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1. INTRODUCTION 
 

1.1 Intraperitoneal Adhesions 
 

Up to date, postoperative intraperitoneal adhesions remain a serious problem and frequent 

postoperative complication in the field of abdominal and pelvic surgery. They affect the 

outcome of surgeries and in particular the patient’s quality of life. Studies estimate the 

incidence of postoperative adhesions at 67-93 % [2].  

Adhesions are a naturally occurring consequence of tissue trauma resulting from injury, 

radiation or infection [3]. Following the trauma, a cascade of events is triggered leading 

to the formation of fibrinous adhesions in which different kind of cell types are involved. 

In short, adhesion bands are the results of disproportionate extracellular matrix (ECM) 

synthesis and reduced ECM degradation. Therefore, adhesions mainly consist of collagen 

and fibronectin fibers [4]. 

Especially in the field of gynecologic surgery, intraperitoneal adhesions are still present 

and no satisfactory solution for prevention has been found so far. Studies have shown that 

about one third of all patients undergoing open abdominal surgery were readmitted to the 

hospital due to complications resulting from the formation of intraperitoneal adhesions 

[5]. For instance, women undergoing abdominal hysterectomy have a significant higher 

risk to develop adhesion related small bowel obstruction and therefore often require 

emergency surgery [3].  

Besides the resulting health related complications, longer surgery and therefore higher 

risks for intraoperative complications, postoperative intraperitoneal adhesions also have 

a major impact on health care costs. In the United States (US), health costs of more than 

one billion dollars yearly can be attributed to intraperitoneal adhesions [3].  
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1.2 Pathophysiology 
The peritoneum is a membrane lining the abdominal cavity while covering the intestinal 

organs and connecting them to each other or the abdominal wall. Consisting of a parietal 

and a visceral part, it creates the peritoneal cavity containing up to 100 ml peritoneal fluid 

(Figure 1). Furthermore, it acts as a lubricant and allows the two walls to shift against 

each other without causing patient discomfort [4].  The abdominal cavity is lined with a 

monolayer of mesothelial cells also called mesothelium supported by another thin layer 

of connective tissue containing fibroblasts. These cells play a crucial part in the process 

of adhesion formation [6]. 

Stroma 
 

 

Mesothelial  
cells 

 

Visceral 
layer 

 
 

Parietal  
layer 

 

Figure 1. Schematic representation of the peritoneal anatomy. The abdominal cavity 
is lined by the peritoneum. The parietal layer (red) bounds the whole abdominal cavity, 
the visceral layer (blue) fits to selected internal organs such as parts of the colon and the 
liver. Histologically, mesothelial cells cover the surface of peritoneum. The underlying 
constructive tissue (stroma) consists of fibroblasts as well as of ECM forming structures 
such as collagen, fibronectin and proteoglycans. This figure was already published in 
Rasch, M.-L. and Holl, M. et al., Cell Type-Specific Anti-Adhesion Properties of 
Peritoneal Cell Treatment with Plasma-Activated Media (PAM). Biomedicines 2022, 10, 
927 [1]. Created with BioRender.com. 
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In case of tissue damage, e.g. caused by abdominal surgery, the mesothelial surface no 

longer protects the underlying tissue. This induces an inflammatory environment which 

subsequently results in a repair process. This process aims to restore the mesothelial cell 

layer and the injured connective tissue by synthesis of ECM components like collagen 

and fibronectin. Different modifications of the physiological wound healing process can 

lead to increased adhesion formation. An overstimulation of cells, an overproduction of 

collagen or fibronectin or an imbalance of cytokines represent examples for pathological 

wound healing processes leading to adhesion formation [4, 6].  

Within 24 h after injury of the peritoneum, neutrophils and macrophages migrate into the 

wound. By secreting different cytokines, those cells initiate the repair process by 

promoting further transmesothelial migration of macrophages and neutrophils. On the 

other hand, the cytokines boost an inflammatory reaction of the tissue. By releasing 

vasoactive substances such as histamine, stromal mast cells promote the extravasation of 

leucocytes and plasma proteins into the tissue. Due to the injury, collagen of the 

connective tissue gets exposed to the blood platelets which results in thrombin generation 

[4].  

The first cytokines being present after peritoneal injury are tumor necrosis factor alpha 

(TNF-alpha) and Interleukin-1 (IL-1). TNF-alpha is a cytokine which levels are rapidly 

increasing right after the event of peritoneal injury. It accelerates the wound healing 

process by stimulating the fibrin production of the fibroblasts and therefore the ECM 

synthesis [7]. Elevated levels of TNF-alpha in the peritoneal fluid correlate with the 

severeness of the adhesions and can therefore be considered as an indicator for adhesion 

formation [4]. Furthermore, TNF-alpha increases the release of other cytokines, such as 

IL-1 [7]. IL-1 itself leads to the activation of inflammatory cells and the release of other 

cytokines starting an inflammatory reaction as well. On the other hand, IL-1 stimulates 

the proliferation of fibroblasts which play a crucial role in the formation of peritoneal 

adhesions [8]. Transforming growth factor beta 1 (TGF-beta 1) is another cytokine being 

present in the injured peritoneal cavity. During the wound healing process, TGF-beta 

stimulates the wound contraction process as well as angiogenesis [4]. Since TGF-beta 1 

leads to an increased expression of collagen type 1 and Plasminogen-activator-inhibitors 

(PAIs) - especially during a hypoxic state - elevated levels can be particularly found in 
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patients with intraperitoneal adhesions [4]. Besides TNF-alpha, TGF-beta 1 may therefore 

serve as another marker for adhesion formation.  

An important component of the wound exudate is fibrin. After accumulating over the 

injured area, fibrin creates a stable matrix for migration of inflammatory and repair cells. 

In case of physiological wound healing, most of the fibrin is degraded during the process 

of fibrinolysis within 72-120 h [4]. This process is regulated through the enzyme plasmin 

by breaking down the fibrinous structures. Plasmin itself must be activated first by tissue 

thromboplastin activator (tPA). On the other hand, plasmin can be inactivated by PAIs 

which are upregulated by trauma, cancer, or infection. This leads to a decreased break 

down of fibrinous structures. It has been shown that the tPa/PAI ratio is up to 80 % higher 

in regular peritoneal fibroblast than in adhesion associated fibroblasts. The ratio therefore 

can be used as an indicator for adhesiogenic and fibrinolytic potential [4].  

Besides different cytokines, hypoxia plays another crucial part in the process of increased 

adhesion formation. Due to the surgical procedure, the tissue no longer gets sufficient 

oxygen supply and nutrients. As a result of the hypoxic state, a series of molecular 

processes takes place, promoting inflammation and further leading to more fibrous tissue 

[9]. Furthermore, hypoxia effects the persistence of the fibrin matrix [10]. Hypoxia 

therefore leads to an increased expression of TGF-beta and collagen, but also to elevated 

PAI-I levels which result in decreased fibrinolysis, persistent fibrin matrices and therefore 

increased adhesion formation [4].  

Apart of the affection of the collagen synthesis, hypoxia also promotes the expression of 

the glycoprotein dimer fibronectin, a major component of the ECM which is linking other 

matrix components [4]. Moreover, fibronectin is greatly involved in all stages of wound 

healing. Its interaction with fibroblasts enables them to migrate into the wound to 

synthesize further ECM components [11]. It has been shown that a fibronectin-rich ECM 

promotes further collagen type I and elastic fibers assembly and therefore matrix 

deposition [11]. Accordingly, an increased number of fibronectin molecules promotes 

additional ECM deposition and increased adhesion formation.  

As stated, collagen represents a main part of the ECM and therefore of adhesion bands. 

28 different types of collagen are known which can be further divided into categories like 
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fibril-forming, basement forming and network-forming collagens [12]. In the ECM and 

adhesion bands, collagen I - a fibril forming collagen - plays an essential role [4].  

Collagen synthesis consists of different steps creating a stable triple-helix and strong 

ECM. A mutual characteristic feature of all collagen types is a right-handed triple-helix 

which contains three left-handed alpha-chains. The amino acid sequences of each alpha-

chain feature a glycine molecule in every third place (Glycine-X-Y) which allows its left-

handed turn [12, 13]. The other both positions often consist of lysin and proline as well 

as their hydroxylated forms hydroxyproline and hydroxylysine. Hydroxyproline is 

specific for collagen molecules which makes it an ideal marker for collagen detection 

[14]. The hydroxylation of proline and lysin is a posttranslational, intracellular 

modification of the procollagen molecule [13]. Another posttranslational modification is 

glycosylation. Furthermore, the three alpha-chains assemble to a triple helix [12]. For 

secretion of collagen, the triple helix molecules are packed into vesicles within the Golgi 

apparatus before the release out of the cell. Then, both ends of the triple helix - more 

specifically the N- and the C-propeptide - get cleaved off which allows an extracellular 

fibril assembly [13]. Finally, the fibrils get further stabilized by covalent cross-links 

leading to enhanced mechanical resistance of collagen fibrils [12]. 

Following the enhanced matrix deposition and the decreased fibrinolysis, vascularization 

and angiogenesis of the adhesion bands eventually occur. In this process vascular 

endothelial growth factor (VEGF), expressed by mesothelial, endothelial and mast cells, 

plays a major role. Due to the improved nutrition and oxygen supply trough new blood 

vessels, adhesions are strengthening [4].  

Apart from components like fibronectin and collagen, the ECM also contains enzymes 

like matrix metalloproteinases (MMP) which are essential for ECM remodeling and 

wound healing. Especially any imbalance in the activities of MMP-2 and MMP-9 may 

enhance the severeness of peritoneal adhesions. Both of those enzymes are decisive 

during the wound healing process because they degrade several matrix components, 

preventing an excess of scar tissue. Moreover, they contribute to the formation of new 

blood vessels by activating cytokines like TNF-alpha and VEGF [15]. 
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Over the time, maturation of the adhesions takes place. Patients may not feel any 

discomfort, since clinical manifestation can often take up to years, not to mention that 

some remain asymptomatic [4].  But since apoptotic and non-apoptotic cell death takes 

place in those fibrous adhesions, local inflammatory reaction increases and again leads to 

the formation of fibrous tissue. Additionally, levels of proinflammatory acting mediators 

such as TGF-beta, IL-1 and IL-6 may rise. Elevated levels of profibrotic factors such as 

fibrinogen growth factor 1 (FGF1) and fibromodulin (FMOD) have been shown to 

promote further adhesion formation and adhesion maturing  [9].   

To sum up, postoperative intraperitoneal adhesions are a result of various imbalanced 

components during the wound healing process. ECM main components fibronectin and 

collagen constitute a major part of the adhesion bands. Enhanced matrix deposition, 

impaired ECM degradation and cytokine imbalances all contribute to the establishment 

of postoperative adhesions.  

 
 
1.3 Consequences  
Even though the majority of postoperative intraperitoneal adhesions remain 

asymptomatic, adhesions can cause life threatening postoperative complications. With a 

mortality rate of 3 %, bowel obstructions are one of the most life-threatening 

complications resulting from postoperative adhesions [16].  40 % of all intestinal 

obstructions result from postoperative adhesion formation [5]. Ranging between 13-16 % 

per 1000 patients, small bowel obstructions are a relatively common but dangerous 

complication when undergoing an abdominal hysterectomy [3]. Many patients also suffer 

from chronic pelvic and abdominal pain after surgery, even though the exact relation 

between adhesions and pain remains unknown [3]. 

Being the leading cause of secondary infertility in women, especially gynecological 

surgeons aim to prevent postoperative adhesions as much as possible since adhesions can 

cause peritoneal infertility in 15-20 % of women [17]. Infertility results from adhesions 

distorting adnexal anatomy as well as the interference of them to gamete and embryo 

transport [3, 17].  
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1.4 Prevention and therapeutical options   
Different approaches have been made to prevent or reduce the formation of postoperative 

intraperitoneal adhesions. In particular, surgeons use minimal invasive surgical 

techniques, or employ absorbable suture material [4, 18]. Another approach is the 

application of anti-inflammatory drugs such as corticosteroids and non-steroidal anti-

inflammatory drugs, or the use of anticoagulants [18]. Other attempts include surgical 

adhesion barriers including bioresorbable membranes (e.g. Seprafilm, Genzyme 

Corporation, Cambridge, MA), gels (e.g. SprayGel, Confluent Surgical Inc., Integra 

LifeSciences, Princeton, NJ, USA) or peritoneal instillates (e.g. Adept Adhesion 

Reduction Solution, Baxter Healthcare Corp) [3, 4]. Unfortunately, a method which 

sufficiently reduces or prevents adhesions is not available yet.  

Up to date, no sufficient and long-lasting method treating postoperative intraperitoneal 

adhesions has been established. Accordingly, a second look surgery is the only treatment 

option in most cases.  

 

1.5 Non-invasive physical plasma (NIPP) 
Plasma, considered as the fourth physical state, is an ionized gas. It is composed of 

different charged molecules like electrons, ions as well as free radicals [19]. Plasma can 

be divided into three groups: low-, atmospheric- and high-pressure plasma [20]. 

Furthermore, it can be classified in high temperature plasma and low temperature plasma 

which can be distinguished by the different thermal equilibrium states of the ions, 

electrons and neutral species. High temperature plasma is also considered as equilibrium 

plasma because all containing species (e.g. ions, electrons) have the same temperature 

and therefore are in thermal equilibrium [20].  Other than high-temperature plasma, low 

temperature plasma can be further divided into two groups: Thermal plasma and non-

thermal plasma. The species in thermal plasma are in a local thermal equilibrium state, 

also called quasi-equilibrium. Like in high-temperature plasma, cooling requirements 

limit the applicability due to the high temperature. On the opposite, non-thermal plasma 

is also referred as non-equilibrium-plasma or cold plasma. While the ions and neutrals 

almost remain at room temperature (RT), the electrons are the only species being 

thermalized [21]. Consequently, cold atmospheric plasma (CAP) can be applied to heat 
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sensitive surfaces. It is therefore also referred to as non-invasive physical plasma (NIPP). 

Since it is possible to synthesize non-thermal plasma at nearly RT and at atmospheric 

pressure, NIPP is suitable for clinical application.  

In the past, NIPP has offered promising treatment options for improved wound healing 

and has shown selective antineoplastic effects on tumor cells [22-24]. Furthermore, 

plasma has been already established in dental medicine, for blood coagulation, and for 

the treatment of various dermatological diseases such as psoriasis or actinic keratosis [25-

27]. Containing differently charged molecules and particles, free radicals, infrared and 

ultraviolet radiation, NIPP is capable of mediation of cell and tissue effects [19, 28]. 

Presumably, those effects are related to the generation of reactive nitrogen and oxygen 

species (RNS, ROS, RONS), resulting in antiproliferation and cell death [29]. Besides 

direct plasma treatment, it is also possible to generate plasma-activated medium (PAM) 

through indirect plasma treatment. By treating a medium such as a cell culture medium 

with NIPP, RONS and other species diffuse into the medium which can then be applied 

to the cells. In numerous studies, the same antiproliferative effects as during direct plasma 

treatment could be observed [30]. It has been shown that PAM is able to dose-dependently 

modify protein biosynthesis and proliferation in human fibroblasts [28].   

 

1.6 Aim of this study  
Up to date, there are no sufficient prevention methods for postoperative intraperitoneal 

adhesion formation. Options already available at the market did not show clear clinical 

benefit. As a prophylactic intraoperative treatment, plasma activated medium (PAM) 

could prevent or limit the formation of intraperitoneal adhesion. The aim of this study 

was to evaluate the effect of different PAM concentrations to fibroblasts and the ECM to 

study a possible treatment option for postoperative intraperitoneal adhesions.  

In this purpose, effects of PAM on cell confluency were evaluated. ECM components 

collagen and fibronectin were both studied with western blot and immunofluorescence. 

Additionally, collagen was further evaluated by hydroxyproline and Sircol™ Soluble 

collagen assays.  Raman spectroscopic imaging was used for further evaluation of protein 

but also for lipid and nuclei modifications. Matrix metalloproteinases were studied by 
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ELISA. Besides components of the ECM, cytokines increasing the adhesion formation 

were evaluated by Multiplex assays.  
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2.  Material and Methods 
 
2.1 Cell culture 
All procedures were operated under sterile conditions under a laminar air flow hood. Cell 

culture medium and cell culture material were used in sterile conditions. Alpha-MEM 

was supplemented with 10 % fetal calve serum (FCS), 1 % glutamine and 1 % penicillin-

streptomycin (all GIBCO, Waltham, MA, USA). DMEM / F-12 + GlutaMAX was 

supplemented with 10 % FCS, 1% L-glutamine, 1% penicillin-streptomycin (all GIBCO). 

The cell culture media, Dulbecco’s phosphate buffered saline (PBS; GIBCO) and 0.05 % 

Trypsin (GIBCO) were stored at 4 °C and were pre-warmed using a 37 °C water bath 

before application on the cells.  

Primary human fibroblasts were isolated from peritoneal tissue samples obtained from 

consenting patients that were undergoing a cesarean section. Mesothelial cells were 

isolated from peritoneal wash cytologies (PWC) which were obtained from laparoscopic 

surgeries. The Ethical Committee of the Medical Faculty of the Eberhard Karls University 

Tübingen approved the scientific use (649-2017BO2, approval: 12.01.2018; and 

495/2018BO2, approval: 19.10.2018).  

Right after sampling, peritoneal tissue samples were placed in 50 ml falcon tubes filled 

with precooled alpha-MEM. Culture medium was supplemented with 10 % FCS, 1 % 

glutamine and 1 % penicillin-streptomycin (all GIBCO). PWC and tissue samples were 

stored at 4 °C for up to 6 h until they were transported on ice to the laboratory. Isolation 

of cells was performed immediately after arrival.  

Cells were incubated at 37 °C and 5% CO2 at a humified atmosphere (incubator by 

Gottlieb Binder GmbH, Holzgerlingen, Germany). Cell culture medium change was 

performed every two to three days under a sterile laminar air flow hood. Therefore, the 

medium was aspirated and discarded. When cultivated in 75 cm2 cell culture flasks, 12 

ml of medium was added, in case of 25 cm2 cell culture flasks 5 ml of medium was added.  

Cells between passage 2 and 9 were used for all experiments.  
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2.1.1 Isolation of cells 
The isolation of fibroblasts was performed as follows: Tissue samples were first washed 

with PBS (GIBCO) twice. After removing any fatty residue and greater blood vessels, the 

tissue was cut into pieces of approximately 1 cm using sterile scalpel and sterile forceps. 

Tissue pieces were then placed into 6-well plates with 1 ml MEM per well already added. 

Cells were incubated in an incubator at 37°C, 5 % CO2 atmosphere for 3-4 days before 

the first medium change. After 2 weeks, 80 % cell layer confluence was reached (Figure 

2), and cells were transferred into a 75 cm2 cell culture flask.  

 

Fig. X. Fibroblast isolation out of peritoneal tissue sample. 
Picture taken 8days after start of cultivation.

A

tissue

fibroblasts

Figure 2. Fibroblast isolation out of peritoneal tissue sample. Peritoneum tissue 
sample was cut into pieces of 1 cm, placed into 6-well plates, and cultivated in MEM at 
37° C, 5 % CO2 atmosphere. Picture was taken 10 days after start of cultivation. Scale 
bar represents 400 µm.   
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Mesothelial cells were isolated from PWC according to Holl et al. [31]. PWC was 

centrifuged for 5 min at 300 g. Supernatant was aspirated and cells were resuspended in 

10 ml of PBS. After another centrifugation for 5 min at 300 g, supernatant was aspirated 

and discarded again, cell pellet was resuspended in 5 ml cell culture medium (DMEM / 

F-12 + GlutaMAX, supplemented with 10 % FCS, 1 % L-glutamine, 1 % penicillin-

streptomycin (all GIBCO)). Cells were seeded in 0,1 % gelatin coated 75 cm2 flasks and 

cultured at 37°C at 5 % CO2.  

 

2.1.2 Passage 
For cell passage, cell culture medium was aspirated, and cells were washed in PBS once. 

Cells in 25 cm2 flasks were then trypsinized with 3 ml 0.05 % Trypsin-EDTA (GIBCO), 

for 75 cm2 flasks 5 ml Trypsin-EDTA was used. Cells were incubated at 37 °C humified 

atmosphere, 5 % CO2.  After an incubation time of 5 to 8 min, cell culture medium 

containing 10 % FCS was added for trypsin inactivation. For 25 cm2 flasks 5 ml medium 

was used, 8 ml medium was added to 75 cm2 flasks. 

The cell suspension was then transferred into a 15 ml falcon tube and centrifuged for 3 

min at 300 g. Afterwards, the supernatant was aspirated and discarded. The cell pellet 

was resuspended in 2 ml cell culture medium and was then either transferred into a cell 

culture flask in the desired splitting format or cells were seeded at a specific cell density 

for further experiments.  

 

2.1.3 Freezing and thawing of cells 
Cells were trypsinized and collected as described above in the section 1.2 Passage. Cell 

count was determined using the NucleoCounter® NC-200™ (ChemoMetec A/S, Allerod, 

Denmark). After determination of cell count, 200 µl FCS, 100 µl DMSO and 1000 µl of 

the cell suspension were added to a cryovial (Roth Selection, Carl Roth GmbH, Karlsruhe, 

Germany). The tube was then placed into an -80 °C freezer.  

For thawing of cells, the cryovial was placed into a 37°C water bath just until there were 

no more ice crystals visible. Then, cell suspension was immediately transferred into a 15 
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ml falcon already containing 5 ml prewarmed cell culture medium. In the following, the 

tube was centrifuged for 3 min at 300 g. Afterwards, supernatant was aspirated and 

discarded, and the cell pellet was resuspended in 2 ml cell culture medium. Cells were 

then cultivated in 75 cm2 cell culture flasks.  

 

2.1.4 Determination of cell count 
To be able to refer the measured analyte to a single cell, cells were seeded under the same 

conditions and cell seeding densities as for the respective experiments. At the time point 

of interest, cells were trypsinized using 0.05 % Trypsin-EDTA, were then collected and 

centrifuged for 3 min at 300 g.  Cell count was determined using the Nucleo-

Counter® NC-200™. Therefore 100 µl of the cell suspension was transferred into a 1.5 

ml Eppendorf cup. The Via1-Casette™ was loaded with the suspension before placing 

the cassette into the NucleoCounter for cell counting. 

 

2.1.5 Seeding cells 
Before seeding out the cells, cell count had to be determined. After calculation of the 

amount of cell suspension needed, cells were seeded into the desired cell culture flask or 

well plate. For 6-well plates 1.5 ml medium was used per well, for 96-well plates 150 

µl/well was used. 
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2.2 Argon Plasma 
 
2.2.1 Plasma Activated Medium (PAM) generation 
For the generation of PAM using argon gas a carrier gas, the kINPen MED (Neoplas 

GmbH, Greifswald, Germany) was used. The operating conditions were as follows: 

“argon gas flow 4,0 l/min, frequency 1 MHz, line voltage 2-3 kV, power 1 W. The distance 

between the plasma source and the surface of medium was fixed at 7 mm” [1]. Medium 

irradiation was performed for 120 s. For control treatment, pure argon gas was applied on 

2 ml of MEM. PAM was freshly generated when needed for the experiments and not 

stored. The resulting medium was defined as 100 % PAM. In the following, a dilution 

series was set up using 100 % PAM and MEM as diluent. See Table 1 and Figure 3.  

 

Table 1. Splitting format of MEM and PAM for desired PAM dilutions. Example for 

2 ml volume. For other amounts, values were converted to desired volume. 

 

PAM dilution Amount of MEM (ml) Amount of PAM (ml) 

Argon (control) 1.6 0.4 

non ionized argon gas was 
used 

PAM 1:10 1.82 0.18 

PAM 1:9 1.80 0.20 

PAM 1:8 1.778 0.222 

PAM 1:7 1.75 0.25 

PAM 1:6 1.714 0.286 
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PAM 1:5 1.667 0.333 

PAM 1:4 1.60 0.40 

PAM 1:3 1.50 0.50 

PAM 1:2 1.334 0.666 

PAM 1:1 1.0 1.0 

PAM 100 % 2.00 0.00 

 

 

2.2.2 Plasma treatment   
For determination of the values used for this study’s experiments, fibroblasts were seeded 

into 96-well plates with 2 x 103 cells/well. Plasma treatment was performed 24 h after 

seeding with different PAM dilutions ranging from 1:1 to 1:10 (Figure 3). Cells were 

monitored constantly with the IncuCyte S3 (Essen BioScience, Göttingen, Germany) and 

pictures were taken every 4 h. After 72 h and 120 h post PAM treatment, analysis of 

confluency of cells was performed using the IncuCyte software program. The calculated 

confluency (%) was then normalized to the argon mean value.  
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Figure 3. Generation of Plasma activated media (PAM). 2 ml of MEM was treated 
with argon plasma for 2 min for PAM generation with an exposure distance of 7 mm 
between plasma head and the medium surface. Argon gas flow was 4.0 l/min, frequency 
was 1 MHz, power was 1 W and line voltage 2-3 kV.  Next, PAM was diluted with MEM 
for desired PAM to MEM ratio. Dilution ratios are indicated above in Table 1. Diluted 
PAM was then transferred on cells. After an incubation time of 4 h, PAM was removed, 
cells were washed with PBS and were then covered with cell culture medium. Parts of 
this figure were already published in Rasch, M.-L. and Holl, M. et al., Cell Type-Specific 
Anti-Adhesion Properties of Peritoneal Cell Treatment with Plasma-Activated Media 
(PAM). Biomedicines 2022, 10, 927 [1]. Created with BioRender.com. 
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2.3 Microscopy 
 
2.3.1 Bright Field Microscopy 
The bright field microscope Olympus CKX4 (Olympus, Hamburg, Germany) was used 

for observation of cells maintained in cell culture flasks as well as for PAM treated cells 

in well plates and petri dishes.  

For taking microscopic pictures the EVOS microscope (Thermo Fisher Scientific, 

Waltham, MA, USA) and its associated software was used.  

 

2.3.2 Immunofluorescence Microscopy 
For fluorescence microscopy, a LSM 710 confocal microscope (Carl Zeiss AG, 

Oberkochen, Germany) was employed. Imaging was performed with 10x and 63x 

objectives and wavelengths of 405 nm and 488 nm. All samples of the respective antibody 

staining were imaged with identical settings.  

 

2.4 Fibronectin Analysis 
 

2.4.1 Immunofluorescence staining  
The primary antibody for fibronectin was obtained from Abcam (Abcam, Cambridge, 

UK; 1:200 in 0.1 % BSA in PBS) the secondary antibody AlexaFluor 488 was obtained 

from Thermo Fisher Scientific (1:1000 in 0.1 % BSA in PBS).  

One day prior to Plasma treatment, isolated fibroblasts were seeded into 12 well chambers 

(ibidi GmbH, Gräfelfing, Germany) with 6.25 x 103 cells/cm2. Working volume was 250 

µl per well. PAM treatment was performed after 24 h incubation. For the generation of 

100 % PAM the same protocol was used as described above in the section ‘2.1 Plasma 

activated medium (PAM) generation’. In the following, 100 % PAM was diluted with 

MEM as diluent for the generation of PAM 1:2, PAM 1:5 and argon as control.  

Cells were washed three times with PBS at 120 h after PAM treatment. Fixing of cells 

was performed with 4 % PFA in 1X PBS for 10 min at 37°C. After incubation, wells were 
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washed three times with PBS before adding 0.1 % Triton-X-100 in 1X PBS for 

permeabilization. After 15 min incubation at RT, cells were washed three times again. 

Blocking was performed with 2 % BSA in 1X PBS for 60 min at RT. Immunostaining 

with primary antibody fibronectin in 0.1 % BSA in 1X PBS was performed over night at 

4 °C. Fibronectin antibody was diluted in a 1:200 ratio. One well served as control and 

0.1 % BSA instead of primary antibody was added. The next day, cell layers were rinsed 

three times with PBS and incubated in secondary antibody solution. AlexaFluor 488 

antibody was diluted in a 1:1000 ratio with 0.1 % BSA in 1X PBS. Cells were 

counterstained with NucBlue (#R37165 by Thermo Fisher Scientific, 2 drops/ml diluted 

in 0.1 % BSA in 1X PBS). After an incubation time of 45 min at RT, cells were washed 

three times with PBS before imaging using a confocal LSM 710 microscope (Carl Zeiss).   

 

2.5 Collagen Analysis 
 
2.5.1 Hydroxyproline Assay  
Detection of the insoluble collagen amount of the ECM was performed according to 

Capella-Monsonís et al. and Keller et al. [32, 33] using Sigma Aldrich’s Hydroxyproline-

Assay (Merck KGaA, Darmstadt, Germany) [1]. 

Fibroblasts were seeded into 100 mm petri dishes with 2,4 x 104 cells/cm2. Cells were 

treated with PAM 1:2, PAM 1:5 and argon as control 24 h after seeding. Plasma procedure 

was followed as described above. 120 h after plasma treatment, cell culture medium was 

discarded. For the hydroxyproline assay, 2 ml of MiliQ H2O supplemented with 

phosphatase and inhibitor tablets (Pierce, ThermoScientific) were added before collection 

of cells using a cell scraper. Suspension was transferred into a 2 ml Eppendorf cup. 

Aliquots were taken and frozen at -80°C. 

The cell suspension of seven cell culture dishes of fibroblasts of the same patient were 

pooled and centrifuged using Amicon Ultra-15 spin filter tubes, 10 kDa (Merck KGaA) 

for 90 min at 4000 g [34]. The ECM was then collected and lyophilized overnight using 

the Alpha 1-4 LSCbasic (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am 

Harz, Germany).  
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7 mg of the lyophilized ECM was transferred into 1.5 ml screw cap microtubes (Starlab 

International GmbH, Hamburg, Germany) and diluted with 500 µl of 37 % HCl (Carl 

Roth). Hydrolysis was then performed at 110°C overnight. Manufactures instructions 

were followed. Collagen concentration was calculated using the standard curve. 

Absorbance was measured at 560 nm using the Spark Microplate Reader (Tecan Group 

AG, Männedorf, Switzerland). Collagen content was then normalized to cell count and 

respective control. 

 

2.5.2 Collagen I alpha IF-Staining  
Cells were seeded at a density of 6.25 x 103 cells/cm2 in 12 well chambers (ibidi GmbH) 

at 24 h before PAM treatment. After 120 h, cell culture medium was discarded and cells 

were washed with PBS before continuing with the fixation, permeabilization and 

blocking. The same immunostaining procedure as described above was followed. Cells 

were stained with collagen 1 alpha antibody (Novus Biologicals, Littleton, CO, USA; 

1:1.000 in 0.1 % BSA in 1X PBS) and incubated overnight. The next day, cells were 

incubated with the secondary antibody AlexaFluor 488 (ThermoScientific; 1:1.000 in 0.1 

% BSA in 1X PBS). Counterstaining of cells was performed by use of NucBlue (Hoechst 

Invitrogen, #R37165 by Thermo Fisher Scientific, USA). A LSM 710 confocal 

microscope (Carl Zeiss) was used for imaging of cells.  

 

2.5.3 Sircol™ Soluble Collagen Assay 
For determination of the total soluble collagen amount of the ECM, the Sircol™ Soluble 

Collagen Assay (Biocolor, County Antrim, UK) was used. For every assay, samples and 

standards were run in duplicates.  

24 h prior to PAM treatment, fibroblasts with a confluency of 6 x 103 cells/cm2 were 

seeded into 75 cm2 flasks. PAM treatment was then performed as described above for the 

argon control group, and treatment groups PAM 1:2, PAM 1:5. 120 h after PAM 

treatment, cell culture medium was collected and frozen at -80 °C for further analysis. 
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For determination of the cell count, five pictures per flask were taken using an Evos 

microscope (ThermoScientific).  

Cells were washed with PBS. Since cell culture extended five days, acid-pepsin extraction 

was performed at a pepsin concentration of 0.1 mg/ml 0.5 M acetic acid, as recommended 

in the manufacture’s manual (Pepsin porcine obtained from Serva Electrophoresis GmbH, 

Heidelberg, Germany). After adding 7 ml of the pepsin/acid solution, petri dishes were 

placed into a 4 °C refrigerator on a plate shaker (90 mots/min) for overnight incubation. 

The extracts were then harvested and either frozen at -20 °C or used right away for 

collagen concentration determination.  

The manufacture’s Isolation and Concentration Protocol was followed before moving on 

to the collagen staining protocol. The Spark Microplate Reader (Tecan) was used at 555 

nm for measuring the samples’ absorbance for soluble collagen content. Collagen 

concentrations were obtained from the standard curve. Collagen concentration was then 

normalized to respective cell count and control. 

 

2.6 Western Blot 
For both fibronectin and collagen I alpha detection, western blot analysis was performed. 

Membranes were first stained for fibronectin, then stored at -20° C, thawed and restained 

for collagen I alpha detection.  

Cells were seeded into 10 cm petri dishes at a confluency of 3.4 x 105 cells/dish 24 h prior 

to PAM treatment. PAM treatment was performed as described above with PAM 1:2, 

PAM 1:5 and argon as a control. Five days after treatment, cell culture medium was 

discarded. After triple washing of cells with PBS, dishes were placed into a -80 °C 

refrigerator for 60 min minimum or overnight. Low protein binding tubes (Eppendorf, 

Hamburg, Germany) were pre-cooled on ice before use. After incubation at -80 °C, petri 

dishes were placed on ice and 1 ml ice cold TRIS-HCl cell lysis buffer was added. Cells 

were harvested from the bottom of the dish using a cell scraper. Lysate was then 

resuspended several times before the transfer into a new pre-cooled 1,5 ml tube. Tubes 

were incubated on ice for 30 min but got vortexed for 5 s every 5 min. After incubation, 
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samples were centrifuged for 15 min at 13.000 rpm at 4 °C and supernatant was 

transferred into a new pre-cooled 1,5 ml tube afterwards. Pierce BCA Assay Kit 

(ThermoScientific) was used for protein quantification. An aliquot was taken for BCA-

Protein Assay following manufactures instructions. For analysis, the Spark microplate 

reader (Tecan) was used. Rest of sample was frozen at -20°C or was used right away.  

For western blot, denaturization of samples was performed in “[…] 4x Lämmli protein 

sample buffer (Bio-Rad, Hercules, CA, USA, #1610747), diluted with 10 % beta-

mercaptoethanol, for 10 min at 95°C” [1].  13 µg protein per lane was loaded. “Gel 

electrophoresis was performed in XCell SureLock Mini-Cell Electrophoresis Chambers 

using NOVEX NuPage 4-12 % Bis-Tris Protein Gels, 1,0 mm and MES Running Buffer 

(20x) in ddH2O (all ThermoScientific Inc., Waltham, MA, USA)” [1]. ProSieve Quad 

Color (Lonza Rockland Inc., Rockland, ME, USA) was used as molecular weight marker. 

“For protein blotting, nitrocellulose membranes were soaked into NuPAGEtrade 

Transfer Buffer (20x) (ThermoScientific Inc, MA, USA). Blotting was performed using a 

SemiDry Transfer System (peqLab, VWR International, Radnor, DE, USA), for 2 h at 

constant 0.2 A” [1]. After blotting, Ponceau S counterstaining of membranes was 

performed. “After washing, membranes were incubated overnight at 4 °C with primary 

antibodies under constant agitation: fibronectin (1:1000 in 0.1 % BSA, abcam) […] and 

GAPDH (1:1000 in 0.1 % BSA, 14C10, Cell Signaling Technology, Danvers, MA, USA). 

Membranes were incubated for 2 h at RT with the secondary antibody AlexaFluor488 

(1:10.000 in 0.1 % BSA)” [1]. The Amersham Typhoon Biomolecular Imager (Cytiva 

UK Limited, Buckinghamshire, UK) was used for detection of western blot bands. For 

further analysis, membranes were frozen at -20°C.  

For collagen I alpha detection, the same western blot membranes as for fibronectin 

detection were used. Frozen membranes were thawed for a few hours before blocking for 

45 min with 5 % BSA in 1X PBS. Staining was performed using collagen I alpha antibody 

(Novus Biologicals; 1:1000 in 0.1 % BSA in 1X PBS) at 4° C overnight under constant 

agitation. The next day, membranes were washed three times with TPBS for 5 min each, 

before incubation of secondary antibody AlexaFluor594 (ThermoScientific; 1:10.000 in 

0.1 % BSA in 1X PBS). Western blot bands were also detected with the Amersham 

Typhoon Biomolecular Imager (Cytiva, Marlborough, MA, USA).  
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2.7 Cytokines measurements 
The Multiplex system and the NMI Cytokine Assay Panel 1 and 2 (NMI, Reutlingen, 

Germany) were used for analysis of cytokines. Assay Panel 1 observed IL-1b, IL-1Ra, 

IL-12p70. VEGF, IL-13, M-CSF. Assay Panel 2 analyzed IL-4, IL-6, IL-8, IL-10. GM-

CSF, INF-gamma, MCP-1, MIP-1-beta, TNF-alpha. For TGF-beta 1-3 the Luminex 

Performance Human TGF-beta Magnetic Panel FCSTM17-03 (R&D Systems, 

Minneapolis, MN, USA) was used.  

Fibroblasts were seeded into 24-well plates with a density of 5 x 104 cells per well. PAM 

treatment was performed with PAM 1:2, PAM 1:5 and argon as control at 24 h after 

seeding. The following times and conditions were analyzed:  

- MEM culture medium: Detection of cytokines already present in cell culture 

medium 

- Medium from PAM treated fibroblasts without scratch: Collected 4 h, 12 h, 24 h 

after treatment  

- Medium from PAM treated fibroblasts with scratch: Three scratches per well 

before PAM treatment (scratch pattern in Figure 4), collected 4 h, 12 h, 24 h after 

treatment  

 

 

 

 

We imitated intraoperative injury by performance of scratches which were performed 

directly before PAM treatment. Scratches were performed using a 100 µl pipette tip by 

scratching three times through the well: one from top to bottom, one from the upper left 

Figure 4. Scratch Pattern used for Cytokine Assay. Scratch was performed using a 
sterile 100 µl pipette tip before addition of PAM. 
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to the lower right and the last one the other way around. The pattern can be seen in Figure 

4. 

At the respective time points, medium was collected in 96-well plates (Quanterix, 

Billerica, MA, USA,). Plates were frozen immediately at -80 °C before analysis. Values 

were normalized to respective control and non-scratch correlate. 

 

2.8 Raman Imaging 
For Raman spectroscopic imaging, cells were seeded into 35 mm glass bottom µ-dishes 

(ibidi GmbH, Gräfelfing, Germany) with 9 x 103 cells/cm2. PAM 1:2 treatment was 

performed 24 h after seeding, argon served as control. 120 h after treatment, cells were 

fixed with 4 % PFA for 10 min at RT. Dishes were covered with PBS and stored at 4 °C 

overnight before measuring. 

Single-cell Raman spectra of non-treated and PAM treated cells were acquired utilizing 

a custom-built Raman microspectrometer (WITec alpha 300 R, Ulm, Germany), equipped 

with a 532 nm laser (maximum output power 60 mW) [1]. Raman images were obtained 

at three different positions for fibroblasts (n = 3) at an integration time per spectrum of 

0.2 s and a pixel resolution of 1 x 1 µm using a 63x dipping objective (N.A. 1.4; Olympus, 

Tokyo, Japan). All Raman images were pre-processed by cosmic ray removal, baseline 

correction (shape algorithm) and normalization (area to 1) and further decomposed into 

spectral components by true component analysis (TCA) using Project FIVE software 

(WITec) as described previously [31]. Nuclei, proteins, and lipids were identified as 

major spectral components and localized in their corresponding intensity distribution in 

heatmaps resulting in false color-coded Raman images (Figure 5). Quantitative image 

analysis by determining gray value intensities of the spectral heatmaps was performed in 

ImageJ. 
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2.8.1 Principal Component Analysis (PCA) 
“For in-depth analysis of molecular changes in nuclei, protein or lipid composition, high-

intensity pixel representing nuclei, protein and lipid spectra were extracted from the 

Raman maps and applied for multivariate analysis” [1]. Characterization of spectral 

features within different data sets by PCA (using The Unscrambler X 10.5, Camo 

Software AS) was described previously [31]. PCAs were performed to compare nuclei, 

protein, and lipid information upon PAM treatment. In brief, PCA is an algorithm-based 

(non-linear iterative partial least square/NIPALS) approach, elaborating vectors – so-

called principal components (PCs) – according to spectral similarities and differences. 

Up to seven PCs were calculated for every PCA, among which PC-1 explains the main 

variance in spectral information, PC-2 the second most relevant variance and so on. PCs 

relevant for a discrimination between groups were identified by PCA scores plot. 

Underlying spectral information was retrieved from the corresponding loadings plots 

indicating positive peaks dominating in data of positive score ranges and negative peaks 

for values clustering in negative score ranges, respectively. According to their Raman 

shift wavenumber, identified loadings peaks could be assigned to a corresponding 

molecular group, allowing for a sub-structural interpretation based on shifts of the 

respective spectral signature.  
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2.9    Enzyme-linked Immunosorbent Assay (ELISA)  
For matrix metalloproteinase (MMP) detection, ELISA assays were performed. 

Fibroblasts and mesothelial cells were seeded into 6-well plates with a density of 2.5 x 

105 cells per well. 24 h after seeding, PAM treatment was performed for argon and PAM 

1:2 for both mesothelial cells and fibroblasts. Medium was collected after 24 h, 72 h and 

120 h and was frozen immediately at -80 °C. For mesothelial cells, MMP levels were 

only evaluated for 24 h and 72 h. Experiment was performed 24 h after samples of 

timepoint 120 h were frozen. “Human ELISA kits for MMP-1 and MMP-2 were both 

obtained from Thermo Fisher Scientific, Inc. Manufactures protocol was followed, and 
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Figure 5. Schematic representation of the Raman microscope. Schematic of a Raman 
microscope and a resulting characteristic, representative Raman spectrum of a specific 
biomolecule. The figure was already published in Rasch, M.-L. and Holl, M. et al., Cell 
Type-Specific Anti-Adhesion Properties of Peritoneal Cell Treatment with Plasma-
Activated Media (PAM). Biomedicines 2022, 10, 927 [1]. Created with BioRender.com.  
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samples were measured at 450 nm using Spark Microplate Reader (Tecan)” [1].  Values 

were normalized to control. 

 

2.10 Statistical Analysis 
Data was analyzed using the SPSS statistics software (IBM Corporation, Armonk, NY, 

USA). Normal distribution was tested with the Kolmogorov-Smirnov-test. The Mann-

Whitney-U-test was applied for calculation of significances of non-normally distributed 

values, for normal distribution students t-test was applied. P values < 0.05 were 

considered to be statistically significant. Graphics were created by using the GraphPad 

Prism 9 software (GraphPad Software, San Diego, CA, USA). At least three independent 

approaches were performed for each experiment.  
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3. RESULTS 
 
3.1  Definition of PAM dosages and influence on antiproliferation  
Analysis of cell-type-specific PAM effects was performed using human peritoneal 

fibroblasts. The cells were isolated from peritoneal tissue samples obtained within 

primary caesarean sections. For determination of the therapeutic window, fibroblasts 

were treated with PAM dosages ranging from 1:1 to 1:10, including PAM only. Cell 

confluency was monitored using the IncuCyte S3. Confluency was measured 72 h after 

treatment and values were normalized to the respective control.  

Fibroblasts possessed a significantly enhanced reduction of cell confluency after PAM 

treatment in all groups compared to the control, p = 0.05 (Figure 6A). Higher PAM 

concentrations led to lower relative cell confluency than lower concentrations (Figure 

6B). Fibroblasts treated with PAM concentrations 1:8 and 1:7 reached a similar relative 

confluency. A comparable cell confluency was also observed between PAM 1:6 and PAM 

1:5. Consequently, confluency decreased stronger with PAM than with PAM 1:4. 

However, treatment with PAM did not completely reduce the fibroblast count.   

Based on experiments on mesothelial cells (data obtained by Myriam Holl, member of 

our working group) the PAM concentrations 1:5 and 1:2 were defined as dosages of 

interest when compared to the present data on fibroblasts. With the PAM concentration 

1:2, a therapeutic window was defined in which the cell type-specific PAM effect mainly 

affected the proadhesive fibroblasts compared to the mesothelial cells. Besides that, the 

effect of 1:5 diluted PAM on fibroblasts was further evaluated since relative confluency 

doubled compared to 1:2 diluted PAM.  

Referring to the brightfield images, cells in the argon group almost reached a 100 % 

confluency compared to the cells treated with PAM 1:5 and PAM 1:2 (Figure 6A). 

Fibroblasts in the PAM 1:2 treatment group notably reduced relative cell confluency and 

illustrated the antiproliferative effect of PAM on fibroblasts. Confluency of fibroblasts at 

72 h after PAM 1:5 treatment illustrated lower antiproliferative effects compared to PAM 

1:2.  
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Figure 6. Impact of PAM on cell confluency and ECM synthesis on fibroblasts 72 h 
after treatment. Relative cell confluency decreased with the intensity of PAM treatment 
(A). Confluency was determined with the IncuCyte software program and normalized to 
the control. Lower dilutions led to significantly reduced cell confluency. All PAM treated 
fibroblasts showed significant decreased relative confluency compared to argon (B). For 
determination of relative ECM, fibroblasts and the ECM were lyophilized, and weight 
was normalized to cell count and respective argon mean value. PAM treatment 
significantly reduced ECM synthesis per cell (C). Stronger treatment led to even more 
reduced ECM per cell. Significant reduction of relative ECM was observed in PAM 1:2 
compared to control. Parts of this figure were already published in Rasch, M.-L. and Holl, 
M. et al., Effects of non-invasive physical plasma (NIPP) on the ECM and cells 
responsible for postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 
[1]. Data are shown as the mean ± SD, n=3, * p<0.05.  
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3.2  Effect of PAM treatment on the extracellular matrix  
 
3.2.1 ECM weight decreases after PAM treatment 
The ECM plays an essential part in adhesion formation. Adhesion bands mainly consist 

of fibronectin and collagen, one of the two main components of the ECM. In the sample 

preparation for the hydroxyproline (HP) assay for the relative quantification of collagen, 

fibroblasts and the ECM were collected five days after PAM treatment by use of a cell 

scraper. Samples were then purified and lyophilized. Weight of the lyophilized ECM was 

determined before hydrolysis needed for the HP-assay. Measurements were normalized 

to cell count and the respective control.  

Results showed a slight, but not significant decrease in relative ECM production per cell 

in the PAM 1:5 group compared to the control (Control to PAM 1:5, MD 0.174 ± 0.098 

(SEM), p = 0.075) (Figure 6C). One patient in the PAM 1:5 treatment group indicated 

comparable relative ECM values with the mean score of the control group. Values in the 

control showed a low standard deviation. A significant decrease in relative ECM 

production per cell was detected in the PAM 1:2 group compared to the argon group 

(Control to PAM 1:2, MD 0.43 ± 0.13 (SEM), p = 0.015). Mean value approximately 

halved compared to the control. As in PAM 1:5, one patient’s value was notably higher 

than the one of the other two patients and reached the mean value of PAM 1:5. No 

significant differences between the two PAM treatment groups could be detected (PAM 

1:5 to PAM 1:2, MD 0.25 ±  0.15 (SEM), p = 0.085). Nevertheless, mean value of PAM 

1:2 dropped about 0.25 points from mean value of PAM 1:5.  

To sum up, fibroblasts significantly decreased their relative ECM production per cell after 

PAM treatment. PAM 1:2 led to the lowest relative ECM values of all treatment groups. 

Consequently, stronger PAM treatment efficiently lowers ECM synthesis in fibroblasts.  
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3.2.2 Effects of PAM treatment on collagen production  
 

3.2.2.1  PAM treatment leads to elevated soluble collagen levels 
The Sircol™ Soluble Collagen Assay was performed to evaluate the effect of argon 

plasma on fibroblasts and their soluble collagen production for the ECM. In this 

experiment, PAM dilutions 1:2 and 1:5 were examined. Argon served as control. Pepsin-

acid digestion of the ECM was performed, followed by the manufacture’s Isolation and 

Concentration Protocol before proceeding to the assay.  The measured collagen content 

was normalized to cell count before normalizing to the respective argon mean value.  

 

 

 

 

 

 

 

 

 

 

Fibroblasts in the argon control group showed approximately four times less soluble 

collagen per cell than fibroblasts in the PAM treatment groups (Figure 7). Values in the 

control were equally distributed around the mean value and no wide standard deviation 

could be observed. A significant increase in relative soluble collagen per cell was 

observed in both PAM groups compared to the control (Control to PAM 1:5, MD 2.96 ± 

1.3 (SEM), p = 0.049; Control to PAM 1:2, MD 2.89 ± 1.1 (SEM), p = 0.0036). 

Fibroblasts in both PAM groups showed comparable soluble collagen levels per cell to 

A 
 

A  
 

A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* 
* 
 

re
la

tiv
e 

so
lu

bl
e 

co
lla

ge
n 

 

Figure 7. PAM treatment affects soluble collagen levels in fibroblasts. Fibroblasts 
were evaluated 120 h after PAM treatment performing the Sircol™ Soluble Collagen 
Assay. Cells and the ECM were digested by pepsin-acid digestion before measurement 
of soluble collagen. Relative soluble collagen was increasing after treatment in both PAM 
groups. Data are shown as the mean ± SD, n=4, * p<0.05.  

 

 

 

 

Figure 2. PAM treatment affects soluble collagen levels in fibroblasts. Fibroblasts 
were evaluated 120 h after PAM treatment.  Cells and the ECM were digested by pepsin-
acid digestion before measurement of soluble collagen. Relative soluble collagen was 
increasing after treatment in both PAM groups. Data are shown as the mean ± SD, * 
p<0.05.  

 

 

Figure 3. PAM treatment affects soluble collagen levels in fibroblasts. Fibroblasts 
were evaluated 120 h after PAM treatment.  Cells and the ECM were digested by pepsin-
acid digestion before measurement of soluble collagen. Relative soluble collagen was 
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each other. No significant change in soluble collagen per cell could be detected within 

the PAM treatment groups (PAM 1:5 to PAM 1:2, MD 0.07 ± 1,6 (SEM), p = 0.48). One 

patient in group PAM 1:5 showed clearly elevated levels compared to the mean value. 

Both PAM groups possessed relatively wide standard deviations.  

Taken together, PAM treatment leads to a significantly increased relative soluble collagen 

production per cell in fibroblasts. Both tested PAM concentrations affected the soluble 

collagen production to a similar extent. Stronger treatment did not have a greater impact 

on soluble collagen synthesis than weaker PAM. 

 

3.2.2.2 Intracellular collagen content was not modified trough PAM treatment   

For evaluating the collagen content in the cell lysates, western blot membranes were 

restained with the collagen I alpha antibody (Novus Biologicals) and AlexaFluor594 

(ThermoScientific). Same membranes as for fibronectin staining were used. For analysis, 

band densities were corrected to the respective GAPDH and normalized to the respective 

control using ImageJ software. 
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Bands were only detected at 70 kDa, representing the intracellular collagen. Analysis of 

intensity of the bands did not show any differences between PAM treated cells and cells 

in the argon control group (Control to PAM 1:5, MD 0.03 ± 0.13 (SEM), p = 0.46; Control 

to PAM 1:2, MD 0.11 ± 0.33 (SEM), p = 0.38) (Figure 8A and B). Compared to the 

respective GAPDH control, all treatment groups possessed considerably lower band 

intensities. Analysis of the bands using the ImageJ program did not show any significant 

modifications between the treatment groups PAM 1:2 and PAM 1:5 (PAM 1:5 to PAM 

1:2, MD 0.08 ± 0.29 (SEM), p = 0.4). Cells treated with PAM 1:2 showed a slight but not 

significant lower mean intracellular collagen value compared to the argon control. 

Fibroblasts in the control group and PAM 1:5 treatment group possessed similar relative 

intracellular collagen levels. A wide value distribution could be detected in every 

treatment category. One patient in the argon control group showed a clearly elevated 

relative collagen value compared to the standard deviation bar.  

Consequently, the western blot collagen staining indicates that PAM treatment did not 

alter the intracellular collagen content of fibroblasts. Stronger treatment did not have a 

greater impact on intracellular collagen levels in fibroblasts than weaker PAM treatment.  

 

 

 

 

Figure 8. Effect of PAM on intracellular collagen in fibroblasts. Fibroblasts were 
evaluated 120 h after PAM treatment. Analysis of western blot bands detected no 
differences between the argon control group and the respective PAM groups (A). For 
western blot, membranes were stained with collagen I alpha antibody (Novus 
Biologicals). Intensity of bands were measured by ImageJ software. Bands were shown 
at 70 kDa (B). Relative collagen at 70 kDa in fibroblasts was not affected by PAM 
treatment. This figure was already published in Rasch, M.-L. and Holl, M. et al., Effects 
of non-invasive physical plasma (NIPP) on the ECM and cells responsible for 
postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 [1]. Data are 
shown as the mean ± SD, n=8, * p<0.05.  
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3.2.2.3 Total collagen content decreased through PAM treatment 

For total collagen detection, immunofluorescence images were analyzed using the ImageJ 

software and collagen content was semi quantified. In addition, an hydroxyproline assay 

was performed for quantification of the total collagen content. Fibroblasts underwent 

treatment with PAM 1:5 and PAM 1:2, argon served as a control. For 

immunofluorescence semi quantification, cells were stained with collagen I alpha 

antibody (Novus Biologicals) and AlexaFluor597 (ThermoScientific). Images were taken 

with a LSM 710 confocal microscope (Carl Zeiss AG), and semi quantification was 

performed using the ImageJ software.  

IF-signal of collagen was mainly detected intracellularly in fibroblasts. As shown earlier 

in this study, PAM has antiproliferative effects on fibroblasts. IF-staining confirmed this 

trend by staining the cytoplasmic collagen and therefore accentuating the fibroblasts and 

the decreasing number of cells after PAM treatment. Especially in the images taken with 

the 63x objective, the decreased IF-signal intensity can be noticed within PAM treatment. 

Analysis of IF-intensity of collagen by ImageJ subsequently decreased within PAM 

treatment and therefore confirmed this trend (Figure 9A-D).  

Nevertheless, no significant differences could be detected, but stronger PAM treatment 

such as PAM 1:2 showed lower intensity scores than cells in the PAM 1:5 group or the 

argon control. Due to the wide standard deviation in the control group, values between 

the treatment and control groups were not significantly different (Control to PAM 1:5, 

MD 0.38 ± 0.37 (SEM), p = 0.17; Control to PAM 1:2, MD 0.45 ± 0.32 (SEM), p = 0.11). 

No significant modification between treatment groups was detected (PAM 1:5 to PAM 

1:2, MD 0.08 ± 0.26 (SEM), p = 0.39). PAM dilution 1:5 scored lower intensity values 

than the control group and slightly higher values compared to cells treated with PAM 1:2. 

Evaluating the distribution of relative collagen values in the argon control group, relative 

collagen content per cell of one patient almost exceeded the argon mean value twice. In 

treatment groups PAM 1:5 and PAM 1:2, values were equally distributed without huge 

outliers. The results of the IF-collagen analysis led to the assumption that stronger PAM 

treatment negatively affects the collagen synthesis in fibroblasts. To confirm this thesis, 

the hydroxyproline assay for quantification of the total collagen amount was performed. 
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Figure 9. Effect of PAM on collagen expression in fibroblasts. Fibroblasts were 
evaluated 120 h after PAM treatment. Cells were stained with a collagen I alpha antibody 
(Novus Biologicals). IF signal decreased within PAM treatment (A-C). Analysis of IF-
signal by use ImageJ software showed decreased collagen levels in fibroblasts in PAM 
treated cells. However, differences were not significant (D). This figure was already 
published in Rasch, M.-L and Holl, M. et al., Effects of non-invasive physical plasma 
(NIPP) on the ECM and cells responsible for postoperative intraabdominal adhesions. 
Biomedicines, 2022, 10, 927 [1]. Data are shown as the mean ± SD, n=4, * p<0.05.  

 

 

 

 

Figure 9. Effect of PAM on collagen expression in fibroblasts. Fibroblasts were 
evaluated 120 h after PAM treatment. Cells were stained with a collagen I alpha antibody 
(NovusBiologicals). IF signal decreased within PAM treatment (A-C). Analysis of IF-
signal by use ImageJ software showed decreased collagen levels in fibroblasts in PAM 
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For the hydroxyproline assay (Sigma Aldrich), fibroblasts and the synthesized ECM were 

lyophilized and hydrolyzed using 37 % HCl at 120 h after PAM treatment. Manufactures 

protocol was followed. Values were obtained from the standard curve and normalized to 

the respective control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results showed a significant decrease in the relative HP per cell after PAM treatment 

(Figure 10). Fibroblasts in both PAM treatment groups (PAM 1:5 and 1:2) synthesized 

approximately 30-40 % less relative HP per cell than the cells in the argon control group. 

Significant decreases could be both observed between argon and PAM 1:5 as well as 

between argon and treatment group PAM 1:2 (Control to PAM 1:5, MD 0.4 ± 0.1 (SEM), 

p = 0.02; Control to PAM 1:2, MD 0.34 ± 1,3 (SEM), p = 0.028). Significant changes 

between treatment groups PAM 1:2 and PAM 1:5 could not be detected (PAM 1:5 to 
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Figure 10. Modification of hydroxyproline in fibroblasts after PAM treatment. 
Fibroblasts were evaluated 120 h after PAM treatment. For HP analysis, fibroblasts and 
ECM were lyophilized and then analyzed with an hydroxyproline assay. Relative HP 
was significantly modified by PAM treatment. No significant modifications between the 
two PAM groups were detected. Part of this figure were already published in Rasch, M.-
L. and Holl, M. et al., Effects of non-invasive physical plasma (NIPP) on the ECM and 
cells responsible for postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 
927 [1]. Data are shown as the mean ± SD, n=3, * p<0.05.  

 

 

Figure 16. Modification of hydroxyproline in fibroblasts after PAM treatment. 
Fibroblasts were evaluated 120 h after PAM treatment. For hydroxyproline analysis, 
fibroblasts and ECM were lyophilized. Relative hydroxyproline was significantly 
modified by PAM treatment. No significant modifications between the two PAM groups 
were detected. Data are shown as the mean ± SD, * p<0.05.  

 

 

Figure 17. Modification of hydroxyproline in fibroblasts after PAM treatment. 
Fibroblasts were evaluated 120 h after PAM treatment. For hydroxyproline analysis, 
fibroblasts and ECM were lyophilized. Relative hydroxyproline was significantly 
modified by PAM treatment. No significant modifications between the two PAM groups 
were detected. Data are shown as the mean ± SD, * p<0.05.  
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PAM 1:2, MD 0.062 ± 0.087 (SEM), p = 0.48). Huge outliners were not detected in 

neither of the treatment categories. Results of PAM 1:5 showed the smallest standard 

deviation.  

Collagen IF semi quantification has already shown the trend of decreased collagen 

production in fibroblasts after PAM treatment. With its significant decrease in relative 

HP synthesis per cell through PAM treatment, the HP assay confirmed this trend. 

 

3.2.3 Effect of PAM on the ECM component fibronectin 
 
3.2.3.1 Fibronectin content decreases through PAM treatment 

Relative fibronectin content of cell lysates was determined by western blot. PAM 

dilutions 1:2 and 1:5 were used for treatment on fibroblasts. Western blot images were 

taken with the Typhoon Scanner and further analysis was performed through ImageJ 

software. The density of the bands was corrected to the one of the respective GAPDH and 

normalized to the respective control.  
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Figure 11. Modification of fibronectin in fibroblasts after PAM treatment (western 
blot). Fibronectin content was evaluated by western blot at 120 h after PAM treatment. 
Western blot analysis showed a significant decrease in fibronectin synthesis in both PAM 
treatment groups (A, B). Parts of this figure were already published in Rasch, M.-L. and 
Holl, M. et al., Effects of non-invasive physical plasma (NIPP) on the ECM and cells 
responsible for postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 
[1]. Data are shown as the mean ± SD, n=7, * p<0.05.  

 

 

 

 

Figure 23. Modification of fibronectin in fibroblasts after PAM treatment. 
Fibronectin content was evaluated by western blot at 120 h after PAM treatment. Western 
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Samples from the argon control group showed higher intensities of the western blot bands 

than cells from PAM treatment groups (Figure 11B). Intensity of bands decreased within 

PAM treatment. Stronger treatment led to weaker western blot signals. Fibroblasts treated 

with PAM 1:2 showed less intense bands than cells from the PAM 1:5 group. The argon 

control group presented the most intense western blot signal. Analyzing the bands with 

ImageJ software, fibroblasts in the PAM 1:2 treatment group showed significant lower 

fibronectin per cell than cells in the argon control group (Control to PAM 1:2, MD 0.65 

± 0.17 (SEM), p = 0.004) (Figure 11A). As in PAM 1:2, fibroblasts in PAM 1:5 possessed 

significantly lower fibronectin values per cell than the control (Control to PAM 1:5, MD 

0.54 ±  0.17 (SEM), p = 0.009). Intensity of bands was also significantly altered after 

treatment between PAM 1:5 and PAM 1:2 (PAM 1:5 to PAM 1:2, MD 0.11 ±  0.04 

(SEM), p = 0.014).  

Immunofluorescence staining for fibronectin was performed five days after PAM 

treatment using the fibronectin antibody from Abcam (1:200). Semi quantification of IF 

images was performed using the ImageJ software. Numbers were normalized to cell count 

and the argon mean value.  
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Figure 12. Modification of fibronectin in fibroblasts after PAM treatment (IF). 
Fibronectin content was evaluated by IF semi quantification at 120 h after PAM 
treatment by analyzing the IF intensity with ImageJ software. IF intensity decreased after 
PAM treatment (A-C). PAM significantly lowered relative fibronectin per cell in the 
PAM 1:5 group compared to the control (D). Fibroblast underwent PAM 1:2 treatment 
showed lower values than cells in the argon group, but changes were not significant. 
Parts of this figure were already published in Rasch, M.-L. and Holl, M. et al., Effects of 
non-invasive physical plasma (NIPP) on the ECM and cells responsible for 
postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 [1]. Data are 
shown as the mean ± SD, n=3, * p<0.05.  

 

 

 

Figure 30. Modification of fibronectin in fibroblasts after PAM treatment. 
Fibronectin content was evaluated by IF semi quantification at 120 h after PAM 
treatment. IF intensity decreased after PAM treatment (A-C). PAM significantly lowered 
relative fibronectin per cell in the PAM 1:5 group compared to the control (D). Fibroblast 
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Analyzing the IF-staining of fibronectin, fibroblasts in the argon control group grew to 

the highest confluency and created a strong fibronectin network (Figure 12A-C). When 

being treated with PAM 1:5, cells synthesized less fibronectin and grew to a smaller 

confluency, again showing the antiproliferative effect of PAM on fibroblasts. 

Particularly, small fibronectin networks between cells could be observed. When 

comparing PAM 1:2 and PAM 1:5, no fibronectin networks between cells could be 

overserved. In both PAM groups, stained fibronectin fibers were mainly detected on an 

intracellular basis. Intensity of fibronectin staining decreased within PAM treatment. 

Semi-quantification of IF-signal intensity by ImageJ software showed decreased intensity 

values per cell in both PAM groups (Figure 12D). Fibroblasts in the argon control group 

showed significant higher relative fibronectin per cell values than cells in the PAM 1:5 

group (Control to PAM 1:5, MD 0.6, p = 0.046). No significant difference was observed 

between the control and PAM 1:2 (Control to PAM 1:2, MD 0.7, p = 0.275). This may 

be explained by the wider standard deviation of both groups. Nevertheless, mean value 

of cells treated with PAM 1:2 decreased compared to cells in the control group. No 

significant modification between the PAM groups was detected (PAM 1:5 to PAM 1:2, 

MD 0.09, p = 0.5).  

Immunofluorescence staining of fibroblasts corresponded to the results of the fibronectin 

western blot analysis. Results of both methods showed less fibronectin synthesis in PAM 

treated fibroblasts compared to non-treated cells. Significant reduction in relative 

fibronectin per cell was only detected between the argon control and PAM 1:5 group in 

both experiments. Nevertheless, cells who underwent PAM 1:2 treatment presented lower 

fibronectin values per cell than the argon control group. Taken together, PAM treatment 

of fibroblasts led to significant decreased fibronectin synthesis per cell. Analysis of 

western blot corresponded with results of the immunofluorescence staining semi 

quantification. 
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3.3  PAM treatment affects cytokine production 
Various cytokines participate in the adhesion formation process. Therefore, the most 

important cytokines involved were examined in this study. Fibroblasts were treated with 

PAM 1:2, PAM 1:5 and argon as a control. After 24 h, the respective cell culture medium 

was aspirated and analyzed by a Multiplex Assay System. Cytokine levels of the scratch+ 

group were normalized to the respective scratch- group before normalizing to the 

respective argon mean value. By this, the effect of the scratch was foregrounded, and an 

intraperitoneal injury was mimicked. Evaluating the measured cytokines, inter-patient 

specific differences regarding the measured cytokine levels could be observed.  

 

3.3.1 Some pro inflammatory cytokines indicate decreased levels after 
PAM 

Various pro-inflammatory acting cytokines were assessed in this study. 

Analysis of IL-1b showed a decrease in detectable IL-1b per cell when treated with PAM 

(Figure 13A). Stronger PAM treatment led to lower IL-1b values per cell when compared 

to the argon control group. PAM 1:2 significantly decreased IL-1 levels (Control to PAM 

1:2, MD 0.22 ±  0.07 (SEM), p = 0.04). Modifications between the PAM groups as well 

as between PAM 1:5 and the control were not significant (PAM 1:5 to PAM 1:2, MD 

0.13 ± 0.1 (SEM), p = 0.13; Control to PAM 1:5, MD 0.09 ± 0.08 (SEM), p = 0.16).  

TNF-alpha levels did not show any significant differences between the different treatment 

groups (Control to PAM 1:5, MD 0.04 ± 0.05 (SEM), p = 0.27; Control to PAM 1:2, MD 

0.05 ± 0.08 (SEM), p = 0.28; PAM 1:5 to PAM 1:2, MD 0.01 ±  0.06 (SEM), p= 0.42) 

(Figure 13B). Only one patient indicated remarkably lower TNF-alpha levels when 

treated with PAM 1:2 compared to the control. For all other treatment groups and patients, 

similar values were detected. 
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Figure 13. Analysis of pro-inflammatory cytokines IL-1b and TNF-alpha after 
PAM treatment. Analysis was performed 24 h after PAM treatment of fibroblasts using 
a Multiplex Assay System. In general, strong PAM treatment led to lower cytokine 
levels. Significant decreases in cytokine levels were detected in IL-1b in the PAM 1:2 
group (A). Analysis of TNF-alpha did not show significantly modified cytokine levels 
after treatment (B). Parts of this figure were already published in Rasch, M.-L. and Holl, 
M. et al., Effects of non-invasive physical plasma (NIPP) on the ECM and cells 
responsible for postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 
[1].  Data are shown as the mean ± SD, n=3, * p<0.05. 
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In this study, PAM treatment led to slightly lower INF-gamma levels (Figure 14). 

Nevertheless, changes were not significant (Control to PAM 1:5, MD 0.09 ± 0.17 (SEM), 

p = 0.24; Control to PAM 1:2, MD 0.09 ± 0.06 (SEM), p = 0.12; PAM 1:5 to PAM 1:2, 

MD 0.02 ± 0.08 (SEM), p = 0.39). Data of one patient were notably lower than the 

respective mean value in each of the analyzed groups.  
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Figure 14. Modification of INF gamma after PAM treatment. Analysis was performed 
24 h after PAM treatment of fibroblasts using a Multiplex Assay System. Treatment led 
to slight but no significantly lowered INF-gamma production in fibroblasts. Data are 
shown as the mean ± SD, n=3, * p<0.05.  

 

 

Figure 37. Modification of INF gamma after PAM treatment. Analysis was performed 
24 h after PAM treatment of fibroblasts. Treatment led to slight but no significant lowered 
INF-gamma production in fibroblasts. Data are shown as the mean ± SD, * p<0.05.  

 

 

Figure 38. Modification of INF gamma after PAM treatment. Analysis was performed 
24 h after PAM treatment of fibroblasts. Treatment led to slight but no significant lowered 
INF-gamma production in fibroblasts. Data are shown as the mean ± SD, * p<0.05.  

 

 

Figure 39. Modification of INF gamma after PAM treatment. Analysis was performed 
24 h after PAM treatment of fibroblasts. Treatment led to slight but no significant lowered 
INF-gamma production in fibroblasts. Data are shown as the mean ± SD, * p<0.05.  

 

 

Figure 40. Modification of INF gamma after PAM treatment. Analysis was performed 
24 h after PAM treatment of fibroblasts. Treatment led to slight but no significant lowered 
INF-gamma production in fibroblasts. Data are shown as the mean ± SD, * p<0.05.  

 

 

Figure 41. Modification of INF gamma after PAM treatment. Analysis was performed 
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For levels of MIP-1-beta, no significant changes were observed even though slightly 

elevated levels in the PAM 1:2 treatment group could be noticed (Control to PAM 1:2, 

MD 0.06  ±  0.05 (SEM), p = 0.32; PAM 1:5 to PAM 1:2, MD 0.05 ± 0.03 (SEM), p = 

0.1) (Figure 15A). Due to wider standard deviations in the control and PAM 1:5 group, 

changes were not significant (Control to PAM 1:5, MD 0.08 ± 0.06 (SEM), p = 0.44).  

The cytokine MCP-1, also called monocyte chemoattractant protein or CCL2, was 

analyzed as well. Analysis did not show significant modifications between groups 

(Control to PAM 1:2, MD 0.009  ±  0.08 (SEM), p = 0.46; PAM 1:5 to PAM 1:2, MD 

0.05  ±  0.06 (SEM), p = 0.25) (Figure 15B). Compared to the control and PAM 1:2, 

MCP-1 levels were slightly elevated in fibroblasts treated with PAM 1:5 (Control to PAM 

1:5, MD 0.04  ± 0.09 (SEM), p = 0.36).  
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Figure 15. PAM did not affect MIP-1 beta and MCP-1 levels in fibroblasts. Analysis 
was performed 24 h after PAM treatment of fibroblasts using a Multiplex Assay System. 
Treatment did not modify the production of either cytokine in fibroblasts (A, B). Data 
are shown as the mean ± SD, n=3, * p<0.05.  
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Results of this study showed a significant decrease of relative TGF-beta 1 per cell in den 

PAM 1:2 group (Control to PAM 1:2, MD 0.28  ±  0.12 (SEM), p = 0.038) (Figure 16). 

No significant difference between the control and PAM 1:5 was detected (Control to 

PAM 1:5, MD 0.006  ±  0.14 (SEM), p = 0.49). Fibroblasts in both groups synthesized 

about the same amount of relative TGF-beta 1 per cell. Significant reduction in relative 

TGF-beta 1 production per cell was also observed in PAM 1:2 compared to cells who 

underwent PAM 1:5 treatment (PAM 1:5 to PAM 1:2, MD 0.27 ± 0.12 (SEM), p = 0.048). 

Therefore, stronger PAM treatment led to a significant reduction in TGF-beta 1 levels in 

fibroblasts. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

* 
 

* 

 

 * 

Figure 16. Analysis of TGF-beta 1 after PAM treatment. Analysis was performed 24 
h after PAM treatment in fibroblasts using a Multiplex Assay System. Analysis detected 
significantly decreased TGF-beta 1 levels in PAM 1:2 compared to the control as well as 
to PAM 1:5. This figure was already published in Rasch, M.-L. and Holl, M. et al., Effects 
of non-invasive physical plasma (NIPP) on the ECM and cells responsible for 
postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 [1]. Data are 
shown as the mean ± SD, n=3, * p<0.05.  

 

 

 
 

 

Figure 44. Analysis of TGF-beta 1 after PAM treatment. Analysis was performed 24 
h after PAM treatment in fibroblasts. Analysis detected significant decreased TGF-beta 
1 levels in PAM 1:2 compared to the control as well as to PAM 1:5. Data are shown as 
the mean ± SD, * p<0.05.  

 

 

Figure 45. Analysis of TGF-beta 1 after PAM treatment. Analysis was performed 24 
h after PAM treatment in fibroblasts. Analysis detected significant decreased TGF-beta 
1 levels in PAM 1:2 compared to the control as well as to PAM 1:5. Data are shown as 
the mean ± SD, * p<0.05.  

 

 

Figure 46. Analysis of TGF-beta 1 after PAM treatment. Analysis was performed 24 
h after PAM treatment in fibroblasts. Analysis detected significant decreased TGF-beta 
1 levels in PAM 1:2 compared to the control as well as to PAM 1:5. Data are shown as 
the mean ± SD, * p<0.05.  
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Il-1Ra is an Interleukin-1 receptor antagonist. No significant impact regarding the IL1-

Ra values after PAM treatment on fibroblasts could be detected (Control to PAM 1:5, 

MD 0.02 ± 0.09 (SEM), p = 0.4; Control to PAM 1:2, MD 0.11 ± 0.19 (SEM), p = 0.3; 

PAM 1:5 to PAM 1:2, MD 0.12 ± 0.17 (SEM), p = 0.25) (Figure 17). One patient in the 

PAM 1:2 group showed notably higher values than the other patients in this respective 

treatment group or PAM 1:5 or control group.  

To conclude, PAM treatment selectively reduced pro inflammatory acting cytokines like 

IL-1b or TGF-beta 1. Only stronger treatment led to significant results. PAM treatment 

did not alter levels of the other examined pro-inflammatory cytokines.  
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Figure 17. Analysis of IL-1Ra after PAM treatment. Analysis was performed 24 h 
after PAM treatment in fibroblasts using a Multiplex Assay System. No modification of 
IL-1Ra levels was detected after treatment. Data are shown as the mean ± SD, n=3,  
* p<0.05.  
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3.3.2 PAM treatment does not change angiogenesis promoting factors 
Angiogenesis promoting factors were evaluated in this study as well. 

While the mean values did not show any significant changes, the trend of slightly 

decreased IL-6 levels in fibroblasts after treatment could be detected (Control to PAM 

1:5, MD 0.09 ± 0.17 (SEM), p = 0.32; Control to PAM 1:2, MD 0.13 ± 0.17 (SEM), p = 

0.24; PAM 1:5 to PAM 1:2, MD 0.04 ± 0.09 (SEM), p = 0.68) (Figure 18A). One patient 

showed remarkably elevated IL-6 levels in the control group which resulted in a wider 

standard deviation. Compared to results of IL-6, no significant differences between the 

different treatment groups were detected in IL-8 either (Control to PAM 1:5, MD 0.03 ± 

0.14 (SEM), p = 0.41; Control to PAM 1:2, MD 0.14 ± 0.16 (SEM), p = 0.21; PAM 1:5 

to PAM 1:2, MD 0.11 ± 0.19 (SEM), p = 0.6) (Figure 18B). Regardless the significance, 

PAM 1:2 treatment tends to lower IL-8 levels in fibroblasts.  

As well as for levels of other angiogenesis promoting factors observed in this study, no 

significant changes in VEGF levels within PAM treatment were noticed (Control to PAM 

1:5, MD 0.04 ± 0.05 (SEM), p = 0.27; Control to PAM 1:2, MD 0.07 ± 0.15 (SEM), p = 

0.28; PAM 1:5 to PAM 1:2, MD 0.11 ± 0.16 (SEM), p = 0.28) (Figure 18C). Noticeably, 

one patient in the PAM 1:2 group revealed remarkably higher VEGF levels compared to 

the other patients in the respective treatment group and clearly extended the argon mean 

value.  

To sum up, PAM did not have a significant impact on angiogenesis promoting cytokines 

synthesized by fibroblasts.  
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Figure 18. Angiogenesis promoting factors did not significantly change levels after 
PAM treatment. Analysis was performed using a Multiplex Assay System. IL-6 analysis 
showed a slight decrease in relative cytokine levels after PAM treatment (A). PAM did 
not affect cytokine levels of IL-8 (B). Results of VEGF analysis showed a slight increase 
in cytokine levels in the PAM 1:2 treatment group (C). No significant changes could be 
detected. Data are shown as the mean ± SD, n=3, * p<0.05.  
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3.3.3 PAM treatment did not impact anti-inflammatory cytokines 
Besides pro-inflammatory acting cytokines, the human organism synthesizes cytokines 

decreasing the inflammation. Therefore, analysis of anti-inflammatory acting cytokines 

was performed. Analysis did not show any significant changes in IL-4 levels between the 

argon control and PAM treatment groups (Control to PAM 1:5, MD 0.01 ± 0.11 (SEM), 

p = 0.47; Control to PAM 1:2, MD 0.03 ± 0.08 (SEM), p = 0.39; PAM 1:5 to PAM 1:2, 

MD 0.04 ± 0.11 (SEM), p = 0.38) (Figure 19A). No trend of modification between PAM 

treatment groups was observed either. One patient showed remarkably elevated IL-4 

levels in the PAM 1:5 group resulting in a wider standard deviation. Looking at IL-10, 

no significant differences could be observed either (Control to PAM 1:5, MD 0.01 ± 0.02 

(SEM), p = 0.32; Control to PAM 1:2, MD 0.04 ± 0.06 (SEM), p = 0.27; PAM 1:5 to 

PAM 1:2, MD 0.03 ± 0.06 (SEM), p = 0.32) (Figure 19B). In the PAM 1:2 group, one 

patient showed notably higher, and another one remarkably lower IL-10 levels compared 

to their respective values in the argon control or PAM 1:5 group.  

Consequently, results did not reveal an impact of PAM on anti-inflammatory cytokines 

in fibroblasts. 
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3.3.4 Some colony stimulating factors change levels after PAM treatment 
Macrophages and granulocytes play an important role in adhesion disease as well. 

Therefore, their growth stimulating factors GM-CSF and M-CSF were analyzed in this 

study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. PAM treatment did not change levels of anti-inflammatory acting 
cytokines. Analysis was performed using a Multiplex Assay System. Analysis of IL-4 as 
well as IL-10 did not show any significant differences in cytokine levels after PAM 
treatment. In both groups, the PAM 1:2 group showed slightly reduced values compared 
to the argon control group. Data are shown as the mean ± SD, n=3,  
* p<0.05.  

 

Figure 20. CSF levels were partly altered by PAM treatment. Analysis was performed 
using a Multiplex Assay System. GM-CSF levels showed reduced values in both PAM 
treatment groups. PAM 1:2 significantly decreased relative GM-CSF levels in fibroblasts 
(A). Decreased but no significant changed values could be detected in the PAM 1:5 group. 
However, PAM treatment did not alter M-CSF levels in fibroblasts (B). Parts of this 
figure were already published in Rasch, M.-L. and Holl, M. et al., Effects of non-invasive 
physical plasma (NIPP) on the ECM and cells responsible for postoperative 
intraabdominal adhesions. Biomedicines, 2022, 10, 927 [1].  Data are shown as the mean 
± SD, n=3, * p<0.05.  

 

 

 

 

Figure 49. CSF levels were partly altered by PAM treatment. GM-CSF levels showed 
reduced values in both PAM treatment groups. PAM 1:2 significantly decreased relative 
GM-CSF levels in fibroblasts (A). Decreased but no significant changed values could be 
detected in the PAM 1:5 group. However, PAM treatment did not alter M-CSF levels in 
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Regarding GM-CSF, significantly decreased values could be observed for PAM 1:2 when 

tested against the argon control group (Control to PAM 1:2, MD 0.18 ± 0.06 (SEM), p = 

0.02) (Figure 20A). Even though GM-CSF levels were lower in the PAM 1:5 group than 

in the control, no significant changes were detected (Control to PAM 1:5, MD 0.09 ± 0.06 

(SEM), p = 0.13; PAM 1:5 to PAM 1:2, MD 0.1 ± 0.07 (SEM), p = 0.12). Regarding the 

growth factor of macrophages (M-CSF), no significant changes were detected (Control 

to PAM 1:2, MD 0.08 ± 0.16 (SEM), p = 0.33; PAM 1:5 to PAM 1:2, MD 0.09 ± 0.16 

(SEM), p = 0.3) (Figure 20B). Relative M-CSF levels did not differ between argon or 

PAM 1:5 (Control to PAM 1:5, MD 0.02 ±  0.03 (SEM), p = 0.3). One patient in the PAM 

1:2 group showed remarkably elevated values compared to the other patient of the 

treatment group. Taken together, PAM treatment decreased GM-CSF levels, but did not 

have any impact on M-CSF levels.  
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3.4 Influence of PAM on matrix metalloproteinases 1 and 2  
Matrix metalloproteinases (MMP) play an important role in ECM growth and degradation 

processes. For the measurement of those specific MMPs, fibroblasts and mesothelial cells 

were treated with PAM 1:2, argon served as control. Cell culture supernatant of 

fibroblasts was collected at 24 h, 72 h and 120 h after PAM treatment and was frozen 

right away at -80°C. For mesothelial cells, timepoints 24 h and 72 h post PAM treatment 

were evaluated. Samples were frozen for a minimum of 24 h before start of the assay. 

ELISA kits by ThermoScientific were used for analysis. Results were normalized to 

respective cell count and argon mean.  

For fibroblasts, analysis of MMP-1 was done 24 h, 72 h and 120 h post PAM. An inter-

patient variance could be observed at each time point and treatment group. No significant 

change between groups was noticed at any analyzed time points (Figure 21A). 24 h post 

PAM showed no differences between treatment group and control (t24, Control to PAM 

1:2, MD 0.1 ± 0.56 (SEM), p = 0.44). Inspecting results at 72 h post PAM, fibroblasts in 

the PAM 1:2 group presented less relative MMP-1 per cell than cells in the argon control 

group. Nevertheless, changes in MMP-1 levels were not significant (t72, Control to PAM 

1:2, MD 0.43 ± 0.34 (SEM), p = 0.14). Standard deviation of the PAM 1:2 group was 

notably low compared to the other treatment categories and time points. 120 h after PAM 

treatment, relative MMP-1 expression did not differ between the control and the treatment 

group in fibroblasts (t120, Control to PAM 1:2, MD 0.14 ± 0.87 (SEM), p = 0.44). 

Remarkably wide standard deviations occurred in both treatment groups. Mean value of 

the PAM group was slightly elevated compared to cells in the control group. To sum up, 

PAM treatment in fibroblasts modified MMP-1 levels mainly 72 h post treatment.  

As in fibroblast’s analysis, mesothelial cells did not show any significant changes 

between argon and PAM 1:2 after 24 h either (t24, Control to PAM 1:2, MD 0.12 ± 0.78 

(SEM), p = 0.44) (Figure 21B). Values at 24 h presented a huge outlier leading to a wider 

standard deviation. Results at 72 h after treatment showed a slight but not significant 

increase in relative MMP-1 per cell in the PAM 1:2 group (t72, Control to PAM 1:2, MD 

1,1 ± 0.64 (SEM), p = 0.08).  
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To sum up, passed time after PAM application had a considerable impact on relative 

MMP-1 synthesis - mainly at 72 h post treatment in both fibroblasts and mesothelial cells. 

Relative MMP-1 levels were not significantly modified over time in mesothelial cells or 

fibroblasts for all other timepoints. Slight contrary behaviors between the two cell types 

could be noticed at 72 h after treatment. Whereas mesothelial cells slightly increased their 

relative MMP-1 expression after PAM treatment, fibroblasts decreased relative MMP-1 

synthesis. 
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Figure 21. Impact of PAM-treatment on MMP-1 in fibroblasts and mesothelial cells. 
Both cell types were treated with PAM, analysis was performed 24 h, 72 h and 120 h after 
treatment performing an ELISA for MMP-1 detection. Fibroblasts (A) and mesothelial 
cells (B) did not have a significantly altered relative MMP-1 content after treatment. 
Results slightly differed between cell types after 72 h. Parts of this figure were already 
published in Rasch, M.-L. and Holl, M. et al., Effects of non-invasive physical plasma 
(NIPP) on the ECM and cells responsible for postoperative intraabdominal adhesions. 
Biomedicines, 2022, 10, 927 [1]. Data are shown as the mean ± SD, n=3, * p<0.05.  
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Analysis of relative MMP-2 per cell in fibroblasts 24 h after PAM demonstrated 

significantly decreased values in the PAM 1:2 treatment group compared to the argon 

control group (t24, Control to PAM 1:2, MD 0.46 ± 0.21 (SEM), p = 0.049) (Figure 22A). 

Relative MMP-2 levels in PAM 1:2 almost halved compared to levels in fibroblasts who 

underwent argon gas treatment only. One patient in the control group showed remarkably 

lower values resulting in approximately half of the MMP-2 levels compared to the other 

patients of the control group. At 72 h post PAM treatment, a significant reduction in 

relative MMP-2 was achieved in PAM 1:2 (t72, Control to PAM 1:2, MD 0.6 ± 0.14 

(SEM), p = 0.006). 72 h after PAM treatment, even lower relative MMP-2 per cell 

compared to values at 24 h post PAM could be detected. As after 24 h post PAM, 

fibroblasts in the PAM 1:2 group were distributed around the mean value with a low 

standard deviation. After 120 h, fibroblasts in the argon control group showed slightly 

higher values than cells in the PAM 1:2 group. Changes were not significant (t120, 
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Figure 22. Impact of PAM-treatment on MMP-2 in fibroblasts and mesothelial 
cells. Both cell types were treated with PAM, analysis was performed 24 h, 72 h and 120 
h after treatment performing an ELISA for MMP-2 detection. Relating to MMP-2, 
fibroblasts significantly decreased relative MMP-2 after treatment after 24 h and 72 h 
(A). After slightly increasing relative MMP-2 after 24h, mesothelial cells also 
significantly reduced relative MMP-2 after 72 h (B). Parts of this figure were already 
published in Rasch, M.-L. and Holl, M. et al., Effects of non-invasive physical plasma 
(NIPP) on the ECM and cells responsible for postoperative intraabdominal adhesions. 
Biomedicines, 2022, 10, 927 [1]. Data are shown as the mean ± SD, n=3, * p<0.05.  
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Control to PAM 1:2, MD 0.19 ± 0.41 (SEM), p = 0.331). One patient in the PAM 1:2 

group possessed remarkably higher relative MMP-2 than the other patients.  

As compared to fibroblasts, mesothelial cells showed contrary results 24 h post PAM 

(Figure 22B). Whereas fibroblasts significantly decreased relative MMP-2 per cell, 

mesothelial cells slightly increased their MMP-2 synthesis. Even though mean value 

doubled compared to the one of the fibroblasts, no significant changes could be detected 

due to scattered distribution of values (t24, Control to PAM 1:2, MD 1,2 ± 0.87 (SEM), 

p = 0.122). After 72 h, mesothelial cells significantly shortened relative MMP-2 

production per cell (t72, Control to PAM 1:2, MD 0.64 ± 0.25 (SEM), p = 0.033). Mean 

value more than halved compared to the control.  

In conclusion, PAM treatment led to significantly decreased relative MMP-2 per cell in 

both cell lines after 72 h. In contrast to increased MMP-2 in mesothelial cells, fibroblasts 

also possessed significant decreased MMP-2 levels at 24 h post PAM treatment.  
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3.5 Influence of PAM on cellular components analyzed by Raman 
microspectroscopy  

Raman spectroscopic imaging is a non-invasive method to detect and semi-quantify 

different molecules like nuclei or specific proteins. Fibroblasts were treated with PAM 

1:2, argon served as control. Fibroblasts were cultured five days after PAM treatment 

before being fixed in 4 % PFA and imaged by marker-independent and contact-free 

Raman spectroscopy. Identification and comparison of molecular characteristics and 

cellular components were possible by use of Raman imaging and single spectra 

extraction.  

 

3.5.1 True Component Analysis (TCA) 
Based on the respective fingerprint spectra, Raman imaging and True Component 

Analysis (TCA) identified and localized the components DNA/nuclei (blue) and proteins 

(green) (Figure 23A). The first identified component was DNA/nuclei and showed peaks 

at 788 and 1656 cm-1 related to O-P-O stretching of DNA/ C5’-O-P-O-C3’ phosphodiester 

bands in DNA and T, G, C (ring breathing modes of DNA/RNA bases) (Figure 23B; 

Supplementary Table 1). TCA analysis detected proteins as second component by peaks 

at 1005, 1088 and 1658 cm-1. Those peaks represent phenylalanine, symmetric PO2- 

stretching of DNA and amide I (protein) (Figure 23B; Supplementary Table 1).  Further 

TCA analysis revealed a third component as lipids (Supplementary Figure 2). 
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3.5.2 Principle Component Analysis (PCA) 
For detection of molecular differences between the argon and the PAM treatment group, 

Principal Component Analysis (PCA) was performed on the extracted single spectra of 

the nuclei and proteins for each patient (for PCA of lipids see Supplementary Figure 3). 

For the PCA of the nuclei, clustering of both groups could be observed in two of three 

patients in the PCA scores plot of PC-1 (Figure 24A-D). Statistical analysis showed a 

significant difference in clustering between the argon control group and the PAM 1:2 

treatment group in two patients in PC-1 (Figure 24B and D). Patient 1 showed negative 

values in the control group whereas Patient 2 illustrated positive values in this respective 

group. For the third patient, a significant difference in PC-2 instead of PC-1 could be 

observed between the respective groups (Figure 24E and F). Cells in the argon group 

indicated negative values whereas the PAM group presented positive ones.  

 

 

 

 

 

 

 

 

 

Figure 23. Characteristic spectra of detected molecular structures by Raman 
imaging. Raman images of fibroblasts. TCA identified nuclei (blue) and proteins (green) 
(A). The characteristic fingerprint spectra of the respective analyzed components allowed 
identification of nuclei and protein components (B). Parts of this figure were already 
published in Rasch, M.-L. and Holl, M. et al. Effects of non-invasive physical plasma 
(NIPP) on the ECM and cells responsible for postoperative intraabdominal adhesions. 
Biomedicines, 2022, 10, 927 [1].   
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Figure 24. Raman imaging reveals changes in nuclei spectra in fibroblasts. Scores 
plot of PC-1 vs. PC-2 revealed a trend of clustering between the argon and control group 
for both patient 1 and 2 (A and C).  DNA/nuclei specific average score values indicated 
significant differences for PC-1 in patient 1 and 2 (B and D). Scores plot of PC-1 vs. PC-
2 indicated clustering of groups for 3 (E). DNA/nuclei specific average score values 
showed significant modifications for PC-2 of patient 3 (F). Data are shown as the mean ± 
SD, n=3, * p<0.05.  
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As shown in the correlating loadings plot of nuclei-specific PCA, clustering of the groups 

can be elucidated by peaks at 782 cm-1, 1292 cm-1, 1325 cm-1, 1667 cm-1 for patient 1, 

correlated to changes in DNA, cytosine, CH3CH2 wagging mode in purine bases of 

nucleic acids and C-C stretching bands (Figure 25A; Supplementary Table 1). For patient 

2, separation of groups can be assigned to peaks at 830 cm-1, 1180 cm-1, 1325 cm-1, 1520 

cm-1 and 1663 cm-1 representing tyrosine, cytosine/guanine, CH3CH2 wagging mode in 

purine bases of nucleic acids, -C=C carotenoid and DNA (Figure 25C; Supplementary 

Table 1).  Peaks at 782 cm-1, 826 cm-1, 1071 cm-1, 1239 cm-1, 1259 cm-1 and 1508 cm-1 

in the loadings plot of patient 3 correlated to changes in DNA, O-P-O stretch DNA, 

symmetric PO2- stretching of DNA, amide III, guanine/cytosine (NH2) and cytosine 

(Figure 25E; Supplementary Table 1). 
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Similar results could be observed when analyzing the protein spectra. Scores plot of 

patient 1 revealed the trend of clustering between the different treatment groups. 

Statistical analysis showed significant differences in both PC-1 and PC-2 (Figure 26A 

and B). Similar findings could be observed after analysis of PC-1 and PC-2 of patient 2 

(Figure 26C and D). The scores plot showed an even more noticeable trend of clustering 

of groups. In contrast to the first two patients, an inverse clustering of treatment groups 

of patient 3 could be observed as argon scored negative values (Figure 26E and F). 

However, separation of groups was only significant in PC-1 (Figure 26F). 

 

 

Figure 25. Loadings plots corresponding to specific PCAs of each patient. 
Corresponding loadings plots of nuclei-specific PCA indicating trend of clustering in PC-
1 and of protein-specific PCA explaining trend of separation in PC-1 for patient 1 (A and 
B). Loadings plots of patient 2 corresponding to nucleic-specific PCA explaining trend of 
clustering in PC-1 and to protein-specific PCA responsible for trend of clustering in PC-
1 (C and D). Corresponding loadings plot of patient 3 of nucleic-specific PCA explaining 
trend of clustering in PC-2 and of protein-specific PCA explaining trend of separation in 
PC-1 (E and F). 
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Clustering of groups in patient 1 can be explained by peaks at 1239 cm-1, 1272 cm-1, 1309 

cm-1, 1721 cm-1 representing amide III, CHα’rocking, CH3/CH2 wagging mode of 

lipid/collagen and C=O (Figure 25B; Supplementary Table 1). For patient 2, the loadings 

plot revealed peaks at 830 cm-1, 1003 cm-1, 1096 cm-1, 1189 cm-1 responsible for 

separation of the argon and PAM treatment group. Peaks are assigned to tyrosine, 

phenylalanine / C-C skeletal, phosphodioxy (PO2- groups) and anti-symmetric phosphate 

vibrations, explaining the trend of clustering of the groups (Figure 25D; Supplementary 

Table 1). Loadings plot of patient 3 showed peaks at 830 cm-1, 1092 cm-1, 1226 cm-1, 

1508 cm-1 and 1659 cm-1. Changes in tyrosine, phosphodioxy, anti-symmetric phosphate, 

cytosine, and amide I (protein) contribute to the trend of separation (Figure 25F; 

Supplementary Table 1). 

 

 

 

 

 

 

 

 

Figure 26. Raman imaging reveals changes in protein spectra in fibroblasts. For both 
patient 1 and 2, scores plot of PC-1 vs. PC-2 revealed a trend of clustering in the argon 
and the PAM treatment group (A and C). Protein specific average score values showed 
significant differences for PC-1 as well as in PC-2 in patient 1 and 2 (B and D). For patient 
3, scores plot of PC-1 vs. PC-2 indicated trend of clustering of groups (E). Protein specific 
average score values showed significant changes in PC-1 of patient 3 (F). Data are shown 
as the mean ± SD, n=3, * p<0.05. 
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4. DISCUSSION 
 

Various studies confirmed the effectivity of NIPP in clinical applications. Plasma 

treatment leads to improved wound healing, has antiproliferative effects and modulates 

the cell cycle and protein synthesis [23, 30, 35-41]. Plasma activated media and its 

application has been shown to be as effective as direct plasma treatment [38, 42, 43]. 

Besides that, studies have shown that NIPP selectively reduces cancer cells  [30, 35, 38, 

40]. Therefore, NIPP treatment has the potential to serve as a new innovative minimal 

invasive therapeutical option in different fields of modern medicine. This study aimed to 

evaluate if PAM has a therapeutical effect on cells responsible for adhesion formation. 

Since no satisfactory method in the prevention and treatment of postoperative 

intraperitoneal adhesion is established yet, this study evaluated PAM as a possible 

application method to prevent the formation of intraperitoneal adhesion [3, 4, 17, 18, 44]. 

This study reported “the first application of PAM on human peritoneal tissue” [1] to 

anticipate adhesion promoting cell responses. By applying PAM in-vitro, a first proof of 

concept for the use of PAM as a novel, innovative cell type-specific clinical procedure 

for the prevention of postoperative or inflammatory intraabdominal adhesions was 

provided. 

Collagen and fibronectin, both particularly synthesized by fibroblasts, play an important 

part in development of adhesion bands [4]. PAM treatment of fibroblasts reduced cell 

proliferation and other factors responsible for the adhesion formation process as shown 

in this study. Other factors contributing to the adhesion formation process like cytokines 

and matrix metalloproteinases were analyzed as well. Primary isolated cells were 

exclusively used in this study to display lifelike effects as close as possible. Since 

fibroblasts were isolated from different patient’s peritoneum tissue samples, inter-patient 

specific differences regarding the results occurred in some extent.  
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4.1 PAM treatment reduced cell count of fibroblasts  
Several studies reported decreased cell proliferation in cancer cells after plasma treatment 

[36, 45, 46].  In this study, PAM treatment effectively reduced fibroblast cell count. 

Stronger PAM treatment led to lower cell confluency than weaker treatment. In vivo, this 

might lead to a lower cell count and therefore fewer active cells in the peritoneal cavity 

after surgery. On the one hand, less cells would be present and therefore fewer adhesions 

would be formed. On the other hand, a reduced cell count could be fatal. Injuries require 

healing processes, induced by cells like fibroblasts and mesothelial cells [4, 5]. By 

application of strong PAM treatment, physiologically appearing fibroblasts may be 

reduced to greater extent causing delayed healing processes. Kang and Kim et al. 

investigated non-thermal plasma effects on keloid fibroblasts and compared them to 

healthy normal fibroblasts [24]. By evaluating the migration potential of the cells, they 

found that application of non-thermal plasma led to decreased migration of the abnormal 

keloid fibroblasts but even increased migration of normal fibroblasts. This effect may be 

found in intraperitoneal fibroblasts as well, but further studies have to be done to 

distinguish the effect of PAM on cell migration and cell confluency between normal and 

adhesion fibroblasts. Brun et al. exploited the effect of Helium Plasma on human 

fibroblast-like primary cells. Their results showed increased proliferation and migration 

of cells after treatment [47]. Reasons for the differences to the results of this present study 

might be the different choice of gas, origin of cells or concentration of plasma treatment 

as well as a different kind of plasma application. According to Bourdens et al., dermal 

fibroblasts were relatively resistant to NIPP mediated cell death, but immediately entered 

cell cycle arrest and stopped cell proliferation caused by DNA damage [48]. In this study, 

Raman imaging was performed to detect the impact of PAM treatment on cells in a global 

context. In addition to the other experiments, Raman imaging was therefore used as a 

summation method. Analysis of nuclei has shown significant differences between 

fibroblasts in the control and cells in the plasma treatment group. This finding suggests 

modifications on a nuclear basis in fibroblasts supporting decreased cell proliferation 

after treatment. As already stated, further evaluation and comparison of the effect of PAM 

on peritoneal and adhesion fibroblasts must be done.  

PAM treatment was able to induce cell type-specific molecular and cellular responses in 

treated tissues, leading to preventive anti-adhesive effects. In our publication, selective 



 

 78 

PAM effects on fibroblast’s gene and cell proliferation were shown. Significant increased 

double strand breaks in fibroblasts were observed after PAM treatment [1]. Next to DNA 

damage, cell apoptosis and cycle arrest were detected which were most likely associated 

with substantial formation of ROS. Reduction of cell confluency therefore might be 

justified by induction of apoptotic or necrotic effects. However, in this present study it 

remains unclear whether PAM treatment has a direct cytoreductive effect on fibroblasts 

or rather reduces fibroblast proliferation, exhibiting a cytostatic effect. 

 

4.2 Extracellular matrix formation was reduced by PAM treatment 
Since cells form sufficiently detectable ECM a few days after cultivation, all ECM 

components were analyzed five days after treatment. Besides examination of the different 

components after PAM treatment, ECM weight per cell was also assessed. Results 

showed a significant decrease in the PAM 1:2 group. Adhesion bands mainly consist of 

ECM components like collagen and fibronectin (Figure 27A). By reducing total ECM 

expression in fibroblasts, PAM treatment effectively counteracts excessive connective 

tissue formation (Figure 27B). Consequently, patients with peri- or postoperative PAM 

treatment would form less adhesion bands after surgery. Complications as well as revision 

surgeries would then belong to the past in most cases. Raman spectroscopic imaging also 

demonstrated reduced protein levels after PAM treatment. However, this method was not 

able to distinguish between intra- and extracellular located proteins. Reduced protein 

expression can therefore be assigned to either the reduced cell count, to decreased ECM 

formation, but most likely to both aspects. As ECM weight per cell was decreasing by 

PAM treatment, the two main components fibronectin and collagen were 

comprehensively analyzed.  
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Interestingly, relative soluble collagen content per cell was rising through PAM treatment 

but relative collagen expression was decreasing. Results of non-invasive Raman 

spectroscopic imaging confirmed a modification of collagen in fibroblasts after PAM 

treatment (see Supplementary Figure 1). Shi Xingmin et al. confirmed the finding of 

decreased collagen production in fibroblasts after stronger plasma treatment [49]. In 

contrast to the results concerning the total or soluble collagen expression, the intracellular 

collagen content in fibroblasts did not differ between the different treatment groups. 

Therefore, processes which lead to the reduced total collagen expression occur in the 

extracellular environment.  

In the process of collagen deposition several enzymes are involved, such as 

endopeptidases and matrix metalloproteinases. PAM may interfere with the mechanism 

of transforming soluble collagen into an insoluble state and therefore be responsible for 

the contrary results. As an explanatory approach, the process of the formation of collagen 

fibrils might be disturbed. By cleaving the N and C terminus, several endopeptidases 

transform the pro-collagen into collagen which can then be arranged into collagen fibrils 

[50]. When those enzymes would be inhibited through PAM species like reactive oxygen 

species, higher elevated soluble collagen levels but lower total collagen levels would be 

detected. Another explanatory approach might be the modification of matrix 

metalloproteinases after PAM treatment. In this study we examined MMP-1 and MMP-2 

levels in fibroblasts and mesothelial cells. MMP-1 belongs to the collagenase family and 

cleaves collagen-I, II and III [51, 52]. According to several studies, MMP levels were 

shown to be significantly elevated in adhesion fibroblasts [4, 53]. No modification of 

MMP-1 levels in fibroblasts was observed at 24 h or 120 h after PAM treatment. At 72 h, 

MMP-1 levels notably but not significantly decreased after PAM treatment. This finding 

Figure 27. Predicted impact of PAM treatment on the peritoneal cavity. Without 
treatment, hyperproliferation of components of the extracellular matrix occur, leading to 
pathological wound healing and adhesion formation. By treating the peritoneal cavity 
with PAM, excessive ECM built up can be prevented. This figure was already published 
in Rasch, M.-L. and Holl, M. et al., Effects of non-invasive physical plasma (NIPP) on 
the ECM and cells responsible for postoperative intraabdominal adhesions. 
Biomedicines, 2022, 10, 927 [1]. Created with BioRender.com. 
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might contribute to reduced collagen degradation and might be an explanatory approach 

of elevated soluble collagen values measured in this study. On the other hand, the 

decrease in MMP-1 was small and not significant whereas soluble collagen showed a 

clearly significant increase. It remains unclear whether the discrepancy might be 

explained by the MMP-1 theory alone. Furthermore, it should be evaluated whether in 

vitro injured fibroblasts will also show decreased MMP-1 values after PAM treatment as 

normal fibroblasts did in this study. In contrast to slightly decreasing levels in fibroblasts, 

MMP-1 levels in mesothelial cells were notably rising 72 h after treatment. This finding 

may contribute to improved cell migration of the cells into the wound after intraoperative 

PAM treatment. Studies have shown the importance of MMP-1 as well as of MMP-2 in 

the cell migration process of several cells [54]. The combination of decreased MMP-1 

levels in fibroblasts and increased levels in mesothelial cells leads to the assumption of 

an improved and physiological wound healing process without excessive collagen band 

formation after application of PAM treatment. Besides its impact on cell migration, 

MMP-2 (gelatinase-1) is also responsible for cleaving fibronectin, collagen IV and elastin 

[55]. Additionally, an increase in MMP-2 also leads to promoted angiogenesis [56]. Even 

though gelatinase-1 is involved in the ECM degradation, elevated levels can somehow be 

found in adhesions [55]. By cleaving collagen IV, part of the basement membrane, 

fibrosis and adhesion formation are promoted [57]. Some studies even imply a role of 

MMP-2 levels as adhesion marker [58]. As fibroblasts are mainly responsible for collagen 

synthesis, the findings of significantly reduced MMP-2 levels after treatment indicate less 

adhesion formation. Cleavage of the basement membrane of fibroblasts is minimized, 

reducing fibroblast migration, and the risk of fibrosis shortened.  

As stated, the discrepancy between lowered total collagen amounts and enhanced soluble 

collagen levels, may be explained by changed MMP levels. Furthermore, expression of 

other enzymes which were not evaluated in this study may contribute to this finding. On 

one hand, slightly reduced MMP-1 levels in fibroblasts 72 h after treatment may lead to 

less collagen cleaving and therefore elevated soluble collagen levels. On the other hand, 

inhibition of MMP-2 may result in less collagen IV depletion and therefore to a reduced 

total collagen expression. Also, endopeptidases activity might be restrained due to plasma 

treatment and therefore total collagen formation may be limited.  
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Fibronectin is another major component of the ECM and therefore another important part 

of adhesion bands. Despite decreased collagen formation, analysis has shown a 

significant decrease in relative fibronectin production per cell after PAM treatment. No 

significant differences between the various PAM dosages could be detected. Following 

PAM treatment in vivo, fibroblasts in the intraperitoneal cavity therefore might not form 

sufficiently stable adhesion bands and the risk of development of intestinal bowel 

obstruction or chronic pain conditions could be minimized. It has been shown that 

fibronectin and its polymerization are essential for ECM stability and composition [11, 

59-61]. By reducing fibronectin expression, amounts of newly formed ECM will decrease 

as the matrix becomes unstable. Therefore, adhesion bands would lack stability as well 

and its formation and maintenance will be reduced. Besides that, already formed 

fibronectin networks require continuous fibronectin synthesis to impede their degradation 

[62]. Since PAM inhibits fibronectin expression, the network will not be maintained or 

further built-up. Moreover, fibronectin is also required for attachment of additional cells 

[62]. Cells like fibroblasts will not be able to sufficiently attach to the fibronectin network 

and therefore synthesis of further ECM components will be diminished.  
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4.3 Cytokine levels were differently altered by PAM treatment 
Various cytokines have been shown to be involved in the adhesion formation process. 

Especially TGF-beta possesses pro-adhesiogenic properties [4, 63, 64]. PAM treatment 

effectively reduced TGF-beta-1 levels in fibroblasts. The cytokine is acting in a pro-

adhesiogenic manner by elevating collagen synthesis, stimulating ECM formation and 

angiogenesis [4, 5, 9, 63]. Furthermore, elevated levels of the cytokine were detected in 

adhesion tissue [4, 64]. Analysis 24 h after PAM treatment showed a significant decrease 

in relative TGF-beta per cell as a response to cellular stress and damage in fibroblasts. 

Hereby, PAM affects another mechanism related to elevated postoperative collagen 

synthesis. By performing a scratch on the fibroblast monolayer before PAM treatment, 

peritoneal injury was mimicked. Therefore, the significant decrease in TGF-beta-1 

implies an even more meaningful impact on PAM as an option for the avoidance of 

postoperative adhesion formation. Kang and Kim et al. found that plasma treatment 

decreased collagen production in keloid fibroblasts by a reduction of TGF-beta but had 

no effect on normal fibroblasts [24]. Elevated TGF-beta led to increased collagen 

synthesis in keloid fibroblasts. By only affecting the abnormal fibroblasts in the skin, 

intraperitoneal PAM treatment might have the same effect on peritoneal fibroblasts. By 

that, excessive collagen deposition by modified injured fibroblasts could be decreased as 

well and the normal fibroblasts could contribute to the physiological wound healing 

process. The experimental design and the findings of the present study correlate to the 

results of Kang and Kim et al. In contrast, healthy fibroblasts reacted with increased TGF-

beta synthesis, improving wound healing processes, as shown in Arndt et al. [65]. This 

again shows that a precise distinction between plasma effects on healthy and on adhesion 

associated fibroblasts is essential.  

Besides TGF-beta-1, several other cytokines are involved in the adhesion formation 

process. Right after a peritoneal injury, elevated levels of IL-1 and TNF-alpha can be 

found around the injury [4, 66]. Strong PAM 1:2 treatment effectively reduced subtype 

IL-1b levels after a stimulated injury through scratch application. Since IL-1 acts as a pro 

inflammatory cytokine and is especially synthesized by injured cells, PAM treatment 

might effectively reduce overshooting immune reactions and adhesion formation. 

Various studies confirmed that collagen synthesis is modified through IL-1b but are 

discordant whether it lowers or rises the amount of collagen [67-71]. In addition, IL-1b 
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might stimulate the epithelial-mesenchymal-transition (EMT) of mesothelial cells into 

fibroblasts [4, 72]. By reducing IL-1b levels through stronger PAM, the treatment may 

lead to a reduced inflammatory environment. EMT of mesothelial cells could be inhibited 

as well. Therefore, less fibroblasts and transformed mesothelial cells would be present in 

the peritoneal cavity after surgery leading to less adhesion formation.  

Several other cytokines being measured in this study did not show any changes in their 

respective levels after PAM treatment. Besides IL-1b, other pro-inflammatory acting 

cytokines were evaluated. TNF-alpha or INF-gamma were not significantly altered by 

plasma application but showed the trend of a slight decrease after treatment. Both 

cytokines can be found in elevated levels in the peritoneal fluid of patients with adhesion 

formation [4, 73, 74]. The present study only evaluated fibroblast levels up to 24 h after 

plasma treatment, therefore evaluation of cytokine levels over a prolonged period may 

show even more significant changes in PAM 1:2 treatment group.  

Macrophages and granulocytes are also present in the abdominal cavity after surgical 

procedures. Higher levels lead to increased inflammatory responses and therefore to 

elevated adhesion formation [4, 75]. This study investigated their growth stimulating 

factors, GM-CSF for both macrophages and granulocytes and M-CSF for macrophages 

only. Plasma treatment significantly decreased GM-CSF but not M-CSF. This finding is 

leading to the assumption of a lowered macrophage and granulocyte count in the 

peritoneal cavity after plasma treatment. Since GM-CSF both influences macrophage and 

granulocyte differentiation beside its pro-inflammatory properties [76, 77], the non-

plasma responding behavior of M-CSF is negligible when relating to the anti-

adhesiogenic effects of the treatment.   

Since angiogenesis is an essential factor in the establishment of adhesions, angiogenesis 

promoting factors such as IL-8 and VEGF were inspected. Neither of them presented 

changed levels after plasma treatment. Various studies reported elevated levels of VEGF 

in patients with postoperative intraabdominal adhesions [4]. By demonstrating reduced 

adhesion formation after anti-VEGF therapy, the importance of this cytokine in the 

adhesion formation process was accentuated [78-80]. IL-8 has one of the greatest pro-

angiogenetic effects on endothelial cells which can also be found in tumor diseases [81, 

82]. Besides that, IL-8 acts as a chemokine, attracting even more pro-inflammatory cells 

https://www.linguee.de/englisch-deutsch/uebersetzung/negligible.html
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of the innate immune system, such as neutrophils and macrophages [5]. Unfortunately, 

plasma treatment did not alter levels of any examined angiogenesis promoting factor in 

this study. Nonetheless, plasma application effectively reduced important ECM 

components such as collagen and fibronectin. Without these two most important 

adhesiogenic components, angiogenesis only plays a subordinate part in the adhesion 

formation process.  

 

4.4 Conclusion and clinical significance  
In the present study, PAM was applicated on human peritoneal tissue to study the 

prevention of pro-adhesive cell responses. Significant decreases of several components 

being involved in the adhesion formation process were found after PAM treatment. ECM 

components like collagen and fibronectin were significantly reduced after treatment. 

These findings may predict that the application of PAM is an effective method in the 

prevention of postoperative intraabdominal adhesions. PAM may be applicated 

intraperitoneally at the end of surgery before skin suture to minimize complications 

provoked by adhesion bands. Up to date, no sufficient methods in preventing the adhesion 

formation after surgery is available yet. In conclusion, PAM could be routinely 

incorporated into surgical procedures across the board for effective adhesion prophylaxis. 
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5.  SUMMARY 
 

Postoperative intraabdominal adhesions remain a serious problem in many surgical 

specialties responsible for a variety of serious and partly even life-threatening clinical 

disorders. Several approaches in prevention and treatment have been made but with no 

clear clinical benefits. Administration of plasma activated media (PAM) represents a 

promising treatment option. In this study, the effect of PAM on cells and components 

responsible for increased adhesion formation was evaluated. Two main components of 

the extracellular matrix (ECM) – collagen and fibronectin – are mainly synthesized by 

fibroblasts and represent two main parts in adhesion formation. By PAM treatment of 

primarily isolated fibroblasts, antiproliferative effects and modification of the above-

mentioned ECM components were detected. Significant decreased hydroxyproline after 

PAM treatment indicated a reduced collagen synthesis. Fibronectin was also significantly 

reduced after treatment. Playing part in the ECM transformation and degradation process, 

type 1 and 2 matrix metalloproteinases (MMP) were examined as well. Changes were 

detected in both MMP-1 and MMP-2 after PAM treatment. Modifications in proteins as 

well as in lipids and the DNA of fibroblasts were observed by contactless and marker 

independent Raman microspectroscopy. 

Various pro- as well as anti-inflammatory cytokines modulate adhesiogenesis. PAM 

treatment efficiently reduced extracellular TGF-beta levels - a cytokine with pro-

inflammatory and pro-adhesiogenic properties.  

The interaction of anti-proliferative properties, decreased expression of essential ECM-

components and the reduction of pro-inflammatory cytokines might enable a targeted 

anti-adhesiogenic intraoperative tissue treatment. In conclusion, PAM outlines a 

promising method for prevention and treatment of postoperative intraabdominal 

adhesions and other inflammatory diseases.  
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ZUSAMMENFASSUNG 

Intraabdominelle postoperative Adhäsionen stellen weiterhin ein großes Problem in den 

chirurgischen Fächern der Medizin dar, da sie für eine große Anzahl an 

ernstzunehmenden und teils auch lebensbedrohlichen Erkrankungen verantwortlich sind. 

Die bisher verfügbaren Ansätze zur Prävention und Behandlung haben keinen klinisch 

durchschlagenden Erfolg gebracht. Der Einsatz von Plasma-aktivierten Medien (PAM) 

stellt hierbei eine vielversprechende Methode dar. In dieser Arbeit wurde der Effekt von 

PAM auf Zellen und zelluläre Faktoren untersucht, welche für die Entstehung von 

Adhäsionen verantwortlich sind. Zwei Hauptkomponenten extrazellulärer Matrix (ECM) 

– Fibronektin und Kollagen – werden insbesondere von Fibroblasten synthetisiert und 

stellen zwei Hauptbestandteile in der Adhäsionsentstehung dar. PAM-Behandlung von 

primär-isolierten Fibroblasten führte zu anti-proliferativen Effekten und Änderung der 

Expression o.g. ECM-Faktoren. Durch die Detektion einer signifikanten Verringerung 

von Hydroxyprolin durch PAM, konnte auf eine verminderte Kollagen-Synthese 

rückgeschlossen werden. Auch Fibronektin wurde nach PAM-Behandlung signifikant 

vermindert nachgewiesen. Typ 1 und 2 Matrixmetalloproteinasen (MMP) spielen eine 

wichtige Rolle bei der Umwandlung und dem Abbau von ECM und wurden durch die 

PAM-Behandlung signifikant in ihrer Funktion beeinflusst. Durch kontaktlose und 

Marker-unabhängige Raman-Mikrospektroskopie wurden Veränderungen von Proteinen 

als auch von Lipiden und der DNA in Fibroblasten detektiert.  

Pro- und antiinflammatorische Zytokine spielen eine wesentliche regulatorische Rolle in 

der Adhäsiogenese. PAM-Behandlung reduzierte die extrazellulären Level von TGF-

beta, ein Zytokin mit sowohl proinflammatorischen als auch pro-adhäsiogenen 

Eigenschaften.  

Das Zusammenspiel von antiproliferativen Eigenschaften, der verminderten Expression 

von essenziellen ECM-Bestandteilen und der Reduktion pro-inflammatorischer Zytokine 

könnte eine zielgerichtete anti-adhäsiogene intraoperative Gewebebehandlung 

ermöglichen. Zusammengefasst stellt die Behandlung mit PAM daher eine 

aussichtsreiche Methode zur Prävention und Behandlung von postoperativen Adhäsionen 

und anderen inflammatorischen Erkrankungen dar.  
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APPENIDX 
 

Supplementary Data  

Raman spectroscopic imaging detecting collagen spectra 

Since the extracted collagen spectra was too weak to uniquely match the collagen 

reference spectra and for further PCA, semi quantification of the Raman images of the 

collagen spectra was performed. As seen in Supplementary Figure 1, collagen expression 

in fibroblasts was reduced through PAM treatment. However, the change was not 

significant. Raman images of the collagen spectra (green) revealed decreased collagen 

signals (Supplementary Figure 1) in two of three patients.  

 

 

 

Supplementary Figure 1. Extracted collagen spectra. TCA revealed a spectrum 
partially related to a collagen reference spectrum. Semi quantification of the intensity of 
pixels was performed. Analysis revealed a slight but not significant modification in 
collagen after PAM treatment.  

 

 



 

 98 

Raman spectroscopic imaging detecting lipid spectra in fibroblasts 
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Supplementary Figure 2. Fingerprint spectrum of lipids. TCA identified the 
characteristic spectrum of lipids. Peaks at 1003 and 1667 cm-1 are related to lipids 
representing phenylalanine/C-C skeletal and C-C stretching band [Supplementary Table 
1]. Parts of this figure were already published in Rasch, M.-L. and Holl, M. et al., Effects 
of non-invasive physical plasma (NIPP) on the ECM and cells responsible for 
postoperative intraabdominal adhesions. Biomedicines, 2022, 10, 927 [1]. 
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Supplementary Figure 3. Raman imaging reveals changes in lipid spectra in 
fibroblasts. Lipid-specific scores plot of PC-1 vs. PC-2 revealed a slight trend of 
clustering between groups for patient 1 (A). Lipids specific average score values indicated 
no significant differences in either PC-1 or PC-2 (B). Scores plot of PC-1 vs. PC-2 
indicated clustering of groups for both patient 2 and 3 (C and E). Lipids specific average 
score values revealed significant modifications for PC-1 of patient 2 (D). For patient 3, 
significant differences between groups were detected in the lipids-specific average score 
values of PC-2 (F). Data are shown as the mean ± SD, n=3, * p<0.05. 
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Supplementary Table 1. Raman peaks and their molecular assignments after 
identification by PCAs.  
 

Peaks Assignment Reference 

693 Nucleotide conformation [83] 

710 n (C-S) trans (amino acid methionine) [83] 

728 C-C stretching proline  

(collagen assignment) 

[83, 84] 

751 mitochondria [85] 

782 DNA [83] 

788 O-P-O stretching of DNA/C5’-O-P-O-C3’ 

phosphodiester bands in DNA 

[83] 

810 Phosphodiester (Z-Marker) DNA [83, 86] 

826 O-P-O stretch DNA [83] 

830 Tyrosine [83] 

1003 Phenylalanine, C-C skeletal [83, 87] 

1005 Phenylalanine [88] 

1008 Phenylalanine / Proteoglycans [83, 89] 

1066 Proline (collagen assignment) [83, 84] 
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1070-90 Symmetric PO2- stretching of DNA [83] 

1092 Phosphodioxy [83] 

1093 Symmetric PO2- stretching vibration  

of the DNA backbone 

[83, 90, 

91] 

1096 Phosphodioxy (PO2-) groups [83] 

1113 Amide III (proteins) /  

C-C in lipids, fatty acids 

[83, 92] 

1153 Carbohydrates [83] 

1180 Cytosine, Guanine [93] 

1182 Cytosine, Guanine, Adenine [83, 94] 

1185-300 Anti-symmetric phosphate [83] 

1239 Amide III [83] 

1259 Guanine, cytosine (NH2) [93] 

1272 CH α’rocking [83] 

1292 Cytosine [83] 

1309 CH3CH2 wagging mode  

of lipid/collagen 

[83] 

1325-30 CH3CH2 wagging mode in  

purine bases of nucleic acids 

[83] 
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1454 CH2 stretching / CH3 deformation [83] 

1506/08/10 Cytosine [83] 

1520 -C=C - carotenoid [83, 86, 

89, 95] 

1655-80 T, G, C (ring breathing modes  

of DNA/RNA bases); 

Amide I (protein) 

[83] 

1661 Amide I [83, 94] 

1663 DNA [96] 

1667 Protein band / 

C-C stretch 

[83, 90, 

95] 

1716-41 C=O [83] 
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