th cancer by incidence in Canada.35 

Worldwide, it is estimated that 800,000 patients were diagnosed with this disease in 

2020.36 The majority of HNSCC are squamous cell carcinomas that arise from the mucosa 

or four main sites: the pharynx, larynx, sinonasal cavity, and oral cavity.34 In Canada, 

these cancers are three times more prevalent in men than women.35 Their incidence in 

old adults is associated with heavy use of tobacco and alcohol.37,38 Cases caused by contact 

with toxic substances are slowly declining in developed countries but continue to increase 

in non-developed countries.39 The presence of human papillomavirus (HPV), especially 

HPV type 16, has also been linked to the development of oropharyngeal cancer.40 HPV-

associated HNSCC cases have risen in adults located in North America and Europe.39 The 

population can be protected from HPV-16 with the HPV vaccines so it is possible that 

vaccination could also prevent the development of oropharyngeal cancer.41 

Treatment must be chosen according to the stage, surgical accessibility, and anatomical 

site since vital organs are very close together in the head and neck region.  Structure, 

function preservation, quality of life, age, and preferences of the patient are also 

considered. Surgery and radiotherapy have successfully treated and controlled early-stage 

(stage I and II) HNSCC with long-term survival rates of 70 to 90% of patients. However, 

more than 60% of patients arrive at the clinic with locally advanced tumors (stage III and 

IV). Tumors have invaded locally, and metastasis to regional nodes can be present. In 

these cases, there is a risk of up to 40% of local recurrence and less than 50% 5-year 
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overall survival. Advanced head and neck cancer treatment generally includes surgery 

followed by radiotherapy or chemotherapy. When surgery is not feasible, chemotherapy 

has been used as the standard of care approach for HNSCC. Concomitant radiotherapy 

with chemotherapy has been reported to decrease the 5-year mortality by 6.5% compared 

with chemotherapy alone. 

Cisplatin is the standard chemotherapeutic agent to treat HNSCC.42 High-dose cisplatin 

is generally administered to young patients with no additional complications, while 

carboplatin is used for patients with existing conditions, but it is less effective than 

cisplatin.43 Both drugs are taxane-based and prevent DNA replication of highly 

proliferative cells, such as cancer cells. Other chemotherapeutic agents, such as 5-

fluorouracil, and docetaxel have been used to treat HNSCC.43 In 2006, Cetuximab, a 

targeted therapy antibody that binds to the epidermal growth factor receptor, was 

approved for clinical use when administered with radiotherapy since it improved patients’ 

survival compared to radiotherapy alone.44 Anti-PD-1 immunotherapies such as 

pembrolizumab and nivolumab were approved by the Food and Drug Administration 

(FDA) in 2016 for showing improvements in patients with metastatic HNSCC that have 

received platinum treatments.44,45 Despite the progress in correctly diagnosing and 

treating patients with several approaches, 50-60% of late-stage HNSCC patients present 

recurrence or distant metastasis.43,46 Hence, efforts to find more efficient therapies are 

crucial to treat this and other neoplastic diseases.  

Novel approaches to treat cancer are still being developed, and targeted therapies such as 

immunotherapy are still in their infancy. However, robust and biomimetic pre-clinical 

models are required to test these therapies before moving forward with clinical trials. In 



30 
 

2022 the FDA passed the FDA Modernization Act 2.0, which allows the use of alternative 

pre-clinical models, such as cell assays and computational models, to prove the 

effectiveness and safety of a drug. Previously, 3D in-vitro cancer models have been 

proposed as alternatives to animal pre-clinical models. These models can be used in a 

semi or high-throughput manner, allowing the testing of multiple treatments in parallel 

and being an intermediate model between the simplified 2D cultures and animal models, 

which can recapitulate relevant aspects of the disease in-vitro. With these regulation 

changes, technologies such as microfluidic systems, tumor spheroids, and bioprinted 

models become even more relevant to accelerate the discovery and approval process to 

later proceed with clinical trials. In-vitro models, when correctly characterized and 

designed, can help shorten the current 8-year bottleneck between drug discovery and 

approval, providing more options with hopefully better outcomes for patients.47  

In this thesis, we used 3D extrusion printing techniques to fabricate a heterogenous head 

and neck cancer model. To simulate the extracellular matrix (ECM) in-vitro, we propose 

using dECM hydrogels. In the upcoming chapter, a review article presents in detail what 

dECM hydrogels are, the considerations before use, advantages, limitations, and 

applications for tissue engineering and building microenvironments in-vitro. 
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2.2. Decellularized ECM hydrogels: Prior Use Considerations, Applications, 

and Opportunities in Tissue Engineering and Biofabrication 
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ABSTRACT 

Tissue development, wound healing, pathogenesis, regeneration, and homeostasis rely 

upon coordinated and dynamic spatial and temporal remodeling of extracellular matrix 

(ECM) molecules. ECM reorganization and normal physiological tissue function, require 

the establishment and maintenance of biological, chemical, and mechanical feedback 

mechanisms directed by cell-matrix interactions. To replicate the physical and biological 

environment provided by the ECM in-vivo, methods have been developed to decellularize 

and solubilize tissues which yield organ and tissue-specific bioactive hydrogels. While 

these biomaterials retain several important traits of the native ECM, the decellularizing 

process, and subsequent sterilization, and solubilization result in fragmented, cleaved, or 

partially denatured macromolecules. The final product has decreased viscosity, moduli, 

and yield strength, when compared to the source tissue, limiting the compatibility of 

https://doi.org/10.1039/D2BM01273A
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isolated decellularized ECM (dECM) hydrogels with fabrication methods such as 

extrusion bioprinting. This review describes the physical and bioactive characteristics of 

dECM hydrogels and their role as biomaterials for biofabrication. In this work, critical 

variables when selecting the appropriate tissue source and extraction methods are 

identified. Common manual and automated fabrication techniques compatible with 

dECM hydrogels are described and compared. Fabrication and post-manufacturing 

challenges presented by the dECM hydrogels decreased mechanical and structural 

stability are discussed as well as circumvention strategies. We further highlight and 

provide examples of the use of dECM hydrogels in tissue engineering and their role in 

fabricating complex in-vitro 3D microenvironments. 

2.2.1. Introduction  

The extracellular matrix is a complex three-dimensional array of macromolecular 

components. In mammals, this non-cellular environment is composed by an organ-

dependant combination of approximately 300 different types of proteins, which are 

referred as the core matrisome.(1) This collection of proteins includes collagens, 

proteoglycans, and glycoproteins. Additionally, other molecules such as carbohydrates, 

growth factors, cytokines, and ECM-modifying enzymes may also be present in the 

ECM.(1) Apart from providing structural support to tissues, the ECM develops and 

remodels in cooperation with cells, sustaining a biomolecular balance that dictates cell 

survival, function, differentiation, motility, and polarity to maintain tissue 

homeostasis.(1, 2) Given the critical functions imparted by the ECM, it is an indispensable 

component for simulating the tissue microenvironment in-vitro. 
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Attempts to replicate the ECM for in-vitro 3D cell culture, or as a tissue engineering 

scaffold, have yielded a multitude of novel materials both synthetic and naturally 

derived(3). However, due to the structural and macromolecular complexity and ongoing 

reorganization characteristic of the ECM it is challenging to create analogous 

materials.(4) Synthetic materials, although scalable and easily reproducible, often do not 

contain the complete spectrum of protein domains that mediate cell-matrix adhesions or 

the signaling molecules that regulate and promote the distribution, activation, 

polarization, and proliferation of cells.(2) The lack of these ECM ligands can negatively 

impact cell development since several pathways are dependent on ligand specific cell-

ECM adhesions.(5, 6) Naturally derived materials, in particular ECM-hydrogels, retain an 

array of bioactive components which allow cell-matrix interactions. ECM hydrogels are 

tissue-derived and can be prepared by decellularizing the organ of interest, and 

solubilizing it to form a hydrogel, which preserves the intrinsic biochemical complexity of 

the tissue of origin.(7) This top-down approach suggests being a suitable alternative to 

biochemically mimic the ECM in-vitro because of ECM hydrogel’s capacity to influence 

remodelling, differentiation, and cell behavior. However, challenges related to batch-to-

batch variability and the lack of structural integrity due to the enzymatic or mechanical 

processes when preparing ECM-hydrogels have to be assessed as these materials possess 

reduced mechanical and viscoelastic properties.(8)   

Here, we review the defining characteristics of dECM hydrogels, their physical and 

bioinductive properties, the variables that must be considered when developing dECM-

hydrogels, techniques commonly used to fabricate dECM-constructs and how this 

material has been proposed for tissue engineering applications and to build 
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microenvironments in-vitro to recapitulate aspects present in the tissue 

microenvironment in-vivo. (Fig. 1). Commercial possibilities of these materials and the 

current challenges of translating ECM derived materials are also addressed. Lastly, we 

present the emerging potential of dECM-hydrogels as a promising alternative to current 

biomaterials used in biofabrication. For a more detailed review of non-hydrogel 

decellularized extracellular matrices, we invite the reader to refer to these publications.(9-

13)  

2.2.2. Decellularized ECM hydrogels 

 

Fig. 1: Preparation and Applications of dECM Hydrogels  

dECM hydrogels are prepared by extracting tissue which is decellularized and solubilized to form a 

thermosensitive hydrogel which can be mechanically reinforced or complemented with bioactive 

molecules. These hydrogels can be used to fabricate 3D constructs with manual and/or automatic 

techniques which allow cell encapsulation if desired. The constructs can be used for tissue engineering 
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applications or to create 3D microenvironments in-vitro for applications in discovery or translational 

medicine. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under 

a Creative Commons Attribution 3.0 unported license. 

Tissue decellularization consists of removing native cells from the tissue or organ of 

interest while preserving the structure and composition of the ECM.(14) It can be done 

by perfusing whole organs or by constantly agitating small pieces of tissue.(15) Briefly, 

decellularization consists in a combination of physical, enzymatic, and chemical 

processes that can include washes with detergents, enzymes, and buffers.(10, 14) The 

decellularized tissue is commonly solubilized by enzymatic digestion(16, 17) or more 

recently by ultrasonic cavitation.(18) Solubilization results in a gel that physically 

crosslinks at physiological temperature, attributed by collagen self-assembly 

mechanisms.(7, 19, 20) The final reconstituted product of the decellularization and 

solubilization process results in a bioactive and cytocompatible hydrogel.(21)  

Some tissues require additional steps prior to decellularization since some native tissue 

components can make ECM isolation more challenging. For example, tissues with 

significant fat content are generally subjected to a delipidation step to extract the lipid 

components while maintaining the proteins.(22) Chloroform, acetone, and methanol 

have been reported as solvents for lipid extraction.(23, 24) Triton X-100, a non-ionic 

detergent, has also been used to disturb the lipid-lipid and lipid-protein interactions.(9, 

25) Another example is bone tissue which is often exposed to a demineralization step, 

generally performed by acid extraction, to remove mineral content from the tissue.(26) 

Hydrochloric acid (HCl) and EDTA are commonly used as decalcifying agents.(22, 26) 

The demineralization of bone has been shown to not affect the osteoconductive properties 
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of the tissue and there are even commercially available products approved for clinical 

use.(27) 

Physical characteristics of dECM hydrogels 

Decellularization and solubilization protocols may have substantial effects on the native 

extracellular matrix (ECM) resulting in changes in the physical properties of the final 

product (Fig. 2 a.-b). Decellularized kidneys,(28) corneas,(8) cardiac tissue,(29) and 

bone(30) have reported significant structural changes in the final acellular material when 

processed using different protocols. dECM hydrogels have a randomly oriented fibrillar 

structure, characterized by an angular network alignment close to 0%, and 

interconnecting pores comparable to the morphology present in collagen I gels.(8, 26, 31)  

The density of fiber intersections is directly correlated to the storage modulus of the 

dECM hydrogel, and it is significantly different depending on the tissue source and 

processing methods.(31)  
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Fig. 2: Physical Characteristics of dECM Hydrogels 

a. CryoSEM micrographs and b. Storage and loss moduli of corneal dECM hydrogels that were processed 

with different decellularization methods. Reproduced from ref. (8) with permission from Springer 

Nature, Copyright 2019. -1000x Scale bar:10µm. c. Inversion test of tongue dECM hydrogel at different 

temperatures. Reproduced from ref.(32) with permission from American Chemistry Society, Copyright 

2021. d. Gelation kinetics of urinary bladder dECM hydrogels at two different concentrations.(33) Gels 

were loaded on the rheometer at 15°C. Temperature was set to 37°C for the test. Reproduced from ref. (33) 

with permission from Elsevier, Copyright 2008. 

In addition to the fiber orientation and topography, the characteristics of the pores 

created or retained during processing becomes increasingly important as pore size and 

pore volume can influence cell infiltration, migration and organization.(34, 35) Due to 

size exclusion, pores greater than 100 𝜇𝑚 can contribute to cell infiltration and 

attachment.(36) They are also useful for the transport of nutrients, metabolites, and large 

biomolecules, but may compromise mechanical properties.(37)  

When incubated at physiological temperature and pH, an increase in the turbidity of 

dECM hydrogels is observed(38, 39) as a result of polymerization of soluble ECM into an 
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insoluble hydrogel network.(38) Turbidity changes have been reported to plateau after 

24h of incubation at 37 °C for dECM hydrogels indicating completion of the sol-to-gel 

transition within this timescale.(38) Similar turbidity changes reported in pure collagen 

I and fibrin hydrogels have been attributed to the fibril and network formation of these 

proteins during and following gelation.(40, 41) As turbidity influences the optical 

characteristics of the gels, thus adequate controls and calibration must be considered 

when performing quantitative assays or imaging. 

dECM hydrogels are viscoelastic and display shear-thinning behavior resulting in a 

decrease in viscosity when high shear stress is applied.(42) This property makes them 

compatible with extrusion-based bioprinting and other fabrication techniques as the 

reduced viscosity allows for extrusion at lower pressures. The shear thinning property is 

also beneficial when cells are encapsulated since the pressure required to extrude a shear 

thinning material is lower than a shear thickening material.(43) Lower printing pressures 

can retain cellular viability during the printing process.(44) Increasing the dECM 

concentration in a gel can increase the viscosity of the material, without losing its shear-

thinning property.(45) 

Fabrication techniques benefit from materials that have a fast recovery after shear since 

it promotes shape retention and structural fidelity.(46) It has been reported that 

concentrated dECM hydrogels have an increased viscosity recovery after high shear stress 

is applied.(47) Viscosity recovery is attributed to the reforming of the fibril network after 

the high shear stress is removed.(48) Studies have shown that incorporating rheological 

modifiers such as silk fibroin, methylcellulose, or alginate can shorten the material’s 

recovery time.(49-51)  
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The magnitude of the complex modulus of dECM hydrogels depends on the tissue source 

and it is deeply impacted by the selected decellularization and solubilization 

techniques.(8, 32, 42, 45) Biofabrication techniques often rely on viscoelastic hydrogels 

with thermal dependencies. dECM hydrogels exhibit distinctive rheological features at 

different temperatures. Higher storage moduli have been observed in dECM hydrogels at 

temperatures between 4 °C – 37 °C degrees when compared to loss moduli. Moreover, a 

decrease in the loss factor can be observed when the material is heated from 4 °C to 37 

°C.(32, 42, 52) This difference can be attributed to thermal crosslinking and gelation 

processes. Collagen self-assembles as temperature rises, thus increasing the stiffness of 

the gel (Fig. 2 d.).(7, 33) Thermal crosslinking can be easily observed when performing 

an inversion test under different temperature conditions (Fig. 2 c.).(32, 42) dECM 

hydrogel stabilization after thermal crosslinking at 37 °C should occur in a time frame 

that is compatible with cell culture and fabrication techniques. Faster gelation time 

increases the shape fidelity during fabrication but can also lead to instrument clogging, 

thus controlling this property influences the fabrication process.(53) Due to the naturally 

slow gelation of dECM-hydrogels,(53) supplementing with materials such as gelatin,(54) 

alginate,(55) and poly (ethylene glycol)-diacrylate(56) have been devised to control 

gelation kinetics of dECM-containing gels. This fine tuning enables cells to be dispersed 

within the material in its weaker state followed by thermal crosslinking of the dECM 

resulting in high cell viability after encapsulation. Alternatively, photopolymerizers such 

as vitamin B2(57) or PEG-DA(56) have been used to photocrosslink and polymerize 

dECM hydrogels when exposed to long-wavelength UVA light during the 3D fabrication 

process, increasing the mechanical properties and allowing dECM gels to be utilized in 

photolithographic fabrication methods.(58) 
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Through the use of the stress-strain curves obtained from rheological studies, it is possible 

to calculate the compressive or elastic moduli of dECM hydrogels.(59-61) The 

concentration of dry weight of dECM in the hydrogel is directly proportional to the 

magnitude of its elastic modulus.(45) Studies have compared both the compressive and 

Young’s moduli of dECM hydrogels derived from various sources such as the liver(60), 

cardiac tissue,(59) and bone.(61) A significant difference in moduli can be observed when 

comparing dECM containing biomaterials versus the native tissue.(60) 

dECM hydrogels from different sources have been physically characterized and even 

though some properties such as shear-thinning and thermal crosslinking capabilities are 

consistent among differently prepared materials, characteristics such as elastic modulus, 

porosity, and viscosity are heavily influenced by the tissue source, the protocol and 

reagents used to decellularize and solubilize the hydrogel, and the concentration at which 

it was prepared. For that reason, every batch should be properly characterized to 

successfully understand and optimize the material for the desired application and 

fabrication technique. 

 

 Bioactive characteristics of dECM hydrogels 

Composition  

The processes used to decellularize and solubilize the tissue can significantly impact the 

preservation of the intrinsic properties of the native tissue. dECM hydrogels are 

composed of structural and functional proteins, glycosaminoglycans, and proteoglycans 

with a distinctive biomolecular fingerprint.(62) This collection of proteins can vary 

significantly between different species, donor’s health, age, and other pre-existing 
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conditions. The impact of these variables in the final dECM product is covered in detail 

in section 3. However, there are some ECM components commonly present in dECM 

hydrogels regardless of the tissue source(63) which are discussed in this section. 

Liquid chromatography-tandem mass spectroscopy (LC-MS/MS) has been used to obtain 

the protein profile of the ECM and dECM hydrogels(7). In general, dECMs are high in 

collagen,(62) the most abundant protein in animals and one of the main components of 

the basal lamina. In tissues, collagen serves as a structural component and regulates 

tissue development and migration.(64) There are more than 28 types of collagens 

identified in animals and their relative concentration within a specific tissue can 

contribute to physical and biological properties providing environmental conditions that 

promote cellular development.(65, 66) The Badylak lab, has compared the biochemical 

characteristics of several tissue sources in decellularized powders, sheets, and gels.(62) 

When looking at the presence of soluble collagen between dermis, spinal cord, brain, and 

urinary bladder ECM, the dermis contained significantly higher concentrations when 

compared to the other samples.(31, 67)  

dECM also contains fibronectin, a dimeric glycoprotein that binds to cells through 

integrins, which are transmembrane cell-surface receptors, and simultaneously to other 

ECM molecules such as collagen, heparin, and fibrin.(68) These interactions make 

fibronectin a key contributor in cell modulations within the ECM and its activity has been 

linked to cell migration, growth, adhesion, and differentiation.(65, 68, 69)  

Laminins are cross-shaped glycoproteins which are heavily present in the basal lamina 

and mediate the adhesion between cells and the ECM via integrin-binding.(65) In-vitro, 

laminin aggregates and forms mesh-like structures which are cation induced and are 
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attributed to the calcium binding sites present in this glycoprotein.(70, 71) A study 

comparing decellularized porcine subcutaneous and visceral adipose tissue observed the 

presence of laminin, collagen I, and collagen VI in both samples(72). Collagen I 

expression was higher in the subcutaneous adipose tissue, but collagen VI and laminin 

expression were higher in the visceral adipose tissues.(72) Decellularization methods 

frequently diminish the integrity and functionality of isolated laminins as they are highly 

crosslinked and suffer from degradation under the ionic, pH, and mechanical conditions 

employed. Ionic detergents such as sodium dodecyl sulfate (SDS) are considered effective, 

but harsh since they can denature important ligands and proteins in the dECM(73). 

Glycosaminoglycans (GAGs) (7, 16, 31) are linear and negatively charged polysaccharides 

that when sulfated and covalently attached to a core protein are called proteoglycans 

(PGs).(74) The GAG region of these proteoglycans interacts with several structural 

proteins including laminin, collagen, and fibronectin(74) thus, contributing to the 

organization and formation of the ECM. Due to their conformation and secondary 

structure, GAGs occupy a significant volume attracting and retaining large amounts of 

water due to the negative charge of the sulfate or carboxyl groups present in these 

molecules.(75, 76) They attract osmotically active ions such as Na+ creating a swelling 

structure that allows the ECM to withstand compressive forces.(75) They also interact 

with chemokines, cytokines, growth factors, and cell surface receptors making them active 

participants during development, cell migration and differentiation(77). They are also 

present in the basement membrane of mammalian tissues where they influence its 

permeability and architecture.(74) The content of GAGs in decellularized tissue is 

dependent on the source tissue. Differences in sulfated glycosaminoglycan (sGAG) 
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concentrations between tissues may contribute to differences in the mechanical 

properties of dECM gels as has been reported when comparing tissues with lower GAG in 

their ECM such as dermal tissue relative to tissues with higher GAG content such as the 

urinary bladder.(7, 31) A depletion of GAGs has been reported in dECM samples relative 

to the source tissue; this reduction is generally attributed to the detergent processing.(78, 

79) Examples of decellularized tissues that have reported the presence of GAGs include 

the lung,(80) small intestinal submucosa,(16) pericardium,(79) cartilage,(81) tracheal 

mucosa,(82) intervertebral discs,(83) adipose tissue,(84) liver,(85) spinal cord,(86) 

bone,(86)dentine,(86) and umbilical cord.(87)  

Other bioactive molecules reported in dECMs include cytokines, growth factors, and 

vesicles. Even though they do not directly provide structural or mechanical support, these 

remain biologically active, and can contribute to the regulation of multiple biochemical 

and mechanotransduction pathways that modulate immune response, wound healing, 

cell proliferation, remodelling, and differentiation.(21) Presence of active molecules such 

as vascular endothelial growth factor (VEGF), an angiogenic inducing molecule, has been 

reported in decellularized small intestinal submucosa and it allowed tube formation on 

human dermal microvascular endothelial cells (HMEC)(88). Angiogenesis-related 

proteins have been detected in decellularized aortic tissue and small intestinal 

submucosa. All 55 proteins were detected in the samples with fibroblast growth factor 

(FGF)1 and FGF being more abundant in the small intestinal submucosa sample.(89) 

Thrombospondin-1 (TSP1), an ECM glycoprotein with antiangiogenic properties,(90) was 

significantly more abundant in all samples when compared to the rest of the proteins in 

the array.(89) Another study used decellularized human adipose tissue and extracted 
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transforming growth factor beta (TGF-β1), insulin-like growth factor 1 (IGF-1), basic 

fibroblast growth factor (bFGF) , and VEGF from the matrix.(91) Other decellularized 

tissues reporting the presence of growth factors include nerve grafts,(92) pancreas,(93) 

kidney,(94) placenta,(95) brain(95), liver,(96) etc.  

Extracellular matrix vesicles (EVs) are membrane carriers between 40 and 5000 nm in 

size that are released by cells.(97) EVs contain biologic material such as proteins or 

nucleic acids, and can be categorized as microvesicles, exosomes and apoptotic bodies 

depending on their size, site of origin, releasing mechanism, and morphology.(98, 99) 

EVs have been shown to play an active role in communication by transferring cargo 

between cells (100) and influence several healthy and pathological processes such as 

angiogenesis,(101) cell differentiation,(102) cancer progression,(103, 104) immune 

response,(105, 106) and epithelial to mesenchymal transition.(107) Matrix-bound 

nanovesicles have been found in acellular decellularized extracellular matrices derived 

from urinary bladder, sub-intestinal submucosa, and dermis.(108) These EVs were 

present in the matrix after being in contact with enzymatic, chemical, detergent 

chemicals, and protected genetic material from the nucleases used when decellularizing. 

These vesicles contained microRNA, which is known for having phenotypical and 

functional effects in cells and can recapitulate some of the biologic characteristics of the 

source tissue. In this study the microRNA affected macrophage surface marker expression 

and neural cell differentiation. 

Cell-ECM interactions 

For the microenvironment to function harmoniously, a synergy between the encapsulated 

cells and the ECM is required.(6) Cells create connections to the ECM through integrins, 
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a family of transmembrane proteins, that later mature into stable focal adhesion (FA) 

sites.(109, 110) These connections serve to sense the biophysical cues that drive cell 

behaviour.(6, 110) This bidirectional interaction between cells and ECM is referred to as 

dynamic reciprocity.(111) Integrins are the bridge that connects cells with different ECM 

proteins including collagen and fibronectin(110). Traction forces generated by cells 

during migration can affect the conformation of fibronectin promoting its elongation, 

bundling and fibril formation stiffening the ECM causing a resistance to yield.(6, 112) 

Fibronectin can elongate more than 8-fold increasing the fiber stiffness from 50 kPa to 1-

2 MPa.(113) This can be attributed to the exposure of cryptic sites which form cryptic 

bonds increasing the fiber’s resistance.(113) Collagen reorganization can also be triggered 

by cells actively generating forces to shift and realign the fibers.(114) Cell-secreted factors 

can also alter and remodel the ECM. The lysyl oxidase (LOX) enzyme family can mediate 

collagen crosslinking increasing matrix rigidity.(115) Cells can detect these changes in 

matrix resistance which results in changes in cell morphology, proliferation, and 

rearrangement of actin fibers.(116) On the other hand, matrix metalloproteinases 

(MMPs), such as collagenases and gelatinases are enzymes secreted by cells that can 

cleave collagens unfolding regions of the triple helix.(117) An upregulation of MMPs has 

been associated with disease progression since it allows cancer cell invasion by breaking 

cell-cell and cell-ECM adhesions, degrading ECM proteins, and promoting angiogenesis; 

allowing founder cells to move out into the stroma and distant tissues.(118-120) Presence 

of non-structural proteins involved in cell-ECM interactions such as MMPs, tenascins, 

and thrombospondins has been reported in decellularized tissues.(80, 121) However, 

more research is needed to verify how viable are these molecules after the 

decellularization process and how they influence the reseeding of the dECM tissues. 
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Cellular differentiation  

Stem cells are a progeny of cells that have a pluripotent nature that allows them to 

transform into any cell lineages when specific cues are present in the environment.(122, 

123) This plasticity helps maintain tissue homeostasis by replenishing cells when needed 

for tissue growth, regeneration, or wound healing.(122) With the growing interest of 

developing stem-cell therapies for applications such as cancer, degenerative diseases, 

tissue regeneration etc., understanding their function and how to successfully culture and 

efficiently differentiate them in-vitro is of critical importance.(123) In-vivo, the 

bioinductive properties of the ECM play a major role in guiding differentiation and 

lineage maintenance due to the dynamic biophysical and biochemical characteristics 

during development, wound healing, and regeneration.(123, 124) Hence, to replicate and 

drive a controlled differentiation in-vitro, a 3D culture with cell-cell and cell-ECM 

interactions are a requisite.(124) dECM materials used to encapsulate stem cells should 

contain bioactive molecules that allow cell attachment, induce signal transduction, and 

have a mechanical integrity similar to the tissue of interest.(124)  

Neural stem/progenitor cells (NSPCs) encapsulated in a porcine dECM hydrogel derived 

from spinal cord have shown a higher degree of differentiation into neurons after one 

week compared to cells embedded in porcine dECM hydrogel from peripheral nerves and 

in collagen I.(125) Differentiation could be attributed either to the higher porosity in the 

spinal cord dECM that promoted higher viability, proliferation, and migration in the early 

stage of the 3D culture or to the modulation of integrin α2, α9, and β1 expression profiles 

and protein kinase B (Akt) /extracellular signal-regulated kinase (ERK) signaling 

pathways.(125) Also, a significant increase in the expression of differentiation genes was 
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quantified in human bone mesenchymal stem cells (hBMSCs) cultured on annulus 

fibrosus dECM hydrogel compared to the collagen I group.(126) Human apical papilla 

derived mesenchymal stem cells (SCAP) were encapsulated in bone, spinal cord, and 

dentine dECM hydrogels and only bone and spinal cord groups expressed neural lineage 

markers with a higher response in the spinal cord group.(86) Other examples of dECM 

tissue hydrogels that promoted differentiation of cells include human umbilical cord,(87) 

porcine urinary bladder,(33, 67) spinal cord,(67) brain,(67) heart,(127, 128), 

cartilage,(42) and adipose tissue(33)  

Nature has evolved the ECM to coordinate with the cellular components of tissues via a 

series of biochemical, biophysical and regulatory networks based on sensing, transducing, 

and adapting the composition, spatial, and temporal properties known as dynamic 

reciprocity. This foundational characteristic enables the complex composition of ECM to 

be adaptive to its environment. When source tissues with known characteristics are used 

to create dECM hydrogels, they can retain several key elements that drive dynamic 

reciprocity (binding domains, focal adhesion complexes, etc.) that can influence 

mechanical or biochemical responses. More research must be done to fully understand 

the potential that dECM hydrogels have in modulating and mediating cell behaviour. 

 

2.2.3. Selecting the appropriate ECM  

Tissue and organ specific bioactive components found within dECM hydrogels create a 

physiological-like extracellular microenvironment that can encapsulate several types of 

cells while considering important biological and physical properties of the desired tissue. 

dECM materials can induce directed differentiation towards specific cell types by 



48 
 

mimicking the in-vivo developmental conditions or the biological and biophysical 

properties experienced during regeneration or disease. When considering the application 

of dECM as a tissue engineering matrix or bioink, specific criteria of the source ECM 

including tissue age, species of origin, and health must be considered. These factors may 

have significant effects on the function, viability, growth, and morphology of cells being 

encapsulated or cultured.   

 

Fig. 3: Variables to consider when selecting the appropriate ECM to fabricate dECM 

hydrogels. 

 

Tissue source 

It is ideal to decellularize autologous or allogenic tissue, but specifically for human tissues, 

availability can be limiting. However, several groups have reported the use of human-

derived dECM obtained from donated, damaged, diseased, or cadaveric tissues. These 
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include skin,(129, 130) teeth,(131) lungs,(132) liver,(133, 134) kidney,(135) heart,(136) 

cartilage,(137) ovarian,(138) among others. (62, 139)  

Xenografts have been a suitable solution to the shortage of human tissue for research or 

clinical applications. A major source of tissue for dECM applications comes from pigs due 

to their availability, size, and genetic relatedness.(140) To date more than 80 FDA-

approved products are animal derived and have been successfully used over the past 

decades including porcine liver, dermis, small intestine, and urinary bladder.(63) 

Decellularization of several porcine organs has been reported including skin,(141) 

heart,(142) liver,(143) small intestinal submucosa,(144) bladder,(145) etc. It is important 

to mention that due to pig’s genomic similarity, there is a risk of acquiring infectious 

diseases including porcine endogenous retrovirus (PERV).(146) Rodent tissue has also 

been decellularized, but the low yield of tissue per animal makes it challenging to acquire 

dECM hydrogels at scale. Other species such as cow(147) and goat(148) have been 

successfully decellularized.  

After decellularization, ECM of the same organ or tissue, but sourced from a different 

species (i.e., porcine vs human), has been reported to have similarities including ECM 

protein composition, shear thinning behaviour and self-assembly while presenting 

significant differences apart from the genetic disparity such as sGAG content and complex 

moduli.(149) Comparing decellularized human umbilical cord hydrogels with porcine 

bladder, brain, and spinal cord hydrogels resulted in materials with similar mechanical 

and biological properties.(87) Mesenchymal stem cells (MSCs) cultured in each of these 

sources of dECM gels display similar migration patterns and guided differentiation of 
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neural stem cells with axonal outgrowth in-vitro. However, higher proliferation rates and 

higher sGAG content were observed in the umbilical cord samples.(87)  

Successfully decellularized tissues have a decreased number of antigenic epitopes 

compared to the tissue prior to decellularization (150) which allows the material to be 

used clinically with limited rejection. Implantation of ECM products to reconstruct or 

repair injured, or missing tissues is an approach that requires the implantable material to 

promote an immune response that facilitates an anti-inflammatory macrophage 

response. The main limitation of dECM is the presence of foreign antigens present in 

allogenic and xenogeneic tissues that can trigger an inflammatory immune response when 

implanted. Macrophages are known to be among the first respondents in the host 

response to pathogens, injury, or implantation of foreign biomaterials and are key players 

in tissue-remodelling. Activated macrophages can present either the M1-phenotype, 

which is associated with a pro-inflammatory response, or the M2-phenotype which is 

linked with the anti-inflammatory response, tissue repair and wound healing.(150) 

Macrophage’s response to ECM hydrogels can vary greatly depending on the differences 

in the decellularization process and residual detergents. A study reported that in general, 

ECM induces an M2-like phenotype, but studies of M1-phenotype expression of 

macrophages exposed to liver ECM and skeletal muscle ECM have been reported.(151) 

 Tissue age 

When selecting source ECM, it is necessary to consider the age, condition, and organ of 

interest. It has been shown that ECM from the same organ has significantly different 

composition and characteristics dependant on the age of the mammal and differences in 

ECM crosslinking, fibrosis, growth factor and sGAG content may be substantial and 
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impact cell development and function.(152, 153) The Badylak group compared the 

structural, mechanical, and compositional properties of small intestinal submucosa (SIS) 

derived from pigs and found that depending on the desired characteristics of the ECM, 

the age of the animal should be considered.(153) They found that for the best mechanical 

properties, the SIS tissue should be harvested from an animal of at least 12 weeks of age 

but no more than 52 weeks. If an abundance of sGAG content is of interest, ECM between 

3 and 12 weeks of age should be considered as the ECM expression is greatest in younger 

specimens. Increased metabolic activity was observed in all ECM groups when compared 

to the non-ECM containing control group. However, stem cells showed equivalent 

migration towards ECM samples between 2 to 26 weeks of age, but in lower amount 

towards the 52-week-old samples.(153) Decellularized monkey kidneys also determined 

that the age of the donor is a key factor on the efficient recellularization where the 

youngest group outperformed older donors. Higher cell infiltration and repopulation in 

younger kidneys can be attributed to the ECM remodelling that occurs as the animals 

develop(154). Differences in ECM composition, such as higher concentration of adipose 

tissue, ECM crosslinking, and fibrosis has also been reported in aged human hearts.(149, 

155) These ECM changes can be indicators of the increased tissue stiffness as the source 

ages.(155) Another study created hydrogels containing dECM from rat hearts at three 

different stages of development and reported significant differences in MSCs ability to 

create traction forces depending on the dECM’s age and hydrogel stiffness.(156) They also 

showed increased stiffness in the adult group when compared with the neonatal and fetal 

samples.(156) If human tissue is repurposed into dECM hydrogels, there may be 

important differences from aged, mature, and young donors. Apart from age, the storage 

conditions of the tissue and collection time before decellularization can also impact its 
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mechanical properties. Especially with human samples, a significant amount of time may 

pass between the death and the harvesting of the tissue for decellularization. Rheological 

studies done on porcine liver stored in three different preservation solutions for periods 

between 5 and 53 hours show good preservation in all solutions for the first 11 hours. An 

increase in complex moduli over time is observed when samples are stored in Lactated 

Ringer or University of Wisconsin (UW) solutions, but no significant increase when 

stored in Histidine-Tryptophan-Ketoglutarate (HTK) solution.(157) These examples 

showing significant changes in matrix composition and mechanics should not be 

generalized to all tissues, but it is important to consider that human cadaveric donors are 

often older than animal sources and storing and harvesting conditions can deeply impact 

sample’s stiffness.  

 

 Normal vs pathological tissue 

The ECM is a dynamic structure that is constantly modified due to changes in the 

environment. Cells react to their environmental stimuli and may remodel the ECM by 

promoting protein synthesis, degradation, post-translational modifications, and 

crosslinking.(158) When the tissue is healthy, the cells and ECM components function 

harmoniously promoting tissue homeostasis.(4) However, when using unhealthy tissue, 

pathological characteristics present in the ECM can activate pathological cell 

behaviour.(159) Upregulation or downregulation of structural protein expression and 

small bioactive molecules can be driven by ECM conditions that significantly impact 

cellular behaviour.(4, 159)  



53 
 

Several diseases including cancer,(160) emphysema,(161) Alport syndrome,(162) and 

infarct (163) present an overexpression of ECM molecules causing tissue fibrosis and as a 

result a different dECM hydrogel when compared to normal tissues. Apart from 

mechanical differences, additional biochemical and biological variations are observed. 

Beyond the structural proteins providing the mechanical properties of the decellularized 

ECM, it can also act as a reservoir of growth factors and other bioactive molecules 

characteristic of the state and health of the tissue source.  

ECM composition and structure is different even in patients that have been diagnosed 

with the same cancer(164) and those discrepancies can cause a dysregulation of signaling 

pathways that can promote the expression of epithelial-to-mesenchymal (EMT) 

markers.(165) Healthy and cancerous breast dECM were recellularized with MCF-7 

(human breast adenocarcinoma cell lines) and normal dECM inhibited the EMT by 

inducing cell apoptosis while the cancerous ECM promoted EMT.(165) Decellularized 

colorectal cancer mucosa was also compared with its healthy counterpart and significant 

differences were found not only in structural and secreted proteins, but also in their 

angiogenic potential.(166) The cancerous group, after being recellularized with cancer 

epithelial cells, induced an overexpression of IL-8 in less than one week of culture, a 

chemokine associated with cell growth and proliferation.(166) 

Other pathologies such as emphysema have also been studied by culturing normal and 

emphysematous decellularized human lungs with fibroblasts, epithelial, endothelial, and 

bone marrow-derived MSCs. Results showed that both groups (healthy and pathological) 

supported initial binding, but cells seeded in emphysematous ECM did not survive for 

more than one week.(161)  They also solubilized the decellularized tissue to create ECM 
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hydrogels. Both groups permitted comparable cell attachment and proliferation and no 

significant differences in cell viability were observed.(161) The authors of this study 

concluded that further evaluation is needed to assess how useful these matrices would be 

for clinical applications since the implications remain unclear. Genomic characterization 

of encapsulated cells could provide additional insights on gene expression differences 

between the healthy and pathological groups, focusing on emphysema-associated genes.  

Another study comparing dECM derived from healthy and Alport syndrome mice kidneys 

saw significant differences in the fibrous protein content; the Alport syndrome groups 

had elevated levels of collagen I, collagen IV, fibronectin, and in cytokine content.(162) 

Additionally, when macrophages were reseeded, both groups induced an M2 phenotype 

which is favorable for healing and repair. Later they homogenized these tissues and both 

groups promoted an M1 phenotype suggesting that the 3D structure is key and plays a 

significant role during cell differentiation.(162) Studies for cardiac applications have 

incorporated dECM hydrogels from healthy and infarcted rats into a polyacrylamide gel 

to create an in-vitro model to evaluate cell therapy.(163) The materials were engineered 

to match the mechanical properties of both groups before seeding with three different c-

kit+ cardiac progenitor cells. The group containing healthy ECM had higher cell adhesion 

and proliferation while the infarct group showed a significant increase in pro-survival and 

angiogenic cytokines and minimal differentiation potential.(163) 

Lifestyle habits can also influence the composition and mechanics of tissue. These 

variables, although difficult to standardize and even to quantify, may impact the final 

dECM hydrogel and material. The organisms’ diet, daily activities, and contact with 

hazardous compounds such as tobacco, heavy metals, or alcohol can significantly affect 
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its health. For example, lung fibrosis is known to occur in heavy smokers,(167) bone 

density has been reported higher in older sprinters and runners when compared with the 

non-athletic groups(168), and increased heart wall thickness is a cardiovascular 

adaptation to exercise presented in elite athletes.(169) Obesity has been suggested as a 

driver in cancer cell progression due to abnormal levels in cytokines, hormones and 

growth factors in adipocytes.(170) In particular for breast cancer, a group used 

decellularized obese mammary glands to identify full-length collagen VI as a new driver 

of triple negative breast cancer (TNBC) invasion.(171) The abundance of this molecule is 

directly proportional to the body mass index in TNBC patients.(171) This study highlights 

the importance of selecting relevant materials for translational studies and new target 

discoveries for cancer and other pathologies. We expect future research to provide 

answers as for how lifestyle habits affect the final decellularized product due to differences 

in the tissue composition could help us understand the implications of factors such diet 

and activity levels in cellular response when using dECM hydrogels for tissue engineering 

or in-vitro applications. Since significant changes between healthy and pathological 

tissue that may influence cell behaviour and phenotype are conserved even after tissue 

decellularization, solubilization, and dECM hydrogel preparation, the selection of the 

appropriate source ECM for the desired outcome is a critical element of proper 

experimental design. 

 Cells  

The expected structure and function of the tissue outcome is dependent upon the cell type 

and its ability to properly develop, function, and interact with an appropriately selected 

dECM source. Even when using terminally differentiated cells, their phenotype may still 
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be plastic, allowing for de-differentiation. For instance, muscle cells can lose expression 

of actin when cultured in gels with high concentrations of collagen, whereas the 

supplementation of laminin can stabilize their phenotype.(172) Force production by 

muscle cells is directly related to the stiffness of their environment, as the force is 

transferred through ECM. (173) Thus, it is important to not only account for the 

phenotypic effects of the dECM but also how it will influence the dynamic activity of cells 

upon encapsulation and throughout the duration of the experiment. 

Ideally, the source of dECM will correspond to the cell type, which will increase the 

cytocompatibility as the ECM composition will match that of the native environment from 

which the cells originated.(174) It has been shown that human MSCs cultured on hydrogel 

mats previously populated by chondrocytes or osteocytes induced differentiation into 

those same cell types. (175) Furthermore, matching tissue type, without considering the 

species, can yield unwanted  results and may introduce a degree of unpredictability in the 

system as the differences of ECM from other species, however small, may be enough to 

promote divergent results.(176) A study defined the ECM phenome of humans, mice, 

zebrafish, Drosophila, and C. elegans, and provided a phenotype grouping strategy that 

showed cross-species interferences.(176)  Differences in gene expression and 

proliferation were observed in endothelial cells seeded in decellularized tissue slices 

derived from human, primate, pig and rat lungs suggesting the presence of species-

dependent biologic cues.(177) This study is an example of how significant differences in 

gene expression can be observed in cells seeded in matching tissue type from different 

sources. 
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 Additionally, immune cell function is known to be affected by interactions with dECM 

from foreign species as immune responses can be triggered by the recognition of foreign 

antigens within the dECM.(178, 179) Apart from ECM, paracrine signaling and matrix 

remodelling by supportive cells, such as fibroblasts, can be a necessary aid to both the 

maintenance of phenotype and execution of cellular functions. (180) The inclusion of 

cardiac fibroblasts in 3D culture with stem cells, lead to a greater population of functional 

cardiomyocytes demonstrating alignment of muscle fibers and beating activity.(181, 182) 

Fibroblasts are known to mediate the maintenance and remodelling of the ECM during 

development and wound healing of various tissues including the heart, however their 

paracrine signaling through growth factors may be sufficient to aid in cardiomyocyte 

differentiation.(183) Indirect co-cultures using hanging inserts were capable of enhancing 

expression of cardiomyocyte genes and beating activity. (181)  

In summary, one must ask: what is the expected function of the cells or tissue? What 

phenotypic state do the cells require for that action? What type of signaling is needed to 

both induce and maintain that state? With answers to these questions, the optimal source 

of dECM that will best fit the requirements can be explored. 

2.2.4. Fabrication techniques  
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Fig. 4: Overview of fabrication methods compatible with dECM hydrogels.  

Manual and automatic methods have been reported compatible with dECM hydrogels or dECM hydrogel-

containing bioinks.  

 

 Manual  

Engineered tissues and organs need to replicate the structure, geometry, and organization 

of the tissue organ being emulated in order to achieve their intended biological or 

physiological function. Ideally the engineered model replicates the tissue organization 

across scales, from the orientation of molecules to the structure of tissues within 

functional organs. Several fabrication techniques have been developed to create 

structurally defined tissue-scale models using dECM hydrogels or bioinks by engineering 

the mechanics of the dECM via cross-linking or by including rheological modifying co-

gels to enable the use of automated additive manufacturing methods such as extrusion or 

photopolymerization.  

When dECM is used to model 3D cell-matrix interactions during limited culture periods, 

where the structural complexity of the tissue is not needed, the most commonly used 

method is to deposit the cell-laden gel into a dome or cast the gel into a simple mold. 

These experiments are routinely performed when evaluating the biochemical or 

molecular biological functions of mono or co-culture systems using reconstituted 

basement membrane or dECM. Manual techniques are appealing because they do not 

require complex or expensive equipment to fabricate small and simple 3D 

constructs.(184) These methods also allow for viscous gels with low yield strengths, which 

would otherwise not maintain the 3D complex organ scale structure without external 
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support systems, to be used. However, opportunity for user error and inconsistencies 

between samples present challenges in replicating studies when using these 

techniques.(185, 186) Pipetting has been used to culture cells and to grow organoids or 

spheroids in a 3D environment using dECM hydrogels derived from liver (187) and 

placenta.(188)   

Injectable dECM hydrogels have been developed as therapeutic approaches for 

intervertebral disc degeneration,(189) stroke,(190, 191) ischemia,(192) meniscus 

repair,(193) cardiac regeneration,(194, 195) repair of temporomandibular joint disc,(196) 

etc. Mold casting has been used by researchers for in-vitro applications including 

substrate coating for cell culture(197-199) and organoid formation.(39, 200) Manual 

techniques have been proven very useful, but there are disadvantages that make them not 

as attractive for complex construct fabrication. With these methods, it is not possible to 

control cell location and it is challenging to work with multiple materials or cell lines at 

once. Hence, the community has turned to automated fabrication techniques to create 

intricate structures of the desired size and architecture.  

 

 Automated 

Automated deposition, or fabrication techniques have specific material requirements 

such as viscosity, response to shear, and yield stress that must be obtained by dECM gels 

in order to create reproducible models. 
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Fig. 5: Examples of Automated Fabrication Techniques compatible with dECM Hydrogels. 

a.-b. Extrusion Bioprinting: a. Printed heart (hdECM), and a combination of either cartilage 

(cdECM) or adipose (adECM) with PCL. Reproduced from ref. (42) with permission from Springer Nature, 

Copyright 2014. b. Red and blue stained porcine skin dECM. Reproduced from ref. (141) with permission 

from Elsevier, Copyright 2018. c.-d. Digital Light Processing: c. DLP printed GelMA/dECM and 

GelMA scaffolds. dECM derived from porcine liver. Reproduced from ref. (60) with permission from 

Elsevier, Copyright 2020. d. Bioprinted liver cancer tissue platform with varied scaffold stiffness.(58) 

Day 0, 3, and 7 respectively. Reproduced from ref. (58) with permission from Elsevier, Copyright 2018.  

e.-i. Electrospinning: e.-g. Scanning electron microscopy of electrospun porcine cardiac dECM. 

Reproduced from ref. (201) with permissions from John Wiley and Sons, Copyright 2017.  Scale bars e.10 

μm f.-g. 1 µm. h. Confocal images of electrospun dECM fibers fabricated on a collector rotating at 3000 

rpm.(202) Scale bar 50 μm. i. Aligned myotubes formed on dECM scaffolds after 7 days of culture.(202) 

Scale bar 100 µm. Desmin (green), actin (red), and nuclei (blue). Reproduced from ref. (202) with the 

permission from AAAS, Copyright 2021. 
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Extrusion printing  

Extrusion bioprinting, or extrusion-based bioprinting (EBB), is an additive 

manufacturing technique that has been immensely popular for tissue engineering and 

biomedical applications. It allows the serial fabrication of hydrogel constructs out of 

Computer Aided Design (CAD) models in a layer-by-layer fashion.(203) The material or 

bioink is loaded into cartridges and mounted on a XYZ stage where it is extruded through 

a nozzle following parameters provided by a computer. Extruding cells encapsulated in 

bioinks is possible with this technique(204) and when pressure is adequate to limit shear 

stress, viability above 80% can be achieved.(205) An ideal material for this technique 

should have shear thinning properties,(206) which is the case for dECM hydrogels(32, 

42) but their behavior might change if additional materials are incorporated to reinforce 

the bioink. Extrusion printing supports bioinks with viscosities of 30 mPa/s to >6 × 107 

mPa/s(207) with print resolution in the hundreds of micrometer range. Moreover, this 

technique allows the fabrication of complex geometries and heterogeneous models since 

incorporation of different materials and/or cells in the same structure can be achieved if 

the printer has multiple cartridges.(203) Extrusion of dECM hydrogels has been 

successfully used to develop in-vitro healthy and disease tissue constructs,(141, 208-210) 

cancer models,(32) grafts,(211) and organ-on-a-chip models(212). 

Digital light processing (DLP) 

Digital light processing techniques makes use of photopolymerizable or 

photocrosslinkable materials that can be cured, or crosslinked, upon the exposure of 

patterned UV or visible projected light.(213) The 3D structure is achieved layer-by-layer 

as the projector exposes the curable material progressively as per the user-defined model 
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geometry(213) To photo-crosslink dECM hydrogels, a photoinitiator must be added, as 

the mechanism of photopolymerization produces reactive species that may be cytotoxic if 

used in high concentrations, care must be used in determining experimental conditions 

used and the potential for detrimental reactivity or photosensitivity of the cells 

selected.(214, 215) Additionally, using long UV exposure times to crosslink each layer of 

the 3D structure can affect cell viability and functionality of bioactive molecules of dECM 

hydrogels.(214) However, several groups have successfully reported the fabrication of 

dECM hydrogel constructs using this technique.(58, 60, 216) Heart and liver dECM 

hydrogels combined with GelMA were used to create cell-laden constructs with human 

induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (hiPSC-CMs) and hiPSC-

hepatocytes (hiPSC-Heps), respectively maintaining high cell viability.(216) DLP printing 

allowed the fabrication of structures as fine as 30 μm and the modification of the 

mechanical properties of the materials by varying the UV-exposure times while 

bioprinting.(216) The same group performed growth and invasion studies of 

hepatocellular carcinoma in DLP printed liver hydrogel constructs with varied scaffold 

stiffnesses.(58) Another group created a microtissue with a liver dECM-GelMA hydrogel 

and encapsulated hepatic cells that showed an increase in albumin and urea secretion, to 

demonstrate the retention of hepatocyte specific functions.(60) 

Electrospinning 

Electrospinning is a high throughput (HT) technique that allows the fabrication of porous 

scaffolds with controlled fiber orientation using a charged material.(217) In general, a 

solvent is needed to dissolve the polymer to the desired concentration to promote fibers 

with desired characteristics. Filaments are formed when an electric field is applied to a 
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liquid droplet which elongates forming a conical shape called the “Taylor cone” from 

which a charged jet is ejected.(217, 218) The fiber’s path starts in a straight line, but it 

later follows a whipping pattern which is deposited in a collector.(217, 218) The filaments 

can have nanometer diameters and parameters such as viscosity, conductivity and 

material concentration deeply influence the final result.(219) Cell-electrospinning (C-ES) 

is a variation of this method where fibers with living cells embedded are fabricated 

maintaining high cellular viability.(218) However, when using C-ES it is challenging to 

control cell density and positioning due to the process of how the fibers are 

generated.(218)   

dECM hydrogels have been used in conjunction with carrier polymers or on their own to 

produce bioactive scaffolds.(202, 220, 221) A mixture of porcine cardiac dECM hydrogel 

and polyethylene oxide (PEO) has been successfully used in electrospinning with 

hexafluoro-2-propanol (HFIP) as a solvent. After fabrication, the PEO was washed with 

aqueous medium leaving only the dECM hydrogel fibers.(201) These fibers when placed 

in contact with water showed swelling, and collagen self-assembly into native-like 

structures. These matrices proved to be cytocompatible since they allowed cell adhesion 

and proliferation during the 4 weeks of culture. Immunogenic assessment was also 

measured by implanting the dECM scaffold in C57 black mice. There was not a significant 

immunological response to the implantation when compared with the PLGA scaffold used 

as a control group.(201) Another group recently developed a technique to produce 

electrospun muscle ECM hydrogels without using a carrier polymer; they only used HFIP 

as a solvent.(222) The constructs permitted cell attachment, growth, differentiation, and 

guided the formation of myotubes in mouse myoblasts in-vitro.(202) In an animal study, 
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they observed cell infiltration, angiogenesis and myogenesis in groups where electrospun 

dECM hydrogel scaffolds were implanted.(221)  

Electrospraying is a variation of electrospinning where the electric field applied to the 

nozzle containing the material forces its dispersion into droplets.(223) These can vary in 

range from hundreds of micrometers down to tens of nanometer.(223) This technique has 

been used with dECM hydrogels to create microcarriers of porcine dermis, myocardium 

and human adipose tissues to be used in dynamic culture conditions with spinner 

flasks.(224, 225) Electrospraying has also been used to fabricate nanometer sized 

particles from porcine lung dECM hydrogels that could be used to induce pro-

regenerative cell response in lungs,(226) and to fabricate microparticles from cardiac 

dECM hydrogels to use for tissue regeneration post heart injury in mice.(194) 



65 
 

Table 2. Fabrication Techniques for dECM Hydrogels 

Fabrication 
technique 

Advantages Disadvantages Material requirements References 

Pipetting, 
injection and 
mold casting 

▪ Simple setup and easy to implement 

▪ No complex equipment is required. 

▪ Lack of reproducibility between samples 

▪ Cell positioning is not controlled 

▪ Injectable or pourable material 

▪ Stable in culture conditions after fabrication 

(185) 

 

 

Extrusion 

printing 

▪ Automatization of fabrication ensures 

sample reproducibility 

▪ Extrusion printing is compatible with high 

cell densities 

▪ Heterogeneous multi-cellular and -material 

models can be achieved with multiple 

cartridges and simple coding. 

▪ Bioprinting is a highly customisable 

technology.  

▪ Plenty of literature on material 

reinforcements is available. 

▪ Temperature controlled cartridges and 

stages are available for thermosensitive 

materials. 

▪ Resolution is in the hundreds of 

micrometers  

▪ Specialized personnel training 

▪ Shear stress can reduce cell viability. 

▪ Rheological characterization and tunability 

of flow properties is required 

▪ Scalability and scaffold generation speed is 

dependent on setup 

 

Compatible materials with extrusion printing 

must exhibit: 

▪ Shear thinning behavior. 

▪ Fast recovery after shear properties. 

▪ Tuned gelation and bioprinting window. 

▪ An ideal liquid phase for cell mixing. 

 

(32, 42, 203-

206, 227) 

 
 

Digital Light 
Processing 

(DLP) 

▪ High speed when compared to extrusion 

bioprinting. 

▪ Mechanical properties can be controlled by 

modifying the light exposure time. 

▪ Photopolymerizers and photoinitiators can 

be incorporated in dECM hydrogels 

▪ Photopolymerizes are known to be cytotoxic. 

▪ Long UV exposure times can compromise cell 

viability. 

 

▪ Photopolymerizers are required to conduct 

DLP 

(213-215) 

 

 

 

Electrospinning 

▪ Increased scalability 

▪ Control of fiber alignment is possible 

▪ Compatible with cell encapsulation 

▪ Capable of controlling porosity  

▪ Cell density and location is challenging to 

control when cells are encapsulated in the 

material 

▪ Crosslinking after fabrication might be 

required to increase mechanical properties. 

▪ Solvents such as HFIP are required to make 

dECM hydrogels compatible with this 

technique. 

▪ dECM hydrogels may be mixed with other 

materials to create hybrid scaffolds and 

promote better mechanical characteristics for 

fabrication.  

(217-219) 
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2.2.5. Instabilities of dECM hydrogels 

Mechanical properties of dECM hydrogels are significantly different when compared to 

the tissue of origin. Features such as porosity, stiffness and fiber alignment of the ECM 

components are drastically changed by the decellularization and solubilization steps 

performed to fabricate these gels. The physical characteristics of dECM hydrogels and 

how different decellularization protocols affect the final dECM are discussed in detail in 

Section 2.1 of this review. This section covers the features that make dECM hydrogels 

unstable either in-vitro or in-vivo to later discuss in Section 6 how the scientific 

community has overcome these obstacles by modifying either the material or the 

fabrication technique of 3D the constructs. 

Altered mechanics 

The process of removing cells from tissue ECM inevitably results in physicochemical 

disruption of the original tissue. In general, decellularization processes are known to alter 

the mechanical properties of tissues often resulting in gels that are more viscous and have 

a lower yield strength than the expected value of the tissue ECM. For instance, 

decellularized lung tissues have been demonstrated to have a reduced elastic modulus 

correlated to the decrease in the elastin content that occurs when decellularizing the 

native tissue.(228) Moreover, it has been observed that decellularized porcine aortic 

valves (AV) possessed a greater extensibility (from 68.85% for the native AV to ~140% 

after decellularization), but in turn have a lower flexural modulus (from 156 ± 24.6 kPa 

for the native AV to ~ 23.5±5.8 kPa after decellularization).(229) Some reports have 

highlighted the loss of mechanical properties during whole tissue decellularization prior 

to solubilization.(230, 231) As significant processing steps are required to create dECM 
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hydrogels from decellularized tissues including enzymatic and acidic digestion, 

neutralization to a physiological pH, and reconstitution into hydrogels, it is challenging 

to retain structural and mechanical properties. Typical decellularization processes are 

optimized to preserve most of the relevant proteins from the tissue, but may affect the 

architectural and mechanical characteristics, thus requiring reinforcement strategies to 

circumvent the lack of stability and create complex tissue or organ models (see section 

5.1). 

Degradation  

ECM-based implants are promising in the field of tissue regeneration. However, these are 

often mechanically unstable and experience fast degradation rates when implanted. All 

implanted materials summon inflammatory responses and trigger a cascade of 

immunological events known as the foreign body reaction (FBR).(232) For any type of 

implant to perform as intended, modulation of the FBR is required to increase the 

probability of implant assimilation by the host.(233) Upon material implantation, cells of 

the immune system become attracted to the foreign material and attempt to degrade it. 

Specifically, macrophages are known to challenge implant stability by fusing into foreign 

body giant cells (FBGCs) and secreting proteolytic enzymes to resolve the lesion either via 

foreign body encapsulation or degradation.(234-236) Furthermore, even though 

macrophages pose challenges for material implantation, these cells are crucial in shaping 

a favorable regenerative immune microenvironment around the implanted 

material.(236) dECM degradation byproducts trigger further immunological responses 

that activate macrophages towards a constructive and favorable phenotype (IL4-

dependent-polarization). (237) For example, ECM-based implant coatings have been 
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demonstrated to aid synthetic implant integration by reducing macrophage accumulation 

and formation of FBGCs.(238) 

Long term, non-degradable implants are also susceptible to unwanted immune attacks. 

However, ECM-based implantable materials such as dECM hydrogels take advantage of 

degradation events to become assimilated by the host and are known to exhibit favorable 

in-vitro and in-vivo degradation(239). Following a successful and sterile implantation, a 

delicate balance between degradation and regeneration is required to recover tissue 

function and induce appropriate healing. This balance can be achieved by tuning the 

implant’s properties to meet the expected degradation rates. For instance, researchers 

have demonstrated that a dense dECM implant (8 mg/ml) can remain inside the brain of 

animal specimens 12 weeks post-implantation despite some biodegradation.(240) The 

same group continued the investigation and correlated the volume of ECM implant to the 

number of infiltrated cells at day 90 post-implantation. The authors found an inverse 

proportional relationship where lower dECM concentrations allowed for higher 

infiltrating cell densities within the implantation area.(239) Moreover, additional 

research has demonstrated that in-vivo and in-vitro dECM implant degradation rates can 

be modulated by chemical crosslinking.(241, 242) Some in-vitro ECM crosslinkers such 

as glutaraldehyde could be problematic in a clinical setting.(243) Careful selection of 

these molecules is recommended as they may alter cell behavior. Additionally, in-vivo 

implant degradation can be modulated by matrix metalloproteinase (MMP) inhibitors 

incorporated within the dECM implant.(241)  

Furthermore, special attention to the presence of contaminants and unwanted material 

within dECM hydrogels must be given. Genomic residuals, detergents, proteases, and 
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other small molecules can influence implant assimilation.(244) Moreover, 

decellularization and solubilization processes used to produce dECM hydrogels are 

known to disrupt the structural integrity of tissue which further alters the mechanical 

behavior of the dECM. From the mechanical perspective, ECM implants are expected to 

exhibit decreased mechanical properties attributed to the onset of degradation and the 

absence of tissue regeneration.(245, 246) However, as new tissue is formed and integrates 

into the implant site, the mechanical properties increase and eventually can match the 

native tissue.(245) In the following sections, we will detail and exemplify the challenges 

with dECM-hydrogel mechanics and how these have been outmaneuvered using 

composite hydrogels, chemical modifications, support materials, and microstructural 

reorganization. 

 

2.2.6. Mechanically Stable dECM hydrogels 

To control the mechanical properties and ensure structural stability of dECM hydrogels, 

strategies have been developed employing the addition of rheological-modifying 

molecules, incorporating crosslinkers/additives, chemical modifications, and deposition 

of fibers into set geometries (247-249).  
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Fig. 6: Compensating Mechanics of dECM Hydrogels 

dECM Hydrogels do not retain the mechanical properties of the native tissue. Different techniques have 

been used to compensate the lack of desired mechanical characteristics by creating dECM composite 

formulations, modifying the material physically or chemically or providing structural support with more 

stable materials. 

Composite dECM hydrogels  

A composite hydrogel consists of a combination of two or more macromolecular 

constituents designed to interact via inter- or intramolecular forces by controlled network 

formation, cross-linking, non-covalent interactions, external physical stimuli, or chemical 

properties of the microenvironment.(250) dECM material consists of the use of a dECM 

material as a base where additional elements can be added to improve matrix relevance 

or to provide specific functions; additional ECM-like elements to improve mechanical 

properties such as synthetic or natural hydrogels, biomolecules to enhance biological 

cues, or any of these combinations dECM hydrogels contain native ECM components that 

permit cell-ECM interactions which allow cellular growth and proliferation, but pure 

dECM hydrogels often form weak gels that require material reinforcements to achieve 

extrudable formats.(54) Apart from allowing cell encapsulation and development, these 
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materials must have suitable rheological properties to withstand commonly used 

fabrication techniques, preserve defined geometries, and have tunable physical 

characteristics that can match the tissue of interest.(32, 251) For that reason, fabrication 

of dECM-containing composites is an approach to improve its weak mechanical 

properties. 

It has been shown that incorporating alginate and gelatin as supporting materials into a 

composite hydrogel containing dECM from porcine tongue results in a mechanically 

stable gel compatible with extrusion bioprinting.(32) The composite hydrogel 

demonstrated a tunable elastic modulus that was able to match that of tumor xenografts 

grown in mouse models. Other efforts have reported the use of milling dECM into 

particles and incorporation into inert synthetic or biological scaffolds to formulate 

composite dECM materials. (252, 253) The incorporation of dECM particles from porcine 

liver and chemically crosslinked with modified GAGs (chondroitin sulfate, hyaluronic 

acid), showed excellent gelation kinetics and mechanical properties, where gel stiffness 

increased and reached a steady state on the order of tens of minutes when tested in 

different ratios, and was able to sustain concentric geometries. (253) Enforcement of a 

gastric tissue derived decellularized bioink with cellulose nanoparticles (CN) 

demonstrated an increase of the mechanical strength of the dECM bioink as a more 

biophysical reliable gastric cancer environment; furthermore, cellulose nanoparticles 

increased the size of cell aggregates from 2178 ± 211 μm2 in the pure dECM group, to 3564 

± 583 μm2, and 5667 ± 1440 μm2 in the 0.01% and 0.1% CN-g-dECM gels. (254) 
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Chemical modifications 

Materials can require further chemical modifications to induce hydrogel formation and 

overcome other mechanical limitations, such as structure formation, gelation kinetics, 

mechanical strength, stability, and degradability.(255) The extent in which the 

mechanical properties of hydrogels are modified is driven by the degree and type of cross-

linking and the concentration of the biopolymer. The structure and mechanics can be 

changed by chemically cross-linking with glutaraldehyde, genipin, oligourethanes, 

carbodiimides, acrylates, among others. (248) It is important to consider that features 

such as porosity can be heavily modified after the crosslinking process affecting cellular 

migration and the efficiency of nutrient-waste exchange.(256)  

GelMA (257) is a photocrosslinkable gelatin-based hydrogel that is prepared using gelatin 

and methacrylic anhydride (MAA). GelMA is synthesized when the methacryloyl group 

from the MAA replaces the amino groups of the gelatin. (258) Cross-linking of the 

methacrylamide side groups with ultraviolet (UV) light results in an increase of stiffness 

that can be controlled by changing the concentration of the photo-initiator, the UV 

intensity and exposure time. (259) GelMA has been proven as a potential platform for 3D 

culture systems and different applications. (259) Decellularized human heart with GelMA 

was compared with GelMA-methacrylated hyaluronic acid (MelHA) by encapsulating 

human induced pluripotent stem cell derived cardiomyocytes (iCMs). The dECM-GelMA 

bioink demonstrated extrudability and improved elastic modulus when compared with 

the GelMA-HA, furthermore, the crosslinking method enabled the creation of tissue 

constructs with similar stiffness to native human heart tissue (~10 kPa). (260) Also, 

methacryloyl-functionalized decellularized liver ECM (dECM-MA) reinforced with PCL-
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MA, has been used to bioprint tissue scaffolds, where the dECM scaffold served as a 

matrix mimicking environment for seeded cells. (261) 

Other forms of chemical modification include cross-linking with glutaraldehyde (GA), 

where the ε-amine groups of collagen create an imine bond when interacting with GA 

molecules, improving mechanical characteristics and resistance to degradation. (262) 

While the use of GA as a cross-linking agent for the preparation of natural polymers has 

been widely reported (263-267), GA cross-linking often needs to be hydrolyzed to recover 

the starting material after GA fixation. (268) A decellularized skeletal muscle extracellular 

matrix crosslinked with GA vapor created a physicochemical-tunable system that enabled 

the control of mouse myoblast growth and myotube formation. (202) When evaluating 

properties such as fiber alignment, fiber swelling, bulk alignment and bulk swelling, the 

degree of alignment and cross-linking on the dECM scaffolds supported cell attachment, 

growth, and myogenic differentiation.  

A chemically crosslinked decellularized composite hydrogel with modified 

glycosaminoglycans (GAGs) functionalized onto dECM particles with multiple tissues 

(bone, fat, cartilage, lung, liver, spleen, or brain) has been developed. (253) The chemical 

modification resulted in controllable and faster gelation kinetics, and the shear modulus 

(G’) of the mixtures increased when the ratio of tissue particle to modified GAGs was equal 

to or greater than 50%, offering regenerative specificity in accordance with their tissue of 

origin. Furthermore, PEG-modified hydrogels have shown greater hydrolytic stability 

(269) and have also been explored for dECM formulations. A modified liver dECM with 

PEG-based crosslinkers with different functional groups and molecular weights 

incorporated into the dECM, yielded tunable bioinks with different shear stiffness 
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properties, where primary human liver spheroids were encapsulated to the formulations 

prior to printing to create in-vitro liver constructs with high cell viability and quantifiable 

albumin and urea production. (270) 

The use of a two-step process comprised of vitamin B2-induced UVA crosslinking 

followed by thermal gelation has been proposed to mechanically enhance a decellularized 

heart tissue bioink for 3D bioprinting. (57) The formulation consisting of riboflavin added 

to heart dECM, offered control over the 3D printed filaments and ensured high fidelity 

for the printed living tissue. Cardiac progenitor cells (CPCs) were mixed with the bioink 

prior to bioprinting. After mechanical evaluation and cell viability tests, it was found that 

the two-step crosslinking resulted in a dECM gel 33-times stiffer than thermally 

crosslinked gels, obtaining mechanical properties similar to that of native cardiac tissue. 

Moreover, dECM gels supported active proliferation, high viability, and promoted cardiac 

differentiation of the seeded progenitor cells. 

Cross-linking can also be accomplished through the physical interactions between 

biopolymer chains and the introduction of cross-linking groups. Different types of 

physical cross-linking mechanisms have been explored (271), including hydrogen 

bonding (272), such as PMAA and PEG association under acidic conditions to form 

hydrogen-bonded complexes; block polymers such as PLGA, PEG, and PBT (273-275); 

crystallization (276), when a polymer is cooled under specific conditions, such as 

Polyvinyl alcohol (PVA) hydrogels using freeze-thaw process; and ionic interactions (277), 

such as the type of alginate gel that is formed in the presence of divalent cations.  
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Incorporation of support materials 

Support materials can be added to composite materials internally or externally to aid in 

the fabrication of precise (278) or complex (279) structures. Support materials allow the 

tailoring of mechanical and physical properties in the structure, such as density and 

porosity.(42) Sacrificial materials are incorporated separately or within the construct, 

however, after solidification of the non-supporting material to its final geometry, 

sacrificial materials are removed. Incorporating dECM hydrogels into specifically 

designed structures made up of supporting materials that do not necessarily interact 

chemically with the dECM hydrogel but provide a scaffold for dECM to be deposited on 

has been also explored. (279-281) The incorporation of polycaprolactone (PCL) as a 

supporting material into dECM hydrogels has been previously reported. (42, 278, 282) 

Although co-deposited PCL scaffolds can have a controlled shape, mesh structure, and 

stiffness, its deposition requires preheating the nozzle at temperatures above 60 °C, which 

can decrease cell viability in the final structure. (283) However, efforts for allowing high 

cell viability with high melting temperature thermoplastics such as a late deposition of 

cells once the temperature of the fibers has decreased, have been explored. (283) 

A dECM hydrogel consisting of decellularized cartilage and adipose porcine heart tissues 

with encapsulated human adipose-derived stem cells (hASCs) proved the ability to print 

constructs with a controllable porosity, depending on the structure of PCL as the 

supporting material, for possible nutrient and oxygen supply; cell viability also proved to 

be sufficiently high (>95%) and was not affected by the incorporation of the supporting 

material. (42) In another report (282), in-vivo tissue response to the PCL-decellularized 

adipose tissue scaffolds was investigated by performing subcutaneous implantation into 
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mice to evaluate the efficacy for regenerating adipose tissue. The scaffolds did not induce 

chronic inflammation nor a cytotoxic response; the scaffolds were able to support tissue 

infiltration, remodeling, and adipose tissue formation. 

Sacrificial materials such as Pluronic F-127, can also serve as support materials for dECM 

hydrogels. This material has been used in conjunction with liver dECM hydrogel to create 

specifically designed structures. (279) Biliary epithelial cells (cholangiocytes) were 

encapsulated in the dECM hydrogel and printed inside the Pluronic F-127 structure. The 

thermal transition from the sol-gel phase of Pluronic F-127 that occurs below 37° C was 

used to create models where the deposited Pluronic would dissolve into the solution phase 

when cultured. These types of sacrificial material can be included in defined positions in 

the model design providing opportunities to create 4D models. These types of 4D 

sacrificial materials can be used to create complex structures such as biliary trees, with 

minimal negative impact on cell viability and proliferation. 

Linearization of fibers  

Mechanical stability and enhanced mechanical properties can also be achieved through 

the precise deposition of fibers and fibrillar proteins, such as collagen (284). Collagen 

fiber orientation and alignment in hydrogels has been reported using several methods, 

including bioprinting. (285, 286) Mechanical stability and enhanced mechanical 

properties can also be achieved through the precise deposition of fibers and fibrillar 

proteins, such as collagen. (284) Collagen fiber orientation and alignment in hydrogels 

has been reported using several methods, including bioprinting. (285, 286) Kim et al. 

(287) reported the precise manipulation and structural organization of collagen fibrils 

through the control of the size of the printing nozzles in their 3D printing technique, in a 
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decellularized corneal ECM bioink. After the group calculated shear stress during 3D 

printing and quantified shear-induced arrangement of collagen fibrils that occurred 

during extrusion, they observed that the alignment provided a stroma-like environment, 

inducing remodeling of the collagenous matrix. 

The development of dECM hydrogels has widely improved thanks to new tools and 

technology development in recent years, allowing their application in different fields. 

With the combination of all the previously described fabrication techniques and 

modifications, including overcoming dECM mechanical limitations, we can generate 

different constructs for tissue engineering applications and reproducing the 

microenvironment in-vitro. 

2.2.7. Applications of dECM hydrogels 

dECM hydrogels have been widely explored for two main applications: tissue engineering 

and modeling microenvironments of healthy or diseased tissues in-vitro. These materials 

are appealing due to their bioactive nature that promotes dynamic reciprocity between 

cells and the environment. They have the potential to be clinically used and the versatility 

to re-create environments in-vitro of healthy or diseased tissues. Tissue engineering is an 

area that has been traditionally studied since dECM-based materials have shown to 

promote regeneration and positive immune response. However, creating 

microenvironments in-vitro has become a popular avenue in the past years. Having a 

system in-vitro that could recapitulate important characteristics present in-vivo while 

having the advantage of monitoring and measuring the culture over time is appealing for 

its high-throughput potential. In this section, examples of dECM hydrogel applications 

are presented. 
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Tissue Engineering  

dECM from various organ systems has been studied and tested as a therapeutic approach 

for regenerative medicine (Fig. 7). dECM closely mimics features of the in-vivo 

environment from which the decellularized tissue originated. dECM from several tissues, 

including skeletal and cardiac muscle, cartilage, brain, and skin have been explored for 

its modeling and therapeutic potential.  

 

Fig. 7: Examples of Tissue Engineering Application of dECM hydrogels.  

a.-f. Liver dECM hydrogel used to fabricate 2D constructs Reproduced from ref. (278)  with permission 

from American Chemistry Society, Copyright 2017. (a.-b.) and 3D constructs with the addition of 

polycaprolactone (PCL) layers for reinforcement (c.-d.). (278) Cells encapsulated in the liver dECM 

hydrogel and fabricated into 3D constructs using PCL layers for support at day 7 of culture. e. Bone 

marrow hepatic cells and f. hepatic cancer cells. Live-dead assay stain. Scale bar for microscopy images: 

200µm.(278) g. Immunohistochemistry of PLLA scaffolds containing either collagen, muscle dECM 

hydrogel or IGF-1/dECM hydrogel after 1-2 months of implantation in rabbit models.(288) Plots 

quantifying h. MHC and i. collagen deposition are presented for the three conditions.(288) g.-i. 

Reproduced from ref. (288) with permission from Elsevier, Copyright 2020.  j. Comparison of three 

conditions for stroke animal models: control, untreated and treated with a dECM hydrogel derived from 
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porcine urinary bladder.(240) k.-l. dECM hydrogel retention after implantation.(240) Scale bar 2 mm 

m.-n. dECM hydrogel after 12 weeks of implantation.(240) n. Host cells invaded the dECM hydrogel.(240) 

Scale bar 100 µm Collagen I: green, DAPI: blue, Iba1: red GFAP: magenta. j.-n. Reproduced from ref. 

(240)  with permission from Elsevier, Copyright 2017. 

 

Skeletal Muscle 

The development of therapies to promote skeletal muscle regeneration can aid patients 

that suffer from conditions such as volumetric muscle loss, trauma, muscle ablation, 

among others. Skeletal muscle-derived dECM hydrogels have been shown in multiple 

studies to induce greater proliferation and differentiation of myosatellite cells than 

conventional 3D cultures in materials such as collagen or PCL.(221, 288, 289) 

Implantation of dECM hydrogels can promote healing processes of various muscle 

injuries by enabling cell infiltration, angiogenesis and myogenesis as demonstrated in 

animal models.(221) Greater myotube formation and increased activity of anti-

inflammatory M2 macrophages has been observed in animals to which dECM scaffold 

was implanted in regions with volumetric muscle loss.(221, 289) Skeletal muscle, being a 

structural and load bearing tissue, benefits from the addition of various modifiers that 

can stiffen their native dECM. For instance, the addition of PCL to muscle dECM can 

enhance the formation of MHC+ myotubes which is mirrored in in-vivo measurements of 

muscle regeneration.(289) The addition of IGF-1 to muscle dECM has also been proven 

to further enhance the proliferation and differentiation of myosatellite cells and MHC+ 

tissues after implantation.(288) In-vivo regeneration of muscle loss was also enhanced 

by the addition of IGF-1 into muscle dECM hydrogels (Fig. 7 g.-h.).(221, 288, 289) (288, 

289) 
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Cardiac Tissue  

dECM hydrogels derived from cardiac tissue used as cardiac patches have been proven to 

increase the cardiogenic expression of human cardiac progenitor cells when compared to 

the GelMA control group.(290) Also, neovascularization was observed after 14 days of 

implantation.(290) Injectable hydrogels have also been tested in small and large animal 

models after myocardial infarction (MI) and the material has shown to stop the 

progression of negative left ventricular remodelling including fibrosis and 

hyperthropy.(291) Both, bioprinted and injected constructs show vascularization after 

implantation.(290, 291) These examples show the potential benefits of products 

containing dECM hydrogels for cardiac regeneration. Although further testing and 

optimization are required, current studies using cardiac dECM show promising results in 

better mimicking native environments that are more biocompatible with cellular viability, 

phenotype, and regeneration. This promise has translated into several ongoing clinical 

trials. The first completed phase one study was conducted using a dECM harvested from 

porcine myocardium called VentriGel.(292) Patients who suffered from a myocardial 

infarction that caused a left-ventricular dysfunction were treated with an injection of 

VentriGel.(292) The material passed safety trials with two adverse cardiac effects that 

were deemed to be unrelated to the treatment.(292) Preliminary measurements of 

improvement showed an increase in the 6-minute walk test and a slight reduction in both 

left-ventricular and diastolic and systolic volumes.(292) 

Neural Tissue 

In-vivo dECM hydrogels have been shown to act as a bridge between nerves, allowing for 

recovery of spinal cord and brain injuries and can support axon growth and bridging 
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cavity spaces.(87) A reduction in inflammation along with recovery of locomotor 

functions were witnessed after injection of dECM hydrogels into spinal cord or brain 

lesions in mice.(87) Umbilical cord dECM hydrogels have also been proposed as a human 

origin alternative that allows neural tissue repair when injected in the lesion site with 

better prognosis when compared to other dECM hydrogel sources like porcine brain, 

spinal cord and urinary bladder.(87) dECM hydrogel injections have been shown to 

reduce the myelin disruption and lesion volume after weeks of implantation.(293) 

However, there were no significant improvements when the animals did the Morris water 

maze test when compared to the control group.(293) Overall, this technique suggests that 

using dECM hydrogels for neural regeneration is a promising area, but additional efforts 

are needed to fully understand the best approach for use in tissue regeneration and how 

physiological and motor function can be restored following implantation. 

Cartilage Tissue 

Cartilage-associated disease and trauma result in severe pain for patients and are very 

challenging to treat in orthopedic practice.(294) Hence, regenerative alternatives have 

been explored trying to find new ways to treat damaged tissue. Cartilage based dECM 

hydrogels have been tested for enhanced chondrocyte activity as demonstrated by an 

increase in ECM deposition.(295-298) Although dECM itself can have pro-regenerative 

and biomimicking capabilities, the addition of both biochemical and rheological 

supplements has been used to further enhance these properties. Cartilage is especially 

dependent on its rheological properties as it is the major load-bearing tissue between 

joints. The addition of stiffening components such as UV-crosslinked gelatin-

methacrylate or chitosan in optimized concentrations to cartilaginous dECM can stiffen 
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the construct resulting in rheological properties closer to that of native cartilage.(295, 

297) These stiffer constructs have been shown to enhance ECM deposition of 

encapsulated chondrocytes as well as delaying the progression of osteoarthritis in rat 

models.(295, 297) dECM hydrogels have also been proposed as an injectable material for 

drug delivery.(299) 

Vascular Tissue 

A vascular network is vital to maintaining adequate nutrient availability in in-vitro 3D 

constructs. Various methods to engineer an in-vitro vasculature have been implemented, 

ranging from 3D cultured endothelial cells,(300) fluidic devices,(301) and decellularized 

vascular grafts.(302) Capillaries are ubiquitous in all organ systems thus endothelial cells 

that form the capillary bed have an intrinsic adaptability to various environments.(303, 

304) Considering materials with mechanical properties that encompass the physiological 

range, naturally derived hydrogels such as collagen, Matrigel, and dECM hydrogels can 

support the formation of a micro-vascular network.(305-310) dECM-based constructs 

containing endothelial cells benefit from the bioactivity that the dECM exhibits by 

retaining properties from the tissue of origin, and the intrinsic versatility of the vascular 

network can accommodate to the environmental needs of that organ system. Recent 

studies have demonstrated dECM hydrogels derived from porcine kidney,(310) bladder 

and small intestine,(311) as well as, mouse and human lungs,(312) were sufficient in 

inducing the formation of a capillary network. In cases where a dECM hydrogels failed to 

promote a vascular network, as is the case of decellularized adipose tissue, the dECM 

hydrogel can be supplemented with pro-angiogenic factors, such as VEGF.(313) 

Other Tissues 
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Many other organ systems have been explored for the potential use of dECM hydrogels as 

modeling and therapeutic materials, such as heart,(292, 314), lung,(314), skin,(141)  

liver,(187, 278, 314) and colon (314). We invite the reader to further explore the following 

articles for a more extensive description.(19, 187, 227, 314-316)  

Using dECM hydrogels for tissue engineering applications is promising due to their 

regenerative and cell differentiation capabilities with a positive inflammatory response 

when implanted. (221, 289) However, strict regulation agencies’ protocols together with 

an inevitable variability and heterogeneity between tissue sources and processing makes 

the market approval a challenging task. However, human and animal-derived 

insolubilized dECM tissues are currently being used for therapeutic applications.(10, 19) 

Thus, successful clinical trials, product standardization and characterization could aid in 

accelerating the approval for use of these materials in the clinic.  

Rebuilding 3D Microenvironments in-vitro 

Miniaturized models of living tissue for experimental purposes opens new research 

avenues in clinical sciences. Specifically, in-vitro 3D tissue models have been proven to 

be accurate mimics for precision medicine, drug discovery, and overall translational 

research. (317-319) Generally, these 3D tissue analogs recreate native architectures and 

promote relevant cell behavior that would be otherwise difficult to elucidate when using 

traditional cell monolayers and animal models.(317) These advantages are particularly 

important when studying pathological conditions in-vitro such as cancer, where the 

microenvironment is a crucial element of the disease. Additionally, building 

microenvironments in-vitro is an attractive approach when the tissue or disease of 

interest does not have a robust animal model. In oncology research, even though 
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establishing tumor models through the transplantation of human cancer cells into the 

athymic nude mouse model has been the steppingstone for major preclinical studies and 

development of novel anticancer drugs, (320) these tumor models are subjected to 

stromal and selective pressures that could result in genetic drifting of the original 

tumor.(321, 322) Using dECM-hydrogels, several research groups have been able to 

demonstrate the importance of using tumor-derived dECM hydrogels to elucidate 

pathologically relevant cell behavior when compared dECM-hydrogels extracted from 

healthy tissues (323) 

 

Fig. 8: Examples of Microenvironments in-vitro using dECM Hydrogels 

a. Illustration of dual printing process to build co-culture models. Using this technique, a.- b. co-culture 

of hepatocytes and cholangiocytes was fabricated. Mature ducts structures are visible in green and 

human liver cell aggregates in red (right).(279) Scale bars: 250 µm.  a.-b. Reproduced from ref. (279)  

with permission from Elsevier, Copyright 2019.  c.  Fabricated platform containing a cancer-vascularized 

model to evaluate metastasis.(324) d. Immunofluorescence images that allow the quantification of EMT 

of melanoma metastatic units in relationship to the distance between the cancer and vascular regions of 

the platform. Vimentin expression is quantified for both scenarios.(324) Scale bars, 300 µm c.-d. 
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Reproduced from ref. (324)  with permissions from John Wiley and Sons, Copyright 2021.  e. 3D printed 

tongue dECM containing bioink to fabricate a head and neck cancer model in-vitro.(32) f. Cellular 

aggregate formations over time.(32) Live-dead assay stain. Scale bar 100 µm g. H&E staining and 

immunofluorescence of cellular aggregates after 19 days of culture.(32) Scale bar 100 µm. e.-

g.Reproduced from ref. (32)  with permission from American Chemistry Society, Copyright 2021. 

Furthermore, dECM hydrogels from different tissue sources have proven to be useful for 

promoting organoid formation. Liver dECM hydrogels promote hepatic function by 

allowing self-organization of liver cancer cells with human mesenchymal and endothelial 

cells while promoting hepatocyte specific transcripts.(325) Efforts have also been directed 

into mimicking liver function with liver dECM hydrogels and successfully fabricating 

biliary trees with epithelial cells which mature over time. (279) This technique is proposed 

to study duct formation and liver biology in-vitro (Fig. 8a.-b.).  

dECM hydrogels have also been applied to in-vitro neural network models using a multi-

electrode array to measure action potentials and neuronal connectivity.(326) Neurons 

cultured in dECM harvested from rat brains were able to facilitate a higher degree of 

connectivity between neural nodes suggesting that brain dECM can induce a more mature 

neural network.(326) 

Photocrosslinkable dECM bioinks have been used to encapsulate human induced 

pluripotent stem cells (hiPSC) to later bioprint microscale tissue constructs.(325) The 

fabricated constructs contained the biochemical environment and mechanical properties 

to mature hiPSCs into hepatocytes or cardiomyocytes.(216) These models have been 

proposed as physiologically relevant tissue platforms to study disease, and to apply to 

personalized medicine or diagnostics. 
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A cancer-vascular model fabricated with a dECM hydrogel bioink has been used to 

demonstrate that it is possible to achieve hypoxic conditions and promote angiogenic 

signalling between the cancer and vascular unit in-vitro.(324) Changes in EMT were 

shown to be dependent on the architecture and proximity between the cancer and 

vascular unit.(324) This platform has the potential to mimic patient’s metastatic 

progression in-vitro aiding personalized cancer treatments. (Fig. 8 c.-d.). Also, a head and 

neck cancer 3D printed model has been fabricated with a bioink formulated with alginate, 

gelatin, and porcine tongue-derived dECM hydrogel. The material allowed 3D cell 

aggregate formation and was used as a platform to test standard of care chemotherapeutic 

drugs in 3D in-vitro environments (Fig. 8 e.-f.).(32)  

An infarct milieu in-vitro model has also been proposed to develop the infarct 

microenvironment in-vitro and predict the cell therapy outcomes.(163) Specifically, the 

regenerative potential and therapeutic efficacy of c-Kit+ cardiac progenitor cells (CPCs) 

which in this case were obtained from individual infarcted rat hearts. This model included 

hypoxic environment and soluble and inflammatory mediators and the dECM hydrogel 

group showed an increase of paracrine signaling which suggests these cells may function 

when implanted. Cell therapy has promising claims, but it is of high importance to be able 

to characterize the CPCs before implantation. 

dECM hydrogels have been a strong candidate to build microenvironments in-vitro 

because they provide structural proteins and bioactive molecules present in the native 

source tissue.(319) These conditions are difficult to achieve using only synthetic 

materials, so sometimes combinations of multiple constituents are proposed as stable and 

bioactive materials for tissue fabrication. (54) 
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Overall, we see that dECM hydrogels have the potential to be used for multiple 

applications in-vitro. These can include mimicking healthy or diseased tissue to study its 

biology, creating personalized medicine platforms to better predict patient’s outcome, or 

testing platforms for drug discovery. It is clear that the bioactive ability provided by dECM 

hydrogels has a positive impact in cell development in-vitro and it is aiding the scientific 

community in creating microtissues that mimic complex microenvironment cues that are 

difficult to replicate with other materials.  

2.2.8. Clinical and commercial opportunities 

dECM hydrogels can be candidates for tissue regeneration and implantation. The 

possibility of having commercially available dECM hydrogels is an appealing yet 

complicated task. There are opportunities to optimize, mass produce, and use dECM 

hydrogels in-vivo for minor and minimally invasive interventions to aid with immediate 

repairs. There is also potential to use these materials as an approach to induce tissue 

development and stem cell differentiation in-vivo. Nonetheless, to successfully produce 

clinically compatible dECM hydrogels the tissue provider must meet high quality 

standards that would satisfy regulatory agencies when used for implantation. This is a 

quickly changing area and regulations are evolving to accommodate new 

technologies.(327) However, allogenic and xenogeneic risks of using either human or 

animal tissues have to be considered.(54) Automated decellularization devices are 

available in the market, which is beneficial since it would promote a consistent protocol 

and outcome.(15) Furthermore, we believe the field will benefit from studying the effects 

of long-term preservation on tissue dECM and derived hydrogels. Shelf-life evaluations 
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such as structural integrity and bioactivity must be conducted to fully assess the feasibility 

of the dECM technology.  

On the other hand, using dECM hydrogels as a 3D matrix for drug testing and drug 

discovery is an interesting avenue, especially in fields where there is a lack of a robust pre-

clinical model like immunotherapy. However, one of the challenges to overcome is the 

protocol variability of dECM hydrogels. Physical properties of dECM can be often 

unassessed in peer-reviewed articles.(36) It is important to characterize the dECM end-

product while providing guidelines for matrix characterization.(36) Good Manufacturing 

Practices (GMP) and Good Laboratory Practices (GLP) should be followed during the 

development and biomanufacturing of these materials to ensure research studies are 

correctly conducted and the final product has the desired quality and specifications. 
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2.2.9. Perspectives 

From xenotransplantation of dECM into humans to the preparation of human tissue, 

decellularization has provided a unique way of manipulating and repurposing one of 

nature’s most complex creations, the extracellular matrix. dECM hydrogels have been 

proven to be a valuable tool for numerous biomedical applications. Nonetheless, their 

weak biomechanics, variability, and material sourcing prove to be a challenge. This field 

is quickly evolving and plenty of material formulations and methodologies have been 

developed throughout the past years using these materials. 

As technology moves forward, we envision the development of more sustainable ECM-

containing materials made of recombinant proteins that provide the critical bioactive 

components while removing the less desirable traits that dECM hydrogels derived from 

tissue have such as immunogenicity, pathogens and remaining detergents or nucleic 

acids. For this to happen, significant improvements and scalability on recombinant 

protein production must happen to make their use a cost effective and desirable 

alternative to tissue-derived dECM products. This would enable controlled post-

translational modifications and a decrease in product variability that is highly desired for 

tissue engineering applications and personalized medicine. 

Nevertheless, these futuristic views may only become true in a distant future. For now, 

this review describes the field of dECM hydrogels up to-date. We described the general 

characteristics of dECM hydrogels, the importance of selecting an appropriate source and 

type of dECM, the modifications this material can be subjected to, its compatibility with 

fabrication techniques, and some of its applications. We hope this basic guide serves as a 
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starting point for anyone who may want to take on the challenge of leaping the field of 

dECM-based biomaterials. 

2.2.10. Conclusions 

Overall, there is potential to use dECM hydrogels for personalized and regenerative 

medicine, drug discovery and biological studies. However, limitations such as batch-to-

batch variability, yield, and autologous reactions when implanted should be considered. 

After decellularization and solubilization, the final product has weaker mechanical 

characteristics and does not preserve the architecture of the source tissue. However, these 

materials contain a cocktail of native ECM structural and bioactive components that 

promote cell adhesion, differentiation, and proliferation. They have shown to promote a 

positive inflammatory response after implantation and proposed as a material to better 

mimic the tissue environment in-vitro. There is opportunity for dECM hydrogel 

containing blends to provide bioactive properties while being compatible with commonly 

used fabrication techniques. dECM hydrogels are complicated materials but they have 

given us the opportunity to create biomimetic tissue-like constructs.  
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Preface to Chapter 3 

After reviewing relevant literature for this project, the upcoming chapter includes the 

experiments to complete aims 1 and 2.   

• Aim 1: Develop and characterize an extrudable physiologically-relevant cell-laden 

hydrogel bioink. 

• Aim 2: Fabricate and validate a three-dimensional printed (3DP) monoculture in-

vitro model of HNSCC and evaluate tumor response to chemotherapeutic 

treatment. 

The article covers the decellularization process for my tissue of choice: dECM from 

porcine tongue and its solubilization into a dECM hydrogel. I also incorporate alginate 

and gelatin as rheological modifiers to make the bioink compatible with extrusion 

bioprinting and with relevant mechanical properties, similar to HNSCC tumors found in-

vivo. The dECM hydrogel was thoroughly characterized mechanically and biochemically. 

In this composite, the dECM provides the bioactive element to the blend, the gelatin 

facilitates the fabrication process by stabilizing the ink at room temperature and the 

alginate, which is ionically crosslinked after the models are fabricated, ensures the 

geometric fidelity throughout the several weeks of culture. I quantified the rheological 

characteristics of the material and compared it with pure dECM and HNSCC tumors. 

To prove the material allowed the development of cells I encapsulated HNSCC cells and 

cultured them in standard conditions. Cells were able to attach to the matrix and 

proliferate under standard culturing conditions with high cell viability. 
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I also wanted to ensure that the material permitted variable quantifications with 

functional assays since the main goal of this project is to create a platform for drug 

discovery or disease modeling in-vitro. The models were compatible with cell 

proliferation assays and allowed the dose testing for two chemotherapeutic drugs: 

cisplatin and 5-fluorouracil. 

With the correct decellularization and solubilization process for the tissue, a bioink blend 

that is well characterized, allows cell development, and permits variable quantification 

with commonly used assays I have the tools to continue with my third aim which has the 

objective of creating a heterogenous model. The final model has multiple variables hence 

the importance of taking the time to develop and characterize each of them at a time.  

This article was published in ACS Biomaterials Science & Engineering the 18th of October 

2021. 
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3.1. Abstract 

Reinforced extracellular matrix (ECM)-based hydrogels recapitulate several mechanical 

and biochemical features found in the tumor microenvironment (TME) in-vivo. While 

these gels retain several critical structural and bioactive molecules that promote cell-

matrix interactivity their mechanical properties tend toward the viscous regime limiting 

their ability to retain ordered structural characteristics when considered as architectured 

scaffolds. To overcome this limitation of pure ECM hydrogels we present a composite 

material containing alginate, a seaweed derived polysaccharide, and gelatin, denatured 

collagen, as rheological modifiers which impart mechanical integrity to the biologically 

active dECM. After an optimization process the reinforced gel proposed is mechanically 

stable, bioprintable, and has a stiffness within the expected physiological values. Our 

hydrogel’s elastic modulus has no significant difference when compared to tumors 

induced in preclinical xenograft head and neck squamous cell carcinoma (HNSCC) mouse 

models. The bioprinted cell-laden model is highly reproducible and allows proliferation 

and reorganization of HNSCC cells while maintaining cell viability above 90% for periods 

of nearly three weeks. Cells encapsulated in our bioink produce spheroids of at least 

3000µm2 of cross-sectional area by day 15 of culture and are positive for cyto-keratin in 

immunofluorescence quantification, a common marker of HNSCC model validation in 2D 

and 3D models. We use this in-vitro model system to evaluate the standard-of-care small 

molecule therapeutics used to treat HNSCC clinically and report a 4-fold increase in the 

IC50 of cisplatin and an 80-fold increase for 5-fluorouracil compared to monolayer 

cultures. Our work suggests that fabricating in-vitro models using reinforced dECM 

provides a physiologically relevant system to evaluate malignant neoplastic phenomena 
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in-vitro due to the physical and biological features replicated from the source tissue 

microenvironment.  

Graphical Abstract 

 

Scheme 1. Illustration depicting the development of a bioprinted platform using 

extracellular matrix bioinks for toxicology testing. Porcine tongue tissue is decellularized, 

solubilized, and neutralized to form a hydrogel (dECMT). The dECMT material is subsequently reinforced 

with alginate and gelatin to improve its mechanical properties. Then, the bioink is used to encapsulate 

HNSCC immortalized human cell lines to later bioprint 3D cell-laden structures capable of withstanding 

long-term culture. After development, these structures can be used to perform in-vitro screening of 

chemotherapeutic drugs for HNSCC treatment. 

KEYWORDS. Bioprinting, Decellularized Extracellular Matrix, Tissue Engineering, 

Biofabrication, In-vitro Disease Models, Tumor Microenvironment.  
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3.2. Introduction 

To mechanistically understand cancer biology and advance new therapeutic strategies, 

conventional models such as in-vitro monolayer cell culture systems, and preclinical in-

vivo small animal models are commonly used.1 Even though landmark discoveries have 

been made using these tools, cell culture models and tumor xenografts are either 

deficient, or introduce biological cues, that are not present in native human tumors.2-4 

These models also lack the natural interactivity that occurs between the tumor 

epithelium, tumor-associated stromal cells, and the tumor microenvironment (TME) in 

human tumors.5-6  Primary tumors are known to be heterogeneous. They are comprised 

of a core of cancer cells surrounded by stromal cells, which are in continuous interaction 

with the extracellular matrix (ECM).7 Altogether, cells and ECM form the TME, and they 

orchestrate functions that can promote tumor metastasis and result in poor prognosis.7 

Alternatives to preclinical and monolayer cell culture models such as tissue-engineered 

in-vitro tumor models8 have been introduced; including 3D hydrogel culture systems,6, 9-

10 spheroids,11 organoid cultures,12-13 and organ-on-a-chip8, 12, 14 platforms. Among the 

fabrication tools, extrusion bioprinting offers the potential to create culture systems with 

user-defined settings to control the geometry of the construct, placement of cell types, cell 

density, and scaffold materials or bioinks.15-16 Several bioinks have been developed for 

this technique using synthetic hydrogels, which have excellent mechanical properties and 

have been proven to be reliable, consistent, and with reproducible mechanical 

characteristics.17-18 Nevertheless, these materials often fail to recapitulate the biochemical 

and biomechanical complexity found in native ECM, resulting in the absence of intrinsic 

physiological function and aberrant cell behavior.19 Hence, tissue-derived biomaterials 
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have been used to formulate bioinks with their intrinsic bioactive properties.15 Solubilized 

decellularized ECM (dECM) is a tissue-derived material that has unsuitable stiffness, 

viscosity, yield point, and mechanical properties20 when compared to synthetic 

hydrogels.15 However, it possesses exceptional bioactive and inductive properties,19 

including the promotion of cell proliferation and differentiation,21 as well as cell-ECM,22 

and cell-cell interactions.23 The combination of these properties and interactions can be 

influential in regulating cell and tissue behavior and remodelling;24 thus, the use of tissue-

derived materials provide a more physiologically relevant environment.25 It has been 

reported that tissue-specific ECMs are beneficial for cell expansion and function in 

primary cultures since cultivated cells have shown in-vivo-like phenotypes.26 dECM has 

frequently been proposed as one of the most promising bioprinting and tissue engineering 

materials for its ability to mimic the complex conditions and provide a macromolecular 

microenvironment conducive to growth factors from the native tissue.27 

For instance, a bioprintable dECM hydrogel derived from bovine tendon was used to 

successfully encapsulate NIH 3T3 fibroblasts which showed show lineage-specific 

morphology at the third day of the culture.28 Also, cell-laden dECM has been bioprinted 

by incorporating a polycaprolactone (PCL) scaffold as a secondary structural 

framework.19 PCL scaffolded dECM bioprinting technique has been used to demonstrate 

that dECM isolated from adipose, cartilage, and heart tissues has the potential to be used 

as bioinks in extrusion bioprinting.19 It has also been reported that the incorporation of 

crosslinkers to the dECM hydrogel can improve the mechanical properties, including 

shear stiffness23 and viscosity29. In one study, the composite dECM material consisted of 

a combination of PEG-based additives allowing a 2-step crosslinking process, prior- and 
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post-printing.23 Additionally, a bioink containing methacrylated dECM derived from 

bone after crosslinking allowed osteogenic differentiation of human adipose stem cells.30  

We have previously demonstrated that composite materials constituted of alginate, a 

seaweed-derived polysaccharide, and gelatin, a bovine or porcine-derived denatured 

collagen, can be tuned to recapitulate the mechanical properties of soft tissues31 while 

keeping their biocompatibility and printability.32-33 In the present study, we make use of 

our previous findings to create a mechanically tunable biomaterial that includes alginate, 

gelatin, and dECM in its formulation. We propose this bioink for its bioprintable and 

bioactive properties, and its ability to be mechanically tuned for this or future 

applications. For the dECM source, we chose to use porcine tissue since the porcine 

genome bears more resemblance to the human genome than other animal models such 

as rodents.34 Furthermore, the base and lateral borders of the tongue are the most 

prevalent sites of HNSCC development. Hence, we use the most common primary site for 

intraoral dECM of this tissue to reproduce the HNSCC, the border of the tongue 

environment.35  

Herein, we report a bioink prepared by decellularizing porcine tissue and incorporating 

sodium alginate and gelatin at controlled weight percentages as rheological modifiers to 

reinforce and positively impact the mechanical integrity of the composite material. Each 

of the bioink components was chosen to support the fabrication, and culture of the 

hydrogel constructs. dECM contains structural proteins,36-38 glycosaminoglycans,36-38 

and growth factors37, 39 preserved from the tissue of origin. Gelatin provides mechanical 

stability during the printing process. Our group has previously determined that 

formulations between 5-7% of gelatin result in printable materials that allow construct 
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fabrication while keeping the extrusion pressure and shear low enough resulting in cell 

viabilities of more than 90% in different types of cancer epithelial cells.32-33 Crosslinked 

alginate chains in low concentration maintain sample integrity in long-term cell culture 

conditions. We have previously reported that stiff gel formulations containing 5% (A5Gy), 

or greater, alginate did not allow cellular proliferation and cells remained as single cells 

even after 28 days in culture.32  

We characterize the mechanical and biochemical properties of the composite materials, 

use them to encapsulate human HNSCC cells (UM-SCC-12 and UM-SCC-38) and bioprint 

3D structures that are stable in traditional culture conditions for at least 19 days. We make 

use of rheological measurements to understand the intrinsic mechanical characteristics 

of our bioinks and their behaviour when exposed to temperature changes relevant to the 

bioprinting process and physiological conditions needed for the cells to develop. Utilizing 

extrusion bioprinting as our fabrication tool we control model geometry and cell density 

which enables sample-to-sample biological reproducibility and assay addressable models. 

Our findings indicate that our composite material promotes cell proliferation with high 

viability. It also allows the formation of tumor-like spheroids that display phenotypes 

previously reported in UM-SCC-12 tumors created in xenograft mouse models.40 

Additionally, our drug testing experiments demonstrate the ability to use this platform 

for several applications including but not limited to drug screening and personalized 

medicine. 
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3.3. Materials and methods 

3.3.1. Decellularization and solubilization of tissue 

Tongue decellularization and solubilization of the tissue were inspired by these 

protocols.19, 41 The porcine tongue tissue was obtained from a local market. The tissue was 

cut into pieces of approximately 0.5 cm. Then, it was ground into smaller pieces using a 

food processor until the tissue was homogeneously minced. The agitation of all the 

following solutions was performed at 350 rpm. The tissue was immersed and agitated in 

a solution of 0.1% sodium dodecyl sulfate (SDS) (Bioshop®) and 1% penicillin-

streptomycin (Wisent Bio Products®) in PBS-1X (Wisent Bio Products®) for 4 days. 

During those 4 days, the solution was changed every 24 h. The tissue was then stirred for 

24 h in PBS-1X, and 24h in 1% Triton X-100 (Bioshop®). Then, the tissue was washed 

with PBS-1X for at least 5 days changing the solution daily. After, the tissue was 

transferred to a solution of DNAse (50 U/mL) and RNAse (1 U/mL) (Sigma-Aldrich®) 

and stirred at 37°C for 4 h. The sample was strained and incubated at 4°C in pure acetone 

(Sigma-Aldrich®) overnight. The following day, the ECM was divided into 50 mL 

centrifuge tubes and agitated with pure ice-cold acetone for 10 min to later centrifuge at 

5,000 g for 10 min at 4°C, the supernatant was discarded from the tube. The last two steps 

were repeated five times. After the final centrifugation, the samples were air-dried at 

room temperature. The dECMT was sterilized by stirring it into an aqueous solution of 

0.1% peracetic acid (Sigma-Aldrich®) and 4% ethanol (Sigma-Aldrich®) for 24 h. All the 

following manipulations were performed under a biological safety cabinet to keep the 

dECMT sterile. The peracetic solution was strained and washed with PBS-1X for 24 h, and 

homogenized (Ultra Turrax TP-18 from IKA®) in PBS-1X with an S25KG homogenizing 
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probe. Lastly, the sample was centrifuged at 5,000 g for 10 min and the supernatant 

removed. Samples were frozen at -80°C, lyophilized, and stored at -20°C before using. 

To solubilize the tissue, the Freytes41 method was used with some modifications. For every 

1 g of lyophilized dECM, 250,000 units of pepsin from porcine gastric mucosa (Sigma-

Aldrich®) were added to 100 mL of 0.5 M acetic acid (Sigma-Aldrich®), sterilized using 

a 0.22 µm filter, and stirred with the tissue at 350 rpm until no pieces of dECMT were 

visible (≈96 h). Neutralization was completed while keeping the dECMT on ice and adding 

10 mL of a sterile solution of 0.1 N NaOH (Sigma-Aldrich®) and 11 mL of sterile PBS-10X 

(Wisent Bio Products®) for every gram of lyophilized tissue. The pH was adjusted to 7.4 

using concentrated NaOH. Keeping the solubilized dECMT at 4°C, it was filtered through 

a 100 µm cell sieve centrifuging the sample at 5,000 g for 5 min at 4°C. The solubilized 

dECMT was stored at -20°C. 

3.3.2. Total protein quantification 

To quantify total protein content, a Bradford Assay (Biorad®) was performed following 

the protocol provided by the manufacturer using bovine serum albumin (BSA) for the 

control curve. Briefly, one part of the concentrated dye reagent was diluted with four parts 

of distilled deionized water and filtered through a Whatman #1 filter. BSA standards were 

prepared from 0-300 µg/mL. Ten µL of the standards dilutions and dECMT were added 

to a 96-microtiter plate. Then, 100 µL of the diluted Bradford reagent was added using a 

multichannel pipette and incubated at room temperature for 10 min. Absorbance was 

measured at 595 nm using a Nanodrop® 2000 (Thermo Fisher Scientific®).  
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3.3.3. Sulfated glycosaminoglycan (sGAG) quantification 

Dimethyl methylene blue (DMMB) assay was used to quantify the sGAG present in the 

sample. Prior to quantification, we extracted the sGAG of the dECM using papain 

digestion. To prepare the DMMB reagent, we used 16 mg of DMMB in 1 L of water 

containing 1.6 g of NaCl (Alfa Aesar®), 3.04 g of glycine (Sigma-Aldrich®), and 95 mL of 

0.1 M acetic acid (Sigma-Aldrich®). We used bovine chondroitin 4-sulfate (Sigma-

Aldrich®) to prepare a standard curve from 0-10 µg/mL. In a 96-well plate, we added 20 

μL of standard or sample to each well and 200 μL of the DMMB reagent to later measure 

the absorbance at 525 nm.  

3.3.4. Liquid chromatography-tandem mass spectrometry (LC/MS/MS) 

LC/MS/MS was used to determine the different proteins present in the dECMT. One µL 

of dECMT was diluted with 50 mM ammonium bicarbonate into a final volume of 10 µL. 

Then 1 µL of proteomics grade Trypsin (Promega®) was added to a concentration of 12 

ng/µL. One µL of this digest was injected onto a C18 trapping column (Acclaim PepMap 

100, Thermo Scientific®) and subjected to reverse-phase LC-MS-MS, using a nanoflow 

Easy-nLC 1000 UHPLC and a Q-Exactive HF Orbitrap mass spectrometer (Thermo 

Scientific®): LC: Digested peptides were resolved on a 25 cm nano-Reverse Phase C18 

UHPLC analytical column (Acclaim PepMap RSLC, Thermo Scientific®), running a 

water/acetonitrile (ACN) gradient from 3-20% ACN during the initial 20 min and a 

subsequent 20-35% ACN solvent during the next 10 min (30 min in total) at a flow rate of 

350 nL/ min. MS: Eluting peptides were recorded by the Orbitrap mass spectrometer at 

a resolution of 120,000 (FWHM) and at a trap ion load of 3x106. The top 25 most 

abundant ions at any given time point were subjected to isolation (isolation width: 2 m/z) 
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and HCD fragmentation. MS/MS spectra were recorded at a resolution of 15,000. Data 

analysis: Acquired spectra (MS and MS/MS) were extracted with Mascot Distiller (Matrix 

Sciences Ltd.®) and searched against a relevant proteome database (Sus scrofa (Pig) - 

UniProt) using the ‘Mascot’ proteomics search engine (Matrix Sciences Ltd.®). The 

searches were performed with the following settings: MS mass tolerance: 5 ppm. MS/MS 

mass tolerance: 50 mDa. Digestion enzyme: Trypsin. Missed cleavages: 2 Variable 

modifications: Methionine (oxidized). Mascot search results were validated using the 

software analyses platform ‘Scaffold’ (Proteome Software Inc.®), and identified proteins 

were visualized as total redundant spectral counts.  

3.3.5. Composite bioink preparation 

To prepare the AxG5dECMT composites we prepared a 9% (w/v) solution of sodium 

alginate (Protanal LF 10/60 FT, FMC biopolymer®) in DPBS-1X (Wisent Bio 

Products®). This solution was mixed with the neutralized dECMT to obtain the desired 

concentration of alginate (1% or 1.5%) and stirred overnight at room temperature at 350 

rpm. The next day we prepared a 5% (w/v) solution of type B gelatin from bovine skin 

(Sigma®) in the alginate-dECMT material and stirred it at 37°C until the gelatin was fully 

dissolved.  

The alginate crosslinking solution was prepared by dissolving calcium chloride in sterile 

ultrapure water at a final concentration of 100 mM.  

3.3.6. Rheology 

To characterize the mechanical properties of dECMT and the reinforced bioink, an 

oscillation rheometer MCR 302 (Anton Paar®) was utilized with a ø25 mm conical plate 

(Part No. 79038). Mineral oil was used to cover the edge of the plate to avoid evaporation. 
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To determine the linear viscoelastic region (LVR) of the pure dECMT and the composite 

bioink, we performed amplitude sweep tests with a shear strain (γ) from 0.01% to 1000% 

at a frequency of 0.1 Hz and a temperature of 24°C for A1.5G5, AxG5dECMT and 37°C for 

pure dECMT. We also conducted a flow curve test with a logarithmic ramp at a variable 

shear rate from 0.001 s-1 to 1000 s-1 and a temperature of 24°C. The following experiments 

were set at a 0.1% strain, which is 1/10 of the ultimate linear strain obtained in the 

amplitude sweeps. This strain ensures the material’s response is within its linear elastic 

regime. To determine the change of mechanical characteristics with changing 

temperature, we simulated our bioprinting protocol conditions in a gelation kinetics test. 

The A1.5G5 and AxG5dECMT samples were incubated at 37°C for 60 min; then, the 

temperature was changed to 24°C and incubated for 90 min. The dECMT sample was 

incubated at 4°C for 60 min and at 37°C for 90 min. For the gelation tests, a strain of 1 Hz 

was applied. The exponential model used to fit the gelation kinetics is: Y=Y0+(Plateau-

Y0)*(1-e(-K*x) ) 

3.3.7. In-vivo tumor formation 

The animal experiments were approved by the University Animal Care Committee at 

McGill University (Protocol #5330, www.animalcare.mcgill.ca). The protocol was 

previously reported by Elkashty et.al.40 Briefly, NU/NU Nude (Crl:NU-Foxn1nu) mice 

(Charles River®). Mice were anesthetized with isoflurane (Isoba VetTM, Schering 

Plough®) (4% induction and 2% maintenance). Six to ten-week-old male mice were 

injected with unsorted UM-SCC-12 cells suspended in 30 μl of normal saline, into the side 

of the tongue, using a 1-ml tuberculin syringe with a 30-gauge hypodermic needle. The 

mice were examined for tumor formation on the tongue each week, measured 
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bidirectionally using a caliber under gas anesthesia. Animals were sacrificed after 32 days, 

and tumors were isolated and stored at -20°C until ready to use for nanoindentation. For 

histological analysis, tissue was fixed in 10 % neutral buffered formalin and embedded in 

paraffin.  

 

3.3.8. Nanoindentation 

An atomic force microscope (JPK® NanoWizard@3) was used to conduct 

nanoindentation tests to measure the Young’s modulus of the structure surface. Samples 

were cut into 200 µm slices with a cryotome (Leica®) and fixed onto a Petri dish with a 

biocompatible green glue (JPK®) before being immersed in PBS. Silicon cantilevers with 

25 µm diameter spherical beads attached as probes were used (Novascan®). Cantilevers 

with a nominal spring constant of 0.35 and 0.6 N/m were used for testing the samples. 

The spring constants of the cantilevers were determined with a thermal noise method 

before the experiments. Indentations were conducted on at least 15 different locations for 

each sample. All the calibrations and measurements were performed while samples were 

immersed in PBS. The Hertzian contact model was used to calculate the Young’s moduli. 

3.3.9. Bioprinting and culturing of 3D structures 

For all cell viability assays, two immortalized human squamous cell carcinoma cell lines 

were used: UM-SCC-12,42-44 a moderately differentiated carcinoma derived from the 

larynx of a male patient and UM-SCC-38,43-44 a moderately differentiated carcinoma 

derived from the tonsillar pillar of a male patient. Both cell lines were purchased from the 

University of Michigan. Short Tandem Repeat (STR) analysis was performed in both cell 

lines (Table S4). 
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To grow cells in 2D prior 3D culture, cells were cultured with DMEM supplemented 

with 10% Fetal Bovine Serum and 1% penicillin-streptomycin in T-flasks with traditional 

incubation parameters (5% CO2, 95% humidity, 37°C). To passage the cells, trypsin-EDTA 

was used to disrupt cell attachments. All cell culture reagents were purchased from 

Wisent Bio Products®. 

Before printing, we placed the desired AxG5dECMT bioink in a 37°C water bath for 30 

min to liquify the gelatin component of the material. We cultured the cells in 2D until 

80% confluence, trypsinized, counted, and resuspended in media, accounting for less 

than 1% of the total volume when encapsulated in the bioink. To embed the cells in the 

bioink, we removed the bioink from the water bath, loaded it into a cartridge, and 

incorporated the cells by mechanically mixing them at a concentration of 1 million 

cells/mL. We centrifuged the cartridge at 200 g for 2 min to remove any bubbles and 

incubated the cartridge for 15 min at room temperature to ensure proper gelation before 

bioprinting. 

The bioprinting of AxG5dECMT was performed using a Bioscaffolder 3.1 (GeSiM®).  We 

used a 3-cc cartridge with a 22 G conical tip (Nordson®) to fabricate a disc with a 5 mm 

diameter and 500 µm height. Pressure requirements for extrusion varied between 45±10 

kPa depending on the time of extrusion, temperature parameters were set at room 

temperature (24°C), and the printing speed to 10±2 mm/s.  

Later, samples were crosslinked using an aqueous solution of calcium chloride (100 

mM) for 3 min. Samples were rinsed twice with PBS-1X, placed onto agarose-coated 

dishes, and developed in a tissue culture incubator. Cell media was replaced every 3 days. 

Agarose-coated plates were replaced weekly.  
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3.3.10. Histology and immunofluorescence 

We performed histological analysis using Hematoxylin and Eosin (H&E) staining to 

observe cell morphology, and cell arrangement present within the discs. The same 

samples used for confocal microscopy were fixed with ice-cold 4% paraformaldehyde 

overnight and followed by 10 min serial immersions in 20%, 50%, and 70% ethanol. 

Samples were later subjected to 1-hour serial immersions in ethanol at 70%, 95%, and 

100% to ensure full dehydration of the samples. Washes using absolute ethanol were 

repeated three times, followed by another three 1 h washes in neat xylene. Finally, samples 

were immersed in two wax baths of paraffin (1 h per bath). Five mm sectioning and H&E 

staining (Leica® ST Infinity H&E Stain) was performed using the Leica® TS5025 

specimen stainer. Light microscopy images of these samples were acquired for 

pathological analysis by an oral pathologist. For these tests, one disc per cell line per day 

was sliced four times with a thickness of 5 µm and a step size of 20 µm between each slice. 

For immunofluorescent staining, 5 μm thick sections were cut on coated slides from 

formalin-fixed paraffin-embedded tissue sample blocks. Slides were dewaxed with 

CitriSolv and rehydrated through serial immersions in graded alcohol solutions. For 

antigen retrieval, slides were immersed in a 10% citrate buffer and treated in a water bath 

at 98°C for 15 min. The slides were then blocked with Power Block Universal Blocking 

Reagent (Biogenex) for 10 min, followed by 5% goat and donkey serum for 1 h to inhibit 

any potential nonspecific binding. The slides were reacted with polyclonal anti-wide 

spectrum cytokeratin antibody (AB9377) overnight at 4°C in a humid chamber. After 

three washes in PBS, slides were incubated with secondary antibodies (1:100) in the dark 

for 1 h at room temperature. We used Rhodamine Red™-X (RRX) (Jackson 
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ImmunoReserach). Finally, 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI, 

Invitrogen) was added for 3 min to label cell nuclei.  

3.3.11. Mold casted 3D cultures 

For the pure dECMT 3D cultures, cells were cultured in 2D until 80% confluence, 

trypsinized, and counted. Cells were centrifuged, resuspended in media, accounting for 

less than 1% of the total volume when encapsulated in the dECMT. Cells were embedded 

at a concentration of 1 million cells/mL while keeping the dECMT between 4°C-10°C. 200 

µL of cell-laden dECMT was added to a 48-well plate and placed in the incubator to allow 

dECMT gelation for at least 1 h. Culture media was added on top of the dECMT after 

gelation. Discs were transferred to an agarose-coated dish for long-term culture after 24 

h. 

3.3.12. Cell viability assay 

3D cultured cell-laden dECMT were incubated in a triple staining solution of Calcein-AM 

(Invitrogen®)/ Ethidium Homodimer-I (Invitrogen®)/ Hoechst 33342 (TOCRIS 

Bioscience®) to stain live, dead cells, and DNA respectively. To prepare the staining 

solution for 1 mL of DPBS-1X, 0.5 µL of Calcein-AM (4 mM), 2 µL of Ethidium 

Homodimer-I (2 mM), and 2.3 µL of Hoechst 33342 (18 mM) were added. The tube was 

vortexed, and dECMT discs were incubated in the solution at 37°C for 30 min covered 

from light. Before confocal imaging, discs were washed from the staining solution using 

PBS-1X. Images were acquired using a Nikon A1+ confocal microscope capturing the Z-

stack (5 µM step size) of the entire bioprinted disc. Growth rates and cell viability were 

quantified over time in ImageJ®45 software using 4 discs per timepoint (n=4). 

3.3.13. Dose testing 
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We conducted drug response curves to calculate the half-maximal inhibitory 

concentration (IC50) of cisplatin and 5-fluorouracil (independently) in UM-SCC-12 and -

38 when cultured in 2D and 3D environments. Cisplatin (Cayman Chemical®) was 

dissolved to the desired concentration in a 0.9% NaCl solution (Sigma-Aldrich®). 5-

fluorouracil was dissolved in dimethyl sulfoxide (Sigma-Aldrich®). Further dilutions 

were done using DMEM. For the 2D cultures, we seeded 5,000 cells/well in a 96-well 

plate and performed serum starvation overnight. The next day, cells were treated for 7 

days with different doses of cisplatin or 5-fluorouracil. We washed the cells with PBS-and 

performed the WST-1 Cell Proliferation Reagent (Roche®) according to the 

manufacturer’s directions. Absorbance was read after a 2 h incubation time.  

For the 3D bioprinted cultures, we cultured the samples for 7 days in an agarose-coated 

96-well plate. As the 2D experiment, cells were serum-starved for 24 h before treatment. 

3D cultures were exposed 7 days to different concentrations of cisplatin or 5-fluoruracil. 

Then, we performed the WST-1 proliferation assay by adding the following reagents to 

each well: 50 µL of trisodium citrate in ultrapure water (55 µM) to decrosslink the alginate 

in the bioink, 50 µL of DMEM and 10 µL of WST-1 reagent. The absorbance was measured 

at 450 nm after 2 h incubation time protected from light.  

3.3.14. Statistical analysis 

Data are presented as the mean ± standard deviation (SD). Data analysis was conducted 

using GraphPad Prism 7 software (Graphpad Software®). Image analysis was performed 

using ImageJ®.45 For the growth rates, geometric means were presented due to data 

skewness. The logistic model was used to fit the growth rates data. One-way analysis of 

variance (ANOVA) was applied to the drug testing data followed by post hoc Tukey’s test 
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to determine differences in the dose-response between 2D and 3D environments. 

Statistical significance of data was calculated at 99% (P< 0.01) confidence intervals.  

3.4. Results 

3.4.1. Decellularization and solubilization of tissue 

To develop a bioink with tissue-derived constituents, ECM was extracted from porcine 

tongue, and proteins were solubilized to create a tissue-derived hydrogel (Figure 1. a-b). 

We chose to use porcine tongue since the porcine genome bears more resemblance to the 

human genome than other animal models such as rodents34 and the base of the tongue 

the base and lateral borders of the tongue are the most prevalent sites of cancer 

development.35 The tongues composition consists primarily of skeletal muscle,46 which 

provides sufficient concentration of structural ECM proteins. The decellularized tissue 

results in a soft material that while retaining the relevant physiological and biochemical 

components required for tissue function, still requires reinforcement to be optimally used 

in extrusion bioprinting techniques. 

To decellularize the ECM, we performed a series of washes with nucleases, and 

mechanical mixing to remove residual cellular components present in the tissue. The 

tissue was later sterilized, lyophilized, solubilized, and neutralized to a pH of 7.2. For 

every 100 g of wet tissue, a yield of 4±0.4 g of ECM was obtained after the 

decellularization process. Mass spectrometry was used to characterize the biochemical 

composition of the decellularized ECM from porcine tongue (dECMT). Measured ECM 

proteins are presented as a percentage of spectral counts (Table 1, Table S1). The ECM 

proteins found include different types of collagens, laminin, and glycosaminoglycans. 

Collagens are the most abundant structural protein in dECMT, accounting for more than 
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90% of the total ECM protein occurrences in the LC-MS-MS assay. Collagens, which are 

insoluble at physiological pH,47 were solubilized using enzyme digestion and neutralized. 

Before use, the dECMT was brought to a concentration of 180±80 µg/mL of total protein 

content to use in bioink preparation, which resulted in a sulfated glycosaminoglycan 

content of 0.28 µg/mL. 

The solubilized dECMT is a hydrogel with thermally dependent mechanical properties, 

mainly attributed to the presence of collagen. A vial inversion test revealed that the 

dECMT flows at 4°C and 24°C immediately after the vials were inverted. However, at 

37°C, the material is substantially gelled and does not flow under inversion (Figure 1. c). 

A rheological characterization of dECMTs shows shear-thinning behavior corroborated 

by the negative slope of the flow curve (Figure 2. b). 

The amplitude sweep (Figure 2. c) reveals that the dECMT yield point at 37°C is 14.8 Pa. 

The gelation kinetics analysis (Figure 2. e) indicates that dECMT behaves as a soft gel at 

4°C that reaches its maximum storage modulus at 37°C (10.03±1.34 Pa) and a tan(δ)= 

0.2. Previous work done by Pati et al. (2014), has characterized decellularized heart, 

cartilage, and adipose tissue gels.19 Their rheological analysis shows a similar shear-

thinning behavior and an increase in moduli when the dECM was kept at 37°C.19 

The fabrication of 3D printed structures using only dECMT is challenging due to its 

mechanical properties. Similar to collagen, dECM is characterized with low stiffness 

values and long crosslinking times, which make the fabrication of structures difficult to 

achieve.48 These characteristics hamper the use of pure dECMT for extrusion bioprinting. 

Hence, the incorporation of rheological modifiers was considered. 
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Figure 1. Decellularization and solubilization of tissue. a.-b. Representative images of the 

decellularization process a. Tissue immersed in a solution of 0.1% sodium dodecyl sulfate. b. Tongue tissue 

after the decellularization process. Inversion tests after incubation at different temperatures for 24h: c. 

dECMT, and d. A1.5G5dECMT after solubilization and neutralization. 

Table 3. Liquid chromatography-mass spectrometry results of extracellular matrix proteins 

present in the dECMT. Shown in descending order according to the peptide occurrences. The percentage 

of spectral counts from the total ECM proteins found in the dECMT is presented. Additional information 

available in Table S1. 

 

3.4.2. AxG5dECMT formulation and characterization  

The solubilized dECMT was used to prepare a composite bioink containing gelatin and 

alginate as rheological modifiers. In this study, we will refer to the composite bioink using 
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the following format: AxGydECMT, where “x” corresponds to the w/v percentage of 

alginate, “y” corresponds to the w/v percentage of gelatin, and the dECMT is used in a 

concentration of 180±80 µg/mL of total protein content.  

We previously characterized alginate-gelatin bioinks32 and had determined that softer 

gels (A1G5, A1G7, A1G9) allow the proliferation and spheroid formation of immortalized 

breast cancer cells (MDA-MB-231). Sample handling with softer gel formulations can be 

challenging, resulting in potential sample breakage, deformation, and difficulties 

reproducibly performing experimental protocols that require relocation or shearing 

forces such as histology. Additionally, we performed another study with a consisting of 

controlled fractions of alginate, gelatin and Matrigel that supported the growth and 

development of patient-derived epithelial cancer cells. The bioink used for this set of 

experiments was A1G7 and a 5% concentration of Matrigel.33  

With all the knowledge previously stated, we opted for A1G5dECMT as our starting point 

during the bioink development process. We later increased the alginate concentration 

0.5% to give the bioink more stability (A1.5G5dECMT). Both formulations are bioprintable, 

compatible with cell culture and with a Young’s moduli comparable to tumors induced in 

xenograft mouse models40, but we used A1.5G5dECMT as the proposed bioink for our 

model. Results of A1.5G5dECMT samples are presented here. The data obtained for 

A1G5dECMT can be found in the supporting information. 

For A1.5G5dECMT, the dECMT total protein content is 160µg/mL. The inversion tests 

show opposing gelation behavior of the bioink in comparison to pure dECMT. 

A1.5G5dECMT does not collapse at 24°C yet flows at 37°C (Figure 1. d). These results show 
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the predominance of gelatin’s mechanical properties over those of the dECMT, which 

ensures bioink stability at room temperature during the extrusion printing process. 

A1.5G5dECMT showed a shear-thinning behavior and temperature sensitivity in the 

rheological tests (Figure 2. b, d). Shear-thinning is essential for materials used in 

extrusion bioprinting.49 The results of the amplitude sweep test show that the apparent 

yield stress of A1.5G5dECMT is 18 Pa higher than that of pure dECMT. Additionally, the 

A1.5G5dECMT composite storage modulus is over 50 times larger, and its loss modulus 20 

times higher than those of pure dECMT, revealing a stiffer and more solid-like composite 

material. A table with exact values for G’, G” and yield point is presented in (Table S2). 

The settings for the gelation kinetics (Figure 2. d-e) were chosen to mimic the 

temperature conditions that the bioink would experience during the bioprinting process. 

Due to the difference in gelation properties of these materials, dECMT would ideally be 

printed at 37°C and A1.5G5dECMT at room temperature (24°C). Hence, the difference in 

testing conditions between the two gelation tests. 

In Figure 2. e, the storage modulus of pure dECMT reaches a maximum value at 37°C 

(10.03±1.34 Pa), which decreases by 2.57±0.22 Pa when the temperature is reduced to 

4°C.  

In contrast, A1.5G5dECMT’s storage modulus is 7.77±0.17Pa at 37°C and increases to 

172.7±7.38 Pa when the temperature is decreased to 24°C.  After the immediate change 

in temperature from 37°C to 24°C, the storage and loss moduli increase to reach a plateau 

within 30 min. Subsequently, the increase in moduli remains less than 2 Pa/min. In 

Figure 2. d, the moduli of A1.5G5dECMT were observed to decay exponentially with time 
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constants of τ=28.96±0.09 min and 26.28±0.90 min for G’ and G”, respectively. 

A1.5G5dECMT is viscoelastic, with a predominant solid-like behavior since G’ remains over 

G” through the range of temperatures tested. During bioink development, experiments 

with A1G5dECMT and A1.5G5 rheological tests were also performed (Figure S1-S2, Table 

S2).   

Experimentally, we found that it is possible to embed cells in A1.5G5dECMT within the 

first 10 min of the material being exposed to room temperature (24°C). The bioink is ready 

for the bioprinting process after 30 min of incubation at room temperature. Later, the 3D 

structures can be stabilized for long term culture by ionically crosslinking the alginate 

with calcium ions. 

The Young’s modulus of ionically crosslinked AxG5dECMT was measured using 

nanoindentation (Figure 2.a, Figure S1). The results were compared with a xenograft 

tumor formed by injecting human UM-SCC-12 cells into the tongue of an 

immunocompromised mouse and the surrounding healthy muscle tissue.40 This 

measurement allowed us to tune our bioink to have a comparable Young’s modulus to the 

tumor induced in a xenograft mouse model.40 We did not find a significant difference 

between the Young’s modulus of both AxG5dECMT formulations when compared to the 

mouse tumor. However, there was a significant difference (p<0.01), in that of the 

surrounding healthy muscle tissue (Figure 2. a). We consider A1.5G5dECMT to be the best 

candidate out of both AxG5dECMT bioinks because it is bioprintable, it holds its shape 

after construct fabrication, sample handling is achieved successfully, its Young’s modulus 

is comparable to the xenograft tumor, and it can form consistent lattices and structures 

of at least 5 mm height without collapsing (Figure 3. a-b). 
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Figure 2. Mechanical characterization of dECMT and A1.5G5dECMT. a. Nanoindentation test of 

ionically crosslinked A1.5G5dECMT compared with a tumor formed in a mouse tongue after UM-SCC-12 

implantation. Surrounding tongue muscle non-tumor tissue is also presented for comparison (n=15, 

p<0.0001). b.-e. Rheological characterization of the dECMT and the reinforced A1.5G5dECMT bioink (n=3). 

b. Flow curve performed at 24°C of dECMT and A1.5G5dECMT . c. Amplitude sweep presenting the storage 

(G’) and loss (G”) modulus. Gelation kinetics: simulation of temperature conditions needed for 3D printing 

of d. A1.5G5dECMT. and e. dECMT. Mechanical characterization of A1G5dECMT and A1.5G5 is presented in 

the supplementary information (Figure S1-S2).   

3.4.3. 3D printing of cell-laden structures with AxG5dECMT  

UM-SCC-12 and UM-SCC-38 cells independently encapsulated in A1.5G5dECMT or 

A1.5G5dECMT were bioprinted into disc models with 5 mm in diameter and a thickness of 

500 μm. We were able to bioprint up to 50 discs per hour. Post-printing, the alginate 

component was ionically crosslinked using calcium chloride, and the models were 

successfully cultured for up to 19 days using standard cell culture conditions. Sample 

handling difficulties occurred when manipulating A1G5dECMT after crosslinking, but 
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crosslinked A1.5G5dECMT resulted in a material that was stable enough for us to handle 

without breaking the samples. (Figure 3.) 

 

Figure 3. Extrusion printing using A1.5G5dECMT bioink with a 22G conical tip. a.-c. Examples 

of 3D printed structures. c. A1.5G5dECMT discs after being ionically crosslinked with CaCl2. Scale bar: 2mm. 

3.4.4. Cell viability tests and immunofluorescence 

A live-dead analysis of the bioprinted structures was conducted using confocal 

microscopy. Data shows that both AxG5dECMT formulations allow cell proliferation and 

development without compromising cell viability (Figures 4, 5, S3-S5). In A1.5G5dECMT 

Tumor spheroids start to occur by day 11 for UM-SCC-12 (Figure 4. a, Figure S4) and by 

day 8 for UM-SCC-38 (Figure 4. b, Figure S4).  The growth of the spheroids formed within 

A1.5G5dECMT models was measured over time using confocal microscopy (Figure S4, S5). 

For 19 days, the viability of the cultures remained above 95% in both bioinks for both cell 

lines tested (Figure 5. a). Analysis of growth rates shows an increasing trend in spheroid 

size for both UM-SCC-12 and UM-SCC-38 cell lines (Figure 5. b). Both UM-SCC-12 and 

UM-SCC-38 growth rates fit a logistic growth model with an R2=0.99 and reaching a 
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plateau in the area at 3339 μm2 and 4238 μm2, respectively. The spheroidal morphology 

within the A1.5G5dECMT models differs from that of structures observed when these cells 

are cultured in pure dECMT (Figure S4). Cells cultured in pure dECMT exhibit a planar 

arrangement in contrast to the spheroid development shown in our reinforced bioink. We 

also cultured the cells in A1.5G5 and A1G5dECMT. Cells encapsulated in A1.5G5 dropped 

their viability over time reaching less than 20% by day 19 for both cell lines (Figures S7-

S9, Table S3). For cells encapsulated in A1G5dECMT, spheroid formation and cell viability 

were observed, but we decided to use A1.5G5dECMT for future experiments to avoid 

sample handling issues and sample breakage (Figure S3). 

Histological evaluation of the UM-SCC-12 and UM-SCC-38 spheroids using H&E staining 

showed cellular distribution comparable to cell nests seen in xenograft transplantation of 

human HNSCC cell lines.40 Squamous cells form a stratified peripheral layer (Figure 5. 

left column). Immunofluorescence staining with pan-cytokeratin showed similar keratin 

expression in the bioprinted spheroid models (Figure 5. right column) and the xenograft 

mouse model previously reported.40 
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Figure 4. Confocal microscopy of bioprinted HNSCC cells encapsulated in A1.5G5dECMT. a. 

UM-SCC-12, and b. UM-SCC-38 over time in A1.5G5dECMT. Live-dead stains: Calcein-AM: live (green), 

Ethidium Homodimer-I: dead (red), and Hoechst 33342: DNA (blue).  Scale bar: 100μm 

 

Figure 5. Quantitative analysis of live-dead assay and histological data of 3D printed HNSCC 

cells encapsulated in A1.5G5dECMT. a. Cell viability over time (n=4 p<0.0001). The difference in 

viability within the same cell line over time did not exhibit statistical significance. Additional data in Table 

S3.  b. Growth rate of spheroids area over time (n=500, R2 =0.99). c-d. Hematoxylin and eosin stain in the 

left column and immunofluorescence stain of polyclonal keratin (red) and DAPI (blue) in the right column. 

c. UM-SCC-12, and d. UM-SCC-38 cells encapsulated in the bioink blend and bioprinted at 19 days of 

culture. Scale bar: 100μm 

3.4.5. Drug testing assays and microscopy of treated samples 

The half-maximal inhibitory concentrations (IC50) of cisplatin and 5-fluorouracil for 

both HNSCC cells were computed using monolayer cultures and the 3D bioprinted culture 

formats (Figure 6. a-d). 

After 7 days of treatment with cisplatin, the IC50 values obtained for UM-SCC-12 and 

UM-SCC-38 monolayers were 2.38±0.43 µM and 1.18±1.36 µM, respectively (Figure 6. a, 

b). These concentrations were considered as a baseline and control for subsequent 3D 

experiments. Cell-laden A1.5G5dECMT gels were developed for 7 days and followed by a 7-
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day incubation period with cisplatin.  The IC50 values for these samples were 10.89±2.66 

µM for UM-SCC-12, and 7.6±0.19 µM for UM-SCC-38. When comparing 2D and 3D 

cisplatin IC50 values, we observe a 4.6-fold increase for UM-SCC-12 and a 6.4-fold 

increase for UM-SCC-38. For both cell lines, there we observe a significant difference in 

the cisplatin IC50 values between the 2D environment and the 3D printed samples 

(p<0.01).  

Drug testing with 5-fluoruracil was performed under the same time conditions as 

cisplatin experiments. The IC50 values obtained for UM-SCC-12 and UM-SCC-38 

monolayers were 1.38±0.18 µM and 0.09±0.02 µM, respectively (Figure 6. c, d). The IC50 

values for the cell-laden bioprinted samples were 111.10±20.08 µM for UM-SCC-12, and 

121.40±16.63 µM for UM-SCC-38. With 5-fluorouracil, we also found a significant 

difference in response between the 2D environment, and the 3D printed samples 

(p<0.01). When comparing 2D and 3D 5-fluorouracil  IC50 values, we observe more than 

an 80-fold increase for UM-SCC-12 and a 1,340 -fold increase for UM-SCC-38. 

Morphology of the cancer spheroids in 3D cultures was observed following 

chemotherapy treatment. Cells were treated with either a lethal concentration, the IC50 

value established for the 3D model, or without the drug as control, and monitored using 

confocal microscopy. Figure 6. f-g shows the maximum intensity projection image of 

spheroids for each dosage. The microscopy images confirm the data in Figure 6. a-e. Most 

of the cell population was affected upon exposure to the maximum dose. 3D cultures of 

UM-SCC-12 and -38 exposed to the maximum concentration of cisplatin present a cell 

viability lower than 5%. 5-flurouracil maximum exposure resulted in less than 15% 

viability for both cell lines. Spheroid disruption is observed when the IC50 dose was 
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applied. Untreated positive control models show no signs of nuclei disturbance and high 

cell viability. The qualitative data follows the behavior observed in the drug response 

curves (Figure 6. a-e). 

 

Figure 6. Drug response curves of HNSCC cells exposed to cisplatin and 5-fluorouracil in 2D 

and 3D environments. a.-d. 2D and 3D dose response curves of HNSCC cells following exposure to 

cisplatin (a.-b.), and 5-fluorouracil (c.-d.) over a 7-day treatment course (n=3, p<0.01). a.,c. UM-SCC-38, 

b.,d. UM-SCC-12. All 3D cultures correspond to the A1.5G5dECMT cell-laden bioprinted structures. e. IC50 

values for reported from data presented in plots a.-d. f.,g. Maximum intensity projection of bioprinted 14-

day old spheroids following to a 7-day exposure to varying drug doses (0, IC50, 10 mM) stained with Calcein-

AM: live (green), Ethidium Homodimer-I: dead (red) and Hoechst 33342: DNA (blue). Scale bar: 100μm 

3.5. Discussion 

Three-dimensional (3D) models have gained interest in the scientific community for their 

capacity to mimic cell-cell and cell-matrix interactions. Moving away from 2D models to 
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engineered 3D cancer systems can give further insights on druggable targets, opening 

avenues for translational research. A challenge for such applications is the selection of a 

matrix that can promote biomolecular interactions between both the cells and simulated 

ECM. Naturally derived dECM materials have been proven useful as they provide the 

required biochemical and biophysical characteristics for tissue development.27 Aberrant 

cell behavior can occur when utilizing inappropriate 3D environments for cell and tissue 

culture.50 Multiple studies have shown the advantages of using tissue-derived dECM in 

biomedical applications.19, 51 To the best of our knowledge, there have been no studies 

exploring the use of a 3D printable material blend containing dECMT for head and neck 

cancer capable of simulating in-vivo mechanical and biochemical features. 

In this study, we proposed the use of porcine tissue since the porcine genome bears more 

resemblance to the human genome than other animal models such as rodents.34 

Furthermore, the base and lateral borders of the tongue are the most prevalent sites of 

cancer development. Hence, we use the most common primary site for intraoral dECM of 

this tissue to reproduce the HNSCC, the border of the tongue environment.35 Our 

decellularization process yields a collagen-rich soft gel with temperature-dependent 

mechanical properties. Reinforcing dECMT gels allows us to use extrusion bioprinting to 

create 3D environments. As revealed by our rheological studies, the dECMT itself is a 

weak gel that, once reinforced, has a 50-fold increase in storage modulus (650.5Pa).  

The mechanically enhanced dECMT maintained its intrinsic shear-thinning behavior, a 

characteristic that is beneficial for extrudable bioinks to avoid excessive shear on cell 

membranes.49 Material nanoindentation revealed that our dECMT blend possesses a 

Young’s modulus comparable to a human HNSCC xenograft in an immunocompromised 
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mouse. It has been previously shown that matrix stiffness plays a role in regulating cell 

behavior, and it is a crucial aspect of tumorigenic progression.52 Thus, encapsulating the 

cells within a matrix which does not resemble the mechanics of the tumor in-vivo can lead 

to ambiguous conclusions. In this study, we show that after testing different alginate-

gelatin-dECMT formulations, A1.5G5dECMT is an adequate bioprintable material for 

encapsulating HNSCC cells for its printability, capacity to sustain cell proliferation, 

spheroid formation, and its resemblance to the Young’s modulus obtained from a 

xenograft-derived HNSCC tumor. 

Additionally, our bioprinted cell-laden environments allowed squamous cell carcinoma 

cells (UM-SCC-12 and -38) to develop into tumor spheroids over 19 days while 

maintaining high cell viability and supporting proliferation. Spheroid formation did not 

happen when cells were cultured in either dECMT or A1.5G5. We attribute the difference 

in cellular morphology between the A1.5G5dECMT and pure dECMT cultures to the 

enhanced mechanics of the alginate-gelatin based ink. For the A1.5G5 cultures, the absence 

of spheroid formation may be attributed to the lack of bioactive molecules and binding 

sites when compared to A1.5G5dECMT. Mechanical characteristics of the matrix have been 

shown to determine cell differentiation53 and tumor progression.52 Moreover, native 

dECM has exhibited degradation in-vitro, producing molecules that promote chemotactic 

and mitogenic processes.54 In our growth rates curves, both cell lines show a behavior that 

fits the logistic growth model suggesting that availability of space may be a limited after 

day 11, where the curve starts leveling to reach a plateau. Reducing cell density or printing 

models with greater volumetric space for spheroids to expand may mitigate the crowding 

and subsequent retardation of spheroid proliferation. It has been previously reported that 
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cells drive epigenetic alterations that change the characteristics of their environment over 

time by crosslinking or degrading proteins, especially during disease progression.55-56 

These changes may lead to a difference in mechanical properties of our bioprinted models 

over time which should be furtherly explored. However, challenges arise when searching 

for a non-invasive method that can quantify the modulus of the samples over time while 

maintaining sterility and cell culture conditions to ensure cell viability is not affected. 

Histological examination with H&E staining of the UM-SCC-12 and UM-SCC-38 spheres 

formed in our 3D model showed stratified cellular distribution at the sphere’s periphery, 

resembling a tumor induced in a xenograft mouse model.40 Other studies using 

suspension culture in ultra-low attachment plates reported a similar stratified 

appearance.57-58 This data is evidence that a more complex representation of the native 

in-vivo physiological characteristics of HNSCC is possible using 3D culture techniques. 

Also, our spheroids show keratin expression after 19 days of culture comparable to the 

xenograft mouse model40 suggesting that the cellular function of the moderately 

differentiated squamous cell carcinoma cell lines was maintained. Keratin expression has 

been used as a method for HNSCC model validation both in 2D and 3D culture models.59-

61 

Furthermore, we tested UM-SCC-12 and -38 cells both as monolayer and 3D formats with 

two clinically used chemotherapeutic agents for HNSCC treatment: cisplatin and 5-

fluorouracil. Our results indicate that the IC50 values for the 2D and 3D groups are 

statistically different. When treated with 5-fluorouracil bioprinted samples had an 80-

fold increase in the IC50 value relative to monolayer cultured UM-SCC-12, while UM-SCC-

38 had a 1340-fold increase. In the case of cisplatin an increase in the IC50 values of 4.6-
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fold increase in UM-SCC-12 and 6.4 for UM-SCC-38. In the microscopy images acquired 

after drug treatment, we corroborate the behavior quantified by the IC50 curves. The 

decrease in sensitivity observed in 3D cultures has been previously reported and can be 

attributed to the non-physiological conditions 2D cultures offers.62 In 3D cultures, cell-

ECM interactions can lead to heterogeneous drug response with matrix-attached cells 

being more resistant than the matrix-free cells found in inner regions of the spheroids.63 

The 3D environment also allows cell-cell interactions and the formation of concentration 

gradients of oxygen,64 nutrients, waste and drugs which are present in the clinical 

environment. These gradients can create proliferative and quiescent cell regions that 

decrease cell-doubling rates promoting different behaviors to antineoplastic treatments65 

since various therapeutic treatments’ form of action relies on cell replication. 

Overall, this platform can be tailored into a more complex environment by incorporating 

different cell types in specific regions, and by modifying the positioning of cells into 

pertinent positions to emulate the in-vivo organization in an in-vitro model. It is also 

possible to perform drug testing experiments, including but not limited to cisplatin and 

5-flurouracil. Additionally, the use of patient-derived tumor cells is an avenue that can be 

further studied for personalized medicine applications. This tool has the versatility to be 

used for different neoplastic tissues by changing the tissue source for the dECM and 

tailoring the alginate and gelatin concentration to simulate the mechanical characteristic 

of the bioink with the tissue of interest.32 

3.6. Conclusions 

In conclusion, we fabricated an in-vitro model of HNSCC based on a bioprintable 

hydrogel comprised of alginate, gelatin, and decellularized extracellular matrix derived 
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from tongue tissue (dECMT). We selected specific ratios of the constituents to match the 

elastic modulus of oral tumors induced in mice (xenografts). Mass spectrometry revealed 

the presence of important ECM biomolecules that cells use as anchoring sites, confirming 

that important biochemical structures were preserved after decellularization. However, 

bioprinting with pure, uncrosslinked, and unmodified dECM is a challenging procedure 

as a result of the solubilization step.  We take advantage of the naturally derived 

microenvironment factors intrinsically present in decellularized tissue that permit 

spheroid development over time and use them to create a stable composite by adding 

rheological modifiers. Gelatin was added to reinforce the material during extrusion 

bioprinting and alginate to crosslink and maintain structural integrity during cell culture 

conditions. Moreover, the bioprinted environment promoted high HNSCC cell viability 

and division up to 19 days. Dose-response experiments revealed increased IC50 values for 

both cisplatin and 5-fluorouracil, for both cell lines cultured in 3D models when compared 

to 2D conditions. Overall, our model has the potential to be mechanically and biologically 

tuned for other tissue engineering applications involving either diseased or healthy tissue. 
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Preface to Chapter 4 

The intent of the previous article was to develop and characterize the individual 

components needed for the fabrication of a heterogenous HNSCC model. The upcoming 

chapter includes a second research article which focuses on the completion of aim 3: 

• Aim 3: Fabricate and validate a three-dimensional (3D) bioprinted co-culture in-

vitro model of HNSCC.  

It will help me validate my hypothesis, which states that a co-culture model including 

epithelial and stromal cells encapsulated in a dECM-containing bioink will provide an 

environment with crucial characteristics found in-vivo. 

In this article, I quantify the topographical characteristics of the pure dECM hydrogel and 

the composite material. HNSCC cells and vocal fold fibroblasts are encapsulated in the 

bioink and cultivated in standard conditions. Morphological changes that resemble the 

tumor microenvironment in-vivo are observed in my cultures. Additionally, changes in 

matrix metalloproteinases and soluble collagen are observed. All the results observed in 

the co-culture are compared with the monoculture control groups.  

The result of this article is a well-characterized platform that has the potential to be used 

in drug discovery. It can be fabricated consistently due to the use of extrusion bioprinting. 

I also wanted to highlight the importance of correctly understanding the tool before using 

it as a preclinical model. We constantly see in the literature impressive models with 

multiple components. However, the more variables we want to replicate in-vitro, the 

more complex the model becomes. This can be a positive aspect since we can reproduce 

tissues more accurately. Still, it comes with the disadvantage of not knowing if the 
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response obtained is due to the molecule or drug of study or the model itself. 

Characterization is a crucial step that should not be overlooked when developing in-vitro 

models. 

This manuscript in the following chapter was submitted for publication. Approval is 

pending. 
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4.1. Abstract 

Constant matrix remodeling and cellular heterogeneity in cancer are key contributors to 

its development and can profoundly alter treatment efficacy. Developing in-vitro models 

containing relevant features that can recapitulate these aspects of the tumor 

microenvironment (TME) and that are well characterized can circumvent the limitations 

of conventional 2D cultures and animal models. Automated fabrication methods 

combined with biomimetic biomaterials have provided the opportunity to create 

platforms that can potentially incorporate a heterogenous population of cells in a 3D 

environment that allows cell-cell and cell-ECM interactions with reproducibility.  

This study used 3D extrusion bioprinting and a composite bioink containing a reinforced 

decellularized extracellular matrix hydrogel to fabricate a head and neck cancer in-vitro 

model. The constituents of this model included fibroblasts and active extracellular matrix 

proteins to represent the stroma, along with HNSCC cells to represent the tumor 

component. The topographical characterization of the bioink showed a fibrous network 

with nanometer-sized pores. After cell encapsulation and model fabrication, we observed 

spheroid development and growth over time with cancer cells in the core and fibroblasts 

in the periphery. Our model is compatible with MMP quantification techniques and 

showed significant differences in the presence of MMP-9 and MMP-10 compared to the 

control groups. This characterized model is proposed as a tool for further translational 

and drug discovery applications since it provides a biomimetic scenario that allows the 

study of the tumor microenvironment in-vitro using non-destructive longitudinal 

monitoring over time. 
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4.2. Introduction 

During tumorigenesis, neoplastic cells in solid tumors interact with cellular and non-

cellular components present in the stroma, forming the tumor microenvironment 

(TME).1,2 The TME is an environment comprised of a heterogenous population of cancer 

cells and the stroma, a collection of cell types recruited by the cancer cells and non-cellular 

components that aid in tumor development.1,3 The TME works in synergy through two-

way communication to promote cancer progression by providing nutrients and constantly 

remodeling the extracellular matrix (ECM) physically and biochemically through tumor-

stromal interactions.4,5 Endothelial cells, fibroblasts, and immune cells, among other cell 

types, are generally present in the stroma interacting with a dysregulated extracellular 

matrix.3,6,7 Fibroblasts represent an abundant cell population in the TME and are known 

to be the main contributors to ECM changes over time.8 They can be transformed into 

cancer-associated fibroblasts (CAFs), which behave in an abnormal manner.1,8,9 

Fibroblasts are known to synthesize structural proteins such as collagens and fibronectin, 

which modify the mechanical properties of the environment.8 Also, fibroblasts can secrete 

non-structural proteins like cytokines, growth factors, and matrix metalloproteinases 

(MMPs) that can degrade or break mature regions of the ECM to favor cancer 

metastasis.8,9 In healthy tissues, MMPs are tightly regulated with tissue inhibitor of 

metalloproteinases (TIMPs), and increased expression of TIMPs has also been linked to 

cancer progression, in particular TIMP-1 which has been proposed as a possible marker 

for cancer treatment.10-12 The extracellular matrix is an essential actuator in 

tumorigenesis6, and it has been shown to affect the sensitivity of drug treatments since it 
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acts as a physical barrier and can sequester drugs due to affinity making it more difficult 

to penetrate the tumor region.13,14 

3D in-vitro culture models have become popular as an alternative to traditional animal 

preclinical models to test and better understand disease.5,15-17 These models intend to 

recapitulate, in a controlled manner, variables that mimic the conditions found in-

vitro.5,16 The ideal 3D in-vitro model must include a 3D environment with relevant 

architecture and dimensions, a matrix resembling the extracellular matrix of the tissue in 

question, and relevant cell populations for the disease studied.17 Several biomaterials have 

been proposed to mimic the ECM in-vitro.18 Specifically, decellularized ECM (dECM) 

hydrogels are of great interest for their bioactive capabilities.19 dECM hydrogels are 

thermally dependent tissue-derived biomaterials produced through a decellularization 

and solubilization process.20 Collagens, glycosaminoglycans, laminins, cytokines, growth 

factors, and vesicles have been detected in dECM matrices.21-25 These bioactive 

components allow cellular adhesion, development, and differentiation.20,21 Mechanical 

properties of dECM tissues, such as stiffness, decrease after decellularization.26 Then, the 

solubilization process uses enzymes to structurally break the tissue and form dECM 

hydrogels.27 These processing steps significantly change the structure of the final product, 

making it challenging to use in conjunction with automated fabrication techniques such 

as extrusion bioprinting. dECM-containing blends have been proposed to keep the 

bioactive benefits provided by the ECM while adding reinforcements to create a material 

that has mechanical properties similar to the tissue of study and compatible with in-vitro 

culture fabrication.28-30 
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Here, we use a bioink blend containing alginate, gelatin, and dECM derived from porcine 

tongue that has been previously characterized and which promoted tumor formation of 

encapsulated cancer cells.28 Spheroid formation was not observed in the pure dECM.28 

We used this composite hydrogel in conjunction with head and neck cancer (HNSCC) cells 

and fibroblasts to fabricate and characterize a bioprinted heterogenous in-vitro HNSCC 

model that is consistent and scalable. This was achieved using extrusion bioprinting since 

it allows the fabrication of reproducible, high-fidelity constructs with comparable cell 

densities in an automated and serial manner.31,32 

These models develop over more than 20 days showing cell reorganization, spheroid 

formation, and matrix remodeling through time. They allow their non-destructive study 

and quantification of collagen and small molecules such as MMPs through time. They are 

proposed as an in-vitro alternative to study cancer-fibroblast interactions through time. 

We propose this platform not only to study HNSCC but as a model that can be tailored to 

different neoplastic diseases.   
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4.3. Methods 

4.3.1. Bioink fabrication 

We used A1.5G5dECMT, a combination of alginate, gelatin, and decellularized extracellular 

matrix derived from porcine tongue (dECMT), as the bioink for cell encapsulation. 

Detailed formulation methods and characterization of this blend have been previously 

published.28  

Briefly, porcine tongue tissue was decellularized using mechanical agitation with several 

solutions, including 0.1% sodium dodecyl sulfate (SDS) (Bioshop) and 1% 

penicillin−streptomycin, PBS1-x, 1% Triton X100 (Bioshop), DNase (50 U/mL), RNase (1 

U/mL) (Sigma-Aldrich) and acetone washes. The dECMT was sterilized using an ethanol-

peracetic acid solution, homogenized, and solubilized with pepsin from porcine gastric 

mucosa (Sigma-Aldrich) in acidic conditions. The decellularized hydrogel was finally 

neutralized to physiological pH and stored at -20°C prior to use. 

Our composite bioink nomenclature follows the format: AxGydECMT, where "x" 

corresponds to the w/v percentage of alginate, and "y" corresponds to the w/v percentage 

of gelatin. To prepare A1.5G5dECMT, a 9% (w/v) solution of sodium alginate (FMC 

biopolymer) in DPBS-1X (Wisent Bio Products) was mixed overnight at RT with the 

neutralized dECMT to obtain a final concentration of 1.5% alginate. Next, type B gelatin 

from bovine skin (gel strength: 300, G2500, Sigma-Aldrich) was added to the alginate-

dECMT solution at a 5% (w/v) final concentration. The neutralized dECMT has a protein 

concentration of f 180 ± 80 μg/mL.28 The final dECMT protein concentration in the 

A1.5G5dECMT is 160 μg/mL.28 A1.5G5dECMT was kept at -20°C for long-term storage or at 

4°C if used within 4 weeks. 
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4.3.2. Scanning electron microscopy 

Both pure dECMT and A1.5G5dECMT were mold-casted without encapsulating cells in 

them. A1.5G5dECMT was crosslinked with CaCl2 (100mM, Sigma-Aldrich) for 3 minutes 

before immersing the samples in supplemented media for 24h at physiological conditions. 

After culture, 3D printed discs were fixed with 4% PFA for 30 minutes, washed with PBS-

1x, and gradually dehydrated up to 100% ethanol. Samples were placed in a critical point 

dryer (EM CPD030, Leica), and 20x1 minute cycles of CO2 exchange were performed. 

Discs were attached to SEM specimen studs using carbon tape and sputter coated with an 

8nm layer of platinum (EM ACE600, Leica). Samples were stored in a desiccator at room 

temperature prior to SEM acquisition. 

SEM images were acquired using an Environmental Scanning Electron Microscope 

(Quanta 450, FEI).  

4.3.3. Pore size fiber alignment and diameter 

Sample porosity was quantified using ImageJ. A threshold was applied to a ROI (region 

of interest), and images were binarized before analyzing the particle size. Four samples 

were imaged per experimental group. At least four ROIs were selected per group yielding 

more than 400 pores measured per experimental group. 

The diameter of the fibers was measured by selecting a ROI with a single fiber from the 

SEM images. The ROI was pre-processed using an image-processing algorithm developed 

by D.A. Antonia et al. 33 with MATLAB (The MathWorks). Briefly, the algorithm increases 

the contrast using image equalization, reduces the noise while preserving structure edges 

using three by three median filtering, and separates the outer fiber network from the 
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background with a global histogram threshold using Otsu's method.34 The pre-processed 

images were then analyzed using Image J by overlaying the original region of interest of 

the SEM image with the pre-processed image obtained in MATLAB to verify the accuracy 

of the fiber edges after binarization and were adjusted manually if necessary. The overlay 

was then removed. Finally, after proper calibration of the scale, the fiber diameter was 

measured by drawing a line across the fiber using the plot profile command. More than 

40 fibers were measured per experimental group. 

 

Fiber orientation and alignment were quantified by vectorizing the SEM images using 

Inkscape. The vectorized and original images were overlapped in Image J to verify the 

accuracy of the fiber edges. The images were then cropped in 2x2, 3x3, and 4x4, 

depending on the resolution, and the final images were analyzed using the Orientation J 

plugin. The dominant direction command in Orientation J returns the dominant fiber 

orientation and the alignment as a coherency value. The prevailing direction is in degrees 

(°) with values between -90° to 90°.35 The coherency is a value between 0 and 1 measuring 

the anisotropic properties of the region of interest. A coherency of 1 indicates that the 

structure has a dominant direction and a coherency of 0 indicates that the network is 

isotropic with no preferred direction of alignment.35 Four samples were imaged per 

experimental group. From the data obtained more than 20 ROI were measured for each 

group. 
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4.3.4. 2D cell culture and lentiviral transduction 

An immortalized human head and neck cancer cell line derived from the base of the 

tongue (UM-SCC-38)36 and immortalized human vocal fold fibroblasts (A8-HVFFs)37 

were used for this study. Stably transduced RFP-expressing UM-SCC-38 (RFP-UM-SCC-

38) was generated to enable long-term, non-invasive cell tracking in the 3D bioprinted 

cultures. Membrane-targeting monomeric RFP (Addgene plasmid # 32604) was cloned 

into a pHIV-blasticidin lentiviral vector. pCAG:myr-mRFP1 was a gift from Anna-

Katerina Hadjantonakis of the Memorial Sloan Kettering Cancer Center.38 Engineered 

lentivirus bearing the above-mentioned vector was packaged in 293T cells and used to 

generate a UM-SCC-38 cell line that expresses RFP. Cells were infected with the 

engineered lentivirus in media supplemented with polybrene (8 μg/mL) for 24h. Cells 

with stable RFP expression were selected via media supplementation of selection 

antibiotic blasticidin (Invitrogen) at 6 μg/mL for two weeks. Desired RFP expression level 

in the final RFP-UM-SCC-38 cell line was selected via fluorescence-activated cell sorting 

(FACS) and validated via fluorescence.  

 

Non-transduced cells were cultured in DMEM with 10% fetal bovine serum, 1% Penicillin 

-Streptomycin, and 1% non-essential amino acids. Media and supplements were 

purchased from Wisent Bio Products.  RFP-UM-SCC-38 used the same media 

formulation with the addition of blasticidin to maintain homogeneity and persistence of 

RFP transgene expression. Cells were cultured in traditional 2D conditions (37°C and 5% 

Co2) until they reached 85% confluency and passaged using trypsin-EDTA (Wisent Bio 

Products) to disrupt cell attachments. 
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4.3.5. Fabrication and culture of 3D bioprinted models 

Cells were encapsulated in A1.5G5dECMT at a final concentration of 10 million cells per 

ml. For the co-culture experiments, a 2:1 ratio of HVFFs:UM-SCC38 was used. Before 

encapsulation, a syringe with A1.5G5dECMT was placed in a 37°C water bath for at least 

30 minutes to liquefy the gelatin in the composite bioink. Cells cultured in 2D conditions 

were detached using trypsin-EDTA (Wisent Bio Products), counted, and centrifuged. The 

cell pellet was resuspended in media accounting for less than 1% of the total volume, and 

the warm bioink was loaded into a 3cc 3D printer-compatible cartridge. The cells were 

pipetted into the warm bioink and mechanically mixed until evenly distributed. The 

cartridge was centrifuged at 200g for 2 minutes to remove air bubbles and later incubated 

for 15 minutes at room temperature to allow the gelation of the gelatin in the bioink to 

occur. Discs of 5mm diameter and 500μm height were bioprinted using a Bioscaffolder 

3.1 (GeSiM). A 22 G conical tip (Nordson) was used to fabricate the discs at room 

temperature (24°C) with a pressure of 45 ± 10 kPa and a printing speed of 10 ± 2 mm/s. 

After printing, samples were crosslinked with a 100 mM aqueous solution of calcium 

chloride for 3 minutes. Samples were rinsed with PBS-1X,  placed in culture dishes, and 

immersed in DMEM with 10% fetal bovine serum, 1% Penicillin -Streptomycin, and 1% 

non-essential amino acids. Cell media was changed every 3-4 days depending on the 

experiment. Cell-free A1.5G5dECMT discs were printed as controls. 

4.3.6. Confocal microscopy 

RFP-transduced UM-SCC-38 and non-fluorescent HVFFs were used to observe cell 

development over time. Experimental groups included monocultures of HVFFs, UM-

SCC-38, and the co-culture 2:1, HVFF: UM-SCC-38. Prior imaging samples were 
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immersed in Calcein-AM (Invitrogen) and Hoechst 33342 (Invitrogen) in DPBS-1X at a 

final concentration of 2µM and 18 mM respectively and incubated at 37°C for 30 minutes, 

covered from the light. Samples were washed with DPBS-1X and imaged while 

encapsulated in a humidity chamber set to 37°C and 5% CO2. Microscopy was acquired 

with a Nikon A1+ confocal microscope capturing the Z-stack (5μm step size). During 

analysis, cells with double positive signal were considered cancer cells, and cells only 

positive with Calcein-AM were considered fibroblasts. All image analysis was performed 

in ImageJ39 using three discs per time point and per experimental group (n = 3). 

4.3.7. Collagen quantification 

Sircol collagen assay (S1000, Biocolor) was used to quantify collagen over time. 3D 

printed models were harvested every three days and frozen at -80oC until ready to use. 

We used the manufacturer’s protocol with some modifications. We followed the acid-

pepsin protocol provided by the company to extract the soluble collagen from the samples. 

Due to the nature of our samples, we added 100 µl of a 55 mM trisodium citrate to 

decrosslink the alginate in the models, increasing the surface area for collagen extraction. 

Then, we performed the suggested collagen concentration protocol and the Sircol Assay. 

Samples were plated in a 96-well plate, and absorbance was measured at 555 nm. 

Experimental groups included HVFFs, UM-SCC-38, and the co-culture 2:1, HVFF: UM-

SCC-38 at a final concentration of 10 million cells per ml and cell-free A1.5G5dECMT. Data 

were plotted using JMP Pro 16 (JMP), and the cubic spline method was used for 

smoothing the data with a λ of 0.033. 
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4.3.8. Matrix metalloproteinases (MMPs) quantification 

Samples were bioprinted, ionically crosslinked, and cultured under standard conditions 

(37°C, 5% CO2) for the duration of the experiment. Media was changed every 3 days. 

Three-day old media was harvested, centrifuged at 400g for 15 minutes to remove cellular 

debris and supernatant was frozen at -80°C until ready to use. The multiplexing analysis 

was performed using the Luminex™ 200 system (Luminex) by Eve Technologies Corp. 

(Calgary, Alberta).  Thirteen markers were simultaneously measured in the samples using 

Eve Technologies’ Human MMP/TIMP 13-Plex Discovery Assay®, which consists of two 

separate kits; one 9 plex and one 4 plex (R&D Systems, Inc.) according to the 

manufacturer’s protocol.  The 9-plex consisted of MMP-1, MMP-2, MMP-3, MMP-7, 

MMP-8, MMP-9, MMP-10, MMP-12 and MMP-13.  The 4-Plex consisted of TIMP-1, 

TIMP-2, TIMP-3, and TIMP-4.  Assay sensitivities of these markers range from 0.28 – 

253 pg/mL for the 13-plex.  Individual analyte sensitivity values are available in the 

product datasheet for the 4-Plex and by building the panel on the R&D Systems Magnetic 

Luminex Performance product page for the 9-Plex. At least six samples per experimental 

group were measured. 

4.3.9. Statistical analysis 

Data are presented as the mean ± standard deviation (SD). Data analysis was conducted 

using GraphPad Prism 8 software (GraphPad Software), Matlab, and JMP Pro 16 (JMP). 

Image analysis was performed using ImageJ (Fiji),39, and Matlab. A two-tailed t-test 

(P<0.05) was used to compare the two experimental groups for pore size, fiber 

orientation, and diameter. One-way analysis of variance (ANOVA) was performed on the 

spheroid diameter, MMPs, and collagen quantification data, followed by post hoc Tukey’s 
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test to determine differences between groups. The statistical significance of data was 

calculated at 95% (P < 0.05) confidence intervals. GP: 0.1234(ns), 0.0332(*), 0.0021(**), 

0.0002(***), <0.0001(****) 

4.4. Results  

4.4.1. Hydrogel topography and characterization 

 

Fig. 1: Topological Characterization of dECMT and A1.5G5dECMT.Scanning electron microscopy 

images of Pt coated column a. dECMT and column b. A1.5G5dECMT. Quantification of c. pore size, d. fiber 

diameter, e. fiber orientation, and e. coherency. Scale bar: 5µm. 

 

We previously developed and characterized a composite bioink (A1.5G5dECMT) composed 

of alginate, gelatin, and dECM derived from porcine tongue.28 This blend has a 

comparable Young’s modulus to a HNSCC tumor xenograft.28 Here, we further 

characterize this material by looking into the topography using scanning electron 

microscopy and comparing it with the pure dECMT hydrogel (Fig. 1). We are interested 

in determining the topographical differences between these two materials. Scanning 
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electron microscopy (SEM) enabled the visualization of randomly interwoven fibers that 

have been previously observed in other dECM hydrogels and characterized as a self-

assembled network of mainly collagen fibrils (Fig.1a).23,27 There is a significant difference 

in pore size, fiber diameter, coherence, and fiber orientation when comparing the pure 

dECMT hydrogel and A1.5G5dECMT (Fig. 1c-f). The reinforcements used to enhance the 

dECMT hydrogel changed the topography of the constructs making them more 

heterogenous. 

Pore size mean values have been shown to decrease when the concentration of dECM is 

increased in the sample.40 For dECMT and A1.5G5dECMT the average pore size is 

165.9±65.7nm and 153.3±84.3nm, respectively (Fig. 1c). Both experimental groups are 

skewed to the right 0.25 and 0.28, respectively. The geometric means of dECMT and 

A1.5G5dECMT are 151.2nm and 126.9nm, respectively. Examples of mean pore size for 

dECM hydrogels are 112nm for small intestinal submucosa (SIS) gels 23 and 152-670 nm 

for brain, depending on the dECM concentration,40 etc.41 By looking at the frequency 

distribution; we can determine that 48% of the pores in the dECM sample are between 

100-160nm. For A1.5G5dECMT, there are two regions to highlight. 31.2% of the pores are 

between 1-80nm, and 38% are between 140-220nm. We can attribute the differences in 

porosity to the presence of additional components in the bioink blend group. Alginate and 

gelatin occupy space within the dECM fiber network, causing a decrease in pore size. 

Fiber diameter quantification shows a significant difference between samples (Fig. 1d). 

dECMT and A1.5G5dECMT have mean values of 70.3±13nm and 102.6±44.9nm, 

respectively. They present a right skewness of 0.28 and 0.2, respectively. The geometric 

means of dECMT and A1.5G5dECMT are 69.1nm and 91.9nm. For the dECMT group, 100% 
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of the measurements are between 50-100nm. For A1.5G5dECMT, we observe two regions 

in the frequency distribution. 28.6% of the measurements are between 30-50nm, and 

59.2% of the measurements are between 90-140nm. Our dECM data resemble to 

measurements previously reported.42,43 The mean diameter of collagen fibrils can range 

between 40-80nm in mammals, but they can measure up to 500nm.42,43 Specifically for 

dECM hydrogels, an average fiber diameter of 92-112nm for myocardial matrices,44 74nm 

for sub intestinal submucosa matrices,23 130-140nm for brain matrices40 has been 

measured. 

Fiber orientation is shown in a -90° to +90°range (Fig 1e). For dECMT, the mean value is 

-22.1±26.4° with 80% of the measurements showing a preferential orientation between -

10° to -60°. For A1.5G5dECMT, 44% of the measurements show an orientation between -

30° and -60°. However, 36% of the population shows the opposite orientation preference, 

between 50° and 80°. These results show that dECMT has a more consistent alignment 

across different samples and regions when compared to A1.5G5dECMT. The bioink shows 

two groups with opposite orientations, suggesting that this material has a more 

heterogenous alignment.  

The coherence values are a representation of the isotropy of the samples. If the values are 

close to 1, the region of interest has a dominant orientation. However, if the values tend 

to 0, the image is isotropic. Coherence values are 0.15±0.1 for dECMT and 0.11±0.1 for 

A1.5G5dECMT, indicate the bioink samples are more isotropic (Fig. 1f). The fiber 

orientation data paired with the coherency values show a higher organization in dECMT 

samples characterized by consistent fiber alignment and higher coherency values. Overall, 

both matrices have a high degree of isotropy, which has also been observed in other 
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tissues.45 However, when comparing both samples, the decrease in organization observed 

in A1.5G5dECMT can be mainly attributed to the incorporation of reinforcement materials. 

Alginate and gelatin chains are in contact with the dECMT. Changes in fiber network 

formation are expected when additional materials are incorporated. However, all 

measurements are in the same order of magnitude, demonstrating that abrupt 

topographical changes in the matrix did not occur when providing mechanical stability to 

the dECMT. 

4.4.2. 3D Co-culture fabrication and spheroid development 

 

Fig. 2: 3D bioprinted cultures of cells encapsulated in A1.5G5dECMT. Cells were encapsulated in 

A1.5G5dECMT and bioprinted into discs with 5mm diameter and 500μm height. a. Transduced RFP-UM-

SCC-38. b. HVFFs stained with Calcein-AM c. 2:1 Co-culture of HVFF: RFP-UM-SCC-38. Red: UM-SCC-

38, Green: HVFF. Scalebar 500µm. Z-stack maximum intensity projection. 

3D printed constructs, after crosslinked, were immersed in cell media, and cultured for 

22 days. Sample immersion allows nutrient-waste exchange to happen around the entire 

disc. This behavior is challenging to replicate with 3D cultures in traditional well plates 

since the media is in contact with the sample only from the top. Monocultures of UM-

SCC-38 or HVFF encapsulated at a final concentration of 10 million cells/ml were 
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fabricated as controls to observe cell development over time. UM-SCC-38 culture is 

characterized by forming spheroids that grow up to Day 22 (Fig. 2a). This behavior has 

been previously reported.28 HVFF culture shows a spindle morphology which has been 

previously reported37 (Fig. 2b).  

Co-cultures constituted by a 2:1 ratio of HVFF: UM-SCC-38 with a final concentration of 

10 million cells/ml were fabricated with the same dimensions as the monocultures. Co-

cultures start as single cells, but the formation of spheroids is observed by day 7. UM-

SCC-38s aggregate in the center while HVFFs wrap the cancer cells (Fig. 2c). 

Representative high-magnification images are presented in Fig. 3a-b. This cellular 

arrangement corresponds to what is observed in the tumor microenvironment in-vivo. 

Neoplastic cells are surrounded by stromal cells that promote cancer development, 

progression, and metastasis.3 Qualitative SEM images of these experimental groups are 

presented in Fig S1. the co-culture group, fibroblasts present both, round and spindle-like 

morphologies which have been previously reported in cancer-fibroblast co-cultures 

encapsulated in collagen matrices.46 
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Fig. 3: Spheroid morphology and diameter quantification through time. Representative 

images of spheroids formed in heterogenous models at a. day 13 and b. day 16 of culture. UM-SCC-38: 

Red, HVFF: Green. Scalebar 100µm Z-stack maximum intensity projection. c. Spheroid diameter from 

day 7 to day 22 of culture n=35. d. Spheroid diameter arithmetic and geometric means. Cross section 

images can be found in Fig. S2 

Spheroid organization is consistently observed for up to 22 days. Since the observation of 

spheroid formation (day 7). Diameter quantification is shown in Fig. 3c. Figure 3d shows 

the arithmetic and geometric means. There is no significant difference in spheroid size 

between days 7, 10, and 13. However, spheroids significantly increase in size by day 16 

and maintain a similar diameter on day 19. The diameter continues to grow by day 22. 

The co-culture results show a consistent organizational development through time that is 

not observed in the monoculture group  
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4.4.3. Matrix metalloproteinases (MMPs) analysis 

Changes in the presence of relevant MMPs and TIMPs are observed over time in all 

experimental groups (Fig. S3). HVFF monocultures show higher levels of MMP-1, MMP-

2, MMP-3, MMP-12, and TIMP-2 compared to the co-culture and UM-SCC-38 

monoculture at day 4. In Figure 4a, the protein profile for both HVFF and co-culture on 

day 4 is highlighted with a dashed yellow outline. Similarities in expression levels of 

MMP-1, MMP-2, MMP-3, MMP-12, MMP-13, and TIMP-2, TIMP4 are observed. Both 

experimental groups were fabricated with a final concentration of 10 million cells per ml. 

However, lower fibroblast related MMPs are expected in the co-culture group since, at 

day 0, the fibroblasts corresponded to 2/3 of the total population and cancer cells to 1/3.  

Over time, the co-culture profile diverges from the HVFF monoculture and presents MMP 

levels similar to the ones observed in the UM-SCC-38 monoculture. We attribute the 

lower MMP levels to the presence of fibroblasts and UM-SCC-38 in this group. TIMP-1, a 

glycoprotein that has been associated with poor prognosis in cancer,11 presents increased 

levels between day 4 and day 10 in the HVFF monoculture and co-culture groups. 

MMP-9 and MMP-10 are highlighted in this study since these molecules have been linked 

with the progression and invasiveness of HNSCC. 47,48 MMP-9 levels are the highest in 

UM-SCC-38 across all timepoints. These results are expected since these cancer cells are 

cataloged as moderately well-differentiated squamous cell carcinoma.49 

A significant increase of MMP-9 and MMP-10 levels are observed in both UM-SCC-38 

and UM-SCC-38 /HVFF co-culture groups between day 4 and day 10 (Fig. S3-S4). These 

timescales, when compared with the confocal images presented in Figure 2, coincide with 

the transition from individual cells to spheroids in the co-culture group. The co-culture 
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group has no significant changes in MMP-9 starting day 10. However, both monocultures 

continue changing their MMP-9 levels throughout the 22 days of culture (Fig. S4). MMP-

10 levels remain stable for all groups from day 16 onwards (Fig. S4). 

 

 

Fig 4. Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 

(TIMPs) quantification through time. a. Heatmap showing z-score values of MMPs and TIMPs 

present in cell media through time for UM-SCC-38 and HVFF monocultures and a co-culture of 2:1 HVFF: 

UM-SCC38.   

Figure 5 compares the MMP levels of all experimental groups by day. No significant 

difference in MMP-9 levels is observed at day 4 between the co-culture and the UM-SCC-

38 monoculture. However, for the following time points, the UM-SCC-38 group 

consistently presented the highest levels of MMP-9, followed by the co-culture. The lowest 

levels of MMP-9 were always quantified in the HVFF group. There is a significant 

difference in MMP-9 for all groups starting day 10. 
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No significant difference in MMP-10 is observed at day 4 between the co-culture and the 

HVFF group. However, a decrease in MMP-10 occurs as the HVFF monoculture develops. 

MMP-10 is significantly higher across all time points in the co-culture group compared to 

the monocultures. This can indicate that the heterogenous culture promotes the 

production of MMP-10. On day 10, the co-culture MMP-10 levels are five times higher 

than the monocultures. Overall, these results show significant differences in the co-

culture showing the importance of recapitulating the heterogeneity in in-vitro models for 

a more biomimetic scenario. 

 

Fig. 5: Matrix Metalloproteinases 9 and 10 levels through time 

a. MMP-9 and b. MMP-10 levels of HVFF and UM-SCC-38 monocultures, and co-culture models at days 

4, 10, 16, and 22. Logarithmic y scale n=3. One-way ANOVA followed by post hoc Tukey's test (P < 0.05). 

 

4.4.4. Collagen quantification in 3D models over time 

Sircol soluble collagen assay was performed for all groups, including the bioink in culture 

without cells (Fig. 6). We chose this assay to demonstrate the compatibility of our models 
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with traditionally used ECM quantification techniques. Statistical analysis shows no 

significant difference between experimental groups on days 1, 4, and 7. However, minor 

differences between the UM-SCC-38 group and the acellular bioink have been observed 

since day 10. The co-culture group becomes significantly different from the bioink group 

starting on day 16 (Fig. S5). Soluble collagen levels are maintained throughout the 22 days 

of culture in the HVFF and bioink groups. Significant changes are observed over time in 

the co-culture and UM-SCC-38 groups. All groups show comparable soluble collagen 

levels from day 1 and 7. However, a significant increase in soluble collagen is present in 

the UM-SCC-38 culture at days 10 and 13 compared to the other experimental groups. 

From day 16 onwards, the co-culture levels remain significantly higher than the cell-free 

bioink group (Fig.6, Fig S5). 

 

 

Fig. 6: Soluble collagen in 3D cultures over time. Cubic spline smoothing (continuous lines) and 

95% confidence intervals (shading). 
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4.5. Discussion 

In cancer, stromal components, cell-cell interactions, and cell-ECM interactions play a 

pivotal role in tumor development and progression.50 For this reason, there is a pressing 

need for clinically relevant 3D in-vitro models. We need models that can recapitulate the 

physical and biochemical characteristics which drive and control cancer progression.5 

These bioengineering models provide a new window to understand molecular 

mechanisms and find and test effective therapies. The ECM is one of the primary 

actuators in the stroma.5 Hence, using ECM-containing materials to create in-vitro 

models is appealing for their biomimetic nature. dECM hydrogels have been successfully 

used in tissue engineering applications and to re-create healthy and diseased tissues in-

vitro.21 

Here, we used a bioink composite containing a dECM hydrogel derived from porcine 

tongue (dECMT) reinforced with alginate and gelatin to fabricate a heterogenous HNSCC 

model that contains stromal and cancer cells. This blend has comparable mechanical 

properties to in-vivo tumors and has been previously used to manufacture monocultures 

of HNSCC cells with high viability.28 Additionally, this bioink blend promotes spheroid 

formation in HNSCC cancer cells.28 Behavior that is not observed in pure dECMT.28 

In the topographical characterization of the pure dECMT and A1.5G5dECMT, we observed 

fibers previously reported as a self-assembled collagen network.27 The dECM architecture 

has been reported as significant since it can allow cell-matrix interactions via integrins 

that are key for cell proliferation and migration.44 Differences in pore size between our 

samples show that the reinforcements in A1.5G5dECMT occupy space in the matrix, 

making the pore size of the composite smaller. However, measurements for both groups 
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are in the same order of magnitude and within the ranges reported for dECM hydrogels 

from other tissues. 23,40,41 The mean fiber diameter in dECMT is within what other studies 

have reported. 23,42-44 However, the composite bioink has a higher mean fiber diameter 

suggesting that the incorporation of the rheological reinforcements is the reason for the 

difference. Since cells can interact with the dECMT, we expect to see changes over time 

as they remodel their environment. The significant changes in fiber alignment and 

decrease in coherency observed in A1.5G5dECMT when compared to pure dECMT 

demonstrate that the presence of alginate and gelatin influence the orientation and 

organization of the dECMT network. However, both samples can be considered isotropic 

which could be beneficial to replicate the ECM heterogeneity observed in tumors. 

Additionally, electrostatic charges are known to be present in all constituents and can 

heavily influence their arrangement in a composite blend.51-53  

In-vivo, tumor-associated collagen signatures (TACS) have been categorized from highly 

isotropic (TACS-1) to highly aligned collagen fibers (TACS-3).54 TACs-3 has been 

correlated with progression and metastasis.54 Our materials resemble to TACS-1 since the 

coherency values are close to zero (dECMT: 0.15±0.1 A1.5G5dECMT : 0.11±0.1).  We 

hypothesize that if an increase in alignment is present in our material during cell culture 

it could further indicate matrix remodelling increasing the TACS category to a more 

developed cancer model. 

The stromal content in tumours has been shown to be a good predictor of patient 

prognosis in solid tumors.55 Hence, tumor-stroma ratio has been proposed as a valuable 

feature to predict patient outcome in head and neck cancer.56,57 Patients with stroma-rich 

(>50%) tumors had worse disease-free survival and higher mortality when compared to 
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patients with stroma-poor (<50%)  tumors.58 In this study, we used a 2:1 ratio of stomal 

cells (HVFFs):HNSCC cancer cells (UM-SCC-38) to mimic the in-vivo proportions of a 

stromal-rich tumor. We encapsulated UM-SCC-38 and HVFF cells in the bioink and 3D-

printed monocultures or co-cultures. Cell attachment and proliferation are observed in 

all groups. However, architecturally relevant organoid regeneration is heavily promoted 

in the co-culture. It has been shown that fibroblast-cancer cell cultures have interactions 

that promote reciprocal activation in growth rate, ECM expression, etc.59 Tumor spheres 

surrounded by fibroblasts are observed since day 7 of culture and continue to grow, 

reaching a mature and stable state by day 22. This organizational development can be 

attributed to the crosstalk between the two cell types, which is non-existent in the 

monoculture groups.60 This architecture commonly observed in cancer in-vivo indicates 

that this heterogenous model has biomimetic characteristics and can provide more 

accurate results than traditional 2D monocultures. Studies done in fibroblasts cultured in 

3D collagen matrices show diverse morphologies from highly “activated” to “quiescent” 

phenotypes.61 Fibroblast spindle morphology in collagen co-cultures has been linked to 

higher invasion trajectories which indicate cell motility.46 While round morphology, 

present in fibroblasts at rest, has been linked to low proliferation, low motility, and low 

ECM deposition.61,62 We observed both, spindle and round morphologies in fibroblasts 

co-cultured with cancer cells. These behaviors have been previously reported in 3D in 

vitro co-cultures of HNSCC and fibroblasts.46 Understanding of fibroblast morphology in 

3D environments in-vitro and their behavior during neoplasia is still in development.61,63 

We foresee our model as a tool that could be used to study the synergies between 

fibroblasts and the tumor milieu in a three-dimensional and biologically relevant setting. 
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MMP and TIMP analysis for all experimental groups shows similar MMP and TIMP 

signatures observed at the beginning of the culture between the co-culture and the HVFF 

monoculture, indicating HVFF secretions dominate the co-culture behavior at early 

stages. However, at the endpoint (day 22), the co-culture signature resembles the UM-

SCC-38 monoculture indicating that the cancer cells dominate the co-culture towards the 

end. This staged cell domination can be attributed to an environment adaptation at early 

points of the culture to allow tumor spheroid formation to dominate after. In the early 

stages of cancer, fibroblasts promote tissue repair, leading to TME remodeling.64 As 

cancer cells develop, cancer-associated fibroblasts (CAFs) later switch to tumor 

promoters since CAF-secreted growth factors are used by cancer cells in their survival and 

proliferation.64 A specific tipping point where the shift happens is challenging to identify, 

but a gradual pro-tumorigenic behavior may be observed.64 

MMP-9 and MMP-10 are highlighted in this study since they are both remodeling 

indicators. They have been deemed responsible for promoting the invasion and 

metastasis of cancer cells in HNSCC.47,48 MMP-9 and -10 levels increase by day 10 

coinciding with spheroid formation observed in the confocal microscopy assay.  At day 

10, the MMP-10 levels in the co-culture were five times higher than in the monocultures. 

This behavior shows that an increase in MMP-10 can be attributed to the presence of both 

cells in the same culture and highlights the importance of including the stromal 

component in in-vitro cancer models. TIMP-1 levels also show an increase at day 10 in 

the fibroblast monoculture and co-culture groups. TIMP-1 has been proposed as a 

prognostic biomarker for multiple cancers and it is known to be highly expressed in 

HNSCC.11 This molecule is expressed by fibroblasts and tumours cells and has been shown 
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to inhibit apoptosis and promote metastatic behaviour.65 TIMP-1 and MMPs as targets 

for cancer treatment is an avenue that is still in development, but further testing is 

required to assess their effectiveness.  The morphological changes in MMP levels in the 

medium suggest that matrix remodeling events are taking place in the co-culture 

model.66,67 The presence of metalloproteinases during cancer progression is a well-

stablished phenomenon that is closely associated with ECM remodeling.66 Therefore, the 

observed differences in the co-culture model against the monoculture controls could be 

an indicative of matrix modifications driven by cancer cells and fibroblasts, which may 

have important implications for understanding cancer development and identifying 

therapeutic targets. Nevertheless, future research is necessary to investigate this 

hypothesis and determine the significance of these events for clinical or drug development 

applications. This experiment shows the capability of measuring secretomic analytes 

longitudinally allowing the monitoring of the samples in a non-destructive manner which 

is challenging to achieve with in-vivo models.  

Tumor- and stroma-derived ECM components are present in the TME.68 Soluble collagen 

can be secreted by cancer cells.68 However, HVFFs have also been reported to be capable 

of secreting collagen.37   After day 16, the co-culture model shows soluble collagen levels 

significantly different from the cell-free bioink. An increase in collagen levels can indicate 

matrix remodeling and tumor progression.69 Increase levels of collagen are associated 

with higher migration, invasion, and poor prognosis in oral squamous cell carcinomas.70 

Soluble collagen can also be derived from the matrix. MMP-9 can cleave mature collagen 

into soluble collagen as part of their ECM remodelling mechanisms.71,72 This study 

highlights the compatibility of our constructs with assays such as Sircol Assay which can 
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reveal collagen contents through time. Additional techniques such as second harmonic 

generation could further support ECM colorimetric assays.73 

Our model has been proven to create a scenario that shows different behavior to the 

monoculture groups in cellular morphology, 3D organization, MMP expression, and 

collagen levels through time. This platform can be used to provide a more realistic 

representation of the complexity of cancer in-vitro and can be complemented further by 

including other components of the TME, such as immune or endothelial components. 

Using 3D bioprinting allows the fabrication of consistent models in a semi-high-

throughput matter which can be used to test multiple conditions and scenarios in parallel. 

This technique has micron level resolution, and it removes the user error ensuring models 

are comparable in dimensions and cell density which is particularly challenging to achieve 

with manual fabrication techniques.32 This is of high importance when using the same 

model for different conditions to ensure the fabrication method is not the reason for 

changes in sample development and results obtained. 3D bioprinting is also capable of 

extruding a broad range of viscosities (30 mPa s−1 to >6 × 107 mPa s−1) which is 

challenging for other extrusion techniques such as liquid handlers.31 It also allows the 

fabrication of constructs with high cell densities (<106 cells/ml) which can bring us closer 

to cell densities found in tissues.31,74 Here, we show it is possible to non-destructively 

monitor these models through time. To evaluate how the same model is changing 

depending on stimuli or conditions without sacrificing the model is valuable contribution 

since it provides a new window of opportunities to study potential targets for the disease 

of study. Applications for in-vitro models include the identification of relevant cancer 

biomarkers and testing the efficacy of new treatments. Here, we used HNSCC as the 
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disease of study, but these constructs can be tailored to represent other neoplastic 

diseases. It would be interesting to create stage-related tumors with patient-derived cells 

to closely match more biological features and potentially use this technique for 

personalized medicine. Overall, using 3D in-vitro models can help us understand cancer, 

reduce reliance on traditional animal models and hopefully incorporate them as a 

standard of validation for new treatments because they recapitulate important variables 

to study and treat cancer.  

 

4.6. Conclusions 

We demonstrated that A1.5G5dECMT is a suitable bioink to fabricate heterogenous 

HNSCC models since it allows the development of several cell types over more than two 

weeks of culture. We observed significant changes in morphology, MMP expression, 

suggesting matrix remodelling and crosstalk between the stromal and cancer cells. This 

in-vitro model can be helpful for studying HNSCC's biology or new treatments due to the 

biomimetic components that permit the replication of crucial variables in-vivo. 

Furthermore, this platform has the potential to be tailored to study other applications and 

diseases. 

Supporting information 

Supporting information is included as an appendix. 
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5. Discussion  

Cancer is a leading cause of death worldwide, and the current lack of effective and targeted 

treatments remains a major challenge towards reducing mortality and disease 

management. Head and neck cancer (HNSCC)  is a group of cancers in the head and neck 

region.34 It is a malignancy associated with human papillomavirus (HPV) type 16,40 which 

has an increasing incidence in patients in Europe and North America. 34 In Canada, 

HNSCC is three times more frequent in men than women.35 Despite the recent approval 

of targeted therapies,44,45 there is a need for practical, reliable, and curative treatments, 

but limited preclinical models prove their development challenging.  

The conventional preclinical models of HNSCC include 2D epithelial cell culture and 

small animal orthotopic, xenograft, gene-edited models, etc. Critical discoveries into 

fundamental cellular mechanisms and the development of our current standard-of-care 

have occurred using these models. Still, the lack of physical and biochemical co-factors 

originating from cell-cell or cell-matrix interactions in tumor tissue and healthy adjacent 

tissues limits their capabilities. Here we’ve developed a model capable of investigating 

and understanding the role of the tumor microenvironment (TME) capable of untangling 

the interactions among the diverse populations of cells and the environmentally 

responsive tumor extracellular matrix. There is a pressing need for biomimetic models 

that can accurately mimic the TME, specifically by developing patient-representative in-

vitro models. Non-animal, physiologically representative models are now recognized as 

alternatives to small animal models by regulators, including the Food and Drug 

Administration (FDA), which in 2022, passed the FDA Modernization Act 2.0, allowing 

alternative pre-clinical models to prove drug effectiveness. This act opens the opportunity 
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for novel technologies, such as extrusion-based bioprinting (EBB), to be used as a drug 

testing platform. 

EBB offers the capability of depositing material onto a surface in a controlled manner and 

allows the design of multi-material or multi-cellular architectures.15,16 EBB can fabricate 

models with high fidelity in a semi-high-throughput way. It has become an important tool 

in bioengineering since it allows the creation of 3D customized tissue constructs. To best 

replicate tissues in-vitro, cells are cultured using materials that are selected to accurately 

mimic specific or selected functions of the extracellular matrix (ECM). As cancer 

progresses, the remodeled ECM plays a crucial role in the stroma.48 In cancer, ECM 

stiffness in conjunction with poor vascularization can lead to hypoxic conditions in 

epithelial cells, causing an increase in hypoxia-inducible factors (HIFs), which promote 

angiogenesis and ECM remodeling through fibroblast recruitment.49 It would be valuable 

to perform studies  using our co-culture models in hypoxic conditions to determine 

differences in spheroid growth and secrotomic data due  to the lack of oxygen in their 

culturing conditions. Deregulated ECM presents relevant issues during treatment. The 

overproduction of ECM molecules leads to decreased permeability, causing issues with 

delivering antineoplastic drugs.50,51 Hence, using ECM materials to create in-vitro models 

is appealing for their capability to better biomimic the tissue conditions than synthetic 

materials. ECM components have been shown to influence differentiation, cell-cell, and 

cell-ECM interactions in-vitro.20,21 Specifically, decellularized ECM materials are known 

to retain biomimetic characteristics of the original tissue and have shown advantages in 

biomedical applications.19-21,52  
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This thesis develops new methods to generate mechanically-controlled dECM hydrogels 

and EBB processes to fabricate a cellular heterogenous HNSCC model. The results in the 

previous section support my hypothesis, which claims that an EBB model incorporating 

epithelial and stromal cells in co-culture will remodel the microenvironment using 

mechanisms that occur in-vivo. The features in the EBB co-culture model include culture 

in a 3D architecture, a biomimetic ECM with comparable mechanical properties to 

HNSCC in-vivo, cell-cell and cell-ECM interactions, cancer-stromal cross-talk, and TME 

architectural arrangement where the stroma surrounds cancer cells.  

In HNSCC, the border of the tongue is the most common site for cancer development.53 

The homology of the ECM between porcine and human, and their genome resemblance 

guided the selection of porcine tongue as the source of decellularized ECM.54 Acellular 

ECM derived from porcine has been an FDA-approved material for several implantable 

products. as porcine liver, dermis, small intestine, and urinary bladder.55 Additionally, 

enzymatic and chemical decellularization processes typically yield limited amounts of 

tissue following isolation, purification, and sterilization, limiting organs or tissues from 

smaller mammals.  

The tissue was processed and cleaned with detergents and nucleases, sterilized with 

peracetic acid, and solubilized via enzymatic digestion using pepsin. After tissue 

decellularization and solubilization, the final product (dECMT) is a thermosensitive, 

highly collagenous gel. Following solubilization, the mechanical properties significantly 

decreased compared to the tissue before processing due to fragmentation of structural 

proteins or denaturation during detergent washes and enzymatic treatments. dECM 

hydrogels contain partially fragmented ECM components cleaved at non-specific sites, 
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resulting in a weak viscous but highly bioactive gel. For this reason, secondary materials 

to reinforce the dECM are required to increase the elastic moduli of the material to 

generate formulations compatible with EBB. Gelatin was added as a stabilizer to native 

porcine tongue dECM under controlled mole fractions before adding cells. At room 

temperature, gelatin undergoes a phase change to transition from sol to gel providing the 

required support to maintain the shape fidelity during extrusion. While these materials 

can print short-term support of cell culture at 37C the gelatin undergoes dissolution into 

the media and ultimately weakens the remaining cell-laden gel, limiting its lifecycle to 

days. To develop a gel that would persist for extended culture periods in the deposited 

geometry, a tertiary component, alginate, was incorporated into the bioink. Alginate did 

not affect the mechanical properties abruptly during the 3D structure fabrication. After 

fabrication, the alginate in the bioink was ionically crosslinked with calcium chloride 

making it stable for long-term culture under physiological conditions.  

Rheological tests show that both the pure dECM hydrogel and the reinforced bioink 

(A1.5G5dECMT ) have shear-thinning properties, which are ideal for EBB since they allow 

the fabrication of cell-laden structures without excessive shear on cell membranes which 

would compromise cell viability.56  

Matrix mechanical properties such as stiffness can change cell physiology, a crucial aspect 

of tumor progression and cell differentiation.57,58 Encapsulating cells in an environment 

with mechanical properties that are not in the same range as the physiological conditions 

of the tissue of interest can lead to undesired results in cell behavior.59 For this reason, I 

tuned the ratio of the bioink constituents by benchmarking it against a HNSCC tumor 

tissue. The final formulation consisted of a 1.5%w/v of alginate, 5%w/v of gelatin, and 
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solubilized dECMT at a final protein concentration of 160µg/mL. Indentation tests 

confirmed that A1.5G5dECMT has a Young's modulus of 397.6±95.86Pa, which is not 

significantly different from a human HNSCC xenograft in an immunocompromised 

mouse (361.9±86.51Pa).60 Rheological quantification showed a 50-fold increase in 

storage modulus (650.5Pa) in A1.5G5dECMT compared to pure dECMT. These changes in 

moduli make the bioink compatible with extrusion-based bioprinting while providing a 

mechanically-relevant matrix to the encapsulated HNSCC cells. 

This bioink was used to fabricate cell-laden monocultures of HNSCC models that, over 19 

days of culture, exhibited high cell viability and the formation of spheroids. Cell 

morphology in 3D cultures suggests cell-matrix interactions occurred and can be 

attributed to the presence of dECMT. HNSCC cell growth can be fitted into a logistic 

model, which models the cell growth with consideration to carrying capacity and better 

approximates cell proliferation in complex systems relative to an arithmetic-generated 

mean value.61 The population reaches a maximum spheroid area of 3339 μm2 and 4238 

μm2 for UM-SCC-12 and UM-SCC-38 respectively, and plateaus after day 11. This 

behavior may occur due to the lack of space within the 3D matrix as proliferating cells and 

spheroid development occupy an increasing volume in the model. Lowering the initial cell 

seeding density overcomes this limitation, but sparse cell populations delay the formation 

of 3D structures. Spheroids maintain keratin expression after 19 days of culture, 

demonstrating that the moderately differentiated characteristics of the cell lines are 

maintained. Keratin expression is a standard method for clinically validating and 

diagnosing stage status in HNSCC samples. 62-64 Although other methods such as hanging 
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drop have been used to create spheroids in-vitro, we consider the presence of an ECM-

like material in the system as a crucial component to mimic cancer. 

The monoculture HNSCC in-vitro models were challenged using two standard-of-care 

chemotherapeutic agents: cisplatin (cis-Pt) and 5-fluorouracil (5-FU). The IC50 (the 

inhibitory level where 50% of cells show a positive effect) between 3D cultures and 2D 

controls treated with 5-fluorouracil resulted in an 80-fold difference. With cisplatin, a 

difference of at least 4-fold was observed between experimental groups. Cell-ECM 

interactions in 3D cultures can enable heterogeneous drug responses. Matrix-attached 

cells are more resistant to drugs than matrix-free cells.65  Gradients of oxygen, nutrients, 

and drugs can also contribute to a higher IC50 in 3D cultures. These gradients can promote 

the formation of proliferative and quiescent cell regions that display different doubling 

rates and metabolic behavior, affecting the response to both treatments, which rely 

mechanistically on cell replication processes.50,66,67 Knowing the importance of the ECM 

in cancer progression, it is currently considered a potential target.68 Inhibiting and 

degrading collagens, integrins, fibronectin, and capillaries are a few strategies proposed 

to hinder cancer progression.68 Therapies targeting stromal ECM could benefit from 

having an accurate representation of ECM in-vitro that can provide significant insights 

into the treatment effectiveness.  

This monoculture platform has shown significant advantages to 2D cultures and animal 

models. It allows non-destructive monitoring and sampling and permits iterative dosing 

opportunities, which could provide additional insights into small animal models. 

However, monoculture models would greatly benefit from a crucial part of the tumor 

microenvironment, tumor stromal cells. Therefore, I incorporated fibroblasts to 
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recapitulate the cellular heterogeneity observed in cancer. Fibroblasts are the most 

abundant cell in the TME since they are recruited by cancer cells to promote their 

progression. Fibroblasts are known to aid in wound repair in healthy tissue. However, 

once they shift to cancer-associated fibroblasts (CAFs), they exhibit a myofibroblastic 

phenotype, increased levels of α-SMA, and pro-tumorigenic behavior by producing 

above-average levels of ECM components such as collagens which result in drug 

resistance during treatment and recruiting immunosuppressive cells.69,70 Additionally, It 

has been shown that CAFs promote angiogenesis and can provide nutrients for cancer 

cells through oxidative stress.71,72  

I analyzed the topographical properties of the bioink (A1.5G5dECMT) and observed 

randomly interwoven self-assembled collagen fibers also present in the pure dECMT and 

reported in other dECM hydrogel studies.73 This architecture is crucial since it allows cell-

matrix interactions through integrins allowing cell proliferation and migration. Pore size 

measurements show significant differences between A1.5G5dECMT and dECMT, which 

can be attributed to the presence of additional constituents in the hydrogel blend. 

However, these measurements are in the same order of magnitude as dECM hydrogels 

derived from other tissue sources. 74-76  Fiber diameter is also significantly bigger in 

A1.5G5dECMT. This difference can be attributed to the addition of alginate and gelatin. 

Both matrices are isotropic, but changes in matrix alignment can be expected as the model 

develops and cells promote matrix remodeling. 

Fabrication of the co-culture model consisted in encapsulating both HNSCC cancer cells 

and human vocal fold fibroblasts (HVFFs) into A1.5G5dECMT. Bioprinted structures 

showed cell attachment and proliferation throughout the three weeks of culture. It has 
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been observed that fibroblast-cancer cell cultures interact to induce bidirectional 

activation in growth rate, ECM production, etc.77 Tumor spheroids surrounded by 

fibroblasts are evident on day 7 of culture and continue to develop until they reach a 

relative equilibrium on day 22. The interaction between both cell types, which is absent 

in the monoculture groups, can be the reason for this organizational development.78 This 

architecture, in which cancer cells remain in the center, is typically seen in cancer in-vivo. 

Our model indicates that the biomimetic properties may yield more accurate findings 

than standard 2D monocultures. 

To further understand and characterize the potential to study ECM remodeling using this 

model, matrix metalloproteinases (MMPs) and tissue inhibitors of matrix 

metalloproteinases (TIMPs) were quantified several times during culture using a 

Luminex assay. MMPs are proteolytic enzymes that are known to cleave ECM 

components.79 During remodeling and matrix deposition, the regulation of MMPs 

provides a feedback loop that, when MMPs are upregulated, affects the cells' active 

migration modes.80 TIMPs are inhibitors and, conversely, form a feedback loop that 

inhibits MMP activity. In healthy tissue, there is a delicate balance between MMPs and 

TIMPs. In cancer, higher levels of MMP are associated with a poor prognosis due to 

metastasis and their role in the EMT process, allowing invasive cancer cells to move 

outside of the primary tumor and into secondary tissues.81 Results from the co-culture 

model indicate a series of staged developmental processes in which fibroblasts dominate 

at the beginning and slowly transition to a signature resembling the HNSCC monoculture. 

This tiered cell predominance can be linked to an early environmental adaption in the 

culture that allows a subsequent increase in the rate and frequency of developing cancer 
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spheroids. In the early stages of cancer, fibroblasts promote tissue healing, which results 

in TME remodeling.70 CAFs later switch to tumor promoters when cancer cells grow and 

develop as CAF-secreted growth factors are required by cancer cells in their survival and 

proliferation.70 A precise tipping moment at which the phenotypical transition from a 

stromal fibroblast to a cancer-associated fibroblast occurs is difficult to pinpoint. 70 

However, gradual pro-tumorigenic activity may be identified by quantifying the 

regulation of MMPs, TIMPs, and fibroblast using non-destructive sampling of 

conditioned media.  

Increased expression of  MMP-9 and MMP-10 are linked to cancer invasiveness and 

metastasis due to their role in remodeling in HNSCC.82,83 Our co-culture model showed 

an increase in MMP-9 and MMP-10 occurring in Luminex measurements taken from 

conditioned media at day 10, which correlates to the time spheroid formation is observed. 

MMP-10 levels in the co-culture samples were five times higher than in the monocultures 

on day 10. An increase in MMP-10 in the co-culture, but not in the monoculture models, 

suggests regulation mechanisms that require both cell types. We see an equilibrium in 

spheroid size and MMP levels towards the end of the third week of culture. 

Another characteristic I was interested in observing was the presence of soluble collagen 

through time in the 3D co-cultures. In this experimental group, the HNSCC cells are 

observed to be the main soluble collagen contributors despite the known collagen-

secreting activity of HVFFs.84 After 16 days, the co-culture model had significantly higher 

soluble collagen levels than control cell-free hydrogel models cultured for an equal time. 

Elevated collagen levels are an indicator of matrix remodeling and can be used to predict 
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tumor growth.85 Increased collagen levels are linked to increased migration, invasion, and 

a poor prognosis in oral squamous cell carcinomas.86 

Overall, the model has been proven to be a well-characterized tool that recapitulates vital 

extracellular and cellular components of the TME. It can be used as a biomimetic 

environment for drug discovery, specifically for HNSCC. However, it can be modified and 

tuned to study other malignancies. There is a potential to continue improving the model 

or using it as a testing platform. The TME is a complex and constantly changing 

environment that can be better represented by adding more elements to the existing 

model. Exploring the possibility of adding an immune component or endothelial cells, 

which are known to be present in the stroma, would be a sensible way of complementing 

and upgrading the system. Also, developing stage-relevant cancer models could provide 

more information on how the TME evolves as the disease progresses. 

Applying complementary mechanical and structural characterization techniques such as 

passive microrheology, second harmonic generation microscopy, and magnetic cytometry 

may be used during the development of this model, providing mechanistic insight into 

the matrix remodeling over time. Including cells obtained from patient-derived biopsies 

or tissue resections would provide optimal interventional strategies personalized for the 

patient and can within a timescale for actionable clinical decisions to be informed. 

Decellularization and solubilization have given us a unique approach to reusing tissue, an 

intricate creation of nature. There is significant potential in using dECM hydrogels for 

various biomedical applications since they can successfully recapitulate the tissue-specific 

niches found in the native ECM in an accessible in-vitro model. Even though their 

mechanical properties are weaker than the original tissue, they may present batch-to-
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batch variability, and sourcing it from relevant species can be challenging; they are a 

promising naturally derived ECM alternative. dECM hydrogels can be formulated with 

materials that provide specific, reproducible, and mechanically defined properties.  

dECM hydrogels offer biomimetic characteristics that are challenging to replicate with 

synthetic materials and can be used with automated fabrication techniques. They provide 

anchorage points for encapsulated cells promoting natural cell-ECM interactions and 

increased cell differentiation. Proper regulations with Good Manufacturing Practices 

(GMP) and Good Laboratory Practices (GLP) should be followed by adequate 

characterization to ensure the quality of the final product, which is especially important 

for tissue engineering applications where implantation is needed. Also, researching the 

impacts of long-term storage on tissue dECM and generated hydrogels will improve the 

field and promote commercialization opportunities. To properly examine the practicality 

of the dECM technology, shelf-life studies such as mechanical stability and bioactivity 

must be performed. 

For building microenvironments in-vitro, such as disease models, dECM hydrogels have 

the potential to become critical factors for accurate ECM representation. As technology 

advances, we anticipate the development of more sustainable ECM-containing materials 

made of recombinant proteins that provide essential bioactive constituents while 

separating the less desirable characteristics of dECM hydrogels derived from tissue, such 

as immunogenicity, pathogens, and residual detergents or nucleic acids. This would 

enable controlled post-translational modifications and a decrease in product variability, 

which is highly desired for tissue engineering applications and personalized medicine. 
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Pre-clinical assessment is quickly evolving, and technologies only envisioned and tested 

in academic settings have higher opportunities to be commercially and clinically used. 

However, correct and rigorous evaluation of these tools must be conducted before their 

use. This can mean that initial in-vitro models will be a simplified version of the tissue of 

study. Still, it will avoid generating aberrant results due to a lack of knowledge of how the 

model behaves. Traditional models for cancer were developed out of necessity when 

therapies did not target specific malignancy components; however, as the treatments 

become more sophisticated and precise, we require elegantly created models to study 

their effectiveness. 

 

5.1. Conclusion and summary 

In conclusion, I fulfilled the main objective of my project and completed the three aims 

presented at the beginning of this thesis. I developed a protocol to prepare dECM 

hydrogels derived from porcine tongue tissue. This material was later used to prepare a 

composite bioink formulation containing alginate and gelatin as rheological modifiers. 

This biomaterial was able to recapitulate the mechanical characteristics of HNSCC in-

vitro. I chose specific ratios of each constituent to match the elastic modulus of HNSCC 

tumors grown in mouse xenografts. However, if desired, the formulation can be tuned to 

present different properties that can benefit other malignancies or stages of HNSCC. This 

formulation enabled the fabrication of a heterogenous co-culture model using extrusion 

bioprinting and generated stable constructs. This co-culture model contained 

encapsulated HNSCC cells and fibroblasts, which developed into spheroids for up to three 

weeks. Spheroids presented a TME-like architecture by arranging cancer cells in the 
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center surrounded by fibroblasts. Characterization shows changes in spheroid 

morphology, MMP and TIMP expression, and matrix remodeling in the co-cultures, 

comparing them to the monoculture controls, indicating stromal-cancer interaction. This 

platform proves that with proper materials and fabrication techniques, it is possible to 

accurately recapitulate variables such as 3D architecture, cell-cell, and cell-ECM 

interactions, cancer-stromal cross-talk, and biochemical changes into a single in-vitro 

model. These models can be used to make observations that have proven challenging to 

acquire using traditional preclinical models, especially for targeted new which aim to 

target stromal cells or the ECM.  
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Supporting Figures 

 

Figure S1: Mechanical comparison of A1G5dECMT and A1.5G5dECMT. a. Nanoindentation 

test of ionically crosslinked A1G5dECMT and A1.5G5dECMT compared with a tumor 

formed in a mouse xenograft after 35 days of implanting UM-SCC-12 cells. b. Amplitude 

sweep presenting the storage (G’) and loss (G”) modulus (uncrosslinked alginate) at 

24°C. 

 

 

Figure S2: Rheological characterization of dECMT, A1.5G5, and the reinforced 

A1.5G5dECMT bioink. a. Amplitude sweep presenting the storage (G’) and loss (G”) 

modulus. b. Flow curve performed at 24°C of dECMT, A1.5G5, and A1.5G5dECMT. 
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Figure S3: Confocal microscopy of bioprinted HNSCC cells encapsulated in A1G5dECMT. 

a. UM-SCC-12, and b. UM-SCC-38 over time in A1G5dECMT. Live-dead stains: Calcein-

AM: live (green), Ethidium Homodimer-I: dead (red), and Hoechst 33342: DNA (blue).  

Scalebar 100μM. 

 

Figure S4: Morphological variation of a. UM-SCC-12 and b. UM-SCC-38 over time 

encapsulated in A1.5G5dECMT. Calcein-AM: live (green), Ethidium Homodimer-I: dead 

(red). Scalebar 1000μM.  
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Figure S5: Quantitative analysis of cancer cells encapsulated in A1.5G5dECMT. Spheroid 

size distribution over time after segmentation analysis of a. UM-SCC-12, and b.UM-SCC-

38 microscopy data (Figure S4). 

 

 

Figure S6: Fluorescence microscopy of pure dECM mold-casted 3D cultures. Maximum 

intensity projections showing control groups of a. UM-SCC-12 and b. UM-SCC-38 cells 

encapsulated in pure dECMT and mold-casted on an agarose-coated plate. Figure shows 

days 1 and 16 of culture under standard conditions. Scalebar 200μM. 
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Figure S7:Morphological variation of a. UM-SCC-12 and b. UM-SCC-38 over time 

encapsulated in A1.5G5. Calcein-AM: live (green), Ethidium Homodimer-I: dead (red). 

Scalebar 1000μM. 

 

Figure S8: Confocal microscopy of bioprinted HNSCC cells encapsulated in A1.5G5. a. UM-

SCC-12, and b. UM-SCC-38 over time in A1.5G5. Live-dead stains: Calcein-AM: live 

(green), Ethidium Homodimer-I: dead (red), and Hoechst 33342: DNA (blue).  Scalebar 

500μM. 
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Figure S9: Quantitative analysis of live-dead assay of 3D printed HNSCC cells 

encapsulated in A1.5G5. a. Cell viability over time (n=4, p<0.0001). The difference in 

viability within the same cell line is statistically different unless stated in the plot. 

Spheroid size distribution over time after segmentation analysis of b. UM-SCC-12, and 

c.UM-SCC-38 microscopy data (Figure S7). 

 

Figure S10: Viability data presented by cell line. a. UM-SCC-12 b. UM-SCC-38 

encapsulated independently in either in A1.5G5 or A1.5G5dECMT from Figure S4 and Figure 

S7 (Data presented in Table S3)  
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Supporting Tables 

Table S1:Structural proteins identified in dECMT using LC/MS/MS (n=2). Acquired 

spectra extracted with Mascot Distiller and searched against a relevant proteome 

database (Sus scrofa (Pig) - UniProt) using the 'Mascot' proteomics search engine 

Identified Proteins Accession 
Number 

Molecular 
Weight 

Sample 
1 

Sample 
2 

Mean 

Uncharacterized protein OS=Sus scrofa 
OX=9823 GN=COL1A2 PE=1 SV=2 

I3L781_PIG 129 kDa 164 151 157.5 

Collagen type I alpha 1 chain OS=Sus 
scrofa OX=9823 GN=COL1A1 PE=1 SV=1 

A0A287A1S6_PIG 
(+1) 

139 kDa 79 65 72 

Cluster of Collagen type VI alpha 3 chain 
OS=Sus scrofa OX=9823 GN=COL6A3 
PE=1 SV=1 (A0A286ZMC0_PIG) 

A0A286ZMC0_PIG 
[5] 

209 kDa 18 46 32 

Collagen type VI alpha 2 chain OS=Sus 
scrofa OX=9823 GN=COL6A2 PE=1 SV=2 

I3LQ84_PIG 103 kDa 22 20 21 

Cluster of Uncharacterized protein 
OS=Sus scrofa OX=9823 GN=COL5A1 
PE=1 SV=3 (F1S021_PIG) 

F1S021_PIG [2] 184 kDa 8 8 8 

Uncharacterized protein OS=Sus scrofa 
OX=9823 GN=COL3A1 PE=1 SV=1 

A0A286ZQ85_PIG 114 kDa 29 19 24 

Collagen type IV alpha 2 chain OS=Sus 
scrofa OX=9823 GN=COL4A2 PE=1 SV=3 

F1RLL9_PIG 167 kDa 0 8 4 

Uncharacterized protein OS=Sus scrofa 
OX=9823 GN=LAMC1 PE=1 SV=2 

F1S663_PIG 163 kDa 7 6 6.5 

Uncharacterized protein OS=Sus scrofa 
OX=9823 GN=COL5A3 PE=4 SV=3 

F1S3G7_PIG (+1) 172 kDa 7 3 5 

Laminin subunit beta 2 OS=Sus scrofa 
OX=9823 GN=LAMB2 PE=1 SV=1 

A0A287AJ64_PIG 
(+2) 

197 kDa 1 5 3 

Keratin 84 OS=Sus scrofa OX=9823 
GN=KRT84 PE=1 SV=3 

F1SGI2_PIG 64 kDa 7 0 3.5 

Collagen type VI alpha 6 chain OS=Sus 
scrofa OX=9823 GN=COL6A6 PE=1 SV=1 

A0A287A0A6_PIG 229 kDa 0 10 5 

Fibrillin-1 OS=Sus scrofa OX=9823 
GN=FBN1 PE=1 SV=3 

F1SN67_PIG (+1) 312 kDa 0 3 1.5 

Decorin OS=Sus scrofa OX=9823 
GN=DCN PE=3 SV=2 

F1SQ10_PIG (+1) 40 kDa 1 6 3.5 

Nidogen 1 OS=Sus scrofa OX=9823 
GN=NID1 PE=1 SV=1 

A0A286ZL08_PIG 
(+2) 

127 kDa 0 6 3 

Uncharacterized protein OS=Sus scrofa 
OX=9823 GN=COL5A2 PE=1 SV=1 

A0A287BPM1_PIG 140 kDa 2 1 1.5 

Collagen type XXI alpha 1 (Fragment) 
OS=Sus scrofa OX=9823 GN=COL21A1 
PE=4 SV=1 

D5KRL1_PIG 93 kDa 4 1 2.5 

Heparan sulfate proteoglycan 2 OS=Sus 
scrofa OX=9823 GN=HSPG2 PE=1 SV=1 

A0A286ZHV7_PIG 
(+3) 

451 kDa 0 3 1.5 
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Table S2: Mean values of rheological parameters. Storage modulus, loss modulus and 

yield point of A1.5G5dECMT and dECMT. 

 

 

Table S3: Viability of encapsulated UM-SCC-12 and UM-SCC-38 cancer cells in 

A1.5G5dECMT and A1.5G5. Data analyzed from Figure S4 and Figure S7 (n=4). 
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Table S4: Short Tandem Repeat (STR) analysis of UM-SCC-12 and UM-SCC-38 immortalized cell lines. 
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