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ABSTRACT 

This bachelor thesis devotes to the study of antimicrobial properties of the 

bionanocomposite consisting of gold and silver nanoparticles biosynthesized on the siliceous 

frustule of diatoms. The theoretical part deals with the biosynthesis of gold and silver 

nanoparticles and the principle of antimicrobial properties of these particles against a wide 

range of bacteria or fungi. The aim of the experimental part is the implementation of the 

biosynthesis of gold and silver nanoparticles with a diatom species Diadesmis gallica and 

subsequent realization of the antibacterial tests against three selected bacterial species. The 

prepared bionanocomposite was also characterized by transmission electron microscopy 

containing also particle size distribution image analysis, atomic absorption spectrometry and 

X-RAY powder diffraction. In conclusion, the possible applications of biosynthesized 

composite with antimicrobial properties are discussed. 

Reference format:   

KONVIČKOVÁ, Zuzana. Antimicrobial properties of biosynthesized metallic nanoparticles. 

Ostrava, 2013. 50 p. Bachelor thesis. VŠB - Technical University of Ostrava. Supervisor  

Ing. Gabriela Kratošová, Ph.D.  

ABSTRAKT 

Bakalářská práce se věnuje studiu antimikrobiálních vlastností bionanokompozitu 

tvořeného zlatými a stříbrnými nanočásticemi, biosyntetizovanými na křemičitých 

schránkách rozsivek. Teoretická část se zabývá průběhem biosyntézy nanočástic zlata  

a stříbra a antimikrobiálními vlastnostmi těchto částic vůči širokému spektru bakterií či hub. 

Cílem experimentální části bylo provedení biosyntézy zlatých a stříbrných nanočástic 

s druhem Diadesmis gallica a následné testování antibakteriálních účinků 

bionanokompozitu proti třem vybraným bakteriálním druhům. Připravený kompozit byl 

rovněž charakterizován na základě transmisní elektronové mikroskopie (zahrnuta je rovněž 

velikostní distribuce částic), atomové absorpční spektrometrie a práškové rentgenové 

difraktometrie. V závěru jsou diskutovány možné aplikace biosyntetizovaného kompozitu s 

antimikrobiálními vlastnostmi. 

Vzor citace:   

KONVIČKOVÁ, Zuzana. Antimikrobiální vlastnosti biosyntetizovaných kovových nanočástic s 

pomocí hnědých řas. Ostrava, 2013. 50 s. Bakalářská práce. Vysoká škola báňská -  

Technická univerzita Ostrava. Vedoucí práce Ing. Gabriela Kratošová, Ph.D. 
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INTRODUCTION 

Recently, the applications of nanoparticles and nanocomposites come to the foreground 

not only in the field of materials engineering and electronics, but also in biology and 

medicine, more specifically in the field of antimicrobial coatings and textiles. The noble 

metal nanoparticles, especially gold and silver, are becoming an alternative way to 

commonly used antimicrobial agents, which can have an efficient effect for example against 

pathogenic antibiotics resistant bacteria, called the multi-drug resistant bacteria (MDR). This 

phenomenon has broad utilization in antimicrobial coating of medical equipment or in the 

development of protective textiles. 

This bachelor thesis is engaged in the issue of the antimicrobial bionanocomposite 

composed of biosynthesized gold and silver nanoparticles captured on diatom silica frustules 

of diatoms. The bachelor thesis is divided into theoretical and experimental part. The 

theoretical part is based on the literature review in the biosynthesis and the principles of 

antimicrobial properties of gold and silver nanoparticles. The first chapter deals with the role 

of biosynthesis in comparison to the other physical and chemical methods for preparation of 

the nanoparticles and its mechanism. Since biosynthesis can be performed with a wide range 

of organisms, in the first chapter are briefly discussed several particular examples of 

biosynthesis with different organisms. The second chapter describes antimicrobial properties 

of gold and silver nanoparticles and the mechanism of antimicrobial properties against 

various bacterial cultures and their subsequent application. 

The experimental part represents testing of antibacterial properties of bionanocomposite 

on the selected bacterial cultures. The investigation involves preparation of 

bionanocomposite with the silver nanoparticles and the bionanocomposite with both gold 

and silver nanoparticles and its subsequent characterization by transmission electron 

microscopy, X-ray powder diffraction and atomic absorption spectroscopy to determine the 

size, shape and type of the synthesized nanoparticles. Antibacterial activity assessment 

against three common bacterial species was performed using minimal inhibition 

concentration method. Based on the literature review and my knowledge can be argued that 

this is the very first study describing the antibacterial properties of both gold and silver 

nanoparticles together implemented to the powder composite material. Final discussion 

evaluates the obtained results regarding the success of the future implementation.  
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THEORETICAL PART 

1 Biosynthesis of the metallic nanoparticles 

The primary concept of  nanotechnologies was presented at the end of 50’s by Richard 

Feynman, an American physicist and scientist, in his famous lecture called „There‘s plenty 

of room at the bottom“ at the American Physical Society meeting at California Institute of 

Technology [1]. The major interest of nanotechnologies is to produce structures with at least 

one diameter smaller than 100 nm (nanoparticles, nanotubes, nanofibres or thin films).  

These structures have a new unique chemical, optical, electrical, mechanical or thermal 

properties [2-4] which do not come into play by going from macro to micro dimensions. 

However, these effects can become significant when the aforementioned nanometer size 

range is reached [5]. For example, the increase in surface area to the volume ratio 

dramatically changes mechanical, thermal and catalytic properties of nanomaterials [5].  

There are two basic types of strategies in order to form the nanostructures: “top-down” 

and “bottom-up” methods. “Top-down” method especially creates structures using 

bulk material, which is subsequently disintegrated to the smaller parts (e.g.  molding or 

etching) [6]. On the contrary, “bottom-up” methods fabricate the nanomaterials by their 

assembly from the elementary building blocks, arranging single atoms or molecules to their 

special formations.  

Methods used for the synthesis of nanomaterials can also be classified into physical and 

chemical type. Conventional physical and chemical methods have many advantages but also 

certain limitations. The main asset of physical methods is narrow size distribution of 

particles, but these techniques are often costly and demand high energy consumption for 

maintaining the optimal conditions of synthesis. Chemical methods are relatively cheap for 

the production of larger volumes of nanomaterials, but their main disadvantage is the use of 

toxic chemicals and the creation of reactive intermediates, thus it instigates the 

environmental hazard [7]. 

The special case of the chemical methods, which uses biological processes and 

procedures, is called biosynthesis. Biosynthesis of the metal nanoparticles mainly utilizes 

bacteria, fungi, algae or high plants, because this type of biomass can be relatively easily 

cultivated or harvested. Therefore, biosynthesis is considered as a low-cost and 

environmentally friendly method of the nanomaterial production. Size distribution of gained 

particles can be usually controlled and is sufficient for chosen applications [5, 8, 9]. 

Biosynthesis connects nano- and bio-technologies because of using the chemical and 
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physical knowledge to employ biological processes, which take place in living organisms 

[10].  

1.1 How does it work? 

According to the place, where nanoparticles are synthesized, we can distinguish two 

types of biosynthesis – intracellular or extracellular biosynthesis. It is possible to synthesize 

gold or silver nanoparticles and also metal compounds such as zirconium dioxide (ZrO2) 

[11] or titanium dioxide (TiO2) [12] as well as cadmium sulfide (CdS) [13] and lead sulfide 

(PbS) [14] extracellularly or intracellularly.  

Extracellular biosynthesis takes place on the cell surface on the basis of reduction of the 

gold (Au3+) or silver (Ag+) target ions from their aqueous solutions to zero valent form. The 

cell surface is rich in a wide range of the functional groups such as carboxyl  

(-COOH), amino (-NH2) or hydroxyl (-OH) which are bound in more complicated 

compounds such as amino acids, proteins or polysaccharides. In the case of gold, which 

forms the  tetrachloroauric complex [AuCl4]
- in aqueous solution, the first step is adhesion 

to the cell surface near the positively charged groups (e.g. amino group) [15]. After the fast 

adsorption of metal ion to the cell wall, the second stage – bioreduction – occurs [15, 16]. 

In the case of silver, extracellular biosynthesis is similar to gold, but specific mechanism 

is not completely understood. Nevertheless, the reduction of Ag+ ions to Ag0 can occur for 

example by the action of biomolecular components such as flavonoids or reducing sugars 

[17].  

Intracellular biosynthesis of silver and gold nanoparticles can take place in presence of 

enzymes, including the transport of ions into the cell and the formation of particles 

 [7, 18]. Nanoparticles created inside the cell can be smaller in contrast to the size of 

nanoparticles synthesized extracellularly [5]. For the instance, the mechanism of 

intracellular biosynthesis with the participation of nitrate reductase enzyme was studied. 

Biosynthesis of nanoparticles using bacteria Escherichia coli [19] or Bacillus licheniformis 

(Fig. 1) was reported [20].  
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Fig. 1: The possible mechanism of biosynthesis of silver nanoparticles using bacteria B. licheniformis [20] 

 

The formation of biosynthesized nanoparticles causes color changes of the solutions 

during the extracellular bioreduction. For gold the color becomes purple, for silver yellow-

brownish (Fig. 2) [21]. 

 

Fig. 2: The color changes after supplementation of precursors: (A) fungus (Neurospora crassa) culture  without 

precursors; (B) fungus culture after 24 hours in AgNO3; (C) fungus culture after 24 hours in HAuCl4 [22] 

The important aspect of successfully performed biosynthesis is pH, which has an 

influence on electrostatic charge of the functional groups and which can change general 

properties of cell surface. In particular, pH can cause repulsion or attraction of metal ions in 

solution depending on the accessibility of binding sites of molecules. Optimal gold and silver 

recovery and reduction is around 6,5 – 8 pH values [21]. The biosynthesis is probably more 

effective and faster, due to the higher stability of cell components or more reactive character 
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of hydroxyl groups present in the biomolecules (polysaccharides, proteins or pigments) at 

neutral pH [21].  

The significant advantage of biosynthesized nanoparticles is also their stability. 

Nanoparticles are often coated by substances (proteins, enzymes) secreted by the cell, which 

contributes to their stability and can affects their properties [23]. These coating substances 

are often called surfactants or capping agents. 

 

1.2 Biosynthesis with various organisms 

The biological approach for synthesis of nanoparticles has a lot of possibilities with a 

diverse variety of organisms such as bacteria, yeast, actinomycetes, algae, fungi or plants 

and their extracts [20, 24, 25]. Most of them are able to produce intracellularly [18, 26] 

or extracellularly formed nanoparticles. 

Bacteria have been extensively studied for their ability to produce metal nanoparticles, 

because the simplicity of their cultivation and harvesting. The first report on biosynthesis of 

the silver nanoparticles was performed with bacterial strain Pseudomonas stutzeri [27]. The 

intracellular biosynthesis of gold, silver and gold-silver crystals was observed using common 

bacteria Lactobacillus [28]. In the contrast, extracellular synthesis of silver nanoparticles 

was noticed by psychrophilic bacteria Pseudomonas antarctica [29], Klebsiella pneumonia 

or Eschericha coli [30].  

Fungi were also often used in biosynthesis processes due to their known high ability to 

accumulate metal ions. Fusarium oxysporum was used to produce silver nanoparticles 

extracellularly. In this case, bioreduction of silver nanoparticles was managed by nitrate 

reductase [31, 32]. Extracellular biosynthesis of silver, gold and bimetallic nanoparticles 

using filamentous fungus Neurospora crassa were observed [22]. Filamentous fungi are 

capable to produce high amount of stable nanoparticles, which do not aggregate even after a 

long storage [22].  

As well as the plants, algae are suitable to biosynthesize gold nanoparticles, e.g. brown 

marine alga Turbinaria conoides [15] or brown alga Fucus vesiculosus [21]. The mechanism 

of the biosorption and subsequent bioreduction involves the oxidation of the hydroxyl 

groups. Hydroxyl groups are very abundant in the algal cell wall, especially in the 

polysaccharides or in the algal pigments such as fucoxanthin [15, 21]. 

A potential source of biosynthesized metal nanoparticles can be also plants and their 

extracts. Phytosynthesis offers several advantages: plants are easily available in higher 

amounts, safe to handle and contain a wide variety of metabolites that can help to reduce the 
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metal ions. For the instance, the biosynthesis using Brassica juncea, which is able to 

accumulate high concentrations of metals was reported [33]. The biosynthesis with plants 

extracts was often reported. During the biosynthesis with hot olive leaf water extracts, the 

formation of gold nanoparticles with various shapes (triangular, hexagonal and spherical) 

was observed. Infrared spectrum (IR) showed the participation of the phenolic compound 

oleuropein and proteins in olive leafs, which are responsible for reduction of the metal ions 

and their stabilization [34]. 

 

1.3 Biosynthesis using diatoms 

Since the 19th century, diatoms have been the subject of the amateur research and 

experiments, into which only a narrow group of people was engaged. An important person 

in the field of diatom research was a Belgian industrialist Henri van Heurck, who devoted 

most of his life (1860 – 1904) to their investigation. 

Diatoms are ubiquitous, unicellular algae, living alone or in colonies. Diatoms were 

previously classified among brown and yellow-green algae or between plants, but algae are 

distant in some particular features. Recently, they are categorized as a separate class of 

kingdom Chromista.  

Diatoms inhabit not only the fresh and salt water, but they also form a part of 

phytoplankton on wetted rocks and thermal waters. The oldest fossil evidence of diatoms is 

dated to the Cretaceous (120-70 million years ago), but their full development occurred in 

the Miocene (24 million years ago). Fossil sediments are located in the areas of their long-

term vegetation. These sediments are generally known as diatomite, which has many 

technological applications as in filtration or absorption and is used due to its insulation 

properties [35]. In the Czech Republic, diatomite is found in the region of Třeboň Basin, 

Southern Bohemia [36]. 

Diatom cell is locked into siliceous two-piece box called frustule that has bilateral 

symmetry in pennate diatoms (Fig. 3a) or radial symmetry (Fig. 3b)  in the case of centric 

diatoms [37-39].  

The biosynthesis of gold nanoparticles using diatom strains Diadesmis gallica (DG) and 

Navicula atomus (NA) was studied previously [10]. It was observed that the nanoparticles 

were captured on silica frustules and extracellular polysaccharides (EPS) in extracellular 

space. Authors described gentle differences of nanoparticles deposition between 

aforementioned diatom strains. DG cells were surrounded by thin layer of EPS in which the 

nanoparticles were entrapped, while the nanoparticles in the NA cells were distributed in 
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thick layer of EPS close to the frustule. The nanoparticles were also adhered on the silica 

frustules at both strains. Also size of biosynthesized nanoparticles differed, nanoparticles 

synthesized by DG had larger sizes around 22 nm and offered wide range of the size 

distribution. Nanoparticles synthesized by NA strain showed smaller sizes around 9 nm. 

Silica-gold or silica-silver bionanocomposite can have the utilization for various 

applications such as gold nanocatalyts for chemical industry or antimicrobial agents in the 

medicine [10]. 

 

 

Fig. 3: The comparison of pennate (a) and centric (b) diatoms [40, 41] 

 

1.3.1 Diatom frustule 

Frustule is composed of two parts which fit together. The top "cap" is called epitheca 

and lower hypotheca, which is slightly smaller. Further, each part is composed from the 

valve and side-valve belt. A closer look at the frustule distinguishes the system of chambers, 

areola or pores, assembled into radially or pennate arranged system. In some diatom species 

longitudinal axial field separating the right and the left side of the body called raphe is 

visible, it can be found in diatom species Diadesmis gallica, order Naviculales. Raphe serves 

to excrete the mucus, which allows attachment of algae on the surface or assists the slippery 

moving.  

Diatom frustules have a variety of shapes, from spherical, triangular to hexagonal. 
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Fig. 4: Examples of different shapes of diatom frustules [42-44] 

 

How is siliceous frustule formed? During the cell division, the formation of the silica 

deposition vesicles (SDV) starts under the cytoplasmic membrane. SDV are filled up with 

silicon molecules with the aid of the transport vesicles. Silica necessary for frustule growth 

is absorbed into the transport vesicles from the outside, in three different ways: (1) 

adsorption along the frustule, (2) through the pores, or (3) through the spaces during the 

division between the mother and daughter cell. The siliceous material begins to polymerize 

into the silica particles (30-50 nm) inside the SDV and is stored in the SDV walls in a layer 

called silikalemma. Inner part of silikalemma is becoming a new cytoplasmic membrane and 

outer breaks away. Frustule is covered with a layer of polysaccharide diatotepin which 

protects cell against the negative environmental impacts [35, 45].  

The term “diatom nanotechnology” was recently associated with diatoms, involving 

cooperation among science disciplines such as biology, biochemistry, physics, material 

science and engineering [45]. As mentioned above, the diatom frustule is composed of silica 

particles with sizes of tens of nanometers. Therefore, diatoms have interesting optical and 
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biophotonic properties. Optical properties are caused by interactions of the light that the 

human eye perceives as an "opal" effects. Diatom frustules are also photoluminescent.  

Visual luminescent effect is most clearly seen after exposure to UV radiation, which is 

similar to the effect of artificially produced luminescent silicon. However, the 

photoluminescence is strongly dependent on the type of diatoms, the structure of the frustule 

and environment [35, 45, 46]. The diatom shell also offers special structural, mechanical and 

chemical features to create a new way to delivery drug system of therapeutic agents. 

Biocompatibility and biodegrability of silica is another benefit of the drug-delivery vehicles, 

which can monitor biomolecules or immunotargeting receptors [45].  

2 Properties of gold and silver nanoparticles 

In recent years, attention has been focused on a newly emerging field of nanomedicine. 

Its development can potentially cause a boom in the usage of nanoparticles in many areas 

such as drug delivery [47, 48], molecular imaging [49] or in development of the materials 

with antimicrobial properties [50]. Antimicrobial properties are fundamental for medicine 

because the proved increasing occurrence of multi-drug resistant (MDR) bacteria (usually 

pathogenic species, which are not responsive to antibiotics) [51, 52]. Metallic nanoparticles 

which exhibit antimicrobial properties, particularly gold and silver, can contribute to the 

solutions of these issues [53]. Nanoparticles demonstrate excellent effectiveness in the 

treatment of bacterial diseases, also including MDR bacterial types. On the other hand, 

nanoparticles may be toxic to other living organisms, for example a freshwater algae 

Chlamydomonas reinhardtii [54] or the human body [55]. 

2.1 Antimicrobial properties of metal nanoparticles 

The mechanism of nanoparticle effect on the bacterial cells is dependent on many factors. 

The first factor is construction of the bacterial cell wall, which influences the selection of 

the tested bacterial species. The cell wall maintains the shape and strength of the cell and 

also provides protection against the osmotic effects or the mechanical damage. According to 

the structure of the cell wall, bacteria can be divided into two groups: Gram positive (G+) 

and Gram-negative (G-) [53]. The cell wall of G+ bacteria is composed of peptidoglycan 

layer (20-50 nm) and teichoic acid [56]. In the contrast, cell wall of G- bacteria is composed 

of peptidoglycan layer, which is covered by an outer membrane and the phospholipids. 

Phospholipids form channels (porins) for the transport of nutrients, proteins and 

liposaccharides, which increase the negative charge of the cell wall [53, 56]. Thus, the cell 
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wall plays an important role in susceptibility of bacteria to the nanoparticles and also affects 

the diffusion of nanoparticles into the cells.  

Another issue for the application of nanoparticles or antibacterial drugs may be the 

presence of the biofilm. Community of microbes, which are attached to a solid surface, may 

produce secretions (in the form of proteins, polysaccharides) surrounding the entire colony 

and creates a layer - biofilm. In the case of a certain pathogenic bacteria, the biofilm prevents 

the penetration of antibiotics [53].  

The sensitivity of bacteria to the nanoparticles affects their growth rate, thus bacterial 

strains with rapid growth are more susceptible to the nanoparticles than cultures with lower 

growth rate [53]. The nanoparticles of smaller sizes are more efficient – they have  

a larger surface area and the antimicrobial effect can be higher [55, 57].  

The exact mechanism of antibacterial activity of silver and gold nanoparticles is still 

studied. The nanoparticles are able to attach to the cell wall of bacteria based on the 

electrostatic interactions. After the attachment, nanoparticles penetrate the cell and initiate 

the oxidative stress caused by the occurrence of free radicals, called reactive oxygen species 

(ROS) [53]. ROS are a group of reactive oxidants, including superoxide radicals, hydroxyl 

radicals, hydrogen peroxide radicals and the singlet oxygen. When the cell is exposed to the 

stress, a number of ROS dramatically increases and can start the destruction of the cellular 

components [56, 58]. ROS occurrence leads to the disruption of cell wall integrity and cell 

components, which contribute to cell death (Fig. 5) [53].  

 

 

Fig. 5: Cell damage caused by the ROS [53] 
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Generally accepted view is that mitochondrial damage caused by nanoparticles is the key 

factor for the early apoptosis, because mitochondria are considered as a major site of ROS 

production in the cell. The oxygen is reduced by electrons escaped from the respiratory chain 

and creates extremely reactive superoxide anion radical, which can  

be subsequently converted into hydrogen peroxide. Further, hydrogen peroxide can be 

reduced to hydroxyl group, known as a strong reactive agent [58].  

Thus, deposition of silver nanoparticles in the mitochondria increases the ratio of 

superoxide radicals, which blocks electron transport, subsequently inhibits respiratory chain 

leading to a decrease of ATP synthesis. Moreover ROS may cause protein damage and lipid 

peroxidation [58]. 

An important aspect of the antimicrobial effect of silver nanoparticles is that they can 

release silver (Ag+) ions [58-60]. If the silver nanoparticles are dispersed in an aqueous 

medium, nanoparticles are capable to release Ag+ ions according to the following redox 

reaction [60]: 

 2Ag(s) +
1

2
O2(aq) + 2H+ → 2Ag+(aq) + H2O(aq) 

It is assumed that the release of Ag+ ions into their surroundings reach the maximum, 

thus the concentration of Ag+ ions in the solution is in the equilibrium. After the certain 

maximum concentration, the ions are not released and they can subsequently aggregate or 

re-join to the silver nanoparticles. Kinetic studies confirmed the exponential reduction of the 

Ag+ concentration after achieved equilibrium [60]. The release of Ag+ ions is considerably 

influenced by concentration of nanoparticles in solution. If a high concentration of 

nanoparticles is contained in aqueous solution, the release of ions slow down, because a 

maximum concentration is reached during a short time [60]. 

In summary, both of the silver nanoparticles and Ag+ ions contributed to the whole 

process of cytotoxicity, but in different ways. It is most probable that silver nanoparticles 

provide conditions outside the mitochondria for reduction of oxygen to superoxide from 

electrons flowing through the electron transport chain. On the other hand, Ag+ ions bind to 

proteins and nucleic acid to create Ag – DNA and Ag – RNA complexes, leading to the cell 

death [58]. 

Biogenic silver nanoparticles, which are produced by the living organisms or biological 

processes, were proved to have the synergistic properties with antibiotics such as 

erythromycin, ampicillin, or kanamycin against gram-positive and gram-negative bacteria. 

The combination of biogenic silver nanoparticles with antibiotics has higher antibacterial 

activity in comparison to the antibiotics alone. For example, ampicillin disrupts the bacterial 
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cell wall and enables the subsequent penetration of silver nanoparticles into the bacteria. 

Particles are attached to DNA, which loses the ability of replication [53, 61].  

In the case of gold nanoparticles coated by aminoglycosidic antibiotics such as 

streptomycin, gentamicin and nenomycin the antibacterial effect is better than using only 

pure drugs [62]. Aminoglycosidic antibiotics include active groups, which react with gold 

nanoparticles by the chelation, during which the drugs were adsorbed on their surface [62].  

Metal nanoparticles and hyperbranched polymers are becoming increasingly important 

materials applied in biological processes due to their structural arrangement with many 

functional groups [63]. The antibacterial properties prove an amine-terminated 

hyperbranched poly(amidoamine) (HPAMAM-NH2) with silver nanoparticles HPAMAM-

NH2/Ag composite. The strong interaction between the negatively charged bacterial cell wall 

and HPAMAM-NH2 macromolecules can reduce the distance between the composite and 

bacteria, especially between silver nanoparticles and bacterial cell wall. This way facilitates 

the release of active silver into the bacteria [57]. Similar effects shows hyperbranched poly 

(amidoamine) with dimethylamine terminal groups (HPAMAM-N(CH3)2), it has been found 

out that there is a strong coordinating interaction between gold nanoparticles and 

HPAMAM-N(CH3)2. In addition, parts of the amide, piperazine rings and tertiary amine 

groups in the structure have some synergistic effects in the metal reduction [63]. 

Also metallic compounds such as zinc oxide (ZnO), titanium dioxide (TiO2) or copper 

nanoparticles show antimicrobial effects. 

ZnO can be used in the preparation of nanocomposite thin films designated for food 

packaging. The matrix of this layer is composed of methyl cellulose, which is coated with 

ZnO nanoparticles and pediocin. Pediocin is a bioactive peptide produced by bacteria to kill 

other bacteria in close proximity [64]. 

TiO2 nanoparticles and nanowires also prove good antimicrobial properties. The effect 

of TiO2 nanoparticles as such with TiO2 nanoparticles doped with silver was compared. 

These nanoparticles were coated on cotton fabrics. TiO2 nanoparticles and nanowires exhibit 

antimicrobial properties against selected organisms such as Staphylococcus aureus, 

Pseudomonas aeruginosa, Escherichia coli, Bacillus cereus and Candida albicans. 

However, better antimicrobial properties exhibited doped TiO2 nanoparticles with  

silver [65]. 

Copper and its compounds also exhibit antimicrobial properties. Six types of copper 

alloys contained various concentrations of copper were compared. Depending on changes in 

the copper concentration (60-99.9%), the effectiveness of antimicrobial effects against 
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Salmonella enteric also changed. A compound with the highest copper content showed the 

best antimicrobial properties [66]. 

 

2.2 Antimicrobial properties of biosynthesized silver and gold nanoparticles 

2.2.1 Silver nanoparticles 

Biogenic extracellular silver nanoparticles, which are produced by living organisms or 

biological processes, show antimicrobial properties against wide range of bacteria or fungi.  

Bioreductive synthesis with Streptomycete bacterial species [67] produced silver 

nanoparticles, which proved their antibacterial properties against several bacterial culture 

such as Escherichia coli, Staphylococcus aureus or Salmonella typhi. The strongest 

antibacterial effect was found out against Salmonella typhi. Proteobacterium  Shewanella 

oneidensis was able to make a biosynthesis of silver nanoparticles [68]. In this case, biogenic 

silver nanoparticles were compared with chemically prepared nanoparticles and oleate 

capped silver nanoparticles. Antibacterial effectiveness of nanoparticles was studied on three 

bacterial species: Escherichia coli, Bacillus subtilis and Shewanella oneidensis. The 

antibacterial assessment confirmed that biogenic silver nanoparticles were found to be more 

effective than chemically synthesized nanoparticles. Oleate capped nanoparticles did not 

show antibacterial effects against any from three types of bacteria. 

Mycosynthesis is often used to synthesize silver nanoparticles. As well as silver 

nanoparticles synthesized with Shewanella oneidensis, biogenic silver prepared with fungal 

strain Aspergillus niger [69] exhibited antibacterial effect against E. coli and Bacillus sp. 

Particle size was among 3- 30 nm. Another fungal species Bipolaris nodulosa [70] was 

employed in silver nanoparticle biosynthesis. These nanoparticles were toxic not only to 

Bacillus subtilis and E. coli, but also to Bacillus cereus, Pseudomonas aeruginosa, Proteus 

vulgarius and Micrococcus luteus. Antibacterial activity against Staphylococcus aureus was 

observed in case of silver nanoparticles biosynthesized by fungus Amylomyces rouxii [71], 

a major component of starter cultures for traditional fermented foods in Southeast, Asia, 

China, and the Indian sub-continent. In addition, these silver nanoparticles were tested 

against the fungal species Candida albicans and Fusarium oxysporum to confirm their 

antifungal properties.  

Silver nanoparticles biosynthesized by fungal species Pleurotus sajor-caju [72] can 

serve as antibacterial agents against Pseudomonas aeruginosa, E. coli and Staphylococcus 

aureus. The strongest effects were found against the culture of Pseudomonas aeruginosa. 
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Identical bacterial species were used in a similar study employing the ascomycetous fungi, 

Penicillium sp. [73]. Extracellular biosynthesis with fungus Fusarium oxysporum [74] 

generated stable silver nanoparticles in water. These particles can be incorporated in several 

types of materials such as cloths. These cloths with silver nanoparticles can be used in 

hospitals to prevent or to inhibit infection with pathogenic bacteria such as Staphylococcus 

aureus. These features also represents silver nanoparticles synthesized with Fusarium solani 

[75]. Nanoparticles with sizes 3-8 nm have good antibacterial effect which can be attributed 

to deposition of silver nanoparticles onto the molecular structure of cotton cellulose of the 

fabric and their fixation by chemical and physical bonding. 

Plant pathogen Phoma glomerata [76] had an ability to produce silver nanoparticles 

from their aqueous solution. In this study, the combination effect of silver nanoparticles was 

studied against three human pathogenic bacteria Staphylococcus aureus, Escherichia coli 

and Pseudomonas aeruginosa in comparison to commercially available antibiotics. The 

antibacterial activities of ampicillin, gentamycin, streptomycin and vancomycin were 

increased in combination with silver nanoparticles. The synergistic activity was better 

against E. coli and Pseudomonas aeruginosa, than against Staphylococcus aureus. 

Antibacterial assessment was performed against methicillin-resistant Staphylococcus aureus 

(MRSA) and methicillin-resistant Stapyhlococcus epirmidis (MRSE) [77]. This study 

confirmed the phenomenon, that higher concentration of nanoparticles has the greater 

inhibitory effect on bacterial culture.  

Fungus Cryphonectria sp. was used to biosynthesize silver nanoparticles with combined 

antimicrobial properties. These particles showed remarkable antibacterial properties against 

E. coli, Staphylococcus aureus and Salmonella typhi and antifungal effect against Candida 

albicans. In addition, antibacterial effects were compared with AgNO3 and streptomycin 

antibacterial activity. Biosynthesized nanoparticles proved better antibacterial effects [78]. 

Silver nanoparticles synthesized using high plants, especially their extracts, can show 

antibacterial properties against wide range of bacteria. For instance, biosynthesis with 

Cinnamon zeylanicum bark powder and Cinnamon zeylanicum bark powder extract was 

reported [79]. For both studied samples, size of silver nanoparticles was between 31-40 nm. 

Antibacterial properties were examined on bacteria species E. coli in various concentrations 

of silver nanoparticles. Minimum inhibitory concentration was determined 11±1.72 mg/L. 

Silver nanoparticles synthesized with Garcinia mangostana extract [80] have positive results 

in the inhibition of Escherichia coli and Staphylococcus aureus growth, but they were not 

better than antibacterial properties of biosynthesized silver nanoparticles synthesized with 

Acalypha indica leaf extract [81]. Combined antimicrobial properties were studied at 
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biofabricated (using Moringa oleifera leaf extract) [82] silver nanoparticles. Antibacterial 

and antifungal studies against pathogenic bacteria such as Staphylococcus aureus, 

Escherichia coli or Klebsiella pneumoniae and fungal species Candida albicans, Candida 

krusei and Candida tropicalis were performed. The most sensitive organisms were 

Staphylococcus aureus and Candida tropicalis. Antifungal and antibacterial properties 

proved also silver nanoparticles (20 nm) synthesized with Argemone mexicana leaf extract 

against E. coli, Pseudomonas aeruginosa and Aspergillus flavus [83]. 

Antibacterial and antifungal properties were further observed using silver nanoparticles 

synthesized with Sesurium portulacastrum leaf extract [84]. The nanoparticles were 

stabilized in the solution of polyvinyl alcohol (PVA) and subsequently compared with 

samples without PVA. Antimicrobial properties were studied against wide range of 

organisms. Better antibacterial properties were found out at samples with containing PVA. 

Generally, antibacterial effects showed better results than antifungal. The most susceptible 

organisms were Staphylococcus aureus and Penicillium sp. Antifungal and antibacterial 

effects of extracellular nanoparticles synthesized with fungus and bacteria Streptomyces 

hygroscopicus [85] were examined on bacteria and fungi such as Bacillus subtilis, 

Enterococcus faecalis, E. coli, Salmonella typhimurium, Candida albicans and 

Saccharomyces cereviscae. There were not observed any antifungal effect against 

Saccharomyces cerevisce. Particle size ranged between 20-30 nm. 

Antimicrobial assessments against Pseudomonas aeruginosa, Proteus vulgaris and 

Klebsiella pneumonia confirmed the antibacterial properties of silver nanoparticles 

biosynthesized with marine micro algae [86]. This biosynthesis was carried out with 

combination of the culture and microwave irradiation in the water. There were not used any 

other surfactants.  

The combination of extracellular silver nanoparticles biosynthesized by Alternaria 

alternata [87] and antimycotic drug fluconazole showed good antifungal properties against 

Phoma glomerata Phoma herbarum, Fusarium semitectum, Trichoderma sp. and Candida 

albicans. The strongest effect was reported against Candida albicans and Phoma glomerata. 

The most used organisms in the antibacterial assessments of silver nanoparticles were human 

pathogenic bacteria such as E. coli (G-) and Staphylococcus aureus (G+). Biosynthesized 

silver nanoparticles were also successfull against fungal species Candida albicans. A brief 

overview of used organisms and antimicrobial assessment is arranged below (Table 1). 

The most used methods for the assessment of the antibacterial properties determined the 

inhibition zone on the agar plate around culture by the disc diffusion method (DDM). 

Another method for the assessment is minimum inhibitory concentration (MIC), which is 
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the lowest concentration of an antimicrobial agent that will inhibit the visible growth of a 

microorganism after overnight incubation. Minimum bactericidal concentration (MBC), an 

alternative to MIC can be also utilized. 

 

Table 1: An overview of biosynthesized silver nanoparticles and their antimicrobial assessment 

Bacteria/fungi type Ag nanoparticles 

biosynthesis with 

Antibacterial 

assessment 

Authors 

Escherichia coli  

Salmonella typhi 

Pseudomonas aeruginosa 

Klebsiella pneumoniae 

Proteus vulgaris 

 Staphylococcus aureus 

Stapyhlococcus epidermidis 

 

 

 

Streptomyces sp. 

 

 

 

DDM 

 

 

 

Shirley, Dayanand 

[67] 

Escherichia coli  

Bacillus subtilis 

Shewanella oneidensis 

 

Shewanella oneidensis 

 

DDM 

MIC 

 

Suresh, Pelletier 

[68] 

Escherichia coli  

Pseudomonas aeruginosa 

Proteus vulgaris 

Bacillus subtilis 

Bacillus cereus 

Micrococcus luteus 

 

 

Bipolaris nodulosa 

 

 

DDM 

 

 

Saha, Sarkar [70] 

Escherichia coli 

Pseudomonas aeruginosa 

Staphylococus aureus 

 

Pleurotus sajor caju 

 

DDM 

 

Nithya and 

Ragunathan [72] 

Escherichia coli  

Vibrio chloreae 

Acalypha indica MIC Krishnaraj, Jagan 

[81] 

Escherichia coli 

Pseudomonas aeruginosa 

Aspergillus flavus 

 

Argemone maxicana 

 

 

DDM 

 

 

Singh, Jain [83] 

Escherichia coli Cinnamon zeylanicum MIC Sathishkumar, 

Sneha [79] 

Escherichia coli 

Staphylococcus aureus 

 

 

Garcinia mangostana 

DDM Veerasamy, Xin 

[80] 

Escherichia coli Klebsiella 

sp. 

Proteus sp. 

Pseudomonas sp. 

 

marine micro algae 

 

DDM 

 

Merin, Prakash 

[86] 

Escherichia coli 

Pseudomonas aeruginosa 

 

 

Penicillium sp. 

 

MIC 

 

Maliszewska and 

Puzio [73] 

Escherichia coli 

 

Curcuma longa MBC Sathishkumar, 

Sneha [88] 

Escherichia coli 

Pseudomonas aeruginosa 

Aspergillus flavus 

 

Argemone maxicana 

 

 

DDM 

 

 

Singh, Jain [83] 

  

http://en.wikipedia.org/wiki/Concentration
http://en.wikipedia.org/wiki/Antimicrobial
http://en.wikipedia.org/wiki/Cell_growth
http://en.wikipedia.org/wiki/Microorganism
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Table 1 (continued)    

Escherichia coli Salmonella 

typhimurium 

Bacillus subtilis 

Enterococcus faecalis 

Candida albicans 

 

Streptomyces 

hygroscopicus 

 

DDM 

 

Sadhasivam, 

Shanmugam [85] 

Staphylococcus aureus 

Pseudomonas aruginosa 

Listeria monocytogenes 

Micrococcus luteus 

Klebsiella pneumoniae 

Alternaria alternate 

Penicillium italicum 

Fusarium equisetii 

Candida albicans 

 

 

 

Sesurium 

portulacastrum 

 

 

 

 

DDM 

 

 

 

Nabikhan, Kandasamy 

[84] 

Escherichia coli Staphylococcus 

aureus 

Pseudomonas aeruginosa 

Bacillus subtilis 

Citrobacter sp. 

Shigetta dysenteriae I 

Candida albicans 

Fusarium oxysporum 

 

 

 

Amylomyces rouxii 

 

 

 

DDM 

 

 

 

Musarrat, Dwivedi [71] 

Escherichia coli Staphylococcus 

aureus 

Bacilllus sp. 

Aspergillus niger 

 

Aspergillus niger 

 

DDM 

 

Jaidev and Narasimha 

[69] 

Phoma glomerata 

Phoma herbarum 

Fusarium semitectum 

Trichiderma sp. 

Candida albicans 

 

 

Alternaria alternata 

 

 

DDM 

 

Gajbhiye, Kesharwani 

[87] 

Escherichia coli Staphylococcus 

aureus 

Klebsiella pneumoniae 

Bacillus cereus 

Candida albicans 

Candida krusei 

Candida tropicalis 

 

 

 

Moringa oleifera 

 

 

 

DDM 

 

 

 

Prasad and Elumalai [82] 

Escherichia coli Staphylococcus 

aureus 

Mentha piperita DDM MubarakAli, Thajuddin 

[89] 

Escherichia coli Staphylococcus 

aureus 

Salmonella typhi 

Candida albicans 

 

Cryphonectria sp. 

 

DDM 

Dar, Ingle [78] 

Escherichia coli Staphylococcus 

aureus 

Aloe vera DDM Zhang, Cheng [90] 

Escherichia coli Staphylococcus 

aureus 

Bacillus subtilis 

Proteus subtilis 

Artemitia nilagirica  

DDM 

Vijayakumar, Priya [91] 
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2.2.2 Gold nanoparticles 

Antifungal properties of gold nanoparticles t against fungal species Microphyton 

gypseum and Trichophyton rubrum were described by Vinay Gopal et al. [92]. These 

nanoparticles of various shapes were synthesized with Streptomyces sp. VITDDK3 and their 

size was around 90 nm. Gold nanoparticles biosynthesized with fungus Trichoderma viride 

cause an inhibition growth of E.coli and Stapylococcus aureus cultures. These nanoparticles 

bound with vancomycin drug were effective against vancomycin-resistant Staphylococcus 

aureus and vancomycin- sensitive Staphylococcus aureus [93]. The particle size ranged from 4 

to 15 nm.  

The biosynthesis of gold nanoparticles by brown alga Stoechospermum marginatum [94] 

was studied. Nanoparticles proved antibacterial properties against wide range of bacteria 

such as Enterobacter faecalis, Vibrio parahaemolyticus or Klebsiella pneumoniae. The best 

effectiveness was reported on Enterobacter faecalis and the feeblest effects were registered 

at Klebsiella pneumoniae. One point, which can have an influence to the antimicrobial 

effects is that these nanoparticles have large size distribution. An average size is around 100 

nm, which can be caused by the present of bio-organics in the Stoechospermum marginatum. 

As in the case of silver nanoparticles, the gold nanoparticles can be prepared using the 

plant extracts. For example, gold nanoparticles with size distribution around 45-75 nm were 

synthesized using aqueous solution of Abelmoschus esculentus. The antifungal properties 

were confirmed against four pathogenic microorganisms Puccinia graminis tritci, 

Aspergillus flavus, Aspergillus niger and Candida albicans [95]. Combined antibacterial and 

antifungal properties prove gold nanoparticles synthesized using banana peel extract [96]. 

Banana peel extract itself did not show any antifungal or antibacterial properties. However, 

after the addition of HAuCl4 precursor the gold nanoparticles are reduced, and the final 

composite showed antimicrobial properties against Candida albicans, Enterococcus 

aerogenes or E. coli. Nanoparticles biosynthesized employing fungi Rhizopus oryzae [97] 

affected growth of the bacterial and fungal cultures such as Candida albicans, Sacharomyces 

cerevisiae or Salmonella sp. Additionally, antimicrobial effects were shown after 30 min of 

supplementation and there was noticed visible reduction of colony number. The antibacterial 

activity against E. coli and Staphylococcus aureus proved gold nanoparticles biosynthesized 

with Mentha piperita [89]. Antibacterial effect against E. coli was higher than against 

Staphylococcus aureus. A brief overview of used organisms and antimicrobial assessment 

of biosynthesiozed gold nanoparticles is arranged below (Tab. 2). 
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Table 2: An overview of biosynthesized gold nanoparticles and their antimicrobial assessment 

Bacteria/ fungi type Au nanoparticles 

biosynthesis with 

Assessment Authors 

Escherichia coli 

Staphylococcus aureus 

Pseudomonas aeruginosa 

Bacillus subtilis 

Salmonella sp. 

Saccharomyves cerevisiae 

Candida albicans 

 

 

 

Rhizopus oryzae 

 

 

 

DDM 

 

 

 

Das, Das [97] 

Escherichia coli 

Pseudomonas aeruginosa 

Proteus vulgaris 

Enterobacter aerogenes 

Citrobacter kovari 

Klebsiella sp. 

 

 

banana peel extract 

 

 

DDM 

 

 

Bankar, Joshi [96] 

Escherichia coli 

Pseudomnoas aeruginosa 

Klebsiella pneumoniae 

Proteus vulgaris 

Salmonella typhii 

Enterobacter faecalis 

Klebsiella oxytoca 

Vibrio chlorae 

Vibrio parahaemolyties 

 

 

 

 

Stoechospermum 

marginatum 

 

 

 

 

DDM 

 

 

 

 

Arockiya Aarthi 

Rajathi, Parthiban [94] 

Escherichia coli 

Staphylococcus aureus 

Mentha piperita DDM MubarakAli, Thajuddin 

[89] 

Puccinia graminis tritci 

Aspergillus flavus 

Aspergillus niger 

Candida albicans 

 

Abelmoschus 

esculentus 

 

DDM 

 

Jayaseelan, Ramkumar 

[95] 

Microphyton gypseum 

Trichophyton rubrum 

Streptomyces sp. DDM Vinay Gopal, 

Thenmozhi [92] 

Escherichia coli 

Staphylococcus aureus 

Trichoderma viride DDM Mohammed Fayaz, 

Girilal [93] 

 

2.3 Medicinal applications of silver and gold nanoparticles 

In hospitals, the infection is the most common cause of complications during treatment 

and can lead to the patient’s death. Therefore, the antibacterial activity of silver has been 

used in many medical applications [57, 58]. 

Catheters applied in neurosurgery are used to drain the excess cerebrospinal fluid, which 

can cause cerebral hypertension. These catheters are susceptible to the bacterial infection, 

which can quickly spread to the brain and adjacent meninges. The organisms responsible for 

such infection are Staphylococcus aureus, Staphylococcus epidermidis and Pseudomonas 

aeruginosa. In vitro studies of catheters with silver nanoparticles showed prolonged 

antibacterial effect, which lasted at least 6 days, moreover with a significant decrease of 
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bacteria Staphylococcus aureus. Therefore, the silver nanoparticles can be used in 

conventional neurosurgical processes as the main antibacterial agent, which may prevent 

complications during surgery [61]. 

Nanocrystalline silver wound dressings are over 10 years on the market for casual use 

(Tab. 3), but it is still clinically studied for the treatment of many injuries such as burns, 

toxic epidermal necrolysis1, Stevens-Johnson syndrome2 and pemphigus3. Typical dressings 

consist of two layers of the polyethylene surrounding polyester gauze. Dressings containing 

silver nanoparticles are composed of a 900 nm thin film of the silver nanoparticles with sizes 

from 10 to 15 nm, which is applied to a layer of polyethylene. Randomized clinical trials 

evaluated the therapeutic properties of wound dressings with the silver nanoparticles and 

their comparison with the conventional silver sulfadiazine dressings and gauze used during 

the burns treatments. Nanocrystalline silver visibly reduced healing time, and also prevented 

the growth of bacteria from the infected wounds. Adverse effects were not detected. Another 

experiment studied silver nanoparticles wound dressing in the treatment of second degree 

burns. Test showed a reduction in the treatment time but the results were identical with 

bandages with 1% silver sulfadiazine. That suggests the silver accelerate re-epithelization, 

but the influence to the proliferation or angiogenesis was not found [61]. 

Table 3: Medical products with silver nanoparticles in commercial utilization [61] 

Product Company Description Clinical uses 

ActicoatTM Smith & Nephew Nanocrystalline silver 

wound dressing 

Burns, ulcers 

Silverline® Spielberg Polyurethane ventricular 

catheter with silver 

nanoparticles 

Drain of CSF for 

hydrocephalus 

SilvaSorb® Medline 

Industries and 

AcryMed 

Antibacterial product such 

as hand gel 

Disinfection of the 

skin 

On-Q Silver 

SoakerTM 

I-Flow 

Corporation 

Catheter coated by silver 

nanoparticles for drug 

delivery 

Delivery of the 

medication 

 

In vivo and in vitro study of nanocrystalline silver used in wound dressing showed that 

dressings improve healing of injuries which can predict the potential anti-inflammatory 

                                                           
1 Toxic epidermal necrolysis =  a dermatological disease often caused by an allergic reaction to    

the medication 
2 Stevens-Johnson syndrome = an acute bullous disease 
3 Pemphigus = an autoimmune disease of the skin and mucous membranes 
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effects. Nanocrystalline silver significantly reduced erythema4 in comparison with steroids 

or immunosuppressant [58]. Anti-inflammatory effects of nanosilver may be arranged by 

reduction of cytosine and by reducing infiltration of lymphocytes and mast cells [61].  

The biosynthesis experiments with fungi Fusarium solani showed that biogenic silver 

nanoparticles can be subsequently attached to the cotton fabrics. Bleached cotton fabrics 

were impregnated with colloidal silver solution and pressed. The efficiency against 

pathogenic bacteria Staphylococcus aureus and E. coli roughly decreased to 50% after 20 

washes. The decrease was decrease by incorporation of the commercially available bonding 

agent during the impregnation process. Thus, after 20 washes, the material still showed good 

bactericidal activity against Staphylococcus aureus (94%) and Escherichia coli (85%) [75]. 

The gold nanoparticles also showed the antibacterial properties, but a stronger effect was 

proved in combination with polymers. Polysiloxan polymers containing embedded 

methylene blue (MB) and gold nanoparticles showed antibacterial effects against MRSA and 

E. coli. This type of polymer belongs to light activated antimicrobial agent. After the 

exposition to light - laser, antibacterial effectiveness was observed. Samples with only MB 

showed antibacterial properties, on the other hand gold nanoparticles itself did not prove any 

antibacterial effects. The strongest antibacterial effects were reported in cooperation of gold 

nanoparticles and the polymer. Thus, gold nanoparticles can create synergistic effects with 

MB- containing polymer to inhibit the bacterial growth. These features can be used in fight 

against catheter- related infections [98].  

  

                                                           
4 Erythema = a redness of the skin due to injury 
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EXPERIMENTAL PART 

1 Methods and material 

1.1 Biosynthesis using Diadesmis gallica 

Diatom cultures (Diadesmis gallica CCALA 766; DG) were acquired from the Culture 

Collection of the Centre of Algology in Třeboň, Biology Centre of AS CR, Institute of 

Hydrobiology, Czech Republic. Strains were aseptically cultivated in 1 L and 2 L 

Erlenmayer flasks with cotton plugs. Flasks contains WC medium (Guillard and Lorenzen, 

1972) into which water glass (Na2SiO3∙9H2O) was added. The conditions at the growth 

chamber (KBN-240, Binder, Germany) were controlled to 23°C and 16 h/8 h light/dark 

cycle. Before the beginning of the experiment, the cultures were decanted into fresh medium 

and were grown for approximately 4 weeks to reach a stationary grow phase. Experiments 

were managed to confirm the role of diatoms in synthesis of silver and gold nanoparticles 

from aqueous solutions of their salts:  

- 10 mL of 4 weeks old diatom culture in WC medium to form DG+Au+Ag composite 

was added to 10 mL of HAuCl4 solution (0,001 M) and 10 mL AgNO3 solution 

(0,001 M) 

- 20 mL of 4 weeks old diatom culture in WC medium to form DG+Ag composite was 

added to 20 mL of AgNO3 solution (0,001 M) 

The suspensions in flasks were incubated in laboratory conditions (moderate light, 

23°C). Before drying, samples were washed (3x) by deionized water to eliminate the 

presence of medium and precursor residues. Subsequently samples were dried at 36°C for 

24 hours (Fig. 6). 

 

Fig. 6: An illustration photo of final powder samples; from the left: DG+Ag, DG+Au+Ag 
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1.2 Methods used for the examination of bionanocomposite 

1.2.1 Elemental analysis 

Samples were investigated by means atomic absorption spectrometer (AAS) Carl Zeiss 

AA3 (Jena, Germany) at the Faculty of Nature, Charles University in Prague (Czech 

Republic). The samples were homogenized and weighed directly into 10 mL volumetric 

flasks. Subsequently, nitric acid and hydrochloric acid were added to transfer metals into the 

solution. After the dissolution of the samples, deionized water was added. Metal 

concentrations were measured with the reference to appropriate standards. 

1.2.2 Transmission electron microscopy (TEM) 

Gold and silver nanoparticles were characterized by transmission electron microscope 

FEI Morgagni (standard tungsten filament) with side-entry CCD camera MegaView III  

and iTEM imaging software at Institute of Cellular Biology and Pathology, Charles 

University in Prague (Czech Republic). Samples were resuspended in isopropanol and 

applied on carbon/formvar coated mesh copper grids. Image analysis of biosynthesized 

nanoparticle size distribution was performed by JMicroVision program. At least 200 

nanoparticles from TEM micrographs underwent the image analysis per sample. Histograms 

were created by MATLAB software. 

1.2.3 X-RAY powder diffraction (XRPD) 

The XRPD patterns were recorded under CoKα irradiation (λ = 1.789 Å) using the 

Bruker D8 Advance diffractometer (Bruker AXS) equipped with a fast position sensitive 

detector VÅNTEC 1. Measurements were carried out in the reflection mode, powder 

samples were pressed in a rotational holder, goniometer with the Bragg-Brentano geometry 

in 2 θ range from 3 to 75, step size 0.03° was used. Phase composition was evaluated using 

database PDF 2 Release 2004 (International Centre for Diffraction Data). 

1.3 Bacterial strains 

Gram positive bacteria Bacilus cereus CCM 98 (9.3∙109 CFU/ml), Staphylococcus 

aureus CCM 299 (1.3∙1011 CFU/ml) and Streptococcus agalactiae CCM 6187  

(5.1∙1010 CFU/ml) were obtained from Czech Collection of Microorganisms (Brno, Czech 

Republic). They were cultivated onto the agar plate at 37°C. 

 

http://lge.lf1.cuni.cz/eindex.php
http://lge.lf1.cuni.cz/eindex.php
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1.4 Antibacterial activity assessment 

Minimum inhibition concentration (MIC) on the agar plate were determined [99]. 

Testing suspensions were prepared using 1.12 % wt., 3.3 % wt. and 10 % wt. of DG+Ag 

(DG+Ag+Au respectively). The preparation of the suspensions and the testing of the 

antibacterial activity of the two composites were carried out as follows: 

- 0.05 g of DG+Ag sample and 0.05 g of DG+Ag+Au sample were weighed out into 

the Eppendorf flasks 

- 450 μL of PBS (phosphate buffer saline) was subsequently added to create  

10 %. wt. of bionanocomposite  

- to prepare the solutions with 3.3 % wt. 167 μL from the previous solution was taken 

to eppendorf flasks with 330 μL of PBS  

- for preparation of solutions with 1.12 % wt. 167 μL from the previous solution was 

taken to eppendorf flasks with 330 μL of PBS  

- 100 μL of bacterial cultures were added to all samples 

- part of the solutions with cultures of bacteria was left in stationary position in 

laboratory conditions (23°C, moderate light) for 24 hours, remaining part of 

solutions was agitated in horizontal shaker with shaking speed of 400 rpm in 

laboratory conditions (23°C, moderate light) for 24 hours 

- after 24 hours solutions were applied onto agar plates and subsequently incubated at 

37°C 

- samples were evaluated after 24, 48 and 72 hours 

  



34 
 

2 Results 

2.1 Characterization of bionanocomposite 

2.1.1 Elemental analysis 

For qualitative assessment of nanoparticles amounts absorbed within the 

nanocomposite, method of AAS was used. Spiking method for the general evaluation was 

chosen, this method eliminates the influence of the sample matrix. AAS analysis confirmed 

the presence of silver and gold nanoparticles in the samples, which corresponds with TEM 

images and X-RAY results. The amount of silver nanoparticles in both samples is 

approximately the same. The amount of gold nanoparticles in the sample DG+Au+Ag is 

remarkably higher than quantity of silver (Table 4). 

Table 4:  Elemental analysis of samples by AAS 

Sample Ag (% wt.) Au (% wt.) 

DG+Ag 0.20 ±0.03 - 

DG+Ag+Au 0.17±0.02 1.83±0.04 

 

2.1.2 Transmission electron microscopy (TEM)  

TEM micrographs confirmed spherical shape of biosynthesized nanoparticles. The 

synthesized nanoparticles are adhered on diatom frustules (Fig. 7a) and also in EPS net (Fig. 

7b in detail). In the case of DG+Au+Ag samples, it is not possible to recognize the nature of 

single nanoparticles. 

 

Fig. 7: TEM images of silver nanoparticles on diatom frustules 



35 
 

 

 

Fig. 8: TEM images of silver and gold nanoparticles on diatom frustules 

 

The size of biosynthesized silver nanoparticles ranges around 20 nm (Fig. 9). The size 

of silver and gold biosynthesized nanoparticles in the mixture is slightly greater around 20-

25 nm (Fig. 10). At least 200 nanoparticles were used from TEM images to analyze their 

size distribution. 

 

Fig. 9: Histogram of size distribution of nanoparticles in the DG+Ag sample  
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Fig. 10: Histogram of size distribution of nanoparticles in the DG+Au+Ag sample  

 

2.1.3 X-RAY powder diffraction (XRPD)  

In the sample DG+Ag, the presence of cubic silver (Ag; PDF number 87-0720) and its 

oxidized form (AgO; PDF number 76-1489) were confirmed. This phenomenon can be 

explained by the fact that part of the silver nanoparticles is oxidized and part remained in 

crystalline form. This corresponds with the general assumption that silver is sensitive to the 

presence of oxygen and may be easily oxidized [100].  

The presence of AgO was also confirmed in the sample DG+Au+Ag, but the most 

significant peaks are suits to the cubic silver (111), (200) and gold (Au; PDF number 65-

2870; (111), (200). The intensity of the Ag and Au peaks is higher, than peaks in DG+Ag 

sample, because both elements gold and silver can contribute to the peak height. Oxidized 

forms of gold were not found, because gold exhibits a higher stability [101].  

The diffraction lines between 20° to 30° 2θ angle show the presence of silica which 

corresponds to the silica shells of diatoms. Boundary peaks around 32° and 54° 2θ angle also 

belongs to silica. XRPD showed that the samples are slightly crystalline and do not contain 

many crystal domains in which diffraction can occur. 

Fig. 11 shows two XRPD patterns of both DG samples. The blue diffractogram belongs 

to DG+Ag sample, black diffractogram represents DG+Au+Ag sample.  
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Fig. 11: Diffractograms of bionanocomposite samples 
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2.2 Antibacterial activity assessment 

Bionanocomposite with 1.12 % wt. of Ag and Ag/Au did not show antibacterial effects 

in any of the selected bacterial cultures, probably due to small concentration of nanoparticles 

in the samples. Thus, there is no available number of particles that would cause visible 

inhibition of bacterial growth.  

After the first day of incubation samples with 3.3% wt. of Ag and Ag+Au already 

showed antibacterial effects, although not in all bacterial cultures. Negative results were 

observed in bacterial species Staphylococcus aureus. Reduction of the number of selected 

bacterial species became evident after three days for both samples with 3.3 % weight 

concentration of Ag and Ag/Au left in stationary position and for the samples left in a shaker. 

Total inhibition was not observed at this concentration.  

Composites with 10 % weight concentration of Ag and Ag+Au confirmed their 

antibacterial effects in all bacterial species in terms of reducing the number of bacteria (100% 

inhibition of growth). Utilization of Ag+Au bionanocomposite showed  

100% inhibition already after the first day of incubation at Staphylococcus aureus and 

Streptococcus agalactiae.  

DG+Au+Ag bionanocomposites exhibit higher antibacterial activity after the first day 

of incubation than samples with Ag bionanocomposites. Thus, the combination of gold and 

silver nanoparticles can exhibit better antimicrobial properties than the samples with silver 

nanoparticles only. The combined effect of both types of nanoparticles can increase their 

number, which reacts with the bacterial cells. Samples left in shaker show lower antibacterial 

activity against bacterial colonies then samples left in stationary position, because conditions 

in the shaker were probably better for the bacteria growth. Summary of results are arranged 

in the following tables. 
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Table 5: Minimum inhibitory concentration assessment, DG+Ag 

Day 1 2 3  

Concentration (% wt.) 1.12  3.3     10  1.12  3.3  10  1.12  3.3  10    

Position Bacteria culture  

 

Stationary position 

 

Ag 

Bacillus cereus          

Staphylococcus 

aureus 

         

Streptococcus 

agalactiae 

         

 

Shaker 

 

Ag 

Bacillus cereus          

Staphylococcus 

aureus 

         

Streptococcus 

agalactiae 

         

 

     Negative                         Slowing down                         100% inhibition 

 

 

Table 6: Minimum inhibitory concentration assessment, DG+Au+Ag 

Day 1 2 3  

Concentration (% wt.) 1.12  3.3     10  1.12  3.3  10  1.12  3.3  10    

Position Bacteria culture  

 

Stationary position 

 

Ag 

Bacillus cereus          

Staphylococcus 

aureus 

         

Streptococcus 

agalactiae 

         

 

Shaker 

 

Ag 

Bacillus cereus          

Staphylococcus 

aureus 

         

Streptococcus 

agalactiae 

         

 

     Negative                         Slowing down                         100% inhibition 

 

 

 



40 
 

3 Discussion 

The attention of scientists and companies have recently turned to the use of metal 

nanoparticles as antimicrobial agents, because of the increasing incidence of multi-drug 

resistant bacteria that do not respond to common antibiotics [61, 77, 102]. Production of 

nanoparticles by conventional chemical and physical processes can be expensive and 

environmentally harmful. Therefore, the new preparation processes of nanoparticles such as 

biosynthesis using the living organisms are studied [7, 23, 24].  

This thesis is devoted to the preparation of composite containing gold and silver 

nanoparticles using diatoms and its antibacterial assessment. The bionanocomposite 

characterized by electron microscopy and analytical methods. The utilization of transmission 

electron microscopy confirmed the presence of gold and silver biosynthesized nanoparticles 

on diatoms frustules or in the immediate surrounding area. The average size of particles was 

around 20 nm without any bigger aggregated structures. Qualitative analysis by means of X-

ray powder diffraction confirmed the presence of gold and silver in crystalline form, as well 

as the occurrence of oxidized silver in the form of silver oxide. In the contrast, results from 

atomic absorption spectroscopy provided quantitative analysis of precise metal content in 

both samples. The silver content in biocomposite is in good agreement with the previously 

published data [103]. The lower gold content (in comparison to the aforementioned study) 

can be caused by different condition of simultaneous reduction with the silver ions. In 

general, microscopic and analytical characterization proved that: (1) both samples contain 

crystalline metal nanoparticles with the mean diameter from 20 to 25 nm; (2) these 

nanoparticles are either gold or silver with the occasional occurrence of silver oxide (most 

likely in the oxidized layer on the surface of nanoparticles); (3) there are no other bulky 

metal structures and both metals are very likely present in nanoform; (4) even though the 

amount of silver is rather low in the samples (~ 0.2%), the diatom frustules are relatively 

homogenously covered with nanoparticles with the large active surface. 

The main objective part of this thesis was to design and evaluate assessment method for 

the study of antibacterial effects of bionanocomposite containing silver nanoparticles and 

gold nanoparticles in. More specifically, the assessment aimed to the contribution of gold 

nanoparticles to the overall antimicrobial effect of the bionanocomposite. Therefore, the 

comparison of antibacterial effectiveness of biocomposite containing only silver 

nanoparticles and bimetallic silver-gold composites was performed. Previous studies showed 

no or very weak effect of gold nanoparticles on the bacterial cultures  
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growth [104, 105]. This particular bionanocomposite containing gold nanoparticles has been 

also previously tested without any antimicrobial effectiveness [103]. 

According to the MIC method results, samples containing both Au and Ag nanoparticles 

exhibit stronger antibacterial properties than samples containing silver nanoparticles only. 

This confirms the hypothesis that gold nanoparticles support the effect of antibacterial 

properties of the silver. The synergistic effect can be caused by different type of nanoparticle 

interaction with or within the cell. These theories have to be unveiled and investigated by 

the future studies. However, this thesis shows another possible direction for the antimicrobial 

agents in order to get more efficient bactericidal materials. The best of my knowledge, this 

study is the first one describing the effect of biosynthesized bimetallic nanocomposites on 

the bacterial culture. 

This study also demonstrated another obvious advantage of the biosynthesis. Unlike the 

other chemical or physical method, biocomposite containing two types of metal 

nanoparticles can be synthesized in one single step. The method is cheap, extremely fast and 

easy to perform. On the other hand, one has to count with more time consuming biomass 

cultivation step.   

Based on the results in this study, the composite (either silver or bimetallic) is very 

promising for the utilization in many medicinal applications such as water purification 

(disinfection) system [106], purification membranes [107], antimicrobial coating [108] or in 

a modified form as an antiseptic gel for medical or laboratory instruments [109]. 
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CONCLUSIONS 

This bachelor thesis addresses the following aims: 

- comprehensive and lucid literature review focused on the topic of antimicrobial 

nanomaterials, their utilization in medicine and possible mechanism of their action is 

presented within the theoretical part antibacterial properties of bionanocomposites were 

tested 

- bionanocomposites containing silver and both silver and gold nanoparticles was 

prepared and characterized by means of electron microscopy and analytical methods  

- antibacterial assessment of both types of bionanocomposites was performed using the 

MIC method 

- performed tests lead to the important conclusion that gold nanoparticles have synergistic 

effect with the silver nanoparticles and bimetallic composite is therefore more efficient 

for the antimicrobial applications 

- regarding the antimicrobial assessment results, simplicity and costs of the 

nanocomposite preparation and particular importance of this topic, further utilization of 

as prepared composite seems to be very feasible and promising. 
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