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Abstract 
 

Implant associated infections by antibiotic-resistant biofilm-forming pathogenic 

bacteria such as Staphylococcus aureus have become a growing concern as they are 

difficult to treat and lead to implant revision surgery. Implant coatings consisting of 

superparamagnetic iron oxide nanoparticles may prevent the attachment to and 

infection of implants by bacteria. However, these nanoparticles release iron, which is 

also a nutrient necessary for bacterial growth, and may inadvertently contribute to 

infection. In this thesis the uptake of iron from iron nanoparticles by S. aureus is 

investigated.  

To achieve this goal, nanoparticles were characterized, separation methods were 

developed and growth curves were constructed to determine the influence of 

nanoparticles on the growth of S. aureus. The release and uptake of iron from 

nanoparticles was investigated through the irradiation of iron nanoparticles and the 

measurement of the remaining 59Fe after nanoparticle-supplemented growth. 

 It was found that only 3.7 ± 2.4% of  nanoparticle iron was taken up by S. aureus after 

24 hours, while 53 ± 12% of free iron was taken up. The percentage of iron that was 

taken up was found to be greater than the weight percentage of iron that was released 

from the nanoparticles.  

While this demonstrates that iron remains with S. aureus after separation, it is not yet 

known whether this iron is truly internalized, or simply attached to the membrane. It 

also not conclusively known whether nanoparticle iron contributes to bacterial growth. 

Therefore, future experiments should be conducted to determine the internalization 

and the subcellular distribution of radioactive nanoparticle iron and its effects on 

bacterial metabolism. 
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1. Introduction 
Medical implants can be used to replace worn out joints, repair bone and replace teeth, 
among other applications. They can improve quality of life and mobility for those 
suffering from osteo- and rheumatoid arthritis, reducing pain and injury. In 2019, in the 
United States alone, the number of Total Knee Arthroplasties (TKA) procedures 
approached half a million, while the number of Total Hip Arthroplasties (THA) 
procedures was more than a quarter million, an increase of 156% and 177% 
respectively compared to the year 2000 [1]. The annual volume of these operations is 
projected to increase greatly, with an increase of 176% for THA procedures and 139% 
for TKA procedures [1].  
However, the use of these medical implants is not entirely risk-free. While mechanical 
failure and loosening are often found to be the most common reason for THA revision 
surgery, infection was also found to be significant cause of THA failure at approximately 
10% [2,3]. Infection was found to be an even more common cause of THA revision 
failure, with infection being the reason for re-revision in approximately one-fifth of cases 
[4]. Additionally, infection was found to be the most common reason for TKA revision 
[5]. The incidence rate of implant-related infections varies based on the exact type of 
implant that is infected, with the incidence of Prosthetic Joint Infection (PJI) ranging 
between 1% and 2% [6,7], while the incidence of dental implant infection ranges from 
2% to 3% [8]. Despite their low incidence rate, implant-related infections are a 
devastating complication, causing severe discomfort for the patient, leading to the 
above-mentioned revision surgery, and occasionally leading to fatal outcomes. The 
mortality rate for PJIs was reported to be 5.5% after one year and 7.3% after two years 
[9]. Implant-related infections also represent an economic burden, with PJIs costing 
$384,700,00 in the United States in 2017 alone, a number that is expected to more 
than double by 2030 due to the aforementioned increase of the annual volume of Total 
Joint Arthroplasties [10]. Because of the growing human and societal costs of implant-
related infections it is important that more effective treatments and prevention 
strategies are developed. 
Staphylococcus aureus (S. aureus) is a pathogenic bacterium found to be responsible 
for approximately a third of implant-related infections [11]. During infection, S. aureus 
adheres to the implant and then forms a biofilm, a community of bacteria encapsulated 
by an extracellular matrix produced by the bacteria [12]. The biofilm shields the bacteria 
from both the host immune system and antibiotics [13, 14], leading to more complicated 
treatment of implant infections. In recent decades, antimicrobial resistance (AMR) 
among bacteria has increased, with some estimates suggesting AMR will cause 10 
million deaths per year in 2050 [15]. PJIs are no exception to the problem of AMR, as 
Methicillin-Resistant S. aureus (MRSA) has been reported to have been isolated in 
45% of PJI cases [16]. The growth of AMR, combined with the fact that biofilms shield 
bacteria from antimicrobial drugs, has given rise to fears of virtually untreatable 
infections. 
Because they are so difficult to treat and will likely become more difficult to treat in the 
future, it is important to prevent medical implant infections before they even happen. 
Common strategies to prevent medical implant infections include reduction of risk 
factors such as obesity and smoking, and antibiotic prophylaxis, the use of antibiotics 
to prevent infection [17]. Another strategy to prevent infection would be to prevent the 
attachment of bacteria by means of an antimicrobial surface on the implant.  
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A number of different approaches to such an antimicrobial surface exist, such as killing 
the bacteria upon contact, the release of antimicrobial agents, and surfaces that 
prevent bacteria from adhering to the implant [18]. Nanoparticles made from silver [19], 
copper oxide [20] and zinc oxide [21] have been demonstrated to possess antimicrobial 
and antibiofilm activity against S. aureus. These nanoparticles could be attached to the 
surface of an implant using the Plasma Electrolytic Oxidation process (PEO), and 
function as an antimicrobial surface [22]. The PEO process is a process where metal 
oxide coatings are generated by the application of a high electrical potential that results 
in dielectric breakdown followed by discharges and plasma reactions [23]. 
Iron oxide nanoparticles (IONPs) are another possible candidate for implant 
antimicrobial surfaces. They have been reported to exhibit antimicrobial activity against 
S. aureus and are capable of reducing biofilm growth, though it should be noted that 
they were not part of a surface in the cited study [24]. IONPs can also be 
superparamagnetic, which allows them to be heated by the application of an alternating 
magnetic field if he IONPs have a particular size [25]. IONP hyperthermia has been 
reported to reduce S. aureus biofilm viability, increase bacterial antibiotic susceptibility, 
and even augment macrophage bactericidal activity against intracellular bacteria [26]. 
The use of IONPs likely represents an effective method to prevent implant infections 
by antimicrobial-resistant bacteria, though more research is necessary to determine 
whether IONPs exhibit these same properties when incorporated onto a surface. 
However, IONPs also release iron [27], which is an important nutrient for bacterial 
growth. S. aureus has developed sophisticated mechanisms to acquire iron during an 
infection [28], and the bacterium could possibly take up iron released from 
nanoparticles. Iron is even implicated in S. aureus biofilm formation, with a reported 
increase in biofilm production and thickness when iron was supplied in the form of 
hemoglobin [29]. The addition of IONPs might therefore be counterproductive, as S. 
aureus could hypothetically use the iron released from the nanoparticles to augments 
its growth. 
An effective method to investigate the uptake and subcellular distribution of iron by 
bacteria is to use a radioactive tracer. The medium used to grow bacteria is 
supplemented by a radioactive iron isotope, such as 55Fe or 59Fe, that acts as a 
radiotracer. By measuring the radioactivity after bacterial growth it is possible to 
determine the exact uptake of iron by the bacteria. This method has previously been 
used to study the metabolism of iron in mammals [30] and has also previously been 
applied in this research group to investigate the iron uptake of S. aureus under varying 
pH [31]. If the nanoparticles themselves are irradiated it may be possible to determine 
nanoparticle-released iron uptake.  
This thesis therefore aims to investigate whether iron that is released by nanoparticles 
is taken up by S. aureus bacteria, using the radioactive isotope 59Fe as a radiotracer. 
To this end, first several types of nanoparticles will be characterized by measuring their 
size, aggregation state, composition, surface potential and ion release. The effects of 
iron and silver nanoparticles on bacterial growth will be investigated. Thereafter, 
bacteria will be grown in the presence of radioactive iron nanoparticles in order to 
determine the uptake of iron by the bacterial cells. 
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2. Theoretical background 
2.1 Implant-associated S. aureus infections 
As mentioned previously, implant-associated infections are a devastating complication 
of implant surgery that are difficult to treat [2]. Implant-associated infections are 
classified into a number of categories, according to the route of infection and time until 
onset of infection symptoms after implantation surgery [32]. Perioperative infections 
refer to infections where bacteria enter the body during or immediately after surgery. 
During perioperative infections bacteria can originate from surgical equipment, clothing 
worn by the staff, the operating theatre or the patient themselves [32]. Up to 30% of 
the population is a carrier of S. aureus, where the nose is the most frequent site of 
colonization [33]. Nasal carriage is seen as the most important risk factor for surgical 
site infection in orthopedic surgery [34]. Screening and decolonization of S. aureus has 
been proven to reduce the number of surgical site infections in implantation surgery 
[35], but will never completely prevent implant infection due to the other sources of 
bacteria. Bacteria can also originate from the patient’s blood, in which case the 
infection is referred to as hematogenous. Hematogenous infections can happen any 
time after implantation [32]. During implant infection, S. aureus forms a biofilm which 
allows it to evade both antibiotics and the immune system. The two most important 
steps of implant infection, adhesion and biofilm formation, are explained below. 
 

2.1.1 Adhesion 

The first step in implant infection is bacterial adhesion, as bacteria are unable to form 
the characteristic biofilm that protects them from the immune system and antibiotics 
without first adhering to the implant. Adhesion is thought to occur in two separate 
phases, which are described below. 
In the first phase, bacteria are brought and adsorbed to the biomaterial surface by 
physical forces including van der Waals attraction, Brownian motion and electrostatic 
interactions [32]. The physical interactions during the first phase are classified into 
long-range and short-range interactions [32]. Long-range interactions act over 
separation distances longer than 50 nm, and are responsible for transporting the 
bacteria to the implant surface. Van der Waals interactions forces are thought to have 
the longest range, acting at distances up to 1 μm, and become stronger as bacteria 
move closer to the biomaterial surface [37]. Short-range interactions, which consist of 
chemical bonds, hydrophobic interactions and electrostatic interactions, can only occur 
when the separation distance is less than 5 nm [38]. The initial attachment of bacteria 
to the surface makes the second phase of adhesion possible [39].  
The second phase of bacterial adhesion consists of specific molecular interactions 
between the bacteria and implant surface [32]. After implantation, implants are covered 
in proteins originating from the blood and interstitial fluid, including Extracellular Matrix 
(ECM) components [38]. S. aureus can generate adhesins referred to as microbial 
surface components recognizing adhesive matrix molecules (MSCRAMMs), which can 
bind to these ECM components [41]. Examples of MSCRAMMs responsible for surface 
attachment include Clumping factor A (ClfA), a 92 kDa protein, Clumping factor B 
(ClfB), a 124 kDa protein, and the fibrinogen-binding protein (fib), all of which bind to 
fibrinogen [41]. S. aureus can use MSCRAMMs to adhere to the implant surface and 
initiate infection. 
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During the first stages of infection, bacteria have to compete with tissue integration, a 
concept referred to as the ‘race for the surface’ [42]. If bacteria adhere to the surface 
first, it is more difficult for the implant to be properly integrated by the body [42]. It is 
therefore important to prevent bacteria from adhering to the biomaterial surface. 
 

 
Figure 2.1: Biofilm formation during implant infection. After initial adhesion, bacteria 
begin to produce adhesive factors and aggregate, and form a biofilm. During 
maturation, disruptive factors are produced which give structure to the biofilm and 
eventually lead to its dispersion. Image taken from [36]. 
 

2.1.2 Biofilm formation and dispersal 

After bacterial adhesion, bacteria such as S. aureus replicate, aggregate and begin to 
develop a biofilm. A biofilm is defined as a complex multicellular aggregate of bacteria 
encased in a self-produced extracellular matrix [43]. The biofilm formation process 
consists of four different steps: adhesion, aggregation, maturation and dispersion, 
displayed in figure 2.1 [36]. As adhesion has already been discussed previously, this 
section will only discuss the other three steps.  
In the aggregation stage, bacteria proliferate and aggregate, and they begin to form an 
extracellular matrix that leads to the formation of microcolonies. Environmental signals 
also lead to the activation of regulatory networks, eventually giving rise to the formation 
of a biofilm [36]. 
During the maturation stage, a number of adhesive and disruptive processes take 
place that expand the biofilm and give it a complex structure [44]. Adhesive processes 
link bacteria together during replication, while disruptive processes form channels that 
are necessary to bring nutrients to bacteria in the deepest layers of the biofilm [44].  
One of the most important molecules responsible for S. aureus adhesion in biofilm is 
known as Polysaccharide Intercellular Adhesin (PIA), often referred to as poly-N-
acetylglucomase (PNAG) [45]. PIA is an exocellular polymer comprised of 
acetylglucosamine residues that is positively charged [45]. The positive charge of PIA 
is required for its role in intercellular adhesion [36]. The production and regulation of 
PIA are controlled by the ica locus, which consists of the icaA, icaD, icaB and icaC 
genes, and are displayed in figure 2.2 [44].  
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Of these genes, icaA and icaD are responsible for the production of PIA, where the 
icaA protein adds more N-acetylglucosamine residues to the PIA chain while icaD 
protein maintains the folding of icaA. icaC codes for a transmembrane protein likely 
responsible for transport of PIA to the cell surface, while the icaB protein deacetylates 
PIA, which gives it its positive charge [44]. 
 

 
Figure 2.2: The production process of PIA. icaA (N-acetylglucosamine transferase) 
polymerizes the N-acetylglucosamine subunits while icaD acts as a chaperone protein. 
IcaC exports the polymer across the membrane, where icaB deacetylates PIA. Image 
adapted from [45] 
 
PIA synthesis is not the only mechanism responsible for S. aureus biofilm formation, 
however, as a number of strains have been identified that are capable of biofilm 
formation while the ica locus is not present [47]. A number of proteins, including the 
Biofilm-associated protein (Bap), S. aureus surface protein G (SasG), and various 
fibronectin-binding proteins, have been observed to facilitate intercellular adhesion and 
biofilm formation [36]. Strains where the genes that are responsible for the production 
of these proteins were present have been reported to possess strong biofilm-forming 
ability [36]. Finally, a third mechanism of biofilm formation in S. aureus comes in the 
form of extracellular DNA (eDNA). The addition of nucleases to a biofilm can affect 
biofilm maturation, indicating that eDNA is a component of the S. aureus biofilm [48].  
As mentioned previously, disruptive processes give structure to the biofilm, including 
the creation of channels responsible for nutrient transport. One mechanism 
responsible for the disruption and maturation of the biofilm is Quorum Sensing (QS) 
[44]. Quorum sensing is a type of cellular signalling where the expression of genes 
changes depending on the population density of surrounding bacterial cells. Bacteria 
release signal molecules known as autoinducers, that increase in concentration as cell 
density increases. Once a certain threshold is reached, bacteria alter their gene 
expression [49]. The quorum sensing system of S. aureus has been named Accessory 
gene regulator (Agr). Agr consists of a number of different signalling molecules and an 
effector molecule called RNAIII [44].  
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Activation of Agr leads to the reduction of the expression of surface adhesins, 
increases the production and secretion of extracellular proteases, and downregulates 
the expression of Rot, a toxin repressor [36]. Simultaneously, Agr activation also leads 
to the production of phenol-soluble modulins (PSMs), surfactant molecules which are 
responsible for the formation of channels necessary for nutrient transport in biofilms 
[50]. The increased production of proteases that break down protein molecules 
responsible for adhesion within the biofilm and production of PSMs responsible for 
channel formation lead to the structuring and maturation of the biofilm [36]. 
The final stage of the biofilm process is dispersion. As discussed previously, the 
production of PSMs and disruption of biofilm adhesion due to the production of 
proteases lead to the formation of channels in the biofilm. However, these two 
processes also lead to the dispersal of the biofilm, as bacterial cells are no longer 
adhered to one another. This allows bacterial cells to detach from the biofilm to spread 
to new niches within the body [50]. The dispersed bacteria can seed new sites of 
infection and cause sepsis [51]. 
 

2.1.3 Biofilm antibiotic resistance mechanisms 

As discussed previously, bacteria within biofilms become more resistant to antibiotics 
[14]. A number of mechanisms are responsible for this antibiotic resistance. The first 
mechanism is resistance at the surface of the biofilm. Due to the complex structure of 
the biofilm, which consists of polysaccharides, extracellular DNA and proteins, 
antibiotics may be unable to penetrate the biofilm at all, or can only penetrate slowly 
as diffusion coefficients are lower than outside of the biofilm [14].  Slower diffusion of 
the antibiotic can also lead to deactivation before it can reach the bacterial target [52]. 
The second mechanism of biofilm antibiotic resistance is the microenvironment present 
deeper inside the biofilm. The bactericidal effects of antibiotics may be suboptimal in 
the biofilm microenvironment due to the presence of waste, metabolic byproducts, pH 
changes and low oxygen levels the antibiotics are not designed for [52]. Thirdly, a 
number of bacteria inside the biofilm can enter a state in which they become more 
resistant to stressful conditions such as the presence of antibiotics. These so-called 
persister cells do not divide until antibiotics are no longer present [52]. The antibiotic 
resistance of persister cells is caused by the shut-down of antibiotic targets [53]. Once 
the bacteria begin dividing again, they become susceptible to antibiotics again [52]. 
Because bacteria become resistant to antibiotic treatment once a biofilm has been 
formed, it is important to prevent implant infection rather than treat it.  
 

2.2 Nanoparticle-based implant coatings 
To prevent bacterial adhesion to and infection of medical implants, antimicrobial 
implant coatings may be developed. As previously discussed, three strategies exist to 
develop antimicrobial surfaces: contact-killing, adhesion prevention and antimicrobial 
agent release [18]. Metallic nanoparticles may be applied for the development of 
antimicrobial surfaces due to their ability to release toxic metallic ions and generate 
reactive oxygen species [54]. This section will discuss the efficacy and antimicrobial 
mechanism of the nanoparticles that are most relevant to this thesis, namely 
nanoparticles made of silver (AgNPs) and iron oxide. 
 

2.2.1 Silver nanoparticle coatings 

Silver has been known to possess antimicrobial properties for centuries [55]. Silver 
nanoparticles (AgNPs) have found numerous applications in the food industry and 
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healthcare, in particular in wound dressings, surgical mesh, and drug delivery [55,56]. 
AgNPs can also be immobilized, through processes such as the previously mentioned 
PEO, onto implants to function as an antimicrobial coating [22]. In this manner, AgNPs 
achieve high antimicrobial activity at lower doses than other nanoparticles, such as 
those made from copper or zinc, but they were also found to exhibit lower 
cytocompatibility [22]. The antimicrobial activity of silver nanoparticles is thought to 
originate from a number of different mechanisms, namely silver ion release and 
Reactive Oxygen Species (ROS) generation [22]. The different antibacterial 
mechanisms of AgNPs are displayed in figure 2.3. In general, released silver ions may 
disrupt the cell wall and membrane, denature ribosomes, interrupt ATP production and 
interfere with DNA replication. ROS can also disrupt the membrane. Free-floating 
AgNPs, which are unlikely to be present in the case of an antimicrobial implant coating, 
are capable of denaturing and perforating the cell membrane [56]. A recent study has 
confirmed many of these findings for S. aureus in particular [55]. It has been shown 
that the Ag+ ions released by AgNPs target and bind to a number of different proteins 
in S. aureus. Ag+ ions were found to primarily target proteins involved in the glycolysis, 
ROS defense and oxidative pentose phosphate pathways. The latter pathway is 
responsible for the production of precursors for nucleotide synthesis and NADPH, an 
important antioxidant responsible for ROS quenching [55]. It was therefore concluded 
that Ag+ ions target the energy metabolism of S. aureus, while simultaneously 
disrupting oxidative stress defense systems, eventually leading to ROS accumulation 
and cell death. Because Ag+ affects a number of different pathways at once, it is 
thought that cells are unable to develop resistance to Ag+ [55]. The combination of 
silver and antibiotics was demonstrated to have a greater bactericidal effect than 
antibiotics alone, and was found to suppress the evolution of antibiotic-resistant 
bacteria [55]. Ag+-releasing AgNPs are therefore thought to be a good alternative to 
antibiotics when combatting resistant bacteria such as MRSA.  
 

 
Figure 2.3: Mechanisms of the antibacterial action of AgNPs. Ag+ ions can disrupt the 
cell wall, denature ribosomes, interrupt ATP production, interfere with DNA replication 
and release ROS that disrupt the membrane. AgNPs can also perforate and denature 
the bacterial membrane. Image taken from [56]. 
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2.2.2 Iron oxide nanoparticle coatings 

Like silver nanoparticles, nanoparticles made from Fe3O4 (IONPs) also possess 
antibacterial and anti-biofilm properties against S. aureus [24]. They can be used for a 
number of applications, including drug delivery, hyperthermia, and contrast 
enhancement for magnetic resonance imaging [57]. However, as they exhibit 
antibacterial activity, they may hypothetically be applied to develop an antimicrobial 
implant coating. Similarly to silver nanoparticles, the antibacterial mechanism of IONPs 
is thought to rely on ion release and ROS generation. Fe2+ ions released from IONPs 
may react with H2O2 to form ROS in the so-called Fenton reaction, which can damage 
the DNA, lipids and proteins [58]. Free-floating IONPs are also capable of binding to 
and damaging the cell wall [58]. This will be less important if the IONPs are 
incorporated into an implant coating. 
As mentioned in chapter 1, Fe3O4 can also be superparamagnetic. 
Superparamagnetism is a type of magnetism that occurs in small particles such as 
IONPs. Because the particles are so small, individual particles are considered to have 
a single magnetic domain and therefore possess a single magnetic moment, which can 
flip randomly because of temperature. If observed for an amount of time much longer 
than the Néel relaxation time, the typical time it takes for the magnetic moment to flip, 
the average magnetization is measured to be zero [59]. When exposed to an magnetic 
field, particles either change their magnetic moment to align with the magnetic field 
while remaining stationary (Néel relaxation), or rotate themselves (Brownian 
relaxation). These processes can generate heat [60]. If exposed to an alternating 
magnetic field large amounts of heat can be generated that can be used for various 
applications, such as eradicating biofilms [26].  
 

2.3 Staphylococcus aureus 
S. aureus is a gram-positive bacterium that can be part of the microbiota, but can also 
cause diseases such as implant infection. Gram-positive bacteria such as S. aureus 
possess an envelope consisting of a thick layer of peptidoglycan, a mesh-like structure 
made of carbohydrate chains. Present inside this peptidoglycan layer are molecules 
called teichoic acids, which have a negative charge. The negative charge of the 
teichoic acids results in the negative surface charge of S. aureus [61]. 
 

2.3.1 S. aureus iron uptake mechanisms 

In vertebrates, iron is ordinarily sequestered inside intracellular proteins, as it is highly 
reactive and potentially toxic. Therefore, S. aureus has developed a number of different 
strategies to acquire iron during infection [28]. One of the key strategies S. aureus uses 
to acquire iron is the production of siderophores. Siderophores are small secondary 
metabolites with a high affinity for ferric iron, Fe3+ [62]. S. aureus releases two different 
siderophores, staphyloferrin A and staphyloferrin B. While the two staphyloferrins are 
structurally different, it is unknown if each has a unique role during infection. The 
production of siderophores is performed by two different pathways in bacteria, which 
consist of non-ribosomal peptide synthesis (NRPS) and NRPS-independent synthesis 
(NIS). Both staphyloferrin A and B are produced through the NIS pathway [28]. The 
synthesis and export of both siderophores are regulated by the Ferric Uptake Regulator 
(Fur) protein, a transcription factor that bind to a consensus sequence called fur in the 
presence of iron. Fur functions as a repressor and prevents the infection of iron uptake 
genes when iron is present. If S. aureus does not have enough iron Fur releases from 
the DNA and transcription can begin [28]. Export of staphyloferrin A and B are 
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performed by SfaA and SbnD respectively. Outside of the cell, the siderophores form 
a complex with iron, which is then taken up by HtsABC for staphyloferrin A, and the 
Staphylococcal iron regulated (Sir) system for staphyloferrin B [62]. Once the 
siderophore-iron complexes have been internalized, iron needs to be recovered. Two 
different iron release mechanisms have been described, but little else is known. The 
first mechanism revolves around the reduction of Fe3+ to Fe2+, which has a lower 
binding affinity. Due to the lower binding affinity iron is then released from the 
siderophore and can be bound to other proteins and stored. The second mechanism 
consists of the hydrolyzation of the siderophore, which results in the release of iron 
[62].  
Another mechanisms by which S. aureus can acquire iron during infection is the uptake 
of heme. In the body heme is the precursor to hemoglobin, which used by the red blood 
cells to bind oxygen, and is the form in which most of the iron in the body is stored [28]. 
S. aureus might even prefer heme-iron over iron bound to transferrin, which is the 
primary source of iron stolen by siderophores [28, 62]. S. aureus is capable of secreting 
hemolysins, proteins that break open erythrocytes (red blood cells) to release 
hemoglobin, which the bacterium can then bind to in order to extract heme [62]. S. 
aureus heme uptake is regulated by the iron-responsive surface determinant (Isd) 
system, which transports captured heme through the cell wall and then liberates iron 
from heme in the cytoplasm [62]. Iron is one of the key growth-limiting nutrients during 
S. aureus infection and its iron acquisition mechanisms therefore represent a possible 
target for new therapies against S. aureus infection. It is currently not known whether 
nanoparticles could represent a significant source of iron for S. aureus. 
 

2.3.2 Quantifying S. aureus growth behaviour 

In order to determine the effect of nanoparticles on S. aureus, the growth of the 
bacterium has to be measured and quantified. This can be achieved by the 
measurement of the optical density of the bacteria at 600 nm, the OD600, followed by 
the construction of a growth curve. A mathematical model can then be used to estimate 
a number of different growth parameters which quantify bacterial growth behaviour. 
One model that can be used to achieve this is the Logistic Model. The Logistic Model 
(eq. 1) is an appropriate method to model bacterial growth because the nutrients inside 
the culture medium are limited, and therefore the growth of bacteria in broth is self-
limiting. There are three unknown growth parameters that characterize bacterial 
growth: the OD600,max represents the maximum OD600 and therefore the maximum 
density of the biomass of the bacterium; μmax represents the highest growth rate; ti is 
the inflection time which is the point in time where the curvature of the growth curve 
changes sign and the growth rate starts decreasing [63]. 
 

𝑂𝐷600 =
𝑂𝐷600,𝑚𝑎𝑥

(1+𝑒−𝜇𝑚𝑎𝑥(𝑡−𝑡𝑖))
 (eq. 1) 

 

2.4 Radiolabeling with iron 
Radiolabeling is a technique whereby a radioactive nuclide is used to trace the path of 
a molecule or atom under investigation. By measuring the radiation generated through 
the decay of the radionuclide, it is possible to determine the mechanisms behind 
reactions or biological processes. It is therefore a good technique to determine the 
release of iron from nanoparticles and its uptake by bacteria. The two iron isotopes 
most suitable for this purpose are 55Fe and 59Fe, due to their suitable half-lives (t1/2 = 
2.7 years and t1/2 = 44.45 days respectively), as the half-lives of the other isotopes are 
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either too short or too long [64]. In this study, both 55Fe and 59Fe are produced during 
irradiation of iron nanoparticles (FeNPs), but only 59Fe is used as a tracer. 59Fe is a 
radioactive nuclide that decays to 59Co through β- decay (the emission of an electron). 
The decay of 59Fe results in the emission of an electron with a number of possible 
different energies, and the emission of gamma radiation where two energies, 1099 keV 
and 1291 keV make up more than 90% of the possible emitted energies [64]. Because 
59Fe also emits gamma radiation it can be detected using gamma counting. In contrast, 
55Fe decays through electron capture and only emits low-energy Auger electrons and 
low-energy x-rays, and can therefore only be detected using Liquid Scintillation 
Counting (LSC), which takes more time to prepare. Therefore, only 59Fe will be used 
in this study. 
 

2.5 Measuring devices 
2.5.1 Dynamic light scattering 

Dynamic Light Scattering (DLS) is a technique that can be used to determine the 
hydrodynamic radius of small particles in suspension. Light generated by a laser enters 
the sample and is then scattered in all directions, as a function of the size and shape 
of the particles in the sample. Brownian motion, the random motion of particles in a 
medium caused by the particle’s collisions with solvent molecules, causes the 
scattering intensity to fluctuate over time. The scattered light separates into mutually 
destructive phases that cancel out, and mutually constructive phases that lead to a 
detectable signal, a phenomenon known as Doppler Broadening. The intensity 
fluctuation rate depends on the diffusion coefficient of the particle, which itself is a 
function of the (hydrodynamic) radius of the particle according to the Stokes-Einstein 
equation (eq.2). It should be noted that the Stokes-Einstein equation is only valid for 
spherical particles in a liquid with low Reynolds number. In eq.2, kB refers to the 
Boltzmann constant, T to the temperature, η to the viscosity of the medium and RH to 
the hydrodynamic radius of the particle. 
 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻
  (eq.2) 

 
In a DLS setup, laser light is scattered by a sample. The scattered light is then 
measured by a detector, which is either placed at 90°, 173° or 158° (the last two are 
referred to as ‘backscatter detection’) compared to the laser. A digital autocorrelator 
then uses the signal generated by the detector to determine the rate of the intensity 
fluctuations, which can be used to calculate the diffusion constant and particle size 
distribution [65]. 
 

2.5.2 X-ray diffraction  

X-Ray Diffraction (XRD) is a technique used to determine the phase composition and 
structure of samples in liquid, solid or powder form. X-rays are scattered by the atoms 
in a sample. Because the wavelength of the X-rays is in the same order of magnitude 
as the distance between the atoms in a sample, they constructively interfere. This 
phenomenon is called diffraction. Diffraction only occurs when the Bragg condition, as 
described by Bragg’s law (eq.3) is satisfied. In Bragg’s law, n refers to the diffraction 
order, λ to the wavelength of the incident X-rays (in nm), d to the distance between 
layers of atoms (in nm) and θ to the incident angle of the X-rays (in degrees).  
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) eq. 3 

 
Because every crystal structure scatters X-rays slightly differently, they produce a 
unique pattern of different scattering intensity peaks that can be used to identify 
different materials present inside a sample [66]. 
When the crystals in a sample are small, such as a sample consisting of nanoparticles, 
the small size of the crystals leads to a broadening of the Bragg peak as described by 
the Scherrer equation (eq. 4). In the Scherrer equation B refers to the width of the peak 
at half of the peak’s maximum intensity, λ to the wavelength of the incident X-rays (in 
nm), K is a dimensionless shape factor that depends on the shape of the crystallite, L 
to the mean size of the crystal domain (in nm) and θ refers to the Bragg angle (in 
degrees) [67]. 
 

𝐵 =
𝐾𝜆

𝐿𝑐𝑜𝑠(𝜃)
 eq. 4 

 

2.5.3 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a technique that uses electrons to image 
objects at a significantly higher resolution than light microscopes. The higher resolution 
is achieved because the de Broglie wavelength of an electron is considerably smaller 
than the wavelength of light [68].  
In TEM electrons are produced in an electron source, also referred to as an “electron 
gun”. An electron source produces electrons either through thermionic emission, where 
high temperatures allow the electrons to overcome the work function and be emitted 
by the source, and field emission, whereby a strong electrostatic field causes emission 
of the electrons. The electrons are led through the vacuum of the electron microscope 
by a column of electromagnetic lenses and apertures, which serve to focus the beam, 
minimize distortions, and magnify the image after the electrons have passed through 
the sample. A vacuum is necessary to prevent interactions between the electrons and 
the atmosphere, which would result in distortion of the image [68].  
A number of interactions can take place between the beam electrons and atoms in the 
sample. These interactions are classified into elastic scattering, where no energy 
transfer takes place between the incident electron and sample atoms, and inelastic 
scattering where energy transfer does take place. Scattered electrons carry 
information about the sample and therefore contribute to image formation [68].  
Similarly to an optical microscope, image formation takes place through the 
interference between electron waves. When the electron waves are in phase, the 
interference is constructive and the amplitude is increased. If the electron waves are 
out of phase destructive interferences takes place and the amplitude is decreased [68]. 
There are two types of contrast formation in TEM: amplitude and phase contrast. 
Amplitude contrast is achieved by the removal of a number of electrons before the 
image plane. As electrons are absorbed by the sample or scattered at very high angles, 
contrast is formed. Phase contrast is generated as the phase of electrons is modulated 
through sample interaction. Both amplitude and phase contrast are present in most 
TEM images [69].  
A detector present in the image plane detects electrons and creates an image. Charge-
coupled devices (CCD) and Direction Detection Devices (DDD) are used to detect 
electrons automatically and in a digital format. In a CCD camera, electrons first 
encounter a scintillation layer. This scintillation layer translates electrons into photons, 
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which reduces the accuracy of the image. DDD cameras can detect electrons directly, 
which removes the blurring associated with CCD [68].  
TEM can be used to image objects light microscopes are incapable of imaging, such 
as nanoparticles. 
 

2.5.4 Zeta potential measurement 

The zeta potential is the measure of the electric potential of a particle at the slipping 
plane, the interface between the fluid attached to the particle surface and the fluid the 
particle is suspended in. The zeta potential depends on the net charge of the particle 
and the ions attached to it. The stability of the particle suspension can be predicted by 
the zeta potential, where particles with a potential below -30 mV or above 30 mV will 
form stable colloidal suspensions. The zeta potential is therefore an important property 
to measure as it can explain the behaviour of nanoparticles in suspension [70]. The 
zeta potential can be measured through the use of electrophoretic light scattering. This 
is a technique whereby a rapidly alternating electric field is applied onto a dispersion 
of charged particles. The electric field causes the particles to move, where the particle 
velocity and direction depend on the zeta potential of the particle. Light from a laser is 
then scattered by the particles in the dispersion. As the particles are mobile, the 
frequency of the scattered light has shifted (Doppler shift), compared to the incident 
laser. The doppler shift is then determined by combining the scattered light with that of 
the original laser, and the particle velocity is calculated. The zeta potential can then be 
calculated from the particle velocity [71].  
  

2.5.5 ICP mass spectrometry 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a technique that can be 
used to accurately measure the levels of elements present in a fluid, even at very low 
concentrations. In ICP-MS an inductively coupled plasma, a plasma generated by 
inductive heating, is used to atomize and ionise the sample. The ions are then 
extracted from the plasma and guided to the mass analyzer. All mass analyzers are 
essentially filters that separate ions according to their mass-charge ratio m/z. A number 
of different mass analyzers exist, including quadrupole, magnetic sector and time-of-
flight analyzers. After passing through the mass analyzer the ions arrive at the detector. 
The most common detector used for ICP-MS is an Electron Multiplier, whereby ions 
that hit the detector generate a cascade of electrons that can be detected as a ‘count’ 
[72].  
 

2.5.6 Gamma counting 

Gamma counting is used to measure the gamma radiation that results from radioactive 
decay and can therefore be used to measure the radioactivity of samples. Gamma 
counters are typically scintillation counters. When an ionizing particle hits the 
scintillating material inside the counter, it results in the excitation of an atom or electron. 
The de-excitation of the excited particle results in the creation of a number of low-
energy photons. These low-energy photons are led to a photomultiplier tube, where 
the impact of the photons causes the emission of photoelectrons, which are 
accelerated towards the first dynode inside the tube. The collision of a photoelectron 
with the dynode results in the release of secondary photoelectrons that then collide 
with subsequent dynodes. At the anode of the photomultiplier tube the impact of a large 
number of secondary electrons results in the measurement of a pulse that is then 
registered as a ‘count’ [73]. 
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3. Methodology 
3.1 Materials 
Product name CAS number Supplier 

AgNO3 7761-88-8 Thermo Fisher Scientific 

Brain Heart Infusion Agar - Merck Sigma 

Brain Heart Infusion Broth - Merck Sigma 

Dulbecco’s Phosphate 
buffered saline 

- Biowest 

HCl  7647-01-0 VWR International 

HNO3 7697-37-2 Honeywell 

HyperMag C 
(Iron oxide nanoparticles) 

- nanoTherics 

Iron – nanopowder, 40-60 
nm particle size, 99% 
trace metals basis 

7439-89-6 Merck Sigma 

Iron oxide (II, III), 
magnetic nanoparticles 
solution – 20 nm avg. 
part. size, 5 mg/ml in H2O 

1317-61-9 Merck Sigma 

MilliQ - Ultrapure water system, 
Advantage A10, Merck 

NaOH 1310-72-2 Merck Sigma 

Silver colloidal, 65-75% 
Ag bases 

7440-22-4 Merck Sigma 

Tris 77-86-1 Merck Sigma 

Zinc nanopowder  7440-66-6 Skyspring Nanomaterials 

 

3.2 Characterization of nanoparticles 
Nanoparticles were characterized to determine several different properties. Dynamic 
Light Scattering (DLS) was used to determine the hydrodynamic radius and 
aggregation state of the nanoparticles. The composition of the nanoparticles was 
determined by using X-Ray Diffraction (XRD). In order to determine the actual size and 
shape of the nanoparticles, Transmission Electron Microscopy (TEM) was performed. 
The zeta potential of the nanoparticles was measured with a Malvern Zetasizer. The 
cumulative ion release of the nanoparticles was measured through dialysis, gamma 
counting and ICP-MS. 
 

3.2.1 Dynamic Light Scattering 

Silver (AgNPs), iron (FeNPs) and zinc (ZnNPs) nanoparticles were suspended in MilliQ 
or Phosphate Buffered Saline (PBS) to create nanoparticle suspensions with a 
concentration of 1 mg/ml. The Fe3O4 nanoparticle (IONPs) suspension was diluted five 
times by adding 600 μl of NP suspension to 2.4 ml MilliQ or PBS to create a Fe3O4 

nanoparticle suspension with a concentration of 1 mg/ml. The silver and Fe3O4 NP 
suspensions were diluted 125 times and the iron and zinc NP suspensions were diluted 
25 times in total, corresponding to final concentrations of 8 μg/ml for silver and Fe3O4, 
and 0.04 mg/ml for iron and zinc. This was done in order to make the suspensions 
transparent. 
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2 ml of nanoparticle suspension was pipetted into a DLS tube. Samples were made in 
triplicate, and control samples were made with only PBS or MilliQ without 
nanoparticles. Samples were sonicated for 60 minutes at a frequency of 40 kHz in a 
Branson 5800 Ultrasonic cleaner in order to homogenize the nanoparticles prior to DLS 
measurements. The samples were measured three times. The DLS setup consisted of 
a JDS Uniphase 633 nm 35 mW laser, an ALV sp 125 s/w 93 goniometer, a Perkil 
Elmer photon counter. An ALV-5000/epp digital correlator and software were used to 
estimate the nanoparticle size. Scattering was measured at 90° for 30 seconds. DLS 
laser intensity was manually adjusted in order to keep the measured count rate 
between 100 and 150 kHz in order to obtain the most accurate results.  
 

3.2.2 X-ray diffraction 

Iron, silver or zinc nanoparticles were placed in the sample holder. The surface was 
carefully made level and all remaining nanoparticles were removed. X-ray diffraction 
measurements were performed using a Panalytical X’Pert Pro powder diffractometer. 
Diffraction measurements were performed between 5° and 45°, with a step size of 
0.008°. The obtained diffractograms were compared to pre-existing reference data to 
determine the composition of the nanoparticle samples.  
 

3.2.3 Transmission Electron Microscopy 

Iron and silver nanoparticles were suspended in MilliQ to create a nanoparticle 
suspension with a concentration of 1 mg/ml. The nanoparticle suspensions were then 
diluted 100x. 50 μl of the nanoparticle suspension was drop-casted onto a carbon TEM 
grid (Formvar/- Carbon 200 mesh Copper, Electron Microscopy Sciences). The grid 
was air-dried at room temperature for approximately 12 hours. Following sample 
preparation TEM images were taken using JEOL JEM-1400Plus Electron Microscope 
at an acceleration voltage of 120 keV. The diameter of the nanoparticles was then 
measured with the line tool in the FIJI distribution of ImageJ [74]. 
 

3.2.4 Zeta potential measurement 

Iron, silver and zinc nanoparticles were suspended in MilliQ to create a nanoparticle 
suspension with a concentration of 1 mg/ml. A 1 mg/ml suspension of Fe3O4 

nanoparticles was created in the same manner as was described in section 3.2.1. 
Nanoparticle suspensions were diluted until the suspension was both colorless and 
transparent and no nanoparticle aggregations were visible. Silver and Fe3O4 

suspensions were diluted 625 times, corresponding to a final concentration of 1.6 
μg/ml. The iron and zinc NP suspensions were diluted 25 times, corresponding to a 
final concentration of 0.04 mg/ml. Prior to inserting the sample, the DTS 1070 capillary 
zeta cell used for measurements was washed twice using ethanol, after which it was 
washed with demi water, and subsequently washed with MilliQ. Samples were inserted 
into the capillary cell using a syringe. Zeta potential measurements were done through 
the use of a Malvern Zetasizer nano pro. The zeta potential was measured in triplicate. 
Prior to and following the zeta potential measurements, DLS measurements were 
performed in order to ensure that the zeta potential measurements did not change the 
size of the nanoparticles or lead to aggregation. 
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3.2.5 ICP-MS to measure metal ion content 

In order to measure the concentration of metals in a sample ICP-MS was used. Prior 
to measurement of the samples a calibration line was made by measuring several 
different concentrations of silver or iron ions which were created by diluting a 1000 
mg/L stock suspension. Samples were prepared by adding 9.9 ml of 1% HNO3 to 0.1 
ml of a sample. The sample concentrations were determined by comparing the mass 
intensities of the samples with those of the calibration curve.  
 

3.2.6 Nanoparticle ion release 

In order to determine the amount of ions released by metallic nanoparticles, dialysis of 
several different types of nanoparticles was performed. Prior to dialysis, a length of 
Visking dialysis tube with a Molecular Weight Cut-Off (MWCO) value of 12000-14000 
kDa and a diameter of 21 mm was soaked in MilliQ for 30 minutes to remove the 
glycerol that is added as a humectant. According to the manufacturer, the pore size of 
this membrane is 24  Å, or 2.4 nm. Because the pore size of this membrane is much 
smaller than the nanoparticles used in this project, this membrane was chosen for the 
dialysis experiments. Dialysis was done in a Heraeus HERACell stationary incubator 
at 37°C.All dialysis experiments described in this section were performed in triplicate. 
The experiments that investigate the ion release of AgNPs and FeNPs are discussed 
in section 3.2.6.1 and section 3.2.6.2 respectively. 
 

3.2.6.1 Dialysis of AgNPs 

To measure the ion release of AgNPs, 20 ml of a 2.5 mg/ml AgNP suspension was 
pipetted into a dialysis tube that had been closed on one end with a knot. The dialysis 
tube was then closed on the other end using a plastic clip and suspended in a 
measuring cylinder filled with 80 ml MilliQ. Each day after the start of dialysis, a 0.1 ml 
sample was taken from the outside of the tube and diluted 100x. Silver content of the 
samples was then measured using ICP-MS as described in section 3.2.5. The wt% of 
the ion release was calculated afterwards by dividing the total mass of silver ions in 
the measuring cylinder (which was obtained by multiplying the measured concentration 
with the dilution and volume) with the total mass of silver calculated with the measured 
concentration of AgNPs added to the tube prior to dialysis. 
 

3.2.6.2 Dialysis of FeNPs 

FeNP ion release experiments were also conducted. FeNPs were suspended in PBS 
to create a suspension with a concentration of 20 mg/ml. 800 μl of this suspension was 
added to 200 μl of the 45 mg/ml radioactive FeNP stock solution created in section 
3.5.1. Theoretically, the resulting partially radioactive FeNP suspension had a total 
concentration of 25 mg/ml. This suspension was then divided into 10 aliquots of 100 
μl, the activity of which was measured with a Perkin Elmer 2480 Wizard2 3 inch 
Automatic Gamma Counter for five minutes. All aliquots were then transferred into the 
dialysis tube together with 9 ml of PBS. The dialysis tube was closed off with a clip and 
suspended in a measuring cylinder filled with 40 ml of PBS. 20 ml samples were taken 
frequently, up to 28 days after the start of dialysis. The sample was measured in the 
Wallac gamma counter for 15 minutes, after which the sample was transferred back to 
the dialysis setup. The measured count rate was divided by the total count rate of the 
FeNPs prior to immersion to obtain the wt% of the released ions. 
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3.3 Separation method characterization 
To prepare for future experiments, a number of different methods to separate 
nanoparticles from the surrounding liquid were examined. This was primarily done to 
remove water from the Fe3O4 NP suspension in order to prepare it for future irradiation. 
The methods that were investigated were freeze-drying, desiccation and (ultra)-
centrifugation, as well as the use of an oven to remove the remaining water. Centrifuge 
settings to separate all of the nanoparticles from suspension were also investigated, 
the method of which is explained in sections 3.3.4 and 3.3.5. 
 

3.3.1 Freeze-drying 

2 ml of 5mg/ml Fe3O4 nanoparticle suspension was frozen in a Frigon freezer at -47.5 
°C for 48 hours. The frozen suspension was then covered with parafilm which was 
perforated with holes to provide an outlet for the evaporating water. The frozen 
suspension was then placed into a Kinetic MNL-036-A vacuum freeze dryer, where it 
was brought to a pressure of 30 mTorr (around 4 Pa) and left for 48 hours. The sample 
was then resuspended in 2 ml of water. 1 ml of the sample was taken and 
ultrasonicated as described in section 3.2.1. The particle size distribution of the 
resuspended nanoparticle samples was then determined using DLS. All 
measurements were done in triplicate. 
 

3.3.2 Desiccation 

1 ml of a Fe3O4 nanoparticle suspension with a concentration of 5 mg/ml was placed 
in a vacuum desiccator with silica gel. The desiccator was put under vacuum and was 
removed after 6 days. Samples were weighed before and after vacuum desiccation to 
determine the amount of water that was removed. After 6 days in the desiccator the 
sample was removed and resuspended in water. 
To determine whether an oven would remove more water from the nanoparticles, the 
previously described experiment was repeated, but an additional step was added 
where the nanoparticle powder was placed in an oven at 100 °C for 1 hour. 
After sample preparation, DLS was performed to determine particle size after 
nanoparticle separation. 
 

3.3.3 Ultracentrifugation separation 

In addition to the separation experiments involving desiccation and freeze-drying, 
ultracentrifugation experiments were performed to take IONPs out of suspension. 
A 5 mg/ml Fe3O4 nanoparticle suspension was prepared by diluting a 10 mg/ml 
HyperMag C IONP suspension. This suspension was then transferred to a Quick-Seal 
tube, which was sealed through the use of a cordless soldering device. Spacers were 
placed on top of the tubes, after which they were placed in an Beckman-Coulter Optima 
Max-E ultracentrifuge. The IONP suspension was centrifuged at 100,000 x g for an 
hour. Afterwards, the sample was weighed and the supernatant was removed through 
a syringe. After removal of the supernatant the sample was allowed to dry in air for an 
hour. The remaining IONPs were then weighed again while still in the tube. The 
previously described experiment was repeated, but a step was added where the 
sample was placed in an oven for an hour at 100 °C. To determine whether the IONPs 
have aggregated after centrifuging, the samples were resuspended in MilliQ and DLS 
was performed to determine the particle size distribution. 
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3.3.4 Centrifugation 

To determine whether nanoparticles could be removed from suspension to prepare for 
future experiments, centrifugation was used. 1 mg/ml nanoparticle suspensions were 
prepared by suspending silver, iron and zinc nanoparticles in MilliQ. The 5 mg/ml Fe3O4 

nanoparticle suspension was diluted 5x to create a 1 mg/ml suspension. All 
nanoparticle suspensions were diluted 5x to create suspensions with a concentration 
of 200 μg/ml. Nanoparticle suspensions were then transferred into Eppendorf tubes 
and centrifuged at various speeds in a Heraeus Biofuge A centrifuge for 10 minutes. 
Sample supernatant was then transferred to DLS tubes and DLS was performed to 
determine the presence of nanoparticles after centrifugation.  
 

3.3.5 Ultracentrifugation 

Ultracentrifugation experiments were conducted to determine whether 
ultracentrifugation was a suitable method to remove nanoparticles from suspension. 
200 μg/ml nanoparticle suspensions were prepared in the same manner as described 
in section 3.3.4. NP suspensions were transferred to 1.5 ml Quick-Seal 
ultracentrifugation tubes using a syringe. The Quick-Seal tubes were then prepared as 
described in section 3.3.3. Samples were centrifuged at speeds of 100,000 x g for an 
hour. The supernatant was carefully removed using a syringe and transferred into DLS 
tubes. DLS was performed to determine the presence of nanoparticles in supernatant 
after centrifugation. 
 

3.4 Bacterial growth 
3.4.1 Preparation of culture media 

In this project, Brain Heart Infusion (BHI) media were used to grow bacteria. BHI was 
chosen over Tryptic Soy Broth (TSB), another culture medium suitable for fastidious 
bacteria such as S. aureus, because it had been used for similar experiments within 
this group, and because research has shown that BHI was more suitable for biofilm 
formation than TSB [75]. While no experiments with biofilms are done in this thesis, 
future research will likely focus on biofilm formation and prevention. BHI broth was 
prepared according to the instructions of the manufacturer. 37 g of BHI broth powder 
was dissolved in 1000 ml of MilliQ water. pH measurements were performed to ensure 
the pH of the medium was at pH 7.4. The medium was then autoclaved at 121 °C for 
15 minutes and placed in a fridge for storage.  
BHI agar was used to prepare plate cultures. 26 g of BHI agar powder was dissolved 
in 1000 ml of MilliQ. The BHI agar was then sterilized through autoclave at 121 °C for 
15 minutes. The agar was left to cool down for 30 minutes. Plates were poured by 
transferring 30 ml of agar into a Petri dish using a serological pipette. The plates were 
then allowed to solidify for 20 minutes, and left to dry in the biosafety cabinet for 30 
minutes. The plates were then stored in a fridge at 4°C. 
 

3.4.2 Preparation of S. aureus plate cultures 

To reduce exposure to and prevent contamination of the RN0450 S. aureus stock, plate 
cultures were prepared. The use of agar plate cultures also allowed for the use of single 
colonies for inoculation. To prepare plates, BHI agar plates were streaked with liquid 
culture prepared using the stock or other plates. The plates were incubated at 37°C in 
a Heraeus HeraCell stationary incubator for 18 hours under a normal atmosphere. After 
preparation, the plates were stored at 5°C.  
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3.4.3 Preparation of liquid cultures 

For bacterial growth experiments, a preculture was prepared the day prior to an 
experiment. A single colony of plated S. aureus was used to inoculate 50 ml of BHI 
broth in a 250 ml glass round-bottom flask. It was grown for 18 hours at a temperature 
of 37°C in a New Brunswick Scientific C24 Incubator Shaker at 155 rpm. To determine 
the dilution factor necessary to inoculate the media for experiments, optical density 
measurements at 600 nm (OD600) were taken. Growth experiments were conducted in 
250 ml to which 250 μl of preculture was added to 50 ml of BHI broth (a dilution factor 
of 200x). OD600 measurements were taken through the use of an UV-6300 PC 
spectrophotometer to verify inoculation. After inoculation bacteria were grown at 155 
rpm and 37 °C in an orbital shaker.  
 

3.4.4 Growth curve experiments 

To determine the effect of the presence of nanoparticles on the growth of bacteria, 
growth curve experiments were performed. Bacterial cultures inoculated as described 
in section 3.4.3 were supplemented with 1 ml of water containing 0, 2.5 or 25 mg of 
iron or silver nanoparticles, to create bacterial cultures with a concentration of 0, 50 
and 500 μg/ml respectively (hereafter referred to as ‘A’, ‘B’ or ‘C’). The culture flasks 
were then put in the orbital shaker for a period of 0-25 hours. To construct a growth 
curve, samples were taken at a number of time points between 0 and 25 hours after 
inoculation. To take a sample, 2 ml of bacterial culture was transferred to a disposable 
4 ml acrylic cuvette using a pipette. Optical density measurements were then taken at 
600 nm using the spectrophotometer. Samples were compared to reference samples 
that were prepared by suspending the corresponding amount of nanoparticles in BHI 
broth. The three growth parameters were estimated through the use of the Levenberg-
Marquardt algorithm of the nonlinear curve fit tool in the OriginPro 2022 program. 
 

3.5 Iron release and uptake 
3.5.1 Production of radioactive iron nanoparticles 

To create the radioactive iron nanoparticles (radFeNPs) used for ion release and iron 
uptake experiments, 100 mg of FeNPs was sealed in a quartz tube and irradiated for 
100 h in the SmallBeBe-L (thermal neutron flux of 4.24 * 1017 s-1 m-2) of the 2.3 MW 
Hoger Onderwijs Reactor (HOR) at the TU Delft Reactor Institute. It was calculated 
that an irradiation period of 100 hours and a cooling period of 48 hours would result in 
an activity of 10.6 MBq for 59Fe. After a cooling period of 48 hours, the quartz tube was 
opened, and the nanoparticles were suspended in 200 μl of water and transferred to a 
separate plastic 15 ml tube, hereafter referred to as the stock solution. This was 
repeated until as many nanoparticles as possible were removed from the quartz tube. 
The stock solution was then filled up with water until the volume reached 10 ml.  
This process was later repeated, but the stock solution was then filled up to 2 ml of 
volume instead. It was assumed that 90% of nanoparticles were removed from the 
quartz tube. Therefore, the two created stock solutions were considered to have a 
concentration of 9 mg/ml and 4.5 mg/ml. 
 

3.5.2 Determining volume correction factors  

The Perkin Elmer 2480 Wizard2 3 inch Automatic Gamma Counter used to measure 
samples in this study is sensitive to the geometry, including the volume, of samples 
measured.  
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To determine the factors necessary to correct for this effect, 0.1 ml of a radioactive 
source in the form of nanoparticles or ions created by dissolving nanoparticles in HCl 
was pipetted into a 20 ml glass vial or 1.5 ml Eppendorf tube. The activity was then 
measured in the Wallac gamma counter for five minutes. The sample volume was then 
increased by adding water (in steps of 2 ml for the glass vial and 0.2 ml for the 
Eppendorf tube) and new measurements were performed. This was then repeated until 
the sample container was full. The slope of the obtained graph was used to calculate 
the volume correction factors. The following equation (eq. 5) was used to calculate 
what the activity would be in a different volume than when it was measured. 
 

𝐴𝑦 = 𝐴𝑥(1 − 𝐹𝑐𝑜𝑟)𝑦−𝑥 eq. 5 

 
Where Ay and Ax refer to the activity of a sample (in cpm) measured at their respective 
volumes y and x (in ml), while Fcor is the correction factor. 
 

3.5.3 Bacterial nanoparticle iron uptake 

FeNPs suspended in PBS were added to nanoparticles from the radioactive stock 
suspension to create a suspension with a concentration of 25 mg/ml. The activity of 
the created suspension was then measured in the Wallac gamma counter for 15 
minutes. 1 ml of this suspension was added to a bacterial culture inoculated as 
described in section 3.4.3. The culture was grown for 18 hours at 37°C and 155 rpm. 
OD600 measurements were performed to verify and measure bacterial growth. After 
overnight growth the bacterial culture was transferred to a plastic 50 ml tube by 
serological pipette. The culture was allowed to settle for an hour at 5°C in a fridge in to 
allow the largest nanoparticle aggregates to sink to the bottom. The top 40 ml of the 
culture was transferred to a different 50 ml tube and centrifuged for 5 minutes at 90 x 
g. The supernatant was transferred to another 50 ml tube and centrifuged for 10 
minutes at 4000 rpm and 5°C. The supernatant was removed and the pellet was 
resuspended in 10 ml 50 mM Tris-HCl (pH 8). The previous centrifugation and 
resuspension step was repeated. The created bacterial suspension was transferred to 
a glass 20 ml counting vial and its activity was measured in the Wallac gamma counter. 
Nanoparticle iron uptake experiments were performed nine times in total. The applied 
separation protocol was based on research by a previous student in the same group 
[31]. 
 

3.5.4 Bacterial iron ion uptake 

70.5 mg of FeNPs was added to 100 μl of the radioactive nanoparticle stock 

suspension. The combined suspension was then dissolved in 2.7 ml of 1M HCl. 14 μl 

of 1M NaOH was then carefully added to the solution to increase the pH to 

approximately 4.0. 0.3 ml MQ was then added to the iron ion solution. 1 ml of the 

radioactive iron solution was added to a bacterial culture inoculated as described in 

section 3.4.3. The culture was grown for 18 hours at 37°C. OD600 measurements were 

performed after overnight growth. The bacterial culture was then transferred to a plastic 

50 ml tube and centrifuged for 10 minutes at 4000 RPM and 5°C. The supernatant was 

removed and the pellet resuspended in 10 ml 50 mM Tris-HCl. The previous step was 

repeated. After the second round of centrifugation and resuspension the bacterial 

suspension was transferred to a 20 ml glass counting vial and its activity was measured 

in the Wallac gamma counter for 15 minutes. The ion uptake experiments were 

performed nine times in total. 
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4. Results and discussion 
4.1 Nanoparticle characterization 
4.1.1 Dynamic Light Scattering 

DLS was performed to determine the size distribution and aggregation of AgNPs, 
FeNPs, IONPs and ZnNPs. The obtained size distribution peaks can be found in table 
4.1. Size distribution figures resulting from DLS measurement can be found in 
Appendix A.  
 

  MQ (nm) PBS (nm) 

AgNP 65.6 14.9 

FeNP 114.5, 
638.0 

138.7, 
848.1 

IONP 27.2, 
114.5 

641.8 

ZnNP 209.4, 
1404.7 

201.1, 
1480.5 

Table 4.1: Peaks of the size distribution of nanoparticles in nm 
 
The DLS experiments suggest that the AgNPs and IONPs possess a smaller 
hydrodynamic radius than either FeNPs or ZnNPs. According to TEM data (discussed 
in section 4.1.3), the AgNPs were smaller than the FeNPs. According to manufacturer 
specifications, the IONPs possess a diameter of 20 nm and the ZnNPs  a diameter of 
60-80 nm. While the FeNPs and ZnNPs are therefore larger than the AgNPs and 
IONPs, their larger hydrodynamic radius can also be ascribed to aggregation of 
nanoparticles. This is consistent with visual observation of suspensions of FeNP or 
ZnNP, which were observed to be very unstable and aggregate and sediment within 
minutes after suspension. However, it should be noted that large particles scatter laser 
light more than small particles [76]. Therefore, a larger intensity peak in a size 
distribution figure may not necessarily mean that more particles of that size are 
present. One must also keep in mind that unstable suspensions sediment. Therefore, 
the DLS laser may unable to reach the largest nanoparticle aggregations, and their 
hydrodynamic radius can not be measured.  
Another notable trend is that the hydrodynamic radius of nanoparticles (with the 
exception of AgNP)  tends to increase when suspended in PBS, as can be seen in both 
Table 4.1 and figure A.1 in Appendix A. The observed increase may be explained by 
the adsorption of an electrical double layer (EDL) onto the surface. The EDL consists 
of a layer of ions – the Stern layer – with opposite charge to that of the particle and a 
layer of ions and counterions that grows on the Stern layer. If the concentration of ions 
is increased, such as in PBS, the double layer is compressed and the zeta potential 
decreases. The decrease of the zeta potential may lead to a lessening of particle 
stability, aggregation and a subsequent increase of the hydrodynamic radius [70, 71]. 
The increase of the hydrodynamic radius is observed to be greatest in case of the 
IONPs. 
Lastly, one must remember that DLS measurements are snapshots of a specific group 
of particles (namely those that scatter laser light) at a specific point in time, and 
therefore may (and often will) vary between samples and measurements. The results 
presented in this section are therefore to be interpreted as such. In particularly stable 
suspensions, such as the AgNP suspension, this effect is fairly limited, but in more 
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unstable suspensions greater differences can be seen between measurements (Figure 
A.2, Appendix A). It is therefore difficult to establish a mean hydrodynamic radius and 
standard deviation of the nanoparticles, unless they are exceptionally stable. 
 

4.1.2 X-Ray Diffraction 

The composition of AgNPs, FeNPs and ZnNPs was determined with XRD. The 
obtained XRD data was compared to reference data obtained from the International 
Centre for Diffraction Data [77, 78, 79, 80]. The measured XRD patterns and reference 
data for all investigated nanoparticles are displayed in figure 4.1, 4.2 and 4.3. Tables 
with reference peaks that were compared to the obtained XRD patterns are displayed 
in appendix C. 
 

 
Figure 4.1: Obtained AgNP diffraction pattern (red) and reference XRD data for silver 
(blue) 
 
The obtained XRD data for AgNPs is displayed in figure 4.1. It was determined that the 
XRD pattern of the AgNPs matched the reference data with reference code 00-004-
0783, which is the XRD pattern for silver [77]. Small quantities of AgO may be present, 
but no significant amounts were detected. The broadening of the peak, which results 
from the small size of the AgNPs studied with XRD and which is explained in section 
2.5.2, can also be observed in figure 4.1. This peak broadening appears to have no 
effect on the identification of the XRD pattern. 
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Figure 4.2: Obtained FeNP XRD pattern (red) and reference data for Fe3O4 (blue) and 
iron (yellow) [78, 79]. Peaks present in both reference data sets are displayed in green. 
 
The obtained XRD pattern for FeNPs is displayed in figure 4.2. It has been determined 
that the XRD pattern of FeNPs matched the reference data for both Fe and Fe3O4 [78, 
79]. This indicates that oxidation of the FeNPs has taken place. The intensity of an 
XRD diffraction peak in a multiphase sample is proportional to the fraction of the phase 
corresponding to that peak [81]. The peaks corresponding to the Fe3O4 reference data 
only are smaller than those corresponding to the Fe data, indicating that the oxidation 
of the nanoparticles is limited. 
For example, the peak at position 35.479°, which would normally be the largest peak 
if XRD was performed on pure Fe3O4, has a total count rate that is more than three 
times smaller than the count rate of the peak at position 44.463°, the largest peak for 
Fe. The 44.463° peak is also obtained when Fe3O4 is measured, but has a much lower 
intensity than if it were measured in a sample consisting of iron, as indicated in the 
reference data in Appendix C. If the background is accounted for, this difference 
increases dramatically. Unlike with the AgNPs, no significant peak broadening was 
observed. As peak broadening is caused by a small crystal size, this is likely the result 
of the larger size of the FeNPs. 
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Figure 4.3: ZnNP XRD pattern (red), ZnO reference data (blue) and Zn reference data 
(yellow). Peaks present in both reference datasets are displayed in green. 
 
The obtained XRD pattern for ZnNPs is displayed in figure 4.3. The XRD pattern of 
ZnNPs matches both the reference data for Zn and ZnO [77, 80]. As was the case for 
the FeNPs, oxidation of the ZnNPs has taken place. Contrary to the FeNPs, the degree 
of oxidation appears to be greater, as indicated by higher peaks at positions that 
indicate the presence of ZnO. This may indicate greater reactivity of the zinc 
nanoparticles. Similarly to the FeNPs, no peak broadening was observed as a result 
of the larger nanoparticle size used. 

 

4.1.3 Transmission Electron Microscopy 

 
Figure 4.4: TEM images of AgNPs (a) and FeNPs (b). 

 
In order to determine the size and the shape of the nanoparticles used in this project, 
TEM was performed on both the AgNPs and FeNPs. The diameter of the nanoparticles 
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was measured with ImageJ [74]. As can be seen in figure 4.4a, the AgNPs were 
observed to form large clusters, but many individual nanoparticles could be seen and 
were measured. The AgNPs were found to be spherical, and had an average diameter 
of 13.6 ± 3.3 nm. A number of AgNPs with a diameter an order of magnitude smaller 
than the average were also observed, as can be seen in figure 4.4a. The overall size 
distribution of the AgNPs closely matches the Weibull distribution centered around the 
average AgNP diameter, as can be observed in figure A.3a in Appendix A. 
The FeNPs were also observed to aggregate, as can be seen in figure 4.4b, but 
individual nanoparticles were difficult to discern. Because FeNPs were more difficult to 
distinguish and therefore the diameter proved more difficult to measure, the total 
number of measured FeNPs (n = 97) is lower than the number of measured AgNPs (n 
= 220). The average diameter of FeNPs was found to be 73.8 ± 27.6 nm. A great variety 
of sizes was observed, as displayed in figure A.3b in Appendix A. A number of non-
spherical shapes were also observed, displayed in figure A.4 in Appendix A, but it is 
not clear whether these are genuinely non-spherical nanoparticles, TEM artefacts or 
an aggregation of spherical nanoparticles projected onto an image. 
 

4.1.4 Zeta potential 

To obtain a greater understanding of the observed stability of the nanoparticles, the 
zeta potential was measured. The peak of the zeta potential was determined and is 
displayed in table 4.2. Figures of the zeta potential measured for each nanoparticle 
can be found in appendix A.  
 

  
Zeta potential 
(mV) 

AgNP -41.4 ± 1.3 

FeNP -33.0 ± 2.8 

IONP -28.6 ± 1.9 

ZnNP -29.9 ± 3.2 

Table 4.2: Peaks of the zeta potentials of different nanoparticles in mV 
 
The zeta potential for every nanoparticle was measured to be close to or below -30 
mV, as can be seen in table 4.2. As described in section 2.5.4, these findings predict 
that suspensions made from any of these nanoparticles would be stable. However, this 
was observed not to be the case, as mentioned in section 4.1.1. When the zeta 
potential is measured, a bias may be introduced by the sedimentation of the 
investigated particles [82], as particles with zeta potentials that would be classified as 
unstable sediment and can no longer be measured. The FeNPs and ZnNPs were 
observed to sediment, as mentioned previously. It is therefore likely that the measured 
zeta potentials of both FeNPs and ZnNPs are biased towards particles with highly 
negative zeta potentials. While it may be possible to overcome this challenge by 
removing the DLS step prior to zeta potential measurement that was mentioned in 
section 3.2.4, as it reduces the time nanoparticles have to settle before they are 
measured, nanoparticles can still aggregate during the sample preparation step. 
While the IONPs have the lowest zeta potential of all studied nanoparticles, they were 
observed to form one of the most stable suspensions, as only AgNP suspensions were 
more stable. The observed stability of the IONP suspension could also be ascribed to 
steric repulsion between nanoparticles, whereby a surfactant on the nanoparticle 
physically prevents the aggregation of nanoparticles. It was not known whether such 
as surfactant was present on the Sigma-Aldrich IONPs, but according to the 
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manufacturer the HyperMagC IONPs possess a meso-2,3-dimercaptosuccinic acid 
(DMSA) surfactant coating.  

4.1.5 Nanoparticle ion release 

To investigate the ion release of AgNPs and FeNPs, dialysis was performed. Because 
S. aureus can take up iron ions, and metal ions also exhibit antimicrobial activity, the 
ion release is an important property to study. In this section, the cumulative 
nanoparticle ion release is expressed as the percentage of the total weight of the 
nanoparticles. The findings of the dialysis experiments of AgNPs and FeNPs are 
discussed in section 4.1.5.1 and 4.1.5.2 respectively.  
 

4.1.5.1 AgNP ion release 

 
Figure 4.6: Cumulative silver ion release over time from AgNPs, expressed as the 
weight percentage of the total amount of silver inside the dialysis tube. The error bars 
indicate one standard deviation from the mean. 
 
The mean cumulative silver ion release by AgNPs over time has been determined 
through ICP-MS, and is displayed in figure 4.6. The AgNP concentration added to the 
tube prior to immersion was measured to be 1.77 mg/ml, which is lower than the 2.5 
mg/ml described in 3.2.6.1 that was actually put into the dialysis tube. 
The cumulative ion release over time appears to follow a linear trend. A linear trendline 
fitted to the graph had an R2 value of 0.9671, indicating a good fit. This trendline 
suggests a linear increase of the wt% of released silver ions with 0.23% per  day. 
However, a number of different studies have shown that AgNP ion release shows an 
initial increase, only to gradually plateau over time until no more ions are released [83, 
84]. If this experiment were to be repeated over a longer period of time, a similar ion 
release profile may be found. 
It must also be noted that dialysis was performed in MQ at 37 °C. Nanoparticle ion 
release rates are influenced by the pH, temperature particle size and the presence of 
surfactants among other factors [83]. If experiments are performed in a different 
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medium, such as the BHI broth used later in this thesis, the ion release will likely be 
different.  
 

4.1.5.2 FeNP ion release 

 
Figure 4.7: Cumulative ion release of FeNPs in PBS. Different dots represent different 
dialysis tubes. 
 
The mean cumulative ion release of FeNPs in PBS was determined by measuring the 
count rate of samples outside of the dialysis tube. The obtained findings from the FeNP 
dialysis experiment are displayed in figure 4.7. Because the FeNPs tend to aggregate 
and sediment, the nanoparticle suspension is unstable. As mentioned in the previous 
section, this may lead to uneven pipetting, whereby the concentration of a pipetted 
sample is different than that of the sample it came from. When taking radioactive 
FeNPs from the stock suspension, uneven pipetting can cause a different amount of 
activity to be added to a dialysis tube. The measured count rates (in cpm) of the 
nanoparticles used for dialysis are displayed in table A.1 in Appendix A. According to 
table A.1, the count rate of the FeNPs added to tube C is lower than that of tube A or 
B by approximately a factor 4. Because the activity added to a tube is directly correlated 
to the amount of nanoparticles present inside the tube, there are fewer nanoparticles 
inside tube C, but the exact concentration is not known. 
Similarly to the AgNPs, the ion release profile of the FeNPs used in this experiments 
appears to be linear. Tube A, B and C show an ion release rate of 0.0079%, 0.0091% 
and 0.0341% of the total nanoparticle weight per day, respectively. The ion release as 
indicated by the weight percentage by tube C therefore appears to be much greater 
than that of the other nanoparticles. However, if looked at in terms of the activity 
released, the ion release is much more similar between different tubes. After 28 days, 
the count rate of the sample taken from tube A was 430.64 cpm, that of tube B was 
452.99 cpm and that of tube C 416.37 cpm. While the count rate of tube C was slightly 
lower, the calculated weight percentage is much higher due to tube C’s lower initial 
activity.  
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The increased ion release rate observed in Tube C could be explained by its lower 
concentration compared to the other tubes. Nanoparticles in a suspension with a 
higher concentration are more likely to collide and therefore aggregate, while 
suspensions with lower concentration lead to less aggregation.  
As a result of aggregation, the available surface area and reactivity of the nanoparticles 
decrease, and the ion release rate subsequently decreases too [85]. Therefore, the 
lower concentration of Tube C may actually lead to a higher ion release rate. However, 
it should be noted that this is only a hypothesis and it is not known whether the 
difference in concentration between tube C and the other two is significant enough for 
this to occur. 
It is also important to note that the maximum ion release achieved after 28 days is 
1.09%, which was observed in tube C. It is not known whether S. aureus bacteria can 
take up FeNPs with the same size as the nanoparticles used in this experiment.  
If uptake of FeNPs is impossible, iron uptake in the presence of FeNPs can only occur 
through the iron uptake mechanisms discussed in section 2.3.1. Unless iron can be 
harvested from FeNPs by these mechanisms, they are limited to the iron ions released 
by the nanoparticle. These findings therefore put an upper limit on the iron uptake of 
bacteria if the previously mentioned assumptions hold true and if they are cultured in 
a medium containing FeNPs with a concentration of 500 μg/ml. 
However, as was mentioned in section 4.1.5.1, the local environment plays an 
important role during nanoparticle ion release. In this experiment FeNPs were 
immersed in PBS, but a bacterial medium such as BHI would influence the ion release 
as well. 
 

4.2 Method characterization 
A number of different experiments were conducted to prepare for the irradiation of the 
nanoparticles, ion release experiments and bacterial growth experiments. Methods to 
separate the water and nanoparticles inside an IONP suspension were investigated 
and are discussed in section 4.2.1. Centrifuging and ultracentrifuging of different types 
of nanoparticles are discussed in sections 4.2.2 and 4.2.3 respectively. 
 

4.2.1 IONP separation 

A number of different experiments were conducted to determine the best method to 
remove IONPs from suspension, in order to prepare for the irradiation of said IONPs. 
The methods tested include freeze-drying, desiccation and centrifuging with an 
ultracentrifuge. An oven and ultrasonication were also used, as described in section 
3.3. DLS was then performed to determine the size distribution before and after 
separation. The size distribution measurements obtained through DLS are displayed 
in figure 4.8. Freeze-drying, desiccation and ultracentrifugation are discussed 
separately in sections 4.2.2.1, 4.2.2.2 and 4.2.2.3 respectively.  
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Figure 4.8: DLS size distributions of IONPs before separation (a), after freeze-drying 
(b), after desiccation (c) and after centrifuging (d). 
 

4.2.2.1 Freeze-drying 

During the sublimation step of the freeze-drying process, the frozen IONP suspension 
was observed to become liquid and the formation of bubbles took place as the water 
evaporated. The freeze-dryer achieved a pressure of 30 mTorr (4 Pa) and -45°C, 
conditions in which ice would sublimate. The exact mechanism that causes the 
bubbling is not known, but the presence of the IONPs or a surfactant likely causes this 
to happen.  
As can be seen in figure 4.8b, the hydrodynamic radius of the IONPs increased from 
a peak of 181.7 nm to 481.8 nm after freeze-drying. However, a portion of the IONPs 
actually had a reduced hydrodynamic radius. After ultrasonication the hydrodynamic 
radius of the bulk of the nanoparticles decreases, as the peak at 90.6 nm indicates. 
However, the hydrodynamic radius of a portion of the IONPs actually increases to 
1061.0 nm. The increase of the hydrodynamic radius is likely caused by aggregation 
due to the removal of the nanoparticle surfactant during ultrasonication. Freeze-drying 
was observed to lead to the aggregation of nanoparticles. The instability of nanoparticle 
suspensions during freeze-drying is a well known problem and it is suggested that the 
addition of an amorphous stabilizing matrix consisting of sugars such as trehalose and 
sucrose may stabilize nanoparticles during freeze-drying [86].  
 

4.2.2.2 Desiccation 

After the IONP sample was placed in the vacuum desiccator, some bubbling was 
observed, but not to the same extent as was observed during the freeze-drying 
mentioned in the previous section. After desiccation the mass of the sample was 
reduced by 0.996 g, corresponding to 0.998 ml of water (at room temperature). The 
mass of the IONPs in the sample, and therefore the mass of the remaining water inside 
the sample are not known.  
While the mass of the remaining water inside the sample is not known exactly, 
approximately 1 ml of suspension was placed in the desiccator, and therefore it can be 
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assumed that more than 95% of the water of the sample was removed . As can be 
seen in figure 4.8c, the hydrodynamic radius of IONPs after resuspension was 
decreased compared to that of IONPs before desiccation. According to DLS the IONPs 
had a hydrodynamic radius close to 175 nm prior to desiccation, which decreased to 
105 nm after resuspension. Some aggregation may have taken place in the regular 
IONP sample, while the resuspension of the IONPs in the other sample caused them 
to de-aggregate. 
When the samples were placed in an oven after desiccation, no significant reduction 
of mass was observed. It was determined that only 0.2 mg of mass was removed by 
the oven, compared to the 0.998 grams removed after desiccation. As is displayed in 
figure 4.8c, the hydrodynamic radius of the IONPs increased greatly compared to the 
other samples. The hydrodynamic radius of the post-oven IONPs was measured to be 
848.8 nm. This may be explained by the destruction of the surfactant present on the 
IONP surface by the heat inside the oven. The removal of the surfactant would cause 
aggregation, leading to the observed increase of the hydrodynamic radius. However, 
a small population of IONPs with a hydrodynamic radius similar to pre-oven IONPs 
remained. The observed increase in the particle size could also be ascribed to a small 
population of large IONP aggregates, as large particles are known to scatter more light. 
As these experiments were not performed in triplicate, it is more difficult to determine 
the amount of water removed from the sample with great accuracy. Because no 
significant IONP aggregation is observed after drying, and almost all of the water is 
removed, desiccation is a viable method to separate IONPs from water. 
 
4.2.2.3 Ultracentrifugation 
Ultracentrifugation was also performed to dry the IONPs. The mass of the sample was 
reduced by 1.22 g. As around 1.5 ml of the nanoparticle suspension was added, an 
estimated 80% of the water in the sample was removed. A small layer of water was 
indeed present inside the sample, which could not be removed without disturbing the 
IONP pellet. The water likely would have evaporated if the sample was air-dried for a 
longer period.  
The size distribution of the IONPs was measured with DLS after resuspension. As can 
be seen in figure 4.8d, the DLS peak of IONPs after centrifuging is located at 183.4 
nm, compared to the pre-centrifuge IONP peak at 175.1 nm. The use of an 
ultracentrifuge therefore resulted in IONPs that were very similar to IONPs before 
separation took place.  
As with the desiccation experiment, a sample was also placed in an oven after 
ultracentrifugation. The oven removed a further 0.11 g of water. The use of an oven 
resulted in an increased hydrodynamic radius after resuspension, as a hydrodynamic 
radius of 848.8 nm was measured. This is the exact same result as the measured 
hydrodynamic radius after desiccation and oven. As no smaller population of IONPs is 
measured in the DLS measurements, the similar results are likely caused by 
aggregation as a result of the loss of surfactant in the oven, rather than a small number 
of aggregations scattering a lot of laser light. In future experiments, it would be 
worthwhile to sonicate the particles after drying, to determine if the hydrodynamic 
radius is reduced. 
 
In summary, freeze-drying resulted in bubbling and caused the IONPs to stick to the 
tube walls, which made it difficult to ascertain the amount of water that was removed 
from the sample. Some aggregation was also observed, and the use of ultrasonication 
resulted in more aggregation.  
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Desiccation removed most of the water in the sample by far, and did not result in 
aggregation unless the samples were placed in the oven. Ultracentrifugation was 
unable to remove all of the water, primarily because the actual removal of the water 
relied on the use of a syringe, but ultracentrifuged IONPs were observed to have a 
similar hydrodynamic radius compared to IONPs before drying. 
Based on these findings, it was determined that desiccation for 6 days proved to be 
the most effective method to remove the water from an IONP suspension. However, 
the presence of a surfactant may complicate the irradiation of IONPs, and it was 
therefore decided that irradiated FeNPs would be used for bacterial uptake 
experiments instead of radioactive IONPs.  
 

4.2.2 Nanoparticle centrifuging 

In order to prepare for the other experiments conducted in this thesis, experiments 
were performed to determine the optimal centrifuge settings to remove AgNPs, FeNPs, 
IONPs and ZnNPs from suspension. This was done by centrifuging the nanoparticles 
at different speeds for 10 minutes. The size distribution of the supernatant after 
centrifuging was measured using DLS. The average scattering intensity at full laser 
intensity was also recorded. The hydrodynamic radii and average scattering count 
rates are found in tables 4.3 and 4.4 respectively. The size distributions of particles 
after centrifuging are displayed in figure A.6 in Appendix A. 
 

  AgNPs (nm) FeNPs (nm) IONPs (nm) ZnNPs (nm) 

0 x g 14.3, 72.4 144.6, 700.1 66.0, 422.7 
151.6, 
884.7 

2000 x 
g 14.4, 166.9 191.1 19.7, 159.5 37.7, 383.7 

4000 x 
g 12.4 109.5 

15.7, 91.4, 
704.5 

114.8, 
531.0 

6000 x 
g 12.4, 350.9 884.4 24.8 75.6, 304.2 

8000 x 
g 16.4, 291.5 114.7 17.2, 278.4 304.3 

10000 
x g 13.6, 231.1 95.3 18.9, 201.1 

120.2, 
927.1 

Table 4.3: Peaks of the size distribution of nanoparticles in the supernatant after 
centrifuging at various speeds obtained through DLS. Hydrodynamic radii are indicated 
in nm. 

 
Table 4.3 and figure A.6 show that the hydrodynamic radius of nanoparticles in the 
supernatant tends to decrease as the centrifuge speed increases. This is most clearly 
observed in silver, where a large peak at 72.4 nm shifts left to 13.6 nm as the centrifuge 
speed increases. The sedimentation rate of a particle can be explained by Stokes’ law 
(eq. 6), where v refers to the sedimentation velocity of a sphere, dc to the sphere’s 
diameter, ΔP to the difference in density between the particle and medium, g to the 
gravitational force and η to the viscosity of the medium [87]. As eq. 6 shows, large 
particles will sediment quicker at lower speeds because the sedimentation rate 
depends quadratically on the particle diameter, while it linearly depends on the 
gravitational force (in this case the centrifuge speed).  
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Particles with large hydrodynamic radii, such as those formed by aggregation, 
experience a greater sedimentation speed than small particles and are therefore 
‘filtered out’ by the centrifuge. This size-selection phenomenon can be used to isolate 
size-specific nanoparticle fractions to improve Magnetic Resonance Imaging 
performance [88].  
 

𝑣 =  
𝑑𝑐

2∆𝑃∗𝑔

18𝜂
  eq. 6 

 

  
AgNPs 
(kHz) 

FeNPs 
(kHz) IONPs (kHz) 

ZnNPs 
(kHz) 

2000 x g 506.0 851.4 161.5 25.1 

4000 x g 297.4 451.3 167.1 146.7 

6000 x g 221.7 231.8 106.5 206.7 

8000 x g 267.2 37.55 206.8 255.1 

10000 x g 358.0 24.2 142.5 71.84 

Table 4.4: Scattering count rate obtained from DLS of different types of nanoparticles 
after centrifuging. These measurements were taken at maximum laser intensity. Count 
rates are indicated in kHz 
 
Table 4.4 shows that the scattering count rate measured during DLS does not appear 
to be influenced by the centrifuge speed. Only for the FeNPs did the scattering intensity 
decrease as the centrifuge speed increased. It is important to note that measurements 
of nanoparticles before centrifuging could not be taken at full intensity, as doing so 
would damage the DLS equipment due to high scattering. However, these results show 
that particles are indeed present in the supernatant. It is likely that these are the 
nanoparticles used for this experiment, though another technique such as ICP-MS 
would have to be employed to verify this. 
While the average scattering intensity is not an effective measure of the number of 
particles present in suspension, it does provide some information on the presence of 
nanoparticles. Methods such as turbidimetry or the use of a Coulter counter would 
have proven to be more effective methods to provide an estimate of the number of 
particles in suspension. However, due to the sensitivity of the ICP-MS and radiation 
counting devices used in other experiments in this thesis, it is important to remove all 
nanoparticles from suspension. Therefore, the ability to detect the presence of 
nanoparticles through the scattering count rate was decided to be enough. 
It was concluded that the speeds of the centrifuge used for this experiment were not 
high enough to remove all nanoparticles from suspension.  
 

4.2.3 Nanoparticle ultracentrifugation 

As mentioned in section 4.2.2, the speeds of the Biofuge A centrifuge proved 
insufficient for the removal of nanoparticles from suspension. Therefore, separation 
experiments were conducted using an ultracentrifuge at 100.000 x g. After centrifuging 
DLS was performed at full laser intensity to measure the scattering count rate and 
nanoparticle size distribution. The peaks of the size distribution and the scattering 
count rate can be found in tables 4.5 and 4.6 respectively. The full size distribution 
graphs are displayed in figure A.7 in appendix A.  
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  Before centrifuge (nm) After centrifuge (nm) 

AgNP 47.7 91.4, 403.8 

FeNP 83.3, 305.6 110.0, 773.2 

IONP 43.5 145.4 

ZnNP 2248.9 183.4 

Table 4.5: Size distribution peaks obtained from DLS measurements before and after 
centrifugation of various types of metallic nanoparticles. The hydrodynamic radius is 
shown in units of nm. 
 
Table 4.5 and figure A.7 show that in case of the AgNPs and IONPs, the measured 
hydrodynamic radius of the particles increases after they are centrifuged at 100,000 x 
g. In contrast, the hydrodynamic radius of the FeNPs and ZnNPs was observed to 
decrease after ultracentrifugation. The reduction of the hydrodynamic radius of the 
latter two may be explained by their low stability in suspension as discussed in more 
detail in the previous section. It is not known why the hydrodynamic radius of AgNP 
and IONP actually increases after centrifugation. 

 

  After centrifuge (kHz) 

AgNP 170.0 

FeNP 113.0 

IONP 65.2 

ZnNP 73.1 

Table 4.6: Average scattering count rate obtained from DLS measurements after 
centrifugation. The count rate is shown in units of kHz. 
 
Table 4.6 shows that particles may still be present in the sample, as the count rate is 
higher than the background count rate of water of 5.18 kHz. The count rate of AgNP 
and FeNP is notably higher than that of the other two nanoparticles. AgNP particles 
are small, and therefore have a lower sedimentation rate as explained in the previous 
section. While more nanoparticles were removed from suspension than was shown in 
centrifugation experiments described in the previous section, these findings show that 
particles are still present inside the supernatant. As the DLS tubes were cleaned 
thoroughly with ethanol before sample preparation, the observed particles are likely 
nanoparticles. The goal of this experiment was to remove all nanoparticles from 
suspension, but it is likely that doing so through high-speed centrifugation is very 
difficult. Other experiments could be conducted to verify the presence of nanoparticles 
in the supernatant after ultracentrifugation, and to try to improve the removal of 
nanoparticles through techniques such as ultrafiltration. 
 

4.3 S. aureus growth in the presence of nanoparticles 
To determine the effect of AgNPs and FeNPs on the growth of bacteria, growth curve 
experiments were performed by measuring the optical density of samples at 600 nm 
(OD600) using spectrophotometry. 
 A growth curve was then constructed, and the logistic growth equation (eq.1) 
mentioned in section 2.3.2 was fitted to the curve by way of the damped least-squares 
method and the three unknown growth parameters were thus calculated. The findings 
concerning bacterial growth in the presence of AgNPs and FeNPs are described in 
section 4.3.1 and section 4.3.2 respectively.  
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4.3.1 AgNP growth curve 

The influence of various concentrations of AgNPs on bacterial growth was investigated 
through growth curve experiments. Figure 4.9 displays the mean of the OD600 of 
samples that were taken over time, as well as the curve obtained through least-squares 
regression. Table 4.8 summarises the estimated growth parameters obtained from the 
regression curve.  
 

 
Figure 4.9: Growth behaviour of S. aureus in the presence of various concentrations 
of AgNPs. Different markers represent the mean (n = 3) of samples taken, while the 
error bars represent one standard deviation from the mean. The lines represent the 
curves obtained through fitting.  
 

Nanoparticle 
concentration 

OD600,max (AU) μmax (h-1) ti (h) 

0 μg/ml 1.96 ± 0.11 0.98 ± 0.21 3.78 ± 0.27 

50 μg/ml 2.01 ± 0.09 1.37 ± 0.26 3.7 ± 0.17 

500 μg/ml 2.43 ± 0.13 1.89 ± 0.57 3.94 ± 0.18 

Table 4.7: Estimated growth parameters of S. aureus when cultured in the presence of 
various concentrations of AgNPs. 
 
As can be seen in figure 4.9, the initial OD600 differed somewhat between the different 
samples. The mean of the initial OD600 of the 500 µg/ml sample was determined to be 
-0.08 ± 0.73 AU. If the OD600 of a sample is negative, that indicates that the optical 
density of the sample was lower than the reference. However, the concentration of 
nanoparticles inside the sample also influences the measured OD600. The OD600 at t = 
0 h is representative of the initial number of bacteria in a culture flask. However, it is 
unlikely that the high standard deviation is caused by large variations in the number of 
bacteria, as the bacterial medium was inoculated with 250 µl of preculture in every 
culture flask.  
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It is more likely that the high standard deviation that is observed at all OD600 

measurements of the 500 µg/ml group is caused by variations in the concentration of 
silver nanoparticles. 
The maximum growth rate (µmax) and maximum cell density (OD600,max) appear to 
increase as the nanoparticle concentration increases, as displayed in table 4.7. These 
findings seemingly suggest that AgNPs aid in the growth of S. aureus. However, this is 
in stark contrast to previous studies, which show that AgNPs exhibit antimicrobial 
activity against S. aureus, as described in section 2.2.1 [22, 55].  
It is important to note that the measurement of the OD600 relies on the scattering of 
light by particles inside the sample, the size and shape of cells inside sample, as well 
as the presence of other particles and dead cells influence the measured optical 
density []. It is known that larger particles scatter more light than small particles [76]. If 
aggregates of AgNPs form, or AgNPs bind to the surface of S. aureus (though this is 
less likely due to the zeta potential of both particle and bacterium), the greater particle 
size may hypothetically lead to more scattering, resulting in a higher OD600. Increased 
scattering as a result of nanoparticle aggregation on the cell surface was observed in 
a previous study involving gold nanoparticles and Escherichia coli [89]. 
As mentioned previously, the ion release of silver nanoparticles at 500 µg/ml is 
relatively slow, as the concentration of silver ions is measured to be 1.28 µg/ml after 
24 hours, a similar timeframe as the growth curve experiments. Ion release is one of 
the main mechanisms of antibacterial action by AgNPs. The slow ion release of the 
AgNPs may contribute to the observed reduction of their efficacy against bacteria. 
Finally, a recent study has shown that AgNPs do not always exhibit antibacterial activity 
against S. aureus [90]. In this study the AgNPs were of a similar size as the ones used 
for this experiment, and a similar zeta potential at -40 mV. It is suggested that the cell-
wall structure of bacteria may lead to a different sensitivity to AgNPs. As S. aureus is 
a gram-positive bacterium with cell wall that possesses a zeta potential of -10 mV [90], 
the negative charge of the bacterial cell wall may hypothetically repel the negatively 
charged AgNPs, partially preventing cellular uptake, another antimicrobial mechanism.  
In summary, while the addition of AgNPs to the culture medium resulted in an increase 
of the OD600,max and µmax, it is unlikely that these bacteria experience increased growth 
due to the supplementation of the AgNPs. The observed findings can alternatively be 
explained by a combination of scattering resulting in a higher measured OD600, and a 
number of mechanisms which reduce the antimicrobial efficacy of the AgNPs. To verify 
these results, experiments with other techniques to measure bacterial growth could be 
conducted. 
 

4.3.2 FeNP growth curve 

Growth curve experiments were conducted to determine the influence of FeNPs on the 
growth of S. aureus. Figure 4.10 displays the mean of the OD600 of samples that were 
taken to construct a growth curve, as well as the curve obtained through weighted 
least-squares regression. Table 4.8 shows the growth parameters obtained through 
curve fitting.  
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Figure 4.10: Growth behaviour of S. aureus when crown in the presence of FeNPs. 
Different colours represent the different concentrations of FeNPs, while the lines 
represent the growth curves obtained through regression. The error bars represent one 
standard deviation from the mean (n = 3) 
 

Nanoparticle 
concentration 

OD600,max (AU) μmax (h-1) ti (h) 

0 μg/ml 1.58 ± 0.01 1.94 ± 0.08 3.71 ± 0.03 

50 μg/ml 1.64 ± 0.11 1.41 ± 0.36 3.74 ± 0.23 

500 μg/ml 2.14 ± 0.11 1.08 ± 0.02 4.25 ± 0.18 

Table 4.8: Estimated growth parameters of S. aureus growth behaviour when grown 
in the presence of FeNPs. 

 
Similarly to the AgNP growth curve experiment, the OD600,max was observed to increase 
when the FeNP concentration increases. However, the maximum growth rate µmax of 
the bacteria actually decreases as the nanoparticle concentration increases. The 
estimated maximum growth rate of bacteria grown with 500 µg/ml of FeNPs is 44% 
lower than that of the control group without nanoparticles. This may indicate some 
antibacterial activity, but the maximum OD600 of the 500 µg/ml group actually increases 
by 85% compared to the 0 µg/ml group. If FeNPs do exhibit antibacterial activity the 
maximum OD600 would decrease as the concentration increases. S. aureus growth in 
BHI medium may be limited by iron, and FeNPs could provide a source of iron for the 
bacteria to use. The slow ion release rate of FeNPs would limit bacterial uptake and 
therefore limit growth. This may explain why the maximum growth rate is lower, as it 
takes more time for the bacteria to reach the maximum optimal density. 
As mentioned in the previous section, the OD600 is a measure of the amount of 
scattering in a sample, rather than absorption. If nanoparticles inside the sample 
aggregate, the increased particle size may lead to greater scattering. This could serve 
as an alternative explanation for the observed increase of the OD600.  
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If this is indeed the case, observed increases of the maximum bacterial density may 
simply be ascribed to the nanoparticles, and the maximum growth rate would because 
of the way it is calculated, rather than a decrease in the bacterial growth rate. It can 
therefore not be concluded whether FeNPs affects the growth behaviour of S. aureus. 
Experiments with other techniques to measure the bacterial growth, such as the 
counting of CFUs, would have to be conducted to elucidate these findings. 
 

4.4 S. aureus iron uptake 
This section describes the experiments conducted to determine the 59Fe uptake of S. 
aureus. In section 4.4.1, factors used to correct for the geometric effects on the 
measured activity due to differences in volume are determined. In sections 4.4.2 and 
4.4.3, the findings of the iron uptake experiments are discussed. 
 

4.4.1 Determining volume correction factors 

 
Figure 4.11: The effect of the filling volume of a sample consisting of radFeNPs in an 
Eppendorf tube (a), radFeNPs in a 20 ml counting vial (b), radioactive iron ions in an 
Eppendorf tube (c) and radioactive iron ions in a 20 ml counting vial (d) on the 
measured activity by the Wallac gamma counter. 
 
Due to the sensitivity of the Wallac Gamma Counter employed in this thesis to 
geometric effects that arise from the sample volume, experiments were conducted to 
determine the factors necessary to correct for these effects. The sample volume of a 
sample consisting of radioactive FeNps or ions was changed, after which the count 
rate was measured. 
 
 The count rates after measuring are displayed in figure 4.11. A trend line with the 
general formula y = ax + b was fitted to the graph using Microsoft Excel.  
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The volume correction factors Fcor were calculated by dividing the slope a of the 
obtained trendline by the estimated count rate at a filling volume of 0 b, according to 
the formula  
Fcor = -a/b. For the radFeNPs in an Eppendorf tube and 20 ml glass counting vial, the 
obtained correction factors were calculated to be Fcor = 0.11 and Fcor = 0.004 
respectively. In case of the radioactive iron ion sample, the calculated correction factors 
were Fcor = 0.13 for the 1.5 ml Eppendorf tube, and Fcor 0.012 for the glass counting 
vial. These correction factors were applied in both the ion release and iron uptake 
experiments. 
 

4.4.2 Nanoparticle iron uptake 

In order to determine the uptake of iron released from iron nanoparticles by S. aureus, 
experiments were conducted whereby growth medium inoculated with S. aureus was 
supplemented with radFeNPs. The bacteria were then allowed to grow overnight, after 
which the nanoparticles were removed through a combination of sedimentation and 
centrifugation and the uptake was measured by way of a Wallac Gamma Counter. To 
determine the correct count rates, the correction factors obtained in the previous 
section were employed, and half-life correction was performed. The iron uptake of 
bacteria is defined as the percentage of the supplemented activity that remained after. 
OD600 measurements were also taken after growth.  
The uptake of nanoparticle-released iron by S. aureus was measured to be very 
limited. The mean uptake of iron was calculated to be only 4.2 ± 2.4%. However not all 
radFeNPs are removed by the nanoparticle removal protocol. An mean of 0.5% of the 
radFeNPs is estimated to remain in the bacterial culture as shown in Appendix B.2. 
Therefore, the mean uptake of iron is closer to 3.7%. The low uptake rate is likely 
caused by the slow release of iron ions by radFeNPs, as shown in section 4.1.5.2. 
Remarkably, the iron uptake found in this experiment is greater than the maximum wt% 
of released iron found in section 4.1.5.2, as the uptake was measured to be 3.7% while 
the maximum iron ion release was found to be approximately 1% in one specific case 
after 28 days. The discrepancy between the iron ion release and iron uptake may have 
a number of different causes. Firstly, a greater number of radFeNPs may stay behind in 
the sample than the 0.5% originally measured with the centrifuge experiment, possibly 
through nanoparticle-to-cell contact. Secondly S. aureus may hypothetically take up 
parts of or the whole nanoparticle, as this was already observed to occur with AgNPs 
[56]. Due to the size of the nanoparticles used in this experiment and the bacterial cell 
wall this is unlikely, but is a possibility that should be investigated further. The increased 
uptake may also be explained by S. aureus iron uptake mechanisms taking iron from 
the radFeNPs directly, rather than being limited to released ions as their only source of 
radioactive iron. Siderophores are known to increase the solubility of iron oxide which 
may play a role in iron acquisition by marine and terrestrial organisms [91]. 
The OD600 after overnight growth was also measured and is displayed in table 4.9. 
Table 4.9 shows that the OD600 after overnight growth increased most if the medium 
was supplemented with non-radioactive FeNPs. The OD600 of bacteria grown in the 
presence of radFeNPs did not increase significantly compared to the control group. The 
differences between the bacteria supplemented with ordinary FeNPs and radFeNPs 
may be ascribed to a difference in the concentration of nanoparticles. The non-
radioactive FeNP suspension was made by suspending FeNPs in water, while the 
radFeNP suspension was created by combining a non-radioactive FeNP suspension 
with radFeNPs.  
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In theory, these should have the same concentration of 25 mg/ml, but practice has 
shown that FeNPs are unstable in suspension and differences in concentration 
between samples occur easily.  
 

 OD600 (AU) 

Control 
1.84 ± 

0.12 

FeNPs 
2.10 ± 

0.02 

Radioactive 
FeNPs 

1.89 ± 
0.16 

Table 4.9: Mean OD600 of bacterial cultures after overnight growth supplemented with 
FeNPs or radFeNPs  
 
These findings establish that S. aureus takes up 3.7 ± 2.4% of the iron from 
nanoparticles, but the question remains whether this uptake percentage is unique to 
nanoparticle iron, or is also observed when iron is supplemented in a different form. 
Therefore, experiments must be performed to determine the uptake percentage of iron 
supplied in the form of iron ions. 
 

4.4.3 Iron ion uptake 

To determine whether the low iron uptake discussed in the previous section was 
because the iron was supplied in the form of iron nanoparticles, experiments were 
undertaken where bacteria were supplied with radioactive iron ions. As in the previous 
experiment, the bacteria were allowed to grow overnight (24 hours) and the remaining 
radioactive iron was removed through centrifuging. The remaining activity was 
measured and corrected through half-life and volume correction. The OD600 after 
overnight growth was also measured. 
The iron ion uptake of S. aureus was measured to be significantly higher than radFeNP-
sourced iron uptake. The mean uptake of iron ions was calculated to be 53.3% ± 
12.4%. The obtained percentage is an order of magnitude greater than the uptake 
percentage of nanoparticle-source iron, confirming that the form of iron supplemented 
to bacteria affects its uptake. The low uptake of nanoparticle iron is therefore most 
likely caused by the low release rate of iron ions by the radFeNPs.  
In table 4.10 it is shown that the OD600 of bacteria supplemented with radioactive ions 
is similar to that of the control group after overnight growth. In contrast to the findings 
discussed in the previous section, the mean OD600 of bacteria supplemented with Fe 
ions was lower compared to the other two groups, but still within one standard deviation 
of the control group. These results therefore show that S. aureus seems to take up and 
utilize both regular iron and 59Fe. To investigate this further, experiments with 
techniques such as ICP-MS could be conducted. 
 

 OD600 (AU) 

Control 1.76 ± 0.61 

Fe ions 1.69 ± 0.09 

Radioactive ions 1.80 ± 0.12 

Table 4.10: OD600 of bacteria after overnight growth when supplemented with 
radioactive iron 
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5. Conclusions and recommendations 
5.1 Conclusions 
The aim of this thesis was to investigate the uptake of iron released from iron 
nanoparticles by S. aureus bacteria. To answer this question, several different kinds of 
nanoparticles were characterized, bacterial growth in the presence of nanoparticles 
was investigated, and the uptake of nanoparticle-sourced and free 59Fe was quantified.  
Firstly, silver, iron, iron oxide and zinc nanoparticles were characterized to determine 
several different properties. Through the use of DLS, it was discovered that both 
FeNPs and ZnNPs form unstable suspensions and sediment easily, while AgNps and 
IONPs form stable suspensions and aggregate little. XRD was then performed to 
investigate the composition of the nanoparticle. Fe3O4 and ZnO peaks were found in 
the XRD patterns of FeNPs and ZnNPs respectively, indicating a partial oxidation of 
the aforementioned nanoparticles. No significant oxidation of AgNPs was found 
through XRD. AgNPs and FeNPs were also examined with TEM, where it was 
observed that the AgNPs and FeNps had an average size of approximately 14 and 75 
nm respectively. The zeta potential of all nanoparticles in MQ was measured through 
the use of a Zetasizer. It was determined that the AgNPs had the lowest zeta potential, 
which is consistent with the observation that they formed the most stable suspensions. 
The ion release of AgNPs and FeNPs was measured through the use of ICP-MS and 
gamma counting of 59Fe, respectively. The cumulative ion release was found to be 1% 
for AgNPs after 4 days and a maximum of 1% for FeNPs after 28 days. A number of 
methods were investigated to remove IONPs from suspension, of which it was found 
that desiccation for 6 days was the most effective technique, as nearly all of the water 
was removed while no aggregation was observed. Centrifugation and 
ultracentrifugation were also attempted to remove several different types of 
nanoparticles from suspension, but no satisfactory protocol was found. The growth 
behaviour of S. aureus when grown in a medium supplemented with various 
concentrations of AgNPs and FeNPs was investigated. It was found that the maximum 
growth rate of S. aureus increased in the presence of AgNPs while it decreased in the 
presence of FeNPs. The OD600,max increased when S. aureus was supplemented with 
either type of nanoparticle. It is not known whether the observed increases of the OD600 
are the result of bacterial growth or a fault in the growth measuring method. Finally, the 
uptake of 59Fe by S. aureus was measured by gamma counting. It was discovered that 
only 3.7 ± 2.4% of iron released from nanoparticles was taken up by S. aureus. If the 
iron was supplemented in an ionic form, the iron uptake was measured to be 53.3 ± 
12.4%.It was therefore concluded that nanoparticle-released iron uptake is primarily 
limited by the low release rate of ions from FeNPs. It is important to note that the FeNP 
iron uptake percentage was found to be greater than the observed ion release after a 
period of 24 hours. It is not known whether this is the result of bacterial-FeNP contact 
which allows FeNPs to evade the centrifugation step, because S. aureus can take up 
either parts of or the whole nanoparticle, or direct iron scavenging from the nanoparticle 
by S. aureus’ iron uptake mechanisms.  
The main research question was whether S. aureus can take up and utilize iron 
supplied in the form of nanoparticles. While it is clear that the uptake of iron by S. 
aureus greatly depends on the form in which that iron is supplied, it has not yet been 
determined whether nanoparticle iron is actually taken up by the bacteria. It is also not 
clear whether the supplemented iron can contribute to bacterial growth. 
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5.2 Recommendations 
While this thesis did establish that the form in which iron is supplemented influences 
its uptake by S. aureus, a number of questions still remain. Firstly, properties such as 
the hydrodynamic radius, zeta potential and ion release should be characterized if 
AgNPs and FeNPs are suspended in Brain Heart Infusion medium. The results 
obtained from such experiments could elucidate some of this thesis’ findings. However, 
contamination of the experiments by bacteria may lead to rapid bacterial growth which 
would affect the obtained results. This is likely to happen in the case of long-term ion 
release experiments, and dialysis may have to be performed in a sterilized environment 
to prevent this. 
Secondly, while the attempts to remove water from the IONP suspension were 
successful, it was decided that FeNPs were to be used in ion release and bacterial 
uptake experiments, as the IONP surfactant layer complicated their irradiation. 
Removing the IONP surfactant layer causes aggregation. Rather than irradiating dried 
IONPs, IONPs may instead be synthesized from 59Fe ions. A number of protocols to 
synthesize IONPs exist, such as the co-precipitation of Fe2+ and Fe3+ through the 
addition of NaOH [92]. Synthesized IONPs may then be used for ion release and 
bacterial uptake experiments. 
Thirdly, the FeNPs used in this research project proved to form highly unstable 
suspensions. The addition of a surfactant may increase their stability and therefore 
make future experiments more consistent if repeated. 
Fourthly, it is not yet clear whether the observed increase of the maximum OD600 during 
the growth curve experiments is caused by bacterial growth or some other cause such 
as nanoparticle aggregation. Rather than measuring the OD600, other bacterial growth 
monitoring techniques such as the measurement of the dry weight (though this is 
complicated by the nanoparticles) or plate counting could be employed to provide a 
more accurate assessment of the growth of bacteria in the presence of nanoparticles. 
Fifthly, while the experiments in this thesis did measure the bacterial uptake (defined 
as the percentage of remaining activity after the nanoparticle removal protocol), the 
percentage of iron that is internalized by the bacteria is not yet known. Even after 
washing, iron in the form of ions or membrane may be attached to the bacterial cell 
wall and can therefore not be used for growth. To study the internalization of iron, 
bacteria may be lysed after growth. If the membrane debris is then removed through 
filtration or centrifugation, the activity inside the remaining parts of the cell may then 
be measured to determine the degree of internalization of iron [31]. 
If the internalization rate of 59Fe has been investigated, techniques such as the 
MIRAGE metalloproteomics approach can then be employed to determine the 
subcellular distribution of supplemented iron and its effect on the metabolism and 
growth of S. aureus [93]. 
Finally, the reason for the investigation of the nanoparticle-released iron uptake by 
bacteria was to develop an antimicrobial coating based on superparamagnetic iron 
oxide nanoparticles. Therefore, the attachment of radioactive iron or iron oxide 
nanoparticles to implants can also be investigated, so that a new antimicrobial coating 
may be developed to prevent the infection of medical implants by S. aureus. 
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Appendix A 

 
Figure A.1: The size distribution of AgNPs (a), FeNPs (b), IONPs (c) and ZnNPs(d) in 
MQ (black) and PBS (red). 

 

 
Figure A.2: The size distributions of AgNPs (a) and FeNPs (b) determined with two 
DLS measurements of the same sample. 
 

 
Figure A.3: Histogram of sizes of AgNPs (a) and FeNPs (b) measured with TEM 
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Figure A.4: Non-spherical shapes observed during TEM of iron nanoparticles 

 

 
Figure A.5: Zeta potentials of AgNPs (a), FeNPs (b), IONPs (c) and ZnNPs (d). 

 

Tube Added activity 
(cpm) 

28-day release 
(wt%) 

A 8.21E+05 0.27% 

B 8.13E+05 0.28% 

C 1.98E+05 1.09% 

Table A.1: The activity (in cpm) added to different dialysis tubes, as well as the weight 
percentage of ions released after 28 days of dialysis 
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Figure A.6: Size distributions of AgNPs (a,b), FeNPs (c,d), IONPs (e,f) and ZnNPs (g,h) 
obtained from DLS after centrifuging at various speeds. 
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Figure A.7: The size distribution of AgNPs (a), FeNPs (b), IONPs (c), ZnNPs (d) 
determined with DLS before and after centrifugation at a speed of 100,000 x g, 
displayed in black and red respectively 
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Appendix B: Control experiments 
B.1: Testing the dialysis membrane 

 
Figure B.1: The concentration of iron outside of a dialysis membrane as determined 
with ICP-MS 
 
In order to determine whether iron nanoparticles can diffuse through the dialysis 
membrane used in section 4.1.5, iron nanoparticles were added to a membrane. Every 
hour, samples were taken of the environment outside the membrane, and the iron 
content was measured with ICP-MS. It was observed that the concentration of iron 
increased by 20 µg/ml after 6 hours. These findings, combined with the knowledge that 
the iron nanoparticles are larger than the pore size of the dialysis membrane, meant 
that the dialysis membrane could be used for ion release experiments. 
 

B.2: Removal of radioactive nanoparticles 

 
Figure B.1: Activity (in cpm) removed during each stage of the separation protocol.  
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To test the separation method outlined in section 3.5.3, experiments were performed 
during which bacteria were grown overnight in a culture flask. After overnight growth, 
radioactive FeNPs were added. Because the nanoparticles were added after growth 
had taken place, in combination with the slow ion release rate of FeNPs, it was deemed 
unlikely for iron uptake to occur. The separation protocol was carried out, and the 
activity of the waste produced by each stage was measured through the Wallac gamma 
counter. The measured activities are displayed in figure B.1. ‘Delta’ is calculated by 
subtracting the obtained activities from the total activity of the added nanoparticles. 
The relatively high Delta fraction is likely caused by a portion of the nanoparticles 
remaining attached to the glass of the culture flask. Only 0.5% of activity (and therefore 
nanoparticles) remained in the sample after the separation protocol. 
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Appendix C: XRD reference peaks 
Presented below are the peaks of the reference XRD data obtained from the ICDD 

database together with their ICDD codes and reference to the articles they originally 

came from. Please note that not every reference peak appears in the measured XRD 

pattern. 

Ag reference data (00-004-0783) 

No. h k l d [Å] 2θ [°] I [%]  

1 1 1 1 2,35900 38,117 100,0  

2 2 0 0 2,04400 44,278 40,0  

3 2 2 0 1,44500 64,427 25,0  

4 3 1 1 1,23100 77,475 26,0  

5 2 2 2 1,17960 81,539 12,0  

6 4 0 0 1,02150 97,891 4,0  

7 3 3 1 0,93750 110,501 15,0  

8 4 2 0 0,91370 114,928 12,0  

9 4 2 2 0,83410 134,889 13,0  

 

Swanson, H. E. (1953). Standard X-ray diffraction powder patterns (Vol. 25). US Department 
of Commerce, National Bureau of Standards. 
 

Fe reference data (04-003-3884) 

No. h k l d [Å] 2θ [°] I [%] 

1 1 1 0 2,02728 44,663 100,0 

2 2 0 0 1,43350 65,008 11,7 

3 2 1 1 1,17045 82,314 17,8 

4 2 2 0 1,01364 98,917 4,7 

5 3 1 0 0,90662 116,344 6,4 

6 2 2 2 0,82763 137,097 1,7 

 

Buschow, K. V., Van Engen, P. G., & Jongebreur, R. (1983). Magneto-optical properties of 
metallic ferromagnetic materials. Journal of magnetism and magnetic materials, 38(1), 1-22. 
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Fe3O4 reference data (04-025-0335) 

No. h k l d [Å] 2θ [°] I [%] 

1 2 0 2 4,83837 18,322 10,2 

2 0 2 2 4,83837 18,322 10,2 

3 2 2 2 3,74644 23,730 0,1 

4 -2 2 2 3,74644 23,730 0,1 

5 1 3 2 3,42310 26,009 0,1 

6 -1 3 2 3,42310 26,009 0,1 

7 -3 1 3 3,12424 28,548 0,1 

8 3 1 3 3,11149 28,667 0,1 

9 1 1 5 3,11149 28,667 0,1 

10 4 0 0 2,97064 30,058 24,4 

11 -2 2 4 2,97064 30,058 24,4 

12 2 2 4 2,96088 30,159 24,2 

13 0 4 0 2,96088 30,159 24,2 

14 0 4 1 2,91947 30,597 0,3 

15 0 2 5 2,91947 30,597 0,3 

16 3 3 0 2,79619 31,981 0,1 

17 0 0 6 2,79619 31,981 0,1 

18 4 2 0 2,65523 33,729 0,1 

19 -3 3 2 2,65523 33,729 0,1 

20 2 4 1 2,61868 34,214 0,4 

21 -2 4 1 2,61868 34,214 0,4 

22 -4 2 2 2,53420 35,391 52,7 

23 -2 0 6 2,53420 35,391 52,7 

24 4 2 2 2,52813 35,479 100,0 

25 0 2 6 2,52813 35,479 100,0 

26 -4 0 4 2,42919 36,975 3,4 

27 4 0 4 2,41918 37,134 8,8 

28 0 4 4 2,41918 37,134 8,8 

29 2 4 3 2,39690 37,492 0,2 

30 -2 4 3 2,39690 37,492 0,2 

31 3 3 4 2,32302 38,731 0,1 

32 2 2 6 2,32302 38,731 0,1 

33 4 2 4 2,23962 40,234 0,1 

34 -1 5 2 2,23962 40,234 0,1 

35 0 4 5 2,22172 40,573 0,1 

36 0 2 7 2,22172 40,573 0,1 

37 -1 5 3 2,14699 42,051 0,1 
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No. h k l d [Å] 2θ [°] I [%] 

38 5 1 3 2,14699 42,051 0,1 

39 4 4 0 2,09707 43,101 32,0 

40 0 0 8 2,09707 43,101 32,0 

41 4 4 1 2,08003 43,472 0,5 

42 -4 4 1 2,08003 43,472 0,5 

43 -5 1 4 2,04063 44,355 0,1 

44 -4 0 6 2,04063 44,355 0,1 

45 4 0 6 2,03116 44,573 0,2 

46 1 5 4 2,03116 44,573 0,2 

47 -6 0 2 1,92933 47,064 0,3 

48 -4 2 6 1,92933 47,064 0,3 

49 6 0 2 1,92555 47,161 0,3 

50 -2 4 6 1,92555 47,161 0,3 

51 4 2 6 1,92132 47,272 0,5 

52 2 4 6 1,92132 47,272 0,5 

53 6 2 2 1,83120 49,752 0,1 

54 -3 5 4 1,83120 49,752 0,1 

55 3 1 8 1,82903 49,815 0,1 

56 -2 6 2 1,82903 49,815 0,1 

57 1 5 6 1,78629 51,091 0,1 

58 0 6 4 1,78629 51,091 0,1 

59 2 6 3 1,77568 51,419 0,1 

60 -2 6 3 1,77568 51,419 0,1 

61 -6 2 4 1,71674 53,320 3,9 

62 -4 0 8 1,71674 53,320 3,9 

63 4 0 8 1,71109 53,511 7,7 

64 6 2 4 1,71109 53,511 7,7 

65 5 5 0 1,67771 54,663 0,1 

66 0 0 10 1,67771 54,663 0,1 

67 -5 1 7 1,67533 54,747 0,1 

68 1 7 0 1,67533 54,747 0,1 

69 7 1 1 1,67239 54,851 0,1 

70 -7 1 1 1,67239 54,851 0,1 

71 -1 5 7 1,66897 54,973 0,1 

72 -5 5 1 1,66897 54,973 0,1 

73 1 7 1 1,66715 55,038 0,1 

74 -1 7 1 1,66715 55,038 0,1 

75 -7 1 2 1,64896 55,698 0,1 

76 -5 3 6 1,64896 55,698 0,1 
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No. h k l d [Å] 2θ [°] I [%] 

77 7 1 2 1,64623 55,798 0,1 

78 -2 4 8 1,64623 55,798 0,1 

79 4 2 8 1,64290 55,921 0,2 

80 2 4 8 1,64290 55,921 0,2 

81 2 6 5 1,63673 56,151 0,2 

82 -4 6 1 1,63673 56,151 0,2 

83 6 0 6 1,61420 57,006 24,9 

84 0 2 10 1,61420 57,006 24,9 

85 -6 4 3 1,58081 58,324 0,2 

86 -4 4 7 1,58081 58,324 0,2 

87 4 4 7 1,57566 58,533 0,2 

88 4 6 3 1,57566 58,533 0,2 

89 -5 3 7 1,55574 59,357 0,1 

90 6 2 6 1,55574 59,357 0,1 

91 -7 3 2 1,53414 60,279 0,1 

92 -6 4 4 1,53414 60,279 0,1 

93 7 3 2 1,53209 60,368 0,1 

94 -4 6 4 1,53209 60,368 0,1 

95 -4 2 9 1,52941 60,485 0,1 

96 4 6 4 1,52941 60,485 0,1 

97 4 2 9 1,52263 60,782 0,1 

98 0 6 7 1,52263 60,782 0,1 

99 8 0 0 1,48532 62,478 30,2 

100 -4 4 8 1,48532 62,478 30,2 

101 4 4 8 1,48044 62,707 29,6 

102 0 8 0 1,48044 62,707 29,6 

103 -8 0 2 1,46368 63,508 0,2 

104 -4 0 10 1,46368 63,508 0,2 

105 7 3 4 1,45974 63,700 0,2 

106 0 4 10 1,45974 63,700 0,2 

107 5 3 8 1,45785 63,792 0,1 

108 4 0 10 1,45785 63,792 0,1 

109 5 1 9 1,45227 64,066 0,1 

110 1 5 9 1,45227 64,066 0,1 

111 -8 2 2 1,42094 65,654 0,4 

112 -4 2 10 1,42094 65,654 0,4 

113 8 2 2 1,41857 65,778 0,4 

114 -2 4 10 1,41857 65,778 0,4 

115 4 2 10 1,41560 65,933 0,6 
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No. h k l d [Å] 2θ [°] I [%] 

116 4 6 6 1,41560 65,933 0,6 

117 4 4 9 1,39097 67,254 0,1 

118 2 8 3 1,39097 67,254 0,1 

119 2 0 12 1,36070 68,958 0,1 

120 0 2 12 1,36070 68,958 0,1 

 
Perversi, G., Cumby, J., Pachoud, E., Wright, J. P., & Attfield, J. P. (2016). The Verwey 
structure of a natural magnetite. Chemical Communications, 52(27), 4864-4867. 

 

Zn reference data (01-073-6858) 

No. h k l d [Å] 2θ [°] I [%] 

1 0 0 2 2,47345 36,290 39,6 

2 1 0 0 2,30770 38,999 23,7 

3 1 0 1 2,09134 43,225 100,0 

4 1 0 2 1,68735 54,325 14,6 

5 1 0 3 1,34165 70,079 15,9 

6 1 1 0 1,33235 70,641 10,3 

7 0 0 4 1,23672 77,050 2,4 

8 1 1 2 1,17300 82,096 11,1 

9 2 0 0 1,15385 83,763 1,3 

10 2 0 1 1,12369 86,551 6,8 

11 1 0 4 1,09006 89,927 1,9 

12 2 0 2 1,04567 94,895 1,6 

13 2 0 3 0,94538 109,135 3,2 

14 1 0 5 0,90933 115,796 2,9 

15 1 1 4 0,90642 116,386 3,8 

16 2 1 0 0,87223 124,047 0,8 

17 2 1 1 0,85898 127,471 4,8 

18 2 0 4 0,84367 131,855 0,8 

19 0 0 6 0,82448 138,225 0,5 

20 2 1 2 0,82258 138,925 1,5 

 

Brown, J. R. (1954). The solid solution of cadmium in zinc. J. Inst. Metals, 83. 
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ZnO reference data (00-005-0664) 

No. h k l d [Å] 2θ [°] I [%] 

1 1 0 0 2,81600 31,750 71,0 

2 0 0 2 2,60200 34,440 56,0 

3 1 0 1 2,47600 36,252 100,0 

4 1 0 2 1,91100 47,543 29,0 

5 1 1 0 1,62600 56,555 40,0 

6 1 0 3 1,47700 62,870 35,0 

7 2 0 0 1,40700 66,388 6,0 

8 1 1 2 1,37900 67,917 28,0 

9 2 0 1 1,35900 69,057 14,0 

10 0 0 4 1,30100 72,610 3,0 

11 2 0 2 1,23800 76,956 5,0 

12 1 0 4 1,18120 81,405 3,0 

13 2 0 3 1,09290 89,630 10,0 

14 2 1 0 1,06390 92,777 4,0 

15 2 1 1 1,04220 95,311 10,0 

16 1 1 4 1,01580 98,632 5,0 

17 2 1 2 0,98480 102,923 4,0 

18 1 0 5 0,97640 104,169 7,0 

19 2 0 4 0,95550 107,448 1,0 

20 3 0 0 0,93820 110,378 4,0 

21 2 1 3 0,90690 116,288 12,0 

22 3 0 2 0,88260 121,562 6,0 

23 0 0 6 0,86750 125,234 1,0 

24 2 0 5 0,83690 133,975 6,0 

25 1 0 6 0,82900 136,618 2,0 

26 2 1 4 0,82370 138,511 2,0 

27 2 2 0 0,81250 142,905 5,0 

 

Swanson, H. E. (1953). Standard X-ray diffraction powder patterns (Vol. 25). US Department 
of Commerce, National Bureau of Standards. 

 


