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Bacterial infections can cause serious health issues in treatment of tumour diseases, as they are one of the leading causes of 
dead in the developed countries. Staphylococcus aureus belong to the bacterial strains causing major health issues. 
Moreover, this strain is well adaptable to the environment. It is not surprising that formation of antibiotics resistance and 
creation of multi-resistant strains was found. Therefore, looking for new approaches for eliminating of the bacterial threat 
is still topic. Advanced metal-based nanomaterials seem to have promising properties for this purpose. The aim of this 
study was to determine the antimicrobial effect of different concentrations of silver nanoparticles (200 nm) on gram-
positive bacteria S. aureus. Studying of the development of bacteria in the hostile conditions is also interesting from the 
point of view of very basic questions “what is live” and “are we alone”. Many bacteria have the property to adapt over 
time to an environment modified with heavy metals. Recently, potential changes in sugar phosphate skeleton of DNA were 
described and discussed due to the effect of arsenic. Primarily, we utilized Matrix-assisted laser desorption-ionization 
time-of-flight mass spectrometry for basic characterization of bacterial strain of S. aureus. Then, we used two types of 
methods for determination of silver nanoparticles inhibition effect as (i) method based on the growth curves and (ii) 
measurements of inhibition zones. The applied silver nanoparticles also generated oxidative stress revealed by 
spectrophotometric assays. We confirmed that silver nanoparticles had considerable inhibition of the growth of S. aureus. 
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1. Introduction 

Bacterial infections represent one of the most serious complications in the vascular surgery [1]. Increasing use of 
artificial vascular implants is the main cause of these complications [2]. Infections cause the death of 1 – 10 % of 
patients [3,4], who underwent transplantation of a blood vessel [5-7]. Pathogenic bacteria S. aureus, especially 
methicillin-resistant S. aureus (MRSA) that is responsible for more than one half of all infections in vascular surgery 
[8,9], is considered to be the most important cause of infections [8-11]. Resistance to antibiotics occurs in a wide range 
of nosocomial pathogens [12]. The emergence and spreading of multi-resistant strains of bacteria is based on the 
interactions of various factors, which include mutations in the genes encoding resistance to antibiotics (broaden, 
“improved” ability to resist to antimicrobial drugs), an exchange of genetic information between microorganisms, 
where genes for resistance are transferred to the new “hosts” bacteria, and the specific conditions of the hospital 
environment that facilitate the development and spreading of multi-resistant bacteria [13]. In order to prevent infections 
in vascular surgery substances with antibacterial effect are used. One of the possible solutions of this problem is to 
cover the surface of artificial vascular implant by antibiotics (rifampin, gentamicin, amikacin, vancomycin, 
levofloxacin), and to impregnate them by collagen or gelatine [14-16]. The use of antibiotics as antimicrobial agents has 
one fundamental disadvantage as the development of bacterial resistance to antibiotics used. Silver represents another 
compound with antimicrobial property that could reduce the incidence of infections in transplant surgery [17,18]. High 
toxicity of this element to prokaryotic cells has been established and is well known [19,20]. On the other hand, silver 
itself is almost nontoxic for eukaryotic cells (including animals). In addition, it promotes proliferation and creation of 
new cells (silver has found application in dermatology) and reduce probability of development of resistance, such as in 
the case of antibiotics [21]. Figure 1 describes mechanism of action of silver ions on bacteria. This effect is based on the 
penetration of silver ions the bacterial cell wall and the plasma membrane and inactivation of membrane-bound proteins 
by binding silver ions, and binding the bacterial DNA with subsequent disrupting the replication of DNA. In addition, 
silver ions impair the ability of ribosomes to translate messenger RNA into the form of essential proteins. Silver ions 
also activate cytochrome b [22,23].  
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Fig. 1 Mechanisms of action of the silver ions on bacteria a) Silver ions penetrate the bacterial cell wall and bind to the phospholipid 
layer of the cytoplasmic membrane, b) Silver ions bind the bacterial DNA with subsequent disrupting DNA replication, c) Silver ions 
impair the ability of ribosomes to transcribe messenger RNA, d) Silver ions bind the sulfhydryl group of the cytochrome b. Adopted 
and modified according to [16]. 

2. Nanotechnologies and their application to prevent bacterial infections 

2.1. Nanotechnologies 

Nanotechnology is one of the most progressive branches of science today. The requirement is to modify nanoparticles 
to comply with our requirements in terms of size, shape, texture and distribution in organism. Metal nanoparticles of the 
order of sizes of 1-200 nm can be modified by applying layers of different compounds, such as biopolymers [24]. 
Nanoparticles prepared in this way show modified physical and chemical properties in the comparison with metal-based 
nanoparticles [25,26]. Due to these properties, the nanoparticles are used as catalysts, and electrochemical sensors; in 
addition, they have found many applications in biomedicine [27]. Silver nanoparticles are commonly used in the textile 
industry and medicine [28]. Silver ions affect process of the proliferation of cells, and silver ions have found application 
in dermatology to facilitate healing of wounds. In addition, antimicrobial properties of silver ions may be modified by a 
preparation of silver nanoparticles, which surface can be modified effectively. This nanomaterial is applicable in a wide 
variety of therapeutic uses [29]. In addition, silver nanoparticles or generally “nanosilver” show enhanced antimicrobial 
effect in comparison with silver ions [30]. Nanoparticles of dimension of at least 100 nm or less have unique 
physicochemical properties, such as high catalytic capability due to large surface, and the ability to generate reactive 
oxygen species [31]. Silver in the form of nanoparticles may therefore be more reactive due to its catalytic properties 
and becomes more toxic to bacteria than silver ions [32].  

2.2. Preparation and characterization of silver phosphate nanoparticles  

We prepared silver nanoparticles in accordance with method described by Khan et al. [33], where (di)sodium hydrogen 
phosphate heptahydrate was dissolved in ACS water and subsequently solution of silver nitrate in ACS water was 
added. The reaction proceeded immediately with the formation of yellow colloidal nanoparticles. This mixture was 
stirred for approximately one hour and then stored at 4 ° C in the dark. Formation of nanoparticles is very noticeable, as 
already mentioned, as a change in colour from colourless to yellow. The resulting nanoparticles were observed and 
viewed using SEM (scanning electron microscopy), where a compact structure of the nanoparticles was observed (Figs. 
2a and 2b). However, also relatively large rifts in the structure of nanoparticles were evident. These structures can 
provide a space for the binding of different molecules, or eventually bacteria. Chosen microscopic technique shows a 
typical spherical structure of nanoparticles of the size of 80-350 nm; however, most of them show the diameter of 200-
300 nm (more than 80%). 
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 a)  b) 
Fig. 2 AgNPs characterized by SEM micrograph: a) SEM HV: 5 kV, view field: 67.2 µm, WD: 6.60 mm, det: SE, b) SEM HV: 25 
kV, view field: 10.5 µm, WD: 6.52 mm, det: SE.   

2.3. Mass spectrometry for identification of bacteria 

Matrix-assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF) technique was used to 
identify and to verify the purity of the bacterial culture of S. aureus (Figs. 3a, 3b, 3c and 3d). This technique combines 
the ionisation process and the TOF analyser for separating ions [34,35] and is commonly used to identify bacteria in 
clinical samples [36,37]. Bacterial culture of S. aureus was cultivated overnight and then centrifuged. The supernatant 
was discarded and the remaining pellet was resuspended in deionized water. Then ethanol was added into the sample, 
the sample was centrifuged and the pellet air-dried. Dried pellet was mixed with formic acid and acetonitrile, 
centrifuged and used for analysis by MALDI-TOF technique. The spectra were measured in the range from 2,000 to 
20,000 Da. Spectra obtained were analysed using a software for analysis of samples that is provided by the 
manufacturer. Spectra with peaks out of these limits were not evaluated. Results in the range of 3.00 to 2.30 indicate the 
reliability of the results for tested bacterial culture. If the value falls below the limit, identification cannot be considered 
sufficient. 

2.4. Antimicrobial activity of silver nanoparticles 

It is generally known that silver ions inhibit the growth of microorganisms, and therefore, these ions represent a suitable 
material for incorporation into a variety of materials where the antimicrobial activity should be accentuated [38,39]. 
However, cytotoxic property of silver ions may reduce cell viability and proliferative activity of cells. Until recently, 
silver nanoparticles were commonly used in implanted materials to reduce the incidence of postoperative complications 
(infection), but these applications were commonly associated with a potential risk due to their toxicity [40]. Silver ions 
cause an inhibition of cell division; they interact with nucleic acids and thiol groups of amino acids and proteins. They 
are stored in structures similar to vacuoles in eukaryotic cells, vesicles, and in the cell walls in the form of “granules” 
(precipitates) [41]. For these reasons, silver ions are used to control the bacterial growth in a number of medical and 
non-medical applications [30,42-44]. The mechanism of action of silver ions is based on the inactivation of membrane 
proteins, interferences with the electron transport system, and inhibition of the respiratory enzymes to promote the 
creation of reactive oxygen species. Generally, increased concentration of silver ions leads to the increase in oxidative 
stress. Oxidative stress is one of the indicators that allow monitoring the toxic effects of heavy metals on 
microorganisms. This toxic effect is based on the binding of silver ions into the bacterial cell wall and plasma 
membrane, which leads to inhibition of the respiratory process of the bacteria [30,45,46]. 
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Fig. 3 a) MALDI/TOF mass spectra protein fingerprints for the identification of S. aureus. Data were collected in the m/z 2,000–
20,000 range after processing 1 ml of S. aureus culture, b) MALDI/TOF mass spectra protein fingerprints for the identification of S. 
aureus with silver ions, c) comparison of spectra of biological samples and MSP library by MALDI Biotyper3 and d) species 
identification by MALDI Biotyper3 using HCCA as a matrix. 
 
 Bacteria have defence mechanisms that can effectively eliminate free radicals created, and thus eliminate the toxic 
effects of silver ions [22,47]. The excess of reactive oxygen species (ROS) allows monitoring the oxidative stress on the 
basis of the determination of antioxidant capacity. There are different methods that can be used to study oxidative 
stress. Spectrophotometric methods [48,49] belong to the most commonly used methods. Spectrophotometric methods, 
such as ABTS - 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), DPPH - 2,2-diphenyl-1-picrylhydrazyl, etc. to 
determine antioxidant capacity, or electrochemical methods using cyclic voltammetry on printed electrodes [50-53] are 
the most important methods in the study of oxidative stress. Results confirm the possibility of using these analytical 
techniques in microbiology to determine oxidative stress in bacterial cultures [54]. As it is shown in Figs. 4a and 4b, 
testing the antibacterial properties of silver nanoparticles was performed on a bacterial culture of S. aureus by 
measuring the size of the inhibition zones, where crosswise two squares of size 1x1 cm cut out from artificial vascular 
grafts and covered with the substance tested were placed into the Petri dish coated by bacterial culture. According to the 
size of the resulting zones of inhibition was then evaluated the antimicrobial activity of the tested components. The 
second method is the determination of the growth properties of the bacterial culture by the characterization of bacterial 
growth - construction of growth curves. This method can be used to determine the minimum inhibitory concentration 
and the maximal inhibitory concentration. The bacterial culture was mixed with the tested compounds (nanoparticles) 
and measured in half hour intervals at 37 °C for 24 hours. The resulting values of absorbance were then expressed by 
the growth curves individually for each concentration of silver nanoparticles.  
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Fig. 4 Spectrophotometric analysis of the growth of S. aureus bacterial culture with silver nanoparticles in concentrations 0, 10, 25, 
50, 75, 150, 225, and 300 μM: a) growth curves of silver phosphate nanoparticles on S. aureus, b) inhibition zones of silver 
phosphate nanoparticles on S. aureus. 
 
 It has been established that the complexes of silver ions or silver nanoparticles with chitosan show the highest 
antimicrobial properties. These results can be also used for further experiments with the possible application in vascular 
surgery, particularly to reduce the risk of bacterial infections, which represent a high risk of vascular grafts when 
implanted into the patient's body, in the future. The bacterial culture can be further assessed by its biochemical 
properties, which may naturally be influenced by the addition of silver ions or silver nanoparticles. The most common 
way to test biochemical properties of microorganisms is based on the principle of the interaction of the bacterial culture 
with 24 different compounds at the bottom of the microplate wells. After mixing with the microbial culture, apparent 
colour change as well as change in measured values of absorbance appears. The biochemical test allows carrying out 
forty examinations by the use of twenty four biochemical tests and visual as well as instrumental evaluation. Substances 
placed on the bottom microplates were the following: urease, arginine, ornithine, β-galactosidase, β-glucuronidase, β-
glucosidase, phosphatase, esculin, N-acetyl-β-D-glucosamine, sucrose, mannitol, xylose, galactose, trehalose, maltose, 
mannose, lactose, sorbitol, ribose, fructose, cellobiose, arabinose, xylitol and raffinose. Based on the composition of 
bacterial cultures there are different metabolic changes of these substances and as a result changes in the colour in the 
wells appear. Colour comparative scale serves to evaluate the colour reactions. The result of the measurements were 
visible colour reactions caused from interactions of bacterial culture S. aureus in a complex with silver nanoparticles 
after application to the bottom of the wells of microplate. The complex of bacterial culture and silver nanoparticles 
showed the great biochemical activity in terms of all the substances in biochemical test, with all these ingredients the 
complex reacted and thus there are significant biochemical changes. 

3.5. Increasing the antimicrobial effect of silver ions or silver nanoparticles on bacterial cultures  

The application of ions of metals or their nanoparticles in combination with other substances with antimicrobial 
properties is the next way how to increase the antimicrobial activity [55,56]. It is therefore important to determine the 
effect of silver ions and silver nanoparticles in combination with compounds that also showing antibacterial effect. 
Hyaluronic acid (Fig. 5a) and chitosan (Fig. 5b) were the applied biopolymers with antimicrobial activity, which are 
characterized by biodegradability and biocompatibility with the human body. Hyaluronic acid is nonsulfated anionic 
glycosaminoglycan that is generally considered as an extracellular matrix that facilitates cell motility and proliferation 
[57,58]. Hyaluronic acid is present in almost all biological fluids and tissues [58]. Chitosan is a linear polysaccharide 
composed of β-(1-4)-D-glucosamine and N-acetyl-D-glucosamine moieties and is the most important derivative of 
chitin [59]. Chitosan is an effective material for biomedical applications, particularly in terms of the ability to heal 
wounds and antimicrobial and anti-inflammatory activities [60-62]. Chitosan can bind metals to form complexes with 
them [61,63,64]. These interactions are based on binding of metal ions to the amino groups of chitosan by chelating or 
complexation mechanisms [59]. Similarly, it has been demonstrated that hyaluronic acid is able to bind onto silver 
nanoparticles [65]. Application of a combination of different forms of silver and biopolymer materials to cover the 
vascular graft is therefore very suitable solution in the elimination of resistant strains of bacteria. Our work focuses on 
evaluation of antimicrobial activity of each component alone or in complexes using basic microbiological methods. 
Thus, choice of the best complex in terms of both antimicrobial activity and effectiveness of the application of this 
complex to the human belongs also to the objectives of this stud. Our results show the highest antimicrobial properties 
of complexes of silver ions or silver nanoparticles and chitosan (Figs. 6a, 6b, 6c and 6d), which can be used in the 
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future in vascular surgery, especially to reduce the risk of bacterial infections, which are a major threat during the 
implantation of artificial vascular grafts [66]. 
 

 

 
Fig. 5 Structure of polymers (a) Structure of hyaluronic acid, (b) The course of enzymatic deacetylation of chitin and subsequent 
development of chitosan  
 

 

Fig. 6 Spectrophotometric analysis of the growth of S. aureus bacterial culture with silver nanoparticles in concentrations     0, 10, 
25, 50, 75, 150, 225, and 300 μM and hyaluronic acid or chitosan: a) growth curves of silver phosphate nanoparticles in complex 
with hyaluronic acid on S. aureus, b) inhibition zones of silver phosphate nanoparticles in complex with hyaluronic acid on S. aureus, 
c) growth curves of silver phosphate nanoparticles in complex with chitosan on S. aureus, d) inhibition zones of silver phosphate 
nanoparticles in complex with chitosan on S. aureus. 
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