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Abstract 

Cancer is one of the most common causes of death. In the process, body cells change and 

continue to grow uncontrollably, damaging the surrounding tissue. As the disease progress-

es, the cancer can spread further by forming metastases. Numerous diseases are subsumed 

under the umbrella term cancer. The treatments are not trivial and there are often undesir-

able side effects, which further burden the quality of life of those affected. 

Therefore, the need for research and development of new anticancer drugs is essential. The 

focus is on a targeted treatment of the affected region and the side effects must be as low as 

possible. 

 

The aim of this study was investigation of the behaviour of the metal-based anticancer drug 

KP1339 in different biological systems, based on inductively coupled plasma-mass spectrom-

etry (ICP-MS). Therefore, size exclusion chromatography methods in combination with ICP-

MS were carried out to analyse the protein binding kinetics and the stability of KP1339. For 

the investigation of the kinetics of the protein binding, the metallodrug was incubated in 

different biological matrices (cell medium, serum, buffer, ..) and the samples were measured 

at different time points. The influence of different solvents on the kinetics was also exam-

ined.  

In addition to ICP-MS-based methods, measurements were also carried out in the field of 

organic mass spectrometry. Based on the results of the measurements with ICP-MS, target-

ed samples were analysed with an orbitrap in combination with reversed-phase chromatog-

raphy. The additional results successfully showed that not only protein binding to albumin 

occurs. However, various other compounds, which were developed over time could be 

proved. 

 

The Medical University of Vienna provided in vivo samples (serum and blood pellet) of mice 

treated with KP1339 and etomoxir + KP1339. The ruthenium content could be determined 

for both sample types with ICP-MS. For the serum samples, additional measurements were 

performed with SEC-ICP-MS. This allowed the binding of KP1339 to albumin to be investigat-

ed. 
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Zusammenfassung 

Krebserkrankungen sind eine der häufigsten Todesursachen. Dabei verändern sich Körperzel-

len und wachsen unkontrolliert weiter und schädigen dadurch das umliegende Gewebe. Bei 

fortschreitender Erkrankung kann sich der Krebs durch Bildung von Metastasen weiter aus-

breiten. Unter dem Oberbegriff Krebs werden zahlreiche Erkrankungen subsumiert. Die Be-

handlungen sind nicht trivial und es treten oft unerwünschte Nebenwirkungen auf, welche 

die Lebensqualität der Betroffenen weiter belasten. 

Daher ist der Bedarf an Forschung und Entwicklung neuer Krebsmedikamente unabdingbar. 

Der Fokus liegt dabei auf einer gezielten Behandlung der betroffenen Region im Körper, wo-

bei die Nebenwirkungen so gering wie möglich gehalten werden sollten.  

Ziel dieser Studie war es, verschiedene Messungen des metallbasierten Krebsmedikaments 

KP1339 auf Basis der induktiv gekoppelten Plasma-Massenspektrometrie (ICP-MS) durchzu-

führen. Dazu wurden Größenausschluss-Chromatographie-Methoden in Kombination mit 

ICP-MS durchgeführt, um die Proteinbindungskinetik und die Stabilität von KP1339 zu analy-

sieren. Zur Untersuchung der Kinetik der Proteinbindung wurde KP1339 in verschiedenen 

biologischen Matrices (Zellmedium, Serum, Puffer, ..) inkubiert und die Proben zu verschie-

denen Zeitpunkten gemessen. Auch der Einfluss verschiedener Lösungsmittel auf die Kinetik 

wurde untersucht.  

Zusätzlich zu diesen Messungen wurden auch Messungen im Bereich der organischen Mas-

senspektrometrie durchgeführt. Basierend auf den Ergebnissen der Messungen mit ICP-MS 

wurden gezielte Proben mit einer Orbitrap in Kombination mit Umkehrphasen-

Chromatographie analysiert. Die zusätzlichen Ergebnisse zeigten erfolgreich, dass nicht nur 

eine Proteinbindung an Albumin stattfindet. Vielmehr konnten verschiedene Verbindungen, 

die im Laufe der Zeit entstanden sind, nachgewiesen werden. 

 

Die Medizinische Universität Wien stellte in vivo Proben (Serum und Blutpellet) von Mäusen 

zur Verfügung, die mit KP1339 und Etomoxir + KP1339 behandelt wurden. Der Ruthenium-

gehalt konnte für beide Probentypen mit ICP-MS bestimmt werden. Für die Serumproben 

wurden zusätzlich Messungen mit SEC-ICP-MS durchgeführt, wodurch die Bindung von 

KP1339 an Albumin untersucht werden konnte. 
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1 Introduction 

1.1  Cancer: An overview 

Chemotherapy is one of the most important treatment options for malignant tumours, along 

with surgery and radiation therapy. [1] Platinum-based anticancer drugs are widely used. 

However, some undesirable side effects occur with their use. A major disadvantage of these 

platinum-based anticancer drugs is that resistance can be developed and that they are no 

longer effective. Therefore, there is a need for the development of new metal-based 

anticancer drugs. Among these potential new candidates, those based on ruthenium are 

particularly promising. KP1019 (Indazolium trans-[tetrachloridobis (1H-indazole) ruthe-

nate(III)]) (Figure 1) showed promising efficacy in several studies, with fewer side effects 

than platinum-based anticancer drugs. Further development of this compound led to its 

sodium salt KP1339 (Sodium trans-[tetrachloridobis (1H-indazole) ruthenate(III)]) (Figure 1), 

which showed a solubility in water. [2]  

 

The mode of action of ruthenium compounds differs from other drugs used in therapy. DNA 

is not the primary target for ruthenium-based drugs. However, interactions occur with 

proteins. This fact is also the basis of the fewer side effects. Through intravenous 

administration, the first potential binding partners include serum proteins (e.g. carrier 

proteins, immunoglobulin, lipoprotein, enzymes, ..). [3] [4] It was found that the majority of 

ruthenium (III) compounds are taken up and distributed in vivo and in vitro via binding to 

albumin. Likewise, a small proportion of ruthenium-based drugs bind to transferrin. This 

causes the ruthenium (III) compounds to be transported selectively to the tumour. Tumours 

have a higher demand for nutrients. Therefore, they also have significantly more receptors 

for transferrin to cover their increased iron requirement. [1] [2] [3] [5] Effective transport of 

the metal-based drug is essential for cancer therapy and influences the side effects. The 

principle of the mode of action of the ruthenium (III) compounds is based on the efficient 

transport into the tumour and the “activation by reduction” in the tumour tissue. [3] [5] Due 

to the rapid growth of the tumour, there is an insufficient formation of blood vessels. 

Consequently, the tumour is not supplied with sufficient oxygen. Together with other 

numerous factors, this leads to a lower pH value. This environment is ideal for the reduction 

of Ru(III) to Ru(II) and thus for the activation of the ruthenium-based anticancer drug. 
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Together with the reduction and the loss of the labile chlorido ligands by hydrolysis, the 

activation of KP1399 occurs. [1] [6] [7] 

 

It is known from various studies that KP1339 does not bind covalently to albumin after intra-

venous administration. This non-covalent binding occurs to the hydrophobic sides of the 

human serum albumin. The non-covalent bond changes into a protein-coordinated one with 

a longer incubation time. [8] [9] Nevertheless, the actual binding sites are not straightfor-

ward to map. Dömötör et al. [8] investigated the preferred binding sites of KP1019 and 

KP1339 to HSA by a displacement study. These experiments showed that both compounds 

bind to site I and II of human serum albumin. [8]  

 

The exact mode of action of KP1339 is still not fully understood. But a recent article points 

out the importance of stress induction on the endoplasmic reticulum. Besides, there is a 

lower expression of the glucose-regulated GRP78 proteins. [6] Exposure to GPR78 can trigger 

programmed cell death. Furthermore, resistance to other drugs is reduced. [10] 

 

KP1339 is one of the new auspicious metal-based anticancer drugs. It has shown promising 

results against neuroendocrine tumours in the clinical trial. KP1339 is mainly effective 

against tumours, for which platinum-containing anticancer drugs are only partially effective. 

In some clinical trials, stabilisation of the disease was achieved. [11] [12] 

 

 

Figure 1: Structure of KP1019 (left) and KP1339 (right) [3] 
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1.2 ICP-MS 

The first inductively coupled mass spectrometer has been launched in the 1980s. Since then 

it has proven as a powerful tool for multielement analysis to detect trace amounts of the 

element of interest. In various disciplines it has become the method of choice, for example 

in environmental, geology and biomedical applications. [13] [14] Due to the multielement 

capability, different elements can be measured making almost the whole periodic table ac-

cessible. Based on a short sample preparation and fast analysis ICP-MS enables a high sam-

ple throughput. [15] Further advantages of ICP-MS are the wide linear dynamic range, high 

sensitivity, good control of interferences, the potential detection of isotopes and the possi-

bility of quantification, even in a complex matrix. [13] [14] [16] The possibility to combine 

the ICP-MS system with separation techniques such as LC, CE or GC makes it a powerful tool 

in speciation studies. ICP is a hard ionization technique, where the sample gets completely 

atomized, which leads to the loss of the structural information during the analysis. Hence, it 

becomes impossible to detect unknown chemical structures. The combination with other 

systems like ESI- or MALDI-MS overcomes this drawback. [16] 

 

Aqueous samples get transferred into the gaseous phase by nebulization. [16] Therefore, the 

samples are transferred directly to the nebulizer through a peristaltic pump or an LC-system. 

By an incoming argon flow a pneumatic force is generated, this creates a fine aerosol, which 

is forwarded to the spray chamber. An additional force is required to separate the larger 

droplets, depending on the spray chamber type it can be a centrifugal (cyclonic) or gravita-

tional (Scott type) force. Usually, the temperature of the spray chamber is set to two degree 

Celsius, this avoids overloading the plasma and reduces the risk of oxide formation. [15] [17] 

However, only a small percentage (< 1 %) of the sample gets into the argon plasma, where 

the sample is dried, vaporized and atomized and single positively charged ions are generated 

at high temperature (6000-10000 K). Due to the high temperatures, the sample is complete-

ly decomposed and the molecular information is lost during this process, that is the reason 

why only elemental information can be obtained. [17] 

 

The transfer of the ions to the high vacuum area of the mass spectrometer is a critical step. 

An interface system, which consists of a sample and a skimmer cone, connects the ICP with 

the MS. Through the cones, the gradual transition from the atmospheric pressure to the high 
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vacuum pressure is possible. [14] After the ions are passed through the interface, they get 

guided to the main vacuum chamber by an ion optics system. The ion optics system consists 

of a series of electrostatic lenses and different designs are available, but the main function is 

the same. The ion beam gets focused and the background is reduced by removing photons, 

neutral species, negatively charged ions, which leads to an improved efficiency. The electro-

statically focused analytes leave the ion optics in direction of the mass separation device, 

where the get separated depending on their mass-to-charge ratio. [18] 

 

With ICP there are mainly three different mass analysers (quadrupole, sector field or TOF) 

combined, whereas the quadrupole analyser is the most frequently used one. The choice of 

the mass analyser depends on several requirements for instance mass resolution, mass accu-

racy or data acquisition time. For a long time, a single quadrupole mass analyser was the 

most frequently used one for multielement analysis. Due to the low resolution an accurate 

multielement determination was always a challenge. Other techniques were developed to 

overcome these drawbacks. [19] 

 

A quadrupole mass analyser (Figure 2) consists of four parallel metallic rods, which are ar-

ranged in a square (xy-plane). On the two opposite rods the same potential is applied, which 

is divided into a DC and an AC component. It is possible by changing these two components 

over time to scan the enter mass range. The ions enter the quadrupole in z-direction and for 

each m/z ratio there is a specific potential, and this results in a stable trajectory. In case of a 

unstable trajectory the ion can´t pass and get neutralized at the rods, this leads to a separa-

tion based on the mass-to-charge ratio. [15] [20] 

The advantages of this device include a high transmission, a high scan speed and a high sen-

sitivity. Furthermore, the quadrupole assembly is low-prized compared to other mass ana-

lysers and it easy to handle. [20] A drawback of the quadrupole is that it operates at low res-

olution (~ 300) therefore it is hardly possible to resolve interferences. [15] 
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Figure 2: Quadrupole mass analyser [21] 

 

Double focusing sector instruments (Figure 3) consist of a magnetic sector and an electro-

static sector/electrostatic analyser (ESA). In the magnetic sector ions pass through a magnet-

ic field, the field lines a vertical to their direction of movement. An equilibrium arises be-

tween Lorentz force and centrifugal force, thus the ions get separated. If the ions have the 

same speed, then the m/z is the same. The ions, which come from the ion source aren`t mo-

noenergetic and thus ions with a different m/z can have the same impulse. This makes the 

combination with an electrostatic sector necessary. In the electrostatic sector the ion beam 

gets focused due to the restriction of the kinetic energy distribution. The arrangement of the 

magnetic sector and ESA can vary depending on the design of the double focusing sector 

instrument. 

The advantages of this device are the high resolution (~ 7000- 15000) and it enables to re-

solve interferences. The disadvantages are the high price and the accurate mass measure-

ments are time consuming. [20] 

 

Figure 3: Double focusing sector instrument [22] 
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The principle of a time-of-flight mass analyser is simple. Ions get accelerated, thereby all get 

the same kinetic energy. Afterwards they get dispersed in time, depending on m/z, during 

their flight in a field-free region. Heavier ions arrive later at the detector compared to lighter 

ones, provided they start at the same time. However, there may be slight differences in the 

kinetic energy distribution, therefore a TOF is often combined with a reflector/reflectron. 

The reflector can focus ions with different kinetic energy, this improves the resolution of a 

TOF analyser. [20] 

The advantages of this analyser are the high resolution (~ 10000) and the simultaneous 

measurement of several m/z. A drawback is the lower sensitivity and the dynamic range. 

[20] [23] 

 

Figure 4: Time-of-flight mass analyser [24] 

 

After the separation of the ions in the mass analyser, they arrive at the detector depending 

on their mass-to-charge ratio. Typically, a secondary electron multiplier (SEM) is used. It is 

based at the physical concept of secondary electron emission. When the ions hit the surface 

of the detector dynode, secondary electrons get released and the signals are processed fur-

ther by the software. Furthermore, a Faraday cup is used as a detector or in combination 

with SEM. It is based on the measurement of the ion beam current. It is especially used for 

an accurate isotope determination. [20] [25] 
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1.2.1 Tandem mass spectrometry (ICP-MS/MS) 

An ICP tandem mass spectrometer has compared to common ICP-CRC (collision/reaction 

cell) quadrupole mass spectrometer systems an additional quadrupole located in front of the 

collision/reaction cell (Q1-CRC-Q2) as it is shown in Figure 5, this is the reason why it is often 

simply referred as a triple quadrupole (ICP-QQQ). This leads to another separation step and 

the MS/MS setup improves the control over the reaction cell. Consequently, there is an im-

provement in the selectivity and thus replaces the more expensive and slowly measuring 

double-focusing sector field devices. Due to the high resolution of the sector field instru-

ments they are normally the method of choice to overcome interferences. In addition, with a 

higher resolution it is not possible to overcome isobaric interferences and the ion transmis-

sion is reduced and thus the sensitivity. The triple quadrupole setup overcomes these draw-

backs due to the higher selectivity. [26] [27] 

For less challenging applications it is possible to operate the first quadrupole with a wider 

bandpass, (SQ mode) or it is only used as an ion guide. In the SQ mode the first quadrupole is 

“fully open” which means that analytes and interferences with the same m/z enter the CRC. 

This approach is similar to ICP-CRC systems and it is used for less demanding experiments, 

without a complex matrix or with no present interferences. The mode with a single mass 

width is termed as MS/MS mode and works with a double mass selection. The first quadru-

pole acts as a mass filter and thus only selected m/z can reach the collision/reaction cell. 

Compared to the SQ mode, the ion transmission and thus the sensitivity is reduced in the 

MS/MS mode. [26] [27] 

By using a collision/reaction cell it is possible to avoid interferences (see 1.2.2). Furthermore, 

reactions and collisions, that are taking place in CRC, can be controlled. This technique can 

lead to an improvement in the selectivity and efficiency. There are two possible approaches, 

on-mass and mass-shift. In the case of the on-mass approach, a reactive gas reacts with the 

interfering ions and thus the analyte can be measured at the original m/z ratio. At the other 

eventuality, the reaction takes place between the reaction gas and the analyte ion, this leads 

to a shift of the m/z of the analytes (mass-shift). [26]  

In the on-mass approach the same m/z values are selected in both quadrupoles, in contrast 

to this, in the mass- shift approach different m/z values are selected. In the ICP tandem spec-

trometry only specific m/z values are selected in the Q1 and all other m/z values get effi-
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ciently removed. Thus, no undesired products arise with the reaction gas and interferences 

and matrix effects are also reduced. [26] 

 

Figure 5: Triple quadrupole setup [28] 

1.2.2 Interferences in ICP-MS 

Besides the many advantages of ICP-MS, there are also some challenges. Many ICP-devices 

are coupled with a quadrupole mass analyser. The resolution of this mass analyser is limited 

to approximately unit resolution. Therefore, it is often not possible to differentiate between 

analytes and interferences, which have the same mass-to-charge ratio as the analyte. The 

performance of the ICP-MS can be significantly impaired by these non-spectral and spectral 

interferences. It is important to be aware of the interferences and eliminate them because 

they might cause a background and false positives. A well-chosen calibration is essential to 

eliminate possible non-spectral interferences. The spectral interferences originate from ions 

with similar mass-to-charge ratio, which compromises the accuracy of the method. To re-

duce the spectral interferences, it is indispensable to select isotopes with less interferences. 

[17] [29] [30] 

The spectral interferences are divided into isobaric interferences, doubly charged ions and 

polyatomic ions. [17] [30] Polyatomic interferences are generated by reactions of the sample 

with the argon plasma, atmospheric gases and compounds of the matrix. [17] [31] 

Isobaric interferences are present when ions have a different atomic number but the mass is 

the same. [14] 
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Table 1 shows some common spectral interferences in ICP-MS. 

 

Table 1: Spectral interferences in ICP-MS [14] [31] 

Type of interference     

Polyatomic interference 

52Cr+ 40Ar12C+ 

56Fe+ 40Ar16O+ 

80Se+ 40Ar40Ar+ 

58Ni+ 40Ar18O+ 

Doubly charged ions 

44Ca+ 88Sr2+ 

70Ge+ 140Ce2+ 

119Sn+ 238U2+ 

Isobaric Interference 

40Ar+ 40Ca+ 

54Fe+ 54Cr+ 

58Fe+ 58Ni+ 

114Cd+ 114Sn+ 

 

To prevent interferences, various approaches have been developed in the last few years. On 

the one hand, it is important to choose the measured isotope carefully, besides mathemati-

cal equations can be applied for the correction. Also, the usage of a mass analyser with high-

er resolution (e.g. TOF, sector field) overcomes interferences. This is limited due to the high-

er costs of these devices. Most of the ICP-MS devices, which contain a quadrupole mass- 

analyser, are additionally equipped with a reaction/collision cell (usually an ocotpole). [17] 

[31] The triple quadrupole ICP-MS is equipped with a reaction/collision cell (octopole). The 

first quadrupole only conducts ions with a defined mass-to-charge ratio into the octopole, 

who is located between the first and second quadrupole. After a collision or reaction in the 

octopole the ion of interest can be detected in the second quadrupole. [32] 

 

In collision cells, there is an inert gas (e.g. Xe, He) used. The interferences are removed by 

kinetic energy discrimination (KED). Polyatomic species are larger compared to the analyte 

ions of the same m/z. Therefore, they collide with the collision gas several times on their 

way through the collision cell and their kinetic energy is reduced. Because of the low kinetic 

energy these polyatomic ions are excluded from the analysis. However, several analyte ions 
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get removed, and this is disadvantageous for the sensitivity. Thus, a reaction cell is pre-

ferred. [17] [26] [33] 

In reaction cells there are specific reaction gases (e.g. O2, H2, NH3) used to remove known 

interferences by shifting the analyte or the interference to another mass. A critical factor is 

the selection of the reaction gas. The sensitivity is increased with a reactive gas because the 

reaction is more efficient. The drawback with a more reactive gas is that there is a higher 

possibility for additional interferences. The most abundant isotope from sulphur is 32S+, 

which interferes with 16O2
+. With O2 as reaction gas sulphur is efficiently converted into 

32S16O+ (Figure 6), allowing the measurement from sulphur without interferences. [17] [26] 

[32] 

Figure 6: Sulphur measurement in oxygen mode (mass-shift approach) [34] 

1.3 ESI-MS 

The electrospray ionization is the best-known atmospheric pressure ionization method. ESI is 

mainly coupled with LC-MS thereby the molecular composition can be investigated. [35]  

ESI is a soft ionization method to transfer analytes from the liquid phase to the gas phase 

gradually to the high vacuum of the mass analyser. This method is especially suitable for 

large analytes which are non-volatile and easily to charge, for example proteins. Due to the 

fact, that higher values for the charge (z) compromises the m/z-value, makes high molecular 

analytes accessible for the analysis in the mass spectrometer. Furthermore, ESI is suitable for 

metal complexes and other soluble inorganic substances. [20]  

The sample solution is guided into a spray capillary and a voltage is applied between this 

capillary and a counter electrode (transfer capillary). The created electric field induces a 

charge separation in the liquid and a deformation of the meniscus into a cone (Taylor cone). 

Fine droplets are emitted from the cone in the direction of the counter electrode. The 

charge of the droplets depends on the electric field. Due to the Coulomb repulsion, the 

droplets drift apart, and a fine spray is formed. As the solvent evaporates, the droplet size is 
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decreasing, and the surface charge density is increasing. To counteract the cooling during 

the evaporation process, either a heated transfer capillary or a hot nitrogen counterflow is 

used. As soon as the electrostatic repulsion exceeds the surface tension, the droplets break 

down into smaller units. The break-up occurs because the Rayleigh limit has been reached. 

ESI transfers the ions to the mass analyser, which are already present in the solution. Just as 

well neutral ions are accessible, for example by protonation or deprotonation. [20] [36] 

The ions get sampled by a skimmer cone and afterwards they are forwarded to the mass 

analyser. A quadrupole or an orbitrap are frequently used mass analyser in combination with 

ESI. [20] [36] 

 

In the following the principals of the orbitrap will be described. The fundamentals of the 

quadrupole are described in 1.2. 

 

In the orbitrap analyser (Figure 7) the ions are trapped by an electrostatic field. [37] The or-

bitrap consists of one spindle-shaped central electrode and a two-piece barrel-shaped outer 

electrode. The central electrode is circled several times to enable an unhindered circling, 

ultra-high vacuum is required. The ion trajectory is defined by the equilibrium between the 

centrifugal force and the electrostatic force. The electrostatic force is created by the apply-

ing of a voltage. Stable ion trajectories result from the rotation around the central electrode 

and the axial oscillations. The frequency of the axial oscillation depends on the mass-to-

charge ratios. The frequency of the axial oscillation can be detected by using the image cur-

rent detection. Every m/z value produces a sine wave. The image current signal gets record-

ed and it is converted into a frequency domain signal with a fast Fourier transformation. [20] 

A proper ion injection is essential for this type of mass analyser. The ions are injected into 

the orbitrap via a curved quadrupole, also known as a C-trap. The ions are accumulated, 

stored, and thermalized in the C-trap. The C-trap can hold around one million elementary 

charges. [20] 

The orbitrap has proven as a powerful tool for analysis with a high resolution (up to 150 000) 

and a high mass accuracy. [37] 
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Figure 7: Orbitrap mass analyser [38] [39]  

 

The orbitrap can be combined with other analysers to a so-called hybrid instrument. This 

allows the advantages of various mass analysers to be combined. The hybrid instruments are 

mainly used for tandem mass spectrometry. In tandem mass spectrometer, the m/z analysis 

(MS1) is therefore carried out in the first stage and the ions for the fragmentation are se-

lected. The product ions get selected in a second m/z analyser (MS2) (see 1.2.1). [20] 

 

Despite the possibility to obtain information about the molecular composition that is not 

possible with ICP-MS, there are still some disadvantages. Ion suppression can occur due to a 

complex matrix and this has a disadvantageous effect on quantification.[36] 
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2 Experimental part 

2.1 Reagents and materials  

The different matrices for the various testing conditions, namely FFBSA, BSA, OA BSA, CoA, 

FCS, MC0, MC10, and MC10 delipidated were provided by the Medical University of Vienna. 

For the element analysis, the KP1339 and the solvents to solve the metallodrug (DMSO, 0.9 

% NaCl) were kindly provided by the Medical University of Vienna. The Medical University 

provided the in vivo samples of the treated mice (serum samples and blood pellets). The 

KP1339 for the measurements with organic mass spectrometry was provided from the Uni-

versity of Vienna, Institute of Inorganic Chemistry. For the preparation of the buffer and the 

dilutions, ultrapure water (18.2 MΩ cm, Milli- Q Advantage) was used. 

In Table 2 the details for the used chemicals for the SEC-ICP-MS measurements are given. 

The KP1339 and the different matrices were stored in the fridge. The coenzyme A was stored 

in the freezer at -20 °C and the mice samples were stored at -80 °C.  

 

Table 2: List of used chemicals (SEC-ICP-MS) 

Reagent Purity 
Molar mass Storage 

CAS Hazards Precautions 
[g/mol] conditions 

HAc 

 

60.05 

  

64-19-7 H226-H314 

P210-P280-P301+ 
P330+P331-P303+ 
P361+P353-P305+ 
P351+P338-P310 

100%,  
Suprapur 

sufficient  
ventilation 

    

HNO3 

 

63.01 

  

7697-37-2 

  
P220-P260-P280- 
P303+P361+P353- 
P305+P351+P338- 
P310 

69%,  
Suprapur 

sufficient  
ventilation 

H272-H290-
H314- 

H331 

      

H2O2 
30%,  
Suprapur 

34.01 
sufficient  
ventilation 

7722-84-1 
H302-H318-
H413 

P273-P280-P305+ 
P351+P338-P313 

MeOH 

  

32.04 r.t. 67-56-1 

  
P210-P243-P260- 
P280-P284-P301+ 
P330+P331-P304+ 
P340-P308-P313 

≥ 99.9%,  
for HPLC 

H225-H301-
H311- 

H331-H370 

    

NH3 

  

35.05 

  

1336-21-6 
H314-H335-
H400 

P273-P280- 
P301+P330+ 
P331-P305+ 
P351+P338- 
P308+P310 

25%,  
Suprapur 

sufficient  

ventilation,  
 cooling 

    



 

 

14 

 

The performance of the Agilent 8800 ICP-MS-Triple Quadrupole was daily optimized with a 

tuning solution from Agilent Technologies. The used tune solution (10 µg/L Ce, Co, Li, Tl, Y; 

Matrix 2 wt% HNO3) had an end concentration of 1 ppb which required a dilution of 20 mL 

tune solution with 10 mL HNO3 and 170 mL ultrapure water. 

For the determination of the amount of ruthenium in the blood pellets and the serum sam-

ples, the Peak Performance inorganic trace metal standard, ruthenium (Ru), 1000 ± 3 μg/mL 

in 10 % HCl was used. An internal standard (Indium 100 ppb in 3 % HNO3) was also used for 

the determination of ruthenium in the blood pellets.  

 

The following table lists the details from the used chemicals, which were used as mobile 

phase, for the RP-ESI-MS measurements. 

 

Table 3: List of used chemicals (RP-ESI-MS) 

Reagent Purity 
Molar mass Storage 

CAS Hazards Precautions 
[g/mol] conditions 

ACN 
≥ 99.9%,  
for LC-MS 41.05 

sufficient  
ventilation 75-05-8 

H225-H302+ P210-P240-P302+ 

H312+H332- P352-P305+P351+ 

   H319 P338-P403+P233 

FA 

  

46.03 

  

64-18-6 

  P210-P280-P303+ 

98-100%, 
Suprapur 

sufficient  
ventilation 

H226-H302- P361+P353-P304+ 

H314-H331 P340+P310-P305+ 

    P351+P338-P403+ 

      P233 

H2O 
MQ= 100 
LC- MS 
grade 

18.02 r.t 7732-18-5 
    

    

 

https://lab.honeywell.com/shop/catalogsearch/result/?q=75-05-8
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2.2 Sample preparation and instrumentation stability/kinetics 

measurements 

2.2.1 Sample preparation  

In the following paragraphs, the steps of the sample preparation are described. All samples, 

which were measured with the Agilent 8800 ICP-MS/MS were prepared in an ISO class 8 

cleanroom to avoid possible contaminations.  

2.2.1.1 Preparation stability measurements 

For the stability measurements of KP1339 with SEC-ICP-MS, the drug was freshly dissolved in 

dimethyl sulfoxide (DMSO). Afterwards, the 20 mM stock solution was diluted with 0.9 % 

sodium chloride (0.9% NaCl). The stability of different drug end concentrations was tested, 

therefore various dilutions were made and measured repeatedly while being held at 37 °C. 

In the following table the chosen concentrations are given.  

 

Table 4: Settings for the stability tests of KP1339 (SEC-ICP-MS) 

Matrix KP1339 dissolved in 1) End conc. KP1339 [µM] 

0.9% NaCl DMSO 

400 

200 

100 

10 

1) Stock solution KP1339 20mM (dissolved in DMSO) 

 

In addition, the ruthenium content was determined directly after sample preparation (0 h) 

and after 24 hours with FI-ICP-MS. For the flow injection measurements, KP1339 was dis-

solved in DMSO and 0.9 % NaCl. The DMSO stock was diluted with PBS, MC0, and 0.9 % NaCl. 

The NaCl stock solution was only diluted with 0.9 % NaCl.  
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2.2.1.2 Preparation kinetics measurements 

The first settings for the kinetics measurements of the KP1339 DMSO and 0.9 % NaCl stock 

solution are shown in Table 5. BSA and FFBSA were dissolved in PBS to obtain a concentra-

tion of 15.7 g/L, afterwards a ten percent solution was prepared by a second dilution step 

with PBS. This preparation was in accordance with the cell culture experiments from the 

Medical University of Vienna. As a ten percent FCS solution was prepared, therefore the FCS 

stock was diluted with PBS. To compare the effect of a higher FCS concentration, the KP1339 

stock solution was diluted with PBS, to obtain a concentration of 200 µM and this solution 

was diluted one to one with the FCS stock (→ 50 % FCS, FCS 1-1). For the matrices MC0, 

MC10, and MC10 delipidated, no dilution steps were carried out. 

 

Table 5: Settings for the kinetics measurements of KP1339 (DMSO/0.9% NaCl stock) 

KP1339 DMSO stock solution (20mM) 1) KP1339 NaCl stock solution (20mM) 1) 

Matrix 
Initial conc. KP1339 

[µM] 
Matrix 

Initial conc. KP1339 

[µM] 

BSA 2) 400; 200; 100; 10 BSA 2) 100 

FFBSA 2) 400; 200; 100; 10 FFBSA 2) 100 

MC10 400; 200; 100; 10 MC10 100 

MC10 delip. 400; 200; 100; 10 MC10 delip. 100 

MC0 100 MC0 100 

10% FCS 2) 100 10% FCS 2) 100 

FCS 1-1 3) 100 FCS 1-1 3) 100 

1) Stock solution KP1339 20 mM (dissolved in DMSO or 0.9 % NaCl) 

2) BSA, FFBSA, FCS stock solutions were diluted with PBS → 10 % solution 

3) Stock solution was diluted with PBS → 200µM, afterwards 1:1 dilution with FCS (50% FCS) 

 

The measurements for the KP1339 0.9 % NaCl stock solution (Table 5) were carried out after 

the measurements for the DMSO stock solution. The first measurements showed that the 

100 µM initial concentration provides sufficient intensities. Thus, only one concentration 

was measured in all other settings. 

 

The KP1339 DMSO stock solution was also tested with additional CoA. The CoA was stored at 

-20 °C and was freshly dissolved in ultrapure water to obtain a 20 mM stock solution. After-
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wards 100 µM CoA was added to MC10, MC0, and PBS. In the following Table the conditions 

for the measurements with CoA are shown.  

 

Table 6: Settings for the kinetics measurements of KP1339 (DMSO stock) with CoA 

KP1339 DMSO stock solution (20mM) 1) 

Matrix 
Initial conc. KP1339 Initial conc. CoA 2) 

[µM] [µM] 

MC10 100 100 

MC0 100 100 

PBS 100 100 

1) Stock solution KP1339 20 mM (dissolved in DMSO) 

2) Stock solution CoA 20 mM (dissolved in H2O) 

 

Another set of test conditions included matrices that were spiked with BSA, FFBSA, or OA 

BSA. Therefore, BSA, FFBSA, and OA BSA were dissolved/diluted in PBS (cSET= 15.7 g/L), and 

afterwards a ten percent solution with MC0, or PBS was prepared. The settings for the 

KP1339 and 0.9 % NaCl stock solution are listed in Table 7. 

 

Table 7: Settings for the kinetics measurements of KP1339 (DMSO/0.9% NaCl stock) in spiked 

matrix 

KP1339 DMSO stock solution (20mM) 1) KP1339 NaCl stock solution (20mM) 1) 

Matrix 
Initial conc. KP1339 

[µM] 
Matrix 

Initial conc. KP1339 

[µM] 

MC0 + BSA 2) 100 MC0 + BSA 2) 100 

MC0 + FFBSA 2) 100 MC0 + FFBSA 2) 100 

MC0 + OA BSA 2) 100 MC0 + OA BSA 2) 100 

PBS + OA BSA 2) 100 PBS + OA BSA 2) 100 

1) Stock solution KP1339 20 mM (dissolved in DMSO or 0.9 % NaCl) 
2) BSA, FFBSA, OA-BSA were diluted/dissolved in PBS, afterwards dilution with MC0 or PBS → 10% solution 
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2.2.2 Instrumental parameters 

For the stability and kinetics measurements of KP1339, an Agilent 8800 ICP-MS Triple Quad-

rupole (Agilent Technologies, Tokyo, Japan), equipped with a collision/reaction cell was 

used. For chromatographic separation, an Agilent 1260 Infinity Bio-Inert LC system (Agilent 

Technologies, Waldbronn, Germany) was coupled via a PEEK tubing directly to the nebulizer 

of the ICP-MS/MS. For the measurement and evaluation of the samples, the ICP-MS system 

was operated with the MassHunter 4.5 Software Package (Version C.01.05 2018). The exper-

imental parameters are listed in Table 8 and Table 9. 

All measurements, which were performed with the Agilent 8800 ICP-MS were done in an ISO 

class 7 cleanroom, to reduce possible contaminations.  

Oxygen was selected as reaction gas for the ICP-MS/MS measurements. Therefore, sulphur 

was monitored as 32S16O+. For the separation, a size-exclusion chromatography was per-

formed. The final separation for the kinetics measurement was carried out with an Acquity 

UPLC Protein BEH SEC Column (1.7 µm, 4.6 x 150 mm, 10-450 K) from Waters. For the stabil-

ity measurements, also a column from Waters was used, but with a different pore size (125 

Å). With the 200 Å column a faster separation (20 minutes per measurement, 30 minutes for 

+ CoA measurements) was possible. Ammonium acetate (50 mM, pH 6.8) was used as mo-

bile phase. For the kinetics and stability tests, different time points were chosen, while the 

samples were being held at 37 °C. 
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Table 8: Instrumental parameters of the ICP- MS/MS system 

RF power  1550 V 

Sampling depth 7.8 mm 

Spray chamber quartz, double pass 

Spraying chamber temperature 2 °C 

Plasma gas 15 L/min 

Auxiliary gas 0.9 L/min 

Nebulizer gas 1.07 L/min 

Reaction gas  0.3 mL/min O2 

Cones Ni 

Cell Entrace  -100 V 

Cell Exit  -60 V 

Integration time 0.1s 

Mode TRA 

Measured isotopes 32S, 101Ru, 102Ru 

Measured masses 48, 101, 102 
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Table 9: Instrumental parameters of the HPLC- system 

Column  Waters Acquity UPLC Protein BEH SEC 

Material  BEH 

Separation type Size exclusion 

Pore size 200 Å 1) / 125 Å 2) 

Particle size 1.7 µm 

Inner diameter 4.6 mm 

Length 150 mm 

Mass range 125 Å 1K - 80K Daltons 

Mass range 200 Å 10K - 450K Daltons 

Eluents 50 mM NH4Ac, pH 6.8 

Injection volume 5 µL 

Flow rate 0.4 mL/min 

Column temperature 37 °C 

Autosampler temperature  37 °C 1) & 2) / 4°C 3) 

Run time  20 min 1) / 30 min 2) 

1) kinetics measurements 
 

2) stability measurements 
 

3) serum: binding and determination cRu 

 

For the investigation of the possible decrease of the ruthenium content in different settings 

over time, flow injection was employed using the Agilent 1260 Infinity Bio-Inert LC system in 

combination with the Agilent 8800 ICP-MS/MS. Therefore, the samples were measured di-

rectly after sample preparation (0 h) and after 24 hours. The instrumental parameters were 

the same as in Table 8 and Table 9.With the exception that the autosampler temperature 

has been lowered to 4 °C and only the two ruthenium isotopes were measured. 
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2.3 Determination of the Ru concentration in blood pellets of 

mice treated with KP1339 or KP1339/etomoxir 

In the following, the steps of the sample preparation and the instrumental parameters for 

the determination of the ruthenium concentration in the mice blood pellets are described. 

All samples were measured with the Agilent 7800 ICP-MS. The standards were produced 

gravimetrically. 

2.3.1 Sample preparation 

A part of the blood pellet (10- 30 mg) was weighed in a PFA vessel. Afterwards, 2 mL 20 % 

HNO3 and 100 µL H2O2 were added. The heating program for the open vessel digestion was 

six hours long (Figure 8). The absolute time can vary because the next step was applied when 

the temperature of the previous step has been reached. After the digestion procedure, the 

PFA vessels were cooled off. Each sample was transferred to a 15 mL falcon tube and the 

PFA vessel was rinsed two times with 4 mL ultrapure H2O and transferred to the tube. The 

dilution factor was obtained by dividing output weight by initial weight. The same procedure 

was followed for the blanks. After that, the samples were measured with the 7800 ICP-MS 

from Agilent (2.3.2 Instrumental parameters).  

 

 

 

 

 

 

 

 

 

Figure 8: Temperature program open vessel digestion 
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2.3.2 Instrumental parameters 

The digested blood pellets were measured in direct infusion with an Agilent 7800 ICP-MS 

Single Quadrupole system (Agilent Technologies, Tokyo, Japan). The measurement was op-

erated with the MassHunter 4.4 software package (Version C.01.04). Indium was measured 

as an internal standard. The experimental settings are given in Table 10. 

 

Table 10: Instrumental parameters direct infusion ICP-MS 

Direct infusion 

Instrumental parameters for the 7800 ICP-MS device 

Autosampler Agilent SPS 4 

RF power  1550 

Plasma gas 15 L/min 

Auxiliary gas 0.9 L/min 

Nebulizer gas 1.07 L/min 

Cones Ni 

Integration time 0.1 s 

Mode no gas 

Measured isotopes 101Ru, 102Ru, 115In 

Measured masses 101, 102, 115 

Number of replicates 10 

Number of sweeps 100 
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2.4 Investigation of serum samples of mice treated with 

KP1339 or KP1339/etomoxir 

In the following paragraphs the sample preparation and the instrumental parameters for the 

measurements of the mice serum samples are described. In the serum samples, the rutheni-

um concentration was determined on the one hand, but the protein binding was also exam-

ined. All samples, which were measured with the Agilent 8800 ICP-MS/MS were prepared in 

an ISO class 8 cleanroom to avoid possible contaminations. All standards were produced 

gravimetrically. 

2.4.1 Sample preparation 

To investigate the binding of KP1339 to serum proteins in vivo, the serum samples of mice 

treated with KP1339 and KP1339/etomoxir were analysed by SEC-ICP-MS using the instru-

mental parameters described in 2.4.2. For this purpose, mouse serum samples were diluted 

appropriately in 50 mM NH4Ac buffer (pH 6.8) directly before the measurement.  

Flow injection in combination with ICP-MS/MS detection was used to determine the ruthe-

nium concentrations directly in mouse serum samples. Serum samples were diluted in 50 

mM NH4Ac buffer (pH 6.8) to match the calibration range of the standards. Standards were 

prepared in 3 % HNO3. Diluted serum samples were kept at 4 °C in the autosampler of the 

HPLC-system.  

2.4.2 Instrumental parameters 

The protein binding of KP1339 and the amount of ruthenium in mouse serum was also inves-

tigated with the 8800 ICP-MS/MS system from Agilent. For both test series the HPLC-system 

was coupled to the ICP-MS. The settings for the protein binding study are the same as in 

Table 8 and Table 9. With the exception that the autosampler temperature for the determi-

nation of the protein binding was set to 4 °C. For the investigation of the protein binding, the 

Acquity UPLC Protein BEH SEC Column (1.7 µm, 4.6 x 150 mm, 10-450 K) from Waters was 

used. For the investigation of the protein binding, the ruthenium isotopes and sulphur were 

registered. For the investigation of protein binding, all serum samples were measured once. 

For the determination of the total ruthenium amount no column was needed, a flow injec-

tion was carried out. The settings for the flow injection of the mice serum samples are listed 
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in Table 11 and Table 12. Since no sulphur was measured in this measurement, no reaction 

gas was used. 

 

Table 11: Instrumental parameters ICP-MS/MS; flow injection 

RF power  1550 V 

Sampling depth 8.0 mm 

Spray chamber quartz, double pass 

Spraying chamber temperature 2 °C 

Plasma gas 15 L/min 

Auxiliary gas 0.9 L/min 

Nebulizer gas 1.07 L/min 

Reaction gas  /  

Cones Ni 

Cell Entrace  -40 V 

Cell Exit  -50 V 

Integration time 0.1 s 

Total Acquisition Time 0.5 min 

Mode TRA 

Measured isotopes 101Ru, 102Ru 

Measured masses 101, 102 

 

Table 12: Instrumental parameters HPLC-system; flow injection 

Eluents 50 mM NH4Ac, pH 6.8 

Injection volume 2 µL 

Flow rate 0.4 mL/min 

Autosampler temperature  4 °C 
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2.5 Sample preparation and instrumentation RP-ESI-MS 

measurements 

2.5.1 Sample preparation 

In the following paragraphs, the steps of the sample preparation for the stability and kinetics 

measurements with organic mass spectrometry are described.  

2.5.1.1 Preparation stability measurements 

For the stability measurements with RP-ESI-MS KP1339 was dissolved in 0.9 % NaCl to obtain 

a 20 mM stock solution. For the comparison of the stability of the compound, one approach 

was dissolved in the ultrasonic bath, and the other one was dissolved by vortexing. The stock 

solutions were diluted with 0.9 % NaCl to obtain a 400 µM end concentration. To investigate 

the influence of the pH value, the pH value for one sample was adjusted to three using 0.1 M 

HCl. In the following table, all details are shown. 

 

Table 13: Settings for the stability measurements with RP-ESI-MS in 0.9% NaCl 

KP1339 NaCl stock solution 1) 

Matrix 
V Matrix 

[µL] 

VKP1339 stock 

[µL] 
KP1339 dissolved in Solved by 

End conc. KP1339 

[µM] 

0.9% 

NaCl 

980 201) 

0.9% NaCl 

Ultrasonic bath 400 

980 201) Vortexing (pH ~7) 400 

980 201) Vortexing (pH ~3) 400 

1) Stock solution KP1339 20mM (dissolved in 0.9% NaCl) 

 

An aliquot was taken from the prepared sample and stored at 4 degree Celsius. The first 

measurement was taken directly after sample preparation. After 24 hours, the samples were 

measured, which were stored at 37 °C for 24 hours. In addition, the cooled aliquot was 

measured. Thus, the influence of the temperature on the stability could be investigated. 
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2.5.1.2 Preparation kinetics measurements 

For the measurements with RP-ESI-MS KP1339 was freshly dissolved in DMSO to obtain a 20 

mM stock solution. For the dissolving step, it was necessary to vortex briefly. Then the stock 

was diluted with MC0 and the initial concentration of KP1339 was 400 µM. An attempt was 

made to dissolve KP1339 in MC0. In addition to vortexing, the stock solution was placed in 

an ultrasonic bath, and the stock solution was spun because the KP1339 wasn´t completely 

soluble in MC0. Afterwards the 10 mM stock solution was diluted with MC0 to obtain a 400 

µM initial concentration of KP1339. Furthermore, samples were prepared with MC10. For 

these measurements, KP1339 was dissolved in DMSO. Afterwards, the stock solution was 

diluted with MC10 to obtain the desired initial concentration of 400 µM.  

In Table 14 the test settings for the kinetics measurements are listed. 

 

Table 14: Settings for the kinetics measurements with RP-ESI-MS in MC0 and MC10 

KP1339 stock solution  

Matrix KP1339 dissolved in Initial conc. KP1339 [µM] 

MC0 
DMSO 400 

MC0 400 

MC10 DMSO 400 

2.5.2 Instrumental parameters 

For the structural elucidation of KP1339 in medium, an LTQ Orbitrap Velos (Thermo Fisher) 

was used. For the chromatographic separation the instrument was coupled to the Thermo 

Fisher Vanquish UHPLC-system. The LC-system was run with the Chromeleon software (Ver-

sion 7.2.6) and the Velos was operated with the Thermo Xcalibur 2.2 SP 1.48 (2011). 

The instrumental parameters for the RP-ESI-MS measurements are summarized in Table 15. 
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Table 15: Instrumental parameters RP-ESI-MS 

Instrumental parameters for the LTQ Orbitrap Velos 

Resolution MS1 60 000 

Resolution MS2 15 000 

Scan ranges 140.00 - 1500.00 m/z 

Polarity Positive/Negative 

Dynamic exclusion 

Exclusion duration  2 s 

Scan event 

Minimum signal threshold 15 000 counts 

Analyse top N peaks 3 

Activation type CID 

Isolation width 3 m/z / 16 m/z  

Normalised collision energy 35.0 

Activation time 30.0 ms 

Instrumental parameters for the HPLC-system 

Column Thermo Fisher AcclaimTM 120 C18 3µm 

Material Dionex Bonded Silica Products 

Seperation type  Reversed phase 

Pore size 120 Å 

Inner diameter 2.1 mm 

Length 150 mm 

Eluents ACN/H2O + 0.1 % FA 

Injection volume 10 µL 

Flow rate 0.45 mL/min 

Column temperature 25 °C 

Autosampler temperature 37 °C 

Run time  60 min  

 

A gradient of acetonitrile + 0.1 % formic acid and water + 0.1 % formic acid was used as mo-

bile phase. The run time for each measurement was sixty minutes. In Table 16 the exact 

composition of the gradient is given and in Figure 9 it is graphically represented.  
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Table 16: Flow gradient Vanquish UHPLC 

No. Time [min] Flow [mL/min] ACN + 0.1 FA % [%] H2O + 0.1 FA [%] 

1 0.00 0.45 5.0 95.0 

2 45.00 0.45 95.0 5.0 

3 51.50 0.45 95.0 5.0 

4 52.00 0.45 5.0 95.0 

5 59.00 0.45 5.0 95.0 

 

Figure 9: Flow gradient Vanquish UHPLC 

 

For the stability measurements, almost the same method as in Table 15 was used. The only 

exceptions were that the injection volume was 5 µL instead of 10 µL, and the samples were 

only measured in negative mode. Furthermore, an additional measurement was carried out 

at 4 °C. 
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3 Results and discussion 

3.1 ICP-MS 

Due to the high sensitivity, ICP-MS was the method of choice for the stability and kinetics 

measurements of the ruthenium-based anticancer compound KP1339. Besides, the wide 

dynamic range it is advantageous for the determination of the ruthenium content. The de-

termination of sulphur is not straightforward because the most abundant sulphur isotope 

(32S, abundance 95.02%) interferes with the 16O2
+ ion. By using a triple quadrupole, even 

sulphur can be detected. In this work, such a device was used and, using oxygen as a reac-

tion gas, sulphur could be detected as 32S16O+. These problems do not occur with ruthenium, 

the isotopes can be determined with a single quadrupole. 

3.1.1 Stability measurements 

The selection of the medium to dissolve a compound is crucial to ensure that the compound 

remains in its intact form before the start of in vitro studies. Therefore, the stability of 

KP1339 was investigated in different media, which are commonly used in cell culture exper-

iments. In a first experiment, the stability of KP1339 was investigated in 0.9 % NaCl dilutions 

from a DMSO KP1339 stock solution by SEC-ICP-MS/MS measurements. In another setting, 

the ruthenium content was determined with FI-ICP-MS. Therefore, the KP1339 DMSO stock 

solution was diluted with MC0, PBS, and 0.9 % NaCl. The stability of the 0.9 % NaCl stock 

solution, which was further diluted with 0.9 % NaCl, was also investigated.  

 

For the stability measurements of KP1339 by SEC-ICP-MS/MS, the samples were injected 

several times over 24 hours while being held at 37 °C. The separation by size-exclusion 

chromatography enabled to track KP1339 via its ruthenium trace over time and to follow the 

stability in the respective end concentration.  

The dilution of KP1339 in 0.9 % NaCl from a highly concentrated stock solution of KP1339 in 

DMSO was not stable over time. At higher concentrations (200 µM and 400 µM) precipita-

tion could be observed in the HPLC vial. The following Figure shows the decrease of the ru-

thenium area over time. 
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Figure 10: Stability of KP1339 (DMSO) in 0.9% NaCl, SEC- ICP- MS 

 

The following Table lists the percentage decrease of the ruthenium counts of the KP1339 

DMSO stock solution, which was diluted with 0.9 % NaCl over a time period of 16 and 23 

hours respectively (See Figure 10). The highest decrease of Ru counts was observed for the 

solution with the lowest end concentration. Based on the observed precipitation, this would 

rather have been expected for the higher end concentrations. 

 

Table 17: Change ruthenium counts in the KP1339 DMSO stock solution (SEC-ICP-MS) 

KP1339 DMSO stock solution 1) 

Matrix End conc. KP1339 [µM] Decrease Ru counts [%] 

0.9% NaCl 

400 59.6 

200 57.1 

100 52.8 

10 79.1 

1) Stock solution KP1339 20 mM (dissolved in DMSO) 
 

In addition, the ruthenium content was determined directly after sample preparation (0 h) 

and after 24 hours with FI-ICP-MS. The KP1339 DMSO stock solution was stable in MC0 for at 

least 24 hours. In all other settings, a decrease of the ruthenium content was observed. The 

results for both stock solutions are summarized in Table 18. 
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Table 18: Change of ruthenium counts in the KP1339 DMSO and 0.9% NaCl stock solution (FI-

ICP-MS) 

KP1339 DMSO stock solution 1) KP1339 0.9% NaCl stock solution 2) 

Matrix Decrease Ru counts [%] Matrix Decrease Ru counts [%] 

MC0 no decrease 0.9% NaCl 70.1 

PBS 26.6   

0.9% NaCl 78.6   

1) KP1339 dissolved in DMSO   
2) KP1339 dissolved in 0.9% NaCl   

 

Due to the decrease of the ruthenium counts over time and thus the lack of stability in vari-

ous media (PBS, 0.9 % NaCl), all solutions should always be freshly prepared. 

3.1.2 Kinetics measurements of KP1339 in different biological matrices 

Numerous experiments in cell culture have led to several hypotheses. These should be inves-

tigated in further methods. 

To examine the behavior of KP1339 and investigate the protein binding kinetics in different 

biological matrices, SEC-ICP-MS measurements were carried out. The samples were injected 

several times over a period of 24 hours, depending on the biological matrix, while being held 

at 37 °C in the autosampler of the HPLC-system. The separation with the used size-exclusion 

column enabled to follow the binding of KP1339 to albumin.  

In Figure 11, the sulphur peaks corresponding to albumin (66.5 kDa [40], retention time of 

around 4 min) and its dimer (retention time of 3.5 min) and the ruthenium peak correspond-

ing to intact KP1339 (retention time of 15 min) are shown. The chromatograms are from a 

KP1339 DMSO stock solution in BSA and was measured directly after sample preparation 

(time point 0 h). For the kinetics measurements by SEC-ICP-MS, an analysis time of approxi-

mately 20 minutes per sample was chosen. After 24 hours, the binding of KP1339 to albumin 

and its dimer is evident, whereas no free KP1339 can be detected any more (Figure 12). 
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Figure 11: Albumin and KP1339 peak of 100µM KP1339 (DMSO) in BSA_0h 

 

Figure 12: Albumin and KP1339 peak of 100µM KP1339 (DMSO) in BSA_24h 

3.1.2.1 Kinetics measurements in BSA/FFBSA/MC10/MC10 delipidated 

In a next step, the protein binding kinetics of KP1339 from two different stock solutions (one 

in DMSO and one in 0.9 % NaCl) were investigated in different biological matrices using SEC-

ICP-MS. Thus, on the one hand the influence of the solvent but also the role of the medium 

could be investigated. For this purpose, bovine serum albumin (the most abundant protein 

in serum) and fat free BSA were selected, as it was shown in cell culture experiments that 

KP1339 showed lower cytotoxicity at a higher fat content. Thus, the question arose if the fat 

content of the medium influences the uptake into the cell. The results of the cell culture ex-

periments led to the hypothesis that KP1339 could bind to a fatty acid and this in turn influ-

ences the binding to albumin. In addition to BSA/FFBSA, also MC10 (cell culture medium 

with 10% fetal calf serum) and M10delip. were included.  

 

The following Figures (Figure 13 to Figure 16) show the decrease of KP1339 (diluted from a 

DMSO stock solution) over time as a function of the initial concentration in different biologi-
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cal settings. It can be seen that the protein binding kinetics is significantly faster at lower 

KP1339 initial concentrations in all 4 media. KP1339 binds faster to albumin in MC10, and 

MC10delip. compared to BSA, and FFBSA. FCS added to the medium is significantly more 

complex than pure BSA/FFBSA. Likewise, the albumin and fatty acid content can vary signifi-

cantly. This fact and the numerous other components in McCoy`s 5A Medium (see 5 Appen-

dix) can thus possibly have an influence on the protein binding kinetics. In BSA and FFBSA 

(Figure 13 and Figure 14), the percentage decrease in KP1339 was comparable over time. 

These measurements therefore did not confirm the assumption that fat could influence the 

protein binding to a large extent.  

 

Figure 13: Kinetics measurements of different KP1339 initial conc. (DMSO stock solution) in 

FFBSA 

 

Figure 14: Kinetics measurements of different KP1339 initial conc. (DMSO stock solution) in 

BSA 
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Figure 15: Kinetics measurements of different KP1339 initial conc. (DMSO stock solution) in 

MC10 

 

Figure 16: Kinetics measurements of different KP1339 initial conc. (DMSO stock solution) in 

MC10delip. 

 

In Figure 17, the protein binding kinetics of the KP1339 NaCl stock solution in FFBSA, BSA, 

MC10, and MC10delip. are shown. The kinetics are clearly faster in the 0.9 % NaCl stock solu-

tion compared to the DMSO stock solution (Figure 13 to Figure 16). 
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Figure 17: Kinetics measurement of KP1339 (NaCl stock solution) in 

FFBSA/BSA/MC10/MC10delip. 

 

The following Table (Table 19) shows the decrease of the KP1339 0.9 % NaCl and DMSO 

stock solution in FFBSA, BSA, MC10, and MC10 delipidated. By comparing the percentage 

decrease it becomes more obvious that the kinetics are significantly faster for KP1339, which 

was dissolved in 0.9 % NaCl. In many cell cultures experiments for KP1339, DMSO is used as 

a solvent, whereas in the in vivo experiments 0.9 % NaCl is used. But as these results show 

that there are significant differences in the protein binding kinetics of KP1339, this fact has 

to be considered for the interpretation of results.  
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Table 19: Decrease of 100µM KP1339 (DMSO and NaCl stock) in 

FFBSA/BSA/MC10/MC10delip. over time 

  
KP1339 DMSO stock solution 1) KP1339 NaCl stock solution 2) 

Matrix Time [h] KP1339 [%] 3) KP1339 [%] 3) 

FFBSA 

0.00 99.95 99.93 

0.33 97.94 93.29 

0.66 93.60 67.31 

3.00 62.14 5.53 

6.00 38.81 2.29 

24.00 2.13 0.11 

BSA 

0.00 99.94 99.95 

0.33 98.89 98.36 

0.66 96.26 95.01 

3.00 67.10 27.41 

6.00 35.00 9.67 

24.00 1.12 0.14 

MC10 

0.00 99.77 99.87 

0.33 84.61 1.86 

0.66 40.94 0.15 

1.00 13.71 0.00 

1.33 / 0.00 

2.00 0.40 0.00 

MC10 delip. 

0.00 99.90 99.78 

0.33 67.29 0.00 

0.66 9.03 0.00 

1.00 0.95 0.00 

1.33 0.00 0.00 

2.00 0.00 0.00 

1) Stock solution KP1339 20 mM (dissolved in DMSO)  
2) Stock solution 20mM (dissolved in 0.9% NaCl)  
3) End conc. KP1339 in Matrix → 100µM  
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3.1.2.2 Kinetics measurements in FCS 

In Figure 18, the kinetics of the KP1339 0.9 % NaCl and DMSO stock solution as a function of 

the serum concentration is compared. Due to the measurement in different FCS concentra-

tions, the albumin content also varies. Thus, the dose dependence of the protein binding 

was investigated. 

 

Figure 18: Kinetics measurements KP1339 DMSO and NaCl stock solution in FCS 

 

The protein binding kinetics of the 0.9 % NaCl dissolved KP1339 is hardly affected by the dif-

ferent FCS concentrations. On the other hand, KP1339, which was dissolved in DMSO, binds 

significantly faster if more serum, and thus a higher albumin content, is present 

In FCS it is again clearly recognisable that the kinetics in the KP1339 0.9 % NaCl stock solu-

tion are significantly faster compared to the KP1339 DMSO stock solution. 

3.1.2.3 Kinetics measurements in MC0 

In a next experiment, the protein binding kinetics of KP1339 were investigated in cell culture 

medium without the addition of FCS (M0). In both stock solutions (DMSO and 0.9 % NaCl), 

the absence of serum proteins and especially albumin revealed other possible binding part-

ners for KP1339. The peak corresponding to the intact form of KP1339 disappeared over 

time and ruthenium was detected in the low-molecular weight fraction, where several Ru 

containing substances were observed. The Ru species can be either degradation products of 

KP1339 and/or KP1339 and its degradation products bound to small molecular substances 

present in M0. 
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Figure 19: Chromatogram KP1339 DMSO and NaCl stock solution in MC0 

3.1.2.4 Kinetics measurements with additional CoA 

CoA forms with etomoxir a thioester. By adding CoA to KP1339 and PBS, MC0, and MC10, it 

should be investigated whether a thioester is also formed with KP1339. Or whether there is 

an influence due to the addition of CoA on the binding kinetics of KP1339. The addition of 

CoA led to a shift in the retention time of KP1339. Therefore, the run time was increased to 

30 minutes instead of 20 minutes.  

The comparison of the KP1339 0.9 % NaCl stock solution and the DMSO stock solution 

with/without CoA in MC10 is shown in Figure 20. By comparing the KP1339 (DMSO) in MC10 

and the sample with the additional CoA, it is evident that the protein binding is accelerated 

by the addition of CoA. After the addition of 100 µM CoA, no free KP1339 can be observed 

any more after 0.5 h. The binding of the KP1339 0.9 % NaCl stock solution in MC10 takes also 

place very quickly and after 20 minutes hardly any free KP1339 is left. As for MC10, the bind-

ing of KP1339 to albumin was accelerated by the addition of CoA, this method or medium is 

not suitable for investigating whether a thioester is formed. 
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Figure 20: Comparison of protein binding kinetics of KP1339 in MC10 (+CoA) 

 

By adding CoA to MC0 and PBS low-molecular substances containing ruthenium were 

formed over time. Figure 21 and Figure 22 show these substances at different injection 

times. 

 

 

 

 

 

 

 

 

 

 

Figure 21: Chromatogram KP1339 DMSO stock solution in MC0 + CoA 
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Figure 22: Chromatogram KP1339 DMSO stock solution in PBS + CoA 

3.1.2.5 Kinetics measurements with spiked matrices 

In MC0 different Ru peaks compared to serum containing cell culture medium were ob-

served due to the absence of albumin. Therefore, in a further approach MC0 was spiked with 

BSA or FFBSA. The influence of the addition of oleic acid bovine serum albumin (OA BSA) to 

MC0 or PBS was also investigated. 

Figure 23 and Figure 24 show chromatograms of the KP1339 DMSO and NaCl stock solution 

in MC0 spiked with FFBSA or BSA at different injection times. It becomes apparent that also 

in albumin spiked MC0 some low-molecular substances containing Ru were developed.  

In Figure 23,  chromatograms of the two stock solutions in MC0 + FFBSA at different injection 

times are compared. It seems that fewer of these low-molecular substances are present in 

the NaCl stock solution than in the DMSO stock solution. 
 

Figure 23: Chromatogram KP1339 DMSO and NaCl stock solution in MC0 + FFBSA,  

comparison of different injection times 
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Figure 24 shows chromatograms for both stock solutions in MC0 + BSA. Again, there are 

fewer of these compounds in the KP1339 NaCl stock solution. 

Figure 24: Chromatogram KP1339 DMSO and NaCl stock solution in MC0 + BSA,  

comparison different injection times 

 

The comparison of the KP1339 DMSO and the 0.9 % NaCl stock solution in MC0/PBS +        

OA BSA is shown in the following Figure. The decrease of KP1339 is plotted against time. The 

protein binding kinetics is much faster in MC0 + OA BSA than in PBS + OA BSA.  

 

Figure 25: Kinetics measurements KP1339 DMSO and NaCl stock solution in MC0/PBS + OA 

BSA 
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In Figure 26, chromatograms of the KP1339 DMSO and NaCl stock solution in PBS + OA BSA 

are shown. In the DMSO stock solution, there is still some free KP1339 left after 24 hours 

and in the NaCl stock solution, there is no free KP1339 left.  

 

Figure 26: Chromatogram KP1339 DMSO and NaCl stock solution in PBS + OA BSA, 

comparison different injection times 

 

In MC0 + OA BSA were some low-molecular substances formed (Figure 27).  

 

Figure 27: Chromatogram KP1339 DMSO and NaCl stock solution in MC0 + OA BSA, 

comparison different injection times 

 

Figure 25 showed that the kinetics in MC0 + OA BSA were faster than in PBS + OA BSA. The 

representation refers to the decrease of KP1339 over time. However, different Ru com-

pounds are formed in various media (e.g. MC0) as shown in Figure 27. Due to the formation 
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of additional compounds, the amount of KP1339 decreases faster and thus it seems that the 

protein binding kinetics is accelerated. Especially in complex media, it is advisable to present 

the results in different ways. 

 

In Figure 28, the protein binding kinetics of the KP1339 DMSO and NaCl stock solution in 

MC0 spiked with FFBSA, BSA, and OA BSA are shown. KP1339 dissolved in 0.9 % NaCl binds 

so fast that no difference between MC0 + FFBSA/BSA/OA BSA can be observed. Thus, no 

conclusion can be drawn in the KP1339 NaCl stock solution about a possible influence of the 

fat content on the binding. In the KP1339 DMSO stock solution, no trend regarding the fat 

content can be detected either.  

In cell culture, an influence of the fat content was observed. Nevertheless, no general influ-

ence of the fat content on the kinetics can be drawn. This would require further experi-

ments, which would also include different fatty acids. To investigate whether certain fatty 

acids have an influence. 

Figure 28: Kinetics measurements KP1339 DMSO and NaCl stock in MC0 spiked 
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3.1.3  Mice serum samples and blood pellets 

The in vivo behavior of KP1339 was investigated in blood pellets and serum samples from 

mice treated with KP1339. In Table 20, the details for the therapy of the mice are listed. The 

given dose was for all mice the same, 30 mg/kg twice a week with an interval of three days. 

The treatment was carried out for two weeks and the samples were taken 24 hours after the 

last treatment. For the injection, the serum was first incubated 1:1 with KP1339 or 0.9 % 

NaCl and only then the administration was carried out. The HCT116res colon cancer cell line 

was used, which was bred to be resistant to KP1339. Four mice were treated with KP1339 

and the same number was treated with KP1339/etomoxir. Two mice were used as control 

mice (mouse 7 and 8), which did not receive KP1339. 
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Table 20: In vivo samples of the treated mice 

Mouse Theraphy i.v./i.p. 

mouse 3_KP1339 
4x i.v. 1:1 serum:KP1339 

daily i.p. NaCl 

mouse 4_KP1339 
4x i.v. 1:1 serum:KP1339 

daily i.p. NaCl 

mouse 5_KP1339 
4x i.v. 1:1 serum:KP1339 

daily i.p. NaCl 

mouse 6_KP1339 
4x i.v. 1:1 serum:KP1339 

daily i.p. NaCl 

mouse 7_control 
4x i.v. 1:1 serum:NaCl 

daily i.p. NaCl 

mouse 8_control 
4x i.v. 1:1 serum:NaCl 

daily i.p. etomoxir 

mouse 13_ KP1339/etomoxir 
4x i.v. 1:1 serum:KP1339 

daily i.p. etomoxir 

mouse 14_ KP1339/etomoxir 
4x i.v. 1:1 serum:KP1339 

daily i.p. etomoxir 

mouse 15_ KP1339/etomoxir 
4x i.v. 1:1 serum:KP1339 

daily i.p. etomoxir 

mouse 16_ KP1339/etomoxir 
4x i.v. 1:1 serum:KP1339 

daily i.p. etomoxir 

3.1.3.1 Ruthenium content in mice blood pellets and serum samples 

In Table 21 the ruthenium concentrations, which were determined in the blood pellets and 

serum samples of mice treated with KP1339 and KP1339/etomoxir, are listed. All values are 

blank corrected, and the dilution factor was included in the calculation. As expected, no ru-

thenium was detected in the two control mice  
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Table 21: Ruthenium concentrations in mice blood pellets and serum samples 

 
Blood pellet Serum 

Sample 
Ru conc. 

[mg/kg] 

Ru conc. 

[mg/kg] 

mouse 3_KP1339 
20.59 22.28 

mouse 4_KP1339 10.59 15.66 

mouse 5_KP1339 2.70 4.35 

mouse 6_KP1339 28.87 15.38 

mouse 7_control <LOQ <LOQ 

mouse 8_control <LOQ <LOQ 

mouse 13_KP1339/etomoxir 20.72 26.35 

mouse 14_ KP1339/etomoxir 10.04 7.83 

mouse 15_ KP1339/etomoxir 10.46 21.77 

mouse 16_ KP1339/etomoxir 22.60 27.34 

 

Due to the large variation of the Ru content in the blood pellet and serum from the same 

treatment group, it is difficult to draw conclusions. Possible fluctuations in the ruthenium 

content could be due to a less than optimal therapy or that the dose was not injected well. 

This can be seen in the samples of mouse 5, which showed significantly lower Ru levels com-

pared to the other samples. Blood pellet and serum of mice treated with KP1339 showed Ru 

concentrations between 10-30 mg/kg and 15-22 mg/kg, respectively. For mice samples 

treated with a combination of KP1339/Etomoxir, similar Ru levels could be observed. Blood 

pellets showed a Ru concentration between 10-20 mg/kg and serum a Ru concentration be-

tween 20-27 mg/kg. In general, high Ru levels were found in serum indicating that KP1339 is 

bound to albumin and circulating in the bloodstream, which is favourable for the compound 

delivery to the tumour site. 

3.1.3.2 Investigation of the protein binding of KP1339 in serum samples of mice 

In order to investigate, whether the high Ru levels in serum correspond to free KP1339 or 

KP1339 bound to serum albumin and/or other serum proteins, SEC-ICP-MS measurements 

were carried out in serum samples of mice treated with KP1339 and with KP1339/etomoxir. 

Control mice were included as comparison, but no ruthenium was detectable in their serum 
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samples (data not shown). The investigation of the protein binding via SEC-ICP-MS in treated 

samples showed that no free KP1339 was present. In Figure 29 and Figure 30 chromato-

grams from KP1339 treated mice, and the KP1339 + etomoxir treated mice are shown. Blue 

is the ruthenium trace and red is the sulphur trace. There is no discernible difference in the 

binding of KP1339 or KP1339/etomoxir treated mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Chromatograms mouse serum samples, mouse 3-6_KP1339 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: Chromatograms mouse serum samples, mouse 13-16_etomoxir + KP1339 
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3.2 ESI-MS 

Due to the complete atomisation of the sample in the ICP, no conclusion can be drawn about 

the composition of a compound. However, it is possible to obtain information about the mo-

lecular composition in organic mass spectrometry. Therefore, it was possible to detect some 

compounds that are formed instead of or in addition to the binding to albumin. However, 

quantification is not possible with this method due to numerous factors e.g. ion suppression.  

3.2.1 Stability measurements 

For the stability study, the KP1339 0.9 % NaCl stock solution was diluted with 0.9 % NaCl to 

an end concentration of 400 µM. In the process, KP1339 was dissolved either by vortexing or 

by the ultrasonic bath. A pH value of seven was determined for the sample that was dis-

solved by vortexing. Since it was shown in other test series that the stability of KP1339 is 

significantly better in an acidic medium, the pH value was adjusted to three for a dilution. 

Besides KP1339, other compounds with ruthenium have been traced in all three stability 

approaches. These compounds do not necessarily have to come from the dissolution process 

because the can be a result of the ion source.  

No quantification is possible by ESI-MS, but a trend can still be identified. By comparing the 

peak area of KP1339 the stability depends on the temperature. The area of the sample that 

was stored at 37 degrees Celsius decreases significantly over time compared to the sample 

that was cooled. Nevertheless, it can be said that the stability is significantly better when the 

sample is refrigerated. This could be observed in all three approaches (ultrasonic bath, vor-

texing pH ~ 7, vortexing pH ~ 3).  

In Figure 31 chromatograms of KP1339 (NaCl stock solution) in 0.9 % NaCl are shown. Which 

was dissolved by vortexing and the pH was adjusted to three. It is noticeable that the 

KP1339 peak after 24 hours at 37 degrees Celsius (B) is significantly lower compared to the 

sample which was stored at 4 degrees Celsius (C).  
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Figure 31: Chromatogram of KP1339 (NaCl) in 0.9% NaCl, vortexing, pH ~3, fixed scale  

A: injection time 0h, r.t.; B: injection time 24h, 37°C; C: injection time 24h, 4°C 

3.2.2 Kinetics measurements 

For the kinetics measurements, KP1339 was dissolved in DMSO and MC0 and afterwards 

diluted with MC10 and/or MC0. 

First test measurements were carried out with a lower initial concentration and injection 

volume. However, increasing the initial KP1339 concentration and a larger injection volume 

showed that more ruthenium isotopes could be detected. The first measurement was car-

ried out directly after the sample preparation. This was followed by measurements after 

one, two, three, four, and 24 hours. Besides, one measurement was taken after five or 25 

hours with a wider isolation window to get hold of all ruthenium isotopes. The measure-

ments were carried out in positive and negative mode. 

KP1339 was hardly soluble in MC0. Even after vortexing and treatment in an ultrasonic bath, 

some solid remained. Although the liquid supernatant was further used, the peak of KP1339 

was much lower than in the DMSO stock solution. Due to the low intensity and the missing 

isotopic pattern, the data could not be interpreted further. Therefore, only the results of the 

KP1339 DMSO stock solution will be discussed in the following. 

By measuring the KP1339 stock solution in MC0 and MC10 by organic mass spectrometry, 

numerous adducts were detected. For the possible candidates, the isotopic pattern was 

generated and compared with the results of the measurement. Furthermore, the theoretical 
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sum formula was generated for the respective m/z value. Thus, the adducts were confirmed 

in two ways. 

3.2.2.1 KP1339 in MC0 

In MC0, numerous peaks with an isotopic pattern of ruthenium were observed. Especially 

adducts with DMSO and amino acids could be detected. Such compounds were detected in 

the measurement in negative and positive mode. 

For the formation of adducts of the type Ru1L2Cl1DMSO1AA1 (Figure 32), three chlorine at-

oms are split off. For the adduct to be negatively charged and thus measurably in the nega-

tive mode, other components must bind to the reduced central atom. In addition to the 

negative chlorine, a doubly deprotonated amino acid binds, making the entire complex sin-

gle negatively charged. The neutral DMSO does not contribute any charge.  

 

Figure 32: Structure of Ru1L2Cl1DMSO1AA1 

 

In Figure 33 adducts of this type are shown. The data were normalised and then plotted 

against the injection time points. The intensity of the respective adduct increases over time. 
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Figure 33: Adduct formation (Ru1L2Cl1DMSO1AA1) in KP1339 (DMSO) in MC0_neg. Mode 

 

For the Ru1L2DMSO2AA1 adducts, the amino acid is triple deprotonated, thus the complex 

receives a negative charge. Adducts with two DMSO were detected significantly less. In Fig-

ure 34 the normalised data plotted against the various injection times are shown. 

 

Figure 34: Adduct formation (Ru1L2DMSO2AA1) in KP1339 (DMSO) in MC0_neg. Mode 

 

In the positive mode, most Ru1L2Cl1DMSO1AA1 adducts that were previously confirmed in the 

negative mode were also detected. The results for Ru1L2Cl1DMSO1AA1 adducts are shown in 
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Figure 35. In the positive mode, the amino acid hydroxyproline could not be detected. For it, 

an adduct with aspartic acid could be verified.  

 

Figure 35: Adduct formation (Ru1L2Cl1DMSO1AA1) in KP1339 (DMSO) in MC0_pos. Mode 

 

The normalised data for the Ru1L2DMSO2AA1 adducts in the positive mode are given in Figure 

36. Ten more adducts were detected in the positive mode than in the negative mode. The 

adduct with the amino acid asparagine could not be detected in the positive mode. 
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Figure 36: Adduct formation (Ru1L2DMSO2AA1) in KP1339 (DMSO) in MC0_pos. Mode 

 

In the following table (Table22), all adducts are listed, which were confirmed in MC0. The 

adducts are ordered according to their retention time. 
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Table 22: List of formed adducts in KP1339 (DMSO) in MC0 

No 

Ru1L2Cl1DMSO1AA1 adducts Ru1L2DMSO2AA1 adducts 

MC0 MC0 

negative Mode positive Mode negative Mode positive Mode 

1 Ru1L2Cl1DMSO1His1 Ru1L2Cl1DMSO1His1 Ru1L2DMSO2Ser1 Ru1L2DMSO2His1 

2 Ru1L2Cl1DMSO1Lys1 Ru1L2Cl1DMSO1Lys1 Ru1L2DMSO2Asn1 Ru1L2DMSO2Arg1 

3 Ru1L2Cl1DMSO1Arg1 Ru1L2Cl1DMSO1Arg1 Ru1L2DMSO2Gln1 Ru1L2DMSO2Lys1 

4 Ru1L2Cl1DMSO1Gln1 Ru1L2Cl1DMSO1Gln1 Ru1L2DMSO2Ala1 Ru1L2DMSO2Ser1 

5 Ru1L2Cl1DMSO1Asn1 Ru1L2Cl1DMSO1Asn1 Ru1L2DMSO2Thr1 Ru1L2DMSO2Gly1 

6 Ru1L2Cl1DMSO1Ser1 Ru1L2Cl1DMSO1Ser1 Ru1L2DMSO2Phe1 Ru1L2DMSO2Asp1 

7 Ru1L2Cl1DMSO1Hyp1 Ru1L2Cl1DMSO1Gly1   Ru1L2DMSO2Thr1 

8 Ru1L2Cl1DMSO1Gly1 Ru1L2Cl1DMSO1Asp1   Ru1L2DMSO2Gln1 

9 Ru1L2Cl1DMSO1Glu1 Ru1L2Cl1DMSO1Glu1   Ru1L2DMSO2Ala1 

10 Ru1L2Cl1DMSO1Thr1 Ru1L2Cl1DMSO1Thr1   Ru1L2DMSO2Tyr1 

11 Ru1L2Cl1DMSO1Ala1 Ru1L2Cl1DMSO1Ala1   Ru1L2DMSO2Val1 

12 Ru1L2Cl1DMSO1Tyr1 Ru1L2Cl1DMSO1Tyr1   Ru1L2DMSO2Met1 

13 Ru1L2Cl1DMSO1Val1 Ru1L2Cl1DMSO1Val1   Ru1L2DMSO2Glu1 

14 Ru1L2Cl1DMSO1Met1 Ru1L2Cl1DMSO1Met1   Ru1L2DMSO2Leu/Ile1 

15 Ru1L2Cl1DMSO1Leu/Ile1 Ru1L2Cl1DMSO1Leu/Ile1   Ru1L2DMSO2Phe1 

16 Ru1L2Cl1DMSO1Trp1 Ru1L2Cl1DMSO1Trp1   Ru1L2DMSO2Trp1 

17 Ru1L2Cl1DMSO1Phe1 Ru1L2Cl1DMSO1Phe1     

 

When comparing Figure 33, Figure 34, Figure 35, and Figure 36, it can be seen that the inten-

sity of the adducts is highest after 24 hours in both the negative and the positive mode. 
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3.2.2.2 KP1339 in MC10 

Just as in MC0, various adducts with amino acids and DMSO were formed in MC10 in combi-

nation with KP1339. 

In Figure 37 the adducts which in addition to the ruthenium and two indazoles, contain one 

chlorine, one DMSO, and one amino acid are shown. The data were normalised and then 

plotted against the injection time points. These are the data obtained in the negative mode. 

In the process, the intensity of the adducts increases over time. 

 

Figure 37: Adduct formation (Ru1L2Cl1DMSO1AA1) in KP1339 (DMSO) in MC10_neg. Mode 

 

The number of adducts of type Ru1L2DMSO2AA1 are significantly lower compared to 

Ru1L2Cl1DMSO1AA1. In Figure 38 the adducts with two DMSO, which were detected in the 

negative mode, are shown. 
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Figure 38: Adduct formation (Ru1L2DMSO2AA1) in KP1339 (DMSO) in MC10_neg. Mode 

 

In the positive mode, almost all Ru1L2Cl1DMSO1AA1 adducts could be detected that were also 

identified in the negative mode. However, the adduct with hydroxyproline could not be de-

tected, but an adduct with aspartic acid was identified. 

 

Figure 39: Adduct formation (Ru1L2Cl1DMSO1AA1) in KP1339 (DMSO) in MC10_pos. Mode 

 

The normalised data for the Ru1L2DMSO2AA1 adducts in the positive mode are given in Figure 

40. By comparison with the results of the measurements in the negative mode, more ad-
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ducts with two DMSO were detected in the positive mode. The adduct with the amino acid 

asparagine could not be detected in the positive mode.  

 

Figure 40: Adduct formation (Ru1L2DMSO2AA1) in KP1339 (DMSO) in MC10_pos. Mode  

 

In the following table (Table 23), all adducts detected in MC10 are listed according to their 

retention time. The same compounds were detected in MC0 (Table 22).  
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Table 23: List of formed adducts in KP1339 (DMSO) in MC10 

No 

Ru1L2Cl1DMSO1AA1 adducts Ru1L2DMSO2AA1 adducts 

MC10 MC10 

negative Mode positive Mode negative Mode positive Mode 

1 Ru1L2Cl1DMSO1His1 Ru1L2Cl1DMSO1His1 Ru1L2DMSO2Ser1 Ru1L2DMSO2His1 

2 Ru1L2Cl1DMSO1Lys1 Ru1L2Cl1DMSO1Lys1 Ru1L2DMSO2Asn1 Ru1L2DMSO2Arg1 

3 Ru1L2Cl1DMSO1Arg1 Ru1L2Cl1DMSO1Arg1 Ru1L2DMSO2Gln1 Ru1L2DMSO2Lys1 

4 Ru1L2Cl1DMSO1Gln1 Ru1L2Cl1DMSO1Gln1 Ru1L2DMSO2Ala1 Ru1L2DMSO2Ser1 

5 Ru1L2Cl1DMSO1Asn1 Ru1L2Cl1DMSO1Asn1 Ru1L2DMSO2Thr1 Ru1L2DMSO2Gly1 

6 Ru1L2Cl1DMSO1Ser1 Ru1L2Cl1DMSO1Ser1 Ru1L2DMSO2Phe1 Ru1L2DMSO2Asp1 

7 Ru1L2Cl1DMSO1Hyp1 Ru1L2Cl1DMSO1Gly1   Ru1L2DMSO2Thr1 

8 Ru1L2Cl1DMSO1Gly1 Ru1L2Cl1DMSO1Asp1   Ru1L2DMSO2Gln1 

9 Ru1L2Cl1DMSO1Glu1 Ru1L2Cl1DMSO1Glu1   Ru1L2DMSO2Ala1 

10 Ru1L2Cl1DMSO1Thr1 Ru1L2Cl1DMSO1Thr1   Ru1L2DMSO2Tyr1 

11 Ru1L2Cl1DMSO1Ala1 Ru1L2Cl1DMSO1Ala1   Ru1L2DMSO2Val1 

12 Ru1L2Cl1DMSO1Tyr1 Ru1L2Cl1DMSO1Tyr1   Ru1L2DMSO2Met1 

13 Ru1L2Cl1DMSO1Val1 Ru1L2Cl1DMSO1Val1   Ru1L2DMSO2Glu1 

14 Ru1L2Cl1DMSO1Met1 Ru1L2Cl1DMSO1Met1   Ru1L2DMSO2Leu/Ile1 

15 Ru1L2Cl1DMSO1Leu/Ile1 Ru1L2Cl1DMSO1Leu/Ile1   Ru1L2DMSO2Phe1 

16 Ru1L2Cl1DMSO1Trp1 Ru1L2Cl1DMSO1Trp1   Ru1L2DMSO2Trp1 

17 Ru1L2Cl1DMSO1Phe1 Ru1L2Cl1DMSO1Phe1     
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3.2.2.3 Comparison KP1339 in MC0 and MC10 

The combination of the KP1339 stock solution and MC0 or MC10 led to the formation of 

numerous adducts. By comparing the area of KP1339 at time point zero (0 h) and the area of 

the adducts after 24 hours, it is visible that the adducts occur more intensely in MC0.  

In Table 24 the percentages of the formed adducts that have one DMSO are listed. These 

values can only be used as a guide, as quantification in ESI-MS is not straightforward. 

 

Table 24: Percentage of Ru1L2Cl1DMSO1AA1 adducts in MC0 and MC10 after 24 hours 

 
Peak Area 

Percentage 

adduct [%] 

 MC0 MC10 MC0 MC10 

 0h 24h 0h 24h   

KP1339 164018560 0 50707702 10051     

Ru1L2Cl1DMSO1His1   1156350   262732 0.71 0.52 

Ru1L2Cl1DMSO1Lys1   1124460   280071 0.69 0.55 

Ru1L2Cl1DMSO1Arg1   1898566   396560 1.16 0.78 

Ru1L2Cl1DMSO1Gln1   9188689   3449391 5.60 6.80 

Ru1L2Cl1DMSO1Asn1   3706181   701745 2.26 1.38 

Ru1L2Cl1DMSO1Ser1   2197239   534807 1.34 1.05 

Ru1L2Cl1DMSO1Hyp1   2591535   450088 1.58 0.89 

Ru1L2Cl1DMSO1Gly1   282170   446370 0.17 0.88 

Ru1L2Cl1DMSO1Glu1   504190   144563 0.31 0.29 

Ru1L2Cl1DMSO1Thr1   1867325   388204 1.14 0.77 

Ru1L2Cl1DMSO1Ala1   772039   236982 0.47 0.47 

Ru1L2Cl1DMSO1Tyr1   1624788   245147 0.99 0.48 

Ru1L2Cl1DMSO1Val1   1378919   307994 0.84 0.61 

Ru1L2Cl1DMSO1Met1   926190   177779 0.56 0.35 

Ru1L2Cl1DMSO1Leu/Ile1   6511596   1445971 3.97 2.85 

Ru1L2Cl1DMSO1Trp1   301570   57683 0.18 0.11 

Ru1L2Cl1DMSO1Phe1   4216630   767489 2.57 1.51 

    Sum 24.54 20.30 
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The adducts with two DMSO (Table 25) occur in MC0 and MC10 only with a small proportion. 

 

Table 25: Percentage of Ru1L2DMSO2AA1 adducts in MC0 and MC10 after 24 hours 

 
Peak Area 

Percentage 

adduct [%] 

 MC0 MC10 MC0 MC10 

 0h 24h 0h 24h   

KP1339 164018560 0 50707702 10051     

Ru1L2DMSO2Ser1   725904   129666 0.44 0.26 

Ru1L2DMSO2Asn1   525700   87390 0.32 0.17 

Ru1L2DMSO2Gln1   1522526   474931 0.93 0.94 

Ru1L2DMSO2Ala1   188592   38545 0.11 0.08 

Ru1L2DMSO2Thr1   695415   96549 0.42 0.19 

Ru1L2DMSO2Phe1   322861   37519 0.20 0.07 

    Sum 2.43 1.71 

 

Due to the formation of various adducts, significantly less KP1339 is available for binding to 

albumin. The complexity of these cell culture media suggests that even more adducts are 

produced. This requires further evaluation of the data, as well as additional measurements.  

Due to these results, the study of the protein binding of KP1339 in in vitro experiments 

should be considered with caution. 
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4 Conclusion 

This work successfully demonstrated the possibilities and limitations of size-exclusion chro-

matography in combination with ICP-MS for the investigation of the stability and protein 

binding kinetics of the ruthenium-based anticancer compound KP1339. Through the separa-

tion, other ruthenium peaks besides the KP1339 albumin adduct could be detected in some 

settings. Due to the complete atomisation of the compounds in the plasma it was not possi-

ble to conclude a sum formula. Through additional measurements with organic MS, un-

known compounds could be detected. 

 

Stability measurements were carried out with both, SEC-ICP-MS and RP-ESI-MS. The choice 

of the temperature plays a significant role in the stability of KP1339. Various end concentra-

tions were tested for the KP1339 DMSO stock solution in 0.9 % NaCl by ICP-MS. At all of 

them the ruthenium counts decreased over time and at higher concentrations (200 µM & 

400 µM) precipitation could be observed. Further stability measurements showed that the 

ruthenium content in the KP1339 DMSO stock solution remains stable for at least 24 hours 

when diluted with MC0. 

The measurements with organic and inorganic MS showed that the measurement and stor-

age at 37 degrees Celsius leads to a significant decrease of the ruthenium/KP1339 content. 

 

When studying the kinetics of binding to albumin, the initial concentration of KP1339 plays 

an essential role. For this, KP1339 was dissolved in DMSO and diluted with various media 

(BSA, FFBSA, MC10, MC10 delipidated) to obtain different concentrations. It was shown that 

the binding of KP1339 to albumin is faster when a lower KP1339 concentration is present. 

The solvent is also a decisive factor. All measurements showed that the kinetics was faster 

when KP1339 was dissolved in 0.9% NaCl and not in DMSO. Based on these results, the as-

sumption can be made that the protein binding kinetics is significantly faster if no DMSO is 

present.  

The addition of CoA accelerated the binding of KP1339 to albumin. The addition of CoA was 

only done for the DMSO dissolved KP1339. But this resulted in an almost similarly fast pro-

tein binding as in the KP1339 0.9 % NaCl stock solution. 

Not only the solvent is important, but also the medium used for the dilution. In both stock 

solutions (KP1339 (DMSO), KP1339 (0.9% NaCl)), binding to albumin is significantly faster in 
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MC10 and MC10delip. than in BSA and FFBSA. A higher proportion of FCS also has an accel-

erating effect on the binding in the KP1339 DMSO stock solution. No influence could be de-

tected with the 0.9 % NaCl stock solution. In MC0, which does not contain albumin, various 

low-molecular weight substances are formed over time. Even in the spiked MC0 low-

molecular weight substances were developed. There is no difference in the protein binding 

kinetics of the 0.9 % NaCl stock solution in MC0 spiked with FFBSA, BSA, or OA BSA. In con-

trast differences in the kinetics in the KP1339 DMSO stock could be observed. However, it is 

not clear whether the fat content influences the kinetics.  

 

The protein binding in the mouse serum was investigated, no free KP1339 was observed. 

There was no difference in the protein binding between a KP1339 and an etomoxir + KP1339 

treated mouse observed.  

 

The organic mass spectrometry in combination with reversed-phase chromatography made 

it possible to separate numerous ruthenium compounds besides KP1339. In both MC0 and 

MC10, adducts of the type Ru1L2Cl1DMSO1AA1 and Ru1L2DMSO2AA1 were detected. Only 

these measurements revealed that the adducts were also formed in MC10 and not only in 

MC0. Nevertheless, the amino acid adducts are formed to a greater extent in MC0. 

 

As a general conclusion, it can be said that organic and inorganic mass spectrometry com-

plement each other very well. 

Based on these results, one should keep in mind when experimenting with KP1339 in a cell 

culture medium that not only a binding to albumin occurs but also to a small extent other 

adducts with the solvent or the medium can be formed. 
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5 Appendix 

Table 26: Composition McCoy`s 5A Medium [41]  

 

Components Molecular Weight Concentration [mg/L] mM

Glycine 75.0 7.5 0.1

L-Alanine 89.0 13.9 0.15617977

L-Arginine hydrochloride 211.0 42.1 0.19952606

L-Asparagine 132.0 45.0 0.3409091

L-Aspartic acid 133.0 19.97 0.15015037

L-Cysteine 121.0 31.5 0.2603306

L-Glutamic Acid 147.0 22.1 0.15034014

L-Glutamine 146.0 219.2 1.5013698

L-Histidine hydrochloride-H2O 210.0 20.96 0.09980952

L-Hydroxyproline 131.0 19.7 0.15038168

L-Isoleucine 131.0 39.36 0.300458

L-Leucine 131.0 39.36 0.300458

L-Lysine hydrochloride 183.0 36.5 0.19945355

L-Methionine 149.0 14.9 0.099999994

L-Phenylalanine 165.0 16.5 0.1

L-Proline 115.0 17.3 0.15043478

L-Serine 105.0 26.3 0.25047618

L-Threonine 119.0 17.9 0.15042016

L-Tryptophan 204.0 3.1 0.0151960775

L-Tyrosine 181.0 18.1 0.1

L-Valine 117.0 17.6 0.15042736

Ascorbic Acid 176.0 0.5 0.0028409092

Biotin 244.0 0.2 8.1967213E-4

Choline chloride 140.0 5.0 0.035714287

D-Calcium pantothenate 477.0 0.2 4.1928721E-4

Folic Acid 441.0 10.0 0.022675738

Niacinamide 122.0 0.5 0.0040983604

Nicotinic acid (Niacin) 123.0 0.5 0.0040650405

Para-Aminobenzoic Acid 137.0 1.0 0.00729927

Pyridoxal hydrochloride 204.0 0.5 0.0024509805

Pyridoxine hydrochloride 206.0 0.5 0.0024271845

Riboflavin 376.0 0.2 5.319149E-4

Thiamine hydrochloride 337.0 0.2 5.934718E-4

Vitamin B12 1355.0 2.0 0.0014760147

i-Inositol 180.0 36.0 0.2

Calcium Chloride (CaCl2) (anhyd.) 111.0 100.0 0.9009009

Magnesium Sulfate (MgSO4-7H2O) 246.0 200.0 0.8130081

Potassium Chloride (KCl) 75.0 400.0 5.3333335

Sodium Bicarbonate (NaHCO3) 84.0 2200.0 26.190475

Sodium Chloride (NaCl) 58.0 6460.0 111.37931

Sodium Phosphate monobasic (NaH2PO4-H2O) 138.0 580.0 4.2028985

Bacto-Peptone 600.0 Infinity

D-Glucose (Dextrose) 180.0 3000.0 16.666666

Glutathione (reduced) 307.0 0.5 0.0016286644

Phenol Red 376.4 10.0 0.026567481

Vitamins

Inorganic Salts 

Other Components

Amino Acids
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6 Supporting Info 

Table 27: Initial-, output weight and dilution factor of the blood pellets digestion procedure 

Mice Blood pellets 

Sample 
Initial weight 

[mg] 

Output weight 

[mg] 
Dilution factor 

mouse 3_KP1339 10.91 9538.30 874.27 

mouse 4_KP1339 23.95 9468.08 395.33 

mouse 5_KP1339 14.12 9133.47 646.85 

mouse 6_KP1339 7.28 8932.78 1227.03 

mouse 7_control 16.79 8913.05 530.85 

mouse 8_control 22.38 8870.52 396.36 

mouse 13_etomoxir + KP1339 11.59 9148.34 789.33 

mouse 14_etomoxir + KP1339 8.61 9410.40 1092.96 

mouse 15_etomoxir + KP1339 13.21 8934.33 676.33 

mouse 16_etomoxir+ KP1339 12.73 9035.45 709.78 
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Table 28: Stds for the determination of the Ru conc. in mice blood pellets (mouse 5-8, 13-16) 

Standard 

name 
Made of 

Addition 
Initial 

weight Ru1) 

Addition 

acid2) 

Output 

weight 
cRu cRu 

[µL] [mg] [mL] [mg] [ppb] [µg/L] 

Single 

standard           990099.01 1000000.00 

A1 10000 Single std. 100 105.00 9.9 10168.84 10223.43 10325.66 

A3 100 A1 10000 100 103.91 9.9 10157.99 104.58 105.63 

BLANK 1       10.0       

B 30 A3  3000 3064.69 7.0 10155.53 31.56 31.88 

B 20 A3 2000 2055.83 8.0 10143.1 21.20 21.41 

B 10 A3 1000 1025.04 9.0 10147.03 10.56 10.67 

B 5 A3 500 512.59 9.5 10165.62 5.27 5.33 

B 1 B10 1000 1019.76 9.0 10141.28 1.06 1.07 

B 0.5 B10 500 509.27 9.5 10178.13 0.53 0.53 

B 0.1 B1 1000 1019.69 9.0 10141.32 0.11 0.11 

BLANK 2       10.0       

                                                                     1) Ru 1000 ± 3 µg/mL in 10% HCl (Peak Performance) 
   

                                                                     2) 3% HNO3 (Density 1.01 g/cm³) 
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Table 29: Stds for the determination of the Ru conc. in mice blood pellets (mouse 3, 4) 

Standard 

name 
Made of 

Addition 
Initial 

weight Ru1) 

Addition 

acid2) 

Output 

weight 
cRu cRu 

[µL] [mg] [mL] [mg] [ppb] [µg/L] 

Single 

standard           990099.01 1000000.00 

A1 10000 Single std. 100 101.13 9.9 10157.83 9857.29 9955.87 

A 1000 A1 100 1017.61 9.0 10069.82 996.13 1006.09 

BLANK 1       10.0       

B 30 A 1000 300 301.07 9.7 10146.27 29.56 29.85 

B 20 A 1000 200 201.46 9.8 10141.31 19.79 19.99 

B 10 A 1000 100 101.03 9.9 10158.06 9.91 10.01 

B 5 A 1000 50 50.25 10.0 10151.85 4.93 4.98 

B 1 B10 1000 1013.07 9.0 10149.79 0.99 1.00 

B 0.5 B 5 1000 1011.76 9.0 10131.67 0.49 0.50 

B 0.1 B1 1000 1015.15 9.0 10133.62 0.10 0.10 

B 0.05 B 0.5 1000 1015.27 9.0 10160.05 0.05 0.05 

BLANK 2       10.0       

                        1) Ru 1000 ± 3 µg/mL in 10% HCl (Peak Performance) 
    

                        2) 3% HNO3 (Density 1.01g/cm³) 
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Table 30: Stds for the determination of the Ru conc. in mice blood serum samples 

Standard 

name 
Made of 

Addition 
Initial 

weight Ru1) 

Addition 

acid2) 

Output 

weight 
cRu cRu 

[µL] [mg] [mL] [mg] [ppb] [µg/L] 

Single 

standard           990099.01 1000000.00 

A1 10000 Single std. 100 103.24 9.9 10175.73 10045.26 10145.71 

A3 100 A1  100 101.83 9.9 10168.62 100.59 101.60 

BLANK 1       10.0       

B 30 A3 3000 3051.44 7.0 10144.07 30.26 30.56 

B 20 A3 2000 2032.46 8.0 10155.34 20.13 20.33 

B 10 A3 1000 1014.23 9.0 10156.54 10.05 10.15 

B 5 A3 500 507.61 9.5 10151.43 5.03 5.08 

B 1 B10 1000 1013.41 9.0 10141.57 1.00 1.01 

B 0.5 B5 1000 1012.62 9.0 10148.45 0.50 0.51 

B 0.1 B1 1000 1012.56 9.0 10138.20 0.10 0.10 

BLANK 2       10.0       

                        1) Ru 1000 ± 3 µg/mL in 10% HCl (Peak Performance) 
   

                        2) 3% HNO3 (Density 1.01g/cm³) 
     

 


