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Abstract 
 

In the human body calcium is the most abundant mineral and is involved in a lot of vital processes. Calcium deficiency 
occurs when there is not enough calcium present in the bloodstream. In the Netherlands one in three women will face 
this problem in their lifetime. A major factor contributing to this problem is that the intake of calcium on average is 
below the recommended amount which is around 950 mg/day for adults in the Netherlands. Calcium deficiency when 
left unattended can lead to osteoporosis. Therefore it is important to consume enough calcium rich products or take 
calcium supplements. Milk is a good source of calcium and is considered a staple food. This makes bovine milk a good 
candidate for calcium fortification. Milk can be fortified by using calcium salts to increase the bioavailability the calcium 
present. In this thesis in vitro methods were used to study the effects of calcium salt fortification on the phase 
distribution of calcium in bovine skimmed milk under different pH conditions and by using the radioactive isotope 45Ca 
to track the exchange between the phase casein micelles, serum proteins and the soluble phase when fortifying the 
milk. 

For unfortified milk it was found that 36.0±0.9% was present in the soluble phase, 3.7±2.9% was present in the serum 
proteins phase and 60.3±3.0% in the casein micelles. Acidifying the milk to simulate the gastric environment resulted 
in an increase of the soluble phase from 55.1±2.7% to 97.0±3.3% which corresponds to a decrease in pH from pH 6 to 
pH 2.  

For the fortification of the milk, five calcium salts were selected for synthesis. The salts were calcium carbonate, tri-
calcium di-citrate, calcium gluconate, calcium lactate and tri-calcium phosphate. The fortification was performed with 
all of the synthesized salts except calcium lactate and tri-calcium phosphate. The starting material for the syntheses, 
calcium chloride, was also used for fortification. It was found that for the fortification of CaCO3 under gastric conditions 
a bioavailability of 100% could be achieved. However the acidic environment also resulted in coagulation of the milk 
and therefore the bioavailability could not be accurately assessed. Calcium gluconate had the only increase in 
bioavailability under normal conditions.  

In conclusion a better understanding of fortification with calcium salts was achieved and the influence of pH on the 
bioavailability of calcium in milk and the effects on the salt fortification. 
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1 Introduction 
 

In the human body calcium is the most abundant mineral. It is not only needed for strong bones and teeth but it is also 
involved in a lot of vital processes in the body. In total the body contains around 2% of calcium. Of this 2%, about 99% 
can be found in the teeth and bones. The remaining calcium can be found in blood, muscle and other tissue [1]. The 
body receives the calcium needed by two methods: ingesting calcium supplements or by ingesting foods containing 
calcium, e.g. milk, yogurt, calcium fortified orange juice or almonds [2]. If not enough calcium is obtained by this dietary 
calcium, the body will draw calcium from the bones by using osteoclasts cells which can break down the calcium in the 
bones [3]. Up to the age of 30 the formation of bones exceeds the degradation of bones, after this age the balance 
turns around [4]. 

Calcium deficiency occurs when there is not enough calcium present in the bloodstream. Three major groups have a 
higher risk of being calcium deficient. Women, people who are lactose intolerant or have a milk allergy and the elderly 
or adolescents who have a reduced calcium uptake by their body [5]. Calcium deficiency can lead to osteoporosis. 
Osteoporosis makes the bones more fragile and this makes them more likely to break. Woman are at higher risk 
because after menopause the change in hormones affect calcium uptake from the body [3]. In 2020 in the Netherlands 
there were 507,200 registered cases of osteoporosis [6]. However this number might be much higher due to that a lot 
of people are undiagnosed. It is estimated that osteoporosis affects 1 in 3 women and 1 in 7 men in the Netherlands 
after the age of 60 [7].  

A major factor contributing to this problem is that the intake of calcium on average is below the recommended amount 
which is around 950 mg/day for adults in the Netherlands [8]. The intake of calcium is decreasing around the world 
due to the negative health claims of the saturated fats present in milk [9]. In Asia the daily intake of calcium is less than 
500 mg/day in South America and Africa the average intake ranges from 400 – 700 mg/day and only in Northern 
European countries the daily intake is more than 1000 mg/day [10]. This is due to the fact that on average more dairy 
products are consumed in those Northern European countries as it is a readily available staple food [11]. Milk is an 
important source of calcium and shown from studies has a relative high absorbability of calcium compared to other 
food sources like vegetables due to the matrix of milk [12]–[14]. Not all of the calcium present in food sources can be 
absorbed and used by the human body. This concept is called the bioavailability. To increase the bioavailability of a 
food source fortification can be applied. Therefore fortification of bovine milk is a smart way to increase calcium intake 
because of the nutritional value that milk has.  

Generally there are two ways to assess the bioavailability, in vivo and in vitro. In vivo studies are mostly expensive and 
physiological effects of the subject have to be taken into account. In vitro assessment is a fast and inexpensive method 
and can give a good estimation of the bioavailability and the influence of the fortification with various calcium salts. 
Methods that can be used include ultrafiltration, ultracentrifuge combined with filtration, equilibrium dialysis, 
continuous dialysis and milk treatment with ion exchange resins [15]–[17]. 

There have been several studies that looked at the bioavailability of calcium under the influence of pH, temperature, 
time and added food components. The studies used either stable calcium to determine the bioavailability under these 
conditions or only determined to bioavailability at room temperature with a neutral pH for radioactive calcium [14], 
[16], [18]–[20]. 

The influence of different calcium salts using equilibrium dialysis and by stimulating the gastrointestinal tract was 
investigated by Sittikulwitit et al. [21]. Milk powder was used and the calcium salts that were used were calcium 
carbonate (CaCO3), tri-calcium phosphate (TCP), calcium lactate (CaLac), tri-calcium di-citrate (CaCi), and calcium 
lactogluconate (CaLG). It was concluded that all of the added calcium salts caused an increase in the bioavailability, 
with the order being TCP > CaCO3 > CaCi > CaLac > CaLG. López-Huertas et al. performed an in vivo study on humans 
with fortified milk using TCP [14]. They reported a significant increase of the bioavailability of calcium with the fortified 
milk in comparison to unfortified milk by using the radioisotope 42Ca to perform the analysis. Singh et al. performed an 



2 
 

in vivo metabolic study on mice using the calcium salts calcium chloride (CaCl2), CaLac and calcium gluconate (CaGluc) 
[19]. The study concluded that fortification with CaCl2 decreased the bioavailability and fortification CaLac and CaGluc 
increased the bioavailability compared to unfortified milk. Based on these findings the calcium salts chosen to further 
investigate in this thesis are CaCl2, CaCi, CaGluc, CaLac and TCP. 

The aim of this project is to investigate the effects of the fortification with different calcium salts on the bioavailability 
of bovine skimmed milk and the effect of low pH conditions. To assess the bioavailability, phase separation was used 
by dialysis and ultracentrifugation and the fortified milk samples were analysed using the radioisotope  45Ca. 
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2 Theory 
2.1 Characteristics of calcium 
Calcium is an alkaline earth metal. It is a reactive element that can form a mixture of calcium oxide (CaO) and calcium 
nitride (Ca3N2) when it comes in contact with the open air [22]. It has atomic number 20 and has an atomic weight of 
40.078 u. The name comes from the Latin word ‘calx’ which means lime. Calcium cannot be found freely in nature as 
the element. It is most commonly found in the form of carbonates and sulphates. It was first isolated in 1808 in England 
by Sir Humphrey Davy using electrolysis [1], [22]. The metal only became available on a large scale in the early 20th 
century. 

2.1.1 Radioactive calcium isotopes 
In total calcium has five stable isotopes, 40Ca, 42Ca,43Ca, 44Ca and 46Ca, with 40Ca being the most abundant at 96.4%. 
48Ca has a half-life of 6.4*1019 years, which is why it can also be considered stable. There are 19 other known isotopes 
of calcium which are all unstable [23]. Most of unstable isotopes have a very short half-life with a range from 
nanoseconds to a few days. 41Ca and 45Ca have a longer half-life of 1.3*105 years and 162.61 d respectively.  

For the purpose of this research, the radioactive nuclide 45Ca will be used as a tracer to detect the distribution of the 
added calcium to milk upon fortification. The tracer is used to distinguish the calcium that was added to the milk from 
the calcium already present in milk. 45Ca was chosen because of its half-life and its commercial availability.  

In figure 1 the decay scheme of 45Ca is shown. 45Ca decays by beta-minus emission to its isobar 45Sc with 0.0017% in 
the excited state of 45Sc and 99.9983% in the ground state of 45Sc [23], [24]. In beta-minus decay an unstable nucleus 
emits an electron (β- particle) and an antineutrino. This is the result of a neutron changing into a proton. The added 
proton moves the element up by one in the periodic table. As a result of the change into a proton, the mass number 
does not change because this is equal to the number of protons + the number of neutrons. The resulting element is 
the isobar of the decayed element because they share the same mass number. The emission of the β- particle is the 
radiation that can be detected and has an energy that varies between zero and Eβ-,max [25]. 45Ca decays to the ground 
state with a maximum beta energy of 256.9 keV. Due to 45Ca being a ‘weak’ beta emitter, it can be counted very 
efficiently by using a Liquid Scintillation Counter (LSC). 

 

Figure 1. Decay scheme of 45Ca to 45Sc. Energies are in keV [24].                                Figure 2. Anatomy of small intestine [26]. 

 

2.1.2 Uptake of calcium in the human body 
The absorption of calcium can take place by two mechanisms, an active (saturable) transcellular process, primarily in 
de duodenum, and a passive (non-saturable) paracellular process that is present throughout the jejunum and ileum, 
see figure 2 [27]. First the pH of the dietary calcium is lowered by the stomach fluids to around a pH of 1-2. Under 
these conditions the dietary calcium becomes soluble as a salt and is present as the free ion Ca2+ [28]. After this the 



4 
 

chyme moves further down the gastrointestinal tract to the duodenum. 
From the duodenum onwards the pH conditions become less acidic to 
neutral and the solubility of the calcium decreases [29]. Even though the 
calcium precipitates at higher pH, there are still some ions left in 
solution. The pathway for the uptake of calcium occurs as follows. If the 
intake of calcium is low, the transcellular absorption is more dominant 
than the paracellular transport. Transcellular absorption takes place 
through the cells and paracellular transport occurs between the 
intercellular space of the cells. A high calcium intake causes the 
transcellular absorption to be downregulated and the paracellular 
transport becomes the dominant absorption process [30].  

The active transcellular absorption requires metabolic energy and  is 
dependent on vitamin D. The transient receptor potential vanilloid type 
6 (TRPV6) channel is responsible for initiating the absorption process 
across the brush border of the cell. There the calcium enters the cell 
through the TRPV6 channel and buffering proteins, calbindin D9k, bind 
to Ca. Subsequently the calcium is transported inside the cell by these 
proteins. Lastly the Ca is extruded out of the cell through the plasma 

membrane ATPase 1b (PMCA 1b) which is located at the basolateral membrane and by the sodium-calcium exchanger 
(NCX1) [28], [30]. 

Paracellular transport takes place at the tight junctions between the cells in the small intestine. The space between 
the cells are very narrow and allow the diffusion of small molecules and ions. Through this size- and ion selectivity can 
take place and acts like a permeable membrane. The diffusion of Ca2+ across these tight junctions is driven by the 
concentration and electric gradients throughout the epithelium. The permeability of the tight junction is regulated by 
many proteins [28]. From an experiment conducted by Marcus and Lengemann it was found that almost 90% of the 
time the chyme is present in the lower half of the small intestine in rats [31]. Most likely this is the same for humans. 
Resulting from the paracellular transport being exclusively present there, it is the major source of calcium uptake [30]. 

2.1.3 Bioavailability of Calcium  
The dietary calcium is not necessarily the bioavailable calcium. Only a certain percentage of the dietary calcium can be 
absorbed by the human body. This percentage of calcium that is absorbed and used by the body is the bioavailable 
calcium. Calcium in the body can only be absorbed when it is ionized and in solution [32]. Different kinds of dietary 
calcium have different bioavailability. For example, high fibre content foods take longer to digest and this makes them 
a less efficient source for calcium [32]. Calcium absorbability can also depend on numerous physiological aspects. A 
few examples of these physiological aspects are age, pregnancy, menopause and diseases that limit Ca2+ absorption 
[33]. Just plainly adding more calcium to dietary calcium would not automatically increase the absorption of calcium.  

2.2 Bovine milk composition 
In general milk contains the nutrients that are required for the development of the infant. All female mammals can 
secrete milk and humans are the only mammalian species that drink milk directly from other species. Generally bovine 
milk is consumed and is a source of lipids, proteins, amino acids, vitamins and minerals. The concentration calcium in 
bovine milk is around 1.1 g/L [13]. Around 33% of the total calcium is found in serum in the free form Ca2+ [34]. The 
rest of the calcium in bovine milk is mainly bound to the casein micelles (insoluble) and a small percentage is bound to 
the serum (whey) proteins (soluble) [35], [36]. For the purpose of this thesis it was decided to use skim milk for all of 
the experiments so that we do not have to factor in the fats present in milk as they are ‘considered to be one of the 
most complex of all natural fats’ [37]. Milk contains around 400 different types of fatty acids and is therefore too 
complex to take into account for the purpose of this thesis [38]. In the next two subsections the casein micelles 
insoluble and the serum proteins will be further explained as these two are an important source of calcium in bovine 
milk.  

Figure 3. Calcium absorption in the small intestines 
using transcellular absorption and paracellular 
transport [5]. 
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2.2.1 Casein micelles 
In bovine milk casein takes up to 80% of the total protein content [37]. Casein micelles are made out of a mixture of 
four different gene product components, the αs1-casein, αs2-casein, β-casein and κ-casein. Which make up around 
93% of its dry mass. The other part consist out of inorganic material, referred as colloidal calcium phosphate (CCP) or 
micellar calcium phosphate (MCP) [39]. Milk has its white colour due to the strong light scattering of the casein 
micelles. The casein micelles are also responsible for the sensory and textural properties in milk.  Many models of these 
almost spherical particles have been proposed [39]–[42]. They are important carriers of the many nutrients existing in 
milk due to their unique structure. Close to two third of the calcium, one third of the magnesium and half of the 
inorganic phosphate and a smaller part of citrate and some other small ions that are present in milk are contained by 
the micelles. Although these particles carry the name ‘micelles’, they cannot be compared with detergent micelles 
[43].  

 

Figure 4. Two schematics of the structure of the hairy casein micelle as proposed by Holt linked by colloidal calcium phosphate (CCP) nanoclusters 
[39]. 

 

The bovine αs- and β-casein are heavy phosphorylated and causes the excess Ca2+ present in milk to precipitate due to 
the binding of these ions to the caseins. The κ-casein only have one phosphoserine group and consequently do not 
interact with the calcium ions. Because of this they play a major part in the stabilization of the micelles. Despite the 
huge debate around the structure of these micelles, there is a general consensus that the κ-casein should be located 
on the surface of the casein micelle and forms a hairy layer by the hydrophilic part. Inside the micelle a network is 
formed of nanoclusters with crosslinked CCP [39]. A schematic representation of these micelles can be seen in figure 
4. 
2.2.2 Serum proteins 
The serum proteins make up 20% of the total protein content. Serum or whey protein consist out of β-lactoglobulin, 
α-lactalbumin, immunoglobulins, bovine serum albumin bovine lactoferrin) and lactoperoxidase and some other minor 
substances. Both β-lactoglobulin and α-lactalbumin have the property to bind calcium ions [44]. Serum proteins used 
to be regarded as a by-product of making cheese with having no nutritional value. Present day it is considered an 
important source of protein and plays an important role in the food industry [44]. For example it can be used to bind 
water in meat and sausage products or as flavour enhancers. 

2.2.3  Separation methods 
As mentioned in section 2.1.3, the calcium that is in its free ionized form is bioavailable. The bioavailability can be 
measured in vivo and in vitro. In vivo studies examine bioavailability through measuring absorbability or excretion. The 
results of the in vivo studies are heavily dependent on the physiological conditions of the human subjects or animal 
model and can lead to inconsistent results [9], [37]. In vitro studies are based on the gastrointestinal conditions. In 
general there are two methods that are commonly employed to measure the fraction of the calcium available for 
absorption. One is based on the solubility and the other one is based on the dialysability [20]. The two methods will be 
further explained as they are used for the determination of de bioavailability in this thesis. 

Dialysis 
Through dialyses the separation of molecules can take place because of their difference in size. In a dialysis sample a 
semipermeable membrane tube is placed in milk containing a buffer solution [45]. This mimics the absorption process 
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of the soluble calcium in the gastrointestinal tract. The buffer solution, called the dialysate, is where the soluble calcium 
can move to through the membrane, see figure 5. The membrane will only let through the free ionized calcium and 
will block the larger insoluble proteins (casein micelles and serum proteins) containing calcium. The soluble calcium is 
the calcium that is bioavailable. The difference in concentration of soluble calcium outside the membrane and inside 
the membrane is the driving force for this movement. The process will continue until an equilibrium is reached.  

 

 

Figure 5. Schematics of the dialysis set-up adapted by de Vos [15]. The red dots represent the soluble calcium and the blue dots represent the 
protein bound insoluble calcium. 

Centrifugation 
Another popular method for phase separation of milk is based on solubility. For this method centrifugation is used. 
First the milk sample is ultracentrifuged and the casein micelles form a pellet at the bottom of the ultracentrifuge tube. 
The supernatant is then transferred to a Eppendorf containing a 10 kDA filter on top. The solution is centrifuged in a 
microcentrifuge and because of the filter, the serum proteins are left behind. At the bottom the soluble phase can be 
found [34]. See figure 6 for a schematic representation of this separation process.  

 

 

Figure 6. Schematics of the centrifuge set-up adapted by de Vos [15]. The casein micelles are first separated by ultracentrifugation. The 
supernatant is then centrifuged over a 10 kDa filter and finally the soluble phase is extracted. 

 

2.3 Assessment of the bioavailability 
In this section the calculation of the percentage soluble calcium is explained based on equilibrium dialysis and 
centrifugation. Both give us information about the solubility of the sample and centrifugation can give us also 
information on the casein micelles percentage and the serum proteins percentage in the milk sample. 

2.3.1 Equilibrium dialysis 
As explained in section 2.2.3, the soluble calcium is able to equilibrate over the semipermeable membrane during 
dialysis. By measuring the concentration of calcium in the milk before dialysis, [𝑀] (g/mL), and the concentration 
calcium of the dialysate in equilibrium, [𝐷] (g/mL), the solubility of the initial sample can be calculated. The solubility 
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is the total percentage of soluble calcium present in the milk as is equal to the bioavailability. Correction for the volume 
is needed to give a more accurate value. This yields the formula that was used in this thesis (equation 2.1).  

 

𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦[%] =  
[𝐶𝑎 𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑝ℎ𝑎𝑠𝑒]

[𝐶𝑎 𝑇𝑜𝑡𝑎𝑙]
∗ 100% 

= ∑
[],∗

[ெ]∗


ୀଵ ∗ 100%                             (2.1) 

 
𝑉௧ (mL) is the total volume of the sample and is constructed out of the volume of milk 𝑉 (mL) added and the volume 
of the dialysate  combined. N is the total number of samples used to carry out one experiment (e.g., duplo n=2). 

2.3.2 Centrifugation 
With the centrifugation method calcium percentages of different phases in milk can be calculated. As seen in figure 6, 
the soluble phase can be extracted in the last filtration step. The concentration [𝐹] over the total concentration 
calcium in milk is the percentage of soluble milk (equation 2.2). 

 

𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦[%] =
[𝐶𝑎 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝ℎ𝑎𝑠𝑒]

[𝐶𝑎 𝑡𝑜𝑡𝑎𝑙]
∗ 100% 

= ∑
[ி]

[ெ]


ୀଵ ∗ 100%      (2.2) 

 

Additional to the solubility, it is also possible to calculate the percentage casein micelles in the milk sample. This is 
done by measuring the concentration calcium in the supernatant after ultracentrifugation [𝑈]. Subtracting from the 
total concentration yields concentration casein micelles (equation 2.3). 

 

𝐶𝑎𝑠𝑒𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 [%] =  
[𝐶𝑎 𝑡𝑜𝑡𝑎𝑙] − [𝐶𝑎 𝑠𝑒𝑟𝑢𝑚 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 +  𝐶𝑎 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝ℎ𝑎𝑠𝑒]

[𝐶𝑎 𝑡𝑜𝑡𝑎𝑙]
∗ 100% 

= ∑
[ெ] ି []

[ெ]


ୀଵ ∗ 100%      (2.3) 

 

Similarly the percentage serum proteins can be calculated (equation (2.4). 

 

𝑆𝑒𝑟𝑢𝑚 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠[%] =
[𝐶𝑎 𝑠𝑒𝑟𝑢𝑚 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 + 𝐶𝑎 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝ℎ𝑎𝑠𝑒] − [𝐶𝑎 𝑠𝑜𝑙𝑢𝑏𝑒 𝑝ℎ𝑎𝑠𝑒]

[𝐶𝑎 𝑡𝑜𝑡𝑎𝑙]
∗ 100% 

= ∑
([]ା [ி])ି [ி]

[ெ]


ୀଵ  * 100%     (2.4) 
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2.4 Instruments used for analysis 
In this thesis the milk and the fortified milk and their separated phases are analysed with two analysis techniques. The 
Inductively Coupled Plasma – Optical Emission Spectroscopy, which can determine the concentration of an element 
present in a sample and Liquid Scintillation Counting which is used to measure the activity present in the samples. The 
synthesized salts used for the fortification for salts are analysed by using X-Ray Diffraction, to see if the synthesis was 
successful. In this section the techniques that these instruments are based on are explained. 

2.4.1 Inductively Coupled Plasma – Optical Emission Spectroscopy 
Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) is an analytical technique used to determine 
the composition of samples by using the emission spectra of elements which are excited by a high temperature plasma. 
After excitation of the atoms, they deexcite and subsequently emit a light that is on an element specific wavelength. 
The intensity of this specific wavelength is measured and the concentration can be determined from this. In figure 7 
an overview of the set-up is shown.  

 

Figure 7. Left: Overview of ICP-OES set-up. Argon flows to the ICP torch and forms the plasma. The sample is introduced to the ICP through a 
pumping system. The sample is then aerosolized by the nebulizer so that the sample can enter the spray chamber together with the argon flow. 
Small particles of the sample will reach the plasma, while larger particles go to the waste. The small particles that reached the plasma will collide 
with the ions and electrons in the plasma and emit light at a specific wavelength due to the collisions. This is then transferred to the spectrometer 
by transfer optics that can separate the different wavelengths. With a photomultiplier tube and microprocessor the intensities of the emission 
lines are converted to a digital signal and are sent to the computer  [46]. Right: The plasma generation in the torch due to the RF field. Argon 
flows in the outer tubes. The radio frequency generator at the end of the torch creates the spark needed for the plasma. The induction coils at 
the side accelerates the electrons that are stripped from the Argon flow and sustains the plasma. The sample flow is carried through the middle 
tube to the plasma [47]. 

There are four basic components in an ICP-OES, the sample introduction system, excitation source (plasma), 
spectrometer and the detector [47]. The liquid sample is introduced to the ICP through pumping. The sample is then 
moved to the nebulizer where the sample becomes an aerosol. The plasma in the ICP torch is formed by the inert gas 
Argon. There is a radio frequency generator at the end of the torch. This generator creates a RF field around the torch. 
The argon is swirled around in the torch and a spark is ignited. Some of the electrons of the argon are stripped by this 
and are accelerated by the magnetic field through the induction coils. Energy is added to these electrons and these 
electrons with high energy collide into the argon atoms and strip of more electrons.  This chain reaction results in the 
argon gas being completely disintegrated in electrons, argon atoms and argon ions. The movement of all these things 
in the torch causes the temperature to rise to around 10 000 K and creates the inductively coupled plasma [48].  

The aerosolized sample is introduced to the plasma by punching a hole in the plasma. There the sample is stripped 
down to its elements. The individual atoms or ions are excited and fall back to the ground state by emission of a photon. 
This photon has a characteristic wavelength and can be measured. See figure 8 for some examples of emission spectra 
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of a few metals. The light that is emitted is detected by a photosensitive detector such as a photo-multiplier tube 
(PMT), charge-injection device (CID) or a charge-coupled device (CCD). At the beginning of a measurement an 
calibration line is made of the element that is going to be measured. This is done by making four known concentrations 
and a blank sample. This is then coupled to the measured intensities and the concentration of the unknown samples 
can be measured [48], [49]. 

 

Figure 8. Emission spectra of Barium, Yttrium, Cupper, Sodium and Strontium. (Photograph taken by Michael B. Rutzke) [49]. 

2.4.2 Liquid Scintillation Counting 
Liquid Scintillation Counting (LSC) is a good way to measure low energy β- emitters and is therefore chosen as the 
method to measure the activity of 45Ca. The LSC can measure the radioactivity of the unknown sample. To do this the 
sample containing the radioactivity is dissolved in a scintillation cocktail which contains an aromatic solvent and fluors 
(scintillators). The liquid scintillation cocktail is great for low energy emitters because they have a short energy range 
and prevent the self-absorption by the sample or the intermediate material [50]. The β particles that are emitted by 
the sample transfer energy to the solvent molecules and subsequently go to an excited state. The energy of these 
excited solvent molecules is transferred to the fluors in the cocktail. The fluors release photons (light) to get back to 
their stable ground state. The photons are then detected by the photon-multiplier tubes (PMT) present in the LSC, see 
figure 9. The photon signal is then converted to an electric signal. A single β particle can excite multiple solvent 
molecules in its path. This results into nearly simultaneously light pulses and is converted to one energy pulse. The 
number of light pulses per seconds can say something about the number of emissions and the intensity of the light 
pulse corresponds to the energy emitted [50], [51].  

 

Figure 9. The radionuclide releases a beta particle and transfers its energy to the solvent molecules. The excited solvent molecules release 
photons to get back to the ground state. These photons are detected by the photon-multiplier tubes and can measure the radioactivity of the 
unknown sample by this.  

Detection.Efficiency  
The counting efficiency of the detector is influenced by noise. This noise can be categorised as: non-quenchable noise 
and quenchable noise. Non-quenchable noise is caused by external factors (outside the sample). First of all background 
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(cosmic) radiation is always present. This can be corrected for by measuring a blank sample and subtracting this from 
the measured radiation. Secondly the PTMs can be shielded by lead to minimize the influence of this cosmic radiation 
and other radiation present inside the laboratory. There are two PMTs present in the LSC and only if they both measure 
a signal it is counted. This way background noise that only affects one of the two PMTs can be excluded.  

Quenchable noise reduces the light coming from the sample and results into less counts measured by the LSC. 
Generally there are three types of quenchable noise: physical, chemical and colour quenching. Physical quenching 
occurs when the radionuclides in the sample are blocked from the scintillation molecules. Energy transfer cannot occur 
in that case or is partially blocked. This can happen if the sample is not properly dissolved is the scintillation cocktail 
and is present as solid particles. Therefore it is important to homogenise the sample before starting a measurement. 
Another physical quench can occur by the scintillation vial not being clean. The glass needs to be clean of dirt and 
fingerprints otherwise the fraction of light that can be measured is reduced. 

Chemical quenching happens when the energy emitted by the radionuclide or the scintillation molecule is absorbed 
by another compound present in the solution. This can lead to the production of heat instead of light and subsequently 
less light is measured by the PMTs.  

Colour quenching occurs when the photons that are emitted are absorbed by colour in the sample of the same 
wavelength. Less photons (light) reach the PMTs and therefore the measured counts are not the representative. This 
can happen for example in samples containing blood, urine and milk. It can be prevented by adding less of the sample 
to minimize this effect. 

Quench.correction 
Quenching can be corrected for by using the internal standard method and the external standard method. With the 
internal standard method the sample is first measured normally in CPM on the LSC. Then a known activity in DPM is 
added to the sample and this is then measured again. The counting efficiency can then be obtained by: 

 

Counting efficiency =  
େ౩ౣ౦ౢశ౩౪ౚ౨ ି େ౩ౣ౦ౢ

ୈ౩౪ౚ౨ౚ
                                              (2.5) 

 

CPMୱୟ୫୮୪ୣାୱ୲ୟ୬  are the counts per minute measured after the addition of the standard. CPMୱୟ୫୮୪ୣ are the counts 
per minute of only the sample and DPMୱ୲ୟ୬ୢୟ୰ୢ are the disintegrations per minute of the standard. With this 
information the disintegrations per minute of the sample can be obtained DPMୱୟ୫୮୪ୣ: 

 

DPMୱୟ୫୮୪ୣ =  
େ౩ౣ౦ౢ

ୡ୭୳୬୲୧୬ ୣ୧ୡ୧ୣ୬ୡ୷
                                                              (2.6) 

This method is very accurate but also very labor intensive. To each measured sample a standard must be added and 
thus this method is only used for a small sample size [51], [52]. 

With the external standard method, the sample is first measured normally. After this a strong γ source is placed next 
to the sample. The sample is measured again and the Quench Indicating Parameter (QIP) can be determined. The γ 
emission causes a secondary emission of a Compton electron from the solvent molecule. This Compton electron 
behaves like a β- particle and causes similar scintillation effects. The earlier measured counts from only the sample are 
subtracted from the measurement and only the counts originating from the Compton electrons remained. The counts 
are quenched the same way as the measurement of the sample and the measured spectrum of the Compton electrons 
are compared with the theoretical spectrum [51]. During this thesis a LSC device from PerkinElmer was used and the 
QIP is then expressed as tSIE (transformed Spectral Index of External Standard). To obtain the transformed spectrum 
of the external source a Reverse Transform Technique (RST) is deployed. Two points are chosen, P1 at 20% of the 
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X-ray tube Detector 

counts and P2 at 10% of the counts. Between P1 and P2 a line intersecting with the x-axis is drawn. This intersection 
determines the tSIE value, figure 10. If a sample is unquenched tSIE is at 1000. A quench curve is usually stored in the 
device and with the tSIE value the counting efficiency can be determined. By using equation 2.6 the activity of the 
sample can be calculated. 

 

Figure 10. The tSIE value is determined by taking points P1 and P2 and drawing a line that intersects with the x-axis. The intersection is the tSIE 
value [52]. 

2.4.3 X-Ray Diffraction 
For the fortification of the milk used in this project different salts were synthesized. X-ray diffraction (XRD) was used 
to determine if the synthesis were successful. The X-rays used by the XRD are generated in a x-ray tube where the 
cathode produces some electrons that are accelerated to the anode by applying voltage between the two. The anode 
is made out of copper (in most cases) and when these high energy electrons strike the anode, some of the electrons 
of the inner electron shell of the copper are knocked from their position. The outer electron then fill in the empty space 
and “fall down”. To do this these electrons have to emit some energy in the form of X-ray photons. The X-ray that can 
leave the tube are angled towards the crystal (powder) that is being measured. The X-rays diffract at the surface of the 
powder in a pattern that is characteristic to the structure of the powder. The detector moves around the sample at 
different angels and a diffraction pattern can be generated with the intensity of the diffracted X-ray against the angle 
of the detector, 2Ɵ, see figure 11 [53]. 

 

 

Figure 11. Two X-ray beams with identical wavelength and phase are angled towards the powder and are diffracted. Due to constructive 
interference satisfied by Bragg’s law the powder can be analysed. Figure adapted from Rigaku [54]. 

𝑛 ∗ 𝜆 = 2𝑑 ∗ sin (𝛳)                                                                         (2.7) 
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The detection of these wavelengths is based on Bragg’s law, equation 2.7, where because of constructive interference 
the wavelength can be measured.  Here d is the spacing between the two diffracting planes in nm, ϴ is the angle of 
the X-ray beams in degrees, n is an integer and λ the characteristic wavelength in nm. When Bragg’s law is satisfied, 
the diffracted X-ray beams are in phase with each other and diffractions occurs in the direction defined by ϴ. This gives 
each material an unique diffraction pattern and can be thought of as a chemical fingerprint. If the powder is crystalline 
then sharp clear peaks are detected [55].  
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3 Materials & Method 
This chapter explains the materials used during the experiments and the methods used to conduct the experiments. 

3.1 Materials 

3.1.1 Chemicals 
Table 1. List of chemicals used during the experiments of this thesis. 

Chemical Formula Supplier 
45-Calcium calcium chloride with an activity of 1 Ci 
(reference date 10th of sept 2020) in aqueous 
solution (0.1 M HCl)  

45CaCl2 PerkinElmer (Groningen, the 
Netherlands) 

Calcium chloride dihydrate, ≥99% ACS reagent  CaCl2 ∙ 2 H2O Sigma Aldrich (Zwijndrecht, the 
Netherlands) 

Calcium ICP Standard, CertiPUR 
 

Ca Merck (Darmstadt, Germany) 

Citric acid, anhydrous 99.5%-100.5%  USP grade C6H8O7 Sigma Aldrich (Zwijndrecht, the 
Netherlands) 

Ethanol, purum pur C2H5OH Honeywell (Delft, the Netherlands) 
Gluconic acid (50% solution in water) for synthesis C6H12O7 Merck (Darmstadt, Germany) 
Hydrochloric acid, suprapur 30% (w/w) HCl Merck (Darmstadt, Germany) 
Hydrogen peroxide, 30% (w/w) ISO H2O2 Merck (Darmstadt, Germany) 
Lactic acid, 80-90% (w/w) C3H6O3 J.T. (Arnhem, the Netherlands) 
Lactopure Lactose, p.d. 20-7-2018, Non Food 
Grade  
 

C12H22O11 Wageningen University 

Nitric acid, 65% (w/w) supra pur HNO3 Merck (Darmstadt, Germany) 
Potassium chloride, 99.7%, ACS reagent KCl Sigma Aldrich (Zwijndrecht, the 

Netherlands) 
Potassium dihydrogen phosphate, crystallized 
GPR recta pur 

KH2PO4 VWR Chemicals (Amsterdam, the 
Netherlands) 

Skim milk NA Melkan (Superunie) 
Sodium carbonate, anhydrous ACS reagent Na2CO3 Sigma Aldrich (Zwijndrecht, the 

Netherlands) 
Sodium hydroxide, ≥98% ACS  
 

NaOH Sigma Aldrich (Zwijndrecht, the 
Netherlands) 

Tri-Sodium citrate dihydrate, purum pur C6H5Na3O7 ∙ 2H2O Merck (Darmstadt, Germany) 
Ultimate Gold XR  
 

NA PerkinElmer (Groningen, the 
Netherlands) 

 

3.1.2  Equipment 
The following equipment was used during the experiments: 

 Polyallomer Bell-top Quick Seal Centrifuge tubes, (11x32 mm, 2 mL) purchased from Beckman Coulter 
(Woerden, the Netherlands). 

 VWR Centrifugal filters, Modified PES, 10 kDa MCWO, 500 µL, purchased from VWR International. 
 Dialysis tubing Membra-Cel MC24x100 Chr 14 kDa purchased from Viskase (Turnhout, Belgium). 
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 Spectra/Por 4 Dialysis Membrane, Standard Grade Regenerated Cellulose tubing, 12-14 kDa MWCO 32 mm, 
purchased from Repligen. 

 20 mL High Performance Glass Vial, for Liquid Scintillation Counting, purchased from PerkinElmer. 
 

3.1.3 Instruments 
 Inductively coupled plasma – optical emission spectrometry (ICP-OES), Optima 4300 DV, PerkinElmer.  

Protocol used: Plasma flow rate 15 L/min, auxiliary gas flow rate 0.2 L/min, nebulizer gas flow rate 0.8 L/min, 
power 1300 watts, view distance 15 and plasma view axial. The following wavelengths were used for the 
calcium measurements: 317.936, 396.852, 393.368, 422.658, 227.55, 315.892 nm. To calibrate the ICP a 
Calcium ICP standard was used. The calibration points used were: 4.041, 8.074, 11.928 and 15.816 mg/L. The 
calibration lines can be found in Appendix A1. 

 Inductively coupled plasma - optical emission spectrometer (ICP-OES), Optima 8000, PerkinElmer.  
The used protocol was: Plasma flow rate 10 L/min, Auxiliary gas flow rate 0.2 L/min, Nebulizer gas flow rate 
0.70 L/min, Power 1500 W , View distance 15.0, Plasma view axial and Sample flow rate 1.00 mL/min were 
used. HNO3 was used to wash between samples. The following wavelengths were used to measure for the 
calcium measurements: 317.933, 396.847, 393.366, 422.673, 227.546, 315.887 nm. For the calibration lines 
Iron ICP standard was used. To calibrate the ICP a Calcium ICP standard was used. The calibration points used 
were: 3.943, 7.933, 11.780, 15.685  mg/L. The calibration lines can be found in Appendix A2. 

 X-ray diffractometer: PANalytical X’pert pro 
Used settings: Multi-Purpose Diffractometer (MPD) with copper X-ray tube. Intended wavelength type: K-
Alpha. Generator settings: 40 mA, 45 kV. Angles: 5.0144 – 89.9804 °2ϴ degrees and step size 0.0160 °2θ 
degrees. For the analysis of the X-ray diffractograms the PANalytical X’Pert HighScore Software was used, 
which compares data with the reference data from International Centre for Diffraction Data (ICDD). 

 Liquid Scintillation Counter (tri-carb 2750TR/LL, Packard).  
The measurement time was 10 min, data mode was CPM and no automatic background subtract was 
performed. The following three regions were selected: Region A: 0.0 - 5.0, region B: 5.0 - 256 and region C: 0 
– 256. Region B was used for calculations.  

 Microwave Reaction System, Multiwave PRO, Anton Paar. 
Two destruction methods were used: a temperature controlled program and a pressure controlled program. 
The temperature controlled program raised the temperature up to 180 °C in 40 minutes, then raised it to 200°C 
for 20 minutes, held at 200°C for 20 minutes and the cooled down to 7 °C in 20 minutes. For the pressure 
controlled program the power was increased in 60 minutes to 1300 W , then held at 1300 W for 20 minutes 
and then cooled to 70°C by delivering no power. 

 Centrifuge, Jouan CR4i, Thermo.  
Used protocol: 200 x g , 30 minutes at 20°C for fortification 
700 x g, 10 min at 20°C washing synthesis 

 Microcentrifuge, Micro star 17R, VWR.  
Used protocol: 13,000  x g , 40 minutes at 20°C.  

 OptimaT M MAX Ultracentrifuge, Beckman Coulter.  
Used protocol: 100,000g , 60 minutes at 20°C. 

 Freeze dryer, EZ-DRY EZ550Q, Kinetics thermal systems.  
Used protocol: temperature: -50°C, pressure: 25 mT (33 µbar, time: >4 days) 
 

3.2 Methods 
In this sections the methods used to synthesize the different calcium salts used, how the fortification takes place, the 
methods used for phase separation and the preparation for analysis are explained. 

All the calcium salts used for fortification were first synthesized in the lab, except for the CaCl2. After synthesis, the 
samples were characterized using a XRD to determine if the synthesis was successful. The calcium salts were then 
synthesized with the addition of a small amount of radioactive 45CaCl2 that acts as a tracer during the phase separation 
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process. After the synthesis, samples are ‘washed’ by using a centrifuge to clear the sample of impurities. The obtained 
sample was divided over 50 mL centrifuge tubes and centrifuged for 7 min at 760 x g, 20°C. The supernatant was then 
carefully removed using a 5 mL pipet and 25 mL MilliQ was added to wash. This washing step was repeated two more 
times to ensure that no impurities remain. The sample was then dried in a vacuum oven at 60°C for 24h to do the XRD 
measurement. For the use of the fortification of milk, the sample was dried in the fume hood for 48h at room 
temperature. The described steps to wash the samples were used for all of the salts except for calcium lactate. The 
salts were analysed using a XRD. 

3.2.1 Calcium carbonate – CaCO3 synthesis 
For the synthesis of CaCO3 the method of Ohtani et al. was used [56]. In a 100 mL glass beaker with a stirrer, 52 mM 
of calcium chloride (CaCl2) was dissolved in 30 mL MilliQ. Whilst stirring 52 mM of sodium carbonate (NaCO3) was 
added to the solution. The suspension was stirred for 2h in the fume hood at room temperature. Afterwards the 
suspension was washed by using the aforementioned steps. The chemical reaction is: 

CaCl2 (aq) + Na2CO3 (aq)   CaCO3 (s) + 2 NaCl (aq) 

To create [45Ca]CaCO3, 500 uL of 370kBq/10 mL of CaCl2 was added in the first step of the synthesis, the solution was 
stirred for 2 min and then the NaCO3 was added and the rest of the steps were carried out. 

3.2.2 Tri-calcium-di-citrate – Ca3(C6H5O7)2 synthesis 
Method.1: 
The first method to synthesize tri-calcium-di-citrate (CaCi) uses the synthesis as proposed by de Vos [15]. The first step 
is to synthesize calcium hydroxide. To do this first a 50 mL centrifuge tube was filled with 600 mM of sodium hydroxide 
(NaCO3) in 15 mL MilliQ. Subsequently another 50 mL tube was filled 300 mM of CaCl2  in 15 mL MilliQ. Both of the 
solutions were first homogenised and then the NaOH solution was added to the CaCl2 solution. The obtained 
suspension was then stirred for 10 min at room temperature so that the reaction could be completed. Finally the 
suspension is washed and dried.  

The calcium hydroxide that was synthesized was then used for the next synthesis step. The obtained calcium hydroxide 
from the previous step was dissolved in 30 mL MilliQ. Next 0.5763 g  citric acid was added to the solution and the 
solution was stirred at room temperature for 1h. For the reaction to complete, the resulting suspension was left in the 
fume hood for at least 24h. The chemical reactions are: 

Step 1:  CaCl2 (aq) + 2 NaOH (aq)   2 NaCl (aq) + Ca(OH)2 (s)  
Step 2: 3 Ca(OH)2 (s) + 2 C6H8O7 (aq)   Ca3(C6H5O7)2 (s) + 6 H2O (l) 

Method.2: 
A second method of synthesizing CaCi follows the method as described by Li et al. [57]. For this a 50 mL centrifuge tube 
was filled with 140 mM of CaCl2 in 15 mL MilliQ. A second 50 mL tube was filled with 120 mM of tri-sodium-citrate in 
15 mL MilliQ. Both of the tubes were then homogenised and the tri-sodium-citrate solution was then added to the 
calcium chloride solution. To this resulting solution was stirred and a mixture of 1:2 (v:v) ethanol:MilliQ was added. 
This mixture was then stirred for 1h at room temperature and resulted in a slurry of CaCi. The precipitate was then 
washed and dried. The chemical reaction is: 

3 CaCl2 (aq) + 2 C6H5Na3O7 (aq)  Ca3(C6H5O7)2 (s) + 3 NaCl (aq) 

To create [45Ca]CaCi for the fortification of milk, 500 uL of 370 kBq/10 mL of [45Ca]CaCl2 was added to the tube 
containing the CaCl2 solution. The solution was stirred for 2 min and then the rest of the steps were carried out. 
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3.2.3 Calcium gluconate – C12H22CaO14 synthesis 
Method.1:  
The first method is based on the synthesis proposed by de Vos [15]. For the first step in the synthesis of calcium 
gluconate (CaGluc) CaCO3 is needed. This was synthesized using the method described in section 3.2.1. A 50 mL 
centrifuge tube was filled with 20 mL MilliQ and 12.8 mL gluconic acid 50% (w/w) was added and subsequently 
homogenised. To this solution 10 mmol of CaCO3 was added and the effervescence was allowed to die away. This 
mixture was stirred for 2h at room temperature and after stirring was left in the fume hood for 48-72h for the reaction 
to complete. The precipitate was then washed and dried. The chemical reaction steps are: 

Step 1: CaCl2 (aq) + Na2CO3 (aq)   CaCO3 (s) + 2 NaCl (aq)  
Step 2: CaCO3 (s) + 2 C6H12O7 (aq)   CaC12H22O14 (s) + CO2 (g) + H2O (l) 

To create [45Ca]CaGluc,, 1 mL of 370 kBq/10 mL of CaCl2 was added in the first step of the synthesis to the CaCl2 solution, 
the solution was stirred for 2 min and afterwards the rest of the steps were carried out. 

Method.2: 
The second method is based on a patent by Vorage et al. [58]. Calcium hydroxide was first synthesized using step 1 
from section 3.2.2 and washed and dried. To this quantity 20 mL MilliQ was added and this was them homogenised.  
Subsequently 6.4 mL of gluconic acid 50% (w/w) was added and the mixture was stirred for 2h at room temperature. 
Finally, the mixture was left in de fume hood for 48-72h for the reaction to complete. The precipitate was then washed 
and dried.  

The chemical reactions are:  

Step 1: CaCl2 (aq) + 2 NaOH (aq)  2 NaCl (aq) + Ca(OH)2 (s)  
Step 2:  2 C6H12O7 (aq) + Ca(OH)2 (aq)   CaC12H22O14 (s) + 2 H2O (l) 

3.2.4 Calcium lactate – CaC6H10O6 synthesis 
Method 1:  
Ohtani et al. proposed a method for the synthesis of calcium lactate (CaLac) [56]. First, CaCO3 was synthesized following 
the method described in section 3.2.1. A 50 mL centrifuge tube was filled with 40 mL MilliQ  and 0.35 mL lactic acid 80-
90% (w/w) was added to this. After homogenizing the solution, 10 mmol CaCO3 was slowly added and the effervescence 
was allowed to die away. The mixture was stirred for 2h at room temperature. Subsequently the mixture was 
centrifuged for 7 min at 760 x g. The supernatant was carefully removed with a 5 mL pipet and transferred to a  50 mL 
centrifuge tube. Then 25 mL of MilliQ was added to the precipitate of the synthesis. This process was repeated two 
more times. The three centrifuge tubes obtained from washing the precipitate were first frozen in a freezer for at least 
24h. The three tubes were then transferred to a freeze dryer and left there for at least 4 days. The chemical reaction 
steps are: 

Step 1: CaCl2 (aq) + Na2CO3 (aq)  CaCO3 (s) + 2 NaCl (aq)  
Step 2:  CaCO3 (s) + 2 C3H6O3 (aq)  CaC6H10O6 (aq) + CO2 (g) + H2O (l) 

Method 2:  
The second method is based on the findings of Park et al. [59]. A 150 mL glass Erlenmeyer filled with 100 mL MilliQ and 
0.15 mL lactic acid 80-90% (w/w) was heated to 60°C by a water bath. The mixture was then stirred for 10 min. Next, 
10 mmol of CaCO3 was added slowly to the solution. The mixture was stirred for 2h at 60°C. The solution was then 
cooled to room temperature. The mixture was then centrifuged and the supernatant was removed as described in 
method 1 of this section. The obtained tubes were frozen first and then freeze dried. The chemical rection is the same 
as method 1. 

To create [45Ca]CaLac,, 1 mL of 370 kBq/10 mL of CaCl2 was added in the first step of the synthesis to the CaCl2 solution, 
the solution was stirred for 2 min and afterwards the rest of the steps were carried out. 
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3.2.5 Tri-calcium phosphate – Ca3(PO4)2 synthesis 
For the synthesis of Tri-calcium-phosphate (TCP) the method of Koo et al. was used [59]. First, the synthesis of CaCO3 
was carried out using the synthesis described in section 3.2.1. For the next step, calcium nitrate was synthesized by 
using a method proposed by Royal Society of Chemistry [60]. To do this, 20 mL MilliQ and 0.9 ml nitric acid 69% (w/w) 
was added to a 50 mL three-neck round bottom flask. The flask was heated by a water bath to  60°C. When the solution 
reached the desired 60°C, 7 mmol CaCO3 was added in small quantities and the effervescence was allowed to die away 
between the additions. This mixture was then stirred for 10 min. Subsequently the temperature was raised to 80°C 
and 4.7 mmol of potassium dihydrogen phosphate and 9.3 mmol of sodium hydroxide were added. The mixture was 
stirred for 1h at 80°C at a pH of 9. Finally the solution was cooled down to room temperature and the suspension was 
transferred to a 50 mL centrifuge tube. The chemical reaction steps are: 

Step 1: CaCl2 (aq) + Na2CO3 (aq)  CaCO3 (s) + 2 NaCl (aq)  
Step 2: CaCO3 (s) + HNO3 (l)  Ca(NO3)2 (aq) +H2O (l) + CO2 (g) 

Step 3: 3 Ca(NO3)2 (aq) + 2 KH2PO4 (aq) + 4 NaOH (aq)  Ca3(PO4)2 (s) + 2 KNO3 (aq) + 4 NaNO3 (aq) + 4 H2O (l) 

3.2.6 Milk sample preparation 
For the experiments skim milk was bought from the supermarket. The milk was used as is, a tracer was added, the pH 
was lowered or was fortified using the different synthesized Ca salts. The skim milk was fortified with 50 mg Ca / 100 
mL milk as this was considered the optimal conditions for fortification taste and heat stability of the milk [19]. 

Lowering the pH  
The pH of milk was lowered to pH 6, pH 4, pH 2 and pH 1. To achieve this milk was prepared by adding 30 mL milk to a 
50 mL centrifuge tube. The tube was then placed in an ice bath to keep cool. Slowly the pH was adjusted using a pH 
meter and 1 M HCl while stirring the milk. After the desired pH was reached the milk samples were placed in a carousel 
in the refrigerator for 24h to equilibrate, see figure 12. 

                      

Figure 12. Left: Milk samples in ice bath to adjust pH. Right: Milk samples in the carousel in the refrigerator. 

[45Ca]CaCl2 as a tracer  
[45Ca]CaCl2 was used as a tracer to determine the relative Ca present in each phase. For this 10 mL of milk was added 
to a 15 mL centrifuge tube and 10 µL of 370 kBq/10 ml was added to this. The milk sample was then placed in the 
carousel in the refrigerator for 24h. The phase separation was carried out using the ultracentrifuge method. Analysis 
was done on the LSC. 

Fortification with Ca salts  
Fortification of milk was done with [45Ca]CaCl2, [45Ca]CaCO3, [45Ca]CaCi, [45Ca]CaGluc and [45Ca]CaLac that were 
synthesized. For the fortification with [45Ca]CaCl2, , [45Ca]CaCO3, [45Ca]CaGluc and [45Ca]CaLac 1.25 mmol/ 100 mL milk 
of the synthesized Ca salt was added. For the fortification with [45Ca]CaCi 41.3 µmol/ 100 mL milk was needed. After 
the addition of the Ca salt the milk sample was placed in the carousel in the refrigerator for 24h to equilibrate. To 
create [45Ca]CaCl2, first the CaCl2 was added to the milk and subsequently 10 µL of 370 kBq/ 10 mL was added. 
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The fortification of [45Ca]CaCO3 was also performed at pH 4 and pH 2. The pH of the milk was first lowered and 
subsequently 1.25 mmol/ 100 mL milk of [45Ca]CaCO3 was added. The sample was placed in the carousel in the 
refrigerator for 24h to equilibrate. 

3.2.7 Phase separation methods 
The milk samples underwent phase separation by using two methods developed by de Vos: phase separation through 
dialysis and phase separation by (ultra)centrifugation and filtration [15]. The experiments were at least performed in 
duplo but were mostly carried out in triplo. The experiments were carried out at ambient lab temperature that varied 
between 18°C and 28°C unless stated otherwise.  

Dialysis 
To perform the dialysis a piece of 15 cm was cut from the membrane tubing. The membrane was soaked in MilliQ for 
approximately a hour. To open the membrane one side was carefully rubbed open and if this was too difficult a needle 
was used to open the membrane by carefully separating the membrane. Subsequently at the other side a knot was 
tied at the bottom that was tight enough to prevent the dialysate from leaking. The dialysate solution consist out of 
87 mM NaCl, 350 mM KCl and 205 mM lactose dissolved in MilliQ. Using a pipette, 5 mL of the dialysate solution was 
added to the membrane. The membrane was then closed at the top with a clothespin. The membrane was the lowered 
into a measuring cylinder containing 100 mL of milk sample. The cylinder was then carefully sealed with parafilm at 
the top to prevent evaporation. The sample was then left stirring for 24h in the fume hood. 

After the 24h the membrane was removed, the membrane was carefully removed from the cylinder. The top was cut 
open by using scissors a the dialysate was removed using a pipette. The milk outside the membrane was also removed 
to be analysed. The analysis was done by using the ICP-OES.  

Ultracentrifuge 
The ultracentrifuge tubes were carefully filled with 2 mL of the milk sample using a syringe. The top of the tubes were 
sealed by using several methods: a soldering iron, a tube topper or the metal seal former was held above a Bunsen 
burner an then transferred on top of the tube. After sealing a heat sink was placed on top of the metal sealer to cool 
down and was removed carefully using tweezers. The sealed tubes were then place in the ultracentrifuge at 100,000 x 
g for 1h at 20°C. After the ultracentrifugation the casein micelles precipitated and the supernatant was extracted. This 
was done by first inserting a small needle at the top of the tube to let air into the tube. Using a syringe and needle (0.9 
x 40mm) 0.5 mL of the supernatant was transferred to an Eppendorf containing a 10 kDa filter, see figure 13. A small 
sample was also extracted for analysis on the ICP-OES for the ‘cold’ samples and LSC for the radioactive samples. 

 

Figure 13. Removing process of the supernatant from the ultracentrifuge tube using needles and a syringe. 

Subsequently the Eppendorfs containing the filter were placed in a microcentrifuge at 13,000 x g for 40 – 60 min at 
20°C. A sample of the filtrate was taken for analysis with the ICP or LSC. 
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3.2.8 Sample analysis methods 
XRD 
An open sample holder was used for sample analysis with the XRD. The dried salts were grinded to a powder and were 
carefully placed on the sample holder using a spatula. It is important that the powder is distributed evenly across the 
holder and that the height of the sample does not exceed the border surrounding the sample. A small glass plate can 
help with this. 

ICP-OES 
The samples retrieved from the milk and the phase separation were first digested into a solution using a microwave 
due to the fact that the milk matrix cannot be directly introduced to the ICP-OES [61]. First 0.2 mL of the milk sample 
was added to the microwave vessels. Then a mixture of 4.5 mL nitric acid (HNO3) 65% (w/w) and 1.5 mL hydrogen 
peroxide (H2O2) 30% (w/w) was added to the vessels  to help with the digestion. The vessels were then placed in the 
microwave carousel and into the microwave. Two protocols were used: a temperature controlled program and a 
pressure controlled program. With the temperature controlled program the temperature is raised to 180°C in 40 
minutes, then raised to 200°C for 20 minutes, held at 200°C for 20 minutes and the cooled down to 70°C in 20 minutes. 
For the pressure controlled program the power was increased in 60 minutes to 1300 W , then held at 1300 W for 20 
minutes and then cooled to 70°C by delivering no power. 

The digested samples were transferred to 50 mL volumetric flasks via a funnel and were diluted with MilliQ to 50 mL 
and homogenised. This is necessary to stay under the detection limit of the ICP. For the analysis on the ICP, 10 mL was 
transferred to 15 mL centrifuge tubes. 

It is not needed to digest the samples containing only soluble ions but it was still decided to this for all of the samples 
to ensure that all the samples were treated equally before analysis. 

LSC 
For the LSC measurements 20 mL glass vials were used. The samples were all prepared the same. First, the glass vials 
used were pre-rinsed with 0.5 mL of 100 mM CaCL2 solution and afterwards rinsed with MilliQ. This is needed to 
prevent 45Ca sticking to the glass wall when adding a sample [62]. To these vials 10 mL of the liquid scintillation cocktail 
was added. Then the samples obtained from the phase separation using the ultracentrifuge were added. Parafilm was 
wrapped around the cap of the vial and the vial was then vortexed for a few seconds to homogenise the sample. Every 
LSC measurement also had a blank measurement only containing the LSC cocktail. This was done to measure the 
background radiation and to subtract that from the measurements of the samples. 

To determine how much activity was needed to be present in the samples to be able to measure them without 
interference from the background an activity curve was made. It is important to stay at least three times above the 
background count rate. As the working source that was available was almost a year old, different quantities ranging 
from 1 µL to 200 µL of the ~370 Bq source that was already diluted from the original source was added to 10 mL of the 
LSC cocktail. 

was added to 10 mL of LSC cocktail determine how much CPS can be measured.  

To ensure minimal quenching effects by adding milk to the LSC cocktail a quenching curve was made. Different vials 
containing 10 mL of the LSC cocktail and milk ranging from 0 to 3.5 mL were made. All of the vials contained the same 
amount of activity to compare the quenching. 
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4 Results & Discussion 
In this chapter the results that have been obtained from the experiments will be reported and discussed. First the 
results of the synthesized calcium salts are discussed, followed by results from dialysis and ultracentrifuge. Finally the 
fortification of milk with the different calcium salts will be discussed. 

4.1 Synthesis of calcium salts 
To fortify the milk samples various calcium salts were synthesized. The results of the synthesis will be discussed in the 
next section. After the samples have been dried they were all measured on the XRD for an hour and those results were 
analysed with PANalytical X’Pert HighScore Software. This software compares the data to the ICDD database and match 
the diffractogram to the known diffractograms in the database. The match is represented in a score. As a rule of thumb 
a match score higher than 50 was considered successful. However there were a few exception which will be explained. 

4.1.1 Calcium carbonate – CaCO3 synthesis 
The synthesis of CaCO3 was successful using the method described in section 3.2.1. A XRD measurement was performed 
and the obtained diffractogram was analysed. As can been seen in figure 14, the peaks of the sample correspond to a 
diffractogram in the database with a score of 90. The synthesis method of CaCO3 was used in the other methods that 
uses CaCO3 as one of the reaction materials.  

 

Figure 12. XRD diffractogram of the calcium carbonate sample. The red line is the diffractogram that was measured with the XRD and the blue 
lines are the peak that the software could match to the database with ref code 01-078-3262. 

4.1.2 Tri-calcium-di-citrate – Ca3(C6H5O7)2 synthesis 
Method 1:  
The first method described in section 3.2.2 considered the synthesis of calcium di hydroxide (Ca(OH)2) as an 
intermediate step. This synthesis described in this intermediate step was also analysed on the XRD. The diffractogram 
is shown in appendix B1. A match score of 83 was obtained and the reaction material could be used in the next step of 
the synthesis. For the CaCi that was subsequently synthesized a match score of 44 was obtained by using ref code 00-
025-1568, which are the blue lines. There were still some peak unaccounted for and ref code 00-003-0038 was used 
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that gave a match of 38. The scores did not meet the requirement that was set. However it seems that both of the 
references complete the diffractogram that was measured. Therefore it can be said that the synthesis was still 
successful. To compare all of the peaks measured to a diffractogram in the database ref code 00-069-1274 that was 
used to compare the synthesis in the thesis of de Vos can be used [15]. Due to time constrains the results obtained in 
this thesis were not checked using this reference. Initially this reference does not show up in the program. It needs to 
be manually inserted in the program from the database. 

In the measured diffractogram there are also many small peak present and some of them are broad. This indicates that 
the formed crystal is not entirely crystalline [56]. However, for the purpose of this thesis this was not a requirement. 
The peaks could be a result of drying the sample in the oven at 60°C. Oven drying removes some of the water content 
in the sample and could have an effect on the crystal structure. Li et al. used freeze drying to dry the CaCi samples 
which could be considered as an alternative drying method [57].  

 

 

Figure 13. XRD diffractogram of the Tri-calcium di-citrate sample using method 1 of the synthesis. The red line is the diffractogram that was 
measured with the XRD and the blue and green lines are the peak that the software could match to the database with ref code 00-025-1568 and 
00-003-0038 respectively.  

Method 2:  
The second method of synthesizing CaCi only uses one reaction step, making it faster and more efficient than the 
previous method. An XRD measurement was performed and showed a match of 49 and 43, see figure 16. Similarly to 
the previous analysis of the diffractogram, two references were used. In this diffractogram small and broad peaks are 
also present. Li et al. it is explained that with increasing the ratio ethanol:water to create the slurry of CaCi, the peaks 
broaden in the XRD results and causes a decrease in peak intensity [57]. In this experiment a ratio of 1:2 was used and 
should provide a better result. However the XRD results indicate that there are still some impurities left in the sample. 
The score of this synthesis was good enough to say that it was successful and the produced CaCi was used for the milk 
fortification experiments. 
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Figure 14. XRD diffractogram of the tri-calcium di-citrate sample using method 2. The red line is the diffractogram that was measured with the 
XRD and the blue and green lines are the peak that the software could match to the database with ref code 00-025-1568 and 00-003-0038. 

4.1.3 Calcium gluconate – C12H22CaO14 synthesis 
Method 1:  
Following the synthesis method 1 described in section 3.1.3 the synthesis was not successful. The formation of CaGluc 
was very slow over the course of several days and yielded not enough material to analyse it on the XRD. One of the 
reasons that the synthesis was not successful could be due to that during step 2 it is important to add an excess volume 
of gluconic acid to complete the reaction as described by de Vos [15]. In this experiment a molar ratio of 1:2 for the 
CaCO3:gluconinc acid was used. In future experiment different ratios could be tested to find the optimal ratio for the 
synthesis. Method 2 was successful and therefore no further experiments using method 1 were conducted. 

Method 2:  
The rection described in method 2 was also very slow and took 2-3 days to complete. Slowly spherical particles formed 
at the bottom of the liquid. A XRD measurement was performed and showed a match score of 41 using the ref code 
00-005-0119. There are many small peaks present that could indicate that the sample is not crystalline. The reaction 
materials were also cross referenced but it was found that none of them were still present in the sample. That is why 
this method was chosen to continue with for the fortification. To achieve a better score other references in the 
database could be used to cross reference the measured diffractogram. It was noted that using the software not all of 
the diffractograms containing the measured material showed up. It can be useful to manually search the database to 
corresponding diffractograms. For example de Vos used a diffractogram using the ref code 00-069-1274 [15]. Again 
due to time constrains this was not tested for the obtained result.  
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Figure 15.XRD diffractogram of the calcium gluconate sample using method 1 of the synthesis. The red line is the diffractogram that was measured 
with the XRD and the blue lines are the peak that the software could match to the database with ref code 00-005-0119. 

4.1.4 Calcium lactate – CaC6H10O6 synthesis 
Method 1 was not successful for the synthesis of CaLac. At first the precipitate resulting from the synthesis of CaLac 
using method 1 and method 2 was used as the sample to measure on the XRD. However as can be seen from appendix 
B2 the material was a very crystalline CaCO3 which was one of the starting materials. CaLac has a solubility of 58 g/L in 
water at 20°C which can be considered high. Therefore both of the synthesis were carried out again but this time the 
supernatant was preserved and freeze dried. Method 1 showed no material in the supernatant and method 2 had a 
residue of powder left in the liquid that was evaporated, see figure 18. 

 

Figure 16. Samples of CaLac synthesis after freeze drying. The front rack shown is the synthesis resulting from method 2. 

This sample was measured on the XRD and analysed. The result is shown in appendix B3. The XRD measurement shows 
a characteristic signal that can be assigned to an amorphous material. This is because freeze drying the material 
removed most of the water in the crystal structure. The water that normally is present in the material contributes to 
the crystal structure of the material [58]. Tansman et al. describes this phenomenon with the crystal structure of CaLac 
[59]. By oven drying their CaLac sample at 80°C al of the associated water was removed and resulted in a similar XRD 
diffraction pattern as described in appendix B3. The remaining powder that was not used for analysis on the XRD was 
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hydrated with a few drop of MilliQ and dried in the oven at 38°C for 12h as described in the paper of Tansman et al. 
[59]. This resulted in the XRD diffractogram in figure 19. The score obtained was 79 and the material had sharp peaks. 
According to Tansman et al. the material can lose a part of its X-ray diffraction capability due to the excessive drying 
under high vacuum [59]. Thus a more crystalline material can be obtained by just slowly drying the supernatant 
obtained from the synthesis under a relatively low temperature. This was not the aim for this thesis, therefore the 
synthesis method was used like this to perform fortification. As slowly drying the supernatant takes a long time and is 
not efficient. There are some peaks to right that could not be assigned to the CaLac. Upon further investigation it is 
shown in appendix B4  that those peaks are most likely from CaCO3 still present. 

 

Figure 17. XRD diffractogram of calcium lactate. The red line is the diffractogram that was measured with the XRD and the blue lines are the 
peaks that the software could match to the database with ref code 00-070-1076 after hydrating the sample. 

4.1.5 Tri-calcium phosphate – Ca3(PO4)2 synthesis  

The synthesis of TCP was not successful according to the method described in section 3.1.5. After the synthesis the 
material was measured using the XRD. The XRD diffraction pattern could be matched to that of calcium phosphate 
hydroxide with a score of 59, see figure 20. TCP is a very specific synthesis where a lot of factors can influence the 
synthesis. Guo et al describes these factors influencing the reaction. The temperature and pH are very important 
factors in this synthesis and just a small shift can result in a different material. It can be tried to split up the synthesis 
steps rather than do all the steps in the round bottom flask. After the reaction of CaCO3 with the nitric acid a sample 
should be measured on the XRD to see if the correct intermediate is synthesized. In the final step the pH should be 
measured and be controlled with the addition of the NaOH to keep the pH at 9.  
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Figure 18. Figure 19. XRD diffractogram of calcium di nitrate. The red line is the diffractogram that was measured with the XRD and the blue lines 
are the peaks that the software could match to the database with ref code 00-86-0740. 

 

4.2 Unfortified milk 
To determine the distribution of the calcium present in bovine milk, two techniques can be used. These techniques 
were adapted from the protocol as described by de Vos [15]. 

4.2.1 Comparing dialysis with ultracentrifuge  
Unfortified skimmed milk was separated with both dialysis and ultracentrifugation to obtain the percentage of calcium 
in the soluble phase. For dialysis 39.5±4.3% and for ultracentrifuge 36.0±0.9% of the total calcium was found in the 
soluble phase, see figure 22. These results were determined using the ICP. This is line with what was expected as a 
result. De Vos obtained a similar result with  approximately 33% for both of the methods. Yamauchi et al. and 
Gaucheron et al. both reported a percentage of approximately 31.5% for the calcium present in the soluble phase in 
milk [18], [60]. Which are a bit lower compared to the results from this thesis. This could be due to the difference in 
brand of milk used or the external conditions, e.g. temperature in the lab. 
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Figure 20. A comparison of the dialysis and ultracentrifuge method at room temperature used to determine calcium in the soluble phase of 
unfortified skimmed milk. 

 

In figure 22 it is shown that both the dialysis and ultracentrifugation method yield similar results. This was verified by 
using a Welch’s t-test where it was found that the two methods are not significantly different with a two tailed 95% 
confidence interval. This is also confirmed by literature [45]. Dialysis yields a slightly higher result compared to the 
ultrafiltration. However it also has a larger standard deviation. The experiments were performed in triplo, however 
one of the dialysis samples contained a very large deviation and was not included in the result. The deviation was due 
to coagulation of the sample because of high lab temperatures in the summer. The first sample measured a value of 
739 for the concentration outside the membrane. The second and third sample measured 1316 and 1239 for the 
concentration. Although it is possible to do a standard deviation with only two samples, the error bar is not very 
meaningful. By using such a small sample size, the error bar is very wide. Other small deviations could be caused by 
incidental errors like pipetting errors. The results are also similar to the results obtained by de Vos and therefore it was 
concluded that dialysis and ultracentrifugation can be used to yield the same result [15]. For the rest of experiments 
the ultracentrifugation method was chosen as the preferred method for phase separation. This was due to the fact 
that with ultracentrifugation more information about the samples can be obtained and less sample is needed. 
Furthermore ultracentrifugation is faster than dialysis. Ultracentrifugation takes half a day while dialysis need a day 
and a half. The dialysis samples were stored in the fume hood with lab temperatures ranging from 18°C to 27°C in the 
summertime. This gave rise to different results when preforming the same experiment. With ultracentrifugation the 
%Ca can be determined in the micelle, protein and soluble phase. With dialysis only the %Ca in the soluble phase and 
protein + micelles can be determined. However the ultracentrifugation method created more waste and is more 
expensive.  

The same experiment was also repeated at 37°C to simulate the temperature in the human body, see figure 23. For 
the dialysis method the samples were heated to 37°C for 24 hours so that an equilibrium could be reached. However 
heating the milk for such a long period of time resulted in coagulation of the milk. The results were 37.3±4.2% and are 
comparable to dialysis at room temperature. It could be that the sample already equilibrated before the coagulation 
started. For higher temperatures the equilibrium time is shortened. On-nom et al. found that for 40°C the equilibrium 
time was around 5 hours [61]. For the ultracentrifugation the milk was heated to 37°C and the ultracentrifuge and 
centrifuge machines were set at 37°C and resulted in a calcium content of 35.3±2.2%. There is almost no difference 
when comparing with the results at room temperature. For these reasons the rest of the experiments were carried out 
at room temperature. 
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Figure 21. Left: A comparison of the dialysis and ultracentrifuge method at 37 °C used to determine calcium in the soluble phase of unfortified 
skimmed milk. Right: After heating the milk for 24 hours. The milk coagulated and became cheese like during dialysis. 

 

4.2.2 Effect of pH on the calcium distribution  
Skimmed milk normally has a pH of around 6.70. The pH of the milk was lowered by using 1 M HCl to a pH of 6, 4 and 
2. Lowering the pH causes coagulation due to the isoelectric point of the casein micelles that lies around pH 4.6 [62]. 
That is why it was important to keep the temperature very low and stir the milk while adding the HCl. At room 
temperature the milk coagulated immediately upon adding HCl and the milk shifted, see figure 24. 

 

 

Figure 22. Shifted milk after adding HCl 30% at room temperature. 

 

When decreasing the pH of the milk, more Ca becomes bioavailable as can been seen in figure 25. The Ca mostly comes 
from the casein micelles due to dissociation of the Ca from the micelles [63]. Acidifying the milk decreases the mol 
fraction bound to the micelles as reported by Holt et al. [64]. Under normal condition there is steric hinderance from 
the κ-casein layer together with electrostatic effects which prevent the casein micelles from coagulating. When the pH 
is decreased the net charge of the micelles also decreases. By lowering the pH protonation of the phosphates occurs 
and this causes the CCP to dissolve and more Ca2+ that came from the CCP to move to the soluble phase [65]. The Ca 
in the soluble phase increases from 55.1±2.7% to 97.0±3.3% in the range of pH 6 to pH 2 and a decrease in the Ca 
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content in the micelles can be seen from 38.3±4.1% to -0.2±1.3%. In the serum protein a slight decrease can be seen 
from 7.6±3.7% to 3.2±2.6%. However taking the error bars into account this difference is not significant. 

 

Figure 23. Phase separation upon decreasing the pH. The lower the pH of the milk, the more calcium becomes bioavailable due to dissociation 
of Ca from the casein micelles. 

4.2.3 Tracer method 
Liquid Scintillation Counting  
The LSC was used in combination with the ultracentrifugation phase separation method to measure the 45Ca present 
in each phase. During LSC measurements 45Ca can be absorbed on the glass walls of the counting vials [66]. Due to the 
absorption of 45Ca, less activity is detected. Hence the counting vials were rinsed with a non-radioactive CaCl2 solution. 
The pre-rinsing causes the non-radioactive Ca to bind to the surface of the vials and after this the samples can be added 
without absorption of the 45Ca. It was also necessary to rinse the vials with MilliQ after the CaCl2, otherwise the samples 
would be very foamy and the top part of the vial would be ‘dirty’ and small little bubbles would be still present in the 
vial, see figure 26.This heavily influenced the LSC measurements by giving back results which were not expected when 
comparing it to the results from de Vos and had a lot of outliers [15]. 

 

Figure 24. The 'dirty' LSC vials without rinsing the excess non-radioactive CaCl2 with MilliQ. 

Before conducting the experiments with 45Ca, the optimal count rate needed to perform the LSC measurements was 
determined, see figure 27. The count rates measured where then compared to the results of de Vos to estimate the 
activity added [15]. It was therefore determined to add 100 µL of the 370 Bq source to the milk, which corresponds to 
~20 Bq. 

38

8

55

11
5

84

0 3

97

-10

0

10

20

30

40

50

60

70

80

90

100

110

Casein micelles Serum proteins Soluble phase

%
Ca

Variation of pH

pH 6 pH 4 pH 2



  
 

30 
 

Figure 27 also shows that a linear relation between the net count rate and the added volume of 45Ca was obtained with 
a R2 = 0.999  and thus resulting in no correction for the efficiency of measuring different activities had to be made. 

 

Figure 25.Volume of added 45Ca (µL) plotted against the net count rate (cps) to determine the optimal count rate following the ALARA principle 
and still staying above three times the background rate. 

Due to the fact that the sample contains milk, the effects of colour quenching were also determined. Because of colour 
quenching less activity can be measured by the LSC. The amount of added milk should be as minimal as possible. In 
figure 28 the visual effect of adding milk to the LSC cocktail can easily be seen. To make this quenching curve, different 
amounts of milk ranging from 0.05 mL to 3.5 mL was added to 10 mL of LSC cocktail containing a fixed amount of 
activity. Between 0 and 1 mL the net count rate is more or less the same. Only at 1 mL the net count rate was much 
higher and could be due to a pipetting error or an error in the measurement of the LSC device. Otherwise an 
exponential decrease can be observed. It was decided to add 0.2 mL of milk to all of the samples to ensure that enough 
sample from the filtration step could be added and if something went wrong during pipetting the sample not 
everything would be lost. From the filtration step usually around 0.4 mL of sample was obtained. 

 

 
Figure 26. Left: The visual effect of quenching. Right: The quenching curve. Different amounts of milk with the same activity were measured on 
the LSC. 
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Phase separation using [45Ca]CaCl2 as a tracer  
For the phase separation using [45Ca]CaCl2 as a tracer the activity was added to 30 mL milk and was left in the fridge to 
equilibrate for 24 hours. As seen in figure 29, the results of the non-radioactive Ca and the radioactive Ca are 
comparable. The radioactive Ca yields a slightly higher result of 41.10±0.45% because of hard to exchange (HTE) Ca 
being present in the casein micelles [45]. This can been seen as the result for the serum proteins is the same. So the 
HTE Ca must be present in the micelles. These HTE Ca can hardly exchange with the Ca and added 45Ca in the soluble 
phase of the milk. Therefore the result of the soluble phase for the radioactive Ca is slightly higher. The result of the 
radioactive Ca is the base to which the fortified milk samples were compared to. When comparing the radioactive 
method with the non-radioactive method it is shown that the results are significantly different by using a Welch’s t-
test. Furthermore the casein micelles fraction is 60.3±3.0% and 53.1±1.2% for the non-radioactive Ca and radioactive 
Ca respectively. The serum proteins phase is 3.7±2.9% and 5.4±0.82%. 

 

 

Figure 27. Phase separation using 45Ca as tracer compared to the non radioactive method using the concentration measured by the ICP. 

4.2 Fortified milk 
Milk was fortified using the different Ca salts that were synthesized by adding 50 mg Ca/ 100 mL milk and using 
ultracentrifugation for phase separation. The LSC was used to determine the relative 45Ca content in each phase. 

4.2.1 Fortification with [45Ca]CaCl2 
Milk fortification with [45Ca]CaCl2 resulted in a similar phase distribution as the unfortified milk when only a tracer was 
used. The soluble phase contains 42.8±0.6% of 45Ca, see figure 30. The soluble phase increased slightly in its calcium 
content by fortification with [45Ca]CaCl2. This is different from what was reported by Singh et al. where a decrease in 
the Ca absorption was reported from 50.0% to 43.5%  when fortifying with CaCl2 [19]. The difference in results could 
be due to the fact that Singh et al. performed an in vivo study in mice which can have many physiological factors 
influencing the results [33]. It is important to note that the relative Ca content in each of the phases is determined. 
The overall calcium concentration in each of the phases is increased/ decreased. Most likely is that the concentration 
of the Ca in the casein micelles are increased because when fortifying with soluble Ca salts, casein mineralisation is 
increased [67]. This increase in casein micelles occurs due supersaturation of the milk serum that contains calcium 
phosphate, calcium citrate and Ca2+ ions by adding the CaCl2. The calcium phosphate will bind to the casein proteins in 
the serum and micelles that causes the increase in the casein mineralisation. 

It was reported that fortification with [45Ca]CaCl2 is not ideal because it gives the milk a slightly salty taste [19]. 
Nevertheless, it is a popular Ca salt used for fortification due to its high solubility. 
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Figure 28. Milk fortification with [45Ca]CaCl2 and the relative calcium content in each phase compared to unfortified milk. 

 

4.2.2 Fortification with [45Ca]CaCO3  
The fortification with [45Ca]CaCO3 initially resulted in no exchange at all. After equilibrating in the fridge for 24 h, the 
samples were first centrifuged to remove sedimentation from the sample and subsequently no 45Ca activity remained 
in the milk sample as measured by the LSC.  This can be explained by the poor solubility in aqueous solutions of CaCO3 
see figure 31. Therefore the pH of the milk samples was lowered to pH 6, 4 and 2. This is similar to the gastric conditions 
described in chapter 1. The stomach has a pH of around 1-2 then when the chyme moves further down the digestive 
tract, the pH is slowly raised to an almost neutral pH. Therefore it is interesting to look at the lower pH conditions for 
CaCO3. The salt was added to the milk and then the pH was then lowered to the desired pH level. 

 

Figure 29. Solubility curve of CaCO3  [68]. 

In figure 32 the results can be seen. The lower that the pH gets, the more Ca is present in the soluble phase with 
2.1±0.2% at pH 6, 98.0±1.5% at pH 4 and 113.6±3.1% at pH 2. This is because the CaCO3 will react with the protons 
present in an acidic environment and free Ca2+ becomes available. This free Ca2+ will then be present in the soluble 
phase and therefore increasing the bioavailability. The obtained results are higher than the results that were reported 
by Sittikulwitit et al. who simulated the gastrointestinal digestion conditions in their study by using pepsin-HCl to lower 
the pH to 2 [21]. For their experiments dialysis was used and a % Dialyzable Ca of 47.4±0.2 was reported. Due to 
acidifying the milk samples coagulation also occurred. After equilibrating in the fridge for 24h the sedimentation 
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remaining could not be centrifuged and this could result in a higher relative Ca in the other phases. This could be an 
explanation for the results obtained for pH 2. Due to not being able to centrifuge the samples the solid CaCO3 might 
still be present or trapped in the coagulated milk. The 45Ca could also not be evenly distributed throughout the sample. 
When measuring the ultracentrifugation phase a higher count rate was measured. This resulted in a soluble phase 
above the 100% and subsequently a casein micelles phase lower than 0% because it is relative to each other. The 
prevent this a stabilizing agent could be added so that the milk cannot coagulate. 

Sittikulwitit et al. did not report for how long they dialysed the samples. This could explain the difference in results as 
the longer the CaCO3 is in an acidic environment, the more it can dissociate.  

Adding CaCO3 for fortification to milk could impose some problems. For example as the salt is not soluble the milk 
cartons should have a label with shake before use otherwise all of the CaCO3 but be at the bottom and the fortification 
would have no use. Furthermore adding CaCO3 to milk leaves a chalky taste and is not favourable. It could be an option 
to add it to flavoured milk to combat the taste. CaCO3 is also basic and this could raise the pH levels in the 
gastrointestinal tract and subsequently can lower the bioavailability or can cause the production of more acid in the 
stomach. 

 

 

Figure 30. Milk fortification with [45Ca]CaCO3 at different pH levels and the relative calcium content in each phase compared to unfortified milk. 

4.2.3 Fortification with [45Ca]Ca3(C6H5O7)2   
Milk was also fortified by adding [45Ca]CaCi to the milk samples. There was some exchange with a relative Ca content 
of 23.2±2.0% present in the soluble phase. Which is lower than the 47.6±1.1% which was reported by Sittikulwitit et 
al. and is a dialysability comparable to CaCO3 in their study [21]. After centrifugation some of the CaCi was present as 
sedimentation at the bottom of the tube. The solubility of CaCi is relatively low in an aqueous environment. Lowering 
the pH will increase the solubility of the CaCi [69]. Sittikulwitit et al. performed the study under gastrointestinal 
conditions and therefore have a higher result for the fortification with CaCi. The same mechanism as for CaCO3 when 
in an acidic environment is valid for CaCi. Due to the protons present in the acidic environment free Ca2+ becomes 
available and thus increases the relative Ca content in the soluble phase [70]. 

 CaCi has a sour salty taste and that is also not an ideal taste to have in milk. With the sedimentation forming it has the 
same drawback as CaCO3 when adding it to a milk carton. CaCi does not raise the pH of the stomach like CaCO3 and 
could therefore be more favourable as a fortification method for people who do not cope well with increased acid 
production. 
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Figure 31. Milk fortification with [45Ca]CaCi and the relative calcium content in each phase compared to unfortified milk. 

 

4.2.3 Fortification with [45Ca]C12H22CaO14 
Milk was also fortified using the soluble salt [45Ca]CaGluc, see figure 34. The soluble phase contains 48.8±2.2% of the 
relative Ca. This is a slight increase from the unfortified milk samples. By itself CaGluc is an already highly soluble salt 
and this makes it an ideal candidate for milk fortification. Because of its high solubility, more free Ca2+ ions are present 
in the sample and those ions are needed so that the body can absorb the Ca [32]. The increased solubility is in 
accordance with the findings of Singh et al. who also reported an increase from 50.0% for unfortified milk to 57.3% 
[19]. It was also reported by Singh et al. that the addition of CaGluc causes a decrease in the pH of the sample and 
destabilizes the milk. The milk needs to be stabilized to ensure the heat stability by using chelating agents, e.g. disodium 
phosphate, or the pH needs to be corrected for. Otherwise the soluble Ca might react with the phosphates and proteins 
when heated during the production process and this will result in less bioavailable Ca [71]. 

CaGluc has a neutral taste and is therefore great to add to milk and because of its high solubility less sedimentation 
takes place. One of the drawbacks of CaGluc is the price to produce GaGluc  [53]. It is higher than for example CaCO3 
which is quite inexpensive to produce. The Ca content of the organic salts that are added to milk are also lower and 
with the higher price tag to produce them might be unfavourable for companies who do not want to spend a lot of 
money to fortify their products.  

53

6

41

72

5

23

0

10

20

30

40

50

60

70

80

90

100

Casein Micelles Serum proteins Soluble phase

%
45

Ca

Fortification with CaCi

Unfortified milk

Fortified with CaCi



  
 

35 
 

 

Figure 32. Milk fortification with [45Ca]CaGluc and the relative calcium content in each phase compared to unfortified milk. 

 

4.3 Comments on statistics  
The samples were compared by determining the mean and the standard deviation of the results which is an 
appropriate method to calculated the uncertainty when having a low sample size N≤10 [72]. To compare if methods 
can be used interchangeably, a Welch’s t-test was performed, see Appendix C for the calculations. A Welch’s t-test can 
compare the mean of two independent groups. When using a Welch’s t-test it is assumed that the population follows 
a normal distribution and that takes into account that the two populations have a different variance. 

To reduce pipetting errors the pipettes used were first calibrated before each use. The experiments performed were 
false triplo’s. For the unfortified milk and pH experiments one milk sample was created and from this three samples 
were taken for ultracentrifugation and the subsequent steps. To perform a valid triplo experiment, three initial milk 
samples should be created and from these samples the fractionation should be calculated and then compared to each 
other.  

For the fortified milk samples the experiment was conducted using valid triplo’s by having three initial milk samples 
fortified separately for each experiment. 
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5 Conclusion & 
Recommendation 

5.1 Conclusions 
During this thesis project the bioavailability of calcium in milk was assessed by using two methods of phase separation: 
dialysis and ultracentrifugation. The bioavailability was determined at 21°C and 37°C, for different pH levels, various 
calcium salts were synthesized and these salts were used to fortify bovine skimmed milk. 

The methods to synthesize CaCO3, CaCi, CaGluc and CaLac were found to be successful by using CaCl2 as starting 
material. The synthesis of TCP was regrettably unsuccessful and requires further investigation. 

By performing the phase separation using dialysis and ultracentrifugation the results for the bioavailability of calcium 
was confirmed with the findings from literature [14], [19], [21], [60]. Using dialysis 39.5±4.3% of calcium is present in 
the soluble phase was present and for ultracentrifugation 36.0±0.9% was present. For the ultracentrifugation the 
calcium content in two other phases could be determined. 3.7±2.9% is present in the serum proteins phase and 
60.3±3.0%  is present in the casein micelles. Furthermore it was determined that dialysis and ultracentrifugation can 
be used interchangeably by comparing the results from this thesis to the results of de Vos [15]. The phase separation 
performed at 37°C raised some problems with coagulation during dialysis and the results are not reliable. The results 
from ultracentrifugation were comparable to ultracentrifugation at room temperature. 

 The effects of pH on the phase distribution of the calcium content was also studied. It was found that for a decrease 
in the pH of milk, more calcium was found in the soluble phase. The calcium content went up from 36.0±0.9% to 
96.0±3.3% in the soluble phase. This indicated that more calcium might be bioavailable in the human body than was 
previously thought.  

Fortification was also performed on milk. First a tracer was used to determine the phase separation. A higher calcium 
content was found in the soluble phase, 41.1±0.5%, due to not all of the 45Ca exchanging with casein micelles and thus 
remaining as free ions in the soluble phase. Fortification with [45Ca]CaCl2 led to the bioavailability staying the same 
with 42.8±0.6% in the soluble phase. Fortification with [45Ca]CaCO3 initially did not yield any difference. However upon 
decreasing the pH to gastric conditions, the CaCO3 dissociated at pH 4 and lower and the 45Ca was present in its ionic 
form in the soluble phase and therefore increased the bioavailability. For fortification with CaCi most of the salt 
precipitated to the bottom and the measured bioavailability was 23.2±2.0%. CaCi was not investigated under gastric 
conditions which could influence the bioavailability like it did with the CaCO3. Lastly, fortification with CaGluc resulted 
in an increase of the bioavailability with 48.9±2.2%. 

In conclusion a lot of steps were made towards the fortification of bovine skimmed milk during this thesis with a lot of 
promising results. A better understanding of the influence of salt fortification is obtained, however there are still some 
pieces left to the puzzle and some recommendations are made to further help the investigation into salt fortification 
of milk with calcium. For this thesis it can be concluded that the best way to fortify milk is to use CaGluc. It is highly 
soluble, increases the bioavailability and does not leave a bad aftertaste. 
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5.2 Recommendations  
 The TCP salt synthesis should be further investigated. It is a very difficult synthesis that is very sensitive to the 

pH and temperature. As it is a twostep synthesis, the intermediate step should be checked with the XRD if the 
Ca(NO3)2 was synthesized correctly. Other possible synthesis methods could be investigated, e.g. by Vellet-
Reggi et al. [73]. 
 

 The phase distribution of calcium with fortification of CaLac should be investigated. Due to time constraints 
this was not performed during this thesis. If the synthesis of TPC does not work, then the fortification could be 
performed with readymade TPC. TCP is mentioned in literature as a good candidate for calcium salt fortification  
[21]. 
 

 All of the calcium salt fortifications should also be investigated under gastric conditions. The CaCO3 
fortifications proved to have a positive result by doing this and it makes for a more representative in vitro 
study. The pH in the digestive tract ranges from pH 2 to almost a neutral pH. So not only lowering the pH of 
the skimmed milk could be interesting but also increasing it again to investigate the effect on the salt 
equilibrium.  
 

 To obtain an optimal experiment, the time that is needed for the Ca and added 45Ca to reach an equilibrium 
should be investigated. Currently it is set at 24 hours, however a shorter equilibrium time might also be 
possible. 
 

 After fortification of milk, the pH and therefore the heat stability of the milk is also changed [19]. It should be 
further investigated what the effect of adding calcium salts to milk is on the heat stability. This could be an 
important factor if the milk should be processed further before consumption. 
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Appendix      
A1. ICP Calibration Lines 4000 

 

A2. ICP Calibration Lines 8000 

.  



  
 

44 
 

B1. XRD Ca(OH)2  

 

Figure Appendix 1. XRD diffractogram of the calcium di hydroxide. The red line is the diffractogram that was measured with the XRD and the blue 
lines are the peak that the software could match to the database with ref code 04-008-0220. A match score of 83 was obtained. 

B2. XRD CaLac precipitate  

 

Figure Appendix 2. XRD diffractogram of the calcium lactate synthesis. The red line is the diffractogram that was measured with the XRD and the 
blue lines are the peak that the software could match to the database with ref code 01-086-2334. A match score of 99 was obtained for a 
comparison with CaCO3. 
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B3. XRD CaLac after freeze drying 

 

Figure Appendix 3. XRD diffractogram of calcium lactate. The red line is the diffractogram that was measured with the XRD and the green lines 
are the peaks that the software could match to the database with ref code 00-070-1076. This red line shown is characteristic for an amorphous 
sample and cannot be measured on the XRD. 

B4. XRD CaLac after hydration remaining peaks 

 

Figure Appendix 4. XRD diffractogram of calcium lactate. The red line is the diffractogram that was measured with the XRD and the blue lines are 
the peaks that the software could match to the database with ref code 00-070-1076 after hydrating the sample. There were still a lot of undefined 
peaks left and those can be assigned to calciumcarbonate. However the score was 79 so it was deemed successful. 
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C. Statistics 
H0: ultracentrifugation (µ1) = dialysis (µ2)  
H1: ultracentrifugation (µ1) ≠ dialysis (µ2) 

µ1= 36.02 
µ2= 39.54 
s1= 0.89 
s2= 4.32 
N1 = 3 
N2 = 3 

𝑡 =  
µ1 − µ2

ට𝑠1ଶ

𝑁1
+

𝑠2ଶ

𝑁2

= 2.67 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐹𝑟𝑒𝑒𝑑𝑜𝑚 =  
(
𝑠1ଶ

𝑁1
+

𝑠2ଶ

𝑁2
)ଶ

(𝑠1ଶ)ଶ

𝑁1 − 1
+

(𝑠2ଶ)ଶ

𝑁2 − 1

= 2.167 => 𝐷𝑂𝐹 = 2 

From table tcrit = 4.303 for two tails 95% confidence interval 

t < tcrit so H0 and H1 are not significant different from each other 

 

H0: ultracentrifugation 21°C (µ1) = ultracentrifugation 37°C (µ2)  
H1: ultracentrifugation 21°C (µ1) ≠ ultracentrifugation 37°C (µ2) 

µ1= 36.02 
µ2= 41.10 
s1= 0.89 
s2= 0.45 
N1 = 3 
N2 = 3 

𝑡 =  
µ1 − µ2

ට𝑠1ଶ

𝑁1
+

𝑠2ଶ

𝑁2

= −13.26 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐹𝑟𝑒𝑒𝑑𝑜𝑚 =  
(
𝑠1ଶ

𝑁1
+

𝑠2ଶ

𝑁2
)ଶ

(𝑠1ଶ)ଶ

𝑁1 − 1
+

(𝑠2ଶ)ଶ

𝑁2 − 1

= 2.167 => 𝐷𝑂𝐹 = 2 

From table tcrit = 4.303 for two tails 95% confidence interval 

t > tcrit so H0 and H1 are significant different from each other 
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