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This thesis is based on the scientific concept, devised and employed techniques, main results, 

and potential clinical applications introduced in the publications ‘The human liver matrisome – 

Proteomic analysis of native and fibrotic human liver extracellular matrices for organ 

engineering approaches’ published in Biomaterials (2020) and ‘Teburu – Open source 3D 

printable bioreactor for tissue slices as dynamic three-dimensional cell culture models’ 

published in Artificial Organs (2019) and ‘Outcomes of Liver Resections after Liver 

Transplantation at a High-Volume Hepatobiliary Center’ published in Journal of Clinical 

Medicine (2020). 
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Abstract                              
 

A persistent demand in suitable grafts has underscored the need for the development of 

bioartificial organs. Despite global effort to innovate novel alternatives, the creation of 

transplants yet faces fundamental challenges that are related to organ specific functionality 

and immunogenicity and hinder current approaches from clinical translation. A vital objective 

to successfully implement bioartificial organs into clinical practice is the creation of complex 

biomaterials that will mediate regenerative capacities for long-lasting performance of newly 

developed grafts.  

 

In this thesis, I present in-depth analysis of human derived liver extracellular matrices by 

utilizing a label-free shotgun proteomic approach. By applying various decellularization and 

defatting strategies to fabricate organotypic tissues for proteomic measurements, this work 

aims to provide insights into the native human liver matrisome to determine the overall 

complexity that needs to be taken into account when creating novel biomaterials to be 

functionalized in the development of bioartificial organs. Furthermore, by utilizing the devised 

experimental workflow for the analysis of fibrotic and cirrhotic human liver extracellular 

matrices, proteomic features were detected that can be potential targets for therapeutic 

exploitation. In addition to these two intertwining research threads, this thesis introduces a 

versatile platform to further functionalize the created human liver extracellular matrices by 

enabling a facile combination of these scaffolds with prevailing technology to successfully 

translate various bioengineering approaches from concept to therapeutic reality. 

 

The results obtained from human liver matrices support the necessity of including proteomic 

techniques in interpreting processes underlying tissue homeostasis and regeneration. 

Proteomic analysis of native tissues provides cues to be utilized in the creation of bioartificial 

products. This information shall bridge the gap between currently available digital fabrication 

technology and the clinical usage of functional organ replacements. Furthermore, by analyzing 

fibrotic and cirrhotic human derived liver scaffolds, specific characteristics were described that 

demand further investigation to fully understand signaling pathways underlying the emergence 

of fibrosis and cirrhosis.  
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Zusammenfassung                            
 

Eine anhaltende Nachfrage nach geeigneten Transplantaten hat die Notwendigkeit der 

Entwicklung bio-artifizieller Organe unterstrichen. Trotz globaler Bemühungen steht die 

Erzeugung von Transplantaten noch vor grundlegenden Herausforderungen, die mit der 

organspezifischen Funktionalität und Immunogenität zusammenhängen und aktuelle Ansätze 

an der klinischen Translation hindern. Ein wichtiges Ziel für die erfolgreiche Einführung bio-

artifizieller Organe in die klinische Praxis ist die Entwicklung und Herstellung komplexer 

Biomaterialien, welche zu Regeneration fähig sind und somit eine langanhaltende biologische 

Leistung ermöglichen.  
 

Im Rahmen dieser Dissertation führte ich eine eingehende Analyse von extrazellulären 

Lebermatrizes humanen Ursprungs unter Verwendung eines label-free shotgun 

proteomischen Ansatzes durch. Durch die Anwendung verschiedener Dezellularisierungs- und 

Entfettungsstrategien zur Herstellung organotypischer Gewebe für proteomische Analysen 

zielt diese Arbeit darauf ab, Einblicke in das native humane Lebermatrisom zu geben, um die 

gesamte Komplexität zu bestimmen, die bei der Herstellung neuartiger Biomaterialien zur 

Entwicklung bio-artifizieller Organe zum Einsatz kommen sollte. Des Weiteren wurde der 

entworfene experimentelle Arbeitsablauf verwendet, um proteomische Merkmale fibrotischer 

und zirrhotischer humaner Lebermatrizes zu identifizieren, die potenzielle Ziele für eine 

therapeutische Nutzung sein können. Zusätzlich zu diesen beiden miteinander verknüpften 

Forschungsfäden wird in dieser Arbeit eine vielseitig anwendbare Plattform zur umfangreichen 

Funktionalisierung der extrazellulären Lebermatrizes humanen Ursprungs vorgestellt. 

Hierdurch soll die Kombination dieser Matrizes mit vorherrschenden Technologien erleichtert 

werden, um die verschiedenen Ansätze des Bioengineerings erfolgreich vom Konzept zur 

therapeutischen Realität umzusetzen. 
 

Die in dieser Arbeit präsentierten Ergebnisse aus humanen Lebermatrizes unterstreichen die 

Relevanz proteomischer Techniken bei der Interpretation der Prozesse, die der 

Gewebehomöostase und -regeneration zugrunde liegen. Die Untersuchung der 

proteomischen Landschaft natürlicher Gewebe liefert Kenntnisse, die in der Erzeugung bio-

artifizieller Produckte verwendet werden können. Diese Informationen sollen die Lücke 

zwischen verfügbaren digitalen Fertigungstechnologien und dem klinischen Einsatz 

funktioneller Organersatzprodukte schließen. Darüber hinaus wurden durch die Analyse von 

fibrotischen und zirrhotischen humanen Lebermatrizes spezifische Eigenschaften 

beschrieben, die weitere Untersuchungen erfordern, um die der Entstehung von Fibrose und 

Zirrhose zugrunde liegenden Signalwege vollständig zu verstehen.  
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1. Introduction  
 
1.1. The Human Matrisome  
 

The human matrisome is an intricate network of a large variety of proteins that collectively form 

a responsive microenvironment of fundamental importance for surrounding cells [1-3]. By 

hosting an extensive repertoire of bioactive features, the human matrisome mediates various 

biological processes for tissue homeostasis and survival [2-4]. Thus, the matrisome represents 

a novel concept to expound the diverse characteristics of the extracellular space. In the scope 

of organ engineering, tremendous efforts have been made to shed light on the human 

proteome in health and disease. In-depth analysis of the various matrisome constituents poses 

a crucial step in the development of non-immunogenic matrices capable of encapsulating cells 

and mediating long-lasting performance of bioengineered grafts. Furthermore, such analysis 

will also contribute to our knowledge of processes that are responsible for organ failure or 

reasons leading to the necessity of performing retransplantation or resection after 

transplantation [5]. Moreover, as changes to the highly organized foundation of the human 

matrisome are expected to trigger the emergence of many diseases, including liver fibrosis 

and cirrhosis, in-depth analysis of human matrices will contribute immensely to our 

understanding of the complex processes underlying pathological conditions and will provide 

promising opportunities to identify characteristic signatures for therapeutic exploitation [6-8]. 

Despite this vital role of human matrices at the intersection of biomaterial science and 

regenerative medicine, the human liver matrisome has been insufficiently described. To 

address this issue, label-free shotgun proteomics were utilized to acquire extensive data from 

human derived healthy, fibrotic and cirrhotic liver extracellular matrices (ECM) that can further 

be functionalized in a variety of bioengineering approaches [9].  

 

1.2. Decellularization and Biomaterial Science  
 

Decellularization is an exceedingly relevant method to create ECM scaffolds of natural origin, 

which inherit many characteristics of their human analogues [1]. Existing approaches utilizing 

these matrices in the production of functional biomaterials range from the creation of injectable 

acellular ECM-based hydrogels [1], to complex reseedable scaffolds [10,11], to supplemented 

3D-printable bioinks for the fabrication of tissues and whole organs [12-14]. Within this context, 

organ engineering strives to interface biomaterial science with cutting-edge technology for the 

fabrication of biological and architecturally native matrices to collectively create non-

immunogenic artificial organ replacements as well as novel platforms for the development of 
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advanced therapeutic approaches. Despite the wide application of decellularized ECM for 

bioengineering purposes, the impact of various decellularization-based strategies on the 

human matrisome has not yet been sufficiently documented. In response to this issue, shotgun 

proteomics were employed to study healthy human derived liver ECM scaffolds from four 

patients that had undergone liver resection for medical indications not related to this study [9]. 

For this purpose, various fabrication protocols were devised that arise from combining 

decellularization- and defatting-based strategies to render not only the disposal of 

immunogenic content but also macroscopic and microscopic lipids to ultimately create naturally 

sourced biological matrices [9]. 

 

1.3. Proteomics to Explore the Human Matrisome  
 

Proteomic technologies have vastly impacted science and medicine by providing the 

opportunity to precisely capture the myriad of proteins constituting biological samples [15,16]. 

Thus, proteomic analysis has widely been utilized to describe the human proteome [17]. 

Generally, “top-down“ and “bottom-up“ proteomic techniques present two dominant 

approaches to obtain proteomic data. While top-down approaches correspond to the 

measurement of intact proteins, bottom-up approaches correspond to the mass spectrometry-

based measurement of peptides resulting from the digestion of proteins [18]. The term 

“shotgun proteomics“ further describes the detection of peptides obtained from digesting 

complex samples [19,20]. Within this scope, shotgun proteomics emerge as the method of 

choice, due to the more robust in silico exploration of proteome constituents [21]. Nevertheless, 

diverse modifications and heavy cross-linkage of proteins related to the matrisome have posed 

important hindrances to obtain profound data on the human matrisome [22]. Despite the 

exponential growth of available solubilization and digestion techniques that focus the analysis 

on a predetermined fraction of proteins, a sample preparation technique was needed that 

universally captures the intricacy of ECM proteins. Furthermore, as studies regarding human 

transplant outcome imply, there is a substantial need to understand factors that may endanger 

graft performance and may even lead to retransplantation or liver resection after 

transplantation. Among conceivable factors, immunogenicity of grafts is of especial 

significance. In this context, proteomic measurements need to represent the overall 

constituents that should be considered in the field of bioengineering and organ transplantation. 

In this context, the filter-aided sample preparation method has been documented as a 

desirable technique to obtain a profound coverage of constituents in diverse biological samples 

[23] and has especially been reported as a powerful technique for the investigation of tissue 

samples processed by decellularization [11]. The advantage of this method vastly lies in the 

removal of sodium dodecyl sulfate that despite widely being utilized for tissues decellularization 
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may interfere and negatively impact proteomic measurements [11,23]. Thus, this method was 

utilized to universally prepare the wide pallet of protein within the ECM protein extracts and 

ultimately generating robust proteomic data for further analysis. 

 

1.4. Approaches in Organ Engineering  
 
Over the long trajectory of creating bioartificial organ replacements, great efforts have been 

made to disintegrate various components of native organs and subsequently unifying material, 

form and function to create newly engineered implantable off-the-shelf grafts. Fundamental 

advances unlocking such paths for the creation of functional organ replacements include the 

advancement of digital fabrication platforms that allow a precise placement of cells and 

matrices into defined shapes [12,24,25], and the distribution of 3D printable decellularized 

ECM-supplemented bioinks distinctly impacting cellular response [13]. Nevertheless, to 

successfully interface prevailing microfabrication techniques with cellular functionality for the 

creation of bioartificial organ replacements, extensive information regarding the complex 

proteomic landscape of the human matrisome is required to develop non-immunogenic 

biomaterials based on the natural human counterpart. To address this issue, this thesis 

presents a shotgun proteomic approach to determine proteins related to the human liver 

matrisome by utilizing various ECM scaffold fabrication protocols. 

Beyond the confines of utilizing decellularized ECM in top-down and bottom-up biofabrication 

techniques, patient-derived ECM scaffolds hold great potential as personalized platforms for 

the development and evaluation of novel therapeutic approaches [26]. Furthermore, such 

platforms of natural origin can be of extraordinary value to investigate cell-cell and cell-matrix 

interactions [27,28], especially when combined with currently available technology, such as 

optogenetic approaches to directly target and influence cells with a high spatio-temporal 

resolution [29-31]. Accordingly, standardized bioreactor systems, enabling a facile 

combination of patient-derived ECM scaffolds with novel approaches for targeted tissue repair, 

need to be introduced to fully harness the wide applications of such platforms. For this reason, 

the easy-to-handle, multi-purpose, and cost-effective 3D-printable bioreactor Teburu was 

created to provide a controlled and optimized environment for the dynamic cultivation of tissue 

slices [32]. As an open-source customizable engineering platform, Teburu shall expand the 

ways in which extracellular matrices can be utilized by bioengineers to overcome shortcomings 

in scalability, controllability and reproducibility of material-driven cell signaling on an individual 

and collective level. 
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1.5. Hypothesis and Aim of this Study  
 

Prevailing technology and current shortcomings in the development of functional organ 

replacements lead to the hypothesis that a deeper understanding of human liver matrisome 

compositions will solve prevalent problems related to immunogenicity and long-term 

functionality of newly engineered biomaterials. Based on this hypothesis, I aimed to define the  

human liver matrisome by employing label-free shotgun proteomics. I hereby aimed to specify 

features for long-lasting performance of bioengineered organ replacements. Under the 

premise that changes to the highly organized human liver matrisome underlie the emergence 

of diseases, I further employed the devised proteomic workflow to investigate fibrotic and 

cirrhotic human liver extracellular matrices to  find possible targets for therapeutic utilization. 

In addition, I aimed to provide a standardized and multi-purpose platform to further 

functionalize the created ECM scaffolds for various bioengineering approaches.  
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2. Materials and Methods  
 
2.1. Materials 
 
Materials that were used in this study are listed below by category and in the chronological 

order in which they were employed.   
 

 
 

 Table 1: List of equipment used in this study.   

 

 
 

 Table 2: List of software used in this study.   
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   Table 3: List of chemicals and reagents used in this study.   
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  Table 4: List of kits and compounds used in this study.   
 

 

 

 

  Table 5: List of antibodies used in this study.   
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2.2. Production of Human Liver Extracellular Matrix Scaffolds  
 
2.2.1. Acquisition of Samples from Human Livers 

 

Samples from human livers were collected anonymized after obtaining ethical approval in 

accordance with institutional guidelines (ethics number EA1/289/16). All samples were 

obtained after informed consent from patients that had undergone liver resection for clinical 

indications not related to this study. To subject collected specimen to histopathological 

evaluation, all tissues were collected as duplicates at Charité – Universitätsmedizin Berlin. 

Specimens were stored at -80 ºC as 10 x 10 x 10 mm tissue cubes or as fixed samples for 

histopathological evaluation prior to processing. 

 
2.2.2. Creation of Human Liver Slices 
 

To create human liver slices of 500 µm thickness, collected tissues were frozen sectioned and 

washed by shaking using 10 ml chilled phosphate buffered saline (PBS: 137 mM sodium 

chloride, 10 mM disodium hydrogen phosphate, 2.7 mM potassium chloride, 1.8 mM potassium 

dihydrogen phosphate, pH 7.4) prior to further processing. 

 
2.2.3. Fabrication of Human Liver Extracellular Matrix Scaffolds by Decellularization and  
          Defatting 
 

Tissue scaffolds of natural origin were produced by applying four decellularization and four 

defatting strategies that were combined to a total number of 16 fabrication protocols [9]. To 

source acellular matrices from human liver samples, the fabrication process was performed by 

placing thawed liver slices in sterile 50 ml Falcon® conical tubes (Thermo Fischer Scientific, 

Waltham, MA 02451, USA) containing 10 ml of a detergent. The removal of cellular material 

and fat was achieved by combining detergents and defatting solvents with continuous shaking 

at 300 rpm. Decellularization should be performed at room temperature to prevent precipitation 

of detergents. All fabrication protocols perform decellularization by utilizing SDS or SDS/Triton-

X-100 in different concentrations for a total decellularization duration of 24 hours [9]. Although 

decellularization detergents are widely accepted to not only remove cellular material but also 

lipids, some human derived liver scaffolds were observed to still contain fat droplets. To obtain 

matrices free of cellular material and micro- and macroscopic lipids all decellularization 

protocols were combined with defatting strategies including propan-2-one, propan-2-ol and 

ethanol [9]. Afterwards all tissue scaffolds were washed for additional 24 h with PBS to remove 

possible residues of detergents and defatting solvents. 
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2.2.4. Quantification Assays 

 
To determine the success of the fabrication process genomic deoxyribonucleic acid (DNA) and 

triacylglyceride (TAG) were quantified. 

The success of decellularization was assessed by purifying and quantifying genomic DNA 

using the commercially available DNeasy® Blood and Tissue Kit according to specifications 

provided by the manufacturer. This protocol includes the disruption of liver tissue and 

subsequently processing the lysate with different buffers provided with the kit. The kit was used 

to generate extracts from human liver ECM and non-processed human livers. To measure 

DNA content in the isolated extracts, a NanoDropTM 2000/2000c spectrometer was used. 

The success of defatting was determined by quantifying TAG. Defatted and non-defatted 

human liver scaffolds were disrupted in 100 µl of 5% Nonidet P40 utilizing a mixer mill [9]. After 

treating samples in a heating and cooling cycle, the triacylglyceride working reagent – 

consisting of four parts of the free glycerol reagent and one parts of the triacylglyceride reagent 

– was added to the resulting supernatant according to specifications provided by the 

manufacturer. Finally, the TAG content was measured utilizing the multimode microplate 

reader TECAN infinite® M1000 Pro. 

 

2.3. Human Liver Extracellular Matrix Scaffolds as Bioengineering Platforms  
 
2.3.1. Design and Fabrication of the 3D Printable Bioreactor Teburu  

 

To create optimal culture condition for the recellularization and dynamic cultivation of tissue 

slices, the 3D printable bioreactor Teburu [32] was designed. The system consists of three 

main elements: a top and a bottom which together create the perfusion chamber and the 

fixation table that tightly positions the tissue scaffold inside the recellularization chamber [32]. 

To create a bioreactor capable of maintaining optimal culture conditions, while operating with 

only a small volume of culture medium for sustainable cultivation, the reseeding chamber was 

designed to comprise the perfusing compartment and oxygenating compartment of the 

bioreactor in the same chamber [32]. To achieve versatile applications of Teburu such as its 

combination with optogenetics, the surface on which the three-dimensional tissue cultures are 

cultivated directly is fabricated at its thinnest [32]. This way, optogenetic devices can be 

positioned below the cultivation chamber.  

The computational design was generated by utilizing 3DS Max. For digital fabrication of the 

designed bioreactor Preform, the Formlabs Form 2 stereolithography 3D printer, and the 

Dental LT Clear resin were used. This resin provided by Formlabs allows reusability of the 

system due to its biocompatible and sterilizable characteristics. 
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2.3.2. Fluid Dynamic Analysis  
 

The provision of  laminar flow poses an important prerequisite for the optimal cultivation of cells 

and tissues [33]. Hence, the cultivation chamber is designed comprising an elliptical cultivation 

area to contribute to the maintenance of laminar flow for optimal cultivation of cells [32]. The 

gas and medium flow were first attained on empirical evidence. To further test these 

characteristics, fluid dynamics were evaluated by assessing flow behavior in praxis and by 

computational fluid dynamics (CFD). 

Turbulence behavior of the fluid within the cultivation chamber was estimated by calculating 

the Reynolds number. Accordingly, flow behavior inside the cultivation chamber was predicted 

by multiplying density and velocity of the flow and the boundary of the flow which corresponds 

to the diameter of the fixation table bars divided by the dynamic water viscosity. The resulting 

Reynolds number suggests laminar flow conditions [32]. To further confirm these results 

computational simulation was performed. For this purpose, the program Star-CCM+ was 

utilized to calculate the velocity, pressure and shear stress distribution. Turbulence simulation 

was performed by employing the k-𝜔 shear stress transport turbulence model to study changes 

in wall shear stress and pressure considering changes to the overall number of cells [32]. 

Consequently, the CFD analysis presented laminar flow conditions at a quite low shear stress 

of 1.2 x 10-4 Pa on the tissue [32]. 

 

2.3.3. Static Cell Cultivation  
 
For the recellularization experiment, mesenchymal stroma cells derived from the human 

umbilical cord (hMSC) were purchased from LGS Standards GmbH and cultivated in traditional 

culture flasks. The hMSC were grown under sterile conditions with 20 ml of low endotoxin 

Dulbecco’s MEM Medium which was supplemented with 2 mM L-Glutamine, 100 U/ml 

Penicillin/ Streptomycin, and 10% fetal calf serum. Cultivated hMSC were trypsinized for 

manual counting after four passages. The number of grown cells was determined using a 

Neubauer haemocytometer prior to being deployed for recellularization experiments. 

 
2.3.4. Recellularization of Human Liver Extracellular Matrix Scaffolds and Dynamic 
          Cultivation using Teburu  

 

Teburu was employed to recellularize human liver ECM with hMSC. For the recellularization 

experiment, Teburu was filled with 15 ml culture medium and hMSC were applied under sterile 

conditions to the fixed scaffold using a pipette. After closing the system by attaching the top 

and bottom using a sealing ring and four screws and nuts, Teburu was placed in an incubator 
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at 37 ºC and the oxygenation inlet was connected to an oxygenator. The reseeded scaffold 

was left for 18 h of static cultivation to ensure a well attachment of cells. After this period the 

system would start dynamic cultivation with an initial flow rate of 0.1 ml/min. This value was 

slowly increased to a final flow rate of 0.8 ml/min. For most optimal growth, regular changes of 

the culture medium should be carried out for the total dynamic cultivation period of seven days. 

To assess Teburu’s capability in maintaining optimal culture conditions, oxygenation 

parameters, pH, electrolytes, glucose, and lactate were obtained using the ABL800 FLEX 

blood gas analyzer for the overall dynamic recellularization time of 7 days during an 

experiment. 

 
2.3.5. Histology and Immunohistochemistry 
 

Processed and non-processed human liver samples were prepared for frozen sectioning by 

embedding tissues in Tissue-Tek optimal cutting temperature compound (OTC). Sections of 5 

µm thickness were processed at -20 ºC and prepared on SuperFrost PlusTM adhesion slides. 

After fixing tissue sections with chilled acetone, the result of decellularization and defatting was 

assessed by performing Hematoxylin and Eosin (H&E) staining and Oil-Red-O (ORO) staining. 

To perform H&E staining, horizontally prepared specimens were immersed in Mayer’s 

Hematoxylin solution for 10 min after rehydration and subsequently rinsed for 5 min with 

lukewarm water. After immersing sections for 1 min in Eosin Y solution, samples were prepared 

for mounting and visualization. Similarly, ORO staining was performed by immersing sections 

in 100% propylene-glycol for 10 min after rehydration. Afterwards, sections were incubated for 

10 min in ORO working solution followed by elution using a decreasing gradient of propylene 

glycol. After final immersion in Gill’s Hematoxylin solution, specimens were washed and 

processed for mounting.  

Immunohistochemistry was performed for either horizontally prepared ECM sections or 

vertically prepared recellularized human liver scaffold sections. Created human liver ECM 

scaffolds were evaluated by immunohistochemical staining of laminin, fibronectin, collagen IV, 

and collagen I, whereas recellularized human derived liver scaffolds were evaluated by CD90 

and Proliferating-Cell-Nuclear-Antigen (PCNA) staining. For this purpose, rehydrated frozen 

sectioned specimens were blocked using 3% normal goat serum for a total duration of 1 hour. 

Collagen I was visualized by incubating specimens for 1 hour at 37 ºC with the primary antibody 

diluted in blocking solution. After washing specimens twice, specimens were subjected to the 

secondary antibody for another 2 hours. Similarly, laminin, fibronectin, and collagen IV were 

visualized by applying the antibodies successively. Recellularized human liver specimens were 

incubated for 1 hour at 37 ºC with the anti-CD90 primary antibody or PCNA. After washing 

specimen twice, the fluorescent dye-conjugated secondary antibody was applied to samples 
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treated with anti-CD90 and the labelled streptavidin-biotin method was applied to samples 

treated with PCNA. All immunohistochemically dyed samples were counterstained with DAPI 

or Mayer’s hematoxylin. Specificity for each staining was confirmed by a negative control. Non-

processed human liver samples were stained for better representation. After final mounting, 

specimens were visualized utilizing the Zeiss Axio Observer Z1 brightfield and inverted phase 

contrast fluorescence microscope. The Zen pro software was used to acquire all images. 

 

2.4. Proteomic Analysis of Human Liver Extracellular Matrix Scaffolds 
 
2.4.1. Sample Preparation for Label-Free Shotgun Proteomic Analysis 
 

Human liver scaffolds were prepared for proteomic analysis by using the filter-aided sample 

preparation method [23]. A bead mixer mill was used to thoroughly disrupt ECM samples. The 

mixing beads were cleansed in-between samples using 100% ethanol. To solubilize proteins, 

samples were mixed with a buffer comprising 112 mM 3-[(3-cholamidopropyl) 

dimethylammonio]-1-propanesulfonate (CHAPS), Tris base, and the phosphatase and 

protease inhibitor cocktail for the maintenance of sample quality [9]. Subsequently, 200 µl 8 M 

urea diluted in Tris buffer was added to the samples followed by sonication on ice. Amicon 

Ultra 0.5 ml centrifugal filter unites with a 10 kDa nominal molecular weight limit were moisten 

with 2 x 10 µl 0.05 M ammonium bicarbonate (ABC) and were utilized to prepare proteins from 

100 µl of protein sample. Samples were spun at 14,000 rpm and mixed with 200 µl 8 M urea 

comprising Tris buffer. Subsequently, samples were spun and 50 mM ABC was pipetted to the 

samples in the filter units. After samples were spun, protein digestion was performed overnight 

at 37 ºC in moisten chambers using trypsin. Protein digests were spun and mixed with 50 µl 

50 mM ABC. Subsequently, an EppendorfTM vacuum concentrator was utilized to constrict 

peptide solutions for 75 min at 20 ºC. Once samples were reconstituted with 40 µl of 0.1% 

trifluoroacetic acid (TFA), 20 µl of peptide eluate was desalted in a new tube. [9] 

 

2.4.2. Liquid Chromatography Tandem Mass Spectrometry 
 
All prepared samples were analyzed with the Impact II electrospray ionization quadrupole time-

of-flight (QTOF) mass spectrometer. Samples were injected into the Dionex Ultimate 3000 

(Pre-column AcclaimTM PepMapTM 100 C18, 100 µm x 2 cm, nanoViperTM). The AcclaimTM 

PepMapTM RSLC C18 nanoViperTM column with an inner diameter of 75 µm was used to 

separate peptides. Utilizing an increasing gradient of acetonitrile for 1.5 h and reaching 95% 

acetonitrile after another 10 min samples were separated and sprayed into the QTOF mass 

spectrometer [32]. Mass spectrometry was performed after initializing HyStarTM. The auto 
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MS/MS mode with a positive ion polarity was set. Peptides were subjected to collision-induced 

dissociation that may vary according to peptide mass. The mass range of 150-2200 m/z was 

set, and the experiment was caried out with a full sensitivity resolution of 50,000. [9] 

 
2.4.3. Proteomic Data Analysis  
 

ProteinScapeTM was used for lable-free shotgun proteomic analysis. The resulting peak lists 

including MS/MS spectra for all samples were searched together using the mascot software 

against the Swiss-Prot protein database comprising human sequences. The P value of 0.05 

was determined as a cutoff for significance. The protein and peptide level false discovery rate 

threshold of 1% was set. Mass accuracy tolerance values of 10 parts per million were set. 

Proteins that were identified with at least two peptides were included in the analysis [9]. 

Proteins were assigned to distinct divisions of the matrisome by utilizing the MatrisomeDB 

platform, which provides a computationally predicted and experimentally verified set of gene 

codes linked to the human matrisome [34,35]. 

 
2.4.4. SDS Page  
 

To confirm proteomic output processed and non-processed native and fibrotic human liver 

samples were processed by disrupting tissues utilizing a mill and subsequently mixing samples 

with dithiothreitol (DTT) and SDS containing Tris-HCL buffer. To prepare proteins for SDS-

page, samples were added in a 4:1 ration to the PierceTM reducing sample buffer. To obtain 

protein concentration a bicinchoninic acid (BCA) assay was performed. For this purpose, the 

PierceTM BCA protein reagents A and B were utilized according to specifications provided by 

the manufacturer. Protein concentration was measured using the microplate reader FLUOstar 

OPTIMA. A decreasing gradient of an analytical protein standard was utilized to assess protein 

content within the samples. Acrylamide electrophoresis gels of 1.5 mm thickness and an 

SDS/Tris/glycine electrophoresis running buffer (1% SDS, 25 mM Tris base, 192 mM glycine, 

pH 8.2) were used. Electrophoresis was run with a protein load of 100 µg for non-processed 

human liver samples and 30 µg for processed human liver samples. The HiMarkTM Pre-stained 

protein standard was applied to the gels to assess molecular weight. Loaded gels were run at 

an initial voltage of 100 V for the stacking gel and a voltage of 70 V for the separating gel. 

 

2.4.5. Immunoblot Analysis  
 

To blot proteins PVDF membranes were activated by incubating them for 5 min in 100% 

methanol and subsequently rinsing them with chilled blotting buffer (0.1% SDS, 20% methanol, 
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25 mM Tris base, 190 mM glycine, pH 8.5). Gels were stacked using the Bio-Rad wet tank 

blotting system and blotted over night at 4 ºC at 30 V. The success of the protein transfer was 

evaluated by immersing blots in ponceau s solution visualizing protein bands. Subsequently, 

blots were rinsed and blocked with either 5% skimmed milk or 5% bovine serum albumin for 1 

hour. Blots blocked with 5% skimmed milk were incubated with the anti-ß-actin antibody, 

whereas blots blocked with 5% bovine serum albumin were incubated with the anti-collagen 

6A1 antibody or the anti-TGM2 antibody. Afterwards blots were washed with polysorbate 20 

containing tris buffered saline (TBST: 0.1% Tween 20, 20 mM Tris base, 150 mM NaCl, pH 

7.5) and incubated with the secondary antibodies for 2 hours at room temperature. After 

another round of washing using TBST proteins were visualized utilizing the PierceTM ECL 

Western blotting substrate and the ChemiDoc XRS System. 

 

2.5. Statistical Analysis  
 

Statistics were performed by processing technical replicates as means. To perform group 

analyzes the Kruskal-Wallis test and the Dunn’s multiple comparison analysis was performed. 

To describe spread and differences, quantitative data obtained from DNA and TAG 

measurements was presented by their calculated means and standard deviations. The 

exponentially modified protein abundance index (emPAI) [36] was used to obtain fold change 

ratios between different groups. The Benjamini, Krieger and Yekutieli method was used to 

analyze enrichment. Normalization of the quantitative results provides the opportunity to 

compare different samples. For all statistical analysis P < 0.05 was accepted as significant. 
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3. Results  
 
3.1. Assessment of Created Human Liver Extracellular Matrix Scaffolds  
 

To capture the intricacy of elements defining the human liver matrisome a high-throughput 

proteomic technique was utilized to determine signature patterns for long-lasting tissue specific 

function. To better focus the proteomic measurements on the non-cellular compartment of the 

human liver tissues, various decellularization and defatting strategies were drafted leading to 

a naturally sources ECM platform for bioengineering purposes. To assess the impact of the 

fabrication method and optimize the utilized technique in-depth analysis of proteomic variations 

were performed. The experimental design (Figure 1A) comprises the identification of the most 

suitable proceeding to fabricate human derived naturally sources ECM scaffolds (Figure 1B) 

[9].   

So far, ECM scaffold fabrication methods relying on detergent-based solubilization and 

elimination of immunogenic products are mainly evaluated by DNA quantification [37]. 

Complying with currently defined specifications for successful fabrication of decellularized 

products, DNA content was measured quantitatively as well as qualitatively. Quantitative 

measurements of DNA in decellularized tissues showed a radical reduction of DNA compared 

to non-treated human liver samples [9]. This observation applies to not only healthy tissues 

treated using various decellularization strategies but also to all fibrotic and cirrhotic tissues [9]. 

All values comply with recommendations for the production of decellularization-based 

biological materials. The measured values can be observed with all quantified points in  Figure 
1C. Artificially created natural matrices were acquired by amending decellularization with 

various defatting strategies to eliminate macroscopic and microscopic lipids that were not 

removed during detergent-based treatment (Figure 1B). Similar results were observed for the 

TAG measurements presenting a thorough removal of lipids for all defatting strategies using 

healthy tissues as well as fibrotic and cirrhotic tissues [9]. The measured values can be 

observed with all quantified points in  Figure 1D. 

After obtaining quantitative evidence confirming the success of the fabrication technique, 

samples were evaluated by their retained tissue morphology employing histological staining. 

Images taken from H&E- and ORO-stained ECM scaffolds match with quantitative results from 

DNA and TAG assays and present an overall well-maintained microstructure and the absence 

of nuclei and lipids (Figure 2) [9]. By additionally subjecting tissue sections to 

immunohistochemical staining, fabricated ECM were specifically evaluated by their qualitative  

capabilities  to  maintain  the  tissue’s  basement  membrane  as  well  as  the  solid  form  building  
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Figure 1: (A) Schematic presentation of the overall experimental design. (B) Human derived liver slices shown at different time 

points of the production process. (C) Quantification of DNA for all decellularization strategies and fibrotic tissue scaffolds (D1-D4: 

Human derived liver ECM scaffolds processed utilizing decellularization strategies 1-4; N: non-processed healthy human liver 

samples; dF1-dF4: Human derived liver ECM scaffolds in different stages of fibrosis; nF1-nF4: non-processed human liver 

samples in different stages of fibrosis). (D) Quantification of TAG for all defatting strategies and fibrotic tissue scaffolds (F1-F4). 

(**p < 0.01, ***p < 0.001). Figure adapted from [9].  
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Figure 2: Mayer’s Hematoxylin and Eosin and Oil-Red-O staining for non-processed human liver samples and human derived 

liver ECM scaffolds for healthy tissues and tissues in different stages of fibrosis (F1-F4). Scale bar: 100 µm. Figure from [9]. 
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mesh [9]. Thus, laminin, fibronectin, collagen IV, and collagen I were visualized. The resulting 

fluorescence signals (Figure 3) demonstrate the high quality of the fabricated ECM scaffolds 

[9]. For better representation of the human liver ECM, Figures 2 and 3 are amended by images 

obtained from non-treated human liver samples. 

 

3.2. Evaluation of Dynamic Culture Conditions and Recellularized Human Liver    
       Extracellular Matrix Scaffolds  
 

The work of developing Teburu addressed three major objectives. First, Teburu provides a 

multi-purpose and customizable engineering platform that can be employed to analyze cell-

cell and cell-matrix interactions, and thus will contribute to expand our knowledge of the various 

processes underlying tissue biology. Second, as a standardized and open-source system, 

Teburu is designed to provide a sustainable and easy-to-handle platform that can easily be 

utilized by bioengineers to address various issues in organ engineering and regenerative 

medicine by overcoming shortcomings in controllability and reproducibility. Lastly, by 

employing Teburu to recellularize human derived liver extracellular matrices, I aimed to gain 

evidence that the naturally sourced matrix scaffolds in fact do support cells and convey 

proliferation (Figure 4A).  

The initial experiment employing Teburu (Figures 4B, 4C), to recellularize a human liver ECM 

scaffold using hMSC, aimed to determine the controllability of the cultivation system. To assess 

Teburu’s capability in maintaining steady culture conditions, while operating with only small 

amounts of culture medium blood gas analysis were conducted for the overall dynamic 

recellularization time of 7 days during an experiment. During this perfusion period, Teburu 

successfully maintained solid oxygenation, electrolyte values, lactate, glucose, and pH level 

[32]. These data collectively provide evidence that Teburu as a standardized cultivation 

platform does ensure sufficient control for the cultivation of reseeded three-dimensional tissue 

scaffolds. 

Naturally sourced extracellular matrices provide promising platforms to analyze cell-cell and 

cell-matrix interactions. Under this bioengineering paradigm, the naturally sourced 

extracellular matrices are expected to support cells and provide a natural environment for 

proliferation. Here, human liver ECM was recellularized using Teburu (setup shown in Figures 
4D and 4E) and the success of recellularization was evaluated by histopathological imaging. 

H&E staining suggests a homogenous and well recellularization of the vertically fixed scaffold 

on all planes [32]. Furthermore, CD90 staining and PCNA staining were utilized to  characterize  

cells  and  assess  proliferation,  which  showed  that  the  ECM  scaffold  had nearly been entirely 
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Figure 3: Immunohistochemical staining presenting the structural protein collagen I (Col I) and the basement membrane proteins 

laminin, fibronectin (FN) and collagen IV (Col IV) for non-processed human liver samples and human derived liver ECM scaffolds 

for healthy tissues and tissues in different stages of fibrosis (F1-F4). Scale bar: 50 µm. Figure from [9]. 
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Figure 4: (A) A strategy to create a native platform to investigate biological processes. (B) Construction section drawing and 

sectional details of the bioreactor Teburu. (C) Exploded view of Teburu. (D) Fixed tissue scaffold shown from above. E) Fixed 

tissue scaffold shown from underneath the cultivation chamber. (F) Computational fluid dynamic analysis presenting laminar flow 

on the recellularized tissue scaffold. (G) Wall shear stress distribution on the recellularized tissue scaffold presented in Pascal. 

(H) Mayer’s Hematoxylin and Eosin staining, (I) Proliferating-Cell-Nuclear-Antigen staining, (J) Proliferating-Cell-Nuclear-Antigen 

negative control, (K) CD90 staining and (L) CD90 negative control of a vertically sectioned recellularized human tissue scaffold 

presented after seven days of dynamic cultivation by employing Teburu. Black and white scale bars: 50 µm. Figure adapted from 

[32].  
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regrown with hMSC [32]. Immunohistochemical images resulting from the PCNA staining 

suggest a high number of proliferating hMSC. As simulations of the medium flow (Figures 4F, 
4G) and the blood gas parameters already suggest, histological evaluation of cultivated human 

derived liver ECM scaffold confirm the system’s ability to offer a necessary environment for 

proliferation and successful recellularization [32]. Figures 4H – 4L show the result of 

recellularization using 5 x 105 hMSC throughout the depth of a human derived liver scaffold for 

H&E, CD90 and PCNA staining [32]. 

 

3.3. Proteomic Analysis of Human Liver Extracellular Matrix Scaffolds 
 

In contribution to biomaterial science, this thesis focuses on elucidating the proteomic 

compositions of the human liver matrisome to be functionalized in the fabrication of human-

based matrices. For this objective, native, fibrotic and cirrhotic human derived hepatic ECM 

scaffolds were processed for proteomic measurements and analyzed for their distinct 

variances. As a first step, the most suitable technique to obtain high-quality tissue scaffolds 

had to be determined. Thus, all fabrication protocols were analyzed by proteomics and utilized 

to characterize the native human liver matrisome. The chosen technique was further utilized 

to capture variances in histopathologically defined stages of liver fibrosis and cirrhosis. 

Utilizing the experimental workflow, a large number of proteins (774-1103) was discovered in 

each ECM sample underscoring the capability of the proteomic method [9]. After determining 

matrisome proteins and assigning them to different divisions utilizing MatrisomeDB provided 

by Naba et al. [34,35], the data showed  91-110 matrisome proteins for all protocols [9]. To 

obtain evidence about the reproducibility of the generated results for each fabrication protocol 

variances between different patients were assessed. The utilized experimental workflow 

presented that 79.51% (SD = 3.00) of all matrisome proteins overlap among replicates for all 

fabrication strategies [9]. By utilizing an approach provided by Naba et al. [34], proteins were 

assigned to six matrisome categories comprising proteoglycans, ECM glycoproteins, 

collagens, secreted factors, ECM regulators, and ECM-affiliated proteins [34]. By using this 

approach, 73% of the overall abundance of the human matrisome was assigned to the solid 

mesh of the ECM structure [9]. Accordingly, 27% of the overall abundance, which corresponds 

to 63 out of all 140 matrisome proteins were allocated to the fraction associated to the 

matrisome and thus being hold responsible for a variety of tissue specific responses of the 

matrisome [9]. The fabrication protocols have been observed to rather differ in regards of the 

number of retained matrisome-associated proteins [9]. Thus, the fabrication protocol retaining 

the largest number of matrisome proteins was chosen as the most suitable method to perform 

further analysis [9]. Consequently, the tissue scaffold fabrication protocol number 9           

(Figure 5), which utilizes 0.1 % SDS and 0.1 % Triton-X-100 for decellularization amended by  
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Figure 5: Diagrams presenting the absolute number of identified matrisome proteins and each matrisome sub-category’s relative 

abundance in molar percentages (% mol) for different preparation protocols devised. Figure from [9].  

 

defatting employing ethanol, was determined as the method of choice to produce organotypic 

ECM scaffolds [9]. Based on the results gained from processing 64 healthy human derived 

liver ECM samples, 140 proteins were defined that correspond to the native human liver 

matrisome [9]. These proteins are summarized in Figure 6A. The data was correlated to 

proteomic results from Naba et al. [38] which utilized pooled samples from human livers to 

obtain data on the human liver matrisome. As a result, all matrisome proteins found in this 

work except the plasma serin protease inhibitor and the matrix metalloprotease-9 matched 

their findings [9]. Since Naba et al. [38] had to pool collected samples for their experimental 

approach,  due  to  a  lack  of  evidence  many  detected  proteins  could  not  be  assigned  to  the  
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Figure 6: (A) Proteins of the healthy human liver matrisome assorted into their sub-categories. (B) The healthy human liver 

matrisome presented by the percentage of identified liver matrisome proteins and each matrisome sub-category’s relative 

abundance in molar percentages (% mol). Figure from [9].  

 

human liver matrisome. This work hereby amends their definition of the human liver matrisome 

by another 49 proteins to an overall number of 140 matrisome proteins that are shown in 

Figure 6A. [9] 

For semi-quantitative characterization of matrisome proteins, the exponentially modified 

protein abundance index (emPAI) [36] was utilized to generate abundances and fold change 

ratios between groups. Out of 140 detected proteins, the core matrisome defined in this study 

comprises of 77 proteins, which corresponds to a molar fraction of 73% of the overall relative 
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abundance [9]. Thus, the core matrisome constitutes the largest number of identified proteins 

within the healthy human liver matrisome [9]. The overall number of native human liver 

matrisome proteins and their relative protein abundances is presented by different divisions in 

molar fractions in Figure 6B. Biglycan, fibrinogen gamma chain and collagen alpha-3 (VI) 

chain were detected with high abundances [9]. These proteins are known to provide 

morphological features such as mechanical stability of the ECM, cell to matrix interactions, and 

vascular remodeling [39-42]. Collagen VI is generally known to protect cells from oxidants and 

functions as an important cue for morphogenesis as well as stem cell maintenance [43]. 

Particularly, the collagen alpha-3 (VI) chain is of crucial importance for ECM organization by 

connecting the ECM to its cells [44]. Angiopoietin-related protein 6, galectin-1, annexin A5, 

and transglutaminase 2 (TGM2) are matrisome-associated proteins that were detected, and 

all contribute to a wide range of processes related to tissue signaling including growth, 

transduction, vascularization, and ECM cross-linkage [45-48]. The relative abundances for 

each native human liver matrisome protein are shown in Figure 7. Together, these proteins 

are anticipated to contribute to form, function and renewal of tissues [9]. 

The complex constituents of the human matrisome are responsible for tissue homeostasis and 

regeneration [2]. Under this paradigm, alterations in the human liver ECM will result in 

dysregulation and subsequent deficit in tissue function, leading to various diseases including 

liver fibrosis and cirrhosis [6-8] (Figure 8A). Thus, this dissertation further provides thorough 

proteomic characterization of fibrotic and cirrhotic human derived hepatic ECM scaffolds to 

identify potential targets for therapeutic utilization. Proteomic output generated from fibrotic 

and cirrhotic ECM scaffolds utilizing three biological replicates for each histopathologically 

defined stage of fibrosis showed that 70 matrisome proteins corresponded to all human derived 

hepatic ECM scaffolds [9]. Considerably, 19 native human liver matrisome proteins were 

absent in liver fibrosis (Figure 8B) [9]. Inhibin beta C chain, protein S100-A8, and hemopexin 

were three of these 19 proteins that are all engage in crucial regulatory processes and may be 

of diagnostic and therapeutic relevance in terms of determining organ functionality or graft 

outcome [9]. Inhibin beta C chain is involved in differentiation, proliferation and programmed 

cell death [49]. Protein S100-A8 regulates inflammation and protects tissues from oxidative 

damage [50]. Hemopexin not only regulated inflammation but is also of crucial importance in 

heme metabolism [51]. Furthermore, several proteins including hemicentin-1, host cell factor 

1, protein Wnt-7b, and latent-transforming growth factor beta binding protein 2 were observed 

to be merely expressed in one of the different stages of fibrosis [9] and correspond to 

processes related to fiber formation, protein binding, and developmental processes [52-55]. 

Proteomic variances identified for healthy and fibrotic human derived liver ECM scaffolds are 

shown  by  a  venn  diagram  presented  in  Figure 8B.  For  semi-quantitative  comparison,  emPAI  
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Figure 7: Proteins of the healthy human liver matrisome presented by their relative abundances in molar percentage (% mol). 

Figure from [9]. 
 

values [36] were used to generate abundances and fold change ratios between groups which 

are presented by a heatmap in Figure 8C for the selected fabrication protocol 9. Notably, in 

relation to the healthy human liver matrisome, proteins associated to the matrisome are less 

represented in fibrosis and comprise 31-40% of detected matrisome proteins [9]. These 

findings support the proposal of integrating the assessment of low abundant proteins into the 

interpretation of scientific data [9]. The absolute number of identified human derived liver 

matrisome proteins and the relative abundances assigned to different divisions of the 

matrisome are presented in Figure 8D for each histopathologically defined stage of fibrosis.  

To support these findings western blot analysis was performed for three matrisome proteins. 

These proteins were selected from the two main divisions of the matrisome. Collagen 6A1 – a 

core matrisome proteins of the human liver basement membrane – that is engaged in various 

biological processes [43] and TGM2 – a protein associated to the matrisome – that exerts a  

significant  role  in  cell  regulation  [45]  were  chosen  representatively  to  verify  the  generated  
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Figure 8: (A) Scheme illustrating study concept. (B) Venn diagram and table presenting absolute numbers of matrisome proteins 

identified in healthy human derived hepatic tissue scaffolds and across different stages of fibrosis. (C) Heatmap showing 

matrisome protein enrichment based on emPAI values for healthy human derived hepatic tissue scaffolds and tissues in different 

stages of fibrosis (F1-4). (D) Bar graph presenting total number of identified matrisome proteins in different stages of fibrosis (F1-

4) and pie charts presenting relative matrisome protein abundances in molar percentage (% mol). Figure from [9]. 
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results and presented matching intensities for healthy as well as fibrotic ECM samples [9]. By 

additionally analyzing ß-actin, which is a cellular component of living issues, western blot 

analysis underscored the lack of cellular material in the created ECM scaffolds [9]. For better 

representation of the results, these chosen proteins were also blotted and shown for non-

processed human liver samples. Western blots are presented for these three selected proteins 

in Figure 9. 

 

 
 
Figure 9: Western blots presenting collagen 6A1 (Col6A1), transglutaminase 2 (TGM2) and ß-actin for not processed human liver 

samples (nN, nF1-nF4) and human derived hepatic tissue scaffolds produced according to the preparation protocol 9 (dS1-

dS3/dS4)  for native tissues and tissues in different stages of fibrosis. Figure from [9]. 
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4. Discussion  
 
4.1. Critical Findings and Current Limitations  
 

As liver transplantation remains the prevalent approach for the treatment of end-stage liver 

disease, the indisputable shortage in transplantable grafts has underlined the need for 

bioartificial organs. Despite the extraordinary high regenerative capacities that have provided 

the possibility to not only perform extensive partial liver resections but also perform partial liver 

resection after transplantation [5], the creation of off-the-shelf functional organ replacements 

yet poses a major objective in regenerative medicine. In this context, fundamental advances 

in digital fabrication technology and biomaterial science have led to the development of 3D 

printable bioinks supplemented with decellularized ECM, which inherit crucial factors for tissue 

survival and cell fate [13]. However, to produce biomaterials that will render long-lasting 

performance of bioengineered grafts, the intricacy of human matrisome constituents requires 

deeper exploration. Therefore, as a key objective, this thesis tackled the entirety of native 

human liver matrisome proteins to elucidate processes underlying tissue homeostasis and to 

uncover constituents which need to be considered when innovating biomaterials for the 

creation of non-immunogenic artificial grafts.  

ECM scaffolds obtained by utilizing decellularization have dominated in the field of 

regenerative medicine as valuable tissues mediating regulatory behavior as well as survival of 

cells they host [1]. Thus, these scaffolds are vasty functionalized in organ engineering 

demonstrating remarkable graft outcome [56,57]. As such they present the substantial need to 

be further investigated. To do so, this thesis presents proteomic analysis of human derived 

ECM scaffolds fabricated by utilizing various drafted fabrication protocols to investigate their 

effects based on the anticipation that different fabrication strategies will diversely influence 

compositions of the matrisome [9]. Despite the wide pallet of available proteomic sample 

preparation techniques from which many specifically detect a delimited scope of proteins, the 

filter-aided sample preparation method that is reported to be a universal preparation approach 

[23] was chosen for this study to uncover the overall proteomic complexity of the human liver 

matrisome. As a result, the proteomic sample preparation method utilized in this study 

presented a multitude of different proteins that together highlight the potential of the employed 

method to disclose proteomic constituents of the human matrisome [9]. Although, the 

proteomic output delivered a variety of proteins that emerge with low abundances and 

correspond to the fraction of proteins associated to the matrisome, limitations regarding 

solubility and cross-linkage could be conceivable [9]. With regard to such considerations, the 

extensive coverage of various high/low molecular weight and high/low abundant matrisome 
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constituents as well as the myriad of low abundant non-matrisome proteins supports the 

utilized method in obtaining in-depth proteomic data from these fabricated ECM scaffolds [9]. 

Such capabilities are especially important to gain deeper understanding of proteins that may 

be depicted less dominant due to their low abundance yet convey crucial response in 

maintaining graft functionality [9].  

Proteomic results obtained from comparing different fabrication protocols showed that proteins 

that are associated to the matrisome are more likely to be influenced by various fabrication 

methods rather than the actual core division of the matrisome [9]. This should be taken into 

consideration when utilizing decellularization and defatting techniques to fabricate naturally 

derived ECM scaffolds to be further functionalized in the development of bioartificial organs. 

Based on the obtained proteomic output, it can be concluded that matrisome-associated ECM 

proteins comprise the more dynamic division of human matrices [9]. Thus, various ECM 

fabrication protocols considerably vary regarding the ensemble of retained proteins associated 

to the matrisome [9]. The most suitable method for the creation of ECM scaffolds thus retains 

the largest number of proteins corresponding to the matrisome [9]. Moreover, taking the vast 

applications of decellularized ECM scaffolds into consideration, the large number of low-

abundant non-matrisome proteins from which several may elicit immunogenic responses 

despite their low-abundances, implies the significance of utilizing proteomic techniques to 

investigate potential immunogenicity of biomaterials containing decellularization-based ECM 

[9].  

 

4.2. Future Directions in Biomaterial Science and Organ Engineering  
 

A persistent challenge in creating functional biomaterials for non-immunogenic bioartificial 

organ replacements lies in developing a suitable environment that will maintain functionality 

and integration of grafts. To achieve this, decellularization was utilized to produce natural ECM 

scaffolds inheriting bioactive features necessary for cell survival and regeneration [1]. 

Nevertheless, a variety of non-matrisome proteins which will be retained in these matrices 

although in low abundances can potentially elicit immune responses and thus may pose a 

threat to the performance of transplanted grafts [9]. Underlying processes that would lead to 

such reactions and the extent to which such factors may harm engraftment will require further 

investigation. Although, such observations have been documented in other reports [11,58], 

questions related to the utilization of these decellularized ECM scaffolds in creating non-

immunogenic grafts and their potential influence in the long run still need to be addressed. The 

production of novel biomaterials capable of cell encapsulation and long-lasting organotypic 

functionality should involve the overall constituents and relative abundances of proteins 

corresponding to the human matrisome, while relinquishing on an involvement of non-
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matrisome proteins that are inevitably retained during decellularization and may be 

unfavorable upon transplantation [9]. The development of synthetically created biomaterials 

that are made based on their human analogues and the utilization of bioprinting technologies 

could be conceivable strategies tackling potential immunogenicity [9]. This thesis hereby 

proposes the concept of creating novel biomaterials by functionalizing information regarding 

the human matrisome that can be combined with digital fabrication techniques to create 

bioartificial grafts. Novel non-immunogenic bio-inks should be produced by combining proteins 

presented in this study that will involve crucial cues for liver scaffold functionality [9]. For this 

purpose, this thesis provides in-depth analysis of human liver matrisome proteins [9]. These 

proteins are expected to mediate long-lasting performance of bioartificial organs and therefore 

require further research [9]. 

 

4.3. Outlook on Clinical Applications  
 

The tightly regulated native human proteome is responsible for essential biological processes 

maintaining tissue function and regeneration. Changes to the constituents of the native human 

proteome are widely acknowledged to lead to diseases including liver fibrosis and cirrhosis [6-

8]. To understand human tissues and the way they respond to stress and damage, and 

ultimately the reasons underlying the emergence of diseases, organotypic human tissue 

scaffolds provide personalized platforms to investigate diagnostic and therapeutic 

opportunities. By presenting in-depth analysis of healthy, fibrotic and cirrhotic human liver ECM 

scaffolds and introducing Teburu as a multi-purpose and openly accessible investigation 

platform, this thesis sets the foundation to further functionalize the presented data for a broad 

pallet of bioengineering approaches. Conceivable future objectives in medicine may range 

from the development of novel therapeutics, to programable and responsive scaffolds in the 

scope of controlled medical devices, to the creation of novel biomaterials enhancing self-

healing capabilities. The experimental workflow presented provides a customizable platform 

to investigate tissues of different origin and shall further expand our view on biological matrices 

and the ways we may functionalize them to pave new paths to maintain health and tackle 

diseases.  
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