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Thesis Summary 
 

 

The mechanical properties of a tumor play an important role in cancer progression and 

therapeutic response. In fact, the stiffening of the tumor microenvironment has been 

linked to therapy resistance and an increased invasive behaviour. It is well-known that 

tumors are stiffer than their surrounding microenvironment, and recent data showing 

that the overexpression of certain ECM proteins, such as collagen and laminin is linked 

to worst prognosis and decreased therapeutic success of clinical patients, suggest an 

important role of the ECM on cancer development. However, the contribution of the 

mechanical properties of the cancer ECM during metastasis formation has not been 

studied in detail due to experimental limitations. In this doctoral thesis, we 

hypothesised that the mechanics of the ECM of lung metastases evolves during tumor 

growth and depends on the primary tumor site. Consequently, we set out to 

characterize biochemically and mechanically the ECM of lung metastases from 

different primary tumors and in response to anti-fibrotic treatment, specifically to 

nintedanib. To perform this study, we developed a novel decellularization procedure 

that efficiently produces acellular lung metastases sections while also preserving the 

tissue mechanics and the ECM’s biochemical components. The optimal decellularizing 

agent was determined by comparing reagents from six pre-existing decellularizing 

protocols with different methodologies in terms of ECM preservation, sample 

attachment and decellularization efficiency. This last parameter is customarily 

assessed by using DNA quantification kits, but we decided to develop a cheaper, 

quicker, and more practical alternative: an automated image-based algorithm in 

Python that can analyse dozens of images in minutes, as well as quantify other 

fluorescent images after immunostaining, thus also providing information on matrix 

preservation. With the combination of these two techniques, we were able to quantify 

the DNA remaining on the sample after decellularization, quantify ECM proteins before 

and after decellularization, and thus select sodium deoxycholate as the best option for 

‘on-slide decellularization’. This protocol was applied to lung sections from mice 

injected with either mouse melanoma cells (B16F10) or Lewis lung Carcinoma cells 

(LLC1) that metastasized to the lungs. To measure ECM stiffness, we carried out 

force-indentation measurements using Atomic Force Microscopy (AFM) on 
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decellularized lung sections where tumors were identified. Decellularized metastases 

displayed distinct ECM structures that were similar in both models: a surrounding 

capsule, an interior dense ECM and a partially empty cavity where cancer cells used 

to be and where ECM was scarce. However, tumors from lung carcinoma (CAR) and 

melanoma (MEL) lung metastases showed different invasion phenotypes: CAR 

metastases infiltrated nearby tissues, forming tumor infiltration areas (TIA) while MEL 

metastases spread to different areas of the tumors, giving rise to micrometastases. 

Both these areas (TIA and micrometastases) represent the early stages of tumor 

invasion and showed a softening of the ECM (0.21±0.11kPa and 0.21±0.05kPa, for 

CAR and MEL, respectively), when compared to healthy lung ECM (0.42±0.09 kPa), 

as well as a depletion in collagen IV, collagen I and laminin, but a slight increase in 

fibronectin. The ECM from CAR macrometastases was more than 4x stiffer (1.79±1.32 

kPa) than healthy lung ECM (0.42±0.09 kPa), while also showing a stark increase in 

fibronectin deposition (267.8±55.3% of the healthy lung ECM fibronectin) and a 

reduction of collagen I and IV and laminin. The ECM of MEL macrometastases on the 

other hand, showed a 17x fold increase in stiffness (6.39±3.40 kPa) when compared 

to healthy tissue, while also displaying a sharp increase in fibronectin (249.2±85.0% 

of the healthy lung ECM fibronectin), slightly increased levels of collagen I, and 

reduced collagen IV and laminin. In an attempt to soften the MEL ECM, we decided to 

administer the anti-fibrotic and anti-angiogenic drug, nintedanib. However, nintedanib 

surprisingly led to a significant increase in ECM deposition from 6.3±6.4% to 

26.4±12.3% of the tumor area, and a doubling in tumor ECM stiffness from 

6.39±3.40kPa to 12.35±5.74kPa, with and without nintedanib treatment, respectively. 

Since this increase in ECM deposition was strongly correlated with a sharp increase 

in tumor necrosis, it implies a connection between tumor vascularization (or lack 

thereof) and ECM production. Overall, the results described in this work suggest that 

the tumor ECM mechanics change throughout tumor development and can be an 

indicator of underlying tumorigenic mechanisms. Additionally, tumor ECM is heavily 

influenced by the primary site of the tumor, as evidenced by the different ECM 

structures, stiffness and composition of the melanoma and lung carcinoma 

metastases.  
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Resumen (ES) 
 

Las propiedades mecánicas del tumor desempeñan un papel importante en la 

progresión del cáncer y la respuesta terapéutica. De hecho, la rigidez del 

microambiente tumoral se ha relacionado con una mayor resistencia terapéutica y 

comportamiento invasivo. Es conocido que los tumores son más rígidos que su 

microambiente circundante y que datos recientes demuestran que la sobreexpresión 

de ciertas proteínas de la matriz extracelular (MEC), como el colágeno o la laminina, 

están relacionadas con un peor pronóstico y disminución del éxito terapéutico en 

pacientes; sugiriendo un rol esencial de la MEC en el desarrollo del cáncer. A pesar 

de ello, la contribución de las propiedades mecánicas de la MEC en cáncer durante 

la formación de la metástasis no ha sido estudiada en detalle, debido a las limitaciones 

experimentales que presenta. En esta tesis doctoral, se plantea la hipótesis de que la 

mecánica de la MEC en las metástasis pulmonares tiene una evolución durante el 

crecimiento del tumor y que depende de la localización del tumor primario. Por 

consiguiente, nos propusimos caracterizar bioquímica y mecánicamente la MEC de 

metástasis pulmonares de distintos tumores primarios y la respuesta al tratamiento 

antifibrótico con el fármaco nintedanib. Con el objetivo de llevar a cabo este estudio, 

desarrollamos un novedoso procedimiento de descelularización que produce 

eficientemente secciones de metástasis pulmonares acelulares, preservando, al 

mismo tiempo, la mecánica del tejido y los componentes bioquímicos de la MEC. El 

agente descelularizador óptimo se determinó comparando los reactivos de seis 

protocolos de descelularización preexistentes con diferentes metodologías de 

preservación de la MEC, fijación de la muestra y eficiencia de descelularización. Este 

último, se evalúa habitualmente mediante el uso de kits de cuantificación de ADN, sin 

embargo, decidimos desarrollar una alternativa más barata, rápida y práctica: un 

algoritmo totalmente automatizado basado en imágenes de Python con capacidad 

para analizar docenas de imágenes en minutos, así como cuantificar imágenes 

fluorescentes tras la inmunotinción, proporcionando así información sobre la 

conservación de la matriz. Con la combinación de estas dos técnicas, fuimos capaces 

de cuantificar el ADN presente en la muestra tras el proceso de descelularización, 

cuantificar proteínas de la MEC antes y después de la descelularización y también, 

seleccionar el desoxicolato de sodio como la mejor opción para realizar el protocolo 
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de descelularización sobre un portaobjetos de vidrio mientras las muestras están 

firmemente adheridas a este. Este protocolo se aplicó a secciones de tejido pulmonar 

de ratones inyectados con células de ratón (B16F10) o células de carcinoma de 

pulmón de Lewis (LLC1) que formaron metástasis en los pulmones. La rigidez de la 

MEC fue analizada mediante medidas de fuerza-indentación por Microscopía de 

Fuerza Atómica (AFM) en secciones pulmonares descelularizadas donde se 

identificaron los tumores. Las metástasis descelularizadas mostraron estructuras de 

la MEC diferenciales que fueron compartidas en ambos modelos: una cápsula 

circundante, una MEC interior densa y una cavidad mayoritariamente vacía donde se 

encontraban las células cancerosas y la MEC era escasa. Sin embargo, los tumores 

de metástasis pulmonares de carcinoma (CAR) y melanoma (MEL) mostraron 

fenotipos de invasión diferentes: las metástasis de CAR se infiltraron en tejidos 

cercanos, formando áreas de infiltración tumoral, mientras que las metástasis de MEL 

se extendieron a diferentes zonas de los tumores, dando lugar a micrometástasis. 

Ambas zonas representan las primeras etapas de la invasión tumoral y mostraron un 

reblandecimiento de la MEC (0,21±0,11kPa y 0,21±0,05kPa, para CAR y MEL 

respectivamente) en comparación con la MEC de pulmón sano (0,42±0,09 kPa), así 

como una disminución del colágeno IV, colágeno I y laminina, pero un ligero aumento 

de la fibronectina. La MEC de las macrometástasis de CAR fueron 4 veces más rígida 

(1,79±1,32 kPa) que la MEC del pulmón sano (0,42±0,09 kPa), al mismo tiempo que 

mostraba un marcado aumento de la deposición de fibronectina (267,8±55,3% de la 

fibronectina de la MEC del pulmón sano) así como, una reducción de los niveles de 

colágeno I y IV y de laminina. Por otro lado, la MEC de las macrometástasis de MEL, 

mostró un aumento de la rigidez 17 veces mayor (6,39±3,40 kPa) en comparación 

con el tejido sano, al mismo tiempo que mostraba un fuerte aumento de la fibronectina 

(249,2±85,0% de la fibronectina de la MEC del pulmón sano), un ligero aumento de 

los niveles de colágeno I y una reducción de los niveles de colágeno IV y la laminina. 

En un intento de suavizar la MEC de MEL, decidimos administrar el fármaco 

antifibrótico y antiangiogénico nintedanib. Sin embargo, éste sorprendió al provocar 

un aumento significativo de la deposición de ECM del 6,3±6,4% al 26,4±12,3% del 

área del tumor, y una duplicación de la rigidez de la ECM del tumor de 6,39±3,40kPa 

a 12,35±5,74kPa, sin y con tratamiento, respectivamente. Dado que este aumento de 

la deposición de MEC estaba fuertemente correlacionado con un fuerte aumento de 

la necrosis tumoral, implica una conexión entre la vascularización del tumor (o la falta 
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de ella) y la producción de MEC. Por lo tanto, concluimos que los resultados descritos 

en este trabajo sugieren que la mecánica de la MEC tumoral cambia a lo largo del 

desarrollo del tumor y puede ser un indicador de mecanismos tumorigénicos 

subyacentes. 
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INTRODUCTION  
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Lung in health and malignancy 
 

Lung structure in health  
 

The lungs are one of the most vital organs in the human body. They are the 

major organ of the respiratory system and perform the exchange of oxygen 

and carbon dioxide between our body and the atmosphere. Atmospheric air 

enters through the nose into the conducting zone of the respiratory system, 

where no gas exchange takes place. This area starts in the trachea, into the 

bronchi up until the terminal bronchioles and it serves a purely conductive 

role, hence the name of the air volume it holds is called “dead space 

volume”. Terminal bronchioles divide into respiratory bronchioles that have 

some alveoli in their walls. Respiratory bronchioles will then divide into 

alveolar ducts, which are small tubes which open into alveolar sacs in their 

distal portion, which in turn are comprised of many alveoli (Figure 1). 

Clusters of alveoli form a respiratory functional unit called the acini. The 

amount of air that actually reaches the alveoli and is used for gas exchange 

is very reduced and is called the alveolar ventilation (1–4).  

 

Figure 1 - Lung structure in health. (Left) - Internal structure of the lungs, from the Trachea to the alveoli. 
(Right) – H&E-stained lung section from rats. B- bronchioles, * represent alveoli locations and the arrow 
indicate the pleura. Adapted from (1). 
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The alveolar wall is a very thin membrane that separates the air 

compartment and the blood compartment (capillary lumen) and is 

composed of two distinct cell layers: an epithelium that faces the alveolar 

compartment and an endothelium that faces the capillary lumen. In between 

these two layers there is the interstitium and the three of them constitute the 

blood-air barrier (Figure 2). The alveolar epithelium is composed mainly of 

alveolar type I cells, which are squamous and line 95% of the alveolar 

surface, but also have single alveolar type II cells interspersed. Alveolar type 

II cells are cuboidal and are responsible for the secretion of surfactant, an 

important contributor to lung homeostasis. The secreted surfactant forms a 

layer in the alveolar compartment that stabilizes alveolar structure and helps 

prevent alveolar collapse by lowering surface tension. Surfactant also has 

immune functions since it interacts with pathogens, eliminates them and 

prevents their propagation (5). Finally, the interstitium is occupied by 

extracellular matrix (ECM) and cells, the most abundant being fibroblasts 

and myofibroblasts, but also interstitial macrophages and mast cells (1,6).  

 

Figure 2 - Alveolar structure and blood-air barrier. The alveolus is lined with alveolar type I and type 
II cells, lying on a basement membrane that separates them from the interstitial spaces around the 
alveolar capillaries. The interstitium is composed of fibroblasts, macrophages, and lymphocytes. 

Adapted from (4). 
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Lung cancer 
 

Lung cancer is one the world’s largest health concerns that results from the 

neoplastic transformation of the lung epithelium. Lung cancer is the main 

culprit of all cancer related deaths, accounting for 22% of cancer mortality 

in 2021. Considering all stages and types, lung cancer has one of the lowest 

5-year survival rates at only 21% (7). The main reasons for this high 

mortality rate are that 1) patients are diagnosed at a late stage of the cancer 

progression, due to the typical asymptomatic presentation of the disease in 

its early stages and are consequently diagnosed when the primary site has 

already metastasized, and 2) there are currently no curative treatment 

options (8). Risk factors for developing lung cancer include tobacco and 

smoking, exposure to asbestos and reduced air quality, lung damage after 

infection, and genetic factors (9). Lung cancer can be split into many 

subtypes, but the most relevant are malignant pleural mesothelioma (MPM), 

small-cell lung carcinoma (SCLC) and non-small cell lung carcinoma 

(NSCLC). NSCLC can be further classified as adenocarcinomas (50%), 

squamous cell carcinoma (40%). The remaining are attributed to less 

frequent cancer types (10%) (9–11).  

Lung cancer diagnosis is typically performed by histological analysis of 

either tumor biopsies or from samples from resected tumors, after an initial 

discovery via one of many available imaging tools, including computed 

tomography (CT), magnetic resonance imaging (MRI) and positron 

emission tomography (PET) (8). To decide the best therapeutic course, it is 

not only important to classify the type of lung cancer but also to identify 

some molecular aberrations, markers and genetic mutations. There are four 

main treatment options for patients diagnosed with lung cancer: surgical 

intervention, radiotherapy, chemotherapy and biological/immunotherapy. 

Surgical intervention is the first line of treatment but unfortunately it is not 

an option for tumours too far advanced to be resected, resulting in what are 

called inoperable tumors. This is also the case for cancers that have already 

metastasized greatly. Chemotherapy and/or radiotherapy are options that 
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can help improve resectability for later operative intervention. However, they 

are also used as a second line of therapy after initial tumor resection. The 

specific compound used in chemotherapy will not only depend on the 

histological features of the tumor, but also on the genetic mutations of said 

tumor, since drugs that target the products of these mutated genes have 

been created for cancer treatment (8). Lastly, immunotherapeutic drugs 

such as pembrolizumab or nivolumab, which are antibodies against 

programmed death-ligand 1 (PD-L1), have shown great promise in the 

treatment of metastatic NSCLC (12–14).  

 

Metastatic spread 
 

Cancer diagnosis is commonly made when the primary tumor has already 

formed multiple secondary lesions, significantly complicating treatment 

options and worsening the disease prognosis. These secondary lesions are 

called metastases and they occur when cells from a primary tumor spread 

to either surrounding tissues or distant sites. When they occur, they are 

considered a hallmark of an aggressive cancer type and are linked to a 

significant increase in mortality (15).  

When a tumor first starts to grow, its first necessity is to establish a viable 

blood supply that can provide nutrients and oxygen. Eventually, the growth 

rate of the tumor makes it impossible for the angiogenesis to keep up with 

the tumors’ demands, resulting in intra-tumoral hypoxia and consequent cell 

death. At this stage, necrosis and hypoxia will induce some tumors to reduce 

their cell metabolism and division, but in others it will trigger invasion and 

metastasis (Figure 3). In hypoxic areas, specifically, epithelial to 

mesenchymal transition (EMT) is increased, a feature common to most 

metastatic cells.  EMT is a phenomenon in which epithelial cells transform 

from organized, polarized into isolated mesenchymal-like cells with invasive 

properties (16,17). Since epithelial cells undergo apoptosis when they are 

no longer attached to matrix, EMT is necessary for metastatic invasion since 

cells need to detach from the ECM in order to invade other tissues. Once 
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the cell detaches from the primary site, it invades through the basement 

membrane of the ECM surrounding the tumor until it reaches lymphatic or 

blood vessels. There, the intravasion of the metastatic cells occurs into the 

lympathic/blood stream until they reach the target-organ, and the reverse 

process occurs. Once the metastatic cells arrive to their destination, the 

EMT is reversed, and they regain epithelial features (18,19). 

Interestingly, there is mounting evidence that indicates that the tumor can 

prepare distant sites for metastatic spread even before any cells detach 

from the primary tumor site, forming so called “pre-metastatic niches” (20–

22). It has been shown that in mouse models, primary tumors such as breast 

cancer, melanoma and colorectal cancer secrete extracellular vesicles that 

will prepare locations in the target-organ (e.g. the lung) for the 

accommodation of the new metastases. These factors and vesicles promote 

the production of growth factors, chemoattractants, ECM-modulatory 

proteins among other components meant to facilitate metastatic invasion 

and growth.  

Figure 3 - Metastatic Progression. The metastatic process starts with local invasion of the primary tumor towards the 
vasculature. After arriving to the capillaries, cells enter the circulatory system (intravasion). Circulating tumor cells (CTCs) 
are vulnerable to the attacks of the immune system. CTCs that manage to escape immune cells disseminate to 
secondary sites, following the circulatory fluid flow. Upon their arrival in the vasculature of secondary sites, CTCs 
extravasate and invade and settle in a pre-metastatic niche. At the metastatic site, the secondary lesion may be either 
eliminated or enter in a quiescent state. Once the cancer cells leave the dormant state, they reinitiate proliferation and 
tumor growth to form micrometastases and later complete tumors. Adapted from (15). 
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Lung-seeking metastasis  
 

Metastasis to the lungs is an extremely common phenomenon in cancer. In 

fact, pulmonary secondary tumors are the second most common type in 

metastatic cancer, accounting for 20-54% of all cases (23). This occurrence 

can be explained by many factors (24):  

• Easy access: Metastatic cancer cells can reach the lungs 

through many different ways, including via lymphatic and blood vessels or 

through direct invasion from adjacent tissues. 

• Smoking: it has been shown in both mice models and patients 

that smoking will increase the chances of developing lung metastases in 

breast carcinoma, esophageal cancer and colorectal cancer (24–26). This 

is due to the smoke-induced chronic inflammation that potentially 

contributes to metastasis formation and growth. 

• Immune activity of the lung: lung alveolar type II cells recruit 

neutrophils through chemokine secretion. In turn, neutrophils support the 

proliferation of certain types of metastatic clusters. Some neutrophil 

secretions can also destroy anti-tumorigenic factors and thus promote 

metastases in the lung.  

• Genetic factors: recently, genetic analysis has revealed some 

genes specifically associated with lung metastasis in animal models with 

breast cancer.  

After leaving the primary tumor site and entering the blood stream, 

disseminated tumor cells enter the lung parenchyma by disrupting the lung 

endothelial layers. The most common origin for these secondary lung 

lesions includes colorectal cancer, head and neck cancer, breast cancer, 

urologic (kidney, ureter, prostate, testes) cancer and melanoma (22,24).  
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Lung Extracellular matrix 
 

Extracellular matrix structure and composition 
 

The extracellular matrix (ECM) is the acellular component to all tissues that 

provides physical and biochemical support to cells, tissues and organ 

architecture. The ECM is composed of an organized network of 

macromolecules whose exact composition and structure is tissue 

dependent. These structures can be made up from over 300 core structural 

components (27), which are mostly fibril-forming proteins but can also be 

made up of glycosaminoglycans which, when linked to proteins, form 

proteoglycans (PGs). There are two main compartments of the ECM: the 

basement membrane (BM) and the interstitial matrix (IM). The BM is a 

sheet-like structure and consists predominantly of two networks: collagen 

type IV and laminin, but also contains nidogens and PGs. This type of ECM 

is located underneath cells, facilitating endothelial and epithelial cell 

attachment via integrins, and regulating cell organization and differentiation 

(28). The IM or interstitial space, on the other hand, is located underneath 

Figure 4 – Representation of the ECM structure. The ECM is subdivided into basement 
membrane (BM) and interstitial matrix (IM). Adapted from (34). 
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the BM and is mainly composed of networks of fibrous proteins, such as 

fibrillar collagens, elastin, fibronectin (Figure 4 – Representation of the ECM 

structure. The ECM is subdivided into basement membrane (BM) and interstitial 

matrix (IM). Adapted from (34).). The ECM, namely the IM, also serves as a 

reservoir and the place for the exchange of cell secretions, growth factors, 

ions, nutrients, metabolites and signals (29).  

 

Fibroblasts and ECM agents 
 

The ECM, and more specifically the IM compartment, is also the home of 

(myo)fibroblasts which are the major producers of ECM (28). These cells 

also secrete protein-degrading enzymes, the metalloproteinases (MMPs), 

and their inhibitors which in turn regulate ECM turnover. Fibroblasts are 

typically spindle-shaped cells that can differentiate into myofibroblasts, 

which specialize in ECM production. Myofibroblasts deposit collagen type I, 

III and IV as well as laminin and fibronectin which is especially important in 

tissue injury events, where the fibroblasts migrate to the injury site, 

differentiate and close the wound (30). 

Post-translational modifications of the ECM also change the structure and 

function of the ECM. These modifications can be protein crosslinking, 

transglutamination, oxidation, glycation and glycosylation, among others 

(27). One of the most important agents of these modifications are the 

extracellular enzymes from the lysyl oxidase (LOX) and transglutaminase 

family. These enzymes are the main components responsible for the 

crosslinking of elastin and collagen, a crucial step in their biosynthesis (31).  

 

The Pulmonary ECM 
 

In the lungs, the ECM plays a particularly paramount role. The pulmonary 

ECM determines not only the tissue architecture but enables elastic recoil 

during breathing and provides mechanical stability (32). In the lung, the BM 
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covers the basal side of epithelia and endothelia while the IM maintains the 

three-dimensional (3D) structure and biomechanical features of the lungs 

(Figure 5). 

Collagens make up roughly 30% of the total protein mass in the human 

body and are the most abundant type of ECM protein. Collagen type I is the 

most abundant of collagens since it constitutes 90% of all the collagen in 

the body. In the lungs, there are over 20 types of collagens that can be 

fibrillar (types I, II, III, V and IX) or non-fibrillar (IV) (27,33,34). The most 

abundant fibrillar collagens in the lung are collagens type I and III. These 

elements have great tensile strength, but low elasticity, so they mostly play 

a structural role in the architecture of bronchi, alveoli, and blood vessels. 

Elastic fibres, on the other hand, have low tensile strength but high elasticity, 

which enables the lung to elastically recoil during breathing. For this reason, 

the IM of alveoli is mostly composed of intertwined fibre networks composed 

of collagen type I and III and elastic fibres. These elastic fibres are made up 

of crosslinked elastin in its core and microfibrils made up of glycoproteins 

in its periphery. After fibril formation, the LOX enzyme crosslinks elastin and 

collagen, an essential process that provides the necessary tensile strength 

of the lungs. This enzyme is associated with the pathological processes in 

several pulmonary diseases, like idiopathic pulmonary fibrosis (IPF) and 

lung cancer (31,35,36).  

Figure 5 - Local ECM composition in a human lung. Adapted from (33). 
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Even though laminin and fibronectin do not contribute significantly to the 

lung’s mechanical features, these proteins still play important roles in cell 

survival and homeostasis. Laminin, for one, is one of the most important 

components of the BM and it plays a major role in cell attachment since it 

has several integrin binding sites (33). It also plays an important role in cell 

proliferation since laminin chains induce apoptosis (37). In the lungs, as in 

other tissues, laminin has multiple binding sites to other ECM proteins 

(mainly collagen IV) that help stabilize the lung’s architecture. Fibronectin 

is a dimeric fibrillar glycoprotein in the IM and like laminin, it plays an 

important role cell and ECM attachment. It is composed of two large 

subunits and each one has specific binding sites to ECM proteins like 

collagen and cell surface receptors. Fibronectin also regulates cell migration 

and differentiation to the binding of cells to specific migration or 

differentiation inducing proteins. In the lungs, fibronectin functions as a 

“magnet” for certain cells, like alveolar type II cells (38). These cells 

preferentially adhere to fibronectin instead of other ECM proteins, like 

laminin and collagens, so it is suggested that they migrate in the direction 

of fibronectin for better attachment (33).  

 

 

Lung tumor microenvironment 
 

Tumors are much more than just a conglomerate of cancer cells. They are composed 

of other cells like fibroblasts and immune cells that proliferate, migrate and support the 

tumor as well as the extracellular matrix and blood vessels. This non-cancerous 

component of the tumor is typically called the tumor microenvironment (TME) and it 

has a major impact on tumor progression, proliferation and invasion (Figure 6). In lung 

cancer, the TME not only influences tumor progression but determines the tumor’s 

response to therapy and so the TME has become a topic of interest when developing 

new lung cancer therapeutics (22). 
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Endothelial cells and angiogenesis 
 

During the initial stages of tumorigenesis, tumors use diffusion to obtain 

oxygen and nutrients from the host. However, the build-up of metabolites, 

waste and lack of oxygen eventually leads to the TME becoming hypoxic 

and toxic. At that point, tumors will strive to establish their own blood supply 

by producing and secreting pro-angiogenic factors. Pro-angiogenic factors 

are a well-known component of the TME which are promoted by oncogenes, 

hypoxia and mechanical and oxidative stress (39). The most important 

molecule in tumor angiogenesis is vascular endothelial growth factor 

(VEGF), which is a growth factor derived from platelets that binds to the 

transmembrane receptor receptor tyrosine kinase inhibitor in endothelial 

Figure 6 - Representation of the tumor microenvironment (TME) of a solid tumor. Cancer cells and 
stromal cell types coexist in the TME where they interact and influence each other. Adapted from (39) 

Figure 54 – Representation of the tumor microenvironment (TME) of a solid tumor. Cancer cells and 
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cells. Other important angiogenic factores include platelet-derived growth 

factor (PDGF) and fibroblast growth factor (FGF). VEGF can be produced 

by many of the components of the TME like endothelial cells and fibroblasts, 

mas its mostly produced by cancer cells. Briefly, VEGF will provoke 

endothelial cell migration and induce them to form new blood vessels by 

promoting the differentiation of endothelial precursor cells, endothelial cell 

proliferation and angiogenic remodelling. Endothelial cells form a thin layer 

called the vascular endothelium that separates the bloodstream from 

tissues, while transporting and delivering nutrients, immune cells and 

sprouting to form new blood vessels. Often, tumor vasculature will be 

immature and lack the structural integrity that healthy blood vessels have. 

This feature can be beneficial for the metastatic spread, since intravasation 

(i.e., when tumor cells escape the primary tumor site and enter the 

vasculature) will be facilitated (20,40). 

 

Cancer associated fibroblasts (CAFs) 
 

Under healthy conditions, fibroblasts are spindle-shaped cells that respond 

to tissue injury by reversibly transforming (i.e. activation) into 

myofibroblasts. Myofibroblasts have added characteristics that can facilitate 

wound healing, such as contractile properties, higher proliferation and 

increased ECM deposition capabilities. After tissue repair, myofibroblasts 

can either revert to fibroblasts or undergo apoptosis. Cancer associated 

fibroblasts (CAFs), or tumor-associated fibroblasts (TAFs) share a similar 

phenotype to myofibroblasts: they express fibroblast activation protein, 

produce copious amounts of fibronectin and also express alpha smooth 

muscle actin. CAFs however, never reverse their phenotype, hence the term 

given to tumors as the ‘wounds that never heal’. Most CAFs originate from 

tissue-resident fibroblasts after signalling via tumor-derived TGF-β1, but 

they can also be products of epithelial cells after EMT (20,40,41). CAFs 

account for 80% of the fibroblasts residing in the TME and is often 

synonymous with the presence of desmoplasia. A tumor rich in CAFs is 
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usually synonymous with a poorer diagnosis and disease reoccurrence in 

some types of cancers, like colorectal cancer.  

CAFs have many functions within the tumor microenvironment. They 

produce the majority of the tumor ECM, namely collagens and fibronectin, 

as well as other extracellular components, like cytokines and growth factors. 

Specifically, they secrete TGF-β which in turn promotes EMT and 

neoangiogenesis in the tumor. However, they also play a major role in 

degradation and remodelling of the ECM surrounding the primary tumor 

which allows for tumor cell invasion of nearby tissues and distant sites. It is 

important to note that since fibroblasts are very heterogeneous from tissue 

to tissue, the same will happen with CAFs from tumor to tumor, leading to 

equally different roles depending on the type of cancer. 

 

Cancer extracellular matrix 
 

In tumors, the exacerbated deposition of ECM, a phenomenon known as 

desmoplasia, has been greatly linked to a poorer prognosis in clinical 

settings (42,43). Lung cancer, specifically adenocarcinoma and small cell 

lung cancer, exhibit high levels of desmoplasia (44). Collagens, specifically 

collagen type I, are often amongst the overexpressed proteins in the lung 

TME, but this increase in ECM deposition can be made up of many proteins, 

like elastin, hyaluronic acid, tenascin C, fibronectin, versican and laminin 

(45–47). In the TME, the ECM is present in an unregulated and disorganized 

matter, and it has been widely reported that certain ECM proteins influence 

tumorigenic proliferation, invasion and overall development. High levels of 

laminins are correlated with poorer prognosis in lung cancer patients and 

protect against tumor cell apoptosis, enhanced EMT and overall 

invasiveness. The overexpression of different types of collagens are seen 

in many lung tumors and create a permissive lung environment, increase 

tumor stiffness and promote tumor progression. Fibronectin was found to 

have inflammatory effects in lung cancer cells in vitro (48), as well as being 

correlated with resistance to chemotherapy in lung cancer patients (49). 
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However, not all ECM proteins in the lung cancer TME are tumor promoting: 

decorin, for instance, is a tumor suppressor for NSCLC and inhibits tumor 

growth, EMT and consequently metastases formation (50,51).  

In addition to the biochemical composition of the tumor ECM, the structural 

rearrangements of the tumour microenvironment carried out by the CAFs 

also influence cancer cell behaviour, as seen in breast cancer matrices (52) 

where the tumor ECM was remodelled to orient collagen fibres 

perpendicularly to the tumor boundary, thus facilitating breast cancer cell 

invasion of the adjacent tissues (52–54). Once again, patients where this 

ECM realignment has been reported correlated with poorer outcomes and 

reduced therapeutic success (54). On the other hand, the degradation of the 

ECM via metalloproteinases also has a structural purpose since it allows for 

migration of vessels through the tumor as well as the invasion of 

surrounding tissues. Just as it does for healthy tissue, the tumor ECM 

serves as a reservoir for cytokines and pro-angiogenic growth factors, like 

VEGF, FGF, PDGF, TGF-β. 

 

 

Lung cancer therapies targeting the ECM  
 

Nowadays, the microenvironment, where cells grow and pathologies 

progress, is considered to be just as important as the cellular components 

that are involved in the development of a certain disease. Within that 

microenvironment lies the ECM, which has shown to be significantly 

modified in many conditions, such as inflammatory and autoimmune 

conditions but also in malignancy. Thus, interest in targeting the diseased 

ECM rather than the cells has been rapidly increasing in the last few years. 

The ECM can also serve as a reservoir and play a part in regulating drug 

delivery, features that make it a strategic target for cancer pharmaceuticals. 

However, to date the therapeutic options that target specifically the lung 

cancer ECM are scarce. Additionally, it is also important to study the effect 

that medications have on the ECM, which is so far an underexplored area. 
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For instance, corticosteroids are a standard treatment option for 

inflammatory lung diseases. However, this medication has been shown to 

significantly alter the ECM in asthma and COPD, namely causing increased 

ECM deposition of PGs and collagen type III in the lungs (30,55,56). 

Currently, only two ECM-targeting medications have been approved for lung 

pathologies: pirfenidone (PFD) and nintedanib (NTD). Both these 

medications are generally referred to as “anti-fibrotic” medications and have 

been mostly used for the treatment of IPF by slowing down the rate of 

decline in lung function but have also been used for the treatment of NSCLC 

and other malignancies, like ovarian cancer (57). However, their exact 

mechanism of action in the lung is not fully understood.  

 

Pirfenidone 

PFD is an oral medication that was originally developed as an anti-

inflammatory drug since, after its administration, there was an accumulation 

of immune cells and a decrease in production of cytokines. It is a small 

hydrophobic molecule and, for that reason, does not require a receptor to 

enter through the cell membrane and is quickly absorbed by the 

gastrointestinal tract. PFD has been shown to decrease the production of 

fibrogenic growth factors like TGF-β1 and modulate the expression of 

MMPs, and consequently reduce fibroblast proliferation, myofibroblast 

differentiation, as well as fibronectin and collagen deposition (58).  

In recent cancer studies, PFD was used in tandem with photodynamic 

therapy (PDT) which is a therapeutic procedure with tumor suppressive 

features that is hindered by the hypoxic environment within a tumor (58,59). 

In mice models, PFD was successfully administered in an effort to reduce 

the fibrosis inside the tumor, thus leading to decreased intratumoral solid 

stress and decompression of blood vessels, also decreasing hypoxia in the 

tumor.  
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Nintedanib 

NTD (BIBF1120), on the other hand, was originally developed as an anti-

angiogenic drug for oncological applications. It is a receptor tyrosine kinase 

inhibitor that mainly targets the vascular endothelial growth factor (VEGF), 

the platelet derived growth factor (PDGF), the fibroblast growth factor (FGF) 

and TGF-β receptors. This multi-receptor inhibition has shown to decrease 

fibroblast proliferation and to inhibit (myo)fibroblast differentiation, leading 

to significant reductions in total collagen content and overall lung fibrosis. In 

mice models, NTD was also shown to have anti-inflammatory effects by 

reducing lymphocyte, neutrophil and inflammatory cytokine presence in 

bronchoalveolar lavage fluid (57). 

Although it has mainly been used to treat IPF, NTD has also been approved 

by the European Union as a treatment for lung cancer, namely NSCLC, in 

combination with docetaxel, a cytotoxic drug. In fact, NTD has shown anti-

tumor effects in many cancer types, like ovarian, human renal cell 

carcinoma, colorectal and prostate carcinoma (57,60).  

 

However, there are other ECM-based therapeutic strategies worthy of 

exploration for lung cancer applications. One of the most promising 

therapeutic targets among them is matrix crosslinking, since increased ECM 

stiffness has been linked to an increase in covalent crosslinking (61). For 

this reason, the inhibition of LOX2 enzyme has been explored as a 

therapeutic approach for IPF, since LOX was shown to be increased in the 

lungs of patients afflicted by this disorder (36,62). Duch et. al has also 

recently revealed the tissue inhibitor of metalloproteinase-1 (TIMP-1), an 

important regulator of extracellular matrix turnover, as a novel therapeutic 

target in lung cancer. In this study, researchers used mice models to show 

that the reduction of TIMP-1 led to less aggressive tumors. However, the 

exact effects of the reduction of TIMP-1 on ECM composition and stiffness 

are still to be elucidated (63). 
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The immune microenvironment 
 

The immune component within the TME is one of the most important in 

tumor dynamics since immune cells can have either tumor-supressive or 

tumor-promoting functions. Chronic inflammation of the tissues, for 

example, is a well-known promoter for tumor invasion and malignancy 

progression in a number of different cancers.  

Based on immune activity in the TME, tumors can be classified according 

to their level of immune infiltration into one of three categories of 

immunophenotypes: immune-inflamed (i.e. “hot tumors”), immune-excluded 

and immune-desert phenotypes (i.e. “cold tumors”) (Figure 7). Hot tumors 

will have a high level of T cell infiltration, expression of PD-L1 and overall 

immune activity, making them more responsive to certain immune-focused 

medications, such as nivolumab and pembrolizumab. Immune-excluded 

and immune-desert tumors are both categorized as “cold tumors”, where in 

the former there are T cells present, but they cannot properly infiltrate within 

tumor boundaries, while in the latter, T cells and other immune tumor-

suppressing agents are absent from the TME and its periphery entirely 

(64,65). For this reason, “cold tumors” rarely respond to immune checkpoint 

inhibitors when compared to their “hot” counterparts. For this reason, 

Figure 7 - Representation of hot tumors, cold tumors, and intermediate tumors regarding 

tumor immune activity. Adapted from (65). 
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improving T cell infiltration in the TME has been a growing research topic in 

recent years in order to convert previously cold tumors into inflamed tumors. 

 

Tissue Decellularization  
 

To properly study the ECM’s properties, it is necessary to isolate it from the 

surrounding cells in a process called decellularization (Figure 8Erro! A origem 

da referência não foi encontrada.). For this process to be successful it 

requires the elimination of all cells and its components while preserving as 

much of the ECM as possible. However, effective decellularizing agents are 

often too aggressive on the ECM components, so it is important to find a 

balance between effective decellularization and matrix preservation. Most 

commonly, decellularization is performed on tissues or tissue sections, but can 

also be used in vitro to isolate the newly produced ECM from the surrounding 

fibroblasts, for instance. For these reasons, decellularization protocols are 

adapted to each sample type due to their inherent differences in ECM 

composition and architecture. 

Decellularized tissues specifically have a wide range of applications. Clinically, 

decellularized tissues can serve an important role in tissue and organ failure. 

Currently, the deficit between patients in need of organ donation and organ 

donors is increasing. Tissue decellularization makes organs unspecific since 

cells and their DNA are removed, while maintaining the tissue’s architecture, 

composition and mechanics. This ECM scaffold could then be repopulated with 

the patient’s own cells to produce compatible tissues (66). Commercially, a 

number of tissues from humans, pigs and cows have been decellularized to 

create scaffolds as clinical solutions for tissue regeneration and repair, such as 

Pelvicol, AlloDerm, MatriStem and Dura-Guard® (67). Nonetheless, 

decellularized ECM is also crucial in basic research applications. In fact, it can 

be used to create ECM hydrogels for cell culture and provide a more 

physiological environment than synthetic hydrogels (68). The study of the ECM 

in itself is also of great scientific interest. By understanding the changes in ECM 



- 47 - 
 

composition, structure and stiffness that accompany disease progression, we 

can better understand the conditions cells are exposed to and their consequent 

behaviour. This study is especially useful in diseases characterized by aberrant 

ECM deposition, like IPF (69). With these applications in mind, it is unsurprising 

the recent growing interest in decellularization and decellularized tissues (70).  

 

 

Decellularization methods 
 

A decellularization protocol can look different for different applications. 

In some applications, like full tissue repopulation, the whole organ must 

be decellularized, while for others, like the creation of ECM hydrogels, it 

is only necessary to decellularize a large tissue block since the ECM will 

be later lyophilized (71). For this reason, there are several types of 

decellularization methods, but we will focus on the two most common: 

perfusion and immersion/agitation.  

 

 

Figure 8 - Use of acellular tissues for tissue engineering, from sample procurement to 

recellularization. Adapted from (74). 
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Decellularization by perfusion 

To decellularize complete organs, it is common to employ the perfusion 

decellularization technique. In this technique, the decellularizing agents 

flow through the tissue’s vasculature at physiological pressures to reach 

the entire organ (72,73). In most organs, the main artery is cannulated, 

while in the lung, the airways are also used to perfuse reagents. 

Perfusion is usually stopped when the organ loses its original colour and 

turns white and/or transparent (Figure 9). 

One downside of this technique is that applying and controlling the 

appropriate fluid pressure is not an easy feat and applying the wrong 

pressure could damage the entire organ. Additionally, this technique 

requires easy access to the organ’s blood vessel system, which will not 

be feasible for small animals, small tissues, or certain organs, like skin, 

tendons and cartilage.  

 

Decellularization by immersion 

When access to the vasculature is difficult or non-existent, the immersion 

technique represents a viable alternative. As the name suggests, the 

Figure 9 – (Mouse) Lung decellularization after perfusion of 

decellularization agents through the trachea and vasculature. Adapted 

from (72), a work developed in our Unit of Biophysics and 

Bioengineering 
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tissue or organ is submerged into the decellularizing agents which is 

often coupled with orbital agitation, which facilitates cellular removal. 

The decellularizing solution passes through the tissue by diffusion. This 

technique is also useful when decellularizing thick tissue sections, where 

the tissue is frozen, sectioned and those sections are submerged in the 

decellularizing solution.  

When compared to perfusion, this method has the limitation of needing 

increasing decellularization periods depending on tissue mass. 

Additionally, excessive agitation can disrupt the ECM and would only be 

suited for thicker tissue sections, since thin sections are too fragile to be 

easily manipulated into and out of a decellularizing solution.  

 

Decellularizing agents 
 

The reagents and methods that cause cell disruption or detachment in a 

decellularization protocol are called decellularizing agents. These can 

be physical, chemical or enzymatic (29,70,74). Thus far, there is no 

consensus on the best protocols for each type of sample, so a protocol 

must be optimized depending on the tissue origin, ECM and cell density 

and morphology. However, the most common approach is not to use one 

of these agents but a combination of several. 

 

Physical decellularizing agents 

One of the most common physical agents, and often the first step in any 

decellularization procedure, is freezing or freeze-thawing cycles. By 

freezing and thawing the tissue, ice crystals are formed inside the cell, 

disrupting the cell membrane and potentially causing cell lysis. The 

previously mentioned orbital agitation and sonication also constitute 

physical decellularizing agents, since they can assist other agents in cell 

lysis and removal of cell remnants. High hydrostatic pressure (greater 

than 600MPa) applied to the tissue is also sufficient to lyse the cells. 
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However, any physical decellularization procedure requires a careful 

wash of the tissue sample to remove cellular debris and usually is not 

sufficient in removing remnant DNA alone. 

 

Chemical decellularizing agents 

Among the chemical decellularizing agents, there is hypertonic and 

hypotonic salt solutions like sodium chloride or ultra-pure water 

(miliQ), respectively. These agents use osmotic pressure to kill cells and 

explode the cell membrane, which is usually gentle on the ECM but not 

enough to completely remove cellular material. Another chemical 

strategy is the tissue incubation in acidic or basic solutions, like peracetic 

acid or ammonia hydroxide. These solutions dissolve the cell membrane 

and disrupt nucleic acid, but have been shown to be very aggressive on 

the ECM components (i.e. collagen and glycosaminoglycans) and 

significantly increase the stiffness of the matrix (70,74). 

Surfactants (or detergents) are the most common decellularizing 

agents and work by solubilizing the phospholipid cell membrane leading 

to cell disruption. Surfactants can be ionic, non-ionic or zwitterionic, 

according to their charge. Ionic surfactants have a polar group and for 

that reason have a stronger effect than non-charged surfactants, 

disrupting non-covalent bonds between proteins. For that same reason, 

they are considered to be harsher on the ECM and more difficult to 

remove from the sample. The most common examples of ionic 

surfactants are sodium dodecyl sulphate (SDS) and sodium 

deoxycholate (SD), which are both anionic, meaning they are 

negatively charged. Although efficient in removing cellular material, SDS 

is extremely cytotoxic and alters the ECM architecture, while SD causes 

agglutination of DNA which then remains on the sample. Non-ionic 

surfactants have no polar groups in their structure, so they are 

considered mild surfactants and more easily removed. The most used is 

Triton X-100, which is commonly used to target lipid-lipid and lipid-

protein interactions as well as to remove SDS and SD from the ECM. 
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However, Triton X-100 usually does not remove enough of the cellular 

material and is commonly paired with stronger decellularizing agents. 

Lastly, zwitterionic surfactants such as 3-[(3-

cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate 

(CHAPS), have both negative and positive groups in their structure but 

have an overall neutral charge. For this reason, they are considered an 

intermediate between ionic and non-ionic surfactants, since they are 

efficient in breaking down protein-protein interactions but are less harsh 

on the matrix (70,74–76). 

 

Enzymatic decellularizing agents 

Enzymatic decellularizing agents are usually used as a supplement to 

other strategies as a final step to remove cell debris. Among these 

agents, trypsin is commonly used to detach the cells from the matrix in 

combination with EDTA, that breaks cell-matrix bonds. Pepsin has also 

been used for its ability to target peptide-peptide interactions, like trypsin. 

However, both trypsin and pepsin can lead to extensive ECM damage if 

left for too long.  

After the dissolution of the cell membrane, the nuclear material tends to 

remain attached to the ECM. To solve this issue, it is typical to employ 

enzymes like deoxyribonuclease (DNAse), ribonuclease (RNAse) or 

benzonase to eliminate the leftover nuclear material (70,74). 

  

Decellularization quantification  
 

Since it has not been possible to establish a standard decellularization 

protocol for tissues and samples, there are subsequently no common 

criteria to determine the efficiency, success, and quality of any given 

decellularization procedure. In this section, we detail these criteria and 

the methods used to determine them.  
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Cellular removal assessment 

The most common way to assess the cellular removal efficiency of a 

given decellularization method is by assessing the nuclei and/or DNA left 

in the sample after a decellularization protocol. This assessment can be 

done qualitatively or quantitatively. For qualitative assessments, cell 

nuclei are stained with either a fluorescent dye (4’,6-Diamidino-2-

Phenylindole Dihydrochloride (DAPI) or Hoechst 33342) or with a 

histological stain such as Hematoxylin and Eosin (H&E), and the lack of 

visible nuclei in the stained samples classifies the sample as 

successfully decellularized (77–80). Another example of a qualitative 

decellularization assessment is by the visual appearance of the organ 

after decellularization, since tissues will often lose their natural pink tone 

and become white or transparent when cells are removed (81,82). 

However, the most common approach is to quantify the DNA present in 

the tissue with absorbance-based DNA quantification (83–85). This step 

is typically performed by using commercially available DNA 

quantification kits which work by digestion of the decellularized tissue, 

purification of the DNA, and lastly the use of a spectrophotometer to 

quantify the amount of DNA per milligram of dry tissue. In 2011, Peter 

Crapo set a gold standard for what was to be considered a decellularized 

sample, where tissues should not have more than 50 ng of DNA per mg 

of tissue (86). As a result, this gold standard has been widely accepted 

in the decellularization community.  Peter Crapo also suggested that 

DNA fragment length should be below 200 bp, as analysed by gel 

electrophoresis, but this criterion has not been largely adopted.  

 

ECM preservation assessment 

In addition to the efficiency of the cellular and nuclear removal from the 

tissue, other criteria have been described to assess the resulting ECM 

scaffold. One of the most important is the preservation of ECM 

components. This is usually performed by immunohistochemistry and 

immunofluorescence of ECM proteins such as collagen I, laminin, 
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fibronectin, elastin, GAGs, among others (depending on the research 

application). Other techniques include mass spectrometry, western blot, 

and quantitative colorimetric assays, like Fastin™ Elastin Assay. Due to 

the structural and functional differences between the IM and BM 

compartments of ECM, it is important to assess the main components 

from both since the decellularizing agents will have different effects on 

different components, a fact that is often overlooked.  It is important to 

note though, that many of these techniques should be corrected for the 

change in weight of the sample, since the removal of the cells will cause 

a significant decrease in the sample’s total mass. For instance, if the 

amount of elastin per milligram of dry weight is the same before and after 

decellularization, this likely means that there was a significant reduction 

in total protein content as a result of the decellularization procedure.  

 

3D architecture and structure preservation 

In some research applications, like tissue transplantation, it is essential 

that the tissue not only maintains its composition, but its 3D structure in 

order to foster and maintain the adequate cellular phenotypes. Perfusion 

decellularization, for example, can disrupt the organs’ structure and/or 

vasculature if performed at above normal pressure. To assess the micro-

architecture of the tissues, scanning electron microscopy (SEM) is a 

valuable tool that can show any damage that has been done to the ECM. 

The vasculature’s integrity, on the other hand, can be assessed by 

perfusing dyes or angiography. 

 

Biomechanics assessment 

Depending on the biomedical application, it might also be important to 

assess the preservation of biomechanical properties of the 

decellularized tissue. This is especially the case for decellularized 

tissues like tendon or cartilage that are often subjected to mechanical 

stress tests to assess its macroscale mechanic properties. Other 
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methods to measure macroscale mechanics include uni- and biaxial 

mechanical testing. Atomic force microscopy (AFM) is a technique that 

is commonly used to measure the microscale mechanics of tissue 

sections before and after decellularization. However, as mentioned 

previously, by removing the complete cellular component of the tissue, 

we are significantly decreasing the tissue density which will naturally 

affect the overall tissue’s mechanical properties, even if the ECM’s 

mechanics remain intact. For that reason, it is not expected in all 

samples that they maintain the exact same viscoelastic behaviour once 

cells are removed, but rather that the mechanical features are within the 

same order magnitude and are not drastically different. In fact, it is 

common to see a slight decrease in stiffness in many mechanical 

measurements of native and decellularized tissues. 

 

Biocompatibility assessment 

Many decellularized tissues are meant for later cell repopulation and 

thus are required to be biocompatible and conducive to cell culture 

applications. Decellularizing agents, like SDS, are cytotoxic and should 

be thoroughly removed from the ECM scaffold before cell seeding. In 

some instances, it is necessary to quantify remnant surfactants using 

staining kits and spectrophotometry. However, more often than not, cells 

are seeded onto the ECM scaffolds and their survival rate 

and/proliferation are quantified after 24, 48 and 72h using 

viability/cytotoxicity staining kits as a measure for biocompatibility (87–

89).  

 

Limitations of current decellularization 

techniques 
 

Decellularization techniques have greatly evolved in recent years, 

however, the available protocols still have significant limitations. Most of 
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the currently used decellularization methods require prolonged 

timeframes, taking anywhere from 6-7 hours (90) to several days 

(73,91). Many times, this is a consequence of the complexity of these 

procedures which in turn makes them inaccessible to many research 

labs and applications. Additionally, current procedures are suited for 

either complete organs, tissue blocks or thick tissue sections. However, 

these protocols would not suit many experimental conditions, like clinical 

biopsies. In fact, these types of samples are scarce and cannot be 

decellularized by assessing the tissues vasculature. Furthermore, 

decellularizing the complete sample is often not an option since a single 

biopsy is needed for many histopathological analyses.  However, there 

still isn’t a developed decellularization method that allows for the 

simultaneous study of native and decellularized consecutive tissue 

slices, since available methods are not suitable for the decellularization 

of attached thin tissue slices (< 30µm). This method would be particularly 

advantageous for studies where cells are required to identify certain 

phenomena, like inflammation or tumors, especially in the early stages 

of disease progression where changes in the ECM might not be 

pronounced.  

Independently of the method used, most current decellularization 

protocols do not entirely preserve the ECM composition, particularly 

growth factors and GAGs. For instance, significant decreases in 

collagen (78,92), elastin (78,93), laminins (73,92), GAGs (83,94) and 

proteoglycans (92,95) are frequently reported. Even though complete 

ECM preservation will likely never be achieved, it is important to develop 

gentler procedures than the ones available today, and potentially new 

techniques that can preserve even the soluble factors in the ECM. 
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Mechanobiology  
 

The mechanical behaviour of soft biological materials has become increasingly 

important in recent years with the rise of mechanobiology. Mechanobiology 

focuses on how mechanical forces and mechanical properties influence cells and 

tissues. Cells can generate mechanical forces and sense both internal and external 

mechanical stimuli through their lifecycle. Mechanical cues from the extracellular 

space are crucial in many cellular processes, such as proliferation, adhesion, 

migration, apoptosis, phenotype and many others (96). Stem cells, for instance, 

are able to sense the stiffness of their microenvironment and will differentiate into 

different phenotypes accordingly (97). Shear stress caused by fluid flow is also 

linked to inflammatory response regulation in endothelial cells of the human 

umbilical vein (98).  

These cells and tissues respond to biomechanical signals (e.g., stiffness, stress 

and strain) of the extracellular environment by means of mechanotransduction, 

which transforms mechanical stimuli into biological responses. This complex 

dynamic is regulated at an intracellular level by the cytoskeleton, more specifically 

by actin and integrin-mediated focal adhesions that sense external mechanical 

stimuli and trigger intracellular responses (99,100). However, many of the 

pathways responsible for transforming mechanical cues into biochemical cellular 

signals are still to be elucidated. 

Since cells receive mechanical signals from cell-cell interactions and cell-ECM 

interactions, it is important to study the mechanical properties of each tissue 

component in health and disease. The mechanical properties of a biological 

sample refer to the sample’s response when subjected to mechanical forces. There 

are many types of mechanical testing available to assess a material’s mechanical 

properties, like tension, compression, and shear rheometry, but in this section we 

will focus on (nano)indentation. 
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Nanoindentation of biological tissues 
 

Nanoindentation techniques consist of applying classical indentation principles 

but to the nanoscale. In the last few decades, this technique has grown in 

popularity due to a few important advantages (101):  

(1) – Low sample preparation requirements, where the samples do not need 

to be adapted to a certain conformation, like in uniaxial testing. 

(2) – There is no need to ‘grip’ the sample. 

(3) – It’s a non-destructive method, so the samples might be used for further 

testing. 

(4) – Intra sample variability can be mapped and measured, while other 

techniques only allow for one single value for the entire sample. 

(5) – It can be coupled with other techniques, like confocal microscopy. 

(6) – Sample hydration is easily maintained.  

In nanoindentation, a probe is lowered to make contact with the sample surface, 

pushed against the sample, and then retracted until it’s out of contact again. 

During this process, two main parameters are recorded over time (𝑡): the load 

(𝑃) and the displacement (ℎ) to produce the main output of an indentation, a 

load/force-displacement curve, or force curves for simplification. A typical load-

displacement curve can be seen in Figure 10. These curves can be split into 

two periods: a loading and an unloading phase. During the loading phase, as 

Figure 10 – Representation of a load-indentation curve with the presence of adhesion 

forces. The red line represents the loading phase, and the blue line is the unloading 

phase. Indentation depth increases from the right to the left. Source: (101). 
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the probe is lowered towards the sample, the recorded force is zero until the 

probe reaches the contact point (CP). From this point on, the indenter is 

pressed against the sample until it reaches its maximum. After that, the probe 

is retracted during the unloading phase and the load gradually decreases until 

it returns to zero.  

If the loading and unloading curves are equal, the material is purely elastic, if 

not, a hysteresis loop is formed which indicates that energy dissipation has 

taken place. This energy dissipation is usually caused by at least one of three 

phenomena: (1) adhesion between the probe and the sample surface, which 

may even cause the unloading curve to reach negative load values, (2) 

poroelastic behaviour, caused by the fluid flow through a porous material which 

is relevant in hydrated materials like hydrogels and most biological tissues, and 

lastly, (3) time-dependent behaviour, like viscoelasticity.  

Typically, two types of instruments are used to collect force-displacement 

curves at the nano- and microscale: dedicated nanoindentation instruments 

(commercial nanoindenters) and AFMs. Historically, the major differences 

between the two instruments were that nanoindenters were not cantilever-

based, like AFM and incapable of producing topographical sample information. 

However, recent developments in nanoindentation systems have incorporated 

both features, while some AFM systems are also solely focused on mechanical 

characterization, making the two techniques similar in methodology and 

application. In this section, however, we will focus on the AFM instrument. 

 

Atomic Force Microscopy (AFM) 
 

The AFM is a type of microscopy which typically scans the surface of a sample 

with a small tip at the end of a highly sensitive cantilever (Figure 10). It can be 

used to scan the topography of a sample and produce corresponding 

topographical maps by analysing the interaction between a sharp probe and 

the sample’s surface. It can also be used to conduct micromechanical 

measurements, since the tip is attached to a cantilever that acts as a Hookean 

spring with a known spring constant (𝑘𝑐).  
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During standard testing of cell and tissue samples, the AFM is positioned on 

top of an inverted microscope to properly position the tip and probe the region 

of interest. AFM measures the bending of the cantilever, or deflection (𝑑), by 

detecting the reflection of a laser light of the top of the cantilever onto a four-

quadrant photodiode, producing a voltage (𝑉 ). The tip is moved vertically 

towards the sample surface by a piezomotor until it touches the sample (CP), 

at which point the cantilever deflects, and the tip produces a force (𝐹) on the 

sample resulting in an indentation (𝛿). The amount of cantilever deflection will 

strongly depend on sample and cantilever stiffness. The relationship between 

voltage and displacement can be calibrated by indenting an extremely stiff 

substrate, like glass, where indentation is equal to zero, so the vertical 

displacement of the piezo is equal to the deflection of the cantilever. As such, 

the slope of the 𝑉 − 𝑑 curve, or deflection sensitivity 𝑠, can be described as: 

𝑠 =
∆𝑉

∆𝑑
 

Which allows the user to convert voltage to cantilever deflection. Thus, the force 

acting on the cantilever can be computed as 𝐹 = 𝑘𝑐∆𝑑. 

 

After calibration, sample indentation can be computed as: 

𝛿 = 𝑧 − 𝑧𝑐 − ∆𝑑 

Where 𝑧 is the piezo displacement and 𝑧𝑐 is the relative piezo altitude of the 

contact point.  

 

Hertzian Contact Model 

After collecting the force curves (𝑃 − ℎ − 𝑡), the hertzian contact model is the 

most common model used to retrieve the elastic modulus of indentation curves. 

It uses only the loading phase of the force-displacement curves, and it models 

the probe and the sample as equivalent to the contact of a sphere and a semi-

infinite half-space, respectively. In theory, it is only considered valid under three 

conditions; (1) the contact area as well as the sample deformations should be 
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small, (2) it can only be applied to model the behaviour of isotropic and 

homogeneous materials and (3) the surface of these materials should be 

frictionless and adhesionless. In practice, biological materials are typically not 

isotropic, homogeneous or adhesionless, however, this model has still become 

the standard for the mechanical characterization of soft materials. Assuming 

the tip geometry is spherical, the elastic modulus can be defined as: 

𝐸 =  
3(1 − 𝜗2)𝑃

4𝑅
1
2ℎ

3
2

 

where 𝐸 represents the elastic modulus, 𝜗 the Poisson’s ratio of the sample 

(typically assumed to be 0.5), 𝑅  is the radius of the spherical probe and ℎ 

represents the penetration depth. 

Many biological materials will have a non-linear stress-strain behaviour, where 

the stiffness increases with increased strain. However, at small deformations, 

stress can be considered proportional to strain and the material can be 

compared to an elastic material with a constant elastic modulus. The limit 

between linear and non-linear behaviour is difficult to establish and could 

potentially be measured on a case-to-cases basis, but it is generally considered 

acceptable a maximum of 10% strain (102), depending also on the tip radius. 

Figure 11 - Schematic representation of the AFM device. A laser is used to read on 

a photodiode the deflection of a soft cantilever equipped with a tip of a known 

geometry. The sample is moved in the three directions (xyz) using a stage. A piezo 

is used to move the cantilever in contact with the surface. Adapted from (101). 
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Maximum indentation considerations should also take into consideration factors 

like sample thickness to avoid phenomena such as substrate effect influencing 

the elastic modulus measurements. 

 

Microrheology 
 

The most common approach to study cell and tissue biomechanics is by 

determining their stiffness or elastic modulus. However, most biological tissues 

are not merely purely elastic materials and present both solid and fluid-like 

behaviours – they are thus viscoelastic. This means that cells and tissues’ 

response to mechanical stimuli is dependent on the rate of said stimulus. 

Nanoindentation instruments are also capable of assessing the materials’ 

viscoelastic properties by measuring the tissue’s response to deformation at 

different rates. Specifically, the frequency-dependent elastic modulus can be 

determined by applying small-amplitude oscillations at a small indentation, over 

a range of frequencies.  

A common approach to characterize tissue viscoelasticity is to compute the 

frequency-dependent complex shear modulus (𝐺∗(𝑤)), which is defined as the 

ratio in the frequency domain between the applied stress and the subsequent 

strain. The shear modulus can be described as a function of its real and 

imaginary parts: 

𝐺∗(𝑓) = 𝐺′(𝑓) + 𝑖𝐺′′(𝑓) 

Where 𝐺′(𝑓) accounts for the elastic energy stored, or the storage modulus, 

while 𝐺′′(𝑓) represents the energy dissipated, or the loss modulus. The ratio 

between storage and loss modulus is an indicative of the level of solid- or liquid-

like mechanical behaviour of the sample (103). 

 

Cancer biomechanics 
 

For many centuries, we have known that tumors are a lot stiffer than their 

surrounding environment. For that reason, palpation is still used today as an 
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early-stage detection tool for malignancies, such as breast cancer. However, it 

is unclear if this increased rigidity is due to the solely interstitial tumor pressure, 

altered cell mechanics or ECM stiffening. In fact, when analysing the mechanics 

at the micro- and nanoscale, an interesting contradiction has been reported in 

many cancer tissues: isolated malignant cells are almost always softer than 

benign cells (104–106) but tumor tissues, which are composed of cells and 

ECM, are typically stiffer and overall, more heterogeneous than healthy tissues 

(106–108).  

The mechanical properties of the microenvironment have a profound impact on 

malignancy, and vice-versa. For example, LOX is an enzyme that is 

overexpressed in many cancer tissues, like gastric, colorectal and breast 

cancer (35,109) as a result of cancer cell death and, since it crosslinks collagen 

and elastin in the ECM, it leads to an increase in ECM stiffness that promotes 

cancer invasion and progression (61). Additionally, Ulbricht et al. indicated that 

the stiffness of the matrix determined the levels of autophagy in smooth muscle 

cells, where stiffer substrates led to higher levels of autophagy (110). This 

autophagic mechanism is often associated with cancer cells and influences 

their resistance to treatment (22,111); several studies have shown that the 

mechanical properties of the ECM influence EMT, more specifically, that soft 

substrates inhibit EMT in several cell types (112,113). This transformation 

causes enhanced cell motility and invasive properties and, when the original 

cell has undergone malignancy, these new features lead to an increased 

likelihood of metastasis and overall invasive behaviour, among other 

characteristics (16). 

In the lung, the expansion of the tumor exerts compressive forces on 

surrounding parenchyma and the ECM, leading to a constriction of the blood 

and lympathic system as well as the alveoli. Lung tissue reportedly has a 

stiffness ranging from 0.5 to 10kPa, which is on the lower end of the stiffness 

scale for biological tissues (from 0.1 to 20000 kPa, approximately). For this 

reason, the compression caused by the growing tumor easily damages the lung 

parenchyma and allows for tumor invasion. In fact, Voutouri and colleagues 

estimated that the tumor must be at least 50% stiffer than the surrounding tissue 

to exert enough force to escape confinement by healthy tissue (114). 
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Unfortunately, biomechanical studies of the lung tumor are scarce. However, 

Plodinec and colleagues mapped the stiffness of breast metastases to the lungs 

and found the stiffness distribution of the secondary lesion closely resembles 

the signature of the primary site. In addition, their work linked the softening of 

the metastatic cancer cells with their invasive potential.  

 

Therapeutic and diagnostic applications of cancer 

mechanobiology 
 

Understanding and visualizing the mechanical and structural environment in 

tumorigenesis is of significant importance for clinical applications. By knowing 

its characteristics, mechanical measurements of the tumor can have 

applications in diagnostics by distinguishing healthy from malignant tissue or by 

determining the invasive potential of a tumour. As previously mentioned, 

Plodinec et al (2012) mapped the stiffness of human breast cancer biopsies 

using AFM. The study concluded that the mechanical properties of the tissue 

can be used as a distinct mechanical fingerprint of cancer-related changes, 

differentiating between healthy tissue and benign or invasive tumours (106). If 

these findings can be applied to other types of cancers at different stages, 

nanomechanical signatures can have a high diagnostic potential. Moreover, the 

mechanical properties of a tumour may also determine the best course of 

treatment for a particular rigidity (113). For instance, photodynamic therapy 

(PDT) is a promising treatment option for tumour suppression where ECM 

remodelling substances can be used to improve its efficacy. By decreasing the 

amount of collagen-I and hyaluronic acid there is a decrease in intratumoral 

solid stress, and the tumour vessels are decompressed, allowing for a better 

oxygenation of the tumorous cells (115). Nonetheless, understanding the 

mechanobiology of tumorigenesis is paramount in revealing its role in cancer 

development and metastasis. 
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Hypotheses 
 

 

1. Tumor extracellular matrix will vary according to the tumor primary site. 

 

2. Lung tumor extracellular matrix has different mechanical properties than 

healthy lung extracellular matrix. 

 

3. Tumor extracellular matrix mechanical and biochemical properties are 

different in early and late-stage lung metastases. 

 

4. Treatment with the anti-fibrotic drug Nintedanib will lead to a softening of the 

tumor extracellular matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 68 - 
 

Objectives 
 

 

General objective 

 

The general objective of this thesis is to study the compositional and 

micromechanical changes of the tumor extracellular matrix in lung metastases. 

 

 

Specific objectives  

 

1. To develop a method to decellularize tumor slices while preserving 

biochemical and biophysical extracellular matrix characteristics. 

2. To design a novel image-based method to better quantify the 

decellularization process in tissue and tumor sections. 

3. To correlate mechanical properties, molecular composition and structure of 

extracellular matrix of normal and cancer lung tissues of different origins and 

throughout different stages of tumor progression. 

4. To assess the changes in the lung tumor extracellular matrix in response to 

nintedanib treatment. 
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Chapter III. 

MATERIALS AND 

METHODS AND RESULTS 
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Scientific Article I: 
“Novel Decellularization Method for Tissue Slices” 

 

This article was published in March 2022 to fulfil the specific objective (1): “To develop 

a method to decellularize tumor slices while preserving biochemical and biophysical 

extracellular matrix characteristics”. In this work, we focused on establishing a 

universal decellularization method for a variety of tissue origins, like kidney, heart, 

bladder and lung. 
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Scientific Article II: 
“A Fast and Efficient Decellularization Method for Tissue 
Slices” 
 

This article was published in November 2022 to fulfil the specific objective (1): “To 

develop a method to decellularize tumor slices while preserving biochemical and 

biophysical extracellular matrix characteristics”. After comparing different 

decellularizing agents and testing the biocompatibility, mechanics, ECM preservation 

and cellular removal of the optimized protocol in Scientific Article I, we were invited to 

publish this protocol in a step-by-step format. Besides detailed information on the 

decellularization protocol, this article includes the sample preparation procedure, the 

cryosectioning protocol, tissue staining and subsequent imaging, in order to allow the 

reader to accurately replicate the method previously described. 
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Scientific Article III: 
“Image-Based Method to Quantify Decellularization of 
Tissue Sections” 
 

This article was published in August 2021 to fulfil the specific objective (2): “To design 

a novel image-based method to better quantify the decellularization process in tissue 

and tumor sections”. 
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Scientific Article IV: 
“Lung Micrometastases Display ECM Depletion and 
Softening While Macrometastases Are 30-Fold Stiffer 
and Enriched in Fibronectin” 
 

This article is to be submitted for review in November 2022 to fulfil the specific 

objectives (3) and (4), “To correlate mechanical properties, molecular composition and 

structure of extracellular matrix of normal and cancer lung tissues of different origins 

and throughout different stages of tumor progression” and “To assess the changes in 

the lung tumor extracellular matrix in response to nintedanib treatment”, respectively. 

It is based on the methodology and findings previously described in Scientific Article 

I, II and III. 
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Discussion 

 

The overarching objective of this doctoral thesis is to study the ECM of lung cancer, 

both mechanically and biochemically. To achieve this goal, it was necessary to isolate 

the ECM from the surrounding cancer cells, e.g. to decellularize the tumor, while 

preserving the tumor’s structure. Even though decellularization had become 

commonplace for many research applications and samples, from tissues (90) to cell 

culture derived ECM (52), there were scarce examples of tumor decellularization 

protocols and these did not meet the requirements for our research question. For 

instance, decellularization has been performed on discarded human tumor tissue from 

colon resections to create tumor-derived ECM hydrogels (116). Tumor pieces of 

3x3mm were decellularized using SDC, Triton X-100 and dH2O at constant 300rpm 

agitation. Another example is the procedure followed by Wishart and colleagues where 

they excised breast cancer tumors from mice and proceeded to decellularize them in 

SDS, Triton and dH2O (91). Albeit successful, these decellularization procedures were 

not suitable for our experimental setup for several reasons: 

(1) These procedures did not preserve the original tumor architecture, as can be 

seen in the change in physical appearance before and after decellularization in 

(91), where the tumor has significantly reduced in size. In retrospect, had we 

used one of these protocols, the ECM-rich regions would most likely have been 

disrupted. ECM-rich regions are centrally located in melanoma tumors and 

surrounded only by cancer cells, so by removing the cells, the ECM-rich regions 

would have most likely been removed as well.  

(2) In the melanoma metastases model used in our project, the tumors produced 

are highly viscous and can easily be ruptured, complicating their excision 

tremendously, so a protocol where tumor isolation is required is not 

recommended for this application. 

(3) The aforementioned protocols are only suitable for large and highly distinct 

macrometastases and in our work we were interested in characterizing tumors 

in different stages of tumor progression, which included micrometastases. 
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(4) Some tumors in the lung carcinoma model had to be located beforehand using 

haematoxylin and eosin staining, which requires two consecutive slices of the 

same tumor, one to be decellularized and another one to be stained. This 

requirement is incompatible with decellularization of the full organ. 

(5) To properly study the tumor ECM, we decided on the thickness of 20 µm to be 

both suitable for staining and imaging and mechanical testing. Both of these 

procedures took over one week to produce acellular tissues, required long 

incubation periods and were performed at high agitation. Tissue sections of 20 

µm would be too fragile to endure such a procedure. 

For these reasons, we concluded that we needed to develop a new decellularization 

protocol that would maintain the tumor architecture, be gentle, fast, efficient and 

capable of preserving the native consecutive sections of the decellularized tissue for 

further analysis. When developing this necessary tool for our research question, we 

realized that such a protocol filled an important gap in the decellularization methods 

literature and could aid in many other research questions. With that in mind, we 

decided to attempt to decellularize biological samples from different tissues and animal 

origins whilst attached to a glass slide, thus enabling the decellularization of a single 

tissue section as opposed to the full organ or tissue block.  

To achieve a gentler but highly efficient decellularization, the developed protocol is 

composed of consecutive washes and rinses of several decellularizing agents with 

different modes of action, such as hypotonic agents, a surfactant, and an enzymatic 

reagent. For protocol optimization purposes, we compared the effects on ECM 

preservation and cellular removal of six decellularizing agents previously described in 

the literature (72,84,90,94,117,118) and selected SD as the best compromise between 

decellularization efficiency, ECM preservation and sample detachment. After 

publishing the work on selecting the best method for on-slide decellularization, and 

providing information on its mechanical and biochemical effects, as well as its 

biocompatibility, we decided to publish a second manuscript describing a step-by-step 

guide of the decellularization protocol, including details on sample preparation and 

decellularization assessment (see Scientific Article III in Chapter III). 

The total decellularization time of this protocol was reduced to 2 hours, making it an 

easy and accessible tool for many applications, such as (1) studies of scarce and 
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valuable samples, like clinical biopsies and mice embryonic tissues, since it is possible 

to decellularize sections as thin as 10 µm while leaving the rest of the sample 

untouched for other clinical testing, like cellular biomarkers; (2) studies that require the 

identification of cellular regions that can only be detected in native sections, like 

inflammation hotspots, and thus require consecutive sections where one sample is 

decellularized and the other is used for region identification; (3) cell culture 

applications, since the ECM can be used as a substrate for cellular assays and these 

results can be correlated with features of consecutive native sections, like tumor cell 

death or LOX expression, and finally, (4) studies that required the mechanical 

characterization of a sample before and after decellularization, since this protocol 

allows for the mechanical testing of the exact same structure in both settings. In fact, 

this method also allows for the “re-decellularization” of tissue sections. In theory, it is 

possible to mechanically test a native tissue section, decellularize it, perform 

mechanical characterization again on the ECM scaffold, seed cells of interest (e.g., 

fibroblasts) on the decellularized tissue, “re-decellularize” it after the cellular assays 

are complete and mechanically characterize the ECM after cellular remodelling. This 

feature opens a wide range of possibilities regarding in vitro models of ECM 

remodelling in both health and disease. 

The main limitation of the new decellularization procedure, however, is the potential 

detachment of samples during the consecutive washes and rinses with decellularizing 

agents. Among all the different tested tissues (lungs, heart, kidneys and bladder), the 

lung was the only tissue that occasionally detached during decellularization, 

suggesting that sample detachment is rather tissue dependent and is related to section 

morphology. In fact, the lungs have some features that complicate their attachment, 

like the large areas of empty spaces that correspond to the alveoli and airways. The 

presence of these structures results in a reduced contact area between the tissue and 

the glass slide in comparison to other tissues. Furthermore, the tissue sample loses 

all cells during the decellularization procedure, further decreasing the contact area 

with the glass slide. This hypothesis is consistent with the results obtained, since the 

most effective decellularizing agents (SD and SDS) had higher detachment rates than 

less effective treatments, like triton and CHAPS. It is also important to mention that 

the nature of the surfactant employed might also play a part. In fact, ionic detergents 

(SDS and SD) caused lower attachment when compared to zwitterionic and non-ionic 



- 152 - 
 

detergents (CHAPS and Triton X-100, respectively). We thus hypothesise that the 

ionic nature of these surfactants reacts with the ionic coating of the glass slides 

responsible for sample attachment and thus disrupting it. To achieve higher 

attachment levels in samples such as the lungs, there are several options available, 

like coating glass slides in gelatin, APTES, transglutaminase or celTAK.  

During the development of the ‘on-slide’ decellularization protocol, there was a need 

to quantify the decellularization levels (i.e. amount of cellular removal) resulting from 

each of the decellularizing agents, in order to determine the most efficient method. 

However, we realized that the standard decellularization quantification methods were 

not easily applicable to our new section-by-section decellularization approach. The 

gold-standard for decellularization quantification was to use commercially available 

DNA quantitation kits, where the sample is digested, the DNA is purified and later 

measured based on UV-absorbance (83–85). To assess the decellularization degree 

of tissue sections resulting from the ‘on-slide’ decellularization method in accordance 

with the aforementioned gold-standard, we needed to use a cell scraper to remove a 

minimum of 30 consecutive lung sections from the glass slides in order to amount to 

the sufficient weight necessary for the subsequent tissue digestion. Although possible, 

it is extremely time-consuming, delicate, and incompatible with studies where the 

tissue sections are scarce. When faced with this obstacle, we hypothesised that an 

image-based method to quantify decellularization via nuclear staining quantification 

would pose a quicker, cheaper, less wasteful and more reliable alternative. 

When reviewing the literature, the majority of the available image-based methods were 

qualitative, where a H&E (77,78) or DAPI (79,80) stained tissue section was 

considered ‘decellularized’ or ‘not-decellularized’ based on the presence or absence 

of visible nuclei. To us, a quantitative approach was fundamental since we wanted to 

establish concrete and statistical relationships regarding decellularization levels. 

Magliaro et. al developed an open-source, image-based quantitative method for 

histological sections named ‘HisTOOLogy’ (119), which was used to quantify the 

decellularization of liver sections based on H&E staining. It works by counting the 

number of nuclei in the “decellularized” section and comparing it to the number of 

nuclei in a corresponding native sample. Although a clear improvement from 

qualitative methods, this tool has the major drawback of only considering the number 
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of nuclei as an indicator of decellularization and does not account for the DNA that has 

been released into the matrix but not fully removed. This parameter is extremely 

important in decellularization quantification since DNA presence is detrimental for cell 

culture and tissue engineering applications that often require decellularized tissues 

(120). Additionally, DNA (and not nuclei) quantification is necessary for the 

comparison between different decellularizing agents, since many will succeed in lysing 

cells and partially decellularizing the sample, and some also have the well documented 

effect of DNA agglutination and attachment to the matrix, like SD (74). For these 

reasons it was important to develop an automated image-based algorithm that would 

quantify DNA (and ECM protein presence) before and after decellularization.  

The developed algorithm is based on image entropy which is a measure of the 

morphological heterogeneity that is natural of biological tissues, as opposed to other 

cell/tissue image segmentation methods which are based in pixel intensity. However, 

performing segmentation on a tissue imaged based on pixel intensity poses a 

translational problem, since intensity will depend on microscope setup and 

magnification. For this specific application, a microscopic image of a tissue before and 

after decellularization will have completely different intensity profiles since pixel 

intensity is related to tissue density, and decellularized tissues are much less dense 

than native tissues due to the loss of the cellular component. Even within a given 

sample there is a high level of tissue heterogeneity which would translate into intensity 

heterogeneity as well. For that reason, our entropy-based algorithm is much more 

universal, and was able to successfully segment bladder, heart, lung and kidney 

microscopic images without further adjustments. However, since the tissue is detected 

based on the entropy of the image it is fundamental that the background be as 

homogeneous and empty as possible, which requires the thorough cleaning of the 

glass slide before imaging.  

The DNA reduction observed after tissue decellularization was extremely similar when 

comparing the novel image-based method and the standard DNA quantification kits. 

However, not only are DNA quantification kits more costly and time-consuming, but 

they typically require a large amount of tissue and yield a single metric – milligrams of 

DNA per dry weight. Our novel image-based approach, on the other hand, is fully 

automated and can quantify the DNA presence in tissue sections from dozens of 
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images in a matter of minutes. In addition, it can simultaneously gather information on 

the ECM composition after decellularization due to its multichannel image analysis 

feature. However, it is important to note that this method might not be suited for thicker 

tissue sections (more than 100 µm), where the opacity of the tissue would hinder the 

fluorescent signal quantification. In these cases, the DNA quantitation kits still pose a 

viable alternative. In the future, the algorithm here developed could be expanded to 

provide further information on the effects of the decellularization procedure on the 

ECM, like fibre density, protein distribution and tissue structural integrity.  

The ‘on-slide’ decellularization method and the image-based algorithm together form 

a perfectly matched pipeline that is suited for a variety of tissues and research 

applications. In addition to being used to quantify the cellular removal and ECM 

preservation of different decellularizing agents, since its publication, this method 

combination has been used in a bleomycin-induced fibrosis rat model to decellularize 

the lung ECM and later quantify the decellularization and fibrotic level (fibronectin and 

elastin presence) of affected lungs, in a paper that has been submitted for review. It 

has also been used in an ongoing study of the ageing lung ECM, where it has been 

applied to decellularize the samples, as well as detect ECM changes in the lungs of 

ageing mice for downstream cell culture applications (expected publication 2023). In 

both these studies the lung ECM was mechanically characterized by AFM and its 

mechanical properties were correlated with the biochemical composition of the ECM, 

further supporting the wide range of research applications this dual method can 

facilitate. 

After establishing the methodology required to produce lung tumor ECM sections, we 

decided to study the ECM of lung metastases from 2 different origins: exogeneous 

(melanoma) and endogenous (lung carcinoma). Until now, the tumor extracellular 

matrix had been classified as disorganized and unstructured (121,122) while 

desmoplasia in the TME has often been described in the periphery of the tumor alone 

(24,42). However, after tumor decellularization, we were able to observe distinct ECM 

structures in the inner and outer regions of the tumor, suggesting a tumor ECM 

architecture made up of ECM rich and ECM poor areas. Due to the biochemical and 

morphological signature of these regions, we equated the tumor ECM-rich regions to 

ECM that was produced by the tumor, or tumor ECM deposition. For the most part, 
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both ECM-rich and poor regions were present in both metastatic models, even if in 

different locations and concentrations. Still, AFM measurements showed that the ECM 

produced by melanoma metastases was significantly stiffer than the ECM produced 

by the lung carcinoma model, suggesting that ECM production in the tumor is not 

dependent on the secondary location, but on the primary organ. These findings are 

consistent with previous reports in a mouse model, which suggested that the 

mechanical signature of a breast cancer secondary lesion in the lung is consistent with 

the mechanical signature of the primary breast cancer lesion (106). Further studies 

should be performed on the ECM of melanoma and lung primary lesions to be able to 

properly distinguish between those tumor features derived from the lung to which it 

has metastasized and the primary melanoma/lung microenvironment.  

Nonetheless, there were also close similarities between the two metastatic lung tumor 

models. In fact, even though the early-stage invasion phenotypes were different, the 

softening of the ECM and the depletion of the basement membrane was nearly 

identical in the tumor-infiltrated areas of the lung carcinoma and the melanoma 

micrometastases. Furthermore, both tissues also showed an equal overexpression of 

fibronectin in these early stages. This similarity suggests that tumor invasion is 

secondary site dependent, and it progresses in the same manner regardless of the 

primary lesion: cancer cells leave the primary site and invade the new location through 

the basement membrane, degrading it and consequently destabilizing the ECM, 

softening it in the process. Fibronectin is overexpressed either by the invading cancer 

cells, or by vesicles released by the primary tumor that arrived at the target-site before 

circulating cancer cells did, in order to establish a tumor-promoting “pre-metastatic” 

niche (123,124). In any case, fibronectin has been shown to promote tumor 

engraftment, growth and the depletion of the basement membrane (125), thus 

facilitating metastases formation. 

Fibronectin was not only overexpressed in early stages of invasion but also in the late 

stages of tumor progression – the macrometastases. The ECM-rich region of both 

models showed a sharp increase in stiffness when compared to healthy lung tissue 

and a clear over deposition of fibronectin and collagen type I. However, since the ECM 

in melanoma macrometastases was much stiffer than in lung macrometastases while 

their fibronectin content was similar, fibronectin overexpression alone is not enough to 
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explain the sharp increase in stiffness. This increase could be then due to an ECM 

protein for which we haven’t tested, like osteopontin or tenascin-C, that have been 

implicated in the breast cancer metastases to the lungs as metastases-promoting 

components (126,127). Nonetheless, we believe it is more likely that this increase in 

stiffness is due to the well described overexpression of LOX in tumor 

miroenvironments (35,109,128). The hypoxia- induced LOX enzyme covalently 

crosslinks collagens which leads to an increase in tissue stiffness (129,130). Thus, an 

hypoxic tumor microenvironment leads to LOX overexpression which induces ECM 

stiffening that will in turn promote angiogenesis by stimulating the release of 

endothelial growth factors (131). In fact, the first ECM-rich regions, which we 

hypothesise are produced by the tumor, appear in macrometastases of ~1 mm3 

volume, which is consistent with the reported volume at which tumors switch from 

relying on direct diffusion from native vasculature to a more angiogenic phenotype, of 

around 1-2mm3 (20,132,133). Future works should focus on the effects that different 

hypoxic conditions have on ECM deposition and stiffness, as well as the specific 

correlation of LOX activity and tumor ECM characteristics. 

Throughout our work, tumor ECM measurements were consistently compared to 

“healthy” ECM regions of the same tissue section. It could be argued that these 

“healthy” regions were not truly healthy if they are from the same animal that was 

previously injected with cancer cells. However, we decided on this methodology to 

mimic clinical conditions since, in cancer patients, when a biopsy is performed, the 

suspected tumor tissue is compared with a biopsy from a nearby “healthy” region of 

the same patient to establish a baseline. Many times, these patients have 

comorbidities such as COPD or other smoking-related disorders and control biopsies 

are still not taken from perfectly healthy patients, which would be impractical. 

Nevertheless, AFM measurements of “healthy” ECM regions of mice injected with 

either B16-F10 or LLC1 cells were consistent with the AFM measurements of the mice 

lung ECM used for the development of the decellularization method, where mice were 

considered to be in perfect health and had not taken part in any disease modelling 

experiment.  

After clearly defining the mechanical and compositional differences between lung 

metastases’ ECM and healthy lung ECM, we wanted to test the hypothesis that ECM-
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targeting drugs could affect ECM deposition and stiffness, and potentially lead to a 

less permissive microenvironment for tumor progression and metastases. For that 

reason, we chose the melanoma metastasis model since it had shown the most 

mechanical changes when compared to healthy lung ECM. Surprisingly, our 

hypothesis was not confirmed, and the opposite was observed: NTD caused a 4-fold 

increase in ECM deposition and a 2- fold increase in tumor ECM stiffness. Both the 

increase in ECM deposition and stiffness formed a significant and strong correlation 

with the sharp increase in tumor cell death caused by NTD’s anti-angiogenic effects, 

which suggests an underlying mechanism linking angiogenesis and/or hypoxia with 

ECM deposition and mechanics. Once again, a likely suspect of this interaction is the 

hypoxia-induced LOX enzyme which crosslinks collagen and increases overall ECM 

stiffness. The anti-fibrotic effects of NTD are yet to be fully elucidated, and other recent 

disease models have found limited anti-fibrotic effects: recent works have shown no 

alteration in fibrosis markers or collagen I expression in IPF patients (134,135) and in 

a brain and breast cancer metastases model, NTD also had no anti-ECM effects 

(136,137). For these reasons, there are still many unanswered questions regarding 

NTD therapeutics in cancer. Not only should the relationship between NTD, hypoxia 

and the ECM be further explored, but future studies should focus on the different 

effects NTD produces on the tumor ECM, when administered at different time-points, 

including as a preventative measure (before the injection of metastatic cells). 

The findings described throughout this doctoral thesis highlight how the tumor ECM 

should become an important consideration in a clinical setting. The tumor ECM 

structures, namely the ECM-rich regions, are not targeted in typical cancer 

therapeutics and thus, even if malignant cells are completely removed, patients are 

left with extremely stiff and large fibronectin-rich structures in their lungs. These 

structures could not only leave them with lifelong breathing difficulties but, since 

fibronectin is a chemoattractant and promotes tumor growth (125,138), could facilitate 

“re-invasion” of the tissue. Additionally, the mechanical characterization of the tumor 

ECM can have applications in diagnostics by distinguishing healthy from malignant (or 

premalignant) tissue or by determining the invasive potential of a tumour. For instance, 

Plodinec et al (2012) used AFM to measure the stiffness of breast cancer metastases 

to the lungs in mice. This study concluded that the mechanical properties of the 

secondary lesions share distinct stiffness peaks with its primary tumor site (106). For 
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lung-seeking metastases, if the mechanics of the secondary lesions’ ECM is similar to 

the primary tumor, mechanical measurements of tumor biopsies could aid in the 

identification of the primary site especially in cases where histological assessment 

cannot clarify tumor origin (e.g. cancer of unidentified primary, or CUPs). In fact, based 

on her findings, Plodinec later founded a medical device company based on AFM 

technology (ARTIDIS) that aims to use the tumor nanomechanical signatures for 

cancer diagnostics and prognosis in a clinical setting.  

In this thesis we have thus described a complete experimental pipeline for studies of 

the tumor ECM alongside its application to the analysis of the lung metastases’ ECM. 

This pipeline describes every step, from tumor decellularization to decellularization 

quantification, ECM protein quantification, ECM mechanical characterization and the 

correlation between cellular tumor features and ECM mechanics. In this work, this 

methodology allowed for the study of the micromechanical and biochemical properties 

of the acellular lung tumors in mice, but due to its universal nature, it can also be 

applied to many other tumor types, as well as to other diseases that are characterized 

by an aberrant deposition of the extracellular matrix, like IPF, inflammatory bowel 

disease, cardiac fibrosis and many others. This doctoral thesis can therefore be an 

invaluable tool to one day incorporating the study of the ECM and its mechanics in 

every day clinical settings.   
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Conclusions 

 

1. The novel decellularization protocol developed in this project provides a useful 

tool for many research applications by allowing the simultaneous 

decellularization and preservation of consecutive native sections in tissues of 

different organs and origins.  

 

2. The newly described image-based decellularization quantification algorithm 

poses a viable alternative to the standard DNA quantification methods, since it 

is cheaper, faster, less wasteful of biological materials, provides information on 

the sample heterogeneity and can also assess extracellular matrix preservation 

after decellularization. 

 

3. Different origins of lung metastases result in different extracellular matrix 

mechanical properties but with similar biochemical composition.  

 

4. The stiffness of lung tumor extracellular matrix changes along with tumor 

progression: early stages of invasion are characterized by extracellular matrix 

softening and basement membrane degradation, while later tumorigenic stages 

are characterized by extracellular matrix stiffening and deposition. 

 

5. Fibronectin plays an important role in all stages of metastatic progression in 

both endogenous and exogeneous metastatic origins. 

 

6. Tumor necrosis and tumor angiogenesis are intimately connected to 

extracellular matrix deposition and stiffening. 

 

7. Nintedanib treatment caused increased fibrosis inside the tumor, leading to 

increased extracellular matrix deposition and stiffening. 
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