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Introduction  
Airway stenosis caused by lung cancer is treated by endovascular stent therapy. Within the EU project Pul-
moStent a personalized airway stent containing patient-own cells is developed. The project is based on a combination 
of conventional stent technology and the principle of tissue engineering. The stent has a multilayer structure. The inner 
layer is coated with a tissue engineered epithelial cell layer. These cells develop hair-like cilia on the luminal surface, 
which transport the mucus upwards from the lung. The basic structure of the PulmoStent is a metallic stent to provide 
stability and scaffolding. It is embedded into a synthetic layer preventing the ingrowth and proliferation of tumor cells 
into the stent lumen. Due to this multilayer construction the natural mucus removal function of the trachea can be re-
built.  

Methods  
The main contribution of the Institute for Textile Technology at the RWTH Aachen University (ITA) is to develop the 
braided framework of the PulmoStent, based on Nitinol wires. The clinical requirements for diameter, length and radial 
force are first determined. The production of the stent structures, including a manual and machine braiding process, are 
studied. Finally, the resulting stent structures are tested regarding to their radial force. 

Results 
For both processes, the machine and manually braided stent structure, a Nitinol wire with a diameter of 200 µm, is used. 
The manually produced stent with a single wire achieves significant higher radial forces due to the closed stent ends. 
The higher the amount of crossing wires the denser the stent structure and higher radial forces are obtained. 

Conclusion  
The stent structure made from a single Nitinol wire shows promising results. Through the addition of the subsequent 
synthetic layer a significant increase in the radial force is expected. For that reason the lower mechanical properties of 
the machine braided stents are sufficient.  
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Introduction  
Mitral valve regurgitation represents the second major valvular disorder in the western world, whereas current strategies 

for mitral valve reconstruction are imperfect. The aim of this study was to develop a tissue engineered substitute for mi-

tral valve leaflet reconstruction using acellular porcine pericardium seeded with porcine mesenchymal stem cells 

(pMSCs). 

Methods  
Porcine pericardial scaffolds were decellularised as described previously. pMSCs were cultured on the mesothelial sur-

face of the scaffolds (3cm diameter) under static conditions, using 3 different cell densities (2×10
4
, 1×10

5
 and 2×10

5
 

cells/cm
2
). The seeded scaffolds were analysed by scanning electron microscopy (SEM), H & E and live/dead staining 

at 1, 3 and 7 days. Following 3 days of static culture, samples seeded with 1×10
5
 cells/cm

2
 were cultured dynamically 

(10% strain) for 1 day in a biaxial strain bioreactor. Following dynamic conditioning, samples were assessed for cell 

viability with live/dead staining and MTT assay, and for extracellular matrix (ECM) integrity with H&E. 

Results  
The optimum seeding density for acellular pericardial samples was 10

5
 cells/cm

2
. Samples seeded with this density and 

maintained statically for 3 days, prior to dynamic conditioning, showed the best cell penetration without a significant 

disruption in the ECM.  Seeded samples conditioned dynamically for 1 day showed similar levels of viable cells to 

seeded samples cultured statically for 1 day. Cell alignment was also obvious in the dynamically conditioned samples. 

Conclusion  
Acellular pericardium was shown to be an optimum material for cell repopulation. Reseeded scaffolds were viable after 

1 day under 10% dynamic strain. This study provided the basis for optimising the mechano-stimulation of cell-seeded 

pericardial scaffolds in vitro in order to generate heart-valve like tissue. 
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Introduction  
Decellularized equine carotid arteries (dEAC) represent a reasonable alternative to alloplastic materials in vascular re-
placement therapy. Monocyte/ macrophage reactions may play a leading role in wound healing and determine graft ac-
ceptance in the recipient through expression of inflammatory and wound healing cytokines. Recent research has shown 
improved biocompatibility of dEAC coated with the matricellular protein CCN1 in a sheep model. Here, the effect of 
CCN1-coating of dEAC on cytokine expression in the monocytic cell line THP-1 in combination with two decellulari-
zation protocols was determined. 

Methods 
EAC were decellularized by a detergent-based protocol for 40h (40h-dEAC) or 72h (72h-dEAC) and coated with or 
without 100ng/ml CCN1. Subsequently, THP-1 cells were seeded onto the scaffolds for 24 hours. For negative and 
positive controls THP-1 cells were seeded on tissue culture plastic stimulated with or without 100nM PMA. Expression 
of pro-inflammatory cytokines TNF-alpha, MIP-1alpha, MCP-1 and IL-1beta and anti-inflammatory cytokines IL1-ra 
and IL-10 were determined using quantitative reverse transcriptase PCR. 
 

Results 
Cytokine expression in THP-1 cells seeded onto uncoated scaffolds showed for 40h-dEAC a mean 3.3-fold increase 
versus plastic significant for TNF-alpha, IL-1beta and IL-10 (p<0.05) and for 72h-dEAC a 15.9-fold increase significant 
for TNF-alpha, MIP, MCP-1 and IL-1beta (p<0.01). 72h-dEAC induced an overall higher cytokine expression except 
for IL-1beta and IL-10. CCN1-coating strongly induced cytokine expression on both 40h- and 72h-dEAC. For 40h-
dEAC, expression of TNF-alpha, MIP, MCP-1alpha, and IL-1beta showed a mean 113.9-fold increase (p<0.001) 
whereas on 72h-dEAC expression of all cytokines except IL10 showed a mean 166-fold increase (p<0.001). Absolute 
cytokine expression on CCN1-coated scaffolds showed no significant difference versus uncoated dEAC.  

Conclusion 
THP-1 cells respond to CCN1-coated dEAC by overall higher cytokine expression. As this seem to be contradictory to 
the beneficial effects of CCN1 observed before, further research is needed to determine the effect of pro- and anti-
inflammatory cytokine up regulation on wound healing, fibrotic tissue formation and angiogenetic properties in vivo. 
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Introduction  
Chronic obstructive pulmonary disease is the 4th leading cause of death worldwide. Extracorporal lung assist devices 
that  promotes  oxygenation/  decarboxylation  of  the  patients’  blood  like  the  Novalung  interventional  lung  assist  device  
(iLA®) can improve lung protection and increase quality of life [1]. Those systems limit patients mobility. Due to that 
and to inappropriate material characteristics till nowadays there is no long term solution available. Therefore we aim to 
develop the first wearable miniaturized lung assist device [2]. 
 

Methods  
3D models and prototypes of new miniaturized hard- and software components as well as a suitable carrying system 
were developed. We designed a new gasexchange diposable with a optimized geometry to minimize blood damage and 
blood clotting events. Hemolysis tests were performed.  
 

 
 
Fig1: necessary steps to transform the iLA to a longterm ambulatory lung assist device. 
 
To improve the hemo- and biocomaptiblity of the gasexchange material Polymethlypentene (PMP), we managed to seed 
fibers with human dermal endothelial cells (HDMEC) . Therefore a cell adhesion promoting biochemical surface with 
benzophenone modified heparin and suitable chemical side chains to perform both, peptide-coupling and covalent con-
jugation to PMP- membranes was developed. In order to provide cell adhesion sites RGD-peptides were coupled. cells 
HDMEC were seeded to the surface and analyzed with FDA/PI and antibody staining (von Willebrand). 

Results  
We succeeded in miniaturization of all hardware components as well as in a new design of the gasexchanger to improve 
blood distribution (Fig.2a). Fig. 2b shows FDA stained vital endothelial cells after 48 h on the PMP fibers under static 
cell culture conditions condition (37°C, 5% CO2). 
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Fig.2: A) shape design of the gasexchanger was successfully modified into a new geometry for better blood distribution. 
B) HDMEC on PMP Fibers stained with DAPI (blue) and von Willebrand  (shown in red) C) HDMEC on PMP fibers 
stained with FDA/PI (vital cells are shown in green). 
 

Conclusion  
We developed the first miniaturized wearable lung assist device. In the future, cell seeding experiments will be per-
formed under dynamic conditions in a bioreactor system. In a next step the whole device will be seeded with cells. An-
imal tests will be performed. 
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Abstract 

Three-dimensional scaffold-free tissue constructs represent a special kind of transplants in tissue engineering. The fzmb 
developed a method (SFCT-technology) to produce three-dimensional scaffold-free cartilage transplants (SFCT) out of 
differentiated chondrocytes in monolayer, based on the application of intermitted mechanical stimulation to cell clusters. 
Further investigations showed a positive effect on the production of extracellular matrix and cohesiveness of these carti-
lage constructs during long-term cultivation in vitro. Tissue constructs manufactured via SFCT-technology using porcine 
aorta cells demonstrated similar features according to the matrix synthesis and cohesiveness. 
 
 

1 Introduction 

Cartilage constructs produced by SFCT-technology pro-
vide promising opportunities to restore cartilage defects. 
However, the in vitro stability of these cartilage constructs 
has not completely been investigated so far. Furthermore, 
it is not known whether these potential time-dependent 
changes are positive or negative. Therefore, also other cell 
types with mesenchymal origin can be considered as con-
venient and should be investigated. Especially, cells of the 
large blood vessels are of great interest due to their ability 
to exist under lifelong mechanical stimuli. Consequently, 
cells of the aorta should be examined for their capacity to 
build matrix components and their features under in vitro 
conditions.  
Here, we present results of a comparative study selecting 
tissue constructs of different cells.  

2 Methods 

Cartilage biopsies were harvested from equine joints and 
enzymatically hydrolyzed to isolate the chondrocytes. Af-
ter cultivation and propagation in vitro, cells were trans-
formed into a three-dimensional state (SFCT) [1]. The ar-
terial cells were obtained and treated as described above 
whereas no division of different cells types was conducted 
due to their same mesenchymal origin (AC). The cultiva-
tion of the tree-dimensional constructs was performed in 6-
well plates (Fa.Greiner) and medium was changed daily. 
The cultivation and stimulation time were accompanied by 
application of cyclic, manual, mechanical loading, leading 
to the development of solid, 1-3 mm thick hyaline- or tis-
sue-like construct with a diameter up to 1.5 cm [2, 3]. Dif-
ferent cultivation periods were performed comprising 2.5 
and 6 months for the SFCT and 4 months for the tissue 
constructs of arterial cells (AC). Subsequently, the con-
structs were biomechanically tested for their cohesiveness/ 
compactness (E-modulus) and fixated for histological and 
biomechanical examinations. To determine biomechanical 

parameters, a dynamic mechanical analysis (DMA) was 
performed at 25°C room temperature using the Electro-
Force® 3100 test instrument from BOSE®. A cyclically 
applied force F = 0.5 N and f=1 Hz was specified. Follow-
ing parameters were determined: the complex E-modulus 
E*, the storage modulus E’ as well as the loss modulus E’’. 
For the biomechanical investigations, the constructs were 
dried and defatted (DDT) to analyze the collagen and pro-
teoglycan content in µg in relation to dried tissue in mg. 
Furthermore, the collagen specific amino acid hy-
droxyproline (Hypro) and hydroxylysine (Hylys) as well as 
the matrix shaping substance glycosaminoglycan (GAG) 
were quantitatively measured. For a general overview, he-
matoxylin and eosin stain was used whereas collagen type 
I, II as well as chondroitin-sulphate were verified via im-
munohistochemical staining. 

3 Results 

Image 1 depicts the constructs that were produced employ-
ing SFCT-technology.  
 

a  b  c  
 
Image 1 Macroscopic morphology of different tissue con-
structs: a - SFCT after 2.5 month; b – SFCT after 6 month 
and c – AC after 4 month in 3D state 
 
The produced tissue constructs showed no macroscopic 
morphological differences.  
Image 2 summarizes the complex, storage and loss 
modulus compared between the different constructs.  
 
 

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-4118 S252

Brought to you by | UNIVERSITEIT TWENTE CENTRALE BIBLIOTHEEK
Authenticated

Download Date | 11/19/19 11:10 AM



 
Image 2 E*, E’ and E’’ of tissue constructs after different 
cultivation periods accompanied by mechanical stimula-
tion 
 
As shown in Image 2, the SFCT own viscoelastic features. 
The storage modulus of the SFCT (6-month cultivation) is 
compared to SFCT (2.5-month cultivation) 33% higher 
and compared to AC (4-month cultivation) 10.5% higher. 
Moreover, AC constructs indicate a 25% higher storage 
modulus compared to SFCT. The loss modulus demon-
strates a similar progression. Table 1 provides the results 
of biochemical analysis. 
 
Table 1 Quantitative biochemical analysis (in µg/mg 
DDT) 

Sample GAG Hypro Hylys 

SFCT 2.5 months 34,9 29,2 4,4 

SFCT 6 months 39,3 31,8 3,8 

AC 4 months 23,5 32,9 0,9 

 
The results indicate a positive trend in matrix building 
compounds depending on the cultivation period ranging 
from 2.5 and 6 months. AC tissue constructs showed a four 
times lower hydrolysine concentration whereas hy-
droxyproline was slightly increased and GAG production 
was suppressed. The histological investigations exhibit 
similarities in the tissue structure, cell distribution and 
morphology between the mechanical stimulated constructs 
(Image 3).  
 

a  b  c  

d  e  f  
 
Image 3 H&E-stain of different tissue constructs a,d - 
SFCT after 2.5 month; b,e – SFCT after 6 month and c,f – 
AC after 4 month in the 3D state. Magnification: a,b,c – 
x40; d,e,f – x100 

The SFCT cultivated for 6 months showed a higher com-
pactness with a 100X optical magnification compared to 
SFCT cultivated for 2.5 months. Furthermore, the AC con-
structs indicate similar compactness, but comprised lower 
cell numbers compared to the SFCTs. 

4 Conclusion 

The results of our study comparing different tissue con-
structs produced by SFCT-technology showed significant 
differences in the biomechanical and biochemical analysis 
whereas the morphological investigations indicate close 
resemblance. Therefore, one reasonable explanation is the 
similar cultivation conditions as well as the mesenchymal 
origin of the used cells. The differences in the compactness 
(E-modulus) can be explicated by the varying cultivation 
durations accompanied by mechanical stimulation leading 
to the adaptation of the tissue constructs to the applied 
forces. The applied intermittent mechanical stimulation to 
the SFCTs enhanced the synthesis activity of chondrocytes 
in vitro. In contrast, aortic cells treated with mechanical 
stimulation featured a different matrix synthesis profile 
that has been confirmed via biochemical and histological 
investigations. Significant decreases in GAG and hy-
droxylysine concentration could be reported. One possible 
reason could be the varying reaction potential of different 
cell types to stimulating factors. Furthermore, the aortic 
wall mainly contains collagen type I that includes high 
rates of hydroxyproline and low concentrations of hy-
droxylysine as displayed in our results. In addition, histo-
logical investigations also indicate the tissue specific dif-
ferences. Low cell numbers were reported in AC con-
structs. Therefore, the aortic wall contains only few cells 
compared to cartilage.  
 
Taken together, our results suggest the capability of aortic 
cells to form three-dimensional structures that can be fur-
ther used to build in vitro blood vessel constructs that per-
haps can be useful as vascular grafts for clinical applica-
tion.  
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Abstract 
Respiration of patients suffering from severe lung diseases e.g. cystic fibrosis or chronic obstructive pulmonary disease 
(COPD) can be supported by so-called  ”extracorporeal  membrane  oxygenation”  (ECMO).  Such  an  ECMO-system en-
sures CO2 elimination and O2 support by a membrane based on hollow fibers. Due to unspecific protein adsorption, re-
sulting in a decrease of gas transfer and because of other side effects, the application is limited to short-term. However, 
as a bridge-to-decision or a bridge-to-transplant a system applicable for weeks to months is needed. The aim of the 
presented project is therefore the creation of a biocompatible device with a physiological gas-exchange surface made of 
an endothelialised flat membrane. The cell seeding requires an all new membrane and device concept. In order to 
develop a biohybrid lung assist device, clinicians, natural scientist, engineers, medical and material scientists work 
closely together. First cell seeding results on modified PMP membrane are presented. 
 
 

1 Introduction 
Between 2010 and 2013 the number of patients which 
received lung transplantation in the European Union 
increased from 593 to 678 patients , even though the total 
number of organ donors especially in Germany decreased. 
Nevertheless, there is still a huge gap between patients that 
receive a donor lung and patients on the waiting list [1]. 
The respiration of these patients as well as other patients 
suffering  from  a  severe   lung   failure  which  aren’t   (yet)  on  
the waiting list can be supported by ECMO [2]. These 
ECMO systems are based on CO2 elimination and O2 
support via membranes made of microporous hollow 
fibers. Around 30 years ago the first hollow fiber 
membranes have been established that consisted of 
polypropylene (PP). The next step in ECMO development 
was the covering of these fibers with a silicone layer, 
which was a progress in terms of biocompatibility and 
reduction of plasma leakage. Today, most of the 
commercially available systems are made of 
polymethylpentene (PMP) hollow fibers [3]. Although 
PMP oxygenators can already be used for several weeks 
[4] there is still a need for longer application times and/or 
more convenient therapies for patients as a paracorporeal 
or even implantable device. One strategy is the 
development of a more physiological gas exchange surface 
by means of coating a suitable membrane with human cells 
[5]. The cell coating of a PMP hollow fiber membrane as 
described by Haverich et al. [6] is a viable procedure. Our 
approach is based on an endothelial cell coated oxygenator 
membrane (EndOxy, see Image 1), mimicking the vascular 
side of the Blood-Gas-Barrier.  

 

Image 1 The EndOxy Concept 
 
In this biohybrid medical system the endothelial cell layer 
covers the foreign surface and provides a biological 
interface. Usually materials for medical applications are 
selected for inert characteristics, thus reducing adhesion of 
proteins and cells. Hence, these materials require a surface 
coating for cell attachment. Biofunctionalisation with 
fibronection has been investigated for PMP, PP and PDMS 
[7]. A reactive coating using starPEG-GRGDS is also 
suitable [8], first results are presented here. 

2 Methods 

2.1 Cell Isolation and RGD 
functionalisation 

Cell isolation and proliferation have been performed 
according to conventional methods [7] . 
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Briefly, cells were isolated from carotoid artery of sheep 
under sterile conditions. Arteries were kept in transport 
buffer at 4°C until preparation, then gently flushed with 
prewarmed   phosphate   buffer   saline   (Dulbecco’s   PBS,  
PAA, Austria) to remove the residual blood. Before 
harvesting of the cells, cannulas were inserted at both ends 
of the artery and fixed with umbilical cord clamps. The 
inner side of the vessel was rinsed with sterile PBS, then 
2% collagenase was infused through the cannula until the 
fluid fills the vessel. The cannulas were sealed and the 
vessel was incubated for 30 minutes at 37°C. Afterwards, 
the arteries were rinsed with 20 ml PBS to collect the 
endothelial cells into centrifugal tubes (BD Falcon, USA). 
The suspension was centrifugated (500 g, 5 minutes, 
Eppendorf Centrifuge 5810R, Germany), the cell pellet 
was resuspended in 10 ml cell culture medium and seeded 
in cell culture flask (T75). 
Ovine endothelial cells were grown in Endothel basal 
medium (EBM, PAA, Austria) supplemented with 10% 
endhothelial medium supplement (PAA, Austria), 1% 
GlutaMax® and incubated at 37 °C in a humidified 
atmosphere in 5% CO2. Isolated cells were seeded in 
culture flasks coated with 2 % gelatin. The medium was 
changed twice a week. Cells were used for experiments 
from passages 1 to 6.  

2.2 Static and dynamic cultivation 
The endothelial cells were seeded on the membranes at a 
concentration of 5*104/cm2, cultivated with 4 ml medium. 
Dynamic cultivation mimicking the flow in the oxygenator 
is started on day 4 with 4.07 mL/min and flow is daily 
increased until 14.20 mL/min on day 3. Cell morphology is 
microscopically tracked using a fluorescence microscope 
(AxioObserver Z1; Zeiss), and images were acquired using 
a monochrome camera (AxioCam MRm; Zeiss, Germany). 

2.3 Immunohistochemistry 
Cells were fixed in formalin for 5 min. Samples were 
washed thrice with PBS, blocked with 5 % NGS (normal 
goat serum) in 0.1 % triton for 30 min. Incubation is 
performed with 200 µL of the primary vWF antibody 
(polyclonal rabbit anti human, 1:100, Dako Glostrup, 
Denmark) for 1 h at 37 °C. After washing (3x, PBS), 
incubation with 200 µL secondary antibody (Alexa Fluor 
488, goat anti-rabbit, IgG, Life technologies, 1:400, in 5 % 
NGS and 0.1% Triton) cells are counterstained with DAPI 
(4´, 6-Diamidin-2-phenylindol) for 5 min. 
Samples were viewed using a fluorescence microscope. 

2.4 Flat Membrane design and 
Oxygenator development 

The oxygenator model will be investigated by flow 
simulation and validated by particle image velocimetry 
(PIV). Performance testing will be done directly in blood 
contact according to standard methods [8]. Subsequently, 
two different membrane concepts will be compared: One is 
based on a 3D spacer structure covered by a nonwoven 

membrane [9]. The gas exchange will be optimized by 
reducing the diffusion resistance due to a special 3D 
structure inducing the Bellhouse effect [10]. Secondly, a 
biomimetic membrane geometry made by Rapid 
Prototyping Stereolithography will be investigated [11]. 

3 Results 

3.1 Static cultivation on RGD-
functionalised PMP membrane 

Cells with a concentration of 5x104 cells/cm2 were seeded 
onto RGD coated PMP slides in comparison to the 
uncoated material as negative and gelatin coated well 
plates as positive control. After 3 days of cultivation the 
cells on gelatin coated wells reached confluence and 
growth was compared to the cell growth on PMP. Cell 
counting revealed 615 cells/mm2 on RGD coated PMP 
and 11 cells/mm2 on the blank material, showing the 
positive influence of RGD coating on adhesion and 
proliferation of endothelial cells. Fluorescence 
microscopy confirms the positive influence of RGD 
coating (see Image 2). 
 

  
 
Image 2 Proliferation of endothelial cells on RGD-
functionalized PMP membrane (A); negative control: 
blank PMP membrane (B); positive control: gelatin 
coated TCP (1786 cells/mm2) (C) 

3.2 Dynamic cultivation on RGD-
functionalised PMP membrane 

Application of cell seeded membranes requires the 
stability of the cell layer under dynamic conditions. 
Therefore, endothelial cells were exposed to daily 
increasing flow rates, starting after 3 days of static 
cultivation. 
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Microscopic images show the transition from the typical 
cobblestone patterned morphology under static conditions 
(see Image 3, A) to a spindle-shaped morphology under 
shear stress (see Image 3, B-C). Moreover, the cell layer 
remains stable until a shear stress of  0.71 dyn/cm². 
 

 
 
Image 3 Dynamic cultivation of endothelial cells on 
RGD-functionalised PMP membrane under shear stress; 
A t0; B t1 flow: 4.04 mL/min, shear stress: 0.20 dyn/cm²; 
C flow: 7.32 mL/min, shear stress: 0.37 dyn/cm²; D flow: 
14.20 mL/min, shear stress: 0.71 dyn/cm² 

4 Conclusion 
A confluent layer of ovine endothelial cells is achieved on 
RGD functionalized PMP membrane. The cells show the 
typical cobblestone morphology under zero flow and a 
spindle-shaped morphology under shear stress. Moreover, 
the cell layer maintains stable until a shear stress of  0.71 
dyn/cm².. 
The further investigations within this project will lead to a 
better understanding of biological parameters influencing 
the oxygen transfer rate of such a cell-membrane-interface. 
Moreover, new membrane scaffolds will be developed and 
for the first time a prototype of a biohybrid lung assist 
device will be designed and constructed. 
We conclude that the use of an endothelial cell seeded 
oxygenator membrane requires the creation of a fully new 
oxygenator concept. 

5 References 
[1] www.eurotransplant.org (25.3.2014) 
[2] Diaz-Guzman E, Hoopes CW, Zwischenberger JB. 

The evolution of extracorporeal life support as a 
bridge to lung transplantation. ASAIO Journal. 
2013;59:3-10. 

[3] Yates A, Whitson B, Hayes D, Kukreja J, Tobias J, 
Kirkby S, Preston T. Extracorporeal life support for 
acute respiratory distress syndromes. Ann Thorac 
Med. 2013;8:133-141. 

[4] Khoshbin E, Roberts N, Harvey C, Machin D, Killer 
H, Peek GJ, Sosnowski AW, Firmin RK. Poly-methyl 
pentene oxygenators have improved gas exchange 

capability and reduced transfusion requirements in 
adult extracorporeal membrane oxygenation. ASAIO 
Journal. 2005;51:281-287. 

[5] Lemon G, Lim ML, Ajalloueian F, Macchiarini P. The 
development of the bioartificial lung. Br Med Bull. 
2013 ;0:1-11. 

[6] Hess C, Wiegmann B, Maurer AN, Fischer P, Moller 
L, Martin U, et al. Reduced Thrombocyte Adhesion to 
Endothelialized Poly 4-Methyl-1-Pentene Gas 
Exchange Membranes-A First Step Toward 
Bioartificial Lung Development. Tissue Engineering 
Part A. 2010;16(10):3043-53. 

[7] Cornelissen CG, Dietrich M, Gromann K, Frese J, 
Krueger S, Sachweh JS, Jockenhoevel S. Fibronectin 
coating of oxygenator membranes enhances 
endothelial cell attachment. Biomedical Engineering 
Online. 2013;12. 

[8] Fiedler J, Groll J, Engelhardt E, Gasteier P, Dahmen 
C, Kessler H, et al. NCO-sP(EO-stat-PO) surface 
coatings preserve biochemical properties of RGD 
peptides. International Journal of Molecular Medicine. 
2011;27(1):139-45. 

[9] Graefe R, Borchardt R, Arens J, Schlanstein P, 
Schmitz-Rode T, Steinseifer U. Improving oxygenator 
performance using computational simulation and flow 
field-based parameters. Artif Organs. 2010, 34:930–
936 

[10] Wulfhorst B, Gries T, Veit D. Textile 
Technology. München : Hanser ; Cincinnati : Hanser 
Gardner, 2006 

[11] Dorrington KL, Ralph ME, Bellhouse BJ, 
Gardaz JP, Sykes MK. Oxygen and co2 transfer of a 
polypropylene dimpled membrane lung with variable 
secondary flows. Journal of Biomedical Engineering. 
1985;7:89-99. 

[12] Papenburg BJ, Rodrigues ED, Wessling M, 
Stamatialis D. Insights into the role of material surface 
topography and wettability on cell-material 
interactions. Soft Matter. 2010;6:4377-4388. 

 
 

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-4119 S257

Brought to you by | UNIVERSITEIT TWENTE CENTRALE BIBLIOTHEEK
Authenticated

Download Date | 11/19/19 11:10 AM



Immunogenicity of intensively decellularized equine carotid arteries is 
conferred by the extracellular matrix protein collagen type VI 
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Introduction  
Decellularized equine carotide arteries (dEAC) are alternatives for alloplastic materials like PTFE in vascular replace-
ment therapy which is prone to infections and thrombotic events. The potential of decellularized scaffolds for remodel-
ling and integration however is opposed by their risk for immunological rejection. We here targeted for complete re-
moval of cellular immunogenic molecules in dEAC by an intensified decellularization protocol, evaluated the residual 
content of specified proteins, determined the immunogenicity of the scaffold in a mouse model and identified immuno-
genic components by a proteomic approach. 

Methods 
Native EAC were decellularized by a detergent-based conventional protocol for 40h (dEAC) or an intensified protocol 
for 72h including higher processing volumes (dEACintens). Residual DNA, aSMA, MHC I complexes and alpha-Gal 
residues were quantified by western blotting of dEAC extracts. Mice were immunized with dEAC extracts and graft 
specific plasma antibodies were evaluated by western blot. Immunogenic proteins were determined by mass spectrome-
try of immunostained spots of a 2D electrophoresis or by immunoprecipitated (IP) proteins.   

Results  
Intensified decellularization of EAC reduced cellular aSMA and DNA completely, MHC I complexes to 2.2% and al-
pha-Gal-staining almost completely except a 140 kDa band which remained at 8.6% of native EAC. Plasma of dEACin-

tens-immunized mice stained likewise a single 140 kDa band whereas the dEAC-plasma stained multiple additional 
bands with an overall higher intensity. The 140 kDa band was isolated by 2DE or precipitated IP and could by identified 
in both approaches by mass spectrometry as the extracellular matrix (ECM) proteins collagen (VI) alpha1and alpha2.  

Conclusion 
Though the intensified decellularization protocol removes essentially cellular immunogenic proteins it did not yield 
immunologically inert dEAC as immunogenicity was conferred by collagen VI, an integral component of the ECM.  
However, as lower antibody levels were achieved, it seems to be a promising basis for further development.   
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LC-MS/MS-analysis of mice-cell derived extracellular matrices on plasma-
polymerized plastic surfaces 
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There are increasing numbers of studies investigating the application of therapeutic cells.  

For the cell culturing suitable chemically modified polymers like polypropylene and polyethylene are 

attractive cell growth devices.  

At the Fraunhofer IST specially designed automated equipment was used to fit polymers with cell 

adherent properties. This was achieved by depositing thin films of plasma-polymerized 

3-aminopropyl-trimethoxysilane (pp-APTMS) using plasma enhanced chemical vapor deposition 

(PECVD) at ambient pressure based on a dielectric barrier with argon as process gas.  

The coating was analyzed by ATR-FTIR spectroscopy, fluorescence and contact angle measurements. 

As model cell lines murine MC3T3, which can differentiate into fat cells, cartilage cells and bone cells 

ex vivo, were used. During culturing these cells produced their own extracellular matrix (ECM). In this 

paper, we describe a method to analyze the ECM during the process of cellular multiplication, 

maturation and differentiation. The method includes the application of LC-MS/MS (liquid 

chromatography – tandem mass spectrometry) analysis to investigate the correlation between ECM 

composition and the attachment of the cells. Therefor the ECM proteins of MC3T3 cells adsorbed to 

the surface of different artificial membranes were decomposed into peptides by tryptic digests and 

then were analyzed by a nanoUltimate3000 Ultra Performance LC system (Dionex) equipped with 

Acclaim PepMapRSLC connected to an LTQ Orbitrap Velos Fourier transform mass spectrometer 

(Thermo Scientific). Finally the raw MS data were converted to a data format compatible with search 

engines and the assigned spectra were merged and loaded into the scaffold 4 viewer for further 

interpretation. 
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(Micro-) Stereolithography based on Diode Laser Curing (DLC) and 
its Potential Applications in Tissue Engineering  
 
M. Vehse and H. Seitz 
Chair of Fluid Technology and Microfluidics, University of Rostock, Rostock, Germany, mark.vehse@uni-rostock.de  
 
Abstract 
In this study a Micro-Stereolithography based on Diode Laser Curing (DLC) was used to produce specimens from two 
different photopolymers. These parts can be applied as either medical devices or scaffolds for Tissue Engineering. The 
first photopolymer is a commercially available epoxy resin SL7870 from 3D-Systems and the second one is 
poly(ethylene glycol) diacrylate (PEGDA). PEGDA is intermixed with 2-Hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone as photoinitiator (PI) but without any co-monomers or cross-linkers. We showed that DLC is a 
useful technique to produce parts for medical devices and biomedical applications.  
 
 
1 Introduction 
Additive Manufacturing is an outstanding technique to 
produce patient individual implants. Powder based 3D-
printing is widely used to manufacture biodegradable 
scaffolds for bone tissue engineering. Tricalciumphos-
phate and hydroxyapatite are well understood materials 
for this process [1]. An infiltration of these scaffolds with 
biopolymers allows an improvement of the mechanical 
properties [2], and a lot of groups presented studies on 
cell migration in bio ceramic based scaffolds [3-5]. In ad-
dition, electrospinning is a possible technology for pro-
duction of biodegradable scaffolds [6, 7]. Fused Deposi-
tion Modelling is another appropriate technique to pro-
duce e.g. biodegradable poly(e-caprolactone) based po-
rous scaffolds for tissue engineering [8]. 
Furthermore, photopolymerized hydrogels are used in the 
field of bone regeneration. Some groups showed interest-
ing experimental results and scaffold specimen with high 
potential in regenerative medicine [9-11]. The groups of 
Stampfl and Liska at Vienna University of Technology 
focus for years on the development of biodegradable and 
non-toxic polymers for UV curing [12] for Additive Man-
ufacturing. Other groups are investigating the technology 
and materials in this research field. They use Stereolithog-
raphy and DMD-based UV curing to develop e.g. micro-
needles [13] or multilayer scaffolds with cell encapsula-
tion [14, 15]. First simple parts made from PEGDA with 
incorporated ASS as a model drug were presented by the 
authors in [16]. It could be shown, that PEGDA based 
block scaffolds cured by Micro-Stereolithography appa-
ratus with a diode laser curing (DLC) technique (technical 
details in [17]) elute the ASS dependent from surface area 
of the scaffold. 
In this study, we show sample parts made by DLC using 
two different photopolymer. These parts can be used for 
medical devices and biomedical applications.  
 
 
 

2 Methods 
Stereolithography uses focused laser irradiation in the ul-
traviolet range to polymerize photosensitive monomers to 
polymers. As in the most Additive Manufacturing Tech-
nologies, raw material is hardened layer wise. Due to the 
connection of the layer a 3-dimensional model is being 
produced. Image 1 demonstrates the process schematical-
ly: (1) For a new layer the z-axis is lowering the platform. 
(2) In the second step the recoater planes the resin surface 
and in a third step (3) the laser is curing the resin [17]. 
 

 
Image 1: Layer generation process stereolithography 
 

2.1 Diode Laser Curing (DLC) 
We developed a Micro-Stereolithography apparatus based 
on a diode laser and linear axis. Details of the system 
were previously presented in [16]. A special feature is the 
changeable focussing unit. So the user is able to easily 
select the fabrication resolution and the part size. Also the 
changeable diode laser allows the use of lasers with dif-
ferent wavelengths leading to a wide range of processable 
photopolymers. 

2.1.1 Photopolymers 
Two photopolymers were used for the production of sam-
ple parts. On the one hand RenShape SL 7870 from 3D 
Systems Inc., Rock Hill, USA a hydrogenated bi-
sphenol A epoxy resin. This material is commercially 
available and used e.g. for medical products in skin con-
tact (FDA USP 23 class VI). On the other hand we used 
poly(ethylene glycol) diacrylate (PEGDA) as monomer 
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and as Photoinitiator (PI) 2-Hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone (Darcure 2959, 
Sigma Aldrich, Germany, Mn=700). The PI was dissolved 
(10 wt-%) in a mixture of 50 vol-% ethanol and 50 vol-% 
water. Then, the PI solution was mixed with PEGDA 
(Sigma Aldrich Chemie, Germany) in a ratio of 
1/9 (vol/vol). No further co-monomers or cross-linkers 
were used. This material is widely applied as scaffold ma-
terial in different studies.  

2.1.2 Sample Preparation 
All sample parts were designed in freeform using a com-
puter-aided design software (SolidWorks). The channels 
are formed as cuts into the volume. The resolution of 
parts is only limited by the laser spot size or rather the 
generated pattern size during data preparation from 3D-
CAD to machine code. 
The first sample is a quadratic block with an edge length 
of 5 x 5 mm² and a height of 4 mm, see image 2a. The 
channels are also quadratic with 400 x 400 µm² width. 
The second sample geometry is shown in image 2b. It is a 
free form designed scaffold with identical channels as in 
a). The third sample scaffold (see image 3a) demonstrates 
some possibilities in geometrical design. Included are e.g. 
steps, cuts, channels, edges and holes into a free form 
model.  

2.1.3 Post processing 
After curing process the sample parts were cleaned with 
Isopropanol over a period of two minutes in an ultrasonic 
bath. This is followed by post-exposure of 5 minutes by 
means of a broadband UV lamp. 
 
 
3 Results 

3.1 Application Samples 
Image 2 shows in a) and b) two scaffold with a simple de-
sign produced from SL7870. The measured values of the 
quadratic block in a) with an edge length of 5 x 5 mm² 
and a height of 4 mm are very close to the geometrical 
specifications from CAD. The channels are also quadratic 
with 400 x 400 µm² width and are passing through the 
material. In image 2b a free form designed scaffold with 
identical channels as in a) is shown. The experimentally 
optimized curing parameters are: 4.7 mW at 375 nm 
wavelength, curing velocity 300 mm/s, laser spot size 
27 µm for both. Image 3b) demonstrates a PEGDA based 
demo scaffold with more or less complex geometry fea-
tures. This part demonstrates the possibilities of the DLC 
machine to manufacture highly structured scaffold for fu-
ture Tissue Engineering applications. The channels have a 
dimension of 500 x 500 µm. The curing parameters are: 
20 mW at 375 nm wavelength, curing velocity 50 mm/s, 
laser spot size 27 µm. The match allows an estimation of 
the scaffold size. 

 
 
 

Image 2 Sample micro parts SL7870; a) cube, b) freeform 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Image 3 a) CAD design of the scaffold (SolidWorks), b) 
PEGDA bases scaffold produced by DLC machine 
 
 
 

a) 

b) 

a) 

b) 
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4 Conclusion 
In this study we showed, that Micro-Stereolithography 
based on Diode Laser Curing is a useful and an interesting 
possibility to produce micro scaffold for Tissue Engineer-
ing or parts for medical devices. The developed DLC sys-
tem [17] allows the user for manufacturing complex scaf-
folds from photo curable biopolymers. The application 
samples are intended to give a little insight on possibili-
ties of this technique. The DLC technique is also an effi-
cient production method for scaffolds in the millimeter 
range in contrast to the two-photon-polymerization tech-
nique, which offers a quite higher building resolution but 
features a very low building rate. 
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Abstract 
The development of effective treatments for spinal cord injury is of considerable medical interest. Transplantation of 
myelin-forming cells such olfactory ensheathing cells (OECs) into traumatic spinal cord injuries can significantly im-
prove functional outcome in experimental models. In contrast to the peripheral nerve system regeneration in the spinal 
cord is very limited. The reasons are complex and it is assumed that intrinsic repair might be supported by providing cell 
transplantation combined with an ideally structured microenvironment at the site of injury. Spider silk is a proteinaceous 
fibre with low immunogenicity and high support of cell migration and adhesion. In the proposed study we determined 
the in vitro characteristics of canine OECs seeded on spider silk as prerequisite for future in vivo experiments.  
 
1 Introduction 
Spinal cord injury (SCI) is a major medical concern and 
can result from trauma and other diseases such as multiple 
sclerosis. There are an estimated 10,000 to 12,000 spinal 
cord injuries a year in the United States alone, with costs 
of managing the care of SCI patients approaching $4 bil-
lion per year. Current treatment for SCI is limited, but a 
number of experimental strategies to encourage axonal re-
generation, to protect injured tissue, and to remyelinate 
axons are being investigated. Long tract axons in the 
mammalian spinal cord do not normally regenerate for an 
appreciable distance within the denervated host tract after 
transection. Recent repair strategies include cell-based 
therapies which are promising with respect to inhibit glial 
scar formation and replacement of lost tissue. The integra-
tion of the transplanted cells, however, largely depends on 
providing a suited microenvironment, so the effort of many 
researchers has been to establish biological matrices which 
in structure and properties mimic the natural microenvi-
ronment. These approaches include the development of 
injectable hydrogels and transplantable scaffolds. Sub-
structures like micro-channels and fibres generally are ad-
vantageous for cell migration and neuronal outgrowth.  
In our approach native spider silk fibres are tested for their 
suitability to provide micro structured tissue engineered 
scaffolds for nerve repair. In a previous study the silk 
alone was transferred into peripheral nerves after injury 
and axonal regrowth and remyelination was achieved in a  
60 mm defect in adult sheep [1]. The regenerative capacity 
in the central nervous system is much more challenging 
because of the lack of the permissive environment [2] and 
the presence of active inhibitory factors that elicit growth 
cone collapse such as the NOGO molecule present on CNS 
(oligodendrocyte) myelin [3].  In experimental studies en-

hancement of regeneration to a certain extent in the CNS 
could be demonstrated after cell transplantation of olfacto-
ry ensheathing cells which lead to axonal regeneration and 
remyelination.  Moreover, in experimental approaches to 
create a permissive environment, conduit implantation for 
enhancement of axon growth and for axonal guidance has 
become of major interest to encourage axonal regeneration 
within the CNS. The exact nature of the ideal conduit is 
unknown, although recent studies indicate that micro- and 
nanoscaled structures mimicking the extracellular matrix 
of neuronal tissue is advantageous. A combination of cell 
transplantation strategies and the ideal conduit would be 
desirable. To address this issue we cultured and character-
ised olfactory ensheathing cells derived from canines on 
spider silk and determined cell viability, cell proliferation 
and migration in vitro.  
 

A B  
 
Fig. 1 A cOECs on spider silk fibres, p75NGFR (green) 
and DAPI (blue) 
B cOECs on spider silk fibres, p75NGFR (green), Ki-67 
(pink) and DAPI (blue) 

50 µm 50 µm 
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A B  
 
Fig. 2 A cOECs on spider silk fibres, T=0h 
B arrow pointing on cOEC on fibres and its typical charac-
teristics, such as long filopodia and bipolar shape 
 

2 Methods 
 
2.1. Spider silk harvest 
 
Spider silk was gained from the golden web spider Ne-
phila edulis. For the spider itself the production of silk is 
a passive process. 
The spider was positioned on a foam cushion and then 
fixed with a gauze bandage, its abdomen pointing towards 
spool. The spider’s dragline was then carefully collected 
from the spinneret and gently woven onto a mechanic 
spool onto frames of remanium until the desired amount 
of windings was achieved. 
 
2.2. Cell culture of canine OECs and im-
munocytochemistry (ICC) 
 
Canine OECs (cOECs) were isolated and cultured in T75 
flasks, CytoOne®, which were afore treated with Poly-L-
lysine (PLL), Biochrom AG, a cell adhesion factor. The 
medium contains foetal calf serum (FCS) (20%), Penicil-
lin Streptomycin (1%) and sodium pyruvate (1%) and was 
to be kept at 37°C before handling cells. 
For immunocytochemistry the cOECs were seeded onto 
PLL-coated cover slips (12mm Ø) and cultured for a min-
imum of 24hrs. The OECs were then fixated with para-
formaldehyde and blocked with FCS. Next, the primary 
antibody (p75NGFR and Ki-67) incubated overnight at 
4°C, followed by the secondary antibody incubating at 
room temperature. Last, the cells were stained with DAPI 
and covered with mounting medium, VECTASHIELD®. 
 
2.3. Cell seeding and time lapse 
 
OECs were seeded drop wise onto the spider silk construct 
in high cell numbers of 2 millions cells/ml. After 2 hrs the 
chambers were filled with medium. To analyse the viabil-
ity and migration of the seeded OECs on the silk time 
lapse recordings with a Live Cell Imaging System were 

photographically documented every 15 minutes over a pe-
riod of 3 hours. 
Time-lapse photography is used in order to decelerate the 
display of motion sequence. The frequency of recordings is 
much lower than actual play-back. Recordings are then 
shown at normal speed shed light on, for investigation of  
cell migration, which cannot be seen in real-time. 
 

3 Results 
After cell seeding onto the silk he OECs survived and were 
immediately associated with the silk fibres. During the 
process of seeding the cells in medium suspension the 
cOECs gradually settled down to the edge after 2 hrs. 
Here, the cOECs aligned and longitudinally aligned on the 
spider silk fibres.  
Main focus after seeding is the testing of viability of the 
cells. For this purpose a live/dead assay of the OECs on 
the spider silk fibers was performed. Thus, showing a cell 
viability of >95%, 24hrs after seeding onto the spider silk. 
As characteristic marker for OECs, p75 nerve growth fac-
tor receptor (NGFR)-staining indicated a high level of pu-
rity and therefore provides information that the detected 
characteristics exclusively belong to canine olfactory 
ensheathing cells. 
In addition to p75NGFR, positive Ki-67 staining, as indi-
cator of proliferation, was observed. Double immunostain-
ing of p75NGFR and Ki-67 revealed a proliferation rate of 
16-20%. The cells could be maintained on the spider silk 
for up to of up to 12 weeks  
 
Moreover, extensive migration could be observed on the 
spider silk fibers which was examned in time lapse analy-
sis. Here, the cOECs migrated with a velocity of approxi-
mately 1µm/s and simultaneously merged and increased 
cell-to-cell contact which resulted in a 3-dimentional ar-
rangement of the cells on the silk.  Thus, the fibers were 
used as a scaffold on which long filopodia were formed 
and typical phenotype of canine OECs were displayed.  
 
In summary, highly purified cOECs seeded onto the spider 
silk are not only viable and adherend, but also proliferate 
and migrate.intensively. Furthermore, cells on the silk ar-
can be arranged in a three-dimensional structure and could 
be maintained in long-term culture over a long-time period 
of up to 3 months. 

4 Conclusion 
 
OECs seeded onto spider silk might have considerable ad-
vantages concerning transplantation in injured spinal 
cords. The development of an artificial construct using 
spider silk as a three-dimensional matrix which can be 
seeded with glial cells holds promising potential for repair 
and regeneration within the CNS. 

250 µm 50 µm 
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Abstract 
 
Background:   The   eye   irritation   test,   developed   by   Draize   et.   al.   in   1944,   is   used   to   study   toxicological   chemical  
substances  the  eye   irritation  test.  In  order  to  produce  toxicologically-normalized  results  as  well  as   to  circumvent  moral  
and  ethical  concerns,  a  Hemicornea  cell  culture  model  was  developed  intending  to  replace  the  Draize  test  in  the  future.  
In  order  make  the  model  available  for  a  wider  use,  transportation  and  storage  facilities  are  required.  Cryopreservation  is  
useful   here.   This   study   deals   with   the   stroma   equivalent,   an   essential   part   of   Hemicornea   model.   The   individual  
components  of  the  stroma  equivalent  –  namely,  collagen  and  HCK-Ca  Cells,  as  well  as  their  interaction  –  were  examined  
with  regard  to  the  cryopreservation  and  optimized. 
First,  the  isolated  collagen  of  rat  tail  with  different  compositions  of  collagen  was  checked  on  its  suitability  for  use  in  the  
stroma   equivalent.   In   these   experiments   a   dependency   between  NaHCO3   and   the   consistency  of   the   collagen  mixture  
could   be   identified.   HCK-Ca   cells   –   yet   another   component   of   the   Hemicornea  Model   –   were   frozen   with   the   anti-
freezing  media  10%  (v/v)  DMSO,  Biofreeze  and  10%  (v/v)  DMSO  +  40%  (v/v)  HES  at  the  cooling  rates  of  10  K/min,  5  
K/min,  1  K/min  and  0.2  K/min.  The  highest  number  of  intact  cell  membranes  and  the  best   re-cultivation  efficiency  was  
obtained  with  the  anti-freeze  media  10%  (v/v)  DMSO  and  the  cooling  rate  of  10  K/min.  In  addition  to  this,  cultivated  
stroma  equivalent  were  cryopreserved  with  the  above   freezing  media  and  cooling  rates.  The  appearance  of  cracks  was  
observed   during   the   production   of   stroma   equivalent.  After   cryopreservation   and   subsequent   thawing   of   these   stroma  
equivalent,  an  increased  number  of  viable  cells  in  the  area  of  intact  collagen  layers  and  an  increased  number  of  vital  cells  
in  the  region  of  defective  collagen  layers  was  observed  (with  the  fluorescence  microscope).  Finally,  a  construction  was  
developed  which  will  enable  a  directional  solidification  of  the  Hemicornea  models.  
 
Key  words:  Cryopreservation,  fluorescence  microscopy,  HCK-Ca  cells,  stroma  equivalent,  Hemicornea  model,  collagen  
consistency,  recultivation  efficiency,  power-down,  directional  solidification,  DMSO,  HES,  Biofreeze 
 

1 Introduction 
The  approval  of  new  therapeutics  is  preceded  by  extensive  
studies   on   efficiency   and   toxicity.   For   this   purpose,   the  
Draize   test   is   used,   wherein   ophthalmological   active  
ingredients  are  applied  in  rabbit  eyes  (1).  The  cornea  plays  
the  most   important  role   for  the  toxicological  eye   irritation  
test  as  the  main  absorption  takes  place   in  here  (2).  Due  to  
ethical   concerns,   poor   reproducibility   of   results   and  
economic   factors   (3)  (4)   (5)  a  corneal   replacement  model  
was   developed   (6),  which   shall   replace   the  Draize   test   in  
the   future.   This   corneal   replacement   model   consists   of   a  
stroma   equivalent,   which   is   composed   of   human   corneal  
keratocytes   (HCK-Ca   cells)   and   Type   I   collagen.   Here,  
stroma   equivalent   human   corneal   epithelial   cells   (HCE  

Cells)   are   seeded.  After   a   ten-day   incubation   in   the   CO2  
incubator,  the  model  is  ready  for  use  (see  Figure  1). 
A   difficulty   that   remains   unresolved,   is   the   long-term  
storage   of   this   model.   Since   its   production   takes   a   long  
time  to  complete  and  is  not  possible  for  each  user,  it  makes  
sense   to   already   have   a   certain   quantity   of   Hemicornea  
constructs   available.   Currently,   there   is   no   satisfactory  
cryopreservation   protocol   for   this   Hemicornea   model.  
Although   there   have   been   promising   approaches   for   the  
cryopreservation   of   human   cornea   (7)   (8)   (9)   the   current  
state   is   not   optimal.  When   freezing   the   cornea,   structural  
damage   arises,   so   it   cannot   be   reliably   frozen   (10)   (11)  
(12)  (13).  Donor  corneas,  among  other  things,  are  stored  in  
eye  banks  under  partly  physiological  conditions.  However,  
they  are  storable  only  up  to  28  days  in  an  incubator  (12). 
Since  both  the  native  cornea  as  well  as  the  artificial  model  
consist   of   several   components,   of   which   different  
combinations  of  parameters  could  lead  to  the  best  possible  
storage   strategy,   it   is   necessary   to   develop   an   optimized  
method  for  the  individual  shares.  For  the  HCE  cells,  which  
are   also   part   of   the   Hemicornea   construct,   a  
cryopreservation  protocol  has  already  been  created.  For  the  
HCK-Ca   cells   there   is   no   optimized   freezing   protocol,  
which   is   why   an   optimal   cooling   rate   and   a   suitable  
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antifreeze  medium  were  determined   for   these  cells   in   this  
study. 
The  last  component  of  the  whole  construct  is  the  collagen.  
At   the   Institute   for   Multiphase   Processes   collagen,  
composed  mainly  of  type  I  collagen,  was  isolated  from  rat  
tails.   This   will   be   used   in   research,   in   addition   to  
commercially   available   collagen   (Sigma).   The   prepared  
collagen  was  tested  for  its  suitability  for  the  preparation  of  
the   Hemicornea   model.   Another   focus   was   on   the  
behaviour   of   the   HCK-Ca   cells   of   Hemicornea   model  
within   the   collagen.   The   state   of   the   collagen,   and   in  
particular   the   state   of   the   cells   before   and   after  
cryopreservation,   was   taken   into   consideration.  
Conclusions   were   drawn   using   the   fluorescence  
microscope. 

2 Material  and  Methods 

2.1 Material 
Unless   otherwise   stated,   chemicals   from   Sigma   /  Aldrich  
(Deisenhofen,   Germany)   and   Carl   Roth   (Karlsruhe,  
Germany)  were  used. 

2.2 Determination  of  Collagen  strength 
During   each   test   run,   the   components   KGM   medium   (+  
SingleQuots   supplements,   Lonza),   L-glutamine   solution  
(200  mM,  Biochrom,  Berlin,  Germany),  NaHCO3,  DMEM  
medium,  freeze-dried  collagen  and  acetic  acid  were  mixed  
with   each   other   in   different   concentrations   and   pipetted  
into  a  well  of  a  24-well  plate.  This  was   followed  by  a  30  
minute   incubation   at   37°C   and   5%  CO2.  The   assessment  
of  the  consistency  was  purely  visual.  Evaluation  was  based  
on   a   personally   defined   scale   (0   =   liquid   to   5   =   very  
strong). 

2.3   Cell  line 
The   HCK-Ca   cell   line   was   established   by   Dr.   M.   Zorn-
Kruppa  by  transfection  of  human,  corneal  keratocytes  with  
an  SV40  adenovector  (14) 

2.4 Cultivation  of  the  HCK-Ca  cells 
The   HCK-Ca   cells   were   cultured   in   75-cm²   flasks   with  
KGM  medium  until  reaching  the  required  amount  of  cells  
in  a  CO2  incubator  at  37°C  and  5%  CO2.  For  the  counting  
of   the   cells   the   cell   analyser   Vi-Cell™   XR   (Beckman  
Coulter  GmbH,  Krefeld,  Germany)  was  used. 

2.5 Cryopreservation  of  the  HCK-Ca  cells 
In   each   case,   3.0   *   106   cells  were  maintained   in   cryovial  
tubes  with   the  antifreeze  media  10%  (v/v)  DMSO  +  90%  
(v/v)   KGM-Medium   Biofreeze   (Biochrome,   Berlin,  
Germany)  or  10%  (v/v)  DMSO  +  40%  (v/v)  HES  +  50%  
(v/v)   KGM-Medium   and   frozen   with   cooling   rates   of   10  
K/min,  5  K/min,  1  K/min  and  0.2  K/min.  Cryopreservation  
was   carried   out   in   the   freezing   unit   Askion   C-line   ®  
system  (Askion  GmbH,  Gera,  Germany). 

2.6 Measurement  of  membrane-intact  cells  
and  reclamation  efficiency 

For  the  measurement  of  membrane  integrity  in  connection  
with   the   unfreezing,   half   of   the   cell   suspension   of   each  
cryopreserved   cryovial   was   used.   The   other   half   was  
recultivated   for   24   hours   in   two   6-well   plates,   and   then  
counted.   The   cell   count   was   carried   out   with   the   cell  
analyser  Vi-Cell™  XR. 

2.7 Structure  of  the  stroma  equivalents 
The   stroma   equivalent   was   modified   according   to   the  
Standard   Operating   Procedure   of   the   AG   Reichl   (6)  
cultivated  in  ThincertTM  (Greiner  Bio-One,  Frickenhausen,  
Germany).  The  HCK-Ca  cells  were  70.97%  (v/v)  DMEM,  
6.45%   (v/v)   l-glutamine   (200   mM)   and   22.58%   (v/v)  
NaHCO3   solution   (213.3   mg   NaHCO3/ml   Aqua   bidest.)  
was  added.  This  cell  suspension  was  mixed  with  a  solution  
consisting   of   rat   tail   collagen   (1.683  mg/ml)   and   0.05  %  
(v/v)  acetic  acid  and  converted  to  the  ThincertTM.  After  30  
minutes   of   gelation,   1.5   ml   KGM-Medium  was   added   to  
the   under   the   ThincertTM   and   0.4   ml   of   culture   medium  
was   added   onto   the   stroma   equivalent.   The   ThincertsTM  
were   cultured   for   10   days   at   37°   C   and   5%   CO2.   The  
medium  was  changed  every  three  days. 

2.8 Cryopreservation  and  thawing  of  stroma  
equivalents. 

After   10   days   of   incubation,   the   culture   medium   of   the  
ThincertsTM  was  replaced  with  the  freeze-media  10%  (v/v)  
DMSO   +   90%   (v/v)   KGM-Medium,   Biofreeze   or   10%  
(v/v)   DMSO   +   40%   (v/v)   HES   +   50%   (v/v)   KGM   -
Medium   and   frozen   with   cooling   rates   of   10   K/min,   5  
K/min,  1  K/min  and  0.2  K/min  in  Askion  C-line  ®  system.  
The   cryopreserved   ThincertsTM   were   transferred   to   a                        
-150°C  freezer.   
The  stroma  equivalents  were  thawed  in  several  stages.  The  
12-well  plates  were  transferred  from  the  -150°C  freezer  to  
the   -80°C   freezer,   then   into   the   -30°C   freezer   and   finally  
into  the  +4°C  refrigerator.  There,  the  samples  remained  for  
one  hour.  Finally,  the  samples  were  stored  for  another  hour  
at   room   temperature   and   then   prepared   for   fluorescence  
microscopy. 

2.7 Fluorescence  microscopy 
The  stroma  equivalents  were  dyed  with  500  µl  fluorescent  
solution  consisting  of  0.1%  (v/v),  calcein  AM,  0.1%  (v/v)  
ethidium   homodimer   and   0.1%   (v/v)   Hoechst   33342   in  
PBS   dissolved.   The   fluorescence   microscopy   was  
performed   with   the   phase-contrast   microscope   Axiovert  
200  M  (Carl  Zeiss,  Jena,  Germany). 

2.8   Drawing  of  the  construction 
The  design  for  a  holder  with  which  the  Hemicornea  model  
can   be   frozen   by   means   of   directional   solidification   was  
realized  with  SolidWorks  (Version  2012). 
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3 Results 

3.1 Collagen  strength  determination 
Based   on   the   experiments   on   the   determination   of   the  
consistency   of   the   collagen   solution,   an   evaluation  
approach   was   developed.  According   to   the   approach,   the  
NaHCO3  concentration  can   be   normalized  with   respect   to  
the   consistency.   The   collagen   solution   set   is   viewed   in  
relation  to  the  total  amount  of  collagen  solution.  This  ratio  
is   then   set   in   relation   to   the   total   amount   of   NaHCO3-
collagen  mixture.  Here,  a  relation  between  the  consistency  
and   the   additional   amount   can   be   derived   (Figure   2).  All  
solidified   samples   required   about   2   mg   NaHCO3   in  
relation   to   the   collagen   solution   /   total   collagen   mixture.  
Samples  that  did  not  attain  a  solid  consistency  contained  a  
significantly  lower  value.   

3.2 Measurement  of  membrane  intact  cells  
and  recultivation  efficiency 

The   results  of   the  membrane   integrity  of   the   thawed  cells  
(Fig.   3)   show   that  with   e   best   result  was   achieved  with   a  
cooling   rate   of   10   K/min.   With   decreasing   cooling   rate,  
less   membrane-intact   cells   were   measured.   For   the  
cryoprotective  medium  of  10%  (v/v)  DMSO  +  40%  (v/v)  
HES  the  best  result  was  accomplished  with  a  cooling  rate  
of   5   K/min.  At   other   cooling   rates   few   membrane-intact  
cells  were  measured.   

For   the   measurement   of   the   efficiency   of   recultivation,  
which  was  determined  24  hours  after  thawing  of  the  cells,  
the   best   results   were   also   reached   at   10   K/min   in   the  

cryoprotectant   media   of   10%   (v/v)   DMSO   or   Biofreeze.  
The   same   applies   to   10%  (v/v)  DMSO  +  40%   (v/v)  HES  
with   5   K/min.   During   this   measurement,   the   gradations  
between  the  different  cooling  rates  are  harsher  than   in  the  
membrane-intact  cells  (Figure  4). 

3.3 Stroma  equivalent 

3.3.1   Visual  inspection 
After   ten   days   of   incubation,   tears   in   the   collagen   layer  
were   visible   in   all   stroma   equivalents.   In   some   cases   the  
collagen   layer   was   detached   from   the   bottom   of   the  
ThincertsTM  (see  Figure  5,  A-D). 

3.3.2 Fluorescence  Microscopy 
Through  fluorescence  microscopy,  an  increased  viability  of  
the   cells   in   the   area   of   the   intact   collagen   as   well   as   an  
increased   number   of   apoptotic   cells   in   the   area   of   cracks  
was  observed  (see  Figure  6). 

Fig.   5:   Cracks   and   delaminations   in   the   collagen  
layer  of  the  stroma  equivalents 

A 

Fig.  3:  Measurement  of  membrane-intact  cells 

Fig.  4:  Measurement  of  recultivation  efficiency   

Fig.  2:  Collagen  consistency 

Fig.   6:   High          
number   of   viable  
cells   with   intact  
collagen   layer   (A)  
and  high  number  of  
dead   cells   with  
defective  layer  (B) 

10  K/min 
10%  (v/v)  DMSO  +  40%  (v/v)  HES 

 

A B 
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3.4 Construct   
In   order   to   improve   the   cryopreservation   of   the   3D  
Hemicornea   construct,   the   process   of   directional  
solidification   is   intended  to  be  used   in  the   future.  For  this  
purpose,   a   structure,   which   is   clamped   in   a   freezer,   has  
been   designed   and   put   into   practice   (see   Figure   7).   This  
freezing   unit   works   according   to   the   power-down  
principle.   It   is  made  up  of  an  upper  and  a   lower  block  of  
copper.  A  good  thermal  conductivity   is  provided.  Through  
a  constant  supply  of   liquid  nitrogen  the  two  copper  blocks  
are   maintained   at   a   temperature   of   -180°C.   The   cooling  
rate   is   controlled   through   a   thin   heating   layer   on   top   of  
each  copper  block. 

The  construct  is  clamped  between  these  two  heating  layers.  
This   arrangement   provides   a   temperature   gradient   in   the  
Hemicornea   model.   This   results   in   a   directional  
solidification   of   the   model.   A   new   possibility   for   the  
freezing  of  Hemicornea  models  is  created  here. 

4 Conclusion 
The  most   important  feature  in   terms  of  the  strength  of   the  
collagen  mixture  is  the  added  NaHCO3.  In  this  context,  an  
approach   of   an   evaluation   on   the   relationship   between  
NaHCO3,   collagen   and   the   total   amount   of   solution   was  
derived.   Here,   values   of   2   mg   NaHCO3   caused   a  
strengthening  of  the  collagen  mixture. 
As   for   the   cryopreservation   protocol,   the   cryoprotective  
medium  containing   10%   (v/v)  DMSO   is   best   suited   for   a  
cooling   rate   of   10   K/min   for   the   HCK-Ca   cells.   The  
cryoprotective  medium  of  10%  (v/v)  DMSO  +  40%  (v/v)  
HES  showed  the  best  results  with  5  K/min. 
When   observed,   the   stroma   equivalents   revealed   cracks  
and   delamination   in   the   collagen   layer   already  during   the  
actual   construction   process.   These   changes   in   the   stroma  
equivalents   could   be   based   on   the   tensile   forces   of   the  
cells.   In   addition,   fluorescence   microscopy   showed   an  
increased  number  of  viable  cells   in  the  stroma  equivalents  
with   intact   collagen   layer.   A   protective   effect   of   the  
collagen   mixture   on   the   cells   may   be   the   reason   for  
increased   number   of   viable   cells   (in   contrast   to   the  
measurements   of   membrane   integrity).  This   hypothesis   is  
supported   by   the   increased   number   of   dead   cells   in   the  
vicinity  of  the  cracks  in  the  stroma  equivalents. 

The  Hemicornea  model  is  a  significant  advance  in  science.  
However,  the  cryopreservation  of  this  model  needs  further  
improvement   to   actually   make   use   of   its   numerous  
advantages. 
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Abstract 
Increasing number of studies are focused on how adherent cells respond, in vitro, to different properties of a material. 
Typical properties are the surface chemistry, topographical cues (at the nano- and micro-scale) of the surface, and the 
substrate stiffness. Cell response studies are of importance for designing new biomaterials with applications in cell cul-
ture technologies, regenerative medicine, or for medical implants. However, only very few studies take the cell age fac-
tor, respectively the donor age, into account. In this work, we tested two types of human vascular cells (smooth muscle 
and endothelial cells) from old and young donors on (a) micro-structured surfaces made of poly(dimethylsiloxane) or on 
(b) flat polyacrylamide hydrogels with varying stiffnesses. These experiments reveal age-dependent and cell type-
dependent differences in the cell response to the topography and stiffness, and may establish the basis for further studies 
focusing on cell age-dependent responses. 

1 Introduction 
Many studies focusing on cell aging are aiming to better 
understand molecular mechanisms characterizing the 
cell ageing phenomenon. These mechanisms are only 
partially understood, but there is a lack of knowledge 
about how aging affects complex cell functions such as 
cell-substrate interactions [1]. It is well known that ad-
herent cells respond, in vivo and in vitro, to certain 
physical and chemical signals of the substrate [2,3]. 
These signals are e.g., the surface chemistry, surface to-
pography at the micro- and nano-scale, and the substrate 
stiffness. Studying how cell aging affects the way cells 
respond to surface cues, may help to improve the under-
standing of some age-linked diseases such as cardiovas-
cular clinical pictures. In addition, it will establish the 
base for the development of new cell age-adapted bio-
materials with applications to medical implants as well 
as to regenerative medicine [4]. However, most studies 
focused on cell-substrate interactions soley and do not 
take the cell age factor into account. Only few studies, 
show age-dependent differences in the cellular response 
to different physical stimuli. Kaufmann et al. investigat-
ed how human fibroblasts, derived from skin samples of 
different old donors, respond to micro-sized grooves on 
poly(dimethylsiloxane) (PDMS) [5]. They found that 
cells from old donors adapted their morphology to a less 
degree than cells from young donors. In another work 
carried out by Zahn et al., the intracellular stiffness of 
foreskin human fibroblasts from old and young donors 
was tested [6]. The authors observed that the cell body 
of older cells was softer than that of younger cells. Ac-
cordingly, they demonstrated that older cells had a low-

er quantity of actin than younger ones. Moreover, they 
tested cell behavior under cyclical uniaxial stretching of 
PDMS substrates and showed that old cells aligned fast-
er perpendicular to the stretching direction than young 
cells. 
In this present work, we investigated if cell responses to 
the substrate rigidity vary with cell age. Two types of 
human vascular cells derived from the coronary artery 
were used in this study: endothelial cells (ECs) and 
smooth muscle cells (SMCs)[7]. ECs and SMCs from 
young and old donors were assessed on (1) surfaces 
with a specific topographical pattern, consisting of mi-
cro-sized grooves and on (2) flat surfaces with varying 
stiffnesses. Cell morphology adaptation and cell-
substrate adhesion complexes were examined. We used 
PDMS to fabricate the micro-structured surfaces and 
polyacrylamide (PAA) substrates to fabricate hydrogels 
of different stiffness. By means of soft lithography we 
micro-structured PDMS surfaces with  parallel grooves. 
PAA hydrogels with different stiffnesses were obtained 
by varying the ratio of acrylamide with bis-acrylamide. 
We applied the micro-structured PDMS to study the de-
gree of parallel cell orientation with respect to the 
grooves. Cell spreading, as well as cell-substrate adhe-
sion complexes area, were analyzed on PAA hydrogels. 
The experiments could establish the base for further sys-
tematic studies about cell age-dependent cell responses 
to different substrate properties. 
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Figure 1. Human vascular cells seeded on 200nm deep 
and 4x4µm wide grooves and ridges on 
poly(dimethylsiloxane) (PDMS). (A) Phase contrast 
images of young endothelial cells (ECs) and (B) old 
smooth muscle cells (SMCs). (C) The average orienta-
tion parameter is given for each cell type. An orienta-
tion parameter of 1 means a perfect parallel cell orien-
tation with respect to the micro-structure while 0 means 
a random cell orientation. Error bars represents the 
standart error of the mean. Scale bars: 100µm. “n.s“ 
means statistically no-significant different (t test, p 
value > 0.05). 

2 Materials and methods 
2.1 Photolithography and physical va-
por deposition 
In order to obtain an array of micro-sized grooves, pho-
tolithography and physical vapor depositon (PVD). A 
previously described photolithography procedure was 
followed [8]. Briefly, silicon wafers were spin-coated 

with positive photoresist (ma-P1210 photoresist, Mi-
croResist Technology, Germany), and cured and after-
wards, illuminted through a photomask, with the de-
sired pattern (ML & C, Jena, Germany). After develop-
ing the exposed photoresist, chromium was deposited 
by using PVD. Finally, the remaining photoresist was 
removed. 
 
2.2 Soft lithography and functionaliza-
tion 
Poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow 
Corning, USA) was mixed in a ratio of 1:10 (curing 
agent to elastomer), degased, casted on the previously 
micro-structured silicon wafer, and cured at 65ºC for 
24h. PDMS substrates with the desired micropattern, 
was prepared for cell experiments. Firstly, it was short-
ly desinfected with ethanol 70%, followed by rinses 
with sterile PBS. 40µg/ml of poly-L-lysine (PLL) 
(Sigma-Aldrich) was incubated onto the substrate for 
30min to enhance fibronectin adhesion. After some 
rinses with PBS, 10µg/ml of human fibronectin was 
incubated for 30min. Then, the substrate was washed 
again with PBS, and incubated for some minutes with 
the appropiate cell media, before cell seeding. 
 
2.3 Polyacrylamide gels fabrication and 
functionalization 
Previously cleaned and oxidized glass coverslips were 
functionalized with 3-amminopropylsilane (Sigma-
Aldrich), letting it incubate for 5min at room tempera-
ture. After rinses with distilled water, they were proper-
ly dried and incubated with 0.5% of glutaraldehyde 
(Sigma-Aldrich) for 30min at room temperature. Co-
verslips were dried, and incubated with a previously 
fresh prepared PAA mixture (Bio-Rad). By varying the 
proportions between acrylamide and bis-acrylamide 
different stiffnesses were achieved. After PAA was ful-
ly polymerized, sulfo-SANPAH (Pierce) was pipetted 
on the samples and exposed for 8min under UV light. 
Then, after sterilizing them with 70% ethanol, and rins-
ing with sterile PBS, 10µg/ml of human fibronectin 
was incubated for 30min, to be covalently linked. Fi-
nally, PAA substrates were washed several times with 
PBS, and incubated with cell media before cell seeding. 
 
2.4 Cell culture and microscopy 
Human Coronary Artery Smooth Muscle Cells 
(HCASMC) and Endothelial Cells (HCAEC) (Pro-
mocell) from old donors (>50 years) and young donors 
(<30 years) were used in this study. Cells were cultured 
in Endothelial Cell Growth Medium and Smooth Mus-
cle Cell Growth Medium 2 (Promocell), respectively, 
supplemented with 1% penicillin-streptomycin. Cells 
were incubated at 37ºC in a humidified atmosphere 
with 5% CO2. Cell media was changed every second 
day. Cells were seeded on the substrates at a cell densi-
ty of 50cells/mm2. Cells used in this work were no 
more than passage 6. Phase contrast microscopy imag-
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es from cells on PAA hydrogels were taken 24h after 
seeding, and after 48h from cells on PDMS substrates. 
Phase contrast pictures were obtained with an inverted 
microscope, and fluorescent images with an upright 
microscope (both from Carl Zeiss, Germany). 
 
2.5 Immunocytochemistry 
In order to immunostain the samples, cells were firstly 
fixed with 4% paraformaldehyde for 15min in the in-
cubator. Afterwards, samples were rinsed several times 
with PBS and permeabilized by incubating 0.1%w/v 
Triton X-100 (Fluka) for 3min. After washing several 
times with PBS, samples were incubated with 1%w/v 
bovine serum albumina (BSA) (Serva) for 30min, to 
block unspecific interactions. The first antibody (anti-
Paxillin from rabbit) (Abcam) was incubated in a 1:300 
dilution for 1h in a wet environment and room tem-
perature. After rinsing it properly several times, the 
secondary antibody (goat-anti-rabbit) (Invitrogen) with 
a conjugated red fluorescent molecule (Alexa fluor 
568), was incubated for 30min in wet conditions and 
protected from the light. After this latter incubation, 
samples were properly rinsed with PBS, and kept in the 
same solution for visualization or storage. 
 
2.6 Data analysis 
Microscopy images were analyzed by using ImageJ 
(http://rsbweb.nih.gov/ij/index.html). At least, 20 cells 
and paxillin-positive cell-matrix adhesions (so called 
focal adhesions) for each hydrogel stiffness, and 50 
cells on micro-structured surface, were analyzed. Cell 
and cell-matrix ahdesion contours were marked manu-
ally. 
Cell orientation was calculated with the non-polar ori-
entation parameter <cos (2φ)> [9]. For -1 cells are ori-
ented perpendicular to the microstructure direction, for 
0 cells are randomly oriented, and for 1 cells are totally 
parallel to the microstructures. 
For significance analysis, a paired sample t-test was 
used. Probability values of p < 0.05 were considered 
statistically significant. 

3 Results 
3.1 Alignement response to micro-
structured surfaces is not cell age-
dependent 
Firstly, we examined whether there is an age-dependent 
cell response to microtopography. Thus, old and young 
SMCs and ECs were seeded on PDMS substrates con-
taining 200nm depth microgrooves, with 4µm width 
and 4µm separation between them. Both cell types 
aligned paralell to microgrooves. To quantify their 
alignment the non-polar orientation parameter 
(<cos(2φ)>) was calculated. In figure 1 C, orientation 
parameters for both cell types and ages are plotted. 
Values of (<cos(2φ)> for SMCs are around 0.55, while 

they are slightly higher for ECs (<cos(2φ)>≈0.6). In 
both cell types, the order parameter was slightly higher 
for old cells  than for young cells. However, the differ-
ences were not significantly different for both cell 
types (old vs. young) and between the two cell types. 
 

 
Figure 2. Phase contrast images of young smooth mus-
cle cells (SMCs) on (A) 3kPa and (B) 20kPa poly-
acrylamide (PAA) hydrogels. (C) The average cell area 
is plotted versus different hydrogel stiffnesses for each 
cell type (SMC and endothelial cells (EC)) and age. 
Error bars represents the standart error of the mean. 
Scale bars: 100µm. 
 
3.2 Maximum cell spreading depends 
on substrate stiffness and donor’s age 
In order to determine whether cell aging affects cells 
response to substrate stiffness, EC and SMC from 
young and old donors were cultured on PAA substrates 
with varying stiffnesses.  The cell area was analyzed 
for each hydrogel stiffness (flat surface) and cell type. 
Figure 2 C shows averages of cell area for each stiff-
ness. As it can be observed, generally ECs have a big-
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ger cell area than SMCs. With exception of old ECs, all 
cell types had their minimum average area on 3kPa 
substrates. Old ECs, instead, had their maximum cell 
area on 3kPa substrates. As substrate stiffness increas-
es, average cell area increases too, reaching its maxi-
mum at different stiffness depending on the age. Young 
SMCs and ECs have their maximum area at 20kPa, 
having an average area of ~1500µm2 and ~1650µm2, 
respectively. In contrast, old SMCs reached their max-
imum size at 10kPa instead. 

Figure 3. Plot of the average FA areas for all cell types 
(ECs and smooth muscle cells (SMCs)), over different 
substrate stiffnesses. Error bars represents the standart 
error of the mean. Scale bars: 30µm. 
 
3.3 Cell-matrix adhesion area varies 
upon substrate stiffness and donor’s age 
We investigated whether there are also age-dependent 
differences regarding the area of cell-matrix protein 
complexes correlating with the results for the cell area. 
Thus we measured the size focal adhesions (FAs). 
Cells from the previous experiment were stained for 
paxillin as a marker of focal adhesions and their area 
was analyzed. Figure 3 C depicts average areas of focal 
adhesions for different substrate stiffnesses. ECs from 
both ages, had the smallest FAs on 3kPa (~0.002µm2). 
For SMCs, FAs were not possible to analyze for that 
stiffness since the FAs were blurried and diffuse and 
could not be clearly detected. On 10kPa substrates, 
both old cells reached their maximum area, being 
0.004µm2 for old ECs, and 0.0045µm2 for SMCs. 
Young cells, instead, reached their maximum FA area 
on 20kPa, being ~0.0062µm2 for SMCs, and 
~0.0033µm2 for ECs. After old and young cells reached 
their respective FA maximum areas, the area decreased 
as stiffness increased. Similarly to cell area, a shift be-
tween young and old cells’ FA curves can be appreci-
ated.  

4 Conclusions 
In this in vitro study, we tested whether cell age affects 
the reaction of human vascular cells (SMC and EC) to 

surface topography and to the stiffnesses of a substrate.  
While the alignment of the cells along micrometer-sized 
grooves was independent of cell type and donor age, we 
found for both cell types an age-dependent behavior on 
flat PAA hydrogels with varying stiffness. Cells had a 
maximum in cell area at a particular substrate stiffness. 
Maximum FA area coincided to that observation. The 
age-dependent reponse to substrate stiffness may result 
from an altered cell stiffness due to changes in the cyto-
skeleton as observed previously [6]. Our  observations 
could pave the way to deepen more into biophysical 
studies of cell aging and altered adhesion and may help 
at the development of age-matched biomaterials. 
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Introduction  
Peripheral arterial disease leads to the damage of the blood vessels, currently replaced with vascular grafts, which are 

not able to regenerate in vivo. Tissue engineered vascular substitutes using decellularised equine carotid artery (ECA) 

seeded with the patient´s own cells and mechanically stimulated in vitro represent an attractive alternative. The aim of 

this study was to investigate the optimum hydrodynamic conditions for maintaining the viability of fresh ECA in vitro. 

Methods  
ECAs were isolated and disinfected in antibiotics prior to loading in a bioreactor. The optimum duration of the antibi-

otic treatment was assessed through MTT assay and sterility test at 30min, 1hour and 2hours. 3D fluid-structure interac-

tion (FSI) simulations, based on stress-strain data from ECAs, were conducted on LS-DYNA to determine the wall 

shear stresses (WSS) at two steady volume flow rates of 265ml/min (physiological) and 132.5ml/min. The samples 

were then cultured statically and dynamically at the above mentioned flow rates, for 1day, and assessed with MTT as-

say, H&E stain and immunofluorescence using CD31.  

Results  
The optimum time to disinfect the ECAs without affecting their viability was 1hour. The WSS for the physiological and 

half-physiological flow rates used was 5.6 and 2.9Pa, respectively. These were rather larger than the physiological val-

ues reported by experimental studies (2.5-5Pa). The samples conditioned for 1 day at both flow rates showed signifi-

cantly higher levels of viability compared to the samples cultured statically and to the negative control (decellularised 

ECA). The histological and immunofluorescence analysis revealed the integrity of the ECM, for both the static and dy-

namic samples, and the presence of endothelial cells. 

Conclusion  
The results suggested that dynamic conditioning improves cells viability. This study provided the basis for optimising 

the culture of the cell-seeded carotid arteries in vitro to generate peripheral arterial-like tissue. 
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Abstract 
Mechanical properties of tissues are often determined by the analysis of mechanical indices (e.g., tissue elasticity) with 
conventional tension testing machines. This method is practicable for stiffer tissue or bones, but is not useful for the 
analysis of cell monolayers or soft biological tissue. Beside these, another remarkable disadvantage is that the tissue is 
destroyed by the standard tensile tests. In our laboratory we developed a method for the continuous analysis of mechan-
ical properties of soft biological tissues or cellular mono- and multilayers. In this work we present recent data describ-
ing the mechanical properties of primary lung fibroblasts (IMR-90 cells) as cellular monolayer compared to the me-
chanical properties of 3D-collagen type I gel structures and the mechanical properties of the 3D-collagen type I gel 
structures with IMR-90 fibroblasts inside. 
 
 

1 Introduction 
The knowledge about mechanical properties of cells or tis-
sues is one important factor for the understanding of bio-
logical relationships in the body. The common methods to 
analyse mechanical properties in vitro is the use of tensile 
testing machines or indendor practices ([1]). The tensile 
testing machine allows the analysis of mechanical proper-
ties of stiffer tissue or bones, but fails for the analysis of 
soft tissues. Specifically the analysis of cellular monolayer 
properties cannot be achieved with such an instrument, and 
the sustenance of the cells is not guaranteed. The indendor 
practice on the other hand is useful for the analysis of se-
lective areas or cells in the tissue, but doesn´t reflect the 
whole tissue’s or monolayer’s mechanical properties. In 
contrast to the methods for the analysis of more rigid tis-
sue, our group has established a mechanostimulator system 
for strain application to soft biologic samples with which 
mechanical properties of the specimen can be continuously 
analyzed [2].   
In this work we compare mechanical properties of primary 
lung fibroblasts (IMR-90 cells) in a cellular monolayer as-
semblies with the mechanical properties of 3D-collagen 
gel structures with or without lung fibroblasts inside.  

2 Methods 
For building cellular monolayers we used primary lung fi-
broblasts IMR-90 (ATCC, CCL-186) in D-MEM growth 
medium (Life Technologies, Darmstadt, Germany), con-
taining 10% FCS and 1% Pen/Strep solution. The cells 
were cultivated at 37°C in a humidified 5% CO2 atmos-
phere. 

The experimental set up for the 3D-collagen type I gel 
construct is altered according to a modified protocol of 
Choe et al. [3]. In contrast to their protocol we used im-
permeable membranes, and no epithelial cells on top of the 
collagen gel. The setup is shown in image 1. 
 

 
Image 1: Experimental setup for the 3D-collagen gel struc-
tures. One setup we used was with lung fibroblasts inside 
the collagen-gel, as shown. The other setup was just the 
collagen type I gel alone. The gel can grow inside the sur-
rounding porous polymeric ring to prevent gel ablation.  
 
Stimulation: The cellular monolayers and 3D-collagen 
gel structures were mechanically stimulated using a si-
nusoidal deflection profile with a frequency of 0.25Hz 
and a surface increase of 5% over a time period of 10min 
in our mechanostimulator [4]. Meanwhile pressure and 
volume data were recorded.  
 
Mechanostimulator: We used a previously described 
mechanostimulator for the mechanostimulation and 
measurement of mechanical properties of cell monolayers 
or tissue [5, 6]. The mechanostimulator consists of two 
cylindrical stacked chambers which are separated by a 
highly flexible silicone membrane on which the cells are 
grown. The lower (pressure) chamber is connected on one 
side to a piston pump whose position is controlled by a 
linear motor. The pressure chamber is attached to a pres-
sure measuring device. The upper chamber serves as a 
supply chamber to provide nutrition to the cells under 
mechanical stimulation[2].  
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Membranes and modifications: Silicone membranes 
were produced using a spin coating process [7]. To allow 
cell adherence of cellular monolayers, membrane hydro-
phobicity was reduced by coating the membranes with 
0.5mg/ml Sulfo-SANPAH/UV treatment and subsequent 
labelling with RGD-peptide [8]. For 3D-collagen gel con-
struct preparation on membranes, the membranes were 
just modified with 0.5mg/ml Sulfo-SANPAH and UV 
treatment.  
 
Cell seeding: For cell seeding on RGD-modified PDMS 
membranes, membranes were placed in culture rings in a 
six well plate and underlaid with the corresponding medi-
um. IMR-90 cells were spread with a concentration of 
1.3·104 cells/cm2 in 1.3ml culture medium to the centre of 
the membranes. The plate was carefully transferred to the 
incubator to allow cell adherence and growth for at least 
40h. 
 
3D-collagen gel structure without fibroblasts: 2mg/ml 
Type I collagen gel was prepared according to the manu-
facturers protocol (3-D Culture Matrix™ Rat Collagen I, 
from Trevigen, USA). The collagen gel was pipetted on 
top of the silicone membrane (see Image 1). Subsequently 
the setup was placed in an incubator for 30 min, to allow 
jellying of the collagen gel. After this time additional 
growth medium was spread on top and around the con-
struct. After 40h in the incubator the construct was ready 
for analysis.  
 
3D-collagen gel structure with fibroblasts: The colla-
gen gel was prepared as described above, before pipetting 
the gel on the membrane 2.4·105 IMR-90 cells were 
mixed inside the soluble collagen gel and subsequently 
pipetted on the membrane. The 3D-collagen gel structure 
with fibroblasts was placed in an incubator for 30 min to 
allow jellying of the collagen gel. After this time addi-
tional growth medium was spread on top and around the 
construct. After 40h in the incubator the construct was 
ready for analysis.  
 
Deflection protocol: The membranes were warily re-
moved from the culture rings and placed in membrane 
holders. Membranes were placed in the mechanostimula-
tor. Specimen were subjected to biaxial sinusoidal me-
chanical strain with a frequency of 0.25Hz leading to a 
surface increase of 5% over a time period of 10 min in our 
mechanostimulator [2]. During mechanostimulation pres-
sure/volume data were recorded.  
 
Mechanical properties: Mechanical properties were cal-
culated as the distensibility (D) of the specimen from the 
ratio of the displaced volume (ǻV=V1-V0) and the result-
ing pressure increase (ǻp=p1-p0) inside the pressure 
chamber 

D=¨V/¨p. 

3 Results 
The mechanical properties are described as the distensibil-
ity of the respective construct. The median distensibility of 
IMR-90 cells was 604 ± 42 µl/cm H2O which was not sig-
nificantly different from the distensibility of the collagen-
gel construct alone with 737 ± 50 µl/cm H2O. However, 
the 3D-collagen-gel structure with IMR-90 fibroblasts in-
side had a significantly higher distensibility with 1175 ± 
93 µl/cm H2O (see image 2). 

 
Image 2. Mechanical properties of IMR-90 cellular mono-
layers (IMR-90), 3D-collagen type I gel constructs without 
(Collagen) or with IMR-90 cells inside. The properties are 
shown as the distensibility of the specimen. (*/# p<0.05)  

4 Conclusion 
The distensibility of 3D-collagen type I gel constructs and 
the distensibility of IMR-90 fibroblast monolayers showed 
a similar distensibility. One would expect that the combi-
nation of two components as stiff as these constructs 
would lead to a lower distensibility. Astonishingly, the 
combination of two stiff components lead to a construct 
with a higher distensibility, in other words with a higher 
elasticity. We explain this finding with the biological func-
tion of extracellular matrix in the body, where it is part of 
the multicellular structure (e.g. tissues) that typically pro-
vides structural and biochemical support to the surround-
ing cells, and by this reasons is supposed to provide a cer-
tain elasticity. 
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Abstract 
Mesenchymal stem cells offer various potential applications in regenerative medicine due to their potentially infinite 
self-renewal and capacity to differentiate into other cellular lineages. For their long-term storage cryopreservation is a 
state of the art method. Recent studies suggest that the type and amount of cryoprotectants may affect the epigenetic 
profile of stored stem cells. Epigenetic mechanisms such as DNA methylation patterns and histone modifications are 
crucial due to their role in the regulation of stem cell fate decisions as well as in diseases such as cancer. Therefore, the 
impact of cryopreservation on the histone modifications of mesenchymal stem cells was studied. Cells were frozen with 
different dimethyl sulfoxide concentrations and the effects on the acetylation patterns of histone H3 lysine 9 was studied 
using immunocytochemical staining. The impact of cryopreservation on cell viability was assessed as well as its influ-
ence on the differentiation potential. Freezing media with 5 and 10% DMSO appeared to have more favorable effects on 
cells and differentiation ability. The acetylation level of H3K9 appeared to increase after cryopreservation. The results 
suggest that the viability and epigenetic properties of cryopreserved cells may depend on the type and concentration of 
cryoprotectant.  

1 Introduction 
Cryopreservation enables long-term storage of biological 
material and plays an important role in reproductive 
medicine. Cells and tissue can be preserved at tempera-
tures below the glass transition state resulting in a reduc-
tion of the cellular metabolic rate. The process of freezing 
alters the molecular organization of water from liquid to 
solid crystalline form. The formation of such ice crystals 
may affect the intracellular structures with potentially le-
thal consequences [1]. Cryoinjuries can be limited by 
freezing media additives so-called cryoprotectants 
(CPAs). In general, dimethyl sulfoxide (DMSO) is used 
as a penetrating cryoprotectant but has also concentra- 
tion-, time- and temperature-dependent toxic effects on 
cells and tissues [2]. Lower concentrations of DMSO can 
also cause epigenetic changes [3].  
Epigenetics investigates alterations of gene expression, 
which are not attributed to changes of the DNA sequence 
but the methylation degree of DNA or histone modifica-
tion code. The condensation of chromatin is based on re-
petitive units of nucleosome core particles composed of 
histone proteins H2A, H2B, H3 and H4. Histone proteins 
contain a high amount of alkaline amino acids necessary 
for the interaction with the negative charged DNA back-
bone. The N-terminus of histone proteins emerges from 
the DNA-histone complex and can be covalently modi-
fied. Such posttranslational modifications of histone tails 
arise from site-specific enzymes with antagonistic activi-
ties and affect the condensation of chromatin and there-
fore the transcription rate [4]. The acetylation of amino 
residues in histone tails is widely studied. Covalent bind-
ing of the acetyl group deriving from acetyl CoA to ε-
NH2 group of lysine side chains is facilitated by histone 
acetyltransferases (HAT). As a result the ionic interaction 
between negative charged DNA and positive charged his-

tone tails is reduced due to the neutralization of the alka-
line amino acid lysine. This leads to the formation of eu-
chromatin, a relaxed chromatin structure, so that tran-
scriptional factors can interact easily with the DNA. The 
unique properties of every cell type depend strongly on 
epigenetic regulations. The special characteristics of stem 
cells such as their capacity of infinite self-renewal, as 
well as their differentiation and proliferation potential are 
mainly influenced by their epigenome. Any alteration in 
the histone code might drastically change stem cell fate 
and induce development of various diseases [5].  

2 Material and Methods 
Chemicals were purchased from Sigma-Aldrich, other-
wise mentioned.  
2.1 Culture and cryopreservation  
Callithrix jacchus bone-derived mesenchymal stem cells 
(cjMSCs) were cultured with Dulbecco’s modified Ea-
gle’s medium supplemented with 15% fetal bovine serum, 
1% penicillin streptomycin (Merck Millipore) and 
50 mmol/mL ascorbic acid-2-phosphate.  

Image 1 Callithrix jacchus bone-derived mesenchymal 
stem cells p12. Magnification: 10x. 
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At passage 9, 1x106 cells in 1 mL freezing media were 
frozen accordingly to a previously established protocol 
using freezing media with different DMSO (Roth GmbH) 
concentrations (0, 1, 5, 10, 15% DMSO [v/v]). Cells were 
frozen with a controlled rate freezer CM 2000 (Carburos 
Metalicos) using an optimized freezing rate. After storage 
of frozen cells in the -150 °C freezer for one week, cells 
were thawed in a 37 °C water bath and then slowly di-
luted with 9 mL DMEM, centrifuged and plated for fol-
lowing assays as described in previous studies [6]. 
2.2 Cell viability analysis 
Trypan blue dye exclusion assay was used to detect viable 
cells automatically with the cell counter ViCellTM (Beck-
mann Coulter).  Cell viability was estimated directly after 
thawing and 24 h after re-cultivation [7].  Cell metabolic 
activity was observed due to the reduction of MTT (3-
(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) to formazan by the mitochondrial succinate dehy-
drogenase. The reduction grade was quantified after 24, 
48 and 72 h after thawing at an absorbance at 570 nm [8].  
2.3 Differentiation of mesenchymal stem 

cells 
1x104 unfrozen and frozen cells were seeded in 24 well 
plates. After cells reached 90% confluency adipogenic 
differentiation was induced with DMEM supplemented 
with 1% penicillin streptomycin, 1 μmol/L dexametha-
sone, 0.2 mmol/L indomethacin, 10 μg/mL insulin and 0.5 
mmol/L 3-Isobutyl-1-methylxanthin). After cultivation 
for 3 days media was changed to maintenance media con-
stituted with DMEM, 10% FBS, 1% penicillin streptomy-
cin and 20 μg/mL insulin. After 48 h media was changed 
to differentiation media. This sequence of changing media 
was repeated 4 times. Differentiation was analyzed quali-
tatively with Oil-Red O staining after five weeks. Differ-
entiated cells were washed with 1x PBS and fixed with 
4% paraformaldehyde (Merck Millipore) in 1x PBS for 
20 min. Cells were washed twice with bi-distilled water 
and with 50% (v/v) ethanol. After 1 h incubation with 
freshly prepared 500 μl of 0.35% (w/v) Oil-Red O in iso-
propanol non-specific staining was removed by washing 
twice with 1x PBS [9].   
1x104 unfrozen and frozen cells were seeded in a 24 well 
plate and media was changed after two days to osteogenic 
differentiation media (DMEM with 15% FBS, 1% peni-
cillin streptomycin, 100 mmol/L dexamathasone, 50 
mmol/mL ascorbic acid-2-phosphate, 10 mmol sodium β-
glycerol phosphate, 1% insulin-transferin-selenium). Af-
ter 21 days differentiated cells were washed with 1x cal-
cium-free PBS twice and fixed with 10% (v/v) formalin 
for 10 min. Cells were washed with 1x PBS and with 
double-distilled water. After incubation with 5% (w/v) 
aqueous silver nitrate solution (50 mg/mL) for 30 min at 
room temperature and washing with double-distilled wa-
ter, 1% (w/v) pyrogallol (Merck Millipore) was added (10 
mg/mL). After 3 min cells were washed twice with dou-
ble-distilled water and incubated with 5% (w/v) sodium 
thiosulfate (50 mg/mL). After another washing step with 
double-distilled water, cells were air-dried. Differentiated 
cells were qualitatively stained with the von Kossa 

method. As negative control cells were cultured with 
mesenchymal cell culture medium [1].  
2.4 Immunocytochemical staining 
1x105 non-frozen and frozen cells were seeded on cover 
slips in a 12 well plate and cultivated for 2 days. Cells 
were washed thrice with 1x PBS and fixed with 4% para-
formaldehyde. Cells were incubated with 0.1% (w/v) gly-
cine (in 1x PBS) solution for 5 min at room temperature. 
For permeabilization 0.3% Triton X-100 in 0.1% glycine 
was added. Cells were treated with he primary antibody 
(rabbit anti-H3K9ac, Cell Signaling) (1:400 with 5% goat 
serum in 0.1% glycine) at 4 °C overnight. Primary anti-
body was target with the secondary antibody (goat anti-
rabbit IgG antibody labeled with Alexa Fluor® 647, Cell 
Signaling) (1:5000 with 5% goat serum in 0.1% glycine) 
for 30 min at room temperature in darkness. DNA was co-
stained with Hoechst (1:500 in 1x PBS) and incubated for 
10 min. A laser confocal microscope (Axiovert 200M, 
Carl Zeiss AG) has been used at a wavelength of 405 nm 
(Hoechst) and 633 nm (anti-H3K9ac). For positive con-
trol unfrozen BMSCs were treated with 400 nM 
Trichostatin A (Cell Signaling) for 24 h. For quantitative 
examination of the acetylation pattern of H3K9 fluores-
cence intensity was measured by using the image process-
ing software FIJI for 5 different cells per condition. The 
corrected total cell fluorescence (CTCF) was calculated 
for the acetylation of lysine 9 in histone H3 similarly to a 
previous study [10]. 

3 Results 
3.1 Viability 
The viability of cells treated with different DMSO con-
centrations, was examined by membrane integrity meas-
urement, efficiency of re-cultivation and the MTT-assay.  

 
Image 2 Membrane integrity and efficiency of re-
cultivation for cjMSC p10 (n=2; mean ± SEM). 
 
The membrane integrity values were consistently above 
80% for the different DMSO concentrations and no con-
siderable differences were observed (cf. image 2). An-
other cell count was taken of cells cultivated for 24 h cells 
after thawing to calculate the efficiency of re-cultivation. 
The data shown in image 2 suggest the impact of different 
DMSO concentrations. The viability of cells frozen with-
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out DMSO was lower than cells frozen with DMSO. The 
highest efficiency of re-cultivation was achieved by freez-
ing cells with 5 or 10% DMSO.  

 
Image 3 Mitochondrial dehydrogenase activity for 
cjMSC p10 (n=2; mean ± SEM). 
 
The metabolic activity of cells was examined by the MTT 
assay based on the reduction of MTT to formazan by mi-
tochondrial succinate dehydrogenasae. Only intact cells 
are able to reduce MTT to formazan, which can be meas-
ured by checking the absorbance values at 570 nm. The 
assay was performed for up to three days after thawing 
and was the highest for 5 and 10% DMSO (see image 3).  
Similar to what has been observed in the efficiency of re-
cultivation. 
3.2 Differentiation 
To examine the effects of cryopreservation of stem cells 
on their differentiation potential adipogenic and os-
teogenic differentiation was induced in cjBMSCs before 
and after freezing.  During adipogenesis neutral lipid 
vacuoles were formed and could be observed by the Oil 
Red O stain (see image 4, upper row). Osteogenic differ-
entiation was demonstrated by von Kossa stain (see image 
4, lower row). 
    A  B     C   D E 

 
      1          5        10     15   control 

DMSO [%] (v/v) 
Image 4 Adipogenic (up)/ osteogenic (below) differentia-
tion of cjMSC p10. Magnification: 10x. Scale bar: 50 μm. 
 
Both frozen and non-frozen cells showed successful dif-
ferentiation ability into adipogenic and osteogenic linea-
ges. Qualitative estimating that cells frozen with 0% 
DMSO showed the lowest differentiation capacity 

whereas freezing with higher DMSO concentrations 
showed more favorable effects on differentiation poten-
tial.  
3.3 H3K9ac pattern 
H3K9 acetylation was compared between cryopreserved 
and non-cryopreserved stem cells. Cells treated with 
Trichostatin A were used as the positive control.  

 
Image 5 Quantification of H3K9ac of jcMSC p10. (n=5; 
mean ± SD). 
 
In comparison with the negative control cells the relative 
fluorescence intensity of H3K9ac was higher for cells 
frozen with 5% DMSO (cf. image 5). Decreased acetyla-
tion of H3K9 was observed for cells treated with 1% 
DMSO. The highest intensity could be measured for the 
positive controls. Representative images of nuclei are 
shown in image 5. 
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Image 6 H3K9ac pattern of jcMSC p10 via ICC staining. 
Magnification: 63x. Scale bar: 5 μm.  

Over all cryopreserved cells showed higher fluorescence 
for H3K9 than the untreated cells.  

4 Conclusion 
Mesenchymal stem cells are routinely stored by cryopre-
servation. Safe and effective methods for their freezing 
and thawing are essential for further applications such as 
in cellular therapy and transplantation [2]. Measured cell 
viability after thawing can indicate the effects of cryopre-
servation procedures. Nevertheless, measured membrane 
integrity directly after thawing cells does not reflect their 
ability to adhere and proliferate [6]. Results shown in im-
age 2 emphasizing the importance of different viability 
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assays. Correlating efficiency of re-cultivation data and 
MTT results suggest that the highest cell viability was ob-
tained after freezing with 5 and 10% DMSO. Toxicity ef-
fects of DMSO could cause the lower viability for cells 
cryopreserved with 15% DMSO (cf. image 2 and 3). 
On the contrary, the differentiation ability of cryopre-
served cells appeared to be higher than for untreated cells. 
Adipogenic as well as osteogenic potential seemed to be 
increased. This observation is purely qualitative based on 
shown images 4 (cf. control A to treated cells C-E). A 
quantitative study may be necessary to obtain more con-
clusive data on the effects of cryopreservation on the dif-
ferentiation capacity of stem cells. This may be performed 
by quantitative Oil-Red O staining of adipocytes and 
measurement of alkaline phosphatase activities of osteo-
cytes. Some studies also demonstrated the quantification 
of genes responsible for stem cell differentiation using 
PCR studies [11]. The differentiation potential might be 
influenced by epigenetic alterations caused during cryo-
preservation. Bivalent regions of specific histone modifi-
cations dynamically regulate differentiation. Genes are 
initially repressed in order to maintain the self-renewal 
ability of stem cells [5]. During stem cell development 
their potency is reduced due to activation of genes regu-
lating differentiation. The global acetylation of histone 3 
increases and specifically H3K9 is demethylated [12]. 
Overall the semi-quantitative data shown in image 5 sug-
gest increased acetylation of H3K9. Alteration of the ace-
tylation level might cause higher gene expression of 
genes involved in mesenchymal stem cell differentiation 
since the chromatin structure is more accessible for tran-
scriptional factors. Increased acetylation may arise due to 
inhibition of histone deacetylase. Altered HDAC expres-
sion is correlated to the formation of cancer, which is why 
epigenetic regulation pathways and the affect of cryopre-
servation on them need to be further investigated [13].  
Hyperacetlylation of H3K9 in cells frozen with 5% 
DMSO might also cause higher expression of protective 
proteins explaining a better viability after thawing. Pro-
teins might protect cryopreserved cells against the stress 
caused by the cold temperatures, their intracellular water 
loss, ice nucleation or an increased reactive oxygen spe-
cies [2].  
The data obtained from this thesis suggest the occurrence 
of epigenetic alterations during cryopreservation and 
therefore further investigations need to be performed to 
replicated these results and elucidate the mechanisms un-
derlying these changes as well as their impact on the cell 
biology. Such studies are essential to ensure the safety 
and efficacy of existing cryopreservation methods. 
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Abstract 

Molecular delivery methods are key technologies in the biomedical sciences. Gold nanoparticle mediated (GNOME) la-
ser transfection combines the high efficiency and low invasiveness of single cell laser transfection with a high sample 
throughput and easy implementation required for routine usage. It is based on the laser-induced excitation of membrane 
adhered gold nanoparticles, which leads to transient and spatially confined permeabilization of the cellular membrane. 
This allows the entry of extracellular molecules for the targeted manipulation of living cells. Herein, we describe an au-
tomated laser transfection device which provides easy usage and laser safety to end-users. Using this setup, the permea-
bilization parameters were extensively optimized to provide efficient delivery of molecules while maintaining a high cell 
viability of approximately 90%. siRNA and Morpholino oligomer mediated knockdown by GNOME laser transfection 
with knockdown efficiencies up to 88% were achieved. Furthermore, protein injection of fluorescent human serum al-
bumin was demonstrated. The results demonstrate the applicability of GNOME laser transfection for routine transfection 
and high throughput screening purposes. 
 
 

1 Introduction 

Delivery of molecules bearing biological activity is a ma-
jor prequisite for the manipulation and investigation of 
cells. In this context, viral vectors provide the most effi-
cient delivery tools.[1] However, they suffer from multiple 
downsides, such as costly upscale, immunogenicity and 
insertional mutagenesis.[2,3] Accordingly, enabling non-
viral technologies for molecular delivery are fundamental 
for the future progression within the field of biomedi-
cine.[3] Laser based approaches have emerged as an alter-
native, but due to the technical demands and the low 
throughput they have not reached routine usage. To ad-
dress this issue, we developed a dedicated device for laser 
transfection utilizing an innovative methodic approach 
named gold nanoparticle mediated (GNOME) laser trans-
fection.[4] 

1.1 Gold nanoparticle mediated laser 
transfection 

The plasmonic interaction between short laser pulses and 
membrane-adhered gold nanoparticles allows transient 
membrane permeabilization with high spatial confine-
ment.[4] In detail, the incident electromagnetic wave of the 
laser beam excites plasmons, collective oscillations of the 
conduction band electrons of the gold nanoparticle. The 
plasmons induce a near field enhancement, leading to high 
intensities within the evanescent proximity of the parti-
cle.[5] Furthermore, the absorbed energy is transferred from 
the electrons onto the particle lattice, resulting in a strong 
and rapid temperature increase.[5] These effects, termed as 
nanolens and nanoheater effect,[6] respectively, can con-
tribute to membrane permeabilization with a submicron  

Image 1 Scheme of GNOME laser transfection. The inter-
action of laser pulses with membrane adhered gold nano-
particles induces localized and transient membrane perme-
abilization, allowing effector molecules to enter the cell. 
 

precision.[7] The contribution of the individual effects 
strongly depends on the physical parameters applied. 
GNOME laser transfection utilizes this interaction to allow 
efficient delivery of molecules into cells with minimal im-
pairment on the cell viability (Image 1). Due to the physi-
cal approach, which does not necessitate active involve-
ment of the cell, the method can be employed for a large 
variety of cell types and molecules. 
Herein, we focus on the applicability of GNOME laser 
transfection for gene silencing by siRNA and Morpholino 
oligomer transfection as well as protein delivery with spe-
cial respect to biomedical applications. 

2 Methods 

2.1 Cell preparation and transfection 

For GNOME laser transfection, 2.5x104 ZMTH3 cells 
were seeded per well of a black wall/clear bottom 96 well 
plate 24 h prior laser transfection. The cells were incubated 
with 200 nm spherical gold nanoparticles at a concentra-
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tion of 0.5 µg/cm² for 3 h. During this time span, the parti-
cles sedimentated onto the cell surface. Then, the effector 
molecule was added to the culture medium. The cells were 
irradiated with 42 mJ/cm² and a scanning velocity of the 
laser spot of 200 mm/s, if not indicated otherwise.  

1.1.1 Environmental scanning electron micros-
copy 

For environmental scanning electron microscopy (ESEM), 
ZMTH3 cell were grown on cover slips and incubated with 
gold nanoparticles as stated above. The cells were than 
fixed in 4% paraformaldehyde in PBS for 10 min and than 
rinsed with destilled water. Imaging was performed using a 
Quanta 400 F electron microscope (FEI, Netherlands) in 
wet mode. 

2.2 GNOME laser transfection setup 

A functional model of a GNOME laser transfection device 
was constructed to allow laser safe and easy usage by end-
users (Image 2).  

Image 2 Schematic drawing (A) and photograph (B) of the 
transfection setup. 
 
It comprises a compact picosecond laser system (Horus 
Laser S.A.S., France) emitting laser pulses of 850 ps at a 
wavelength of 532 nm and a repetition rate of 20.25 kHz. 
The laser power is adjusted by a combination of a half-
wave plate and a polarizing beam-splitter cube (Thorlabs, 
Newton, USA). A galvanometer scanner (Müller El-
ektronik, Spaichingen, Germany) provides a meander 

shaped scanning pattern of the laser spot across the sam-
ple. The beam is focused onto the sample by a 75 mm lens 
to a spot diameter of 86 µm. The sample is positioned by a 
motorized stage (Carl Zeiss, Jena, Germany), allowing au-
tomated sequential selection of single wells within a mul-
tiwell plate by a self-developed, LabView based software. 

2.3 Viability and transfection efficiency 
analysis 

The cell viability was determined by resafurin conversion 
1 h post laser transfection.[4] To measure the delivery effi-
ciency, fluorescently labeled siRNA was transfected into 
the cells and analyzed by flow cytometry. Gene knock-
down was validated by transfecting 10 nM to 100 nM an-
ti-GFP siRNA or 30 µM anti-GFP Morpholino oligomers 
into ZMTH3 cells expressing destabilized EGFP. The 
knockdown was quantified by fluorescence depression. 
For protein delivery, human serum albumin was labeled 
with fluorescein isothiocyanate and the delivery efficien-
cy was quantified by flow cytometry. 

3 Results and discussion 

3.1 Transfection parameters 

A detailed analysis of the laser transfection parameters re-
vealed, that a scanning velocity of 200 mm/s and a low 
particle concentration of 0.5 µg/cm² is sufficient to yield 
high delivery efficiencies.[4] This corresponds to a process 
speed of 8 seconds per well of a 96 well plate and a parti-
cle count of approximately 6 particles per cell as validated 
by ESEM imaging (Image 3), providing high throughput 
applicability of the method with low expand of reagents. [4]  

Image 3 ESEM image of a single ZMTH3 cell incubated 
with 0.5 µg/cm² 200 nm gold nanoparticles (arrows). 
 
The optimal radiant exposure at 200 mm/s was determined 
to be 42 mJ/cm² and decreases with decreasing scanning 
velocities. These parameters retain a high cell viability of 
about 90%. Accordingly, GNOME laser transfection rep-
resents a gentle method for molecular delivery, especially 
compared to other physical methods like electroporation 
which is commonly coincident with high cell losses. This 
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low toxicity is related to the high spatial confinement of 
the interaction zone of the excited gold nanoparticles with 
the cell. Calculations of the temperature distribution 
around the particle based on the mathematical model of 
Liu et al. revealed, that the temperature increase drops to 
negligible levels within few ten nanometers from the parti-
cle surface.[8] As a result, GNOME laser transfection is 
less prone to produce unspecific effects on the assay 
readout following cellular impairment. 
Another benefit of the approach is the spatial resolution. 
By controlling the laser exposed area it is possible to selec-
tively perforate distinct portions of the sample while the 
rest remains unaffected (Image 4). 

Image 4 Site specific cell permeabilization by GNOME 
laser transfection. 

3.2 siRNA and Morpholino oligomer me-
diated gene knockdown 

Fluorescently labeled siRNA was efficiently transfected 
into ZMTH3 cells with an efficiency of 88%.[4] The ap-
plied laser parameters were 20 mJ/cm² and 200 mm/s. The 
fluorescence signal can be detected within the cells imme-
diately after laser transfection (Image 5). Accordingly, the 
temporal onset of the gene knockdown is well defined. 

Image 5 Bright field (A) and fluorescence (B) image of 
ZMTH3 cells transfected with siRNA-AlexaFluor488 by 
GNOME laser transfection. Scale bar: 100 µm. 
 
GNOME laser transfection of anti-GFP siRNA into cell 
expressing destabilized EGFP yielded a decline in fluores-
cence of 73% for 10 nM and 88% for 100 nM of siRNA, 
respectively, 24 h post laser transfection.[4] Knockdown 
was also achieved for Morpholino oligomer transfection 
(66% knockdown), which peaked 48 h after transfection.[9] 
These levels are competitive to conventional transfection 
methods like lipofection. Due to the above mentioned ad-
vantages, e.g. high throughput, low invasiveness and low 
consumable expenditure, GNOME laser transfection of 
siRNA is promising for screening proposes, where large 
numbers of target genes need to be evaluated. To date, ei-

ther lipofection or viral vectors are applied for these set-
tings. However, GNOME laser transfection is thought to 
produce less fluctuations between different cell lines than 
these techniques. Furthermore, it does not raise the upscal-
ing and storage issues related to virus particles. 

3.3 Protein injection 

Human serum albumin was labeled with fluorescein 
isothiocyanate and injected into ZMTH3 cells via 
GNOME laser transfection. Delivery efficiencies of 42% 
could be achieved (Image 6). 

Image 6 Flow cytometric analysis of human serum albu-
min injection by GNOME laser transfection. 
 
The delivery of bioactive proteins provides a tool for di-
rect cell manipulation without the need for genetic chang-
es. Combined with the temporal well defined delivery, 
this allows the detailed analysis of protein and signaling 
kinetics within living cells. 

4 Conclusion 

The automated laser setup was engineered to serve high 
throughput applications and is an important step towards 
the transition of the GNOME laser transfection technique 
from basic research to broad applicability. The current re-
sults demonstrate the huge potential of this method. Com-
pared to the majority of physical approaches, it provides 
minimal invasiveness, ensuring low impairment of the 
cells. Furthermore, it possesses the opportunity to target 
specific cells with cellular resolution by structured laser 
illumination or selective gold nanoparticle binding. All the 
features described render this technique exceptionally suit-
ed for high throughput screening purposes, where a large 
variety of cell types and molecules need to be tested in 
parallel with minimal impairment of the cell behavior. 
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Abstract 
To improve in vitro cell expansion and differentiation  the use  of  bioreactor systems are being implemented 
e.g. in bone tissue engineering. Spinner flasks, rotating wall bioreactors, and flow perfusion systems have all 
been used, and each system has advantages and disadvantages [1]. This paper describes the development of a 
simple perfusion bioreactor system and the preliminary results from the assessment methodology employed 
which is based on µCT analysis and 3D Modeling Techniques.  A simple bioreactor with flow generator pro-
peller was designed and built with the aim of improving differentiation of human embryonic derived 
mesenchymal stem cells (hES-MP) seeded on porous titanium scaffolds with the aim  to  improve extracellu-
lar matrix formaton and mineralized matrix deposition. We designed a simple model to calculate the pressure 
generated by the flow of the bioreactor on the scaffold and compared 3 scaffolds under static culture condi-
tions to 3 scaffolds within the bioreactor. The scaffolds were incubated for 21 days and then scanned with x-
ray  μCT. The images obtained were processed using a 3D imaging software, in this platform the scaffolds 
undergo a segmentation in order to obtain samples from the surface and from the scaffolds internal cavities. 
The data are further processed to calculate the gray value gradient distribution. The analysis of these distribu-
tions allows quantifying changes in scaffolds during static and bioreactor culture. The results show that scaf-
folds maintained in the bioreactor have higher density of gray values gradient distribution both on the scaf-
fold surface and internal cavities which suggests improved mineralized matrix deposition. 
 
 

1 Introduction  

1.1 Bioreactors  
Bioreactors can be used to improve bone tissue engi-
neering in in vitro culture settings. There are  three 
main types of a bioreactor which are currently being 
employed in  bone tissue engineering. 1) The rotating 
wall system which is a cylindrical chamber filled with 
culture media and the scaffolds are moving freely in-
side. The outer wall of the chamber is capable to ro-
tating slowly creating a hydrodynamic movement. 
Due to this drag force of movement the gravity force 
is neglected and the scaffolds experience weightless-
ness inside the chamber. The weightlessness encour-
ages the extracellular matrix expansion but does not 
increase cell proliferation compared to static cultures 
[1,2].  2) The spinner flask system consists of a con-
tainer and a magnetic stirring system. The scaffolds 
are fixed inside the container by a needle, the media 
is moving around the scaffolds due to a flow in the 
media created by the magnetic stirring system. The 
flow generated by the spinner flask system increases 
the cell differentiation and proliferation [1, 2]. 3) The 

perfusion system is probably the most effective sys-
tem for bone tissue engineering. The main goal of a 
perfusion system is to push the nutrients into and 
through the scaffold.  In this system scaffolds are 
fixed into a narrow tube filled with a culture media 
and a flow is applied by a pump or a motor driven 
propeller in one direction inside the tube [1, 2]. 
 
1.2 Scaffolds 3D Modeling  
Image thresholding is a crucial step that has to be ex-
ecuted prior to 3D modeling and it affects the subse-
quent analysis and visualization. In the conventional 
approach, the thresholding range is selected via 
histographics and visual estimation.  Problems arise 
when scaffolds are composed of multiple materials 
whose thresholding ranges overlap and this renders 
the digital separation of these materials a difficult 
task. Moreover, as polychromatic X-ray beams are 
used in microCT (µCT), the lower energy rays would 
be readily attenuated by the sample resulting in a 
high exposure at the center of the scaffold. This ef-
fect is known as beam hardening and as a result 
thresholding is no longer dependent solely on radio 
density but also on the specimen size. µCT analysis is 
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less suitable for scaffolds containing metals as X-rays 
are heavily attenuated by metals. The presence of sol-
id metals results in dark and bright grainy artifacts 
which obscure important details in the scan images. 
For light metals with a porous structure these artifacts 
become less pronounced. As µCT is a relatively new 
technology, improved algorithms and setups are an-
ticipated, thus resolving such imaging errors [3]. 

2 Methods  

2.1 Bioreactor Development  
A bioreactor with flow generator propeller was de-
signed and built at Reykjavik University in collabo-
ration with Landspitali University hospital. A Plexi-
glas containers system was designed and developed 
based on 4 components: 1 tube and 3 disks as shown 
in Figure 1-A and -B.  
 

  
Figure 1: Bioreactor containers design  

The scaffolds are inserted in the mid disk (2nd disk, 
Figure1-A) and 2 micro aluminum nets provide the 
physical separation between 1st and 3rd disk.   
For the propeller a DC motor with maximum power 
of 0.24 W and working voltage between 1.5 and 3 
Volt was used. A micro control unit (Arduino UNO) 
was used to program different bioreactor functions 
such as speed, frequency and direction of the flow. 
A user interface was developed in order to operate 
on the device in real time and to store the history of 
the dynamic cells culture. 

 
Figure 2: The user interface allows customization of the 
flow: forward (clockwise), backward (counterclockwise) and 
pulse mode (back and forth) 

2.2 Static and Bioreactor Culture 
Human embryonic derived mesenchymal stem cells 
(hES-MP) from CellArtis (Gothenburgh, Sweden) 
were seeded on  6 porous titanium scaffolds that had 
been coated with fibronectin (Sigma-Aldrich, St. 
Louis, MO, USA) . 3 scaffolds were cultured under 
static condition and 3 scaffolds were cultured in the 
bioreactor. Both cultures were incubated at 37° C in 
a humidified atmosphere containing 95% air and 5% 
CO2. Differentiation, in bone tissue, was induced 
through the addition of Ascorbic Acid (Ascorbic Ac-
id   γ- irradiated,   Sigma)   and   β- Glycerophosphate 
(Glycerol 2-phospate disodium salt hydrate, Sigma) 
to the growth medium containing 10%  Fetal Bovine 
Serum (FBS, Lifetechnologies, Boston, MA, USA) 
and D-MEM (Dulbecco's Modified Eagle Medium, 
Lifetechnologies ). Medium was replaced every 3-4 
days. 
A simple model was designed to calculate the pres-
sure generated by the flow of the bioreactor on the 
scaffold (3•10-2 Pa). The scaffolds were incubated 
for 21 days, fixed in paraformaldehyde (4%w/v) and 
subjected to acquisition by μCT. 

2.3 Scanning and Image Processing 
The scaffolds were scanned using x-ray μCT tech-
nology [4], in a phoenix nanotom s (GE Measure-
ment and Control). The pixel size was set to 4.95 
μm,   tube  voltage   to  120 kV  and  current  to  100  μA.  
For each sample, 1080 radiographic images (or pro-
jections) with 2304 × 2304 pixels were acquired at 
different angles of view from  0° to 180°. 
According to the design of the experiment the total 
acquisition time was approximately 180 minutes for 
each sample. 
After radiographic data acquisition, CT reconstruc-
tion was performed by means of a 3D filtered back-
projection algorithm to retrieve the 3D scaffold 
structure image. For each sample, the reconstruction 
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was limited to a 1250 × 1250 × 1000 voxel 
subvolume, which included the whole sample.  
Images obtained were processed using 3D imaging 
software called MIMICS [5]; the threshold interval 
that allows a good visualization of the titanium scaf-
fold is [2*105; 3*105 GV]. In order to analyze the 
data in a selective way, 20 segments were extracted 
from each scaffold (Figure 3): 10 segments includ-
ing a portion of the outer surface and 10 from the in-
ternal cavity. 

 
Figure 3: Segmentation of titanium scaffold in internal and 
surface segments 

In total 60 specimens were analysed (30 surface 
specimens and 30 cavity specimens) from scaffolds 
from the static culture and 60 from scaffolds from 
the bioreactor culture divided the same way. 
To quantify the extracellular matrix mineralization 
changes on the scaffolds, GV and gradient distribu-
tion changes were computed.  
Consider   a   cross   section   of   the   μCT   data   in  which  
the scaffold composition was given by a scalar field 
GV, associated to each pixel, then to each point 
(x,y,z) of the mask. This point was displayed as "GV 
(x,y,z)". At each pixel in the image, the gradient of 
GV in that point showed the direction of most rapid 
changes of the GV in the scaffold. The magnitude of 
the gradient was determinate as of how fast the GV 
increased in that direction. To calculate and to dis-
play the Gradient Distribution, from the segmented 
scaffold, an algorithm was developed in Matlab 
(Matworks Inc). 
First, the gradients were computed using a central 
finite difference approximation for each voxel. So 
for each point f(x, y, z), each gradient component 
was found by: 

= 𝑓 𝑥 + − 𝑓 𝑥 −     

= 𝑓 𝑦 + − 𝑓 𝑦 −    (1) 

= 𝑓 𝑧 + − 𝑓 𝑧 −   
 

Where hx, hy and hz were the separation between 
the adjacent points in x, y and z directions, respec-
tively [6].  

3 Results  
The static and bioreactor cell cultures foresaw a run-
ning time of 4 weeks for a good cell growth but after 
3 weeks of culture, an interruption was necessary 
due a bacterial infection in the bioreactor. 

3.1 Gray Value Gradient Distributions 
Figures 4-5 shows the histograms from the GV dis-
tribution and 3D representation of the gradient for 
empty, static and bioreactor scaffolds. Figure 4 
shows a comparison between surface specimens 
while Figure 5 shows the comparison between the 
specimens for the internal cavity.   
 

 
Figure 4: Gray value distribution and 3D gradient distribu-
tion in surface specimens from empty, static and bioreactor 
scaffolds 
 

 
Figure 5: Gray value distribution and 3D gradient distribu-
tion in internal cavity specimens from empty, static and bio-
reactor scaffolds 

The histograms show that the bioreactor specimens 
have higher gray values, even though the data were 
not normalized, (Figures 4-5: second peak in the his-
tograms) while the 3D plots show a more homoge-
nous gradient both on the scaffold surface and on the 
internal cavity. 

3.2 Statistical Analysis 
T-test was performed to assess the difference be-
tween static and bioreactor specimens: 
1. Comparison between surface specimens  
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2. Comparison between inner cavity specimens 
3. Comparison between all specimens 
4. Comparison between the inner cavity and sur-

face in Bioreactor culture 
5.  Comparison between the inner cavity and sur-

face in static culture 
 

Figure 6 summarizes the results of T-Test, the first 
three comparisons (rows 1, 2 and 3) show that the 
hypothesis H1 could be accepted, this means that the 
use of the bioreactor had made significant difference 
in the culture which is not random. 
Furthermore, the hypothesis H1 could be accepted 
also for the T-Test performed between the speci-
mens taken from the surface and inside of scaffolds 
from static culture (row 4), suggesting a difference 
between structural changes on the inside and outside 
of scaffolds in static culture. On the contrary this 
difference can not be found between inside and outer 
surface in Bioreactor scaffolds since here the Hy-
pothesis  H0  isn’t  accepted  (row 5, fig.6,). 
 

 
Figure 6: Summary from the T-test results 

4 Conclusion 
Bioreactors have been shown to be used to improve 
cell seeding efficiency [7-9], cell proliferation [10-
12], and mesenchymal stem cell osteoblastic differ-
entiation [13]. In addition, to enhancing differentia-
tion and proliferation, perhaps the most notable con-
tribution of bioreactor systems to a bone tissue engi-
neering strategy is the possibility of automation. A 
clinically relevant strategy must greatly minimize 
the risk of contamination from bacteria and other 
cells, reduce labor intensity, and reduce costs associ-
ated with in vitro cell culture. Bioreactor systems 
have the potential to minimize all of these aspects 
through automated cell culture. The methodology 
described here demonstrates the feasibility of as-
sessing cell culture in static and bioreactor environ-
ment and indicates an improved cellular differentia-
tion and proliferation in the bioreactor culture. 
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Abstract 

For the successful regeneration of lost bone, the use of biomaterial-based substitutes in combination with factors that 
promote the regenerative process, such as vascular endothelial growth factor (VEGF) or bone morphogenetic protein 2 
(BMP-2), might be promising. In this study, a model was used which generated capillary-like vessels by co-cultivating 
human outgrowth endothelial cells (OEC) with human primary osteoblasts (pOB). Using this model the effect of VEGF- 
or BMP-2-loaded polylactide scaffolds on the development of microvessel-like structures was analyzed ultra-structurally 
using transmission electron microscopy (TEM). The co-cultivation of OEC with pOB on VEGF-loaded polylactide scaf-
folds resulted in the formation of capillary-like structures after 7 days of cultivation. After 14 days of co-cultivation on 
BMP-2-loaded polylactide constructs, OEC showed an initial angiogenic induction. TEM analysis proved to be an excel-
lent method to analyze morphological changes of cells when cultivated on differently treated bone biomaterials. 

1 Introduction 

The principal aim in bone tissue engineering is the suc-
cessful integration of a biomaterial into the host’s tissue 
with good tissue compatibility, coupled with the processes 
of osseointegration and osteoinduction [1]. To achieve this 
goal the formation of an effective vasculature is mandato-
ry. As the healing process around the implanted area is 
complex and time-consuming, the aim of restoring critical 
size defects such as those resulting after trauma or surgical 
bone removal might be accelerated through the application 
of viable cells on synthetic biomaterials prior to implanta-
tion. The application of growth factors or signaling mole-
cules offers an additional possibility to enhance the inte-
gration of a bone substitute and might improve the regen-
erative process [2,3]. An extensively formed vasculature 
around the implanted construct is essential for successful 
incorporation of the bone biomaterial, as the regenerative 
process demands a sufficient supply with nutrients and ox-
ygen [4]. The formation of new blood vessels is a long-
lasting process and vascularization strategies are needed 
for a successful long-term integration of bone substitutes. 
The use of co-culture systems consisting of endothelial 
cells and osteoblasts offers the possibility of in vitro pre-
vascularization [5,6]. In this context, previous studies have 
already shown that the co-cultivation of both cell types re-
sulted in the formation of angiogenic structures [4,7]. The 
use of factors that induce the angiogenic phenotype in en-
dothelial cells, including vascular endothelial growth fac-
tor (VEGF) [8] or the forming of new bone under the ac-
tion of bone morphogenetic protein 2 (BMP-2) [9] incor-
porated into and released from a synthetic scaffold might 

be promising. Finally, the application of a method that en-
ables the analysis and interpretation of the behavior of 
cells on bone biomaterials under different conditions is of 
great interest. In the present study, co-culture systems con-
sisting of human outgrowth endothelial cells (OEC), iso-
lated from human peripheral blood and human primary os-
teoblasts (pOB) isolated from cancellous bone fragments 
were used to analyze the angiogenic induction of recombi-
nant human VEGF and BMP-2 incorporated into a 
polylactide scaffold. The phenotypic behavior of OEC un-
der different stimulation conditions was analyzed using 
transmission electron microscopy (TEM) to delineate the 
ultra-structural changes induced by different concentra-
tions of recombinant VEGF and BMP-2. 

2 Methods 

2.1 Cell isolation and expansion 

Outgrowth endothelial cells (OEC) were isolated from the 
mononuclear phase of human peripheral blood by Ficoll 
separation (Sigma-Aldrich, St. Louis, USA) as previously 
described [10,11]. The cells were expanded on fibronectin-
coated (10µg/ml, Milipore, Billerica, USA) 24-well plates 
in EGM-2 medium (Lonza, Basel, Switzerland), supple-
mented with the BulletKit (Lonza, Basel, Switzerland) and 
additional 5% fetal calf serum (FCS, Sigma-Aldrich, St. 
Louis, USA) (EBM-2). For expansion, the cells were split 
in a ratio of 1:2 and used for experimental purposes from 
passage 8 to 20. Human primary osteoblasts (pOB) were 
isolated from human cancellous bone fragments from iliac 
crest or knee from healthy donors according to a previous-
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ly published method [12] and expanded in DMEM medi-
um (Sigma-Aldrich, St. Louis, USA) containing 1% P/S, 
10% FCS and 2% GlutaMaxTM (Gibco, Carlsbad, USA). 
For the purpose of this study, the cells were not used in 
secondary culture beyond passage 3.  

2.2 Polylactide preparation and co-culture 
conditions  

rhBMP-2 prepared in E. coli according to [13] and 
rhVEGF165 according to [14] were obtained from 
Morphoplant GmbH (Bochum, Germany). Biological ac-
tivity of rh-BMP-2 (K0.5 < 5nM) was determined with 
MC3T3-E1 cells according to [15]. Biological activity of 
VEGF (K 0.5 < 25pM)  was determined with self-prepared 
HUVEC cells in a proliferation assay (Dojindo Cell 
Counting Kit-8, Dojindo Molecular Technol. Rockville, 
MD) [16,17]. The PDLLA nanofiber fleeces were pre-
pared by electrospinning according to Asran et. al. [1] 
[18]. The weight of 1cm² pieces varied between 1.0-
2.5mg/cm². rhBMP-2 and rhVEGF were non-covalently 
adsorbed to the nanofiber fleeces from incubating solu-
tions of rhBMP-2 (10µg/ml and 50 µg/ml) and of 
rhVEGF (1 µg/ml and 5µg/ml). The respective amounts 
adsorbed were determined in parallel experiments with 
125I-rhBMP-2 and 125I-VEGF to ~8.0 and ~16.9µg/cm2 for 
rhBMP-2 and to ~0.84 and ~5.7µg/cm2 for VEGF (see 
ref. [17]).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

120,000 OEC and 30,000 pOB were seeded on polylac- 
tide scaffolds that were previously incubated with a buffer 
solution containing 1 or 5µg/ml recombinant human 
VEGF (Stock: 1.785mg/ml),  or 10 or 50µg/ml BMP-2 
(Stock: 0.66mg/ml).Polylactide constructs without pro-
teins served as a control. The co-culture was incubated on 
the scaffolds for 7 or 14 days at 37°C in an atmosphere of 
95% air and 5% CO2 before being fixed for transmission 
electron microscopic analysis. All the samples were treat-
ed identically. 

2.3 Sample preparation and TEM analy-
sis 

The samples were fixed in buffered glutaraldehyde (2.5%) 
for four hours, rinsed in phosphate buffer (PBS) and then 
contrasted for two hours with osmiumtetroxide 
(1%).Following this, the specimens were washed in PBS 
and dehydrated in ascending alcohol concentra-
tions.Finally, the samples were embedded in agar and 
polymerized overnight. Semithin sections were prepared 
to detect representative areas, which then were cut in ul-
trathin sections of 80 nm thickness. The ultrathin sections 
were contrasted with uranylacetate and leadcitrate. The 
sections were analyzed in a JEM 1400 transmission elec-
tron microscope at a voltage of 100 KV. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: 120,000 OEC and 30,000 pOB were seeded on polylactide fleeces (ca. 1cm2) that were loaded with adsorbed rhVEGF of  
~0.84µg/cm2 or ~5.7µg/cm2 (B/E) rhVEGF (C/F). Serving as a control, cells were seeded on scaffolds without growth factor (A/D). 
After 7 (A/B/C) or 14 days (D/E/F) of incubation, the co-cultures were fixed and analyzed ultra-structurally using a transmission 
electron microscope (TEM). After 7 days of co-cultivation, TEM images show that cells were able to grow into the biomaterial. In 
addition, OEC started to form capillary-like structures with lumina (arrow) on the scaffolds that were treated with ~0.84µg/cm2 
VEGF (B) compared to cells cultivated on polylactide without proteins (A). OEC that were cultivated on scaffolds incubated in ~5.7 
µg/cm2 VEGF also began forming capillary-like structures (C). After 14 days of co-cultivation, OEC seeded on the scaffold with a 
low VEGF concentration, exhibited angiogenic branches (E, arrow). No evidence of significant angiogenic activity was seen at 14 
days with the higher VEGF concentration (F). Asterisk: polylactide. 
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3 Results & Discussion 

The incorporation of factors that play an important role 
during bone regeneration on a suitable implantable bone 
substitute and their time-controlled release with the goal 
of a bioactive effect is of great interest in the field of tis-
sue engineering. During the past decade, complex co-
culture systems have become promising instruments for 
clinical applications in bone tissue engineering and regen-
erative medicine, mimicking the natural conditions in the 
bone [19]. Previous studies already indicated that co-
culture systems consisting of OEC and pOB offer a prom-
ising option for the analysis of effects of factors that 
might improve the situation in regenerative medicine with 
respect to angiogenesis [7]. The combination of a bio-
compatible scaffold with signaling molecules and viable 
cells offers the possibility to enhance the regenerative 
process. Polylactide is known to be suitable for bone tis-
sue engineering purposes. The addition of pro-angiogenic 
factors such as VEGF and pro-osteogenic factors such as 
BMP-2 were already shown to be incorporated and re-
leased from bone substitutes in order to improve bone re-
placement [17]. The goal of this study was an optimal 
analysis using transmission electron microscopy of pro-
angiogenic effects of VEGF and BMP-2 released from 
polylactide constructs. Figure 1 shows the results from 
co-cultures consisting of OEC and pOB cultivated on 
polylactide scaffolds that were previously treated with 1 
or 5µg/ml rhVEGF. The results obtained by ultra-
structural analysis show that the cells were indeed able to 
grow into the biomaterial. After 7 days of co-cultivation 
on constructs incubated with 1µg/ml rhVEGF, OEC start-
ed to form capillary-like structures by forming single lu-
mina (figure 1B).  

 

 

 

 

 

 

 

 

 

 

 

 

After 14 days of cultivation at low VEGF concentrations, 
angiogenic branches were detectable (figure 1E). High 
VEGF concentrations, released from the material resulted 
in little or no angiogenic activation after 7 or 14 days of 
incubation (figure 1C/F). In contrast, ultra-structural 
analysis of OEC in co-culture with pOB on polylactide 
constructs that were incubated with 10 or 50µg/ml BMP-2 
revealed the lack of ingrowing potential of the cells into 
the scaffold (figure 2B-C and figure 2E-F). The cells 
remained on the surface of the material and formed sheets 
of up to three cell layers. In addition, intitial angiogenic 
induction was detectable in TEM images after 7 days of 
co-cultivation on polylactide scaffolds that were 
incubated in a solution with 50µg/ml rhBMP-2 (figure 
2C). After 14 days in the BMP-2 group beginning 
angiogenic induction was detectable by the formation of 
vessel-like branches (figure 2E/F). Interestingly, the 
initial formation of vessel-like structures appeared to be 
achieved by the orientation, branching and interaction of 
several cells. By contrast, the origin of formation of 
vessels in the VEGF-group appeared to be one cell, which 
formed sprouts that interacted with the same cell forming 
a vessel-like tube (figure 1B). The co-cultivation of 
primary endothelial cells together with primary 
osteoblasts on polylactide constructs that release the pro-
angiogenic and pro-osteogenic factors VEGF and BMP-2 
resulted in an accelerated formation of microvessel-like 
structures in vitro. Primarily the release of VEGF induced 
angiogenesis after 7 days of cultivation, followed by a 
delayed angiogenic induction after 14 days on BMP-2-
loaded scaffolds. 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: 120,000 OEC and 30,000 pOB were seeded on polylactide fleeces (ca. 1cm2) that were loaded with adsorbed rhBMP-2 of  
~8.0µg/cm2 (B/E) or ~16.9µg/cm2 (C/F). As control, cells were seeded on scaffolds without proteins (A/D). After 7 (A/B/C) or 14 
days (D/E/F) of incubation, the co-culture was fixed and analyzed ultrastructurally using transmission electron microscopy (TEM). 
After 7 or 14 days of co-cultivation, the cells were not able to grow into the biomaterial that was treated with BMP-2 but remained on 
the surface (B-C/E-F). In addition, OEC were not able to form capillary-like structures containing lumina when growing on 
polylactide constructs that were previously incubated in 10 (B/E) or 50µg/ml (C/F). After 7 days of cultivation on polylactide scaf-
folds that were treated with 50µg/ml rhBMP-2 (C) OEC began to initiate angiogenic formation which was also detected after 14 days 
of co-cultivation (F, arrow). Low concentrations of BMP-2 (10µg/ml) resulted in the formation of branching structures by OEC (E, ar-
row). Asterisk: polylactide. 
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4 Conclusion 

Transmission electron microscopy enables the analysis of 
early endothelial phenotypic features of angiogenesis in a 
growth-factor-coated cell-scaffold construct. In this con-
text we could clearly demonstrate marked differences in 
the cellular behavior of OEC in response to VEGF and 
BMP-2, with the formation of capillary-like structures in 
the VEGF-group and the formation of more prominent 
angiogenic-like structures in the BMP-2 group. Further-
more, only cells in the presence of VEGF were able to 
migrate into the biomaterial. Interestingly, the cells 
showed considerable amounts of metabolic vesicles with-
in the cytoplasm under higher concentrations of VEGF. In 
summary, analyses at the ultra-structural level give inter-
esting insights into the cellular behavior and state of cul-
tured cells in the presence of growth factors. In further 
studies we hope to analyze the underlying mechanisms 
responsible for the different cell responses under the ac-
tion of VEGF and BMP-2. 
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Abbaubare metallische Implantate: Wunsch oder Wirklichkeit? 
 
Degradable metallic implants: wishful thinking or reality? 
R. Willumeit, Helmholtz-Zentrum Geesthacht, Geesthacht, Germany, regine.willumeit@hzg.de 
 

Introduction  
Metall implants are well known in medical applications where they are used for a variety of indications. In orthopaedics 
or trauma surgery metals are successfully used as permanent but also removable implants and also in the cardiovascular 
field for example metallic stents are state of the art. In some cases the implants will be removed after the healing proc-
ess of the body is completed. To avoid this secondary operation it would be beneficial to have a metallic implant which 
guarantees the mechanical stability as long as it is needed and which would then degrade completely, being replaced by 
body tissues. Magnesium and its alloys turned out to be a promising material. This presentation will give a brief over-
view about obstacles and state of the art of Magnesium implants. 

Methods  
Magnesium alloys are produced by casting, T4 heat treatment and extrusion. The material is characterised for it’s me-
chanical, corrosive and biocompatible properties. Especially the corrosion measurements are performed under cell cul-
ture conditions. Biocompatibility testing is performed mainly with primary bone cells (osteoblasts) where especially the 
influence on the cell metabolism is evaluated. In order to obtain a most complete picture also cells of the immune sys-
tem (macrophages) as well as cells involved in bone remodelling (osteoclasts) are studied.   

Results 
Cell culture conditions significantly change the corrosion behaviour of the material. The released Mg ions stimulate the 
production of proteins relevant for bone formation but seem to hinder osteoclast maturation. We have some indications 
that also an anti-inflammatory effect can be seen.  

Conclusion 
It can be expected that for two applications (stents and bone screw) Mg implants will come into the clinic in the near 
future. 
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Comparison of three active humidifiers for re-establishing of satura-
tion in carbon dioxide incubators 
 
Schuh, M. , Grob, S. , Seitz, S. , Schönberger, M. , Eblenkamp, M. , Wintermantel E. ,  
Institue of Medical and Polymer Engineering, Technische Universität München, Germany, matthias.schuh@tum.de 
 

Introduction  
Incubators for cultivation of living cells require stable parameters of their surrounding atmosphere. These parameters 
include temperature, level of carbon dioxide and humidity. Humidity is the most sensible respective to influences, as 
opening  the  incubators’s  door.  Recent  development  of  incubators  aims  to  re-establish a high level of humidity in  less 
than 10 minutes by applying active humidification solutions. The present work compares three methods for re-establish-
ing saturation, which are tested extensively to prove their feasibility. 

Methods  
Therefore three types of humidifiers – ultrasonic nebulizing, influx of moisturized air and vapour humidifcation – are 
compared in  time consumption for re-establishing saturation, quality of equal distribution of humidity, reduction of con-
tamination, power consumption and costs. Furthermore the feasibility of utilizing these humidifiers for integration of an 
in-line decontamination and/or sterilisation procedures is evaluated.  

Results  
As a result of the tests, clear benefits and disadvantages of the devices in all aspects could be determined. The elaborated 
comparison enables a fast choice of the appropriate humidifier for a specific application. Both the ultrasonic nebulizer 
and the vapor humidifiers could convince in key aspects. Vapor humidification could prove better decontamination qual-
ities, but also comes with higher operating costs due to higher energy consumption.  

Conclusion  
Therefore the ultrasonic nebulizer can be recommended for cheap and standard solutions, while vapour humidification is 
more adequate for higher decontamination requirements and high budget solutions. 
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Development and characterization of a decellularised xenogeneic mi-
tral valve scaffold 
 

M. Granados, L. Morticelli, P. Yablonski, A. Hilfiker, I. Tudorache, S. Cebotari, A. Haverich, S. Korossis,  Department 

of Cardiothoracic, Transplantation and Vascular Surgery, Hannover Medical School, Hannover, Germany, grana-

dos.marisa@mh-hannover.de 

 

 

Introduction  
Mitral valve regurgitation is the second most common cause of surgery of the heart valves. Current treatment options 

are imperfect, requiring re-operations or lifelong anticoagulation therapy. The aim of this work was to develop and 

characterize a decellularised mitral valve scaffold for mitral valve replacement.  

Methods  
Mitral valves from 6 month old pigs were disinfected, placed in hypotonic buffer and treated with SDS and sodium de-

oxycholate for 36 hours, followed by extensive washing cycles and nucleic acid digestion. Radial sections comprising 

annulus, leaflets, chordae tendinae, and papillary muscle were analyzed histologically by H&E and DAPI staining, im-

munohistochemically by collagen IV, and by alpha-gal fluorescence staining. DNA was extracted from the annulus, an-

terior leaflet, and chordae, and quantified using a NanoDrop spectrophotometer. Sections of the treated leaflets were 

analyzed under transmission electron microscopy (TEM), whereas fresh and treated leaflet strips were subjected to uni-

axial tensile loading to failure. 

Results  
Following decellularisation, no cell nuclei were observed under H&E or DAPI staining. There was also no change in 

the presence of collagen IV. The treatment resulted in a significant decrease of alpha-gal. DNA content was significant-

ly reduced compared to the native tissue (99%). TEM showed a cell-free decellularised tissue, with a conserved histoar-

chitecture. The decellularised tissue demonstrated a grossly-maintained mechanical integrity.  

Conclusion  
A protocol that effectively removed cells and DNA, whilst maintaining the native valve histoarchitecture and mechani-

cal integrity was developed. Although some alpha-gal was still detectable after decellularisation, the reduction observed 

was encouraging. The presence of alpha-gal could potentially be overcome in the clinical setting by the use of alpha-gal 

knockout porcine tissue. However, analyzing the effect of decellularisation on alpha-gal in wild-type porcine tissue 

could provide an insight on whether other sugars, also potentially immunogenic, are removed. Future work will focus 

on optimizing the protocol in order to further decrease the alpha-gal content.  
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Development of an observation-window for intravital fluorescent 
microscopically observation of femoral defects in rat 
 
F. Miller1,4, A. Kampmann1,4, K. Reimers2, S. Strauß2, T. Aper3, M. Wilhelmi3, P. M. Vogt2, F. Tavassol1,4, 
N.-C. Gellrich1 
 
1 Department of Oral and Maxillofacial Surgery, Hannover Medical School, Hannover, Germany 
2 Department of Plastic, Hand and Reconstructive Surgery, Hannover Medical School, Hannover, Germany 
3 Department of Cardiothoracic, Transplantation and Vascular Surgery, Hannover Medical School, Hannover, Germany 
4 CrossBIT, Hannover Medical School, Hannover, Germany 

Introduction 
Autologous bone grafts are still the gold standard for the regeneration of skeletal critical size defects, as it is 
osteoconductive as well as histocompatible. 
Tissue engineering (TE)-constructs for the reconstruction of bone defects by utilization of different combination of 
scaffolds, pluripotent and/or osteogenic cells and growth factors are an accepted principle that is thought to facilitate a 
rapid vascularization and formation of hard tissue inside these constructs. To evaluate the osteointegration as well as 
angiogenic potential of these constructs an appropriate animal model is mandatory. Therefore a femur-window in mice 
was developed by our group. Although this model was successfully used to analyze the vascularization of 
TE-constructs, it is limited by the animal size. As a possible alternative we evaluated the rat as an animal model. 
The rat anatomy permitted the use of a larger observation-window and therefore an enlarged defect size. As a major 
improvement, we developed a TE-construct with the integration of a vessel-graft inside. Which could be anastomosed 
with the A./V. femoralis. 

Methods 
The new femur-window was designed and shaped out of titanium in a CAD-CAM procedure. After evaluation in a 
preliminary cadaver study, first animal experiments were conducted. 

Results 
In comparison to the mouse-model the window diameter of the new observation chamber was enlarged to 10mm and 
fixation of the defect could be improved by using an inbuilt bone plate with cortex screws.  

Conclusion 
We successfully developed an animal model that allowed the evaluation of angiogenesis and osteointegration of 
TE-constructs implanted in a critical size defect. By using an observation-chamber and intravital microscopy multiple 
time points could be measured in one animal. The possible integration of a vascular graft into the construct helps to 
evaluate constructs with surgical in vivo angiogenesis, which are closer to the clinical situation. 
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K Lüdtke-Buzug, Institute of Medical Engineering, University of Lübeck, Lübeck, Germany, luedtke-

buzug@imt.uni-luebeck.de Introduction 
The concept of sentinel lymph node detection for sentinel lymph node biopsy (SNLB) with 

nanoparticles is currently receiving much public attention. An accurate 3D detection of sentinel lymph 

node (SNL) by the use of superparamagnetic iron oxide nanoparticles (SPIO) and their representation 

by means of magnetic particle imaging (MPI) is possible to increase QoL. But, poor knowledge exists 

for enrichment of SPIOs in individuals. Therefore this work focuses on the development of this concept 

through evaluation of the organic tracer processing and safety for patients. Methods 
The distribution of SPIO was already evaluated in an in vivo mouse model in own studies. Based on 

these preliminary studies in healthy and tumor mouse model we investigate the processing of the 

SPIOs in the organism for the first time. The cellular uptake and further transport of the SPIOs are 

examined by immunohistochemistry and specific microscopic techniques. Results 
The new principle of SPIO-MPI-based SNL detection was proven within the in vivo models of healthy 

and tumor bearing mice. Mammary and axillary tissues were processed by histology, transmission 

electron microscopy, atomic absorption spectrometry and MRI and the distribution of SPIOs was 

shown macroscopically and microscopically. Colonization of the lymph nodes takes place from the 

outside inwards. SPIOs distributes along collagen fibers, while respecting the surrounding tissue 

boundaries. The results of our analyses of the processing of the SPIOs by macrophages will be 

presented. Conclusion 
The new method of SNL-detection by SPIOs and MPI allows a precise 3D localization of SNL. The 

tracer is injected at the beginning of the surgery procedure, it is non-radioactive and of low costs. 

Thus, this method is available for a large patient collective. The use of iron-bearing nanoparticles is 

not a threat to patient safety. The iron particles are phagocytosed and integrated into the body's iron 

stores. The concept of SNLB by MPI can be applied in principle in all solid tumors. 

This project is supported by the German Federal Ministry of Education and Research (BMBF Grant 

number 01EZ0912). It is also part of the University Research Program “Imaging of Disease 

Processes", University of Luebeck. 
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Abstract 
Clinical translation of tissue-engineered implants remains out of reach for many developed substitutes. Tissue-
engineered vascular grafts are one of the few tissue substitutes which have already been translated into clinical trials. 
The most promising approach to establish vascular grafts is their usage as dialysis shunt. However the successful 
translation requires a reliable and reproducible production process, resulting in robust and hemocompatible tissue-
engineered vascular grafts. The production process, as well as the implant itself, should be completely controllable, even 
after implantation. Based on the BioSys concept we present the results of optimized tissue-engineered vascular grafts 
regarding (i) the reinforcing textile scaffold, (ii) the cell seeding density, (iii) the manufacturing process and (iv) the 
online monitoring during production. 
 
 

1 Introduction 
Cardiovascular diseases remain the leading cause of death 
in the western world. Among them, atherosclerosis plays a 
predominant role. Synthetic vascular grafts are still the 
most current treatment option, if no autologous substitutes 
are available. As shown in a vast number of preclinical 
studies, tissue-engineered grafts show superior properties 
compared to synthetic vascular grafts [1]. Nevertheless, 
despite the tremendous advances in the development of 
these tissue-engineered (TE) implants only a few are 
investigated in clinical trials [2, 3]. 
For the clinical translation of these tissue-engineered 
vascular grafts numerous requirements have to be 
accomplished. Besides long-term animal studies, the 
reproducible production process has to bring out robust TE 
vascular grafts. Additionally every production step should 
be controllable, especially in cell-based approaches, since 
cells of different donors can take diverging developments.  
In cell-based approaches, unless the substitutes are 
decellularized afterwards, tissue maturing highly depends 
on the autologous cells, their source and their capability to 
produce extracellular matrix (ECM). The process of tissue 
development has to be controlled carefully. Non-invasive 
imaging techniques enable their monitoring prior to 
implantation and afterwards [4].  
For the clinical application the production time of 
autologous tissue-engineered vascular grafts is an 
important factor, since it should be available as fast as 
possible. Therefore, the implementation of a reinforcing 

textile scaffold is beneficial. Furthermore, it is assumed 
that the textile supports aneurysm prevention. Especially in 
the application as dialysis shunt, aneurysm prevention is 
favorable. Repeated puncture of the shunt leads to a 
weakening of the tissue, which increases the risk of 
aneurysm formation. The clinical evaluation of vascular 
grafts as dialysis shunt provides a reduced risk for life-
threatening complications and is therefore the first step for 
the clinical translation [2].   
We present here preliminary results of an optimized 
production process of fibrin-based tissue-engineered 
vascular grafts. The individual elements of the production 
line were optimized to generate robust tissue-engineered 
vascular grafts in a reproducible manner. We produced and 
analyzed different warp-knitted textiles for tissue 
reinforcement. The optimal cell seeding density was 
evaluated and conditioning protocols were established to 
enhance and speed up tissue maturing to obtain robust and 
hemocompatible vascular grafts. Moreover different 
monitoring techniques were established to evaluate tissue 
development in-vitro and in-vivo. 

2 Optimization of production 
process for TE vascular grafts 

The tissue-engineered vascular graft is based on a textile 
scaffold, which is embedded in fibringel containing 
homogenously distributed smooth muscle cells 
(SMCs)/fibroblasts. The vascular graft is conditioned in a 
bioreactor system and seeded with endothelial cells to 
enhance hemocompatibility. The textile is responsible for 
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initial mechanical stability until ECM has developed. The 
mechanical stimulation of the embedded cells in the 
bioreactor system enhances the remodeling process of the 
immature tissue to a mechanical strong tissue. 

2.1 Textile design and characterization 
In fibrin-based tissue engineering, the textile scaffold 
supplies the mechanical strength to the graft after the 
moulding process. We chose a polyvinylidene fluoride 
(PVDF) multifilament yarn as basis for the textile scaffold. 
This biocompatible material ensures a long-term stability 
of the grafts Further the risk of aneurysm formation can be 
minimized. However, another important requirement in 
designing the textile is to use as little synthetic material as 
possible to reduce foreign body reactions. Different warp-
knitted tubular structures were produced, evaluated and 
compared to each other regarding their weight and 
mechanical properties. . Investigated parameters included 
the poresize of the scaffold and the amount and orientation 
of the filaments within the warp-knitted structure.  

Image 1 Different warp-knitted tubular structures as 
potential reinforcement for the tissue engineered vascular 
graft 
 
As a result, it could be shown that the content of foreign 
body material could be varied within a range of 20% by 
changing the course count density and the binding 
ensuring that the mechanical requirements to the graft 
were fulfilled.   

2.2 Optimization of the cell seeding 
density and the conditioning protocol 

The initial mechanical stability of the newly generated 
tissue is given by the textile scaffold. During conditioning 
of the vascular grafts ECM is produced, which takes over 
the resistance to physiological stresses from the textile. 
Cells are mainly responsible for the remodeling process, 
which can be enhanced by conditioning in a bioreactor 
system. A short production time for tissue-engineered 
vascular grafts is an important clinical necessity. The 
production time is mainly dependent on the speed of the 
growing cells. For that reason, the optimal cell seeding 
density, as well as the best moulding and conditioning 
protocol have to be evaluated to be able to shorten the 
most time consuming part during the production process: 
the cell expansion. 

2.2.1 Cell seeding density  
Since harvesting and culturing the required amount of cells 
is the most time consuming part during the production 
process of vascular grafts, the least amount of cells, which 
can produce a sufficiently robust ECM has to be evaluated. 

Vascular grafts with different amount of cells were 
moulded and conditioned in a bioreactor system over a 
time period of 2 weeks.  
Cell seeding density was evaluated by cell proliferation 
and collagen synthesis. Cell proliferation was quantified 
using a Hoechst 33258 based DNA assay, whereas 
collagen was quantified using a hydroxyproline assay. 
Histology and Immunohistology were used to visualize 
tissue maturing and burst pressure measurements were 
performed for tissue robustness quantification. 
Cell seeding density experiments showed that an initial 
cell concentration of 10*106 cells/mL generated robust 
vascular grafts after just 2 weeks of conditioning. 
Increasing cell concentrations had no beneficial effect on 
the robustness of the grafts. 

2.2.2 Moulding and conditioning techniques 
The moulding technique and conditioning had to be 
optimized in order to ensure a high reliability and 
reproducibility within the graft conditioning process. By 
modifying the clamping position for pressure regulation 
and flow adjustment a collapsing of the grafts should be 
prevented and tissue maturing should be accelerated. 
Results were evaluated using cell and collagen 
quantification assays, histological and 
immunohistological stainings, as well as burst pressure 
measurements. 
Best results were achieved for a daily increase of medium 
flow by 20 mL/min starting from 40 mL/min up to 120 
mL/min. Pressure was increased by 10 mmHg starting 
from mean values of 30 mmHg up to 100 mmHg. By 
changing the conditioning protocols, tissue robustness 
could be increased resulting in burst pressures of up to 
1200 mmHg. 

2.3 In-vitro monitoring 
Continuous monitoring during the production process of 
the tissue-engineered vascular grafts is an important 
requirement for the clinical translation of the tissue-
engineered vascular grafts to be able to intervene, if 
unpreferred implant developments occur. Several 
parameters, such as the pH, pO2, pCO2, glucose and 
lactate levels were monitored during the production 
process to assure good tissue development. This can be 
done, either by blood-gas analysis or by online monitoring 
sensors. 
Furthermore, the labelling of cells or the textile scaffold 
with iron oxide nanoparticles enables the in-vitro and 
subsequent in-vivo assessment of the implanted tissue and 
its development by magnetic resonance imaging. 

3 Conclusion 
This work presents preliminary results of optimizing the 
production process of patient-customized tissue-
engineered vascular grafts. Textile scaffold configuration, 
cell seeding density, moulding and conditioning 
techniques were optimized and the online-monitoring was 

10 mm 
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established. The results suggest a reproducible production 
process, which resulted in mechanically robust vascular 
grafts. They are currently investigated in an animal study. 
Future work will focus on the use of human origin of cells 
and fibrinogen. The production process from the primary 
cell culture to the final tissue-engineered vascular graft 
will be automated to minimize manufacturing differences 
between generated implants. 
The presented results constitute the basis for the 
automated production process of tissue-engineered 
vascular grafts. 
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Abstract 
Therapeutic interventional approaches for peripheral nerve injuries are still limited. Often severe nerve injuries are 
associated with inadequate regeneration and nerve degeneration including consecutive loss of sensory and motor 
function. Therefore, research focuses on new approaches to optimize functional results. One strategy includes additional 
cell transplantation procedures for structural repair and secretion of neurotrophic factors. In this regard, mesenchymal 
stem cells (MSCs) from bone marrow or fat tissue are very promising. On one hand they may differentiate into glial or 
neuronal cell phenotypes thereby directly participating in regeneration. On the other hand MSCs produce different 
regeneration aiding factors, thus affecting regeneration in an indirect way. For clinical applications, the way of 
application of the cells is very important. Therefore, we compared the local injection of adipose-derived stem cells 
(ASCs) and their systemic administration by intravenous injection in a peripheral nerve defect model in rats. Results 
showed that axonal regeneration was similar in both ASC treated groups but myelination was significantly increased in 
case of direct cell administration into the lesioned nerve compared to systemically administered ASCs and sham 
controls. Also systemic iv injection of ASCs resulted in significantly higher myelination than the sham controls. With 
regard to clinical translation, intravenous cell transplantation for peripheral nerve repair could offer a simplified 
technique to optimize peripheral nerve surgery. 
 
 
1 Introduction 
Peripheral nerve injuries due to accidents, systemic 
diseases and other causes often lead to the loss of sensory 
and motor function of the respective limb. Since 
peripheral nerve regeneration is limited, the functional 
recovery even after immediate surgical repair of the 
nerves is often disappointing.  
 
Therefore, various experimental approaches are being 
explored to enhance regeneration and structural repair 
following peripheral nerve injury. These include the 
administration of neurotrophic factors and growth factors 
as well as cell transplantation of different cell types [1]. 
Application of Schwann cells (SC) or olfactory 
ensheathing cells (OEC) is very promising as committed 
myelinating cells which integrate into the nerve forming 
myelin sheaths and thus improve the functional outcome 
[2, 3].  
 
With regard to cell numbers and growth factor secretion 
the usage of adult stem cells is promising. Thus, 
mesenchymal stem cells from bone marrow have been 
tested for their potential usefulness in peripheral nerve 
regeneration. They can differentiate into a Schwann cell-
like phenotype [4], secrete neurotrophic factors and form 
myelin.  
 
In a previous study, it was demonstrated that direct 
injection results in improved outcome after peripheral 

nerve injury. In a recent study by Matthes at el, the 
homing effect of intravenously administered MSCs after 
peripheral nerve crush was investigated. The 
transplantation of MSC intravenously resulted in 
significant functional improvement compared to untreated 
conditions. Furthermore, injected cells could be found at 
the lesion site after three weeks. In contrast, injected 
fibroblasts could not be found at the lesion site and no 
functional improvement could be observed [5].  
 
Especially adipose-derived stem cells (ASCs) are very 
advantageous since they can easily be isolated in large 
amounts and with only minimal donor site morbidity from 
subcutaneous fat tissue via liposuction [6]. 
 
In this set of experiments we first determined if a direct 
implantation of ASCs into the lesion site can encourage 
axonal regeneration as do Schwann cells, olfactory 
ensheathing cells and MSCs from bone marrow and 
second if the effects of these cells are different between 
direct and intravenous delivery. With regard to clinical 
application the intravenous transplantation would be 
advantageous.  
 
2 Methods 

1.1 Cell isolation and culture 
For this study ASCs isolated from inguinal fat tissue of 
adult rats were used. The cells were tested for their stem 
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cell phenotype by detection of stem cell markers in flow 
cytometry. Moreover, their differentiation potential was 
assessed by induction of osteogenic, adipogenic, and glial 
differentiation.  

1.2 Nerve lesion and cell transplantation 
Nerve lesion was carried out by standardized nerve crush 
in anesthetized rats (n=5) which resulted in complete 
transection of axons. For direct injection 30,000 cells per 
each injection side proximally and distally to the lesion 
site were implanted. For systemic iv injection 1 x 106 
ASC cells in 2 ml of medium were injected via the 
femoral vein. As negative controls medium alone (sham 
control) was used.  

1.3 Histomorphometric analysis 
After 21 days axonal regeneration and myelination of the 
injured nerve was evaluated in semi-thin sections of 
plastic embedded nerves stained with azure blue. Axons 
ensheathed with myelin were counted. To assess the 
extent of axonal regeneration, counts of myelinated axons 
within the transection site were compared between 
healthy, intravenously and direct ASC-transplanted 
groups, and sham controls. Histology of direct injection 
and intravenous injection of ASCs was performed 
followed by a detailed quantitative analysis of regenerated 
and remyelinated axons  
 
3 Results 
To this end, we histomorphologically compared the extent 
of axonal regeneration after intravenous and direct 
delivery of the cells into the injured peripheral nerve to 
determine if direct cell delivery elicits greater axonal 
regeneration. In both groups, axonal regeneration could 
be observed.  
 
In normal nerve axons showed thick myelination profile 
with densely packed myelin wraps (Image 1 A). 
Remyelination to a certain extent could be observed in all 
groups. This includes the sham control (Image 1 B) and 
with more intense regeneration the direct and intravenous 
experimental groups (Image 1 C - D). In normal nerve 
densely packed axons with thick myelin can be observed. 
After injury and regeneration without cell enhancement, 
axons elongate in the rodent with loosely scattered 
regenerated axons and thin myelin sheaths. After direct 
ASC transplantation into the lesioned nerve axon density 
is close to normal with significantly increased myelin 
thickness as compared to the control. In the intravenously 
ASC transplanted animals, axon density was equally high 
but with less remyelination intensity at the same time 
point, but significantly increased as compared to negative 
control without cell injection.  
 
With regard to myelin thickness, both experimental cell 
transplantation groups presented significantly thicker and 
more compacted myelination on regenerated axons as 

compared to the negative control, thus indicating 
enhancement of remyelination after ASC transplantation 
procedure (Image 2). Furthermore, quantitative 
morphometric analysis revealed an increased amount of 
myelinated axons in the group with direct injection into the 
lesioned nerve as compared to the systemically 
administered cell transplantation group (Image 2). But 
most importantly, both cell transplantation groups 
demonstrated increased axonal regeneration and 
remyelination when compared to the untreated negative 
control. 

 
Image 1 Comparison of the remeyelination and axonal 
regeneration following ASC transplantation in peripheral 
nerve injury.  
 

 
Image 2 Quantitative analysis of myelinated axons after 
ASC implantation in peripheral nerve injury  
 
 
4 Conclusions 
In this study, the regeneration potential of ASCs after 
peripheral nerve injury was studied and two ways of 
administration with regard to potential clinical translation 
were investigated: local implantation of the ASCs directly 
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into the injured nerve and systemic administration of the 
cells by intravenous injection after nerve injury. In both 
experimental groups successful axonal regeneration and 
remyelination could be observed, the direct administration 
of the ASCs led to significantly higher numbers of 
regenerated axons with more compact myelin 
demonstrating higher efficiency  
 
Nevertheless, the systemically administered ASCs also 
lead to enhanced axonal regeneration and remyelination 
compared to the negative control. Here the transplantation 
intravenously has to be seen as a minimal invasive 
procedure with advantages over the direct injection in 
which the lesioned nerve has to be fully surgically 
exposed and is subject to an open surgical approach.  
 
The underlying mechanism may be explained by the 
homing effect of ACSs, which could be shown by 
Matthes et al. [5] with bone marrow derived stem cells 
(bmMSC) in peripheral nerve injury and by Akiyama et 
al. with bmMSCs in spinal cord injury [7].  
 
Apart from local effects of the cells by differentiation and 
the topical expression of growth factors, a systemic 
influence of MSCs can be found concerning different 
injuries. In contrast to the results of Akiyama et al., a 
recent study did not find any bmMSCs in spinal cord 
injuries after intravenous injection of the cells [8]. A 
functional improvement and presence of NFG in spinal 
cord tissue could be detected, though. Furthermore, the 
MSCs promoted vascularization [8]. MSCs injected 
systemically could also be located in lung tissue, where 
they expressed anti-inflammatory proteins [9]. 
Modulation of inflammation is very important in 
regeneration of peripheral nerve injuries. In this context, 
MSCs were shown to secrete paracrine factors which led 
to recruitment of macrophages [10].      
 
Regarding future clinical applications of ASCs, the 
intravenous injection would be favourable. However, the 
way of administration, including dosage, frequency, mode 
of application, and potential side effects needs to be tested 
extensively. Nevertheless, in conclusion, ASCs seem to 
be a promising cell source for regenerative medicine 
including peripheral nerve injury.  
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Abstract 
In the field of Tissue Engineering the sustenance of manufactured tissues with nutrients and oxygen implies a big challenge 
for their survival. Especially the oxygen supply is a limiting factor in cultivation and transplantation concerning the low 
diffusion rate of 100-200 µm. For that reason complex tissues or organs can be hardly sustained. To achieve the require-
ment of an optimized supply we generated blood vessel-like structures in a fibrin gel scaffold by addition of human fibro-
blasts and endothelial cells from umbilical cord. The aim of this study was the investigation of different pressure gradients 
on blood vessel-like structure formation under flow perfusion conditions in a CapNet bioreactor system. Mimicking a float 
switch we used controlled medium levels for a cultivation time of 14 days. We expected an increased angiogenesis under 
low pressure gradient in comparison to a high pressure. Due to physiological blood flow we assumed a more distinct vessel 
network under dynamic cultivation in comparison to static conditions. It could be observed that a low pressure gradient 
supports angiogenesis in the CapNet bioreactor. The evaluation of the static controls in wells and under convection influ-
ence, respectively, demonstrated the most distinct capillary-like network in comparison to the dynamic cultivated samples. 
Due to high shear stress and dilution of expressed growth factors we observed less angiogenic supported formation of 
blood vessel-like structures under perfusion conditions.  
 
 
 
1 Introduction 
For the regenerative medicine Tissue Engineering is an in-
terdisciplinary field allowing the manufacturing of autolo-
gous transplants to cure chronic diseases. The aim is the pre-
vention of lacking transplants caused by regressive organ 
donation and dependence of allogeneic transplants [1]. Be-
sides the difficulty of graft rejection the complexity of the 
transplants is a challenge for Tissue Engineering. Physio-
logical conditions show up a distinct network of capillary 
structures to supply tissues with nutrients and oxygen. Es-
pecially oxygen is a limiting factor caused by a low diffu-
sion rate of 100-200 µm [2]. So a consistent supply is lack-
ing for complex tissues and organs. Furthermore a directly 
connectable blood vessel system in a three-dimensional 
scaffold has not been established yet.  
To prevent hypoxia we use a flow perfusion bioreactor sys-
tem to generate blood vessel-like structures. 
In general the process of blood vessel generation is sepa-
rated into two mechanisms- the vascularisation and angio-
genesis. In vasculogenesis, it is basically the formation of 
blood islands in the embryonic stage ensuing from mesoder-
mal cells, the hemangioblasts and endothelial progenitor 
cells which differentiate and proliferate to endothelial cells 
[3]. From those already matured capillaries angiogenesis 
takes place in wound healing [4] and tumorgenesis [5]. It 
describes the interaction of endothelial cells and smooth 

muscle cells to form further vessels like arteries and veins 
induced by sprouting processes [6]. In vitro we take ad-
vantage of this interaction to simulate wound healing.  
To stimulate angiogenesis certain growth factors are neces-
sary. An essential factor is the vascular endothelial growth 
factor (VEGF) which regulates physiological angiogenesis 
in wound healing, bone growth and embryogenesis. In 
pathological processes like tumorgenesis VEGF is highly 
expressed [7], [8]. The initialized sprouting process includes 
endothelial cells that migrate into the partially degraded ex-
tracellular matrix (ECM) to form blood vessels stabilized by 
a basement membrane.  
The aim of this study is the investigation of the effect vary-
ing pressure gradients in the CapNet bioreactor system on 
the angiogenesis in three-dimensional scaffolds. 
 

2  Methods 

2.1  Cell culture and fibrin gel scaffold 
molding 

The primary culture of endothelial cells was isolated from 
human umbilical cord veins (HUVECs) and cultivated in 
endothelial growth factor medium by LONZA (EGM-2). 
Dermal fibroblasts were isolated from human foreskin tis-
sue and cultivated in DMEM with 10% FCS (Gibco, life 
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technologies). Both cell lines were seeded as monolayers in 
cell culture flasks. For application the cells were used in 
passage 1. The fibrin gel scaffold was compounded of fi-
brinogen with an initial concentration of 10 mg/mL, throm-
bin (40 U/mL), CaCl2 (50 mM). Additionally hDFFs were 
added with a cell concentration of 3x106/mL and HUVECs 
had the initial concentration of 6x106/mL. The total volume 
of the fibrin gel scaffold was 150 µL. The supplements were 
all diluted in tris-buffered saline (TBS). For dynamic culti-
vation the fibrin gel was prepared in the scaffold holder. For 
static conditions the scaffold was molded in well plates and 
in a mould for convection, respectively. The process was 
performed for 14 days at 37°C and 5% CO2.  
 

2.2  Bioreactor setup 
The CapNet system is a perfusion bioreactor which ensures 
a constant interstitial flow by controlling the pressure gradi-
ent. The bioreactor consists of two coaxial cylinders, a scaf-
fold holder and two lids, composed of polymethyl methac-
rylate. The outer cylinder functions as reservoir for the me-
dium and is connected to a roller pump by a gas-permeable 
silicon tube. The inner cylinder is directly screwed to the 
scaffold holder. The medium, entering the inner cylinder by 
an inflow connector, partially passes the fibrin gel by diffu-
sion and the resulting pressure gradient.  
 

 
 
Image 1 CapNet bioreactor system 
 

2.3  Sensor 
During the experimental period the inside water level is con-
trolled by a regulating system that mimics a float switch.  A 
floater made of biocompatible material is placed in the inner 
tube. An optical switch consisting of an infrared LED and a 
photo IC is placed in line at the desired water level. The 
switch is off while the float blocks the path of IR light be-
tween them and on when it is not present.  The flow is in-
creased as needed whenever the desired water level is not 
reached, by increasing the flow of the pulsatile pump with 
the help of a LabView control software in a standard PC. 

 

 
 
Image 2 Sensor system: Controlling application for a con-
stant medium level measured by a float switch sensor.  
 

2.4  Immunohistology 
After cultivation the fibrin gels were fixated with ice-cold 
methanol for 30 min. The immunohistology is performed by 
using the endothelial cell specific CD31 primary antibody 
(1:400) and for visualization the secondary antibody Alexa 
Fluor 594 (1:100); both antibodies were diluted in 3% BSA 
and incubated for 48 h each at 37°C.  
 

2.5  Two-Photon Laser Scanning Micros-
copy and evaluation 

The stained fibrin gel scaffolds were analyzed by the Two-
Photon Laser Scanning Microscopy (TPLSM). For this 
study an Olympus FluoView 1000MPE two-photon micro-
scope (Olympus Corp., Tokyo, Japan) equipped with a 25X 
NA1.05 water dipping objective was used for imaging. For 
excitation of Alexa Fluor 594 a Ti:Sapphire laser (MaiTai 
DeepSee, Spectra Physics, Mountain View, USA) was 
tuned to the wavelength of 800 nm. The emission of Alexa 
Fluor 594 was collected at 590-650 nm. The supportive soft-
ware was FluoView FV 10 2.0. The following evaluation 
was accomplished with Autoquant X3 and ImagePro Ana-
lyzer. 
  

3  Results 
The evaluation of angiogenesis in fibrin gel scaffolds, culti-
vated for 14 d as static controls (well or convection) and in 
the perfusion bioreactor, are presented. The experiments 
were repeated three times. Each image was taken in a pe-
ripheral orientation and has a scale of 300 nm. The image 
stacks show the four conditions the scaffolds were culti-
vated. The dynamic cultivation in the CapNet bioreactor is 
shown in the upper row (A, B) with different constant me-
dium levels. (A) represents the low medium level of 5 cm, 
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(B) an increased level, (C) and (D) represent static cultiva-
tion conditions (well or convection). 
 

 
 
Image 3 TPLSM images of dynamic (A, B) and static (C, 
D) cultivated fibrin gel scaffolds  
 

 

 
Image 4 Results of blood vessel-like structure formation 
with regard to volume and branch points values.  
 
The generation of blood vessel-like structures increases un-
der different static cultivation conditions without pressure 

gradient. Under dynamic conditions less blood vessel-like 
structures dependent on increasing pressure gradient were 
observed (Image 3, 4).  
 
Statistical significant differences are marked with *. A p-
value of less than 0.05 was considered as statistical signifi-
cant (p<0.05,*). A p-value less than 0.01 (p<0.01,**) is de-
fined as significant. In case of p<0.001 means a very signif-
icant result. 
  

4 Conclusion 
The present study demonstrates a significant difference be-
tween varying pressure gradients under dynamic cultivation 
conditions. The expectation of a decreasing angiogenesis 
under a high pressure gradient and related shear stress was 
confirmed. Scaffolds which were cultivated with a low me-
dium level generated more blood vessel-like structures. The 
evaluation of the vessel volume and the branching concern-
ing different pressure gradients in dynamic cultivation 
showed a significant difference, respectively. The compari-
son of the dynamic conditions and static cultivation (well or 
convection) reveals enhanced vessel formation under static 
conditions. The images 3 and 4 demonstrate a distinct capil-
lary-like network for the setup in well plates and slightly 
fewer under convection (C, D). The explanation lies in the 
generation of a high shear stress which inhibits endothelial 
cells in proliferation and differentiation, respectively. The 
sprouting process as well as the expression of VEGF is 
probably repressed. Additionally the dilution of growth fac-
tors in the bioreactor system could cause anti-angiogenic 
conditions. Furthermore the washout of growth factors from 
the fibrin gel scaffold caused by high pressure gradients and 
flow rates leads to less vessel formation. 
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