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resumo 
 

 

A fibrose pulmonar, que se caracteriza por cicatrização progressiva e 
irreversível do tecido pulmonar, culminando em falha pulmonar, é umas das 
principais causas de morte a nível mundial. Os mecanismos patológicos na 
génese da fibrose pulmonar não são claros; as teorias atuais sugerem a 
ocorrência de uma cicatrização anormal em resposta a lesões pulmonares 
crónicas, nas quais os estímulos mecânicos e químicos do ambiente pulmonar 
induzem a ativação dos fibroblastos. As opções de tratamento atuais são muito 
limitadas, sendo o transplante pulmonar a única opção viável para pacientes 
em estágio final de fibrose. Plataformas tridimensionais (3D) de pulmão capazes 
de simular a função e estrutura pulmonares e as interações célula-célula e 
célula-matriz são, por isso, necessárias para compreender os mecanismos 
patológicos e os mediadores envolvidos no processo fibrótico. Dos vários 
biomateriais usados em engenharia de tecidos (ET), os hidrogéis têm ganho 
destaque: são redes poliméricas 3D que absorvem água, capazes de fornecer 
suporte mecânico às células e de permitir a difusão de nutrientes, metabolitos 
e oxigénio. São particularmente interessantes para estudar doenças 
pulmonares, uma vez que conseguem simular as propriedades mecânicas e 
viscoelásticas de tecidos moles como o pulmão. Os hidrogéis naturais são 
plataformas atrativas por serem biocompatíveis e bioativas. Plasma Rico em 
Plaquetas (PRP) e Lisados de Plaquetas (LP) humanos têm sido usados para criar 
hidrogéis, por serem uma fonte humana de fatores de crescimento (FC). No 
entanto, têm fracas propriedades mecânicas e são facilmente degradáveis. Os 
hidrogéis sintéticos não têm estas limitações, mas faltam-lhes sinais indutores 
de diferenciação, cruciais para o desenvolvimento dos tecidos. Hidrogéis à base 
de LP metacrilatados (LPM) foram recentemente propostos como plataformas 
bioquimicamente e biomecanicamente superiores para cultura de células. 
Neste trabalho, propomos estes hidrogéis autólogos e ricos em FC como uma 
plataforma 3D capaz de mimetizar o pulmão fibrótico. Os hidrogéis de LPM 
recapitularam a rigidez do pulmão fibrótico, e permitiram manter fibroblastos 
pulmonares viáveis durante pelo menos 7 dias em cultura. As células adotaram 
diferentes morfologias consoante a rigidez da matriz e induziram marcadas 
deformações nos hidrogéis de LPM, sugerindo que estas plataformas induziram 
um fenótipo fibrótico nos fibroblastos e que, por isso, mimetizam a 
remodelação patológica da matriz extracelular que ocorre na fibrose pulmonar.   
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abstract 

 
Pulmonary fibrosis, characterized by progressive and irreversible lung tissue 
stiffening resulting in organ failure, is a growing health problem and belongs to 
the major causes of death worldwide. The pathological mechanisms of lung 
fibrosis are not fully understood; current pathogenic theories assume an 
impaired wound healing response to chronic lung injuries, in which the 
mechanical and chemical stimuli from the lung environment induces fibroblast 
activation. Currently, therapeutic options are severely limited, and lung 
transplantation remains the only effective treatment for patients in end-stage 
fibrotic diseases. Complex tridimensional (3D) lung platforms able to accurately 
recapitulate function, structure, and cell and matrix interactions found in 
fibrotic lung tissue, are therefore necessary to provide the means for 
understanding the pathological mechanisms and mediators involved in the 
fibrotic process. Of the vast array of biomaterials that have been used for Tissue 
Engineering (TE) applications, a major enthusiasm has been developed towards 
hydrogels: 3D water-swollen polymeric networks, that provide mechanical 
support to cells and allow for the diffusion of nutrients, waste, and oxygen. 
Hydrogels are particularly interesting to study lung diseases as they recapitulate 
the mechanical and viscoelastic properties found in load-bearing soft tissues 
like the lung. Natural-based hydrogels are appealing platforms as they are 
inherently biocompatible and bioactive. Platelet-rich plasma (PRP) and human 
platelet lysates (PL) provide interesting materials to create hydrogels as they 
are a source for human-derived growth factors (GF). However, they present 
poor mechanical properties and are easily degraded. Synthetic-derived 
hydrogels do not face these limitations, but they lack differentiative cues 
required for tissue development. Human methacryloyl platelet lysates (PLMA)-
based hydrogels have been proposed as a biochemical and biomechanical-
superior platform for cell culture purposes. These autologous, GF-rich, 
platforms are herein proposed as reliable 3D platforms to model the fibrotic 
lung. PLMA hydrogels recapitulated the pathological stiffness of the fibrotic 
lung and supported the viability of lung fibroblasts cells for at least 7 days in 
culture. Cells adopted different morphologies as matrix stiffness changed and 
were able to induce matrix deformations in PLMA hydrogels, suggesting the 
feasibility of this scaffold to induce a profibrotic phenotype in fibroblasts in 3D, 
therefore recapitulating the pathological remodeling of lung fibrosis. 
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Preamble – Thesis organization 

This thesis presents a discussion and the development of novel 3D platforms to study pulmonary 

diseases. Thus, the first chapter of this thesis reviews previous studies of 3D lung models, 

addressing scaffold-based lung models, precision cut lung tissue slices (PCLT), lung spheroids and 

organoids, and also lung-on-a-chip. Then, Chapter II summarizes the aims of the thesis, and Chapter 

III presents a new model for lung fibrosis, based on platelet lysates-based hydrogels. This chapter 

includes an Introduction, a detailed description of the experimental work performed, finalizing with 

the Results obtained and its Discussion. Finally, Chapter IV provides the Conclusions and Future 

Perspectives.   
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Chapter I 

Taking advantage of 3D cell culture platforms to study lung 

development and pulmonary diseases* 

 
 
 
 
 
 
 
 

* This chapter was adapted from the following publication: Piedade F, Mano JF, Custódio CA, 

Almeida CR. “Taking advantage of 3D cell culture platforms to study lung development and 

pulmonary diseases” (under review) 
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Abstract 

Pulmonary fibrosis consists of progressive and irreversible lung tissue stiffening that is typically 

associated with organ failure. This is a major health problem and a leading cause of death 

worldwide. The mainstays of current therapy for lung fibrosis rely on lung transplantation in end-

stage fibrotic diseases. This is associated with severe limitations due to the shortage of organ 

donors and risks of rejection. Recent advances in 3D tissue engineering allowed the creation of 

complex 3D lung platforms that accurately recapitulate lung function, structure, and cell and matrix 

interactions, therefore providing the means for understanding the pathological mechanisms and 

mediators involved in the fibrotic process. In this perspective, this review discusses the most 

relevant 3D cell culture platforms to engineer lung models as well as their applications in vitro.   
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Pulmonary Fibrotic Diseases 

Lung fibrosis is characterized by progressive and irreversible loss of native lung architecture as 

normal healthy lung tissue is converted to scar tissue1. Scar formation compromises the normal 

lung function leading to disruption of proper gas exchange and ultimately causing death due to the 

collapse of the respiratory system2. Interstitial Lung Diseases (ILD) are a group of diffuse 

parenchymal lung conditions characterized by (1) chronic inflammation, with inflammatory cells 

persistence within the lung (mainly lymphocytes and macrophages) and exacerbated levels of pro-

inflammatory, angiogenic, and fibrogenic cytokines, growth factors (GFs) and proteases3, and (2) 

varying degrees of lung fibrosis4. The remodeling of lung parenchyma that characterizes this group 

of fibrotic lung disorders occurs through the accumulation of extracellular matrix (ECM)5. The 

epidemiology of lung fibrotic diseases is difficult to estimate, as fibrosis often occurs with 

pulmonary and extrapulmonary comorbid conditions (e.g., lung cancer, respiratory infections, and 

cardiovascular disorders). Notwithstanding, many studies suggest that the prevalence of ILD is 

increasing worldwide6. Also, several studies reported the increased incidence and mortality 

associated with ILD7. For most patients, it is possible to identify an underlying trigger to these 

diseases. However, when the cause is unknown, they are diagnosed with idiopathic interstitial 

pneumonia (IIP). Idiopathic pulmonary fibrosis (IPF) is the most common and aggressive form of IIP, 

with 2–3 years of survival rate after diagnosis. While the key initiating triggers are still to be 

identified, evidence shows that lung fibrosis develops as an atypical response to lung injury leading 

to aberrant wound healing responses, epithelial apoptosis and senescence, dysregulated fibroblast 

activity, and transdifferentiation, excessive ECM deposition, and immune reactions8. Despite 

progress regarding the pathological mechanisms of pulmonary fibrosis, there are still many unmet 

needs and treatment options are still scarce. To date, many compounds have been tested as 

potential therapeutic drugs for fibrotic lung diseases. However, the multiple pathways and 

mediators involved in the fibrotic process, and the deficiency of robust drug screening platforms 

that more accurately predict patient’s response, have limited the efficacy of current therapies9. For 

example, pirfenidone and nintedanib have been authorized for the treatment of pulmonary 

fibrosis10, but these drugs only slow disease progression and do not offer a cure or improve survival 

rate of patients. Furthermore, no clinically prognostic or predictive biomarker tests have been 

approved, making it difficult to guide patient care8. Considering the increasing global burden of 

fibrotic lung diseases11, additionally to the limited treatment options10, a better understanding of 

the disease mechanisms is crucial for the development of effective therapies. Complex models able 
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to accurately mimic native tissues could provide a better understanding of the disturbed signaling 

networks of fibrotic lung disease and help to discover and validate new potential therapies (Table 

1). 

3D Lung Models 

For many years, mammalian models have been indispensable for the understanding of lung 

physiology in health and disease, providing a bridge between patients and the laboratory12. 

However, ethical and safety concerns and the limited correlation existing between animal models 

and clinical trials13, have boosted the search for alternatives. Most of the current studies on 

pulmonary fibrotic lung diseases are based on two-dimensional (2D) cell culture substrates. 

Although very useful to obtain basic information related to cellular responses, cell cultures grown 

in tissue culture plates are not able to accurately recapitulate the complex and hierarchical 

organization of native lung tissue. In vivo, cells reside in a complex tridimensional (3D) environment, 

that exposes them to different GF gradients, mechanical cues, and polarities, and allows them to 

establish cell-cell and cell-ECM interactions14,15. Considering the shortage of donors of human lungs 

for research and the limitations of the previously referred models, the need for more tissue-like 

platforms emerged. Tissue engineering (TE) combines cells, 3D scaffolds, and specific biochemical 

signals that favor cell adhesion, growth, and differentiation to create functional 3D tissues16. 

Advances in TE techniques have already allowed the assembly of more physiologically and 

pathologically relevant 3D models of the human lung, and nowadays in vitro models of all the main 

parts of the respiratory tract are available17. These 3D models have revolutionized pulmonary 

research as they can mimic the complex lung environment and architecture, allowing researchers 

to better study cellular mechanisms, lung development, and responses of pulmonary tissue to ECM 

alterations as well to mechanical stimuli18. So far, the proposed 3D models include scaffolds 

(polymeric-based and decellularized organs or tissues), precision cut lung tissue slices (PCLT), lung 

spheroids, lung organoids, and lung-on-a-chip (Figure 1). 
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Figure 1. Schematic representation of the currently available 3D lung models and their properties. 

 Scaffolds 

Scaffolds refer to 3D porous structures that provide structural support for 3D cell adhesion, 

proliferation, and differentiation. The adequate selection of a scaffold is crucial for the successful 

development of lung tissue.  The ideal scaffolding material for lung TE must provide the necessary 

support for cell growth and tissue development without compromising the elastic recoil of the 

tissue. Here, the 3D scaffolds typically used to engineer lung models were divided according to their 

source: i) 3D structures prepared from polymeric sources and ii) decellularized scaffolds isolated 

from native tissues. Both of them provide means of controlling engineered tissue architecture and 

mechanical properties, and they are designed to replicate tissue-specific microenvironments19.  
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Polymeric-based scaffolds 

The ECM is the natural niche of cells in vivo. Having this in mind, many studies have been focused 

on developing biomaterials that recapitulate the natural ECM and provide cells with a favorable 

microenvironment. Instead of inert structures, advanced biomimetic scaffolds provide cells with 

structural, mechanical, and biochemical cues that allow them to behave like their native 

counterparts20–22.  

Hydrogels have been extensively used as scaffolds for TE applications. Due to their inherent 

features, they can recapitulate the mechanical and viscoelastic properties found in the human 

tissues, including load-bearing soft tissues like the lung. Hydrogels are 3D networks consisting of 

either physically or chemically crosslinked polymers with high water content and allow for the 

diffusion of nutrients, oxygen, waste, and soluble factors23,24. Additionally, they can be easily 

modified to improve their bioactivity, viscoelastic properties, and degradability25.  

Hydrogels can be prepared from either natural or synthetic materials, offering a broad list of ECM-

like scaffolds with multiple mechanical and chemical properties26. Natural-derived hydrogels for 3D 

cell culture are typically prepared using proteins and other ECM components, namely collagen, 

fibrin, hyaluronic acid, mixtures such as Matrigel, and also polymers obtained from other natural 

sources such as chitosan, alginate, or silk21,27–29. Naturally-derived hydrogels are appealing for 

biological applications as they are inherently biocompatible and bioactive, and also because they 

are a great source of endogenous factors, therefore promoting many cellular functions 27. However, 

natural-based scaffolds present several boundaries including poor mechanical properties, limited 

control over their degradation rates and physicochemical properties, and also potential 

immunogenicity26,27,30.  

A classic natural material to model the human lung is collagen and its derivatives27. Fibrillar 

collagens are the main protein component of the ECM of the lung (types I, II, III, V, and XI), providing 

structural integrity to the tissue31. Sugihara and colleagues reported the encapsulation of alveolar 

type II epithelial cells in a collagen hydrogel, which proliferated and formed alveolus-like luminal 

structures32. The 3D culture of fibroblasts in a hydrogel made of collagen type I has allowed 

researchers to investigate cell behaviors with the surrounding microenvironment and key aspects 

of this complex dynamic interaction33. It has been found that the level of α-smooth muscle actin (α-

SMA) expression, a fibroblast contractile marker, was directly proportional to gel compliance, as 

stiff collagen-based materials promote increased expression of α-SMA and integrin (α1, β1), while 

collagen gels with lower compliance promote reduced expression of those markers34. The weak 
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mechanical properties of collagen constructs limit its use to non-load-bearing applications, 

although there are already strategies to improve its stiffness, such as crosslinking35–37, mechanical 

compression38, and the combination of collagen with other ECM proteins39. Besides fibrillar 

collagens, large elastic fibers and proteoglycans are also an important component of the pulmonary 

ECM40,41. On one hand, fibrillar collagens provide good tensile strength although low elasticity, 

while large elastic fibers are characterized by little tensile strength but high elasticity, providing the 

lung with the required compliance and intrinsic recoil41. Elastic fibers comprise of two major 

components: elastin, crosslinked in their inner core, and 10-15 nm-sized microfibrils, in their 

periphery40,41. Elastin plays a crucial role in the mechanical properties of the lung, acting 

synergistically with collagen in the biomechanical behavior of lung tissue. A collagen-elastin scaffold 

has been prepared to produce a superior material able to mimic the mechanical properties of the 

alveolar wall39. The addition of soluble elastin to the collagen hydrogels increased their stiffness, 

overcoming the limited mechanical strength of pure collagen hydrogels. Additionally, human lung 

fibroblasts seeded in the hybrid scaffolds resulted in a Young’s modulus matching the known value 

(5 kPa) for the pulmonary alveoli wall39.  

Another gold standard scaffold material for 3D cell culture is Matrigel42. Matrigel consists of a 

mixture of proteins secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells rich in laminin, 

GFs, entactin/nidogen, type IV collagen, and heparan sulfate proteoglycan43. Wu et al. cultured 

human bronchial epithelial cells on Matrigel, and showed that those cells expressed specific 

markers for polarized acinar cells, suggesting their differentiation, but did not express a ciliated cell 

marker44. Although Matrigel cultured bronchial acini produced bronchial epithelial cells devoid of 

cilia, these cells displayed glandular hyperplasia and could, therefore, be used to model cystic 

fibrosis and chronic obstructive pulmonary diseases (COPD). Despite its excellent biocompatibility 

and cytocompatibility, the fact that Matrigel derives from murine sarcoma makes this platform 

unsuitable for translational applications.  

Several biocompatible and biodegradable synthetic polymers have also been developed for TE 

applications. Synthetic scaffolds can provide great mechanical support, and their physicochemical 

properties can be easily tuned to control cell function26. Anseth et al. reported the synthesis of 

photodegradable polyethylene glycol (PEG) hydrogels containing a photodegradable functionality, 

a nitrobenzyl ether-derived moiety that allows the gel degradation upon light exposure45. This 

feature allows for on-demand alterations in macroscopic properties such as hydrogel stiffness, 

water content, or complete hydrogel degradation. Additionally, synthetic hydrogels show low 
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potential for immunogenic reactions and can be consistently reproduced on a large scale46. 

However, they lack biological cues, which are crucial to engineering tissue-like structures without 

supplementation with bioactive components and GFs.  

A polyglycolic acid (PGA)-based scaffold has been developed and seeded with lung progenitor cells 

that could differentiate into multiple cell types, expressing lung-specific markers, and the use of 

PGA facilitated tissue formation in vitro47. Despite the promising in vitro results to engineering lung 

tissue, further in vivo tests have shown that PGA induces a foreign body response, resulting in an 

inflammatory reaction that interfered with tissue growth47. Furthermore, biodegradable Poly(L-

lactic acid) and Poly(lactic-co-glycolic acid) hydrogels have been seeded with primary fetal 

pulmonary isolates48. Infiltration and proliferation of the cells were evident in both matrices, but 

no tissue-specific differentiation occurred. These results corroborate the hypothesis that typically, 

synthetic scaffolds offer great mechanical support, but lack the essential biochemical cues 

necessary for engineering lung tissue, even with the addition of specific biomolecules to the 

medium48.  

The development of advanced hydrogels for 3D cell culture is challenging, requiring the control of 

the physical and chemical properties of the material. There are several factors to take into 

consideration when developing a functional ECM mimic: hydrogels' mechanical properties, 

presence of adhesive ligand and GFs to support the formation of tissue-like constructs, transport, 

and degradation kinetics, and degradation products. Ultimately, the objective is to engineer an 

advanced scaffold that gathers the advantages of natural and synthetic materials in order to fulfill 

the cellular needs. 

Decellularized Scaffolds 

Decellularization is a process that involves the removal of the cellular content from a tissue or organ 

while preserving its ECM with the original 3D matrix and structure of the tissue/organ49. Several 

methods for lung decellularization have been described50–52 but so far there is no consensus on the 

best method. Most of these methods are detergent-based and use a combination of both ionic and 

nonionic detergents that lyse and remove the cellular components while preserving the structural 

and chemical integrity of the ECM49 (Figure 2). Successful decellularization is obtained when no 

cellular and nuclear content is detected by routine histological analysis, the amount of DNA is lower 

than 50ng/mg of dry tissue, and fragments of DNA run on a gel are above 200 bp53. 
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Figure 2. Illustrative representation of lung decellularization and recellularization processes. 

After cell and cell-derived molecules removal, lung microarchitecture and lung mechanical 

dynamics may be directly altered as lung mechanics is directly impacted by the surrounding matrix 

and connective tissue composition54. The chosen detergent and decellularization approach will 

therefore directly impact the mechanical properties of the decellularized scaffold55. Among the 

different protocols that have already been used to decellularize tissues, the zwitterionic detergent 

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) efficiently removed the 

cellular components with minimal loss of ECM proteins such as elastin, collagen, and laminin56–59. 

However, there is no consensus on the best method yet, and some authors believe that Triton X-

100 and SDC work better in protecting the ECM structure and removing cellular components than 

methods using SDS or CHAPS detergent49. Decellularized lung matrices can be further solubilized 

and used to design scaffolds through electrospinning60 or to create 3D hydrogels through an acidic 

pepsin digestion61–63.  

Initially, the main goal of decellularization technologies was to overcome the limited availability of 

organ donors and provide an advanced scaffold that would not trigger an immune reaction in the 

transplant recipient64. However, translational studies are still very limited and decellularized lung 

matrices have been mostly used for investigational purposes. They have been used to investigate 

the substructure of the lung65, and to gain insights about ECM, it's chemical composition, and 

mechanical features49. Also, decellularized lung matrices have been recolonized with recipient cells, 

providing an essential platform for expanding our knowledge regarding pulmonary diseases64. 

Booth et al. used acellular human normal and fibrotic lungs as an in vitro model to study how ECM 

affects fibroblast myodifferentiation in a disease-specific manner66. The normal and fibrotic human 
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lungs were decellularized and seeded with healthy human fibroblasts. Fibrotic lung matrices 

retained their pathological stiffness, and induced cellular activation to myofibroblasts, with 

increased production of α-SMA, a feature typically seen in fibrotic tissue. These results suggest that 

the composition and mechanical function of the ECM is involved in disease progression. 

Additionally, transforming growth factor-β1 (TGF-β1) bioactivity was similar in normal and fibrotic 

matrices suggesting a TGF-β1 independent fibroblast myodifferentiation mechanism. Although not 

able to identify the signaling pathway responsible for fibroblast myodifferentiation in IPF, this in 

vitro model provided insights about the mechanical contribution of the ECM to IPF pathogenesis. 

In another study, primary lung fibroblasts obtained from either IPF or healthy lungs were seeded in 

decellularized lungs from healthy and IPF patients67. It was found that the antifibrotic miR-29 family 

was downregulated by fibrotic ECM, evidencing that the scaffold source had a higher influence on 

the expression of fibrotic genes, compared to cell origin. Also, emphysematous lungs obtained from 

murine and human COPD have been decellularized, with the lungs retaining their pathological 

features68. When recellularized with immortalized epithelial cells, decellularized emphysematous 

lung scaffolds did not sustain cell proliferation and survival, compared to those recellularized on 

healthy lung scaffolds68. Also, cell survival was reduced in emphysematous lungs from older mice.  

Later, the authors found out that these changes in epithelial cell proliferation and survival were 

related to decreased laminin expression in scaffolds obtained from aged mice69. These results 

suggest that the age of the donor of the decellularized lung would probably have a significant 

impact on ECM composition, and must therefore be considered in lung bioengineering. 

These 3D lung models are a valuable tool to gain insights into ECM composition, cell-ECM 

interactions, and cellular behavior on diseased decellularized lungs. Although decellularization 

protocols still need to be improved, these scaffolds can provide a means to understand lung biology, 

pathogenic mechanisms of lung diseases, and help identify alternative treatment options that focus 

on cell-matrix interactions.  

PCLT 

Precision cut lung tissue slices (PCLT) or ex vivo lung tissue refers to lung slices used for in vitro 

research of tissues with cells. In contrast with decellularized matrices, lung slices are prepared from 

fresh tissue, from lung cadavers, surgical resections, or explanted lungs70. For soft tissues such as 

the lung, slices can be technically challenging to obtain. However, this was surpassed by the 

standardized infusion of the lungs with heated liquid agarose, which maintains the lung inflated, 
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and thus avoids that the tissue collapses during slicing 71-72(Figure 3). PCLT can be maintained in 

culture with an appropriate culture medium. Many articles have reported that PCLT remain viable 

only for one to six days in culture73–75. In an attempt to overcome that, Temann et al. reported the 

optimization of the culture medium by supplementation with essential nutrients and antibiotics76. 

In this study, cultured PCLT retained their viability, metabolic activity, tissue structural integrity, 

and cell populations, and responded to stimulation with lipopolysaccharide up to 14 days76. Also, 

Bailey et al. encapsulated PCLT in hydrogels based in poly(ethylene glycol), and these platforms 

could be maintained in culture for 21 days, which is a significant culture time increase compared to 

PCLT floating in media77.  

 

Figure 3. Illustrative representation of the procedure to generate PCLS. 

The main advantage of using PCLT is the maintenance of the tissue’s architecture as they retain its 

structure, immune cell populations, and connective tissue. Also, PCLT maintain the ratios of the 

different cell populations, as well as the interactions between cell-cell and cell-matrix. Another 

advantage is that PCLT might be rapidly, reproducibly, and quantitatively produced, and 

subsequently analyzed using high throughput technology78. However, due to the variability 

between different regions within the lung, specific cell types can vary between slices. Regardless, 
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PCLT have demonstrated to be a useful tool to correlate cellular function with organ physiology as 

they have been used to study responses to stimuli such as contraction of the airways and the 

immune response76,79,80. Thus, this “mini lung” has been used as a model of lung diseases, and as a 

tool for toxicology studies, drug screening, and potential therapeutic targets81–85. For example, PCLT 

obtained from healthy and asthmatic patients showed different responses to stimulation, including 

bronchoconstriction and hyperresponsiveness, in diseased lungs86. These results are in agreement 

with previous animal-based evidence87,88, demonstrating the ability of PCLT to mimic lung 

physiology. PCLT have thus been used to model suppression of asthma symptoms, such as airway 

constriction, with glucocorticoids in combination with bronchodilators89,90.  

Also, PCLT exposed to cadmium chloride and TGF-β1 demonstrated pathohistological changes 

similar to the histological patterns seen in early lung fibrogenesis, such as an increase in profibrotic 

genes, myofibroblasts activation leading to higher ECM deposition, and changes in protein 

patterns82,91. Recently, non-IPF/ILD human PCLT were exposed to a profibrotic cocktail (with TGF-β, 

PDGF-AB, TNF-α, and LPA), which resulted in fibrotic-like changes in the lung tissue, such as higher 

production of profibrotic and proinflammatory cytokines, ECM secretion, deposition, and alveolar 

epithelium injury92. Murine and human PCLS treated with a similar profibrotic cocktail were used 

to evaluate nintedanib and pirfenidone effect, and results showed that nintedanib increased the 

levels of alveolar epithelial markers that were inhibited with the fibrotic treatment93. The same 

fibrosis-induced PCLS were used to investigate the effect of EP300 inhibition in IPF treatment, and 

results show that this histone deacetylase inhibition resulted in attenuation of fibrosis hallmarks in 

the fibrosis-induced PCLT94.  

Remarkably, we demonstrated that EP300 inhibition reduced fibrotic hallmarks in vitro using 

primary fibroblasts from Ctrl and IPF patients, in vivo using the bleomycin mouse model, and ex 

vivo using PCLS  

Dysfunctional PI3K/ mammalian target of rapamycin (mTOR) signaling is associated with abnormal 

proliferation in IPF and cancer and Mercer et al. used PCLS to establish a dosing range of 

GSK2126458, an inhibitor of PI3K/mTOR85. By targeting PI3K/mTOR, the expression of procollagen 

1 amino-terminal peptide was significantly reduced, therefore suggesting GSK2126458 as a new 

therapeutic drug for IPF treatment85. Following this work, Woodcock and coworkers found that the 

TGF-β1 stimulated collagen synthesis signaled via PI3K/mTOR is exerted through human lung 

fibroblasts95.  
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Overall, PCLT can contribute to comprehend the pathomechanisms of lung diseases, provide insight 

into novel therapeutic targets, and be useful to study the efficacy and safety of therapeutic drugs. 

Heterogeneity between lung samples, lung regions, and even lung slices might cause difficulties in 

data interpretation. Furthermore, PCLT have limited viability, therefore restricting long term 

investigations. Also, they are unable to mimic an immune response as they cannot recruit non-

resident immune cells. Lastly, these models are intricate and expensive to implement, and 

appropriate lung tissue is not always available. 

Lung Spheroids 

Sutherland et al. first developed multicellular spheroid cultures in 1970, in an attempt to simulate 

human tumors and study how they respond to radiotherapy96,97. Ever since spheroid cultures have 

been implemented with several different cells. Spheroids are very well-characterized models of 

solid tumors and drug screening due to their simple and reproducible preparation, and also because 

they maintain the functional phenotype of human tumor cells98. Spheroids are clusters of cells that 

self-assemble, where intercellular interactions overlap cell-surface interactions99. Spheroids do not 

need any scaffolds for assembly, relying on the contact between the cells and the ECM deposition 

that occurs spontaneously100. There are four main fabrication methods reported in the literature to 

create spheroids: (i) agitation-based techniques101, (ii) hanging drop technique, (iii) liquid overlay 

technique102, and lastly (iv) microfluidics103. Additionally, there are a great variety of commercial 

products such as Perfecta3D® hanging drop plates and GravityPLUS™ plates, for the production of 

spheroids under controlled and reproducible conditions. Spheroid culture models have many 

advantages when compared to monolayer cultures as they develop oxygen, nutrients, soluble 

factors, and metabolic waste gradients, thus favoring the growth of various cell populations, with 

the round geometry optimizing intercellular and cell-ECM interactions104. Considering its similarities 

with in vivo tumors, spheroids have been mainly used for the study of lung tumor biology and drug 

screening99,105–107, being also very useful to complement patient individual drug treatment as they 

enable the use of primary cells obtained from the patient tissue.  

Patient-derived tumor spheroids (PDS) were recently cultured from advanced non-small cell lung 

cancer (NSCLC) patient samples to recapitulate the cytological features and markers of NSCLC and 

their utility as a drug screening platform. By surgically resecting tissue from NSCLC chemotherapy-

naive patients, cells obtained from the tissue were cultured to form PDS with about 500μm108. Also, 

a human NSCLC cell line (H1299) was cultured in spheroids to test the feasibility for drug screening 
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purposes and as a model for lung cancer biology. The cytotoxicity of cisplatin was investigated and 

results showed higher values of IC50 in the spheroids in comparison to monolayer cultures, 

highlighting the potential of these tumor spheroids for clinical application: the IC50 of the PDS could 

be used to estimate the chemotherapy response of an individual patient108. 

Although able to create a physiologically relevant 3D tumor tissue model, these sphere-like culture 

systems fail to recapitulate organ function, as they lack vasculature. Also, because spheroids use 

tumor derived-cells, immortalized cell lines, and cells obtained from patients’ xenografts, it is hard 

to control the rate of cell growth, and therefore the size of the cell aggregate104. 

Lung Organoids 

 ‘Lung organoids’ are structures that self-assemble and are generated from lung progenitor cells 109. 

Organoids are a powerful tool for basic and translational research and have already been generated 

to replicate lung structures, including bronchi/bronchioles and alveoli110–112.  

Lung organoids have been obtained from various epithelial cells from the lung, such as alveolar 

epithelial cells (AECs) or human pluripotent stem cells (hPSCs). AEC are particularly relevant to study 

respiratory disorders, namely IPF, as the structure and function of the alveoli is affected in this type 

of disease. Therefore, studying the biology of these cells, as well as their niche might provide 

important clues regarding pathological disease mechanisms. To generate lung organoids, however, 

not only alveolar cells are required. These cells need support and clues for proper proliferation and 

differentiation. The proximity between AEC and mesenchymal cells has already been shown to be 

crucial for organotypic alveolar epithelium development in mice113. The Clevers lab formed human 

airway organoids derived from NSCLC patient’s lung tissue114. These lung organoids were easily 

grown from small amounts of materials obtained from patients, which is useful as it fights the 

shortage of available lung tissue for TE application. Furthermore, these organoids derived from 

diseased patients are amenable to medium‐throughput drug screening, which shows their potential 

use in personalized medicine114.  

Protocols for hPSC-derived organoids have also been established, including embryonic stem cells 

and iPSCs115,116. In 2014, single bronchioalveolar stem cells were cultured with endothelial cells as 

support and differentiated in vitro into different epithelial lineages117. The authors identified an 

important mechanism that regulates differentiation in the lung: the BMP4-NFATc1-TSP1 signaling 

axis. This work elucidates that lung stem cells can be differentiated into specific lineages upon 
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manipulation of the cells' microenvironment, which might be a promising therapeutic approach 

against lung diseases117.  Considering the unclear IPF, efforts have been made to decode this 

disease. Hermansky-Pudlak syndrome (HPS)-associated interstitial pneumonia (HPSIP), a clinical 

entity similar to IPF, is associated with recessive mutations in genes implicated in HPS. Strikoudis et 

al., investigated if the introduction of HPS mutations would promote fibrotic changes in lung 

organoids118. Results showed that lung organoids derived from epithelial stem cells with mutated 

HPS exhibited a similar phenotype as HPSIP patients with corresponding mutations, demonstrating 

the potential of this model to recapitulate important features of the disease. Furthermore, there 

was a higher expression of IL-11 in epithelial cells from fibrotic organoids with mutant HPS; the 

similarity in the expression signatures of organoid and lung samples from patients with IPF indicates 

that this model might be a powerful tool in identifying IPF pathogenic mechanisms118. 

There are still technical challenges to obtain organoids similar to in vivo tissue, with the same 

complexity and maturity, while retaining the reproducibility that is required for screening (as most 

of them still lack key cell types and vasculature). Notwithstanding, organoids hold great potential 

to model human lung and lung diseases, as a tool for the identification of novel drug targets and as 

a preclinical tool for innovative therapeutics.  

Lung-on-a-chip 

An organ-on-a-chip is a small platform that includes a microchamber and a continuously perfused 

hollow microchannel able to recapitulate the organ vascular system and tissue 

microenvironment104. 3D cell culture in microfluidics aims to mimic the complexity of living tissues 

and this technology has already been adapted to model various regions of the human lung, such as 

the airways and alveoli.  

Huh et al. has reported a microfluidic system mimicking the human alveolar-capillary interface119. 

Human AECs were cultured in one of the sides of the ECM-coated membrane and endothelial cells 

from the lung vasculature on the opposite side119. This membrane was placed in a microfluidic 

device that supplied both sides of the membrane with nutrients, allowing for the 

compartmentalization of the system, until cells grew to confluence119. The epithelial side was then 

exposed to air, mimicking the air-liquid interface typical of a real lung119. Besides the air-liquid 

interface, this device also recapitulated the breathing movements through vacuum pumps that 

applied cyclic mechanical stretch to the alveolar-capillary interface119. The epithelial cells in the 

microfluidic device had higher production of surfactant, as well as increased electrical resistance, 
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and an improved function as a molecular barrier119. This system has also been applied to model the 

induction of pulmonary edema by drugs120. Furthermore, a multichambered culture system has 

allowed analysis of the kinetics of cellular responses to environmental agents121. This system 

integrated permeable filter supports with human primary airway epithelial cells at the air-liquid 

interface perfused by basal media, mimicking the interstitial flow that happens in vivo. An 

automated fraction collector allowed analysis of the kinetics of IL-8 release upon exposure to grass 

pollen. The amount of IL-8 released was significantly superior compared to static culture conditions, 

which might be related to a negative feedback mechanism. In this system, released IL-8 was 

constantly removed, unlike static conditions, where it accumulates over time. The IL-8 kinetic 

profile was undetectable in static conditions while the microfluidic culture enabled a time-

dependent IL-8 release analysis in response to grass pollen exposure. This microfluidic culture 

system allowed for the exchange of fluids and mediators, namely IL-8, therefore showing that 

microfluidic devices replicate the dynamic interstitial flow that happens in vivo better than static 

culture conditions121. A lung-on-a-chip with a "breathing" ultra-thin membrane has been used to 

analyze how cyclic mechanical stress impacts alveolar wound repair122. A549 lung alveolar epithelial 

cells were cultured on PDMS membranes coated with fibronectin and then seeded on the apical 

side of the alveolar membrane that is deflected through a microdiaphragm mimicking the 

mechanical strain of breathing. By scratching the cell layer a wound was created without tearing 

apart the PDMS membrane. It was found that wound closure was quicker in static conditions and 

that adding recombinant human hepatic GF accelerated closure in both dynamic and static 

conditions. And as previously shown, cyclic mechanical stretch leads to a reduction in the capacity 

of the epithelium to close the wound123. The authors also reported that regardless of mechanical 

stretch, epithelial wound healing was reduced on a porous membrane compared to a non-porous 

membrane, which might be related to the fact that in a porous membrane the space between the 

ECM and the cells weakens the cell-ECM interactions and slows down cell migration, therefore 

impairing wound healing. This breathing-lung-on-a-chip emulated key features of the lung alveolar 

environment such as the air-liquid interface that lets cells receive their nutrients through the 

basolateral side while being in contact with air on the apical side. However, this membrane lacks 

ECM, and thus Zamprogno and colleagues developed a lung-on-a-chip with a collagen and elastin 

membrane that can be stretched and alveoli that can be sized, which is a far better representation 

of the alveolar compartment124.  

Organ-on-a-chip platforms accurately replicate dynamic organ level processes, intercellular and 

cell-matrix interactions, and are suitable for evaluating effects of drugs, particulates, pathogens, or 
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other stimuli important in clinical applications. Additionally, these lung microsystems might be 

integrated with other organ-biomimetic models in one single device to mimic exchanges between 

various organs and therefore replicate the whole body’s physiology125. 

Conclusions 

In recent years there has been great progress in developing advanced 3D culture systems able to 

accurately reproduce the physiologic parameters within both normal and diseased tissues, 

overcoming the limitations of traditional 2D plate culture systems. These systems provide the 

means to identify disease-specific pathological mechanisms, and in the future might be used as 

preclinical tools for drug screening. Although animal models are important tools in drug 

development and preclinical toxicity testing, advanced 3D lung models could provide a reliable 

alternative with a more accurate prediction of clinical outcomes. Additionally, these models could 

help identify drug-induced complications and adverse side effects before the clinical trials. 

Importantly, the use of ECM-derived and decellularized scaffolds allows the development of 

personalized therapeutic strategies. 
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Table 1. Summary of the uses, advantages, and limitations of different 3D lung models. 

3D models Uses Advantages Limitations Ref. 

Natural 
scaffolds 

• As a drug delivery system 
• To study cell-ECM interactions 
• Study of induced fibrosis pathological 
mechanisms 
• Study of cell-cell and cell-ECM interaction 
 

• Natural origin 
• Bioactivity and biocompatibility 
•Intrinsic structural resemblance with native ECM 
 

• Cannot model long-term responses, undergoes 
degradation and contraction 
• Degradation kinetics hard to predict 
• Inconsistent compositions 
• Weak mechanical properties 
• Can cause immune responses 

20,39,126 
 

Synthetic 
scaffols 

• Low immune responses 
• Defined purity and reproducibility 
• Good mechanical properties 

• Lack bioactive domains 
• Poor biocompatibility and bioactivity 

Decellularized 
scaffolds 

• To study: 
-The substructure of the lung; 
-Lung ECM (chemical composition and 
mechanical features) 
-Lung diseases, lung repair, and 
regeneration mechanisms 
• Drug testing 

• Preserves pre-existing arterial and venous vascular 
tree and bronchial network 
• Retains ECM protein composition 
• Cell-matrix interactions similar to in vivo 
• Can be stored frozen 
• Long-term culture 
• Time-lapse live imaging 

• Decellularization-related ECM loss 
• Access to lung samples 
• Poor protocol standardization 

49-127 

PCLS 
• Study of short-term responses 
• Replication of native/diseased lung 
microenvironment 

• Accurate cell-matrix, cell-cell interactions 
• Retain cellular and structural organization of the lung 
• Thickness, dimensional tunability 

• Short-term (~5 days) 
investigation 
• Requires fresh live lung samples 
• Storage not possible 

70, 78, 128 

 

Spheroids 
• Mostly for cancer research 
• Drug screening and toxicity testing 
 

• Easy fabrication and Self-assembling 
• Replicate cell-cell, cell-matrix interactions 
• Allows co-culture of cells 
• Allows personalized disease modeling and treatment 

• Variation in size 
• Difficult to observe via live imaging 
• Lack vasculature 
•Heterogeneities in drug penetration 

98-100, 104 

 

Organoids 
• Basic and translational research 
• Drug screening and toxicity testing 
 

• Self-assembling 
• Replicate cell-cell, cell-matrix interactions 
• Allows co-culture of cells 
• Allows for personalized disease modeling and 
treatment by using patient-derived cells 

• Requires long-term culture 
• Technical challenges to produce complex organoids 
• Lack vasculature and perfusion 
 

114 

 

Lung-on-a-chip 
 

• Drug screening and toxicity testing 
• Study of induced fibrosis pathological 
mechanisms under dynamic lung 
microenvironment 

• Replicates cyclical strain breathing and shear stress 
due to blood flow 
• Allows for oxygen and nutrients gradients and 
removal of metabolic waste 
• Replicate cell-cell, cell-matrix interactions 
• Time-lapse live imaging 

• Time-lapse live-cell imaging requires complex 
imaging equipment 
 
 

104, 129, 

125  
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Fibrotic lung diseases are chronic, irreversible, age-related diseases very challenging to classify, 

mostly diagnosed at an advanced stage. Both animal models1,2 and in vitro platforms3–5 have been 

used to investigate the cellular and molecular mechanisms behind lung fibrogenesis. Animal models 

fail to recapitulate the human lung pathophysiology, significantly diverging from human 

anatomical, biological, and immunological features. In fact, the American Thoracic Society 

emphasized the need to develop “humanized” platforms of lung fibrotic diseases to overcome the 

limitations of animal models. In vitro models are therefore attractive tools in basic and translational 

studies. However, most in vitro studies of lung fibrosis have been performed using 2D monolayers 

of myofibroblasts on tissue culture plastic, which cannot accurately represent the structural three-

dimensionality of native lung tissue, causing loss or changes of tissue-specific cell functions. 3D lung 

fibrotic models are therefore an important alternative to overcome the previously mentioned 

limitations. Studies using 3D cell cultures have already proven that ECM strongly influences cell 

behavior, in particular in fibroblasts6. Cells attach to the ECM via cell adhesion receptors, and they 

use them to sense the biochemical and biomechanical properties of their surrounding environment, 

behaving accordingly: they immediately react to the stiffness by adapting their shape and activity 

and are even able to frame their gene expression in the long term, as they must tune the forces 

they apply while contracting with the tensile strength of the ECM that holds them7. Whether ECM 

stiffening occurs due to exacerbated ECM molecules deposition or precedes the development of 

fibrosis is yet to be understood. Developing 3D lung models that enable increased rigidity of the 

ECM, mimicking what occurs in lung fibrogenesis is therefore of major interest. Methacryloyl 

platelet lysates (PLMA) hydrogels are an attractive alternative to other ECM-mimicry materials 

because they provide cells with both physical scaffolding and biochemical cues from human origin. 

The modification of PLs by chemical conjugation with a photoresponsive group allows the formation 

of PL‐based photopolymerizable materials with tunable mechanical properties and increased 

stability. This material is particularly interesting to model lung fibrosis, as the mechanical stiffness 

of these hydrogels can be tuned to match the pathological stiffness of fibrotic human lungs by 

varying both the degree of methacrylation and PLMA concentration8. Therefore the main goal of 

this thesis was to develop a 3D model of the fibrotic lung and the specific aims were: 1) to optimize 

the degree of methacrylation and concentration of PLMA-based hydrogels for recapitulating the 

biomechanical features of the fibrotic lung, 2) to examine the cellular viability and morphology 

within PLMA hydrogels, and 3) to mimic the profibrotic consequences of TGF-β stimulation in PLMA 

hydrogels with embedded lung fibroblasts.  
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Introduction 

Interstitial lung diseases (ILD), in particular Idiopathic Pulmonary Fibrosis (IPF), are untreatable 

diseases associated with a median survival of 2-5 years1. These diseases have been associated with 

dysregulated wound healing responses, involving incessant cycles of lung tissue injury, and ECM 

deposition by myofibroblasts. Although there are already many identified biomolecules, 

mechanobiological, and cellular processes involved in lung fibrosis, current antifibrotic drugs that 

limit or reverse fibrosed lung remain a major clinical urgency, with organ transplantation remaining 

the only curative treatment option for late-stage disease. Undoubtedly, the limited efficacy of 

current antifibrotic drugs is in part due to the complexity of the disease, and also to the limited 

development of accurate biomimetic in vitro models for investigation of the fibrogenic remodeling 

of lung parenchyma. A strong correlation between lung stiffness and worst clinical outcomes 

suggests a critical role for matrix mechanosensing in lung fibrosis2. For many decades, research on 

fibroblasts interacting with 2D tissue culture plates has successfully contributed to gain insights into 

the mechanical activities of individual cells in response to soluble GF and/or ECM cues3,4. However, 

these models limit fibroblasts to the influence of one spatial plane in which cells are immobilized, 

forcing apical-basal polarization, limited intercellular interactions, and abnormal integrin receptor 

expression. Also, plastic culture plates have non-physiological stiffness (>1000 kPa), which has been 

reported to induce abnormal cytoskeletal organization5, disturb gene expression6, and drive 

epigenetic alterations of fibroblasts7. Even taking into consideration mechanical tunable substracts 

on which cells are studied on top of8–10, these models still cannot recapitulate the tissue-like 

signaling context that results when fibroblasts are completely embedded in an ECM that can be 

remodeled, such as in a native tissue environment. In the same line, experimental animal models 

have extensively contributed to elucidate the role of many ECM components in various lung 

conditions11–13. However, these models fail to mimic human diseases, raising difficulties in 

translating animal results to human applications.  

On the contrary, 3D matrices allow lung fibroblasts to adhere to their substrate at many focal 

adhesion points, and to experience more physiological stress-strain and soluble gradients. Although 

there are already studies of lung cells cultured within 3D matrices14, few studies have investigated 

the viability, morphology, and behavior of lung fibroblasts within a stiff matrix. 
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Cellular and biochemical mechanisms in fibrosis 

Fibroblasts are tissue mesenchymal cells that contribute to tissue function and architecture by 

producing ECM’s structural proteins (such as collagens and elastin), adhesive proteins (e.g. laminin 

and fibronectin), and ground substance (glycosaminoglycans)15. Upon injury, epithelial cell 

activation and epithelial-mesenchymal signaling trigger fibroblast activation and recruitment to the 

wound site, where they produce ECM proteins to build a provisional matrix for tissue regeneration. 

Fibroblasts have been implicated in several clinical conditions related to abnormalities in wound 

healing; for example, fibroblasts isolated from fibrotic lung tissue have an increased ability to 

produce ECM proteins, exhibit enhanced resistance to apoptosis, produce ROS, secrete less 

antifibrotic factors, and have increased invasion abilities, therefore exerting a profibrotic effect16–

21. Fibroblasts are also one of the precursor cells for myofibroblast differentiation. Myofibroblasts 

express characteristics of both smooth muscle cells and fibroblasts, as they exhibit packs of stress 

fibers, focal adhesion complexes, and express α-SMA22. These cells are believed to be key effectors 

in tissue scarring23,24; under normal wound healing circumstances, myofibroblasts undergo 

apoptosis or revert to inactive phenotype once the provisional scar tissue is degraded and tissue 

healing is accomplished. However, in fibrotic diseases, myofibroblasts persist in their activated 

state. Excessive myofibroblast activity, including overproduction of ECM components and excessive 

wound contraction, are major contributors to the formation of scar tissue25 and are essentially 

promoted by TGF-β1 and by mechanical signals22. TGF-β is one of the most studied cytokines, and 

is implicated in several cellular functions, including tissue homeostasis regulation, wound repair, 

immunity and inflammation, ECM deposition, and cell differentiation, proliferation, and 

apoptosis26,27. Of the three structurally similar isoforms that have been identified in mammals (TGF-

β1, 2, and 3), TGF-β1 is prevalent26, and it is produced by many cell types in the ECM as a latent 

complex waiting to be activated. In its inactive state, TGF-β is bound to a latency-associated peptide 

(LAP), preventing it to bind to TGF-β receptors26.  TGF-β activation requires disruption of the TGF-

β-LAP complex, and this process usually involves conformational changes in LAP, which can be 

induced by ROS28, contractile forces transmitted by integrins29, proteolytic cleavage (by plasmin, 

MMP2, MMP9)30,31, or pH changes32. Once in its active form, TGF-β can induce signaling by biding 

to transmembrane type I (TβRI) and type II receptors (TβRII), which are serine/threonine kinases. 

Once TGF-β binds to TβRII, TβRI is recruited into the complex where it is phosphorylated and 

activated by TβRII, forming a stable heteromeric complex. 
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TGF-β1 plays a pivotal role in the pathogenesis of lung fibrosis, participating in fibroblasts 

recruitment and activation into myofibroblasts33, inhibiting fibroblast apoptosis34, inducing 

epithelial-mesenchymal transition (EMT)35, AEC apoptosis36, and ECM synthesis and deposition37. 

Considering their central role in fibrosis, investigating lung fibroblasts and TGF-β signaling could 

help us identify new fibrotic pathways and mediators and therefore improve the clinical approaches 

used to treat lung fibrotic diseases. 

Platelet-based biomaterials as humanized 3D models 

Platelets are known to have a pivotal role in preventing blood loss at sites of vascular injury38. They 

adhere to the ruptured endothelium and form a procoagulant surface that enhances thrombin 

generation and the formation of a dense fibrin network. However, besides their thrombotic role, 

they also contribute to several other mechanisms in tissue renewal and wound healing39, being 

critically involved in angiogenesis, renovation of connective tissue, and restoration of tissue-specific 

cell types40. They contain secretable granules (mainly alpha[α]-granules) that store multiple 

proteins, cytokines, and GFs that are released upon platelet activation. These substances are able 

to bind to a developing fibrin network or components of the ECM (collagen, glycosaminoglycan, 

adhesive proteins), establishing chemotactic gradients that favor cell recruitment, migration, and 

differentiation, therefore promoting tissue regeneration38. Additionally, platelets contribute to the 

defense against pathogens, as they recruit immune cells, and release microbicidal molecules, 

including reactive oxygen species (ROS), kinocidins (e.g. platelet factor 4), defensins (e.g. β-defensin 

2), thrombocidines (e.g. neutrophil-activating peptide-2 and connective tissue-activating peptide-

III) and proteases38,41. The blood coagulation cascade and crosstalk with platelets that ultimately 

leads to wound healing and tissue regeneration builds up the rationale for the use of platelet-

derived preparations for biomaterial applications. 

The use of platelet-derived products started 40 years ago with the use of fibrin glues to seal wounds 

and accelerate tissue healing38. In vivo, besides its role in hemostasis, fibrin constructs also 

contribute as a scaffold for tissue regeneration as they display a microporous structure and ligands 

by which cells and cell mediators attach on, therefore allowing for cell adhesion, spreading, 

migration and proliferation42. In addition to their bioactivity, these natural-forming gels are 

biodegradable because they can be gradually degraded by cell-derived proteases, such as plasmin 

and matrix metallopeptidases (MMPs), therefore easily achieving host integration43.  Fibrin 

hydrogels are prepared from commercially purified fibrinogen and purified thrombin43. Fibrin 
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hydrogels have been used as a suitable scaffold for cardiac44–48, adipose49, ocular50–52, muscle53, 

liver54, skin55, cartilage56, and bone TE57. However, fibrin has low mechanical properties and even 

the action of cultured cells tends to shrink the hydrogels, and proteolytic degradability is 

accelerated during in vitro cell culture58. Considering its softness, fibrin is often combined with 

other materials, such as polyurethane, polycaprolactone-based polyurethane polycaprolactone, β-

tricalciumphosphate, β-tricalciumphosphate/ploycaprolactone, and PEG, in order to improve its 

mechanical properties58. Also, different strategies have been established to overcome premature 

shrinking and degradability of fibrin hydrogels, such as alterations in fibrinogen and thrombin 

concentrations, and the addition of degradation inhibitors and crosslinking factors59. Besides fibrin, 

other preparations have been developed through the activation of platelet-based concentrates, 

contributing nowadays as helper tools in several medical and surgical procedures60,61. Platelet 

derivatives, including platelet-rich plasma (PRP), fibrin glue (FG), platelet gel (PG), plasma rich in 

growth factors (PRGF), and platelet lysates (PL), can be obtained from autologous or allogenic 

sources. The first have the advantage of avoiding immune reactions related to allogenic proteins. 

However, platelet count and GF richness of autologous platelet derivates are inherently dependent 

of the patients’ biological conditions62. Allogenic sources, on the other hand, are prepared from 

healthy donor blood following specific working procedures that assure the quality and safety of the 

final product63,64. PRP can be used directly as a liquid formulation or activated by the addition of 

calcium salts, thrombin, thromboplastin, or collagen, which leads to the formation of a fibrin 

network rich in activated platelets (PG)65. The degranulation of activated platelets gives rise to a 

plasma solution rich in GFs and cytokines, called PRGF. PRP can be also used to prepared PL through 

platelet lysis via freezing-thawing cycles or ultrasounds, which disrupt platelets’ α-granules, 

therefore releasing their content66.  

PL are a US Food and Drug Administration-approved medium supplement for cell culture. In fact, 

many studies have already reported the superior effects of PL supplementation for supporting cell 

proliferation, differentiation, and tissue regeneration compared to FBS and PRP67. PL have also been 

used to form hydrogels, again by adding a clot activator. Unlike fibrin-only hydrogels, PL hydrogels 

contain several structural proteins other than fibrinogen. Extracellular proteins (i.e. fibronectin and 

collagen), proteoglycans, and adhesion proteins reinforce the fibrin network, favoring GF release 

kinetics. Pioneer studies demonstrated the possibility of expanding mesenchymal stromal cells 

(MSCs) using PL-based gels68,69. Also, MSCs were encapsulated in a 3D PL-based scaffold, and these 

matrices induced MSCs chondrogenic differentiation, ECM production, and isogenous group 

formation, suggesting their ability to support cartilage regeneration70. A work from Robinson et al. 
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also showed the ability of PL hydrogels to exert proangiogenic effects, supporting the formation of 

capillary networks71. Similarly, the potential of PL hydrogels to amplify and differentiate endothelial 

colony-forming cells into endothelial capillary networks was assessed72. The authors confirmed that 

angiogenic GFs present in PL created a chemotactic, mitogenic gradient that induced endothelial 

and perivascular cells to proliferate, therefore forming an extensive capillary network72. Altogether, 

this evidence suggests that PL gels hold great promise in enhancing cell expansion and invasion, 

and in promoting vascular regeneration. However, similarly to fibrin-only gels, they have weak 

mechanical properties and low stability in vitro, tending to degrade fast when no antifibrinolytic 

agent is added69, thus failing to provide a temporary scaffold system required for tissue 

regeneration. Considering this, PRP and PL have been combined with other biopolymers. So far, 

several hybrid biomaterials with enhanced mechanical properties have been developed by either 

incubating PL solution with the polymeric matrix, or by mixing PL with the polymeric precursor 

before hardening73. Also, considering that most natural polymers do not crosslink in a stable 

structure at physiological temperatures, chemical crosslinking can be applied. Among various 

crosslinking strategies, photocroslinking has been widely used for the preparation of hydrogels for 

TE74. Photocrosslinking relies on the use of a photoinitiator, which promotes crosslinking upon 

exposure to specific wavelengths. The functionalization of natural and synthetic polymers with 

reactive groups such as acrylates, fumarates, or vinyl esters, is also indispensable for the 

photopolymerization. Our research group recently developed an advanced 3D in vitro platform 

made of PL derived photopolymerized hydrogels69. The modification of PL structural proteins with 

methacrylic anhydride (MA), a photorresponsive group, led to the formation of PL-based 

photopolymerizable materials with tunable mechanical properties. Their biochemical richness and 

allogeneic character, along with the ability to control shape, size, and stiffness of PLMA-hydrogels 

makes them superior cell culture platforms for tissue modeling. 

PLMA-based hydrogels to model the fibrotic lung 

PLMA hydrogels are particularly interesting to model lung fibrosis, as the mechanical stiffness of 

these hydrogels can be tuned to match the pathological stiffness of fibrotic human lungs, which 

may be useful for the study of cell behavior and phenotypic changes that are intrinsically related to 

profibrotic matrix cues. By varying both degree of methacrylation and/or PLMA concentration, we 

can obtain totally different hydrogels for several biomimicry applications, including load-bearing 

soft tissues like the lung, with enhanced mechanical properties and stability. Furthermore, this 
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material platform allows matrix stiffening in the presence of cells, recapitulating the dynamic 

nature of what happens in vivo in many biological processes, such as tissue repair. Also, matrix 

stiffening occurs in a well-controlled manner, allowing us to create structural homogeneous and 

stable hydrogels69. Moreover, PLMA are of human origin, providing the cultured cells with 

allogeneic biochemical cues, being able to support cell adhesion and proliferation.  

In this work, our goal was to develop a humanized 3D model that mimic pathological lungs, and 

thus, with an elastic modulus similar to the fibrotic lungs (15-100 kPa75). So, two degrees of 

methacrylation (PLMA100 and PLMA200) were tested for fibroblast culture. In the PLMA with a low 

degree of modification (PLMA100), cells remained viable for 7 days in culture and acquired their 

typical spindle-like shape, contrary to fibroblasts cultured in PLMA with a higher degree of 

methacrylation (PLMA200), which exhibited minimal interaction with these matrices and acquired 

a round morphology. Furthermore, fibroblasts cultured on PLMA100 hydrogels were able to induce 

marked matrix deformations right the day after encapsulation, demonstrating the feasibility of 

these hydrogels to induce ECM remodeling by fibroblasts, similarly to fibrotic conditions. Lastly, 

stimulation of photoencapsulated fibroblasts with TGF-β resulted in no differences in Young’s 

moduli of PLMA100 hydrogels. This model may provide the means to investigate the complex 

interactions between cells and their surrounding microenvironment that occur in fibrotic lung 

diseases, as well as the behavior and phenotypic changes in cells induced by mechanical 

interactions and biochemical signals and could also contribute to the development of 

physiologically relevant preclinical drug screening platforms. 

Experimental Section 

Synthesis of Methacryloyl Platelet Lysates (PLMA) 

PLMA were synthesized following a procedure that was previously reported by our research group 

(Figure 4)69. Shortly, PL (STEMCELL Technologies, Canada) were thawed in a water bath at 37ºC. 

Then, PLMA of low-degree modification (PLMA100) and high-degree of modification (PLMA200) 

were synthesized by reaction with MA 94% (Sigma-Aldrich, USA) in a ratio of 100:1 (v/v) and 200:1 

(v/v), respectively. The reaction was performed for 4h at room temperature, under constant 

stirring, and pH was maintained between 6-8 using sodium hydroxide (NaOH, 5 M) (AkzoNobel, 

USA) solution. Synthetized PLMA100 and PLMA200 were then purified by dialysis using SnakeSkin 

Dialysis Tubing (Thermo Fisher Scientific – US) against deionized water for 24h, to remove the 
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excess of MA. The PLMA100 and PLMA200 solutions were sterilized with a 0.2μm filter (Enzymatic 

S. A., Portugal), frozen with liquid nitrogen, lyophilized (LyoQuest Plus Eco, Telstar, Spain), and 

stored at 4 °C until further use.  

 

Figure 4. Illustrative representation of PLMA preparation. 

Preparation of PLMA hydrogels 

PLMA hydrogels were prepared following a previously reported protocol69. Shortly, a 0.5% (w/v) 

solution of the photoinitiator 2-hydroxy-4’-(2-1hydroxyethoxy)-2-methylpropiophenone (Sigma-

Aldrich, Germany), also known as Irgacure, was prepared in phosphate buffered saline (PBS) (Sigma-

Aldrich, USA), and then syringe filtered for sterilization. To prepare PLMA solutions, the needed 

amount of lyophilized PLMA were weighed and dissolved in the filtered Irgacure solution to a final 

concentration of 10%, 15%, and 20% w/v. The PLMA solutions were then placed in molds and 

irradiated with light for photopolymerization.   
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Cells culture experiments  

IMR90 cells (European Collection of Authenticated Cell Cultures), which are human lung fibroblasts, 

were cultivated in growth medium, which consisted of RPMI1640  (Thermo Fisher Scientific, USA) 

supplemented with Sodium Bicarbonate (2.4g L-1) (Sigma-Aldrich, USA), HEPES (2.4g L-1), 1% Sodium 

Pyruvate, 10% heat-inactivated fetal bovine serum (FBS) (Thermo Fisher Scientific, USA), and 1% 

antibiotic/antimycotic (Thermo Fisher Scientific, USA) (Figure 5). Cells were cultured in an incubator 

at 37 °C with 5% CO2 and 95% air in complete humidity (standard culture conditions) and passaged 

at about 80% confluence. The medium was replaced every two days. 

 

Figure 5. IMR90 cell line at passage 7. 

For the encapsulation experiments, cell suspensions were prepared. Cells cultured in T175 flasks 

were enzymatically lifted by trypsinization (0.25% (w/v) trypsin/EDTA solution, Sigma‐Aldrich, 

Germany) after reaching 80% of confluence. After trypsin inactivation with growth medium, the cell 

suspension was washed with growth medium by centrifuging twice in media. Cells were 

resuspended to a final density of 5.0x106 cells/mL in PLMA solution. Then, 10µl of the cell 

suspension was pipetted into the µ-Slide plates (ibidi, Germany) and hydrogels were reticulated by 

exposing them to UV radiation (0.95 W/cm2) during 60s (Figure 6). Encapsulated cells were 

incubated for up to 7 days, under the same cell culture conditions described above, with medium 

being changed every two days. 
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Figure 6. Illustrative representation of IMR90 encapsulation within PLMA100 hydrogels. A: cell count and centrifugation. 
B: Resuspension of cell pellet in PLMA100 solution. C: PLMA100 cell suspension pipetting into the plate. D: 
Photopolymerization of PLMA100 hydrogels with UV light for 60s and addition of growth medium. 

Biological performance of PLMA-based hydrogels 

Cell viability: LIVE/DEAD Assay 

A LIVE/DEAD cell assay (Thermo Fisher Scientific, USA), which is a staining method that distinguishes 

viable from non-viable cells, was performed at 1, 3, and 7 days post-encapsulation, following the 

manufacturer’s instructions. Briefly, the hydrogels were incubated in a solution of 1:100 of Calcein 

AM solution in PBS, to stain viable cells in green, and 1:200 of propidium iodide (PI), to stain non-

viable cells in red, in PBS at standard culture conditions (5% CO2 at 37 °C) for 30min. After washing 

with PBS, cell viability was observed under a fluorescence microscope (Fluorescence Microscope 

Zeiss, Axio Imager 2, Carl Zeiss, Germany). 

Cells morphology: Immunostaining 

To access cell morphology in PLMA100 hydrogels, a DAPI/Phalloidin staining was performed. At 7 

days post-encapsulation, hydrogels were washed with PBS and fixed with a 4% formaldehyde 

(Sigma-Aldrich) solution for at least 1 hour. For DAPI/Phalloidin staining, a phalloidin solution (Flash 

Phalloidin™ Red 594, 300U, Biolegend, USA) was diluted 1:40 in PBS and hydrogels were incubated 

at room temperature in phalloidin solution for 45 min. After washing with PBS, a DAPI (4',6-

diamidino-2-phenylindole, 44 dihydrochloride), Thermo Fisher Scientific) solution was diluted at 
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1:1000 in PBS and hydrogels were incubated for 5 minutes with this solution at room temperature. 

DAPI binds to DNA, staining in blue the nucleus, and phalloidin binds to the cytoskeleton filaments, 

showing them in red at the fluorescence microscope. After washes with PBS, hydrogels were 

examined using a fluorescence microscope (Fluorescence Microscope Zeiss, Axio Imager 2, Zeiss, 

Germany). 

Compressive Mechanical Testing 

The mechanical behavior of both PLMA100 and PLMA200 hydrogels at 10%, 15%, and 20% w/v was 

evaluated by compression testing using the Instron 3340 Series Universal Testing System (Instron, 

USA), at room temperature.  Young’s modulus, which is indicative of gel’s resistance to 

deformation, was defined as the slope of the linear region (0–5% of strain) of the strain–stress 

curve. Ultimate stress and ultimate strain values were taken as the point where failure of the 

hydrogel occurred. 

To evaluate the effects of both TGF-β stimulation and stiffness-dependent mechanical remodeling 

of PLMA100 hydrogels, IMR90 cells were incubated for 3 days in growth medium, supplemented 

with ascorbic acid (AA) (50μg/mL), as AA increases the secretion of mature collagens, and TGF-β 

(2ng/mL). PLMA100 hydrogels without cells were also prepared as a control and incubated for 3 

days under the same culture conditions as for PLMA100 hydrogels with encapsulated cells. The 

mechanical behavior of PLMA100 hydrogels was further characterized by compression testing using 

the Instron 3340 Series Universal Testing System (Instron, USA), at room temperature. The 

diameter of all hydrogels was 6mm.  

Sircol™ Soluble Collagen Assay 

The Sircol™ Collagen Assay (Biocolor assays) is a quantitative colorimetric assay based on Sirius red 

for measurement of both acid-soluble and pepsin-soluble collagens. IMR90 fibroblasts were 

encapsulated in PLMA100 hydrogels at 10%, 15%, and 20% w/v to a final cellular density of 5.0x106 

cells/mL of PLMA solution, and incubated for 48h in growth medium supplemented with AA 

(50μg/mL), and stimulated with TGF-β (2ng/mL). After 48h, cell culture medium was recovered 

from the plate and collagens released into the medium were measured using a Sircol Soluble 

Collagen Assay kit (Biocolor assays) according to the manufacturer’s instruction (Figure 7). 

PLMA100 hydrogels without embedded cells were used as negative controls. 
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Figure 7. Illustrative representation of collagen quantification using Sircol Assay Kit. A: Standards (values expressed in μg) 
and sample preparation; B: Microplate reading at 555nm. 

Statistical analysis  

All data were subjected to statistical analysis using GraphPad Prism 8 and were reported as a mean 

± standard deviation. Statistical differences between the analyzed groups were determined by 

unpaired t-test.  

Results and Discussion 

Fibroblasts play key roles in synthesizing, organizing, and maintaining connective tissues during 

homeostasis and in response to injury and fibrotic disease. Their ability to exert their functions 

depends on their ability to sense and apply mechanical forces and to remodel the ECM76,77. In order 

to optimize the conditions to obtain PLMA hydrogels with an elastic modulus between 15 and 100 

kPa, similarly to what is found in the fibrotic lung, we prepared hydrogels with different degrees of 

methacrylation (low degree: PLMA100, and high degree: PLMA200), and concentrations (10%, 15%, 

and 20% w/v). The mechanical behavior of PLMA hydrogels was characterized by mechanical 
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compression (Figure 8A, 8B) and is was found that both PLMA100 and PLMA200 hydrogels meet 

the pathological stiffness of fibrotic lungs. Also, PL methacrylation increased hydrogel stiffness in a 

concentration-dependent manner, and higher degrees of methacrylation resulted in stiffer 

hydrogels, therefore following the pattern already reported (Figure 8C)69. 

 

Figure 8. PLMA hydrogels before (A) and after (B) mechanical compression, and Young Modulus of PLMA100 and 
PLMA200 hydrogels at 10%, 15%, and 20% w/v (C). Statistical analysis through unpaired t-test showed significant 
differences (*p < 0.05) between the analyzed groups (n=3). 

The mechanical features of hydrogels affect cell behavior and should be considered when 

engineering a specific tissue. Evidence shows that many cellular processes, including cell adhesion 

and proliferation, are strongly correlated with matrix stiffness, as it affects the formation of 

nutrients, oxygen, and waste products gradients, and also influences the availability of binding sites 

for cells to attach. To analyze the viability of lung fibroblasts in the different PLMA hydrogels, IMR90 

cells were encapsulated in the biomaterials, before LIVE/DEAD staining. As observed by 

fluorescence microscopy, cells were alive and evenly distributed within all three PLMA100 

concentrations (Figure 9A). To better observe cellular morphology, actin was stained with 

phalloidin at day 7 of incubation. Fluorescence imaging suggests that cells adhered to the matrix, 

with cells cultured in PLMA100 hydrogels at 15% and 20% w/v adopting a spindle-like shape (Figure 

10). In PLMA100 at 10% w/v encapsulated fibroblasts remained viable but did not exhibit 

extensions, neither were organized in parallel strips as cells cultured on both PLMA100 at 15% and 

20% w/v hydrogels (Figure 10), which is a typical pattern observed in 3D fibroblastic foci in vivo78,79.  

On the contrary, LIVE/DEAD staining revealed that cells in PLMA200 hydrogels had reduced viability 

when compared with PLMA100-cultured cells (Figure 9B). Surviving cells exhibited minimal 
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interaction with the matrix in all three  PLMA200 concentrations (10%, 15%, and 20% w/v), and 

retained a round morphology at all three time points (1, 3, and 7 days)  (Figure 9B). These 

contrasting results might be related to matrix porosity and pore size. It is well known that 

controlling the pore size and porosity of the 3D scaffolding material directly governs cell survival 

and proliferation to create a functional hydrogel and secrete ECM80–84. Although we did not 

investigate these parameters in neither PLMA100 nor PLMA200 hydrogels, scaffold porosity 

decreases with stiffness increases85, so the pore size of PLMA hydrogels decreases with increases 

in the modification degree of PL, and also with increases in protein concentration. This could explain 

why cells reacted better to less modified substrates (PLMA100 hydrogels). In fact, optimal fibroblast 

proliferation in 3D scaffolds is achieved with a pore size of 200–250μm and a porosity of about 

86%86. Although PLMA100 hydrogels are not in this range of pore size (15-60µm69), cells did survive 

but a slight decrease in pore size in PLMA200 compared to PLMA100 may still compromise 

fibroblasts viability, as cell migration and nutrient and oxygen diffusion could be limited. Another 

possibility is that residual MA byproducts and unreacted MA that may have remained on the 

methacrylated PL and in the photocrosslinked PL hydrogels, which are potentially cytotoxic, could 

have adversely affected the viability of encapsulated cells87.  
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Figure 9. Representative fluorescence images for IMR90 upon LIVE/DEAD staining at 1, 3, and 7 days of culture in (A) 
PLMA100 and (B) PLMA200 hydrogels at 10%, 15%, and 20% w/v. Images are representative of 8 independent 
experiments. 
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Figure 10. Representative fluorescence images for DAPI (blue) and phalloidin (red) staining to label the nuclei and actin 
cytoskeleton of IMR90 cells at 7 days of culture in PLMA100 10%, 15%, and 20% hydrogels. Images are representative of 
2 independent experiments. 

Considering that PLMA200 hydrogels did not support IMR90 viability, we focused on PLMA100 as a 

potential candidate for 3D lung modeling of fibrosis.  

During fibroblast-induced matrix remodeling, mechanical cues from the remodeled ECM feedback 

to modulate fibroblast behavior in a reciprocal process. We thus analyzed the effect of stimulating 

matrix production with TGF-β on the hydrogel mechanical properties. We found that TGF-β 

stimulation of PLMA-encapsulated cells did not result in mechanical alterations in PLMA100 

hydrogels, as no differences were observed in Young’s moduli for PLMA100 with and without cells 

in neither PLMA100 concentrations (Figure 11A). However, we were able to macroscopically 

observe prominent substrate deformations the day after IMR90 encapsulation (Figure 11B, 11C), 

suggesting that even though lung fibroblasts participate in matrix rearrangements within PLMA100 

hydrogels, 3 days of profibrotic stimulation with TGF-β was probably not enough time to induce 

ECM deposition to the point of causing measurable changes in Young’s modulus of PLMA100 

hydrogels.  

 

Figure 11. Young Modulus of PLMA100 hydrogels at 10%, 15%, and 20% w/v after 3d of TGF-β stimulation (A), and 
representative images of IMR90 fibroblasts encapsulated in PLMA100 hydrogels at day 0 (B) and 1 (C) day of culture. 
Statistical analysis through unpaired t-test showed no significant differences (*P < 0.05) between the analyzed groups 
(n=2). 
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Analyzing the Young modulus of PLMA100 hydrogels and comparing these results with the analysis 

of the viability and morphology of IMR90 cells in these scaffolds, we can see that, although viable 

in PLMA100 at 10% w/v, cells preferred stiffer substrates to form stable focal adhesions: as 

observed by fluorescence microscope, they responded better to the PLMA hydrogels at 15%, and 

20% w/v, which are stiffer than PLMA hydrogels at 10% w/v. These observations are in agreement 

with previous studies, showing that fibroblasts are highly sensitive to the stiffness of the substrates 

in both 2D and 3D matrices88. Besides experiencing an elastic modulus of ~1 kPa in vivo89, human 

lung fibroblasts are able to adhere and proliferate on hard, stiff matrices in vitro10,90, better than in 

softer matrices where they usually exhibit low contractile forces as well as reduced spreading and 

replication10,91.  

Besides mechanical testing, we also evaluated the collagen synthesis by fibroblasts encapsulated in 

PLMA100 hydrogels after stimulation with TGF-β for 48h using a Sircol Assay on recovered growth 

medium. Our results show that increasing PLMA100 concentration resulted in higher amounts of 

collagen released to the growth medium (Figure 12). However, the quantification of net secretion 

of collagen should carefuly considered, because we faced some issues when using Sircol Soluble 

Collagen Assay kit. Sircol dye reagent contains Sirius Red in picric acid, which has been formulated 

to bind specifically to collagen. However, despite not having collagen in their composition, 

absorbance readings at 555nm for the growth medium recovered from control PLMA hydrogels 

without cells showed some inespecific binding. Thus, to each sample we subtracted the absorbance 

of the respective negative control and our preliminary results were in agreement with previous 

studies. As already discussed, higher concentrations of PLMA100 result in stiffer hydrogels, which 

means that increasing matrix stiffness had a stimulatory effect on lung fibroblasts, inducing collagen 

synthesis in PLMA100 hydrogels. Matrix stiffness has already been proven to have critical 

implications on cultured lung fibroblasts, which exhibit mechanotransduction92,93, and have 

“mechanical memory”8.  
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Figure 12. Collagen quantification in recovered culture medium. IMR90 fibroblasts were cultured embedded in PLMA 
hydrogels and supplemented with ascorbic acid and TGF-β for 48h. Soluble collagen was extracted and measured using 
Sircol Assay kit. Preliminary results (n=1).    

Observing the morphology and behavior of cultured fibroblasts in each PLMA100 concentration, 

we suggest that PLMA100 hydrogels at 15% and 20% w/v have fibrotic-specific mechanics and 

regulatory cues relevant to study human fibrotic lung diseases, while PLMA100 hydrogels at 10% 

w/v approximate to the physiological stiffness of healthy human lungs, and that their compliance 

appears to protect against fibroblast activation and myodifferentiation, even in the presence of 

exogenous profibrotic cues (TGF-β). These results are in agreement with previous evidence that 

showed the regulatory role of ECM in the activation and myodifferentiation of fibroblasts in 

vitro93,94. Liu and colleagues found that fibroblasts cultured on polyacrylamide-crosslinked 

hydrogels maintained a quiescent phenotype at low substrate rigidity (0.1-3kPa), while stiffer 

hydrogels (20-50kPa) triggered fibroblast activation, which was manifested by spindle-like shaped 

fibroblasts accumulated and aligned in parallel swirls10. They also investigated the regulation of 

fibroblast matrix synthesis by substrate stiffness and results demonstrated a gradual increase of 

procollagen I protein expression in cells with increased stiffness along with decreases in gene 

expression of MMP1, a collagenolytic enzyme. Procollagen I synthesis was enhanced with 

supplementation of culture medium with TGF-β1 for 3 days across the entire stiffness gradient, 

which suggests a cooperative role of both soluble profibrotic factors and mechanical signals to 

enhance matrix synthesis10.  
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Conclusions and Future Perspectives  

Lung fibroblasts adhered to PLMA100 hydrogels, adopting different morphologies as matrix 

stiffness changed, without compromising cell viability. Also, they participated in matrix 

rearrangements within PLMA100 hydrogels at 15% and 20% w/v. These findings suggest that 

increased matrix stiffness support disease-like phenotype of cultured lung fibroblasts, and that by 

altering matrix stiffness we can modulate fibrosis progression. These humanized 3D hydrogels could 

provide the means to investigate the mechanistic contribution of the ECM to fibrotic lung disease 

pathogenesis. Furthermore, by changing the degree of methacrylation or concentration of PLMA 

hydrogels, we could adapt this 3D cell culture platform to model other human organs or conditions 

in order to enhance the translatability of TE research. 

In the future, further investigations should be considered to support that matrix stiffness triggers a 

disease-phenotype in fibroblasts, as no fibrosis-specific markers of fibroblast activation and 

myodifferentiation were measured. Besides comparing fibroblasts morphology and matrix 

synthesis capacity in matrices with different stiffnesses, we should evaluate the expression of 

fibroblast activation markers, such as secreted TGF-β ad bFGF, and also the expression of fibroblast 

myodifferentiation markers, such as α-SMA, and COL1α1, which are usually upregulated in 

myofibroblasts in response to profibrotic agents such as TGF-β. In fact, another idea is to evaluate 

collagen synthesis by cells in PLMA100 hydrogels without the profibrotic stimulation of TGF-β, 

considering that research shows that fibroblast myodifferentiation in the absence of TGF-β 

signaling can be triggered simply by altering the stiffness of their substrate.  

In this work, we focused mainly on matrices that recapitulated the pathological stiffness of fibrotic 

tissue (PLMA100 at 15% and 20% w/v). Considering that fibrotic lung diseases are characterized by 

progressive lung tissue stiffening, perhaps we could consider using a more compliant hydrogel 

(PLMA100 at 10% w/v) which models healthy lung tissue, and then add cues (e.g., profibrotic agents 

such as TGF-β) to direct tissue development towards a fibrotic phenotype, therefore allowing a 

temporal control over fibrogenesis. This would possibly allow the replication of different stages of 

lung fibrosis, and therefore a deeper understanding of disease progression.  

Finally, the model herein presented lack the multicellular organization found in native fibrotic 

tissues, particularly epithelial, endothelial, and immune cells, that, together with the mesenchymal 

compartment, play key roles in wound healing responses, and therefore in fibrosis. Nevertheless, 
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PLMA100 hydrogels could be co-cultured with other cells in order to mimic organ-specific 

multicellular responses, therefore better recapitulating lung tissue physiology. 


