Helmholtz-Zentrum

hereon

Final Draft

of the original manuscript

Krager-Genge, A,; Hauser, S.; Neffe, A,; Liu, Y.; Lendlein, A,; Pietzsch,
J., Jung, F.

Response of Endothelial Cells to Gelatin-Based Hydrogels.

In: ACS Biomaterials Science & Engineering. Vol. 7 (2021) 2, 527 -
540.

First published online by ACS: 26.01.2021

https://dx.doi.org/10.1021/ acsbiomaterials.0c01432



https://dx.doi.org/10.1021/acsbiomaterials.0c01432

Response of endothelial cells to gelatin-based

hydrogels

Anne Kriiger-Genge', Sandra Hauser?, Axel T. Neffe?, Yue Liu', Andreas Lendlein***", Jens Pietzsch?®,

Friedrich Jung ***

Institute of Active Polymers and Berlin-Brandenburg Centre for Regenerative Therapies (BCRT),

Helmholtz-Zentrum Geesthacht, Kantstr. 55, 14513 Teltow, Germany

Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiopharmaceutical Cancer Research,
Department of Radiopharmaceutical and Chemical Biology, Bautzner Landstrasse 400, 01328 Dresden,

Germany

3 Helmholtz Virtual Institute — Multifunctional Biomaterials for Medicine, Kantstr. 55, 14513

Teltow, Germany

4 Institute of Chemistry, University of Potsdam, Karl-Liebknecht-str. 24-25, 14476 Potsdam,

Germany.

Technical University Dresden, School of Science, Faculty of Chemistry and Food Chemistry,

01062 Dresden, Germany

* email: andreas.lendlein@hzg.de, friedrich.jung@hzg.de

KEYWORDS: endothelialization; gelatin-based hydrogel; substrate elasticity; HUVEC function; cell-

material-interaction



ABSTRACT

The establishment of confluent endothelial cell (EC) monolayers on implanted materials has been
identified as concept to avoid thrombus formation, but is a continuous challenge in cardiovascular
device engineering. Here, material properties of gelatin-based hydrogels obtained by reacting gelatin
with varying amounts of lysine diisocyanate ethyl ester were correlated with the functional state of

hydrogel contacting venous EC (HUVEC) and HUVEC's ability to form a monolayer on these hydrogels.

The density of adherent HUVEC on the softest hydrogel at 37 °C (G’ = 1.02 kPa, E = 1.1+0.3 kPa) was
significantly lower (125 mm™) than on the stiffer hydrogels (920 mm?; G’ = 2.515 and 5.02 kPa, E =
4.840.8 and 10.3+1.2 kPa). This was accompanied by increased matrix metalloprotease activity (9
pmol-mint compared to 0.6 pmol-min™t) and stress fiber formation, while cell-to-cell contacts were
comparable. Likewise, release of eicosanoids (e.g. prostacyclin release of 1.7 vs. 0.2 pg-mL*-cell) and
the pro-inflammatory cytokine MCP-1 (8 vs. <1.5 pg-mL™-cell'l) was higher on the softer than on the
stiffer hydrogels. The expression of pro-inflammatory markers COX-2, COX-1, and RAGE were slightly
increased on all hydrogels on day 2 (up to 200% of the control), indicating a weak inflammation, however
the levels dropped to below the control from day 6. The study revealed that hydrogels with higher
moduli approached the status of a functionally-confluent HUVEC monolayer. The results indicate the
promising potential especially of the discussed gelatin-based hydrogels with higher G’ as biomaterials

for implants foreseen for the venous system.



INTRODUCTION

Vascular endothelial cells (EC) are involved in different tasks. In general, they regulate hemostasis
through the expression and secretion of a spectrum of mediators regulating vascular tone and
permeability, inflammation, and thrombosis. The luminal surface of quiescent EC, the glycocalyx, is the
most blood compatible surface and prevents thrombotic events.! Therefore, EC seeding as a means of
creating a hemocompatible surface of cardiovascular implants is a strategy to render thrombogenic
surfaces hemocompatible.? In vivo, the luminal surfaces of cardiovascular devices are often lined only
sparsely with endothelial cells.>® Thus, the blood-contacting surface remains unhealed and covered with
a layer of compacted plasma proteins only, a so-called pseudointima. Cardiovascular devices therefore
can fail, in part due to thrombosis resulting from the lack of endothelium.® Moreover, the mismatch in
mechanical properties between the elastic native artery and the rigid devices might induce proliferation
of vascular smooth muscle cells — leading to hyperplasia and possibly ending up with vascular
stenosis/occlusion.”®

Failure of cardiovascular implants can best be avoided by adjusting the elastic modulus of the implant
to the surrounding tissue together with the growth of a functionally-confluent monolayer of endothelial
cells on the luminal surface. To establish such a cell monolayer on polymer surfaces, optimal adhesion

and spreading of the cells is desired.® Cell adhesion, migration and proliferation on surfaces are affected

11-12 13-14

by the surface roughness, topography,2 wettability,'3 stiffness 1> and chemical composition.*®

It is reported that EC do not adhere spontaneously to currently available vascular graft materials like
expanded polytetrafluoroethylene (ePTFE, Teflon™) and polyethylene terephtalate (PET, Dacron™).'7-18
Furthermore, trans-anastomotic ingrowth of EC in currently used vascular grafts does not exceed 1-2 cm
even after years of clinical implantation.® Therefore, different strategies were developed to modify
polymer surfaces in a way to mimic the natural extracellular matrix (ECM) guiding endothelialization.*
22 \We selected an ECM-based material, gelatin, as it is hydrophilic, provides cell adhesion sites such as

RGD and GFOGER peptide sequences?® and as derivative of collagen forms hydrogels that match tissues

in their mechanical and biochemical properties.?*?* In contrast to collagen which is already used as
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implant material, gelatin is not thrombogenic ?® and, does not induce an undesired foreign body reaction
upon crosslinking.?” Stabilization of gelatin-based hydrogels is required to avoid rapid dissolution and
may be based on covalent reactions, formation of physical netpoints or supramolecular bonds,? or
combinations of these.”® By performing the stabilization step above the helix-to-coil transition
temperature of gelatin (~37 °C), the mechanical properties of gelatin-based materials can be tailored
through the type and amount of the stabilization reagent. Here, lysine diisocyanate ethyl ester (LDI) was
chosen as such reagent, as it is completely derived from a proteinogenic amino acid. The reaction of
gelatin and LDI in the presence of water includes several competing reactions.?® First of all, primary
amino groups of gelatin can add to an isocyanate group of LDI forming a urea bond (Figure 1A).
Subsequent reaction of a further amino group on another gelatin chain leads to a direct covalent
crosslink. However, as the reaction is performed in water, also decarboxylation of isocyanate groups can
occur, which may give rise to grafted oligourea groups that may engage in physical interactions as well
as to oligourea crosslinks. The stabilization of the gelatin-based system is hence based on physical as
well as covalent bonds, and furthermore triple helical gelatin chain regions may be formed acting as
further physical netpoints. While the reaction is complex, it is also highly repeatable and gives consistent
results over many batches. As nomenclature for the thus produced hydrogels, GX_LNCOQY is used, with
X being the wt.% gelatin concentration used in the crosslinking, and Y the molar ratio of isocyanate
groups of LDI and primary amino groups of gelatin in the reaction. It is known that an increasing ratio Y
gives hydrogels with increasing Young’s modulus (E = 13+3 kPa (G10_LNCO3), 3549 kPa (G10_LNCO5)
and 55+11 kPa (G10_LNCO8) determined at 37 °C on swollen samples in a water tank.%°). Figure 1B
shows exemplarily the influence of isocyanate:amino group ratio on the hydrogel architecture. In
networks formed with higher isocyanate ratio (top) there are more crosslinks, which leads to a denser
network with higher Young’s modulus and higher density of cellular adhesion sequences than when the
hydrogel is formed with lower isocyanate:amino group ratio (bottom). As it is known that cells actively

test the mechanical properties of the matrix they grow on (Figure 1C),*! which leads to changes in gene



transcription by several pathways, in certain elasticity windows a direct effect of material properties on

cellular function can be expected (Figure 1D).

Matrix elasticity and

adhesion point density
/\.—— confluent cell
| monolayer (7?)

HNTH proteom released substances : g

° o o 8
1 N o
Hydrogel format|on f’ gelatin chain ( \.) oligourea graft ~& covalent crosslink

cell adhesion peptide |stress fibre @, endothelial cell @ nucleus

Figure 1. Material synthesis, changes of material properties and their influence on cellular
behavior. A) Stabilization of gelatin with lysine diisocyanate occurs through reaction of gelatin
primary amino groups with isocyanate groups of LDI, with several competing reactions (see
text). B) An increasing amount of LDI in the reaction leads to hydrogels with higher netpoint
density, which increases the elastic modulus and the density of cell adhesion sites (top vs.
bottom). C) These two properties can be sensed by cells, and via mechanotransduction a change
of protein biosynthesis occurs, which leads to changes in cell proteom and release of substances
important in cell-cell communication. D) At suitable matrix elasticity and adhesion point

density, this might support the formation of a confluent endothelial cell layer.

In addition to the composition dependent hydrolytic*? and enzymatic degradability in vitro,* previous
animal studies have shown that these hydrogels degraded in vivo completely without any signs of

adverse tissue responses within 35 days (G10_LNCO3) to 84 days (G10_LNCO8).3*3* Gelatin-based



hydrogels supported the adherence and viability of arterial endothelial cells.>* However, it is well known
that there is significant endothelial cell diversity. EC originating from arteries differ markedly from
venous EC in morphology, intercellular junctions, cell surface and growth properties, and in production
of basal lamina components.®® Because the hydrogels are envisioned for devices used in the venous
system, this study was performed using human umbilical endothelial cells (HUVEC). We hypothesized
that HUVEC can adhere in a vital state, spread and at last establish a functionally-confluent monolayer,
with the cellular function depending on the properties of the hydrogel matrix.

In the following, we first describe the physicochemical properties of the investigated hydrogels,
including mechanical properties determined by rheology and by AFM, the surface roughness, and the
contact angle. Growth of HUVECs on the hydrogels was explored by evaluating the cell density, viability,
cell morphology, and the cell-to-cell contacts. Finally, the HUVEC function was explored by quantifying
the release of eicosanoids, the activity of released MMPs, as well as the types and amount of cytokines

and inflammatory markers.

MATERIALS AND METHODS

Materials

Hydrochloric acid, diethylether, sodium bicarbonate, 2,4,6-trinitrobenzenesulfonic acid (TNBS),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic® F-108, average
M, ~ 14,600 g-mol* were purchased from Sigma-Aldrich, Steinheim, Germany. Calcein and rabbit anti-
human vVWF was from Sigma-Aldrich, Hamburg, Germany. Lysine diisocyanate ethyl ester (LDI) was
acquired from CHEMOS, Regenstauf, Germany, and gelatin (from porcine skin, 200 bloom, type A, low
endotoxin content) from GELITA USA, Sergeant Bluff, 1A, USA. IL-1B, pan-MMP fluorogenic peptide
substrate (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-I-2,3-
diaminopropionyl)-Ala-Arg-NH,(Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH; and Recombinant human MMP-
9 was bought from R&D Systems, Wiesbaden-Nordenstadt, Germany. Propidium iodide and the solid-

phase sandwich VEGF ELISA Kit were purchased from Life Technologies GmbH, Darmstadt, Germany.
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Phalloidin-AlexaFluor 488° was fromThermo Fisher Scientific, Darmstadt, Germany, mouse anti-
humanVE-cadherin, RIPA lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% NP40, 0.5 wt.-% SDS, 7 pg/ml
leupeptin, 1 mM PMSF, 1 mM Na3VO,4, 1 mM DTT, 7 mM NaF) and the Prostaglandin E, ELISA Kit from
Abcam, Cambridge, UK, donkey-anti rabbit DyLight 549 and donkey anti mouse DyLight 488 from Jackson
Immuno Research, Hamburg, Germany, 4,6-diamidino-2-phenylindole (DAPI) from Roth, Karlsruhe,
Germany), 6-keto Prostaglandin Fiq EIA Kit from Cayman Chemicals, Hamburg, Germany , the ELISA kit

for Thromboxane A, from Cloud-Clone Corp., Cologne, Germany.

Table 1. Antibodies used for Western Blotting

Primary antibodies Product Nr. Company Dilution
anti-COX-2 polyclonal rabbit PA5-16817  Pierce Biotechnology 1:200
anti-COX-1 polyclonal goat scl1752 Santa Cruz Biotechnology  1:500
anti-RAGE polyclonal goat sc8230 Santa Cruz Biotechnology  1:500
anti-R-actin monoclonal mouse A5316 Sigma-Aldrich 1:1000
Secondary antibodies Product Nr. Company Dilution
anti-goat IgG POD polyclonal rabbit A5420 Sigma-Aldrich 1:5000
anti-rabbit IgG POD polyclonal goat A0545 Sigma-Aldrich 1:2000/1:10000
anti-mouse 1gG POD polyclonal rabbit A9044 Sigma-Aldrich 1:10000

Hydrogel synthesis

Hydrogel films were synthesized as described before3? by reacting varying amounts of freshly distilled
LDl with a 10 wt.-% aqueous gelatin solution, using a 3- (G10_LNCO3), 5- (G10_LNCO5), or 8-fold
(G10_LNCO8) excess of isocyanate groups compared to amino groups of gelatin. The quantification was
performed using a TNBS assay *’. The reaction was performed in the presence of 1 wt.-% Pluronic® F-
108. Samples were sterilized by ethylene oxide sterilization (gas phase: 6 vol.-% ethylene oxide, 45 °C,
65% relative humidity, 1.7 bar, gas exposure time: 3 h, aeration phase: 12 h) using a DMB-SteriVIT-

Automatik Typ 100 VS 12 (DMB-Apparatebau, Worrstadt, Germany).



Rheological Measurements

The rheological behavior of hydrogel networks swollen to equilibrium in deionized water was
investigated on a HAAKE MARS Il rheometer (Thermo Fischer Scientific, Reichenthal, Germany) using
samples of 20 mm diameter in a 20 mm plate-plate measurement geometry with Peltier element for
temperature control. Measurements were performed at room temperature under constant shear stress
of 4 Pa and a constant oscillation frequency of 1 Hz for 180 s, which corresponded to the linear
viscoelastic region as determined prior. Evaporation of water and drying of samples during the
temperature sweep was reduced by covering the sensor plates with a Teflon solvent trap and using a
solvent reservoir. The storage modulus was determined at 37 °C and the mesh size as calculated

according to equation 1 3:

1/3

RT .

¢ = (— ) (equation 1)
G'N

where G’ is the storage modulus, N the Avogadro constant, R the molar gas constant and T the

temperature %,

Contact angle measurements

Dynamic contact angle (DCA) measurements were conducted in ultra-pure deionised water with a
conductivity of 0.050 pS/cm (Ultra Clear UV clean water system, SG Wasseraufbereitung und
Regenerierstation GmbH, Barsbittel, Germany) at ambient temperature on a drop shape analyzer (DSA
100, Kriss GmbH, Hamburg, Germany) using the captive bubble method. Advancing and receding
contact angle measurements were performed by stepwise withdrawing/adding of air from/to the
captured bubble, while the bubble was increased with each measurement cycle from 2 to 5 mm in
diameter. Prior to the DCA measurement, all samples were preconditioned for 24 hours in deionised

water at ambient temperature for equilibration. At least five measurements for advancing and receding



angles on three different locations were performed for each sample. The average of the contact angles

was calculated as well as the standard deviation.

Atomic force microscopy

Surface topography investigations and local mechanical analysis of the polymeric substrates were
performed by AC-mode scanning and nanoindentation using an atomic force microscope (MFP-3D,
Asylum Research, Santa Barbara, USA). A bio Petri dish holder (Asylum Research, Santa Barbara, USA)
was utilized as sample holder, enabling measurements in deionized water at ambient temperature. The
hydrogel samples were fixed to the bottom of petri dish using Second Glue (UHU, Buehl, Germany)
during hydrated state. Before measurements, the AFM components such as the cantilever spring
constant and piezoelectric scanner movement were calibrated based on a clean silicon wafer in air and
water, while the samples were immersed and equilibrated in deionized water at room temperature for
1 hour.

AC-mode scanning was conducted with TR400PB gold coated silicon nitride cantilevers (Asylum
Research, Santa Barbara, USA) having a typical spring constant of 0.09 N-m™ at a scan size of 10 x 10 pm
with a scan rate of 0.2 Hz. For each sample scans on three different locations were scanned and the root-
mean-square roughness (R,) of each image was calculated by the software AR15.09.112 based on Igor
Pro 6.37A (WaveMetrics, Inc., Portland, OR, USA).

Nanoindentation measurements were performed with cantilevers (TR400PB, Asylum Research, Santa
Barbara, USA) having a spring constant of 0.095 N-m™ for hydrogel samples and the applied indentation
force Fwas 10 nN. Based on 15 single indentations performed on different locations of each sample and
average values for the indentation depth (6) and the reduced Young’s moduli (E) were analyzed. E was
calculated from the force-distance curves according to the Oliver-Pharr model for G10_LNCO3 and the
Hertz model for G10_LNCO5 and G10_LNCOS8 by the software AR15.09.112 based on Igor Pro 6.37A

(WaveMetrics, Inc., Portland, OR, USA) .



Study design

The formation of an endothelial cell monolayer on three gelatin-based hydrogels - differing in their
mechanical properties - was evaluated using human umbilical venous endothelial cells (HUVEC). A time
period of nine days was considered to be sufficient to form functional confluence *. The HUVEC
monolayer was investigated after two, six and nine days of cultivation with the assessment of cell
density, viability, morphology, cell-to-cell and cell-to-substrate interactions and the cell function
including pro-inflammatory markers. The cultivation of HUVEC on glass is named in the following as
“untreated control”, while the addition of IL-1 to HUVEC seeded on glass will be named as “pro-

inflammatory treated control (ITC)".

Endothelial cells

Primary human umbilical venous endothelial cells (HUVEC; Lonza, Cologne, Germany) of the 4th
passage “° were cultured in EGM-2 under static cell culture conditions (37 °C, 5% humidity). 50,000
HUVEC per well (24-well plate, TPP, Trasadingen, Switzerland) were seeded on the three hydrogels (n=7),
swollen overnight in cell culture medium. As untreated control, HUVEC were cultivated in pure culture
medium on glass as standard substrate (Gerhard Menzel GmbH, Braunschweig, Germany). Additionally,
HUVEC were analyzed under pro-inflammatory conditions (seeded on glass in EGM-2 supplemented with
10 ng/ml IL-1B). The experiments including cell density analysis, viability analysis, immunocytochemistry,
analyses of released HUVEC mediators, and protein expression were performed at day 2, 6, and 9 after
cell seeding.

Cell density and viability analysis

To investigate the number of adherent live and dead cells a calcein/propidium iodide staining was
performed. Briefly, 2 uM calcein, which stains viable cells in green, was added to the HUVEC and
incubated at 37 °C for 45 min. Subsequently, 2 uM propidium iodide, which stains dead cells in red, was
added and 3 positions per well were examined using a confocal laser scanning microscope (LSM 510

META, Zeiss, Oberkochen).
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Immunocytochemistry

Cell morphology, actin filaments, cell-to-cell contacts and endothelial cell marker were visualized after
paraformaldehyde fixation of the HUVEC as described in #*. Cells were fixed at room temperature using
4 wt-% paraformaldehyde with subsequent permeabilization using Triton X-100 (0.5 wt-%). F-actin was
stained using phalloidin-AlexaFluor 488° (Thermo Fisher Scientific, Darmstadt, Germany). VE-cadherin
and von-Willebrand-factor (VWF) were visualized applying rabbit anti-human vWF and mouse anti-
humanVE-cadherin as primary antibodies. As secondary antibodies donkey-anti rabbit DyLight 549 and

donkey anti mouse DyLight 488 were used. Nuclei were visualized with 4,6-diamidino-2-phenylindole.

Analysis of Eicosanoids

The concentration of prostacyclin was measured in the supernatant of HUVEC using the 6-keto
Prostaglandin Fi, EIA Kit, of prostaglandin E; using an in vitro competitive ELISA assay according to the
manufacturer’s instructions, and of TXA; using the ELISA kit for Thromboxane A,. All analyses were

performed according to the manufacturer’s instruction.

Analysis of cytokines

The secretion of cytokines in the supernatant of HUVEC was quantified using a Multiplex System
(Bioplex200®, Bio-Rad Miinchen, Germany) with Bio-plex Pro Human Cytokine27-plex from Bio-Rad.

The concentration of VEGF was measured in the supernatant of HUVEC using a solid-phase sandwich

VEGF ELISA Kit. All analyses were performed according to the manufacturer’s instruction.

Analysis of MMP activity
The MMP activity was determined in the cell culture supernatant of HUVEC applying the pan-MMP

fluorogenic peptide substrate (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-I-
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2,3-diaminopropionyl)-Ala-Arg-NH,(Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH,. Recombinant human MMP-

9 served as positive control. The analysis was performed as described .

Protein expression

In order to determine the effect of substrate contact on the protein synthesis, HUVEC were cultivated
on the hydrogels in 6-well plates (1 x 10° cells/well in 5 ml medium) for 2, 6 and 9 days. Cells were
detached using a 2 mM EDTA in PBS solution for 30 min and centrifuged at 300 x g for 5 min, and the
cell pellet was collected in 100 pl RIPA lysis buffer. After cell lysis, SDS-PAGE using 50 pg protein/lane
and Western blotting were performed as described previously 3* %3, Western Blots were incubated with
primary and secondary antibodies as shown in Table 1. Images of Western Blots were evaluated using

densitometric analysis 3.

Densitometry

Densitometrical analysis was performed via 1D gel analysis software Total Lab with a minimum profile
background subtraction and automatic band detection (minimum slope 350, noise reduction 5%, 3% of
maximum peak). The resulting values for the area under the curve (AUC) were used to calculate the

densitometric index for each protein of interest (Dlprotein of interest) fOr €ach sample using equation 2) 3443,

AUCpro tein of interest
AUCﬁ—actin

(Equation 2)

Dlprotein of interest =

In order to calculate the relative expression, the value of each sample’s Dlprotein of interest Was related to
the Dlprotein of interest Of the medium sample of the same experiment and day, which was set to 100%.

Percentage values of all experiments were used for statistical analysis.

Statistical analysis
Descriptive data were expressed as arithmetic mean * standard deviation (SD), and statistical

significance was evaluated by one-way or when appropriate two-way ANOVA coupled with a post hoc
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Bonferroni correction analysis using Graph Pad Prism software. P values below 0.05 are considered

significant.

RESULTS

Physicochemical characterization of the films

The synthesis process of the films did not allow to use one batch of materials for all characterizations
and biological evaluations. Therefore, we established the stability of the process by cross-batch
comparison of the rheological behavior and water uptake of samples synthesized over a longer period
of time (>1 year), and using these methods also for quality control. All physicochemical tests reported
here were performed after sterilization. The water uptake of the samples at 37 °C was highest for
G10_LNCO3 (11004190 wt.%), and similar for the other two hydrogel compositions (G10_LNCOS5:
710%35 wt.%, G10_LNCOS8: 720+55 wt.%). Quality control furthermore consisted of FT-IR measurements
verifying the complete conversion of the isocyanate groups. Figure 2 shows the FT-IR spectra of gelatin,

LDI, and the three hydrogels.
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Figure 2. IR spectra of gelatin (green), LDI (purple) and the films G10_LNCO3 (black),
G10_LNCOS5 (red), and G10_LNCOS8 (blue). A) Full spectrum, B) excerpt (LDI not displayed). The

spectra have been normalized to the peak intensity at ~ 1627 cm™ for comparison.
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An isocyanate band occurs in IR spectra at 2200-2250 cm™, and can be prominently seen in the
spectrum of LDI (Figure 2A). This band is not observed in the hydrogels. All other bands are alike for the
starting material and the hydrogels, indicating that the materials are proteinaceous, which means that
typical functional groups present on the surface and within the material are corresponding to the
composition of gelatin and include in particular amides, carboxylic acids, alcohols and amino groups.
Figure 2B shows an excerpt of the Amide I/Amide Il region of the spectra. (LDI not displayed). The amide
| band occurred at 1627 cm for gelatin and the investigated dried hydrogels, while the amide Il bond
was observed at 1547-1552 cm™ for the networks and at 1524 cm™ for gelatin.

The storage modulus G’ and complex viscosities n* of the hydrogels determined by rheology increased
with rising LDl amount and therefore correlated with each other. Representative depictions of time
sweep rheological studies of the hydrogels showing the G’, the loss moduli G”” and n*are shown in
Supporting Information Figure S1. At all time points, the storage moduli of the hydrogels was higher
than the corresponding loss moduli. G’ values reported in Table 2 are middled over several batches. The
mesh size €, calculated from the measured storage modulus showed a decrease with increasing G’. The
reduced elasticity modulus Ereq determined by AFM (and the Young’s modulus E calculated from the
experiment) likewise increased continuously with increasing molar ratios of lysin diisocyanate ethyl

ester (p<0.01) and at the same time the indentation depth (l4) decreased (p<0.01).

Table 2. Physicochemical properties of gelatin-based hydrogels

Property G10_LNCO3 G10_LNCO5 G10_LNCOS8
G’ [kPa]*® 1.02+0.72 2.515+0.56 5.025+1.65
E [nm]*P 1614 12+1 9+1
Ered [kPa]o%® 1.240.3 6.6+1.2 14.3+1.6
lg [um]ede 3.10.5 1.9+0.2 1.1+0.1
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E [kPa]odef 1.1+0.3 4.8+0.8 10.3+1.2

Ra [nm]%¢ 11.6%9.2 66.3+15.7 32.1+4.4
Rq[nm]%€ 15.3+12.4 83.1+21.9 41.6%+4.5
Adv. 67.816.4 56.9+3.8 70.2+4.6
Contact
Rec. 36.218.8 26.1+7.0 34.6+4.2
angle [°]%¢
Hys. 31.6 30.8 35.6

2at 37 °C, " sample size 27, ©at ambient temperature, ¢ sample size: n=15, ¢in ultra-pure deionized water,

fcalculated from the indentation experiments. Adv.: advancing; Rec.: receding; Hys: hysteresis.

Atomic force microscopy was furthermore employed to determine the surface roughness of the
swollen samples in deionized water at ambient temperature (Table 2) The surface roughness of the three
hydrogels differed significantly (p<0.05), with the highest values found for G10_LNCO5. The contact
angles determined in a dynamic assay also differed (p<0.05). Here, the highest values were found for

G10_LNCOS.

Cell density of HUVEC on gelatin-based hydrogels

To determine the influence of structural differences in the set of hydrogels on the HUVEC attachment,
the density of adherent HUVEC per mm? was quantified (Figure 3). On the second day of cultivation
significantly less HUVEC adhered to the three gelatin-based hydrogels compared to both controls on
glass (+/- IL-1B, p<0.001 each). Subsequently, the numbers of adherent HUVEC on G10_LNCOS5 and
G10_LNCOS8 significantly increased until the ninth day of cultivation (p<0.001 each), but remained below

the density of adherent HUVEC on glass, while they were higher compared to the IL-1B control.
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Figure 3. (A) Number of adherent HUVEC per mm? on the three hydrogels in comparison to glass
as well as to the IL-1B-treated control after 2, 6 and 9 days of cultivation. The number of
adherent HUVEC was determined by confocal laser scanning microscopy after calcein and
propidium iodide staining. Arithmetic mean + SD of n=7 experiments is shown. (B): Increase of
adherent HUVEC from day 2 to day 9 of cultivation for the three hydrogels in comparison to
glass as untreated control (UC) as well as to the IL-1B-treated control (ITC). *: p < 0.05 versus
glass, ***: p < 0.001 versus glass, ++: p < 0.01 versus G10_LNCO3, +++: p < 0.001 versus
G10_LNCO3, --: p < 0.01 versus IL-1B, ---: p < 0.001 versus IL-1B.

However, the numbers of adherent HUVEC on G10_LNCOS5 (291+38%) and G10_LNCO8 (321+133%)
increased faster than on both controls after the second day (209+53% or 67+24% respectively).
Completely different results were found on G10_LNCO3, where the number of adherent HUVEC
remained unchanged over time.

Supplementation of culture medium with IL-1B led to a reduction of adherent HUVEC. Here the density

of adherent HUVEC was lower than on glass and on G10_LNCO5 (p<0.01) or on G10_LNCOS8 (p<0.001).

Viability of HUVEC on gelatin-based hydrogels
The percentage of viable adherent HUVEC on the three hydrogels was comparable to the percentage

of viable adherent HUVEC on glass over the complete cultivation time (Figure S2). Cultivation on
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G10_LNCOS8, particularly, resulted in a higher viability than on the IL-1B treated control after two
(p<0.01) and six (p<0.001) days of cell cultivation.
Figure S3 shows the typical pattern of calcein/propidium iodide-stained HUVEC on the different

materials nine days after seeding. On all surfaces the majority of HUVEC were viable.

Cell morphology and cell-to-cell contacts of HUVEC on gelatin-based hydrogels

For the formation of a functionally-confluent HUVEC monolayer, which is of vital importance for the
non-thrombogenicity of cardiovascular devices, the morphology of adherent HUVEC and the formation
of cell-to-substrate as well as of cell-to-cell contacts (Figure 4) is essential. Only on glass an optically
nearly confluent HUVEC layer was formed after nine days of cultivation. A substantial number of cells
were in a round and non-spread state but not in conjunction with the neighboring cells. The addition of
IL-1PB to the culture medium led to a completely different pattern with much larger and spindle-shaped
cells. Here, significantly less HUVEC adhered remaining in a very active and migrating state.

The behavior of HUVEC on the three hydrogels clearly differed beyond the density of adherent cells.
For all time points stress fibers could be observed in central parts of HUVEC seeded on the hydrogels
(most pronounced on G10_LNCO3, Figure 4). However, stress fibers decreased with cultivation time, at
the same time developing a marginal filament band (least pronounced on G10_LNCO3) supporting and
stabilizing cellular adherence. It was particularly striking that HUVEC adhering to G10_LNCO3 were also
spindle shaped comparable to HUVEC after adding IL-1 mimicking a pro-inflammatory driven situation.
They appeared activated, were migrating, and showed a maximum of stress fibers in central parts of the
cells — in contrast to the other hydrogels (Figure 4) over the whole cultivation period. On G10_LNCO5
and G10_LNCO8, HUVEC were mostly in a spread status partially forming a monolayer. On all hydrogels,
islands without HUVEC were visible. These holes in the HUVEC layers were found in larger cavities at the

surface of the hydrogels where no cells had grown into, while smaller cavities were filled out by HUVEC.

17



G10_LNCO3 G10_LNCO5 G10_LNCO8 glass + IL-1B

Figure 4. Stress fiber formation in HUVEC on the three hydrogels in comparison to glass as well
as to the IL-1B-treated control after 2, 6 and 9 days of cultivation. F-actin is stained in green
nuclei in blue using DAPI and images were acquired by confocal laser scanning microscopy.

Images are presented in 63x primary magnification. Scale bar: 50 um

Already at day six and even more pronounced at day nine, the stress fiber formation was declining on
G10_LNCOS5 demonstrating a good cell-to-cell and cell-to-substrate binding. This was also - but less
pronounced - the case on G10_LNCOS8 and in only some cells on G10_LNCO3. A massive stress fiber

formation still occurred at day 9 on glass and in the IL-1B-supplemented cultures.

Transmembranous VE-Cadherin glycoproteins are parts of cell-to-cell adhesion receptors, localized in

4 and mediate the

adherent junctions of EC, associated with the actin-containing cytoskeleton
intercellular adhesion necessary for the EC monolayer integrity *°. VE-Cadherin was expressed similarly

in HUVEC seeded on the different gelatin-based hydrogels and on glass (Figure 5). Already at day six,

interdigitating cadherins demonstrate the good cell-to-cell binding especially on G10_LNCOS5 and a bit
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less also on G10_LNCO8. HUVEC treated with IL-1 B obviously exhibited an inhomogeneous,
discontinuous expression of this cell membrane glycoprotein in the cell rim combined with a clustering
in the basal part of the cell.

HUVEC especially on G10_LNCOS5 showed signs of early maturation at day six (von-Willebrand-Factor
(VWF) and the formation of first Weibel Palade bodies). This also occurred on G10_LNCOS8 at day nine

(Figure 5).

glass G10_LNCO3 G10_LNCO5 G10_LNCO8 glass + IL-1

Figure 5. VE-Cadherin and vWF expression in HUVEC seeded on the three hydrogels in
comparison to glass as untreated control as well as to the IL-1B-treated control after 2, 6 and 9
days of cultivation. Cell membrane associated VE-Cadherin is stained in green, vVWF in red,
nuclei in blue using DAPI and images were acquired by confocal laser scanning microscopy.

Images are presented in 63x primary magnification. Scale bar: 50 um

Analysis of HUVEC function on gelatin-based hydrogels

1. Secretion of eicosanoids (prostacyclin, thromboxane A;, prostaglandin E3)
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The release of prostacyclin (PGl;), a marker of HUVEC function involved in the regulation of the
vascular tone, in pro-inflammatory and anti-thrombogenic processes in vivo, was similar from HUVEC
seeded on the three hydrogels and comparable to both controls at day two and six of cultivation. In
contrast, at day nine of cultivation the highest release was seen from HUVEC cultivated on G10_LNCO3
compared to G10_LNCO5, G10_LNCOS8, and glass (p<0.001 each) as well as compared to the IL-1B-
treated control (p<0.01) (Figure 6).

prostacyclin

thromboxane A2 prostaglandin E,

n
>

5 =08 == G10_LNCO3 =
8 - 8 == G10_LNCO5 3
° B = m— G10_LNCOB 2 154
g 4 g 06 - == glass+IL-1p g B
7 - 2
£ s’ 0.4 - g 1.0
> >
2 2 2 S
g g 0.2 h g o 0.5
o ﬁ o - o
8 PSR =11 P P oolmanal LI QTS AL ® oolms 2L W
.........

JE FEP FHP FE® J&® SO FEP FEP FEP F$P

time [d] time [d] time [d]

Figure 6. (A) Prostacyclin concentration (PGl in [pg-mL?! per cell]), (B) thromboxane A;
concentration (TXAz in [pg-mL? per cell]), and (C) prostaglandin E; concentration (PGE3 in
[pg-mL? per cell]) in cell culture supernatants of HUVEC seeded on the three hydrogels in
comparison to glass as well as to the IL-1B-treated control (ITC) after 2, 6 and 9 days of
cultivation. Arithmetic mean £ SD of n=7 experiments is shown. Statistical analysis was
performed using Two-way ANOVA and Bonferroni post hoc test.**: p < 0.01 versus glass, ***:

p < 0.001 versus glass, ++: p < 0.01 versus G10_LNCO3, +++: p <0.001 versus G10_LNCO3, --: p
< 0.01 versus IL-1B, ---: p < 0.001 versus IL-1B

Il. Activity of secreted matrix metalloproteases

The activity of various secreted matrix metalloproteases (MMPs) - which are involved in the
degradation of ECM and biomaterials - was significantly increased at day two and nine of cultivation for
HUVEC seeded on G10 _LNCO3 compared to G10_LNCO5, G10_LNCO8 and both controls (p<0.001,
each). The MMP activity of HUVEC grown on G10_LNCO5 and G10_LNCO8 was comparable at day six

and day nine of cell growth (Figure 7).
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Figure 7. MMP activity in the cell culture supernatant of HUVEC seeded on the three hydrogels
in comparison to glass as well as to the IL-1B-treated control after 2, 6 and 9 days of cell
cultivation. The MMP activity was analyzed by the cleavage of a fluorogenic MMP specific
substrate leading to an increase of fluorescence intensity. MMP activity of n=7 is given by the
arithmetic mean + standard deviation of pmol substrate-min™. Statistical analysis was
performed using Two-way ANOVA and Bonferroni post hoc test. ** : p < 0.01 versus glass, ++ :p

< 0.01 versus G10_LNCO3, +++: p < 0.001 versus G10_LNCO3, $: p < 0.05 versus G10_LNCOS5.

1ll. Analysis of HUVEC cytokines

Cytokines comprise a large family of proteins, which affect the interaction and communication of cells
directing the integration or rejection of an implanted device. Further on, they can act pro-angiogenic. A
broad range of cytokines was measured in the supernatants of HUVEC at days two, six and nine of
cultivation on the gelatin-based biomaterials (Figure 8).

PDGF-BB did not differ for the three hydrogels after two and six days of HUVEC cultivation, but was
increased to the level of the IL-1B-treated control on G10_LNCO3 compared to both other hydrogels
(p<0.001 each) and also compared to glass (p<0.001) at day nine. HUVEC treated with IL-1B showed a
similar release of PDGF-BB as the three hydrogels on day two, but the release was significantly higher at

days six and nine (p<0.01 each).
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Significant higher concentrations of VEGF were released by HUVEC seeded on all hydrogels during the
whole study period compared to both controls. For G10_LNCO3, significantly higher values were
measured at day six (p<0.05) and nine compared to G10_LNCO5 (p<0.001) and day two for G10_LNCOS8
(p<0.001).

MCP-1 release by HUVEC was similar for the three hydrogels and glass two and six days after cell
seeding. MCP-1 increased significantly in the cell culture supernatants of HUVEC seeded on G10_LNCO3
compared to G10 _LNCO5, G10_LNCO8 and untreated control cells at day nine. This increase was
comparable to HUVEC stimulated using IL-1p.

The concentration of IL-8 in the cell culture supernatants of HUVEC was similar for cultivation on the
three hydrogels and glass during the whole study period. HUVEC stimulated with IL-13 released
significantly higher amounts of IL-8 compared to the three hydrogels and glass at two, six and nine days
of cultivation (p<0.001).

The following cytokines were only detected in supernatants of HUVEC stimulated with IL-1B: IL-6, IL-
1B, IL-1Ra, TNF-o, RANTES, G-CSF, GM-CSF, MIP-1a, MIP-1pB, eotaxin, and IP-10. FGF-basic was below

the detection limit in all supernatants (see Table S1).
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Figure 8: Concentrations of PDGF-BB, VEGF, MCP-1, and IL-8 in the cell culture supernatant of
HUVEC seeded on the three hydrogels in comparison to glass as untreated control (UC) as well
as to the IL-1B-treated control (ITC) after 2, 6 and 9 days of cell cultivation. Arithmetic mean +
SD of n=7 are presented. Statistical analysis was performed using Two-way Anova with
Bonferroni post hoc test. .*: p < 0.05 versus glass .** : p < 0.01 versus glass, .*** : p < 0.001
versus glass, .++ : p < 0.01 versus G10_LNCO3, .+++ : p < 0.001 versus G10_LNCO3, SSS: p <
0.001 versus G10_LNCO5, --: p <0.01 versus IL-1B, ---: p < 0.001 versus IL-1B

IV: Expression of pro-inflammatory markers

The expression of the pro-inflammatory proteins COX-1, COX-2 and RAGE in HUVEC was analyzed
semi-quantitatively by Western blotting and densitometric analysis (Figure 9). Figure 9A shows
representative images of the Western Blot analysis.

All three hydrogels induced differences in the expression of COX-1, COX-2, and RAGE in HUVEC (Figure

9B).
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Figure 9. A) Representative images of the Western Blot analysis of COX-1, COX-2 and RAGE in
HUVEC seeded on the three hydrogels in comparison to glass) as well as to the IL-1B-treated
control after 2, 6 and 9 days of cell cultivation. B) Relative expression of inflammation-mediating
proteins COX-1, COX-2 and RAGE in HUVEC seeded on the three hydrogels in comparison to
glass as well as to the IL-1B-treated control after 2, 6 and 9 days of cell cultivation. Protein
expression determined by Western blotting was related to the expression of B-actin using
densitometric analysis. Arithmetic mean % standard deviation of n=9 samples are presented.
Statistical analysis was performed using Two-way ANOVA with Bonferroni post hoc test. *: p <
0.05 versus glass, **: p < 0.01 versus glass, ***: p < 0.001 versus glass, -: p < 0.05 versus IL-1B,

---: p < 0.001 versus IL-1B
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The expression of COX-1 in HUVEC was comparable for all hydrogels during the whole study period
(p>0.05 each) and comparable to the untreated control for G10_LNCO3 and G10_LNCOS8. The expression
of COX-2 in HUVEC seeded on the hydrogels did not differ from the untreated control during the whole
study period, but was significantly lower than for the IL-1B-treated control (p<0.001). The expression of
RAGE in HUVEC was significantly lower for the three hydrogels on day two and nine when compared to
the IL-1B-treated control (d2: G10_LNCO3 vs glass+IL-1B: p<0.001, G10_LNCOS5 vs glass+IL-1[3 p<0.001,
G10_LNCOS8 vs glass+IL-1 p<0.001, d9: G10_LNCO3, G10_LNCO5, G10_LNCO8 vs glass+IL-1f3 p<0.01).
This applied — with the exception of G10_LNCOS8 — also for day six; here, RAGE expression did not differ

from the IL-1B-treated control.

DISCUSSION

The aim of the current study was to explore the adhesion, survival and function of human venous
endothelial cells (HUVEC) on gelatin-based hydrogels. The understanding of the endothelialisation
process will support the translation of the hydrogels in the venous system as e.g. left atrial appendage
occluder or coating material for stents or vascular grafts.*® Hence, morphology and viability of adherent
HUVEC, the release response of the cells, pro-inflammatory markers, cell-to cell and cell-to-substrate
contacts were investigated and related to the physicochemical properties of the hydrogel substrates.

By FT-IR spectroscopy, it was shown that there was a complete conversion of the isocyanate group of
LDl used to stabilize the gelatin hydrogels. Any remaining isocyanate group otherwise might have led to
toxic effects in contact with cells. As was suggested in earlier studies,*® extended washing of the
hydrogels is required to guarantee the conversion. FT-IR spectroscopy is furthermore suited to analyze
protein conformations, especially by comparing amide | and amide Il band positions and intensities. In
case of gelatin and collagen, it was demonstrated that especially the amide | band is sensitive to
temperature and has hence been associated with triple helix formation. In fact, in gelatin-based systems,
the amide | band sometimes contains several peaks,*’* with a band at 1660 cm™ representing the triple

helical conformation. Especially in gelatins, there seems to be a continuous shift of the most intense
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amide | band to higher wave numbers at lower temperatures, which may reflect partial folding. In
addition, the amide Il band is also observed at higher wavenumbers at lower temperatures / higher
degree of folding. In the acquired spectra, no evidence for triple helical conformations was observed.
This is in agreement with wide angle X-ray scattering of the discussed hydrogels.?° It should be noted
that the IR spectra were acquired from dried samples, and the drying regime might have prevented the
formation of triple helices.” In that case, at lower temperatures in the equilibrium swollen samples
some triple helicity might be present.

The contact angle, which mainly depends on the nature of the chemical groups on a surface as well as
the surface roughness and quantifies the wettability of the surface, has been associated with the
tendency for unspecific cell and protein adsorption,*® and has reported to be an important criterion in
the determination of the efficacy of implants in contact with blood.>! Generally, it is understood that
below an advancing contact angle of ~60-65° (Berg limit) water molecules cannot be replaced by
hydrophobic groups of e.g. proteins and therefore unspecific adsorption is very limited. It can be argued
that the nature of chemical groups on the surface of the studied hydrogels is very similar, as the
materials are completely based on amino acids, and that therefore the surface roughness should have a
larger influence on the wettability than the amount of LDl used in the synthesis. In fact, G10_LNCO5 had
the highest roughness and the lowest contact angle of all three samples, though the relation between
the two properties is not linear. However, neither the roughness nor the contact angle correlated with
the adhesion of the endothelial cells. It should be noted that the relation of surface wettability and cell
adhesion has been challenged as oversimplification.>> One point is that the direct relation of contact
angle and cell adhesion neglects the cells ability to sense their environment and respond with structural
changes — they are not inert balls of predefined physicochemical properties. In the case studied here, it
is likely that specific rather than unspecific interactions rule the cell adhesion, i.e. the peptidic cell
adhesion sequences in the gelatin chains play a major role. In an earlier study, it was shown that plasma
proteins such as fibrinogen may bind to gelatin hydrogels stabilized through reaction with LDI, and such

protein adsorption might further influence the adhesion and proliferation of cells on the hydrogels.>
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In contrast to wettability and surface roughness, both the macro- as well as the nanoscopic elasticity
of the hydrogels increased continuously with increasing molar ratios of LDI in the starting material
mixture, as was the case for the adherence of the endothelial cells. The netpoints of the hydrogels may
consist of covalent bridges, interactions between grafted oligoureas and/or triple helical regions of the
gelatin chains.>® The rheological data were determined at 37 °C, while the AFM experiments were
performed at ambient temperature. At ambient temperature, flexible segments of the gelatin might
form triple helical regions, which as physical netpoints contribute to the mechanical resistance of the
material to deformation. The general increase of G’ and E,.4 has however to be attributed to bridging or
grafted oligoureas, as the effect is also seen at 37 °C, and, as discussed above, neither FT-IR nor WAXS
data suggest a strong tendency of the systems to form triple helices. The observed changes of
mechanical properties correlate with earlier reported findings on the mechanical properties of such
gelatin-based films determined in tensile tests at 37 °C on swollen samples in a water tank.*° It should
further be noted that the higher G* than G* values confirm that the hydrogels behave like a stabilized
material rather than like a fluid.

The local elasticity - determined using the indentation method - measured the elasticity over an area
comparable to a cell receptor size, covering altogether an area similar to one endothelial cell.>® As the
systems synthesized with higher amounts of LDI have a higher number of netpoints than the hydrogels
synthesized with lower LDI equivalents, the density of gelatin chains in the material is also higher, which
is reflected by the decrease of swelling with increasing amount of LDI used for the synthesis (Q =
12004190 vol.-% (G10_LNCO3) and 360 * 35 vol.-% (G10_LNCO8),3* with the swelling of G10_LNCO5
being similar to G10_LNCO8?%). This means that also the density of adhesion sites increased in the
materials with increasing modulus. It can therefore be hypothesized that this effect contributed to the
increased HUVEC attachment and proliferation on the G10_LNCO5 and G10_LNCO8 hydrogels compared
to G10_LNCO3. A further aspect is the sensing of the micromechanical and biomechanical characteristics
of the hydrogel surfaces by the HUVECs. As the exact location of adhesion sites is not known, these may

have an influence on the overall attachment of a HUVEC cell layer but only a small effect on the individual
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cell, which however will be influenced by the substrate’s elasticity.3" °® The local elastic modulus,
therefore, should have a significant influence on the response of HUVEC. It has been reported that
HUVEC cell exhibited rounded morphologies on soft (E = 0.065+0.021 kPa) compared to more spread
morphologies on harder (E = 1.032+0.083 kPa) hydrogel substrates, where the change in cell adherence
due to mechanical stimuliis correlated to changes in the cytoskeletal actin fibers.>” When culturing aortic
endothelial cells on polyacrylamide gels of varying stiffnesses, there was an abrupt switch from round
to spread morphologies and formation of stress fibres at G’ values of ~3 kPa and higher.>® ECM-derived
substrates with higher Young’s moduli (~10-17 kPa) have also been reported to successfully support the
vascular morphogenesis of HUVEC, while a substrate with lower Young’s modulus (5 kPa) failed to do
50.%° Thus, the elasticities of the hydrogels measured by rheology and AFM falls into the range (~1-10
kPa) in which changes of endothelial cell behaviour was noticed before. It can be hypothesized — and
the results seem to confirm this hypothesis — that controlled by the elastic modulus, HUVEC release
enzymes (essentially matrix metalloproteases), which subsequently change the entire
microenvironment. The effect on matrix elasticity on cellular behaviour has been shown in quite diverse
settings. For example, substrate elasticity pre-determined stem cell differentiation behavior,?! and
substrate elasticity was in all cases similar the elasticity of the tissues and matrices that are the typical
environment of the cell lineages into which the stem cells differentiated. This also works in the 3D
environment, in which osteogenesis could be guided by controlling the scaffolds mechanics in the range
of E = 100-1000 kPa.®® While there are several pathways for the mechanotransduction discussed,
regulation of cytoskeletal tension leading to transcriptional activation seems an underlying principle.®?
While the basic rule has been thoroughly established, the exact conditions to promote a wanted function
of a specific cell type remain to be elucidated step by step, partially as the determination of mechanical
properties of living tissues is still challenging, the reported data may have been acquired with quite
different setups and are therefore difficult to compare, there may be additional influences such as the
presence of cell adhesions sites (or their absence), and due to the inherent variability between cells

when not from the same donor or host.
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In the remodelling phase the HUVEC secrete their own extracellular matrix and remain firmly bound
to the ECM on the hydrogel during the degradation of the hydrogels. This is not possible for the soft
hydrogel G10_LNCO3, so that for the fast degrading hydrogel many HUVEC remain in an activated and
migrating state. A HUVEC monolayer did not develop on G10_LNCO3, probably because of the more
rapid degradation in comparison to the other hydrogels. Former studies reported a mass loss of 40% for
G10_LNCOS3 after three days (G10_LNCO5: 30%, G10_LNCOS: 8%) (partly published in 3%). It is thought
that during the faster degradation of G10_LNCO3 constantly linkages of single cellular focal adhesions
are dissolved, so that a stable cell-to-substrate binding could not develop (in contrast to VE-cadherin
which was comparable for all hydrogels and the control, Figure 5) and the HUVEC remained in a
migrating state. Interestingly, the susceptibility of G10_LNCO3 to degradation went hand-in-hand with
the release of MMPs further promoting the degradation of the matrix.

On glass surfaces (controls) an optically nearly confluent HUVEC monolayer had formed with a typical
cobblestone pattern and physiological spread cells in close connection with each other nine days after
seeding. This was also the case for HUVEC cultivated on the hydrogels with higher degree of crosslinking
(G10_LNCO5, G10_LNCO08), while on G10_LNCO3 no confluent HUVEC monolayer developed. These
results differ from those of a former study, which was performed with arterial endothelial cells over a
cultivation time of 48 h in total 3 and, therefore, underline the differences between endothelial cells of
different segments of the vascular tree. While the stress fibers remained constant on glass during the
cultivation period, they decreased on G10_LNCO5 and G10_LNCOS8 along with the formation of the
marginal filament band, indicating an appropriate contact of the HUVEC to the cultivation substrates %
%, These results are in good agreement with the expression of the glycoprotein VE-Cadherin, which
mediates cell-to-cell interactions, clustered in the HUVEC cell rims on the hydrogels, which was
comparable with control cells during the nine days of cultivation. Schulz et al. could also show that
HUVEC monolayers on G10_LNCOS5 and on G10_LNCO8 were able to resist venous shear forces of 3
dyn-cm over one hour, presenting a solid cell-to-substrate contact mediated by a strong interaction

between VE-cadherin and the actin cytoskeleton of adjacent cells.®*
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On all hydrogels, islands without HUVEC were visible. These holes in the HUVEC monolayers were
found in larger cavities at the surface of the hydrogels where no cells had grown into, while smaller
cavities were filled out by HUVEC. These holes are a result of the processing during the material
synthesis.

It was particularly striking that HUVEC on G10_LNCO3 remained in a spindle-shaped morphology
presenting stress fibers until the ninth day of cultivation (comparable to IL-1B treated control HUVEC
mimicking a pro-inflammatory driven situation) and a less significant marginal filament band typical of
cell layers with a low cell-to-cell-binding. They appeared to be activated and were migrating over the
whole cultivation period.

While the cell density and morphology of HUVEC clearly varied between the different hydrogels and
the controls, the viability did not differ. The number of adherent viable cells on the three hydrogels was
comparable to the control samples, while clearly less viable HUVEC were found in the IL-1B-treated
control.

Matrix metalloproteases (MMPs) are involved in the degradation and remodeling of the extracellular
matrix (ECM), which is mandatory for tissue regeneration.®>®® Since the hydrogels are derived from
collagen, they may partly mimic the structure of a native ECM and are, like the ECM, degraded by certain
MMPs (e.g. by MMP2 or MMP9 %), Only in the supernatant of HUVEC seeded on G10 LNCO3 an
increased MMP activity could be detected, which correlates well with the fast degradation of this
hydrogel (compared to the two others). These results led to the assumption that the MMP activity was
influenced by the relatively loose network of this hydrogel. Also, certain degradation products, or the
lower elastic modulus might trigger the MMP activity, and — via mechanotransduction — may influence
the rate of degradation.®® On the other hand, the inhibition of the free diffusion of MMPs due to a higher
number of covalent and physical netpoints in G10_LNCO5 and G10_LNCO8 might possibly contribute to
a slower rate of degradation.

The metabolism of HUVEC in a pre-confluent status clearly differs from that after confluence.*% 670

Therefore, the release behavior, an indicator of cellular function, was investigated at different time
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points. The release of pro-inflammatory eicosanoids from HUVEC on hydrogels was similar to the release
in control cultures after two days of cultivation.” The slight changes of the eicosanoids in the first week
might be induced by the medium exchange every second day.”?> However, nine days after seeding, the
highest release was observed for HUVEC cultivated on G10_LNCO3. This release was even higher than
from HUVEC treated with pro-inflammatory IL-1B indicating that the cells on G10_LNCO3 were under
stress, a status described as perturbation of endothelial cells.”*”® In addition, the pre-confluent status
of the cells, induced by the degradation of the material, could be another reason for this elevated release
of eicosanoids.

The slightly increased release of TXA,, PGIl; and PGE; indicated a pro-inflammatory response of HUVEC
on G10_LNCO3, confirmed by marginally increased amounts of pro-inflammatory cytokines like IL-8 and
MCP-1 nine days after seeding. The expression of the pro-inflammatory marker COX-2, its constitutive
isoform COX-1 and RAGE in HUVEC were only slightly, but not significantly elevated after cultivation on
the hydrogels, also hinting to a very weak material-induced inflammation. In contrast, Ullm et al.
reported that human arterial endothelial cells showed a crosslinking-dependent, increased expression
of COX-2 after cultivation on G10_LNCO3 and G10_LNCO08.3* These data demonstrate that the response
of cells to biomaterials clearly differs between venous and arterial endothelial cells. Therefore, the in
vitro evaluation of biomaterials should be performed with region-specific cells.*® 7®

As described by Caughey et al., the synthesis of TXA, mostly depends on COX-1, whereas the synthesis
of PGI, and PGE; relies on the activity of COX-2.”” In line with this, neither the synthesis of COX-1 nor the
release of TXA; was increased by HUVEC after cultivation with IL-1B. In contrast, IL-1B significantly
enhanced the synthesis of COX-2 and subsequently the secretion of PGl, and PGE,. Nevertheless,
cultivation on G10_LNCO5 and G10_LNCOS8 did not influence the release of eicosanoids by HUVEC,
whereas G10_LNCO3, especially after 9 days of cultivation, induced a high secretion of eicosanoids,
which even exceeded the effect of IL-1B. These results were also in line with the release of mediators of
angiogenesis like PDGF-BB and VEGF, indicating a slight pro-inflammatory reaction which in vivo is of

vital importance for the wound healing and the regenerative processes.”"°
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These in vitro analyses demonstrate considerable differences in the behavior of HUVEC on the three
hydrogels. Especially on G10 _LNCO5 and G10_LNCO8 a functionally-confluent HUVEC monolayer
developed presenting a release reaction comparable to control cells on glass. As these hydrogels
degrade only slowly, their physicochemical characteristics and density of cell adhesion points are likely
to play a predominant role in guiding the cellular behavior (see Figure 1). This indicates both hydrogels

to be promising polymers for applications in the venous vascular system.
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