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Burn wounds 

Epidemiology of burns 

Each year approximately 750 burn patients are admitted to a specialized burn center in the 
Netherlands [1]. Of these patients, about 96% survives but can be faced with an impaired 
quality of life due to burn-related complications such as disabilities, immobilization, 
disfigurements, itching and post-traumatic stress disorder [1–3]. The mortality rate, of 
approximately 4%, is caused by the burn injury and its acute complications such as local and 
systemic inflammation, loss of fluids (hypovolemia) and proteins (hypoproteinemia), 
breathing difficulties, bacterial wound colonization and sepsis, which may lead to organ 
failure [4]. To minimize morbidity and mortality, severely burnt patients require immediate 
specialized medical care [5]. The medical care for burn patients has improved over the past 
decades, nevertheless, sepsis and wound colonization by bacteria continue to be a primary 
cause for increased morbidity and mortality rates in burn patients [6,7]. 
Immediately after burn injury the patient’s flora may colonize the wounds. These bacteria 
often originate from endogenous skin, and the gastrointestinal and respiratory tract. 
Additionally, nosocomial bacteria are commonly transmitted to burn patients via the air or 
hands of the health care personnel during e.g. wound dressing procedures and topical 
treatment of burns [8–10]. Studies show that gram-positive bacteria such as Staphylococcus 
aureus first colonize burns within 48 h after injury, which is often replaced by gram-negative 
bacteria like Pseudomonas aeruginosa within one week [11,12]. In general, the most 
prevalent bacteria to colonize burns are S. aureus, Acinetobacter baumannii, P. aeruginosa 
and Enterobacter species. The prevalence of the type of bacterium is, among others, 
dependent on the geographic location. In the Dutch burn centers [13], the most prevalent 
bacterium is S. aureus but in South African [14], Singaporean [15], Chinese [16] and Turkish 
[17] burn units the most prevalent bacterium is A. baumannii. P. aeruginosa is most 
prevalent in Iran [18], Palestine [19] and Romania [20].  
A study from Poland reported that wound colonization by P. aeruginosa or A. baumannii is 
associated with an increased risk of mortality due to sepsis in severely burnt patients [21]. 
Known risk factors for bacterial colonization are advanced age, a total body surface area 
(TBSA) of >20% affected by the burn, high numbers of surgical interventions, admission to 
the intensive care unit, antibiotic usage, long hospital stay and underlying diseases [1,22]. 
Additionally, nasal carriage of S. aureus could increase the risk of wound colonization [23]. 
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Pathophysiology of burns 

Burns initiate local and systemic inflammatory responses, which could have detrimental 
effects on the burn wound healing but also on several distant organs [24–26]. These 
responses involve excessive activation of C-reactive protein and complement, extended 
wound infiltration by high numbers of neutrophils and macrophages, and the prolonged 
release of pro-inflammatory cytokines such as IL-1, IL-6 and TNF-α, as well as reactive 
oxygen species (ROS) [27–29]. These responses persist because of the attenuated 
production of anti-inflammatory mediators such as transforming growth factor-b (TGF-b) 
that promotes wound healing [30–32]. As a result of the local inflammatory response to 
burns, a systemic inflammatory response is initiated, disturbing cardiovascular, respiratory, 
metabolic and immunological systems, which eventually may cause organ failure [24]. 
Burns can be characterized by three zones i.e. the zone of coagulation, stasis and 
hyperaemia (Figure 1) [33]. The outermost zone of hyperaemia is characterized by 
increased perfusion and inflammation, leading to redness of the skin. This zone will most 
likely recover, unless there is sepsis or prolonged hypoperfusion [33]. The surrounding zone 
of stasis is characterized by decreased perfusion. Survival or necrosis of this tissue is 
dependent on the wound environment. The zone of coagulation at the center of the wound 
consists of necrotic tissue, known as eschar, which is generally excised to allow wound 
healing to take place. The presence of eschar can increase the risk for bacterial colonization 
because eschar can serve as a nutrient source for bacteria [34]. 
 

 
 
Figure 1: Three zones of burn wounds 
Burns can be characterized by three zones i.e. the zone of coagulation, stasis and hyperaemia [33]. Depending on 
the wound environment, the zone of stasis may survive or become necrotic tissue. This illustration was created 
with BioRender.com. 
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Bacteria in burns 

Colonization of burns 

A study by Dokter et al. shows that approximately 60% of burn patient samples are “sterile” 
or “non-suspicious”. Approximately 40% are commonly colonized by one or more 
pathogenic bacteria such as S. aureus (40%), Streptococci (30%), P. aeruginosa and other 
non-fermentative species (19%), Escherichia coli, Proteus, Klebsiella and Enterobacter 
species (each approximately 5%) [13]. Isolates resistant to antibiotics were also found in 
samples from burn patients and included methicillin-resistant S. aureus (MRSA), methicillin-
resistant coagulase-negative Staphylococci, vancomycin-resistant Enterococci, and gram-
negative bacteria that possessed one or several types of b-lactamases causing multi-drug 
resistance (MDR) to b-lactam antibiotics [13,35]. Yeast and fungi (2.3%) are rarely 
encountered but may also colonize burns [13]. 
Bacterial wound colonization can lead to biofilm formation and local or systemic infection 
when the immune response fails or topical treatment is not effective [36]. Biofilms are 
characterized by highly specialized bacterial communities that are enveloped in a self-
produced matrix, which acts as a protective shell against various antimicrobial agents. To 
form a biofilm, bacteria bind to the wound bed, proliferate to form a thin layer and emit 
chemical signals to communicate between cells [37], known as quorum sensing [38]. Next, 
bacteria produce an extracellular matrix and expand to form microcolonies. At the final 
stage, bacteria disperse from the biofilm and colonize a new surface (Figure 2) [39]. 
Colonization of tissue with more than 105 bacteria per gram of tissue is usually considered 
to be infected [40]. During infection, bacteria spread to the surrounding and deeper tissue, 
causing further tissue damage and triggering inflammatory responses. 
 

Persistent inflammation 

The healing process of burn wounds discriminates three phases, i.e. the inflammation, 
proliferation and maturation phase that overlap in an orderly manner in time [41,42]. 
Bacterial colonization affects this timely ordered scheme because it lengthens the 
inflammation phase [43]. For example, during early biofilm formation, neutrophilic 
polymorphonuclear leukocytes (PMNs) attack opportunistic bacteria, such as S. aureus and 
P. aeruginosa but may become ineffective due to the upregulation of bacterial virulence 
factors, such as immune-avoiders and toxins [44–46]. As a consequence, the release of 
proteolytic enzymes and ROS from lysed PMNs trigger new inflammatory responses that 
promote further tissue damage. Moreover, bacterial toxin activation of neutrophils and 
macrophages results in increased levels of ROS to eradicate bacteria [47]. However, several 
pathogenic bacteria have developed mechanisms to avoid oxidative damage by ROS [48]. 
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As a consequence, the destruction of host cell membranes and proteins by ROS could be 
prolonged as immune cells make new efforts to eradicate bacteria using ROS. Furthermore, 
extracellular deoxyribonucleic acid (eDNA) of particularly P. aeruginosa biofilms activates 
neutrophils and macrophages, and serves as a major pro-inflammatory component [49]. 
The production of pro-inflammatory cytokines, such as IL-1b, IL-6 and TNF-α, promotes 
immune dysfunction [50,51]. Additionally, these cytokines may promote bacterial growth, 
which leads to the development of persistent and chronic infections [52]. 
Bacterial colonization may also affect the proliferation and maturation phase of wound 
healing. Marano et al. showed that bacterial metabolites could inhibit keratinocyte 
migration and degrade dermal proteins, thereby decreasing the rate of re-epithelialization 
[53]. Additionally, Muller el al. showed that pyocyanin, a toxin derived from P. aeruginosa, 
induced persistent oxidative stress and premature senescence in fibroblasts, which resulted 
in impaired wound healing [54]. Furthermore, as a result of the prolonged inflammatory 
response, excessive fibroblast proliferation and collagen deposition could be promoted. 
This results in the formation of disorganized and excessive scars, such as hypertrophic scars. 
 
 

 
Figure 2: Biofilm life cycle 
Single bacterial cells adhere to the surface and proliferate to form a monolayer. Thereafter, bacteria emit chemical 
signals to communicate between cells and produce an extracellular matrix (ECM). They expand to form 
microcolonies, i.e. a mature biofilm and finally, they disperse from the biofilm and colonize a new surface [39]. 
This illustration was created with BioRender.com. 
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Antimicrobial treatment for burns 

Antibiotics 

To prevent and manage bacterial colonization in burn patients several strategies and 
evidence-based guidelines are generally accepted, i.e. hand hygiene protocols, 
environmental disinfection protocols, monitoring of bacterial presence by routinely taking 
swabs or biopsies for culture and the creation of an antibiotic resistance profile 
(antibiogram) to assist the treatment plan [55]. However, the use of antibiotics remains 
controversial due to the emergence of MDR bacteria [56]. Currently, MDR is a global health 
concern because bacteria can spread worldwide and cause lethal infections for which there 
is no effective treatment yet (Figure 3) [56]. The widespread and inappropriate use of 
antibiotics at sub-inhibitory concentrations has exacerbated the MDR problem [57]. 
Therefore, a proper regimen for effective topical and systemic antibiotic therapy in burns is 
essential. 
The mortality rate of severely burned patients is significantly reduced by selective intestinal 
decontamination (SID) without inducing bacterial resistance [58,59]. SID is used as 
prophylactic therapy and consists of parenteral and enteral antibiotics with limited 
anaerobicidal activity to prevent or minimize the impact of endogenous bacteria. A SID 
regimen commonly includes the intravenous administration of cefotaxime for 4 days and 
the digestive administration of polymyxin E, tobramycin and amphotericin B [59,60]. 
Thereafter, an empirical antibiotic regimen consisting of vancomycin, a b-lactam antibiotic 
and a fluoroquinolone or aminoglycoside is often considered. Anti-pseudomonal 
carbapenem is the agent of choice in facilities with high incidence of b-lactamase producing 
bacteria [61]. 
Antibiotics are systemically administered to burn patients suffering from pneumonia, 
wound infection and sepsis [62]. However, systemically administered antibiotics may not 
reach the infected wound at an effective dose due to the compromised blood circulation in 
burns [63,64]. Therefore, burn patients may also receive topical antibiotics such as 
bacitracin, polymyxin B and neomycin alone or in combination, or mupirocin. Mupirocin is 
a topical antibiotic that can suppress colonization by MRSA [65]. It is mainly used to treat 
skin and nasal colonization by S. aureus [66,67]. However, its selective mode of action led 
to the emergence of mupirocin-resistant bacteria with mutations commonly located in the 
mupA gene encoding for isoleucyl-tRNA synthetase, an enzyme required for the synthesis 
of bacterial RNA and proteins, or the Rossman fold binding side of mupirocin in isoleucyl-
tRNA synthetase [68–70]. Studies reported a mupirocin resistance rate ranging from 10-
20%, depending on the repeated use of mupirocin [71]. 
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Antiseptics 

Antiseptics such as hypochlorous solution [72], povidone-iodine [73,74], chlorhexidine 
[75,76] and peroxide agents [77,78] have a broad spectrum of activity and act through 
multiple mechanisms simultaneously. As a consequence, bacteria do not develop resistance 
to antiseptics as readily as to antibiotics. However, many antiseptics are cytotoxic for 
human keratinocytes and fibroblasts, and may impair wound healing [79,80]. In general, 
the required concentration to effectively eradicate bacteria and to avoid cytotoxicity is 
unknown for many antiseptics. Therefore, the use of antiseptics is limited to irrigation or 
wound cleaning. 
 
 

 
Figure 3: Prevalence of antimicrobial resistant S. aureus in 2018 
According to the data from the European Centre for Disease Prevention and Control (ECDC), the number of 
resistant S. aureus isolates in 2018 increased in several European countries as compared to that of 2017 [81]. In 
the Netherlands, the number of resistant isolates remained relatively low. However, traveling Dutch citizens may 
return with resistant microorganisms, suggesting an increase in the number of resistant pathogens in the 
Netherlands as well. 

 

Topical antimicrobials 

Topical antimicrobial agents commonly used in burn wound care are fusidic acid, 
Prontosan®, and silver-based agents such as silver nitrate, silver sulfadiazine (SSD) and 
silver-releasing dressings. Fusidic acid is often used topically but may also be given 
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systemically to treat S. aureus colonization [71,82]. Monotherapy with fusidic acid is not 
recommended due to the likelihood of resistance development [83,84]. Resistance rates of 
approximately 5% have been reported for fusidic acid monotherapy versus 1% for 
combination therapy with conventional antibiotics [85]. There is a strong suggestion that 
combination therapy of fusidic acid and antibiotics reduces resistance selection [86,87]. 
Additionally, combination therapy may result in a more effective bacterial killing due to 
synergy [88]. Fusidic acid in combination with rifampin is most common [89,90] but no 
particular antibiotic appears to be the best at preventing the selection for resistance [85]. 
Prontosan® is used for the prevention and removal of biofilms [91,92]. It contains betaine, 
which is a detergent required to penetrate biofilms and to remove wound debris [93,94]. It 
also contains polyhexanide, which is effective against a wide range of gram-positive and 
gram-negative bacteria [92,95–97]. No evidence of bacterial resistance development has 
been demonstrated for Prontosan® but in some cases, patients report allergic reaction such 
as itching and rashes [98,99]. 
As for the silver-based agents, SSD has long been considered as the gold standard for the 
treatment of burns [100]. Bacterial resistance to silver is uncommon, presumably because 
silver acts through multiple mechanisms to eradicate bacteria. These include the inhibition 
of enzymes necessary for metabolism of the microorganism, disruption of the cell 
membrane and interference with DNA and RNA preventing replication of bacteria [101–
103]. However, poor penetration into burn eschar and/or biofilm, and cytotoxicity for skin 
cells resulting in a delayed wound healing, are the main drawbacks of silver-based agents 
[104–106]. To improve wound healing outcomes, SSD could be used in combination with 
cerium nitrate. Cerium nitrate has bacteriostatic effects and may stabilize the burn eschar 
through the reduction of bio-burden and inflammatory cytokines [107]. The addition of 
cerium nitrate to SSD results in a relatively tough, leather-like eschar, which inhibits 
infection and long-term adherence of bacteria to the wound [108]. As a result, surgeons 
may perform late excisions of eschars followed by auto-grafting in burn patients where 
early excisions of large areas did not prove to be beneficial for survival [108]. Ultimately, 
this treatment strategy may improve the wound healing and decrease the risk of bacterial 
colonization and infections. To validate these beneficial outcomes, several in vivo studies 
have been performed but concluded that there is no clear-cut superiority for the addition 
of cerium nitrate to SSD over SSD only [109–111]. Additionally, Rashaan et al. concluded 
that non-silver containing treatments may be preferred over SSD [112]. Hence, there still is 
an urgent need for effective antimicrobial treatments, which do not induce bacterial 
resistance and impair wound healing. 
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Potential new antimicrobial therapies 

Antimicrobial peptides 

Definition and structure 

Antimicrobial peptides (AMPs) are a diverse class of naturally occurring molecules that are 
produced by epithelial cells, phagocytes, lymphocytes and other cell types [113]. They act 
as the first line of innate immune defense against various pathogens such as bacteria, fungi 
and viruses [114]. Efficacy of AMPs is dependent on the length, sequence and 
conformation. Despite these structural differences, AMPs have some common features 
such as an amphipathic structure and a net positive charge ranging from +2 to +11. 
Therefore, they are generally referred to as cationic host defense peptides or cationic 
amphipathic peptides but anionic AMPs also exist. There is consensus that the positive 
charge of the AMP is essential for initial binding to the pathogenic membrane/proteins and 
that hydrophobicity is needed for insertion into the membrane of the microorganism. 

 

Mode of action 

Based on the mode of action, AMPs are classified into two families, i.e. i) membrane 
disruptive (barrel stave, toroidal, sinking raft and micellar models) and ii) non-membrane 
disruptive (inhibition of protein or DNA synthesis and neutralization of toxins) AMPs 
[115,116]. Besides direct antimicrobial activity, AMPs can display several 
immunomodulatory properties such as  the differentiation and recruitment of immune-
competent cells, the modulation of cytokine release and the acceleration of wound healing  
[117,118]. Additionally, AMPs can display synergic interactions with conventional 
antibiotics [119–121]. 

 

Bacterial resistance and cytotoxicity of AMPs 

Due to the AMPs’ multi-hit, nonspecific and rapid mode of action, the development of 
bacterial resistance to AMPs has generally been considered to be unlikely [118,122,123]. 
However, several AMPs, including the human cathelicidin LL-37, human β-defensins 2 and 
3 and lactoferricin B, have been associated with bacterial resistance due to the phenotypic 
characteristics of bacteria such as the slow growth rate, diminished transmembrane 
potential and altered metabolism [124–128]. Hence, the risk of resistance should be 
carefully investigated.  
To treat bacterial infection in humans, the effective AMP concentration should at least be 
safe for mammalian cells. Theoretically, cytotoxicity of AMPs is unlikely because AMPs 
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exhibit low affinity for the membrane of mammalian cells. However, several studies 
demonstrate that AMPs may induce hemolysis and apoptosis in mammalian cells [129,130]. 
Other studies show that the level of cytotoxicity depends on the structure of AMPs i.e. the 
positive charge, α-helical contents, the hydrophobicity and amphipathicity of the AMP 
[131,132]. Moreover, there is a correlation between the ratio of aromatic residues such as 
tryptophan to cationic residues and a high degree of hemolysis and cytotoxicity [133,134]. 
Nonetheless, cytotoxicity of AMPs is concentration dependent. Low AMP concentrations 
show no or limited cytotoxicity, while still being effective against bacteria [135]. 

 

Limitation of AMPs 

The development of AMPs suitable for clinical use remains a challenging task. For example, 
antimicrobial activity of AMPs is highly dependent on environmental conditions. 
Physiological salt and serum conditions may reduce the effective concentration of available 
AMPs to eradicate bacteria. Therefore, the ability to achieve high bactericidal activity with 
AMPs in a wound environment is often questioned [136]. To overcome this limitation, 
detailed pharmacokinetic/pharmacodynamic studies are required to develop AMPs with 
low affinity for e.g. serum proteins, salts and host cells. 

 

Applications of AMPs 

AMPs are considered potential therapeutic agents for the treatment of e.g. surgical 
site/soft tissue infections [135,137], urinary tract infections [138], Clostridium difficile 
disease [139], pneumonia [140] and biofilm inhibition [141,142]. Currently, D2A21 is the 
only AMP under clinical evaluation that specifically targets burn wound infections. D2A21 
significantly reduced the bacterial count in burn wound infections in rats and displayed a 
favorable safety profile in vitro and in vivo [143,144]. Similarly, the AMP PXL150 effectively 
eliminated P. aeruginosa and displayed a favorable safety profile following repeated 
administration systemically and locally in rats and rabbits, respectively [135,145]. Another 
pre-clinical study of AMP SAAP-148 previously received attention due to its effectivity 
against MDR ESKAPE pathogens (E. faecium, S. aureus, K. pneumoniae, A. baumannii, P. 
aeruginosa, and Enterobacter species) in vitro and in in vivo mouse models [146]. 
Additionally, topical application of SAAP-148 showed no signs of systemic or local toxicity 
in rabbits [146]. Hence, it is expected that an increasing number of AMPs will find their way 
to the clinic for the treatment of burn wound infections. 
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Cold gas plasma 

Definition and classification 

Gas plasma has been used for sterilization purposes of medical devices and dietary products 
[147]. It could be used to inactivate pathogenic bacteria in (burn) wounds as well. Plasma is 
ionized gas, which is commonly referred to as the fourth state of matter. It can be 
encountered in the sun, stars, solar winds, lightning in the sky’s but also in rocket exhausts, 
TV screens and fluorescent lamps. The ions in plasma coexist with free electrons, reactive 
species, radicals, electrical fields and ultraviolet (UV) radiation. Based on the relative 
temperature of these chemical species, plasmas are classified as thermal and non-thermal 
or cold plasma (CP). The temperature of the electrons, ions and other molecules are in 
equilibrium in thermal plasma but the temperature of the electrons is much higher than 
that of the ions and other molecules in CP. These plasmas can be artificially generated in 
the laboratory. To generate thermal plasma, a gas is subjected to a relatively high 
temperature (10-100 eV) and pressure (>1 atm), whereas for CP a gas is subjected to a 
strong electromagnetic field at atmospheric or vacuum pressure. The application of a strong 
electromagnetic field to a gas at atmospheric pressure is commonly used in plasma devices 
like plasma jet and dielectric barrier discharge (DBD) to generate CP. The type of gas used 
for the generation of CP generally influences the composition and yield of CP-induced 
reactive species [148,149]. Noble gasses such as helium (He), neon (Ne) and argon (Ar) have 
been used to generate CP [150–152]. However, the energy to ionize these gases is higher 
than for oxygen (O2), nitrogen (N2) and atmospheric air. Atmospheric air consisting of O2, 
N2 and water vapor is considered an excellent gas for the generation of CP [153]. 

 

Mode of action 

Four possible features of CP from atmospheric air could be involved, independently or in 
synergy, in the eradication of bacteria, i.e. heat, UV light, electric fields, and charged and 
reactive species (Figure 4) [154]. Heat is produced during the generation of CP due to the 
collision of electrons, and the subsequent excitation, ionization and dissociation processes 
of the gas particles [155]. Depending on several factors, such as the frequency of the 
discharge and the treatment time, the temperature of CP may raise to approximately 120°C 
[156]. Nevertheless, the temperature of the CP-exposed sample may not significantly raise 
above 40°C [156,157]. This temperature is not sufficient to eradicate bacteria. 
Temperatures of 60°C for a duration of 30 min were required to denature (membrane) 
proteins and kill P. aeruginosa [158,159]. UV light of wavelengths between 240 and 280 nm 
is germicidal and may cause distortion of DNA strands [160]. CP from atmospheric air 
commonly emits UV light of wavelengths above 280 nm and makes a relatively minor 
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contribution to bacterial killing [161,162]. High electrical fields cause a change in trans-
membrane potential, which initiates transformation of membrane structure and ultimately 
induces cellular death [163]. Bacterial killing by an electrical field is unlikely for CP, because 
the electrical field exponentially reduces to a fraction of its value over a very short distance 
of less than 300 µm [164,165]. To contribute to killing, bacteria should be positioned within 
this distance from the electrical field. 
It is generally accepted that charged and reactive species such as electrons, atomic oxygen 
(O1), ozone (O3), hydrogen peroxide (H2O2), hydroxyl (·OH), hydroperoxyl (·OOH), nitric 
oxide (NO), nitrite (NO2

-), nitrate (NO3
-) and peroxynitrite (ONOO-) radicals are responsible 

for bacterial killing by CP from atmospheric air [166]. However, there is still uncertainty 
whether reactive oxygen species (ROS) or reactive nitrogen species (RNS) are the main 
components in CP responsible for bactericidal activity. Kylián et al. reported that a greater 
amount of O2 gas in a O2/N2 gas mixture used for the generation of CP results in more 
shrinkage of bacterial endospores [167]. Therefore, ROS are most likely the main 
components in CP responsible for bactericidal activity via lipid peroxidation and a 
mechanism called etching [168–170]. Etching is the formation of lesions and openings in 
the bacterial membrane, ultimately causing leakage of bacterial cell content. The presence 
of RNS enhances the bactericidal activity of O2 plasma species [171–174]. High amounts of 
NO2

- and H2O2 can form ONOO- and O2NOOH, and ultimately O2
- radicals by multiple 

reactions [171,173]. The high abundance of such free radicals can lead to the penetration 
of reactive oxygen and nitrogen species (RONS) inside the bacterial wall [175], causing 
intracellular damage such as DNA damage and protein damage [176,177]. Additionally, the 
presence of RNS induces the formation of nitrous (HNO2) and nitric acid (HNO3), thereby 
decreasing pH [166,178]. Since the intracellular pH of bacteria plays a major role in their 
functioning [179], acidification may contribute to the fast bactericidal efficacy of CP 
[180,181]. Hence, CP from atmospheric air eradicates bacteria mainly by causing lipid 
peroxidation/etching, DNA and protein damage, and acidification. 

 

Bacterial resistance and cytotoxicity of CP 

Due to the nonspecific mode of action of CP, the development of bacterial resistance is not 
expected. The possibility for bacterial resistance to CP should not be excluded because CP 
can modulate stress responses of bacteria [182]. To date, bacterial resistance to CP has not 
been described. Recently, Matthes et al. showed that CP did not induce bacterial resistance 
in S. aureus [183]. However, CP might be harmful for human skin cells as well. To determine 
this, several studies have assessed the toxicity and mutagenicity of CP [184–188]. In general, 
a relatively short treatment time (of seconds to minutes) using CP, has no significant effect 
on the viability of skin cells and has no mutagenic potential [184,187]. 
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Figure 4: Components of cold plasma [189] 
Plasmas consist of reactive species, electrons, ions, heat and UV radiation, and electromagnetic fields. Of these 
components, the reactive species, electrons and ions are most likely responsible for bacterial killing [166]. Plasmas 
from atmospheric air often emit purple-blue light, which is predominantly caused by excited nitrogen molecules 
that return back to the ground state, i.e. the lowest energy state. The excess energy is released in the form of 
photons, which falls in the visible light region of the electromagnetic spectrum. This illustration was created with 
BioRender.com. 

 

Limitation of CP 

It remains a challenging task to demonstrate the potential benefits of CP in vivo. Efficacy is 
dependent on many operating and environmental factors including the treatment time, 
ionization energy, distance to the tissue and the presence of moisture, salts and exudate. 
Previously, Kvam et al. demonstrated that higher numbers of bacteria were eradicated as 
the treatment time was increased [190]. Similarly, high ionization voltages were more 
effective against bacteria than low ionization voltages [154]. As these conditions might also 
cause cytotoxic effects, the balance between optimal bactericidal efficacy and cytotoxicity 
should be determined. Furthermore, the distance between the plasma source and tissue 
also influences efficacy of formed reactive species. Studies show that a long or short 
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distance, reduces the concentration of H2O2 and O3 significantly [162,191]. Similarly, a high 
or low moisture content negatively effects the efficacy of CP [192]. Nonetheless, moisture 
is an important parameter for the generation of ROS such as ·OH and H2O2. Finally, the 
presence of salts may result in less bacterial killing [193]. Previously, Attri et al. show that 
the presence of NaCl in solution decreases the generation of OH radicals [194]. The 
presence of salts may also increase pH and/or introduce buffering effects [195,196]. This 
results in less bacterial killing via acidification due to a lower yield of RNS such as HNO2 and 
HNO3. Despite these limitations, CP displays promising bactericidal properties for clinical 
application in burns when operated at optimal conditions. 

 

Application of CP 

Clinical studies using plasma technology mainly focus on the eradication of bacteria in 
chronic wounds [197,198] because chronic wounds are easily accessible for superficial 
treatment using CP. Previously, Isbary et al. reported  the results of a randomized controlled 
trial of a CP from Ar gas. This CP was safe and successfully reduced the bacterial load in 
chronic wounds. Pre-clinical research using CP from atmospheric air showed that CP can 
eradicate MRSA strains in planktonic and biofilm forms [199]. Another pre-clinical study 
showed that CP from atmospheric air may promote wound healing because it eradicates 
pathogenic bacteria that impair the healing [200]. Furthermore, Boekema et al. show that 
treatment with CP from a flexible surface DBD device is not only effective against 
pathogenic bacteria but also safe for human skin cells [195]. Such CP has potential for 
treating infected burns. 
 
 

Thesis aims and outline 
Colonization of burns by pathogenic and MDR bacteria remains a threat to the well-being 
of severely burned patients. There is still an urgent need for safe and effective antimicrobial 
treatments, which are less likely to induce bacterial resistance. Therefore, the purpose of 
this thesis is to investigate novel antimicrobial therapies as potential treatments for 
colonized burns. Both AMPs and CP show antimicrobial activity and a promising safety 
profile at bactericidal concentrations and settings, and duration of the treatment. Hence, 
AMPs and CP are perfect candidates to eliminate the threat of pathogenic and MDR bacteria 
for burn patients. To develop these alternative antimicrobial therapies for utilization in 
burns, the aims of the research described in this thesis are threefold: firstly, to review the 
literature to explore the lessons we can learn from clinical trials using AMPs; secondly, to 
determine the in vivo efficacy of synthetic AMP, SAAP-148 and CP from the flexible surface 



1

 

 23 

DBD device against pathogenic bacteria; thirdly, to assess the safety of these antimicrobial 
strategies for human skin cells.  
 
Currently, only a few AMPs are in clinical use. Therefore, we reviewed the literature to 
determine the challenges towards clinical application of AMPs (Chapter 2). Additionally, we 
describe various strategies that are currently available to improve AMPs for clinical use. 
 
To determine efficacy of antimicrobial agents accurately, neutralization of residual 
antimicrobial activity before microbiological assessment of the number of surviving 
bacteria is required. We have studied the ability of sodium polyanethol sulfonate (SPS) to 
neutralize residual activity of highly positively charged agents (Chapter 3). Subsequently, 
we used SPS to determine the in vivo efficacy of SAAP-148 in a partial-thickness wound 
infection model in rats (Chapter 4). In this model, the efficacy of SAAP-148 against MRSA 
was significantly reduced as compared to in vitro conditions. Therefore, we investigated 
several factors that may have affected the in vivo bactericidal activity of SAAP-148. We also 
determined the functional stability and activity of SAAP-148 in biologically relevant 
environments in vitro (Chapter 5). Relatively high antimicrobial concentrations were 
required to effectivity eradicate MRSA in biological environments. Subsequently we 
determined the in vitro and ex vivo cytotoxicity of SAAP-148 for human skin cells using high 
antimicrobial concentrations. 
 
The potential of CP as an alternative therapy for antibiotics or as supplementary agent to 
eradicate MDR bacteria is still under investigation. We assessed the in vivo efficacy of CP 
using a partial-thickness wound infection model in rats (Chapter 6). We also studied 
additional safety aspects such as the potential of CP to induce mutations and apoptosis in 
eukaryotic cells. 
 
The results obtained in these studies are discussed in Chapter 7 and an English and Dutch 
summary is provided in Chapter 8. 
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Abstract 
Antimicrobial peptides (AMPs) or host defense peptides protect the host against various 
pathogens such as yeast, fungi, viruses and bacteria. AMPs also display immunomodulatory 
properties ranging from the modulation of inflammatory responses to the promotion of 
wound healing. More interestingly, AMPs cause cell disruption through nonspecific 
interactions with the membrane surface of pathogens. This is most likely responsible for 
the slow and limited emergence of bacterial resistance against many AMPs. Despite the 
increasing number of antibiotic-resistant bacteria and the potency of novel AMPs to combat 
such pathogens, only a few AMPs are in clinical use. Therefore, the current review describes 
i) the potential of AMPs as alternatives to antibiotics, ii) the challenges towards clinical 
implementation of AMPs and iii) strategies to improve the success rate of AMPs in clinical 
trials, emphasizing the lessons we could learn from these trials. 
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Introduction 
Antibiotic resistance is a global concern in health care as (new) resistance mechanisms are 
emerging and spreading globally. Resistant bacterial strains have been identified for various 
antibiotics in clinical use. For example, shortly after the emergence of penicillin-resistant 
Staphylococcus aureus in 1940 [1], several pathogenic bacteria became resistant not only 
to penicillin but also to semi-synthetic penicillin, cephalosporins and newer carbapenems 
[2]. In addition, the decline in the approval of new antibiotics by regulatory bodies has 
further exacerbated this problem.  
As alternative to antibiotics, antimicrobial peptides (AMPs) have been at the forefront of 
international efforts because they are less likely to induce bacterial resistance [3]. AMPs are 
a diverse group of naturally occurring peptides of the innate defense system with activity 
against various pathogens such as yeast, fungi, viruses and bacteria [4,5]. To inactivate 
these pathogens, AMPs display a multi-hit, nonspecific and rapid action, resulting in the 
slow or limited emergence of resistance [3]. Additionally, some AMPs show synergistic 
interactions with conventional antibiotics [6,7], which could decrease the selection of 
antibiotic resistant bacteria. 
Around the same time as the discovery of the first antibiotic penicillin in 1928, the first AMP 
nisin was discovered in milk [8]. This AMP was approved by the Food and Drug 
Administration (FDA) of the United States as a food preservative in 1988 due to its heat 
stability and tolerance of low pH [9,10]. After the discovery of nisin, several other AMPs 
such as gramicidin, tyrocidine, alamethicin, purothionin, and defensins were isolated from 
bacteria, fungi, plants, invertebrates and vertebrates [11,12]. However, the clinical 
application of AMPs as antimicrobials was limited due to toxicity considerations and other 
problems, such as high production costs as compared to antibiotics [13].  
The renewed interest in AMPs as a consequence of the increasing number of antibiotic 
resistant and tolerant bacteria has resulted in the FDA approval of gramicidin and polymyxin 
B as constituents in Neosporin® in 1955, polymyxin E (colistin) in 1962 and daptomycin in 
2003 [14]. Several naturally occurring and synthetic AMPs have been clinically investigated 
to combat pathogenic bacteria but since the approval of daptomycin no new AMPs have 
been approved as antimicrobials. To understand this innovation gap, we reviewed the 
literature to describe the potential of AMPs as alternative to antibiotics and the challenges 
towards clinical application of AMPs. Additionally, we provide an overview of the strategies 
that are currently available to facilitate the successful clinical implementation of AMPs 
using examples from clinical trials. 
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Function of AMPs 

Physiological role of AMPs in the skin 

The skin is not only a physical barrier to the external environment. It is an active immune 
organ protecting the host from harmful toxins and pathogenic organisms [15]. The immune 
response of the skin involves various resident cells in the epidermis such as keratinocytes, 
melanocytes, Langerhans cells and γδ T cells, and in the dermis such as dendritic cells, 
macrophages, fibroblasts, mast cells, B and T cells, plasma cells and natural killer cells 
[5,16,17]. These skin cells release several pro-inflammatory cytokines such as interleukin 
(IL)-17 and IL-22 and produce AMPs, which act as the first line of defense against 
microorganisms (Figure 1) [18]. AMPs display a broad-spectrum of antimicrobial activity 
against yeast, fungi, viruses and bacteria. For example, the human cathelicidin LL-37 shows 
activity against various gram-positive and gram-negative bacteria, and antibiotic-resistant 
bacterial strains [19,20]. The same AMP also shows activity against fungi and some viruses 
such as influenza and HIV. Bergman et al. showed that LL-37 inhibits HIV-1 replication and 
suggested that this AMP contributes to the protection against HIV-1 infection [21]. 
Furthermore, Luo et al. reported that LL-37 inhibits Aspergillus fumigatus infection via 
direct antifungal activity and reduction of excessive inflammation [22].  
The ability to modulate the immune responses has been reported for several AMPs. LL-37 
is a well-studied AMP with such immunomodulatory properties in humans. It acts as a 
chemoattractant for monocytes and promotes the production and release of various 
cytokines and chemokines that may direct the course and intensity of inflammation [23]. 
Among others, LL-37 can reduce the inflammatory response via interaction with toll-like 
receptors (TLR). TLRs are widely expressed receptors on immune cells that recognize 
pathogenic-associated molecular patterns. LL-37 downregulates signaling through TLR4 by 
scavenging its ligand lipopolysaccharide (LPS) [24,25] as well as by disrupting the receptor 
complex function [26,27]. Furthermore, LL-37 potentially elongates the lifespan of 
neutrophils via the suppression of neutrophil apoptosis [28], thereby enhancing host 
immunity. Additionally, Carretero et al. report that LL-37 activates and promotes 
angiogenesis and migration of keratinocytes, which results in an improved re-
epithelialization and granulation tissue formation [29].  
The antimicrobial and immunomodulatory effects of AMPs are necessary to maintain 
homeostasis of the skin function. Therefore, the production of AMPs is upregulated upon 
injury and infection [30,31]. For example, in acne vulgaris several AMPs such as LL-37 and 
human β-defensin (hBD)-2 are upregulated by e.g. keratinocytes in response to the 
Propionibacterium acnes [32]. As the P. acnes strains vary in their ability to stimulate 
inflammatory responses, upregulation of AMPs could be beneficial due to their 
antimicrobial and anti-inflammatory effects. In some skin conditions, for example in 
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diabetic foot ulcers, the upregulation of AMPs such as hBD-2, 3 and 4 is often not sufficient 
to control the inflammation and wound infection [33]. Therefore, such skin conditions 
require specialized care for proper healing. 
 

 
Figure 1: Physiological role of AMPs in the skin 
AMPs are produced by different resident skin cells. They act as the first line of innate immune defense against 
various pathogens such as bacteria, fungi and viruses via direct and indirect antimicrobial activities and/or 
immunomodulatory effects. This illustration was created with BioRender.com. 

 

Structure and mechanism of action 

AMPs are usually small, consisting of 12 to 50 amino acids. They are composed of 
hydrophilic, hydrophobic and cationic residues (net charge +2 to +11). The cationicity and 
hydrophobicity of AMPs are critical for bactericidal activity. Together with the hydrophilic 
residues, the hydrophobic residues form an amphipathic structure for insertion into the 
bacterial membrane [34]. To form this structure, some AMPs (i.e. α-helical peptides such as 
melittin) undergo conformational changes upon interaction with bacterial membranes, 
whereas others already have a rigid amphipathic structure (i.e. β-sheet peptides such as β-
defensins) to target bacterial membranes [34]. The positive charge of AMPs facilitates the 
initial binding of AMPs to the membrane surfaces via electrostatic interactions. Bacterial 
membranes consisting of negatively charged phospholipid headgroups such as 
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phosphatidylglycerol, cardiolipin, or phosphatidylserine show high affinity for cationic 
AMPs [35]. Contrarily, mammalian cell membranes that are enriched with zwitterionic 
phospholipids such as phosphatidylethanolamine, phosphatidylcholine, or sphingomyelin 
show low affinity for cationic AMPs due to their neutral net charge.  
Most AMPs cause membrane disruption through nonspecific interactions with the 
membrane surface. They are suggested to form micelles or pores, causing loss of membrane 
integrity and consequently leakage of intracellular components, resulting in cell death [36]. 
Depending on the membrane topology and geometry of pores, pores can be described by 
three models i.e. barrel stave, toroidal and sinking raft model (Figure 2). In the sinking raft 
model, AMPs lie on the membrane surface and cause an increase in membrane curvature. 
Self-aggregation of the peptide causes the AMPs to sink into the membrane, creating 
transient pores [37]. In both the barrel stave pore and toroidal pore, the peptide has a 
transmembrane topology. The main difference between these two models is that the 
formation of barrel-stave pores is driven by both hydrophobic and electrostatic 
interactions, whereas the formation of toroidal pores is mainly driven by electrostatic 
interactions [38]. As a result, toroidal pores are covered by phosphate headgroups, 
initiating changes in membrane curvature. The mechanism of action of AMPs that form 
micelles is not well-understood. It is believed that these AMPs act by a detergent-like 
mechanism causing intrinsic perturbations of the membrane [39].  
Membrane disruptive AMPs might also kill bacteria using non-membrane disruptive 
pathways, and vice versa [40]. Additionally, they could act independently or in synergy with 
non-membrane disruptive AMPs. Non-membrane disruptive AMPs are able to transverse 
membranes to reach their intracellular target components. Such AMPs could inhibit 
protein-folding, proteases, cell division, the synthesis and metabolism of proteins, nucleic 
acids and cell walls [41]. Previously, Edgerton et al. showed that two AMPs with clearly 
different structures, i.e. histatin 5 and human neutrophil (HNP)-1, act on similar pathways 
[42]. The role of these AMPs suggests that membrane and non-membrane disruptive AMPs 
serve as equally important peptides of the innate defense system to inactivate pathogens. 
 
 

Clinical trials using AMPs 
AMPs are potential therapeutic agents for the prevention and treatment of e.g. surgical 
site/soft tissue and wound infections [43,44], urinary tract infections [45], Clostridium 
difficile disease [46], pneumonia [47] and biofilms [48,49]. Structural information, 
mechanism of action and the intended target of AMPs in clinical trials is provided in Table 
1. The successes and flaws of these clinically investigated AMPs are described in the 
following sections.  
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Figure 2: Membrane disruptive models of AMPs 
Membrane disruptive AMPs form micelles or pores on the bacterial membrane, resulting in leakage of the 
intercellular components and cell death. Membrane pores can be categorized by their membrane topology and 
geometry into the sinking raft, barrel stave and toroidal models. AMPs that form barrel stave and toroidal pores 
display a transmembrane topology, whereas AMPs of the sinking raft model cause self-aggregation to sink into the 
membrane, creating transient pores. AMPs that form toroidal pores are mainly driven by electrostatic interactions 
and as a result of these interactions, the pores are covered by phosphate headgroups. AMPs forming micelles 
show a detergent-like mechanism of action, causing membrane perturbation. This illustration was created with 
BioRender.com. 

 

AMPs approved for clinical use 

Currently, nisin, gramicidin, polymyxins, daptomycin and melittin are in clinical use as 
alternative to antibiotics because of their antimicrobial potency (Figure 3A). Nisin, also 
known as nisin A, is composed of 34 amino acids and consists of dehydrated, unsaturated 
and thioether amino acids, forming five lanthionine rings. It is naturally produced by lactic 
acid bacteria such as Lactococcus lactis and shows a broad-spectrum of bactericidal activity 
[50,51]. L. lactis also produces nisin Z, F and Q, which differ by up to 10 amino acids from 
nisin A resulting in differences in physiochemical properties and antimicrobial activity [52]. 
Among others, nisins inhibit cell wall synthesis through interactions with lipid II, a precursor 
molecule that is essential for bacterial cell-wall bio-synthesis. Nisins also form membrane 
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pores causing cell lysis [53]. Nisin A is approved as a food preservative and is generally 
recognized as safe (GRAS) [9,10]. Minor but possible side effects of nisin A are itching 
(pruritus) and flushing of the skin, and nausea or vomiting. The safety profile together with 
the broad-spectrum of bactericidal activity, indicated that the application of nisin could 
extend beyond food-related bacteria [54,55]. Applications of nisins in humans include 
dental-care and pharmaceutical products such as for the treatment of stomach ulcer and 
colon infections [56,57]. 
Gramicidin or gramicidin D is a mixture of gramicidin A, B and C making up 80%, 6% and 
14% of the mixture, respectively. These AMPs are hydrophobic linear polypeptides 
composed of 15 amino acids [58]. They are naturally produced by gram-positive 
Brevibacillus brevis commonly found in soil [12]. Gramicidins form ion-channels within the 
bacterial membrane, allowing the passive diffusion of Na+ and K+ along their concentration 
gradient [59]. This results in membrane depolarization, osmotic swelling and lysis of 
bacterial cells. Gramicidin is effective against a variety of gram-positive bacteria and is 
clinically used for ophthalmic purposes as a constituent in Neosporin® [60]. Another AMP 
in Neosporin® is polymyxin B.  
Polymyxins (A, B, C, D and E) are a group of cyclic polypeptides naturally produced by gram-
positive Paenibacillus polymyxa. They show activity against multi-drug resistant (MDR) 
gram-negative bacteria such as P. aeruginosa and Escherichia coli [61]. Polymyxins bind to 
the lipid A component of LPS on the outer membrane of gram-negative bacteria [62], which 
contributes to the insertion of the AMPs into the membrane. They can increase cell-
permeability via a detergent-like mechanism, which causes cell death [63]. Polymyxins in 
clinical use are polymyxin B and E, which differ only by one amino acid from each other [64–
66]. Polymyxin B is prescribed to treat eye infections, whereas polymyxin E is used to treat 
wound infections. These AMPs are recognized as crucial but last-resort treatment options 
because of their ability to induce adverse events. Nephrotoxicity and neurotoxicity are the 
most common adverse events reported for polymyxins [67]. Minor side effects, such as 
blurred vision, watery eyes, and sensitivity to light, have been reported for Neosporin® 
containing two AMPs, gramicidin and polymyxin B, and an aminoglycoside antibiotic 
neomycin. Thus, not one agent but the mixture of three antimicrobial agents is responsible 
for these minor side effects. 
Daptomycin is a cyclic lipopeptide consisting of 13 amino acids, which is naturally produced 
by the bacterium Streptomyces roseosporus [68]. It shows bactericidal activity against gram-
positive bacteria, including antibiotic resistant strains [69]. Daptomycin inhibits cell wall 
synthesis, causes membrane depolarization and forms membrane pores, eventually causing 
cell death. A daily treatment of 4-6 mg/kg daptomycin is recommended in critically ill 
patients. For the treatment of bacteria with reduced susceptibility high dosages of 10 mg/kg 
can be prescribed, which are also well tolerated. In a phase I clinical trial, 2 of 5 healthy 
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volunteers who received 4 mg/kg per 12 h of daptomycin (8 mg/kg per day) developed 
reversible myopathy [70]. Nonetheless, the number of incidence and the severity of 
myopathy were substantially decreased in healthy volunteers when the total dose of 8 
mg/kg was administered once daily. Other studies reported that the development of 
myopathy was not related to the administration of daptomycin but to other factors such as 
concomitant medications, comorbidities and the number of surgical interventions [71]. 
Melittin is the predominant (40-48%) component of venom from the European honeybee 
Apis mellifera. It is composed of 26 amino acids and adopts an α-helical conformation upon 
interaction with the membrane surface [72]. It possesses anti-inflammatory properties [73] 
and is therefore approved by the FDA for relieving pain and swelling associated with 
rheumatoid arthritis, tendinitis, bursitis and multiple sclerosis [74,75]. Melittin also forms 
membrane toroidal pores to inactivate cancer cells [76], viruses [77] and (resistant) bacteria 
[78–80]. Hence, similar to nisin, the clinical application of melittin could extend beyond the 
FDA-approved purposes. Side effects of melittin are redness and swelling of the skin at the 
side of administration, itching, trouble breathing, nausea, sleepiness and low blood 
pressure. 
  

Flaws of some AMPs 

Some clinical trials using AMPs were discontinued or terminated due to various reasons. 
For example, the Phase I clinical trial of friulimicin B in healthy volunteers was terminated 
due to its unfavorable pharmacokinetic profile. The nature of these unfavorable findings 
remains unknown and unexpected. Friulimicins (A, B, C, D and E) are a group of naturally 
occurring peptides produced by Actinoplanes friuliensis and like daptomycin, they are cyclic 
lipopeptides (Figure 3B). Friulimicin B was clinically investigated and demonstrated efficacy 
in various murine infection models [81]. It has similar physiochemical properties and 
mechanism of action as daptomycin [82] but has been found to trigger different stress 
responses in Bacillus subtilis as compared to daptomycin [83]. This might be related to 
differences in the pharmacokinetic profiles of these AMPs. Another AMP, Murepavadin 
(POL7080) failed unexpectedly in advanced clinical trials. Murepavadin is a 14 amino acid 
cyclic peptide that targets the lipopolysaccharide transport protein D (LptD) on the bacterial 
membrane to form pores [84]. It was demonstrated to be safe in Phase I clinical trials in 
healthy volunteers and in subjects with an impaired renal function [85]. Safety and efficacy 
of murepavadin were demonstrated in Phase II clinical trials in patients with acute 
exacerbation of non-cystic fibrosis bronchiectasis or ventilator-associated bacterial 
pneumonia due to P. aeruginosa [85]. However, the Phase III clinical trial of this AMP in 
patients with nosocomial pneumonia was prematurely ended due to higher than expected 
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acute kidney injuries, i.e. 56% for the murepavadin plus ertapenem treated group versus 
25-40% for the meropenem treated control group and according to the literature [86].  
Besides pharmacokinetic and safety issues, several AMPs have failed Phase III clinical trials 
because of lack of clear efficacy or lack of superiority over conventional treatments. A clear 
example is demonstrated for the AMP Neuprex® (rBPI21) which is a recombinant α-helical 
peptide consisting of the first 193 amino acids of the N-terminus of bactericidal 
permeability-increasing protein (BPI). Clinical studies showed that patients with 
meningococcemia or hemorrhage due to trauma who received Neuprex® had no toxic side 
effects and showed a trend towards improved outcomes, i.e. reduced bone marrow aplasia 
and deaths [87,88]. However, Neuprex® failed to show clear efficacy (p=.07) as compared 
to the placebo-treated group [89]. Similar to Neuprex®, at least five AMP that have 
completed advanced clinical trials, failed to show clear efficacy (i.e. iseganan and XOMA-
629) or superiority over conventional treatments (i.e. surotomycin, pexiganan and 
omiganan) [90]. Nevertheless, the latter AMPs could be potential alternatives to 
conventional antibiotics due to their favorable safety profile and low or limited ability to 
induce bacterial resistance. Since antibiotics are no longer routinely used to treat bacterial 
infections as a consequence of resistance development, the ability of AMPs to induce 
bacterial resistance is a more important parameter to consider during clinical trials. Hence, 
instead of superiority trials, equivalence or non-inferiority trials in which AMPs cause a 
similar effect as the standard treatment should become more common [91]. In two 
equivalence trials with systemic ofloxacin as the comparator, efficacy of topical pexiganan 
was determined in patients with diabetic foot ulcers [92]. The combined results of these 
trials demonstrated that pexiganan was clinically comparable to this antibiotic. However, 
equivalence to ofloxacin was not acceptable as main evidence of efficacy and FDA approval 
of pexiganan. Additional clinical trials were required to demonstrate efficacy superior to a 
topical placebo cream plus standard treatment for diabetic foot ulcers. Of note, clinical 
trials are often not designed using placebo treatment only as control due to ethical reasons. 
In the additional trials, pexiganan plus standard treatment failed to meet the primary 
outcome, i.e. resolution of infection [93]. Failure of AMPs in such trials may arise from 
stability issues, inappropriate drug administration or unknown interactions between the 
peptide and the standard treatment. Currently, the developers of pexiganan continue to 
evaluate the data to consider this peptide for the treatment of other clinical indications. 
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Challenges towards clinical application of AMPs 

The development of AMPs for clinical use is accompanied by several challenges such as high 
development and production costs, cytotoxic issues, reduced activity in clinically relevant 
environments and the emergence of bacterial resistance, despite the initial claims that they 
may not induce resistance. To begin with, the manufacturing costs of antibiotics are 
relatively inexpensive. For example, aminoglycoside production costs $0.80 per gram as 
compared to $50-400 per gram of amino acid for AMPs by solid phase synthesis [131]. As a 
consequence, alternative methods are required to promote commercial-scale production. 
Furthermore, AMPs acting on membranes are not completely selective to microbial cells 
and may be toxic for eukaryotic cells as well. Several AMPs cause hemolytic and/or cytotoxic 
effects at antimicrobial concentrations, limiting their wider utilization [132,133]. 
Polymyxins are an example of such AMPs: they are crucial antimicrobials to eradicate MDR 
gram-negative bacteria but they may cause nephrotoxicity and neurotoxicity at 
antimicrobial concentrations [67]. 
Another drawback for the clinical implementation of AMPs is the low antimicrobial activity 
in clinically relevant environments. AMPs may lose their bactericidal activity under 
physiological salt conditions due to loss of electrostatic interactions between AMPs and cell 
membranes [134,135]. In the presence of serum, AMPs may bind to proteins such as 
albumin [39,106]. Additionally, AMPs can be susceptible to proteolytic degradation [136–
138]. Also, Starr et. al. suggested that host cells can interfere with the activity of AMPs in a 
way similar to serum protein binding [139]. This reduces the effective concentration of 
available AMPs to eradicate bacteria. 
Although AMPs do not seem to induce bacterial resistance, resistance to AMPs has been 
reported. AMPs that require specific recognition molecules such as LPS, Lipid A, Lipid I/II 
and LptD on the membrane surface of bacteria most likely develop resistance. For example, 
resistance to nisin involves mutations in bacterial cells that induce changes in membrane 
and cell wall composition and eventually prevents the binding of nisin to lipid II [140]. 
Alternatively, bacteria may inactivate nisin using dehydropeptide reductase, also known as 
nisinase [141]. Resistance to polymyxins and cross-resistance to AMPs have also been 
reported [142–145]. Resistance to polymyxins is mediated by the mrc-1 gene encoding a 
phosphoethanolamine modification in lipid A, which prevents the initial binding of 
polymyxins to the bacterial membranes [146]. This gene was initially isolated from Chinese 
livestock animals and has been identified in the human fecal microbiome, indicating that 
polymyxin resistance is horizontally transferable [145]. Moreover, Li et al. reported that the 
aps AMP sensor/regulator system is important for S. aureus virulence in vivo [147]. They 
show that AMPs may induce resistance mechanisms in MRSA via this system, which involves 
the D-alanylation of teichoic acids, the incorporation of lysylphosphathidylglycerol in the 
bacterial membrane, the increase of lysine biosynthesis and AMP transport systems. [145]. 
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Although the impact of bacterial resistance on the minimal inhibitory concentration of the 
AMPs (2-30-fold increase) is less dramatic than for antibiotics (100-1000-fold increase) 
[148], the risk of bacterial resistance should be carefully investigated. 
 

Improvement strategies 
The majority of the AMPs under clinical evaluation are positively charged analogues of 
naturally occurring AMPs and are limited to topical or intravenous applications for an 
effective bio-available concentration of the peptides. Importantly, the route of drug 
administration could markedly affect the efficacy of AMPs as efficacy is dependent on the 
bio-distribution and stability of the peptides [149]. Analogues of naturally occurring AMPs 
have been prepared to overcome the challenges associated with high production costs, low 
bio-availability and efficacy, and cytotoxic effects of AMPs (Figure 4). Strategies to improve 
the performance of AMPs are described in the following sections. 
 

Ultra-short and/or truncated AMPs 

Efforts to reduce production costs include alternative peptide synthesis methods and the 
production of ultra-short and/or truncated AMPs. The latter has been pursued by several 
companies. The AMPs OP-145 [150], P113 [104], LTX-109 [151] and EA-230 [107] all consist 
of a lower number of amino acids as compared to their “original” peptide LL-37, histatin-5, 
bovine lactoferrin and loop-2 of human β-chorionic gonadotropin (β-hCG), respectively. 
Besides truncation of AMPs, the synthesis of ultra-short AMPs such as the 5-amino acid 
linear peptide SGX942 further reduces the production costs of AMPs [108]. Alternatively, 
solution phase synthesis or by chemoenzymatic methods could be used for production of 
small AMPs [152]. This remains challenging for large peptides and therefore a 
biotechnological approach is often considered, i.e. the production of AMPs in 
microorganisms [153]. Magainin, hBD-3, melittin and other AMPs have been synthesized 
using calmodulin as carrier protein [154,155]. This protein protects the producing bacterial 
cells e.g. E. coli from the toxic effects of the AMPs and prevents degradation of the AMP 
during the production process. Alternative approaches to obtain AMPs from plants or 
bacterial ribosomes have been reviewed by Montesinos and Bardaji [156], and Rogers and 
Suga [157], respectively. 
 

Delivery systems 

To improve the bio-availability of AMPs, delivery systems can be used to administer the 
peptides. Nisin is readily degraded by enzymes in the gastrointestinal tract [158]. To target 
Clostridium difficile, a bacterium that can infect the colon [159], nisin requires a delivery 
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vehicle to reach the colon without being digested and absorbed by the upper 
gastrointestinal tract. To achieve this, nisin has been encapsulated in pectin/hydroxypropyl 
methylcellulose (HPMC) compression coated tablets to form an enzymatically controlled 
delivery system [160]. Alternative systems such as liposomes, nanoparticles and nisin-
controlled gene expression in Lactobacillus gasseri have also shown to be successful 
delivery systems [161–163]. Colon-specific delivery approaches such as Prodrugs and 
conjugates have been reviewed by Fang et al. [164] and Mishra et al. [165]. These 
approaches have also been used to improve the in vivo bio-availability of different AMPs, 
for example Polymyxin E, which is administered as an inactive Prodrug that undergoes 
hydrolysis to release the active AMPs. Polymyxin E was also successfully integrated into 
hydrogels for the treatment of burn wound infections [166]. Please note that such delivery 
systems, may not only improve the bio-availability of the AMPs but may also improve the 
efficacy and reduce cytotoxicity, as a consequence of increased solubility and specificity, 
respectively [167–169]. 
 

Chemical modifications 

The order and position of amino acids were found to play an important role in the biological 
activity of the human lactoferrin (hLT-1-1) peptide, according to its structure-activity 
relationship [109]. Also, the α-helical content, the hydrophobicity and amphipathicity of 
AMPs may affect their bactericidal activity and cytotoxicity. Schmidtchen et al. reported 
that an increase in the hydrophobicity might induce hemolytic activity of AMPs [170]. 
Another group showed that a reduction in the net positive charge of AMPs may not affect 
the bactericidal efficacy of AMPs but may reduce cytotoxic effects [171]. For higher 
bactericidal activity and less cytotoxic effects, the introduction of arginine was found to be 
superior to lysine for providing the positive charge of AMPs [172]. To improve proteolytic 
stability, different approaches have been used such as the introduction of D-amino acids, 
cyclization, amidation or acetylation of the terminal regions [173–175]. To increase the salt 
and serum stability of AMPs, tryptophan or b-naphthylalanine end-tagging of the terminal 
regions of AMPs could be considered [174,176]. 
 

Specifically targeted AMPs (STAMPS)  

Due to the broad-spectrum activity and nonspecific mechanisms of action of AMPs, these 
peptides may induce cytotoxic effects as well. To reduce these effects, specifically targeted 
antimicrobial peptides (STAMPS) have been designed [177]. STAMPS selectively target and 
kill a specific pathogenic species without affecting the normal flora [178]. They consist of at 
least two regions, i.e. one or multiple targeting regions and a killing region linked by a 
spacer. The targeting region improves the activity of the AMPs by enhancing the initial 
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binding of the peptide to the specific pathogenic determinants on the membrane [179]. 
Using two are more targeting regions reduces the likelihood of bacterial resistance and 
improves efficacy [180]. Currently, C16G2 which is a synthetic AMP or STAMP, is under 
clinical investigation for the treatment of tooth decay by Streptococcus mutans. The N-
terminus of C16G2, is the targeting region for S. mutans and the C-terminus is the killing 
region or AMP G2 [181]. C16G2 demonstrated a strong safety profile and efficacy against S. 
mutans [182]. 
 

Combination therapy 

To improve treatment outcomes, two or more antibiotics are often used in clinical practice. 
The same could be done for novel AMPs as many peptides show synergistic interactions 
with conventional antibiotics. This could not only reduce the amount of peptide needed for 
effective treatment and thus reduce costs but may also extend the lifetime of current 
antibiotics [183,184]. There are numerous examples of AMPs demonstrating synergism 
[185–187]. The combination of polymyxins with carbapenems or rifampicin suppresses the 
development of polymyxin resistance [188,189]. Also, Polymyxin B is used in combination 
with gramicidin and neomycin in Neosporin® due to their synergistic interactions, resulting 
in reduced resistance development and less cytotoxic effects [190,191]. 
 

Counter-ion selection 

The final step of AMP synthesis, which involves the cleavage and deprotection of the 
peptide chain with e.g. trifluoroacetic acid (TFA) should be investigated to improve efficacy 
and reduce cytotoxicity. Counter-ions such as TFA anions are able to interact with positively 
charged AMPs and affect the hydrogen-bonding network along with the secondary 
structure [192,193]. Also, TFA was shown to be cytotoxic for mammalian cells [194]. 
Previously, Sikora et al. studied the effect of three counter-ions, i.e. TFA anions, acetate and 
chlorides, on the bactericidal efficacy and cytotoxicity of a set of AMPs [195]. They found 
that the peptide salts of acetate and chlorides seemed to be more potent antimicrobials 
than trifluoroacetates. However, trifluoroacetates have a greater ability to promote α-helix 
formation in e.g. LL-37 [196]. Additionally, acetate counter-ions seemed to be associated 
with high hemolytic activity [195]. In contrast, pexiganan acetate showed less cytotoxicity 
in cell viability assays and was the most stable salt for pexiganan [195,197]. Hence, 
superiority of one salt over another is peptide-dependent and should be taken into account.
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Conclusions and perspectives 
As a result of the increasing number of antibiotic resistant bacteria, there has been a 
renewed interest in AMPs as a potential alternative to conventional antibiotics. AMPs 
display clear advantages over conventional antibiotics to combat various infectious 
diseases. In particular, i) their broad spectrum of activity, ii) multi-hit, non-specific and rapid 
mode of action, which results in limited emergence of resistance, iii) the potential 
immunomodulatory properties and iv) synergistic interactions with conventional antibiotics 
could eliminate the threat of MDR bacteria. Yet, until now, only a few AMPs (e.g. nisin, 
gramicidin, polymyxins, daptomycin and melittin) have reached the clinic. Challenges 
towards clinical application of AMPs include cytotoxic effects, production costs, and 
problems related to peptide bio-availability and efficacy. To overcome these challenges, 
several strategies have been designed such as the preparation of ultra-short/truncated 
AMPs, delivery systems and STAMPS, chemical modifications and the careful selection of a 
counter-ion in the final step of AMP synthesis. Although not all AMPs in the clinical pipeline 
will reach the market, these strategies could improve the success rate of AMPs in clinical 
trials. Nonetheless, several AMPs in clinical trials have failed due to lack of clear efficacy or 
lack of superiority over conventional antibiotics, while showing a trend towards improved 
clinical outcomes. Therefore, practical strategies should also be considered in future clinical 
testing of AMPs as we have learned the following lessons: 

1. The application of AMPs can extend beyond FDA-approved clinical indications; 
2. Defining the most optimal dose and administration regimen might reduce 

cytotoxic effects of AMPs; 
3. Efficacy of AMPs can be demonstrated in equivalence or non-inferiority trials with 

an antibiotic as comparator; 
4. Bacterial resistance development should be included as one of the primairy 

outcome parameters in clinical trials of AMPs; 
5. The bio-availability and efficacy of AMPs can be improved using delivery systems 

and 
6. The combination AMPs with conventional antibiotics or other compounds (e.g. 

AMPs) might result in an improved antimicrobial effect in clinical trials. 
Taking these lessons into consideration, an increasing number of AMPs could reach the 
market as multi-functional, potent and long-lasting antimicrobials against various infectious 
diseases. 
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Abstract  
Background 
Accurate determination of the efficacy of antimicrobial agents requires neutralization of 
residual antimicrobial activity in the samples before microbiological assessment of the 
number of surviving bacteria. Sodium polyanethol sulfonate (SPS) is a known neutralizer for 
the antimicrobial activity of aminoglycosides and polymyxins. In this study, we evaluated 
the ability of SPS to neutralize residual antimicrobial activity of antimicrobial peptides 
[SAAP-148 and pexiganan; 1% (wt/v) in PBS], antibiotics [mupirocin (Bactroban) and fusidic 
acid (Fucidin) in ointments; 2% (wt/wt))] and disinfectants [1% (wt/wt) silver sulfadiazine 
cream (SSD) and 0.5% (v/v) chlorhexidine in 70% alcohol].  
 
Methods 
Homogenates of human skin models that had been exposed to various antimicrobial agents 
for 1 h were pipetted on top of methicillin-resistant Staphylococcus aureus (MRSA) on agar 
plates to determine whether the antimicrobial agents display residual activity. To 
determine the optimal concentration of SPS for neutralization, antimicrobial agents were 
mixed with PBS or increasing doses of SPS in PBS (0.05–1% wt/v) and then 105 colony 
forming units (CFU)/mL MRSA were added. After 30 min incubation, the number of viable 
bacteria was assessed. Next, the in vitro efficacy of SAAP-148 against various gram-positive 
and gram-negative bacteria was determined using PBS or 0.05% (wt/v) SPS immediately 
after 30 min incubation of the mixture. Additionally, ex vivo excision wound models were 
inoculated with 105 CFU MRSA for 1 h and exposed to SAAP-148, pexiganan, chlorhexidine 
or PBS for 1 h. Subsequently, samples were homogenized in PBS or 0.05% (wt/v) SPS and 
the number of viable bacteria was assessed.  
 
Results 
All tested antimicrobials displayed residual activity in tissue samples, resulting in a lower 
recovery of surviving bacteria on agar. SPS concentrations at ≥0.05% (wt/v) were able to 
neutralize the antimicrobial activity of SAAP-148, pexiganan and chlorhexidine, but not of 
SSD, Bactroban and Fucidin. Finally, SPS-neutralization in in vitro and ex vivo efficacy tests 
of SAAP-148, pexiganan and chlorhexidine against gram-positive and gram-negative 
bacteria resulted in significantly higher numbers of CFU compared to control samples 
without SPS-neutralization.  
 
Conclusions 
SPS was successfully used to neutralize residual activity of SAAP-148, pexiganan and 
chlorhexidine and this prevented an overestimation of their efficacy. 
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Introduction 
Efficacy is a fundamental parameter in the discovery and development of antimicrobial 
agents. To determine the efficacy of an antimicrobial treatment, the drug must be 
neutralized immediately after the treatment time to prevent an overestimation of efficacy 
[1]. Neutralization of the residual activity can be achieved by reducing the effective 
concentration of the antimicrobial agent via dilution, filtration, centrifugation, chemical 
inactivation and other methods [2, 3]. However, chemical inactivation is probably the most 
accurate procedure as the residual antimicrobials are immediately inactivated after 
addition of the chemicals, also known as neutralizing agents, to the test sample. 
Nevertheless, chemical inactivation of antimicrobial agents is not commonplace in drug 
efficacy testing. 
Over the past years, different neutralizing agents have been used to inactivate different 
antimicrobials, e.g.: i) lecithin and polysorbate 20 have been used for the neutralization of 
chlorhexidine [1, 4], ii) sodium thiosulphate was used for iodine [5] and iii) chondroitin 
sulfate for polyhexamethylene biguanide [6]. In the absence of neutralizing agents, bacteria 
surviving the efficacy test may be completely eradicated by residual antimicrobial activity 
during sample preparation and/or microbiological quantification [7]. This shows the 
relevance of neutralizing agents in efficacy testing of antimicrobials. 
Currently, there is an increasing interest in the development of antimicrobial peptides 
(AMPs) because they are highly effective against antibiotic resistant bacteria [8, 9]. AMPs 
eradicate bacteria by disrupting the bacterial membrane and therefore, it is believed that 
bacterial resistance to AMPs is less likely to occur [10, 11]. For these reasons, AMPs are 
considered promising therapeutic candidates for the development of agents to combat 
bacterial infections not effectively responding to antibiotics. We aim to accurately 
determine the efficacy of highly potent AMPs using neutralizing agents.  
Previously, Edberg et al. reported that aminoglycoside and polymyxin antibiotics can be 
neutralized selectively using sodium polyanethol sulfonate (SPS) [12]. Yet, SPS is not 
commonly used to neutralize residual antimicrobial activity in efficacy tests. In the current 
study, we investigated the efficacy of various antimicrobial agents in the presence and 
absence of SPS with the aim i) to determine the applicability of SPS for the neutralization of 
different antimicrobial agents and ii) to evaluate the importance of neutralization of 
residual antimicrobial activity in test samples. 
 



3

 

 66 

Methods 

Antimicrobial agents 

SAAP-148 is a synthetic AMP inspired on the structure of the human cathelicidin, LL-37 [13]. 
Pexiganan is an analogue of the frog peptide called magainin 2 and was previously clinically 
tested [14]. Both SAAP-148 and pexiganan were synthesized, purified and identified as 
described by Nell et al. [15]. Lyophilized peptide was dissolved in phosphate-buffered saline 
(PBS; Gibco, Paisley, UK) and aliquots of the peptide in PBS were stored at −20 °C until use. 
The other antimicrobial agents used in this study were 1% (wt/wt) silver sulfadiazine (SSD) 
cream (Pharmacy of the Medical Centre Alkmaar, Alkmaar, the Netherlands), 0.5% (v/v) 
chlorhexidine in 70% alcohol (Orphi Farma B.V., Lage Zwaluwe, the Netherlands), 2% 
(wt/wt) mupirocin in an ointment (Bactroban; GlaxoSmithKline B.V., Zeist, the Netherlands) 
and 2% (wt/wt) fusidic acid in an ointment (Fucidin; Leo Pharma B.V., Amsterdam, the 
Netherlands). 
 

Preparation of ex vivo models 

Human skin was obtained after elective surgery at the Red Cross Hospital (Beverwijk, the 
Netherlands) according to institutional guidelines and following “code of conduct for 
responsible use”, drafted by Federa (Foundation Federation of Dutch Medical Scientific 
Societies). Human skin grafts with a thickness of 0.8 mm were prepared from this tissue 
using a dermatome (Aesculap AG & Co. KG, Tuttlingen, Germany). Excision wounds were 
inflicted by removing 0.3 mm of the upper part of the skin containing the epidermis using a 
dermatome (width 7 mm). Subsequently, the graft was cut into pieces of approximately 1 
cm2 using a scalpel. 
 

Bacterial culture 

Methicillin-resistant Staphylococcus aureus (MRSA; clinical isolates LUH14616 [16] and 
Mu50, ATCC 700699), Enterococcus faecalis (ATCC 29212), Pseudomonas aeruginosa 
(PAO1; ATCC BAA47), Escherichia coli (ATCC 35218) and a clinical isolate of Acinetobacter 
baumannii were used. The clinical isolate of A. baumannii was kindly provided by Drs. Jan 
Sinnige (Regional Laboratory for Medical Microbiology and Public Health Haarlem, Haarlem, 
the Netherlands). Bacteria were stored in Luria Bertani (LB; Oxoid, Ltd., Basingstoke, UK) 
medium supplemented with 15% (v/v) glycerol at − 80 °C. LB agar plates were used to grow 
the inoculae at 37 °C and 5% CO2 overnight. To create a mid-log phase growth culture, 
bacteria were cultured in LB medium at 37 °C, shaken at 200 rpm. The bacterial culture was 
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centrifuged at 3600 × g for 5 min and the pellet was re-suspended in PBS to the desired 
bacterial concentration, based on the optical density at 600 nm. 
 

Assessment of residual antimicrobial activity 

Ex vivo excision wound models were topically exposed to 20 or 200 μL of 1% (wt/v) SAAP-
148 in PBS, 1% (wt/ v) pexiganan in PBS, 1% (wt/wt) SSD, 0.5% (v/v) chlorhexidine in 70% 
alcohol, 2% (wt/wt) Bactroban, 2% (wt/wt) Fucidin or PBS for 1 h. Tissue samples were 
transferred to polypropylene vials containing 1 mL of PBS and a 7-mm metal bead. Tissue 
homogenates were prepared using a TissueLyser LT (Qiagen, Venlo, the Netherlands) set at 
50 Hz for 4 min. Subsequently, 5 μL of 10-fold serially diluted 107 colony forming units 
(CFU)/mL MRSA (LUH14616) were plated on LB agar plates and 5 μL of 10-fold serially 
diluted homogenates of excision wound models exposed to an antimicrobial agent or PBS 
were pipetted on top of the bacteria. The surviving bacteria in each dilution step were 
evaluated after overnight incubation of the agar plates at 37 °C and 5% CO2. 
 

SPS-neutralization of antimicrobial activity 

Ten μL of PBS or one of the antimicrobial agents: 1% (wt/v) SAAP-148 in PBS, 1% (wt/v) 
pexiganan in PBS, 1% (wt/wt) SSD, 0.5% (v/v) chlorhexidine in 70% alcohol, 2% (wt/wt) 
Bactroban or 2% (wt/wt) Fucidin were added to polypropylene vials containing 400 μL of 
PBS, 0.05, 0.1, 0.5% or 1% (wt/v; final concentrations) SPS (Figure 1) in PBS (Merck, KGaA, 
Darmstadt, Germany). Subsequently, 90 μL of 5.6 × 105 CFU/mL MRSA (LUH14616) 
suspension were added to the vials and the mixtures were briefly vortexed. After 30 min 
incubation at 37 °C and 5% CO2, a 7 mm metal bead was added to the vials to homogenize 
the samples using a TissueLyser set at 50 Hz for 4 min. This was performed to mimic the 
procedure of the skin samples. Ten-fold serial dilutions of the homogenates were cultured 
on LB agar plates to quantify the number of surviving bacteria after overnight incubation at 
37 °C and 5% CO2.  
 

Efficacy testing in the absence and presence of neutralizing agent SPS 

In vitro: Mixtures of 10 μL of 1% (wt/v) SAAP-148 in PBS or PBS and 90 μL of 107 CFU/mL 
MRSA (LUH14616 and Mu50), E. faecalis (ATCC 29212), P. aeruginosa (PAO1; ATCC BAA47), 
E. coli (ATCC 35218) or A. baumannii were incubated for 30 min at 37 °C and 5% CO2. 
Subsequently, 400 μL of PBS with or without 0.05% (wt/v) SPS and a 7-mm metal bead were 
added to the mixtures to prepare homogeneous suspensions using a TissueLyser set at 50 
Hz for 4 min.  
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Ex vivo: Excision wound models were inoculated with 10 μL of 107 CFU/mL MRSA 
(LUH14616) for 1 h and then topically exposed to 20 μL of 1% (wt/v) SAAP-148 in PBS, 1% 
(wt/v) pexiganan in PBS, 0.5% (v/v) chlorhexidine in 70% alcohol or PBS for 1 h. Thereafter, 
tissue samples were transferred to polypropylene vials containing a 7-mm metal bead and 
1 mL of PBS with or without 0.05% (wt/v) SPS to prepare tissue homogenates using a 
TissueLyser set at 50 Hz for 4 min.  
To determine the number of viable bacteria, 10-fold serial dilutions of the homogenates 
were cultured overnight at 37 °C and 5% CO2 on LB agar plates. 
 

Statistical analysis 

To determine the statistically significant differences between two sample groups, the non-
parametric Kruskal-Wallis test and the Mann Whitney rank-sum test were used. 
 
 

 
Figure 1: Structural formula of SPS. 
(ChemDraw, PerkinElmer, 2018) 
 

 

Results 

Residual antimicrobial activity in tissue samples 

To evaluate the presence of residual antimicrobial activity, ex vivo excision wound models 
were topically exposed to 20 μL of various antimicrobial agents or PBS for 1 h, and 
homogenates were prepared. Subsequently, serial dilutions of these homogenates were 
pipetted on top of serially diluted MRSA (LUH14616) suspensions on agar. All tested 
antimicrobial agents showed residual activity (Figure 2). Particularly for the undiluted SSD-
, chlorhexidine-, Bactroban- and Fucidin-exposed tissue homogenates bacterial killing was 
evident as inhibition zones appeared or bacteria were completely eradicated. Only at 1000-
fold dilution of the Bactroban- and Fucidin-exposed tissue homogenates, surviving bacteria 



3

69

were detected. In contrast, the surviving bacteria of the SAAP-148- and pexiganan-exposed
tissue homogenates were comparable to that of the PBS-exposed tissue homogenates.
However, when 10-fold higher antimicrobial amounts (200 μL) were used for the SAAP-148-
and pexiganan-exposed tissue homogenates, bacterial killing was observed. Inhibition
zones appeared for the undiluted pexiganan-exposed tissue homogenate whereas for the
undiluted SAAP-148-exposed tissue homogenate bacteria were completely eradicated.
Interestingly, at 10-fold dilution of this SAAP148-exposed tissue homogenate inhibition
zones appeared (Figure 2), indicating that at high antimicrobial concentrations residual
activity is highly effective against bacteria.

Figure 2: Residual antimicrobial activity.
Five μL of serially diluted LUH14616 were plated on agar and 5 μL of homogenates of excision wound models 
exposed to 20 μL or 10-fold higher amounts (200 μL) of various antimicrobial agents or PBS were pipetted on top 
of the bacteria. Results of one experiment are illustrated as the surviving bacteria in each dilution step.

Neutralization of antimicrobial activity by SPS

To determine whether SPS (Figure 1) can effectively neutralize different antimicrobial
agents, mixtures containing 400 μL of PBS or 0.05, 0.1, 0.5% or 1% (wt/v) SPS in PBS and 10
μL of various antimicrobial agents or PBS were prepared. Subsequently, MRSA (LUH14616)
with a final concentration of 105 CFU/mL was added to these mixtures to determine the
antimicrobial effect. Of note, the increasing concentrations of SPS did not affect the
bacterial survival as the number of viable bacteria in the presence of SPS was comparable
to the number of viable bacteria in PBS alone (Figure 3). The antimicrobial activity of SAAP-
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148 (200 μg/mL), pexiganan (200 μg/mL) and chlorhexidine (100 μg/mL) was efficiently 
neutralized by ≥0.05% (wt/v) SPS, resulting in the complete survival of approximately 105 
CFU/mL MRSA (LUH14616) (Figure 3). However, the antimicrobial activity of SSD, 
Bactroban, and Fucidin was not affected by these SPS concentrations as either no colonies 
were detected or colonies were found in 10-or more fold dilutions but not in the undiluted 
samples on agar (data not shown).  
 

 
 
Figure 3: Effect of SPS on the antimicrobial activity of various antimicrobial agents.  
Mixtures of 10 μL of SAAP-148 (1% wt/v), pexiganan (1% wt/v), chlorhexidine (0.5% v/v in 70% alcohol) or PBS and 
400 μL of PBS, 0.05, 0.1, 0.5% or 1% (wt/v; final concentrations) SPS in PBS were prepared. Ninety μL of LUH14616 
with a final concentration of 105 CFU/mL were added to these mixtures to determine the antimicrobial activity 
after 30 min incubation at 37 °C and 5% CO2. The means and standard deviations (SD) of three independent 
experiments performed in duplicate are shown. Results are expressed as the number of surviving bacteria in log10 
CFU/mL. * indicates significant difference as compared to the samples without SPS (*p < 0.05). 
 

Efficacy testing of antimicrobial agents in the absence or presence of SPS 

To test the effect of 0.05% (wt/v) SPS in PBS on the efficacy of SAAP-148 against gram-
positive and gram-negative bacteria, 10 μL of 1% (wt/v) SAAP-148 in PBS or PBS was mixed 
with 90 μL of MRSA (LUH14616 and Mu50), E. faecalis (ATCC 29212), P. aeruginosa (PAO1; 
ATCC BAA47), E. coli (ATCC 35218) or a clinical isolate of A. baumannii for 30 min. 
Subsequently, the samples were homogenized in PBS with or without 0.05% (wt/v) SPS and 
the number of viable bacteria was determined. Of note, SPS did not affect the bacterial 
survival of these types of bacteria as the number of viable bacteria in the presence of SPS 
was comparable to the number of viable bacteria in PBS alone (Figure 4). More 
interestingly, SPS-neutralization of SAAP-148 resulted in approximately 100 CFU/mL of 
surviving bacteria, whereas without SPS-neutralization, all bacteria were eradicated except 
for E. faecalis in two of six experiments (average 10 CFU/mL). The same was found for SAAP-
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148 (p < 0.001), pexiganan (p < 0.05) and chlorhexidine (p < 0.01) in ex vivo excision wound 
models that had been inoculated with 105 CFU MRSA (LUH14616) (Figure 5). 
 

 
 
Figure 4: SPS-neutralization in efficacy tests of SAAP-148 against gram-positive and gram-negative bacteria.  

Ninety μL of 107 CFU/mL MRSA (LUH14616 and Mu50), E.	 faecalis	 (ATCC 29212),	P.	aeruginosa	 (PAO1; ATCC 
BAA47), E.	coli	(ATCC 35218) and A.	baumannii	were exposed to 10 μL of 1% (wt/v) SAAP-148 in PBS or PBS for 30 
min. Subsequently, samples were homogenized in 500 μL of PBS with or without 0.05% (wt/v) SPS. The means and 
SD of six independent experiments performed in duplicate are shown. Results are expressed as the number of 
surviving bacteria in log10 CFU/mL. * indicates significant difference as compared to the samples without SPS (*p	
< 0.05); **p	< 0.01). 
 
 

 
	
Figure	5:	SPS-neutralization of residual activity of various antimicrobial agents. 

Excision wound models were inoculated with 105 CFU/mL LUH14616 for 1 h and exposed to 20 μL of SAAP-148 
(1% wt/v), pexiganan (1% wt/v), chlorhexidine (0.5% v/v in 70% alcohol) or PBS for 1 h. Subsequently, the models 
were homogenized in 1 mL of PBS with or without 0.05% (wt/v) SPS. The means and SD of at least eight 
independent experiments performed in triplicate are shown. Results are expressed as the number of surviving 
bacteria in log10 CFU/mL. * indicates significant difference as compared to the samples without SPS (*p	< 0.05); 
**p	< 0.01; ***p	< 0.001). 
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Discussion 
We have shown that all tested antimicrobial agents displayed residual activity in tissue 
homogenates, as inhibition zones appeared on the agar or the number of CFU decreased. 
Notably, when 20 μL of SAAP-148 (200 μg/ mL) were used for the SAAP-148-exposed tissue 
homogenates residual activity was not evident; however, when 10-fold higher antimicrobial 
amounts (200 μL; 2 mg/mL) were used for the SAAP-148-exposed tissue homogenates, 
inhibition zones appeared when this homogenate was 10-times diluted (200 μg/mL) (Figure 
2). This suggests that SAAP-148 interacts with tissue components and that the remaining 
amounts of active antimicrobials were higher and thus more effective against bacteria 
when 10-fold higher antimicrobial amounts were used to prepare the homogenate. 
As recommended in the American Society for Testing and Materials standard, we did not 
only determine the efficacy of the polyanionic detergent SPS (Figure 1) in inactivating 
various antimicrobial agents but also determined its toxicity for the bacteria used in this 
study [17]. We anticipated that SPS would not neutralize the activity of SSD, Bactroban and 
Fucidin, due to their net negative charge at physiological conditions, which prevents the 
binding of SPS via electrostatic attraction. Nevertheless, SPS not only effectively neutralizes 
aminoglycoside and polymyxin antibiotics but also other antimicrobials, including SAAP-
148, pexiganan and chlorhexidine (Figure 3). Because SPS binds to and therefore inactivates 
antimicrobials depending on their cationic strength, it is believed that SPS could be more 
commonly used for the neutralization of AMPs in efficacy tests as they are usually highly 
positively charged. 
Furthermore, the effect of residual activity of SSD, Bactroban and Fucidin on bacteria could 
be inhibited via dilution as colonies could be observed in 10-or more fold dilutions but not 
in the undiluted samples. However, for highly potent antimicrobials dilution of test samples 
may not be effective enough to eliminate the residual activity. To effectively and efficiently 
neutralize residual activity of antimicrobials alternatives to dilution are required. Already in 
1993, Zabinski et al. reported on the use of beads that can neutralize residual activity of 
quinolone antibiotics [18]. We studied SPS-neutralization in efficacy tests of SAAP-148 
against gram-positive and gram-negative bacteria and for different antimicrobial agents 
such as pexiganan and chlorhexidine. SPS-neutralization of these antimicrobials was 
required to prevent ongoing bacterial killing during sample preparation (Figures 4 and 5). 
This is in agreement with Kampf et al., who reported that neutralizing agents were required 
to effectively inactivate a chlorhexidine-containing hand rub in efficacy tests [1, 4]. Thus, 
accurate neutralization of residual antimicrobial activity in efficacy tests can prevent an 
overestimation of the drug’s efficacy. 
Previously, MacDonald et al. reported a minimal inhibitory concentration of ≤16 μg/mL for 
pexiganan against bacteria isolated from infected diabetic foot ulcers. This in vitro efficacy 
of pexiganan was not superior but equivalent to the conventional antibiotic ofloxacin [19]. 
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A higher dosage of 2% (20,000 μg/mL) pexiganan would be more favorable in the clinical 
studies for the treatment of infected diabetic foot ulcers. However, pexiganan failed to 
demonstrate its superiority over ofloxacin with statistically significant data in the phase III 
clinical trials [14]. As no neutralizing agents were used in these studies, the efficacy of 
pexiganan might be overestimated, especially because a high antimicrobial dosage was 
used in vivo. In line with this suggestion, we emphasize the importance of neutralization of 
residual antimicrobial activity in efficacy testing of novel AMPs, such as SAAP-148. 
 

Conclusions 
Depending on the antimicrobial agent and the concentration used, residual activity in tissue 
samples can be high. Residual activity of different antimicrobial agents, including SAAP-148, 
pexiganan and chlorhexidine, can be neutralized using SPS. As a consequence, an 
overestimation of the drug’s efficacy is prevented. Thus, accurate preclinical efficacy testing 
of novel AMPs, using SPS-neutralization, will allow appropriate designs for clinical testing, 
if relevant. 
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Abstract 
Background 
We investigated the efficacy of a synthetic antimicrobial peptide SAAP-148, which was 
shown to be effective against Methicillin-resistant Staphylococcus aureus (MRSA) on tape-
stripped mice skin. Unexpectedly, SAAP-148 was not effective against MRSA in our pilot 
study using rats with excision wounds. Therefore, we investigated factors that might have 
contributed to the poor efficacy of SAAP-148. Subsequently, we optimized the protocol and 
assessed the efficacy of SAAP-148 in an adapted rat study.   
 
Methods 
We incubated 100 µL of SAAP-148 with 1 cm2 of a wound dressing for 1 h and determined 
the unabsorbed volume of peptide solution. Furthermore, 105 colony forming units 
(CFU)/mL MRSA were exposed to increasing dosages of SAAP-148 in 50% (v/v) human 
plasma, eschar- or skin extract or PBS. After 30 min incubation, the number of viable 
bacteria was determined. Next, ex vivo skin models were inoculated with MRSA for 1 h and 
exposed to SAAP-148. Finally, excision wounds on the back of rats were inoculated with 107 
CFU MRSA overnight and treated with SAAP-148 for 4 h or 24 h. Subsequently, the number 
of viable bacteria was determined. 
 
Results 
Contrary to Cuticell, Parafilm and Tegaderm film, 20-fold higher dosages of SAAP-148 were 
required to achieve a 2-log reduction (LR) of MRSA versus SAAP-148 in PBS. Exposure of ex 
vivo models to SAAP-148 for 24 h resulted in a 4-fold lower LR than a 1 h or 4 h exposure 
period. Additionally, SAAP-148 caused a 1.3-fold lower mean LR at a load of 107 CFU 
compared to 105 CFU MRSA. Moreover, exposure of ex vivo excision wound models to 
SAAP-148 resulted in a 1.5-fold lower LR than for tape-stripped skin. Finally, SAAP-148 failed 
to reduce the bacterial counts in an adapted rat study. 
 
Conclusions 
Several factors, such as absorption of SAAP-148 by wound dressings, components within 
wound exudates, re-colonization during the exposure of SAAP-148, and a high bacterial load 
may have contributed to the poor antimicrobial effect of SAAP-148 against MRSA in the rat 
model. 
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Introduction 
Over the past decades, antibiotic resistance among bacteria has become a global public 
health problem. The acquisition of nosocomial Methicillin-resistant Staphylococcus aureus 
(MRSA) by injured patients not only increases the risk of sepsis but also delays wound 
healing [1–3]. Therefore, the need for alternative therapies that are effective and less likely 
to cause resistance has increased. 
Recently, antimicrobial peptides (AMPs) are being studied as a potential alternative to 
antibiotics because of their anticipated favorable mechanism of action [4]. It has been 
demonstrated that AMPs — often small cationic peptides — eradicate a wide range of 
gram-negative and gram-positive bacteria by disrupting the bacterial membrane [5–7]. 
Initially, it was believed that AMPs secreted by human skin cells act as a chemical barrier 
that prevents the invasion of pathogens. However, AMPs display a number of additional 
functional activities besides their antimicrobial activity. They modulate several 
inflammatory responses, which in turn influence different cellular processes including 
wound healing [8–10]. Due to the promising efficacy profile of AMPs, several studies focus 
on the synthesis of naturally occurring AMPs and on modifications of these naturally 
occurring AMPs for more effective formulations for the topical treatment of infected or 
colonized wounds [11]. 
From a panel of synthetic AMPs, inspired on the structure of the human cathelicidin, LL-37, 
the synthetic peptide SAAP-148 was selected as the most promising AMP in reduction of 
bacterial counts [12]. This AMP was found effective against drug-resistant bacteria, 
persisters and biofilms. More interestingly, SAAP-148 effectively eradicated MSRA in an 
ex vivo human burn wound model (BWM) and an in vivo tape-stripped mouse model [12]. 
Subsequently, we studied the efficacy of SAAP-148 in an in vivo partial thickness wound 
model inoculated with MRSA in rats. Surprisingly, SAAP-148 was not effective in this model 
and therefore, several possible factors that may have contributed to the poor antimicrobial 
efficacy of SAAP-148 were identified and studied in in vitro and ex vivo experiments. Based 
on these experimental results, improvements to the protocol were implemented in a new 
rat study. The current paper reports on the findings of these in vitro, ex vivo and in vivo 
experiments. 
 

Methods 

Synthesis and formulation of SAAP-148 

SAAP-148, inspired by the structure of LL-37 [13], was synthesized, purified and identified 
as described by Nell et al. [14]. Lyophilized SAAP-148 was dissolved and diluted in 
phosphate-buffered saline (PBS; Gibco, Paisley, UK). Aliquots of SAAP-148 in PBS were 
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stored at −20 °C until use. Hypromellose (HM) gels with or without SAAP-148 were prepared 
in two viscosities, i.e. 3:1 (3 parts pre-gel and 1 part peptide solution) and 3:10 (3 parts pre-
gel and 10 parts peptide solution), as was previously described by Haisma et al. [15]. HM 
gels were stored at 4 °C. The SAAP-148 dosages used in the experiments were based on the 
optimal bactericidal effect of this peptide in the test condition. 
 

Tissue and blood plasma 

Eschar is burned skin tissue that is debrided by a knife during surgery. Eschar and excess 
tissue that was collected after elective abdominal dermo-lipectomy were obtained under 
institutional guidelines and following the “code of conduct for responsible use”, drafted by 
Federa (Foundation Federation of Dutch Medical Scientific Societies) from the Red Cross 
Hospital (Beverwijk, the Netherlands). A dermatome (Aesculap AG & Co. KG, Tuttlingen, 
Germany) was used to prepare 0.8 mm thickness human skin grafts from the abdominal 
tissue. Rat (Wistar) and mouse (BL/6J) cadavers were purchased from the Amsterdam 
Animal Research Centre (Amsterdam, the Netherlands). A scalpel was used to collect full-
thickness skin grafts from these animal cadavers. Grafts were stored for up to 2  weeks in 
Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented with 2% (v/v) 
penicillin/streptomycin (P/S; Gibco) at 4 °C. Prior to an experiment, the grafts were washed 
in RPMI 1640 medium at 4 °C for 24 h and subsequently in PBS for approximately 2  h to 
ensure the removal of P/S. Human blood plasma that was collected from three donors was 
obtained from Sanquin (Leiden, the Netherlands). The plasma was pooled, centrifuged at 
2266 × g for 10 min, filtered using 0.2 µm filters to remove aggregates. Aliquots were stored 
at −20 °C until use.  
Eschar extracts were prepared by grinding 0.5 g eschar from three donors separately in 1 
mL of PBS using a 7-mm metal bead and a TissueLyser LT (Qiagen, Venlo, the Netherlands) 
set at 50 Hz for 4 min. After centrifugation at 3600 × g for 5 min, the supernatants were 
pooled. The centrifugation step was repeated at 4200 × g for 10 min and the clear eschar 
supernatant was stored in aliquots at −20 °C. Skin extracts were prepared by cutting 0.5 g 
human skin from three donors into small pieces using a scalpel. Subsequently, the skin parts 
were grounded separately in 1 mL of PBS using the protein_01.01 program of the 
gentleMACS Dissociator (MACS Miltenyi Biotec, Bergisch Gladbac, Germany). After 
centrifugation at 3820 × g for 15 min, the supernatants were filtered using 0.2 µm filters 
and pooled. This was stored in aliquots at −20 °C. 
 

Absorption and/or adsorption of SAAP-148 by wound dressings 

Approximately 1 cm2 of a wound dressing was added to a polypropylene vial containing 
100 µL of SAAP-148 in PBS (76 nmol). After 1 h incubation at 37 °C and 5% CO2, the wound 
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dressing was removed and the remaining volume of SAAP-148 containing solution was 
determined using a pipette. The following wound dressings were tested: gauze (BSN 
Medical GmbH, Hamburg, Germany), Mepilex border (Mölnlycke Health Care AB, 
Gothenburg, Sweden), Opsite Post-Op (Smith & Nephew Medical Limited, Hull, UK), Cuticell 
(BSN Medical GmbH) and Tegaderm film (3M Health Care, Neuss, Germany). The recovered 
SAAP-148 containing solutions after incubation with a wound dressing were compared to 
the same solution without a wound dressing or with a low-adhesive material Parafilm 
(Merck, KGaA, Darmstadt, Germany), which was used in the in vivo study of de Breij et al. 
[12]. 
 

Bacterial culture 

A clinical isolate of MRSA, strain LUH14616, was stored in Luria Bertani (LB) broth (Oxoid, 
Ltd, Basingstoke, UK) medium supplemented with 15% (v/v) glycerol at −80 °C. Inoculae 
were grown on LB agar plates at 37 °C and 5% CO2 overnight. To create a mid-log phase 
growth culture, the bacteria were cultured in LB medium at 37 °C and 200 rpm for 4 h. After 
centrifugation at 3600 × g for 5 min, the pellet was re-suspended in PBS to the desired 
bacterial concentration, estimated by using the optical density at 600 nm. 
 

Processing of samples to quantify viable bacteria 

Samples were homogenized in a TissueLyser set at 50 Hz for 4 min using a 7-mm metal 
bead. During homogenization of the samples, sodium polyanethol sulfonate (SPS; Merck 
KGaA) in PBS at a final concentration of 0.05% (wt/v) was used to neutralize SAAP-148 and 
prevent ongoing activity during processing [16]. For the neutralization of 2% (wt/wt) 
mupirocin in an ointment (Bactroban; GlaxoSmithKline B.V., Zeist, the Netherlands) two 
times the manufacturer’s advised concentration of Dey-Engley broth (Merck KGaA) was 
used [17, 18]. Tenfold serial dilutions of the homogenates were plated on LB agar plates for 
the in vitro studies, and MRSASelect agar plates (Bio-Rad, Lunteren, the Netherlands) for 
the animal studies to selectively identify MRSA from commensal bacteria. The number of 
viable bacteria — colony forming units (CFU) — was quantified after overnight incubation 
at 37 °C and 5% CO2. Results are expressed as the log10 reduction (LR), which was calculated 
by subtracting the log number of surviving bacteria after exposure to the peptide from the 
log number of bacteria in the negative control samples. 
 

In vitro killing assay 

The bacterial suspension was diluted in PBS, human blood plasma, eschar extract or skin 
extract. Nighty μL of the bacterial suspension were added to polypropylene vials containing 
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10 μL of SAAP-148 in HM gel, SAAP-148 in PBS, the empty HM gel or PBS. Final mixtures 
contained 50% (v/v) plasma, 50% (v/v) eschar extract, 50% (v/v) skin extract or PBS only and 
were briefly vortexed. After incubating the samples at 37 °C and 5% CO2 for 30 min, they 
were processed in 500 μL of PBS with drug-neutralizers to quantify the number of viable 
bacteria. 
 

Preparation of ex vivo models 

Four types of ex vivo models were used: excision wound model, BWM, tape-stripped skin 
and intact skin. In brief, excision wound models were prepared with a dermatome (width 7 
mm), which removed 0.3 mm of the upper part of the skin graft containing the epidermis. 
Subsequently, the graft was cut into pieces of 1 cm2 using a scalpel. BWMs were prepared 
by wounding 1 cm2 skin thermally with a soldering iron (10×2 mm) set at 95 °C for 10 s [19]. 
The tape-stripped skin was prepared by stripping the graft 20 times (replacing the tape after 
each time) using Tensoplast (BSN Medical GmbH) [12]. Afterward, the tape-stripped graft 
was cut into pieces of 1 cm2. Intact skin models were prepared by cutting the skin graft into 
pieces of 1 cm2. 
 

Infection and treatment of ex vivo skin 

Ex vivo models were inoculated with 10 µL of MRSA and treated with SAAP-148 in HM gel, 
SAAP-148 in PBS, wound dressings containing SAAP-148, the empty HM gel or PBS at 37 °C 
and 5% CO2. The samples were processed in 1 mL of PBS with drug-neutralizers to quantify 
the number of viable bacteria.  
 

Efficacy of SAAP-148 in a rat model 

Immune competent male and female rats (Wistar) of 8 to 10 weeks old with a minimum 
weight of 160 g were purchased from Envigo (Horst, the Netherlands). These animals were 
kept under specific pathogen-free conditions and were housed in individually ventilated 
cages. Wood-shavings were used as bedding material and long paper strips as enrichment. 
The rats were provided with tap water and an irradiated-sterilized pelleted diet ad libitum.  
The sample size was calculated with data of in vitro studies and literature [20]. The type I 
error probability was set at 0.05. To identify a 140-fold decrease in bacterial counts and 
assuming a standard deviation (SD) of 80, a sample size of 5 per group (with a power of 0.8) 
was required. Considering the possibility of˂10% drop-out, a sample size of 6 per group per 
treatment time was used. To minimize the number of experimental animals two wounds, 
one on each flank, were prepared on the back of the rats. Six groups, each with one wound 
on 6 male and 6 female rats were used. 
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The MRSA inoculated wounds were treated with 306 (group 1) or 612 nmol (group 2) SAAP-
148 in 3:10 HM gel, 153 (group 3) or 306 nmol (group 4) SAAP-148 in PBS, the empty HM 
gel (group 5) or 2% (wt/wt) Bactroban (group 6) (see Appendix 1: Table for SAAP-148 
dosages in percentages). A lower dosage of SAAP-148 in PBS was used to prevent possible 
toxicity effects caused by the instantaneous high availability of the peptide in the wounds. 
Four h or 24 h after treatment, six wounds (i.e. one wound on 3 male and 3 female rats) of 
each group were sampled. 
Thirty to sixty minutes pre-operative, 36 rats were subcutaneously injected with analgesic 
Temgesic (1 µg/100 g) and were given tap water containing Temgesic (0.01 mg/ kg) for 24 h 
to reduce post-operative pain. Additionally, 1–2 h pre-operatively the rats were 
subcutaneously injected with Carprofen (5 mg/kg) to reduce pain and fever. During the 
interventions, the rats were kept under anesthesia with 2% isofurane in oxygen. To 
maintain the body temperature a heated pad was used. The back of the rats was shaved 
using an electric razor and the remaining hair was removed using Veet hair removal cream 
for sensitive skin (RB Health Care, Hoofddorp, the Netherlands). The skin was disinfected 
with 70% alcohol and sprayed with analgesic 1% Lidocaine to locally anesthetize the skin. 
Two excision wounds of approximately 1 cm2 were created on the back of the rats with a 
dermatome set at 0.8 mm. To confirm sterility, the wounds were swabbed using forensic 
swabs (Sarstedt AG & Co, Nümbredt, Germany) soaked in sterile PBS. Subsequently, the 
wounds were inoculated by placing gauze containing 100 µL of 108 CFU/mL MRSA on the 
wound, which was kept in place with a self-adhesive wound dressing Petflex (3 M Health 
Care) and a Leukosilk plaster (BSN Medical GmbH) around the entire trunk. Post-operative, 
the rats received a subcutaneous injection with analgesic Metacam (1 mg/100 g) to further 
reduce pain. After overnight inoculation, the wounds were wiped three times using a PBS-
moist gauze, similar to human clinical protocols. Ten the wounds were swabbed to 
determine the starting bacterial load. They were topically treated with 100 µL of 306 or 
612 nmol SAAP-148 in 3:10 HM gel, 153 or 306 nmol SAAP-148 in PBS, the empty HM gel 
(negative control) or 2% (wt/wt) Bactroban (positive control). The wounds were covered 
with Tegaderm film followed by Petflex and a Leukosilk plaster. After 4 h and 24 h 
treatment, the rats were euthanized using saturated CO2/O2 followed by CO2 only. 
Subsequently, the number of superficially located bacteria in the wounds were determined 
using swabs and those within the tissue were determined using 4 mm punch biopsies. 
Samples were processed in 1 mL of PBS with drug-neutralizers to determine the number of 
surviving bacteria. 
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Statistical analysis 

To determine the statistically significant differences between two sample groups the non-
parametric Kruskal–Wallis test and the Mann–Whitney rank sum test were used. For 
comparison of two time points, the Wilcoxon signed-rank test was used. p-values ≤ 0.05 
were considered statistically significant. 
 

Results 
In a previous experiment, SAAP-148 in 3:1 HM gel failed to cause a significant LR, despite 
repetitive daily administration of SAAP-148 to these wounds (Appendix 2). Therefore, we 
performed additional in vitro and ex vivo experiments to determine some of the possible 
factors contributing to this poor antimicrobial effect of SAAP-148, such as formulation in 
HM gel, absorption and/or adsorption of SAAP-148 by wound dressings, exposure periods 
of SAAP-148, bacterial loads and components in the wound micro-environment. 
Subsequently, we optimized the in vivo protocol and assessed the efficacy of SAAP-148 in 
an adapted rat study. 
 

The viscosity of HM gel affects the bactericidal efficacy of SAAP-148 

To exclude the possibility that SAAP-148 was unable to exert its antimicrobial effect because 
it remained in the viscous 3:1 HM gel and did not reach the bacteria in the wound, we 
explored an alternative viscosity of the HM gel to potentially improve the release of the 
peptide from the HM gel and thus its bactericidal effect. We assessed the effect of vortex 
mixing on the efficacy of SAAP-148 (7.6 nmol) in 3:1 or 3:10 HM gel using in vitro killing 
assays. The results revealed that increasing the vortex mixing period from 0 to 30 s resulted 
in a 2-fold (p < 0.01) higher LR for SAAP-148 in 3:1 HM, whereas for SAAP-148 in 3:10 HM 
gel the LR at 0 s was already high and comparable to the LR at 30 s. Additionally, the LR 
caused by SAAP-148 in 3:10 HM gel was 1.5 (p < 0.01) and 1.3- fold (p < 0.05) higher than 
for SAAP-148 in 3:1 HM gel at vortex mixing periods of 5 s and 20 s, respectively (Figure 1A).  
Furthermore, we compared the efficacy of SAAP-148 in 3:1 and 3:10 HM gel using ex vivo 
excision wound models. The ex vivo models were inoculated for 4 h with approximately 105 
CFU/mL MRSA and exposed to 50 µL of SAAP-148 in 3:1 or 3:10 HM gels or the empty HM 
gel for 1 h. Although we could not establish significant differences in the bactericidal 
efficacy of SAAP-148 in 3:10 versus 3:1 HM gel, the LR after exposure to SAAP-148 in 3:10 
HM gel seemed greater, especially at high dosages (Figure 1B). Overall, SAAP-148 in the 3:1 
HM gel caused a lower LR as compared to SAAP-148 in the 3:10 HM gel. Therefore, the 
following experiments were performed with SAAP148 in 3:10 HM gel or in PBS to assure 
the most optimal availability of the peptide to interact with bacteria. 
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Figure 1: Efficacy of SAAP-148 formulated in HM gels. 
A: In vitro killing of 105 CFU/mL MRSA by 7.6 nmol SAAP-148 in 3:1 or 3:10 HM gel or the empty HM gel as negative 
control. The mixtures were either vortexed or not. The vortex mixing period is indicated on the x-axis. The mean 
± SD of six experiments performed in duplicate is shown. #indicates significant difference compared to the LR at 
30 s (##p < 0.01) and * indicates significant difference (*p < 0.05; **p < 0.01) compared to SAAP-148 in 3:10 HM. 
B: The ex vivo efficacy of SAAP-148 in 3:1 or 3:10 HM gels. Excision wound models were inoculated with 
approximately 105 CFU for 4 h and exposed to 50 μL of 3:1 or 3:10 HM gels containing 38 nmol, 76 nmol, 152 nmol 
SAAP-148 or the empty HM gel (negative control) for 1 h. The mean of six independent experiments performed in 
triplicate is shown. Results are expressed as the LR. 
 

Effect of wound dressings on the efficacy of SAAP-148 

In the pilot rat study gauze and Cuticell were used as wound dressings for the excision 
wounds (Appendix 2). Absorption and/or adsorption of the SAAP-148 treatment by gauze 
and Cuticell might have contributed to the poor antimicrobial efficacy of SAAP-148 in vivo. 
Therefore, we determined the amount of peptide solution that could be recovered after 
1 h incubation of 100 µL of SAAP-148 in PBS (76 nmol) with 1 cm2 of different wound 
dressings or a low adhesive material Parafilm. Compared to the control samples without a 
wound dressing <20% of the peptide solution was recovered after incubation with gauze, 
Mepilex border or Opsite Post-Op. In contrast, 45%, 56% and 75% of the peptide solution 
were recovered after incubation with Cuticell, Parafilm or Tegaderm film, respectively 
(Figure 2A). Therefore, we then investigated the in vitro efficacy of only the SAAP-148 
solutions that were recovered after incubation with Cuticell, Parafilm or Tegaderm film and 
determined if the presence of these wound dressings affected the antimicrobial activity of 
SAAP-148 against MRSA. Ten μL of the recovered SAAP-148 solution that had been 
incubated in the presence of Cuticell caused a 1.3-fold (p<0.05) lower mean LR than SAAP-
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148 that was not incubated in the presence of a wound dressing (positive control) or SAAP-
148 that was incubated in the presence of Parafilm (Figure 2B). Thus, the presence of 
Cuticell, which is a moist silicon wound contact layer, negatively affected the antimicrobial 
activity of SAAP-148. On the contrary, the presence of Parafilm or Tegaderm film in the 
peptide solutions did not have a significant effect on the antimicrobial activity of SAAP-148 
against MRSA.  
Next, we evaluated whether SAAP-148 that was absorbed and/or adsorbed by the different 
wound dressings or Parafilm could still be released to eradicate bacteria. Ex vivo excision 
wound models were inoculated with 105 CFU/mL MRSA for 1 h and exposed to a wound 
dressing containing 15 nmol SAAP-148, 20 μL of SAAP-148 in PBS (15 nmol) (positive 
control) or PBS (negative control) for 1 h. Results showed that all the tested wound 
dressings containing SAAP- 148 caused a mean LR that was 2.3-fold (p < 0.05) or > 4-fold (p 
< 0.01) lower than for SAAP-148 in PBS (positive control) (Figure 3). This suggests that SAAP-
148 was not sufficiently released from these wound dressings to eradicate MRSA on ex vivo 
skin. In summary, Tegaderm film is a more appropriate wound dressing than gauze or 
Cuticell because it is less likely to absorb the peptide or affect its antimicrobial activity. 
 

  
Figure 2: Absorption and/or adsorption by wound dressings and its effect on the efficacy of SAAP-148.  
A: 100 μL of SAAP-148 in PBS (76 nmol) were incubated with or without 1 cm2 of a wound dressing or low adhesive 
Parafilm for 1 h. Subsequently, the remaining volume of SAAP-148 containing solutions were determined. Results 
are expressed as the relative recovery of the solutions in percentages of control samples without 
a wound dressing. Data are shown as mean ± SD of six independent experiments. B: In vitro killing of MRSA by 10 
μL of SAAP-148 containing solutions that were remaining after incubation with or without Cuticell, Parafilm and 
Tegaderm film. PBS was used as negative control. Results are expressed as the LR. The mean of six independent 
experiments performed in triplicate is shown. * indicates significant difference (*p < 0.05; **p <0.01) compared 
to control samples. 
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Exposure of MRSA infected skin models to SAAP-148 for 1 h, 4 h or 24 h 

To establish the efficacy of SAAP-148 over time, ex vivo excision wound models were 
inoculated with 105 CFU MRSA for 1 h and exposed to 20 µL of SAAP-148 in PBS (60 nmol) 
or PBS (negative control). After 1 h, 4 h or 24 h, the mean LR caused by SAAP-148 was 
determined. Exposure of the models to SAAP-148 for 1 h or 4 h resulted in a LR of 3.5 and 
3.6, respectively. However, exposure of the models to SAAP-148 for 24 h resulted in a mean 
LR of only 0.9, which was significantly (p < 0.01) lower than the LR caused by SAAP-148 after 
a 1 h or 4 h exposure period (Figure 4). Thus, SAAP-148 is effective against MRSA after 1 h 
or 4 h but not after 24 h, indicating that the peptide should be applied multiple times a day. 
 
 

 
Figure 3: Efficacy of SAAP-148 from a wound 
dressing.  
Ex vivo excision wound models were inoculated 
with approximately 105 CFU/mL MRSA for 1 h and 
exposed to a wound dressing containing 15 nmol 
SAAP-148 or with 20 μL of PBS for 1 h. Results are 
expressed as the LR. The mean of six independent 
experiments performed in triplicate is shown. * 
indicates significant difference (*p < 0.05; **p < 
0.01) as compared to control samples. 

 
 
Figure 4: The effectiveness of SAAP-148 over time.  
Ex vivo excision wound models were inoculated 
with approximately 105 CFU/mL MRSA for 1 h and 
subsequently exposed to 60 nmol SAAP-148 in 20 
μL of PBS for 1 h, 4 h, or 24 h. PBS was used as 
negative control. Results are expressed as the LR. 
Data represent the mean of six independent 
experiments performed in triplicate. * indicates 
significant difference (*p < 0.05; **p < 0.01) as 
compared to the LR at a 1 h or 4 h exposure period 
of SAAP-148.
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SAAP-148’s efficacy in relation to bacterial load 

The relatively high bacterial load (107 CFU/wound) in the excision wounds of the rat model 
might have contributed to the poor antimicrobial effect of SAAP-148 in the pilot study 
(Appendix 2). To evaluate this, in vitro killing assays were performed where 103, 105, 106 or 
107 CFU MRSA were exposed to 10 µL of SAAP-148 in PBS (7.6 nmol) or PBS (negative 
control). SAAP-148 eradicated an absolute higher number of bacteria as the bacterial load 
increased from 103 CFU to 107 CFU. However, SAAP-148 caused a 1.3-fold (p < 0.05) lower 
mean LR at a bacterial load of 107 CFU than at 106 or 105 CFU MRSA (Figure 5A). The same 
was found for ex vivo excision wound models (Figure 5B). Notably, the mean LR caused by 
SAAP-148 was 1.3 to 1.5-fold (p < 0.01) lower in the presence of ex vivo skin at a bacterial 
load of 106 or 105 CFU MRSA. Thus, SAAP-148 is less effective against high bacterial loads of 
107 CFU MRSA, which was used in the in vivo rat study. 
 

 
 
Figure 5: SAAP-148 against different bacterial loads of MRSA.  
The effect of 7.6 nmol SAAP-148 in PBS on different bacterial loads. A: In vitro killing of 103, 105, 106 or 107 CFU 
MRSA by 10 μL of PBS or SAAP-148 in PBS after 30 min incubation. B: Ex vivo excision wounds were inoculated 
with 103, 105, 106 or 107 CFU MRSA for 1 h and exposed to 10 μL of SAAP-148 in PBS or PBS for 1 h. Results are 
expressed as the LR. Data represent the mean of six independent experiments performed in triplicate. * indicates 

significant difference (*p < 0.05; **p < 0.01) as compared to the LR caused by SAAP-148 at 107 CFU MRSA. 
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In vitro activity of SAAP-148 in plasma, eschar or skin extract 

To determine the efficacy of SAAP-148 in biologically relevant conditions, we performed 
additional in vitro killing assays in PBS with 50% (v/v) plasma, 50% (v/v) eschar extract or 
50% (v/v) skin extract. In these conditions, SAAP-148 eradicated MRSA in a dose-dependent 
manner. However, higher dosages of SAAP-148 were required to achieve a 2-LR in 50% (v/v) 
plasma, 50% (v/v) eschar extract or 50% (v/v) skin extract than in PBS, i.e.: 2.3 nmol, 
3.1 nmol, 2.8 nmol and 0.1 nmol, respectively. Strikingly, even at the highest peptide 
dosage of 30 nmol, still approximately 102 CFU/mL MRSA survived in all of these conditions 
(Figure 6). 
 

 
 
Figure 6: In vitro killing assay of SAAP-148 against MRSA in PBS, plasma, eschar or skin extract.  

Approximately 105 CFU/mL MRSA that was suspended in PBS or in PBS with 50% (v/v) plasma, or 50% (v/v) eschar 
extract, or 50% (v/v) skin extract, was exposed to 10 μL of increasing dosages (0–30 nmol) of SAAP-148 in PBS. 
Results are expressed as the LR versus the amount of SAAP-148 in nmol. Each value represents the mean ±	SD of 
three independent experiments performed in duplicate. 
 

Efficacy of SAAP-148 against MRSA in different skin models 

Because the earlier animal experiments of SAAP-148 were performed using a tape stripped 
mouse model [12], we evaluated the efficacy of SAAP-148 in different environments using 
ex vivo skin models. The models were inoculated with approximately 105 CFU/mL MRSA and 
after 1 h they were exposed to 20 µL of SAAP-148 in PBS (60 nmol) or PBS (negative control) 
for 1 h.  
First, we evaluated the efficacy of SAAP-148 in four types of ex vivo models prepared from 
human skin, i.e. the excision wound model, BWM, tape-stripped skin and intact skin. The 
LR caused by SAAP-148 varied among the different models. However, SAAP-148 caused a 
1.5-fold lower (p < 0.05) mean LR in the excision wound models than on tape-stripped skin 
(Figure 7A). 
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Next, we determined the efficacy of SAAP-148 using ex vivo BWMs prepared from skin of 
three species, i.e. human, rat and mouse. SAAP-148 caused a comparable mean LR in the 
BWMs of these different species (Figure 7B). Significant differences were not noted. 
Thus, SAAP-148 is less effective against MRSA in excision wound models than on tape-
stripped skin and its potency is independent of the skin characteristics from the tested 
species.  
 

 
Figure 7: Antimicrobial activity of SAAP-148 against MRSA in different ex vivo models.  
Ex vivo models were inoculated with approximately 105 CFU/mL MRSA for 1 h and then exposed to 20 μL of PBS 
with or without 60 nmol SAAP-148 in PBS for 1 h. A: The efficacy of SAAP-148 in four wound types, i.e. excision 
wounds, BWM, tape-stripped skin and intact. B: The efficacy of SAAP-148 in BWMs of skin from three species, i.e. 
human,rat and mouse. Results are expressed as the LR. Data represent the mean of at least five independent 
experiments performed in triplicate. * indicates significant difference (*p < 0.05; **p < 0.01). 
 

SAAP-148 treatment in a rat model 

Based on the results above, we adapted the protocol for the study of the efficacy of SAAP-
148 in MRSA-inoculated excision wounds in rats. The wounds on the back of 36 rats were 
inoculated with 100 µL of 108 CFU/mL MRSA and after 24 h (immediately before the 
treatment), the wound-swabs showed bacterial counts of approximately 106 CFU/wound. 
The wounds were topically treated with 100 µL of 306 or 612 nmol SAAP-148 in 3:10 HM 
gel, 153 or 306 nmol SAAP-148 in PBS, the empty HM gel (negative control) or 2% (wt/wt) 
Bactroban (positive control). Treatment with SAAP-148 or Bactroban for 4 h or 24 h did not 
eradicate a significant number of MRSA as compared to the negative control. Also, the 
mean bacterial counts of all SAAP-148-treated wounds were >2-fold (p < 0.05) higher than 
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that of the negative and positive control after 24 h treatment, resulting in a negative LR in 
Figure 8C and D. 
 
 

 
 
Figure 8: Efficacy of SAAP-148 in a rat model.  
The bacterial load of excision wounds from rats was determined using swabs (A/C) and punch biopsies (B/D) of 
the wounds. After an overnight inoculation with MRSA, the wounds were treated for 4 h (A/B) or 24 h (C/D) with 
100 μL of 3:10 HM gel containing 306 or 612 nmol SAAP-148 or PBS containing 153 or 306 nmol SAAP-148 or the 
empty HM gel (negative control) or 2% (wt/ wt) Bactroban (positive control). Results are expressed as the LR. Data 
represent the mean of at least five samples. * indicates significant difference (*p < 0.05; **p < 0.01). 
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Discussion 
The aim of the current study is to investigate the poor antimicrobial effect of a novel AMP, 
SAAP-148, against MRSA in excision wounds in vivo. In our pilot rat study (Appendix 2), 
SAAP-148 failed to reduce the bacterial counts in the wounds, which was an unexpected 
finding in view of the previous in vitro and in vivo studies with SAAP-148 [12]. Therefore, 
we focused on identifying some of the potential factors contributing to the poor 
antimicrobial effect of SAAP-148 in this model. We tested the HM gel formulation, 
absorption and/or adsorption of SAAP-148 by wound dressings, exposure periods of SAAP-
148, bacterial loads and components in the wound micro-environment. Most of the tested 
aspects negatively influenced the bactericidal effect of SAAP-148 to varying degrees and 
the conditions with the most optimal bactericidal effect of SAAP-148 were used in the 
adapted rat study. 
Despite all the adjustments to improve the in vivo protocol and the performance of SAAP-
148, this peptide failed to cause a significant LR as compared to the negative control (HM 
gel) (Figure 8). Absorption by the wound dressing, gauze, was probably a major factor 
contributing to the poor antimicrobial effect of SAAP-148 in the pilot rat study but not in 
the adapted rat study, where the non-absorbing Tegaderm film was used. In this study, the 
wound environment played the major part in the failure of SAAP-148. We found that at 
least 20-fold higher dosages of SAAP-148 were required to eradicate MRSA effectively, 
especially in the presence of ex vivo skin (Figure 5), 50% (v/v) plasma, 50% (v/v) eschar 
extract or 50% (v/v) skin extract (Figure 6). Previously, a similar impact of a protein-rich 
environment on the efficacy of antimicrobial agents was reported. The presence of 
proteases, human dentin, plasma proteins including albumin and lipoproteins such as high-
density lipoprotein, and lipopolysaccharide inhibited the antimicrobial activity of the tested 
antimicrobial agents [12, 21–25]. This suggests a reduced availability of antimicrobials to 
interact with bacteria as a result of protein binding and/or proteolytic degradation. It 
complicates the therapeutic application of SAAP-148 for excision wounds, which consist of 
a protein-rich environment. 
Moreover, increasing the peptide dosages did not result in the complete elimination of the 
bacteria in the adapted rat study but also not in the in vitro and ex vivo experiments, which 
could be explained by i) the presence of bacterial aggregates that may form biofilms and ii) 
persistent bacteria as described by Bay et al. [26]. This is in contrasts to the findings of de 
Breij et al. who reported that SAAP-148 is effective against biofilms and eradicates 
persistent bacteria [12]. The differences in results might be due to the higher susceptibility 
of the S. aureus strain JAR060131 or due to limited protein presence in the tape-stripped 
mouse model that was used in their study. To elaborate, SAAP-148 eradicated a comparable 
number of bacteria in ex vivo models with skin from different species (Figure 7B) but SAAP-
148 caused a 1.5-fold lower (p < 0.05) mean LR in the excision wounds than on tape-stripped 
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skin (Figure 7A). Taking into consideration that deep acute wounds more likely consist of a 
protein-rich environment (plasma and exudate), the efficacy differences of SAAP-148 
between superficial and partial thickness acute wounds might be even larger clinically. Of 
note, the absence of a drug-neutralizer for SAAP-148 after sampling in the study of de Breij 
et al. could have resulted in an extended exposure of SAAP-148 to the bacteria. This could 
have resulted in the eradication of surviving bacteria after sampling the wounds and thus 
only an apparent effective eradication of bacteria in the wound [16]. 
The need for high treatment dosages to completely eliminate bacteria in vivo has been 
emphasized by Tsai et al. who topically exposed bacteria to >1000 times the minimum 
inhibitory concentration of gentamicin or minocycline to assure an effective bacterial 
elimination [27]. However, high antimicrobial dosages may result in adverse effects. 
Alternatively, optimizing the peptide formulation to cause a burst release upon the 
presence of bacterial proteins, could result in a selective and complete elimination of 
bacteria. Such a phenomenon was previously shown for Prodrugs, whereby the active AMP 
is released upon degradation of the protease-sensitive peptide, which was bound to the 
positively charged group of the AMP for protection [28]. Enzymes, such as beta-lactamase 
can break down the protecting peptide, which in turn results in high availability of the active 
AMP to eradicate bacteria completely [28].  
The importance of eradicating bacteria completely is supported by the results obtained 
from our ex vivo experiment using excision wound models and different exposure periods 
of SAAP-148 (Figure 4). The results indicated that SAAP-148 is effective within the first few 
hours but that bacteria that survived are able to proliferate and re-colonize the wounds. 
This might have been the case in our pilot rat study, where the efficacy of SAAP-148 was 
only studied after 24 h treatment (Appendix 2). Accordingly, Müsken et al. reported that 
the time required for surviving bacteria to repopulate the biofilm could be taken as a 
measure for the effectiveness of the antimicrobial treatment and that this is also dependent 
on the duration of antibiotic treatment and interval of drug administration [29]. This 
suggests that repeated dosing of SAAP-148 would be required after short treatment times 
to effectively eradicate bacteria. However, a short treatment time of 1 h or 4 h is not 
preferable in clinical settings because of the high workload for medical personnel but also 
for the burden to the patient [30, 31]. Possibly, a continuous and sustained release of the 
peptide during a 24 h treatment could eradicate bacteria effectively without causing 
adverse effects. Previously, such functionalized wound dressings have been prepared for 
several antimicrobial agents and have shown to be effective [32–34]. However, MRSA was 
not effectively eradicated in our ex vivo experiment, where colonized ex vivo excision 
wounds had been exposed to wound dressings containing SAAP-148. This suggests that 
SAAP-148 was not sufficiently released from the wound dressings to eradicate bacteria 



4

 

 94 

(Figure 3). Hence, more work focusing on the release profile is needed to develop a 
functionalized wound dressing for SAAP-148. 
 

Conclusions 
We found several factors that could have contributed to the poor antimicrobial effect of 
SAAP-148 in the pilot rat study: i) the slow release profile of SAAP-148 from the 3:1 HM gel, 
ii) the absorption of SAAP-148 by gauze and subsequently an incomplete release of the 
peptide from the wound dressing, iii) the reduced bactericidal efficacy of SAAP-148 caused 
by the presence of the moist silicon wound contact layer Cuticell, and iv) re-colonization 
during the prolonged treatment time of 24 h. After performing the adapted rat study with 
SAAP-148, we concluded that the main factors contributing to the poor antimicrobial effect 
of SAAP-148 were related to the wound micro-environment, i.e. components within the 
wound exudates and the relatively high bacterial load in the wounds. 
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Abstract 
The synthetic antimicrobial peptide SAAP-148 was found to be effective against a wide 
range of (antimicrobial-resistant) gram-positive and gram-negative bacteria, in vitro and in 
a superficial skin infection model in mice, but not a surgical wound infection model in rats. 
In addition, the efficacy of the peptide in protein-rich environments such as blood plasma 
and eschar extract, is considerably reduced as compared to PBS. The aim of the present 
study is to determine which wound-related factors reduce SAAP-148’s efficacy. As high 
dosages of SAAP-148 may be required in infected wounds, we also assessed the in vitro and 
ex vivo cytotoxicity of SAAP-148. 
Preincubation for 24 h of SAAP-148 in 50% (v/v) blood plasma or eschar extract, 3% (v/v) 
bovine serum albumin or a collagen-elastin 3D matrix, significantly reduced the bactericidal 
efficacy of the peptide. Also, the presence of protease inhibitors did not restore the bio-
activity of SAAP-148, suggesting a reduced bio-availability of SAAP-148 due to protein 
binding, rather than degradation. Furthermore, relatively low concentrations of SAAP-148 
(≥0.23 nmol/100 µL) induced cytotoxicity for human skin cells in 2D culture. Contrarily, 
SAAP-148 did not induce cytotoxicity for cells in ex vivo human skin. In addition, unlike silver 
sulfadiazine (SSD), SAAP-148 showed no statistically significant adverse effects on the re-
epithelialization of ex vivo excision wounds and burn wounds. Hence, SAAP-148 potentially 
has a beneficial profile for antimicrobial treatment of infected wounds. 
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Introduction 
Bacterial colonization of burn wounds is common because the skin, which normally acts as 
a physical barrier, is compromised by the injury [1]. Opportunistic bacteria such as 
Staphylococcus aureus have the ability to evade the immune responses [2], which can lead 
to uncontrolled bacterial colonization in burns. To prevent and control bacterial 
colonization in burn wounds, topical treatments such as silver sulfadiazine (SSD), mupirocin 
and fusidic acid in ointments have been developed [3–5]. However, the limited bactericidal 
efficacy, the emergence of drug-resistance or cytotoxicity for the host cells induced by these 
topicals, has increased the need for novel antimicrobial agents. 
In the fight against antibiotic-resistant bacteria, antimicrobial peptides (AMPs) have been 
identified as promising therapeutic agents [6]. AMPs are usually small cationic molecules 
ranging from 12 to 50 amino acids with an amphiphilic tertiary structure. They are effective 
against a wide range of bacteria as their amphiphilic characteristics allow them to penetrate 
into the bacterial membrane [7,8]. Due to this anticipated mechanism of action, resistance 
against AMP is less likely to occur [9]. The variety in antibacterial efficacy that has been 
observed among different naturally occurring AMPs is related to the broad diversity in the 
amino acid sequence and secondary structure [10]. These structural properties of AMPs 
also determine their stability in biological environments and potential toxicity for human 
cells [11].  
Previously, a novel synthetic AMP, known as SAAP-148, was identified as a promising agent 
to combat (resistant) bacteria [12]. This peptide effectively eradicated methicillin resistant 
S. aureus (MRSA) in a skin infection mouse model [12]. However, SAAP-148 did not 
eradicate MRSA in a partial thickness wound model in rats [13]. We hypothesize that this 
effect was mainly caused by the protein and protease-rich wound environment of the open 
wound. Hence, the aim of the present study is to determine the functional stability and 
bioactivity of SAAP-148 in conditions mimicking the wound environment. As relatively high 
SAAP-148 concentrations are needed to eliminate bacteria in biological relevant 
environments, we also determined the cytotoxicity of such SAAP-148 concentrations for 
human cells in 2D culture and in ex vivo human skin, and estimated the therapeutic index. 
 
 

Methods 

Materials 

Ethylenediaminetetraacetic acid (EDTA) was purchased from Gibco-BRL (Life Technologies, 
N.Y. USA) and protease inhibitor mini tablets (EDTA-free) were purchased from Pierce 
Biotechnology (Rockford, UK). Novomaix™ is a collagen-elastin 3D scaffold, which was a 
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kind gift from Matricel GmbH (Herzogenrath, Germany). SAAP-148 was obtained from the 
Leiden University Medical Center (Leiden, the Netherlands). For the synthesis, purification 
and identification of SAAP-148 see Nell et al. [14]. Lyophilized peptide was dissolved in 
phosphate-buffered saline (PBS; Gibco, Paisley, UK) and stored in aliquots at −20 °C until 
use. 
 

Human blood plasma and tissue 

Human blood and tissues were obtained according to institutional guidelines and medical 
research “code of conduct for responsible use”, drafted by Federa (Foundation Federation 
of Dutch Medical Scientific Societies).  
Human blood plasma from three donors was obtained from Sanquin (Leiden, the 
Netherlands). The plasma was pooled, centrifuged at 2266 ´ g for 10 min, filtered using 0.2 
µm filters to remove aggregates and stored in aliquots of 50 mL at -20 °C. Eschar or burn 
wound tissues, was obtained from the Burn Center, Red Cross Hospital (Beverwijk, the 
Netherlands). An extract was prepared from eschar as previously described [13]. 
Prior to an experiment, blood plasma or eschar extract were thawed and centrifuged at 
2738 ´ g for 10 min. Proteins from blood plasma or eschar extract were precipitated using 
methanol at a final concentration of 90%. The protein suspension was centrifuged at 10000 
´ g for 10 min and the pellet was washed and dissolved in PBS. 
 

Cell cultures 

The epidermis of 0.3 mm split-thickness skin grafts was mechanically separated from the 
dermis after 30 min incubation with 0.25% (wt/v) dispase (Gibco) in PBS at 37 °C and 5% 
CO2 using two forceps. Keratinocytes were isolated from the epidermis after 15-25 min 
incubation with 0.05% (wt/v) trypsin in 0.53 mM EDTA (Gibco), as previously described [15]. 
The dermis was cut into small pieces using a scissor. Fibroblasts were isolated from the 
dermal tissue after 2 h incubation with a 1:1 mixture of 0.25% (wt/v) collagenase and 
dispase, as previously described [16]. Keratinocytes were cultured in defined keratinocyte 
serum free medium (Gibco) supplemented with 1% (w/v) penicillin/streptomycin (P/S; 
Gibco); further referred to as keratinocyte medium. Fibroblasts were cultured in Dulbecco's 
Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS; 
Gibco), 1% (v/v) P/S and 1% Glutamax (Gibco); further referred to as fibroblast medium. 
Cells were seeded (12000 cells/ cm2) onto tissue culture plastic (fibroblasts) or tissue culture 
plastic coated with 1 µg/cm2 collagen type IV ((Merck KGaA) (keratinocytes) [15]. Cells were 
cultured at 37 °C and 5% CO2 until 80-90% confluency was reached. 
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Ex vivo human skin models 

Human skin was obtained from patients undergoing elective abdominal dermo-lipectomy. 
Skin grafts with a thickness of 0.8 mm were prepared using a dermatome (Aesculap AG & 
Co. KG, Tuttlingen, Germany). Grafts were stored in Roswell Park Memorial Institute (RPMI) 
1640 medium (Gibco) supplemented with 2% (v/v) P/S (Gibco) at 4 °C for a maximum of two 
weeks. Prior to an experiment, the grafts were washed in RPMI 1640 medium at 4 °C 
overnight, followed by PBS for approximately 2 h at room temperature to ensure the 
removal of P/S.  
Ex vivo excision wound models (EWMs) were prepared from skin grafts using a dermatome 
(width 7 mm) to remove 0.3 mm of the upper part of the skin graft containing the epidermis. 
Subsequently, the grafts were cut into pieces of 1 ´ 1.5 cm using a scalpel [17]. To prepare 
burn wound models (BWMs) the skin graft was cut into pieces of 1 ´ 1 cm using a scalpel 
and a burn was inflicted on the skin piece by placing a soldering iron (10 ´ 2 mm) set at 95°C 
on the epidermis for 10 s without exerting pressure. 
 

Bacterial culture 

A clinical isolate of MRSA (LUH14616; [18]) was cultured in Luria Bertani (LB) medium at 37 
°C and shaken at 200 rpm for approximately 4 h. The bacterial culture was centrifuged at 
3600 ´ g for 5 min and the pellet was re-suspended in PBS to a desirable concentration, 
based on the optical density at 600 nm. 
 

In vitro killing assay 

MRSA or SAAP-148 were suspended in PBS or PBS containing 50% (v/v) blood plasma, 50% 
(v/v) eschar extract, 3% (v/v) bovine serum albumin (BSA; Thermo Fisher Scientific, Paisley, 
UK), 90% (v/v) DMEM (Gibco) or precipitated proteins from 50% (v/v) blood plasma or 
eschar extract. SAAP-148 was serially diluted 2-fold (0-30 nmol) and mixed with MRSA at a 
final concentration of 105 colony forming units (CFU)/mL. The final mixtures of 100 µL were 
briefly vortexed and incubated at 37 °C. After 30 min of incubation, the samples were 
processed as previously described [17]. 
 

Ex vivo efficacy test 

Ex vivo EWMs were inoculated with 10 µL of 107 CFU/mL MRSA for 1 h and topically treated 
with 20 µL of PBS containing 0, 15, 30 and 60 nmol SAAP-148 for 1 h at 37 °C and 5% CO2. 
The models were transferred to polypropylene vials containing a 7-mm metal bead and 1 
mL of 0.05% (wt/v) sodium polyanethol sulfonate (SPS; Merck KGaA, Darmstadt, Germany) 
in PBS for homogenization using the TissueLyser set at 50 Hz for 4 min. Ten-fold serial 
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dilutions of the homogenates were cultured on LB agar plates to quantify the number of 
viable bacteria after an overnight incubation at 37 °C and 5% CO2. 
 

Cytotoxicity assay 

In vitro: Human fibroblasts or keratinocytes were seeded (80,000/cm2) in 96-well plates at 
37 °C and 5% CO2. After 18 h, medium was discarded and cells were washed using PBS. 
Subsequently, 90 µL of DMEM followed by 10 µL of 2-fold serially diluted SAAP-148 in PBS 
(0-30 nmol) or 10% (v/v) Triton X-100 (Thermo Fisher Scientific) was added to the cells. After 
1 h incubation at 37 °C and 5% CO2, the level of lactate dehydrogenase (LDH) in the media 
was determined as a measure for cytotoxicity using the non-radioactive cytotoxicity assay 
kit (Promega Corporation, Madison, USA), according to the manufacturer’s instructions 
[19]. The absorbance of the samples was measured on a SpectraMax M2 (Molecular 
Devices, California, USA) at 490 nm. To determine the maximum LDH release, 10 µL of 10% 
(v/v) Triton X-100 was added to the surviving cells and the level of LDH was measured. The 
level of cytotoxicity was calculated as follows: [(experimental LDH release – spontaneous 
LDH release)/ (maximum LDH release – spontaneous LDH release)] ´ 100%. 
Ex vivo: EWMs were exposed to 20 µL of PBS containing 0, 15, 30 and 60 nmol SAAP-148 or 
as negative control to 20 µL of 1% (v/v) Triton X-100 for 1 h at 37 °C and 5% CO2. 
Subsequently, the models were washed in PBS and fixed in 1% (wt/v) paraformaldehyde in 
PBS for 2 h at 4 °C, followed by an overnight incubation in 20% (wt/v) sucrose solution at 4 
°C while rotating. The samples were embedded in Tissue Tek O.C.T. compound (Sakura 
Finetek, Torrance, USA) to prepare 10 µm sections for LDH staining as previously described 

[20]. LDH-stained cells were microscopically identified as a measurement for viable cells. To 
determine the level of cytotoxicity, we measured the area in the wound without LDH-
stained cells using NIS Elements (Nikon Instruments Europe B.V., Amstelveen, the 
Netherlands). 
 

Ex vivo wound healing 

Ex vivo wound models were placed dermis down on stainless-steel grids for air-exposed 
culture at 37 °C and 5% CO2, as previously described [21]. The models were exposed to 20 
µL of PBS containing 0, 15, 30 and 60 nmol SAAP-148, or 1% (wt/wt) SSD in cetomacrogol 
cream (Pharmacy of the Medical Center Alkmaar, Alkmaar, the Netherlands), twice a week. 
EWMs were cultured for two weeks and BWMs were cultured for three weeks to determine 
the effect of the peptide on re-epithelialization. Prior to exposure to SAAP-148, SSD or PBS, 
the culture medium was refreshed. Twenty-four hours prior to fixation of the ex vivo models 
in kryofix (50% ethanol and 3% PEG300), 20 µM 5-bromo-2-deoxyuridine (BrdU) was added 
to the culture medium. 
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Immunohistochemistry 

Samples were processed for paraffin embedding and 5 µm sections were deparaffinized 
and rehydrated for HE and BrdU (B5002; Merck KGaA) staining, as previously described [22]. 
The newly formed epidermis (outgrowth) and the number of BrdU-positive cells/mm in the 
wounded area were microscopically determined using NIS Elements.  
 

Statistical analysis 

Statistical analysis was performed using SPSS version 24. For differences between groups 
the Kruskal-Wallis test followed by the Mann-Whitney-U test were used. To compare two 
related groups, the Wilcoxon signed rank sum test was used. Values of p<0.05 are 
considered significantly different. 
 
 

Results 

Functional stability of SAAP-148 in 50% (v/v) blood plasma and eschar extract 

Approximately 2.9 and 1 nmol SAAP-148 caused a 2.5-log reduction of MRSA in 100 µL of 
50% (v/v) blood plasma and eschar extract, respectively, whereas 0.2 nmol SAAP-148 was 
sufficient to reach a 2.5-log reduction of MRSA in PBS environment (data not shown). To 
maximally reduce a bacterial count of 105 CFU/mL in 50% blood plasma and eschar extract, 
approximately 12.6 nmol SAAP-148 was necessary (data not shown). 
To determine if the bactericidal activity of SAAP-148 was dependent on the time that it 
resided in the biological environment, SAAP-148 was preincubated in 50% (v/v) blood 
plasma or eschar extract at a high (12.6 nmol) and low dosage (2.9 or 1 nmol). A 24 h 
preincubation of SAAP-148 at low dosages, capable to yield a 2.5-log reduction of MRSA, in 
100 µL of 50% (v/v) blood plasma or eschar extract reduced the bactericidal efficacy of 
SAAP-148 considerably (Figure 1). In contrast, a 24 h preincubation period of 12.6 nmol 
SAAP-148 in 50% (v/v) blood plasma or eschar extract did not affect the bactericidal 
efficacy. 
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Figure 1: Functional stability of SAAP-148 in 50% blood plasma or eschar extract 
Previously, results showed that 2.9 nmol and 1 nmol SAAP-148 caused a 2.5-log reduction of MRSA in 100 µL of 
50% blood plasma or eschar extract, respectively, whereas 12.6 nmol SAAP-148 caused a maximum log-reduction 
of MRSA in both conditions (data not shown). Here we preincubated these SAAP-148 dosages in 50% blood plasma 
(A) or eschar extract (B) for 0, 1, 4 and 24 h. Subsequently, the preincubated SAAP-148 was added to 105 CFU/mL 
MRSA. Final mixtures of 100 µL were incubated at 37 °C and 5% CO2 for 30 min. Results are expressed as the 
number of surviving bacteria in log10 (CFU/mL). Data represent the mean ± standard deviation (SD) of at least six 
independent experiments performed in triplicate. Statistical differences compared to SAAP-148 that had been pre-
incubated for 0 h are indicated: *p<0.05; **p<0.01 (MWU). 

 

Effect of protease inhibition on SAAP-148’s stability. 

The necessity for higher concentrations of SAAP-148 to reach equivalent bactericidal 
activity in biologically relevant environments as compared to PBS might be explained by 
proteolytic degradation of SAAP-148. Therefore, in vitro efficacy tests of SAAP-148 against 
MRSA were performed using 50% (v/v) blood plasma or eschar extract that had been 
incubated for 2 h with a cocktail of protease inhibitors or 8 mM EDTA to inhibit 
metalloproteases. Inhibition of proteolytic activity did not affect the bactericidal efficacy of 
SAAP-148 against MRSA in blood plasma and eschar extract (Figure 2). 
 

Bioactivity of SAAP-148 in relevant environments for wound healing 

Interactions of SAAP-148 with proteins present in 50% (v/v) blood plasma or eschar extract 
might reduce the bioavailability and thus affect the bactericidal efficacy of SAAP-148. 
Therefore, we precipitated the proteins in 50% (v/v) blood plasma or eschar extract and 
performed in vitro efficacy tests of SAAP-148 with the precipitated proteins dissolved in 

0 1 2 3 4

0

1

2

3

4

5

6

24

Maximum survival

*

**

Preincubation time (h)

M
RS

A
Lo

g 
CF

U/
m

L

12.6 nmol SAAP-148
2.9 nmol SAAP-148

A B

1.0 nmol SAAP-148
12.6 nmol SAAP-148

Blood plasma Eschar extract

0 1 2 3 4

0

1

2

3

4

5

6

24

Maximum survival ** **

Preincubation time (h)

M
RS

A
Lo

g 
CF

U/
m

L



5

 

 107 

PBS. To achieve a 2-log reduction of MRSA in 100 µL of suspension, >20-fold higher dosages 
of SAAP-148 were required in the presence of the precipitated proteins as compared to PBS 
only (Figure 3). This effect is similar to the reduction found for 50% (v/v) blood plasma or 
eschar extract.  
To assess the types of proteins that could be involved, we preincubated SAAP-148 with a 
collagen-elastin 3D matrix, Novomaix or 3% (v/v) BSA for 0, 1, 4 and 24 h. Subsequently, 105 
CFU/mL MRSA were exposed to the preincubated SAAP-148 for 30 min. Figure 4A shows 
that the required dosage of SAAP-148 to induce bacterial killing in 100 µL of suspension 
gradually increased as the preincubation period of SAAP-148 with Novomaix increased from 
0 to 24 h. An even stronger effect was seen as SAAP-148 was preincubated with 3% (v/v) 
BSA. This effect occurred instantly and remained until the 24 h preincubation period (Figure 
4B). 
 

 

 
 
Figure 2: Protease inhibition and efficacy of SAAP-148 
To inactivate proteolytic activity, a cocktail of protease inhibitors (EDTA-free) or 8 mM EDTA were added to 50% 
(v/v) blood plasma (A) or eschar extract (B) for 2 h. Subsequently, 105 CFU/mL MRSA were suspended herein and 
exposed to 2-fold serially diluted SAAP-148 (0-30 nmol). Final mixtures of 100 µL were incubated at 37 °C and 5% 
CO2 for 30 min. Results are expressed as the number of surviving bacteria in log10 (CFU/mL). Data represent the 
means ± SD of at least five independent experiments performed in duplicate. No statistical differences were 
detected compared to SAAP-148 in 50% (v/v) blood plasma or eschar extract (MWU; p>0.05). 
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Figure 3: Effect of protein interactions on efficacy of SAAP-148
The proteins in 50% (v/v) blood plasma (A) or eschar extract (B) were precipitated using 90% (v/v) methanol, 
washed and dissolved in PBS. Approximately 105 CFU/mL MRSA were suspended herein and this was added to 2-
fold serially diluted SAAP-148 (0-30 nmol). Final mixtures of 100 µL were incubated at 37 °C and 5% CO2 for 30 
min. As controls, in vitro efficacy tests of SAAP-148 against MRSA were performed in PBS, 50% blood plasma or 
eschar extract. Results are expressed as the number of surviving bacteria in log10 (CFU/mL). Data represent the 
means ± SD of six independent experiments performed in duplicate. Statistical differences compared to SAAP-148 
in PBS are indicated: *p<0.05; **p<0.01 (MWU).

Figure 3: Effect of protein interactions on efficacy of SAAP-148
The proteins in 50% (v/v) blood plasma (A) or eschar extract (B) were precipitated using 90% (v/v) methanol, 
washed and dissolved in PBS. Approximately 105 CFU/mL MRSA were suspended herein and this was added to 2
fold serially diluted SAAP-148 (0-30 nmol). Final mixtures of 100 µL were incubated at 37 °C and 5% CO
min. As controls, in vitro efficacy tests of SAAP-148 against MRSA were performed in PBS, 50% blood plasma or 
eschar extract. Results are expressed as the number of surviving bacteria in log10 (CFU/mL). Data represent the 

SD of six independent experiments performed in duplicate. Statistical differences compared to SAAP
in PBS are indicated: *p<0.05; **p<0.01 (MWU).
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Figure 4: Functional stability of SAAP-148 in the presence of Novomaix or BSA 
Two-fold serially diluted SAAP-148 were preincubated in 100 µL of PBS and in the presence of a collagen-elastin 
3D matrix, Novomaix (A) or 3% (v/v) BSA (B) for 0, 1, 4 and 24 h. Subsequently, the preincubated SAAP-148 (0-30 
nmol) was mixed with 105 CFU/mL MRSA. Final mixtures of 100 µL were incubated at 37 °C and 5% CO2 for 30 min. 
Results are expressed as the number of surviving bacteria in log10 (CFU/mL). Data represent the means ± SD of at 
least five independent experiments performed in duplicate. Statistical differences of SAAP-148 that had been 
incubated for 24 h versus SAAP-148 in PBS are indicated: *p<0.05; **p<0.01, (MWU). 

 

Cytotoxicity of SAAP-148 for human fibroblasts and keratinocytes 

Human fibroblasts and keratinocytes in 90 µL of medium were exposed to 10 µL of PBS 
containing increasing dosages of SAAP-148 for 1 h. Subsequently, we measured the amount 
of LDH, a cytosolic enzyme present in nearly all living cells, which is released into the culture 
medium as a result of cell damage. Figure 5A shows that SAAP-148 induced the release of 
cytosolic LDH for both human fibroblasts and keratinocytes in a dose-dependent manner. 
Notably, a SAAP-148 dosage of only 0.23 nmol in 100 µL of 90% (v/v) DMEM resulted in 50% 
LDH release. To determine the level of cytotoxicity of SAAP-148 for human skin cells in their 
natural biological environment, ex vivo EWMs were exposed to 20 µL of PBS containing 
various dosages of SAAP-148 and – as positive control - Triton X-100 for 1 h. Subsequently, 
the viable cells were identified by staining tissue sections for LDH. SAAP-148 did not 
penetrate through the whole thickness of the skin sample (data not shown) and therefore 
the level of cytotoxicity was determined using the area in the sample without LDH-stained 
cells. Unlike Triton X-100, SAAP-148 dosages up to 60 nmol/model did not eliminate the 
LDH containing cells in the excision wounds (Figure 5B and C). 
To determine the therapeutic index of SAAP-148, the bactericidal efficacy of this peptide 
was determined at the same conditions as the cytotoxicity assays. SAAP-148 eradicated 
MRSA in a dose-dependent manner in vitro and approximately 0.23 nmol SAAP-148 in 100 
µL of medium resulted in a 3-log reduction of MRSA (Figure 6A). In ex vivo EWMs, SAAP-
148 was equally potent against MRSA at 15, 30 and 60 nmol/model (Figure 6B). 
Approximately 15 nmol of SAAP-148 was sufficient to achieve a 3-log reduction of MRSA. 
Hence, SAAP-148 was effective against MRSA at the same dosage that induced cytotoxicity 
in 2D culture, resulting in a therapeutic index of 1. In contrast, the lowest tested dosages of 
15 nmol SAAP-148 effectively eradicated MRSA in ex vivo excision wound models, whereas 
the highest tested dosages of 60 nmol SAAP-148 was not sufficient to induce 50% 
cytotoxicity ex vivo. This indicates a therapeutic index of at least 4.  
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Figure 5: In vitro and ex vivo cytotoxicity of SAAP-148 for human skin cells 
A: The in vitro cytotoxicity of SAAP-148 for human fibroblasts and keratinocytes was determined by exposing these 
cells to 2-fold serially diluted SAAP-148 (0-30 nmol). Final mixtures of 100 µL were incubated at 37 °C and 5% CO2 
for 1 h. Subsequently, the amount of the LDH enzyme in culture medium and of remaining viable cells was 
measured. Results are expressed as the LDH-release of total LDH-release in percentages. The dotted line indicates 
the dosage required to induce 50% cytotoxicity. Data represent the means ± SD of six independent experiments 
performed in triplicate. Statistical differences compared to the PBS-control are indicated: *p<0.05 (Wilcoxon-S-R). 
B/C: Ex vivo EWMs were exposed to 20 μL of PBS containing 0, 15, 30 and 60 nmol SAAP-148 or 1% (v/v) Triton X-
100 for 1 h. B: The viable cells were identified by staining for the cytoplasmic enzyme LDH (blue). The area without 
LDH positive cells is surrounded by red lines. Scale bars represent 100 μm. C: Results are expressed as the area 
without LDH positive cells relative to the total area at two random locations in the upper dermal layer of excision 
wounds. Data represent the means of six independent experiments performed in duplicate. Statistical differences 
compared to the Triton X-100 exposed models are indicated: *p<0.05 (Wilcoxon-S-R). 

 

Effect of SAAP-148 on wound healing 

To determine the effect of SAAP-148 on wound healing, we exposed ex vivo EWMs and 
BWMs to 20 µL of PBS containing 0, 15, 30 and 60 nmol SAAP-148 or 1% (wt/wt) SSD. 
Subsequently, we measured the newly formed epidermis (re-epithelialization) and the 
number of proliferative cells in that area. A SAAP-148 dose of 60 nmol/model showed no 
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statistically significant negative effects on the re-epithelialization of EWMs (Figure 7A) and 
BWMs (Figure 7B). In addition, SAAP-148 did not affect the number of proliferating cells in 
the EWMs and BWMs (data not shown). Contrarily, exposure to SSD resulted in little to no 
re-epithelialization and proliferating cells in both types of wound models. 
 

 
 
Figure 6: Efficacy of SAAP-148 against MRSA 
A: In vitro efficacy tests of SAAP-148 (0-30 nmol) were performed to determine the effective dosage required to 
combat 105 CFU/mL MRSA. Final mixtures were incubated in 100 µL of 90% (v/v) DMEM for 1 h. Data represent 
the means ± SD of three independent experiments performed in duplicate. B: Approximately, 105 CFU MRSA in ex 
vivo EWMs were exposed to 20 μL of PBS containing 0, 15, 30 and 60 nmol SAAP-148 for 1 h. Data represent the 
means of six independent experiments performed in duplicate. Results are expressed as the number of surviving 
bacteria in log10 (CFU/mL). Statistical differences compared to the PBS-exposed models are indicated: *p<0.05 
(Wilcoxon-S-R). 

 
 
 

            
 
Figure 7: Effect of SAAP-148 on wound healing 
Ex vivo wound models were exposed twice weekly to 20 μL of PBS containing 0, 15, 30 and 60 nmol SAAP-148 or 
1% (wt/wt) SSD. EWMs (A) were cultured for two weeks, whereas BWMs (B) were cultured for three weeks. 
Subsequently, the newly formed epidermis and the number of proliferative cells in this area were measured in 
microscopic sections. Results are expressed as the re-epithelialization in μm. Data represent the means of six 
independent experiments performed in duplicate. Statistical differences compared to the SAAP-148- or PBS-
exposed models are indicated: *p<0.05 (Wilcoxon-S-R). 
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Discussion 
In the current study, we tried to elucidate why higher concentrations of SAAP-148 in 50% 
(v/v) blood plasma or eschar extract are necessary to reach a similar bactericidal effect as 
in PBS [13]. We have shown that preincubation of SAAP-148 in these biological relevant 
environments significantly reduced the bactericidal efficacy of this peptide against MRSA. 
This suggested a reduced bioavailability of SAAP-148 that could have been caused by 
proteolytic degradation and/or binding of SAAP-148. The bactericidal efficacy of several 
AMPs including LL-37 is reduced by proteolytic activity in the presence of blood plasma [23–
25]. Previously, naturally occurring and synthetic AMPs were found to be susceptible to 
protease activity [26], whereas other AMPs displayed a reduced bioactivity due to 
interactions with albumin or NaCl [27,28]. Similar to some synthetic AMPs [29], SAAP-148 
was not degraded by proteases present in blood plasma or eschar extract.  
The reduced bioactivity of SAAP-148 seemed related to protein interactions, resulting in a 
reduced bioavailability of SAAP-148 to combat MRSA. Our findings are in agreement with 
those reported by de Breij et al.[12], demonstrating a concentration dependent reduction 
in the bactericidal efficacy of SAAP-148 in the presence of high density lipoproteins or 
human serum albumin. It is striking that the presence of BSA instantly reduced the 
bactericidal efficacy of SAAP-148 a 100-fold, whereas a 24 h incubation period of SAAP-148 
with the collagen-elastin 3D matrix, Novomaix, was required to significantly reduce the 
bactericidal efficacy of SAAP-148. This suggests that the presence of blood-derived rather 
than skin-derived proteins within the eschar extract were predominantly responsible for 
the reduced bactericidal efficacy of SAAP-148. In addition, the discrepancy between instant 
albumin response and the slower plasma response on the reduction of the bactericidal 
effect might be explained by the presence of other proteins in blood plasma. Hence, blood 
protein interactions with SAAP-148 may have reduced the bioavailability of the peptide and 
this remains a challenge for the development of SAAP-148 as a topical antimicrobial agent 
for burns. 
The last decade, the bactericidal efficacy of AMPs against pathogens has improved but their 
effects on mammalian cells have not been fully investigated. Therefore, we included 
cytotoxicity studies of SAAP-148 for human skin cells. SAAP-148 did display some cytotoxic 
effects on human fibroblasts and keratinocytes in in vitro cultures but not in ex vivo skin. 
This suggests that in 3D skin, cells are protected by the extracellular matrix. For a set of 
different AMPs, the in vitro therapeutic index was determined, whereby the highest 
therapeutic index was found for cecropins and the smallest for melittin [30]. Based on our 
findings, the in vitro therapeutic index of SAAP-148 was lower than for melittin. 
Nonetheless, the therapeutic index of SAAP-148 for ex vivo human skin models was at least 
4-times higher than for in vitro skin cells. Hence, the difference between the in vitro and ex 



5

 

 113 

vivo findings highlights the importance to evaluate the bactericidal efficacy and safety of 
AMPs such as SAAP-148 in models that better simulate the clinical situation.  
Several AMPs such as LL-37, OA-GL12 and GE33 have the ability to promote wound healing 
[31–34]. Therefore, we determined the effect of SAAP-148 on wound healing. SAAP-148 
showed no negative effects on the re-epithelialization of ex vivo excision wounds and burn 
wounds. The ‘gold standard’ for treatment of burn wound infections, SSD, induced cellular 
toxicity, which resulted in a delayed wound closure. Since SAAP-148 had no effects on 
wound healing while it was effective against resistant bacteria, SAAP-148 could be a 
potential alternative for SSD as a topical antimicrobial strategy for burns.  
To improve the bioavailability of AMPs, different approaches can be used such as the 
introduction of D-amino acids into the AMPs’ amino acid sequence, cyclization, amidation 
or acetylation of the thermal regions [35–37]. These approaches, however, are designed to 
improve the stability of AMPs against proteolytic degradation. Chemical modifications, such 
as tryptophan end-tagging, the introduction of the non-natural amino acid b-
naphtlylalanine or the replacement of tryptophans and histidines in Trp- and His-rich AMPs 
could result in an improved salt and serum stability [36,38]. Also, amino acid substitution 
to decrease the net positive charge of the peptide within a certain range could result in less 
cytotoxicity without effecting the antimicrobial efficacy [39,40]. Alternatively, SAAP-148 
might be protected against unwanted protein and cell binding using drug delivery systems, 
such as hydrogels, polylactic-co-glycolic acid nanoparticles or lipid-based encapsulation 
systems [41,42]. Formulation of SAAP-148 might not only result in an improved 
bioavailability of the peptide [43] but also in an improved delivery of the AMPs to deeper 
layers of the skin. 

 
Conclusions 
In the presence of blood plasma, blood proteins or skin proteins, higher concentrations of 
SAAP-148 were required to reach the same bactericidal effects as in PBS. The reduced bio-
available concentrations of SAAP-148 were not caused by proteolytic degradation but 
presumably by protein binding. Furthermore, in contrast to isolated human skin cell 
cultures, relatively high concentrations of SAAP-148 did not display cytotoxic effects in ex 
vivo excision wounds and burn wounds and allowed undisturbed epithelialization while 
retaining bactericidal activity. 
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Abstract 
Background  
Cold atmospheric plasma (CAP), which is ionized gas produced at atmospheric pressure, 
could be a novel and potent antimicrobial therapy for the treatment of infected wounds. 
Previously, we have shown that CAP generated with a flexible surface Dielectric Barrier 
Discharge (sDBD) is highly effective against bacteria in vitro and in ex vivo burn wound 
models. In the current paper, we determined the in vitro and in vivo safety and efficacy of 
CAP generated by this sDBD device. 
 
Methods  
The effect of CAP on DNA mutations of V79 fibroblasts was measured using a hypoxanthine-
guanine-phosphoribosyltransferase (HPRT) assay. Furthermore, effects on cell 
proliferation, apoptosis and DNA damage in ex vivo burn wound models (BWMs) were 
assessed using immunohistochemistry. Next, 105 colony forming units (CFU) P. aeruginosa 
strain PAO1 were exposed to CAP in a 3D collagen-elastin matrix environment to determine 
the number of surviving bacteria in vitro. Finally, rat excision wounds were inoculated with 
107 CFU PAO1 for 24 h. The wounds received a single CAP treatment, repeated treatments 
on 4 consecutive days with CAP, 100 µL of 1% (wt/wt) silver sulfadiazine or no treatment. 
Wound swabs and punch biopsies were taken to determine the number of surviving 
bacteria. 
 
Results  
Exposure of V79 fibroblasts to CAP did not increase the numbers of mutated colonies. 
Additionally, the number of proliferative, apoptotic and DNA damaged cells in the BWMs 
was comparable to that of the unexposed control. Exposure of PAO1 to CAP for 2 min 
resulted in the complete elimination of bacteria in vitro. Contrarily, CAP treatment for 6 min 
of rat wounds colonized with PAO1 did not effectively reduce the in vivo bacterial count. 
 
Conclusions  
CAP treatment was safe but showed limited efficacy against PAO1 in our rat wound 
infection model. 
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Introduction 
Severely burned patients are at high risk of wound colonization with opportunistic bacteria 
such as Staphylococcus aureus and Pseudomonas aeruginosa due to large wound areas and 
a compromised host defense system [1]. Treatment of infected burns remains a challenge 
due to the emergence of antibiotic-resistant and persistent bacteria [2]. Additionally, 
current topical treatments for colonized and infected burns display sub-optimal bactericidal 
efficacy and may impair wound healing [3–5]. Therefore, novel antimicrobial therapies are 
needed for the treatment of wound colonization and infection. 
A potential antimicrobial therapy to limit bacterial colonization is ionized gas, known as 
plasma. Plasma is the fourth state of matter in physics and consists of a mix of ions, 
electrons, highly reactive molecules, excited species, electric fields and ultraviolet radiation 
[6]. It can be artificially generated by subjecting a neutral gas to an extremely high 
temperature or a strong electromagnetic field. Often, plasma is accompanied by the 
production of heat due to the collision of electrons, and the subsequent excitation, 
ionization and dissociation processes of the gas particles [6].  
In the medical field, plasma has been shown to be effective for sterilization, skin resurfacing 
and coagulation purposes [7–9]. However, these plasmas are generated in vacuum or are 
extremely hot, making them unsuitable for the treatment of (infected) burns. An alternative 
approach to treat colonized or infected tissue is use of cold atmospheric plasma (CAP) 
[10,11]. CAP devices generally consist of a powered electrode and a ground electrode of 
stainless-steel wire mesh. They operate under atmospheric pressure and preferably do not 
raise the temperature above 40°C. Temperature rise can be further limited by applying CAP 
in a pulsed mode [6].  
In the current study, we investigated the safety and efficacy of a CAP source called the 
flexible surface Dielectric Barrier Discharge (sDBD). This plasma source consists of a 
dielectric plate that separates the powered electrode from the ground electrode, resulting 
in the formation of gas plasma on the ground electrode (Figure 1). An advantage of this 
plasma source is that its use is not limited to small or flat surfaces. Previously, we have 
shown that CAP generated with this device has excellent bactericidal properties and has no 
effect on the re-epithelialization process of ex vivo human burn wound models (BWMs) 
[12]. The current study describes additional efficacy and safety tests. We investigated 
potential deoxyribonucleic acid (DNA) damage and mutagenesis upon exposure to CAP in 
vitro. Thereafter, in vivo experiments using rat excision wounds were performed to 
determine the efficacy of CAP against P. aeruginosa in these circumstances. 
 



6

122

Methods

Plasma Source

The flexible sDBD consists of a polyimide (100 μm thick) dielectric barrier strip [12]. The
strip has a diameter of 2.5 cm and is integrated into a holder for research purposes. It was
operated at 7 kHz, 850-900 mA, 0.032 Vrms for up to 6 min at atmospheric pressure in air.
The surface between the strip and the treated sample was set at 4mm and closed from the
surroundings to achieve an optimal CAP effluent. The temperature of the samples was
measured using a thermal imaging camera FLIR One (FLIR Systems, Inc., Wilsonville, OR,
USA) attached to an iPad mini (Apple Inc., Cupertino, CA, USA).

Cell culture

Chinese Hamster V79 fibroblasts [13] were routinely cultured on tissue culture plastic in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal calf serum
(FCS), 1% (v/v) penicillin/streptomycin (P/S) and 1% Glutamax (all from Gibco, Paisley, UK)
further referred to as fibroblast medium (FBM), at 37°C and 5% CO2.
To mimic the in vivo environment, collagen-elastin matrices (Matriderm®; MedSkin
Solutions Dr. Suwelack AG, Billerberck, Germany) with a diameter of 15mm and a thickness
of 1 mm were used. Matriderm® scaffolds were soaked in FBM, the FBM medium was
removed and V79 fibroblasts were seeded (2300 cells/ mm2) onto these scaffolds. After 2 h
incubation at 37°C and 5% CO2, 2mL of FBM was added to the scaffolds. The scaffolds were
incubated overnight. Prior to exposure, V79 fibroblasts in Matriderm®were washed twice
using sterile saline.
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Cell viability 

To determine the activity of V79 fibroblasts in Matriderm®, 2 mL of resazurin (Merck KGaA, 
Darmstadt, Germany) with a final concentration of 75 µM in FBM was added to the 
scaffolds. After 3 h incubation at 37°C and 5% CO2, the fluorescence of the medium (100 
µL) was measured using the SpectraMax M2 (Molecular Devices, California, USA) at an 
excitation and emission wavelength of 540 nm and 595 nm, respectively. To estimate the 
number of cells, we determined the amount of double-stranded DNA (dsDNA) of the same 
samples. Resazurin was discarded and 2 mL of 0.05% (v/v) Triton X-100 (Merck KGaA) was 
added to the cells. Three freeze and thaw cycles were performed at -80 and 37°C to lyse the 
cells. Fifty µL of PicoGreen solution (Quant-iT PicoGreen dsDNA reagent kit, Molecular 
Probes, Eugene, USA) was added to 50 µL of the samples in a 96-well plate. The fluorescence 
was measured using the SpectraMax M2 at an excitation and emission wavelength of 480 
nm and 520 nm, respectively. Values were interpolated into the standard dsDNA curve for 
quantification of the number of cells. 
 

DNA mutation 

To determine possible mutations in the DNA of V79 fibroblasts, a modified hypoxanthine-
guanine-phosphoribosyltransferase (HPRT) protocol of Davies et al. [14] was used. After 
exposure of V79 fibroblasts in Matriderm® to CAP, the scaffolds were incubated in 2 mL of 
FBM overnight at 37°C and 5% CO2. Cells were isolated as follows: scaffolds were incubated 
with 300 µL of 0.25% (wt/v) collagenase and dispase (Gibco) for 10-15 min at 37°C and 5% 
CO2. To neutralize collagenase and dispase, 5 mL of 1 mM ethylenediaminetetraacetic acid 
(EDTA; Gibco-BRL Life Technologies, N.Y., USA) in sterile phosphate-buffered saline (PBS; 
Gibco) was added to the suspension. The suspension was filtered using a 70 µm cell strainer. 
After centrifugation at 180 g for 10 min, V79 fibroblasts were sub-cultured in FBM at 10 
cells/cm2 (equivalent to 100 cells) to assess the plating efficiency and at 1300 cells/ cm2 
(equivalent to 105 cells) to estimate the mutation frequency. After 5 days, the FBM of the 
cell cultures for the estimation of mutation frequency was supplemented with 20 µL of 5 
µg/mL 6-thioguanine (6-TG; Merck KGaA). This was added daily during a subsequent 10 days 
culture. Colonies were stained using crystal violet (Klinipath, Duiven, the Netherlands) and 
counted microscopically using NIS Elements (Nikon Instruments Europe B.V., Amstelveen, 
the Netherlands). As positive controls, V79 fibroblasts in Matriderm® were exposed to the 
mutagenic compound ethyl methanesulfonate (EMS) at a concentration of 0.8 µL of 0.3 
mg/mL for 3 h. Negative controls were prepared by washing V79 fibroblasts in Matriderm® 

with sterile saline. 
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Ex vivo wound healing using BWMs 

Excess human skin was obtained from patients undergoing elective surgery at the Red Cross 
Hospital (Beverwijk, the Netherlands) according to institutional guidelines and medical 
research “code of conduct for responsible use”, drafted by Federa (Foundation Federation 
of Dutch Medical Scientific Societies). Skin grafts with a thickness of 0.5 mm were prepared 
using a dermatome (Aesculap AG & Co. KG, Tuttlingen, Germany). A scalpel was used to cut 
the skin graft into pieces of 1 cm2. Burn wounds were inflicted by placing a soldering iron 
(10 ´ 2 mm) set at 95°C on the epidermis for 10 s without exerting pressure  [15]. 
BWMs were cultured air-exposed on stainless-steel grids at 37°C and 5% CO2 using DMEM/ 
Ham’s F12 (3:1) supplemented with 2% (v/v) P/S, 2% (v/v) FCS (Gibco), 1 µM 
hydrocortisone, 1 µM isoproterenol, 0.1 µM insulin, 1 µM L-carnitine, M L-serine, 1 µM DL-
alpha-tocopherol, 130 µg/mL ascorbic acid, a lipid supplement containing 25 µM palmitic 
acid, 15 µM linoleic acid, 7 µM arachidonic acid (all from Merck KGaA) and 24 µM bovine 
serum albumin (Thermo Fisher Scientific, Paisley, UK) [16]. The culture medium was 
refreshed twice a week during two weeks culture. Twenty-four hours before fixation of the 
BWMs in kryofix (50% ethanol and 3% PEG300), 20 µM 5-bromo-2-deoxyuridine (BrdU; 
Merck KGaA) was added to the culture medium. 
 

Immunohistochemistry 

Tissue samples were dehydrated and embedded in paraffin. Five µm sections of the paraffin 
embedded samples were deparaffinized and rehydrated for staining with antibodies: BrdU 
(B5002, Merck KGaA), Caspase-3 (ab4051, Abcam, Cambridge, UK) and gamma-H2A histone 
family member X (γH2AX; MA1-2022, Thermo Fisher Scientific) to determine cell 
proliferation, apoptosis and DNA damage, respectively. 
Antigen retrieval was performed using 2 M HCl at room temperature, which was neutralized 
using 0.1 M Borax (pH 8.5) followed by 0.5% (v/v) Triton X-100 (Merck KGaA) in PBS for 
BrdU, 10 mM Tris-EDTA at 70°C for Caspase-3 and 10 mM sodium citrate solution (pH 6) at 
65°C for γH2AX. Powervision polymeric horseradish peroxidase anti Rabbit (Klinipath) and 
3,3ʹ-diaminobenzidine substrate (Immunologic, Duiven, The Netherlands) were used for 
visualization of the BrdU or Caspase-3 positive cells. To detect γH2AX, a fluorescently 
labelled goat anti-mouse antibody (AF-555, Molecular Probes) and 4’,6’-diamidino-2-
fenylindool (Merck KGaA) was used. 
Negative controls were performed in absence of the first antibody. All sections stained for 
BrdU and Caspase-3 were counterstained using hematoxylin and were dehydrated and 
mounted using Entellan (Merck KGaA). γH2AX stained sections were aqueously mounted. 
NIS Elements (Nikon Instruments Europe B.V) was used to microscopically measure the 
newly formed epidermis (outgrowth) and the number of positively stained cells in this area. 
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Bacterial culture 

A mid-log growth culture of a P. aeruginosa strain, PAO1 (ATCC BAA47), was prepared in 
Luria Bertani (LB) medium at 37°C, which was shaken at 200 rpm for approximately 3 h. 
After centrifugation of the bacterial suspension at 3600 ´ g for 5 min, the pellet was 
resuspended in sterile saline to the required concentration, based on the optical density of 
the bacterial culture at 600 nm. 
 

In vitro efficacy test 

To determine the efficacy of gas plasma in a biologically relevant environment, Matriderm® 

scaffolds were soaked in sterile saline, inoculated with 10 µL of 1 ´ 107 colony forming units 
(CFU)/mL PAO1 for 30 min at room temperature and then exposed to CAP. Thereafter, the 
scaffolds were transferred to polypropylene vials containing a metal bead and 1 mL of PBS. 
After homogenizing the samples using a TissueLyser (Qiagen, Venlo, the Netherlands) set 
at 50 Hz for 4 min, 10-fold serial dilutions of the homogenates were prepared. Dilutions 
were cultured on LB agar plates to quantify the number of viable bacteria after an overnight 
incubation at 37°C and 5% CO2. 
 

In vivo efficacy of CAP in a rat model  

The experimental protocol for the study of CAP was approved by the Central Authority for 
Scientific Procedures on Animals (protocol AVD114002016601), according to governmental 
and international guidelines for animal experimentation. 
Twelve male and 12 female rats (Wistar) of 8 to 10 weeks old and a minimum weight of 160 
g were purchased from Envigo (Horst, the Netherlands). The animals were acclimatized for 
2 weeks prior to wounding. The animals were kept under specific pathogen-free conditions 
and were housed in individually ventilated cages with tap water and an irradiation-sterilized 
pelleted diet ad libitum. Wood-shavings were used as bedding material and long paper 
strips were used as enrichment. 
The sample size calculation and detailed experimental procedure for antimicrobial efficacy 
tests using a rat excision wound model were previously described [17]. To minimize the 
number of experimental animals, two partial thickness excision wounds of approximately 1 
cm2 large and 2 cm apart were prepared on the back of the rats using a dermatome set at 
0.7 mm. The wounds were equally divided into four treatment groups. Each group had 12 
wounds, i.e. one wound on 6 male and 6 female rats. 
The wounds were inoculated with 100 µL of 108 CFU/mL PAO1 at t=0. Twenty-four h after 
inoculation, the wounds received no treatment (group 1) or a single CAP treatment (group 
2) on day 1. Wounds in group 3 and group 4 received repeated treatments on 4 consecutive 
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days with CAP or 100 µL of 1% (wt/wt) silver sulfadiazine in cetomacrogol cream (group 4; 
SSD; Pharmacy of the Medical Center Alkmaar, Alkmaar, the Netherlands), respectively. To 
determine the bacterial load, wound swabs were taken before and after CAP treatment. 
The untreated wounds were swabbed twice on day 1 to assess the effect of swabbing on 
the bacterial load of the wound. Wound swabs were taken only before SSD treatment to 
prevent the removal of this topical.  
Six male and 6 female rats were euthanized on day 3 and on day 7 using saturated CO2/O2 
followed by CO2 only. Four mm punch biopsies were taken from the wounds of the 
euthanized rats to determine the bacterial load within the tissue. 
Samples were homogenized in 1 mL of PBS (Gibco) using a TissueLyser set at 50 Hz for 4 
min. Ten-fold serial dilutions of the homogenates were plated on LB agar and Pseudomonas 
isolation agar supplemented with cetrimide (50 mg/L) and sodium nalidixate (3.8 mg/L) 
(Oxoid ltd, Basingstoke, UK) to selectively identify P. aeruginosa from commensal bacteria. 
After overnight incubation of the plates at 37°C and 5% CO2, the number of viable bacteria 
was determined. 
 

Statistical analysis 

Statistically significant differences were determined using SPSS version 24. For differences 
between groups the Kruskal-Wallis test followed by the Mann-Whitney-U test were used. 
To compare two related groups, the Wilcoxon singed rank sum test was used. 
 
 

Results 

In vitro efficacy of CAP against P. aeruginosa 

To determine the optimal exposure time to CAP for an effective bactericidal elimination 
under the same conditions as in the in vitro safety tests, 105 CFU of PAO1 in Matriderm® 

were exposed to CAP for 1-4 min. After exposure to CAP for 1 min, 6.2 CFU/mL of PAO1 
survived on average (Figure 2). Exposure to CAP for 2 min or longer resulted in no surviving 
bacteria. 
 

Effect of CAP on the viability of V79 fibroblasts 

CAP might induce membrane changes, such as loss of membrane symmetry or integrity, 
which ultimately results in loss of cell viability. To assess this, we exposed V79 fibroblasts 
cultured in Matriderm® scaffolds to CAP for 1-4 min and determined the metabolic activity 
per V79 fibroblast as a measurement for viable cells. Compared to the unexposed control 
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samples, exposure to CAP for up to 3 min did not affect the viability of V79 fibroblasts. 
However, exposure to CAP for 4 min reduced the cell viability to 76% (Figure 3).  
 

 
 

Figure 2: In vitro antibacterial efficacy of CAP 
Matriderm® scaffolds inoculated with 
approximately 105 CFU PAO1 for 30 min were 
exposed to CAP for 1-4 min. Results are expressed 
as the number of surviving bacteria in log10 
(CFU/mL) versus the exposure period to CAP. Data 
represent the means of at least three independent 
experiments performed in duplicate. Statistical 
differences compared to CAP-exposed samples are 
indicated: *p<0.05; **p<0.01; ***p<0.001 (MWU).  
 
 
 

 

 
 
Figure 3: Viability of V79 fibroblasts after exposure 
to CAP 
V79 fibroblasts in Matriderm® were exposed to CAP 
for 1-4 min and thereafter the metabolic activity 
per V79 fibroblast was determined. Results are 
expressed relative to the unexposed control 
samples. Data represent the means of at least three 
independent experiments performed in duplicate. 
Statistically significant differences were not 
detected (MWU; p>0.05). 

 

Effect of reactive species on cell viability and DNA mutations 

The generation of CAP is accompanied by some heat. In addition, CAP commonly generates 
highly reactive molecules such as H2O2, O3 and NO2

- that could decrease pH of non-buffered 
solutions and induce oxidative and DNA damage. Therefore, we assessed these factors in 
relation to cell viability and DNA mutations.  
We exposed V79 fibroblasts in Matriderm® to heat from 50 to 70°C water at a distance of 4 
mm between sample and source and determined the cell viability. Additionally, we 
determined the effect of pH of the medium ranging from 6 to 3 and of H2O2 concentration 
in PBS ranging from 0 to 0.15% (v/v) on cell viability. Exposure to temperatures up to 70°C 
or pH as low as 3 for 4 min did not affect the viability of V79 fibroblasts (data not shown). 
However, 0.15% (v/v) H2O2 reduced the cell viability to 69% (Figure 4).  
Furthermore, we exposed V79 fibroblasts in Matriderm® to CAP for 1-4 min and determined 
the mutation frequency by measuring the colony forming ability of the cells in the presence 
of cytotoxic 6-TG. Exposure of V79 fibroblasts in Matriderm® to CAP resulted in 1-2 mutated 
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colonies/105 cells, independent of the exposure period (Figure 5). This was comparable to 
the number of mutated colonies for the unexposed samples. Unlike CAP, EMS induced 7-
fold higher numbers of mutations in V79 fibroblasts.

 
  
Figure 4: Susceptibility of V79 fibroblasts to H2O2 
V79 fibroblasts in Matriderm® were exposed to 
varying concentrations of H2O2 (0-0.15%; v/v) for 4 
min. Subsequently, the metabolic activity per V79 
fibroblast was determined. Results are expressed 
relative to the unexposed control. Data represent 
the means of five independent experiments 
performed in duplicate. Statistical differences 
compared to control samples are indicated: 
*p<0.05; **p<0.01; ***p<0.001 (MWU). 
 

 
 
 
 

Figure 5: Effect of CAP on mutations in V79 
fibroblasts 
V79 fibroblasts in Matriderm® were exposed to CAP 
for 1-4 min or EMS (positive control) and the 
number of mutated V79 fibroblasts was 
determined using a HPRT assay. As negative control 
the samples were washed using sterile saline. 
Results are expressed as the number of mutated 
colonies/105 cells. Data represent the means of five 
independent experiments performed in duplicate. 
Statistical differences compared to the unexposed 
control samples are indicated: *p<0.05; **p<0.01; 
***p<0.001 (MWU).

 

Effects of repeated CAP exposure on wound healing in an ex vivo wound model 

During two weeks of culture, ex vivo BWMs were exposed four times to CAP for 4 or 6 min 
to assess the effect on re-epithelialization, proliferation, apoptosis and DNA damage. 
Compared to the unexposed samples, exposure to CAP did not affect the re-epithelialization 
of BWMs. The re-epithelialization varied between 600 and 700 µm [12]. The additional 
safety assessments revealed that the number of proliferative, apoptotic and DNA damaged 
cells after exposure to CAP was not significantly different from those of the unexposed-
control samples (Figure 6). 
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In vivo efficacy of CAP in a rat wound model 

Twenty-four hours after inoculation, just prior to treatment, the wound swabs showed a 
bacterial count of approximately 105 CFU, which increased to 106 CFU on day 7. Swabbing 
the same wounds twice resulted in approximately 0.5 log-reduction of the bacterial count 
on day 1 (Figure 7A). A single CAP treatment on day 1 did not reduce the bacterial count 
significantly (data not shown). Repeated CAP treatment on 4 consecutive days resulted in a 
10-fold lower bacterial count of 1.7 ´ 105 CFU on day 4, which increased to approximately 
106 CFU on day 7. Compared to the untreated wounds, CAP treatment increased the wound 
temperature with 3°C on day 1 and with 5.9°C on day 4. The discrepancy in temperature 
rise is most likely due to healing of the wounds. Furthermore, repeated treatment with SSD 
gradually and significantly reduced the bacterial count to 25 CFU PAO1 at day 7 but with 
high variation. Notably, SSD treatment was more than a 100-fold less effective against PAO1 
which had penetrated the tissue (in biopsies) than against superficially located PAO1 (in 
swabs, Figure 7A versus 7B). 
 
 

Discussion 
CAP displays antimicrobial activity against a wide range of micro-organisms, such as 
bacteria [18]. It is efficacious regardless of the kind/species of bacteria and the antibiotic 
resistance level [19,20]. This makes CAP an interesting therapy for the treatment of burn 
wound infections. CAP’s rapid mode of action against bacteria involves among others 
membrane lipid peroxidation, oxidative DNA damage and acidification [18], which might be 
harmful for human skin cells as well. Therefore, we assessed several safety aspects of CAP 
generated by the flexible sDBD in vitro. Our findings show that CAP exposure for 4-6 min 
did not induce mutations, apoptosis and DNA damage or affect the wound healing process, 
i.e. re-epithelialization and proliferation. The ability of CAP to induce mutations, apoptosis 
and DNA damage has been shown in a number of studies [21–25]. In fact, CAP could be a 
more potent mutagenesis tool compared to conventional mutagenesis systems [26]. Similar 
to our findings, several studies show that a relatively short treatment time with CAP has no 
mutagenic potential and does not induce apoptosis or DNA damage [27–29]. Additionally, 
Maisch et. al. reports that CAP has no or a negligible effect on the viability of skin cells [29]. 
These findings indicate that CAP treatment can be used at specific settings for 
therapeutically safe applications.  
Several studies show that CAP increases the temperature and decreases the pH of the 
exposed solution [30–33], which might be harmful for human skin (cells). Dobrynin et. al. 
reports that toxic effects of CAP are related to the increase of the skin temperature, which 
is highly dependent on several factors such as the frequency of the discharge and the 
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treatment time [34]. We found that 4 min exposure to heat or low pH alone did not affect 
the viability of the V79 fibroblasts. In contrast, the viability of V79 fibroblast was 
significantly reduced by 0.15% (v/v; equivalent to 49 mM) H2O2. However, H2O2 
concentrations generated by CAP typically range from 0.3 to 1 mM [35] and these 
concentrations did not reduce the viability of V79 fibroblasts in our experiments. Next to 
H2O2, also other reactive species such as O3, NO3

- and NO2
- are formed in the exposed liquid 

[36,37]. The synergic interactions between the different reactive species could be 
responsible for the reduced viability of V79 fibroblasts. Such synergic interactions are also 
required to effectively eradicate bacteria [38–40]. Low pH or H2O2 alone were previously 
found to be insufficient to kill bacteria [35,41]. Relatively high H2O2 concentrations of 490 
mM or temperatures of 60°C for a duration of 30 min were required to eradicate P. 
aeruginosa [41,42]. 
Furthermore, we have shown that CAP generated by the flexible sDBD completely 
eradicated P. aeruginosa in vitro after a relatively short exposure period of 2 min. 
Additionally, CAP was efficacious against P. aeruginosa in ex vivo human skin models, 
whereby bacteria were effectively eliminated after 3 min exposure to CAP or after 6 min in 
BWM [12]. In view of these results, we anticipated that an exposure period of 6 min would 
result in an effective bacterial elimination in a rat wound infection model. However, CAP 
displayed a limited bactericidal efficacy against P. aeruginosa in this in vivo model. This 
suggests that wound environmental factors such as biofilm formation and wound exudate 
could have played a role in the limited efficacy of CAP in vivo. It was shown that bacteria in 
biofilms can be more tolerant against CAP [43–45]. Additionally, bacterial colonization and 
wound exudate could increase pH and/or introduce buffering effects to the wounds [46]. 
As a consequence, the bactericidal effect of CAP may be impeded because several reactive 
species are not generated at alkaline and buffered conditions [35,47,48]. For example, the 
concentration of free hydroxyl radicals from the decomposition of HNO3 is pH dependent, 
resulting in low radical concentrations at high pH [49]. 
Recently, Assadian et. al. reported that plasma is safe but less effective in reducing the 
wound size or bacterial count as compared to current antimicrobial agents [50]. This is in 
agreement with our findings. Yet, several in vivo studies demonstrate an effective (but 
limited) elimination of bacteria using gas plasma treatments [51–53]. The successful 
elimination of bacteria using CAP is dependent on a number of factors such as the design 
of the device, treatment time, gas flow and composition, plasma power and frequency, the 
distance to the sample and environmental factors, such as the wound type, extracellular 
matrix or wound debris and exudate [54–56]. Possibly, it is more complex to achieve an 
effective bacterial elimination using CAP in the micro-environment of in vivo systems such 
as our rat wound infection model. We suggest to study CAP generated by this flexible sDBD 
device in combination with other antimicrobial or antibiofilm agents to combat bacteria. 
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Previously, combination therapy of CAP and chlorhexidine for the disinfection of root canals 
resulted in a more effective elimination of bacteria than chlorhexidine or CAP alone [57]. 
Hence, combination therapy rather than monotherapy using CAP could potentially 
eliminate pathogenic bacteria more effectively in vivo. 
 

Conclusions  
CAP did not induce mutations, apoptosis and DNA damage or affect the wound healing 
process in our in vitro and ex vivo (wound) models. Therefore, CAP can be considered a safe 
treatment option. CAP demonstrated a fast bactericidal effect in vitro, however, in our rat 
wound infection model CAP displayed a limited efficacy against PAO1.  
 
 



7

 

 134 

Acknowledgments 

We thank Pieter Sanders of the Dept. of Applied Physics at the Eindhoven University of Technology in the 
Netherlands, for this technical support on the sDBD device. We also thank Laura Hazenoot for assisting the in vitro 
experiments during an internship at the Association of Dutch Burn Centres, (Beverwijk, the Netherlands). 



7

 

 135 

Reference 

1. Dokter J, Vloemans AF, Beerthuizen GIJM, van der Vlies CH, Boxma H, Breederveld R, et al. Epidemiology 
and trends in severe burns in the Netherlands. Burns. 2014;40:1406–14. 

2. Finland M. Emergence of antibiotic-resistant bacteria. N Engl J Med. 1955;253:969–79. 
3. Nikkhah D, Gilbert P, Booth S, Dheansa B. Should we be using silver based compounds for donor site 

dressing in thermal burns? Burns. 2013;39:1324–5. 
4. Hussain S, Ferguson C. Silver sulphadiazine cream in burns. Emerg Med J. 2006;23:929–32. 
5. Politano AD, Campbell KT, Rosenberger LH, Sawyer RG. Use of silver in the prevention and treatment 

of infections: Silver review. Surg. Infect. 2013;14:8–20.  
6. Isbary G, Shimizu T, Li Y-F, Stolz W, Thomas HM, Morfill GE, et al. Cold atmospheric plasma devices for 

medical issues. Expert Rev Med Devices. 2013;10:367–77. 
7. Klämpfl TG, Isbary G, Shimizu T, Li Y-F, Zimmermann JL, Stolz W, et al. Cold atmospheric air plasma 

sterilization against spores and other microorganisms of clinical interest. Appl Environ Microbiol. 
2012;78:5077–82. 

8. Bentkover SH. Plasma skin resurfacing: Personal experience and long-term results. Facial Plast Surg Clin 
North Am. 2012;20:145–62. 

9. Bergler WF. Argon plasma coagulation (APC) surgery in otorhinolaryngology. Surg Technol Int. 
2003;11:79–84. 

10. Yousfi M, Merbahi N, Pathak A, Eichwald O. Low-temperature plasmas at atmospheric pressure: 
Toward new pharmaceutical treatments in medicine. Fundam Clin Pharmacol. 2014;28:123–35. 

11. Daeschlein G, Napp M, Lutze S, Arnold A, von Podewils S, Guembel D, et al. Skin and wound 
decontamination of multidrug-resistant bacteria by cold atmospheric plasma coagulation. J Dtsch 
Dermatol Ges. 2015;13:143–9. 

12. Boekema BKHL, Vlig M, Guijt D, Hijnen K, Hofmann S, Smits P, et al. A new flexible DBD device for 
treating infected wounds: in vitro and ex vivo evaluation and comparison with a RF argon plasma jet. J 
Phys D Appl Phys. 2016;49:044001. 

13. Zdnienicka MZ, Tran Q, van der Schans GP, Simons JWIM. Characterization of an X-ray-hypersensitive 
mutant of V79 Chinese hamster cells. Mutat Res DNA Repair Reports. 1988;194:239–49.  

14. Davies MJ, Phillips BJ, Rumsby PC. Molecular analysis of chemically-induced mutations in mammalian 
cell assays. Toxicol Vitr. 1995;9:513–8. 

15. Boekema BKHL, Pool L, Ulrich MMW. The effect of a honey based gel and silver sulphadiazine on 
bacterial infections of in vitro burn wounds. Burns. 2013;39:754–9. 

16. Coolen NA, Vlig M, Van Den Bogaerdt AJ, Middelkoop E, Ulrich MMW. Development of an in vitro burn 
wound model. Wound Repair Regen. 2008;16:559-67.  

17. Dijksteel GS, Ulrich MMW, Vlig M, Nibbering PH, Cordfunke RA, Drijfhout JW, et al. Potential factors 
contributing to the poor antimicrobial efficacy of SAAP-148 in a rat wound infection model. Ann Clin 
Microbiol Antimicrob. 2019;18.  

18. Kostov KG, Rocha V, Koga-Ito CY, Matos BM, Algatti MA, Honda RY, et al. Bacterial sterilization by a 
dielectric barrier discharge (DBD) in air. Surf Coatings Technol. 2010;204:2954–9.  

19. Isbary G, Morfill G, Schmidt HU, Georgi M, Ramrath K, Heinlin J, et al. A first prospective randomized 
controlled trial to decrease bacterial load using cold atmospheric argon plasma on chronic wounds in 
patients. Br J Dermatol. 2010;163:78-82. 

20. Isbary G, Morfill G, Zimmermann J, Shimizu T, Stolz W. Cold atmospheric plasma: A successful treatment 
of lesions in hailey-hailey disease. Arch Dermatol. 2011;147:388–90.  

21. Wu AS, Kalghatgi S, Dobrynin D, Sensenig R, Cerchar E, Podolsky E, et al. Porcine intact and wounded 
skin responses to atmospheric nonthermal plasma. J Surg Res. 2013;179:e1-e12.  

22. Kim GJ, Kim W, Kim KT, Lee JK. DNA damage and mitochondria dysfunction in cell apoptosis induced by 
nonthermal air plasma. Appl Phys Lett. 2010;96:021502.  

23. Ptasińska S, Bahnev B, Stypczyńska A, Bowden M, Mason NJ, Braithwaite NSJ. DNA strand scission 
induced by a non-thermal atmospheric pressure plasma jet. Phys Chem. 2010;12:7779–81.  

24. Alkawareek MY, Alshraiedeh H, Higginbotham S, Flynn PB, Algwari QT, Gorman SP, et al. Plasmid DNA 
damage following exposure to atmospheric pressure nonthermal plasma: Kinetics and influence of 
oxygen admixture. Plasma Med. 2014;4:211-9.  

25. Song K, Li G, Ma Y. A review on the selective apoptotic effect of nonthermal atmospheric-pressure 
plasma on cancer cells. Plasma Med. 2014;4:193–209.  

26. Zhang X, Zhang C, Zhou QQ, Zhang XF, Wang LY, Chang HB, et al. Quantitative evaluation of DNA damage 
and mutation rate by atmospheric and room-temperature plasma (ARTP) and conventional 



7

 

 136 

mutagenesis. Appl Microbiol Biotechnol. 2015;99:5639–46.  
27. Welz C, Becker S, Li Y-F, Shimizu T, Jeon J, Schwenk-Zieger S, et al. Effects of cold atmospheric plasma 

on mucosal tissue culture. J Phys D Appl Phys. 2012;46:45401.  
28. Boxhammer V, Li YF, Köritzer J, Shimizu T, Maisch T, Thomas HM, et al. Investigation of the mutagenic 

potential of cold atmospheric plasma at bactericidal dosages. Mutat Res Toxicol Environ Mutagen. 
2013;753:23–8. 

29. Maisch T, Bosserhoff AK, Unger P, Heider J, Shimizu T, Zimmermann JL, et al. Investigation of toxicity 
and mutagenicity of cold atmospheric argon plasma. Environ Mol Mutagen. 2017;58:172–7.  

30. Yadav DK, Adhikari M, Kumar S, Ghimire B, Han I, Kim M-H, et al. Cold atmospheric plasma generated 
reactive species aided inhibitory effects on human melanoma cells: an in vitro and in silico study. Sci 
Rep. 2020;10:1–15.  

31. Schneider C, Gebhardt L, Arndt S, Karrer S, Zimmermann JL, Fischer MJM, et al. Acidification is an 
essential process of cold atmospheric plasma and promotes the anti-cancer effect on malignant 
melanoma cells. Cancers. 2019;11:671.  

32. Kamgang-Youbi G, Herry JM, Bellon-Fontaine MN, Brisset JL, Doubla A, Naïtali M. Evidence of temporal 
postdischarge decontamination of bacteria by gliding electric discharges: Application to Hafnia alvei. 
Appl Environ Microbiol. 2007;73:4791–6.  

33. Oehmigen K, Hähnel M, Brandenburg R, Wilke C, Weltmann KD, Von Woedtke T. The role of 
acidification for antimicrobial activity of atmospheric pressure plasma in liquids. Plasma Process Polym. 
2010;7:250–7. 

34. Dobrynin D, Wu A, Kalghatgi S, Park S, Shainsky N, Wasko K, et al. Live pig skin tissue and wound toxicity 
of cold plasma treatment. Plasma Med. 2011;1:93-108.  

35. van Gils CAJ, Hofmann S, Boekema BKHL, Brandenburg R, Bruggeman PJ. Mechanisms of bacterial 
inactivation in the liquid phase induced by a remote RF cold atmospheric pressure plasma jet. J Phys D 
Appl Phys. 2013;46:175203. 

36. Kovačević V V, Dojčinović BP, Jović M, Roglić GM, Obradović BM, Kuraica MM. Measurement of reactive 
species generated by dielectric barrier discharge in direct contact with water in different atmospheres. 
J Phys D Appl Phys. 2017;50:155205.  

37. Graves DB. Reactive species from cold atmospheric plasma: Implications for cancer therapy. Plasma 
Process. Polym. 2014;11:1120–7. 

38. Naítali M, Kamgang-Youbi G, Herry JM, Bellon-Fontaine MN, Brisset JL. Combined effects of long-living 
chemical species during microbialinactivation using atmospheric plasma-treated water. Appl Environ 
Microbiol. 2010;76:7662–4.  

39. Wende K, Williams P, Dalluge J, Van Gaens W, Aboubakr H, Bischof J, et al. Identification of the 
biologically active liquid chemistry induced by a nonthermal atmospheric pressure plasma jet. 
Biointerphases. 2015;10:029518.  

40. Xu J, Xu X, Verstraete W. The bactericidal effect and chemical reactions of acidified nitrite under 
conditions simulating the stomach. J Appl Microbiol. 2001;90:523–9. 

41. Boekema BKHL, Hofmann S, van Ham BJT, Bruggeman PJ, Middelkoop E. Antibacterial plasma at safe 
levels for skin cells. J Phys D Appl Phys. 2013;46:422001. 

42. Tsuji A, Kaneko Y, Takahashi K, Ogawa M, Goto S. The effects of temperature and pH on the growth of 
eight enteric and nine glucose non-fermenting species of gram-negative rods. Microbiol Immunol. 
1982;26:15–24.  

43. Theinkom F, Singer L, Cieplik F, Cantzler S, Weilemann H, Cantzler M, et al. Antibacterial efficacy of cold 
atmospheric plasma against Enterococcus faecalis planktonic cultures and biofilms in vitro. PLoS One. 
2019;14:e0223925. 

44. Verderosa AD, Totsika M, Fairfull-Smith KE. Bacterial biofilm eradication agents: A current review. 
Front. Chem. 2019;7:824.  

45. Rasamiravaka T, Labtani Q, Duez P, Jaziri  andMondher El. The formation of biofilms by Pseudomonas 
aeruginosa: A review of the natural and synthetic compounds interfering with control mechanisms. 
Biomed Res Int. 2015;2015:1-17.  

46. Jones EM, Cochrane CA, Percival SL. The effect of pH on the extracellular matrix and biofilms. Adv 
Wound Care. 2015;4:431-9.  

47. Ikawa S, Kitano K, Hamaguchi S. Effects of pH on bacterial inactivation in aqueous solutions due to low-
temperature atmospheric pressure plasma application. Plasma Process Polym. 2010;7:33-42.  

48. Traylor MJ, Pavlovich MJ, Karim S, Hait P, Sakiyama Y, Clark DS, et al. Long-term antibacterial efficacy 
of air plasma-activated water. J Phys D Appl Phys. 2011;44:472001.  

49. Yang G, Candy TEG, Boaro M, Wilkin HE, Jones P, Nazhat NB, et al. Free radical yields from the homolysis 



7

 

 137 

of peroxynitrous acid. Free Radic Biol Med. 1992;12:327–30. 
50. Assadian O, Ousey KJ, Daeschlein G, Kramer A, Parker C, Tanner J, et al. Effects and safety of 

atmospheric low-temperature plasma on bacterial reduction in chronic wounds and wound size 
reduction: A systematic review and meta-analysis. Int Wound J. 2019;16:103-11.  

51. Isbary G, Heinlin J, Shimizu T, Zimmermann JL, Morfill G, Schmidt HU, et al. Successful and safe use of 
2 min cold atmospheric argon plasma in chronic wounds: Results of a randomized controlled trial. Br J 
Dermatol. 2012;167:404-10.  

52. Ermolaeva SA, Varfolomeev AF, Chernukha MY, Yurov DS, Vasiliev MM, Kaminskaya AA, et al. 
Bactericidal effects of non-thermal argon plasma in vitro, in biofilms and in the animal model of infected 
wounds. J Med Microbiol. 2011;60:75–83. 

53. Chiodi Borges A, de Morais Gouvêa Lima G, Mayumi Castaldelli Nishime T, Vidal Lacerda Gontijo A, 
Georgiev Kostov K, Yumi Koga-Ito C. Amplitude-modulated cold atmospheric pressure plasma jet for 
treatment of oral candidiasis: In vivo study. PLoS One. 2018;13:e0199832. 

54. Wan J, Coventry J, Swiergon P, Sanguansri P, Versteeg C. Advances in innovative processing 
technologies for microbial inactivation and enhancement of food safety - pulsed electric field and low-
temperature plasma. Trends Food Sci Technol. 2009;20:414–24.  

55. Dobrynin D, Friedman G, Fridman A, Starikovskiy A. Inactivation of bacteria using dc corona discharge: 
role of ions and humidity. New J Phys. 2011;13:103033. 

56. Ehlbeck J, Schnabel U, Polak M, Winter J, Von Woedtke T, Brandenburg R, et al. Low temperature 
atmospheric pressure plasma sources for microbial decontamination. J Phys D Appl Phys. 
2011;44:13002 

57. Herbst SR, Hertel M, Ballout H, Pierdzioch P, Weltmann K-D, Wirtz HC, et al. Bactericidal efficacy of cold 
plasma at different depths of infected root canals in vitro. Open Dent J. 2016;9:486–91. 

 



 

 138 



 

 

Chapter 7 

General discussion 
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Bacterial colonization and infection remain to be a primary cause for morbidity and 
mortality in burn patients [1]. Treatment of such infections with conventional antibiotics is 
often unsuccessful due to the emergence of multi-drug resistant (MDR) and tolerant 
bacteria [2]. In addition, current treatment options may not be effective against resistant 
bacteria or bacteria in biofilm (e.g. fusidic acid [3,4]), or they could be harmful for human 
skin cells (e.g. silver sulfadiazine (SSD [5–7]). Clearly, there is an urgent need for novel 
antimicrobial therapies with a different mode of action than that of current antimicrobials. 
To develop such novel antimicrobial therapies several approaches have been explored, e.g. 
platelet rich plasma [8], bacteriophages [9], predatory bacteria [10], maggots [11], 
antimicrobial peptides (AMPs) [12] and cold plasma (CP) [13]. In this thesis, we studied the 
potential of AMPs and CP as alternative therapies for colonized (burn) wounds. Both AMPs 
[14,15] and CP [16–18] show a multi-hit and nonspecific mechanism of action against 
bacteria, causing membrane disruption and/or intracellular damage. This anticipated 
mechanism of action is most likely responsible for the relatively slow and limited 
development of bacterial resistance as compared to antibiotics. Previously, the synthetic 
AMP SAAP-148 and CP from the flexible surface dielectric barrier discharge (DBD) device 
have demonstrated clear efficacy against prevalent bacteria in burns, such as 
Staphylococcus aureus and Pseudomonas aeruginosa, which are difficult to treat. To 
advance these antimicrobial therapies for utilization in burns, the research described in this 
thesis has the following objectives: 

1. To review the literature to explore the challenges towards clinical application of 
AMPs and the possible options to improve the performance of AMPs;  

2. To determine efficacy of SAAP-148 and CP from the flexible surface DBD device in 
an in vivo excision wound model in rats, and 

3. To assess the safety of SAAP-148 and CP from the flexible surface DBD device for 
human skin cells in vitro. 

 
 

Design of clinical trials using AMPs 

Bacterial resistance development 

The emergence of antibiotic-resistant mechanisms is the primary reason for the need for 
novel antimicrobials [19]. Antibiotic resistance occurs naturally over time but inappropriate 
use of antimicrobials accelerates this process. Mechanisms involved are mutations in 
chromosomal genes and the acquisition of genetic resistance determinants from other 
bacterial species, known as horizontal gene transfer [20]. As a consequence, bacteria can 
prevent antibiotics from reaching their target through various modes. These modes include 
i) efflux pumps to transport antibiotics out from the bacterial cell [21], ii) enzymatic 
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degradation of antibiotics [22] iii) alteration of membrane permeability to prevent the 
penetration of antibiotics into the bacterial cells [21] and iv) chemical modification of the 
antibiotic structure to prevent recognition of the its target [23,24]. Alternatively, bacteria 
can bypass the target of antibiotics through i) modification of the target to prevent 
recognition by antibiotics [25], ii) expression of alternative proteins instead of those that 
are inhibited by antibiotics [26] and iii) reprogramming of the target to prevent interaction 
with antibiotics [27]. Because of the overwhelming evidence of antibiotic resistance 
development [28], the regulatory bodies of clinical trials should take resistance 
development into account. A striking example is that already in 1961 S. aureus strains were 
found to be resistant to methicillin whereas this antibiotic was introduced in 1958 [29]. 
Clearly there is an urgent need for effective antimicrobials with a longer life-time than that 
of conventional antibiotics. AMPs could reach the clinic as potent and long-lasting 
antimicrobials. 
 

Equivalence or non-inferiority trials  

To date, only a few AMPs have been approved for clinical use, i.e. nisin, gramicidin, 
polymyxin B and E, daptomycin and melittin (Chapter 2). The majority of clinical trials using 
AMPs have been discontinued due to lack of clear efficacy or lack of superiority over 
conventional antibiotics or treatments. AMPs may lack clear efficacy as a result of a low bio-
availability in biological environments [30–34]. To overcome this challenge several 
strategies are available, e.g. the preparation of delivery systems [35–37] and specifically 
targeted AMPs (STAMPS) [38], and chemical modifications [39–42]. AMPs may lack 
superiority over conventional antibiotics or treatments but they could be superior over 
placebo treatment. Clinical trials are often not designed using a placebo treatment as 
control due to ethical reasons as a placebo treatment would pose an unacceptable high risk 
for the patients to become infected. Perhaps clinical trial regulators should demand an 
efficacy that is at least equal, instead of superior, to that of conventional antibiotics or 
treatments. AMPs could represent an alternative treatment to antibiotics with equal 
efficacy but with a reduced risk of bacterial resistance development. Recently, Bai et al. 
discussed the risks of testing novel antimicrobial agents in non-inferiority trials. These risks 
are i) a trend of novel agents being slightly less effective than conventional antibiotics and 
ii) the use of slightly less effective novel agents as control treatment in next-generation 
clinical trials, resulting in the approval of antimicrobials with progressively lower efficacy 
[43]. Several studies have shown that these risks are very low in well-designed non-
inferiority trials consisting of an antibiotic as control treatment that is estimated to result 
in the best treatment outcome [43–45]. This supports our proposition to test novel AMPs 
in equivalence or non-inferiority trials instead of in superiority trials. 
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Future innovations 

Neutralization of residual antimicrobial activity 

In general, a promising drug candidate is selected for further development based on its in 
vitro efficacy. To determine efficacy of AMPs, the selected AMP and bacteria are mixed to 
produce a homogenous suspension and after an appropriate incubation time the number 
of surviving bacteria are determined. To stop the ongoing bacterial killing during this 
process and subsequent sample preparations, it is essential to neutralize the remaining 
active peptides, known as residual antimicrobial peptides. Neutralizing the activity of these 
peptides prevents overestimation of efficacy. However, in many antimicrobial susceptibility 
tests (ASTs), chemical neutralization of antimicrobials is not applied. For example, in the 
broth microdilution assay, it is assumed that residual antimicrobial activity is neutralized by 
dilution of the sample [46,47]. In the agar disk-diffusion test, it is believed that an adequate 
amount of antimicrobials diffuse out of the filter discs and that they do not display residual 
activity on agar [46,47]. We have shown that highly active antimicrobials such as SAAP-148, 
mupirocin and fusidic acid are still active on agar despite dilution of the test sample 
(Chapter 3). Kampf et al. reported that a chlorhexidine-containing hand rub also required 
chemical inactivation of the antimicrobial in efficacy tests [48]. Also, the in-use test, which 
is performed to determine if a disinfectant is microbially contaminated, requires the 
dilution and chemical inactivation of the disinfectant to eliminate the effect of residual 
antimicrobial activity on the number of viable bacteria [49]. Hence, an appropriate AST and 
the accurate neutralization of residual activity immediately before microbiological 
assessment of the number of surviving bacteria are required to accurately and 
appropriately determine efficacy of novel antimicrobial agents. For highly positively 
charged antimicrobials, sodium polyanethol sulfonate (SPS)-neutralization may prove to be 
a valuable addition to ASTs as we have shown for SAAP-148, pexiganan and chlorhexidine 
(Chapter 3). 
 

Models for AMP testing 

The results of in vitro ASTs are not always decisive to select one antimicrobial agent for 
further development. For example, the in vitro efficacy results from a panel of synthetic 
AMPs based on the structure of LL-37 showed that SAAP-148 displayed similar in vitro 
efficacy as three peptides from the same panel [50]. Particularly when AMPs show a similar 
efficacy profile, the inclusion of their safety profile e.g. their hemolytic activity towards 
human erythrocytes can support selection of promising antimicrobials. Furthermore, 
efficacy of promising drug candidates should be determined using assays and models that 
simulate the clinical situation. We have used blood plasma and an extract from burnt skin 
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(eschar) to simulate the burn wound environment in vitro. Additionally, ex vivo wound 
models have been used to better simulate this skin condition. However, these models lack 
the infiltration of immune cells from the blood circulation, which is a common inflammatory 
response to injury and bacterial colonization [51]. Therefore, the use of animal infection 
models to determine efficacy of antimicrobials remains inevitable. Recently, Gil et al., 
acknowledged that animal infection models are invaluable for optimizing antimicrobial 
dosages because they allow translation to humans [52]. Interestingly, human lactoferrin 
(hLTF1-11) is at least 2-fold more effective in vivo than in vitro [53], emphasizing the 
importance to evaluate the potency of novel antimicrobial agents in models that simulate 
the clinical situation. 
 

AMPs as potential alternative to current antimicrobials 

Safety of AMPs 

To eradicate bacteria, AMPs display a multi-hit, non-specific and rapid mode of action, 
which limits the development of bacterial resistance [54]. However, as a consequence of 
their non-specificity, AMPs may be toxic for eukaryotic cells as well [55,56]. SAAP-148 was 
cytotoxic for human fibroblasts and keratinocytes in vitro but not for ex vivo human skin 
(Chapter 5). This suggests that the cells in skin were protected from the toxic effects of 
SAAP-148 by the extracellular matrix. Besides such direct cytotoxicity, immune cells can 
trigger an undesirable inflammatory response after interaction with AMPs. Naturally 
occurring AMPs including LL-37 possess immunomodulatory properties that promote tissue 
damage and accumulating evidence suggests that AMPs play a role in various autoimmune 
disorders [57–59]. The upregulation and the presence of an excessive amount of AMPs can 
lead to chronic inflammation. Hence, to determine the complete safety profile of AMPs, 
investigations should include potential immunomodulatory activates such as the 
determination of cytokine production, morphology and expression of receptors on different 
immune cells in response to the peptide. 
 

Bio-availability of AMPs 

Pharmacokinetic parameters such as the elimination half-life of AMPs are informative since 
peptides that are membrane/receptor-bound are less quickly eliminated and may show an 
extended biological effect [60,61]. Additionally, such parameters provide information on 
the proteolytic stability of the peptides. The Food and Drug Administration (FDA)-approved 
AMPs, daptomycin and colistin have elimination half-lives of 8-9 h and 5 h, respectively [61–
63]. In general, peptides with a relatively short half-life of a few minutes might not reach 
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the clinic as they are biologically ineffective. Nonetheless, drugs with a short half-life have 
reached the clinic because their action was instantaneous. An example of such a drug is the 
hormone insulin with a half-life of 4-6 min in the blood circulation, which was approved for 
the treatment of diabetes. Like insulin, naturally occurring AMPs can have a short 
elimination half-life but they show a rapid biological effect [64,65]. To extend the half-life 
of such AMPs, more stable peptide structures have been suggested. Previously, 
Bogdanowich-Knipp, et al. showed that cyclic lipopetides (e.g. daptomycin and polymyxin 
E) and cyclic lipoglycopeptides (e.g. vamcomycin) are more stable against proteolytic 
degradation than linear peptides (e.g. LL-37) [66]. Alternative chemical modifications to 
prevent peptide degradation include D-amino acids, amidation or acetylation of the 
terminal regions or tryptophan or b-naphthylalanine end-tagging of the terminal regions 
[39–42]. In Chapter 5, we have shown that proteolytic degradation was not involved in the 
compromised bio-activity of SAAP-148. Its bio-activity was most likely compromised by 
binding to soluble blood proteins and possibly to host cell membranes, reducing its 
availability to interact with bacteria. To improve SAAP-148’s bio-activity and thus its bio-
availability, a delivery system could be used to protect the peptides from undesirable 
binding. This strategy may also reduce potential cytotoxicity as a consequence of increased 
specificity [67–69]. 
 

Strategies to improve performance of AMPs 

In general, the experimental in vitro results of AMPs do not predict the performance of 
AMPs in vivo. This is also the case for SAAP-148, which was highly effective against MRSA in 
vitro but not in the in vivo excision wound model (Chapter 4). On the other hand, SAAP-148 
effectively reduced the bacterial count in an abraded skin mouse model [50]. This suggests 
that SAAP-148 could be used for the treatment of superficially wounded skin but not for 
partial thickness wounds, as a result of the low bio-availability of the peptide in protein-rich 
environments (Chapter 5). Nonetheless, AMPs with a low bio-availability have shown 
efficacy in clinical trials. For example, LL-37 was found to be safe and effective in enhancing 
the healing of venous leg ulcers in a Phase 2 placebo-control trial [70] despite its 
susceptibility to proteolytic degradation in wound fluids [31]. In that study, LL-37 was 
diluted in polyvinyl alcohol (PVA) because PVA increased the viscosity of the agent and did 
not interfere with the biological activity of LL-37 [70]. Moreover, the first discovered AMP 
nisin is readily degraded by enzymes in the gastrointestinal tract and requires an 
enzymatically controlled delivery system to target Clostridium difficile, a bacterium that can 
infect the colon [71]. This shows that delivery systems can solve the problems relating to a 
low bio-availability and activity of AMPs. 
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To reduce toxic effects caused by AMPs, a treatment modality that combines AMPs with 
other antimicrobials could be used. This is not uncommon since a regimen consisting of at 
least two antimicrobials is standard in clinical practice. In clinical settings, nephrotoxicity 
and neurotoxicity caused by polymyxin B only is completely suppressed by its combination 
with gramicidin and neomycin (in Neosporin®) [72]. These antimicrobials display synergistic 
effects [73,74], i.e. an overall effect that is greater than the sum of their individual effects. 
As a consequence of synergism, lower antimicrobial dosages are needed for effective 
treatment. This can reduce the severity of the side effects caused by an individual agent. 
Several AMPs besides polymyxin [75,76], gramicidin [77] and daptomycin [78] display 
synergistic interactions with conventional antibiotics or other compounds (e.g. AMPs or 
EDTA). Also, the combination of SAAP-148 with the antibiotic teicoplanin effectively 
eliminated gram-positive bacteria due to synergistic effects [79]. Therefore, the application 
of this well-known strategy to reduce toxicity should become more common, even during 
pre-clinical development of AMPs. This might not only lead to less cytotoxicity for human 
(skin) cells but may also extend the lifetime of existing antibiotics because combination 
therapy can reduce resistance selection [80,81]. For example, resistance to polymyxins as a 
result of modifications in the lipid A component of LPS on the outer membrane of gram-
negative bacteria [82], was significantly suppressed by the combination of polymyxins with 
carbapenems or rifampicin [75,76]. Hence, an increasing number of AMPs could reach the 
clinic as effective and long-lasting antimicrobials when used in combination therapy. 
 

Future perspective for synthetic peptide SAAP-148 

For the treatment of colonized burns, gels have been used as delivery systems for active 
agents because they penetrate the skin more effectively than creams and cause a cooling 
sensation. Polymyxin E, which is currently in clinical use, was successfully integrated into a 
hydrogel for the treatment of burn wound infections [83]. A derivative of LL-37, OP-145 in 
a hypromellose (HM) gel proved to be stable and effective against MRSA [84]. We have 
investigated efficacy of SAAP-148 in the same HM gel but despite our efforts to optimize 
the formulation by increasing the water content to improve solubility and release of the 
peptide, SAAP-148’s antimicrobial activity was not improved in our rat experiment (Chapter 
4). Perhaps, this vehicle interfered with the biological activity of the peptide, indicating that 
the successful delivery of AMPs is dependent on the physiochemical properties of the 
peptides and the vehicle. To improve efficacy of existing antimicrobials, Ivanova et al. 
developed antibody-functionalized nanocapsules to selectively and effectively eradicate S. 
aureus [85]. They improved the in vivo efficacy of an antibacterial essential oil by 2-fold by 
using these nanocapsules. In another study by Kłodzińska, use of hyaluronic acid-based 
nanogels resulted in a 4-fold reduction in cytotoxicity of the anti-biofilm peptide DJK-5 
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without affecting its bactericidal activity in mice [86]. More interestingly, Faya et al. used 
AMPs to decorate vancomycin and oleic acid containing liposomes to improve safety and 
efficacy [87]. In their study, the release of vancomycin from the liposomes was accelerated 
at acidic pH, suggesting that this strategy could be used to effectively eradicate bacteria at 
infection sides with known acidic pH. Perhaps, delivery systems plus antibiotic combination 
therapies could improve the performance of SAAP-148 for application in (burn) wounds in 
vivo. 
 

CP as potential anti-infective therapy for burns 

Safety and efficacy of repetitive treatment with CP 

CP from atmospheric air consists of ions, electrons, reactive nitrogen and oxygen species 
(RONS; H2O2, O3, HNO2, ·OH), heat, ultraviolet (UV) radiation and electromagnetic fields. 
The charged and reactive species are mostly responsible for the bactericidal activity of CP 
[88]. They generate transient pores via lipid peroxidation or etching, causing cell death [16–
18]. Additionally, CP may cause acidification [88,89] and intracellular DNA and protein 
damage [90,91]. Therefore, CP might be cytotoxic for human cells as well as for 
microorganisms. Exposure to CP from the flexible surface DBD device for 4-6 min did not 
induce mutations, apoptosis or DNA damage, or affect the wound healing process in vitro 
(Chapter 6), supporting the evidence that CP is safe at relatively short treatment times of a 
few seconds to minutes [92]. However, to suppress bacterial proliferation, repetitive 
treatments with CP might be required. This could be a limitation towards clinical application 
because of the high workload for medical personnel as well as the burden for patients. Also, 
as a consequence of repetitive CP treatment the skin temperature may rise, which is 
according to Dobrynin et al. the major component of CP responsible for tissue damage [93]. 
Furthermore, repetitive treatment might induce resistance development although 
Zimmerman et al. suggested that bacterial resistance to CP is unlikely due to its multi-hit 
and non-specific mode of action [94]. Mai-Prochnow et al. showed that particularly P. 
aeruginosa in biofilm state can adapt to environmental changes (oxidative stress) induced 
by CP [95]. They have found DNA mutations in P. aeruginosa relating to phenazine bio-
synthesis genes, which are involved in the defense against oxidative stress. They also 
demonstrated that P. aeruginosa with such DNA mutations were more resistant to CP. 
Hence, the possibility of bacterial resistance to CP should not be excluded since CP can 
modulate stress responses of bacteria [96]. 
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Challenges towards clinical application of CP 

A number of factors could have contributed to the low bactericidal activity of CP from the 
flexible surface DBD device in infected rat wounds (Chapter 6), including environmental 
factors such as the presence of wound exudate, the ability of CP to penetrate the skin, the 
distance between the plasma strip and the wounds and potential batch-to-batch 
differences of plasma strips. Wound exudate can negatively affect the performance of CP 
since efficacy is dependent on the occurrence of several chemical reactions at specific 
conditions. For example, a high moisture content due to the presence of wound exudate 
can reduce the generation of reactive oxygen species (ROS) such as hydrogen peroxide 
(H2O2) and hydroxyl radicals (·OH) and this ultimately affects the efficacy of CP negatively 
[97–99]. Also, salts in wound exudate may introduce a buffering effect, which can neutralize 
the charged and reactive species of CP responsible for bacterial killing. Previously, Boekema 
et al. reported that the bactericidal activity of CP from this DBD device was strongly reduced 
in buffered solutions (e.g. PBS or DMEM) as compared to non-buffered solutions (e.g. 
normal saline) in vitro [97]. Their findings suggested that this CP generated H2O2 and nitrous 
(HNO2) and nitric (HNO3) acids to reduce the pH of the solution, eventually contributing to 
bacterial killing. Possibly, these reactive species were not formed in our wound infection 
model in rats due to the amount and composition of wound fluids. Furthermore, to target 
P. aeruginosa that has invaded deeper layers of tissue, the reactive species of CP should 
penetrate through the skin/wound tissue. Previously, Duan, et al. reported that more than 
80% of reactive nitrogen species (RNS) such as HNO2 and HNO3 produced by a plasma jet 
can penetrate the skin [100]. However, their findings also indicated that less than 5% of ROS 
including ozone (O3), H2O2 and ·OH could penetrate the skin. This suggests that killing of 
bacteria in deeper layers of the skin is mainly dependent on the performance of RNS to 
cause oxidative damage and acidification, which might be negatively affected by the wound 
environment. Nonetheless, their study also shows that RONS can penetrate through up to 
1.25 mm thickness of the skin, which includes part of the potentially infected dermis [100]. 
Moreover, the distance between the plasma source and tissue influences efficacy of formed 
reactive species. Studies show that a long or short distance, reduces the concentration of 
H2O2 and O3 significantly [101,102]. We have operated CP from the flexible surface DBD 
device at a distance of 4 mm, resulting in an optimal bactericidal efficacy in vitro. However, 
it is practically more challenging to maintain this distance using in vivo models, suggesting 
that this may have contributed to the limited in vivo bactericidal efficacy of this CP as well. 
Finally, the manufacturing of plasma strips at different time points can lead to batch-to-
batch differences. This results in differences in the performance of the generated CP against 
bacteria. Therefore, it is important to produce these plasma strips in a standardized 
manner. 
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Future perspectives for CP from the flexible surface DBD device 

CP from the flexible surface DBD device completely eradicated P. aeruginosa in planktonic 
state after 2 min treatment in vitro but not in in vivo excision wounds in rats after 6 min 
treatment (Chapter 6). Also, CP was less effective in ex vivo burn wound models that had 
been infected for 24 h with P. aeruginosa than those infected for 1 or 3 h [97]. Most likely, 
P. aeruginosa progressed from planktonic to biofilm state, in which bacteria in general are 
more tolerant against antibiotics and CP than planktonic bacteria [43–45]. Therefore, future 
development of CP should include studies that determine the potential anti-biofilm activity 
of CP to estimate its optimal settings at conditions that simulate the in vivo situation.  
Contrary to CP from the flexible surface DBD device, plasmas from other devices have 
demonstrated in vivo antimicrobial activity. For example, Chiodi Borges, et al. showed that 
CP from a novel jet device effectively eliminated C. albicans biofilms after 5 min treatment 
in mice [103]. Isbary et al. showed that a 2 min treatment with CP from an argon-based 
MicroPlaSter device was safe and effective in patients with chronic wounds [104]. 
Moreover, CP from a prototype of the CE-certified device PLASOMA effectively eradicated 
P. aeruginosa from intact skin on healthy volunteers after 60s of treatment [105]. Also, 
Daeschlein et al. demonstrated that CP from a CE-certified commercial argon gas plasma 
source effectively eliminates MDR pathogens in wounds after treatment for 10 s/cm2 [106]. 
These findings indicate that a relatively short treatment time (of <6 min) with CP can result 
in a desirable antimicrobial effect in vivo without inducing adverse effects. Possibly, CP from 
the flexible surface DBD device could be used for different purposes such as for hand 
hygiene purposes [107], relieving pain [108], promotion of the host immunity since CP can 
upregulate the expression of AMP [109] and improvement of scar quality [110]. CP from 
the flexible surface DBD device did not affect the wound healing process (Chapter 6) and 
therefore it cannot be used to accelerate wound healing. This is in contrast with the findings 
of several studies demonstrating that CP improved cell migration, proliferation and 
microcirculation, facilitating wound closure [111–113]. Alternatively, CP from the flexible 
surface DBD device could be used in combination with other antimicrobials to improve the 
bactericidal effect and/or clinical outcomes in vivo. Previously, Klebes et al. reported that 
the combined use of CP and the liquid antiseptic octenidine dihydrochloride was the most 
efficient strategy for the treatment of colonized chronic wounds [114]. In addition, Herbst 
et al. showed that combination therapy of CP and chlorhexidine is more effective against 
bacteria than CP alone [115]. Probably, the addition of antiseptics, improved the 
antimicrobial activity of CP. 
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Conclusions 
Two novel antimicrobial therapies, AMPs and CP, have been studied in this thesis as 
potential alternatives to current treatments for colonized burns. Both therapies display a 
rapid, multi-hit and non-specific mechanism of action, which limits the development of 
bacterial resistance. Therefore, these therapies could be the next-generation of 
antimicrobials with a longer lifetime than that of conventional antibiotics. Nevertheless, to 
eliminate the threat of MDR bacteria in global health care, it is important to achieve a 
maximal antimicrobial effect with minimal frequency of treatments. Hence, novel 
antimicrobial therapies should completely eradicate bacteria in (burn) wounds after a 
limited number of treatments at dosages that are well-tolerated. We have shown that bio-
availability of (generated) antimicrobials in the wound environment is crucial. The problems 
relating to low bio-availability and thus bio-activity of AMPs might be solved using a delivery 
system. To (further) improve efficacy and reduce cytotoxicity and resistance selection, 
combination therapy might be the way forward for both AMPs and CP. 
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Summary 
There is an urgent need for novel antimicrobial therapies that are safe and effective against 
multi-drug resistant (MDR) and tolerant bacteria, without inducing resistance. To develop 
such therapies for utilization in burns, efficacy and safety of two novel antimicrobial 
therapies, i.e. the synthetic antimicrobial peptide (AMP) SAAP-148 and cold plasma (CP) 
from the flexible surface dielectric barrier discharge (DBD) device, are described in this 
thesis. Additionally, we reviewed the literature to explore the pitfalls of bringing AMPs to 
the clinic. 
To date, more than 40 AMPs have been studied in clinical trials but only a few AMPs have 
been approved for clinical use against bacterial infections. Based on the literature review 
(Chapter 2), clinical trials using AMPs have been discontinued due to unexpected toxicity 
or unfavorable pharmacokinetics of the peptides. However, the majority of AMPs in such 
trials were not approved due to lack of efficacy or lack of superiority of AMPs over 
conventional antibiotics or treatments. To improve the performance of AMPs, several 
strategies are currently available such as chemical modifications, the preparation of 
delivery systems and specifically targeted AMPs (STAMPs), combination therapy and 
counter-ion selection during the final step of AMP synthesis. In addition to the application 
of these strategies, an increasing number of AMPs might reach the clinic if clinical trial 
regulatory bodies could shift their focus from superiority trials to equivalence or non-
inferiority trials (i.e. clinical trials whereby the performance of AMPs should be similar to 
that of antibiotics or standard treatments). 
One of the causes of unexpected and unfavorable performance of AMPs in clinic trials might 
be the overestimated efficacy of AMPs due to inaccurate in vitro testing. To accurately and 
appropriately determine efficacy of antimicrobials, it is important to neutralize the 
remaining active antimicrobials before microbiological assessment of the number of 
surviving bacteria. Without effective neutralization, efficacy of antimicrobials could be 
overestimated due to ongoing bacterial killing during sample preparations. We studied the 
ability of sodium polyanethol sulfonate (SPS) to neutralize the bactericidal activity of several 
antimicrobials (Chapter 3). SPS effectively inactivated all positively charge antimicrobials 
and therefore, we have used this neutralizing agent in all subsequent efficacy tests of the 
positively charged peptide SAAP-148. 
In vivo efficacy of SAAP-148 against methicillin-resistant Staphylococcus aureus (MRSA) was 
determined using an excision wound model in rats. In Chapter 4, we have shown that SAAP-
148 did not eradicate MRSA in this in vivo model. The potential factors that may have 
contributed to the limited bactericidal effect of SAAP-148 were investigated and we found 
that components in the wound micro-environment were most likely responsible for the 
limited bactericidal effect. Higher antimicrobial concentrations of SAAP-148 were required 
to eradicate bacteria effectively in the presence of ex vivo human skin, blood plasma, eschar 
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and skin extract as compared to PBS. The impact of these biological environments on the 
bactericidal activity of SAAP-148 was dependent on the incubation time (Chapter 5). A short 
incubation time of 1 h in a biological environment did not affect the bactericidal activity of 
SAAP-148, whereas a 24 h incubation time considerably reduced the bactericidal efficacy of 
SAAP-148. This was not caused by proteolytic degradation but presumably by protein 
binding, in particular binding of SAAP-148 to blood proteins resulting in a low bio-availability 
of the peptide to combat bacteria. Furthermore, SAAP-148 was toxic for human skin cells 
in vitro but not in ex vivo human skin, suggesting that like efficacy, the safety of AMPs should 
be assessed in environments that (better) simulate the clinical situation. 
Similar to SAAP-148, CP from the flexible surface DBD device did not eradicate 
Pseudomonas aeruginosa in excision wound models in rats (Chapter 6). This was most likely 
related to the micro-wound environment consisting of bacteria in biofilms and the presence 
of wound fluids (exudate), which can reduce the bactericidal efficacy of CP. Nonetheless, 
exposure to this CP for 2 min completely eradicated P. aeruginosa in vitro, demonstrating 
activity against bacteria. Additionally, exposure to CP for 4-6 min did not induce mutations, 
apoptosis and DNA damage in human cells, or affect the wound healing process ex vivo. 
This suggests that CP from the flexible surface DBD device is safe. 
Finally, in Chapter 7 we discuss the results of the therapies investigated in this thesis and 
describe future possibilities of these therapies for clinical application. 
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Samenvatting  
Er is dringende behoefte aan nieuwe antimicrobiële therapieën die veilig en effectief zijn 
tegen multiresistente (MDR) en tolerante bacteriën zonder resistentie op te wekken. Om 
dergelijke therapieën te ontwikkelen voor gebruik bij brandwonden, werden de effectiviteit 
en veiligheid van twee nieuwe antimicrobiële therapieën onderzocht in dit proefschrift, 
namelijk de synthetische antimicrobiële peptide (AMP) SAAP-148 en koud gas plasma 
geproduceerd met een flexibel oppervlakte “dielectric barrier discharge” (DBD). Ook werd 
een literatuurstudie uitgevoerd om de valkuilen te onderzoeken op de route van AMP’s van 
het laboratorium naar de kliniek. 
Tot nu toe zijn meer dan 40 AMP’s onderzocht in klinische studies, maar slechts enkele 
werden goedgekeurd voor klinisch gebruik. Uit de literatuurstudie (Hoofdstuk 2) blijkt dat 
de klinische studies met AMP’s niet succesvol zijn afgerond vanwege onverwachte toxiciteit 
of ongunstige farmacokinetiek van de peptiden. Echter is de meerderheid van AMP’s in 
dergelijke studies niet goedgekeurd vanwege gebrek aan effectiviteit of superioriteit van 
de AMP’s ten opzichte van conventionele antibiotica of standaardbehandelingen. Om de 
prestaties van AMP's te verbeteren, zijn er momenteel verschillende strategieën 
beschikbaar zoals chemische modificaties, de bereiding van formuleringen en specifiek 
gerichte AMP's (STAMP's), combinatietherapie en ionen-selectie tijdens de laatste stap van 
de AMP-synthese.  Naast het gebruik van deze beschikbare strategieën, zal mogelijk een 
toenemend aantal AMP’s in de kliniek gebruikt kunnen worden als regelgevende instanties 
hun focus zouden verleggen van superioriteitsonderzoeken naar gelijkwaardigheids- of 
niet-inferioriteitsonderzoeken (d.w.z. klinische onderzoeken waarbij de prestaties van 
AMP's vergelijkbaar zijn aan die van antibiotica of standaardbehandelingen). 
Een van de oorzaken van onverwachte en ongunstige prestaties van AMP's in klinische 
onderzoeken is mogelijk de overschatting van de effectiviteit van AMP's als gevolg van 
onnauwkeurige in vitro testen. Om de effectiviteit van antimicrobiële middelen nauwkeurig 
en op de juiste wijze te bepalen, is het belangrijk om de resterende actieve antimicrobiële 
middelen in een monster te neutraliseren voordat het aantal overlevende bacteriën wordt 
bepaald. Zonder effectieve neutralisatie zou de effectiviteit van antimicrobiële middelen 
overschat kunnen worden als gevolg van aanhoudende bacteriedoding tijdens de 
verwerking van de monsters. Wij bestudeerden het vermogen van natrium 
polyanetholsulfonaat (SPS) om de bacteriedodende activiteit van verschillende 
antimicrobiële middelen te neutraliseren (Hoofdstuk 3). SPS heeft alle positief geladen 
antimicrobiële middelen effectief geïnactiveerd en daarom hebben we dit neutraliserende 
middel gebruikt in alle daaropvolgende effectiviteitsbepalingen van het positief geladen 
peptide SAAP-148.  
De in vivo effectiviteit van SAAP-148 tegen methicilline-resistente Staphylococcus aureus 
(MRSA) werd bepaald met behulp van een excisie-wondmodel bij ratten. SAAP-148 
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elimineerde MRSA niet in dit in vivo model (Hoofdstuk 4). Verschillende potentiële factoren 
die mogelijk hebben bijgedragen aan dit verminderde antimicrobiële effect van SAAP-148 
in het rattenmodel werden onderzocht. Wij constateerden dat componenten in de 
wondomgeving hoogstwaarschijnlijk verantwoordelijk waren voor het beperkte 
bacteriedodende effect. Hogere antimicrobiële concentraties van SAAP-148 waren nodig 
om bacteriën effectief te elimineren in de aanwezigheid van ex vivo menselijke huid, 
bloedplasma en een extract van verbrand weefsel en huid dan in gebufferde zoutoplossing. 
Het effect van deze biologische omgevingen op de bacteriedodende activiteit van SAAP-148 
was afhankelijk van de incubatietijd (Hoofdstuk 5). Een korte incubatietijd van 1 uur in een 
biologische omgeving had geen invloed op de bacteriedodende activiteit van SAAP-148, 
terwijl een incubatietijd van 24 uur de bacteriedodende werking van SAAP-148 aanzienlijk 
verminderde. Dit werd niet veroorzaakt door proteolytische afbraak van de peptide, maar 
vermoedelijk door eiwitbinding, in het bijzonder binding van SAAP-148 aan bloedeiwitten. 
Dit resulteerde in een lage biologische beschikbaarheid van de peptiden ter bestrijding van 
bacteriën. Verder was SAAP-148 schadelijk voor menselijke huidcellen in vitro, maar niet 
voor de cellen in ex vivo menselijke huid, wat aantoont dat de veiligheid van AMP's net als 
de effectiviteit bepaald moet worden in omgevingen die de klinische situatie zo goed als 
mogelijk simuleren. 
Net als SAAP-148 heeft koud gas plasma van het flexibele oppervlakte DBD Pseudomonas 
aeruginosa niet kunnen elimineren in een excisie-wondmodel bij ratten (Hoofdstuk 6). Dit 
is hoogstwaarschijnlijk veroorzaakt door de wondomgeving bestaande uit bacteriën in 
biofilm en de aanwezigheid van wondvocht (exsudaat), wat de bacteriedodende activiteit 
van koud gas plasma kan verminderen. Desalniettemin heeft deze koud gas plasma P. 
aeruginosa volledig kunnen elimineren na 2 minuten blootstelling in vitro. Dit toont aan dat 
dit plasma een bacteriedodende werking heeft. Bovendien veroorzaakte de blootstelling 
aan dit koud gas plasma gedurende 4-6 minuten geen mutaties, apoptose en DNA-schade 
aan humane cellen, en beïnvloedde koud gas plasma het wondgenezingsproces niet. 
Daaruit concluderen wij dat het koud gas plasma van het DBD-apparaat met een flexibel 
oppervlak veilig is. 
Tenslotte bespreken wij in Hoofdstuk 7 de resultaten van de therapieën die in dit 
proefschrift zijn onderzocht en beschrijven we toekomstige mogelijkheden van deze 
therapieën voor klinische toepassing.
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Appendixes 

Appendix 1 

Table 1: Conversion of SAAP-148 dosages 

To compare the SAAP-148 treatment with 2% (wt/wt) Bactroban or Prontosan (positive 
controls), the peptide dosages of SAAP-148 in PBS (wt/v) or SAAP-148 in HM gel (wt/wt) are 
represented in percentages. 
 

SAAP-148 (nmol) Amount (µL) SAAP-148 in PBS (%) 

7.6 10 0.25 

15 20 0.25 

60 20 1 

38 50 0.25 

153 100 0.5 
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Appendix 2 

Pilot rat study for the determination of SAAP-148’s efficacy 

The efficacy of SAAP-148 in 3:1 HM gel was assessed in a pilot rat study, which was similar 
to the experiment described in the manuscript. The experimental procedure is mentioned 
in Materials & Methods: Efficacy of SAAP-148 in a rat model of the manuscript. 
 
After an acclimatization period of 14 days, two wounds were prepared on the back of 48 
rats. Both wounds of the rats from group 3 and 4 were inoculated with an MRSA strain 
LUH14616. For the other groups, the wounds on the left flank were inoculated with MRSA 
and those on the right flank were inoculated with a Pseudomonas aeruginosa (PA) strain 
PAO1. After overnight inoculation with approximately 107 CFU MRSA or PA, the wounds 
were treated with 15, 30 or 60 nmol SAAP-148 in 3:1 HM gel, the empty 3:1 HM gel or 2% 
(wt/wt) Prontosan gel (B Braun Medical B.V., Oss, the Netherlands) on day 1, 2, 3 and 4 (see 
table below). On day 3 and 7, 24 rats were euthanised to determine the bacterial load using 
swabs and 4 mm punch biopsies. 

 

Experimental groups Group 1/2 Group 3/4 Group 5/6 Group 7/8 

Inoculation MRSA – PA MRSA – MRSA MRSA – PA MRSA – PA 

Treatment 60 nmol  

SAAP-148 in 

3:1 HM gel 

15 – 30 nmol 

SAAP-148 in  

3:1 HM gel 

3:1 HM gel 2% (wt/wt) Prontosan gel  
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Figure 1: Efficacy of SAAP-148 against MRSA or Pseudomonas aeruginosa 
After overnight inoculation, the bacterial load of the wounds was determined using swabs (A/C) before the daily 
treatment with 20 µL of 3:1 HM gels containing 15 nmol, 30 nmol, 60 nmol SAAP-148 or the empty HM gel (negative 
control) or 2% (wt/wt) Prontosan gel (positive control). Additionally, punch biopsies (B/D) of the wounds were 
collected to determine the bacterial load on day 3 and day 7. Results represent the mean of at least five samples 
that were treated with 60 nmol SAAP-148 in 3:1 HM gel or Prontosan gel on day 3 and day 7 as the lower dosages 
of SAAP-148 and the earlier time points indicated similar results. The y-axis represents the log10 reduction (LR) in 
CFU/mL, which was calculated by subtracting the log number of surviving bacteria after treatment from the log 
number of bacteria in the negative control samples. The mean bacterial load of the negative control samples is 
indicated with a dotted line as the maximum LR. * indicates significant difference (*p<0.05).
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Abbreviations 
AMPs   Antimicrobial peptides 
ASTs   Antimicrobial susceptibility tests 
BPI   Bactericidal permeability-increasing protein  
BrdU   5-bromo-2- deoxyuridine 
BSA    Bovine serum albumin 
β-hCG    Human β-chorionic gonadotropin 
BWM    Burn wound model  
CAP   Cold atmospheric plasma 
CFU    Colony forming units  
CP   Cold plasma 
DBD   Dielectric Barrier Discharge 
DMEM    Dulbecco's Modified Eagle Medium 
DNA    Deoxyribonucleic acid 
dsDNA    Double-stranded DNA 
eDNA   Extracellular DNA 
ECM   Extracellular matrix 
ECDC   European Centre for Disease Prevention and Control 
EDTA    Ethylenediaminetetraacetic acid 
EMS   Ethyl methanesulfonate 
EWM    Excision wound model 
FBM   Fibroblast medium  
FCS    Fetal calf serum 
FDA    Food and Drug Administration  
yH2AX:    Gamma-H2A histone family member X  
GRAS    Generally recognized as safe  
hBD    Human β-defensin 
hLT-1-1    Human lactoferrin 
HM    Hypromellose 
HNP    Human neutrophil  
HPMC    Hydroxypropyl methylcellulose  
HPRT    Hypoxanthine guanine phosphoribosyltransferas 
IL    Interleukin  
LB    Luria Bertani 
LDH    Lactate dehydrogenase 
LPS    Lipopolysaccharide 
LptD    Lipopolysaccharide transport protein D 
LR   Log reduction 
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MDR    Multi-drug resistant 
MRSA    Methicillin resistant Staphylococcus aureus 
PBS    Phosphate-buffered saline 
PMNs   Polymorphonuclear leukocytes 
P/S    Penicillin/streptomycin 
PVA   Polyvinyl alcohol 
ROS   Reactive oxygen species 
RONS   Reactive oxygen and nitrogen species 
RNS   Reactive nitrogen species 
RPMI    Roswell Park Memorial Institute 
SID   Selective intestinal decontamination 
SD   Standard deviation 
sDBD   Surface Dielectric Barrier Discharge  
SPS   Sodium polyanethol sulfonate 
SSD    Silver sulfadiazine  
STAMPS    Specifically targeted antimicrobial peptides 
6-TG   6-Thioguanine  
TBSA   Total body surface area 
TGF-β   Transforming growth factor-b 
TFA    Trifluoroacetic acid 
TLR    Toll-like receptor 
UV   Ultraviolet
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