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Abstract 

Cell therapies (CT), together with the high throughput (HT) production of pre-vascularized 

spheroids, are likely to play a pivotal role in the next generation of healthcare, owing to their 

potential of providing novel treatments for currently unmet human diseases and injuries. Pre-

vascularized spheroids can be used alone, for bottom-up assembly of macrotissues, or in 

combination with three-dimensional (3D) scaffolds. Spheroids have been showing promise for 

regenerative medicine (RM), since they favor dynamic cell–cell and cell–matrix interactions, 

namely though the production of extracellular matrix (ECM) components and improved 

release of growth factors (GF) and cytokines, which may provide protection against the harsh 

in vivo environment, favoring cell survival and function upon implantation. 

Endothelial cell (EC) spheroids usually show poor integrity and viability, but this can be 

overcome by co-culturing these cells with stromal cells, which promote increased production 

of ECM and growth factor release. In such co-culture 3D environment, EC can form primitive 

tubular-like structures, representing a promising approach in tissue engineering (TE). Still, 

further applications of spheroids in CT depend on the ability to produce them in high 

amounts, in a short period of time, and/or having them promptly available to delivery. The 

latter approach would require cryopreservation, a technology that aims to storage biological 

tissues while maintaining its functional properties once retrieved. However, until now, only 

few protocols have been successfully established for cryopreserving tissue engineered 

constructs. 

In this context, the present study aimed at producing stromal-vascular cell spheroids in a HT 

manner and characterize them; and establishing a methodology for their cryopreservation. 

Experiments have been done under xeno-free (XF) conditions, which represent another 

important translation step. Outgrowth endothelial cells (OEC) were co-cultured with 

Mesenchymal stem cells (MSC) in a 1:1 ratio, and with neonatal human dermal fibroblasts 

(HDFn) in a 5:1 ratio, in agarose micromolds. HDFn-OEC spheroids were cultured for 7 days, 

and their morphology along with cell organization were evaluated. In HDFn-OEC spheroids 

OEC organized in two different ways; as a monolayer at spheroids surface, or as clusters at 

the core, which eventually sprouted into tubular-like structures overtime.  

Spheroids were cryopreserved 18 h after cell seeding, using two cryopreservation techniques: 

Slow Freezing and Vitrification. Different protocol variations were tested, and different 
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cryocarriers were used, namely cryovials, agarose molds and nylon mesh. Once retrieved, 

spheroids that underwent vitrification were exposed to a sucrose dilution solution while Slow 

freezing spheroids were just washed in fresh medium. 

MSC-OEC spheroids cryopreserved in cryovials and agarose molds exhibited low metabolic 

activity and sprout potential post-thawing. HDFn-OEC spheroids cryopreserved in agarose 

molds demonstrated capacity to sprout, with Slow freezing cryopreserved spheroids having an 

enhanced viability, as compared to vitrification. Moreover, cells were able to migrate out of 

the spheroids and proliferate. HDFn-OEC spheroids vitrified in nylon mesh did not show any 

sprouting potential. HDFn-OEC spheroids cryopreserved by Slow freezing exhibited enhanced 

sprout potential and production of ECM components (collagen type I). Furthermore, HDFn-OEC 

spheroids showed more viability from cryopreservation than MSC-OEC spheroids. 

This study demonstrated that vitrification approaches, as described in the literature, are not 

the best approach to spheroids cryopreservation. Nevertheless, this study provided new 

insights into the process, which will be important for future optimizations that should be 

attempted to achieve higher cryopreservation success rates. 
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Chapter 1 

Introduction 

1.1. General Introduction 

Tissue engineering aims to develop new strategies to overcome the limited efficiency of 

conventional treatments or organ transplantation. Several advances have been made in the 

fields of TE and RM, which generally make use of cells, scaffolding biomaterials and bioactive 

agents, alone or in combination (Annabi et al., 2017; Aurora et al., 2018; Syed-Picard et al., 

2018). CT is a RM approach which consists in the delivery of stem, progenitor, primary and/or 

genetic modified cells as a therapeutic strategy, namely to facilitate tissue 

repair/regeneration. Several studies have been done using CT. For instance, a randomized 

controlled trial has been performed in patients with critical limb ischemia, showing that 

autologous transplant of bone marrow-derived (BM-) mononuclear cells can safely and 

effectively induce neo-vascularization (Tateishi-Yuyama et al., 2002). BM-MSC delivered 

intravenously in animal ischemic stroke models increased expression of neurotrophic factors, 

reduced apoptosis and promoted neural progenitor cells proliferation (J. Chen, Li, et al., 

2003; Y. Li et al., 2002). The transplanted cells also contributed to angiogenesis by 

angiogenic GF secretion (J. Chen, Zhang, et al., 2003). However, the traditionally 

administration mode of CT, by single-cell delivery, usually shows a short-term effect, due to 

low cell survival and persistence at the target site, which consequently leads to low 

engraftment rates (Mohamadnejad et al., 2007; Peng et al., 2011). 

On the other hand, upon implantation, cell survival in large scaffold-based or scaffold-free 3D 

constructs depends on how quickly appropriate blood supply is established. In vivo, nutrients 

and oxygen diffused from capillaries, which distance from cells does not exceed 100-200 μm. 

The same is required in TE constructs (Jain et al., 2005), where these are provided to cells 

through medium supply under static or dynamic culture conditions. However, upon tissue 

constructs implantation, cell survival is impaired, especially in large 3D constructs of 

clinically relevant size, due to insufficient diffusion of oxygen and nutrients if neo-

vascularization is not rapidly established. In this context, pre-vascularized constructs have 

emerged as a potential therapeutic strategy in RM. This strategy consists on promoting 
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endothelial organization in to tubular-like structures within TE constructs, before their 

implantation (Laschke & Menger, 2016). The aim is to stimulate rapid inosculation of these 

vascular beds with the host vasculature, creating a new vascular network that will promote 

tissue survival and engraftment. 

 

Figure 1 - Single cell suspension versus pre-vascularized 3D constructs delivery. (A) In single cell 

delivery, cells are not able to organize and produce ECM leading to low engraftment rates, which in turn 

causes lack of neo-vascularization and ultimately cell death. (B) In pre-vascularized spheroids delivery, 

the pre-existent vascular like network will promote spheroids integration to the host vasculature, 

resulting in higher rates of cell survival upon implantation. 

 

1.2. Multicellular spheroids (MCS) 

In RM, spheroids have become very popular, as an alternative to single-cell administration, 

since they promote a dynamic 3D environment retaining cell-cell as well as, cell-matrix 

interactions (Laschke & Menger, 2017). Studies in pulp regeneration (Dissanayaka et al., 

2014), hepatic ischemia-reperfusion (Sun et al., 2018), heart failure (Noguchi et al., 2016) 

and bone tissue engineering (Heo et al., 2019) have reported the use of pre-vascularized 

spheroids. Furthermore, comparing to single-cell suspensions, spheroids are able to produce 

and accumulate endogenous ECM (J. M. Kelm et al., 2010), higher amounts of pro-angiogenic 

factors (J. M. Kelm et al., 2005) and have increased protection against hypoxia and oxidative 

stress (Zhao et al., 2016). All this, in the end, will contribute to improve microtissue 

engraftment. 

While along the past century, cells cultured in two-dimensions (2D) have been the gold 

standard for in vitro studies, they fall short in mimic the in vivo environment (Laschke & 

Menger, 2017). Therefore, 3D cell culture models, have been gathering increasing interest 

among the scientific community since they provide more representative spatial, biological, 

biochemical and biophysical conditions (Abbott & Kaplan, 2015; Pampaloni, 2007; Schmeichel 

& Bissell, 2003; Schwartz & Chen, 2013). Thus, the use of spheroids culture has also become a 

popular form of in vitro 3D culture. 
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1.2.1. Spheroids assembly and organization 

Whenever anchorage-dependent cells are seeded under non-adhesive culture conditions, they 

spontaneously self-aggregate into compact, microtissue structures (so called spheroids). The 

process of spheroid formation highly depends in cell-cell adhesion. One of the most accepted 

concepts is “The Differential Adhesion Hypothesis” (DAH). DAH claims that under certain 

conditions, monodispersed cells tend to minimize the surface free energy, by maximizing 

intercellular interactions, spontaneously aggregating into more stable spherical clusters (Foty 

& Steinberg, 2005). This self-aggregation occurs due to long-chain ECM fibers with multiple 

Arginin-Glycine-Aspartate (RGD) motifs that bind to integrins in cell membranes (Salmenpera 

et al., 2008). This cell-cell contact triggers of cadherin over expression, leading to cadherin 

accumulation in the membrane surface which causes cells to form compact microtissues (Cui 

et al., 2017; Duguay et al., 2003). In fact, it has been reported that, contrarily to cadherin 

expression in mouse fibroblasts, cells with inhibited cadherin expression failed to form 

compact spheroids, which demonstrates the key role of these cell adhesion molecules on 

spheroids assembly (Dittrich et al., 2018). 

 

Figure 2 - Spheroid formation process model. Spheroid formation can be divided into 

three stages: (1) formation of loose cell aggregates via integrin-ECM binding; (2) a delay period 

for cadherin expression and accumulation; (3) formation of compact spheroids through 

homophilic cadherin-cadherin interactions. Adapted from (Benien & Swami, 2014). 

In co-culture spheroids, cells organization takes place according to the expression levels of 

cadherin. If cells have the same cadherin expression levels, they tend to form randomly 

mixed spheroids (Duguay et al., 2003). On the other hand, if cells have different cadherin 

expression levels, following DAH, cells with increased cadherin expression will surround the 

other cell population, forming a concentric spheroid (Foty & Steinberg, 2004, 2005). Cells 

cytoskeleton also contributes in spheroids formation, providing cellular structural stability 

due to expansion of actin microfilaments (Tzanakakis et al., 2001). 
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Figure 3 - Mechanisms underlying spheroids formation. In spheroids, cells organize according to their 

cadherin expression. (A) Cells with higher cadherin expression tend to migrate towards the center of the 

spheroid as for cells with lower cadherin expression stay at the surface, forming a concentric layer. (B) 

When cells have similar cadherin expression, a randomly mixed spheroid is formed. 

Depending on their size, spheroids may display a three-zoned structure: 1) proliferating zone 

which contains cells active with intact nuclei and abundant microvilli; 2) quiescent zone, 

where cells with shrunk nuclei, sunken-in membranes and with minimal minimum metabolic 

activity; 3) necrotic zone, where cells have disintegrated nuclei and membranes and die due 

to lack of nutrients (Curcio et al., 2007). As previously mentioned, in an avascular tissue, 

nutrients and oxygen supply for cells in spheroids should be between 100-200 μm distance. 

Therefore, a spheroid with a size above 300 μm in diameter will have diffusion limitation, 

resulting also in metabolic waste accumulation in the inner layer of spheroids, and leading to 

development of a necrotic core (Mueller-Klieser, 1984). 
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Figure 4 - Spheroid characteristics. Combination of analytical images of spheroid median sections 

studied with different technologies: autoradiography, the tunnel assay, bioluminescence imaging, and 

probing with oxygen microelectrodes. Together these measurements enable the concentric arrangement 

of cell proliferation, viability and the microenvironment in large spheroids to be understood. Figure 

retrieved from Hirschhaeuser et al. (Hirschhaeuser et al., 2010). 

1.2.2. Spheroid production 

When producing spheroids, the main requisite is to prevent cells from attaching to the culture 

substrate, forcing their aggregation into multicellular clusters. Still, there are other 

requirements to take in account such as, high production efficiency, spheroid size uniformity, 

reproducibility, and suitability for the intended applications (R. Z. Lin & Chang, 2008). It is 

also important to avoid possible damage or deleterious influence on cellular physiology (R. Z. 

Lin & Chang, 2008). Multiple techniques have been used to generate multicellular 

microtissues. These are (1) pellet cultures (figure 5A) (Jahn et al., 2010); (2) cultivation in 

gyratory shakers, roller bottles and spinner flasks (figure 5B) (Brophy et al., 2009; Han et al., 

2006); (3) microgravity modulators (Figure 5C) (Becker & Souza, 2013; Grimm et al., 2014); 

(4) culture in non-adhesive hydrogels (Figure 5E) (Q. Li et al., 2011; Vantangoli et al., 2015); 

(5) hanging-drop cultures Figure 5F) (J. M. Kelm et al., 2006); (6) magnetic levitation (Figure 

5D) (Souza et al., 2010) and (7) droplet microfluidics (Figure 5G) (Chan et al., 2013). 
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Figure 5 – Different techniques for spheroids production. (A) Pellet cultures, (B) gyratory flasks, (C) 

microgravity modulators, (D) magnetic levitation, (E) non-adhesive culture hydrogels, (F) hanging-drop 

culture, (G) droplet microfluidics and (H) non-adhesive culture vessels: culture well coated with non-

adhesive film. 
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Table 1.1 – Comparison between common methodologies for spheroid production. Adapted from Lin et al (R. Z. Lin & Chang, 2008). 

Method Description Advantages Disadvantages References 

Pellet cultures 
Cell seeding in well plates, centrifugation tubes 
or Eppendorf tubes. Cells can form spheroids 
over time or by centrifugation. 

Simple to perform; 
Rapid aggregation of large number of 
cells. 

Shear force; 
Difficult to scale up. 

(Jahn et al., 2010; Qihao 
et al., 2007) 

Gyratory shakers, 
roller bottles and 

spinner flasks 

Cells are inoculated in the device. Spheroid 
diameter can be controlled by tuning cell-
seeding density, medium composition, spinning 
rate and culture time. 

Commercially available; Produces 
large amounts; Long-term culture; Co-
culture of different cell types; 
Dynamic control of culture conditions. 

Require specialized equipment; 
Produced spheroids are 
heterogeneous in size and shape; 
Strong shear 
force used may affect cell 
physiology. 

(Lazar et al., 1995; Nyberg 
et al., 2005; Song et al., 
2004) 

Microgravity 
modulators 

Rotating wall vessel (RWV) has a central silicone 
membrane that delivers oxygen via diffusion. 
The vessel is filled with culture media and so 
has no air–liquid interface. Since there are no 
internal moving parts, cells grow in a culture 
environment with low shear and low turbulence. 
Adherent cells are grown on microcarrier beads 
to provide a solid support – cells attach and 
cover the surface. With continued growth, cells 
eventually form 3D aggregate structures. As the 
RWV rotates, spheroids present in the fluid are 
in a state of free fall, but never reach the 
bottom of the vessel owing to the constant 
rotation of the RWV. 

Simple to perform; 
Massive production; 
Long-term culture; 
Dynamic control of culture conditions; 
Better cell differentiation; 
Co-culture of different cell types. 

Require specific equipment; 
Incompatible with real-time 
single-microtissues analysis. 

(Becker & Souza, 2013; 
Ingram et al., 1997; 
Khaoustov et al., 1999) 

Non-adhesive culture 
vessels 

Cells are seeded in non-adhesive plastics or 
vessels can be coated with thin agarose films or 
hydrophobic polymers. Also, non-adhesive 
micromolded hydrogels can be used: hydrogel 
solution is poured onto precision molds 
containing an array of the negative recesses. 
After gelation, the nonadhesive hydrogel is 
removed and placed on a standard culture dish. 

Inexpensive; 
Simple to perform 
Easy to scale up; 
Micromolds are autoclavable and 
reused; 
Well-controlled spheroid size – when 
using micromolded hydrogels; 
Designed aggregate geometry; Co-
culture of different cell types. 

 

When cultured in non-adhesive 
plastics or coated vessels, 
spheroids tend to have a broad 
size and shape distribution. 

(Hamilton et al., 2001; 
Landry J, 1985; Q. Li et 
al., 2011; Vantangoli et 
al., 2015; Yuhas et al., 
1977) 

Hanging-drop cultures Droplets of single cell suspension (10-30μL) are Inexpensive; Labor intensive; (J. M. Kelm et al., 2006; 
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pipetted onto a surface and then inverted 
upside down. Through gravity, cells concentrate 
at the bottom of the hanging drop, at the air-
liquid interface, forming a single spheroid per 
drop after 1-4 days, depending on the cell type. 

Simple; 
Well-controlled spheroid size; 
Fast spheroid formation; 
Co-culture of different cell types; 
Easy to trace spheroid assembly. 

Difficult to scale up. Jens M. Kelm & 
Fussenegger, 2004; J. M. 
Kelm et al., 2003; 
Wartenberg et al., 2001) 

Magnetic levitation 

Cells are treated with magnetic nanoparticle-
containing hydrogels. Cells are then seeded onto 
a non-adhesive multiwell plate with an external 
magnet, where they levitate and assemble near 
the air medium interface into a spheroid. 

Commercially available; 
Quick formation of spheroids (about 
12h); 
Possibility to shape spheroids to the 
desired configuration. 

Expensive. (Souza et al., 2010) 

Droplet microfluidics 

Cell suspension is injected into an aqueous 
channel, which turns into droplets upon contact 
with the oil phase. The water-in-oil droplets can 
be then cultured off-chip or stored in 
microchannel arrays. 

High-throughput technique; 
Easy to scale up; 
Precise control over spheroid 
dimensions. 

 

Inability to perform washing steps 
inside droplets. 

(Brouzes et al., 2009; Chan 
et al., 2013; McMillan et 
al., 2016; Rakszewska et 
al., 2014) 
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1.2.3. Endothelial Cells 

EC are the building blocks that give rise to newly formed vasculature. Apart from the 

structural role, EC also play a pivotal role in the vascularization process by paracrine and 

autocrine signaling by different molecules. These include, among others, von Willebrand 

factor (vWF), vascular endothelial (VE)-cadherin and platelet endothelial cell adhesion 

molecule-1 (PECAM-1 or CD31) (Fuchs et al., 2006a; Fuchs et al., 2006b; Medina et al., 2010; 

Muller et al., 2002), which are responsible to regulate cell behavior, sprouting, tubulogenesis, 

and ECM production (Giannotta et al., 2013; Meyer et al., 1991; Park et al., 2010; Privratsky 

& Newman, 2014). This milieu provides an adequate microenvironment for EC organization 

into capillary-like structures and subsequent formation of vascular-like networks. Taking this 

in consideration, spheroids that incorporate EC have been showing promise for tissue 

vascularization and have been widely used for assembly of pre-vascularized engineered 

tissues (Korff et al., 1998). 

Crosstalk between EC on vessel walls and the ECM, both interstitial matrix and basement 

membrane, is crucial for vascular development. Different ECM components, namely 

fibronectin and laminin, will engage specific integrins interactions, providing a physical 

anchor between the cell cytoskeleton and the ECM, which also triggering important signaling 

pathways.  

 

Figure 6 - EC-ECM interaction. Endothelial cells produce several GF such as vWF, VE-cadherin and 

PECAM-1, which will regulate cell behavior as well as ECM production. 

There are different EC sources, depending on their origin and developmental stage. 

Endothelial progenitor cells (EPC), were first described by Asahara et al, as being able to 

participate in neo-vascularization processes, namely when recruited from the bone marrow to 

sites of ischemia (Asahara et al., 1997). There are two main types of EPC, early EPC and late 

EPC, being the latter also called OEC (Lin et al., 2000Y. Lin et al. (2000); (Medina et al., 

2010). OEC can be isolated from different sources, namely from bone marrow (Shi et al., 

1998), umbilical cord blood (Asahara et al., 1997), adipose tissue (Lin et al., 2008) and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytoskeleton
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amniotic fluid (Zhang et al., 2009), presenting some advantages over mature EC for clinical 

applications. 

1.2.4. Stromal-vascular cell spheroids 

Over the past years, many strategies using EC from different origins have been used to 

promote spheroids pre-vascularization. Kelm et al., reported the use human umbilical vein 

endothelial Cells (HUVEC)-coated with human myofibroblast to create microtissues, which 

organized in a pre-vascular network. In 1998, Korff et al. demonstrated that EC multicellular 

spheroids prevented apoptosis and stabilized cells, when compared to 2D monocultures (Korff 

& Augustin, 1998). Moreover, Alajati et al. promoted  human vasculature development in 

mice, by using HUVEC-based spheroids in a Matrigel-fibrin matrix with GF, proving that EC 

could be successfully used to form durable microvascular capillary networks (Alajati et al., 

2008). In 2009, Laib et al. developed an endothelial transplantation assay, where EC 

spheroids cultured ex-vivo were transplanted into immunosuppressed mice that could 

potentially be used in several angiogenesis studies (Laib et al., 2009). More recently, Amann 

et al. produced a 3D angiogenesis model to study EC interactions with anti-angiogenic drugs 

using triple-cultures of these cells with non-small cell lung cancer cell lines and fibroblast 

(Amann et al., 2017).  

Different patterns of EC organizations within spheroids can be achieved, depending on the EC 

source, the cells that they are co-cultured with, their relative ratio, and other parameters 

such as spheroid size (J. M. Kelm et al., 2005; T. Korff, et al., 2001; Stahl et al., 2004). 

During vertebrate embryonic development, tissue morphogenesis depends on cell sorting 

(Foty & Steinberg, 2005). A similar process occurs in co-cultured spheroids. EC within 

spheroids are able to segregate and organize into tubular-like structures within the spheroid 

or accumulate at the core or at the periphery. For instance, a study showed that EC cultured 

with aortic fibroblasts or hepatocellular carcinoma cells aggregated into a concentric layer at 

the periphery of the spheroid. Whereas in another study, EC co-cultured with umbilical artery 

localized predominantly in the center of the spheroid. In addition, it was demonstrated that 

EC in the periphery could subsequently migrate into the inner part of the spheroids and 

assemble into tubular-like structures (J. M. Kelm et al., 2005).  

Stromal cells are involved in maintenance of tissue structure and homeostasis providing 

support for vascular cells, ECM production and GF secretion. MSC are a type of stromal cells 

characterized as an adhesive cell population present in the bone marrow and other tissues. 

They have been used in several studies due to their multilineage differentiation capacity, 

immunosuppressive properties and high expansion potential (Bianco et al., 2013). 

Importantly, MSC spheroids were described to display enhanced anti-inflammatory and 

angiogenic activities, augmented differentiation and stemness potential, improved survival 

and delayed replicative senescence (Bartosh, 2010; Chen et al., 2013), as compared to non-
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aggregated cells. However, low engraftment due to lack of vascularization, of these spheroids 

limit their therapeutic potential. Co-culture of MSC-EC spheroids combine the ability of EC to 

produce tubular-like structures, with the ECM production ability and paracrine activity of 

MSC, which promotes anchoring, survival and stabilization of EC. All together, these features 

have the potential to give rise to stable pre-vascularized microtissues. 

In fact, the crosstalk between MSC and EC has been extensively described by several studies. 

In 2008, Au et al. performed co-cultures of MSC and HUVEC, showing that MSC were able to 

differentiate into pericytes, stabilizing the newly formed vasculature for several months (Au 

et al., 2008). More recently, the same was observed using MSC and EPC (Loibl et al., 2014). 

Moreover, Guerrero et al. showed that a co-culture of human progenitor-derived EC and MSC 

in 3D macroporous scaffolds led to an increased mRNA expression of junctional proteins, 

promoting osteogenesis (Guerrero et al., 2013). Studies using MSC and EPC reported that MSC 

played a role in EPC differentiation towards an endothelial functional phenotype and 

formation of capillary-like structures (Duttenhoefer et al., 2013). Recently, a study using co-

culture spheroids of MSC and OEC in a XF culture setting demonstrated their angiogenic 

potential both in vitro and in vivo (Bauman et al., 2018). 

Fibroblasts are stromal cells and are the main producers of ECM in native connective tissue. 

They synthesize key ECM components, such as collagens, elastin, fibronectin and 

proteoglycans, as well as ECM-degrading enzymes such as matrix metalloproteinases, which 

play a role in ECM remodeling. They also engage in paracrine signaling by releasing different 

GF, such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)-2. 

Fibroblasts can be found in several locations within the body, since they are the main 

component of the stroma in different types of tissues. Human dermal fibroblasts (HDF) have 

been gaining interest in the vascularization field. HDF, like MSC, may serve as supportive cells 

for EC, namely through ECM deposition, allowing cell survival, maturation and stabilization, 

while at the same time regulating the vascularization process (Hurley et al., 2010).  

The implantation of HDFn using Matrigel plugs in mice showed that HDFn induced the 

ingrowth of blood vessels from the host vasculature (Guerreiro et al., 2012). Indeed, several 

in vitro studies have showed that fibroblasts support the assembly of EC into capillary-like 

structures and that the fibroblast-derived matrix is essential for lumen formation by EC 

(Berthod et al, 2006; Newman et al., 2011). Another study with fibroblasts and OEC have 

shown, in vivo, faster blood perfusion and anastomosis with the host vasculature (X. Chen et 

al., 2010). Moreover, Hendrickx et al. reported that dermal fibroblasts sheets with OEC 

accelerated wound healing by incorporating into newly formed blood vessels and promoting 

oxygenation (Hendrickx et al., 2010). 

 These results show that co-cultured spheroids of OEC and stromal cells should be further 

studied and eventually could become a potent therapeutic strategy for vascularization. 
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However, translating this type of therapies into clinical practice still represents a huge 

challenge, since its production is difficult, a laborious and time-consuming process, making it 

hard to have an “off-the-shelf” product, which would be the optimal ultimate goal. To 

overcome part of these challenges, one can resort to cell/tissue cryopreservation. 

Cryopreservation consists in using very low temperatures (usually from -135 to -196ºC) to 

preserve structurally and functionally biological material, such as living cells and tissues. 

Even though, cryopreservation being an old and widely used technique, there is not much 

done in the TE field. Nevertheless, there are some studies which used tissue 

cryopreservation, such as, hepatocyte spheroids cryopreservation (Magalhaes et al., 2008), 

alginate-fibrin beads with MSC (Bhakta et al., 2009), stem cell-laden core-shell microfibers 

(Tian et al., 2019) and even articular cartilage (David E. Pegg et al., 2006). 
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1.3. Cryopreservation 

Cryopreservation is the preservation of biological material for certain periods of times at sub-

zero temperatures. It involves the use of cryoprotectant additives (CPA) (Meryman, 1971), 

which will prevent ice crystals formation and consequently damage of cells/tissue (Argyle et 

al., 2016). Firsts reports of cell cryopreservation appeared around 1950s, when Polge 

successfully cryopreserved cock spermatogoa (Polge et al., 1949). Later, embryos were also 

cryopreserved (Trounson & Mohr, 1983), followed by oocytes cryopreservation, giving rise to 

successful pregnancies (C. Chen, 1986; van Uem et al., 1987). 

There are two different techniques for performing cryopreservation: controlled slow freezing 

and rapid cooling by vitrification. The main difference between both is that slow freezing 

results in a liquid changing to a solid state, forming ice crystals, where vitrification results in 

a non-crystalline amorphous solid (Argyle et al., 2016). 

1.3.1. Cryoprotectant additives (CPA) 

Almost all cells and tissues are made of approximately 80% water. When cooled to below zero 

temperatures, water leads to the formation of ice crystals. This represented the first 

challenge in cryopreservation, because this ice formation leads to loss of cells/ECM integrity 

and functionality. The firsts reports of the use of CPA goes back to 1949 when Polge and co-

workers showed that adding 10-20% of glycerol to cock spermatozoa enabled cell survival 

after prolonged freezing at -80ºC (Polge et al., 1949). Later, Lovelock and Bishop discovered 

that dimethyl sulfoxide (DMSO) protected cells against ice injury (Lovelock & Bishop, 1959). 

CPA are usually classified according to their cell membrane penetrating rate: those with a 

sufficiently low molecular mass are able to quickly penetrate through cell membrane, being 

designated as permeating CPA (pCPA). Those who have higher molecular weights and are 

slower in crossing membranes are non-permeating CPA (npCPA) (Fahy & Wowk, 2015; Karow, 

1969). pCPA include methanol, ethanol, DMSO, ethylene glycol (EG), 1,2-propanediol (PD) and 

propylene glycol, among others. The npCPA are usually sugars (glucose, sucrose and 

dextrose); polymers (dextran, polyethylene glycol (PEG) and ficoll) or proteins (albumin, 

gelatin and others). Due to its molecular weight, glycerol is in the threshold of both types of 

CPA, however it is usually considered a pCPA (Karow, 1969). 

Each CPA has its own properties and can have different behavior when mixed with other CPA. 

Several studies have showed that mixing different CPA, especially, mixing pCPA and npCPA 

can lead to higher cryoprotective activity (Kasai et al., 1992; L. L. Kuleshova et al., 1999; 

Kuleshova et al., 2001; Mukaida et al., 1998). Generally, pCPA cause osmotic dehydration by 

entering the cell and forcing water to come out to maintain its normal volume (D. E. Pegg, 

1984). However, this efflux of water happens at a faster rate than the influx of pCPA, 

resulting in an initial cell osmotic stress and shrinkage until equilibrium volume is reached. 
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npCPA do not enter cell membrane but cause cellular dehydration by increasing the 

osmolality of the cryopreservation solution (Sieme et al., 2016). 

 

Figure 7 – CPA action on cells. (A) Permeating CPA influx at first is lower than water outflux. (B) Non 

permeating CPA increase osmolality of the outside solution forcing water to come out of the cell. 

Even though CPA are used to increase post-cryopreservation cell viability, there are still 

adverse effects associated. CPA, unlike most traditional drugs, which are delivered in low 

concentrations with a specific target, are delivered in higher concentrations with multiple 

actions, with both active and passive targeting. This is predominantly seen when using pCPA, 

as they are associated with higher toxicity. pCPA penetrate cell membrane and can interfere 

with several biological and enzymatic processes (Elliott et al., 2017). Concentrations of pCPA 

used in the process will tend to accumulate in intracellular components. When warming or 

thawing, cells will have a major uptake of water, which can destroy homeostatic mechanisms, 

such as membrane barrier characteristics (Meryman & Hornblower, 1972; Sloviter, 1951; 

Whittingham et al., 1972). Therefore, it is important to choose wisely the solution in which 

cells will be thawed. The use of osmotic buffers, usually sugars, in the initial cryopreservation 

solution will attenuate the water influx during CPA exposure. For example, sucrose was used 

for hepatocyte spheroids cryopreservation (Magalhaes et al., 2008), while other studies also 

reported the use of sucrose (Bhakta et al., 2009; Pope et al., 1986; Quinn & Kerin, 1986). 

1.3.2. Slow freezing 

Slow freezing involves exposing tissue or cells to sub-zero temperatures in a controlled rate, 

with the use of low concentration CPA. Generally, slow freezing starts with cooling the 

sample, in the presence of CPA, to temperatures between – 5°C and -7°C for several minutes 

to reach equilibration. Then to initiate extracellular freezing, sample is cooled in a 

programmable freezing device until between - 30°C and - 65°C in a slow rate of 0.3-0.5 

°C/min. Finally, samples are stored in liquid nitrogen (LN) (Saragusty & Arav, 2011). The use 

of a freezing solution at very slow cooling rate ensures that freezing will take place only 

outside cells, resulting in an efflux of active water from cells, and their gradual dehydration, 
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until they reach the temperature at which the intracellular matrix vitrifies (Mazur, 1963; 

Saragusty & Arav, 2011). 

This technique is very well established, and several studies demonstrate its efficacy (Boldt et 

al., 2003; Borini et al., 2004; Porcu et al., 1997; Tucker et al., 1998; Winslow et al., 2001). 

However, the need to use a controlled rate freezer makes it not practical and expensive. 

Also, the major challenge of this technique is to prevent ice formation during 

cryopreservation in order to maintain tissue integrity and prevent toxic concentration of 

solutes, while preserving organelles functionality and overall tissue viability (Konc et al., 

2014).     

Uncontrolled freezing [cooling in two subsequent steps in common freezers (- 20°C and - 80 

°C)] is a variation of slow freezing and it was firstly described in 1987 (Stiff et al., 1987). This 

technique is cheaper and simpler, since no specific equipment is required. However, it is 

viewed as more detrimental for biological samples, especially if sensitive cells are being used. 

Nevertheless, several studies have used uncontrolled freezing with good results (Choi et al., 

2001; Feremans et al., 1996; Galmes et al., 2007; Makino et al., 1991; Rosenfeld et al., 

1994). 

1.3.3. Vitrification 

Vitrification is defined as glass-like solidification and/or complete avoidance of ice crystal 

formation during cooling and warming (Kuleshova et al., 2007). The first successful report of 

vitrification was described in 1984 (Fahy et al., 1984) and later demonstrated in mouse 

embryos by Rall and Fahy in 1985 (Rall & Fahy, 1985). Since that, several studies have been 

made to further optimize vitrification protocols. 

There are a few factors that should be considered in vitrification: 1) cooling and warming 

rate, 2) sample viscosity and 3) volume (Yavin & Arav, 2007). Cooling rate is one of factors 

that distinguish vitrification from slow freezing. The Arav equation (1.1) (Yavin & Arav, 2007) 

demonstrates that increasing cooling, warming rates, sample viscosity and decreasing volume 

of the sample, increases, independently, the probability of vitrification. 

 
Probability of Vitrification =

Cooling and warming rate × Viscosity 

Volume
 

(1.1) 

 

1) In vitrification, cooling rates are rapid and usually achieved with LN. However, the cooling 

rate of the sample does not entirely depend on LN, but also on the sample volume, size and 

composition. Samples can be frozen in LN (-196 ºC), in LN vapor phase (-180 to -140 ºC) or in 

LN slush (-210 ºC). LN slush is formed by VitMaster (A. Arav et al., 2000), a device that 

reduces LN temperature by applying negative pressure. It has been suggested that using LN 
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slush to decrease significantly cooling rate, as well as low volume samples (below 1 μL) would 

reduce the probability of chilling injury and ice formation, without the need to use high 

concentrations of CPA (A. Arav et al., 2002). Several studies have shown that cooling in LN 

slush leads to higher post-thawing survival rates (up to 37%) (Beebe et al., 2005; Cai et al., 

2005; Cuello et al., 2004; V. Isachenko et al., 2001; Lee et al., 2007; Papis et al., 2009; 

Santos et al., 2006; Seki & Mazur, 2009). However, this system requires specialized 

equipment, making it less practical to use. 

2) Sample viscosity depends on the CPA type and concentration as well as other additives 

used in the vitrification solutions. As CPA concentration increases, so does viscosity of the 

solution: the higher the CPA concentration, the higher the glass transition temperature (Tg) 

(Saragusty & Arav, 2011). Each CPA has its own Tg, penetrating rate and toxicity. Mixing 

different CPA will affect the solution behavior, and consequently its viscosity. As Tg 

increases, solution toxicity tends to decrease, however, is important to keep CPA 

concentration to a minimum, since it could have toxic and hypertonic effects on cells (Yavin 

& Arav, 2007). 

3) Sample volume is one of the biggest struggles when using TE constructs. It is known that 

the lower the volume, the less amount of liquid that needs to be vitrified, increasing the 

probability of an efficient vitrification (A. Arav et al., 2002; Yavin & Arav, 2007). This is one 

of the reasons why embryo/single cells vitrification has become so successful whereas tissue 

cryopreservation remains challenging. Since, cells and tissues are made of approximately 80% 

water, the bigger the biological sample, the higher water content and increased probability 

to form cryoinjury. 

There are several methods used in vitrification (table 1.2) and they are mainly divided in two 

categories: Open Vitrification (or Surface techniques) and Closed Vitrification (or Tubing 

techniques). 

1.3.3.1. Open vs. Closed Vitrification 

In Open Vitrification samples are in direct contact with low volumes of LN placed inside 

capillary devices (Argyle et al., 2016; Saragusty & Arav, 2011). This technique allows a high 

cooling rate and an equally high warming rate, since it is an open system. However, there is 

the risk of cross-contamination between the sample and LN (Argyle et al., 2016). To 

overcome this, the use of vapour phase LN has increased, since it contains a lower density of 

environmental airborne contaminants and avoids direct contact between sample and LN (Cobo 

et al., 2010). In closed vitrification, samples are in indirect contact with LN. This type of 

vitrification can also achieve high cooling rates and has the advantage of being a closed 

system, which means there is less probability of contamination (Criado et al., 2011; Vajta et 

al., 2015). As shown in table 1.2, there are several techniques to perform both open and 
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closed vitrification, however, some of them are more used due to their higher success rates 

and/or process simplicity. 
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Table 1.2 – Different types of open and closed vitrification techniques. 

Open Vitrification Technique Reference Closed Vitrification Technique Reference 

EM grid (Martino et al., 1996; Steponkus et al., 1990) Plastic straw (Rall & Fahy, 1985) 

Minimum drop size (MDS) (A. Arav & Zeron, 1997) Closed pulled straw (CPS) (S. U. Chen et al., 2001) 

Cryotop (Hamawaki et al., 1999; M. Kuwayama et al., 2005) Flexipet-denuding pipette (Liebermann et al., 2002) 

Cryoloop (M. Lane et al., 1999; Michelle Lane et al., 1999) Open pulled straw (OPS) (Vajta et al., 1998) 

Hemi-straw (Vanderzwalmen et al., 2000) Superfine OPS (Vladimir Isachenko et al., 2003) 

Solid surface (Dinnye ́s et al., 2000) Cryotip (Masashige Kuwayama et al., 2005) 

Cryoleaf (Chian et al., 2005) Pipette tip (Leno et al., 2008) 

Direct cover vitrification (M.-Y. Wu et al., 2006) High security vitrification device (Camus et al., 2006) 

Fiber plug (Muthukumar et al., 2008) Sealed pulled straw (Amir Arav et al., 2009) 

Vitrification spatula (Tsang & Chow, 2009) Rapid-i (G Larman et al., 2006) 

Cryo-E (Petyim et al., 2009)   

Plastic blade (Sugiyama et al., 2010)   

Vitri-Inga (Paixao et al., 2010)   

Nylon mesh (Matsumoto et al., 2001)   
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Cryotop® 

The Cryotop® method is a modification of the minimum volume cooling (MVC) from Hamawaki 

et al (Hamawaki et al., 1999). In this method, samples are equilibrated and washed in 

vitrification solutions, and then placed in a reduced volume, one by one on top of a fine 

polypropylene strip attached to a hard-plastic handle. The device is then immediately 

vertically submerged in LN and the strip is covered with a hard-plastic cover to further 

protect samples during LN storage. For thawing, the hard-plastic is removed when samples 

are still inside the LN and then the fine polyproline strip is placed in a sucrose solution at 

37ºC (M. Kuwayama et al., 2005). Even though it is originally an open vitrification device from 

Kitazato Supply Co, the company has developed a modified version of the original product - 

Cryotop® - SC – Closed System. In this product, the device is sealed within a straw, avoiding 

direct contact of the samples with LN (Kitazato). 

McGill CryoleafTM 

McGill CryoleafTM was developed at McGill University and is commercially available. McGill 

CryoleafTM is composed by two segments: an outer cover and the CryoleafTM. This device is 

used according to the manufacturer’s specifications: first the outer layer is removed and 

plunged in liquid nitrogen, to allow air bubbles to come out. Then, cells are placed in the 

McGill CryoleafTM with the minimum volume possible and are inserted directly into LN. While 

still in LN, the protective layer is slide down to cover cells and finally, the outer cover is 

inserted onto the device. For thawing, while still inside the LN container, the outer cover is 

removed, the protective layer is slide up and the McGill CryoleafTM is transferred immediately 

to the warming medium (Origio). 

CryoloopTM 

In the CryoloopTM method a small nylon loop is attached to a holder and equipped with a 

container. First, the nylon loop is immersed in the vitrification solution, cells are transferred 

into the loop with the help of a dissecting microscope, after being rinsed several times in 

vitrification solution. The cap is then inserted and is plunged in LN (Mukaida et al., 2003). 

Cryotip® 

CryoTip® device consists of a plastic straw with a thin part connected to a thick part, 

equipped with a moving protective metal sleeve (Masashige Kuwayama et al., 2005). In this 

method, cells are loaded in approximately 1 μL volume solution onto the thin part. The straw 

is then sealed at both ends and the protective metal sleeve are placed on top the thin part. 

Finally, the straw is plunged into LN. Being Cryotip® a closed system, it avoids potential cross-

contamination during cryopreservation process and storage in LN. 
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Rapid-iTM 

Rapid-iTM is a closed vitrification device composed by a plastic stick with a capillary sized 

hole. After cells being transferred between vitrification solutions, the outer straw is placed in 

LN and the stainless-steel rod removed. Rapid-iTM device is put under a microscope, and cells 

are loaded into the tiny hole. Rapid-iTM is vertically placed into the pre-cooled outer straw, 

the top of the outer straw is sealed and finally, Rapid-iTM is moved into LN (Desai et al., 2013). 

1.3.4. Liquidus-Tracking 

Liquidus-tracking (LT) (David E. Pegg et al., 2006) is a recent vitrification technique, which is 

based in the liquidus tracking curve of CPA concentration. The goal is to vitrify samples by 

avoiding crystallization of ice without having to introduce high concentrations of CPA at 

temperatures above zero. As CPA concentration increases, sample temperature decreases, 

thus achieving high enough CPA concentration to avoid ice nucleation. This technique was 

performed on ovine articular cartilage (David E. Pegg et al., 2006). 

Liquidus-Tracking appears as an alternative to the minimum volume devices. As previously 

mentioned, the probability of vitrification increases when sample volume decreases. Taking 

this into consideration, almost every device described so far uses the minimum volume 

possible as a pre-requisite. However, this becomes highly limiting when it comes to tissue 

vitrification. Most tissues have complex composition (cells, ECM) and large size, which often 

leads to inefficient cryopreservation.  

Each CPA solution has an associated liquidus-curve, which defines the equilibrium melting 

point temperature – the higher sub-zero temperature in which, ice crystals and liquid can co-

exist (Puschmann et al., 2014). By adding gradually CPA into the solution and cooling it above 

its freezing point, solution toxicity is reduced. With this method there is no need to perform 

rapid cooling, which is desirable when vitrifying larger volumes. Even though the process 

seems simple, it greatly relies on the use of programmable freezers, which are not a standard 

equipment in a common laboratory (Puschmann et al., 2014; Puschmann et al., 2017). 

Nevertheless, some studies have been performed in alginate-encapsulated liver cells (AELC) 

(Puschmann et al., 2017), human cartilage allografts (Kay et al., 2015) and articular cartilage 

(Yu et al., 2013). 

1.3.5. Cryopreservation of multicellular spheroids 

The clinical application potential of CT and TE constructs would greatly benefit from having 

readily available, i.e. “off-the-shelf”, cell-based products. Cryopreservation is an essential 

tool towards this end. As already mentioned, while cell cryopreservation may be already 

difficult, tissue or organ cryopreservation is even more challenging. Tissues usually have in 
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their composition several important components other than cells, that could have a profound 

impact in the cryopreservation process. As mentioned above, there is a possibility of 

cryoinjury within intracellular components, additionally ice formation outside cells can occur. 

These two events can affect more dramatically the viability of multicellular tissues than 

single cells. It is important to maintain cell-cell interactions and cell-matrix interactions to 

preserve tissue integrity and functionality, which could be disrupted by mechanical or 

chemical injury during the process (Hunt, 1984; D. E. Pegg, 2010; Pollock et al., 1986; Rall, 

1987; M. J. Taylor & Pegg, 1983). 

In the cryopreservation of multicellular aggregates or tissues, vitrification is usually 

recommended. Like cells, in spheroids pCPA will replace intracellular water together with 

npCPA for further dehydration. Moreover, the thawing process should be quick in order to 

avoid ice crystals formation (Kuleshova et al., 2007). In spheroids, and especially in pre-

vascularized spheroids, maintaining endothelial organization and viability are the two main 

priorities, so avoiding ice formation during cryopreservation is imperative (D. E. Pegg, 2015). 

CPA choice is also a key factor: it is essential to have a vitrification solution both stable and 

non-toxic to the tissue. Therefore, type of CPA, its concentration and the exposure time are 

three important factors that should be studied and considered when vitrifying spheroids. It 

was reported that EG-based solutions are less toxic to cells, when compared with DMSO, 

having a three-fold higher cell viability (Valdez et al., 1992). Also, the addition of npCPA such 

as ficoll and sucrose have showed higher survival rates. Recently, vitrification solutions made 

of pCPA and npCPA have shown high success in vitrifying. A baby was born from a previous 

vitrified oocyte using a vitrification solution of 40% EG and 0,6 M sucrose (L. Kuleshova et al., 

1999). Since then, several works were done using this solution as a carrier solution (Bhakta et 

al., 2009; Gouk et al., 2006; Magalhaes et al., 2008; Tan et al., 2007; Y. Wu et al., 2007). 

One of these works was performed on hepatocyte spheroids (Magalhaes et al., 2008),  where 

spheroids were exposed to three different vitrification solutions, with increased EG 

concentration and a final solution of EG and sucrose, resulting  in the maintenance of 

spheroids viability and integrity . 

Recently, Tian et al. performed vitrification on stem cell-laden core-shell microfibers using 

very low CPA concentration. Tian used several different CPA solutions containing EG, PD, 

trehalose and dextran and exposed microfibers for 15 minutes at 4ºC. Tian also studied the 

importance of the cryocarrier, with two different groups: cryovial and nylon mesh. In the 

nylon mesh group survival rates were up to 85%-89%, which was more than 7 times higher than 

in the cryovial group. This study suggests that not only CPA concentration and time of 

exposure is important, but also, and perhaps more critical, the device used for 

cryopreservation (Tian et al., 2019). 
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1.4. Main Goals 

Pre-vascularized spheroids show promise as a cell therapy strategy, as promoting neo-

vascularization is a major priority in the tissue engineering and regenerative medicine fields 

However, in order to more easily translate these therapies into the market and the clinics, 

successful cryopreservation strategies are essential tools. Furthermore, in this type of 

applications, the use of growth media supplemented with animal origin components, such as 

foetal bovine serum, may compromise the post-implantation safety of patients. In that 

context, the main goals of this study were the generation, expansion and cryopreservation of 

vascular-stromal pre-vascularized spheroids, in a high-throughput manner and under XF 

conditions. For that, two main tasks were developed:  

Task 1 - Production and characterization of vascular-stromal spheroids, with dermal 

fibroblasts as the stromal component, under XF conditions; 

Task 2 - Cryopreservation of co-cultured spheroids by optimization of different 

cryopreservation protocols: Slow Freezing, Vitrification and Liquidus-Tracking. 
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Chapter 2 

Materials and Methods 

2.1. Cell Culture 

Human Bone Marrow Mesenchymal Stem Cells (hMSC) (PT-2501, Lonza) were were used 

between passages 4 and 8, cultured in Dulbecco’s Modified Eagle Medium (α-MEM, Gibco) 

supplemented with 10% FBS (Gibco) and 1% v/v penicillin/streptomycin (P/S) (GIBCO). 

HDFn, were used between passages 4 and 8, cultured in DMEM (Thermo Fisher Scientific) 

supplemented with 10% FBS (GIBCO) and 1% P/S.  

OEC were isolated from human umbilical cord blood of healthy donors, according to protocols 

approved by the UC Davis Stem Cell Research Oversight Committee, as reported previously 

(Williams et al., 2015) and were a kind gift from Eduardo Silva (UC Davis UCB). All blood 

donors were kept anonymous, so the need for written consent was waived. Cells between 

passages 4 and 8 were used for experiments. OEC’s expand medium was prepared as already 

reported by us (Bauman et al., 2018). Briefly, MCDB131 basal medium (Standard) was 

supplemented with 5% FBS (Biowest), 1% of Pen/Strep, 2 mM L-glutamine (Biowest), 1 µg/ml 

ascorbic acid, 0.2 µg/ml hydrocortisone and the following GF (2ng/ml VEGF, 20ng/ml IGF-1R, 

10ng/ml FGF and 5ng/ml EGF). A similar formulation was prepared with the base of a serum-

free cocktail (SFC) and a 10ng/ml VEGF concentration. The XF Supplement for cell culture 

(SCC) was prepared by reconstitution of the freeze-dried product in MCDB131, followed by 

filtration (0.2 μm). All supplements were reconstituted in 0.1% human serum albumin solution 

in phosphate buffered saline (PBS, pH 7.4). 

Cells were routinely cultured in T75 flasks at 37 °C under a 5% v/v CO2 humidified atmosphere 

and passaged upon reaching 70-80% and 80-90% confluence for OEC and HDFn/MSC, 

respectively. Culture medium was changed every 2 days for OEC and 4 days for HDFn and 

MSC. 
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2.2. Co-culture spheroids generation 

2.2.1. Agarose micromolds preparation 

Agarose microwells were prepared by using commercially available micromolds (MicroTissues, 

Inc). Agarose (SeaKem® LE Agarose, Lonza) was sterilized (autoclave, 30 min at 140°C in dry 

cycle) and dissolved in 0.9% w/v NaCl at a final concentration of 2% w/v under microwave 

heating. The molten agarose was filtered (0.2 µm, filtropur S0.2, Sarstedt) and 500 µL of 

agarose solution were poured into each mold (Figure 8B). When cooled down, the casted 

microwell arrays were carefully transferred to a 12-well cell culture plate (353043, Falcon®) 

(Figure 8C) and equilibrated with 1,5 mL of Standard or XF medium overnight (ON). 

2.2.2. Cell seeding 

MSC-OEC (1:1 ratio) spheroids were prepared with a total number of 4000 cells per spheroid 

and HDFn-OEC (5:1 ratio) spheroids with 12000 cells per spheroid. After expansion, cells were 

counted using a Neubauer chamber, centrifuged at 1200 rpm for 5 min and resuspended at 

the desired concentration. Culture medium was removed from the agarose molds and 200 µL 

of cell suspension was loaded (Figure 8D). After 30 min at room temperature (RT), 2 mL of 

Standard or XF medium were added to the outside of the agarose molds and incubated at 

37°C. Medium was changed every 2 days and spheroids were collected at days 1,2,4 and 7, 

depending on the experimental setup. 

 

Figure 8 - Agarose mold preparation and cell seeding illustration. 2% Agarose was loaded in the mold. 

After gelling, agarose mold comes out and the next day, cells were seeded on top of the agarose mold. 

Image removed from MicroTissues, Inc. 
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2.3. HDFn-OEC spheroids characterization 

2.3.1. Metabolic activity 

For assessing spheroids metabolic activity, a resazurin assay was performed. Spheroids were 

collected from molds on days 1, 4 and 7 and moved to a 96-well plate. 300 μL of resazurin 

was diluted in fresh Standard or XF medium to a work dilution of 20% (v/v). Resazurin was 

added into each well and incubated for 2h at 37ºC. Supernatant was transferred to a 96-well 

black plate and fluorescence was measured in a microplate reader (Synergy Mx, BioTek) at 

530nm/590nm (EX/EM) wavelengths. Replicates were normalized to the number of spheroids 

per well. 

2.3.2. Spheroids processing 

For immunohistochemical characterization, spheroids were fixed within the agarose molds 

using 4% (w/v) paraformaldehyde (PFA) for 1h at RT and washed with PBS. 200 µL of molten 

HistoGelTM (HG-4000-012, ThermoFisher) were carefully added on top of the agarose mold to 

prevent spheroid loss. After gelling, arrays were placed inside histological cassettes, 

immersed in PBS and processed using an automatic rotational tissue processor (STP-120-1, 

MICROTOM). Molds were then paraffin-embedded in an ЕС-350 embedding center. Paraffin 

blocks were cut in a Leica RM2255 microtome into 5 µm sections for immunohistochemical 

analysis. Paraffin embedded sections were mounted on Normafrost - coated glass slides 

(VWR), dried overnight at 37ºC and then kept at RT until use. 

2.3.2.1 - Immunohistochemistry  

Paraffin-embedded sections were deparaffinized in xylene 3X for 5 min and rehydrated in 

100%, 96%, 70% and 50% EtOH dilutions series for 5 min each and finally washed in distilled 

water for 5 min. For antigen retrieval, spheroid sections were incubated in a steam cook for 

30 min in 10 mM sodium citrate buffer, pH=6 or 10 mM Tris-1 mM EDTA buffer, pH=9. Samples 

were then kept in the antigen retrieval solutions for 20 min at RT and washed 3X in PBS for 5 

min each. Samples were permeabilized in PBS 0.25% v/v TritonTM X-100 (X100, SIGMA) for 10 

min under agitation followed by blocking in PBS supplemented with 10% v/v FBS for 1h at RT. 

Primary antibody dilutions were prepared in PBS supplemented with 5% v/v FBS ON at 4ºC 

(table 2.4). Sections were then washed 3X in PBS for 5 min each, secondary antibody (table 

2.5) was also prepared in PBS supplemented with 5% v/v FBS and incubated for 1h at RT. 

Finally, slides were washed 3X in PBS for 5 min each and mounted using mounting medium 

with DAPI. Z-series optical sections were collected using a Zeiss AxioImager Z1 (Carl Zeiss, 

Germany) equipped with an AxioCam MR ver.3.0. 
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2.4. Spheroids cryopreservation 

2.4.1. Preparation of cryopreservation solutions with Standard and XF medium 

Cryopreservation solutions were prepared in both Standard and XF medium:  

 

Table 2.1 – Cryopreservation conditions tested and respective cryopreservation solutions. 

Condition Solution 

Slow-Freezing Slow Freezing solution (SFS): 10% v/v DMSO (D2650, Sigma) 

Vitrification 

Equilibrium solution 1 (ES1): 10% v/v EG (324558, Sigma) 

Equilibrium solution 2 (ES2): 25% v/v EG 

Vitrification solution (VS): 40% v/v EG + 0,6 M sucrose 

(27483.294, VWR) 

Liquidus-Tracking 

20% v/v DMSO 

30% v/v DMSO 

40% (v/v) DMSO + 10% w/v glucose (G-7528, Sigma) 

50% (v/v) DMSO + 10% w/v glucose 

60% (v/v) DMSO + 10% w/v glucose 

70% (v/v) DMSO + 10% w/v glucose 

 

All solutions containing sucrose or glucose were filtered (0.2 µm, filtropur S0.2, Sarstedt). 

Table 2.2 – Seven different conditions were tested in both Standard and XF medium. 

 

Standard XF 

Control 

Vitrification 

Vitrification – Slow Freezing 

Slow-Freezing 

Vitrification CPA Cytotoxicity control 

Liquidus Tracking 

LT CPA Cytotoxicity control 
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2.4.2. Protocol Optimizations 

2.4.2.1. Agarose molds ability to maintain integrity  

Agarose molds were prepared as previously mentioned and cryopreservation solutions were 

prepared in basal MCDB131 medium. Increased concentrations of 5 mL of EG solutions (two 

wells per solution were used) were added to a 6-well plate (353046, Falcon®). First, two 

agarose molds were placed inside the wells containing the 10% v/v EG solution (one mold per 

well) and then transferred from one solution to another (with 5 min of incubation in each 

solution). This experiment was performed at RT. For DMSO solutions, agarose molds were 

incubated with the solutions for several days at RT and at -20ºC. Agarose molds were then 

washed with PBS and their integrity was evaluated. 

2.4.2.2. Liquidus-Tracking Optimization 

To determine how much time it takes for each solution to reach a specific temperature, 

agarose molds and LT solutions were prepared. 4 mL of each solution was added to 10 mL 

flasks. A thermometer (Z257400, Sigma-Aldrich) was attached to the flask and placed in the -

20ºC or -80ºC freezer depending on the solution: 20%, 30% and 40% DMSO time points were 

tested in -20ºC freezer and 50%, 60% and 70% DMSO in the -80ºC. 50%, 60% and 70% DMSO 

solutions were kept overnight in -20ºC freezer before the experiment. 

Table 2.3 – Solutions ideal temperatures 

% v/v DMSO solution Initial temperature Final Temperature 

20 RT -5ºC 

30 

RT -5ºC 

-5ºC -10ºC 

40 

RT -10ºC 

-10ºC -20ºC 

50 -20ºC -30ºC 

60 

-20ºC -30ºC 

-30ºC -40ºC 

70 -20ºC -40ºC 
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2.4.3. Cooling and cryopreservation of spheroids 

On day 1 after cell seeding, spheroids were cryopreserved and stored in either cryovials 

(368632, Thermo Scientific), agarose molds or in a 100 m pore size nylon mesh. 

2.4.3.1. Cryovial group 

Spheroids were removed from agarose molds (Figure 9A) and put in 1 mL Eppendorf tubes. For 

Vitrification, spheroids were exposed to ES1, ES2 and VS (500 μL each) for 5 min each, with 

centrifugation at 20x g for 1 m between each solution (Figure 9B). During the 5 min, up and 

down pipetting was performed to allow diffusion of the solution through the spheroids. 

Finally, spheroids in VS solution were transferred to cryovials and 500 μL of fresh VS was 

added (Figure 9D). Cryovials were transferred and stored in LN vapor phase for a week (Figure 

9F). For Slow-freezing, spheroids were transferred to a 1 mL Eppendorf tube and exposed to 

500 μL of SF solution for 3 min (Figure 9C). Next, spheroids were transferred to cryovials and 

500 μL of SF solution was added. Cryovials were stored in a Mr Frosty and left ON in a -80ºC 

freezer (Figure 9E). The next day, cryovials were stored in LN vapor phase and left for 1 week 

(Figure 9F). 

 

Figure 9 - Schematic view of the cryovial group protocol. Spheroids are retrieved from molds (A), then 

exposed to the different cryopreservation solutions (B, C). Next, are pipetted onto cryovials (D), 

Vitrification spheroids are transferred to LN (F) and Slow-Freezing spheroids are stored in Mr Frosty at -

80ºC overnight (E) and then to LN (F). 

2.4.3.1. Agarose molds group 

In Vitrification, medium was removed from wells and spheroids, while still in the agarose 

molds, and were exposed to 2 mL of ES1, then to ES2 and finally to VS, for different 

timepoints (3 and 5 min) (Figure 10A). Thereafter, spheroids, still inside the agarose molds, 

were moved to flasks with 4 mL of VS and stored in LN vapor phase (Figure 10BD). For Slow 

Freezing conditions, spheroids were exposed to SF for 3 min and then moved to flasks with 4 

mL of SF and placed in a -80ºC freezer on a Mr Frosty apparatus ON (Figure 10ABC). The day 

after, flasks were moved to LN vapor phase (Figure 10D). As for Vitrification-SF, the protocol 

is the same as Vitrification except for immediate storage in LN, instead, spheroids were kept 

in a Mr Frosty, -80ºC, ON and put in LN vapor phase the day after, as in Slow Freezing. For 
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Liquidus-Tracking condition, spheroids were exposed to 6 DMSO increasing concentration 

solutions for the time required (figure 10E). For the first 3 concentrations (20%, 30% and 40%), 

spheroids were incubated in -20ºC freezer (Figure 10F) and for the final 3 incubation took 

place in -80ºC freezer (Figure 10G). For each transfer, 12-well plate was placed inside a 

thermic box with ice to prevent drops of temperature. After reaching -40ºC in 70% DMSO 

solution, spheroids were transferred and stored in LN vapor phase (Figure 10D). 

 

Figure 10 - Schematic view of the agarose molds group protocol. Spheroids still in the molds (A) were 

exposed to different cryopreservation solutions (A, E). Vitrification spheroids were transferred to 10 mL 

flasks (B) and then to LN (D). Slow-Freezing and Vitrification-SF spheroids were stored in Mr Frosty at -

80ºC O.N (C) and then transferred to LN (D). In LT protocol, the first 3 solutions exposure occured in -

20ºC freezers (F) and the last 3 in the -80ºC (G). Spheroids were then moved to flasks (B) and stored in 

LN (H). 

2.4.3.1. Nylon mesh group 

Histology cassettes were sterilized for 1h in UV light and nylon mesh for 30 min in freshly 

prepared 70% ethanol followed by 1h in UV light. A previously embedded in VS nylon mesh 

was placed inside the histology cassette (Figure 11A). After spheroid exposure to the 

cryopreservation solutions while still in the agarose molds, spheroids were retrieved and 

pipetted on top of the nylon mesh (Figure 11B). Next, a second nylon mesh was put on top of 

the spheroids. Cassette was then closed and placed inside a sterile petri dish with parafilm all 

around and stored in LN vapor phase (Figure 11C). 
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Figure 11 – Nylon mesh and spheroids assembly. First embedded in VS nylon mesh was placed inside 

the histology cassette (A). Spheroids were removed from agarose mold and placed on top of nylon mesh 

(B), A second embedded in VS nylon mesh was placed on top of the spheroids (C). Finally, cassette was 

closed and stored inside a petri dish. 

2.4.4. Thawing of spheroids 

Spheroids of all conditions were transferred from LN to a 37ºC water bath. Then, Vitrification, 

Vitrification-SF and Nylon Mesh spheroids were exposed to 1M sucrose solution for 5 min and a 

stepwise dilution was performed (5 min in each solution): 0,7 M → 0,525 M → 0,375 M → 

0,175 M → 0 M. All dilution solution was removed, and spheroids were washed with 2 mL of 

fresh medium, moved to fresh agarose molds and incubated for 18 h at 37°C under a 5% v/v 

CO2. In Slow Freezing conditions, all SF solution was removed, replaced with fresh medium. 

Spheroids were then transferred to fresh agarose molds and incubated at 37°C under a 5% v/v 

CO2 for 18 h and 42 h. 

2.4.5. CPA Cytotoxicity Control 

For Vitrification CPA cytotoxicity control, after exposure to vitrification solutions, spheroids 

were treated with 1M sucrose for 5 min and then subsequent dilutions. 

For LT CPA cytotoxicity control, when reaching 70% DMSO solution in -40ºC, spheroids were 

exposed to reverse DMSO concentrations solutions for 4 min each at RT. 

2.5. Spheroids metabolic activity and sprouting potential assay 

2.5.1. Resazurin Assay 

For the resazurin assay, taking in account the assay, spheroids were collected from molds on 

days 1 and 2 for Control and CPA Cytotoxicity Control conditions and 18 h and 42 h post-

thawing for cryopreservation conditions and moved to a 96-well plate. 300 μL of resazurin 

diluted in fresh Standard or XF medium to a work dilution of 20% v/v resazurin was added into 

each well and incubated for 2h at 37ºC. Supernatant was transferred to a 96-well black plate 

and fluorescence was measured in a microplate reader (Synergy Mx, BioTek) at 530nm/590nm 

(EX/EM) wavelengths. Replicates were normalized to the number of spheroids. 
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2.5.2. Fibrin Sprouting Assay 

To evaluate spheroids viability, a fibrin sprouting assay was performed on spheroids days 1 

and 2 for Control and Vitrification CPA Cytotoxicity Control conditions and 18 h and 42 h post-

thawing for cryopreservation conditions, depending on the assay.  

To prepare fibrin gels, fibrinogen (4 mg/ml Sigma) solution was prepared. A first solution of 

fibrinogen in 0.9% NaCl, mixed with aprotinin (60mg/ml Sigma) and Standard or XF medium 

was added to a second solution of thrombin (2 μg/ml Sigma), which was diluted in PBS 

homogenized (Figure 12A) and added to ibidi chambers (ibidi). Fibrin was left to polymerize 

for 30 min at 37 °C under a 5% v/v CO2 humidified atmosphere, to form a first layer (Figure 

12B). A second layer of fibrin gel now containing the spheroids resuspended in medium of 

solution A, was placed on top of the first layer (Figure 12C). After 30 min, 500 μL of Standard 

and XF medium were added to the ibidi chambers. Spheroids were left in a fibrin for 72 h 

with medium changes every 24h. At the end of the 72 h, spheroids were fixed with 4% v/v PFA 

in PBS 1x for 1h at RT and washed with PBS. Immunofluorescence in the fibrin gels was 

performed to analyze the spheroids sprouting potential and ECM deposition. Sections were 

permeabilized in 0.25% v/v Triton X-100 (X100, Sigma) for 20 min, blocked with 2% v/v BSA in 

PBS for 1h at RT. Primary antibody dilutions were prepared in PBS supplemented with 1% 

(v/v) BSA and left for 2h at RT and then ON at 4ºC (table 2.4). Sections were then washed 

with PBS and incubated with the corresponding fluorochrome-conjugated secondary 

antibodies (Alexa-Invitrogen) (table 2.5) for 4h at RT. Nuclei were counterstained with 4',6-

diamidino-2-phenylindole (DAPI) for 30 min. VectaShield (H-1000, Vector) was added to image 

the samples. The samples were acquired using a Z-step pf 11 μm with Leica TCS SP5 AOBS 

spectral confocal microscope (Leica Microsystems, Germany). 
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Figure 12 – Fibrin sprouting assay preparation protocol. Solutions A and B were prepared (A). First 

layer of fibrin gel was formed in the ibidi chamber (B) 30 min polymerization, second layer containing 

spheroids was added (C). 

 

Table 2.4 - Primary antibodies used for immunostaining analysis. 

Targeted 

antigen 

Species 

source 
Reference Manufacturer 

Antibody 

dilution 

CD31 Mouse M0785 Dako 1:100 

CD90 Sheep AF2067 RD 1:50 

Collagen I Rabbit 600-401-103-0.5 Rockland 1:150 

Vimentin Mouse Sc-6260 Santacruz 1:100  

 

Table 2.5 – Secondary antibodies used for immunostaining analysis 

Secondary 

Antibody 

Primary 

Antibody 

Primary 

Antibody 

Source 

Manufacture 

/Reference 

Antibody 

dilution 

Alexa Fluor® 488 CD31 

/Vimentin 

Mouse ThermoFisher 

A11059 

1:500 

Alexa Fluor® 594 Collagen  Rabbit ThermoFisher 

A11702 

1:500 

Alexa Fluor® 594 CD90 Sheep ThermoFisher 

A11016 

1:500 
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Chapter 3 

Results 

3.1. Generation and characterization of stromal-vascular cells 

spheroids under XF conditions 

The majority of growth media used in TE are supplemented with components of animal origin, 

such as FBS, which may compromise the post-translational safety of patients and present 

several other drawbacks (Tekkatte et al., 2011). In that context, a novel XF supplement SCC 

was described to generate and support the functionality of MSC-OEC spheroids. Bauman et al 

reported that MSC-OEC spheroids at a 1:1 ratio cultured in XF medium were able to maintain 

morphology and function and promoted the formation of vascular-like structures more 

efficiently than in Standard FBS-supplemented medium. Furthermore, they showed that ECs 

tend to organize in the periphery of the spheroid and form a vascular-like network inside over 

time (Bauman et al., 2018). 

In the present study, we tried to investigate the feasibility of using the same XF medium with 

a different stromal cell type, namely dermal fibroblasts (HDFn). After preliminary screening 

experiments to define the best cell ratio, HDFn-OEC spheroids were co-cultured at a 5:1 ratio 

and metabolic activity, spheroid size, and OEC spatial organization were characterized, after 

1, 4 and 7 days. 

At day 1, cells were already assembled in spheroids with a size of approximately 400-490 μm 

in diameter, which progressively decreased reaching around 300-350 μm by day 7, both in 

Standard and XF conditions (Figure 13AB). It was also observed an outer layer of cells 

detaching from the spheroids, likely to be OEC as previously observed (Bauman et al., 2018), 

that increased over time (Figure 13A). 

The metabolic activity was determined for HDFn-OEC spheroids using the resazurin assay, 

throughout the culture time. In XF medium, metabolic activity was always lower that in 

Standard medium, decreasing continuously until day 7, while in Standard medium it stabilized 

around day 4 (Figure 13C). 
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To study endothelial organization, we performed immunofluorescence in paraffin-embedded 

sections to access the expression of CD31, an EC specific marker. At day 1, HDFn are 

distributed homogenously throughout the spheroid, where OEC exhibit two different 

localizations: some were randomly distributed inside the spheroid, while others started 

organizing in an outer monolayer. OEC at the periphery initially adopted a cuboidal shape, 

more evident in XF conditions (Figure 13D), which turned into a more flattened morphology 

over time. At day 4, clusters of OEC inside the spheroids could be observed, under both 

conditions, and by day 7 tubular-like structures started to sprout from those clusters (Figure 

13D). 

 

Figure 13 – Generation and characterization of HDFn-OEC spheroids. (A) Brightfield images of HDFn 

OEC spheroids in culture at different timepoints (1, 4 and 7 days). (B) Spheroid diameter was 

determined by outlining spheroid area in brightfield images using ImageJ software. (C) Metabolic 

activity for HDFn-OEC spheroids (n=2 independent experiments). RFU stands for relative fluorescence 

units. (D) Immunostaining of CD31 (red) and counterstained with DAPI (blue) in 5 μm paraffin-embedded 

sections of HDFn-OEC spheroids. Images were taken with a 20X objective. Scale bar 50 μm. 

3.2. Cryopreservation of MSC-OEC spheroids  

Besides the presence of animal-derived components in products for regenerative medicine, 

another major roadblocks for translation lies on the difficulty to adequately preserve these 

structures. Thus, herein, some cryopreservation techniques/protocols were designed and 

tested, which would facilitate storage/transport of spheroids and increase their potential for 

future clinical applications. For this part of the project, we started by using MSC-OEC 
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spheroids as these spheroids had been previously developed at the group, and were better 

characterized, while HDFn-OEC spheroids were used at later stage. 

3.2.1. Cryopreservation in cryovials 

Spheroids were removed from agarose molds and cryopreserved as cell suspension in 

cryovials. Based on the work of Magalhaes (Magalhaes et al., 2008) MSC-OEC spheroids were 

produced and vitrified using the same cryopreservation approach: 10% v/v EG, 25% v/v EG and 

40% v/v EG + 0.6 M sucrose. Since, MSC-OEC spheroids generated by us, were usually bigger 

(between 350-400 μm) than hepatocyte spheroids (80-100 μm) used on that study, an 

exposure of 5 min per solution was performed with constant up-and-down pipetting, to 

increase diffusion and certify that solutions penetrate through the spheroid. Slow Freezing 

spheroids were cryopreserved in SFS of 10% v/v DMSO. Control and CPA Cytotoxicity Control 

spheroids were analyzed on day 1 after seeding. Vitrification and Slow Freezing spheroids 

were retrieved after 1 week from LN. Upon thawing, Vitrification spheroids were exposed to a 

series of sucrose dilution solutions and posteriorly washed with fresh medium, while Slow 

Freezing spheroids were immediately transferred to fresh medium and incubated at 37 ºC for 

18 h. 

Metabolic Activity 

Metabolic activity on CPA Cytotoxicity Control spheroids was lower, as compared to Control 

(Figure 14). This was somehow expected since spheroids were exposed to the vitrification 

solutions, which have an associated toxicity. Nevertheless, metabolic activity is considerably 

high, especially in the Standard medium. Upon thawing, cryopreserved spheroids were left 

ate 37ºC for 18 h and metabolic activity was evaluated. Vitrification spheroids had lower 

metabolic activity comparing with CPA Cytotoxicity Control and a slightly higher metabolic 

activity than Slow Freezing spheroids in Standard medium. In XF medium, it was observed the 

opposite, where Slow Freezing had higher metabolic activity than Vitrification spheroids 

(Figure 14). However, both cryopreservation conditions had very low metabolic activity 

comparing to Control and CPA spheroids (Figure 14). 
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Figure 14 – Metabolic activity assay. Metabolic activity for MSC-OEC spheroids (n=1), from one 

independent experiment. RFU stands for relative fluorescence units. (B) Brightfield images of MSC-OEC 

spheroids after 72 h in fibrin. Scale bar 100 μm. 

Spheroids sprouting potential 

To further analyze the spheroids sprouting potential, spheroids after 18 h in culture pre- and 

post-cryopreservation were retrieved and cultured in a fibrin gel for 72 h and sprouting 

formation was evaluated. CPA Cytotoxicity Control spheroids were stained for endothelial cell 

marker CD31 and MSC membrane marker CD90 and compared with the Control. 

Even though CPA Cytotoxicity Control spheroids were metabolic active, they presented very 

low degree of sprouting when cultured in fibrin gel (Figure 15A-5,6). The same was observed 

in Slow Freezing and Vitrification spheroids, with no sprouting formation, even though they 

presented some metabolic activity (Figure 15A-3,4,7,8). 

Spheroids exhibited high expression levels of CD90 (Figure 15B), which was used as marker for 

stem cells. In CPA cytotoxicity control the few cells leaving spheroids were CD90 positive, for 

both mediums. Previous reports have shown that XF medium promotes endothelial cells 

sprouting (Bauman et al., 2018), however in this case, no CD31 expression was detected 

(Figure 15B-4). The same happened in Standard medium (Figure 15B-3). 

Since no sprouting were detected in brightfield images of Slow freezing and Vitrification 

conditions, fibrin immunofluorescence assays were not performed. 
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Figure 15 - Cell sprouting in MSC-OEC co-culture spheroids. (A) Brightfield images of MSC-OEC 

spheroids (B) Immunostaining of CD31 (red), CD90 (green) and counterstained with DAPI (blue). Images 

were acquired using a 20x objective. Scale bar 100 μm. 

3.1.2. Cryopreservation in agarose molds  

To assess if spheroids manipulation was the reason why we observed so low viability, we 

decided to then to cryopreservation solutions for 3 min, directly inside the agarose molds, 

which were transferred to 10 mL flasks (Figure 16BC). Additionally, a new condition was 

added to this protocol: Vitrification-Slow Freezing, to evaluate how the cooling rate affected 

spheroids cryopreservation. After thawing, Vitrification spheroids were exposed to the 

decreased sucrose solutions concentration and Slow Freezing spheroids were washed with 

fresh medium. Moreover, spheroids were retrieved from the old agarose molds and 

transferred to new ones. 

Before cryopreservation procedures, we studied the impact of vitrification solutions in 

agarose molds integrity. Upon washing with PBS, agarose molds remained intact (Figure 16A). 

Yet, after thawing, almost all agarose molds were broken and the ones that were not, were 

very fragile (Figure 16D). This led to loss of spheroids when transferring them to new agarose 

molds. 
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Figure 16 – Agarose molds experimental setup. (A) Agarose mol after exposure to vitrification 

solutions. (B) Top view (C) and side view of the flask containing cryopreservation solution and an 

agarose mold. (D) Agarose molds post-cryopreservation. 

Spheroids diameter and integrity 

To evaluate if the cryopreservation solutions were affecting spheroids diameter, brightfield 

images of the spheroids were taken both before cryopreservation and 18 h post-

cryopreservation conditions. There were no differences between diameters for all three 

cryopreserved conditions and between pre- and post-cryopreservation spheroids (Figure 17B). 

Furthermore, spheroids apparently did not lose their integrity throughout the 

cryopreservation protocol (Figure 17A). This was similar for both Standard and XF medium. 

Interestingly, in Standard medium, Vitrification spheroids had a layer of detached cells 

surrounding spheroids. 
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Figure 17 – MSC-OEC spheroids pre- and post-cryopreservation. (A) Brightfield images of MSC-OEC 

spheroids of different conditions. (B) Spheroid diameter was determined by outlining spheroid area in 

brightfield images using ImageJ software. Scale bar 100 µm. 

Metabolic activity  

The metabolic activity of CPA Cytotoxicity Control spheroids was similar to that of the 

Control, for both mediums. Slow Freezing spheroids presented a lower metabolic activity 

compared to Control, for both mediums (Figure 18). Vitrification and Vitrification-Slow 

Freezing spheroids presented similar metabolic activities, which suggests that the cooling 

rate did not affect the process. Surprisingly, Slow Freezing spheroids had higher metabolic 

activity than the other two cryopreservation conditions (Figure 18). 
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Figure 18 – Metabolic activity assay. Metabolic activity for MSC-OEC spheroids (n=2, from two 

independent experiments). RFU stands for relative fluorescence units. 

Spheroids sprouting potential 

As described previously in point 3.2.1, after 72 h in fibrin gel, MSC-OEC spheroids sprouting 

potential was evaluated. CPA Cytotoxicity Control spheroids showed as much sprouting as 

Control spheroids, for both mediums (Figure 19A-5,6). The brightfield images showed that 

Slow Freezing spheroids presented very low sprouting both in Standard and XF medium (Figure 

19A-3,4). Nevertheless, when compared to Standard conditions, XF exhibit an increased 

sprouting potential (Figure 19A-4). Moreover, Vitrification and Vitrification–Slow Freezing 

spheroids displayed little or no sprouting. (Figure 19A-7,8,9,10).  

Additionally, spheroids again were stained for EC marker CD31 and MSC marker CD90. The 

amount of MSC that were able sprout into the fibrin gel seems similar in Control and in CPA 

Cytotoxicity Control (Figure 19B). The same was not true for OEC, with the CPA Cytotoxicity 

Control presenting increased sprouting as compared to control (Figure 19B–3,4). The number 

of sprouting was slightly higher in XF medium, as compared to Standard medium. 
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Figure 19 – MSC-OEC spheroids sprouting potential assay. (A) Brightfield images from MSC-OEC 

spheroids after 72 h in fibrin. Red arrows represent sprouting. (B) Immunostaining of CD31 (red), CD90 

(green) and counterstained with DAPI (blue). Images were acquired using a 20x objective. Scale bar 100 

µm.  

3.3. Cryopreservation of HDFn-OEC spheroids  

3.3.1. Cryopreservation in agarose molds 

Since the previous protocols, assayed with MSC-OEC, did not provided optimal results, we 

decided to test LT (David E. Pegg et al., 2006), a recently described vitrification technique 

that has shown improved outcomes (table 3.1). In order to optimize this approach to our 

experimental setup, several tests were performed (table 3.1). Agarose molds were placed 

inside 10 mL flasks with 4 mL of LT solutions and a thermometer was attached to each 

solution. Solutions were then placed in freezers and time was scored until solutions reached 

exact pre-defined temperature values. 

Table 3.1 – Liquidus-Tracking time points. Different DMSO concentrated solutions were prepared and 

were placed in a -20 or -80ºC freezer (n=3). 

 

 

% (v/v) DMSO Initial T Transfer at Waiting time (min) 

20 to 30 21ºC -5ºC 10 

30 to 40 -5ºC -10ºC 5 

40 to 50 -10ºC -20ºC 15 

50 to 60 -20ºC -30ºC 4 

60 to 70 -30ºC -40ºC 4 

70 to LN -40ºC -40ºC 2 
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Simultaneously, to test the impact of DMSO which is used in this method, agarose molds were 

left for seven days immersed in DMSO solutions of different concentrations (Figure 20A). After 

washing with PBS, agarose molds showed no loss of integrity (Figure 20B). 

 

Figure 20 – DMSO solutions optimization. (A) Different DMSO solutions in 10 mL flasks with one agarose 

mold per flask (from 20% to 70% v/v DMSO). (B) Agarose molds after seven days exposed to DMSO 

solutions (from 20% to 70% v/v DMSO). 

For the LT cytotoxicity control, spheroids were exposed again to the solutions in a reverse 

order, at RT. Spheroids were kept in LN for one week after cryopreservation, HDFn-OEC co-

cultured spheroids were thaw: Vitrification and Vitrification-SF spheroids were exposed to 

several sucrose dilution solutions and then transferred to fresh medium, while Slow Freezing 

spheroids were just transferred to fresh medium. To assess if agarose molds retained toxicity 

due to residual cryopreservation solutions release, Vitrification and Slow Freezing spheroids 

were retrieved from one mold and moved to fresh agarose molds, while the other spheroids 

were left in the original mold. 

Metabolic Activity 

Metabolic activity was slightly higher in the transferred spheroids conditions (for both Slow 

Freezing and Vitrification spheroids) in Standard medium, which suggests that agarose molds 

could eventually gradually release cryopreservation solutions that may result toxic for cells 

(Figure 21). Both Control and CPA Cytotoxicity Control present high metabolic activity values 

(Figure 21). Moreover, in XF medium, cryopreserved spheroids had lower metabolic activity 

when compared to Standard medium. Surprisingly, Slow Freezing spheroids in Standard 

medium had higher metabolic activity than Vitrification spheroids. Metabolic activity of LT 

CPA Cytotoxicity Control was high in both mediums. 
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Figure 21 - Metabolic activity assay. (A) Metabolic activity for HDFn-OEC spheroids (n=1, from one 

independent experiment). RFU stands for relative fluorescence units. 

Spheroids sprouting potential 

After 72 h in fibrin gel, HDFn-OEC co-culture sprouting potential was evaluated. As observed 

for MSC-OEC spheroids, both Control and Vitrification CPA Cytotoxicity Control spheroids 

demonstrated a high level of sprouting for both mediums (Figure 22A-1,2,3,4). The brightfield 

images showed that Slow Freezing spheroids in original agarose molds did not sprout (Figure 

24A-1,2). However, spheroids that were transferred into new agarose molds presented a 

higher sprouting potential (Figure 24A-3,4). Sprouting formation was also present in the 

Vitrification transferred spheroids condition (Figure 24A-7,8).  

Despite the CPA Cytotoxicity Control used in LT had exhibited high metabolic activity, no 

sprouting was observed when transferred to fibrin gels (Figure 22A-5,6). This led us to not 

retrieve LT cryopreserved spheroids from liquid nitrogen. 

Moreover, immunofluorescence in fibrin gels was performed to characterize the sprouting 

observed in brightfield images. In this case, spheroids were stained for CD31 as EC marker and 

Vimentin as HDFn marker. Additionally, COL I staining was performed to evaluate spheroids 

capacity to produce ECM components. Control and CPA Cytotoxicity Control spheroids showed 

OEC sprouting in both mediums (Figure 22B). However, Vitrification CPA Cytotoxicity Control 

spheroids showed less sprouts when compared to control. 
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Figure 22 - HDFn-OEC co-culture spheroids sprouting assay. A) Brightfield images of HDFn-OEC 

spheroids after 72 h in fibrin. (B) Immunostaining of CD31 (red) and counterstained with DAPI (blue). 

Images were acquired using a 20x objective. Scale bar 100 μm. 

Ours results showed that the majority of cells coming out of the spheroids were vimentin 

positive (Figure 23). Vimentin, also known as fibroblast intermediate filament protein, is 

required for cell migration as single cells (Battaglia et al., 2018). COL I expression was 

detected in Control and CPA Cytotoxicity Control for both conditions, showing the ability of 

outward migrating fibroblasts to produce ECM. However, in XF medium, CPA Cytotoxicity 

Control showed a higher expression of COL I, namely near the OEC sprouts (Figure 23D). 

  

Figure 23 – Vimentin and COLI distribution in HDFn-OEC co-culture spheroids. Immunostaining of 

Vimentin (red), COL I (green) and counterstained with DAPI (blue). Taken with a 20x objective. Scale 

bar 100 μm. 
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In post-thawing conditions, only spheroids that were moved for new agarose molds were 

analyzed by immunofluorescence. Similarly, to that observed for MSC-OEC spheroids, very few 

OEC sprouting was seen. In fact, in Slow Freezing condition and Standard medium, no CD31 

positive cells were detected outside the spheroids (Figure 24B-1). This suggested that the 

cells that were colonizing the fibrin gels were essentially fibroblasts (Figure 24). 

Interestingly, in Vitrification Transferred spheroids it was still possible to detect some OEC 

sprouting, but not the presence of fibroblasts (Figure 24B-3,4). In addition, it was possible to 

see that in both cryopreservation conditions, there was higher CD31 expression in the outer 

layer of the spheroids, suggesting that the outer layer of OEC was not lost during the process 

(Figure 24B). COL I in both conditions was expressed mainly in the periphery of the spheroids 

and was present in both cryopreservation conditions (Figure 24B). 

 

Figure 24 – HDFn-OEC co-culture cryopreserved spheroids spheroids sprouting assay. (A) Brightfield 

images of HDFn-OEC spheroids after 72 h in fibrin. Immunostaining of CD31 (red), COL I (green) and 

counterstained with DAPI (blue). Images were acquired using a 20x objective. Scale bar 100 μm. 

Effect of CPA exposure time 

To determine if the time of exposure to the cryopreservation solution was enough to allow 

CPA action an extra timepoint of 5 min exposure was performed. Also, to evaluate if 

increasing the post-cryopreservation incubation time would increase cells viability, by 

allowing cell recovery, spheroids were left for 18 h and 42 h at 37ºC before analysis. 

CPA Cytotoxicity Control with 3 min and 5 min exposure presented higher metabolic activity 

than control in both mediums, with no significant difference between the two days (Figure 

25). Overall, all cryopreservation conditions presented low metabolic activity levels. 

Nevertheless, Slow Freezing spheroids demonstrated a higher metabolic activity when 



46 
 

compared to the others conditions, in both days. Vitrification with 3 min and 5 min presented 

decreased metabolic activity at day 2 (Figure 25). 

 

Figure 25 - HDFn-OEC spheroids metabolic activity (n=1). RFU stands for relative fluorescence units. 

Spheroids sprouting potential 

After 72 h incubated in fibrin, spheroids were stained for EC-marker CD31 and COL I. CPA 

Cytotoxicity Control and Control spheroids showed similar levels of endothelial spouting for 

both days (Figure 26B). However, in CPA Cytotoxicity Control spheroids, COL I expression was 

more co-localized with the OEC sprouts (Figure 26B). At day 2, CPA Cytotoxicity Control 

spheroids exhibit more OEC sprouting than the Control (Figure 26B-4). 

 

Figure 26 – HDFn-OEC co-culture spheroids sprouting potential. (A) Brightfield images of HDFn-OEC 

spheroids after 72 h in fibrin. (B) Immunostaining of CD31 (red), COLI (green) and counterstained with 

DAPI (blue). Images were acquired using a 20x objective. Scale bar 100 μm. 

When cultured in fibrin, in brightfield images Slow Freezing spheroids showed high level of 

sprouting, particularly at day 2 (Figure 27A-1,2). In fact, spheroids seem to show more 
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sprouting when cultured for 2 days than just 1. Vitrification spheroids with 5 min, showed no 

sprouting formation, in both conditions (Figure 27A-5,6). Also, we were not able to see 

sprouting in Vitrification 3 min spheroids, probably due to experimental constraints, 

nevertheless additional experiments should be performed. The immunofluorescence showed 

no endothelial sprouting formation in both days (Figure 27B). There was only CD31 expression 

inside the spheroids. While in day 1 this expression was more visible in the periphery (Figure 

27B-1), in day 2 it was more evenly distributed (Figure 27B-2). On day 2, Slow Freezing 

spheroids presented more cells migrating out from spheroids (DAPI) and dividing cells were 

visible (Figure 27B-3). These observations are not in agreement with our first results.  

Since no sprouting was seen in brightfield images of Vitrification experiments with 3 min and 

5 min, no fibrin gel immunofluorescence was performed. 

 

Figure 27 – HDFn-OEC cryopreserved co-culture spheroids sprouting potential. (A) Brightfield images 

of HDFn-OEC spheroids after 72 h in fibrin. (B) Immunostaining of CD31 (red), COL I (green) and 

counterstained with DAPI (blue). Images were acquired using a 20x objective. Scale bar 100 μm. 

3.2.2. Cryopreservation in nylon mesh 

To evaluate how the cryocarrier used could affect spheroids viability, we cryopreserved, and 

tested a new approach based on the use of a nylon mesh device. We used the 10 mL flasks as 

cryocarriers to be able to compare results (Figure 28). In this experimental set up only 

Standard medium was used. 
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 Figure 28 – Nylon Mesh protocol setup. (A) Histological cassette with spheroids between two nylon 

meshes. (B) Histological cassette closed and stored inside a Petri Dish with Parafilm. (C) Petri Dish with 

nylon mesh spheroids after 1-week storage in LN. 

Metabolic activity 

After thawing, spheroids were exposed to sucrose dilution solutions and then washed in fresh 

medium. Metabolic activity was measured 18 h and 42 h post-cryopreservation. 

Spheroids vitrified in nylon mesh presented higher metabolic activity than spheroids vitrified 

in flasks. This difference was more accentuated on day 1. Nevertheless, again, both 

cryopreservation conditions had low metabolic activity compared to Control and CPA 

Cytotoxicity Control spheroids for both days. Additionally, the metabolic activity of CPA 

Cytotoxicity Control spheroids was higher than Control for both days (figure 29). 

 

Figure 29 - HDFn-OEC spheroids metabolic activity (n=1). RFU stands for relative fluorescence units. 

Spheroids sprouting potential 

Spheroids were cultured in fibrin gel for 72 h to evaluate their sprouting potential. Even 

though, Nylon mesh vitrified spheroids presented higher metabolic activity than Vitrification 

in flasks, we did not see any sprouting in none of the days (Figure 30DH). Vitrified spheroids 

in flasks also did not present any sprouting. No fibrin gel immunofluorescence was performed 

in cryopreserved spheroids since no sprouting was detected in brightfield images. 
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Figure 30 - HDFn-OEC spheroids sprouting assay. Brightfield images of HDFn-OEC spheroids after 72 h 

in fibrin. Scale bar 100 μm.  
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Chapter 4 

Discussion 

CT aim at restoring the structure and function of damaged or diseased tissues, by using cells 

as a therapeutic tool tissue repair (Buzhor et al., 2014). In the last few years several studies 

regarding this type of therapies have shown promising results. One of the most promising CT 

approaches is the use of pre-vascularized spheroids. These multicellular structures have 

shown to have greater protection against cell death, produce higher amounts of GF and ECM 

proteins. In these structures, EC are able be organize in vascular-like network before 

implantation, which will increase the chances of cell survival and anastomoses with the host 

tissue. These therapies have not still reached the clinic stage, and there are still some 

challenges ahead. One of the processes still to be overcome is the production of these 

spheroids in a high-throughput manner for pre-clinical or clinical trials and, ultimately, in 

clinical practice with patients.  

Cryopreservation is a technique which allows the preservation of biological material at 

subzero temperatures for short or long periods of time. Cryopreservation has been used for 

decades, however, tissue engineered constructs have showed to be difficult to cryopreserve, 

due to its size, multicellular composition and other components involved, such as ECM. In this 

context, the present study aimed to produce and cryopreserve in a HT manner, 

stromal/vascular cells spheroids and analyzed their activity, viability and sprouting potential. 

Herein, OEC were used as vascular cells source, while MSC or HDFn were used as stromal cells 

source. OEC have shown to contribute for neo-vessel formation (Hendrickx et al., 2010) and 

have been used for co-culture spheroids where they were extensively characterized (Bauman 

et al., 2018). MSC were described to display enhanced anti-inflammatory and angiogenic 

activities. Since they are able to produce high amounts ECM proteins, it makes them essential 

for EC viability, when in co-culture. HDFn are also known to produce high amounts of ECM, 

and studies showed that they promote EC organization into vascular structures (Guerreiro et 

al., 2014).  
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Vitrification is a highly used cryopreservation technique, which has been extensively used in 

oocyte cryopreservation. Few studies also used vitrification successfully in cryopreserving 

tissue engineered constructs (Magalhaes et al., 2008) (Bhakta et al., 2009; Tian et al., 2019). 

In this study we used MSC-OEC co-cultured spheroids in a 1:1 ratio, since it has been already 

reported that OEC were able to organize in tubular-like structures and have sprouting 

potential when cultured in fibrin gels, both in Standard and XF conditions (Bauman et al., 

2018). Additionally, we used 5:1 ratio HDFn-OEC co-cultured spheroids, since our preliminary 

results showed an endothelial organization similar to MSC-OEC spheroids as well as sprouting 

potential. 

Metabolic activity of MSC-OEC spheroids cryopreserved in cryovials indicated that cells 

remained active, even though cryopreserved and CPA Cytotoxicity Control spheroids 

metabolic activity was low in both mediums. Additionally, cells in XF medium presented 

almost half the metabolic activity of the Standard medium. This was not unexpected, as our 

group had previously reported that co-culture spheroids with XF medium have in general low 

metabolic activity than control medium (Bauman et al., 2018). To determine if cells 

preserved their sprouting potential, an in vitro angiogenic potential assay was performed 18 h 

after LN retrieval. Spheroids were cultured in fibrin gel for 72 h and sprouting was evaluated. 

When cryopreserving MSC-OEC co-cultured spheroids in cryovials, cells showed little sprouting 

after thawing, in both Slow Freezing and Vitrification conditions. Cytotoxicity CPA Control 

spheroids were used as a solution control, regarding vitrification solutions. It is well described 

that this type of solutions is toxic to the cells due to its high pCPA concentrations (Karow, 

1969). Also, the osmotic shock upon retrieval of vitrification solutions is often referred as an 

important factor to cell survival (Meryman, 1971). The fact that cells were active but were 

not able to form sprouts means that cells might have remained viable but lost their capacity 

to migrate and organize in tubular-like structures. In fact, it is reported that, after 

cryopreservation there is a high level of continued cell death, which is not apparent right 

after thawing, but manifests over a 24 h to 48 h period, as a result of delayed apoptosis and 

necrosis (J. Baust et al., 2002; Fu et al., 2001; Heng et al., 2006). This phenomenon has been 

named cryopreservation-induced delayed-onset cell death (CIDOCD) (J. M. Baust et al., 2001) 

and could explain the presence of metabolic activity after 18 h of incubation, but the lack of 

cell sprouting 72 h after fibrin culture.  

Endothelial cells are more sensitive than MSC, which means they were probably more 

affected by cryopreservation procedures than MSC. Larman et al. reported that exposing 

mouse and human oocytes to vitrification solutions with high concentrations of CPA, at RT, 

resulted in spindle disruption, however the same did not happen at 38ºC (Larman et al., 

2007). Moreover, longer exposures (7-10 min) to EG have shown to cause actin filament 

disruption (Hotamisligil et al., 1996). In our first experimental setup, the Vitrification and 

CPA Cytotoxicity Control spheroids were subject to high levels of cell manipulation, such as 

centrifugation cycles and up and down pipetting, which represents a high level of cell 
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manipulation. Previous works showed that in MSC-EC spheroids, EC formed a concentric layer 

around the spheroid, and were the ones mostly involved in sprouting (Saleh et al., 2011) 

(Bauman et al., 2018). Our results may indicate that the manipulation of spheroids was too 

aggressive, or that spheroids exposure to the cryopreserved solutions was too toxic resulting 

in OEC dead and/or loss. In fact, our data suggest that the last hypothesis might be valid, as 

levels of CD31 expression at the outer layer of thawed spheroids were effectively low. For 

that reason, cryopreservation in cryovials was abandoned.  

To investigate if spheroid manipulation was one major factor accounting for the poor 

outcome, MSC-OEC spheroids were exposed to the solutions and cryopreserved while still in 

the agarose molds, which were then transferred to 10 mL flasks as cryocarriers. When 

cryopreserved this way, the integrity and diameter of MSC-OEC spheroids were maintained, 

which led us to believe that ECM matrix architecture was preserved, at least to some extent. 

One of the main constrains, while cryopreserving tissue engineered constructs, is 

maintenance of the different cellular elements, along with ECM architecture and composition 

In some types of spheroid, integrity and viability is intrinsically dependent on ECM production, 

which provides biochemical and biomechanical cues for tissue morphogenesis, differentiation 

and homeostasis (Frantz et al., 2010). Also, upon spheroid formation, cells express high levels 

of cadherins which facilitates cells compaction and stronger cell-cell adhesions (Giannotta et 

al., 2013). Thus, the preservation of ECM proteins, cell-cell and cell-ECM adhesions during 

cryopreservation is highly important to maintain cells viability after thawing. In fact, most 

studies in TE have been more focused in preserving ECM architecture during tissue 

cryopreservation than cell viability post-thawing (Brockbank et al., 2015; Eisenberg et al., 

2014). The metabolic activity of CPA Cytotoxicity Control spheroids, when cryopreserved in 

molds within flasks, was similar to the Control, in both mediums. This means that 

manipulation of spheroids is indeed a very important factor and should be taken into account. 

Moreover, high sprouting formation, as well as MSC migration, was observed in fibrin gels, 

comparable to the control condition and for both mediums. 

Co-cultured HDFn-OEC spheroids in a 5:1 ratio were also cryopreserved in agarose molds. In 

the first experiment, cells were exposed for 3 min to each cryopreservation solution. The 

retention of toxic compounds in agarose molds was one major concern relatively to cell 

viability. So, after thawing in different sucrose dilutions, spheroids were moved to new 

molds. Metabolic activity was slightly higher in the transferred spheroids conditions (for both 

Slow Freezing and Vitrification spheroids) in Standard medium, which suggests that agarose 

molds could indeed absorb and retain some toxicity of cryopreservation solutions. However, 

this was not observed in XF medium regarding vitrification spheroids. It can be hypothesized 

that the results observed in XF conditions could be due to a technical error, and further 

experiments should be done to clarify this point.  

For MSC-OEC spheroids in Standard medium, Slow Freezing spheroids presented higher 

metabolic activity than Vitrification spheroids. This might be because Vitrification solutions 
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were not penetrating enough into the spheroids. On one hand, this would result in lower 

cytotoxicity but, on the other hand, cells might be insufficiently protected against 

cryopreservation.  

In literature, Vitrification is often referred as the most appropriate cryopreservation 

technique in the case of TE products (Dahl et al., 2006; Fahy et al., 2004; Kuleshova et al., 

2007; M. Taylor et al., 2019). The use of high concentrations of pCPA allow cells to enter a 

vitreous state without ice formation, which avoids ice injury, while npCPA act as an osmotic 

buffer, especially during thawing. However, results presented here show otherwise. Both in 

MSC-OEC and HDFn-OEC spheroids, the ones exposed to Slow Freezing solutions and cooling 

rates presented higher overall metabolic activity and sprouting potential than the ones 

exposed to Vitrification, when cryopreserved in agarose molds. EG has been found to be less 

toxic than DMSO and has a lower molecular weight, penetrating quicker into cells (Songsasen 

et al., 1995; Valdez et al., 1992). This means that Vitrification spheroids should be more 

protected against cryopreservation than Slow Freezing spheroids. In order to clarify the 

reason behind this observation, we further investigated if the cooling and thawing processes 

were affecting metabolic activity and sprouting potential. Spheroids were exposed to 

vitrification solutions with a Slow Freezing cooling rate, which turned out to be no different 

from the normal Vitrification. In what concerns warming rates, after retrieved from LN, 

spheroids were thaw in a 37ºC bath, a step that should be quick and took about 5 to 10 min. 

Eventually, the time spent in the thawing process could have been too long, impairing cell 

viability and sprouting potential due to high pCPA concentrations or osmotic shock. In fact, 

some reports have showed that warming rates could be more important to oocyte viability 

than cooling rates (Leibo & Pool, 2011; Seki & Mazur, 2009). 

Our results have also shown increased sprouting potential in HDFn-OEC spheroids in post-

cryopreservation, when compared to MSC-OEC spheroids, which exhibit almost no sprouting. 

In an attempt to improve the spheroids sprouting potential, 5 min of exposure to Vitrification 

solutions was performed, only in HDFn-OEC spheroids. This increment seemed to have no 

effect in both CPA Cytotoxicity Control and Vitrification spheroids. In fact, no sprouting was 

found in spheroids exposed to vitrification solutions for 3 min in the second experiment. 

Nevertheless, this could have been due to experimental constraints and more experiments 

should be performed to validate our results. 

Additionally, spheroids were cultured for 1 and 2 days, pre and post-cryopreservation. 

Interestingly, Slow Freezing spheroids had high values of metabolic activity and were able to 

form sprouts throughout fibrin culture. Also, brightfield images showed more sprouting when 

spheroids were in culture for 2 days post-cryopreservation. This could mean that cells after 

cryopreservation need time to reactivate and properly become functional. Moreover, it was 

also possible to observe mitotic cells, a good indicative of cell viability and functionality. 

Still, CPA Cytotoxicity Control spheroids were similar to Control spheroids, in both days and 

both timepoints (3 and 5 min exposure), presenting high metabolic activity and high levels of 
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sprouting, which strengths the fact that, like in MSC-OEC spheroids, the process of warming in 

Vitrification could be the main reason for the poor outcome. Petrenko and colleagues used a 

perfusion bioreactor for the exposal and removal of CPA in collagen scaffolds seeded with 

MSC (Petrenko et al., 2017). With this type of equipment, CPA solutions are perfused directly 

into the pores of the constructs, allowing a constant and homogeneous diffusion of CPA 

through cells. This had an increased in recovery rate compared to standard diffusion methods 

(59 ± 4.2% vs 42.3 ± 4.5%, respectively).  

Even though there was not much sprouting in cryopreserved spheroids, some cells were able 

to migrate and colonize the fibrin gel, in this case fibroblasts, that expressed collagen type I, 

providing another indication of cellular viability and functionality. Unfortunately, we did not 

perform any Live/Dead assay herein to confirm these results, since this assay is not very 

reliable in dense, spheroid-based 3D constructs. 

Another vitrification approach was tested, Liquidus-Tracking. LT is a recent approach, more 

suitable for higher-volume samples, which is usually the case in TE. There are still very few 

reports using LT technique as a cryopreservation technique. Recently, Alginate-encapsulated 

liver cells, with average diameter of 450 μm, were successfully cryopreserved using LT 

(Puschmann et al., 2017). In the present study, HFDn-OEC spheroids were exposed to DMSO at 

6 different concentrations, which were increased as temperature decreased. Our results have 

shown that LT CPA Cytotoxicity Control spheroids were metabolic active but, showed no 

sprouting formation when cultured in fibrin gel. LT is a highly automated process, and 

Puschmann et al recommended that automatizing even more the process would be a priority 

(Puschmann et al., 2014). Since that kind of equipment was not available in the lab, all the 

protocol was performed manually. Even though all efforts were made to strictly control 

temperature between solution changes, it was very difficult to avoid oscillations. When 

removed from -20 and -80ºC freezers to the cell culture rooms, samples increased almost 

+10ºC in temperature. As the premises of this protocol is to increase CPA concentration as the 

temperature is lowered, it can be concluded that our set-up did not adequately fulfilled such 

requisites. For that reasons, this approach was abandoned, and LT spheroids were not 

recovered from LN. 

As an attempt to understand if the cryocarrier could affect cells viability, experiments with 

agarose molds and a nylon mesh were performed. Nylon meshes have been used for oocyte 

cryopreservation (Matsumoto et al., 2001), and more recently in TE (Tian et al., 2019). Tian 

and colleagues used a nylon mesh device to cryopreserve alginate microfibers containing MSC. 

Microfibers cryopreserved in nylon mesh had 85-89% more viability than microfibers 

cryopreserved in cryovials. Since the device setup design reported by Tian and co-workers 

was not fully described, we tried to develop an equivalent approach. The metabolic activity 

of Nylon Mesh spheroids was significantly lower than in Control spheroids, even though it was 

slightly higher than Vitrification spheroids in flasks. Yet, when cultured in fibrin, both 

conditions showed no signs of sprouting. Additionally, Nylon Mesh in day 1 had a visible 
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swelling compared with other conditions. This phenomenon could be due to the difficulties in 

spheroids thawing. The histological cassette could not be immersed in a 37ºC bath, since the 

Petri Dish was not properly sealed. Instead, Petri Dish was placed on top of a support and the 

thawing process took several minutes. Another challenge was faced when retrieving spheroids 

from the nylon mesh. Even though they were visible to the naked eye, spheroids attached to 

the nylon mesh, making it very difficult to recover them. Overall this whole process should be 

optimized, especially spheroids thawing and retrieval  

Overall, these findings suggest that a slow cooling rate with a freezing solution of 10% v/v 

DMSO could be a better approach for 3D multicellular spheroids cryopreservation. Also, XF 

medium remains as a viable option for producing and cryopreserving spheroids in a HT 

manner. In the present study, HDFn-OEC spheroids presented an overall increased viability 

post-cryopreservation, comparing to MSC-OEC spheroids. Nevertheless, more studies should 

be performed, in both cell type spheroids, regarding CPA solutions optimization as well as 

cooling and thawing rates. 
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Chapter 5 

Concluding remarks and future 
perspectives 

The present study aimed at producing stromal-vascular co-culture spheroids in a HT manner; 

cryopreserve them by vitrification; and evaluate their viability and function post-retrieval. 

For that purpose, HDFn-OEC and MSC-OEC spheroids were produced using agarose micromold 

arrays, cultured in both Standard and XF medium, exposed to different cryopreservation 

solutions under different conditions, and stored in LN. 

Similar to what has been previously described for MSC-OEC spheroids, HDFn-OEC spheroids 

culture promoted OEC organization into two different types of vascular structures: surface 

monolayers and internal clusters, with ability to sprout and form vascular-like networks. 

MSC-OEC spheroids were cryopreserved by Slow Freezing method and by Vitrification, first in 

suspension inside cryovials and then in agarose molds inside flasks. Even though spheroids 

cryopreserved in cryovials presented metabolic activity, in vitro pro-angiogenic assay showed 

that cells had no sprouting potential, even prior to cryopreservation. Spheroids that did not 

experienced manipulation (agarose molds inside flasks setup) had higher metabolic activity 

levels and sprouting potential similar to control spheroids before cryopreservation. However, 

after retrieval from LN both their metabolic activity and sprouting potential decreased 

drastically. 

Regarding culture mediums, there was no significant differences of metabolic activity and 

sprouting potential in cryopreserved spheroids. 

When cryopreserved in agarose molds, HDFn-OEC spheroids that were cryopreserved by Slow 

Freezing demonstrated higher viability than spheroids cryopreserved by Vitrification, probably 

due to higher toxicity of vitrification solutions. Interestingly the same was not observed for 

MSC-OEC spheroids. In addition, cells presented a higher degree of sprouting when cultured in 

a fibrin gel 42 h after retrieved from LN instead of 18 h. This could mean that cells took time 

to recover from cryopreservation conditions and regain optimal functional potential. Also, a 

new and recent vitrification protocol was tested, LT. Despite presenting some metabolic 
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activity, spheroids did not sprout when cultured in fibrin gel. Nevertheless, LT remains a 

viable option for tissue engineered constructs, and should be tested in the future, ideally 

with appropriate equipment. HDFn-OEC spheroids vitrification in a Nylon Mesh device 

presented low metabolic activity and no sprouting formation. Further optimizations should be 

performed, namely in terms of the thawing procedure. 

Overall, additional optimization of cryopreservation protocols should be explored. 

Specifically, it would be worthwhile to test different CPA solutions (with lower CPA 

concentrations), longer exposure time and different temperatures. Interestingly, the 

cryocarrier has showed to be an important factor for successful cryopreservation, so different 

cryocarriers should be tested. Inclusion of polymers such as dextran and ficoll in vitrification 

solutions have shown improved results in cell viability and should be encouraged. 

In conclusion, collectively, our results suggest that Slow Freezing cryopreservation technique 

is more suited to HDFn-OEC pre-vascularized spheroids than Vitrification. Unfortunately, 

successful cryopreservation of MSC-OEC spheroids was not achieved. Nevertheless, this study 

represented one step forward towards the development of adequate protocols for the 

cryopreservation of pre-vascularized constructs. If successful, this would greatly facilitate the 

translation of these types of CT into the clinics. 
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