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Short abstract 

Keywords: silver nanoparticles, stability, antibacterial effect, growth media, B. subtilis 

Nanotechnology opens up a whole universe of new possibilities for applications in the 

agricultural, feed and food industry. However, there is no consensus on the antibacterial 

effect of silver nanoparticles (AgNPs). Contradictory results are reported and a lot of 

scientific papers do not even mention important parameters like the composition of the used 

growth medium or the stabilization mechanism. In this research, the stability, hence the 

toxicity, of different sized sodium citrate, PVP and BPEI stabilized AgNPs was therefore 

investigated in LB and modified M9 medium towards B. subtilis. Visual observations and UV-

Vis, DLS and TEM measurements showed that sodium citrate stabilized AgNPs had the 

lowest stability, followed by PVP and BPEI stabilized particles. When the AgNPs were mixed 

with the media, aggregates were formed meaning the particles are not stable in these media. 

TEM images of 10 nm and 100 nm PVP stabilized particles brought into LB medium 

displayed a disappearance of the particles while the particles in M9 medium formed large 

clusters. This instability has an effect on the toxicity of the AgNPs obtained via OD 

measurements. The less stable sodium citrate particles had a lower lethal effect than the 

PVP stabilized AgNPs. A lethal effect was only reached in M9 medium. Probably the 

released Ag+ ions formed insoluble products with the ions in the LB medium, resulting in a 

lower toxicity. Concluding, the observed antibacterial effect of AgNPs towards B. subtilis is 

strongly influenced by the used growth medium and the stability mechanism of the AgNPs. 

 

  



 

 

 

Korte samenvatting 

Kernwoorden: zilvernanopartikels, stabiliteit, antibacterieel effect, groeimedia, B. subtilis 

Nanotechnologie opent een nieuwe wereld van mogelijkheden in de landbouw-, veevoeding- 

en voedingsindustrie. Er is echter nog geen consensus bereikt over het antibacterieel effect 

van zilvernanopartikels (AgNPs). Meerdere wetenschappelijke artikelen geven tegenstrijdige 

resultaten waarin belangrijke parameters zoals het gebruikte groeimedium en het gebruikte 

stabilisatiemechanisme niet worden vermeld. Daarom werd in deze thesis de stabiliteit en de 

toxiciteit van verschillende groottes natriumcitraat, PVP en BPEI gestabiliseerde 

nanodeeltjes in LB en gemodificeerd M9 medium in kaart gebracht. Technieken zoals UV-

vis, DLS en TEM en visuele observaties toonden aan dat natriumcitraat gestabiliseerde 

deeltjes het minst stabiel waren, gevolgd door PVP en BPEI gestabiliseerde deeltjes. 

Wanneer de AgNPs in de groeimedia gebracht werden, volgde er een directe 

aggregaatvorming. Op TEM beelden van de 10 en 100 nm PVP gestabiliseerde deeltjes in 

LB medium was te zien dat de deeltjes leken te verdwijnen, terwijl in M9 medium de deeltjes 

grote clusters vormden. Dit betekent dat de deeltjes niet stabiel zijn in deze media, wat een 

gevolg heeft voor de toxiciteit van de AgNPs. Via OD-metingen werd dit duidelijk gemaakt. 

De minder stabiele natriumcitraat deeltjes oefenden een minder lethaal effect uit op B. 

subtilis dan de deeltjes die via PVP gestabiliseerd waren. Ook werd enkel een lethaal effect 

in het M9 medium bereikt. Hoogstwaarschijnlijk vormden de vrije Ag+-ionen onoplosbare 

producten met de aanwezige ionen in het LB medium resulterend in een mindere toxiciteit. 

Er kan geconcludeerd worden dat het antibacterieel effect van de AgNPs sterk beïnvloed 

wordt door het gebruikte groeimedium en stabilisatiemechanisme van de AgNPs. 
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1 Introduction 

1.1 Problem statement and research objectives 

Nanotechnology is an area of emerging interest and it opens up a whole universe of new 

possibilities for applications in different industries. Silver nanoparticles (AgNPs) have been 

developed and broadly used for various applications especially because of their antimicrobial 

effects. While the unique physicochemical properties of nanoparticles make the applications 

an interesting prospect, questions arise about their toxicity towards the environment and 

human health… For example what will happen when they end up in wastewater treatment 

systems? Will they attack the active sludge? Or when they end up into the soil, will they kill 

plant promoting bacteria or plant pathogens? It are these safety concerns that need to be 

addressed. The rapid growth in commercialization ensures that nanoparticles are more 

exposed in the environment. For example, when fabrics with AgNPs included are washed or 

when it rains on building facades with AgNPs, there is a possibility that the nanoparticles are 

released into the environment.  

A large number of studies has been done to research the antibacterial effect of silver (both 

silver ions and AgNPs) towards a large diversity of different environmental and clinically 

relevant bacteria. However, some results are contradictory and the reported effect varied in 

different studies with the inhibition concentration ranging from several to hundreds of mg/L.  

Our hypothesis is that the difference in test conditions, especially the growth medium used in 

the toxicity test, was possible the main reason for the diverse levels of toxicity. A lot of 

scientific papers do not even mention the composition of the growth medium or the 

stabilization mechanism of the used AgNPs. There are still a lot of uncertainties about the 

physicochemical form of the AgNPs during and after exposure in complex media. 

Previous (unpublished) results of De Leersnyder et al. showed that the influence of medium 

components cannot be neglected in toxicity studies towards silver ions. It was clearly proven 

that the Ag+ observed toxicity to Bacillus subtilis (B. subtilis) decreases as more S2-, tryptone, 

or yeast extract were added to the growth medium. This effect was probably due to the 

generation of precipitates and silver complexes, resulting in the lower toxicity in these media.  

The scope of this thesis is to research to what extent the medium has an influence on the 

stability, hence the toxicity, of the AgNPs to B. subtilis. Aggregation has an impact on the 

toxicity of the nanomaterials; this is why aggregation must be avoided and why stabilization 

is important. It is important to consider the influence of the used stabilizator, the influence of 

size and of course the influence of the components in the medium.  
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1.2 Experimental approach 

AgNPs can be divided into different categories, namely based on their shape, their size and 

their stabilization mechanism. This thesis focuses on the most commonly used spherical 

shaped nanoparticles, in sizes of 10 nm and 100 nm. The three different stabilization 

mechanisms will be compared: steric, electrostatic and electrosteric. There will be a 

comparison in brands of one type of purchased AgNPs as well. The following nanoparticles 

will be compared. Sodium citrate (NaC, electrostatic stabilization) stabilized nanoparticles of 

the sizes 10 and 100 nm. Nanoparticles stabilized with polyvinylpyrrolidone (PVP, steric 

stabilization), sizes 10 and 100 nm and branched polyethylenimine (BPEI, electrosteric 

stabilization) stabilized nanoparticles with size 100 nm. The 10 nm sized particles stabilized 

with sodium citrate of two different brands were compared (Sigma ® and Nanocomposix ®). 

All other AgNPs have the same brand: Nanocomposix ®.  

The first part of this thesis will be to test the stability of the AgNPs with different stabilization 

mechanisms in different growth media over time. These different media are the defined 

minimal medium M9 and the undefined complex medium Luria-Bertani (LB). A possible 

change in color through time, which indicates change of stability and aggregation state of the 

particles, will be measured by UV-Vis spectrophotometry. Dynamic Light Scattering (DLS) 

and TEM measurements will be used as confirmation. DLS measures the size distribution of 

the particles in suspension. TEM is a high-resolution microscopy technique that allows the 

visualization of the AgNPs. These results will be compared, allowing to make a conclusion of 

the stability of the different types of silver particles in the different media. 

The second part of the thesis will be to test the toxicity of the AgNPs towards the  

Gram-positive model organism B. subtilis in different growth media. The antibacterial effect 

will be analyzed by Optical Density (OD) measurements. Turbidity or OD is the amount of 

light absorbed by the bacterial suspension and is directly related to the number of bacteria 

present, dead or alive. A bacterial growth curve can be obtained by plotting turbidity versus 

the incubation time. It is a convenient method and it enables a rapid screening of the cell 

growth rate of bacteria. In this study this technique was used as a fast screening to identify 

the effect of the medium on the antibacterial effect of different types of AgNPs.  
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2 Literature review 

2.1 Nanomaterials 

2.1.1 General 

According to the European Commission the definition of a nanomaterial is: “A natural, 

incidental or manufactured material containing particles, in an unbound state or as an 

aggregate or as an agglomerate and where, for 50 % or more of the particles in the number 

size distribution, one or more external dimensions is in the size range 1 nm - 100 nm.” 

(Commission, 2011). 

Nowadays, nanomaterials are used widespread in different areas. According to the European 

Food Safety Authority, nanotechnology is frequently used in the agricultural, feed and food 

sector. In 2014, they have published a report called ‘Inventory of nanotechnology 

applications in the agricultural, feed and food sector’. This is an inventory of all records of the 

most used nanomaterials in the most common types of applications. Nanomaterials are not 

only used in the food sector, but also in industrial applications, consumer products such as 

clothes, sunscreens, cosmetic products, children’s toys and a variety of medical applications 

(Schaumann et al., 2015). The results show that silver is one of the most frequently used 

nanomaterial in the agricultural, feed and food sector. Due to the antibacterial, antifungal and 

antiviral properties of silver, it is incorporated not only in food relevant applications such as 

an additive in food contact materials, but also into other products range from burn treatment 

to paintings (Peters et al., 2014). AgNPs will be discussed in paragraph 2.2. 

2.1.2 Characteristics 

Nanomaterials are structures sized between 1 and 100 nm in at least one dimension. 

Compared with bulk materials, nanoparticles have different physicochemical characteristics 

due to their small sizes. These differences include changes in material strength, color (optical 

characteristics) and the surface-to-volume ratio, as seen on Figure 1 (Safety, 2010). 

 

Figure 1 Illustration of a smaller particle size and corresponding large surface area  

(Safety, 2010) 
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Materials reduced to the nanoscale can show different properties compared to what they 

exhibit on a macroscale, enabling unique applications. With the decrease of particle size, an 

increased surface area is observed. The larger surface area allows the increase of the 

surface-to-volume ratio and leads to an increasing surface area available for solvation. So a 

reducing particle size leads to a faster dissolution (Oberdörster et al., 2005). Metal 

nanoparticles, sometimes referred to as plasmonics, show typical optical characteristics. 

They are efficient at absorbing and scattering light. For example, spherical AgNPs are yellow 

due to the plasmon resonance in the blue region of the spectrum. The reason why they 

exhibit such colors is because of surface plasmon resonance (SPR). Specific wavelengths of 

light can drive the conduction electrons in the metal to collectively oscillate (Figure 2) 

(Nanocomposix, 2016).  

 

Figure 2 Schematic of SPR.  

The free electrons are driven to oscillation and as a result the nanoparticles exhibit a specific color 

(Nanocomposix, 2016) 

2.1.3 Types of nanoparticles 

Nanoparticles can be divided into two different categories. The first category is by core 

structure. This core can vary in size and shape, e.g. nanocubes, rods, nanospheres and 

triangular nanoplates, in sizes ranging from for example 10 nm to 100 nm (Levard et al., 

2012).  

The second category is based on the difference in shell structure, consisting of organic or 

inorganic components which are coated on the nanoparticles. A few examples of these are 

citric acid, polysaccharides, proteins and polymers as organic coatings and sulfide, chloride 

and borate as inorganic coatings (Sharma et al., 2014). Figure 3 gives an overview of the 

different core-shell structures. 
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Figure 3 Core-shell structure of a silver nanoparticle  

(Levard et al., 2012) 

The second category is thus the way of stabilization. If nanoparticles are stabilized, 

aggregation through adsorption or attachment of organic compounds is avoided. This 

stabilization is established by molecules on the surface of the particles (called capping 

agents), this is by electrostatic, steric or electrosteric repulsion. Electrostatic repulsion is due 

to a surface charge of the nanoparticles. The presence of charged hydroxo, -oxo, or sulfide 

groups on the particle surface ensures that nanoparticles that are brought close via Brownian 

diffusion will repel each other. Of course this only happens when the charge is strong enough 

to overcome attractive forces (e.g. van der Waals). Electrostatic repulsion can be achieved 

by using for example citrate as a capping agent. Steric stabilization arises from the presence 

of polymers attached to the surface of nanoparticles, this gives a ‘brush-like’ layer. When two 

steric stabilized nanoparticles approach each other, the polymer layer reduces the 

translational and rotational degrees of freedom. This is a loss in entropy, which is 

unfavorable. Steric repulsion can be achieved by using for example PVP as a capping agent. 

A last option of stabilization is through electrosteric repulsion. This is a combination of steric 

stabilization polymers with additional charged groups. Polyelectrolytes are mostly used for 

this type of stabilization, an example is BPEI (Levard et al., 2012). An overview of the 

different stabilization forms can be seen in Figure 4. 

 

Figure 4 Three possible forms of stabilization.  

From left to right: steric, electrostatic and electrosteric stabilization, modified (Morfesis, 2010) 
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2.2 Silver nanoparticles 

2.2.1 General 

AgNPs have attracted more attention lately due to their unique chemical, biological and 

physical properties. Those properties make them useable in for example medical imaging. 

The AgNPs show a broad spectrum bactericidal and fungicidal activity as well. This makes 

them interesting for consumer products like plastics, soaps and textiles (Tran & Le, 2013). A 

few examples are given in the next lines. One of the numerous applications is in dental 

implants. AgNPs are used to reduce the attachment of bacteria to the surfaces of the 

implants, preventing the formation of biofilms on the surface that may cause infection. Soap 

with AgNPs is also known. The soap has strong disinfecting properties as well as an  

anti-inflammatory activity which protects the skin against unwanted microbial action. AgNPs 

can even be found in toothpastes, preventing the progression of bacteria which cause odors 

and dental cavities. Another application is impregnating AgNPs into socks, trousers and 

other textiles. The presence of the particles prevents the penetration of bacteria as well as 

inhibits their growth, which is the most common cause of odors and pathogenic symptoms 

(Pulit-Prociak et al., 2015). 

The synthesis of AgNPs can be achieved by using chemical, physical, photochemical or 

biological routes. In general, the chemical synthesis process is most commonly used and 

follows a path with three main components: (1) a silver salt, (2) a reducing agent and (3) a 

stabilizing agent. The physical synthesis utilizes physical energies such as thermal, ac power 

and arc discharge to produce AgNPs with a similar size. The photochemical route can be 

divided into two categories, which are the photophysical (top down) and photochemical 

(bottom up). The first one generates the nanoparticles via the subdivision of bulk metals and 

the last one can be prepared from ionic precursors. This is called photosensitization; the 

nanoparticles are formed by the direct photoreduction of a metal source or reduction of metal 

ions using excited molecules and radicals. The last route that can be used for the synthesis 

is biological. Like the chemical route a silver salt is used, but instead of the reducing agent 

and the stabilizer, molecules produced by living organisms are used. These can come from 

certain bacteria, fungi, yeasts, algae or plants. The cell wall of the microorganisms is very 

important in the intracellular synthesis. When certain microorganisms are incubated with 

silver ions, an intrinsic defense mechanism takes place against the metal’s toxicity. The 

metal ions are reduced to nanoparticles due to the negatively charged cell wall that interacts 

with the positively charged metal ions. In this way the AgNPs are generated (Tran & Le, 

2013).  

In the past few years, nanosilver has found its use in the food industry mainly as an 

antimicrobial in food packaging. It is an effective technology that prevents microbial 

proliferation on food contact surfaces. Different approaches can be used in food-packaging 

applications. One approach has been the inclusion of the silver ions in inorganic mineral 
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substrates, like montmorillonites as carrier in a food-packaging material such as polylactic 

acid. AgNPs can also be incorporated as antibacterial filler. Ethylene vinyl alcohol loaded 

with TiO2-Ag nanoparticles is a third option. Silver enhances the UV-induced antibacterial 

effect of TiO2 by electron transfer to TiO2 (Martı́nez-Abad et al., 2012). AgNPs have as well 

found their use as packaging material. An experiment with three different Low Density Poly 

Ethylene films with nanosilver at levels of 0 ppm (blank), 50 ppm, 185 ppm and 250 ppm was 

conducted. Migration tests did not show detectable migration of AgNPs at detection limits of 

~ 0.1 to 0.5 ppb (µg/kg) food, independent of type of food simulant and nano additive 

concentration in polymer (Bott et al., 2011). 

Regulation 1169/2011 states: “All ingredients present in the form of engineered 

nanomaterials shall be clearly indicated in the list of ingredients. The names of such 

ingredients shall be followed by the word ‘nano’ in brackets.” All the nano ingredients mustn’t 

be carried over and must still be in nano form in the product when it is sold (European 

Parliament, 2011). 

2.2.2 Antimicrobial effect 

AgNPs exhibit antiviral, antifungal and antibacterial properties. Because this thesis focuses 

on the antibacterial side, only this part will be explained.  

For many years, silver itself has been used as an antimicrobial against both Gram-positive 

and Gram-negative bacteria. Recently, AgNPs are a completely new way to combat a wide 

range of bacterial pathogens (Franci et al., 2015). The toxicity of AgNPs is partially caused 

by the release of Ag ions, but the nanoparticles themselves possibly give an enhanced effect 

as well (Levard et al., 2012).  

Levard et al. states that the toxicity of AgNPs to bacteria can be explained by two 

mechanisms. First, there is oxidative stress generated by the formation of reactive oxygen 

species (ROS). An example is oxygen superoxide formed at the surface of the nanoparticles. 

A second mechanism is through interaction of Ag ions with thiol groups of vital proteins and 

enzymes. This affects cellular respiration and allows the transport of ions across 

membranes, which results in cell death (Levard et al., 2012).  

Franci et al gives a similar, yet more detailed explanation. This article states that AgNPs can 

interact with the cell surface of bacteria, especially with Gram-negative bacteria. The cell wall 

of Gram-positive bacteria has a thick layer of peptidoglycan. This is organized in a  

three-dimensional structure, what makes it more difficult for the AgNPs to attach and 

penetrate. Gram-negative bacteria have a layer of polysaccharides on the outside, which are 

negatively charged. This attracts the positive charge of the AgNPs. The accumulation of the 

nanoparticles on the membrane creates gaps in the bilayer, which provides more 

permeability and ultimately cell death. The size of nanoparticles is also correlated with their 

activity. Smaller nanoparticles seem to have more ability to penetrate into bacteria. Another 

factor that has an influence is the Zeta potential of the particles. A nanoparticle with a 



22 

 

positive Zeta potential that meets a bacteria which has a negative charge, encourages a 

stronger attraction and thus a penetration in the bacterial membrane is more likely possible. 

Next to the damage of the membranes, ROS will be released. ROS form free radicals with a 

strong bactericidal action. The consequence is that ribosomes can be denatured, causing an 

inhibition of protein synthesis. Furthermore, the translation and transcription can be blocked if 

they bind with the genetic material of the cell. Not only size is an important factor for the 

activity of the nanoparticles, it is also dependent on the shape. Different studies have shown 

that triangular-shaped nanoparticles exhibit a greater activity (Pal et al., 2007). This is 

probably because of the triangular shape. This gives a greater positive charge to the 

particles together with the active facets on the surface of the particle. A last factor is the 

assumption that AgNPs interfere with bacterial replication by adhering to the bacterial nucleic 

acids. However, this assumption is controversial. Some authors say that AgNPs do not 

damage DNA, while others state that they intercalate into the DNA. Figure 5 gives an 

overview of the possible toxicity mechanisms of AgNPs (Franci et al., 2015). 

 

Figure 5 Different mechanisms of the antimicrobial activity  

(Franci et al., 2015) 
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2.2.3 Toxicology 

Silver nanomaterials are used more often these days. This gives an increased chance of 

exposure to humans and the ecosystem. The AgNPs can end up in the environment via 

discharges at the point of production, from erosion of particles in household products (e.g. 

antibacterial coatings and silver-impregnated water filters) and from washing  

silver-containing products such as textiles. That is why it is important to know what effect 

these particles have on humans, animals and the environment. 

2.2.3.1 Effect on humans and animals 

AgNPs can enter the human body through direct skin contact, inhalation and by direct 

ingestion. In general, AgNPs show no real threat to human health, but a few studies have 

showed the opposite. Nanoparticles are really small, that is why they can easily enter into 

body tissues and organs. Because of the use of AgNPs in cosmetics and textiles, the 

potential exposure to the human skin has increased (Ahamed et al., 2010). For example, the 

use of AgNPs in surgical sutures and dressings are approved and show good control of 

wound infection, nevertheless their dermal toxicity is still a topic of concern. A performed 

clinical study researched the use of AgNPs in the treatment of burns. This led to an elevation 

of silver in the blood level and argyria. Argyria is a blue or gray discoloration of the skin due 

to silver accumulation in the body. AgNPs that enter via the respiratory system can be 

cytotoxic to alveolar macrophage cells as well as epithelial lung cells. If these particles pass 

the respiratory system, they can reach the gastrointestinal tract, or they can be ingested 

directly in water, food, drugs and cosmetics. Mostly, they end up in the liver (Arora et al., 

2012).  

AgNPs can have a toxic effect on other organisms, such as zebra fish, clams and rats. After 

entering into the body, the particles can accumulate and, in some cases, can damage tissues 

like the liver and lungs. For example, studies have shown that AgNPs can reduce lung 

function in rats, after a 90-day inhalation of the particles (Marambio-Jones & Hoek, 2010). 

2.2.3.2 Effect on the environment 

Next to an effect on humans and animals, the particles also exhibit an effect on the 

environment. AgNPs can end up in the environment through different routes, namely water, 

soil and air. 

Water is the fastest way for spreading AgNPs over large areas. After they are introduced into 

different water reservoirs, they pose a threat not only to aquatic organisms, but as well to 

organisms whose natural habitat is coastal areas, far away from the source of contamination. 

Morever, AgNPs which are present in wastewater are believed to penetrate the groundwater 

and surface water. In this way, they can be absorbed into mud and sewage. This can spread 

onto agricultural fields, which can lead to bioaccumulation and toxicological threat. 
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A second route is penetration into soil due to leaching, mainly from building materials such 

as paint, siding and roofing. Due to weather conditions and insufficient bonding of the 

nanoparticles with their material, they may be washed out with rainwater and accumulate into 

the soil for a long time. 

Furthermore, nanoparticles can be released into the air. For example, the air which is blown 

into slaughterhouses for cooling purposes must be filtered afterwards. This is because of the 

possible risk of contamination with microorganisms during production of the meat. A method 

of impregnating air filters with AgNPs ensures almost total elimination of microbial 

contamination of air. But there are a few downsides. Small nanoparticles or silver ions can be 

carried along with the air stream. If the humidity is greater than 50 %, new AgNPs are 

created in the neighborhood of the existing ones. This happens in three steps. Firstly, the 

outer AgNPs which are present in the filter oxidize to silver ions. Secondly, the ions are taken 

up by water droplets in the air. Thirdly, the silver ions are transformed into metallic silver via 

photochemical way which leads to the formation of new AgNPs. The new ones are smaller 

and can thus be inhaled by living organisms or come into contact with products (Pulit-Prociak 

et al., 2015). 

In order to predict the possible human, animal and ecological risk of silver upon release into 

the environment, as well as to verify the antimicrobial effect of new products and 

applications, a large number of scientific papers describe toxicity tests of AgNPs, Ag+ and 

colloidal silver towards environmentally and clinically relevant bacteria, both in growth media 

or biological matrices. However, contradictory results are reported and a lot of scientific 

papers do not even mention important parameters like the used growth medium or the 

stabilization mechanism of the used AgNPs. In the chapters 2.3 and 2.4, a number of 

previous studies regarding toxicity and stability of AgNPs are described. 

2.3 Previous studies regarding toxicity of AgNPs 

A study done by Pal et al. showed differently shaped AgNPs against Escherichia coli (E. 

coli), both in nutrient broth and on nutrient agar plates. Triangular nanoplates, rod and 

spherical shaped AgNPs were added to the media. The results showed that the triangular 

shaped nanoparticles had the most toxic effect, due to the high reactivity of the truncated 

triangular nanoplates. The article does not mention the stabilization mechanism, or the size 

of the used nanoparticles while these are important parameters to take into account (Pal et 

al., 2007). 

Sadeghi et al. compared the antimicrobial activity of silver nanoplates, nanorods and 

nanoparticles, sizes not known. These shapes were prepared with PVP as a stabilizer. The 

antimicrobial effect for Staphylococcus aureus (S. aureus) and E. coli was investigated using 

disc diffusion and minimum inhibitory concentration (MIC) methods in LB medium. The 

nanoplates stabilized with PVP show higher anti-bacterial activity from the nanorods and 

AgNPs. The MIC of the different used nanosilver shapes showed that when S. aureus was 
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exposed to nanoplates and nanorods solutions of 5 ppm, it was enough to inhibit all viable 

cells of S. aureus within 3.3 and 4 h, respectively. When E. coli was exposed to different 

shapes of silver nanoparticles solution, nanoplates and nanorods solutions of 10 ppm was 

enough to inhibit all viable cells of E. coli within 2.5 and 3.5 h, respectively. However, AgNPs 

solutions of 5 and 10 ppm were not enough to inhibit both S. aureus and E. coli within 5 h 

(Sadeghi et al., 2012). 

A comparison between spherical shaped AgNPs, stabilized by citrate, PVP and borohydride 

was conducted by Van Dong et al. Results indicated that a concentration of silver at 6 μg/mL 

inhibited bacterial growth. Different sizes of spherical AgNPs showed that ultrasmall 

borohydride AgNPs (mean size 4 nm) had the strongest antibacterial activity, compared to 

larger spherical particles. The citrate AgNPs with a broad size distribution (15 to 60 nm) 

exhibited the lowest antibacterial activity. Silver nanoprisms were compared to the AgNPs as 

well. As the results show, the triangular silver nanoprisms have stronger antibacterial 

property than that of the spherical ones at the same concentration of silver and even at 

different sizes (4 nm borohydride-AgNPs and 25 to 400 nm triangular nanoprisms) (Van 

Dong et al., 2012). 

The study performed by Ashkarran et al. discusses on silver nanostructures with different 

geometries including wire, cube, sphere and triangle prepared using solution-phase method 

and applied for antibacterial activities. They have also evaluated the antibacterial activity of 

different shapes of silver nanostructures against E. coli, Bacillus and Staphylococcus. All 

nanostructures were stabilized with PVP. The average size of the silver wires and cubes was 

respectively 92 and 450 nm, while the average size for spherical and triangular silver was 

respectively 17 and 50 nm. Results present shape dependent antimicrobial activity of silver 

nanostructures. Silver with spherical shape exhibited the most significant antibacterial activity 

among the four shapes of silver nanostructures against E. coli and Bacillus. This is while 

triangular, spherical, wiry and cubic structures have had the most antibacterial activity 

against Staphylococcus, respectively (Ashkarran et al., 2013). 

Siripattanakul-Ratpukdi et al. reviews a few studies. AgNPs with a lattice plane as the basal 

plane (like truncated triangular shape) showed the highest biocidal property compared to 

others. It was reported that E. coli was completely inhibited by the truncated triangular 

AgNPs with Ag content of 10 μg/L while the spherical AgNPs of 500 to 1000 μg/L caused 

100 % inhibition for the same culture (Pal et al., 2007). For size, it is obvious that the 

particles at smaller size had a higher surface area resulting in higher biocidal activities. They 

also remarked that the effect of shape on the antibacterial activity of silver nanoparticles has 

not been reported in earlier research. Little is known about how the toxicological activity of 

AgNPs changes when the shape of the particles changes (Siripattanakul-Ratpukdi & 

Fürhacker, 2014). 

Thus far, there were conflicting MIC values of AgNPs. For example, according to the review 

of Siripattanakul-Ratpukdi et al., Guzman et al., 2012 reported that the MIC values of AgNPs 
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with diameter sizes of 8 to 50 nm for microorganisms including E. coli, Pseudomonas 

aeruginosa, S. aureus and S. aureus MRSA ranged between 7 and 259 mg/L. Peetsch et al., 

2013 found that spherical silver-doped calcium phosphate nanoparticles had a MIC value of 

1 to 3 mg/L for mammalian and prokaryotic cells, while Debabrata & Giasuddin, 2013 

reported a MIC value of AgNPs in Saccharomyces cerevisiae at 48.51 mg/L (Siripattanakul-

Ratpukdi & Fürhacker, 2014). Other examples of conflicting results of MIC are Siritongsuk et 

al. who researched nine strains of Bacillus pseudomallei. The MIC was determined by a 

serial dilution method in a 96-well plate using LB medium. The used AgNPs were spherical 

particles of 10 to 20 nm in size, stabilizer not known. Results show that their MIC values 

were found to be 32 to 48 μg/mL (Siritongsuk et al., 2016). Sheikholeslami et al. researched 

different strains of Staphylococcus and Pseudomonas aeruginosa, grown on Mueller-Hinton. 

AgNPs with a size of 40 nm were used. Results showed that the MIC values were observed 

in the range of 15.625 to 500 µg/mL (Sheikholeslami et al., 2016). The MIC values of AgNPs 

against various Gram-positive (Bacillus cereus, Staphylococcus aureus, Listeria 

monocytogenes) and Gram-negative bacteria (E. coli, Pseudomonas aeruginosa, Salmonella 

enterica) were determined by Chaucan et al. Synthesized AgNPs with a mean size of 43.67 

nm were used, stabilizer not known. The bacteria were grown in Mueller-Hinton broth. For 

Gram-negative bacteria, the MIC varied from 0.005 to 0.020 mg/ml, whereas for Gram-

positive bacteria, it was found to be 0.010 mg/mL (Chauhan et al., 2016). 

The different studies show that there is an inconsistency of the results. For example, some 

say that spherical nanoparticles have a more toxic effect, while others claim that triangular 

nanoparticles are more toxic. The MIC values of different experiments are varying as well. 

This is probably due to the difference in test conditions. Not only the size and shape of the 

used nanoparticles are important, the used medium and the used stabilizer are of great 

importance as well. In many cases, some of these parameters are not even mentioned. 

Some studies regarding the influence of the medium and stabilisation mechanism on the 

stability of AgNPs are discussed in 2.4.  

2.4 Previous studies regarding stabilization 

AgNPs can easily transform in the environment, which changes their properties and modifies 

their toxicity, transport and fate. Levard et al. reviewed different studies related to the 

stabilization of nanoparticles. In general, it can be concluded that there should be paid more 

attention to the state of aggregation and the surface charge before, during and after 

experiments (Levard et al., 2012). 

The stability of AgNPs depends on two main factors, the coating (stabilization mechanism) 

and the used medium. These will be discussed in the following paragraphs. 
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2.4.1 Influence of the stablization mechanism  

Most of the engineered AgNPs are stabilized. The stabilizing molecules, provide 

electrostatic, steric or electrosteric repulsive forces between particles. The type of 

stabilization used as a coating on the nanoparticles has an effect on the strength of the 

stabilization (Levard et al., 2012). The different types of stabilization were elaborately 

discussed in 2.1.3. 

AgNPs without the use of stabilizers are electrostatically stabilized against aggregation 

because of their negative surface. They can have their repulsive forces reduced by the 

presence of counter ions in solutions. The more potent aggregation effect of divalent ions is 

well-known in colloid science. In addition, the presence of Cl- seems to promote bridges 

(“nanobridges”) between nanoparticles that are most likely AgCl precipitates. Because most 

systems contain divalent ions, AgNPs without coatings should be unstable in many 

environments. Other researchers have modified AgNPs with citrate (electrostatic), and these 

studies have also shown that a significant presence of ions in the environment will effectively 

destabilize the AgNPs, leading to aggregation. There is a large difference in nanoparticles 

stability when they are sterically stabilized in addition to being stabilized only by surface 

charge. Adsorption of compounds found in natural water samples induces additional steric 

forces that resist an aggregation process that would otherwise occur. Electrosteric stabilized 

NPs revealed a more significant stabilization effect. Therefore, polyelectrolytes are often 

used to stabilize nanoparticle suspensions (Levard et al., 2012). 

Another study used monodisperse citrate, PVP and polyethylene glycol (PEG) coated AgNPs 

with a core size of approximately 10 nm. Their behavior was examined in standard OECD 

media used for Daphnia sp. Results showed that charge stabilized particles (citrate) were 

more unstable than sterically stabilized particles (PVP and PEG). Replacement of chloride in 

the media due to concerns over chloride-silver interactions with either nitrate of sulfate 

resulted in increased size and dissolution changes. PVP stabilized nanoparticles in a 10-fold 

diluted OECD media were found to be the most stable, with only small losses in total 

concentration over 21 days, and no shape, aggregation or dissolution changes were 

observed (Tejamaya et al., 2012). 

Nguyen compared the toxic effect of uncoated and OECD standard citrate and PVP coated 

AgNPs in macrophage and epithelial cells. Uncoated AgNPs are more toxic than coated 

AgNPs. The PVP coated particles induced greater cytotoxicity than citrate coated particles. 

Toxicological studies of nanoparticles have demonstrated that physicochemical properties of 

nanoparticles including size, shape, surface coating, surface charge, solubility and chemical 

composition could dramatically effect nanoparticle behavior in biological systems and thus 

influence the toxicity of nanoparticles. The surface coating has been shown to affect the 

affinity of AgNPs for the cell surface and the release of Ag+ ions from AgNPs, which was also 

proposed as a toxicity mechanism for AgNPs (Nguyen et al., 2013). 
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2.4.2 Influence of the components in the surrounding environment 

It is well-known that metallic Ag is not thermodynamically stable under most environmental 

conditions and will oxidize or react with (in)organic ligands. For example, silver is known to 

react strongly with sulfide, chloride and organic matter. Thermodynamic stability constants 

and solubility products for Ag-bearing inorganic compounds are good indicators of the 

potential inorganic phases that may precipitate in different natural environments. The 

oxidation of silver is thermodynamically favored at room temperature (Ag+). As shown in 

Table 1b: the solubility product of Ag2S is very low, AgCl is more thermodynamically favored 

than Ag2CO3 (while constants are the same), and the precipitation of AgCl is very likely in the 

absence of sulfide. Finally, the formation of Ag2SO4 is not likely because it is not very stable 

compared with the previously mentioned precipitates. Table 1a shows that in addition to 

inorganic ligands, AgNPs or released Ag+ species can also bind strongly to organic matter. 

Comparison of the high stability constant of Ag-organosulfur complexes with that of  

Ag-carboxylate complexes illustrates the strong affinity of Ag for sulfur (Levard et al., 2012). 

Mei performed a study that researched the effect of five commonly used aqueous media with 

various chemical properties on the toxicity of nano-ZnO. The different media included 

ultrapure water, 0.85% NaCl, phosphate-buffered saline, minimal Davis (MD) and LB. The 

toxicity decreased as follows: ultrapure water > NaCl > MD > LB > PBS. The generation of 

aggregates in PBS and zinc complexes in MD and LB dramatically decreased the 

concentration of Zn ions, resulting in lower toxicity of these media. Additionally, the isotonic 

and rich nutrient conditions improved the tolerance of E. coli to toxicants. Conclusion of this 

study was that the chemical properties of the medium such as pH, ionic compositions, ionic 

strength, and organic matter can affect the aggregation, surface charge and chemical forms 

of nanoparticles (Li et al., 2011). 

A study conducted by Williams investigated the colloidal behavior of the inorganic 

nanoparticles in microbial growth media to determine the stability of the systems in saline 

environments. Tested materials were silica, silica/iron and PEG coated Au. Colloidal stability 

is an issue when dealing with biological environments due to the effect of salt on the 

nanoparticles. Agglomeration occurs causing sedimentation of the nanoparticles, thus 

limiting their interactions with growing cells. Nanoparticles have a tendency to agglomerate in 

solution due to the characteristics of the liquid medium with the addition of salt. In regards to 

the nanoparticles and microbial cell interactions, this will greatly affect the behavior of the 

a)                                                                                 b)  

Table 1 a) Stability constants (log Kf) for Ag
+
-organic compounds and b) Solubility products (Ksp) of 

silver-containing solids 
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cells. Non-agglomerated particles suspended in solution are preferable for testing purposes 

because of the following: 1) free moving, single unit particles have more contact with 

microbes. 2) Translocation through the cell membrane will be accelerated due to size. LB 

media contains a high salt concentration (0.2 M NaCl) that may contribute to the 

agglomeration of the nanoparticles. The surface charge on the nanoparticles in solution 

allows the nanoparticles to attract to one another because of the influence of ions from the 

salts, therefore resulting in the formation of large agglomerates. As a result, the 

nanoparticles may fall out of solution and settle to the bottom of the shake flasks. As time 

increased, the mean particle radius increased. PEG coated Au particles remained stable and 

showed little change in hydrodynamic radius (Williams et al., 2006). 

All these studies show that at the moment it is difficult to conclude unambiguous results 

which nanoparticles have which toxic effect. It is important to determine which nanoparticles 

remain stable in different complex media, and thus can exhibit their toxic effect. This is why 

this thesis focuses on mapping the stability of different frequently used AgNPs. 

At the moment, there are already a few reviews that state that there are more parameters to 

consider when drawing conclusions out of results: 

Franci et al. says that understanding of the kinetics of dissolution that lead to transformations 

of AgNPs in the presence of specific inorganic ligands is crucial to determining their 

antimicrobial activity and overall toxicity in the environment. High concentrations of chloride 

ions in the routinely used media can cause precipitation of Ag ions as AgCl, thus masking the 

contribution of dissolved silver to AgNPs antibacterial effect. This consideration should 

influence the choice of the medium to be used when evaluating antimicrobial effects. More 

studies are needed to investigate the contribution of AgCl to the observed antibacterial 

activity of AgNPs (Franci et al., 2015). Levard saw that lots of studies did not determine if 

nanoparticle size and/or aggregation state changed during the experiments. Future work with 

AgNPs should consider aggregation state and surface charge as critical parameters to be 

measured before, during and after experiments (Levard et al., 2012). According to 

Schaumann systematic understanding on the interaction of nanoparticles in and with natural 

systems needs to be developed (Schaumann et al., 2015). Le Ouay emphasizes that 

reactions happening at the surface of AgNPs are a crucial element to explain their behavior, 

fate and action, and thus their antibacterial activity. Researchers have to be aware of the 

possible interferences, and should wisely consider their influence before drawing conclusions 

(Le Ouay & Stellacci, 2015). Cupi indicates that there is a lack of studies that systematically 

investigate the stability of nanomaterials suspensions in the presence of natural organic 

matter (NOM) and its implications on the outcome of toxicity tests (Cupi et al., 2015). 
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3 Material and methods 

The procedures used during the thesis will be explained in this chapter. The different media 

and protocols used for the determination of stability and toxicity will be described thoroughly. 

It is important to work as sterile as possible when working with bacteria, to avoid 

contamination. The use of a Laminar Air Flow (LAF) is recommended. 

3.1 Media 

3.1.1 LBA plates 

3.1.1.1 Material 

- Tryptone (VWR International Prolabo Chemicals) 

- Yeast extract (VWR International Prolabo Chemicals) 

- Sodium chloride (NaCl) (VWR International Prolabo Chemicals) 

- Bacterial Agar (VWR International Prolabo Chemicals) 

- Milli Q ® water (Millipore, Merck) 

3.1.1.2 Method 

- Put together the following components: 

o Tryptone   10 g 

o Yeast extract   5 g 

o NaCl    10 g 

o Bacterial agar   15 g 

o Milli Q ®   1000 mL 

- Heat the solution until boiling point. 

- Autoclave at 121 °C for 15 minutes. 

- Transfer into petri plates in a sterile way and let them cool down. 

- Store the LB plates at 4 °C. 

3.1.2 LB medium 

3.1.2.1 Material 

- Tryptone (VWR International Prolabo Chemicals) 

- Yeast extract (VWR International Prolabo Chemicals) 

- Sodium chloride (NaCl) (VWR International Prolabo Chemicals) 

- Milli Q ®  
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3.1.2.2 Method 

- Put together the following components: 

o Tryptone   2.5 g 

o Yeast extract   1.25 g 

o NaCl    2.5 g 

o Milli Q ®   250 mL 

- Autoclave at 121 °C for 15 minutes. 

- Keep the LB medium cool at 4 °C. 

3.1.3 Modified M9 medium 

3.1.3.1 Material 

- Potassiumdihydrophosfate (KH2PO4) (UCB Grauwmeer) 

- Disodiumhydrophosfate (Na2HPO4.12H2O) (Merck KGaA) 

- Sodiumsulphate (Na2SO4) (UCB) 

- Ammoniumsulphate ((NH4)2SO4) (Merck KGaA) 

- Magnesiumsulphate (MgSO4.7H2O) (Merck KGaA) 

- Calciumnitrate (Ca(NO3)2.4H2O) (VWR) 

- Glucose (Merck KGaA) 

- Milli Q ® 

3.1.3.2 Method 

First, a stock solution of 5xM9 salts is made. These will be diluted and then the micro 

components will be added. 

- 5xM9 salts stock solution: put following components together in a duran bottle 

o Potassiumdihydrophosfate (KH2PO4)  7.5 g 

o Disodiumhydrophosfate (Na2HPO4.12H2O)  42.75 g 

o Sodiumsulphate (Na2SO4)    1.52 g 

o Ammoniumsulphate ((NH4)2SO4)   3.09 g 

o Milli Q ®     500 mL 

- Stock solutions micro components into separate duran bottles: 

o 1 M magnesiumsulphate (MgSO4.7H2O)  12.32 g in 50 mL Milli Q ® 

o 1 M calciumnitrate (Ca(NO3)2.4H2O)  11.81 g in 50 mL Milli Q ® 

o 40 % glucose     20 g in 50 ml Milli Q ® 

Remark for 40 % glucose: this solution dissolves slowly, heating the solution on a 

heat plate is recommended. 

- Autoclave all at 121 °C for 15 minutes. 
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The M9 mediums itself exists out of the following components and are put together into a 50 

mL tube: 

- 5xM9 salts     10 mL 

- 1 M magnesiumsulphate (MgSO4.7H2O) 0.1 mL 

- 0.1 M calciumnitrate (Ca(NO3)2.4H2O)  0.05 mL 

- 40 % glucose     0.5 mL 

- Milli Q ®     39.35 mL 

Keep the M9 medium cool at 4 °C. 

3.1.4 Sodium citrate buffer (2 mM) 

3.1.4.1 Material 

- Sodium citrate (Merck) 

- 1 M sodiumhydroxide solution (NaOH) 

- Calibrated pH meter (InoLab pH level 1 WTW) 

- Milli Q ® 

3.1.4.2 Method 

- Dissolve 0.2941 g sodium citrate into 450 mL Milli Q ®. 

- While stirring, set the pH to a level of 6.9 with 1 M NaOH. 

- Dilute till 500 mL. 

- Put in a Duran bottle. 

- Autoclave at 121 °C for 15 minutes. 

3.2 Determination of stability 

3.2.1 UV-Vis 

3.2.1.1 Material 

- 10 nm sodium citrate stabilized AgNPs 0.02 mg/mL (Sigma-Aldrich) 

- 10 nm and 100 nm sodium citrate stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- 10 nm and 100 nm PVP stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- 100 nm BPEI stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- LB medium (see 3.1.1) 

- M9 medium (see 3.1.2) 

- 2 mM sodium citrate buffer (see 3.1.3) 

- Milli Q ® 

- Quartz cuvettes 

- UV-Vis spectrophotometer UV1 with software 32-bit version Vision (ThermoSpectronic) 

and UV-Vis spectrophotometer Genesis 10s (ThermoSpectronic) 
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3.2.1.2 Principle  

UV-Vis spectroscopy is a technique used to quantify the light that is absorbed by a sample. 

The sample is placed between a light source and a photodetector, and the intensity of the 

beam of light is measured before and after passing through the sample. Doing this at 

different wavelengths gives an absorbance spectrum specific for this sample. The spectrum 

plots the amount of absorbed light (absorbance) in function of the wavelength. AgNPs show 

SPR, meaning the free electrons will excitate all together. These vibrations are limited by 

size and shape of the nanoparticles. So measuring an absorbance spectrum gives 

information about the agglomeration state and shape of the nanoparticles. Also, the SPR is 

strongly influenced by the medium, therefore it is important to measure a blank. UV-Vis 

spectroscopy can be used as a characterization technique that provides information on 

whether the nanoparticles solution has destabilized over time. As the particles destabilize, 

the original extinction peak will decrease in intensity (due to the depletion of stable 

nanoparticles), and often the peak will broaden or a secondary peak will form at longer 

wavelengths (due to the formation of aggregates). 

3.2.1.3 Method 

The different types of AgNPs are diluted in a ratio 1:1. This in their solvent (2 mM sodium 

citrate buffer for the sodium citrate stabilized AgNPs and Milli Q ® for the PVP and BPEI 

stabilized AgNPs), in LB medium or in modified M9 medium. Also blanks (without AgNPs) of 

M9 and LB medium in the solvent specified for the type of AgNP are measured. An example 

of the set-up of a UV-Vis measurement can be seen in Table 2. Immediately after making the 

different samples, they are measured each 30 minutes for the first two hours and after that 

each hour for a total time of six hours. The different samples are finally measured again after 

24 hours. The samples are stored at room temperature and in the day-night light conditions 

in between measurements. The absorbance spectrum is recorded from 340 nm to 700 nm. 

The samples are measured in quartz cuvettes.  

Table 2 Example of UV-Vis measurement of 10 nm AgNPs with their blanks 

Samples 10 nm sodium citrate stabilized AgNPs + LB medium 

10 nm sodium citrate stabilized AgNPs + modified M9 medium 

10 nm sodium citrate stabilized AgNPs + sodium citrate buffer 

Blanks Sodium citrate buffer + LB medium 

Sodium citrate buffer + modified M9 medium 
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3.2.2 DLS 

3.2.2.1 Material 

- 100 nm sodium citrate stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- 100 nm PVP stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- 100 nm BPEI stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- LB medium (see 3.1.1) 

- M9 medium (see 3.1.2) 

- 2 mM sodium citrate buffer (see 3.1.3) 

- Milli Q ® 

- Disposable cuvettes DST0012 (Malvern) 

- Zetasizer Nano ZS with Zetasizer software 7.11 (Malvern) 

3.2.2.2 Principle 

DLS is a technique used to determine the size of particles in solution, by measuring the 

Brownian motion and relating this to the size of the particles. Brownian motion is a random 

movement which exists when a particle collides with a molecule of the surrounding fluid. The 

bigger the particle, the smaller the Brownian motion. The size of a particle is calculated from 

the translational diffusion coefficient by using the Stokes-Einstein equation: 𝑑(𝐻) =  
𝑘𝑇

3𝜋𝜂𝐷
 

where d(H) = hydrodynamic diameter, D = translational diffusion coefficient, k = Boltzmann's 

constant, T = absolute temperature and η = viscosity. The diameter of the particles is 

obtained by sending a laser beam through the solution. When the particles are smaller than a 

tenth of the used wavelength, the laser light is disperged in equal amounts into different 

directions and then captured by the detector. The dispersion of the laser light is equal to the 

sixth power of the particle diameter. The Brownian movement changes the intensity of the 

laser beam on the detector. Smaller particles give a faster change in intensity then bigger 

particles. Through algorithms the exact diameter of the particles are determined. 

3.2.2.3 Method 

The different types of AgNPs are diluted in a ratio 1:1. This in their solvent (2 mM sodium 

citrate buffer for the sodium citrate stabilized AgNPs and Milli Q ® for the PVP and BPEI 

stabilized AgNPs), in LB medium or in modified M9 medium. Also blanks (without AgNPs) of 

M9 and LB medium in the solvent specified for the type of AgNP are measured. Immediately 

after making the different samples, they are measured each 30 minutes for the first two hours 

and after that each hour for a total time of six hours. The different samples are finally 

measured again after 24 hours. The samples are stored at room temperature and in the  

day-night light conditions in between measurements. The absorbance spectrum is recorded 

from 340 nm to 700 nm. The samples are measured in quartz cuvettes.  
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Settings for the Zetasizer software are: 

- Material: 

o Material = Ag 

o RI = 0.150 

o Absortion = 0.001 

- Dispersant: 

o Dispersant = water (or LB) 

o Temperature = 25 °C (or 20 °C for LB) 

o Viscosity = 0.890 mPas (or 1.2366 mPas for LB) 

o Refractive Index = 1.330 

o Dielectric constant = 78.5 

- Temperature: 

o Temperature = 25 °C 

o Equilibration time = 120 seconds for the first sample, 20 seconds for the rest 

- Cell: 

o Disposable cuvettes: DST0012 

- Three measurements with each three runs are performed for each sample. If the 

outcome isn’t good enough, a new three measurements with ten runs are performed. 

3.2.3 TEM 

3.2.3.1 Material 

- 10 and 100 nm PVP stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- LB medium (see 3.1.1) 

- M9 medium (see 3.1.2) 

- Milli Q ® 

- Carbon coated copper TEM grid 200 Mesh (EMS) 

- TEM JEM1010 (Jeol, Tokio, Japan) 

3.2.3.2 Principle 

TEM is a microscope technique which uses an electron beam. The resolution of an electron 

microscope is better than of a classical light microscope. Due to a high acceleration voltage 

the electrons have a much smaller wavelength than photons. This results in images on micro 

and nano level.  Interactions between the electron beam and the small layer of AgNPs result 

in transmission and scattering of the electrons. After forward scattering the electrons are 

captured on a phosphor screen resulting in an image. 
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3.2.3.3 Method 

The 10 nm and 100 nm PVP stabilized AgNPs are diluted in a ratio 1:1. This in their solvent 

Milli Q ®, in LB medium or in modified M9 medium. 2 µL of the sample was put on to the 

copper TEM grid. TEM analyses were performed immediately or after 24 hours of 

stabilization at 60 kV with the TEM JEM1010. Pictures were digitalized using a Ditabis 

system. 

3.3 Determination of toxicity 

3.3.1 Growth of bacteria 

3.3.1.1 Material 

- B. subtilis (LMG 7135) stored in a cryovial at -80 °C 

- LBA plates (see 3.1.1) 

- Inoculating loop 

- Modified M9 medium 

3.3.1.2 Method 

Before every OD measurement, it is important to have a fresh culture of B. subtilis. The stock 

culture of B. subtilis is kept at -80 °C. This consists of a tube with pearls coated with B. 

subtilis. When a new culture is needed, a pearl is taken out of the vial. This pearl is then 

smug on a LBA plate and conversely incubated overnight at a temperature of 37 °C. To 

obtain isolated colonies, the bacteria was streaked on LBA and incubated overnight at 37 °C 

for growth. A single colony was used for growing in liquid medium: 15 colony forming units 

were picked up from the LBA plate and inoculated in 1 mL modified M9 medium. Out of this 

stock 100 µL was brought into a 50 mL Falcon ® tube containing 15 mL modified M9 

medium. The liquid cultures were grown at 30 °C in an incubator with rotary shaking at 100 

rpm during 20 h. 

3.3.2 OD measurement 

3.3.2.1 Material 

- 10 nm and 100 nm sodium citrate stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- 10 nm and 100 nm PVP stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- 100 nm BPEI stabilized AgNPs 0.02 mg/mL (Nanocomposix) 

- LB medium (see 3.1.2) 

- Modified M9 medium (see 3.1.3) 

- 2 mM sodium citrate buffer (see 3.1.4) 

- Milli Q ® 

- Grown bacterial culture in modified M9 medium (see 3.3.1) 

- 300 µL Flat bottom 96 well multititer plate (Greiner Bio-one) 
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- Breathe-Easy ® film (Sigma-Aldrich) 

- Multiskan Ascent Platereader with Ascent software version 2.6 (Thermo Labsystems) 

3.3.2.2 Principle 

Turbidity or OD is the amount of light absorbed by the bacterial suspension and is directly 

related to the number of bacteria present, dead or alive. A bacterial growth curve can be 

obtained by plotting turbidity versus the incubation time. It is a convenient method and it 

enables a rapid screening of the cell growth rate of bacteria. In this study this technique was 

used as a fast screening to identify the effect of the medium on the antibacterial effect of 

different types of AgNPs. 

3.3.2.3 Method 

The set-up of the AgNPs treatments was performed in 15 mL Falcon ® tubes. First 7 mL 

medium (M9 or LB) was mixed with 0.5 mL 20 mg/L AgNPs suspension. For the untreated 

control, 0.5 mL autoclaved Milli Q ® or sodium citrate buffer was added instead of the 

AgNPs. After homogenizing, 2.5 mL of a 20 h old bacteria culture was added to the 15 mL 

tube and mixed vigorously. For blanks, 2.5 mL modified M9 medium was used. Considering 

the dilution rate of 20 mg/L AgNPs (0.5 mL in a final volume of 10 mL), the treated bacteria 

were exposed to a 1 mg/L AgNPs concentration.  

A second, similar set-up used 8.5 mL medium (M9 or LB), 0.5 mL AgNPs or Milli Q ® and 

only 1 mL of a 20 h old bacteria culture, or for blanks, 1 mL modified M9 medium, was 

added. This gives two set-ups, one with a concentration of 2.5 mL culture per 10 mL 

suspension and one with a concentration of 1 mL culture per 10 mL suspension. 

The stress experiments have two different set-ups timewise. The first set-up is that the 

medium and the stress factor are put together 24 hours before the start of the test, so an 

equilibration between the two of them can be reached. After those 24 hours the bacterial 

culture is added. The second set-up is that the medium, stress factor and bacterial culture 

are added at the same time. The goal is to find out if there is a difference in toxicity. 

The growth was monitored by measuring each culture’s OD595nm periodically. Immediately 

after combining the bacterial liquid culture (or blank M9) with the equilibrated mix of medium 

and treatment, that was performed in 15 mL falcons, as previously described, a multititer 

plate was prepared for OD analysis. The plate was filled with 200 µL of sample per well. 

Each sample was analyzed in quadruplicate. The plate was incubated at 30 °C during 48 h. 

Growth in each well was assessed by measuring OD595nm every 20 min. Every 10 min the 

plate was shaken at speed 60 rpm. For presentation of data, the mean OD values ± standard 

deviations were calculated and plotted in function of time. 
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4 Results 

4.1 Stability 

4.1.1 Visual 

4.1.1.1 Results 

The different standards used in the visual observations were provided by Nanocomposix; 

NaC (electrostatic stabilization) stabilized nanoparticles of the sizes 10 and 100 nm, 

nanoparticles stabilized with PVP (steric stabilization), sizes 10 and 100 nm and BPEI 

(electrosteric stabilization) stabilized nanoparticles with size 100 nm. The 10 nm particles 

have a yellowish color, while the 100 nm particles are more cloudy and have a white-gray 

color (Figure 6). The LB medium its original color is yellow, M9 is colorless. The color of the 

LB and M9 medium without the addition of AgNPs remains stable through time (Figure 7).  

 

Figure 6 Commercial AgNPs standards.  

From left to right: 10 nm NaC – 100 nm NaC – 10 nm PVP – 100 nm PVP – 100 nm BPEI 

 

Figure 7 LB and M9 medium without the addition of AgNPs.  

LB medium (left) is yellow, M9 medium (right) is colorless. The color remains stable through time. 

After adding the 10 nm NaC stabilized particles to LB and modified M9 medium (ratio 1:1), a 

sudden change in color appears. The color of the LB medium changes from light yellow to 

bright orange and the colorless M9 medium changes to bright pink (Figure 8A). When time 

passes the color intensity decreases. After 24 hours the colors of the media return to their 

original state, this is the LB medium to light yellow and the M9 medium to colorless (Figure 

8B and Figure 8C). The 10 nm NaC stabilized particles in sodium citrate buffer (2 mM) 

remain their original color and do not change in time. 
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Figure 8 10 nm NaC stabilized AgNPs through time.  

A) At the start of the experiment, B) After six hours and C) After 24 hours. 1: 10 nm NaC + sodium citrate 

buffer, 2: 10 nm NaC + LB medium, 3: 10 nm NaC + M9 medium 

When 10 nm PVP stabilized particles are added to LB and modified M9 medium, a change in 

color appears as well. The LB medium changes from light yellow to a brighter yellow. The M9 

medium colors pink (Figure 9A). Through time the color intensity decreases, the LB medium 

changes from bright yellow to a more grayish yellow and the M9 medium changes from pink 

to a less intense pink (Figure 9B and Figure 9C). The 10 nm PVP stabilized particles in Milli 

Q ® remain their original color and do not change in time. 

 

Figure 9 10 nm PVP stabilized AgNPs through time.  

A) At the start of the experiment, B) After six hours and C) After 24 hours. 1: 10 nm PVP + Milli Q ®, 2: 10 

nm PVP + LB medium, 3: 10 nm PVP + M9 medium 

The 100 nm NaC stabilized particles give a less distinct change in color after adding the 

particles to the media (Figure 10A). A decrease in color intensity as time advances is 

noticeable and after 24 hours the color has disappeared (Figure 10B and Figure 10C). The 

100 nm NaC stabilized particles in the buffer remain their original color and do not change in 

time. 

 

Figure 10 100 nm NaC stabilized AgNPs through time.  

A) At the start of the experiment, B) After six hours and C) After 24 hours. 1: 100 nm NaC + sodium citrate 

buffer, 2: 100 nm NaC + LB medium, 3: 100 nm NaC + M9 medium 
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The addition of 100 nm PVP stabilized particles to the media does not give a remarkable 

change in color (Figure 11A). The intensity in color decreases as time advances (Figure 11B 

and Figure 11C). The 100 nm PVP stabilized particles in Milli Q ® remain their original color 

and do not change in time. 

 

Figure 11 100 nm PVP stabilized AgNPs through time.  

A) At the start of the experiment, B) After six hours and C) After 24 hours. 1: 100 nm PVP + Milli Q ®, 2: 

100 nm PVP + LB medium, 3: 100 nm PVP + M9 medium 

The addition of 100 nm BPEI stabilized particles to the media does not give a remarkable 

change in color (Figure 12A). The intensity in color remains stable as time advances (Figure 

12B and Figure 12C). The 100 nm BPEI stabilized particles in Milli Q ® remain their original 

color and do not change in time either. 

 

Figure 12 100 nm BPEI stabilized AgNPs through time.  

A) At the start of the experiment, B) After six hours and C) After 24 hours. 1: 100 nm BPEI + Milli Q ®, 2: 

100 nm BPEI + LB medium, 3: 100 nm BPEI + M9 medium 

4.1.1.2 Tentative conclusion 

Immediately after the addition of the 10 nm AgNPs, a distinct change in color appears, both 

for 10 nm NaC stabilized particles as for 10 nm PVP stabilized particles. The change in color 

through time is more remarkable for the NaC stabilized particles than for the PVP stabilized 

ones. The addition of the 100 nm AgNPs give a less noticeable change in color, the intensity 

decreases.  

Spectrophotometry can give additional information about the changes in color. These results 

will be discussed in the next chapter.  

 

A B C 

1 2 3 1 2 3 1 2 3 

A B C 

1 2 3 1 2 3 1 2 3 



41 

 

4.1.2 UV-Vis spectra 

4.1.2.1 Results 

Spectrophotometry can analyze the effects of the LB and M9 media on the stability of the 

AgNPs. The media and AgNPs are added in a ratio of 1:1.  

A. 10 nm NaC 

The 10 nm NaC stabilized particles were tested from both the brand Sigma as the brand 

Nanocomposix. Results were analogous. When the 10 nm NaC stabilized particles are 

added to their buffer, 2 mM sodium citrate buffer, their spectra remain constant as time 

advances. This indicates that the particles stay stable and are invariable through time. 

Maximum absorbance is observed around 390 nm (Figure 13 and Figure 14). 

The addition of the 10 nm NaC stabilized particles to LB medium and modified M9 medium 

gives a different pattern. In the LB medium, the absorbance intensity increases 

systematically as time advances and around 460 nm a shift occurs. After this shift the 

absorbance intensity decreases as time advances. In M9 medium, a decrease occurs across 

the whole spectrum in function of time. Another difference between the addition in LB and in 

M9 medium is that the original peak from the standard 10 nm NaC stabilized particles in 

sodium citrate buffer is completely vanished in LB medium when the measurements started, 

but reappears with time. At first a peak at a longer wavelength is formed, which disappears in 

function of time. Initial, this original peak is noticeable in M9 medium but another peak at a 

greater wavelength is formed instantly (Figure 15 and Figure 16). 
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Figure 13 UV-Vis spectrum of 10 nm NaC particles (Sigma) in sodium citrate buffer (2 mM) measured for 

six hours.  

 

 

Figure 14 UV-Vis spectrum of 10 nm NaC particles (Nanocomposix) in sodium citrate buffer (2 mM) 

measured for 24 hours.  
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Figure 15 UV-Vis spectrum of 10 nm NaC particles (Sigma) in LB medium (blue lines) and in M9 medium 

(red lines) measured for six hours.  

 

Figure 16 UV-Vis spectrum of 10 nm NaC particles (Nanocomposix) in LB medium (blue lines) and in M9 

medium (red lines) measured for 24 hours. 
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B. 10 nm PVP 

When the 10 nm PVP stabilized particles are added to Milli Q ®, their spectra remain 

stagnant as time advances. Maximum absorbance is observed around 390 nm. The 

maximum absorbance value of 10 nm PVP is lower than the maximum absorbance value of 

10 nm NaC, respectively 0.7 and 1.75 (Figure 17).  

 

Figure 17 UV-Vis spectrum of 10 nm PVP in NaC particles in Milli Q ® measured for 24 hours. 

The addition of the 10 nm PVP stabilized particles to LB medium and modified M9 medium 

shows a different pattern than the 10 nm NaC stabilized particles. In LB medium, the 

absorbance intensity increases systematically as time advances, until the turnaround at 370 

nm. Between 370 nm and 480 nm the absorbance intensity decreases. A new shift occurs. 

After this shift the absorbance intensity increases little as time advances.  In M9 medium, a 

decrease over the whole spectrum occurs as time advances. Another difference between the 

addition in LB and in M9 medium is that the original peak from the standard 10 nm PVP 

stabilized particles in Milli Q ® is still noticeable in LB medium at first, but disappears with 

time. In M9 medium this peak is also noticeable in the beginning, but another peak at a 

longer wavelength is formed instantly (Figure 18). 
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Figure 18 UV-Vis spectrum of 10 nm PVP particles in LB medium (blue lines) and in M9 medium (red lines) 

measured for 24 hours.  

C. 100 nm NaC 

100 nm NaC stabilized particles in sodium citrate buffer give a stable spectrum through time, 

only the 24 hour measurement presents lower absorbance values. Maximum absorbance is 

around 480 nm (Figure 19).  

When the 100 nm NaC stabilized particles are added to LB medium and modified M9 

medium, a systematically decrease in absorbance intensity occurs. In contrast to the 10 nm 

NaC particles, no shift appears. The addition of the particles to LB medium results in a 

complete and immediate vanishing of the original spectrum of the particles in sodium citrate 

buffer. Whereas in M9 medium the original spectrum is still noticeable at the start but 

disappears in time (Figure 20). 
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Figure 19 UV-Vis spectrum of 100 nm NaC particles in sodium citrate buffer (2 mM) measured for 24 

hours. The 24 hour measurement is lower than the rest. 

 

 

Figure 20 UV-Vis spectrum of 100 nm NaC particles in LB medium (blue lines) and in M9 medium (red 

lines) measured for 24 hours. The blue and red lines decrease through time. 
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D. 100 nm PVP 

The addition of the 100 nm PVP stabilized particles to Milli Q ® shows a stagnant spectrum 

through time, only the 24 hour measurement presents lower absorbance values (Figure 21). 

Maximum absorbance is around 480 nm. The maximum absorbance value is analogous to 

the one of 100 nm NaC stabilized particles, around 0.5. 

 

Figure 21 UV-Vis spectrum of 100 nm PVP particles in Milli Q ® measured for 24 hours. The 24 hour 

measurement lays a bit lower than the rest. 

When the 100 nm PVP stabilized particles are added to LB medium and modified M9 

medium, a systematically decrease in absorbance intensity occurs. The initial peaks as seen 

in the spectrum of Figure 21 disappear when time advances. In contrary to the 10 nm PVP 

particles, no shift appears. Both in LB medium as in M9 medium the original spectrum is still 

apparent at the start but disappears in time (Figure 22). 
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Figure 22 UV-Vis spectrum of 100 nm PVP particles in LB medium (blue lines) and in M9 medium (red 

lines) measured for 24 hours. The blue and red lines decrease through time. 

E. 100 nm BPEI 

The addition of the 100 nm BPEI stabilized particles to Milli Q ® gives a stable spectrum 

through time (Figure 23). Maximum absorbance is around 480 nm, resembling to the other 

100 nm AgNPs. The maximum absorbance value is a bit lower than the other 100 nm 

AgNPs, respectively about 0.3 and about 0.5. 

When the 100 nm BPEI stabilized particles are added to LB medium and modified M9 

medium, the particles remain stable in LB medium and systematically decrease in 

absorbance intensity in M9 medium. Both in LB medium as in M9 medium the original 

spectrum is still apparent at the start but in M9 it vanishes in time (Figure 24). 
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Figure 23 UV-Vis spectrum of 100 nm BPEI particles in Milli Q ® measured for 24 hours. 

 

 

Figure 24 UV-Vis spectrum of 100 nm BPEI particles in LB medium (blue lines) and in M9 medium (red 

lines) measured for 24 hours. The blue lines remain stable and the red lines decrease through time. 
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F. Comparison of the 10 nm and 100 nm particles 

When the 10 nm particles are compared in LB medium, it is seen that they both show a shift. 

The 10 nm NaC stabilized particles increase in absorbance intensity until a turnaround at the 

wavelength of 460 nm. After this shift the absorbance intensity decreases in time. The 

spectrum of the 10 nm PVP stabilized particles first increases but they already have a shift at 

370 nm. In between 370 nm and 480 nm, the absorbance intensity decreases in time. At 480 

nm, there is again a turnaround after which the absorbance intensity is augmented again. In 

general, the absorbance values of 10 nm NaC stabilized particles are all above those of 10 

nm PVP stabilized particles (Figure 25). 

 

Figure 25 10 nm NaC (blue lines) and 10 nm PVP (red lines) in LB medium measured for 24 hours. Both 

types of particles show a shift, respectively around 460 nm, 370 nm and 480 nm. 

In M9 medium the spectra don’t present a shift, but show a systematic decrease in 

absorbance intensity across the whole spectrum. The original peaks vanish as time 

advances. Once more, the absorbance values of 10 nm NaC stabilized particles start higher 

than those of 10 nm PVP stabilized particles (Figure 26). 
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Figure 26 10 nm NaC (blue lines) and 10 nm PVP (red lines) in M9 medium measured for 24 hours. Both 

types of particles decrease through time. 

The addition of 100 nm AgNPs to LB medium result in a systematic decrease of absorbance 

intensity of the NaC and PVP stabilized particles after 24 hours. They both show a similar 

pattern after 24 hours. It is noteworthy that the 100 nm BPEI stabilized particles remain 

stable as time advances. (Figure 27). 

 

Figure 27 100 nm NaC (blue lines), 100 nm PVP (red lines) and 100 nm BPEI (green lines) in LB medium 

measured for 24 hours. NaC and PVP decrease through time, while BPEI remains stable. 
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In M9 medium all of the AgNPs show a systematic decrease as time advances (Figure 28). 

 

Figure 28 100 nm NaC (blue lines), 100 nm PVP (red lines) and 100 nm BPEI (green lines) in M9 medium 

measured for 24 hours. All particles decrease through time. 

4.1.2.2 Tentative conclusion 

The results show that both LB medium and the modified M9 medium have an influence on 

the stability of all the tested AgNPs. Only the UV-Vis pattern of the 100 nm BPEI stabilized 

particles in LB medium remains stable as time advances. The 10 nm NaC stabilized particles 

in LB medium are completely destabilized immediately after mixing. As time advances, this 

peak decreases and the peak at the wavelength of 390 nm reappears. This can indicate the 

restabilization of the particles in the medium. The 10 nm PVP stabilized particles in LB 

medium show the formations of peaks at longer wavelengths when times passes. This 

indicates the presence of larger particles due to aggregation of the AgNPs, meaning that the 

particles are not stable in the media. The systematic decrease in intensity is most likely due 

to the depletion of stable AgNPs. 

DLS measurements can confirm if the particles aggregate and thus become larger or not. 

The results of these measurements are discussed below. 
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4.1.3 DLS 

4.1.3.1 Results 

DLS measurements were only performed on 100 nm sized AgNPs because DLS generates 

better results with larger particles.  

A. 100 nm NaC 

The addition of 100 nm NaC stabilized particles in sodium citrate buffer, ratio 1:1, shows that 

the particles remain stagnant (100 nm) through time (Figure 29).  

 

Figure 29 DLS measurements of 100 nm NaC stabilized particles in sodium citrate buffer (2 mM) 

measured for 24 hours. 

Instantly after the addition of the particles into the LB medium, the particles with size 100 nm 

form bigger clusters with a size ranging from 400-700 nm. After a few hours, the mixture of 

particles and LB medium is reformed to a polydisperse blend in which particles with a size 

around 100 nm and particles with a larger size are present (Figure 30). 

 

Figure 30 DLS measurements of 100 nm NaC stabilized particles in LB medium measured for 24 hours. 
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The 100 nm NaC stabilized particles immediately become larger (400-700 nm) after adding 

them to M9 medium and remain stable. After 24 hours the mixture is polydisperse again, 

some particles are reformed to their original size, others stay big (Figure 31).  

 

Figure 31 DLS measurements of 100 nm NaC stabilized particles in M9 medium measured for 24 hours. 

B. 100 nm PVP 

The addition of 100 nm PVP stabilized particles in Milli Q ® shows that the particles stay the 

same size (100 nm) through time (Figure 32). 

 

Figure 32 DLS measurements of 100 nm PVP stabilized particles in Milli Q ® measured for 24 hours. 

The 100 nm PVP stabilized particles immediately become bigger (400-700 nm) after the 

addition into LB medium and stay that way (Figure 33). 
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Figure 33 DLS measurements of 100 nm PVP stabilized particles in LB medium measured for 24 hours. 

Addition of 100 nm PVP stabilized particles and M9 medium gives an immediate increase in 

size till 700 nm. After a few hours the size decreases to around 400 nm.  After 24 hours the 

mixture is polydisperse again (Figure 34). 

 

Figure 34 DLS measurements of 100 nm PVP stabilized particles in M9 medium measured for 24 hours. 
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C. 100 nm BPEI 

The addition of 100 nm BPEI stabilized particles in Milli Q ® shows that the particles remain 

stagnant (100 nm) through time (Figure 35). 

 

 

Figure 35 DLS measurements of 100 nm BPEI stabilized particles in Milli Q ® measured for 24 hours. 

When the particles are added to LB medium, their size remains 100 nm (Figure 36). 

 

Figure 36 DLS measurements of 100 nm BPEI stabilized particles in LB medium measured for 24 hours. 

The 100 nm BPEI stabilized particles immediately become bigger (400-700 nm) after the 

addition into M9 medium and stay that way. After 24 hours the particles are their original size 

again, around the 100 nm (Figure 37).  



57 

 

 

Figure 37 DLS measurements of 100 nm BPEI stabilized particles in M9 medium measured for 24 hours. 

4.1.3.2 Tentative conclusion 

Sometimes the software gave a warning after measuring the samples. Some data are of 

‘poor quality’. A protocol to avoid this warning has not been found yet. This is due to the 

inadequacy of the DLS for polydisperse samples. Nonetheless, the data can give an idea 

about the effect of the LB and M9 media on the stability of the AgNPs. 

The DLS measurements of the 100 nm BPEI stabilized particles in LB medium confirm what 

was seen with the UV-Vis measurements. The particles remain stable. The other particles 

are not stable in the different media, DLS shows that size increases. This confirms that the 

particles aggregate and form bigger clusters.  

TEM images confirm if the particles aggregate and thus become bigger or not. These are 

discussed in the next chapter. 
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4.1.4 TEM 

4.1.4.1 Results 

Only PVP stabilized AgNPs were researched with TEM. Images of 10 nm PVP stabilized 

particles in their buffer Milli Q ® display that the mixture is polydisperse immediately after 

mixing. The particles appear to have varying sizes (Figure 38A). This is probably due to the 

poor quality of the standard. After 24 hours of stabilization the particles do not aggregate but 

size remains polydisperse (Figure 38B). 100 nm PVP stabilized particles in their buffer are all 

100 nm sized as seen in the TEM images and do not aggregate (Figure 38C and Figure 

38D). 

 

 

Figure 38 A: 10 nm PVP stabilized particles in Milli Q ® immediately after mixing, B: 10 nm PVP stabilized 

particles in Milli Q ® after 24 hours of stabilization, C: 100 nm PVP stabilized particles in Milli Q ® 

immediately after mixing, D: 100 nm PVP stabilized particles in Milli Q ® after 24 hours of stabilization. 

Images taken immediately after mixing of the 10 nm PVP stabilized particles with the LB 

medium show that the particles do not aggregate. Furthermore, crystals are formed due to 

the medium (Figure 39A). When the particles are stabilized for 24 hours, practically no 

particles are perceivable in the mixture (Figure 39B). The addition of 100 nm PVP stabilized 

particles and LB medium display the same results. There is a formation of crystals and no 

A B 

C D 
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aggregation immediately after mixing. No perceivable particles after 24 hours of stabilization 

(Figure 39C and Figure 39D). 

 

 

Figure 39 A: 10 nm PVP stabilized particles in LB medium immediately after mixing, B: 10 nm PVP 

stabilized particles in LB medium after 24 hours of stabilization, no particles noticeable, C: 100 nm PVP 

stabilized particles in LB medium immediately after mixing, D: 100 nm PVP stabilized particles in LB 

medium after 24 hours of stabilization, no particles noticeable.  

Immediate aggregation of the 10 nm PVP stabilized particles takes place when they are 

added to M9 medium. Big clusters are spread throughout the mixture (Figure 40A). After 24 

hours of stabilization the aggregates are even more voluminous (Figure 40B). This effect is 

more striking in the mixture with 100 nm PVP stabilized particles. Immediately after mixing, 

the particles aggregate and form large clusters (Figure 40C). When the particles are 

stabilized for 24 hours, the formation of bigger aggregates ensues (Figure 40D).  
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Figure 40 A: 10 nm PVP stabilized particles in M9 medium immediately after mixing, B: 10 nm PVP 

stabilized particles in M9 medium after 24 hours of stabilization, C: 100 nm PVP stabilized particles in M9 

medium immediately after mixing, D: 100 nm PVP stabilized particles in M9 medium after 24 hours of 

stabilization. 

4.1.4.2 Tentative conclusion 

The different TEM images of the 10 and 100 nm PVP stabilized particles confirm earlier 

findings. When they are added to their buffer Milli Q ®, the particles remain stable. 

Noteworthy is the diversity in size of the 10 nm PVP stabilized standard.  

Crystallization and the absence of aggregates are observed in the mixture of the particles 

with LB medium. After 24 hours of stabilization, the particles are not visible. This can indicate 

that the particles dissolve. Addition to M9 medium ensures the formation of aggregates. This 

effect is enhanced after 24 hours of stabilization.  
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4.2 Toxicity 

B. subtilis was stressed by the different types of AgNPs in LB and M9 medium. The 

concentration of AgNPs remained constant through the diverse experiments (1 mg/L). 

Bacterial culture was added in a concentration of 10 % and a concentration of 25 %. The 

mixture of the media with AgNPs were immediately used for the set-up or were first stabilized 

during 24 hours to reach chemical equilibrium. 

4.2.1 Results 

A. 10 nm NaC 

When B. subtilis endures a stress treatment by 10 nm NaC stabilized particles under 

changing parameters, a few things become clear. Firstly, stabilization for 24 hours or no 

stabilization of the AgNPs in the medium does not affect the toxic impact of the particles 

much. The course of both measurements after 0 and 24 hours of stabilization is comparable. 

Secondly, the effect in LB medium and in M9 medium is contrasting. The lethal effect is 

unnoticeable in the LB medium. However in M9 medium there is bacterial cell reduction, 

dependent of the concentration of added bacterial culture. 25 % addition of bacterial culture 

gives a less distinctive bacterial cell reduction than the addition of 10 % bacterial culture 

(Figure 41). 

 

Figure 41 10 nm NaC stabilized particles in LB and M9 medium after 0 and 24 hours of stabilization. Two 

different concentrations of bacterial culture (MO) were used, 10 % and 25 %. 
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B. 10 nm PVP 

Once more, the time of stabilization of the 10 nm PVP stabilized AgNPs in the medium (0 or 

24 hours) doesn’t affect the toxic impact of the particles much. The results of both 

measurements after 0 and 24 hours of stabilization is comparable. The contrast between the 

different media is evident. No lethal effect in LB medium, complete bacterial cell reduction in 

M9 medium for both concentrations of added bacterial culture. 10 nm PVP stabilized 

particles thus have a more distinct lethal effect than the 10 nm NaC stabilized particles 

(Figure 42). 

 

Figure 42 10 nm PVP stabilized particles in LB and M9 medium after 0 and 24 hours of stabilization. Two 

different concentrations of MO were used, 10 % and 25 %. 

C. 100 nm NaC, 100 nm PVP and 100 nm BPEI 

None of the 100 nm stabilized particles exhibit a lethal effect. Stabilization for 24 hours or no 

stabilization of the AgNPs in the media does not affect the lethal impact of the particles 

much. The lethal effect is witnessed neither in LB nor in M9 medium. Furthermore, there is 

no distinct difference between the two concentrations of added bacterial culture (Figure 43, 

Figure 44 and Figure 45).  
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Figure 43 100 nm NaC stabilized particles in LB and M9 medium after 0 and 24 hours of stabilization. Two 

different concentrations of MO were used, 10 % and 25 %. 

 

Figure 44 100 nm PVP stabilized particles in LB and M9 medium after 0 and 24 hours of stabilization. Two 

different concentrations of MO were used, 10 % and 25 %. 
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Figure 45 100 nm BPEI stabilized particles in LB and M9 medium after 0 and 24 hours of stabilization. Two 

different concentrations of MO were used, 10 % and 25 %. 

D. Comparison between types 

The comparison of 10 nm NaC and 10 nm PVP stabilized particles shows that none of the 

particles exhibit a lethal effect in LB medium, in none of the two bacterial culture 

concentrations. In M9 medium on the contrary, partial bacterial cell reduction and a complete 

lethal effect of the particles are observed. The 10 nm NaC stabilized particles have a toxic 

effect on the sample with 10 % added bacterial culture. When 25 % bacterial culture is 

added, a partial bacterial cell reduction takes place. The 10 nm PVP stabilized particles have 

a toxic effect on both bacterial concentrations (Figure 46).  

The comparison of 10 nm and 100 nm NaC stabilized particles, and the 10 and 100 nm PVP 

stabilized particles show that the smaller particles have a greater toxic effect than the larger 

particles in M9 medium. None of the particles show a lethal effect in LB medium (Figure 47 

and Figure 48).  
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Figure 46 10 nm NaC stabilized particles and 10 nm PVP stabilized particles in LB and M9 medium. Two 

different concentrations of MO were used, 10 % and 25 %. 

 

Figure 47 10 nm and 100 nm NaC stabilized particles in LB and M9 medium. Two different concentrations 

of MO were used, 10 % and 25 %. 
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Figure 48 10 nm and 100 nm PVP stabilized particles in LB and M9 medium. Two different concentrations 

of MO were used, 10 % and 25 %. 

4.2.2 Tentative conclusion 

Remark: the experiments were run simultaneously with blanks. These are samples in 

absence of bacterial culture. All blanks in LB medium showed contamination. The 

experiments must be repeated. 

The set-ups of the OD measurements have demonstrated several differences. First, the 

difference in size: 10 nm stabilized particles exhibit a lethal effect, 100 nm stabilized particles 

do not. There is a difference in concentration as well: when 10 nm NaC stabilized particles 

are added to M9 medium, they are toxic when the added bacterial culture is 10 %. In the 

case of adding 25 % bacterial culture only partial bacterial cell reduction is shown. Lastly, 

there is a difference in media. None of the particles show a toxic effect in LB medium, while 

some are toxic in M9 medium. Stabilization for 24 hour or no stabilization of the AgNPs in the 

media does not affect the lethal impact of the particles much.  
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5 Discussion 

This thesis has studied the influence of LB medium and modified M9 medium on the stability 

and toxicity of AgNPs on B. subtilis through techniques as UV-Vis, DLS, TEM and OD. B. 

subtilis was chosen because this is a model organism for Gram-positive bacteria. There was 

decided to test the stability of different types of AgNPs in two different media: LB and M9 

medium. LB medium is an undefined complex medium containing tryptone, sodium chloride 

and yeast. Tryptone, derived from the enzymatic digestion of casein out of milk, is widely 

used as protein source for bacteria. Sodium chloride is often present as anion of as salt 

which serves as nitrogen source or micro nutrient, or to maintain the salt concentration in the 

media that should be similar to the cytoplasm of the microorganisms (Strelkauskas, 2015). 

Yeast extract is a hydrolysate of yeast and is, like tryptone, an undefined complex medium 

component. It provides peptides, carbon, sulfur, trace elements, nitrogen compounds, 

vitamin B and a lot of other important growth factors (Sigma-Aldich; Sigma-Aldich). This rich 

medium is compared with the minimal medium M9 in which all compounds are exactly known 

with their concentration. But this medium contains some ions that form insoluble salts with 

Ag+, released from the AgNPs. Therefore the composition of the M9 medium was modified. 

Salts which contain ions that form insoluble products with Ag+ were avoided and changed by 

other salts. Solubility products constants (Ksp) of Ag-bearing salts can give a good indication 

of the potential forming insoluble salts or precipitates that can be formed. An overview of the 

most relevant Ksp values of Ag-salts is shown in Table 3.    

Table 3 Solubility products (Ksp) of silver-containing solids at 25°C (Averill & Elderedge, 2007) 

Compound (formula) Ksp 

Silver phosphate (Ag3PO4) 8.89 x 10-17 

Silver chloride (AgCl) 1.77 x 10-10 

Silver sulfate (Ag2SO4) 1.20 x 10-5 

Silver sulfide (Ag2S) 6.30 x  10-50 

 

Table 4 shows the composition of the unmodified and the modified M9 medium, used in this 

thesis. As seen in this table, Cl- bearing salts were changed by SO4
2- or NO3

- salts because 

of the low Ksp value and thus poor solubility of AgCl. Based on the acid dissociation 

constants of H2PO4
- and HPO4

2- and the Ksp value of Ag3PO4, Ag3PO4 formation was 

theoretically not an issue in the performed set-up. Also the amount of SO4
- was theoretically 
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too low for an Ag2SO4 formation with the present Ag+ concentration. B. subtilis was able to 

grow in the modified M9 medium, so the medium was useful in the experimental set-up.  

Table 4 Composition of unmodified and modified M9 medium 

(Unmodified) M9 medium a Modified M9 medium 

KH2PO4 KH2PO4 

Na2HPO4.7H2O Na2HPO4.12H2O 

NaCl * Na2SO4 
* 

NH4Cl * (NH4)2SO4 
* 

MgSO4 MgSO4.7H2O 

CaCl2 
* Ca(NO3)2.4H2O * 

Glucose Glucose 

a
 = According to Sambrook and Russell (Sambrook, 2001); * = modified salt. 

A large number of studies has been done to research the antibacterial effect of silver (both 

silver ions and AgNPs) towards a large diversity of different environmental and clinically 

relevant bacteria. However, some results are contradictory and the reported effect varied in 

different studies with the inhibition concentration ranging from several to hundreds of mg/L. 

For example, according to the review of Siripattanakul-Ratpukdi et al., (Guzman et al., 2012) 

reported that the MIC values of AgNPs with diameter sizes of 8 to 50 nm for microorganisms 

including E. coli, Pseudomonas aeruginosa, S. aureus and S. aureus MRSA ranged between 

7 and 259 mg/L. (Peetsch et al., 2013) found that spherical silver-doped calcium phosphate 

nanoparticles had a MIC value of 1 to 3 mg/L for mammalian and prokaryotic cells, while 

(Debabrata & Giasuddin, 2013) reported a MIC value of AgNPs in Saccharomyces cerevisiae 

at 48.51 mg/L (Siripattanakul-Ratpukdi & Fürhacker, 2014). The hypothesis is that the 

difference in test conditions, especially the growth medium used in the toxicity test, was the 

main reason for the diverse levels of toxicity. A lot of scientific papers do not even mention 

the composition of the growth medium or the stabilization mechanism of the used AgNPs. 

There are still a lot of uncertainties about the physicochemical form of the AgNPs during and 

after exposure in complex media. Results obtained in this study regarding the influence of 

the used stabilization method, diameter and growth medium will be discussed further on.  

A. Stability 

Three different types of stabilization were studied, NaC stabilized particles, PVP stabilized 

particles and BPEI stabilized particles. Previous studies have indicated that charge stabilized 

particles (citrate) were more unstable than sterically stabilized particles (PVP). PVP 

stabilized nanoparticles in a 10-fold diluted OECD media were found to be the most stable, 
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with only small losses in total concentration over 21 days, and no shape, aggregation or 

dissolution changes were observed. The PVP coated particles induced greater cytotoxicity 

than citrate coated particles. (Tejamaya et al., 2012) (Nguyen et al., 2013). Theoretically, 

electrosteric repulsion (BPEI) is the most stable form of stabilization (Levard et al., 2012). 

Results derived from own conducted experiments have shown matching findings. When 10 

nm particles were added to LB and M9 medium, both showed a sudden change in color. The 

color of the LB medium changed from light yellow to bright orange and the colorless M9 

medium changed to bright pink. The change in color through time is more remarkable for the 

NaC stabilized particles than for the PVP stabilized ones. The 100 nm NaC and PVP 

stabilized particles gave a less distinct change in color after adding the particles to the 

media. The addition of 100 nm BPEI stabilized particles to the media does not give a 

remarkable change in color and the intensity in color remains stable as time advances. UV-

Vis and DLS measurements demonstrated this as well. 100 nm BPEI stabilized particles 

were the only particles that remained stable in the LB medium.  

Stability of the AgNPs is not only dependent of the type of stabilization mechanism, the 

components in the surrounding environment have an influence as well. LB and M9 medium 

are contrasting in composition. LB medium is an undefined complex medium containing 

tryptone, sodium chloride and yeast. This rich medium was compared with the minimal 

medium M9, in which all compounds are exactly known with their concentration, theoretically 

not containing any ions that can form insoluble products with Ag+ released from AgNPs. 

Silver is known to react strongly with sulfide, chloride, and organic matter. This can result in 

aggregation causing sedimentation of the AgNPs, leading to lower stability and toxicity (Li et 

al., 2011). According to these studies, M9 medium should be a more stable environment for 

the AgNPs than the LB medium. Results derived from own conducted experiments have 

shown contrasting findings. None of the used techniques showed a distinctive difference in 

M9 and LB media. When particles are added to these media, all particles destabilize and 

increase in size. UV-Vis measurements demonstrated this by the formation of peaks at 

longer wavelengths when time passes. This indicates the presence of larger particles due to 

aggregation of the AgNPs, meaning that the particles are not stable in the media. The 

systematic decrease in intensity is most likely due to the depletion of stable AgNPs. DLS 

shows that size increases as well. This confirms that the particles aggregate and form bigger 

clusters. TEM images of 10 nm and 100 nm PVP stabilized particles also demonstrate this. 

In M9 medium the particles aggregate and form large clusters. In LB medium it seems like 

the particles dissolve after 24 hours of stabilization. Even more, the 100 nm BPEI stabilized 

particles remain stable in LB medium, in contrary to those in M9 medium and UV-Vis showed 

that the 10 nm NaC stabilized particles in LB medium are completely destabilized 

immediately after mixing. As time advances, a restabilization of the particles in the medium 

occurs. Concluding, one tends to say that the M9 medium is not the most stable environment 

for the AgNPs. 
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B. Toxicity 

A study performed by Le Ouay indicated that smaller nanoparticles have an enhanced 

antibacterial effect, due to a higher surface-to-volume ratio and thus release more Ag+ ions 

(Le Ouay & Stellacci, 2015). This is confirmed by own OD measurements, where 10 nm 

stabilized particles exhibited a lethal effect and 100 nm stabilized particles did not. The used 

stabilization mechanism influences the toxicity of the AgNPs as well. This is associated to the 

stability in the surrounding environment. As mentioned earlier, NaC stabilized particles are 

less stable than PVP stabilized particles. This results in the difference of toxicity. NaC 

stabilized particles are only partial toxic while the same concentration of PVP stabilized 

particles ensures a total lethal effect. This can be explained by the fact that NaC stabilized 

particles are more strongly negatively charged than PVP stabilized particles. This results in a 

repulsion between the negatively charged cell wall and the NaC stabilized particles, leading 

to a less antibacterial effect. It is peculiar that a lethal effect is only reached in M9 medium 

and no toxic effect is achieved in LB medium. TEM images show that the PVP stabilized 

particles seem to dissolve in LB medium, thus releasing many Ag+ ions. This in contrary to 

the TEM images of the PVP stabilized particles in M9 medium where large aggregates are 

formed.  Most likely the released Ag+ ions form insoluble products with the ions in the LB 

medium, resulting in lesser toxicity. 

This study can be explored and be expanded further. Optimalization of the DLS 

measurements, excluding the ‘poor quality’ data, and finding a good protocol to measure 

Zeta potential (this measures the charge of the solution) can give more concluding results. 

When performing DLS, only the viscosity of LB was taken into account. The viscosity of M9 

was considered the same as of water. Recording the viscosity of M9 ensures a better 

comparison between the growth media. TEM measurements were only performed on the 

PVP stabilized AgNPs. Expanding to NaC and BPEI stabilized particles is necessary. As well 

as the determination of the concentrations of Ag+ and AgNPs. This way, there can be 

confirmed if the particles dissolve and there can be defined if the released silver ions are free 

or still caught in the AgNPs or in salts. This can be achieved by ICP-MS. Now, only the 

difference between the M9 medium and LB medium is investigated. Experimenting with other 

media, or keep on using the M9 medium as a basis and adding different components of other 

more complex media, like Cl- ions or a tryptone solution coming from the LB medium, can 

ensure a comprehensive study of the influence of medium components on the toxicity of 

AgNPs. Studies have shown that toxicity can depend on the shape of the particles. 

Researching not only spherical particles, but for example triangular and rod shaped ones can 

give a nice addition. Lastly, interesting research to perform in the future can be to repeat this 

study with the Gram-negative model organism E. coli. This way the two model organisms are 

completely mapped and can stand as a representative for other bacteria.  
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6 Conclusion 

The scope of this thesis was to research to what extent the medium has an influence on the 

stability, hence the toxicity, of the AgNPs to B. subtilis. This influence of LB and modified M9 

medium was studied on different sized NaC, PVP and BPEI stabilized AgNPs through 

techniques as UV-Vis, DLS, TEM and OD.  A few conclusions came from this study. 

First of all, the used stabilization mechanism for the AgNPs when conducting experiments 

plays an important role. Different techniques exposed that BPEI stabilized particles are the 

most stable, followed by PVP stabilized particles and lastly NaC stabilized particles. This was 

confirmed by visual observations where the 10 nm NaC and PVP stabilized particles 

presented a sudden change in color. The change in color through time was more remarkable 

for the NaC stabilized particles than for the PVP stabilized ones. The 100 nm NaC and PVP 

stabilized particles gave a less distinct change in color after adding the particles to the 

media. The addition of 100 nm BPEI stabilized particles to the media did not give a 

remarkable change in color and the intensity in color remained stable as time advances.  

UV-Vis and DLS measurements demonstrated this as well. 100 nm BPEI stabilized particles 

were the only particles that remained stable in the LB medium.  

Furthermore, none of the used techniques showed a distinctive difference of the influence of 

LB and modified M9 media on the stability of the particles. When particles were added to 

these media, all particles destabilized and increased in size. This was illustrated by UV-Vis 

measurements demonstrating this by the formation of peaks at longer wavelengths when 

time passed. This indicates the presence of larger particles due to aggregation of the AgNPs, 

meaning that the particles are not stable in the media. DLS measurements confirmed that the 

size increased as well. TEM images of 10 nm and 100 nm PVP stabilized particles also 

demonstrated this. In M9 medium the particles aggregated and formed large clusters. In LB 

medium it seemed like the particles dissolved after 24 hours of stabilization. The hypothesis 

of M9 medium being the most stable environment was not confirmed by the results. The 100 

nm BPEI stabilized particles remained stable in LB medium, in contrary to those in M9 

medium. UV-Vis showed that the 10 nm NaC stabilized particles in LB medium were 

restabilized after 24 hours. Concluding, one tends to say that the M9 medium is not the most 

stable environment for the AgNPs. 

Lastly, there is an effect of the used AgNP and their interaction with the medium on the 

toxicity. When different sized AgNPs were compared, 10 nm stabilized particles exhibited a 

lethal effect, 100 nm stabilized particles did not. The used stabilization mechanism influenced 

the toxicity of the AgNPs as well. This is associated to the stability in the surrounding 

environment. As mentioned earlier, NaC stabilized particles are less stable than PVP 

stabilized particles, which results in the difference of toxicity. NaC stabilized particles were 
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only partial toxic while the same concentration of PVP stabilized particles ensured a total 

lethal effect. A lethal effect was only reached in M9 medium and no toxic effect was achieved 

in LB medium. TEM images showed that the PVP stabilized particles seemed to dissolve in 

LB medium, thus releasing many Ag+ ions. This in contrary to the TEM images of the PVP 

stabilized particles in M9 medium where large aggregates were formed. Most likely the 

released Ag+ ions form insoluble products with the ions in the LB medium, resulting in lesser 

toxicity. 
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