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INTRODUCTION 

 
The relevance of this scientific work is based on infected wound healing 

problems and the aim of this dissertation is to create external use pharmaceuticals, 
such as a bandage, with silver ions as an antimicrobial agent, which would sustain 
good healing properties of infected wounds in-vivo, compared with the ordinary 
bandages. For such a bandage, thin film coatings were taken from KTU Institute of 
Materials Science; these were manufactured and fully investigated, and the scientific 
data were published by scientists Prof. habil. Dr. Sigitas Tamulevičius, Dr. Šarūnas 
Meškinis, Prof. Dr. Tomas Tamulevičius and others. In the current work, DLC:Ag 
thin film coatings were modified and applied for a bandage prototype. 

It is well known that pathogenic bacteria strains can exist everywhere in our 
environment on widely used things, e.g., phones, keys or pens [1]. People are risking 
their health whenever having contact with contaminated surfaces, especially if 
working in places where minor injuries, such as small cuts in a finger can occur. 
Minor injuries with bacteria contaminated surfaces may have lethal consequences 
[2]. For example, one of the most dangerous bacteria is methicillin resistant 
Staphylococcus aureus (MRSA), which can cause serious wound inflammation with 
almost no possibility of getting cured by using antimicrobial drugs due to antibiotic 
resistance [3]. Centuries ago, many people would die due to wound infections and 
sepsis until penicillin was discovered by Alexander Fleming in 1929 [4]. In 1945, he 
won the most prestigious medical award – the Nobel Prize in Physiology/Medicine 
[4]. Since the 1960s, the treatment of S. aureus bacteria caused infections has 
become more complicated due to the growth of the antibiotic resistance by 
Staphylococcus strains. It is estimated that 65% of all S. aureus infections are caused 
by MRSA strains [5]. The growing usage of antibiotics in farms as feed additives [6] 
and the overuse of antibiotics in hospitals [7] increased the antibiotics-tolerating 
bacteria strains. For example, flies play an important role when transferring MRSA 
bacteria from the farm environment to hospitals or residential houses [3, 8, 9]. For 
that reason, widely used antimicrobial drugs have become useless, and new 
antimicrobials are required for infections and wound treatment.  

Wounds, in terms of the injury type, are closed – when the soft-tissue layers 
are damaged beneath the skin, when the traumatic origin is, for example, after 
animal bites, or open – after injuries with sharp tools, or when sutured after a 
surgical intervention [10, 11]. Most problematic wounds are the chronic ones, when 
primary healing was unsuccessful, and secondary intervention and treatment is 
needed [10]. Chronic wounds usually appear after bacterial infection or when other 
factors, such as diabetes, burns, blood circulation failures are involved, or when the 
immune system causes a serious inflammation, and wounded tissues suffer from 
degeneration [12, 13]. The correctly chosen method of treatment is essential for 
successful results. One of the factors affecting the wound treatment time is scab 
formation, which can prolong the treatment time [11]. The moisture rich wound 
environment, when a scab does not cover the wound surface, can promote wound 
tissue angiogenesis and collagen proliferation [14, 11].  
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Today, the wound care has become a major challenge due to the antibiotics 
resistant bacteria strains, and new effective wound care products are required. One 
of the most promising antimicrobial materials is silver nanoparticles and silver ions 
[15, 16, 17]. The usage of silver as an antimicrobial agent for the treatment of 
infections has a long history. In 1884, Benno Crede – a German obstetrician – used 
1% silver nitrate solution to cure blindness which was caused by post-partum 
infections for newborns [18]. Later on, when the effectiveness of silver-based 
medicaments was tested, and when side effects were determined, the US Food and 
Drug Administration [19] approved colloidal silver for wound treatment in 1920 
[18]. Nowadays, moisture rich external use pharmaceuticals with anti-stick 
properties [20], such as creams, foams, hydrogels, hydrocolloids and polymeric 
films, meshes containing water with silver ions, are available on the market due to 
their antimicrobial properties and are used in the clinical practice [21,22]. 

In the clinical practice and current experiments, strong antimicrobial properties 
containing bandages are needed due to the unknown number of bacteria in the 
wound bed, and the best silver ion release properties containing thin film coating 
should be elected for the prototype. In such an advanced bandage, silver NPs and 
silver ions could be employed for a strong and long-lasting effect. Costly materials, 
such as silver, in dressings and bandages should be used in small amounts, and the 
optimum antimicrobial properties with minimum silver concentration are a desirable 
aspiration. For example, the authors of [23, 24] determined that the higher silver 
concentration does not ensure the best antimicrobial performance, and the overuse of 
silver in coatings is non-economical for bandages.  

NPs synthesized into the water media have the propensity to aggregate in a 
solution [25] and pollute pharmaceuticals with remains of chemical synthesis. 
Another method for silver NPs synthesis is UV irradiation (365 nm, 500 W); silver 
salt can be reduced by using the photo-reduction method [26]. The basic methods of 
chemical NPs synthesis can change the chemical structure of the bandage 
background [27], or a bandage can be polluted with the chemical reaction remains. 
For the manufacturing of chemicals free bandages, the DC magnetron sputtering 
method was the optimum solution in the current research, because it is one of the 
cleanest methods to manufacture silver nanoparticles and stabilize them into a 
carbon matrix [28]. In the current process, silver nanoparticles are stabilized in the 
DLC matrix [15, 29], and thin film coatings with silver nanoparticles have no toxic 
chemical remains or background changes of a sputtered tray [30]. In order to 
improve the silver ion release properties from DLC:Ag coatings, the RF plasma 
etching technology for different time intervals could be applied, as, in the current 
work, several groups of samples were investigated so that to determine the chemical 
composition, the surface morphology changes, the nanoparticle size distribution, 
thereby determining the correlation with the silver ion diffusion to water.  

In the current research work, a new bandage of a patented construction was 
created by applying the DLC thin film coating. For silver ion accumulation, a 3D 
silicone net filled with gelatin was attached so that to avoid direct contact with the 
wound tissues and to solve the stick-to-wound problem while sustaining the long-
lasting antimicrobial properties.  
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Research problem 

Around the world, the issue of infected wounds has become a major problem 
due to the extent of the growth of antibiotics resistant bacteria. The new generation 
of chemical antibiotics in pharmaceuticals involved in wound dressings and 
bandages has become more popular due to the good healing effect. On the other 
hand, good products are still overpriced and available for a minor part of the 
worldwide population. Nanotechnology based products can have the same or even 
better effects without using large amounts of expensive materials, and the presently 
applied technology could help to decrease the antimicrobial product pricing and 
increase the accessibility for the majority of the human population.  

Diamond like carbon (DLC) coatings are widely used in electronics, optics and 
medicine implant segments, but cases when DLC coatings are used in external use 
pharmaceuticals are rare. It was a real challenge to apply DLC:Ag coatings to 
antimicrobial bandages because not of all DLCs have suitable properties for such 
applications. DLCs have several prominent advantages – they can be manufactured 
without chemicals which can be toxic to humans or can cause side effects. Besides, 
DLCs can be sputtered on textiles, and, most importantly, silver nanoparticles can be 
stabilized on coated surfaces. This property is important for safe-to-use products. 

It is believed that the new bandage prototype might help to cure infected 
wounds more effectively and that the potential products will be accessible for a 
broad target audience.  

Research objective 

This research is aimed at the creation of external use pharmaceuticals, such as 
wound dressings or bandages, applying diamond like carbon and silver 
nanocomposite (DLC:Ag) coatings as the source of silver ions which act as the 
antimicrobial agent. The pharmacological evaluation is the second important step 
towards to the early stage bandage prototype. 

Dissertation tasks 

1. To investigate the chemical composition, surface morphology changes and 
nanoparticle size distribution of DLC:Ag groups of samples after RF plasma 
etching. 

2. To determine the optimum plasma etching time of DLC:Ag surface and its 
correlation with the silver ion diffusion to water. 

3. To perform antimicrobial tests, to determine the lowest silver ion concentration 
still maintaining antimicrobial properties, and to determine the best group of 
samples for the bandage prototype. 

4. To determine the visual differences and similarities of the antimicrobial effects 
of silver ions, silver NPs and the widely used antibiotic benzylpenicillin for 
bacteria cells. 

5. To prepare external use pharmaceuticals (bandages) with DLC:Ag coatings and 
to perform silver-ion-release and antimicrobial tests in-vitro. 

6. To evaluate the pharmacological effect for lab animals and the bandage 
antimicrobial effect in-vivo. 
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Research methods 

In the current scientific work, the microbiology methods (disc diffusion, serial 
dilution, and the spread plate technique) with pathogenic and referential bacteria 
were used to investigate the antimicrobial properties of silver ions and the prepared 
DLC:Ag samples. For the sample surface analysis and the silver content detection in 
samples, scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy were used. In order to detect silver ions in water, atomic absorption 
spectroscopy was applied. The samples were manufactured by applying the DC 
magnetron sputtering technology, whereas surface modification was performed with 
RF plasma etching. The bandage prototype was assembled by hand and tested with 
guinea pigs so that to determine the wound healing effect and the antimicrobial 
effect in-vivo.  

Scientific novelty of the work 

1. The methodology of producing antimicrobial properties demonstrating 
DLC:Ag nanocomposite thin films on textile, including oxygen plasma processing, 
was established, thereby enabling the creation of long-lasting antimicrobial materials 
which would sustain stability for more than 2 years.  

2. Detailed antimicrobial testing of silver ions and NPs was performed for the 
antimicrobial effect for cell walls, and the optimum silver ion concentration for the 
best antimicrobial performance was determined. 

3. A bandage prototype was created, and the unique structure was patented in 
Lithuania, and a PCT patent was obtained.  

Dissertation structure 

This dissertation contains the following chapters: 
Chapter 1 presents the literature review. The literature review includes the 

history of silver application and explains the antimicrobial mechanism of silver, its 
toxicity for organism and the antimicrobial properties of DLC:Ag coating, 
respectively. Various bandages which are used in the clinical practice for wound 
care are reviewed.  The novel method for the observation of bacteria cell wall 
changes caused by an antimicrobial agent is presented. Finally, information about 
wound healing and wound healing problems is briefly described. 

Chapter 2 presents the materials and methods employed in this thesis. The 
chapter concisely describes the chemical reagents used in the experiments and 
generally explains all the methods applied in the current research work.    

Chapter 3 is dedicated to the results and their discussion: this chapter contains 
the research results data about DLC:Ag thin film materials used in external use 
pharmaceuticals and presents the results of the performed antimicrobial tests. 
Furthermore, observation in the real time of the antimicrobial agent action 
mechanism and pharmacological evaluation of the created bandage data is 
presented. 

Chapter 4 contains conclusions: the final reviews, conclusions and applications 
for the created external usage pharmaceuticals are presented. 
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 The dissertation contains 132 pages, 26 figures and 6 tables and 8 annexes. 
The list of references features 256 items. 

Personal input of the author 

The presented results were obtained during experiments performed at Kaunas 
University of Technology and Lithuanian University of Health Sciences.  

The dissertation author brought the idea to create the silver nanoparticles-
based bandage. The internal structure of the bandage as well as the prepared external 
use of pharmaceuticals (bandage) was suggested and implemented by the author. 
Most of the experiments were planned and performed by the author, including all the 
microbiology experiments and tests with lab animals. DLC:Ag coatings were 
prepared by Vitoldas Kopustinskas and dr. Andrius Vasiliauskas, SEM analysis and 
EDS spectroscopy was performed by prof. Tomas Tamulevičius, AAS spectroscopy 
was conducted by  Irina Abelit.  

The current researches were funded by the joint KTU and LSMU projects 
NANOBIOSENSOR where the author was working as a junior researcher. Tadas 
Juknius performed the microbiology experiments with a team of scientists at LSMU. 
The second joint KTU and LSMU scientific project, directly related to the 
dissertation, was NANOSMARTPLASTER, where the author was the project 
initiator. The author performed experiments related to the bandage prototyping 
process and was employed as a junior researcher.  

The results data were processed in consultation with Prof. Sigitas 
Tamulevičius, Prof. Tomas Tamulevičius and Associate Prof. Modestas Ružauskas. 
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1. LITERATURE REVIEW 

In this chapter of literature review, the problems and achievements of wound 
treatment, thin films preparation, antimicrobial bandages and other external use 
pharmaceuticals used in the clinical practice are presented.  

1.1 Physiology processes of wound healing 

The wound healing process is influenced by a variety of factors, for example, 
it was determined that dehydrated wounds undergo a slower healing process [31], 
and small chirurgical interventions usually are very helpful in the successful 
treatment process of chronic wounds, but extra procedures of gangrening dead 
tissues, like cleaning out with a saline solution or dilute vinegar 0.5% acetic acid, are 
very useful [32]. Wounds developed after burns are most dangerous due to the high 
risk of infections, and, for example, at the beginning of the 20th century, one of the 
prevailing mortality reasons (over 50%) was related with injuries [33]. Hardly 
burned skin usually loses the epithelium layer which acts as the normal skin barrier 
for antimicrobial defense mechanisms [31]. Skin epidermis contains four different 
types of cells, but the most important ones are keratinocytes – they constitute 80–
90% of the cellular epidermis and form a barrier from the outer environment, 
including the bacteria [33]. It is known that bacteria attached to the skin or the 
wound surface can form a biofilm which is from 10 to 1000 times more resistant to 
the biocidal agents comparing with loose bacteria, and it is very difficult to eliminate 
pathogens completely [34] from injured skin surfaces. Wounds after various injuries 
are unprotected; they are a nutrition-rich place for bacteria to grow [35]. Without 
protection, the skin becomes vulnerable to invasive microbial infections [18], and 
this can result in sepsis subsequently leading to death [34]. 

Wound healing is a complex biological process where various biomolecules, 
biochemical pathways and physiological processes are involved in the course to 
hemostasis [27, 28]. The main problem in the wound healing process is the 
prevention of transit from a healing wound towards to the chronic non-healing 
wound condition [36, 37]. Chronic wounds tend to get stuck in the inflammatory 
phase [32], and this condition requires a lot of efforts to heal the wound completely 
without serious residual effects [37–39]. The wound healing process can be 
comprised of three stages: 

The inflammation stage begins after the injury or any other type of wound 
occurrence and extends depending on the organism’s condition and its defense 
mechanism [33, 40, 41]. During this process, blood vessels are disrupted around the 
wound’s bed, and they can release such clotting factors as fibrinogen which 
coagulates thereby forming a net for blood platelets which get stuck in the fibrin net 
[42]. After this process, a fibrin clot appears on the damaged area [33]. Afterwards, 
the increased vascular permeability leads to the leakage of plasma fluid from blood 
vessels [43]. The leakage process can be explained as a process when vessels expand 
in diameter and form micro-gaps between the vessel’s cells, thus allowing the white 
blood cells, antibodies, and other molecules such as growth factors to migrate into 
the wound’s bed [33, 43]. Other blood-shaped elements, such as neutrophils, release 
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chemokines to amplify the immune response and attract more leukocytes into the 
inflammation zone [33]. At this stage, the inflammation level increases, and 
symptoms like erythema, edema or pain start occurring, and the local temperature 
increases respectively [44]. Inflammation in the damaged tissues often leads to 
functional disorders [40, 45]. C-reactive protein (CRP) in the blood plasma [46] 
initiates neutrophils and macrophages to eliminate microorganisms by phagocytosis 
[33]. The phagocytosis process starts when CRP binds to phosphocholine on the 
microbe’s wall surface, damages it and enhances the phagocytosis process by 
macrophages [46, 47]. CRP is mainly used as a marker to detect the inflammation 
process [46]. 

The proliferative stage (epithelization, angiogenesis and matrix formation) 
starts when activated macrophages eliminate neutrophils, and this stage can overlap 
with the inflammatory stage [41, 48]. Macrophages release the growth factors which 
initiate the new connective tissue mass formation, which is commonly termed as the 
granulation tissue (it contains new blood vessels) formation [33]. During this stage, 
the granulation tissue formation and the excretion of collagen by fibroblasts begins 
with the purpose to regenerate the damaged tissues [49]. Fibroblasts can also 
differentiate into myofibroblasts and contract the wound tissues [33]. During the 
granuloma tissue formation stage, the number of fibroblasts increases, and synthesis 
of collagen intensifies, respectively [50]. The formation of vascularized mass in the 
healing wound is amplified by the proliferating fibroblasts and mucopolysaccharide 
in exudate [43]. Furthermore, the collagen and extracellular matrix deposition 
promotes the angiogenesis process, and newly formed micro vessels can ensure 
blood circulation, which increases the speed of granulation tissue formation with the 
irregular texture in a naturally pink color [19]. The wound regeneration or 
reepithelization process begins from the wound margin and epidermal appendages 
[37]. 

The maturation stage. During this stage, the synthesized collagen improves the 
tensile strength of the skin, and the scar formation process begins [33]. At this stage, 
the number of inflammatory cells decreases to the normal level, and the gaps 
between the vessel’s cells in the blood vessels contract; thus, vessels regress to the 
original structure, and the wound tissues are remodeling for the retrieval of the skin 
functions [49]. 

1.2 Healing processes of bacteria infected wounds 

A healthy organism has a healthy skin, which is one of the most important 
organs playing an important role in the survival, and the skin can protect the body 
from dehydration, infections and sun radiation. It also helps to regulate the body 
temperature [31]. The many microbiota (Fig. 1) on the skin surface can live for any 
extended amount of time and do no harm for the health; for example, 1 million 
bacteria reside per square centimeter on the human skin [51, 52], and we do not feel 
any bad consequences regarding this fact. Usually, the skin surface is acidic, it 
contains sweat which is salt-laden, and the skin is coated with natural antimicrobial 
peptides which work as antibiotics [52]. Due to these conditions, the skin surface 
always sustains the bacterial balance, because, if it were otherwise, other pathologies 
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would occur [53]. In pathological cases (skin diseases, cuts, ulcers) when pathogenic 
microorganisms enter into the wound [54], there are all the necessary nutrients 
available for multiplication; consequently, serious wound infections develop [55]. 
Very often, the wound care can become a complicated procedure due to the 
accidents such as traumatic burns or blast injuries, pathologies like skin diseases, or 
diabetes-caused chronic inflammations [56]. 

 

 
 

Fig. 1. Skin structure and microbiota on the skin surface [52]: epidermis (1), 
dermis (2), bacteria (3), fungi (4), virus (5) on the surface of the skin, sweat glands 

(6) and sebaceous glands (7) with a hair follicle (8) can provide nutrition for 
microbiota which in the case of an infection can act as pathogens; they may cause 
inflammation leading to tissue damage, but usually the microbiota population is 

regulated by skin secretion (sweat and antimicrobial peptides) and the natural skin 
epidermis layer 

 
Open chronic wounds as well as the emergence of the genetic factors can 

negatively influence the life quality and exert a financial burden [33]. Wounds can 
be described as a disruption of the skin structure and function [31], and proper 
treatment is one of the most important procedures for patients. 
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1.2.1 Healing process of MRSA bacteria infected wounds  

Centuries ago, people noticed that wounds which occurred after unclean 
(polluted with dirt) cuts and injuries can cause serious inflammation of the damaged 
tissues or could even lead to fatal consequences due to sepsis [57]. Every injury can 
‘open the gates’ for pathogenic microorganisms, such as methicillin-resistant 
Staphylococcus aureus (MRSA) to the organism. MRSA can cause wound 
inflammation with bad outcomes leading to long term consequences [58]. The 
increased MRSA infection rates in hospitals appear to be unstoppable [59]. 
Regarding MRSA, the wound treatment becomes a complicated process. For 
example, chronic wounds are one of the major clinical problems, as, only in the 
USA, in the course of a research conducted in 2016, 6.5 million [60] patients were 
affected by chronic wounds [61], which may lead to serious infections. The 
treatment of wounds usually becomes complicated due to the bacteria biofilm which 
can be from 500 to 5,000 times more resistant to antibiotics than free non-biofilm 
bacteria [60].  

Wound infection treatment caused by MRSA is a complicated process; 
nowadays, for the MRSA treatment, antibiotic therapies are used when more than 
one type of antibiotic is applied for treatment at one time [34]. Good results were 
observed when antimicrobial agents, such as biaryl hydroxyketone, nafcillin and 
cephalothin, are used as quorum-quenching agents [62] to replace methicillin which 
has no effect in difficult clinical cases. On the other hand, studies show that only 
silver containing wound dressings have a strong antimicrobial effect [63] and are the 
most promising strategy. 

1.3 Silver as antimicrobial agent  

Silver in the early history was used as money and jewelry; also, tools like 
silver plates and water containers were manufactured [64]. The unique antimicrobial 
properties of silver were noticed before 4000 B.C.E., and it was mainly used for 
water purification [2, 65]. Historical sources describe that a Persian King drank 
water from silver water containers only, and Macedonians used small silver plates to 
increase the wound healing speed [65]. Ancient Romans noticed that silver coins 
have unique properties – they could prevent water from turning sour and prevent 
contamination over long traveling periods [66]. The most famous ancient medical 
doctor – Hippocrates – used silver preparations for ulcers treatment, whereas later 
silver (specifically, silver salts dissolved in water) became a widely used 
antimicrobial agent [65]. The antimicrobial properties of silver were used in most 
advanced scientific projects. In the 20th century, silver was used in Apollo space 
programs for water purification, [13, 66] in the Mir space station [67], and in the 
Space shuttle missions [18, 68]. 

There is a wide range of silver containing medical products, such as 
antimicrobial wound dressings, bandages, solutions and silver-plated medical tools 
[69, 70]. It was determined that nanocrystalline silver and platinum coated medical 
devices and implants can reduce the risk of inflammation after surgical procedures 
due to the antimicrobial properties of silver [71], and extensive possibilities of silver 
application make silver one of the most valuable materials for infection treatment. 
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Nowadays, silver nanoparticles can be used in cashew gum [72] in odontology for 
gums infection treatment [73] or in general medicine [74] to reduce the number of 
infections after vascular surgery, and for the treatment of complicated wounds [16, 
75, 76].  

1.3.1 Silver-containing bandages 

A wide variety of chemical drugs are used in hospitals for wound treatment. It 
is known that external use pharmaceuticals for infected wounds can be such 
products as: solutions, gels, creams, and bandages [24]. Bandage-type wound care 
products are used in hospitals [76], armed forces [77], and as the first aid at home. 
The main purpose of a bandage is to stop bleeding and to prevent the wound from 
contamination with dirt and bacteria [24, 78]. Most of wound dressings are made 
from sterile cotton, yet they also can be composed of other natural materials and 
could be denoted by minor antimicrobial properties [79]. Scientific studies claim 
that bacterial cellulose is denoted by the potential to be one of the best materials for 
wound treatment due to its biocompatibility, non-toxicity, mechanical stability and a 
high moisture content [36]. It could be added that, for the treatment of wounds, such 
polysaccharides as chitosan can be used in the clinical practice due to its 
biocompatibility, non-toxicity, and it can be applied in tissue engineering for the 
positive effect for the wound healing process due to its bioactivity against 
inflammatory cells [80].  

 Ionized silver (Ag+1) has been employed in burn wound treatment due to the 
antimicrobial properties for over 200 years [64]. Silver as an antimicrobial agent 
became popular for applications in wound dressings, e.g., cotton bandages [81, 82]. 
Such bandages with silver can be described as the ordinary cotton or other dry 
material-based bandages with a thin-coated silver net on the surface, or else they 
contain metallic silver incorporated in some other form in the cotton background 
[83]; these are suitable for minor injury treatment. Also, silver dressings are used in 
extreme cases, such as war medicine, when the injuries are extremely difficult; for 
instance, silver-nylon dressing Silverlon [77] is successfully used and has helped to 
save many lives. 

Nowadays, more advanced silver containing and moisture rich or hydrogel 
based wound dressings are being used [24, 78, 79]. Silver dressings, according to 
some authors [44], can reduce pain. An experimental study with people revealed that 
nylon dressings with silver can reduce pain after surgical intervention during the 
healing period. The pain reduction mechanism is explained by providing an 
occlusive barrier [44, 77]. 

Many studies show that silver inside bandages can strongly improve 
antimicrobial and wound healing properties, but most advanced bandages with silver 
is silver nanoparticles incorporated in multilayer water rich dressings made from 
hydrogels [20, 23] (water absorbent materials). The most advanced bandages are 
expected to feature such properties as: ability to maintain the wound-optimum 
moisture, absorption of extra exudate, allowance of gas diffusion, thermal insulation, 
antibacterial activity, biocompatibility, non-toxicity, mechanical stability, and low 
adherence to the wound surface [36]. Numerous researches have been performed to 
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implement the goals of the excellent properties containing bandage, and most 
promising studies can be briefly presented as follows.  

One of the most popular categories of bandages is hydrogel based with silver 
micro-nanoparticles inside. Nanoparticles are incorporated into the hydrogel matrix 
and can extract silver ions into water and water based media, such as wound fluids 
[84, 85]. For example, these are Acticoat™ and PolyMem Silver® bandages made 
from hydrogels like 2-acrylamido-2-methylpropane sulfonic acid sodium salt that 
are incorporated with silver nanoparticles [85]. In order to enhance the healing 
process, dressings like Alginate-hyaluronan composite [86] or keratin-based 
hydrogels [87] can be successfully used as well. Moreover, water rich or hydrogel 
bandages with silver ions (without nanoparticles) can also be used effectively for 
wound treatment [83]. 

Bandages with biomaterials have to feature moistening properties so that to 
stop wound tissue dehydration and prevent infections [10, 23]. Nowadays, some 
wound care products contain growth factors to speed up the healing process; also, a 
technology has been developed to imitate the Extra Cellular Matrix in wounds which 
can form the structural carcass for growing cells [31]. There is a scientific study 
presenting dressings with nicotinamide (an anti-inflammatory drug) with silver NPs 
which were manufactured by using alginate (as the reducing and stabilizing agent), 
and it was reported that such a type of dressings strongly increases the healing speed 
of burn wounds on the lab rats model [88]. Other types of wound dressings to be 
marked are bioengineered dressings. These types of dressings can be made from 
human or animal skin components which can imitate the normal skin structure and 
architecture [72]. Dressings of this type can replace the epidermal layer and provide 
a structural scaffold necessary for regenerating cells [31, 32]. Also, bioengineered 
dressings due to their unique structure can sustain the optimal moisture level inside 
the wound bed and stimulate the healing process by releasing the epidermal growth 
factor (EGF) [89] in order to achieve the best healing effect. 

Nanofiber (150 nm) mats with silver nanoparticles have the potential to be a 
promising technology against bacteria in wounds; the authors of experimental study 
[59] claim that nanofiber mats with silver nanoparticles (Ag-NPs, 25 nm diameter), 
enveloped in chitosan, can strongly enhance the antimicrobial properties of 
antimicrobial products, made from improved nanofiber materials. The authors of 
study [90] determined that nanocrystalline silver is denoted by strong antimicrobial 
properties and that similar technologies can be successfully applied in external use 
pharmaceuticals. One of such examples when nanocrystalline particles are used in a 
solid stable matrix could be DLC:Ag thin films sputtered on textiles, and silver NPs 
in coatings is one of the most promising materials for external use pharmaceuticals 
[15, 29]. 

1.3.2 Antimicrobial mechanism of silver ions 

The mechanisms which can describe the antimicrobial effect of silver for a 
wide range of microorganisms are being widely discussed. The two main 
mechanisms have been determined based on a number of studies: mechanical and 
Ag ions influence, respectively. The most popular concept is the silver ion 
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interaction with the cell wall, the cell’s internal elements and molecules [10]. The 
other mechanism is the mechanical cell wall interaction of Ag NPs [91, 26] which 
can also release silver ions [92], and many authors agree that the two main 
antimicrobial mechanisms can work together and cumulatively increase the 
antimicrobial effect [24, 26, 93]. 

It is widely agreed that silver ions do the damage for bacteria internal 
structures, but, at first, silver must be dissolved in water or water rich media [94]. 
Silver as a metal is zero-valent and has no antibacterial properties [10, 95]. 
Antimicrobial properties are developed when a silver metal atom is released from 
the elemental silver via oxidative dissolution [96] and becomes the positively 
charged silver ion. Only the Ag+1 state is stable for use as an antimicrobial agent, 
whereas other cations, i.e., Ag+2 and Ag+3 are highly reactive and short-lived [97] 
and are not suitable for the treatment of bacterial infections. It is known that the 
bacteria cell wall has the negative charge, and it can interact with the positively 
charged of Ag+ ions, and thereby silver ions can accumulate at a high affinity in the 
membrane [98].  

It is well known that Ag ions in the plasmic membrane of bacteria can interact 
with the thiol groups [99] and bind with the cell surface the proteins containing Fe-S 
groups [100]. Ag ions can induce changes (yet NPs do not cause this effect) in the 
plasmic membrane or depolarize it [97, 98]. This destabilization process of the outer 
membrane can influence morphological changes in the cell [100], and, according to 
the authors of [101], bacteria after interactions with silver ions were affected, and 
irregular-shaped pits on the bacteria surface were observed.  

The generation of free radicals by silver NPs may be another mechanism 
which can induce damage to the cell membrane and initiate the death of the cell 
[102]. These authors also discussed the reactive oxygen species (ROS) [24] which 
can directly influence the damage for the cell membranes due to Ag+ accumulation 
[102]. Among other things, it has been suggested that a silver ion can block the 
electron transport system, which leads to the cell death [103]. As a result, all of these 
above listed silver ion interactions are fatal for bacteria strains. 

The bacterial cell wall acts as the Ag ion barrier preventing silver ion 
migration to the bacterial membrane, but silver ions can penetrate inside the bacteria 
cell by using the general bacteria poirins, and, as a result, they can block the activity 
of cytoplasmic proteins, stop ATP functions [104], DNA normal chain replication 
[102] and transcription processes [97, 105]. Silver can inhibit oxidative enzymes, 
such as yeast alcohol dehydrogenase, block the respiratory chain functions and lead 
to the cell’s death [97, 106]. On top of that, the authors of [107] claim that Ag+ can 
rupture the bacteria cell wall when Ag ions merge to the negatively charged cell 
wall. Other research data presents that low silver ion concentrations can induce 
massive proton leakage through the bacteria cell membrane [106], and proton 
leakage usually has fatal consequences for the bacteria cell [106, 107].  

There is one more silver antimicrobial action mechanism to be mentioned – 
photocatalytic mechanism – according to which, oxygen molecules from the cell and 
the hydrogen atoms of the thiol groups are affected by catalytic oxidation reactions 
[108], and the two thiol groups are covalently linked together by disulfide links (R-
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S-S-R), hence, the cell respiration process is blocked, and bacteria loses the ability 
to survive [23, 24].  

1.3.3 Antimicrobial mechanism of Ag NPs 

It is known that nanoscale particles like carbon aggregates (not only Ag NPs) 
can cause permanent bacteria cell wall damage, thereby causing the release of the 
intracellular content out, thus leading to the cell’s death [109]. There is consensus 
that NPs accumulation, by attaching on the surface, can initiate the ‘pits formation’ 
process and induce cell membrane damage [26], and this mechanism could explain 
antimicrobial activity against bacteria.  

According to research data [99], the nanoparticle’s size is decisive regarding 
the antibacterial silver properties. It is known that NPs of <10 nm in diameter can 
attach to the bacteria cell membrane, while larger NPs are not denoted by such a 
property. The attaching mechanism can be explained as follows: small nanoparticles 
have a larger surface area to volume ratio for surface interaction of the bacteria cell 
membrane [104], i.e., the attaching surface area and mass ratio plays the essential 
role.  

 

 
 

Fig. 2. Antimicrobial action mechanisms of silver ions and NPs [16]: silver 
ions (1) penetrate the bacterial cell wall or enter through the membrane channels (6) 
and bind to the DNA (2) molecule, silver ions impair the ability of ribosomes (5) to 
transcribe the messenger ribosomal RNA (4) and disturb the protein synthesis, silver 
NPs (3) can cause mechanical damage when entering through the membrane and can 

release silver ions (7) inside the cell 
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The mechanism of nanoparticle attraction to the bacteria cell wall may be the 
electrostatic force initiated by Ag NPs which increases the membrane permeability 
and results in the cell wall rupture and cytoplasm leakage out [110]. Other studies 
related with nanoparticle attraction determined that the shape of NPs can play a very 
important role, for example, study [101] noted that the lattice plane {111} silver NPs 
configuration had the strongest antimicrobial action compared with spherical and 
rod-shaped nanoparticles.  

Another antimicrobial silver NPs activity in-vivo, called Corona, was 
presented; according to this mechanism, Ag NPs in the biological environment can 
change the surfaces of the adsorption biomolecules such as proteins and lipids which 
are located on the outer membrane; as a result, the changes of molecules can disturb 
bacteria cell metabolism and lead to fatal consequences [24].   

Many researchers claim that silver NPs can directly interact with the cell walls 
[91, 92] attach to sulphydryl (sulfhydryl-SH [23, 24]), amino, imidazole, phosphate 
and carboxyl proteins, denaturate molecules, or inactivate enzymes in the cytoplasm 
[92]. Yet, in order to cause such effects, the NPs surface should be oxidized to 
release the Ag ion because NP by itself has no charge which is necessary for 
molecular connections [92, 102].  

When reviewing all the mechanisms (Fig. 2), it can be assumed that silver 
nanoparticles can do only mechanical damage [99, 106, 109, 110] if the surface of 
NPs was not oxidized for Ag+ release. Silver NPs can stick to the cell wall [99] and 
change the membrane structure [23, 24] or penetrate inside the bacteria [26]. 
Moreover, silver NPs surfaces in the water media can be oxidized, and silver ions 
are released inside the cell cytoplasm thereby causing chemical reactions with the 
respiratory chain [106] ATP, DNR molecules and result in their inactivation [102, 
104]. 

1.3.4 Bacteria resistance mechanism for silver  

Bacteria resistance is one of the main problems in the treatment of 
inflammation in hospitals [111]. Resistance to antimicrobial agents can occur due to 
the bacterial cell wall chemical composition changes [100]. Composition changes 
act as a barrier reducing the uptake of antimicrobial compounds from the 
environment to the cell [40, 106]. Resistance to biocides can also occur due to 
enzyme synthesis which may cause chemical degradation of the antimicrobial 
compound [106]. 

Extensive and uncontrolled usage of Ag containing antimicrobials may result 
in silver resistance development in bacteria [112]. Furthermore, several studies have 
shown that bacteria gain resistance against such antimicrobial agents as silver 
regarding the cell genes and proteins [113] or cell plasmid gens [114] changes. The 
resistance transfer process for silver to other bacteria cells generation can be carried 
out via the genetic material of plasmids [97, 112] – self-replicating extra 
chromosomal DNA. On the other hand, the resistance developing process is slow, 
and the resistance mechanism development inside the cell is complicated due to the 
wide range activity of silver ions: it interacts with the membrane [99], ATP and 
DNA molecules [102, 104], respiratory enzymes; as a result, resistance development 
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mechanisms are made very complicated [106]. Other studies show that silver 
resistance can be related with the membrane permeability or cell surface-associated 
changes [97]. It was determined that the uptake of silver was three to four times 
lower in the silver-resistant bacteria strain cases comparing with non-resistant strains 
[115]. The changes of genetic information taking place in silver-resistant bacteria 
are considered to be unstable, and it is difficult to transfer genetic information 
mutations for the further bacteria generations [97, 106, 115], and these properties 
make silver a highly useful antibiotic for extensive applications. 

1.3.5 Toxicity of silver NPs and ions 

Every antimicrobial agent including silver may involve side effects or can be 
toxic on the applied concentration. Silver toxicity is directly related to the Ag+ 
amount accumulated or absorbed in the body or in separate organs [116, 40]. 
Localized silver accumulation and skin-colorization usually appears on the skin 
areas where silver salts or silver ion rich solutions were applied [97]. The dark blue 
skin color can slowly disappear depending on the accumulated silver salts 
concentrations [117]. Large scale silver absorption can appear as silver toxicity or 
argyria, and, for example, in 1840, the term argyria was first mentioned by Fuchs 
[97, 118]. Argyria as a pathology term comes from the Latin word argentum. In 
general, argyria can be caused by overusage of silver ions or particles containing 
solutions and can result in the accumulation of metallic silver or insoluble silver 
salts, like silver sulfide, in the skin sub epithelial layer, conjunctiva, nails or gums 
[47]. Also, the accumulated silver can be found in capillary walls, blood forming 
elements like macrophages, tissue forming elements – fibroblasts, elastic fibers, 
eyes, and in nerves [47, 97]. The skin colorasitation effect is a part of the process 
when soluble silver salts due to reactions with sulphides and chlorides can form 
insoluble salts which tend to accumulate [97]. Silver accumulation leads to the 
formation of gray, brown or black granules in the skin tissue – the dermis and cornea 
layers [47]. These granules can increase the melanization process (when the skin 
becomes darker), and the accumulated silver granules can result in blue-gray tissue 
discoloration [97]. Argyria and argyrosis are permanent conditions without any 
effective therapy [47, 117]. Moreover, such skin reactions as contact dermatitis 
which is caused by silver are rare for humans, and most cases of silver sensitivity 
were reported for silver miners and jewelers [117]. 

Many nanomaterials used in medicine can be potentially harmful, and silver 
NPs is not an exception [69, 119]. It should be noted that cytotoxicity is one of the 
main problems of using nanotechnology in such medical devices as bandages [59], 
and NPs adhesion to the dressing’s or bandage’s background can prevent the NP 
migration and toxicity effect for body cells [120]. In another case, silver 
nanoparticles could activate the complement cascade when entering into the blood 
systemic circulation, which may lead to wound tissues hypersensitivity reactions and 
anaphylaxis [121, 122] and may consequently result in a strong allergic reaction. 
Also, the toxicity of silver NPs may develop due to the ionization of Ag NPs inside 
the cells; as a result, this process activates ion channels and influences the cell 
membrane permeability [105]. Membrane permeability can disturb the balance of 
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potassium and sodium microelements, and, as a result, the apoptosis pathway, 
involving mitochondria, is induced [79, 97, 123]. On the other hand, there are other 
possible toxic silver effects for cells, for example, the authors of [124] after 
obtaining in-vitro results, confirmed that keratinocytes and fibroblasts could be 
damaged by silver sulfide (partly silver selenide) which could be accumulated into 
the tissues [47], or, according to [11], can induce brain damage, as it was determined 
with glial cell astrocytes in brain, and these cells were more sensitive to AgNP than 
neurons after large doses of silver applications. 

Silver can be poisonous when too much silver containing water or water based 
products are consumed, and it is known that silver absorption through the 
gastrointestinal tract is around 10%, and only 2–4% of the consumed silver can be 
retained in organs and tissues [117]. On the other hand, it is known that silver does 
not accumulate in aquatic animals, like other heavy metals (cadmium, lead, 
mercury) tend to accumulate [97]. It can be assumed that silver toxicity can manifest 
itself due to the consumption of silver polluted water when the content of silver ions 
in water and other products can vary depending on the living area, but it is not 
recommended to intake more than 0.005 mg/kg (of body weight) of silver per day 
according to the US Environmental Protection Agency [97]. On the other hand, it is 
known that less than 0.5 g in the general population, and, in extreme cases, 100 g of 
silver can be accumulated in the human body per lifetime [47]. It is being widely 
discussed, and it is still unclear what could cause silver cytotoxicity: nanoparticles 
which can migrate and get inserted in the body cells, released silver ions from NPs, 
or simply Ag ions [125]. Nanosized Ag particles and silver ions can contribute to the 
toxic effects which are highly toxic to bacteria but are less toxic to human cells 
because human cells have a nucleus unlike prokaryotic cells [126, 127]. Otherwise, 
silver can locally accumulate in body fluids and tissues, and also can spread 
systemically through the body and accumulate in various organs or initiate diseases 
[95]. AgNPs may affect such organs as lungs, liver, spleen, kidney, and the central 
nervous system (CNS) [104], and only extreme Ag doses may lead to death [128]. 
Other studies [119] showed that AgNPs can initiate fragmentation and degeneration 
processes of mature neurons and inhibit the processes of neuronal branches 
germination and neurites elongation [128, 129]. Silver can change the gene 
expression, which can lead to permanent body cell damage, and, as a result, the 
damaged gens can lead to mutations of various body cells which can be transmitted 
for further generations [106, 113].  Some studies show that AgNPs of 50 mg/ml in 
concentration had minimal cytotoxicity for mouse embryo fibroblast cells [111], and 
80-nm particles of 12.5 μg/ml concentration had no toxicity [130] effect at all. 
Larger silver particles are less toxic than small NPs, and it is associated with the 
smaller silver ions release rate from particles [125]. Yet one of the factors 
concerning silver is clearly understood – silver ions in very high concentrations can 
be toxic [59] as well as most chemical elements. 

1.4 Diamond like carbon 

Diamond like carbon (DLC) material is the amorphous carbon metastable form 
consisting of sp2 bonded carbon clusters embedded into the sp3 bonded carbon 
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matrix [131]. DLC contains hard carbon solids without hydrogen which possess the 
hybridized carbon in the nanocrystalline network where atoms are cross-linked in 
sp2 and sp3 configurations [132]. It is known that diamond and graphite are carbon 
crystalline allotropes, and, in diamond, each carbon atom is covalently bonded to 
four other atoms and forms (sp3) hybridization [133]. The crystalline diamond 
structure has directional complete sp3 bonding, and these sp3 bondings can form the 
extremely strong carbon network developing extraordinary properties like the 
highest known hardness, unmatched thermal conductivity, chemical inertness, etc. 
[134]. Otherwise, inside graphite, strong trigonal bonds (sp2) exist where carbon 
atoms form the layer by layer structure in the basal plane [135, 136]. Between these 
layers, a fourth electron, forms a weak van der Waals bond which gives graphite 
lubricity, a lower density, and soft black material properties [133]. 

DLC thin film composites contain diamond, graphite and polymeric crystal 
structures [133]. Due to the unique structure, DLC thin films are atomically smooth 
amorphous structures and have no open corrosion paths to the substrate [132]. DLC 
composites have very high densities compared with other hydrocarbons and 
hydrocarbon polymers, which is caused by the crosslinked structure [133]. Diamond 
like carbon thin films have also been shown to possess excellent cell compatibility 
[132] properties which can arise from anions and cations incorporation into the DLC 
surface [137]. For these properties, DLC can be used for biomedical applications, 
like arterial stents, surgery needles, medical wires, biosensors, orthopedic 
applications [132], or for ophthalmic purposes regarding smooth and hard structures 
[116]. Moreover, due to the absence of resistance for bio fluids, DLC coatings can 
reduce the risk of bacteria biofilm formation on a coated surface [116, 137].  

Research data shows that DLC can be applied for the manufacturing process of 
corrosion resistant parts for war machines, engines and weaponry [138, 139]. DLC 
coatings can enhance parts, which are under high mechanical and thermal stress, and 
where any failure can have lethal consequences [132, 139]. There are other areas of 
application for coated materials. The authors of [140] experimentally revealed that 
cotton coated with a DLC thin film can be applied for oil-spill cleanup after 
accidents in oceans when coated cotton can rapidly absorb petroleum in water, and 
such enhanced cellulose can be applied for the water cleaning of oil products [140, 
141]. Other experiments conducted in [141] determined that DLC coated cotton 
fabrics exhibit inflammability resistance, and such DLC processed materials can be 
used as fire-resistant materials.  

1.5 DLC manufacturing process 

The unbalanced magnetron sputtering (UBMS) technology used for thin layer 
deposition was first discovered in 1852 and was developed by Window and 
Savvides [142] in the late 1980s [138]. The unbalanced magnetron became a very 
useful tool for the sputtering of thin films on various surfaces. Mainly, the UBMS 
technology can be used for hydrogen-free DLC or DLC doped thin films formation 
on surfaces [28]. The UBMS operational physical mechanism (Fig. 3) can be 
explained by atoms relocation, when atoms from the target material surface are 
ejected and placed on the sputtered surface to form a thin atom layer [143]. 
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Moreover, the sputtering process requires a target or a cathode [28], made from a 
sputtered material, and pure carbon sources (gas) to manufacture pure DLC films 
[132]. For the DLC thin film coating formation, the sputtering process requires 
energy to create sp2/sp3 bonds between carbon atoms [133, 144]. The target or the 
cathode is bombarded by energetic ions generated in glow discharge plasma located 
in front of the target surface [145, 146]. During the bombardment process, target 
atoms are ripped off the surface, and, by controlling with a magnetic field, they can 
be condensed on the substrate’s surface [138, 146].  

 
 

 
 

Fig. 3. Scheme of DC unbalanced magnetron: argon gas intake (1), ion beam 
source (2), gas pump (3),  substrate holder (4), substrate (5), excitation coil (6), 

target (7), magnetic flux (8), plasma glow region (9); and the working principle: ions 
are generated in plasma and directed at a target, energized ions sputter the target’s 
atoms, and atoms ejected from the target are transported to the substrate surface 

where atoms condense and form the thin film structure [128] on the substrate surface 
 
The increased target ionization, during the sputtering process, positively 

influences the sputtering deposition speed rates and the efficiency of the sputtering 



29 
 

process [138]. When growing plain diamond films, sp3 carbon bonding must be 
maintained in a dynamic non-equilibrium system with hydrogen, which promotes 
sp3 bonding [133]. It is known that a narrow range of ion energies of 100 eV can 
create sp3-hybridized C-C bonds between carbon atoms and form DLC layers on the 
substrate [132]. The increased ionization efficiency allows to maintain the discharge 
at lower operating pressures (typically, 10~3 mbar, compared to 10~2 mbar) and at 
lower operating voltages (typically, 0.5 kV, compared from 2 to 3 kV) [127]. It was 
determined that an additional magnetron field can extend the plasma ionized region 
close to the substrate and induce ion bombardment on the growing film, and this 
process modifies the coating’s properties, for example, by releasing the film’s 
internal stress [28, 142]. 

1.5.1 Doping of DLC thin films 

DLC coatings can be mixed with other materials (or DLC doping [116]), such 
as silver (Ag), nitrogen (N), fluorine (F) and titanium (Ti). Ag-doping has a minor 
effect for carbon hybridization and the disordering of carbon atoms, but it affects the 
surface topography [29]. For example, DLC doping experiments with fluorine 
revealed that when the fluorine content increased, hydrogen incorporation was 
suppressed, and the optical band gap energy subsequently increased [147]. 
Moreover, metal dopants are usually responsible for residual stress decrease and the 
improvement of optical properties [29, 148].  

It is known that silver plates or mechanically manufactured silver surfaces 
have a low mass to surface ratio, and silver nanoparticles could be the best option to 
increase this ratio and thereby reduce the amount of silver needed to achieve the best 
silver ion release rate into water and increase the antimicrobial impact [2, 18]. The 
magnetron sputtering technique is one of the solutions to manufacture thin DLC 
silver doped coatings without chemical contamination or background damage [149]. 
During the deposition process, silver particles can form clusters on the deposited 
surface, or close to the thin film surface [148]. Otherwise, doped metals can improve 
the desired optical, mechanical or antimicrobial properties, reduce residual stresses, 
and improve anticorrosion properties [132]. Sputtered graphitic and silver, or other 
metals, e.g., 5% titanium [133], clusters on the thin film surface improve the 
mechanical and anti-wear properties [134]. On the other hand, it was determined that 
the increasing silver concentration into DLC has strong correlation with the increase 
of graphite-like bonds in an amorphous carbon matrix [32]. The doping of coatings, 
for example, with silver, has some side effects, e.g., hardness decrease [133, 134]. 
Otherwise, doping increases the strength of hydrogen-free DLC films but decreases 
the strength of hydrogenated films [134, 32], and amorphous DLC films may 
contain up to 50% of hydrogen, which increases the elasticity properties of DLC thin 
films [133]. 

1.5.2 Reactive ion etching and thermal-processing of DLCs  

DLC thin films can be etched by reactive ion etching for surface structure 
modifications when using oxygen plasma [150]. The radio frequency oxygen plasma 
etching method can be used to make such microstructures as micro-groove patterns 
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onto the DLC surface [151]. Such structures are widely used in sensors and 
electronics [150] or to remove the DLC layer from DLC:Ag coatings. When oxygen 
plasma etching processes are used for DLC material processing, oxygen plasma 
generates CO and CO2 gases which are pumped out by the vacuum system [151, 
152]. The chemical reaction with oxygen plasma can form a silver oxide layer on the 
DLC:Ag surface and decrease the speed of the etching process  [116]. The etching 
speed decrease can be explained as the oxygen reaction with silver particles, and 
silver nanoparticles could protect carbon (above NPs) from the oxygen reaction with 
carbon [116, 29]. What concerns the oxidation of silver particles, DLC films with 
embedded silver nanoparticles can become more resistant to the oxygen plasma in 
the etching process [109]. The plasma etching process can remove the thin 
amorphous carbon layer due to the chemical oxidation processes [29, 109] when 
reactive oxygen particles break the sp3/sp2 bonds and crate new bonds with the 
carbon atom thereby forming CO and CO2 gases [116], or they can change the 
properties of other materials [141]. 

Some authors claim that hydrogenated [153] or fluorinated [147] diamond like 
coatings can increase the endothelial cells (cells inside the arteria, vesicles, tube 
organs) biocompatibility to the implant surface [137]. 

Another important factor of plasma processing is related to the wettability of 
DLC-coated cotton fiber. The water static contact angle of the cotton tissue 
increased to 143±2o after oxygen plasma treatment, while untreated samples had 0o 
static contact angle, and it should be remarked that extended O2 plasma treatment 
can (for 30 min. or longer) damage the cellulose fiber tissue [140] or related organic 
materials. 

DLC:Ag films surface roughness can be increased, and thickness can be 
decreased by thermal air annealing [153], for example, within the temperature range 
from 140 to 400 °C. [154]. Thermal processing influences the reduction of the 
sp3/sp2 carbon bonds ratio to sp2, and, as a result, the amount of graphite increases 
[131]. 400 °C temperature can destroy the DLC matrix, and embedded silver 
nanoparticles can transform from the spherical form to the prolated form due to the 
agglomeration process [154]. The treatment process of DLC:Ag films does not cause 
any chemical reactions, and after thermal processing silver nanoparticles cannot 
create chemical bonds with carbon; they can only be stabilized by other DLC layers 
in the thin film [29].  

1.6  Disinfection of DLC coatings by applying UV radiation 

         Surfaces in our environment are covered with dust and bacteria strains, 
and most manufactured items including DLC:Ag thin film coated nylon fabric 
textile can be contaminated with bacteria. To kill all microorganisms on surfaces, 
one of the best methods is UV radiation. UV radiation is one of the most common 
types of radiation existing in nature, and it is in the range of the electromagnetic 
spectrum between X-rays (200nm) [155] and the visible light (400nm) [156]. The 
UV spectrum can be subdivided into short-wave UV (UVC) from 200 to 280nm of 
wavelengths, medium UV (UVB), from 280 to 320nm of wavelengths, and long-
wave UV (UVA) with wavelengths from 320 to 400nm. [157]. The intensity of UV 
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radiation is expressed as the intensity flux or irradiance (Wm-2), while the radiation 
dose is expressed as the intensity and time of exposure to a radiant surface (Jm-2) 
[156, 157]. 

Short-wave ultraviolet light can strongly reduce the microbial organism 
population in the air or on hard surfaces, remove organic residues and ‘clumps’ of 
bacteria [158] or can eliminate pathogens from water [159]. 

Larger doses of UV radiation are harmful not only for bacteria but also for 
body cells [159, 160]. Researches proved that UV radiation has a mutagenic effect 
for cells because DNA bases can directly absorb incident UVB and UVA photons 
[161]. The harmful effect of UV radiation can be explained by a biochemical 
reaction in DNA nucleotide bases, new linkages between adjacent nucleotides in the 
same DNA molecule can be created and it block replication, which leads to cell 
death [162]. 

 Extended exposure to UV radiation can damage synthetic organic materials 
[163], and adequate processing time has to be chosen for the disinfection of 
hospitals and laboratories solid surfaces from different materials are being processed 
[164]. UV disinfection has strong advantage comparing with chemical disinfectants. 
Chemical disinfectants can, for example, reduce the adhesion strength of the applied 
DLC thin film on textile, and can increase the sheer number of erosion zones on 
sputtered surfaces [164, 165]. 

1.7 Antimicrobial properties of DLC and DLC:Ag coating 

Antimicrobial properties based on the interaction of silver ions with bacteria 
are well-known, but DLC antimicrobial properties can be determined not only due to 
the silver ion activity but also from the physical damage to the cells [166, 167]. 
These properties can arise from the chemical inertness, and, as a result, they can 
weaken the chemical interaction process inside the bacteria cell [166, 168]. In other 
studies, it was determined that hydrogen in C:H and H-free carbon thin film coatings 
can influence bacteria adhesion properties and their ability to survive [29, 168]. It 
can be claimed that hydrogen inside thin films can form C–H polar bonds which 
enhance the Lifshitz – van der Waals force between a bacteria and the polarized 
surface and induce cell wall damage [168].  

The researchers of [167] determined that the silver particle’s size plays a very 
important role in terms of the antimicrobial effectiveness of DLC:Ag thin films. The 
antimicrobial properties of silver nanoparticles are significantly stronger than those 
of silver microparticles [125], and silver nanoparticles with a large surface area-to-
volume ratio are denoted by great antimicrobial properties and a lower toxicity for 
body cells [169]. The antimicrobial effect of DLC:Ag thin films could be prolonged 
by embedding or stabilizing silver NPs into the DLC matrix for higher mechanical 
resistance, and, as a result, the embedded nanoparticles can slowly release silver ions 
into the water media and can prolong the antibacterial effect time [15] [96]. 

Silver has a strong advantage against chemical antibiotics as silver ions can 
interact with multiple sites of bacteria and are denoted by broad-spectrum activity 
while chemical antibiotics act to the specific sites of a bacteria cell [170]. What 
regards the action mechanism of antibiotics, drugs of different chemical 
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compositions are needed to inactivate different bacteria species. Silver metal ions 
can act against a wide range of microorganisms, and the most valuable advantage of 
metal ions is that bacteria cannot gain resistance against metal ions alike that against 
chemical antibiotics [171]. Yet, on the other hand, not all DLC metal doped coatings 
are denoted by antimicrobial properties: for example, thin films with cobalt and 
silver possess bacteria inhibition properties, but DLC with other metal dopants, like 
indium or zinc, have zero or only minor bacteria inhibition properties [172]. 

1.8 Summary of the chapter 

In this chapter, the main information about wounds, infections and treatment 
applying silver has been presented. Wound healing is a complex biological process 
where biochemical pathways and physiological processes control hemostasis after 
injuries, i.e., the contraction and clogging (with fibrin) of blood vessels [42, 46, 49]. 
Injury sites usually are not sterile, and bacteria in wounds cause inflammation [34, 
35], and the immune system determines the outcome [36, 49, 33]. After the 
inflammation stage, new tissues and blood vessels proliferate, and, during the 
maturation stage, the scar formation process begins, i.e., the healing is completed 
[33, 41, 80]. 

In clinical cases, wounds infected with methicillin-resistant Staphylococcus 
aureus can become chronic, untreatable, or even mortal [60–62], and a strong 
antimicrobial agent like silver and its compounds could be applied for treating due 
to the low toxicity to organism cells and a wide range of antimicrobial activity [63, 
91, 102, 106]. Bacteria do not develop resistance against silver due to several 
mechanisms of antimicrobial action which can be of the mechanical level when 
silver ions and NPs damage the cell wall and of the molecular level when silver ions 
block biochemical processes and interact with the synthesis of other biomolecules or 
with information transfer inside the bacteria cell [24, 93, 98, 102, 105]. Silver in the 
form of ions or NPs can be successfully applied in bandages [85–87] used in the 
clinical practice because silver can inactivate bacteria due to several action 
mechanisms [78, 79, 98]. Yet, on the other hand, silver must be stabilized in a solid 
or liquid matrix so that to prevent silver toxicity, and one of the most promising 
methods is silver doped DLC thin films which can sustain silver nanoparticles and 
release silver ions in water or in a moisture rich environment and sustain as strong 
antimicrobial properties as those achieved with other pharmaceuticals [31, 85, 87, 
90] Silver NPs toxicity depends on the particle’s size, the most toxic of those is 10 
nm and smaller [104]. NPs toxicity can be reduced to the minimum by stabilizing 
NPs in the DLC matrix structure, where various sizes of particles can be embedded 
during the sputtering process by applying unbalanced magnetron and RF plasma 
etching [150–153] so that to improve its antimicrobial properties.  

In the current research work, it is necessary to investigate the antimicrobial p 
roperties, the action speed and the effectiveness of DLC:Ag thin film coatings with 
different silver concentrations. In order to create the original bandage prototype 
(containing a DLC:Ag thin film on textile as a source of silver ions with a silicon 
structure, filled with gelatin/agar mixture aqueous mass as a silver ion accumulation 
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layer), silver ion accumulation, ion saturation, silver ion migration and experiments 
with wounds have to be performed. 

2. EXPERIMENTAL TECHNIQUES AND METHODS 

The chapter of experimental techniques and methods describes all the 
materials used in the experiments and lists the experimental details related with all 
the preparation stages of external usage pharmaceuticals, measurement experiments 
and the applied techniques. 

2.1 Materials 

In the current work, Benzylpenicillin (Benzylpenicillinum natricum 1.000.000 
International Units (I.U.) in a glass bottle, Penicillin G. Sandoz) in microbiology 
experiments was used. Nylon 6,6 textile (twill weaved fabric, with a weft density of 
110 cm-1 and a warp density of 100 cm-1), the nylon fabric fiber diameter was 15 μm 
and the twisted thread was up to 100 μm.  

Crystalline silicon wafer was being used in magnetron sputtering processes as 
the tray; also, sputtered thin films and bacteria biofilms on silicon wafer in SEM 
analysis were applied.  

Mueller Hinton agar (Thermo Scientific, Leicestershire, UK) was used as the 
nutrition media, placed in 94 mm-diameter Petri dishes for bacteria cultivation 
experiments.   

Ar gas in purity of 99.999%, C2H2 gas in purity of 99.999%, oxygen of 99.9% 
purity were used in DLC sputtering and etching processes.  

Cellulose fibers (medium, C6288 Sigma, Sigma Aldrich, St. Louis, MO, USA), 
gelatin (53028 FLUKA, Sigma Aldrich) and agar (A1296 SIGMA, Sigma Aldrich), 
medical grade silicone elastomer A-103 (www.factor2.com) contained the SIAL 
layer of the bandage, which was fixated by braided line BERKLEY MICRO ICE 
0.006 mm. 96% ethyl alcohol (AB Stumbras) was used in the disinfection processes.  

Silver nanoparticles (10 nm), 0.02 mg/mL in the aqueous buffer (Sigma 
Aldrich) were applied in experiments with live bacteria strains in-vitro. 

2.2 Preparation of DLC:Ag thin film contained groups of samples by 
applying DC unbalanced magnetron sputtering  

The sputtering process allows materials to be transferred (evaporated) from the 
solid state by bombarding their surfaces with energetic ions onto the object’s 
surface. Sputtering starts from a target (the cathode) which is bombarded by high 
energy ions generated in discharge plasma [142]. Ion bombardment removes atoms 
from the target and condensates atoms on the surface of the substrate as a thin film 
layer. Secondary electrons emitted from the target surface play an important role in 
maintaining the plasma and also serve for increasing the sputtering speed and 
efficiency [138]. 

In the current work, coatings (DLC:Ag with various Ag content) on the textile 
background were deposited (sputtered) by DC-reactive unbalanced magnetron while 
using a pure silver target in the acetylene atmosphere. The Ag content in DLC 
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samples was controlled by varying the rates of the feed stock gas flow, the 
magnetron power and voltage. For the control of the deposition process, crystalline 
silicon wafer substrates were used in each sputtering process. The argon gas flow 
into the chamber was 70–80 sccm, acetylene gas: 7.8–21.1. The current in the 
magnetron was from 0.07 to 0.12 A, voltage from 553 to 741 V. 

In the current work, DLC:Ag films were deposited on the nylon fabric surface, 
and the film thickness was 100 nm. SEM and EDS measurements were performed to 
identify the carbon and silver concentration ratio in the sputtered coatings on trays. 
For current experiments, 3 groups of samples on nylon fabric trays with silver 
concentration (at.%) in DLC: 1) 0.46% 2) 3.12%, 3) 5.31% were prepared 

2.2.1 Improvement of DLC:Ag coatings by oxygen plasma  

The radio frequency oxygen plasma etching method can be used to make 
microstructures like micro-groove patterns, to increase roughness and chemical 
composition of the DLC thin film surface [151]. In the current work, DLC:Ag 
groups of samples were dry etched by using a Plasma-600-T (JSC Kvartz) device. 
The groups of samples were placed inside the processing camera which was etched 
by radio frequency (RF; 13.56 MHz) oxygen plasma (99.9% purity) under 133 Pa 
pressure, and 0.3 W/cm² power for 5–30 s was applied. 

2.3 Microbiological methods 

In the current work, the bacteria (pathogenic and referential) taken from a 
bacteria bank were used. S. aureus (ATCC25923) referential bacteria for control 
measurements were used. Other pathogenic S. aureus bacteria strains were extracted 
from a pathology substance from infected animals. The S. aureus strain (LTSa603), 
and methicillin-resistant strain (LTSa635) were extracted from healed animals in 
Lithuanian University of Health Sciences, Dr. L. Kriaučeliūnas Small Animals 
Clinic. Two strains were isolated from sick humans (LTSaDA01 and LTSaM01).  

2.3.1 Disk diffusion method on agar surface in Petri dish 

The disk diffusion (Fig. 4) tests were used for testing the antimicrobial 
properties of silver NP contained samples. The current method is one of the oldest 
and most widely used antimicrobial testing methods for antimicrobial susceptibility. 
It is suitable for testing various bacterial pathogens [173]. Also, the disk diffusion 
method is widely used to detect methicillin resistance in S. aureus bacteria [174]. 

This method contains several steps: the preparation of nutrition media (various 
agar media like Mueller Hinton with additives are used) which should be poured hot 
in Petri dishes when bacteria cultivation on the agar surface can be performed. The 
application of samples on the agar surface is the final step before placing the Petri 
dishes into a thermostat for incubation (16–20 h). In the current experiments, the 
prepared agar media was poured into Petri dishes and stored until hardening. The 
bacteria cultivation process on the agar surface was performed in a laminar box. The 
bacteria culture must be pure and live, and, for better performance, all the bacteria 
strains taken from the bacteria bank were recultivated on nutrition media, and, after 
this procedure, the bacteria substance was prepared for the experiments. The 
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prepared inoculum was placed (by using a loop or a swab) on the agar surface, the 
testing material was placed (moistened and sticked) onto the agar surface with the 
maximum possible contact surface, and Petri dishes were placed upside down in a 
thermostat for 16–20 h. The steps of the procedure were no longer than 15 min. until 
placing the samples inside the thermostat, as indicated in EUCAST 
recommendations [175]. 

The evaluation process of the inhibition zones was performed after 16–20 h. If 
bacteria colonies could be observed as individual colony forming units (CFU), the 
inoculum was too light, and the experiments had to be repeated with a better 
inoculum, recommended 0.5 McFarland units, according to the Clinical and 
Laboratory Standards Institute [176]. 

The inhibition zones were measured from the sample’s side to the nearest 
millimeter by using a ruler, or else the automated zone reader can be used [173]. 
Specific inhibition zone reading instructions can be found in the EUCAST disk 
diffusion test manual [175]. 

In the current work, several bacteria species (and several bacteria Mf 
concentrations) have been used. The bacterial suspension in the test tube was 
prepared for inoculation experiments. The swab was rinsed in a prepared bacteria 
suspension, and, in next step (moving swab on all the agar surface in the Petri dish), 
the bacteria suspension was transferred onto the agar surface. In 5 min, the samples 
were placed onto the agar surface. For better adhesion, a small amount of purified 
water was applied on nylon fabric samples to moisten them. Petri dishes with all the 
samples were incubated for 20 h at 35 °C in a thermostat.  

The larger concentration (1 McFarland) was chosen due to the better CFU 
density on the agar surface, and for a more efficient evaluation process of the 
antimicrobial effects. 

 

 
 

Fig. 4. Disc diffusion method and silver ions working mechanism: Petri dish 
fundus (4) was completely covered with agar media (3), and on the agar surface, 

DLC:Ag sample (1) was placed on the surface, bacteria colonies (2) demonstrated 
growth on silver ion free zones, silver ion saturated area was free from bacteria 

CFU, and inhibition zone appeared after 16–20 h. 
 
The current experiments with all the groups of samples with different silver 

concentrations were repeated 4 times (on the first day and after the 1st, 2nd and 3rd 
weeks) within a one-month period. The experimental results were processed by 
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using computer programmes for calculations (Microsoft Excel 2016), graphic 
information processing was performed with Corel draw. For fitting the data results, 
OriginPro (OriginLab, Northampton, MA, USA) and the exponential law of 
Levenberg Marquardt with the text formula y=y0+A·exp(R0·x) was applied. 

2.3.2 Serial dilution method  

The method is used for dense culture reduction into a less and less dense 
culture so that to get a more usable concentration of CFU on a Petri dish. When 
applying this method, each dilution reduces the bacteria concentration 10-fold. For 
example (Fig. 5), from 10 ml of the primary bacterial culture, 1 ml is taken and 
poured into a second 9 ml volume test tube with a nutrition solution or sterile water 
[177]. After each dilution, the suspension of bacteria is diluted 10 times, and the 
experiments can be continued till the required bacteria concentration is achieved, 
and the bacteria CFU are detected on inoculated agar media.  

 

 
 

Fig. 5. Workflow of serial dilution method: one milliliter of bacteria 
suspension (undiluted) from test tube (0) is taken and placed into the first test tube 

(marked as 1), mixed, and the same (1 ml) volume of diluted (10-1) bacteria 
suspension is transferred to the second test tube (2) where the dilution number 

becomes (10-2); the dilution procedure can be repeated until live CFU can be found 
on agar surface in Petri dish after inoculation 

 
In the current work, the serial dilution method was applied as shown in (Fig. 

5). 6 tubes containing 9 ml of distilled water were diluted by using a pipette, 1 ml of 
bacteria suspension (0 test tube, Fig. 5) was poured into 9 ml of a saline solution and 
stirred. From the stirred solution, 1 ml of a diluted suspension was poured into the 
second tube with distilled water; hence, the second tube is diluted at 10-2. The 
procedure can be continued until the value of 10-6 or more when live CFU can be 
found on the agar surface after inoculation on the agar surface.  

2.3.3 Spread plate method 

The spread plate is the method (Fig. 6) used to place bacteria on the agar 
surface in a Petri dish after the serial dilution method experiments. This method 
enables to calculate isolated bacteria colonies distributed on the agar surface. This 
method was applied for the isolation and identification of a variety of microbes and 
for the estimation of the CFU number. After the dilution experiments, 0.1 ml of the 
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bacteria suspension from the final test tube (the primary suspension was diluted at 
103 to 105 depending on specific experiments) were inoculated on the agar surface, 
and Petri dishes were placed in the thermostat.  

The Petri dishes were incubated in a thermostat for 16–20 h [178]. For faster 
growth, the sample can be incubated at 37 °C [175, 179]. After the incubation in a 
thermostat, bacteria colonies on the agar surface in Petri dishes were calculated. 
Each surviving bacteria gives a single colony forming unit (CFU) on the agar 
surface in a Petri dish. 

 

 
 

Fig. 6. Visualization of the spread plate method: a drop of bacteria suspension 
(1) on agar media is spread by using bent microbiological loop (2) through agar 

surface; after incubation period in the thermostat, the live bacteria CFU are 
calculated on agar (3) surface 

 
After the calculation, the number of live bacteria in the researched sample can 

be calculated by using the formula: CFU/ml = (number of colonies x the dilution 
factor) / the volume of the culture plate [178]. The experiments were repeated 3–4 
times for statistical reliability. 

2.4 Detection of (CFU) number in suspension  

A densitometer (measuring the optical density of semi-transparent or opaque 
materials) can also be used for bacteria cell concentration measurements, sensitivity 
to antibiotics determination, or for the estimation of quantitative concentration; it 
can also measure the light absorption of color solution at a specific wavelength. It is 
possible to measure the turbidity of a solution across a wider range (up to 15.0 
McFarland units), but it is usually used to measure the turbidity in the range of 0.3–
5.0 McFarland units, which is equal to (100×106 – 150×107 cells/ml) [180]. 

 
Table 1. Bacterial cells (CFU/ml) suspension density [181] according to 

McFarland turbidity standard 
McFarland turbidity standard No. 0.5 1 2 3 4 
1% barium chloride (ml) 0.05 0.1 0.2 0.3 0.4 
1% sulphuric acid (ml) 9.95 9.9 9.8 9.7 9.6 
Approx. cell density (1x108 CFU/ml) 1.5 3 6 9 12 
 
McFarland Standards are used for the determination of an approximate 

bacteria number in a solution suspension. The measurements working principle is 
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the use of the McFarland densitometer where 600 nm of the wavelength of a light 
beam measures the optical density of an opaque bacteria solution. These 
measurements (data of the McFarland number) are compared with the McFarland 
turbidity standards (Table 1), and the bacteria CFU value of cells/ml can be 
subsequently calculated [182]. 

For microbiology experiments, a densitometer (Grant bio DEN-1) was applied 
for the current work measurements, and the solution for apparatus calibration was 
prepared by using McFarland turbidity standards by mixing various volumes of 1% 
of sulphuric acid and 1% of barium chloride (Table 1). The McFarland turbidity 
standard provides an optical density comparable to the density of a bacterial 
suspension [183]. 

2.5 S. aureus bacteria morphology changes after penicillin treatment 

S. aureus (ATCC25923) penicillin sensitive bacteria were used for all 
measurements. Bacteria suspension of 2.1 × 109ml−1 of CFU in the saline solution 
(0.9%) was prepared for the current experiments. The CFU number was determined 
by the McFarland densitometer measurements, and the calculations were performed 
according to the McFarland turbidity standards, respectively (Table 1). 

The antimicrobial agent for the current experiments was prepared by injecting 
2 ml of 0.9% saline solution into a benzylpenicillin drug bottle and mixing well until 
the benzylpenicillin powder dissolved. The prepared antimicrobial agent solution 
contained 500,000 I.U. (International Units) per 1 ml of benzylpenicillin (BP), and it 
was used in all experiments.  

During the experiments, after 1–3 minutes after BP application, a small drop 
of the solution from the test tube was taken out and placed on silicon wafer pieces 
for SEM analysis. Control samples and treated with BP bacteria samples were 
prepared for the SEM analysis by applying the fixed-by-heat method [184]. Dried at 
room temperature silicon wafer pieces were held for short time (several times for a 
few seconds, wafer bottom) above a flame and cooled down [184, 185]. After the 
fixing procedure, the samples were rinsed in distilled water so that to wash out the 
antibiotic residuals and sodium chloride crystals. The BP effect for the bacteria cell 
walls was observed by employing a FEI Quanta 200 FEG scanning electron 
microscope in the low vacuum mode. 

2.6 Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy 

Scanning electron microscopy is a highly useful tool for the observation of 
objects and structures in the nanosize diameter [186]. For example, S. aureus 
bacteria is about 1 μm of diameter [187], and optical microscopes do not provide 
high-resolution pictures; hence, only SEM is the perfect tool for analyzing bacteria 
cells and cell wall changes [188]. The SEM working principle can be explained as 
follows: electrons in the tube from the field-emission cathode between the cathode 
and the anode are accelerated from 0.1 keV to 50 keV energy, and primary electrons 
in SEM are focused into the electron probe (a small-diameter beam) which is 
moving across the specimen (in two perpendicular (x and y) directions) for the 
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detection of surface unevenness, and this delivers the sample image after data 
processing has been completed [189]. The electron probe is controlled by 
electrostatic or magnetic fields which change the direction of the electron beam in 
two directions (raster scanning) [189, 190]. A modern SEM typically provides an 
image resolution between 1 and 10 nm [190], and the apparatus can be equipped 
with an energy-dispersive lithium drifted silicon detector for the detection of X-ray 
lines (which are specific for the element) in the resolution of ∆E≈100–200 eV [189] 
for energy dispersive X-ray spectroscopy. 

 

 
 

Fig 7. SEM photo analysis with Image J, original photo (A) and its version 
after filtration and processing with software (B), the arrow marks the silver nano 

cluster 
 
In this work, a SEM FEI Quanta 200 FEG with an energy dispersive X-ray 

spectrometer (EDS) was used; the unit was manufactured by Bruker Quantax. EDS 
measurements for the silver content detection in the samples sputtered on nylon 
fabric and silicon wafer were performed at 5-keV of accelerating voltage so that to 
minimize Si K peak excitation. NPs size and distribution analysis in sputtered 
coating (by using SEM pictures) was done by using the Image J (NIH) open code 
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software and the custom MATLAB (MathWorks) code. Image J software was used 
for SEM picture analysis according to the instructions of [191], and silver 
nanoparticles (their size and distribution) were investigated, i.e., the software 
calculated the white spots in the picture which were identified as silver nanoparticles 
(Fig. 7). 

2.7 Atomic absorption spectroscopy 

The atomic absorption (AA) phenomenon first was observed in 1802 with the 
discovery of the Fraunhofer lines in the sun’s spectrum [192]. In 1953, Australian 
physicist Sir Alan Walsh demonstrated that atomic absorption could be used as a 
quantitative analytical tool [192, 193]. Atomic absorption spectrometry is a universal 
analytical method for the determination of metallic elements in very low and major 
concentrations [194, 193].  

The working principle of AAS can be explained as follows: a liquid sample is 
introduced into a flame (see Fig. 8. (3)) where the sample solution is dispersed into a 
spray which is desolvated into salt particles and subsequently vaporized into neutral 
atoms, ionic species and molecular species [194]. A light beam (see Fig. 8 (1)) 
passes through the flame (3) (where the analyte is vaporized into neutral atoms) into 
the monochromator (4). Every atom of the material has its own distinct wavelength 
patterns; atoms can absorb energy regarding the unique configuration of electrons in 
their outer shell [153]. The transmitted light radiation at the specified wavelength 
travels from the monochromator into the detector (5). The detector measures the 
beam light intensity which is reduced due to the absence of metal in the solution. 
The detector detects the reduction of light intensity and evaluates these changes as 
the light absorption by specific metal ions. Finally, the absorption results are shown 
(7), and the concentration of the analyzed solution can be detected [194]. 

 

 
 

Fig. 8.  Atomic absorption spectroscopy scheme: (1) hollow cathode lamp, (2) 
lens, (3) atomized sample, (4) monochromator, (5) detector, (6) amplifier, (7) 

readout device, material atoms (in transit of light) can absorb some light from the 
light beam, and the absorbance of the light energy directly depends on the 

concentration of metal ions in analyte 
 
An atomic absorption spectrometer (Perkin Elmer Model 403) was used to 

detect the silver ion concentration in distilled water. The distilled water for the 
measurement experiments was prepared after the rinsing procedures. Nylon fabric 
DLC:Ag coated samples were rinsed in distilled water for various time intervals 
(from 20 min to 48 h.) in different test tubes. After the procedure, water was filtrated 
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and prepared for AAS measurements. AAS spectroscopy was applied with the aim 
to determine ion migration from the coatings to purified water. 

2.8 Tests with laboratory animals  

Animal testing experiments were performed according to the State Food and 
Veterinary Service permission (2015-05-15 Nr. G2-30). Laboratory animals (guinea 
pigs) were placed in special cages (2 in one cage) with full food (dry special food for 
lab animals) and water accessibility, also, special small shelters to hide were 
installed in cages as well. The cages were stored in a lab with daylight accessibility 
(not in direct sunlight). 

The fur on the dorsal area was shaved, and the skin was disinfected with 70% 
ethyl alcohol. Then, the skin epidermis (not all the skin) layer was cut by using the 
tip of a scalpel. The bandage samples were sticked to the skin by using medical duct 
tape. For better fixation, the special waistcoat for animals was used to prevent the 
removal of the testing material. Every 3 hours, the condition and behavior of the lab 
animals was observed after the bandage application (except for night), and the 
treatment effect (wound observation) was evaluated after 24 h. The same bandage 
was used for 4 days, until the wound contracted. 

For the infected wound experiments, the wounds were infected by using the 
pathogenic bacteria of S. aureus. The drop of bacteria suspension was applied in the 
wound, and, after that, bandages were applied for healing. 

During the wound healing evaluation experiments, microbiological samples 
from the healing wound tissues (by using a swab) were taken every day to 
investigate the bacterial CFU number inside. All the guinea pigs survived and were 
left in the vivarium after the experiments. 
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3. EXPERIMENTAL RESULTS AND DISCUSSION 

The chapter of experimental results and discussion describes the results of all 
the experiments with the stages of preparation of external usage pharmaceuticals, 
tests with bacteria, measurement experiments and early stage experimental data with 
the animal model. 

3.1 Preparation of DLC:Ag coated groups of samples on nylon fabric  

3 groups of samples (GoS) of DLC:Ag coatings with different silver  
concentrations from 0.46 to 5.31 at. % (Table 2) were manufactured by using DC 
unbalanced magnetron sputtering on nylon fabric.  

 
Table 2. Chemical composition of groups of samples (GoS) after EDS 

analysis  
GoS No Carbon (at. %) Silver (at. %) 

1 99.54  0.46 
2 96.88 3.12  
3 94.69 5.31  

                          
It was determined that the sputtering parameters (Table 2) performed an 

important role in the thin film formation process [138] and that the DLC:Ag 
properties in the sputtering process can be controlled by changing acetylene, argon 
gas flux ratio and the sputtering time, respectively [195]. During the magnetron 
sputtering experiments, the first group of samples (containing 0.46 at. % of Ag) was 
prepared according to the following parameters: the sputtering duration was 520 s; 
the argon gas flow was 70 standard cubic centimeters per minute (sccm) sccm, 
acetylene gas 21.1 sccm flow, respectively (see Table 3). The second group of 
samples contained 3.12 at. % of Ag in the DLC matrix which was prepared by 
applying the same parameters of gases, but the sputtering time was decreased from 
520 s to 235 s, and the magnetron voltage and the current were increased. The 
increased magnetron current and voltage parameters also influenced the larger 
deposition content of silver, as determined in [96, 196, 197]. 

 
Table 3.  Parameters of DC unbalanced magnetron sputtering process  

Sample 
No. 

Sputtering 
duration 
(s) 

Ar gas flow 
(sccm) 

C2H2 gas 
flow (sccm) 

Magnetron 
voltage (V) 

Magnetron 
current (A) 

1 520 70 21.1 553–625 0.07–0.12 
2 235 70 21.1 568–741 0.07–0.22 
3 200 80 7.8 625–656 0.10–0.11 

 
The group of samples containing the largest silver 5.31 at. % concentration was 
prepared by applying the shortest sputtering time (200 s) and by increasing the Ar 
gas flow to 80 sccm and decreasing to 7.8 sccm acetylene gas flow into the 
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magnetron chamber. It is known that a small gas ratio increase can determine the 
changes of structural properties of DLC coatings [198] and can strongly influence 
the silver concentration changes in the deposited thin films [195]. The required 
effect was obtained in the sputtering process when manufacturing the group of 
samples with 5.31 at. % of Ag where minimal changes of the Ar gas flow and 
acetylene gas flow decrease increased the silver deposition into DLC coatings, as it 
also was determined in experiments by other authors [148, 195, 197]. Otherwise, the 
magnetron sputtering experiments when preparing GoS with 3.12 and 5.31 at. % of 
Ag showed that the sputtering time duration defines the thin film deposition into the 
DLC matrix when the gas ratio is the same, but the sputtering time and the 
magnetron voltage/current parameters are different. Experiments of other authors 
[198, 199] also confirmed that minor changes of the time parameters changed the 
chemical structure of DLC:Ag coatings. Our experiments showed that not only the 
gas ratio changes can determine the silver content in coatings, but also other 
physical parameters play an important role in the thin film deposition process [195, 
200]. 

3.1.1 EDS chemical analysis of RF plasma etched samples 

Unetched GoS exhibited minor or no antimicrobial properties at all. For the 
improvement of the silver ion release properties, i.e., the antimicrobial activity, RF 
plasma etching was applied. When analyzing O2 plasma etched coatings from EDS 
measurements, data can be obtained that after 5 and 20 seconds of etching, the 
concentration of carbon decreases and silver increases, respectively (see Fig. 9). 
After 20 seconds of plasma etching, the silver concentration ratio in all the three 
groups of samples was 0.9, 3.4 and 6.9 at. % (rounded), respectively. The changes of 
chemical elements are presented in Fig. 8. From the plasma etching results and the 
chemical elements concentration ratio changes, it can be determined that the first 
group of samples had major concentration ratio changes when comparing with the 
other groups of samples. These major concentration changes, according to sources 
[109, 201], occurred due to the large chemically active surface area and the chemical 
reaction between oxygen and carbon during the oxygen plasma processing 
experiments. In the plasma etching process, the carbon structures were more reactive 
than the silver clusters, and oxygen destroyed the graphite rings to create more C-O 
bonds on the DLC surface [109]. During this process, not all of the carbon atoms 
were ripped out from the DLC matrix as CO and CO2 gases (as determined in [109, 
201] some carbon atoms created C-O bonds in coating surface. On the other hand, 
the measurements of all the groups of samples were done after one-year exposure in 
the atmosphere, and the surface adsorption processes could interfere with the 
reliability of measurements, i.e., oxygen concentration changes of sputtered thin 
films on nylon fabrics were possible. Groups 2 and 3 of the samples had less oxygen 
in DLC:Ag thin films due to the lower carbon concentration on the surface [2, 46] 
where silver clusters after the magnetron sputtering process covered a larger surface 
area, and, according to sources [140, 202], prevented DLC from e chemical 
reactions with oxygen. Silver is less reactive than carbon, and silver nanoclusters in 
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DLC coatings worked as a shield for carbon structures [2, 46] and consequently 
reduced the corrosive effect of oxygen plasma.  

 
 

 
 

Fig. 9. Chemical composition of DLC:Ag thin films on nylon fabric: after 5 s 
(A) and after 20 s (B) 

 
On the other hand, the highest reduction of carbon concentration in thin films 

had the positive effect for the silver concentration ratio changes in the first GoS, 
whereas the opposite effect was obtained in the third GoS. 

RF oxygen plasma etching reduced carbon and increased the silver and oxygen 
concentration in all of the three groups of samples, and the ratio of chemical 
elements correlated well with the metallic silver content in the DLC matrix. The 
plasma etching effect can be explained according to [145, 146, 203, 204] as the 
removal of the thin amorphous DLC carbon layer from the surface. 

3.1.2 SEM analysis of prepared samples with DLC:Ag coatings 

The groups of samples after the sputtering process were investigated by 
applying SEM microscopy with EDS spectroscopy for visual and silver 
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concentration evaluation. One of the most challenging aspects in the DLC:Ag 
deposition process was to disperse nanoparticles homogeneously inside the DLC 
matrix [109] on the nylon fabric fibers. 

 

 
 

Fig. 10. Nylon fabric fibers in SEM image: sputtered fibers (A), unprocessed 
nylon fibers – (B), and thin DLC:Ag film on silk fiber (C) 

 
Nylon fabric thin film coatings were investigated by applying SEM 

microscopy for morphological analysis after the DLC:Ag deposition process and 
after the treatment of oxygen plasma. Uncoated (with DLC:Ag thin film) nylon 
fabric had fibers with a smooth surface (Fig. 10 (B)) DLC:Ag thin film was 
sputtered on the fabric’s surface (Fig. 10, A) as a thin (up to 100 nm) layer film, 
which was a typical DLC:Ag thin film, as presented in (Fig. 10, C).  
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Fig. 11. SEM analysis of groups of samples: before (A) and after (B) 20 (s) of 
etching: first group of samples (1A and 1B), second group of samples (2A and 2B), 

third group of samples (3A and 3 B) 
 
SEM photos showed that nylon fabric fibers were not damaged during the 

magnetron sputtering process, and it was determined that fibers were successfully 
coated with DLC:Ag thin film, and the surfaces of the prepared coatings had 
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different visual surface morphology (see Fig. 11), i.e., these morphological 
differences correlated with the silver concentrations in GoS.  

The DLC:Ag thin film was smooth in the first group of samples where the 
silver concentration was 0.5 at.%  (Fig. 11, 1A) and visually rough in the second and 
third groups of samples (Fig. 11, 2A and 3A). 

Such DLC:Ag coatings, according to [203], have features which are 
characteristic for DLC:Ag. The authors of [205] discovered that silver doped DLC 
coatings exhibit a decrease of the characteristic C-H stretching region due to the 
increase of the silver concentration in the thin films, and carbon atoms in films are 
bonded in the sp3 configuration. In the thin films of DLC, the C-H bonds play an 
important role in the sputtering process when a DLC:Ag thin film is growing on the 
tray substance like on a nylon fabric [79, 206]. 

Based on the research data, good adhesion between the nylon fabric and DLC 
coatings was observed. After etching and long storage periods (3–12 months), DLC 
thin films were strongly adhered onto the nylon fabric, and no clean or decayed 
areas were found. It was determined that DLC hardness and the internal stress 
decrease [116] when the sp2/sp3 ratio in the deposited coatings increases [170]. 
According to the author of [148], DLC:Ag coatings with a silver concentration of 
3.6 at. % exhibited residual stress reduction without substantial hardness 
degradation. Groups of samples contained 3.12 at. % and 5.31 at. % after a one-year 
period were investigated, and no structural changes were found. Moreover, it was 
determined by the authors of [195] that metal doping of DLC coatings, when the 
doping materials are used in low percentage values, can improve the carbon 
structure and provide the important friction and wear properties.  

Otherwise, it was determined that increasing the silver concentration by more 
than 11 at. % correlates with the decrease of hardness and residual stress [148] and 
the reduction of the total surface free energy [29]. Based on other authors’ [29, 148] 
researches, the silver concentration has to be less than 11 at. % so that to ensure the 
optimal properties of DLC silver doped thin films. In the current research, the silver 
concentration did not reach more than 6.9 at. % in the DLC matrix after 20 s of 
etching (see Fig. 8), and the coated silk samples were stable after several treatments 
with oxygen plasma within one-year period.  

After the data analysis, it was determined that the DLC carbon matrix was 
deposited uniformly on the filaments, and that silver NPs after the magnetron 
sputtering process were embedded into the DLC matrix as it was determined in 
works [79, 207], and that nanoparticles were homogeneously located all over the 
surface (see Fig. 11 and Fig. 13). To compare the research data, analysis of DLC:Ag 
coatings deposited on silicon wafer and on a nylon fabric tissue was performed. 
SEM analysis revealed that DLC:Ag coatings can be successfully sputtered on both 
silicon wafer and nylon fabric .  

From the results of the current experiments, it follows that plasma etching 
changed the chemical and morphological structure of the deposited thin films, as it 
was found in [151, 198, 205]. Amorphous carbon reduction appeared due to the 
oxygen plasma chemical reactions which induced morphology changes – small pits 
were etched on NP-free areas (Fig. 11, 2B). It was found out that DLC:Ag thin film 
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structure changes were obtained only after RF plasma etching procedures when the 
groups of samples without oxygen plasma etching had a smoother surface (Fig. 11, 
1A–3A). It was found out that the etching process revealed silver nanoclusters in all 
groups of samples (1–3). A longer exposure time in oxygen plasma had a strong 
effect for the surface of the deposited films, for example, after 20 s of etching, the 
thin film surface was rough, and nanoparticles were revealed on top of the DLC 
matrix, as similarly obtained in [29, 45]. 

Surface processing with O2 plasma can cause chemical reactions with carbon 
materials like DLC [109], where plasma destructs graphite rings and can etch away 
non-diamond carbon [208]. The oxidation process can increase the number of single 
carbon chains, and it was determined that aliphatic carbon atoms can be the 
predominant carbon form in the plasma processed coatings [141, 204]. From the 
experiments conducted in the current work, it was determined that plasma treatment 
made the surface rougher [109, 146], and, according to [109, 209], the DLC surface 
was more desorbed and superhydrophilic after the treatment. As a result, the 
DLC:Ag thin film superhydrophilic surface improved silver ion diffusion [148, 210] 
from the deposited surface to the wet agar media regarding good water contact with 
NPs. 

3.1.2.1 Silver nanoparticles in DLC:Ag thin film matrix 

The DC reactive magnetron sputtering technology can be used for the 
production of silver nanoclusters or nanoparticles embedded into the DLC matrix 
during the sputtering process [15, 211]. By applying the Image J software for the 
analysis of SEM photos [191] of 20 s etched of all groups of samples, the sizes of 
silver nanoparticles and their distribution on the coating’s surface were investigated. 
The results are presented in (Fig. 12). In the current work, it was determined that the 
average nanoparticle size in 1–3 GoS was from 16.1 nm to 28.8 nm, and the 
particles were distributed uniformly onto the DLC:Ag surface. The size of silver 
nanoparticles varied in range from 3 to 63 nm. At the low silver concentration of 
GoS, the low dimension silver nanoparticles prevailed, whereas in the larger 
concentration, the larger diameter was predominant.  

After the analysis of SEM photos, it was determined that nanoparticles in the 
DLC matrix were embedded during the sputtering process, and the particle sizes and 
their distribution are presented as follows: 

 In the first group of samples, the silver concentration after 20 s of plasma 
etching was 0.9 at. %, dominated with nanoparticles in diameters of 9–12 nm 
(15.9%), 6–9 nm (14.4%) and 12–15 nm (12.8%), and the average size of the 
particles was 16.1 nm (±5.8 nm). 

In the second group of samples (3.4 at. % of silver), silver nanoparticles in 
diameters of 12–15 nm contained 16.8%, and 15–18 nm made up 14.1%. 
Nanoparticles in sizes of 18–21 nm and 33–36 nm were distributed at 13% and 
13.2% respectively. The average size of all particles was 23.7 nm (±9.6 nm). 

In the third group of samples with 6.9 at. % Ag, the nanoparticles in the 
diameter of 27–30 nm dominated in the coating structure and constituted the 18.2% 
share, another group of larger particles of 42–45 nm made up 12.9%, whereas 
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smaller particles of 6–9 nm and 12–15 nm of size constituted 10.4% and 10.3%, 
respectively. The average particle size was 28.8 nm (±12.6 nm). After the analysis of 
SEM pictures, strong NPs size and silver concentration correlations were determined 
for DLC:Ag films. The collected data showed that the group of samples with the 
lowest silver concentration had the smallest nanoparticles (dominated by 9–12 nm 
and 6–9 nm sizes), and the average particle size was 16.1 nm. The GoS with the 
highest concentration of silver showed the opposite correlation – it was dominated 
by nanoparticles in the range of 27–30 nm, and the average NPs size was 28.8 nm 
(see Fig. 12). From the experimental data, it follows that the increased silver content 
in the DLC matrix defined the formation of a larger cluster diameter during the 
sputtering process [127, 201] and led to the increase of DLC:Ag film roughness. The 
results of the first GoS showed that the raw (untreated plasma) samples had a 
smooth surface, and silver nanoparticles were hardly visible on the analyzed surface 
(Fig. 11, 1A). After RF oxygen plasma etching, the surface roughness increased, 
and, consequently, nanoparticles became more visible comparing with the non-
etched GoS (Fig. 11, 1B), but, on the other hand, plasma etching can change the size 
of the primary sputtered silver nanoclusters or their shape, or induce fall-outs of 
particles and the carbon matrix reduction [136] as it was determined in the current 
GoS analysis. From the researches of the author of [205], it follows that thin films 
with less than 5 at. % of silver clusters had minimal structural changes after various 
durations of etching [29, 195]. In the current research, nylon fabric coated GoS (2 
and 3) after etching had no significant surface structure changes, but NPs fall-out 
and drop out from DLC areas was observed more frequently when comparing with 
GoS etched for less than 20 s (see Fig. 13). 

 

 
 

Fig. 12. Silver nanoparticle size and distribution in DLC coatings: NPs in 
groups of samples (1–3) are presented in 3–63 nm range 

 
Oxygen plasma contains high energy reactive oxygen particles [140, 151, 152] 

which can form the oxide layer on silver nanoparticles embedded in the DLC matrix 
[109, 168]. Silver nanoparticles with the bonded oxygen layer on the surface reduce 
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the energy barrier to break Ag-Ag bonds [205] and increase the rate of the Ostwald 
ripening process [205, 212]. In the coatings of a higher silver concentration, the 
bleaching of the silver nanoparticle system [213] could be obtained, but, in the 
current work, no changes of NPs size were observed after 20–30 seconds of the 
etching process, and small silver clusters did not form larger clusters.  

The author of [148] noted that DLC samples with Ag of 3.55 at. % featured the 
granular structure with similar particle sizes, and, when larger concentration films 
were prepared, large-size islands were obtained. The granular type structures were 
obtained in GoS (2–3), but the structures were distributed in various regions of the 
sputtered samples, i.e., not uniformly. On the other hand, the samples etched for 20 
–30 seconds did not show clustering [150], but the etched DLC surface with a 
partially removed layer of amorphous carbon revealed silver NP on the thin film 
surface as shown in [150, 170, 197].  Yet, the etching of GoS for more than 25 s 
removed the DLC matrix which worked as a stabilizing agent for silver 
nanoparticles, and thus more fall out areas were detected (Fig. 13). This effect could 
be attributed to the ion beam irradiation-induced ‘ripening process’ of nanoparticles 
[205, 212], and it was observed in the case of the etching of DLC:Ag 
nanocomposites. Other authors revealed in their research data that longer etching 
can cause very low NP oxidation, and these nanoparticles can fall out from the DLC 
matrix [168]. 

 

 
 

Fig. 13. SEM photo of the second group of samples: after 5 s of etching (A), 
after 30 s (B) 

 
The decreasing number of small nanoparticles in coatings can strongly reduce 

the silver ion release process [17, 212] comparing with the less etched samples (for 
20 s in the current research), when small NPs are less oxidized, and are still 
embedded in the DLC matrix and can thereby ensure the optimum silver ion release 
performance, as it was obtained in the test results of GoS containing more than 3 at. 
% Ag after 20–30 s of etching.  
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3.2 Silver ion release kinetics  

DLC thin films were alloyed with silver to provide antimicrobial properties 
which were determined by the silver ion release rate from the thin film surface to 
water media. The silver ion release process starts when the aqueous media reaches 
the particle’s surface [45, 214]. In the current work, the silver ion release studies 
were performed by applying the equally etched (for 20 s) 6 cm2-sized groups of 
samples placed in purified water from 20 to 1440 min. AAS measurements were 
performed to identify the silver ion release amount (ppm) from 6 cm2 nylon fabric 

groups of the samples into 1 ml of purified water. After analysis of the data provided 
by the current experiments (see Fig. 14), it was found out that the plasma treated 
groups of samples had different silver ion release speed properties from all of GoS 
to water media, and the results of the three groups of DLC:Ag samples are presented 
as follows: 

After 20 minutes, the first group of samples containing silver of 0.9 at. % 
released very small amounts of silver ions (see Fig. 14), the concentration was less 
than 0.1 ppm after 60 min.  After 180 min, the silver ion concentration reached 0.3 
ppm, and after 24 hours of exposure time, the value was 0.5 ppm.  

 

 
 

Fig. 14. Silver ion release results of DLC:Ag groups of samples: 1st – 0.9%; 
2nd – 3.4%; 3rd – 6.9 at.% Ag, while the contact surface area ratio to water volume 

was 6 cm2  to 1 ml, the exposure time was from 20 min to 1440 min 
 
The test results with the second group of samples containing 3.4 at. % Ag 

revealed that, after 60 min, the concentration of silver ions reached 1 ppm, after 3 
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hours, it was 2 ppm, and the concentration peak was achieved after 24 hours at 4 
ppm. 

The test results with the third group of samples containing 6.9 at. % of Ag 
after 20 s of RF plasma etching showed that, after 1 hour, Ag ion concentration was 
0.8 ppm, after 2–3 hours, it was less than 2 ppm, after 24 hours, the concentration 
was 3.5 ppm, respectively. It is known that heavy metal NPs have superb advantages 
due to the high specific surface area, which increases the ability to release ions 
comparing with metal plates or fabrics [215]. The plasma etched surface of DLC:Ag 
had partially embedded silver nanoparticles into the DLC matrix, and the efficiency 
of the silver ion migration from all the groups of samples depended on the silver 
NPs size and the silver content. It was found out that the silver ion concentration in 
purified water at 35 °C was from 0.0 to 4.0 ppm.   

The efficiency of Ag+ ions release to the aqueous media tended to increase 
further after RF oxygen plasma etching [79, 214], and the silver ion concentration 
was below the toxic level (up to 13.5 μg/mL) [79] for organism cells, but it was 
toxic for bacteria. During the experiments, it was determined that the concentration 
of silver ions in purified water rapidly increased during the initial 180 min and 
reached the saturation limit after 1440 min. The saturation effect was also obtained 
in [215], and the saturation of silver ions to 4 ppm can be explained by a well-
established balance between silver ions in the water and the surface of solid 
nanoparticles partially embedded in the DLC matrix. In terms of this balance, the 
fast silver ion release effect during the initial hours was achieved due to silver ion 
migration into the water media from high silver ion concentration areas which were 
close to the NPs surface to the low silver ion saturated zones [2, 216] or where 
greater distances among nanoparticles were present. After the time when the silver 
ion saturation level reached 4 ppm, part of silver ions came back onto the NPs 
surface or were reduced to small NPs [215, 217], or else, as explained by other 
authors [215], the silver ion concentration in the aqueous media is determined by the 
balance of the solid body and the dissolved ions. A similar result was obtained in 
work [207], when DLC:Ag samples (4.5 at. %) demonstrated less than 4 ppm silver 
ion concentration after 24 hours; exactly as it was determined in the current chapter 
experiments. The surface structure of prepared DLC:Ag and the active surface of 
silver nanoparticles, particle distribution and film thickness [214] are the main 
factors for good silver ion release properties in the water media [218, 219]. 
Experiments showed that a higher silver concentration in the deposited films (such 
as the 3rd GoS) does not ensure the best silver ion release performance. Otherwise, 
larger silver concentration in coatings leads to a larger reservoir of silver ions and 
can extend the beneficial Ag ion release properties [93]. From the results of the 
current work, it follows that the silver ion release rate from the second group of 
samples containing 3.4 at. % of Ag was the highest comparing with the group of 
samples containing 6.9 at. % of Ag, where the silver concentration in the thin film 
was larger than in the second group. Similar results were obtained in [201] when the 
silver ion release effectiveness decreased with an increase of the Ag content in thin 
DLC:Ag films.  
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Moreover, the NPs oxidation process in water can start from the surfaces of 

small nanoparticles; instead, and a higher number of large NPs in coatings can 
reduce the silver ion release speed [169]. This explains the silver ion release 
differences between GoS 2 of more than 3 at.% Ag and GoS 3 of more than 6 at. % 
Ag. After conducting AAS analysis, a very low silver ion release rate was detected 
in the first group of samples (0.9 at. % Ag after 20 s of etching) when, after 24 hours 
of exposure in purified water, only 0.5 ppm of silver ions was released, which is less 
than needed for the antimicrobial properties to be manifested [220]. The second 
group of samples (3.4 at. % of Ag after 20 s of etching) showed better silver ion 
release properties than the third group of samples with 6.9 at. % of silver after 20 s 
of RF plasma etching. 

The released silver ions reached 1 ppm concentration which is necessary to 
achieve antimicrobial properties after 60 min. From the other authors’ findings, it is 
known that antibacterial activity against S. aureus starts from 1 ppm of silver ions 
concentration in the media [220], and GoS 3 (6.9 at. % Ag) reached this 
concentration after more than one hour, and GoS 3 was not as efficient for the ion 
release as the second group of the samples. The silver ion release efficiency from the 
second group of samples (3.4 at. % Ag) can be explained by the particle mass and 
the active surface ratio [216, 221]. Larger diameter silver nanoparticles have a 
smaller surface area which acts as a silver ion donor in oxidative dissolution [96], 
but only offers low efficiency. According to [125], Ag NP of up to 30 nm in 
diameter released the highest levels of Ag ions [222], and, from the NPs analysis 
results, it can be seen that, in the second GoS, nanoparticles of 12–18 nm dominated. 
It was determined that very small NPs (about 2 nm) of a very low mass contained 
only several hundred atoms; they had a large bioactive surface area and could 
release more silver ions comparing with heavy nanoparticles [169]; moreover, the 
largest silver contact surface area with water ensures high silver ion release rates 
[28, 24]. Silver NPs after contact with water release ions into the media, and, as a 
result, they can lose the primary structure and fall out from the matrix. The authors 
of [169] note that silver ion extraction from the nanoparticle surfaces can influence 
the nanocomposite morphology changes. Morphology changes can occur due to low 
NPs oxidation and size reduction, which influences the decrease of the nanoparticle 
amount after immersion into water [214, 169], and, as a result of NPs oxidation, pits 
or other surface defects can reduce the silver ion release properties as determined 
after a longer (30 s) etching time. Based on the current experiment data and the 
findings of other authors [214], the silver concentration in thin films has less 
influence for the results, and it could be claimed that the silver release rate could be 
at a low level, independently from the Ag concentration in films where silver NPs 
are hidden in the DLC matrix and have no direct contact with water [148, 51]. The 
direct contact of silver NPs with water can be reduced due to the oxide layer on the 
DLC:Ag thin film surface, as it determined in [146, 205], after the plasma etching 
process, which can also increase the fall outs and the NPs number reduction. NPs 
fall outs, which were determined during SEM analysis, negatively affected the silver 
ion release results, as also shown in [109, 209], and the Ag ions kinetic model [96, 
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223] explains that the ion release rate increases with the amount of silver NPs on the 
surface, and, based on the results of experimental data, the optimum etching time 
was determined as 20–25 s (see Fig. 16) for all the groups of samples. 

3.3 Antimicrobial effect of DLC:Ag coated GoS for bacteria cultivated on 
agar surface 

In the current chapter, antimicrobial experiments with S. aureus strains 
applying nylon fabric trays sputtered with DLC:Ag thin films were performed. 
Three groups of samples containing silver in DLC were tested. The groups of 
samples were untreated and later etched by RF oxygen plasma for 5-15-20-25-30 
seconds so that to determine the optimum plasma etching time for the maximum 
antimicrobial activity, and, in order to obtain this effect, the disc diffusion method 
was applied (see Fig. 15).  

 

 
 

Fig. 15. Antimicrobial properties of prepared DLC:Ag etched and untreated 
group of samples (GoS) on nylon fabric tray: S. aureus LTSaM01 bacteria cultivated 
in Petri dish on agar and GoS 1–3 (A) plasma unetched and 1–3 (B) plasma etched 
for 20 s was glued with water on agar surface, placed in thermostat, and the results 

were evaluated next day 
 
During the experiments, it was found out that the untreated plasma DLC:Ag 

coated samples had minor or no antimicrobial properties for S. aureus bacteria. The 
tests revealed that even large silver concentration containing (oxygen plasma 
untreated) coatings only showed a minor antimicrobial effect which is related with 
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the NPs active surface and volume ratio [31, 221], or, as was determined in [93, 
214], silver nanoparticles did not contact with the wet agar surface, which resulted in 
undetectable diffusion of ions.  

The oxygen RF plasma processed groups of samples had a measurable 
antimicrobial effect. The first GoS after 5 seconds of etching showed no 
antimicrobial properties. The positive antimicrobial activity can be identified when 
the inhibition zone is larger than 1 mm., whereas it was insufficient when the 
bacteria totally colonized the area around the sample without any clear zone [26], or 
when bacteria could colonize the sample’s surface without silver nanoparticles [126, 
224]. The results of such tests were obtained due to the insufficient silver ion 
concentration around the sample when it was sticked onto the agar surface, and the 
required concentration of 1 ppm of silver ions ultimately was not achieved [220]. 
After 15 s of etching, the first GoS had a 0.5 mm inhibition zone (for a clear zone 
around the sample on agar surface, see Fig. 16) for all the tested bacteria strains. 
After 20 s of the oxygen plasma processing time, the inhibition zone for bacteria 
LTSaDA01, LTSaM01 strains were 1.5 mm. 

 

 
 

Fig. 16. Disk diffusion method test results of DLC:Ag RF oxygen plasma 
etched nylon fabric GoS (1–3): samples were etched for 5-15-20-25-30 s (X axis), 
and clear zone on agar surface with cultivated S. aureus bacteria (A) LTSaDA01; 

(B) LTSaM01; (C) LTSa635 and (D) LTSa603 strains (Y axis) 
 
For other strains – LTSa635 and  LTSa603 – the inhibition zone was 0.5 and 1 

mm, respectively. The optimum etching time was 25 s, and the microbiology test 
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showed 1.5 mm clear zones for the three bacteria strains, except for LTSa603, and 
only 1 mm clear zone on the agar surface was obtained. 

Tests with the second group of samples (untreated) showed that, after 5 s of 
plasma etching, the clear zone in all Petri dishes with all bacteria strains was 0.5 mm 
After 15 s of etching, the antimicrobial properties increased, and the inhibition zone 
diameter of bacteria strains LTSaDA01, LTSaM01, LTSa635 was 1.5 mm except for 
bacteria strain LTSa603 whose inhibition zone was only 1 mm GoS processed with 
RF oxygen plasma for 20 and 25 s (see Fig. 16) had the same antimicrobial results. 
The inhibition zones of 2.5 mm were obtained for LTSaDA01, LTSaM01, LTSa635 
S. aureus bacteria strains, and a 2 mm clear zone around the sample in a Petri dish 
was found with LTSa603 bacteria. The etching for 30 s reduced the antimicrobial 
activity for all bacteria strains, and the inhibition zones were from 1 mm to 1.5 mm. 
The third group of samples had the largest silver concentration, and, after 5 s of the 
plasma processing time, they showed the best antimicrobial results comparing with 
all the groups of samples etched for an equal amount of time. After 15 s of plasma 
treatment, the antimicrobial results were identical for GoS 2 dominated by 1.5 mm 
inhibition zones except for LTSa603 where 1 mm inhibition zones were obtained. 
After 20–30 seconds of plasma etching, the antimicrobial results were similar to the 
results of the second group of samples, and only 0.5 mm difference for some 
bacteria strains was obtained (see Fig. 16).  

After microbiology testing (the disk diffusion method – see Fig. 16), it was 
found out that DLC thin film coated samples with a low silver content showed no 
antimicrobial activity. Yet, some scientific researches [206] show that DLC has the 
antimicrobial properties when applied on textile without silver, and it killed bacteria 
after 18 hours. What regards current research, it was found out that, by applying the 
disk diffusion method, even the low silver concentration RF plasma treated samples 
had no antimicrobial properties. Moreover, other authors [109, 172] revealed that the 
plasma treatment of DLC thin films did not increase the antimicrobial effect. A 
possible explanation of the DLC antimicrobial action, according to research [206], 
could be the DLC mechanical bacteria cell wall damage which can be induced by 
the DLC surface [109], and, hence, the increased surface roughness has no 
correlation with the antimicrobial properties. It should be noted that the authors of 
[206] in their research applied bacteria directly onto the coating surface with 
minimum nutrition media. Other authors, e.g., [168], discovered that the coating 
structure plays an important role for bacteria adhesion, and the rough surface can 
determine the bacteria biofilm formation on the surface [12, 16, 162]. For example, 
rough structures on the surface can disrupt the bacteria colonization and biofilm 
formation process [111], but, in this research, after plasma etching, the roughness of 
all groups of samples strongly increased, and, according to authors of [17, 168, 53], 
the antimicrobial properties might be developed not only due to silver ion release 
but also due to the structural properties of the surface. Such structures might work 
for antimicrobial clothes but are not suitable for wound dressings where nutrition 
media for bacteria growth is available in the wound bed and tissues [33, 64]. On the 
other hand, silver treated materials, such as antimicrobial cotton [120, 46, 226], 
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synthesized by reduction of silver salts [105, 225, 227], can be used as antimicrobial 
materials without DLC:Ag coatings [46, 218, 226].  

According to the data of our experiment, the best group of samples for the 
bandage prototype was elected, and it was found out that the first group of samples 
had the weakest antimicrobial properties, compared with GoS 2 and 3. The silver ion 
antimicrobial effect can be obtained on the wet surface because, for the silver ion 
migration process (diffusion from the solid body (NPs) to water), a liquid transport 
system is needed, such as water, to transfer silver ions to bacteria [228]. In other 
cases, silver ions do not reach the target (bacteria), and their antimicrobial properties 
are eliminated [93, 229] as based on the currently available results of antimicrobial 
research. It was determined that RF plasma etching improved the Ag release rate as 
shown in [93]. The silver ion kinetics [88, 125] (silver ion diffusion from the 
sample’s thin film surface to a water rich media) performed the essential role for 
antimicrobial activity [88, 229]. It was found out that silver NPs in the DLC thin 
film matrix without good contact with a water rich media had zero or only very 
weak antimicrobial properties as presented in [40, 120]. Only the coatings with 
exposed silver nanoparticles can release silver ions and are denoted by the 
possession of antimicrobial properties [214]. After analysis of the obtained results, it 
was determined that the surface morphology changes, induced by the etching 
process, strongly increased the antimicrobial properties [141, 135] due to the 
exposure of Ag NPs from the DLC matrix to the thin film surface, as presented in 
other authors’ works [16, 92, 170, 202]. This effect can be explained as the chemical 
composition changes inside the thin films and after plasma treatment, i.e., small-
sized nanoparticles were revealed on the surface as observed in [27, 96, 153]; 
experimental data demonstrated that the plasma treatment process (20–25 s.) 
enhanced the samples and increased the antimicrobial properties. Otherwise, the 
coatings containing more silver NPs on the DLC surface can be damaged if the 
duration of the plasma treatment procedure is excessive [109, 140], for example, 30 
s. Groups (1–3) of samples showed weaker antimicrobial properties after 30 s of 
etching (comparing with 20 s etched GoS), and the inhibition zone (or the clear zone 
around the samples) decreased (see Fig. 16). The experiment results suggest that 
plasma etching formed the oxygen atoms (oxide) layer on the NPs surface and 
reduced the silver ion migration from the NPs surface to water [109].  

Based on the results of other authors [16, 93], DLC or DLC:Ag coatings, when 
Ag NPs are not exposed (without RF plasma etching) on the film surface, exhibit no 
antimicrobial properties, but oxygen plasma processed DLC:Ag coatings gain 
cytotoxic properties for bacteria, and they could potentially be used for the 
traditional antibacterial therapy [79, 202] or in external use pharmaceuticals as 
proposed in the current dissertation.  

3.4  Antimicrobial properties of DLC:Ag samples in-vitro 

DLC silver doped coatings have silver NPs in their carbon matrix, and the 
silver antimicrobial action mechanism is related with the silver ion diffusion rate 
[27, 116]. In the current chapter, the correlation between the silver ion concentration 
in the water media and the changes of the bakteria colony forming units (CFU) 
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numbers are presented. As the silver ions source, for the current experiments, 
DLC:Ag 20 s etched groups of samples were selected according to the best 
antimicrobial results presented in Fig. 16. For the testing of antimicrobial properties, 
groups of samples were immersed into a solution with bacteria strains.  

 
Table 4. Microbiological test results with referential S. aureus bacteria   

Time (min) CFU  CFU % Ag+ conc. (ppm) 
Control samples 

20–300 488–505 100 0 
Group of samples 1 (0.9 at. % Ag) 

20 481 98.6 0 
40 478 97.2 0 
60 475 96.3 0.1 

120 468 92.9 0.15 
180 454 90.8 0.2 
240 436 87.2 0.2 
300 420 84 0.25 

Group of samples 2 (3.4 at. % Ag) 
20 412 84.4 0.4 
40 356 74.2 0.7 
60 146 29.6 1.0 

120 86 17.1 1.8 
180 52 10.4 2 
240 28 5.6 2.2 
300 6 1.2 2.5 

Group of samples 3 (6.9 at. % Ag) 
20 464 95.1 0.2 
40 384 78 0.5 
60 238 48.3 0.85 

120 113 22.4 1.6 
180 92 18.4 1.8 
240 72 14.4 1.9 
300 30 6 2 

Dilution of bacteria suspension was 10-5, active contact surface was 6cm2/ml, 
GoS etching time was 20 s 

 
The experiments were performed based on the methodology and findings 

outlined in [215, 230]. The bacteria solution of 0.5 Mf was used in our experiments, 
and groups of DLC:Ag coated samples (GoS 1–3) were immersed into the test tube 
with the referential bacteria suspension for different time intervals. The test tubes 
were placed in a thermostat at 35 °C and were taken out for inoculation experiments 
only. The serial dilution method was used for bacteria CFU dilution before the 
inoculation procedure on the agar surface. The silver ion release detection 
experiment was performed by applying DLC:Ag groups of samples in test tubes 
with purified water, without bacteria, for 20–120 min intervals. AAS measurements 
were performed to determine silver ion concentrations at different time intervals. 
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The test results show that CFU in the control test tube slightly increased 
(multiplied), from 488 to 504 during 120 min. The first group of samples (0.9 at. % 
Ag), applied in the test tube, had a weak antimicrobial effect for S. aureus bacteria. 
After 20 min, the bacteria CFU number decreased by 1.4%, and, after 120 min, it 
decreased by 7.1% (see Table 4). Silver ions in water were detected after 60 min, 
and their concentration reached 0.1 ppm; after 120 min, it was 0.15 ppm, and after 
300 min, it reached 0.25 ppm; 16% reduction of the bacteria CFU was registered. 
The second group of samples with 3.4 at. % of silver had stronger antimicrobial 
properties than the first group of samples.  

The tests showed that, after 20 min, the bacteria CFU was reduced by 15.6%, 
and the silver concentration in water reached 0.4 ppm. After 40 min, the silver ion 
concentration was 0.7 ppm, and the bacteria CFU number decreased by 25.8%. After 
60 min, the strongest effect was obtained when the silver concentration achieved 1 
ppm – the CFU number was reduced by 70.4 %. After 300 min., the silver ion 
concentration reached 2.5 ppm, and 98.8% bacteria CFU was killed by silver ions.  

The third group of samples containing 6.9 at. % of silver showed weaker 
antimicrobial activity comparing with GoS 2, and the silver ion release rate into 
distilled water was lower than that of the second group of the samples. The 
experiment data showed that, after 20 min, the CFU number decreased by 4.9%, 
and, after 40 min 22% respectively. The silver ion release speed was slower than for 
the second group of samples, and the bacteria CFU reduction number rate was 
slower after 60 and 120 min, the values of 51.7% and 77.6% were obtained. After 
300 min, 94% of the bacteria colony forming units (CFU) was inactivated, and the 
silver ion concentration was 2 ppm. 

From the test results, it can be determined that the silver ion concentration 
correlated with the antimicrobial properties and was related with the silver ion 
kinetics as noted in [93, 125]. Also, silver ions showed antimicrobial activity at a 
very low level, as discovered during the experiments with the first group of samples 
(see Table 4). The etched GoS had silver NPs exposed on the thin film surface, and 
silver nanoparticles could be oxidized in water (silver atoms were ripped off from 
the nanoparticle surface) and became silver ions [215]. Based on the research data, it 
was found out that the group of samples with the largest silver concentration after 
etching (6.9 at. %) had a lower ion release rate and a weaker antimicrobial activity 
level comparing with the second group of samples (3.4 at. % Ag). The current 
experiments showed that the silver nanoparticle size (the active surface ratio) and 
the direct contact with water are essential factors for antimicrobial properties as 
determined in [51, 96, 153].  

3.5 Antimicrobial properties of silver ion saturated distilled water  

The current experiments were performed to investigate the silver ion action 
effectiveness inside a bandage and in the wound’s bed by applying the in-vitro 
model. Silver ion saturated water in various concentrations was used for bacteria 
treatment, i.e., the bacteria suspension was diluted with silver ion saturated water to 
kill the bacteria.  
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The experiment time intervals were from 20 to 340 min, and 2, 6 and 8 ppm 
concentration of silver ion saturated water was applied to the bacteria suspension in 
order to dilute the primary suspension to 0.5 Mf level, and 1, 3, 4 ppm of Ag+ conc. 
was sustained inside the test tubes (with bacteria); as a result, the bacteria of 0.5 Mf 
concentration was affected by 1-3-4 ppm of silver ions, and the results (see Fig. 17) 
can be presented as follows: 

Distilled water with silver ion concentration of 1 ppm. had some antimicrobial 
properties, but the bacteria CFU number decrease in the time scale was minor. After 
20 min., the bacteria CFU decreased by 12.7%, and, after 60 min., the CFU 
decreased by 30.3%. After 340 min., the bacteria CFU reduced by 45.6% (see Fig. 
17, 1), i.e. the slower silver ion antimicrobial action effect to the bacteria was 
obtained.  

3 ppm of silver ions showed better antimicrobial results than the 1 ppm 
concentration. The larger concentration of silver ions increased the bacteria CFU 
inactivation speed and the efficiency, as it was determined in [126, 170]. After 20 
min, the CFU number decreased by 14.5%, whereas, after 120 min, decreased by 
53.5% (see Fig. 17, 2). After 340 min., the CFU number decreased by 67.8%, and it 
was greater than in the experimental results with 1 ppm Ag+ concentration. 

 

  
 

Fig. 17. Correlation of silver ion concentration (1–4 ppm) and CFU (0.5 Mf) 
reduction in-time scale: 1 – (1 ppm), 2 – (3 ppm), 3 – (4 ppm) Ag+ concentration 

and 4 – bacteria control tests (without silver ions) are presented 
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The largest silver ion concentration induced the fastest antimicrobial effect 
comparing with the other concentrations as expected. After 20 min, the bacteria 
CFU (0.5 Mf CFU placed into 4 ppm of silver solution) reduced the CFU number by
22.7%, and, after 120 min, this number decreased by 64.1%. The surviving number 
of CFU after 340 min was 20.7%, i.e., the total killed bacteria CFU number was 
79.3% (see Fig. 17, 3).

In the experiments of the current chapter, direct silver ion antimicrobial action 
and its efficiency were determined. The authors of [97] provided a method to 
calculate the silver ion count which could affect one CFU (or bacterium). The silver 
ion count in 1 ml (in 1, 3, 4 ppm. concentration) of Ag+ solution for one CFU was
calculated according to the formula: 

(1)

where –Avogadro constant (6.02×1023 mol−1), Ag mole mass – 107.86, ppm – silver 
concentration parts per million (4 ppm)

One milliliter of 4 ppm Ag+ saturated water contained 2.23 1016 silver ions,
and 0.5 Mf of bacteria suspension contained 1.5x108 colony forming units (or CFU). 

According to Equation (1), the number of silver ions which could affect one 
bacterium is: 1 ppm. (conc.) – 3.72 (Ag+) affected one bacterium; 3 ppm.
(conc.) – 1.11 Ag+ / bacterium and 4 ppm (conc.) – 1.49 Ag+, 
respectively.

It was determined that 1 ppm concentration of Ag ions showed antimicrobial 
properties, and, according to our calculations, the efficient silver ion number for one 
bacteria cell is 3.72

g
. A greater concentration of Ag ions showed better 

antimicrobial activity. According to the research data of [10, 218], the antimicrobial 
effect was obtained at a few ppm concentration of Ag+ or lower concentrations than 
1 ppm [97, 231], but the current research data demonstrated that a higher silver ion 
concentration level in a bacteria rich watery medium resulted in faster and stronger 
antimicrobial activity comparing with a low Ag+ concentration. Other researches 
(with such microorganisms as trypansomes and yeasts) determined that the 
antimicrobial action for these microorganisms appeared from 105 to 107 of silver
ions per cell [97] as also determined in the current experiments.

3.5.1 Effect of antimicrobial agents for bacteria morphology

The current experiments were performed with the objective to investigate the 
silver ion and NPs antimicrobial efficiency for the S. aureus bacteria cell wall, and 
the results were compared with the well known antibiotic benzylpenicillin. 

The silver antimicrobial mechanism for S. aureus bacteria was determined by 
applying 4 ppm concentration of silver ions in 0.5 Mf bacteria test solution, and the 
identical experiment was performed with silver NPs of 4 ppm in a bacterial solution. 
After 300 min, bacteria inoculation experiments were performed, and it was found 
out that silver ions reduced the bacteria population by 76%, and silver nanoparticles 
achieved the score of 80%, respectively. Ag+ was directly responsible for the 
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antibacterial effect as determined in [93, 96]. For the SEM analysis, one drop of a 
bacteria suspension with Ag+ and NPs containing solution was placed on silicon 
wafer, dried out, fixed by heat, and rinsed in distilled water to remove NaCl crystals. 

The experimental data showed that silver ions had a visible effect on the 
bacteria cell wall (see Fig. 18, B). Most bacteria showed cell wall changes, cell 
morphology pathologies, and lysed cells were found, see (Fig. 18, B; as marked with 
arrows). It was determined that a lot of spots and cases of cytoplasm leakage 
appeared on the bacteria surface whereas in the control photo no bacteria wall 
changes were observed (Fig. 18, A).  

 

 
Fig. 18. Microphotographs of silver treated and untreated bacteria: (A) – 

control, (B) – bacteria treated with silver ions, and treated with 10 nm silver NPs 
(C), damaged cell wall is marked with arrows 

 
This effect could be explained based on the findings of [34, 36], that a bacteria 

cell wall the negative charge can interact with positively charged Ag ions 
accumulated at the cell membrane [98]. According to the authors of [100, 101], the 
bacteria after interactions with silver ions were affected, and the irregularly shaped 
pits on the bacteria surface were observed, as determined in the current research. 
Moreover, the authors of [107] also claim that Ag+ ions can suppress the bacteria 
growth (76% in our experiment) in small Ag+ concentrations or rupture the cell wall 
when Ag ions merge to the negatively charged cell wall, as was also observed during 
SEM photo analysis, but only a few cell-disrupting bacteria were found. Silver ions 
have the ability to access the inside of the bacteria cell by using general bacteria 
poirins [105] and can block the activity of cytoplasmic proteins, thereby stopping 
the ATP functions [104] as well as DNA normal chain replication and transcription 
processes [105], thus leading to death. But, on the other hand, after the data analysis 
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of the current experiments, it was determined that a lot of bacteria cells had surface 
changes, and the silver antimicrobial effect might be caused by the mechanical and 
molecular level damages, respectively [79, 216].  

After the SEM photo analysis of bacteria, when 10 nm of silver NPs was 
applied, the cells with partially damaged or completely disrupted cell walls were 
found, see (Fig. 18, C). The experiment results suggest that NPs of <10 nm in 
diameter can easily attach to the membrane surface compared to the larger NPs [99]. 
It can be postulated that small Ag nanoparticles have a larger surface area to volume 
ratio, and can thus easier attach to the cell wall [104, 111]. The nanoparticle 
attraction mechanism to the bacteria cell wall may be electrostatic attraction which 
increases the membrane permeability. This results in the rupture, and the cytoplasm 
leaks out [17, 110, 232]. The authors of [92] claim that Ag NPs have no direct effect 
for DNA and proteins, but, on the other hand, silver NPs can result in the formation 
of pits (permanent cell wall damages [15, 216] leading to permeability loss and 
bacteria death [92]).  

After obtaining test results when S. aureus bacteria were treated, it can be 
claimed that silver ions and silver nanoparticles are denoted by the antimicrobial 
effect, as it was determined in the current experiments. When comparing the 
antimicrobial effect, it should be noted that silver nanoparticles can directly interact 
with the cell walls [91], generate free radicals and release silver ions from NPs as the 
secondary slow process to sustain the antimicrobial effect so that to achieve a 
stronger antimicrobial effect [92], as obtained in the current experiment (80%) 
comparing with distilled water saturated with silver ions (76%).  

In the experiments with benzylpenicillin (BP) and S. aureus bacteria, after 
SEM analysis, it was determined that biological reactions between BP and S. aureus 
cell wall triggered morphological changes (see Fig. 19). BP as an antimicrobial 
agent interacted with the S. aureus bacteria cell wall, damaged the cell wall 
integrity, and the result was the destruction of the cell wall [233].  

                     
Table 5. Microbiology tests results after BP application 

Benzylpenicillin (ml) 0 0.1 0.2 0.3 0.4 
No. of live CFU  61 7 5 1 0 
Killed CFU (%) 0 88.5 91.8 98.4 100 

 
The test results with the control sample confirmed the growth of unaffected 

bacteria of BP. After the first BP of 0.1 ml injection, 88.5% of bacteria CFU were 
inactivated, and these results can be explained [see 234] as the BP action speed and 
the efficiency of the bactericidal action, since it is not proportional to the antibiotic 
concentration. Rapidly dividing cells and bacteria cells in the resting stage are not 
proportionally affected [236]. Minor cell wall changes were observed after 0.1 ml 
application, and, compared with the control sample in SEM microphotographs (see 
Fig. 19, A and B). The benzylpenicillin molecule creates a covalent bond with the 
target molecules on the cell wall surface between the beta-lactam ring carbonyl 
group and an unidentified group on the penicillin-binding components [235], and 
low BP concentration has a minor effect on the cell wall morphology. As it was 
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determined, the insufficient concentration of BP can induce only minor cell wall 
changes, but, on the other hand, it inactivates bacteria growth (see Table 4).   

 

 
 

Fig. 19. Induced bacterial cell wall changes after the application of 
benzylpenicillin: A – control, B – after 0.1 ml, C – 0.2 ml and after 5 min 0.2 ml, D 

– one injection of 0.4 ml of benzylpenicillin into bacterial suspension 
 
Moreover, it is known that penicillin group antibiotics produce their effect due 

to the BP specific action mechanism, and the survival effect of bacteria can be 
explained as follows: bacteria with a defective or damaged cell wall due to the 
spheroplast activity can synthesize the new cell wall and restore the BP caused 
damage, and this effect can be obtained only in conditions of insufficient BP 
concentration [233]. After 0.4 ml or 200000 I.U. injection, all of the bacteria CFU 
were killed (see Table 4). When continuing researches, it were found out that, after 
two separate sequential 0.2 ml of BP solution injections (total 0.4 ml), the cell wall 
was strongly damaged (Fig. 19, C). On the other hand, one injection in one action of 
the same amount (0.4 ml) of BP had the strongest effect for the bacteria cell wall. 
BP-caused damage was observed as spots on the entire cell wall surface, damaged 
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zones (Fig. 19, D) of cell walls and membrane leak outs appeared. These 
morphology changes were identified as denatured proteins and lipids or surface pits 
[126, 227].  

From the SEM data analysis, it can be determined that bacteria cells have a 
different cell wall morphology it was observed as structural changes of a cell wall, 
which correlated with different BP volume application (and conc.) during 
experiments [237]. 

3.6 Bandage materials testing and prototype assembly 

In the current chapter, we apply the selected group of samples for the bandage 
prototype as the background, and the results are presented. GoS 2 with silver 
concentration of 3.4 at. %, after 20 s of RF oxygen plasma etching was selected as 
the source of silver ions for two types of prepared bandage prototypes. After the 
performed tests, construction improvements serving the objective to increase the 
antimicrobial activity and efficiency were made. Two types of bandage prototypes, 
their construction properties, the proposed working mechanism, as well as their 
antimicrobial properties are presented. 

In the preparation process of the first bandage prototype (see Fig. 20), 
DLC:Ag coatings were sputtered on the substrate (nylon fabric) by using a DC 
unbalanced magnetron.  

 

 
 

Fig. 20. First bandage prototype: 1 – nylon fabric coated with DLC:Ag thin 
film (3.46 at. % Ag), 2 – thin cellulose layer, 3 – thin gelatin/agar layer 

 
According to the idea of the prototype, a bandage containing DLC silver doped 

coatings in water media should release portions of Ag ions [79, 102, 238] as we 
pursue to implement the following objectives: a very hydrophilic and permeable 
layer barrier is needed to ensure the best silver ion performance in the bandage 
[214], which leads to a fast antimicrobial effect during the early hours [10, 238]. The 
second group of samples (3.4 at. %) for the first bandage prototype was disinfected 
by using a UV irradiation emitting lamp in a laminar box. After the disinfection 
procedures, the prepared nylon fabric samples were coated with a thin layer of 
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cellulose fibers mixed with gelatin and rolled while using a 50 mm stainless steel 
roller so that to remove water and gelatin excess, thereby forming 0.01–0.02 mm of 
a thin layer of cellulose. DLC:Ag coated nylon fabric cannot be applied on the 
wound surface directly due to possible contamination with debris [79, 140], and a 
thin layer on DLC:Ag coatings is necessary to solve the problem. The silver ion 
accumulation layer was prepared by applying a warm (38–40 °C) suspension of 
gelatin and agar (at 90%/10% ratio). The warm gelatin was poured onto the coated 
nylon fabric surface (DLC:Ag GoS 3.4 at. % Ag) which had been covered with a 
thin cellulose layer in advance. The excess of the warm suspension was removed by 
using a spin coater at a low speed (120 rpm), and the silver ion accumulation layer 
of 1 mm of thickness was manufactured. The gelatin and agar layer had very good 
water absorption abilities, as presented in [239, 240], and agar gelatin can increase 
the antimicrobial efficiency of DLC:Ag coated surfaces.  

This effect can be achieved when dissolving a layer of gelatin-agar we spread 
silver ions rapidly into the aqueous media [51, 211]. The silver ion accumulation 
layer of 1 mm of thickness was selected based on microbiology data. It was found 
out that the effective silver ion migration distance in agar was up to 2–2.5 mm. The 
microbiology tests and experiments with lab animals showed the technology 
advances and disadvantages, and the necessary improvements were implemented in 
the second bandage prototype.  

The second bandage prototype (see Fig. 21) was prepared based on 
microbiology, silver ion kinetics and the data of tests involving experiments with 
animals. During the researches, we found out the necessary conditions for silver ions 
to accumulate, as obtained in [40, 136, 211]. Moreover, it was found out that the fast 
and large concentration of silver ions released into the bacteria suspension provides 
the best antimicrobial results (see Fig. 22) in the time scale as also obtained 
determined in other scientific experiments [71, 126, 216]. Finally, the silver ion 
concentration sustainability (due to the DLC:Ag thin film) in the media can provide 
a sustainable and long-term antimicrobial effect against all bacteria [92, 126].  

All the manufacturing procedures and improvements were implemented 
according to our test results produced for the current dissertation, and the bandage 
manufacturing process can be divided into steps: DLC:Ag thin film sputtering on 
nylon fabric, DLC:Ag film etching for 20 s, UV disinfection, formation of a 
protective layer, formation of the silicone 3D net structure, and formation of the 
silver ion accumulation layer. The assembled bandage was fastened to a sticky 
medical film, and it was ready to use for experiments with animals.  

DLC:Ag thin film sputtering on the nylon fabric was performed by using a DC 
unbalanced magnetron, nylon fabric coated with DLC:Ag film (GoS 2, 3.4 at. % Ag) 
was etched for 20 seconds to yield silver nanoparticles hidden inside the DLC 
matrix. Samples were disinfected by using a UV irradiation emitting lamp in a 
laminar box for 4 hours. The samples were stored in plastic Petri dishes so that to 
avoid any additional contamination. After UV disinfection, the prepared nylon fabric 
samples of a size of 20x40 mm were coated with a thin layer of cellulose fibers, 
mixed with gelatin and rolled by using 50 mm diameter stainless steel roller while 
using a pressure of 5 kg/cm2 so that to remove water and gelatin excess. After the 
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rolling process, a 0.01–0.02 mm thin layer of cellulose was formed on the coated 
DLC:Ag surface. The layer was formed to prevent DLC:Ag from falling out from 
the silk surface, and the layer worked as a membrane to sustain any residues close to 
the DLC:Ag sputtered nylon fabric surface. The silver ion accumulation layer 
(SIAL) was improved by the 3D silicone net structure which was manufactured like 
a honeycomb mesh (one element size: 2 mm x 2mm) in squares (see Fig. 21, 4), the 
thickness of the partitions was 0.3 mm, and the thickness of the entire net was 2 mm. 

 

 
 

Fig. 21. Advanced bandage prototype (5) contains the following layers: sticky 
medical film (1), DLC:Ag coated nylon fabric (3.4 at. % Ag ) (2), cellulose layer 

(3), silver ion accumulation layer (4) (SIAL) 
 
The 3D silicone net was manufactured from two-component medical grade 

silicone. Silicone was poured into a special mold made from epoxy resin and left at 
room temperature for 48 h. After 48 h, the silicone net was removed from the mold, 
washed with ethyl alcohol, dried out and prepared for the next stage. The silver ion 
accumulation layer was prepared by using a mix of gelatin and agar (at 90%/10% 
ratio) warm suspension (40–45 °C) which was poured into a Petri dish with the 
already manufactured 3D silicone net. The silicon net was placed on the bottom in 
the Petri dish, and the gelatin-agar mix was poured up to 2 mm level (to fully cover 
the silicone net). After several hours, gelatin-agar became hard, and the 3D silicon 
net, filled with gelatin-agar, was re-placed from the Petri dish onto the DLC:Ag 
group of samples containing 3.4 at. % Ag, coated with 0.01–0.02 mm of the thin 
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layer of cellulose. For a better contact, a few drops of warm (38–40 °C) gelatin were 
applied as a glue. Such a silver ion accumulation layer preparation technique 
allowed avoiding air burbles formation inside the 3D net cavities. 

The silicon honeycomb structure was manufactured as the final layer and was 
filled with the agar/gelatin water-based mass. The small area of the direct contact of 
the silicone net structure to the wound surface provided antistick properties, and the 
silicone net partitions were responsible for liquid gelatin mass restriction on the 
treated area. The assembly process of the bandage was performed in a laminar box 
to ensure sterility. Finally, the bandage was assembled on a sticky medical film with 
microholes, the sandwiched layers (DLC:Ag on silk, protective and Ag+ 
accumulation layers) were sewn up (through all layers) by using a 0.006 mm sterile 
braided line to the sticky film. 

3.6.1 Antimicrobial effect of SIAL layer integrated in bandage prototype 

The effectiveness of the silver ion accumulation layer was evaluated by 
applying microbiology tests with the referential bacteria (see Fig. 22) and 
pathogenic bacteria (see Fig. 23). In order to compare SIAL layer effectiveness, first 
of all, the DLC:Ag  group of samples (without SIAL) containing 3.4 at. % Ag of 6 
cm2 was immersed into 1 ml of volume of purified water and sustained in thermostat 
for 35 °C in order to observe the silver ion migration process into distilled water. 
The prepared prototype with SIAL had an even stronger and faster effect than the 
nylon fabric coated with DLC:Ag (see Fig. 22 and Fig. 23). After prototype 
application into the bacteria suspension at 35 °C, the SIAL layer dissolved and 
spread out the accumulated silver ions, and a strong antimicrobial effect was 
obtained. After 20 min, the bacteria population was reduced by 70.7%, whereas, 
after 120 min, the CFU number was reduced by 92.6%, and, after 340 min, the CFU 
number decreased by 99.6% in the samples with the referential bacteria (see Fig. 
22).  

The results of microbiological experiments when applying GoS 2 containing 
Ag of 3.4 at. % and the bandage prototype (with the SIAL layer) involving highly 
pathogenic S. aureus bacteria strains LTSa635 (MRSA), LTSaDA01, LTSaM01 and 
LTSa603 are presented in (Fig. 23). After microbiology experiments with GoS 2 and 
the bandage prototype, the results are presented as follows: 

Antimicrobial tests with bacteria strains LTSaDA01, LTSaM01 and LTSa603 
showed that, after 20 min of exposure time, GoS 2 with DLC:Ag-coated nylon 
fabric affected (killed) 10%–15% of S. aureus bacteria CFU when the prototype 
with the SIAL layer killed 63%–65%, respectively. Tests with methicillin resistant 
(MRSA) S. aureus strain (LTSa635) exposed for the same duration showed the 
antimicrobial effect efficiencies of 9% and 55%, respectively. After 60 min of 
treatment time when applying the group of samples containing 3.4 at. % of silver, 
the bacteria CFU (LTSaDA01, LTSaM01, LTSa603) number decrease was more 
than 60%. A stronger antibacterial effect was obtained with the bandage prototype 
improved with the SIAL layer. After 60 min of experiment time, the bacteria CFU 
number decreased by about 80%. MRSA (LTSa635) strain was more resistant to 
silver ions than other bacteria strains, and the group of samples with the thin film of 
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DLC:Ag 3.4 at. % Ag reduced the bacteria LTSa635 CFU number by 47%, and the 
proposed bandage prototype with SIAL was able to reduce the CFU number by 
about 80%, respectively. The tests data revealed, that after an hour of testing time, 
the prototype with SIAL equally affected all bacteria strains, even MRSA. After 2 
hours of soaking the group of samples (3.4 at. % Ag) in test tubes with bacteria 
strains, more than 92% of CFU were inactivated, whereas the prototype with SIAL 
was able to inactivate more than 95% of all bacteria strains, including MRSA (see 
Fig. 23, C). Antimicrobial testing results after the longest exposure time (320 min.) 
revealed that the group of samples with 3.4% Ag (at.%) and the proposed prototype 
had a similar antimicrobial effect – more than 99% of all bacteria CFU were killed, 
and the spread plate method results revealed that only a few bacteria CFU grew on 
the agar surface. 

 

 
 

Fig. 22. Antimicrobial results (with referential bacteria 0.5 Mf) of the bandage 
prototype: SIAL layer (1), control measurements (2), the prepared prototype was 

soaked in bacteria suspension which was placed in thermostat at 35 °C temperature 
 
The results of antimicrobial tests confirmed that the RF plasma etched group 

of samples with DLC:Ag (3.4 at. % Ag ) showed antimicrobial properties against the 
pathogenic bacteria, and therefore it can be used for wound treatment. According to 
the experimental results, the bacteria can be killed at more than 99% of efficiency by 
using DLC:Ag (3.4 at. % Ag) thin film coatings on the nylon fabric, or by using the 
proposed prototype. The main difference between these samples (GoS 2 and the 
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bandage prototype) is the antimicrobial effect action time or the bacteria killing 
speed. Similar studies performed in [15] with silver doped DLC coatings showed 
similar antimicrobial properties with other bacteria species. It was found out that the 
amount of bacteria (specifically, Clostridium jejuni and Listeria monocytogenes) 
was strongly reduced after 15 min. of exposure time, and, after 24 h, bacteria CFU 
was below the detection level [15]. Other authors obtained results which showed 
that the Ag ions release speed was fast during the initial 24 h, and the sustained 
release continued for several days [210, 215]. According to these research results, it 
can be claimed that silver ions can be accumulated into the SIAL layer, and, after 
layer dissolution, the silver ions can diffuse (from DLC:Ag layer in bandage) into 
bacterial suspension, while sustaining the silver ion concentration necessary for the 
antimicrobial effect for more than 24 h. Other authors in their studies with silver 
NPs of 300 ppm. concentration confirmed that a large concentration of silver still 
cannot kill all bacteria to count zero after 30 min, while such results can be achieved 
after 48 hours [241].  

 

 
 

Fig. 23. Antibacterial test results with S. aureus bacteria strains: (A) 
LTSaDA01; (B) LTSaM01; (C) LTSa635 (MRSA) and (D) LTSa603, bacteria 

concentration: 1 Mf = 3x108  CFU, dilution 10-5 and DLC:Ag is the background of 
bandage, SIAL: DLC:Ag coated silk with cellulose and gelatin/agar layers (for the 

first bandage prototype, see Fig. 20) 
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On the other hand, research [242] showed that 100% antimicrobial effect can 
be achieved after 72 h of contact of silver nanoparticles in a bacteria culture media. 
According to the experimental data of the current work, 100% efficiency was not 
achieved, and the maximum antimicrobial efficiency of 99.9% with bacteria 
LTSaM01 were obtained by employing the second group of samples with 3.4 at.% 
Ag and the bandage prototype with GoS 2 and the SIAL layer, respectively. The 
explanation why 100% antimicrobial efficiency was not achieved could be the 
bacteria Stationary Phase [169] and the condition of non-replicating bacterial 
persistence [243]. For the maximum antimicrobial effect, other research [78, 97] 
works suggest employing larger concentrations of silver ions for pathogenic 
bacteria. The author of [97] suggests 8–80 ppm concentration of Ag ions for 
Staphylococcus aureus for 105–107 (CFU)/ml concentration. 

Moreover, most pathogenic organisms (including S. aureus) can be killed at 
silver ion concentrations of 5–40 ppm [78, 97]. Other authors in their research works 
found out that 15 ppm of the concentration of ionic silver can inhibit the oxidation 
of glucose, glycerol, fumarate, succinate, D-lactate, L-Lactate, and other endogenous 
substances in E. coli bacteria strains [97]. On the other hand, high doses of silver can 
be toxic for all live organisms, not only for bacteria [47, 97, 118], and the proposed 
bandage which can create 4 ppm silver ion concentration in the aqueous media, as 
presented in the current work, can be used as a safe bandage for an organism due to 
its good antimicrobial properties. 

To sum up, the prepared bandage prototype with SIAL had stronger 
antimicrobial properties and offered faster antibacterial action speed comparing with 
DLC:Ag coated GoS (3.4 at. % Ag). According to the experimental results, it was 
determined that silver nanoparticles play an important role for silver ion 
transmission and accumulation processes into a gel-like structure (SIAL) which can 
dissolve and release all the accumulated silver ions instantly. Our results showed 
that such a technology could be applied for wound dressings whenever time plays an 
important role, and bacteria have to be inactivated within a short period so that to 
prevent efficient multiplication of CFU in the affected tissues [59, 244].  

3.6.2 Bandage prototype stability tests  

Before tests with animals, stability tests were performed. The bandage was 
stored in a laboratory, at room temperature, packed in a vacuum polyethylene bag 
for 6 months. There were no visible changes after this period. No changes of 
antimicrobial properties were registered throughout the entire testing period. 
Antimicrobial activity tests (the spread plate method) showed good results, and there 
were no indications registered of any reduced antimicrobial activity. Tests for the 
skin reaction after 6 months of storage (allergic tests) were conducted with guinea 
pigs. They showed no redness or inflammation signs. According to the test results, 
the bandage prototype could be deemed safe for application on a wound after 6 
months of storage.  

For such a bandage, strong silver NPs adherence to the supporting surface, 
such as DLC coatings, is essential for the practical use [81] because the silver 
release properties depend on the contact of water molecules with the surface of 
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active nanoparticles [16, 93, 108]. When barriers (a thin cellulose layer in the 
current bandage prototype) are used for stabilizing the coating’s surface, the silver 
ion release properties can be reduced due to lack of water uptake which should be 
sufficient for high Ag+ release [225]. In the current case, the thin cellulose layer 
inside the bandage was able to transmit easily silver ions through the membrane, and 
reduction of antimicrobial properties was not detected during the testing period. It is 
known that, for optimal antimicrobial activity [92, 240], the stability of Ag 
nanoclusters plays an important role because aggregating particles decrease the 
contact surface and the Ag+ release rate [169].  

 In addition to the efficient antimicrobial properties, the current bandage with 
the SIAL layer featuring the nylon fabric skeleton ensured good mechanical 
properties, ant the cellulose layer, serving as the membrane, detained particles and 
debris [105, 245] inside the bandage, in the proximity to the DLC:Ag surface. 
Moreover, it passed the silver ions from the NPs surface to the SIAL layer, and the 
bandage was stable without undergoing any changes of its microbiology properties 
for more than 6 months. 

3.7 Bandage prototype pilot study with lab animals 

In the current chapter, the bandage prototype along with control bandages 
were tested on lab animals. Small injuries (up to 34 mm) were made for our wound 
healing experiments, one group of wounds was uninfected, whereas the second 
group was infected with S. aureus (MRSA). The bacteria suspension of 0.5 Mf of 20 
μl was applied into the wound on day 0, and the CFU number in the wound’s fluids 
after days 1–3 was determined by applying microbiology methods – i.e., samples 
were taken with a cotton swab from the wound’s bed, and later were rinsed, mixed 
in a test tube, then diluted to 10-2 and inoculated on the agar surface. The 
experiments were conducted by using 8 lab animals per one experiment (n = 8). 

3.7.1 Cotton bandage testing 

For pharmaceutical evaluation (with lab animals), tests with wounds were 
performed. In the testing procedure, several parameters were observed: the wound’s 
inflammation signs, redness, tissue regeneration, and bacterial pollution inside the 
wound. The lab animals – guinea pigs – were selected for experiments so that to 
define all the healing process during a shorter period of time, such as several days, 
rather than a week if comparing with humans [246]. In the current experiment, a 
wound was defined as healed when 90% or more of the wound’s surface was 
reepithelialized [249] on the wound healing area.  

In the course of the first experiment, an ordinary cotton bandage was applied 
on the lab animal’s wound.  The next day, a cotton bandage was sticked to the 
wound due to scab formation which was removed during the wound observation 
process. The sticking of the cotton bandage to the soft wound tissues had unwanted 
consequences. During the process of removal, a part of the healing soft tissues was 
damaged in the process of investigation [247]. Due to scab formation, the healing 
process was too complicated for the evaluation of the treatment effect (see Table 6, 
bandage 0). The wound exudate (with lymphocytes and proteins) reacted with the 
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biomaterials applied on the wound surface and caused inflammation [38, 39]. It is 
well known that the wound itself can create excellent conditions for microorganisms 
to grow [31, 33, 61], which can delay the healing process and lead to an infection 
[50, 107], as determined in bandage testing. These processes are unwanted because 
mammalian wounding responses may result in nonfunctional fibrotic tissue 
formation [19, 248] which can be referred to as the scar tissue [33, 37], which is 
exactly what was observed in tests with the control bandage. On the other hand, 
animals can restore wounded tissues or organs to a varying degree, according to the 
species and the developmental stage [35, 247], and thus not all animals can be used 
for the testing of pharmaceuticals which will be used on people.  

The purpose of healing is to recover the skin functions [44], and this 
physiological process involves coagulation, inflammation, proliferation, matrix and 
tissue remodeling stages [46, 249]; these healing stages were monitored and 
registered during the bandage testing experiments. The wound tissue repair starts 
immediately after employing various growth factors [33, 40, 46] which involve all 
skin cell types responsible for all wound healing stages [19, 33, 35]. The surface of 
cotton bandages can be absorbed by proteins like albumin with fibrinogen and can 
elicit foreign body reactions by increasing the inflammatory response and 
prolonging the wound healing process [104]. This effect was observed in the cotton 
bandage testing; then, the wound healing continues more than 5–7 days. The 
adhered dressings had a negative effect on repairing the tissues due to the epithelial 
layer disruption during the dressing removal procedure as observed in the current 
experiments as well as in other authors’ experiments [36, 42, 44].  

3.7.2 Tests with control bandage 

The control bandages were prepared by using nylon fabric without DLC:Ag 
thin film, with cellulose and an agar-gelatin layer, without a 3D silicone net (Table 
6, No. 1), and an identical bandage with a 3D silicone net with agar-gelatin inside 
the cavities (Table 6, No. 1A) was also used.  The aim of the current experiment was 
to investigate the SIAL effect on a wound without silver ions being involved, and to 
compare the wound healing outcomes with the bandage prototype containing a 
DLC:Ag coated film featuring 3.4% Ag (at. %). In the current research, the control 
bandage (Table 6, No. 1) was applied on an MRSA infected wound in order to 
determine the healing effects. After the experiments, the bandage yielded better 
healing properties [42, 249] comparing with the cotton bandage; on the other hand, a 
disadvantage was observed that the prototype got stuck to the wound’s surface. The 
sticking effect was caused by the outflow of the agar-gelatin layer, where gel 
remains were dried out thereby causing the issue of sticking; also, the bandage 
became hard and inflexible when the gelatin/agar layer was outflowed and dried out. 
Due to that reason, a small scab was observed on the wound’s surface throughout 
the entire 3 days, and the contraction of the wound’s length was from 30 to 25 mm. 
Tests with wounds infected with MRSA bacteria after 24 h showed wound tissue 
inflammation signs, such as redness and/or tissue swelling during the control 
bandage testing time (Fig. 24). A sample for microbiology analysis was taken on 
days 1–2, and bacteria CFU were found: on the first day184 CFU were found, and, 
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on second day, the CFU number was reduced to up to 128 CFU (see Table 6, No.1). 
The reduction of CFU was induced by the strong immune system of the guinea pig 
[37, 42, 128], and, on day 3, the CFU number was reduced to 78. The immune 
system activity of the guinea pig was observed by the healing analysis throughout 
the 2 days, the swollen areas were reduced, and healing process started, but, on the 
other hand, the wound’s soft tissues were of dark red color, and a scab was formed. 
The healing process continued up to day 5, when the scar tissue formed, and the 
wound’s soft tissues were regenerated [33, 99]. The tests with the bandage (Table 6, 
No. 1A) with SIAL in which the 3D silicone net cavities were filled with the agar-
gelatin mass (without silver ions) offered better healing properties, the scab was not 
formed on the wound’s surface, and the CFU number decreased from 172 to 64 from 
day 1 to day 3. 

 

 
 

Fig. 24.  MRSA infected wound treatment with control bandage: (without 
silver, No. 1); after 2 days: A, after 4 days of treatment: B, wounds are marked with 

arrows 
 
The reduction of the CFU effect occurred due to the strong immune system, it 

positively influenced the healing effect, i.e., such blood cells as neutrophils were the 
first defense barrier against the bacteria [31, 250]. In the liquid fluids of the wound, 
mixed with the agar-gelatin mass, blood cells can migrate towards the bacteria and 
eliminate it by phagocytosis, by releasing proteinases which initiate the bacteria 
inactivation process in the wounded tissues [37, 250]. 

3.7.3 Wound treatment with bandage prototype  

The bandage prototype containing DLC:Ag 3.4 at. % Ag thin film, cellulose 
and SIAL (see Fig. 21) was applied on MRSA bacteria infected (Table 6, No. 2) and 
uninfected (Table 6, No. 3) wounds so that to compare the healing effect.  

The experimental data with the MRSA bacteria infected wounds and the 
bandage prototype after the first day of treatment showed that the wound tissue 
healing process was good: the tissues were of the pink color, minimal swelling was 
observed comparing with the control tests (see Fig. 25). The microbiology results 
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showed, after one day the live bacteria CFU number reduced from 184 to 91 after 
the application of the bandage prototype if comparing with the control tests (Table 6, 
No. 2). After the second day, the CFU number was reduced from 91 to 54, and the 
healing process was evaluated as good. The action time of silver ions was essential 
for the bandage’s strong antimicrobial effect [93, 216] when it was being applied on 
the infected wound. On day 3, the wound morphology analysis showed that the 
edges of the wound were sharp, and no visible inflammation signs were observed.  

 

 
Fig. 25. MRSA infected wound treatment with bandage prototype: A: after 2 

days, B: 4 days after treatment 
 
The regeneration process of the wound tissues was clearly visible, and the 

wound’s length/depth ratio was reduced. No bacteria CFU was found inside the 
wound tissues after the microbiology testing procedures, and the wound contracted. 
It was found out that silver can reduce the amount of MRSA bacteria in chronic 
wounds after silver bandage application [59], and it is known that chronic wounds 
can sustain more bacteria with different resistance [19, 36, 61]. A long-lasting 
bandage with a high silver ion concentration level is needed to achieve the best 
healing effect as determined in the current tests. The anti-inflammatory effect of 
silver (due to bacteria activity) can occur due to the suppression of the complement 
activity, and these physiological properties can influence the results of positive 
healing as presented in [46, 224]. Moreover, the authors of [45, 215] observed the 
correlation between the bacteria adhesion to the skin or wound tissues and the 
effectiveness of treatment. Adhesion can involve reversible bacterial association 
during the early hours, i.e., after post-implantation, it can be followed by stronger 
bacterial adhesion to the surface [171], and, after 24 h, bacteria can form a biofilm 
[2] which is resistant to systemic antibiotic treatment. This effect can appear 
regarding the host defense mechanism, when bacteria at the margins of the colony 
protect the bacteria in the inner zones [17, 127]. According to these wound healing 
properties, the fast silver ion release from the SIAL layer can protect the wound 
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surface from the biofilm formation and kill a large scale of bacteria in the wound 
bed as it was presented in the current research. But, on the other hand, the silver 
action in-vitro can be different, comparing with the experiments in-vivo, as 
determined by [27, 47, 116]. These differences can be induced by the silver ion 
interaction with organic molecules, proteinaceous exudate or inorganic ions such as 
sulfates, phosphates or chloride, which can react with silver and form AgCl salt of 
very low solubility; as a result, reduction of the number of free silver ions in the 
wound’s bed was achieved [59]. When such a bandage (without the SIAL layer) is 
directly applied on the wound’s surface, the chemical reaction between the silver 
ions and sodium chloride [40, 219] (in the blood plasma) can induce the negative 
effect for the Ag+ release rate. Silver chloride is almost insoluble salt [40, 102, 218] 
and can reduce the amount of free silver ions to minimum and cover silver NPs with 
the chloride layer thereby reducing the Ag ion release rate [251]. In the current 
research, the SIAL layer can sustain a higher release rate of silver ions and maintain 
the process for a longer period of time, and thin films or membranes between the 
NPs layer and the wound fluids can protect silver NPs from the chemical reaction 
with Cl ions [40, 211]. The SIAL layer can reduce the chemical reactions with silver 
nanoparticles [93, 99] and sustain the strong antimicrobial activity [249] close to the 
wound’s surface inside the gelatin/agar liquid gel. Otherwise, the slow release 
kinetics of silver ions results in slow silver depletion, and this feature minimizes the 
potential toxicity; thus, the coatings can be effective for a longer period [96]. 

It is known that antimicrobial properties are directly related with the 
concentration of silver ions in a bacteria rich media [252] like in the MRSA polluted 
wound, as presented in the current research. A wound dressing (without SIAL) 
containing silver NPs can release only 0.6 ppm of silver per 24 h as determined by 
[251], while the DLC:Ag coated and SIAL layer improved bandage can release up to 
4 ppm, respectively. This effect may be explained as silver NPs exposure by Cl ions 
[251]. On the other hand, the local pH reduction [95] in wound fluids and aerobic 
environment changes [104] may enhance the silver release rate from the coatings to 
the water rich media. Otherwise, according to [253], approximately 39% more silver 
was released into alkaline sweat (pH 8.0), as compared to acidic sweat (pH 5.5). 
Healthy skin pH is slightly acidic, at the level between 4–6 pH [254], while, for an 
infected wound, its pH usually moves to a neutral or a slightly alkali pH value [253, 
254], and a wound infection in lab animals might increase the Ag ion release and the 
healing speed, respectively. The authors of [46] established that, for example, Ag 
NPs not only increased the healing speed of the wound, or had the repairing effect 
for the dermal tissue, but also improved the cosmetic appearance in the animal 
model [169]. After the application of the current bandage prototype, only the mark 
of injury (Fig. 25, B) was observed in the epidermis layer. This good healing effect 
occurred due to the suppression of inflammatory cytokines and induced apoptosis of 
the inflammatory cells [29, 244]. The reduced inflammatory process can suppress 
the scar formation process [31, 46], which leads to minor marks [33] of injury after 
the healing procedure. After the conducted tests with the bandage prototype (Table 
6, No. 2), the healing process without any strong inflammation signs was observed. 
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The wound tissues were of the light pink color, and small growing blood vessels 
were observed at the wound’s edges and its bottom. 

 
Table 6. Wound healing observation of lab animals⁕  

Legend of the Table: p – positive, n – negative effect. Several different types 
of bandages were tested; 0 – cotton bandage on uninfected wound; 1 – control: agar-
gelatin spincoated bandage prototype without DLC:Ag, applied on infected wound, 
1A – nylon fabric (without DLC:Ag) with SIAL on infected wound, 2 – bandage 
prototype with DLC:Ag and SIAL layer applied on infected wound, 3 – bandage 
prototype with DLC:Ag and SIAL layer applied on uninfected wound 

 
On the second day, the tissues were of the darker pink color due to capillary 

net regeneration, and the wound was less deep in comparison with the first day. The 
length of the wound decreased, and the good healing effect can be explained as 
follows: the bandage applied on the uninfected wound’s surface warmed up, and the 
gel in SIAL melted quickly thus releasing the accumulated silver ions into the 
wound’s bed. The silver ions worked as ‘healing promoters’ [2, 10, 16, 19] and were 
replaced by tissue fluids; the silver ions diffused from the bandage to sustain the 
silver ion concentration [41]. Moreover, serum albumins in the wound’s bed or 
inside the bandage can enhance the silver ion release process [40, 95]. This effect is 
based on the formation of silver chemical complexes on the molecule’s surface of 
blood plasma proteins, when silver detaches from the molecule surface and strongly 
increases the amount of Ag+ ions [95]. On the other hand, the molecular complex 
formation can depress the Ag release [94, 107], and the bandage structure in which 
the layers are incorporated can eliminate this factor. Moreover, silver can speed up 
the healing effect according to [224, 247] due to the increase of the collagen fibers 
accumulation in the extracellular matrix and differentiation process of keratinocytes. 
In the current research, the wound healing process was observed every 24 h during 
the investigation of bandage application. After closer analysis of the wound tissue, 
no swelling or strong redness were observed. The bandage was not sticked to the 
wound surface the way it happened with cotton and control bandages (Table 6, No. 0 
and 1, respectively), and it was removed without resistance and without any soft 
wound tissue damage. The bandage SIAL layer with silicone partitions (Table 6, No. 
1A) was able to sustain the melted agar-gelatin mass on the wound surface, and no 
scab formation process was observed. It was confirmed that the liquid agar-gelatin 

No. 
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1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
0 31 30 28 n p p p p p p p p p p p - - - 
1 30  28 25 n p n p n n p p n p p p 184 128 76 
1A 29 27 25 p p n p n n p n n n n n 172 106 64 
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mass reduced the scab formation process and increased the healing speed from 5 
days to 3 days. 

From the data obtained in the current experiments, the most prominent healing 
effect was observed with uninfected, i.e., bacteria free wounds as the wound 
contracted faster comparing with MRSA infected wounds. After 5 days of treatment, 
almost no signs of the wound were found in cases of infected and uninfected 
wounds, respectively. These results confirmed that silver applied on wounds can 
increase the healing speed as it was determined in [169], and it reduced the residual 
effects of the injury due to the suppression of the inflammatory process [46, 244]. 
Other authors [59] claim that nanocrystalline silver dressings can reduce the total 
amount of proteases in wounds while encouraging optimal patterns of healing and 
reducing the inflammation process in tissues [40, 80]; as a result, minor scar signs 
were observed in the current experiments when wound healing was being monitored. 
Similar tests with lab rats [124] revealed that nanocrystalline wound dressings, when 
applied on burned wounds, can increase the number of the surviving lab animals 
[88, 247].  

But, on the other hand, silver-based products should be used with caution 
when wounds with donor cells are treated, similarly to the case of wounds after 
burns, because silver (silver ions and NPs) may do harm for rapidly proliferating 
cells [124, 125]. In the current bandage prototype, the cellulose layer and the SIAL 
structure were used to avoid Ag NPs migration, and, in the second bandage 
prototype, the silver ion concentration reached a level of up to 4 ppm. The authors of 
[17, 169] suggested to control the silver ion release rate for tissue safety and for 
antimicrobial efficiency reasons, the way it was being done when applying the 
cellulose and SIAL layers in the current bandage prototypes. In order to ensure the 
silver ion release control, the SIAL layer performed the essential role for the 
accumulation of silver ions up to the saturation level and for high speed distribution 
of Ag ions inside the wound tissues, respectively. The minimum silver ion 
concentration for S. aureus bacteria starts from 1 ppm [220], although other authors 
[40, 94, 255] found out that larger concentrations are needed. For example, it was 
determined [18, 72] that the inhibitory concentrations for all bacteria are between 
3.37 and 13.5 ppm, which inflicts no significant cytotoxic activity for organism.  

In the current research, no harmful effect of the bandage prototypes was 
observed comparing with the cotton bandage and the bandage without DLC:Ag. The 
large doses of silver applied for guinea pigs may cause histopathological 
abnormalities in the skin, liver and spleen [128], but, in the case current study, no 
animal death or signs of toxicity were observed, exactly as in other authors’ 
researches [252].  

The toxic dose of 300 mg of Ag Np for lab rats was discovered, and such a 
dose induced slight liver damage; also, dose-dependent accumulation in all the 
tissues was observed [99]. Smaller silver doses (ranging from 10 to 100 mg/L) can 
be tolerated by mammalian body cells [229]; such doses are toxic for bacteria. Such 
doses of silver were not reached in the bandage prototype, only 4 ppm of silver ions 
can be released to the skin surface. Moreover, the DLC thin films which are used in 
the bandage have no toxic effect as determined in [132], and they can be applied 
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safely for body cells. DLC is a chemicals-free coating, and, unlike nanocrystalline 
silver containing wound dressings, no chemical remains after NPs synthesis were 
found [82]. Chemical remains could induce such side effects as wound surface 
overhydration and maceration of the surrounding healthy skin [59]. In the current 
work, the tested bandage showed no visible toxic effect for the animals. No skin 
color, tissue and/or animal behavior changes were observed. All of the lab animals 
successfully healed, and no cases of death were registered.  

3.8 Working mechanism of bandage prototype 

The purposes of wound dressings are to increase the healing effect, reduce the 
pain and bacteria-initiated inflammation [44, 107, 249], and the ideal wound-
dressing could be described as follows: wound site protection from any 
environmental impact, wound moisture maintenance, gas diffusion, temperature and 
pH control, easiness to remove without pain [107]. Extensive discussion about silver 
as an antimicrobial agent can be found in various medical fields, including 
infectiology, surgery with burns and wound treatment, etc. Usually, surfaces 
contaminated with bacteria can be sterilized by applying disinfectans with the 
alcohol base, but wound tissues can be damaged; in this case, other antiseptics are 
used. What concerns wound treatment, especially open wounds, for example, after 
burns, a questions arises: (a) what type of medical device can be applied; (b) what 
will the side effect(s) be; (c) will it be effective? When answering these questions, a 
hypothesis was raised about the bandage working mechanism: bacteria multiply and 
produce toxins in a moisture rich environment. In this context, the antimicrobial 
agent has to be delivered to bacteria with effective concentration, also, the 
antimicrobial agent has to be less toxic to the organism cells than to the bacteria. As 
a result, the NPs concentration and Ag ions concentration has to be selected 
properly, and, finally, the device construction and the working mechanism could be 
recreated by copying the burn blister formation physiology process after burns of 
second degree. In this case, regenerating wound tissues have no mechanical contact, 
the exudate inside the blister is sterile and ensures the ideal condition for the cell 
regeneration and wound healing. While implementing the research, the proper silver 
ion source was selected, and the bandage structure was created which imitated the 
artificial sterile segmented blister with an antimicrobial filler inside which can be 
placed onto the damaged skin area.   

Before the experiments, several questions were raised: (i) what is the silver ion 
concentration which is necessary for antimicrobial activity; (ii) what is the 
antimicrobial effect difference between silver ion saturated water and silver NPs 
coated surface; (iii) what is the optimal silver ion concentration for the efficient 
antimicrobial action so that to avoid organism cells intoxication? The silver ion 
release mechanism was determined by applying several tests, including disc 
diffusion, silver ion saturation of distilled water, silver ion saturated water and 
rinsed DLC:Ag coated surface antimicrobial effect in the time scale.  

The working mechanism (see Fig. 26) of the patch was determined after data 
analysis of the conducted tests. The current bandage with the DLC:Ag coated nylon 
fabric skeleton and the SIAL layer ensured good mechanical properties for the 
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prepared patch prototype, and the cellulose layer, as a membrane between the 
DLC:Ag thin film and SIAL, sustained particles and debris on the thin film sputtered 
nylon fabric, i.e., inside the patch. The silver ion release properties and the 
antimicrobial activity of the prepared DLC:Ag (3.4 at. %) sample and the prepared 
prototype with SIAL was investigated. Data analysis showed that the SIAL layer 
worked slower comparing with 4 ppm saturated distilled water, the antimicrobial 
delay effect was related with the dissolving time of the SIAL layer. The DLC:Ag 
thin film coated sample exhibited a strong and long-lasting antimicrobial effect, 
while 4 ppm saturated water demonstrated a strong but short-timed effect. The 
experimental results showed that the prepared prototype with DLC:Ag (3.4 at. % 
Ag) had more than 99% antimicrobial efficiency per 340 min (referential S. aureus), 
and 100% of MRSA CFU were killed in the wound after 72 h.  

 

 
 

Fig. 26. Bandage prototype (A) working mechanism: silver ions start to 
migrate from silver NPs (1) to low silver ion concentration zones (5) through the 

cellulose membrane (3) to agar/gelatin layer (4) (SIAL); when bandage is placed on 
wounded skin (B), the gelatin/agar (gel) in SIAL layer warms up, gel in cavities 

(between silicone partitions (6)) melts and can move towards the wound’s tissues (7) 
and transport and release all accumulated silver ions close to the bacteria 

contaminated areas 
 
Accumulated silver ions spread out from gelatin to the solution after 

application on the warm skin surface or after immersion into a warm (35 °C) 
bacteria suspension, as presented in our experiments results. The SIAL layer with 
gelatin/agar became liquid after warming up to 35 °C, and it can be diluted with 
bacteria suspension or blood plasma. The dilution of the silver ion saturated 
gelatin/agar melted mass can induce the strong antimicrobial effect because the 
gelatin/agar with the accumulated silver ions dissolves and can spread throughout 
the entire bacteria rich media as determined by our bandage prototype antimicrobial 
testing results. On top of that, it was determined that the free silver ion concentration 
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in the bacteria suspension decreased, and this result correlated with reducing  
antimicrobial properties, and a similar effect was received in [126]. This effect can 
be explained as the sublethal binding process of Ag ions to bacteria [126], i.e., silver 
ions are ‘consumed’ [40, 126] by bacteria, and the concentration of active silver ions 
decreases. To solve the problem of the reduction of silver ions and the decrease of 
antimicrobial properties, nylon fabric coated with the DLC:Ag thin film layer with 
the silver concentration of 3.4 at. % was integrated inside the bandage prototype as 
the source of silver ions. After SIAL dissolution into the warm bacteria suspension, 
the silver ion concentration decreases, and the Ag+ release (migration) process 
begins from the surface of silver NPs embedded into the DLC:Ag matrix (see Fig. 
26). This mechanism can restore the silver ion concentration in the diluted 
gelatin/agar layer (SIAL) or in the wound’s fluids and sustain the antimicrobial 
activity [71, 256].  

The high silver ion concentration ensured not only the rapid CFU number 
decrease rate, but also the long-term antimicrobial effect, as it was also determined 
in [40, 96, 127]. In this double silver ion release system when silver ions can be 
accumulated until the saturation level of 4 ppm, and when the saturation level 
decreases due to the dissolution into the watery media, silver nanoparticles can 
restore the Ag+ concentration and continue the releasing process of Ag ions from 
silver NPs embedded into the DLC matrix to the liquid media. Moreover, the 
prepared bandage prototype had the antistick properties which were tested and 
proven during the experiments with animals, and the antistick properties were 
developed after silicon 3D net installation into the SIAL layer, since the low contact 
surface (between the net partitions and the wound tissues) reduced the ability to stick 
to the surface, and the melted gelatin/agar gel enhanced these properties even more. 
It was determined [10, 249] the wet bandages, like those made from hydrogels, 
featured antistick properties, and dressings with a more adherent contact to the 
wound surface did not offer such good results as those obtained in our tests with the 
first bandage prototype and the tested commercial cotton bandage.  

Silver ions can interact with organic molecules as well as with inorganic ions 
like sulfates, phosphates or chloride, which can react with silver and form the 
insoluble AgCl salt – thereby reducing the concentration of free silver ions [59] and 
negatively influencing the test results. Silver chloride is an almost insoluble salt [40, 
102, 218], and it can reduce the free silver concentration to the minimum and cover 
silver NPs with a silver chloride layer, thus strongly reducing the Ag ion release rate 
[251] from the sputtered surface. Moreover, it was determined that the molecular 
complex formation can depress Ag release [94, 107] when direct contact with NPs is 
available. Liquid gel and other membranous structures, installed in the prototype, 
can reduce this effect. SIAL can sustain a higher and longer release rate of silver 
ions. It works as a protective layer, obstructs the direct contact of NPs with blood, 
and can protect silver NPs from chemical reaction with Cl ions [40, 211], sustain the 
strong antimicrobial activity [249] close to wound’s surface as well as inside the 
gelatin/agar liquid gel which was located inside silicon honeycomb cavities. 
Otherwise, the slower kinetics of silver ions release, which was obsrved in 
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experiments, influence the slow silver depletion, and this property minimizes the 
potential toxicity; also, coatings can be effective for a longer period [96].  

Bacteria biofilm formation (in 60% of cases of chronic wounds) [257] is one 
of the factors in the process of wound transitioning into the chronic state, and the 
bandage in the current research was created with the objective to avoid chronic cases 
by reducing the bacteria CFU within a short period of time. The bandage applied on 
a wound had a contact with the soft wound tissues where the exudate and nutrients 
from blood can increase the bacteria biofilm formation and cause serious infection 
[250, 257]. The presented prototype with the SIAL layer of the bandage prototype 
saturated the wound’s fluids with silver ions and sustained antimicrobial 
environment in the wound’s bed for optimum healing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



83 
 

4. CONCLUSIONS 

1. The prepared 3 groups of samples with DLC:Ag thin films on the nylon 
fabric deposited by the DC unbalanced magnetron sputtering were 
processed by RF oxygen plasma etching (0.3 W/cm², 20 s); the silver 
concentration in the first group of samples increased from 0.46 to 0.93 at. 
%, in the second group from 3.12 to 3.4 at. %, and in the third group from 
5.31 to the 6.9 at. % ). Silver NPs size was found to be dependent on Ag 
concentration and varied from 3 to 63 nm, (the average size of silver NPs in 
the first group of samples was 16.1 nm, in the second – 23.7, and in the 
third – 28.8 nm, respectively).  

2. RF oxygen plasma etching for 20–25 s was found to be efficient in terms of 
the increase of the silver ion release, and the second GoS demonstrated the 
best silver ion release properties, i.e., up to 4 ppm per 24 hours after 20–25 
s of RF plasma processing time.   

3. Effective silver ion concentration against S. aureus bacteria (0.5 Mf) was 
found to be less than 1 ppm, and the strongest antimicrobial activity was 
obtained with 4 ppm. The best antimicrobial properties against all S. aureus 
bacteria strains on the agar surface and in-vitro (killing 83% bacteria within 
120 min) were demonstrated by the second group of samples (3.4 at.% Ag). 

4. Silver ions and nanoparticles in-vitro induce cell wall changes for S. aureus 
bacteria, and it was determined that silver ions and silver NPs damaged the 
bacteria cell’s walls in a similar way to penicillin. After treatment with 
silver ions and silver NPs, the bacteria were inactivated (killed) at a rate of 
76% and 80%, respectively. 

5. The bandage prototype was successfully prepared by applying the DLC:Ag 
(3.4 at. % Ag) thin film coated nylon fabric (GoS 2), cellulose membrane 
and silver ion accumulation layer with a gelatin and agar mix. The bandage 
construction was up to 50% more efficient for bacteria in suspension than 
DLC:Ag nylon fabric coated samples after 20 min. The main advantages of 
such a bandage structure are the antimicrobial action speed during the 
initial 60 min and the property of anti-sticking to the wound (as confirmed 
by tests with animals). 

6. According to our test results with lab animals, it was confirmed that the 
bandage prototype increased the healing speed by 40% and killed 100% of 
the bacteria inside the wound on the third day. The bandage reduced scar 
marks. No allergy reactions or residual phenomena on the skin surface were 
observed, and no deaths of lab animals were registered. 
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SANTRAUKA 

Parengtoje disertacijoje yra aprašomi deimanto tipo anglies dangų bei 
deimanto tipo anglies nanokompozitų sintezė ant nailono audinių ir taikymai kuriant 
išorinio poveikio vaistines formas, skirtas gydyti mikroorganizmais užterštas 
žaizdas. Buvo nustatyta, kad sidabru legiruotos deimanto tipo anglies dangos yra 
tinkama medžiaga kuriant išorinio poveikio vaistinę formą arba pleistrą, kuris dėl 
dangų panaudojimo įgyja antimikrobinių savybių ir yra tinkamas naudoti žaizdoms 
gydyti (nesukeliant šalutinio poveikio).  

Atlikus tyrimus buvo nustatyta, kad sidabro jonai ir sidabro nanodalelės 
pažeidžia bakterijų ląstelių sieneles ir jas nužudo. Veikimo mechanizmai ir 
morfologiniai pakitimai, atsiradę dėl sidabro ir antibiotiko benzilpenicilino 
panaudojimo, buvo nustatyti atlikus skenuojančią elektroninę mikroskopiją.  

Kuriant bandomuosius pleistrus buvo užgarintos deimanto tipo anglies dangos 
su sidabru (100 nm) ant silicio plokštelių ir nailono audinio, naudojant nuolatinės 
srovės nesubalansuotą magnetroną. Magnetroninio dulkinimo metu buvo 
naudojamas grynas sidabro taikinys acetileno dujų aplinkoje, kontroliuojant 
magnetrono galią, įtampą bei dujų srauto greitį į magnetrono kamerą, buvo 
kontroliuojamas dangos storis, cheminė sudėtis, struktūra. Užneštos dangos buvo 
analizuojamos naudojant skenuojantį elektroninį mikroskopą, rentgeno spindulių 
energijos dispersijos spektroskopiją. Sidabro jonų (išsiskyrusių iš dangų) tirpale 
nustatymui – atominės absorbcijos spektroskopiją. Užneštų dangų savybių gerinimui 
buvo atliekamas radijo dažnio (13,56 MHz) dangų paviršiaus ėsdinimas deguonies 
plazma. Ėsdintos dangos turėjo šiurkštesnį paviršių bei geresnes antimikrobines 
savybes dėl geresnės sidabro jonų difuzijos iš dangos į vandeningas terpes, lyginant 
su neėsdintomis. Antimikrobinio dangų poveikio tyrimai buvo atliekami Lietuvos 
sveikatos mokslų universiteto Mikrobiologijos ir virusologijos institute, naudojant 
standartinius mikrobiologinius testus: diskų difuzijos metodą, paskleidimo ant 
lėkštutės bei serijinių praskiedimų metodą.  

Remiantis eksperimentų duomenimis, buvo atrinktos bandinių grupės su 3,4 % 
sidabro koncentracija, užnešta ant nailono audinio, kuris buvo naudojamas gaminant 
išorinės vaistinės formos (pleistro) prototipą. Sidabro jonų kaupimui panaudotas 
vandeninis želatinos ir agaro mišinys, kuris plonu sluoksniu buvo užneštas ant danga 
užgarinto ir deguonies plazma ėsdinto audinio. Pritaikius tokį sprendimą 
antimikrobinis poveikis buvo iki 50 % greitesnis, lyginant su pleistru be želatinos ir 
agaro sluoksnio. 

Atlikus bandymus su laboratoriniais gyvūnais, buvo nustatyta, kad po 72 
valandų bakterijų žaizdoje nebuvo aptikta, o gijimo laikas buvo 40 % trumpesnis, 
lyginant su paprastu medvilniniu pleistru be sidabro. Atlikus bandinių su 
bakterijomis SEM analizę buvo nustatyta, kad sidabro jonai sukelia pokyčius in vitro 
bakterijų ląstelių sienelėse kaip ir benzilpenicilinas. 
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ĮVADAS 

Šis mokslinis darbas susijęs su infekuotų žaizdų gydymu ir tikslas – sukurti 
pleistrą su sidabro jonais, kurie bus veiklioji antimikrobinė medžiaga ir užtikrins 
geras gydomąsias savybes.  

Gyvybei pavojingos bakterijos egzistuoja mūsų aplinkoje, yra randamos ant 
dažnai naudojamų buitinių prietaisų, mobiliųjų telefonų, raktų ir pan. Būdami 
aplinkoje, pilnoje įvairiausių bakterijų, mes rizikuojame susirgti arba dėl infekcijos 
žaizdoje netekti galūnės ar net mirti [1, 2]. Viena pavojingiausių bakterijų yra 
Staphyloccocus aureus, meticilinui atspari padermė, sukeltą infekciją gydyti labai 
sunku naudojant antibiotikus, todėl komplikacijos dažnai baigiasi galūnių 
amputacija ar net mirtimi dėl sepsio [3]. 

Prieš penicilino atradimą (Aleksandras Flemingas 1929 m [4]) žmonės 
mirdavo dėl įvairių sužeidimų, kurie komplikuodavosi į sepsį [5]. Bet vėliau dėl 
didelio penicilino naudojimo, nuo septintojo XX a. dešimtmečio S. aureus bakterijos 
sukeltų infekcijų gydymas tapo komplikuotas dėl atsiradusio atsparumo šiam 
antibiotikui. S. aureus bakterijos atsparumas galimai išsivystė dėl perteklinio 
naudojimo gyvulininkystėje, kur jis buvo naudojamas kaip pašarų priedas [6], taip 
pat dėl besaikio naudojimo ligoninėse ar nesilaikant antibiotikų vartojimo 
rekomendacijų, t. y. kai gydymo kurso antibiotikais nebūdavo laikomasi [7]. Taip 
pat buvo nustatyta, kad musės gali pernešti meticilinui atsparias bakterijas iš fermų į 
ligonines ir kitas gyvenamąsias vietas ir taip didina tikimybę susižeidus buityje 
užkrėsti žaizdą šia bakterija [8, 9]. Skaičiuojama, kad apie 65 % S. aureus bakterijų 
sukeltų infekcijų yra meticilinui atspari padermė [5], todėl plačiai naudojami 
antibiotikai tapo neveiksmingi ir žaizdų gydymas virto dideliu iššūkiu gydytojams. 

Šiandien žaizdų gydymas tampa didžiuliu iššūkiu, todėl kyla naujų efektyvių 
vaistinių produktų poreikis ir vienas iš daugiausiai žadančių – sidabro nanodalelėmis 
bei sidabro jonais praturtinti gaminiai [10]. Sidabro panaudojimas gydymui turi ilgą 
istoriją, pavyzdžiui, 1884 m. vokiečių gydytojas naudojo 1 % sidabro nitrato tirpalą 
naujagimių aklumui gydyti po atsiradusių akių infekcijų [18], vėliau, įsitikinus 
sidabro gydomosiomis savybėmis, Jungtinių valstijų Maisto ir vaistų administracija 
aprobavo gydymui skirtą koloidinį sidabro tirpalą. Šiuo metu klinikinėje praktikoje 
yra naudojami vandens ir sidabro jonų prisotinti preparatai, hidrogeliai, putos, 
kremai, įvairūs tinkleliai ir polimeriniai audiniai, kurie neprilimpa prie gydomų 
audinių [21, 22]. 

Kuriant pleistrus, skirtus žaizdoms gydyti, sidabro nanodalelės turi būti 
susintetintos ir patalpintos pleistro pagrinde, nes sidabro nanodalelės vandeningoje 
terpėje (putose, kremuose) gali sulipti ir prarasti savo savybes. Vienas švariausių 
metodų gaminant sidabro nanodaleles ir jas stabilizuojant pagrinde yra reaktyvus 
magnetroninis dulkinimas [28]. Tyrimų metu buvo pagamintas pleistro prototipas 
panaudojant DTAD su sidabro nanodalelėmis, ant kurio buvo uždėti sluoksniai su 
želatina ir agaru, siekiant išvengti dangos tiesioginio kontakto su žaizdos audiniais, 
užtikrinti ilgalaikes antimikrobines savybes, neprikibimą prie žaizdos audinių ir 
geras gydomąsias savybes. 
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Tiriamajame darbe visi tikslai buvo įgyvendinti, prototipas sukurtas, atlikus 
eksperimentus buvo nustatyta, kad pleistras sutrumpino žaizdų gijimą iki 40 % bei 
per tris dienas sunaikino visas patogenines S. aureus bakterijas žaizdoje. 
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Darbo tikslas 

Darbo tikslas – sukurti išorinio poveikio vaistinę formą (pleistrą) naudojant 
DTAD ir sidabro nanokompozitų dangas. Šios dangos būtų sidabro jonų šaltinis 
pleistre, taip pat sidabro jonai pleistre atliktų antimikrobinių vaistų vaidmenį. 
Farmakologinis įvertinimas yra kitas svarbus žingsnis kuriant ankstyvos stadijos 
pleistro prototipą, todėl būtina įvertinti antimikrobines savybes ir poveikį 
laboratoriniams gyvūnams. 

Darbo uždaviniai 

1. Ištirti deimanto tipo amorfinių anglies dangų, legiruotų sidabru (DTAD:Ag), 
cheminės sudėties, paviršiaus morfologijos pokyčius ir nanodalelių dydžių 
pasiskirstymą dangos paviršiuje po ėsdinimo radijo dažnio (RD) deguonies 
plazma.  

2. Nustatyti optimalų DTAD:Ag paviršių RD ėsdinimo deguonies plazma laiką 
ir bandinių ėsdinimo laiko įtaką sidabro jonų difuzijai į vandenį. 

3. Atlikti mikrobiologinius tyrimus, nustatyti mažiausią efektyvią sidabro jonų 
koncentraciją vandenyje, kuri turi antimikrobinių savybių, ir atrinkti 
bandinių grupę pleistro prototipui kurti. 

4. Nustatyti sidabro jonų ir sidabro nanodalelių bei benzilpenicilino sukeltus 
bakterijų sienelių vizualinių pokyčių panašumus ir skirtumus.  

5. Paruošti išorinio poveikio vaistinę formą – pleistrą – panaudojant DTAD:Ag 
ir atlikti sidabro jonų difuzijos į vandenį eksperimentus ir mikrobiologinius 
bandymus in vitro. 

6. Įvertinti pleistro farmakologinį efektą naudojant laboratorinius gyvūnus ir 
nustatyti antimikrobinį poveikį in vivo. 

Mokslinis naujumas 

1. Sukurta metodika, kaip pagaminti DTAD:Ag dangas ant nailono 
(poliamidas 6.6) audinio ir kaip naudojant ėsdinimo deguonies plazma 
technologiją pagerinti ilgalaikį antimikrobinį poveikį, kuris išlieka daugiau kaip 
2 metus. 
2. Atliktas detalus sidabro jonų ir nanodalelių antimikrobinio poveikio 
bakterijų sienelėms tyrimas ir nustatyta optimali sidabro jonų koncentracija, 
reikalinga užtikrinti geras antimikrobines savybes.  
3. Buvo sukurtas pleistro prototipas, kurio unikali struktūra patentuota 
Lietuvoje, taip pat patvirtintas PCT patentas.  

Disertacijos struktūra 

Šią disertaciją sudaro skyriai: 
1 skyrius – literatūros apžvalga. Literatūros apžvalgoje aprašoma žaizdų 

gydymo problemos, gijimo fiziologija. Apžvelgiama sidabro naudojimo istorija, 
veikimo mechanizmai, DTAD:Ag dangų gamyba bei apdirbimas. Trumpai 
apžvelgiami rinkoje esantys gydomieji pleistrai, taip pat vaistinės formos bei 
tvarsčiai su sidabru.  
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2 skyrius – medžiagos ir metodai. Skyriuje aprašomi naudoti reagentai bei 
trumpai pristatomi naudoti tyrimų metodai bei įranga.    

3 skyrius – rezultatai ir jų analizė. Skyriuje aprašoma dangų ant nailono 
audinio analizės, mikrobiologiniai eksperimentai, sidabro jonų difuzijos ypatybės ir 
eksperimentų su gyvūnais tyrimų rezultatai ir rezultatų analizė. 

4 skyrius – išvados. Pristatomos darbo išvados. 
Disertacijos apimtis – 132 puslapiai, 26 paveikslėliai ir 6 lentelės, 8 priedai. 

Disertacijos pabaigoje pateiktas literatūros sąrašas, kurį sudaro 256 šaltiniai. 

Autoriaus indėlis 

Disertacijoje pateikiami rezultatai buvo pasiekti atliekant eksperimentus 
Kauno technologijos universitete (KTU) bei Lietuvos sveikatos mokslų universitete 
(LSMU). Autorius pasiūlė idėją sukurti išorinio poveikio vaistinę formą su sidabru, 
sukūrė pleistro struktūrą ir pagamino pleistrų prototipus. Dauguma eksperimentų ir 
tyrimų buvo suplanuota ir atlikta disertacijos autoriaus, įskaitant mikrobiologijos bei 
bandymus su gyvūnais. Vitoldas Kopustinskas ir dr. Andrius Vasiliauskas užgarino 
DTAD:Ag dangas ant nailono audinio pagrindų, SEM mikroskopija ir EDS dangų 
sudėties analizę atliko prof. Tomas Tamulevičius, Irina Abelit atliko AAS 
spektroskopiją. 

Tyrimams atlikti buvo naudojamasi bendru KTU ir LSMU projektu 
NANOBIOSENSOR, autorius dirbo jaunesniuoju mokslo darbuotoju ir su LSMU 
mokslininkų komanda atliko mikrobiologijos eksperimentus. 

Antras bendras LSMU ir KTU projektas NANOSMARTPLASTER buvo 
skirtas sukurti disertacijoje aprašomą vaistinę formą, autorius buvo projekto 
iniciatorius, atliko eksperimentus, susijusius su pleistro prototipo ruošimu, kartu su 
LSMU mokslininkais atliko mikrobiologinius tyrimus bei bandymus su 
laboratoriniais gyvūnais. Rezultatų domenų analizė buvo atlikta konsultuojantis su 
prof. Sigitu Tamulevičiumi, prof. Tomu Tamulevičiumi ir doc. Modestu Ružausku. 
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LITERATŪROS APŽVALGA 

Žaizdų gijimas yra sudėtingas biologinis procesas, kurį kontroliuoja organizme 
vykstančios sudėtingos biocheminės reakcijos ir fiziologiniai procesai, kurie taip pat 
kontroliuoja pažeistų audinių hemostazę, t. y. kraujagyslių spindžio susiaurėjimą 
pažeistoje vietoje ir užkimšimą fibrino siūlais [42, 46, 49]. Sužeidimai dažniausiai 
nėra sterilūs ir į žaizdą patekusios bakterijos sukelia uždegimą [34, 35] – organizmo 
imuninės sistemos atsaką į svetimkūnius [36, 49]. Po uždegimo stadijos organizmo 
audiniai ir kraujagyslės atsistato, atauga, maturacijos stadijos metu pradeda 
formuotis randinis audinys, t. y. baigiasi audinių gijimas [33, 41]. 

Žaizdos, užkrėstos meticilinui atspariu stafilokoku, gali tapti lėtinėmis, 
neišgydomomis ar mirtinomis [60–62], o stipraus poveikio antimikrobinė medžiaga, 
kaip sidabras ir jo junginiai, galėtų būti pritaikyti gydymui dėl savo mažo 
toksiškumo ir didelio efektyvumo [91, 102, 106].  

 

 
 

1 pav. Sidabro nanodalelių ir sidabro jonų antimikrobinio poveikio 
mechanizmai [10]: sidabro jonai (1) prasiskverbia per bakterijos ląstelės sienelę arba 
pereina per membranos kanalus (6) ir prisijungia prie DNR (2) molekulės, sutrikdo 

ribosomų galimybę (5) nukopijuoti informacinę ribosominę RNR (4) ir sutrikdo 
baltymų sintezės procesą. Sidabro nanodalelės (3) gali padaryti mechaninę žalą 
ląstelės membranai pereidamos kiaurai, taip pat gali išskirti sidabro jonus viduje 

ląstelės (7) 
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Taip pat sidabras labai tinkamas gydant sunkias infekcijas dėl savo plataus 
veikimo modelio (1 pav.). Bakterijos netampa atsparios sidabrui, todėl sidabras gali 
būti naudojamas gaminant pleistrus [85, 87, 98] ir kituose preparatuose bei gydant 
įvairias infekcijas [31, 85, 90].  

Kita vertus, sidabras (jo nanodalelės ir jonai) turi būti įdėtas į kietą paviršių ar 
skystą terpę, kad būtų išvengta toksiško sidabro poveikio dėl per didelio suvartoto 
kiekio. Vienas daug žadančių metodų yra deimanto tipo anglies dangų gamyba 
įterpiant sidabro nanodaleles, kurios efektyviai gali išskirti sidabro jonus į drėgną 
terpę ir palaikyti stiprų antimikrobinį poveikį [29–32]. 

Sidabro nanodalelių toksiškumas priklauso nuo dalelių dydžio: pavojingiausios 
yra mažesnės nei 10 nm dalelės [104]. Nanodalelių nepageidaujamas poveikis gali 
būti ženkliai sumažinamas patalpinant jas DTAD matricoje, kurioje gali būti įvairaus 
dydžio dalelės dangų gamybos metu naudojant nesubalansuotą magnetroną ir radijo 
dažnio ėsdinimą deguonies plazma dangoms apdirbti [150–153]. Rinkoje egzistuota 
įvairūs gaminiai su sidabru: kremai, geliai, pleistrai su sidabro tinkleliu. Šiame darbe 
aprašomas sukurtas originalios konstrukcijos pleistro prototipas panaudojant 
DTAD:Ag, užgarintas ant nailono audinio su 3D silikono korio tipo tinkleliu, kuris 
užpildytas želatinos ir agaro mišiniu – tarnaujantis kaip sidabro jonų kaupimo 
sluoksnis, bei buvo ištirtos pleistro sidabro jonų difuzijos, antimikrobinės ir 
gydomosios savybės. 

MEDŽIAGOS, EKSPERIMENTINĖ ĮRANGA IR TYRIMŲ METODIKA 

Eksperimentuose naudotos medžiagos 

Buvo naudotas benzilpenicilinas (Benzylpenicillinum natricum, 1000000 
tarptautinių vienetų (T. V.) stikliniame buteliuke, Penicillin G. Sandoz). Nailono 
audinys (atlasinio pynimo, audinio ataudų tankis 100 cm-1) ir silicio plokštelė buvo 
naudoti kaip padėklai magnetroninio dulkinimo procesuose bei kaip padėklai 
bakterijoms SEM mikroskopijai atlikti. Miuler Hinton agaras (Thermo Scientific, 
Leicestershire, UK) buvo naudojamas kaip mitybinė terpė bakterijoms, kuris buvo 
supilamas ir atvėsinamas į 94 mm Petri lėkšteles.  

Argono dujos 99,999 %, C2H2 dujos 99,999 %, bei deguonies 99,9 % švarumo 
dujos buvo naudojamos magnetroninio dulkinimo ir ėsdinimo plazma procesuose. 
Pleistro gamybai buvo panaudota: celiuliozės skaidulos (vidutinės, C6288 Sigma, 
Sigma Aldrich, St. Louis, MO, USA), želatina (53028 FLUKA, Sigma Aldrich) ir 
agaras (A1296 SIGMA, Sigma Aldrich), medicininės paskirties silikono guma „A-
103“ (www.factor2.com), pintas valas „BERKLEY MICRO ICE 0,006 mm“ ir 
dezinfekcijai 96 % spiritas (AB „Stumbras“). Eksperimentams su bakterijomis in 
vitro buvo naudotos standartizuotos sidabro nanodalelės (10 nm), 0,02 mg/ml 
vandeniniame buferyje (Sigma Aldrich).  

Bandinių gamyba, apdorojimas ir analizė  

Eksperimentuose buvo naudotas nuolatinės srovės nesubalansuotas 
magnetronas. Plonasluoksnių dangų gamybos metu buvo naudojamas sidabro 
taikinys ir acetilelo dujos. Keičiant magnetrono parametrus (elektros įtampą ir galią) 



91 
 

bei reguliuojant dujų srautą į magnetrono kamerą buvo pagamintos plonasluoksnės 
dangos (100 nm) ant nailono audinio su skirtingomis sidabro koncentracijomis. Iš 
viso buvo pagamintos trys bandinių grupės, kuriuose sidabro koncentracijos (at %) 
buvo: 1) 0,46 %; 2) 3,12 %; 3) 5,31 %. 

Pagamintų dangų paviršius buvo apdorojamas deguonies plazma. Procesas 
leidžia padidinti dangų paviršiaus šiurkštumą bei pakeisti cheminę dangų sudėtį 
[35]. Šiame darbe naudojant „Plasma-600-T“ (JSC Kvartz) prietaisą buvo atliktas 
sausasis dangų paviršiaus ėsdinimas. Bandinių grupės buvo patalpintos į įrenginio 
kamerą ir ėsdintos radijo dažnio (13,56 MHz) deguonies plazma (99,9 % švarumo), 
slėgis kameroje buvo – 133 Pa, galia – 0,3 W/cm², ėsdinimo laikas buvo nuo 5 iki 30 
sekundžių. 

Bandinių analizė buvo atlikta naudojant skenuojantį elektroninį mikroskopą 
(SEM) su elektroninės dispersijos spektroskopu (EDS) „FEI Quanta 200 FEG“, 
pagamintą „Bruker Quantax“. EDS matavimai buvo atlikti naudojant 5 keV 
greitinančią įtampą. Nanodalelių dydžių ir pasiskirstymo analizė iš SEM nuotraukų 
buvo atlikta naudojant kompiuterinę programą „Image J (NIH)“ ir MATLAB 
(MathWorks).  

Sidabro jonų koncentracijos matavimai naudojant AAS 

Sidabro jonų difuzijai (kai bandiniai buvo laikomi mėgintuvėliuose su 
vandeniu) iš dangų paviršiaus (6 cm2) į išgrynintą vandenį (1 ml) ištirti buvo 
naudojama atominės absorbcijos spektroskopija (AAS). Tyrimo metu sidabro jonų 
koncentracija buvo matuojama („A Perkin Elmer Model 403“) spektrometru. 
Bandinių grupės buvo laikomos distiliuotame vandenyje nuo 20 min. iki 48 val. Po 
to vanduo buvo filtruojamas ir atliekami matavimai. 

Mikrobiologiniai metodai 

Mikrobiologiniuose eksperimentuose buvo naudojama referentinė S. aureus 
padermė (ATCC25923) bei bakterijų padermės, išskirtos iš patologinės medžiagos: 
LTSa603, LTSaDA01, LTSaM01, ir meticilinui atspari S. aureus padermė 
(LTSa635).  

Paruoštų bandinių antimikrobinio efektyvumo nustatymui buvo naudojamas 
diskų difuzijos testas: ant paruošto agaro Petri lėkštelėje buvo sėjamos S. aureus 
bakterijos naudojant tamponėlį ant sustingusio agaro, po to buvo dedamas 
DTAD:Ag mėginys, kuris buvo sudrėkinamas prieš uždedant ant agaro paviršiaus. 
Petri lėkštelės buvo laikomos 16–20 val. termostate 35 oC temperatūroje. 
Antimikrobiniam poveikiui įvertinti buvo liniuote matuojamos skaidrios zonos 
aplink bandinį, eksperimentai buvo atlikti 4 kartus mėnesio eigoje. 

Serijinių praskiedimų metodas buvo naudojamas nustatant antimikrobinių 
medžiagų poveikį in vitro (mėgintuvėlyje), naudojant šį metodą buvo nustatyta, koks 
skaičius kolonijas formuojančių vienetų (KFV) buvo sunaikintas. Metodo esmė: iš 
pirmo mėgintuvėlio (10 ml), kuriame yra bakterijų koncentratas, paimama (1 ml) 
dalis tirpalo ir perkeliama į fiziologiniu ar distiliuotu vandeniu (9 ml) užpildytą 
mėgintuvėlį, taip pirminis tirpalas praskiedžiamas 10 kartų (101). Jei paimamas 1 ml 
jau praskiesto tirpalo iš antrojo mėgintuvėlio ir perkeliama į trečią mėgintuvėlį su 
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fiziologiniu ar distiliuotu vandeniu, tirpalas mėgintuvėlyje tampa praskiestas šimtą 
kartų (102), procesas gali būti tęsiamas, kol randama (KFV) ant agaro paviršiaus po 
„išsėjimo ant lėkštelės“ metodo.  

Metodas naudojamas siekiant sužinoti tikslų gyvų bakterijų skaičių 
suspensijoje (1 ml). Atliekant eksperimentus 0,1 ml bakterijų suspensijos iš 
praskiesto tirpalo buvo užlašintas ant agaro paviršiaus, suspensija paskleista po visa 
agaro paviršių naudojant sulenktą kilpelę. Po procedūros lėkštelės buvo patalpintos į 
termostatą ir KFV skaičiavimas buvo atliekamas 16–20 val. 

Eksperimentai su laboratoriniais gyvūnais  

Bandymai su gyvūnais buvo atlikti gavus leidimą iš Valstybinės maisto ir 
veterinarijos tarnybos. Eksperimentams buvo naudojamos jūros kiaulytės, kurios 
buvo laikomos narvelyje po dvi, su specialia slėptuve, automatine girdykla, ir 
gyvūnai buvo šeriami specializuotu sausu pašaru. 

Eksperimentų metu buvo nuskustas kailis nugaros srityje, atliktas negilus 
pjūvis skalpeliu ir užklijuotas bandomasis pleistras. Papildomai buvo naudojama 
speciali liemenė, kuri neleido gyvūnams nusikrapštyti priklijuoto pleistro. Gijimas 
buvo vertinamas kas 24 valandas, eksperimentai trukdavo iki 4 dienų. 

REZULTATAI IR EKSPERIMENTŲ DUOMENŲ APTARIMAS 

DTD:Ag dangų gamyba ant nailono audinio padėklų ir jų cheminė 
sudėtis 

Trys bandinių grupės (BG) su DLC:Ag dangomis ant nailono audinio, su 
sidabro 1) 0,46 at. %, 2) 3,12 at. %, 3) 5,31 at. % koncentracijomis buvo pagamintos 
naudojant nuolatinės srovės nesubalansuotą magnetroninį dulkinimą.  

 
1 lentelė. Magnetroninio dulkinimo proceso nustatymai 

Mėginio 
Nr. 

Dulkinimo 
trukmė (s) 

Ar dujų 
srautas 
(sccm) 

C2H2 dujų 
srautas 
(sccm) 

Magnetrono 
įtampa (V) 

Magnetrono 
srovė (A) 

1 520 70 21,1 553–625 0,07–0,12 
2 235 70 21,1 568–741 0,07–0,22 
3 200 80 7,8 625–656 0,10–0,11 
 
Magnetroninio dulkinimo nustatymai (1 lentelė) atliko svarbų vaidmenį 

plonasluoksnių dangų formavimo procesuose ir buvo nustatyta, kad DTAD:Ag 
savybės gali būti valdomos keičiant acetileno, argono dujų srautų santykius bei 
kontroliuojant magnetroninio dulkinimo laiką [195]. 

Pirmoji mėginių grupė buvo paruošta pagal nustatymus: dulkinimo trukmė 
buvo 520 s ir argono dujų srautas – 70 sccm, acetileno dujų – 21,1 sccm. Antroji 
mėginių grupė buvo pagaminta taikant tuos pačius dujų srautų parametrus, bet buvo 
sutrumpintas magnetroninio dulkinimo laikas nuo 520 s iki 235 s bei padidina 
magnetrono įtampa ir srovė (1 lentelė). 
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2 pav. Bandinių su DTAD:Ag cheminė sudėtis: plonasluoksnių dangų 
cheminių elementų pasiskirstymas ant silicio plokštelės po 5 s (A) ėsdinimo ir po 20 

s ėsdinimo deguonies plazma (B) 
 
Buvo pastebėta, kad didesni magnetrono srovės ir įtampos parametrai bei 

mažesni dujų srautai ir trumpesnis dulkinimo greitis turėjo įtakos didesniam sidabro 
nusėdimo kiekiui dangose [96, 196, 197], kaip buvo pastebėta gaminant trečią 
bandinių grupę.  

Atlikus deguonies plazma ėsdintų dangų EDS matavimus, buvo nustatyta, kad 
visose trijose mėginių grupėse (žr. 2 pav.) po 5 ir 20 sekundžių ėsdinimo anglies 
koncentracija dangose sumažėjo ir atitinkamai padidėjo sidabro koncentracija. 

Sidabro nanodalelių dydžių pasiskirstymas DTAD:Ag dangų 
matricoje 

Buvo nustatyta, kad mėginiuose vidutinis nanodalelių dydis 23 nm, jos buvo 
tolygiai paskirsčiusios ant DLC:Ag paviršiaus, o sidabro nanodalelių dydis buvo nuo 
3 iki 63 nm (3 pav.). Bandinių grupėse su maža sidabro koncentracija dominavo 
mažų matmenų sidabro nanodalelės, bandinių grupėje su didesnėmis sidabro 
koncentracijomis vyravo didesnio skersmens nanodalelės. 

Pirmoje bandinių grupėje po ėsdinimo deguonies plazma 20 s dalelių vidutinis 
dydis buvo 16,1 nm (± 5,8 nm), antrojoje bandinių grupėje – 23,7 nm (± 9,6 nm), 
trečioje – sidabro nanodalelių dydis buvo 28,8 nm (± 12,6 nm). Atlikus duomenų 
analizę buvo pastebėta, kad bandiniuose su mažiausia sidabro koncentracija vyravo 
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mažiausios nanodalelės (9–12 nm ir 6–9 nm), o su didžiausia sidabro koncentracija 
vyravo didesnio diametro nanodalelės (27–30 nm). 

 

 
 

3 pav. Sidabro nanodalelių dydžių pasiskirstymas: diagramoje pateikiama 
bandinių grupės (1–3) dalelių dydžių pasiskirstymas nuo 3 iki 63 nm DTAD 

matricoje 

Sidabro jonų difuzija 

Sidabro jonų difuzijos greičiui įvertinti buvo atlikti testai naudojant 20 s 
deguonies plazma ėsdintas bandinių grupes, kurios buvo sukarpytos į 6 cm2 
gabaliukus. Mėginiai distiliuotame vandenyje buvo laikomi nuo 20 iki 1440 min. 
Atlikus atominės absorbcijos spektroskopiją buvo išmatuotas sidabro jonų difuzijos 
greitis ir jonų koncentracija (ppm) iš 6 cm2 bandinio ploto į 1 ml išgryninto vandens 
skirtingais laiko intervalais (žr. 4 pav.).  

Nustatyta, kad po 20 min pirmosios bandinių grupės, sidabro jonų difuzija 
buvo labai lėta, po 60 min. sidabro jonų koncentracija buvo mažesnė nei 0,1 ppm, po 
24 val. tik 0,5 ppm. Antra bandinių grupė turėjo geriausias difuzijos savybes – po 60 
min. sidabro jonų koncentracija pasiekė 1 ppm, po 24 val. atitinkamai – 4 ppm.  

Trečiosios mėginių grupės sidabro jonų difuzija buvo lėtesnė nei antrosios 
bandinių grupės, po 1 valandos buvo 0,8 ppm, o po 24 valandų išsiskyrusių iš 
dangos sidabro jonų koncentracija vandenyje buvo 3,5 ppm. 

Atlikus visų rezultatų analizę nustatyta, kad nanodalelių dydis atliko esminį 
vaidmenį vertinant sidabro jonų difuzijos efektyvumą. Žinoma, kad nanodalelės turi 
didelį paviršiaus plotą [96, 223], todėl ženkliai padidėjo sidabro jonų difuzijos 
greitis priklausomai nuo vyraujančių nanodalelių dydžio bandiniuose.  
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4 pav. Bandinių grupių su DTAD:Ag dangomis sidabro jonų difuzijos greitis 
ir susidariusi sidabro jonų koncentracija vandenyje po atitinkamų laiko intervalų: 
bandinių grupės 1 – 0,9 at. %; 2 – 3,4 at. %; 3 – 6,9 at. % sidabro koncentracija, 

paviršiaus ploto santykis su vandens tūriu buvo 6 cm2 – 1 ml, mirkymo vandenyje 
laikas – nuo 20 min. iki 1440 min 

Pleistro prototipo pagaminimas 

Antrasis tvarsčio prototipas (žr. 5 pav.) buvo pagamintas atlikus 
mikrobiologinių ir bandymų su gyvūnais (pirmo pleistro prototipo) duomenų 
analizes.  

Prototipui taip pat buvo panaudota antros bandinių grupės (3,4 at. % Ag) 
nailono audinio gabaliukai, kurie buvo ėsdinti 20 sekundžių deguonies plazma. 
Bandiniai buvo dezinfekuoti naudojant UV lempą 4 valandas. Siekiant išvengti 
papildomo užteršimo, mėginiai buvo laikomi plastikinėse Petri lėkštelėse. Po 
dezinfekcijos, paruošti 20x40 mm skersmens nailono bandiniai buvo padengti plonu 
celiuliozės pluošto sluoksniu, sumaišyti su želatina ir valcuoti naudojant 50 mm 
skersmens nerūdijančio plieno volelį, naudojant 5 kg / cm2 slėgį. Užnešto 0,01–0,02 
mm celiuliozės sluoksnio paskirtis buvo sulaikyti bet kokias daleles bei nešvarumus, 
kurie galėtų patekti nuo nailono audinio į žaizdą.  

Sidabro jonų kaupimo sluoksnis (SJKS) buvo patobulintas naudojant 3D 
tinklelio struktūrą (korio tipo), pagamintą iš silikono, vienos akutės dydis 2 mm x 2 
mm, pertvarų storis buvo 0,3 mm, o viso tinklelio storis – 2 mm Sidabro jonų 
kaupimo sluoksnis (tinklelio akučių užpildas) buvo paruoštas naudojant želatinos ir 
agaro (90 % / 10 % santykis) suspensiją (40–45 oC), kuri buvo supilta į Petri 
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lėkštelę. Lėkštelėje ant dugno buvo padėtas silikoninis tinklelis, ir želatinos-agaro 
mišinys buvo pilamas iki 2 mm, kad pilnai apsemtų tinklelį ir neliktų neužpildytų 
geliu akučių. Sukietėjus želatinos ir agaro geliui, visas sidabro jonų kaupimo 
sluoksnis buvo užklijuotas ant nailono audinio su celiuliozės sluoksniu naudojant 
šiltą (38–40 oC) želatinos-agaro gelį, galiausiai pleistras buvo surinktas (susiūtas 
naudojant 0,006 mm sterilų pintą valą) ant lipnios medicininės plėvelės su 
mikroskylutėmis. 

 

 
 

5 pav. Antrasis tvarsčio prototipas su sluoksniais (5): lipni medicininė plėvelė 
(1), DLC:Ag danga užgarintas nailono audinys (3,4 % Ag (at)) (2), celiuliozės 

sluoksnis (3), sidabro jonų kaupimo sluoksnis (4) 
 

Sidabro jonų kaupimo sluoksnio antimikrobinis poveikis 

Antros bandinių grupės (3,4 at. % Ag) ir tvarsčio prototipo mikrobiologinių 
eksperimentų tyrimai buvo atlikti naudojant labai patogeniškas S. aureus bakterijų 
padermes LTSa635 (MRSA), LTSaDA01, LTSaM01 ir LTSa603 (žr. 6 pav.).  

Atlikus eksperimentų rezultatų (su bakterijų padermėmis LTSaDA01, 
LTSaM01 ir TSa603) analizę buvo pastebėta, kad po 20 min antra bandinių grupė su 
3,4 at. % Ag sunaikino 10–15 % S. aureus bakterijų, tuo tarpu pagamintas pleistro 
prototipas sunaikino 63–65 % (žr. 5 pav.) bakterijų populiacijos.  

Po 60 min. rezultatai su bakterijomis (LTSaDA01, LTSaM01, LTSa603): 
skaičius sumažėjo daugiau kaip 60 % naudojant antrą bandinių grupę, bet pleistro 
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prototipo antimikrobinis poveikis buvo stipresnis – po 60 min kolonijas 
formuojančių vienetų (KFV) skaičius sumažėjo apie 80 %. Atliktų tyrimų rezultatai 
rodo, kad pleistro prototipo didžiausias privalumas yra jo antimikrobinis veikimo 
greitis, nes po 120 min tiek pleistro prototipas, tiek antra bandinių grupė sunaikino 
daugiau kaip 90 % bakterijų populiacijos. 

 

 
 
6 pav. Antimikrobiniai tyrimai su S. aureus bakterijų padermėmis: (A) 

LTSaDA01; (B) LTSaM01; (C) LTSa635 (MRSA) ir (D) LTSa603, bakterijų 
koncentracija – 1 Mf = 3x108 CFV, suspensijos atskiedimas 10-5 ir DTAD:Ag – 
tvarsčio pagrindas, SJKS – pirmasis tvarsčio prototipas su sidabro jonų kaupimo 
sluoksniu 

 
Remiantis tyrimų rezultatais buvo nustatyta, kad paruoštas tvarsčio prototipas 

su SJKS turėjo stipresnes ir greitesnes antimikrobines savybes lyginant BG (3,4 at. 
%). Nustatyta, kad sidabro nanodalelės vaidina svarbų vaidmenį sidabro jonų 
kaupimo sluoksniui, ir šis sluoksnis gali greitai ištirpinti ir atiduoti į aplinką visus 
sukauptus sidabro jonus. Tokia technologija gali būti taikoma tvarsčiams, kai 
antimikrobinis poveikis turi būti greitas siekiant išvengti infekcijos žaizdoje [59, 
224]. 

Pleistro bandymai su laboratoriniais gyvūnais  

Eksperimentų su laboratoriniais gyvūnais metu pleistro prototipas buvo 
panaudotas S. aureus bakterijomis užkrėstų ir neužkrėstų žaizdų gydymui. Atlikus 
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bandymus su neužkrėstomis žaizdomis buvo stebimas greitas žaizdos gijimas, jokių 
stiprių uždegimo požymių nebuvo pastebėta. 

Žaizdų audiniai buvo šviesiai rausvos spalvos, žaizda traukėsi nuo įpjovų 
kraštų. Antrą dieną, dėl kapiliarų tinklo regeneracijos, žaizdos audiniai buvo 
tamsesnės rausvos spalvos, o žaizdos ilgis buvo mažesnis lyginant su pirmąja diena. 
Pleistras neprilipo prie žaizdos audinių ir buvo nuimamas nepažeidžiant gyjančių 
audinių. 

Eksperimentai su MRSA užkrėstomis žaizdomis (7 pav.): po pirmosios 
gydymo dienos žaizdų audiniai buvo rausvos spalvos, o lyginant su kontroliniais 
bandymais, buvo matomas minimalūs patinimas ir paraudimas. Mikrobiologiniai 
tyrimai parodė, kad bakterijų skaičius sumažėjo iki 50 % po to, kai buvo pritaikytas 
tvarsčių prototipas, lyginant su kontroliniais bandymais. Po antrosios dienos 
bakterijų kolonijų skaičius sumažėjo nuo 91 iki 54, o gijimo procesas buvo įvertintas 
kaip geras. 3 dieną bakterijų nebuvo rasta žaizdų audiniuose ir žaizda susitraukė. 

Sidabro jonų kaupimo sluoksnis gali sumažinti chemines reakcijas su sidabro 
nanodalelėmis ir palaikyti stiprų antimikrobinį aktyvumą [105, 169, 245] žaizdos 
paviršiuje. Lėtas sidabro jonų išsiskyrimas sumažina galimą toksiškumą bei dangos 
su sidabro nanodalelėmis gali būti veiksmingos ilgesnį laiką [92, 105, 240]. 

 

 
 

7 pav. MRSA užkrėstos žaizdos gydymas su pleistro prototipu: A – po dviejų 
dienų, B – po keturių dienų gydymo 
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IŠVADOS 

1. Pagamintos trys bandinių grupės su DTAD:Ag danga naudojant nuolatinės 
srovės nesubalansuotą magnetroną buvo apdirbtos ėsdinimu deguonies 
plazma (0,3 W/cm²), 20 sekundžių; pirmoje bandinių grupėje sidabro 
koncentracija padidėjo nuo 0,46 iki 0,93, antroje – nuo 3,1 iki 3,4 ir trečioje 
nuo 5,3 iki 6,9 at %. Sidabro nanodalelių dydis priklausė nuo sidabro 
koncentracijos dangoje, sidabro nanodalelių dydis buvo nuo 3 iki 63 nm, 
vidutinis dalelių dydis pirmoje bandinių grupėje buvo 16,1, antroje – 23,7 ir 
trečioje – 28,8 nm. 

2. Atlikus eksperimentus buvo pastebėta, kad deguonies plazma 20–25 
sekundes ėsdinti bandiniai turėjo stipriausias antimikrobines savybes prieš 
visas S. aureus padermes lyginant su plazma neėsdintomis dangomis.  

3. Buvo nustatyta, kad mažesnė nei 1 ppm sidabro jonų koncentracija turėjo 
antimikrobines savybes prieš S. aureus bakteriją (0,5 Mf), bet stipriausios 
antimikrobinės savybės pasireiškė esant 4 ppm sidabro jonų koncentracijai 
bakterijų suspensijoje. Antra bandinių grupė (3,4 at. % Ag) turėjo geriausias 
antimikrobines savybes prieš visas S. aureus bakterijų padermes ant agaro 
paviršiaus bei bandymuose in vitro sunaikino 83 % bakterijų per 120 min. 

4. Atlikus SEM bandinių analizę buvo nustatyta, kad sidabro nanodalelės ir 
sidabro jonai sukelia bakterijų ląstelių sienelių pažeidimus. Po gautų 
duomenų analizės buvo nustatyta, kad sidabro nanodalelės turėjo stipresnį 
antimikrobinį efektą (sunaikino 80 % bakterijų) nei tos pačios 
koncentracijos sidabro jonai (sunaikino 76 % bakterijų). 

5. Buvo sėkmingai sukurtas pleistro prototipas panaudojant DTAD:Ag su 3,4 
at. % Ag ant nailono audinio su celiuliozės membrana ir sidabro jonų 
kaupimo sluoksniu. Remiantis mikrobiologinių tyrimų rezultatais buvo 
nustatyta, kad tokia tvarsčio konstrukcija buvo iki 50 % efektyvesnė po 20 
min ir pagrindinis pranašumas buvo antimikrobinis veikimo greitis per 
pirmąsias 60 min lyginant su DTAD:Ag bandiniais. Neprilipimo prie 
audinių savybės buvo patvirtintos po eksperimentų su laboratoriniais 
gyvūnais. 

6. Remiantis eksperimentų su laboratoriniais gyvūnais duomenimis, buvo 
patvirtinta, kad pleistro prototipas pagreitino užkrėstų žaizdų gijimą 40 % 
bei 100 % sunaikino bakterijas žaizdoje trečiąją gydymo dieną. Pleistras 
sumažino randus, nesukėlė jokių alerginių reakcijų bei liekamųjų reiškinių 
ant odos, be to, laboratorinių gyvūnų gaišimo atvejų per visą bandymų 
laikotarpį nebuvo. 
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ABSTRACT 

Diamond like carbon (DLC) coatings were applied for preparation of external 
use pharmaceuticals (bandages) for efficient treatment of the microorganisms 
polluted wounds. During the microbiology experiments it was determined that silver 
dopped DLC coatings are suitable for antimicrobial properties containing bandage 
preparation and it could be applied on infected wounds for efficient healing.  

The DLC coatings containing various concentrations of silver were deposited 
using unbalanced DC magnetron with pure silver target in acetylene atmosphere and 
changing power, voltage and gas flow speed into chamber, the coatings thickness 
and structure were controlled. Diamond like carbon coatings (100 nm thickness) on 
silicon wafer, textile was investigated by energy dispersive X-ray spectroscopy 
(EDS), scanning electron microscopy, and for silver ion diffusion from DLC:Ag 
coatings to water - atomic absorption spectroscopy. To improve coatings, the radio 
frequency (13.56 MHz) oxygen plasma etching was performed. Improvements 
strongly increased the silver ion release rate and the antimicrobial properties. After 
atomic absorbtion measurements, it was confirmed the Ag ion migration, from 
coatings to the purified water, was up to 4 ppm. For antimicrobial properties, the 
standard microbiology methods - disk diffusion method, spread-plate technique, 
serial dilution methods were applied. According to the tests results, the unetched 
DLC:Ag coatings had the weak antimicrobial properties comparing with the same 
coatings, which were improved by etching of radio frequency oxygen plasma.  

After atomic absorption and microbiology experiments the group of samples 
containing 3.41 at. % of silver sputtered on nylon fabric fabric was applied for 
preparation of bandage prototype. The gelatin/agar water rich media was selected for 
the silver ion accumulation inside the bandage prototype, which increased the silver 
ion release rate and antimicrobial efficiency up to 50 %. The proposed bandage 
prototype was tested using laboratory animals. Small infected wounds were treated 
applying the bandage prototype on skin surface and healing process was monitored. 
It was obtained that after 72 h. the bacteria in wound’s bed were killed and healing 
process was up to 40 % faster comparing with ordinary cotton bandage respectively. 
It was confirmed the silver ions and nanoparticles damaged the bacteria cells walls 
and killed them as antibiotic benzylpenicillin. SEM data analysis showed the 
bacteria cell wall changes after silver ions application in-vitro, which correlated with 
applied benzylpenicillin concentrations during the tests. 
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Annex 1. Chemical composition (at.%) of prepared samples (Table 2) 
 Chemical elements 
GoS 1  C Ag 

 99.46 0.47 
 99.62 0.44 
 99.54 0.46 
Average 99.54 0.46 
STDEV 0.08 0.015 

    
GoS 2  96.81 3.15 

 96.86 3.24 
 96.98 2.98 
Average 96.88 3.12 
STDEV 0,09 0,13 
   

GoS 3  94.56 5.14 
 94.48 5.38 
 95.02 5.42 
Average 94.69 5.31 
STDEV 0.3 0.15 
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Annex 2. Chemical composition (at. %) changes of prepared samples after RF 
plasma etching (Fig. 9) 

 
 Chemical element 
  C Ag O 

 
 
 
 

GoS 1 

5 SEC 80.1 0.48 18.05 
79.3 0.52 21.1 
82.2 0.49 18.02 

Average 80.5 0.5 19 
STDEV 1.497776 0.020817 1.769642 

20 SEC 66.3 0.85 30.89 
67.2 1.02 31.98 
67.9 0.9 33.19 

Average 67.1 0.9 32 
STDEV 0.802081 0.087369 1.150522 

     
  C Ag O 
 
 
 
 
GoS 2 

 
5 SEC 

69.05 3.39 27.19 
70.01 3.05 26.89 
68.25 3.48 28.67 

Average 69.1 3.3 27.6 
STDEV 0.881211 0.226789 0.95296 
 
20 SEC 

62.4 3.55 36.09 
60.59 3.29 35.96 
61.82 3.39 33.18 

Average 61.6 3.4 35 
STDEV 0.924247 0.131149 1.643847 

     
  C Ag O 
 
 
 
 
GoS 3 

 
5 SEC 

52.25 5.91 41.01 
53.39 6.05 42.02 
51.29 5.48 42.7 

Average 52.3 5.8 41.9 
STDEV 1.051285 0.297041 0.850353 
 
20 SEC 

45.48 6.75 47.73 
44.89 7.24 49.17 
43.97 6.72 48.01 

Average 44.8 6.9 48.3 
STDEV 0.760986 0.291947 0.763501 
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Annex 3. Supplementary table and fit parameters of time versus Ag+ 
concentration (ppm) (Fig. 14)

Equation in Origin software – (Bradley) was used to approximate 
the experimental curve, and a high correlation coefficient R2 = 0.96 was obtained for 
the constants a = 4.36 and b = - 0.32.

No. a a Standart 
Error

b b Standart 
Error

Reduced 
Chi-Sqr

Adj. R-
Square

1 4.15243 0.50241 -0.33147 0.01948 0.11831 0.93085
2 3.81252 0.42306 -0.32022 0.01627 0.08389 0.94132
3 0.60898 0.08924 -0.29694 0.01744 0.00373 0.90113

GoS No time min Ag+ conc (ppm)

1 20 0.0
40 0.0
60 0.1
120 0.15
180 0.3
1440 0.5

2 20 0.4
40 0.7
60 1.0
120 1.8
180 2.0
1440 4.0

3 20 0.2
40 0.5
60 0.8
120 1.6
180 1.7
1440 3.5
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Annex 4. Experiment data of disk diffusion method (Fig. 16) 

 
GoS 
No 

Bacteria code (A-D) and clear zone on agar around sample Etching 
time 

 (A) LTSaDA01 B) LTSaM01 (C) LTSa635 (D) LTSa603  
 
 
 
1 

0  (0; 0; 0.5; 0) 0 (0; 0.5; 0; 0) 0 (0; 0; 0; 0 ) 0 (0; 0; 0; 0.5) 5 s. 
0.5 (0.5; 

0.5; 0.5; 0.5) 
0.5 (0.5; 

0.5; 0.5; 0.5) 
0.5 (0.5; 

0.5; 0.5; 0.5) 
0.5 (0.5; 

0.5; 0.5; 0,5) 
15 s. 

1.5 (1; 
1.5; 1.5; 1.5) 

1.5 (1.5; 
1.5; 1.5; 1.5) 

1 (0.5; 1; 
1; 1) 

0.5 (0.5; 
0.5; 0.5; 1) 

20 s. 

1.5 (1.5; 
1.5; 1.5; 1.5) 

1.5 (1.5; 
1.5; 1.5; 1) 

1.5 (1.5; 
1.5; 1; 1.5) 

1 (1; 1; 
1; 1.5) 

25 s. 

1 (1.5; 1; 
1; 1) 

1 (1; 1; 1; 
1) 

0,5 (1; 
0.5; 0.5; 0.5) 

0.5 (0.5; 
0.5; 0.5; 0.5) 

30 s. 

 
 
 
2 

0.5 (1; 0.5; 0.5; 
0.5) 

0.5 (0.5; 1; 0.5 
0.5) 

0.5 (0.5; 1; 0,5 
0,5) 

0.5 (1; 0.5; 0.5; 
0.5) 

5 s. 

1.5 (1.5; 
1.5; 1.5; 1) 

1.5 (1.5 
1.5; 1.5; 1.5) 

1.5 (1; 
1.5; 1.5; 1.5) 

1 (0.5; 
1; 1; 1) 

15 s. 

2.5 (2.5; 
2.5; 2.5; 2) 

2.5 (2.5; 
2.5; 2.5; 2.5) 

2.5 (2; 
2.5; 2.5; 2.5) 

2 (2; 
1.5; 2; 2) 

20 s. 

2.5 (2.5; 
2.5; 2.5; 2.5) 

2.5 (2.5; 
2.5; 2; 2.5) 

2.5 (2.5; 
2.5; 2.5; 2) 

2 (2; 2; 
2; 1.5) 

25 s. 

1 (1; 0.5; 1; 1) 1.5 (1.5; 1.5; 1; 
1.5) 

1 (1; 1; 1; 0.5) 1 (1.5; 1; 1; 1) 30 s. 

 
 
 
3 

1 (0.5; 1; 1; 1) 0.5 (1; 0.5; 0.5; 
0.5) 

1 (0.5; 1; 1.5; 1) 1 (1; 0.5; 0.5; 
1.5) 

5 s. 

1.5 (1; 
1.5; 2; 1.5) 

1.5 (1.5; 
1.5; 1.5; 1.5) 

1.5 (1.5; 
1.5; 1.5; 1) 

1 (1; 
1.5; 1; 1) 

15 s. 

2 (2.5; 
2.5; 2.5; 2.5) 

2.5 (2.5; 
2.5; 2.5; 2.5) 

2.5 (2.5; 
2.5; 2.5; 2) 

2 (1.5; 
2; 2; 2) 

20 s. 

2 (2; 1.5; 
2; 2) 

2.5 (2.5; 
2.5; 2; 2.5) 

2.5 (2.5; 
2; 2.5; 2.5) 

2 (1.5; 
2; 2; 2) 

25 s. 

1.5 (1.5; 1.5; 2; 
1.5) 

1.5 (1.5; 1.5; 
1.5; 1) 

2 (2.5; 2; 2; 2) 1.5 (1.5; 2; 1.5; 
1.5) 

30 s. 

The experiment value averages are in bold, the values of the individual tests are given 
in brackets. DLC:Ag coated nylon fabric groups of samples were RF oxygen plasma etched 
for 5-15-20-25-30 s.  
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Annex 5. Correlation of silver ion concentration and bacteria colony 
forming units (cfu (0.5 mf)) reduction in-time scale (Fig. 17 and Fig. 22)  

 
Concentration ppm Time, min. CFU % Live bacteria 

countx 
1 20 87.3 435 

40 75.5 379 
60 69.7 354 
120 62.9 322 
180 56.6 302 
340 54.4 294 

3 20 83.5 416 
40 67.7 340 
60 59.5 302 
120 46.5 238 
180 39.5 211 
340 32.2 174 

4 20 77.3 385 
40 60.6 304 
60 48 244 
120 35.9 184 
180 26.6 142 
340 20.7 112 

Bandage SIAL 
antimicrobial effect 

20 29.3 146 
40 19.5 98 
60 11.4 58 
120 7.4 38 
180 4.1 22 
340 0.4 2 

CONTROL 20 100 498 
40 100 502 
60 100 508 
120 100 512 
180 100 534 
340 100 540 

Experiment values are given in averages, the control value is 0. 
Equation y=y0+A·exp(R0·x) in the Origin software – (Levenberg Marquardt) was used 

to approximate the experimental curves in Fig. 17 and Fig. 22. 
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Annex 6. Antibacterial tests result with S. aureus bacteria strains (Fig. 
23) 

Bacteria (A) LTSADA01; (B) LTSAM01; (C) LTSA635 (MRSA) AND (D) 
LTSA603, concentration: 1 mf = 3x108 CFU, dilution 10-5 , SIAL – silver ion 
accumulation layer, experiment values are given in averages. 

 
Bacteria (LTSaDA01) tests with bandage SIAL  

 Time (min)/CFU 
t/min Kontrol 20 40 60 80 120 160 320 
test 1 1000< 324 282 188 86 67 32 6 
test 2 1000< 376 288 208 90 78 30 0 
test 3 1000< 344 290 198 88 70 23 2 
Average 1000< 348 287 198 88 72 28 3 

 
Bacteria (LTSaM01) tests without bandage SIAL 

 
 
 
 
 
 
 

Bacteria (LTSaM01) tests with bandage SIAL  
 Time (min)/CFU 

t/min Kontrol 20 40 60 80 120 160 320 
test 1 1000< 364 272 198 96 76 30 0 
test 2 1000< 386 282 218 102 82 36 4 
test 3 1000< 368 298 204 92 72 22 0 
Average 1000< 373 284 207 97 78 29 1 

 
Bacteria (LTSaM01) tests without bandage SIAL  

 Time (min)/CFU 
t/min Kontrol 20 40 60 80 120 160 320 

test 1 1000< 798 724 342 164 44 6 0 
test 2  1000< 848 690 320 152 48 10 0 
test 3 1000< 890 714 364 166 45 8 2 
Average 1000< 845 709 342 161 46 8 1 

 
Bacteria (LTSa635) tests with bandage SIAL  

 Time (min)/CFU 
t/min Kontrol 20 40 60 80 120 160 320 

test 1 1000< 426 386 197 98 62 30 6 
test 2 1000< 472 368 202 90 78 36 4 
test 3 1000< 454 392 218 88 73 43 8 
Average 1000< 451 382 206 92 71 36 6 
 

 

 Time (min)/CFU 
t/min Kontrol 20 40 60 80 120 160 320 
test 1 1000< 858 724 368 184 41 5 0 
test 2 1000< 890 730 320 192 38 9 3 
test 3 1000< 936 744 346 186 45 3 2 
Average 1000< 895 733 345 187 41 6 2 
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Bacteria (LTSa635) tests without bandage SIAL  
 Time (min)/CFU 

t/min Kontrol 20 40 60 80 120 160 320 
test 1 1000< 878 754 518 184 48 8 3 
test 2 1000< 930 770 520 182 39 12 4 
test 3 1000< 916 725 543 196 40 6 2 
Average 1000< 908 750 527 187 42 9 3 

 
Bacteria (LTSa603) tests with bandage SIAL  

 Time (min)/CFU 
t/min Kontrol 20 40 60 80 120 160 320 

test 1 1000< 347 273 180 88 63 33 4 
test 2 1000< 356 282 194 93 77 34 0 
test 3 1000< 340 265 198 84 72 28 2 
Average 1000< 348 273 191 88 71 32 2 

 
Bacteria (LTSa603) tests without bandage SIAL  

 Time (min)/CFU 
t/min Kontrol 20 40 60 80 120 160 320 

test 1 1000< 873 684 368 184 41 5 2 
test 2 1000< 895 690 320 192 38 9 1 
test 3 1000< 902 674 346 186 45 3 2 
Average 1000< 890 683 345 187 41 6 2 
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Annex 7. Permission for experiments with laboratory animals 
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Annex 8. Laboratory animals experiment data (Table 6) 

The changes of wound healing parameters 

  

Wound length 
  
  

Capillary net 
formation 
  
  

Swelling 
  
  

Day (1-3) 1 2 3 1 2 3 1 2 3 

  
  
  
Patch 0 
  
  
  
  

33 31 30 n p p p p p 
32 31 28 n p p p p p 
32 30 29 n p/n p p p p 
34 33 30 n p p p p p 
29 28 25 n p p p p p 
30 29 27 n p p p p p 
29 28 27 n p p p p p 
28 27 25 n p p p p p 

AVERAGE 30.875 29.625 27.625 n p p p p p 

STDEV 2.167124 1.995531 1.995531       

 
  
Patch 1 
 
  
  
  

31 29 25 n p n p n n 
28 27 24 n p n p n n/p 
29 28 26 n p n p/n n n 
30 28 25 n p n p n n 
32 29 26 n p n/p p n n 
31 29 25 n p n p n n 
30 28 26 n p n p n n 
32 29 26 n/p p n p n n 

AVERAGE 30.375 28.375 25.375 n p n p n n 

STDEV 1.407886 0.744024 0.744024       

  
  
  
  
Patch 1A 
  
  
  

28 26 24 p p n p/n n n 
31 29 26 p p n p n n 
29 27 23 p p n p n n 
27 25 26 p/n p n p n n 
29 27 26 p p n p n n 
30 26 24 p p n p n n 
28 26 24 p p n p n n 
29 28 25 p p n p n n 

AVERAGE 28.875 26.75 24.75 p p n p n n 

STDEV 1.246423 1.28174 1.164965       
  30 28 27 p p n n n n 
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 Patch 2 
 
  
  
  

33 31 30 p p n n n n 
32 30 29 p p n n n n 
33 31 29 p p n n n n 
31 29 28 p p n n n n 
34 32 30 p p n n n n 
31 28 27 p p n n n n 
32 29 28 p p n n n n 

AVERAGE 32 29.75 28.5 p p n n n n 

STDEV 1.309307 1.488048 1.195229       

  
  
  
Patch 3 
  
  
  
  

26 23 18 p p n n n n 
24 21 17 p p n n n n 
25 22 18 p p n n n n 
26 22 19 p p n n n n 
26 23 19 p p n n n n 
25 21 18 p p n n n n 
26 22 18 p p n n/p n n 
27 24 20 p p n n n n 

AVERAGE 25.625 22.25 18.375 p p n n n n 

STDEV 0.916125 1.035098 0.916125             
 

  

Redness 
  
  

Scab formation 
  
  

CFU number 
  
  

Day (1-3) 1 2 3 1 2 3 1 2 3 

  
  
  
Patch 0 
  
  
  
  

p p p p p p       
p p p p p p       
p p p p p p       
p/n p p p p p       
p p p p p p       
p p p p p p       
p p p p p p       
p p p p p p       

AVERAGE p p p p p p       

STDEV             
  
  
  
 Patch 1 
 

p p n p p p 185 122 72 

p p n p p p 179 134 84 

p p n p p p 184 128 79 

p/n p n p p p/n 188 129 82 
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p p n p p p 190 130 76 

p p n p p p 181 118 65 

p p n p p p 182 126 70 

p p n p p p 186 134 78 

AVERAGE p p n p p p 184.375 127.625 75.75 

STDEV       3.662 5.553 6.386 

  
  
  
  
Patch 1A 
  
  
  

p n n n n n 170 116 64 

p n n n n n 170 108 69 

p/n n n n n n 164 99 58 

p n n n n n 168 95 51 

p n n n n/p n 188 122 65 

p n n n n n 183 112 67 

p n n n n n 165 98 59 

p n n n n n 171 101 76 

AVERAGE p n n n n n 172.375 106.375 63.625 

STDEV       8.568 9.664 7.633 

  
  
  
 Patch 2 
 
  
  
  

n n n n n n 92 59 0 

n n n n n n 94 58 0 

n n n n n n 91 64 0 

n n n n n n 93 52 1 

n n n n n n 88 56 0 

n n n n n n 86 52 0 

n n n/p n n n 89 41 0 

n n n n n n 94 49 0 

AVERAGE n n n n n n 90.875 53.875 0.125 

STDEV       2.948 7.039 0.353 

  
  
  
Patch 3 
  
  
  
  

n n n n n n       
n n n n n n       
n n n n n n       
n n n n n n       
n n n n n/p n       
n n n n n n       
n/p n n n n n       
n n n n n n       

AVERAGE n n n n n n       
STDEV                   
p – positive, n – negative and p/n or n/p – hard to identify  
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