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ABSTRACT 
 

The extracellular matrix (ECM) is the non-cellular part of tissues and represents the natural 

environment of the cells. Next to structural stability, it provides various physical, chemical, and 

mechanical cues that strongly regulate and influence cellular behavior and are required for tissue 

morphogenesis, differentiation, and homeostasis. Due to its promising characteristics, ECM is 

used in a wide range of tissue engineering and regenerative medicine approaches as a biomaterial 

for coatings and scaffolds. To date, there are two sources for ECM material. First, native ECM is 

generated by the removal of the residing cells of a tissue or organ (decellularized ECM; dECM). 

Secondly, cell-derived ECM (cdECM) can be generated by and isolated from in vitro cultured cells. 

Although both types of ECM were intensively used for tissue engineering and regenerative 

medicine approaches, studies directly characterizing and comparing them are rare. Hence, in the 

first part of this thesis, dECM from adipose tissue and cdECM from stem cells and adipogenic 

differentiated stem cells from adipose tissue (ASCs) were characterized towards their 

macromolecular composition, structural features, and biological purity. The dECM was found to 

exhibit higher levels of collagens and lower levels of sulfated glycosaminoglycans compared to 

cdECMs. Structural characteristics revealed an immature state of collagen fibers in cdECM 

samples. The obtained results revealed differences between the two ECMs that can relevantly 

impact cellular behavior and subsequently experimental outcome and should therefore be 

considered when choosing a biomaterial for a specific application. The establishment of a 

functional vascular system in tissue constructs to realize an adequate nutrient supply remains 

challenging. In the second part, the supporting effect of cdECM on the self‐assembled formation 

of prevascular‐like structures by microvascular endothelial cells (mvECs) was investigated. It could 

be observed that cdECM, especially adipogenic differentiated cdECM, enhanced the formation of 

prevascular-like structures. An increased concentration of proangiogenic factors was found in 

cdECM substrates. The demonstration of cdECMs capability to induce the spontaneous formation 

of prevascular‐like structures by mvECs highlights cdECM as a promising biomaterial for adipose 

tissue engineering. Depending on the purpose of the ECM material chemical modification might 

be necessary. In the third and last part, the chemical functionalization of cdECM with dienophiles 

(terminal alkenes, cyclopropene) by metabolic glycoengineering (MGE) was demonstrated. MGE 

allows the chemical functionalization of cdECM via the natural metabolism of the cells and without 

affecting the chemical integrity of the cdECM. The incorporated dienophile chemical groups can 

be specifically addressed via catalysts-free, cell-friendly inverse electron-demand Diels‐Alder 
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reaction. Using this system, the successful modification of cdECM from ASCs with an active 

enzyme could be shown. The possibility to modify cdECM via a cell-friendly chemical reaction 

opens up a wide range of possibilities to improve cdECM depending on the purpose of the 

material. Altogether, this thesis highlighted the differences between adipose dECM and cdECM 

from ASCs and demonstrated cdECM as a promising alternative to native dECM for application in 

tissue engineering and regenerative medicine approaches.  

 

 

 

 

 

 

 

 



Zusammenfassung 

VII 

 

ZUSAMMENFASSUNG 
 

Die extrazelluläre Matrix (englisch: extracellular matrix: ECM) ist der nichtzelluläre Teil von 

Gewebe und Organen und stellt die natürliche Umgebung der Zellen dar. Neben struktureller 

Stabilität interagiert sie über zahlreiche physikalische, chemische und mechanische Signale mit 

den Zellen und reguliert so das Verhalten der Zellen und darüber hinaus die Morphogenese, 

Differenzierung und Homöostase von Geweben. Aufgrund ihrer vielversprechenden 

Eigenschaften wird die ECM umfangreich im Tissue Engineering und in der regenerativen Medizin 

als (Bio)Material eingesetzt. Bislang stehen zwei Quellen für ECM zur Verfügung. Erstens kann 

native ECM durch die Entfernung der in einem Gewebe oder Organ vorhandenen Zellen 

(dezellularisierte ECM; dECM) gewonnen werden. Neben dieser nativer dECM kann ECM aus im 

Labor kultivierten Zellen gewonnen werden (englisch: cell-derived ECM; cdECM). Obwohl beide 

Arten von ECM umfangreich im Tissue Engineering und in der regenerativen Medizin eingesetzt 

werden, gibt es nur wenige Studien, die sie systematisch charakterisieren und direkt miteinander 

vergleichen. Im ersten Teil dieser Thesis werden dECM aus dem Fettgewebe und cdECM aus 

Stammzellen und adipogen differenzierten Stammzellen aus dem Fettgewebe (englisch: adipose-

derived stem cells; ASCs) hinsichtlich ihrer makromolekularen Zusammensetzung, strukturellen 

Merkmale und biologischen Reinheit untersucht. Es konnte gezeigt werden, dass die dECM im 

Vergleich zur cdECM einen höheren Anteil an Kollagenen und einen geringeren Anteil an 

sulfatierten Glykosaminoglykanen aufweist. Die Untersuchung der strukturellen Merkmale zeigte, 

dass die Kollagenfasern in der cdECM einen noch unreifen Zustand aufweisen. Die erzielten 

Ergebnisse lassen Unterschiede zwischen den beiden ECMs erkennen, die das zelluläre Verhalten 

und damit Versuchsergebnisse maßgeblich beeinflussen können und daher bei der Auswahl eines 

Biomaterials für eine bestimmte Anwendung berücksichtigt werden sollten. Die Integration eines 

funktionellen Gefäßsystems in Gewebekonstrukte zur Realisierung einer ausreichenden 

Nährstoffversorgung bleibt weiterhin eine Herausforderung. Im zweiten Teil dieser Thesis wird die 

unterstützende Wirkung von cdECM auf die Ausbildung von gefäßähnlichen Strukturen durch 

mikrovaskuläre Endothelzellen (mvECs) untersucht. Es konnte beobachtet werden, dass die 

cdECM, insbesondere die adipogen differenzierte cdECM, die Bildung von gefäßähnlichen 

Strukturen deutlich fördert. Weiterhin wurde in den cdECM Substraten eine erhöhte 

Konzentration von pro-angiogenen Faktoren gemessen. Die Fähigkeit von cdECMs, die spontane 

Bildung von gefäßähnlichen Strukturen durch mvECs zu induzieren, hebt cdECM als 

vielversprechendes Biomaterial für das Tissue Engineering hervor. 
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Je nach Verwendungszweck des ECM-Materials kann eine chemische Modifizierung erforderlich 

oder hilfreich sein. Im dritten und letzten Teil dieser Thesis wurde die chemische 

Funktionalisierung von cdECM mit dienophilen Gruppen (endständigen Alkenen, Cyclopropenen) 

durch metabolisches Glykoengineering (MGE) gezeigt. MGE ermöglicht die chemische 

Funktionalisierung von cdECM mittels des natürlichen Stoffwechsels der Zellen und ohne 

Veränderung der chemischen Integrität der cdECM selbst. Die eingebauten dienophilen Gruppen 

können über eine katalysatorfreie, zellfreundliche Diels-Alder-Reaktion mit inversem 

Elektronenbedarf gezielt adressiert werden. Über dieses chemische System konnte die 

erfolgreiche Modifikation von cdECM aus ASCs mit einem aktiven Enzym gezeigt werden. Die 

Möglichkeit, cdECM über eine zellfreundliche chemische Reaktion zu modifizieren, eröffnet eine 

breite Palette von Möglichkeiten zur Anpassung der cdECM, je nach Verwendungszweck des 

Materials. Insgesamt hat diese Thesis die Unterschiede zwischen dECM aus dem Fettgewebe und 

cdECM von ASCs hervorgehoben und gezeigt, dass cdECM eine vielversprechende Alternative zur 

nativen dECM für die Anwendung im Tissue Engineering und in der regenerativen Medizin 

darstellt. 



Publications and contributions 

IX 

 

PUBLICATIONS AND CONTRIBUTIONS 
 

The presented cumulative thesis is based on the following publications, which are published in 

international peer-reviewed journals: 

 

1. Cell-derived and enzyme-based decellularized extracellular matrix exhibit compositional 

and structural differences that are relevant for its use as a biomaterial 

Svenja Nellinger, Ivana Mrsic, Silke Keller, Simon Heine, Alexander Southan, Monika Bach, 

Ann-Cathrin Volz, Thomas Chassé, Petra J. Kluger 

Biotechnology and Bioengineering. 2022; 1– 15. DOI: 10.1002/bit.28047 

 

2. Adipose stem cell-derived Extracellular Matrix represents a promising Biomaterial by 

inducing spontaneous formation of Prevascular-like Structures by MvECs 

Svenja Nellinger, Isabelle Schmidt, Simon Heine, Ann-Cathrin Volz and Petra J. Kluger 

Biotechnology and Bioengineering. 2020;1–13. DOI: 10.1002/bit.27481 

 

3. An Advanced “clickECM” that Can be Modified by the Inverse-Electron Demand Diels-Alder 

Reaction 

Svenja Nellinger, Mareike A. Rapp, Alexander Southan, Valentin Wittmann, Petra J. Kluger 

ChemBioChem. 2022, 23. DOI: 10.1002/cbic.202100266 

 

Contributions to the publications: 

No. Accepted 
for 
publication 

Number 
of 
authors 

Position 
of the 
candidate 
in the list 
of authors 

Scientific 
ideas by 
candidate 
[%] 

Data 
generation 
by 
candidate 
[%] 

Interpretati
on and 
analysis by 
candidate 
[%] 

Paper 
writing by 
candidate 
[%] 

1 Yes 9 1 90 80 90 80 

2 Yes 5 1 90 95 90 80 

3 Yes 5 1 75 75 75 75 

 

 

 

 

 



Publications and contributions 

X 

 

Further contributions of the PhD candidate: 

Conference paper: 

• Generation of an azide-modified extracellular matrix by adipose-derived stem cells 

using metabolic glycoengineering 

Svenja Nellinger*, Silke Keller, Alexander Southan, Valentin Wittmann, Ann-Cathrin Volz 

and Petra J. Kluger 

Current Directions in Biomedical Engineering, vol. 5, no. 1, 2019, pp. 393-395.  

DOI: 10.1515/cdbme-2019-0099 (full text provided under Appendix I) 

• Cell-derived Extracellular Matrix as maintaining Biomaterial for adipogenic 

differentiation 

Svenja Nellinger, Simon Heine, Ann-Cathrin Volz and Petra J. Kluger* 

Current Directions in Biomedical Engineering, vol. 6, no. 3, 2020, pp. 410-413.  

DOI: 10.1515/cdbme-2020-3106 (full text provided under Appendix II) 

 

Participation in national and international conferences: 

 

Year & Venue Conference Type Title of contribution 

2017 
Dresden 

Annual Conference on 
Biomedical Engineering 

Poster Chemically modified micro grooved 
PDMS surfaces influence adipose-
derived stem cell behavior 

2017 
Würzburg 

Annual Meeting of the 
German Society for 
Biomaterials (DGBM) 

Poster Actin cytoskeleton organization and 
nucleus orientation of adipose-
derived stem cells on micro 
structured PDMS surfaces 

2018 
Maastricht 

Conference of the 
European Society for 
Biomaterials 

Poster Advancement of clickECM 
technique by metabolic 
glycoengineering using synthetic 
dienophile-modified 
monosaccharide derivates 

2018 
Braunschweig 

Annual Meeting of the 
German Society for 
Biomaterials (DGBM) 

Poster Devitalized extracellular matrix as 
smart biomaterial for adipose-
derived stem cell differentiation 

2019 
Frankfurt 

Annual Conference on 
Biomedical Engineering 

Poster + 
conference 
paper 

Generation of an azide-modified 
extracellular matrix by adipose-
derived stem cells using metabolic 
glycoengineering 

2020 
online 

Annual Conference on 
Biomedical Engineering 

Poster + 
conference 
paper 

Cell-derived extracellular matrix as 
maintaining biomaterial for 
adipogenic differentiation 

2021 
online 

Annual Meeting of the 
German Society for 
Biomaterials (DGBM) 

Oral 
presentation 

Decellularized native ECM vs cell-
derived ECM – a systematically 
characterization and comparison 



Introduction 

1 

 

1 INTRODUCTION 

1.1 The Extracellular Matrix 

Tissues are composed of specific cells and a non-cellular component, the extracellular matrix 

(ECM). The ECM is a complex three-dimensional network structure consisting of interconnected 

fibrillary and non-fibrillary macromolecules, synthesized and secreted by the residing cells. As it is 

continuously remodeled by the cells using specific proteases (e.g. matrix metalloproteases), it is a 

highly dynamic structure [1,2]. The ECM not only provides physical and structural stability to 

tissues but also initiates crucial biochemical and biomechanical cues that regulate numerous 

cellular processes including adhesion, proliferation, migration, and differentiation. The physical, 

chemical, and topographical features of the ECM are highly tissue-specific and generate the 

characteristic properties of a tissue, such as its tensile and compressive strength and elasticity. By 

providing specific binding sites, ECM serves as a reservoir for growth factors and cytokines that 

can be presented to specific receptors on cell surfaces at relevant times [1–3]. Next to signaling 

proteins ECM also provides binding sites for cell membrane receptors (e.g. integrins) that sense 

the ECM and initiate a cellular response via the interaction with the actin cytoskeleton [4,5].  

Depending on its structure and composition ECM can be divided into two major subtypes, i.e. 

pericellular and interstitial ECM [1,6]. Pericellular ECM is a narrow space surrounding individual 

cells that is in close contact with the cells and exhibits a distinct composition from the interstitial 

ECM. A well-known type of pericellular ECM is the basement membrane which is a sheet-like 

structure that separates the cells from the surrounding connective tissue. The interstitial ECM is 

present in the connective tissue and mainly comprises different types of collagen, elastin, 

fibronectin, and proteoglycans [1,2,7,8]. Figure 1 gives an overview of the main components of 

the ECM and their interaction with cellular structures. 
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1.1.1 ECM components 

The ECM is composed of two main components: Ground substance and fibrous proteins. Further, 

anchor proteins for cell-ECM interactions (e.g. fibronectin and laminins), and ECM-bound and 

soluble growth factors can be found. The fibrous components built a stable network that provides 

adhesion sites for the molecules of the ground substance [1–3,9]. In the following, the main ECM 

compounds are described in more detail.  

 

Ground substance 

The ground substance consists of glycosaminoglycans (GAGs), proteoglycans (PGs), and 

glycoproteins which include among others anchor proteins like fibronectin and laminins [10–12]. 

GAGs are unbranched, negatively charged heteropolysaccharides with repeating disaccharide 

structures. The disaccharide subunits are linked via 1,4-glycosidic bonds that are linked via a 1,3-

glycosidic bond to an amino sugar, like N-acetylglucosamine or N-acetyl galactosamine. Depending 

on variations in the disaccharide sequence and sulfonylation degree, six subgroups of sulfated 

(s)GAGs are defined: Chondroitin sulfate (CS), dermatan sulfate (DS), heparin (Hep), heparan 

sulfate (HS), hyaluronan (hyaluronic acid; HA), and keratan sulfate (KS) [13–16]. In contrast to the 

other GAGs, which are synthesized in the Golgi apparatus, HA is synthesized by transmembrane 

proteins and is the only non-sulfated GAG [14]. GAGs are involved in the maintenance of turgor 

and enhance the elasticity of ECM. Next to their structural functions in ECM, GAGs are known to 

influence cellular behavior (e.g. migration, proliferation, and differentiation) and to have a 

Figure 1: Schematic overview of ECM structures and focal complex. The ECM consists of various fibrous 
proteins like collagens, proteoglycans with GAGs and cell adhesion proteins like laminin and fibronectin. 
Via focal complexes the ECM interact and influence the actin cytoskeleton and thereby various cellular 
signaling pathways. (FAK: focal adhesion kinase, SRC: Src kinase). Created with BioRender.com 
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beneficial effect in regenerative processes, like wound healing and angiogenesis [14,15]. In Figure 

2 the structure of proteoglycans is shown. 

 

 
Figure 2: Schematic structure of a proteoglycan. PGs consist of one or more sGAGs bound to a core protein. 

The type and number of attached sGAGs are responsible for their physiological functions including 

regulation matrix mechanics and cellular behavior. Created with BioRender.com 

 

PGs are composed of GAG chains covalently linked to a core protein [17]. According to 

their localization, PGs can be classified into fours subgroups: intracellular PGs, extracellular PGs, 

pericellular PGs, and cell-surface PGs [9]. Other classifications e.g. after their linked sGAGs or 

protein structure, can also be found. Table 1 gives an overview of the members of the above-

mentioned different PG subgroups, their localization, and the respective sGAG chains. PGs are 

ubiquitously expressed by all cell types and fill the majority of the extracellular space in the form 

of a hydrated gel. They have various functions including buffering, hydration, binding of growth 

factors, and force-resistance [18,19]. Next to regulating matrix mechanics, they act as integrators 

of different signaling pathways regulating cellular behavior by acting as coreceptors for growth 

factors and interacting with enzymes that are continuously remodeling the ECM [20,21]. The 

covalently attached sGAG chains are principally responsible for most of the physiological 

functions. Extracellular PGs aggrecan, versican, neuronan, and brevican are responsible for the 

compressive-resistant features of cartilage, the tensile strength of skin and tendon, and the 

mineralization of the bone matrix. Decorin is mainly found in connective tissue ECM and perlecan 

is an important component of basement membrane (BM) [21]. 
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Table 1: Overview of the four subgroups of PG classified according to their localization (adapted from 
[9,14]). SLRP: small leucine-rich repeat proteoglycan; CSPG: Chondroitin sulfate proteoglycan; NG: neuron-
glial antigen; GPI: glycosylphosphatidylinositol; GPC: glypican; Hep: heparin; CS: chondroitin sulfate; KS: 
keratan sulfate; DS: dermatan sulfate; HS: heparan sulfate 

 

 

Fibrous proteins 

Collagens  

Collagens are the most abundant proteins in the ECM. To date, 28 types of collagens are identified 

in mammals, with types I - III making up 80-90 % of the collagen in the human body [22–24]. 

Collagens comprised of different procollagen α chains (α1, α2, and α3) that are post-translational 

modified. This includes the hydroxylation of proline and lysine residues and the glycosylation of 

lysine [25,26]. Polypeptide α-chains contain a variable number of Gly-X-Y repeats, where X and Y 

often are proline and 4-hydroxyproline, respectively. After release from the endoplasmic 

reticulum into the cytoplasm, the α-chains assemble into homo- or heterotrimeric helical bundles 

to form the procollagen triple helix molecule. Procollagen is released to extracellular, converted 

Location/ Class Proteoglycan GAG chains 

Intracellular   

 Secretory Granules Serglycin Hep 

Extracellular PGs   

 Hyalectanes Aggrecan CS/KS 

 Versican, Neuronan, Brevican CS 

 SLRPs Biglycan CS 

 Decorin DS 

 Fibromodulin, Lumican KS 

 SPOCK Testican HS 

Pericellular  KS 

 BM Perlecan, Agrin, Collagen XVIII HS 

 Collagen XV CS/HS 

Cell surface    

 Transmembrane Syndecans 1-4 HS 

  CSPG4/NG2, Phosphacan  CS 

  Betaglycan  CS/HS 

 GPI anchored GPC-1-6  HS 
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to tropocollagen by proteolytic removal of the N- and C-propeptides and assembled to fibrils and/ 

or networks, depending on the type of collagen [27].  

Fibril-forming collagens (I, II, III, V, XI, XXIV, XXVII) self-assemble into fibrils of various 

diameters and different structures. Covalent cross-linking of the collagens is initiated by the 

enzymes of the lysyl oxidase (LOX) family, to stabilize the fibers and provide their mechanical 

properties [28]. Collagens I, II, III, V, and XI are the most extensively characterized and investigated 

fibrillar collagens. Subtypes I, III, and V are found in a variety of tissues. Subtype II is mainly found 

in cartilage, associated with subtype XI, which regulates fibril assembly, and functional properties 

in tendon [29,30].  

Fibril-associated collagen with interrupted triple helices (FACITs) (IX, XII, XIV, XVI, XIX, XX, 

XXI, XXII) do not form fibrils by themselves. They are associated with the surface of fibrillar 

collagens. Collagen IX is covalently linked to the surface of collagen II, and collagens XII and XIV 

are associated with collagen I fibrils. Collagen XV is associated with BM and forms a bridge linking 

large, banded fibrils, likely fibrils containing collagens I and III [31,32]. 

Collagen forming beaded filaments (VI) and collagen forming anchoring fibrils (VII) are 

special within the collagen family. Collagen VI contains von Willebrand factor and Kunitz family of 

serine protease inhibitor domains and forms end-to-end beaded filaments. It is found in a wide 

range of tissues where it forms structural links with cellular structures [27,33]. Collagen VII is the 

major component of the anchoring fibrils at the dermal-epidermal junction [27]. It plays a role in 

wound closure by enhancing fibroblast migration and cytokine secretion [34].  

Network-forming collagens include collagens IV, VIII, and X. Collagen IV represents the 

prototypical network-forming collagen, which is associated with the BM [27]. Collagen VIII is a 

major component of the Descemet’s membrane – the specialized BM of the corneal endothelium 

[35] - and subendothelial matrices. The related collagen X is found in the hypertrophic zone of 

growth plate cartilage [36].   

Membrane-associated collagens (XIII, XVII, XXIII, XXV) are transmembrane proteins that 

have a short cytosolic N-terminal domain and long interrupted triple-helical extracellular domains, 

which can be proteolytically shed by furin-like proprotein convertases. Collagens XIII and XXV have 

cell adhesive properties and occur in numerous cell types [22]. Collagen XVII is mainly expressed 

in basal keratinocytes and can be found in hemidesmosomes [37].  

Multiplexins (XV, XVIII) are a subtype of collagens decorated with GAGs and associated 

with the BM [31]. Collagen XV plays a role in the regulation of cell adhesion and migration whereas 

collagen XVIII is required for the maintenance of the BM and regulates cell survival, maintenance, 

differentiation, and inflammation [38].  
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Elastic fibers 

Together with fibrillin, elastin builds a highly elastic network of elastic fibers in the ECM. They 

endow connective tissues with the critical properties of elasticity and resilience. Cells secrete the 

soluble tropoelastin molecules into the extracellular space [39]. Tropoelastin mainly consists of 

hydrophobic amino acids (glycine, alanine, valine, and proline) and exhibits small amounts of 

hydroxyproline. Extracellularly, tropoelastin is cross-linked via lysin side chains and surrounded by 

fibrillin. Similar to collagens this cross-linking is initiated by members of the LOX family [40]. This 

is a highly complex and multistage process named elastogenesis. As shown in Figure 3 mature 

elastic fibers exhibit a “random coil” structure which allows the stretching of 100-200 % of their 

original length and the retraction to the original shape [41]. The production of functional elastic 

fibers in vivo occurs during the neonatal stages and decreases after birth [42,43]. The turnover of 

elastic fibers is extremely slow and under normal conditions, there is no elastogenesis in adult life 

leading to an accumulation of damages in elastic fibers over a lifetime [44–46].  

 

 
Figure 3: Elastic fibers. Single elastin molecules are secreted by the cells and assemble extracellularly with 
fibrillin. Cross-linking via enzymes of the lysyl oxidase family (LOX) leads to fibers with a “random-coil” 
structure. This specific structure enables stretching of the fiber to 100-200 % of their initial length and the 
retraction to the initial shape. Created with Biorender.com 
 

Reticular fibers 

Reticular fibers consist of one or more strands of collagen III building very thin fibers (< 2µm). They 

built a highly branched network of thin reticular fibers mostly covered with glycoproteins. 

Reticular fibers are associated with the BM, lymphatic organs, and blood vessels where they act 

as a supporting mesh [47,48].  

 

Other components present in ECM 

In addition to their function as structural proteins, ECM proteins interact with cell surface 

receptors and regulate numerous biological processes either as full-length proteins or via their 

bioactive fragments (matricryptins and matrikines) released by proteolysis e.g. during tissue 
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remodeling [49,50]. In 2016 Huleihel et al. first described a subpopulation of extracellular vesicles 

that are bound within the ECM (matrix-bound vesicles; MBVs) and have the potential to highly 

influence its bioactivity (e.g. macrophage activation and differentiation) [51]. These MBVs contain 

microRNA and are released after enzymatic degradation as it occurs during natural ECM turnover 

in tissues by cell-derived enzymes [51,52]. Further, cell-secreted bioactive molecules (e.g. growth 

factors, cytokines, and enzymes) accumulate within the ECM and can partly be bound by the ECM 

protein [53,54]. Similar to MBVs, ECM-bound bioactive molecules can be released after ECM 

degradation.  

1.1.2 Basement membrane 

The BM is a thin special type of ECM that can be found on the basal side of epithelial or endothelial 

cells and is important for the from and structure of the overlying tissues [55]. BM structures can 

also be found around adipocytes in adipose tissue [56]. The composition of the BM is highly 

diverse, dynamic, and tissue-specific. Typically the BM consists of a network of laminin and 

collagen IV linked with several additional ECM proteins, such as nidogen, perlecan, fibulin, and 

argin [57,58]. Recent studies showed that laminins together with collagen IV built a stable scaffold 

of BM and proteins like nidogen, fibulin and agrin are more dynamic components of the BM. These 

mobile BM components might allow the response of BM to changes in tissue [59]. Figure 4 shows 

the structure of BM and the stable and mobile components. 

Laminins are deposited by the cells and are assembled along with collagen IV, nidogens, argin, 

and perlecan and representing an essential part of the BM. They are heterotrimers comprising of 

an α-, a β- and a γ- subunit that are assembled to a cross-, Y, or rod-shaped molecule. To date, five 

α chains, three β chains, and three γ chains are known which can assemble to different isoforms 

[60,61]. Laminin molecules interact with each other as well as with other ECM molecules 

participating in the organization of the ECM. Further, Laminin interacts with the cell membrane 

receptors integrin and dystroglycan, which cause actin cytoskeleton rearrangement that in turn 

have functional consequences on cell behavior (e.g. adhesion, migration, and differentiation). 

Laminins are shown to be crucial in embryonic development, organogenesis and are an important 

player in wound repair and angiogenesis [62,63].  
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Figure 4: Structure of the basement membrane. Laminins and collagen IV form a stable scaffold. The most 
dynamic proteins in the BM are moving proteins like nidogen, fibulin, and argin. The dynamic of the BM 
allows response to changes in the tissue [59]1. 
 

1.2 The extracellular matrix as a biomaterial 

There are a variety of different definitions for the term “biomaterial”. One widespread definition 

is employed by the American National Institute of Health that describes biomaterial as “any 

substance or combination of substances, other than drugs, synthetic or natural in origin, which can 

be used for any period of time, which augments or replaces partially or totally any tissue, organ or 

function of the body, in order to maintain or improve the quality of life of the individual” [64,65]. 

Biomaterials are used in different (bio)medical applications, such as surgical instruments, 

catheters or screws, and implants, differing in their type of material and remaining time in the 

body. Since the 1950s biomaterials go through an enormous development (Figure 5). The first 

generation of biomaterials includes metals and alloys that do not elicit an adverse reaction in the 

biological system (bioinert). Due to poor adhesion and implant loosening the second generation 

of biomaterials was developed, which were capable to form complex bonds with the biological 

tissue (bioactive). Simultaneously, researchers studied bioresorbable materials. In the next step, 

research was focused on materials that are being degraded in a controlled manner and promoting 

a natural integration of the implant with the tissue (third generation). Since around 2010 the 

fourth generation of biomaterials moved to the fore: biomimetic materials for application in tissue 

engineering. Although the natural ECM would best represent the natural environment of the cells, 

these materials are mainly natural biopolymers like collagen and other single ECM molecules [66–

68].  

                                                             
1 Reprinted from Comprehensive Endogenous Tagging of Basement Membrane Components Reveals 
Dynamic Movement within the Matrix Scaffolding, Daniel P. Keeley,Eric Hastie,Ranjay Jayadev,Laura C. 
Kelley,Qiuyi Chi,Sara G. Payne,Jonathan L. Jeger,Brenton D. Hoffman,David R. Sherwood, Dev Cell. 2020 Jul 
6;54(1):60-74, Copyright (2022) with permission from Elsevier 
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Figure 5: “Evolution” of biomaterials. Since the 1950s biomaterials developed through different stages from 
bioinert materials that did not interact with the host tissue to biomimetic materials that aim to reflect the 
natural environment of the cells. 
 

These molecules are used as coatings, as scaffold material, or as a component of hybrid materials 

in combination with synthetic materials [69–72]. In hybrid materials, the desirable characteristics 

of biological molecules are combined with the good mechanical/ physical characteristic of 

synthetic materials. The advantages of the use of single ECM molecules are their simplicity in the 

generation, application, and processing. Due to the extreme complexity, to date it is not possible 

to rebuild the natural ECM as the most natural environment of cells. Thus, researchers focus on 

the use of natural ECM as a biomaterial.  To date, this natural ECM can be generated in two ways: 

 

1. Decellularization of native tissues/organs (dECM) 

2. Generation of cell-derived ECM (cdECM) 

 

1.2.1 Decellularized tissues/organs 

Since the conception of decellularized tissue was introduced methods and application of dECM 

evolved (Figure 6) [73]. The first reported decellularization (muscle tissue) was performed by Poel 

et al. in 1948 [74]. In the 1970s Hjelle et al. demonstrated the isolation of BM from rat kidney [75]. 

Badylak and his team reported the isolation of ECM from small intestine submucosa (SIS) for 

Achilles tendon repair [76]. Since then a variety of whole organ decellularization were reported 

(heart [77], lung [78,79], liver [80], kidney [81]). With the upcoming of 3D printing, dECM was 
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regarded as a promising biomaterial for the development of bioinks [82,83]. Pati et al. 

demonstrated the printability of dECM from adipose tissue, cartilage tissue, and cardiac tissue 

[84].  

 
Figure 6: Timeline of decellularization methods. Since the first reported decellularization in 1948 this 
method was continuously further developed for compete tissues and organs. With the upcoming of 3D 
bioprinting dECM is also seen as an interesting material for bioinks. (SIS: small intestinal submucosa) 
 

The aim of the decellularization of tissues and organs is the removal of cellular structures to obtain 

scaffolds with the original shape of the tissue/ organ with simultaneous conservation of the 

natural composition and structure of the biomolecules [85]. The removal of the cellular structures 

reduces the immunological host reaction and the risk of disease transmission when the scaffold is 

used as a transplant [86]. Especially for the use of xenogeneic ECM, this is a critical factor. A variety 

of different decellularized tissues are used in research and clinical application for example heart 

valves [87–89], adipose tissue [90,91], skin [92,93], SIS [94–96], urinary bladder [97,98], tendon 

[99,100], and vascular structures [101,102].  

The methods for decellularization can be divided into three groups whereby the different methods 

can also be combined: 

• Chemical decellularization 

• Physical decellularization 

• Enzymatic decellularization 

Chemical decellularization protocols are based on alcohols, solvents, acids, bases, ionic and non-

ionic detergents. This method is seen as quite efficient for tissue exhibiting a dense structure. The 

greatest disadvantage of this method is the impact of the used – mostly harsh - chemicals on the 

ECM molecules. For example, GAGs are known to be very sensitive against detergents [86,103]. 

Physical decellularization methods include temperature (e.g. freeze-thaw cycles), pressure, 

sonication, and mechanical treatment. These methods are mainly cost-effective and relatively 

simple in the implementation. However, the structure of ECM can be damaged and cellular debris 

remains in the ECM which makes further steps necessary to remove them [104]. For enzymatic 
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decellularization enzymes like nucleases, proteases, collagenases, galactosidases, phospholipases, 

and dispase are used to specifically degrade cellular components. These components have to be 

removed in subsequent processing steps [103].  

In Figure 7 the parameters influencing the yielded dECM are shown. The parameter that cannot be 

influenced is the donor of the tissue/organ. It is known that also in dECM composition and 

characteristics there can be high donor variations depending on species, age, sex, diseases, and 

health status of the donor [105–109]. These factors can highly influence the “quality” of the 

yielded dECM when used as a scaffold material in tissue engineering by altering the behavior of 

re-seeded cells in vitro or incorporating efficiency and host response in vivo. Another parameter 

is the tissue source which has a great impact on the composition of the dECM. As described in 4.1 

the ECM is highly tissue-specific which has to be considered for the generation of dECM as a 

biomaterial for a specific application. For example, ECM from adipose tissue is less dense and 

softer than ECM from tendon. The last parameter influencing the yielded dECM is the 

decellularization and processing method. As described above different decellularization methods 

have a different impact on dECM composition and structure. Thus, the decellularization and 

processing methods have to be combined in the best way to conserve dECM structures relevant 

for the intended use. In general, the availability of specific tissues – especially from human origin 

- (e.g. heart, liver, tendon) is limited which in turn limits the availability of the respective dECM.  

 

 
Figure 7: Parameters influencing the composition and characteristics of dECM and cdECM. Donor 
characteristics (e.g. age, health, sex) and cell/ tissue source are given parameters. Variable parameters 
include decellularization method (physical, chemical and/or mechanical) and processing methods. For 
cdECM the culture method (culture under hypoxia, media supplementation etc.) represents an additional 
variable parameter that can be used to adjust cdECM characteristics. 

dECM/ 
cdECM

Decellularization 
and processing 

method

Donor 
characteristics 

(given)

Cell/ Tissue 
source

Culture method 
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1.2.2 Cell-derived ECM 

A promising alternative to dECM is the generation of cell-derived ECM (cdECM) by the in vitro 

culture of cells and subsequent removal of cellular structures from the secreted cdECM. This 

secreted cdECM exhibits a complex and specific biomolecule composition and can imitate the 

natural dECM of the cells in wide parts [85]. In contrast to dECM, cdECM did not exhibit the same 

physical characteristics and structural organization/ shape as the original tissue. To date different 

methods of cdECM production were used: The deposition of cdECM in 2D cell culture on planar 

surfaces [110], the deposition of cdECM in/ on 3D scaffold materials [111], and the generation of 

spheroids for 3D cdECM aggregates [112]. All of those methods hold their advantages that need 

to be balanced depending on the purpose of the generated cdECM. Several cell types (e.g. 

fibroblasts, bone marrow-derived mesenchymal stem cells (MSCs), adipose-derived stem cells 

(ASCs), endothelial cells (ECs)) were shown to deposit cdECM during cell culture that can be 

successfully isolated [110,113–115]. In Figure 7 the parameters influencing the yielded cdECM are 

shown. For decellularization of cdECM mostly chemical decellularization using hypotonic solutions 

is chosen. These hypotonic solutions lead to the lysis of the cells and cellular debris can be washed 

out of the remaining cdECM. By the use of enzymes, critical components like DNA and RNA can be 

degraded and removed in subsequent steps. Compared to the other chemicals listed in 4.2.1, 

hypotonic solutions are gentler to the ECM molecules which might lead to a good preservation of 

sensitive ECM structures like sGAGs.  

A major benefit of cdECM towards dECM is its tunability. Culture methods like mechanical or 

biochemical conditioning of the cells open up the possibilities for the production of a wide range 

of different cdECMs (Figure 7). For example, stem cells can be differentiated into specific lineages 

to generate cdECM from differentiated cells. Further, cdECM from cells cultured under different 

conditions e.g. hypoxia, different substrate stiffness, and different topographies, can be produced 

that exhibit different characteristics. Hypoxia was shown to improve the deposition of collagen 

[116,117] and substrate topography influences fiber alignment of secreted cdECM [118]. This 

allows cdECM to be tuned extensively for its intended purpose. The possibility to choose and/ or 

combine cell type(s) and cell source(s) leads to much higher variability of the generated cdECM 

compared to dECM. For example, combining two or more cell types to produce cdECM [119] it 

might be possible to yield a more physiological cdECM as in native tissue the ECM is also produced 

by several cells of the tissue. Using primary cells, the donor characteristics like age, sex, and health 

status also play an important role comparable to dECM generation. For example, it was shown 

that cells from younger donors mostly produce a “younger” ECM compared to cells from older 

donors. This “young” cdECM can rejuvenate “older” cells when cultured on the “young” ECM 



Introduction 

13 

 

[120]. Primary cells are more likely to produce a cdECM that exhibits the most native ECM 

composition whereas, cell lines might produce a cdECM with an altered composition. In specific 

applications also, the generation of cdECM from tumor cells might be interesting. Further 

applications of cdECM are its use as a cell culture substrate for the culture of sensitive cells like 

embryonic stem cells [85]. The possibility of cryoconservation of cells theoretically leads to high 

availability of cdECM as cells can be stored, thawed, and expanded when needed.  

One of the drawbacks of cdECM as a biomaterial is the low amount that can be generated from 

standard cell culture and related costs of production. Several scale-up approaches are trying to 

solve this issue [121]. For example, the addition of ascorbic acid increases collagen secretion and 

matrix proteinase inhibitors have been shown to increase collagen content in isolated cdECM 

[122,123]. Macromolecules in culture medium were shown to enhance ECM deposition by a 

process called macromolecular crowding [124]. Further, targeted genetic alteration and the use 

of pharmaceutical small molecules were shown to be able to enhance ECM generation in vitro 

[121]. For all those approaches the possibility of alteration in cdECM composition and structure 

must be assumed and taken into consideration for the intended use of the cdECM. Table 2 gives 

an overview of the advantages and disadvantages of dECM and cdECM.  

 

 

Table 2: Advantages and disadvantages of Decellularized native ECM (dECM) and cell-derived ECM (cdECM) 

 Advantages disadvantages 

dECM Composition/ shape of 

the origin tissue 

High mechanical stability 

Shortage of donor tissue 

Donor variations 

Higher immunogenicity 

cdECM Tunability 

Consistency 

Lower immunogenicity 

Not native tissue 

composition/ structure 

Low mechanical stability 

Low yielded amount 
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1.3 Cell-derived extracellular matrix as a biomaterial for soft tissue 

engineering 

Depending on body composition adipose tissue makes up to 25% [125]. Next to energy storage, 

temperature isolation, and mechanical protection, adipose tissue serves as an endocrine organ. 

Cells of the adipose tissue are known to secrete hormones like leptin, which is involved in energy 

homeostasis and cytokines, that modulate immune cells [126,127]. Under healthy conditions, it is 

a highly vascularized tissue [128]. The main cell type in adipose tissue are adipocytes [129]. They 

exhibit a vacuole filled with triglycerides that claim up to 95% of the volume of the cell. Adipocytes 

can reach a diameter of 200µm and are covered by a specialized BM [130]. While adipocytes are 

the most abundant cell type, a variety of additional cells types can be found in adipose tissue.  

ASCs are the progenitor cells of adipocytes and are classified as MSCs. They can develop to mature 

adipocytes but were also shown to be able to differentiate into other cell types including 

chondrocytes, osteoblasts, and smooth muscle cells in vitro [131]. Microvascular endothelial cells 

(mvECs) form the capillaries that are found in high numbers in adipose tissue. They supply the 

cells with oxygen and nutrients and manage the removal of waste products of metabolism. MvECs 

exhibit a high level of cell-cell contacts that mainly consists of a protein known as PECAM-1 or 

CD31 [132]. Among others, additional cells that can be found in adipose tissue are macrophages 

as the immune component of the tissues, fibroblasts as the main producers of ECM, and 

perivascular cells that support the vascular structures [133,134].  

1.3.1 Human adipose tissue-derived ECM 

Compared to other tissues, like liver, heart, or bone, human adipose tissue is relatively good 

available and can be harvested with minimal invasiveness. In most cases, adipose tissue accrues 

as a waste product in cosmetic surgery or liposuction. Thus, human adipose tissue-derived ECM 

represents a biomaterial that is relatively good availably. Human sourcing reduces the concerns 

associated with immune reaction and xenogeneic disease transmission typically associated with 

the use of animal products. As adipose tissue exhibits a soft structure and a comparatively loose 

ECM it can be decellularized using relatively gentle protocols. To date, there is a wide range of 

approaches that use human adipose dECM as a scaffold material for soft tissue engineering [135–

138]. In 2010 Flynn et al. described a method to decellularize adipose tissue and isolate large 

volumes of intact ECM with a well-preserved 3D structure [135]. They demonstrated that the 

yielded adipose tissue-derived dECM provided an inductive microenvironment for adipogenic 

differentiation of ASCs. These findings were confirmed by other studies [47,136,137,139,140]. To 

date, a variety of different decellularization protocols were described for human adipose tissue 
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[90,91,136]. The yielded adipose tissue dECM was used in a wide range of different types/ shapes 

of scaffold (e.g. sheets, microspheres, films, tubes, beads, and injectable gels). Human adipose 

dECM can be used in the hydrated stage or can be freeze-dried to achieve a porous scaffold 

material. By neutralization after pepsin treatment adipose dECM-hydrogels can be generated 

[141,142]. With the advent of 3D bioprinting, adipose dECM was further processed for the 

associated development of bioinks [84,138].  

1.3.2 Human adipose stem cell derived ECM 

Human ASCs can be isolated from adipose tissue with minimal invasiveness and can be expanded 

and differentiated into different lineages in vitro [143]. Comparable to the widely used fibroblasts, 

ASCs can secrete their cdECM during cell culture, which can be isolated using hypotonic solutions 

(see 4.2.2) [144]. One advantage of the use of ASCs for the generation of cdECM is the possibility 

to generate cdECM from different developmental stages. In their stem cell stage, ASCs secrete 

stem cell ECM (scdECM), and when differentiated cdECM from different mesenchymal tissues can 

be generated [145]. For example, also cdECM from tissues that are not available in high amounts 

(e.g. bone or cartilage) can be generated in vitro. Adipose cdECM (acdECM) was widely used in 

different tissue engineering and biomedical approaches and was demonstrated to be an inductive 

biomaterial. Several studies demonstrated the ability of ASC-derived cdECM to induce cellular 

differentiation of cells when cultured on the acdECM [85,114,146]. For example, acdECM induce 

adipogenic differentiation, cdECM from chondrogenic differentiated ASCs induce chondrogenic 

differentiation and cdECM from osteogenic differentiated ASCs induce osteogenic differentiation 

[145]. Adipose cdECM was also used in the designing of scaffolds for soft tissue engineering 

approaches. The deposition of cdECM from ASCs was used to decorate 3D scaffold materials to 

functionalize bioinert materials and make them bioactive by inducing adipogenic differentiation 

[147].  
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1.4 Metabolic Glycoengineering 

Depending on the application it is useful to equip the ECM with specific chemical groups. These 

functional groups can be addressed via chemical reactions to, for example, link specific bioactive 

molecules to the ECM or to adjust the physical characteristics of the ECM by cross-linking. The 

possibilities that this functionalization brings with it are very diverse. As a chemical reaction for 

such functionalization of ECMs bioorthogonal reactions has proven themselves. These reactions 

have the advantage that they do not influence natural biological processes [148–150]. One 

prominent bioorthogonal reaction is the copper-catalyzed azide-alkyne cycloaddition (CuAAC). 

This reaction belongs to the so-called “click” reactions, which describe a type of highly selective 

reaction with high reaction efficiency, stereo- and regio-specificity, and high reactions yields 

[148,149,151,152]. Next to the unspecific functionalization of ECM using carbodiimide chemistry 

and the incorporation of unnatural amino acids (alkynyl methionine) into the cdECM, metabolic 

glycoengineering (MGE) represents a promising method to incorporate functional groups, like 

azido-groups, into the cdECM. Using MGE alterations of cdECM proteins and loss of functions, like 

it can be occurred by using carbodiimide chemistry can be prevented and no non-natural amino 

acids like the alkynyl methionine are used [153]. In contrast to the carbodiimide chemistry which 

can be used for all ECMs, incorporation of non-natural amino acids and MGE can only be used for 

the modification of cdECM. The modification of cdECM using MGE was first described by Ruff et 

al. in 2017 who incorporated azido-groups into the cdECM of human dermal fibroblasts [154]. 

During MGE chemically modified paracetylated monosaccharides are supplemented into the cell 

culture medium (paracetylated monosaccharides are membrane-permeable). The modified 

monosaccharides were metabolized by the cell and incorporated into the intracellular and 

extracellular sugar structures (e.g. glycans, proteoglycans, proteolipids) [155]. One big 

disadvantage of the use of CuAAC in biological systems is the cytotoxicity of copper ions that are 

needed as catalyst [148,149,151,152,156]. Bertozzi et al. developed a copper-free alternative, the 

strain-promoted alkyne-azide cycloaddition (SPAAC), which is based on strained cyclic alkynes as 

an alternative to terminal alkynes [157]. Their intrinsic energy leads to a chemical reaction and 

supersedes the use of a catalyst. Another alternative reaction that does not need any toxic catalyst 

is the inverse-electron-demand Diels-Alder reaction (IEDDA). This approach is based on the 

incorporation of dienophile modified monosaccharides into the ECM which undergo an IEDDA 

reaction with tetrazines. Different dienophiles were shown to be incorporated into the ECM using 

MGE including terminal alkenes [158–160], strained cyclic alkenes, such as cyclopropenes 

[161,162], bicyclononynes [163], and norbornenes [164]. As these groups have different reaction 

kinetics they can be used for sequential modification of the ECM with different tetrazines [165]. 
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Further, it can be combined with the SPAAC reaction and photo click reaction enabling multiple 

labeling after the incorporation of differently modified monosaccharides [166]. 

1.5 Vascularization in tissue engineering 

In vivo, the formation of new blood vessels is a strictly regulated and complex process named 

angiogenesis. As a response to hypoxic circumstances, several cells can secrete vascular 

endothelial growth factor (VEGF), which induces proliferation in endothelial cells and the adoption 

of a tip cell phenotype that can sprout and invade the surrounding BM. Stalk cells follow the tip 

cell and proliferate and lumenize the new sprout. During this process, platelet-derived growth 

factor (PDGF) is secreted to attract pericytes that support the new vessel structure. Among others, 

well-known pro-angiogenic factors initiating and supporting the formation of new blood vessels 

are basic fibroblast growth factor (bFGF), angiopoietins (Ang), and sphingosine-1-phosphate (S1P) 

[167,168].  

In vitro vascularization remains one of the major bottlenecks in tissue engineering approaches. A 

vascular system is important to enabling an appropriate supply of oxygen and nutrients of the core 

cells and the removal of waste products. In most tissues, cells are found at a maximum distance 

of 200 µm from blood vessels – the diffusion limit of oxygen [169,170]. After implantation of tissue 

engineered constructs, the development of vascular(-like) structures by ECs can be observed in 

most cases. This is partly a response to a pro-inflammatory status that is induced by the surgical 

procedure. However, this spontaneous vascularization occurs mostly too slow to provide an 

adequate supply of the core cells of the construct within an adequate time frame [171,172]. 

Further, the incorporation of a vascular system would enormously enhance the physiology of 

tissue engineered in vitro testing systems. Therefore, different approaches aim to incorporate a 

vascular/supply system into tissue-engineered constructs. These include scaffold design [173,174] 

(including 3D (bio)printing of vascular structures [175]), inclusion of pro-angiogenic factors and 

co-culture of mvECs with “feeder cells” (that also secrete pro-angiogenic factors) to achieve in 

vitro (pre-)vascularization [172,176]. Next to a variety of synthetic materials several of the natural 

ECM proteins (e.g. collagen I [177,178] and fibrin [179,180]) are known to play a pivotal role in 

embryonic and pathological angiogenesis and were shown to induce vessel formation of mvECs in 

vitro. Also, natural ECM from native blood vessels was shown to induce angiogenesis [181,182]. 

Despite enormous progress has been made, to date, no adequate solution has been found for the 

inclusion of a functional vascular system into tissue-engineered constructs.  
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2 OBJECTIVE AND MOTIVATION 

 

As the natural ECM represents the natural environment of cells and its well-known bioactivity and 

promising characteristics ECM – dECM and cdECM - is a popular biomaterial in tissue engineering 

and regenerative medicine approaches. The overall aim of this thesis is the detailed investigation 

of cdECM from ASCs regarding its use as a biomaterial for tissue engineering and regenerative 

medicine. In the first part, the cdECM from ASCs is systematically characterized and compared to 

the native adipose tissue-derived dECM to reveal compositional and structural differences of the 

two ECMs that have the potential to influence cellular behavior when used as a biomaterial. In the 

next step cdECM in its stem cell state and the adipogenic differentiated stage is investigated 

towards its capability to induce the formation of prevascular-like structures by mvECs. As the 

vascularization of tissue-engineered constructs remains an obstacle in tissue engineering this 

would highlight cdECM from ASCs as a promising biomaterial for vascularized tissue engineering. 

In the last part of this thesis, the modification of cdECM from ASCs with dienophile groups that 

are specifically addressable via cell-friendly inverse-electron demand Diels-Alder reaction is 

demonstrated, which opens up a wide range of applications of this cdECM by individual 

modification.  

 

Against this background the following hypotheses were evaluated:  

 

(H1)  Native adipose tissue dECM and cdECM from adipose-derived stem cells differ in their 

macromolecular composition and structural features (addressed in Paper I) 

(H2)  The demonstrated differences between adipose tissue dECM and cdECM from adipose-

derived stem cells can be assessed as relevant for its use as a biomaterial (discussed in 

Paper I) 

(H3)  Stem cell and adipogenic differentiated cdECM supports the formation of prevascular-like 

structures by microvascular endothelial cells (addressed in Paper II) 

(H4)  cdECM from adipose-derived stem cells can be functionalized via metabolic 

glycoengineering using different dienophile modified monosaccharides enabling the 

catalyst-free and cell-friendly modification via inverse-electron demand Diels-Alder 

reaction (addressed in Paper III) 
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3 PAPER I – CHARACTERIZATION AND COMPARISON 

 

This chapter is originally published in the journal Biotechnology and Bioengineering (DOI: 

10.1002/bit.28047) 2. In this study native decellularized extracellular matrix (ECM) from adipose 

tissue and cell-derived ECM from adipose-derived stem cells (stem cell state and adipogenic 

differentiated) are systematically characterized and compared regarding protein content, 

macromolecular composition, and biological purity (Figure 8).  

 

 
Figure 8: Graphical abstract Paper I (Cell-derived and enzyme-based decellularized extracellular matrix 

exhibit compositional and structural differences that are relevant for its use as a biomaterial) 

 

 

Differences are shown in macromolecular composition, structural features, and biological purity. 

The dECM was found to exhibit higher levels of collagens and lower levels of sulfated 

glycosaminoglycans (sGAGs) compared to cdECMs. Further, structural characteristics revealed an 

immature state of the fibrous part of cdECM samples. These differences might be relevant for the 

cellular behavior of reseeded cells and affect the experimental outcome and should therefore be 

considered when choosing a biomaterial for a specific application or interpreting obtained results. 

Thus, within the framework of this study, the first hypothesis (H1 ) could be confirmed. In addition, 

the impact of the obtained results on cellular behavior is assessed (H2). 

 

 

                                                             
2 Reprinted from Cell-derived and enzyme-based decellularized extracellular matrix exhibit compositional 
and structural differences that are relevant for its use as a biomaterial. Nellinger, S., Mrsic, I., Keller, S., 
Heine, S., Southan, A., Bach, M., Volz, A.-C., Chassé, T., & Kluger, P. J.; Biotechnology and Bioengineering, 
2022, 1– 15. with permission from Wiley-VCH GmbH under CC-BY-NC 4.0 
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Abstract 
 
Due to its availability and minimal invasive harvesting human adipose tissue-derived extracellular 

matrix (dECM) is often used as a biomaterial in various tissue engineering and healthcare 

applications. Next to dECM, cell-derived ECM (cdECM) can be generated by and isolated from in 

vitro cultured cells. So far both types of ECM were investigated extensively towards their 

application as (bio)material in tissue engineering and healthcare. However, a systematic 

characterization and comparison of soft tissue dECM and cdECM is still missing. In this study, we 

characterized dECM from human adipose tissue, as well as cdECM from human adipose-derived 

stem cells (ASCs), towards their molecular composition, structural characteristics, and biological 

purity. The dECM was found to exhibit higher levels of collagens and lower levels of sulfated 

glycosaminoglycans (sGAGs) compared to cdECMs. Structural characteristics revealed an 

immature state of the fibrous part of cdECM samples. By the identified differences, we aim to 

support researchers in the selection of a suitable ECM-based biomaterial for their specific 

application and the interpretation of obtained results. 

 

Introduction 

For healthcare applications (e.g. tissue-engineered implants, innovative wound dressing, coating 

of devices, or bioinks for bioprinting approaches) good biocompatibility of a biomaterial is a 

necessity. The next level in the performance of a biomaterial is its bioactivity, which enables the 

materials to support and enhance regeneration or cell ingrowth. One very promising material with 

bioactive characteristics is the harvested extracellular matrix (ECM). The ECM represents the 

natural environment of cells. It is a fibrous network of proteins, proteoglycans, and 

glycosaminoglycans (GAGs), arranged in a highly tissue-specific manner and is produced and 

secreted by the resident cells (Frantz et al., 2010; Mecham, 2012; Theocharis et al., 2016). This 

results in the establishment of specialized local microenvironments, which contribute to the 

differentiation and maintenance of tissue-specific cellular phenotypes and functions. Cells 

recognize the chemical and mechanical cues provided by ECM via membrane receptors (e.g. 

integrins) that trigger intracellular signaling cascades resulting in the expression of genes that 

regulate cellular survival, proliferation, migration, differentiation, and apoptosis (Daley & Yamada, 

2013). Reciprocally, resident cells are rebuilding and remodeling the surrounding ECM by 

biochemical modification (e.g. cross-linking), degradation, and reassembly (P. Lu et al., 2011). 

Furthermore, bioactive molecules derived from cells can be stored in and released from the ECM 

when necessary (Brizzi et al., 2012). These processes are tightly regulated during tissue 
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development, homeostasis, and aging as well as in response to injury (Frantz et al., 2010; Miller 

et al., 2020; Rousselle et al., 2019). 

Great efforts were made to develop synthetic biomaterials mimicking native ECM. However, given 

the complexity of ECM and the incomplete understanding of its composition and structure, 

fabricating materials that fully mimic the structure and composition of native ECM is very 

challenging. One successful method to obtain tissue-specific ECM, besides the de novo generation, 

is the decellularization of organs or tissues. A variety of different decellularization strategies have 

been usually described involving a combination of physical, chemical, and enzymatic treatments. 

Every decellularization method invariably disrupts the ECM to some degree (Thomas-Porch et al., 

2018). However, dECM has been extensively used as a substrate for in vitro cell culture systems 

to maintain tissue-specific cellular phenotypes and modulate cell proliferation and differentiation 

(Pati et al., 2014). In addition, dECM was used as a scaffold material for tissue models, which can 

serve as an alternative to animal testing of drugs and chemicals and as an in vitro model for the 

investigation of disease development and respective therapy approaches. In the context of the 

emerging field of three-dimensional (3D) bioprinting, dECM was also investigated as a component 

for bioinks (Kim et al., 2018; Pati et al., 2015; Tan et al., 2017; Turner et al., 2012). 

For several years, an alternative method for the generation of tissue-specific ECM has moved into 

the focus of researchers: cell-derived ECM (cdECM). Cells produce ECM in vitro, which can be 

isolated by decellularization. Thus, cells from different tissue sources can be used to generate 

(autologous) tissue-specific ECM. Moreover, ECM characteristics can be modulated and ECM can 

be generated and maintained in a pathogen-free environment (Hussey et al., 2018; H. Lu et al., 

2011). In addition, cdECM can be customized by controlling cell culture conditions like oxygen 

concentration, mechanical preconditioning, or specific chemical modification using metabolic 

glycoengineering (MGE - modification of GAGs with functional chemical groups using the natural 

cellular metabolism and subsequent modification with specific molecules like growth factors or 

enzymes) (Fitzpatrick & McDevitt, 2015; Keller, Wörgötter, et al., 2020; Ruff et al., 2017). CdECM 

from different tissues and developmental stages thereof can be generated by selecting specific 

cell types. For example, such a cdECM can be obtained by the use of e.g. mesenchymal stem cells 

(MSCs). These show several advantages, including high availability, functional plasticity, and low 

immunogenicity (C. Brown et al., 2019). Among the various sources of MSCs, adipose-derived stem 

cells (ASCs) represent a promising cell source for the generation of cdECM. Compared to bone 

marrow-derived MSCs, they can be easily obtained from adipose tissue in large quantities with 

little patient discomfort. Further, they exhibit a comparable differentiation potential into cells of 

mesodermal origin (adipogenic, osteogenic, and chondrogenic lineage) (Si et al., 2019). CdECM 
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was investigated in a range of studies towards its influencing potential on cells and its prospective 

use as a biomaterial (V. Guneta et al., 2018). Spontaneous differentiation and subsequent loss of 

stem cell pheno- and genotype represent a major issue in stem cell culture. Stem cell ECM exhibits 

the promising potential to maintain stem cells in vitro by providing a stem cell-typical environment 

(stem cell niche) that may prevent these spontaneous differentiation events (Agmon & Christman, 

2016; Novoseletskaya et al., 2019). 

Both ECM sources – dECM from native adipose tissue and cdECM from cultured ASCs – are applied 

in healthcare biomaterial research extensively (Abaci & Guvendiren, 2020; Chiang et al., 2021; 

Fitzpatrick & McDevitt, 2015; Flynn, 2010; Pati et al., 2015; Rossi et al., 2018; Wolf et al., 2012). 

The dECM is mainly used to generate 3D tissue constructs for in vitro as well as in vivo applications 

(Flynn, 2010; Pati et al., 2014, 2015), whereas cdECM is particularly used for the coating of 

different biomaterials to enhance bioactivity or as 2D sheets (Vipra Guneta et al., 2016; Magnan 

et al., 2018; Rossi et al., 2018). Reviews are comparing the dECM and cdECM from different tissues 

(Sun et al., 2018; Sutherland et al., 2015; Xing et al., 2020). However, studies characterizing and 

directly comparing the composition of the ECM of different sources (native and cell-derived) and 

the impact on cellular behavior are missing so far. As it is well known that macromolecular, 

structural, and chemical features are responsible for the performance of a biomaterial, these 

characteristics will have to be taken into consideration when choosing the ideal biomaterial for a 

specific application.  

In this study, dECM from native adipose tissue, as well as in vitro-generated cdECM (both stem 

cell ECM (scdECM) and adipogenic ECM (acdECM)) were characterized and compared 

systematically. The different ECMs were investigated in terms of their elementary and 

macromolecular composition, their structural characteristic and their biological purity after 

processing (Figure 1). With this innovative approach, we compared the ECM of both sources 

directly and evaluated their potential as biomaterials for tissue engineering approaches.  
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Figure 1: Schematic overview of the study and the performed analyses. Decellularized native extracellular 
matrix (dECM) was generated by enzyme-based decellularization of human native adipose tissue (AT) from 
human biopsies. For the generation of cell-derived ECM (cdECM), adipose-derived stem cells (ASCs) were 
isolated from native AT biopsies and expanded to yield an adequate cell number. Subsequently, ASCs were 
seeded into cell culture polystyrene dishes for the generation of cdECM and either cultured with growth 
medium (for generation of stem cell-derived ECM (scdECM)) or adipogenic differentiation medium (for 
generation of adipogenic cell-derived ECM (acdECM)). CdECM was harvested on day 7 and day 14 of cell 
culture. DECM and cdECM samples were analyzed for their elementary and macromolecular composition, 
their structural characteristics and the remaining DNA content (Diameter (d) petri dish: 35 mm). Created 
with BioRender.com. 
 

Materials and Methods 

All research was carried out in accordance with the rules for the investigation of human subjects 

as defined in the Declaration of Helsinki. Patients provided written agreement in compliance with 

the Landesärztekammer Baden-Württemberg (F-2012- 078, for normal skin from elective 

surgeries). 

 

Decellularization of adipose tissue 

Adipose tissue samples were obtained from patients undergoing plastic surgery (Dr. Ziegler; Klinik 

Charlottenhaus, Stuttgart, Germany). For their transport, tissue samples were transferred in 

phosphate-buffered saline with calcium and magnesium ions (PBS+) and were stored for a 

maximum of 24 h at 4°C. Decellularization was performed according to the detergent-free 

enzyme-based protocol published by Flynn et.al.  (Flynn, 2010). Briefly, tissue samples were cut 

into pieces ranging from masses between 20 g and 25 g. After three freeze-thaw cycles in 

hypotonic tris buffer (10 mM tris base and 5 M methylenediaminetetraacetic acid (EDTA); pH 8.0) 

samples were incubated in enzymatic digestion solution 1 (0.25 % trypsin/ 0.1 % EDTA) overnight, 
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followed by an isopropanol (99.9 %) treatment for 48 h to remove lipids. Next, samples were 

washed three times in washing buffer (8 g/L NaCl, 200 mg/L KCl, 1 g/L Na2HPO4, and 200 mg/L 

KH2PO4; pH 8.0) and again treated with enzymatic digestion solution 1 for another 6 h. 

Subsequently, samples were washed three times and treated with enzymatic digestion solution 2 

(55 mM Na2HPO4, 17 mM KH2PO4, 4.9 mM MgSO4·7H2O, 15,000 U DNase type II (from bovine 

pancreas), and 2000 U lipase type VI-S (from porcine pancreas)). Afterward, extraction of lipids 

was done by incubating the samples in isopropanol (99.9 %) for 16 h at RT. Last, samples were 

washed three times and stored in sterile PBS- at 4°C. All solutions were supplemented with 1 % 

penicillin/ streptomycin (P/S).  

 

Generation of cell-derived extracellular matrix 

 ASCs were isolated from human adipose tissue samples as described before.(Volz et al., 2017) 

ASCs were initially seeded at a density of 5 x 103 cells/cm2 in a serum-free MSC growth medium 

(MSCGM; PELOBiotech, containing 5 % human platelet lysate and 1 % P/S). 

For the generation of cell-derived ECM, ASCs were seeded into petri dishes (d=14.5 cm) at a 

density of 2.5 x 104 cells/cm2 in MSCGM. At confluence, medium was changed to adipogenic 

differentiation medium (Dulbecco’s Modified Eagle Medium (DMEM) with 10 % FCS, 1 µg/mL 

insulin, 1 µg/mL dexamethasone, 100 µM indomethacin, 500 µM 3-isobutyl-1- methylxanthine, 

and 50 µg/mL sodium ascorbate) or growth medium (DMEM with 10 % FCS and 50 µg/mL sodium 

ascorbate). Conditioned medium exchange (half of the medium was removed and replaced with 

fresh medium) was performed every second day for the approaches in adipogenic differentiation 

medium and complete medium exchange was performed every second day for the approaches in 

growth medium. On days 7 and 14 cells were lysed using hypotonic 4 mM ammonium hydroxide 

solution and isolated cdECM was washed three times with ultrapure water (modified after [21]). 

All media were supplemented with 1 % P/S. ASCs were used up to passage three.  

As the water content in freshly isolated cdECM is high, cdECM was concentrated using 

ultracentrifugation tubes (Amicon® Ultra Filter, Merck, Germany) with a molecular weight cut-off 

of 10 kDa.(Keller, Wörgötter, et al., 2020) To achieve a homogeneous ECM solution for 

quantitative assays, concentrated cdECM was recovered and homogenized using lysis tubes 

(Lysing Matrix Z; MP Biomedicals™, Germany) and the homogenizer FastPrep-24™ 5G (MP 

Biomedicals™, Germany) (Keller, Wörgötter, et al., 2020). Homogenization was performed in three 

cycles with 60 s of lysing and a 1 min break. Keller et al. previously demonstrated that biological 

activity of the ECM is maintained during concentration and homogenization of cdECM (Keller, 

Wörgötter, et al., 2020). The dry weight of cdECM samples was determined by freeze-drying. 
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Elementary analysis and X-ray photoelectron spectroscopy measurement  

ECM samples were lyophilized and a minimum of 10mg of ECM sample (dry weight) was used for 

the analysis following DIN EN ISO 16948 after dry combustion. Samples were burned in the oxygen 

stream at 900 °C. During oxidative combustion, molecular nitrogen and the oxidation products 

CO2, H2O, NO, NO2, SO2, and SO3 were formed from the elements C, N, and S. The resulting gas 

mixture was cleaned and separated into its components. The nitrogen oxides were quantitatively 

reduced to molecular N2 at the copper contact in the reduction tube and then determined 

relatively with an accuracy of up to ± 0.1 % using a thermal conductivity detector (Vario El Cube, 

Elementar Analysensysteme GmbH, Germany). Total protein content was estimated based on the 

percentage nitrogen content determined by elementary analysis multiplied with the conversion 

range for connective tissue recommended by Keller et al (Keller, Liedek, et al., 2020). 

 

Total protein [%] = 

                nitrogen content x 5.25<total protein <nitrogen content x 5.88  (1) 

 

For X-ray photoelectron spectroscopy (XPS) analysis, concentrated cdECM and dECM samples 

were homogenized and 100 µL of the ECM suspension was dried at room temperature onto a 

silicon wafer (1 cm x 1 cm). The samples were measured with XPS using a multi-chamber ultrahigh 

vacuum system, with a base pressure of 8 × 10-10 mbar. The system was equipped with a Phoibos 

100 analyzer and a 1d- delay line detector (SPECS, Germany). Al-Kα radiation of an Al/Mg anode 

(XR-50 m X-ray source, hν = 1486.6 eV) was used for the measurements. The survey spectra were 

collected with the following parameters: 50 eV pass energy, 0.2 s dwell time and 0.5 eV step width.  

The spectral analysis was done in the software Unifit version 2018 (Unifit scientific software 

GmbH, Germany) (Hesse et al., 2004). The atomic composition was obtained from the atomic 

percentages, calculated with Wagner sensitivity factors (Wagner, 1983) after Shirley background 

subtraction. The spectra were [0.1] normalized to maximum peak height. Charge correction was 

done by shifting the C 1s peak to 285.0 eV.  

 

Histological staining 

For histological staining, dECM samples were directly fixed with 4 % paraformaldehyde (10 min 

per 1 mm diameter of the sample; Roti Histofix; Carl Roth, Germany), cdECM samples were 

concentrated and afterward the yielded dense three-dimensional cdECM construct was fixed with 

4 % paraformaldehyde. Fixed samples were dehydrated with ascending alcohol solutions and 

embedded in paraffin. Histological sections (5 µm) were produced using a microtome (Autocut 
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1140, Reichert-Jung, Germany). After deparaffinization and rehydration by descending alcohol 

solutions of histological sections, histological staining (Alcian blue PAS for the staining of 

proteoglycans and basal membrane and MOVAT pentachrome for the staining of elastic fibers and 

collagens) were performed according to the manufacturer’s protocols (Morphisto GmbH, 

Germany). Images were taken with an Axio Observer microscope and an Axiocam 305 color using 

the software ZENblue (Carl Zeiss, Germany). 

 

Hydroxyproline and sGAG assay 

To determine the total collagen content of ECM samples, HP assay was performed based on Keller 

et al. (Keller, Liedek, et al., 2020) and Capella-Monsonis et al..(Capella-Monsonís et al., 2018) 

Briefly, lyophilized ECM samples were hydrolyzed overnight in concentrated hydrochloric acid at 

110 °C. To remove the insoluble carbohydrate fraction, samples were centrifuged at 15.000 g for 

10 min. The following solutions were prepared: HP standard solutions (0 µg/mL, 1 µg/mL, 2.5 

µg/mL, 5 µg/mL, 10 µg/mL, 20 µg/mL); diluent (isopropanol/ water, 1:1); chloramine T reagent 

(0.2625 g chloramine T diluted in 18.75 mL), citrate buffer (17.19 g sodium acetate, 18.75 g tri-

sodium citrate-dihydrate, 2.75 g citric acid diluted in 200 mL ultrapure water which afterwards 

was mixed with 200 mL isopropanol and brought to a final volume of 500 mL with ultrapure water); 

Ehrlich’s reagent (2 g 4-(dimethylamino)benzaldehyde (p-DMAB) diluted with 3 mL 70 % perchloric 

acid (HClO4) and mixed with 16.7 mL isopropanol). 

110 µL of samples and standard were mixed with 254 µL diluent and 176 µL chloramine T reagent, 

citrate buffer, and incubated at RT for 10 min. 460 µL of Ehrlich’s reagent was added and incubated 

at 70 °C for 10 min. 200 µL of samples and standards were transferred in a transparent 96-well 

plate and absorbance was measured at 555 nm (Tecan Safire 2, Tecan Trading AG, Switzerland). 

Reagent blank was subtracted from the measured values. HP content was calculated from the 

standard curve and the conversation range for connective tissue recommended by Keller et al. 

(Keller, Liedek, et al., 2020). Collagen content was given in % of dry weight and calculated using 

the equation: 

 

collagen content [%] = 

 HP content /0.0135 < collagen content < HP content/0.0180                          (2) 

 

To determine the content of sulfated glycosaminoglycans (sGAGs), lyophilized ECM samples were 

used for the sGAG assay according to the manufacturer’s protocol (Blyscan™ Assay, Biolcolor Ltd., 

UK). Briefly, 5 mg of lyophilized samples were digested with 1 mL papain solution (0.2 M Na2HPO4 
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· 2H2O, pH6.4, 0.4 % EDTA, 0.08 % cysteine HCl, 0.8 % NaCH3COO-, 0.5 % papain solution, Sigma-

Aldrich) at 65 °C overnight. Subsequently, samples were centrifuged at 10,000 g for 10 min and 

the supernatant was used for the assay, which was performed according to the manufacturer’s 

instructions. Absorbance was measured at 656 nm (Tecan Safire 2, Tecan Trading AG, Switzerland). 

 

Immunofluorescence staining 

For immunofluorescence staining of ECM-specific proteins (collagen type IV and laminins), 

histological sections were produced according to 2.4. Deparaffinized and rehydrated sections 

were heat-unmasked in target retrieval buffer (pH 9.0) for 20 min in a steam cooker to unveil 

epitopes. Unspecific binding sites were blocked with blocking solution (3 % bovine serum albumin 

in PBS-) for 1 h at RT. Primary antibodies (rabbit-anti-Col IV (1:200); mouse-anti-fibronectin 

(1:200); rabbit-anti-Col I (1:200); rabbit-anti-laminin (1:200)) were diluted in blocking solution and 

incubated for 1 h at RT. Samples were washed with washing buffer (0.1 % Tween-20 in PBS-) 

followed by incubation with the secondary antibodies (goat-anti-rabbit-AlexaFluor® 488 (1:250); 

goat-anti-mouse-Cy 3 (1:250), diluted in blocking solution) for 30 min at RT. A secondary antibody 

control was carried along to ensure the specificity of the antibodies. Images were taken with an 

Axio Observer microscope and Axiocam305 color using the software ZENblue (Carl Zeiss, 

Germany). 

 

Scanning-Electron-Microscopic (SEM) analysis 

Samples were fixed with 2 % glutaraldehyde for 45 min at RT and dehydrated with increasing 

alcohol concentration followed by treatment with hexadimethylsiloxane. After incubation, 

samples were air-dried at RT. Samples were sputtered with platinum (Argon, 0.05 mbar, 50 s, 65 

mm distance, 40 mA/470 V, 17 °C; SCD 050, Balzers, Germany). SEM images were taken using a 

Hitachi SU8030 (Hitachi, Japan). The images were acquired using secondary electrons (SE) with an 

upper detector (U), 1.0 kV acceleration voltage of the electron beam, and a magnification of ×50.0 

k. 

Degree of swelling: To determine the degree of swelling, lyophilized ECM samples were weighed 

(=dry weight). After incubation, in deionized water for 24 h, samples were weighed again (=wet 

weight) and the degree of swelling was calculated with the equation: 

 

Degree of swelling [%] = (wet weight-dry weight)/(dry weight)  x 100   (3) 
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DNA quantification 

Homogenized ECM samples were treated with 1500 U/mL DNase (DNase I from bovine pancreas, 

Roche, Germany) at 37°C overnight. The remaining DNA in untreated and treated ECM samples 

was isolated by the DNA extraction kit for tissue samples (GeneOn GmbH, Germany). For 

qualitative assessment of the DNA content, hematoxylin and eosin staining, as well as 4,6-

diamidino-2-phenylindole (DAPI) staining of sections prepared according to 2.4, was performed. 

Photometric quantification of the DNA content per mg dry weight in ECM samples was performed 

using a picogreen staining (Pico488, Lumiprobe GmbH, Germany) according to the manufacturer’s 

instructions. As a standard for double-stranded DNA (dsDNA), lambda-DNA (fisher scientific 

GmbH, Germany) was used. 

 

Statistics 

Elementary analysis and qualitative experiments (staining and SEM) were performed once with 

samples from three different biological donors (n=3). All other quantitative experiments were 

performed three times, using samples from three different biological donors (n=9). Data were 

analyzed by one-way analysis of variance (ANOVA) with a Bonferroni posthoc test using Origin 

2018b. Statistical significances were stated as p < 0.05 (*), very significant as p < 0.01 (**), and 

highly significant as p < 0.001 (***). 

 

Results and Discussion 

Quantification of total protein content 

In a study comparing widely used bioanalytical methods for the characterization of ECM materials, 

Keller et al. demonstrated that colorimetric assays are not suitable for the determination of the 

total protein content of ECM materials. Instead, the estimation of total protein based on total 

nitrogen content provided the most reliable results (Keller, Liedek, et al., 2020). In this study, 

elementary and XPS analyses were performed for the estimation of the total protein content of 

dECM, acdECM, and scdECM as a bulk material and as a coating. By elementary analysis, the mass 

fraction of nitrogen (N) of the bulk material was determined (Table 1). From the relative amount 

of nitrogen, the amount of protein in the individual samples could be estimated using equation 

(1) according to Keller et al.(Keller, Liedek, et al., 2020) In their study, Keller et al. demonstrated 

that one specific conversion factor derived from the composition of only one ECM protein 

component is not sufficient to describe the complex composition of ECM. Thus, they 

recommended stating the protein content in a tissue-specific range. The used range includes the 

conversion factors for collagen type I (5.25), collagen type III (5.31), collagen type IV (5.69 (α1)), 
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fibronectin (5.88), and laminins (5.66). It was shown that the conversion factors for native 

connective tissue also lie within this range.(Keller, Liedek, et al., 2020) In this study, the calculated 

range of protein content for dECM was found to be 42.6 (±19.2) % – 47.7 (±21.5) % and lied 

between the ranges of acdECM with 36.9 (±7.5) % - 41.3 (±8.4) % and scdECM with 52.3 (±0.9) % 

- 58.6 (±1.0) %. As expected, the calculated protein content of scdECM is comparable to the results 

of Keller et al. who obtained a protein content of 53 (±4) % - 59 (±4) % in ECM derived from human 

dermal fibroblasts. For dECM and acdECM d14 slightly lower amounts of nitrogen and 

consequently protein content were measured. At the same time, measured nitrogen content in 

dECM showed a higher variance. The higher standard deviations may indicate impurities in the 

dECM and acdECM samples or may highlight high donor-dependent variations in the composition 

of the ECMs caused by differences in the expression profile during adipogenic differentiation 

(Gregoire et al., 1998). However, to date, we have no conclusive explanation for this phenomenon.  

XPS analysis was performed to analyze the elementary composition of ECM coatings. XPS is a 

surface-sensitive method with an information depth of 7 – 9 nm. The atomic percentages 

calculated from the XPS spectra are essentially the elementary composition of the ECM surface 

layers. In Table 1 the results of the XPS analysis are shown. Results indicate that there is no 

difference in the total protein content within the ECM samples. Complete results of XPS analysis 

including carbon percentages and results of cdECM from day 7 are shown in supplementary figure 

1. The XPS analysis generally showed lower amounts of protein content. As shown in 

supplementary figure 1 the carbon percentage is comparable in all samples. Thus the lower 

nitrogen/ protein content measured in the XPS analysis compared to the results of the elementary 

analysis can be explained by atmospheric contaminations of e.g. carbon containing compounds 

(Graubner et al., 2004; Mrsic et al., 2021). These contaminations are caused by the adsorption of 

molecules from the surrounding atmosphere onto the samples during preparation. As XPS is a 

surface-sensitive method, these contaminations lead to a reduced detection of other elements, 

like nitrogen. This may result in an underestimation of their elemental contents as observed in our 

case. The joint consideration of the nitrogen/protein quantification results from both methods 

leads to the expectation that there are no appreciable differences in protein content between the 

ECM samples. However, further studies should investigate this more comprehensively. Further 

methods like quantification of amino acids or mass spectrometry might help to get more 

consistent results. 
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Table 1: Protein content of dECM and cdECM samples. Elementary analysis: ECM samples were lyophilized 
and elementary analysis was performed using the bulk material. XPS analysis: Concentrated and 
homogenized ECM samples were dried onto silicon wafers and the coating was analyzed by XPS. From the 
determined percentage of nitrogen, the percentage of protein content was calculated using the equation 
(1) (n=3). 
 

 Elementary analysis XPS analysis 
 

N [%] calc. protein content [%] N [%] calc. protein content [%] 

dECM 8.1 (±3.7) 42.6 (±19.2) – 47.7 (±21.5) 5.0 (±0.2) 26.1 (±0.8) – 29.2 (±0.9) 

acdECM 7.0 (±1.4) 36.9 (±7.5) – 41.3 (±8.4) 5.1 (±1.0) 27.0 (±5.4) – 30.2 (±6.0) 

scdECM 9.9 (±0.2) 52.3 (±0.9) – 58.6 (±1.0) 4.3 (±0.7) 22.8 (±3.8) – 25.5 (±4.3) 

 

Macromolecular composition 

In addition to the elementary analysis of ECM samples, their macromolecular composition was 

determined. To detect possible changes in composition during growth and adipogenic 

differentiation of cdECM, additional samples from day 7 were examined. To get an impression of 

the macromolecular composition of ECM samples, histological staining was performed. For 

histological characterization of important extracellular structures, Alcian blue PAS and MOVAT 

pentachrome staining were done (Figure 2,A). By Alcian blue PAS, proteoglycans are stained in 

blue and the basal membrane is stained in purple. The basal membrane is an extracellular matrix 

structure that separates epithelial or endothelial tissues from the underlying stroma (Randles et 

al., 2017). It can further be found around adipocytes in mature AT (Pierleoni et al., 1998). DECM 

exhibited large parts of the preserved basal membrane (purple). No basal membrane, but high 

amounts of proteoglycans (blue) was found in cdECM samples. Based on the histological staining 

it can be presumed that there is no difference in proteoglycan composition and distribution 

between the different cdECM samples. By MOVAT pentachrome staining, ground substance (non-

fibrous components like proteoglycans and glycosaminoglycans (green)), collagens (yellow), and 

elastic fibers (black) were stained. A high amount of ground substance and collagens was found in 

dECM. Furthermore, elastic fibers were observed in dECM samples. In all cdECM samples, high 

amounts of ground substance but no elastic fibers were found. The absence of elastic fibers in 

cdECMs leads to the assumption that these cdECMs exhibit an immature state of development. 

This can be explained by several studies which have shown before that in the absence of 

mechanical stimuli elastin synthesis and formation of elastic fibers are lower in vitro (Eoh et al., 

2017; Hinderer et al., 2015). Overview staining with hematoxylin and eosin (HE) and a picrosirius 
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staining (for the visualization of the homogenous distribution of collagens in all samples) is shown 

in supplementary figure 2.  

 

 
Figure 2: Macromolecular composition of ECM samples. A: Histological staining: Alcian blue PAS and MOVAT 
Pentachrome staining were performed on histological sections of dECM, acdECM, and scdECM samples. 
Alcian blue PAS staining: proteoglycans (blue) and basal membrane (purple). MOVAT Pentachrome staining: 
ground substance (green), collagen (yellow) and elastic fibers (black) (Scale bars: 100µm; n=3) B: 
Quantification of collagens and sGAGs: Collagen content in ECM samples was determined via HP assay and 
was normalized to the dry weight (DW) of the sample (CF = conversion factor). The amount of sGAGs was 
determined by a colorimetric sGAG assay and normalized to the DW. (** p ≤ 0.01; *** p ≤ 0.001; ¥ p≤ 0.001 
to all other samples; n=9) 
 

In the next step, the two main components of ECM – collagens and sGAGs– were quantified (Figure 

2,B). Results were normalized to the dry weight (DW) of the samples and given in percent. For 

quantification of collagen content, a hydroxyproline (HP) assay was performed and collagen 

content was calculated based on this assay. The amino acid HP is mainly contained in collagens 

and only to a limited amount in elastin (Capella-Monsonís et al., 2018). Thus, the HP content can 

be used for the quantification of collagens. For the calculation, the conversion range from 0.135 

to 0.180 was used, based on the findings of Keller et al. The used conversion range includes the 

conversion factors for collagen type I (0.135) and collagen type III (0.180). The conversion factors 

for native connective tissue lie also within this range (Keller, Liedek, et al., 2020). Results indicated 

a significantly higher amount of collagens in dECM (45.9 (±5.9) % – 61.2 (±7.9) %) compared to all 

cdECM samples. Within the cdECM approaches, significantly higher collagen content was found in 
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scdECM samples (scdECM d7: 8.8 (±1.2) % – 11.8 (±1.6) %), scdECM d14: 9.4 (±2.5) % – 12.6 (±3.3) 

%) compared to the acdECM samples (acdECM d7: 1.6 (±1.5) % – 2.1 (±2.0) %, acdECM d14: 1.5 

(±0.9) % – 2.0 (±1.2) %). These results are in line with the MOVAT pentachrome staining (collagens 

stained in yellow) with the most intense staining in dECM. The amount of collagens in scdECM 

samples found in this study are in the same order of magnitude as the values shown by Keller et 

al. with 12 – 16 % in cdECM from juvenile human skin fibroblasts (Keller, Liedek, et al., 2020). 

Interestingly, the HP assay revealed the highest collagen content to be present in dECM and the 

lowest collagen content in acdECMs. One reason why we observed higher collagen content in 

dECM might be the presence of elastic fibers, which were only found in dECM (see histological 

staining) and which contain little amounts of HP. However, that does not explain the enormous 

differences between dECM and cdECM samples. A further explanation might be the 

maturing/culture period. The dECM has grown over several years, whereas the cdECM was 

generated in only 7 to 14 days in vitro. During collagen synthesis, tropocollagen is secreted by the 

cells and assembled extracellularly to form mature collagen fibers (Myllyharju & Kivirikko, 2004). 

In native tissue, collagen fibers are completely polymerized and may be preserved during 

decellularization. In cell culture, the tropocollagen is partly released into the cell culture medium 

or loosely attached to the cell surrounding and may get lost during medium exchange and 

decellularization (Shendi et al., 2019). The differences in collagen content between acdECM and 

scdECM samples could be explained by alterations in protein expression during adipogenic 

differentiation. The relative concentrations of collagen type I and collagen type III decline by 80 – 

90 % during adipogenic differentiation and the secretion of collagen type IV and the glycoprotein 

nidogen increases (Aratani & Kitagawa, 1988; Gregoire et al., 1998). As the interactions of cells 

and ECM proteins play a pivotal role in cellular development and behavior, these differences 

should be considered when choosing a material for a specific application.  

Quantification of sGAGs revealed a significantly lower amount in dECM (0.20 (±0.06) %) compared 

to all cdECM approaches. Within the cdECM approaches, scdECM d7 (2.43 (±0.32) %) exhibited a 

significantly higher amount of sGAGs compared to both acdECM approaches (acdECM d7: 1.24 

(±0.57) %, acdECM d14: 1.07 (±0.25) %). Further, the sGAG content of scdECM d14 (1.92 (±0.65) 

%) was significantly higher compared to acdECM d14. As it is well known that sGAGs have a 

positive impact on cellular behavior regarding regenerative capacity and angiogenesis/ neo-

vascularization, which remains a major obstacle in tissue engineering (Köwitsch et al., 2018; 

Salbach et al., 2012), ECMs containing higher amounts of sGAGs, which are on top preserved 

during decellularization would be favorable. The noticeable low amount of sGAG in dECM could 

be explained by the harsh decellularization method used for native tissue. GAGs are known to be 
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very sensitive to a variety of agents used in decellularization protocols (B. N. Brown et al., 2011; 

Crapo et al., 2011). The reported amount of preserved sGAGs in dECM from human adipose tissue 

ranges from 0.05 % up to 0.4 % (Song et al., 2018; L. Wang et al., 2013; Young et al., 2011). 

Reported sGAG content in different native human tissues range from 0.3 % to 0.7 % (Eckert et al., 

2013; Johnson et al., 2014; Wei et al., 2005). This indicates a loss of sGAGs during decellularization 

of up to 70% in our study. However, the high amount of lipids within AT seems to interfere with 

the reliable determination of sGAGs in native AT. The available data about the sGAG content in 

native AT and on the reduction of sGAGs during decellularization of native AT is rare and varies 

extremely. Song et al. found no significant reduction of sGAGs after decellularization (Song et al., 

2018), whereas Pati et al. described a reduction of about 60 % (Pati et al., 2014). In general, the 

usually performed normalization of the values to the dry weight leads to questionable 

comparability of native and decellularized tissue, since the removal of cellular components leads 

to distorted values. In this study, we found that cdECM represents a promising alternative to 

dECM, as the amount of sGAGs is up to 12-fold higher in scdECM from day 7 compared to dECM. 

Previously, Schenke-Layland et al. found 3.1 % of sGAGs in non-decellularized fibroblast-derived 

ECM sheets (Schenke-Layland et al., 2009), which indicates adequate preservation of sGAGs in 

cdECM during the decellularization process in our study. Keller et al. investigated the sGAG 

content in fibroblast-derived ECM (Keller, Liedek, et al., 2020). Compared to their results (2.4 %) 

the amount of sGAG determined in this study was found to be in the same order of magnitude. As 

GAGs are known to exhibit a positive influence on cellular behavior in regenerative processes (e.g. 

proliferation, vascularization), cdECM containing and preserving higher amounts of GAGs 

represent a promising material in regenerative applications. 

 

Expression of proteins associated with basal membrane 

The basal membrane plays a fundamental role in cellular anchorage, as a physical barrier, and in 

signaling (Leclech et al., 2021). Thus, the preservation of basal membrane structures during 

decellularization would be beneficial for healthcare approaches. Histological staining suggested 

the presence of superordinate structures, like the basal membrane, in dECM, but not in cdECM 

samples (Figure 2). Two of the main components of the basal membrane are collagen type IV and 

laminins (Kalluri, 2003; Yurchenco & Schittny, 1990). In the next step, the presence of these basal 

membrane-associated ECM proteins collagen type IV and laminins, was proven by an 

immunofluorescence staining (Figure 3). After decellularization, a heterogeneous distribution of 

dense and loosely packed structures was observed in dECM. For all cdECM approaches – 

regardless of the time point of isolation - densely packed structures with ubiquitous staining of 
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ECM-specific proteins were found. Qualitative analysis of the immunofluorescence images did not 

indicate differences between the investigated ECM samples. This indicates that basal membrane 

proteins are also present in cdECM but do not exhibit the specific structure of the basal 

membrane, which might prevent the binding of the dye in histological staining. 

Immunofluorescence staining of ECM-specific proteins collagen type I and fibronectin are shown 

in supplementary figure 3.  

 

 
Figure 3: Immunofluorescence staining of basal membrane proteins collagen type IV and laminins. The 
presence of proteins collagen type IV and laminins were proven by immunofluorescence staining. (Scale bar: 
200µm; n=3) 
 

Previous studies demonstrated that laminin, which is mainly found in the basal membrane, 

contributes to the formation and maintenance of vascular structures (MALINDA et al., 1999; Ponce 

et al., 1999). After homogenization, which is necessary for further processing as biomaterial, the 

structure of the basal membrane is very likely disrupted in all ECM samples. Thus, the presence of 

basal membrane proteins (e.g. collagen type IV and laminins) may play a stronger role than the 

specific structure of the basal membrane. If a well-developed basal membrane as a biomaterial is 

desired epithelial or endothelial cells, that mainly produce basal membrane in vivo and in vitro, in 

monoculture or co-culture with other cell types can be used. This is especially useful for the 

coating of synthetic materials when the original structure can be restored and is not disrupted by 

further processing of a harvested cdECM (Carvalho et al., 2019; Junka et al., 2020). Dao Thi et al. 

recently described a method to polarize stem cells using a growth factor gradient in trans wells 

yielding hepatocyte-like cells with an apical and a basolateral side (Dao Thi et al., 2020). Despite 

in vivo adipocytes does not exhibit this polarization this method might be promising to enhance 

basal membrane secretion of cdECM. 
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Structural characterization 

Topographical characteristics are known to strongly influence cellular behavior such as 

proliferation and differentiation (Ko et al., 2016; Shi et al., 2014; Z. Wang et al., 2016). For 

example, Abagnale et al. showed that ASCs, without specific differentiation media, underwent 

osteogenesis on 2 μm thick microfibers but adipogenesis on microfibers with a diameter of 15 μm. 

However, no upregulation of specific differentiation markers was observed on fiber diameters 

thinner than 400 nm (Abagnale et al., 2015). Fiber diameter as the primary topographical feature 

of fibrous materials such as ECM was evaluated by SEM. In Figure 4, SEM images of the dECM and 

cdECM are shown. A significantly higher fiber diameter in dECM (63.9 (± 12.8) nm) compared to 

cdECM samples (acdECM d7: 35.9 (±9.2) nm; acdECM d14: 37.7 (±11.2) nm; scdECM d7: 36.7 (±7.7) 

nm; scdECM d14: 37.3 (±11.2) nm) was observed. The immature state of collagen fibers in cdECM 

previously indicated by the histological staining (Figure 2) could also be observed in the SEM 

analysis. The mature collagen fibers of dECM exhibited the characteristic cross stripes with an 

average distance of 65 nm (black arrows), derived from the assembly of the tropocollagen 

molecules, whereas no stripes were found in cdECM samples. 

The influence of these features on cell fate has to be considered when using the materials for 

specific applications and if necessary soluble factors are needed to prevent unwanted 

differentiation events. As longer culture periods are not practicable for the generation of a 

biomaterial, different culture methods, such as macromolecular crowding, hypoxia, reduced 

frequency of medium replacement, and reduction of serum concentration can be tested to 

increase the maturity and diameter of the collagen fibers of cdECM, if needed (Assunção et al., 

2020). The period for the generation of a biomaterial that can be assumed to be suitable strongly 

depends on the intended use. For the generation of cdECM, which is used for in vitro applications 

(e.g. the built-up of tissue models) and in vivo application where it can be generated in advance 

(allogenic products) culture periods of a few weeks can be seen as feasible. In contrast for the 

treatment of patients with autologous material, only generation periods of a few days can be seen 

as feasible. 
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Figure 4: Analysis of fiber diameter of the different ECM samples: Fiber diameter was determined with 
ImageJ using SEM images of ECM samples (n=9). Black arrows: horizontal stripes with a distance of 65 nm. 
(Scale bar: 1µm; *** p ≤ 0.001) 
 

Degree of swelling 

The degree of swelling describes the ability of a material to bind water, which has a high impact 

on the materials' physical properties. The ability of a material to bind water depends on structural 

characteristics (e.g. pore size) and chemical properties (e.g. charge). Thus, differences in the 

degree of swelling indicate differences in structural and chemical material characteristics. Figure 

5 shows the degree of swelling of dECM and cdECM samples. It was found that acdECM from both 

time points (acdECM d7: 2357.6 (±201.1) % (this value was already published by us in (Nellinger 

et al., 2020)) and acdECM d14: 2329.4 (±118.7) %) exhibited a higher degree of swelling compared 

to dECM (1288.1 (±383.3) %). Further, acdECM exhibited a higher degree of swelling compared to 

scdECM d7 (scdECM d7: 1624.3 (±96.4) % (this value is already published by us in (Nellinger et al., 

2020))) independent of the day. The degree of swelling of scdECMd14 (1764.5 (±421.0) %) was 

significantly lower compared to acdECM d7, within the different evaluation days of cdECM.  

 
Figure 5: Degree of swelling. The degree of swelling was calculated from the dry and wet weight of ECM 
samples according to equation (3) and displayed in percentual amount. (¥ = data from [68]; ** p ≤ 0.01; *** 
p ≤ 0.001; n=9) 
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One possible explanation for the differences in the degree of swelling between the ECM samples 

is different degrees of cross-linking. A higher degree of cross-linking leads to a lower swelling 

degree. With the results of this study, it can be assumed that with the higher collagen content the 

degree of cross-linking is higher in scdECM samples compared to acdECM, leading to a lower 

degree of swelling in scdECM samples. Interestingly, the swelling degree of dECM was found to be 

comparable to scdECM. This might be explained by the mature state of dECM (as demonstrated 

by SEM) and therefore a higher degree of cross-linking compared to acdECM. 

It is well known that physical characteristics influence cellular behavior strongly. (Engler et al., 

2006; Kshitiz et al., 2012) For example, Guneta et al. demonstrated increased proliferation and 

adipogenic differentiation of ASCs on alginate scaffolds with decreasing stiffness (Vipra Guneta et 

al., 2016). Furthermore, Subbiah et al. showed that an increase of cross-linking of cdECM is 

accompanied by a rise of stiffness and a shift from adipogenic differentiation to osteogenic 

differentiation (Subbiah et al., 2016). Considering these results, it can be assumed that acdECM, 

produced in this study, may also favor adipogenic differentiation, whereas scdECM and dECM may 

favor chondrogenic and osteogenic differentiation. Thus, next to the structural characteristics, the 

degree of swelling of the ECMs must be considered when using ECM as a biomaterial to prevent 

unwanted differentiation events.  

 

DNA content 

Removal of DNA is a critical indicator for successful decellularization. It is known that remaining 

DNA can contribute to cytocompatibility problems and immunogenic reactions upon 

reintroduction of cells (B. N. Brown et al., 2009). A limit of residual DNA for its use as biomaterial  

is not officially defined, however, the postulated limit of 50 ng/mg by Capro et al. is generally 

accepted (Crapo et al., 2011). The absence of remaining DNA in decellularized cdECM and dECM 

samples was proven by a HE and DAPI staining for qualitative evidence and by a Pico488 assay for 

quantitative evidence. In Figure 6, histological stainings of dECM and scdECMd7 are exemplarily 

shown. The HE staining revealed a strong decrease of DNA (blue/purple) for both approaches after 

treatment with DNase (w/ DNase) compared to the samples without DNase treatment (w/o 

DNase). In addition, DAPI staining indicated a strong reduction of the nucleic acid content in 

samples treated with DNase compared to untreated samples. Untreated and DNase treated dECM 

and cdECM samples exhibited a DNA content below the postulated limit of 50 ng/mg DW in the 

treated samples. For dECM samples a significantly lower amount of DNA was observed (7.9 (±4.5) 

ng/mg) compared to all cdECM approaches (acdECM d7: 37.0 (±17.8) ng/mg; acdECM d14: 46.0 
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(±2.9) ng/mg; scdECM d7: 28.4 (±22.8) ng/mg; scdECM d14: 43.2 (±4.5) ng/mg) after the treatment 

with DNase.  

The variation of DNA content in untreated ECM of the different origins was most likely caused by 

the difference in the present cell number in the samples. Due to the large portion of big mature 

adipocytes in native AT, it exhibited the lowest total cell number per volume, whereas the cdECM 

approaches proportionally exhibited a higher number of cells resulting in a higher amount of 

remaining DNA in the decellularized samples.  

 

 
Figure 6: DNA content after treatment with DNase. To remove the remaining DNA, ECM samples were 
treated with 1500 U/mL of DNase. To determine DNA content in ECM samples, HE and DAPI staining were 
performed on histological sections of ECM samples with and without DNase treatment (n=3). Quantification 
of total DNA content in DNase-treated ECM samples was performed using Pico488. (*** p ≤ 0.001; red 
dotted line: 50 ng/mg DW; n=9) 
 

General aspects 

Due to their different appearance, the decellularization protocols of the two ECMs differ in the 

used solutions and time by default in current studies (Flynn, 2010; V. Guneta et al., 2018; Magnan 

et al., 2018, 2021; Song et al., 2018). In this study, dECM was decellularized using relatively harsh 

chemicals and enzymes (no detergents which are classified as critical were used) whereas cdECM 

was treated with a relatively gentle hypotonic solution and nucleases. It is to be assumed that this 
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will have a great impact on some of the obtained results in this study (preservation of GAGs and 

the degree of swelling). However, in our opinion, this would rather be another reason for the use 

of cdECM whenever possible. This would, further, have the advantage that no chemicals remain 

in the material that could have a potentially negative effect on cells in vivo or in vitro. 

Next to the demonstrated characteristics and differences also general aspects, such as costs of 

production, mechanical properties, and tunability have to be considered when choosing between 

dECM and cdECM as a biomaterial. Native adipose tissue can be harvested with low invasiveness 

in relatively high amounts and frequently is a waste product from plastic surgery. Depending on 

the used protocol the decellularization process includes the treatment with costly enzymes. 

However, relatively high amounts of dECM can be achieved with little effort. In contrast, the 

culture of ECM producing cells over several weeks with the needed consumables and media 

supplements is much more expensive. Especially since the yielded amount of cdECM which can be 

produced in one cell culture flask or plate is extremely low. Thus, the upscaling of cdECM 

production is a key step towards its widespread use in tissue engineering and healthcare. Next to 

the usual supplemented sodium L-ascorbate that increases collagen secretion, further methods 

are known to enhance cdECM yield. These include pharmaceutical substances that affect cellular 

pathways (e.g. TGF-beta pathway that was shown to cause increased ECM secretion (Biancheri et 

al., 2014)) and genetic alterations that lead to overexpression of ECM proteins (Chan et al., 2021). 

However, as these techniques are extremely invasive the resulting cdECMs need to be carefully 

studied before being used for biomedical applications. A less invasive method that is currently 

used is macromolecular crowding which enhances the polymerization of collagen fibers 

extracellularly. 

For further processing it is necessary for both ECMs to homogenize the material except the original 

shape is sought to be reseeded with cells. For tissue engineering and healthcare applications in 

most cases, the original shape does not need to be restored. When the ECM is blended with 

another (hydrogel)material or used as a coating it has to be homogenized to achieve a 

homogeneous distribution of the ECM with the hydrogel or on the surface. Thus, the mechanical 

properties of the ECM material itself can be more or less neglected. Regarding the tunability of 

the ECM, cdECM brings a great advantage as it can be equipped with specific addressable 

functional groups using metabolic glycoengineering (MGE) (Gutmann et al., 2018; Ruff et al., 

2017). During MGE the cells metabolize a modified sugar derivate and incorporate it into the 

glycocalyx and the ECM. The functional group can then be used to covalently and site-directed link 

bioactive molecules, like growth factors, or can be used to crosslink the ECM with another material 

or with itself in a controllable manner. In contrast, the modification of native unmodified dECM 
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occurs randomly and is not site-directed which may impact the effect of the bioactive molecules 

by covering the bioactive epitope(s). Further, the modification and crosslinking of dECM is 

performed with chemicals that may alter the structure of the ECM and therefore its impact on the 

cells when used for tissue engineering and healthcare applications (AC et al., 2018; Subbiah et al., 

2016).  

One aspect which needs to be investigated in cdECM is the binding of serum proteins to cdECM 

structures. CdECM is produced using fetal calf serum (FCS) containing media. As it is well known 

that there are high batch-to-batch variations in FCS and proteins can be bound to ECM and thus 

remain in the material. This might be a concern regarding the reproducibility of cell experiments 

(Boyd & Thomas, 2017). However, also in dECM donor variations might have an impact on the 

outcome of in vitro and in vivo experiments. Thus, the standardization of cdECM production using 

defined media would turn this disadvantage of cdECM into an advantage against the dECM where 

the donor variation cannot be eliminated.  

In future studies, dECM and cdECM from further tissues should be characterized and investigated 

and a more detailed investigation of ECM proteins should be performed. Due to the complexity of 

the ECM colorimetric assays might be error-prone (comparable to total protein quantification). A 

more reliable method might be mass spectrometry. This method complements the results of the 

present study as it enables the identification and quantification of individual proteins and allows 

their classification (Johnson et al., 2016). This in turn would give more insight into the 

functionalities of the different ECMs. Based on further studies characterizing and comparing dECM 

and cdECM from different tissues, the range of methods needed to be performed to work with a 

well-defined ECM material can be reduced. From our point of view histological staining (Movat 

Pentachrome and Alcianblue PAS), quantification of sGAG, and remaining DNA represent a 

feasible amount of experiments that monitor the efficiency and reproducibility decellularization 

process and can be performed in most laboratories. 

  

Conclusion 

In the present study, we compared dECM and cdECM from stem cells and adipogenic 

differentiated ASCs towards their macromolecular composition and their structural features. We 

found that cdECM exhibited more sGAGs which are beneficial for regenerative processes. The 

thinner collagen fibers and of cdECM indicate its immature state and the accompanying 

differences in topography might have an impact on cell fate. With the differences identified, we 

aim to support researchers in the decision, which ECM is suitable as a biomaterial for their specific 

application. The differences between the ECMs investigated have the potential to highly influence 
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experimental outcomes and therefore should be considered when choosing a biomaterial for 

tissue engineering or healthcare application. Next to the found characteristics and differences, to 

date, general aspects, such as costs of production and possibilities in the tunability have to be 

considered. To find the ideal material for a specific application the aim of the planned study has 

to be opposed to the advantages and disadvantages of both ECM materials.  
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4 PAPER II – SUPPORT OF PREVASCULAR-LIKE STRUCTURE 

FORMATION 

 
This chapter is originally published in the journal Biotechnology and Bioengineering (DOI: 

10.1002/bit.27481) 3. In this study the supporting effect of cdECM from ASCs in the stem cell state 

and adipogenic differentiation state on the formation of prevascular-like structures is investigated 

(Figure 9).  

 

 
Figure 9: Graphical abstract Paper II (Adipose stem cell-derived Extracellular Matrix represents a 

promising Biomaterial by inducing spontaneous formation of Prevascular-like Structures by MvECs) 

 
 
All cell‐derived ECM (cdECM) substrates enabled mvEC growth with high viability. It was shown 

that mvECs cultured on cdECM self-assemble to prevascular-like structures. This effect is 

enhanced on adipogenic differentiated cdECM where longer and higher branched structures could 

be found compared to stem cell cdECM. The obtained results confirm the third hypothesis (H3). 

An increased concentration of pro-angiogenic factors was found in cdECM substrates. These 

results highlight cdECM as promising biomaterial for adipose tissue engineering. 

 

                                                             
3 Reprinted from Adipose stem cell-derived extracellular matrix represents a promising biomaterial by 
inducing spontaneous formation of prevascular-like structures by mvECs; Nellinger S, Schmidt I, Heine S, Volz 
AC, Kluger PJ. Biotechnol Bioeng. 2020 Oct;117(10):3160-3172. with permission from Wiley-VCH GmbH 
under CC-BY 4.0 
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Abstract 

Tissue constructs of physiologically relevant scale require a vascular system to maintain cell 

viability. However, in vitro vascularization of engineered tissues is still a major challenge. 

Successful approaches are based on a feeder layer (FL) to support vascularization. Here, we 

investigated whether the supporting effect on the self‐assembled formation of prevascular‐like 

structures by microvascular endothelial cells (mvECs) originates from the FL itself or from its 

extracellular matrix (ECM). Therefore, we compared the influence of ECM, either derived from 

adipose‐derived stem cells (ASCs) or adipogenically differentiated ASCs, with the classical cell‐

based FL. All cell‐derived ECM (cdECM) substrates enabled mvEC growth with high viability. 

Prevascular‐like structures were visualized by immunofluorescence staining of endothelial surface 

protein CD31 and could be observed on all cdECM and FL substrates but not on control substrate 

collagen I. On adipogenically differentiated ECM, longer and higher branched structures could be 

found compared with stem cell cdECM. An increased concentration of proangiogenic factors was 

found in cdECM substrates and FL approaches compared with controls. Finally, the expression of 

proteins associated with tube formation (E‐selectin and thrombomodulin) was confirmed. These 

results highlight cdECM as promising biomaterial for adipose tissue engineering by inducing the 

spontaneous formation of prevascular‐like structures by mvECs. 

 

Introduction 

Adipose tissue is a highly metabolic and vascularized tissue. In native tissue, a dense capillary 

network provides the supply of nutrients and inspiratory gases to the residing cells and removes 

their waste products. Since the diffusion limit of oxygen is less than 200 µm (Olive, Vikse, & Trotter, 

1992; Thomlinson & Gray, 1955), the centers of large tissue constructs experience necrosis and 

volume loss without a functional vascular network. Consequently, there is an urgent need for fast 

vascularization following implantation of adipose tissue implants to maintain tissue mass and 

viability. In addition, for the in vitro use of tissue constructs, for example as a testing system, a 

stable functional vascular system would be desirable to allow constructs of a larger size and to 

maintain comprehensive cell behavior. Furthermore, such vascularized tissue constructs would 

allow in vitro investigations regarding the development and therapy of vascular diseases.  

The inclusion of a functional vascular system remains one of the biggest challenges in three-

dimensional (3D) tissue engineering. To date, there are several strategies to vascularize 

engineered 3D tissue constructs, e.g. functionalized scaffolds, perfusion bioreactors, co-culture 

and in vivo approaches (Laschke & Menger, 2016). Pro-angiogenic factors immobilized in the 

scaffold material were found to enhance vascularization (Laschke et al., 2008; Yoon, Chung, Lee, 
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& Park, 2006). For example, vascular endothelial growth factor (VEGF) and basic fibroblast growth 

factor (bFGF), are known to induce vessel formation and platelet-derived growth factor (PDGF) β 

supports stabilization of the newly formed vessels (Gaengel, Genove, Armulik, & Betsholtz, 2009). 

Different co-culture systems, including monolayer or spheroid cultures, demonstrated 

spontaneous formation of vascular-like structures (Walser et al., 2013; Wenz, Tjoeng, Schneider, 

Kluger, & Borchers, 2018). In particular, the co-culture of endothelial cells (ECs) with adipose-

derived stem cells (ASCs) showed a beneficial effect on prevascular-like structure formation 

(Verseijden et al., 2012; Volz, Hack, Atzinger, & Kluger, 2018). Abovementioned techniques help 

to prevascularize a construct, but the complete vascularization is only achieved post implantation 

in vivo (Laschke, Strohe, et al., 2009; Laschke, Vollmar, & Menger, 2009). So far, there is no 

successful in vitro approach to create a physiological and functional vascular system, which 

ensures adequate stability and reproducibility. In most approaches, some type of feeder cells are 

used to support the formation of vascular-like structures by ECs. This living cellular part impedes 

a commercial application due to the difficult handling and storage. In contrast, lyophilized acellular 

biomaterials can be stored for long periods. Moreover, they evoke far fewer concerns regarding 

their application in regenerative medicine compared to the approaches including living cells. 

However, changes in structure and composition may occur during dehydration of natural 

materials. Thus, it has to be clarified if the processing of a biomaterial affects its ability to influence 

cellular behavior. To address this issue, next to the effect of the wet hydrogel-like form, the effect 

of the dehydrated materials on cellular behavior should be investigated.  

A critical requirement for engineering tissue constructs is the use of a suitable scaffold that 

provides appropriate biological and physicochemical properties. The cell surrounding material 

also plays an important role in vascularization. There are several synthetic and natural scaffold 

materials used for vascularized tissue engineering approaches, e.g. polylactic acid, polyethylene 

glycol, collagen or hyaluronic acid. However, the extracellular matrix (ECM) as the natural 

environment of the cells in vivo represents the most physiological biomaterial. A variety of ECM-

hybrid materials and pure decellularized ECM were investigated towards their ability to support 

stem cell differentiation and (neo)vascularization in vivo and in vitro (Adam Young, Bajaj, & 

Christman, 2014; Badylak, Freytes, & Gilbert, 2009; L. Flynn, Prestwich, Semple, & Woodhouse, 

2009; L. E. Flynn, 2010). All these studies were performed with decellularized ECM derived from 

native tissue. For the past years, another source of natural ECM moves to the fore. In vitro 

generated cell-derived ECM (cdECM) was isolated from different cell-types (e.g. fibroblasts and 

ASCs) and used as a biomaterial in a variety of applications (Lu, Hoshiba, Kawazoe, & Chen, 2011; 

Lu, Hoshiba, Kawazoe, Koda, et al., 2011; Sart et al., 2016; Schenke-Layland et al., 2009; Wolchok 
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& Tresco, 2010). Several studies show that cdECMs, obtained from different cell-types, can induce 

adipogenic, chondrogenic and osteogenic differentiation of ASCs indicating its influence on cell 

fate (Dzobo et al., 2016; Guneta, Loh, & Choong, 2016; Guneta et al., 2017; Guo et al., 2013). 

Our previous study revealed a spontaneous formation of prevascular-like structures by mvECs in 

a co-culture with adipogenically differentiated ASCs (Volz et al., 2018). In the following the term 

“prevascular-like structures” defines the aggregation/alignment of CD31 positive mvECs to fiber- 

or network-like structures, which stand out from the rest of the cellular monolayer. This term was 

previously used by Verseijden et al. to describe the alignment of ECs in spheroids without lumen 

formation (Verseijden, Posthumus-van Sluijs, Farrell, et al., 2010; Verseijden, Posthumus-van 

Sluijs, Pavljasevic, et al., 2010). The formation of vacuoles within ECs and subsequent 

lumenogenesis (tube formation) of prevascular-like structures requires the activation of cellular 

pathways and the transcription of different genes (Bayless & Davis, 2002). Further, the expression 

of E-selectin and thrombomodulin are shown to contribute to tube formation (Oh et al., 2007; Pan 

et al., 2017). In this study, we aimed to analyze whether the effect formation of prevascular-like 

structures by mvECs has to be attributed to cell-cell or cell-matrix interactions. The maintenance 

of the biological impact after processing and storage represents an important feature regarding 

the commercial application of biomaterials. The most common processing method for the 

preservation of biomaterials is drying. Consequently, we directly compared the effect of the 

hydrogel-like, wet cdECM and the dried cdECM as a coating regarding its ability to support the 

formation of prevascular-like structures by mvECs. The formation of vascular structures is a rather 

developmental process than a maintenance phenomenon as it can e.g. be found during 

(adipogenic) differentiation rather than in the stem cell niche. Thus, we tested whether there is a 

difference between cdECM derived from stem cells and adipogenically differentiated cells 

regarding their capability to induce prevascular-like structure formation. 
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Figure 1: Schematic overview of the study procedure. The pro-angiogenic potential of different acellular and 
cellular substrates was analyzed. ASCs were cultured in growth and adipogenic differentiation medium 
respectively for 7 days. For acellular ECM substrates (cdECM), ASCs were removed and the remaining cdECM 
was dried or stored under wet conditions. For cellular substrates (FL), ASCs were not removed. MvECs were 
seeded onto the different substrates. Cytocompatibility was determined at day 3 and prevascular-like 
structure formation was determined at day 14 of cell culture. 
 

Materials and Methods 

All research was carried out in accordance with the rules for the investigation of human subjects 

as defined in the Declaration of Helsinki. Patients provided written agreement in compliance with 

the Landesärztekammer Baden-Württemberg (F-2012- 078, for normal skin from elective 

surgeries). 

 

Cell isolation and expansion 

ASCs were isolated from human tissue samples obtained from patients undergoing plastic surgery 

(Dr. Ziegler; Klinik Charlottenhaus, Stuttgart, Germany) as described before (Huber, Borchers, 

Tovar, & Kluger, 2016). ASCs were initially seeded at a density of 5x103 cells/cm2 in serum-free 

Mesenchymal Stem Cell (MSC) Growth Medium (MSCGM, PELOBiotech) containing 5 % human 

platelet lysate. ASCs were used up to passage three. 

MvECs were isolated from juvenile foreskins (Dr. Yurttas, Stuttgart, Germany) as described before 

(Volz, Huber, Schwandt, & Kluger, 2017). Briefly, dermis was cut into small pieces and digested in 
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a dispase solution (2 U/ml; Serva Electrophoresis, Germany) overnight at 4 °C. After the removal 

of the epidermis, mvECs were isolated from the dermal layer by incubation with 0.05 % trypsin in 

ethylenediaminetetraacetic acid (EDTA; Life Technologies, Germany) for 40 min at 37 °C and 

mechanically isolated in mvEC Growth Medium-2 (EGM-2mv; Lonza, Switzerland). For cell 

expansion, mvECs were seeded with 5 x 10³ cells/cm². MvECs were used up to passage three. 

 

Generation of cell-derived extracellular matrix substrates and ASC feeder layer 

ASCs were seeded into 8-well chamber slides (ibidi, Germany) and 24-well plates respectively at a 

density of 25 x103 cells/cm2 in serum-free MSCGM containing 5 % human platelet lysate. At 

confluency, medium was changed to either serum-containing GM (Dulbecco’s Modified Eagle 

Medium (DMEM) with 10 % fetal calf serum (FCS) = scdECM) or adipogenic differentiation medium 

(DMEM with 10 % FCS, 1 µg/mL insulin, 1 µM dexamethasone, 100 µM indomethacin, 500 µM 3-

isobutyl-1- methylxanthine = acdECM) both supplemented with 50 µg/mL Na-L-Ascorbate. The 

medium was changed every other day. At day 7, cells were lysed using hypotonic ammonium 

hydroxide solution and ECM was washed with ultrapure water. For dry ECM approaches (= dry), 

ECM was dried at room temperature (RT) and for wet ECM approaches (= wet), ECM was stored 

in ultrapure water until seeded with mvECs. Cellular substrates (= FL) were seeded with mvECs 

without lysis of ASCs (Figure 1). 

 

Macroscopic pictures and degree of swelling 

Macroscopic pictures of wet cdECM substrates were taken directly after cell removal. To 

investigate the water uptake and to calculate the degree of swelling, lyophilized cdECMs were 

weighed to determine the dry weight [weight (dry cdECM)]. Subsequently, cdECMs were swollen 

in demineralized water for 24 h at RT and weighed again [weight (swollen cdECM)]. 

The degree of swelling was calculated as: 

 

Degree of swelling [%] 

= (weight (swollen cdECM)-weight (dry cdECM))/(weight (dry cdECM))  x 100             (1) 

 

Immunofluorescence staining of fibronectin and quantification of pore size  

For immunofluorescence (IF) staining of fibronectin, cdECM substrates were fixed in 4 % 

paraformaldehyde (Carl Roth, Germany) for 10 min followed by incubation with blocking solution, 

consisting of 3 % bovine serum albumin (Biomol, Germany) in 0.1 % Triton X (Sigma Aldrich, 

Germany) for 30 min to block unspecific binding sites. Subsequently, the primary antibody (mouse 
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anti-fibronectin, Santa Cruz, Germany; 1:200) was incubated for 1 h at RT. After washing three 

times with 0.1 % Tween-20 (SigmaAldrich, Germany) in PBS and, secondary antibody (anti-mouse 

Cy3, Dianova, Germany; 1:250) was incubated for 30 min at RT. Both were diluted in blocking 

solution. Images were taken with an Axio Observer microscope and Axiocam 506 mono using 

ZENblue software (Carl Zeiss, Germany). The pore size of the different cdECM substrates was 

quantified using ImageJ based on the IF images. The 100 largest pores for each image were 

determined and results are given as the mean.  

 

Seeding of mvECs on cell-derived ECM and feeder layer 

Isolated dry and wet cdECM substrates were re-seeded with mvECs at a density of 1 x 104 

cells/cm2 in a defined mvEC adipocyte co-culture medium (Volz et al., 2018). For FL approaches 

mvECs were directly seeded on top of adipogenically differentiated and undifferentiated ASCs at 

a density of 1 x 104 cells/cm2 in defined co-culture medium, developed by us earlier (Volz et al., 

2018). Cells were cultured for 14 days and the medium was changed every other day (Figure 1). 

As a control, all experiments were performed on collagen I (rat tail; 250 µg/mL in 0.1 % acetic acid) 

coated tissue culture polystyrene (COL I) and uncoated tissue culture polystyrene (TC). All media 

were supplemented with 1 % penicillin/streptomycin. 

 

Cytocompatibility 

Cytocompatibility of the cdECM substrates was demonstrated by the analysis of lactate 

dehydrogenase (LDH) in the cell culture supernatant. At day 3 after seeding, an LDH assay (TaKaRa 

Bio Europe, France) was performed according to the manufacturer’s instructions. To exclude the 

remaining LDH from cell lysis, LDH concentration from supernatant from cdECM substrates 

without mvECs was determined. Values were subtracted from the LDH concentrations measured 

from mvECs on the different cdECM substrates. On day 14, live-dead staining was performed to 

assess the viability of cultured cells. Before staining the cells were washed in phosphate-buffered 

saline (PBS, Biochrom, Germany) and subsequently treated with staining solution, consisting of 

200 ng/ml fluorescein diacetate (FDA, Sigma Aldrich, Germany) and 20 µg/mL propidium iodide 

(PI, Sigma Aldrich, Germany) in DMEM, for 15 min at 37 °C. Finally, cells were imaged in PBS with 

calcium and magnesium at RT with Axio Observer microscope and Axiocam 506 mono camera 

using ZENblue software (Carl Zeiss, Germany). The number of dead and viable cells was quantified 

using the software ImageJ and results are depicted as a percentage. 
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Immunofluorescence staining of cell-specific proteins 

For IF staining of cell-specific proteins, cells were fixed in 4 % paraformaldehyde for 10 min and 

permeabilized for 10 min with 0.1 % Triton X in PBS. Following, cells were incubated in blocking 

solution, consisting of 3 % bovine serum albumin in 0.1 % Triton X for 30 min to block unspecific 

binding sites. Primary antibodies (mouse anti-CD31, 1:50, Dako, Germany; rabbit anti-CD31, 1:200, 

abcam, GB; goat anti-E-selectin, 1:200, R&D Systems, USA; sheep anti-thrombomodulin, 1:200, 

R&D Systems, USA) were diluted in blocking solution and incubated with samples for 2 h at RT. 

Secondary antibodies (anti-rabbit Alexa FluorTM 488, abcam, GB; anti-mouse Cy3, Dianova, 

Germany; donkey anti-sheep Alexa FluorTM 647, abcam, GB; donkey anti-goat Alexa FluorTM 594, 

abcam, GB) were diluted 1:250 in blocking solution and incubated  with samples for 30 min at RT.  

 

Enzyme-linked immunosorbent assay 

For characterization of cdECM substrates regarding growth factors composition, substrates were 

washed 3 days in culture medium. For the characterization of FL, medium from day 3 was 

collected. Quantification of growth factors VEGF, bFGF and PDGFβ was performed using enzyme-

linked immunosorbent assays (ELISA) (all PEPROTech, Germany) according to the manufacturer’s 

instructions. The converted TMB was read out at 450 nm with a wavelength correction set at 620 

nm (TECAN Saphire II, Tecan, Switzerland) 

 

Statistical analysis 

All experiments were performed at least three times, using cells from at least three different 

biological donors of ECs. The obtained data were compared by a one-way analysis of variance 

(ANOVA) with repetitive measurement and a Bonferroni post-hoc test using OriginPro 2018b. 

Statistical significances were stated as *p ≤ 0.05, very significant as **p ≤ 0.01 and highly 

significant as ***p ≤ 0.001. 
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Results 

Macroscopic pictures and degree of swelling 

Macroscopic pictures showed that wet scdECM and acdECM substrates exhibited a transparent 

gel-like appearance on the bottom of a petri dish (Figure 2). Determination of the degree of 

swelling of the different cdECM substrates revealed a higher water uptake capacity of acdECM 

(2357.6 (± 201.1) %) compared to the scdECM (1624.3 (± 96.4) %). Quantification of the pore size 

in the IF staining of fibronectin revealed smaller pores in the scdECM substrates compared to the 

acdECM substrates.  

 

 

 

Figure 2: Degree of swelling of ECM substrates and staining of fibronectin and quantification of pore size. 
A: Macroscopic pictures of cdECM substrates show a transparent gel-like cdECM on the bottom of the petri 
dish. The degree of swelling was calculated in percent. Results revealed a higher swelling rate of acdECM 
compared to the scdECM (Diameter of the petri dish is 35 mm). B: Fixed cdECM samples were stained for 
fibronectin. Quantification of the pore sizes in fibronectin staining revealed smaller pores in the scdECM 
substrate compared to the acdECM substrate (Fibronectin indicated in red; scale bar: 200 µm). (** p ≤ 0.01) 
 

Acellular and cellular substrates are cytocompatible for mvECs 

Cytocompatibility of the materials was determined by the measurement of the release of LDH 

after seeding with mvECs. LDH is an enzyme that is released during cell death and therefore can 

be used to quantify cytotoxicity. LDH release by mvECs seeded on the different substrates was 

measured 3 days after seeding (Figure 3, A). The values of TC were set as 100 (± 3.5) %. For cdECM 

substrates, values were normalized to TC. Results showed no significant increase of released LDH 

of mvECs when seeded on COL I coating (89.4 (± 13.8) %), dry scdECM (113.7 (± 31.0) %); dry 

acdECM (108.0 (± 29.0) %), wet scdECM (96.3 (± 33.4) %), or wet acdECM (93.4 (± 29.0) %). For the 

stem cell and adipogenic FL substrates, values were normalized to stem cell FL approach without 

mvECs (FL stem cell), which was set as 100 (± 3.3) %. For adipogenic FL (FL adipogenic: 157.9 (± 



Paper II – Support of Prevascular-like Structure Formation 

60 

 

13.4) %) approach, a higher LDH release was found compared to stem cell FL. As in the cdECM 

approaches, no significant increase in LDH release was observed when mvECs were seeded onto 

the FL for stem cell and adipogenically differentiated cells (FL stem +mvECs: 126.1 (± 15.8) %; FL 

ad +mvECs: 176.8 (± 25.0) %). 

The viability of mvECs cultured on the different substrates was assessed on day 14 after seeding 

with mvECs by live-dead staining with FDA and PI (Figure 3, B). Results showed that mvECs were 

viable on all acellular and FL substrates on day 14 and only a few dead cells could be found. 

Quantification of the percentage of dead cells revealed less than 1 % of dead cells on all acellular 

substrates (TC: 0.14 (± 0.08) %; COL I: 0.29 (± 0.21) %; dry scdECM: 0.46 (± 0.11) %; dry acdECM: 

0.61 (± 0.13) %; wet scdECM: 0.25 (± 0.23) %; wet acdECM: 0.45 (± 0.26) %). On FL substrates 

higher amounts of dead cells were found in adipogenic approaches compared to the stem cell 

approach (FL stem cell: 0.25 (± 0.08) %; FL adipogenic: 4.58 (± 0.19) %; FL stem cell +mvECs: 0.37 

(±0.18) %; FL adipogenic +mvECs: 3.25 (± 1.66) %).  

 

Figure 3: Cytocompatibility of the acellular and feeder layer substrates. 1 x 104 cells/cm2 mvECs were 
seeded in a defined medium onto the different substrates. A: Relative LDH release was measured at day 3 
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after seeding with mvECs. For acellular substrates values were normalized to TC. No significant increase in 
LDH release could be observed on COL I coating or dry and wet cdECM for both, scdECM and acdECM. For FL 
approaches, values were normalized to stem cell FL without mvECs (FL stem cell). None of the FL approaches 
(stem cell and adipogenic differentiated) exhibited a significant increase of released LDH after seeding of 
mvECs (FL +mvECs), B: Live-dead staining (FDA, indicating alive cells displayed in green/PI, indicating dead 
cells, displayed in red) was performed on day 14 after seeding with mvECs. A confluent layer of viable cells 
was observed in all approaches. For each approach, the percentage of dead cells was quantified using 
ImageJ. The analysis revealed an amount of less than 1% of dead cells for all acellular substrates with no 
significant differences between the different substrates. In FL approaches a higher number of dead cells 
could be found in adipogenic approaches compared to stem cell approaches. Scale bar represents 200 µm. 
(n.s. = not significant; ** p ≤ 0.01, *** p ≤ 0.001) 
 

Cell-derived ECM substrates support the formation of prevascular-like structures by mvECs 

To investigate the effect of cdECM substrates on the formation of prevascular-like structures by 

mvECs, CD31 was visualized by IF staining (Figure 4). CD31 is a specific endothelial surface protein 

mainly localized on cell-cell connections and mainly responsible for the control of leukocyte 

transmigration in vivo (Piali et al., 1995). The staining pattern revealed that mvECs grew to a 

confluent cell layer on all acellular substrates. The degree of structure formation on the different 

substrates was analyzed and quantified using ImageJ on basis of the CD31 IF images. The 

formation of prevascular-like structures by mvECs was detected on all tested substrates in 

contrast to the controls (TC and COL I) on which no structure formation was observed. Higher 

magnification of the cellular monolayer or the prevascular-like structures shows the typical 

localization of CD31 at cell-cell contacts. Quantification of the structures’ lengths revealed longer 

structures in wet acdECM (433.5 (± 293.1) µm) substrate compared to both scdECM substrates 

(dry: 235.9 (± 100.0) µm; wet: 232.9 (± 183.8) µm). Dry acdECM (297.2 (± 149.1) µm) substrates 

exhibited a slightly but not significantly higher structure length compared to dry and wet scdECM 

substrates. The lengths of prevascular-like structures found on the adipogenic FL (FL adipogenic: 

483.5 (± 287.4) µm) were significantly longer than those of all other approaches except for wet 

acdECM substrate. Prevascular-like structures on stem cell FL exhibited an average length per 

structure of 302.1 (± 168.7) µm. Another essential criterion for the maturation of a vascular 

network is the formation of nodes. Therefore, the number of nodes formed by the mvECs on the 

different substrates was quantified. No nodes could be detected on the controls TC and COL I. In 

adipogenic approaches (dry acdECM: 1.2 (± 1.1); wet acdECM: 1.7 (±1.2); FL adipogenic: 6.7 (± 

3.9)) the number of nodes was higher compared to the stem cell approaches (dry scdECM: 0.7 (± 

0.4); wet scdECM: 0.2 (± 0.6); FL stem cell: 1.7 (± 1.5)) for all substrates. Furthermore, the number 

of nodes on wet acdECM was slightly but not significantly higher compared to the dry acdECM and 

comparable to stem cell FL. The significantly highest number of nodes could be observed in the 

adipogenic FL approach. To summarize, many short structures were identified on scdECM 

substrates, whereas on acdECM substrates the structures were longer and more branched. By co-
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culture with the stem cell FL, mvECs formed islets of a confluent layer within the ASCs and 

prevascular-like structures sprouting from these islets were apparent. Long and highly branched 

prevascular-like structures were formed by mvECs on adipogenic FL. 

 

 
Figure 4: Formation of prevascular-like structures by mvECs on cellular and acellular ECM substrates. 1 x 
104 mvECs /cm2 were seeded in defined co-culture medium onto the different substrates and were cultured 
for 14 days. Medium was changed three times a week. For determination of newly formed prevascular- like 
structures, IF staining of CD31 (indicated in red) was performed at day 14 after seeding with mvECs. On 
controls (TC and COL I) a confluent layer of mvECs could be observed without any structure formation. On 
cdECM substrates, the formation of prevascular-like structures could be observed with the strongest 
manifestation on wet acdECM. The highest degree of structure formation could be observed on adipogenic 
FL. On stem cell FL cluster formation of mvECs could be found and a considerably lower degree of structure 
formation compared to the adipogenic approach was detected. For each representative overview image, a 
magnified section of the cellular monolayer or the prevascular-like structures are pictured in the upper right 
corner to show the localization of CD31 at cell-cell contacts. Length per structure and number of formed 
nodes was quantified using ImageJ. Analysis revealed a significantly higher structure length of mvECs on wet 
acdECM substrate compared to dry acdECM and stem cell approaches (dry and wet scdECM) and 
comparable to FL approaches. Structure length on adipogenic FL was significantly higher compared to all 
approaches except wet acdECM. On adipogenic FL, a significantly higher number of nodes could be observed 
compared to all other approaches. (Scale bar overview image: 200 µm; scale bar magnified section: 25µm; 
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001) 
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Quantification of pro-angiogenic factors on substrates 

To confine which cdECM components are responsible for its pro-angiogenic effect, the relative 

concentration of growth factors VEGF, bFGF and PDGFβ were determined in the supernatant after 

washing the acellular substrates for 3 days (Figure 5). Values were normalized to TC. VEGF 

concentration was significantly higher for dry and wet acdECM substrates compared to all other 

acellular substrates. For quantification of growth factor concentrations on FL approaches cell 

culture supernatant from day 3 (corresponding to 3 days of washing of acellular substrates) was 

collected. A 10-fold higher concentration of VEGF could be found on in FL approaches with no 

difference between stem cell FL and adipogenic FL Significantly higher concentrations of bFGF 

could be found on in cdECM substrates compared to controls and on FL approaches higher 

concentration could be found compared to all other substrates. For PDGFβ a significantly higher 

concentration could be found on cdECM substrates compared to the controls. Between the 

different cdECM substrates no difference in PDGFβ concentration could be measured. On FL 

substrates, a higher concentration of PDGFβ could be found compared to acellular substrates but 

no difference between stem cell and adipogenically differentiated approach was observed. 

 

 
Figure 5: Pro-angiogenic factors concentration on cellular and acellular ECM substrates. For the 
determination of VEGF, bFGF and PDGFβ from the different substrates, supernatant from day 3 was 
investigated regarding the concentration of the growth factors using ELISA. For statistical analysis, values 
on TC were set as 1 and data were normalized to TC. For VEGF a significantly higher amount could be 
found in acdECM substrates (dry and wet) compared to all other acellular substrates including controls. FL 
substrates exhibited a 10-fold higher concentration of VEGF compared to acellular substrates. For bFGF a 
higher concentration could be found in cdECM substrates compared to controls. On FL approaches, a 
higher concentration could be found compared to all other approaches. For PDGFβ a significantly higher 
(3-fold) amount could be found in all cdECM substrates compared to the controls TC and COL I. Between 
the individual cdECM substrates no difference in remaining PDGFβ could be found. FL substrates exhibited 
significantly higher PDGFβ concentrations compared to acellular substrates. (* p ≤ 0.05; ** p ≤ 0.01; *** p 
≤ 0.001). 
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Expression of proteins associated with tube formation in newly formed prevascular-like structures 

Recent studies showed that the expression of adhesion molecules E-selectin and thrombomodulin 

in ECs is associated with the tube formation of new blood vessels (Oh et al., 2007; Pan et al., 2017). 

To get an indication if lumenogenesis occurs to any extent, we investigated the expression of these 

proteins in the newly formed prevascular-like structures (Figure 6). Results of the IF staining 

revealed the expression of neither E-selectin nor thrombomodulin in mvECs cultured on TC or COL 

I. However, all newly formed prevascular-like structures showed expression of E-selectin and 

thrombomodulin on all cdECM substrates. Further, E-selectin and thrombomodulin expression of 

the prevascular-like structures were found in the newly formed prevascular-like structures on 

both FL approaches. E-selectin and thrombomodulin staining corresponded to the CD31 staining 

pattern of the prevascular-like structures (Supplementary figure 1). 

 

 
Figure 6: Expression of E-selectin and thrombomodulin by mvECs forming prevascular-like structures. 1 x 
104 mvECs /cm2 were seeded in defined co-culture medium onto the different substrates and were cultured 
for 14 days. Medium was changed three times a week. For both proteins, no specific staining was observed 
on controls (TC and COL I coating). For all acellular and cellular substrates, specific staining of E-selectin and 
thrombomodulin (both indicated in red) could be found mainly on the newly formed prevascular-like 
structures. (Scale bar: 200 µm) 
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Discussion 

The implementation of a functional vascular system into an engineered tissue construct would 

address one of the major bottlenecks in tissue engineering and regenerative medicine. In the 

present study, we aimed to investigate the supportive effect of cdECM on the self-assembled 

formation of prevascular-like structures by mvECs for its use as a biomaterial for adipose tissue 

engineering compared to the well-established application of a supportive FL. 

Determination of the degree of swelling revealed a higher capacity of water uptake of the 

adipogenic ECM compared to stem cell ECM. This effect can be explained by the larger pore size 

in acdECM shown by fibronectin staining. The development of larger pores in acdECM may be 

explained by morphological changes of ASCs during adipogenesis. By incorporating lipids, 

adipogenically differentiated ASCs develop a more spherical shape compared to the stem cells and 

substantially increase their volume (Moldovan et al., 2019).  During adipogenesis ASCs further stop 

to proliferate which results in a lower total cell number in adipogenic approaches (Fajas, 2003). 

Thus the amount of cdECM in stem cell approaches may be higher which leads to more densely 

packed collagen fibers and smaller pores. The larger pores found in adipogenic ECM may also be 

able to enhance the degree of prevascular-like structure formation by mvECs. Chui et al. showed 

that larger pore size is associated with a higher degree of neovascularization in an in vitro PEG 

hydrogel model (Chiu et al., 2011). Furthermore, Artel et al. proposed an agent-based model 

indicating that pores of larger size support vascularization in a polymer scaffold (Artel, 

Mehdizadeh, Chiu, Brey, & Cinar, 2011). 

Analysis of LDH release of mvECs on the substrates revealed no cytotoxic effects of the cdECM 

substrates, the FL cells or the controls (COL I coating and TC). Even on day 14 after seeding, a 

confluent viable monolayer of mvECs was observed which indicates a good cytocompatibility of 

the cdECM substrates and their possible use in tissue engineering. Nearly no dead mvECs were 

observed during the quantification of the live/dead staining on acellular substrates. For the stem 

cell FL approach, less than 1 % of dead cells could be found. However, on the adipogenic FL 

approach around 4 % of dead cells could be found for FL with and without mvECs. Adipogenically 

differentiated ASCs may be more sensitive to the change to the defined co-culture medium 

compared to the non-differentiated ASCs which leads to an increase of cell death. For 

comprehensive toxicological and immunogenic characterization further analysis is required, e.g. 

the analysis of the cdECM impact on the metabolic activity of the mvECs and for the intended in 

vivo use, biocompatibility of the cdECM has to be evaluated. 

Visualization of mvECs on day 14 after seeding by staining of the specific surface protein CD31 

showed the self-assembled formation of prevascular-like structures on all substrates except for 
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the controls COL I and TC. Structure formation on the adipogenic FL approach was in line with our 

previous study (Volz et al., 2018) as a lower degree of structure formation was found on the stem 

cell FL approach. In addition, on dry and wet cdECM approaches, the degree of prevascular-like 

structure formation on adipogenic ECM substrates was higher compared to the corresponding 

stem cell approach, which is reflected by longer structures and a higher number of nodes. The 

effect of enhanced structure formation on adipogenic substrates could be explained by the 

different secretomes of ASCs and (pre-)adipocytes (Kapur & Katz, 2013). It is well known that ASCs 

secrete a broad spectrum of pro-angiogenic proteins and they were often used as a delivery 

system of growth factors and cytokines in vascularization approaches (Kondo et al., 2009; Liu et 

al., 2011; Moon et al., 2006; Nakagami, Maeda, Kaneda, Ogihara, & Morishita, 2005; Rehman et 

al., 2004). For example, Matusda et al. showed that conditioned cell culture medium of ASCs 

positively influenced EC proliferation and the formation of new vessels in vivo (Matsuda et al., 

2013). During adipogenic differentiation, ASCs secret further pro-angiogenic factors like leptin. 

Leptin is known to be upregulated during adipogenic differentiation and was shown to exhibit a 

pro-angiogenic effect itself but also upregulates the secretion of VEGF (Cao, Brakenhielm, 

Wahlestedt, Thyberg, & Cao, 2001). By secreting their specific set of proteins, ASCs and (pre-

)adipocytes not only condition their cell culture medium but also their ECM which we use in this 

study as a biomaterial for induction of prevascular-like structure formation by mvECs. Thus, 

cdECM does not only contain a set of specific factors, but a broad spectrum pro-angiogenic factors 

with its synergistic effects needed for the successful formation of prevascular-like structures by 

ECs. Especially acdECM induces the formation of prevascular-like structures and seems to be able 

to stabilize the newly formed structures. 

The two most important pro-angiogenic factors are VEGF and bFGF. Results revealed higher VEGF 

concentrations released from acdECM substrates compared to scdECM approaches. On FL 

approaches high amounts of VEGF were found, most likely produced by FL cells. These results are 

in line with the degree of prevascular-like structure formation. On acdECM approaches, longer 

and more branched structures were formed whereas on FL approaches the highest degree of 

structure formation occurred. Determination of the bFGF concentration in the different substrates 

revealed a higher concentration from cdECM substrates compared to controls and the highest 

bFGF concentration from FL approaches. Both factors – VEGF and bFGF – are able to induce the 

formation of new vascular structures (Marra et al., 2008; Murakami & Simons, 2008; Nissen et al., 

2007; Tomanek, Hansen, & Christensen, 2008). Therefore, in our study, the induction of the 

formation of prevascular-like structures may among other events, be attributed to the synergistic 

effect of available VEGF and bFGF. We further investigated the amount of pro-angiogenic factor 
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PDGFβ from cdECM substrates. It is secreted by ECs during angiogenesis to attract perivascular 

cells, which stabilize the newly formed vessels (Gaengel et al., 2009). Further, PDGFβ was shown 

to induce vascular structure formation by modulating proliferation and tube formation of ECs 

(Battegay, Rupp, Iruela-Arispe, Sage, & Pech, 1994). PDGFβ can be found in all cdECM substrates 

as well as FL approaches. The PDGFβ concentration from FL approaches is higher compared to the 

other substrates which is in line with the higher degree of structure formation. In vivo, these 

growth factors are known to be partially bound to ECM after their secretion (Ostman, Andersson, 

Betsholtz, Westermark, & Heldin, 1991). To date, there are no studies investigating their binding 

capacity and protein half-life in in vitro generated cdECM. 

A critical step in the formation of a new vascular system is the formation of a lumen in the vascular 

structure to enable perfusion with blood in vivo and culture medium in vitro. Recent studies show 

that the adhesion proteins E-selectin and thrombomodulin are associated with tube formation. In 

vivo, E-selectin is mainly contributing to the binding of immune cells by mediating adhesive 

interactions of circulating leukocytes with the endothelium (Ley & Tedder, 1995). Nevertheless, it 

also plays a role in the homing of endothelial progenitor cells (EPCs) and therefore promotes 

neovascularization. Studies showed that E-selectin potentiates angiogenesis in ischaemic tissue, 

by mediating EPC-endothelial interactions (Oh et al., 2007). During this process of 

neovascularization, EPCs are mobilized from the bone marrow into the circulation and recruited 

to new sites of vascularization, using cues that resemble an inflammatory response. Therefore, E-

selectin plays a crucial role in EPC homing and following neovascularization and tube formation. 

Thrombomodulin is a transmembrane protein expressed on ECs acting as an anticoagulant 

(Dahlback & Villoutreix, 2005; Dittman & Majerus, 1990). The fourth and fifth region of an 

epidermal growth factor (EGF)-like region of thrombomodulin (TME45) was shown to stimulate 

the proliferation of human umbilical vein ECs and to promote tube formation and angiogenesis 

(Ikezoe et al., 2017). In this study, we use these proteins as indicators for the development of the 

prevascular-like structure towards a tubular vascular structure with a lumen. IF staining of E-

selectin and thrombomodulin revealed specific expression of E- selectin almost exclusively on the 

newly formed prevascular-like structures. Thus, we suggest that newly formed prevascular-like 

structures exhibit promising characteristics to develop a lumen. The expression of E-selectin and 

thrombomodulin and their function in tube formation and neovascularization in vivo represent 

promising characteristics when considering implantation of prevascularized constructs. 

Compared to ECM derived from native tissue, cdECM exhibited a variety of advantages which 

makes it a promising biomaterial for tissue engineering. For example, the possibility of autologous 

production without harvesting high amounts of autologous tissue and the generation of ECM from 
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different developmental stages. This study confirms a supportive effect of cdECM on the 

spontaneous formation of prevascular-like structures by mvECs. Further, it could be shown that 

dry cdECM partly maintains its biological properties regarding the induction of the self-assembled 

prevascular-like structure formation of mvECs with some restrictions. Drying of the cdECM would 

be a convenient method for improving storage possibilities when necessary. Due to the relatively 

low amounts of cdECM, which can be produced with current methods this study is limited to 2D 

approaches, which insufficiently reflect physiological conditions. Further studies should focus on 

the up-scaling of the generation of cdECM to enable the setup of continuative experiments in 3D 

constructs consisting of cdECM, which would better reflect in vivo situation.  

 

Conclusion 

In the present study, we demonstrated that cdECM (as a dry coating and as a wet hydrogel-like 

form) is able to induce the self-assembled formation of prevascular-like structures by mvECs and 

helps to support their maintenance. Mainly acdECM was confirmed as a promising material for 

adipose tissue engineering by supporting the formation of prevascular-like structures. In addition, 

scdECM also provides the ability to induce prevascular-like structure formation and can be used 

for approaches addressing other tissues. In further investigations regarding other lineage-specific 

cdECMs, the upscaling of cdECM generation and the transfer from 2D cell culture to 3D cell culture 

should be pursued.  
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Supplements 
 

 
 
Supplementary Figure 1: CD31 staining and merged images of samples stained for E-selectin and 
thrombomodulin. Both corresponding to Figure 6. (Scale bar: 200µm; green: CD31, red: E-selectin and 
thrombomodulin in the different sections, white: Nuclei) 
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5 PAPER III – FUNCTIONALIZATION OF CDECM 

 

This chapter was originally published in the journal ChemBioChem (DOI: 

10.1002/cbic.202100266)4. In this study metabolic glycoengineering was employed to incorporate 

dienophiles (terminal alkenes and a cyclopropene) into the extracellular matrix (ECM) of adipose‐

derived stem cells (ASCs) (Figure 10).  

 

 

 
Figure 10: Graphical abstract Paper III (An Advanced “clickECM” that Can be Modified by the Inverse-

Electron Demand Diels-Alder Reaction) 

 

 

It was demonstrated that dienophiles were successfully incorporated into the ECM of ASCs by 

MGE. These results confirm the fourth hypothesis (H4).  Further it was shown that functionalized 

cdECM can be successfully equipped with bioactive molecules via IEDDA reaction, which confirms 

fourth hypothesis (H4). Furthermore, it was proven that the functionalization itself has no impact 

on survival and proliferation of ASCs incorporated in a gellan gum-cdECM-hybrid hydrogel.  

 

 

  

                                                             
4 Reprinted from  An Advanced 'clickECM' That Can be Modified by the Inverse-Electron-Demand Diels-Alder 
Reaction; Nellinger S, Rapp MA, Southan A, Wittmann V, Kluger PJ. Chembiochem. 2022 Jan 5;23(1). with 
permission from Wiley-VCH GmbH under CC-BY-NC 4.0 
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Abstract 

The extracellular matrix (ECM) represents the natural environment of the cells in tissue and 

therefore is a promising biomaterial in a variety of applications. Depending on the purpose it is 

necessary to equip the ECM with specific addressable functional groups for further modification 

with bioactive molecules, for controllable cross linking and/or covalent binding to surfaces. 

Metabolic glycoengineering (MGE) enables the specific modification of the ECM with such 

functional groups without affecting the native structure of the ECM. In a previous approach (S. M. 

Ruff, S. Keller, D. E. Wieland, V. Wittmann, G. E. M. Tovar, M. Bach, P. J. Kluger, Acta Biomater. 

2017, 52, 159‐170), we demonstrated the modification of an ECM with azido groups which can be 

addressed by biorthogonal copper‐catalyzed azide‐alkyne cycloaddition (CuAAC). Here we 

demonstrate the modification of an ECM with dienophiles (terminal alkenes, cyclopropene) which 

can be addressed by an inverseelectron‐ demand Diels‐Alder (IEDDA) reaction. This reaction is cell 

friendly as there are no cytotoxic catalysts needed. We show the equipment of the ECM with a 

bioactive molecule (enzyme) and prove the functional groups itself not to influence cellular 

behavior. Thus, this new material has great potential for its use as biomaterial which can be 

individually modified in a wide range of applications. 

 

Introduction 

The extracellular matrix (ECM) is a complex network of various macromolecules, which is 

synthesized and assembled by the residing cells of a tissue. The main components of ECM are 

fibrous and nonfibrous collagens and various glycosaminoglycans and proteoglycans as well as 

adhesion proteins and enzymes.[1] As the ECM is the natural environment of the cells, it 

represents a promising biomaterial for regenerative medicine and tissue engineering approaches. 

Through cell‐ECM‐interaction, mainly mediated by the interaction of anchor proteins (e.g. 

integrins) and specific adhesion peptides (e.g. those containing the RGD sequence), a variety of 

cellular mechanisms are regulated related to the characteristics (e.g. stiffness, pore size) of the 

surrounding of the cell.[2] Also, different proteins (collagens, glycosaminoglycans (GAGs), 

proteoglycans) within the ECM and consequently the composition of the ECM have extensive 

impact on cellular behavior. Although individual ECM proteins are used as coating, scaffolds, and 

hydrogels in tissue engineering and regenerative medicine approaches, to date the complexity of 

the natural ECM cannot be rebuilt. Next to the decellularization of native tissues, in vitro 

generated cell‐derived ECM represents a promising source for natural ECM. Among others, 

fibroblasts and mesenchymal stem cells were shown to produce relevant amounts of this cell‐

derived ECM.[3] Adipose‐derived stem cells (ASCs), a subgroup of the mesenchymal stem cells, 
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represent a promising cell type as they can be obtained with minimal invasiveness and adipose 

tissue is permanently available. Previous studies demonstrated the high impact of natural ECM as 

coating or scaffold material on stem cell fate concerning adhesion, proliferation, and 

differentiation.[4] These cell‐derived ECMs resemble the tissue specific ECM more closely than 

individual proteins and are used in a variety of applications.[3,5]  

Depending on the application, it is desirable to covalently modify the ECM to achieve, for example, 

covalent linking on surfaces or cross‐linking without affecting the structure or functionalization 

with molecules providing specific characteristics. One method to functionalize ECM is the 

application of amine‐targeting strategies including N‐hydroxysuccinimide (NHS) chemistry which 

ends up in unspecific conjugation to different amines. However, this unspecific conjugation can 

lead to a partial or full loss of the (bio)activity of the protein by the blockade of the active site.[6] 

Metabolic glycoengineering (MGE)[7] is a successful approach to introduce unnatural functional 

groups (so‐called chemical reporter groups) into the glycan structures of glycoconjugates on the 

cell surface and within the ECM enabling site‐directed conjugation of molecules. For MGE, 

cultured cells are treated with chemically modified monosaccharides which are metabolized by 

the cell and incorporated into the intra‐ and extracellular glycan structures. The incorporated 

chemical reporter group can now be reacted in a biorthogonal ligation reaction[8] which allows a 

chemoselective modification of the ECM without touching protein side chains. Previously, we[9] 

and others[10] reported the preparation of a functionalized ECM by MGE. For example, we 

demonstrated the incorporation of azide functionalities into the ECM of human fibroblasts[9a] 

and ASCs,[9b] which can be addressed via biorthogonal coppercatalyzed azide‐alkyne 

cycloaddition (CuAAC).[11] We demonstrated different possible applications of the azide‐

modified ‘clickECM’ and showed, for example, the positive effect of a clickECM coating on the 

fibroblast culture and demonstrated the clickECM as a bioconjugation platform using 

biotinstreptavidin interaction.[12] 

One disadvantage of this azide‐modified clickECM is the need for copper as a catalyst for CuAAC. 

It is known that copper is cytotoxic, and it can be assumed that even after extensive washing 

significant amounts of copper remain in the ECM.[13] Alternative bioorthogonal ligation reactions 

that do not need any toxic catalyst include the strain‐promoted azide‐alkyne cycloaddition 

(SPAAC)[14] and the inverseelectron‐ demand Diels‐Alder (IEDDA) reaction.[15] The latter has 

found widespread application as a bioorthogonal ligation reaction in various applications including 

MGE.[16] Dienophiles that undergo an IEDDA reaction with tetrazines and that have been used 

for MGE include terminal alkenes[17] and strained cyclic alkenes, such as cyclopropenes,[18] 

bicyclononynes,[19] and norbornenes.[20] These dienophiles can have markedly different 



Paper III – Functionalization of cdECM 

78 

 

reaction kinetics enabling various applications including sequential modifications with different 

tetrazines.[21] Furthermore, the IEDDA reaction can be orthogonal to other bioorthogonal ligation 

reactions, such as the strain‐promoted azide‐alkyne cycloaddition (SPAAC) and the light‐induced 

nitrile imine‐alkene cycloaddition (photoclick reaction) enabling dual‐[17a,18a] and even triple‐

orthogonal labeling[22] after incorporation of two or three differently modified monosaccharides. 

This opens future opportunities to modify the ECM simultaneously in two (or three) ways. These 

opportunities include but are not limited to the incorporation of bioactive molecules (e.g., growth 

factors or cell growth inhibiting molecules), enzymes, antibacterial substances, and cross‐linking 

using specific linkers. 

Here we present the investigation of a series of alkene‐modified sugar derivatives and their 

suitability for the preparation of a new material, an advanced clickECM that can be modified by 

the IEDDA reaction. We demonstrate the incorporation of the dienophile functional group via the 

activity of a linked enzyme. Further, we show that the modification has no impact on the physical 

characteristics of gellan gum‐ECM‐hybrid hydrogels and the cellular behavior of encapsulated 

ASCs. These results highlight the possibilities of this new modified ECM material for different 

applications as the modification itself does not interfere with possible functionalization by, e.g., 

bioactive molecules. 

 

Results and Discussion 

Synthesis of modified monosaccharides 

In previous experiments, Ac4GalNAz was demonstrated to be a suitable monosaccharide 

derivative for efficient incorporation into the ECM.[9a] For the preparation of a clickECM that can 

be modified by the IEDDA reaction, we thus synthesized a series of new dienophile‐modified 

GalNAc derivatives (Scheme 1A). Galactosamine hydrochloride was neutralized with sodium 

methoxide and subsequently reacted with the respective alkene derivative activated either as 

succinimidyl carbonate (1a–c) or succinimidyl ester (1d). Acetylation with acetic anhydride in 

pyridine gave Ac4GalNBeoc, Ac4GalNPeoc, Ac4GalNHeoc, or Ac4GalNPtl. In addition, we 

synthesized the GalNAc derivatives depicted in Scheme 1B according to previously reported 

procedures (Ac4GalNAcryl,[23] Ac4GalNBtl,[17e] Ac4GalNHxl,[24] Ac4GalNCp[18g]). The GalNAc 

derivatives with terminal alkenes feature a lower reactivity in the IEDDA reaction than the 

cyclopropenyl derivative. However, they have a higher chemical stability which might be 

advantageous during the ECM preparation. 
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Scheme 1. A) Synthesis of dienophile‐modified GalNAc derivatives. B) Investigated GalNAc derivatives that 
have been synthesized following published procedures. 
 
 
Cytotoxicity of investigated modified monosaccharides 

Good biocompatibility of the used monosaccharide derivates is needed to ensure the ECM‐

production capacity of the cells and to prevent the accumulation of unwanted cytokines in 

relevant concentrations within the produced ECM, which might exhibit a negative impact on the 

cells in further application of the ECM material. For example, the secretion and accumulation of 

tumor necrosis factor in the ECM might induce pro‐inflammatory or even apoptotic pathways in 

cells that are in contact with the ECM material in further applications.[25] 

To exclude any cytotoxic effects of the used monosaccharides, cell death (lactate dehydrogenase 

(LDH) assay) and metabolic activity (resazurin assay) after supplementation of the 

monosaccharides were determined (Figure 1). The LDH assay is based on the release of this 

enzyme during cell death, which can be colorimetrically quantified in the cell culture supernatant. 

The relative amount of LDH in the supernatant can be used to quantify cell death. The colorimetric 
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resazurin assay is based on the metabolic turnover of resazurin in the mitochondria of cells which 

reflects the metabolic activity of the cells. 

The LDH release revealed no cytotoxic effects of any of the modified monosaccharides at the 

concentration used during MGE (100 μM) (Ac4GalNBeoc: (94.5 ± 11.8) %; Ac4GalNPeoc: (111.1 ± 

19.1) %; Ac4GalNHeoc: (100.7 ± 14.0) %, Ac4GalNAcryl: (110.2 ± 9.1) %, Ac4GalNBtl: (103.6 ± 7.9) 

%, Ac4GalNPtl: (117.7 ± 35.2) %, Ac4GalNHxl: (109.5 ± 10.1) %, Ac4GalNCp: (60.2 ± 4.3) %) 

compared to the negative control ((100.0 ± 12.0) %) (Figure 1). Interestingly, the LDH release of 

ASCs treated with Ac4GalNCp was significantly lower compared to the other monosaccharides and 

the control, indicating an enhancing effect on cellular survival. However, the underlying 

mechanism of this effect is not known. The resazurin assay revealed that the metabolic activity of 

the ASCs treated with the modified monosaccharides (Ac4GalNBeoc: (87.1 ± 16.9) %; 

Ac4GalNPeoc: (89.8 ± 13.4) %; Ac4GalNHeoc: (90.4 ± 10.2) %; Ac4GalNAcryl: (79.7 ± 15.4) %; 

Ac4GalNBtl: (95.7 ± 8.4) %, Ac4GalNPtl: (89.9 ± 9.9) %; Ac4GalNHxl: (84.0 ± 12.3) %; Ac4GalNCp: 

(79.6 ± 14.8) %) was comparable to the negative control ((100.0 ± 2.2) %) (Figure 1). According to 

DIN EN ISO 10993‐5, cytotoxic effects of a tested substance are indicated by a reduction of 

metabolic activity by 30 % or more following substance incubation (indicated by a red line). Thus, 

the results of the resazurin assay are in line with the LDH release and showed no cytotoxicity of 

the tested monosaccharides. 

 

 
Figure 1. Cytotoxicity of monosaccharide derivatives. ASCs were seeded in growth medium at a density of 
50.000 cells cm–2. Cytotoxicity of the monosaccharides was determined by measurement of LDH release 
(cell death) and resazurin turnover (metabolic activity) of ASCs treated with 100 μM of the compounds for 
24 h. Negative control (Ctr.) was treated with sterile water. Values are the means of 3 independent 
experiments using cells from different donors (each 2 technical replicates) and normalized to the negative 
control, which was set as 100 %. 
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Incorporation of alkene‐modified monosaccharides into the ECM 

To prove the incorporation of the modified monosaccharides into the ECM by MGE, the presence 

of the functional groups was detected by tagging them with an enzyme and subsequent 

measurement of the enzymatic activity. This method was previously applied[12] and therefore 

considered as suitable for this purpose. By this method, we simultaneously demonstrated the 

incorporation of the functional groups and the possibility to covalently bind bioactive molecules 

such as enzymes to the ECM via the dienophile functional groups. Since all tested alkene‐modified 

monosaccharides had a comparable low cytotoxicity, we focused on the carbamate‐linked 

terminal alkenes because carbamate derivatives had higher incorporation efficiencies in previous 

studies on sialic acid labeling.[17c] In addition, we investigated Ac4GalNCp because of its much 

higher reactivity in the IEDDA reaction. The functional groups (terminal alkenes and cyclopropene) 

were ligated with a tetrazine‐biotin conjugate by an IEDDA reaction (Figure 2 A). Subsequently, 

the biotin was labeled with horseradish peroxidase (HRP)‐linked streptavidin. The unmodified 

negative control ECM (coECM) was treated in the same way as the samples. Addition of the 

substrate 3,3′,5,5′‐tetramethylbenzidine (TMB) allowed the quantification of HRP‐tagged reporter 

groups by colorimetric detection. 

 
Figure 2. Detection of functional groups incorporated into the ECM. A) Schematic overview of the detection 
mechanism. Control ECM (coECM) and dienophile‐modified ECM were concentrated, homogenized, and 
dried into a well plate, and incubated with a tetrazine‐biotin conjugate (50 μM). After IEDDA reaction, biotin 
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residues were labeled with a streptavidin‐HRP conjugate (6.6 μg/mL). Subsequent addition of HRP substrate 
TMB allowed the quantification of HRP by colorimetric detection of TMB turnover. B) Relative TMB turnover 
from 3 independent experiments using cells from different donors (each 2 technical replicates) normalized 
to the unmodified coECM (set to 100 %). *** p ≤ 0.001, ¥ ≤ 0.001 to all other samples; partly created in 
BioRender.com 
 
 
Figure 2 B shows the relative TMB turnover as an indicator for the incorporated functional groups. 

The value of the unmodified coECM was set to 100 % and values of the modified ECMs were 

normalized to the coECM. As expected, modified ECM produced by the use of dienophile‐modified 

monosaccharides resulted in a significantly higher TMB turnover demonstrating successful 

functional group incorporation by this approach (BeocECM: (120.6 ± 14.8) %; PeocECM: (121.6 ± 

8.1) %; HeocECM: (123.5 ± 12.2) %; CpECM: (165.6 ± 25.7) %). These results are in the same range 

as the results with an azide‐modified clickECM that revealed a twofold turnover rate of the 

substrate compared to unmodified ECM.[12] The highest TMB turnover was found for the Cp 

modification. The labeling efficiency in MGE experiments depends on both the amount of reporter 

group incorporated and the chemical reactivity in the bioorthogonal ligation reaction.[16,17c] In 

case of the terminal alkenes, an increasing length of the side chain leads to higher reactivity in the 

IEDDA reaction. At the same time, it can be expected that the metabolic acceptance of the GalNAc 

derivative is lower with increasing length of the side chain. This might explain similar TMB turnover 

of the BeocECM, PeocECM, and HeocECM. Ac4GalNCp has a small reporter group and a high IEDDA 

reactivity which is in line with a higher TMB turnover of the CpECM. Since the Cp‐modified ECM 

gave the highest TMB turnover, this material was used in all following experiments. 

 

Impact of the advanced clickECM in 3D gellan gum‐ECM‐hybrid hydrogels 

We showed that the incorporated dienophiles can be addressed by the IEDDA reaction. However, 

it cannot be ensured that all functional groups within the clickECM reacted with the tetrazine 

derivative. This also applies to a future modification of the clickECM, e.g., with growth factors 

using this system. Thus, we wanted to ensure that the functional group itself has no negative 

impact on cellular behavior. To investigate the influence of the functional group within the 

clickECM as biomaterial on cellular behavior, ASCs (300.000 cells/100 μL hydrogel) were 

encapsulated into ECM‐gellan gum‐hybrid hydrogels consisting of 1 wt% gellan gum and 0.25 wt% 

homogenized ECM (non‐functionalized: coECM; azide‐functionalized: AzECM; cyclopropene‐

functionalized: CpECM). Gellan gum is a mostly bioinert bacterial polysaccharide that is used in 

different tissue engineering approaches.[26] Gellan gum itself does not influence ASCs behavior 

and thus possible changes can be traced back to the ECM. Next to (bio)chemical characteristics, it 

is well known that the stiffness of a matrix has a high impact on cellular behavior.[2a,27] To 
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exclude differences in stiffness as a source for different behavior, rheological measurements were 

performed on hydrogels without ASCs (Figure 3). As a control, gellan gum hydrogels without ECM 

were measured (w/o ECM). The storage and loss modulus of the different hydrogels exhibit no 

significant differences. Thus, in this study, possible changes in cellular behavior of encapsulated 

ASCs can be traced back to the ECM and/or the modification with functional groups and not to 

differences in the stiffness of the hydrogel. 

 

 
Figure 3. Stiffness of the hydrogels. For the determination of the stiffness of the hydrogels, ECM‐gellan 
gum-hybrid hydrogels without ASCs were used (mean values of 3 independent experiments using cells from 
different donors). Determination of stiffness showed no significant difference between the different hybrid 
hydrogels. 
 
The distribution of the ECM particles is a critical parameter for cell experiments that impacts the 

extent of possible interaction of cells with ECM and, therefore, the possible positive impact on 

cellular survival, proliferation, and differentiation.[4] To evaluate the distribution of the ECM 

particles within the hydrogels, we used ECM‐gellan gum‐hybrid hydrogels with encapsulated ASCs 

and performed hematoxylin eosin (HE) staining on histological slices (Figure 4). HE staining is a 

standard overview staining for the visualization of ECM structures in red and nuclei in blue. As 

expected, in the hydrogel without ECM no staining of ECM was found. In the hydrogels with ECM, 

a homogeneous distribution of ECM particles was observed. This ensures the proximity of ASCs 

and ECM throughout the hydrogel. For the determination of the cellular response to the different 

functional groups within the ECM materials in a 3D environment, ASCs were encapsulated into 

gellan gum‐ECM‐hybrid hydrogels (Figure 5). As controls, hydrogels without ECM and with azide‐

modified AzECM were used. After three days of culture in the growth medium, the impact of ECM 

and their functionalization was determined by the analysis of supernatant and live/dead staining 

of the cells. Using the supernatant, LDH release and resazurin assays were performed to 
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determine cell death and metabolic activity of the ASCs in contact with the different modified ECM 

materials (Figure 5 A). We were not able to detect a significant difference in LDH release between 

the different hydrogels, which indicates that the functional groups do not have a negative impact 

on the ASCs regarding cellular survival. Analogously, no difference in metabolic activity was found 

between the ASCs cultured with the different functionalized ECMs and the negative control. These 

results are in line with previous experiments in which no cytotoxic effects of the coating with azide 

modified ECM on human dermal fibroblasts were found.[12] 

 

 
Figure 4. HE staining of gellan gum‐ECM‐hybrid hydrogels. For the histological staining, ECM‐gellan gum‐
hybrid hydrogels with encapsulated ASCs (300.000 cells/100 μL hydrogel) were used. HE staining showed 
the presence and homogeneous distribution of the ECM particles within the gellan gum hydrogels for all 
samples. ECM particles are stained in rose/red and nuclei are stained in dark blue/black. Scale bar: overview: 
200 μm; magnified: 50 μm 
 

On day three of cell culture, live/dead staining was performed and analyzed concerning cellular 

survival and proliferation of the encapsulated ASCs by image analysis software (Figure 5 B). As 

expected, we observed that ASCs in hydrogels with ECM exhibited a higher survival rate and 

proliferation compared to the control without ECM. This effect was independent of the 

functionalization of the ECM. Previously, several studies demonstrated that ECM and ECM 

components enhance cellular adhesion, survival, and proliferation.[28] Within the samples with 

ECM, no differences could be observed between the differently modified ECMs or unmodified 

ECM. The results of the counting of viable and dead cells (Figure 5 C) do not coincide with the 

results of the LDH release, as a higher percentage of dead cells was found in the live/dead staining 

whereas no differences in LDH release were found. One possible explanation might be an irregular 

diffusion of the LDH protein within the hydrogel. LDH released from the encapsulated cells might 

be caught in the hydrogel and consequently cannot be measured in the supernatant. This further 

might explain the relatively high standard deviations found in the values of LDH determination. 
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Against this background, results from the image analysis seem to be more reliable. The results of 

the proliferation were given as the percentage of total cell number on day three relative to day 

zero. Next to the interaction with ECM, bioactive molecules such as growth factors are known to 

be bound to ECM and might enhance proliferation. We previously demonstrated the presence of 

different growth factors in ASC‐derived ECM.[29] As there are no differences between the 

approaches with coECM and the functionalized ECMs (AzECM and CpECM), the functionalization 

exhibits no effect on the parameters shown in Figure 5 (cellular survival, proliferation, and 

metabolic activity) and therefore represents a promising method for ECM modification without 

unintentionally affecting cellular behavior. 

 

 
 
Figure 5. Impact of azide‐ and cyclopropene‐modified ECM on cellular behavior of ASCs encapsulated in 
gellan gum hybrid hydrogels. 300.000 cells were encapsulated into gellan gum hybrid hydrogel containing 
different modified or unmodified types of ECM and cultured in growth medium for three days. A) To 
determine the apoptosis rate, an LDH assay was performed from the cell culture supernatant. Mean values 
of 3 independent experiments using cells from different donors (each 2 technical replicates) were 
normalized to the gellan gum without ECM. The metabolic activity of the encapsulated ASCs was determined 
using a resazurin assay, which is based on the metabolic turnover of the resazurin salt and a resulting color 
change. B) Representative figure of live/dead staining of the encapsulated ASCs. After three days of culture, 
viable cells were stained with fluorescein diacetate (FDA, green), and dead cells were stained with 
propidium iodide (PI, red). To get an overview of the total cell number nuclei were stained with Hoechst 
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(blue). C) Quantitative evaluation of the live/dead staining. Based on the images of the live/dead staining, 
cellular survival and relative proliferation were determined. For cellular survival, the number of viable and 
dead cells was determined and shown as a percentage. Proliferation was determined by counting of total 
cell numbers on day zero and day three and relative proliferation is shown as the increase of total cell 
number on day three relative to day zero (mean values of 3 independent experiments using cells from 
different donors (each 2 technical replicates)). Scale bar: 200 μm; *** p ≤ 0.001 
 
 
In general, these results demonstrate that the incorporated functional groups in the ECM 

themselves have no negative impact on encapsulated ASCs. Therefore, this new cell‐derived ECM‐

based material provides a variety of possible applications including the equipment with bioactive 

molecules exhibiting desired effects and the possibility of cross‐linking of the ECM itself by using 

corresponding linker molecules.[10,12] The great advantage over the previously reported 

functionalization of a clickECM by CuAAC is the independence of any catalyst which might exhibit 

cytotoxic effects or have any other impact on the ECM producing cells. 

 

Conclusions 

In this study, we demonstrated for the first time that it is possible to modify a cell‐derived ECM 

with dienophiles as chemical reporter groups (functionalization) using MGE. The used 

monosaccharide derivatives exhibited no cytotoxic effects. A good cytocompatibility is important 

for monosaccharide derivates used in MGE to prevent cell death and the accumulation of 

unwanted cytokines with possible negative effects within the ECM. We were further able to show 

that the incorporated functional groups were addressable by an IEDDA reaction without the need 

for cytotoxic catalysts. In this way, it was possible to incorporate a bioactive enzyme. This feature 

opens numerous future applications, such as equipment of the ECM with desired growth factors, 

cross‐linkers, and other molecules. Importantly, we demonstrated that the functional groups 

themselves have no impact on basic cellular behavior such as survival, metabolic activity, and 

proliferation. Thus, this new material provides great potential as a biomaterial in a variety of tissue 

engineering and regenerative medicine approaches as it allows the linking of molecules with 

desired effects without the need for cytotoxic catalysts. 
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Experimental Section 

General methods. Reactions were monitored by TLC on silica gel 60 F254 (Merck) with detection 

under UV light (λ = 254 nm). Additionally, acidic ethanolic p‐anisaldehyde solution or basic KMnO4 

solution followed by gentle heating were used for visualization. Preparative flash column 

chromatography (FC) was performed with an MPLC‐Reveleris X2 system from Grace. NMR spectra 

were recorded at room temperature with Avance III 400 and Avance III 600 instruments from 

Bruker. Chemical shifts are reported relative to solvent signals (CDCl3: δH = 7.26 ppm, δC = 77.16 

ppm; CD3OD: δH = 4.87 ppm, δC = 49.00 ppm; D2O: δH = 4.73 ppm). The numbering of compounds 

is given in the supporting information. High‐resolution mass spectra (HRMS) were obtained with 

a micrOTOF II instrument from Bruker Daltonics. 

 

General procedure for the synthesis of dienophile‐modified GalNAc derivatives. Galactosamine 

hydrochloride (3.3 g, 15.3 mmol, 1 equiv.) was dissolved in dry MeOH (90 mL), and NaOMe (0.5 M 

in MeOH, 31 mL, 1 equiv.) was added. The reaction mixture was stirred for 1.5 h at rt and a solution 

of the alkene derivative 1a–d) (1.04 equiv.) in dry MeOH (90 mL) was added. After having been 

stirred at rt for 18 h, the solvent was removed under vacuum and the residual brown syrup was 

dissolved in pyridine (40 mL). Acetic anhydride (14 mL, 150 mmol) was added, and the mixture 

was stirred for 18 h. The solvent was removed under vacuum, the residue was dissolved in DCM 

and washed with aqueous KHSO4 (3 x), sodium bicarbonate (2 x), and brine (1 x). The organic layer 

was dried over MgSO4 and concentrated resulting in a dark brown solid which was purified by FC 

on silica (petroleum ether/ethyl acetate) yielding the corresponding GalNAc derivative.  

 

Ac4GalNBeoc: The title compound was synthesized with but-3-en-1-yl succinimidyl carbonate (1a) 

according to the general procedure and obtained as a colorless solid (63 %) as a mixture of 

anomers (α/β = 3.2/1). TLC: Rf = 0.33 (petroleum ether/ethyl acetate 1:1); α-anomer: 1H NMR (400 

MHz, CDCl3): δ = 6.23 (d, J = 3.5 Hz, 1H, C1H), 5.70–5.80 (m, 1H, C9H), 5.42 (d, J = 2.3 Hz, 1H, C4H), 

5.19–5.03 (m, 3H, C3H, C10H2), 4.64 (d, J = 9.7 Hz, 1H, NH), 4.41 (dt, J = 3.4, 11,4 Hz, 1H, C2H), 4.22 

(m, 1H, C5H), 4.04-4.15 (m, 4H, C7H2, C6H2), 2.35–5.33  (m, 2H, C8H2), 2.16 (s, 2x3H, CH3), 2.02 (s, 

2x3H, CH3) ppm; 13C NMR (100 MHz, CDCl3): δ = 170.8, 170.3, 168.8, 155.9 (C=O), 133.9 (C9), 117.2 

(C10), 91.5 (C1), 68.5 (C5), 68.0 (C3), 66.7 (C4), 61.2, 64.5 (C6, C7), 48.6 (C2), 33.3 (C8), 20.9, 20.6 (CH3) 

ppm; β-anomer: 1H NMR (400 MHz, CDCl3): δ = 6.17 (d, J = 4.7 Hz, 1H, C1H), 5.69–5.80 (m, 1H, C9H), 

5.32–5.28 (m, 1H, C3H), 5.18–5.03 (m, 4H, NH, C5H, C10H2), 4.52–5.47 (m, 1H, C2H), 4.18–4.12 (m, 

5H, C4H, C7H2, C6H2), 2.35 (m, 2H, C8H2), 2.12 (s, 3H, CH3), 2.07 (s. 2x3H, CH3), 2.02 (s, 3H, CH3) ppm; 
13C NMR (100 MHz, CDCl3): δ = 170.5, 169.9, 169.3, 168.9, 155.9 (C=O), 133.9 (C9), 117.2 (C10), 93.9 
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(C1) 78.9 (C5), 73.9 (C3), 68.6 (C4), 64.5 (C7), 62.0 (C6), 57.8 (C2), 33.2 (C8), 20.6, 20.7, 20.8, 21.1 (CH3) 

ppm; HRMS (ESI-MS): m/z calcd. for C19H27NO11: 446.1657 [M+H]+; found: 468.1471 [M+Na]+.  

 

Ac4GalNPeoc: The title compound was synthesized with pent‐4‐en‐1‐yl succinimidyl carbonate 

(1b) according to the general procedure and obtained as a colorless solid (49 %) as a mixture of 

anomers (α/β = 2.2/1). TLC: Rf = 0.5 (petroleum ether/ethyl acetate 1:1); α-anomer: 1H NMR (400 

MHz, CDCl3): δ = 6.21 (d, J = 3.5 Hz, 1H, C1H), 5.71–5.81 (m, 2H, C10H2), 5.40 (d, J = 2.9 Hz 1H, C4H), 

5.21–5.17 (m, 1H, C3H), 5.05–4.96 (m, 2H, C11H2), 4.70 (d, J = 9.5 Hz, 1H, NH), 4.44–4.40 (m, 1H, 

C2H), 4.24–4.19 (m, 1H, C5H), 4.10–4.01 (m, 4H, C6H2, C7H2), 2.14 (s, 6H, CH3), 2.06–2.07 (m, 2H, 

C9H2), 1.99 (s, 3H, CH3) 2.00 (s, 3H, CH3), 1.64–1.71 (m, 2H, C8H2) ppm; 13C NMR (100 MHz, CDCl3): 

δ = 170.8, 170.3, 170.1, 168.8, 155.9 (C=O), 137.3 (C10), 114.9 (C11), 91.3 (C1), 68.4 (C5), 68.1 (C3), 

66.8 (C4), 64.9, 61.2 (C6, C7), 48.6 (C2), 29.9 (C9), 28.1 (C8), 20.8, 20.7, 20.6 (CH3) ppm; β-anomer: 
1H NMR (400 MHz, CDCl3): δ = 6.19 (d, J = 4.7 Hz, 1H, C1H), 5.84–5.74 (m, 1H, C10H), 5.34–5.30 (m, 

1H, C3H), 5.12–4.97 (m, 3H, NH, C5H, C11H2), 4.54–4.49 (m, C2H), 4.25–4.04 (m, 5H, C4H, C6H2, C7H2), 

2.17 (s, 3H, CH3), 2.11–2.08 (m, 8H, CH3, CH3, C9H2), 2.04 (s, 3H, CH3), 1.74–1.67 (m, 2H, C8H2) ppm; 
13C NMR (100 MHz, CDCl3): δ = 170.7, 170.3, 170.1, 168.9, 156.2 (C=O), 137.8 (C10), 115.2 (C11), 

93.3 (C1), 78.8 (C5), 73.9 (C3), 68.6 (C4), 65.3 (C7), 61.5 (C6), 57.6 (C2), 29.6 (C9), 27.8 (C8), 21.1, 21.2, 

21.0, 20.8, 20.7 (CH3) ppm; HRMS (ESI-MS): m/z calcd. for C20H29NO11: 460.1813 [M+H]+; found: 

482.1628 [M+Na]+.  

 

Ac4GalNHeoc: The title compound was synthesized with hex-5-en-1-yl succinimidyl carbonate (1c) 

according to the general procedure and obtained as a colorless solid (76 %) as a mixture of 

anomers (α/β = 2.6/1). TLC: Rf = 0.45 (petroleum ether/ethyl acetate 1:1); α-anomer: 1H NMR (400 

MHz, CDCl3): δ = 6.21 (d, J = 3.5 Hz, 1H, C1H), 5.81–5.70 (m, 1H, C11H), 5.40 (d, J = 2.3 Hz, 1H, C4H), 

5.21–5.11 (m, 1H, C3H), 5.00–4.92 (m, 2H, C12H2), 4.68 (d, J = 9.6 Hz, 1H, NH), 4.42–4.36 (m, 1H, 

C2H), 4.23–4.18 (m, 1H, C5H), 4.12–4.01 (m, 4H, C6H2, C7H2), 2.14 (s, 2x3H, CH3), 2.06–2.03 (m, 2H, 

C10H2), 2.00 (s, 2x3H, CH3), 1.59 (m, 2H, C8H2), 1.45–1.37 (m, 2H, C9H2) ppm; 13C NMR (100 MHz, 

CDCl3): δ = 170.9, 170.4, 169.9, 168.9 (C=O), 156.1 (C13), 138.3 (C11), 114.9 (C12), 91.6 (C1), 68.6 (C5), 

68.1 (C3), 66.9 (C4), 65.5 (C7), 61.4 (C6), 48.7 (C2), 33.3 (C10), 28.4 (C8), 25.1 (C9), 20.8, 20.7 (CH3) 

ppm; β-anomer: 1H NMR (400 MHz, CDCl3): δ = 6.16 (d, J = 4.7 Hz, 1H, C1H), 5.81–5.70 (m, 1H, 

C11H), 5.32–5.28 (m, 1H, C3H), 5.21–5.11 (m, 2H, C5H, NH), 4.95 (m, 2H, C12H2), 4.52–4.47  (m, 1H, 

C2H), 4.20–4.01 (m, 5H, C4H, C6H2, C7H2), 2.06–2.03 (m, 2H, C10H2), 2.11 (s, 3H, CH3), 2.07 (s, 2x3H, 

CH3), 2.02 (s, 3H, CH3), 1.59 (m, 2H, C8H2), 1.45–1.37 (m, 2H, C9H2) ppm; 13C NMR (100 MHz, CDCl3): 

δ = 170.9 170.4, 169.9, 168.9 (C=O), 156.1 (C13), 138.3 (C11), 114.9 (C12), 94.1 (C1), 79.0 (C5), 74.1 
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(C3), 70.4 (C4), 68.0 (C4), 66.8 (C7), 62.2, 61.3 (C6), 57.9 (C2), 33.3 (C10), 28.4 (C8), 25.1 (C9), 21.2, 

21.1, 21.0, 20.8, 20.7 (CH3) ppm; HRMS (ESI-MS): m/z calcd. for C21H31NO11: 474.1970 [M+H]+; 

found: 496.1786 [M+Na]+. 

Ac4GalNPtl: The title compound was synthesized with succinimidyl pent-4-enoate (1d) according 

to the general procedure and obtained as a colorless solid (70 %) as a mixture of anomers (α/β = 

2.4/1). TLC: Rf = 0.2 (petroleum ether/ethyl acetate 1:1); α-anomer: 1H NMR (400 MHz, CDCl3): δ 

= 6.21 (d, J = 3.6 Hz, 1H, C1H), 5.79–5.69 (m, 2H, C10H2), 5.55 (m, 1H, NH), 5.39 (m, 1H, C4H), 5.19–

5.16 (m, 1H, C3H), 5.04–4.95 (m, 2H, C9H2), 4.73–4.68 (m, 1H, C2H), 4.23–4.20 (m, 1H, C5H), 4.10–

4.01 (m, 2H, C6H2), 2.33–2.28 (m, 2H, C8H2), 2.23–2.19 (m, 2H, C7H2), 2.14 (s, 2x3H, CH3), 1.99 (s, 

3H, CH3) 2.00 (s, 3H, CH3) ppm; 13C NMR (100 MHz, CDCl3): δ = 172.3, 171.0, 170.3, 170.2, 158.8 

(C=O), 136.6 (C10), 115.7 (C9), 91.3 (C1), 68.6 (C5), 68.5 (C5), 67.8 (C3), 66.7 (C4), 61.3 (C6), 46.8 (C2), 

35.5 (C7), 29.2 (C8), 20.9 (CH3), 20.6 (CH3) ppm; β-anomer: 1H NMR (400 MHz, CDCl3): δ = 5.70 (d, J 

= 8.7 Hz, 1H, C1H), 5.81–5.73 (m, 1H, C10H), 5.38 (m, 2H, NH, C4H), 5.10–4.98 (m, 3H, C3H, C9H2), 

4.50–4.43 (m, 1H, C2H), 4.20–4.09 (m, 1H, C6H2), 4.02–4.00 (m, 1H, C5H), 2.36–2.31 (m, 2H, C8H2), 

2.24–2.21 (m, 2H, C7H2), 2.17 (s, 3H, CH3), 2.12 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.01 (s, 3H, CH3) ppm; 
13C NMR (100 MHz, CDCl3): δ = 172.4, 170.7, 170.1, 164.6 (C=O), 136.5 (C10), 115.7 (C9), 93.0 (C1), 

71.9 (C5), 70.3 (C3), 70.3 (C3), 66.3 (C4), 61.3 (C6), 49.6 (C2), 35.8 (C7), 29.2 (C8), 21.0, 20.8, 20.6, 20.5 

(CH3) ppm; HRMS (ESI-MS): m/z calcd. for C19H27NO10: 430.1708 [M+H]+; found: 452.1524 [M+Na]+. 

 

Adipose‐derived stem cell isolation. All used media contained 1% penicillin/streptomycin. ASCs 

were isolated from human tissue samples obtained from patients undergoing plastic surgery (Dr. 

Ziegler; Klinik Charlottenhaus, Stuttgart, Germany) as described before.[30] Briefly, tissue was cut 

into small pieces and digested in Dulbecco`s modified eagle medium (DMEM, BioChrom, 

Germany) containing 0.1 % collagenase NB4 (Serva Electrophoresis, Germany) and 1 % bovine 

serum albumin (BSA; Sigma, Germany) for 5 h at 37 °C under constant shaking. The suspension 

was filtered through a 500 μm sieve and centrifuged for 5 min at 200×g. To remove erythrocytes, 

the pellet was suspended in erythrocyte lysis buffer and incubated for 10 min at room 

temperature. The suspension was centrifuged for 5 min at 200xg, the remaining pellet was 

suspended in phosphate‐buffered saline (PBS; Biochrom, Germany) and filtered through a 100 μm 

meshed sieve. ASCs were initially seeded at a density of 5x103 cells/cm2 in a serum‐free MSC 

growth medium (MSCGM; PELOBiotech, Germany) containing 5 % human platelet lysate (hPL). 

The phenotype of the ASCs was previously characterized, and it was shown that the cells exhibit 

the typical surface proteins.[31] All research was carried out following the rules for the 

investigation of human subjects as defined in the Declaration of Helsinki. Patients provided 
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written agreement in compliance with the Landesärztekammer Baden‐Württemberg (F‐2012‐ 

078, for normal skin from elective surgeries). ASCs were used up to passage three. 

 

Cytotoxicity of the modified monosaccharides. The biocompatibility of functionalized 

monosaccharides was evaluated by a lactate dehydrogenase (LDH) assay (TaKaRa Bio Inc.) and a 

resazurin assay (Sigma Aldrich, Germany). ASCs were seeded in growth medium (DMEM + 10 % 

FCS) at a density of 50.000 cells/ cm2. After 24 h cells were treated with 100 μM monosaccharide 

or sterile water and incubated for another 24 h. LDH assay was performed according to the 

manufacturer’s protocol with cell culture supernatant. For the resazurin assay, the culture 

medium was changed to a medium with resazurin salt (11 μg/mL) and incubated for 3 h at 37 °C 

and 5 % CO2. The untreated negative control was set as 100 % and values were normalized to 

control. 

 

Metabolic glycoengineering and isolation of functionalized extracellular matrix. For the generation 

of functionalized ECM, ASCs were seeded into Petri dishes (d = 14.5 cm) at a density of 25.000 

cells/cm2 in DMEM containing 10 % FCS. The next day, 50 μg/mL sodium ascorbate was added to 

the medium. The medium was changed every second day and removed sodium ascorbate was 

replaced. On day 4 100μM modified monosaccharides were added to the cell culture medium for 

MGE. After 72 h incubation cells were lysed using hypotonic 0.7 % ammonium hydroxide solution 

and isolated ECM was washed with ultrapure water. After isolation, ECM was concentrated using 

ultracentrifugation tubes (Amicon, Merck, Germany) with a molecular cut‐off of 10 kDa. 

Concentrated ECM was recovered and homogenized using lysis tubes and homogenizer FastPrep‐

24™ 5G (MP Biomedicals™, Germany).[12] The dry weight of ECM samples was determined by 

freeze‐drying. 

 

Detection of incorporated functional groups. For detection of functional groups, homogenized 

ECM was dried on TCPS. ECM was incubated with 50 μM biotinylated tetrazine for detection of 

dienophile groups for 1 h at RT. Samples were washed with PBS and incubated with 6.6 μg/mL 

streptavidin linked with horseradish peroxidase. Subsequently, TMB was added to the samples 

and after color change reaction was stopped with 1 M HCl. The supernatant was measured at 450 

nm using the plate reader Tecan Saphire II (Tecan, Switzerland). The reference wavelength was 

set as 620 nm. Unmodified ECM was used as negative control and results were normalized to it. 
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Preparation of gellan gum‐ECM hybrid hydrogels with encapsulated ASC and evaluation of cellular 

behavior. Hybrid hydrogels were prepared of 1 wt% gellan gum and 0.25 wt% ECM. As a negative 

control, 1 % gellan gum hydrogels without ECM supplementation were prepared. Liquid hydrogel 

solution (100 μL) was filled in a plastic ring with 0.6 cm in diameter and covered with PBS with 

magnesium and calcium (PBS+) to induce cross‐linking. Before rheological analysis, hydrogels were 

swollen for 72 h in PBS+ at RT. For evaluation of stiffness, storage modulus and loss modulus were 

measured. Oscillatory rheology was performed on a Physica MCR 301 rheometer (Anton Paar) 

using a parallel plate geometry with a diameter of 8 mm at a temperature of 20 °C. Amplitude 

sweeps (frequency = 1 Hz, amplitudes between 0.01 % and 10 %) were performed to estimate the 

linear viscoelastic range, resulting in a comparison of hydrogel stiffness via storage modulus G’ 

and loss modulus G’’ at a deformation of 0.1 % and a frequency of 1 Hz. To determine the effect 

of functionalized ECM on cellular behavior, ASCs were encapsulated into ECM gellan gum‐hybrid 

hydrogels. Therefore, hydrogels with 1 wt% gellan gum, 0.25 wt% ECM, and 300.000 ASCs per 100 

μL were prepared. Liquid hydrogel solution (100 μL) was filled in a plastic ring with 0.6 cm in 

diameter and covered with PBS with magnesium and calcium (PBS+) to induce cross‐linking. After 

30 min incubation at 37 °C PBS+ was changed to DMEM containing 10 % FCS and 1 % P/S. On day 

0 and day 3 after hydrogel preparation, live/dead staining and resazurin assay were performed. 

For live/dead staining gels were rinsed two times with PBS+ followed by incubation with staining 

solution, consisting of 200 ng/ml fluorescein diacetate (FDA, Sigma Aldrich, Germany) and 20 

μg/mL propidium iodide (PI, Sigma Aldrich, Germany) in DMEM, for 15 min at 37 °C. Nuclei were 

counterstained with Hoechst33342 (5 μg/mL). Subsequently, gels were rinsed with PBS+ and 

placed onto a slide for microscopic analysis. Images were taken with an Axio Observer microscope 

and Axiocam color using the software ZENblue (Carl Zeiss, Germany). Nuclei, viable cells, and dead 

cells were counted using the software ImageJ. To investigate the metabolic activity of the 

encapsulated ASCs, a resazurin assay was performed on day 3 after hydrogel preparation. 

Hydrogels were incubated with resazurin solution (11μg/mL) at 37°C. The absorbance of the 

supernatant was measured at 570 nm with a correction wavelength set to 595 nm (Tecan Safire 

2, multimode microplate reader, Tecan Trading AG, Switzerland). Results were calculated based 

on the number of viable cells per hydrogel and values were normalized to the control hydrogel 

without ECM. 

 

Statistics. All experiments were performed using samples from three different biological donors. 

Data were analyzed by one‐way analysis of variance (ANOVA) with a Bonferroni posthoc test using 
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Origin 2018b. Statistical significances were stated as p < 0.05 (*), very significant as p < 0.01 (**), 

and highly significant as p < 0.001 (***). 
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6 GENERAL DISCUSSION 

 

The ECM as the natural environment of the cells provides chemical and physical cues that can be 

sensed by the residing cells and affect their behavior (e.g. migration, proliferation, differentiation) 

[1,2]. With this ability, ECM is an important actor of organisms’ physiology and pathophysiology. 

It is known to influence a variety of processes including wound healing and scar formation and 

play a crucial role in tumor development [183–185]. This makes ECM an ideal biomaterial for 

scaffolds in tissue engineering and regenerative medicine. Due to its highly complex composition 

and structure, to date, it is not possible to recreate the native ECM in vitro by the combination of 

individual ECM proteins. Thus, this material needs to be isolated from humans (autologous or 

allogeneic) or animals (xenogeneic) tissues or cells. A promising alternative to dECM from native 

tissue is the generation of cdECM in vitro. This cdECM is produced by cells in culture and can be 

isolated using relatively gentle methods [85]. In this thesis, it was demonstrated that cdECM 

exhibits relevant differences towards dECM (see Paper I – Characterization and Comparison p. 19) 

[186], and with its bioactivity regarding neo-angiogenesis it provides a promising biomaterial for 

vascularized tissue engineering and regenerative medicine approaches (see Paper II – Support of 

Prevascular-like Structure Formation p. 50) [187]. In addition, the successful equipment of cdECM 

with specific addressable functional groups that enables a cell-friendly catalyst-free modification 

of cdECM via inverse electron demand Diels Alder reaction was shown (see Paper III – 

Functionalization of cdECM p. 74) [166].  

Due to the advantages of native dECM as a biomaterial several ECM-based products are in clinical 

application. For example, AlloDerm® (BioHorizons) [188] and Oasis® (Smith & Nephew) [189] are 

applied for skin regeneration and GraftJacket® (Wright Medical; approved for clinical application 

by the FDA in 2014) [190] and Allopatch HD™ (MTF Sports Medicine) [191] are products for tendon 

and ligament repair. These developments further promoted the refinement of decellularization 

techniques. However, inadequate decellularization and processing of the dECM can have a serve 

impact on experimental outcomes in tissue engineering or implant survival in regenerative 

medicine [192]. Zhang et al. proposed a list of challenges that need to be addressed for the clinical 

transformation of ECM-based products (Figure 11) [73]. Hereafter, the potential of cdECM for 

application in tissue engineering and regenerative medicine is discussed against the background 

of the proposed challenges.  
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Figure 11: Challenges of ECM applied in tissue engineering and regenerative medicine. For successful 
application of ECM materials in tissue engineering and regenerative medicine various challenges have to be 
addressed. Modified after [73].  
 

Decellularization protocol 

Over the last years, decellularization protocols and techniques undergo great development.  

However, decellularization of native tissues or organs – especially dense tissue like muscle or 

tendon – in general needs the use of harsh and most toxic chemicals (e.g. enzymes and 

detergents) and/ or destructive methods (e.g. freeze-thaw-cycles and sonication). If the washing 

of the resulting dECM is not sufficient or the substances bind to ECM proteins, residues of these 

toxic substances can remain in the dECM and may harm the host tissue or reseeded cells [73,103]. 

In contrast, the in vitro generated cdECM exhibits a less dense structure. Due to the loosely packed 

structure of cdECM, it can be isolated using fewer or without toxic substances which minimizes 

the risk of remaining toxic product in the isolated cdECM. Bourgine et al. successfully used 

programmed cell death – apoptosis – for the removal of cells from cdECM [193–195]. They further 

suggested the use of cell lines that undergo apoptosis upon exposure to a specific stimulus for 

facilitated decellularization of cdECM [196]. Throughout induced apoptosis is an interesting 

approach, it brings some limitations in tissue engineering and regenerative medicine approaches. 

For example, remaining apoptosis inducer and apoptosis-associated cytokines might affect 

reseeded cells in vitro and infiltration and ingrowth in vivo [73]. All currently available 

decellularization methods entail the hurdle of possible remaining substances that affect the 

experimental outcome in vitro as well as in vivo. For adequate quality control, Zhang et al. 
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proposed the establishment and standardization of methods for the detection of remaining toxic 

substances in the ECM material (Figure 8) [73]. Possible methods include spectroscopic 

measurements like Raman spectroscopy.  The looser packed structure of cdECM might facilitate 

the detection of remaining decellularization chemicals by such methods, which might be a great 

advantage of cdECM products.  

 

Scaffold characteristics 

As the interaction of ECM and the residing cells is finely balanced, the used ECM material should 

be carefully characterized and standardized quality parameters should be defined [73]. It is 

known that the characteristics of ECM material are highly dependent on donor characteristics like 

age, health, and sex [105,107–109,197,198]. These differences should also come into account 

when interpreting the experimental results. In this thesis, macromolecular and structural 

differences between dECM from adipose tissue and cdECM from stem cells and adipogenic 

differentiated ASCs were highlighted. These include chemical composition (e.g. collagen content 

and sGAG content), structural features (e.g. fiber diameter), and physical characteristics (e.g. 

swelling degree) [186]. All of them have the potential to relevantly influence cellular behavior and 

therefore the results of performed experiments. Thus, for comprehensive interpretation of 

generated results using different ECM materials, researchers should know these differences and 

involve them in the interpretation of the obtained results and their conclusions. These results 

confirm the first and second hypothesis of this work (see Paper I – Characterization and 

comparison; p. 19). The methods for standardized characterization of ECM should be carefully 

selected. As ECM is a highly complex structure, basic characterization methods reach their limits. 

For example, Keller et al. demonstrated that simple colorimetric assays for the determination of 

total protein content are not suitable for ECM [199]. Thus, every method should be validated for 

the application in ECM characterization. For standardization and reproducibility of cdECM 

generation, production under serum-free conditions has to be established and performed. Serum 

proteins have the potential to bind to ECM structures, can remain in the isolated cdECM, and 

might be released when reseeded or implanted and alter cellular response to the cdECM material 

[53,54]. In addition, a well-known issue in the use of serum for cell culture is batch-to-batch 

variation. Serum is a natural product that underlies donor variations. As these variations in 

composition might lead to variable impacts on cellular cdECM production and variability in bound 

proteins to ECM material, they need to be excluded.  

In general, as all cellular structures are removed and ECM proteins are highly conserved between 

species, ECM is seen as a non-immunogenic biomaterial. However, next to the ethical concerns 
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and the risk of pathogen transfer, an issue of xenogeneic ECM, especially for clinical applications, 

is the xenoantigen alpha-Gal (Galalpha1‐3Galbeta1‐(3)4GlcNAc‐R) that is synthesized in ECM 

molecules of nonprimate mammals and New World monkeys [200,201]. Primates, including 

humans, lost the gene during evolution and produce anti-Gal antibodies due to constant exposure 

of the Gal epitope by intestinal bacteria. This leads to immunogenic responses like a hyperacute 

rejection of xenografts in humans. The alpha-Gal xenoantigen can be removed by the treatment 

of the ECM with galactosidase. However, this treatment further affects the ECM after the 

decellularization process. Another possibility is the knock-out of the gene in transgenic animals 

intended for the generation of xenografts [202]. Studies demonstrated that Gal knock-out ECMs 

were rejected over periods of several months due to the formation of antibodies specific to 

porcine antigens [203,204].  To minimize the risk of serve immune responses the use of autologous 

ECM material would be preferable. However, the availability of autologous grafts or ECM sources 

is restricted in most cases and the additional burden of surgical harvesting of autologous material 

makes it a hardly feasible method. For the production of autologous cdECM, only little amounts 

of the patient’s cells would be needed. These isolated cells can be expanded and used for 

autologous cdECM generation. At this point the major drawback of cdECM comes into effect: to 

date, only low amounts of cdECM can be generated. Efforts are made to develop scale-up 

technologies for cdECM generation. The key steps for scale-up cdECM production are cell 

expansion, maximizing the amount of secreted cdECM, and optimization of cdECM isolation [121]. 

Yielding a relevant amount of cdECM in a short time would open up the possibility of using cdECM 

as a biomaterial in tissue engineering and regenerative medicine as stand-alone scaffold material. 

Next to immunogenicity, investigating the immunomodulatory effect of ECM scaffolds on cells/ 

tissue is an important point. Studies demonstrated that a certain degree of inflammation is 

beneficial for tissue regeneration. However, serve and long-lasting inflammation damages the 

implantation site and the scaffold leading to rejection in the worst case [205–207]. Within the 

framework of inflammation, the polarization of macrophages plays a crucial role. Macrophages 

can be polarized into the proinflammatory M1 macrophages and the anti-inflammatory M2 

macrophages, which are essential for regenerative processes [208,209]. For an improved 

assessment of the immune response after reseeding or implantation, detailed investigations of 

the underlying mechanisms should be performed.  

Due to the varying donors, a strict selection of tissue sources and standardization of processing 

of dECM, as it is suggested by Zhang et al., is difficult. As cdECM is produced by cultured cells 

monitoring of these cells as the source of the cdECM and standardization of processing is relatively 

easy implementable. Cell culture parameters like cell density, temperature, oxygen supply, 
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nutrient supply, and culture medium can be defined and monitored over the production time. In 

particular for primary cells, the spontaneous change of cellular characteristics is well known. There 

are methods in development (e.g. spectroscopic methods) for non-invasive monitoring of cellular 

processes/changes allowing even more precise monitoring.  

ECM consists of naturally degradable proteins (e.g. collagen, PGs, and glycoproteins) that can be 

degraded with non-toxic degradation products by naturally occurring enzymes like matrix 

metalloproteases [210,211]. The degradation rate is an important parameter for implanted ECM 

scaffolds but also for scaffolds in engineered tissue constructs. If the degradation is faster than 

the production of new host ECM, tissue defects might occur or the tissue construct becomes 

unstable and cannot be used for further experiments. Following the degradation rate of the 

scaffold should be at the same speed as the regenerative capacity of the host tissue or reseeded 

cells [73]. As ECM exhibits natural binding sites for degradation enzymes like metalloproteases, it 

can be easily degraded by infiltrating or encapsulated cells. Crosslinking of the ECM scaffold, for 

example using genipin [212,213], may reduce the degradation rate. However, the chemical 

crosslinking of ECM protein alters the chemical and structural features of the ECM. One major 

advantage of cdECM is the possibility of specific functionalization using MGE enabling site-directed 

modification of the cdECM. This method opens up almost endless possibilities in cdECM 

modification beginning with the linking of enzymatic proteins over bioactive protein (e.g. growth 

factors or antibiotic molecules) to cross-linking of the cdECM itself and combinations of them. A 

widely used strategy for this method is the incorporation of azide functionalized monosaccharides 

and the modification of the resulting cdECM via CuAAC. The concern with this reaction is the need 

for copper as a catalyst, which can have cytotoxic effects when remaining in the cdECM. In this 

thesis, an alternative reaction that does not need any catalyst was demonstrated: the Diels Alder 

with inverse electron demand. Therefore, dienophile functionalized monosaccharides were used 

for the metabolic glycoengineering and the resulting cdECM was modified with tetrazine 

functionalized molecules (confirming fourth hypothesis) (see Paper III – Functionalization of 

cdECM; p.74). Functionalization of cdECM using azide-alkyne-cycloaddition or Diels Alder reaction 

offers the possibility to specifically crosslink the cdECM in finely tuned stages. Specific linkers 

enable the crosslinking of the cdECM structures themselves without altering the chemical and 

structural features of the cdECM.  

 

Processing 

To improve biocompatibility and remove pathogens that may elicit an immune response, 

decellularized scaffolds should be sterilized/ disinfected. Current sterilization methods can be 
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divided into chemical and physical methods. Chemical methods include treatment with ethylene 

oxide, antibiotics, and pancreatic acid. Ethylene oxide is a relatively mature method however it 

might affect ECM structure and produces toxic substances that might remain in the ECM material 

[214,215]. Antibiotics do not affect ECM structure but are ineffective on viruses and spores and 

the antimicrobial spectrum of each antibiotic is different. Pancreatic acid acts also antimicrobial, 

however, it destroys the chemical and physical characteristics of the ECM material [214]. A 

physical method is (gamma-)irradiation which is known to alter the physical, chemical, and 

biological compatibility of the ECM material [73,214,215]. Thus, sterilization of ECM products 

poses the problem that the common sterilization methods that meet the requirements of 

comprehensive disinfection damage the structure of the ECM to some degree which in turn have 

an impact on the cells and subsequently the experimental results or clinical outcome. Thus, 

generation of cdECM under sterile cell culture conditions is a huge advantage. It can be assumed 

that the cdECM is sterile by nature which would solve the problem of sterilization.  

Regarding specific (surface) modification of the ECM material cdECM exhibits the advantage of 

specific functionalization/modification via MGE as described above. Modification of dECM is 

accompanied by alterations in chemical and/ or structural features of the ECM. Using specific 

addressable functional groups enables the modification of cdECM without affecting the chemical 

appearance or structure.  

 

Experiments  

ECM is a highly bioactive material that influences the cellular behavior of cells including 

differentiation of stem cells, activation of immune cells, and development of tissue organization 

and vascular structures. This bioactivity is based on different aspects of ECM. First, the impact of 

macromolecules and their organization within the ECM material. Second, ECM-bound protein-like 

growth factors and chemokines, and third the bioactivity of degradation products of the ECM and 

matrix-bound vesicles [51,52,216]. Next to dECM, this ability was also shown for cdECM. In this 

thesis, the enhancing effect of cdECM - especially cdECM from adipogenic differentiated ASCs – 

on the spontaneous formation of prevascular-like structures by mvECs was demonstrated 

(confirming third hypothesis) (see Paper II – Support of prevascular-like structure formation; 

p.50). These structures cannot be found on coating with the ECM protein collagen I, underlining 

the fact that individual ECM proteins cannot replace the natural ECM. The generation of functional 

vascular structures, in particular small vessels like capillaries, remains a challenge in tissue 

engineering. An autologous/ allogeneic (bio)material that enhances the formation of capillary 

structures may support efforts in this research area.  



General Discussion 

101 

 

Due to the high number of different types of ECM, sources of ECM, decellularization protocols, 

and experimental designs comparability of the different studies is not given in most cases. In 

addition, donor variations and culture parameters can affect the experimental outcome. For an 

adequate comparison of different ECM materials (dECMs from different tissues as well as dECM 

and cdECM), a standardization of the experimental setup should be established [73]. This would 

facilitate the direct comparison of experiments using different ECM materials. These standards 

should include timepoints for reseeding of in vitro products and implantation of in vivo products, 

timepoints for evaluation of specific parameters like cellular survival and functionality, and in 

particular for implanted constructs the timepoint for endpoint analysis which represents the basis 

for the evaluation of the implant [73].  
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7 CONCLUSION AND OUTLOOK 

 

The ECM represents the natural environment of cells in tissues and therefore is an interesting 

biomaterial for various tissue engineering and regenerative medicine approaches/ applications. In 

the present thesis, the macromolecular and structural differences of the native dECM and the 

cdECM were highlighted. The dECM was shown to contain a higher amount of mature collagens 

whereas cdECM exhibits a higher amount of sGAGs which were shown to have a beneficial impact 

on regenerative processes. In addition, the fiber diameter of cdECM was found to be lower 

compared to dECM which results in distinct topographical features. These differences have the 

potential to strongly affect cellular behavior and thus on the experimental outcome of in vitro and 

in in vivo studies. Thus, the demonstrated differences should be considered when interpreting 

obtained results and when choosing a biomaterial for a specific application. Future studies should 

focus on a more detailed characterization of native dECM and cdECM from various tissues and 

generations, decellularization, and processing methods. Next to macromolecular, structural, and 

physical characterization, this includes the determination of ECM-bound bioactive molecules, 

degradation products, and MBVs. A comprehensive characterized material would enable more in-

depth studies of ECM-cell interactions and the effect of possible alterations in ECM on cellular 

behavior. This would ensure the reproducible outcome of in vitro and in vivo experiments.  

The regenerative effect of cdECM was shown by investigating the impact on vascular structure 

formation. It was successfully demonstrated that cdECM has a supporting effect on the 

spontaneous formation of prevascular-like structures by mvECs. This effect was stronger on 

cdECM from adipogenic differentiated ASCs compared to cdECM from stem cells which might be 

traced back to pro-angiogenic factors found in cdECM substrates. As vascularization remains a 

challenge in tissue engineering and regenerative medicine, this regenerative effect by supporting 

vascular structure formation might be of advantage for various applications and a promising 

starting point for further investigations. The inductive potential of cdECM on vascular-like 

structure formation should be investigated in 3D approaches. These could be cdECM-hybrid 

hydrogels with varying cdECM concentrations or pure cdECM hydrogels. Also, the effect of co-

cultured cells (e.g. pericytes) should be studied. These cells have the potential to enhance the 

effect of the cdECM material by supporting new built structures and lumenization. 

A promising method for specific modification of cdECM is the functionalization of ECM structures 

with specific addressable functional groups by MGE and subsequent linking of molecules via site-

directed chemical reactions. In this thesis, the functionalization of cdECM with dienophile groups 
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was demonstrated. These dienophile groups allow the catalyst-free, cell-friendly modification of 

cdECM via IEDDA reaction. These results highlight cdECM as a promising alternative to native 

dECM as it can be modified without affecting the structure of the ECM. This opens up a wide range 

of possible modification and specific adjustment depending on purpose. One interesting direction 

would be the further development of cdECM modified with antibiotic molecules for wound 

dressing. This would combine the regenerative capacity of cdECM, essential for wound healing 

with antibiotic properties to avoid infections and serve inflammation.  

The major drawback of cdECM is the relatively low amount that can be generated to date. For 

relevant clinical applications, scale-up technologies for cdECM production should be established. 

Various approaches are made in this field however to date the amount of yielded cdECM is too 

low for successful transformation to the clinic.  
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