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palavras-chave 
 

Enfarte do miocárdio, microesponjas, cápsulas de core líquido, lisados de 
plaquetas, core-shell. 

resumo 
 
 

Como principal causa de morte em todo o mundo, o enfarte do miocárdio (EM) 
gera custos socioeconómicos consideráveis. Os danos e complicações clínicas 
provocadas por EM não são adequadamente abordados pelas estratégias 
terapêuticas atuais. Com o advento da engenharia de tecidos e da medicina 
regenerativa, novas estratégias para promover a regeneração do músculo 
cardíaco são possíveis. 
Esta dissertação foca-se na aplicação de sistemas baseados em microcápsulas 
para promover a recuperação de tecidos danificados. A biofabricação de 
microcápsulas core-shell para o encapsulamento de células e moléculas 
bioativas foi revista, juntamente com as contribuições destas plataformas no 
campo da medicina regenerativa. 
Neste trabalho, a tecnologia de eletrospray coaxial foi usada para encapsular 
lisado de plaquetas metacrilado (PLMA) em microcápsulas de alginato, 
produzindo moldes sacrificiais para a preparação de microcarriers porosos. Ao 
expor as cápsulas à luz ultravioleta, foi possível induzir a fotopolimerização do 
PLMA. A shell de alginato foi removida e as partículas resultantes foram 
submetidas a um procedimento de liofilização, produzindo microesponjas de 
PLMA. 
Ajustando os parâmetros de produção, o sistema proposto foi capaz de produzir 
microcápsulas com cores de diâmetro compreendido no intervalo de 300 a 600 
µm, bem como microcápsulas com shells possuindo espessuras abaixo de 100 
µm. As microesponjas preparadas a partir deste sistema permitiram a adesão 
de células e promoveram a agregação em microtecidos cardíacos, indicando 
possíveis aplicações na engenharia de tecidos. 
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abstract 
 

As the leading cause of death worldwide, myocardial infarction (MI) carries 
considerable socioeconomic costs. The damage and clinical complications 
caused by MI remain unaddressed by current therapeutic strategies. With the 
advent of tissue engineering and regenerative medicine, novel strategies to 
promote regeneration of heart muscle are possible.  
This dissertation focuses on the application of microcapsule-based systems to 
promote the recovery of damaged tissue. The biofabrication of core-shell 
microcapsules for the encapsulation of cells and bioactive molecules has been 
reviewed, along with the contributions of these platforms to the field of 
regenerative medicine.  
In this work, coaxial electrospray technology has been used to encapsulate 
methacryloyl platelet lysate (PLMA) within alginate microcapsules, producing 
sacrificial templates for the preparation of porous microcarriers. By exposing the 
capsules to UV light, it was possible to induce the photopolymerization of PLMA. 
The alginate shell was removed and the resulting particles were subjected to a 
freeze-drying procedure, producing PLMA microsponges. 
By adjusting production parameters, the proposed system was able to produce 
microcapsules with core diameter ranging from 300 to 600 µm, as well as 
microcapsules with shell thickness below 100 µm. The microsponges prepared 
with this system were shown to allow cell attachment and promote the assembly 
of cardiac microtissues, indicating potential applications in tissue engineering. 
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Chapter 1 – Motivation  

1.1.  General Introduction 

Ischemic heart disease is the number one cause of death among adults at a global scale. It is 

characterized by a reduction in blood flow to cardiac tissue caused by a blockage in the 

arteries responsible for the heart’s blood supply1. This is followed by a decrease in the supply 

of oxygen to cells. As the oxygen levels become insufficient to meet cells’ demand, cell 

death occurs, eventually resulting in a heart attack, also known as a myocardial infarction 

(MI)2. It is estimated that someone is afflicted by MI every 40 seconds in the United States, 

resulting in a total of 805,000 cases per year3. In Portugal, MI is responsible for over 12,000 

hospital admissions on an annual basis4. 

After MI, a complex inflammatory process is triggered, which determines the extent of the 

damage sustained by the cardiac muscle. In an initial stage, tissue necrosis leads to the 

release of chemical signals that are be recognized by nearby macrophages and monocytes5. 

These cells then produce and secrete chemokines and cytokines, recruiting other immune 

cells that migrate toward the heart, whereupon they initiate inflammation by removing the 

remains of dead cells, degrading the surrounding extracellular matrix (ECM) and releasing 

reactive oxygen species, which result in further cardiomyocyte death6.  

Cardiomyocytes and ECM components lost in this process must then be replaced, and as 

such, the initial inflammatory phase is followed by a proliferative phase. However, the low 

intrinsic renewability of cardiomyocytes prevents the generation of enough cells to fully 

replace the billions of cardiomyocytes lost due to MI7,8. As an alternative, cardiac fibroblasts 

migrate into the infarct zone, differentiate into myofibroblasts, and begin depositing large 

quantities of collagen and other ECM components, generating a fibrous scar that prevents 

expansion of the infarct, thus limiting changes to the architecture of the heart and allowing 

the recovery process to begin9. However, the scar tissue also interferes with the transmission 

of electrical signals between the cells, potentially leading to arrhythmia and cardiac 

dysfunction10. The generation of this scar is also accompanied by extensive remodeling in 

the structure of the left ventricle. The infarcted region suffers dilation, which causes a loss 

in ventricular pump function and an increase in wall stress, which in turn promotes changes 

in the structure of the surrounding tissues as a compensatory mechanism, thus expanding 

dilation of the tissue to non-infarcted regions of the heart11. These changes in the architecture 

of the heart heavily increase the risk of rupture and subsequent heart failure10,12.   
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Currently, the only available approach that can achieve full recovery in the aftermath of MI 

is heart transplantation, a process which is heavily restricted by the limited availability of 

compatible donors. As an alternative, the implantation of left ventricular assist devices has 

also been shown to promote quality of life and reduce mortality in MI patients, however, 

these devices are prone to mechanical failure, they do not allow  full recovery of the heart 

muscle, and they increase both the risk of infection and the risk of failure of the right 

ventricle13–17.  

New approaches are urgently required to tackle the damage caused by MI. Advances in the 

field of myocardial tissue engineering have contributed toward the development of new 

therapeutic strategies, through the design of robust models of cardiac tissue to test new drugs; 

the development of cell culture platforms for the production of large quantities of cells to 

replenish lost cardiomyocytes; and the production of cardiac patches to promote tissue 

regeneration18,19.  

The goal of this project was the encapsulation of a photopolymerizable biomaterial of human 

origin derived from platelet lysate (PLMA)20 in core-shell microcapsules, as a means to 

produce platforms for the development of cardiac microtissues. These microtissues could 

eventually be used as a model for myocardial disease and in the preparation of transplantable 

cardiac patches. The production of core-shell microcapsules was investigated and optimized, 

as a first step toward the development of these platforms. Herein, the resulting core-shell 

capsules were used as a template structure in the production of porous microcarriers for the 

bottom-up assembly of cardiac microtissues. 

Chapter 2 of this dissertation will review the state-of-the-art regarding the microfabrication 

of core-shell microcapsules and their application in tissue engineering and regenerative 

medicine, as these structures constitute the basis of this work. In Chapter 3, the materials 

and experimental procedures used throughout this project have been highlighted. The 

experimental results have been displayed and discussed in Chapter 4. Finally, Chapter 5 

summarizes the main conclusions of this project while also exploring potential future 

directions for this research. 
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Chapter 2 – Biofabrication of core-shell microcapsules and potential applications in 

tissue engineering and regenerative medicine  

 

Abstract 

The construction of biomaterial scaffolds that accurately recreate the architecture of living 

tissues in vitro is a major challenge in the field of tissue engineering and regenerative 

medicine. Core-shell microcapsules hold great potential in this regard, as they can resemble 

the hierarchical structure present in most biological systems. The independent modulation 

of the composition of both core and shell layers allows the design of compartmentalized 

platforms tailored to the recreation of specific cell niches. Techniques such as electrospray, 

microfluidics and layer-by-layer assembly have been successful in producing core-shell 

microcapsules for the encapsulation of cells and bioactive factors. This review provides an 

overview of available materials and techniques used in the generation of core-shell 

microcapsules, while also highlighting some of their potential applications in the design of 

innovative and effective therapeutic strategies. 

 

Keywords: Microencapsulation, microcapsules, core-shell structures, tissue engineering, 

regenerative medicine. 

 

2.1. Introduction 

Organ transplantation is, in many cases, the only viable option for the treatment of damaged 

organs, however, it is heavily limited by factors such as the reduced availability of donors 

and the rejection of transplants due to the body’s immune response1. The search for 

alternative therapeutic options for these patients has led to an increased interest in the field 

of tissue engineering and regenerative medicine (TERM). TERM approaches seek to 

combine the use of cells, biomaterial scaffolds and bioactive molecules to promote tissue 

repair in situ and possibly replace damaged tissue2–4. These approaches can include the 

development of bioengineered cells5, microtissues6, organoids7 and potentially even whole 

organs8, in order to produce biological structures for transplantation, as well as robust in 

vitro models of disease that can be implemented in the study of potential drug candidates.  

The culture, assembly and delivery of these structures can take advantage of 

microencapsulation strategies in order to produce closed scaffolds that maintain the viability 
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of cells while isolating them from the surrounding environment. Microencapsulation is a 

process used in a wide range of industries to preserve products of interest, such as essential 

oils9, growth factors10, drugs11, proteins12, bacterial cells13 or mammalian cells14 by 

enveloping them in a polymer coating. Originally proposed in 196415, microencapsulation 

has been used to preserve the stability of sensitive molecules during delivery and shield cells 

from the immune system, preventing their recognition and rejection, and forgoing the need 

for immunosupressants, which carry dangerous side effects16–18.  

Core-shell microcapsules consist of discrete multilayered particles containing one or more 

cores enveloped by a polymer shell. The shell is responsible for mass transfer and conferring 

mechanical stability to the microcapsules, while the core should ensure the stability and 

viability of encapsulated molecules, structures and cells. The core of the capsules can consist 

of a hydrogel, a liquid or gas. Due to the independent nature of both the shell and the core, 

their properties can be adjusted separately, resulting in highly tunable microencapsulation 

platforms that better reproduce the hierarchical and compartmentalized 3D architecture of 

natural systems19.  

In this review, advances in the development of core-shell microcapsules for application in 

biomedical applications will be examined. An overview of commonly used biomaterials in 

the construction of core-shell microcapsules will be presented, followed by an exploration 

of the most relevant biofabrication techniques. Subsequently, some current applications of 

microcapsules in the study and treatment of relevant disorders will be reviewed. 

 

2.2.  Architecture of core-shell microcapsules 

2.2.1.  Biomaterials used in the generation of the shell  

The shell is a semipermeable coating that regulates mass transfer between the interior of a 

microcapsule and the surrounding environment. As such, it should allow the diffusion of 

small molecules, including the entry of nutrients and oxygen required for cell growth and 

the release of metabolic waste products or encapsulated drugs and bioactive factors. By 

adjusting the characteristics of the polymer shell, such as its thickness and porosity, it is 

possible to control the release rate of these molecules, which is useful in the design of 

platforms for the sustained release of drugs, proteins and paracrine factors20. The shell also 

functions as a protective barrier, maintaining the structure of the capsules while shielding its 
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contents from the outer environment and promoting immunoprotection of encapsulated 

materials.  

Biomaterials used in the generation of the shell must be biocompatible, non-immunogenic 

and provide mechanical stability to the microcapsules. One of the most prominently used 

polymers in the biofabrication of microparticulate materials is alginate, a family of 

negatively charged polysaccharides that can be obtained from brown algae, consisting of 

linear copolymers of (1,4)-linked b-D-mannuronate and a-L-guluronate21. These materials 

are generally non-thrombogenic, non-immunogenic, biocompatible and can be acquired for 

a low cost22,23. Alginates are optimal for the production of  scaffolds in mild conditions, due 

to their ability to form hydrogels when placed in contact with a solution of divalent cations 

such as Ca2+, Ba2+ or Sr2+, through a process known as ionotropic gelation21,24–26.  

Alginate shell microcapsules have been frequently prepared through electrospray and 

microfluidics by coating the core material with an alginate solution and introducing a 

solution containing calcium ions, which crosslinks the alginate27. Reversely, it is also 

possible to introduce droplets of a solution containing Ca2+ into an alginate solution, 

producing capsules with a thin membrane and a liquid core28,29. The addition of surfactants 

to the alginate solution has also been reported to allow the encapsulation of a wide variety 

of liquids within microcapsules with thin shells27. Alginate has also frequently been 

combined with different polycations in layer-by-layer (LbL) assembly to produce 

microcapsules with multilayered shells30–32.  

Despite its beneficial properties and widespread application, alginate also presents 

significant drawbacks. The relative content of each alginate in mannuronic acid and 

glucuronic acid influences its mechanical properties, stability and permeability, which 

impacts the reproducibility of biofabrication methods. It has also been suggested that 

alginates with a high content in mannuronic acid may increase the likelihood of triggering 

an inflammatory response33–35. Due to its natural source, alginates used in biomedical 

applications must undergo an extensive purification procedure, in order to fully remove 

contaminants that will reduce their biocompatibility, such as polyphenols, proteins or 

endotoxins, which increases its cost21,34. Furthermore, alginate does not naturally possess 

domains for cell adhesion, which results in low cellular attachment to the resulting 

hydrogels22,36, however, it has been shown that cell adhesion can be improved by introducing 
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ECM-derived peptide moieties in the polymer backbone, such as RGD22,37, YIGSR38 or 

DGEA37.  

While the ionotropic gelation of alginate is a commonly pursued strategy to produce both 

the shell and core of the microcapsules, another commonly employed method is the use of 

polymers containing methacryloyl moieties. These functional groups allow the production 

of hydrogels through photopolymerization, a process that can also be performed in mild 

conditions. This strategy has been employed to produce microcapsules for cell encapsulation 

and drug delivery using microfluidic platforms39,40 as well as superhydrophobic surfaces41. 

One of the most prominently used photocrosslinkable polymers is gelatin methacrylate 

(GelMA), a chemically modified form of gelatin42. Gelatin is a natural, non-immunogenic, 

biocompatible and biodegradable polymer with relatively high solubility, which possesses 

bioactive motifs that promote cell adhesion43,44. While gelatin solutions can be thermally 

crosslinked, the introduction of methacryloyl moieties can be used to produce hydrogels with 

improved mechanical properties, which can be modulated by adjusting the substitution rate 

of methacryloyl groups or the polymer density45. Recently, the modification of gelatin with 

catechol-like moieties has also been reported46. This strategy allows the production of 

entirely protein-derived systems through coordination with iron, producing a robust shell 

with adhesive properties that promotes cell attachment to the inner shell wall, producing a 

cell monolayer along its curvature. 

Microcapsule shells have also been prepared using inorganic molecules. Cha et al. reported 

the formation of a silica hydrogel to coat cells grown on GelMA microcarriers47. Cardiac 

cells were cultured on the surface of spherical GelMA microgels produced in a microfluidic 

platform. The silica shell was then introduced by a sol-gel procedure to protect the cells from 

mechanical stress, oxidative pressure and exposure to immune cells. The shell was shown to 

protect the encapsulated shells from highly oxidative agents without compromising cell 

migration or proliferation. Furthermore, the silica shell was shown to be biodegradable, 

producing metabolites that are safely excreted from the body. Alginate core silicate shell 

microcapsules have also been developed for bone TERM applications48. The capsules were 

shown to induce the formation of apatite in vitro when placed in simulated body fluid. 

Additionally, they were also shown to be an efficient carrier for the sustained release of 

proteins, achieving high protein loading efficiency.  
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Synthetic polymers have also been proposed as substitutes for alginate and other natural 

materials, as they are highly tunable materials that can be produced in a reproducible manner 

while also possessing improved mechanical properties49. One such polymer is poly(ethylene 

glycol) (PEG), which has been prominently used in cell encapsulation5,50,51. It is a 

biocompatible material that can be easily functionalized to introduce hydrolysable segments, 

bind growth factors and introduce chemical groups that promote cell adhesion and modulate 

the immune response52,53. As such, PEG is a compound of great interest in the generation of 

core-shell capsules for cell encapsulation and delivery of bioactive factors. For example, 

dithiothreitol-modified PEG-diacrylate has been used to encapsulate heparin microparticles, 

producing core-shell structures with biodegradable shells and multiple cores for the 

sequestration, isolation and delivery of proteins. These capsules provide a system that 

preserves the structure and activity of growth factors while also offering tight control over 

the timeframe of their release54. PEG has also been explored in the design of aqueous 

biphasic systems for generation of microcapsules in oil-free microfluidic platforms55, which 

will be discussed in greater detail in a later section of this review. 

 

2.2.2.  Core structure 

Core-shell microcapsules can be fabricated with a wide variety of core architectures, 

including solid, liquid and hollow cores. Microcapsules with hollow cores are used in the 

encapsulation of proteins, drugs, DNA, growth factors and other bioactive molecules. These 

microcapsules can then be delivered into the body to promote cell proliferation and guide 

tissue repair.56. They are produced through the deposition of a multilayer membrane over a 

sacrificial core, through LbL technology, followed by dissolution of the core. Possible 

materials that have been used to generate the initial sacrificial core include poly-DL-lactic 

acid and poly (DL-lactic-co-glycolic acid) (PLGA)57, silica58 and CaCO3
59

, the latter of 

which has been prominently used due to its low production cost, high loading capacity and 

biocompatibility56.  

For the purposes of cell encapsulation, the role of the shell is to isolate cells from the immune 

system, while the role of the core is to provide appropriate conditions for continued cell 

survival and proliferation60. In order to guarantee a suitable microenvironment for the growth 

of encapsulated cells, the cores of the microcapsules should be able to mimic the properties 

of native tissues. Hydrogels have been prominently used in the production of microcapsules 
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and other biomaterial scaffolds, as they consist of  highly hydrated materials organized in 

porous structures possessing mechanical properties that mimic those of soft tissues and the 

native extracellular matrix (ECM)61,62. Microcapsule cores have often incorporated 

components derived from natural tissues, such as Matrigel®63, collagen I64, GelMA47, or 

decellularized ECM65 to act as support systems for the proliferation of cells, tissues and 

organoids63. 

While these porous hydrogel scaffolds have been prominently used in the encapsulation of 

cells and proteins, the polymer matrix heavily restricts the movement of cells as well as the 

diffusion of nutrients and oxygen required for their survival. As such, a possible alternative 

has emerged. By taking inspiration from biological structures such as fish-eggs27 and 

embryo66, liquid core capsules, in which the internal core is in the liquid state, can achieve 

enhanced mass transfer, as well as greater stability, while also allowing the free movement 

of cells in the aqueous environment of the core, which improves cell-cell interactions and 

allows them to self-organize in structures more favorable to their proliferation, such as cell 

spheroids67–69. Liquid core microcapsules with alginate shells have been proposed as 

aqueous bioinspired 3D platforms for the culture of embryonic stem cells (ESCs), which can 

be differentiated into different cell lines for cell replacement therapy27,66,70. 

Current fabrication techniques are able to encapsulate a wide variety of liquids in 

microcapsules, producing versatile platforms with multiple applications, even beyond the 

field of tissue engineering. Microcapsules with oil cores have been generated as vehicles for 

drug delivery71. Microcapsules have also been used to encapsulate ionic liquids, which could 

have applications in areas such as chemical catalysis, production of pharmaceuticals and 

environmental remediation72. In order to allow the encapsulation of cells, the core solutions 

often consist of cell suspensions in culture medium, buffer solutions, saline or a mannitol 

solution70,73. These capsule-based systems have been shown to improve the stability of long-

term in vitro cell culture when compared to cell culture in solid beads74. The encapsulation 

of cells suspended in polymer solutions is also a possibility. For example, Park et al. utilized 

hyaluronic acid/alginate core-shell capsules to produce MSC spheroids with the purpose of 

promoting angiogenesis in vivo75. 

Commonly, liquid core capsules for cell encapsulation are obtained by entrapping cells in a 

polymer particle, which is then used as a template for the deposition of a multilayer 

membrane, which will constitute the shell. The template core is then liquefied. This was the 
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basis of the first cell microencapsulation procedure, performed by Lim and Sun32, who 

encapsulated pancreatic islets in a core-shell capsule with a liquefied core of alginate. This 

process involves the use of chelating agents, such as EDTA or sodium citrate76, which 

sequester the divalent cations responsible for the ionic crosslinks in the alginate hydrogels. 

Gelatin can also be used in the formation of liquefied core capsules due to its mechanism of 

thermal gelation. Gelatin solutions produce hydrogels when cooled at low temperatures, 

while higher temperatures result in the liquefaction of the hydrogels77. As such, it is possible 

to produce gelatin microparticles by cooling droplets of a gelatin solution at 4°C, which can 

then be coated with an outer membrane77,78. The gelatin cores return to the liquid state at 

physiological temperature, resulting in liquefied cores after implantation. 

A considerable limitation of liquid core microcapsules in cell encapsulation is the inability 

of cells to survive in suspension. In the absence of a suitable substrate for cell adhesion, most 

mammalian cell lines initiate a form of programmed cell death known as anoikis. In living 

tissues, this guarantees that only cells that are successfully integrated into the tissue can 

survive79–81. The anchorage-dependent character of these cells thus requires the addition of 

other structures that permit cell attachment. The most commonly used strategy to overcome 

the anchorage-dependence of mammalian cell lines is the co-encapsulation of cells with 

microcarriers82,83. These microcarriers consist of polymeric microparticles that provide cells 

with a surface for attachment, and which can be tailored to present cells with mechanical 

and structural cues to guide their proliferation, differentiation, orientation and aggregation. 

A more in-depth look into these structures will be provided in the following section. 

 

2.2.2.1. Microcarriers 

The use of microcarriers as attachment sites in suspension culture was originally proposed 

by van Wezel in 1967, providing a 3D platform that allows the culture of cells in 

bioreactors84. Microcarriers have since been studied as platforms for cell therapy and tissue 

engineering85–87 and the production of recombinant factors88, viral vaccines89–91 and more 

recently, synthetic meat92. 

 

2.2.2.2.1.  Considerations on the structure of microcarriers 

Microcarriers used in cell culture have displayed spherical, cylindrical, hexagonal, disk-like 

and lens-shaped geometries93–95. The geometry of the microcarriers, combined with the 
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topographical features of their surface, influences the organization and orientation of 

attached cells, as well as the available surface area for cell proliferation.  

With regards to their surface topography, microcarriers are generally categorized by their 

pore structure. In smooth microcarriers, which lack porosity, cells grow on the surface of the 

carrier as a monolayer. This also applies to microporous microcarriers, in which the 

dimensions of the pores do not allow the entry of cells into the internal structure of the 

microcarriers. However, the small pores allow the penetration of proteins and biochemical 

signals produced by cultured cells. The secretion of bioactive molecules and their infiltration 

into the internal structure of microporous microcarriers thus create a unique biochemical 

microenvironment within the carriers, which influences the growth and behavior of the 

cells85,96,97. The main disadvantage of both smooth and microporous microcarriers is the low 

available surface area for cell attachment, which limits cell proliferation. In order to increase 

the available surface area for cell proliferation, it is possible to produce sponge-like 

microcarriers that allow the infiltration of cells inside their inner structure, which also 

protects the cells from mechanical stress98. These microcarriers are known as “macroporous” 

microcarriers, despite possessing pores with typical diameters in the 20–40 µm range, in 

order to distinguish them from microporous microcarriers, which do not allow the entry of 

cells96,99. Macroporous microcarriers possess a complex 3D internal architecture consisting 

of an interconnected pore network, which greatly increases the available surface area for cell 

attachment, enhancing the cell densities that can be achieved. The porosity, pore dimensions 

and pore connectivity of these microcarriers can be adjusted to regulate cell proliferation, 

cell-cell interactions and mass transfer, in order to ensure proper diffusion of nutrients, 

oxygen, and waste products while also improving the regenerative potential of the cell-laden 

microcarriers96,100–102.  

Microcarriers with specific topographical features can also be fabricated in order to present 

cells with cues that activate mechanotransduction pathways, modulating cell differentiation, 

proliferation and interactions between cells. Recently, disk-like microcarriers with nano-

grooved surface patterns have been used as cell carriers with high surface area to induce 

differentiation of stem cells into an osteogenic lineage103. These topodisks were successfully 

able to promote cell adhesion and control cell orientation, while directing cells toward an 

osteogenic lineage, even without the addition of paracrine signals that promote 

differentiation. By adjusting the topographical and biophysical cues displayed by the 
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microcarriers in the core of the microcapsules, it should be possible to tailor the properties 

of capsule-based systems toward different biomedical applications, by modulating cell 

behavior. 

 

2.2.2.2.2.  Considerations on the composition of microcarriers 

A wide variety of biomaterials have been used in the generation of microcarriers, including 

natural and synthetic polymers, bioactive glass104 and bioceramics such as hydroxyapatite105. 

Natural polymers used to prepare microcarriers include dextran, gelatin, cellulose and 

alginate 84,106–109. Another polymer that has been increasingly used is chitosan, a positively 

charged polysaccharide obtained through the alkaline hydrolysis of chitin, which can be 

readily obtained from the exoskeletons of invertebrates such as crustaceans and insects, as 

well as the cell walls of fungi110. Polystyrene (PS) is the most commonly used synthetic 

polymer in commercially available microcarriers93,111. Biodegradable synthetic 

microcarriers have also been thoroughly researched for the fabrication of microcarriers, 

including polymers such as poly(L-lactic acid) (PLLA), poly(glycolic acid) (PGA), PLGA 

and poly(e-caprolactone) (PCL)97,112.  

Both PLLA30,82,83,113,114 and PCL115–117 microparticles have previously been co-encapsulated 

with cells within microcapsules. This approach has been successfully used to create 

platforms that promote osteogenesis30,114,117. Due to a lack of cell recognition sites in these 

polymers, the surface of the microcarriers was coated with collagen to improve cell adhesion. 

Attachment of cells to microcarriers is dependent on non-covalent interactions between the 

surface of the microcarriers and proteins on the surface of cells, encompassing electrostatic 

forces, hydrogen bonds, dipole-dipole interactions and van der Waals forces118. Parameters 

such as the polarity and density of the surface charge, as well as the topography, mechanical 

properties and wettability of the surface all influence the effectiveness of cell-microcarrier 

interactions, as reviewed elsewhere96,119,120. As such, functionalization of the surface of the 

microcarriers is often pursued as a strategy to improve cell attachment. This can be 

accomplished by introducing positive charges on the surface of the microcarriers, through 

functionalization with PLL or small charged chemical groups93,112,121. Improving the 

wettability of the microcarrier surface has also been pursued as a strategy to achieve greater 

cell adhesion. This can be accomplished by modifying the surface of microcarriers using 

methods such as UV-ozone treatment122. It is also possible to improve cell attachment by 
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coating the surface of the microcarriers with bioactive molecules, which often includes 

components of the ECM, such as laminin, collagen, fibronectin, Matrigel®, vitronectin or 

small peptides that possess peptide sequences that promote cell recognition and adhesion, 

most commonly the RGD sequence123–126. Surface functionalization is a versatile strategy 

that can also be used to produce microcarriers with specialized applications. For example, 

microcarriers with cell-selective properties can be produced by attaching antibodies to their 

surface127. The immobilization of growth factors on the surface of the microcarriers can also 

be used to guide cell differentiation. This approach has been employed to produce 

microcapsules that promote chondrogenesis113.  
 

2.3.  Biofabrication techniques used in the generation of microcapsules 

The development of core-shell capsules with defined characteristics for biomedical 

applications requires a careful consideration of the methods used in their production. While 

a wide variety of strategies has been used to produce core-shell structures, including sol-gel 

methods47, emulsion polymerization128, superhydrophobic surfaces41,46 and 

superamphiphobic surfaces129, this section will focus on overviewing the most commonly 

used biofabrication methods for microcapsule production, including microfluidic platforms, 

electrospray and layer-by-layer (LbL) assembly.  

 

2.3.1.  Microfluidics 

Microfluidic platforms are miniaturized devices that can be used to manipulate fluids at a 

micrometer scale, allowing precise control over the flow of multiple solutions130. These 

platforms have increasingly been used in the fields of drug screening, cell culture and disease 

modeling, as they allow the imposition of specific conditions, achieving a precise 

reenactment of specific cell niches, providing accurate simulations of in vivo conditions and 

even allowing the recreation of entire biological systems through organ-on-a-chip and 

system-on-a-chip platforms131.  

The ability to rigorously adjust flow rates in these platforms can be harnessed to produce 

highly monodisperse microcapsules, while also offering precise control over the porosity, 

dimensions, anisotropy and morphology of the capsules132,133. The production of 

microcapsules in microfluidic platforms is based on the flow of a polymer solution, known 

as the dispersed phase, which intersects the flow of another, immiscible fluid, known as the 
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continuous phase, resulting in the break-up of the dispersed phase, which produces droplets 

through oil-in-water or water-in-oil emulsions131,134. 

The encapsulation of cells has been accomplished using different configurations, including 

T-junctions, flow focusing and coaxial flow units133,135,136. By combining two droplet 

forming units, it is possible to generate core-shell microcapsules through double emulsion 

systems130,132. By increasing the number of inner flows, or simply by adjusting the solution 

flow rates, it is possible to produce microparticles with multiple cores, and by increasing the 

number of droplet forming units, multilayered shells can be obtained132,134.  

A simple procedure to produce core-shell capsules consists of coating the core components 

with an alginate solution and adding a calcium salt, such as CaCl2, to the continuous phase, 

producing the shell. This strategy has been employed in the production of capsule-based 

systems for the formation of spherical embryoid bodies136. Alternatively, capsules with 

Fig. 2.1. Schematic representation of biofabrication techniques used in the preparation of core-shell capsules. 

(a) Superhydrophobic surfaces41. (b) Microfluidic devices39. (c) Coaxial electrospray. (d) Layer-by-layer 

assembly. 
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alginate shells have also been obtained by mixing insoluble CaCO3 particles into the alginate 

shell solution and employing a continuous phase containing an acidic solution, which reacts 

with the CaCO3, releasing Ca2+ ions that introduce crosslinks in the alginate137.  

The incorporation of crosslinking agents in the continuous phase is also a possible procedure 

used in the generation of the shell. For example, 4-arm maleimide functionalized PEG 

(PEG4m) has been used to develop a capsule-based platform through chemical 

crosslinking138. A coaxial flow system consisting of an inert PEG core solution enveloped 

in a sheath of PEG4m is broken up into core-shell emulsions and the outer PEG4m solution 

is then crosslinked using an oil phase containing dithiothreitol. By adjusting the core and 

shell solution flow rates, it is possible to achieve precise control over the dimensions of both 

the core and shell, producing a system with highly tunable shell thickness. Polymers 

functionalized with methacryloyl groups can also be used to produce the outer shell of the 

droplets, by coupling the microfluidic device with an UV lamp39,40,139.  

The use of microfluidic biofabrication platforms for biomedical applications has been 

hindered by the need to use organic solvents and oils, which are toxic to cells, denature 

proteins and are harmful to the environment140. A possible alternative is the use of mineral 

oils, which possess better biocompatibility141. Another alternative is the use of aqueous 

biphasic systems, which are obtained by producing solutions of two incompatible solutes, 

such as PEG and dextran, at appropriate concentrations55,142. These systems can be used to 

minimize contact between the oil phase and the encapsulated material, while also facilitating 

removal of the oil. Recently, a PEG-diacrylate/dextran system has been harnessed to produce 

microcapsules for the dual-delivery of vascular endothelial growth factor (VEGF) and 

platelet-derived growth factor (PDGF)143. This setup employed a continuous phase 

containing fluorocarbon oil, which was easily washed out without compromising the 

stability of the encapsulated growth factors. The generated capsules were shown to improve 

cardiac function after in vivo implantation, while also providing a promising platform for the 

delivery of drugs, signaling molecules and mRNA.  

Additionally, aqueous biphasic systems can also be used to develop oil-free biofabrication 

procedures that eschew the need for organic solvents altogether144. A limitation of all-

aqueous systems, however, is that it is more difficult to control the properties of the final 

microcapsules, although this limitation can be circumvented by using an oscillating valve, 
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which can be used to produce microcapsules with specific properties by adjusting oscillation 

frequencies and solution flow rates140,144.  

 

2.3.2.  Electrospray 

Electrohydrodynamic atomization, also known as electrospray (ES), is a versatile technique 

used in the generation of both micro and nano scale particulate materials, allowing a high 

degree of control of the production procedure and generating highly monodisperse 

particles145. The basic principle of ES is the extrusion of a conductive polymer solution 

through an electrified metal nozzle, which breaks up the liquid, generating droplets that are 

deposited on a grounded collector145,146.  

The dimensions, morphology and polydispersity of the obtained particles are heavily 

dependent on operational parameters such as the applied voltage, flow rate, nozzle diameter, 

tip to collector distance and chosen collector; environmental factors such as temperature and 

humidity; and the properties of the polymer solution, such as viscosity, surface tension, 

polymer concentration, solvent conductivity, volatility and permittivity145,147–149. The effect 

of processing parameters on the properties of microparticles has been well documented 

elsewhere149–153. In summary, higher flow rates will generally increase the electric force 

required to overcome the surface tension, resulting in an increase in particle diameter, 

however, they may also lead to an unstable jetting process, decreasing the uniformity of the 

particles. The applied electric field heavily influences both the jetting mode and the 

dimensions of the particles. Higher applied voltages will lead to a more thorough break-up 

of the polymer solution, resulting in smaller particles, while increasing the tip to collector 

distance will weaken the electrical field, increasing the capsule diameter. Lastly, the 

selection of an appropriate nozzle is required, as nozzles with higher diameter will introduce 

instability in the jetting process, while lower nozzle diameters will produce smaller particles. 

Many different ES configurations are possible, further contributing to the versatility of the 

technique. Monoaxial setups are able to produce particles in a diverse range of morphologies 

and shapes154, including core-shell capsules, which can be obtained through the 

incorporation of water-in-oil emulsions146. Additionally, liquefied capsules coated in thin 

membranes can also be obtained using aqueous biphasic systems. Vilabril et al. developed 

an encapsulation procedure based on the extrusion of a dextran solution containing alginate 

into a collector bath consisting of a PEG solution containing poly-L-lysine (PLL)155. 
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Alginate and PLL are two polyelectrolytes of opposing charge, which suffer complexation 

at the interface of the two phases, leading to the generation of a robust and permeable 

membrane that envelops a liquid core. These capsules were shown to support the 

proliferation of MSCs and the formation of cellular aggregates. 

Core-shell capsules are also commonly obtained by employing coaxial nozzles67,152. The 

formation of capsules with multiple shells is also possible by using a triple coaxial setup156. 

In coaxial ES, the properties of both core and shell solutions will influence the resulting 

core-shell structures. As such, the surface tension, conductivity, viscosity, permittivity and 

flow rate of both solutions must be selected appropriately151,152.  

The application of a high voltage electric current during microcapsule generation could 

hinder the survival of cells, however, it has been shown that cell proliferation is not affected 

by the electrospraying process when the strength of the applied electrical field is below 3 

V/cm157. When compared to microfluidics, coaxial electrospray presents numerous 

advantages, as it is a one-step process that requires a single solvent, eschewing the need for 

the use of organic solvents or complex solvent systems. This also facilitates recovery of the 

microcapsules after production and reduces the amount of waste produced. Furthermore, ES 

provides greater control over the properties of the microcapsules, as it relies on a greater 

amount of parameters that can be modulated and optimized145. As the implementation of 

microcapsule based strategies advances to the clinical stage, coaxial ES could provide an 

avenue toward the large scale production of microcapsules, as it can be performed in sterile 

conditions, it is easy to use, and it can achieve high production and encapsulation rates, with 

further potential for application at industrial scales by employing multiple nozzles70,158–160.  

 

2.3.3.  Layer-by-layer assembly 

LbL assembly has been explored as a simple, versatile, low-cost and environmentally safe 

approach for the generation of ultrathin films using a vast range of starting materials, 

including enzymes, polymers, ceramics or metals161 As a cell encapsulation method, it can 

be used to generate microcapsules enveloped in thin multilayered membranes with tunable 

structure, permeability and composition162,163. Despite being a time-consuming process with 

reduced scalability, LbL assembly can be performed in mild conditions while using aqueous 

solvents, which is advantageous for the generation of suitable platforms for TERM 
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applications. The encapsulation of pancreatic islets through LbL assembly was a pioneering 

approach in cell encapsulation32.  

Core-shell systems can be obtained through the sequential adsorption of polymers on the 

surface of a sacrificial core, which acts as a template. The assembly of the multilayered shell 

can rely on multiple forces acting between the chosen materials, including hydrogen bonds, 

hydrophobic interactions, covalent bonds and electrostatic interactions56. The generation of 

microcapsules for cell encapsulation has often relied on the electrostatic forces between 

polyelectrolytes with opposing charges. Appropriate polycations and polyanions are selected 

and sequentially deposited to produce a polymer shell. In this process, the template cores are 

coated in a dilute solution of polyelectrolyte in order to produce the first layer of the 

membrane. The capsules are then washed, and placed in a solution of a second 

polyelectrolyte, with opposing charge. This process is repeated until the shell has reached 

the desired thickness164.  

The inner core of the capsule can then be liquefied, dissolved or eliminated, allowing the 

generation of microcapsules with solid, liquefied or hollow cores58,68. By adjusting the 

morphology of the initial sacrificial core, it is possible to construct capsules with a wide 

diversity of geometries116. 

Alginate–poly-L-lysine–alginate (APA) capsules are one of the most prominently used 

systems in cell encapsulation. These capsules contain an alginate core surrounded by a 

multilayered shell of PLL and alginate. Cells are mixed in an alginate solution, which is used 

to create solid microparticles through ionic crosslinking in a CaCl2 solution, often through 

ES165. The microparticles are then coated with a first layer of PLL and a second layer of 

alginate, through LbL. Further layers can be added, and it is also possible to liquefy the 

alginate core. These systems have been used to deliver stem cells31,166, pancreatic islets167, 

hepatocytes168 and Chinese hamster ovary (CHO) cells169. While PLL is  commonly selected 

as a polycation in LbL assembly, it has been shown to be toxic to cells at higher 

concentrations and if it is not properly bound to the capsules, it can potentially be 

immunogenic, resulting in fibrosis170–172. As such, other polycations have been researched 

as possible alternatives, such as chitosan173, poly-L-ornithine (PLO)174, poly(allylamine)175 

or copolymers of PLL and PEG176, which have allowed the production of capsules with 

reduced immunogenicity, enhanced biocompatibility and improved mechanical properties.
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2.4.  Biomedical applications of core-shell microcapsules  

In recent decades, core-shell capsule-based platforms have been prominently explored in 

different fields of medicine, tissue engineering and cell culture with the purpose of designing 

effective encapsulation systems for the delivery of cells, tissues, drugs and proteins. Possible 

applications have included the delivery of pancreatic islets to individuals suffering from type 

I diabetes, as well as the development of TERM approaches to bone and heart disorders. 

They have also been suggested as bioinspired scaffolds for 3D cell culture and disease 

modeling. In this section, the contributions of core-shell microcapsules to each of these fields 

will be explored.  

 

2.4.1.  Type I Diabetes 

Research efforts into the potential biomedical application of microcapsules were pioneered 

by Lim and Sun, in their attempts to develop therapeutic approaches to type I diabetes 

mellitus32. Type I diabetes is a metabolic disorder caused by an autoimmune response to b-

cells, located in pancreatic islets. These cells are responsible for the production of the 

hormone insulin, which regulates the cellular intake of sugar. As such, type I diabetes causes 

insulin deficiency, which results in increased blood sugar levels177. It is estimated that type 

I diabetes comprises 5 to 10% of all diabetes cases, with a global incidence of 15 cases per 

100000 people, and it is projected that both the incidence and prevalence of this disease will 

continue to increase globally178,179.  

The transplantation of pancreatic islets has been proposed as a therapeutic strategy to restore 

b-cells in the pancreas and reduce the need for insulin injections, however, this process has 

been hindered by rejection of the transplanted islets177. Initially, it was shown that 

encapsulation in microcapsules prolonged the survivability of transplanted islets in rats from 

8 days to 3 weeks32. The results obtained by Lim and Sun were later confirmed by O’Shea 

et al.167, who also extended the survival period of islets to a full year, in rats, through 

encapsulation in APA microcapsules. Early clinical studies regarding the transplantation of 

encapsulated islets in a human patient showed that this approach was capable of granting 

insulin independence for a period of 9 months33. As previously mentioned, PLL presents 

several limitations, which has prompted its replacement with other polymers, such as 

chitosan180 or PLO181. Wang et al.182 explored over one thousand polyelectrolyte 

combinations and produced multicomponent capsules with highly tunable dimensions and 
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mechanical properties using sodium alginate, cellulose sulphate, poly-methylate-co-

guanidine, calcium chloride and sodium chloride.  

The co-encapsulation of pancreatic islets with other cell types, such as mesenchymal stem 

cells (MSCs)183,184 or Sertoli’s cells174, is a strategy that has been shown to extend islet 

survival, while also improving the regenerative potential of the microcapsules. Recently, it 

has also been shown that inclusion of hyaluronic acid in the matrix of the alginate core 

enhances survival of insulin-producing cells185. One of the major obstacles to the long-term 

viability of encapsulated islets is the development of hypoxic conditions in the capsules, due 

to the high oxygen demand of pancreatic islets.181,186. The inclusion of oxygen carrier 

materials has been explored as a strategy to reduce damage caused by hypoxia in the short-

term187. A review of these materials has been provided elsewhere188. 

 
Table 2.1. Summary of core-shell microcapsule platforms developed for the treatment of type I Diabetes. This 

summary covers the materials used to produce both the core and shell of the capsule, the technique used to 

generate the capsules and the biological materials encapsulated in each structure. 

 

A more long-term approach would be the promotion of vascularization at the site of 

implantation, in order to increase blood flow and oxygen supply in the affected area. This 

can be accomplished through the delivery of pro-angiogenic factors such as fibroblast 

growth factor 1 (FGF)189, PDGF190 and VEGF191.  A possible application of this strategy was 

studied by Opara and coworkers, who attempted the co-delivery of cells and pro-angiogenic 

Shell material Core 

structure 

Production 

technique 

Encapsulated material Ref. 

PEI/PLL Alginate  LbL Pancreatic islets 32 

Alginate/PLL Alginate LbL Pancreatic islets 167 

Alginate/PLL Alginate-

HA  

Ionotropic 

gelation, LbL 

Rat Ins1E cells 185 

Alginate/PLO Alginate  LbL Pancreatic islets, Sertoli’s cells 174 

Alginate/PLO Alginate Ionotropic 

gelation, LbL 

Pancreatic islets (core) 

FGF-1 (Alginate shell) 

181,189,

192 

PLL Pancreatic 

dECM 

Ionotropic and 

thermal gelation 

Insulin producing cells derived from adult 

human liver cells or MSCs 

65 

Alginate/PLL Alginate Ionotropic 

gelation, LbL 

Adult porcine islets 186 
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growth factors in a compartmentalized platform. Pancreatic islets were encapsulated in the 

core of an alginate-PLO-alginate microcapsule and FGF-1 was incorporated in the 

shell181,189,192. Long-term viability of the capsules was achieved, particularly when 

microcapsules were delivered to the omentum, a highly vascularized tissue, highlighting the 

importance of proper vascularization in islet survival189.  

 

2.4.2.  Bone defects 

In 2015, an estimated 8.5% of the global population was aged 65 and older. By 2030, this 

proportion is expected to increase to 12.0% and by 2060, it is estimated that it will reach 

16.7%193. The aging of the global population is expected to increase the incidence of bone 

defects. Bone grafting is already the second most common tissue transplantation procedure, 

after blood transfusion194. However, this procedure holds many limitations. Autologous bone 

grafts require two surgical procedures, may damage the donor site and yield a limited amount 

of tissue. Allogeneic bone grafts, on the other hand, display inferior healing capabilities, 

while also carrying the risk of immune rejection and of transmitting pathogens from donor 

to patient195–197. The implantation of metals, ceramics or biomaterial scaffolds has also been 

explored, however, these materials often display inadequate mechanical properties, poor 

integration with the native tissue or reduced cell attachment. Applying TERM approaches to 

the treatment of bone defects could provide new options for enhanced graft incorporation, 

formation of bone tissue and development of engineered bone constructs198.  Core-shell 

structures are optimal for the delivery of both cells and proteins in bone TE strategies, as 

they can better mimic the hierarchical structure of bone when compared to other 

microencapsulation platforms199.  

Multilayered hollow-core microcapsules for the delivery of osteogenic growth factors were 

designed by Facca et al. using LbL58. Bone morphogenic protein 2 (BMP-2) and 

transforming growth factor b1 (TGF-b1) were incorporated in a PLL/poly-L-glutamic acid 

(PLL-PGlA) multilayered shell. The capsules were shown to increase the stability of the 

growth factors and induce the formation of bone in vitro, in the presence of ESCs. The 

hollow core microcapsules were then embedded in an alginate gel along with ESC derived 

embryoid bodies and implanted in vivo. The resulting gel was shown to induce bone 

formation and vascularization. Microtissues with enhanced mechanical properties were 

produced by Luo and coworkers by combining an open porous gelatin shell with a core 
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generated from demineralized bone matrix loaded with BMP-26. The core-shell structures 

exhibited high cell seeding efficiency, sustained release of BMP-2, higher viability of seeded 

bone marrow mesenchymal stem cells, and enhanced calcium deposition and mineralization 

when compared to gelatin derived microtissues. When implanted in vivo, the core-shell 

microtissues were shown to promote the formation of bone. 

Liquefied core microcapsules have also been proposed as a platform for the fabrication of 

bone tissue for TE applications. In 2011, Mano and coworkers showed that SaOs-2 cells 

encapsulated in liquefied alginate core microcapsules coated with a multilayered membrane 

of chitosan and alginate retained viability after encapsulation68. Further studies showed that 

co-encapsulation of adipose-derived stem cells (ASCs) and endothelial cells in liquefied 

microcapsules can induce osteogenic differentiation of the ASCs even in the absence of 

osteogenic growth factors, providing an effective strategy for the development of bone 

tissue30,114. Furthermore, the differentiated ASCs were shown to produce and secrete 

paracrine factors such as BMP-2 and VEGF, which travel from within the capsules to the 

surrounding environment through diffusion, thus revealing the possibility of using the 

encapsulated cells as biofactories for the production and sustained release of biochemical 

signaling molecules.  

 
Table 2.2. Summary of core-shell microcapsule platforms for application in bone TE. This summary covers 

the materials used to produce both the core and shell of the capsule, the technique used to generate the capsules 

and the biological materials encapsulated in each structure. 

Shell material Core structure Production technique Encapsulated material Ref. 

PLL/PGlA Hollow core LbL  

(sacrificial PS template) 

BMP-2, TGF-b1 

(incorporated in shell) 

58 

Calcium silicate Alginate Ionotropic gelation Proteins 48 

PLL/Alginate/Chitosan  Alginate LbL ASCs, endothelial cells, 

PLLA microparticles 

30,114 

Gelatin Demineralized 

bone matrix 

Micro-stencil array chip BMP-2 (core) 

BMSCs (shell) 

6 

PLL/Alginate/Chitosan Alginate Electrospray, LbL ASCs, osteoblasts, PCL 

microparticles 

117 

  

When these capsules were implanted in vivo114, not only was the formation of mineralized 

tissue observed, but it could be observed even in capsules that were not subjected to in vitro 
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pre-differentiation procedures, indicating that the microcapsules could be readily implanted 

after preparation. Liquefied microcapsule platforms have also been used to develop bone 

microtissues through the co-encapsulation of osteoblasts, adipose-derived stem cells and 

PCL microparticles117. In dynamic culture conditions, the hydrodynamic shear improved 

cell-cell interactions, generated larger cell aggregates and induced the osteogenic 

differentiation of ASCs even in the absence of osteogenic growth factors and osteoblasts. 

Furthermore, microcapsules co-encapsulating ASCs and osteoblasts in a dynamic 

environment displayed clear signs of mineralization, such as the growth of apatite-like 

minerals, similar to those found in native bone tissue.  

 

2.4.3.  Cardiovascular diseases 

In the last decades, the development of numerous therapeutic and preventive measures to 

address cardiovascular disease has led to a steady decline in mortality and morbidity caused 

by cardiovascular disorders in developed countries200. Nevertheless, these disorders remain 

the leading cause of death worldwide, accounting for 17.8 million deaths in 2017 and for an 

expected 22.2 million deaths by 2030, and it is expected that these diseases will continue to 

constitute a significant cause of death in developing nations in the next decades, according 

to reports by the World Health Organization201,202. Cardiovascular disorders not only greatly 

diminish the quality of life of patients, but they also pose a significant burden on the 

economy, with an estimated annual cost of 210 billion euros in the European Union and 296 

billion euros in the United States201,203.  

As such, there is high demand for novel approaches to produce cardiac cells, regenerate heart 

tissue and study cardiac pathophysiology. And core-shell microcapsules provide a versatile 

platform that can be directed toward these applications. For example, the use of coaxial ES 

to encapsulate ESCs in liquid core alginate microcapsules has been pursued as a scalable, 

cost-effective and highly tunable approach to produce cardiomyocytes for cardiac 

transplantation70,141,204. After 7 days, ESCs formed cellular aggregates with dimensions 

comparable to those of previously used methods, while requiring a much lower number of 

initial cells70. Furthermore, this approach allowed cells to maintain a greater degree of 

pluripotency than previous approaches while potentially allowing the single step production 

of millions of capsules per day, providing a sustainable source of embryoid bodies for tissue 

regeneration. Differentiation of ESCs into the cardiac cell line can be achieved by applying 
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bone morphogenic protein 4 (BMP-4) and FGF-2, producing beating aggregates that closely 

mimic the cellular composition of native cardiac tissue. In a later work, Zhao et al. 

transplanted the obtained aggregates into the infarcted heart, improving heart function66. The 

aggregates were released from the core-shell microparticles and re-encapsulated without a 

noticeable influence on cell viability or the integrity of the aggregates, demonstrating their 

high stability. 

Promoting vascularization has also been suggested as a potential therapeutic approach in the 

treatment of ischemic heart disease, in order to ensure the oxygenation of transplanted cells 

and tissues. Zhang et al. performed the genetic modification of CHO cells to produce and 

secrete VEGF, in an attempt to improve vascularization. The cells were delivered to infarcted 

tissue, in rats, using liquid core APA microcapsules169. It was shown that the microcapsules 

were stable post-implantation and displayed lower immunogenicity when compared to non-

encapsulated cells, indicating that the capsules were successfully isolating cells from the 

immune system. Furthermore, the continuous release of VEGF stimulated angiogenesis and 

restored cardiac function. The co-encapsulation of MSCs and Schwann cells in liquid core 

APA microcapsules has also been shown to induce angiogenesis205. MSCs secrete a wide 

variety of growth factors and chemical signals that promote vascularization and the Schwann 

cells extend the viability of MSCs, while also yielding increased density of newborn 

capillaries in treated areas. 

 
Table 2.3. Summary of core-shell microcapsule platforms used in myocardial TE. This summary covers the 

materials used to produce both the core and shell of the capsule, the technique used to generate the capsules 

and the biological materials encapsulated in each structure. 

Shell material Core structure Production technique Encapsulated material Ref. 

Alginate/PLL Alginate  Electrospray, LbL CHO cells 169 

Alginate/PLL Alginate Electrospray, LbL MSCs, Schwann cells 205 

PEGDA Dextran Microfluidics VEGF, PDGF 143 

PLL  Alginate Ionotropic gelation ESCs 204 

Alginate Sodium carboxymethyl 

cellulose solution 

Microfluidics ESCs 141 

Alginate Sodium carboxymethyl 

cellulose solution 

Coaxial electrospray ESCs 66, 70 

Silica GelMA Microfluidics, sol-gel Cardiac progenitor cells 47 
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2.4.4.  3D cell culture 

In vitro cell culture has commonly relied on 2D plastic substrates, which cannot fully 

recreate the microenvironment and cell interactions present within native tissues. This has 

become a widely recognized limitation of in vitro models used in the study of diseases and 

drug screening206. Biomimetic 3D platforms can emulate the architecture and properties of 

living tissues more accurately, providing efficient platforms to model cell behavior. By 

altering the composition of the core, it is possible to tailor the stiffness of the materials 

encapsulated alongside the cells, providing a medium to evaluate the effects of mechanical 

cues on cell behavior207. As previously mentioned, liquid core microcapsules present 

numerous benefits as in vitro cell culture platforms when compared to solid core structures, 

as they facilitate cell-cell interactions and the self-assembly of cells into more complex 

structures while preserving cell viability67.  

Core-shell microcapsules thus supply an opportunity to improve cell culture methods, by 

tailoring their inner microenvironment toward different cell types, which can be 

accomplished owing to the high tunability and versatility of available production methods. 

Moreover, it is possible to design microcapsules that allow the compartmentalized 

encapsulation of different cells208. For example, Chen and coworkers produced a “liver in a 

drop” by designing an encapsulation system in which hepatocytes are incorporated in the 

liquid core of the capsule while fibroblasts were embedded in the alginate shell209. This 

structure keeps the two cell types separated, in order to preserve their specific functions, 

while still allowing adequate cell-cell interactions to occur, resulting in a promising in vitro 

model for liver function.  

While the structure of the microcapsules can be modulated to adjust interactions between 

encapsulated cells, it is also possible to construct systems that promote interactions with cells 

on the outside of the capsules. For example, Correia et al. co-encapsulated osteoblastic cells 

and PCL microparticles in liquefied core microcapsules coated in a multilayered membrane 

of alginate, PLL and chitosan and enveloped in an outer layer of RGD-functionalized 

alginate115. When transferred to a 2D cell bed of fibroblasts and human umbilical vein 

endothelial cells (HUVECs), the RGD domains in the outer surface of the microcapsules 

promoted cell attachment to the outer surface of the membrane, and allowed the aggregation 

of cell-coated microcapsules, producing constructs with complex hierarchical structures. In 

a follow-up work, it was shown that adjusting the composition of the outer layer of the 
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microcapsule shell can promote the modulation of surrounding macrophages toward a pro-

regenerative behavior, an effect which is enhanced through the encapsulation of cells that 

can communicate with macrophages through paracrine signaling210. This demonstrates that 

the properties of microcapsules can be tailored in order to guide native cells toward desired 

phenotypes. 

These 3D cell culture systems also hold great promise in the modeling of diseases for high-

throughput assays. The design of robust tumor models for drug screening is an ongoing 

challenge in oncogenic research211. Core-shell microcapsules have been explored as suitable 

platforms for the formation of cell spheroids, which can represent accurate models for cell-

cell interactions and diffusion of nutrients and drugs in tumors212. The possibility of 

encapsulating cells in separate compartments enables an effective recreation of the tumor 

microenvironment211. Furthermore, microcapsules can provide physicochemical and 

mechanical cues that can direct gene expression and cell function in order to study different 

aspects of tumor growth213,214. Alessandri et al., for example, designed an elastic capsule-

based platform that can be used to evaluate the force exerted by expanding multicellular 

spheroids, simulating the pressure exerted by growing tumors on surrounding tissues, while 

also providing insight into the influence of mechanical cues on tumor progression214. This 

system was even able to induce the formation of spheroids in recalcitrant cell lines.  

Bioencapsulation in liquefied core capsules has been proposed as a timely and cost-effective 

procedure to enrich cancer stem-like cells (CSCs), a rare subpopulation of cells highly 

involved in the initiation, expansion, metastasis and resistance of tumors215. Core-shell 

microcapsules have also been successfully used as modular units in the bottom-up assembly 

of vascularized constructs207. Cancer cells were suspended in a collagen I solution and 

encapsulated in alginate microcapsules, generating avascular microtumors. To produce a 

vascularized structure, the microcapsules were incorporated in a collagen I gel alongside 

ASCs and HUVECs, resulting in a 3D capillary network surrounding the microtumors. 

When compared to 2D-cultured cells, the vascularized construct was shown to be more 
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tumorigenic and more resistant to anti-cancer drugs, providing a robust tumor model for drug 

testing. Thus, core-shell capsules represent an important breakthrough in the development 

of 3D culture systems for the study of diseases and potential treatment options. Future 

developments in this field will require the development of capsule-based systems that can 

better emulate human tissues, which will require a careful selection of appropriate core and 

shell components. One possibility under consideration is the incorporation of human derived 

hydrogels, which would minimize the use of xenogeneic materials, thus creating structures 

that are more faithful to the composition of human ECM216,217. 

 

Fig. 2.2. Outline of biomedical applications of microcapsules addressed in this document. (a) 3D platforms 

for the culture, proliferation and differentiation of cells, with potential for the enrichment of rare cell 

subpopulations215. (b) Development of compartmentalized platforms for a more accurate recreation of in vivo 

tissue architecture209. (c)  Assembly of complex structures, such as microtissues and spheroids through the 

self-assembly and aggregation of cells within the capsules. This can be aided by seeding cells alongside 

surfaces that permit cell attachment, such as microparticles. Scale bars represent 50 µm117. (d) Development 

of robust disease models to evaluate the effects of mechanical cues on cell behavior and the efficacy of drug 

candidates. (e) Production of functional units for the modular assembly of larger constructs, and even 

vascularized structures207. 
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Table 2.4. Core-shell microcapsule platforms employed in tumor models. This summary covers the materials 

used to produce the capsules, the technique used in their generation and the encapsulated cells. 

Shell material Core structure Production technique Encapsulated material Ref. 

Alginate Sorbitol solution Microfluidics CT26, HeLa and S180 cells 213 

Alginate/PLL Alginate Electrospray/LbL HT-29 cells 212 

Alginate Sodium carboxymethyl 

cellulose solution 

Coaxial electrospray Prostate CSCs 214 

Alginate  Alginate Microfluidics MCF-7 cells  211 

Alginate Collagen + alginate + 

Matrigel® 

Microfluidics MCF-7 cells  137 

Alginate Collagen I,  

Collagen I + Alginate 

Microfluidics MCF-7 cells 207 

Alginate Cell culture medium Microfluidics MCF-7 cells (core) 

Human Mammary Fibroblasts 

(shell) 

210 

 

2.5.  Conclusions and future directions 

A wide variety of materials and techniques have been harnessed to produce core-shell 

microcapsules, generating versatile platforms that can be precisely fine-tuned in terms of 

their composition, mechanical properties and 3D structure, in order to recreate different 

physiological niches. These systems have already been implemented in tumor modeling, 

bone, pancreatic and heart tissue engineering, as well as lung218, cartilage113 and hepatic138,209 

tissue engineering. At present, the application of core-shell microcapsules in a clinical 

setting still presents significant challenges, due to factors such as a lack of appropriate 

vascularization of the constructs in vivo, reduced scalability of production techniques and 

insufficient long-term stability of encapsulated materials. Further research into these 

platforms will continue to tackle these issues. Recent studies have also focused on the 

development of long-term strategies for the storage and preservation of encapsulated 

structures, a requirement for wide application of these platforms at a clinical level74. 

While originally conceived as a platform for cell immunoisolation, recent works on 

microcapsules have also attempted to move away from this framework, shifting the focus 

from hiding transplanted cells from the immune system, and instead toward cooperation with 

immune cells by guiding them toward a pro-regenerative phenotype219. Through careful 

selection of the biomaterials used to produce the outer shell, as well as the encapsulation of 
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cells that can interact with immune cells through paracrine signaling, it has been shown that 

capsule-based systems can be used as immunomodulatory platforms for tissue 

regeneration210. Immunomodulatory systems that promote a pro-regenerative phenotype 

could provide an invaluable tool to mitigate the damage caused by disorders in which 

adverse inflammatory processes play a significant role, such as myocardial infarction220. 

As bioencapsulation technologies advance, it is envisioned that these platforms will become 

a vital tool in biomedical research, with possible applications at all stages of the value chain, 

from the design of effective disease models for pre-clinical studies, to the generation of large 

amounts of cells and tissues for clinical application, to the development of novel systems for 

cell transplantation, delivery of drugs and release of paracrine factors. 
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Chapter 3 – Experimental Section 

3.1. Materials 

Low viscosity (Sigma-Aldrich, viscosity 5.0-40.0 cP (1%, 25°C)) and medium viscosity 

(Sigma-Aldrich, viscosity ≥2000 cP (2%, 25°C)) alginate, extracted from brown algae 

(Macrocystis pyrifera), was incorporated into the shell solution in these experiments. Human 

platelet lysate (STEMCELL Technologies Inc., Vancouver, Canada) from peripheral blood 

was purchased to produce methacrylated platelet lysates, used in the core solution. Calcium 

chloride (anhydrous, ≥96.0% purity), EDTA (anhydrous, ≥98.5% purity) and phosphate 

buffer saline (PBS) tablets were bought from Sigma-Aldrich (MI, USA). Sodium dodecyl 

sulphate (SDS, 99% purity) was purchased from NZYTech (Lisbon, Portugal). Calcein AM 

dissolved in dimethyl sulfoxide (DMSO, 1 mg/mL), propidium iodide dissolved in ultrapure 

water (1 mg/mL) and 4’,6-diamidino-2-phenylindole (DAPI) dissolved in ultrapure water (1 

mg/mL) were purchased from Thermo Fisher Scientific and phalloidin (Flash PhalloidinTM 

Red 594, 300U) was purchased from BioLegend. 

 

3.2. Methods 

3.2.1. Synthesis of Methacryloyl Platelet Lysate 

Methacryloyl platelet lysate was prepared according to a previously published procedure1. 

Briefly, human platelet lysate was thawed at 37 ºC and reacted with methacrylic anhydride 

containing 2000 ppm of topanol A, 94% (Sigma-Aldrich, USA) in a 100:1 ratio to produce 

low-degree modification PLMA (PLMA100)). The reaction mixture was kept at room 

temperature with constant stirring for 4 h. pH was kept between 6 and 8 by using a sodium 

hydroxide solution (NaOH, 5 M). The PLMA was then purified by dialysis with a 3.5K 

MWCO, 35 mm dry I.D. SnakeSkinTM dialysis membrane (Thermo Fisher Scientific, USA) 

against deionized water for 24 h. The solution was then sterilized through a SartolabTM P20 

0.2 µm filter (Sartorius, Germany), frozen with liquid nitrogen, lyophilized in a freeze-dryer 

(LyoQuest Plus Eco, Telstar, Spain) operating under vacuum at a temperature of –60°C, and 

stored at 4 ºC until further use. 

 

3.2.2. Generation of PLMA/Alginate core-shell microcapsules 

Microcapsules were produced using an electrospray system (Spraybase, Ireland). A coaxial 

needle (outer nozzle – 20 G; inner nozzle – 26 G) was used to generate PLMA/alginate core-
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shell microcapsules. PLMA was dissolved in a 1% (w/v) solution of 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropriophenone (Sigma-Aldrich, USA) in PBS to a final 

concentration of 15% (w/v) of PLMA. This solution was connected to the inner nozzle, while 

an alginate solution was connected to the outer nozzle. Low viscosity and medium viscosity 

variants of alginate were used. A 2.5% (w/v) solution of low viscosity alginate was prepared 

in PBS, as well as 1% (w/v) and 2% (w/v) solutions of medium viscosity alginate. 

Crosslinking of the outer alginate layer was accomplished by collecting the droplets in 6 mL 

of a 0.1 M CaCl2 bath with low stirring (300 rpm). Flow rates were controlled using a 

programmable dual drive syringe pump (Pump 33 DDS, Harvard Apparatus, USA). 10 and 

1 mL capacity plastic syringes (Soft-JectTM, HSW, Germany) were connected to the outer 

and inner tubes, respectively, using silicone tubing. To produce an electric field, a high-

voltage power supply (LNC 30000-2, Heinzinger, Germany) was used. The resulting 

capsules were observed through a Primo Star optical microscope (Zeiss, Germany) and 

photographs were taken using an EOS 1200D digital camera (Canon, Japan). Photographs 

were processed using ImageJ (NIH, USA) software. The diameter of both capsules and cores 

was calculated as an average of the largest diameter and its lowest perpendicular diameter. 

The aspect ratio of the capsules and respective cores was calculated by dividing their largest 

diameter by the lowest perpendicular diameter. At least 20 microcapsules were used in image 

analysis for each set of parameters. The measurements are expressed as mean ± standard 

deviation. Additionally, the effect of adding a surfactant to the shell solution on the 

properties of the microcapsules was evaluated. In this case, a 1% (w/v) solution of medium 

viscosity alginate containing 0.5 mM of SDS was prepared and placed under magnetic 

stirring for 5h. A 0.5 mM SDS solution was also prepared and used to produce a 0.1 M CaCl2 

collecting bath. This solution was filtered through a 0.2 µm cellulose acetate syringe filter 

(VWR, Pennsylvania, USA). 

 

3.2.3. Preparation of PLMA microsponges 

PLMA/alginate microcapsules were produced through electrohydrodynamic atomization in 

short intervals, transferred to Petri dishes and immediately placed under a UV lamp 

(OmniCure S2000, Excelitas Technologies Corp., USA) placed at a height of 10 cm, and 

subjected to 3 min of UV radiation while employing a radiation intensity of 3 W/cm2 and 

using a collimator. The resulting matrix-core microcapsules were collected, the CaCl2 
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solution was removed and the microcapsules were washed with a 0.2 M solution of EDTA 

(pH 7.0, Sigma-Aldrich, USA) for 15 min to remove the alginate shell. EDTA solution was 

added at a ratio of 1 mL/ 500 µL of microcapsules. The microparticles were then centrifuged 

at 1000 xg for 5 min at room temperature. After removing the supernatant, EDTA solution 

was once again added and the microparticles were subjected to a second centrifugation at 

1000 xg for 5 min at room temperature. The EDTA was removed, the microparticles were 

resuspended in distilled water and placed in Mr. Frosty® (Nalgene, Nalge Nunc International, 

USA) containers, which were stored at -80 °C overnight. The frozen microspheres were then 

transferred to a freeze-dryer and lyophilized overnight. The resulting microsponges were 

stored at room temperature for future use. 

 

 
Fig. 3.2. Schematic representation of the workflow employed in microsponge production. Coaxial ES is 

employed to produce microcapsules, which are immediately subjected to irradiation to crosslink the PLMA 

and washed with EDTA to remove the shell. PLMA microsponges are obtained after lyophilization. 

Fig. 3.1. Experimental setup for the coaxial ES equipment used in the production of the initial liquid PLMA 

core/alginate shell microcapsules. 
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3.2.4. Cell culture 

3.2.4.1. H9c2 (2-1) rat cardiac myoblasts cell culture 

H9c2 (2-1) rat cardiac myoblast cells were purchased from Sigma-Aldrich (MA, USA). The 

cells were grown in high glucose Dulbecco’s modified medium (DMEM) supplemented with 

10% fetal bovine serum (FBS, Gibco®, Thermo Fisher Scientific) and 1% antibiotic-

antimycotic (Gibco®, Thermo Fisher Scientific, containing penicillin, streptomycin and 

amphotericin B). The cells were cultured in plastic tissue culture flasks, placed in an 

incubator at 37°C in a humidified atmosphere with 5% CO2. Upon reaching 70-80% 

confluence, the cells were trypsinized with TrypLETM Express Enzyme (Gibco®, Thermo 

Fisher Scientific) at 37 °C for 5 min, centrifuged at 130 xg for 5 min, counted and re-seeded 

in a fresh culture flask. 

 

3.2.4.2. Human umbilical vein endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs) had previously been isolated from the 

umbilical cord vein by our group using a well-established procedure3. They were grown in 

M-199 growth medium initially supplemented with 20% fetal bovine serum (FBS, Gibco®, 

Thermo Fisher Scientific), 1% GlutaMAXTM (Gibco®, Thermo Fisher Scientific) and 1% 

antibiotic-antimycotic, and further supplemented with sodium heparin (PanReac 

AppliChem, Barcelona, Spain) and endothelial cell growth supplement (Sigma-Aldrich), 

extracted from bovine neural tissue. The cells were cultured in plastic flasks and placed in 

an incubator at 37°C in a humidified atmosphere with 5% CO2. Upon reaching 

approximately 80% confluence, cells were enzymatically detached through incubation with 

trypsin (Gibco®, Thermo Fisher Scientific) at 37 °C for 5 min, followed by centrifugation 

at 300 xg for 5 min. 

 

3.2.4.3. Human adipose tissue-derived stem cell culture 

Human adipose tissue-derived stem cells (hASCs) had previously been isolated from human 

lipoaspirates by our group through a well-established procedure2. Cells were cultured in T75 

plastic flasks using a-MEM medium (Gibco®, ThermoFisher Scientific),  supplemented 

with 10% fetal bovine serum (FBS, Gibco®, ThermoFisher Scientific) and 1% antibiotic-

antimycotic. The flasks were placed in an incubator at 37°C in a humidified atmosphere with 

5% CO2. Upon reaching approximately 80% confluence, cells were enzymatically detached 
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through incubation with trypsin (Gibco®, ThermoFisher Scientific) at 37 °C for 5 min, 

followed by centrifugation at 300 xg for 5 min.  

 

3.2.5. Cell seeding on microsponges 

Approximately 250 microsponges were pre-weighed and sterilized through 30 min of UV 

exposure. They were then transferred to µ-Slide 8-well coverslips (Ibidi, Germany) and 

resuspended in the appropriate cell culture medium. Cells were then seeded in the 

microsponge suspension, and the coverslips were placed at 37°C in a humidified atmosphere 

with 5% CO2. Medium changes were performed every 2-3 days. H9c2 and hASCs 

monocultures were seeded on the microsponges at initial cell densities of 50, 100 and 150 

cells/microsponge. HUVECs were seeded at an initial cell density of 150 cells/microsponge. 

H9c2 cells and HUVECs were also co-cultured at a 4:1 ratio (total cell density of 150 

cells/microsponge) on the microsponges. In this case, the cell culture medium was a 4:1 

mixture of high glucose DMEM and M199 medium. H9c2 cells were also seeded at 50 

cells/microsponge on microsponges pre-treated with human platelet lysate (hPL). In this 

case, hPL was diluted ten-fold in PBS. The microsponges were then transferred to µ-Slide 

8-well coverslips and incubated with diluted hPL for 30 min. The hPL was then removed 

and cell culture medium was added, followed by cell seeding.  

 

3.2.6. Live-Dead assays 

To assess the viability of cells seeded on the microsponges, live-dead fluorescence assays 

were performed. At pre-determined time points, samples were washed 2–3 times with PBS 

and incubated with 300 µL of calcein AM (Thermo Fisher Scientific, USA) diluted 1:500 in 

PBS (final concentration: 2 µg/mL) and propidium iodide (Thermo Fisher Scientific, USA) 

diluted 1:1000 in PBS (final concentration: 1 µg/mL) for 15 min at 37 °C in a humidified 

atmosphere with 5% CO2, while protected from light. After washing 2–3 times with PBS, 

the samples were resuspended in PBS and visualized by fluorescence microscopy (Axio 

Imager 2, Zeiss, Germany). 

 

3.2.7. Cell morphology analysis 

Analysis of cell morphology was performed 14 days after seeding cells on microsponges, 

through DAPI/phalloidin staining. The cell-laden PLMA microsponges were collected and 
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fixed at room temperature by incubating the samples in 300 µl of a 4% formaldehyde 

solution (Sigma-Aldrich, USA) in PBS for at least 2h. Samples were incubated at room 

temperature in 300 µL of a solution of phalloidin (Flash Phalloidin Red 594, Biolegend, 

USA) diluted 1:40 in PBS for 45 min and protected from light. The samples were then 

washed with PBS and incubated in 300 µL of a solution of DAPI (Thermo Fisher Scientific, 

USA) diluted 1:1000 in PBS for 5 min. After washing with PBS, the constructs were 

observed using a fluorescence microscope (Axio Imager 2, Zeiss, Germany). 

 

3.2.8. Quantification of cell proliferation 

Cell proliferation was evaluated through DNA quantification using a Quant-iT PicoGreen 

dsDNA kit (Thermo Fisher Scientific, USA). Approximately 500 microsponges were pre-

weighed and sterilized before cell seeding, which was performed on 24-well plates for 

suspension cell culture (Sarstedt, Germany). At pre-determined time points, the cell-laden 

microsponges were washed with PBS, resuspended in ultrapure water and frozen at -80 ºC. 

The samples were thawed at 37 ºC and placed in an ultrasound bath for 15 min to disrupt the 

cells. DNA standards of concentration between 0 and 2 µg/mL were prepared. The samples 

and standards were incubated for 10 min with PicoGreen reagent diluted by following the 

manufacturer’s instructions. Fluorescence was measured using an excitation wavelength of 

480 nm and an emission wavelength of 528 nm (Microplate Reader–Synergy HTX with 

luminescence, fluorescence and absorbance, Biotek, USA). 

 

3.2.9. Scanning Electron Microscopy (SEM) 

SEM was performed in order to assess the morphology and porosity of the microsponges, as 

well as analyze the structure of the resulting cell-laden constructs. Biological samples were 

fixed at room temperature in a 4% formaldehyde solution in PBS buffer (pH 7.4) for at least 

1h and were then washed twice in PBS (pH 7.4). All samples were dehydrated in 

water/ethanol mixtures of 25%, 50%, 75%, 95% and 100% ethanol for 1h each. Dehydration 

in 100% ethanol was performed twice. The samples were then dried in a critical point dryer. 

The samples were then mounted on aluminum stubs using double-sided tape, sputtered with 

carbon and visualized by SEM (Hitachi SU-70, Japan). Pore measurement was performed 

through analysis with ImageJ software. 
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3.2.10. Statistical analysis 

Statistical significance was evaluated using one-way ANOVA with Tukey’s post-hoc 

comparison of the means using GraphPad Prism (Version 8.4.2) software at the significance 

level of 0.05. 
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Chapter 4 – Preparation of porous microsponges for the assembly of humanized 

cardiac microtissues by coaxial electrospray 
 

Abstract 
Human platelet lysate (hPL) has increasingly been incorporated in biomaterial scaffolds and 

cell culture media as a source of proteins and growth factors. Herein, hPL was chemically 

modified with photocrosslinkable moieties to produce PLMA, which was encapsulated 

within alginate microcapsules using coaxial electrospray technology. This system was 

thoroughly studied in order to determine the effect of production parameters on the 

properties of the microcapsules. An optimized procedure was used to prepare PLMA 

microsponges, a tentative base material in the bottom-up assembly of microtissues. The 

resulting microsponges displayed the ability to support the attachment of different cell lines 

and promote the assembly of cell-laden three dimensional constructs. 

 

Keywords: Microtissues; Coaxial electrospray; Core-shell capsules; Microsponges; 

Methacryloyl platelet lysate; Bottom-up assembly 

 

4.1. Introduction 

Early tissue engineering and regenerative medicine (TERM) approaches focused on top-

down strategies, in which cells were seeded on pre-formed bulk scaffolds. These strategies, 

however, have displayed limited ability to recreate the properties and architecture of living 

tissues accurately1. More recent approaches have focused on bottom-up methods in which 

small cell-laden units are used as building blocks in the production of microtissues and other 

complex 3D structures by modular assembly2. The preparation of microtissues can 

encompass the development of scaffold-free structures such as cell spheroids3 or cell sheets4, 

as well as cell encapsulation and the microfabrication of cell-laden particulate materials5. 

Bottom-up approaches provide greater control over the composition and architecture of 

bioengineered tissues, producing 3D structures that are able to reproduce cell behavior more 

faithfully than typical 2D platforms6. This facilitates functional integration of the resulting 

tissues after transplantation, while also producing robust in vitro models of disease7.  

Cardiac microtissues that recreate the native microenvironment of heart tissue can provide 

valuable insight into the pathophysiology of heart disease and potential therapeutic options. 
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These microtissues have been used to research the effect of mechanical cues on 

cardiomyocyte behavior8; to model different aspects of cardiac disease, such as fibrosis9, 

formation of scar tissue10 and arrhythmia11; and to perform cardiotoxicity assays to evaluate 

the safety of potential drug candidates and environmental pollutants12–14.  

In vivo, cells are surrounded by a complex mixture of macromolecules that comprise the 

extracellular matrix (ECM), which provides mechanical and biochemical cues that aid in cell 

differentiation and organization15,16. A high fidelity model of heart tissue requires the 

recreation of the ECM, through the selection and application of suitable biomaterials. Human 

platelet lysate (hPL) is a remarkable resource that has been incorporated in biomaterial 

scaffolds for tissue engineering, and which has increasingly been used as a substitute for 

animal-derived serums in cell culture in order to produce xeno-free formulations for the 

culture of human cells17–19. It is an easily accessible material, which can potentially be used 

in the development of autologous therapeutic approaches, minimizing risk of rejection and 

providing a pathway toward the development of personalized medicine approaches. 

Furthermore, hPL contains a rich cocktail of bioactive molecules that promote tissue 

regeneration, angiogenesis and immunomodulation, including cytokines, chemokines, 

microRNAs, growth factors and proteins with recognition sites for cell adhesion20–22.  

Regarding the regeneration of cardiac tissue, hPL has been shown to improve the 

proliferation and survival of cardiac cells23,24. hPL can also be used to produce hydrogels of 

human origin, which have been shown to promote vasculogenesis and support the formation 

of a vascular network25. Additionally, the injection of platelet-derived gels has been shown 

to alleviate some of the damage caused by myocardial infarction and improve heart 

function26. However, the poor mechanical properties of gels derived from platelet lysate can 

render them unsuitable for application in cardiac tissue. Recently, the modification of hPL 

with photocrosslinkable moieties has been reported, generating methacryloyl platelet lysate 

(PLMA)27, a biomaterial that can be photocrosslinked through UV irradiation, producing 

hydrogels with improved mechanical properties. Additionally, the photopolymerization of 

PLMA requires low irradiation times and radiation intensities, making it a suitable material 

for cell encapsulation. PLMA has already been successfully implemented in the 

development of 3D osteosarcoma models for the high-throughput screening of potential drug 

candidates28,29. 
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In this work, the production of microcapsules with liquid PLMA cores using coaxial 

electrospray technology was attempted, in order to generate novel platforms for the 

development and culture of cardiac microtissues. The shell of the microcapsules was 

produced from alginate, a commonly used biomaterial in the encapsulation of cardiac 

microtissues30. Here, the resulting microcapsules were used as a sacrificial template in the 

production of porous, human-derived microcarriers, herein referred as PLMA microsponges. 

These microsponges promoted the short-term attachment of cardiomyoblasts, endothelial 

cells and stem cells, while displaying the ability to aggregate into larger constructs. It is thus 

believed that these microsponges display potential as building blocks for the bottom-up 

assembly of microtissues that can promote the regeneration of heart tissue. 

 

4.2. Experimental Section 

4.2.1. Materials 

Low viscosity (viscosity 5.0-40.0 cP (1%, 25°C)) and medium viscosity (viscosity ≥2000 cP 

(2%, 25°C)) alginate were purchased from Sigma-Aldrich (MI, USA). Human platelet lysate 

(hPL, STEMCELL Technologies Inc., Vancouver, Canada) was purchased to produce 

PLMA. Calcium chloride (anhydrous, ≥96.0% purity), EDTA (anhydrous, ≥98.5% purity) 

and phosphate buffer saline (PBS) tablets were bought from Sigma-Aldrich (MI, USA). 

Sodium dodecyl sulphate (SDS, 99% purity) was purchased from NZYTech (Lisbon, 

Portugal). Calcein AM dissolved in DMSO (1 mg/mL), propidium iodide dissolved in 

ultrapure water (1 mg/mL) and DAPI dissolved in ultrapure water (1 mg/mL) were 

purchased from Thermo Fisher Scientific and phalloidin (Flash PhalloidinTM Red 594, 300U) 

was purchased from BioLegend (CA, USA). 

 

4.2.2. Methods 

4.2.2.1. Synthesis of Methacryloyl Platelet Lysate 

Methacryloyl platelet lysate (PLMA) was prepared according to a previously published 

procedure27. Briefly, human platelet lysate was thawed at 37 ºC and reacted with methacrylic 

anhydride (Sigma-Aldrich, USA) in a 100:1 ratio. The reaction mixture was kept at room 

temperature with constant stirring for 4 h. pH was kept between 6 and 8. The PLMA was 

then purified by dialysis with a 3.5K MWCO, 35 mm dry I.D. SnakeSkinTM dialysis 

membrane (Thermo Fisher Scientific, USA) against deionized water for 24 h. The solution 
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was then sterilized through a SartolabTM P20 0.2 µm filter (Sartorius, Germany), frozen with 

liquid nitrogen, lyophilized in a freeze-dryer (LyoQuest Plus Eco, Telstar, Spain) operating 

under vacuum at a temperature of –60°C, and stored at 4 ºC until further use. 

 

4.2.2.2. Generation of PLMA/Alginate core-shell microcapsules 

Microcapsules were produced using an electrospray system (Spraybase, Ireland). A coaxial 

needle (outer nozzle – 20 G; inner nozzle – 26 G) was used to generate PLMA/alginate core-

shell microcapsules. PLMA was dissolved in a 1% (w/v) solution of 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropriophenone (Sigma-Aldrich, USA) in PBS to a final 

concentration of 15% (w/v) of PLMA. This solution was connected to the inner nozzle, while 

an alginate solution was connected to the outer nozzle. Low viscosity and medium viscosity 

variants of alginate were used. The droplets were collected in a 0.1 M CaCl2 bath with low 

stirring. Flow rates were controlled using a programmable dual drive syringe pump (Pump 

33 DDS, Harvard Apparatus, USA). To produce an electric field, a high-voltage power 

supply (LNC 30000-2, Heinzinger, Germany) was used. The resulting capsules were 

observed through a Primo Star optical microscope (Zeiss, Germany) and photographs were 

taken using an EOS 1200D digital camera (Canon, Japan). Photographs were processed 

using ImageJ (NIH, USA) software. The diameter of both capsules and cores was calculated 

as an average of the largest diameter and its lowest perpendicular diameter. The aspect ratio 

of the capsules and respective cores was calculated by dividing their largest diameter by the 

lowest perpendicular diameter. At least 20 microcapsules were used in image analysis for 

each set of parameters. The measurements are expressed as mean ± standard deviation. The 

effect of adding a surfactant to the shell solution on the properties of the microcapsules was 

evaluated. In this case, a 1% (w/v) solution of medium viscosity alginate containing 0.5 mM 

of SDS was prepared. A 0.5 mM SDS solution was also prepared and used to produce a 0.1 

M CaCl2 collecting bath. This solution was filtered through a 0.2 µm cellulose acetate 

syringe filter (VWR, Pennsylvania, USA).  

 

4.2.2.3. Preparation of PLMA microsponges 

PLMA/alginate microcapsules were subjected to 3 min of irradiation under a UV lamp 

(OmniCure S2000, Excelitas Technologies Corp., USA) placed at a height of 10 cm, 

employing a radiation intensity of 3 W/cm2 while using a collimator. The resulting 
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microcapsules were collected and washed with a 0.2 M solution of EDTA (pH 7.0, Sigma-

Aldrich, USA) for 15 min. The particles were then centrifuged at 1000 xg for 5 min at room 

temperature. After removing the supernatant, the microparticles were once again washed 

with the EDTA solution and subjected to a second centrifugation at 1000 xg for 5 min at 

room temperature. The EDTA was removed and the microparticles were resuspended in 

distilled water and placed in Mr. Frosty® (Nalgene, Nalge Nunc International, USA) 

containers, which were stored at -80 °C overnight. The frozen microspheres were then 

transferred to a freeze-dryer and lyophilized overnight. The resulting microsponges were 

stored at room temperature for future use. 

 

4.2.2.4. Cell culture 

4.2.2.4.1. H9c2 (2-1) rat cardiac myoblasts cell culture 

H9c2 (2-1) rat cardiac myoblast cells were purchased from Sigma-Aldrich (MA, USA). The 

cells were grown in high glucose Dulbecco’s modified medium (DMEM) supplemented with 

10% fetal bovine serum (FBS, Gibco®, Thermo Fisher Scientific) and 1% antibiotic-

antimycotic. The cells were cultured in plastic tissue culture flasks, placed in an incubator at 

37°C in a humidified atmosphere with 5% CO2.  

 

4.2.2.4.2. Human umbilical vein endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs) had previously been isolated from the 

umbilical cord vein by our group using a well-established procedure31. They were grown in 

M-199 growth medium initially supplemented with 20% fetal bovine serum (FBS, Gibco®, 

Thermo Fisher Scientific), 1% GlutaMAXTM (Gibco®, Thermo Fisher Scientific) and 1% 

antibiotic-antimycotic, and further supplemented with sodium heparin (PanReac 

AppliChem, Barcelona, Spain) and endothelial cell growth supplement (Sigma-Aldrich), 

extracted from bovine neural tissue. The cells were cultured in plastic flasks and placed in 

an incubator at 37°C in a humidified atmosphere with 5% CO2.  

 

4.2.2.4.3. Human adipose tissue-derived stem cell culture 

Human adipose tissue-derived stem cells (hASCs) had previously been isolated from human 

lipoaspirates by our group through a well-established procedure32. Cells were cultured in 

T75 plastic flasks using a-MEM medium (Gibco®, ThermoFisher Scientific),  
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supplemented with 10% fetal bovine serum (FBS, Gibco®, ThermoFisher Scientific) and 

1% antibiotic-antimycotic. The flasks were placed in an incubator at 37°C in a humidified 

atmosphere with 5% CO2.  

 

4.2.2.5. Cell culture on microsponges 

Microsponges were pre-weighed and sterilized by 30 min of UV exposure. They were then 

transferred to µ-Slide 8-well coverslips (Ibidi, Germany) and resuspended in cell culture 

medium. Cells were then seeded onto the microsponges, and the coverslips were placed at 

37°C in a humidified atmosphere with 5% CO2. Medium changes were performed every 2-

3 days. hASCs, H9c2 cells and HUVECs were seeded onto the microsponges in 

monoculture. Additionally, H9c2 cells and HUVECs were co-cultured onto the 

microsponges. In some assays, the microsponges were pre-coated with PL before seeding. 

In this case, the microsponges were first resuspended in hPL 10-fold diluted in PBS for 30 

min. The hPL was then removed, cell culture medium was added and cells were seeded.  

 

4.2.2.6. Live-Dead assays 

To assess the viability of cells seeded on the microsponges, live-dead fluorescence assays 

were performed. Samples were washed 2–3 times with PBS and stained with calcein 

(Thermo Fisher Scientific, USA) diluted 1:500 in PBS and propidium iodide (Thermo Fisher 

Scientific diluted 1:1000 in PBS for 15 min and protected from light. After washing 2–3 

times with PBS, the samples were resuspended in PBS and visualized by fluorescence 

microscopy (Axio Imager 2, Zeiss, Germany). 

 

4.2.2.7. Cell morphology analysis 

Analysis of cell morphology was performed 14 days after seeding cells on microsponges, 

through DAPI/phalloidin staining. The cell-laden PLMA microsponges were fixed using a 

4% formaldehyde solution (Sigma-Aldrich, USA) in PBS for at least 2h. Samples were 

incubated at room temperature in a solution of phalloidin (Flash Phalloidin Red 594, 

Biolegend, USA) diluted 1:40 in PBS for 45 min. The samples were then washed with PBS 

and incubated in a solution of DAPI (Thermo Fisher Scientific, USA) diluted 1:1000 in PBS 

for 5 min. After washing with PBS, the constructs were observed using a fluorescence 

microscope (Axio Imager 2, Zeiss, Germany). 
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4.2.2.8. Quantification of cell proliferation 

Cell proliferation was evaluated through DNA quantification using a Quant-iT PicoGreen 

dsDNA kit (Thermo Fisher Scientific, USA). At pre-determined time points, the cell-laden 

microsponges were washed with PBS, resuspended in ultrapure water and frozen at -80 ºC. 

In order to perform the DNA quantification assay, the samples were thawed at 37 ºC and 

placed in an ultrasound bath for 15 min to disrupt the cells. DNA standards of concentration 

between 0 and 2 µg/mL were prepared. The samples and standards were incubated with the 

PicoGreen reagent for 10 min in the dark. Fluorescence was measured using an excitation 

wavelength of 480 nm and an emission wavelength of 528 nm (Microplate Reader–Synergy 

HTX with luminescence, fluorescence and absorbance, Biotek, USA). 

 

4.2.2.9. Scanning Electron Microscopy  

Scanning Electron Microscopy (SEM) was performed in order to assess the morphology and 

porosity of the microsponges, as well as analyze the structure of the cell-laden constructs. 

Biological samples were fixed in a 4% formaldehyde solution in PBS buffer (pH 7.4) for at 

least 1 h and were then washed twice in PBS (pH 7.4). All samples were dehydrated in 

water/ethanol mixtures of 25%, 50%, 75%, 95% and 100% ethanol for 1h each. Dehydration 

in 100% ethanol was performed twice. The samples were then dried in a critical point dryer, 

mounted on aluminum stubs, sputtered with carbon and visualized by SEM (Hitachi SU-70, 

Japan). Pore measurement was performed through analysis with ImageJ software. 

 

4.2.2.10. Statistical analysis 

Statistical significance was evaluated using one-way ANOVA with Tukey’s post-hoc 

comparison of the means using GraphPad Prism (Version 8.4.2) software at the significance 

level of 0.05. 

 

4.3. Results and discussion 

4.3.1. Influence of production parameters on microcapsule properties 

Coaxial electrospray is a microfabrication technique that depends on many parameters, 

including the properties of both core and shell solutions, their respective flow rates and the 

strength of the applied electric field. By modifying these parameters, it is possible to 
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modulate the properties of the obtained capsules, such as their dimensions and morphology. 

To ensure adequate cell proliferation, the dimensions of the microsponges should 

approximate those of previously reported microcarriers (diameters in the 100–500 µm 

range)33 in order to ensure appropriate diffusion of oxygen and nutrients throughout their 

inner architecture. Deviations from spherical morphology were evaluated by measuring the 

aspect ratio of the capsules and respective cores. To optimize this system, the influence of 

different parameters on the characteristics of the PLMA/alginate core-shell microcapsules 

was evaluated, including alginate concentration, applied voltage, tip to collector distance, 

solution flow rate and the addition of a surfactant to the shell solution. A complete 

description of the average dimensions of the microcapsules for each parameter has been 

provided in Supplementary Table S4.1-3. 

 

4.3.1.1. Alginate solution  

The concentration and viscosity of the core and shell solutions have a significant influence 

on the morphology of the capsules. Commercially available alginate can differ in its 

molecular weight, mannuronic acid/gulluronic acid ratio and viscosity. Both low viscosity 

and medium viscosity alginates were used in this experiment. A low viscosity alginate 

solution was prepared at a 2.5% (w/v) concentration, while medium viscosity alginate 

solutions were prepared at 1 and 2% (w/v) concentrations. Low viscosity alginate was only 

able to produce amorphous particles or capsules with tear-like shape (Figure 4.1A). By 

switching to a medium viscosity alginate solution, it was possible to obtain round capsules 

(Figure 4.1B). In order to produce spherical capsules, the 1% alginate solution is preferred, 

as higher concentrations produced capsules with an elongated morphology (Figure 4.1C).  
 

 
Fig. 4.1. Influence of alginate concentration and viscosity on capsule morphology. Solutions used in the 

generation of microcapsules were (A) a 2.5% (w/v) solution of low viscosity alginate; (B) a 1% (w/v) solution 

of medium viscosity alginate; (C) a 2% (w/v) solution of medium viscosity alginate. Other production 

parameters include an alginate flow rate of 40 mL/h, PLMA flow rate of 5 mL/h, applied voltage of 14 kV, 

TTC distance of 7 cm and the use of magnetic stirring with a speed of 300 rpm. Commercial food coloring was 

added to the PLMA solution to facilitate visualization of the cores. Scale bars represent 500 µm. 
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4.3.1.2. Influence of the strength of the applied electrical field 

In electrospray, an electric field is applied in order to produce a spray of charged droplets 

with reduced dimensions. The strength of the electrical field depends on the applied voltage 

and the distance between the tip of the coaxial nozzle and the collector (TTC distance). The 

effect of the applied voltage has been displayed on Figure 4.2.  

 

 
Fig. 4.2. Influence of applied voltage on the properties of microcapsule cores. The diameter and aspect ratio of 

the cores was evaluated using ImageJ software. Significant differences are marked with *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001. Other production parameters include an alginate flow rate of 15 mL/h, PLMA 

flow rate of 1 mL/h, TTC distance of 5 cm and the use of magnetic stirring with a speed of 300 rpm. Scale bars 

represent 500 µm. 

 

The average total diameter of the capsules ranged from 989 ± 147 µm at 10 kV to 613 ± 153 

µm at 15 kV, while the diameter of the cores ranged from 517 ± 87 µm to 330 ± 119 µm, 

respectively. In general, a reduction in core diameter, capsule diameter and shell thickness 

can be observed as the applied voltage increases. On the other hand, the aspect ratio of the 

cores ranged from 1.39 ± 0.40 to 2.41 ± 0.94, indicating that higher voltages compromise 

the morphology of the microcapsules. In fact, voltages of 12 kV or above produced 
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microcapsules with non-spherical cores. While the capsules with the lowest core diameter 

were obtained at 15 kV, the dimensions of the cores presented high variability, their 

morphology was not spherical, and many capsules were damaged. As such, it would not be 

suitable to employ applied voltages of 15 kV or above to produce PLMA/alginate core-shell 

capsules.  

The effect of the TTC distance on the microcapsule characteristics has been shown on Figure 

4.3. At a TTC distance of 4 cm, the production process was unstable, leading to the 

production of enlarged microcapsules in which PLMA cores were not visible, indicating that 

encapsulation of the PLMA may have been unsuccessful. When the TTC distance was 

increased to 5, 6 and 7 cm, the diameter of the obtained capsules was 819 ± 76 cm, 828 ± 

106 and 838 ± 108 µm. Similarly, core dimensions were 402 ± 93, 463 ± 98 and 478 ± 76 

µm, respectively, with aspect ratios of 1.42 ± 0.28, 1.54 ± 0.54 and 1.44 ± 0.33.  

 

 
Fig. 4.3. Influence of TTC distance on the properties of microcapsule cores. The diameter and aspect ratio of 

the cores was evaluated using ImageJ software. Significant differences are marked with *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001. Other production parameters include an alginate flow rate of 15 mL/h, PLMA 

flow rate of 1 mL/h, applied voltage of 11 kV and the use of magnetic stirring with a speed of 300 rpm. Scale 

bars represent 500 µm. 
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Analyzing these values, it appears that TTC distance has only a slight influence on capsule 

properties. Nevertheless, a as the TTC distance decreases, the dimensions of the core are 

also reduced. 

As the TTC distance decreases, the strength of the applied electrical field increases. As such, 

these experiments have shown that it is possible to produce smaller microcapsules with lower 

core diameter by increasing the strength of the electric field, either by increasing the applied 

voltage or decreasing the TTC distance, which is in accordance with previous reports34. 

 

4.3.1.3. Influence of core and shell solution flow rates 

In coaxial electrospray, the flow rate of both the core and shell solutions, as well as the ratio 

between them, are all parameters that play a vital role in determining the characteristics of 

the microcapsules. Initially, the influence of the alginate solution flow rate:PLMA solution 

flow rate ratio was investigated (Figure 4.4).  

 

 
Fig. 4.4. Influence of the ratio between the flow rate of the alginate solution (in mL/h) and the flow rate of the 

PLMA solution (in mL/h) on the properties of microcapsule cores. The diameter and aspect ratio of the cores 

was evaluated using ImageJ software. Significant differences are marked with *p<0.05, **p<0.01, ***p<0.001 

and ****p<0.0001. Other production parameters include an applied voltage of 11 kV, TTC distance of 5 cm and 

the use of magnetic stirring with a speed of 300 rpm.  Scale bars represent 500 µm. 
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The PLMA flow rate was kept constant at 1 mL/h while the alginate flow rate was allowed 

to change, producing different flow rate ratios. Six different ratios were tested, 6:1, 10:1, 

12:1, 15:1, 20:1 and 30:1, which produced capsules with diameters of 907 ± 121, 860 ± 90, 

1043 ± 115, 819 ± 76, 943 ± 102 and 946 ± 110 µm, respectively. These values show that 

the ratio between the flow rates appears to have only a slight effect on the diameter of the 

capsules, which is in accordance with previously reported results35. Regarding the 

dimensions of the cores, the average diameters ranged between 544 ± 88, when the ratio 

between flow rates was 6:1, to 402 ± 93, when the flow rate was 15:1. Flow rate ratios of 

15:1 and above produced capsules with reduced core diameter, which is also in accordance 

with previous studies35. A flow rate ratio of 15:1 produced microcapsules with average core 

diameters approaching 400 µm, which falls under the size range of commercially available 

microcarriers. As such, this ratio was selected for further studies on the influence of the flow 

rate, which has been shown in Figure 4.5. 

 

 
Fig. 4.5. Influence of the solution flow rates (in mL/h) on the properties of microcapsule cores. The diameter 

and aspect ratio of the cores was evaluated using ImageJ software. Other production parameters include an 

applied voltage of 11 kV, TTC distance of 5 cm and the use of magnetic stirring with a speed of 300 rpm. 

Significant differences are marked with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Scale bars represent 

500 µm.  
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Decreasing both flow rates to a 7.5:0.5 ratio lowered the average diameter of the 

microcapsules to 790 ± 89, while increasing the flow rates to a ratio of 30:2 also increased 

the average diameter of the microcapsules to 1058 ± 120. The microcapsules contain liquid 

PLMA cores with average diameters of 384 ± 71, 402 ± 93 and 613 ± 123 µm, as well as 

aspect ratios of 1.65 ± 0.47, 1.42 ± 0.28 and 1.25 ± 0.17, indicating that there is a trade-off 

between lower core dimensions and lower aspect ratio. While a flow rate ratio of 7.5:0.5 

produced a slight decrease on average core diameter when compared to the flow rate ratio 

of 15:1, the cores were elongated and presented a tear-like morphology, and were thus 

deemed less suitable for microsponge production or cell encapsulation. 

 

4.3.1.4. Influence of the addition of a surfactant 

The addition of a surfactant, such as sodium dodecyl sulfate (SDS), to an alginate solution 

has previously been reported to allow the generation of capsules with thin shells for the 

encapsulation of different liquids36. This is of vital importance in cell encapsulation, as the 

prevalence of hypoxic conditions within capsules has been cited as a critical factor in the 

failure of capsule-based systems for clinical application34,37. When studying the influence of 

the other parameters, the average thickness of the shell often exceeded 200 µm, which has 

been reported as the maximum distance between blood vessels and cells that guarantees 

proper diffusion of nutrients and oxygen38. Voltages above 14 kV were able to produce 

capsules with shell thickness approaching 140 µm, however, high voltages also result in 

deformation of the core morphology and could compromise cell viability. The incorporation 

of a reduced concentration of surfactant in both the alginate solution and collection bath 

should thus decrease shell thickness without compromising cell proliferation within the 

capsules39. 

By incorporating 0.5 mM of SDS within the alginate solution and 0.5 mM of SDS in the 

CaCl2 bath, it was possible to obtain capsules with thin shells, whose average thickness does 

not exceed 100 µm, displayed in Figure 4.6.  

The microcapsules displayed an average shell thickness of 86 ± 17 µm, much lower than 

what could be achieved without a surfactant. The microcapsules also presented a spherical 

shape, with quasi-spherical cores, as evidenced by an aspect ratio of 1.06 ± 0.05 for the 

microcapsules and 1.27 ± 0.15 for the cores, thus preserving the morphology of the capsules. 

While this reduction in shell thickness is not necessarily relevant for the purposes of 
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microsponge production, it paves the way toward the future encapsulation of cells and other 

cellular constructs within the microcapsules. 

 

     
Fig. 4.6. Microcapsules produced after the addition of SDS to the alginate and CaCl2 solutions. Production 

parameters were an alginate flow rate of 8 mL/h, PLMA flow rate of 1.5 mL/h, applied voltage of 12 kV, TTC 

distance of 7 cm and the use of magnetic stirring with a speed of 200 rpm. Scale bar represents 500 µm. 

 

4.3.2. Production of PLMA microsponges 

To obtain the microsponges, a photoinitiator was included in the PLMA solution in order to 

allow the photopolymerization reaction to occur. Microcapsules were subjected to UV 

irradiation immediately after preparation, in order to minimize diffusion of the photoinitiator 

toward the surrounding CaCl2 bath. After irradiation, the CaCl2 solution was removed, and 

the capsules were incubated in a solution of EDTA, a chelating agent that removes the Ca2+ 

ions, resulting in dissolution of the alginate shells. The EDTA solution and the alginate were 

removed after centrifugation, and the resulting PLMA microspheres were collected in 

distilled water, frozen to -80°C at a rate of 1°C/min and freeze-dried in order to produce a 

porous structure. The purpose of producing this porous structure is to maximize the available 

surface area for cell proliferation in order to produce a minimalist scaffold that supports cell 

growth and the bottom-up assembly of microtissues40,41. 

Different sets of parameters were used to produce the initial microcapsules. The size 

distributions of the final microsponges have been presented in Figure 4.7. As expected, the 

production parameters influence the final dimensions of the microsponges just as they 

influence the core dimensions of the initial microcapsules. Increasing the applied voltage 

results in a reduction of the dimensions of both the microcapsules and the resulting 

microsponges. By contrast, increasing the flow rate of the PLMA solution results in an 

increase of the microsponge dimensions, while increasing the flow rate of the alginate 

solution restrains the dimensions of the PLMA core, thus resulting in smaller microsponges. 
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By increasing the flow rate of both solutions while maintaining a constant ratio, a slight 

increase in the dimensions of the microsponges is observed, resembling the results 

previously reported for the microcapsules. These results demonstrate that it is possible to 

tailor the average diameter of the microsponges by altering the conditions used to produce 

them. An alginate flow rate of 15 mL/h, a PLMA flow rate of 1 mL/h and an applied voltage 

of 11 kV were selected as the default parameters for further characterization. These 

microsponges present a diameter of 422 ± 100 µm, and an approximate average pore 

diameter of 30 µm, which was determined through the analysis of SEM images (Figure 4.8).  

The microsponges were then seeded with clinically relevant cell lines, in order to assess their 

capabilities as scaffolds in tissue engineering applications. 

 

4.3.3. Cell growth and attachment on PLMA microsponges 

4.3.3.1. Seeding cardiac cells on PLMA microsponges 

Cardiomyocytes occupy a majority of cardiac tissue volume, accounting for 30% of an adult 

heart’s cell population42. The H9c2 cell line, obtained from embryonic left ventricular rat 

heart tissue, has commonly been used as a model for cardiomyocyte behavior, as it presents 

similarities with primary cardiomyocytes43,44. As an immortalized cell line, H9c2 cells 

present high proliferative ability, in contrast with cardiomyocytes, which facilitates their use 

Fig. 4.7. Representative size distribution of PLMA microsponges (n=100) produced using respective alginate 

solution flow rates, PLMA solution flow rates and applied voltages of (A) 15 mL/h, 1 mL/h and 11 kV; (B) 15 

mL/h, 1 mL/h and 14 kV; (C) 15 mL/h, 2 mL/h and 11 kV; (D) 30 mL/h, 2mL/h and 11 kV. A TTC distance 

of 5 cm was used in the production of all microsponges. For each set of conditions, the average size of the 

microsponges, respective standard deviation and images of the microsponges have been displayed. Scale bars 

represent 500 µm. 
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in cell assays. As such, H9c2 (2-1) cells were seeded onto the PLMA microsponges. The 

proteins present hPL possess chemical moieties that favor cell adhesion27. As such, PLMA 

microsponges should be able to sustain cell attachment without any additional treatment. 

However, it was considered that the production process could impair the ability of cells to 

attach to the microsponges, mainly due to the use of alginate as a shell material. Unlike 

PLMA, alginate does not possess sites that allow cell recognition and because of this, 

residual alginate on the surface of the microsponges could compromise cell attachment45. 

As such, to evaluate whether cell adhesion is impacted by the production method, some 

microsponges were pre-coated with hPL before cell seeding, in order to produce a positive 

control. Cardiac myoblasts were seeded onto the microsponges at cell densities of 50, 100 

and 150 cells/microsponge. Fluorescence microscopy images of the microsponges seeded 

with cells are shown in Figure 4.9. The cells were stained with Calcein AM and Propidium 

Iodide. 

After 2 days of cell culture on the microsponges, it could be observed that attachment of the 

cardiac myoblasts was not improved by performing a pre-treatment with hPL. This indicates 

that the production method reported in this work does not hamper the ability of cells to 

recognize cell adhesion motifs on the surface of the microsponges. Throughout the 

experiments, it could be observed that microsponges in the wells were aggregated into larger 

constructs. By day 2, it could be observed that macroscopic PLMA aggregates were present 

in the culture wells and the resulting constructs were maintained throughout the duration of 

the experiments.  

Cell viability appeared to be maintained for at least 7 days. However, by day 14 cell viability 

appeared to be greatly reduced if the initial cell seeding density was lower than 150 

Fig. 4.8. Photograph of a microsponge obtained through scanning electron microscopy (SEM). Scale bar 

represents 500 µm. 
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cells/microsponge. In order to examine the morphology of adhered cells, the microsponges 

were stained with DAPI/Phalloidin (Figure 4.9B). 

 

 
Fig. 4.9. Representative fluorescence images of H9c2 cells seeded on microsponges after A) live/dead staining 

at 2,7 and 14 days of culture. B) DAPI/phalloidin staining at 14 days of culture. Cardiac myoblasts were seeded 

at initial densities of 50, 100 and 150 cells/microsponge. H9c2 cells were also seeded at a density of 50 

cells/microsponge on microsponges subjected to a pre-treatment with hPL. 

 

Evaluation of the cell morphology at lower cell seeding densities could not produce 

conclusive results, due to the reduced number of observable cells and the intense background 

fluorescence that results from the autofluorescence of PLMA. When the initial cell seeding 

density is 150 cells/microsponge, cells appear to maintain a rounded morphology, even 

though they continue to adhere to the microsponges. The presence of H9c2 cells on the 

microsponges was then evaluated through SEM (Figure 4.10), which also confirmed that 

cells maintain a rounded morphology and preferably form clusters on the surface of the 

microsponges. 
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Fig. 4.10. SEM images of cell-laden PLMA constructs. (A) Full view of a PLMA construct after 7 days of cell 

culture. (B) Close-up view of PLMA constructs seeded with H9c2 cells at an initial density of 150 

cells/microsponge after (B1) 2 days of cell culture; (B2) 14 days of cell culture. Scale bars represent 50 µm. 

Green arrows point toward small clusters of H9c2 cells. 

 

While cardiomyocytes occupy a majority of cardiac volume, non-myocytes largely 

outnumber cardiomyocytes42. As such, an appropriate model for cardiac tissue should 

consider the inclusion of other cell types. Endothelial cells comprise the predominant non-

myocyte cell line in the heart. Moreover, proper oxygenation of the assembled constructs 

will require the promotion of vascularization through angiogenesis, which will necessitate 

the migration and organization of endothelial cells. As such, in a preliminary assay, 

HUVECs were seeded onto microsponges in monoculture for 6 days, however, low cell 

attachment was observed (Figure 4.11).  

 

 
Fig. 4.11. Representative fluorescence microscopy images of microsponges seeded with HUVECs in 

monoculture (150 cells/microsponge). 

 

Additionally, HUVECs failed to promote the aggregation of PLMA microsponges into 

constructs. In an attempt to improve cell adhesion through heterotypic cell-cell interactions, 

HUVECs were co-cultured with H9c2 cells at a 4:1 ratio of H9c2 cells to HUVECs (Figure 

4.12). The cells were seeded at a total cell density of 150 cells/microsponge. 
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Fig. 4.12. Representative fluorescence images of a co-culture of H9c2 cells and HUVECs seeded onto PLMA 

microsponges at a 4:1 ratio after 2 and 14 days of culture. 

 

Similar to H9c2 monoculture, the co-culture of H9c2 cells and HUVECs resulted in 

observable cell attachment by day 2, and constructs resulting from the aggregation of the 

microsponges were present in the culture wells, however, by day 14 the number of attached 

cells had greatly diminished. Similar results were obtained in preliminary assays in which 

HUVECs were seeded in greater number than H9c2 cells (Figure S4.1).  

The results obtained in both monoculture and co-culture assays also appear to be confirmed 

by preliminary DNA quantification assays (Figure 4.13), which show that DNA 

concentration declines throughout the length of the experiments, except when H9c2 cells 

were seeded in monoculture at an initial cell density of 50 cells/microsponge, in which an 

increase in DNA concentration over time was observed. However, a single experiment was 

performed, and as such, further confirmation is required. Additionally, the DNA 

concentrations determined in these assays were low, and as such, cell proliferation assays 

should be repeated with a greater number of microsponges and cells in order to ensure the 

statistical validity of the results. 

In some experiments with H9c2 cells, at early stages of cell culture (day 2-3), contractions 

appeared to be observed in the assembled constructs. Although it has been previously 

reported that H9c2 cells do not beat44, it has also been stated that they are capable of 

experiencing contraction and relaxation46, which could explain this observation. This could 

indicate that PLMA microsponges may become a suitable platform for the development of 

cardiac models to study the effect of drug candidates on the beating rate of cardiac tissue. 

It was also observed that cells were not evenly distributed throughout the surface of the 

microsponges. Cells tended to aggregate closely on the edges of the constructs, resulting in 

areas with high cell density and other areas with little to no cells. As such, the formation of 

cell-cell contacts may be required to ensure long-term cell attachment to the constructs. 
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Fig. 4.13. Evaluation of cell proliferation by DNA quantification assays at 2, 7 and 14 days of culture. (A) 

H9c2 cell seeding on microsponges pre-coated with PL at a cell density of 50 cells/microsponge and on 

microsponges without any pre-treatment at cell densities of 50 and 100 cells/microsponge. A single experiment 

was performed. (B) H9c2 cell seeding on microsponges at a cell density of 150 cells/microsponge. Three 

independent experiments were performed. (C) Seeding a co-culture of H9c2 cells:HUVECs (4:1) onto 

microsponges. Three independent experiments were performed. 

 

Indeed, direct cell-cell contact has been reported to be essential to maintain cell viability, 

orientation and function in muscle tissue, as well as ensure mechanical and electrical 

coupling between cells47. As such, the depletion of H9c2 cells after 14 days of culture may 

be caused due to an insufficient quantity of cells attached to the microsponges to ensure cell-

cell interactions. As such, it may be relevant to compare the cell density employed in this 

work with the literature. For example, ESC-derived a-MHC+ cardiomyocytes have been 

previously seeded on CultiSpher-S, a commercially available protein-derived macroporous, 

by Akasha et al48. The cells were seeded at a density of 250 cells/microcarrier, much higher 

than the cell seeding densities we report here. Furthermore, the size of CultiSpher-S 

microcarriers ranges between 130 and 380 µm, which is below the average diameter of the 

PLMA microsponges used here (422 µm). This may indicate that the ratio of cell 

density/surface area is even greater than initially suggested. 

Moreover, it could be observed that throughout all cell experiments, cells had also adhered 

to the surfaces of the wells, even though the coverslips were uncoated and should only allow 

weak cell adhesion. The attachment of cells to the microsponges could thus be impaired by 

the competing attachment of cells to the surface of the wells. If necessary, this problem could 

be minimized by using ultra-low adhesion well-plates, a common procedure in previously 

reported studies of cell-laden microcarriers49–51. A more homogeneous distribution of cells 

throughout the microsponges could also be ensured by placing the coverslips on a microplate 
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stirrer. As such, in order to provide meaningful conclusions, further studies should be 

conducted to optimize cell culture conditions. Additionally, in future co-culture experiments, 

procedures that allow the visual differentiation between HUVECs and H9c2 cells should be 

included, such as the use of lipophilic dyes or immunocytochemistry assays. 

 

4.3.3.2. Seeding stem cells on PLMA microsponges 

Mesenchymal stem cells are frequently employed in TERM approaches due to their 

beneficial properties. These self-renewing and highly proliferative cells can differentiate into 

a wide variety of different cell lines, including osteocytes, adipocytes, chondrocytes, 

myocytes, fibroblasts and potentially even neural cells and cardiomyocytes52–55. 

Furthermore, these cells have also been shown to produce and secrete a diverse cocktail of 

pro-regenerative chemical signals that aid in tissue recovery56. MSCs can be obtained from 

different sources, including bone marrow, umbilical cord blood and adipose tissue57. Human 

adipose-derived stem cells (ASCs) are an easily accessible resource that can be obtained by 

a simple liposuction procedure, which offers little to no risk to the patients58. As such, 

microsponges seeded with ASCs could eventually provide an opportunity toward 

personalized tissue engineering therapies. To evaluate cell attachment on the microsponges, 

ASCs were seeded onto the surface of the microsponges at different cell densities (Figure 

4.14).  

 

 
Fig. 4.14. Representative fluorescence images of hASCs seeded on microsponges after live/dead staining at 2 

and 7 days of culture. hASCs were seeded at initial densities of 50, 100 and 150 cells/microsponge.  
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By day 2, cells had attached to the microsponges regardless of the initial cell density, and 

some of the microsponges had aggregated into constructs, similar to the results previously 

reported for H9c2 cells. By day 7, the cells remained attached to the microsponges, however, 

few cells were adhered to the PLMA-microsponge constructs. Instead, they preferably 

adhered to individual microsponges and smaller microsponge fragments. The presence of 

these fragments may indicate that the ASCs are degrading the microsponges, although this 

should be confirmed with additional studies. hPL contains a wide variety of proteins in its 

composition, and as such, the degradation of the microsponges could provide cells with 

nutrients and essential growth factors for cell proliferation. This could even allow the cells 

to grow in serum-free cell culture medium, which could be useful to achieve xeno-free cell 

culture systems. In future assays, ASCs could be seeded onto the surface of microsponges 

resuspended in serum-free media, in order to determine whether the components of PLMA 

are able to sustain cell proliferation even in the absence of additional supplementation. 

Additionally, protein quantification assays should be performed to evaluate the release 

profiles of the microsponges. 

On the other hand, if a certain application of the microsponges requires their integrity to be 

maintained, it may be possible to delay the degradation by producing microsponges with 

denser polymer networks, which can be accomplished by employing higher concentrations 

of PLMA, or by producing PLMA with a greater number of methacryloyl moieties. The 

PLMA used in this work, previously described as PLMA10027, possesses a low substitution 

degree of 14%. By increasing the ratio between methacrylic anhydride and hPL, PLMA with 

higher substitution rates will be obtained, permitting the preparation of sturdier hydrogels, 

with a greater number of crosslinks. 

 

4.4. Conclusions 

In this work, a procedure to encapsulate photopolymerizable human platelet lysate in 

alginate microcapsules through coaxial electrospray has been developed and optimized.  

It has been demonstrated that the morphology and dimensions of the microcapsules and their 

cores can be tailored toward different applications by adjusting the composition of the 

alginate solution and production parameters. We succeeded in crosslinking the PLMA core 

of the microcapsules and were able to employ these microcapsules in the preparation of 

porous PLMA microsponges.  
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The resulting microsponges were able to sustain the attachment of ASCs and H9c2 cells 

without any further functionalization of their surface. Cell-laden microsponge constructs 

were observed in the coverslips, a promising prospect in the application of PLMA 

microsponges in bottom-up assembly of cardiac microtissues. Further studies may be 

required to determine optimal cell seeding density, and evaluate long-term cell proliferation 

and viability on the surface of the constructs. 
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Supplementary Information 

Preparation of porous microsponges for the assembly of humanized cardiac microtissues by 

coaxial electrospray 
 

Table S4.1. Influence of applied voltage on the dimensions of the resulting core-shell microcapsules. Results 

have been shown as mean ± standard deviation. 

Applied 
Voltage (kV) 

Overall 
diameter 

(µm) 

Overall aspect 
ratio 

Core diameter 
(µm) 

Core aspect 
ratio 

Shell 
thickness 

(µm) 
10 989 ± 147 1.04 ± 0.03 517 ± 87 1.39 ± 0.40 236 ± 61 
11 819 ± 76 1.09 ± 0.05 402 ± 93 1.42 ± 0.28 209 ± 43 
12 894 ± 83 1.09 ± 0.07 447 ± 86 2.14 ± 0.89 223 ± 50 
13 771 ± 72 1.08 ± 0.10 407 ± 78 1.73 ± 0.52 182 ± 27 
14 638 ± 79 1.04 ± 0.02 351 ± 64 1.73 ± 0.34 144 ± 30 
15 613 ± 153 1.12 ± 0.13 330 ± 119 2.41 ± 0.94 141 ± 58 
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Table S4.2. Influence of tip-to-collector distance on the dimensions of the resulting core-shell microcapsules. 

Results have been shown as mean ± standard deviation. 

TTC distance 
(cm) 

Overall 
diameter 

(µm) 

Overall aspect 
ratio 

Core diameter 
(µm) 

Core aspect 
ratio 

Shell 
thickness 

(µm) 
5 819 ± 76 1.06 ± 0.06 402 ± 93 1.42 ± 0.28 209 ± 43 
6 828 ± 106 1.05 ± 0.05 463 ± 98 1.54 ± 0.54 182 ± 43 
7 838 ± 108 1.04 ± 0.03 478 ± 76 1.44 ± 0.33 180 ± 46 
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Table S4.3. Influence of the ratio between the flow rates of alginate and PLMA on the dimensions of the 

resulting core-shell microcapsules. Results have been shown as mean ± standard deviation. 

Alginate flow rate 
(mL/h):PLMA 

flow rate (mL/h) 

Overall 
diameter 

(µm) 

Overall aspect 
ratio 

Core 
diameter 

(µm) 

Core aspect 
ratio 

Shell 
thickness 

(µm) 
6:1 907 ± 121 1.05 ± 0.04 544 ± 88 1.83 ± 0.72 181 ± 41 

10:1 860 ± 90 1.09 ± 0.11 462± 60 1.57 ± 0.44 199 ± 44 
12:1 1043 ± 115 1.04 ± 0.03 518 ± 50 1.38 ± 0.40 263 ± 49 
15:1 819 ± 76 1.06 ± 0.06 402 ± 93 1.42 ± 0.28 209 ± 43 
20:1 943 ± 102 1.05 ± 0.04 419 ± 75 1.54 ± 0.41 262 ± 43 
30:1 946 ± 110 1.06 ± 0.03 414 ± 105 1.58 ± 0.55 266 ± 59 

7.5:0.5 790 ± 89 1.06 ± 0.05 384 ± 71 1.65 ± 0.47 203 ± 41 
30:2 1058 ± 120 1.05 ± 0.06 613 ± 123 1.25 ± 0.17 222 ± 58 
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Fig. S4.1. Representative fluorescence microscopy images of a co-culture assay. Microsponges were seeded 

with H9c2 cells (50 cells/microsponge) and HUVECs (150 cells/microsponge). 
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Chapter 5 – General Conclusions and Prospects 

5.1. Conclusions 

Faced with the high incidence, prevalence and mortality of myocardial infarction, the need 

for new therapeutic options becomes evident. Tissue engineering approaches have 

increasingly been used to restore cardiac function through the combination of cells, 

biomaterials and bioactive molecules to produce a diverse array of novel platforms.  

Core-shell microcapsules are a particularly versatile and highly-tunable platform that can be 

used to encapsulate cells and bioactive molecules to promote tissue regeneration. In 

myocardial tissue engineering, these platforms could potentially be used in large scale cell 

production and differentiation, in the delivery of cells, drugs and pro-angiogenic growth 

factors, in the development of cardiac models of disease and in the modulation of the 

inflammatory processes that occur after MI. 

In this work, coaxial electrospray was used to produce porous microcarriers derived from 

human platelet lysate, aiming for the development of a humanized scaffold for the bottom-

up assembly of cardiac microtissues. This procedure was thoroughly studied in order to 

produce microcapsules with defined characteristics, and it was optimized to produce 

microcarriers with specific properties. Here, core-shell microcapsules were not used as a 

finalized structure. Instead, PLMA was encapsulated within microcapsules, producing an 

intermediary structure that was used in the preparation of PLMA microsponges. It was 

demonstrated that these scaffolds could support the adhesion of cells, assemble into larger 

three dimensional structures and could even potentially promote the contraction and 

relaxation of seeded myocytes. 

 

5.2. Future work 

The potential applications of the microsponges we have developed have only begun to be 

explored. Cell proliferation studies should be repeated and possibly complemented with 

studies of cell viability, such as 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays, to examine the metabolic ability of cells. 

Additionally, higher cell seeding densities could also be studied, in order to evaluate the 

effect on long-term cell attachment and optimize cell culture conditions. Alternate 

production conditions, including coaxial electrospray parameters and freezing rates, could 

be used in order to alter the dimensions, morphology and porosity of the microsponges to 
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produce structures more favorable to cell attachment. The use of cells of human origin, such 

as cardiomyocytes derived from iPSCs, could also be attempted in order to produce a fully 

humanized platform for tissue engineering. Furthermore, the use of beating cardiomyocytes 

could be used to confirm and evaluate the possibility of using PLMA in the development of 

models of cardiac beating.  

The assembly of cell-laden shape-defined constructs for cardiac tissue engineering, the 

development of injectable approaches toward tissue recovery in vivo and the incorporation 

of microsponges within bioreactors as microcarriers for suspension cell culture are all 

possibilities for further exploration of the PLMA microsponges developed in this work. 

Additionally, it would also be possible to conceive of alternative applications for the PLMA 

core microcapsules, such as the encapsulation of cells or spheroids within the core of the 

microcapsules. Due to the photopolymerizable character of PLMA, it may be possible to 

modulate the stiffness and viscoelastic properties of the core microenvironment by adjusting 

exposure time and radiation intensity during UV irradiation, producing heart-in-a-capsule 

models of disease to test the influence of mechanical cues on cell behavior. 

 


