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1 Introduction 

1.1 Antibiotic resistance as a challenge in dermatology/ wound healing 

Bacteria and many other microbes have clearly displayed their ability to evolve and adapt to a 

point where many pose serious clinical challenges for humans [1], [2]. Resistance against 

antibiotics is the best example for this evolution which was first demonstrated by pathogenic 

bacterial strains developing resistance to penicillin within only two years after its discovery in 

the early 1940s. Since then,  this cyclic phenomenon was repeatedly observed: as soon as a new 

antibiotic is introduced, bacterial resistance to that antibiotic arises [3]. Currently, the 

epidemiology of infectious diseases is in crisis due to the emergence of bacterial strains with 

multiple resistance to many conventional antibiotics [4]. Several reasons are, however, 

accountable for this flood of resistant microorganisms. These include the unregulated 

dispensing of antibiotics in developing countries, inappropriate prescription of antibiotics and 

the failure of some patients to complete their treatment regimen. The overuse of antibiotics in 

livestock farming, direct contact between humans and animals, and improper disposal of 

antibacterial drugs also exacerbate the problem [5]–[7]. Furthermore, the global antibiotics 

market witnessed a little development and is still prevailed by antibiotic classes discovered half 

a century ago, since only few new classes of antibiotics have been introduced since the early 

1960s [8]. 

This rapidly growing crisis exhibits both clinical and economical adverse outcomes and reflect 

primarily the inefficiency of the conventional antibiotic treatment. Annually in the United 

States, around two million people acquire bacterial infections that are resistant to antibiotics 

with 23,000 subsequent deaths [9]. The economic burden of this epidemic claims $20 billion 

healthcare costs and a loss of further $35 billion due to decreased productivity [10].  

Over the last half century, clinical and animal isolates continue to reveal a disturbing upward 

trend of microbial resistance [11]. The World Health Organization (WHO) released a report in 

April 2014 warning that the “post-antibiotic” era, “in which minor injuries and common 

infections can kill,” is approaching [6]. Gram-positive (Gram-positive) and Gram-negative 

(Gram-negative) superbugs such as Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species, 

the so-called “ESKAPE” pathogens, can resist nearly all classes of antibiotics [12]. 
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Among Gram-positive organisms, methicillin resistant Staphylococcus aureus (MRSA) poses 

significant clinical problems. This pathogenic bacterium is responsible for a variety of 

infections including skin, soft tissue and lower respiratory tract infections and septicemia [13]–

[16]. Infections with MRSA can be difficult to treat and infected patients may be colonized for 

many months and requiring long hospital stays [17]. Globally, prevalence of MRSA 

demonstrates that resistant strains exist worldwide [18], [19]. For instance, community- and 

hospital-associated MRSA infections have dramatically increased  and caused over 11,000 

deaths in the United States in 2011 [9], [20]. In Taiwan, the prevalence of hospital-associated 

MRSA (HA-MRSA) has increased during the period from 1986 to 2001 [21]. Apart from their 

high mortality rate, MRSA infections lead to additional health care costs, e.g. about $3 to 4 

billion per year in the United States [8].  

The resistance trend of MRSA keeps on progressing to include more antibiotic classes. 

Vancomycin, a reserve antibiotic for the treatment of MRSA infections, shares the same fate 

with β-lactams, where, in the late 1990s, MRSA strains with intermediate to reduced 

susceptibility to vancomycin (named VISA strains) were reported, first in Japan [22], then 

confirmed in the USA [23] and France [24]. A subsequent rise in VISA clinical cases was 

reported in the USA to reach 7.9% by 2014 [25], [26].  

Similarly, oxacillin-resistant MRSA strains (ORSA) have been reported, some of which are 

even multidrug-resistant (MORSA), which are defined as strains resistant to three or more 

antibiotic classes other than β-lactams. According to a study conducted by the SENTRY 

antimicrobial surveillance program, MORSA accounted for 91.2% of all ORSA isolates in Asia 

Pacific and south Africa between 1998 and1999 [27].  

Among Gram-negative bacteria, Escherichia coli (E. coli), a bacterium frequently implicated 

in urinary tract infections (UTIs), is responsible for the most common infections in community 

and hospital settings. According to the WHO report in 2014,  high rates of antibiotic resistance 

of E. coli have been manifested in Africa, Americas, Eastern Mediterranean, European, South-

East Asia and Western Pacific [6]. Extended-spectrum β-lactamase (ESBL)-producing 

Escherichia coli (ESBL+E. coli) is one of the most prevalent multidrug resistant (MDR) 

pathogens currently causing worldwide concern [28]. A study reported that ESBL+E. coli 

accounted for 11% of all E. coli isolates tested in Hong Kong [29]. In addition, E. coli resistance 

to ciprofloxacin was noted in a study where resistance occurred within 10 hours with as few as 

100 bacterial cells in the initial inoculation [30]. Furthermore, the first human case of resistance 
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to colistin, a last-line treatment for ESBL+E. coli isolates was documented in the United States 

in 2016 [31].  

The worst-case scenario, however, is not that of MRSA, ORSA or ESBL-producing gram-

negatives, because carbapenem-resistant Enterobacteriaceae has become resistant to all, or 

nearly all available antibiotics [9]. The strain KPC-OXA 48/181 is now defined as “pan-

resistant” that repels every single kind of antibiotic [32].  

Antimicrobial resistance is not restricted to bacteria. The rapidly growing phenomenon has 

expanded to include fungal species as well. The increase in cases of infection caused by Candida 

strains, and the consequent overuse of antimicrobials, has promoted the emergence of resistance 

of yeast species to conventional antifungal agents over the past decades [33], [34]. In the 1990s 

fluconazole-resistant Candida albicans was reported after treatment failure [33]. Antifungal 

resistance is particularly problematic as initial diagnosis and determining the susceptibility 

profile of the organism takes a long time. The lengthy treatment regimens, which are 

consequently accompanied by higher incidence of side effects, and the limited number of 

available antifungals also contributes to the failure or limited success of conventional antifungal 

treatment [35].  

Generally, infections caused by resistant microbes are often exceptionally hard to treat due to 

the restricted range of therapeutic options [36]. In dermatology, this represents a great 

challenge; as bacterial colonization is associated with impaired healing and prolonged therapies. 

In skin wounds, for instance, infection is the most frequent and inescapable impediment to 

wound healing, particularly in the case of chronic wounds. About 70% of bacteria that cause 

wound infections were found to be resistant to at least one of the commonly employed 

antibiotics [37]. Several studies have reported high frequency of S. aureus in 43% of infected 

leg ulcers [38] and 88% of non-infected leg ulcers [39], whereas Pseudomonas aeruginosa has 

been found in 7–33% of ulcers [39], [40]. Numerous other species have also been reported, 

including Escherichia coli, Enterobacter cloacae, Klebsiella species, Enterococcus species and 

Proteus species [39]. The consequence of this polymicrobial nature of chronic wounds poses 

an additional challenge; since genetic exchange between bacteria is promoted [41]. In clinical 

practice, this renders the management of microbial skin infections a serious hurdle as different 

factors have to be considered to achieve an effective broad-spectrum antimicrobial therapy [42]. 

The relentless expansion of microbial resistance, together with the limited availability of novel 

antibiotics, makes it, therefore, crucial to discover alternative antimicrobial approaches to kill 

MDR pathogens, concentrating on methods that are unlikely to cause resistance [43]–[48]. 



Introduction 

__________________________________________________________________________________ 

4 
 

Antimicrobial photodynamic therapy (aPDT) and cold atmospheric pressure plasma (CAP) are 

relatively novel non-conventional antimicrobial approaches that have been capturing much 

attention in the past years [43], [47]. Although based on completely different concepts, CAP 

and aPDT share some similarities. First, unlike the key hole principle of antibiotic action, these 

approaches are multi-target processes where several microbial components are targeted and 

destroyed which, therefore, lowers the possibility of developing resistance [47], [49]. To date 

no microbial resistance was reported for either aPDT or CAP and both already proved to be 

effective against a broad spectrum of pathogenic microorganisms [47]–[52]. Second, both 

modalities combine a broad interdisciplinary research field involving medicine, biology, 

physics, chemistry and engineering [47], [53].  

1.2 Antimicrobial photodynamic therapy (aPDT) 

Photodynamic therapy (PDT) is a therapeutic approach that combines a chemical compound 

known as a photosensitizer (PS) and light to produce oxidative stress at the target area. 

Although originally intended for cancer treatment, the most successful FDA approved PDT 

application has been in ophthalmology, as a treatment for age-related macular degeneration. 

Other non-oncological secondary applications of PDT include treatments for psoriasis, 

arthritis, Barrett’s esophagus, atherosclerosis and restenosis in both veins and arteries [43]. 

However, recently, the antimicrobial potential of PDT (antimicrobial PDT or aPDT) has 

gained more attention in the scientific field and has been proposed as a therapy for a wide 

range of localized infections [54]. 

1.2.1 The Photodynamic action: a brief history 

The photodynamic effect, which is the basic principle of PDT and aPDT, was discovered in 

Germany in 1900 by the PhD student Oskar Raab and his supervisor Hermann von Tappeiner. 

Both scientists discovered that Paramecium  species protozoa were killed after staining with 

acridine orange and exposed to bright light [55]. A few years later, von Tappeiner observed that 

oxygen was also involved in this phenomenon and proposed the term “dynamic” to specify the 

contribution of oxygen in the process, and to differentiate it from phototherapy [56].  

The development of PDT as a cancer therapy began in the 1950 when Figge et al. discovered 

that hematoporphyrin (HP) had tumor localizing properties [57]. Ten years later, Lipson et al. 

initiated the clinical application of PDT at the Mayo Clinic in the USA [58]. The further 

exploration of PDT was, however, delayed for decades due to the occurrence of the two world 

wars and the dramatic advancements achieved in the pharmaceutical industry in the 1950s and 
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1960s [59]. In the 1970s, the new era of PDT as a cancer therapy started in the U.S.A., primarily 

due to the efforts of Dr Thomas Dougherty at the Roswell Park Cancer Institute [60]. The first 

PS introduced by Dougherty and co-workers was a water-soluble mixture of mono-, di- and 

oligomers of porphyrins that was called hematoporphyrin derivative (HpD), and a more purified 

form later became known as Photofrin [60]. 

Since then, PDT has witnessed rapid development and is now being clinically applied in 

dermatology and dentistry and is an approved treatment in ophthalmology for the destruction 

of choroidal neovascularization (CNV) in age-related macular degeneration [61]. Medicinal 

chemists have also attempted to synthesize and design new PS molecules with improved 

chemical and physical properties. Hundreds of compounds have been proposed as potentially 

useful to mediate PDT for tackling cancer, infections and many other diseases.  

Recently, PDT has returned to its original roots, and antimicrobial photodynamic therapy 

(aPDT) has been proposed as an alternative approach for microbial inactivation in localized 

infections [59], [62]. It was suggested that PDT could be used for microbial cell destruction; 

since microbial cells, much like malignant cells, grow very fast. This became a reality in the 

mid-1990s [63].  In the last few years, aPDT has been studied intensively and substantial 

evidence has been collected to prove its efficiency against a broad spectrum of microbes 

including bacteria [64], fungi [65] and viruses [66] in vitro. Antimicrobial PDT is particularly 

good for dental [54], [67] and dermatological applications [51], [68]; due to its localized 

application. 

1.2.2 The Photodynamic effect: Basic principle 

The principles underlying PDT and aPDT are similar. Both techniques combine a non-toxic dye 

termed photosensitizer (PS) and harmless low-intensity visible light of appropriate wavelength 

(λ) to match the PS absorption peak (λmax). The photophysical and photochemical processes 

proceed as illustrated by the Jablonski diagram in Figure 1. At first, the stable ground state PS 

(0PS) absorbs light energy to form the first excited singlet state (1PS) [69], [70]. This short-lived 

1PS then undergoes intersystem crossing forming the excited triplet state (3PS) that has a longer 

half-life and can survive long enough to chemically react with the surrounding environment. 

The triplet PS can return to the ground state (0PS) by emitting the absorbed energy as 

phosphorescence [71] or react with ambient molecular oxygen (O2), if present, to produce two 

types of photochemical reactions (type I and type II) [69], [70]. Type I reaction involves 

hydrogen or electron-transfer between 3PS and molecules at proximity (frequently O2) and 

result in the production of reactive oxygen species (ROS) which cause destruction of microbial 
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and cancer cells. These include superoxide radicals (O2
•−), hydrogen peroxide (H2O2), hydroxyl 

radicals (•OH) and hydroperoxyl radicals (HOO•). Type II reaction is an energy transfer 

mechanism involving electron spin exchange between the excited triplet state PS and ground 

triplet state oxygen (3O2). As a result, highly reactive singlet oxygen is generated which 

consequently reacts with the surrounding cellular components causing cell damage. It is 

claimed that type I and type II reactions occur simultaneously and the ratio of their occurrence 

is dependent on the type of the used PS and the microenvironment in which the photodynamic 

action is activated [12]. Both photochemical reactions produce ROS that cause oxidation of 

cellular biomolecules such as lipids, proteins and nucleic acids. In case of microbial cells, the 

greatest damage is inflicted on the cell membrane and outer envelope, if present. This leads to 

cell permeabilization and leakage of essential cellular components such as nucleic acids [69]. 

 
Figure 1: Jablonski diagram showing the photodynamic action and its respective pathways (Type I and II reactions) [72].  

1.2.3 Photosensitizers 

Photosensitizers (PSs) are chemical compounds, which, when excited by light energy, can 

absorb this energy and utilize it to induce photochemical reactions and consequently produce 

lethal toxic agents (reactive oxygen species (ROS)). In a cellular environment, these agents 

ultimately result in cell death and tissue destruction [73]. PSs are usually organic delocalized 

aromatic molecules composed of a central chromophore with auxiliary functional groups 

(auxochromes) which are responsible for further electron delocalization of the PS molecule, 

thus determining the absorption spectrum of the PS [74]. In fact, PSs can adopt various 

structures, but generally consist of polycyclic aromatic rings. Most clinically relevant PSs are 
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porphyrins or structurally modified members of the porphyrin family. Examples of different 

PSs and their molecular structures are shown in Figure 2. 

 

Figure 2: Examples of photosensitizers.They are generally composed of polycyclic aromatic rings but can take different 

structures [56]. 

1.2.3.1 Ideal PS properties 

The structures and characteristics of antimicrobial PSs have some features in common with 

anticancer PSs, but there are also major differences. In general, an ideal PS should, first, be a 

single, well-characterized compound, with known and constant composition, have short and 

high yielding synthetic route and simple and stable drug formulation. Second, it should possess 

strong absorption bands and high extinction coefficient (> 20,000 - 30,000 M−1cm−1) in the 

wavelength range 600 nm – 900 nm that ensures deeper tissue penetration by light which in 

turn reduces the light dose required to produce the therapeutic effect.  Third, the PS should have 

suitable photo-physical characteristics which include high quantum yield of triplet formation 

(ΦT ≥ 0.5); relatively long triplet state lifetime (τT in microsecond range); high triplet-state 

energy (≥ 94 KJ mol−1) and high singlet oxygen quantum yield (ΦΔ ≥ 0.5). Forth, it should have 

minimal dark toxicity and negligible cytotoxicity in absence of light and should preferentially 
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accumulate in diseased/target tissues over healthy tissues. For systemically administered PSs 

rapid clearance from the body is demanded to avoid prolonged post-treatment photosensitivity 

of patients [73], [75].  

Although the basic principles are similar and some common features are observed, the ideal 

structure between anticancer and antimicrobial PSs is very different. Anticancer PSs are usually 

expected to have long wavelength absorption bands in the far red/near-infrared range for good 

tissue penetration of the exciting light, whereas for antimicrobial PSs, this property is of 

secondary importance as PDT-treated infections tend to be rather superficial [59]. In addition, 

anticancer PSs tend to be hydrophobic with only slight or no overall positive or negative charge. 

[59]. For antimicrobial PSs, on the other hand, it is preferred that they have pronounced cationic 

charges, and in many cases the more charges the better especially for targeting Gram-negative 

bacteria [59]. The ideal PS for aPDT should favorably accumulate in, or associate with, bacteria 

than host mammalian cells [76]. PS binding to the bacterial cell and uptake are dependent on 

the bacterial species. Generally, several studies have suggested performing aPDT with cationic 

PSs, such as cationic phenothiazinium-, phthalocyanine-, and porphyrin derivatives, due to their 

significantly enhanced phototoxicity in both Gram-positive and Gram-negative species [12], 

[77], [78].  

1.2.3.2 Classification of PSs 

PSs are generally classified as first, second and third generation [79]. The first-generation PSs 

include Hematoporphyrin derivative (HpD) and its purified form Photofrin®. Second-

generation PSs has been developed since the late 1980s to overcome the disadvantages of the 

first generation HpD and Photofrin. Third generation PSs are particularly developed for 

oncological purposes and  refer to those second generation PS-conjugates coupled to carriers 

such as cholesterol, antibodies or liposomes for enhancing the selective accumulation and 

targeting within tumor tissues [80].  

1.2.3.2.1 First generation PSs 

The interest in PDT remarkably increased with the discovery and study of hematoporphyrin 

derivative (HpD) by Lipson and Schwartz in 1960 [58] and was further advanced by the 

pioneering studies in basic science and clinical application by Dougherty et al. [81]. In 1983, a 

partially purified form of HpD, commercially known as Photofrin (porfimer sodium; QLT, 

Vancouver, BC, Canada), was developed. Photofrin was the first PS to obtain regulatory 
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approval for treatment of numerous cancers in more than 40 countries, including approval by 

the Food and Drug Administration [FDA] in 1995 in the United States [71].  

Although the revolutionary Photofrin® proved to be effective against many types of cancer, it 

demonstrated some drawbacks as well, including sub-optimal tumor selectivity [82], little light 

absorption and poor light penetration into the tumor due to the relatively short wavelength 

absorption (630 nm) [83], and prolonged skin photosensitivity [84]. Moreover, the fact that it 

was a mixture of uncertain structure complicated its production [85]. Therefore, to overcome 

these limitations and enhance therapeutic efficiency, several strategies have been exploited for 

the development of second-generation PSs which are more tumor-selective, with fewer side 

effects and improved photo-physical properties.  

1.2.3.2.2 Second generation PSs 

Some second-generation PSs have recently been developed and were introduced in clinical 

trials. These were sought with new criteria that overcome the disadvantages shown by first 

generation PSs. These photosensitizers are single substances, have greater selectivity for tumor 

tissue and absorption bands at a longer wavelength range (675 nm - 800 nm). These new 

properties allow simplicity of characterization and ease of reproduction, deeper light 

penetration into target tissues and, thus, enhanced therapeutic activity [86]. Figure 3 shows the 

basic structures of some common classes of second-generation PSs and their absorption spectra 

in comparison to the first-generation porphyrin structure, all of which having strong absorption 

at longer wavelengths compared to HpD and Photofrin (650 to - 800 nm) [87]. Most of the 

second generation PSs are cyclic tetrapyrroles, including substituted derivatives of porphyrin, 

chlorin, bacteriochlorin and phthalocyanine [59]. However, some other compounds that have 

been investigated as PSs are non-tetrapyrrole synthetic dyes such as toluidine blue O (TBO), 

methylene blue (MB) and rose bengal (RB) [59]. So far, these compounds have been chiefly 

studied as antimicrobial PSs rather than as anticancer [43].  
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Figure 3: Tetrapyrrole structures and absorption spectra showing porphyrins, chlorins, bacteriochlorins and phthalocyanines. 

As pyrrole-ring double bonds are successively reduced starting in porphyrins and going to chlorins and bacteriochlorins, the 

Q-band moves to longer wavelengths and increases in size [88]. 

1.2.3.3 Toluidine blue O  

The PS of choice in the present study is toluidine blue O (TBO), also known as tolonium 

chloride. TBO is a cationic planar aromatic phenothiazinium metachromatic dye (Figure 4) with 

high affinity for, thereby selectively staining, acidic tissue components such as sulfates, 

carboxylates, and phosphate radicals [89]. In other words, TBO has high affinity for nucleic 

acids, and therefore binds to nuclear material of tissues with high DNA and RNA content [90], 

[91].  

 

Figure 4: Chemical structure of Toluidine blue O (TBO), the photosensitizer used in the present study [92]. 
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The physico-chemical, photo-physical and photo-chemical properties of this dye made it 

suitable for numerous research and medical applications. For instance, its partial solubility in 

both water and alcohol facilitates its utilization as a staining solution [93]. As a metachromatic 

dye, TBO has been extensively used as a vital stain for mucosal lesions and tissue sections to 

specifically stain certain components such as mast cells granules, mucins and cartilage [91]. It 

has also been used in-vivo in the diagnosis of dysplasia and carcinoma of the oral cavity [91]. 

In addition, TBO is used in surgical identification at reasonably high concentrations (normally 

1% w/v) without causing human toxicity [52], [94]. 

Regarding its use as a PS, TBO has been widely studied for mainly antimicrobial applications 

(aPDT) [64], [95]–[98] and less commonly for cancer therapy [59]. In terms of aPDT, TBO, 

has been widely studied for inactivation of pathogenic microorganisms [64], [95], [96], [99]–

[101]. It has been shown that the planar aromatic TBO molecules intercalate with DNA and 

partition into membrane lipids and are able to induce photodamage at each location [52], [102], 

[103]. Clearly, this suggests that to exert its antimicrobial action, TBO could either target the 

membrane and/or pass through the membrane to attack intracellular targets [100]. In addition, 

its maximum absorption wavelength (λmax) at 630 nm (Figure 5), singlet oxygen quantum yield 

(~ 0.86) [100] and hydrophilic properties facilitate its passage across the bacterial membrane 

and renders it effective in inactivating both Gram-positive and Gram-negative bacteria after 

light activation [104]. Earlier, it has also been reported that TBO binds to different structural 

components in Gram-positive and Gram-negative bacteria. In Gram-positive bacteria, TBO 

attaches to the teichuronic acid residues of the outer wall, while, in Gram-negative bacteria, it 

predominantly adheres to lipopolysaccharides (LPS) present in the outer cell envelope [104]. 

An important advantage offered by TBO is that the light dose required to kill bacteria treated 

with TBO is far lower than that causing toxicity in cultured human keratinocytes and 

fibroblasts, as shown in several studies [52], [105].  
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Figure 5: Absorption spectrum of toluidine blue O (TBO) in ethanol with maximum absorption wavelength (λmax) at 630 nm 

[106]. 

1.2.4 Light sources for PDT 

To be suitable for PDT applications, light sources should match the activation spectrum of the 

applied PS, generate enough power at this wavelength, and deliver this power to the target tissue 

with high efficiency and patient tolerability. Typically, one to five Watts of usable power are 

required in the 630 – 850 nm range at irradiances of several hundred mW/cm2 for treatments 

with tens of minutes light exposure. In addition, the light sources must show clinical reliability 

and be cost-effective [107], [108].  

So far, different laser devices (argon-, diode-, or neodymium-doped: yttrium, aluminum and 

garnet [Nd:YAG] lasers) and non-laser light generators (halogen lamps and light-emitting diode 

[LEDs]) have been utilized for photodynamic protocols [109]. Since each has advantages and 

disadvantages, the choice of the optimum light source is determined by several factors such as 

the target tissue to be treated and PS used. 

1.2.4.1 Lasers 

Historically argon lasers and metal vapor lasers were the original choice for PDT. These lasers 

demonstrated several characteristics such as high output power, the possibility of pumping dye 

lasers that would in turn give access to the excitation spectrum of porphyrins and easy coupling 

to optical fibers for use with endoscopes. Despite their inconvenient bulkiness, these large laser 

systems were the laborers of PDT protocols. They provided the power output and flexibility 
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that was required for the initial studies that involved single or multiple fiber optics with varying 

output for the prescribed optimum dosimetry [108].  

However, several drawbacks have limited the use of lasers as light sources for PDT afterwards.  

Firstly, their monochromaticity limited their suitability for photosensitizers with different 

maximum absorption peaks [110]. With the outburst of numerous second-generation PSs that 

needed to be tested it seems unrealistic to possess a matching laser system for each PS. In 

addition, the high costs of these lasers, heavy weight and immobility as well as the required 

high level of technical support and sometimes the long warm-up and cool-down periods, 

rendered them pretty impractical in the clinical framework [108], [110], [111]. 

1.2.4.2 Light emitting diodes (LEDs) 

In the past decade the evolution of LEDs has greatly advanced so that their medical use in PDT 

was made possible. LEDs offer several advantages for clinical and laboratory use. For instance, 

they offer a wide range of wavelength activation spectra from Ultraviolet A (UVA) at 350 nm 

to near infrared (NIR) at 1100 nm with a bandwidth of 5 - 10 nm and a power output that can 

deliver up to 150 mW/cm2 over an area of around 20 cm2. Although their somewhat low power 

output could still be a limitation in their widespread use for PDT, further improvements in LED 

technology could improve this facet. Two major advantages that favor the use of LEDs are their 

cost and versatility. Compared with lasers and lamps, LEDs are cheap, therefore can be 

organized in arrays to treat large areas [108]. In addition, their light weight, easy handling, low 

thermal component and long lifetime allows their use in clinics and research laboratories  [108], 

[111], [112]. Blue LEDs, for example, are extensively used in dentistry for tooth whitening and 

light curing of composite resins [112]. One disadvantage of LEDs, however, is the yet restricted 

emission wavelength spectrum with narrow bandwidth [109]. 

1.2.4.3 Filtered broad-band Lamps  

Particularly in clinical settings, several PDT approaches now use filtered output high power 

broad-band lamps. Examples include Tungsten-, metal halide-, Xenon arc- and fluorescent 

lamps. These lamps come with various benefits that favor their use in PDT. The general 

maintenance of these portable and easy to use lamps is normally easier and cheaper than for 

lasers. The ability to deliver light over a large area and the feasibility to be coupled to large 

cross-section light guides makes them suitable for the treatment of large superficial lesions and 

thus for multiple dermatological applications. Broad-band lamps also emit a much broader 

spectral emission compared to lasers and LEDs, hence the given name broad-band. This broad 
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emission spectrum allows the activation of numerous PSs with different maximum wavelengths 

using the same lamp. However, because of this broad emission spectrum, a combination of 

narrow-band, long-pass and short-pass filters are often required to match the output light to the 

used PS by selecting the irradiation wavelength within 10 nm, help to cut high-power ultraviolet 

(UV) radiation associated with the lamp output and to cut infrared (IR) emission from the 

filament which could cause heating of the treated area and may also damage the optics of the 

lamp [108]. Although the combination of PDT and hyperthermia (due to IR radiation) has been 

suggested [113], hyperthermia is associated with higher levels of pain in skin and, therefore, is 

avoided. In dermatology this tissue overheating induced by broad-band lamps is considered a 

major disadvantage [108], [109]. 

 However, in a recent review, the current literature regarding the health-associated effects of 

infrared-A (IRA) which makes up 40% of sunlight was summarized [114]. The authors 

concluded that controlled doses of IRA protect the skin against the ionizing effects of ultraviolet 

light (UV). This background led to the development of a broad-band light source for aPDT 

consisting of visible light wavelengths (VIS) with water-filtered infrared-A wavelengths 

(wIRA). The combination of VIS and wIRA has shown promising results especially in 

dermatology due to diverse therapeutic benefits [115]–[117].  In addition, VIS-wIRA light 

sources are portable, cheap and highly flexible (through color filters) in terms of the 

photosensitizers used [107]. The VIS-wIRA irradiation concept and related light sources will 

be discussed in detail in the next section (1.3). 

1.2.5 Advantages and applications of aPDT   

Generally speaking, PDT, as an anticancer or antimicrobial approach, is a platform technology 

that offers a wide spectrum of potential medical applications and several advantages. First, the 

procedures are minimally invasive and can be repeated without inducing significant 

hypersensitivity or resistance due to the low systemic toxicity and the multiple mechanisms of 

biological effect, respectively. It is also regarded as a highly portable and relatively inexpensive 

treatment. In addition, rapid therapeutic effects can be obtained after few treatments and the 

procedure can be applied as a curative or palliative procedure, or to prevent, stop or slow disease 

progression [110].  

aPDT in particular has proved to be effective not only against a wide range of bacteria, but also 

against fungi, virus and parasites. aPDT can destroy biofilms, inactivate virulence factors and 

antibiotic-resistant strains and can be conducted topically without inducing systemic toxicity or 

microbial resistance [49], [110].  
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aPDT has several advantages over antibiotics [12], [118], [119]. The first important advantage 

is that aPDT is considered three-times site-specific due to the preferential association or uptake 

of the PS by the target cells versus non-target cells, the pharmacodynamic inertia of non-

irradiated PS and the localized irradiation of the infected area. Consequently, systemic toxicity 

outside the irradiated zone is generally absent. Another paramount advantage of aPDT over 

antibiotics is that, so far, repeated treatment did not lead to the development of resistant strains 

[119]. This has been attributed to several reasons. First, the time between PS administration and 

light irradiation is too short for bacteria to develop resistance. Second, PSs normally exhibit no 

dark toxicity, therefore, bacteria do not have to develop adaptive survival mechanisms against 

PSs. It is also difficult for bacteria to recognize that the aPDT-induced oxidative damage arises 

from the otherwise non-toxic PS, so any metabolic adaptations are directed elsewhere such as 

antioxidant defense mechanism. Third, after irradiation the bacterial cells are too damaged that 

they are unable to achieve cross-generation adaptivity. Lastly, unlike conventional antibiotics 

which act on a specific bacterial target (key-hole approach), aPDT is a multiple-target-based 

approach. The ROS generated target various bacterial cell structures and different metabolic 

pathways which makes it difficult for bacteria to develop antagonizing mechanisms [118]. 

These reasons explain the boundless potential of aPDT in combatting resistant strains in a 

minimally invasive, clinically favorable and patient-tolerable form.  

Numerous in-vitro and in-vivo studies confirmed the efficacy of aPDT against a wide variety 

of pathogens [12], [64]–[66] which renders it a promising alternative treatment for localized 

infectious diseases such as bacterial keratitis, Otitis media, Sinusitis, localized tuberculosis, 

necrotizing fasciitis, intra-abdominal abscess, bacterial cystitis, gastric Helicobacter pylori, 

leishmaniasis and fungal infections [54]. 

In dentistry, aPDT is most commonly employed due to easy access to the infection site. aPDT 

is considered an ideal alternative treatment in cases of tooth decay and periodontitis, localized 

dental infections and in infected root canal treatment. Moreover, aPDT has been suggested as a 

concomitant procedure after standard endodontic treatment [12], [54], [67]. 

Following the developments in clinical oral diseases, aPDT is extensively becoming a well-

known modality in dermatology for the treatment of infected skin wounds and burns, chronic 

leg ulcers, soft tissue infections as well as acne [51], [54], [68], [120], [121]. Furthermore, 

aPDT is employed in the clinical management of diabetic foot, which, without effective 

treatment, usually causes sizeable infection-related complications in diabetic patients [122]. 

Chronic and relentless inflammation is the sign of most chronic wounds, which are, in addition, 
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often contaminated by numerous microorganisms, delaying healing. In this context, aPDT acts 

in several stages of the healing process and tends to accelerate tissue repair and promote healing 

[123], [124]. It acts by stimulating acute inflammation, which in turn disturbs the physiological 

process of the chronic wound, thus promoting healing [125]. In addition, aPDT stimulates 

fibroblasts proliferation and, consequently, production of collagen and elastin. Furthermore, it 

reduces clinical signs of inflammation and seems to improve re-epithelialization [125], [126].  

Besides the curative anticipation of aPDT, it tends to have  immunomodulatory effects [125]. 

Huang et al. reviewed the promising preventative effects of aPDT using Photofrin. They 

suggested that aPDT can stimulate a host immune response, even when applied before the 

incidence of infections, which may contribute to the prevention and treatment of bacterial 

arthritis. Subsequently, prophylactic immunomodulation could be the novel field employed to 

control infections by preemptively boosting the host’s immune system [127]. 

1.3 Water-filtered infrared A (wIRA) 

As mentioned in section 1.2.4.3, VIS-wIRA light sources are being recently considered for PS 

photoactivation in aPDT treatment protocols due to the additional benefits provided by the 

wIRA irradiation of their emission spectrum [114], [115], [117] 

1.3.1 Infrared filtration: Principle  

In moderate climatic zones, the perception of sun’s heat (mainly caused by infrared radiation 

[IR]) is considered a pleasant experience since the IR radiation from the sun is filtered by water 

vapor in the earth’s atmosphere, thus rendering the suns heat gentle and tolerable (Figure 6) 

[117], [128]. In contrast, the sun in the desert is stinging and burning, as the water vapor in the 

earth’s atmosphere is missing. This atmospheric water vapor filter effect decreases those parts 

of IR which, by reacting with skin water molecules, would cause a thermal load to the skin 

surface, felt as pain. The filtered IR parts are demonstrated in figure 6 and include most parts 

of infrared B (IRB, 1400 nm - 3000 nm)  and infrared C (IRC, 3000 nm - 1000 µm ) and 

particular wavelengths in the infrared A (IRA) region corresponding to absorption bands of 

water (970 nm, 1200 nm, and 1430 nm) [117], [128], [129].  The remaining unabsorbed part of 

the IRA spectrum is then called water-filtered infrared A (abbreviated wIRA). 
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Figure 6: Solar radiation spectrum. This graph shows the radiation spectrum for direct light at the top of Earth´s atmosphere 

(yellow) and at sea level (red). The sun produces light with a distribution like that expected from a 5250°C blackbody (gray), 

which is approximately the temperature of the sun´s surface. As light passes through the atmosphere, some is absorbed by gases 

with specific absorption bands (blue). These curves are based on the American Society for Testing and Materials Terrestrial 

Reference Spectra, which are standards adopted by the photovoltaic industry to ensure consistent test conditions and are similar 

to the light levels expected in North America. Regions for UV, visible and NIR are indicated [130].  

Technically, wIRA is produced by special radiators, in which the whole incoherent broad-band 

emission spectrum of a 3000 Kelvin halogen bulb is passed through a hermetically sealed 

cuvette, containing water, which absorbs or reduces the mentioned undesired wavelengths 

within the infrared region of the spectrum (IRB, IRC and certain IRA bands) while allowing 

other parts of the light radiation to pass though [117], [128], [129]. The resulting spectrum is 

then composed of visible light (VIS) and wIRA. An example of the resulting spectrum from 

one such VIS-wIRA radiator is shown in Figure 7. Accordingly, the remaining wIRA radiation 

(within 780-1400 nm) mainly consists of wavelengths with good tissue penetration properties 

and therefore allow, unlike unfiltered radiation from conventional bulbs with large doses of 

IRB and IRC, multiple energy transfer into tissues without causing thermal load and thus not 

irritating the skin (high energy transfer with limited temperature increase). This effect is similar 

to the sun’s heat in moderate climatic zones [117], [128], [129].  
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Figure 7: Comparison of the spectra of the sun at sea level and of a water-filtered infrared-A radiator. Spectral solar irradiance 

at sea level (with the sun at the zenith and for a mean Earth-sun separation) and spectral irradiance of a water-filtered infrared-

A radiator (Hydrosun® radiator 501 with 10 mm water cuvette and orange filter OG590) at approximately 210 mW/cm² (= 2.1 

x 10³ W/m²) total irradiance. The spectrum of the sun at sea level includes ultraviolet radiation (UV, <400 nm), visible light 

(VIS, 380-780 nm), and infrared radiation (IR, >780 nm). The spectrum of the water-filtered infrared-A radiator includes only 

visible light (VIS) and infrared radiation (IR); the visible part depends on the used color filter; the wIRA radiator does not emit 

ultraviolet radiation (UV). The intense water absorption bands around 0.96 μm, 1.19 μm, between 1.4 μm and 1.55 μm as well 

as over 1.8 μm are clearly visible [117]. 

Based on their water-filtering feature, typical VIS-wIRA radiators emit nearly no IRB or IRC 

and show decreased irradiances at the absorption bands of water within IRA as mentioned 

above. In contrast to the sun, such radiators emit no ultraviolet (UV) rays and the amount of 

wIRA radiation versus VIS light (VIS, 380-780 nm) can be accentuated (to approximately 75% 

of the emitted radiation) by further VIS light filtration using special color filters. Consequently, 

the high penetration properties of wIRA and its low thermal load on the surface of the skin 

constituted the basis of the medical applications wIRA due to its ability to substantially improve 

even energy-related specific factors of tissue metabolism, especially in regeneration or impaired 

conditions like wounds. In contrast to other unfiltered infrared or broad-band radiation sources, 

wIRA causes no skin irritation, burning or discomfort, assuming the appropriate dose is applied. 

Within the wIRA emission spectra, therapeutic effects have been described both in vitro and in 

vivo, particularly for the energy-rich wavelengths close to the visible light (approximately 780- 

1000 nm) which seem to represent the crucial part within wIRA spectrum in the clinical practice 

[117], [131]. For special purposes, like aPDT, the filtering of VIS light can be adapted using 

special filters that might emphasize or depress the amount of VIS light emitted [117], [132]. 
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1.3.2 Mechanisms of action of wIRA 

The therapeutic effects of wIRA are based on its thermal effects (relying on transfer of heat 

energy) and thermic effects (temperature-dependent effects, occurring together with 

temperature changes) as well as on non-thermal and temperature-independent effects [115], 

[133]–[135]. Clinically, the thermal effects of wIRA, manifested in the subtle increase in tissue 

temperature, oxygen partial pressure and perfusion, have been reported [115], [133]–[135]. This 

observed energy and oxygen boost in the tissues provides a possible explanation for the 

remarkable clinical effects of wIRA in improving wounds and wound infections [117], [129], 

[132], [133], [136]. 

Besides its thermal and thermic effects, wIRA exhibits non-thermal and non-thermic effects 

which occur with no significant change in tissue temperature. These effects are rather based on 

stimulating cells and cellular structures as a direct radiation effect. Numerous constructive 

reactions of cells exposed to wIRA have been reported such as target oriented growth of surface 

extensions [117], [137], activation of cytochrome c oxidase [117], [138], target oriented growth 

of neurons [117], [139], stimulation of wound repair [140] as well as wIRA-mediated cell 

protective effects [117].  

Apart from its temperature-dependent and -independent effects, tissue irradiation with a VIS-

wIRA radiator presumably acts on endogenous photosensitive molecules such as 

protoporphyrin IX in human tissues or in bacteria and induces a mild photodynamic effect. This 

endogenous PDT-like effect could improve cell regeneration and wound healing and to exert 

some antibacterial effects [115], [129], [132]. This assumption is supported by current 

publications which describe the effective photo-inactivation of bacteria only by irradiation of 

the endogenously formed and accumulated porphyrins using blue violet light of 405 nm, 

corresponding to an absorption band of protoporphyrin IX [141], [142] or 420 nm, which 

showed a phototoxic effect by targeting the porphyrin metabolism of Propionibacterium acnes 

[143]. This endogenous PDT-like effect might explain the clinically remarkable effects of VIS-

wIRA irradiation on wounds considering both healing and infection. It seems conceivable that 

a topically applied photosensitizer could further augment the PDT effect. In other words, we 

can assume that using a VIS-wIRA radiator would amplify the photodynamic effect of an 

exogenously applied PS. 
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1.3.3 Advantages of wIRA  

wIRA presents several technical and clinical advantages for aPDT especially in the field of 

wound management. Technically, wIRA provides an innovative contact-free, clean procedure 

that can be easily applied with low material and time expenditure for both personnel and 

patients. The ease of operating, relatively low technical requirements and ideal dosing 

possibilities, through controlling the distance from radiator, renders it a practical option in 

clinical settings. In addition, absence of skin irritation and the relative freedom of motion during 

treatment makes it well tolerated by patients [117]. 

Clinically, wIRA demonstrated remarkable advantages for promoting healing of chronic 

wounds. Based on numerous clinical studies, treatment with wIRA brought about diverse 

improvements to the treated wounds such as reduction of pain, inflammation, and 

hypersecretion as well as positive immunomodulatory effects. The wIRA-induced pain 

reduction is of clinical importance due to the accompanying positive consequences for patients 

which include remarkably less need for analgesics due to reduced pain and subsequently fewer 

side-effects of analgesics. wIRA treated wounds also manifested faster shrinking of wound area, 

better cosmesis and lower rate of wound infections [115]–[117]. 

In addition, wIRA can act as a contact-free penetration enhancer. Since most topically applied 

compounds are mainly hydrophilic, wIRA can enhance penetration of these compounds before 

or after their topical application with broad clinical relevance as an alternative to occlusive 

dressings [134]. Moreover, in combination with VIS light, wIRA can  amplify the 

photodynamic effect [129], [144], [145]. It is suggested that an aPDT light source emitting both 

VIS light with wIRA delivers broad-band light which could be used with different PSs, 

amplifies the photodynamic effect through the wIRA-induced mild endogenous PDT-like effect 

and benefit from the additional clinical advantages of wIRA [146].  

1.3.4 The Hydrosun® VIS-wIRA radiator 505 

For the present study, a broad-band VIS-wIRA radiator (Hydrosun® 505 FP) with a 7 mm water 

cuvette as hydro-filter was used. According to supplier information, the device is classified as 

a class IIa active medical device. The continuous water-filtered spectrum (Figure 8) covers the 

whole visible region (380 nm - 780 nm) and IRA region (780 nm -1400 nm) with local minima 

at 970 nm, 1200 nm, and 1430 nm, due to absorption by water molecules [147]. The Hydrosun 

radiator allows optimum light absorption by TBO which, in saline solution, has an absorption 

maxima (λmax) at 632 nm.  
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Figure 8: Spectral emission of the VIS-wIRA radiator used in this study (Hydrosun® 505 FP) without color filter. The 

continuous water-filtered spectrum covers the whole visible region (380 nm - 780 nm) and IRA region (780 nm -1400 nm) with 

local minima at 970 nm, 1200 nm, and 1430 nm, due to absorption by water molecules. (Courtesy of the author: Dr. rer. Nat. 

Helmut Piazena, Charité - Berlin). 

A cross-section of the radiator is illustrated in figure 9. The radiator is composed of the 

irradiation source, a halogen lamp (USHIO HPL 575/230X+), which is enclosed inside a 

cylindrical casing. The front side of the casing ends with the filter cuvette with 7 mm of 

hermetically sealed water and an optional color filter. A parabolic reflector encloses the halogen 

lamp and ensures uniform beam focusing of the light source. For that reason, the reflector has 

a pebbled surface structure to convert the manifold of reflection into homogenous illumination 

with balanced light intensity and heating effect. To prevent the water from boiling, a cooling 

fan at the back end of the radiator draws the generated heat from the casing and the water cuvette 

and expels it outwards through the cooling ribs fixed at its back side. The radiator is equipped 

with a timer knob to control treatment duration [148].  
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Figure 9: Cross-section of the VIS-wIRA radiator (Hydrosun®).The whole incoherent broad-band radiation of a 3000 Kelvin 

halogen bulb is passed through a cuvette containing water which absorbs or decreases the undesired wavelengths within infrared 

(most parts of IRB and IRC and the absorption bands for water within IRA). The water is hermetically sealed within the cuvette. 

A fan provides air cooling of the cuvette to prevent water from boiling [117]. 

1.4 Cold atmospheric pressure plasma (CAP) 

1.4.1 Plasma physics and history 

Plasma is considered the fourth state of matter as others being solid, liquid and gas. The 

occurrence of plasma was first described in 1879 by the English physicist, Sir William Crookes 

[149]. Afterwards in 1929, ionized gas was given the term “plasma” by Dr. Irving Langmuir, 

an American chemist and physicist [150], [151]. In our universe, plasma is the most abundant 

state of all detectable matter. Stellar wind and the sun are examples of plasma in the outer space, 

whereas lightning and northern lights are examples of plasma on earth [151].  

From a scientific point of view, ionization signifies that at least one electron is not bound to its 

atom or molecule, consequently transforming these atoms or molecules into positively charged 

ions. Based on this explication, plasma is defined as an ionized gas that contains as many 

negatively charged particles as positively charged ones. In other words, it is quasi-neutral since 

the concentration of positive ions and electrons and negative ions are well balanced. Non 

ionized atoms or molecules can also exist and the proportion of ions to atoms is called the 

degree of ionization. The term ionization energy, or ionization potential, defines the amount of 

energy required to remove a single electron from a single atom or molecule. In order to produce 

plasma (i.e. ionized gas) very high temperatures or high energy output must be applied [151]. 

Plasma can be generated by discharges in air, noble gases, or any desired mixture. They can be 

excited by various means, including radio frequency, microwave frequencies and high voltage 
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AC or DC, in continuous or pulsed mode [152]. The generated plasma can be either hot 

(thermal) plasma or cold (non-thermal or low-temperature) plasma, depending on the relative 

temperatures of the constituting electrons, ions and neutral gas [151], [153], [154]. 

In hot plasmas the generated electrons, ions and neutral molecules have the same temperature, 

i.e. they are in equilibrium with themselves and their surroundings. On the other hand, ions and 

uncharged molecules in cold plasmas have much lower temperatures than electrons, i.e. non-

equilibrium. Hence the designation “cold” is denoted because the carrier gas (e.g. argon, 

helium, air, etc.) is only partially ionized which allows extremely rapid cooling of ions to room 

temperature, which takes only fractions of a second [153], [154].  

1.4.2 Plasma medicine 

Earlier, only thermal plasmas were employed for numerous applications such as tissue removal, 

cauterization, sterilization of heat-resistant instruments, packaging in food industry, implants, 

or blood coagulation [47]. This is due to their high bactericidal effectiveness, rapid and effective 

action and the ability to penetrate the smallest openings and hollow spaces [47], [48]. Recently, 

the rapid progress in the development of new plasma sources has enabled the generation of cold 

plasma in open air under atmospheric pressure and at almost room temperature, hence the name 

cold atmospheric plasma (CAP). The production of CAP has allowed for the direct contact 

between generated plasma and living tissues without causing thermal damage and therefore 

gained special attention in the medical field with rapidly developing new medical scope called 

plasma medicine [48], [155], [156].  This interdisciplinary research field includes diverse 

subjects such as physics, for exploring fundamental CAP physics; chemistry, for studying 

optimum and individual CAP composition; microbiology, to investigate CAP interactions with 

bacteria, viruses, spores and fungi; cell-biology, to study CAP interaction with prokaryotic and 

eukaryotic cells, cell structures such as cell membranes, DNA, lipid and protein molecules, and 

subsequent studies on plant, animal and human tissue and finally medicine, to investigate CAP 

effects on patients [48], [156]. The generated CAP initiates diverse reactions in exposed tissues 

without damaging surrounding healthy tissue, which allowed its introduction in several medical 

fields such as dentistry, oncology and dermatology (ref needed). The various components of 

plasma such as e. g reactive oxygen or nitrogen species, charged particles, electric fields and 

even UV light are responsible for these effects [48], [156]. 
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1.4.3 Plasma composition and mechanism of action  

CAP is chemically composed of a complex mixture of diverse components such as electrons, 

positive and negative ions, reactive oxygen and nitrogen species (ROS, RNS), stable conversion 

products such as ozone, excited atoms and molecules as well as UV radiation, visible light and 

electric fields (Figure 10) [157]–[159]. The reactive oxygen species (ROS) include atomic 

oxygen O, singlet oxygen 1O2, superoxide anion O−2 and ozone O3; whereas reactive nitrogen 

species (RNS) include atomic nitrogen N, excited nitrogen N2 and nitric oxide NO•. If water 

vapor is present other reactive species such as H2O
+, OH− anion, •OH radical or H2O2 are also 

generated [157], [160].  

 

Figure 10: The various components of cold atmospheric pressure plasma(CAP). This “plasma cocktail” is responsible for the 

therapeutic CAP effects [161]. 

The exact mechanisms of CAP-induced microbial inactivation are not yet fully understood, but 

according to current knowledge, the diverse components in this “plasma cocktail” tend to 

contribute, independently or in synergy, to the overall plasma effect [47], [48], [162], [163]. 

Among the ROS, ozone, atomic oxygen, singlet oxygen, superoxide, peroxide, and hydroxyl 

radicals, tend to play an important role in CAP-induced microbial inactivation. These are 

generated in oxygen-containing gases and are considered the main effective species, due to their 

relatively long half-life and their strong antimicrobial effects [164]. Most bacteria, especially, 

anaerobes tend to be very sensitive to ROS [158]. The diffusion of oxygen species and radicals 

through bacterial cell wall causes local damage possibly due to cytoplasmic membrane 

peroxidation, protein (enzymes) inactivation and DNA cleavage [165]. In addition, reactive 

nitrogen species (RNS) proved to be highly toxic and can lead to cell death by increasing DNA 

damage [166]. 

Another significant mechanism of bacterial destruction by CAP is mechanical disruption of 

bacterial cell membrane caused by charged particles, electrons and ions in the CAP mixture.  

This effect is one of the most distinguishing features of direct plasma treatment where a 
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significant flux of these charges reaches the surface of the living tissue [162], [167]. It is 

demonstrated that direct CAP treatment, mediated by additional direct contact between bacteria 

and charged particles, leads to more rapid inactivation than indirect treatment, where plasma 

afterglow is delivered to bacteria by gas flow passing through the plasma region [167]. With 

direct contact between CAP and bacterial cells, charged particles could accumulate on the 

surface of the latter and cause electrostatic stress or break chemical bonds. This, in turn, induces 

morphological changes in bacterial cell membrane such as erosion through etching, formation 

of membrane lesions and perforations and cell shrinkage which consequently enhances the 

diffusion of secondary reactive species and plasma toxic compounds inside the cell [50], [165], 

[168]. In addition, it is suggested that the erosion effect resulting from chemical bonds cleavage 

can lead to the collapse of microbial support structures such as biofilms [168].  

Direct effects of UV radiation include modifications of DNA and macromolecules. 

Furthermore, it is suggested that UV radiation induces the release of intracellular ROS, which 

in turn cause oxidative degradation of lipids (lipid peroxidation)  and oxidative DNA damage 

[47]. 

The significant parameters of medical plasmas include temperature, density of generated 

electrons and ions, UV and IR irradiation, free radicals’ concentration, temperature of the 

neutral gas, gas composition and gas flow. Crucial for the plasma action is, however, the flow 

of charged components (electrons and ions, e. g. Ar+, He+) and uncharged entities (such as O3, 

OH, H2O2, NO radicals etc.). A considerable advantage of CAP is the possibility to tune the 

chemical composition, concentration of reactive components and hence its efficacy depending 

on the desired effect [153], [154]. This can be achieved by accustoming the device design, 

system set up and operating parameters, such as gas composition, flow rate, moisture, 

temperature, voltage and frequency, as well as distance between CAP electrode and biological 

sample and CAP treatment time [151], [162], [163]. 

However, in clinical applications, patient’s safety comes first. Therefore, strict evaluation of 

potential risks of respective plasma devices must be conducted before deploying them for use. 

Possible risk factors include electric current, tissue damage due to thermal load, intensity of UV 

emission, optimum duration and intensity of exposure and gas composition [48]. For 

environmental, biological and biomedical applications dielectric barrier discharge (DBD) and 

plasma jet are the two most frequently used forms of CAP generating devices. This is mainly 

due to their simple design and ease of reconfiguration to suit many types of targets and treatment 

requirements [157]. 
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1.4.4 Types of CAP devices 

The application of strong electromagnetic field that induces ionization to a neutral gas is the 

most commonly used method of generating CAP [157]. Currently, several CAP devices with 

various designations are in use. For biomedical applications, CAP can be classified into three 

main groups according to their characteristics and mode of generation, namely direct, indirect 

and hybrid plasma [151]. The characteristics of each type of plasma are summarized in table 1. 

In direct plasmas the tissue or skin itself serves as a counter electrode so that in this form current 

flows through the body and the plasma discharge is produced between the electrode and the 

sample [159]. A common system set up that generates this type of plasma is the dielectric barrier 

discharge (DBD) [167]. The term barrier discharge is designated because the electrodes are 

separated by a non-conducting layer (barrier). Plasma discharges are then generated in the form 

of numerous small micro-discharges of about 100 nanoseconds duration, from the barrier to the 

counter electrode. Accordingly, an almost homogeneous sheet of discharges is formed between 

the two electrodes, given that the distances to the opposite electrode are exactly equal. 

Generally, the separation between the plasma device and the treated tissue or sample is 1 mm 

[48], [169]. 

The DBD configuration is advantageous as it provides higher plasma density and strong electric 

fields at the surface of treated object as plasma is produced just above the sample [170]. Usually, 

ambient air is used for plasma production and UV emission is rather low. Another advantage 

of DBD devices is that they provide a wide range of medical and industrial applications and 

studies, through flexibility regarding electrode shape and size, type of dielectric material used 

and the relatively simple scaling-up for industrial purposes [171]. 

A typical example of a DBD device is the Floating Electrode Dielectric Barrier Discharge (FE-

DBD) established and tested by Fridman et al. [159]. Studies using FE-DBD device reported 

bacterial death of E.coli due to membrane lipid peroxidation [164], and apoptosis induction of 

melanoma cells [172]. Another DBD device (CINOGY GmbH, Duderstadt, Germany) was 

described and extensively tested by Daeschlein et. al. [46] who demonstrated antimicrobial 

effects of the tested device against bacterial, fungal and parasitic burden in vitro and in vivo 

[46], [173]–[175]. 

Unlike direct plasma, indirect plasma is generated between two electrodes and then carried to 

the target area by gas flow. Frequently a noble gas, such as helium or argon, is used as carrier 

gas for plasma production and reactive species are produced by mixing with ambient air. 
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Several indirect plasma devices are available ranging from small plasma needles and plasma 

jets to larger plasma torches [169], [176]. Most devices of this type produce thin plasma jets 

with beam diameters in mm range. However, larger surfaces can be simultaneously treated by 

joining many such jets or by using multielectrode systems. One important advantage of this 

type of plasma generation is that the distance between the device and the skin is somehow 

variable, since skin is not required as a plasma electrode which considerably simplifies plasma 

application on patients [48], [169], [177], [178]. A widely tested and used example of a plasma 

jet device is the plasma pen (kINPen® 09, neoplastool, Greifswald, Germany). Several research 

groups have demonstrated the efficacy of the device against different antibiotic-sensitive and 

antibiotic-resistant bacteria, as well as fungal and parasitic species in vitro and in vivo [46], 

[173]–[175], [179], [180]. The kINPen® 09 also acquired the CE marking, by fulfilling EU 

consumer safety, health and environmental requirements [176]. 

Hybrid plasmas, or barrier coronal discharges, combine techniques of both direct and indirect 

plasma generation. They are produced in a similar way as direct plasmas, but due to introducing 

a grounded wire mesh electrode, which has much smaller electrical resistance than skin, all the 

current passes through the wire mesh and no current flows through the tissue anymore, a feature 

of indirect plasma. In contrast to direct plasma DBD devices, the air separation is absent 

between barrier and counter electrode which must be structured (e. g. mesh). As a result, the 

micro-discharges occur parallel to the dielectric barrier surface, hence the designated name 

surface micro-discharge (SMD) electrodes [48], [169], [181].  
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Table 1: Characteristics of different cold atmospheric-pressure plasmas (CAP) relevant for biomedical applications 

(modified after [151]). 

 Direct plasmas Indirect plasmas Hybrid plasmas 

Technical examples 

Dielectric barrier 

discharge (DBD)(e.g. 

TEFRA STIVel®, 

PlasmaDerm®),  

floating electrode DBD 

(FE-DBD) 

Plasma needle,  

plasma jet (e.g. 

kINPen®), plasma torch 

Surface micro-discharge 

(SMD), 

barrier coronal 

discharges 

Mode of production and 

properties 

Sample to be treated 

functions as electrode, 

current flows through 

sample 

Plasma produced 

between two electrodes 

and transported to 

sample via gas flow 

Mode of production of 

direct plasmas with 

properties of indirect 

plasmas: Due to 

grounded electrode net 

no current flows through 

sample 

Gas Ambient air Noble gas or ambient air Ambient air 

Gas temperature Room temperature Hot at efflux site Room temperature 

Distance between 

plasma electrode and 

sample 

~ mm ~ mm - cm ~ mm 

UV radiation Relatively weak Relatively high Relatively weak 

Plasma density on the 

treated sample 
High 

Low (strongly depends 

on distance) 

Low (strongly depends 

on distance) 

production of ROS and 

RNS 
Produced in the plasma 

Produced by mixing 

plasma and gas/air 
Produced in the plasma 

Electrical current Present  Absent Absent 

Abundance of produced 

plasma species 

Charged particle +++ 

Short lifetime species +++ 

Long lifetime species +++ 

Charged particle + 

Short lifetime species ++ 

Long lifetime species 

+++ 

Charged particle ++ 

Short lifetime species ++ 

Long lifetime species 

+++ 

Charged particles (i.e. O2
+, N2

+, Ar+, He+), short lifetime species (i.e. NO, O, OH), long lifetime species (i.e. O3, NO2, 

N2O) are specified as (+++) dominant, (++) relatively high or (+) relatively low 

 

1.4.5 Applications and advantages of CAP 

The diversity of CAP devices and methods of generation and the broad range of interactions 

with cellular functions have encouraged the employment of CAP for various therapeutic 

purposes in different biomedical areas. While the most efforts have been dedicated in the area 

of dermatology, interests in CAP technology have also emerged from other disciplines, such as 

dentistry, oncology, surgery, otolaryngology, gastroenterology, and odontology [48], [152], 

[182]. 

In dentistry, CAP has been employed in dental caries, periodontal diseases and disinfection of 

dental cavities due to its antimicrobial effects and the ability to remove dental biofilms and 

eradicate oral pathogens. It has also demonstrated a secondary, yet significant role in tooth 

whitening and composite restoration as well as instrument sterilization [47], [159], [183]. 
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Furthermore, CAP has proved to be a promising therapy in oncology; as it induces apoptosis, 

necrosis, cell detachment, and senescence in tumor cells [47], [183]. Accordingly, several in-

vitro and in-vivo studies have been conducted to investigate the anti-cancer efficacy of CAP 

against diverse cancer types such as melanoma, breast cancer, leukemia, pancreatic tumor, 

neuroblastoma, brain cancer, glioblastoma and bladder cancer [152], [155], [159], [183], [184]. 

In dermatology, CAP is witnessing the greatest attention and the widest range of therapeutic 

applications mainly due to its antimicrobial, anti-inflammatory and antipruritic effect. The 

efficacy of CAP against several inflammatory and infectious skin diseases has been reported 

such as atopic dermatitis, pruritis, psoriasis, folliculitis, impetigo, acne, onychomycosis, tinea 

pedis as well as cutaneous leishmaniasis [48], [155], [159]. Furthermore, CAP is considered as 

a cosmetic procedure used for skin rejuvenation and treatment of wrinkles as well as scars and 

sun-damaged skin including pigmentary disturbance. CAP can also be performed in 

combination with aesthetic-surgical procedures [48]. 

The management of acute and chronic wounds has particularly evolved as one of the promising 

indications for the clinical use of CAP because of its diverse therapeutic effects, which have 

been shown to promote the healing of stagnant, chronic and open wounds and to reduce 

bacterial burden in infected wounds [168], [185], [186] . These include, among others, 

antimicrobial effects [170], stimulation of cell proliferation and microcirculation [187]–[189], 

wound acidification [190], [191] and reducing inflammation and itching [48]. 

The innovative CAP approach offers several technical as well as therapeutic advantages. First, 

the possibility of tailoring CAP features to achieve specific therapeutic effects allows the 

potential optimization of different therapies [157]. Through adapting CAP device designs, and 

their operating parameters, the composition of plasma and concentration of its reactive 

components can be modulated depending on the desired effect [151], [153], [154], [162], [163]. 

In addition, CAP has shown to be selective, achieving only a desired result at the diseased 

tissues, while having little effect on the surrounding healthy tissue [159].  For instance, a clinical 

study has demonstrated that CAP treatment using different CAP devices was well-tolerated and 

did not cause skin damage or skin dryness [192]. Another significant benefit of CAP is that due 

to the synergetic effect of plasma constituents on bacteria, repeated application does not induce 

microbial resistance or habituation within short time periods [159], [180]. 
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1.4.6 The TEFRA STIVel CAP device 

For the present study a high frequency device TEFRA (STIVel generator®) was used. The 

STIVel generator is an autonomous medical device composed of a high frequency generator 

unit with treatment intensity pre-selection possibility and a light strip indicator for intensity, as 

shown in figure 11. The treatment electrode is connected to the generator through a handle 

which allows the use of different electrodes depending on indication. A ground electrode is also 

connected to the generator.  

Based on the supplier’s data, the device is classified as class IIa medical device according to 

the German medical devices act (MPG) and is intended for topical application in case of skin 

disinfection and wound management due to the antimicrobial effect of the primarily generated 

ozone. Several electrodes can be implemented depending on the type and area of treatment. 

In this study, the electrode B09 was used since its size fits over the surface of the treated 

bacterial suspensions contained in 24 well plates. The emission spectrum of the electrode was 

conducted and provided by the supplying company and is shown in Figure 12.  

 

Figure 11: TEFRA STIVel device used to generate CAP in the present study. The device is composed of a high frewuency 

generator unit with treatment intensity pre-selection possibility and a light strip indicator for intensity. The treatment electrode 

is connected to the generator through a handle which allows the use of different electrodes depending on indication. A ground 

electrode (metal plate) is also connected to the generator.  
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Figure 12: The emission spectrum of TEFRA device. Measurements were conducted and provided by the device supplier 

Rudolf Messerschmidt GmbH, Berlin, Germany.  

1.5 Treatment optimization by combined therapies 

Considering the established efficacy of PDT and CAP as alternative antimicrobial and 

anticancer approaches, several studies investigated potential combination therapies integrating 

an innovative approach, such as CAP or PDT, and a conventional treatment such as antibiotics, 

antifungal or anticancer drugs or even drug delivery systems. Through designing diverse dual 

treatment concepts, the aim of these studies should not only enhance the therapeutic effects of 

each treatment approach through synergism, but also reduce drug resistance of cancer or 

microbial cells thus enhancing the effect of the concomitantly applied conventional drug, 

reducing administered doses of chemotherapeutics, antibiotics or antifungals and consequently 

side effects, shortening exposure times of CAP or photoactivating light during PDT, decreasing 

frequency of sessions which in turn lead to increasing patient compliance. 

Several CAP dual treatments have been explored in the battle against various cancers. A 

promising anticancer paired approach was investigated by Daeschlein et. al. who reported 

potential synergistic effects of CAP combined with the chemotherapeutics bleomycin, 

dacarbazine or paclitaxel on human melanoma and glioblastoma cell proliferation in vitro [193]. 

In another study, Daeschlein et al. manifested the superior anticancer effect of the dual 

treatment using CAP with bleomycin electrochemotherapy in melanoma injected mice [194]. 

Recently, the synergistic combination of nanoparticle chemotherapeutic delivery systems and 
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CAP has also gained considerable interest. Kim et al. and Cheng et al. showed that CAP coupled 

with gold nanoparticles led to an enhanced melanoma and glioblastoma cell death, respectively, 

when compared to CAP treatment alone [195], [196]. Furthermore, Zhu et al. integrated CAP 

with novel drug loaded core-shell nanoparticles for targeted breast cancer treatment [197]. In 

their study they confirmed that the combined CAP-nanoparticles approach showed improved 

anticancer efficacy relative to nanoparticles or CAP treatment only.  

Similarly, the combat against the global increase of infections with multi-resistant pathogens 

has been recently supported by the introduction of dual approaches combining CAP or aPDT 

with conventional antibiotics or antifungal drugs. While these results are based on in vitro spore 

suspensions and their clinical relevance is yet to be evaluated, they are very promising and 

encourage further investigation. For instance, Brun et al. noted that the antibacterial effect of 

CAP against P. aeruginosa and S. aureus biofilms synergistically increased in association with 

subinhibitory concentrations of the antimicrobial agents Ciprofloxacin (CPR), daptomycin 

(DPT) and chlorhexidine (CHX). In other words, the sub-inhibitory antimicrobial 

concentrations which reported weak but detectable antimicrobial activity was further 

potentiated by plasma treatment. In their study they suggested that the synergistic effect was 

likely due to the CAP-induced damaging of bacterial layers in both P. aeruginosa and S. aureus 

and facilitating penetration of antimicrobial drugs [42].  

Regarding aPDT, a study evaluated synergism by combining the antifungal drug Clotrimazole 

and Rose Bengal- mediated aPDT (RB-aPDT) as an alternative to the current antifungal 

therapies used to treat superficial fungal diseases. By coupling their RB-aPDT regime with only 

a sub-inhibitory dose of Clotrimazole, Morton et al. were able to dramatically reduce the aPDT 

exposure times required to achieve 100% inhibition of Trichophyton rubrum as compared to 

RB-PDT alone [198]. In addition, a recent review published by Pérez-Laguna et al. assessed 

several in vivo studies. which investigated the antimicrobial effect of aPDT plus antimicrobials 

in the treatment of cutaneous and mucosal infections [199]. In their review they stated that the 

best combinations involved aPDT mediated by 5-aminolevulinic acid (5-ALA) or 

phenothiazinium dyes, such as methylene blue (MB) and toluidine blue (TBO). It was suggested 

that the microbial cell wall or membrane was first damaged by aPDT, which allowed better 

penetration of the antimicrobial drug. The additive or synergistic effect of aPDT combined with 

antimicrobials could be promising to manage skin and mucosal infections, helping to overcome 

the microbial drug resistance, reducing treatment times, lowering drug dosages, decreasing drug 

toxicity and  improving patient compliance [199]. 
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Despite the compelling advantages of aPDT and CAP, both concepts are not yet flawless and 

suffer several limitations that need to be addressed before clinical approval and hence the wide 

utilization of these technologies in clinical settings such as chronic wound treatment could be 

warranted. For aPDT the lack of general-purpose irradiation sources and the high cost of some 

light sources (lasers) limits the practicability of the whole concept. Furthermore, the 

involvement of multiple factors, such as PS concentration, light dose and exposure time, 

complicates treatment optimization. In addition, several treatment sessions are often necessary 

to obtain the desired therapeutic effects or hamper disease progression. Moreover, even though 

research has reported initial good results regarding inactivation of different pathogens,  many 

photosensitizers show low efficacy when simultaneously applied for different types of bacteria 

(Gram-positive, Gram-negative) or show moderate toxicity already without light [65], [68], 

[200]–[203].  

Similarly, designing CAP devices that would satisfy the selectivity criteria of significantly 

reducing bacterial density in the wounded area, while imposing no negative effect on the 

surrounding healthy cells is a challenging task. While toxic for bacteria, certain plasma 

components, such as UV irradiation, would also affect human cells and tissues in a dose-

dependent manner [204]–[207]. Therefore, it is critical to identify plasma components that have 

differential effects on bacteria and mammalian cells (specifically, cells relevant to wounds) and 

define their dosage thresholds. The polychromatic nature of plasma-generated UV radiation 

significantly limits the duration of plasma treatment in its application for wound disinfection. 

On the other hand, a relatively long irradiation time is required to achieve the concentrations of 

plasma-generated RS that are toxic for bacteria [154]. In addition, it was reported that some 

bacterial strains showed only moderate susceptibility to CAP relative to other treated species, 

such as specific MRSA strains, S. aureus or E. coli  [168], [208]–[210].  
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2 Aim of work 

The main objective of this study is to develop a new dual antimicrobial approach by combining 

CAP and TBO-mediated-aPDT in sublethal exposure doses and evaluate its antimicrobial 

efficacy against representative skin and wound pathogens of Gram-positive and Gram-negative 

bacteria as well as yeast.  Considering the success achieved till now by CAP and aPDT for 

managing skin and chronic wound infections, we postulate that the combination of these two 

treatments would not only result in greatly enhanced antimicrobial effects, therewith promoting 

therapeutic effects for wound management.  

Despite the compelling advantages of both aPDT and CAP, we believe that efforts should be 

expended to optimize the treatment conditions and exposure doses involved in CAP or aPDT 

protocols aiming to increase antimicrobial efficiency especially against strains, polymicrobial 

environments and biofilms, which proved to be relatively more resistant to both individual 

techniques [65], [68], [168], [200]–[203], [208]–[210], thus boosting the overall therapeutic 

outcome while reducing PS concentrations, irradiation/exposure times and frequency of 

treatment sessions with subsequently improving patient compliance and treatment tolerability.  

In the present study the two-fold approach involves the application of aPDT using TBO as a 

photosensitizer and a VIS-wIRA radiator as irradiation source, followed by CAP exposure 

using a high frequency DBD device. The VIS-wIRA radiator was specifically chosen to further 

integrate the beneficial effects of wIRA irradiation for wound healing. 

Two main points are being studied: 

1. Whether combining CAP and aPDT in the suggested experimental protocol exhibits 

synergistic or antagonistic effect against various skin pathogens in vitro. 

2. Whether the introduced dual approach is as effective against antibiotic resistant strains as 

antibiotic sensitive ones. 

One important aspect for the antimicrobial efficacy of CAP treatment is acidification of treated 

liquids. Therefore, another aim was to investigate the influence CAP and aPDT as single or 

combined treatments on pH of treated solution. In other words, whether the aPDT experimental 

protocol interferes with CAP-induced acidification or renders the solution more acidic/basic. 

Another significant aspect that was inspected in this study is the influence of CAP exposure on 

the photophysical properties of TBO. 
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In achieving a successful CAP-aPDT-paired treatment, the present study could have the 

potential of not only providing optimal antimicrobial effect, but also a three-fold set of 

therapeutic effects enhancing wound healing implemented by aPDT, CAP and wIRA. These 

effects are reviewed in detail in the discussion section and summarized in table 7.  

At the time when this project started, no studies were available testing a paired CAP and aPDT 

approach. Altogether, this work is supposed to be the first testing the combination of these two 

novel approaches for possible synergistic antimicrobial effects in vitro. In doing so the dual 

approach would provide a new therapeutic strategy in skin and wound therapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
 

3 Materials  

3.1 Chemicals: 

− Sodium chloride (saline) solution (NaCl 0.9%) (B.Braun Melsungen AG, Melsungen, 

Germany) 

− Toluidine Blue O (TBO) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) 

3.2 Consmables: 

− Columbia agar plates with 5% sheep blood (bioMérieux Deutschland GmbH, 

Nürtingen, Germany) 

− Sabouraud gentamycin chloramphenicol 2 agar plates (bioMérieux Deutschland 

GmbH, Nürtingen, Germany) 

− Inoculation loops (nerbe plus GmbH, Winsen, Germany) 

− Sample tubes 50 ml (Sarstedt AG & CO.KG, Nümbrecht, Germany) 

− Sample tubes 15 ml (Sarstedt AG & CO.KG, Nümbrecht, Germany) 

− Sample tubes 5 ml (Sarstedt AG & CO.KG, Nümbrecht, Germany) 

− Pipette tips (Sarstedt AG & CO.KG, Nümbrecht, Germany) 

− Tissue culture 24 well plates (Sarstedt AG & CO.KG, Nümbrecht, Germany) 

− Cotton swabs (NOBAMED Paul Danz AG, Wetter, Germany) 

− Disposable Cuvettes (VWR International GmbH, Darmstadt, Germany) 

− Glass beads (ART Creativ eG, Dormagen, Germany) 

3.3 Laboatory equipment and instruments: 

− TEFRA high-frequency device “STIVel generator®” (Rudolf Messerschmidt GmbH, 

Berlin, Germany) 

− Visible-water-filtered infra red A (VIS-wIRA) radiator “Hydrosun®505 FP“ 

(Hydrosun Medizintechnik GmbH, Müllheim, Germany) 

− Microplate reader “GloMax®-Multi detection system” (Promega GmbH, Mannheim, 

Germany) 

− Vortex device “Vortex Genie® 2” (Scientific Industries ING, New York, USA) 

− VWR® Spectrophotometer “UV-3100 PC” (VWR International GmbH, Darmstadt, 

Germany) 
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− Irradiance measuring device “Hydrosun®HBM-1” (Hydrosun Medizintechnik GmbH, 

Müllheim, Germany) 

− Digital pH meter “GPHR 1400A” (GREISINGER Electronic GmbH, Regenstauf, 

Germany) 

− VITEK® compact system (bioMérieux Deutschland GmbH, Nürtingen, Germany) 

− Analytical balance “Sartorius BP61“ (Sartorius AG, Göttingen, Germany) 

− Pipette set (10-100 µl, 100-1000 µl) “Transferpette® S” (Brand GmbH + Co. KG, 

Wertheim, Germany) 

− ScanTemp® Infrared Thermometer with dual laser “ST-485” (TFA Dostmann GmbH 

& Co. KG, Wertheim-Reicholzheim, Germany) 
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4 Methods 

4.1 Test strains and growth conditions 

Two Gram-positive and two Gram-negative bacterial strains as well as one yeast stain 

representing common wound pathogens were chosen for this study. Except Methicillin-

sensitive Staphylococcus aureus ATCC 29213 (MSSA) and Escherichia coli DSMK12  which 

were obtained from Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 

cultures (Braunschweig, Germany), all other strains were isolated from patients in the 

dermatology clinic in Greifswald, including methicillin-resistant Staphylococcus aureus 1500 

(MRSA), extended-spectrum beta-lactamase-positive Escherichia coli 1501 (ESBL+E. coli) 

and Candida albicans H1411. Isolated samples were processed following the national 

guidelines for microbiologic diagnostics [211]. Identification and susceptibility testing were 

conducted using the automated VITEK® compact system (bioMérieux Deutschland GmbH). 

After identification and susceptibility testing, cultures of the defined strains were stored at -

20°C for maximum 3 years in cryopreservation tubes containing the inoculated pre-autoclaved 

glass beads (ART Creativ eG) (master strain collection).  

4.2 Culturing of bacterial and fungal strains  

From the master strain collection, stock cultures were grown. For each bacterial stock culture, 

one frozen glass bead inoculated with the desired strain was rolled over a Columbia agar plate 

with 5% sheep blood and incubated at 37 °C for 24 h.  For C. albicans stock cultures, the 

inoculated bead was rolled over a Sabouraud agar plate and incubated at 30 °C for 48h. The 

stock cultures were maintained by weekly sub-culturing under the mentioned conditions. Fresh 

work cultures were prepared before each experiment by inoculating one grown colony from the 

stock culture onto new agar plates and incubating at the above-mentioned conditions.  

4.3 Toluidine Blue O (TBO) stock solution  

A stock solution of 250 µg/ml TBO was prepared by dissolving 2.5 mg TBO powder (Sigma-

Aldrich Chemie GmbH) in 10 ml sterile saline solution and mixing using a vortex (Vortex 

Genie® 2) till complete dissolution of the powder. The solution was filter sterilized and stored 

at 4 °C in the dark. For conducting experiments, the stock solution was further diluted in sterile 

saline to a concentration of 5 µg/ml. All procedures using TBO were conducted under dark 

conditions to avoid any light-PS interaction. 
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4.4 Optimizing treatment conditions  

Antimicrobial effects of CAP and aPDT as single and combined treatments were tested on fixed 

volumes (500 µl) of microbial suspensions of planktonic Gram-positive bacteria, Gram-

negative bacteria and yeasts in 24-well plates. To examine and compare the efficiency of a 

combined CAP-aPDT dual treatment, exposure parameters of each individual approach first 

needed to be optimized so that sublethal doses could be determined and selected before applying 

in combination. Therefore, several preliminary experiments were performed where optimum 

single treatment parameters that best match our designed dual approach were established for 

each test strain individually. These parameters included TBO concentration, pre- and post-

incubation times, VIS-wIRA irradiation time and CAP exposure time. The parameter-selection 

criteria was based on several factors. First, microbial reduction achieved by single treatments 

(aPDT alone or CAP alone) was the main determinant, where treatment parameters that just 

yielded non-significant microbial reduction or the first significant reduction were selected. 

Other factors influenced the final selection such as the aim to lower parameter-variability 

between the different tested species.  

TBO concentration: For aPDT treatment, TBO concentrations of 0.5, 1, 2 and 5 µg/ml were 

tested to determine the concentration without intrinsic toxicity (antimicrobial effects in the 

dark) of all tested strains (data not shown). Subsequently, TBO end concentration of 2 µg/ml 

was chosen and fixed for all conducted single and dual treatment experiments for all test strains. 

At this concentration, TBO exhibited no dark toxicity for bacterial or fungal strains tested as 

will be illustrated in the results section. Regarding incubation time of microbial suspensions 

with PS, only C. albicans suspension was pre-incubated with TBO for 5 min before VIS-wIRA 

irradiation, while bacterial strains were directly irradiated without pre-incubation (data for pre-

liminary tests not shown).  

VIS-wIRA irradiation time: In addition to PS concentration, irradiation times using VIS-

wIRA radiator (Hydrosun®505 FP) had to be pre-set in such a way that VIS-wIRA activation 

of TBO (single aPDT treatment) causes only non-significant or the least possible significant 

microbial reduction. For experiments predetermining VIS-wIRA irradiation times, 2 µg/ml 

TBO end concentration in microbial suspension was used (data not shown). The distance from 

the radiator to the surface of the treated suspension was fixed at 25 cm above suspension surface 

using a distance rod provided by the supplier (standard distance corresponding to clinical use) 

and the radiator was used without a color filter. Under these conditions the irradiance was 

measured using a photometer (Hydrosun® HBM-1) and the intensity was found to be nearly 



Methods 

__________________________________________________________________________________ 

40 
 

homogeneous with approximately 250 ± 10% mW/cm² within a diameter of 10 cm (with the 

optical axis as center). Various irradiation times, namely 3 min, 5 min, 10 min, 15 min, 20 min, 

and 30 min, were tested.  Since different microbial strains exhibit variable sensitivities to aPDT, 

irradiation times were optimized for each strain independently (data not shown). For Gram-

positive bacteria (MSSA and MRSA), 5 min VIS-wIRA irradiation time was set, while for 

Gram-negative bacteria (E. coli and ESBL+ E. coli), 10 min were considered optimum. For C. 

albicans, 20 min VIS-wIRA irradiation was selected. The above established irradiation times 

constituted a total dose of 75 J/cm2, 150 J/cm2 and 300 J/cm2 for 5 min, 10 min and 20 min 

VIS-wIRA irradiation, respectively.  

CAP intensity and exposure time: CAP intensity was set to the maximum intensity 10 (100% 

of device output) delivered by the TEFRA device (STIVel generator®) and was kept constant 

throughout all experiments. Several CAP exposure times starting at 15 sec were expanded over 

30, 60, 90 and 120 sec and optimum exposure times were determined for each strain 

individually (data not shown). For Gram-positive and Gram-negative bacterial strains, 15 sec 

CAP exposure was selected while 120 sec were set for C. albicans. Previous studies as well as 

preliminary experiments for this study have shown that post-treatment time influenced the 

antimicrobial effect obtained (data not shown) [212]. Therefore, post-treatment times were set 

at 1 min, 3 min, 5 min and 10 min for all strains. Table 2 summarizes the final treatment 

parameters performed for single and dual CAP and aPDT approaches for each tested strain. 

Table 2: The final selected treatment parameters used in the single and dual CAP and aPDT approaches. 

 
CAP 

 exposure time 

VIS-wIRA 

irradiation time 

TBO 

concentration 

TBO    

incubation time 

G+ bacteria 
15 sec 

5 min  

2 µg/ml 

 

0 min 
G- bacteria 10 min 

Yeast 120 sec 20 min 5 min 

 

4.5 CAP-aPDT sole and dual treatment  

The antimicrobial effects of CAP and aPDT as sole and combined treatments were tested on 

microbial suspensions of planktonic Gram-positive bacteria (MSSA and MRSA), Gram-

negative bacteria (E. coli and ESBL + E. coli) and yeast (C. albicans). For these experiments, 

microbial colonies from fresh work cultures were suspended in 2 ml saline solution and 

homogenously mixed by short repeated vortex. Using a microplate reader (GloMax®-Multi 

detection system), the optical density of each suspension was adjusted between 0.4 - 0.45 at 

450 nm, which corresponded to an inoculum concentration between 107 – 108 CFU/ ml. 
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Suspensions were then serially diluted (1:100) to 105 – 106 CFU/ml and were used for 

experiments within 2 h from preparation.  

Each set of experiment was composed of seven groups that represent all single and combination 

possibilities of CAP and aPDT treatments as shown in table 3. 

Table 3: The different experimental groups and the corresponding treatment parameters conducted. 

Group name Group annotation Treatment performed 

Control Untreated control none 

CAP  CAP sole treatment CAP 

CAP+TBO 
CAP exposure in the presence of 

TBO in suspension 
CAP + TBO 

aPDT  aPDT sole treatment TBO + VIS-wIRA 

Dual CAP-

aPDT         

Combined treatment 

aPDT followed by CAP 
TBO + VIS-wIRA + CAP 

TBO  Dark control: only TBO in suspension TBO 

VIS-wIRA  Light control: only VIS-wIRA irradiation VIS-wIRA 

 

CAP treatment: For all treatments conducted in this study, the CAP device was operated at its 

maximum intensity of 10 (on a scale 1-10 with 10 corresponding to 100% device performance) 

using the same plasma electrode (B09). A constant volume of 200 µl from each 1:100 diluted 

microbial suspension was pipetted into 24 well plates and mixed with 300 µl saline to a final 

suspension volume of 500 µl in each well and suspension thickness of 2 mm from the bottom 

of the well.  

The plasma electrode was manually kept at a constant distance of 1 mm above the surface of 

suspension to be treated using an adjustable platform well plates to be treated were placed on 

an electrically grounded counter electrode as illustrated in Figure 13. Bacterial and yeast 

suspensions were then exposed to CAP for t = 15 sec and t = 120 sec, respectively. Plasma 

generation was visually and acoustically confirmed during each treatment. During experiments 

temperatures never surpassed 30 °C (data not shown). 



Methods 

__________________________________________________________________________________ 

42 
 

 
Figure 13: Experimental set up showing CAP treatment of planktonic microbial suspensions. 

aPDT treatment: For all treatments in this study, TBO final concentration was kept constant 

at 2 µg/ml. Similar to the CAP treatment procedure, 200 µl from each 1:100 diluted microbial 

suspension was pipetted into 24 well plates and mixed with 200 µl TBO solution, and 100 µl 

saline to a final suspension volume of 500 µl in each well, suspension thickness of 2 mm from 

the bottom of the well and a final TBO concentration of 2 µg/ml. Bacterial suspensions were 

directly irradiated with VIS-wIRA, while C. albicans suspensions were first incubated in the 

dark for 5 min with TBO before being irradiated. For VIS-wIRA irradiation, the radiator was 

placed at 25 cm over the well plates using a distance rod. The plates were placed over 

refrigerator-cooled gel pads to prevent overheating of irradiated suspensions and temperature 

was monitored using an infrared thermometer (ScanTemp 485®). During experiments 

temperatures never surpassed 30 °C (data not shown). Suspensions of Gram-positive bacteria, 

Gram-negative bacteria and yeast were irradiated for 5 min, 10 min and 20 min, respectively. 

The experimental set up of the aPDT treatment protocol of microbial suspensions is illustrated 

in Figure 14. 
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Figure 14: Experimental set up of aPDT treatment of microbial suspensions. 

Dual CAP-aPDT: For the dual CAP-aPDT approach, wells containing 200 µl bacterial 

suspensions were mixed with 200 µl TBO solution and 100 µl saline in a similar manner as 

mentioned above. Bacterial suspensions of MSSA and MRSA, Gram-positive test species, were 

directly irradiated with VIS-wIRA for 5 min followed by 15 sec CAP. Gram-negative bacterial 

suspensions of E. coli and ESBL+ E. coli were directly irradiated for 10 min with VIS-wIRA 

followed by 15 sec CAP exposure. C. albicans suspensions were, in contrast, first incubated in 

dark with the added TBO solution for 5 minutes before being subjected to 20 min VIS-wIRA 

irradiation followed by 120 sec CAP.  

To test the antimicrobial effect of non-photoactivated TBO and CAP treatment, microbial 

suspensions mixed with TBO solution were exposed only to CAP for the previously mentioned 

times (Group 3). 

Control groups: To confirm that an enhanced antimicrobial activity is only due to the 

combination of both CAP and aPDT elements (photosensitizer, light irradiation and CAP 

exposure), four control experiments were performed to exclude the possibility of having similar 

enhanced effect using other treatment combinations. The first control experiments (control 

groups) were conducted, where bacterial suspensions were left untreated. This group serves as 

the untreated reference control group. The second and third control experiments were 

performed to exclude antimicrobial effects of TBO alone and VIS-wIRA irradiation alone, 

respectively. In the TBO control experiments (TBO group), suspensions were mixed with TBO 

at the same final concentration as mentioned above without subsequent VIS-wIRA irradiation. 

In the light control experiments (VIS-wIRA group), microbial suspensions mixed with only 

saline, as mentioned above, were irradiated with VIS-wIRA for the above-mentioned irradiation 
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times, but in absence of TBO. To exclude that an enhanced antimicrobial effect was due to 

synergistic effect between non-photoactivated TBO and CAP, a fourth control experiment was 

carried out, were microbial suspensions mixed with TBO were exposed to only CAP, without 

previous photoactivation by VIS-wIRA.  

After each treatment, suspensions were immediately transferred into labelled tubes 

corresponding the treatment performed. The tubes were stored in the dark, to avoid further light 

interaction with the samples, and aliquots were withdrawn at pre-determined post-treatment 

time intervals (1 min, 3 min, 5 min and 10 min after ending treatment). The withdrawn aliquots 

were serially diluted in saline and 100 µl aliquots of appropriate dilutions spread over blood or 

Sabouraud agar and incubated at 37°C for 24 h or at 30°C for 48 h, for bacteria and yeast, 

respectively. The number of surviving colony forming units (CFU) on each plate was counted 

after 24 h or 48 h incubation. Any plates with no growth were incubated for up to 72 h and 

checked for the presence of any colonies every 24 h.  The results were expressed as log total 

CFU and plotted against post-treatment time. In addition, log reduction factor (RF) was 

calculated as shown in equation 1. For each parameter, ten independent experiments were 

conducted, and the results were expressed as the mean ± SD (n=10). All experiments were 

carried out at room temperature and protected from external light interference.  

𝑹𝑭 =  𝑳𝒐𝒈𝟏𝟎[𝑵𝟎] −  𝑳𝒐𝒈𝟏𝟎[𝑵𝒕𝒓]    Equation 1 

where, 

N0 is the number of CFU of untreated samples (untreated control) after a certain post-

treatment time and, 

Ntr is the number of CFU of treated samples after the same post-treatment time. 

4.6 Effect of CAP/aPDT treatment on pH of solution 

This set of experiments was conducted to measure the resulting pH values of saline solutions 

(with or without TBO) exposed to the different experimental parameters explained in section 

4.5. A minor modification was performed here, where microbial suspensions were replaced by 

equal volumes of normal saline (without microbial cells) to avoid the risk of contamination of 

pH meter probe. Before performing any measurements, the pH probe (GPHR 1400A) was 

calibrated using freshly prepared standard solutions of pH 7 and pH4. As mentioned in the 

previous section, similar volumes of saline solutions (500 µl) were subjected to different 

treatments using CAP, VIS-wIRA irradiation and TBO corresponding to treatment conditions 

applied on the test strains.  Saline solutions, with and without TBO, were exposed to CAP for 
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15 sec and 120 sec, and/or to VIS-wIRA irradiation for 5 min, 10 min and 20 min. Saline 

solutions that were not exposed to neither CAP nor aPDT treatment served as control. For each 

solution, the pH of was measured immediately after treatment. The pH reading was recorded 

after a stable value was reached on the display screen. The electrode was washed with deionized 

distilled water and gently dried after each measurement. 

4.7 Effect of CAP/aPDT on TBO spectral properties 

This experiment was performed to determine the effect of the different treatment parameters 

and combinations on the spectral properties of TBO. In other words, it is aimed to find out 

whether certain treatment conditions cause photobleaching of the photosensitizer TBO. TBO 

solutions in NaCl were prepared using the same proportions applied for microbial treatment as 

described in section 3.6 except that the volume of microbial suspension was replaced by an 

equal volume of saline solution to avoid the photometric interference caused by the turbidity of 

the suspended micro-organisms. Briefly, 200 µl of TBO stock solution were mixed with 300 µl 

NaCl to produce a 500 µl TBO solution of end concentration 2 µg/ml, as used with microbial 

suspensions. The solutions were treated either with CAP only for 15 sec and 120 sec, VIS-

wIRA only for 5 min, 10 min and 20 min or both CAP and VIS-wIRA for different times as 

described above. An untreated TBO solution was placed in dark at room temperature and was 

used as a reference control. Afterwards, the treated or control solutions were sampled into 1 cm 

path length cuvettes and their visible spectrum were then obtained using a spectrophotometer 

(UV-3100 PC ) at the visible wavelength range 400 nm to 800 nm with spectral resolution of 1 

nm and saline solution as the baseline reference. Three scans were performed to ensure precise 

interpretation.  

The extent of TBO degradation was defined as percentage decrease of absorbance according to 

the following equation,  

𝑫𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐𝒏 % =
𝑨𝟎−𝑨

𝑨𝟎
× 𝟏𝟎𝟎    Equation 2 

where, 

A0 is the absorbance of untreated dye solution (0 sec treatment) and, 

A is the absorbance after the respective treatment at wavelength of maximum absorption 

(λmax). 
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4.8 Statistical analysis 

All results, expressed as mean ± standard deviation (SD), were calculated from the values of 

ten independent experiments, using GraphPad Prism 8.0.1 for Windows (GraphPad Software 

Inc., San Diego, CA, U.S.A). The antimicrobial effect of CAP and aPDT as single or dual 

approaches (independent variable) was also evaluated using the same software and given as 

reduction factor (RF). RF is calculated by log10 of CFU before intervention – log10 CFU after 

intervention. Data were analyzed by two-way analysis of variance (ANOVA) and differences 

between mean values were identified by Tukey’s multiple comparison test. A P-value of P 

<.001 was considered statistically significant.
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5 Results 

The antimicrobial efficacy of CAP and aPDT, alone or combined was investigated against 

planktonic microbial cells in saline suspensions. The number of surviving CFU after each 

treatment was determined using the viable count method and the log value of total CFU 

surviving was plotted with respect to post-treatment time. The log reduction factor (RF) was 

also calculated and added on the graph bars where a significant effect was observed.  

5.1 Antimicrobial efficacy of CAP treatment alone 

The antimicrobial efficacy of CAP alone against MSSA, MRSA, E. coli, ESBL+E. coli and C. 

albicans is shown in Figure 15 (A-E). The figure clearly demonstrates that CAP-induced 

antimicrobial effect obtained in this study varied depending on the microbial species treated 

and post-treatment time. 

First, the tested Gram-positive bacteria, MSSA and MRSA, showed no significant CFU 

reduction after 15 sec  CAP treatment at all post-treatment times compared to untreated control 

as presented in figure 15 A & 15 B, respectively. Similarly, CAP exposure of MSSA and MRSA 

suspensions containing 2 µg/ml TBO did not yield any significant antimicrobial modification 

compared to untreated suspensions or suspensions exposed to CAP only. In contrast to the 

tested Gram-positive bacteria, the same CAP exposure time (15 sec) yielded significant 

bacterial reduction against the examined Gram-negative bacterial species, E. coli and ESBL+E. 

coli, under the same experimental conditions as illustrated in figure 15 C & 15 D, respectively. 

After 15 sec of CAP treatment, E. coli showed a significant decrease of CFU by 1.5 log cycles 

after only 3 min post-treatment compared to untreated control (P<0.0001). After longer post-

exposure storage, additional bacterial reduction was obtained with RF 5.2 and 5.3 after 5 min 

and 10 min post-treatment, respectively. These log reduction value correspond to 99.99% 

bacterial eradication at both-post-treatment times.  

A similar CAP-induced bacterial reduction-pattern was obtained with the antibiotic resistant 

strain, ESBL+E. coli (Figure 15 D). Already 1 min after CAP exposure, a significant bacterial 

reduction of 0.9 log cycles was achieved compared to untreated control (P<0.0001). CAP-

induced bacterial reduction was further promoted after longer post-treatment times where 4.8  

log reduction was reached 3 minutes after CAP exposure and eventually eradicating 100 % of 

the bacterial cells in suspension after further 2 minutes storage (RF = 5.4 after 5 min post-

exposure, P<0.0001).  
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Surprisingly, the presence of TBO (2 µg/ml) in the bacterial suspension partially but extensively 

abolished the antimicrobial effect of CAP against both treated Gram-negative strains as shown 

in Figure 15 C and 15 D. For E. coli, while significant 1.5 and 5.2 log cycle reduction was 

achieved 3 min and 5 min after CAP exposure in absence of TBO, the presence of TBO in 

suspension resulted in rather non-significant 0.6 log cycle bacterial reduction under the same 

experimental conditions (3 min and 5 min post-treatment). Furthermore, although 10 minutes 

after CAP exposure a significant 0.8 log cycle bacterial reduction was obtained, this RF value 

reflects an extensive impediment to the original much stronger antibacterial effect of CAP 

achieved in absence of TBO represented by an RF value of 5.3 which corresponds to nearly 

99.99% bacterial eradication.  

The same curbing effect was noted in case of ESBL+E. coli (Figure 15 D). The presence of 

TBO in bacterial suspension during CAP treatment caused a dramatic impediment of the 

antibacterial CAP effect and yielded significantly weakened antibacterial effect against 

ESBL+E. coli at all post-treatment times. For example, three minutes after CAP treatment, a 

significant but minor log reduction of 0.8 was obtained in presence of TBO in suspension, 

whereas 4.8 log reduction was achieved after CAP exposure of bacterial suspension lacking 

TBO. In addition, five minutes and 10 minutes after CAP exposure, treated suspensions lacking 

TBO showed complete bacterial eradication (P<0.0001), while CAP treatment of suspensions 

containing TBO yielded only 1 log bacterial reduction which is still a significant reduction 

compared to untreated control but also represents an enormous impairment of CAP antibacterial 

effect compared to CAP only-treated group. 

Compared to Gram-positive and Gram-negative bacterial species tested in this study, the 

examined yeast species, C. albicans, clearly shows higher resistance to CAP, alone due to the 

much longer exposure time needed to initiate microbial reduction as illustrated in figure 15 E. 

After 120 sec CAP treatment, which is an 8 times longer exposure time than that set and applied 

for bacteria, a slight but significant reduction of 1.1 log cycles of yeast was achieved 3 min after 

CAP treatment (P<0.0001). Unlike Gram-negative bacteria, longer post-treatment time did not 

significantly enhance CAP-induced inactivation of C. albicans, as indicated by similar log 

reduction values of 1.1, 1.3 and 1.4 after 3 min, 5 min and 10 min post-treatment, respectively. 

Similar to bacteria, the presence of TBO in suspension exhibited the same antagonizing effect 

and resulted in canceling the antimicrobial effect of CAP against C. albicans. 
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Figure 15: Antimicrobial effects of CAP treatment alone against (A) Methicillin-sensitive Staphylococcus aureus (MSSA), 

(B) Methicillin-resistant Staphylococcus aureus (MRSA), (C) Escherichia coli (E. coli), (D) extended-spectrum beta-

lactamase-positive Escherichia coli (ESBL+E. coli) and (E) Candida albicans (C. albicans). Bars plotted represent mean ± 

standard deviation (n=10). Different letters indicate significant difference between different treatments (p < 0.0001) only 

between groups at each post-treatment time. The values between brackets indicate the log reduction factor (RF) achieved by 

the marked treatment in comparison to the respective control group. If the size of error bars is smaller than the symbol size in 

figure, error bars are not depicted for simplicity.  
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5.2 Antimicrobial efficacy of aPDT treatment alone 

Figure 16 (A-E) illustrates the microbial reduction achieved after performing aPDT treatment 

alone on different microbial suspensions using TBO as PS and VIS-wIRA irradiation for its 

photodynamic activation. It can be seen from the graphs that the antimicrobial efficacy of aPDT 

treatment is, as in case of CAP, species dependent. However, unlike CAP, the antimicrobial 

effect did not show a residual action, as indicated by the unchanged log reduction values 

obtained for each strain at different post-treatment times. In all experiments, exposing microbial 

suspensions to VIS-wIRA irradiation only (i.e. without TBO) or non-irradiated TBO only (i.e. 

without VIS-wIRA irradiation, referred to as dark toxicity of PS) did not reduce microbial 

viability compared to untreated control. These were considered as extra control groups for 

aPDT treatment to confirm that the microbial reduction obtained resulted from the 

photodynamic activation of the used PS using light and not due to PS dark toxicity or individual 

effect of the irradiation source used. Therefore, in the present study, any microbial reduction 

after aPDT treatment was considered significant only when the values were significantly 

different to all three control groups. 

In general, Gram-positive bacteria were the most sensitive to aPDT in this study while yeast 

the least sensitive. Although VIS-wIRA irradiation times differed between Gram-positive 

bacteria, Gram-negative bacteria and yeast, it simultaneously indicated this sensitivity 

difference. For instance, using the same TBO concentration, bacterial reduction between 1.1 

and 2 log cycles was achieved against the Gram-positive bacterial species, MSSA and MRSA, 

after aPDT exposure applying only 5 minutes VIS-wIRA irradiation corresponding a total 

irradiance of 75 J/cm2 , while around the same range of bacterial reduction was achieved for 

the Gram-negative species, E. coli and ESBL+E. coli, first after aPDT with 10 minutes VIS-

wIRA irradiation (150 J/cm2). Moreover 20 minutes irradiation (300 J/cm2) within the 

performed aPDT procedure did not produce any microbial reduction in case of C. albicans.  

For the Gram-positive bacteria MSSA, aPDT treatment of suspensions, containing 2µg/ml TBO 

and irradiated with VIS-wIRA for 5 min, yielded a significant bacterial reduction of 1.1 log 

cycles 5 minutes after treatment, when compared to untreated control. However, since this 

reduction showed no significance to RF values obtained from applying TBO only or VIS-wIRA 

irradiation only, the result was considered generally non-significant. On the other hand, MRSA 

showed a higher susceptibility to the same aPDT parameters than its antibiotic-sensitive 

counterpart with significant reduction of 2 log cycles compared to all three control groups at all 

post-treatment times (P<0.0001).  
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A similar trend was observed in case of Gram-negative strains, E. coli and ESBL+E. coli, where 

the latter showed slightly higher sensitivity to aPDT than the former compared to the respective 

controls with 1.6 log reductions versus only 1 log reduction, respectively.  

In contrast to the tested bacterial strains, the treated yeast species, C. albicans, showed no 

significant reduction compared to the untreated control at all post-treatment times even after 

the harsher aPDT treatment applied (compared to bacteria) using 2 µg/ml TBO with 5 minutes 

pre-treatment incubation and VIS-wIRA irradiation for 20 min.  
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Figure 16: Antimicrobial effects of aPDT alone against (A) Methicillin-sensitive Staphylococcus aureus (MSSA), (B) 

Methicillin-resistant Staphylococcus aureus (MRSA), (C) Escherichia coli (E. coli), (D) extended-spectrum beta-lactamase-

positive Escherichia coli (ESBL+E. coli) and (E) Candida albicans (C. albicans). Bars plotted represent mean ± standard 

deviation (n=10). Different letters at each post-treatment time indicate significant difference between different treatments (p < 

0.0001). The values between brackets indicate the log reduction factor (RF) achieved by the marked treatment in comparison 

to the respective control group. If the size of error bars is smaller than the symbol size in figure, error bars are not depicted for 

simplicity.  
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5.3 Synergistic antimicrobial effect of dual CAP-aPDT treatment 

To evaluate the postulated synergistic effect of CAP and aPDT, bacterial or yeast cells in 

suspension were mixed with TBO then irradiated with VIS-wIRA followed by CAP exposure. 

As illustrated in Figure 17 (A-E), sub-lethal parameters of the single CAP and aPDT treatments 

showed no to moderate antimicrobial activity that was dramatically potentiated against all tested 

microbial species when both treatments were applied in a dual approach, achieving microbial 

reduction of at least 3.3 log cycles that corresponds 99.6% microbial death. 

In case of MSSA and MRSA, the moderately effective aPDT treatment applied was drastically 

augmented by the, alone-non-lethal CAP exposure of 15 sec, resulting in significantly higher 

bacterial reduction of 4.2 and 4.7 log cycles 1 min after treatment, respectively (P<0.0001). The 

microbial reduction of the dual approach was further enhanced with longer post-treatment 

storage reaching 4.8 and 4.9 log reduction after further 9 minutes storage which corresponds to 

100% and 99.99% bacterial death, respectively (P<0.0001) (Figure 17 A, 17 B). Similarly, the 

CAP-aPDT dual approach resulted in more dramatic reduction in case of E. coli and ESBL+E. 

coli compared to single CAP and aPDT treatments. Even though CAP treatment alone achieved 

an enormous 99.99% bacterial reduction, this reduction was first obtained 5 minutes post 

exposure (Figure 17 C, 17 D). The CAP-aPDT dual treatment, however, resulted in a further 

potentiated antimicrobial effect immediately after treatment without the necessity of post-

treatment storage, where, in case of E. coli, a 4.4 log reduction was achieved already 1 minute 

after dual exposure compared to RF values of 0.3 and 1.1 of the single CAP and aPDT, 

respectively (P<0.0001) (Figure 17 C). Likewise, for ESBL+E. coli, a reduction of 5.2 log cycles 

resulted already 1 minute after exposure to the combined approach compared to 0.9 and 1.5 log 

reduction of individual CAP and aPDT treatments, respectively (P<0.0001) (Figure 17 D). 

For C. albicans the same effect was observed. Yeast suspensions that received dual CAP-aPDT 

treatment experienced greater microbial reduction compared to those exposed to the single 

treatments, indicating synergistic antimicrobial efficacy of the CAP-aPDT combined treatment 

tested in this study (Figure 17 E). While the single CAP and aPDT treatment protocols did not 

yield any significant reduction of C. albicans cells 1 minute after exposure, significant 3.4 log 

reduction was achieved 1 minute after exposure to CAP-aPDT dual treatment (P<0.0001). As 

mentioned before in case of single CAP and aPDT treatments, longer post-treatment storage 

did not significantly enhance the antimicrobial efficacy of the dual approach as well.  
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Figure 17: Synergistic antimicrobial effects of dual CAP-aPDT treatment against (A) Methicillin-sensitive Staphylococcus 

aureus (MSSA), (B) Methicillin-resistant Staphylococcus aureus (MRSA), (C) Escherichia coli (E. coli), (D) extended-

spectrum beta-lactamase-positive Escherichia coli (ESBL+E. coli) and (E) Candida albicans (C. albicans). Bars plotted 

represent mean ± standard deviation (n=10). Different letters at each post-treatment time indicate significant difference between 

different treatments at p < 0.001 level. The values between brackets indicate the log reduction factor (RF) achieved by the 

marked treatment in comparison to the respective control group. If the size of error bars is smaller than the symbol size in 

figure, error bars are not depicted for simplicity.  
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5.4 Effect of CAP, TBO and VIS-wIRA exposure on pH of solution 

The effect of individual and combined parameters of CAP, TBO and VIS-wIRA exposure on 

pH of treated saline was measured with untreated saline as control. Tables 4, 5 and 6 show the 

pH values recorded for saline (± TBO) solutions after exposure to different treatment 

parameters as performed on Gram-positive and Gram-negative bacteria and yeast, respectively. 

The control solution, a pure 0.9 % NaCl solution not exposed to any kind of treatment, showed 

a pH value of 5.9. Generally, this value was not remarkably influenced by neither addition of 

TBO to a final concentration of 2 ug/ml (pH=5.79), by VIS-wIRA irradiation for 5, 10 or 20 

minutes (pH= 5.32, 5.26, 5.00, respectively) nor by the complete PDT procedure involving 

VIS-wIRA irradiation of TBO in saline (pH= 5.55, 5.49, 5.3, for 5 min, 10 min and 20 min 

irradiation, respectively). Mixing TBO solution with saline barely influenced the pH (pH of 

saline in presence of TBO was 5.79 compared to 5.9 pH of pure saline without TBO). Similarly, 

the aPDT procedure which involved VIS-wIRA irradiation of TBO solution had minimal effects 

on the pH value at all irradiation times. The pH values of PDT treated solutions were 5.55, 5.49 

and 5.30 after 5 min, 10 min and 20 min VIS-wIRA irradiation, respectively. This corresponds 

to a reduction in pH of 0.35, 0.41 and 0.6, respectively compared to the control liquid.  

On the contrary, all CAP-treated solutions, alone or combined with TBO or VIS-wIRA, 

generally experienced more prominent reduction in pH values with CAP-treated saline showing 

the lowest pH in each set of experiment. Already after 15 sec of CAP exposure of saline, which 

corresponds to the performed CAP treatment time for Gram-positive and Gram-negative 

bacteria, a pH drop from 5.9 (control) to 3.6 was observed. CAP exposure for 120 sec, as 

performed on yeast cells, caused further acidification of treated solution with pH value 2.51 

recorded.  Similar results were obtained with CAP-treated saline containing TBO, however, the 

values were slightly higher than those for CAP-treated saline lacking TBO after the 

corresponding exposure times (pH 4.09 with TBO in solution instead of 3.60 without TBO after 

15 sec CAP exposure and pH 2.64 instead of pH 2.51 after 120 sec CAP exposure). This TBO 

effect was however abolished in solutions exposed to the dual CAP-aPDT treatment, in which 

saline containing TBO was first irradiated with VIS-wIRA followed by CAP exposure. In this 

case, the treated liquid was almost as acidic as CAP-only-treated saline in each set of 

experiments presented in tables 4-6. These results show that although aPDT had no considerable 

influence on the pH of treated solution, individual parameters (TBO and VIS-wIRA) of the 

aPDT protocol in the dual treatment did not interfere with CAP-induced acidification of 

solution.  
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Table 4: pH values after individual and combined CAP, TBO and VIS-wIRA parameters as performed on Gram-positive 

bacteria. Treatment conditions were as follows: CAP exposure time 15 sec, TBO concentration 2 ug/ml, VIS-wIRA irradiation 

5 min. In the combined treatment protocol, TBO-containing saline was first irradiated using VIS-wIRA light then immediately 

followed by CAP exposure. Normal saline was used as control.  

 Control CAP 

(15 sec) 

CAP+TBO 

(15 sec) 

aPDT 

(5 min) 

CAP+aPDT 

(15 sec + 5 min) 

TBO  VIS-wIRA    

(5 min) 

pH  5.90 3.60 4.09 5.55 3.68 5.79 5.32 

 

Table 5: pH values after individual and combined CAP, TBO and VIS-wIRA parameters as performed on Gram-negative 

bacteria. Treatment conditions were as follows: CAP exposure time 15 sec, TBO concentration 2 ug/ml, VIS-wIRA irradiation 

10 min. In the combined treatment protocol, TBO-containing saline was first irradiated using VIS-wIRA light then immediately 

followed by CAP exposure. Normal saline solution was used as control.  

 Control CAP 

(15 sec) 

CAP+TBO 

(15 sec) 

aPDT 

(10 min) 

CAP+aPDT 

(15 sec + 10 min) 

TBO  VIS-wIRA    

(10 min) 

pH  5.90 3.60 4.09 5.49 3.77 5.79 5.26 

 

Table 6: pH values after individual and combined CAP, TBO and VIS-wIRA parameters as performed on yeast. Treatment 

conditions were as follows: CAP exposure time 120 sec, TBO concentration 2 ug/ml, VIS-wIRA irradiation 20 min. In the 

combined treatment protocol, TBO-containing saline was first irradiated using VIS-wIRA light then immediately followed by 

CAP exposure. Normal saline solution was used as control. 

 Control CAP 

(120 sec) 

CAP+TBO 

(120 sec) 

aPDT 

(20 min) 

CAP+aPDT 

(15 sec + 20 min) 

TBO 

alone 

VIS-wIRA    

(20 min) 

pH  5.90 2.51 2.64 5.30 2.60 5.79 5.00 

 

5.5 Effect of CAP and VIS-wIRA exposure on TBO spectral properties 

The extent of TBO degradation or spectral modification after CAP exposure alone, VIS-wIRA 

irradiation alone and CAP-VIS-wIRA combined exposure was evaluated by measuring the 

change in TBO absorbance intensity in saline using UV-VIS spectroscopy. Figures 18 (A-C) 

displays the recorded TBO absorption spectra in saline after exposure to CAP and/or VIS-wIRA 

using the same parameters conducted during the microbial inactivation experiments for Gram-

positive and Gram-negative bacteria and yeast. These parameters were 15 sec CAP and 5 min 

VIS-wIRA, 15 sec CAP and 10 min VIS-wIRA and 120 sec CAP and 20 min VIS-wIRA, 

respectively. Untreated 2 µg/ml TBO solution in saline was used as control. As illustrated in all 

3 figures (18, A-C), control TBO solution shows a maximum absorption wavelength at 632 nm 

(λmax) and maximum absorption intensity (Imax) of 0.21, which reflects the concentration of TBO 

molecules in solution.  The results reveal that CAP exposure led to reduction in TBO 

concentration which is represented by a decrease in absorption intensity (Imax). This effect was 

more manifested with longer CAP exposure times (Figure 18 A). While 15 sec CAP treatment 

caused a trivial 4.8% reduction in TBO spectral absorbance and not affecting the position of 

λmax, longer CAP exposure (120 sec) contributed to not only a remarkable 63% decrease in TBO 

absorbance, but also to a 9 nm hypsochromic shift of λmax (i.e. blue shift). Compared to TBO 

control solution (λmax = 632 nm, Imax = 0.21), the 120 sec-CAP-treated TBO solution showed 
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λmax at 623 nm instead with decreased Imax of only 0.076 (63% decrease in TBO concentration 

in solution).  

In contrast, TBO molecules subjected to VIS-wIRA experienced only a slight decrease in Imax 

with no dependence on irradiation times, as shown in Figure 18 B.  The reduction of TBO 

concentration was calculated to be 12% after 5 min irradiation and 16% after 10 min and 20 

min irradiation. Unlike CAP treatment, the position of λmax was not altered by VIS-wIRA 

irradiation of TBO at all tested irradiation times.    

A more prominent effect was generally observed after combined CAP + VIS-wIRA exposure 

for all treatment parameters compared to single CAP and VIS-wIRA treatments (Figure 18 C). 

A 5 min or 10 min VIS-wIRA irradiation followed by 15 sec CAP exposure resulted in almost 

a twice as high concentration reduction (24%, 37%, respectively) compared to that after VIS-

wIRA treatment alone (12%, 16%, respectively) which is indicated by the lower absorption 

intensity detected. In both cases the position of λmax was only trivially affected with a 1 nm blue 

shift (λmax = 631 nm). However, the most dramatic decrease in TBO concentration was observed 

after CAP + VIS-wIRA treatment with longer exposure times in which TBO solution was 

exposed to 20 min VIS-wIRA followed by 120 sec CAP. Visually, this solution exhibited 

complete decolorization of the originally blue TBO solution and spectrophotometrically the 

greatest reduction in absorption intensity ( Imax = 0.05). In addition, a hypsochromic shift of 7 

nm was observed where λmax was detected at 625 nm instead 632 nm  in case of control TBO 

solution.  
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Figure 18: Absorption spectra of TBO in saline before and after treatment using (A) CAP exposure alone (15 sec & 120 sec), 

(B) VIS-wIRA irradiation alone (5 min, 10 min and 20 min) and (C) CAP+VIS-wIRA combined exposure using the same 

exposure parameters performed on Gram-positive bacteria, Gram-negative bacteria and yeast. Untreated TBO solution in saline 

was used as a control for comparison.  
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6 Discussion 

The relentless increase of multidrug-resistant (MDR) pathogens, together with the limited 

development of novel antibiotics, makes it imperative to discover new antimicrobial strategies 

to combat such pathogens effectively. Methicillin-resistant Staphylococcus aureus (MRSA) 

and extended-spectrum β-lactamase (ESBL)-producing Escherichia coli are two of the most 

common MDR pathogens at present causing worldwide concern [213], [28]. Even though the 

global incidence of hospital-associated-MRSA is gradually subsiding [214], a substantial 

increase in mortality rates attributed to them has been recently identified [215]. Moreover, 

infections with multidrug-resistant gram-negative rods (MRGN) including carbapenem‐

resistant Enterobacteriaceae, MDR Pseudomonas aeruginosa, and carbapenem‐resistant 

Acinetobacter baumannii, remain a global medical threat since they are associated with higher 

mortality rates than those of non-resistant Gram-negative rods and result in longer inpatient 

stays and higher costs [216], [217]. 

In chronic wound management, bacterial colonization, biofilm production and the subsequent 

inflammation and infection including MDR pathogens are considered serious problems, 

especially in patients with compromised immunity, diabetic patients, burn victims and elderly 

people [218]. Therefore, there is an urgent need for an extensive search for alternative 

antimicrobial approaches to kill MDR strains, concentrating on methods that are unlikely to 

cause development of microbial resistance [43]–[45], [119]. One of such concepts to reach 

clinical use is reactive oxygen species (ROS) as an antimicrobial mechanism. Most ROS are 

formed by the partial reduction of molecular oxygen. Four major ROS are recognized 

comprising: superoxide (O2•
−), hydrogen peroxide (H2O2), hydroxyl radical (•OH), and singlet 

oxygen (1O2), but they display different kinetics and levels of activity. ROS can attack a wide 

range of microbial targets to exert antimicrobial activity, which accounts for their versatility in 

mediating host defense mechanisms against a broad range of pathogens [219]. ROS are highly 

antimicrobial against Gram-positive and Gram-negative bacteria, viruses and fungi. They 

prevent and break down biofilms. These functions make ROS potentially highly suitable for 

treating skin and soft tissue infections such as acute and chronic wounds, ulcers and burns.  

 

Cold atmospheric pressure plasma (CAP) and photodynamic therapy (PDT) are two innovative 

treatment approaches based mainly on the production of ROS, among others, which mediates 

oxidative stress-induced destruction of microbial and cancer cells [69], [157]–[160].  

http://www.woundsource.com/blog/what-are-biofilms
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CAP is partially ionized gas composed of diverse components such as electrons, positive and 

negative ions, reactive oxygen and nitrogen species (ROS, RNS), ozone, excited atoms and 

molecules as well as UV radiation, visible light and electric fields (Figure 10) [157]–[159].  

The application of CAP as an effective anti-cancer and antimicrobial technology has been 

implemented in various medical fields including dentistry, oncology, surgery, otolaryngology, 

gastroenterology, odontology, but mainly in dermatology [48], [152], [182]. The management 

of acute and chronic wounds has particularly evolved as one of the promising indications for 

the clinical use of CAP because of its diverse therapeutic effects, which have been shown to 

promote the healing of stagnant, chronic and open wounds and to reduce any accompanying 

bacterial burden in infected ones [168], [185], [186] .  

PDT involves the generation of, mainly, singlet oxygen (1O2) and other cytotoxic ROS upon 

irradiation of pre-administered photosensitizer (PS) with light of appropriate wavelength in the 

presence of tissue oxygen [71]. The generated ROS result in irreversible oxidation of essential 

cell components, cell membrane damage and subsequent cell death. PDT has been applied for 

various purposes in medicine such as in blood sterilization [86], treatment of cancer [86] and, 

recently, as an alternative antimicrobial approach (antimicrobial photodynamic therapy, aPDT) 

in localized infections [59], [62]. In the last few years, aPDT has been studied intensively and 

substantial evidence has been collected to prove its efficiency against a broad spectrum of 

microbes including bacteria [64], fungi [65] and viruses [66], contributing significantly to the 

success of wound healing [125]. However, clinical use is still rare. 

In an attempt to enhance the therapeutic antimicrobial or anticancer efficacy of these promising 

treatments and improving patient compliance, several studies have been conducted in which the 

effects of combining CAP or aPDT with other conventional antimicrobial agents, 

chemotherapeutic agents or innovative delivery systems (e.g. Nanoparticles) were investigated 

and whose outcomes confirmed an enhanced synergistic effects of the tested combined 

approaches relative to single treatments [42], [193], [196]–[199], [220].  

 

Considering the advantages of CAP and aPDT as modern antimicrobial approaches and their 

promising results in combination with other treatments as confirmed in earlier reports, it is 

postulated in the present study that the combination of CAP with aPDT would result in 

markedly enhanced antimicrobial effects against different planktonic bacterial and yeast species 

in liquid suspension. This study is supposed to be the first testing the combination of these two 

novel approaches.  
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The microbial species used in the present study were selected because of their clinical 

importance and their strong and frequent association with acute and chronic wounds and skin 

infections as the most relevant colonizing pathogens  [39], [173], [221]–[224]. These included 

Gram-positive bacteria, Methicillin-sensitive Staphylococcus aureus (MSSA) and Methicillin-

resistant Staphylococcus aureus (MRSA), Gram-negative bacteria, Escherichia coli (E. coli) 

and extended-spectrum beta-lactamase-positive Escherichia coli (ESBL+E. coli), and yeast, 

Candida albicans (C. albicans). The choice to use 105-106 CFU/mL in this study was based on 

the established concept that 105 or 106 CFU/ml or gram of tissue, depending on the type of 

wound, is characterized as a clinically relevant colonization of the wound bed and considered 

a key factor in wounds that fail to heal [222], [225]–[227]. 

Suspensions of the mentioned species were subjected to a novel dual treatment including aPDT 

(Toluidine blue O (TBO) as photosensitizer + VIS-wIRA irradiation) directly followed by CAP 

exposure. Microbial suspensions without any treatment served as a negative control group. 

Single treatment groups including suspensions exposed to CAP alone and aPDT alone served 

to evaluate the effects of each treatment independently and determine the change resulting from 

the pairing both treatments. Suspensions subjected to photosensitizer (TBO) alone or irradiation 

(VIS-wIRA) alone served as additional control groups for aPDT treatment, while for the group 

(CAP+TBO) suspensions were exposed to CAP in the presence of TBO to assess the 

interference of the latter with CAP-induced microbial killing. All groups were incubated 24 h 

or 48 h after initial treatment of bacteria and yeast, respectively, and microbial cell viability 

was quantified afterwards using the plate count method. 

The experimental design was constructed so that each microbial species is subjected to sublethal 

exposure doses of sole CAP and aPDT treatments, causing the minimal possible microbial death 

while minimizing variation in treatment conditions between species as much as possible. This 

was achieved by conducting pilot studies testing various combinations of TBO concentration, 

VIS-wIRA irradiation time and CAP exposure time and determining the most optimum 

conditions that match the purpose of the study. Accordingly, a final constant TBO concentration 

of 2 µg/ml was set for all five tested pathogens. Different VIS-wIRA irradiation times were 

established depending on the microbial group so that Gram-positive bacteria, Gram-negative 

bacteria and yeast species were irradiated for 5 min, 10 min and 20 min, respectively. CAP 

exposure time of 15 sec was designated for all bacterial species while 120 sec exposure was 

laid down for the yeast species.  
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It is important to underline that the aim of this study was mainly to explore the possibility of 

CAP to act in concert with aPDT against various skin pathogens. Sub-lethal exposure doses of 

single treatments were intentionally pre-selected and optimized to investigate the effectiveness 

of combined CAP-aPDT approach. Complete or significant microbial death by either CAP or 

aPDT alone was not the target of the study, as this is already extensively documented in 

literature. Nonetheless, it is still possible to comment on the susceptibility of the tested 

pathogens to single CAP and aPDT treatments. 

Microbial susceptibility to aPDT lone treatment 

In the present study, aPDT procedure was performed using TBO, a cationic phenothiazinium 

photosensitizer.  Currently, cationic phenothiazinium dyes are used clinically for antimicrobial 

treatments [228]. The minimal toxicity of these dyes to human cells [229], in addition to their 

ability to produce high quantum yields of singlet oxygen, has produced great interest in testing 

the potential of these dyes as photodynamic antimicrobial agents [230]. TBO is cationic at 

physiological pH, which enables it to bind to bacterial membranes of both Gram-positive and 

Gram-negative bacteria [231], [232]. Although it is known that Gram-negative bacteria are 

more resistant to aPDT as compared to Gram-positive species, the use of a cationic PS, such as 

TBO, allows for the effective killing of Gram-negative organisms as well. Several studies have 

reported TBO effectiveness against a broad range of microorganisms including Gram-positive 

and Gram-negative bacteria [64], [100] and fungi [96], [101], [233], [234].  

As an irradiation source, we used a broad-band radiator emitting visible light and water- filtered 

infrared-A (VIS-wIRA) irradiation covering the whole visible light (380 nm - 780 nm) and IRA 

spectrum (780 nm -1400 nm) with local minima at 970 nm, 1200 nm, and 1430 nm (Figure 8). 

Broad-band light sources for aPDT emitting VIS-wIRA were developed based on a recent study 

reporting positive skin protective effects of controlled doses of IRA against the ionizing effects 

of ultraviolet light (UV) [114]. In contrast to the earlier generation of irradiation sources for 

PDT, including lasers, light-emitting-diodes (LEDs) and conventional wide-band halogen 

lamps, these VIS-wIRA radiators provide a broader emission spectrum than LEDs and lasers 

with flexible wavelength choice through different color filters and do not cause tissue 

overheating as experienced by conventional wide-band halogen lamps since they mainly consist 

of wIRA radiation with good penetration properties into tissue and therefore allows a multiple 

energy transfer into tissue without irritating the skin, similar to the sun’s heat radiation in 

moderate climatic zones [109]. Besides, they are technically easy to handle and contribute to 

additional wIRA-mediated therapeutic advantages such as the increase of oxygen partial 
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pressure in treated tissue, enhanced healing of chronic wounds and pain reduction [116]. In 

addition, wIRA decreases thermal stress and protects external tissue layers, mainly due to its 

significant subcutaneous tissue penetration [235]. Numerous in-vitro [146], [236] and in-situ 

studies [237] have reported effective aPDT-induced inactivation of various pathogens using 

VIS-wIRA irradiation sources, whereas few clinical studies demonstrated the advantageous 

effects of VIS-wIRA as aPDT irradiation source in reducing aPDT-related pain in patients 

compared to conventional halogen lamps or LEDs [144], [238]. 

The results in this study showed that exposing microbial suspensions to VIS-wIRA irradiation 

without TBO, or TBO without VIS-wIRA did not affect the viability of any of the tested 

pathogens or induce any significant microbial reduction relative to untreated control. These 

findings are in agreement with those obtained by Al-Ahmad et al., who observed no microbial 

reduction neither after PS application alone, in their case Chlorin e6 (Ce6), nor after irradiation 

with VIS-wIRA without Ce6 for all treated planktonic periodontal bacterial species tested 

[239]. Similar results were also obtained for conventional red light laser sources tested by 

Pereira et al. [240], Simonetti et al. [241] and Miyabe et al. [242] in which laser-only application 

did not result in any difference in microbial reduction compared to control groups [99].  

However, contrasting results were reported by Rosa et al. and Hajim et al. who noted small but 

significant bactericidal effect against S. aureus after red light laser-only-exposure compared to 

control groups [99], [243]. According to Rosa et al., this can be explained by some bacterial 

cells which are known to synthesize high levels of endogenous porphyrins that act as 

endogenous photosensitizers [99]. Most bacteria do not absorb light, rather they scatter light. 

In a few cases bacteria do absorb light because they are colored (i.e. they have a natural 

pigment). This pigment (especially if it is composed of porphyrins) may act as a natural 

photosensitizer that is naturally synthesized or accumulated inside the bacterial cell. This is the 

case for some bacteria such as Cutibacterium acnes (Propionibacterium acnes) [244], 

Helicobacter pylori [141], [142], and some others that accumulate porphyrins that allow their 

photokilling by light exposure alone without the need for adding an exogenous PS [232].  

Although it was suggested that irradiation with VIS-wIRA presumably acts on protoporphyrin 

IX of bacteria inducing a mild photodynamic effect [129], [144], [145], this was not the case in 

the present study. One explanation, provided by Fyrestam, is that this effect depends on the 

light source used and the wavelength emitted [245]. This hypothesis can be supported by 

previous studies in which different pathogens have shown variable sensitivities after low level 

laser therapy (LLLT) using various light sources [246]–[251]. Another assumption, provided 



Discussion 

__________________________________________________________________________________ 

64 
 

in the same study, was that culturing procedures could play a role in determining bacterial 

sensitivity to light. Since porphyrins are synthesized by the bacteria themselves, the way they 

are cultivated could affect the intracellular composition of porphyrins and hence their 

susceptibility to light inactivation. According to Fyrestam, three cultivation parameters were 

selected that often varies between studies and that could have a high impact on the biosynthesis 

of porphyrins; namely, incubation time, passage number and type of culture media [245].  

Unlike exposure to TBO alone or VIS-wIRA alone, our results demonstrate that subjecting 

bacterial suspensions to VIS-wIRA in the presence of TBO yielded significant bacterial 

reduction in case of S. aureus and E. coli. Although the effect obtained is only sub-lethal due 

to the deliberate choice of low exposure parameters, these results still confirm the suitability 

and efficiency of VIS-wIRA as irradiation source for aPDT. Similar effects were shown by Al-

Ahmad et al. and Karygianni et al. [107], [146], [237], [239]. In their recent studies, they 

reported high antimicrobial effects of aPDT using VIS-wIRA in combination with the 

photosensitizers TBO and Ce6 against planktonic Streptococcus mutans and Enterococcus 

faecalis as well as initial and mature in-situ oral biofilms. Similarly, Daeschlein et al. described 

powerful antimicrobial efficacy of aPDT using TBO and VIS-wIRA against various skin and 

wound pathogens in vitro including Proteus mirabilis, Klebsiella pneumonia, MRSA, 

Staphylococcus epidermidis, Micrococcus luteus, Candida albicans, Enterococcus faecalis, 

MSSA, Streptococcus pyogenes, Pseudomonas aeruginosa and Escherichia coli [236].  

In this regard, the additional advantages of incorporating wIRA to VIS irradiation for human 

tissue include an increase in oxygen partial pressure, a decrease in thermal stress and protection 

of external tissue layers due to its significant subcutaneous tissue penetration as well as inducing 

wound healing and reducing pain [116], [129], [144], [235], [252]. Therefore, the results of the 

present study support the suggestions that aPDT using VIS-wIRA could be a promising therapy 

for acute and chronic wounds. Moreover, VIS-wIRA proved to be less painful than only VIS, 

and safe when applied with treatment doses of up to 30 min [116]. These treatment times are 

much higher than light doses used in the present report (5-20 min).  

In addition to antibacterial efficacy, our results clearly show that different species exhibited 

different susceptibility to the conducted aPDT procedure. Using the same dye (TBO) 

concentration (2 µg/ml), although irradiation times varied from Gram-positive bacteria, Gram-

negative bacteria and yeast, to match experimental purpose, it can be obviously recognized that 

Gram-positive bacteria featured higher sensitivity to aPDT than Gram-negative. Under the 

performed TBO-aPDT conditions, reduction of around 1 to 2 log cycles of Gram-negative 
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bacteria was achieved with double the irradiation time (10 min) than that required for the same 

reduction of Gram-positive bacteria (5 min).  

These findings are in agreement with previous studies which reported the fundamental 

difference in susceptibility to aPDT between Gram-positive and Gram-negative bacteria due to 

differences in the organization of outer membrane structures, with the latter being more resistant 

[63], [64], [69], [78], [100], [253]–[256]. For instance, Usacheva et al., evaluated the 

bactericidal efficacy of TBO-aPDT against different bacteria in suspension including 

Staphylococcus aureus, Streptococcus pneumoniae, Enterococcus faecalis, Hemophilus 

influenzae, Escherichia coli and Pseudomonas aeruginosa [64]. Their results demonstrated that 

while all irradiated microorganisms were completely eradicated under the performed TBO-

aPDT conditions, the complete photo-destruction of Gram-negative organisms was achieved 

with higher concentrations of TBO than that required for photo-destruction of Gram-positive 

bacteria. Even greater light intensity was required in addition for the complete eradication of P. 

aeruginosa. In their study, this distinction was attributed to the structural and compositional 

differences between Gram-positive and Gram-negative organisms, in particular, to the 

existence of the outer membrane in Gram-negative bacteria which provides an effective 

permeability barrier and limits the binding and penetration of some PS [64]. In another study, 

TBO and other tested dyes clearly showed greater phototoxicity to S. aureus when compared 

to E. coli [100].  

Generally, it is well established in literature that Gram-positive bacteria are more susceptible to 

the action of aPDT compared to Gram-negative bacteria. This is due to differences in the 

physiology of these microorganisms, since Gram-positive bacteria have a relatively porous cell 

membrane formed of a thicker layer of peptidoglycan and lipoteichoic acid. This feature allows 

greater diffusion of PS into microbial cells; hence they can be eliminated by various PS and 

lower doses of irradiation, which explains the greater susceptibility of MSSA and MRSA to 

aPDT in this study. On the other hand, the additional layer of protection provided by the outer 

membrane of Gram-negative bacteria (E. coli and ESBL+E. coli) is generally able to hinder the 

uptake of photosensitizing molecules and to intercept photo-generated reactive species [63], 

[69], [254], [257]. Nonetheless, our results clearly show TBO-aPDT to be effective against not 

only antibiotic-sensitive Gram-negative bacteria (E. coli) but also against antibiotic-resistant 

ones (ESBL+E. coli), virtually untreatable by conventional antibiotics. This confirms the 

potential to aPDT as an antimicrobial alternative for antibiotics, by which multiantibiotic-

resistant strains are as easily killed as naïve strains [44], [98], [201], [258].  
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Compared to the tested bacteria and using the same TBO concentration, the treated yeast 

species, C. albicans, appeared to be the least susceptible to aPDT with non-significant microbial 

reduction compared to control even after, 5 min pre-incubation, 20 min irradiation and 10 min 

post-irradiation storage. This observation conforms with past findings which revealed that 

although Candida species , grown planktonically [259], [260] or in biofilm [234], are effectively 

killed by aPDT, higher doses compared to bacteria has to be applied [68], [232], [261]. 

Demidova and Hamblin, for example, required a significantly higher concentration of 

polycationic-chlorine e6 conjugate (25 µM) to achieve similar aPDT killing of C. albicans as 

that reached for bacterial species with 1µM [232]. In addition, Zeina et al. noted that Candida 

species exhibited considerably lower susceptibility to photodynamic killing compared to 

several prokaryotic bacteria, including S. aureus and Cutibacterium acnes (Propionibacterium 

acnes) [261]. 

Unlike bacteria, this low susceptibility phenomenon cannot be exclusively explained based on 

membrane permeability since yeasts present much more complex targets than prokaryotes. A 

yeast cell is surrounded by a thick external wall composed of a mixture of glucan, mannan, 

chitin and lipoproteins and separated from the plasma membrane by a periplasmic space. Even 

though this structure promotes an intermediate membrane permeability between Gram-positive 

and Gram-negative bacteria [253], available evidence suggests that the response of fungal cells 

to photodynamic processes is less strictly controlled by structural factors as in case of bacteria 

[262]. This has been rather attributed to the presence of a nuclear membrane in yeast cells, 

greater cell size and reduced number of targets for singlet oxygen and ROS per unit volume of 

cell [68], [263], [264]. 

Another theory was presented by Zeina et al. who proposed that, according to the target theory, 

aPDT-mediated killing effects of prokaryotic cells using phenothiazinium dyes appears to be a 

single hit process, in which all assumed cellular targets are equally susceptible and if damaged 

can lead to cell death [261]. In eukaryotes, however, a multi-hit process is required, through 

which saturation of several molecular targets is necessary before cell death occurs. These 

variations in susceptibility may be enhanced by differences in the cell size to cell volume ratio. 

Candida species, for example, are approximately 25–50 times larger than bacteria and, 

therefore, contain a greater number of targets per cell [68], [264]. Nonetheless, it is important 

to mention that, at present, no evidence exists that suggests the ability of yeast cells to develop 

resistance to phenothiazines-mediated aPDT.  



Discussion 

__________________________________________________________________________________ 

67 
 

Furthermore, it is worthy to note that, phenothiazinium PS and light doses achieving high levels 

of yeast inactivation in vitro have only minor effects on human cells under the same 

experimental conditions and show no detectable genotoxic or mutagenic effects [265]. This 

suggests that despite requiring higher PS and light doses than photodynamic eradication of 

prokaryotes, TBO-mediated aPDT may be both effective and selective in the treatment of 

Candida skin infections [266]. 

Microbial susceptibility to CAP lone treatment 

 

In the present study, bacterial suspensions in normal saline were exposed to 15 sec CAP 

generated from a high frequency DBD device, while yeast (C. albicans) suspensions were 

subjected to 120 sec CAP. Under the same experimental conditions, microbial suspensions were 

exposed to CAP in the presence of TBO in a final concentration of 2 µg/ml. Similar to aPDT 

results, CAP-treated microbes exhibited interspecies susceptibility difference to the performed 

CAP regime. Microbial susceptibility was, however, opposite to that observed for aPDT. While 

tested Gram-positive bacteria in this study showed higher susceptibility to aPDT than Gram-

negative bacteria, the latter displayed greater susceptibility to CAP than the former. After 15 

sec CAP exposure, MSSA and MRSA showed no significant CFU reduction compared to 

control even after 10 min post-treatment storage, whereas almost 100% eradication of both 

Gram-negative bacteria E. coli and ESBL+E. coli was achieved using the same CAP exposure 

time (15 sec). These results are in agreement with the majority of previous studies and reports 

suggesting the higher susceptibility of Gram-negative bacteria to CAP compared to Gram-

positive ones. For instance, Mai-Prochnow et al. reported species-dependent inactivation by 

CAP where, after 10 min CAP treatment, using an APPJ device (kINPen med), significantly 

higher resistance of planktonic cultures of Gram-positive bacteria was observed including 

Basillus subtilis, Staphylococcus epidermidis and Kocuria carniphila compared to 

Pseudomonas libanensis [267].  

Conforming results were also reported by Baldanov et al. who documented greater 

susceptibility of the Gram-negative E. coli after CAP exposure using an APPJ device relative 

to the Gram-positive Bacillus cereus and yeast Saccharomyces cerevisiae [268]. Furthermore, 

Matthes et al. showed in their studies, using an APPJ device (kINPen 09) and two different 

types of surface barrier discharges (SBD), that biofilms of the Gram-positive S. epidermidis 

were more resistant to argon plasma compared to Gram-negative P. aeruginosa biofilms, 

pointing to the difference in cell wall structure of bacteria as a possible reason for this variation. 

They assumed that the higher susceptibility of the latter could be due to ROS-mediated 
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oxidation of membrane lipids of the Gram-negative P. aeruginosa strain [269], [270]. However, 

they also proposed that other conditions or plasma setups can result in different effects between 

Gram-positive and Gram-negative [269]. Similar results and explanations have been published 

by Daeschlein et al. and Ermolaeva et al. for planktonic bacteria and biofilms which confirm 

that Gram-positive bacteria are less susceptible to argon plasma [168], [185].  Identical 

conclusions were similarly noted for DBD devices. In a study by Sun et al. it was demonstrated 

that E. coli suspensions exposed to CAP generated from a DBD device were more susceptible 

than S. aureus suspensions. According to Sun et al. this was due to the thinner cell surface 

structure of E. coli compared to S. aureus [271]. 

Unlike in case of aPDT, it is more intricate to understand and clarify interspecies susceptibility 

variation towards CAP exposure which we believe is attributed to several reasons. First, the 

generally complex composition of CAP and the role of individual components in the 

antimicrobial efficacy still makes it difficult to fully understand the mode of action of plasma 

against bacteria [155], [159], [160]. Second, the fact that this already complex CAP 

composition varies according to CAP device used and system parameters applied makes the 

process of comparing data of different studies troublesome and inaccurate [155], [160].  Third, 

the immense variation in the results between conducted studies in which different devices, 

device set up parameters and experimental parameters were applied hinders the potential to 

reach a concrete justification for the variable microbial susceptibility towards CAP. 

Consequently, diversified, sometimes even contrasting, theories and findings have been 

documented and only hypothetical explanations are suggested. While some studies achieved 

higher eradication of Gram-positive than Gram-negative bacteria using CAP [174], [272] and 

others more effectively killed Gram-negative than Gram-positive [50], [174], [267]–[271], 

[273], some studies reported no clear patterns of sensitivity to CAP between Gram-positive and 

Gram-negative species [185], [274] or even proposed other factors to be governing CAP 

efficacy and interspecies susceptibility variation [173], [274]–[276]. 

In a study by Mai-Prochnow et al., in which a significantly higher resistance of planktonic 

cultures of Gram-positive bacteria was observed and the tested organism with the thickest cell 

wall showed the lowest microbial reduction after CAP treatment, it was suggested that cell wall 

thickness plays a role in plasma-mediated inactivation. However, this theory could not justify 

susceptibility difference within the Gram groups, suggesting that additional factors, including 

the outer membrane in Gram-negative and cell appendices (e.g. glycan strands) in Gram-

positive bacteria are likely to play a role in CAP inactivation of bacteria [267], a theory 
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advocated by Flynn et al. as well [277]. According to Mai-Prochnow, the major difference 

between the two bacterial groups is cell wall thickness and the presence of an outer membrane 

in Gram-negative bacteria only. Gram-positive bacteria possess thicker and tighter cell wall 

than Gram-negative bacteria with peptidoglycan as main component. Since the cell wall is 

responsible for preserving bacterial cell integrity, destruction of the peptidoglycan either 

through mutations or external stresses (e.g. antibiotics) will lead to cell lysis [267], [278]. 

Bacterial cytoplasmic membrane consists of phospholipids and the outer membrane of Gram-

negative bacteria is composed of phospholipids and lipopolysaccharides (LPS) [279]. With the 

higher lipid content, lipid peroxidation may take place on LPS and result in breakage of the cell 

envelope [212]. Peroxidation of lipids is a known mechanism of CAP inactivation [219], [280], 

where membrane lipids have been proposed to be the most vulnerable cell macromolecules to 

physical stresses due to their position at the outermost side of the cell envelope as well as their 

sensitivity to ROS [280]. In addition, the presence of pore-forming proteins renders the outer 

membrane more permeable than the cytoplasmic membrane and cell wall, and thus probably 

easier to penetrate by CAP, possibly leading to a greater sensitivity of Gram-negative bacteria 

to CAP treatment which might also explain the results in the present study.  

In agreement with the observation of the higher Gram-negative sensitivity to CAP, Laroussi et 

al. observed severe morphological changes only in Gram-negative E. coli and not in Gram-

positive B. subtilis using scanning electron microscopy after CAP treatment [50]. Their study 

suggested that an electrostatic disruption of the outer membrane caused the observed cell lysis 

of E. coli which may occur when the membrane has gained sufficient electrostatic charge that 

the outward electrostatic stress surpasses its tensile strength. They also hypothesized that the 

greater surface roughness and irregularity caused by the presence of an outer membrane could 

render Gram-negative cells more labile to electrostatic disruption [50], [281]. Analogous 

findings were presented by Han et al. who observed two different possible mechanisms of 

inactivation of the selected Gram-negative and Gram-positive bacteria in that E. coli was 

inactivated mainly by cell leakage and low-level DNA damage, whereas, S. aureus, in contrast, 

was mainly inactivated by intracellular damage, with significantly higher levels of intracellular 

ROS observed and little envelope damage [212]. They additionally noted that CAP inactivation 

efficacy was correlated to process and system parameters including treatment time or post-

treatment storage time since these controlled the extent and time of bacterial exposure to CAP-

RS reactive species, which were the essential factors of antimicrobial reactions. The effect of 

shrinkage but not breakage has also been reported using another Gram-positive bacterium, 

Listeria monocytogenes [266]. 
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Opposite results were obtained by Daeschlein et al., where larger inhibition zones were obtained 

with Gram-positive germs compared to Gram-negative ones after CAP treatment using a DBD 

device, suggesting a more pronounced susceptibility of Gram-positive strains for that plasma 

source. Their study showed that treatment with that DBD device produced a clear relation 

between antimicrobial susceptibility and Gram-stain behavior. However, in the same study, a 

tested APPJ device with pulsed and non-pulsed settings showed a different pattern where, in 

contrast to DBD, treatment did not show the described relationship between Gram-stain and 

CAP susceptibility [174]. Although they could not justify the differences in results between 

both plasma sources used in their study,  they suggested that different plasma sources may 

exhibit different antimicrobial properties and that the different biochemistry of cell wall and 

membranes of Gram-negative and Gram-positive bacteria might be a determining factor as well, 

which needs further clarification. In another study, Daeschlein et al. tested the antimicrobial 

efficacy of an APPJ plasma device (kINPen® 09) against 13 different species including 

antibiotic-sensitive- and antibiotic-resistant Gram-positive and Gram-negative bacteria on agar 

surface. They attributed the difference in susceptibility between species to the variations 

resulting from manual treatment following meandring lines (horizontal variation) and from 

varying penetration depths according to slightly differing distances between the tip of the 

plasma jet and agar surface (vertical variation). Additionally, they suggested that the growth 

pattern of different species leads to differences in agar surface covered by the growing colonies 

as observed, for instance, by the larger colonies of E. coli relative to the smaller colonies of  

Enterococcus species [185]. 

In comparison to the bacterial species tested in this study, C. albicans, the only eukaryotic cell 

tested, was the hardest to inactivate with CAP yielding a modest, but significant, 1 log reduction 

after 120 sec CAP exposure which is an eight-times longer exposure time than that applied on 

bacteria (15 s). Previous research showed that C. albicans required longer exposure times than 

bacteria, even with a different configuration for each plasma system [220]. In a study by Scholtz 

et al., for instance, the sensitivities of vegetative forms of nine Gram-positive and Gram-

negative bacteria as well as C. albicans in suspension were compared where it was observed 

that inactivation of Candida required longer CAP exposure times [282]. In a more recent review, 

Scholtz et al. assessed studies of CAP-mediated inactivation of various microorganisms. 

Although they concluded that CAP antimicrobial efficiency depends on the plasma device and 

operating conditions, they noted that inactivation of bacteria generally required shorter 

exposure times (2 to 4 min) than yeast (6 min) [160]. A similar trend was shown by Klämpfl et 

al. who tested the antimicrobial effects of surface micro-discharge (SMD) plasma on Gram-
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negative and Gram-positive bacteria as well as C. albicans. Their results showed that after 30 

sec of CAP treatment C. albicans cells were more resistant than all bacterial strains tested 

including MSSA, MRSA, E. coli and P. aerouginosa [274] which is in agreement with the 

results of the present study. 

Unlike bacteria, the reaction of fungi with CAP and the research on resistance mechanisms of 

fungi against biocides has not been frequently examined [160], [274]. Consequently, no 

concrete explanations were suggested. Nevertheless, a few assumptions were proposed to 

justify the higher resistance of C. albicans, or yeast in general, to inactivation by CAP. In a 

review by Scholtz et al., it was suggested that that fungi, like all eukaryotic cells, are likely to 

have molecular mechanisms for tolerance to plasma stress. However, this phenomenon has been 

only recently described and only few authors are engaged in similar studies [160]. Scholtz et 

al. have speculated that varied sensitivities between bacteria and fungi might be possibly caused 

by differences in structure and composition of prokaryotic and eukaryotic microbes.  The cell 

structure of fungi is more complex than bacterial one. Therefore, this necessitates the 

application of different plasma conditions to achieve comparable inactivation effects [160].  

Klämpfl et al. discussed these structural differences in more detail inferring that the same 

reasons behind the intrinsic resistance of fungi towards biocides could play a role in influencing 

the lower sensitivity of these eukaryotic pathogens towards CAP. These include the fungal cell 

wall which, in contrast to bacteria, is composed of chitin/ cellulose fibrils within a 

polysaccharide matrix. Fungal cell wall can change its shape and thickness depending on 

environmental conditions and growth phase [274]. C. albicans cell wall is, for example, thicker 

in acidic pH than in neutral pH [274]. According to Klämpfl et al., this could provide more 

protection against CAP-RS and might explain the lower susceptibility of C. albicans obtained 

in this study. In addition, the presence of nuclear membrane might contribute to additional 

protection of the fungal DNA against CAP-induced damage as it creates an additional diffusion 

barrier for CAP species [274], [283]. Furthermore, the presence of specialized cell organelles, 

such as mitochondria and ribosomes, is assumed to enhance C. albicans resistance to biocides 

and, presumably, the lower sensitivity to CAP [274], [283].  

It is however important to mention that these hypotheses still need to be thoroughly analyzed 

and that the above-mentioned factors only lead to a relatively lower susceptibility of fungi to 

CAP, compared to their prokaryotic counterparts, and do not imply the development of 

resistance to CAP treatment. This can be confirmed by the various studies in which suspensions 

and biofilms of different fungal species were successfully inactivated by CAP [173], [185], 
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[220], [274], [284]–[287].  In addition, it was reported that C. albicans was effectively 

inactivated using CAP without causing damage to the reconstituted oral epithelium at the same 

CAP exposure condition [288]. 

Effect of post-treatment time 

The influence of post-treatment storage alone on plasma efficiency was clearly observed in case 

of E. coli and ESBL+E. coli where CAP exerted its greatest effect under the experimental 

conditions of this study. For both pathogens, increasing the post-treatment storage from 1 min 

to 5 min significantly increased CAP-induced bacterial killing with complete bacterial 

eradication after 10 min post-treatment. Previous results presented by Han et al. accord with 

the results in this study in which post-treatment storage times of 1 h and 24 h showed 

significantly increased CAP inactivation against E. coli and S. aureus, regardless of the mode 

of plasma exposure [212]. Han et al. associated their findings to the possibly extended reaction 

time of the generated CAP-RS with bacterial cells. The significance of post-treatment storage 

time was investigated and discussed in more detail by Ziuzina et al. who studied, among others, 

the effects of CAP treatment time, post-treatment storage time on E. coli suspensions [289]. In 

their results, complete E. coli inactivation was first observed within a post-treatment storage 

time of 15–60 min, suggesting the dependence of plasma inactivation efficiency on the post-

treatment time, which possibly allows for the diffusion and action of the residual reactive 

species in liquids, regardless of other experimental conditions. The interaction between plasma 

and bacteria suspended in liquids have been reported in several studies [290]–[292]. This 

complex interaction is generally based on the diffusion of plasma-generated reactive species 

into the liquids [293]. Plasma generated from air is characterized by various chemically reactive 

species, with the main role given to ozone as the most long-living and most oxidative species 

[294]. Gaseous ozone has high penetrability and after contact with liquids forms residual ozone 

and continues to affect microbial cells [295]. According to Ziuzina et al., complete inactivation 

of bacterial cells during the prolonged post-treatment storage time demonstrated that the storage 

of samples facilitated diffusion of the generated species into the liquids with accompanying 

antimicrobial action on the cells which might as well explain the results obtained in this study. 

The half-life of the species generated will govern whether they will have enough time for 

diffusion to occur. Species with very short half-lives will not have plenty of time for diffusion; 

consequently, it is likely that the inactivation observed in this case is owing to the relatively 

long-lived species. We believe that, post-treatment time is of great significance in the clinical 

context in which short exposure times are preferred to cut down treatment costs and improve 
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patient compliance. A short CAP treatment session with residual antimicrobial effect is 

definitely more appealing to the treating dermatologist as well as to the patient than a long CAP 

treatment session that takes longer and costs more. Apart from its clinical advantage , a post-

treatment storage stage is compatible with many industrial processes and with the treatment of 

sensitive samples [212]. 

Effect of TBO on CAP action 

Besides examining the antimicrobial effect of sole CAP exposure, microbial suspensions 

containing TBO were exposed to CAP under the same experimental conditions and the 

antimicrobial effect was compared to that of CAP treatment alone. We conjectured that CAP 

exposure in the presence of TBO might activate the photodynamic dye to some extent leading 

to, at least, a moderate synergistic antimicrobial effect even without TBO photoactivation with 

VIS-wIRA. However, unexpectedly, opposite results were noted in which the presence of TBO 

in microbial suspensions drastically, in most cases also significantly, hindered CAP-induced 

antimicrobial effect. Compared to untreated control, the significant CAP-mediated inactivation 

of C. albicans was hampered to a non-significant level due to the addition of TBO. The greatest 

impediment was observed in case of E. coli and ESBL+E. coli owing to the large log reduction 

originally achieved using CAP exposure alone. For E. coli, this corresponds 60 % to 88 % 

inhibition of antimicrobial efficiency, while for ESBL+E. coli 33 % to 83 % impairment of 

antimicrobial efficiency, with respect to post-treatment time. 

The exact reason for this remarkable impairment in CAP antimicrobial activity in the presence 

of TBO remains to be elucidated; however, it might be due to the reaction between CAP-RS 

and TBO which might have exhausted part of the generated RS, allowing only a reduced 

concentration to interact with microbial cells and induce microbial inactivation.  

Even though this behavior, and assumption, has not yet been explained for TBO, a similar trend 

has been described in previous literature for Methylene blue (MB), a phenothiazinium dye with 

structural similarity to TBO. In these studies, it has been demonstrated that MB strongly reacts 

with CAP-generated hydroxyl radicals (.OH) in aqueous solution, verified through dye 

discoloration, [296]–[298]. Misra et al. have revealed that MB reacted with CAP generated 

ozone and hydroxyl radicals  causing irreversible discoloration of MB indicating the 

degradation of the dye by ozone and other CAP oxidative species [299]. Similar findings were 

reported with other dyes, such as Methyl orange (MO) and Congo red (CR). In this study, Attir 

et al. concluded that short-lived radicals, mainly .OH, generated from direct and indirect plasma 

jets play an important role in degradation of MO, CR as well as MB [300]. Considering these 
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conclusions from a mutual viewpoint together with the structural analogy between MB and 

TBO, we can assume that a similar reaction might have taken place between CAP-RS and TBO 

in our experiments by which part of the generated RS might have been exhausted by TBO 

molecules rather than microbial lipid and protein molecules thus diminishing the overall CAP 

antimicrobial efficacy.  

Microbial susceptibility to dual treatment 

The most significant result in the present study is the dramatically enhanced antimicrobial effect 

achieved upon performing a dual CAP-aPDT treatment approach.  The use of combination 

strategies is well established in the battle against bacterial and fungal infections where 

combinations of antibiotics or antifungal agents are often used to profit from different 

mechanisms of action or toxicity profiles. Well established indications for combination 

antimicrobial therapy include treatment of life-threatening infections and polymicrobial 

infections and prevention of the development of bacterial resistance [301]–[307]. However, 

there is relatively little information available on whether non-conventional antimicrobial 

approaches such as CAP or aPDT could be utilized as an supplementary therapy in combination 

with antibiotics, antifungal drugs or other antimicrobial treatments, not to mention the total lack 

of information about their mutual interaction [42], [160], [198], [199], [308]–[310]. Prior to 

combining a CAP regime with TBO-aPDT we first needed to establish appropriate sub-lethal 

treatment conditions of the single CAP and aPDT treatments including TBO concentration, 

VIS-wIRA irradiation and CAP exposure time. In our combination therapy protocol, microbial 

suspensions were mixed with TBO, then were irradiated with VIS-wIRA directly followed by 

CAP exposure. Our results revealed a strong synergistic antimicrobial interaction of CAP and 

aPDT against all tested pathogens relative to groups treated with CAP only or aPDT only under 

the experimental conditions set in this study (P<0.0001). Significantly higher microbial 

reductions of 4.2 to 5.2 log cycles for bacteria and 3.4 log cycles for yeast were achieved 

directly after the dual treatment (after1 min post-treatment storage). Greater microbial reduction 

was observed after longer post-treatment times with 99.9% to 100% microbial reduction of all 

treated pathogens only 10 min after treatment.  

These observations are in accord with previous studies which confirmed the potentially 

successful combination of CAP or aPDT with other antimicrobial treatments. Previous studies 

on the effectiveness of aPDT in combination with various antibiotics or antifungal agents 

reported synergistic increase in aPDT efficacy against treated pathogens in-vivo [199]. In 

addition, several in-vitro studies demonstrated an enhanced antimicrobial effect after 
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simultaneous treatment using aPDT in combination with various compounds. Although a 

general mechanism of action cannot be established due to the variation in the performed dual 

protocols, different possible explanations were supposed accordingly. For example, it was 

assumed that aPDT damages the microbial cell wall or membrane, which allows better 

penetration of a concomitantly added antimicrobial drug increasing the sensitivity of the treated 

pathogens to the latter [198], [199]. On the other hand, it was noted in other dual protocols that 

pre-treatment of yeast with saponin, a compound capable of creating pores in fungal membranes 

significantly increased PS uptake and photodynamic effects of the afterwards-applied-aPDT 

protocol [308]. Other pre-treatment and aPDT regimes have utilized specific inhibitors of 

cellular functions such as antimycin A which was shown to synergistically increase the efficacy 

of aPDT against Candida species [309].  

Similar findings were recorded for dual approaches using CAP. For example, Čeřovský et al. 

have shown an improved fungicidal effect after combining CAP with nebulized hydrogen 

peroxide [311]. In addition, a study by Brun et al. demonstrated that P. aeruginosa and S. aureus 

exposure to CAP  increased their sensitivity to antibiotics and biocides most likely by damaging 

bacterial layers thus facilitating penetration of antimicrobial drugs [42]. 

Considering previous theories concerning synergism in combined antimicrobial protocols, it is 

suggested that the synergy achieved between aPDT and CAP in this study could be related to 

the initial aPDT-induced oxidative modification of microbial cell membrane altering membrane 

fluidity and organization as well as membrane protein function which, on one hand, culminated 

to cell death [12] and, on the other hand, facilitated the influx of more CAP-RS reaching more 

microbial target molecules.   

Several studies have confirmed photo-induced cell membrane destruction in microbial cells 

using TBO as a membrane-destructive photosensitizer in aPDT treatments [12], [44], [100], 

[312]–[315]. It is well established that TBO targets cell membrane components such as LPS 

and membrane proteins causing, upon photo-activation, oxidative modification that alters 

membrane fluency and molecular assembly as well as membrane protein function which causes 

cell death [12], [44]. Based on this evidence, it could be assumed that membrane destruction 

even without PS uptake might have weakened the microbial cell membrane, considered the 

main and first barrier to CAP components, which becomes more porous to the afterwards 

generated CAP-RS. This might explain the enhanced microbial killing achieved by the 

combined treatment. Since more CAP reactive species could reach more cell targets, more 

oxidative damage might have been caused and consequently higher cell death. 
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Effect of CAP and VIS-wIRA exposure on TBO spectral properties 

The mutual interaction between TBO and CAP was partly discussed earlier regarding the 

impediment of CAP antimicrobial efficacy due to the presence of TBO in solution where it was 

suggested that TBO molecules might have exhausted part of the generated CAP-RS reducing 

the RS concentration responsible for microbial destruction thus diminishing the overall CAP 

antimicrobial efficacy. This mutual interaction was inversely examined where the degradation 

extent of TBO was determined after CAP and VIS-wIRA exposure in single and dual 

treatments. This was achieved by recording the visible absorption spectrum of TBO solution in 

normal saline after each single or combined treatment from which the percentage TBO 

degradation was calculated.  

In the present study, spectroscopic investigations showed that the most dramatic degradation 

effect on TBO, where more than 50% TBO was diminished, was achieved after 120 sec CAP 

exposure in single or dual treatments suggesting a reaction between TBO molecules and CAP-

RS. This confirms our previous observation and conclusion about the reduced antimicrobial 

effect of CAP in the presence of TBO possibly due to chemical reaction of the dye with plasma 

RS. While several studies examined the degradation of organic molecules for using CAP for 

industrial purposes, no studies have investigated the degradation of TBO in a comparable way. 

However, a few studies reported similar findings with methylene blue (MB), another 

photodynamic sensitizer with similar chemical structure and physicochemical properties as 

TBO [64]. For example, Misra et al. tested the sensitivity of MB to CAP-RS generated from a 

large gap DBD device for possible use as a marker for monitoring process efficacy. Their 

recorded spectrophotometric readings showed reduction in the dye absorbance as a function of 

CAP operation time while visual monitoring of MB aqueous solution revealed irreversible 

fading of the original blue color of solution indicating the degradation of the dye by ozone and 

other oxidative species generated in the plasma discharge. In their study, they concluded that 

ozone reacts with MB either by direct oxidative reaction or indirectly by conversion into 

hydroxyl radicals in the aqueous phase, which in the next step oxidizes matter [299]. In addition, 

they assumed that CAP-generated charged particles and short-lived transient state species exert 

additional influence on the degradation process.  

Similar results were obtained by Takenaka et al. who studied the degradation of MB by plasma 

exposure through the gas/liquid interface [316]. Their results indicated that MB degradation 

occurred due to interactions between MB and radicals across the plasma/liquid interface with 

no influence of CAP-mediated pH change on the induced degradation process. These findings 



Discussion 

__________________________________________________________________________________ 

77 
 

might explain the outcomes of the present study in which the decrease in TBO molar absorbance 

suggested the degradation of the dye after CAP exposure. It has been proposed that reaction 

with MB usually involves the oxidant attack on the sulphinic group [317]. Since TBO and MB 

have a similar chemical structure and demonstrate the similar physicochemical properties [64], 

it can be speculated that a similar reaction might have taken place between TBO and CAP 

generated RS in this study leading to TBO degradation. Thus, considering these findings, it 

seems that the best option is to conduct CAP exposure after aPDT rather than before in the 

current dual protocol. This allows the PS to invoke its antimicrobial photodynamic action first 

before being degraded by the following CAP exposure. 

Effect of CAP, TBO and VIS-wIRA exposure on pH of solution 

Besides antimicrobial efficacy, the results in the present study also present the influence of the 

conducted single and dual approaches on the acidity (i.e. pH value) of the treated solutions. 

While the performed aPDT protocol and its individual components (TBO in saline or VIS-

wIRA irradiation) caused only slight reduction of solution pH, all CAP treated saline samples 

with and without TBO exhibited remarkable reduction in pH values compared to untreated 

saline. These findings are in agreement with previous results for PDT and CAP. Similar PDT 

effects were obtained by Gibson et al., who recorded only a small pH decrease by 0.35 units in 

rat mammary tumor after PDT exposure using an ion pumped dye laser irradiation (632 nm) 

and Photofrin [318]. Similarly for CAP, several previous studies demonstrated CAP-induced 

acidification of solutions using different devices [290], [316], [319].  The acidification of 

liquids following plasma treatment is one of the most commonly reported chemical 

modification [290], [293], [319], [320]. 

According to earlier literature, the decreased pH of plasma treated liquid is attributed to 

generation of HNO2, HNO3 and, H3O
+ [191], [293], [321]–[323]. It was previously reported 

that RNS are mainly responsible for the formation of nitrates and nitrites in liquid media by 

reacting with media components, consequently switching its pH towards acidic range, which 

enhanced CAP bactericidal efficacy [290], [324], [325]. The event of reduced pH was further 

investigated by Oehmigen et al., who confirmed the role of RNS in liquid acidification by CAP 

and clearly showed pH-dependent microbial inactivation [289], [293]. 

Although it was suggested that acidification of plasma treated liquid is critical for an 

antimicrobial effect; it is reported that acidic pH is not the main determinant of the exhibited 

antimicrobial activity [326]–[328]. These reports support our findings which show that acidic 
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pH has no direct significant contribution to bacterial inactivation as demonstrated by the lack 

of antibacterial effect against Gram-positive bacteria and the weak antifungal activity against 

C. albicans despite the notably reduced pH of CAP treated solution in both cases.  

However, while CAP-induced acidification is eventually to be further examined and answered 

by scientists in the years to come, the objective of the present work was to investigate whether 

the single treatments preserve their effects also in a combined treatment protocol and whether 

an antagonistic or a synergistic effect is obtained. This comprises testing the effect on solution 

pH after conducting the combined CAP-aPDT approach. In other words, to determine whether 

CAP-induced acidification is also observed in the dual approach or whether it is being abolished 

or augmented by the aPDT procedure. The results of this study show that, although aPDT 

exposure had only minimal acidifying effects on the treated liquid, it did not antagonize or 

reinforce CAP-induced acidification and the final pH of solution after combined exposure was 

nearly similar to that obtained after CAP exposure only. This is of particular importance in the 

clinical context of chronic wound management. Considering various aspects of wound healing, 

investigations suggest that an acidic pH in wound tissue encourages the natural healing process. 

Such a pH milieu not only hinders bacterial growth, but also reduces proteolytic activity, 

enhances fibroblast growth in-vitro, increases oxygen supply and is an indicator of successful 

self-healing of chronic wounds [190]. From this conclusion it can be suggested that a successful 

dual treatment combining CAP and aPDT can be achieved, as a basic principle, without having 

antagonizing effects that might hinder the overall enhanced antimicrobial effect. 

 

The comprehensive significance of the dual CAP-aPDT approach 

The broad implications of the present study, in which combined CAP and aPDT showed 

enhanced antimicrobial activity, can be particularly recognized as a potential successful 

treatment for problematic skin infections such as chronic wounds.  

Even though both treatment modalities are effective as single treatment against a wide range of 

skin pathogens and no microbial resistance was developed even after repeated application, 

reduced microbial susceptibilities of various microbial species have been demonstrated where 

higher exposure doses were required to achieve the desired microbial reduction. For instance, 

Gram-positive bacteria seem to be generally more resistant to CAP than Gram-negative bacteria 

[168], [185], [267]–[270], while Gram-negative bacteria appear to be more resistant to aPDT 

than Gram-positive ones [63], [64], [69], [78], [100], [253]–[256]. Furthermore, it was revealed 

that the fungicidal effect of plasma inactivation is relatively weaker than its bactericidal effect 
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under comparable conditions [160], [220], [274], [282]. The same was reported for aPDT [68], 

[232], [261].  

The CAP-aPDT dual approach described in the present study allows the synergistic 

combination of CAP and aPDT by closing each other’s selection windows, thus covering a 

broader spectrum against pathogenic microorganisms, consequently improving the overall 

antimicrobial efficacy as evidenced by the considerably higher microbial reduction of all tested 

pathogens in this study after combined exposure compared to single treatments. In a clinical 

context, a combined approach would also shorten treatment times, reduce the frequency of 

treatment sessions which would, therefore, improve patient compliance and promote the 

success of treatment plan. 

Besides boosting the overall antimicrobial efficiency, the dual protocol investigated presents a 

theoretically optimum combination of additional therapeutic benefits provided by CAP, aPDT 

and wIRA which further promote wound healing through various mechanisms (Table 7). For 

instance, one of the most important additional benefits featured by CAP is wound acidification 

[190], [191]. It is well established in literature that the pH value within the wound-milieu plays 

an important role in the healing process [190]. Studies on affected skin areas from patients with 

wounds from chronic venous leg ulcers and pressure sores, have revealed elevated cutaneous 

pH [191]. These areas are more susceptible to pathogen growth, since most relevant pathogenic 

bacteria on human skin possess optimum growth at pH values above 6, while their growth is 

inhibited at a lower pH [191], [329]. As a result, investigations concluded that an acidic pH in 

the affected skin tissue encourages the natural healing process. This acidic pH milieu not only 

hinders bacterial growth, but also reduces proteolytic activity, enhances fibroblast growth in 

vitro, increases oxygen supply and is an indicator of successful self-healing of chronic wounds 

[190]. The results in this study have shown that the performed aPDT protocol did not abolish 

CAP-induced acidification of solution in the dual approach, and that the final pH of solution 

after combined exposure was nearly similar to that obtained after CAP exposure only. It can 

therefore be claimed that the dual CAP-aPDT treatment can be conducted, with the acidification 

feature of CAP remaining intact for further benefits for wound healing on a clinical level.  

In addition, the implementation of a VIS-wIRA irradiation source for aPDT not only initiates 

the antimicrobial photodynamic action and the supplementary photodynamic effects that 

encourage wound healing (Table 7), but also introduces additional healing benefits mediated 

by the wIRA region of emitted light. These include, among others, reduction of pain, 
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inflammation, and hypersecretion, positive immunomodulation, faster shrinking of wound area, 

better cosmesis and lower rate of wound infections [115]–[117].  

In conjunction with bringing about a three-fold set of therapeutic benefits as shown in table 7, 

the dual CAP-aPDT approach also helps reduce the side effects sometimes associated with 

single Cap or aPDT treatments. For example, the possibility of using shorter CAP exposure 

times would eliminate any not yet established risks that might be associated with prolonged 

exposure to CAP components such as UV radiation and temperature. Similarly, using lower 

TBO concentration and light dose for aPDT in the dual protocol would reduce side effects 

reported during the photodynamic procedure such as pain, burning or stinging sensation, which 

are common adverse effects with impact on compliance. In addition, the dual protocol provides 

further protection from post-treatment skin phototoxicity since the remaining TBO, 

unexhausted by VIS-wIRA irradiation, will be degraded by the following CAP exposure as 

shown in our results. This not only reduces post-treatment staining of the skin by the PS, a 

cosmetic factor which is sometimes disturbing for the patients, but also reduces skin 

photosensitivity after treatment. Furthermore, the concomitant effect of wIRA-induced pain 

reduction leads to remarkably less need for analgesics, and subsequently reducing their side-

effects.  

However, as with most studies, the current study is subject to certain limitations. First, the 

suggested CAP-aPDT dual approach was tested only on planktonic microbial cells in 

suspension. Although a synergistic antimicrobial effect was observed against all tested 

microbial strains, the present study cannot undoubtedly interpret the antimicrobial effect of the 

proposed dual approach against pathogens in polymicrobial environments, mono- and multi-

species biofilms, or in-vivo on infected wound tissues and skin ulcers. Second, our results have 

clearly shown that exposure parameters of the dual antimicrobial approach need to be tailored 

for each microbial strain due to difference in microbial susceptibility. Therefore, we believe it 

is necessary that further (future) studies are conducted in which the antimicrobial efficacy of 

the suggested CAP-aPDT dual approach could be tested on more microbial species as well as 

different microbial environments such as mono- and multi-species biofilms, in vitro skin 

models, and eventually on patients. 
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Table 7: Advantages gained from the dual CAP-aPDT protocol and the additional benefits that would improve the overall 

therapeutic outcome in a clinical context (e.g. in wound healing).  

 
Advantages due to combination of 

aPDT and CAP 

Additional clinical effects conveyed by sole 
treatment that benefit overall therapeutic 

outcome in a dual approach 

aPDT 

Enhanced antimicrobial efficacy 
Less staining of skin 
No post-treatment phototoxicity 
Lower PS concentration and light dose 
Less pain during treatment 
Fewer number of sessions 
Lower risk of treatment failure 
Lower risk of developing microbial resistance 

Better cosmesis 
Induction of acute inflammatory reactions, 
enhances healing of chronic wounds 
 

CAP 

Enhanced antimicrobial efficacy 
Shorter CAP exposure time 
Fewer number of sessions 
Lower risk of developing microbial resistance 
Enhanced penetration of CAP components 

Anti-inflammatory, anti-itch  
Proliferation of endothelial cells 
Stimulation of growth factors Stimulation of 
microcirculation 
Wound acidification 

wIRA 

Enhanced PDT-like effect 
Lower light dose 
Fewer number of sessions 
Enhanced wound healing effects 

Amplifies PDT effect 
Endogenous PDT-like effect 
Reduction of pain and inflammation 
Reduction of hypersecretion 
Positive immunomodulatory effects 
Increase tissue temperature, oxygenation and 
perfusion 

 

To conclude, the evaluation of antimicrobial effects of the dual CAP-aPDT approach on 

planktonic bacteria and yeast presented in this study can only serve as a preliminary test which 

confirms a proof of principle that simultaneous application of CAP and aPDT yields synergistic 

antimicrobial effects under the chosen CAP and aPDT treatment parameters tested in this study 

such as photosensitizer concentration, light dose for photodynamic activation and CAP 

exposure time. Such promising findings should encourage further investigation, since 

multimodal therapies are becoming more prevalent in the management of skin infections and 

chronic wounds. Therefore, more in-vitro, in-vivo and clinical studies are needed in order to 

determine optimum combinations and treatment protocols supported by existing research 

outcomes. This includes considering numerous factors such as PS nature, concentration, 

incubation time, light source emission spectrum and light dose, CAP device and type of plasma 

generated, CAP exposure time as well as sequence of treatment. 
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7 Summary 

In this study we investigated the synergistic antimicrobial effect of a dual protocol combining 

cold atmospheric pressure plasma (CAP) and antimicrobial photodynamic therapy (aPDT) 

against different planktonic bacterial and yeast species including methicillin-sensitive and 

methicillin-resistant Staphylococcus aureus, Escherichia coli, extended-spectrum β-lactamase-

positive Escherichia coli and Candida albicans. A DBD plasma device was used for CAP 

treatment while for aPDT, toluidine blue O (TBO) was the photosensitizer (PS) of choice and 

a radiator emitting visible and water-filtered-Infrared A light (VIS-wIRA) was used as 

irradiation source.  

Microbial suspensions were either exposed to CAP treatment alone, aPDT treatment alone or 

aPDT followed by CAP exposure in a dual treatment protocol. Aliquots from each suspension 

were plated on agar plates and the number of colonies surviving after each treatment was 

counted. Under the experimental conditions conducted in this study, combining sub-lethal 

exposure doses of CAP and aPDT treatment showed significantly higher antimicrobial efficacy 

(P<0.0001) compared to single treatments against all tested microorganisms suggesting a 

synergistic effect which yielded at least 3.3 log microbial reduction corresponding to 99.6 % 

microbial death. In the dual CAP-aPDT approach, aPDT did not interfere with CAP-induced 

acidification of solution, a crucial feature for CAP antimicrobial efficiency, which further 

confirms the promising clinical potential of this combination regime. 

We believe that the CAP-aPDT dual approach described in this study holds great potential as a 

successful novel antimicrobial and healing-supporting strategy especially when directed for the 

management of acute and chronic wounds and possibly other skin and soft tissue infections. 

The use of a VIS-wIRA light source in treating skin infections is preferential, due to the 

additional therapeutic effects of wIRA in wound healing. Furthermore, the enhanced 

antimicrobial effects of aPDT when combined with CAP as shown in this study may grant for 

a reduction in treatment times and costs as well as improving patient compliance.  
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