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ABSTRACT 
Angiogenesis is a special feature in wound healing and carcinogenesis. For improving wound healing angiogenesis should be promoted, 
whereas in treating tumors it should be inhibited.Depending on several factors physical non-thermal plasmas can stimulate or inhibit 
cellular processes and can, thereby, influence angiogenesis. This study focused on effects of plasma on angiogenesis in the chick embryo 
chorioallantoic membrane (CAM) assay and rat aortic ring (AOR) test, in which plasma-treated PBS or medium was applied. ImageJ 
was used to analyze vessel area and branching of vessels of CAM’s. Aortic rings (LEW.1W, WOK.W rats) embedded in Matrigel were 
analyzed by a newly-developed semi-quantitative method to quantify vessel sprouting from aortic rings. In both models spontaneous 
vessel formation was detected. Vessel area and branching in CAM’s were significantly enhanced by 120-s-plasma-treated PBS compared 
to untreated controls. This result was comparable with the effect of the growth factor VEGF. No effect of plasma on vessel sprouting 
from AOR prepared from LEW.1W rats was detected, while it was significantly inhibited in rings of WOK.W rats. Dexamethasone 
inhibited vessel sprouting from AOR of both rat strains. In conclusion, angiogenic response to plasma was found to be differentially 
influenced, depending on the models used and on the rat strain in the AOR test. It will now be of importance to learn how plasma has to 
be designed for either pro- or anti-angiogenic responses. 
keywords:plasmamedicine, angiogenesis, HET-CAM, rat aortic ring test, non-thermal atmospheric-pressure plasma, VEGF, reactive 
oxygen radicals, plasma jet. 

1. INTRODUCTION 
Recently, the use of physical plasma in treating living cells and 
tissues has become feasible since it is now possible to generate 
non-thermal plasmas at atmospheric pressure with temperatures 
between about 20 and 40 °C. A plasma is ignited if energy is 
introduced to a gas, e.g. air, helium or argon, resulting in the 
ionization of the gas and the generation of different neutral and 
charged particles, electric fields, reactive molecules (e.g. radicals) 
and radiation (e.g. UVB). Non-thermal plasmas can stimulate or 
inhibit cellular processes; some of these effects are mediated by 
reactive oxygen species [1,2,3]. Hence, plasma could be useful in 
the management of chronic infected wounds [4,5,6,7] owing to 
antimicrobial effects [8] and the ability to remove biofilms 
[9,10,11]. Furthermore, plasma stimulation of wound relevant 
cells (keratinocytes or fibroblasts) as well as stimulation of 
angiogenesis could offer additional mechanisms for improving 
wound healing. Especially in chronic infected wounds aberrant 
angiogenesis is evident. Therefore, it is of great interest to know if 
angiogenesis is influenced by non-thermal plasma. Formation of 
new blood vessels from the pre-existing vascular network is 
important for various physiological processes such as 
embryogenesis and wound healing, but angiogenesis is also an 
essential process for growth and spread of solid tumors. The 
angiogenic process is stimulated by a lack of oxygen supply and a 
great variety of endogenous pro-angiogenic factors, as e. g. 

reactive oxygen species (ROS), nitric oxide (NO), growth factors 
(VEGF, EGF, FGF), and cytokines (IL-1, 2, 6, 8; TNF-α and –β, 
TGF). Particularly, the generation of reactive oxygen and nitrogen 
species makes non-thermal plasma attractive for influencing 
angiogenesis. Indeed, it was shown that non-thermal plasma is 
able to enhance tube formation by endothelial cells through 
reactive oxygen species [12], especially by the presence of 
hydroxyl radical and hydrogen peroxide [13]. Additionally, 
endothelial cell proliferation is enhanced by plasma through 
fibroblast growth factor-2 release (FGF-2) promoting angiogenesis 
[14]. As mentioned, these investigations were done with the in 
vitro tube formation assay with primary porcine aortic endothelial 
cells.  
Based on our knowledge and experiences on plasma-cell 
interactions [15,16,17,18,19,20,21], we aimed to investigate 
whether or not non-thermal atmospheric-pressure plasma 
influences the formation of new microvessels using more complex 
models like the rat aortic ring assay (AOR assay) and the in-ovo 
chick embryo chorioallantoic membrane assay (CAM assay). For 
this purpose, plasma-treated culture medium or plasma-treated 
phosphate buffered saline (PBS) was placed on the CAMs and on 
Matrigel embedded aortic rings. As plasma source the plasma jet 
kINPen 09 was used. 
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2. EXPERIMENTAL SECTION 
 2.1. Materials. Cell culture plastics were purchased from 
TPP (Trasadingen, Switzerland). Dulbecco's Modified Eagle 
Medium (DMEM) with L-glutamine, fetal calf serum (FCS), came 
from Sigma (Taufkirchen/Deisenhofen, Germany). Penicillin and 
streptomycin were purchased from Lonza (Verviers, Belgium) and 
phosphate buffered saline (PBS) and Hank’s balanced salt solution 
(HbSS) came from PAA (Cölbe, Germany). Matrigel-Matrix 
Growth Factor 1 (Matrigel) from Becton Dickinson was obtained 
from VWR International (Darmstadt, Germany). 
 2.2. Animals.Male LEW.1W and WOKW rats (RT1u) 
were bred at the Division of Laboratory Animal Science of the 
University of Greifswald and used at an age of 10 weeks. They 
were kept in a humidity and temperature-controlled facility with 
lights from 6:00 a.m. to 6:00 p.m. They had free access to a 
standard rat chow (Ssniff, Soest, Germany) containing 0.6 % NaCl 
and fresh tap water ad libitum. All experiments were approved by 
a governmental committee on animal welfare. 
 2.3. Preparation and treatment of chick embryo 
chorioallantoic membranes (CAM assay). Specific pathogen 
free eggs were kindly provided by Prof. Dr. Tim Harder and Dr. 
Christian Grund (Friedrich-Löffler-Institute, Riems, Germany). 
Fertilized eggs were incubated at 37 °C and 60% relative air 
humidity. They were placed horizontally and manually rotated 
twice per day. At embryonic day 7 eggs were candled using a 
special BRUJA-LED lamp (Brutmaschinen-Janeschitz GmbH, 
Hammelburg, Germany) to prove viability of embryos and to 
exclude eggs which were unfertilized. The shell of eggs with 
viable embryos was opened at the blunt side with the air space 

(hole of about 7 mm diameter). The little hole was closed by using 
tape (Tesa®) and the eggs were further incubated upstanding 
without rotation. For preparation of the CAM the holes were 
enlarged on embryonic day 10, for which the egg membrane was 
removed after it had been wetted with HBSS. For treatment the 
CAMs were covered with either 200 µl PBS (untreated control), 
200 µl (40 ng/CAM) vascular endothelial growth factor (VEGF, 
Jena Bioscience, Germany) or with 200 µl kINPen 09-treated 
PBS. VEGF was diluted in PBS. PBS was treated for 30 to 300 s 
with the kINPen 09. CAMs were covered at days 11, 12 and 13 
with fresh plasma-treated PBS or with fresh VEGF in PBS. 
Photographs of the CAMs were taken daily before and after 
treatment at different magnifications by using a digital camera 
(AVT Pike, Allied Vision Technologies, Stadtroda, Germany; 
Software AVT SmartView 1.9) placed on a Leica MS5 
stereomicroscope (Leica Microsystems, Wetzlar, Germany). To 
improve photographic quality background was masked (embryo 
with vessels of the yolk bag) by placing coffee creamer under the 
CAM with a syringe (Fig. 1), which was done prior to the last 
evaluation. After the last evaluation at day 14 the eggs were 
immediately frozen at -20 °C, killing the embryos.The images 
were further manipulated (bright contours) with Adobe Photoshop. 
ImageJ was usedto create black/white binary images for 
measuring vessel area and fractal dimension. Fractal dimension, 
the number that characterizes the distribution of the branching 
vascular system in two-dimensional space [22], was analysed by 
using the FracLac 2.5 plugin. 

 
Figure 1. Effect of placing coffee creamer under the CAM’s on the quality of photographs. (A) 
without creamer, (B) with creamer. Yolk bag vessels (under the CAM) are seen through the 
transparent CAM as indicated in A. These yolk bag vessels are no longer visible by placing coffee 
creamer under the CAM (see B). Vessels of the CAM are seen much better. 

2.4. Preparation and treatment of rat aortic rings (AOR 
assay). The aorta was removed from male anaesthetized 
LEW1.W and WOKW rats. Animals were killed in anaesthesia by 
dislocation of the spinal cord. Aortas were cleaned by removing 

fat and connective tissue and cut into 1 mm rings. Aortic rings 
were placed in 24-well plates and embedded in Matrigel. Five 
hundred microliters of DMEM were added after 30 min incubation 
at 37 °C in an atmosphere of 5 % CO2, 95 % air and a relative 
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humidity of 90%. At days 4 to 8 untreated or kINPen 09-treated 
medium (500 µl) was applied to aortic rings. VEGF was used as a 
positive control (final concentration 40 ng/ml) and dexamethasone 
(100 and 200 µg/ml) served as an inhibitor of vessel outgrow. All 
aortic rings were cultured as described above and photographed 
from day 4 (prior to application of plasma-treated medium) until 

day 8. Plasma-treated medium was applied daily. Vessel outgrow 
was analyzed semi-quantitatively by using composed pictures 
(Fig. 2) which were embedded into a template of 10 concentric 
rings which were divided into 12 sections. Sections with vessels 
were counted manually. 
 

 
Figure 2. (A) Vessel outgrow from aortic rings (x 40) which could not be photographed in their 
entirety. (B) Picture of one aortic ring composed of various photographs and embedded into a 
template for semi quantitative evaluation of vessel outgrows. 

 
2.5. Treatment of PBS or culture medium with plasma. Five 
milliliters of PBS or culture medium in 60 mm diameter Petri 
dishes were treated with the kINPen09 (INP Greifswald and 
neoplas GmbH Greifswald). In the center of a quartz capillary, a 
pin-type electrode was mounted. Argon as the feed gas flowed 
through the capillary (gas flow 3.8 standard litres per minute). A 
radio frequency voltage (1.1 MHz, 2–6 kV) was coupled to the 

center electrode. The plasma was generated from the top of the 
centre electrode and expands to the surrounding air outside the 
nozzle [16]. Treatment was done spirally for 30 s to 300 s using an 
X-Y-Z table (Fig. 3A). Apparent plasma jet cone was positioned at 
liquid level (Fig. 3B).  
2.6. Statistics. SigmaStat Software was used to check statistical 
significance (Student’s t-test and Mann-Whitney Rank Sum Test).

 
Figure 3. (A) Plasma jet kINPen 09 fixed in an XYZ table for plasma treatment. 
(B) Petri dish with PBS during plasma treatment, the apparent plasma jet cone 
was positioned at liquid level. 
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3. RESULTS SECTION 
 Normal growth of blood vessels could be observed by the 
CAM test, as shown by significant increase of vessel area and 
branching of vessels from embryonic day 11 to 14 (Fig. 4).  

 
Figure4.Effect of VEGF (200 ng/ml) on the vessel 
sprouting in CAMs.(A) Fractal dimension, (B) Vessel 
area. Open bars represent untreated controls and grey bars 
are CAMs treated with VEGF. Mean ± SD of 16 
independent experiments. *p<0.05; **p<0.01; 
***p<0.001. 

 

 
Figure5. Representative photographs of a CAM before 
VEGF- (A) and after VEGF-application (B). Some of new 
vascular trees are marked by arrows in (D). 

 VEGF, used as positive control, stimulated the growth of 
micro vessels (Fig. 4 and 5B).New vascular trees were detected 
after application of VEGF (200 ng/ml; Fig.5B). Quantification of 
vessel branching by fractal dimension demonstrated a significant 
enhancement of branching already at day 13 which was 
significantly higher at day 14 compared to untreated controls 
(Fig.4A). Thereby, quantification of vessel branching confirmed 
the microscopic impression (Fig.5B). Quantified vessel area also 
showed a positive effect of VEGF compared to untreated controls 
at embryonic day 14 (Fig.4B).For the evaluation of effects of non-
thermal atmospheric-pressure plasma on blood vessel area and 
branching of CAMs, embryos were covered with PBS previously 
treated with the kINPen 09 for 30, 60, 120 or 300 s. As shown in 
Fig. 6 plasma-treated PBS had no negative effects on vessel 
branching and area. PBS treated for 120 s with plasma caused a 
significant increase of fractal dimension at embryonic day 14 over 
that observed in untreated control CAM’s (Fig. 6A). 

 
Figure 6. Effect of argon plasma on fractal dimension (A) 
and vessel area (B) of CAMs covered with 200 µl 
untreated PBS (control), with 200 µl kINPen 09-treated 
PBS (Plasma) or with VEGF (40 ng/200 µl per CAM). 
Open bars represent CAMs at embryonic day 11 prior to 
treatment and grey bars are CAMs at embryonic day 14 
after three treatments. Untreated or plasma-treated PBS 
was applied daily from day 11 to day 13. Mean ± SD of 12 
independent experiments. *p<0.05; **p<0.01; 
***p<0.001. 

 This observation was confirmed by measurement of a 
significantly greater vessel area (Fig.6B). A longer plasma 
treatment (300 s) caused no additional effect.The second model 
used was the rat aortic ring test, in which a time-dependent 
sprouting from rat aortic explants was observed (Fig. 7). However, 
there was a difference between aortic rings obtained from 
LEW.1W or WOKW rats. While vessel outgrow of LEW.1W 
aortic rings followed a linear increase from day 4 to 8, a delayed 
increase from WOKW aortic rings was observed (Fig. 7). The 
system was validated by application of dexamethasone, a 
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substance belonging to an anti-angiogenic class of steroids [23]. In 
both LEW.1W and WOKW rats aortic rings vessel outgrow was 
inhibited at days 6 and 8, which was statistically significant by day 
8 (Fig. 7, black bars). Application of plasma-treated culture 
medium to aortic rings caused different effects on vessel outgrow. 
There was no influence of plasma on vessel outgrow of aortic 
rings from LEW.1W rats, neither with 60-s-treated nor with 120-s-
treated culture medium (Fig. 7A). Surprisingly, it was inhibited in 
aortic rings obtained from WOKW rats (Fig. 7B) again 
independent of whether the culture medium was plasma treated for 
60 s or 120 s. At day 8 a significant inhibition of vessel outgrow 
compared to untreated controls was detected. 

 
Figure 7. Semi-quantitative evaluation of vessel outgrow 
of aortic rings prepared from LEW.1W (A) or WOKW 
rats (B). Aortic rings remained untreated (untreated culture 
medium was applied; open bars), were covered with 
culture medium treated for 60 s (light grey bars) and 120 s 
with argon plasma using the kINPen 09 (dark grey bars) or 
were treated with 100 µg/ml dexamethasone (black bars). 
Mean ± SD of N = 3 for LEW.1W aortic rings and N = 7 
for WOKW aortic rings. *p<0.05; **p<0.01; ***p<0.001. 

4. DISCUSSION SECTION 
Among various angiogenesis models [24] we have chosen the ex-
vivo aortic ring assay, which resembles a wound [25,26] and the 
in-vivo (in-ovo) chick chorioallantoic membrane (CAM) assay 
[27,28]. We selected these because we wanted to use more 
complex models compared to typical in-vitro assays of 
proliferation, migration or tube-formation tests. Moreover, we 
used different experimental animals (chicken vs. rat) and different 
rat strains (LEW.1W vs. WOKW). Both models differ in the 
nature of vessel growth; in the CAM there is a two-dimensional 
growth while growth is three dimensional from aortic rings. The 
three dimensional growth of vessels makes a quantification of 
vessel area and branching quite difficult. Hence, a semi-
quantitative method was developed, which is simpler in practice as 

other techniques reported [25,29,30] and the results obtained 
reflect vessel sprouting in a realistic way. 

In the CAM assay we evaluated the model by use of the positive 
control VEGF. As expected VEGF used in a concentration of 200 
ng/ml stimulated vessel area and vessel branching measured as 
fractal dimension. The aortic ring assay was assessed by 
dexamethasone, which indeed inhibited vessel sprouting from rat 
aortic rings. This effect may possibly be caused by down-
regulation of NO production by iNOS [31]. In these experiments, 
plasma-treated liquids are applied to CAMs or aortic rings and 
cells never came into direct contact with the plasma. Thus, the 
influence of any radiation on the biological material can be 
excluded, e.g. electric fields and ultraviolet radiation as well as a 
thermal influence. When CAMs are directly treated with plasma, 
disruptions such as hyperemia, hemorrhages, lysis (vessels no 
longer visible), coagulation [32] and inflammation [33] have been 
observed. In contrast, here it could be shown that application of 
plasma-treated liquids had no negative effects on vessel branching 
and area.  

4.1. ROS generated by Plasma. Plasma with its electrons, ions, 
radicals, reactive molecules and radiation [34] induces reactive 
oxygen (ROS) and nitrogen species (RNS) in treated liquids [35]. 
In particular, hydroxyl radicals and nitric oxide (NO) are 
generated, which react to hydrogen peroxide (H2O2) and 
nitrate/nitrite. In cells NO can be formed from nitrate/nitrite. By 
treating liquids with surface dielectric barrier discharge plasma 
[35] NO, measured as nitrate, was induced. NO may well be the 
chemical species that stimulates angiogenesis. Reactive molecules 
do not only reach the cells by diffusion from the liquid. Plasma 
also induces intracellular ROS even after application of plasma-
treated liquids [16,17,18,19,21].  
4.2. Angiogenesis and ROS.ROS are important molecules in the 
regulation of angiogenesis [36,37]. Non-toxic concentrations of 
ROS stimulate growth of endothelial cells and increase 
transcription factors [38]. Hydrogen peroxide (H2O2) stimulated 
angiogenesis in-vitro at low concentrations, while high 
concentrations are inhibitory [39]. H2O2-induced angiogenesis is 
mediated by induction of iNOS [31] and the transcription factor 
ets-1 [40], which is also induced by nitric oxide (NO). 
Consequently, nitric oxide led to stimulation of in-vitro 
angiogenesis [41]. Dexamethasone down-regulates NO production 
by iNOS and accordingly angiogenesis, underlying the importance 
of ROS as pro-angiogenic molecules [31]. A number of other 
reports emphasize the pro-angiogenic role of NO in different 
models [42,43,44,45,46]. Indeed NO was also found to exert an 
inhibitory effect on angiogenesis and cell proliferation, depending 
on the assay used [47]. It is not absolutely clear whether NO 
affects angiogenesis directly or whether the pro-angiogenic effect 
is mediated by increasing VEGF [48]. There are several reports 
that confirm the induction of VEGF synthesis in different cells 
[49,50,51].  
4.3. Angiogenesis and Genetic Background.Exposure of aortic 
rings to plasma-treated culture medium led to various effects on 
vessel outgrow. There was no influence of plasma on vessel 
outgrow of aortic rings from LEW.1W rats. Surprisingly, the 
outgrow was significantly inhibited in aortic rings obtained from 
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WOKW rats. The reason for this inhibitory effect remains unclear. 
Vessel sprouting in the aortic ring assay is dependent on the 
genetic background, as shown for VEGF effects in different 
mouse strains [52]. Hence, differing effects of plasma-treated 
media on aortic rings from LEW.1W and WOKW rats might be 
caused by the different genetic background of these strains. 
Furthermore, even between males and females vessel outgrow is 
different and depends additionally on age of animals used [53]. In 
this study only young male rats were used. 
4.4. Influence of different liquids.In contrast to CAMs the aortic 
rings were not covered with plasma-treated PBS, but with plasma-
treated culture medium. Both liquids differ markedly in their 
composition. While PBS is simply a phosphate-buffered saline, 
culture medium additionally contains for example essential amino 
acids, various inorganic salts, glucose, phenol red, vitamins. Some 
of the amino acids are active as antioxidant substances, e.g. 
cysteine. Methionine can be metabolized into homocysteine and is 
important for repair of nucleic acids and cell membrane which are 
damaged by oxidative reactions. Other antioxidants present in the 
culture medium are nicotinamide and inositol. The latter inhibits 
the generation of nitrogen radicals. Even glucose is important in 
this regard since ascorbic acid as a major antioxidative reactive 
molecule is synthetized from glucose in rats. These antioxidative 
substances could counteract the effects of plasma-generated ROS 
important for promoting angiogenesis. This is an explanation for 
the different reaction pattern of vessel formation in CAM’s and 
aortic rings but not for different vessel sprouting between rat 
strains used.  
4.5. Regulation of Angiogenesis by soluble factors.Angiogenesis 
is highly regulated by a great variety of factors which can act in an 
anticrime or paracrine fashion, leading to activation of the 
corresponding receptors [54]. In theaortic ring model paracrine 
regulation by different cell types of the vessel wall influences 
angiogenesis markedly [55]. Endogenous growth factors as well as 
resident macrophages, inflammatory cytokines and chemokines 
play a key role. The spontaneous vessel outgrow is a self-limiting 

process induced by the injury of the dissection and stops during 
the second week in culture. Growth factors (VEGF, basic 
fibroblast factor), inflammatory cytokines (interleukin 6, 
macrophage inhibitory factor, tumor necrosis factor-α) and 
different chemokines which are produced by the aortic rings 
contribute together to vessel formation [55]. By blocking 
endogenous VEGF, angiogenesis was inhibited in the CAM assay 
indicating also a paracrine interaction in the CAM assay [56]. 
Paracrine interaction between tube-forming endothelial cells and 
pro-angiogenic factor-producing non-endothelial cells can also be 
influenced by plasma-treated media. It is known for keratinocytes, 
that plasma induced both secretion of VEGF and heparin-binding 
EGF-like growth factor (HB-EGF) [57]. The latter affects 
keratinocytes and fibroblasts, thereby promoting dermal repair and 
angiogenesis.  
4.6. Angiogenesis and Adhesion Molecules.Additionally, 
angiogenesis is fundamentally influenced by adhesion molecules, 
especially by integrin expression on endothelial cells mediating 
cell-matrix interaction [58,59,60,61]. These cell adhesion 
molecules have emerged as critical mediators and regulators of 
angiogenesis. Integrins playing a major role in the angiogenic 
process are heterodimers of αv- with different β-integrins (β3, 5) 
and of β1- with various α-integrins (α1 to 6). Non-thermal plasma 
is known to modify integrins on fibroblasts, keratinocytes and 
immune cells [15,16,17,20,62,63]. β1-Integrin on fibroblasts 
activated by plasma accumulates within focal adhesions, thereby 
reducing migration of these cells [63]. Reduced migration rate is 
also observed for primary fibroblasts due to a decrease of αv and 
β1 integrins [62]. However, plasma can also enhance integrins as 
reported for adherent cultured keratinocytes [17]. Although 
endothelial cells have not yet been investigated, it can be expected 
that integrin expression is also influenced by plasma on those 
cells. Proliferation, which is also dependent on integrin-mediated 
adhesion to the extracellular matrix, was found to be enhanced in 
endothelial cells by plasma [3,14]. 

 
5. CONCLUSIONS 
 With these studies we present for the first time quantitative 
and semi-quantitative data of blood vessel sprouting under non-
thermal plasma treatment by using different in-vivo and ex-vivo 
methods. Surprisingly, plasma exerted differential effects on 
angiogenesis, either pro- or anti-angiogenic responses or had no 
effect. This phenomenon leads us to conclude, that the use of more 

than one angiogenesis model is absolutely essential for studying 
such effects.  
 In future work we will investigate the key players in the 
concerted action of angiogenesis under the influence of plasma to 
learn how plasma has to be designed for either pro- or anti-
angiogenic responses. 
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ABSTRACT

Angiogenesis is a special feature in wound healing and carcinogenesis. For improving wound healing angiogenesis should be promoted, whereas in treating tumors it should be inhibited.Depending on several factors physical non-thermal plasmas can stimulate or inhibit cellular processes and can, thereby, influence angiogenesis. This study focused on effects of plasma on angiogenesis in the chick embryo chorioallantoic membrane (CAM) assay and rat aortic ring (AOR) test, in which plasma-treated PBS or medium was applied. ImageJ was used to analyze vessel area and branching of vessels of CAM’s. Aortic rings (LEW.1W, WOK.W rats) embedded in Matrigel were analyzed by a newly-developed semi-quantitative method to quantify vessel sprouting from aortic rings. In both models spontaneous vessel formation was detected. Vessel area and branching in CAM’s were significantly enhanced by 120-s-plasma-treated PBS compared to untreated controls. This result was comparable with the effect of the growth factor VEGF. No effect of plasma on vessel sprouting from AOR prepared from LEW.1W rats was detected, while it was significantly inhibited in rings of WOK.W rats. Dexamethasone inhibited vessel sprouting from AOR of both rat strains. In conclusion, angiogenic response to plasma was found to be differentially influenced, depending on the models used and on the rat strain in the AOR test. It will now be of importance to learn how plasma has to be designed for either pro- or anti-angiogenic responses.

keywords:plasmamedicine, angiogenesis, HET-CAM, rat aortic ring test, non-thermal atmospheric-pressure plasma, VEGF, reactive oxygen radicals, plasma jet.
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Recently, the use of physical plasma in treating living cells and tissues has become feasible since it is now possible to generate non-thermal plasmas at atmospheric pressure with temperatures between about 20 and 40 °C. A plasma is ignited if energy is introduced to a gas, e.g. air, helium or argon, resulting in the ionization of the gas and the generation of different neutral and charged particles, electric fields, reactive molecules (e.g. radicals) and radiation (e.g. UVB). Non-thermal plasmas can stimulate or inhibit cellular processes; some of these effects are mediated by reactive oxygen species [1,2,3]. Hence, plasma could be useful in the management of chronic infected wounds [4,5,6,7] owing to antimicrobial effects [8] and the ability to remove biofilms [9,10,11]. Furthermore, plasma stimulation of wound relevant cells (keratinocytes or fibroblasts) as well as stimulation of angiogenesis could offer additional mechanisms for improving wound healing. Especially in chronic infected wounds aberrant angiogenesis is evident. Therefore, it is of great interest to know if angiogenesis is influenced by non-thermal plasma. Formation of new blood vessels from the pre-existing vascular network is important for various physiological processes such as embryogenesis and wound healing, but angiogenesis is also an essential process for growth and spread of solid tumors. The angiogenic process is stimulated by a lack of oxygen supply and a great variety of endogenous pro-angiogenic factors, as e. g. reactive oxygen species (ROS), nitric oxide (NO), growth factors (VEGF, EGF, FGF), and cytokines (IL-1, 2, 6, 8; TNF-α and –β, TGF). Particularly, the generation of reactive oxygen and nitrogen species makes non-thermal plasma attractive for influencing angiogenesis. Indeed, it was shown that non-thermal plasma is able to enhance tube formation by endothelial cells through reactive oxygen species [12], especially by the presence of hydroxyl radical and hydrogen peroxide [13]. Additionally, endothelial cell proliferation is enhanced by plasma through fibroblast growth factor-2 release (FGF-2) promoting angiogenesis [14]. As mentioned, these investigations were done with the in vitro tube formation assay with primary porcine aortic endothelial cells. 

Based on our knowledge and experiences on plasma-cell interactions [15,16,17,18,19,20,21], we aimed to investigate whether or not non-thermal atmospheric-pressure plasma influences the formation of new microvessels using more complex models like the rat aortic ring assay (AOR assay) and the in-ovo chick embryo chorioallantoic membrane assay (CAM assay). For this purpose, plasma-treated culture medium or plasma-treated phosphate buffered saline (PBS) was placed on the CAMs and on Matrigel embedded aortic rings. As plasma source the plasma jet kINPen 09 was used.





2. EXPERIMENTAL SECTION



	2.1. Materials. Cell culture plastics were purchased from TPP (Trasadingen, Switzerland). Dulbecco's Modified Eagle Medium (DMEM) with L-glutamine, fetal calf serum (FCS), came from Sigma (Taufkirchen/Deisenhofen, Germany). Penicillin and streptomycin were purchased from Lonza (Verviers, Belgium) and phosphate buffered saline (PBS) and Hank’s balanced salt solution (HbSS) came from PAA (Cölbe, Germany). Matrigel-Matrix Growth Factor 1 (Matrigel) from Becton Dickinson was obtained from VWR International (Darmstadt, Germany).

	2.2. Animals.Male LEW.1W and WOKW rats (RT1u) were bred at the Division of Laboratory Animal Science of the University of Greifswald and used at an age of 10 weeks. They were kept in a humidity and temperature-controlled facility with lights from 6:00 a.m. to 6:00 p.m. They had free access to a standard rat chow (Ssniff, Soest, Germany) containing 0.6 % NaCl and fresh tap water ad libitum. All experiments were approved by a governmental committee on animal welfare.

	2.3. Preparation and treatment of chick embryo chorioallantoic membranes (CAM assay). Specific pathogen free eggs were kindly provided by Prof. Dr. Tim Harder and Dr. Christian Grund (Friedrich-Löffler-Institute, Riems, Germany). Fertilized eggs were incubated at 37 °C and 60% relative air humidity. They were placed horizontally and manually rotated twice per day. At embryonic day 7 eggs were candled using a special BRUJA-LED lamp (Brutmaschinen-Janeschitz GmbH, Hammelburg, Germany) to prove viability of embryos and to exclude eggs which were unfertilized. The shell of eggs with viable embryos was opened at the blunt side with the air space (hole of about 7 mm diameter). The little hole was closed by using tape (Tesa®) and the eggs were further incubated upstanding without rotation. For preparation of the CAM the holes were enlarged on embryonic day 10, for which the egg membrane was removed after it had been wetted with HBSS. For treatment the CAMs were covered with either 200 µl PBS (untreated control), 200 µl (40 ng/CAM) vascular endothelial growth factor (VEGF, Jena Bioscience, Germany) or with 200 µl kINPen 09-treated PBS. VEGF was diluted in PBS. PBS was treated for 30 to 300 s with the kINPen 09. CAMs were covered at days 11, 12 and 13 with fresh plasma-treated PBS or with fresh VEGF in PBS. Photographs of the CAMs were taken daily before and after treatment at different magnifications by using a digital camera (AVT Pike, Allied Vision Technologies, Stadtroda, Germany; Software AVT SmartView 1.9) placed on a Leica MS5 stereomicroscope (Leica Microsystems, Wetzlar, Germany). To improve photographic quality background was masked (embryo with vessels of the yolk bag) by placing coffee creamer under the CAM with a syringe (Fig. 1), which was done prior to the last evaluation. After the last evaluation at day 14 the eggs were immediately frozen at -20 °C, killing the embryos.The images were further manipulated (bright contours) with Adobe Photoshop. ImageJ was usedto create black/white binary images for measuring vessel area and fractal dimension. Fractal dimension, the number that characterizes the distribution of the branching vascular system in two-dimensional space [22], was analysed by using the FracLac 2.5 plugin.





Figure 1. Effect of placing coffee creamer under the CAM’s on the quality of photographs. (A) without creamer, (B) with creamer. Yolk bag vessels (under the CAM) are seen through the transparent CAM as indicated in A. These yolk bag vessels are no longer visible by placing coffee creamer under the CAM (see B). Vessels of the CAM are seen much better.



2.4. Preparation and treatment of rat aortic rings (AOR assay).	The aorta was removed from male anaesthetized LEW1.W and WOKW rats. Animals were killed in anaesthesia by dislocation of the spinal cord. Aortas were cleaned by removing fat and connective tissue and cut into 1 mm rings. Aortic rings were placed in 24-well plates and embedded in Matrigel. Five hundred microliters of DMEM were added after 30 min incubation at 37 °C in an atmosphere of 5 % CO2, 95 % air and a relative humidity of 90%. At days 4 to 8 untreated or kINPen 09-treated medium (500 µl) was applied to aortic rings. VEGF was used as a positive control (final concentration 40 ng/ml) and dexamethasone (100 and 200 µg/ml) served as an inhibitor of vessel outgrow. All aortic rings were cultured as described above and photographed from day 4 (prior to application of plasma-treated medium) until day 8. Plasma-treated medium was applied daily. Vessel outgrow was analyzed semi-quantitatively by using composed pictures (Fig. 2) which were embedded into a template of 10 concentric rings which were divided into 12 sections. Sections with vessels were counted manually.







Figure 2. (A) Vessel outgrow from aortic rings (x 40) which could not be photographed in their entirety. (B) Picture of one aortic ring composed of various photographs and embedded into a template for semi quantitative evaluation of vessel outgrows.





2.5. Treatment of PBS or culture medium with plasma. Five milliliters of PBS or culture medium in 60 mm diameter Petri dishes were treated with the kINPen09 (INP Greifswald and neoplas GmbH Greifswald). In the center of a quartz capillary, a pin-type electrode was mounted. Argon as the feed gas flowed through the capillary (gas flow 3.8 standard litres per minute). A radio frequency voltage (1.1 MHz, 2–6 kV) was coupled to the center electrode. The plasma was generated from the top of the centre electrode and expands to the surrounding air outside the nozzle [16]. Treatment was done spirally for 30 s to 300 s using an X-Y-Z table (Fig. 3A). Apparent plasma jet cone was positioned at liquid level (Fig. 3B). 

2.6. Statistics. SigmaStat Software was used to check statistical significance (Student’s t-test and Mann-Whitney Rank Sum Test).



Figure 3. (A) Plasma jet kINPen 09 fixed in an XYZ table for plasma treatment. (B) Petri dish with PBS during plasma treatment, the apparent plasma jet cone was positioned at liquid level.

3. RESULTS SECTION



	Normal growth of blood vessels could be observed by the CAM test, as shown by significant increase of vessel area and branching of vessels from embryonic day 11 to 14 (Fig. 4). 



Figure4.Effect of VEGF (200 ng/ml) on the vessel sprouting in CAMs.(A) Fractal dimension, (B) Vessel area. Open bars represent untreated controls and grey bars are CAMs treated with VEGF. Mean ± SD of 16 independent experiments. *p<0.05; **p<0.01; ***p<0.001.





Figure5. Representative photographs of a CAM before VEGF- (A) and after VEGF-application (B). Some of new vascular trees are marked by arrows in (D).

	VEGF, used as positive control, stimulated the growth of micro vessels (Fig. 4 and 5B).New vascular trees were detected after application of VEGF (200 ng/ml; Fig.5B). Quantification of vessel branching by fractal dimension demonstrated a significant enhancement of branching already at day 13 which was significantly higher at day 14 compared to untreated controls (Fig.4A). Thereby, quantification of vessel branching confirmed the microscopic impression (Fig.5B). Quantified vessel area also showed a positive effect of VEGF compared to untreated controls at embryonic day 14 (Fig.4B).For the evaluation of effects of non-thermal atmospheric-pressure plasma on blood vessel area and branching of CAMs, embryos were covered with PBS previously treated with the kINPen 09 for 30, 60, 120 or 300 s. As shown in Fig. 6 plasma-treated PBS had no negative effects on vessel branching and area. PBS treated for 120 s with plasma caused a significant increase of fractal dimension at embryonic day 14 over that observed in untreated control CAM’s (Fig. 6A).



Figure 6. Effect of argon plasma on fractal dimension (A) and vessel area (B) of CAMs covered with 200 µl untreated PBS (control), with 200 µl kINPen 09-treated PBS (Plasma) or with VEGF (40 ng/200 µl per CAM). Open bars represent CAMs at embryonic day 11 prior to treatment and grey bars are CAMs at embryonic day 14 after three treatments. Untreated or plasma-treated PBS was applied daily from day 11 to day 13. Mean ± SD of 12 independent experiments. *p<0.05; **p<0.01; ***p<0.001.

	This observation was confirmed by measurement of a significantly greater vessel area (Fig.6B). A longer plasma treatment (300 s) caused no additional effect.The second model used was the rat aortic ring test, in which a time-dependent sprouting from rat aortic explants was observed (Fig. 7). However, there was a difference between aortic rings obtained from LEW.1W or WOKW rats. While vessel outgrow of LEW.1W aortic rings followed a linear increase from day 4 to 8, a delayed increase from WOKW aortic rings was observed (Fig. 7). The system was validated by application of dexamethasone, a substance belonging to an anti-angiogenic class of steroids [23]. In both LEW.1W and WOKW rats aortic rings vessel outgrow was inhibited at days 6 and 8, which was statistically significant by day 8 (Fig. 7, black bars). Application of plasma-treated culture medium to aortic rings caused different effects on vessel outgrow. There was no influence of plasma on vessel outgrow of aortic rings from LEW.1W rats, neither with 60-s-treated nor with 120-s-treated culture medium (Fig. 7A). Surprisingly, it was inhibited in aortic rings obtained from WOKW rats (Fig. 7B) again independent of whether the culture medium was plasma treated for 60 s or 120 s. At day 8 a significant inhibition of vessel outgrow compared to untreated controls was detected.



Figure 7. Semi-quantitative evaluation of vessel outgrow of aortic rings prepared from LEW.1W (A) or WOKW rats (B). Aortic rings remained untreated (untreated culture medium was applied; open bars), were covered with culture medium treated for 60 s (light grey bars) and 120 s with argon plasma using the kINPen 09 (dark grey bars) or were treated with 100 µg/ml dexamethasone (black bars). Mean ± SD of N = 3 for LEW.1W aortic rings and N = 7 for WOKW aortic rings. *p<0.05; **p<0.01; ***p<0.001.

4. DISCUSSION SECTION

Among various angiogenesis models [24] we have chosen the ex-vivo aortic ring assay, which resembles a wound [25,26] and the in-vivo (in-ovo) chick chorioallantoic membrane (CAM) assay [27,28]. We selected these because we wanted to use more complex models compared to typical in-vitro assays of proliferation, migration or tube-formation tests. Moreover, we used different experimental animals (chicken vs. rat) and different rat strains (LEW.1W vs. WOKW). Both models differ in the nature of vessel growth; in the CAM there is a two-dimensional growth while growth is three dimensional from aortic rings. The three dimensional growth of vessels makes a quantification of vessel area and branching quite difficult. Hence, a semi-quantitative method was developed, which is simpler in practice as other techniques reported [25,29,30] and the results obtained reflect vessel sprouting in a realistic way.

In the CAM assay we evaluated the model by use of the positive control VEGF. As expected VEGF used in a concentration of 200 ng/ml stimulated vessel area and vessel branching measured as fractal dimension. The aortic ring assay was assessed by dexamethasone, which indeed inhibited vessel sprouting from rat aortic rings. This effect may possibly be caused by down-regulation of NO production by iNOS [31]. In these experiments, plasma-treated liquids are applied to CAMs or aortic rings and cells never came into direct contact with the plasma. Thus, the influence of any radiation on the biological material can be excluded, e.g. electric fields and ultraviolet radiation as well as a thermal influence. When CAMs are directly treated with plasma, disruptions such as hyperemia, hemorrhages, lysis (vessels no longer visible), coagulation [32] and inflammation [33] have been observed. In contrast, here it could be shown that application of plasma-treated liquids had no negative effects on vessel branching and area. 

4.1. ROS generated by Plasma. Plasma with its electrons, ions, radicals, reactive molecules and radiation [34] induces reactive oxygen (ROS) and nitrogen species (RNS) in treated liquids [35]. In particular, hydroxyl radicals and nitric oxide (NO) are generated, which react to hydrogen peroxide (H2O2) and nitrate/nitrite. In cells NO can be formed from nitrate/nitrite. By treating liquids with surface dielectric barrier discharge plasma [35] NO, measured as nitrate, was induced. NO may well be the chemical species that stimulates angiogenesis. Reactive molecules do not only reach the cells by diffusion from the liquid. Plasma also induces intracellular ROS even after application of plasma-treated liquids [16,17,18,19,21]. 

4.2. Angiogenesis and ROS.ROS are important molecules in the regulation of angiogenesis [36,37]. Non-toxic concentrations of ROS stimulate growth of endothelial cells and increase transcription factors [38]. Hydrogen peroxide (H2O2) stimulated angiogenesis in-vitro at low concentrations, while high concentrations are inhibitory [39]. H2O2-induced angiogenesis is mediated by induction of iNOS [31] and the transcription factor ets-1 [40], which is also induced by nitric oxide (NO). Consequently, nitric oxide led to stimulation of in-vitro angiogenesis [41]. Dexamethasone down-regulates NO production by iNOS and accordingly angiogenesis, underlying the importance of ROS as pro-angiogenic molecules [31]. A number of other reports emphasize the pro-angiogenic role of NO in different models [42,43,44,45,46]. Indeed NO was also found to exert an inhibitory effect on angiogenesis and cell proliferation, depending on the assay used [47]. It is not absolutely clear whether NO affects angiogenesis directly or whether the pro-angiogenic effect is mediated by increasing VEGF [48]. There are several reports that confirm the induction of VEGF synthesis in different cells [49,50,51]. 

4.3. Angiogenesis and Genetic Background.Exposure of aortic rings to plasma-treated culture medium led to various effects on vessel outgrow. There was no influence of plasma on vessel outgrow of aortic rings from LEW.1W rats. Surprisingly, the outgrow was significantly inhibited in aortic rings obtained from WOKW rats. The reason for this inhibitory effect remains unclear. Vessel sprouting in the aortic ring assay is dependent on the genetic background, as shown for VEGF effects in different mouse strains [52]. Hence, differing effects of plasma-treated media on aortic rings from LEW.1W and WOKW rats might be caused by the different genetic background of these strains. Furthermore, even between males and females vessel outgrow is different and depends additionally on age of animals used [53]. In this study only young male rats were used.

4.4. Influence of different liquids.In contrast to CAMs the aortic rings were not covered with plasma-treated PBS, but with plasma-treated culture medium. Both liquids differ markedly in their composition. While PBS is simply a phosphate-buffered saline, culture medium additionally contains for example essential amino acids, various inorganic salts, glucose, phenol red, vitamins. Some of the amino acids are active as antioxidant substances, e.g. cysteine. Methionine can be metabolized into homocysteine and is important for repair of nucleic acids and cell membrane which are damaged by oxidative reactions. Other antioxidants present in the culture medium are nicotinamide and inositol. The latter inhibits the generation of nitrogen radicals. Even glucose is important in this regard since ascorbic acid as a major antioxidative reactive molecule is synthetized from glucose in rats. These antioxidative substances could counteract the effects of plasma-generated ROS important for promoting angiogenesis. This is an explanation for the different reaction pattern of vessel formation in CAM’s and aortic rings but not for different vessel sprouting between rat strains used. 

4.5. Regulation of Angiogenesis by soluble factors.Angiogenesis is highly regulated by a great variety of factors which can act in an anticrime or paracrine fashion, leading to activation of the corresponding receptors [54]. In theaortic ring model paracrine regulation by different cell types of the vessel wall influences angiogenesis markedly [55]. Endogenous growth factors as well as resident macrophages, inflammatory cytokines and chemokines play a key role. The spontaneous vessel outgrow is a self-limiting process induced by the injury of the dissection and stops during the second week in culture. Growth factors (VEGF, basic fibroblast factor), inflammatory cytokines (interleukin 6, macrophage inhibitory factor, tumor necrosis factor-α) and different chemokines which are produced by the aortic rings contribute together to vessel formation [55]. By blocking endogenous VEGF, angiogenesis was inhibited in the CAM assay indicating also a paracrine interaction in the CAM assay [56]. Paracrine interaction between tube-forming endothelial cells and pro-angiogenic factor-producing non-endothelial cells can also be influenced by plasma-treated media. It is known for keratinocytes, that plasma induced both secretion of VEGF and heparin-binding EGF-like growth factor (HB-EGF) [57]. The latter affects keratinocytes and fibroblasts, thereby promoting dermal repair and angiogenesis. 

4.6. Angiogenesis and Adhesion Molecules.Additionally, angiogenesis is fundamentally influenced by adhesion molecules, especially by integrin expression on endothelial cells mediating cell-matrix interaction [58,59,60,61]. These cell adhesion molecules have emerged as critical mediators and regulators of angiogenesis. Integrins playing a major role in the angiogenic process are heterodimers of αv- with different β-integrins (β3, 5) and of β1- with various α-integrins (α1 to 6). Non-thermal plasma is known to modify integrins on fibroblasts, keratinocytes and immune cells [15,16,17,20,62,63]. β1-Integrin on fibroblasts activated by plasma accumulates within focal adhesions, thereby reducing migration of these cells [63]. Reduced migration rate is also observed for primary fibroblasts due to a decrease of αv and β1 integrins [62]. However, plasma can also enhance integrins as reported for adherent cultured keratinocytes [17]. Although endothelial cells have not yet been investigated, it can be expected that integrin expression is also influenced by plasma on those cells. Proliferation, which is also dependent on integrin-mediated adhesion to the extracellular matrix, was found to be enhanced in endothelial cells by plasma [3,14].





5. CONCLUSIONS
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	With these studies we present for the first time quantitative and semi-quantitative data of blood vessel sprouting under non-thermal plasma treatment by using different in-vivo and ex-vivo methods. Surprisingly, plasma exerted differential effects on angiogenesis, either pro- or anti-angiogenic responses or had no effect. This phenomenon leads us to conclude, that the use of more than one angiogenesis model is absolutely essential for studying such effects. 

	In future work we will investigate the key players in the concerted action of angiogenesis under the influence of plasma to learn how plasma has to be designed for either pro- or anti-angiogenic responses.
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