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Abstract 1 

Zusammenfassung 

Die Summe verschiedener Reize aus dem Mikromilieu reguliert den Phänotyp und das 

Verhalten von Zellen. Synergistische Strategien, welche diese Multimodalität berücksich-

tigen, könnten genutzt werden, um die Funktion therapeutischer Zellen präzise zu kon-

trollieren. In dieser Arbeit habe ich eine Kombination aus Biomaterialeinbettung und 

mRNA Transfektion etabliert, um das parakrine Profil Mesenchymaler Stromazellen 

(MSCs) zu formen. MSCs sind ein sekretorisch aktiver Zelltyp, welcher sich in klinischen 

Studien als sicher, aber nicht immer wirkungsvoll erwiesen hat. 

Um Wachstumsfaktorsekretion mittels Zell-Material-Interaktionen zu stimulieren, wurden 

MSCs in Kollagen-HA (Col-HA) Hydrogel eingebettet. Als Kontrolle dienten HA-, PEG- 

und Gelatinegele. MSCs in Col-HA wiesen stärkere Elongation und ein expandiertes Sek-

retionsprofil mit unterschiedlichen Kinetiken für HGF und VEGF auf. 

MSCs wurden mittels Lipofektamin mit in vitro transkribierter mRNA transfiziert, welche 

GFP bzw. VEGF kodiert. Uridin wurde durch Varianten wie 5-Methoxy-Uridin (5moU) er-

setzt. Unmodifizierte mRNA löste eine Typ-I Interferonantwort aus, erhöhte die Ausschüt-

tung proinflammatorischer Zytokine und senkte proangiogene Faktoren. 5moU-mRNA 

löste keine detektierbare Interferonantwort aus und erlaubte eine verlängerte Genexpres-

sion, ohne Beeinträchtigung des natürlichen Sekretionsprofils. 

Zuletzt wurde die mRNA Transfektion sequentiell mit der Hydrogeleinbettung kombiniert. 

Nur 5moU-mRNA, nicht jedoch unmodifizierte mRNA erlaubte die sequentielle Kombina-

tion beider Methoden bei hoher Zellviabilität und erhaltenen Hydrogeleffekten auf die Fak-

torfreisetzung. Umgekehrt wurde auch der Einfluss der Matrixadhäsion auf die mRNA 

Transfektion untersucht. GFP Expression und VEGF Sekretion wurden in Col-HA versus 

PEG-HA, welches keine Integrinliganden enthält, verglichen. In Col-HA sezernierten die 

MSCs mehr mRNA-kodiertes VEGF als in PEG-HA. Das GFP Signal war vergleichbar, 

was nahelegt, dass nicht die Translation, sondern die Sekretion adhäsionssensitiv ist.  

Die Ergebnisse zeigen, dass die breite Sekretomstimulation durch Zell-Material-Interak-

tionen orthogonal mit mRNA Überexpression eines ausgewählten Schlüsselmediators 

kombiniert werden kann, um das MSC Sekretom auf meheren Ebenen zu formen. 5moU-
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mRNA kann zur Expression eines gewünschten Gens verwendet werden, ohne den üb-

rigen Zellphänotyp zu beeinträchtigen. Zudem konnten wir einen Synergismus zwischen 

Zelladhäsion und der Freisetzung mRNA-kodierter Faktoren identifizieren. 

Offen bleibt die Frage nach den genauen Mechanismen, durch welche die Zell-Material-

Interaktionen zu zeitlichen Veränderungen im Sekretionsprofil führen. Außerdem muss 

der therapeutische Nutzen eines solchen multimodalen Systems gezeigt werden. Das 

hier vorgeschlagene Konzept könnte zu allgemeineren Stimulom-Modellen synergisti-

scher bzw. antagonistischer Reizinteraktionen erweitert werden. 

 

Abstract 

The sum of different microenvironment stimuli precisely regulates cell phenotype and be-

havior. Synergistic strategies, which make use of this multimodality could be harnessed 

to precisely control functions of therapeutic cells. In this thesis I have established and 

applied a combination of biomaterial encapsulation and mRNA transfection to shape the 

paracrine profile of mesenchymal stromal cells (MSCs), a secretory active cell type shown 

to be safe but not always efficacious in clinical trials.  

To stimulate growth factor secretion through cell-material interactions, MSCs were en-

capsulated in collagen and HA (Col-HA) hydrogel, or control hydrogels made from HA, 

PEG, and gelatin. MSC showed stronger elongation and an expanded growth factor pro-

file in Col-HA with distinct upregulation kinetics for HGF versus VEGF. 

MSCs were transfected with in vitro transcribed mRNA coding for GFP and VEGF using 

lipofectamine. Uridine was substituted by different chemically modified derivates, includ-

ing 5-methoxy-uridine (5moU). Unmodified mRNA triggered a type-I interferon response 

in MSCs and upregulated pro-inflammatory cytokine secretion, while downregulating pro-

angiogenic growth factors. 5moU-mRNA did not trigger a detectable type-I interferon re-

sponse and allowed for prolonged gene overexpression without disturbing the MSC's nat-

ural secretome. 

Finally, a protocol for sequential mRNA transfection and hydrogel encapsulation was de-

veloped. The effects of mRNA transfection on cell-material interactions were evaluated. 

Only 5moU-mRNA, but not unmodified mRNA, allowed for sequential transfection and 

encapsulation with high cell viability and preserved hydrogel-dependent effects on growth 
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factor secretion. Conversely, the effect of cell-matrix adhesion on mRNA transfection was 

investigated by comparing GFP expression and VEGF secretion in Col-HA, which con-

tains integrin ligand motifs, versus a PEG-HA control gel, which does not. In Col-HA, 

MSCs secreted higher levels of mRNA-encoded VEGF than in PEG-HA, but no difference 

in GFP fluorescence was observed, suggesting that secretion, but not translation of 

mRNA-encoded protein is adhesion-sensitive.  

The results show that broad secretome stimulation by cell-material interactions can be 

orthogonally combined with high mRNA overexpression of a selected key factor, to shape 

the MSC secretome on multiple levels. Additionally, we identified a synergy between se-

cretion of targeted mRNA-encoded factors and cell adhesion. Importantly, 5moU-mRNA 

can be used to express a gene of interest while leaving the remaining cellular phenotype 

largely unaffected. 

Open questions include elucidating mechanistic connections between cell-material inter-

actions and the temporal changes in secretion profile, as well as showing a therapeutic 

utility of such a multimodal system. The concept proposed here could be expanded into 

generalized stimulome models of synergies and antagonisms between different cell-in-

structive stimuli. 
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1 Introduction 

1.1  Mesenchymal Stromal/Stem Cells (MSCs) and their therapeutic potential 

Mesenchymal stromal cells or mesenchymal stem cells (MSCs) are fibroblast-shaped ad-

herent cells that can be isolated from a variety of tissues such as bone marrow, adipose 

tissue or perinatal tissues. These cells are characterized by their osteogenic, chondro-

genic and adipogenic differentiation potential and a characteristic surface marker profile. 

The originally proposed paradigm that they promote tissue regeneration directly by differ-

entiation and cell replacement has shifted toward a paracrine mode of action promoting 

endogenous regeneration [1]. MSCs secrete a broad cocktail of angiogenic, immunomod-

ulatory and pro-regenerative growth factors and cytokines, known as the MSC secretome 

[2]. MSCs have shown promise for a variety of regenerative indications, including mus-

culoskeletal, neurological, ischemic and immune disorders in preclinical models and more 

than 1000 clinical trials are registered for MSC-related products. However, while safety 

of MSC transplantation has been demonstrated, the therapeutic efficacy in clinical trials 

is limited [3-5]. Therefore, there is a need for bioengineering strategies that improve 

MSCs' therapeutic potential, specifically the qualitative and quantitative composition of 

their growth factor secretome. 

1.2  Cells as processors of different stimulus modalities 

To improve therapeutic functionality of MSCs, a broad variety of approaches have been 

proposed, ranging from cytokine conditioning during culture or encapsulating the cells in 

a biomaterial to direct genetic modification.  

In coordinated biological processes such as tissue development and repair, cells receive 

different types of stimuli, including contact-dependent signaling through cell-matrix or cell-

cell contacts (which can also transmit mechanical forces), gradients of paracrine factors 

such as growth factors, morphogens or cytokines, and -for some cell types even electrical 

signals. I propose to summarize all biological, chemical and physical stimuli a cell re-

ceives under the term "stimulome" in analogy to the "secretome" or "interactome". Alt-

hough the effects of a single stimulus might be broad and lack selectivity, cells act as 

information processors which summate all synergistic and antagonistic stimuli within their 

stimulome and respond with highly specific phenotype and function (Fig. 1a). In addition, 

direct programming of cell identity and function can be achieved through introduction of 
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nucleic acid like DNA or mRNA into the cell. In contrast to the unselective stimulation by 

external cues, gene transfer allows for overexpression of precisely defined key factors, 

which can drive a biological process. While the high specificity is an important advantage, 

narrow modification of only one or few genes might not be as effective in driving complex 

biological processes without supporting synergistic cues.  

Combining overexpression of a selected key factor in MSCs with the broad stimulatory 

effects of contact-dependent stimuli or cell-material interaction, could result in a multifac-

torial, yet targeted paracrine response (Fig 1b). Furthermore, the two modalities could 

possibly interact with each other through convergent intracellular processing, resulting in 

emergent effects, which favor a multimodal strategy over the different individual ap-

proaches of MSC engineering. 

 

Figure 1: Model of cells as information processing units, own representation. 

(a) Generalized model of the stimulome and its cellular processing: A cell is exposed to a com-

plex microenvironment of multimodal stimuli, i.e. its stimulome (top panel). This multimodal 

input is summated by the cell through a myriad of synergistic and antagonistic pathways (mid-

dle) and results in a complex but determined cellular response toward the cell's stimulome 

(bottom). (b) In this work, a simplified model is investigated experimentally, where MSCs are 

subjected to different biopolymer substrates and allowed to elongate and form cell-cell contacts. 

IVT-mRNA coding for a selected protein is introduced by lipofection (top). Possible synergies 

between matrix-related effects and mRNA expression are investigated (middle). The paracrine 

response (secretome) serves as the main readout (bottom). 
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1.3  Biomaterial-based manipulation of the MSC secretome 

While injecting or implanting the cells in a pre-designed biomaterial microenvironment is 

an emerging strategy to protect the cells from the in vivo microenvironment, retain their 

localization and extend their persistence, biomaterials can also be used to modulate the 

MSC phenotype by providing biologically relevant cues [2].  

The MSC phenotype is regulated by interactions between receptors on the cell surface, 

such as integrins, and adhesion ligands present on extracellular matrix (ECM) compo-

nents or on other cells. Integrins are a family of heterodimeric receptors consisting of an 

α and β subunit, have different ligand specificity and can be targeted for modulation of 

cell adhesion, migration, differentiation, and paracrine signaling. Integrin receptor subu-

nits expressed by MSCs include α1, α3, α5, αV, β1 and β3 and according to some sources 

α2, α5, α6, α7, α10, αIIb, β4 and β5 [6-8]. Bioinert biomaterials, such as polyethylene 

glycol or alginate do not possess ligands for adhesion receptors, such as integrins, and 

are not enzymatically degradable. Biopolymers are often naturally present within the ex-

tracellular matrix, are enzymatically degradable and can be divided into those which pro-

vide cell adhesion sites, such as collagen, gelatin or laminin or those that do not, such as 

hyaluronic acid (HA) [9].  

Type-I collagen in its native form contains the triple-helical motif GxOGER, which binds 

to β1-containing integrins such as α1β1, α2β1 and α10β [10, 11]. Integrin signaling in 

type-1-collagen has been shown to enhance the pro-angiogenic effects of MSCs [12]. 

The denatured and less organized form of collagen, gelatin, interacts primarily with α5β1 

and αvβ3 through the tripeptide sequence RGD [10, 11]. Therefore, despite sharing the 

same amino acid (aa) sequence, cells interact differently with collagen vs gelatin environ-

ments [11, 13]. RGD is also present on vitronectin, fibronectin and other ECM compo-

nents [14]. Laminin, whose microanatomical localization is the basal lamina, has its own 

specific receptors including α3β1, α6β1 and α7β1 [15]. MSCs grown on laminin showed 

an αvβ3-dependent increased secretion of pro-angiogenic factors HGF, IL-8 and CXCL1 

[16].  

Not only the biochemical composition, but also physical cues such as porosity, topogra-

phy and mechanical parameters, contribute to the interface between materials and tis-

sues. Especially porous scaffolds have been shown to promote cell-matrix and cell-cell 

interactions and a stromal, elongated morphology of MSCs which correlate with increased 

growth factor secretion and pro-regenerative capacity [17]. However, scaffolds need to 
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be prefabricated and then seeded with cells, a process which may be difficult to execute 

reliably in a clinical environment. Also, not all scaffolds are injectable, restricting their use 

to applications, where scaffolds can be implanted. Hydrogels, polymer networks which 

swell in aqueous environments, allow for rapid and homogenous cell encapsulation by 

simple mixing. They can be injected in a soluble phase and crosslinked through temper-

ature-, pH- or light-dependent mechanisms, making them attractive carriers for cell deliv-

ery [9, 18]. However, a study which compared MSC encapsulation in an RGD-functional-

ized alginate hydrogel versus microporous scaffold found that the alginate hydrogel im-

paired the MSC paracrine activity, while the porous hydrogel augmented it [17]. This sug-

gests that hydrogels are a valuable tool for MSC delivery only if they provide a sufficient 

density of biologically relevant cues and allow for cell elongation and cell-cell contact 

formation. The combination of injectability, easy handling and favorable interactions with 

cells is a challenge in the engineering of biomaterials for cell delivery. 

1.4  Direct cell manipulation using IVT-mRNA technology 

Beside indirect stimulation of MSCs through cues from the microenvironment, direct ge-

netic modification of MSCs has been suggested to selectively overexpress target genes 

coding for secreted factors, transcription factors or homing receptors [19]. Viral gene 

transfer methods, such as lentiviral or adeno-associated virus or non-viral integrating 

methods, such as transposon are efficient in vivo gene delivery vectors but come with 

several limitations such as cytotoxicity, immunogenicity, and potential disruption of tumor 

suppressor genes by uncontrolled chromosomal integration of transfected DNA frag-

ments [20, 21].The recent success of messenger RNA (mRNA) vaccines against SARS-

CoV2 has showcased in vitro transcribed (IVT)-mRNA as a safe and effective technology 

to express a gene of interest [22]. Using IVT-mRNA for cell manipulation comes with 

important advantages compared to DNA-based methods [23]: Instead of integrating into 

the cell’s genome, mRNA is translated to protein and degraded after a limited amount of 

time. This eliminates any risk for genomic integration and putative genotoxicity. Because 

the nucleus does not need to be reached for translation, the expression is fast, efficient 

and independent of cell cycle. Currently IVT-mRNA has two major limitations: In most 

cases, expression last only hours to a few days, with a distinct peak around 24 h post-

transfection [23]. Prolonging or even tailoring IVT-mRNA expression kinetics to the de-

sired application would make it an even more versatile tool for a variety of indications. 
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The other limitation of IVT-mRNA is its strong immunogenicity, which is related to recog-

nition of exogenous IVT-mRNA by pattern recognition receptors, such as toll like recep-

tors 7 and 8 [24]. The recognition triggers an anti-viral type-I interferon-mediated immune 

response, which has been shown to accelerate mRNA degradation and arrest protein 

translation [25, 26]. While some immune stimulation may be favorable as a vaccine adju-

vant, its consequences on the function of therapeutic cell products, such as MSCs are 

not understood. Use of chemically modified nucleotides, especially uridine derivates, dur-

ing IVT has been shown to modulate the immune response toward mRNA [26-28]. How-

ever, over the years several uridine modifications have been proposed based on experi-

ments with cell lines, which have rarely been compared with each other [27-29]. As such, 

the effects and functional consequences of mRNA nucleotide-modification on the pheno-

type of transfected primary cells, and MSCs in particular, remain poorly understood. 

1.5  Aims of this work 

The aim of this work was to establish two different approaches of cell manipulation and 

explore synergies between them. In this work, the cell manipulation was carried out on 

MSCs as a model cell type to augment their paracrine activity, which is considered their 

therapeutically relevant mode of action. Important criteria for selection of the manipulation 

strategies were (I) potential translatability into a clinically applicable protocol and (II) con-

trolled / minimized side effects on cell fitness and characteristics. For the gene transfer 

strategy this excluded the use of viral or integrating approaches. 

Key research questions within this project included: 

a) designing an injectable hydrogel for favorable stimulation of the MSC secretome 

b) uncoupling the IVT-mRNA immunogenicity from its protein-expressing functional-

ity in MSCs through substitution of uridine with different derivates, thereby mini-

mizing side effects of mRNA-triggered innate immune response 

c) combining the mRNA transfection and biomaterial encapsulation into a protocol 

which minimizes cell stress and is applicable in a clinical setting 

d) investigating synergies between mRNA transfection and biomaterial stimulation as 

a multimodal strategy to orchestrate the MSC secretome (Fig 1b) 
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2 Materials & Methods 

2.1  Mesenchymal stromal cells 

Primary mesenchymal stromal/stem cells (MSCs) from human bone marrow were kindly 

provided by the core facility "Cell and Tissue Harvesting" at the BIH Center for Regener-

ative Therapies (BCRT). MSCs had been isolated from bone marrow biopsies of patients 

undergoing hip replacement at Charité—Universitätsmedizin Berlin, as previously stated 

[16]. Written informed consent was given, and ethics approval was obtained from the local 

ethics committee/ institutional review board of the Charité— Universitätsmedizin Berlin 

(number of approval: EA2/089/20). MSCs obtained from the core facility were seeded in 

tissue culture flasks at a density of at least 1.7x103 cells/cm2 culture surface and ex-

panded in low glucose DMEM supplemented with 10% v/v fetal calf serum (FCS), 1% v/v 

penicillin/streptomycin (both Biochrom AG), and 1% v/v Glutamax (Thermo Fisher Scien-

tific Inc., Waltham, MA) at 37 °C in a humidified 5% CO2 atmosphere. Culture medium 

was changed at least every 2 - 3 days. Cells were passaged around 80% confluence and 

not used for experiments beyond passage 6. Cells were detached from culture plastic 

using trypsin-EDTA (0.04%, 0.03%) or TrypLE select (Thermo Fisher) and either pas-

saged for further expansion or experiments or aliquoted in cryo medium (either Cryo SFM 

from Promocell, Heidelberg, Germany or culture medium with 10% DMSO) for storage. 

After thawing, cells were allowed to adhere for at least 24 h prior before being used for 

experiments. All experiments were performed using primary cells from at least two differ-

ent donors, to monitor for biological variability between donors. 

2.2  Biomaterials and 3D cell culture 

2.2.1 Formulation of Col-HA 

The hydrogels used in this study are all photo-crosslinkable formulations, in which thi-

oethers are formed from thiol- or alkene-functionalized biopolymers through a free-radical 

addition (Fig 2a). This reaction was catalyzed by the radical donator 2-hydroxy-4'-(2-hy-

droxyethoxy)-2-methylpropiophenone (Irgacure 2959; Sigma Aldrich, St. Louis, MO) upon 

UVA irradiation (1 J/cm2). The collagen-HA hydrogel (Col-HA) was prepared from meth-

acrylated type 1 collagen (Advanced Biomatrix, Carlsbad, CA) and hyaluronic acid func-

tionalized with sulfhydryl groups (HyStem; Advanced Biomatrix or Sigma Aldrich, St. 
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Louis, MO). Lyophilized collagen was dissolved in 20 mM acetic acid to a concentration 

of 8 mg/ml. Thiolated HA was dissolved in PBS containing 0.1% (w/v) of Irgacure 2959 to 

a concentration of 10 mg/ml. Collagen was mixed with HA and DMEM or PBS at a ratio 

of 3 : 1 : 2 parts, resulting in final concentrations of 4mg/ml collagen, 1.67mg/ml HA and 

~0.17 mg/ml Irgacure 2959. This hydrogel was based on the collagen-HA bioink first in-

troduced by Mazzocchi et al [30] with identical components formulated at different pro-

portions. Reformulating the hydrogel mix to include a volume of DMEM or PBS allowed 

to incorporate further components within or instead of this volume. Mouse laminin 

(Thermo Fisher) or human plasma fibronectin (Sigma) were functionalized with sulfhydryl 

groups using a protein thiolation kit (Expedeon, Over Cambridgeshire, UK) and included 

in this PBS volume for a final concentration of 0.33 mg/ml.  

 
Figure 2: Col-HA hydrogel and control hydrogels, from Drzeniek et al. 2021 [13] and own rep-

resentation. 

(a) Schematic: thiol-ene reaction between methacrylated type-I collagen and thiolated hyalu-

ronic acid crosslinks the collagen-HA hydrogel (Col-HA) without the need for any additional 

crosslinkers. (b) Overview of comparisons made between Col-HA and controls. Item a from 

Drzeniek et al. 2021 [13], b own representation. 
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2.2.2 Control hydrogels 

The control hydrogel Gel-HA soft, which corresponds to the commonly used HyStem-C 

kit (Sigma Aldrich, St. Louis, MO), was prepared according to the manufacturer’s manual. 

Briefly, thiolated porcine type A gelatin (Gelin-S) and the same HA component as for Col-

HA were dissolved with PBS. Irgacure 2959 was included in the HA aliquot, as described 

above. Since both the gelatin and the HA were functionalized with thiol groups, polyeth-

ylene glycol (PEG) functionalized with acrylate groups had to be used as a crosslinker. 

For the standard HyStem formulation, the linear PEG diacrylate provided with the kit was 

used, resulting in a very soft gel. To match the higher stiffness of Col-HA, 4-arm PEG 

acrylate linkers (2 kDa, 10 kDa, 20 kDa MW; Creative PEGWorks, Durham, NC) at 0.5 

mM (1 mM; 5 mM; 10 mM) concentrations were tested (Tab 1). Elastic modulus of the 

crosslinked hydrogels was assessed through a uniaxial compression test using a Discov-

ery HR-2 (TA Instruments, New Castle, DE). The 20 kDa linker at a concentration of 5 

mM was used to formulate the Gel-HA stiff control gel. To generate a control hydrogel 

which provided a 3D environment but no integrin-mediated adhesion, the methacrylated 

collagen was replaced by PEG diacrylate (PEGDA) solution and mixed with thiolated HA 

solution at a 1 : 4 ratio. 

 

Table 1: Relationship between PEG crosslinker type and concentration and resulting bulk hy-

drogel stiffness in gelatin-HA control gels, adapted from Drzeniek et al. 2021 [13] 

Linker type 
Linear 
PEGDA 
* 

4 arm-
PEG 

4 arm-
PEG 

4 arm-
PEG 

4 arm-
PEG 

4 arm- 
PEG 

4 arm-
PEG  
* 

8 arm-
PEG 

Linker size  
(MW in kDa) 

3.5  2  10  10  10  20  20  20  

Linker arm 
length  
(kDa/n arms) 

1.75  1  2.5  2.5  2.5  5  5  2.5  

Molar 
concentration 
(µmol ml−1) 

2.86  5  1  5  10  0.5  5  0.5  

Mass 
concentration 
(% w/v) 

1 1 1 5 10 1 10 1 

Hydrogel 
stiffness (Pa);  
SD 

6069; 
691 

6180; 
788 

6845; 
1723 

14048; 
1491 

22760;  
429 

8680;  
2766 

28744; 
4724 

6822;  
388 

The two conditions highlighted with an asterisk (*) were used as control hydrogels in this study. SD = 
standard deviation. 
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2.2.3 Cell encapsulation and 3D culture 

MSCs were detached from culture plastic and centrifuged into a pellet at 250-270 x g for 

5-7min. The pellet was resuspended in the respective hydrogel formulation to a cell con-

centration of ~3.5- 5x 106/ ml.10 µl droplets were pipetted and UV-crosslinked into micro-

spheres at a dose of ~1J/ cm2 using a UV-A spot lamp (Dymax, Torrington, CT). The 

microspheres were cultured in 48 well plates (1 microsphere per well) and media were 

changed at least every other day. To determine cell viability, microspheres were stained 

with calcein AM (green; 1:2000) and ethidium homodimer-1 (red; 1:1000) (Thermo Fisher) 

in culture medium at 37 °C for 1-2 h before imaging on a Leica TCS LSI macro-confocal 

microscope (Leica, Wetzlar Germany). Cells were manually counted in Image J to deter-

mine live/dead ratio. Elongation was also quantified from images using the “analyze par-

ticles” function in Image J and expressed as the reciprocal of the circularity value. As a 

complementary method to assess cell viability, activity of caspases 3 and 7 was meas-

ured using the Caspase-Glo 3/7 3D kit, as described below for conventional 2D culture. 

2.3  mRNA 

2.3.1 mRNA synthesis 

For GFP-mRNA synthesis the plasmid vector pRNA2-(A)128 (gift from Stephen Ikeda; 

Addgene plasmid # 174006; RRID:Addgene_174006; http://n2t.net/addgene:174006) 

was used as a template [31]. It consists of a T7 promoter, followed by a short 5′-UTR 

including a multiple cloning site, a Kozak sequence and start codon for translation initia-

tion, an enhanced green fluorescent protein (GFP) coding sequence, a head-to-tail dupli-

cated β-globin 3'-UTR sequence and a 128 bp poly(A) tail sequence. A DNA plasmid 

template for human vascular endothelial growth factor A isoform 165 (VEGF-165) mRNA 

synthesis (Fig 3) was designed in silico using SnapGene (GSL Biotech LLC, Boston, MA). 

The fragment containing the VEGF coding sequence (Tab 2) was ordered from Integrated 

DNA Technologies (Coralville, IA) and cloned into the pRNA2-(A)128 vector using re-

striction endonucleases HindIII and NotI (New England Biolabs, Ipswich, MA) to replace 

the GFP coding sequence. The resulting plasmid and the original plasmid were linearized 

using BaeI and BspMI (NEB) and the resulting overhangs of the BaeI digestion were 

blunted (Quick Blunting kit; NEB). The fragments of the restriction products were sepa-

rated by non-denaturing agarose gel electrophoresis and the gel fragment containing the 

correct DNA template band was cut out with a scalpel for both constructs respectively. 
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The DNA from this fragment was extracted, purified (Gel Clean-up kit; Macherey-Nagel, 

Düren, Germany) and used as a template for in vitro transcription. Synthetic mRNA for 

EGFP and VEGF-165 was transcribed from the purified DNA template using the Tran-

scriptAid T7 High Yield Transcription Kit (Thermo Fisher). The DNA template was mixed 

with ribonucleotides at a concentration of 5 mM and an anti-reverse cap analog and 

mRNA was transcribed by a T7 polymerase within 2-3h at 37°C. GTP was used at a 

concentration of 1.5 mM to increase capping efficiency. To avoid excessive recognition 

of the mRNA by pattern recognition receptors, for some of the mRNA conditions pyrim-

idines in the IVT reaction were completely substituted. Uridine was substituted either by 

pseudouridine (ψ), n1-methyl-pseudouridine (m1ψ) or 5-methoxy-uridine (5moU). For 

some VEGF-mRNA conditions cytidine was replaced by 5-methyl cytidine (5mC; all from 

Jena Bioscience, Jena, Germany).  No post-transcriptional polyadenylation was neces-

sary because the sequence for 128(A) was included in the DNA template. DNA was re-

moved by DNaseI treatment for 20 min and all transcripts were precipitated with lithium 

chloride overnight at −20°C (Thermo Fisher). Upon centrifugation at 18,000 × g at 4°C for 

30 min, IVT products were washed with 70% EtOH, and the air-dried pellets were then 

resuspended in sterile nuclease-free water. mRNA concentration was adjusted to 1 mg/ml 

using UV/Vis-spectroscopy (NanoDrop 1000; Peqlab, Erlangen, Germany).  

Table 2: Coding sequences for enhanced GFP and VEGF, own representation 

Name  Coding sequence Source  

enhanced 
GFP 

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGC
TGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCG
ATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCC
GTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCC
GCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG
CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGC
GCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCA
TCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAAC
AGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTT
CAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAG
CAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGA
GCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCT
GCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG
TAA 

GenBank: 
MN989412.
1 
(https://ww
w.ncbi.nlm.
nih.gov/nuc
core/MN98
9412); [31]  

human VEGF-
A isoform 165 

ATGAACTTTCTGCTGTCTTGGGTGCATTGGAGCCTTGCCTTGCTGCTCTACCTCCAC
CATGCCAAGTGGTCCCAGGCTGCACCCATGGCAGAAGGAGGAGGGCAGAATCATC
ACGAAGTGGTGAAGTTCATGGATGTCTATCAGCGCAGCTACTGCCATCCAATCGAG
ACCCTGGTGGACATCTTCCAGGAGTACCCTGATGAGATCGAGTACATCTTCAAGCC
ATCCTGTGTGCCCCTGATGCGATGCGGGGGCTGCTGCAATGACGAGGGCCTGGAG
TGTGTGCCCACTGAGGAGTCCAACATCACCATGCAGATTATGCGGATCAAACCTCA
CCAAGGCCAGCACATAGGAGAGATGAGCTTCCTACAGCACAACAAATGTGAATGCA
GACCAAAGAAAGATAGAGCAAGACAAGAAAATCCCTGTGGGCCTTGCTCAGAGCGG
AGAAAGCATTTGTTTGTACAAGATCCGCAGACGTGTAAATGTTCCTGCAAAAACACA
GACTCGCGTTGCAAGGCGAGGCAGCTTGAGTTAAACGAACGTACTTGCAGATGTGA
CAAGCCGAGGCGGTGA 

GenBank: 
AB021221.
1 
(https://ww
w.ncbi.nlm.
nih.gov/nuc
core/49963
50); [32] ; 
[33]  
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Figure 3: mRNA synthesis process, own representation 

(a) First, the coding sequence or open reading frame (ORF) is designed in silico and the DNA 

sequence, flanked by restriction sites, is ordered. (b) The new ORF is cloned into the template 

vector containing a T7 promoter. (c) The DNA template is then linearized and used for in vitro 

transcription: A T7 polymerase transcribes the IVT-mRNA from the template sequence, incor-

porating the provided nucleotides and a 5' cap (not shown). Nucleotides can be chemically 

modified derivates of uridine, such as pseudouridine (ψ), n1-methyl-pseudouridine (m1ψ) or 5-

methoxy-uridine (5moU), or the cytidine derivate 5-methyl cytidine (not shown). 

2.3.2 mRNA transfection 

For mRNA transfection, MSCs were cultured until ~80-95% confluence and at least for 

24h before adding mRNA. mRNA was complexed with Lipofectamine MessengerMAX 

(LF; Thermo Fischer) at a ratio of 0.5mg mRNA/ ml LF. First, LF was diluted in OptiMEM 

(Thermo Fischer) according to manufacturer's instructions, vortexed and incubated at RT 

for 10min. Then, mRNA diluted in the same volume of OptiMEM was added gently and 

incubated at RT for another 5-10min. The mRNA-lipoplex solution was added dropwise 

to culture wells. Untransfected cells or cells to which only OptiMEM and LF was added 
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were included as control groups. A series of mRNA concentrations was tested for expres-

sion and cell toxicity and a concentration of 125ng mRNA/ cm2 was selected for experi-

ments, unless indicated otherwise (Fig 4). 

Figure 4: mRNA dose response, from Drzeniek et al. 2023 [34] 

(a) Mean fluorescence intensity of MSCs transfected with different doses of GFP-mRNA per 

culture area. (b) Viability of MSCs transfected with different doses of GFP-mRNA per culture 

area, as measured by DAPI staining and flow cytometry. Both n = 4, two-way ANOVA. **p < 

0.01; ***p < 0.001; ns = not significant. Error bars: SEM. 

 

2.3.3 Evaluation of transfection efficiency, GFP expression and cell viability 

GFP transfected cells were observed using a Nikon Eclipse Ti fluorescence microscope 

(Nikon Instruments Inc., Tokyo, Japan) at different time points post-transfection. To quan-

tify fluorescence and cell viability, cells were detached, resuspended in PBS, stained with 

DAPI (1:1000) and analyzed using flow cytometry (MACSQuant VYB; Miltenyi Biotec, 

Bergisch Gladbach, Germany). Flow cytometry data was analyzed with FlowJo V10 using 

the gating strategy depicted in Fig 5. First, forward scatter (FSC) was plotted against side 

scatter (SSC), then doublets were excluded by plotting FSC-area against FSC-height 

(FSC-A, FSC-H). Dead cells were identified using a DAPI+ negative control and within the 

live population, GFP+ cells quantified in relation to untransfected cells.  
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Figure 5: Exemplary flow cytometry gating strategy, from Drzeniek et al. 2023 [34] supplemen-

tary data 

MSCs were stained with DAPI (1:1000) prior to measurement. Cells were gated for single cells, 

then for DAPI+ (V1-A channel) and for GFP+ (B1-A) channel. Gates for GFP+ and DAPI+ popu-

lations were placed based on negative controls: untransfected cells and unstained ("nodapi") 

cells respectively. Differences in GFP expression intensity can be observed between the three 

exemplary conditions: untransfected MSCs; "nm" = transfected with unmodified mRNA; 

"m1PU" = transfected with n1-methyl-pseudouridine mRNA. 
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VEGF expression was quantified by measuring cell-secreted VEGF in culture superna-

tants, as described below. To assess how mRNA-lipoplex incubation time reduced trans-

fection efficacy of exposed cells, the mRNA-lipoplexes were removed at the indicated 

timepoints with two additional washing steps using warm medium, ensuring complete re-

moval of the mRNA. GFP expression was quantified 24 h after the lipoplexes were added. 

2.3.4 Metabolic activity and caspase activity of transfected cells 

Metabolic activity of MSCs was quantified using the resazurin-based PrestoBlue cell 

viability kit (Thermo Fisher) on days 0, 1 and 5 post mRNA-transfection. Cells were 

incubated in a 1:10 ratio of reagent : culture medium at 37 °C. After 1h fluorescence was 

measured using a fluorescent plate reader (Tecan, Männedorf, Switzerland).  

Activity of caspases 3 and 7 was measured using the Caspase-Glo 3/7 kit for 2D culture 

(Promega, Madison, WI). Cells were incubated in a 1:2 mix of reagent and culture medium 

for 1 h at room temperature (RT). The reagent mix was transferred to an appropriate 

imaging plate and luminescence was measured with a GloMax luminometer (Promega). 

Because this method is also affected by absolute cell count / well which could vary slightly 

between experiments, activity was expressed relative to the value obtained for the un-

treated control group. 

2.4  Protein detection 

2.4.1 ELISA 

Cell culture supernatants were collected from MSC culture at different timepoints post-

transfection and MSC-conditioned media were stored at −80 °C until analysis. Uncondi-

tioned but fully supplemented culture media samples from the same respective experi-

ments were also stored and used as a blank or negative control. Hepatocyte growth factor 

(HGF), vascular endothelial growth factor (VEGF) and interferon-β (IFN-β) secreted by 

MSCs were quantified using enzyme-linked immunosorbent assays (ELISA; all R&D Sys-

tems, Minneapolis, MN) according to the manufacturer's instructions.  

2.4.2 Secretome profiling 

To understand changes in the paracrine activity of MSCs in response to different hydro-

gels or to different mRNA chemistry, concentrations of 266 proteins in the MSC culture 

supernatant were measured using an Olink Target 96 proximity extension assay (Olink 
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Bioscience, Uppsala, Sweden). Cell culture supernatants were shipped on dry ice to Upp-

sala and measurements were carried out by the company. Details on this technology, 

including detection limits, validation data and reproducibility can be found on the 

company's website (www.olink.com/downloads). Briefly, samples are mixed with a 

proprietary mix of cytokine-specific antibodies barcoded with DNA oligonucleotides. 

When two distinct specific antibody probes bind an analyte, the DNA barcodes anneal via 

complementary sequences. This forms the basis for an amplicon which is then quantified 

by RT-PCR. Measurement results were received as relative concentration values, ex-

pressed in normalized protein expression (NPX) units. An analyte was considered 

detected if more than three samples in any group had NPX values exceeding its limit of 

detection (LOD). The latter was defined as the larger of either the LOD defined by the 

manufacturer or the LOD estimated from our own negative controls (blank medium 

measurements) plus three standard deviations. Analyses were performed using R version 

4.0.2 or 4.1.1. Heatmaps were generated with the ComplexHeatmap package. The assay 

was carried out in quadruplicates for Fig 7 and in triplicates for Fig 8. Two replicates were 

culture supernatants from the same cell donor and the third (and fourth) replicate was 

derived from cells of a different donor. 

2.5 Statistical analysis and data visualization 

Levels of statistical significance were set at ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Statistical 

analysis was carried out in GraphPad Prism 9.0 (GraphPad Software Inc., USA) and R 

version 4.0.2 or 4.1.1. One or two-way ANOVA with an appropriate post-hoc test or a 

mixed-effects analysis (if values were missing) was used to test for significant differences 

between groups (details in figure legends). Values are depicted as mean ± standard 

deviation (SD) or standard error of the mean (SEM), as indicated in figure legends. Sche-

matics were created using Biorender.com.
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3. Main results 

I am showing data from two publications (Drzeniek et al. 2021 [13]) and Drzeniek et al. 

2023 [34]) side by side. Taken out of context the figure items may differ slightly in their 

visual style and sometimes in the controls or comparisons used in the two respective 

studies. In some cases, I have changed the visualization of the data to better fit the over-

arching narrative of this dissertation and address research questions, which overarch 

both publications. 

3.1  Photo-crosslinkable collagen-HA hydrogel supports viability and elongation 
of MSCs 

A photo-crosslinkable hydrogel consisting of methacrylated type-I collagen and thiolated 

hyaluronic acid (Col-HA) was compared against a softer and a stiffness-matched variant 

of an industry standard gelatin-HA-PEG (Gel-HA soft and stiff) hydrogel kit [13] or against 

a hydrogel, where the thiolated HA was crosslinked by PEG-acrylate instead of methac-

rylated collagen [34] (Fig 2b; details in section 2 Materials & Methods). All hydrogels could 

be photo-crosslinked using UVA light and transitioned from an aqueous phase, in which 

cells could be resuspended and injected through a syringe, to a gel phase in which the 

hydrogel disk could be held with forceps (Fig 6a). Upon encapsulation and 3D culture, 

MSCs showed excellent viability in Col-HA for 10 days and slightly lower viability in all 

tested control hydrogels (Fig 6b). Only in Col-HA did the MSCs assume a stromal mor-

phology and potentially establish cell-cell contacts. Elongation was usually observable 

from day 4 post-encapsulation, with variations between cell donors. In contrast, in the 

control hydrogels, the cells remained round and isolated (Fig 6c).  
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Figure 6: The Col-HA hydrogel promotes viability and stromal morphology of MSCs, adapted 

from Drzeniek et al. 2021 [13] and Drzeniek et al. 2023 [34] 

(a) Pictures of Col-HA before and after crosslinking. (b) MSC viability in Col-HA: (I) viability over 

10 days post-encapsulation. n = 16. (II) viability in Col-HA vs. PEG-HA on days 1 and 4. n=8, 

two-way ANOVA. (III) viability in different hydrogel conditions on day 7. n ≥ 3, one-way ANOVA. 

(c) MSC morphology in hydrogels across different projects: longitudinal observation of MSC 

morphology in Col-HA (I, blue frame). MSC morphology on day 4 in Col-HA vs. PEG-HA (II, 

orange frame). Morphology on day 7 in Col-HA vs. Gel-HA soft (= conventional HyStem proto-

col) and Gel-HA stiff (= stiffness matches Col-HA; III, magenta frame). Green = calcein AM in 

(I, III) or GFP in (II), red = ethidium homodimer. Scale bar = 250 μm, picture fragments = 200 

μm. (IV) quantified elongation of MSCs over 10 days. n = 8, two-way ANOVA. (V) quantified 

elongation in different hydrogels. n ≥ 3, one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; 

ns = not significant. Error bars: SEM. Items b (I), (II), c (II), (IV) data from Drzeniek et al. 2023 
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[34]. Items a, b (III), c (III), (V) from Drzeniek et al. 2021 [13]; c (I) modified from Drzeniek et al. 

2023 [34]. 

3.2  Encapsulation in Col-HA hydrogel expands the MSC secretome in an adhe-
sion-sensitive manner 

Seven days after encapsulation and 3D culture, MSCs in the Col-HA hydrogels secreted 

increased levels of several proteins compared to MSCs cultured on tissue culture plastic 

(TCP) or in Gel-HA with lower (soft) or matched (stiff) bulk stiffness (Fig 7a). These pro-

teins included angiogenic, neuro-regenerative and immune modulatory mediators. The 

secretome of MSCs in Gel-HA soft showed more similarity with the Col-HA group than 

with the 2D TCP group. Functionalization of the collagen-HA gel with a small amount of 

thiolated laminin or fibronectin did not result in any qualitative changes in the secretome 

pattern of encapsulated MSCs. 

To elucidate the temporal aspect of the observed effects, MSCs were cultured in Col-HA 

for 10 days and the secretion of two surrogate markers, HGF and VEGF, was measured 

on days 1, 4, 7 and 10 (Fig 7b). HGF secretion increased within the first 4 days and 

remained above initial levels for the remaining days. Interestingly, VEGF levels did not 

significantly change throughout the observation period. 

To investigate whether the effects of collagen-HA were dependent on the presence of 

integrin motifs for cell adhesion, PEG-HA was used as a control hydrogel which provides 

a 3D culture environment but no integrin ligands, instead of the gelatin-containing Gel-

HA. MSCs were cultured in both hydrogels side by side and the levels of VEGF and HGF 

were measured on 4 consecutive days (Fig 7c). Again, VEGF levels remained constant 

but were higher in the collagen-HA group. HGF levels in the collagen-HA group showed 

a steady increase over 4 days as observed before. In the PEG-HA group, an increase in 

HGF secretion was also present, albeit much lower than for Col-HA. 
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Figure 7: The Col-HA hydrogel promotes growth factor secretion from MSCs, adapted from 

Drzeniek et al. 2021 [13] and Drzeniek et al. 2023 [34] 

(a) Secretome profiles of MSCs cultured in Col-HA versus other conditions. Analysis includes 

proteins related to angiogenesis, neuroprotection/regeneration, immune response, homeosta-

sis and ECM remodeling. The color brightness indicates the relative concentration of an analyte 

in an experimental group, compared to the mean value for this analyte across all groups. n=4. 

(b) Longitudinal measurement of HGF (I) and VEGF (II) secretion from MSCs cultured in Col-

HA. n = 8 and 4 respectively, repeated measures one-way ANOVA. Significance shown in re-

lation to d1. (c) Secretion of HGF (I) and VEGF (II) in Col-HA (black triangles; cell adhesion) 

versus PEG-HA (grey circles; no cell adhesion) at early timepoints post-encapsulation. n = 12 

and 11 respectively, two-way ANOVA. **p < 0.01; ***p < 0.001; ns = not significant. Error bars: 

SEM. Item a from Drzeniek et al. 2021 [13]. Items b and c altered representation based on data 

from Drzeniek et al. 2023 [34]. 
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3.3  Chemical nucleotide modification in IVT-mRNA affects expression kinetics 
and cell viability 

IVT-mRNA coding for GFP was transcribed in vitro using uridine (U) or substituting it with 

pseudouridine (ψ), n1-methyl-pseudouridine (m1ψ) or 5-methoxy-uridine (5moU). Trans-

fection of MSCs resulted in high transfection efficacy for all mRNAs. However, cell fluo-

rescence intensity (MFI) and kinetics thereof were different between mRNA groups (Fig 

8a). ψ-mRNA was not significantly different from U and both groups showed a rapid de-

cline in GFP signal after peak fluorescence at day 1. m1ψ-MRNA yielded the highest 

peak fluorescence, which also declined rapidly. 5moU-mRNA yielded slightly lower initial 

fluorescence than m1ψ but maintained the highest GFP signal at days 4 and 7 post-

transfection, resulting in a different expression kinetic than all other groups. 

IVT-mRNA did not affect cell viability, except U-mRNA. This was also reflected in caspase 

activity, which was only elevated in U-mRNA-transfected MSCs but became elevated also 

for ψ-mRNA at a 4-fold higher mRNA dose (Fig 8b). Proliferation was impaired in U- and 

ψ-mRNA groups but not in m1ψ- and 5moU, as quantified by change in mitochondrial 

metabolic activity (Fig 8c).  

3.4  Replacement of uridine with 5moU reduces the immune response triggered 
by IVT-mRNA and its side effects on MSC paracrine activity 

The anti-viral mediator interferon-β (IFN- β) was secreted in high amounts by U-mRNA 

transfected MSCs and was detectable in all other mRNA groups except for 5moU-mRNA 

(Fig 8d), implicating an innate immune response against those IVT-mRNAs. To under-

stand the consequences of this immune response on therapeutically relevant functions of 

MSCs, changes in the paracrine response in cells transfected with U-mRNA versus 

5moU-mRNA were investigated (Fig 8e). U-mRNA transfected cells secreted higher lev-

els of pro-inflammatory cytokines and eukaryotic translation initiation factor 4E-binding 

protein 1 (4E-BP1) compared to untreated cells. Pro-angiogenic growth factors like 

VEGF, HGF or angiopoietin 1 (ANGPT1) were secreted less from U-mRNA transfected 

MSCs. 5moU-mRNA transfected cells clustered with untreated cells and did not show any 

discernible secretome pattern shifts.  
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Figure 8: Nucleotide-modification of mRNA prolongs expression and minimizes cellular immune 

response, from Drzeniek et al. 2023 [34] 

(a) Transfection efficacy (I) and fluorescence intensity (II) after transfection of MSCs with dif-

ferently nucleotide-modified GFP mRNA. n = 4, two-way ANOVA. (b) Cell viability measured 

by DAPI staining and flow cytometry (I) and caspase activity (II) after transfection of MSCs with 

differently uridine-modified mRNA. n = 4 and 6 respectively, one-way ANOVA. Significance 

shown in relation to untransfected. (c) Changes in metabolic activity of MSCs. n = 4, two-way 

ANOVA. Significance shown in relation to day 0, unless indicated otherwise. (d) Interferon-β 

secretion 24h post-transfection. n=4, one-way ANOVA. (e) Semiquantitative array of MSC-se-

creted factors at 24h. The color red (=high) or blue (=low) indicates the relative concentration 

of an analyte in a sample, compared to the mean value for this analyte across all samples. n=3 
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per group. Symbols and color code in (a II) relate to all items in this figure. **p < 0.01; ***p < 

0.001; ns = not significant, n.d. = not detected. Error bars: SEM. 

3.5  Cell-material interactions are not affected by transfection with modified IVT-
mRNA 

To investigate whether the material-mediated effects on MSCs (3.1., 3.2.) are affected by 

mRNA-transfection, the phenotype of transfected and untransfected cells encapsulated 

in Col-HA was compared. VEGF-mRNA modified with 5moU and 5mC nucleotides was 

used as an "immuno-engineered" mRNA (IE-mRNA), while U and C containing mRNA 

(U-mRNA) was included as a control. 

MSCs could be detached and encapsulated as early as 1h post-transfection. This short 

incubation with mRNA was sufficient to preserve an acceptable transfection efficacy of > 

33% (Fig 9a). Cell viability in Col-HA was not affected by transfection with IE-mRNA, 

although caspase activity was slightly higher compared to untransfected cells. U-mRNA 

transfected cells did not tolerate encapsulation, as viability was < 50% and caspase ac-

tivity was increased > 10-fold (Fig 9b). Morphology and elongation of live cells was not 

affected by any mRNA (Fig 9c). U-mRNA treated cells secreted barely detectable levels 

of HGF. Adhesion-sensitive increase in HGF secretion was comparable between IE-

mRNA transfected cells and untreated cells. Both groups responded very similarly to cul-

ture in Col-HA versus PEG-HA (Fig 9d). 
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Figure 9: mRNA transfection can be combined with hydrogel encapsulation without disturbing 

cell-material interactions, from Drzeniek et al. 2023 [34] 

(a) Relationship between transfection efficacy and incubation time of mRNA lipoplexes on MSC 

layer. n = 4. (b) Cell viability (I) and caspase Morphology (I) and quantified elongation (II) of 

mRNA-transfected and untransfected MSCs in Col-HA. n = 4, mixed effect analysis. Signifi-

cance shown in relation to day 1. n = 8. (d) HGF activity (II) of mRNA-transfected and untrans-

fected MSCs in Col-HA. n = 16 and 10 respectively. (c) secretion in Col-HA (I) or Col-HA versus 

PEG-HA (II) from untransfected versus mRNA-transfected cells. Teal and grey colors represent 

Col-HA and PEG-HA respectively. n = 8 and 12 respectively, two-way ANOVA. Color code in 

(b II) relates to all items in this figure, if applicable: untransfected = black triangles, U-mRNA = 

red triangles, IE-mRNA = green circles. **p < 0.01; ***p < 0.001. n.d. not detected. Error bars: 

SD. Item a published as supplementary material to Drzeniek et al. 2023 [34]. 

3.6  Secretion of IVT-mRNA encoded protein is modulated by cell-material interac-
tions 

Next, it was investigated whether the expression or secretion of IVT-mRNA-encoded pro-

tein is affected by different biomaterial microenvironments. MSCs transfected with GFP-

mRNA and cultured in Col-HA versus PEG-HA did not show any observable difference in 

fluorescence intensity, implicating that protein expression per se was not sensitive to cell 

adhesion (Fig 10a).  

To evaluate the influence of cell adhesion on protein secretion, MSCs were transfected 

with the unmodified or immuno-engineered VEGF-mRNA, encapsulated in Col-HA after 

1h and cultured for 10 days. Increased levels of VEGF were secreted from IE-mRNA 

transfected cells for 8 days, but secretion kinetics were not qualitatively different from 

MSCs in TCP culture (Fig 10b). However, in direct comparison with the PEG-HA control 

hydrogel which lacks integrin adhesion motifs, VEGF secretion from VEGF-transfected 

cells was 4-fold higher in Col-HA (Fig 10c).  
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Figure 10: Cell-material interactions increase the secretion of mRNA-encoded growth factor, 

from Drzeniek et al. 2023 [34] 

(a) GFP fluorescence of mRNA-transfected cells in Col-HA vs PEG-HA. (b) Comparison of 

VEGF secretion kinetics from VEGF-mRNA transfected MSCs cultured on TCP (I) versus in 

Col-HA (II). n = 4. (c). Secretion of naturally transcribed (circles) and IVT-mRNA-encoded (tri-

angles) VEGF in Col-HA (teal) versus PEG-HA (grey). n = 11, two-way ANOVA. *p<0.05; **p < 

0.01, n.d. not detected. Error bars: SD. Item a only published as supplementary material to 

Drzeniek et al. 2023 [34].  
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4. Discussion and conclusion 

To discuss the results presented within my thesis and the two publications it is based 

upon, I chose the plural form i.e., "our results" or "we measured" in recognition of the 

team effort behind each project. My contributions to the publications are specified below 

and in the publications themselves. 

4.1  Interpretation 

In this thesis I have investigated two methods of cell engineering: cell-material-interac-

tions and transient gene expression in MSCs as a model system for multimodal control 

of cellular phenotype.  

MSCs were cultured in different biopolymer hydrogels to investigate whether the Col-HA 

hydrogel would induce a different cellular phenotype compared to a commercially availa-

ble standard 3D culture hydrogel composed of gelatin, HA and PEG (Gel-HA soft). Ini-

tially, we observed that MSCs in the Col-HA hydrogel had slightly higher viability and 

elongated faster and stronger than in Gel-HA (Fig 6). Based on my colleagues' previous 

work [17], I hypothesized that stronger elongation in Col-HA would correlate with stronger 

growth factor secretion. This was was confirmed (Fig 7a), although the differences be-

tween MSCs in hydrogels versus on tissue culture plastic were more pronounced than 

differences between Col-HA and Gel-HA soft. Surprisingly, the stiffness-matched control 

Gel-HA stiff resulted in the lowest growth factor secretion among all groups (Fig 7a), 

which suggests that the effects of Col-HA compared to Gel-HA soft did not stem primarily 

from a difference in bulk modulus. It could also mean that the higher proportion of bioinert 

PEG component in Gel-HA stiff impaired cell-material interactions. Here we saw an ad-

vantageous feature of Col-HA, which consists of functionalized collagen and HA and does 

not require any additional components for photo-crosslinking.  

To follow up on the relationship between cell morphology and secretome, in our second 

study (Drzeniek et al. 2023 [34]), we measured HGF and VEGF as surrogate markers for 

the proangiogenic secretome over the course of 10 days and compared with the cell elon-

gation which occurred over time in Col-HA. While HGF secretion increased within the first 

4 days post-encapsulation as cells elongated, to our surprise VEGF did not show any 

increase over time (Fig 7b) but was higher in Col-HA than in PEG-HA already on d1 (Fig 
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7c). This suggests that while HGF secretion seems to be indeed dependent on cell elon-

gation or on cell-cell contacts forming as a consequence of this elongation, VEGF secre-

tion is rather sensitive to cell-matrix adhesion, which occurs within the first 24h.  

The material-mediated secretome shifts we observed were of a rather broad nature and 

we were interested in overexpressing a selected key factor using mRNA to shape the 

MSC secretome in a more defined direction, such as VEGF for angiogenesis. Transfec-

tion of MSCs using mRNA complexed with Lipofectamine yielded >60% transfected cells 

and a cell viability >90% (Fig 8a, b) 24h post-transfection. Because the short expression 

window of unmodified IVT-mRNA and the cellular immune response it triggers upon 

recognition pose critical limitations to its application, we used three different uridine deri-

vates to fully replace uridine in the IVT process and observed an increased or prolonged 

GFP expression and reduced anti-viral interferon response for m1ψ and 5moU compared 

to U-containing mRNA (Fig 8a, d). We were interested in how this would be reflected in 

the MSC paracrine profile. Secretome measurement and our subsequent analysis re-

vealed that U-mRNA stimulated the secretion of pro-inflammatory mediators and reduced 

the secretion of pro-angiogenic growth factors. 5moU-mRNA transfected MSCs clustered 

with untransfected controls, showing a minimal footprint of the IVT-mRNA on cellular 

function and phenotype (Fig 8e). The fact that the translation repressor 4E-BP1 was up-

regulated in U-mRNA transfected cells could represent a mechanistic link between the 

anti-viral response and the reduced production of growth factors and of mRNA-encoded 

protein. The results obtained with GFP-mRNA were confirmed using VEGF-encoding 

mRNA (in Drzeniek et al. 2023 [34], not shown here) and demonstrate that the cellular 

responses triggered by IVT-mRNA with different nucleotide chemistries are comparable 

between different sequences and represent an additional level of cell modulation, which 

can be uncoupled from the mRNA's protein coding function. 

Having identified 5moU-mRNA as a low-footprint tool for gene overexpression, we sought 

to combine the selective overexpression of VEGF with the material-mediated pro-angio-

genic secretome stimulation of Col-HA. We observed a moderate increase in caspase 

activity but no reduction of live:dead cell ratio or of elongation in encapsulated 5moU-

mRNA transfected cells (Fig 9b,c). Natural HGF secretion was also comparable to and 

followed a similar kinetic as for untransfected cells (Fig 9d). In contrast, U-mRNA trans-

fected cells showed poor viability <50% and minimal HGF secretion after encapsulation, 

implicating that U-mRNA reduced the cells' resilience and ability to adapt to a new micro-

environment. However, viable cells in the U-mRNA group elongated strongly (Fig. 9c). 
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Given the low transfection rate of <40% after 1h of mRNA exposure (Fig 9a) and the 

barely detectable HGF secretion it is probable that those cells within the U-mRNA treated 

samples which elongated were not transfected, while most of the cells which were really 

transfected died. Together these results indicate that only minimally immunogenic mRNA 

can be used as a building block in tissue engineering, as it does not negatively impact 

cell viability and cell-material interactions.  

Conversely, we were curious if the cell-material-interactions would impact the mRNA ex-

pression of VEGF. In Col-HA, VEGF secretion from 5moU-mRNA transfected MSCs re-

mained above baseline levels for 8 days, displaying a very similar kinetic to transfected 

MSCs on culture plastic (Fig 10b), which means that the Col-HA gel did not qualitatively 

change the expression kinetics. However, a quantitative increase in VEGF-secretion was 

revealed when Gel-HA was compared against the PEG-HA control. This shows that the 

presence of integrin adhesion motifs increases the secretion of VEGF, regardless of 

whether it is naturally expressed or overexpressed at the mRNA level. Because fluores-

cence levels of GFP transfected MSCs in both hydrogels were comparable (Fig 10a), we 

conclude that secretion, but not translation of mRNA-encoded protein is affected by the 

substrate.  

The combination of biomaterial encapsulation and mRNA transfection is synergistic, in-

sofar as the mRNA sequence determines precisely which protein is to be overexpressed, 

while the material composition determines how much of that protein is secreted and what 

other proteins are also secreted by the cells, thereby possible resulting in additional syn-

ergisms on a bioactivity level. This finding also has implications for locally administered 

mRNA drugs in general, the effect of which would be modulated by the microenvironment 

of the transfected cells. 

4.2  Comparison to other studies 

Many published studies investigate secretome engineering of MSCs using biomaterials, 

as reviewed by Wechsler et al [2]. Previous work in this direction conducted by colleagues 

at our institute revealed that an important advantage of a lyophilized, RGD-functionalized 

alginate scaffold, compared to a hydrogel of the same biochemical composition, was the 

stronger facilitation of MSC elongation and cell-cell contact formation in the scaffold. This 

resulted in stronger paracrine activity compared to the alginate hydrogel, in which the 

MSCs remained round and isolated [17], which is consistent with the key result of this 
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thesis, that in Col-HA, which promoted their elongation, MSCs secreted an expanded 

growth factor profile. In contrast to my colleagues’ previous work, who had to implant their 

scaffold surgically, all hydrogels used in my thesis projects are injectable and easy to mix 

homogenously with MSCs by pipetting, while still providing an environment which pro-

motes MSC adhesion, elongation, and augmented growth factor secretion. 

The favorable effect of type-I collagen on MSC growth factor secretion has also been 

recently demonstrated by Thomas et al [12]. They also showed that this effect was medi-

ated by integrin receptors, which were upregulated on MSCs during culture in collagen. 

While we did not explicitly investigate the integrin-specificity behind our cell-material in-

teractions, this mechanism would explain the differences in secretome pattern between 

hydrogels with versus without collagen. In contrast to Thomas et al. our collagen formu-

lation is photo-crosslinkable and we compared it with other biopolymer hydrogels, such 

as gelatin-based and HA-based hydrogels to show that not any gel, but especially the 

collagen-I containing one, promotes strong secretion of regenerative growth factors. 

A comparison between gelatin and collagen as culture substrates has also been carried 

out by Davidenko et al [11]. The authors proposed that although collagen and gelatin 

share the same amino acid sequence, their different tertiary structure results in different 

availability of RGD (on gelatin) versus GxOGER (on collagen) motifs, which engage dif-

ferent integrins respectively. Our comparison of collagen and gelatin-based hydrogels fits 

well with this model, although the mechanistic link between differences in secretome and 

differences in substrate integrin specificity alone was not entirely clarified in our study, as 

discussed below in the limitations section. 

IVT-mRNA has been previously used in several other studies to overexpress selected 

genes in MSCs. Among those studies, the first and most influential one was published in 

2013 by Levy and colleagues [29]. Here, IL-10 and a homing receptor were encoded as 

IVT-mRNA and introduced into MSCs. Although this study showed important proof of 

concept, it was conducted using early-stage mRNA technology and remained without fol-

low up for many years. For instance, Levy et al. used ψ-modified mRNA, which performed 

only slightly better than unmodified mRNA in our experiments. In contrast, our study in-

cluded the more recently proposed uridine derivates m1ψ [27] and 5moU [28], the former 

of which was used in Moderna's and BioNTech's SARS-CoV2 vaccines [35]. Importantly 

and in contrast to Levy et al., our study focused not only on demonstrating successful 

expression, but rather on characterizing the side effects that mRNA with different syn-

thetic nucleotide chemistries can cause in transfected cells. As mRNA technology has 
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recently evolved into a new mature drug class with a variety of potential applications, such 

a focus on characterization and safety seemed of great translational importance to us. 

Recently, there seems to be a growing appreciation for the concept that phenotypic plas-

ticity of cell therapeutics and tissue engineered products can be harnessed most effec-

tively by simultaneously controlling multiple levels of the complex information that a cell 

receives. The concept of multiplexing cell instructive cues for tighter control of cell function 

has been very recently suggested for cell therapies in a review article by Lim [36] and 

demonstrated also recently for tissue engineering by Kit-Anan et al., who have multi-

plexed topography or shape and mechanical cues to control the phenotype of cardiomy-

ocytes, following a rational very similar to ours [37]. Multimodal cell-instructive strategies 

have also been extensively studied in a slightly different context for nerve guidance chan-

nel implants, where combinations of optimized adhesion molecules, channel microstruc-

ture, trophic and chemotactic molecules, as well as electrical stimulation or substrate con-

ductivity are often required to effectively promote regeneration of axons in transected 

peripheral nerves [38]. Finally, the relationship between genetic engineering and cell cul-

ture substrate / microenvironment has been investigated in the past for DNA transfection 

[39, 40], but to the best of our knowledge we first explored it for state-of-the-art IVT mRNA 

transfection.  

4.3 Strengths and limitations 

A strength of this work is that the two publications build well upon one another and lead 

to many new questions, which would be exciting to address. The results from Drzeniek et 

al. 2023 [34] addressed questions posed by the initial comparison between Col-HA and 

the industry standard control gel in Drzeniek et al. 2021 [13], such as the temporal dy-

namics of growth factor upregulation or comparison with a gel completely devoid of integ-

rin adhesion ligands, as stated above in section 4.1. However, the results obtained thus 

far, do not allow to pinpoint which specific (integrin) receptor mediates the effects ob-

served for Col-HA, Gel-HA and PEG-HA. Nor can we say with certainty to which extent 

the differences observed between Col-HA and Gel-HA can be attributed to the different 

integrin specificity of type I collagen versus gelatin, as opposed to other possible variables 

such as PEG content, crosslinking mechanism or internal structure (cf 4.2).  

Addressing these two questions would require for instance presenting recombinant integ-

rin ligands, such as the RGD or GxOGER motifs in an otherwise neutral, bioinert and 
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consistent environment. The difficulty here is always to create biomaterial controls which 

are different in only one variable but truly identical in all other aspects such as biochemical 

composition, crosslinking mechanism, modulus, internal structure etc.  

It should be noted that although PEG-HA hydrogel was used as a negative control for cell 

adhesion, some cell types, especially immune cells, can bind to HA through CD44 [41, 

42]. However, HA is not an integrin ligand, and we did not observe any elongation of 

MSCs in PEG-HA, which is why we chose it as a negative control condition to study the 

relationship between elongation and growth factor secretion. The interaction through 

CD44 is especially important for immune cells and although a role for CD44 in MSC biol-

ogy has been proposed in specific scenarios, such as engineered CD44 with altered lig-

and specificity or for CD44-expressing MSC cell lines [43-45], there is no strong consen-

sus on the expression and the role of CD44 in primary human MSCs.  

The concept of understanding and using the multiplicity of cell-instructive cues is quite 

general, but in this dissertation only one cell type was used to multiplex material effects 

with transfection. Further investigations with more cell types and better-defined receptor 

ligands would be necessary to build a systematic understanding of the cellular stimulome. 

It should be noted that the concept proposed here is reductionist in nature and to what 

extent it can be used to understand emergent cellular behavior is debatable, although this 

critique could in principle be extended to most if not all mechanistic investigations in cell 

biology. 

Finally, although this work was driven also by translational aims, we have not yet studied 

the therapeutic use of the proposed system. Col-HA has been developed here as a po-

tential delivery vehicle for MSCs, yet its injectability has only been shown by passing it 

through a syringe and its in vivo performance has not been characterized to date. These 

steps, although very important, lie outside the scope of my dissertation. 

4.4  Outlook 

In the early days of regenerative medicine, a lot of hope was placed in simple, mono-

factorial approaches, such as the systemic administration of a single key growth factor. 

With a growing understanding of cellular self-organization, however, these approaches 

were updated with the notion that regenerative processes are orchestrated by spatiotem-

poral cascades of stimuli. Cell therapies play a central role in this concept as they are 

able to both dynamically adapt to their spatiotemporally specific microenvironment and 
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respond in a complex, multifactorial manner. It is this capability to integrate and sum dif-

ferent modalities of external stimuli and the hypothesized synergisms between said stim-

uli, which lie at the conceptual center of this work. Although a strongly simplified model 

was used here, the growing understanding of how cell biology can be controlled effec-

tively through complementary techniques could lead to new categories of multifactorial 

therapies.  

The mechanistic link between observed cell-material interactions and changes in cell phe-

notype could be further elucidated for example using chemically defined hydrogels with 

recombinant receptor ligands. Chemically defined hydrogels offer two advantages com-

pared to the naturally derived hydrogel substrates used here: first, characterization and 

batch-to-batch consistency are far easier to control in chemically defined and recombi-

nant components, which could be an advantage in clinical translation. Second, a reduc-

tionist investigation of selected, isolated cues can be implemented in a more controlled 

environment, as also discussed in 4.3. 

An interesting follow-up would also be to investigate the suspected dependency of VEGF 

and HGF secretion on cell-matrix contact versus cell-cell contact respectively. We are 

currently investigating this by reducing the cell density in hydrogels and using anti-N-

cadherin antibody to prevent cell-cell contact formation in Col-HA. 

More classes of stimuli, such as topographical cues or electrical stimulation and additional 

readouts such as migration studies, transcriptomics and other omics could be investi-

gated to form a generalized understanding of how the stimulome is processed by cells. 

More classes of stimuli, such as topographical cues or electrical stimulation and additional 

readouts such as migration studies, transcriptomics and other omics could be investi-

gated to form a generalized understanding of how the stimulome is processed by cells. 

While this work has addressed some current limitations of mRNA drugs, important further 

development could include controlled-release strategies for mRNA transfection com-

plexes to control their pharmacokinetics, in situ transfection with controlled biodistribution 

rather the in vitro transfection shown here, and in an even bigger picture the stability, 

storage, scalability and affordability of mRNA drugs. 

Importantly, the therapeutic use of the proposed mRNA transfection and material encap-

sulation should be investigated in an appropriate disease model, such as revasculariza-

tion of ischemic tissue or orchestration of regenerative cascades, which could benefit 

from a complex input rather than a traditional mono-therapeutic approach.
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Rücksprache mit Herrn Drzeniek ausgewertet und visualisiert wurden. 
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Rank Full Journal Title Total Cites Journal Impact 
Factor Eigenfactor Score 

1 Nature Biomedical 
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Biomedical Engineering 4,698 15.541 0.004880 

3 MEDICAL IMAGE 
ANALYSIS 9,028 11.148 0.017100 

4 BIOMATERIALS 108,070 10.317 0.089110 

5 Bioactive Materials 859 8.724 0.001650 

6 Biofabrication 4,311 8.213 0.007470 

7 Advanced Healthcare 
Materials 11,883 7.367 0.027520 

8 Acta Biomaterialia 39,268 7.242 0.050720 

9 npj Regenerative 
Medicine 417 7.021 0.001630 

10 IEEE TRANSACTIONS 
ON MEDICAL IMAGING 21,657 6.685 0.030060 

11 Bioengineering & 
Translational Medicine 595 6.091 0.001660 

12 Photoacoustics 715 5.870 0.001760 

13 Tissue Engineering Part 
B-Reviews 3,603 5.724 0.004190 

14 
IEEE TRANSACTIONS 

ON BIOMEDICAL 
ENGINEERING 

23,928 4.424 0.021150 

15 
ARTIFICIAL 

INTELLIGENCE IN 
MEDICINE 

2,953 4.383 0.003370 

16 Journal of Neural 
Engineering 7,240 4.141 0.011940 

17 Bio-Design and 
Manufacturing 99 4.095 0.000180 

18 
IEEE Transactions on 

Biomedical Circuits and 
Systems 

3,534 4.042 0.006530 

19 
COMPUTERIZED 

MEDICAL IMAGING 
AND GRAPHICS 

2,656 3.750 0.002940 

20 EUROPEAN CELLS & 
MATERIALS 3,088 3.741 0.003140 
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!BSTRACT
4HE THERAPEUTIC EFFICACY OF CLINICALLY APPLIED MESENCHYMAL STROMAL CELLS �-3#S	 IS LIMITED DUE TO
THEIR INJECTION INTO HARSH IN VIVO ENVIRONMENTS� RESULTING IN THE SIGNIFICANT LOSS OF THEIR SECRETORY
FUNCTION UPON TRANSPLANTATION� ! POTENTIAL STRATEGY FOR PRESERVING THEIR FULL THERAPEUTIC POTENTIAL IS
ENCAPSULATION OF -3#S IN A SPECIALIZED PROTECTIVE MICROENVIRONMENT� FOR EXAMPLE HYDROGELS�
(OWEVER� COMMONLY USED INJECTABLE HYDROGELS FOR CELL DELIVERY FAIL TO PROVIDE THE BIOINSTRUCTIVE
CUES NEEDED TO SUSTAIN AND STIMULATE CELLULAR THERAPEUTIC FUNCTIONS� (ERE WE INTRODUCE A
CUSTOMIZABLE COLLAGEN )HYALURONIC ACID �#/,(!	BASED HYDROGEL PLATFORM FOR THE ENCAPSULATION
OF -3#S� #ELLS ENCAPSULATED WITHIN #/,(! SHOWED A SIGNIFICANT EXPANSION OF THEIR SECRETORY
PROFILE COMPARED TO -3#S CULTURED IN STANDARD ��$	 CELL CULTURE DISHES OR ENCAPSULATED IN OTHER
HYDROGELS� &UNCTIONALIZATION OF THE #/,(! BACKBONE WITH THIOLMODIFIED GLYCOPROTEINS SUCH AS
LAMININ LED TO FURTHER CHANGES IN THE PARACRINE PROFILE OF -3#S� )N DEPTH PROFILING OF MORE THAN
��� PROTEINS REVEALED AN EXPANDED SECRETION PROFILE OF PROANGIOGENIC� NEUROPROTECTIVE AND
IMMUNOMODULATORY PARACRINE FACTORS IN #/,(!ENCAPSULATED -3#S WITH A PREDICTED
AUGMENTED PROANGIOGENIC POTENTIAL� 4HIS WAS CONFIRMED BY INCREASED CAPILLARY NETWORK
FORMATION OF ENDOTHELIAL CELLS STIMULATED BY CONDITIONED MEDIA FROM #/,(!ENCAPSULATED
-3#S� /UR FINDINGS SUGGEST THAT ENCAPSULATION OF THERAPEUTIC CELLS IN A PROTECTIVE #/,(!
HYDROGEL LAYER PROVIDES THE NECESSARY BIOINSTRUCTIVE CUES TO MAINTAIN AND DIRECT THEIR THERAPEUTIC
POTENTIAL� /UR CUSTOMIZABLE HYDROGEL COMBINES BIOACTIVITY AND CLINICALLY APPLICABLE PROPERTIES
SUCH AS INJECTABILITY� ONDEMAND POLYMERIZATION AND TISSUESPECIFIC ELASTICITY� ALL FEATURES THAT WILL
SUPPORT AND IMPROVE THE ABILITY TO SUCCESSFULLY DELIVER FUNCTIONAL -3#S INTO PATIENTS�

�� )NTRODUCTION

-ESENCHYMAL STROMAL �STEM	 CELL �-3#	 THERAPY IS A
PROMISING REGENERATIVE TREATMENT OPTION FOR A VARIETY

OF DISEASE CONDITIONS� INCLUDING BUT NOT LIMITED
TO CARDIOVASCULAR� NEUROLOGICAL� MUSCULOSKELETAL�
IMMUNOLOGICAL� AND HEMATOLOGIC DISORDERS ;�n�=�
$ESPITE THEIR MULTILINEAGE DIFFERENTIATION POTENTIAL�

Ç ���� 4HE !UTHOR�S	� 0UBLISHED BY )/0 0UBLISHING ,TD
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RECENT EVIDENCE CHALLENGES THE INITIAL CONCEPT THAT
TRANSPLANTED -3#S CAN RELIABLY ENGRAFT AND REPLACE
DAMAGED CELLS AND TISSUES� )NSTEAD� -3#S ARE NOW
THOUGHT TO SURVIVE ONLY TEMPORARILY AFTER IN VIVO
APPLICATION AND TO PRIMARILY MEDIATE THEIR EFFECTS
THROUGH THE SECRETION OF PARACRINE MEDIATORS� INCLUD
ING PROANGIOGENIC� NEUROPROTECTIVE AND IMMUN
OMODULATORY CYTOKINES ;�n�=�

)NTRAVENOUS INJECTION� THE MOST COMMON ROUTE OF
CELL ADMINISTRATION� RESULTS IN CLEARANCE OF-3#S FROM
THE RECIPIENT BODY WITHIN HOURS� !S A CONSEQUENCE
OF THIS FAST CLEARANCE THERE IS A LOW EFFECTIVE CELL DOSE AT
THE SITE OF INJURY AND A SHORT TIME WINDOW FOR PARAC
RINE EFFECTS ;�� �n��=� !S SUCH� DESPITE ENCOURAGING
PRECLINICAL DATA AND OVER ����� REGISTERED CLINICAL TRI
ALS USING -3#S� CLINICAL EFFICACY DATA HAS NOT LIVED UP
TO INITIAL EXPECTATIONS WITH ONLY A FEW EXCEPTIONS ;���
��=� ,OCAL INJECTION OF IN VITRO EXPANDED -3#S EITHER
DIRECTLY AT THE SITE OF TISSUE DAMAGE� OR INTRAMUSCU
LARLY� CAN IMPROVE CELL ENGRAFTMENT AND INCREASE THE
LOCAL CELL DOSE� RESULTING IN STRONGER PARACRINE EFFECTS�
(OWEVER� THE EFFICACY OF THIS APPROACH IS DEPEND
ENT ON WHETHER -3#S REMAIN FUNCTIONAL IN THE HARSH
ENVIRONMENT OF THE TISSUE INTO WHICH THEY ARE ADMIN
ISTERED� &ORTUNATELY� THIS INTRATISSUE ADMINISTRATION
ROUTE OPENS UP THE OPPORTUNITY TO DELIVER CELLS IN A
DEFINED BIOMATERIAL CARRIER ABLE TO PHYSICALLY SHIELD
CELLS FROM CHALLENGING AND HIGHLY VARIABLE MICROEN
VIRONMENTS� SUSTAIN THEIR PARACRINE ACTIVITY AND GUIDE
THE -3#S� BIOLOGICAL EFFECTS TOWARD A SPECIFIC HEALING
SCENARIO�

3EVERAL BIOMATERIAL STRATEGIES FOR CELL DELIVERY HAVE
BEEN PROPOSED� BUT MOST ARE LIMITED BY EITHER A LACK
OF BIOACTIVE CUES THAT WOULD SUPPORT CELL FUNCTIONAL
ITY OR BY POOR USABILITY THAT MAKES HANDLING AND LOCAL
THERAPEUTIC APPLICATION OF THE MATERIAL DIFFICULT� -AC
ROPOROUS SCAFFOLDS ARE OFTEN FABRICATED FROM SYNTHETIC
POLYMERS OR NATURAL BIOPOLYMERS� SUCH AS COLLAGEN�
AND EXCEL IN PROVIDING CELL ATTACHMENT SITES� ALLOW
ING FOR CELLnMATRIX AND CELLnCELL INTERACTIONS AND DIR
ECTING CELL BEHAVIOR ;��n��=� 3CAFFOLD MATERIALS OFTEN
UNDERGO COMPLEX PATTERNING METHODS� SUCH AS LYO
PHILIZATION AND ELECTROSPINNING� 7HILST THESE METH
ODS PROVIDE GREAT FLEXIBILITY IN GENERATING SCAFFOLDS
THAT CAN MIMIC MICROANATOMICAL STRUCTURES� THEY ARE
OFTEN NOT POSSIBLE TO PERFORM UNDER PHYSIOLOGICAL
CONDITIONS AND THEREFORE CAN HARM PRESEEDED CELLS
;��� ��=� !NOTHER MAJOR DRAWBACK TO SOLID SCAFFOLDS IS
THAT� ALTHOUGH THEY OFTEN RECAPITULATE THE NATIVE EXTRA
CELLULAR MATRIX �%#-	 MORE CLOSELY THAN HYDROGELS
AND PROVIDE A MYRIAD OF BIOLOGICALLY RELEVANT CUES�
THEIR APPLICATION IS LIMITED TO INDICATIONS WHERE SUR
GICAL IMPLANTATION IS POSSIBLE�

!QUEOUS HYDROGELS ON THE OTHER HAND ARE INJECT
ABLE AND PROVIDE PHYSICAL PROTECTION FOR ENCAP
SULATED -3#S� 4HEY ARE BROADLY DEFINED AS POLY
MER NETWORKS� COMMONLY COMPRISED OF HYALURONIC
ACID �(!	� GELATIN� POLYETHYLENE GLYCOL �0%'	� FIBRIN�

ALGINATE OR POLYCAPROLACTONE� WHICH HAVE THE ABILITY
TO SWELL IN AQUEOUS ENVIRONMENTS ;��� ��=� (YDRO
GELS CAN BE PREPARED IN A LIQUID PHASE AND THEN
CROSSLINKED TO A SOLID STATE WITH DISTINCT MECHAN
ICAL PROPERTIES� (YDROGEL CROSSLINKING CAN BE ACHIEVED
BY DIFFERENT MECHANISMS� ALLOWING FOR TIME OR
TEMPERATUREDEPENDENT GELATION AND CAN EVEN BE
TRIGGERED ON DEMAND BY EXTERNAL STIMULI SUCH AS LIGHT
;��� ��=� 4HESE PROPERTIES MAKE HYDROGELS ATTRACT
IVE FOR IN VIVO DELIVERY OF CELLS� WHERE THE CELL SUS
PENSION CAN BE INJECTED USING A SYRINGE OR MIN
IMALLY INVASIVE INTERVENTIONS ;��=� 5NFORTUNATELY�
HYDROGELS OFTEN ENTRAP CELLS IN A HIGHLY HYDROPHILIC
ENVIRONMENT THAT HAS FEW BIOACTIVE CUES� THEREBY
FAILING TO SUPPORT AND INSTRUCT THEIR THERAPEUTIC
ACTIVITY ;��=�

7E HYPOTHESIZED THAT INCREASING THE PRESENCE OF
BIOLOGICALLY RELEVANT CUES IN AN INJECTABLE HYDROGEL
CELL CARRIER COULD STIMULATE THE SECRETION OF THERA
PEUTICALLY RELEVANT MEDIATORS AND THAT DIVERSIFICATION
OF MATERIALDERIVED CUES MAY FURTHER MODULATE THE
PARACRINE PROFILE OF ENCAPSULATED -3#S� 4O TEST THIS
HYPOTHESIS� A BIOPOLYMER HYDROGEL �#/,(!	 WAS
FORMULATED ENTIRELY FROM MATERIALS THAT ARE KNOWN
TO ALLOW FOR CELLnMATRIX INTERACTIONS� SUCH AS COLLA
GEN AND (!� ADDITIONALLY FUNCTIONALIZED WITH THE GLY
COPROTEINS LAMININ OR FIBRONECTIN� AND CROSSLINKED
THROUGH A MECHANISM THAT ELIMINATED THE NEED FOR
ADDITIONAL BIOINERT CROSSLINKING COMPONENTS� 4HE
HYDROGEL STIFFNESS AND STRUCTURE� CELL VIABILITY� MOR
PHOLOGY AND THE PARACRINE PROFILE WERE ANALYZED
AND COMPARED TO AN INDUSTRY STANDARD GELATIN(!
�'EL(!	 HYDROGEL� -3#S ENCAPSULATED WITHIN #/,
(! FORMULATIONS RELEASED DIFFERENT PATTERNS OF PRO
REGENERATIVE FACTORS THAN -3#S CULTURED IN �$ OR IN
OTHER HYDROGELS� )N DEPTH SECRETOME PROFILING PRE
DICTED INCREASED PROANGIOGENIC ACTIVITY OF #/,(!
ENCAPSULATED -3#S� WHICH WAS CONFIRMED USING AN
ASSAY TO ASSESS ENDOTHELIAL CELL �%#	 CAPILLARY NETWORK
FORMATION IN THE PRESENCE OF #/,(!ENCAPSULATED
-3# CONDITIONED MEDIA �#-	�

"IOMATERIALGUIDED REGULATION OF THE -3#
SECRETOME ADDS IMPORTANT NEW INSIGHTS TO THE CUR
RENT UNDERSTANDING OF -3# THERAPY AND THE SUC
CESSFUL COMBINATION OF USABILITY AND BIOINSTRUCTIVE
PROPERTIES IN #/,(! HYDROGELS CAN INFORM FUTURE
STUDIES INTO THE NEXT STEPS IN IMPROVING METHODS
FOR THE SUCCESSFUL DELIVERY OF -3# THERAPEUTICS INTO
PATIENTS�

�� -ATERIALS ANDMETHODS

���� &ABRICATION OF HYDROGELS
#OLLAGEN(! HYDROGELS �#/,(!	 WERE PRE
PARED FROM TELOPEPTIDEINTACT METHACRYLATED TYPE
� COLLAGEN �!DVANCED "IOMATRIX� #ARLSBAD� #!	
AND THIOLATED HYALURONIC ACID �(YSTEM� !DVANCED
"IOMATRIX	 AND CROSSLINKED THROUGH A LIGHTINITIATED

�
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&IGURE �� &ABRICATION OF THE #/,(! HYDROGEL �A	 -3# ARE RESUSPENDED IN COLLAGEN(! HYDROGEL� �B	 4HE CELLHYDROGEL MIX CAN
BE APPLIED USING A PIPETTE OR SYRINGE� �C	 4HE HYDROGEL CAN BE POLYMERIZED ON DEMAND WITH A SHORT 56! LIGHT PULSE AND MAINTAINS
ITS SHAPE IN THE CROSSLINKED STATE� �D	 #ROSSLINKING OF THE BIOPOLYMER NETWORK THROUGH RADICAL MEDIATED THIOLENE ADDITION OF
THIOLATED (! TO COLLAGEN METHACRYLAMIDE�

THIOLENE RADICAL ADDITION �FIGURE �	� ,YOPHILIZED COL
LAGEN WAS DISSOLVED IN �� M- ACETIC ACID OVERNIGHT
AT +� ◦# TO A CONCENTRATION OF � MG ML−�� 4HI
OLATED (! WAS DISSOLVED IN 0"3 TO A CONCENTRATION OF
�� MG ML−��

&OR #/,(! FUNCTIONALIZATION� � MG ML−� SOLU
TIONS OF THIOLATED GLYCOPROTEINS �NATURAL MOUSE
LAMININ �4HERMO&ISHER 3CIENTIC� 7ALTHAM� -!	 OR
HUMAN PLASMA FIBRONECTIN �3IGMA !LDRICH� 3T� ,OUIS�
-/		 WERE PREPARED USING A PROTEIN THIOLATION KIT
�%XPEDEON� /VER #AMBRIDGESHIRE� 5+	 ACCORDING TO
THE MANUFACTURER�S INSTRUCTIONS�

)MMEDIATELY BEFORE USE� THE COLLAGEN WAS BROUGHT
TO PHYSIOLOGICAL P( ANDMIXED WITH (! IN A ��� RATIO�
THEN WITH LAMININ OR FIBRONECTIN SOLUTION �OR 0"3	
IN A ��� RATIO BY VOLUME FOR A FINAL CONCENTRATION
OF � MG COLLAGEN�ML� ���� MG (!�ML AND OPTIONALLY
���� MG ML−� OF GLYCOPROTEIN� 4HE LIQUID MIX WAS
USED EITHER FOR CELL ENCAPSULATION OR CAST IN A MOLD FOR
PHOTOPOLYMERIZATION� ����� �W�V	 OF �HYDROXY�′
��HYDROXYETHOXY	�METHYLPROPIOPHENONE �3IGMA
!LDRICH� 3T� ,OUIS� -/	 WAS USED TO TRIGGER THE

FREERADICAL ADDITION UNDER EXPOSURE TO 56! LIGHT
OF ��� 7 CM−� FOR � S� RESULTING IN INSTANTAN
EOUS PHOTOINITIATED POLYMERIZATION AND HYDROGEL
FORMATION�

4O PREPARE CONTROL 'EL(! GELS� THE (YSTEM¤ KIT
COMPONENTS THIOLATED (!� THIOLATED PORCINE TYPE !
GELATIN �"LOOM ���	 AND %XTRALINK� A LINEAR ��� K$A
0%'$! LINKER �!DVANCED "IOMATRIX	 WERE DISSOLVED
IN 0"3 TO A CONCENTRATION OF �� MG ML−�� MIXED IN
A ����� RATIO BY VOLUME AND PHOTOPOLYMERIZED UNDER
THE SAME CONDITIONS AS DESCRIBED FOR #/,(!� RES
ULTING IN FINAL CONCENTRATIONS OF GELATIN AND (! OF
� MG ML−� EACH� 4O MODULATE GEL STIFFNESS� THE LIN
EAR 0%'$! LINKER WAS REPLACED BY AQUEOUS SOLU
TIONS OF ���	 ARM 0%' ACRYLATE �� K$A� �� K$A�
�� K$A -7� #REATIVE 0%'7ORKS� $URHAM� .#	
AT ��� M- �� M-� � M-� �� M-	 CONCENTRA
TIONS �TABLE �	� 4HE FOURARM �� K$A LINKER AT A
CONCENTRATION OF � M- MATCHED CLOSELY THE STIFF
NESS OF #/,(! GELS AND WAS THEREFORE CHOSEN AS
A STIFFNESSMATCHED CONTROL FOR #/,(! �'EL(!
STIFF	�

�
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4ABLE �� 2ELATIONSHIP BETWEEN CROSSLINKER TYPE AND CONCENTRATION AND RESULTING HYDROGEL STIFFNESS IN GELATIN(! CONTROL GELS� MECHANICAL
CHARACTERIZATION OF DIFFERENT GELATIN(!0%' GELS SHOWS A CORRELATION BETWEEN 0%' LINKER CONCENTRATION AND HYDROGEL STIFFNESS� ! LESS
PROMINENT CORRELATION CAN ALSO BE OBSERVED BETWEEN STIFFNESS AND THE ARM LENGTH OF THE LINKER� 4HE TWO CONDITIONS HIGHLIGHTED WITH AN
ASTERISK �∗	 WERE USED AS CONTROL HYDROGELS IN THIS STUDY�

,INKER TYPE
,INEAR
0%'$! ∗

� !2-
0%'

� !2-
0%'

� !2-
0%'

� !2-
0%'

� !2-
0%'

� !2-
0%'∗

� !2-
0%'

,INKER SIZE �-7	 ��� K$A � K$A �� K$A �� K$A �� K$A �� K$A �� K$A �� K$A
,INKER ARM LENGTH
�-7�N ARMS	

���� K$A � K$A ��� K$A ��� K$A ��� K$A � K$A � K$A ��� K$A

-OLAR
CONCENTRATION
�µMOL ML−�	

���� M- � M- � M- � M- �� M- ��� M- � M- ��� M-

-ASS CONCENTRATION
�W�V	

�� �� �� �� ��� �� ��� ��

(YDROGEL STIFFNESS
�0A	� 3$

����
���

����
���

����
����

�� ���
����

�� ���
���

����
����

�� ���
����

����
���

���� 0HYSICAL CHARACTERIZATION OF HYDROGELS
0ORE SIZE WAS MEASURED FROM SCANNING ELECTRON
MICROSCOPY �3%-	 IMAGES OF CELLFREE HYDROGELS� 4RIP
LICATES OF EACH HYDROGEL CONDITION WERE PREPARED SIDE
BY SIDE AS DESCRIBED ABOVE� TRANSFERRED INTO CYLINDRICAL
MOLDS ���� µL�GEL	 AND PHOTOCROSSLINKED� 4HE GELS
WERE FROZEN AT −�� ◦# OVERNIGHT AND LYOPHILIZED FOR
�� H� $EHYDRATED CONSTRUCTS WERE BROKEN TO EXPOSE
THE INNER STRUCTURE� SPUTTER COATED WITH GOLD�PALLA
DIUM PARTICLES AND ASSESSED WITH SCANNING ELECTRON
MICROSCOPY AT AN ACCELERATING VOLTAGE OF ��� K6 AND
A WORKING DISTANCE OF ���n��� MM �'EMINI3%- ����
:EISS� /BERKOCHEN� 'ERMANY	� 0ORE SIZE WAS MEAS
URED MANUALLY USING )MAGE*� -EDIAN VALUES FOR EACH
HYDROGEL CONDITION WERE DETERMINED BASED ON AT LEAST
�� MEASURED PORES AND EACH INDIVIDUAL VALUE WAS
SHOWN IN THE SCATTER PLOT�

%LASTIC MODULUS �% = σ�ε	 OF THE CROSSLINKED
HYDROGEL COMPOSITIONS WAS ASSESSED USING A UNI
AXIAL COMPRESSION TEST USING A $ISCOVERY (2� �4!
)NSTRUMENTS� .EW #ASTLE� $%	 WITH AN � MM PARAL
LEL PLATE GEOMETRY IN AMBIENT CONDITIONS� (YDROGELS
WERE PREPARED AS DESCRIBED ABOVE� THE FINAL MIXTURE
IN ITS LIQUID PHASE WAS TRANSFERRED INTO PREVIOUSLY
PREPARED POLYDIMETHYLSILOXANE �0$-3	 MOLDS AND
PHOTOCROSSLINKED INTO A DISC SHAPE �" = � MM�
6 = ��� µL�DISC	� #OMPRESSION DATA WAS COLLECTED
THROUGH OUTPUTS OF AXIAL FORCE AND HEIGHT DISPLACE
MENT� 4O DETERMINE THE ELASTIC MODULUS� STRESS AND
STRAIN �Y� X	 WERE PLOTTED AND THE LINEAR PORTION OF
THE PLOT WAS ANALYZED� 3TRESS WAS CALCULATED BY DIVID
ING FORCE BY SURFACE AREA OF THE HYDROGELS �σ = &�!	
AND STRAIN WAS CALCULATED BY CHANGE IN HEIGHT DIVIDED
BY INITIAL HEIGHT OF HYDROGELS �ε = ∆H�H	� (YDROGELS
WERE TESTED IN QUADRUPLICATES �N = �� FOR FUNCTION
ALIZED #/,(! THE TWO VARIANTS #/,(!,AM AND
#/,(!&N WERE TESTED IN DUPLICATE EACH	 AND AVER
AGE VALUES WERE DETERMINED FOR EACH CONDITION�

���� #ELL CULTURE AND GENERATION OF #-
(UMAN BONE MARROW �"-	 MESENCHYMAL STROMAL
CELLS �-3#S	 WERE RECEIVED FROM THE CORE FACILITY

@#ELL (ARVESTING� OF THE ")( #ENTER FOR 2EGENERAT
IVE 4HERAPIES �"#24	� 4HE CELLS WERE DERIVED FROM
METAPHYSEAL "- BIOPSIES FROM TWO PATIENTS UNDERGO
ING HIP REPLACEMENT AT #HARIT��5NIVERSITÅTSMEDIZIN
"ERLIN� AS PREVIOUSLY STATED ;��n��=� 7RITTEN
INFORMED CONSENT WAS GIVEN� AND ETHICS APPROVAL
WAS OBTAINED FROM THE LOCAL ETHICS COMMITTEE�IN
STITUTIONAL REVIEW BOARD �)2"	 OF THE #HARIT��
5NIVERSITÅTSMEDIZIN "ERLIN� !LL EXPERIMENTS IN THIS
STUDY WERE PERFORMED IN REPLICATES FROM AT LEAST TWO
DIFFERENT BIOLOGICAL DONORS�

4HE CELLS WERE CULTURED IN LOW GLUCOSE $-%-
CONTAINING ��� V�V FETAL CALF SERUM �&#3	� �� V�V
PENICILLIN�STREPTOMYCIN �BOTH "IOCHROM !'	� AND
�� V�V 'LUTAMAX¤ �4HERMO &ISHER 3CIENTIFIC )NC��
7ALTHAM�-!	� PASSAGED AROUND ��� CONFLUENCE AND
NOT USED BEYOND PASSAGE ��

&OR �$ CULTURE -3#S WERE TRYPSINIZED� CENTRI
FUGED AND RESUSPENDED IN THE RESPECTIVE HYDROGEL
FORMULATIONS TO A DENSITY OF � × ��� CELLS ML−�

PER �� µL DROPLET AND WERE DISTRIBUTED IN A 0$-3
PRECOATED CULTURE PLATE AND PHOTOCROSSLINKED AS
DESCRIBED ABOVE� #ELLS WERE ALLOWED TO INTERACT WITH
THE BIOMATERIAL MATRIX FOR SEVEN DAYS� -EDIUM WAS
CHANGED EVERY OTHER DAY� /N DAY �� CONSTRUCTS WERE
WASHED WITH MEDIUM AND �� H #- WERE COLLECTED
ON DAY �� CENTRIFUGED AND STORED AT −�� ◦# UNTIL USE
FOR CYTOKINE MEASUREMENTS� 4O GENERATE STIMULATION
MEDIUM FOR ANGIOGENESIS� CONSTRUCTS WERE WASHED
WITH 0"3 INSTEAD AND MEDIUM ON -3#CONSTRUCTS
WAS REPLACED BY &#3FREE $-%-�

���� 1UANTIFICATION OF -3# VIABILITY AND
MORPHOLOGY
,)6%� $%!$ VIABILITY ASSAY �4HERMO&ISHER 3CIENTIC�
7ALTHAM�-!	 WAS PERFORMED ON DAY � OF �$ CULTURE
USING CALCEIN!-�������	 AND ETHIDIUMHOMODIMER
� ������	 IN CULTURE MEDIUM� -3#HYDROGEL CON
STRUCTS WERE STAINED AT �� ◦# FOR � H BEFORE IMA
GING ON A .IKON ECLIPSE 4I FLUORESCENCE MICROSCOPE
�.IKON )NSTRUMENTS )NC�� 4OKYO� *APAN	 OR A ,EICA
4#3 ,3) MACROCONFOCAL MICROSCOPE �,EICA� 7ETZLAR�

�



Publications 47 

 

 

"IOFABRICATION �� �����	 ������ . - $RZENIEK ET AL

'ERMANY	� 6IABILITY FOR EACH EXPERIMENTAL GROUP WAS
CALCULATED BY MANUALLY COUNTING LIVE AND DEAD CELLS�
&OR ROBUST RESULTS� THREE BIOLOGICAL REPLICATES WERE
ASSESSED FOR EACH GELATIN CONDITION� FOUR FOR THE FUNC
TIONALIZED #/,(! CONDITIONS AND FIVE FOR UNFUNC
TIONALIZED #/,(!� &OUR IMAGED AREAS WERE ANALYZED
FROM EACH� 4O QUANTIFY THE OBSERVED CHANGES IN CELL
SHAPE� THE !NALYZE 0ARTICLES FUNCTION IN &)*) WAS USED
AND SPINDLE SHAPE WAS EXPRESSED AS THE RECIPROCAL OF
CIRCULARITY ;��=� WITH A VALUE OF � REPRESENTING A PER
FECT CIRCLE� "IOLOGICAL TRIPLICATES N = � WERE ANALYZED�
EXCEPT FOR #/,(!� N= ��

���� #YTOKINE PROFILING
#YTOKINE LEVELS IN #- FROM CELLHYDROGEL CONSTRUCTS
WERE ANALYZED USING AN /LINK 4ARGET �� PROXIMITY
EXTENSION ASSAY �/LINK "IOSCIENCE� 5PPSALA� 3WEDEN	�
"IOLOGICAL QUADRUPLICATES WERE TESTED� "RIEFLY� #-
WAS MIXED AT A ��� RATIO WITH A PROPRIETARY MIX OF
CYTOKINESPECIFIC ANTIBODIES LABELED WITH $.! OLIGO
NUCLEOTIDES�7HEN TWO SPECIFIC PROBES BOUND AN ANA
LYTE THEY FORMED AN AMPLICON THAT COULD BE QUANTIFIED
BY HIGHTHROUGHPUT 240#2� $ETAILS ON THIS TECH
NOLOGY� INCLUDING DETECTION LIMITS� VALIDATION DATA
AND REPRODUCIBILITY CAN BE FOUND ON THE COMPANY�S
WEBSITE �WWW�OLINK�COM�DOWNLOADS	� 2ELATIVE CON
CENTRATION VALUES FOR ��� DIFFERENT CYTOKINES WERE
GIVEN AS NORMALIZED PROTEIN EXPRESSION �.08	 UNITS�
! MARKER WAS CONSIDERED AS DETECTED IF MORE THAN
THREE SAMPLES IN ANY GROUP HAD.08 VALUES EXCEEDING
ITS LIMIT OF DETECTION �,/$	� 4HE LATTER WAS DEFINED AS
THE LARGER OF EITHER THE MANUFACTURER PROVIDED ,/$
OR THE ,/$ ESTIMATED FROM OWN NEGATIVE CONTROLS
�BLANK MEDIUM MEASUREMENTS	 PLUS THREE STANDARD
DEVIATIONS� 4O VALIDATE THE PROXIMITY EXTENSION ASSAY
AND OBTAIN ABSOLUTE CONCENTRATIONS� THE CELL CULTURE
EXPERIMENTS WERE REPEATED USING NEW BATCHES OF #-
6%'&� BASIC FIBROBLAST GROWTH FACTOR �B&'&	 AND
/0' WERE QUANTIFIED USING %,)3! �ALL 2�$ 3YS
TEMS� -INNEAPOLIS� -.	 ACCORDING TO THE MANU
FACTURER�S INSTRUCTIONS� "LANK VALUES FROM UNCONDI
TIONED $-%- WERE SUBTRACTED �N! � FOR 6%'& AND
B&'&� N = � FOR /0'	� 6ALUES WERE EXPRESSED AS
MEAN± 3%-�

���� !SSESSMENT OF ENDOTHELIAL NETWORKS
!N OPTIMIZED PROTOCOL OF A WIDELY IMPLEMENTED
ENDOTHELIAL TUBE FORMATION ASSAY WAS USED TO QUANTIFY
PROANGIOGENIC EFFECTS ;��� ��=� "RIEFLY� (56%#
CELLS PREVIOUSLY PRESCREENED FOR CYTOKINE RESPONSE
�0ROMOCELL� (EIDELBERG� 'ERMANY	 WERE STARVED FOR
�� H IN SERUMREDUCED BASAL ENDOTHELIAL MEDIUM AND
SEEDED AT A DENSITY OF � × ��� CELLS CM−�

IN A ��
WELL CELL CULTURE PLATE COATED WITH 'ELTREX �4HERMO
&ISHER	� #ELLS WERE STIMULATED WITH BIOLOGICAL QUAD
RUPLICATES OF HYDROGEL-3#DERIVED �� H #- IN A
��� DILUTION IN ���� SUPPLEMENTED BASAL ENDOTHELIAL
MEDIUM �0ROMOCELL	 AND IMAGED AFTER �� H USING
A FLUORESCENCE MICROSCOPE �.IKON	� 5NCONDITIONED

-3#MEDIUMWAS USED FOR A NEGATIVE CONTROL� &OR THE
POSITIVE CONTROL 6%'& LEVELS WERE PREVIOUSLY MEAS
URED BY %,)3! �2�$ 3YSTEMS	 AND THE HIGHEST DETEC
TED 6%'& LEVELS �STIMULATION GROUP #/,(!,AM	
WERE MATCHED USING RECOMBINANT HUMAN 6%'&
!��� �����6% 2�$ 3YSTEMS� -INNEAPOLIS� -.	�

"RIGHT FIELD IMAGES OF FORMED NETWORKS WERE ANA
LYZED �AT LEAST N = �� PER CONDITION	 AND NETWORK
ASSOCIATED PARAMETERS WERE QUANTIFIED USING &)*) AND
THE !NGIOGENESIS !NALYZER MACRO ;��=� &OR FLUORES
CENT IMAGES� CELLS WERE STAINED FOR �� MIN USING CAL
CEIN !- �4HERMO&ISHER	�

���� 3TATISTICAL DATA ANALYSIS
6ALUES ARE DEPICTED AS MEAN �± STANDARD ERROR OF
THE MEAN �3%-		 OR MEDIAN� $ETAILED INFORMATION
CAN BE FOUND IN THE FIGURE LEGENDS� %XPERIMENTS WERE
REPEATED INDEPENDENTLY FORN= � BIOLOGICAL REPLICATES�
UNLESS INDICATED OTHERWISE� ,EVELS OF STATISTICAL SIGNI
FICANCE WERE SET AT ∗P � ����� ∗∗P � ����� ∗∗∗P � ������

3TATISTICAL ANALYSIS WAS CARRIED OUT IN 'RAPH0AD
0RISM ��� �'RAPH0AD 3OFTWARE )NC�� 53!	 AND 2 VER
SION ������ ! TWOTAILED STUDENT�S TTEST �TWO GROUPS	
OR ONEWAY !./6! WITH (OLMn3IDAK�S POSTHOC
TEST ��TWO GROUPS	 WAS USED AS APPROPRIATE TO TEST
FOR SIGNIFICANT DIFFERENCES BETWEEN GROUPS� 2EPEATED
MEASURES !./6! WAS CARRIED OUT FOR QUADRUPLIC
ATE MEASUREMENTS WITH (OLM MULTIPLE COMPARISONS
ADJUSTMENT USING THE EMMEANS PACKAGE�

(EATMAPS WERE GENERATED WITH THE
#OMPLEX(EATMAP PACKAGE� &OR CLUSTERING� A SEMANTIC
DISTANCE MATRIX WAS COMPUTED USING THE '/3EM3IM
PACKAGE� %NRICHED GENE ONTOLOGY TERMS WERE DERIVED
FOR EACH CLUSTER UTILIZING THE #LUSTER0ROFILER PACKAGE�
2EPRESENTATIVE TERMS FOR ANGIOGENESIS� NEUROPRO
TECTION� IMMUNOMODULATION� HEMOSTASIS AND %#-
REMODELING WERE CHOSEN AND SUMMARIZED FOR EACH
DETECTED CYTOKINE UNDER THE FIVE CATEGORIES� 4HE SUB
TERMS CAN BE FOUND IN SUPPLEMENTARY FIGURE ��

�� 2ESULTS

���� (YDROGEL DESIGN AND FABRICATION
4HE #/,(! HYDROGELS WERE DESIGNED AS A CELL DELIV
ERY VEHICLE TO MODULATE THE PARACRINE EFFECTS OF CELLS
FOR HUMAN THERAPEUTIC APPLICATION ;��� ��� ��=� #OL
LAGEN TYPE � �#/,	 WAS CHOSEN AS THE MAIN HYDROGEL
COMPONENT BECAUSE IT IS A HIGHLY BIOACTIVE SUBSTRATE
IDEAL FOR MIMICKING BIOLOGICAL MICROENVIRONMENTS�
HAS BEEN SHOWN TO PROMOTE -3# ATTACHMENT AND
VIABILITY ;��� ��� ��= AND IT IS NATURALLY ENZYMATIC
ALLY DEGRADABLE ;��� ��� ��� ��n��=� .ATIVE COLLAGEN
CROSSLINKS THROUGH FIBERSELFASSEMBLY IN A CONTINU
OUS� TEMPERATUREDEPENDENT PROCESS� (OWEVER� THESE
CHARACTERISTICS ALSO LIMIT THE APPLICATION OF PURE COL
LAGEN AS AN INJECTABLE HYDROGEL DUE TO LACK OF CONTROL
OVER POLYMERIZATION AND MECHANICAL PROPERTIES�

�
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&IGURE ��-ICROPOROUS #/,(! HYDROGELS PROMOTE CELL VIABILITY AND STROMAL MORPHOLOGY OF ENCAPSULATED -3#S� �A	 &ROM
LEFT TO RIGHT� 3%- IMAGES AT TWO MAGNIFICATIONS �×����×���	 FOR ALL HYDROGEL CONDITIONS WITHOUT CELLS SHOW THE INNER STRUCTURE OF
LYOPHILIZED HYDROGELS� 2IGHT COLUMN� REPRESENTATIVE CONFOCAL IMAGES OF LIVE�DEAD STAINED -3# AT DAY � IN THE NATIVE HYDROGEL�
3CALE BARS ARE ��� µM� �� µM AND ��� µM RESPECTIVELY� �B	 ! PROPOSED MODEL OF BIOLOGICAL CUES� STRUCTURE AND STIFFNESS EXERTING
BIOINSTRUCTIVE EFFECTS AT THE CELLnMATERIAL INTERFACE� 'ELATIN IS DERIVED FROM COLLAGEN AND SHARES THE SAME AMINO ACID SEQUENCE
BUT DIFFERS IN ITS BIOLOGICAL� MECHANICAL AND STRUCTURAL PROPERTIES� �C	 (YDROGEL STIFFNESS EXPRESSED AS COMPRESSIVE MODULUS�
�D	 )NDIVIDUAL PORE DIAMETERS �SHORT AXIS	 OF LYOPHILIZED GELS WERE MEASURED FROM 3%- IMAGES� -EDIAN PORE SIZE IS SHOWN�
�E	 6IABILITY OF -3# CULTURED IN HYDROGELS FOR � D� �F	 %LONGATION OF CELLS IN THE HYDROGELS ON DAY � WAS QUANTIFIED IN )MAGE * AS
CIRCULARITY� THEN EXPRESSED AS ITS RECIPROCAL� �∗P � ����� ∗∗P � ����� ∗∗∗P � ������ NS� P ! ����� ALL VALUES EXCEPT �D	 ARE
MEAN± 3%-	�

4HEREFORE� THIOLATED (!� A BIODEGRADABLE GLYC
OSAMINOGLYCAN WHICH IS KNOWN TO ORCHESTRATE TIS
SUE REPAIR AND ANGIOGENESIS ;��� ��� ��=� WAS USED TO
CROSSLINK COLLAGEN METHACRYLAMIDE THROUGH A LIGHT
TRIGGERED THIOLENE REACTION BETWEEN THE VINYL GROUPS
OF THE #/, AND SULFHYDRYLS ON (! �FIGURE ��D		�
4HIS ELIMINATED THE NEED FOR NONBIOACTIVE CROSSLINK
ING MOLECULES SUCH AS 0%' �FIGURE ��A		� 4O DIVERSIFY
CELLINSTRUCTIVE CUES� THE PURE #/,(! FORMULATION
WAS FUNCTIONALIZED WITH EITHER LAMININ �#/,(!
,AM	 OR FIBRONECTIN �#/,(!&N� FIGURE ��D		� !N
ADVANTAGE OF THE THIOLENE REACTION� ASIDE FROM ITS
BIOCOMPATIBILITY AND BIOORTHOGONALITY ;��� ��� ��=�
IS THAT THE CROSSLINKING CAN BE SPATIALLY AND TEM
PORALLY CONTROLLED WITH 56! LIGHT� ALLOWING AN ON
DEMAND PHASE TRANSITION FROM AN INJECTABLE FLUID
STATE TO A SOLID �FORMSTABLE	 GEL �FIGURES ��B	 AND
�C		� 4HIS IS IMPORTANT IN THE APPLICATION CONTEXT�
WHERE USERCONTROLLED CROSSLINKING IS BENEFICIAL FOR
INJECTION AND PRECISE IMMOBILIZATION OF TRANSPLANTED
CELLS� 4HE HYDROGEL DESIGN RESULTED IN AN INJECTABLE
#/,(! FORMULATION THAT CONSISTS EXCLUSIVELY OF BIO
ACTIVE COMPONENTS� WHICH CAN BE PREPARED QUICKLY

USING A CLINICIANFRIENDLY PROTOCOL AND CROSSLINKED ON
DEMAND �FIGURE �	�

���� 0HYSICAL CHARACTERIZATION OF HYDROGELS
#ELLS IN LIVING TISSUES NOT ONLY RECEIVE BIOCHEM
ICAL CUES BUT ARE ALSO SUBJECT TO BIOMECHANICAL
LOAD AND THEMSELVES EXERT TENSILE AND COMPRESSIVE
FORCES ON THEIR SURROUNDING MATRIX UPON ATTACHMENT
�FIGURE ��B		� 4HE RESISTANCE OF A HYDROGEL TO SUCH
DEFORMING FORCES CAN BE DESCRIBED BY 9OUNG�S ELASTIC
MODULUS �%	 ;��� ��=� % OF THE #/,(! HYDRO
GELS AND THE COMMERCIALLY AVAILABLE 'EL(! CONTROL
HYDROGELS WERE DETERMINED BY A UNIAXIAL COMPRES
SION TEST IN THEIR CROSSLINKED STATE� 0HYSIOLOGICALLY
RELEVANT VALUES BETWEEN ∼�� K0A FOR #/,(! AND
∼� K0A FOR 'EL(! WERE OBTAINED� WHICH ARE SIMILAR
TO THE STIFFNESS OF MUSCLE AND LUNG OR LIVER� RESPECT
IVELY �FIGURE ��C		 ;��� ��=� 4HERE WAS NO DIFFERENCE IN
STIFFNESS BETWEEN PURE #/,(! HYDROGELS AND THOSE
FUNCTIONALIZED WITH LAMININ OR FIBRONECTIN� 3INCE THE
STANDARD FORMULATION OF 'EL(! WAS FOUND TO HAVE A
SIGNIFICANTLY LOWER % THAN #/,(!� WE ENGINEERED A
STIFFER VARIANT OF THE CONTROL HYDROGEL �'EL(! STIFF	�

�
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WHICH MATCHED THE % OF #/,(! FOR BETTER COMPAR
ABILITY �FIGURE ��C	� TABLE �	�

4O CHARACTERIZE STRUCTURAL DIFFERENCES BETWEEN
HYDROGEL GROUPS� THE MEDIAN PORE DIAMETER OF LYO
PHILIZED HYDROGELS WAS DETERMINED AND QUANTIFIED
THROUGH 3%- �FIGURES ��A	 AND �D		� #/,(! HYDRO
GELS WERE FOUND TO HAVE LARGER PORES THAN 'EL(!
HYDROGELS� 0ORE SIZE DID NOT VARY SIGNIFICANTLY BETWEEN
PURE AND FUNCTIONALIZED #/,(! CONDITIONS� $ES
PITE THE COMPARABLE MEDIAN DIAMETER� THE PORES OF
THE STIFF 'EL(! CONTROL WERE MORE HETEROGENEOUS
AND HAD THICKER WALLS THAN THE SOFT 'EL(! HYDROGEL
�FIGURE ��A	� ���×MAGNIFICATION	�

4HE PHYSICAL CHARACTERIZATION OF #/,(! HYDRO
GELS REVEALED THAT 56TRIGGERED CROSSLINKING RES
ULTED IN REPRODUCIBLY FORMSTABLE CONSTRUCTS THAT
MATCHED ELASTICITY LEVELS OF NATIVE TISSUES� DESPITE THE
CROSSLINKERFREE HYDROGEL DESIGN� )NDEPENDENTLY OF
DIFFERENCES IN STIFFNESS� #/,(! HAD LARGER PORES IN
THE LYOPHILIZED STATE THAN BOTH 'EL(! CONTROLS�

���� #/,(! HYDROGELS PROMOTE CELL VIABILITY AND
STROMAL MORPHOLOGY OF ENCAPSULATED-3#S
4O EVALUATE WHETHER THE DIFFERENT MATERIAL PROP
ERTIES AFFECT VIABILITY AND MORPHOLOGY OF ENCAPSU
LATED CELLS� � × ��� -3#S�ML WERE RESUSPENDED IN
EACH GEL FORMULATION PRIOR TO PHOTOCROSSLINKING�
#ELLS REMAINED VIABLE INSIDE THE HYDROGELS FOR AT
LEAST A WEEK �FIGURE ��A	 RIGHT COLUMN	� 1UANTI
FICATION OF LIVE TO DEAD CELL RATIO AT DAY � POST
ENCAPSULATION REVEALED A SIGNIFICANTLY HIGHER CELL
VIABILITY OF #/,(!ENCAPSULATED -3#S �#/,(!
-3#� VIABILITY � ���	 VERSUS 'EL(!ENCAPSULATED
-3#S �'EL(!-3#� VIABILITY � ���	� 6IABILITY DID
NOT VARY SIGNIFICANTLY BETWEEN PURE AND FUNCTIONAL
IZED#/,(! CONDITIONS �FIGURE ��E		� 4HE LOWEST CELL
VIABILITY WAS OBSERVED IN 'EL(! STIFF HYDROGELS�

4O ASSESS MORPHOLOGICAL DIFFERENCES IN -3#
BETWEEN ALL CONDITIONS� CONFOCAL IMAGING WAS USED
�FIGURE ��A	 RIGHT COLUMN	� #IRCULARITY OF LIVING CELLS
WAS QUANTIFIED USING AUTOMATIC IMAGE ANALYSIS AND
THE ELONGATION WAS EXPRESSED AS THE RECIPROCAL OF
CIRCULARITY� WHERE A VALUE OF � CORRESPONDS TO A
PERFECT CIRCLE �FIGURE ��F		� )NDEPENDENT OF THE 'EL
(! STIFFNESS� 'EL(!-3#S EXHIBITED A PREDOMIN
ANTLY ROUND MORPHOLOGY� WHEREAS #/,(!-3#
DEVELOPED THEIR TYPICAL ELONGATED FIBROBLASTIC SHAPE�
4HIS EFFECT WAS SIGNIFICANTLY ENHANCED BY FUNCTIONAL
IZATION OF #/,(!� -3#S IN #/,(!,AM HYDRO
GELS SHOWED THE LARGEST CELL ELONGATION COMPARED TO
ALL OTHER CONDITIONS�

4HE RESULTS SUGGEST THAT #/,(! HYDROGELS SUP
PORTED HIGH VIABILITY OF ENCAPSULATED -3#S AND
ALLOWED FOR CELL ATTACHMENT AND SPREADING WITHIN THE
HYDROGEL� RESULTING IN A DIFFERENT CELL MORPHOLOGY
COMPARED TO -3#S ENCAPSULATED IN 'EL(! CONTROL
HYDROGELS�

���� #/,(! INCREASES THE PARACRINE ACTIVITY OF
ENCAPSULATED-3#S
)T IS WIDELY RECOGNIZED THAT THE THERAPEUTIC PROP
ERTIES OF -3#S ARE RELATED TO PARACRINE OR TROPHIC
EFFECTS DETERMINED BY THEIR SPECIFIC SECRETION PATTERN
;�� ��=� 4O INVESTIGATE THE INFLUENCE OF THE DIFFERENT
HYDROGEL MICROENVIRONMENTS ON THE SECRETION PRO
FILE� THE CYTOKINE COMPOSITIONS OF THE #- OF #/,
(!-3# OR 'EL(!-3# �$ CONSTRUCTS WERE CHAR
ACTERIZED AND COMPARED TO �$CULTURED -3#S ON
TISSUE CULTURE PLATES �4#0S	 USING A MULTIPLEX PRO
TEIN ARRAY� )N LINE WITH OUR HYPOTHESIS� THIS ANA
LYSIS REVEALED A GENERALLY HIGHER CYTOKINE SECRETION
OF -3#S ENCAPSULATED IN #/,(! CONSTRUCTS COM
PARED TO 'EL(! OR �$ 4#0 �FIGURES ��A	 AND �C		�
$ESPITE BIOLOGICAL DIFFERENCES BETWEEN -3# DONORS�
�� OUT OF THE ��� ANALYTES WERE CONSISTENTLY DETECTED
�FIGURE ��A	� SUPPLEMENTARY TABLE 3� AVAILABLE ONLINE
AT STACKS�IOP�ORG�"&�����������MMEDIA	 AT DIFFERENT
LEVELS� THEREBY FORMING DISTINCT CYTOKINE PROFILES FOR
THE DIFFERENT EXPERIMENTAL GROUPS� 4O EVALUATE POTEN
TIAL BIOLOGICAL CONSEQUENCES RESULTING FROM THESE DIF
FERENCES� GENE ONTOLOGY �'/	 TERM ENRICHMENT ANA
LYSIS FOR BIOLOGICAL PROCESSES WAS PERFORMED� /UT
OF THE �� CONSISTENTLY DETECTED CYTOKINES� �� ANA
LYTES COULD BE ASSIGNED TO AT LEAST ONE OF THE FOLLOW
ING FIVE CATEGORIES� ANGIOGENESIS� NEUROREGENERATION�
IMMUNOMODULATION� HEMOSTASIS AND %#- REMOD
ELING �FIGURES ��B	 AND 3�	� 4HE CONCENTRATIONS OF
HALF OF THESE ANALYTES ��� OUT OF ��	 WERE SIGNIFIC
ANTLY INCREASED IN THE #- OF ALL THREE #/,(!-3#
GROUPS COMPARED TO ALL OTHER EXPERIMENTAL GROUPS
�FIGURE ��C		� 4HESE UPREGULATED FACTORS INCLUDED CLAS
SICAL PROANGIOGENIC GROWTH FACTORS� SUCH AS VASCULAR
ENDOTHELIAL GROWTH FACTOR !� PLACENTAL GROWTH FACTOR
AND HEPATOCYTE GROWTH FACTOR� BUT ALSO OTHER PROTEINS�
SUCH AS TRANSFORMING GROWTH FACTOR BETA � �4'&
β�	 AND INTERLEUKIN� �),�	� WHICH ARE ALSO KNOWN
TO EXERT PROANGIOGENIC EFFECTS ;��n��=� .EUROPRO
TECTIVE AGENTS LIKE OSTEOPONTIN AND GLIAL CELLDERIVED
NEUROTROPHIC FACTOR �'$.&	 WERE ALSO DETECTED AT
INCREASED CONCENTRATIONS IN #/,(!-3##-COM
PARED TO 'EL(!-3# AND �$ 4#0-3# ;��� ��=�
7HILE ONLY MINOR DIFFERENCES WERE OBSERVED BETWEEN
THE #- FROM #/,(!-3# AND THE #/,(!&N
-3#� THE LAMININ MODIFICATION FURTHER INCREASED
PROTEIN SECRETION� 4HIS INCREASED SECRETION WAS ESPE
CIALLY PRONOUNCED FOR 6%'&� B&'& AND LEUKEMIA
INHIBITORY FACTOR �,)&	 �FIGURE ��D		� 4HE GROWTH
FACTOR ,)& HAS NOT ONLY NEUROBIOLOGICAL AND IMMUN
OMODULATORY FUNCTIONS BUT ALSO MEDIATES TOLEROGENIC
EFFECTS OF -3#S ;��� ��=�

4HE CYTOKINE PATTERN OF SOFT 'EL(!-3# CON
TAINED LOWER LEVELS OF MOST CYTOKINES COMPARED TO
THE PURE #/,(! CONDITION� &OR EXAMPLE� NEUROPRO
TECTIVE FACTORS SUCH AS ,)& OR '$.& WERE DETECTABLE
ONLY AT VERY LOW CONCENTRATIONS� WHILST 6%'& LEVELS
WERE LOWEST IN THE #- OF 'EL(!-3# COMPARED TO

�
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&IGURE �� #YTOKINE PROFILING REVEALS EXPANDED SECRETORY PROFILE OF #/,(!-3#� �A	 2ELATIVE PROTEIN LEVELS OF ALL �� DETECTED
ANALYTES IN #- FROM FOUR BIOLOGICAL REPLICATES OF SIX CONDITIONS� �B	 &UNCTIONAL CLUSTERING OF PROTEINS RELEVANT FOR ANGIOGENESIS�
NEUROREGENERATION� IMMUNOMODULATION� HEMOSTASIS AND %#- REMODELING AND �C	 THE DETECTED LEVELS OF THE RESPECTIVE PROTEINS
FOR EACH EXPERIMENTAL GROUP� �D	 %,)3! OF 6%'&� B&'& AND OSTEOPROTEGERIN� ∗P � ����� ∗∗P � ����� ∗∗∗P � ������ NS� P! ����� ALL
BAR DIAGRAMS SHOW MEAN± 3%-�

ALL OTHER GROUPS �FIGURE ��D		� /NLY FIVE FACTORS WERE
EITHER MORE HIGHLY SECRETED OR THEIR SECRETION LEVELS
WERE COMPARABLE TO THOSE IN THE #/,(! GROUPS�
4HESE INCLUDED THE ANTIANGIOGENIC MATRIX PROTEINS
DECORIN �$#.	 AND THROMBOSPONDIN�� AND THE PRO
ANGIOGENIC AND VASCULOPROTECTIVE AGENT ANGIOPOIETIN
� ;��n��=� %NCAPSULATION OF -3#S IN THE STIFF 'EL
(! HYDROGEL RESULTED IN THE LOWEST CONCENTRATIONS FOR
MOST DETECTABLE ANALYTES� COMPARED TO THE OTHER �$
HYDROGEL CONDITIONS�

4HE SECRETION PROFILE OF -3#S CULTURED ON �$
4#0 WAS ENTIRELY DIFFERENT COMPARED TO ANY �$
HYDROGEL CONDITION� 7HILE MOST ANALYTES WERE ONLY
DETECTED AT LOW CONCENTRATIONS� EIGHT OUT OF THE ��
FACTORS WERE DETECTED AT THE HIGHEST CONCENTRATIONS IN
THE �$ CULTURE GROUP� 4HESE INCLUDED THE INFLAMMA
TION MARKER INTERLEUKIN� �),�	 ;��=� PROAPOPTOTIC
FACTOR DICKKOPF� �$KK�	 AND THE PROTHROMBOTIC
FACTOR PLASMINOGEN ACTIVATOR INHIBITOR� �0!)	� $KK
� IS ASSOCIATEDWITH NEURON DEATH AND!LZHEIMER�S DIS
EASE ;��= AND 0!) REGULATES BLOOD VESSEL FORMATION�
BUT IS ANTIANGIOGENIC AT HIGH CONCENTRATIONS ;���
��=� 4HE OSTEOBLASTIC MARKER OSTEOPROTEGERIN �/0'	�
WHICH PLAYS AN IMPORTANT ROLE IN BONE METABOLISM�
WAS DETECTED AT SIGNIFICANTLY HIGHER LEVELS IN #- FROM
THE 4#0 GROUP COMPARED TO ALL HYDROGELS ;��=�

4O VALIDATE THE PROTEIN ARRAY DATA� 6%'& AND
/0'� WHICH SHOWED VERY DISTINCT REGULATION� WERE

ADDITIONALLY MEASURED BY %,)3! �FIGURE ��D		� 4HE
LEVELS OF B&'&WERE ALSO QUANTIFIED BY %,)3!� AS IT WAS
NOT INCLUDED IN THE ARRAY PANEL BUT HAS BEEN DESCRIBED
AS A CRUCIAL -3#DERIVED TROPHIC FACTOR ;��=� 4HE
%,)3! VALUES CLOSELY MATCHED THE RESULTS OBTAINED
FROM THE PROTEIN ARRAY�

4HE COMPARISON OF PARACRINE PROFILES FROM-3#S
EXPOSED TO DIFFERENT BIOMATERIAL MICROENVIRONMENTS
SUGGESTED COMPLEX BIOMATERIALGUIDED REGULATION OF
THE CELLULAR SECRETOME� )N DEPTH ANALYSIS REVEALED AN
ESPECIALLY STRONG SECRETION OF PROANGIOGENIC FACTORS
FROM #/,(!,AM ENCAPSULATED CELLS� PREDICTING AN
INCREASED PROANGIOGENIC POTENCY OF CELLS ENCAPSU
LATED IN THIS CELL CARRIER MATERIAL�

���� %#S ORGANIZE INTO CAPILLARYLIKE NETWORKS
WHEN STIMULATED WITH #/,(!-3# #-
4O CONFIRM THE INCREASED PROANGIOGENIC POTENCY
FROM CELLS ENCAPSULATED IN #/,(! HYDROGELS� A VAL
IDATED CAPILLARYLIKE STRUCTURE FORMATION ASSAY WAS
USED ;��� ��=� 0RIMARY HUMAN %#S WERE STIMULATED
WITH #- DERIVED FROM EACH OF THE HYDROGEL-3#
GROUPS� 2ECOMBINANT HUMAN 6%'& �RH6%'&	 WAS
USED AS A POSITIVE CONTROL AT A CONCENTRATION EQUAL
TO THE DETERMINED 6%'& LEVEL OF #/,(!,AM #-�
%NDOTHELIAL TUBE FORMATION WAS QUANTIFIED AS THE
TOTAL MASTER SEGMENT LENGTH �4-3,	 DETECTABLE IN
AN IMAGED FIELD �FIGURE ��B		� -ASTER SEGMENTS ARE

�
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&IGURE �� %#S ORGANIZE INTO CAPILLARYLIKE NETWORKS WHEN STIMULATED WITH PROANGIOGENIC #-� �A	 2EPRESENTATIVE IMAGES OF
CALCEIN !- STAINED ENDOTHELIAL TUBES FORMED IN RESPONSE TO THE RESPECTIVE -3#�HYDROGEL #- INDICATED BELOW� �B	 2EPRESENTATIVE
IMAGE OF THE ANALYSIS METHOD TO CALCULATE 4-3, AND MESH AREA� 4O QUANTIFY THE QUALITY OF FORMED NETWORKS� THE TOTAL LENGTH OF
MASTER SEGMENTS �SEGMENTS LEADING TO A JUNCTION� 4-3,	 WAS QUANTIFIED �C	� ALONG WITH THE NUMBER OF MESHES AND AREA COVERED
BY COMPLETE ENDOTHELIAL TUBE MESHES �D	 �∗P � ����� ∗∗P � ����� ∗∗∗P � ������ NS� P ! ����� SIGNIFICANCE LEVELS ARE RELATIVE TO
BLANK UNLESS OTHERWISE INDICATED� BOX PLOT WHISKERS SHOW EXTREME VALUES WITH 4UKEY�S CORRECTION FOR OUTLIERS	�

DEFINED AS CAPILLARY FRAGMENTS LEADING TO A JUNCTION
AND THEIR TOTAL LENGTH IS A GOOD PARAMETER FOR THE
EXTENT OF ENDOTHELIAL TUBE FORMATION UNDER THE EXCLU
SION OF LOOSE BRANCHES� %XCEPT FOR 'EL(! STIFF� THE
4-3, OF ALL OTHER CONDITIONS WAS FOUND TO BE SIG
NIFICANTLY INCREASED COMPARED TO THE BLANK CONTROL
�FIGURE ��C		� 4HE 4-3, OF THE THREE #/,(! CONDI
TIONS WAS ALSO SIGNIFICANTLY LONGER THAN IN THE 'EL(!
SOFT GROUP�

4O SUBSEQUENTLY ASSESS WHETHER THE -3#
HYDROGEL CONSTRUCTS WERE ABLE TO INDUCE THE FORM
ATION OF INTERCONNECTED CAPILLARYLIKE NETWORK STRUC
TURES� THE NUMBER OF INTACT MESHES AND THE TOTAL
AREA COVERED BY COMPLETE MESHES WAS DETERMINED
�FIGURE ��D		� 7HILE #- FROM 'EL(! CONSTRUCTS
AND FROM �$ 4#0 INDUCED SOME MESH FORMATION�
MOST OF THESE NETWORK STRUCTURES WERE INCOMPLETE
AND DID NOT RESULT IN A SIGNIFICANT INCREASE IN MESH
NUMBER COMPARED TO THE BLANK CONTROL� )N CONTRAST�
ALL #/,(! CONDITIONS AS WELL AS THE RH6%'& CON
TROL SIGNIFICANTLY STIMULATED THE FORMATION OF INTACT
ENDOTHELIAL MESHES COMPARED TO THE UNSTIMULATED
WELLS �BLANK	� .ETWORK FORMATION OF %# STIMULATED
WITH #- FROM FUNCTIONALIZED AND PURE #/,(! WAS
MORE ROBUST AND RESULTED IN A SIGNIFICANTLY HIGHER
MESH AREA COMPARED TO RH6%'& �FIGURE ��D		� 4HE

#/,(!,AM BIOMATERIAL INDUCED LONGER MASTER
SEGMENTS AND SLIGHTLY LARGER MESH AREAS COMPARED
TO THE PURE #/,(!� )NTERESTINGLY� A SLIGHTLY HIGHER
MEDIANMESH COUNT AND TIGHTERMESHESWERE OBSERVED
IN RESPONSE TO #- FROM PURE #/,(!-3# COM
PARED TO THE FUNCTIONALIZED #/,(! HYDROGELS�

4HE BIOLOGICAL ANGIOGENESIS READOUT CON
FIRMED BOTH THE FUNCTIONAL RELEVANCE OF AUGMEN
TED PROANGIOGENIC FACTOR SECRETION FROM #/,(!
ENCAPSULATED -3#S AND ADDITIONALLY REFLECTED THE
FURTHER ENHANCED PROANGIOGENIC POTENCY PREDICTED
FOR #/,(!,AM�

�� $ISCUSSION

4HE CLINICAL SUCCESS OF -3# THERAPY IS LIMITED BY
THE DELIVERY METHOD� THEREFORE� THE AIM OF THIS
STUDY WAS TO FABRICATE� CHARACTERIZE AND OPTIMIZE AN
APPLICATIONORIENTED CARRIER MATERIAL WITH IMPROVED
BIOINSTRUCTIVE PROPERTIES FOR THE ENCAPSULATION AND
DELIVERY OF THERAPEUTIC -3#S�

4WO BIOACTIVE POLYMERS� COLLAGEN AND (!� WERE
USED TO PHOTOCROSSLINK INTO A HYDROGEL WITH DEFINED�
TISSUECOMPATIBLE MECHANICAL PROPERTIES� "OTH POLY
MERS ARE USED IN RECONSTRUCTIVE OR SURGICAL INDICATIONS
IN PATIENTS AND CAN THEREFORE BE CONSIDERED SAFE AND

�
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CLINICALLY APPLICABLE ;��n��=� )N ADDITION TO THE PURE
#/,(! FORMULATION� TWO MODIFIED #/,(! VARI
ANTS WERE FUNCTIONALIZED WITH EITHER LAMININ �#/,
(!,AM	 OR FIBRONECTIN �#/,(!&N	� ,AMININ IS A
MAJOR BIOLOGICAL COMPONENT OF THE BASAL LAMINA AND
IS KNOWN TO CONTAIN SPECIFIC CELL ATTACHMENT MOTIFS�
WHILE FIBRONECTIN IS A DIMER SECRETED FROMHEPATOCYTES
INTO THE BLOOD PLASMA� WHICH PLAYS A CRUCIAL ROLE IN
BLOOD CLOT FORMATION� MATRIX REMODELING AND WOUND
HEALING ;��n��=� 0RIOR STUDIES HAVE IDENTIFIED LAMININ
AS A BENEFICIAL SUBSTRATE FOR -3# CULTURE� CAPABLE OF
INFLUENCING THE SECRETION OF PROREGENERATIVE MEDIAT
ORS ;��=� 4HIS WAS IN LINE WITH OUR FINDING THAT THE
ADDITION OF LAMININ FURTHER PROMOTED -3# ELONGA
TION AND SECRETION OF ANGIOGENIC� NEUROPROTECTIVE AND
IMMUNOMODULATORYMEDIATORS AND INDUCED A PARTIC
ULARLY POTENT PROANGIOGENIC -3# PHENOTYPE� (OW
EVER THE PREDOMINANT EFFECTS WERE SEEN IN COMPARING
COLLAGEN TO GELATINBASED MATERIALS� WHILE THE EFFECT OF
GLYCOPROTEIN MODIFICATION WAS MODERATE IN OUR STUDY
AND COULD LIKELY BE BLUNTED BY GLYCOPROTEINS IN THE
SERUM THAT ADSORB TO THE COLLAGEN MATRIX ;��=�

4O PUT THE PROPERTIES OF #/,(! INTO THE
CONTEXT OF COMMERCIALLY AVAILABLE BIOMATERIALS� AN
INDUSTRY STANDARD HYDROGEL KIT� (YSTEM¤ �'EL(!	�
WAS USED FOR COMPARISON� (YSTEM¤ HAS CONTRIB
UTED TO IMPORTANT ADVANCES IN �$ CELL CULTURE AND
ORGANOID DEVELOPMENT IN RECENT YEARS AND EXHIB
ITS A COMPARABLE PHOTOTRIGGERED PHASE CHANGE AS
#/,(! ;��� ��� ��=� 'EL(! IS COMPOSED OF (!�
0%' AND GELATIN� DENATURED COLLAGEN THAT SHARES THE
SAME AMINO ACID SEQUENCE BUT HAS LOST ITS TERTIARY
TRIPLEHELICAL STRUCTURE DUE TO THE DENATURATION PRO
CESS �FIGURE ��B		 ;��� ��=� 4HE LOSS OF TERTIARY STRUC
TURE CHANGES THE AVAILABILITY OF CELL ADHESION MOTIFS
ON THE PROTEIN SURFACE� THEREBY RESULTING IN DIFFER
ENT BIOINSTRUCTIVE CUES PRESENTED TO CELLS BY GELATIN
VERSUS COLLAGEN ;��� ��=� !NOTHER IMPORTANT DIFFER
ENCE BETWEEN#/,(!AND THE'EL(! CONTROL IS THAT
'EL(! DEPENDS ON A BIOINERT 0%' CROSSLINKER THAT
TAKES UP TO ��� OF THE HYDROGEL MIXING VOLUME� 0%'
DOES NOT ALLOW FOR CELLS TO ATTACH� NOR IS IT KNOWN TO
INSTRUCT CELL BEHAVIOR ;��=�7E ELIMINATED THE REQUIRE
MENT FOR A 0%' CROSSLINKER IN #/,(! SINCE WE
HYPOTHESIZED THAT A HIGH 0%' CONTENT MIGHT PREVENT
CELLnMATERIAL INTERACTIONS RATHER THAN PROVIDE THEM�
3INCE THE COMPOSITION OF THE TWO 'EL(! CONTROL
HYDROGELS DIFFERED ONLY IN THE TYPE AND AMOUNT OF
0%' CROSSLINKER �TABLE �	� IT IS POSSIBLE THAT THE HIGH
CONCENTRATION OF FOURARM 0%' CROSSLINKER REDUCED
REQUIRED CELLnMATRIX INTERACTIONS PROVIDING A POTEN
TIAL EXPLANATION FOR THE LOW CYTOKINE LEVELS IN 'EL(!
STIFF #-�

)NTERESTINGLY� STRUCTURAL DIFFERENCES WERE OBSERVED
BETWEEN COLLAGEN AND GELATINBASED BIOMATERIALS
�FIGURE �	� $IFFERENT STUDIES HAVE REPORTED THAT -3#S
LOSE THEIR TYPICAL ELONGATED FIBROBLASTIC SHAPE AND
ACQUIRE ROUND MORPHOLOGY AFTER ENCAPSULATION IN
HYDROGELS WITH SMALL PORE SIZES ;��� ��n��=� )NCREASED

ELONGATION OF -3#S ENCAPSULATED IN #/,(!� COM
PARED WITH POOR ELONGATION IN BOTH THE SOFT AND STIFF
'EL(! CONDITIONS� SUGGEST THAT THE DIFFERENCES IN CELL
MORPHOLOGY BETWEEN #/,(!-3# AND 'EL(!
-3# CONSTRUCTS DO NOT RESULT FROM DIFFERENCES IN BULK
MECHANICAL PROPERTIES OF THE BIOMATERIAL� BUT RATHER
DEPEND ON PORE SIZE AND FUNCTIONALIZATION� 4HE BENE
FICIAL EFFECT OF LARGE MATERIAL PORE SIZE ON-3# ATTACH
MENT AND FUNCTION HAS BEEN DEMONSTRATED IN PRIOR
STUDIES ;��=� )N A SETTING WHERE ADDITIONAL FABRICATION
STEPS ARE ADDED AFTER HYDROGEL FORMATION TO CREATE A
POROUS HYDROGEL SCAFFOLD� DIFFERENCES IN THE MATERIAL
PROCESSING PROTOCOL CAN BE USED TO CREATE PORES OF
DIFFERENT SIZES AND STRUCTURES AND STUDY THEIR EFFECT
ON CELLS� &OR EXAMPLE� -ATSIKO ET AL ACHIEVED A DIF
FERENCE IN SCAFFOLD PORE SIZE BY VARYING THE LYOPHIL
IZATION CONDITIONS BETWEEN EXPERIMENTAL GROUPS OF
CHEMICALLY IDENTICAL SCAFFOLDS ;��=� #ONSEQUENTLY� THE
INFLUENCE OF PORE SIZE ON CELL FUNCTION COULD BE STUD
IED INDEPENDENTLY OF THE BIOCHEMICAL COMPOSITION� )N
OUR STUDY HOWEVER� THE CELLS WERE CULTURED IN UNPRO
CESSED HYDROGELS� WHILE LYOPHILIZATION WAS CONDUC
TED ON CELLFREE GELS FOR ANALYSIS OF THE MATERIAL STRUC
TURE� SO THAT DIFFERENT PROCESSING PROTOCOLS COULD NOT
BE USED TO FULLY UNCOUPLE STRUCTURAL PARAMETERS FROM
BIOCHEMICAL CUES� "ECAUSE LYOPHILIZATION WAS CARRIED
OUT SIDE BY SIDE FOR ALL MATERIAL GROUPS� WE ASSUME
THAT THE OBSERVED DIFFERENCES IN THE LYOPHILIZED STRUC
TURE FORMED AS A CONSEQUENCE OF DIFFERENT BIOCHEMICAL
HYDROGEL COMPOSITION�

%NCAPSULATION OF -3#S IN #/,(! DEMON
STRATED THAT THE CELLS REMAINED VIABLE AND ASSUMED
AN ELONGATED MORPHOLOGY WITHIN THE HYDROGEL IN
COMPARISON TO COMMERCIALLY AVAILABLE HYDROGELS FOR
CELL CULTURE� 4HIS OBSERVATION SUGGESTED DIFFERENCES
IN INTERACTIONS AT THE CELLnMATERIAL INTERFACE AND
WE HYPOTHESIZED THAT THESE DIFFERENCES WOULD BE
REFLECTED IN THE -3#S� SECRETORY PHENOTYPE� 7HILE
MOST STUDIES THAT INVESTIGATE CELLnMATERIAL INTERAC
TIONS FOCUS ONLY ON FEW CELLSECRETED MEDIATORS� WE
PERFORMED A DETAILED ANALYSIS OF BIOMATERIALGUIDED
CHANGES IN THE PARACRINE PROFILE TO VALIDATE OUR HYPO
THESIS� 4HIS ANALYSIS REVEALED COMPLEX REGULATION PAT
TERNS AND PREDICTED A POTENT PROANGIOGENIC PRO
FILE FOR -3#S ENCAPSULATED IN #/,(!� "ASED ON
OUR PREVIOUS STUDIES� WE HYPOTHESIZED THAT THE LOSS
OF CELL ATTACHMENT AND SPREADING WITHIN THE BIOMA
TERIAL NEGATIVELY AFFECTS -3#�S SECRETORY PHENOTYPE
;��=� )N SUPPORT OF THIS HYPOTHESIS� THE IN DEPTH
SECRETOME PROFILING REVEALED THAT HYDROGEL MICROEN
VIRONMENTS DIFFERENTIALLY MODULATED THE PARACRINE
ACTIVITY OF ENCAPSULATED -3#S �FIGURE �	� #- DERIVED
FROM -3#S ENCAPSULATED IN #/,(!BIOMATERIALS
INDUCED SIGNIFICANTLY STRONGER AND MORE ROBUST %#
NETWORK FORMATION COMPARED TO 'EL(! OR �$ 4#0
�FIGURE �	� WITH THE STRONGEST ANGIOGENIC EFFECTS MEDI
ATED BY #/,(!,AM-3#S� 4HIS FINDING VALID
ATED THE PREDICTED PARACRINE PATTERN SHIFT TOWARD A
PROANGIOGENIC SECRETOME PROFILE IN A HIGHLY BIOACTIVE
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BIOMATERIALMICROENVIRONMENT�7E PROPOSE THAT PRO
TEOMICS COULD BE USED TO PREDICT THE RESULTING BIO
LOGICAL CONSEQUENCES OF DIFFERENT MATERIAL FABRICA
TION STRATEGIES AT AN EARLY STAGE AND TO IDENTIFY NEW
APPLICATIONS FOR PROVEN AND ESTABLISHED BIOMATERIALS�
/UR RESULTS ALSO SUPPORT THE CONCEPT THAT THE COM
PLEX SECRETOME OF REGENERATIVE CELLS� SUCH AS -3#S�
HAS STRONGER THERAPEUTIC POTENCY THAN THE ADMIN
ISTRATION OF A SINGLE RECOMBINANT FACTOR� SUCH AS
RH6%'&�

4HE DIFFERENCES IN PARACRINE ACTIVITY BETWEEN
#/,(! AND 'EL(! GROUPS COULD BE THE CON
SEQUENCE OF DIFFERENT CELL VIABILITIES� HOWEVER� �$ 4#0
CULTURES� WHICH ARE KNOWN TO MAINTAIN VERY HIGH CELL
VIABILITY� SHOWED A LIMITED PARACRINE ACTIVITY IN OUR
STUDY� !NOTHER IMPORTANT INFLUENCE ON THE PARAC
RINE ACTIVITY COULD BE THE HYDROGEL STIFFNESS� 4O TEST
THIS POSSIBILITY� THE STIFF 'EL(! CONTROL WAS INCLUDED
IN THIS STUDY� !LTHOUGH THE MODULUS OF THIS 'EL(!
STIFF BIOMATERIAL MATCHED THE #/,(! GROUPS� THEIR
SECRETOME PROFILES HAD VERY LITTLE SIMILARITY� )NSTEAD�
THE 'EL(! STIFF BIOMATERIAL RESULTED IN THE LOWEST
CYTOKINE LEVELS OF ALL EXPERIMENTAL GROUPS� DEMON
STRATING THAT HIGHER BULK STIFFNESS ALONE DOES NOT AUG
MENT THE PARACRINE ACTIVITY OF -3#S� 4ISSUESPECIFIC
BULK STIFFNESS IS A RELEVANT DESIGN PARAMETER FOR FUTURE
IN VIVO STUDIES� WHERE THE INJECTED MATERIAL WOULD
NEED TO IMMOBILIZE CELLS IN A BONE FRACTURE GAP� NERVE
GAP OR CONTRACTING MUSCLE WHILE COMPLYING TO SUR
ROUNDING NATIVE TISSUE TO AVOID SCARRING AND INFLAM
MATION ;��� ��=� (OWEVER� BULK MODULUS MIGHT NOT
ACCURATELY REPRESENT MECHANICAL FORCES ON THE MICRO
OR NANOSCALE SENSED BY CELLS� AS RECENT LITERATURE HIGH
LIGHTS SCALE DEPENDENT DIFFERENCES IN THE STIFFNESS OF
LIVING TISSUES ;��� ��� ��=� &OR EXAMPLE� WHILE IN OUR
STUDY THE BULK STIFFNESS VALUES OF DIFFERENT HYDROGEL
SUBSTRATES CAN BE ADJUSTED BY CHANGING CROSSLINKING
GEOMETRY AND CONCENTRATION� THE MICROSCALE STIFFNESS
OF A SINGLE COLLAGENMOLECULE LIES IN THE '0A RANGE AND
DIFFERS FROM THEMICROSCALE STIFFNESS OF GELATIN OR OTHER
%#- COMPONENTS� REGARDLESS OF BULK HYDROGEL PROP
ERTIES ;��� ��� ��=� "Y CONSEQUENCE� DESPITE MATCHED
BULK STIFFNESS� DIFFERENT SUBSTRATES COULD TRIGGER DIF
FERENT MECHANOTRANSDUCTION EVENTS IN ENCAPSULATED
CELLS�

!S A STANDARD REFERENCE WE COMPARED THE
SECRETOME OF #/,(! ENCAPSULATED CELLS TO �$ -3#
CULTURE ON POLYSTYRENE 4#0� )NTERESTINGLY� THE OSTEO
BLASTIC MARKER /0' WAS ONE OF THE FEW FACTORS THAT
WERE SECRETED AT HIGHEST LEVELS FROM -3#S CULTURED
ON 4#0� -3#S ARE KNOWN TO BE ABLE TO DIFFERENTIATE
TOWARD OSTEOBLASTIC LINEAGES AND THIS RESULT COULD BE
CAREFULLY INTERPRETED IN LINE WITH STUDIES THAT DEMON
STRATE STIFFNESS DEPENDENT REGULATION OF CELL FATE ;��=�
WHILE ON THE OTHER HAND THEMANY DIFFERENCES BETWEEN
THE �$ AND �$ MICROENVIRONMENTS� SUCH AS CULTURE
DIMENSIONALITY� STIFFNESS� ADHESION LIGAND TYPE AND
DENSITY MAKE CAUSAL ATTRIBUTIONS TO A SINGLE FACTOR

DIFFICULT� 4HE �$ CULTURE CONDITION RESULTED IN A
COMPLETELY DIFFERENT SECRETOME PATTERN THAN ANY OF
THE �$ HYDROGEL CONDITIONS� IMPLYING THAT CELL CULTURE
ON POLYSTYRENE LEADS TO NONPHYSIOLOGICAL DEVIATIONS
IN -3# BIOLOGY�

%ARLIER STUDIES HAVE PROVIDED EVIDENCE THAT CELLn
CELL AND CELLnMATRIX INTERACTIONS WITHIN THE �$HYDRO
GEL ARE CRUCIAL FOR THE REGENERATIVE FUNCTION OF -3#S
;��� ��=� (ERE� WE OBSERVED THAT FUNCTIONALLY REL
EVANT SHIFTS IN THE PATTERN OF PARACRINE ACTIVITY CAN
BE ACHIEVED BY MODIFICATIONS OF THE BIOMATERIAL
THAT SUPPORT THESE CELLULAR INTERACTIONS� SUCH AS AN
ATTACHMENTENABLING BIOACTIVE SUBSTRATE� A MICROPOR
OUS STRUCTURE AND THE ADDITION OF SPECIFIC LIGANDS FOR
INTEGRIN RECEPTORS� 4HIS OBSERVATION IS IN LINE WITH
THE CLASSIC CONCEPT THAT CELLS DERIVE CUES ABOUT THEIR
PHENOTYPIC IDENTITY FROM THEIR SURROUNDING %#-AND
THAT DECELLULARIZED %#- EXTRACTED FROM SPECIFIC TIS
SUES CAN BE USED TO GUIDE CELL DIFFERENTIATION IN ENGIN
EERED TISSUES OR ORGANOIDS ;��� ��� ��=� )N THIS STUDY�
RATHER THAN FOCUSING ON CELL DIFFERENTIATION� WE EXTEN
DED THE CONCEPT OF MATRIXGUIDED CELL BEHAVIOR TO
SHIFTS IN THE SECRETION PATTERN OF THERAPEUTICALLY REL
EVANT PROTEINS� WHICH WE ANALYZED USING STATE OF THE
ART PROTEOMICS� 3PECIFICALLY� WITHIN A MICROENVIRON
MENT COMPOSED OF COLLAGEN� (! AND LAMININ WE
OBSERVED THE STRONGEST -3# ELONGATION� 4HIS CORREL
ATED WITH THE HIGH ANGIOGENIC POTENCY OF #/,(!
,AM ENCAPSULATED -3#S� AS PREDICTED BY A DETAILED
ANALYSIS OF THEIR PARACRINE PROFILE AND FUNCTIONALLY
CONFIRMED USING IN A MODEL OF ENDOTHELIAL TUBE
FORMATION�

�� #ONCLUSION

4HIS STUDY DEMONSTRATES THE FABRICATION AND FUNC
TIONALITY OF A BIOPOLYMER HYDROGEL TO MODULATE
THE PARACRINE EFFECTS OF THERAPEUTIC CELLS� 7E HAVE
COMBINED BIOLOGICALLY RELEVANT MATERIAL CUES WITH
IMPORTANT APPLICATIONORIENTED FEATURES SUCH AS
INJECTABILITY AND CONTROLLED CROSSLINKING TO PRODUCE
A BIOINSTRUCTIVE CELL CARRIER FOR -3# ENCAPSULATION
AND PROTECTION� 4HE FAST FABRICATION PROTOCOL AND ON
DEMAND CROSSLINKING MECHANISM ARE SCALABLE AND
CLINICALLY TRANSLATABLE AND WERE DESIGNED FOR HUMAN
APPLICATION� WITH ALL INDIVIDUAL COMPONENTS OF #/,
(! OR COMPARABLE BIOPOLYMERS HAVING BEEN PRE
VIOUSLY SAFELY IMPLANTED INTO PATIENTS IN A CLINICAL
SETTING ;��n��=� -ICROPOROUS #/,(! HYDROGELS
PROMOTED VIABILITY AND ELONGATION OF ENCAPSULATED
-3#S� WHICH CORRELATED WITH AN EXPANDED PROFILE
OF SECRETED REGENERATIVE MEDIATORS� 4HIS EFFECT WAS
ESPECIALLY PRONOUNCED IN #/,(! FUNCTIONALIZED
WITH LAMININ� WITH THE PARACRINE PROFILE INDUCING A
STRONG %# CAPILLARY NETWORK FORMATION� 4HESE RES
ULTS INDICATE THAT FUNCTIONALLY RELEVANT SHIFTS IN THE
PATTERN OF PARACRINE ACTIVITY CAN BE ACHIEVED BY SPE
CIFIC MODIFICATIONS OF THE BIOMATERIAL SUBSTRATE AND
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STRUCTURE� /UR TUNABLE HYDROGEL PLATFORM CREATES
THE OPPORTUNITY TO GENERATE USERDEFINED LIBRARIES
OF BIOINSTRUCTIVE HYDROGELS FOR TARGETED SECRETOME
MODULATION� )N ADDITION TO THE ENGINEERING OF A SUIT
ABLE CELL CARRIER MATRIX FOR FUTURE CELL THERAPY STUDIES�
OUR STUDY ADDS A NEW DIMENSION TO THE CURRENT UNDER
STANDING OF-3# SECRETOME BIOLOGY� SUGGESTS STRONGER
THERAPEUTIC POTENCY OF A CELLDERIVED SECRETOME IN
COMPARISON TO THE ADMINISTRATION OF A SINGLE RECOM
BINANT FACTOR AND HIGHLIGHTS IMPORTANT DIFFERENCES
BETWEEN �$ AND �$ CELL CULTURE PROTOCOLS� /UR FUTURE
STUDIES WILL FOCUS ON IN VIVO CHARACTERIZATION OF
#/,(!ENCAPSULATED -3# IN IN VIVO ANGIOGENIC
AND NEUROREGENERATIVE DISEASE MODELS AS THE NEXT
STEP TOWARDS BRINGING EFFECTIVE -3# THERAPIES TO
PATIENTS�

$ATA AVAILABILITY STATEMENT

!LL DATA THAT SUPPORT THE FINDINGS OF THIS STUDY ARE
INCLUDED WITHIN THE ARTICLE �AND ANY SUPPLEMENTARY
FILES	�
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