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Abstract  

Iron deficiency is considered the most significant nutritional deficiency worldwide, affecting billions 

of people. Iron deficiency leads to a higher prevalence of iron deficiency anaemia; a condition 

responsible for over 50,000 deaths annually. Since anaemia is considered a global health problem, 

various countermeasures have been implemented to battle this disease. One of these countermeasures 

is the supplementation of iron. Different iron compounds are employed for supplementation, including 

ferrous sulphate and ferrous fumarate. However, since only 15% of the supplemented iron is absorbed 

by the human body, the remaining 85% can cause various health-related issues. Due to heightened 

amounts of iron present in the duodenum, a disbalance in the human gut is induced, leading to e.g. 

excessive growth of E.coli.  

 This study investigates the influence of 3 and 30 µM iron supplementation of ferric chloride 

and ferric sulphate; radiolabelled with 55Fe. These results have been reported in the form of growth 

curves, and the remaining amount of 55Fe in the growth medium has been used to estimate iron uptake 

by E.coli. No significant differences were observed between 3 and 30 µM iron supplementation of 

both compounds, indicating that iron concentration may not be considered as the main limiting growth 

factor of E.coli. Therefore, further research is recommended where the medium is analysed for the 

presence of other nutrients. Additionally, adjustments in the growth environment are recommended, to 

determine which growth conditions influence E.coli the most. 
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1. Introduction 

Anaemia is considered a global public health problem by the World Health Organization (WHO), by 

which globally approximately 47% of preschool children and over 40% of pregnant women in 

particular are affected (Anaemia, n.d.; Brannon & Taylor, 2017). Anaemia is a condition characterised 

by either a significantly lowered amount of red blood cells, or a decreased level of haemoglobin 

(Anaemia, n.d.). Even though various causes can be attributed to anaemia, the WHO has estimated that 

approximately 50% of the beforementioned cases of anaemia are caused by iron deficiency (ID), 

which will be referred to as iron deficient anaemia (IDA). When an individual suffers from IDA, the 

iron stores can be considered as being fully depleted, resulting in an inadequate supply to tissues since 

an insufficient amount of red blood cells is present (Brannon & Taylor, 2017; Stoltzfus, 2003). As a 

result, oxygen transportation is impaired (R.J. Stoltzfus & Dreyfuss, 1998). Various implications of 

IDA are child, maternal, and perinatal mortality, reduced fitness and productivity, and cognitive 

impairment (Rebecca J Stoltzfus, 2003). 

 To battle anaemia, various strategies can be employed, including iron supplementation 

(Abbaspour et al., 2014). Iron can either be supplemented orally or intravenously. The most common 

method is the supplementation of oral iron salts since it is considered to be effective and safe. In 

addition, the costs of oral iron supplementation are relatively low. However, only an approximate of 

15% iron is absorbed in the duodenum, leaving a major part of the supplemented iron unabsorbed 

(Yilmaz & Li, 2018). However, despite oral iron supplementation being advantageous for replenishing 

iron stores, an excess of iron is associated with side effects related to the gastrointestinal tract (Busti et 

al., 2019). 

 The influence of unabsorbed iron on the gastrointestinal tract has been a subject of a variety of 

studies (Finlayson-Trick et al., 2020; Jaeggi et al., 2015; Tolkien et al., 2015). Accordingly, iron-

dependent pathogens, such as the Enterobacteriaceae family, could benefit from the excess amount of 

iron, resulting in a disbalance in the human gut (Finlayson-Trick et al., 2020). This could result in 

serious implications for the human gastrointestinal tract, and could lead to side effects such as 

diarrhoea (Finlayson-Trick et al., 2020; Tolkien et al., 2015). 

 This thesis aimed to conduct an in vitro study making usage of Escherichia coli (E.coli) and 

radioactive 55Fe in order to mimic iron supplementation. Both the growth of E.coli has been 

investigated, as well as the uptake of supplemented 55Fe. This thesis contains a theoretical framework 

required to provide the reader with relevant background information for total comprehension of the 

paper. This chapter is followed by the methods and materials section, where experimental procedures 

are described for synthesising ferric and ferrous compounds, and for E.coli growth experiments. 

Afterwards, the obtained results of the experiments are shown and discussed. Finally, this thesis is 

concluded with conclusions that can be drawn from the results and proposed recommendations for 

further research. 
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2. Theoretical Framework 

2.1. The role of iron in the human body 

In the human body, iron mainly forms complexes bound to either 1) protein (haemoprotein) as one of 

the heme compounds haemoglobin or myoglobin, 2) heme enzymes, and 3) nonheme compounds such 

as flavin-iron enzymes, transferrin, and ferritin (Abbaspour et al., 2014).  

 A variety of characteristic functions can be ascribed to the haemoprotein type of complex, 

Haemoglobins and myoglobins are mainly responsible for oxygen binding and transport, and influence 

oxygen metabolism, electron transport, and mitochondrial respiration (Yiannikourides & Latunde-

Dada, 2019). Heme enzymes include catalase and peroxidase enzymes, which are involved in oxygen 

metabolism (Yiannikourides & Latunde-Dada, 2019).  

 When considering nonheme compounds, proteins containing nonheme iron also fulfil 

important functions, since they participate in DNA synthesis, gene regulation, drug metabolism, and 

cell proliferation and differentiation (Yiannikourides & Latunde-Dada, 2019). 

 However, there is a problem encountered when regarding iron in the human body. Iron has the 

ability to catalyse toxic oxidation reactions (Tapiero et al., 2001). This interferes with 

deoxyribonucleic acid (DNA), and can therefore induce damage to the human body; which is 

elaborated upon in the following section (Krumova & Cosa, 2016). 

2.1.1. Iron and oxidative stress  

Iron has the capability to both accept and donate electrons, and can therefore primarily be found in two 

oxidation states in the human body: divalent ferrous iron (Fe2+), and trivalent ferric iron (Fe3+) (Bloor 

et al., 2021a; Vogt et al., 2021). As a result, iron has the ability to act as a catalyst in the Haber-Weiss 

cycle, which comprises of two reactions as depicted in Eq.1.1 and Eq.1.2, yielding the net reaction 

depicted in Eq.2. The Fenton reaction (Eq.1.2) describes the reaction between Fe2+ and hydrogen 

peroxide (H2O2), where hydroxide (OH-) and hydroxyl radical (∙OH) are formed (Gupta et al., 2016).  

 

𝐹𝑒3+ + ∙ 𝑂2
− → 𝐹𝑒2+ + 𝑂2   (Eq.1.1) 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻− +  ∙ 𝑂𝐻   (Eq.1.2) 

𝐻2𝑂2 + ∙ 𝑂2
− →  𝑂2 +  𝑂𝐻− + ∙ 𝑂𝐻                                (Eq.2) 

The hydroxyl radical (∙OH) formed in the Fenton reaction, is considered to be one of the Reactive 

Oxygen Species (ROS), which are species that are considered to have toxic effects in aerobic 

organisms, including humans (Krumova & Cosa, 2016). The formation of free radical species is paired 

with serious consequences concerning human health due to the disruption of cellular structures 

(Papanikolaou & Pantopoulos, 2005). Since the guanine base present in DNA is prone to oxidation, 

free radical species can induce DNA damage in the form of base modifications and strand cleavage 
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(Kehrer, 2000; Meneghini, 1997). In addition, lipids and proteins are also sensitive to oxidation, and 

can therefore be negatively affected by free radical species as well (Kehrer, 2000).  

2.1.2. Bioavailability of iron 

Iron compounds vary significantly in bioavailability. Stoffel et al. (2020) define the bioavailability of 

an iron compound as “the proportion of iron present in an oral supplement that is absorbed and  

incorporated into erythrocytes” (Stoffel et al., 2020, p. 1). As described by Hurrell & Egli (2010), 

dietary iron is present as nonheme iron, or as heme iron. However, nonheme iron accounts for 

approximately 90% of all dietary iron (Kortman et al., 2014). 

 Various distinctions can be made between heme – and nonheme iron. Whereas nonheme iron 

is mainly found in plant-based sources and animal tissues, heme iron is found in animal-based sources 

in the form of haemoglobin and myoglobin (Hurrell & Egli, 2010). In addition, heme iron has a 

bioavailability reported of 15%-35%, whereas the absorption of nonheme iron is lower and lies in the 

range of 2%-20% (Abbaspour et al., 2014).  

 The absorption of nonheme iron is dependent on other components. Hurrell & Egli (2010) list 

phytate, polyphenols, calcium and proteins as iron absorption inhibitors. Ascorbic acid (vitamin C) 

and muscle tissue are listed as enhancers, since both have the ability to reduce ferric (Fe3+) iron to 

ferrous (Fe2+) iron, enabling the formation of soluble ferrous complexes which are more suitable for 

absorption (Abbaspour et al., 2014; Santiago, 2012). For an in-depth overview of the specific 

influence of both inhibitors and enhancers, further reading is recommended (Abbaspour et al., 2014; 

Tapiero et al., 2001). 

2.1.3. Iron requirements 

The metabolism of iron in the human body differs significantly from the metabolism of other metals in 

the human body. Firstly, there is no physiological mechanism for iron excretion (Hurrell & Egli, 

2010). Secondly, since approximately 90% of daily iron requirements are obtained from the 

breakdown of red blood cells circulating in the human body, the remainder (1-2 mg/day) has to be 

obtained from dietary iron absorbed in the duodenum (Dev & Babitt, 2017; Hurrell & Egli, 2010; Vogt 

et al., 2021). Vogt et al. (2021) report iron quantities of over 1 billion iron atoms per red blood cell. 

An approximate of 1-2 mg of iron is lost daily through epithelial desquamation and blood loss (Dev & 

Babitt, 2017). These losses should be compensated for with dietary iron to maintain proper iron 

homeostasis (Abbaspour et al., 2014; Hurrell & Egli, 2010).  

 As mentioned earlier, no defined mechanism is present for iron excretion. Therefore, iron 

homeostasis is mainly regulated through absorption, where hepcidin can be considered the primary 

regulator (Stoffel et al., 2020). When an increase in the amount of iron, e.g. due to supplementation, is 

observed in the human body, the production of hepcidin is induced. As a result of increased hepcidin 

production, iron absorption is blocked (Pagani et al., 2019) However, when the amount of iron present 

in the human body is lowered, the production of hepcidin is suppressed and iron is released from iron 
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stores in the human body (Camaschella, 2015). For a more in-depth overview of iron metabolism, 

further reading is recommended (Abbaspour et al., 2014; Tapiero et al., 2001).  

 Throughout an individual’s life, the iron requirements change. In Table 1, the average iron 

requirements of various groups are listed (Abbaspour et al., 2014). The iron requirements are reported 

in terms of the amount that should be absorbed in the gastrointestinal tract; therefore, already 

accounting for bioavailability. With regards to infants and adolescents, the relatively high iron 

requirements can be ascribed to the need for iron during rapid growth. Considering pregnancy, iron is 

also needed for the growth of the placenta and unborn child, resulting in a significant increase in iron 

demand (Abbaspour et al., 2014). Therefore, considering these groups, when one’s diet does not 

contain an adequate amount of (absorbable) iron, one can quickly suffer from ID or IDA (Abbaspour 

et al., 2014).  

Table 1. Iron requirements of 97.5% of individuals in terms of absorbed iron, by age group and sex. The table was adapted 

from Abbaspour et al. (2014, p. 168). 

Age/sex mg/day 

4-12 months 0.96 

13-24 months 0.61 

2-5 years 0.70 

6-11 years 1.17 

12-16 years (girls) 2.02 

12-16 years (boys) 1.82 

Adult males 1.14 

First trimester of pregnancy 0.80 

Second and third trimester of pregnancy 6.30 

Lactating women 1.31 

Menstruating women 2.38 

Postmenopausal women  0.96 

 

2.2. Iron deficiency and iron deficiency anaemia 

When one is systematically not able to meet one’s iron requirements, serious consequences are 

expected. As mentioned earlier, hepcidin is responsible for the regulation of iron homeostasis. When 

an individual is suffering from ID, the transcription of hepcidin is suppressed. As a result, iron is 

released from iron stores in the human body. Therefore, the speed at which stores are depleted 

indicates the speed at which ID is developed (Camaschella, 2015). ID causes various symptoms, such 

as lower cognitive development in young children, and overall ill health (Camaschella, 2015).  

 When ID is left untreated, the chances of developing IDA become higher. In the case of IDA, 

the iron stores are severely depleted, leading to the inability of the human body to produce 

haemoglobin; causing poorer delivery of oxygen to body tissues (Anaemia, n.d.; Camaschella, 2015).  

 The consequences that are reported for IDA are severe. IDA impacts cognitive development 

negatively, and leads to poor pregnancy outcomes, impaired immunity, and reduced work capacity in 
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adults (Stelle et al., 2018). Furthermore, next to these severe consequences, morbidity levels are 

heightened as well. It is reported that IDA is worldwide responsible for 50,000 deaths annually, while 

ID annually contributes to 120,000 female deaths related to pregnancy (Stelle et al., 2018). Therefore, 

it can be concluded that the treatment of ID and IDA should be prioritised. 

2.3. Iron supplementation 

To prevent and treat ID and IDA, iron supplementation is used as a strategy (Bashiri et al., 2003). Both 

oral and intravenous (IV) supplementation are possible. However, the standard treatment is oral iron 

supplementation (Berber et al., 2014; Santiago, 2012). Oral iron supplementation is noted to be easy to 

use, have relatively fewer adverse health effects, and have high effectiveness (Berber et al., 2014). 

Research has been conducted into the differences between oral and IV supplementation, which will be 

elaborated upon in the following sections. 

2.3.1. Oral iron supplementation  

2.3.1.1. Bivalent vs. trivalent oral iron preparations 

For supplementation, the preference is given to ferrous iron salts instead of ferric iron salts, since only 

the divalent form (Fe2+) is suitable for uptake by intestinal enterocytes (Santiago, 2012). For ferric iron 

to be absorbed, it should first be reduced to ferrous iron; therefore, adding a conversion step in the 

absorption of iron in the human body. In addition, in comparison to ferrous salts, the solubility of 

ferric iron is relatively poorer in alkaline media, leading to a 3 to 4 times lower bioavailability (Nagpal 

& Choudhury, 2004; Santiago, 2012). In practice, for the treatment of IDA administration of 100 

mg/day of ferrous iron would be sufficient, while for ferric iron a dose of 400-1000 mg/day should be 

considered (Nagpal & Choudhury, 2004). The most frequently used iron supplement forms are ferrous 

sulphate, ferrous fumarate, and ferrous gluconate (Camaschella, 2015; Zariwala et al., 2013). Santiago 

(2012) notes that ferric iron supplements with an iron polymaltose complex (IPC) are also frequently 

used.  

 However, besides the importance of iron preparations providing adequate bioavailability, 

gastrointestinal tolerance should also be taken into account. Finlayson-Trick et al. (2020) report that 

the relatively inexpensive ferrous sulphate (FeSO4) causes a variety of gastrointestinal side effects, 

such as diarrhoea, inevitably making supplementation more difficult. In contrast, fewer side effects are 

reported for supplementation with ferrous fumarate which is considered to be more readily absorbed 

(Patil et al., 2013). 

 In addition, with regards to oral iron supplementation, characteristics such as taste and odour 

should be taken into account. Nagpal & Choudhury (2004) report that ferrous sulphate has a salty 

taste, whereas ferrous fumarate is practically tasteless. 

2.3.1.2. Adverse effects of oral iron supplementation  

Despite oral supplementation being the most common method for treatment (section 2.3.), 
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approximately 10-40% of the patients suffer from adverse effects primarily related to the 

gastrointestinal tract (Bashiri et al., 2003). In order to minimize these adverse side effects, certain 

medications can be taken. However, this medication negatively influences the absorption of the 

supplemented iron, resulting in a lessened effect of the treatment. The most common reported side 

effects are nausea, constipation, and epigastric pain (Bloor et al., 2021a; Finlayson-Trick et al., 2020; 

Stoffel et al., 2020).These side effects can primarily be ascribed to the influence of unabsorbed dietary 

iron, modifying the gut microbiota equilibrium (Yilmaz & Li, 2018), as further explained in section 

2.4.1.  

2.3.2. Intravenous iron supplementation  

IV iron supplementation is considered more suitable for individuals suffering from intolerance to oral 

iron, malabsorption in the gastrointestinal tract, and severe anaemia where rapid repletion of the iron 

stores is required (Estadella et al., 2018; Schaefer et al., 2020).  

 Since IV iron supplementation is administered directly into the bloodstream, gastrointestinal 

side effects can be reduced by bypassing the gastrointestinal lumen (Bloor et al., 2021b). This results 

in a quicker increase in haemoglobin levels in comparison with oral iron supplementation 

(Camaschella, 2015). As a result, possible complications during anaemia treatment can be reduced 

through IV iron supplementation (Estadella et al., 2018). 

 In order to achieve effective, non-toxic, delivery of IV supplemented iron, iron is incorporated 

in composite nanoparticles, composed of ferric oxy-hydroxides and carbohydrates (Jahn et al., 2011; 

Neiser et al., 2015; Schaefer et al., 2020). The usage of composite nanoparticles is necessary since in 

circulation iron is strongly bound to the transport protein transferrin (Schaefer et al., 2020). 

2.3.2.1. Adverse effects of intravenous iron supplementation 

Despite the various advantages that are provided by IV supplementation, there are reports regarding 

certain side effects that can not be overlooked. Some of the side effects are nausea, vomiting, and back 

and chest pain. However, the longevity of these effects is significantly lower and is reported to last a 

maximum of 48 hours after completion of the medication (Camaschella, 2015).  

2.3.3. Reducing the side effects of iron supplementation 

Although the aim is to design iron supplementation with limited consequences regarding overall 

health, it is also possible to target the consequences afterwards. 

 Firstly, the presence of excessive free radicals (section 2.1.1.), can be targeted by hindering the 

formation of free radicals with antioxidants (Qi et al., 2020). In addition, research has shown that 

usage of substances that release iron more slowly causes the formation of free radicals to slow down. 

One substance that meets the latter requirement, is Sucrosomial ® Iron (SI). Gómez-Ramírez et al. 

(2018) report that in this substance, iron is comprised in a ferric pyrophosphate complex, which is 

protected by a phospholipid bilayer membrane. Consequently, as a gastro-resistant complex, and by 
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avoiding general iron absorption pathways, higher tolerability is reported in comparison to traditional 

iron supplements (Gómez-Ramírez et al., 2018; Qi et al., 2020). 

 Secondly, aiming to restore the balance between probiotics and pathogens in the 

gastrointestinal tract is also considered a possibility. Although various methods are elaborated upon in 

literature, the most straightforward solution would be the administration of either prebiotics or 

probiotics (Helmyati et al., 2018; Jia et al., 2016; Martínez-Navarrete et al., 2002; Pérez-Conesa et al., 

2006). The latter is known to be improving microbial composition, whereas the first are selective non-

fermented food ingredients that primarily serve as food for probiotics (Rusu et al., 2020). Qi et al. 

(2020) report lowering of the pH in the colon, the formation of a biological barrier, and the inhibition 

of pathogens as the most beneficial consequences.  

2.4. Gastrointestinal tract 

The circumstances of the gastrointestinal tract vary throughout the human body. In Table 2, the pH of 

various parts of the colonic lumen is shown. In the presence of oxygen, ferrous iron oxidates quickly 

to ferric iron at neutral pH, whereas under acidic conditions ferrous iron is stable and does not oxidize 

(Straub et al., 2000)   

 After ingestion of dietary iron, firstly the stomach is reached. The environment of the stomach 

can be considered acidic and oxygenic, providing optimal circumstances for iron to reach the intestine 

in the ferrous form. Throughout the gastrointestinal tract, the pH rises, which leads to both a decrease 

in the solubility of ferric iron and a more rapid oxidation of iron (Yilmaz & Li, 2018). However, it 

should be taken into account that besides the pH and the amount of oxygen, the solubility and 

availability of iron are dependent on a combination of a variety of factors. As described in section 

2.1.2, dietary factors can either inhibit or enhance iron absorption.  

Table 2. The pH along the gastrointestinal tract. Information has been adapted from Yilmaz & Li (2018). 

Part of the colonic lumen pH 

Stomach 1.5 – 3.5 

Duodenum 1.5 – 4.5 

Small intestine 6.2 – 7.5 

Colon  4.5 – 7.5 

 

2.4.1. The intestinal flora in the gastrointestinal tract 

The intestinal flora consists of a great variety of probiotics and pathogens. The balance between 

probiotics and pathogens is of importance for human health since probiotics have beneficial functions 

such as enhancing the synthesis of vitamins, promoting gastrointestinal mobility, and preventing an 

invasion of pathogens, whereas pathogens are mainly responsible to disturb this balance leading to e.g. 

constipation and diarrhoea (Qi et al., 2020). 

 The majority of pathogenic enterobacteria, such as E.coli and Salmonella, rely on the 
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acquisition of iron in order to colonize one’s gastrointestinal tract (Jaeggi et al., 2015; Paganini & 

Zimmerman, 2017). Therefore, iron can be considered essential for the replication of a variety of gut 

bacteria (Jaeggi et al., 2015; Yilmaz & Li, 2018). In comparison to the beforementioned bacteria, 

probiotic, non-pathogenic Lactobacilli and Bifidobacteria – which are regarded as beneficial bacteria 

for the human gut – require manganese instead of iron for their growth and colonization (Jaeggi et al., 

2015; Paganini & Zimmerman, 2017). As a result, an increased amount of unabsorbed iron could lead 

to a shift in the balance towards the growth of enterobacteria over probiotics, resulting in increased gut 

inflammation and other intestinal diseases (Paganini & Zimmerman, 2017; Qi et al., 2020). Therefore, 

the dosage of iron supplementation should be regulated and adjusted when necessary. Optimally, iron 

deficiencies should be resolved, while preventing a major impact on dominant probiotics, in order to 

assure optimal functionality of intestinal cells and prevent disorders of the intestinal barrier function 

(Qi et al., 2020).  

2.4.1.1. Escherichia coli  

Considering various types of bacteria, distinctions can be made between either gram-positive and 

gram-negative bacteria; where E.coli belongs to the latter. A fundamental distinction can be made with 

regards to their cell walls: gram-negative bacterial cells contain an outer membrane, whereas gram-

positive bacteria do not (Lugtenberg & van Alphen, 1983). Consequently, regarding gram-negative 

bacteria, a barrier is created between the inner part of the cell and its environment. 

2.4.1.1.1. Siderophores 

In order to acquire iron, bacteria have developed a variety of strategies. When considering gram-

negative bacteria, such as E.coli, the production of siderophores is considered to be the most effective 

and successful method of high-affinity iron acquisition (Miethke & Marahiel, 2007). Siderophores are 

small molecules (<1 kDa) functioning as high-affinity iron chelators (Miethke & Marahiel, 2007). 

Wandersman & Delepelaire (2004) report that the affinity constant is consistently higher than 1030  

M-1. The latter characteristic enables E.coli to compete in iron acquisition with certain proteins of the 

host, such as haemoglobin and transferrin (Chu et al., 2010). Martin et al. (2017) report a range for the 

association constant between 1012 and 1052.   

 Siderophores form complexes with Fe3+,  followed by active transportation of these iron-

siderophore complexes into the cells (Miethke & Marahiel, 2007). The bound iron is then released 

through reduction to Fe2+ (Braun, 2003). As a result, iron can effectively be solubilised and extracted 

from minerals or organic compounds (Wandersman & Delepelaire, 2004). For a more in-depth 

overview regarding the transport system of E.coli with regards to Fe2+, further reading is 

recommended (Braun, 2003). 

 Based on a siderophore’s characteristic iron ligation group, four types can be distinguished: 

catecholate, phenolate, hydroxamate, and carboxylate (Miethke & Marahiel, 2007; Wandersman & 

Delepelaire, 2004). Which kind of siderophore is synthesised depends on the environmental 
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circumstances since each siderophore has a different affinity for Fe3+ (Martin et al., 2017). E.coli 

synthesises four types of siderophores: enterobactin, salmochelin, yersiniabactin and aerobactin 

(Demir & Kaleli, 2004; Martin et al., 2017).  

 The affinity of Fe3+
 to siderophores can be explained by the characteristics both components 

possess. Fe3+ can be considered a strong Lewis acid, whereas the donor atoms of siderophores 

represent hard Lewis bases. As a result, the interactions between metal and ligand can be regarded as 

relatively strong. When a comparison is made between the preferred interactions of Fe2+ and Fe3+, the 

former can be considered as not completely acidic. Consequently, the interaction between softer donor 

atoms is preferred, and the ability to form complexes with siderophores is relatively low (Miethke & 

Marahiel, 2007). 

2.4.1.1.2. Determining growth behaviour of Escherichia coli 

Bacterial growth can be made insightful by constructing a growth curve. An example of a growth 

curve is depicted in Figure 1. The specific growth rate (µ) starts at zero, which throughout the lag time 

(λ), proceeds to its maximum value (µmax). Finally, µ decreases to zero again, resulting in an asymptote 

(A). Consequently, a model is constructed relating the logarithm of the number of organisms (N) to the 

time (Zwietering et al., 1990). 

 

Figure 1. An example of a bacterial growth curve. The figure is adapted from Zwietering et al. (1990). 

 

 A model which is applicable to describe the behaviour of microorganisms is the logistic model 

(Eq.3), where OD600 (AU) is the measured optical density (OD) at 600 nm, OD600,max (AU) is the 

maximum OD at 600 nm, µmax (h-1) is the maximum specific growth rate, tI (h) is the inflection point 

of the curve, and t (h) is a certain timepoint (Dalgaard et al., 1994). This model provides the 

opportunity to describe the behaviour of microorganisms, such as E.coli, in relation to various 

circumstances, including iron supplementation. 

 

𝑂𝐷600 =  
𝑂𝐷600,𝑚𝑎𝑥

(1+ 𝑒−𝜇𝑚𝑎𝑥 ×(𝑡− 𝑡𝑖))
  (Eq.3) 
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 The logistic model enables making predictions considering the growth of E.coli, by estimating 

the three unknown growth parameters that are included in Eq.3. Firstly, OD600,max (AU) gives an 

indication about the maximum biomass density that is achievable for E.coli. Secondly, the µmax (h-1) 

provides the highest growth rate that can be obtained. And lastly, the inflection time, ti (h), indicates 

the point in time at which the increase of the µ is finished, and starts decreasing.  

2.4.1.1.2.1. Application of the logistic model 

Regression analysis can be applied to estimate values for the three growth parameters. One of the 

methods that can be used is Ordinary Least-Squares (OLS). OLS aims to reduce the sum of the 

squared residuals (SRR). Therefore, the difference between value of the measured data (y) and the 

value obtained from the fit (yi) is as small as possible. This is visualised in Eq 4.  

 𝑆𝑆𝑅 =  ∑ (𝑦 − 𝑦𝑖)2
𝑖     (Eq.4) 

 

2.5. Iron as an isotopic tracer 

A method which can be employed to assess the uptake of iron by E.coli accurately is the use of 

isotopic tracers. By making use of isotopic tracers, the opportunity is provided to track the behaviour 

of elements, for both in vivo and in vitro studies. Although iron has a great variety of radioactive 

isotopes, 55Fe (t1/2 = 2.74 y) and 59Fe (t1/2 = 44.6 y) can be considered the most suitable, because of 

their half-lives (Livechart – Table of Nuclides – Nuclear Structure and Decay Data, n.d.), and 

therefore provide various opportunities for the execution of tracer studies. 

 During this study, 55Fe is employed as a tracer. 55Fe mainly decays via 

electron capture (EC) to the ground state of 55Mn, as is shown in Figure 2 

(Pommé et al., 2019); resulting in the emission of Auger electrons with low 

energies of 5.8 keV. Since the decay radiation can be considered as fairly low, 

Liquid Scintillation Counting (LSC) can be employed. 

Figure 2. The decay scheme of 55Fe. 

2.6. Methods for analysis 

To both complement and confirm theoretical concepts, various analysis methods are available which 

can be employed in this research to draw further conclusions from performed experiments. Various 

methods have been chosen suitable to be employed, and in this section its most important 

characteristics will be elaborated shortly. 

2.6.1. X-ray diffraction 

X-ray diffraction (XRD) can be employed to characterise crystalline materials. Since a variety of 

advantages can be ascribed to this method of analysis, it is used in several fields of research; e.g. 
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forensic sciences, geological applications, and the pharmaceutical industry (Bunaciu et al., 2015).  

 Figure 3 depicts a schematical representation in which the standard principles and instruments 

are included. X-rays are generated in a cathode ray tube, are filtered, collimated, and finally directed to 

the sample (Bunaciu et al., 2015). When the generated X-rays interact with the sample, and follows 

Bragg’s law (Eq.5), constructive interference is produced.  

𝑛𝜆 = 2𝑑 sin 𝜃   (Eq 5.) 

 In Eq.5, n is an integer, 𝜆 (nm) is the wavelength of the X-rays, d is interplanar spacing which 

generates the diffraction, and 𝜃 (°) is the diffraction angle (Bunaciu et al., 2015). 

 Due to the interaction of the X-rays with the atoms in the material, intensity peaks will arise in 

specific directions (Stanjek & Häusler, 2004). For further improvement of signal-to-noise 

characteristics, a monochromator can be installed; this is preferable during the analysis of iron 

compounds (Bunaciu et al., 2015). Consequently, identification of the material is possible due to the 

conversion of the various intensity peaks to d-spacings, since each compound has a unique set of d-

spacings (Bunaciu et al., 2015). 

 Bunaciu et al. (2015) mention three main advantages to the usage of XRD. Firstly, the method 

can be considered powerful for identifying unknown materials. Secondly, minimal sample preparation 

is necessary, making this method highly accessible in research. Finally, data can be interpreted 

relatively straightforward.  

 However, some limitations are also mentioned by Bunaciu et al. (2015); e.g. such as that the 

identification of unknown materials gives the most reliable results during the investigation of a 

homogeneous and single-phase material. Another limitation is that materials must be analysed in the 

form of a powder. Last but not least, one should have access to a database containing reference files 

for various inorganic compounds to identify the compound investigated. 

 

Figure 3. Diagram of a diffractometer system as employed in XRD. This figure is adapted from Bunaciu et al. (2015). 

 

2.6.2. Liquid Scintillation Counting 

A method which can be considered as being beneficial to detect a wide range of α -and β-emitting 

radioisotopes is LSC. The technique is also highly applicable for low-activity measurements, as well 
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as for the detection of radioisotopes emitting lower energetic radiation. Since low-energy radiation has 

a short range, enabling fast absorption in e.g. the air or the sample itself, difficulties are encountered in 

detecting radiation of this kind. Hence, the usage of a scintillation cocktail is necessary to enable the 

transport of energy released through radiation and the emission of light (Gibson & Lally, 1971). A 

scintillation cocktail consists of an organic solvent and one or more fluor/scintillators. The solvent acts 

as an absorbent of the energy emitted by radioactive decay. The fluor/scintillator absorbs and re-emits 

the energy released by the solvent as visible light (PerkinElmer, n.d.-a). 

2.6.2.1. Quenching 

Despite the usage of a scintillation cocktail, not all energy emitted by a radioisotope is detected by the 

photomultiplier tube of the scintillation counter. This is called quenching. A variety of causes can be 

ascribed to this phenomenon. In Figure 4 a schematic representation of the liquid scintillation process, 

including the phenomenon of quenching, is depicted. 

 During a LSC measurement, quenching occur due to three reasons. Firstly, when the 

scintillation cocktail and the sample containing the radionuclide are not proper homogenised, the 

radionuclide can be physically separated from the scintillation cocktail. This is known as physical 

quenching. Secondly, chemical quenching can occur when other compounds absorb the energy that is 

emitted by the radionuclide. As a result, less energy will reach the detector, reducing the number of 

counts. Lastly, colour quenching occurs when the emitted light is (partly) absorbed by the colour in the 

sample. Consequently, the detected light does not equal the actual amount of light emitted 

(PerkinElmer, n.d.-b). 

 

 

Figure 4. A schematic depiction of the various quenching forms in the liquid scintillation process. The figure is adapted from 

PerkinElmer (n.d.) 

 

2.6.3. Inductively Coupled Plasma-Optical Emission Spectrometry 

To determine the concentration of a specific chemical element in a sample, Inductively Coupled 
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Plasma-Optical Emission Spectrometry (ICP-OES) is highly suitable. 

 Figure 5 shows a schematic overview of the major components in ICP-OES systems. The two 

main components of the ICP-OES instrument are the plasma and the spectrometer. Plasma – such as 

argon – is used to excite atoms or ions. The plasma is introduced into the ICP torch, and a 

radiofrequency field is operated. As a result, a magnetic field is created, and the production of 

electrons and ions will start. The solution to be analysed is introduced into the system through the 

nebulizer. Since the produced electrons heat the plasma, the solution is converted into an aerosol. 

After deexcitation, light will be emitted by these atoms or ions, which is subsequently converted to an 

electrical signal (Sneddon & Vincent, 2008) 

 Transfer optics are employed to focus the emitted light on the spectrometer, where a 

photomultiplier tube (PMT) and other electronics subsequently convert the emitted light to an 

electrical signal. Since specific wavelengths correspond to specific atoms or ions, the concentration of 

an element can be deducted accordingly (Sneddon & Vincent, 2008). Further reading is recommended 

for an in-depth review of the various components of ICP-OES instruments and their function (Olesik, 

1991; Sneddon & Vincent, 2008). 

 

Figure 5. A schematic representation of an ICP-OES system. The main components are explained in section 2.6.3. This 

figure is adapted from Sneddon & Vincent (2008). 
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3. Materials & Methods 

3.1. Materials 

 
Table 3. List of chemical compounds.  

Chemical Compound Supplier Specifications 

Ascorbic acid C6H8O6 Sigma-Aldrich Powder  

Bacto™ Tryptone - Gibco Pancreatic Digest of Casein 

Bacto™ Yeast extract - Gibco Extract of Autolyzed Yeast Cells 

Yeast extract - Oxoid Extract of Autolyzed Yeast Cells 

Fumaric acid C4H4O4 Sigma-Aldrich ≥ 98% 

Iron-55 Radionuclide 55FeCl3 PerkinElmer 74 MBq, ferric chloride in 0.5M HCl 

Iron(II) chloride 

tetrahydrate 

FeCl2 x 4H2O Supelco For analysis, EMSURE, ACS, Reag. Ph. 

Eur. 

Iron(III) chloride 

hexahydrate 

FeCl3 x 6H2O Supelco For analysis, EMSURE, ACS, Reag. Ph. 

Eur, 

Sodium chloride NaCl Sigma-Aldrich ≥ 98% 

Sodium hydroxide NaOH Sigma-Aldrich Puriss. P.a., ACS reagent, reag. Ph. Eur.,  

K ≤ 0.02%, ≥ 98%, pellets. 

Sulphuric acid H2O4S Sigma-Aldrich reag. ISO, reag. Ph. Eur 95-97% 

 

Table 4. List of products used 

Products Characteristics 

Eppendorf® tubes Tube capacity 2 mL 

Falcon culturing tubes Gas-exchange lids, 50 mL volume. 

Millex Syringe Filter Millipore, 0.22 µm, used for sterilisation 

Rotilabo®-Spritzenfilter Nylon, 0.2 µm PA, Roth 

Sapphire Pipette Tip 200 µL Greiner Bio-One 

Sapphire Pipette Tip 1000 µL Greiner Bio-One 

0.01 – 1 mL pipettes Injekt®-F, Braun 

20 mL High Performance Glass Vial Used for Liquid Scintillation Counting, PerkinElmer 

250 mL round-bottom flasks - 
 

Table 5. List of instruments used  

Instruments Specifications 

Heater Vos Instrumenten (VOS-12039) 

Inductively Coupled Plasma-Optical Emission Spectroscopy Optima 8000, PerkinElmer 

Liquid Scintillation Counter Tri-carb 2750TR/LL, Packard 

Microcentrifuge Micro star 17R, VWR 

Orbital shaker - 

Spectrophotometer Shimadzu, UV-1280 

X-ray diffractometer Philips PW0340 X’Pert PRO 
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3.2. Methods 

3.2.1. Synthesis of ferrous and ferric iron compounds  

For this research, a selection of three salts – ferric sulphate, ferrous sulphate, and ferrous fumarate – 

were synthesised. To use the radioactive 55Fe as a tracer, which was only available in the form of ferric 

chloride, procedures were developed for their synthesis with ferric chloride as starting material.  

3.2.1.1. The synthesis of ferric sulphate 

Firstly, ferric chloride was dissolved in MilliQ to make a solution of 0.11 M. This was followed by the 

addition of 18 M sulphuric acid in a volumetric ratio of ferric chloride solution to sulphuric acid of 

9:1. After 30 minutes, the yellow-coloured solution was filtered through a nylon Rotilabo®-

Spritzenfilter with a pore size of 0.2 µm to remove unreacted iron particles. Two different 

experimental set-ups were tested. At first, the Erlenmeyer was placed directly onto the heater, as 

depicted in Figure 6. The temperature of the heating plate was set at 170°C. However, to pursue 

uniform heat distribution, in the second set-up shown in Figure 7, the Erlenmeyer containing the 

solution was placed in an oil bath where the temperature of the oil bath was monitored to be 170°C. 

For both set-ups, heating continued until the majority of liquid evaporated, and the white precipitate 

formed. In order to remove impurities, the precipitate was rinsed three times for 2 minutes with 5 mL 

acetone and left to dry overnight in the fumehood. This yielded a white crystal. 

 

 

 

 

 

 

 

 

3.2.1.1.1. Radiolabelling with 55Fe 

The radioactive source containing 55FeCl3, was brought into solution with MilliQ to yield a stock 

solution containing 1 MBq/100 µL. This solution was used for further experiments. 

 In order to label ferric sulphate with 55Fe, 1 MBq of the stock solution was added to the 

yellow-coloured solution before filtration as described in section 3.2.1.1. Besides that the amount of 

added MilliQ was subtracted by 100 µL, no further adjustments had been made with regard to the 

remaining steps of the synthesis as described in the previous section. 

Figure 6. Set-up for the synthesis of 

ferric sulphate where the glasswork 

is directly placed onto the heater. 

 

Figure 7. Set-up for the synthesis of ferric sulphate where 

the Erlenmeyer is placed into an oil bath. A thermometer 

was placed in the oil bath to monitor the temperature. 
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3.2.1.2. The synthesis of ferrous sulphate 

The main difference between the synthesis of ferric sulphate and ferrous sulphate is that during the 

latter, oxidation of iron(II) to iron(III) should be prevented and reduction of iron(III) to iron(II) should 

be achieved. This was tried to be achieved by primarily working under nitrogen atmosphere.  

 Firstly, a solution was made of 0.11 M ferric chloride in MilliQ. Afterwards, 18 M sulphuric 

acid was added in a volumetric ratio of 9:1 of ferric chloride solution to sulphuric acid. During these 

steps, a nitrogen atmosphere was created by the placement of a nitrogen (N2) inlet into the Erlenmeyer. 

The Erlenmeyer was covered at the top with Parafilm, and N2-gas was led into the Erlenmeyer using a 

plastic tube. After 30 minutes, the yellow-coloured solution was filtered through a Rotilabo®-

Spritzenfilter (pore size 0.2 µm)  in order to remove unreacted iron particles. The Erlenmeyer 

containing the filtered solution, was placed onto the heater in accordance to the set-up depicted in 

Figure 7. The oil-bath was kept at an temperature of 170°C. A nitrogen inlet was placed into the 

Erlenmeyer. Heating proceeded until the majority of liquid had evaporated, and the formation of a 

green-blue precipitate had started. By rinsing the precipitate three times with 5 mL acetone, impurities 

were removed. The precipitate was left to dry overnight in the fumehood. 

3.2.1.2.1. Ascorbic acid as a reducing agent 

To further enhance the possibility of reducing iron(III) to iron(II), ascorbic acid was used as a 

reductor. Additionally, a nitrogen atmosphere was created, and applied throughout the experiment, 

using the same method as described in the previous section.  

 After the addition of 18 M sulphuric acid to 0.11 M ferric chloride solution in a volumetric 

ratio of 9:1, ascorbic acid was added in a molar ratio to ferric chloride of 1:1. This yielded a colourless 

solution. This solution was filtered through a Rotilabo®-Spritzenfilter (pore size 0.2 µm) to remove 

unreacted iron particles. The temperature of the oil bath was monitored to be 70 °C, and the 

Erlenmeyer containing the colourless solution was placed within it. After 30 minutes, the solution 

coloured black, and heating was terminated. A black solution was yielded, and no precipitate was 

formed. 

3.2.1.3. The synthesis of ferrous fumarate 

The synthesis of ferrous fumarate was based on the method described by Kapor et al. (2012). Firstly, 

sodium hydroxide was dissolved in MilliQ to yield a 2 M NaOH-solution. Fumaric acid was 

neutralised by the addition of 2 M NaOH-solution in a molar ratio of 1:2. The product of this 

neutralisation was disodium fumarate. Ferrous sulphate was added to disodium fumarate in a molar 

ratio of 1:1. The Erlenmeyer containing the solution of ferrous sulphate and disodium fumarate was 

placed in an oil bath according to the experimental set-up as depicted in Figure 7. In order to 
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 prevent the oxidation of iron(II) to iron(III), the reaction was carried out in a nitrogen atmosphere. 

The nitrogen atmosphere was created similarly as described in section 3.2.1.2. The Erlenmeyer was 

placed in the oil bath for 25 minutes, with a temperature of the oil bath equal to 90°C. Impurities such 

as Na2SO4, FeSO4, and disodium fumarate, were removed by rinsing the precipitate three times with 5 

mL MilliQ. Finally, the precipitate that was formed in the Erlenmeyer was dried at 105°C in the oil 

bath for 1 hour (Kapor et al., 2012). 

3.2.2. Analysis 

To confirm whether the syntheses were performed correctly, the obtained samples were analysed with 

XRD. For proper analysis, a minimum of approximate 0.10 gr of synthesised compound was needed. 

Sample preparation was executed by placing the desired amount of compound onto the spinner, 

dividing it equally over the surface of the spinner, and placing it in the diffractometer. The following 

settings were employed for the measurements: 

▪ Scanning region between 5° and 90°. 

▪ Scan step time of 400 seconds. 

▪ Voltage of 45 kV. 

▪ Current of 40 mA. 

▪ A monochromator was used. 

▪ Revolution time equal to two. 

3.2.3. Preparation of iron supplementation solutions 

3.2.3.1. Non-radioactive ferrous sulphate solution 

For the growth experiments where non-radioactive iron was supplemented, solutions were made of 3 

and 30 µM. Firstly, 3 mmol of ferrous sulphate was dissolved in 100 mL MilliQ. 10 µL of this stock 

solution was added to 100 mL MilliQ to obtain the 3 µM ferrous sulphate solution, whereas for 30 

µM, 100 µL was added to 100 mL MilliQ. Afterwards, sterilisation was done by pipetting the 

solutions through a 0.22 µm Millex sterilisation filter. 

3.2.3.2. Non-radioactive ferric sulphate solution 

Ferric sulphate solutions of 3 and 30 µM were prepared similarly as described in the previous section. 

A stock solution was made by dissolving 3 mmol ferric sulphate in 100 mL MilliQ. Respectively, 10 

and 100 µL were added to 100 mL MilliQ to obtain 3 and 30 µM ferric sulphate solutions. The 

solutions were sterilised through a 0.22 µm Millex sterilisation filter.  

3.2.3.3. Radiolabelled ferric chloride solution 

Since the radionuclide 55Fe was available in the form of ferric chloride, this form of iron was chosen to 

perform growth experiments with. Two different concentrations were selected for supplementation: 3 

and 30 µM. Firstly, a stock solution was made by dissolving 3 mmol of ferric chloride in 100 mL 

MilliQ. For the 3 and 30 µM solution, respectively 10 and 100 µL were pipetted out of the stock 
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solution and added to 100 mL MilliQ. Afterwards, 0.1 MBq of of 55FeCl3-solution was added to both 

solutions. The amount of iron in 0.1 MBq of 55FeCl3-solution was considered negligible. At last, a 0.22 

µm Millex sterilisation filter was used to sterilise the solutions. 

3.2.3.4. Radiolabelled  ferric sulphate solution 

For ferric sulphate supplementation, equal concentrations of 3 and 30 µM were chosen as for ferric 

chloride. At first, 0.36 mmol of radiolabelled ferric sulphate – synthesised as described in section 

3.2.1.1.1. – was dissolved in 100 mL MilliQ to make a stock solution. For the 3 µM solution, 1 mL of 

the stock solution was added to 99 mL of MilliQ, whereas for the 30 µM solution, 10 mL was added to 

90 mL of MilliQ. Finally, the solutions were sterilised through a 0.22 µm Millex sterilisation filter. 

3.2.4. Culturing of Escherichia coli 

3.2.4.1. Preparation of plate cultures of Escherichia coli 

To reduce repeated exposure of the E.coli K12 stock, agar plate cultures were prepared. In addition, 

the preparation of plate cultures gave rise to the opportunity to inoculate single colonies. After 

preparing the agar plates, consisting of Luria-Bertani (LB) agar, the plates were streaked with the 

liquid E.coli K12 culture. The plates were incubated at 37°C in a stationary incubator for 16-18 hours. 

Afterwards, the plates were stored in a fridge at ca. 5°C. 

3.2.4.2. Preparation of Luria-Bertani broth 

LB broth was chosen as a growth medium for E.coli since it is most commonly used, and has 

characteristics that promote fast growth while yielding good plasmids (Lessard, 2013).   

 Bactotryptone (10 g), Bacto™ Yeast extract / Yeast extract (5 g), and sodium chloride (10 g) 

were dissolved in 1000 mL MilliQ. Afterwards, the pH was measured and adjusted when necessary to 

pH 7.2 ± 0.2 using a 5 M NaOH-solution (Lessard, 2013). The solution was distributed to 4 Schott 

bottles, each containing 250 mL solution. The 4 Schott bottles containing LB-medium were sterilised 

by autoclaving for 15 minutes at 121°C.  

3.2.4.2.1. Analysis 

Since the LB broth could be prepared with either Bacto™ Yeast (Gibco) extract or Yeast extract 

(Oxoid), the difference between the two was determined for the accuracy of the results. Therefore, the 

iron concentrations of both preparations were measured with ICP-OES. For sample preparation, 1 mL 

of LB-medium was dissolved in 9 mL MilliQ. Dilution was deemed necessary since LB-medium 

contains sodium chloride. 

3.2.4.3. Growth curve experiments 

For each growth curve experiment, a preculture was prepared the day prior by inoculating 

approximately 10 mL of LB broth in a 50 mL round-bottom flask with a single colony of plated E.coli. 

The liquid culture was incubated in an orbital shaker for 16-18 hours at 37°C and 180 rpm. Inoculation 

was performed in a 250 mL round-bottom flask, with a dilution factor equal to a hundred. Each growth 
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curve experiment was performed in duplo. In addition, the experiment was performed ‘blanco’, 

meaning no iron was supplemented; therefore, reflecting the unmodified growth of the organism. 

3.2.4.3.1. Applying the logistic model 

The construction of regression curves enabled estimating the three growth parameters. For this 

analysis, Ordinary Least-Squares (OLS) had been chosen as the regression method as described in 

section 2.4.1.2.1.1. 

3.2.4.3.2. Non-radioactive iron supplementation 

To determine whether iron supplementation would have no harmful effect on the growth of E.coli, 

firstly experiments were conducted where non-radioactive iron was supplemented. Iron 

supplementation was performed with both ferrous and ferric sulphate in concentrations of either 3 or 

30 µM. The LB-medium that was used consisted of the ingredients listed in section 3.2.4.2., where 

Bacto™ Yeast extract was used. 

 Culturing of E.coli was performed in 50 mL sterilised disposable Falcon tubes where 5 mL of 

E.coli - inoculated as described in section 3.2.4.3 – was pipetted into a Falcon tube. For each time 

point, a separate Falcon tube was employed. After preparing the blanco data set, iron was 

supplemented to the remaining inoculated medium in a ratio of 1:10. Afterwards, the Falcon tubes 

were filled in duplo with 5 mL of the iron-supplemented inoculated medium. The Falcon tubes were 

simultaneously put in the orbital shaker for 1-24 hours. 

 For the construction of a growth curve, twelve time points were taken from t = 0 h to t = 24 h. 

At each of these timepoints, one Falcon tube of the blanco data set, and two Falcon tubes with iron 

supplementation were taken out of the orbital shaker. The second column (µL inoculated medium) of 

Table 6 shows the amounts of the inoculated medium that was pipetted out of each Falcon tube into a 

1.5 mL cuvette for each time point. The values that are depicted in the last column (µL LB-medium) of 

Table 6 are equal to the amounts of LB-medium that were added to the 1.5 mL cuvettes containing the 

inoculated medium. The cuvettes were placed into the spectrophotometer at room temperature, and 

OD measurements were performed at 600 nm. The absorbance was measured with respect to the value 

of unmodified LB-medium. 

3.2.4.3.3. Radionuclide iron supplementation  

For the growth curve experiments where E.coli was supplemented with radiolabelled 55Fe, culturing 

was performed in sterilised 250 mL round-bottom flasks due to scarcity of the Falcon tubes. Firstly, 

for blanco measurements, 25 mL of inoculated medium – as described in section 3.2.4.3. – was 

pipetted into three round-bottom flasks. Secondly, either ferric chloride solution (3 or 30 µM)  or 

radiolabelled ferric sulphate solution (3 or 30 µM) was pipetted into the inoculation flask in a ratio of 

1:10. Afterwards, 25 mL of the iron-supplemented inoculated medium was pipetted in three round-

bottom flasks in duplo. A total of nine round-bottom flasks was put in an orbital shaker for a 
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maximum period of time of 24 hours at 37°C and 180 rpm. 

 For the construction of a growth curve, the values depicted in the second column (µL 

inoculated medium) of Table 6 were pipetted out of the round-bottom flasks into an 1.5 mL cuvette. 

The inoculated medium was diluted when necessary with the amounts of LB-medium as depicted in 

the last column (µL LB-medium) of Table 6. The cuvette was placed into the spectrophotometer, and 

the OD was measured at 600 nm at room temperature pertaining to the value of unaltered LB-medium. 

Table 6. The required amounts of inoculated medium and LB-medium to obtain correct OD600 measurements. These values 

change throughout the growth experiment, since it was aimed to stay obtain values from the spectrophotometer between 0 

and 0.6 AU. Higher values would compromise the validity and certainty of the measurements. To correct for the dilution, the 

value measured by the spectrophotometer was multiplied with the dilution factor. For the growth experiments were 

radiolabelled 55Fe was supplemented, it is shown how many medium is extracted of a flask throughout the experiment. After 

t=3, extraction of the inoculated medium was done from flask 2, in order to avoid the influence of decreasing amount of 

medium present for the organism to grow on.  

Timepoint (h) µL inoculated medium  µL LB-medium 

Flask 1 

t = 0 1000 0 

t = 1 1000 0 

t = 2 1000 0 

t = 2.5 1000 0 

t = 3 1000 0 

Flask 2 

t = 3.5 500 500 

t = 4 500 500 

t = 4.5 500 500 

t = 5 250 750 

t = 5.5 250 750 

t = 6 250 750 

Flask 3 

t = 24 100 900 

  

After the OD600 measurements were performed at each time point, the 1 mL was pipetted out 

of the cuvette, and transferred to an Eppendorf tube. The Eppendorf tube was centrifugated at 2000 

rpm for 2 minutes. The bacteria were found at the bottom of the Eppendorf tube, whereas the 

remaining LB-medium could be found on the top. The latter was pipetted in another Eppendorf tube. 

The tubes were stored in the freezer at -18°C until further measurements were performed.  

3.2.5. Liquid Scintillation Counting as a method of analysis  

In order to determine the iron uptake of E.coli, the contents of the Eppendorf tubes, which consistency 

is elaborated upon in the previous section, were analysed with LSC for each time point to determine 

the amount of 55Fe that was still present in the medium.  
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3.2.5.1. Sample preparation 

To determine what amount of LB-medium should be added to the scintillation cocktail, while still 

measuring with sufficient efficiency, a calibration curve was made as described in Appendix C. 10 

samples were made with equal amounts of activity, while varying the amount of LB-medium added; 

ranging from 0.1 mL to 1 mL. For further experiments, 0.5 mL of the samples obtained in section 

3.2.4.3.3., was added to 19.5 mL of the scintillation cocktail. Since this created a two-phased system, 

the vials were shaken thoroughly by hand for approximately ten seconds, until complete dispersion 

was achieved. Before starting the measurement, the vials were put in the LSC for half an hour to 

prevent excitation due to light influencing the measurements. 

3.2.5.2. Settings Liquid Scintillation Counter 

The following settings were employed for the measurements: 

▪ Counting time of 30 minutes. 

▪ Quench indicator tSIE was used. 

▪ No half-life corrections were made. 

▪ Measurements were done in three regions: 

o Region A: 0.0 – 6.0 keV 

o Region B: 2.0 – 6.0 keV 

o Region C; 6.0 – 2000 keV 

▪ The results obtained in region A were used for further analysis.  
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4. Results and discussion 

4.1. Synthesis of ferrous and ferric compounds 

4.1.1. Synthesis of ferric sulphate 

Firstly, ferric sulphate was synthesised. Throughout the process of optimising 

the synthesis method, two different heating set-ups were evaluated as 

depicted in Figure 6 and 7. Despite prolonging the duration of heating for the 

latter set-up upto twice the time required for the set-up of Figure 6, no 

precipitate was formed. Therefore, the set-up of Figure 6 was preferred over 

the one of Figure 7. It should be taken into account that in the oil bath a 

magnetic stirrer was placed to acquire uniformal heat distribution. Despite 

that magnetical stirring has been employed frequently in research, mechanical 

stirring could be more suitable to prevent aggregation of magnetic species 

(Kansara et al., 2018; Podgórna & Szczepanowicz, 2016; Souza et al., 2007). 

Since ferric chloride and ferric sulphate contain paramagnetic characteristics, 

aggregation of these species could have hindered the crystallisation process.  

 In order to confirm whether the synthesis had been performed correctly, an XRD-spectrum 

was taken; of which the results are shown in Figure 9. As is depicted in Figure 9, similar peaks are  

visible between the peaks from the synthesised compound, and the data of the software for XRD-

analysis. The compound was matched by the Highscore Plus software to the database of the 

International Centre for Diffraction Data (ICDD) to be hydrogen ferric sulphate hydrate with a match 

score of 85. 

 

Figure 9. XRD-spectrum of hydrogen ferric sulphate hydrate. The orange-coloured spectrum at the top is obtained from the 

XRD-measurement of the synthesised compound. The lower blue-coloured spectrum is the spectrum in the ICDD database 

that is used for identification of the synthesised compound. 

Position [°2θ] (Copper (Cu))

10 20 30 40 50 60 70 80

 Peak List

 04-013-2664

Figure 8. White precipitate which was 

yielded following the procedure as 

described in section 3.2.1.1.  
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4.1.1.1. Radiolabelling of ferric sulphate 

After the synthesis of ferric sulphate had been optimized, the compound was radiolabelled. Based on 

both the optimization of the procedure, and the visual similarity between the non-radiolabelled 

compound and the radiolabelled compound, it was assumed that the radiolabelling had been executed 

correctly, and did not affect the composition of the compound. This assumption has been made due to 

time constraints. However, it is preferred to analyse the sample prior to confirm whether it was 

synthesised correctly. 

4.1.2. Synthesis of ferrous sulphate 

Secondly, the synthesis of ferrous sulphate was conducted as described in section 3.2.1.2. However, 

difficulties were encountered with regard to the oxidation of iron(II) to iron(III). Although the 

synthesis was executed under a nitrogen atmosphere, reduction from iron(III) to iron(II) does not 

happen spontaneously. Resultingly, the white-coloured crystal ferric sulphate was yielded instead of 

the desired blue-green ferrous sulphate.  

 In order to reduce iron(III) to iron(II), an experiment has been conducted where the reducing 

agent ascorbic acid was included in the synthesis. The latter had been chosen as a reducing agent, 

since studies have reported that it functions as a reducing agent in the human body (Abbaspour et al., 

2014; Stoffel et al., 2020; Yilmaz & Li, 2018). Additionally, a study had been conducted where 

ascorbic acid successfully reduced iron(III) (Elmagirbi et al., 2012). Therefore, ascorbic acid was 

added in a molar ratio to ferric chloride of 1:1. However, during heating, the solution coloured black, 

and no crystallization occurred. This could be explained by the fact that the reducing properties of 

ascorbic acid were maximized when executed in a solution where the pH ranges from 1-4, whereas the 

experiment in this study was conducted around a pH of 7 (Elmagirbi et al., 2012).  

 Since repeated execution of the experiment as described in section 3.2.1.2. did not yield the 

expected results, it was examined whether the procedure for the synthesis of ferrous sulphate did 

succeed when the reduction of iron(III) to iron(II) could be prevented by employing ferrous chloride as 

the starting material. The steps for this experiment were conducted exactly under the same conditions 

as those reported in section 3.2.1.2. During heating, a green-blue precipitate was formed, which can 

expected to be ferrous sulphate. However, after removal of the nitrogen inlet to rinse the precipitate 

with acetone, the precipitate oxidized immediately; yielding a yellow-brown 

substance. As a result, no ferrous sulphate had been synthesised successfully, 

and therefore ferrous sulphate was excluded from executing further 

experiments such as radiolabelling, and growth experiments. 

4.1.3. The synthesis of ferrous fumarate 

Finally, the procedure for the synthesis of ferrous fumarate was conducted 

as described in section 3.2.1.3, yielding a brick-red precipitate as depicted in 

Figure 10. In reported previously performed research, a similar colour was 

Figure 10. Brick-red precipitate 

which was yielded following the 

procedure as described in section 

3.2.1.3.  
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observed (Kapor et al., 2012). In order to determine whether the obtained compound was indeed 

ferrous fumarate, XRD-analysis had been conducted. This resulted in the XRD-spectrum as depicted 

in Figure 11. The upper spectrum shows the peaks that are obtained from the synthesised compound. 

Similar peaks are found in the spectrum in the ICDD database as depicted in the lower part of Figure 

11. The Highscore Plus software matched the peaks from the synthesised compound and the data of 

the ICDD database to be ferrous fumarate, C4H4FeO4, with a score of 80. Therefore, it can be 

concluded that ferrous fumarate had been synthesised correctly. 

 

 

4.1.3.1. Radiolabelling of ferrous fumarate 

However, despite the successful synthesis, radiolabelling of ferrous fumarate with 55Fe could not be 

executed. As discussed in section 4.1.2, the synthesis of ferrous sulphate was unsuccessful. Therefore, 

radiolabelled ferrous sulphate could not be employed as the starting material for ferrous fumarate. 

Resultingly, ferrous fumarate was excluded for executing further experiments. 

4.2. Growth curve experiments of Escherichia coli 

4.2.1. Luria-Bertani broth 

As described in section 3.2.3.2., Luria-Bertani broth could be either synthesised with Bacto™ Yeast 

Extract (Gibco) or Yeast Extract (Oxoid). In order to investigate whether there were any differences 

between the two, ICP-OES was employed to determine the iron concentration of the two preparations. 

The results are shown in Table 7.  

 

Position [°2θ] (Copper (Cu))

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

 Peak List

 00-062-1294

Figure 11. XRD-spectrum of ferrous fumarate. At the top, the orange-coloured spectrum is shown that is obtained from 

the XRD-measurement of the synthesised compound. The lower blue-coloured spectrum is the spectrum in the ICDD 

database that is used for further identification of the synthesised compound. 
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Ingredient  Iron concentration (mg/L) Concentration (M) 

Bacto™ Yeast Extract (Gibco) 0.026 4.66 x 10-7 

Yeast Extract (Oxoid) 0.0 0.0 

Table 7. ICP-OES results of LB-broth. 

 During the growth experiments that were conducted using non-radioactive iron 

supplementation, LB broth was used with Bacto™ Yeast Extract. Despite the fact that there was aimed 

to conduct growth experiments for both radioactive and non-radioactive iron supplementation with 

equal broth compositions, Yeast Extract from Oxoid was employed for the latter, due to a change of 

supplier. Tachibana et al. (2021), have investigated the differences in cell yield of E.coli of various 

yeast extracts relative to Bacto™ Yeast Extract. The composition of different brands of yeast extract 

did influence the cell yield of E.coli (Tachibana et al., 2021). Although the Yeast Extract from Oxoid 

was not investigated in this research, the difference in iron concentration indicates that there are 

indeed variations between yeast extract compositions. In addition, it has been reported that the 

composition of LB-broth differs from batch to batch, and variations that occur with the age of each 

batch due to the degradation of amino acids through exposure to light (Sezonov et al., 2007). 

Therefore, differences regarding cell growth of E.coli could be ascribed to LB-medium, and were 

expected in the growth experiments.  

4.2.2. Construction of the growth curves 

4.2.2.1. Growth of E.coli on Luria Bertani broth with Bacto™ Yeast Extract 

The mean growth behaviour of E.coli on unmodified LB-medium is depicted in Figure 12. From the 

regression function, (section 3.4.1.1.2), estimations have been made with regard to the three growth 

parameters, resulting in Eq 6. as the non-linear regression function. For the regression, the best fit was 

obtained with non-weighting regression, since it fitted the growth curve the best. Research has shown 

that regressions executed with different weighting methods yielded similar results, and thus there was 

chosen to report using non-weighted regression (McKellar et al., 2014). 

 

𝑂𝐷600 =  
2.25

(1+𝑒−0.666×(𝑡−4.20))
    (Eq.6) 
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4.2.2.1.1. The impact of non-radioactive iron supplementation 

In order to investigate the influence of supplementation of a variety of iron compounds to E.coli, and 

whether the supplementation would not have detrimental effects on the viability of an E.coli colony, at 

first experiments were performed where non-radioactive iron was supplemented in either the form of 

ferrous sulphate or ferric sulphate. In addition, the supplementation of these compounds could provide 

insights into possible differences between ferrous and ferric iron regarding growth of E.coli. 

 In Appendix A, the results of the growth curve experiments can be found for the 

supplementation of ferrous sulphate and ferric sulphate (3 and 30 µM). The estimations for the 

different growth parameters that are obtained from the regression curve are summarized in Table 8. 

Conditions OD600,max (AU) µmax (h-1) ti (h) n 

LB (Bacto™ Yeast Extract) 2.25 0.666 4.20 7 

3 µM ferrous sulphate 2.06 0.961 3.70 2 

30 µM ferrous sulphate 2.15 0.845 3.80 2 

3 µM ferric sulphate 1.96 0.906 3.53 2 

30 µM ferric sulphate 2.08 0.865 3.68 2 

Table 8. The estimated growth parameters were obtained from the regression curves as depicted in Appendix A.  

 The initial OD600-value (AU) can be considered a reflection of the cell density at the beginning 

of a growth experiment. For the blanco experiment this value was measured to be 0.023 ± 0.006. After 

iron supplementation, the initial OD600-value (AU) was measured to be similar to that of growth on 

unmodified LB-medium, with a value of 0.019 ± 0.002 AU. Therefore lying between the standard 

deviation (SD) interval. This indicates comparable starting conditions for the conducted growth 

experiments.  

 Various differences can be observed between the growth parameters of the blanco experiment 

and that of iron supplementation. Firstly, an increase of the maximum specific growth rate (µmax) of a 

Figure 12. Mean growth behaviour of E.coli on LB-medium containing Bacto™ Yeast Extract. Growth experiments were 

performed in 50 mL Falcon tubes. The mean (left) and log-scale (right) growth curves were fitted by OLS. 
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minimum of 26% was achieved. The addition of only 3 µM of either ferrous or ferric sulphate resulted 

in an increase of µmax of at least 36%. This indicates that the LB-medium is iron-deficient which has 

been confirmed by the ICP-OES results depicted in Table 7. Therefore, supplementation of 3 µM of 

either ferrous or ferric sulphate already provides E.coli with better growing conditions. In previous 

research, the supplementation of small concentrations of iron has been shown to improve the growth 

of E.coli as well (Hartmann & Braun, 1981).  

 The maximum cell densities that have been achieved with iron supplementation have been 

consequently lower in comparison to the blanco measurements. Additionally, the lower values that 

have been estimated for the inflection point, ti, are indicative that the exponential phase lasts shorter in 

comparison to the blanco measurements. Research has shown that the exponential phase of E.coli on 

LB-broth ends at an OD600-value of approximately 0.3 AU, which is followed by a period of time 

where the growth rate decreases gradually (Sezonov et al., 2007). The growth curves depicted in 

Figure 12 and Appendix A are in accordance with the findings of Sezonov et al. (2007). Combining 

the estimated increase of the µmax with the estimated expedited inflection point, it seems that, although 

iron-supplemented E.coli grows faster, it does not maintain this situation for a long period of time. 

Ratledge & Winder (1964) have shown that increments in the amount of iron supplementation led to 

an increase in µmax, whereas the time of the exponential phase decreased. However, Ratledge & 

Winder (1964) reported an increase in cell yield under these circumstances, whereas in this study 

lower values for the OD600,max are estimated during iron supplementation, indicating that cell yield are 

lowered. Since this was not expected based on literature, this could be indicative that other factors may 

be considered growth-limiting.      

4.2.2.2. Growth of E.coli on Luria Bertani broth with Yeast Extract 

The mean growth behaviour of E.coli on LB-medium with yeast extract is depicted in Figure 13. For 

the experiments discussed in section 3.2.4.3.3., 250 mL round-bottom flasks were used. 

 From the regression function, the three growth parameters could be estimated, resulting in  

Eq 7. as the non-linear regression function. Non-weighted regression was chosen since the regression 

curve fitted the growth curve properly. Additionally, research has shown that the results with different 

weighting factors yielded similar values for the growth parameters (McKellar et al., 2014). Therefore, 

no weighting was employed during the construction of the regression functions.  

 

     𝑂𝐷600 =  
1.51

(1+𝑒−1.61×(𝑡−3.00))
    (Eq.7) 
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Figure 13. Mean growth behaviour of E.coli on LB-medium containing Yeast Extract (Gibco). Growth experiments were 

performed in 250 mL round-bottom flasks.. The mean (left) and log-scale (right) growth curves were fitted by OLS. 

4.2.2.2.1. Supplementation with the radiolabelled 55Fe  

In Appendix B, the results of the growth curve experiments can be found for the supplementation of 

radiolabelled ferric chloride and ferric sulphate (3 and 30 µM). The estimations for the different 

growth parameters obtained from the regression curves are summarised in Table 9.   

Table 9. The estimated growth parameters which have been obtained from the regression curves as depicted in Appendix B. 

Conditions OD600,max (AU) µmax (h-1) ti (h) n 

LB (Yeast extract) 1.51 1.61 3.00 4 

3 µM 55FeCl3 1.37 1.69 2.87 2 

30 µM 55FeCl3 1.40 1.72 2.97 2 

3 µM H55Fe(SO4)2 x 4H2O 1.46 1.66 2.93 2 

30 µM H55Fe(SO4)2 x 4H2O 1.34 1.52 2.97 2 

 

 The cell densities at the beginning of the growth experiments can be compared to evaluate 

whether the starting conditions can be considered as being similar. For the blanco experiment the 

OD600-value (AU) was measured to be 0.014 ± 0.0008. After iron supplementation with ferric chloride, 

the initial OD600-value (AU) was measured to lie inside the SD interval, whereas iron supplementation 

with ferric sulphate resulted in values slightly outside the SD interval. This indicates similar starting 

conditions for ferric chloride iron supplementation, whereas for ferric sulphate iron supplementations 

these can be considered slightly less similar. However, since it is reported that bacterial growth is not 

dependent on prior nutrient storage in the cells of the organism, it was expected that iron utilization 

will not be affected due to lower starting cell densities (Appenzeller et al., 2005). 

 In comparison to the estimated growth parameters of the blanco measurements, the growth 

parameters obtained with iron supplementation differ slightly. With regards to the value of µmax, a 

minimum increase of 3.1% is observed. In addition, a small increase in the value of µmax is observed 

between 3 and 30 µM ferric chloride supplementation. Similar results have been reported by Hartmann 

& Braunn (1981) and Ratledge & Winter (1964). However, the supplementation of 30 µM ferric 
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sulphate induces a negative effect on the growth rate, leading to a decrease of the value of µmax of 

5.6%. These results were not expected based on previous research, and therefore it could be suggested 

that other factors influence the growth of E.coli. 

 Additionally, a decrease is observed for the estimated value of OD600, max. However, the mean 

OD600-value (AU) at the end of the blanco experiment (t=24) is 1.22 ± 0.12, comprising the region in 

which the final OD600-values lie for iron-supplemented experiments. From the figures that are depicted 

in Appendix B, a slightly shorter exponential phase is observed. This is confirmed by the estimated 

value for ti, which is lower than the value of 3.00 h estimated for the blanco measurements. This is in 

accordance with the results reported in previous research (Hartmann & Braun, 1981; Ratledge & 

Winder, 1964). 

4.2.2.3. Comparison of the growth experiments 

Despite it being preferred to investigate non-radioactive and radioactive iron supplementation under 

the same growth conditions, 250 mL round-bottom flasks were chosen for the latter due to scarcity of 

the 50 mL Falcon tubes. However, to evaluate whether the starting conditions were similar for both 

Falcon tube and round-bottom flask blanco measurements, the value of OD600 at the first timepoint 

(t=0) has been compared. The value for the growth experiments in Falcon tubes was found to be 0.023 

± 0.006, whereas for the round-bottom flasks a value was found of 0.014 ± 0.0008. Therefore, in the 

latter experiments, lower cell densities were started with.  

 When considering the final OD600-value (t=24h), different results were yielded than expected. 

As depicted in the left graph of Figure 13, the OD600-value (AU) at t=24 lies far below the regression 

curve. This is also depicted in Figures B-1 – B-4 in Appendix B. Where an asymptotic graph was 

expected, the results led to a steep decrease. Therefore, based on the final OD600-value (t=24h) of the 

growth experiments, it is suggested that the colonies of E.coli in flask 3 were not viable anymore. 

Throughout the growth experiments of radionuclide iron supplementation, the experimental conditions 

were kept equal, including the placement of the various flasks in the incubator. These flasks were 

consistently placed at the back of the incubator, close to the heating element, and thus possible higher 

temperatures were reached than the optimal growth temperature of E.coli of 37°C. Noor et al. (2014) 

have reported drastically suppressed the growth of E.coli at LB-medium at higher temperatures (45°C) 

in comparison to the optimal temperature of 37°C. Therefore, the cell death that has been observed 

throughout the growth experiments could be ascribed to possible higher temperatures that have been 

reached in these flasks due to their placement in the incubator. During the growth experiments 

conducted with non-radioactive iron supplementation, the Falcon tubes were placed on the sides of the 

incubator, whereas the heating element was placed in the back.  

 A striking difference was observed during the comparison of the growth parameters of E.coli 

in 50 mL Falcon tubes to the growth in 250 mL round-bottom flasks. Firstly, for the value of µmax, an 

increase of 142% was found compared to the measurements in the 50 mL Falcon tubes. Higher growth 
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rates were expected since the round-bottom flasks are larger, contain five times more medium than the 

Falcon tubes, and the surface available for gas-exchange is higher. Despite that LB-medium with 

Bacto™ Yeast Extract contained a small concentration of iron, the growth was significantly limited in 

comparison to the LB-medium with Yeast Extract (Gibco). This could be indicative that iron could 

possibly not be considered the main factor limiting the growth of E.coli, whereas e.g. gas-exchange 

surface, or size of the culturing flasks could be. 

 The results of the experiments with radiolabelled iron supplementation seem to be in 

accordance with the last-mentioned indication. With regards to the supplementation of ferric chloride, 

a small increase of the estimated value of µmax was observed between 3 and 30 µM, which was 

expected based on previous research (Hartmann & Braun, 1981). However, regarding the 

supplementation of ferric sulphate, a relative decrease of 8.6% was observed for the estimated value of 

µmax for 30 µM supplementation compared to 3 µM supplementation. Therefore, it can be stated that 

higher concentrations can not always be considered as being advantageous for the pathogen, leading to 

the question of which conditions can be accounted for as being growth limiting.  

 The size of different growth vessels has been investigated in previous research on 

Staphylococcus aureus (van Dijk, 2021). No significant differences were observed between culturing 

in 50 mL Falcon tubes or 250 mL round-bottom flasks. However, this may not be the case for E.coli. 

In addition, growth in LB-broth is limited by the availability of carbon sources, and amino acids 

present in LB-broth are depleted throughout time, possibly influencing the growth of the organism as 

well (Sezonov et al., 2007).    

4.3. Liquid Scintillation Counting 

Throughout the experiments, 55Fe has been employed as a tracer to investigate the behaviour E.coli in 

relation to the uptake of 3 and 30 µM iron supplementation of ferric chloride and ferric sulphate. At 

various timepoints, ranging from t=0h to t=24h, the amount of 55Fe remaining in the medium has been 

evaluated by LSC. The composition of the LSC sample was based on the calibration curve as depicted 

in Figure C-1 of Appendix C. This yielded the composition shown in Table 8.  

Compound Amount (mL) 

Ultima Gold Scintillation Cocktail 19.5 mL 

Sample 0.5 mL 

Table 8. Composition of the LSC samples. 

 The results of these measurements are depicted in Figures 14 and 15. Since the OD600-values 

at t=24h are considered as being unreliable due to the early death of the organism, these have been left 

out of the results that will be discussed in the following sections. 

4.3.1. The uptake of supplemented 55Fe 

To investigate the uptake of 55Fe by E.coli, the amount of 55Fe present in the LB-medium has been 

examined for various time points. Determination of the amount of 55Fe present in the medium is 
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indicative of the amount of 55Fe that is absorbed by E.coli, and therefore not present in the medium 

anymore.  

 In Figure 14, the relative amounts of 55Fe remaining in the LB-medium are depicted for 3 and 

30 µM iron supplementation with ferric chloride. Regarding iron supplementation of 3 µM ferric 

chloride, an overall decrease of remaining iron in the medium is observed until t=3.5h. Between 

t=3.5h and t=4.5h, a small increase is observed, which is followed by a decrease. When considering 30 

µM iron supplementation, the overall amount of iron in the medium remains higher in comparison to 3 

µM iron supplementation. However, the differences between the supplementation of the two 

concentrations are not significant.  

 Since no significant differences can be observed between 3 and 30 µM ferric chloride 

supplementation, this could be indicative that the main limiting factor of the growth of E.coli would 

not be the amount of iron present in the medium. This would be in correspondence with the findings 

from the growth experiments, as discussed in the previous section.  

  

  

 

 In Figure 15, the relative amounts of 55Fe remaining in the LB-medium are depicted for 3 and 

30 iron supplementation with ferric sulphate. For 3 µM iron supplementation, a steady decrease in the 

amount of iron in the medium is observed until t=3.5h. From t=3.5 an increase is observed in the 

amounts of 55Fe present in the medium. This increase is also observed for 30 µM iron 

supplementation. Since the results do not reflect significant differences between either 3 or 30 µM iron 

supplementation, this could again support that iron concentrations can not be considered as being the 

main limiting factor of the growth of E.coli.  

 In comparison to the results depicted in Figure 14, overall higher relative amounts are 

observed for supplementation with either 3 or 30 µM ferric sulphate. This would be in accordance 

with the results obtained from the growth experiments, where overall lower values of µmax are reported 

for 30 µM iron supplementation. Since no XRD-analysis has been done of the synthesised compound, 

it should be taken into account that either the expected compound was not synthesised.  

Figure 14. The relative amounts of 55Fe present in the medium are depicted for iron supplementation of 3 and 30 µM of 

ferric chloride.  
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4.4. Further implications 
E.coli has the capability to utilize both ferrous and ferric iron as a nutrient. Non-radioactive iron 

supplementation has shown an increase in the µmax for both ferrous and ferric sulphate. However, this 

increase is not observed when radioactive ferric chloride and ferric sulphate were supplemented. 

Research has shown that despite the capability of E.coli to utilize ferric iron as a nutrient through the 

formation of siderophores, the uptake of ferrous iron by E.coli seems more important than the 

transport of ferric iron (Kammler et al., 1993). This could explain the lowered value of the estimated 

µmax, and could account for lower uptake of ferric iron during the radionuclide supplementation 

experiments. 

 Since ID and IDA are treated with the supplementation of ferrous iron salts, E.coli will be 

provided with better growing conditions, and its virulence will be increased. Low concentrations of 

iron being supplemented already contribute to an enhanced environment for E.coli (Appenzeller et al., 

2005; Hartmann & Braun, 1981; Ratledge & Winder, 1964). Therefore, in the treatment of ID and 

IDA, there should be aimed for concentrations as low as possible; aiming to still replenish iron stores, 

while minimizing the amount of unabsorbed iron that will be available for E.coli.  

Figure 15. The relative amounts of 55Fe present in the medium are depicted for iron supplementation of 3 and 30 µM of 

ferric sulphate.  
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5. Conclusions and Recommendations  

5.1. Conclusions  
In this study, the successful synthesis of ferric sulphate and ferrous fumarate has been achieved. 

However, the synthesis of ferrous sulphate was not successful. Therefore, it was impossible to perform 

growth experiments with supplementation of both radiolabelled ferrous sulphate and ferrous fumarate. 

 The growth experiments that have been conducted, indicate that the iron concentration could 

possibly not be the limiting factor of the growth of E.coli. Iron supplementation in the experiments 

where 50 mL Falcon tubes were used, resulted in an increase of the specific growth rate of a minimum 

of 26%. This indicates that the LB-medium was iron deficient. However, during the experiments 

where 250 mL round-bottom flasks were used, the estimated values of the specific growth rate were 

only slightly higher than those of the blanco measurements. In addition, 30 µM supplementation of 

ferric sulphate even led to a decrease in the value of µmax in comparison to 3 µM supplementation. 

This seems conflicting when it is taken into account that the iron concentration of the LB-medium 

used during these experiments is zero, whereas the LB-medium with Bacto™ Tryptone does contain 

small traces of iron. Therefore, no unambiguous conclusions can be drawn regarding the limiting 

factor of bacterial growth of E.coli. 

 The results obtained from the LSC measurements support the indication that iron 

concentrations may not be considered as the limiting factor of the growth of E.coli since no significant 

differences were observed between 3 and 30 µM iron supplementation.  

5.2. Recommendations 

In order to investigate differences between the uptake of divalent and trivalent iron supplementation, it 

is recommended to perform growth experiments as described in section 3.2.4.3.3., with radioactive 

ferrous sulphate. One way these experiments could be conducted, would be by the irradiation of 

ferrous sulphate, after which it could be supplemented at concentrations of 3 and 30 µM. In addition, 

irradiated ferrous sulphate could be used for the synthesis of ferrous fumarate.  

 Once the synthesis of ferrous fumarate using irradiated ferrous sulphate has been conducted 

successfully, it can be used as iron supplementation in growth experiments as well. However, ferrous 

fumarate is slightly soluble in water. Higher solubility is achieved in pH ranges of dilute acid. 

Therefore, difficulties could be encountered when using unmodified LB-medium with a pH equal to 7, 

as has been used during this study. However, as listed in Table 2, the pH of the duodenum lies 

between 1.5 – 4.5. Hence, it is recommended to perform further research into growth experiments at 

pH levels which are more representative of the environment of the gastrointestinal tract; lower pH 

levels could be investigated, simulating the environment in the duodenum. This could provide 

opportunities as well to investigate the influence of ferrous fumarate supplementation, since it is 

frequently used as a supplement to battle IDA. Furthermore, investigating a more diverse range of iron 

compounds as a supplement would be recommended.  
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 Further research is recommended with respect to the growth conditions of E.coli. Performing 

experiments with different sizes of growth vessels is recommended, as significant differences have 

been observed between the values of the estimated growth parameters of 50 mL Falcon tubes and 250 

mL round-bottom flasks. However, to be able to derive well-grounded conclusions, the same batch of 

LB-medium should be used throughout the experiments; therefore only changing one variable. Since it 

has been reported that the composition of LB-medium varies, there is more difficulty in reproducing 

experiments, and it is recommended to produce large batches of medium (Sezonov et al., 2007). 

Therefore, it is recommended to perform research into other growth media, and investigate whether 

reproducible results will be obtained. Additionally, it is recommended to investigate whether the LB-

medium contains other nutrients, which nutrients, and at which concentration they are present. These 

nutrients could possibly compensate for the lack of iron present in the medium. To conduct this 

research, further analysis with ICP-OES is recommended. 

 The reported SD-values of the LSC analysis were relatively high, it is recommended to 

execute the growth experiments and LSC analysis more often. Despite that it is shown that ferric iron 

supplementation has a positive effect on the growth rate of E.coli, synthesised ferric sulphate did not 

seem to have a significantly positive effect on the growth of E.coli (Hartmann & Braun, 1981), 

Therefore, it is recommended to investigate 1) whether the synthesised compound was indeed ferric 

sulphate, 2) whether the amount of impurities is reduced as much as possible, and 3) how the growth 

of E.coli and the uptake of iron is affected by supplementation of radiolabelled ferrous compounds. 

Otherwise, other rinsing agents should be investigated for their potential of removing impurities.  
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Appendix A – Growth curve experiments with non-radioactive iron supplementation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. Mean growth behaviour of E.coli on LB-medium containing Bacto™ Yeast Extract. 3 µM ferrous sulphate was 

supplemented. Growth experiments were performed in 50 mL Falcon tubes.. The mean (left) and log-scale (right) growth curves were 

fitted by OLS. 

 

Figure A-2. Mean growth behaviour of E.coli on LB-medium containing Bacto™ Yeast Extract. 30 µM ferrous sulphate was 

supplemented. Growth experiments were performed in 50 mL Falcon tubes.. The mean (left) and log-scale (right) growth curves 

were fitted by OLS. 

 



 50 

 

 

  

 

 

 

 

 

 

Figure A-3. Mean growth behaviour of E.coli on LB-medium containing Bacto™ Yeast Extract. 3 µM ferric sulphate was 

supplemented. Growth experiments were performed in 50 mL Falcon tubes.. The mean (left) and log-scale (right) growth curves 

were fitted by OLS. 

 

Figure A-4. Mean growth behaviour of E.coli on LB-medium containing Bacto™ Yeast Extract. 30 µM ferric sulphate was 

supplemented. Growth experiments were performed in 50 mL Falcon tubes.. The mean (left) and log-scale (right) growth curves 

were fitted by OLS. 
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Appendix B – Growth curve experiments with radionuclide iron supplementation 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure B-1. Mean growth behaviour of E.coli on LB-medium containing Yeast Extract. 3 µM ferric chloride was supplemented. 

Growth experiments were performed in 250 mL round-bottom flasks. The mean (left) and log-scale (right) growth curves were fitted 

by OLS. 

 

Figure B-2. Mean growth behaviour of E.coli on LB-medium containing Yeast Extract. 30 µM ferric chloride was supplemented. 

Growth experiments were performed in 250 mL round-bottom flasks. The mean (left) and log-scale (right) growth curves were fitted 

by OLS. 
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Figure B-3. Mean growth behaviour of E.coli on LB-medium containing Yeast Extract. 3 µM ferric sulphate was supplemented. 

Growth experiments were performed in 250 mL round-bottom flasks. The mean (left) and log-scale (right) growth curves were fitted 

by OLS. 

 

Figure B-4. Mean growth behaviour of E.coli on LB-medium containing Yeast Extract. 30 µM ferric sulphate was supplemented. 

Growth experiments were performed in 250 mL round-bottom flasks. The mean (left) and log-scale (right) growth curves were fitted 

by OLS. 
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Appendix C – Liquid Scintillation Counting – Construction of a quench correction curve 

As described in section 2.6.2., LSC measurements are paired with various forms of quenching. The 

amount of quenching can be assessed by the value of tSIE; where no quenching is represented with a 

value of 1000.  

 To construct the quench correction curve, and determine the optimal amount of solution that 

should be added, varying amounts of LB-medium (0.1 mL – 1 mL) were added to the scintillation 

cocktail. However, when only 10 mL scintillation cocktail was used, a two-phase system was created. 

Therefore, using only 10 mL scintillation cocktail was deemed unsuitable, and further measurements 

to construct the quenching curve were done with amounts of LB-medium ranging from 19 mL to 20 

mL. To each vial, 10 µL of the 55FeCl3-stock solution was added. The resulting quench curve is shown 

in Figure C.1. Based on the quench correction curve, for the remaining measurements, the composition 

for each counting vial was chosen, as depicted in Table 8. 

 

 

 

 

 

 

Figure C-1. The constructed quench correction curve. The quenching material was a solution of LB-medium. A linear fit is 

added by the automatic function of Excel, resulting in the function y = 0.0012x – 0.1876, and R2 = 0.98. 


