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Résumé 

Au sein des tissus, les cellules s'organisent dans des microenvironnements 3D complexes, composés 

de leurs cellules voisines, de contraintes physiques en grande partie générées par la matrice 

extracellulaire et de gradients chimiques dynamiques. Développer des modèles 3D fonctionnels de 

tissus adultes humains représente un défi important dans le domaine des biosciences en tant que 

modèles ex vivo pertinents permettant le progrès de la recherche fondamentale et le criblage de 

molécules mais aussi en tant qu’objet thérapeutique transplantable pour de futures biothérapies. 

L’objectif de cette thèse s’inscrit dans ce contexte et a eu pour premier objectif de définir un 

microenvironnement 3D permettant la génération de modèles 3D polyvalents de tissus adipeux (TA) 

beiges humains. En effet, l'augmentation de leur activité par pharmacothérapie ou greffes cellulaires 

représente une approche thérapeutique prometteuse pour faire face à la montée de l’obésité et du 

diabète. Cependant, les modèles in vitro de TA beige humain sont rares, ce qui entrave la recherche 

sur ces tissus et le développement de biothérapies. Au cours de cette thèse, nous avons développé 

une approche d’ingénierie innovante qui permet la génération d’organoïdes adipeux beiges 

fonctionnels et vascularisés dérivés de la fraction vasculaire stromale humaine (SVF) de tissu adipeux 

blanc. Nous avons défini un environnement chimique et biomécanique précis, applicable à différentes 

échelles, pour guider l'auto-organisation de sphéroïdes vers l’émergence d’organoïde fonctionnel. 

L’encapsulation des sphéroïdes dans un hydrogel dérivé de gélatine, le GelMA, a été utilisée pour 

favoriser le maintien et l'organisation cellulaire. Le volume et le pourcentage de GelMA ont été 

optimisés pour favoriser la colonisation et la viabilité des cellules. L'inhibition de la voie TGFβ s'est 

avérée essentielle dans les cultures 3D afin de favoriser l'abiogenèse beige et la formation vasculaire. 

La combinaison de l’environnement biomécanique de GelMA et biochimique du milieu de 

différentiation a permis la génération d'organoïdes adipeux beiges vascularisés mimant l’architecture 

des tissus natifs à partir de cellules de SVF amplifiées ou fraîchement isolées. Ces organoïdes 

présentent des caractéristiques clés des TA beiges natifs, notamment l'expression inductible d'UCP1, 

une augmentation de la respiration mitochondriale découplée et la sécrétion de batokines. La 

transposition de l’environnement spécifié au niveau d’un sphéroïde à un contexte multi-sphéroïdes a 

conduit à la génération de micro-tissus adipeux beige vascularisé sans modifier la viabilité cellulaire et 

la différentiation adipocytaire. Des premiers essais de transplantation de ces micro-tissus dans des 

souris NSG saines ont montré une intégration efficace des vaisseaux humains néoformés dans la 

vascularisation murine associée à un maintien prometteur de la viabilité des cellules humaines. Par 

ailleurs, nous avons commencé à explorer des solutions technologiques pouvant permettre d’examiner 
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plus précisément l’influence des paramètres du microenvironnement sur l'organisation cellulaire au 

sein de matrices 3D. 

Notre approche constitue une avancée majeure dans la création de modèles 3D de tissu adipeux beige 

humain in vitro qui n’existait pas à l’heure actuelle, permettant une variété d'applications allant de la 

recherche fondamentale aux biothérapies. Compte tenu de la multipotence des ASC et du caractère 

modulable des hydrogels de GelMA, cette méthode d'ingénierie pourrait être transposée à d'autres 

tissus, démontrant le potentiel de ce système pour aborder des aspects essentiels de la génération de 

tissus au-delà du tissu adipeux. 

Summary 

Cells in tissues and organs are organized within complex 3D environments surrounded by neighboring 

cells, extracellular matrices, and dynamic chemical gradients. Advancing methods to develop relevant 

3D models of functional human adult tissue represents a pivotal challenge in Biosciences. These tissue 

constructs serve as enhanced models to advance basic science or to screen therapeutic targets as well 

as advanced therapy medicinal products to favor tissue regeneration or to support organ with 

defective function. 

In this thesis, we aimed to engineer defined 3D microenvironment to generate multi-purposes 3D adult 

tissue models. We specifically focused on human beige adipose tissues (AT). Due to their unique 

properties in energy dissipation, increasing beige AT activity by pharmacotherapy or cell-based 

transplantations holds therapeutic promises to face obesity and diabetes pandemics. However, in vitro 

3D relevant models of human beige AT are currently lacking which hinder research into these tissues 

and biotherapy development. During this thesis, we developed an innovative method to generate 

functional and vascularized beige adipose organoids using human stromal vascular fraction (SVF) of 

white adipose tissue as a source of adipose derived stromal cells (ASC) and endothelial progenitors. 

We engineered defined chemical and biomechanical environment, applicable at multiple tissue scales, 

to drive self-organization of spheroids. Embedding of spheroids in GelMA hydrogel was used to 

promote cell viability and cell organization. GelMA volume and GelMA percentage were optimized to 

favor cell colonization and cell viability. Translating from 2D to 3D culture, inhibition of TGFβ pathway 

was also key to promote beige adipogenesis while maintain vascular formation from amplified SVF 

cells-spheroids. Combination of GelMA environment and beige adipogenic medium promoted 

generation of beige adipose organoids containing beige adipocyte and vascular compartment 

mirroring native tissue architecture from both amplified and fresh SVF cells. These organoids display 
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key features of native beige AT including inducible UCP1 expression, increased uncoupled 

mitochondrial respiration and batokines secretion. 

 To scale up beige adipose organoid generation toward micro-tissue, we developed GelMA molding 

and spheroid patterning to replicate environment specified at the individual spheroid level within a 

multi-spheroid setting. This led to the generation of beige adipose micro-tissue containing embedded 

vasculature without hindering beige adipocyte differentiation level and cell viability. Preliminary 

transplantation assays of these microtissue in healthy NSG mice showed efficient integration of human 

vessels in host vasculature with promising maintenance of human cell viability. 

Finally, we also explored technological approaches to generate cell culture system allowing for a better 

examination of how microenvironment parameters drive cell organization in 3D matrices. 

Our approach represents significant advances in developing in vitro human beige AT models and 

facilitates broad applications ranging from basic research to biotherapies. Given multipotency of ASC 

and tunability of GelMA hydrogels, this engineering method could be transposable to other tissues 

highlighting the potential of this system to address essential aspects of tissue generation beyond 

adipose tissue. 
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I. Scientific context 

In the realm of scientific advancement, the creation of three-dimensional (3D) tissue constructs in vitro 

stands as a pivotal breakthrough with far-reaching implications. These tissue constructs serve as 

invaluable tools for advancing basic science as well as biomedical sciences, offering enhanced models 

for studying physiological and pathophysiological development, identifying putative therapeutic 

targets, while holding the potential to revolutionize regenerative medicine as future advanced therapy 

medicinal products (ATMP). 

To advance medical science, scientists traditionally utilized two-dimensional (2D) cell cultures and 

animal testing. While these methods have expanded our knowledge, they have significant limitations. 

Cells in tissues and organs exist in complex 3D environments surrounded by neighboring cells, 

extracellular matrices (ECM), and dynamic chemical gradients, which 2D cultures fail to replicate [1]. 

In 2D cultures, cells interact with each other in a planar configuration, are homogeneously exposed to 

chemical factors and are grown on unnaturally stiff substrates [1]. Moreover, 2D cultures often lack 

cellular diversity, limiting their ability to mimic native tissues [1]. This leads to incomplete replication 

of native tissue conditions, impacting disease modeling and drug screening accuracy. As a result, 

complex diseases like cancer or metabolic syndromes are inadequately represented, and over 90% of 

drugs that pass preclinical tests fail in clinical trials [2]. Animal testing, while longstanding, raises ethical 

concerns and may yield species-specific results, causing inaccuracies in disease research and therapy 

development [3]. These collective limitations emphasize the necessity to create innovative 3D tissue 

models with the potential to transform biomedical research and drug development. 

In the field of regenerative medicine, in vitro-generated tissue constructs represent a vital step in 

creating functional and transplantable replacement tissues, potentially alleviating organ shortages and 

enhancing transplant outcomes [4]. Tissue regeneration is mediated by tissue specific stem cells which 

are characterized by their self-renewal and differentiation potential able to drive de novo tissue 

morphogenesis [5,6]. However, adult mammals and especially humans exhibit low innate capacity for 

self-regeneration of tissues and organs [7]. These limitations have prompted the development of the 

tissue engineering concept in the late 1980s aiming to generate in vitro transplantable substitutes to 

replace failing organs [8–10]. While it has become apparent that whole organ generation in vitro is far 

from reachable, new methods in regenerative medicines aim to generate engineered tissue constructs 

capable of replacing damaged areas or supporting endogenous regeneration. 

Generation of engineered-tissue constructs for both transplantation or 3D ex vivo models of organs 

and disease development lay on the same engineering objective which is understanding how to drive 
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cellular processes in vitro toward self-organization of complex tissues. The remarkable progress in our 

understanding of stem cell biology and organ development has revealed that tissue emergence lies on 

interactions between intrinsic self-organization capacity of cells and extrinsic factors of their 

microenvironment [11,12]. Hence, in vitro tissue development requires both careful choice of cell 

sources and mimicking of cell environment components such as biochemical factors, cell-extracellular 

matrix (ECM) and cell-cell interactions [13,14]. Various approaches have been described to generate 

3D cell culture systems such as spheroids, organoids or scaffold-based engineering approaches with 

their own advantages, limits and applications [1,15]. Increasing progresses in the field of biomaterials, 

bioprinting and microfabrication fuel the field toward the generation of tissue constructs with clinically 

relevant size, micro-structuration and function [16,17], the major challenging being concomitant 

generation of embedded vasculature [18,19].  

This thesis is situated within this general scientific context and endeavors to create versatile 3D tissue 

models and investigate how biochemical and biophysical factors influence their development. As a 

target tissue, we focus on human beige and brown thermogenic adipose tissues (AT) which have 

emerged as therapeutic opportunities to tackle the increasing global prevalence of obesity and 

diabetes thanks to their unique properties in energy dissipation [20,21]. Two primary therapeutic 

approaches for targeting human thermogenic adipocytes include in situ increase of thermogenic mass 

and activity through pharmacological approaches or ex vivo generation of transplantable thermogenic 

adipocytes [20,21]. Developing relevant ex vivo models for thermogenic AT is crucial for understanding 

tissue physiology, creating in vitro drug screening assays, and providing a source for transplantable 

thermogenic adipocytes. Unlike white adipose tissue engineering, which mainly addresses soft tissue 

defects and metabolic disorders, only few protocols have been described for functional human 

thermogenic AT generation [22–25]. Additionally, these protocols often overlook the critical vascular 

component that impacts AT physiology [22,23,25] and transplant survival. Throughout this study, we 

have introduced innovative engineering strategies for creating 3D microenvironments that facilitate 

the production of functional, pre-vascularized human beige adipose tissue organoids. Our broader goal 

was to derive fundamental principles of in vitro tissue development from this work. 

To gain a thorough grasp of in vitro tissue development complexities, we will initially explore 

fundamental concepts of human tissue development (See II.1). Next, we will delve into the diverse 

principles that have been proposed to facilitate the creation of 3D ex vivo models across tissue scales 

(see II.2-3, III). Lastly, we will provide an overview of the present understanding of human thermogenic 

adipose tissues and how to generate them in vitro (see IV). This overview will emphasize their 

functions, architectures and the cellular mechanisms that drive their in vivo development. 
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II. How to drive in vitro 3D tissue development to obtain complex physiology? 

Any organ is composed of several intricated tissues. Tissue which conduct the specific function of the 

organ is referred to as the parenchyma while the stroma also called mesenchyme encompass 

connective tissue, blood vessels and innervation [26]. Connective tissues especially provide nutritional 

and mechanical support for other cell compartments [26]. Each tissue is characterized by distinct 

cellular and ECM compositions that are organized into a tissue-specific architecture supporting tissue 

functions [26]. Tissue are composed of several interconnected group of cells, also called cell 

compartment, each of them being characterized by a specific cell organization and performing one or 

more specific functions. This cell organization importantly rely on the ECM compartment which is 

composed of fibrillar proteins (e.g collagen, elastin, fibronectin and laminin) and polysaccharides 

proteins (e.g. glycoasminoglycan) as well as entrapped water and soluble factors. The proportion of 

ECM components and their spatial distribution are tissue specific and strongly associated with specific 

functions [27]. 

Recreating tissue with complex physiology requires methods to recapitulate these complex tissue 

compositions but also understand how to drive them to assemble and organize in space within 

appropriate local environments. 

Organ and tissue development lies on multiple multicellular processes driven both by the intrinsic 

genetic programs of cells and their complex extrinsic environment [28]. During the last decades, great 

advances in 3D imaging and omics analysis from tissue to single cell level have given us unrivaled 

insights on the spatial and temporal instructions leading to tissue emergence (see II.1). One of the main 

challenges in the in vitro generation of complex tissues is therefore to translate this understanding into 

bio-fabrication processes. Two primary research communities have devoted their efforts to addressing 

this challenge: the organoids community and the field of tissue engineering (see II.2). While the 

organoids community initially placed its emphasis on harnessing and initiating the intrinsic capabilities 

of stem cells to engage in cascades of developmental events to give rise to self-organized macro-

structures [29], the tissue engineering community focused on replicating the defining characteristics 

of native tissues [30]. Both fields have seen a shift in their conceptual approaches to converge toward 

a common principle of guiding self-organized cellular development through the engineering of 

controlled 3D microenvironments [31,32] (see II.3). 
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1. Insight about cellular processes of tissue development, regeneration and 

homeostasis 

Understanding the cellular processes responsible for tissue development in vivo and their homeostasis 

throughout adult life should be the fundamental focus of our consideration. The goal is to extract from 

the intricate nature of tissue emergence and maintenance a set of parameters and principles that can 

be fine-tuned and replicated in laboratories to facilitate in vitro tissue development. 

Organ and tissue development result from complex interactions of developmental processes 

conserved across species. These processes involve cell fate determination [33], cell proliferation and 

survival [34] which collectively oversee the growth of tissues and the development of their 

characteristics [28]. Additionally, they encompass cell motility and interactions between cells, which 

play a crucial role in shaping cellular and structural organizations of tissues [35].  In adult organs, tissue 

homeostasis, repair and regeneration are ensured by resident adult stem cells that reside in specialized 

environments called niches [12]. Over the past decades, numerous research endeavors have been 

directed towards gaining a deeper insight into the coordination of these cell processes in the context 

of tissue development, regeneration and homeostasis [28,34,36]. These studies have unveiled, for 

each of them, a strong dependence on cell microenvironment components which include extrinsic 

chemical cues, cell-ECM and cell-cell interactions. Nevertheless, far from the classical view of organ 

development as an unvarying sequence of events, single cell level analyses have revealed high cell 

heterogeneity and development stochasticity that should be considered to grasp cell complexity and 

dynamic within tissues [37–39]. 

The next section will aim to give some insights into the importance of the cell microenvironment on 

stem cell fate specification, proliferation and survival (see II.1.1) as well as how gene stochasticity can 

influence these cell fate (see II.1.2). Finally, acquisition of tissue structuration through cell migration 

and rearrangement will be discussed (see II.1.3). 

1.1. Influence of cell microenvironment on cell fate specification, proliferation and 

survival 

Multicellular organism development and tissue regeneration involve spatiotemporal regulation of 

stem cell fate determination, differentiation, proliferation, survival and migration. These processes 

operate at the single-cell level and collectively lead to significant morphological transformations and 

functional specialization at the cell population level. Embryonic stem cells are pluripotent meaning 

that they have the capacity to initiate all lineages of the mature organism in a flexible manner directed 
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by signals in the embryo. During embryonic development, stem cells proliferate and differentiate into 

mature cells through successive generation of daughter cells characterized by progressive restriction 

in potentiality associated with cell specification toward specific cell lineages [34]. Spatiotemporal 

regulation of cell proliferation is also a fundamental aspect regulating tissue growth and size 

determination [34]. Tissue and organ size are well defined and emerge during development 

whereas their size is maintained after formation by replenishment of cells from resident adult stem 

cells characterized by restricted lineage commitment [5,40].  

Before the revolution of single cell-based study, historical biochemical and cell genetic approaches led 

to the systematic characterization of seemingly static gene regulatory networks (GRN) overseeing 

spatiotemporal regulation of cell fate specification, proliferation and survival. Surprisingly, these 

approaches have revealed that few signaling pathways are key in their regulation (Table 1). These 

pathways are typically distributed into main classes based on their ligand or transduction mechanism 

[41]. Examples include transforming growth factor β/bone morphogenetic proteins family (TGF-

β/BMP), fibroblast growth factor (FGF), epidermal growth factor (EGF), Wnt, retinoic acid receptor 

(RAR), Hippo or Notch [41].  

Table 1. Key signaling pathways implicated in development orchestration (adapted from [41]) 

Signaling pathway Development processes 

TGF-β/BMP Patterning, growth 

Wnt Patterning, growth, cell polarity 

Notch Patterning, cell fate specification through lateral cell inhibition 

Hedgehog Patterning, growth 

EGF Patterning, morphogenesis 

FGF Patterning, morphogenesis, cell migration 

PDGF/VEGF Morphogenesis, cell migration 

Hippo Growth, cell polarity 

NF-κB Patterning, innate immunity 

JNK Patterning, cell migration, innate immunity 

Abbreviations: TGF, transforming growth factor; BMP, bone morphogenetic proteins; EGFR, epidermal growth 

factor; FGF, fibroblast growth factor; PDGF, platelet derived growth factor; VEGF, vascular endothelial growth 

factor; NF-κB, nuclear factor-kappa B ; JNK, JUN kinase 
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Developmental signaling pathways are activated through the interaction of receptors, mostly located 

at the membrane surface, with specific ligands (Figure 1). These ligands can be soluble diffusible 

factors, transmembrane ligands from neighboring cells or ECM components. Cell receptors act as 

sensors of the biochemical and mechanical cell environment. Hence, induction of each developmental 

process in each cell does not rely on unique signals. Instead, cell response depends on multiple signal 

expositions varying in their individual amplitude and duration. Cell response strongly relies on these 

extrinsic cues in interaction with cell intrinsic competency to sense and respond to them as well as the 

structure of the GRN which will translate fine-tuned inhibition and activation of interacting pathways 

into single cell outcome [28,41] (Figure 1). The following paragraphs will only focus on extrinsic signals 

contributing to development processes. 

 

 

Figure 1. Principles of extrinsic cues sensing and cell signaling in developmental processes. Transcription factors 

play a pivotal role in orchestrating developmental processes to external perturbations via signaling pathways. 

Cells engage with their microenvironment using a variety of receptors. When stimulated by signaling molecules 

such as matrix proteins, soluble factors, or other cell membrane proteins, these receptors initiate intracellular 

signaling cascades. These cascades transduce and amplify signals through second messengers to activate 

effectors proteins including transcription factors. The integration and coordination of multiple signaling 

pathways involve cross-talk at each step, ultimately resulting in the modulation of a specific set of transcription 

factors. Therefore, the combination of extrinsic signaling is translated into a combination of gene regulations, 

leading to a unique cellular response. 
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In early stages of embryo development, cell processes are mostly driven by intrinsic cell determinants 

and their asymmetric distributions into daughter cells. Throughout embryonic development, extrinsic 

factors gain increasing significance in the regulation of cell processes, with the establishment of 

paracrine secretion and the emergence of developmental signaling centers corresponding to clusters 

of inducer cells secreting diffusible molecules. Spatially restricted lineages associated with tissue 

patterning are often correlated with the generation of morphogen gradients referring to signaling 

molecules dictating cell fate in a concentration-dependent manner (Figure 2A) [41]. Information 

position perceived by a cell is often the result of interacting axial and orthogonal morphogen gradients 

[41]. This is well exemplified by mesoderm induction which relies on the establishment of nodal 

gradient, a member of TGF-β family in vertebrates [42,43]. In xenopopus, generation of this gradient 

result from the interaction of Wnt-family β-catenin and maternal TGF-family growth factor Vg1 

gradients [43] (Figure 2B). Low expression of nodal-related molecule induces specification of ventral 

mesoderm while their high expression induces the gastrula organizer, Spemman center. As for cell fate 

restrictions, secreted signaling molecules and their distribution as morphogen gradients control 

hierarchically cell division of progenitor cells [44]. Several growth factors have been described to 

promote cell proliferation and cell survival in a concentration-dependent manner such as VEGF or 

platelet-derived growth factors (PDGF) [45–47]. The ECM can regulate the spatial presentation of these 

factors through their binding to the ECM components mediated by specific protein-binding domains 

such as heparin-binding domains [48]. Hence, combination of chemical factors and their spatial 

distribution is a key parameter in driving cellular development. 

On the other hand, during early development, cell-cell contact predominates but as embryonic 

development progresses, differentiated cells secreting ECM emerge [48]. Hence, cells become 

mechanically coupled to the ECM through the interaction of matrix proteins such as fibronectin to 

integrin cell surface receptors. Thus, cells are able to sense exerted extrinsic forces but also ECM 

rigidity associated with distinct tissues types or cell compartments. Cell-ECM interactions enable the 

coupling of mechanical and biochemical factors to ensure morphogenesis and tissue patterning in a 

growing organism or organ, thus connecting macro-scale physical inputs to nanoscale chemical 

signaling [36,48].  

 



Bibliographic introduction 

31 
 

 

Figure 2. Historical concept of tissue patterning Induction by morphogens. A) Principles of morphogen gradient 

interpretation. Adapted from [49]. Morphogen dictate patterned tissue response (e.g. lineage specification, cell 

proliferation or cell survival) in a concentration-dependent manner. Interpretation of inductive signals by 

receiving cells depends on cell-intrinsic competence to induce specific target, duration of inductive cues exposure 

and cell signaling through gene regulatory network. TF-X: transcription factor X. B) Model of mesoderm 

specification in xenopopus embryo. Adapted from [43]. At the midblastula stage, higher -Catenin levels on the 

dorsal side of the embryo, together with the vegetally located transcription factor VegT and the maternal TGF-

family growth factor Vg1, generate a gradient of Nodal-related molecules expressed in the endoderm. In turn, 

this gradient induces the formation of overlying mesoderm: low doses of Nodal-related molecules lead to the 

formation of ventral mesoderm, whereas high doses lead to the establishment of Spemann's organizer. Ect, 

Ectoderm; v.m., ventral mesoderm, v.e, ventral endoderm; d.e, dorsal endoderm. 

During postnatal life, tissue homeostasis and tissue regeneration upon injury is ensured by tissue 

resident progenitors and adult stem cells. Upon activation, stem cells proliferate and differentiate into 

functional cells. Maintenance of tissue homeostasis thus relies on the capacity to maintain a pool of 

stem cells throughout life which depend both on self-renewal ability of these cells and the 

maintenance of their stemness [6,14]. Adult stem cells can either exist in a proliferating stage or non-

proliferative quiescent stage [40]. Highly cycling adult stem cells can be found in tissues undergoing 

continuous loss of cell mass such as epithelium (e.g skin, intestine) [5]. By contrast, quiescent stem 

cells such as in the liver only proliferate in response to injury and cease dividing once the tissue is 

restored [50]. Adult stem cells reside in specific locations called “niches” which correspond to a specific 
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microenvironment protecting them from damaging stimuli, pro-proliferative and pro-differentiating 

instructive cues (Figure 3) [51]. Stem cells can undergo symmetric or asymmetric division [51]. 

Symmetric divisions generate two daughter cells that remain in the same niche environment and which 

are mostly identical. Conversely, asymmetric division generates a daughter cell that remains inside the 

niche and inherits stem cell characteristics while the other cell is further located from the protective 

niche and starts to differentiate into a committed progenitor [51]. These committed progenitors are 

highly proliferating cells that are able to differentiate into specific cells. Both progenitors and mature 

cells reside also into specific microenvironments that maintain their identities (Figure 3). The reliance 

of stemness on environmental cues raise the question of whether the understanding of stemness can 

be abstracted from the microenvironment and be considered as a cell identity rather than a cell state 

[52]. 

 

Figure 3. Regulation of adult stem cells renewal and differentiation is coordinated by interacting extrinsic signals. 

A) Schematic representation of stem cell niche components. Stem cells reside in specific microenvironment that 

inhibit their proliferation and differentiation. Upon activation, stem cells produce progenitor cells that moved 

further away from the niche and that are able to differentiate into mature cells. Adapted from [53]. B) Example 

of intestinal stem cell niche. Gradients of soluble factors, O2, ECM networks and underlying stromal stiffness 

along the villus-crypt axis regulate stem cell function and consequent tissue homeostasis. Adapted from [54]. GF, 

growth factor; Diff., differentiation; BMP, bone morphogenetic protein; EGF, epidermal growth factor. 

Within the niche, as for during embryonic development, regulation of adult stem cells proliferation 

and differentiation is coordinated by interactions of cell-intrinsic factors and extrinsic signals. These 

extrinsic signals include neighboring supporting cells, regulating stem cells fate through cell-cell 

interactions and paracrine secretions, the ECM, neural inputs and blood vessels relaying long-range 
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biochemical signals (Figure 3A). In addition to its role in cell communication, blood vessels ensure 

supply of oxygen and metabolite critical for cell proliferation [55]. Hence, similarly to embryonic 

development, gradients of growth factors and variations of ECM rigidity are key regulators of adult 

stem cell niches and therefore tissue homeostasis [11,56]. A well described example is the intestinal 

stem cell niche where opposed Wnt/BMP gradients control axial distribution of stem cell, progenitors 

and differentiated cells compartments along crypt-villi axis [57] (Figure 3B). The Hippo mechano-

transduction pathway and its effector protein YAP are key in the coordination of cell mechanical 

environment and proliferation control [58,59] (Figure 4). Stem cell niche often correlates with soft ECM 

which reduces cell adhesion and consequently inactivate YAP/TAZ while stem cells moving away from 

the niche encounter progressive ECM stiffening resulting in YAP/TAZ activation and downstream 

proliferation activation.  

 

Figure 4. Regulation of YAP/TAZ activity by extrinsic factors. A) The Hippo pathway regulates YAP/TAZ protein 

localization, co-transcription factors involved in controlling cell proliferation and migration. When the Hippo 

pathway is active (Left), upstream signals phosphorylate MST1/MST2 and LATS1/LATS2 kinases, leading to 

YAP/TAZ phosphorylation. This phosphorylation recruits 14-3-3 proteins, either sequestering YAP/TAZ in the 

cytoplasm or triggering their degradation. Conversely, in an inactive Hippo pathway (Right), unphosphorylated 

YAP/TAZ translocate to the nucleus and interact with TEADs transcription factors at target gene promoters. B) 

Regulation of YAP/TAZ activity by mechanical and topological cues. Adapted from https://www.mechanobio.info. 

YAP/TAZ localization and phosphorylation status is regulated by extracellular matrix (ECM) stiffness, spreading 

of the cells, cell density and mechanical forces relayed by cell-cell and cell-ECM adhesion. 
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Therefore, we can understand that the regulation of cell development during both organism 

development and the lifelong maintenance of tissues shares several common principles. These 

encompass the dependence of cell responses on the exposure to multiple extrinsic signals including 

pivotal roles of exposition to spatially distributed chemical factors and to cell-cell and cell-ECM 

interactions that couples mechanical and biochemical factors. Moving forward, we will explore the 

importance of stochasticity in cell fate decisions and how it contributes to plasticity of the cells to 

respond to their microenvironment. 

 

1.2. Stochasticity of gene expression supporting cell-to-cell decisions variability 

Classically, the development of multicellular organisms has been viewed as a reproducible and thus 

determinist course of events. At that time, most of the knowledge was derived from cell population-

based endpoint assays that do not reflect spatio-temporal dynamics of gene regulation in stem cells 

and progenitors during embryonic development and post-natal life. Transcriptional studies at the 

single cell level have revealed an inherent stochasticity and dynamic of gene expression which can 

result in stem cell fate variability [37–39]. Apprehending heterogeneity of cells within a given cell 

population is key to understand cell variability in response to environmental cues. Identifying 

processes by which multicellular system exploit or compensate these mechanisms are important to 

understand how to yield reproducible in vitro tissue development with physiological relevance.  

Gene expression depends on concentrations, state and location of molecules such as transcription 

factors. Fluctuation in the amount or activity of these molecules between cells lead to fluctuations in 

the output gene and constitute extrinsic sources of gene expression noise which are global to a single 

cells [60]. Besides, rate of gene expression varies due to intrinsic randomness of molecular 

interactions, which applies to each gene [60] (Figure 5). 
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Figure 5. Principle of extrinsic and intrinsic noise in cell-to-cell variability of gene expression. A) Schematic 

depiction of the temporal behaviors of extrinsic noise (upper) and intrinsic noise (lower). Example of noised gene 

expression of two fluorescent proteins YFP (red) and CFP (green) identically regulated. Cells expressing equal 

amount of each protein appear yellow, whereas cells overexpressing one fluorescent protein over the other 

appear either red or green. Without intrinsic noise, both proteins fluctuate together within cells (upper left), with 

varying levels among cells due to external noise (upper right). Intrinsic noise can decouple the expression of both 

genes in individual cells (lower left), causing some cells to favor one fluorescent protein over the other (lower 

right). B) Demonstration of intrinsic noise in E. coli expressing YFP and CFP under promoter identically repressed 

by LacI. E. coli exhibit YFP and CFP independent fluctuations in protein expression under LacI repression (Left). 

Inactivation of LacI by IPTG decreases intrinsic noise (right). Adapted from [60]. 

Gene expression noise is also regulated by epigenetics modifications, inhibitory epigenetics marks such 

as DNA methylation correlating with reduced noise conversely to activating epigenetics marks such as 

acetylations [38]. Stem cells from the "openness" of their chromatin exhibit gene expression noise for 

most of their genes leading to small expression variations between single stem cells. Heterogeneous 

gene expression among single cells is an important factor in the generation of plastic identities [37,38]. 

Single cell RNA sequencing on hematopoietic progenitors has revealed that hematopoietic stem cells 

are not equivalent but contain various populations of cells exhibiting differentiation bias toward 

diverse lineages [61]. Hence, gene expression stochasticity can generate primed stem cells able to 

respond rapidly to extrinsic cues followed by clone selection processes (Figure 6). Besides, the classical 

view of the existence of few stable cell states corresponding to stem cells, committed progenitors and 

differentiated cells would have suggested the presence of cell clusters clearly defined with sharp 

transitions from one stage to another. However, these studies demonstrated smooth transitions from 

a cluster to another demonstrating that at any given time all cell states coexist within the same tissue.  
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Figure 6. Stochasticity of cell fate specification: exploitation and compensating mechanisms in development. 

Stochasticity of cell fate specification: exploitation and compensating mechanisms in development. Stochasticity 

of gene expression induces the generation of a mosaic of cell fate randomly distributed in space. Cell adversity 

contributes to robust adaptation of populations by cell selection processes (e.g. cell death, clonal cell 

proliferation) to change in microenvironment. Some systems utilize stochastic mechanisms in specific 

development programs to generate random patterns of cells such (e.g. photo-receptor selection in primate 

retina). Other developmental programs compensate for, or direct, stochastic fate specification to yield 

reproducible and robust outcomes (e.g. specification and regionalization of motor neurons pools). Adapted from 

([37,62,63]) 
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As stochastic cell fate specification can generate cellular diversity it can also generate random 

outcomes during developmental processes [37]. There are examples of systems exploiting 

developmental randomness to generate mosaics of cell fate across a tissue such as primate 

photoreceptors across the retina [64] or olfactory sensory neurons across the mouse olfactory system 

[65] (Figure 6). On the other hand, stochastic fate decisions can impair tissue function when 

regionalization of cell fate is required. To ensure robust cell compartments, compensating mechanisms 

exist such as controlled cell deletion through apoptosis or cell sorting [37] (Figure 6). In developing 

embryos, apoptosis drives morphogenesis and tissue shaping by directing for instance tube hollowing 

or the removal of interdigital webbing [66]. Apoptosis is also involved in shaping ramified structures 

such as mature neuron networks [67] or endothelial cell networks [68]. In the context of regeneration, 

apoptosis also contributes as a late signal regulating tissue patterning [69]. 

Cell sorting involves both segregation mechanisms by which mixed populations of cells with different 

fates or properties are redistributed into distinct domains and the maintenance of this segregation 

delimiting tissue or cell compartment "boundaries”. Such cell properties have been exemplified 

through experiments of cell aggregate dissociation and reassociation [70,71]. When embryonic cells 

from different cell compartments where mixed together, they first aggregated together to form a cell 

mass. Then, within the mixed aggregate, cells progressively joined cells from the same origin. This was 

the first demonstration of autonomous self-assembling and self-organizing abilities of cells. Apart from 

this artificial illustration of the cell sorting process, the migration of motor neurons during 

development serves as a tangible instance of cell sorting that facilitates the formation of robust motor 

neurons pools necessary for electrical coupling [72].  

Diverse models have been proposed to explain cell sorting and boundary formation; those details have 

been reviewed elsewhere [73–75]. Although still not completely understood, data indicate that cell 

sorting mechanisms strongly rely on cell-cell interactions through mechanical coupling and cell 

adhesiveness. Boundaries correlate with highly localized signals leading to discontinuities in cell 

adhesion such as contact inhibition by ephrin/eph signal [76] or such as differential expression of 

cadherins based on homophilic interactions or overall cadherins expressions [77].  

Cell development is intrinsically stochastic. Within living tissues, cells display important cell-to-cell 

variability in gene expression leading to highly heterogeneous and dynamic cell populations. Stem cell 

heterogeneity is an important factor of plastic and rapid adaptation of tissues to microenvironment 

changes. Driving selection of specific phenotype requires engineering environment that would maintain 

survival of targeted cells and their progeny. While stochasticity helps to generate cell complexity, cell 

adhesion and cell migration processes are key sorting processes to allow cell rearrangements and lead 
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to regionalized cell compartments. Following section will describe how cell migration participates to 

tissue shaping through these cellular reorganizations and which parameters intervene in its regulation. 

1.3. Tissue shaping and cell migration  

Cell migration is a key cellular process which is fundamental both during organism development and 

tissue regeneration upon injury. Cells are able to migrate individually as single cells or collectively as a 

group. Collective migration is essential to control the spatial distribution of cells and ensure the 

morphogenetic movements that shape the complex architecture of tissue and organs during 

development, i.e. morphogenesis [35]. Examples include collective migration of cell sheets during 

gastrulation participating in the establishment of three germ layers (Figure 7A). A good example of 

tissue structuration through cell migration in adult tissue is the branching morphogenesis of 

vascularization after tissue damage or during tissue expansion [45] (Figure 7B). As the fundamental 

support for oxygen and nutrients exchanges required cell functioning, vascularization is able to 

remodel according to cell needs, driven by hypoxic signals.  

Cells adopt migratory behavior by modification of their cytoskeleton. Motile cells are polarized with 

the formation of pseudopods whose stabilization determines the directionality of the movement [78]. 

The continual extension of pseudopods which ensure cell movement is tightly associated with actin 

cytoskeletal dynamics and adapts to extrinsic signals through interaction of cells with their 

extracellular microenvironment. These extrinsic signals include the presence of soluble guidance cues 

[35] and interactions with the extracellular matrix [48] (Figure 7). To ensure  collective cell migration, 

front and back cells of the group have to be mechanically linked through cell-cell interactions to 

propagate cell displacement [79–81] (Figure 7). The front cells that undergo protrusion formation and 

sense environmental cues are referred to as leader or tip cells (Figure 7). In sprouting angiogenesis, 

the tip cell is in a leading position and actively migrates while follower cells contribute in the elongation 

of the migrating groups by other mechanisms such as proliferation [35,45] (Figure 7B). 

Response to chemotactic cues produced in the surrounding environment is key in the regulation of cell 

migration directionality. Most migrating cells possess molecular machinery enabling them to sense and 

move along gradients of soluble attractant and repellents through a process called chemotaxis. These 

soluble factors include growth factors such as TGF-β, well known to promote fibroblasts and 

myofibroblast migration [82], or VEGF-A a key chemoattractant in guiding mammalian angiogenesis. 

Endothelial tip cells sense VEGF-A gradients while overall concentration of VEGF-A promotes cell 

proliferation of follower cells [45]. Some VEGF molecules contain heparin-binding domains promoting 
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their binding to ECM components [83]. Hence, the ECM also regulates bioavailability and gradient 

formation of chemotactic cues. 

 

Figure 7. Collective migration in tissue structuration involves chemotactic cues, cell-cell coupling and ECM 

remodeling. A) Mesendoderm invagination during gastrulation of zebrafish embryo. Chemical nodal gradient 

induces mesendoderm specification and mechanically subdivides the tissue into leader and follower cells. Nodal 

signalling gradient further reinforces a system of heterotypic adhesion, connecting leaders to their immediate 

followers, leading to the collective and organized internalization of mesendoderm. B) Sprouting angiogenesis. 

Tip lead cell and follower stalk cell are formed in response to angiogenic stimuli such as hypoxia and gradient of 

proangiogenic growth factor VEGF-A. Following basement membrane and matrix degradation by matrix 

metalloproteinase (MMP), tip cell starts to form lamellipodia and filopodia to migrate while stalk cells proliferate 

to elongate the nascent vessel sprout. Tip cell ensures sensing of chemotatic cues driving migration direction.  
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In addition to its role in the distribution of growth factors, the ECM directly influences cell movement 

as a physical support for cell migration [48]. Formation of polarized protrusions in migrating cells is 

mediated by their adhesion and exertion of traction on physical substrates. Control of protrusion 

polarity and force traction require integrin/fibronectin interaction. Protrusion formation was reported 

to be promoted in xenopus mesendoderm cells cultivated on fibronectin substrate in vitro [84] while 

there was impaired in response to functional blockade of α5β1 integrin [85]. Moreover, cells are able to 

sense mechanical properties of the ECM [48]. In vitro studies of cell migration assays showed that 

substrate stiffness affects cell migration with various effect depending on cell types [86–88]. Some 

studies have reported that fibroblastic cells tend to migrate faster and more efficiently on 2D rigid 

substrates [89]. Besides, Hadden et al. showed that mesenchymal stem cells tend to migrate toward 

the stiffer part of the substrate when cultivated onto substrate exhibiting steeper gradients of rigidity 

[90]. However, in vivo cells are almost never confronted to this planar configuration and thus how 

cross-link density influences cell migration should be considered in 3D substrates. Reduced porosity of 

3D matrix is associated with reduced cell migration [86]. In addition, cell migration was shown to be 

influenced by degradability of the matrix in which they are encapsulated [86]. Localized degradation 

of the ECM environment is an important parameter controlling branching morphogenesis during 

vasculature development [45]. 

To summarize, we have seen that in vivo tissue development and homeostasis result from combination 

of interacting cell processes including progressive stem cell differentiation, cell proliferation, cell 

selection through cell survival and cell rearrangement through collective cell migration. All of these 

cellular processes are under an important control from surrounding cell microenvironment which 

identify biochemical factors and their distribution, cell-cell and cell-ECM interactions as key parameters 

to drive cell behaviors. In embryonic development, the system is continuously evolving with successive 

establishment of temporary local microenvironments that shape and pattern tissue overtime. In adult 

tissues, specific established microenvironment regulates the maintenance of stem cells and 

progenitors’ populations required for tissue homeostasis. These cell populations are highly 

heterogeneous due to stochasticity of gene expression which can induce drifts in cell phenotype by cell 

selection processes upon chronic change in cell microenvironment. This highlights the importance to 

define conditions in vitro that would allow to recreate and maintain appropriate cell microenvironment 

for generating complex tissue with long-term maintenance and functionality. Hereafter, we will provide 

an overview of the primary approaches that have been proposed by organoids and engineering tissues 

communities to confront this challenge (see II.2). 
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2. Two main conceptual approaches for in vitro generation of complex tissues  

Two primary desires have prompted research on the in vitro generation of tissue and organ-like 

constructs: 1) generating ex vivo models to better understand and simulate physio-pathological 

developmental processes 2) creating tissue substitutes for the purposes of replacement therapies and 

regenerative medicine. Historically, these two intentions have nourished and built two respective 

research communities, those of organoids and tissue engineering. Following section will provide 

insights on historical conceptual approaches that have prompted these fields. 

2.1. Organoids: nature-driven engineering of tissue 

Historically, establishment of organoids culture takes roots in the demonstration of inherent capacity 

of vertebrate stem cells to self-organize. The term organoid originally emerged in the field of 

developmental biology and gained in popularity in the years 1965-1985 to describe the organogenesis 

potency observed within cells during classic experiments of cell dissociation and reaggregation [91,92]. 

Even after total dissociation these cells were able to rearrange themselves and turn into structure 

recapitulating the original architecture of the organ (for an overview, see [93]).  

Since 2009, the term “organoids” has gained renewed interest with a variation of its definition [91,94]. 

Most commonly, the term organoids refer to as 3D multi-cellular microtissue derived from stem cells 

that differentiate and self-organize to generate organ-like tissue when provided with ECM mimicry and 

growth factors (Figure 8). Organoids recapitulate key processes of organogenesis including cell sorting 

and spatially restricted lineage commitment [93]. Organoids exhibit multiple organ-specific cell types 

and should recapitulate some aspect of both complex structuration and functionality of the 

corresponding in vivo organ. Compared to 2D culture, organoids better resemble the native organ 

regarding transcriptional, proteomic and metabolic as well as regarding microscale tissue architecture 

[91,95].  
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Figure 8. Components of organoid culture generation. ESC, embryonic stem cells; iPSC, induced pluripotent 
stem cells. 

 

The generation of organoids is based on the use of stem cells. Stem cells possess unique properties 

that allow them to both self-renew and differentiate into multiple cell types. The balance between 

self-renewal and progenitor commitment is strictly regulated by the stem cell niche[12], as defined in 

II.1.1. Archetypal organoid systems aim to recreate this stem cell niche to drive their inherent ability 

to organize in space and time to recapitulate morphogenesis. First demonstration of such a system 

was performed by the laboratory of Hans Clevers [94]. They showed that embedding Lgr5+ intestinal 

stem cells with 3D Matrigel and providing them with soluble niche signals promoted their proliferation 

but also directed them to follow their innate developmental programs to produce crypt-like 

projections. Few years later, Lancaster et al. reported the generation of brain organoids from human 

pluripotent stem cells exhibiting different brain regions [96]. Using patient-derived cells, authors 

succeeded to generate a model of microcephaly setting organoids as powerful tool to study human 

development. Since then, numerous organoids have been described from an increasing variety of 

organs [91,95] (Figure 9). Most of them still rely on the use of Matrigel combined with sequential 

delivery of soluble niche factors [91,95]. 
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Figure 9. Variety of organ specific organoids can be derived from pluripotent and adult stem cells. Organoids 

derived from pluripotent stem cells (PSCs) can originate from either embryonic stem cells (ESCs) or induced 

pluripotent stem cells (iPSCs). These organoids have the capacity to differentiate into various germ layers 

(endoderm, mesoderm, and ectoderm) in vitro using specific stepwise differentiation protocols. Following the 

initial specification of germ layers, cells are transferred into 3D systems, where they form organoids that faithfully 

replicate the developmental processes that occur in vivo. On the other hand, organoids derived from adult stem 

cells can be generated using adult stem/progenitor cells or tissue fragments from the corresponding organ. 

Under these conditions, the cells exhibit self-organization in culture while preserving their genetic stability and 

commitment to their tissue of origin. Adapted from [97]. 

Organoids can be derived from tissue-resident adult stem cells obtained from biopsies [94,98] or from 

pluripotent stem cells (PSC) including embryonic stem cells [93,99] and induced pluripotent stem cells 

(iPSCs) derived from reprogramming of differentiated cells [100,101] (Figure 9). Organoids generated 

from adult stem cells derived from highly regenerative organs such as intestines benefit from their 

intrinsic ability to continuously generate progeny to ensure constant replacement of cells. Thanks to 

the maintenance of stem cells within adult stem cell-derived organoids, these organoids can be 

expanded almost indefinitely [94]. Generation of organoids from adult stem cells strongly relies on our 

understanding of instructive cues in a context of tissue repair or regeneration. Conversely, PSC-derived 

organoids offer an alternative to model organs for which stem cells cannot be easily retrieved such as 

the brain [93,100]. They also represent a powerful tool to model developmental processes of 

organogenesis and early life embryogenesis with the emergence of “embryoids” [102,103]. Generally, 

generation of pluripotent stem cell-derived organoids is a long-lasting process composed of several 
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steps which aim to provide sequential instructive developmental cues to progressively restrict the 

differentiation potential of pluripotent stem cells to the required cell lineages. 

Currently, organoids exhibit the highest level of in vitro organ functionality achieved so far. As a result, 

they hold great potential in disease modeling for advancing personalized medicine and conducting 

next-generation drug screening, aiming to reduce the reliance on animal testing. Organoids are also 

promising platforms for damaged tissue replacement or restoration, provided the possibility to 

generate large-scale tissue organoids (see III). Nevertheless, several limitations still remain to be 

overcome before this vision can be realized (Table 2). Firstly, organoid generation is highly dependent 

on the stochastic nature of development processes which leads to poor reproducibility and important 

variability in morphology and functions [91,95]. Another explanation for this variability lies in the non-

completely defined condition of culture that are currently used in the great majority of organoids. As 

a raw material extracted from the Engelbreth–Holm–Swarm mouse sarcoma, Matrigel often displays 

batch to batch variability regarding its composition and its mechanical properties [104]. Reducing this 

variability for instance by better microenvironment controls through engineering would be crucial for 

their applications in biomedical sciences. Besides, organoids still show incomplete maturation. 

Organoids derived from epithelial adult stem cells often fail to recapitulate the whole cellular 

complexity of native organs mostly due to the restricted differentiation lineages in which these cells 

can engage. Complete maturation would require the presence of mesenchymal compartments and 

vascularization. This maturation is also hindered by the lifespans of organoids which is often in 

disagreement with the duration required for the generation of the whole spectrum of differentiated 

cell types from stem cells. This is especially true for organoids derived from pluripotent stem cells 

which fail to mature beyond a fetal stage [91,95]. This limited lifespan of organoids is due to nutrient 

inaccessibility leading to the development of necrosis areas at the core of the structure. For this same 

reason, organoids cannot be grown beyond millimetric scale [95]. Organoids progressively grow in size 

until they reach a critical limit. This is especially true in organoids exhibiting compact structures such 

as brain organoids (up to 4 mm in diameter) [32,95]. Organoids derived from epithelial cells (e.g. 

intestinal, pancreas, lung) form hollow structures which progressively accumulate dead cells in their 

lumen, requiring frequent mechanical fragmentation of organoids to get removed [95]. The necessity 

of constant organoid fragmentation prevents the generation of large-scale organoids 
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Table 2. Organoid culture characteristics. ESC, embryonic stem cells; (i)PSC, (induced) pluripotent stem cells 

Characteristic type Organoid culture 

Driving concept of in 
vitro tissue generation 

Promoting self-organization of cells by initiating the intrinsic capabilities 
of stem cells to engage in cascades of developmental events 

Cell source Pluripotent stem cells (ESC, iPSCs), Adult stem cells 

Achievements 
Multiple organ cell types, organ specific functions and microarchitecture, 

recapitulation of some morphogenesis processes 

Limitations 
Low reproducibility, strong reliance on Matrigel, incomplete maturation 

(PSCs-organoids), size < 1 mm 

Uses 
Disease and development modeling, drug screening, medicine 

regenerative, personalized medicine, cryo-banking, phylogenetic studies 

 

2.2. Tissue engineering: structure-driven engineering of tissue  

Tissue engineering finds its source in the field of regenerative medicine and many others have used 

these terms synonymously [105]. Regenerative medicine encompassed all the means allowing the 

regeneration and remodeling of tissue for the purpose of repairing, replacing or enhancing organ 

function including cell therapy and tissue engineering [106]. In 1987, the National Science Foundation 

first defined tissue engineering as “an interdisciplinary field that applies the principles of engineering 

and the life sciences towards the development of biologic substitutes that restore, maintain, or 

improve tissue function.” [9,10]. Therefore, therapeutic applications for tissue restoration stands as a 

central focus in the field of tissue engineering. 

Historically, tissue engineering has emerged as the second generation of cell-based therapy [105,107]. 

First-generation cell therapies use direct injection of isolated cells either using tissue progenitors and 

expecting them to participate in tissue repair or using mesenchymal stem cells as a source of pro-

regenerative factors through their paracrine activities [107,108]. However, a major limitation of cell 

therapy is the poor retention rate of injected cells. Although beneficial effects of these approaches 

were reported, most studies concluded that few of them manage to survive post-transplantation. This 

low cell retention can be explained by their inability to withstand the adverse conditions of the disease 

environment or to their elimination by the bloodstream. Consequently, tissue engineering approaches 

have been developed to enhance transplanted cell survival and their integration to the native tissue.  

Tissue engineering is based on the use of scaffolds to mimic ECM and provide cells with a 3D supporting 

structure [105]. These scaffolds are more broadly referred to as biomaterials. These biomaterials could 

be derived from natural sources or can be synthetically generated [109]. They should be biocompatible 

with low immunogenicity, biodegradable and bioactive to stimulate tissue responses. Tissue 
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engineering encompasses both ex vivo and in situ tissue engineering [105]. In situ engineering consists 

in the use of acellular scaffolds as implants designed to enhance in situ capacity of cells to regenerate 

tissue at injury site in vivo [110]. Ex vivo tissue engineering aims to generate transplantable living tissue 

constructs composed of cellularized scaffolds which recapitulate structure and functionality of in vivo 

tissue [9]. Moving forward, our attention will be directed towards ex vivo tissue engineering, which we 

will refer to simply as tissue engineering for the sake of simplicity. 

The driving force behind the advancement of tissue engineering methodologies stemmed from the 

desire to mimic nature. It attempts to maximize cellular functions by recreating tissue composition, 

architecture and interactions of cells within their local environment [13]. As discussed in 0, cell 

microenvironment largely influences cell behaviors. Thus, standard tissue engineering approaches 

combine the use of three factors: cells, biomaterials and signaling molecules (Figure 10). A large variety 

of biomaterials have been proposed from solid macroporous structure for bone generation to 

polymeric hydrogel for soft tissue generation [109]. More details will be given in part 3.1. Classical 

tissue engineering approaches mainly involve one-step seeding and culturing of cells into 3D 

biomaterial scaffolds that are designed to mimic target tissue architecture [8,9]. Generally, cells are 

seeded as cell suspension either prior to scaffold generation by mixing cells with the biomaterial [111–

113] or on top of pre-formed scaffold requiring cell infiltration [114,115].  

 

Figure 10. Components of classical tissue engineering approaches. 
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In opposition to organoids systems which focus on the use of pluripotent and multipotent stem cells, 

tissue engineering approaches have been described with a broader range of cells. The main 

consideration is that these cells should have the capacity to express the phenotype of the desired 

tissue and exist in easily accessible, abundant cell sources. These cell sources can be autologous or 

allogeneic. Thus, tissue engineering approaches have been obtained using stem cells [116], committed 

progenitors [117] or even somatic cells such as chondrocytes [113,115]. Regarding stem cells, methods 

have been described with all types of potency including pluripotent stem cells [118] (e.g. embryonic 

stem cells, iPSCs), multipotent and unipotent adult stem cells [119] or mesenchymal stromal cells 

(MSCs) [120] (Figure 10). An important variety of protocols for cell preparation have been reported 

depending on the cell sources. Most protocols contain steps of cell isolation, cell expansion in 2D 

cultures, followed or not by cell engagement and/or differentiation steps before harvesting them for 

assembly with the biomaterial [116,117]. Behind this firstly stands the necessity to produce a high 

number of cells with homogeneous cell response. This is crucial to ensure sufficient starting material 

to expect an efficient and reproducible therapeutic effect after transplantation. Secondly, classical 

tissue engineering approaches rather focus on the co-culture of multiple cell types to mimic tissue cell 

complexity than driving inner development of stem cells toward all their progenies within the 

construct. 

Tissue engineering holds great promise regarding the development of ATMPs (Table 3). Thanks to the 

advances in the fields of biomaterials and fabrication technologies, scaffolds can be generated in more 

and more reproducible and cost-effective manners allowing cells to be seeded in well-defined 

conditions [121,122]. Some tissue-engineering constructs have already proved their performance in 

clinical applications such as engineered human skins [123]. However, few successes were reported 

regarding the generation of fully functional tissues with more complex anatomic structures. Indeed, 

despite the considerable efforts invested in generating scaffolds that increasingly mimic native tissue, 

classical tissue engineering approaches often result in limited cellular organization [124,125]. A 

significant limitation encountered with traditional seeding of single-cell suspension is the achievement 

of low cell density within tissue constructs [125]. This limitation impedes the cell-cell interactions that 

underpin collective cellular behaviors and cell tissue functionality. Furthermore, tissue scaffolds are 

frequently designed beyond the millimetric scale, aiming to replicate the size and morphologies of the 

target tissue [124,125]. However, nutrient diffusion can be impaired within the scaffold reducing cell 

viability and functionality.  
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Table 3 Summary of classical tissue engineering approaches characteristics. 

Characteristic type Engineered tissue constructs 

Driving concept of in 
vitro tissue generation 

Biomimicking defining features of native tissues 
 (architecture, cell composition) 

Cell source 
stem cells, mesenchymal stromal cells, progenitors, differentiated 

somatic cells 

Achievements 
Defined biomaterial composition, cell maturation in vivo, reproducible 

and cost-effective scaffold generation, scaffold can be designed > 1 mm 

Limitations 
Low functionality, weak cell-cell interactions, low self-organization of 

cells, long term culture 

Uses 
Medicine regenerative, personalized medicine, (physiopathology 

studies, drug screening) 

 

Both organoids and tissue engineering approaches rely on the combination of three main components 

which are cells, ECM-like material, and signaling molecules. The ultimate objective is to provide cells 

with a 3D microenvironment to obtain functional tissues in vitro. However conceptual frameworks 

underlying these approaches were historically different between the two research communities. The 

organoid community intended to recreate stem cell niche to harness the intrinsic developmental 

potential of stem cells and promote emergence of self-organized local microenvironments. Conversely, 

historical engineering tissue approaches adopted a biomimetic and relatively static perspective of the 

microenvironment, aiming to provide more committed cells with defining characteristics of native 

tissues. Doing so, the field of tissue engineering have contributed to the development of biomaterials 

to tailor cell microenvironment to a given application. However, these approaches led to low cell 

organization where organoids demonstrated impressive capacity of cells to self-organize, although 

stochastically, when cultivated in appropriate conditions. 

Self-organization is a phenomenon in which ordered structures arise from local interactions of 

disordered elements. the spontaneous formation of ordered structures can be explained by the dynamic 

and non-linear interactions of the distinct elements. Cells constantly adjust their state according to the 

signals received by the neighboring cells and the environment, leading to cell diversification through 

events of self-organization. Starting from uniform condition, stochastic fluctuations and cell 

interactions induce change of sates with a progressive increase of order associated with well-defined 

conditions. The following section will give some principles on how we can regulate these interacting 

elements through microenvironment engineering to guide self-organizing of cells toward a specific 

outcome in vitro (see II.3).  

 



Bibliographic introduction 

50 
 

3. Driving self-organization of cells through 3D engineered microenvironment 

Past years have seen a change in paradigm in both organoids and tissue engineering fields with the 

emergence of concepts such as “engineering organoids” [32,95] or “developmental tissue engineering” 

[125,126]. These terms highlight the mutual intention to enhance the control of organoid system 

generation through engineering processes and to improve the functionality of engineered-tissue 

constructs by utilizing developmental pathways. Both perspectives can be reconciled under the 

principle of driving “self-organization” through 3D engineered microenvironment (Figure 11) [32]. Self-

organization relies on the intrinsic ability of cells to perceive their immediate surroundings and to 

respond accordingly. Just as the cellular microenvironment guides cellular fate, cells reshape their 

environment. These bidirectional interactions lie at the core of tissue morphogenesis and functionality 

[13]. Hence, by providing cells with chemically and mechanically permissive environments, it should 

be possible to better initiate and control multicellular responses toward in vitro complex tissue 

generation. 

3.1. Ensuring cell-matrix interactions: Engineering extracellular matrix 

As previously mentioned in II.1.1, EMC acts as a physical support for cell adhesion and movement but 

also functions as a sequestration and storage site for growth factors regulating distribution of signaling 

molecules to cells 15,42]. Both mechanical and biochemical properties of ECM influence cell behavior. 

ECM mechanical properties regulate adhesion-related cell functions such as cell proliferation, 

adhesion, polarity or migration. On the other hand, the biochemical composition of ECM surrounding 

the cell influences cell fate through interactions with cell-surface receptors and the topology of cell-

cell and cell-matrix interactions [48]. ECM composition and reticulation are dynamically regulated by 

the surrounding cells secreting ECM precursors and ECM enzymatic remodelers [27]. Changes in the 

ECM properties are detected by cell receptors providing signaling for morphogenesis and cell 

differentiation [48]. Hence, ECM participates in bidirectional signaling cascades within surrounding 

cells and ultimately controls their development. 
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Figure 11. Schematic concepts of driving in vitro tissue development through 3D engineered microenvironment 

for the production of physiologically relevant tissue constructs. Engineering 3D microenvironment requires 

careful selections of initial interacting elements to promote self-organization of cells and their controlled 

assembly defining a set of initial conditions for self-organization process. These components include nature of 

the cells and their self-organization capacity, engineered extracellular matrix (ECM), controlled of size and shape, 

as well as soluble chemical factors. Adapted from [127].  
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Engineering cell microenvironment is partly based on the possibility to provide cells with ECM mimicry 

using tailor-made biomaterials aiming to reproduce intricate network of interacting macromolecules 

that constitute the ECM [11,48]. Classical ECM engineering approach either involve bulk synthetic 

scaffolds or hydrogels. Described scaffolds encompass non-polymeric and polymeric material 

conversely to hydrogels that are only polymeric in nature [109]. Hydrogel are composed of hydrophilic 

polymer network allowing them to hold high water content. Thanks to their hydrophilic nature, 

hydrogels display visco-elastic behavior akin of native ECM [109] making them the most promising 

engineered material to recapitulate mechanical properties of native ECM properties [109].  

In addition to biocompatibility, a number of common parameters should be considered when selecting 

a biomaterial to ensure its interaction with surrounding cells and its potency to drive multi-cellular 

processes (Figure 12).  

Biomaterials should exhibit good permeability as a basis for cell infiltration and molecules exchange 

from outside to within the tissue construct [121]. Permeability of biomaterials relies on their porosity 

with permeability increasing along pore size and density. Biomaterial should possess a macroporous 

structure composed of interconnected pores allowing for cell seeding, cell motility and nutrient flow. 

However, pore size should be carefully considered. Studies reported that insufficient pore size trap 

cells which adopt a round morphology and are unable to migrate [114]. Besides, low pore size limits 

the distribution of nutrients and removal of waste products leading to the development of necrotic 

regions within the construct [114]. Conversely, increasing pore size reduces specific surface area and 

consequently reduces the ligand density available for cells [114]. Decreased cell-matrix interaction 

hinders cell proliferation, cell migration and influences cell fate.  Thus, optimal mean pore size should 

be defined as a balance between optimal pore size for cell migration and for cell adhesion.  

Secondly, mechanical properties of the biomaterials should be considered. Mechanical properties 

quantify the stress and strain response of material under external forces caused by applying load and 

displacements. Classically, mechanical properties of a material are measured by standardized 

rheological tests. ECM stiffness is an essential property by which cells sense external forces and adapt 

their physiology through mechanotransduction pathways [11,48]. As mentioned above, ECM stiffness 

drives stem cell fate specifications [28]. Thus, mechanical properties of the chosen biomaterial should 

be adjusted to mimic those of the native ECM from the tissue of interest. While bulk scaffolds are 

mostly described for the generation of stiff tissue, hydrogels allow to reach native-like ECM stiffness 

enabling the engineering of soft tissue [109]. Hydrogel stiffness can be adjusted by monomer 

concentration and cross-link density [109]. 
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Figure 12. Chemical and biophysical parameters of biomaterial contributing to tissue development. Chemical 

nature, microarchitecture, remodeling and mechanical properties of a biomaterial are coupled and interact with 

each other to influence availability of soluble factors, mechanical resistance to cell rearrangements and regulate 

key cell processes implicated in tissue development. Adapted from [128]. 

 

During development, cells need to remodel their environment including the ECM to sustain 

morphogenetic movements, local cell fate specification and differentiation [35,48]. Non-polymeric 

material shows low degradability. Conversely, polymeric biomaterials including hydrogels are 

covalently cross-linked networks of polymers and their degradation by cells is ensured by the presence 

of enzymatic cleavage sites [109]. As a result of cell-material interactions, degradation of polymeric 

biomaterials can greatly impact their mechanical properties and how they drive cell behaviors [129]. 

Ideally, degradation rate of transplantable biomaterials should be synchronized with their replacement 

by de novo deposition of ECM by host and grafted cells to aid tissue regeneration. Same goes for in 

vitro generation of tissue construct as ex vivo tissue models. Indeed, given the difficulty to obtain 

biomaterials meeting all criteria to mimic native ECM [109], one way of circumventing this problem is 

to use the biomaterial as a temporary physical support, enabling the cells to secrete their own matrix. 

However, biomaterial degradation is accompanied by deterioration of its mechanical integrity and is 

influenced by material porosity and stiffness [129]. Conversely, insufficient degradability restricts 
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extensive matrix displacement required for large-scale morphogenetic processes [130]. Thus, a 

balance needs to be found between biomaterial degradation rate and ECM deposition rate. Conversely 

to bulk scaffold, hydrogel can also exist as physically cross-linked polymers that can rearrange 

themselves by electrostatic interactions. Such hydrogels exhibit more realistic viscoelastic and dynamic 

properties of native ECMs [32,131].  

A final parameter to take into consideration is the chemical nature of biomaterials and how cells 

interact with them [109] (Table 4). Cell-matrix interactions require the presence of cell adhesion motifs 

within selected biomaterial. Consequently, non-polymeric biomaterial such as metallic and ceramic 

bulk scaffold show low cell adhesion capacity [109]. Conversely, polymers present functional groups 

that dictate adhesion-related cell processes and serve as signaling cues [48,59]. Hydrogels are often 

divided into naturally derived hydrogel and synthetic hydrogels. Naturally derived hydrogels include 

chitosan, alginate, hyaluronan, collagen and gelatin-based hydrogels. Natural hydrogels are inherently 

biocompatible, biodegradable and contain natural extracellular matrix motifs promoting cell 

attachment and differentiation [132]. However, natural hydrogels often show poor mechanical 

stability and batch to batch variations. In opposition to natural hydrogels, synthetic hydrogels such as 

polyethylene glycol (PEG) or polymethacrylamide possess tunable mechanical properties but require 

incorporation of functional motifs to ensure cell adhesion. Some studies have developed advanced 

manufacturing processes to enable patterning of RGD cell-adhesive motifs and control for local cell 

adhesion [121]. However, particular attention must be paid to biosafety of unreacted reagents, surplus 

monomers and bioproducts of degradation. As an alternative, naturally derived hydrogel 

functionalized to improve their mechanical stability have emerged. Among them, gelatin methacryloyl 

hydrogel are photopolymerizable and possess tunable mechanical properties depending on monomer 

concentration, photo-polymerization duration and light doses [133,134]. 
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Table 4. Advantages, disadvantages, and main clinical uses of different kinds of biomaterials. 

Biomaterial (examples) Advantages Limitations Clinical use 

Synthetic 
scaffolds 

Metals 
Biocompatible 

Great mechanical 
properties 

Poor biodegradability 
Oxygation and 

aggregation issues 
Potential toxicity of 
metal ions release 

Orthopedic 
prosthesis 

Ceramics 

Osteoconductive and 
osteoinductive 

properties 
Similarity to human 

bone mineral content 

Significant brittleness 
May display 

inappropriate 
degradation/resorption 

rates 

Hip, dental 
prosthesis 

Bone, cartilage 
engineering 

Synthetic 
Polymers 

Tunability of physical 
properties 

Low immune response 
Low production cost 
High reproducibility 
Defined composition 

Often hydrophobic 
Lack of cellular 

recognition patterns 
Poor biocompatibility 
Risk of biodegradation 

side effects (e.g. 
toxicity, inflammation) 

Cardiovascular 
prosthesis 

Bone, 
cartilage, 
tendon 

engineering 

Hydrogels 

Synthetic/ 
Natural / hybrids 

High water content 
Inexpensive 

Large selection of 
materials available 

Structural changes 
over time 

Limited mechanical 
strength 

Engineering of 
various tissue 

types 
 

Soft tissue 
engineering 

Inductive  
 

material for in 
situ tissue 

regeneration 

Synthetic 
(PEG, PLA) 

Highly tunable 
Controlled degradation 

rate 
High reproducibility 
Mechanical stability 

Limited cell adhesion 
Risk of biodegradation 

side effects (e.g. 
toxicity, inflammation) 

Natural 
(Gelatin, 
collagen, 
chitosan) 

Highly biocompatible 
High cell adhesion 

potential 

Gel-to-gel variations 
Low mechanical 

stability 

Hybrids 
(GelMA, HAMA) 

Tunable mechanical 
properties 

Highly biocompatible 
Reproducibility 

 

Potential toxicity of 
photoiniators and light 

exposure 

 

3.2. Providing soluble factors: nature, supply and distribution 

Soluble factors are another important component of the cell microenvironment [13]. They generally 

refer to a wide range of soluble proteins or peptides secreted by cells that can direct cell fate, cell 

proliferation (e.g. mitogens) and tissue formation (e.g. morphogens) through autocrine, paracrine and 

endocrine communication [28,44,46]. Such proteins are signaling molecules that include growth 

factors, cytokines and hormones which can bind to cellular receptors. These soluble factors can more 
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broadly refer to all soluble chemical cues found surrounding the cells, adding nutrients, metabolites 

and gases, especially dioxygen, to the definition [34]. Both nutrients and oxygen are key instructors of 

cell metabolism ensuring tissue homeostasis [55,135] but also acting as instructive cues in directing 

cell fate and function [136]. Cellular functions are enabled through supply of essential nutrients and 

the removal of waste products such as toxins. Specifically, the transition of stem cells from a quiescent 

to an activated state is highly sensitive to nutrients, mainly due to the energy demands associated with 

cell growth and division. Besides, oxygen serves as both a metabolic substrate and signaling molecule 

influencing stem cell self-renewal, their differentiation and the function of mature cells.  

Mimicking of these soluble factors in vitro is classically done through cell medium composition and its 

accessibility to the cells [13]. In 2D culture, monolayers of cells are exposed homogeneously to this 

medium. In contrast, growing cells into 3D multi-layered constructs lead to the development of cell 

areas with reduced availability in soluble factors due to the reach of diffusion limit [137,138]. Typical 

growth factors display short-range diffusion through the ECM. Besides, in vivo maximum distance 

between a cell and its nearest capillary is usually more than 100 µm [19]. Hence, cells enclosed within 

a 3D structure larger than 200 µm in diameter will encounter nutrient and oxygen insufficiency, along 

with the accumulation of waste products within its central region [95,139]. Such circumstances have 

prompted the use of systems to better control soluble factors delivery. 

Given the importance of growth factor distributions, such as morphogens, and kinetics release on 

tissue formation (See sections 1.1 and 1.2) two main types of approaches have been developed to 

increase growth factors retention and their spatial and temporal delivery: biomaterials-based 

approaches and microfluidic based-approaches.  

Biomaterial-based delivery approaches seek to improve the efficiency of biomolecules action on cells 

by enabling localized administration using biomaterials as a carrier for soluble factors [140,141]. The 

most straightforward method for the incorporation of biomolecules within the biomaterial is 

performed by non-covalent binding [140,141]. Such incorporation can either be done through physical 

absorption of protein after scaffold generation or through physical entrapment by reticulating the 

biomaterial in presence of the protein. Soluble factors retention in the matrix can be modulated by the 

physical (e.g. porosity) and chemical properties (e.g. ionic charge) of the biomaterial [140,141]. 

Nevertheless, non-covalent binding often leads to poor control over temporal delivery of growth 

factors due to rapid burst release of protein (Figure 13). Covalent-binding of growth factors to the 

biomaterials has emerged as an alternative (Figure 13). The tethering of growth factors to the 

biomaterial surface decreases their susceptibility to degradation prolonging their retention and activity 

[140,141]. Besides, covalent-binding approach allows for precise patterning and spatial organization 
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of the soluble factors in the biomaterials recapitulating the role of ECM in the emergence of spatial 

morphogen gradients [140]. Nevertheless, by “supplying” cells with the biomolecules without 

“delivering” them, classic covalent binding approaches fail to reproduce temporal regulation of growth 

factors activity [140].  To better recapitulate signaling dynamism, newer systems have emerged based 

on the use of controllable cleavable linkers to bind growth factors, including enzymatic- and photo-

cleavable linkers [141–143] (Figure 13). A very promising aspect of this approach is the development 

of hydrogel photopatterning for fine tuning both spatial and temporal presentation of signaling 

molecules to cells [143,144].   

 

 

Figure 13. Chemical modifications of hydrogels for controlling growth factors retention and release. 

Modifications strategies of hydrogel surface for growth factors (GFs) trapping are based on biomimetic regulation 

of GFs distributions. These strategies include inclusion of ECM components, covalent bonding, selective ligands 

(e.g. peptides, antibodies, aptamers), or abiotic affinity (e.g. nanoparticles). Covalent bonding of GFs increases 

growth factors retention compared to fast release of physically loaded hygrogel. Incorporation of cleavable 

covalent bonds allows for controlled release of growth factors in space and time. Adapted from [140,145]. 
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Another approach to locally control the delivery of growth factors is the use of microfluidic culture 

systems instead of classic static ones [146] (Figure 14). Microfluidics systems enable high 

spatiotemporal control of fluid flow. Depending on their complexity microfluidic devices allow the 

possibility to establish one or several gradients of molecules [146]. Spatially restricted lineages in 

development are often correlated with orthogonally positioned opposing gradients [44]. Reproducing 

such orthogonal gradients in vitro has enabled spatial differentiation of mouse embryonic stem cells 

in different contexts [147,148]. Besides, using different channels and microfluidic chambers, it is 

possible to deliver culture media with distinct composition to different tissue construct areas required 

to generate and maintain parenchyma and mesenchymal cell compartment of tissue. Such 

combination of engineered-tissue construct with microfluidic system has emerged as a new trend of 

tissue engineering referred to as “microphysiological systems” (MPS) or “organ-on-chip” [149]. 

 

Figure 14. Perfusion systems for soluble factors delivery in 3D culture. 3D culture can be maintained in static or 

dynamic mode. 3D cultures are grown in suspension either without (static) or with medium agitation (dynamic). 

In spinner-flask bioreactors, 3D constructs are in contact with a homogeneous medium due to agitation and 

medium perfusion. Perfusion bioreactor perfuse directly through 3D culture with continuously fresh medium. 

Microfluidic system allows for spatiotemporal control of medium distribution enabling generation of soluble 

factor gradients. Adapted from [150]. 

In addition to growth factor supply and distribution, engineering approaches have focused on the 

improvement of oxygen and nutrients supply. Major approaches rely on the incorporation of their 

physiological carrier in tissue construct, meaning tissue vascularization [19]. Various engineering 

strategies have been described to enhance neo-vascularization within tissue construct and will be the 

focus of section III.4. Alternative approaches aimed to control for culture media oxygenation to 

compensate for cell oxygen consumption and limited oxygen diffusion [151]. Perfusion bioreactors 
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allow for continuous renewal of media ensuring homogeneous oxygen concentration along the culture 

[151]. Besides, increased in culture media oxygenation can be mediated by addition of oxygen carriers 

[152]. Advances in biomaterial engineering also lead to the development of oxygen-releasing 

biomaterials using peroxides or fluorinated compounds that release oxygen through hydrolysis [153].   

3.3. Ensuring cell-cell interactions: Cell density and cellular assemblies 

Given its importance in the regulation of collective cell behaviors governing tissue shape and tissue 

patterning, direct cell-cell interaction is an important component of cell microenvironment to take into 

consideration in in vitro models [35,73,80]. As mentioned previously, direct cell-cell interaction 

depends both on intrinsic expression of adhesion molecules such as cadherin [77] and on extrinsic 

signals such as cell proximity or cell cortical tension [75].  

An approach to manipulate cell-cell interaction would be to directly engineer the cells through genome 

editing or modifying the cellular membrane to modulate intrinsic adhesive properties of cells. These 

methods are referred to as chemically programmed assembly and have been reviewed elsewhere 

[154,155]. Moving forward, we will focus on approaches to modulate cell-cell interaction given any 

type of adherent cells by extrinsic factors without further cell engineering.  

Organoids originate from self-assembled clusters of stem cells which expand through cell proliferation 

within Matrigel [156]. As a result, organoids exhibit high cell-cell cohesion which enable collective cell 

rearrangement in space (Figure 15). Alternatively, generation of cohesive aggregates by exploiting 

intrinsic self-assembling capacity of cells has emerged as a promising approach to control for cell-cell 

interactions [157]. This intention has led to the development of scaffold-free approaches based on the 

seeding of cells onto non-adherent substrates to promote binding between neighboring cells 

[157,158]. Resulting cell aggregates are referred to as spheroids and have been successfully generated 

from various types of adherent cells in homotypic or heterotypic cultures setting [139,157]. Cells within 

spheroids demonstrate cell sorting and local spatial rearrangement ability relying on cell-cell 

interactions such as based on cadherin expression [157]. Besides, when aggregates surpass 200 µm in 

diameter, diffusion gradients of oxygens and nutrients can be observed within the structure [139,157]. 

These gradients in oxygen and nutrient availability correlate with the establishment of a stratified 

concentric structure composed of a proliferating cell population at the periphery and a core of non-

dividing and often necrotic cells [139,157]. For this reason, spheroids recapitulate several features of 

tumor physiology and were shown to better model chemo-resistance compared to classic 2D culture 

[159,160]. Hence, spheroids have been extensively used for tumor modeling [160]. However, regarding 

healthy tissue generation multicellular spheroids fail to recapitulate complex in vivo-like architecture 
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of tissue [157]. Although spheroids demonstrate ECM deposition, this non-physiological cell 

organization may result from the lack of efficient cell-matrix interaction required for long-range spatial 

cell rearrangements. 

 

Figure 15. Aggregation of cells promotes cell interconnectivity and cell organization within 3D culture.  Details 

regarding cell-matrix and cell-cell interactions as well as soluble factors distribution (O2, nutrients, metabolic 

waste) within organoids, spheroid and cell-laden hydrogel. All 3D cultures showed gradients of soluble factors 

due to diffusion limitations. Organoids display both high cell-cell and cell-matrix interactions supporting long-

range cell rearrangements and thus increased self-organization compared to spheroids which exhibit high cell-

cell interactions but low cell-matrix interactions. Seeding of cells as cell suspension in hydrogel lead to variable 

cell-cell vs cell-matrix interactions depending on cell density and is associated with lower cell organization. 

Conversely, classic approaches of tissue engineering rely on seeding isolated cells in porous 

biomaterials. In this configuration, one way to modulate cell interaction is by manipulating the initial 

cell seeding density, meaning the number of cells per volume unit, in order to influence the spatial 

proximity of cells. Some studies have explored the influence of cell seeding density on engineered 

tissue maturation. Increased cell density of human MSCs in agarose or demineralized bone matrix 

scaffolds led to increased mineralization and bone formation [112]. However, in the context of skeletal 

muscle and tendon tissue engineering, highest seeding densities correlated respectively with impaired 

muscle cell contractility and cell death [111]. It has been proposed that impairment of growth factors 

and nutrient transport mass were responsible for reduced survival rate in the highest seeding condition 

[111]. Therefore, initial seeding density is a critical variable to consider in functional tissue engineering 

and should be optimized depending on target tissues. Nevertheless, despite optimizing the seeding 

density, tissue constructs  derived from these approaches intend to correlate with limited cell 

interconnectivity [125,126]. In absence of engineered vascularization, decreased nutrient availability 
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in high seeding conditions may hinder acquisition of functional maturity that could have result from 

increased cell-cell cohesion. A rising alternative to address the limited cell-matrix and cell-cell 

interactions respectively observed in spheroids and traditional scaffold-based engineered tissues 

would involve seeding pre-aggregated cells into biomaterials instead of single cells. 

To summarize, advancements in biomaterial engineering and microfluidic perfusion systems have 

provided researchers with invaluable tools to better control cell-ECM interactions and dynamic 

distribution of chemical factors. Furthermore, the development of non-adherent culture approaches to 

generate cell-aggregates offer versatility to better promote cohesive cell interactions compared to 

classical seeding of cell suspension. Therefore, we have seen how we can tune the elements of the 

microenvironment that are known to drive cell developmental processes to expect more robust self-

organization outcome. In III, we will see how these elements can be precisely bring together to generate 

tissues with relevant architectures and shapes across large tissue scale.  
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III. How to engineer tissue architecture to generate functional large-scale tissue 

constructs? 

Tissue function is closely associated to tissue architecture [26]. Therefore, engineering functional 

tissue requires to explore how to arrange cells in space to generate tissue construct that closely mimic 

the size and geometry of native tissue architecture. This is especially important for the generation of 

large-scale tissue construct which is limited in spontaneous self-organization of organoids, highest in 

size being brain organoids (up to 4 mm in diameter) [96]. Hereafter, we will refer to large tissues when 

their dimensions exceed a diameter of 4 mm. In this section we will provide an overview of the 

approaches that have been proposed overtime to control shape and size of engineered tissue 

constructs [161,162]. 

Pioneering methods, developed as early as the 1980s by Dr. Joseph Vacanti and Dr. Robert Langer, 

were based on a "top-down" fabrication approach involving seeding cells into scaffolds that mimic the 

overall size and morphology of tissues. The primary objective of these methods was the engineering 

of transplantable organ sized tissue construct [9,10] (see III.1). Despite initially promising results, this 

method yielded few concrete therapeutic applications. Challenges regarding large-scale shaping of 

biomaterial have led to the development of 3D bioprinting approaches with increased potential to 

faithfully mimic native tissue architecture [163] (see III.2). On the other hand, fundamental conceptual 

differences between the "top-down" engineering approach and the natural tissue development led to 

the emergence of modular tissue engineering approaches, involving tissue generation through 

component assembly [125,126] (see III.3) and hybrid bioprinting approaches (see III.4). Finally, as 

tissues grow in size, they are met with diffusion limitations challenges to provide core cells with 

sufficient supply in nutrients and oxygen. Consequently, to engineer large scale tissue construct it is 

fundamental to contemplate tissue perfusion strategies to guarantee their viability, which serves as a 

fundamental requirement for their application in both fundamental and applied sciences. A main focus 

will be given on engineering embedded vasculature (see III.5).  
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1. Pioneer top-down engineering: Cell seeding onto organ-shaped scaffold 

Top-down construction is one of the earliest approaches of large-scale tissue engineering aiming to 

generate whole organ architecture. At the early stage of tissue engineering, top-down engineering of 

large-scale tissue was mostly driven by the macroscopic structure of the target tissue. Hence, the 

fundamental basis of these strategies to engineer organ sized construct lies in the generation of 

biomaterial scaffolds relevant in shape and size by the use of either molded biomaterial or 

decellularized tissues (Figure 16), followed by seeding of cells [113,115]. 

 

Figure 16. Pioneers tissue engineering approach based on organ shaped scaffold. Early top-down engineering 

consisted in seeding of cell suspension into porous scaffold for generation of reconstituted tissue. To generate 

large scale tissue construct relevant in shape and size for transplantation purposes, molding approaches were 

used for stiff tissue engineering such as cartilage (Bottom left, [113]) while whole organ decellularization was 

explored for soft tissue engineering (Bottom right, [164]). Adapted from [125]. 

A pioneer field in the development of these strategies was the engineering of bone and cartilage, 

characterized by their solid porous structures, for reconstruction surgery [10,113,115]. Engineering of 

autologous large cartilage pieces such as the ear or nose is a promising technology with potential for 
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tissue replacement. First observation of neocartilage formation from chondrocyte seeded on top of 

synthetic scaffold upon transplantation was pivotal in the field [165]. Soon, it was reported that 

cartilage could be formed from predetermined shapes. After that, scaffold fabrication methods based 

on molding were used to generate organ-shaped scaffolds [166]. A well-known example is the work 

of Vacanti and colleagues which generated a scaffold with the shape of an ear using a plaster mold cast 

from an alginate construct of a human infant [115] (Figure 16, bottom left). The scaffold was populated 

by chondrocyte cells through cell infiltration and implanted in mice for cartilage maturation. Neo-

cartilage formation was observed in all implants after retrieval. However, the shape of the ear was only 

maintained in presence of stented structures. At that time, these results were exciting news for the 

perspective of regenerative medicine using tissue engineering.  

Conversely, in the early 2000s, achieving the shape and mechanical characteristics of soft organs 

presented greater difficulties using current material and molding methods. As an alternative, strategies 

based on the use of decellularized parts of tissue or whole organs have emerged [161]. Decellularized 

tissue can be obtained from biopsies or cadaveric organs [164,167–169]. Native cells are removed from 

the tissues using perfusion with surfactant and enzyme solutions. This approach has the advantage of 

producing a scaffold retaining the native ECM composition and the shape of the targeted tissue. 

Decellularized dermal and bladder matrices were efficiently generated and used for respective tissue 

engineering [168,169]. The first instance of whole organ engineering using this approach was reported 

by Ott et al. in 2008 with the recellularization of a whole rat heart [164] (Figure 16, bottom right). The 

decellularized heart was seeded with neonatal rat cardiac cells and aortic endothelial cells by 

intramural injection and perfusion. After eight days of culture in a bioreactor, the heart construct 

exhibits contractile activity and transcriptional signature of the mature heart. Hence, decellularized 

scaffolds open opportunities to produce intact 3D templates of native ECM for large scale tissue 

regeneration. 

These impressive works were clear demonstrations of the potential of tissue engineering for 

regenerative purposes and opened up a new area of tissue engineering. Nevertheless, as previously 

discussed, these conventional top down approaches of tissue engineering are decorrelated from the 

intrinsic developmental process enabling organ formation in vivo. Random cell seeding or infiltration 

into organ-shaped material resulted in poor cell organization, limiting their use as ex vivo models [161]. 

Reproducible artificial organ generation requires better control over cell distribution. Random cell 

seeding was proved even more difficult in decellularized matrices which showed insufficient porosity 

for correct cell infiltration [161]. Besides, conventional scaffold fabrication methods fail to replicate 

tissue microstructure. Altogether, these observations prompted a change of thinking in the field of 
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large-scale tissue engineering toward the development of approaches allowing a better control over 

microscale features of engineered-tissue construct. 

2. Hydrogel-based bioprinting for the precise deposition of cells into predefined spatial 

arrangements  

Printing of living cells, also known as 3D bioprinting, has emerged as a promising technology in the 

field of in vitro tissue generation for the precise control of cell distribution into ECM-like material. 

[163,170]. Traditionally, this additive manufacturing process involves printing of individual cells within 

a hydrogel [163,171]. In past years, its use has evolved toward the printing of multicellular constructs 

such as cell aggregates, spheroids, or organoids which will be latter discussed in III.3. In this section, 

we will focus on printing of isolated cells in a supportive material [172]. 

Hydrogel-based bioprinting involves the use of a single or a mixture of hydrogels, referred to as bioink, 

to encapsulate the cells. These bioinks can be crosslinked or stabilized during or immediately after 

printing to establish the architecture of the construct [172]. Conventional bioprinting approaches 

include extrusion-based bioprinting, inkjet/droplet bioprinting and laser-assisted bioprinting (for 

details see [172]) which offer a spatial resolution below 50 µm. With its remarkable spatial precision, 

hydrogel-based bioprinting opens up novel possibilities in the realm of large-scale tissue engineering 

for the generation of large-scaled cell-containing scaffolds exhibiting biomimetic architectural 

features. 

Compared to conventional scaffold fabrication methods, 3D bioprinting enables the generation of 

scaffolds with controlled architecture without molding. Advances in medical imaging technology using 

X-rays, MRI or CT-scans enabled accurate measurements of organs and tissues (Figure 17). These 

accurate dimensions could be used as blueprints for 3D bioprinting design through advanced CAD tools 

and software [163]. Combination of medical imaging and spatial resolution of bioprinting offers a 

viable option for scaffold generation instead of whole organ decellularization. Remarkably, thanks to 

its unprecedented spatial control of cells and biomaterial deposition, 3D bioprinting strategies allowed 

to recreate multiscale spatial features of the organs from the general shape of the organ down to half-

millimetric topological aspect. Furthermore, a strong suit of bioprinting is the direct deposition of cells 

along with the biomaterial allowing for even cell distribution compared to limited cell infiltration 

observed in top-down engineering processes.  
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Figure 17. Principle of hydrogel-based bioprinting. Pre-processing involves combination of medical imaging and 

digital modeling for generation of precise in silico tissue reconstruction. These reconstructions are then provided 

to 3D bioprinter along with formulated bioink for printing process. 3D bioprinting allow for the generation of 

printed construct with significant improvement over organ shape fidelity and microstructure compared to 

previously described molding methods for scaffold fabrication. Adapted from [113,173]. 

As a first instance, several studies have demonstrated the potential of hydrogel bioprinting for the 

generation of acellular organ reproduction such as ear with high fidelity and shape stability overtime 

[173] (Figure 17).  Besides, bioprinting of chondrocyte-laden alginate/gellan have enable generation of 

nose-shaped hydrogel containing cells with high shape fidelity. These constructs showed secretion of 

cartilage-related matrices during in vitro cultivation showing potential for the perspective of nose 

reconstruction and more generally cartilage reconstructive surgery [174].  

Besides, rapid progress of material printing technology has paved the way for direct printing of living 

cells into tissue constructs with more physiological composition. The development of multi-head 

deposition systems (MHDS) has allowed simultaneous or subsequent printing of multiple materials 

[170]. Therefore, in addition to correct tissue dimension recapitulation, bioprinting of cells have the 

potential to generate heterogeneous tissue constructs recapitulating various cell compartments of 

native tissues [170].  

3D bioprinting allows for unprecedented spatial and temporal control for cell and biomaterial 

deposition. Therefore, these biomanufacturing techniques hold great promise to generate large-scale 

tissue construct by design. However, several limitations still impede the translation of these 

approaches into high-throughput biomanufacturing processes for clinical purposes. Specific limitations  
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of 3D bioprinting involve technical aspects of the printing process including printing speed and flow 

rate and bioinks availability. 

Bioprinted chondrocytes showed reduced cell viability inside nose-shaped structures which can be 

attributed to low nutrient perfusion during the culture or alteration of the cells during printing process. 

Maintenance of cell viability is a crucial challenge in current 3D bioprinting approaches due to 

important processing time coupled with relatively low efficiency. As a result, the printing of cells on a 

large-scale dimension becomes a time-consuming procedure, potentially influencing cell viability, 

especially when considering the mechanical stress exerted on the cells [162,163].  

Another important challenge of 3D bioprinting is the selection of the bioink [171]. An ideal bioink 

should possess proper mechanical, rheological, chemical and biological properties required for 

generation of construct with high shape fidelity, tissue-matching mechanics and biocompatibility. 

Choice of material depends on the cell type and the printing technique employed, such that there is 

currently no ideal material for a given application [171]. Current approaches aim to use hydrogel which 

better mimic native ECM compared to conventional synthetic polymer used in 3D printing [163,175]. 

However, hydrogels often lack sufficient structural integrity and suitable rheological properties for 

optimal bioprinting. Low mechanical stability is a common limitation observed in extrusion based 

bioprinting of hydrogels [163,171]. Extrusion-based bioprinting involves dispensing of bioink layer-by-

layer and in situ cross-linking or gelification during the fabrication process. However, soft material such 

as hydrogel require proper support to not collapse or deform under their own weight. To remedy this 

problem, a bioprinting technique termed freeform reversible embedding of suspended hydrogels 

(FRESH) has been developed [176]. FRESH consists in the use of responsive matrix support bath such 

as gelatin in which hydrogel can be printed. Complex 3D organ structure can be printed without 

collapsing and retrieved once formed by melting away the support bath. Based on 3D imagining, 

several FRESH printed scaffolds of whole heart or heart components were generated. Particularly, a 

miniaturized replicate of the human heart demonstrating chambered structure and tissue contractility 

was generated from hiPSC-derived cardiac cells and fibroblasts [177]. While FRESH approach is 

promising to promote generation of 3D construct with enhanced shape and mechanical fidelity 

compared to classical hydrogel bioprinting strategies, its use for large scale production remained 

limited by speed of the printing process. Hence, current single-cell printing processes have inherent 

scaling limitations. 
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3. Organ building blocks for modular tissue engineering 

Complex organs and tissues can be conceptually decomposed into repeated functional units 

characterized by their micro-architecture and cell composition, such as lobules of adipose tissue. In 

this context, modular tissue engineering has gained increasing interest in opposition to one-stage 

process of cell seeding approaches into bulk biomaterials [162]. Also referred to as “bottom-up” tissue 

engineering, this approach consists in a two stages process: 1) Generation of multicellular units as 

organ building-blocks, 2) ultimate assembly of these building blocks. Through the generation of tissue 

modules emulating the microstructure of native tissues, bottom-up tissue engineering presents novel 

opportunities to direct the formation of large-scale tissue constructs with increased structure 

complexity and functionality.  

Various types of multicellular construct have been used as tissue modules [126,162,172]. These include 

compact self-assembly of cells such as cell aggregates, spheroids, embryoid bodies or organoids as well 

as cell sheets created under conditions that promote ECM secretion of cells. All of these multicellular 

modules have the advantage to recapitulate some aspects of native tissue organization including 

enhanced cellularity and cell organization compared to single cells dispersed in biomaterial 

[91,126,157]. Besides, when generated from stem cells or multiple cell types, they have the potential 

to mimic native tissue complexity [156,157]. 

The generation of large-scale tissue construct from preformed building blocks involve two successive 

processes: building blocks assembly and their fusion to form a cohesive macroscale tissue (Figure 18).  

Multiple strategies for building blocks assembly have been described. Detailed principles, advantages 

and limitations of these techniques can be found elsewhere [126,162,172]. Briefly, while cell sheets 

are assembled through layer by layer stacking, cell aggregates can be assembled through various 

methods that can be divided into two main categories, ones based on parallel stacking in confined 

geometries and ones based on 3D printing with or without carriers [172]. Parallel stacking includes 

methods such as directed assembly, magnetic assembly, microfluidic assembly or hanging droplets 

which allows for one-step generation of large structure through spontaneous interactions of numerous 

building blocks [172]. Although these methods provide simple construction processes, they exhibit 

insufficient spatial resolution to generate complex arbitrary patterns. Conversely, direct printing of 

spheroids or organoids through a “pick-and-place” approach allows stacking with complex geometry 

[178,179]. Using, aspiration-based system for spheroid handling, Ayan et al. generated rings of 

pyramids of spheroids [179]. Daly et al. used a similar approach to assemble even more complex 
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structures by benefiting from a self-healing support matrix used as a temporary holder to maintain 

spheroid suspended in space before complete structure retrieval [178]. 

 

 

Figure 18. Schematics of tissue-engineered-construct fabrication via modular assembly methodologies. Self-

assembled modules units including cell-rich and cell-biomaterial assemblies (e.g cell sheets, spheroids and 

organoids) can be manipulated and packed together to generate macro-tissue with higher structural ordeals. 

Advanced methods of directed assembly offer higher control over specific tissue design programming. Resulting 

engineered tissue are expected to integrate modular architecture and more closely recapitulate native tissue 

heterogeneity and organ-specific bio-functionality. Adapted from [162]. 
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Once assembled into a 3D structure, building blocks need to fuse together to form a cohesive network. 

Compact cell aggregates such as spheroids and organoids display striking fusion properties reminiscent 

of the coalescence of viscous droplets [162]. Efficiency of spheroid fusion can vary depending on the 

cell adhesion property, spatial separation between spheroids and their environment [180,181]. 

Interestingly, spheroids embedded in collagen or gelatin-based matrices also exhibit fusion capacity 

under certain inter-distance [182]. In this context the distance at which spheroid fusion occurs depends 

on matrix mechanical properties suggesting competition between cell-cell and cell-matrix interactions. 

To ensure the function of the macro-structure as a whole, building blocks fusion should also enable 

the fusion of substructures present in each module such as microvasculature or luminal structures 

[183]. Substructure fusion emerges with time by cell migration within the fused macro-structure.  

Engineering of large-scale tissue by tissue building block assembly has already demonstrated 

impressive results. For instance, assembly of hiPSC-derived cardiac spheroids yield to contractile 

cardiac tissue with synchronous beating [184]. Besides, modularity of such bottom-up approaches 

provides the opportunity to assemble building blocks of diverse cell composition and physiology to 

recreate tissue cell compartments, model their evolution in pathological condition or study tissue 

interconnectivity [126,162]. Resulting structures are also called assembloids. Thus, Daly et al. used 

cardiac spheroids containing various ratios of fibroblast and cardiomyocyte to model post-myocardial 

infarction scarring [178] while Andersen and colleagues succeeded in generating cortico-motor units 

by fusing spinal, cortical and motor spheroids [185]. Nevertheless, there are several remaining 

challenges to tackle for efficient and reproducible biomanufacturing of human organs. 

First specific limitations to organ generation through building blocks assembly reside in the spatio-

temporal resolution of their assembly. To ensure cell viability and minimize process cost, generation 

of human organs should be done in a practical timescale. However, to date high throughput parallel 

assembly methods lack necessary spatial resolution where direct printing is a long-lasting process. For 

this reason, novel approaches of 3D bioprinting using bioinks laden with cell aggregate rather than 

individual cells are emerging [186]. However, current extrusion or inkjet techniques do not support 

printing of large cell-aggregates which lead to nozzle clogging. Future bioprinting development is 

required for rapid patterning of spheroids or organoids into complex and biologically relevant shapes. 

On the other hand, a limitation to the reproducibility of macroscopic structures may directly stem from 

the lack of reproducibility in module generation. As discussed earlier (see II.2.1), organoids exhibit 

stochasticity in their development, contributing to their significant heterogeneity [95]. Similarly, 

spheroids generated from multiple cell populations can display variable cellular arrangements, 

although they are more reproducible due to being primarily governed by cell adhesion and metabolite 
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gradients [157]. Furthermore, the precise assembly of building blocks alone is insufficient to control 

the cellular remodeling that occurs within them post-fusion. This necessitates further studies on the 

parameters governing spheroid fusion behaviors (e.g. adhesion, mixing, or envelopment), including 

cell composition and maturation state [162]. The maturation state of the modules before and after 

assembly must also be considered to enable the complete maturation of the resulting macroscopic 

construct. The introduction of exogenous signals such as growth factors or extracellular matrix 

components could offer a means to better control tissue fusion and post-fusion maturation. 

We have seen that among approaches to generate large scale tissue, 3D printing approaches possess 

the highest spatial and temporal resolution so far. Combining with FRESH technology, hydrogel based 

bioprinting hold important promise to generate tissue with accurate macroscopic and microscopic 

architecture. However, application of single cell 3D bioprinting to generate functional large-scale tissue 

is still hindered by low printing speed and the use of cell suspension concentration that limit cell 

interconnectivity as observed in pioneer top down approaches. Alternatively, modular tissue 

engineering has already yielded impressive results regarding promotion of large-scale tissue self-

organization. However, achieving assembly of high number of tissue building blocks with high 

spatiotemporal resolution remained an important challenge. This observation has led some teams to 

develop hybrid bioprinting-based systems using organoid-forming cells to promote tissue building block 

formation directly and precisely within hydrogel (see III.4.) 

4. Toward hybrid methods of tissue engineering: Cell injection of organoid-forming 

cells 

By exploiting the important spatial and temporal control over cell deposition enabled by bioprinting, 

recent studies have shown the potential to generate centimeter-sized epithelial organoids [187,188]. 

Both of these approaches rely on the localized injection of organoid-forming cells through extrusion 

into a pre-existing material. Initially, Reid et al. demonstrated the feasibility to dictate localized 

formation of organoids by injecting a specific number of human breast epithelial cells locally [187]. 

Thus, by managing the patterning of these cell injections, the authors achieved spatially defined arrays 

of organoids. Strikingly, when deposited close enough (<200 µm) these clusters of cells promoted the 

fusion of developing organoids leading to the generation of contiguous luminal structures. These large-

scaled luminal structures showed continuous lumen formation. More recently, Brassard et al. took this 

approach a step further by developing a syringe-based extrusion system allowing for continuous 

deposition of high concentrated cell suspension into biomaterials with precise geometry down to 

single cell line resolution [188]. Using this technique, the authors achieved to coerce intestinal stem 

cells or endothelial cells to evolve spontaneously toward the generation of intestinal tubular-shaped 
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structures and branched vasculature, respectively. Ensuring high cell confinement through high cell 

density was reported to be a critical parameter for the spontaneous emergence of contiguous 

structure, highlighting the importance of cell-cell interaction in the generation of functional tissue 

construct. Interestingly, intestinal tubes demonstrated several structural and functional features of the 

in vivo intestine. A major improvement of intestinal tubes compared to intestinal organoids, lies in the 

accessibility of the continuous lumen which allows for its connection to a perfusion system for dead 

cells removal but also for drug-toxicity assays. 

Combining spatial resolution of 3D printing technologies with the self-assembling capacity of stem cells 

appears to be a promising approach to generate 3D mirco-tissue with in vivo-like architecture and 

functionality. 

Altogether, 3D printing technologies, assemblies of pre-formed organ building blocks or their in-situ 

assembly through hybrids approaches offer important opportunities to generate more and more 

complex tissue constructs whit physiologically relevant shape and size. Nevertheless, beyond the 

challenges of their generation, it is important to consider the challenges of maintaining cell viability 

and functionality in a large sized tissue, inherently exposed to limitations in oxygen and nutrients 

availability. 

5. Engineering vascular-based perfusion systems for long term cell culture and function 

A common major challenge to all biomanufacturing procedures for the production of large-scale 

functional tissue is the necessity to provide cells with proper perfusion system to ensure adequate 

nutrients delivery and waste disposal [18,19]. In absence of sufficient perfusion, large-scale engineered 

tissue will develop necrotic areas hindering its functionality and lifespan [124]. A main approach 

considered for this is engineering of embedded vascular networks within tissue constructs. Beyond, 

long term cell culture in vitro, embedded vascularization is a key factor to consider in the development 

of transplantable tissue-engineered construct. Indeed, it is expected to promote transplant 

engraftment and survival in host tissue by favoring transplant integration within host vasculature 

[18,19]. 

Although there have been some achievements in engineering single vascular conduits, the creation of 

complex vascular networks capable of perfusing an entire tissue construct has emerged as a significant 

challenge within the field of tissue engineering [19]. New culture methods and technological 

breakthroughs have significantly advanced our capacity to construct intricate vascular networks 

[189,190]. These methods can be categorized into nature driven and engineering-driven approaches, 

including the self-assembly of vascular cells, bioprinting, and microfluidic systems. 
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5.1. Nature-driven: self-assembly of vascular formation  

Nature-driven approaches rely on the inherent ability of endothelial cells or endothelial progenitors to 

self-organize into vascular networks (Figure 19). First demonstration of such ability was reported in 

1988, when endothelial cells cultured in 3D laminin and collagen matrix were found to spontaneously 

form vessel-like structures in vitro [191]. Since then other matrices have demonstrated potential to 

promote self-organization of endothelial cells including gelatin, fibrin or hyaluronic acid hydrogels 

[189]. 

Nevertheless, endothelial cells alone are not sufficient to sustain vessel formation [192]. Natural 

vascular development involves first the newly formation of vessels and then their stabilization by 

perivascular cells such as stromal cells or pericytes [193,194]. In absence of stabilization, vessels 

regress overtime. Hence, efficient generation of vascular networks require co-seeding of endothelial 

and stromal cells (Figure 19). Such co-culture has proved its efficiency in generating stable vascular 

networks both in vitro and upon in vivo implantation. More importantly, such co-culture has been 

successfully implemented in several protocols for the generation of pre-vascularized 3D tissue 

constructed from different organs, including skeletal muscle [195] or cardiac tissue [196]. Besides, 

vessel maturation requires vessels perfusion. While in vitro perfusion of self-assembling vascular 

networks has posed challenges, these vessel-like structures were observed to autonomously establish 

connections with the host vasculature, resulting in their maturation upon implantation in vivo 

[197,198]. 

An important parameter to consider in the co-culture system is the cell sources. Increasing evidence 

shows that endothelial cells and the perivascular cells associated with them are heterogeneous in 

populations and present organ-specific features [189]. Recreating the hierarchical structure of 

complete vascular beds would require the presence of both arterial and venous cells [189]. The 

physiology of endothelial cells is closely related to its crosstalk with perivascular and parenchymal cells, 

highlighting the importance of cell sources to generate relevant 3D ex vivo models for physiological 

and pathological conditions [190,193]. Besides, an endogenous source of cells would be preferable 

when considering personalized medicine or transplantation therapy to respectively maintain patient 

hallmarks and better avoid immune rejection by the host. Most frequent vascular engineering 

approaches are based on the use of readily available primary endothelial cell lines (e.g. HUVECs) which 

do not meet previously discussed criteria [189]. However, organ-specific primary sources of 

endothelial cells are limited and often do not come with the possibility to combine them with organ-

specific stromal cells. A potential source of endothelial cells with distinct identities could be endothelial 

cells derived from human iPSCs [189]. Another interesting source of both adult primary endothelial 
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cells or progenitors and stromal cells are the dissociation of connective tissue such as adipose tissue 

or bone marrow. It was reported that the SVF of adipose tissue possesses high vascularization potential 

[199]. Hence, adipose SVF constitutes a promising cellular source for the generation of physiologically 

relevant tissue constructs for clinical applications. 

 

Figure 19. Requirements for in vitro self-assembly and self-organization of vascular networks. Promoting self-

assembly of functional vascular network require to provide endothelial cells with supportive stromal cells within 

a hydrogel. Angiogenesis can be directed using spatiotemporal delivery of proangiogenic factors and by 

controlling oxygen tension. Cell processes required for self-organization of vascular structure are driven by cell-

matrix and cell-cell interactions. Full maturation of vascular networks requires its stabilization by 

perivascular/stromal cells and vessel perfusion. Adapted from [198,200]. 

As any other co-culture system, generation of pre-vascularized tissue can be challenging regarding 

exogenous supply of factors required to both sustain parenchymal cell function and promote vascular 

formation. These factors include soluble growth factors but also matrix composition [190]. VEGF and 

FGF-2  are described as the most prominent growth factors to regulate angiogenesis [190] (Figure 19). 

Several studies aimed to control the spatiotemporal delivery of these angiogenic factors  to better 

drive angiogenesis by engineering hydrogel with growth factors patterning and responsive release 

[201,202]. In addition, matrix stiffness and porosity were shown to impact endothelial sprouting and 
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vessel structure. Stiff collagen hydrogel (~20 kPa) promoted the formation of larger multicellular 

lumens compared to soft hydrogel (~5kPa) which exhibited highly dense networks of thin vessels [203]. 

Altogether, self-assembly of vascular networks is a reliable solution to engineer embedded 

vascularization of tissue construct which requires ECM and culture media optimization. Hence it opens 

the way to the generation of pre-vascularized large-scale tissue construction through the assembly of 

vascularized block building. Nevertheless, future work is required to improve the spatiotemporal 

control of vessel distribution for reproducible large-scale tissue constructs.  

5.2. Engineering-driven: Generation of “endothelialized” perfusable channels 

Engineering-driven methods of vascularization aim to precisely control the number and placement of 

vessels within a biomaterial. Technological advances in microfabrication and biomaterial-based 

bioprinting have propelled the field forward. The primary engineering technique for promoting 

vascular development is the “endothelialization” of pre-generated microfluidic channels [204,205] 

(Figure 20). Due to the similarities between in vivo microvascular networks and microfluidic 

interconnected channels, microfluidic-based approaches have gained interest to recreate 

vascularization. These microfluidic channels can either be obtained through microfabrication 

processes or through sacrificial bioprinting approaches. 

Thanks to microfabrication processes microfluidic chips can be designed with high spatial resolution 

and reproducibility. Besides, the use of open channels allows for in vitro system perfusion for vessel 

maturation without requiring the developmental process of tubulogenesis. First attempts of 

microfluidic-based approaches relied on microfabrication of microfluidic channels within 

poly(dimethyl siloxane) (PDMS) molds by creating positive features of microchannel conduits using 

patterned photoresist [206]. These methods are compatible with generation and study of vascular 

formation on itself, but do not allow vascular network integration in mesenchymal and parenchymal 

compartments. Multiple additive and subtractive methods have been developed to generate 

microfluidic channels in biocompatible material such as hydrogel. Most of these techniques are based 

on soft-lithography and photolithography [189]. Soft-lithography techniques consist in the use of 

micropatterned elastomers such as PDMS to replicate topological features into soft material, and thus 

is a method of choice for patterning interconnected networks into ECM gels. These methods often 

imply an additive process where two molded gels are fused together [205]. However, molding 

approaches only allow for planar interconnected networks. Alternatively, development of 

photosensitive hydrogel has allowed for more volumetric design using photolithography. In 

photolithography, patterning is directed by light which induces either covalent crosslinking in non-
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reticulated photopolymerizable hydrogel or degradation of covalent bond in crosslinked photo-

degradable hydrogel [207,208]. Combined with multiphoton microscopy, laser degradation of bulk 

photo-degradable polymers enables precise micrometric patterning in 3D space.  

 

Figure 20. Principle of microfluidic chip “endothelialization” for in vitro vascular development. Microfluidic 

channels are generated within a bulk material through variable processes before their following 

“endothelialization” by endothelial cells (ECs) perfusion through intended channel. Molding approaches are cost 

effective way to generate microfluidic channels in most hydrogels but are limited to planar configuration. Novels 

approaches were developed based on the use of sacrificial material or photosensitive hydrogels to generate 

vascular networks in 3D. Bottom images show an example of endothelialization. Middle channel was perfused 

by GFP expressing ECs. Persistence of ECs in the channel is revealed in green. Adapted from [205,209]. 

 

Alternatively, embedded sacrificial 3D printing described in offers a viable option to achieve volumetric 

vascular networks organization. The printed material can be laden with sacrificial ink which can be 

dissolved to expose microfluidic networks [210,211]. Several sacrificial materials have been described 

for sacrificial printing. Some of them, such as carbohydrate-based glass, require first the generation of 

the sacrificial network, then its encasting into a biomaterial which can be laden with cells [212]. 

Embedded sacrificial printing relies on polymeric sacrificial ink such as gelatin. An impressive 

demonstration of this technique is the reported strategy of sacrificial writing into functional tissue 
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(SWIFT) which permitted printing of sacrificial ink into an assembly of hundred thousands of organ 

building block (e.g. embryoid bodies, cerebral organoids, cardiac spheroids), generating perfusable 

embedded channels system in large-scale living tissue [211]. 

Once generated by microfabrication or by printing strategies, interconnected microfluidic systems can 

be perfused with vascular cells, resulting in their alignment to the channels referred to as 

“endothelialization” [204]. However, most of the reported studies focus only on endothelial cells 

resulting in the generation of single layered endothelial cell networks lacking supporting cells. Besides, 

self-assembled vascular networks more closely recapitulate native vessel structures than 

endothelialized microfluidic channels [198]. Therefore, vascular engineering would benefit from hybrid 

methods combining self-assembling capacity of cells and engineering-driven methods to spatially and 

temporally drive endothelial vessels morphogenesis. In this direction, injection of high cell density 

using embedded 3D printing, as described in III.4 was used to promote in situ self-organization of 

endothelial cells and enabled patterning and tubular formation of vascular-like networks in collagen-I 

hydrogel [188]. 

We have seen that significant progress has been achieved in the field of vascular engineering, 

presenting the potential to transform the creation of vascularized tissue on a macroscopic scale into an 

achievable goal. These advancements pave the way for the generation of physiologically relevant large-

scale human tissue with implications in both basic science and clinical applications. 
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IV. Thermogenic adipose tissues as promising therapeutic targets to restore 

energy balance in metabolic disorders 

Obesity is defined by the World Health Organization as "a situation of abnormal or excessive 

accumulation of fat in adipose tissue leading to health inconveniences". Despite public health 

measures to improve modern lifestyle, obesity and diabetes have become a pandemic and represent 

risk factors for several leading causes of death such as cardiovascular disease, stroke and cancers [213]. 

The Global Burden of Disease study reported 5 million obesity-related deaths in 2019, with global 

obesity rates having nearly doubled since 1980 [214,215]. Primary causes for the development of 

metabolic disorder stem from prolonged disrupted equilibrium between the energy intake from food 

and the energy expended by the body (Figure 21) [216]. Energy expenditure corresponds to basal and 

adaptive metabolism including physical exercise, and adaptive thermogenesis. Up to now, current 

therapeutic options to treat obesity, including pharmacotherapies or surgery, have limited efficacy or 

important side effects. Therefore, the identification of a new therapeutic approaches able to increase 

energy expenditure is urgently required. 

 

Figure 21. Coordinated regulation of energy homeostasis. Energy homeostasis relies on controls exerted on both 

energy intake and energy expenditure. Multiple organs intervene in the maintenance of energy balance by 

regulating energy absorption (e.g. gastrointestinal tract), energy storage, conversion and release (e.g. adipose 

tissues, liver) and energy dissipation (e.g. muscle, thermogenic adipose tissues). Positive energy unbalance 

corresponds to energy intake exceeding energy expenditure while negative balance corresponds to the opposite. 

Disrupted equilibrium in energy balance result in body weight alterations. Prolonged positive or negative energy 

unbalances induce development of metabolic disorders, obesity and cachexia respectively. 
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ATs play a central role in regulating whole-body energy and glucose homeostasis. While white adipose 

tissue (WAT) is the main energy buffer regulating dynamic equilibrium of energy homeostasis, 

thermogenic ATs are important energy dissipators. Since their discovery in humans, thermogenic ATs 

have gained renewed interest as therapeutic targets to treat metabolic disorders. However, existing 

models of human thermogenic ATs are scarce and limited in their ability to model native tissue 

physiology which impair the study of these tissues and the development of biotherapies [22–25]. 

In this thesis, we aim to develop relevant 3D models of human thermogenic ATs. To gain a thorough 

grasp of the importance of developing such models, we will first provide an overview of adipose tissues 

function as main energy regulators (see IV.1), how maladaptive plasticity of these tissues are 

associated with pathological conditions (see IV.2) and more specifically how thermogenic ATs can be 

used to treat metabolic disorders (see IV.3). In line with what has been discussed in II, driving in vitro 

development of relevant thermogenic AT models requires an understanding of its mature tissue 

architecture and cell compositions (see IV.4) as well as fundamental basis of its development in vivo 

(see I). In these sections, WAT characteristics will be described alongside those of thermogenic ATs as 

most of what we know about ATs physiology is derived from these tissues. However, specific focus will 

be given to thermogenic ATs specificities. Finally, an overview of the current processes for in vitro 

generation of human thermogenic ATs will be given (see I.6). 

1. Adipose tissues: key regulators of energy homeostasis 

ATs are largely distributed throughout the body in distinct depots. In addition to its function as a 

mechanical and insulation barrier to protect inner organs and prevent energy loss, adipose tissues have 

been recognized as key regulators of energy homeostasis [217]. Historically, adipose tissue has been 

classified into two main subtypes in mammals based on physiological differences and their respective 

functions in energy regulation: the white and brown adipose tissue, WAT and BAT respectively.  

1.1. Specialized metabolic function and distribution of adipose tissues 

WAT is the most abundant form of adipose tissue, representing 3% to 70% of the body mass depending 

on sex, age and lipid storage associated disorders such as obesity or lipid dystrophy [218,219]. Primary 

type of WAT is located under the skin and referred to as subcutaneous adipose tissue while visceral 

WAT surrounds the inner organs [220] (Figure 22). Altogether, WAT depots are the major long-term 

body’s fuel reservoir through its function in energy storage and release [217]. Upon food intake, energy 

excess is efficiently stored as neutral triglycerides in WAT through fatty acids re-uptake and de novo 

lipogenesis. WAT is capable of expanding in mass to accommodate excess energy resulting in body 
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weight alterations [221]. In time of body’s energy requirement, adipose tissues release energy through 

lipids re-mobilization upon the needs of the organism [217]. Triglycerides storage are breakdowns into 

glycerol and fatty acids through lipolytic pathways and released glycerol and fatty acids are then 

transported through blood circulation and which will up-take by the tissues according to their needs.  

 

 

Figure 22. Adipose tissue subtypes distribution and metabolic functions in humans. WAT is largely distributed 

within the body and play a major role in body insulation as well as in the regulation of energy storage and release. 

Conversely, thermogenic adipose tissues that comprise BAT and beige AT play are specialized in energy 

dissipation as heat and consequently contribute to body thermoregulation. Thermogenic AT actively drain 

metabolite from blood circulation to fuel their thermogenesis and act as a metabolic sink reinforcing their role 

as energy dissipators. While BAT are localized in specific depots, beige AT emerge in response to environmental 

stimuli within WAT. Adapted from [222]. 

Contrary to WAT, BAT is found in small depots with specific locations close to vasculature [223] and 

specialized in dissipating energy as heat through a process referred to as adaptive non-shivering 

thermogenesis [224] (Figure 22). The primary function of BAT thermogenesis is its involvement in 

thermoregulation and the protection of the organism against hypothermia in species sensitive to heat 

loss, such as newborns, small mammals and hibernating animals. Thermogenic activation of BAT under 

cold exposure is mediated by β-adrenergic stimulation following the norepinephrine (NE) release from 

the sympathetic nervous system (SNS) [217]. Thermogenic function of BAT relied on the presence of 

thermogenic adipocytes within the tissue whose characteristic would be described in IV.4.4. 
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Thermogenic adipocytes primarily use free fatty acids to  activate and fuel their thermogenesis [225] 

while increasing their glucose consumption [224]. Therefore, thermogenic adipocytes also act as 

metabolite sink regulating glucose and lipid level in blood circulation.  

Until 2009, BAT in humans was thought to be limited to neonate individuals and gradually replaced by 

WAT with aging [226]. Using 18F-fluorodeoxyglucose (FDG) positron emission tomography/ computed 

tomography (PET/CT) on adult humans submitted to cold exposure, authors revealed the presence of 

functional thermogenic depots with increased glucose uptake, although reduced compared to infants 

[226]. These depots were mainly located within the clavicular/supraclavicular region and surrounding 

deep organs such as heart, kidney, pancreas or liver [217] (Figure 22). FDG-PET/CT approaches also 

revealed gender differences with increased mass and activity of thermogenic adipose tissue in women 

compared to men [227].  

In addition to BAT, emerging evidence suggests that mammals possess another type of thermogenic 

adipocytes referred to as beige or “brite” adipocytes [221,223]. First described in mice, activated beige 

adipocytes resemble brown adipocytes phenotypically and metabolically (for more details see IV.4.4) 

However, contrary to BAT depots that develop embryonically [211], beige adipocytes emerge 

sporadically within WAT depots during postnatal life in response to environmental conditions through 

a process called “browning” or “beiging” [217,223,224] (Figure 22). (for more details see I.5.2IV.4.4). 

These environmental stimuli include chronic cold exposure, physical exercise or β-adrenergic 

stimulation [217]. Subcutaneous WAT has higher beiging potential than visceral WAT [221].  

Since the identification of thermogenic fat depots in adult humans, the prevalence of beige adipocytes 

in adult humans and their developmental origins have been an important debate [228] (for more 

details see I.5.1). The expression of thermogenic genes selectively expressed in mouse brown versus 

beige adipocytes have been used to classify human thermogenic fat depots [229,230]. Transcriptional 

analyses in adult human thermogenic fat revealed that supraclavicular depots most resemble mice 

beige adipocytes at molecular level, while deep neck and perirenal regions contain classical brown 

adipocytes [230–232].  
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1.2. Secretory function of adipose tissues 

ATs are not only regulators of energy reserves but also contribute to far-reaching physiological 

processes such as food intake, insulin sensitivity, immune responses or reproductive function [217]. 

ATs are involved in a wide range of autocrine, paracrine and endocrine mechanisms which associate 

energy management with all physiological functions. Here we will more specifically focus on the 

endocrine function of WAT and thermogenic ATs in energy metabolism. Greater attention will be given 

to thermogenic AT and related secreted molecules. 

Historically, leptin's discovery in 1994 marked the beginning of understanding WAT secretory function 

[233]. Since then, many other molecules such as adiponectin, resistin, interleukin-6 (IL-6) or tumor 

necrosis factor-α (TNF-α) were identified [234] (Table 5). Collectively referred to as "adipokines," these 

secreted factors display diverse roles extensively described elsewhere [234–236]. Leptin regulates 

body energy homeostasis and the maintenance of body mass by inducing satiety [234]. Adiponectin 

and resistin play opposites roles in insulin sensitivity, glucose, and lipid metabolism with opposing 

effects. While adiponectin is the most abundant adipokine in human plasma, mainly secreted by 

mature adipocytes, resistin is lowly secreted in physiological conditions [235]. Hypoadiponectinemia 

and hyperresistinemia are associated with to higher risks of insulin resistance and type 2 diabetes 

[235]. Both TNF-α and IL-6 are pro-inflammatory cytokine with increased secretion contributing to 

insulin resistance in obese humans WAT [235].  

Table 5. Endocrine functions of selected adipokines. Derived from [235]. 

Adipokine Physiological roles 

Leptin Satiety, energy balance, reproduction, immunity, vascular 

Adiponectin Insulin sensitivity, glucose and fat metabolism 

Resistin Insulin sensitivity 

IL-6 Inflammation, thermogenesis 

TNF-α Inflammation, regulation of adiponectin secretion 

 

Neglected for a long time in favor of WAT, the potential secretory role of beige and brown adipose 

tissues has recently gained renewed interest [237,238]. Nowadays, the role of thermogenic AT as 

important endocrine organs is well established and they display distinct secretomes and secretory 

functions compared to WAT. As opposed to adipokines, these secreted molecules are referred to as 

“brown adipokines” or “batokines”. Definitions of batokines can vary from study to study as none of 

them are totally specific to thermogenic AT. Batokines are often qualified as secreted molecules 

preferentially released by BAT compared to WAT secretome. Numerous studies also defined brown 

adipokines as secreted factors whose secretion by BAT is increased upon thermogenic activation.  
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Hereafter, we will focus on the secretory function of thermogenic AT associated with their role in heat-

generation and refer to batokines according to this second definition (Table 6). Batokines promote 

expansion and activation of the thermogenic AT from which they are released but also participate 

remotely in the thermogenic activation of other AT depots including beiging of WAT depots [238]. 

These brown adipokines directly target thermogenic adipocytes hyperplasia and activation but also 

promote the remodeling of supporting structures such as vascularization, innervation and ECM [238]. 

Moreover, growing evidence supports a role of batokines in the thermogenic activation through 

immune cells activation and recruitment (For more details see I).  

Table 6. Roles of selected human batokines in thermogenesis. 

Batokines Role in thermogenesis Communication Target cells/organs 

BMP7 Thermogenic adipocyte hyperplasia 
Autocrine 
Endocrine 

WAT 
Thermogenic AT 

BMP8 Sensitivity to thermogenic activators 
Autocrine 
Endocrine 

WAT 
Thermogenic AT 

VEGF-A 
Neo-vascularization, thermogenic 

activation 

Paracrine 
Autocrine 

Vasculature 
Thermogenic AT 

CXCL14 
anti-inflammatory environment 

(macrophage recruitment) 
Paracrine Macrophages 

Meteorin-like 
anti-inflammatory environment 

(macrophage recruitment) 
Paracrine Macrophages 

GDF15 
anti-inflammatory environment 

(macrophage polarization) 
Paracrine Macrophages 

IL-6 Thermogenic activation 
Autocrine 
Endocrine 

WAT 
Thermogenic AT  

Heart 

NGF Increased sympathetic innervation Paracrine SNS 

FGF21 
Thermogenic adipocyte hyperplasia, 

differentiation and activation 
Paracrine  
Endocrine 

WAT 
Thermogenic AT 

Heart 

Upon adrenergic stimulation, thermogenic adipocytes elevate bone morphogenetic protein (BMP) 

release, specifically BMP7 and BMP8. BMP7 supports brown and beige adipocyte development [239] 

(For more details see I.5.1), while BMP8 sustains their thermogenic activity [240]. BMP8 enhances 

adipocyte sensitivity to thermogenic activators and contributes to WAT beiging. These cells also 

increase vascular endothelial growth factor-A (VEGF-A) secretion upon activation, promoting 

vascularization and boosting thermogenic activity in brown adipocytes [241]. In addition to 

vasculature, batokines secretion also affects sympathetic innervation through neurite outgrowth 

induced by secretion of nerve growth factor (NGF) [238]. Brown adipokines also include cytokines such 

as IL-6, C-X-C motif chemokine ligand-14 (CXCL14), growth-and-differentiation factor-15 (GDF15) and 

meterorin-like [238]. Upon adrenergic stimulation, CXCL14, GDF15, and meteorin-like foster an anti-

inflammatory environment in thermogenic AT, where increased pro-inflammatory status negatively 
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correlates with thermogenic activity [238]. While both CXCL14 [242] and meteorin-like [243] promote 

the recruitment of anti-inflammatory macrophages, GDF15 [244] was found to inhibit pro-

inflammatory macrophage polarization. IL-6 secretion by BAT rises under cold exposure, sustaining 

thermogenic function. Transplanting BAT explants from IL-6-KO mice demonstrated compromised 

energy expenditure and glucose tolerance compared to wild-type BAT explants [245]. IL-6 also drives 

beiging by beige adipocytes in WAT through autocrine effects, although the underlying mechanisms of 

thermogenic activation by IL-6 remain unclear [238]. Batokines are also mediators of inter-organ 

communications as it the case of IL-6 and fibroblast growth factor 21 (FGF21). FGF21 was among the 

first batokine proposed and is strongly released by BAT under thermogenic activation [238]. FGF21 

participates in thermogenic activation of BAT and beiging of WAT while also ensuring cardioprotective 

functions [238]. 

While WAT is the most important energy buffer ensuring dynamic energy equilibrium, thermogenic AT 

contribute to whole-body energy dissipation. Furthermore, both WAT and thermogenic AT are key 

regulators of whole-body energy homeostasis as endocrine organs regulating energy metabolism. 

Plasticity of both WAT expansion and thermogenic activation of beige and brown AT are at the core of 

energy balance restoration under transient changes in healthy humans. However, chronic energy 

disequilibrium imposes strain on AT plasticity contributing in the development of pathological disorders 

as we will see in IV.2. 

2.  Pathological dysregulation of adipose tissues metabolic functions  

When the organism is submitted to change in energy balance, ATs rapidly adapt their metabolism to 

protect it respectively against excessive flux of lipids and glucose or against decrease of resting 

metabolic rate. However, during prolonged energy unbalance or specific pathological conditions, ATs 

plasticity is challenged. Maladaptation of WAT or BAT/beige AT plasticity contribute to the 

development of metabolic disorders and/or further aggravate pre-existing pathological situations at 

the origin of AT function alterations.  

2.1. Limits of white adipose tissue expandability and development of obesity and 

related-metabolic disorders 

The initial development of high-fat diet-induced obesity is marked by continuous expansion of WAT in 

response to caloric excess with adipocytes hypertrophy preceding adipocytes hyperplasia [221]. During 

first stage of obesity development, expansion of WAT serves as protective mechanism of other tissues 

from lipotoxicity by capturing circulating lipids [221] (Figure 23). Continuous expansion of WAT is 
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associated with important tissue remodeling involving impaired vasculature, immune cells infiltration 

and establishment of tissue fibrosis by ECM remodeling [221,246]. Hypoxia, initiated by adipocyte 

hypertrophy, plays a role in pathological AT remodeling associated with obesity [247]. Obese 

individuals exhibit lower AT oxygen consumption and blood flow [247]. As hypertrophic adipocytes 

outgrow oxygen diffusion limits, hypoxia triggers increased ECM secretion, enhanced ECM reticulation 

and immune cell recruitment which further aggravate WAT fibrosis and limits its expandability [247] 

(Figure 23). Several studies correlate adipocyte hypertrophy with impaired capillary architecture and 

capillary rarefaction suggesting the establishment of a micro-environment non-permissive for 

angiogenesis [247]. Altered oxygen levels promotes pro-inflammatory state of WAT leading to 

dysregulated adipocytokines production in obesity (Figure 23). Altogether this pathological AT 

remodeling contribute to alterations of WAT metabolic functions and expandability leading to the 

development of unhealthy obesity once lipids buffering capacity of WAT is reached. 

 

 

Figure 23. Limit of white adipose tissue expansion in obesity and related dysfunctions. White adipose tissue 

(WAT) responds to caloric excess through a healthy or unhealthy expansion. Healthy expansion through 

adipocyte hyperplasia protects against the metabolic complications of obesity. Unhealthy expansion through 

adipocyte hypertrophy is accompanied by tissue fibrosis and inflammation. Limited expandability of WAT 

promotes the development of obesity-associated metabolic complications. FFA, free fatty acids; ECM, 

extracellular matrix; ATM, adipose tissue macrophages; T2D, type 2 diabetes; NAFLD, non-alcoholic fatty liver 

disease; CVD, cardiovascular disease. 
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In unhealthy obesity, impaired capacity of adipocytes to uptake circulating glucose and FFA causes 

hyperglycemia and hypertriglyceridemia [248]. This further leads to ectopic accumulation associated 

with lipotoxicity in non-adipose tissues such as muscle, liver, heart or kidney [213] (Figure 23). Besides, 

hypertrophic adipocytes demonstrate important alterations in their metabolism including elevated 

basal lipolysis and insulin resistance. Overproduction of insulin in response to systemic insulin 

resistance leads to progressive pancreatic β-cell depletion and the development of type 2 diabetes 

[213]. 

Current therapies and management approaches for obesity involve dietary change, pharmacological 

and surgical strategies [249]. However, their effectiveness in restoring metabolic health and weight is 

limited. Pharmacotherapies for obesity and diabetes target pancreatic cell function, insulin sensitivity 

and aim to restore glucose and lipid metabolism [250]. However, many of these drugs show adverse 

effects. Similarly, while bariatric surgeries address effectively obesity, they can result in long-term 

complications and relapses [249]. Therefore, developing new strategies to restore energy balance is 

imperative (For more details see IV.3). 

2.2. Dysregulations of thermogenic adipocytes function in pathological conditions 

While many studies focus on thermogenic AT activation, relatively few investigate their alterations. 

Alterations of BAT and beige AT involve are associated with maladaptive plasticity and response to 

thermogenic activation. This include both pathological contexts leading to loss of thermogenic function 

of these AT and conversely their hyperactivation. 

Decline of thermogenic characteristics of both brown and beige AT which progressively loss their 

thermogenic function is referred to as “whitening”. Both obesity and aging are associated with 

reductions in the abundance and activity of thermogenic adipose tissue in both mice and humans 

[226]. Mechanisms underlying this loss of thermogenic phenotype are still not clear but may involve 

several factors including vascular rarefactions, pro-inflammatory state of AT, and direct alterations of 

adipocytes expansion capacity [251].  

Hyperactivation of thermogenic adipocytes were also reported in several pathological contexts such 

as cancer or severe burns [252]. Excessive activation of BAT and beige AT lead to the development of 

hypermetabolic conditions characterized by important loss of lipidic reserves [252], resulting in 

cachexia and life-threatening wasting of lean body mass. Such hypermetabolic conditions have been 

observed in mice models of cancer where some tumors promote adrenergic stimulation [253]. Cancer 

cachexia is characterized by an important weight loss, chronic inflammation and muscle atrophy and 

is considered as the cause of death in at least 20% to 30% of all cancers [254]. Thermogenic activation 
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of human BAT was reported in both adult and pediatric cancer patients. Maladaptive development of 

beige AT in human subcutaneous WAT was also observed in severe burn injury patients [255]. Sidossis 

et al. reported that burned patients produce higher levels of epinephrine and norepinephrine as 

measured in urinary excretion potential in response to inflammation [255]. Elucidating mechanisms to 

selectively inactivate the improper beiging of human WAT would further help therapeutic 

management of cancer cachexia and severe burn injury.  

Increasing our knowledge of human thermogenic AT physiology and its functional drifts require 

development of physiologically relevant in vitro models. These new in vitro models of human 

thermogenic AT would help to obtain basic science knowledge about a tissue difficult to access in 

humans with far-reaching therapeutic implication beyond obesity related metabolic disorders.  

3. Thermogenic adipocytes-based therapies for metabolic disorders  

BAT and beige AT activation is associated with reduced cardiometabolic dysfunctions, dyslipidemia and 

insulin resistance in obese humans [256,257]. However, as mentioned above in IV.2.2, non-shivering 

thermogenic capacity of obese humans is impaired by reduction of thermogenic fat mass and 

functions. Therefore, increase of thermogenic AT activity is a promising strategy to promote a healthier 

metabolic phenotype in obese and diabetic patients [258]. Two main therapeutic trends are 

considered to increase thermogenic AT mass in diabetic and obese: 1) in situ expansion and activation 

of thermogenic adipocytes by pharmacological cues, 2) cell transplantation of thermogenic 

adipocytes.  

Strategies to enhance thermogenic AT activity have first focused on in situ activation approaches by 

cold exposure or pharmacological treatments [259]. Cold exposure is the most potent stimulant for 

expanding and activating brown and beige thermogenic adipocytes in both mice and humans [221]. 

However, using cold exposure as a treatment for patients is impractical. Hence, efforts have focused 

on identifying drugs that can mimic effects of cold exposure and activate thermogenesis without 

adverse effects [259]. These drugs especially include β-adrenergic receptor (β-AR) agonists mimicking 

adrenergic stimulation by SNS. One example of this drug is mirabegron, a β3-AR agonist approved by 

the U.S. The Food and Drug Administration [259]. High doses of mirabegron were able to sustain 

increased BAT activation and energy expenditure in healthy humans, but also induced adverse 

increased blood pressure [260]. However, lower doses of mirabegron were insufficient to increase BAT 

activity and weight loss in obese humans, although improvement of insulin sensitivity and β cell 

function was still observed [261]. In addition to β-AR, other molecules have shown promises in BAT 

activation either in in vitro 2D culture or in vivo mice models, some known to activate thermogenic 
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pathways (e.g. resveratrol, curcumin) and some whose mechanisms of actions remain to be elucidated 

(e.g. capsaicinoids) [259]. As for any other pharmacotherapy, developing more relevant in vitro models 

of human BAT as a drug screening platform would significantly promote the translation of 

pharmaceutical activation of thermogenic adipocytes from bench to bedside. 

Cell-based therapies is another approach under study to increase energy expenditure in obese humans 

[259]. Compared to single molecules, transplantation offers localized inducer delivery and a more 

lasting effect. The proof of concept for the beneficial effect of thermogenic adipocyte transplantation 

on energy expenditure and glucose metabolism have already been made in rodents. In most of these 

studies, thermogenic adipocytes from BAT grafts originated from healthy adult mice and were 

transplanted in obese or diabetic mice [259]. Such studies were also conducted using transplantation 

of human brown or beige adipocytes, obtained from in vitro differentiation following different 

protocols [25,262–264] (For more details see I.6.3.). Transplantation of thermogenic adipocytes were 

reported to increase whole-body energy dissipation in obese mice and restored normoglycemia in 

diabetic mice [25,263–265]. However, transplantation of human BAT is hindered by the low availability 

and deep location of these tissues. Thus, transplanting human thermogenic adipocytes requires in vitro 

generation processes able to produce a consequent number of these cells compatible with clinical 

application. This highlights the importance to develop new engineering processes to generate human 

thermogenic AT constructs in vitro which are relevant in size and function is required. 

To summarize, adipose tissues are under constant remodeling to adapt nutritional status and 

environment. Prolonged imbalances in energy intake and expenditure lead to pathological changes in 

white and thermogenic adipose tissue, contributing to obesity and metabolic disorders like diabetes. In 

obesity, altered white adipose tissue functionality and expansion result in lipid accumulation in non-

adipose organs and insulin resistance. This is accompanied by a decline in thermogenic adipose tissue 

mass and function, limiting energy expenditure. Increase of thermogenic AT mass by pharmacological 

or cell transplantation approaches have emerged as promising therapeutic strategies to improve 

metabolic health and counteract obesity. On another hand, pathological hyperactivation of 

thermogenic fat have been described in cancers and severe burn injuries. Altogether, this underscores 

the necessity for developing relevant human thermogenic tissue models. Such models are crucial not 

only for basic science, but also as drug screening platforms or transplantable source of thermogenic 

adipocytes. In line with the engineering concepts discussed in II and III, developing thermogenic adipose 

tissue solutions require insights into tissue structure and cell composition (see IV.4) as well as 

mechanisms contributing to their development and plastic thermogenic activation (see I). 
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4. Adipose tissue architecture and cell composition 

AT are heterogeneous connective tissues highly vascularized and innervated by the SNS. Anatomically 

human AT are constituted of structural units termed lobules delimited by a connective tissue 

membrane called septa composed of extracellular matrix [266] (Figure 24). These lobules correspond 

to clusters of cells surrounded by another matrix compartment called stroma [266]. Lobules are 

composed of various cells including mature adipocytes and the stromal vascular fraction (SVF) [221]. 

The adipose SVF is a heterogenous mixture of cells which could be easily isolated by enzymatic 

dissociation [267]. Freshly isolated SVF contain endothelial cells, endothelial progenitors, adipose 

progenitors, fibroblasts and immune cells [221]. Collectively these cellular and ECM compartments 

components constitute the adipose progenitor micro-environment governing their maintenance, 

proliferation and differentiation. Majority of what is known regarding AT composition and structure is 

derived from WAT. Hereafter, an overview of the different cellular and acellular components of AT will 

be given with a specific emphasis on thermogenic AT characteristics when applicable.  

 

Figure 24. Adipose tissue lobular architecture and cellular microenvironment composition. Adipose tissue 

consists of clusters of cells arranged in lobules which are separated from each other by an extracellular matrix 

(ECM) that forms the septa, enriched in collagen I (Col. I). Lobules contain adipocytes, adipose progenitors (ASCs) 

and immune cells such as adipose tissue macrophage (ATM), lymphocytes (LT) or mast cells as well as dense 

networks of blood vessels that span into the septa and connect AT to blood circulatory system. In addition to the 

septa lining the outside of the lobule, the internal stroma also contains a distinct ECM compartment enriched in 

collagen IV (col. IV) and which contain sympathetic nerves. Distinct population of ASCs are spatially distributed 

in ATs with highly adipogenic MSCA1+/CD271- ASCs found in the stroma compared to myofibroblastic 

MSCA1+/CD271- ASCs. Main differences in WAT and BAT compositions involve nature of their adipocytes, 

vasculature and SNS innervation density. ASC, Adipose-derived mesenchymal stem cells. 



Bibliographic introduction 

94 
 

4.1. Extra-cellular matrix 

In both WAT and BAT, ECM offers structural support to maintain mechanical stability, elasticity, and 

cell adhesion, while simultaneously serving as a storage site for growth factors and cytokines needed 

for adipocyte growth and differentiation [268,269].  

Within ATs, ECM is divided into stromal and interlobular septa compartments [266] (Figure 24). As any 

other connective tissue, collagen is a main component of adipose ECM, comprising up to 90% of AT 

non-cell mass. Scanning electron micrographs show that within the stroma each adipocyte is 

enveloped by a collagen fiber network that extends into interlobular septa [266]. Main collagen types 

of adipose ECM include collagen type I, III, and IV, with negligible expression of collagen type II [269]. 

In addition to collagen, adipose ECM contains fibronectin, elastin and small amounts of laminin [269]. 

Septa are densely composed of collagen I, III, and elastin, with an enrichment in collagen I compared 

to the stroma which is more loosely organized  [266]. Mature adipocytes are surrounded by an collagen 

IV-rich ECM constituting the basal lamina [269] (Figure 24).   

Adipose tissue ECM undergoes continuous turnover to accommodate dynamic changes required for 

AT expansion and remodeling [269]. This turnover is the result of a balance between pro-constructive 

and pro-degradation factors of the ECM. Pro-degradation factors include degrading enzymes from the 

matrix metalloproteinases (MMPs) family or the fibrinolytic system [269]. Pro-constructive factors 

include intracellular enzymes involved in the processing of ECM precursors, ECM molecule secretion 

by adipocytes and stromal cells, and degradation enzyme inhibitors such as tissue inhibitors of MMP 

(TIMPs) [269]. ECM flexibility also relies on crosslinking agents like lysyl oxidase enzymes [269].  

Much of our understanding of adipose tissue ECM composition and remodeling relate to WAT, with 

limited insight into its relevance in BAT and WAT beiging. In vitro studies revealed that activation of 

thermogenesis through cAMP treatment induces changes in ECM component secretion and gene 

expression in mice brown adipocytes with an increase of collagen and laminin secretion [237]. Recent 

in vivo studies also revealed ECM-related gene remodeling in response to thermogenesis activation 

upon cold exposure [270]. However, observed secretions did not always align with respective gene 

expression changes, necessitating further proteomic investigations to comprehensively grasp ECM 

remodeling within BAT in response to thermogenic activation [237].   
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4.2. Innervation 

Both WAT and BAT are highly innervated tissues, with BAT being more densely innervated than WAT. 

ATs receive bidirectional innervation with sympathetic efferent fibers that relay information from the 

central nervous system, while sensory afferent fibers transmit signals from the fat to the brain [271]. 

Innervation is key for AT to sense body nutritional status and external environment and thus is crucial 

for AT plasticity to maintain whole-body energy balance. Sympathetic innervation is well recognized 

for its importance in the regulation of adipogenesis, lipolysis and thermogenesis. Upon activation, 

sympathetic fibers release catecholamines, including epinephrine and norepinephrine, which primarily 

influence adipocyte metabolism via β-AR activation. Although less explored, recent findings suggest 

that sensory innervation of AT acts as a brake for sympathetic activation [271]. 

SNS innervation is especially important in BAT at both adipocyte and endothelial vessel levels [221] 

(Figure 24). Short-term cold exposure triggers β-adrenergic activation which induces lipolysis, FFA 

mediated UCP1 activation and prompts the transcription of thermogenic genes for non-shivering 

thermogenesis [221] while prolonged β-adrenergic stimulation induces BAT expansion by activating 

proliferation and differentiation of precursor cells [272,273] (For more details see I.5.2). In WAT, 

available data suggest that cold/β-adrenergic signaling induces fat depots “beiging” through both 

thermogenic activation of masked beige adipocytes and de novo beige fat differentiation [221]. More 

in depth description of thermogenic activation pathways at the molecular level will be given in I.5.2. 

As WAT is less innervated than BAT, it has been suggested that WAT "beiging" in response to cold 

might involve both sympathetic innervation and local production of norepinephrine and cytokines by 

immune cells [274] (See I.4.6). 

4.3. Vascularization 

Both white and BAT are extensively vascularized, with BAT exhibiting a denser network, contributing 

to its characteristic color [223] (Figure 24). When normalized to cytoplasmic volume, ATs are among 

the tissues with the highest metabolic turnover in the body, underlining the significance of 

vascularization for optimal oxygen and metabolite transport. Vessels facilitate the exchange of 

hormones, cytokines, and growth factors, supporting the endocrine role of ATs in inter-organ 

communications and providing vital factors for adipocyte function and survival.  

Each AT lobule is supplied with a vascular unit composed of arterioles and venules which are 

subdivided into terminal capillaries surrounding individual adipocytes [275]. Almost each adipocyte is 

in direct contact with one or more capillaries. The dynamic of AT growth is thus importantly associated 
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with that of its vasculature. Indeed, WAT and BAT expansion is accompanied by the sprouting or 

branching of capillaries from existing blood vessels through angiogenesis while their mass reduction is 

associated with vessel regression [275]. Besides, the vascular bed highly controls alteration of the AT 

microenvironment including acidosis or hypoxia which influences adipocyte function and 

differentiation (see I.5.1).  

Vascularization has a specific role in thermogenic ATs. It ensures O2, FFA and glucose supply to fuel 

thermogenesis and to delivers heat to the whole organism. Increased vascularity is associated both 

with thermogenic activation of BAT and beige AT and increased of their mass [264,275]. Under 

thermogenic induction conditions such as cold exposure, endothelial cells produce paracrine factors 

that directly participates in increasing angiogenesis associated with increased energy expenditure 

[241] (for more details see I.5.3). 

4.4. Adipocytes 

Adipocytes are the primary components of AT located within the stroma of the AT lobules in close 

association with capillaries (Figure 24). These functional units, responsible for triglyceride storage of 

the tissues, exhibit diverse subtypes with unique physiology and morphology that regulate energy 

homeostasis, respective to WAT, BAT and beige AT [248]. Especially, adipocytes subtypes vary in size, 

mitochondria density, lipid storage capacity and associated metabolic functions. 

Mature white adipocytes are specialized in fat storage and release to accommodate metabolic needs 

of organisms. They are characterized by a low mitochondria density and storage of lipids in large 

unique droplets, occupying over 90% of the cell volume [248] (Figure 25). Their size can varies from 20 

to 200 µm based on metabolic needs, controlled by lipid droplet expansion or consumption [276]. Lipid 

removal within lipid droplet occurs either enzymatic hydrolysis from lipases (lipolysis) regulated by the 

presence of perilipin proteins at the lipid droplet's periphery or a selective form of autophagy 

(lipophagy) [248,277]. 
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Figure 25. Characteristics of white, beige and brown adipocytes. The figure represents the distinct properties of 

white, beige, and brown adipocytes which support their specific metabolic functions. Characteristics of brown 

and beige adipocytes are given in their activated thermogenic state. Inactivated beige adipocytes possess white-

like characteristics. While white adipocytes are specialized in fat storage and release, thermogenic adipocytes 

are specialized in fat burning leading to heat generation. Thermogenic adipocytes have a main role in 

thermoregulation but their activation in other context than cold exposure imply the existence of others functions 

of this fat burning capacity.   

Unlike white adipocytes, thermogenic adipocytes meaning brown and beige types specialize in energy 

expenditure through fat burning by uncoupled mitochondrial respiration [248] (Figure 25). First 

identified in mice, brown and activated beige adipocytes share similar morphology and biochemical 

traits. Ranging from 15 to 60 µm in diameter, they are smaller than white adipocytes. Both are 

characterized by storage of lipids as multilocular droplets and high density in mitochondria which form 

a dense network around these lipid droplets. The inducible thermogenic ability of these adipocytes is 

conferred by their abundance in mitochondria and their specific expression of uncoupling protein 1 

(UCP1), a proton transport protein of the inner mitochondrial membrane [224,225] (Figure 26). Upon 

activation, UCP1 uncouples cellular respiration from ATP synthesis by dissipating the mitochondrial H+ 

gradient, thus converting the energy of substrate oxidation into heat [225]. Activation of UCP1 protein 

is mediated by FFAs which are also the main oxidation substrate of uncoupled mitochondrial 

respiration. These FFAs are either generated by lipolysis of adipocytes triglyceride storage or actively 

drained from blood circulation following β-adrenergic triggering [225] (Figure 26) (For more details see 

I.5.2). 
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Figure 26. Principles of UCP1-dependent non-shivering thermogenesis in thermogenic adipocytes. Thermogenic 

adipocytes are characterized by expression of UCP1, a proton transport protein localized in the inner membrane 

of their mitochondria. UCP1 protein is the main effector of energy expenditure. In the absence of thermogenic 

activation, mitochondria generate ATP via coupled respiration. Upon thermogenic activation, UCP1 uncouples 

substrate oxidation from ATP production, by dissipating H+ gradient, leading to heat generation (uncoupled 

respiration). Under cold exposure, norepinephrine (NE) is released by the sympathetic nervous system (SNS) and 

induces β-adrenergic stimulation which triggers generation of free fatty acids (FFAs) from triglycerides (TGs) 

storage. These FFAs induced allosteric activation of UCP1 allowing its proton transport. Glucose and FFAs are 

main substrates used to sustain the increased mitochondrial respiration activity. 

Brown and beige adipocytes differ in their inducibility of UCP1 expression [221,225] (Figure 26). While 

brown adipocytes strongly expressed UCP1 in “basal conditions”, continuous adrenergic stimulation is 

required in beige adipocytes for sustained high UCP1 levels and mitochondrial density [225]. In 

absence of stimulation, increasing evidence suggests that beige adipocytes become “masked” and 

exhibit white adipocyte-like morphology [231,278]. Upon stimulation, masked beige adipocytes can 

swiftly activate their thermogenic program by increasing UCP1 expression and mitochondria 

biogenesis (Figure 26). In mice, brown fat depots consistently contain brown adipocytes, while in adult 

humans, they tend to be more diverse, housing both UCP1+ and UCP1- adipocytes [229–232]. 

4.5. Adipocytes progenitors: adipose derived mesenchymal stem cells 

Mature adipocytes are unable to divide and are renewed by proliferation and differentiation of adipose 

progenitors also referred to as adipose-derived mesenchymal stem cells (ASCs). This process is at the 

core of hyperplastic expansion of both WAT and BAT. Several studies shown that ASCs populations 

within AT are heterogeneous within a given fat depot and differ by their differentiation potential and 
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spatial distributions. Specific characteristics and developmental origins of ASCs within WAT and BAT 

will be covered in I.5.1. Hereafter, we will focus on common characteristics of ASCs within fat depots. 

Such as bone marrow mesenchymal stem cells, ASCs are multipotent cells that can differentiate in vitro 

into multiple lineages including adipogenesis, osteogenesis, chondrogenesis [279] and myofibroblasts 

[280] (for more details see I.5.1). Due to their plasticity, ASC maintenance and differentiation rely on 

their microenvironment. ASCs are mainly located close to endothelial vessels and for this reason 

endothelial cells are considered a niche for these cells (Figure 24). Beyond differentiation, ASCs are 

recognized for their paracrine activities releasing factors like cytokines, angiogenic, trophic, and 

growth factors [279].  

Common ASC surface markers were identified via SVF adipose tissue sorting, followed by in vitro assays 

for proliferation and adipocyte differentiation.  In freshly isolated SVF, CD45 negative, CD34 positive, 

CD31 positive cells exhibit in vitro clonal expansion and mesenchymal properties. Further populations 

subsets were identified based on the expression of additional cell surface markers in human 

subcutaneous WAT while less is known in human BAT or beige AT. Estève et al. categorized three 

CD45+/CD34+/CD31+ subtypes using MSCA1 and CD271, known to be expressed in bone marrow 

progenitors with adipogenic potential [281]. MSCA1+/CD271- subset was reported to have the highest 

adipogenic potential and seen as committed adipogenic progenitors [281]. MSCA1-/CD271+ and 

MSCA-/CD271- demonstrated delayed adipocyte differentiation onset, suggesting more immature 

state toward the adipogenic program [281]. Moreover, MSCA1-/CD271+ exhibited higher 

myofibroblastic potential [281]. Interestingly, progenitor subsets are organized spatially in distinct 

environments within WAT [266]. Committed MSCA1+ cells were mainly found are in lobule stroma, 

while MSCA1-/CD271+ were enriched in septa, contributing to its fibrous production [266] (Figure 24).  

4.6. Immune cells 

ATs house almost all types of immune cell, spanning resident and recruited populations, contributing 

to various aspects of AT homeostasis and remodeling including cell debris clearance, angiogenesis, 

ECM remodeling and triggering inflammatory responses [221,282]. Main immune cell populations 

include adipose tissue macrophages (ATMs), lymphocytes, mast and dendritic cells [282] (Figure 24). 

It is now well established that metabolic processes activate modulation of both the innate and the 

adaptive immune system, also referred to as immunometabolic regulation of energy homeostasis 

[282]. Roles of immune cells in the regulation of AT function have been extensively reviewed 

elsewhere, especially in WAT [282,283]. Hereafter, we will focus on thermogenic AT and more 
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specifically ATM populations that have been recently proposed to participates in thermogenesis 

activation. 

In AT, ATMs are the most prominent immune cell population, expanding as AT mass grows from 

increased adiposity [282,283]. In healthy humans WAT, ATM represents about 5% of adipose cells, but 

this number can rise to 50% in obese patients constituting the primary source of inflammation. 

However, ATM recruitment was also described in response to activation of non-shivering 

thermogenesis in BAT and beiging of WAT [221].  

Cold exposure triggers recruitment of alternatively activated ATM, known for their anti-inflammatory 

properties (Figure 24) [274]. Studies reveal that these macrophages become activated and polarized 

through molecules like CXCL14, meterorin-like, or GDF15, released by activated thermogenic 

adipocytes [242–244]. This interaction underscores the dynamic relationship between thermogenic 

adipocytes and macrophages. Nguyen et al. initially identified a subset of these alternatively activated 

macrophages expressing tyrosine hydroxylase, an enzyme linked to catecholamine synthesis, which 

could release NE to support thermogenesis [284]. However, this result is called into question by other 

studies presenting contradictory data [274,285], leaving the mechanisms behind the role of anti-

inflammatory macrophages in thermogenesis uncertain. A recent study showed that macrophages 

enhance local SNS activation in subcutaneous WAT during cold exposure, offering a new understanding 

of the interplay between macrophage and thermogenic activation [286]. Inversely, infiltration of pro-

inflammatory macrophages and related cytokines were shown to correlate with decreased response 

to thermogenic stimuli in mice [274].  

To summarize, adipose tissues are complex organs, where nervous, immune, and endothelial cells, 

along with adipose lineage cells, create a dynamic ecosystem that sustains tissue function and 

flexibility. Main differences between WAT, BAT and beige AT lie in the characteristic of their adipocytes. 

Non-adipocyte cellular and acellular components of AT are fairly common to BAT and WAT, expect their 

proportions that support their specific functions. Generating relevant models of human thermogenic 

aims to recapitulate this complex cell microenvironment and its dynamic in vitro. As discussed in II, 

engineering methods for in vitro development of a given tissue requires an understanding of its 

development and maintenance in vivo. Moving forward, we will overview the mechanisms that 

contribute to thermogenic AT development and activation in humans (see I). A specific focus would be 

given to adipocyte lineage and vascularization. 
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5. Understanding thermogenic adipose tissue development and activation   

Engineering brown or beige AT require insight about intrinsic and extrinsic cues driving adipocyte 

differentiation and adipocyte thermogenic activation. Besides, being able to engineer embedded 

vasculature require to understand the mechanisms of neo-vascularization within AT and its interplay 

with adipogenesis.  

5.1. Adipocytes development: common process and specificity to thermogenic fat 

The development of white and brown adipocytes within their respective tissue is mediated by the 

differentiation of resident progenitors through a multi-step process called adipogenesis. For beige 

adipocytes, their development stem from both de novo differentiation of adipose progenitors and the 

conversion of white-like adipocytes into activated beige adipocytes through thermogenic program 

activation [221]. Processes leading to beige adipocyte activation will be cover in I.5.2). Here, we will 

focus on adipogenesis regulation which involves two main phases: adipogenic commitment of 

multipotent ASC into pre-adipocytes and terminal differentiation of pre-adipocytes into mature 

adipocytes [287].  

Pre-adipocytes are morphologically indistinguishable from ASCs and are characterized by their 

restricted differentiation potential [287]. During terminal differentiation, pre-adipocytes progressively 

acquire morphological and functional characteristics of mature adipocytes through cascade of 

transcriptional activation [287]. While adipogenesis process has been extensively studied in vitro using 

chemical treatments and genetic manipulations, our understanding largely comes from pre-adipocyte 

cell line differentiations. For this reason, the transcriptional program underlying the preadipocytes 

commitment from ASCs is still poorly understood compared to the mechanisms of preadipocyte 

differentiation into mature adipocytes.  

Several studies indicated an important role of the TGF-β superfamily in adipocyte lineage restriction of 

ASCs with an antagonist role of the BMPs and TGFβs subfamilies [280,288,289] (Figure 27). BMP4 and 

BMP7 promote adipogenic commitment of ASCs and differentiation while TGF-β inhibits it and rather 

promotes their myofibroblastic differentiation [280]. Myofibroblasts are contractile, α-smooth muscle 

actin-positive cells characterized by their important ECM production [290]. Myofibroblasts mediate 

wound contractions but their abnormal presence or persistence in tissue is a driving force of fibrosis 

development [290,291].  BMP7 specifically supports brown and beige pre-adipocyte commitment, 

while BMP4 promotes both white and beige/brown commitment in mice and human models [289]. 

However, expression of BMP4 at later stage was found to inhibit differentiation of pre-adipocyte into 
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mature thermogenic adipocytes in mice and positively correlate with obesity in human subjects [288]. 

Apart from TGF-β superfamily members, Wnt and Hedgehog signaling also modulate pre-adipocyte 

commitment by inhibiting adipogenesis [287]. 

In addition to growth factors, adipogenesis initiation is modulated by other microenvironmental cues 

including cell-cell and cell-ECM interactions, pH and local oxygen tension (Figure 27). Adipose 

progenitors and pre-adipocytes respond to ECM stiffening by dampening adipogenesis through 

mechanotransduction pathways such as YAP-TAZ pathway [268]. In vitro assays of ASCs differentiation 

have shown that restriction of ASC multipotency depends on substrate rigidity [292]. ASCs cultured in 

vitro on soft or rigid substrates preferentially commit to adipocyte or osteogenic lineage, respectively 

[292]. Hypoxia was reported to increase TGF-β secretion of mesenchymal stem cells [293] and inhibit 

adipogenesis [247]. This suggests that depending on environmental cues, ASC can switch between 

adipogenic and myofibroblastic engagement which may contribute to AT fibrosis in obesity [247].  

 

Figure 27: Effect of TGFβ/BMP subfamilies and related microenvironment factors on differentiation potential of 

multipotent adipose-derived mesenchymal stromal cells (ASCs). TGFβ and BMP subfamilies differentially 

promotes ASC commitment toward chondrocyte, myofibroblast and adipocyte lineages. TGFβ pathway activation 

inhibits ASC commitment to adipocyte lineages and favors their myofibroblastic or chondrocyte commitment. 

Specific BMP members intervenes to favor beige/brown adipogenesis over white adipogenesis. Extrinsic cues of 

the microenvironment also affect ASC commitment. ASC commitment to adipocyte correlates with low 

extracellular matrix (ECM) stiffness and high relative oxygen levels. Increased of TGFβ secretion by ASCs in 

response to low oxygen level may explain how hypoxia inhibits adipogenesis. 
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Terminal differentiation phase of pre-adipocytes starts with cell cycle arrest and activation of a 

transcriptional program common to white and beige/brown adipogenesis [287] (Figure 28). This 

common adipogenic program activates adipocyte-specific genes related to lipid accumulation, 

hormone sensitivity, ECM production, and secretory function. Under stimulation by pro-adipogenic 

factors, pre-adipocytes sequentially start to express members of CCAAT/enhancer-binding proteins 

(C/EBP) family starting with C/EBPβ and C/EBPδ which induces C/EBPα and PPARγ expression [287] 

(Figure 28). PPARγ is the master regulator of adipogenesis being both necessary and sufficient to 

induce adipogenesis. PPARγ also promote the maintenance of adipocyte differentiated states [287]. 

PPARγ and C/EBP transcriptional factors drive the upregulation of genes responsible for fatty acids 

transport such as fatty acid binding protein 4 (FABP4) or secreted hormones such as adiponectin in the 

late stage of adipogenesis [287].  

 

Figure 28. Common adipocyte differentiation program. The figure describes the transcriptional programs 

common to white and beige/brown adipogenesis. ASC commitment to preadipocyte under BMP induction is 

followed by cascade of transcriptional induction that target adipocyte-specific genes related to lipid 

accumulation, hormone sensitivity, ECM production, and mitochondrial function. As adipogenesis progress, cells 

progressively accumulate triglyceride (TGs) in lipid droplets and secrete ECM components. Adipocyte 

differentiation is also accompanied by increased in mitochondria content through mitochondria biogenesis under 

the control of PGC1-α expression. 

 

Adipocyte differentiation is marked by an increase in ECM production, especially collagen synthesis,  

which is crucial for preadipocyte-to-adipocyte transition [269] (Figure 28). Studies reported that 

inhibition of collagen synthesis impaired adipogenesis [294] while culture of human mesenchymal 

stem cells with collagen type I or denature collagen type IV promoted adipocyte differentiation 

[295,296]. Inversely, activation of ECM degradation factors ensures space availability for white 
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adipocyte growth during AT expansion and initiates early stages of angiogenesis, essential for healthy 

AT growth [269]. 

Specific activation of thermogenic transcriptional programs underlying mature beige and brown 

generation involves de novo mitochondrial biogenesis and the expression of essential thermogenic 

components such as UCP1 [297]. Major regulators of the thermogenic adipogenic lineage include 

transcriptional factors such as the PR domain containing 16 (PDRM16) or coactivators of PPARγ binding 

(PGC1-) to thermogenic gene promoters. Conversely, studies in mice reported that the multi-C2H2 

zinc finger transcriptional coregulator (zfp423) negatively regulates PPARγ occupancy, and 

consequently maintain white adipocyte identity by inhibiting thermogenic program activation [298]. 

Are all adipose progenitors equally capable of supporting white, brown, and beige adipogenesis under 

the same cues? Some studies indicate that brown and beige adipogenesis might be partially driven by 

cell-autonomous factors in adipose progenitors. For instance, pre-adipocytes isolated from BAT 

differentiate into UCP1-expressing adipocytes, while those from WAT require additional β-adrenergic 

stimulation for UCP1 expression [297]. Lineage tracing in mice showed that adipose progenitors in BAT 

and WAT have distinct embryonic origins. It has been classically reported that brown adipocytes stem 

from Myf5+/Pax7+ precursors, suggesting common embryonic origin with skeletal smooth muscle 

cells, while beige and white adipocytes stem from Myf5-/Pax7- [299,300] (Figure 29). However, this 

binary model has since been challenged. Some white and beige adipocytes stem from Myf5+ 

progenitors in some white fat depots [301] while a subpopulation of Myf5- progenitors give rise to 

brown adipocytes in perirenal and peri-aortic BAT [302].  

The origin of beige pre-adipocyte development in WAT, whether from dedicated beige precursors or 

shared white/beige precursors, remains debated [228,303]. Distinct populations of adipose 

progenitors have been identified in WAT based on the expression of mesenchymal makers such as 

PDGFRs (α and β). Tang et al study describes a PDGFRβ+ ASC population with high adipogenic potential, 

and refers to them as white adipose progenitors [304], although their beige potential was untested. 

Others studies identified PDGFR β-/PDGFRα+ ASCs as adipose progenitors with white and beige 

adipogenic potential [305] (Figure 29). Overall, these findings indicate that beige adipogenesis likely 

arises from bi-potential precursor cells capable of differentiating into both white and beige adipocytes. 

However, data are insufficient to confirm the existence of distinct "true" white precursors that cannot 

support beige adipogenesis  
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Figure 29. Developmental origins of white, brown and beige adipocytes. Adapted from [251,306]. Classical 

developmental view postulate that white and beige adipocytes derived mostly from Pax7-/Myf5- cells wile brown 

adipocytes derived from Pax7+/Myf5+ lineage. White and beige adipocyte likely arise from bi-potential precursors 

characterized by PGFRα+ expression. Until now markers specific beige or white precursors cells have not been 

clearly identified although PGFRβ+ has been proposed as white precursor marker. 

5.2. Thermogenesis activation and transcriptional regulation of UCP1 

Non-shivering thermogenesis is mainly mediated by UCP1 protein located in the inner membrane of 

mitochondria and its activation by  long FFAs [225]. Hence, thermogenic activity depends on several 

factors which are UCP1 expression, activation of lipolysis for the production of free fatty acids from 

triglycerides and mitochondrial biogenesis. In absence of stimulation brown adipocytes already 

possess a high number of mitochondria equipped with UCP1 protein. Thus, brown adipocytes exhibit 

fast activating thermogenesis which initially rely on lipolytic pathway activation. Conversely, effective 

thermogenic activation of “masked” beige adipocytes requires primary upregulation of the 

thermogenic gene program in addition to lipolysis activation. 

Numerous studies have aimed to identify positive and negative regulators involved in thermogenic 

adipocyte development and activation. Among them, cAMP-PKA signaling pathway was found critical 

to coordinate induction of UCP1 expression, lipolysis activation and mitochondria biogenesis [307] 
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(Figure 30). Classically cAMP-PKA pathway is activated by binding of β-AR to norepinephrine which is 

released by the SNS upon cold exposure. β-AR activation leads to increased cAMP level which acts as 

a second cell messenger to activate PKA [307]. On one hand, PKA activation induces lipolysis through 

activation of triglyceride lipases, promoting FFA release for mitochondrial utilization. On the other 

hand, PKA activation induces UCP1 upregulation in a p38 MAPK-dependent manner through activation 

and upregulation of transcription factors and co-activators such as PPARγ coactivator 1α (PGC1α) 

[307]. PGC1α upregulates UCP1 expression by promoting recruitment of essential transcription factors 

such as PPARγ to UCP1 promoter. PPARγ recruitment also depends on other co-activators including 

thyroid hormone receptors and retinoic acid receptors. As the master regulator of mitochondrial 

biogenesis, PGC1α expression links thermogenesis activation to mitochondria development [308]. 

 

Figure 30. Thermogenesis activation mechanisms in brown and beige adipocytes. Detailed overview of 

thermogenic activation through norepinephrine, excreted by the SNS, or through direct activation of AMPK under 

control of central nervous system. Norepinephrine can bind the β3-adrenergic receptor, which will subsequently 

activate cAMP and PKA. PKA increases lipolysis by the activation of hormone-sensitive lipase (HSL) which 

hydrolyses the triglycerides (TGs) to release free fatty acids (FFA) that will enter the mitochondria and will 

eventually be used for heat production by uncoupling protein 1 (UCP1) in the electron transport chain. Chronic 

effect of PKA activation increasing thermogenic program through P38-MAPK pathway that contributes to 

recruitment of co-activators on UCP1 and PGC1α promoters. Thyroid hormones (T4 and T3) and retinoic acid 

increase thermogenic activation by increasing UCP1 expression. In vitro most common inducers that have been 

described in the literature to activate thermogenesis are shown. TR, thyroid receptor; RXR, retinoid X receptor. 
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Others positive regulators of non-shivering thermogenesis activation are thyroid hormones and 

retinoic acid [309,310]. Thyroid hormones (TH) are essential to this activation in response to cold 

exposure as hypothyroid patients are more prone to hypothermia during prolonged cold exposure 

[310]. ATs expressed 5-deiodinase type 2 (Dio2) which catalyzes the intracellular conversion of 

thyroixine (T4) to its active metabolite 3,5,3′-triiodothyronine (T3). Increase of Dio2 expression by 

noradrenergic induction increases intracellular level of T3. T3 contributes to thermogenic activation by 

promoting FFA mobilization from TGs storage to fuel thermogenesis but also through its interaction 

with thyroid hormone receptors (TR). Activated TRs act as co-activators binding to TH response 

elements (TREs) located in the promoter region of UCP1 promoter (Figure 30) [310]. Similarly, UCP1 

promoter contain peroxisome-proliferator-responsive element (PPRE) which recruit activated retinoic 

acid receptor (RARs) as co-activators (Figure 30), explaining UCP1 responsiveness to retinoids 

treatments (9 cis retinoic acid, all-trans retinoic acid) in brown adipocyte in vitro [311,312]. 

Because of their pivotal function in triggering thermogenesis cascades, the primary methods employed 

for inducing in vitro thermogenesis involve β-AR agonists and artificial elevation of cAMP levels (e.g. 

forskolin, 8-cpt-AMP) (Figure 30). In mice, thermogenesis activation is primarily driven by β3-AR 

activation [313], whereas it is more controversial in humans [314–316]. Research findings have 

indicated contradictory significance of β3-AR activation, highlighting the possibility of a more 

prominent involvement of β2-AR and β1-AR activation in human thermogenesis [314–316]. 

Additionally, robust in vitro induction of thermogenic programs very often relies on the use of 

rosiglitazone, an agonist of PPARγ. 

Another important factor of sustained active thermogenesis are glucose and lipids uptake to fuel 

mitochondrial respiration. However, the majority of glucose consumption does not fuel oxidative 

metabolism. Instead, glycolysis products are exported by the cells as pyruvate or lactate. Hence, 

thermogenesis activation is marked by increased glucose intake and increased lactate release [317]. 

 

 

 

 

 

 

 



Bibliographic introduction 

110 
 

5.3. Interplay between adipocyte and vascularization development in adipose tissue  

Both during embryonic development and post-natal expansion of AT, vascular development appears 

to be closely coordinated in time and space with the formation of adipocytes clusters [275,303]. This 

suggests a strong interplay between vascular and adipocyte development. As mentioned previously, 

AT expansion is mediated by two mechanisms, hyperplastic growth and hypertrophic growth. 

Adipocyte hyperplasia is the main process of AT growth during embryonic development whereas post-

natal growth is mostly driven by adipocyte hypertrophy. In both cases, AT growth is accompanied by 

neovascularization (Figure 31). However, the development sequence of vascularization and fat cluster 

expansion is fundamentally different depending on hyperplastic or hypertrophic adipose expansion. 

Neovascularization precedes adipocyte hyperplasia while it follows adipocyte hypertrophy [318]. 

Neovascularization is mediated by two main processes, vasculogenesis and angiogenesis. 

Vasculogenesis requires the recruitment of endothelial cell progenitors and their de novo 

differentiation into functional blood vessels. On the other hand, angiogenesis involves the 

proliferation, migration and remodeling of quiescent endothelial cells from preexisting vessels. 

Until recently, vasculogenesis was considered to be restricted to embryogenesis. However, circulating 

progenitor cells, able to induce angiogenesis in limb or myocardial ischemia models, have been 

identified in some adult tissues [319]. Circulating progenitor cells are characterized by the expression 

of CD34 and CD133 markers. Based on CD34 and CD31 expression, distinct populations of endothelial 

cells were identified among the CD45 negative fraction of human SVF cells. While CD34 positive and 

CD31 positive cells constitute the mature endothelial cells, CD34 negative and CD31 positive cells 

demonstrate clonal expansion of endothelial cells in vitro [319]. These cells were proposed to be 

endothelial progenitor cells of adipose SVF and can be used as an endogenous source to engineer 

vascularized in vitro models of AT. Interestingly, it has been reported that culture conditions promoting 

endothelial cell proliferation also promoted the proliferation of ASCs with beige adipogenic potential 

supporting a functional relationship between microvasculature development and beige AT 

development [264]. 
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Figure 31. Functional and developmental cross-talks between adipose tissue vasculature and adipocytes. A) 

Adipose tissue (AT) vasculature supports metabolic and endocrine functions of adipocytes by ensuring exchanges 

of O2, metabolite substrates and hormones. B) Vasculature constitutes a niche for adipose progenitors (APs). 

PGDFR-α+/ β+ adipose progenitors (APs) are found in a perivascular position adjacent to endothelial cells (ECs). 

C) Inter-organ communication participating in AT expansion through growth factors and hormones is supported 

by AT vasculature. Healthy AT expansion induces mild hypoxia leading to vasculature expansion. APs and 

adipocyte participate in initiation of sprouting angiogenesis by secreting pro-angiogenic growth factors (e.g. 

VEGF, FGF2) and hormones (Leptin). Adipocytes secrete matrix metalloproteinases (MMPs) participating in 

extracellular matrix (ECM) remodeling required for elongation of vascular sprout. 

Despite the presence of endothelial progenitors within the tissue, angiogenesis remains the main 

process of postnatal vascular development in AT. Angiogenesis initiation depends on the balance 

between soluble pro-angiogenic and anti-angiogenic factors. The major pro-angiogenic factors are the 

members of the VEGF family which regulate proliferation, sprouting and tube formation of endothelial 

cells [190]. Besides, angiogenesis relies on endothelial cell invasion and migration across basement 

membranes. Thus, angiogenesis is strongly dependent on ECM degradation and deposition [190]. 

The functional link between fat cell and endothelial cell expansion is directly regulated by the secretory 

function of adipocytes and adipose progenitors (Figure 31). ASCs secrete high levels of VEGF and FGF-

2 among other angiogenic-related molecules [279]. Adipocytes also secrete pro-angiogenic factors 

such as VEGF, IL-6 or leptin and ECM remodeling mediators such as MMPs [275]. In healthy AT, 

adipocyte hypertrophy induces mild hypoxia which enhances the secretion of pro-angiogenic factors 

[318]. However, excessive adipocyte hypertrophy in obesity induce increased secretion of collagen and 
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anti-angiogenic factors by hypertrophic adipocytes. In addition, high free fatty acid levels affect 

proliferation of endothelial cells and progenitors [320]. Therefore, an increasing number of studies 

highlight the important functional relationship between adipocyte and endothelial cells in 

physiological and pathological conditions both at the metabolic and developmental level. 

We have described in the previous paragraphs what parameters intervene in the developmental 

processes involved in the generation of thermogenic adipocytes from adipogenesis to thermogenic 

activation mechanisms. These processes highlight the importance of selecting appropriate adipose 

progenitor source and providing them with specific biochemical and biomechanical cues to direct their 

differentiation. In I.6, we will provide an overview of the current state of translating this understanding 

into bio-fabrication processes for in vitro generation of thermogenic AT constructs. 

6. In vitro generation of human brown and beige adipose tissue 

Brown and beige ATs hold promise as therapeutic targets for metabolic disorders, but effective 

strategies require a deeper understanding of human thermogenic fat physiology. Although rodent 

studies have been informative, it is now clear that human thermogenic fat possesses unique 

characteristics in activation and potential, necessitating human-specific in vitro models. Besides, 

transplantation of human BAT is hindered by the low availability and deep location of these tissues. 

Thus, advancing these approaches require development of engineering process to produce 

transplantable and functional thermogenic adipocytes in vitro associated with effective implantation 

methods. Altogether, there is a clear need for engineered human thermogenic AT constructs that 

faithfully replicate tissue microenvironment and native functions. 

Tissues engineering approaches for the generation of AT in vitro have predominantly focused on WAT 

for metabolic studies or soft tissue reconstruction. WAT constructs have been obtained from various 

protocols, as reviewed elsewhere [321,322]. On the other hand, only a handful of approaches have 

been described for in vitro generation of human thermogenic AT. The following section will provide 

insight on cell sources available for in vitro generation of thermogenic adipocytes, current approaches 

to generate ex vivo 3D models and transplant thermogenic adipocytes. 

6.1. Human cell sources for in vitro generation of thermogenic adipocytes 

Three main options can be considered to culture adipocytes in vitro: culture of freshly isolated mature 

adipocytes, the use of AT explant, or in vitro differentiation of cells into adipocytes. While mature 

adipocytes are notoriously difficult to isolate and maintain in vitro, AT explant display limited long-

term viability and may undergo transcriptional alterations [323]. Furthermore, due to the low 
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availability of human BAT, in vitro generation of new thermogenic adipocytes appears to be the most 

suitable option to study and engineer thermogenic AT models. 

While white adipocytes are mostly derived in vitro from primary ASCs or pre-adipocytes cell lines, more 

various protocols have been described for in vitro generation of human thermogenic adipocytes. 

Mostly driven by the scarceness of BAT in humans and their deep location, these protocols encompass 

a variety of starting material including primary adipose progenitors derived from BAT or WAT, 

immortalized or not, pluripotent stem cells but also fibroblast or muscle cells (Table 7). Here we will 

mainly focus on adult and pluripotent stem cells sources [324]. 

Table 7. Cell sources to generate human thermogenic adipocytes in vitro 

Cell source Origin 
Genetic 

Modification 

Sub-

cloning 
Availability 

Clinical 

compatibility 
Ref. 

Primary brown 

adipose 

progenitors 

Non viable infant 

BAT, adult 

supraclavicular 

and neck BAT 

No No Low Yes [325] 

Immortalized 

brown adipose 

progenitors 

Non viable infant 

BAT, (Paz6), adult 

supraclavicular 

and neck BAT 

Yes 

(mTERT) 
Yes Medium No [326,327] 

Primary 

muscle cells 

Fetal and adult 

human CD34+ 

muscle 

progenitors 

No Yes Medium Yes [328] 

Primary 

dermal 

fibroblast 

Adult human 

Yes (CEBPB, C-

MYC)  

No 

Yes 

No 
Medium 

Yes 

Yes 

[329] 

[330] 

MSCs 
Adult human bone 

marrow 
Yes (PPPARGC1A) No High Yes [331] 

hMADS Infant human WAT No Yes High No [332] 

Primay ASCs Adult human WAT No No High Yes [333] 

hPSCs 
Human embryonic 

stem cells (EBs) 

Yes (Pax3, 

PRDM16) 
Yes Medium Yes [329,334] 

hiPSCs hiPSC spheroids No Yes High Yes [335] 

 

Giving cell-autonomous effect on adipogenesis, it is noteworthy that the source of adipose progenitors 

will influence the potential thermogenic fate of these cells when considering in vitro engineering of 

thermogenic tissue.  
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Adipose progenitors can be harvested from primary human BAT SVF and differentiated in vitro. Most 

of these cell models are derived from non-viable human fetal interscapular BAT or from adult human 

supraclavicular regions [324]. Once differentiated into brown adipocytes, these cellular models exhibit 

UCP1 expression, lipolytic response to cAMP and increased oxygen consumption in response to β-

adrenergic stimulation [327,336,337]. However, due to the low availability of human primary BAT, the 

majority of these cells have been subcloned and immortalized to obtain readily available material for 

long term study of human BAT.  A more heterogeneous immortalized model has been generated from 

human adult deep neck regions without subcloning. 

A more readily accessible source of primary adipose progenitors is human WAT SVF. Although initially 

used as a primary source for the generation of white adipocytes, several studies have reported the 

possibility to generate thermogenic adipocytes from WAT-derived ASC, freshly isolated or 

cryopreserved [324]. These protocols often involve the use of an adipogenic cocktail containing BMP7 

to promote beige/brown adipogenesis and chronic stimulation of the thermogenic transcriptional 

program with PPARγ agonist [333,338]. From our knowledge, stopping the stimulation of the 

thermogenic transcriptional program results in reduced UCP1 expression, implying a beige phenotype 

for these thermogenic adipocytes. Hence, the self-renewal capacity of ASCs and their readily 

accessibility in WAT, make WAT-derived ASCs an unlimited starting material to generate beige 

adipocytes.  

A potential unlimited source to generate brown adipocytes resides in the use of pluripotent stem cells. 

Mature brown adipocytes were generated from human embryonic stem cells or hiPSCs using various 

protocols [324]. Most of these protocols involve gene transfer to promote the expression of brown 

adipose progenitor markers or beige/brown adipogenesis effectors. However, a study successfully 

generated brown adipose progenitors from hiPSC without gene transfer especially through the use of 

TGFβ inhibition, making them more suitable for clinical applications [338]. Interestingly, generation of 

brown adipose progenitors from these pluripotent stem cell requires in all cases first stage of cell 

culture as 3D aggregates, embryonic bodies or hiPSC spheroids, highlighting the importance of 3D 

environment in the generation of relevant thermogenic AT models. 
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6.2. Current 3D models of thermogenic AT  

The development of 3D AT models has already yielded results, especially in generating white 

adipocytes in vitro. Indeed, several studies highlight the effectiveness of these 3D techniques in 

producing adipocytes that closely resemble mature white adipocytes in terms of morphology, 

transcriptional profiles and metabolic functions [339]. Additionally, some studies have aimed to 

recreate the cellular complexity of native AT by introducing vascular [322] and immune components 

[340]. Regarding thermogenic ATs, few models have been described, primarily focusing only on the 

generation of functional thermogenic adipocytes (Table 8) [22–25]. When tested, generated 3D 

thermogenic AT constructs yield higher beige/brown adipogenesis than their 2D counterpart, 

demonstrating better promotion of thermogenic phenotype from 3D cell structuration [23,341]. 

Table 8. Current 3D models of human thermogenic adipose tissue.  

Engineered construct 

ECs 

Metabolic assessment of generated thermogenic 

adipocytes 
Ref. 

Cells Material 
Cell 

assembly 
Control UCP1 

Glucose 

intake 

Cell 

respiration 

Human adult 

ASCs from 

WAT 

PEGDA 5% 

photo-

polymerized 

hydrogel 

Isolated 

cells in 

hydrogel 

No WAs 

Chronic 

induction, 

mRNA, 

protein 

 

/ 

Increased 

uncoupled 

respiration, 

Replated cells, 

Normalized 

[23] 

Human 

immortalized 

BAPs 

HAMA/GelMA 

/HA/Gelatin 

photo-

polymerized 

hydrogel 

 

Bioprinting 

of isolated 

cells/hydrog

el 

No 

Internal 

control 

(Stiff 

porous) 

Chronic 

stimulatio

n, mRNA, 

protein 

 

Increase 

(3H 2-

DOG) 

 

Increased 

basal levels, 

Replated cells, 

Not 

normalized 

[22] 

Human MVFs 

Fibrin hydrogel 

Chemically cross-

linked hydrogel 

Explant in 

hydrogel 
Yes 

WAs 

NDs cells 

Chronic 

induction, 

mRNA 

 

Tendency 

vs ND 

cells 

(ISGU) 

 

Increased 

basal levels vs 

ND cells, 

Not 

normalized 

[24] 

Human 

immortalized 

BAPs 

Thermosensitive 

PEGDA 

Spheroid in 

non -

adhesive 

hydrogel 

No WAs 

Chronic 

induction, 

mRNA, 

protein 

 

Increase 

(3H 2-

DOG) 

Increased 

basal levels, 

Replated cells 

Not 

normalized 

[25] 

ASC: adipose derived mesenchymal stromal cells; BAPs: brown adipose progenitors; MVFs: microvascular 

fragments. Functional assesment control: WAs: White adipocytes generated from the same precursors than 

thermogenic adipocytes but using a white adipogenic cocktail; NDs: precursors cells maintained in growth 

medium. Chronic stimulation: Brown/beige inducers present for more than one week in the differentiation 

medium before assessment of beige/brown markers expression 
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Some studies use scaffold-free models based on the self-aggregation of adipose progenitors into cell-

aggregates. Brown adipose spheroids were obtained from both primary brown adipose progenitors 

from mice BAT and recently immortalized human brown adipose progenitors [25,341]. In both studies, 

assessment of thermogenic phenotype from AT construct was limited to the successful demonstration 

of UCP1 expression at the end of the differentiation.  

On the other hand, some studies employed hydrogel to encapsulate primary human ASCs or 

immortalized human brown adipose progenitors from adult neck BAT [22,23]. Yang et al. used utilized 

a cell suspension of ASCs from subcutaneous WAT, seeded in a 5% PEGDA hydrogel, to create a beige 

adipose construct exhibiting increased UCP1 expression associated with increased uncoupling 

respiration compared to WAT construct [23]. Kuss et al. engineered 3D BAT models through bioprinting 

of immortalized brown adipose progenitors within photocrosslinkable methacrylated hyaluronic acid 

(HAMA) and GelMA hydrogels [22]. Authors used UV light exposure as well as printing spacing 

parameters to adjust for stiffness and porosity. They demonstrated that stiff and porous scaffolds 

achieved higher thermogenic gene expression compared to other conditions, suggesting that 

beige/brown adipogenesis is better promoted in a stiffer environment compared to white 

adipogenesis [22]. Stiff porous scaffold condition also led to the highest glucose consumption and 

maximal respiration.  

Notably, Kuss et al. revealed that pre-exposure to angiogenic factors using EGM medium promoted 

greater brown adipogenesis of human brown adipose progenitors, aligning with previous findings 

highlighting the role of vascularization in favoring thermogenic activity [22]. Despite its significance, 

only one approach to engineer vascularized BAT has been proposed by Brey team and relies on the 

culture of microvascular fragments (MVF) from subcutaneous rodent WAT [342]. MVF cultivated in 

brown adipogenic medium exhibited higher thermogenic gene expression but no differences in 

uncoupling respiration compared to white adipogenic condition. Similarly, the team demonstrated this 

method using human MVF to create AT constructs expressing beige adipocyte markers [24]. However, 

uncoupling respiration differences were solely observed between undifferentiated and differentiated 

conditions (WAT and BAT), potentially influenced by the uncoupling effect of lipids themselves. 

All of these studies demonstrate the feasibility of generating 3D constructs of human thermogenic AT 

containing UCP1-expressing cells. However, none of these studies demonstrate full functional 

maturation of these adipocytes and especially their responsiveness to environmental changes. Key 

functional characteristics of thermogenic adipocytes rely on their ability to respond to environmental 

signals by acquiring an active thermogenic state, marked by increased UCP1 content and enhanced 

respiration and glucose consumption. In existing 3D models, only the overall metabolic activity of 
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thermogenic AT constructs is evaluated in comparison to cells obtained from different culture 

protocols, such as undifferentiated cells or white adipocytes, rather than assessing the metabolic 

plasticity of these adipocytes in response to environmental cues. Paradoxically, this assessment of AT 

plasticity is more commonly observed in studies focusing on generating 3D WAT constructs, where the 

"beiging" potential of AT constructs in response to elevated cAMP levels or β-adrenergic stimulation is 

demonstrated [343]. However, in that case, studies generally focus only on the inducibility of UCP1 

without conducting detailed metabolic analyses. Hence, the field still lacks vascularized 3D models of 

human thermogenic AT that can display both mature thermogenic activity and its responsiveness to 

induction. Additionally, the secretory function of thermogenic AT, another important functional 

aspect, is often overlooked in the assessment of the functionality of these 3D models. 

6.3. Current strategies of human thermogenic adipocytes transplantation 

Until now, the majority of transplantation investigations have relied on mouse BAT due to the deep-

seated locations of human BAT. Isolating sufficient human BAT for transplantation and research is 

challenging. Thus, it is necessary to produce human thermogenic fat in vitro. Effective transplantation 

approaches necessitate the successful generation of thermogenic adipocytes and implantation 

techniques that establish an appropriate microenvironment to ensure their post-transplantation 

retention, viability, and functionality. Some protocols have been proposed in the literature which vary 

in the source of the transplanted cell used and their transplantation methods (Table 9). 

Table 9. Existing strategies for human thermogenic adipocytes transplantations. 

Cells 
Culture 

type 

Supportive 

material 
Mice Engraftment site Metabolic effect refs 

Human adult 

ASCs from 

WAT 

2D 

culture 
Matrigel 

NOD-

scidIL2rgnul  

HFD 

 

Subcutaneous, 

dorsal region 

Increased glucose 

fasting 
[264] 

hPSC-derived 

BAPs 

2D 

culture 
/ ICR mice 

Subcutaneous, 

thoracic-sternum 

region 

Increased glucose 

fasting 
[262] 

CRIPSR 

engineered 

human WAPs  

2D 

culture 
Matrigel 

Nude mice 

HDF 

Subcutaneous, 

thoracic-sternum 

region 

Decreased body 

weight 

Increased glucose 

fasting 

[263] 

Human 

immortalized 

BAPs 

3D 

spheroids 
/ 

Immune 

deficient 

Rag1-/- 

HFD 

Kidney 

 

Increased glucose 

fasting 
[25] 

ASC: adipose derived mesenchymal stromal cells; BAPs: brown adipose progenitors; WAPs: white adipose 

progenitors.  



Bibliographic introduction 

118 
 

Until now, reported transplantation studies of human thermogenic adipocytes involve transplantation 

of fully differentiated UCP1 expressing adipocytes in immunodeficient mice. These adipocytes have 

been derived from various cell sources including immortalized brown adipose progenitors [25], hPSC 

[262], genetically modified white adipose progenitors [263] or ASC from human WAT [264]. After 

transplantations, these cells were proved to maintain thermogenic activity which correlated with 

improved metabolic parameters such as glucose tolerance in healthy [344] and high fat diet (HFD) 

induced-obese mice [25,263,264]. 

Until very recently, only approaches that have been described employed generation of cells in 2D cell 

culture followed by their harvesting before transplantation. Some of these studies directly 

transplanted the cells within engraftment site [262]. However, these approaches led to low survival 

rate of the cells as cell suspensions alone often shown limitations in cell retention at engraftment site 

[107]. To promote cell survival, some of these studies used Matrigel [25,264] as a supportive hydrogel. 

Matrigel efficiently promoted survival of the engrafted cells and the maintenance of their functionality. 

Nevertheless, it is worth to note that even though Matrigel enhances cell retention, important number 

of cells are still loss post transplantation requiring important number of transplanted cells [25]. For 

instance, Tsang et al. study use 1.5-2x107 cells per animal. Considering that human body volume is 

about 1000 times of mouse body volume, it can be expected that 1.5-2x1010 cells would be required 

to translate this approach in humans. Besides, use of 2D cell culture imposes enzymatic treatment of 

the cells to retrieved differentiated adipocytes which lead to an important loss of this cell due to their 

fragility. Consequently, we can comprehend that clinical translation of these approaches would have 

important costs. Recently, Wang et al. demonstrated the first transplantation of Matrigel-free 

engineered 3D human thermogenic construct using brown adipose spheroids derived from 

immortalized brown adipose progenitors [25]. Using this approach, author demonstrated that 

significant effect on metabolic health of transplanted mice could be obtained with reduced cell dosage 

[25]. This highlights the promise of using engineered tissue therapy instead of cells to enhance cell 

survival and functionality. 

Regarding engraftment sites, various of them have been described in the literature for mice and human 

thermogenic fat transplantation. Main consideration in this choice reside in a site that can promote 

vascular engraftment and maintain cell functionality post transplantation. It is known that 

neovascularization of the graft is crucial for its survival. Besides, vascular engraftment is even more 

key when considering therapeutic effect of thermogenic fat transplantation given that sustaining of 

non-shivering thermogenesis requires active draining of metabolites from blood circulation. 

Furthermore, it has been proposed that beneficial effects of transplanted thermogenic adipocytes on 

host metabolism relies on their endocrine function [259]. The subcutaneous transplantation method 
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is widely used due to its surgical accessibility and vascularization potential [259]. Alternative graft sites, 

like muscle [344] and kidney [25,345], have been suggested for their potential to create a pro-

thermogenic environment and sustain adipocyte functionality. This is primarily because the muscle 

site benefits from its rich sympathetic innervation, while the kidney site offers intrinsic norepinephrine 

production, crucial for acute thermogenic activation. 

Altogether these results demonstrate the potential of human thermogenic fat transplantation to 

enhance metabolic health and counteract metabolic disorders. Wang et al. demonstrated promising 

results for the use of 3D transplantable human thermogenic AT as ATMP, as opposed to conventional 

2D cell culture. However, there is still a lack for approaches that can be translated for clinical 

applications. Indeed, for now existing approaches relies either on the use of Matrigel or on the use of 

Matrigel-free immortalized cells. Hence, innovative engineering approaches for creating human 

thermogenic adipose tissue constructs that are designed with clinical translation in mind are still 

needed. 
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General Framework:  

As previously discussed in introduction, there are significant challenges within the field of biomedical 

sciences and engineering, particularly in the development of relevant 3D models of functional adult 

tissues. These innovative models offer a pathway toward gaining a deeper fundamental understanding 

of human native tissue biology. This applies to both the physiology/physiopathology of the targeted 

tissue and the mechanisms governing its integrity maintenance and drift. Biomedical implications lie 

in the potential of these models for therapeutic advancement, serving as models to decipher 

pathological development, identify targets and drug screening platforms or as ATMPs to favor tissue 

regeneration or to support organ with defective metabolism. 

This thesis aligns with the aim of developing functional multi-purposes adult tissue models while 

exploring the impact of biochemical and biophysical parameters on their formation.  

Hence, the key objective of this work has been to develop adaptable tissue engineering approaches 

that enable: 

• The production of vascularized and functional human adult tissue constructs. 

• Customization of their size to meet specific application requirements 

• The study of the influence of microenvironment parameters on cellular organization. 

Specific Context: Human Beige Adipose Tissue Engineering 

As a target tissue, our team is particularly interested in the study of beige and brown adipose tissue in 

humans. As presented in Introduction part IV, there is a significant lack of physiologically relevant 

models for this less accessible and less understood tissue in humans. These models hold promises in 

finding therapeutic solutions, whether based on small molecules or cell therapy, to address the global 

rise in obesity and diabetes. 

Methodology and hypotheses:  

Our tissue engineering methodology relies on the selection of a relevant cell source and the definition 

of an initial permissive 3D microenvironment using tunable hydrogel to guide the self-organization of 

these cells toward the desired phenotype (See bibliographic introduction part II et III). 

Based on previous work, we selected the SVF of human subcutaneous WAT as an endogenous source 

of ASCs and endothelial progenitors. ASCs possess the advantages to act as progenitors for generating 

adipocyte parenchymal cells, but also as pro-angiogenic support cells for vascularization, and form key 

components of the mesenchyme. Additionally, as multipotent mesenchymal cells, ASCs are an ideal 
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source for studying the influence of the microenvironment on cellular behavior. To promote cell 

interactions and favor the emergence of organized cellular compartments in 3D, we chose to pre-

aggregate these cells into spheroids.  

Specific objectives: 

Starting with SVF-derived spheroids, Objective 1 was to define the biochemical and biomechanical 

conditions that enable the development of beige adipose tissue organoids from cell aggregates at 

different tissue scales. We aimed to generate organoids presenting sustained cell viability, functional 

adipocyte compartment with inducible beige adipocyte related function including metabolic and 

secretory adaptation, as well as vascular compartment with maturation potential.  

Engineering methods involved: 

1. Optimizing the differentiation medium to promote both adipogenesis and angiogenesis in a 

3D model of spheroids maintained without hydrogel 

2. Optimizing spheroid embedding in hydrogel to support cell colonization and viability 

3. Scaling up of the engineering approach toward the generation of beige adipose microtissues 

through spheroid patterning and GelMA molding approaches to replicate environment 

specified at the individual spheroid level within a multi-spheroid setting 

These results have been the subject two patents (n° N° 23 305 136.6, N° 22 306 953.5) and a recent 

publication in Advanced Science journal presented in part I of the results section.  

Objective 2 aimed to develop culture systems for a more precise examination of how mass transport 

and matrix composition impact the rearrangement and organization of spheroid cells within 

hydrogel. Preliminary results are presented in part II of result section. 

Objective 3 consisted in exploring the application of these beige adipose microtissues for in vivo 

transplantation to treat metabolic diseases. Preliminary transplantation assays were initially 

conducted in healthy mice to assess for transplantation feasibility. Part III of the results section 

presents these preliminary findings, mainly led by Laurence Vaysse, Christophe Guissard and Audrey 

Carrière. 
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Results and discussion 

 

 

I. Engineering 3D microenvironment for the generation of physiological 

human beige adipose tissue constructs 

 

1. Article: Scalable generation of generation of pre-vascularized and functional 

human beige adipose tissue organoids 

 

The following section is presented as a published article:  

Advanced Sciences, September, 20th 2023, https://doi.org/10.1002/advs.202301499  

https://doi.org/10.1002/advs.202301499
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Immunohistochemistry protocol: 

Embedded spheroids were fixed overnight in 4% buffered formalin for 24h before storage in 

PBS at 4°C. After paraffin embedding, 3μm thickness paraffin sections were dewaxed 

(successive toluene and descending alcohols bathes) and stained with haematoxilin and eosin. 

CD31 and CD146 labelling of 3-μm serial sections of paraffin-embedded blocks were 

performed out after antigen retrieval (Ptlink high pH, reference K800021-2, Dako for CD31 

labelling and Ptlink low pH, reference K8005, Dako for CD146 labelling) for 30 min at 96°C. 

Anti-human CD31 murine monoclonal antibody (M0823, clone JC70A, dilution 1:120) or 

CD146 rabbit monoclonal antibody (ab75769, Abcam, dilution 1:250) were incubated for 50 

min at room temperature. Staining was carried out with EnVision Flex (reference K8000, Dako) 

for 30 min at room temperature, followed by DAB as a chromogen (reference K8000, 10 min 

room temperature). Slides were then counterstained with hematoxylin (reference C0283, 

DIAPATH). The stained slides were scanned (Panoramic Desk, 3D Histec) or imaged by light 

microscopy on a Nikon Eclipse Ci-L microscope with a DS138 Fi3 Camera and NIS Elements 

D software. 
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Table S1: List of primer used for qPCR and qRT-PCR analyses. 

Gene  Sequence (5’-3’) 

RPLP0 
Forward CGTCCTCGTGGAAGTGACAT 

Reverse TAGTTGGACTTCCAGGTCGC 

GUSB 
Forward AGCCAGTTCCTCATCAATGG 

Reverse GGTAGTGGCTGGTACGGAAA 

PPIA 
Forward GCCGAGGAAAACCGTGTACTAT 

Reverse TCTTTGGGACCTTGTCTGCAA 

YWAZ 
Forward AGCAGGCTGAGCGATATGAT 

Reverse TCTCAGCACCTTCCGTCTTT 

FABP4 
Forward AAACTGGTGGTGGAATGCGT 

Reverse GCGAACTTCAGTCCAGGTCA 

PPARGγ2 
Forward GATACACTGTCTGCAAACATATCA 

Reverse CACGGAGCTGATCCCAA 

ADIPOQ 
Forward CAGAGATGGCACCCCTGGTG 

Reverse TTCACCGATGTCTCCCTTAG 

UCP1 
Forward GTGTGCCCAACTGTGCAATG 

Reverse CCAGGATCCAAGTCGCAAGA 

CIDEA 
Forward AGTCCTGTTGACCCCGCTC 

Reverse GCTATTCCCGACCTCTTCGG 

PGC1-α 
Forward CCGCACGCACCGAAA 

Reverse TCGTGCTGATATTCCTCGTAGCT 

CD31 
Forward GGAAAGCTGTCCCTGATGC 

Reverse CATCTGGCCTTGCTGTCTAA 

vWF 
Forward GATGGAGTCCAGCACCAGTT 

Reverse GCTACTTCACACAGGCCACA 

αSMA 
Forward CTATGCCTCTGGACGCACAACT 

Reverse CAGATCCAGACGCATGATGGCA 

COL1 
Forward GCTAACCCCCTCCCCAGCCA 

Reverse GAGCAGGAGCCGGAGGTCCA 

CTGF 
Forward TGCCCGGGAAATGCTGCGAG 

Reverse CAGTCGGTAAGCCGCGAGGG 
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Table S2. List of antibodies and dyes used for immunofluorescence cell characterization. 

Type Name Dilution Company Cat. No. 

Primary 

antibodies 

Anti-Human CD31 Rabbit 

monoclonal (Clone: EP78) 
1:200 

Epitomics  

(Burlingame, USA) 
AC-0083A 

Anti-Human CD31 Mouse 

monoclonal (Clone: JC70A) 
1:200 

Dako-Agilent  

(Paris, France) 
M0823 

Anti-perilipin Guinea pig 

polyclonal 
1:100 

Progen 

(Heidelberg,Germany) 
GP29 

Anti-αSMA mouse 

monoclonal (Clone: 1A4) 
1:100 

Dako-Agilent  

(Paris, France) 
M0851 

Anti-human/mouse UCP1 

monoclonal mouse IgG2B 
1:500 

R&D Systems Biotechne 

(Mineapolis, USA) 
MAB6158 

Anti-CD146 Rabbit 

monoclonal 
1:200 

Abcam 

 (Cambridge, UK) 
ab75769 

Anti-PDGFRβ Rabbit 

polyclonal 
1:50 

DiagOmics  

(Blagnac, France) 
A2180-20 

Secondary 

antibodies 

Alexa Fluor 488 Goat anti-

rabbit IgG 
1:500 

Life technologies  

(Paisley, UK) 
A11008 

Alexa Fluor 594 Goat anti-

rabbit IgG 
1:500 

Life technologies  

(Paisley, UK) 
A21207 

Alexa Fluor 647 Goat anti- 

Guinea Pig IgG Highly 

Cross-Adsorbed 

1:500 
Life technologies  

(Paisley, UK) 
A21450 

Alexa Fluor 594 Goat anti-

mouse IgG 
1:500 

Life technologies  

(Paisley, UK) 
A11005 

Dyes 

BODIPY™ 493/503  

(4,4-Difluoro-1,3,5,7,8-

Pentamethyl-4-Bora-3a,4a-

Diaza-s-Indacene) 

1:500 
Life technologies  

(Paisley, UK) 
D3922 

DAPI (4',6-Diamidino-2-

Phenylindole, 

Dihydrochloride) 

1:5000 
Life technologies  

(Paisley, UK) 
D1306 

Propidium Iodide solution in 

water 1.0 mg/mL 
1:100 

Life technologies  

(Paisley, UK) 
P3566 
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Figure S1. Development of a beige adipogenic cocktail that preserves endothelial cells from P0-

SVF cells. P0-SVF cells were maintained in 2D culture for 21 days of differentiation either in an 

adipogenic cocktail containing intralipids or deprived of intralipids. A) Gene expression analysis of 

UCP1 beige adipocytes marker, ADIPOQ generic adipocyte marker, and CD31 endothelial cell marker. 

Fold changes are expressed relative to undifferentiated cells (D0). Data are expressed as mean ± standard 

deviation of three independent experiments from different human donors. Statistical analysis was 

performed by two sample t-test. *p<0.05, ** p<0.01. B) Immunofluorescence analysis. Specific 

antibodies against human endothelial cell marker CD31 (green) and α-smooth muscle actin (SMA) (red) 

were used. Lipids containing cells were revealed by bodipy staining. DAPI staining highlights cell 

nuclei. White square is a zoomed area showing endothelial cells organization aligned with αSMA+ cells 

in between adipocytes clusters derived from P0-SVF cells under deprived intralipid conditions (Scale 

bar: 100 µm).  
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Figure S2. GelMA 10% embedding promotes cell expansion and vascular formation from P0-SVF 

cells but is not sufficient to induce adipogenesis in absence of TGFβ inhibition. P0-SVF spheroids 

embedded or not in 10% GelMA were analyzed after differentiation in adipogenic medium. A) Average 

DNA content per spheroid (n = 6). B) Immunofluorescence images of lipid-containing cells, endothelial 

cells and pericytes revealed by BODIPY (yellow), CD31 (green) and αSMA (red) stainings respectively. 

DAPI staining highlights cell nuclei. Scale bar: 200 µm.C) Gene expression analysis of beige adipocyte 

markers (UCP1, CIDEA, PGC1a), generic adipocyte markers (PPARγ2, FABP4, ADIPOQ) and 

myofibroblast markers (αSMA, COL1a, CTGF). 
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Figure S3. Gene expression response of P0-SVF beige adipose organoids to combination of UCP1 

inducers. Beige adipose organoids derived from P0-SVF cells were treated (induction cocktails) or not 

(Ctrl) with combinations of UCP1 inducers for the last three days of culture. 8cpt-AMP: 200 µM, 

rosiglitazone (Rosi): 1 µM, triiodothyronine (T3): 0.2 nM, all-trans retinoid acid (RA): 0.1 µM. Analysis 

of brown adipocytes markers (UCP1, CIDEA, PGC1α). Fold changes are expressed relative to controls 

(n=3). All quantitative data are expressed as mean +/- standard deviation. Statistical analysis of fold 

change to control was performed by one sample t-test. Statistical significance: * p≤0.05, ** p<0.01 
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Figure S4. Characterization of UCP1 expression in P0-SVF organoids by proteinSimple capillary 

electrophoresis immunoassay under control (Ctrl) or induction (Ind) conditions. Brown adipose tissues 

from wild type mouse (BAT UCP1 +/+) and UCP1 KO mouse (BAT UCP1 -/-) were used as positive 

and negative controls respectively. Data are shown as chemiluminescence chromatograms of anti-UCP1 

antibody signals (secondary probe chemiluminescence) and total protein chemiluminescence from four 

different human donors. Fitted specific UCP1 peak is highlighted in green. 
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Figure S5. Characterization of UCP1 expression in SVF organoids by proteinSimple capillary 

electrophoresis immunoassay under control (Ctrl) or induction condition (Ind). Brown adipose tissues 

from wild type mouse (BAT UCP1 +/+) and UCP1 KO mouse (BAT UCP1 -/-) were used as positive 

and negative controls respectively. Data are shown as chemiluminescence chromatograms of anti-UCP1 

antibody signals (secondary probe chemiluminescence) and total protein chemiluminescence from four 

different human donors. Fitted specific UCP1 peak is highlighted in green. 
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Figure S6: Characterization of vascular lumen formation and perivascular cells within P0-SVF 

beige adipose tissue organoids. A) Specific anti human CD31 (left) and CD146 (right) were used to 

characterize the blind developing vascular channels on serial 3 µm sections. The brown positive 

labelling highlights the positivity of cells delimiting the vascular lumen.  Scale bar: 10µm B) Expression 

of perivascular cells markers was analyzed by immunofluorescence within P0-SVF organoids at the end 

of the differentiation using confocal imaging. Specific antibodies against human endothelial cell marker 

CD31 (green) was used in combination of α-smooth muscle actin (SMA) (panel a, red), PDGFRβ (panel 

b, red) or perivascular and endothelial cell marker CD146 (panel c, red) antibodies. DAPI staining 

highlights cell nuclei. αSMA expressing cell (panel a, white arrowheads) in close association of 

endothelial cells showing lumen formation (white arrow) was observed. Some PDGFRβ+ cells (panel 

b, white arrowheads) associated with CD31+ endothelial cells were also found. Some CD146+/CD31- 

cells (white arrows) were also observed closely associated to CD31+/CD146+ endothelial cell network. 

Scale bar: 50 µm.  
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Figure S7. Immunofluorescence characterization of embedded multi-spheroids derived from P0-

SVF cells A) Representative confocal images of propidium iodide (Dead cells in red) staining in regards 

to DAPI (blue) staining within embedded multi-spheroid at day 28. Scale bar: 200 µm. B) 

Immunofluorescence analysis of P0-SVF embedded multi-spheroids at the end of the differentiation. 

Specific antibodies against human endothelial cell marker CD31 (green) and α-smooth muscle actin 

(SMA) (red) were used. Lipids containing cells were revealed by bodipy staining. DAPI staining 

highlights cell nuclei. Scale bar: 200 µm. Images are two representative areas of embedded multi-

spheroids. White squared image shows zoomed area. Scale bar: 50 µm. 
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2. Discussion and perspectives 

2.1 Engineered organoids as physiological mimicking of human beige adipose tissue  

We have described innovative methods for the generation of vascularized human beige adipose 

organoids and micro-tissues using freshly isolated or amplified SVF cells. Through this study, primary 

focus was given to the characterization and functionality assessment of adipocyte and vascular 

compartment. In regards to these cellular compartments, organoids were shown to recapitulate 

cellular architecture and key functions of native thermogenic AT. Here we propose further directions 

to complete validation of physiological relevance of these novel human beige adipose tissue models. 

Further characterization of organoids cell heterogeneity and dynamic  

AT are complex organs, in which immune, nervous and endothelial cells together with adipose lineage 

cells form a dynamic ecosystem that supports tissue integrity and plasticity. Preserving this diversity 

of cells and their dynamic interactions is essential when developing in vitro models that aim to replicate 

native tissue physiology. Such endeavors have been described in the literature for the generation of 

complex 3D WAT models recapitulating non-adipose cell compartments such as endothelial cells [322] 

or immune cells [340]. However, models of thermogenic fat mainly rely on differentiation of adipose 

progenitors in the absence of other cellular compartments, even more so with human cells.  Recent 

approaches have been described to obtain vascularized thermogenic AT constructs [24,342] but rely 

on the use of explant-based methods difficult to adapt for flexible generation of AT constructs. Also, 

most models lack the immune cell compartment, in which macrophages were recently demonstrated 

to participate in the regulation of thermogenic activity in brown and beige AT. 

For the generation of tissue construct recapitulating native dynamic cellular ecosystem, choice of cell 

sources is utterly important and would require heterogeneous cell sources. The stromal vascular 

fraction (SVF) of adult AT constitutes a unique and convenient source not only of adult adipose stem 

cells but also of different cell types including endothelial and immune cells. Here, we have 

demonstrated that beige adipose organoids derived from both freshly isolated or amplified SVF cells 

displayed premature vascular and perivascular compartments in close association with adipocyte 

clusters mirroring cellular architecture of native adipose tissue. However, immunofluorescence 

analyses have unveiled the existence of unmarked cells within organoids. These cells may correspond 

to more immature state of vascular and adipocyte lineages or they can also indicate the presence of 

other cell type lineages. This indicates that organoids hold potential for recapitulating AT cellular 

ecosystem beyond mature adipocytes and endothelial cells. More in-depth characterization of 

organoids at the population and single cell levels using cytometry or transcriptomic analysis are 
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required to better characterize cell heterogeneity within organoids. This would help to identify 

whether organoids contain non-adipose and non-vascular compartments but also diversity of cell types 

and maturation states within each compartment. 

Preliminary assays of cell populations characterization using cytometry within organoids have met 

technical challenges. Nevertheless, preliminary cytometry data indicate the presence of CD45+ 

immune cells within human SVF-derived spheroids maintained in beige adipogenic medium (data not 

shown), consistent with generation of SVF-derived adipose spheroid containing immune cells in mice 

[340]. This suggests that 3D culture allows to maintain immune cell compartments present in freshly 

isolated SVF cells. Additional experiments and protocol improvements are required to validate the 

presence and significance of immune cells in spheroid models and to investigate their presence in 

organoids. 

In addition to the immune cell compartment, further attention should be given in the adipocyte 

lineage. Adipocyte compartment of beige adipose tissue displays inherent heterogeneity regarding all 

stages of adipocyte differentiation. Such heterogeneity was observed in the UCP1 expression of 

adipocytes within activated beige adipose organoids suggesting the presence of “true” white 

adipocytes and beiges adipocytes able of thermogenic activation. The source of beige pre-adipocyte 

development in WAT, whether it arises from dedicated beige precursors or shared white/beige 

precursors, remains a subject of debate [228]. Characterization of adipocyte and adipose progenitor 

populations and their heterogeneity at the single cell levels at different times during organoid 

development may provide insight on human beige adipocyte development which is still poorly 

understood. Due to the fragility of adipocytes upon cell isolations processes, such characterization 

would require single nuclei RNA sequencing approaches as it has been described for the 

characterization of adipocyte population within human BAT deep neck biopsies [346]. This approach 

would also allow for extensive characterization of non-adipose-related cell populations as an 

alternative to cytometry. Furthermore, maintaining progenitor pools is a crucial aspect of organoid 

systems to ensure their long-term culture and function. Mandl et al. demonstrated the persistence of 

quiescent ASC populations within adipose organoids derived from ASC spheroids of white adipose 

tissue origin using cell colony formation assays [347]. A similar approach can be applied to beige 

adipose organoids to investigate the presence of stem cell populations and evaluate their proliferation 

capacity. Additionally, if ASCs can be derived from beige adipose organoid digestion, it would be 

valuable to assess their potential for beige adipogenesis and compare it to white adipose tissue-

derived ASCs to determine whether beige adipose organoids favor the generation of a beige adipose 

progenitor niche. 
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Further characterization of organoids functions 

Such as mentioned in Introduction IV, thermogenic fat are important regulators of systemic 

metabolism through their metabolic and secretory functions. Beige adipose organoids recapitulate key 

metabolic features supporting thermogenic activity including inducible UCP1 expression associated 

with uncoupled respiration, glucose uptake and lipolysis activation. A distinctive aspect of our research 

is the evaluation of endocrine activity, which is often neglected when assessing thermogenic adipose 

tissue models, particularly in 3D models. Upon activation, organoids recapitulate increased paracrine 

secretion of some batokines. Further metabolomic and proteomic analysis of these secretions using 

high-resolution mass spectrometry-based approaches would be of valuable information to compare 

with established secretomes of differentiated human brown and white adipose progenitors 

[348].  Proteomic-mapping of matched conditioned media from activated and unactivated beige 

adipose organoids could allow to identify novel factors implicated in thermogenic activation of beige 

adipocytes. One role of batokines is to promote BAT expansion and browning of WAT. Using 

conditioned media from activated organoids, their efficiency to induce thermogenic activation through 

paracrine communication can be evaluated on unactivated organoids or models of WAT. These 

conditioned media can be further used to dissect the role of batokines in inter-organ communications 

through cell treatment approaches using non-adipose cell models.  

Another important functional aspect of brown and beige adipose tissue is their responsiveness to 

environmental changes allowing metabolic adaptation of the organism. An originality of this work is 

the evaluation of beige adipocyte activation with rather acute stimulation compared to other existing 

3D models of human thermogenic AT. In previous studies, thermogenic adipocytes were generated 

using differentiation media containing beige/brown inducers like rosiglitazone for extended periods 

(over a week) and were then compared to undifferentiated cells or white adipocytes obtained through 

different protocols [23,24,349]. Consequently, these studies did not fully explore the plasticity of beige 

adipocytes. In vivo, environmental conditions such as cold exposure are relayed to adipocytes through 

adrenergic stimulation by the sympathetic nervous system. In our research, we targeted signaling 

pathways downstream of beta-adrenergic receptors, mimicking the increased levels of cAMP typically 

induced by their activation. Similar approaches have been used to assess browning plasticity in other 

2D models of human adipocytes, especially those derived from ASCs of WAT [21,350]. Although 

thermogenic activation by beta-adrenergic agonists is well-established in mice [313], its applicability 

in humans is more debated [314–316]. Besides, low expression of β-adrenergic receptors has been 

observed in adipocytes derived from SVF of WAT [351]. This may explain the use of non-adrenergic 

thermogenic inducers in previous literature. Very preliminary testing of treatments with specific and 
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nonspecific β-adrenergic agonists as replacements for our induction cocktail did not result in UCP1 

induction within organoids. Further drug screening and characterization of beta receptor expression 

within beige adipose organoids would be required to evaluate whether they can also recapitulate 

adrenergic dependence of thermogenic activation from native adipose tissue. 

Although work remains to be done to further validate their physiological relevance, these organoids 

represent one of the most advanced human beige adipose tissue models available. Systematic 

comparison of engineered tissue construct with native material is limited for human beige AT as data 

on thermogenic human fat are derived from BAT biopsies or indirect techniques such as MRI or PET-

scan which do not inform on cell tissue identities and organization. Nevertheless, comparison with 

transcriptomic and proteomic signatures of human BAT, WAT [21,352–354]  as well as murine beige 

AT [355] would help to position human beige adipose organoids to these references. Besides, this work 

paves the way for physiopathological studies. Generating organoids from lean and obese patients from 

various ages may help to understand whether obesity and aging-related deficiencies in thermogenic 

fat stem from impaired resident progenitor development and function. Additionally, these beige 

adipose organoids can be integrated with other 3D models like neural, muscle, or cancer spheroids 

through microphysiological systems or assembloid approaches to investigate inter-organ 

communication in both physiological and pathological thermogenic activation. 

2.2 Generalization of the 3D microenvironment engineering approach to other 

tissues and systems  

The success in producing functional adipose tissue organoids relied on the pre-aggregation of cells 

within an appropriate microenvironment. Even though the features of this environment were originally 

tailored for adipose tissue generation, we think that some general principles and hypotheses from the 

results we have obtained for in vitro tissue development can be extracted. 

Deciphering the role of TGFβ inhibition in ASC differentiation: Implications of 3D structuring on 

modulation of chemical environment for specific cell type development 

In the absence of a perfused vasculature, 3D cell microenvironments inherently include relative 

hypoxia and increased cell tension, both of which are known to impact the paracrine secretion of MSCs. 

While hypoxia is known to promote TGFβ secretion from MSCs [356], activation of 

mechanotransduction pathway by forces exerted on cells by cell-matrix interactions can promote 

differentiation of MSC into myofibroblast [357], also known to secrete TGFβ. Besides, it is known that 

treatment of ASC with TGFβ promotes their differentiation into myofibroblast [358]. As differentiation 
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of ASC into myofibroblast is done at the expense of adipocyte differentiation, this could explain the 

requirement of TGFβ inhibition to promote adipogenesis in 3D compared to 2D cultures. 

This study highlights that when employing models that involve MSCs or fibroblast-like cells, it is critical 

to consider the 3D microenvironment and the development of tension that may directly promote a 

myofibroblastic phenotype [356]. This highlights the key importance of inhibitions in regulating 

developmental processes. The creation of a permissive microenvironment, essential for the 

development of complex 3D tissues in vitro, also implies the creation of a non-permissive 

microenvironment for certain cell types. Addressing this concern may entail TGFβ inhibition 

independently to adipose tissue context. Indeed, as for P0-SVF derived spheroids, inhibiting TGFβ 

significantly limited spheroid shrinking and cell loss from SVF-derived spheroids even though it did not 

correlate with adipogenesis initiation. This suggests that inhibition of myofibroblastic phenotype 

through TGFβ inhibition may play a role in enhancing cell survival and organization independently of 

adipocyte differentiation. This approach might be relevant for various 3D models of mesenchymal 

tissues, provided that its impact on the specific cell compartments necessary for a particular tissue 

target is carefully evaluated.  

Understanding the role of hydrogel in cellular organization  

Engineering approaches for recapitulating native tissue microenvironment entail to introduce ECM 

mimicry through the use of biomaterial, especially hydrogels. Matrigel, an undefined mixture of ECM 

and growth factors, is often a critical component of organoid culture. It is well acknowledged that its 

presence is essential for the development of complex structures like the budding of intestinal 

organoids. However, due to Matrigel undefined composition, few studies consider the significance of 

this result in understanding the role of the biomaterial and its properties in organoids emergence. 

A comparison between spheroid and our organoid models obtained from hydrogel-embedded 

spheroids reveals how providing a matrix environment can affect cell distribution. In spheroids, 

vascular and adipocyte compartment were found in distinct locations with vascular compartment in 

the inner part of the spheroids while adipocytes were located at the periphery of the spheroids. It is 

known that in spheroids, cells can rearrange themselves by cell sorting processes which result in cell 

types distributed into concentric layers of cells based on adhesiveness but also gradient oxygen 

diffusion [139,157]. While hypoxia promotes angiogenesis, it inhibits adipogenesis [359]. It could 

explain why endothelial cells could be found closer to the center of the spheroid which might be more 

deprived of oxygen while adipocytes developed from ASC closer to the oxygen rich peripheric 

environment of the spheroid. Hence, in spheroid configuration, distribution of specialized cell 
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compartments seems to be primarily influenced by the initial cell distribution and the diffusion 

gradients inherent to 3D organization. Conversely, in presence of hydrogel, equivalent 

undifferentiated spheroids reproducibly developed into organoids configuration where vascular and 

adipocyte cell populations could be found in close association with a structure closer to native tissue. 

This highlights the importance of the matrix compartment to promote dynamic cell rearrangements 

for the emergence of complex tissue architecture. 

What is the role of the matrix in facilitating these cellular rearrangements, and how its chemical and 

physical parameters impact these processes?  

Large-scale rearrangements of cell distribution are typically described as morphogenetic movements 

during development. These cell rearrangements are essential in tissue shaping by allowing interactions 

between cell compartments that were initially separated. These morphogenetic mechanisms involve 

collective cell migration and its regulation through dynamic change of cell-cell and cell-matrix 

interactions. In embryos, tissue patterning and morphogenesis are thus dependent from the 

progressive secretion of ECM by cells which introduce cell-matrix coupling as development progresses. 

Although secretion of matrix by spheroid cell has been described, it might be insufficient to 

counterbalance cohesive cell-cell interactions induced by cell aggregation and promote long-range 

rearrangement of cells.  Hence, as previously proposed in existing literature, providing cells with ECM 

mimicry may be regarded as a method for creating a matrix compartment that can serve as physical 

support for cell migration, compensating for inadequate matrix secretion by the cells during early 

tissue development.  

Moreover, morphogenetic cell processes that give rise to tissue shaping require cell response dynamics 

with constant remodeling of the environment. Providing aggregated cells with a hydrogel environment 

can be interpreted as a mechanism for disrupting cell cohesion and promoting dynamic cell movement 

through heterogeneity in cell-cell and cell-ECM interactions. It is important to note that spheroid cells 

within a hydrogel are not equally exposed to the same balance of cell-cell vs cell-ECM interactions as 

only cells at the periphery of the spheroids can initially interact with the matrix. This local and 

heterogeneous mechanical coupling of cells within spheroids differs from cell suspension dispersed in 

a hydrogel surrounded by a similar mechanical environment and more closely correlates with recent 

approaches of local high-density cell injections within hydrogel [30,31]. These approaches have 

demonstrated impressive potential to drive tissue morphogenesis, we can thus hypothesize that 

introducing imbalance between cell-cell and cell-matrix interactions may be a critical factor to initiate 

symmetry breaking and induce collective morphogenetic cell movements. 
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This study also gives some insight on which parameters might affect cell distribution within 3D matrices 

to promote cell rearrangement over time. Within GelMA hydrogel, GelMA concentration is negatively 

correlated with its porosity and degradation speed [360,361]. In most GelMA conditions we tested, we 

observed a heterogeneous colonization pattern within the GelMA droplet after the proliferation 

phase. This included both multi-layers of cells located at the periphery of the droplet and a cell mass 

within the droplet. This cell mass corresponded to the initial spheroid whose expansion increased with 

reducing GelMA concentration. This colonization heterogeneity suggests two modes of cell migration 

within the hydrogel: individualized migration of cells from the spheroids to the surface and collective 

migration of spheroid cells remaining connected to each other. Colonization of the GelMA surface may 

result from cells migrating along diffusion gradients toward nutrient and oxygen rich areas. On the 

other hand, the expansion of the inner cell mass in response to lowering GelMA concentration may 

indicate a positive effect of increased porosity on promoting collective cell development within the 

hydrogel. However, lowest GelMA concentration tested led to rapid loss of the matrix compartment 

which promoted rearrangement of cells into a configuration close to spheroid. This highlights the 

requirement of adequate hydrogel mechanical integrity to sustain the matrix compartment over a 

period of time compatible with tissue construct generation. Therefore, we can propose that creating 

an optimal hydrogel environment for facilitating cell rearrangement involves finding a balance 

between the biophysical properties of the hydrogel. This balance should support cell migration without 

imposing mechanical constraints while maintaining enough mechanical integrity for cells to reshape 

their surroundings without causing the hydrogel to collapse. 

Cell microenvironment is typically subdivided into two main components: biochemical and biophysical 

environments, respectively targeted in tissue engineering approach by providing cells with growth 

factors and ECM-like biomaterial. In respect to this avenue, this study demonstrates that transitioning 

from 2D to 3D culture requires careful culture media optimization. This study also underscores the 

critical role of the matrix environment in cellular organization, emphasizing the need to optimize 

matrix properties for the development of tissue models that closely mimic native tissue architecture 

and function. However, through this study we can propose that culture media may also be used to 

modulate biophysical aspect of the microenvironment such as cell tension through promotion or not 

of certain cell type development while the effect of the biomaterial can also be understood in its effect 

on chemical factors distribution. In particular, the observations of spheroid cell colonization within 

GelMA droplet raised multiple fundamental questions regarding the impact of cell-cell vs cell-matrix 

interactions as well as the impact of mass transport on initiation of collective cell behaviors that can 

lead to tissue structuration. How to address these questions will be the focus of the following section. 

While initially optimized for adipose tissue generation, multipotency of ASC and easy tunability of 
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GelMA hydrogels make this engineering approach transposable for other tissue generation. This 

underscores the potential of this system to address essential aspects of tissue generation beyond 

adipose tissue. 

II. Preliminary development of cell culture system to study spheroid cell 

rearrangement in response to mass transport and matrix compositions 

1. Objectives and hypotheses: 

Our observations have revealed that providing cellular aggregates with surrounding hydrogel plays a 

pivotal role in driving the necessary cellular rearrangements for the formation of tissue architecture. 

To gain a deeper understanding of this process, it is essential to explore how this biomaterial influences 

these cellular rearrangements and to pinpoint the specific parameters that can be adjusted to either 

facilitate or constrain these cellular movements.  

What are the biophysical and biochemical parameters controlling the distribution and evolution of cell 

organization from a cellular aggregate within a matrix environment?  

Spatial rearrangements of cells involved several cell processes including cell survival, cell proliferation 

and cell migration which alter the number and spatial distribution of cells. Therefore, addressing the 

question of factors that govern cell distribution within a hydrogel primary encompass investigating the 

factors that oversee these cellular processes in 3D matrices. Within a 3D matrix environment, 

proliferation and migration entail morphological changes in cells, cell-cell and cell-matrix interactions, 

matrix remodeling, as well as accessibility to soluble factors (e.g. oxygen, nutrients, and growth 

factors). Thus, understanding how to promote these cellular movements essentially involves exploring 

how the 3D environment, especially the matrix, can influence and regulate these factors and their 

dynamics. It is worth noticing that these factors will also strongly influence the long-term behavior of 

cells comprising their differentiation and further spatial arrangement but as a first instance our 

motivation is to understand the mechanisms involved in the early stages of the tissue development.  

In a situation where a spheroid is surrounded by a layer of hydrogel exposed to a culture medium, we 

can theorize that spheroid cells are subjected to the interaction of multiple gradients of factors (Figure 

32) including cell-cell, cell-matrix interactions and mass transport. Furthermore, the 3D matrix serves 

as both a supportive structure, based on cell adhesiveness to the matrix, and an obstacle on all cell 

surfaces during their movement within the environment. The question then arises of how a cell 

migrating from a spheroid will respond to these gradients in a matrix environment that simultaneously 

supports and constrains migration. 
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Figure 32. Within 3D matrix migration of spheroid cells are influenced by asymmetric distribution of driving forces 

including cell-cell, cell-matrix interactions and soluble biochemical factors availability. Distribution of these 

gradients and their dynamic remodeling by the cells would be dependent on hydrogel composition and its 

subsequent biophysical parameters which are coupled to each other (e.g. porosity, viscoelasticity and 

degradability). 

In our experiments, heterogeneous patterns of colonization were observed including areas of 

colonization within the hydrogel and peripheral colonization on the GelMA surface. Accumulation of 

cells at the surface was observed regardless of the GelMA concentration. The surface can be perceived 

as an area rich in oxygen and nutrients, as well as a region where cells can migrate without physical 

constraints imposed by the hydrogel. Conversely, the colonization of cells within the gel was favored 

by a decrease in GelMA concentration, which is known from the literature to correlate with increased 

porosity, gel degradability, and reduced gel stiffness [360,361]. These conditions could thus facilitate 

lower mechanical resistance to migration while promoting mass transport. Consistently, the softening 

of the hydrogel was shown to promote the proliferation of cancer cells compared to stiff hydrogel in 

3D while at a given stiffness increased viscoelasticity promoted faster cell spreading and migration 

[362]. 
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Therefore, we can hypothesize that the colonization of cells from a cellular aggregate within a matrix 

environment will depend on interactions between mass transport, the biophysical parameters of the 

hydrogel, hydrogel remodeling by cells and cell-cell interactions. These interactions can be 

understood as the following: 

• the interaction between mass transport, matrix volume and the initial porosity of the hydrogel 

that will govern nutrient and oxygen gradients 

• the interaction between cell-matrix adhesiveness, local rigidity of the matrix, hydrogel 

porosity, hydrogel viscoelasticity and degradability that will govern the compromise between 

physically supporting cell spreading and mechanically constraining cell movements in a 

dynamic manner 

• balance between cell-cell interactions and cell-matrix interactions that will govern collective 

cell rearrangement over single cell migration 

In order to address these hypotheses, we aim to develop a cell culture device that would enable a 

certain control of these parameters for a more precise examination of their impact on the 

colonization of spheroid cells within hydrogel. Main requirements that drive the device development 

are:  

• Providing control over the position of spheroids relative to the interface between the medium 

and the hydrogel to regulate the impact of matrix volume on mass transfer for a given hydrogel 

composition 

• Providing control over the position of spheroids relative to each other when considering multi-

spheroid setting 

• Ensuring that spheroids are surrounded by a defined matrix environment 

• Enabling monitoring of cell morphological changes and spreading from the spheroids over 

time 

It has to be noted that biophysical parameters including porosity, cell adhesiveness, degradability and 

viscoelasticity are often coupled within hydrogels and their decoupling requires careful modification 

of polymeric architecture. By modifying monomer concentrations or reticulation protocols, these 

physical parameters can be varied all at once (Figure 32). For GelMA hydrogel, modulation of GelMA 

percentage and photo-polymerization duration allow to generate hydrogel from soft highly degradable 

and porous hydrogel to stiff hydrogel with low porosity and degradability. Therefore, using such a 

system with various GelMA compositions can be used as a first basis to understand the overall effect 

of hydrogel porosity and degradability on spheroid cell colonization. More in depth characterization of 
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the influence of each biophysical parameter of hydrogel on cell distribution would require chemist 

expertise for the potential modification of GelMA polymeric architecture or use of polymers 

combinations. 

2. Device design and first development steps 

To achieve this objective, we chose to adapt a cell culture chip device previously developed within the 

laboratory in the collaboration with IRSD by Audrey Ferrand and  Duvan Rojas Garcia for the study of 

intestinal development (Patent N° 21305235)[363]. This culture chip, composed of two glass coverslips 

held together by a frame (Figure 33A), allow hydrogel molding and culture monitoring through 

imaging. 

In our case, this chip offers several advantages. It can be used to unilaterally expose the system to a 

culture medium to create a hydrogel/medium interface (Figure 33A), enable photopolymerization of 

GelMA directly within the chip to control the matrix environment, and allow for culture monitoring 

through imaging. 

A hydrogel molding approach was developed to control the positioning of spheroids within GelMA. 

The principle involves generating a two-layered patterned GelMA in which cavities of specific thickness 

and depth within GelMA hydrogel (Figure 33A). Generation of these patterns requires pattern molding 

in a first layer of GelMA using photopolymerization and designed molds (Figure 33B). After demolding, 

spheroids are deposited, and the cavities are filled with new GelMA solution (Figure 33B). 

A first design that we have considered consist in simple cavity (Design 1) in which variation of cavities 

depth allow to adjust the distance of the spheroid to the GelMA-medium interface (H1), while the 

GelMA environment can be modified using different GelMA compositions (Figure 2A). On one hand, 

this approach allows for the study of spheroid cell colonization within a matrix compartment with 

variable porosity but defined geometry. On the other hand, by creating two matrix compartments, it 

enables the investigation of the impact of the presence of interfaces between two hydrogels on 

spheroid migration. This distance of the spheroid to the GelMA/GelMA interface (H2) can be 

modulated by adjusting cavity thickness (Figure 33A). In a recent study, authors observed that within 

a hydrogel, spheroid cells adopt different migration paths depending on the proximity of a spheroid to 

an interface, either medium/hydrogel or hydrogel/hydrogel interfaces [364]. Here, using such a 

system, a more systematic analysis of the effect of these distances on spheroid cell behavior can be 

planned. To reduce the influence of the hydrogel/hydrogel surface on the investigation of cell 

migration in response to H1 variations, we suggested a design featuring interconnected double cavities 

(Figure 33A, design 2). This design comprises a larger top cavity that defines H1 and H2 dimensions and 
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a narrower bottom cavity intended to secure the spheroid position while exposing both its top and 

bottom portions to the inner matrix compartment. 

 

Figure 33. Design of cell culture chip and principle of GelMA patterning to study impact of mass transport, matrix 

composition and hydrogel interfaces on spheroid cell colonization. A) Design of cell culture chip and GelMA 

patterns. Chip are composed of two glass coverslips (20x20 mm) held together by a 3D printed frame (DS3000). 

Chips are filled with 3 compartments: a medium compartment and two matrix compartments composed of a 

layer of GelMA (GelMA 1) patterned with cavities and cavities filled with spheroid and GelMA (GelMA 2). Design 

1: Simple cavity pattern. Design 2: Double interconnected cavities pattern. H1: variable spheroid distance to 

GelMA/medium interface, H2: variable spheroid distance to GelMA 1/GelMA 2 interface. H3 determined the 

depth of the lower section of the inner matrix compartment. B) Image of cell culture chip C) Principle of GelMA 

patterning using molding approach. 

To generate cavities with designed dimensions, preliminary development steps have consisted in the 

generation of molds comprising pillars, using stereolithography (DWS 29J+ printer), whose shape can 

be replicated in GelMA hydrogel. To ensure correct demolding, mold material should not be chemically 

reactive to GelMA which preclude the use of acrylate-based UV-curable resins commonly used in 

stereolithography. On the other hand, based on our prior experience with multi-spheroid constructs 

(refer to Result I.1), we are aware that PDMS is a suitable material for molding GelMA. Consequently, 

PDMS was chosen as the mold material. PDMS molds with designed pillars were generated by 3D 

printing counter-molds, casting PDMS followed by its reticulation and demolding (Figure 33B).  
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Figure 34. Mold generation and preliminary molding assays. A) Principle of PDMS mold generation. To facilitate 

PDMS mold removal, counter molds are 3D printed as two parts and assembled together before PDMS pouring. 

After curing, counter-mold is disassembled to obtain PDMS mold with intended design (CAD file). B) Side view of 

CAD file of mold for the generation of double interconnected cavities (Design 2). File is zoomed at the level of 

one pillar and shows how pillar dimensions are linked to intended spheroid distances to interfaces (H1, H2, H3) 

and average diameter (Øsph) of spheroid. C) Example of dimensions replication from CAD file (left image) to 

PDMS mold (middle image), to molded GelMA after GelMA filling and spheroid deposition (GelMA 10%, 2x40s of 

photopolymerization). Tables show expected and measured dimensions highlighted on images. D) Evidence of 

inhibition layer to photopolymerization in GelMA hydrogel. Scale bar: 500 µm. 
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Using this approach, we could generate PDMS molds with pillars of different shapes whose height and 

thickness can be modulated (Figure 34A). Dimensions of pillars are designed by considering average 

spheroid diameter in addition to intended distances H1 and H2. The design of interconnected cavities 

considered that a segment of the spheroid enters the lower part to better control spheroid location 

(Figure 34B). Preliminary tests showed that PDMS mold can replicate CAD file dimensions with less 

than 10% variations (Figure 34C, left and middle image). Using these molds, GelMA patterns can be 

generated followed by spheroid deposition (Figure 34C, right image). However, important variations 

in cavities dimensions from CAD file can be observed in patterned GelMA, especially for widths (Figure 

34C, right image). For this reason, spheroids could not be deposited as expected leading to increased 

dimensions of H1 and H2 compared to intended ones. As PDMS is porous to oxygen, oxygen inhibition 

may explain the problem of molding fidelity we met within patterned GelMA using PDMS molds. Such 

photopolymerization inhibition have been described in acrylates hydrogels due to oxygen inhibition 

[365,366]. This phenomenon was confirmed by additional experiments where demolding of GelMA 

maintained gelled at 4°C showed that following photopolymerization a layer of GelMA surrounding the 

PDMS mold was not fully cross-linked (Figure 34D). Further experiments using approaches to lower 

oxygen concentrations in GelMA are required to confirm this effect and assess whether molding fidelity 

can be improved. Otherwise, it will be necessary to systematically characterize the width of this 

inhibition layer depending on patterns in order to recalibrate the mold dimensions accordingly.  

Nevertheless, preliminary culture experiments have shown that such systems hold potential to study 

evolution of spheroid cell colonization within GelMA hydrogel over several days of culture. Spheroids 

deposited in simple or interconnected cavities and maintained in proliferation medium showed change 

in spheroid morphology followed by progressive cell spreading from the spheroid (Figure 35). 

Strikingly, cell colonization was limited to inner matrix compartment suggesting a confinement effect 

of the GelMA/GelMA interface, as well as the local establishment of a physical barrier to migration. 

Further characterization of GelMA porosity and stiffness in patterned GelMA are required to assess 

whether this can be due to a local densification of GelMA networks impairing cell movement. On 

another hand, first experiments using simple cavity design have revealed that cells adopt different 

morphology depending on their location within patterned GelMA 10% and 5% as revealed by phalloidin 

staining (Figure 35A). Cells seemed to adopt more branched structure at the proximity of 

GelMA/medium interface compared to the cells close to bottom GelMA/GelMA interface. While in 

GelMA 10% cells seemed to be completely confined by the GelMA/GelMA interface, within GelMA 5% 

some cells branching could be observed at its proximity suggesting lower cell confinement. 

Additionally, proliferating cells, revealed by Ki67 staining, seemed to be asymmetrically distributed 

along cavity depth in GelMA 10% with increased number close to GelMA/medium interface. 
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Proliferating cell distribution seemed more important and more homogeneous in GelMA 5%. 

Furthermore, preliminary assay using double cavities design in GelMA 10% showed that spheroid cell 

seemed to preferentially migrate toward GelMA/medium interface as revealed by absence of cells in 

the bottom section (Figure 35B).  

 
Figure 35. Preliminary assessment of cell culture feasibility in patterned GelMA. Spheroids obtained from 

amplified SVF cells were seeded in GelMA patterns made of simple cavity (A, Design 1) or double cavities (B, 

Design 2) and maintained in proliferation medium. A) Confocal imaging of phalloidin and anti-Ki67 staining to 

respectively assess cell morphology and proliferation within patterned GelMA 10% (top images) or GelMA 5% 

(bottom images) after 5 days of culture. Scale bar: 200 µm. Left images show brightfield observations at day 0 

(D0) or day 5 of culture (D5) for both GelMA compositions. Scale bar: 500 µm B) Evolution of spheroid cell 

migration in patterned GelMA 10% made of double cavities. Scale bar: 500 µm. Red dotted line indicates 

theoretical GelMA/medium interface 
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This study marks the initial efforts in creating a cell culture system for investigating spheroid 

colonization in 3D hydrogels in response to mass transport and matrix compositions through GelMA 

molding approaches. Protocols for the generation of patterned GelMA have been partly established. 

While molds of specified dimensions can be successfully fabricated, their replication within GelMA 

requires either improved protocols for better control of photopolymerization or molds calibration to 

compensate photopolymerization inhibition. Despite the need for improved molding protocols, first 

observations of cell migration and proliferation in preliminary cell culture assays seem to show that 

cells tend to migrate and more actively proliferate toward GelMA/medium interface which would be 

consistent with our hypotheses regarding the colonization of cells along accessibility of soluble factors 

gradient. Lowering GelMA percentage known to increase GelMA porosity [360,361]  seemed to favor 

a more homogeneous repartition and an increased number of the proliferating cells as it has been 

observed with previously with cancer cells [362]. This would be consistent with the hypothesis that 

increased porosity may improve accessibility of cells with nutrients and oxygen favoring their 

organization. Further characterization of molecule diffusion using Dextran of given molecular weight 

will be conducted to evaluate the effective presence of gradient diffusion within GelMA pattern and 

how it is affected by GelMA concentration. On another hand, an interesting observation that we can 

derive from this result is the establishment of a migration barrier at the interface between two GelMA 

compartments. This might be due to a decreased of porosity due to the interpenetration of the second 

GelMA solution within first reticulated hydrogel before the second photopolymerization. 

Characterization of GelMA porosity is further required to assess for this potential densification of 

GelMA network at this interface. As previously mentioned decreased porosity could mechanically 

constrain cell movement which may explain this result. Besides, it may also induce a barrier for mass 

transport that will further impair development of cells outside the interface. Consistent with this 

hypothesis, decreasing GelMA percentage seemed to favor cell rearrangement at the GelMA/GelMA 

interface which may indicate lower mechanical constraint impose by increasing porosity. Besides, low 

GelMA percentage are associated with increased GelMA degradability and thus this result is consistent 

with the hypothesis that cell rearrangement within 3D matrices require proper matrix porosity 

associated with capacity of cells to remodel this environment. Compared to experiments on embedded 

spheroids in GelMA droplets, described in part I of result section, these results show a similar driving 

effect of GelMA/medium interface. However, colonization of the inner cavity within patterned GelMA 

10% seemed more homogeneous than what we could have observed previously. Thus, this system 

holds promise to further characterize driving force of spheroid colonization and identify parameters 

that could be implemented to promote distribution of cells within early stage of organoid formation. 

Besides this study has revealed inhibition effect of GelMA photopolymerization that is expected to also 

affect generation of any GelMA-based contruction. 
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III. Tissue therapy for the treatment of metabolic disorders: Preliminary 

transplantation assays 

1. Introduction 

As mentioned before, a main objective of this thesis is to engineer multi-purposes tissue constructs. 

This includes their application as a cell source for therapeutic purposes. In the case of metabolic 

diseases tissues, cell transplantation has emerged as an alternative strategy to traditional 

pharmacological approaches for increasing thermogenic adipose tissue mass. This approach aims to 

enhance thermogenic adipose tissue function, ultimately improving metabolic outcomes in individuals 

with obesity and diabetes. The development of in vitro methods for producing transplantable human 

thermogenic cells has demonstrated promise in enhancing insulin sensitivity and promoting weight 

loss following transplantation in mouse models [25,262,263,344]. Nevertheless, most of these proof-

of-concept studies relied on human thermogenic adipocytes derived from immortalized cell lines or 

genetically modified cells, often co-transplanted with Matrigel to enhance cell survival. Consequently, 

these approaches are not readily applicable for therapeutic use in humans. 

In Results part I, we described an engineering approach to generate functional and vascularized human 

beige adipose micro-tissue using well-defined and biocompatible GelMA hydrogel. These beige 

adipose micro-tissues are derived from amplified SVF-cells (P0-SVF) of human subcutaneous WAT, an 

easily accessible cell source in adult humans promising for autologous transplantation of thermogenic 

AT. Our objective is to explore the application of these beige adipose microtissues for in vivo 

transplantation to treat metabolic diseases. In this section, we will outline the initial stages of our 

research, consisting in preliminary engraftment studies in healthy immunodeficient mice to evaluate: 

• Persistence and survival of human cells after transplantation 

• Functional maturation of human endothelial networks and integration with host vasculature 

• Maintenance of beige adipocytes phenotype after transplantation 

Immunodeficient NSG mice model was selected for transplantation due to their suitability for 

xenogeneic grafting and for developing metabolic disorders. Indeed, models of high fat diet-induced 

glucose intolerant NSG have previously been developed by Min's research team to investigate the 

effects of transplanting human beige adipocytes in obese mice [264]. Beige adipocytes are 

characterized by their inducibility in UCP1 expression. Since sustaining UCP1 expression in beige 

adipocytes relies on continuous thermogenic stimulation, initial transplantation experiments were 
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conducted using unstimulated beige adipose micro-tissues. Subsequently, two preliminary protocols 

were tested to induce UCP1 expression within the transplants in vivo: one involving cold exposure, a 

potent thermogenic activator (Figure 36A), and the other adapting in vitro pharmacological UCP1 

induction defined in Result part I to in vivo injection (Figure 36B).  Human microtissues were 

transplanted beneath interscapular mice BAT depot (Figure 36C). This engraftment site was selected 

based on the hypothesis that thermogenic function of mouse BAT would make it a suitable host 

environment to maintain for thermogenic plasticity of human beige adipocytes, as they can integrate 

into the existing thermogenic processes.  

 

Figure 36. Preliminary transplantation assays protocols. A) Phase image of human beige adipose micro-tissue 

surrounded by interscapular BAT (mBAT) of NSG mice at sacrifice. Human transplants were found intricated with 

mice tissue in close proximity to mice vasculature (right) B-C) Schematic of transplantation protocols. 

Transplanted mice were subjected to UCP1 induction after 14 days post-transplantation surgery using either B) 

cold exposure (left, n=3-4 per group) or C) pharmacological approach (right, n=3-4 per group) to induce UCP1 in 

vivo. Injections of thermogenic inducers (Ind) or vehicle were performed next to BAT and right inguinal WAT.  The 

two protocols correspond to distinct experiments. 
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2. Material and methods 

The materials and methods employed in this section overlap with protocols previously described (refer 

to Chapter 3: Results I.2). Thus, only the methods unique to this section will be outlined below. 

Transplantation studies: 

This work was submitted to and approved by the Regional Ethic Committee and registered to the 

French Ministère de la Recherche. Except stated otherwise, animals were kept under controlled light 

(12-hr light/dark cycles; 07h00–19h00), temperature (20 °C–22 °C), hygrometry (40% ± 20%) and fed 

ad libitum a normal chow diet (8.4% fat, Safe®A04, Safe lab). For all experiments reported male NSG 

were used at 8-12 weeks of age. Mice were purchased from Charles River Laboratories (Saint-Germain-

Nuelles, France). Mice were transplanted with differentiated human beige adipose micro-tissue 

generated using previously described protocol (See Result part I). During the procedure, the animals 

were subjected to general anesthesia with 3% isoflurane and maintained at a regulated temperature 

using a heating pad. An incision was carefully created in the interscapular region of each mouse, 

allowing for the insertion of human micro-tissues or GelMA alone between mice BAT and underneath 

muscle layer. Subsequently, the incision was meticulously closed using 2 to 3 sutures, employing 5.0 

suture thread along with a C3 needle. 

After 14 days of transplantation surgery, mice were submitted to UCP1 induction protocols before 

retrieval of transplanted human graft, mice BAT and mice inguinal WATs. For one experiment (Figure 

1B, cold exposure-based UCP1 activation), a group of mice was kept two days at 4°C (n=3) while 

another group was kept at 21°C (n=4). For another experiment (Figure 1C, pharmacological-based 

UCP1 activation) mice received three daily paired subcutaneous injections of inducers (n=4) or vehicle 

(n=4) next to mice BAT and right inguinal WAT. Injections were performed using 29G needle on mice 

kept under anesthesia (2% isoflurane). Inducers injection consisted in 500 µL of PBS solution containing 

rosiglitazone (1 µM, Sigma, USA), 3,3’,5-triiodo-L-thyronine (T3, 0.2 nM, Sigma, USA), all-trans retinoic 

acid protected from light (0.1 µM, Sigma, USA) and 8-(4-chlorophenylthio) -adenosine 3',5'-cyclic 

monophosphate (8-CPT-cAMP, 200 µM, Abcam, UK). Non-transplanted mice were used as a control 

(n=3). At the end of the protocol, euthanasia of the animals was performed under anesthesia (3% 

isoflurane) using cervical dislocation. 

To label blood vessels, some animals received a retro-orbital injection of human and mice specific 

lectins conducted under general anesthesia (3% Isoflurane). 100 µl of human lectins coupled with 

rhodamine (Eurobio Scientific, RL-1102) were administered 30 minutes before euthanasia, followed by 

the injection of 100 µl of murine lectins coupled with fluorescein (Eurobio Scientific, FL-1201), 20 
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minutes before euthanasia. In that scenario, the animals received a ketamine injection prior to thoracic 

opening, aortic section, and intracardiac perfusion with heparinized NaCl to wash unspecific signal. 

Immunofluorescence and immunohistochemistry:  

Tissues were fixed with 4% PFA at room temperature overnight, washed with D-PBS and kept at 4°C 

before staining. For immunofluorescence analysis, 200 µm thick sections were obtained via 2% agarose 

embedding and section using vibroslice. Sections were then stained following the same protocols than 

embedded multi-spheroids described in Results I. For immunohistochemistry analysis, 3 µm thick 

sections were obtained via paraffin embedding and section. Sections were dewaxed (successive 

toluene and descending alcohols bathes) and stained with haematoxilin and eosin. Primary antibody 

labelling of 3-μm serial sections were performed out after antigen retrieval for 30 min at 96°C. Primary 

antibody were incubated for 50 min at room temperature. Staining was carried out with EnVision Flex 

(reference K8000, Dako) for 30 min at room temperature, followed by DAB as a chromogen (reference 

K8000, 10 min room temperature). Slides were then counterstained with hematoxylin (reference 

C0283, DIAPATH). The stained slides were scanned (Panoramic Desk, 3D Histec) or imaged by light 

microscopy on a Nikon Eclipse Ci-L microscope with a DS138 Fi3 Camera and NIS Elements D software. 

Antibodies and dyes are listed in Table 5. 

Table 10. List of antibodies and dyes used for immunofluorescence and immunochemistry cell characterization 

Type Name Dilution Company Cat. No. 

Primary 

antibodies 

Anti - Human KU80 Rabbit 

IgG (Clone: C48E7) 
1:400 

Cell Signaling Technology 

(Massachusetts, USA) 
2180S 

Anti-Human CD31 Rabbit 

monoclonal (Clone: EP78) 
1:200 

Epitomics 

(Burlingame, USA) 
AC-0083A 

Mouse lectin 

staining 

Griffonia Simplicifolia Lectin I 

Fluorescein 
100 µL Eurobio Scientific (France) FL-1101 

Human lectin 

staining 

Ulex Europeaeus Agglutinin I 

Rhodamine 
100 µL Eurobio Scientific (France) RL1062 
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RNA extraction and quantitative real time PCR (RT-qPCR): 

After retrieval tissue were maintained in RNA later buffer overnight at -20°C before transferring them 

at -80°C before RNA extraction. It has to be noted that transplanted human graft were separated as 

best as possible from surrounding mice tissue to avoid contamination from mice mRNA and promote 

human mRNA detection. For RNA extraction, tissues were homogenized in QIAzol lysis reagent 

(Qiagen, US) and disrupted for 3 x 2 min at 30 Hz using Tissue Lyser (Qiagen). mRNA isolation, reverse 

transcription and qPCR steps were performed as previously described. Reverse transcription was 

performed on 1 µg RNA. Primers are listed in table 6. Relative gene expression was calculated by the 

2-ΔCT method. The ΔCt was obtained by normalizing mean expression values of each gene to reference 

genes: m36B4 for mice target genes and geometric mean of GUSB and PPIA for human target genes. 

Mouse and human primers specificity were confirmed using cDNA from in vitro human organoids and 

mice tissues respectively. 

Table 11. List of primer used for qRT-PCR analyses 

Specificity Gene  Sequence (5’-3’) 

Human GUSB 
Forward AGCCAGTTCCTCATCAATGG 

Reverse GGTAGTGGCTGGTACGGAAA 

Human PPIA 
Forward GCCGAGGAAAACCGTGTACTAT 

Reverse TCTTTGGGACCTTGTCTGCAA 

Human UCP1 
Forward GTGTGCCCAACTGTGCAATG 

Reverse CCAGGATCCAAGTCGCAAGA 

Human PGC1-α 
Forward CCGCACGCACCGAAA 

Reverse TCGTGCTGATATTCCTCGTAGCT 

Human ADIPOQ 
Forward CAGAGATGGCACCCCTGGTG 

Reverse TTCACCGATGTCTCCCTTAG 

Mice m36B4 
Forward AGTCGGAGGAATCAGATGAGGAT 

Reverse GGCTGACTTGGTTGCTTTGG 

Mice mUCP1 
Forward GACCGACGGCCTTTTTCAA 

Reverse AAAGCACACAAACATGATGACGTT 

Mice mCD45 
Forward CTTCAGTGGTCCCATTGTGGTG 

Reverse TCAGACACCTCTGTCGCCTTAG 
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3. Results 

For preliminary tests, human beige micro-tissues were generated from P0-SVF cells as we previously 

demonstrated their highest beiging potential compared to freshly isolated SVF cells. Human cells were 

differentiated for 28 days to obtain unactivated beige micro-tissue before transplantation under BAT 

of NSG mice. Transplanted mice did not display signs of inflammation over post-transplantation 

duration.  

In a first experiment (protocol 1), engraftment potential of vascularized beige micro-tissue was 

assessed after 16 days by evaluating the maintenance of human grafts in vivo and their capacity to 

establish vascular connections with host vasculature. It has to be noted that due to facilities issues, 

mice could not be kept at thermoneutrality (30°C). For this reason, transplanted mice were either kept 

at 21°C (n=3) or transferred at 4°C (n=4) for two days in an attempt to induce thermogenic activation 

within human transplants. 

At day of sacrifice, human grafts were still distinguishable (Figure 36A) and found closely intricated 

with surrounding tissue requiring dissection to get separated human transplant from mice BAT (Figure 

36A). For most mice, some mice vessels could be macroscopically observed around the human graft 

(Figure 1A). Hematoxylin and eosin staining showed human transplant adjacent to mice BAT without 

apparent signs of immune rejection as expected from immunodeficient mice (Figure 37A, a.). To assess 

human cell presence, tissue sections were stained with specific human antibodies against human 

vimentin, an intermediate filament protein expressed in most mesenchymal cells, and human ku80, 

component of DNA binding Ku complex. Both of these proteins were strongly detected in transplants 

demonstrating an important survival of human cells (Figure 37A, b-c.). Besides, clusters of human 

adipocytes could be found inside the transplant (Figure 37B, c.). Regarding vascularization, human 

vimentin staining revealed the presence of small unstained vessel lumens within the transplant, 

suggesting that host mice blood vessels grew into the transplanted human micro-tissue (Figure 37B, a. 

red arrow). Furthermore, human CD31 staining revealed the presence of human tubular vascular 

structure demonstrating maturation of pre-formed endothelial cells networks in human micro-tissues 

(Figure 37B, c). Strikingly, these human vessel lumens were filled with unstained small cells reminiscent 

of mice erythrocytes. This result suggested functional perfusion between human and mice vasculature. 

To confirm the connection of human vascular networks to the recipient circulatory system, mice were 

injected with human and mouse specific lectins before euthanasia. Both human and mouse lectin 

signals could be found within the transplant in some location close to the adjacent mice tissue (Figure 

37B) indicating perfusion of some human vessels by host vasculature. 
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Figure 37. Evaluation of transplanted micro-tissue survival and vascular engraftment. A) Histological 

characterization of human cells within transplant. (a.) Hematoxylin and eosin staining, transplant is outlined. (b,c) 

Human vimentin (b.) and human Ku80 (c.)  immunostainings were used to evaluate the presence of human cells. 

Red arrows depict unstained mice vascular lumens. (d.) Human endothelial cells were revealed by human CD31 

immunostaining. Red arrowheads depict human vessel lumens in which cells reminiscent of mice erythrocytes 

could be detected. B) Detection of human (red) and mice (green) specific lectin within transplant and surrounding 

mice tissue (mBAT, mWAT). Human Ku80 (pink) immunostaining revealed human cells. Transplant and adjacent 

mice tissues are labelled. (b.) shows magnified white squared area. (c.) Transplantation of GelMA without cells 

was used as a negative control of human lectin staining. 
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Regarding UCP1 induction, transplanted mice maintained at 4°C showed increased UCP1 (mUCP1) 

expression within BAT compared to ones maintained at 21°C, suggesting the effectiveness of this 

method to increase host thermogenic activity (Figure 38B). However, human UCP1 (hUCP1) remained 

barely detectable in the transplant in both conditions similarly to unactivated state of beige adipose 

micro-tissue before transplantation (Figure 38C). This was associated with an overall decrease of 

human adiponectin (hADIPOQ) expression in human transplants (Figure 38C). Thermogenic activation 

by cold exposure strongly relies on sympathetic innervation that relays information to adipose tissue 

through adrenergic stimulation. Hence, lack of UCP1 induction in human transplant under cold 

exposure may come from improper innervation of the graft, given that establishment of innervation 

can be a long-lasting process. 

In a second experiment, as an alternative to cold exposure to avoid requirement of sympathetic 

innervation, we tested a pharmacological approach to induce UCP1 expression in vivo. This approach 

was based on previously established protocol that demonstrated robust in vitro UCP1 induction in 

human beige adipose micro-tissue. This protocol consists in treatment of cells with a cocktail of 

canonical thermogenic inducers containing a cell permeable cAMP analog i.e. 8-CPT-cAMP[367], 

rosiglitazone (PPARγ agonist) [312] retinoid acid [311] and thyroid hormone [310] for three days. As a 

first approach, this protocol was adapted for in vivo condition through the use of three daily injections 

of induction cocktail in mice before sacrifice. Inducers or vehicles were injected close to 

transplantation site and in proximity to one inguinal WAT depot, aiming to trigger thermogenic 

activation within the human graft and evaluate the potential browning of the mice WAT, respectively. 

However, injection of inducers neither increased mUCP1 in mice BAT and inguinal WAT nor hUCP1 in 

human grafts compared to vehicle injection (Figure 38C-D). As for cold exposure experiment, our 

preliminary results suggest an overall decreased expression of hADIPOQ within human graft (Figure 

38F). Additionally, to assess a potential inflammatory effect of the injections, mRNA expression of 

mouse CD45 (mCD45), a marker of nucleated hematopoietic cells was assessed. mCD45 tended to 

increase in human graft compared to surrounding BAT in both injection conditions while it was 

increased in mouse inguinal WAT in induction condition, suggesting a specific inflammatory effect of 

injected inducers on mice AT. 
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Figure 38. Evaluation of UCP1 induction within human beige micro-tissue after transplantation. 

After 14 days post-transplantation surgery, transplanted mice were subjected to UCP1 induction A-B) 

Transplantation study using cold exposure as UCP1 inducers A) Gene expression analysis of mice UCP1 (mUCP1) 

in mouse BAT (mBAT) in absence (21°C, n=3) or in presence of cold exposure (4°C, n=4). B) Gene expression 

analysis of human UCP1 and human adiponectin, marker of mature adipocyte within human graft before (vitro) 

and after transplantation (under 21°C or 4°C condition). C-E) Transplantation study using pharmacological 

approach to induce UCP1 in vivo. Injections of thermogenic inducers were performed next to BAT and right 

inguinal WAT. C) Gene expression of mUCP1 in mBAT and right inguinal under non-transplanted (Ctrl), vehicle 

injection (vehicle) and inducer injection (ind) conditions. D) Gene expression analysis of human UCP1 and human 

adiponectin within human graft before (vitro, n=1) and after transplantation under vehicle or inducers injection 

conditions (n=4). E) Gene expression of mouse CD45 in paired human transplant, surrounding mice BAT and 

injected inguinal WAT under vehicle and inducers injection condition (n=4). Non-transplanted (Ctrl) mBAT and 

right inguinal WAT are used as control to assess basal CD45 level in host tissue (n=3). All quantitative values are 

shown as mean ± standard deviation. Statistical analyses were performed by two sample t-test. Statistical 

significance: * < 0.05. 
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4. Discussion 

The objective of thermogenic AT transplantation in the context of metabolic disorders is to increase 

whole body energy expenditure and enhance glucose tolerance. Prerequisites for such an approach 

are successful generation of thermogenic adipocytes and creating a suitable microenvironment that 

supports their retention, long-term survival and function after transplantation.  

For successful thermogenic adipose tissue transplantation, the type of thermogenic adipocytes 

generated is a crucial consideration. Brown adipocytes express UCP1 constitutively, whereas beige 

adipocytes require sustained thermogenic activation to maintain high UCP1 levels. Thus, the retention 

of thermogenic capacity in brown adipose grafts is directly linked to adipocyte survival, while for 

transplanted beige adipocytes, this retention also necessitates the maintenance of adipocyte plasticity. 

Brown adipocytes may initially seem more favorable for therapeutic strategies. However, due to the 

scarcity and limited accessibility of human BAT, primary brown adipose progenitors are not a reliable 

source for cell transplantation. Most methods for in vitro generation of brown adipocytes rely on 

immortalized cell lines or genetically modified cells, which are not suitable for clinical applications 

[25,262,263,344]. Therefore, it is currently challenging to envision engineered brown adipose tissue as 

a viable option for therapeutic transplantation. As an alternative, several studies including ours have 

demonstrated the possibility to generate human beige adipocytes using SVF of human subcutaneous 

WAT. Contrary to human BAT, subcutaneous WAT is an easily accessible source which opens the way 

to autologous transplantation, avoiding immune rejection issues. Consequently, in the long term, 

engineering beige adipose tissue appears to be more viable than brown adipose tissue for therapeutic 

applications. Min et al. demonstrated the beneficial effect of beige adipocyte transplantation derived 

from human WAT to improve glucose tolerance in NSG obese mice [264].  

In some studies, creation of a microenvironment favorable to survival and retention of transplanted 

thermogenic adipocytes involves embedding of adipocyte cell suspension into Matrigel before 

transplantation [263,264]. While Matrigel was proved to increase transplanted cell survival, its use 

remains incompatible with clinical transplantation. From our previous work, we demonstrated that 

pre-vascularized human beige adipose micro-tissues could be generated using a biocompatible GelMA 

hydrogel with defined composition. Here, preliminary xeno-transplantation assays in NSG mice 

demonstrated the feasibility of these micro-tissue engraftment with maintenance of human cells 

survival over several weeks post-transplantation. Histological analysis revealed that an important 

number of human cells can be found in retrieved transplants which include human adipocytes and 

endothelial cells. These assays demonstrated the functionality of human micro-tissue vasculature 

which was able to mature in vivo and establish interconnections with the recipient vascularization. 
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Engineered beige adipose micro-tissues exhibit the ability to get perfused by host vasculature which 

may contribute to the survival of human cells but also represent a critical factor when considering a 

therapeutic effect of these transplanted cells. Indeed, transplanted thermogenic adipose grafts have 

to be able to uptake host metabolites to operate their role of metabolic sink once activated to expect 

reduced hyperglycemia in diabetic and obese hosts. Besides, it has been shown that BAT 

transplantation induces systemic effect on host metabolism through its endocrine activity which relies 

on its integration into host vasculature [368]. Hence, these preliminary experiments highlighted the 

promising potential of human beige adipose micro-tissues transplantation regarding overall human 

cells maintenance and establishment of functional vascular compartment supportive of adipocyte 

function.  

However, despite survival of human cells, in these first trials, the thermogenic adipogenic program was 

not successfully induced within the transplanted human beige adipocytes in vivo using cold exposure 

or pharmacological inducers. Absence of UCP1 induction in the graft may be explained either by 

inappropriate thermogenic stimulation protocols or a loss of the beige adipocyte phenotype in vivo.  

Histological comparison between in vitro micro-tissue before transplantation and harvested transplant 

should be conducted to evaluate the change of cell populations within the graft over post-

transplantation duration. Besides, evaluation of transplant state after different duration post-

transplantation surgery would give insights on the evolution of the graft within the mice. These cell 

populations include vasculature, innervation, immune cells, adipocyte and progenitor compartments. 

Despite that maintenance of human adipocytes was observed by histological analysis, mRNA 

expression of mature adipocyte markers seemed to be overall decreased in the graft after 

transplantation. This may indicate either a loss of adipocytes or an impairment of adipocyte function. 

Several hypotheses can be proposed. Loss of adipocytes may arise from mechanical loss during initial 

surgical procedure or from exposure to hostile host environment impairing cell viability prior to human 

vasculature integration. In case of loss of mature adipocytes, sustaining the beige adipogenic 

phenotype within the graft would necessitate the continued generation of human beige adipocytes 

within the graft in vivo. Therefore, it would be important to assess the presence of adipose progenitors 

within human transplant pre and post-transplantation. Additionally, several factors can impact beige 

adipocyte function and their renewal in vivo. Firstly, local inflammation could contribute to negatively 

impacting beiging potential of WAT and impaired adipogenesis [213]. As expected of immunodeficient 

mice models, no signs of immune-rejection of the grafts were histologically observed. Nevertheless, 

increased expression of mice CD45 within human grafts may indicate a recruitment of some immune 

cells that can participate in local inflammation. Further histological characterization is required to 
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confirm the presence of mouse immune cells within human transplant. Besides, the pro and anti-

inflammatory nature of these cells should be considered.  

On another hand, mice BAT might not constitute a suitable host environment to maintain for 

thermogenic plasticity of human beige adipocytes contrary to our first hypothesis. Due to facilities 

challenges, NSG mice could not be maintained at thermoneutrality during these experiments. 

Consequently, mice were under constant thermogenic activation. This activation may subject human 

adipocytes to metabolic stresses prior to establishment of vasculature or innervation that could 

contribute to their integration into thermogenic processes. Hence, over the weeks before initiating 

UCP1 stimulation protocol, inactivated human beige adipocytes may serve as a source of fatty acids to 

fuel adjacent tissue thermogenesis. This could potentially contribute to inadequate thermogenic 

activation at the time of UCP1 stimulation. In these trials un-activated beige adipocytes have been 

transplanted, in vitro pre-activation of the grafts as described in Min et al. study may help to better 

preserve cell plasticity [269]. Additionally, further experiments would need to explore approaches 

which may expose the graft to a less competitive environment. This can be considered either by 

selecting another graft site or by reducing the thermogenic capacity of the mic. Maintaining NSG mice 

under thermoneutrality conditions could be a potential solution to reduce thermogenic activation, but 

it will require specialized animal facilities. Another option will be to use UCP1-KO mice however these 

kinds of models will have to be developed in immunodeficient mice to allow xenogeneic 

transplantation of human beige adipose tissue in mices. Opting for a change in the transplantation site 

may offer a more viable approach in the continuation of our ongoing research. Potential engraftment 

sites encompass subcutaneous transplantation s in the dorsal regions or close to the kidney capsule 

known to favor neovascularization and for its catecholamine secretion that can promote thermogenic 

activation.  

In addition to the transplantation protocol, the nature and timing of the thermogenic program 

activation protocol should be considered. Absence of UCP1 stimulation by cold exposure may be due 

to the absence of innervation of the human graft by the host sympathetic nervous system which are 

often described several months post-transplantation. Pharmacological activation represents a more 

flexible stimulation protocol to evaluate retention of graft thermogenic activity over several days to 

several weeks post-surgery durations. In our first trials, the use of UCP1 stimulation cocktail 

established for in vitro thermogenic induction of human micro-tissue showed variable results on mice 

thermogenic activation. A first step to improve the pharmacological approach of in vivo thermogenic 

activation would be to determine a minimal stimulation cocktail able to induce thermogenic activation 

of both host mice AT and human graft without adverse effects. This will enable checking of cocktail 
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induction effectiveness independently of human graft retention phenotype. Delivery techniques of 

pharmaceutics should also be considered. Providing local and continuous delivery of inducers to the 

graft using osmotic pumps may help to promote maintenance of transplanted human beige adipocytes 

identity and confer them with better selective advantage than short-time systemic induction.  

Overall, these preliminary transplantations assays demonstrated the feasibility of the transplantation 

of our engineered human micro-tissues and the functionality of their embedded vasculature. 

Currently, we have been unable to establish the persistence of the beige phenotype in these 

transplanted structures. Nonetheless, the favorable survival of human cells and their integration into 

the host tissue holds promise for the ongoing experiments. Our forthcoming endeavors require a more 

comprehensive examination of the graft progression over time to precisely identify the reasons behind 

the lack of a response to thermogenic activation. Furthermore, changes in the design of the 

transplantation studies including engraftment and UCP1 stimulation protocols as well as 

differentiation state of the graft need to be considered for further experiments. 
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The emergence of approaches for in vitro generation of 3D complex tissue construct have marked a 

turning point in our ability to model and understand living tissues. Thanks to their potential to replicate 

part of cell spatial organization within specific environment these 3D models are invaluable tools to 

gain deeper understanding of tissue physiology and physiopathology. Besides, engineered 3D tissues 

have far reaching implications in the development of innovative therapies either serving to identify 

putative targets, as models for drug screening approaches or as ATMPs to instruct or support specific 

organ functions.  

During this thesis, our work more specifically focused in the study of human beige adipose tissues for 

which very few 3D models have been already described [22–25]. We develop innovative engineering 

approach based on 3D microenvironment engineering to guide self-organization of cell aggregates 

derived from human adult SVF of WAT towards generation of functional and vascularized human beige 

adipose organoids. These organoids recapitulate tissue architecture associated with key secretory and 

metabolic features of native adult beige AT. By the use of controlled biochemical and biomechanical 

environment, translation of 3D microenvironment was achieved also at macroscopic scale to obtain 

functional micro-tissues opening the way to transplantation application. Altogether, these models 

represent promising physiological ex vivo models to study human beige AT physiopathology and to 

identify putative thermogenic drugs. Hence, thorough this work we have achieved our primary aim to 

develop adaptable tissue engineering approaches for the generation of multi-purposes adult tissue 

models.  

In the following stages, these human beige adipose organoids could be integrated into microfluidic 

chip to be used as drug screening platform. Organoid-on-chip represent promising approach to control 

for drug delivery while monitoring change in organoid environment as readout of cell responses [369]. 

Thermogenic activation of beige AT is characterized by metabolic adaptation that result in heat 

generation. It has also been proposed that thermogenic activation correlates with change in redox 

environment [370]. Therefore, we can imagine to implement microfluidic chip in an oxygen-controlled 

microenvironment with temperature, potential redox sensors or O2 and CO2 sensors to monitor 

metabolic rate [371–373]. Combining such approach with micro-pipetting platform would also allow 

to monitor medium composition in nutrients as well as adapting it accordingly to avoid oxidative stress 

and aberrant metabolic activity of cells commonly observed in non-physiological culture conditions 

[374]. 

To enable the incorporation of organoids into clinical and industrial settings, it is essential to meet 

specific criteria, including the need for a high-throughput production process and the minimization of 

batch-to-batch variations [375]. These include the need for large-scale production of high cell quality. 
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Large-scale manufacturing processes of ASC for clinical application have already been described and 

involve the use of bioreactors [376]. Until now, these approaches focused only on ASC production but 

they may be adapted for amplification of both ASC and endothelial progenitors. We have 

demonstrated that beige adipose organoids can be obtained from SVF cells derived from single 

amplification process. Generation of organoids derived from SVF cells after different passages as well 

as from cryopreserved cells should be tested to determine which framework of large-scale cell 

production can be adopted. The main challenge to overcome is the maintenance of endothelial 

progenitors which are expected to decrease in proportion during SVF amplification due to clonal 

selection [377]. Besides, SVF cells show donor-dependent heterogeneity, proliferation and 

differentiation potential. Thus, standardize process would require routine characterization of the cells 

prior to seeding for example through cell cytometry. An alternative would be to use biobank of defined 

patient/donor cells which rise several ethical concern including ownership of the cells and potential 

applications [378]. While high production of ASC spheroids through parallel processing can be 

envisioned, the development of organoid also includes the need for large-scale production of 

standardized and parallel processing for spheroids positioning in hydrogel. This will require to explore 

automated spheroid deposition process such as described by Ayan et al. [379] combine with high 

throughput automation systems.  

A second objective of this work was to explore the parameters that govern the in vitro development 

of organ substitute. We suppose that the main reason for which organoids better recapitulate tissue 

function compared to 2D culture or spheroids models relies on their capacity to recapitulate part of 

the different organ-specific cell compartments in an architecture mirroring native one. Therefore, 

success of functional tissue in vitro generation would reside in guiding altogether spatial 

rearrangement and differentiation of a cell source into spatially organized various cell types. 

In this endeavor a crucial parameter to consider is the cell source. Creating tissue constructs containing 

multiple tissue-specific cell types can be achieved using a mix of progenitor cells that will subsequently 

differentiate into specific cell types or using stem cell-based approach which allow for development of 

several cell types from an initially homogenous cell population. These stem cells can be either obtained 

from fetal (ESCs) and adult tissues (adult stem cells) or generated in vitro by reprogramming of somatic 

cells (iPSCs). hiPSC have the advantages that they can be produced in high quantity and be derived into 

wide range of cells compared to adult stem cells whose access is often limited in humans and show 

restricted differentiation lineages. However, up to now hiPSC-derived organoids display immature 

functionality. Conversely, organoids derived from adult stem cells present higher functionality but only 

allow for the development of parenchymal cells lacking vascular and mesenchymal compartments. 

Here we have described the potential of the SVF as a mixture of progenitor cells and multipotent ASC 
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as a promising and readily available cell source for the generation of vascularized organoids containing 

parenchymal and mesenchymal cells. Thus, we believe that the use of SVF is often underestimated as 

a potential cellular source for organoid generation. Furthermore, it may be conceivable to combine 

SVF cells with other adult stem cell sources to enable the generation of a vascularized mesenchymal 

compartment that supports specific parenchyma. Inversely, differentiating hiPSC-derived cells in 

presence of adult stem cells may favor their functional maturation.  

Once the cell source selected, cells should be provided with a 3D microenvironment driving the 

development of required cells in time and space. Multipotent cells are especially sensitive to their 

environment as extrinsic chemical and biophysical cues will promote their differentiation toward a cell 

type or another. Generation of differentiated cells from multipotent stem cells involve interacting 

balances of differentiation processes. Therefore, the promotion of specific cell types will come at the 

cost of the development of others. For this reason, careful attention should be given to the engineering 

of microenvironment permissive to the differentiation of intended cell types while also preventing the 

development and selection of competing cells. This can be adjusted through the use of inhibitions as 

we have observed with inhibition of TGFβ pathway. In addition to driving multiple cell types 

development, engineered microenvironment should favor their spatial rearrangement to ensure the 

emergence of tissue architecture supporting tissue function. In this study we identified that providing 

cell with ECM-like material was a prerequisite to promote this process. Besides, we could observe that 

cell distributions within GelMA hydrogel varied with its concentration upon which its mechanical and 

physical properties depend. These results strongly indicate that self-organization is importantly 

affected by biomechanical environment. Further mechanical characterization of the different GelMA 

hydrogels should be conducted to correlate this behavior with specific biophysical parameters such as 

hydrogel porosity, viscoelasticity or degradability and their evolution along the culture. Thanks to its 

tunability and controlled definition, GelMA hydrogels offer opportunities to derive principles to drive 

self-organization of cells where approaches relying on undefined Matrigel might be strongly limited by 

the variability and poor tunability of this material. To better advance our understanding of the 

biophysical factors influencing cellular organization within a 3D matrix, it would require to develop and 

use custom-designed hydrogels that allow for the independent manipulation of its mechanical 

properties. Besides, it would be interesting to compare experiments performed using cell aggregates 

and high-density cell suspension either locality injected [187,188] or dispersed in hydrogel of given 

composition. This would allow to study influence of cell-cell vs cell-matrix interactions on cell 

organization as strong cell-cell interaction induced by cell preaggregation may slow down initial cell 

rearrangements. 
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In conclusion, given ASC multipotency and tunability of GelMA hydrogel, methods described in this 

work could be easily adapted for the development of other mesenchymal tissues but also to derive 

principles of controlled organoid engineering beyond stochastic differentiation and self-organization 

of cells, as traditionally seen with Matrigel-based methods. Understanding and achieving precise 

control over environmental parameters is not only vital for process reproducibility but also for their 

scalability to different tissue scales as shown in this study for the generation of micro-tissue. We 

believe that such approaches can contribute to the conceptualization of a theoretical framework for 

the processes underlying self-organization of cells. Understanding self-organization processes require 

to understand how cell states dynamically evolve along collective cell rearrangements shaping their 

microenvironment but also influenced by it. Importance of spatial organization as a motor and not only 

a consequence of self-organizing process is often overlooked. The revolution of single cell omics has 

unveiled important cell heterogeneity and cell fates variability resulting from inherent stochasticity 

and dynamic of events in interacting systems. This has provided a different perspective on cellular 

development and self-organization processes, which had historically been seen as a sequence of 

predetermined events within the embryo. Stochasticity of self-organization processes in organoids is 

much more apparent as it leads to important variability in morphology and functions. Thus, combining 

organoids generation with controlled environment is a powerful tool to decipher what parameters 

influence cell selection and fate processes to guide robust tissue organization. To this aim, single cell 

spatial organization and temporal evolution within organoids along its development should be 

addressed using spatially resolved omics [380] and live cell imaging at single cell resolution [381]. Such 

approaches have been performed to study cellular heterogeneity during collective cell behavior of 

intestinal organoid development within Matrigel [382]. By revisiting our understanding of tissue 

development processes, application of these strategies using organoids and hydrogels with tunable 

mechanical and chemical properties brings the opportunities for unprecedented cross-investigations 

in basic science and engineering strategies.  
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Abstract: Compared to cell suspensions or monolayers, 3D cell aggregates provide cellular interac-
tions organized in space and heterogeneity that better resume the real organization of native tissues.
They represent powerful tools to narrow down the gap between in vitro and in vivo models, thanks
to their self-evolving capabilities. Recent strategies have demonstrated their potential as building
blocks to generate microtissues. Developing specific methodologies capable of organizing these
cell aggregates into 3D architectures and environments has become essential to convert them into
functional microtissues adapted for regenerative medicine or pharmaceutical screening purposes.
Although the techniques for producing individual cell aggregates have been on the market for over
a decade, the methodology for engineering functional tissues starting from them is still a young
and quickly evolving field of research. In this review, we first present a panorama of emerging
cell aggregates microfabrication and assembly technologies. We further discuss the perspectives
opened in the establishment of functional tissues with a specific focus on controlled architecture and
heterogeneity to favor cell differentiation and proliferation.

Keywords: cell spheroids; organoids; cell aggregates; functional microtissues; microfabrication;
assembly technologies; micropatterning; microengineering technology

1. Introduction

In comparison with individual cell suspensions, three-dimensional (3D) cell aggregates
provide key advantages for the creation of functional microtissues [1–4]. The cell aggre-
gation process gives rise to multicellular assemblies with arbitrary shapes and numbers
of cells that include different types of structures based on their complexity level: clusters,
spheroids, multicellular spheroids, and organoids. Compared to suspensions of isolated
cells, such 3D cell aggregates provide cellular interactions that better resume the real orga-
nization of native tissues [5–9]. Furthermore, the co-culture of different cell types in these
aggregates (such as endothelial or immune cells) can facilitate ECM secretion, promote
pre-vascularized networks and allow more accurate recapitulations of physiological tissu-
lar microenvironments [10,11]. This perspective has strongly motivated the development
of methods to generate large-scale constructs by organizing multiple cell aggregates in
controlled architectures to achieve large-scale functional constructs [12,13]. Intriguing ap-
proaches such as 3D bioprinting and micro-robotic placements through magnetic, acoustic,
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and pressure actuation methods have been proposed in this direction. To our mind, a broad
analysis of the technical concerns and scientific opportunities behind these first attempts
could be fruitful for the bioengineers targeting the generation of functional tissues.

In this paper, we review the emerging spheroid/organoid handling technologies
and their perspectives on building functional microtissues (Figure 1). We describe the
recent and promising routes suggested in the literature and propose a synthesis of the
challenges identified for regenerative medicine or drug assessment applications. We
also address the improvements in the building of functional biological artifacts from cell
aggregates compared to construction schemes based on individual cells. Finally, we discuss
combinatorial methods for making pre-mature microtissue models of increased efficiency
to shorten the healing time when implanted into humans.
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2. Engineering Novel Building Blocks for Microtissue Formation

Despite considerable progress in tissue engineering, the development of relevant
tissue models reproducing the cell population diversity, the cellular organization, and the
environment found in organs is a major challenge. The behavior of mammalian cells in
a tissue is indeed governed by specific three-dimensional (3D) microenvironments that
involve a dynamic interplay between biochemical signals provided by the extracellular
matrix (ECM), cell-cell interactions, and soluble factors. Moreover, the physical properties
of the microenvironment, including stiffness, geometry, and topography act in concert
with biochemical signals to impact cell fate, tissue homeostasis, and functionality [14,15].
Current 2D culture models have demonstrated the ability to form de novo extracellular
matrices (ECMs) from seeded cells, but this planar configuration cannot reproduce cer-
tain key physiological features of the in vivo native environment, including the dynamic
cell-ECM, cell-cell interactions, and the heterogeneity and complexity of cell architectures
in 3D (e.g., tubular structures as intestine; hollow, nontubular, viscous organs as vagina;
solid organs as liver and bone) [16,17]. To date, one of the major bottlenecks in tissue
engineering is the organization in 3D of multiple cell types associated with specific matrix
compositions to initiate the structural organization of tissues. In this respect, embedded
mammalian cells within hydrogel materials have been largely investigated to generate 3D
tissue structures [18]. This approach has attracted significant interest due to the tunability
of the properties of the embedding material. This versatility has been used to mimic natural
ECM to control the porosity of the microenvironment, which is crucial for cell proliferation
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and transplantation and to shape the biological artifact in 3D [19–21]. Many studies have
attempted to engineer cell-laden structures with ideal geometric shapes that can induce
tissue fusion to produce 3D constructs. There is now a deeper appreciation of the develop-
ment of these small pieces of tissues, often called microtissues, to recreate the complexity
of native architectures and favor their integration and maturation in vivo (Box 1). Even
if they cannot fully mimic in vivo situations, microtissues built up from well-controlled
and tunable matrices, and cell types have generated interesting results for organotypic
studies and transplantation [11,22]. However, some limitations of this approach have been
reported and discussed such as relatively low cell density, the lack of cell-cell interaction,
and the poor diffusion of metabolites within the structure. Altogether these effects affect
cell viability and impede the emergence of advanced tissular functions [23,24].

Box 1. Definition of different types of cell aggregates.

Cell aggregate: Cell aggregation is a generic term describing the clustering and adhesion of initially
separate cells to form an aggregate. The aggregate morphology permits re-establishment of the
cell-cell contacts normally present in tissues; therefore, cell function and survival are often enhanced
in aggregate culture.

Spheroid: Spheroids are generated from primary cells or immortalized cell lines. The common
composition is one cell type. However, multicellular spheroids loaded with different cell types can
be formed when a culture medium is optimized for co-culturing.

Organoid: Organoids originate from tissue-derived adult stem cells, embryonic stem cells, or in-
duced pluripotent stem cells, capable of self-renewal and multi/pluripotency. In suitable conditions,
these immature cells are able to give rise to the different phenotypes present in tissues. Therefore, a
key difference separating organoids from spheroids is that organoids better represent the in vivo
cellular heterogeneity and physiological functionality of the organ.

Assembloid: Assembloids are the next generation of organoids. They combine organoids generated
from different organs or different regions of an organ. Culture media optimization, mentioned for
the generation of multicellular spheroids, is even more critical to assembling organoids.

The use of cell aggregates (Box 1) as a building block for the formation of microtissues
requires the development of specific methods capable of creating 3D architectures while
providing a suitable microenvironment to promote tissue maturation and reach a functional
state. Methods such as directed assembly, magnetic assembly, microfluidic assembly, or
hanging droplets benefit from spontaneous interaction mechanisms in confined geometries
and provide parallel processes to assemble a large number of entities in a single step. These
methods usually provide simple construction approaches, but they often lack the degree of
accuracy and control required to create complex architectures with arbitrary arrangements.
In this respect, bioprinting has recently emerged as a sequential but versatile technique for
the creation of custom 3D configurations of cellular aggregates. Bioprinting gathers several
methods that allow the direct placement of cells or cell aggregates with or without, together
with a biomaterial mimicking extracellular matrix (ECM). It includes droplet-based or
robotic handling methods that have shown considerable potential for creating complex
architectures from cell aggregates.

Here, we outline several methodologies and summarize their merits and limitations
for the creation of microtissue constructs (Table 1). These technologies will be further
discussed in the following paragraphs.
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Table 1. Comparison of assembly methodologies of cell aggregates for tissue constructs.

Bioprinting

Method Directed
Assembly

Magnetic
Assisted

Microfluidic
Handling Hanging Droplets Drop Based Microneedle Arrays Pressure Driven

Assembly
Process Parallel Parallel Parallel Parallel Serial Serial Serial

Working principle
Spheroids confinement in

patterned templates or
scaffolds

Inclusion of magnetic
nano/

microparticles within
spheroids

Use of convective flow in
confined geometry to trap

spheroids

Merging of neighboring
droplets containing

spheroids

Use of single spheroid
loaded droplets as carriers

Use of a robotic arm to trap
spheroids in an array of

needles

Deposition of spheroids by
aspiration system into,

temporary or not, hydrogels

Cell types

Rat cardiomyocytes, rat
cardiac fibroblasts,

human pluripotent stem
cells, equine cartilage cells

Microvascular endothelial
cells, rat embryonic spinal

cord cells

Patient-derived parental
and metastatic OSCC
tumor cells, Human
HepG2 hepatocytes

Human HepG2
hepatocytes, HEK293T

cells

Human microvascular
endothelial cells (HMVEC),

HUVECs

Human dermal fibroblasts,
human aortic smooth

muscle cells, micro-mini
pig mesenchymal stem

cells.

Human iPSC-derived cardiac
cells, HUVECs, human

mesenchymal stem cells,
murine 3T3 cell line, murine

intestinal cells.

Culture duration
post-assembly

From a few hours to
several weeks

Up to 60 days with hiPSCs

From a few days to several
weeks Short term Short term Short term Mostly a few days, up to

two weeks Up to three weeks

Spheroid handling Contact Non-contact Non-contact Non-contact Non-contact Contact Contact

Advantages

Rapid tissue assembly
Flexibility over the use of
different spheroid types

Controllable optical
mapping

Suitable for matrix rich
tissues (bone, cartilage)

Compatible with hydrogel
embedding

Control of spheroid
positioning inside complex

patterns
Possible stacking of

multiple spheroids layers
to generate 3D tissue

Fine control over
microenvironment t
3D culture perfusion

Compatible with drug
screening purpose

Combinatorial approach
Flexibility over the use of
different spheroid types

High control of spheroid
positioning

Quality control for the
generation of droplets
loaded with individual

spheroids
Possibility to engineer
self-folding droplets

High control of spheroid
positioning

Combinatorial approach
Mechanical stability

provided during tissue
formation by the needles

array

High control of spheroid
positioning

Microvasculature fabrication
using sacrificial material
Promotion of microtissue
survival by scaffold-based

approaches

Limitations
Low reproducibility
Limited control over

pattern geometry

Long-term presence of
magnetic particles

Potential cytotoxic effects

Poor control over 3D
architecture

Difficult to standardize
and scale up for

multicellular systems

Poor control over 3D
architecture

Low reproducibility
Limited long-term

maintenance with necrotic
core formation

Non-physiological cell
density

Limited performance for
complex 3D structuration

Low flexibility
Not suitable for large

aggregates
Time-consuming

Possible low cohesion of
the bio-construct after

micro-needle array
removal low

reproducibility

Low printing velocity due to
sequential handling of

spheroids
Challenging maintenance of
mechanical stability when
associated with sacrificial

material

3D
Positional accuracy Low Medium Low Low High High High

Scalability Low High Difficult for multi-cellular
system Low Medium Low Reduced by printing velocity

Comments Ongoing developments to
reduce particle cytotoxicity

Requires further
developments for the
evolution of spheroid
assemblies towards

forming a microtissue

Ongoing studies to
increase the diffusion of

oxygen and nutrients

Requires careful control
over the synchronization
of spheroid printing and

the movement of the
printing nozzle

Ongoing development of
tailoring

micromanipulators that
can match spheroid

dimensions

Requires careful attention of
the choice of supporting

hydrogel

References [25–27] [28–31] [32] [33–35] [36,37] [38–46] [22,47–50]
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2.1. Directed Assembly of Spheroids and Organoids

Self-assembly is usually defined as the autonomous organization of mobile objects
into complex architectures [51,52]. Directed assembly involves the introduction of driv-
ing forces such as chemical bonding, physical interactions, geometrical confinement, or
biological adhesion that can be tuned to orient the assembly into a desired structure or
configuration [53]. This concept has been recognized as an efficient approach to ordering
large numbers of mobile objects (e.g., microparticles, cells) in a parallel way and has been
recently extended to spheroids. Kim et al. (2018) generated scaffold-free 3D cardiac mi-
crotissues composed of multicellular spheroids used as building blocks and arranged in
different configurations such as homotypic or heterotypic pairs and elongated structures
(Figure 2A). Using a construction strategy based on the confinement of spheroids within
topographically patterned templates the authors demonstrated the construction of fused
heterocellular cardiac tissue with interconnected morphologies [25]. Birey et al. (2017)
applied the same method for the fusion of two forebrain organoids (Figure 2B) to mimic
human brain development and demonstrate inter-neuronal migration [26].

1 
 

 

 
  
Figure 2. Directed assembly approaches. (A) Formation of cardiac spheroid pairs, and elongated
microtissues. Cardiac fibroblasts (CF) and cardiomyocytes (CM) in suspension were co-seeded to the
center of the hydrogel. (i) cylindrical microwells containing homotypic or heterotypic spheroid pairs
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(ii) elongated molds to form a larger building block. Scale bars: 800 µm. (iii) Cryosections of
spheroids stained with antibodies recognizing α-sarcomeric actinin and vimentin for the CMs (green)
and CFs (red), respectively. Scale bar: 50 µm. Reprinted from Ref. [25]. (B) Spheroid fusion of human
cortical spheroids (hCS) and human subpallium spheroids (hSS). (i) Scheme of spheroid assembly
and morphology of the spheroids before and after assembly. (ii) Time-lapse of migration from hSS
into hCS (daf: days after fusion). (iii) 3D image of hybrid cerebral microtissue. Scale bar: 200 µm.
Reprinted with permission from Ref. [26]. Copyright 2017, Springer Nature.

Another report by Schuurman et al. (2016) investigated the placement of carti-
lage multicellular spheroids inside an amphiphilic poly(ethyleneglycol)-terephthalate/
poly(butyleneterephthalate) (PEGT-PBT) scaffold. The spheroids were assembled to pro-
duce a large-scale cellular 3D construct [27]. The zonal cell distribution pattern was not
preserved after 31 days of culture; however, the authors evidenced some lateral spheroid
fusion resulting in abundant cartilaginous tissue formation [51].

This method provides considerable flexibility in using different multicellular spheroids
and controlling their relative proportion [54,55]. This characteristic might be advantageous
for rapid and parallel tissue assembly but one of the major obstacles is the lack of flexibility
for the creation of arbitrary pattern geometries, in particular when targeting complex or
sparse 3D architectures.

2.2. Magnetic Assisted Assembly

Magnetic-driven positioning is a non-contact method to assemble spheroids. The
inclusion of magnetic nano/microparticles is required in order to manipulate and position
cell aggregates in levitation. The magnetic forces are involved to create specific attractive
forces with templates of magnets that can be designed by computer-assisted methods
(Figure 3). The organization can be obtained by labeling the cells with magnetic particles
or by adding these particles to the cell culture medium [28,56,57]. The magnetic forces
are used to maintain the formed 3D architecture while the fusion of the cellular building
blocks occurs [29]. Magnetic assisted assembly can be easily upscaled, and combined
with other methods such as hydrogel photopatterning [30], but it remains limited by the
long-term presence of magnetic particles within the tissue. In a recent study conducted at
the International Space Station, undesirable cytotoxic effects of the particles were reduced
by using low-toxicity Gd3+ salts and performing the assembly in microgravity. The latter
was successfully reported by Parfenov et al. (2020) in constructing 3D cartilage tissue
incorporating human chondrocytes. The fusion of chondrospheres was observed in a
non-toxic paramagnetic Gd3+ cell culture medium overcoming the gravitational force
constraint [31]. This method is also useful for positioning spheroids on complex patterns
with a possible stacking and 3D tissue generation [58,59].
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Figure 3. Manipulation of spheroids using a magnetic force. (A) (i) Schematic demonstration of
spheroid manipulations that can be achieved by using a magnetic force. (ii) The scheme of layer-
by-layer tissue reconstruction. Three pieces of human microvascular endothelial cell spheroids in
Mebiol gel were stacked into an overlapped or aligned three-layered structure. Scale bars, 500 mm.
Reprinted with permission from Ref. [29]. Copyright 2008, Mary Ann Liebert. (B) Patterning using
paramagnetic particles (i) Size distribution and viability (inset) of superparamagnetic iron oxide
nanoparticles (SPION) loaded endothelial cell spheroids. (ii) Light microscopy of magnetic template
for the fusion of the spheroids (left panel). Magnetic assisted assembly of the spheroids at 48 h (middle
panel). Confocal microscopy of preliminary fusion spheroids at Day 10 (right panel). Scale bar 2.5
mm. Reprinted with permission from Ref. [28]. Copyright 2013, John Wiley and Sons. (C) Magnetic
assembly of central nervous system (CNS) spheroids. (i) Phase images of neural constructs (βIII-
tubulin, white) indicate that the positioning of spheroids in constructs is more accurate with magnetic
bioprinting (top panel) than manual placement with pipet alone (bottom panel). Scale bar 500 µm. (ii)
Confocal imaging showing localized cell bodies (blue) and extending neurites (green) demonstrating
the accurate positioning of multiple spheroids in the same construct using a multi-magnet tool. Scale
bar 200 µm. Reprinted with permission from Ref. [30]. Copyright 2009, IOP Publishing.
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2.3. Microfluidic Handling

Microfluidics has emerged as a powerful tool for the controlled fabrication and pro-
grammed assembly of living building blocks [60]. In particular, the use of convective
flow in confined geometries provides a simple and easily parallelized route toward the
assembly of mobile objects in a suspension. This approach has first been applied to the
construction of spheroids or organoids starting from individual cell suspensions. More
recently this approach was extended to multi-spheroid constructs. In that respect, Ong et al.
(2017) proposed a microfluidic cell culture device capable of directly immobilizing and
maintaining the viability and functionality of 3D multicellular spheroids [32] (Figure 4).
Patient-derived parental and metastatic oral squamous cell carcinoma OSCC tumor and
human HepG2 hepatocyte spheroids were assembled and cultivated for up to 72 h with
good viability and functionality. Whereas the evolution of the spheroid assemblies towards
a microtissue could not be demonstrated, the metabolic activities of HepG2 spheroids
cultured in the 3D printed device were significantly higher than those of static 2D, which
were consistent with previous reports that 3D perfusion cultures enhance the liver-specific
functions of hepatocytes [32]. These results also demonstrated the advantages of microflu-
idic culture systems for drug screening purposes or improving culture conditions toward
tissue implantation and regeneration.
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Figure 4. Visualization of metastatic oral squamous cell carcinoma (OSCC) spheroids immobi-
lized within the cell culture chamber by (A) fluorescence (left) and light transmission (right) imag-
ing. Culture medium was spiked with FITC-tagged BSA to visualize the cell culture chamber.
Scale bar = 500 µm. (B) Fluorescent images of metastatic and parental HN137 OSCC spheroids in
the microfluidic device after 24 h and 48 h of perfusion culture. Scale bar 100 µm. Reprinted with
permission from Ref. [32]. Copyright 2009, IOP Publishing.

2.4. Programmable Assembly in Hanging Droplets

A straightforward approach to the formation of a spheroid is the hanging-drop method.
Cells are suspended in droplets of the medium, where they develop into coherent 3D
aggregates. In addition to being simple, the method eliminates surface interactions with
an underlying substratum, requires only a few starting cells, and is highly scalable and
reproducible. For the same reasons, this method has been applied to the co-cultivation of
mixed cell populations and the fusion of cell aggregates.
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In a recent article, Sloan et al. (2018) demonstrated the ability to generate region-
specific spheroid models to study human brain development [33]. The authors have
produced subdomain-specific forebrain spheroids from human pluripotent stem cells
(hPSCs) and shown how to combine the neural spheroids (human cortical spheroids (hCSs)
and human subpallial spheroids (hSSs)) in vitro to assemble forebrain assembloids that
recapitulate the interactions of glutamatergic and GABAergic neurons seen in vivo and
form physiologically relevant connections when assembled together. For that purpose,
spheroids were fused by confinement in the bottom of a 1.5-mL Eppendorf tube, providing
a simple and highly parallelized method for the creation of neural assembloids. Using
a similar approach, Andersen et al. (2020) have demonstrated the assembly of derived
organoids resembling the cerebral cortex or the hindbrain/spinal cord with human skeletal
muscle spheroids to generate 3D cortico-motor assembloids [34]. The authors envision
that his three-way system could develop a human cellular model of spinal cord injury
(SCI) or be applied to assembloids of various parts of the central nervous system to bring
insights into understanding its underlying developmental mechanisms into identifying
therapeutic strategies.

More recently, Cui et al. (2021) have developed a droplet microarray (DMA) platform
that enables the parallel generation of cell spheroids using hanging drop methods [35].
From the conceptual point of view, this approach is similar to conventional strategies used
for spheroid preparation that provide geometrical confinement in a cell suspension thanks
to the shape of the drop interface. The authors advantageously combined this strategy with
the planar arrays of hydrophilic patches that permit to generate, where the drops were
developed and were used as anchoring structures separated by superhydrophobic barriers.
Spheroids were generated by dispensing suspended cells in 50 to 300 nL liquid volumes
and exploiting the gravity-driven aggregation process occurring at the droplet-air interface.
By engineering specific DMA with controlled size and distances, it is then possible to
add controlled volumes of the medium into neighboring droplets to selectively induce
a spontaneous merging. Finally, the two initially separated spheroids were confined at
the droplet base to promote their fusion. The combinatorial capacity of this method has
allowed the creation of binary, ternary and quaternary assemblies (Figure 5). The method
was applied to the study of the fusion of HepG2 spheroids or to the study of Wnt signaling
propagation between 3D spheroids with varying cell compositions (HepG2, HeLa, and
HEK 293T) first on double and further on triple spheroid complexes [35]. This method
opens the way for high throughput and combinatorial investigations for rare and limited
cell types such as primary patient-derived cells. It is an open droplet microarray platform
that enables the structure of interest to be easily retrieved during experiments. However,
it is poorly adapted to the creation of larger dimension multi-spheroid assemblies with
controlled 3D architectures due to the formation of necrotic core induced by the limited
diffusion of oxygen and nutrients.

2.5. Bioprinting

Bioprinting is an additive construction process used to deliver and spatially organize
cells by stacking and assembling them into 3D architectures through different methods.
This process is applicable to individual cells, cell aggregates, and spheroids with or without
a supporting biomaterial. The process can be automated, thus allowing it to handle large
quantities of biological materials and to create 3D arrangements with a resolution down to
the cell level with high reproducibility [22,61,62].

Current conventional cell printing systems (extrusion, inkjet, or laser-assisted method)
offer a resolution below 50 µm, but they imply laborious multi-material printing strate-
gies and lack the possibility of handling large cellular constructs such as cell aggregates,
organoids, or spheroids. The concept of printing tissue spheroids was first introduced in
2008 [63–65]. Forgacs et al. (2008) precisely positioned multicellular spheroids by bioprint-
ing onto a layer of collagen, known as a biopaper [65]. Since then, many reports have been
detailing new automated methodologies for spheroid printing based on drop dispensing or
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on dedicated microgrippers [13,66–68]. In bioprinting technologies, homogeneity in the size
distribution of spheroids is a critical parameter to make them processable or dispensable
through a bioprinter head to prevent damage or clogging. Therefore, standardization of
the spheroid dimension is largely desirable for continuous dispensing.
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Figure 5. Programmable hanging drop method to form arrays of spheroids Reprinted with permission
from Ref. [35]. Copyright 2020, John Wiley and Sons. (A) Merging of adjacent droplets. (i) Schematic
of the hanging drop method to form arrays of cell spheroids using hydrophilic spots divided by
superhydrophobic borders (ii) Micrograph of an array containing 2, 3, and 4 merged droplets (left
side) and enlarged images of fused spheroids in merged droplets after 24 h (right side). (B) Examples
of multi-spheroid architectures formed by this method. (i) Micrographs of two HepG2 spheroids
fusing step by step over 96 h. (ii) Fluorescence microscopy images of hetero-spheroid architectures
built from two different cell lines (HeLa cells expressing RFP and HEK 293T stained with green 24 h
post merging. Scale bars 100 µm.

2.5.1. Drop Based Printing

Droplet-based bioprinting uses methods similar to those involved in inkjet printers [68].
A single spheroid is loaded into a droplet of a bio-ink, which is used as a carrier for
the printing and positioning of spheroids on surfaces (Figure 6). The key elements of
drop-based bioprinting are the physical properties of the ink, the volume of the droplet,
and the frequency of deposition, which are monitored by the dispensing head of the
printer. Careful control has to be provided for the synchronization of the spheroid printing
together with the movement of the printing nozzle. This method allows the fabrication of
layers made of spheroids [12] together with more complex 3D structures (Figure 6A) [36].
More recently, Gutzweiler et al., (2017), adapted this scaffold-free bioprinting technique to
automatically generate HUVEC spheroids via the hanging drop method [37]. The authors
demonstrated a controlled deposition of single spheroids by drop-on-demand printing
with interesting capabilities (1 µL droplet volumes and assembly of around 1500 HUVEC
spheroids on a fibrin surface). The authors reported a spheroid printing efficiency of 97%
(Figure 6B). The efforts devoted to the automation of the printing process have yielded a
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significant improvement in resolution, processing speed, and material saving that makes
this technology upscalable. However, this method has limited performance in creating
vertical or 3D complex structures and still does not provide cell densities mimicking
native tissues.
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Figure 6. Droplet-based bioprinting. (A) Based on osmolarity gradients Reprinted with permission
from Ref. [36]. Copyright 2013, The American Association for the Advancement of Science. (i) Droplet
networks printed in bulk aqueous solution. The principle of aqueous droplets is dispensing into a
drop of oil suspended in bulk aqueous solution (left side). Top view of a network printed in aqueous
solution. A core of orange droplets is surrounded by a shell of blue droplets containing fluorescent
pyranine (top middle). Confocal microscopy of the network in horizontal sections showing the
fluorescent shell of droplets around the nonfluorescent core (bottom middle). Different types of
networks printed in bulk aqueous solution (right side). Scale bars 400 µm. (ii) Principle of osmolarity
gradients. (iii) Schematic of two droplets of different osmolarities joined by a lipid bilayer. The water
flow through the bilayer causes the droplets to swell or shrink. (iv) Frames from a folding simulation
of a network with a similar initial geometry Blue and red represent the lowest and highest initial
osmolarities, respectively. White indicates the average of the two. (B) Single spheroid deposition
setup Reprinted with permission from Ref. [37]. Copyright 2009, IOP Publishing: (i) Protruding
transparent nozzle of a dispenser is primed with the spheroid solution. The generated droplet
containing the spheroid can be dispensed onto a substrate if a spheroid is optically detected at the
nozzle exit. If no single spheroid is detected, the droplet is aspirated by a vacuum shutter system.
(ii) HUVEC spheroids were dispensed to defined positions and cultured for 24 h (top image) and
72 h (bottom image).

2.5.2. Bioprinting with Microneedle Arrays

The use of removable scaffolds for the assembly of the multi-spheroid construct was
first reported by Itoh et al. in 2015 [38]. This method is inspired by the Japanese traditional
art Ikebana and uses arrays of needles as a temporary scaffold in which spheroids are
immobilized by a robotic arm. This biomaterial-free method enables the accurate spatial
organization of the spheroids or organoids in complex tissues analogs of practically any
composition and organization [39–41]. The mechanical stability provided by the scaffold
favors cell interaction, matrix secretion, and the formation of cohesive and functional
tissue. The absence of biomaterials is also advantageous for implantation experiments, as it
reduces the potential immune response. Itoh et al. used this method to produce models
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of the artificial aorta and implanted the resulting models in rats. The authors reported
an endothelial network formation covering the inner surface of the tubular tissue after
5 days of implantation. Demonstrations of the printing and assembly of multicellular
spheroids composed of human umbilical vein endothelial cells, human aortic smooth
muscle cells, and human dermal fibroblasts were successfully achieved into scaffold-free
small diameter tubular tissue (Figure 7A). This method provides a high accuracy thanks to
the geometrical confinement permitted by the needle array. However, it imposes certain
limitations regarding spheroid size to fit in the needle tip and gap between needles.
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Figure 7. Principles of the Kenzan method. (A) Main components of the Kenzan bioprinting au-
tomated platform Reprinted with permission from Ref. [40]. Copyrihgt 2021, Springer Nature.
(i) Robotic system. (ii) Illustration of methodology to create a scaffold-free cell-based vascular graft.
(iii) A ready to implant cell-based vascular graft (diameter 5 mm × length 5 cm). (B) Bioprinting of
cardiac patches using microneedle array principle Reprrinted from Ref. [46] (i) Schematic overview
of biomaterial-free cardiac bioprinting process. (ii) Optical microscopy images at different steps and
confocal microscopy of resulting cardiac patches. Scale bars 40 µm and 20 µm, respectively.

Moreover, needle-based bioprinting techniques are usually time-consuming and may
not be adapted to build scalable constructs. The removal of the microneedle array is a
critical step, especially if the mechanical cohesion of the cell is low. This difficulty results in
low reproducibility and accuracy [38,41–45]

In 2017, Ong et al. demonstrated the bioprinting of spontaneously beating car-
diac patches from multicellular cardiac spheroids using the microneedle array method
(Figure 7B) [46]. The handling system was based on a bioprinting platform allowing the
sequential manipulation of an individual spheroid by vacuum suction and delivery. It
allows for the selection of spheroids with the desired dimension, for example, between
450 µm to 550 µm in diameter for micromanipulation, and rejects the use of all others
that do not fit these criteria. This method provides more than 90% cell viability in a
single-layered patch. Severe limitations were observed for the construction of multi-layer
thick patches that reveal slow conduction velocity and a decrease in cell viability due to a
lack of vascularization in the tissue. Moreover, the weak mechanical properties of the 3D
bioprinted patches and their fragility during decannulation turned out to be a limitation
for implantation applications.

It is interesting to notice that the methods presented here rely on the use of robotic
handling to manipulate spheroids selectively and assemble them at precise locations. While
most demonstrations rely on aspiration-based principles using pipetting platforms or bio-
printers, this application has attracted a large interest in the field of robotic handling. Recent
micromanipulation approaches have demonstrated their flexibility and accuracy for the
handling of living objects such as cells, spheroids, and embryos while preserving their via-
bility and integrity. In their recent work, Kozaki et al. (2020) developed a micromanipulator
through high-resolution micro stereolithography that can capture and release a spheroid
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with minimal damage [69]. Spheroids were captured from the culture medium and trapped
in a droplet of culture medium inside the cage-like microfingers. Injection of air through
the fingers with controlled pressure was then involved in releasing the spheroid at the
desired position, thanks to the elastic deformation of the fingers. This method allows the
adaptation of the micromanipulator to match the dimensions and mechanical properties of
the spheroid to be handled [69,70].

2.5.3. Pressure Driven Bioprinting

Improving the physiological relevance of bioprinting and promoting vascularization
and survival of the microtissue over long periods of time are key features in the perspective
of tissue function and reimplantation. In this respect, a novel spheroid aspiration method
was proposed and successfully tested on osteogenic spheroids. Ayan et al. (2020) developed
an original assembly method using aspiration forces and high precision positioning onto
hydrogel substrates [47,48]. The authors demonstrated vascular network formation by
studying angiogenic sprouting of spheroids and osteogenic tissue engineering (Figure 8A).
This method is compatible with a wide range of spheroid dimensions and is applicable to
both scaffold-based and scaffold-free configurations. It provides a micrometric precision
in spheroid placement in controlled architectures and is compatible with multi-spheroid
construction. As previously mentioned, the biggest challenge of this kind of method is
linked to the low speed imposed by the sequential handling of spheroids. Moreover,
limitations arise for the assembly of complex 3D architecture that requires an external
scaffold or sacrificial material to maintain the mechanical stability of the construct during
printing. It is worth mentioning that the choice of supporting hydrogel (e.g., Coll-I or
GelMA) around the spheroid is essential to promote adhesion and tissue integrity.

Another remarkable report by Daly et al. (2021) described a method using a support-
ing hydrogel to form high cell density microtissues by controlled spheroid fusion [49]. The
properties of the supporting hydrogel enable precise positioning and holding of spheroids
and high spheroid viability after printing (Figure 8B). The viscoelastic and non-adhesive na-
ture of the hydrogel facilitates the fusion between adjacent spheroids into prescribed, stable
structures. By mixing spheroids of different cell compositions, iPSC-derived cardiomy-
ocytes, or primary human cardiac fibroblasts, the authors reported a model of focal cardiac
fibrosis that replicates post-myocardial infarction pathologies with reduced contractile
output and electrical synchronization.

The same kind of method has been implemented to manufacture thick tissues. Skylar-
Scott et al. (2019) produced multicellular cardiac tissue (HUVEC cells and human iPSC-derived
cardiac spheroids derived organoids) with engineered ECMs and embedded vasculature
through bioprinting of a sacrificial bio-ink [50]. The developed method manipulates hundreds
of thousands of organ building blocks (OBB) into tissular matrices with high cellular density
(Figure 8C), in which hierarchical vascular channels can be introduced. Despite the need for
large-scale production of organoids (~108 cells/mL), this method enables the fabrication of
perfusable organ-specific tissues of arbitrary volume and shape in a scalable manner.

The bioprinting strategy also offers the possibility to print multiple cell types in the form
of the concentrated cell suspension or cell aggregates obtained from dissociated organoids.
Compared to spheroid printing, the reduced size of such aggregates prevents the risk of necrotic
core formation and provides more flexibility for the cells to interact and evolve spontaneously
towards a 3D architecture and functional tissue. Recently, Brassard et al. (2020) introduced
a bioprinting concept adapted to the delivery of high density of stem cells or cell aggregates
directly into extracellular matrices with a resolution down to the single line-level [22]. The
authors showed the spontaneous evolution of printed intestinal stem cells (ISC) or mesenchymal
stem cells (MSC) towards a tubular-shaped tissue reproducing the luminal morphology of the
intestine. This extrusion-based system was also used for the organization of centimeter-scale
tissues that comprise features such as lumens or branched vasculature. Morphogenesis could
also be modulated by sequential deposition of the supporting epithelial cells and the organ
boundaries of the gastrointestinal tract (Figure 9). Sachs et al. (2017) also used the fusion
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of intestinal organoids to generate centimeter-scale interconnected ‘mini guts.’ The authors
generated macroscopic size intestinal tubes from small cystic organoids by embedding them
in a floating collagen hydrogel to allow the spheroids containing stem cells to align and self-
organize [71]. These two methods are inspiring examples of direct bioprinting in hydrogels
allowing self-organization of the cell aggregates from millimeter to centimeter scales.
 

2 

 

 

  Figure 8. (A) Bioprinting of spheroids by a pressure-driven method Reprinted from Ref. [47].
(i) Illustration of the picking of individual spheroids by aspiration. (ii) Time-lapse images of the
self-assembly process after bioprinting of 3T3 spheroids at different time points. (iii) Illustrations and
micrographs of different shaped 3D printed structures with HUVEC and MSC spheroids represented
in red and green, respectively. Dapi (blue) was used for staining of nucleus. (B) 3D bioprinting
spheroids in supporting hydrogels Reprinted from Ref. [49]. (i) Spheroid deposition. (ii) Spheroid
fusion in and removal of the structure from the gel after 4 days of culture. Scale bars 200µm.
(C) Sacrificial writing into a tissular matrix based on extrusion bioprinting Reprinted from Ref. [50].
(i) Illustration of the process. (ii) Examples of cellular construction for different OBB (organ building
block) based matrices composed of embryoid bodies, cerebral organoids, and cardiac spheroids.
(iii) Time-lapse of sacrificial ink (red) writing within a tissular matrix. (iv) Embedded 3D printing of
a branched, hierarchical vascular network within a tissue matrix connected to inlet and outlet tubes,
scale bar 10 mm.
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Figure 9. Bioprinting high cellular densities inside hydrogels. Reprinted with permission from
Ref. [22]. Copyright 2020, Springer Nature. (A) Macroscopic intestinal printing principle. Multicellu-
lar self-organization was achieved directly inside the hydrogel environment. (B) (i) Bright-field and
confocal microscopy of the intestinal tube showing stem cells forming the crypts on Day 9. Scale bars,
200 µm (left), 100 µm (right). (ii) Image of a centimetric intestinal tube. (C) Bright-field and confocal
microscopy of the embedded patterns of hISC, hMSC, and HUVEC cells. (i) Bright-field images. Scale
bars, 500 µm. (ii) Cells were labeled with DAPI (blue) and F-actin (green) or CD31 (pink). Scale bars,
250 µm (left) and 75 µm (right).

3. Conclusions and Future Perspectives

All the technological developments and related instruments presented in this review
are highly encouraging. They suggest that manipulating and assembling building blocks
such as spheroids or organoids is a possible route for generating relevant pieces of tissues
that exhibit overall dimensions compatible with their use as advanced physiological models.
Compared to the assembly of individual cell suspension at low concentrations, 3D cell
aggregates provide cellular building blocks promoting cell-cell interactions, ECM secretion,
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cell differentiation, and tissue vascularization, thus leading to culture models that can
better recapitulate the structure and function of native tissues.

This field of research activity is expanding, driven by the demand for the reduction of
animal testing in agreement with the current guidelines and legislation recommending following
the “3R” principles: “Replace, Reduce, and Refine” [72,73]. Fundamental studies of various
biological mechanisms linked to specific functions of tissues, pharmacological drug testing,
and toxicology, precision medicine or regenerative therapies represent examples of the broad
spectrum of the possible end-users of this kind of technology. The current state of the art of
this kind of method clearly shows that the field is in an exploratory phase mainly focused
on the handling and patterning of cells and spheroids. Up to now, little attention has been
paid to the collective behavior of cells and their adequate supply of oxygen and substrates
according to the chosen technology, whereas the issue of necrotic core and the poor perfusion of
the inner cell mass is clearly established [22,54,62]. Pending more complete experimental data, it
is reasonable to speculate that the aggregation in macrostructure without a “technological” help
to improve the providing in substrates will lead to this kind of limits in long term culture. At
this level of the domain’s infancy, it is difficult to predict if a standardized method combining
reproducibility, throughput, and versatility to all kinds of tissue constructs will emerge. We feel
that according to the targeted tissue model (skin, brain, adipose tissue, bone, liver, intestine . . . ),
the topological constraints required to mimic the physiological situation will select different
methods to adapt to the final target (in vitro bioassay or transplantation). The process of building
cannot be distinguished from the final goal again. Indeed, the field is not limited by a lack
of technological solutions: automation methods and microfabrication techniques provide a
large reservoir of processes that can be implemented for building 3D multicellular building
blocks while preserving cell viability. The main objective of the domain is rather to combine the
engineering process together with the biological evolution of the cells inside the constructs that
need to be favored as a functionality of the tissue. Successful methods will be those combining
top-down (engineering) and bottom-up (biology) processes in such a way that the evolution
of the living entities is guided efficiently towards a directed architecture exhibiting the key
functional features of the physiological counterpart. In other words, the expectation from the
technological process of assembling is not the generation of a final functional structure but
rather the construction of a scenario of cell evolution in 3D where the engineered structure
triggers the evolution of the multicellular spheroids leading to the emergence of a function. In
such a vision, the time evolution of the produced construct is as important as its design, while
careful attention has to be paid to the conditions of long-term culture to allow maintenance
and self-organization of multiple cell types. Future progress in the field is therefore linked to
the development of simulation tools capable of modeling the evolution of the spheroids and
cell populations during long-term culture. The results of these simulations will be crucial for
guiding the selection of the cells to be incorporated inside the manipulated spheroids and for
guiding the design of the construct during the assembling process.

Future works for researchers in the field need to address some common objectives for
all kinds of tissue constructs: (i) improve the capacities in the manipulation and organiza-
tion of the spheroids in higher quantities and with a better spatial resolution. (ii) increase
the efficiency (assembling or writing speeds) in terms of the ability to work with a sub-
stantial number of spheroids to mimic macro-scale tissues (iii) meet the multicellular need,
which is mandatory in tissue engineering; and, finally, (iv) develop simulation tools for
guiding the design of the architecture to reach functionality upon time self-evolution.
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A B S T R A C T   

3D printing and bioprinting are recognized as key technologies for the construction of complex micro-devices, 
micro-environments, and culture models. Thanks to their potential to produce precisely heterogeneous and 3D 
architectures, multimaterial printing methods, which enable the production of functional 3D structures inte-
grating multiple materials, have attracted specific attention. Nevertheless, combining multimaterial and high- 
resolution printing is still a major challenge, and the available technologies do not provide simultaneously the 
resolution and multiplexing capabilities required to create heterogeneous 3D environments. In this work, we 
introduce the 3D-FlowPrint concept, which involves an opto-microfluidic printhead immersed in a liquid and 
moved above a surface. This technology combines the convenience of microfluidics in terms of the handling and 
delivery of small volumes of materials with the resolution provided by laser lithography. Delivered materials are 
hydrodynamically confined under the printhead owing to controlled aspiration of the injected material, ensuring 
a continuous supply of material and avoiding cross-contamination issues. Combining microfluidics with photo- 
polymerization provides unique advantages as it separates the polymerization process from the material delivery, 
permitting high-resolution polymerization (down to 10 µm) and multimaterial handling (switching time below 
60 s). We present a first proof-of-concept using poly(ethylene glycol) diacrylate (PEGDA)-based hydrogels as a 
photosensitive material model, along with a detailed investigation of the influence of exposure parameters, 
printhead velocity, and hydrodynamic parameters on the fabrication of 2D and 3D heterogeneous structures. 3D- 
FlowPrint allows the creation of sub-millimetric to millimetric scale objects with multimaterial designs. A first 
validation was performed to show the potential of the approach in biology for the creation of engineered mi-
croenvironments for cell culture.   

1. Introduction 

Additive manufacturing is the state-of-the-art for the fabrication of 
complex three-dimensional (3D) structures. Recent advances have 
enabled 3D printing of biocompatible materials, cells, and supporting 
components to create 3D scaffolds or 3D models of functional living 

tissues [1]. 
Typically, these models contain several cell types in close proximity 

(<100 µm) and at various densities encapsulated inside hydrogels hav-
ing a large range of mechanical properties and biochemical composi-
tions. The ability to print one construct with different hydrogels, each 
containing (or not) different cell types or the same cells at different 

Abbreviations and variables: V, printhead velocity; Zgap, gap between the substrate and the printhead, measured at the closest point under the PDMS dome in the 
polymerization area; φin, φout, Injection and aspiration flowrates; Rφ = φout/φin, flowrate ratio; μmat, μmed, dynamic viscosities of the injected material and of the 
medium respectively; HFC, Hydrodynamic flow confinement; Rr, Retrieval rate, defines the mass ratio between the injected and retrieved material when reaching 
steady state regime. 
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densities with resolutions close to tens-of-micrometers is a key enabling 
feature for the creation of relevant models [2–6]. However, few concepts 
have managed to combine a simple method for multimaterial printing 
with such resolution. Traditional micro-extrusion [7] or inkjet printing 
[5] are well recognized as efficient techniques to create multimaterial 
structures, but they still present some issues in terms of resolution, 
mainly driven by the size of the extrusion system or the dimensions of 
the generated droplets. Laser-assisted techniques [8,9] enable higher 
resolution, but the photopolymerization process usually takes place in a 
vat containing one single material, making it challenging to print mul-
timaterial objects. 

Photolithography-based methods have been widely investigated for 
additive manufacturing and bioprinting [10]. They show promise in 
terms of resolution as they allow the separation of the mass transport 
mechanism from structuration aspects and thus high-resolution at the 
sub-micrometer scale [11]. The development of multimaterial ap-
proaches combined with photolithography has naturally attracted huge 
interest in recent years. Compared with traditional extrusion printing, 
where cylindrical filaments of liquid or shear-thinning bioinks are 
physically deposited with a moving nozzle, stereolithography (SLA) [12, 
13] uses controlled illumination to selectively photocrosslink liquid 
bioinks into solid features, offering superior spatial resolution to that of 
extrusion or inkjet printers. However, conventional SLA systems are 
almost exclusively designed to print hard plastic materials for 
non-biological applications and few offer multimaterial capability [6]. 
Combining the resolution of laser-based 3D printing methods with the 
capacity of printing heterogeneous structures starting from a material 
library has attracted huge interest in bioprinting, among other fields 
[14]. A straightforward and common approach is to perform sequential 
printing processes where the samples are moved into different vats to 
perform successive development and material immersion steps [15–17]. 
This gives rise to efficient but tedious manipulations that hinder the 
global printing throughput. From the perspective of developing more 
straightforward processes, Grigoryan et al. proposed a multi‑material 
SLA bioprinter involving a motorized sled allowing nascent structures to 
interface with separate bioinks of variable chemical or cellular compo-
sitions [18]. This method has proven to be compatible with photoresists 
and hydrogel materials adapted to bioprinting. However, the authors 
acknowledged certain limitations of the printing system with respect to 
scale, resolution, automation, and material selection. Beyond the 
feature-size limitations inherent to projection SLA, the construction of 
large structures with complex internal heterogeneity would require 
numerous rinsing and material-change steps making this technique 
laborious. Peng et al. [19] have proposed in 2021 an interesting com-
bination of micro-extrusion, for functional materials, and photolithog-
raphy, for high speed and high-resolution printing. This hybrid method 
is versatile but certain limitations due to the rheology of extruded ma-
terials and the corresponding printing resolution may impede applica-
tions in the field of cell culture and tissue engineering. 

The integration of fluidic control to ensure automated injection has 
attracted huge interest over the last few years. In 2018, Miri et al. 
developed a microfluidic chip with sequential injection allowing the 
printing of multimaterial structures [20]. A Z platform deforming a 
flexible PDMS membrane allowed the fabrication of 3D objects. Despite 
the ingenuity of the system, several drawbacks were presented, such as 
size limitations in the XY plane and the Z direction as well as stress on 
the PDMS membrane and the structure due to the movement of the Z 
platform. On a larger scale, Han et al. have proposed a micro-SLA 
method based on the integration of a microfluidic cell surrounding the 
sample that permits a fast and sequential injection of different materials 
with viscosities up to 58 mPa.s [21]. The authors have shown the in-
jection of several material with fast switching times but relatively high 
flowrate of ~1 mL/s that could be detrimental for soft material appli-
cations. A similar concept was also successfully applied to multiphoton 
lithography in the work of Mayer et al. [22]. By optimization of the 
microfluidic circuitry, the authors demonstrated multimaterial capacity 

with a reduction of the swept volumes to 500 μL. However, due to 
specific constraints imposed by the objective, the geometry of the 
chamber limits the height of the printed samples to 100 µm. More 
recently, Lipkowitz et al. proposed an alternative approach that uses the 
active control of mass transport combined with continuous liquid 
interface printing [23]. This approach permits multimaterial injection 
and delivery in the exposure area to allow rapid printing of multiple 
different resins simultaneously at varying scales. However, this method 
relies on the integration of the fluidic injection channels directly in the 
fabricated structures and is subject to potential issues related to material 
recovery and subsequent contamination. 

Several of these methods profit from the miniaturization of 3D 
printing concepts into microfluidic devices and present the possibility of 
reducing the volumes of liquid and providing better control and repro-
ducibility of flowrates. Microfluidics provides parallelization and mul-
tiplexing capacities that are essential to mix and accurately tune the 
composition of the materials thanks to an integrated microfluidic cir-
cuitry. Skylar-Scott et al. demonstrated the integration of microfluidics 
in the printhead in the context of extrusion printing [24]. The authors 
reported the design and fabrication of voxelated matter using multi-
material multinozzle 3D (MM3D) printing. Simple or multi-photon ap-
proaches have also been reported for enclosed microfluidic devices for 
the fabrication of small (<1 mm) 3D objects or particles through 
continuous flow lithography [25,26]. However, such methods impose a 
Z limitation on the objects between the two planes of the microfluidic 
chip, and this prevents or complicates the creation of 3D objects. Clearly, 
despite certain inherent limitations induced by either large material 
consumption, design limitations, or contamination issues, all these ap-
proaches demonstrate the opportunities provided by laser-assisted 
methods and/or fluidic systems for multimaterial printing as they 
decouple mass transport and material delivery from the writing mech-
anism, i.e., photopolymerization. 

Here, we propose the 3D-FlowPrint concept (Fig. 1, [27]), an original 
printhead design with hydrodynamic confinement that provides fast and 
efficient microfluidic injection in the printing area. The use of both 
aspiration and injection systems with controllable pressures allows 
efficient recovery of excess injected material in the printing area, thus 
limiting the risk of contamination in the surrounding media. From a 
conceptual point of view, this device borrows some of the aspects of the 
microfluidic probe concept first proposed by D. Juncker and E. Delam-
arche [28–30]. However, 3D-FlowPrint relies on a different design 
allowing the injection of viscous materials and the possibility to work at 
long distances (>500 µm) from a substrate. Furthermore, an optical fiber 
is integrated in the printhead to photopolymerize the material during 
material injection. Unlike most applications, the light does not cross the 
material container layer but is directly provided in the printhead close to 
the fluidic delivery system. To our knowledge, the integration of a light 
source within such a device to precisely photopolymerize hydrogels has 
not been reported. The combination of an open microfluidic device with 
integrated optics opens a new field of research for the 3D structuring of 
materials. Contrary to previous works, our approach provides the ability 
to control spatially the composition of the structures with multiple 
materials and enable the fabrication of multiscale 3D objects. 

In this article, the printhead fabrication protocol, including its 3D 
SLA printing and assembly, is presented. We describe hydrodynamic 
aspects of the system, its optimization through Comsol simulations, and 
its operative regime. The in-flow photopolymerization is explained and 
analyzed. Finally, we present 3D pieces with precise evaluation of XYZ 
attributes as well as details of their multimaterial characteristics and 
their use in the study of spheroid/cell cultures on structured materials. 

2. Materials and methods 

2.1. Materials and chemicals 

Poly-(ethylene glycol) diacrylate (PEGDA) Mw = 700 g/mol, 
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Fig. 1. 3D Illustration of the 3D-FlowPrint concept. (A) Planar schematics showing the setup of the instrument (B) Schematic of the opto-fluidic processes with a XZ 
cross-section of the head. (C) Multimaterial printing workflow. 

Fig. 2. Printhead fabrication protocol. (A) Design of the printhead obtained by SLA 3D printing (i). A glass slide is bound to the printhead (ii–iii) and protected with a 
PDMS coating (iv). (B) Top view and cross cut image of the printhead structures and dimensions (values are given in μm). (C) Overall view of the printhead showing 
the structure of the injection and aspiration channels (orange) and the insertion of an optical fibre (purple). (D) Optical micrograph of an assembled printing head. 
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lithium-2,4,6-trimethylbenzoylphosphinate (LAP), Rhodamine B, 3- 
methacryloxypropyltrimethoxysilane (MAPTMS), phosphate-buffered 
saline (PBS), polydimethylsiloxane (PDMS) Sylgard 184 (Dow Corn-
ing) were purchased from Sigma-Aldrich. Fluorescent carboxylate- 
modified particles (FluoSpheres™ D = 200 nm and Fluoro-Max™ D =
300 nm or D = 5 µm) were purchased from Thermo Fischer. Epotek 301 
glue was purchased from FTpolymers. If not mentioned otherwise, all 
hydrogel solutions were prepared with 40 v/v% PEGDA and 60 v/v% 
deionized water (Millipore), 0.01 w/v% LAP (diluted in Millipore 
deionized water). For imaging, GFP or mCherry fluorescent particles 
(200 nm, 300 nm, or 5 µm) were added at a concentration of 0.01 v/v% 
(or ≈ 7 ×109 nanoparticles of 300 nm per mL. All solutions were pre-
pared at room temperature (RT) and magnetically stirred for 2 h. Ster-
ilization of the hydrogel solutions was performed by filtering through a 
200-nm filter before printing (Millex-GS Syringe Filter Unit, 0.22 µm). 

2.2. Printhead fabrication process 

The design and fabrication of the 3D printheads are illustrated in  
Fig. 2.A. The printhead body was fabricated with a commercial SLA 3D 
printer (DWS 29 J+, DWS, Italy) offering a 40-µm XY resolution com-
bined with a tunable 10 to 100 µm Z resolution, wavelength = 405 nm. 
We selected DL260 composite photosensitive resist (composite 
urethane-acrylate resist, Young’s modulus ≈ 2 GPa, DWS Systems, Italy) 
as a base material. Batches of eight printheads were produced simulta-
neously using a printing speed of 5800 mm/s and slicing/hatching dis-
tances of 30 µm (corresponding to 1.1 kJ/cm2; Fig. 2.A.I.). The printing 
proceeded for 3 h per batch. Once printed, the parts were developed by 
immersion in acetone at RT for at least 5 min in an ultrasonic bath (Elma 
S100H). 

Protection and sealing of the optical fiber insert were performed 
using a 1 mm × 1.5 mm borosilicate glass slide obtained by dicing a 
170-µm thick glass slide using a DAO321 system. Prior to glass slide 
integration, a small volume (50 nL) of glue (bicomponent epoxy adhe-
sive Epotek 301, Ftpolymers) was delivered into the cavity surrounding 
the optical fiber aperture (Fig. 2.A.II.). The glass slide was further 
mounted on the printhead (Fig. 2.A.III.). Both glue and glass slides were 
bonded on the printhead with a microelectronic assembling machine 
(Tresky 3000). Bonding was performed at 70 ◦C for 1 h. 

Finally, a PDMS layer was added to the top of the glass slide. This 
layer acts as a non-adhesive coating, as oxygen-based inhibition near the 
PDMS surface allows for hydrogel crosslinking while preventing 
attachment to the printing head during motion [25,31]. We deposited an 
approximately 77-nL drop of PDMS (Sylgard 184; Fig. 2.A.IV) to obtain a 
dome with a 150-µm thickness. PDMS has good transparency at 405 nm, 
which prevents energy loss and provides an optical index that preserves 
the laser beam size. A ball-lensed optical fiber (BL-5 on high power 
single mode 405 nm fiber from WT&T) with focus distances between 
200 and 3000 µm and a waist diameter of 7 µm was inserted in the 
printhead. As the printheads are produced in a fast and reproducible 
manner, they were considered disposable and thus replaced before each 
experiment to prevent any risk of contamination. 

2.3. Photo-polymerization control 

The optical fiber was coupled to a 405-nm monomodal laser 
(Laserboxx from Oxxius) with adjustable power (Pin) ranging from 5 to 
120 mW. To provide more accurate control of the beam intensity and 
compensate for the non-linear response of the laser intensity at low or 
high power, the laser driver was triggered with a function generator 
with 1 kHz square signals and a variable duty cycle to further modulate 
the intensity by a factor DCFG. The effective output power was measured 
by positioning a Thorlabs S170C probe with PM200 power meter at 1 cm 
from the printhead apex. 

To achieve different beam sizes, we modified the vertical position of 
the fiber in order to modulate the polymerization area by defocusing 

(Suppl. Fig. 1). In high-resolution mode (HR, FWHM = 7–20 µm), the 
fiber was positioned to align the focus point at the printhead surface 
(PDMS dome) while in low-resolution mode (LR, FWHM = 50–100 µm), 
the fiber was positioned 400 µm above in order to enlarge the beam 
profile in the polymerization area. For a given laser intensity, displacing 
the fiber induces a variation of spatial distribution of light. Compensa-
tion of the dose was performed by dynamically adapting the laser input 
power (Pin) or the function generator duty cycle (DCFG). For one isolated 
line, the surface dose was approximated as: dose = Poutput/(Dspot • V) (1), 
where Poutput (Poutput = Pinput • ktransmission • DCFG (2)) is the laser power at 
the printhead apex, Dspot is the FWHM of the spot, Pinput is the nominal 
input power, and Ktransmission is the light transmission factor between the 
laser emitter and printhead apex. By tuning both the FG duty cycle 
(0.1–100%) and the input power (15–120 mW), we achieved an output 
power range from 0.7 µW to 21 mW, or 194 kW/m2 to 584 MW/m2 with 
Rspot = 6 µm. 

Certain experiments (e.g., Fig. 5.E) were carried out using a dual 
fiber printhead (Suppl. Fig. 1. A). The printhead design was adapted to 
integrate two optical fibers. A computer-driven fiber switch (FFSW- 
122000323-MD, Laser Components) was integrated between the laser 
source and the fibers to switch between high-resolution and low- 
resolution modes. 

2.4. Control of microfluidic injection 

Buffer medium and photopolymerizable materials were introduced 
to 15-mL falcon tubes. Each tube was connected to a M-switch 10-to-1 
microfluidic valve (Fluigent, France) allowing selection of the solution 
to be injected. The aspiration channel was connected to a 50-mL falcon 
tube. A Fluigent Flow-EZ air pressure controller was used to generate a 
positive pressure relative to Patm in the injection tubes to drive fluids, 
while a Fluigent Push-Pull air pressure controller imposed a negative 
pressure (relative to Patm) in order to promote fluid aspiration to the 
aspiration channel. The Flow EZ system was coupled to flowrate sensors 
(Fluigent Flow unit Medium ± 80 μL/min or Large ± 1 mL/min) 
allowing feedback control of flowrate in both the injection and aspira-
tion channels. To favor HFC and prevent cross-contamination of the 
injected material in the medium surrounding the printing area, the 
flowrate ratio between aspiration and injection was adjusted according 
to the printing speed, material viscosity, and distance between the gap 
and surface (Zgap), as discussed in part 3.2. 

2.5. Printhead design 

STL printhead designs were generated using Fusion360 (Autodesk, 
San Fransisco, USA). Hydrodynamic optimization and characterization 
of the printhead design was carried out through Comsol simulations 
(v5.5 Comsol Multiphysics, COMSOL AB, Sweden). The printhead con-
sists of a conical device integrating one cylindrical port (diameter 
550 µm) for optical fiber insertion as well as injection and aspiration 
channels for material delivery and recovery (Fig. 2. C). Guiding micro-
fluidics structures were integrated at the apex of the printhead to control 
the spatial distribution of hydrodynamic resistance and material flow 
during injection (Fig. 2. B). In particular, a circular tapered channel with 
increasing depth (R = 1.3 mm, r = 0.5 mm, maximum depth = 250 µm, 
angle = 6◦) was integrated to guide the flow of injected material toward 
the printing area. An additional ditch (width = 600 µm, length =
800 µm, height = 150 µm) was placed near the aspiration channel in the 
axis of the polymerization point to guide the injected material toward 
the polymerization point. To further increase material recovery, a 900- 
µm wide and 100-µm high ridge was integrated at the periphery of the 
printhead to help isolate the injection and aspiration ports from the 
outer environment. 
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2.6. CFD Comsol simulations 

CFD simulations were performed using the commercial finite 
element software Comsol Multiphysics. Numerical simulations involved 
both “laminar flow” and “transport of diluted species” modules through 
“time dependent” studies. The model 3D geometry was built in Comsol 
using the above specifications. The viscosity of the environmental so-
lution (μmed) was set to 1 mPa.s, as water, and if not specified otherwise, 
μmat was set to 8.5 mPa.s, which is the viscosity of a solution of 40% 
PEGDA 700% and 60% DI-water [32]. Printhead velocity is defined by 
slip boundary conditions on the printed structures (if present), exterior 
box, and support. The software calculates each point viscosity by linear 
evaluation depending on the point concentration of the injected and 
environmental material. 

2.7. Instrumental platform and control software 

The printing platform was integrated on a fluorescence microscope 
(IX71, Olympus) equipped with an XY-stage (MS-2000, ASI) with a 
range of 120 × 110 mm and a 1-µm repeatability. The printhead was 
mounted on a translation stage (LTA-HL, Newport) providing control of 
the Z position with 25-mm maximum displacement and a 3-µm repeat-
ability. The Z stage was mounted on the microscope frame, thus 
allowing movement of the sample in the XY plane independently while 
maintaining the position of the printhead. The whole setup was inte-
grated in a temperature-controlled enclosure (H201-T-unit-BL from 
Okolab). 

All hardware components (XY-stage, Z-stage, pressure controllers, 
fluidic valve, laser, FG, fiber switch) were driven with a homemade 
LabVIEW (National Instruments) interface. The software was designed 
to process Gcode (all required actions of the printer combined into a 
script) and transform coordinates in a list of trajectory vectors, including 
{moving speed, X movement, Y movement, Z height, laser state, mate-
rial to be printed, flowrates, high/low resolution boolean, delay}. 

2.8. Slicer development 

The development of a multimaterial and multiresolution 3D printing 
process requires synchronizing the material injection, the adaptation of 
the laser beam, and the printing trajectories according to the features of 
the design. For those reasons, we developed a dedicated slicer software 
with Python. The vectorization was performed in five steps (Suppl. 
Fig. 2): i) slicing of the STL objects in the Z-axis; ii) selection of the 
material and optimum resolution for each slice; iii) filling of the design 
features according to hatching and velocity; iv) vector sorting depending 
on the printing strategy; and v) export of vectors dataset in specific 
Gcode format. 

2.9. Substrate preparation 

Printing was performed on 24 mm × 32 mm × 170 µm glass slides 
(Menzel purchased from Fisher Scientific), treated with MAPTMS 
(Sigma Aldrich) for adhesion of the printed hydrogel. The glass slides 
were first washed with acetone, deionized water, and ethanol, then 
dried under a nitrogen stream. Then, the slides were activated using air- 
plasma treatment for 5 min (Diener PICO, 0.5 mBar, 40 kHz, 50 W). A 
solution of 1% MAPTMS and 0.3% acetic acid in DI water and 98.7% 
ethanol was prepared. The glass slides were immersed for 5 min, then 
rinsed with ethanol, dried with nitrogen, and stored under vacuum. 

The glass slides were mounted on 75 mm × 50 mm microscope glass 
slides (Sigma Aldrich: 2947) using synthetic double-sided rubber, from 
which we can recover the glass slide after the printing (Tesa tape pur-
chased from RadioSpare). On the perimeter of the larger glass slide, a 
rectangular PMMA frame with a thickness of 8 mm, fixed by double- 
sided tape, created a wall containing the buffer medium, for immersed 
printing. 

2.10. Cell-culture and labelling 

For the cell seeding experiments, substrates, tubes, and the envi-
ronment were first sterilized with a 70% ethanol solution. PC3-GFP 
prostate cancer cells were seeded at a concentration of 10,000 cells/ 
cm2 and cultured for 3 days in 5 mL of medium (RPMI, 10% fetal bovine 
serum, 1% penicillin-streptomycin-G418) at 37 ◦C under 5% CO2. After 
3 days, the cells were fixed with 4% formalin for 20 min and per-
meabilized in 0,2% tritonX-100. The cell nuclei were stained with DAPI 
solution at 0.02 mg/mL for 5 min. After staining, the samples were 
stored in PBS solution at 4 ◦C. 

For the spheroids experiments, human adipose derived stem cells 
(hASCs) were isolated from abdominal dermolipectomy waste (Plastic 
Surgery Department, CHU Toulouse, France) from female donors, as 
previously described [33]. The experimental protocols were approved 
by the French Research Ministry’s institutional ethics committee (N◦: 
DC-2015–23–49) and informed consent was obtained from all subjects 
in accordance with institutional guidelines on human tissue handling 
and use. hASCs were plated and amplified in endothelial cell growth 
medium-2 (EGM2, Promocell) containing 0.1% (v/v) amphotericin B 
(Life-Technologies) and 1% (v/v) streptomycin/penicillin (Life--
Technologies). The medium was changed every 2–3 days. When the cells 
reached 80% confluency, they were harvested and hASC spheroids were 
generated by seeding 50,000 cells in 50 μL of EGM2 medium in ultra-low 
attachment (ULA) 96-well round-bottom plates (Corning Incorporated 
Life Sciences) and maintained overnight under stirring (150 rpm). Cells 
were kept in EGM2 (150 μL added at day 1) medium until spheroid 
formation, i.e., 1–2 days after seeding. Spheroids of hASCs were indi-
vidually handled and deposited in each cavity of the PEGDA structure on 
fibronectin-coated glass coverslips (solution at 10 µg/mL fibronectin, 
37 ◦C overnight and washed with PBS) in a minimal volume of EGM2 
medium to cover the entire structure. The spheroids were allowed to 
settle for several hours at 37 ◦C to promote attachment of the spheroids 
to the glass surface before further addition of EGM2 medium. The 
spheroids were maintained for 3–6 days and the EGM2 medium was 
changed every 2–3 days. After culture, PEGDA structures containing 
spheroids were washed in PBS and fixed with 4% paraformaldehyde 
overnight at RT. Samples were then permeabilized and blocked in PBS 
solution containing 1% Triton X-100 (Sigma) and 3% horse serum 
(Jackson Immunoresearch) for 3 h at RT. Next, samples were incubated 
with Alexa Fluor™ 488 Phaloïdin (1/500) in PBS containing 1% Triton 
X-100% and 1% horse serum for 3 h at RT. After PBS washing, nuclei 
were stained with 2 µg/mL DAPI for 1 h at RT (Sigma, USA). 

2.11. Imaging 

Scanning electron microscopy (SEM) imaging was performed with a 
Hitachi S-3700 N for printheads and hydrogel structures (dried under 
standard atmosphere for vacuum imaging). Images 3.A, 5.C-F, 7.B, 8.A- 
C, 9.A/E, graphical abstract, Suppl. images 2.G and 3., and Suppl. Video 
1 were taken with an inverted microscope IX71 Olympus, DAPI, FITC or 
mCherry filters and a Nikon DS-Qi1Mc camera. Images 5. A-B, 7. A, 9. B- 
D/F were taken with a confocal Leica SP8. Image 2.D. was taken with a 
Dino camera. Images were analyzed with imageJ [34] using the 3D 
TransformJ plugin [35]. 

3. Results & Discussion 

3.1. Description of the opto-microfluidic printing concept 

Similarly to microfluidic probes [28–30], the 3D-Flowprint print-
head consists in a microfluidic device with one injection and one aspi-
ration channel for local delivery of a stream onto a surface (Fig. 1). This 
microfluidic delivery has many advantages, i.e., low volume consump-
tion, multiplexing, local material delivery, and control of material 
composition. Optimized open microfluidic channels on the surface of the 
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printhead (see part 2.5) and precise control of the injection and aspi-
ration flowrates (see part 3.2) enable hydrodynamic flow confinement 
(HFC) of the injected material and prevent cross-contamination in the 
medium. 

To create these open microfluidic channels, the use of 3D printing 
technologies, in particular SLA, provides unique advantages for the 
prototyping and optimization of the microstructured volume and surface 
of the printhead (see part 2.2). Moreover, it offers a reliable low-cost and 
simple approach to the construction of 3D microfluidic devices with 
resolutions at the micrometric scale [30,36,37] that are largely impos-
sible with standard photolithography or molding approaches. 

The hydrogel solutions to be injected inside the printhead are pho-
topolymerizable liquid materials with viscosities relatively close to that 
of water (μmat = 8.5 mPa.s for our main solution) [38]. Unlike 
micro-extrusion or droplet-based techniques, this printer does not 
require specific material characteristics such as shear-thinning proper-
ties or surface tensions adapted for droplet formation [38,39]. We 
focused our interest on poly(ethylene glycol) diacrylate (PEGDA), which 
is recognized for the development of hydrogel scaffolds and 3D models 
of microenvironments [40]. 

Between the injection and aspiration channels, a closed third channel 
contains a ball-lensed optical fiber (Fig. 1. B) with a focus waist diameter 
between 7 and 100 µm. It provides a near-collimated light all the way 
from the printhead to the previous slice. The illumination activates the 
photo-initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP), which is cleavable at 405 nm, resulting in two radically acti-
vated species. The formers initiate a chain reaction on the double carbon 
bonds of the hydrogel methacrylate groups to create a network, turning 
the liquid injected solution to a solid at the polymerization spot [41,42]. 
In this work, we used mainly PEGDA hydrogel and LAP photo-initiator 
(40% PEGDA 700, 60% PBS, 0.01% LAP), which are both biocompat-
ible at the stated concentrations [40,42,43]. Then, as with most 
3D-printing technologies, an XYZ computed itinerary constructs the 3D 
object vector-by-vector (Suppl. Fig. 3 and Suppl. Video 1). To increase 
printing speed and to add more versatility to the printer, we also 
implemented multi-resolutions printing. 

3.2. Microfluidic characterization 

3.2.1. Hydrodynamic flow confinement 
Multimaterial printing systems impose a fast and efficient renewal 

and removal of material in the printing area to prevent contamination of 
the surrounding medium with unpolymerized material. Here, the small 
gap between the printhead and the printing substrate induces high hy-
drodynamic resistance between the injection and aspiration ports that 
limits the flow of material in the printing area and favors its spreading 
outside the printhead. A careful optimization of the printhead design to 
limit such spreading and control the distribution of flows was performed 
using hydrodynamic simulations and subsequently validated 
experimentally. 

As shown in Fig. 3, the printhead geometry was designed to ensure a 
continuous flow of material in the exposure area and the confinement of 
the injected material in the printing area. The injection channel was 
placed at the nearest point to the PDMS dome to (i) decrease the distance 
between the injection channel and the polymerization point; (ii) 
decrease the distance between the injection and aspiration channels; and 
(iii) increase the distance between the injection channel and the sur-
rounding medium. In order to further enhance the hydrodynamic 
confinement, the printhead integrates a buried structure at its periphery 
that is composed of a circular tapered channel that connects the injec-
tion port to the aspiration port, with increasing depth toward the latter 
(Fig. 2. B). The hydrodynamic resistance and pressure drop induced 
along this structure favors the orientation of the flow towards the 
aspiration channel and through the exposure area. In order to further 
enhance this confinement effect, a 900-µm-wide and 100-µm-high ridge 
at the periphery of the printhead helps isolate the injection and aspi-
ration ports from the outer environment. 

Fig. 3 A and 3. B provide a comparative study between experimental 
characterization and computer fluid dynamics (CFD) simulation of the 
hydrodynamic flow distribution in the printing area. In this experiment, 
the distance Zgap between the printhead and surface was set to 100 µm. 
A suspension of 5 µm fluorescent particles (at 0.01% v/v) was added to 
our standard PEGDA 700 solution, which was used to monitor the flow 
distribution of the injected material. In this first series of experiments, 

Video S1. A video clip is available online. Supplementary material related to this article can be found online at doi:10.1016/j.addma.2023.103629.   
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the printhead was kept immobile to better analyze the effect of the 
printhead topology on the flow distribution. The injection flowrate was 
set to 25 μL/min while the aspiration channel flowrate was set to 
125 μL/min. The pictures in Fig. 3. A-B describe the flow trajectories 
along the plane XY, seen through the substrate. For Fig. 3. A, a video was 
taken, and frame intensity maxima, indicating the position of nano-
particles in each frame, have been extracted and summed to obtain the 
nanoparticles paths. As can be seen in Fig. 3. A, a cardioid-like flow 
distribution pattern is observed. Fig. 3.B. shows the distribution of hy-
drodynamic flow lines during material injection (in green for the 
injected material and in blue for the surrounding medium). There is a 
qualitative agreement in flow-line distribution between the experi-
mental results and numerical studies. All visible flow lines associated 
with the material injection are directed towards the aspiration port. 
Moreover, a significant fraction of the flow lines directed towards the 
aspiration port is associated with the surrounding medium. These flow 
lines surround the limits of the injection area and confirm the confine-
ment of the material within the printhead footprint. 

On the left of Fig. 3. A, some nanoparticles can be seen, at low speed, 
on the external edge of the confined area. By varying the hydrodynamics 
parameters, this phenomenon might lead to notable material loss and 
potential cross-contamination. The parameters influencing this phe-
nomenon are investigated in the next section. 

3.2.2. Influence of Zgap, flowrate ratio, and V on flow confinement 
Estimation of the retrieval rate Rr (Rr = collection of the polymer-

izable material over injection) was measured through numerical simu-
lations to study this phenomenon quantitatively. An exhaustive analysis 

of the evolution of the Rr depending on printhead velocity V, Zgap and 
flowrate ratio (Rφ = φout/φin) was performed through Comsol simula-
tions (Fig. 4). At time t = 0 s, the entire system is filled with the first 
solution (in blue), representing the medium with μmed = 1 mPa.s. Then, 
during the study, a continuous inflow of a second material with μmat 
= 8.5 mPa.s (in green) was applied on the injection channel at φin 
= 25 μL/min. A similar flowrate-controlled outflow was applied to the 
aspiration channel at the value φout = -Rφ* φin (typical flowrate ratio 
was Rφ = 5). The simulations ran until t = 50 s (which is beyond 
equilibrium when HFC is maintained). The in-plane printhead velocity V 
is represented by adding a flow-condition on the support and the exte-
rior box, with typical value V = +0.1 mm/s. The images are top-view, 
and the black lines represent the outline of the printhead geometry. 

As seen in Fig. 4. B–C, for Zgap < 200 µm, the flow confinement is 
improved (higher Rr) when drawing closer to the surface due to the 
increasing influence of the printhead surface structure. The hydrody-
namic confinement induced by the printhead architecture increases 
significantly as the distance between the printhead and the surface de-
creases to the order of magnitude of the ridge and the other surface 
structures. Lower Zgap is favorable to the printing of thin structures, yet 
HFC is still attainable at higher Zgap up to 500 µm (with an appropriate 
flowrate ratio, as seen in Fig. 4. C), presenting the possibility of printing 
of high structures. Increasing the printhead velocity along the positive X- 
axis favors material recovery as this contributes to the motion of ma-
terial towards the aspiration channel. For example, with Zgap = 100 µm 
and Rφ = 5, Rr is 88%, 98%, and 100% (Fig. 4. E), respectively, at V 
= 0 mm/s, 0.1 mm/s, and 0.3 mm/s. Conversely, moving the printhead 
backward contributes to the spreading of the material outside the 

Fig. 3. Characterization of flow distribution around the printhead. (A) Experimental analysis showing the simultaneous injection and aspiration of a suspension of 
fluorescent particles. (B) Comsol simulations performed according to experimental parameters. (C) Schematic of the structure and topography of the printhead: A 
tapered microchannel associated to a circular ridge structure are used to induce hydrodynamic confinement of the injected material. (D) Three views showing the 3D 
distribution of flow obtained from Comsol simulations. (A-B-D) Parameters: V = + 0.1 mm/s, Zgap = 100 µm, μmat = 8.5 mPa.s, μmed = 1 mPa.s, φin = 25 μL/min, Rφ 
= 5. (B-D) Green, blue and red flow lines represent the flow distribution of respectively the injected material, the aspirated medium and the surrounding medium. 
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printhead area, thus reducing HFC. As an example, Rφ = 5 is not suffi-
cient to maintain HFC with backward motion V = − 0.1 mm/s for all Zgap 
(Fig. 4. D). 

Fig. 4. C confirms the expected influence of Rφ on the HFC, 
demonstrating that higher Rφ leads to better confinement for every Zgap. 
We observed that Rr > 99% can be obtained at low Rφ (Rφ = 5) with 
Zgap = 50 µm while Rφ has to be increased (Rφ ≥7.5) to reach the same 
level of recovery when increasing Zgap above 100 µm (Fig. 4. G) to avoid 
cross-contamination, as seen in Fig. 4.F. 

3.2.3. Influence of material viscosity 
When compared with the surrounding medium (typically a water- 

based medium with viscosity (μmed) = 1 mPa.s), injected materials 
with different viscosities (μmat) may modify the flow distribution and 
therefore Rr. Numerical simulations were performed with different 

values of μmat ranging from 1 to 10 mPa.s while keeping μmed at 1 mPa.s 
(V = 0.1 mm/s, Zgap = 50 µm, Rφ= 2.5). The HFC decreases because a 
more viscous material tends to be less aspirated, leading to the envi-
ronmental solution taking over in the aspiration channel. By increasing 
the viscosity by a factor of 10, Rr only decreases from 100% to 92% 
(Suppl. Fig. 4), meaning that the viscosity of the injected material has a 
low impact on the flow distribution. 

3.2.4. Multimaterial injection and flushing 
Sequentially flushing and injecting different materials is essential for 

multimaterial printing, with fast and complete removal of the previous 
material required to avoid cross-contamination. The printhead was 
designed as an integrated microfluidic device connected to a library of 
materials through a manifold and rotating valve (see part 2.4), allowing 
switching during printing from one material to another. We investigated 

Fig. 4. Numerical simulations (Comsol) showing the influence of flowrate ratio Rφ, printhead velocity V and Zgap on hydrodynamic flow confinement (HFC) (μmat =

1 mPa.s and μmed = 8.5 mPa.s). (A) Schematic illustration of the main parameters investigated in this study. (B) Diagram showing the impact of V and Zgap on the 
HFC. Rφ = 5. (C) Diagram showing the impact of Rφ and Zgap on the HFC. V = 0.1 mm/s. (B–C) Grey crosses show data points obtained through Comsol simulations. 
Color codes were generated by interpolation between data points. (D-E-F-G) Images are Comsol top-view cross-sections (at mid-Zgap) for injection of green material in 
blue medium with the conditions listed below. Images (E) and (G) illustrate typical low-confinement situations giving rise to material loss in the surround-
ing medium. 
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this protocol first by the replacement of PEGDA 700 (μ = 8.5 mPa.s) 
loaded with green fluorescent 300-nm particles with PEGDA 700 loaded 
with red fluorescent particles using typical flowrates (φin = 30 μL/min, 
Rφ = 5, V = 0, and Zgap = 100 µm). After 60 s, more than 90% of the first 
material was removed and replaced (Suppl. Fig. 5. A). This measure 
integrates the time required for the solution to fill the dead volumes 
between the valve and the printhead and considers Taylor diffusion. 
Then, the flushing of the PEGDA 700 material by a less viscous buffer 
medium (μ = 1 mPa.s) was performed at the same typical flow rate and 
at higher flowrates (φin = 60 μL/min, Rφ = 5). The results suggest a 
quasi-linear influence of the flushing time with flowrate, with a 

replacement ratio of 90% at 15 s and 30 s, respectively, for high and 
typical flowrates (Suppl. Fig. 5. B). 

3.3. Material photopolymerization during injection 

3.3.1. General concept of the opto-fluidic polymerization 
Our initial experimental and numerical studies demonstrated the 

possibility of dynamic control of the confinement and sequential injec-
tion of photopolymerizable materials in the exposure area. Our next 
studies were devoted to demonstrating the photopolymerization of the 
materials during injection and to the characterization of the printing 

Fig. 5. Images of single-layer PEGDA structures. Suspension of 200 nm GFP (A) or 300-nm mCherry (B-F) particles were added to the material for better visuali-
zation. (A) Array of lines with constant spacing (top view, cross-section, and 3D view). (B) Intricated triangular structures. (C) Array of lines with varying spacing 
(30–150 µm). (D) and varying printing orientation). (E) Multiresolution printing of lines with two optical fibre configurations leading to different line widths of 35 
and 160 µm. (F) Printing of a large-scale cross structure. (A-B) Confocal images. (C-D-E-F) Fluorescence images. 
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process. Contrary to conventional SLA or 2PP methods, in which the 
photosensitive material is processed under static conditions, the mate-
rial here is in movement during the photopolymerization process, 
reminiscent of continuous flow lithography [26,44] where a flow of 
material is polymerized while flowing in a confined microfluidic chan-
nel. With such a process, as demonstrated in these studies, a careful 
investigation of the coupling between of the laser power and printhead 
velocity is required to determine the impact of the hydrodynamic flow 
on the polymerization process and resolution. 

Our first validations were performed by the printing of line arrays 
(such as in Fig. 5. A) using PEGDA solutions. Fig. 5 shows typical ex-
amples of PEGDA features printed for a Zgap value of 50 µm and observed 
through confocal and bright field or fluorescence imaging. Fig. 5. C 
shows lines of 10 µm with decreasing distances between them until 30 
µm. Most printings were realized in the positive X-axis direction, yet it is 
possible to print in any direction, as shown in Fig. 5. B/D. Overtime, 
some nanoparticles aggregation might occur explaining the grainy 
aspect of the fluorescence images. Nevertheless, SEM images (such as in 
Fig. 7. C-D) confirmed the homogeneity of the hydrogel material in the 
printed structures. 

These results confirmed that the effect of laser pulse time (blinking 
with a square signal at DCFG = 1 kHz, see part 2.3) on the polymeriza-
tion process is not noticeable. The distance traveled by the printhead 
between two pulses (dpulse = V/DCFG) in the common velocity range 
0.05–0.8 mm/s varies between 0.05 and 0.8 µm, which can be consid-
ered negligible compared to the laser spot size. 

We also investigated experimentally the spatial distribution of light 
intensity provided by the optical fibers coupled to the 405 nm laser 
source (see part 2.3). Sliding the fibers in the printhead indeed induces a 
defocusing effect that modifies the intensity distribution and controls 
the spot size (Suppl. Fig. 1). For example, Suppl. Fig. 1.B. shows the 
spatial distribution of light intensity in the exposure area for two optical 
configurations that were obtained by adjusting the vertical position of 
the fibers in the printhead (0 and 600 µm). In this configuration, the 
laser spots were estimated to be around 6 and 17 µm (FWHM measured 
with Zgap = 50 µm). The profile of the energy distribution shows a good 
homogeneity over large Z distances (>200 µm) allowing the processing 
of thick material layers. The optical fibers and printheads are easily 
changed, allowing different spot sizes and widths of printed lines across 
experiments. A small spot size (6–40 µm) was mainly used to benefit 

high-resolution printing (i.e., Fig. 5. C/E.i, Fig. 6), while a larger spot 
size (up to 200 µm, i.e., Fig. 5. B/E.ii, Fig. 7. A) was favorable for sta-
bility and quicker printing. 

3.3.2. Influence of printhead velocity and output power during 
photopolymerization 

In-flow photopolymerization was investigated through systematic 
modulation of the output power Pout and printhead velocity V by 
measuring the printing resolution. To be consistent with the hydrody-
namic studies performed earlier, we investigated V in the range 
0.05–0.8 mm/s, which is known to be compatible with hydrodynamic 
confinement conditions (Rφ = 7.5, φin = 25 μL/min), and we varied Pout 
in the range 0.0525–0.4 mW. For each Pout and V combination, the 
minimum dose required to create stable structures was estimated and 
the line width were vertically measured with an inversed fluorescence 
microscope (Fig. 6. A). The minimum line width obtained experimen-
tally was 20 µm for several combinations of Pout and V corresponding to 
a threshold dose of 3750 mJ/cm2 (see part 2.3 and eq. 1) and can be 
associated with a ratio P/V = 0.74 mJ/mm. As expected, the line width 
value increases with dose up to a value close to 160 µm. The results 
reveal a logarithmic dependence of line width on Pout/V (Suppl. Fig. 6). 
We could fit the curves to Eq. 3: 

Width(Pout,V) = k1 • ln(k2 • Pout/V) (3)  

with k1 = 44.82, k2 = 2.376, and R2 = 0.9704. 

3.3.3. Influence of pre-existing structures on the printing process 
The exposure dose is associated with the residence time of the ma-

terial in the area covered by the laser spot. This residence time correlates 
with the velocity of the material relative to the optical fiber, resulting 
both from the velocity of the printhead relative to the substrate and from 
the velocity of the material relative to the printhead. A question natu-
rally arising when considering material inflow is the impact of preex-
isting structure at the proximity of the exposure area. Indeed, the 
printing process occurs in a continuous manner with the motion of the 
laser spot according to the programmed trajectory. Structures may 
modify the distribution of velocities, affecting the photopolymerization 
dose and impeding material supply during printing. 

Simulations performed at φin = 25 μL/min, Rφ = 5 showed that on 

Fig. 6. Study of the in-flow photopolymerization. (A) Influence of the optical output power and printing speed on line width. Experiment realized with h = 75, φin 
= 25 μL/min, and Rφ = 5. Dose threshold values correspond to the minimum dose giving rise to stable structures (marked with a *). (B) Volumetric printing speeds 
based on the data in Fig. 6.A data and eq. 4. 
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flat substrates with no pre-existing printed structures, the velocity of the 
solution relative to the head is around 0.5 mm/s in the polymerization 
area (measured at mid-Zgap = 25 µm, Suppl. Fig. 7. A). When considering 
the presence of structures, simulations confirmed a significant reduction 
of the material velocity. In the vicinity of a pre-existing printed line, 
solution velocity drops to 0.1 mm/s (printhead velocity), as can be 
observed in supplementary figure 7.B. During the printing of a contin-
uous layer (Suppl. Fig. 7.C.), the fluid is also slowed by the previously 
printed adjacent lines on the side. In both cases, the reduction of ma-
terial velocity near the printed structures reduces the impact of material 
inflow and aspiration on the photopolymerization process that propa-
gates progressively in the vicinity of the structure being processed. 

The nearly constant width of printed lines in Fig. 6. A when keeping a 
constant P/V factor confirms that the dose is linked to the velocity of the 
printhead motion and that the motion due to the injection and aspiration 
flow is negligible. This observation provides an additional illustration of 
the decoupling between the photopolymerization and the hydrodynamic 
aspects (related to mass transport through injection and aspiration). For 
the start of new lines, no structures are already present, so the speed 
reduction is not effective. To overcome this limitation, we implemented 
over-dosing for these circumstances, which was achieved by a pause of 
0.2 s before starting the printhead motion. 

3.3.4. Printing resolution and correlated printing time 
Fig. 6. A shows a minimum line width of 20 µm for a laser spot size of 

16 µm (measured as described in part 3.3.2). We observed that printed 
line width was almost always bigger than the estimated laser spot size. 
We hypothesize that this effect is due to chemical diffusion of reactive 
species, light dispersion and over-dosing above the polymerization 
threshold. 

Fig. 6. B shows the evolution of the volumetric printing speed 

according to the printhead velocity and output power in the same range 
of values as shown in Fig. 6. A for Zgap = 75 µm. The volumetric printing 
speed is given by Vxyz

printing = V • width • height (4). We observed a loga-
rithmic influence of the printhead velocity on the width (see Eq. 3), 
meaning that the best strategy for increasing the overall volumetric 
speed and decrease the printing time is to increase the printhead ve-
locity. The variation of the width by modulation of Pout and V is ad-
vantageous as it allows tuning the width of printed features. From this 
perspective, increasing the laser spot size by switching to a larger spot 
size configuration should be preferable as compared to increasing the 
output power. Fig. 5.E. demonstrates this capacity by the printing of two 
line arrays using a dual fiber head (high-resolution fiber on the left and 
lower-resolution fiber on the right). This feature could also be used to 
adjust the overlap between adjacent lines when considering the printing 
of merged lines to create a bulk object [45]. Using two fibers inside the 
printhead could also allow multi-wavelength printing for more specific 
multimaterial printing, such as that proposed by Ravanbakhsh in 2021 
[6]. 

3.4. Processing multilayered and multimaterial 3D structures 

3.4.1. Control of layer thickness 
The creation of 3D structures through additive manufacturing pro-

cesses requires accurate and reproducible control of the thickness of 
each printed layer. With 3D-FlowPrint technology, the layer thickness is 
defined by the geometrical confinement between the PDMS window and 
the support, i.e., the Zgap value. Consequently, the Zgap value is directly 
associated with the layer thickness as provided by the slicing software 
(see part 2.8). Fig. 7. B shows an example of structures obtained for V 
= 0.1 mm/s at three different programmed heights (60, 80, and 

Fig. 7. 2.5D and 3D PEGDA printed structures. (A) Confocal pictures of a ladder structure with segments printed at varying heights (h = 100 or 350 µm). (B) 
Fluorescence image of crossing lines successively printed with three different printing heights. (C) SEM image of a millimetric 3D structure, including protruding and 
recessed pyramidal features. (D) SEM image of an array of lines with varying heights (h = 20–400 µm). 
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120 µm). Each line was printed in a single passage, programming Zgap to 
the desired thickness value. Interestingly, the three structures show 
almost constant lateral dimensions (~30 µm), demonstrating the low 
influence of Zgap on lateral feature dimensions, and thus a limited 
spreading of light distribution in the layer. We performed a more sys-
tematic study of the correlation between the vertical position of the 
printhead and the resulting structure thickness for values up to 350 µm. 
We implemented a fiber with large spot size (100 µm) resulting in an 
enlargement of the lines up to 150 µm. The dose was maintained con-
stant during the experiment. Fig. 7. A shows a ladder structure with 
programmed heights varying from 100 to 350 µm in 50-µm increments. 
Each segment of the structure was printed in a single passage by 
adjusting Zgap to the target thickness. Confocal observations revealed a 
16% shrinking of the structure in the Z-axis. In the cross-section shown 
in Fig. 7.A.iv., orthogonally to the lines, we can see the accurate shape, 
while slight slopes (5◦) are visible at the beginning and the end of lines in 
Fig. 7.A.ii due to shrinkage. 

This experiment demonstrates the ability to produce, independently 
from the printhead velocity and output power, structures with a wide 
range of thicknesses. This observation first confirms the low light ab-
sorption in the polymerization layer, which is negligible in the range of 
dimensions investigated. This is made possible by the transparency of 
the injected PEGDA-based material. The hydrogel solutions indeed 
exhibit a low absorbance coefficient (≤0.01 m− 1) [46] that allows 
vertically uniform polymerization of the hydrogel layer. Thus, the 
polymerization of such PEGDA formulations does not show mechanisms 
related to front polymerization that may have arisen in absorbing 
samples [47]. Optimizing the transparency of the material is thus a clear 
advantage in terms of writing speed when considering the processing of 
thick material layers. However, this feature underlines one of the limits 
of the printing system when considering the creation of hollow struc-
tures or overhangs that might require careful adjustment of light ab-
sorption to benefit from the front polymerization mechanism. 

3.4.2. Raster-printing protocol with positive and negative X velocities 
The printhead was designed to ensure efficient confinement and 

recovery of the material by creating a preferential pathway, with low 
hydrodynamic resistance, towards the aspiration channel. This resulted 
in an asymmetric design that favors the flow of the material along the X 
direction from the injection port to the aspiration port. However, 
because of the no-slip boundary conditions, the printhead motion rela-
tive to the substrate modifies hydrodynamic flow in the exposure area. 
As illustrated in Fig. 4. D, moving the printhead in the negative direction 
may impede hydrodynamic confinement and favor loss of material in the 
surrounding medium. Even if we could still demonstrate the ability to 
print in 360◦ as shown in Fig. 5. D, polymerization was thus preferably 
performed following the positive X-axis direction. The printing of 
extended structures was processed using a conventional raster method 
(Suppl. Fig. 8. B). In each layer, the slicing software decomposes the 
features in an array of adjacent vectors oriented along the X direction. 
The trajectory of the printhead follows the first vector with laser on 
(green). Then, the laser is turned off along the second vector (dashed 
red) and the printhead is positioned at the beginning of the third vector. 
According to the expected line width, a 10% overlap between each laser 
passage was implemented to ensure cohesion of the final structure. In 
order to further limit potential loss of material during the repositioning 
of the printhead, the Rφ ratio was dynamically adjusted during the 
process, i.e., Rφ = 5 during printing and increased up to Rφ = 10 during 
repositioning (with V = 0.1 mm/s and Zgap = 50 µm; see Suppl. Fig. 8. 
B). We could prove the efficiency of our printing method by creating a 
French Occitan cross, as shown in Fig. 5.F. 

We demonstrated the robustness of this printing process for the 
creation of millimetric-scale multilayered structures, such as that pre-
sented in Fig. 7.C. This structure integrates an array of pyramidal fea-
tures with a 500 µm x 500 µm base and 500 µm height. In this 
experiment, the printhead velocity was set to 0.5 mm/s while the Zgap 

value was set to 75 µm and maintained constant for each of the eight 
layers composing the final structure. The printing was performed in 6 h 
(Fig. 7.C.). Interestingly, this capacity of printing for long periods 
demonstrates the stability of the printing process. On the one hand, it 
shows that all along the printing, the injection and aspiration strategy 
allows for a continuous supply of photopolymerizable material to the 
exposure zone, even in the case of high-aspect-ratio structures such as 
those presented above. On the other hand, the spot size and associated 
printed voxel width remained stable along the experiment with no 
visible ageing of the PDMS layer. This result confirms the durability of 
the printheads.. 

3.4.3. Material switching 
An example of material switching while printing is presented in 

Suppl. Video 1 (at video speed x8). Fig. 8. A-B-C shows several proofs of 
concept for multimaterial printing using different solutions of PEGDA 
prepolymer containing suspensions of fluorescent nanoparticles. Even in 
the case of enclosed structures, such as those presented in Fig. 8.B., we 
did not observe any impact of the presence of polymerized structures in 
the exposure area prior to the injection of a second material. The 
structures show a homogeneous shape, composition, and constant res-
olution (line width of 50 µm). Similar results were obtained in the case 
of 3D multilayer structures, such as the helicoïdal structure shown in 
Fig. 8.C. That structure was obtained using three standard PEGDA so-
lutions (1st with green particles, 2nd with red particles, and 3rd without 
nanoparticles). This millimeter-scale structure was obtained by stacking 
five layers with a thickness of 100 µm. For each layer, the systems 
performed successive injections of materials with φin = 30 μL/min, Rφ 
= 5, and a flushing time of 90 s. Fluorescence imaging confirmed the 
stability of the printing process. These results also show that, for these 
conditions, there is no cross-contamination of materials in the printed 
features, which would indicate insufficient material inflow or flushing 
time when switching from one material to another. Han et al. achieved a 
switching time at 90% of 8 s [21]. However, they impose major stress on 
the printing structures with flowrates of approximately 1 mL/s, which is 
around 300-times the flowrate we used in this work. A compromise 
might be determined by the user to balance the advantages of fast 
switching time and high flowrate. 

3.5. Printing scaffolds for cell patterning and spheroid engineering 

We investigated how a cell colony could be patterned by non- 
adherent PEGDA printed on a glass surface. Cells (PC3-GFP) were 
seeded onto arrays of lines (Fig. 9. A), grids (Fig. 9. B), and converging 
lines (Fig. 9. C). As expected, no cells were detected on the PEGDA 
structures at day 1, confirming its protein-repellant and non-adherent 
properties (Fig. 9. A) while some cells can be observed even in the 
narrow gap separating the lines (gap = 20 µm). Cell division led to cell 
confluence after day 3 of culture. The 3D-FlowPrint technology allowed 
us to explore cell development in specific and tuned geometric condi-
tions. Interestingly, we can see the cells starting to grow out of the 
PEGDA lines (height = 50 µm) at day 3. As shown in Fig. 9. C, cell 
development proceeded until an accessible distance of 10 µm between 
two converging lines. The 3D-FlowPrint technology could also be used 
to probe cell aggregates using a PEGDA grid (Fig. 9. B). 

We also investigated how cell migration from human ASC spheroids 
can be spatially controlled using guiding structures based on differential 
cell adhesive properties. This printing technology allowed us to generate 
high-aspect-ratio non-adherent PEGDA patterns delimiting cavities (D =
450 µm, h = 600 µm) surrounded by guiding channels with different 
widths (100, 150, and 200 µm, Fig. 9. D-F). Cavity size was adjusted to 
spheroid dimension allowing hosting of the spheroids inside and main-
taining them during culture. Cell attachment was observed in the ad-
hesive areas in the first hours of culture. F-actin phalloidin staining 
revealed that, after 3 days, spheroid sprouting was restricted to the 
adhesive channels. Cell colonization was only restricted by the PEGDA 
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geometry independently of channel size. Altogether, these results sug-
gest that this printing approach could be adapted for further charac-
terization of cell confinement and patterning effects on biological 
processes. This design may be especially useful to study the mechanisms 
of confined migration, known to promote cancer cell invasion [48]. 
Moreover, being able to drive spheroid fusion [49] or interconnectivity 
[50,51] in biomaterials is currently of major interest in the tissue en-
gineering field. 

4. Conclusion 

Most 3D printing methods reported so far lack the ability to print 
multimaterial objects in combination with high-resolution. Some have 
achieved this goal by laborious swapping between reservoirs or by 
printing inside fluidic chambers. In this article, we proposed a new 
method to 3D print multimaterial high-resolution objects by combining 
photopolymerization with a microfluidic printhead. Such a system 
prints directly in immersion in open media and does not require a tank of 
material, since the printhead is itself responsible for material supply 
without cross-contaminating the surrounding environment. By dis-
associating the polymerization process from the material supply, we 
were able to reach high-resolution printing (down to 10 µm in the XY 
plane) with multimaterial ability. Unlike most extrusion systems, the 
material does not need any specific properties, such as shear thinning, 
and can have a viscosity close to that of water. This printer also benefits 
from two-resolution printing to promote overall printing speed. Using a 
second wavelength with a dual-fiber printhead could be useful for het-
erogeneous structures with specific materials, as proposed by Rav-
anbakhsh in 2021 [6]. 

In this study, we 3D-printed the printhead itself to gain time, cost, 
and especially versatility. The printhead has been optimized through 
Comsol simulation by adding or removing structures at the apex in order 
to enhance the confinement ability and to direct the injected material 
toward the polymerization point. Similar simulations helped us to 
demonstrate our capability to confine the injected material in the 
enclosure below the printhead and the substrate without cross- 

contamination. This was achieved by choosing the right printing pa-
rameters through systematic microfluidic simulations and correlation to 
experiments. We demonstrated that in-flow photopolymerization was 
achievable, and we characterized the theoretical dose threshold. We 
demonstrated the potential of our system to print close, non-touching 
structures without the issue of dose overlapping in the gap. We pre-
sented multiple examples of objects printed with this technology, 
including high-resolution printing in the XYZ axis, high-aspect-ratio 
structures, inscribed structures, and multimaterial structures. Finally, 
we used the 3D-FlowPrint technology to create 2.5D objects to culture 
cells and spheroids on constrained environments, showing the specific 
development of the aforementioned elements. 

In the future, enlarging the range of printable biomaterials is the 
main objective. For example, combining PEGDA-based materials with 
gelatin methacrylate (Gel-MA), methacrylated collagen (Col-MA) or 
methacrylated hyaluronic acid (HA-MA) appears to be a promising 
perspective to promote cell adhesion [52] while keeping the hydrody-
namic properties close to those of PEGDA. Materials with high contents 
of HA-MA or Gel-MA would allow introducing cell suspensions directly 
within the hydrogel formulation and thus opening a path towards 3D 
bioprinting. From this perspective, the multiplexing and multiresolution 
capacities of our approach would provide opportunities for the creation 
of heterogeneous multiscale structures requiring the organization of 
specific cell populations in complex architectures. 
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Fig. 9. Illustration of cell and spheroid patterning on PEGDA patterns. (A, B, C) PC3 cells were cultivated on non-adherent PEGDA arrays of lines. (A) Images show a 
time lapse taken at day 1, 2, and 3. (B,C) PC3 cells after 3 days of culture. (D-E-F) Spheroids generated from hASCs were cultivated on PEGDA channel arrays. Pictures 
were taken at day 3 for (D-E) and day 6 for (F). (A-E) are bright field images and (B, C, D, F) are confocal images (PEGDA structures can be seen with mCherry 
nanoparticles (B, C, D), actin is marked in green (B, C, D, F), and nuclei are marked in blue (B, C, D, F)). 
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