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1 Introduction 

1.1 Playful science, the discovery of biological activity of Peyrone's salt  

Without knowing it, Barnett Rosenberg did the first in vitro test of cisplatin (fig. 1.1) 

in the year of 1961 (1). He wanted to study the effects of an electric field on E-coli 

bacteria. After noticing that the electric field ceased cell division, he started looking 

for the responsible agent in the incubation buffer. Eventually two electrolysis products 

were found to be the active species, the platinum salts cis-[PtII(NH3)2Cl2] (cisplatin) 

and cis-[PtIV(NH3)2Cl4] (2). The platinum source was the electrodes used in the 

experiments. The platinum(II) complex, also called as cisplatin, or cis-

diamminedichloroplatinum(II), had already been discovered by Peyrone (3) and is 

called as “Peyrones salt”. The chemical structure was elucidated by Alfred Werner (4) 

long time before but Barnett Rosenberg was first to investigate the interaction of this 

coordination compound with living cells. This experiment and following experiments 

using animal tumor models (5) turned out to contribute significantly to cancer therapy 

(2) and to science. 

1.2 Cisplatin, the first platinum-containing anticancer drug 

Cisplatin is active against several cancers such as testicular cancer, ovarian cancer, 

cancer of the lung such as small-cell and non-small-cell lung carcinoma, cancer of the 

head and neck and bladder (reviewed in (6)). Success has been achieved after 

introducing cisplatin in the treatment regimen (not as single agent) of testicular cancer 

and high numbers of complete remissions (7) were achieved. However, cisplatin 

treatment is accompanied by side effects like nephrotoxicity (kidney toxicity) (8), 

nausea and vomiting. Fortunately, these side effects can be kept under acceptable 

control with hydration, dialysis (9-10) and antiemetic treatment. Many of the treated 

malignancies eventually develop resistance (reviewed in (11)).   

Platinum complexes with new properties can be obtained without compromising 

cytotoxicity by introducing new structural elements. It has long been hoped to 

discover complexes that are more effective in their antitumor action, lacking in cross-

resistance to cisplatin and display fewer side effects and/or side effects with lower 

severity.  
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1.3 Other platinum complexes  

Since its discovery as a potent anticancer drug, the innumerable chemical 

modifications including leaving group1 and ligand1 modifications of the cisplatin 

structure led to the clinical use and global approval of two other platinum(II) drugs, 

namely carboplatin and oxaliplatin, (fig. 1.1) as reviewed in (12). Carboplatin and 

cisplatin display comparable activity against several cancers (13-15) but have different 

dose limiting side effects which are myelosupression (bone marrow suppression) for 

carboplatin (16) and nephrotoxicity for cisplatin. This motivates cisplatin substitution 

with carboplatin in those cases when cisplatin is considered effective but 

contraindicated (17).  

Oxaliplatin (fig. 1.1) is a result of modifying both the leaving groups and the ligand of 

cisplatin. Oxaliplatin has proven useful in combination therapy with 5-FU/leukovorin 

to treat metastatic colorectal cancer (18-20). The outcome of several phase II trials 

proved oxaliplatin superior to the other platinum complexes in the treatment of 

colorectal cancer (21). Moreover, oxaliplatin displays a different toxicity profile 

compared to cisplatin and carboplatin (22-23). Cisplatin analogues are justified in a 

world of tumor diversities and it is of great value having alternative agents ready that 

exhibit different dose limiting toxicities. Oxaliplatin has been shown to display low 

cross resistance to cisplatin in some tumors and tumor cell lines (reviewed in (24)) 

(25). Some locally clinically approved platinum compounds are Nedaplatin (approved 

in Japan, fig 1.1) and Lobaplatin (approved in China, fig. 1.1). 

Satraplatin (fig. 1.1) is a platinum (IV) complex that can be absorbed from the 

gastrointestinal system. A phase III study reported no gain in overall survival in the 

treatment of hormone refractory prostate cancer with satraplatin and prednisone (26). 

The in vitro promising tetranuclear platinum complex BBR 3464 produced 

unacceptably high toxicity in phase I studies. This together with the outcome from 

phase II studies did not motivate the developers to move on to phase III trials, as 

reviewed in (12).  

                                                

1
In coordination chemistry, the molecules and ions that are bound to the metal ion are called as “ligands” and 

cisplatin has got four ligands. The chloride ligands in cisplatin and similar platinum (II) complexes are more easily 

replaced than the ammine ligands and are therefore called as “leaving groups”.  
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Figure 1.1. Cisplatin and other Pt complexes. 

1.4 Cisplatin hydrolysis, prerequisite for sufficient reactivity 

Conveniently, the high chloride ion concentration in the blood keeps cisplatin 

chlorinated. However, after entering the cell, the complex is hydrolysed because of the 

lower chlorine concentration (27-28). Water acts as a nucleophile and replaces the 

chloride ion(s) in an SN2 reaction (fig. 1.2) (29). The substitution scheme is shown in 

fig. 1.3. Although the chloride ions in cisplatin can be replaced directly by other 

nucleophiles, the neutral species is too unreactive to cause enough damage and it is the 

platinum complexes carrying a water molecule (mainly the monochloro species) that 

are believed to interact with the DNA nucleobases (fig. 1.3) (30).  
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Figure 1.2. Hydrolysis of cisplatin (29).  

 

 

Figure 1.3. Hydrolysis of cisplatin in the cell. The complexes carrying a water molecule (shown in 

squares) are the species that show the highest reactivity towards nucleophiles. 

1.5 Cisplatin action 

Cisplatin exerts its antitumor activity through covalently binding to amino groups, 

thioethers and sulphate groups of bionucleophiles such as amino acids, nucleic acid 

nucleobases (31-32) and antioxidants (fig. 1.4). It is the initiation of the programmed 

cell death (apoptosis) that is believed to hold the main responsibility for tumor cell 

death after cisplatin exposure (33-37). 
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glutathione 

Figure 1.4. Bionucleophiles capable of replacing the leaving groups, such as chloride, in cisplatin 

and in other platinum(II) complexes. In the amino acids cysteine and methionine and also in the 

tripeptide glutathione, the sulfur atom is the attacking species whereas in the DNA bases guanine and 

adenine, the nitrogen in position 7 (indicated by arrows) in the purine is responsible for the reaction 

(38). 

Cisplatin has been shown to be capable of initiating apoptosis in enucleated cells (39). 

However, it is the binding to genomic DNA that is considered to be the most 

important feature of cisplatin cytotoxicity. For example, cisplatin displayed lower 

cytotoxicity in wild type CHO cells than the DNA repair deficient UV-20 mutant (40-

41).  

Fruitful binding, such as the cross-linking of two guanines (38, 42) in the same DNA 

strand, will force the double-helix to bend (43) in a way that causes the responsible 

proteins to  recognize the unusual spatial arrangement of the nucleobases in the DNA 

helix with compromised three-dimensional structure (44). Very simplified, attempts 

are made by the cell to remove the cisplatin bound nucleotides but if the damage is too 

extensive, the cell initiates apoptosis. 
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1.6 Why cis? 

Transplatin (fig. 1.1), the trans-isomer of cisplatin, was inefficient in inhibiting 

bacterial division in the early experiments conducted by Rosenberg and colleagues 

(45) and later on it was shown to display very low cytotoxicity on Sarcoma 180 

implanted in mice (46) and myeloid and lymphatic leukemia of the rat (47). The 

observed differences between cisplatin and transplatin have highlighted the 

relationship between structural orientation and antitumor activity. Transplatin cannot 

form 1,2-d(GpG) (connecting two guanosines) intrastrand (fig. 1.5) crosslinks, which 

is the major crosslink seen after cisplatin administration (48). Transplatin-DNA 

adducts are removed faster than cisplatin-DNA adducts and cisplatin is more cytotoxic 

at similar DNA/platinum concentrations (49). Transplatin has been shown to cause 

more DNA-protein crosslinking than its isomer (50) and display little mutagenic 

potency compared to cisplatin (51), probably because of faster removal of DNA-

bound transplatin (51).  

 

Figure 1.5. Schematic picture of cisplatin-DNA adducts found in the DNA of cells exposed to 

cisplatin (48, 52-53). A: Intrastrand cisplatin-DNA adduct, B: Interstrand cisplatin-DNA adduct, C: 

cisplatin-DNA-protein adduct. D: Monofunctional cisplatin-DNA adduct (the non-ammine ligand in 

monofunctionally bound cisplatin is not necessarily chloride). 
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1.7 Glutathione and metallothionein 

Cisplatin is not only selectively attacking DNA but also reacts readily with other 

bionucleophiles such as glutathione, amino acids and proteins such as metallothionein, 

a protein rich in cysteine residues. Some authors have failed to correlate the 

cytotoxicity of cisplatin with glutathione levels in several cancer cell lines (54-55). 

However, some human ovarian cancer cell lines originating from tumors refractory to 

cisplatin treatment (OVCAR) and a cell line with in vitro induced cisplatin resistance 

(A2780) displayed increased glutathione levels (56) and intracellular levels of 

glutathione increased in a leukemia cell line (L1210) after incubation with cisplatin 

(57). Regarding metallothionein, the 5-year survival rate was lower for cisplatin 

treated patients with esophageal cancer having metallothionein overexpressing tumors 

(58). Resistant ovarian carcinoma cells (A2780RCIS) treated with different cisplatin 

concentrations in vitro answered by increasing the nuclear metallothionein expression 

(59). Another ovarian carcinoma cell line (2008/DDP) with induced cisplatin 

resistance in vitro did not display increased levels of this protein (60). Thus, cisplatin 

has many interacting partners in the cell besides DNA nucleobases although their 

individual role in the cytotoxic activity of the complex needs more investigation.  

1.8 Cisplatin cell entry 

Investigations of cisplatin uptake, subcellular distribution and efflux have been the 

subjects of extensive research which have been thoroughly reviewed by Hall et al. 

(61). The compiled results of studies investigating the involvement of several transport 

proteins, e.g. the copper influx and efflux transporter, organic cation transporter  and 

glutathione conjugate efflux transporter, do not allow the interpretation that only a 

single mechanism is responsible for cisplatin cell entry and its disposal. It is believed 

that the net accumulation might be a result of the action of several active mechanisms 

together with passive diffusion (61). There are evidences supporting both passive 

diffusion, such as lack of saturability up to high concentrations of cisplatin (0.1-5 

mM) (62-66) and active processes where a lower cell accumulation of cisplatin has 

been observed after incubation with metabolic inhibitors (62).  
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1.9 History of the complexes tested in the present work  

1.9.1 Idea of drug targeting to estrogen receptor expressing tissues  

Despite of its success in the treatment of some cancers (mentioned above), cisplatin 

and its analogue carboplatin have been considered insufficient regarding the treatment 

of metastatic breast cancer as extensively reviewed by Smith and Talbot (67). Breast 

cancer cells exhibiting estrogen dependent proliferation have been shown to express 

the estrogen receptor (68-69). Moreover, it has been discovered that estrogens 

preferentially accumulate in estrogen receptor expressing healthy tissues (70) and 

tumor metastases that respond to endocrine therapy (71). This has tempted many 

researchers to combine cytotoxic groups together with moieties having affinity to the 

estrogen receptor (72-73). A successful compound possessing a cytotoxic group and 

an estrogen receptor affine moiety would accumulate and be retained (74) in the 

estrogen receptor expressing tumor tissue and so other organs with lower or no 

expression of this receptor would experience less or be spared from toxicity (75-77). 

Another idea was that the estrogen receptor would re-localize to the cell nucleus after 

binding to the cytotoxic compound in the cytosol. This was believed to increase the 

exposition of the chromatin to the cytotoxic substance (69, 78). 

1.9.2 Ring-substituted [1,2-bis(4-hydroxyphenyl) ethylenediamine] 

dichloroplatinum (II) complexes, attempts of drug targeting  

At the University of Regensburg, Professor Schöneberger and co-workers had the drug 

targeting concept in mind (section 1.9.1) when combining diamine hexestrol 

derivatives owing affinity to the estrogen receptor with a cytotoxic platinum moiety 

(79). One platinum compound, [meso-1,2-bis (2,6-dichloro-4-hydroxyphenyl) 

ethylenediamine] dichloroplatinum(II) (fig. 1.6A) and its more water soluble analogue 

(water as leaving groups), the diaquaplatinum(II) complex (fig. 1.6B), proved to be 

estrogens in vivo because of their uterotropic (increase in uteri weight) effect (80).  
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Also, their cytotoxic effects were only seen in the hormone dependent MXT mammary 

carcinoma of the mouse and not in the tumor lacking the estrogen receptor (80). 

Moreover, the diaquaplatinum(II) complex (fig. 1.6B) was more active than cisplatin 

on the hormone dependent DMBA-MC mammary carcinoma of the Sprague Dawley 

rat. Unfortunately, its cytotoxicity towards cultured cells such as MCF-7 (81) and 

MDA-MB-231 proved to be lower than that of cisplatin. However, the 

diaquaplatinum(II) complex selectively inhibited growth of the MCF-7 cell line 

compared to the estrogen receptor lacking MDA-MB-231 cell line (80).  

1.9.3 Complexes of the ring-substituted [1,2-diarylethylenediamine] 

dichloroplatinum(II)-type carrying non-estrogenic ligands  

Many modifications have been carried out in the search for substances with high 

cytotoxicity also towards tumors lacking the estrogen receptor. Therefore, also non-

estrogenic ligands were complexed with platinum. When various substituents were 

introduced in 4-position of both phenyl rings (e.g. H, F, OH, Cl, CN, Br), two 

substances displayed the highest cytotoxicity, namely m4FPtCl2 (fig. 1.7) and 

dl4FPtCl2 (fig. 1.7) (named differentially in the publications). They were active 

towards the 388 leukemia of the CD2F1 mouse (82). Complexes carrying the 4-F 

ligand are not estrogens (83). However, they accumulate fast in both estrogen-

dependent (81, 84) and estrogen-independent cell lines (85) and dl4FPtCl2 exerted 

toxicities similar to cisplatin in both estrogen receptor expressing (81) and deficient 

(83) cell lines. Also, dl4FPtCl2 displayed 7-fold resistance in a 100-fold cisplatin 

resistant L1210 leukemia cell line (86). 

 

 

Figure 1.6. Platinum complexes displaying uterotropic effects in vitro (80). A: [Meso-1,2-bis(2,6-

dichloro-4-hydroxyphenyl)ethylenediamine]dichloroplatinum(II), B: Diaqua[meso-1,2-bis(2,6-dichloro-

4-hydroxyphenyl) ethylenediamine]platinum(II) sulfate. 
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By changing the leaving group from chloride to water in complexes carrying a 4-F 

ring-substituted 1,2-diaryl-ethylenediamine ligand with sulphate or nitrate as counter 

ions, a higher toxicity towards estrogen-dependent (estrogen receptor expressing) 

MXT-M 3.2 mammary carcinoma of the BD62F1 mouse than towards the estrogen-

independent (no expression of estrogen receptor) MXT-Ovex mammary carcinoma of 

the BD62F1 mouse was obtained. In the case of the dichloroplatinum(II) complexes, 

tumor toxicities were generally lower but higher tumor inhibiting properties were seen 

in the estrogen receptor lacking carcinoma than in the estrogen-dependent carcinoma 

(83). The observed host toxicities were considerably higher for the aquated complexes 

than for their dichloroplatinum(II) analogues (87-88). Cisplatin displayed the highest 

potency (87-88). Unfortunately, the platinum complexes carrying the 4-F phenyl 

substituted 1,2-diarylethylenediamine ligand did not qualify for cancer treatment 

because of their low water solubilities (88) and despite many leaving group 

modifications (89-90) i.e. groups with higher hydrophilicity, the solubility never 

reached to desired levels (90).  

1.9.4 Introducing bivalency  

In recent works, the interesting properties of the complexes m4FPtCl2 and dl4FPtCl2 

(fig. 1.7) were sought to be retained and improved in bivalent2 form (91) i.e. two 

complexes linked together (fig. 1.7). Those complexes were thought to bind to the 

DNA in a different way than do the monovalent complexes (fig. 1.7) and cisplatin. 

Thus, cross-resistance to cisplatin and to other complexes mainly causing DNA 

intrastrand crosslinks was hoped to be avoided. Depending on the charge of their 

leaving groups the bivalent complexes are bearing at least two positive charges which 

were believed to bring higher water solubilities. However, the results of the in vitro 

tests of the bivalent complexes were disappointing (85). Although one of the 

complexes (m4FPtDAHCl, see fig. 1.7) did solve well in water and showed fast cell 

accumulation, all bivalent complexes displayed low cytotoxicity in the MCF-7 cell 

line. It was shown that they are inactivated through binding to proteins in the (FBS-

supplemented) culture medium (85). Some of the divalent complexes showed higher 

                                                

2In the present work the terms “bivalent” and “monovalent” refers to complexes containing two linked 

platinum complexes and complexes containing one platinum atom respectively. Other commonly used 

terms for platinum complexes are “dinuclear” and “mononuclear” platinum complexes which refers to 

platinum complexes containing one or two platinum atoms respectively. 
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DNA-associated platinum amounts than cisplatin (85) but during the incubation of the 

cells with substances, culture medium not supplemented with FBS was used.  

 

Figure 1.7. Structure and names of three platinum (II) complexes tested in the present work. m 

and dl stands for meso and racemate respectively and denote the configuration of the diamine ligand 

(meso = (R,S)/(S,R), racemate = (R,R)/(S,S)). 

1.10 Investigating the subcellular distribution of platinum complexes  

Number of platinum complexes exerts their functions through covalently binding to 

their targets and being close to the target spatially is a prerequisite for binding. Since 

one of the mechanisms of resistance of cancer cells towards cisplatin and other 

administered platinum complexes is decreased uptake and/or increased efflux, the 

desire of knowing more about those mechanisms is increasing. If the entry of the 

platinum complexes into the cancer cells can be increased, therapy efficacy might be 

enhanced. Collecting information about cisplatin uptake in the cancer cells inevitably 

includes knowledge about the path of the drug inside of the cell, i.e. the intracellular 

distribution, since the mechanism of uptake will influence the downstream 

distribution. It is aspired to obtain data that correlates an action of platinum complexes 

with their intracellular distribution and cell processing. Also, it is of interest to be able 
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to compare different platinum complexes. Cytotoxicity, whole cell-, cell nuclei- and 

DNA-associated platinum of cisplatin, m4FPtCl2, dl4FPtCl2 and mDAH4FPtCl in 

MCF-7 cells have been investigated in previous works (85, 91). However, subcellular 

distribution is a parameter that can be used to further compare the behavior of those 

complexes in their encounters with cells. 

1.11 Methods for determining the subcellular distribution of platinum 

complexes 

Static visual methods 

There are several techniques capable of visualizing platinum atoms in biological 

material such as electron microscopy (92-93) and synchrotron radiation-induced X-ray 

emission (94). Unlike fluorescence detection methods (see below), the benefit of these 

methods is that no chemical modification of the complex is needed for detection. Both 

methods require excessive sample preparation including dehydration and embedding 

prior to sectioning3 which might explain the sparse use of incubation times, 

concentrations used and measurements of one or few platinum complexes only.  

Dynamic visual methods 

Methods using fluorescence microscopy for the mapping of platinum complexes in 

cells enable visualization of complexes equipped with a fluorescent tag (95-100). 

Some of these methods enable monitoring in living cells and one can follow the 

intracellular path of the fluorophore for several hours. A possible drawback of 

fluorescence microscopy methods is that the complex one wishes to study is not the 

species subjected for detection. However, the integrity of the intracellular environment 

is not compromised.  

Non-visual static methods 

The detection of platinum in biological materials can be done using atomic absorption 

spectrometry (AAS). This method requires that the samples are introduced as 

homogenized solutions into the instrument. To study platinum content in one 

population of organelles after treating the cells with the complex of interest, the cells 

                                                

3Preparation of ultra-thin slices in the nm scale 
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content need to be separated into the respective organelle fractions using subcellular 

fractionation methods. Differences in organelle size and density between organelle 

populations allow them to be separated in a centrifugal field using different 

centrifugation techniques and the help of density media. Quantifying platinum in 

subcellular fractions using AAS require relative large amounts of cell material and 

thus, these measurements are not confined to few single cells but to a population of 

cells from which the material is pooled. The success of the subcellular fractionation 

method in keeping the heterogeneity of organelles in the resulting fractions as low as 

possible will determine the significance of the results.   

None of the presented detection/quantification methods are taking into account the 

different substitution reactions that can follow either before or after the platinum 

complex enter the cells i.e. free complex cannot be discerned from complexes bound 

to biomolecules. 

1.12 The choice of platinum complexes for cell uptake measurements 

From a methodological point of view, it is important to choose complexes that 

accumulate in the cells sufficiently fast. However, there are other factors that need to 

be considered. The complexes should not display very high cytotoxicity so that the 

cells are still vital after the chosen incubation times and that test concentrations that 

enable quantification can be used. Moreover, solubility at those concentrations has to 

be assured. The complexes tested in the present work (except cisplatin that display 

comparatively slow accumulation) (fig. 1.7) fulfill all the above stated requirements 

with little modification.  
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2 Objective 

The present work aimed to develop methods to measure and compare the subcellular 

distribution of four platinum complexes, cisplatin (fig. 1.1), m4FPtCl2, dl4FPtCl2 and 

mDAH4FPtCl (fig. 1.7) in cancer cell monolayer cultures. These complexes have been 

shown in previous works (85) to differ in properties such as cytotoxicity, 

accumulation in whole cells and cell nuclei and DNA binding. It is of interest to 

investigate if those differences are mirrored also in their subcellular distribution. The 

present work focused on the development of subcellular fractionation methods capable 

of enriching organelles such as plasma membrane and mitochondria. These methods 

were intended to complement the already existing methods (85) for measuring the 

subcellular distribution of platinum complexes. In the process of method development, 

it is important to put emphasis on assuring oneself about the validity of the methods. 

In the present work, importance has been put on questioning the used methods and 

discussing their strengths and weaknesses in the light of platinum quantification in 

subcellular fractions.  
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Chart 1. Overview of test methods used in the present work where platinum was quantified

dashed arrows, originating from the platinum complexes

complexes were tested. Experiments where platinum was quantified are connected to 

dotted arrows. 
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Chart 2. Overview of methods employed to validate the methods used in the present work. Grey 

dashed arrows show connection between experiments and black dotted arrows are methods used for 

validation of those experiments.  
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3 Method optimization for quantification of platinum 

complexes in cell matrix 

3.1 Quantification of platinum in cell matrix using flameless atomic 

absorption spectrometry (FAAS) 

Substances containing platinum can be quantified directly in biological material 

matrixes4 such as digested tumor tissue (101), body fluids (102-104) and tissue culture 

cells (90, 105-106) using atomic absorption spectrometry. The sample is introduced 

into a graphite tube in a graphite oven and subjected to a temperature program that 

serves to gradually remove the solvent and as much material, except analyte, as 

possible prior to atomization. These two steps are termed as “drying” and “ashing”. At 

this stage, in a step called as “atomization”, the analyte is given enough thermal 

energy to appear in its elemental state and thus can absorb light from the hollow 

cathode lamp.  

(F)AAS is a relative method and requires the set up of a calibration curve prior to 

sample measurements. Absorption is plotted against the known concentration of a 

platinum standard (hexachloroplatinic acid) and so the platinum in the samples can be 

quantified. In the present work, the platinum complexes cisplatin, m4FPtCl2, 

dl4FPtCl2 and mDAH4FPtCl were quantified in cell lysates, cell nuclei fractions, 

plasma membrane fractions and density gradient fractions.   

3.2 Oven program, atomization and ashing temperature optimization 

The atomization and ashing temperatures were optimized (fig. 3.1). For the 

optimization of the atomization temperature, the ashing temperature was kept constant 

at 1600 °C while the atomization temperature was varied. The sample matrix4 

consisted of MCF-7 cell lysate stabilized with Triton X-100 and HCl and the 

concentration of the platinum standard was 125 µg/L. For the ashing temperature 

optimization, the chosen atomization temperature (2400 °C) was kept constant and the 

specific (analyte) as well as the unspecific (background) absorption was monitored 

                                                

4The sample matrix refers to the components of a sample except analyte i.e. in the case of platinum 

quantification in cells, the matrix is the cell homogenate (also called as lysate) and platinum is the 

analyte.  
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while the ashing temperature was varied. During ashing temperature optimization, the 

sample matrix consisted of cell lysate without additives. Time integration of the 

atomization signal (peak area) resulted in lower sensitivity than when the height of the 

signal (peak height) was used and so the latter was chosen for the quantifications. The 

absorption (peak height) reached a plateau at 2300 °C and an atomization temperature 

of 2400 °C, safely residing on the plateau, was chosen (fig. 3.1A). The gain of 

increase in absorption is too small to justify higher atomization temperatures as the 

lifeline of the graphite tube is shortened faster. According to the decline in unspecific 

absorption, an ashing temperature of 1300 °C was sufficient (fig. 3.1B) in this matrix 

but an ashing temperature of 1600 °C was chosen to increase the flexibility of 

measurable matrixes. Higher temperatures will lead to decline in analyte during the 

ashing phase (fig. 3.1C). The resulting temperature program is shown in table 3.1. 
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Figure 3.1. Optimization of temperature program parameters. A: Atomization temperature 

optimization. B: Ashing temperature optimization. C: Specific absorption during ashing temperature 

optimization. “Specific absorption” refers to the absorption arising from the interaction of the 

analyte with the light from the hollow cathode lamp and “unspecific absorption” (background 

absorption) results from interactions of the light with the sample matrix. Values are expressed as 

mean ± range (two serial measurements of one sample).  
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3.3 Sample stabilization with Triton X-100 

The surfactant Triton X-100 was added to some of the samples containing cell 

material to avoid aggregation and sedimentation. In the present work, sample protein 

concentration could be high, such as 5 mg/ml in the undiluted sample. Cell lysates, for 

example, were not stable during the measurements if Triton X-100 was omitted and 

aggregated material collected on the bottom of the sample vial if left to stand for a few 

minutes.  

Stage 

No. Stage type Temp [ºC] 

Ramp 

[ºC/s] 

Hold    

[s] 

Time    

[s] Gas flow 

 

1 Dry. 90 5 20 34 Max 

2 Dry. 105 5 20 23 Max 

3 Dry. 120 5 10 13 Max 

4 Ash. 500 45 20 28.4 Max 

5 Ash. 1600 250 10 14.4 Max 

7 AZ 1600 0 5 5 Stop 

8 Atom. 2400 FP 4 4.5 Stop 

9 Clean. 2450 500 4 4.1 Middle 

Table 3.1. Temperature program used for quantification of platinum in cell matrix. Every 

sample is injected twice with a total measuring time of about 4.5 min. One measurement takes about 

five minutes if the cooling phase (not shown in the table) after tube cleaning is considered. The 

drying procedure was adopted from a temperature program for platinum in the software WinAAS 

(Analytik Jena). Dry. = Drying, Ash. = Ashing, AZ = Autozero, Atom. = Atomization, Clean. = 

Cleaning, FP = Full Power (maximal heating rate with the power available).  
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To investigate the effect of the concentration of Triton X-100 on the platinum 

measurements, cell lysate with a protein concentration of 2.5 mg/ml and 125 µg/l of 

platinum standard with different concentrations of Triton X-100 was measured. No 

obvious changes in absorption were observed (fig. 3.2A). A decrease in sensitivity 

was noticed when comparing standard calibration curves made with and without 0.67 

% (v/v) Triton X-100 in the sample vial (data not shown) and therefore, the same 

amount of Triton X-100 was used in the calibration solutions as in the measured 

samples. Increasing concentrations of surfactant did not lead to higher background 

absorption (fig. 3.2B) with the used oven program (table 3.1).  

3.4 Effect of HNO3 and HCl 

The quantification of platinum in the cell material used in the present work did not 

benefit from the addition of acid prior to the measurements. It is assumed that the 

platinum present in the sample is bound to bionucleophiles. When Triton X-100 

stabilized cell lysate containing 325 µg/l platinum standard was measured, different 

acid concentrations of hydrochloric and nitric acid did not affect the absorption signal 

(fig. 3.3). On the other hand, addition of acid was necessary for obtaining acceptable 

calibration graphs (R2 > 0.99) if the matrix consisted of only water and Triton X-100.  

Figure 3.2. Effect of Triton X-100 concentration on specific and unspecific absorption signals. 
A: Effects of different concentrations of Triton X-100 on the specific absorption, expressed as peak 

height and peak area. B: Background absorption, expressed as peak area. Values are expressed as 

mean ± range (two serial measurements of one sample). 
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Figure 3.3. Significance of hydrochloric and nitric acid concentration on the specific 

absorption. Sample solution contained 325 µg/l platinum standard in whole cell lysate containing 

1.25 mg/ml protein and was stabilized with 0.6 % (v/v) Triton X-100. Values are expressed as mean 

± range (two serial measurements of one sample).  

3.5 Matrix effects 

The effect of cell matrix components on the atomization behavior of platinum was 

studied by preparing standard solutions containing different amounts of cell lysate, as 

determined by the protein concentration. The result shows that for the quantification of 

platinum in cell material, the calibration can be made without concerns about the 

amount of cell material present in the solutions, at least for the tested protein 

concentrations (fig. 3.4).  
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Figure 3.4. Effect of protein concentration on the sensitivity of the platinum quantification 

method. Samples were stabilized with Triton X-100 and HCl as described under materials and methods 

(section 15.3). The mean from two serial measurements of one sample is shown. Pt = platinum, prot. = 

protein. 

3.6 Detection and quantification limit of platinum using FAAS 

The detection limit of the method was determined by repeatedly measuring a blank 

(about 10 times) and was 0.0056 ± 0.0001 absorbance units (determined on a 3 σ 

basis, values are expressed as mean ± range from two independent measurements). 

The blank consisted of Triton X-100 (0.67 % (v/v)) and HCl (3 % (v/v)) stabilized cell 

lysate with a protein concentration of 2 mg/ml. The quantification limit, (calculated as 

5 x detection limit) was 0.0280 ± 0.0007 absorbance units, which corresponds to 32 ± 

4 µg/L. However, concentrations of 25 µM never deviated from the calibration graphs 

and measurements of samples with concentrations below 25 µg/L platinum were 

avoided if possible. The quantification limit is lower for the bivalent platinum 

complex, a consequence of lower sensitivity (fig. 3.5).  

3.7 Comparison of atomization signal between platinum complexes and the 

AAS platinum standard 

The analyte standard can only be useful as calibration agent if the measured platinum 

complexes give rise to the same signal at the same concentration. Otherwise, the 

substances have to be employed for calibration. All the substances tested in this work 

behaved as the standard (fig. 3.5A) except mDAH4FPtCl, which displayed a sigmoid 

curve when absorption was plotted against concentration (fig. 3.5B). This was 
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prevented by the addition of the solvent DMF (dimethylformamide) and the 

calibration curve was linearized. The slopes of calibration curves prepared with 

mDAH4FPtCl were lower than calibration curves prepared with the platinum standard 

and consequently, mDAH4FPtCl had to be employed for calibration prior to the 

quantification of this complex.  

Figure 3.5. Calibration curves for the platinum complexes tested in the present work. A: 

Calibration curves of three platinum complexes (and platinum standard) diluted in water from stock 

solutions in DMF, stabilized with HCl. B: Calibration curves of mDAH4FPtCl prepared in water and 

DMF. The mean from two serial measurements of one sample is shown. Pt = platinum. 

The effect of DMF could be explained by hindering the adsorption of mDAH4FPtCl 

to the walls of the teflon autosampler tube. Manual transfer of the sample to the 

graphite tube using a micro pipette had the same effect as automatic transfer of the 

sample with DMF (fig. 3.6). The optimal amount of solvent was shown to be 1/3 (v/v). 

Since DMF has a solving effect on the sample vial plastic material, the lowest possible 

concentration was sought.  
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Figure 3.6. Influence of DMF on the atomization signal of mDAH4FPtCl. Measurement of a 

solution containing mDAH4FPtCl (100 µg/L) stabilized with different amounts of DMF (total volume 

of sample is 150 µl) where the sample was either introduced in the graphite tube manually, using a 

micro pipette, or automatically, by the autosampler. Values are expressed as mean ± range (two serial 

measurements of one sample).  
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4 Characterization of the platinum complexes 

4.1 Water solubility determination of cisplatin, m4FPtCl2, dl4FPtCl2 and 

mDAH4FPtCl 

If solubility is not guaranteed at the concentrations used in the tests, the effective 

concentration is unknown. To determine the solubility of the platinum complexes, 

they were suspended in cell culture medium without FBS and ultra-centrifuged after 

30 min in an ultrasonic bath. Substance aggregates were sometimes seen on the 

surface and the pipette tip had to be carefully wiped off before the supernatant was 

transferred to a clean tube to reduce false positive results. Also, the supernatant had to 

be collected slowly to avoid disrupting the pellet. The solubilities for the substances 

were 125 ± 11, 10 ± 0 and 121 ± 81 µM (range of two independent determinations) for 

m4FPtCl2, dl4FPtCl2 and mDAH4FPtCl respectively. The deviations for the values 

obtained for mDAH4FPtCl are unacceptably high but the lowest value (40 µM) is still 

higher than the concentrations used for all tests except for the concentration 

dependence on cellular accumulation (fig. 10.1D). The linear relationship between 

concentration (10-60 µM) and whole cell associated platinum for this complex 

indicates that the solubility limit is probably higher than 40 µM.  

4.2 Determination of water/octanol partition and LogPo/w 

Drug transport, in the sense of passage through the cell membrane and/or distribution 

in different compartments of the body, is often being correlated with the LogPo/w value 

which is the log10 value of the partition coefficient, P:  

P = [octanol]/[water], LogPo/w = log10(P) 

 

The octanol/water partition coefficient is expressed as the ratio of the concentration of 

a solute in the octanol and the water phase after mixing of the two phases. This way of 

experimentally determining partition coefficients is called as the “shake flask” 

method. LogPo/w for some organic substances and solvents are listed in table 4.1. It 

was desired to see if the LogPo/w values correlate with cellular uptake and or the 

intracellular distribution for the complexes tested in the present work.  
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Substance logPo/w 

Fluoranthene 5.16 

Benzophenone 3.18 

Diethylstilbestrol 2.48 

Fluorobenzene 2.27 

Benzene 2.13 

Phenol 1.46 

Benzamide 0.64 

Ethylamine -0.13 

Ethanol -0.30 

Table 4.1. List of experimentally determined 

logPo/w values for some common substances and 

solvents (107-108). 

To determine the logPo/w value, the substances (10 µM) were added to the aqueous 

phase which consisted either of serum-free cell culture medium or water (pH 7.4). 

Before vigorously mixing of the two solvents for 30 s, an aliquot was taken out from 

the aqueous phase for the determination of the initial concentration. An equal volume 

of octanol was added and the tube vigorously shaken (vortex) to mix the phases. After 

2 h of incubation at room temperature, the tubes were centrifuged and platinum 

quantified in the aqueous phase. Thus, the platinum concentration in the organic phase 

was determined indirectly by measuring the concentrations in the aqueous phase 

before and after octanol extraction. This is because of incompatibility of octanol with 

the AAS sample vial. The solubility of water in octanol is 2.3 M whereas 4.5 mM of 

octanol can be found in water after equilibrium (109). Accordingly, the water that 

enters the octanol phase when the two phases are mixed corresponds to 41 µl if the 

volume of the respective phase is 1 ml. In the present work, the volume of the water 

phase was measured gravimetrically, before and after mixing of the solvents. It should 

be noted that the data obtained in the present study are not necessarily equilibrium 

partition coefficients because of the relatively short incubation time.  
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Figure 4.1. LogPo/w values determined through a shake flask method using octanol with water or 

cell culture medium. Values are presented as mean ± standard deviation (SD) from at least three 

independent experiments.  

LogPo/w values for cisplatin presented in the literature are -2.36 (110) (theoretical 

method), -2.53 ± 0.28 (111) and -2.28 ± 0.05 (112). A small but significant (p = 

0.0268) difference is seen between the LogPo/w values of cisplatin in culture medium 

and water (student’s t-test, two-tailed with a significance level of 0.05, unpaired with 

unequal variance. It is not known if the samples are normally distributed) (fig. 4.1). 

One explanation to the lower hydrophobicity with water as aqueous phase might be 

the aquation of cisplatin. Methods using the shake flask method with aqueous phases 

containing salt solutions with chloride for the determination of LogPo/w of cisplatin 

(111-113) found about one log unit lower value for cisplatin than was found in the 

present work (-1.49 ± 0.26, fig. 4.1). The explanation for this discrepancy is not 

known but might be different concentrations of platinum complex, different 

incubation times used and how the concentrations were determined. Hall et al. (112) 

used 100 µM cisplatin in the aqueous phase and concentrations were determined in 

both phases after 24 h of shaking. Screnci et al. (111) used 300 µM cisplatin in the 

aqueous phase and platinum quantification was done in both phases after 30 min of 

vigorous mixing. Also, both authors have used 0.15 M NaCl or 0.15 M KCl as 

aqueous phases, however, in the present work, culture medium was used. One may 

speculate, components of the culture medium might partition into the octanol phase 

and alter the partition conditions of cisplatin.  
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The logPo/w for the bivalent platinum complex (mDAH4FPtCl) differed between 

experiments employing water as aqueous phase and experiments using cell culture 

medium (fig. 4.1). When 150 mM NaCl was used, the complex behaved similarly as 

when culture medium was used (data not shown). A possible explanation for the drop 

in hydrophobicity using water as aqueous phase might be the exchange of the chloride 

leaving groups with water. If both platinum moieties are carrying water molecules, the 

total charge will be +4 which increases the polarity of the complex. For aquated 

cisplatin at pH 7.4, one proton can leave the water resulting in species carrying one or 

two hydroxyl groups (114-115). It is possible that this is true also for the bivalent 

platinum complex. For the complexes m4FPtCl2 and dl4FPtCl2, on the other hand, 

changing the aqueous phase had no significant influence on the LogPo/w values (fig. 

4.1). The differences seen for the bivalent platinum complex and cisplatin, highlights 

the importance of using as similar conditions as possible for the octanol/water 

distribution experiments as used in the in vitro accumulation experiments if the results 

are to be correlated.  

4.2.1 Investigations of logPo/w values for platinum complexes, presentation of 

studies from the literature 

Robillard et al. (116) determined cytotoxicity in a large cell lung carcinoma (LXFL 

529) and a melanoma (MEXF 989) cell line and LogPo/w for three complexes, 

structurally similar to cisplatin. The cytotoxicity, expressed as the IC70 value, did not 

correlate with the LogPo/w values. Martelli et al. (117) found a linear relationship (R2 = 

0.9962) between the uptake in cisplatin resistant U2-OS cells and their LogPo/w, as 

determined by the shake flask method (118). For cisplatin, oxaliplatin and JM216, 

LogPo/w values of -2.53 ± 0.28, -1.65 ± 0.21 and -0.16 ± 0.16 respectively were used 

(111). Hall et al. (112) investigated the relationship between LogPo/w values and cell-

associated platinum for simple platinum (IV) complexes in the ovarian carcinoma cell 

line A2780 and found no clear relationship between lipophilicity and uptake but argue 

that a broader range of values (higher number of platinum complexes with larger 

differences in lipophilicity) might give better correlations. Platts et al. (110) evaluated 

a theoretical model for calculation of logPo/w values for several platinum (IV) 

ammine/cyclohexylamine dicarboxylate complexes, with small structural variations, 

and used the uptake data from Loh et al. (119) for correlations and found that both 

parabolic and exponential fits displayed R2 values of 0.994 and 0.930 respectively. 
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4.3 Chemosensitivity assay 

The ability of a substance to kill cancer cells is determined in chemosensitivity assays 

where the cells are subjected to varying concentrations of the test substance for 

different time periods. The higher the proportion of dead cells and/or the higher the 

growth inhibition, the more cytotoxic a substance is. To compare the cytotoxicity of 

substances in a given system (such as a cell culture), the concentrations needed to 

cause 50 % reduction of either viable cells and/or biomass relative to solvent treated 

cells, are calculated. This concentration is called as IC50 value. Several tests are 

available that measure the sensitivity of cells to substances through determining cell 

viability or cell survival, such as the neutral red assay (120), the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (121-122), the crystal 

violet staining (CVS) assay (123) and the [3H]-thymidine incorporation assay (124). In 

the present work, the CVS assay was used. In brief, the cells are seeded out in 96-well 

culture plates and left to grow until they reach logarithmic growth, usually after three 

days. The test substance is added to the cells after dilution in serum-containing culture 

medium. After four days (96 h), the medium is removed and cells still attached to the 

plate surface are fixed with glutardialdehyde and stained with a crystal violet solution 

which stains nuclear proteins (125). The quantification of cell-bound dye is done 

spectrophotometrically after alcohol extraction. The quantity of surviving cells is 

expressed as T/Ccorr: 

T/Ccorr.= [(T-C0)/C-C0)] x 100 

 

Where T = absorption from substance-treated cells, C0 = absorption from cells fixed at 

the time of substance addition, C = absorption from cells treated with solvent. T/Ccorr 

is plotted against the initial culture medium concentrations (logarithmic scale) and a 

sigmoid trend is fitted using a Boltzmann function. The IC50-value obtained from the 

resulting graph is the concentration giving rise to a T/Ccorr of 50. T/C = “treated to 

control” and corr. (= corrected) means that the values are corrected for initial biomass. 

It is important that the cells subjected to either test substance or solvent (control) are 

experiencing logarithmic growth throughout the experiment (126). If this is not the 

case, the values obtained will lead to an underestimation of substance toxicity. 

Another prerequisite for this type of chemosensitivity assay is that the cells detach 
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from the culture-plate surface when they die, attached cells will be considered alive 

and vital.  

Substance IC50 value 

cisplatin 0.57 ± 0.26 

m4FPtCl2 3.54 ± 1.04 

dl4FPtCl2 0.38 ± 0.1 

mDAH4FPtCl 24 ± 6, > 50a 

Table 4.2. Effects of four platinum complexes in a crystal violet assay. The data was obtained from 

at least three independent experiments and results are presented as mean ± SD. aSometimes the growth 

inhibition was not strong enough to result in T/Ccorr values ≤ 50. 

The cytotoxicity of dl4FPtCl2 is comparable to that of cisplatin but higher than for 

m4FPtCl2 (table 4.2). The bivalent complex only displayed weak antiproliferative 

activity and for some tests, the remaining cell mass exceeded 50 % for all 

concentrations used and no mean could be calculated. In previous works, similar 

results were obtained for these substances in MCF-7 cells (91).  
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5 Subcellular fractionation, method development 

5.1 Subcellular fractionation  

The separation and collection of the intracellular content is called as “subcellular 

fractionation” where the cells are lysed and the released cell content separated 

according to differences in size and density. Depending on the refinement of the 

method, organelle populations can be separated and purified which is done in a series 

of centrifugation steps. The velocity (v) of sedimentation of a particle in a centrifugal 

field can be described: 

v = (d2 (ρp-ρl)/18 µ) g 

Where d = diameter of the sedimenting particle (assuming spherical geometry), ρp = 

density of the particle, ρl = density of the surrounding liquid, g = gravitational field 

(expressed as Relative Centrifugal Force, RCF) and µ = the viscosity of the 

surrounding liquid. The particles, or organelles in the case of subcellular fractionation, 

will move in different speeds depending on their size and density and if they reach to a 

point in the surrounding liquid having the same density they will stop and together 

form a band. Thus, this density of the gradient medium is called as the “banding 

density” of the organelle in that particular gradient medium. The protocol used in the 

present work is described in detail in section 15.8 and the centrifugation scheme 

shown in figure 5.1.  
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Figure 5.1. Centrifugation scheme of the subcellular fractionation method used in the present 

study. 

5.2 Density media 

There are several available density media that differ in properties such as osmotic 

pressure, viscosity, ability of self-forming gradients at conventional speeds and the 

influence on assays and/or downstream sample manipulations (127). In the present 

study, the dimer of the iodinated density medium Nycodenz®, iodixanol (OptiPrep™) 

was chosen because of its low viscosity (relative short centrifugation times are 

needed), compatibility with enzymatic assays and the Coomassie Brilliant blue dye 

present in the Bradford protein reagent (see section 5.4) and low osmotic pressure 

(128). 
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5.3 Homogenization  

An efficient cell lysis is a prerequisite for a successful subcellular fractionation 

protocol. An ideal cell lysis should release as many intracellular components as 

possible with low compromises regarding organelle integrity. In the present work, > 

90 % cell breakage was achieved by subjecting cells to the hypo-osmotic reticulocyte 

suspension buffer (RSB) and liquid shear using a Dounce glass homogenizer. To 

preserve organelle integrity, isotonic buffers should be used as homogenization media. 

However, in the present study, the HeLa cells were resistant to homogenization if 

isotonic sucrose was employed. Attempts were therefore made to homogenize the cells 

with isotonic sucrose containing 0.1 % digitonin (mild non-ionic tenside). Western 

blot analysis revealed that the peroxisomal membrane marker protein PMP70 was 

absent in the mitochondrial fraction (LMF) (fig. 5.1) but instead found in the low-

density fraction M (fig. 5.1) (results not shown). Postulated peroxisomal lysis led to 

abandonment of this strategy. Buffers with higher salt concentrations than RSB were 

also not successful (e.g. 150 mM MgCl2, 10 mM KCl and 10 mM Tris-HCl). They 

required more number of strokes in the homogenizer resulting in aggregation of cell 

material, maybe a consequence of DNA release from damaged nuclei (129).  

5.4 Bradford protein quantification  

To account for deviations in the amount of cells used in different experiments or 

different quantities of cell material in one fraction compared to another, the values 

have to be normalized to a common component. If the platinum amount in whole cells 

is measured, it is easy to normalize to cell count. If platinum is measured in 

subcellular fractions, on the other hand, it would be ideal if this could be normalized 

to bio mass. A more convenient approach is to normalize to protein content. One of 

the most frequently used methods, the Bradford method (130) has in its linearized and 

more sensitive form (131) been ubiquitously used in the present study. The HSA 

(human serum albumin) standard solutions ranged between 0 and 0.75 mg/ml 

(increment: 0.025 mg/ml) in the solutions being mixed with the Bradford reagent 

(1/11 dilution). In most cases, the R2 value of the standard curve was never below 

0.990 (data not shown).  

When comparing the protein normalized platinum amount in different subcellular 

fractions, it is worth to consider that the protein to mass ratio might be different in 
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different compartments of the cell. For example, the plasma membrane contains less 

protein per dry weight (60 % (w/w)) than does whole cell homogenate (85 % (w/w)) 

(132). The same amount of platinum per weight in the homogenate and the plasma 

membrane fraction will result in a higher calculated protein normalized platinum 

amount in the plasma membrane than in the homogenate.  

5.5 Western blot 

Western blot is used for the detection of specific proteins in a sample. Briefly 

described, the proteins in a sample are separated according to size using SDS-PAGE 

(SDS-polyacrylamide gel electrophoresis) where denatured proteins, covered with 

negative charges from SDS molecules, are migrating in the gel towards the anode 

(positive electrode) in an electric field. Subsequently to separation, the proteins are 

again subjected to an electric field, allowing them to migrate out from the gel and on 

to a membrane (e.g. a nitrocellulose membrane). The membrane is incubated with an 

antibody (primary antibody), specifically recognizing one protein in the gel. 

Thereafter, the gel is subjected to a second antibody (secondary antibody), with 

affinity to the first primary antibody. The secondary antibody commonly carries 

horseradish peroxidase (HRP) and can be detected by a HRP catalyzed 

chemoluminescence reaction. The light is captured e.g. on an X-ray film and the 

resulting bands represent the target protein.  

5.5.1 Western blot analysis of the subcellular fractionation method  

To find out the organelle distribution between the bands in the density gradient and the 

post-mitochondrial fraction (fraction M) (fig. 5.1), western blot analysis of the 

collected material was done with antibodies owing affinity to organelle specific 

proteins (marker proteins) (fig. 5.2). The protein normalized distribution of marker 

proteins amongst the collected fractions is shown in fig. 5.3. 
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Figure 5.2. Schematic picture of a cell with organelles whose marker proteins were used in the 

present work. Na+/K+-ATPase for the plasma membrane, MTCO2 (cytochrome c oxidase subunit) for 

the mitochondrial inner membrane, Calnexin for the endoplasmic reticulum, Giantin for the Golgi 

complex, PMP70 for the peroxisomal membrane and LAMP1 for the lysosomal membrane. Other 

cellular components except cell nuclei, which were not considered, are intentionally left out from the 

picture. 

In the present work, the peroxisomal marker was found co-localized with the 

mitochondrial marker and in fractions with lower density. Using MCF-7 cells, Li et al. 

(133) found the peroxisomes not to co-localize with the mitochondria but on the 

bottom of the 24 %/20 %/32 % gradient (sample in 32 %, bottom loaded). The cells 

were lysed with a tissue grinder in a buffer containing 0.25 M sucrose (133).  
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In protocols separating organelles from rat- and mouse liver cells, the peroxisomal 

markers are found in fractions with higher density than the mitochondrial markers. In 

these works (127, 134-135), 0.25 M sucrose was used during cell homogenization. 

Peroxisomes are osmotically sensitive organelles (136) and the lysis method used in 

the present study might have caused disruption of peroxisomes which contributes to 

the different banding pattern of peroxisomes when compared to that in the above 

mentioned literature. 

5.6 Purification of cell nuclei  

The nuclei purification method used in the present work is based on a protocol 

employing hypotonic swelling of the cells with subsequent addition of Triton X-100 

and citric acid (137). The surfactant causes cell lysis and releases the nuclei from the 

outer nuclear membrane (138) which is continuous with membranes of the 

endoplasmic reticulum (139). Citric acid helps removing remaining adhering 

cytoplasmic material (140). The method is fast and efficient, but harsh. Knowler et al. 

(138) showed that nuclei treated with citric acid lost acidic high molecular weight 

histones. Electron micrographs of nuclei purified with citric acid indicate loss of 

nuclear material, probably proteins (140-141). Rosenberger et al. (142) found that this 

effect is not exclusively due to the lost integrity of the nuclear membrane. Including 

MgCl2 in the citric acid solution has been reported to have a protective effect on the 

nuclei and thereby milden the damage caused by citric acid, at least visually, as seen in 

 

Figure 5.3. Western blot analysis of fractions from the density gradient centrifugation. Lysate (L) 

was used as positive control with a 5 times higher applied protein amount. The numbers 2, 3 and 4 

represent the fractions in the density gradient and M is the collected LMF supernatant (see fig. 5.1). A 

sample volume corresponding to ~ 4 µg of protein was loaded on the gel (SDS-PAGE) from each 

fraction.  
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electron micrographs (138) and was therefore added to the citric acid solution used in 

the present work. The method in the present study was first used for the purification of 

MCF-7 cell nuclei but is applicable to HeLa cells without the requirement of 

modifications. The nuclei were examined under the phase contrast microscope 

revealing relatively few visible contaminants and little material adhering to the nuclei 

(fig. 5.4). Nuclei from HeLa cells will give an intact impression under the light 

microscope despite suffering the loss of both membranes after detergent treatment 

(143). Thus, the level of intactness of the nuclei purified in the present work is not 

known. 

 

Figure 5.4. MCF-7 cell nuclei purified using a citric acid detergent method. A and B: Different 

magnifications of purified nuclei stained with methylene blue. C: Unstained nuclei prepared directly 

from freshly harvested cells. D: Unstained nuclei prepared from cells previously frozen (-20 °C). Scale 

bar = 100 µM.  
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5.7 Purification of HeLa cell membrane sheets (ghosts) 

HeLa cells can be disrupted in a fashion that leaves large portions of the plasma 

membranes intact (144-145). These large membrane sheet fragments (ghosts) are 

typical in shape and can easily be identified under the phase contrast microscope. The 

plasma membranes can be collected at low centrifugal forces because of their size and 

no ultra centrifugation is necessary. In the present study, a modified method of 

Atkinson (144) was employed. It includes several steps of differential centrifugation 

and the method was validated by assaying the ouabain-sensitive Mg2+-dependent 

Na+/K+-ATPase activity and by western blot (fig. 5.5). An enrichment of enzyme 

activity in the plasma membrane fraction normalized to protein content was 4.85 ± 

1.7-fold compared to the protein normalized activity in the whole cell homogenate.  

The nuclei should be stabilized by the addition of bivalent cations as soon as possible 

after cell lysis. Otherwise nuclei will not sediment to the same extent in the first 

centrifugation step and be present in the membrane ghost preparation. Prior to cell 

lysis, the cells were washed with Eagle’s Balanced Salt Solution (EBSS) as described 

in the original protocol (144). Substitution of EBSS with PBS resulted in lower 

amounts of ghosts, as seen under the phase contrast microscope. As mentioned in the 

original method (144), cells in multi-layers or cultures that had reached a high (~ 80 

%) or low (~ 40-50 %) confluence did not provide good yields of ghosts. The plasma 

membrane ghosts were layered on an iodixanol density gradient (fig. 5.1) and the 

bands analyzed using western blot (fig. 5.5). The gradient centrifugation resulted in a 

purification of the plasma membranes compared to using differential centrifugation 

only. However, the material loss in the gradient and the long purification time (~ 8 h) 

led to abandonment of the density gradient centrifugation. 
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Figure 5.5. Western blot analysis of fractions from the plasma membrane ghost purification. The 

HeLa cell membrane ghosts (Gh), resulting after a series of differential centrifugation steps, were 

layered on an iodixanol density gradient (fig. 5.1) and several fractions analyzed with western blot. L = 

lysate (positive control). Fraction 5 represents the material collected at the interface of 20/25 % 

iodixanol. See fig. 5.1 for description of fraction 4 and 3. Fraction 17 is the sample collected from the 

17 % density layer. The amount of protein loaded on the gel was ~ 5 µg. For whole cell lysate, the 

plasma membrane marker seems absent but is rather very weak, 1/5 less protein was loaded on the gel 

for Na+/K+-ATPase from the lysate than on the other gels. 

5.7.1 Purification of HeLa cell membrane ghosts, presentation of results from the 

literature  

Costantino-Cerccarini et al. (146) used similar discontinuous sucrose gradients as 

reported by Atkinson et al. (145) for the purification of HeLa cell plasma membranes. 

The protein-normalized activity of the ouabain-sensitive Mg2+-dependent Na+/K+-

ATPase was ~ 9 times higher in the plasma membrane fraction compared to whole cell 

homogenate. Atkinson et al. (144) labeled the cell membrane with tritiated fucose. 

One discontinuous sucrose gradient and subsequent washes in Tris-HCl buffer resulted 

in ~ 5 times protein-normalized enrichment of sugar in the plasma membrane fraction 

compared to whole cell homogenate. The enrichment was doubled when the plasma 

membrane fraction was run on a second gradient (144). Boone et al. (147) incubated 

the cells with radio-labeled antibodies prior to purification. After one discontinuous 

sucrose gradient, the plasma membrane fraction was ~ 10 times enriched in protein-

normalized radioactivity, as compared to whole cells. When employing density 

gradient centrifugation of a continuous sucrose gradient subsequently to the 

discontinuous gradient, the enrichment was additionally five times higher (147). 

However, this density gradient required long centrifugation times (~ 16 h) (147).  
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5.8 Activity assay of the Mg
2+

-dependent, ouabain-sensitive Na
+
/K

+
-ATPase 

This ion transporting protein is used as marker for the plasma membrane (146-148). 

The activity can be determined by measuring the release of orthophosphate ions  

(PO4
3-) accordingly: 

ATP = adenosine triphosphate, ADP = adenosine diphosphate 

The Na+/K+-ATPase specific release of PO4
3- is calculated as the difference between 

total PO4
3- and the PO4

3- released in the presence of the Na+/K+-ATPase inhibitor 

ouabain. The present work employed the method described by Cariani et al. (149) for 

the quantification of PO4
3- and a combination of two methods for the preparation of 

cell material (146, 149). In brief, after incubation of cell material with ATP containing 

buffer (with or without ouabain), the released PO4
3- was complexed with ammonium 

molybdate. This complex is reduced in the presence of ascorbic acid to form a blue 

colored complex, “molybdenum blue”. The remaining ammonium molybdate was 

complexed with bismuth citrate. The molybdenum blue species was quantified 

spectrophotometrically at 590 nm (Amax= 710 nm) with K2HPO4 as standard. The 

time-dependent release of PO4
3- was linear for at least 50 min and the ratio between 

the purified plasma membrane fraction and the lysate was unchanged during this time 

interval (fig. 5.6). An incubation time of 30 min was sufficient for protein 

concentrations of 0.3 mg/ml of membrane fraction and 1 mg/ml of whole cell lysate to 

produce signals within the linear range of the standard curve (data not shown).  

 

              ATP + H2O                                   ADP +  PO4
3- + H+ + energy 

 

Na+   K+    

Mg2+ 
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Figure 5.6. Time-dependent PO4
3- release in an assay of the ouabain sensitive Mg2+-dependent 

Na
+
/K

+
-ATPase in the ghost membrane fraction and in the whole cell lysate of HeLa cells. prot. = 

protein. Values are presented as mean of two independent experiments. 

5.9 Purification of mitochondrial DNA 

Mitochondrial DNA (mtDNA) can be purified in several ways. Depending on the 

purpose of the purification, different methods will render useful. The “alkaline lysis” 

method, developed for the purification of plasmid DNA from bacterial cells (150) 

selectively purifies CCC-DNA (covalently closed circular DNA). This method has 

been used for the purification of mtDNA from Drosophila (151) and from head and 

neck squamous cell carcinoma cell lines (152). A drawback of this method is the loss 

of non covalently closed circular mitochondrial DNA (153). Therefore, another 

method was employed in the present study. In brief, the method is based on 

differential centrifugation of the whole cell lysate for complete removal of cell nuclei. 

The LMF is thereafter collected and subjected to lysis with sodium dodecyl sulphate 

(solubilizing membranes and stripping proteins off the DNA) and proteinase K. The 

lysed LMF is extracted once with Tris-equilibrated phenol (deproteinization), several 

times with an equal volume of a mixture of phenol, chloroform and 3-methylbutanol 

(anti-foaming agent) (ratio of solvents = 25(phenol):24(chloroform):1(3-

methylbutanol)) followed by two extractions with chloroform (phenol removal) (154). 

The aqueous phase is extracted twice with diethyl ether (solvent removal). After 

solvent evaporation, the DNA is precipitated with ethanol and after careful mixing of 

the phases, left at -20 °C over night. After collecting the DNA from the first extraction 

round and evaporating most of the solvent (mtDNA was never left completely dry, this 
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can cause breaks), it was solubilized and incubated with buffer containing RNase A 

and RNase T1 followed by another round of deproteinization and extractions. CsCl 

gradients can be used to purify the mtDNA in the presence of gDNA but only CCC-

DNA will be collected (153). To recover the other forms, the LMF has to be treated 

with DNase prior to lysis which can have deleterious effects on the recovery of the 

mtDNA if the mitochondria are not intact at the time of digestion.  

5.9.1 Restriction enzyme analysis of mitochondrial DNA with Bam HI and Hind 

III 

The mitochondrial DNA contains 16 kb (kilo base pair). A result of subjecting 

mtDNA to restriction enzymes is bands of distinct sizes. Restriction enzymes 

recognize short sequences in the DNA where they cut the double strand. In the present 

work, two restriction enzymes were used, Hind III (three-cutter) and Bam HI. The 

former will cut at three places (fig. 5.7) and the latter only at one place. Although 

having the same size as undigested mtDNA, the linearized molecule will migrate 

faster in the gel (fig. 5.8A). Restriction analysis of gDNA will not give rise to 

distinctive bands in the agarose gel because of the high occurrence of restriction sites.  
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Figure 5.7. Schematic picture of restriction analysis of mitochondrial DNA using Hind III. 
Mitochondrial DNA (mtDNA) is cut at three places when subjected to digestion by the restriction 

enzyme Hind III (~ 10 kb, ~ 5 kb and ~ 0.9 kb). The fragmented DNA is separated according to size on 

an agarose gel in an applied electric field. The gel contains an intercalating fluorescent dye that emits 

light after intercalation when subjected to light of suiting wavelengths. kb = kilo base pair, L = DNA 

ladder, H= Hind III digested mtDNA, ND = non digested. 

 

Figure 5.8. Agarose gel electrophoresis of purified HeLa cell mitochondrial DNA and yeast RNA. 

A: Digested with RNase A. No extra EDTA in washing buffer, no RNase T1. Lane L: 1 kb DNA ladder, 

lane 1: mtDNA linearized with Bam HI, lane 2: mtDNA digested with Hind III and lane 3: undigested 

mtDNA. A total amount of 11.25 µg DNA (according to UV measurements) was loaded on the gel. B: 

20 mM EDTA in washing buffer, digested with RNase A and RNase T1. Lane L: 1 kB DNA ladder, 

lane 1: mtDNA digested with Hind III, 1.5 µg DNA was loaded on the gel (according to UV 

measurements). C: Yeast (Saccharomyces cerevisiae) RNA, digested with RNase A (lane 1) and RNase 

A and RNase T1 (lane 2) followed by deproteinization and precipitation according to protocol (section 

15.12), 8 µg RNA was loaded on the gel (according to UV measurements). 
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5.9.2 Restriction enzyme analysis of the purified mitochondrial DNA 

Contamination of the mtDNA with gDNA was considered to be a minor problem in 

the present work because of low fluorescence between the digested mtDNA bands 

(fig. 5.8B). In the initial stages of method development, RNase A was used for the 

digestion of RNA in the mtDNA preparation. The resulting fragments were large 

enough to co-precipitate with the DNA and to be visible on the agarose gel as a large 

band migrating at 100 bp (fig. 5.8A). According to absorption at 260 nm, 11 µg of 

DNA was required for the appearance of clearly visible mtDNA bands (fig. 5.8A). 

After changes in the protocol such as excessive washing of the LMF with isotonic 

sucrose containing 20 mM EDTA and the addition of RNase T1 in the RNA digestion 

step, the bands at 100 bp were absent and less DNA was required for bright bands (fig. 

5.9B). EDTA removes the adhering microsomes and ribosomes from the mitochondria 

(155). Fragments of RNA that are small enough not to stay on the gel will still 

contribute to absorption at 260 nm. To evaluate the RNA digestion efficiency, yeast 

RNA was digested either with RNase A only or RNase A and RNase T1. After 

deproteinization and subsequent washing of the ethanol precipitate, nucleic acids were 

still present (absorption at 260 nm) indicating that the ethanol precipitation did not 

completely remove the digested fragments. The RNase A treated DNA (fig. 5.8C) 

displayed a thick band migrating at 100 kb but the fraction digested with both 

enzymes, did not give rise to bands with the same amount of applied DNA, as 

determined by UV absorption. In the present work, the DNA was left to precipitate 

over night which might have been the reason for the presence of short fragments since 

smaller fragments require longer times to precipitate.  

5.9.3 DNA purity determination  

The purified DNA was checked for protein and phenol residues 

spectrophotometrically by determining the A260/A280 and A260/A230 ratio respectively. 

Common knowledge in this field is that pure DNA display an A260/A280 ratio of 1.8 

while pure RNA has a ratio of 2. Lower values are said to indicate protein 

contamination but the usefulness of this method is being discussed. According to 

calculations done by Glasel (156), this is a poor measurement of purity considering 

protein contamination and these measurements cannot tell the purity of the DNA 

because of the relative insensitivity to changes in protein concentration. Other ratios 
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that can be of value are the A260/A230 ratio that should be higher than 2 and 2.2-2.5 for 

phenolate- and protein (157) free DNA respectively. A A260/A270 ratio of 1.2 indicate 

that the DNA is free from phenol contamination (154). In the present work, ratios of 

A260/A280 ≥ 1.8 and A260/A230 ≥ 2 were accepted and complete absence of phenolate 

ions and proteins is therefore not assured.   

5.10 Disruption of lysosomes and endosomes using lysotropic peptides 

Lysosomes and/or endosomes can be osmotically disrupted using the peptides GPN 

(glycyl-L-phenylalanine 2-naphthylamide) and MOM (methionine O-methyl ester). 

Hydrolytic enzymes present in the organelle catalyze the hydrolysis of the dipeptides 

to products with higher polarity that experience difficulties in crossing the lysosomal 

membrane and accumulate in the organelle. The accumulation of polar compounds 

eventually leads to osmotic lysis.  

GPN (a substrate for cathepsin C (158)) was shown to act on lysosomes whereas 

MOM (a cathepsin G substrate (159)) additionally disrupted non-lysosomal 

compartments, assumingly endosomes (160). Berg et al. (160) used the release of 

radiolabeled endocytosed material and a lysosomal enzyme, acid phosphatase, to 

confirm lysosomal and endosomal disruption. Others (161-162) have used 

chloroquine, a known lysotropic agent, to investigate lysosomal breakage. They found 

a switch of the lysosomal marker LAMP1 to lower densities after density gradient 

centrifugation. This was accompanied by reduction in β-glucuronidase, a lysosomal 

matrix enzyme. The lysosomal marker LAMP1 has also been found in endosomes 

(163). In the present study, the LMF was treated with MOM and GPN according to the 

method of Berg et al (160) prior to gradient loading and the distribution of LAMP1 

amongst the fractions was analyzed with western blot (fig. 5.9). Since MOM gave rise 

to a larger shift of the marker protein to lower densities, this peptide was used in the 

subsequent tests.  
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5.10.1 Lysosomal disruption, use in subcellular fractionation 

The consequence of MOM treatment on the distribution of m4FPtCl2 in fractions 2-4 

and M is shown in fig. 5.10. HRP was used as a control for lysosomal disruption, since 

it is taken up endocytotically by the cells and found in lysosomes after pinocytosis 

(see section 8.1). The small gain for m4FPtCl2 (fig. 5.10C) in fraction 2 might be 

explained by platinum complexes residing in lysosomal and endosomal structures i.e. 

lysosomal membranes which are experiencing lighter banding densities after MOM 

treatment. For HRP (fig. 5.10D), the gain to fraction 2 is believed to be a method 

artifact. One might postulate that MOM is hindering the lysosomal breakdown of 

HRP. Protease inhibitors were omitted in this experiment. The investigation of the 

stability of the enzyme in whole cell lysate was done with ultrasound disrupted HeLa 

cells in PBS (fig. 7.1). The unfavorable pH for enzymatic breakdown in this 

suspension, inevitable sedimentation of protein aggregates during incubation and the 

large excess of other proteins might have a protecting effect on HRP in the lysate. 

Proteolytic breakdown would make HRP unsuitable as validating agent for lysosomal 

disruption and as marker in a quantitative manner. Thus, the validity of the results 

obtained for HRP in this experiment (fig. 5.10) is questioned and it is not ascertained 

how to interpret the results. If the platinum complex is present in the intralysosomal 

and intraendosomal matrix and MOM treatment results in complete disruption of these 

organelles, the matrix is released. Thus, the platinum compound would be lost from 

the gradient and no gain in any fraction was therefore expected. However, a protease 

insensitive control for lysosomal disruption is needed.  

  

 

Figure 5.9. LAMP1 banding pattern in subcellular fractions after the subjection of LMF to 

lysotropic agents. GPN (glycyl-L-phenylalanine 2-naphthylamide) and MOM (methionine O-methyl 

ester) are lysolytic peptides. Blank = untreated LMF. Numbers represent the bands in the density 

gradient (fig. 5.1) and M is the pellet from the collected LMF supernatant (fig. 5.1). The gel was loaded 

with 5 µg protein. 
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Figure 5.10. Subcellular distribution of m4FPtCl2 and HRP after treatment of the LMF with the 

lysosomal disruptive agent MOM (methionine O-methyl ester). A: Ratio of platinum amount in 

MOM-treated fractions and platinum amount in control fractions, values are protein normalized and 

divided by the protein normalized platinum amount in whole-cell lysate. B: Ratio of HRP activity in 

MOM-treated fractions and HRP activity in control fractions, values are protein normalized and divided 

by the protein normalized HRP activity in whole cell lysate. C: Ratio of percent (of total amount in the 

cell lysate prior to fractionation) platinum in MOM-treated fractions and percent platinum in control 

fractions. D: Ratio of percent HRP activity (of total activity in the cell lysate prior to fractionation) in 

MOM-treated fractions and percent HRP activity in control fractions. Experiments were performed in 

triplicate and the values are presented as mean ± SD. Significant difference (p < 0.05) was seen between 

fraction 2 and 3 in all cases (A: p = 0.000, B: p = 0.043, C: p = 0.025, D: p = 0.0354) using the student’s 

t-test, two-tailed, with unequal variance and a significance level of 0.05. It is not known if the values 

are normally distributed.) Pt = platinum, prot. = protein, nq = not quantifiable, act. = activity, c = 

control. 
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6 Subcellular fraction associated platinum  

6.1 Platinum content in subcellular fractions from HeLa cells  

Cells were incubated with the platinum complexes cisplatin (60 µM), m4FPtCl2 (15 

µM), dl4FPtCl2 (10 µM) and mDAH4FPtCl (15 µM) for two hours. Thereafter, the 

cells were collected and washed (sections 15.1 and 15.8) and subjected to 

homogenization and subcellular fractionation (fig. 5.1, section 15.8). The resulting 

fractions were analyzed for platinum and protein content and these results together 

with the results from purified cell nuclei and plasma membrane ghosts are shown in 

figures 6.1-6.3. The data is presented either as platinum amount normalized to protein 

amount in each fraction divided by the protein normalized platinum amount in the 

whole cell homogenate (fig. 6.1) or as platinum amount in each fraction expressed as 

percent of the amount in the whole cell homogenate (fig. 6.2 and 6.3). For cisplatin, 

platinum amounts in fraction 4 were too low to be quantified (fig. 6.1-6.3). 

The complexes display different abilities to accumulate in the cells over time (fig. 6.4) 

and as a consequence, different initial medium concentrations were used in the 

experiments (fig. 6.1-6.3). Cisplatin is accumulating slowly and initial medium 

concentrations lower than 60 µM will result in difficulties in quantifying platinum 

amounts in fraction 2 and in the whole cell lysate. For m4FPtCl2, a concentration of 15 

µM resulted in quantifiable amounts in all fractions. Concentrations above 10 µM for 

dl4FPtCl2 could not be used due to limitations in solubility (section 4.1). Because of 

different initial medium concentrations, the platinum amounts in the fractions (fig. 

6.1) are normalized to platinum amounts in the whole cell homogenate.  
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Figure 6.1. Protein normalized platinum amount in fractions 2-4, M, purified HeLa cell nuclei 

and HeLa plasma membrane ghosts. The cell nuclei and membrane ghosts were purified using 

separate methods. Results are expressed as ng platinum/µg protein in the fraction divided by ng 

platinum/µg protein in the lysate. Initial concentrations in culture medium for the respective substances: 

cisplatin = 60 µM, m4FPtCl2 = 15 µM, dl4FPtCl2 = 10 µM, mDAH4FPtCl = 15 µM. Fractions 2-4 and 

M represent the fractions shown in fig. 5.1. Experiments were performed in triplicates with exception 

for data from cisplatin associated with fraction 2 (duplicate). HeLa cell membrane ghost associated 

platinum was determined twice for all complexes except for m4FPtCl2, which was measured five times. 

The values are presented as mean ± SD (for all duplicate measurements, the values are expressed as 

mean ± range). When using the student’s t-test (two-tailed, unpaired with unequal variance and a 

significance level of 0.05. It is not known if the samples are normally distributed), no significant 

difference was seen between the substances in fraction 2. A significant difference between fraction 2 

and 3 was found for mDAH4FPtCl, but not for m4FPtCl2. For the nuclei fraction, significant 

differences were seen between mDAH4FPtCl and cisplatin and mDAH4FPtCl and m4FPtCl2 

respectively. Pt = platinum, prot. = protein, nq = not quantifiable. 
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Figure 6.2. Percent platinum in the fractions 2-4, M and cell nuclei of total amount in lysate. 
Initial concentrations in culture medium for the respective substances: cisplatin = 60 µM, m4FPtCl2 = 

15 µM, dl4FPtCl2 = 10 µM, mDAH4FPtCl = 15 µM. Fractions 2-4 and M represent fractions shown in 

fig. 5.1. Experiments were performed in triplicates (duplicate for cisplatin in fraction 2) and the values 

are presented as mean ± SD (mean ± range for duplicates). The cell nuclei were purified using a 

separate method. Pt = platinum, nq = not quantifiable. 

 

Figure 6.3. Percent platinum in the fractions 2-4 and M of total amount in lysate. Initial 

concentrations in culture medium for the respective substances: cisplatin = 60 µM, m4FPtCl2 = 15 µM, 

dl4FPtCl2 = 10 µM, mDAH4FPtCl = 15 µM. Fractions 2-4 and M represent fractions presented in fig. 

5.1. Experiments were performed in triplicate (duplicate for cisplatin in fraction 2) and the values are 

presented as mean ± SD (mean ± range for duplicates). Pt = platinum, nq = not quantifiable. 
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6.1.1 Quantities of platinum complexes in fractions 2-4, fraction M and nuclei  

For mDAH4FPtCl, the difference between fraction 3 and M is about six-fold and is 

the highest seen amongst the tested platinum complexes (fig. 6.1). The highest 

percents of platinum for all complexes were found in fractions 3, M and purified 

nuclei (fig. 6.2-6.3). Those were the fractions containing the highest amount of 

protein. Even though fully intact, nuclei cannot completely retain molecules, 

metabolites and medium size macromolecules because of diffusion pores in the 

nuclear double membrane (164-165). Platinum complexes, free or bound to 

macromolecules, can diffuse out of the nuclei during the purification procedure even if 

the organelle is relatively undamaged. It is therefore assumed that the platinum content 

obtained in the nuclei fraction is an underestimation of the content present in the 

nuclei of whole cells.  

6.1.2 Platinum quantification in a HeLa cell plasma membrane fraction 

The measurements of platinum bound to plasma membrane ghosts suffered high 

deviations when m4FPtCl2 or dl4FPtCl2 were tested (fig. 6.1). On the other hand, for 

cisplatin and mDAH4FPtCl, the deviations were smaller. From the results of the 

concentration-dependent uptake measurements (fig. 10.1), it is postulated that 

m4FPtCl2 and dl4FPtCl2 interact more strongly with the plasma membrane lipids than 

the other complexes. All subsequent steps in the membrane ghost purification after 

removal of the substance containing culture medium is favoring diffusion out of the 

membrane for the complexes residing there in a non-covalent manner. Thus, for those 

complexes whose interaction with (or retention by) the plasma membrane to a greater 

extent relies on non-covalent incorporation in the lipid bilayer, plasma membrane 

associated platinum amounts are expected to be more easily influenced by inter-

experimental fluctuations (i.e. in overall duration of and temperatures during 

purification) than for those covalently associated with the membrane e.g. bound to 

membrane proteins. It is therefore believed that the measured platinum in the ghost 

preparations of cells incubated with cisplatin and mDAH4FPtCl is mainly protein 

bound. The platinum measured for m4FPtCl2 and dl4FPtCl2 might be the combined 

result of covalent interactions with membrane proteins and incorporation in the bilayer 

which gives rise to the higher inter-experimental deviations seen for those complexes 

compared to cisplatin and mDAH4FPtCl (fig. 6.1).  
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6.2 Recovery of m4FPtCl2 in the pooled material from the subcellular 

fractionation procedure 

Two independent experiments were made with m4FPtCl2 for which all fractions along 

the fractionation procedure were saved. These include the intact cells and nuclei that 

were separated from the whole cell lysate in the first and second centrifugation step 

and the supernatant of the second wash of the LMF and the material remaining in the 

density gradient (see fig. 5.1) after collection of the material at the density layer 

interfaces (fractions 2-4). Because of incompatibility of the platinum measurements 

with sucrose and the iodixanol gradient medium, the material remaining in the density 

gradient had to be collected using ultracentrifugation after dilution with PBS. The 

platinum in the resulting supernatant could not be quantified. Surprisingly, only 54.1 ± 

1.4 % were found in all fractions together. The loss of complex might be explained by 

 

Figure 6.4. Platinum present in HeLa whole cell lysate after 2 h incubation with platinum 

complexes. Initial concentrations in culture medium for the respective substances: cisplatin = 60 µM, 

m4FPtCl2 = 15 µM, dl4FPtCl2 = 10 µM, mDAH4FPtCl = 15 µM. Values are presented as mean ± SD 

from at least three independent experiments. Note that mDAH4FPtCl contains two platinum atoms and 

that the whole cell accumulated amount is 50 % lower if expressed in moles and not significantly 

different from dl4FPtCl2. Significant differences are seen between m4FPtCl2 and mDAH4FPtCl, taking 

into account the two platinum atoms in mDAH4FPtCl (p = 0.0073) and between cisplatin and m4FPtCl2 

(p = 0.008) using the student’s t-test (two-tailed, unpaired with unequal variance and a significance 

level of 0.05. It is not known if the samples are normally distributed). No statistical significance was 

seen between m4FPtCl2 and dl4FPtCl2 (p = 0.1315) and between dl4FPtCl2 and mDAH4FPtCl (p = 

0.8467). Pt = platinum, prot. = protein. 
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the breakage of organelles during cell lysis, i.e. if the released platinum bound 

components are too light to be collected in the LMF and/or M pellets (fig. 5.1). 

Another possible explanation might be the binding to cytosolic components. Sharma et 

al. (166) reported that ~ 70 % of platinum found in rat liver- and kidney cells 24 h 

after intraperitoneal administration of cisplatin was present in the cytosol. Zayed et al 

(167) reported that ~ 70 % of the cell associated platinum was found in the cytosol 

after 1 h of incubation of the human lung cancer cell line A549 with cisplatin.  

6.3 Mitochondrial DNA and platinum complexes 

Mitochondria seem to hold an important position in mediating cisplatin toxicity. Qian 

et al. (168) reported a correlation between cisplatin induced toxicity and mitochondrial 

density in intestinal cells. This toxicity was lowered in cells which were depleted of 

mtDNA, as was seen in a tryphan blue viability test. Mitochondrial DNA (mtDNA) 

lacks excision repair mechanisms (169-170) and is therefore believed to be more 

susceptible to the attack of platinum complexes than genomic DNA (gDNA). In the 

present work, the binding of the platinum complexes to mtDNA and gDNA was 

investigated to see if they are capable of entering the mitochondria and binding to their 

DNA.  

6.3.1 Platinum associated with mitochondrial and nuclear DNA purified from 

HeLa cells 

HeLa cells were incubated with cisplatin, m4FPtCl2, dl4FPtCl2 and mDAH4FPtCl for 

24 h and platinum was measured in the collected mtDNA and gDNA. All complexes 

were shown to be associated with the mtDNA purified in the present work (fig. 6.5). 

No obvious difference in binding to mtDNA and/or gDNA was seen between cisplatin 

and m4FPtCl2 which were added to the cells in the same concentration. Cisplatin is 

poorly accumulated in the cells compared to m4FPtCl2 but manages to bind to mtDNA 

to the same extent. No major preferences could be seen for the complexes regarding 

mtDNA or gDNA. Only a very small preference of m4FPtCl2 and dl4FPtCl2 towards 

gDNA could be seen (fig. 6.5). In previous works, using MCF-7 cells and an 

incubation time of 24 h, the complexes m4FPtCl2, dl4FPtCl2 and cisplatin displayed 

accumulation grades (concentration in cells/concentration in culture medium at 

incubation start) of ~ 26, ~ 103 and ~ 3.6 respectively (85).  
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The possibility that intact complexes enter broken mitochondria after whole cell lysis 

cannot be ruled out. Lindauer et al. (105) found that even after 24 h of incubation, 

MCF-7 cells incubated with cisplatin and two other platinum complexes still 

contained platinum species capable of binding to calf thymus DNA. Cisplatin bound 

to methionine, as free amino acid or as part of a protein, can still react with DNA as 

the N7 in guanine (see fig. 1.4) is capable of replacing the platinum thioether bond 

(171). This has not been seen for glutathione or cysteine-bound cisplatin (172). 

Andrews et al. (62) found that after 1 h of incubation of cells with cisplatin, 10-11 % 

of the cell-associated platinum in the human ovarian carcinoma cell line 2008 was 

intact, non-reacted complex. This is probably an underestimation because of the 

relatively long time of presence of the complex in the whole cell lysate prior to 

analysis (62).  

6.3.2 Comparability of results regarding DNA associated platinum  

It is difficult to directly compare the results of the complexes considering their 

different cell growth inhibiting properties. Because of the low yield of mtDNA 

obtained with the purification method used in the present work (~ 20-30 µg), cells had 

to be incubated with substance for 24 h. Cisplatin and m4FPtCl2 were present at 10 

µM and after 24 h, some of the cells showed signs of toxicity, such as detachment 

from the flask surface. Most cells were dead after incubation with 10 µM of dl4FPtCl2. 

Therefore, a concentration of 2.5 µM was used instead. This concentration also did not 

leave the cells unaffected but lower concentrations were believed to give rise to 

quantification problems. This toxicity was not expected for dl4FPtCl2 since it showed 

comparable toxicity with cisplatin in the CVS assay (table 4.2). This can be explained 

by the use of culture medium lacking FBS during the uptake measurements and the 

use of FBS supplemented culture medium in the CVS assay. As investigated in 

previous works (85), dl4FPtCl2 displays higher HSA binding (~ 80 %) than cisplatin 

does (~ 25 %). The cells incubated with the bivalent complex (mDAH4FPtCl) kept on 

growing during the 24 h of incubation. This led to a dilution of the complex in the 

biological material and an underestimation of the DNA-bound platinum.  
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6.3.3 Association of cisplatin with mtDNA and gDNA: Comparison of the results 

in the present work with results from the literature  

Yang et al. (152) measured the platinum content of mtDNA and gDNA after 1 and 2 h 

of incubation of two head and neck squamous cell carcinoma cell lines (PCI-13 and 

PCI-15) with 50 µM cisplatin. They found at least 150 times more platinum in 

mtDNA compared to gDNA which is a strong preference of cisplatin to mtDNA. In 

the present work, incubations with 60 µM cisplatin for 2 h did not result in 

quantifiable amounts of platinum, neither for mtDNA nor for gDNA (results not 

shown). Substantial amounts of mitochondria are probably lost to the pellet during the 

extensive removal of nuclei. In the present work, cells incubated for 24 h with 10 µM 

cisplatin resulted in quantifiable amounts of mtDNA bound platinum. Surprisingly for 

cisplatin, only 0.65 ± 0.07 times more platinum was found in the mtDNA than in the 

gDNA (fig. 6.5). The quantification of mtDNA and gDNA was performed differently 

by Yang et al. (152). They quantified the gDNA by measuring the absorbance at 260 

nm whereas the mtDNA was quantified using a high-sensitive agarose gel. The 

digested (Hind III) fragments of the purified mtDNA were compared with bands of 

known size and concentration from a DNA marker. The amount of gDNA associated 

platinum in the present study was about half the value found by Yang et al. (152). The 

 

Figure 6.5. Binding of platinum complexes to mitochondrial and genomic DNA. HeLa cells were 

incubated 24 h with cisplatin (10 µM), m4FPtCl2 (10 µM), dl4FPtCl2 (2.5 µM) and mDAH4FPtCl (10 

µM). The mitochondrial DNA (mtDNA) and the genomic DNA (gDNA) were collected, in which 

platinum and DNA amounts were determined using FAAS and UV-spectrometry respectively. The 

DNA associated platinum amount is expressed in µg per µg DNA. Pt = platinum. 
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amount of platinum associated mtDNA was about 145 times higher in the work of 

Yang et al. than in the present work. Other studies investigating the binding of 

cisplatin to mtDNA and gDNA report somewhat lower preferences towards mtDNA. 

Giurgiovich et al. (173) investigated the binding of cisplatin to mtDNA and gDNA in 

different organs of fetuses and mothers after intraperitoneal doses of cisplatin in 

pregnant rats, killed 24 h later. The ratios of platinum bound mtDNA to platinum 

bound gDNA in the different organs ranged from 0.5 to 18, depending on the tissue. 

Olivero et al. (174) investigated the preference of cisplatin for mtDNA over gDNA in 

chinese hamster ovary cells where the cells were incubated for 24 h with 50 µM 

cisplatin and an average ratio of ~ 6 was reported.  

In the present work, it was seen that a simple ethanol precipitation is probably not 

sufficient for separating digested RNA fragments from the DNA (section 5.9.2). Thus, 

a method detecting the platinum amount from selected bands in the agarose gel would 

be ideal. The results presented in fig. 6.5 suggest that the complexes tested in the 

present study are capable of delivering platinum species to the mtDNA. It is not 

known if the platinum complexes are bound to bionucleophiles when entering the 

organelle and to what extent these species are capable of reacting with the 

nucleobases. It is therefore not feasible to use information about the mtDNA 

associated amounts of these complexes to draw conclusions about their ability to enter 

mitochondria. 
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7 Optimization of a horseradish peroxidase activity assay  

The enzyme horseradish peroxidase (HRP) is taken up by cells endocytotically 

(section 8.1). In the present work, the subcellular distributions of HRP and that of the 

platinum complexes were compared (section 8.1). HRP was also employed as positive 

control for inhibition of fluid-phase endocytosis (fig. 9.1). HRP can be detected 

indirectly, in its capacity of a peroxidase, using a substrate (see below). Since the 

activity of an enzyme is susceptible to its chemical environment, optimization of assay 

conditions needs to be conducted.  

7.1 Quantification of horseradish peroxidase 

In the present study, the quantification of HRP was done by determining its activity 

using a modified method of Steinman et al. (175). In the presence of H2O2, HRP 

oxidizes the substrate o-dianisidine which forms a dimeric compound through 

intermediates (176). This compound has a different UV-absorption maximum (~453-

475 nm (176)) than the substrate. The absorption of the product is plotted against time 

and the slope of the linear part of the curve used as a measure for enzyme activity. The 

steepness of the slope is proportional to the enzyme concentration. In the present 

work, the absorption was measured at 460 nm.  

7.2 Investigation and optimization of the horseradish peroxidase activity 

assay 

7.2.1 Freezing of samples  

Dehydration and up-concentration of solutes and ions at slow freezing rates might 

have adverse affects on enzyme activity. The fractions resulting from the density 

gradient centrifugation (see fig. 5.1) differ in protein concentrations and offer 

protection to different extents to HRP during freezing (177). Thus, if the samples are 

not frozen fast enough, comparability between different fractions might be 

compromised. In the present work, the suspensions were always frozen in liquid 

nitrogen before storage at -20 °C if not assayed directly. 

7.2.2 Threat of proteolytic enzymes in whole cell lysate 

In whole cell lysates and subcellular fractions, there is a threat on HRP by proteases. 

To test the susceptibility for proteolytic breakdown in whole cell lysate, the enzyme 
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was incubated with HeLa cells (2 h) that were subsequently collected and lysed in 

RSB (sonotrode). The HRP activity was assayed after incubation of the lysate on ice 

or at room temperature and shock frozen after different incubation times. An aliquot of 

the lysate was directly frozen after lysis (control). No loss in activity could be seen 

after 24 h of incubation (fig. 7.1). In the literature, only very slow degradation of HRP 

in living cells has been reported (178-179). 

 

7.2.3 Effect of pH on HRP activity 

To test the pH in which the enzyme displays the highest activity, a solution of HRP 

was added to assay solutions differing in pH and the highest activity was seen for pH 4 

(fig. 7.2).  

 

 

 

 

 

Figure 7.1. Activity of horseradish peroxidase after incubation with HeLa cell homogenate. Cells 

were lysed after incubation with HRP, subjected to ultrasound lysis (in RSB) and thereafter 

immediately frozen in liquid nitrogen (T0) or stored for 24 h at either room temperature (RT 24 h) or 0 

°C (0 °C 24 h) prior to the enzyme assay. One measurement repeat corresponds to approximately 12 s.  
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7.2.4 Effect of fractionation buffer solutions on HRP activity 

The effect of solutions included in the fractionation procedure on HRP activity was 

investigated (fig. 7.3). HRP was added to the solutions and the activity measured after 

6 h of incubation at room temperature. None of the tested solutions altered the activity 

of HRP.  

 

Figure 7.2. Effect of assay solution pH on horseradish peroxidase activity. A solution of 100 ng/ml 

enzyme was diluted by 1/10 with KH2PO4 buffer solutions with different pH. The assay was initiated 

after a few minutes of incubation at room temperature. Values are from two independent measurements 

with the same enzyme stock solution but freshly prepared buffer solutions. The enzyme activity is 

expressed as the (linear) increase in absorption at 460 nm over time. Error bars are seemingly absent 

where the range is narrow.  
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7.2.5 Effect of Triton X-100 on HRP activity 

In this work, Triton X-100 was shown to increase the linearity and sensitivity of the 

assay (fig. 7.4). This has also has been reported by Porstmann et al. (180) which refer 

to this as being a consequence of delayed inactivation of HRP by H2O2. Gallati et al. 

report that the higher the H2O2 concentration, the shorter the useful reaction time 

regarding linearity (181). 

 

Figure 7.3. Effect of solutions used during the fractionation procedure on HRP activity. HRP (10 

ng/ml) was incubated for 6 h with solutions used in the subcellular fractionation and the activity was 

measured. Values are from two independent experiments with the same enzyme stock solution but 

freshly prepared test solutions and are expressed as mean ± range. The enzyme activity is expressed as 

the (linear) increase in absorption at 460 nm over time. Iod. sol. A = Iodixanol solution A (section 16), 

Iod. sol. A 30 % Iod. = Iodixanol solution A with 30 % Iodixanol, Isot. sucr. = Isotonic sucrose. 
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Although an increase in linearity is seen for HRP activity in the presence of Triton X-

100, this surfactant is affecting the activity of the enzyme negatively so it has to be 

introduced as late as possible. In the present work, Triton X-100 was present in the 

buffer that was added to the samples to initialize the assay. If Triton X-100 is added to 

stabilize the samples some time before starting the assay, the enzyme activity is 

lowered (fig. 7.5). It is therefore better, not to stabilize the samples and to have their 

first encounter with the tenside when mixed with the assay solution. Eremin et al. 

(182) report that Triton X-100 alter the secondary structure of HRP. 

 

 

 

 

 

 

 

 

Figure 7.4. Influence of Triton X-100 on the linearity of HRP catalyzed oxidation of o-dianisidine. 

One measurement repeat corresponds to ~ 20 s. Iod. A = Iodixanol solution A (section 16). 
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7.2.6 Linearity of the HRP activity assay 

The assay was linear over a wide concentration range (fig. 7.6). The detection limit 

(calculated on a 3 σ basis) was 0.45 ng/ml and the quantification limit (calculated as 5 

x the detection limit) was 2.25 ng/ml. 

 

Figure 7.5. Difference in sensitivity of the HRP activity assay if Triton X-100 is added to the 
samples or to the HRP assay solution prior to assay begin. The enzyme activity is expressed as the 
(linear) increase in absorption at 460 nm over time. 
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Figure 7.6. Linearity of the HRP activity assay. A: Linearity of concentrations in the range 0-100 

ng/ml. B: Linearity of concentrations in the range 0-20 ng/ml. The HRP concentration (x-axis) is the 

concentration in the sample that is being added to the HRP assay solution. Standard deviations are 

calculated from three individually diluted and measured standard curves from one stock solution of 

enzyme and values are expressed as mean ± SD. The enzyme activity is expressed as the (linear) 

increase in absorption at 460 nm over time. 
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8 Horseradish peroxidase distribution in subcellular 

fractions 

8.1 Subcellular distribution of HRP 

Horseradish peroxidase has long been used as a pinocytotic marker (179, 183) and 

accumulates in endocytotic compartments, (163) such as lysosomes (175, 184-185). 

HRP cannot cross the cell membrane by diffusion and has to use fluid-phase 

endocytosis to enter the cells. In the present work, the subcellular distribution of HRP 

was investigated using the same fractionation method as employed for the platinum 

complexes (fig. 5.1). The cells were incubated with the enzyme at a concentration of 

0.1 mg/ml and the incubation time was the same as for the platinum complexes, i.e. 2 

h. The activity in fraction 4 was below the quantification limit (section 7.2.6) and 

therefore not shown (fig. 8.1). This fraction contains little lysosomal marker (LAMP1) 

relative to protein amount (fig. 5.3). 

Figure 8.1. Subcellular fractionation of HeLa cells incubated with HRP. A: Protein normalized 

HRP activity in fractions 2-4 and M (fig. 5.1) divided by protein normalized HRP activity in whole cell 

lysate. B: HRP activity expressed as percent of the total amount in the whole cell lysate. Values are 

expressed as mean ± SD of at least four independent tests. No significant difference was seen between 

fraction 2 and 3 in A (p = 0.133) (student’s t-test, two-tailed, unpaired with unequal variance and a 

significance level of 0.05. It is not known if the samples are normally distributed). The data shown is 

the control from the experiment described in section 5.10.1. act. = activity, fract. = fraction, prot. = 

protein, lys = lysate, nq = not quantifiable. 
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Fraction M contains some lysosomal marker (fig. 5.3) which can explain the presence 

of HRP. Compared to the distribution of the platinum complexes (fig. 6.3), higher 

percents (about twofold) of the enzyme were found in fractions 2 and 3 but not in 

fraction M (fig. 8.1B). This is also true for the protein normalized activity (fig. 8.1A) 

where higher preference for fractions 2 and 3 was found for HRP than for the platinum 

complexes (fig. 6.1).  

The total amount of enzyme in all fractions presented in fig. 8.1 was only about 15-20 

% of the amount in the whole cell lysate prior to fractionation. HRP is expected to be 

primarily located in endocytotic vesicles. Storrie et al. (184) mention that HRP is 

easily released from lysosomes upon mechanical shear and/or hypotonic lysis. 

Schröter et al. have successfully separated lysosomes from endosomes taking 

advantage of their different osmotic properties and the lysis of lysosomes upon 

subjection to osmotic stress (hypotonic conditions) (186). Except for damage through 

osmotic stress, homogenization and frequent re-suspensions, material might also be 

lost with the nuclei-pellet (fig. 5.1) (co-sedimentation of other organelles with the 

nuclei). Results from the experiment using the lysotropic dipeptide MOM (see section 

5.10.1) indicate that the enzyme might be subjected to digestion.  
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9 Involvement of endocytosis in whole cell accumulation of 

platinum complexes 

9.1 Fluid-phase endocytosis pathways and inhibitor substances 

Endocytosis is part of the complicated membrane vesicle formation and transport 

system present in more or less all mammalian cells. The endocytotic machinery is 

responsible for specific- and unspecific uptake of surrounding fluid. Specific uptake is 

initiated when a ligand, e.g. a protein, binds to a receptor in the plasma membrane. On 

the other hand, unspecific uptake is not dependent on cargo-receptor interactions for 

vesicle initiation. In previous works, it was shown that the accumulation of the 

bivalent platinum complex mDAH4FPtDMSO (similar to mDAH4FPtCl (fig. 1.7) but 

with DMSO as leaving groups instead of Cl-) in MCF-7 cells was inhibited by 

substances inhibiting macropinocytosis (187). In the present work, it was investigated 

if this is true also for the complexes cisplatin, m4FPtCl2 and mDAH4FPtCl. The same 

endocytotic pathways (macropinocytosis and clathrin- and caveolae-mediated 

endocytosis) were tested for uptake involvement, as in the work of Kapp et al. 2006 

(187). These pathways all occur in HeLa cells (188-189) but caveolin-dependent 

endocytosis has been reported to be low in this cell line (190). The mentioned 

pathways differ in mechanism of initiation, intracellular route and vesicle size 

(described below).  

Macropinocytosis  

This endocytotic pathway employs the actin cytoskeleton for the extension of the 

plasma membrane to the cell exterior followed by fusion to form vesicles. These 

vesicles, macropinosomes, are filled with fluid from the cell surroundings and any 

molecule present in the fluid can enter the cell by this manner. Using rat macrophages, 

visual proof of this phenomenon was first published by Lewis (191) already in the 

Thirties and he also confirmed the occurrence of this process in three cultured rat 

carcinoma cell lines (192) and rat fibroblasts (191). The vesicles formed during 

macropinocytosis are heterogeneous in size but the majority are about 1 µM in 

diameter (193). The formation of vesicles is not receptor mediated but subjected to 

regulation. Macropinocytosis is stimulated by growth factors such as EGF (193), as 

has been shown in HeLa cells (188). For immature dendritic cells, this process is 
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constitutive (194-195). Some known inhibitors of macropinocytosis are cytochalasins 

such as cytochalasin B and D. The effects on the actin cytoskeleton after treatment 

with cytochalasins are known since long. Cytochalasin B has been shown to induce 

disappearance of actin filaments (196) and cell ruffling (197). Later, both cytochalasin 

B and D were shown to slow down actin polymerization (198-199). The importance of 

actin polymerization in fluid-phase endocytosis has been demonstrated and 

cytochalasin D inhibited the uptake of the fluid-phase marker Lucifer yellow in yeast 

cells (200). Amiloride and its analogues inhibit the Na+/H+-exchanger and causes a pH 

decrease close to the plasma membrane leading to inhibition of the signaling needed 

for vesicle initiation (201). In this work, the more potent analogue of amiloride, EIPA 

(5-(N-ethyl-N-isopropyl)-amiloride), was employed.  

Clathrin-mediated endocytosis  

Clathrin mediated endocytosis employ vesicles that are ~ 100 nm in diameter (202-

204) for cargo transport. This pathway is specific and the molecule to be transported 

binds to its receptor which initiates the formation of “coated pits” in the plasma 

membrane. The coating consists of the protein clathrin and adaptor proteins which 

assemble after ligand binding and give rise to membrane curvature. This curvature is 

directed inwards and increases until that part of the membrane buds off as a coated 

vesicle (205). This pathway is important for the cellular uptake of LDL (low-density 

lipoprotein) and transferrin (206-208) from the blood stream. Labeled LDL has been 

shown to bind to patches in the cell membrane, identified as coated pits, and is 

thereafter internalized by a coated vesicle (209). The major protein of these coated 

vesicles was identified by Pearse (210) and given the name “Clathrin”. 

Chlorpromazine has been shown to inhibit clathrin-mediated uptake (203) and causes 

re-localization of clathrin from the cell surface, thereby inhibiting endocytosis (211).  
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Caveolin-mediated endocytosis  

With diameters of 50-100 nm (212-214), the vesicles resulting from the initiation of 

this endocytotic pathway are similar in size to clathrin-coated vesicles but there are 

many important differences. The definition of caveolae (vesicle of this pathway) is 

somewhat complicated. A review by Anderson (214) describes several ways of 

identifying a caveolae. It is not always the mere presence of caveolin, a protein found 

in many caveolae (215), that will guide the identification of these vesicles but the 

special membrane composition that result in low buoyant density compared to other 

membranous compartments in the cell (216). Caveolae are resistant to solubilization 

by Triton X-100 (217). This endocytotic pathway is specific and responsible for the 

cellular uptake of the vitamin folate (218-224) and several membrane receptors, 

transporters and signal transducers have been shown to be enriched in caveolae 

(reviewed by Anderson 1998 (214)). The high cholesterol content of caveolae is 

utilized when inhibiting their formation. Substances that sequester the steroid can 

hinder the formation of “lipid rafts”, patches in the plasma membrane serving as 

vesicle-forming platforms (223). Macrolide antibiotics, such as nystatin, partitions into 

the plasma membrane (225) and interact with cholesterol (226) resulting in lipid raft 

disruption (215, 223) and impairment of endocytotic transport (227). Other cholesterol 

binding agents such as methyl-ß-cyclodextrin are often employed for inhibition. This 

substance has been reported not to exclusively impair caveolae-mediated endocytosis 

(228) and for this reason, only nystatin was used in the present study.  

9.2 Intracellular fate of internalized vesicles, presentation of results from 

the literature 

The route of uptake might explain eventual differences in subcellular distribution. In 

NIH3T3 cells, Khalil et al. (229) observed that cargo transported with 

macropinocytosis avoided lysosomal degradation in contrast to cargo transported with 

clathrin-coated vesicles. Also in A431 cells, macropinocytosed material was not 

directed to lysosomes (193) but was found later in the cytosol (230). In macrophages, 

macropinocytotic vesicles were shown to fuse with lysosomes (231). In HeLa cells, on 

the contrary, caveolin dependent endocytosis has been reported to protect against 

lysosomal fusion (189). Thus, the engulfed material reaches different post-endocytotic 

destinations depending on the internalization mechanism and cell type.  
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9.3 Tolerability of HeLa cells against inhibitors 

Prior to uptake measurements, the tolerability of the cells against different inhibitors 

was elucidated. HeLa cells were incubated either with 25-100 µM EIPA or 10-50 µM 

chlorpromazine for 2.5 h and investigated under the phase contrast microscope. The 

uptake assay relies on the attachment of the cells to the culture flask surface 

throughout incubation. Detachment after treatment with substances is therefore 

unacceptable. The detachment of cells has been reported for both EIPA (232) and 

chlorpromazine (233). In the present work, chlorpromazine concentrations of 30 µM 

and higher were not tolerated and significant amounts of cells were detached. 

However, a concentration of 25 µM was accepted. For EIPA, concentrations of 100 

µM and 75 µM did not give rise to detachment. Cells that were incubated with HRP 

together with chlorpromazine, nystatin and EIPA displayed markedly increased uptake 

of the enzyme (results not shown) and large amounts of cells were found detached 

which indicates that the cells were affected negatively. After cytochalasin D treatment, 

some cells had a rounded appearance, probably because of a change in cytoskeleton 

arrangement. However, attachment was sustained. No obvious change in cell 

morphology was seen after nystatin treatment.  

9.4 Result of fluid-phase endocytosis inhibition on whole cell associated 

platinum  

To test whether the platinum complexes enter the cell via one of the main endocytotic 

routes, (macropinocytosis, clathrin-dependent endocytosis and caveolin-dependent 

endocytosis) the cells were pre-incubated with inhibitors for these pathways followed 

by incubation with the complexes together with the inhibitors to sustain inhibition 

throughout the assay. HRP was used as a control for fluid-phase inhibition.  

Whole cell associated platinum was unaffected by endocytosis inhibition (fig. 9.1). 

However, the uptake of HRP was inhibited up to 50 % by inhibitors of clathrin-

dependent endocytosis (chlorpromazine) and macropinocytosis (EIPA, cytochalasin 

D). Results from previous works (187) showed that the cell accumulation of the 

complex mDAH4FPtDMSO was decreased with ~ 50 % by inhibitors of 

macropinocytosis. The only difference between mDAH4FPtDMSO and mDAH4FPtCl 

is the leaving group (DMSO in the former and Cl- in the latter). The overall charge of 

mDAH4FPtDMSO is +4 and +2 for mDAH4FPtCl. It is possible that the higher 
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charge of mDAH4FPtDMSO is not accepted to the same extent by the outer cell 

membrane.  

To make sure that the inhibition of HRP uptake by chlorpromazine is not a method 

artifact, HRP activity was measured after incubation of the enzyme with 0-100 µM 

chlorpromazine. No effect on HRP activity could be seen (data not shown). HRP has 

been found in coated pits of different cell-types (234-236). Rothberg et al. (215) did 

not find any co-localization between antibodies directed against caveolin and HRP 

which supports the failure of nystatin to inhibit HRP uptake in the present study. Thus, 

a caveolae specific control is needed.  

It cannot be ruled out that the complexes enter through pathways other than 

macropinocytosis and clathrin- and caveolin-dependent endocytosis. There are 

endocytotically derived vesicles not belonging to any of the mentioned endocytosis 

pathways (237). These vesicles have been shown to contain the protein flottillin-1 and 

have been seen in HeLa cells, amongst others (238-239). 
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Figure 9.1. Effect of endocytosis inhibitors on HeLa cell platinum and HRP accumulation. Control 

cells were treated only with solvent (= DMF, 0.1 % (v/v) max). A value of 100 % of control (y-axis) = 

no effect of inhibitor treatment on platinum/HRP accumulation. Values are expressed as mean ± SD (if 

n > 3, otherwise range) of at least three independent experiments (n = 2 for cyto. D). The inhibitors did 

not cause significant (p > 0.05) changes in uptake of the platinum compounds (student’s t-test, two-

tailed with a significance level of 0.05, unpaired with unequal variance, it is not known if the values are 

normally distributed). For HRP, only EIPA displayed high SD and the values did not differ significantly 

(p > 0.05) from either 100 % or 50 % of inhibition. nys. (= nystatin, inhibits caveolin-dependent 

endocytosis), chlpr. (= chlorpromazine, inhibits clathrin-dependent endocytosis), EIPA (= 5-(N-ethyl-N-

isopropyl)-amiloride, inhibits macropinocytosis) and cyto. D (= cytochalasin D, inhibits 

macropinocytosis). 
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10 Concentration-dependent whole cell platinum 

accumulation 

The concentration-dependent uptake of cisplatin, m4FPtCl2, dl4FPtCl2 and 

mDAH4FPtCl was investigated in HeLa cells. The incubation time was 2 h and the 

concentrations ranged from 10-60 µM for all complexes except for dl4FPtCl2 for 

which the concentrations ranged between 0.5 and 10 µM. The solubility of dl4FPtCl2 

(section 4.1) limits the use of higher concentrations. The uptake profiles were linear 

for cisplatin and mDAH4FPtCl but non-linear for m4FPtCl2 and dl4FPtCl2 (fig. 10.1). 

Figure 10.1. Time-dependent uptake profiles of four platinum compounds in HeLa cells. Cisplatin 

(A) and mDAH4FPtCl (D) exhibit linear concentration dependent uptake but the uptake profiles for 

m4FPtCl2 (B) and dl4FPtCl2 (C) are not linear. Concentrations range between 10-60 µM with an 

incubation time of 2 h. For dl4FPtCl2 (C), the concentrations ranged between 0.5-10 µM because of 

solubility limitations. Values are expressed as mean ± SD from at least three independent experiments 

for all complexes except for cisplatin where values are expressed as mean ± range. Pt = platinum, prot. 

= protein.  
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Figure 10.2. Concentration-dependent uptake of m4FPtCl2 in MCF-7 cells. The relationship 

between concentration and uptake is exponential (R2 = 0.989). Incubation time was 2 h. Values are 

expressed as mean ± SD from at least three independent experiments. Pt = platinum, prot. = protein.  

A linear concentration-dependent whole cell accumulation has been reported for 

cisplatin in several cell lines (62, 65, 240-242). It is postulated that the non-linear 

uptake profiles of m4FPtCl2 and dl4FPtCl2 is a result from interactions with 

membrane lipids. The reason for the high deviations observed for m4FPtCl2 (10.1B) 

and dl4FPtCl2 (10.1C) is not known. The concentration dependent whole cell uptake 

profile of m4FPtCl2 in MCF-7 cells (fig. 10.2) follows an exponential trend. A 

concentration dependent uptake of m4FPtCl2 has been investigated in previous works, 

using MCF-7 cells (106). The uptake was linear up to 10 µM, which was also the 

highest concentration tested (106). When comparing the results from the concentration 

dependent uptake experiment and the whole cell associated platinum amounts from the 

subcellular distribution experiments (fig. 6.4), no statistical differences (p > 0.05, 

inter-experimentally) could be seen for any of the complexes except for cisplatin (two 

tailed student’s t-test with 0.05 significance level assuming unequal variance, it is not 

known if the values are normally distributed). This discrepancy could not be 

explained.  

10.1 On correlating whole cell platinum accumulation with LogPo/w 

The LogPo/w values of the tested platinum complexes did not differ significantly (p > 

0.05) when culture medium was employed as aqueous phase (fig. 4.1). This is not in 

agreement with the cellular accumulation profiles seen for those compounds in the 

present work (fig. 6.4) as well as in the work of Kapp (85). In the present work, a 

significant (p = 0.0073) difference between the whole cell uptake of m4FPtCl2 and 
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mDAH4FPtCl was seen (fig. 6.4). The difference between whole cell accumulation of 

m4FPtCl2 and dl4FPtCl2 was not significant in the present work (fig. 6.4) but a 

significant difference is expected if the initial concentrations of m4FPtCl2 (now 15 

µM) and dl4FPtCl2 (now 10 µM) are the same. However, a difference in whole cell 

accumulated platinum for m4FPtCl2 and dl4FPtCl2 in MCF-7 cells has been reported 

in previous works (85). The difference is more prominent for cell associated platinum 

over time (85). After 2 h of incubation with 5 µM of platinum complex, the 

accumulation of dl4FPtCl2 was at least one third higher than that of m4FPtCl2 (85). In 

the present study, the substance-containing biphasic (organic and aqueous phase) 

system was vigorously stirred for 30 s prior to incubation at RT for 2 h but it is not 

sure that substance equilibrium was achieved before concentration measurements were 

conducted. 

Differences in whole cell associated platinum between the complexes vary with 

concentration and time. The correlation of LogPo/w values with whole cell platinum 

accumulation might be better correlated using a model taking both concentration and 

time into account. This requires that the complexes do not induce changes in the 

membrane bilayer. Binding to membrane proteins might confound the results. The dry 

weight of purified HeLa cell plasma membranes is to 55 % made up of protein (132). 

Substances aiming to enter the cells are therefore not encountering a naked lipid 

bilayer but a lipid/protein mix.  

The difference between uptakes for m4FPtCl2 and dl4FPtCl2 might be explained by 

different alignments in the lipid bilayer. Zou et al. (243) found that a higher rate of 

accumulation of 1,2-cyclohexanediamine platinum(II) complexes in red blood cells 

was seen for the R,R isomer than for the S,S and R,S isomers. As the differences in 

accumulation rate between the isomers could not be explained by different binding to 

sulfhydryl groups in the plasma membrane and/or the ability of the complexes to 

induce differences in plasma membrane permeability, the authors conclude that the 

plasma membrane itself is a barrier which favors molecules with a certain 

conformation (243). Bilayer selection might contribute to the lack of correlation of 

LogPo/w values with whole cell platinum association for the complexes tested in the 

present work.  
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11 Transmission electron microscopy of fractions from the 

subcellular fractionation  

Electron microscopy (EM) can be used to visualize structures in the nm scale 

including cellular components such as organelles. The mitochondrial protein MTCO2, 

used as marker for the inner mitochondrial membrane, is present in fraction 3 and 4 

(fig. 5.3). However, it is not known whether this marker represents an inner membrane 

that belongs to an intact or broken mitochondrial vesicle in those fractions. EM was 

employed in the present work to confirm or reject the assumption that the 

mitochondrial vesicles are broken in the subcellular fractions. Moreover, it was 

desired to obtain a visual profile of the fractions with respect to other cellular 

structures and to compare this with the western blot data.  

11.1 Choosing pictures  

Suitable areas on the holey carbon-coated copper grid (on which the sample is fixed) 

were chosen for analysis whereas regions with thick layers of sample and aggregated 

material were avoided. The enlarged pictures, resulting from samples imaged over the 

holes in the holey carbon film grids (fig. 11.3-11.8), cannot be used alone to profile 

the fraction because they are a selection of different structures that were found in the 

fractions. Still, care was taken to prevent selection bias due to the selection and 

presentation of one type of structures only. Within the framework of this thesis, only a 

qualitative analysis was preformed. A quantitative analysis requires the recording of 

more images which was not feasible because of the time consumption and 

laboriousness of the cryo-EM method.      

11.2 Sample preparation and visualization  

Two widely used EM methods were employed, negative staining (NS) and cryo-

electron microscopy (cryo-EM). The NS analysis was done to confirm that cellular 

structures are present before continuing to cryo-EM. A negative stain, such as uranyl 

acetate, brings out shapes and cavities of the material. Uranyl acetate stains nucleic 

acids, proteins and ribosomes (244). Membranous structures are indirectly stained 

through stain collected around them (244). The samples in the present work were 

stained according to the negative staining carbon film method (245-246) without prior 

fixation. The analysis was done in a transmission electron microscope.  
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Collapsed structures arise primarily through dehydration at drying on the EM-grid 

after staining (fig. 11.3-11.5). Thus, cryo-EM was employed to obtain pictures of 

better preserved structures under conditions present in the sample suspension. The 

samples are shock-frozen, a process called as cryofixation, to avoid the formation of 

ice-crystals (247). The hydration of the organelles and other cellular structures is not 

compromised (248) and they maintain the shape they had in the suspension before 

analysis (249). In this solid state, they tolerate the vacuum in the electron microscope 

(250) and will not collapse due to dehydration. To maintain vitrification in the electron 

microscope throughout the analysis, the sample holder is cooled with liquid nitrogen. 

This technique also allows for the retention of diffusible macromolecules that might 

get lost during chemical fixation and staining and is therefore considered to be the 

most gentle method of sample preparation (127).  

Cryo-EM analyses of unstained biological samples suffer low contrasts because of low 

signal-to-noise ratios. These samples only tolerate low electron doses and possess 

weak electron scattering properties. For example, the structure in figure 11.4B has 

been subjected to 37 e/nm2 (electrons per square nanometer), whereas the structure 

shown in figure 11.7B was subjected to 749 e/nm2. Structures with quite distinct 

morphology can be compared and recognized as different. Structures similar in size 

and morphology cannot be distinguished from each other e.g. both peroxisomes and 

lysosomes appear as spheres with a homogenous matrix5. However, the multi-

vesicular appearance of some lysosomes might be recognized and distinguished from 

other structures in the sample.  

11.3 Bubbles inside bubbles or bubbles on top of bubbles?  

The samples in the present study were not subjected to slicing. A vesicle that seems to 

contain other vesicles in a micrograph might in fact be material clustered in the visual 

plane and not a true multi-vesicular structure. Also, multi-lamellar vesicles can arise 

during the fractionation procedure because of the tendency of biological membranes to 

vesiculate. An electron micrograph from a sectioned sample containing “true” multi-

lamellar structures such as late endosomes is shown in figure 11.1. Multi-lamellar 

                                                

5 The term “matrix” is here referring to the compartment enclosed by the limiting membrane.  
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structures from an artificial membrane system, visualized with cryo-electron 

tomography, are shown in figure 11.2. 

 

Figure 11.1. Transmission electron microscopy image showing multi-lamellar late endosomes and 

lysosomes from a stained and sectioned sample. Scale bar = 500 nm. Reproduced and modified with 

kind permission from Dr. Ian Prior, Biomedical Electron Microscopy Unit, University of Liverpool, 

picture obtained from: http://pcwww.liv.ac.uk/~emunit/images/endolyso.jpg. 

 

 

Figure 11.2. Cryo-EM micrograph of multi-lamellar liposomes (labeled as MLV in the picture) 

consisting of equimolar amounts of dioleyl-phosphatidylserine and dioleyl-phosphatidylcholine. 

Scale bar = 100 nm. Reprinted by permission from Macmillan Publishers Ltd: [Nature Medicine]((251) 

copyright (2002)). 
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11.4 Comparing circles with spheres 

For the inexperienced eye, the availability of comparative pictures is crucial. In the 

literature, there are several studies available that are analyzing vitrified samples. 

However, picture motives constitute sectioned samples (252-254) or 3D analyses of 

tilted samples (255-257). Therefore, the interpretations of the pictures obtained in the 

present work had to be made with the aid of pictures showing samples that were 

prepared differentially and also analyzed employing other EM methods such as cryo-

electron tomography. Many pictures in the literature are showing thin-sectioned cells 

where the organelles are viewed in their spatial context. In the present study, the 

negative staining and cryofixation procedures were performed with cellular fractions 

that underwent physical insults during the whole fractionation procedure as a 

consequence of, for example, cell homogenization and several subsequent washing 

steps. Slicing (sectioning of) the material will reveal the interiors of organelles and 

double-membrane structures might be more easily recognized than if the sample is 

squeezed onto the grid. Structures easily seen with one method may be looked for in 

vain when pictures are interpreted that were obtained using another method. Studies 

presenting micrographs from other cell lines were also consulted for the interpretation 

of the micrographs obtained in the present work.  
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Figure 11.3. Micrographs from transmission electron microscopy of fraction 2 stained with 

uranyl acetate. The black speckled areas (prominent in B) are a consequence of precipitation of uranyl 

acetate with phosphate (258) present in the suspension buffer (PBS). A and B: Collapsed, relatively 

small, vesicles with clearly visible membrane folds. C: Membrane vesicles, many of them collapsed. 

Some weakly visible tubule-like structures can be seen to the right. D: Picture with less magnification, 

revealing some weak gray areas, maybe precipitation artifacts. Obvious cellular structures are absent. 

Scale bar = 500 nm. 
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Figure 11.4. Micrographs from transmission electron microscopy of fraction 3 stained with 

uranyl acetate. A: Collapsed membrane structures. B: Collapsed vesicle in the lysosomal, peroxisomal, 

and mitochondrial size. C: Precipitation artifacts and possibly protein aggregates. D: Tubular structure 

extending out from a vesicle. Some small vesicles are also seen. Scale bar = 500 nm. 
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Figure 11.5. Micrographs from transmission electron microscopy of fraction 4 stained with 

uranyl acetate. A: Collapsed vesicle. B: Micrograph with lower magnification from one part of the grid 

containing many vesicle-like structures. Here, they do not appear collapsed but also not voluminous. C: 

Protein aggregates and/or small vesicles. D: Small vesicles (upper left corner) and tubule-like 

structures. Scale bar = 500 nm. 
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Figure 11.6. Micrographs from cryo-EM of fraction 2. A: Smaller vesicles with diameters around 

200-500 nm. One vesicle is having electron dense homogenous content and might be a lysosome and/or 

a peroxisome. The vesicular structures are difficult to identify as they can originate from any 

membranous structures present in this fraction. B: Long, tubular-like structures. Maybe originating from 

Golgi but can also be plasma membrane fragments, as they might form stripes during the fractionation 

procedure. Plasma membrane derived stripes are broader than microtubule (259). C: In the lower part of 

the picture, a presumed peroxisome and/or lysosome is present. The smaller multi-vesicular membrane 

structures about 500 nm in diameter might be preparation artifacts. The larger multi vesicular body, 750 

nm in diameter, is believed not to be an artifact because of the relatively dense packing of vesicles 

inside. D: The denser vesicle might be of peroxisomal and/or lysosomal origin. The origin of the 

smaller vesicles is unknown. Scale bar = 250 nm. 
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Figure 11.7. Micrographs from cryo-EM of fraction 3. A: Suspected peroxisome and/or lysosome 

is present (left, electron-dense matrix) together with many membranous, very heterogeneous 

structures that are believed to be the spilled content of a broken multi-vesicular body. The small dots 

(~ 50 nm) cannot be ribosomes (~ 30 nm). Some smaller multi-vesicular structures with denser 

content are present. B: Vesicle, roughly 1 µM in diameter with relatively weakly absorbing matrix. 

C: A tubule-like structure is seen on the left that is too broad to be microtubule (259). The multi-

vesicular structures with relatively heterogeneous content are probably not artifacts. Two smaller 

oval vesicles with homogenous content can be seen. On looking closely, they display a one sided 

very weakly visible coating. Whether this is an artifact from the carbon film, ice formation or an 

actual coat remains uncertain. D: Broken structures giving a granular impression. Scale bar = 250 

nm. 
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Figure 11.8. Micrographs from cryo-EM of fraction 4. A: This structure is postulated to be organelle 

leftovers. B: Two vesicles with diameters of ~ 500 and ~ 200 nm. Both have electron dense content and 

are believed to be either lysosomes and/or peroxisomes. C: Two clearly distinct structures. An oval 

structure is seen to the left. A closer look reveals an ordered matrix which is structured in a way that is 

not seen in structures present in the other fractions. This structure is believed to be a mitochondrial 

vesicle. The round structure to the right resembles either a peroxisome and/or primary lysosome 

because of its relatively dense and homogenous matrix. D: Small vesicles and granular protein 

aggregates, probably from lysed organelles. Scale bar = 250 nm. 
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Figure 11.9. Cryo-EM overview micrographs of fraction 2. The light-gray spots with diffuse 

contour (indicated by arrows) might represent areas of thick ice (260). Scale bar = 1 µm.  
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Figure 11.10. Cryo-EM overview micrographs of fraction 3. The dense black areas in the (upper) 

corners are large ice contaminants (260) through which the electron beam cannot pass. Scale bar = 1 

µm. 
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Figure 11.11. Cryo-EM overview micrographs of fraction 4. Scale bar = 1 µm.  
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11.5 Information from the literature used for organelle identification  

The following sections present features that were used in the attempts of organelle 

identification in the electron microscopy micrographs obtained in the present work.  

Mitochondria 

The “classical” picture of a bean-shaped structure with clearly visible inner membrane 

invaginations were recognized in electron micrographs from sectioned cells (253, 261-

263) but when interpreting plunged non-sectioned material, this picture has to be 

abandoned. Mitochondria in many mammalian cells (264-265), including HeLa cells 

(265-267), have been shown to form a network. In human fibroblasts, for example, the 

mitochondria form a filamentous network and one of those filaments can be as long as 

40 µM (264). In electron micrographs from sectioned HeLa cells, the mitochondria 

display diameters of approximately 0.3-0.5 µM (261). 

The mitochondrial networks are disrupted upon homogenization and appear as 

vesicles with different shapes depending on the structure of the branched tubular-like 

filamentous network. Prominent features of mitochondria are the double membrane 

and the inner membrane folds, the “cristae” (253). A negatively stained mitochondrial 

suspension obtained from different sources, such as Neurospora crassa and rat heart, 

has been studied with electron microscopy by Stockenius (268) and the partly intact 

mitochondria, display worm-like 30 nm broad inner membrane folds surrounded by a 

coat of small spherical particles, 8.5 nm in diameter, on their contour with a narrow 

stalk of 4-5 nm between (268). The appearance of the particles in the micrographs was 

dependent on the fixing and the staining procedure and could not be seen if the 

mitochondrial suspension was subjected to OsO4 at 0 °C, KMnO4 or prolonged storage 

of the suspension in diluted sucrose prior to dehydration and staining (268). Cristae 

from algae have been successfully visualized using cryo-EM tomography and they 

appear as small tubular-like structures, about 50 nm broad, coated with small protein 

complexes, appearing as small dots in the micrograph (see fig. 11.12) (255). Tilt-

methods give a clearer picture about the structure than do fixed-angle methods. To 

conclude, typical mitochondrial features are difficult to recognize in electron 

micrographs with the kind of material and technique used in the present work but the 

presence of structures from the inner membrane folds can differentiate them from 
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other organelles such as peroxisomes, which are round and display a homogenous 

matrix.  

Peroxisomes  

Peroxisomes are spherical organelles with diameters between 0.2-1 µM (127). Without 

specific staining such as using the 3,3'-diamino-benzidine method (269), peroxisomes 

are difficult to separate from primary lysosomes because they both are spherical 

organelles similar in size with one limiting membrane and a homogenous matrix 

(253). Peroxisomes are sensitive to osmotic insults and may give rise to peroxisome 

ghosts (vesicles of peroxisomal membrane) during the purification procedure. Also, 

conventional purification schedules tend to promote leakage of matrix material and the 

organelle will give a less dense impression. This has been reported for a peroxisomal 

fraction purified from rat liver (136).  

Lysosomes 

There is a continuous formation and fusion of vesicles in the cell that together form 

larger- and multi-lamellar structures. They differ in size and morphology depending 

on their cargo and origin (270). A classical way of identifying lysosomes is the 

presence of hydrolytic enzymes such as acid phosphatase (253, 271). Unless 

specifically stained, it is difficult to distinguish primary lysosomes from peroxisomes. 

Multi-vesicular bodies will be recognized as vesicles populated by smaller vesicles 

and structures with multiple membrane structures. They do differ in size and can be 

both smaller and larger than primary lysosomes and contain many or few vesicles 

 

Figure 11.12. Cryo-electron tomography micrograph of cristae. B: Closer look at the tubular cristae 

found in the upper right corner of A. Scale bar = 50 nm. Reprinted and modified with kind permission 

from Egbert J. Boekema and FEBS Letters (255) (copyright (2010)). 
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(253). Autophagic vacuoles are vesicles containing other cell components in different 

stages of breakdown (253). Some endosomes and multi-vesicular bodies possess a 

coat of proteins (272). These vesicles are called as “receptosomes” and the proteins 

might be the rests from clathrin vesicle coating (270). Pre-lysosomal structures, such 

as clathrin coated vesicles, are difficult to identify with one-projection images (273). 

Caveolae might be identified as small vesicles with an irregular surface (274) and they 

can fuse with each other and form non-spherical membrane structures (274). These 

vesicles have a spiral (worm-like) coated membrane structure (214) which makes their 

surface irregular in comparison to simple membrane vesicles.  

Plasma membrane 

Membrane fractions prepared from several types of cells have been reported to consist 

of membrane strips and vesicles ranging between 100 nm and 3 µm in size (275-279). 

Shearing forces from cell homogenization and following re-suspensions of the sample 

prevent the plasma membranes to appear as large sheets and they will form vesicles 

with varying electron density (280). During vesicle formation, surrounding structures 

may be trapped in some of the vesicles.  

Golgi apparatus  

Intact or partly intact Golgi apparatus from rat liver in non-sectioned samples stained 

with phosphotungstic acid appeared as a tubular network (252). When disrupted, e.g. 

during cell homogenization (281), the Golgi apparatus consisted of small vesicles, 

varying in size with  diameters between 100 nm to 300 nm, and 50 nm broad and 300 

nm to 600 nm long tubule (281). The Golgi structures appeared smooth and lacked 

granularity (281).  

Endoplasmic reticulum (ER) 

In electron micrographs of sectioned cells, the RER (rough endoplasmic reticulum) 

and SER (smooth endoplasmic reticulum) can be identified through their spatial 

arrangement in the cell together with the presence or absence of ribosomes. The 

preparation of subcellular fractions requires subjection of the biological material to 

relatively harsh conditions such as cell homogenization and frequent re-suspensions. 

The spatial organization of ER relative to other organelles is disrupted and their 

morphology altered. In several preparations, mainly from investigations in rat liver, 
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ER membranes were found in the shape of vesicles (282-284). Vesicles originating 

from the RER are 100-250 nm in diameter and have ribosomes attached to the surface 

(285-286) whereas the vesicle population from the SER exhibit somewhat higher size 

heterogeneity and lacks surface particles (283).  

In the present work, the LMF was subjected to buffers containing EDTA (see section 

15.8). The release of small and/or large ribosomal subunits from microsomal 

membranes is promoted by magnesium chelating agents, such as EDTA (287-288). 

However, rat and guinea pig liver fractions treated with EDTA have been reported to 

retain some ribosomes (289-290). The extent of release is dependent on the amount of 

EDTA per weight tissue cells. In the present study, this ratio is not known.  

Ribosomes 

In cryo-EM micrographs, 80S ribosomes give a round and compact but granular 

impression and are about 30 nm in diameter (291).  

Cytoskeletal components  

Microtubule are 30 nm broad and longer than 1 µM (259). Actin filaments appear as 

very thin threads that are shorter in length than microtubule (259). The lengths of 

tubule and filaments seen in the micrographs most probably resemble shorter 

structures after fractionation than if viewed inside of intact cells.  

11.6 Interpretation of micrographs  

11.6.1 Fraction 2, general impression 

Mostly membranous, round vesicular structures are present. This fraction gives a 

relative homogenous impression with a few structures having a denser matrix than the 

major part of the vesicle population. These structures are believed to be either 

peroxisomes and/or primary lysosomes. Some structures are too large (> 1-2 µM) to 

be visualized in the images of one grid hole and are only seen in the overviews (fig. 

11.9). They might be multi-vesicular structures and/or large plasma membrane sheets. 

Tubular structures were present but few in numbers. No obvious mitochondrial 

structures were recognized and also no ribosomes. 
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11.6.2 Fraction 3, general impression 

This fraction gives a heterogeneous impression, as opposed to fraction 2. A higher 

number of irregularly shaped membrane structures can be found in this fraction 

relative to round vesicles. Some material seems to be aggregated and several clusters 

are seen in the overview pictures (fig. 11.10) together with broken organelles and/or 

organelle remnants. Tubular structures are seen also in this fraction and clusters of 

very small and round structures, about 50 nm in diameter can be seen. They are too 

large to be identified as ribosomes. As stated above, no obvious mitochondrial or 

ribosomal structures were recognized. This fraction contains multi-vesicular structures 

and also vesicles with a homogenous dense matrix that are believed to be either 

peroxisomes and/or primary lysosomes.  

11.6.3 Fraction 4, general impression 

This fraction gives a damaged and heterogeneous impression (fig. 11.11) and multi-

vesicular bodies were not seen. Many thin, string-like structures were present which 

are thought to be stripes of membranes from damaged organelles. Some of them might 

be microtubule. Actin filaments are too thin to be seen in the overviews. Some round 

vesicles with dense homogenous matrix were present which might be peroxisomes 

and/or lysosomes.  

11.7 Cryo-electron microscopy of subcellular fractions, conclusion 

The results of this method support the suspicion that the presence of mitochondrial 

marker (fig. 5.3) in western blot analysis of fraction 3 is a consequence of 

mitochondrial disruption during the fractionation procedure. One vesicle that is 

assumed to be of mitochondrial origin was seen in fraction 4 (fig. 11.8C) but not in 

fraction 3. Fraction 4 was devoid of typical lysosomal and endosomal structures such 

as multi-vesicular bodies, seen in fractions 2 and 3 (fig. 11.6C and 11.7A and C).  
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12 Resistant cells 

If cytotoxic substances are added to culture cells, they have to adapt to survive. The 

nature of the induced changes depends on the substance, cell type and dosage scheme 

(292). The higher the toxic challenge, the greater the changes the cells need to adopt to 

survive in their new environment. The cells that survive and grow in the presence of 

the toxic substance have developed resistance. The grade of resistance, RF (resistant 

factor), is calculated as: IC50 (solvent treated cells)/IC50 (resistant cells).  

12.1 Establishing resistance  

Resistant cell lines can be established in several ways. Some protocols are selecting 

resistant clones in a cell culture after single or a few multiple step substance additions 

(293-294). However, survival after few doses indicates inherent resistance, a 

consequence of genetic diversity in a cell culture population (295). Acquirement of 

resistance needs continuous- or pulse-wise subjection of the cells to the toxic 

substance, often over longer time periods such as several months. Mese et al. and Shen 

et al. (294, 296) used a mutagen together with cisplatin to speed up the selection 

process. In the present work, substances were added weekly at the time of cell 

passage. If few cells were left attached (< 20 % cell coverage of flask surface), the 

culture was left to recover before further stressing the cells. Figure 12.1 shows results 

from tests with MCF-7 cells treated with substances for about 16 months (recovery 

phases included). The reactive nature of platinum complexes enable several targets in 

the cell and force the cells to respond by changing several mechanisms at once which 

might explain the long adjustment times.  

12.2 Usefulness of resistant cell lines 

Resistant cell cultures can be used to investigate cross resistance, i.e. if the mechanism 

developed against the toxicity of one substance also protects against the toxicity of 

another substance. The mechanism of action of the toxic substance will direct the 

adaption process of the cells i.e. a complex that cannot bind to DNA will not induce 

changes in the cell DNA repair machinery during resistance development. Cross 

resistance is often seen between platinum complexes (25, 65, 241, 297-299), e.g. 

between cisplatin and carboplatin in several cell lines with acquired resistance (294, 

300-301). This is an indication that those complexes share at least some mechanisms 

of action. Resistance against cisplatin does not always and exclusively lead to cross 
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resistance to other platinum complexes (298) but can lead to cross resistance to 

platinum lacking substances, such as doxorubicin (242, 296, 302). For cisplatin and 

other platinum complexes, resistance is often accompanied by a reduction in cell 

uptake (25, 62, 65, 240-242, 294, 297-299, 303-304). If the uptake of another complex 

is reduced in cisplatin resistant cells, they probably have one or several uptake- and/or 

efflux mechanisms in common. 

12.3 How do the cells acquire resistance to platinum substances?  

The literature describing resistance development of platinum complexes, particularly 

cisplatin, is mainly mentioning the change in DNA repair mechanisms (65, 298, 304-

305) and increased glutathione (56, 242, 301) and metallothionein concentrations 

(242) as mechanisms of adaption. Reduced uptake (see references above) and/or 

increased efflux (62) resulting in a net reduction of cellular accumulation of 

complexes have also been reported in cells with acquired resistance. Many other 

changes have been described for cell lines resistant to cisplatin such as impaired 

pinocytosis (306) and altered mitochondrial morphology (307). During resistance 

development, cells might answer to the insult by changing their growth rate. 

Decreased (292, 300), increased (242, 300, 302) and unchanged (65, 241, 294, 297, 

299-300, 304) growth rates have been reported for several cancer cell lines with 

acquired tolerance to various platinum complexes. In the present work, the MCF-7 cell 

cultures treated with platinum complexes displayed reduced growth rates. This 

reduction seemed most prominent in the cisplatin and dl4FPtCl2 resistant cultures and 

was previously reported for cisplatin resistant MCF-7 cells (308). 
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Figure 12.1. Resistance factor and relative accumulation grade of cisplatin, m4FPtCl2 and 

dl4FPtCl2 in MCF-7 cells with acquired resistance. Cells resistant to cisplatin (A), m4FPtCl2 (B) and 

dl4FPtCl2 (C) were incubated with all complexes except mDAH4FPtCl to measure the resistance factor 

(RF) and relative accumulation grade (RAG). Resistance factor is defined as the IC50 of the complex in 

resistant cells divided by the IC50 in the control cells. Accumulation grade is the concentration of 

platinum in the cell volume (calculated using protein amounts) divided by the initial medium 

concentration (90). The RAG is the AG in sensitive cells divided by the AG in resistant cells. The 

number after the name of the complex in the y-axis is the experiment number. For the whole cell uptake 

measurements, the substances were incubated for 2 h at concentrations of 30, 15 and 5 µM for cisplatin, 

m4FPtCl2 and dl4FPtCl2 respectively. For the concentration dependent cytotoxicity measurement, 

concentrations of 0.1, 0.5, 1, 5, 10, 25 and 50 µM were used for all complexes and the incubation time 

was 96 h. 
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12.4 MCF-7 cells with acquired resistance, investigations of cross-

resistance and whole cell associated platinum 

In the present work, MCF-7 cells were cultured in the presence of cisplatin, m4FPtCl2 

or dl4FPtCl2 to acquire resistance. The resistant cell lines were used to investigate 

cross-resistance of the complexes and the effect of resistance on whole cell associated 

platinum.  

12.4.1 Cross-resistance  

In the present study, only very low mutual cross resistance was observed between the 

diastereomers (m4FPtCl2 and dl4FPtCl2) and cisplatin (fig. 12.1). The resistance factor 

of m4FPtCl2 was similar in m4FPtCl2-resistant and dl4FPtCl2-resistant cells (fig. 

12.1B and 12.1C). However, no resistance towards dl4FPtCl2 was seen in m4FPtCl2-

resistant cells. These results suggest that the mechanisms of resistance to dl4FPtCl2 

are protecting the cells towards cytotoxicity of m4FPtCl2. The initial rate of resistance 

development, see fig. 12.2, suggests that the mechanisms required for resistance 

towards m4FPtCl2 might be more easily adopted by the cells than the mechanisms 

required for resistance towards dl4FPtCl2. The RF values were low for the cells that 

had grown in the presence of m4FPtCl2 (fig. 12.1B). This was not expected since at 

the time of resistance development, they could withstand relatively high 

concentrations in the cell culture medium (> 30 µM). The culture was growing a few 

weeks in substance-free culture medium before the cells were ready to be seeded for 

cytotoxicity and uptake tests. Widely speculating, the cells might during this time have 

adapted to the new conditions by starting to phase out the mechanisms responsible for 

resistance. The resistant cell cultures growing with different platinum complexes were 

individually treated and should not be directly compared.  

12.4.2 Whole cell associated platinum  

The uptake of cisplatin in the cisplatin resistant cells was only slightly lowered (fig. 

12.1A). In the literature, many examples can be found where concentration- and/or 

time-dependent cellular cisplatin accumulation has been investigated (see section 

12.2). The uptake of m4FPtCl2 and dl4FPtCl2 was not affected except for the humbly 

decreased uptake for m4FPtCl2 in cells resistant to dl4FPtCl2 (fig. 12.1C). However, 

more investigations are needed. Single-point measurements at low concentrations 
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and/or short incubation times might not show significant accumulation differences 

between resistant and sensitive cells, even if mechanisms such as increase in exodus 

and/or decrease in uptake are active.  

12.4.3 Results from uptake measurements of cisplatin in cell lines with acquired 

cisplatin resistance, presentation of results from the literature 

Andrews et al. (62) investigated concentration dependent cisplatin uptake in a 3.3-fold 

cisplatin resistant human ovarian carcinoma cell line (2008). They found half as much 

cisplatin after 1 h in the tolerant cells as in the sensitive cells when the initial medium 

concentration of cisplatin was 30 µM. When the concentration was kept constant at 10 

µM and the incubation time varied, the same result could be seen after 2 h of 

incubation. Ma et al. (65) conducted concentration-dependent uptake using a human 

ovarian adenocarcinoma cell line (IGROV-1) with 8.4-fold cisplatin resistance. After 

2 h of incubation with 33.3 µM cisplatin, the sensitive cells had accumulated 2.5 times 

more cisplatin than their resistant counterparts. In a 9-fold cisplatin resistant rat 

hepatoma cell line (H4-II-E), Kishimoto et al. (240) found 2.5 times more cisplatin in 

sensitive cells than resistant cells after 2 h of incubation with 33 µM cisplatin. Mese et 

al. (294) could first see differences in cisplatin accumulation between a 3.1- fold 

resistant and sensitive human epidermoid carcinoma cell line (A431) after 3 h in a 

time dependent test with 67 µM cisplatin. For a 3.25-fold resistant human colon 

carcinoma cell line (LoVo), the time dependent accumulation of cisplatin differed 

from the accumulation in the sensitive line after between three and four hours of 

incubation time with an initial cisplatin concentration of 40 µM (303). For a 6-fold 

cisplatin resistant human osteosarcoma cell line (U2-OS), treated 1 h with 33 µM 

cisplatin, the accumulation in resistant cells was half the amount in cisplatin sensitive 

cells (304).  

12.5 Resistance development time course 

The time it takes for the cells to develop resistance to the complexes tested in the 

present work differ. The addition of substances was ceased at the same time for all 

complexes and the concentrations in the culture medium at the last substance addition 

were 8 µM, 30 µM and 30 µM for cisplatin, m4FPtCl2 and dl4FPtCl2 respectively. 

Initially during resistance development, the cells reacted strongly to small increases in 

the dl4FPtCl2 concentration (fig. 12.2) which is similar to the behavior of the cells 
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incubated with cisplatin. After reaching a concentration of about 5 µM, the cells were 

less susceptible to increases in dl4FPtCl2 concentration. Because of solubility 

limitations, it is difficult to know the “true” concentration of dl4FPtCl2. According to 

solubility measurements (see section 4.1) this substance precipitates at concentrations 

> 10 µM and at those concentrations, the cells grow in the presence of crystals, as seen 

under the phase contrast microscope. The solubility limitation of dl4FPtCl2 might 

explain the sudden tolerance of the cells to the increase in concentration around 

passage number 90 (fig. 12.2A).  

Figure 12.2. Documentation during resistance development. A: Concentration in the culture medium 

of cisplatin, m4FPtCl2, and dl4FPtCl2 (expressed in µM) plotted against the cell passage number. B: 

Enlarged view of A showing the concentrations in the culture medium of cisplatin, m4FPtCl2 and 

dl4FPtCl2 during the first 16 passages. The amount of cells that was transferred to new bottles at the 

time of passage was not documented. 

 

  

0

5

10

15

20

25

30

35

40

50 70 90 110

co
nc

en
tr

at
io

n 
in

 m
ed

iu
m

 (
µ

M
)

passage number

cisplatin
m4FPtCl2
dl4FPtCl2

A

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

53 58 63 68

co
nc

en
tr

at
io

n 
in

 m
ed

iu
m

 (
µ

M
)

passage number

cisplatin
m4FPtCl2
dl4FPtCl2

B 



114 

 

13 Cellular fractionation and other techniques for 

investigating subcellular distribution of platinum complexes 

There are several methods that can be used to investigate the subcellular distribution 

of platinum complexes. Visual techniques, such as those employing fluorescence, 

allow the viewing of labeled platinum complexes in living cells. Electron microscopy 

and synchrotron radiation-induced X-ray emission cannot be used for visualization in 

living material. However, an advantage of these techniques is that the platinum atom is 

the species being visualized (direct method) and not a fluorescent tag (indirect 

method). All visual methods analyze material with a preserved spatial organization of 

the organelles and artifacts arising during sample handling are absent. For methods 

using live imaging fluorescence microscopy, the integrity of the organelles is 

preserved because of the sustained natural environment and absence of mechanical 

and osmotic insult. The complexes can be studied using relatively low concentrations 

and after incubation times ranging from a few minutes to several hours. After short 

incubation times, the intracellular path of the complexes can be followed by live 

viewing. But labels are often large and it is questionable if a labeled complex will 

display the same subcellular distribution as the unlabeled platinum complex 

concerning the difference in size and possibly lipophilicity. In the following section, 

several investigations of fluorescently labeled platinum complexes are presented and 

the time dependent subcellular distribution from some investigations is summarized in 

flow charts (charts 13.1, 13.2 and 13.3) and some of the tested structures are shown in 

figure 13.1 and 13.2. 

13.1 Techniques using fluorescence microscopy for subcellular localization 

of platinum complexes, presentation of studies from the literature  

Jansen and Kalayda et al. (95-96, 309) investigated amongst other cytotoxicity, DNA 

binding, cellular accumulation and subcellular distribution of dinuclear N,N’-

bis(aminoalkyl)-1,4-diaminoanthraquinone-platinum complexes in A2780 human 

ovarian carcinoma cells with (A2780cisR, RF = 6) and without (A2780) acquired 

cisplatin resistance. Subcellular distribution was also tested in U2-OS human 

osteosarcoma cells with (RF = 2.5) and without acquired cisplatin resistance. The 

complexes and the anthraquinones possessed varying aminoalkyl lengths. The results 

of subcellular distribution of one of the platinum complexes (PAQ2, fig 13.1) and the 
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respective label (AQ2, fig. 13.1) are presented here and summarized in chart 13.1. No 

difference in subcellular distribution was seen between the compounds in their 

respective groups (95, 309) (complexes and labels). The authors found that the 

platinum linked anthraquinones did accumulate less efficiently than their unlinked 

counterparts (chart 13.1) (309). As the fluorescent platinum complexes display cross-

resistance with cisplatin, the authors conclude that some or all mechanisms of action 

are common. Jansen et al. (309) report that after 2 h of incubation in A2780 cells, AQ2 

and PAQ2 were found in cytoplasm surrounding nucleus, confirmed not to be Golgi 

membranes (chart 13.1). After 24 h PAQ2, but not AQ2, was found in acidic vesicles 

in A2780 cells (309). In A2780cisR cells, the distribution was not different than in 

A2780 cells for AQ2 but PAQ2, on the other hand, was seen in acidic vesicles already 

after 20 min and did not spread to other compartments (95). No accumulation in 

nucleus could be seen for PAQ2 and this was confirmed to be due to fluorescence 

quenching by the DNA because DNA binding in A2780 cells was confirmed to be 

even greater for PAQ2 than for cisplatin (309). The lysosomal sequestration seen in 

A2780cisR cells for PAQ2 was not seen in cisplatin resistant U2-OS cells and the 

overall subcellular distribution was similar in sensitive U2-OS cells. AQ2 was seen 

first to co-localize with Golgi marker and later in the acidic compartments but PAQ2 

was still accumulated in the Golgi complex (96). The authors concluded that 

accumulation in lysosomal vesicles is a part of the resistance mechanism towards 

cisplatin as the resistance factor for PAQ2 was low in the cisplatin resistant U2-OS 

cells as compared to A2780cisR cells (96). They also showed that a change in 

lysosomal pH was seen in the resistant ovarian carcinoma cell line and not in the 

resistant osteosarcoma cell line and reached to the conclusion that changes in 

lysosomal processing is likely to play a role in the resistance mechanism.  

Alderden et al. (98) investigated cytotoxicity and subcellular distribution of a 

mononuclear anthraquinone linked platinum complex (Pt-1C3), structurally similar to 

the complexes described by Jansen and Kalayda et al. (95-96, 309) (fig. 13.2), in a 

human colon adenocarcinoma cell line, DLD-1. No difference in subcellular 

distribution between the fluorescent platinum complex and the anthraquinone ligand 

was seen. After 4-5 h of incubation, both compounds were seen in structures 

accumulating LysoTracker Green (lysosomal marker). No accumulation in nucleus 

was apparent and it was confirmed that the fluorescence was not quenched by DNA 
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interaction. The cytotoxicity of the platinum complex was not significantly different 

from the cytotoxicity of the ligand (98).  

Molenaar et al. (100) used fluorescence-labeled and hapten-labeled ethylenediamine 

platinum complexes (CFDA-Pt and DNP-Pt respectively) (fig. 13.2) for their 

investigations of subcellular distribution in U2-OS human osteosarcoma cells. They 

found that CFDA-boc (fluorescent control) and CFDA-Pt entered the cells rapidly and 

after 1-2 h, the platinum complex and the control were seen localized to the nuclei 

(chart 13.2A). After 6-8 h, the fluorescence of the platinum complex co-localized with 

a Golgi marker and was still accumulated in Golgi after 24 h of incubation whereas the 

fluorescence in nucleus had disappeared. At this point, the fluorescence from the 

control compound was diminished and was until this point not yet seen to localize to 

Golgi. DNP-Pt was distributed in a similar fashion as CFDA-Pt and differently as 

compared to DNP-boc. Thus, the authors concluded that the subcellular distribution is 

determined by the platinum moiety. DNP-Pt was reported to bind to guanosine in the 

same manner as cisplatin in an experiment with free guanosine dinucleotides. The 

same results were obtained for these compounds in cisplatin-sensitive U2-OS as in 

U2-OS cells with acquired resistance to cisplatin (RF = 6 (304)) and their IC50 values 

in both cell lines exceed 50 (97).  

Safaei et al. (310) investigated the subcellular distribution of a fluorescein-labeled 

ethylenediammine dichloroplatinum(II) complex (F-DDP) and the label (CHMA-F) 

(fig. 13.2) in cisplatin-sensitive (2008) and cisplatin-resistant (2008/C13*5.25) 2008 

human ovarian carcinoma cells. F-DDP displayed cross-resistance with cisplatin with 

RF values of 5.3 and 5.7 for cisplatin and F-DDP respectively. After one hour, only 26 

% of the amount of F-DDP accumulated in 2008 cells compared to 2008/C13*5.25 

cells. The subcellular distribution of F-DDP differed between the cell lines (chart 13.2 

B). After 1 h of incubation, F-DDP was reported to localize to several compartments 

in 2008 cells such as nuclei and cytoplasmic vesicles. Diffuse staining in areas 

between cell nuclei, plasma membrane and the cytoplasmic vesicles was also seen. 

The distribution in 2008/C13*5.25 cells was quite different with accumulation only at 

the cell periphery. No distribution in nuclei was seen and only very weak cytoplasmic 

staining. Differences in the subcellular distribution between CHMA-F and F-DDP 

were also seen in 2008/C13*5.25 cells. The authors reported that F-DDP also 

localized to mitochondria (310). Safaei et al. (310) investigated more closely the cell 
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entry of F-DDP. Culture medium solution containing the complex was applied to 2008 

cells and then immediately washed away. F-DDP was first spotted at the cell surface 

but after few minutes localized to cytoplasmic organelles and after 10-30 min the 

fluorescence reached the nuclei. After 1 h of incubation, the platinum complex was 

present in the nucleus and vesicular structures near the nucleus whereas CHMA-F co-

localized with a marker for filamentous actin. Also, some vesicles labeled with a trans-

Golgi marker golgin97 (secretory pathway) and vesicles labeled with a lysosomal 

marker (LysoTracker Red) contained F-DDP. F-DDP was also seen in vesicles 

containing the copper efflux transport protein ATP7A and the multidrug resistant 

protein MDR2, as determined by co-localization of F-DDP with antibodies against 

these proteins (310). Wortmannin treatment resulted in a ~ 30 % increase in total cell 

accumulated F-DDP and a change in localization of the complex to vesicles, that 

under normal circumstances did not exhibit accumulation. Also total cell accumulation 

of cisplatin was induced by this agent (310). No co-localization of F-DDP with early 

endosomal markers was seen after 1 h of incubation.  

Liang et al. (99) studied, amongst other, accumulation and intracellular distribution of 

Alexa Fluor 546 labeled cisplatin (Alexa Fluor 546-cisplatin) in KB epidermoid 

carcinoma cell lines that are sensitive (KB-3-1) and resistant (KB-CP.5) to cisplatin. 

The KB-CP.5 cells were obtained through a single step selection after incubation with 

0.5 µM cisplatin. Co-localization of Alexa Fluor 546-cisplatin and the Golgi label 

NBD-C6-Ceramide was seen during the first 30 min of incubation (chart 13.3). 

Between 30 min and 1 h, the platinum complex also gathered in nuclei. After 2 h, 

fluorescence was seen in both Golgi and cell nuclei. For the KB-CP.5 cells, most 

Alexa Fluor 546-cisplatin was seen in Golgi after 1 h of incubation and very weak 

fluorescence was seen in nuclei. The complex was reported to localize to nuclei first 

after 2 h with fluorescence also seen in Golgi. Also, the fluorescence was less evenly 

distributed and localized to spots compared to the pattern seen in the sensitive cell 

line. In both cell lines, Alexa Fluor 546-cisplatin also escaped to non-Golgi vesicles 

after accumulation in Golgi but the signals were overall weaker in the resistant cell 

line. Uptake of Alexa Fluor 546 alone was fast and fluorescence was seen throughout 

the cell already after 5 minutes of incubation.  
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Chart 13.1. Flow chart summarize of results obtained by Jansen and Kalayda et al. (95-96, 309). 

For chemical structures, see fig. 31.1. 
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Chart 13.2. Flow chart summarize of results obtained by A: Molenaar et al. (100) and B: Safaei et 

al. (310). For chemical structures, see fig. 13.2. 
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Chart 13.3. Flow chart summarize of results obtained by Liang et al. (99). The structure of Alexa 

Fluor 546-cisplatin is not available.  
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13.2 Direct visual techniques for investigation of subcellular localization of 

platinum complexes, presentation of studies from the literature 

Beretta et al. (92) used electron microscopy to follow the subcellular path of cisplatin 

in cells of the human ovarian carcinoma cell line A2780/BBR3464 with resistance to 

the trinuclear platinum complex BBR3463 and slight cross resistance to cisplatin. 

Deposits of cisplatin could be seen at the plasma membrane and the nuclear envelope 

after 5 and 15 min respectively after incubation of the cells with 100 µM. Inside of the 

nucleus, several platinum deposits could be seen in nucleoli after 30 min of 

incubation. Presence in organelles apart from those mentioned above was not reported.  

Hall et al. (94) used synchrotron radiation-induced X-ray emission to investigate the 

subcellular distribution of cisplatin in A2780 human ovarian cancer cells after 24 h of 

incubation with 20 µM. Platinum was reported to be situated in the nucleus.  

  

 

Figure 13.1. Structures of labels and complexes used in the literature (95-96, 98, 309).  
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Figure 13.2. Structures of labels and complexes used in the literature (100, 310). 

Using particle induced X-ray emission, Moretto et al. (311) found a homogenous 

subcellular distribution of cisplatin in cells of the ovarian carcinoma cell line 

IGROV1-p. 

As early as 1978, Khan et al. (93) investigated the intracellular distribution of cisplatin 

in HeLa cells using scanning transmission electron microscopy (STEM) after 

incubation of cells with 200 µM cisplatin during 4 h. Electron dense areas were 

reported in nuclear compartments such as nucleoli and the inner nuclear membrane. 
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Using electron probe microanalysis, the authors confirmed the electron dense areas to 

be platinum. Little platinum was found in the cytoplasm (93). 

13.3 Discussion, indirect and direct methods  

The methods of determining subcellular platinum distributions presented in section 

13.1 and 13.2 are using cisplatin (direct method) or fluorescently labeled platinum 

complexes with either cisplatin or a complex similar to cisplatin as platinum moiety 

(indirect method). Therefore, the determination of subcellular localization of this 

complex will be discussed.  

The complex Pt-1C3, investigated by Alderden et al. (98), was reported not to localize 

to nuclei. For the labeled complexes CFDA-Pt (100), DNP-Pt (100) and Alexa Fluor 

546-cisplatin (99), binding to cellular DNA was not investigated but it was mentioned 

that the complexes are able to bind to N7 (see fig. 1.4) in guanine bases. F-DDP was 

reported to be localized to nuclei after 1 h (310) but that was the last time point 

included and DNA binding was not investigated. Molenaar et al. (100) could not find 

any co-localization of their fluorescently labeled platinum complex (CFDA-Pt) with 

markers for mitochondria. Some of the direct methods (section 13.2) do not report 

cisplatin accumulation to mitochondria.  

While the direct methods mainly detected platinum in the nuclei, the indirect methods 

also pointed out cytoplasmic organelles such as the Golgi apparatus and lysosomes as 

important contributors to the distribution of the complexes inside the cells. The use of 

different cell lines, sample preparation and detection methods, loading- and incubation 

times make direct comparisons difficult. Some loss of diffusible material occurs 

during sample preparation prior to electron microscopy investigations whereas this is 

not the case for live imaging techniques. A subcellular fractionation method might be 

a good complement to the indirect visual methods and more questions can be 

answered concerning the representativeness of the labeled complexes for the 

corresponding unlabelled platinum complexes regarding subcellular distribution. A 

combination of both visual and fractionation methods might therefore give a better 

view of the intracellular distribution pattern of platinum complexes than the methods 

alone. 
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The method presented in the present work is different from the visual techniques in 

many aspects. Some of its advantages and disadvantages are summarized below 

(section 13.4). The results presented here show that platinum from cisplatin, 

m4FPtCl2, dl4FPtCl2 and mDAH4FPtCl is found in both the cell nuclei fraction, the 

three fractions originating from density centrifugation of LMF and the plasma 

membrane fraction (fig. 6.1-6.3) after an incubation time of 2 h with the complexes.  

13.4 Advantages, disadvantages and considerations of the subcellular 

fractionation method used in the present study 

• There is no need for a fluorescent tag because it is the platinum atom in the 

complexes that is the subject for detection.  

• The material from all cells in a culture flask is analyzed and it is the 

distribution in the majority of the cells that is represented.  

• There is an overlap of organelle markers between the fractions (fig. 5.1 and 

5.3) and it is therefore difficult to assign the presence of platinum in one 

fraction to a certain population of organelles.  

• The presence of organelle markers does not necessarily guarantee the presence 

of intact organelles.  

• The number and length of possible incubation times of cells with substances 

are limited by:  

� the need to purify the material directly after incubation.  

� the toxicity, or lack thereof, of the tested complexes. 

• Since the purification time is longer than the incubation time, there is a risk 

that the quantities of substance in the collected fractions are underestimated 

because of diffusion.  

• The protocol might need changes if a different cell line is to be used.  

• The path of the complexes inside of the cells over time cannot be followed i.e. 

short incubation of the cells with complex followed by wash and analysis at 

subsequent time points is not feasible which is partly due to the required 

purification time. Instead, the complexes are present in the culture medium 

until the cells are collected. 

• All cellular compartments are not represented, e.g. cytosol.  
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14 Conclusion  

The aim of the present work was to develop methods for the investigation of 

subcellular distribution of the platinum complexes cisplatin (fig. 1.1), m4FPtCl2, 

dl4FPtCl2 and mDAH4FPtCl (fig. 1.7) in cancer cell monolayer cultures. This was 

achieved by employing subcellular fractionation to generate different fractions in 

which the platinum content could be determined using FAAS after incubating the cells 

(HeLa) with the complex of interest. In previous works, cisplatin, m4FPtCl2, 

dl4FPtCl2 and mDAH4FPtCl have been shown to display differences regarding 

cytotoxicity, protein- and DNA binding and total accumulation in nuclei and in whole 

cells (85). It was desired in the present work to investigate if these four complexes 

also display different subcellular distributions. The methods developed and used here 

have also been critically canvassed and compared with other methods that aim to map 

the subcellular distribution of platinum complexes. 

Differences between the complexes in their relative subcellular distribution were small 

(fig. 6.1-6.3). This might partly be explained by organelle overlap between the 

fractions, as seen in western blot analysis (fig. 5.3). The cryo-electron microscopy 

analysis indicates that the mitochondria are broken since obvious mitochondrial 

structures were absent in fraction 3. A vesicle suspected to be of mitochondrial origin 

was seen in fraction 4 (fig. 11.8C). This was also concluded for some of the 

peroxisomes because of the low banding densities of the peroxisomal marker in the 

density gradient (fig. 5.3). This was believed to be the consequence of hypotonic lysis 

and frequent re-suspensions during sample processing and a more gentle disruption 

procedure than the hypotonic lysis method used in the present work might enhance the 

gradient separation efficiency. The non-quantifiable HRP concentrations in fraction 4 

(fig. 8.1) could be explained by the lack of sufficient endocytotic structures 

(endosomes, lysosomes) which was supported by cryo-electron microscopy (fig. 11.8 

and 11.11) and a weak LAMP1 band in this fraction relative to the other fractions in 

the western blot (fig. 5.3). 

The subcellular distribution of HRP (fig. 8.1) in fractions 2, 3, 4 and M differed from 

the subcellular distribution of the platinum complexes (fig. 6.1-6.3). The differences 

were smaller than expected because HRP uptake is dependent on endocytosis. 

However, the results for HRP might have been biased by enzymatic digestion (section 
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5.10.1). Diffusion is thought to be a contributing factor to the whole cell accumulation 

of cisplatin and mDAH4FPtCl because the accumulation was not saturable up to 60 

µM (fig. 10.1) and not mediated by one of three common endocytosis pathways (see 

below). For m4FPtCl2 and dl4FPtCl2, the relation between whole cell associated 

platinum and concentration seemed to follow a non-linear fashion (fig 10.1 and 10.2). 

The accumulation of m4FPtCl2 was shown also not to be inhibited by inhibitors of 

three endocytotic pathways (see below). The highest percent of platinum was found in 

the cell nuclei (~ 10-25 %, depending on complex) (fig. 6.2) fraction for all complexes 

but this fraction is also the fraction richest in material and the selectivity was not 

different compared to the other fractions (fig. 6.1).  

The contribution of three different fluid-phase endocytosis pathways to the whole cell 

accumulation of cisplatin, m4FPtCl2, mDAH4FPtCl and HRP was investigated (fig. 

9.1). The uptake of HRP was reduced with ~ 50 % by inhibitors for the two pathways 

macropinocytosis and clathrin-dependent endocytosis but not by an inhibitor for 

caveolae-dependent endocytosis. None of the inhibitors caused a decrease in whole 

cell accumulation of any of the tested platinum complexes.  

To investigate if the complexes are capable of entering the mitochondria and to bind to 

mitochondrial DNA, mitochondrial DNA was collected after incubation of the cells 

with the complexes. The associated amounts of m4FPtCl2 and cisplatin with collected 

mitochondrial and genomic DNA after 24 h of incubation (fig. 6.5) were similar. This 

is interesting because cisplatin is poorly accumulated in the cells compared to the 

other complexes (fig. 6.4). Similar DNA associated amounts of dl4FPtCl2 were found 

despite the use of a concentration four times lower than for the other complexes.  

The octanol/water distribution of the complexes was similar for all complexes except 

cisplatin (fig. 4.1) when culture medium was employed as aqueous phase.  

To investigate if m4FPtCl2 and dl4FPtCl2 employ common uptake mechanisms with 

cisplatin and/or with each other, resistant MCF-7 cells were developed with tolerance 

to each of the three platinum complexes. The cross-resistance of cisplatin with 

m4FPtCl2 and dl4FPtCl2 was very low. However, cells resistant to dl4FPtCl2 

displayed some tolerance against m4FPtCl2 which might be an indication that they 

share some mechanisms of action (fig. 12.1). The uptake of cisplatin was reduced by 

half in the resistant cells compared to control cells. For m4FPtCl2 and dl4FPtCl2, 
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uptake did not seem to play a role in the resistance mechanism. However, additional 

tests are needed for substantial results. The rate at which the cells adapted to m4FPtCl2 

was faster than for cisplatin for which the cells were more sensitive to small increases 

in concentration.  

The present work lists many important aspects one needs to consider before starting 

up accumulation tests of platinum complexes in whole cells and subcellular fractions. 

It also presents the applied methods in a critical way e.g. what limitations they have in 

the context of platinum accumulation in cells and in subcellular fractions. If subjected 

to further optimization, the methods might yield stronger conclusions regarding 

subcellular distribution of platinum complexes. 
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15 Materials and methods  

15.1 Cell culture and test preparations 

MCF-7 and HeLa cells were passaged weekly and at least twice a week respectively. 

After washing with PBS, a small volume of trypsin solution was added and after 

visible detachment from the flask surface, the cells were suspended in Dulbecco’s 

modified Eagle Medium (DMEM) containing 5 % foetal bovine serum (FBS). For 

HeLa cells, DMEM without phenol red was used. For MCF-7 cells, 1 ml of cell 

suspension from a 75 cm2 culture flask with 75-80 % confluency was transferred to a 

new flask containing 10 ml fresh culture medium (FBS supplemented DMEM). For 

HeLa cells, 0.5 ml of suspension was transferred. Prior to seeding out for a test in 

culture plates, the cell suspension was counted using an Ussing chamber.  

15.2 Whole cell uptake 

The uptake tests were performed when the cells had reached a confluency of 70-80 %, 

usually after 5 days. To prevent the cells from growing into multiple layers, the plates 

were shaken mildly once daily the first four days of incubation (37 °C, 5 % CO2) and 

only wells containing mono-layers were used. For uptake measurements with cells 

growing in 175 cm2-flasks, 1 ml of a HeLa cell suspension (in a total of 26 ml cell 

culture medium) from a 75-80 % confluent cell culture was sufficient to reach the 

same flask surface coverage after four days of incubation. When HeLa cells were 

seeded out to 6-well microtiter plates, 2 ml of cell suspension with 2 x 105 cells/ml 

were transferred to each well and the cells incubated for five days prior to substance 

addition. For MCF-7 cells, 2 ml of a suspension with 5 x 105 cells/ml were transferred 

to each well.  

15.3 Platinum quantification using FAAS 

Prior to all sample measurements, a standard curve was measured from freshly 

prepared standard solutions with the concentrations 0/10/25/50/100/200/300 and 400 

µg/L platinum using a platinum standard (platinum standard = hexachloroplatinic acid 

in hydrochloric acid). If Triton X-100 was used for sample stabilization (generally for 

whole cell lysates) the calibration solutions contained the same concentration of this 

agent. Hydrochloric acid was added to the calibration solutions to the final 

concentration of 3 % (25 µl of 18 % HCl in a total of 150 µl). All solutions were 
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measured using the settings presented in table 15.1. All samples were sonicated prior 

to analysis (see section 15.4). All solutions were measured twice and if the relative 

standard deviation exceeded 5 % (95.4 % significance level), the solutions were 

prepared new and/or measured again with thorough mixing prior to each 

measurement. The auto sampler tubing was flushed in cycles of 5 after every 

measurement. One extra step of cleaning was performed after completion of the 

standard curve.  

Background 

correction 

Field- 

mode 

Field- 

strength 

(T) 

Wavelength 

of analysis 

(nm) 

Lamp 

current 

(mA) 

Width 

of slit 

(nm) 

Volume 

injected 

(µl) 

Zeeman 2 0.9 265.9 6.0 0.2 20 

Table 15.1. Fixed parameters used during the platinum quantification with FAAS. T= tesla, A= 

ampere. 

15.4 Sonication of cells and subcellular fractions 

Prior to measurements of whole cells, whole cell homogenates and cell fractions 

where a fine suspension and disruption of organelles was needed, the samples were 

sonicated (sonotrode) 6 times with the maximal power switch positioned at MS72/D 

and sound duration of 35 cycles (repeats).  

15.5 Protein determination 

The ready-to-use Bradford reagent solution used for protein quantification was 

prepared by diluting the concentrated solution 1:5 with bi-distilled water. An aliquot 

of the lysate was diluted with bi-distilled water and 20 µl (three wells per sample) of 

the diluted lysate were transferred to 200 µl of Bradford reagent in microtiter plates. 

After mixing using a multichannel micropipette, the plate was left to equilibrate for 20 

min followed by absorption measurement at 590 and 450 nm respectively. If detergent 

(Triton X-100) was present in the samples, the same amount of detergent was added to 

the calibration solutions. The ratio of absorption at 590 nm to 450 nm (A590/A450) was 

plotted against the protein concentration. The standard curve contained solutions of 

0.0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, and 0.175 mg/ml HSA from which 20 µl was 

added to the Bradford reagent. When only sparse amounts of sample were available, 

10 µl of sample suspension and 100 µl of Bradford reagent were used instead.  
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15.6 Chemosensitivity test, crystal violet assay 

The cells were washed in PBS, suspended (described in section 15.1) and seeded into 

96-well microtiter plates with 100 µl/well of a suspension containing 7500 MCF-7 

cells/ml or 2500 HeLa cells/ml. The cells were left in the incubation chamber (37 °C, 

5 % CO2) for 72 h prior to the addition of test substances. The substances were diluted 

in cell culture medium from stock solutions and 100µl/well were added for final 

concentrations of 0.1-50 µM (one row per concentration, maximal solvent 

concentration = 0.1 % (v/v)). After 96 h of incubation, the culture medium was sucked 

off and the cells fixed with 100 µl of 1 % glutardialdehyde in PBS. After removal of 

the fixing solution, 180 µl of PBS was added and the plates stored at 4 °C until 

analysis. To stain remaining biomass, the PBS was removed and 100 µl/well of crystal 

violet solution was added and left for 30 min at room temperature. By leaving the 

plates in a water bath for 15 min, the excess of stain was removed. After removal of 

water, 180 µl/well of 70 % ethanol was added and the plates were shaken mildly for 3-

4 h. Absorbance was measured at 590 nm.  

15.7 Incubation of cells with substances for uptake studies 

After the cells had reached a confluence of 70-80 %, the old culture medium was 

removed and new FBS-lacking culture medium, containing the test substances, was 

added. Stock solutions with appropriate concentrations were used to avoid solvent 

(DMF) concentration exceeding 0.1 % (v/v). Volumes of culture medium were 25 ml 

for 175 cm2 culture flasks and 2 ml for wells of the 6-well plates.  

15.8 Subcellular fractionation 

After incubation with test substance, the cells were suspended as described in section 

15.1. The cell suspension was centrifuged at 339 g at 4 °C for 3 min, washed twice in 

PBS and finally collected at 693 g for 3 min at 4 °C for a more firmly packed pellet. 

The supernatant was sucked off, leaving as little buffer as possible without disturbing 

the pellet. Each pellet from one 175 cm2 culture flask was re-suspended in 3 ml of ice-

cold RSB using a micropipette and left to swell for 10 min on ice. For each substance, 

two flasks (175 cm2) were used and the suspensions (3 ml each) were carefully 

combined (by pouring) in a Dounce glass homogenizer (15 ml capacity). The swollen 

cells were mechanically lysed with 20 strokes (pestle B). Before the addition of 2 ml 

ice-cold sucrose stabilization solution and 100 µl of protease inhibitor cocktail (not in 
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the MOM experiment (section 5.10)), a small aliquot of lysate was collected and 

immediately stored at -20 °C.  

Nuclei and undisrupted cells were removed at 1300 g for 5 min at 4 °C. The 

supernatant was collected and re-spun. The resulting supernatant (PNF) was 

distributed in 1.5 ml micro tubes. Care was taken not to collect the layer close to the 

small nuclei pellet which consisted of non-pelleted nuclei. The PNF was controlled for 

nuclei contamination under the phase contrast microscope. The supernatant was spun 

at 15000 g for 10 min at 4 °C and the resulting supernatant collected (fraction M). The 

resulting pellets (LMF) were washed once in isotonic sucrose and re-spun. After 

discarding the supernatant, the pellets were re-suspended in 1 ml of iodixanol solution 

A and 5 µl of protease inhibitor cocktail was added (not in the MOM experiment 

(section 5.10)) followed by storage on ice. The gradient medium solutions were 

prepared by diluting the 50 % iodixanol solution with iodixanol solution A for 

concentrations of 5, 10, 17, 20, 25 and 30 % iodixanol. The solutions were controlled 

refractometrically and deviations higher than ± 0.0005 from the values in the 

manufacturer’s description (Axis shield) were corrected by the addition of iodixanol 

solution A or 50 % iodixanol solution.  

For the preparation of density gradients, 1 ml of 30 % iodixanol was added to 

centrifugation tubes (14 x 89 mm) using a micropipette and 1.5 ml of the gradient 

solutions were added carefully using a 1 ml syringe and a 20 G x 2 3/4 needle. The 

gradients were prepared on ice and all the solutions were pre-cooled. One 

centrifugation tube containing fraction M was used to calibrate one density gradient by 

the addition of isotonic sucrose. The density gradients and their respective fraction M 

were centrifuged at 28400 rpm (= 100000 gav = 138868 gmax) for 1.5 h at 4 °C in a 

SW41Ti rotor. The cell material gathered at the density layer interfaces was collected 

using the same type of syringe and needle that was used for preparation of the density 

gradients. Each collected fraction (approximately 300-320 µl) was diluted with 100 µl 

of PBS and distributed in two centrifugation tubes (7 x 20 mm). The diluted fractions 

were spun at 55000 rpm (= 13200 gmax = 117000 gav = 102000 gmin) for 20 min at 4 °C 

in a TLA100 rotor. The pellets were re-suspended in ice-cold PBS and solutions 

originating from the same fraction were combined in one tube. After centrifugation 

(same time and speed), the resulting pellets were re-suspended in 150 µl of ice cold 

PBS. For the pellets resulting from fraction M, the supernatant was poured off and the 
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pellet was re-suspended in 500 µl of ice cold PBS and 250 µl transferred to two 

centrifuge tubes and collected and washed as described for the material from the 

density gradient. The resulting pellet was re-suspended in 250 µl of ice cold PBS. All 

the collected samples were stored at -20 °C until analysis.  

15.9 Western blot  

15.9.1 SDS-PAGE 

For each gel (15 pockets), 6 µl of gel sample buffer was added to 20 µl of sample 

suspension and the mixture heated to 95 °C for 5 min except for those samples being 

blotted with anti-Na+/K+-ATPase which were instead subjected to 60 °C for 5 min. For 

samples being blotted with anti-Giantin, RIPA buffer was added prior to heating. If 

nothing else stated, 4.8 µg of protein was loaded on the gel for all samples except for 

the lysate that was added in five times that amount. The gels were run at 30 mA/gel 

and 180 V. All gels, except for gels being blotted with anti-Giantin, contained 12 % 

acrylamide. Because of the large size of Giantin, gels containing 8 % acrylamide were 

used instead. A size marker containing proteins in the size range of 10-250 kD was 

applied onto each gel.  

15.9.2 Western Blot transfer, antibody incubation and development 

The protein transfer was done over night to nitrocellulose membranes with 0.45 µm 

pore size in transfer buffer containing 10 % ethanol. Transfer buffer for membranes 

being blotted with anti-Giantin contained 20 % ethanol and 0.1 % (w/v) SDS. As 

transfer control, Ponceau reagent was added to the membranes after one wash in 

distilled water. For removal of dye, the membranes were washed three times with 

PBS. After the addition of 10 % (w/v) fat-free milk (dry powder dissolved in PBS), 

the membranes were blocked for one hour under mild shaking. For membranes being 

blotted with anti-Giantin and anti-PMP70, 5 % fat-free milk diluted in TBST buffer 

was used.  

After blocking, only membranes being blocked with 10 % milk were washed three 

times with PBS prior to the addition of first antibody (primary antibody solutions: 

anti-Giantin (dilution 1/5000) in TBST buffer containing 5 % fat-free milk, anti-

Na+/K+-ATPase (dilution 1/5000) in PBS, anti-PMP70 (dilution 1/1000) in TBST 

buffer containing 5 % fat-free milk, anti-LAMP1 (dilution 1/400) in PBS, anti-
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Calnexin (dilution 1/2000) in PBS, anti-MTCO2 (dilution 1/1000) in PBS. Sodium 

azide was added to all antibody solutions to a final concentration of 0.02 % (w/v)). 

After incubation at room temperature during mild shaking, the solutions were poured 

off and excess of antibody was removed by washing the membranes three times with 

PBS. Membranes incubated with anti-Giantin or anti-PMP70 were washed three times 

with TBST buffer.  

After the washing step, secondary antibodies (anti-rabbit or anti-mouse) were added in 

a concentration of 1/10000 in PBS containing 5 % fat-free milk. Membranes incubated 

with anti-Giantin or anti-PMP70 were subjected to secondary antibodies diluted in 

TBST buffer containing 5 % fat-free milk. All membranes were left for one hour at 

room temperature and mild shaking. After incubation with secondary antibody, the 

membranes were washed with distilled water. Each membrane was then exposed to 1 

ml of ECL (enhanced chemoluminescence) liquid and the emitted light immediately 

caught on an X-ray film and developed, mostly after an exposure time of 2 min.  

15.10 Purification of cell nuclei 

The cells were collected as described in section 15.1 and the freshly prepared cell 

pellets (corresponding to cells from one 175 cm2 culture flask) were suspended in 1 ml 

of RSB and incubated on ice for 10 min. The swollen cells were collected at 600 g for 

5 min at 4 °C and re-suspended in 1 ml of ice-cold nuclei lysis buffer and vortexed for 

10 s. After the addition of 100 µl citric acid solution, the suspension was vortexed for 

10 s. The released nuclei were collected at 600 g for 5 min at 4 °C and the resulting 

pellet suspended in 500 µl of isotonic sucrose. A small volume was taken out and 

carefully diluted with a methylene blue solution in PBS and checked for complete cell 

lysis under the phase contrast microscope. The suspension was under layered with 0.5 

ml of 0.88 M sucrose (prepared in bi-distilled water) using a micropipette and the two 

layers centrifuged at 5000 g for 10 min at 4 °C. Without disrupting the pellet, the 

uppermost layer together with as much as possible from the denser fraction was 

carefully removed with a micropipette. After suspending the pellet in 1 ml of PBS, the 

nuclei were collected at 1000 g for 5 min at 4 °C and stored at -20 °C until analysis.  

15.11 Preparation of a HeLa cell membrane fraction (ghosts) 

All centrifugation steps were performed in a centrifuge cooled to 4 ºC and all solutions 

and suspensions were kept on ice. Purification of ghosts from cells that had been 
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incubated with one substance was made using at least four 175 cm2 culture flasks with 

a cell confluence of 60-70 %. Multi-layers and high cell confluency (~ 80 %) lower 

the yields and the ghosts that were seen after cell lysis were smaller. Consequently, 

flasks containing multi-layers or a high confluence were not used.  

After suspending the cells (as described in section 15.1), they were collected at 339 g 

at 4 °C for 3 min and washed twice with EBSS (Earle’s balanced salt solution) and 

subsequently collected at 693 g. The supernatant was sucked off and every pellet re-

suspended in 10 mM Tris-HCl (pH 8) in a volume corresponding to 20 times the pellet 

volume. After 10 min of incubation on ice, the cells were lysed using 3-5 slow strokes 

with pestle B in a Dounce glass homogenizer with 15 ml capacity. After 90 % lysis (or 

maximum 5 strokes), as seen under the phase contrast microscope, 10 % of the lysate 

volume of nuclei stabilization buffer was added and an aliquot of the lysate was saved 

and immediately stored at -20 °C until analysis (if not the same day).  

Nuclei and undisrupted cells were collected at 998 g for 2 min and the supernatants 

collected. The absence of nuclei was controlled under the phase contrast microscope. 

The longer the delay of the addition of nuclei stabilization buffer, the more difficult it 

is to pellet the nuclei at the conditions applied in the present work. Membrane ghosts 

can be recovered from the nuclei pellet and sometimes this was performed 

successfully but most of the times the ghost fraction was heavily contaminated by 

nuclei. If recovery was desired, nuclei pellets from four culture flasks were re-

suspended in approximately 8 ml of RSB and distributed in two centrifuge tubes. The 

nuclei were pelleted at 1000 g for 1 min and the supernatant collected. The membrane 

ghosts were collected at 3056 g for 3 min and the supernatants discarded followed by 

careful re-suspension of the pellets in approximately 10 ml of RSB/pellet. This step 

was repeated five times. At this point, the supernatant was left with little 

contaminating material, as seen under the phase contrast microscope. Further washing 

steps were assumed to disrupt the ghosts because of the mechanical insult and did not 

seem to lead to obvious changes in purity when the suspension was investigated under 

the phase contrast microscope. The final membrane pellet was kept at -20 °C after re-

suspension in a small amount of RSB.  
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15.12 Preparation of mitochondrial and genomic DNA from HeLa cells  

The washed cell pellets (section 15.1) were suspended in mtDNA homogenization 

buffer and after 10 min of incubation on ice (3 ml of buffer to a pellet from one 175 

cm2 flask), lysed with 15 strokes (pestle B) in a Dounce glass homogenizer with 15 ml 

capacity. After stabilization by the addition of mtDNA sucrose stabilization buffer in a 

volume corresponding to one third of the lysate volume, the nuclei and undisrupted 

cells were collected at 1300 g for 5 min at 4 °C. Most of the supernatant was collected 

and care was taken not to collect the non-pelleted nuclei that were often seen in the 

two ml closest to the pellet.  

The supernatant was re-spun and the remaining solution free of nuclei (as seen under 

the phase contrast microscope) was distributed in micro tubes with 2 ml capacity. The 

LMF was collected at 15000 g for 15 min at 4 °C in an Eppendorf centrifuge with a 

fixed-angle rotor. The supernatants were discarded and each pellet washed three times 

with 1 ml of mtDNA isotonic sucrose buffer. The resulting pellets were re-suspended 

in a total of 1 ml of STE/CaCl2 buffer and 20 % (w/v) SDS was added dropwise until 

the supernatant cleared (approximately 50 µl) followed by addition of proteinase K 

solution to a total enzyme concentration of 100 µg/ml. The mitochondrial lysate was 

incubated for one hour at 37 °C and 300 rpm in an Eppendorf thermo mixer. After 

protein digestion, 1 ml of Tris-equilibrated phenol was added and the fluids mixed 

gently by inversion. The layers were centrifuged at 20000 g for 30 min at room 

temperature. The aqueous phase was washed several times with a mixture of 

phenol/chloroform/isoamyl alcohol (relative volumes = 25:24:1) until the white layer 

of proteins was absent at the layer interface (usually after three to four washes). After 

two washes with chloroform, the aqueous phase was washed twice with diethyl ether.  

The micro tubes were left open at room temperature for evaporation of the diethyl 

ether residues. After the addition of 100 µl of 1 M sodium acetate and careful mixing, 

700 µl of absolute ethanol was added and the tube turned carefully until the solvents 

were completely mixed. The DNA was left to precipitate over night at -20 °C. The 

precipitate was collected at 15000 g for 30 min at 4 °C. After careful removal of the 

solvent, the DNA left on the walls of the tube was collected by an additional spin for 

15 min at the same speed. If the solvent residues could not be removed without 

disturbing the pellet, the tubes were warmed to 70 °C at 300 rpm in an Eppendorf 
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thermo mixer but care was taken not to evaporate all fluid. If the pellet is left to dry, 

the DNA is more difficult to dissolve and the complete loss of solvent can lead to 

DNA breakage.  

The pellet was dissolved in 500 µl of STE buffer and if this was not readily 

accomplished, the micro tubes were left at 50 °C at 300 rpm for at least 1 h. For the 

digestion of RNA, RNase A and RNase T1 was added to final concentrations of 100 

µg/ml and 700 units respectively and left at 37 °C and 300 rpm for 1 h. After a second 

deproteinization, the DNA was precipitated as described above. The DNA pellet was 

washed once with ice cold ethanol. The ethanol was removed by gentle heating of the 

tube but the pellet was not left completely dry. The residues were dissolved in 100 µl 

of bi-distilled water prior to analysis.  

15.13 DNA Restriction analysis  

Agarose (0.8 % (w/v)) was dissolved in TAE buffer by heating in a microwave oven 

and Safe Red® was added (final dilution 1: 20000) after cooling and just before 

gelation. For a total volume of 40 µl, 1 µl of restriction enzyme, 1 µl of 10 % BSA and 

4 µl of restriction buffer (New England Biolabs Inc., USA) were added to sample and 

water. The solutions were mixed carefully with a micropipette. After one hour at 37 

°C and 300 rpm in an Eppendorf thermo mixer, 8 µl of DNA loading buffer were 

added and after careful mixing with a micropipette, 30 µl were loaded on the gel. The 

gel was run at 150 mA and 200 V and the bands visualized in and captured with a gel 

documentation camera.  

15.14 Endocytosis inhibitor assay 

Cells were pre-incubated for 0.5 h with the following inhibitors (final concentrations 

in brackets) in culture medium lacking FBS: EIPA (70 µM), cytochalasin D (10 µM), 

chlorpromazine (20 µM) and nystatin (30 µM). To the control cells and to the cells 

incubated with inhibitor substances that were dissolved in water, solvent (DMF) was 

added. After pre-incubation, platinum complexes (60 µM cisplatin, 15 µM m4FPtCl2, 

15 µM mDAH4FPtCl) or HRP (0.1 mg/ml) were added together with the inhibitor 

substances and the cells were further incubated for 2 h. After incubation, the cells 

were collected, washed and collected as described (see 15.1). The cells incubated with 

enzyme were shock-frozen in liquid nitrogen and stored at -20 °C together with the 

other samples prior to analysis.  
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15.15 Assay of HRP activity 

All the samples were sonicated (see section 15.4) and 30 µl transferred to one well in a 

96-well microtiter plate. After addition of 270 µl HRP assay buffer and thorough 

mixing using a micropipette, the cyclic absorption measurements (60 repeats) at 460 

nm were immediately started. The cycle number was plotted against the absorption 

and the small time delays between measurements were ignored (one well at the time is 

measured and one cycle corresponds to the time it takes for the reader to measure all 

included wells). Not more than 12 wells were measured at one time. Only the linear 

part of the curve was used for the calculation of the slope, which in turn was used as a 

measure of activity.  

15.16 Na
+
/K

+
-ATPase assay 

Prior to incubation, 25 µl of sample (purified HeLa cell membrane ghosts or cell 

lysate) was mixed with 125 µl enzyme release buffer, vortexed, and incubated at room 

temperature for 10 min. After addition of 350 µl of incubation buffer containing or 

lacking ouabain, the solutions were left for 30 min in a water bath, warmed to 37 °C. 

To stop the enzymatic reaction, 500 µl of ice-cold solution 2 was added and the 

samples left on ice for 10 min followed by the addition of 750 µl of solution 3 and 

incubation for 10 min at 37 °C.  

The standard solutions (50 µl) were transferred directly to the 96-well plate in 

replicates of three. After addition of 100 µl of solution 2 and incubation on ice, 150 µl 

of solution 3 was added and the plate incubated at 37 ºC in an incubation chamber. 

The sample solutions were transferred to the plate in volumes of 300 µl/well (in 

replicates of four). Bubbles were carefully removed using an injection needle. The 

absorbance was measured at 710 nm or 590 nm and the amount of released PO4
3- in 

every fraction calculated from the standard curve.  

For absorbance at 710 nm, the calibration curve was not linear beyond 45 µM PO4
3-. 

When absorbance was measured at 590 nm, the linearity was extended to higher 

concentrations because of the decline in sensitivity. For every sample, three solutions 

were prepared. One solution was incubated with a final concentration of 1 mM of the 

inhibitor ouabain, one without the inhibitor and one lacking sample solution at the 

time of incubation (control). Sample solution was added to the control after addition of 
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solution 2. The control solution compensates for the already in the sample existing 

phosphate and for non-specific release during the assay.  

For preparation of standards solutions, K2HPO4 was dissolved in bi-distilled water for 

concentrations in the range of 0-300 µM in the solution that was added to the wells. It 

was noticed that the samples needed some time after addition of solution 3 and the 

following incubation to stabilize in colour. After that, the solutions were stable for at 

least one hour. It is important that the standard solutions are treated with solution 2 

and 3 in close time proximity to the samples. The measured release of PO4
3- was 

expressed as µmol PO4
3-/mg protein. 

15.17 Resistant cells  

Substances were added to cell culture medium (supplemented with 5 % FBS) at every 

(weekly) passage with initial concentrations of 0.35 µM for cisplatin and 2 µM for 

m4FPtCl2 and dl4FPtCl2 respectively. A control culture without substances was kept 

parallel and all cultures were growing with culture medium containing the same 

amount of solvent (DMF) with concentrations never exceeding 0.1 % (v/v). The cells 

reacted by growing slower and the substances had different impacts on growth. As a 

consequence, different amounts of cell suspension had to be transferred to new flasks 

from the cultures treated with different platinum complexes to synchronize passage 

intervals. 

Before seeding out cells for whole cell uptake and chemosensitivity assays, the cells 

were passaged at least once with culture medium lacking both solvent and platinum 

complexes. The results shown in the present work were obtained with cells surviving 

approximately 52 passages in substance-containing cell culture medium.  

15.18 Transmission electron microscopy 

15.18.1 Negative staining 

Approximately 2 to 5 µl of sample suspension containing about 100 ng/µl protein 

were placed on a carbon-coated glow-discharged 400 mesh copper grid 

(QuantifoilTM, Jena, Germany) and stained with 2 % aqueous uranyl acetate (EMS, 

Hatfield, PA 19440). Excess of liquid was blotted off using filter paper and the grid 

was left to dry at room temperature. The sample was examined using a Philips CM100 
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(FEI, Hillsboro; OR, USA) transmission electron microscope (TEM) and imaged 

using a Fastscan CCD camera (TVIPS, Gauting, Germany). 

15.18.2 Cryofixation 

After suspending the final pellets from the subcellular fractionation (fig. 5.1) in a total 

of 150 µl sterile-filtered PBS, they were further diluted with sterile-filtered PBS prior 

to analysis. The protein amount was not quantified prior to analysis but fractions 2 and 

4 were diluted by 1/2 and fraction 3 by 1/10 to obtain similar amounts of material in 

the fractions and to avoid thick samples that might resist vitrification. A small volume 

(3.5 µl) of the sample suspension was applied on a freshly glow discharged 400 mesh 

carbon coated holey grid (QuantifoilTM, Jena, Germany) at 4 °C and blotted for 10 s 

before plunge frozen into liquid ethane cooled by liquid nitrogen using a semi-

automated VitrobotTM plunge-freezer (FEI). After vitrification, the grid was placed in 

a cryo storage box and kept in liquid nitrogen until analysis. The sample was then 

placed in a Gatan (Pleasanton, CA, USA) cryo holder and analyzed using a 120 kV 

Tecnai Spirit (FEI) cryo electron microscope, equipped with a 2k Eagle CCD (FEI). 
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16 Buffers and reagents 

The salts and reagents were always dissolved in bi-distilled water, if nothing else 

stated.  

20 % SDS: 2 g SDS in 10 ml bi-distilled water. If precipitated, the tube was hold 

under warm water until a clear solution was obtained.  

50 % Iodixanol solution (12 ml): 2 ml of iodixanol solution B is mixed with 10 ml of 

OptiPrep™. 

Bradford reagent (5 x): 250 ml Serva Blue G, 250 ml 96 % ethanol, 500 ml bi-

distilled water and 500 ml 85 % H3PO4 

Citric acid solution (11 % (w/v)): 1.1 g citric acid, 11 mM MgCl2 · 6H2O in 10 ml bi-

distilled water 

Crystal violet solution (0.02 % (w/v)): 100 mg of crystal violet is dissolved in 500 ml 

distilled water.  

DNA loading buffer (6 x): 30 % glycerol, 0.1 % bromophenol blue 

EBSS (Earle’s Balanced Salt Solution): 34.5 mM NaCl, 1.26 mM KCl, 0.83 mM 

MgSO4 x 7H2O, 1.17 mM KH2PO4, 2.71 mM NaHCO3, 5.55 mM D-Glucose 

ECL liquid: 1 ml of ECL solution A is mixed with 0.1 ml of ECL solution B and 0.3 

µl of 35 % H2O2. The solution is prepared just before usage.  

ECL solution A: 50 mg luminol in 20 ml 0.1 M Tris-HCl (pH 8.6), stored at 4 °C 

ECL solution B: 22 mg trans-4-hydroxycinnamic acid is dissolved in 20 ml DMSO 

and stored at room temperature in the dark.  

Enzyme release buffer (pH 7.0): 0.06 % (w/v) sodium deoxycholate, 25 mM 

imidazole  

Gel sample buffer (4 x): 200 mM Tris-HCl (pH 6.8), 1.43 M β-mercaptoethanol 40 % 

(v/v) glycerin, 4 % (w/v) SDS and 0.3 mM bromophenol blue.  

Glutardialdehyde (fixative) solution (1 % (v/v)): 2 ml of a 25 % glutardialdehyde 

solution is diluted with PBS to a total volume of 50 ml.  
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HRP assay buffer (6 ml): 300 µl 1 M KH2PO4 (pH 4), 50 µl 1 % (w/v) o-dianisidine, 

60 µl 0.3 % (v/v) H2O2, 67 µl 10 % (v/v) Triton X-100.  

Incubation buffer (pH 7.2): 143 mM NaCl, 28.6 mM KCl, 71.43 mM Tris-HCl, 4.29 

mM MgCl2, 4.3 mM ATP. Prior to incubation together with the samples, the 

incubation buffer was mixed with ATP for a total concentration of 4.3 mM. This 

solution was used to obtain solutions with 1.43 mM ouabain.) 

Iodixanol solution A: 10 mM HEPES (pH 7.4), 1 mM EDTA disodium salt, 250 mM 

sucrose 

Iodixanol solution B: 60 mM HEPES (pH 7.4), 6 mM EDTA disodium salt, 250 mM 

sucrose 

Isotonic sucrose: 10 mM Tris-HCl (pH 7.4), 2.5 mM MgCl2, 250 mM sucrose  

Methylene blue solution: A spattle tip of methylene blue is solved in PBS and 

sonicated before use to dissolve eventual crystals.  

mtDNA homogenization buffer: 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 2.5 mM 

CaCl2  

mtDNA isotonic sucrose buffer: 10 mM Tris-HCl (pH 7.4), 250 mM Sucrose, 20 

mM EDTA  

mtDNA sucrose stabilization buffer: mtDNA homogenization buffer in 1 M sucrose  

Nuclei lysis buffer: 10 mM Tris-HCl (pH 7.4), 3 mM MgCl2, 10 mM NaCl, 0.5 % 

(v/v) Triton X-100  

Nuclei stabilization buffer: 10 mM Tris-HCl (pH 7.4), 30 mM MgCl2, 100 mM NaCl 

PBS: 8 g NaCl, 0.2 g KCl, 0.2 g KH2PO4 and 1.4 g Na2HPO4 ·2H2O in a total of 1 l 

water 

Ponceau reagent (100 x): 2 g Ponceau S, 30 g trichloroacetic acid, 30 g 5-

sulfosalicylic acid dihydrate, milli-Q water is added to a total volume of 100 ml.  

Preparation of stacking- and separating gels: The volumes of solutions required for 

gels of concentrations 8 and 12.5 % are listed in table 16.1. After mixing, the solutions 

were poured into sealed casting forms. Sufficient space was left for the stacking gel in 
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the forms. A layer of isopropanol was added carefully and the gels were left to 

polymerize. Before the addition of the stacking gel solution, the alcohol was carefully 

poured off and the remains sucked off with a paper towel. The stacking solution was 

added right after the mixing of the ingredients and the gel left to polymerize after 

insertion of the comb. 

Table 16.1. Volumes of solutions required for preparation of SDS-PAGE gels. 

 

Proteinase K solution: 1 mg/ml proteinase K in bi-distilled water, stored at -20 °C 

RIPA Buffer (5 x): 750 mM sodium chloride, 5 % (v/v) Triton X-100, 2.5 % (w/v) 

sodium deoxycholate, 0.5 % (w/v) sodium dodecyl sulphate and 250 mM Tris-HCl 

(pH 8) 

RNase A solution: 10 mg/ml RNase A in 0.15 M NaCl, stored at -20 °C 

RSB: 10 mM Tris-HCl (pH 7.4), 3 mM MgCl2, 10 mM NaCl  

SDS-PAGE run buffer: 25 mM Tris base, 250 mM glycine, 0.1 % (w/v) SDS 

Solution 1 (1 ml): 100 mg ammonium molybdate in 1 ml bi-distilled water 

Separating gel 

4 gels with 15 pockets respectively 

Final 

concentration 

 

Rotiphorese 

Tris-HCl 

(pH 8.8) 

 

20 % 

SDS 

 

Water 

(Milli-Q) 

 

Temed 

 

APS 

% ml ml µl ml µl µl 

8 12 8.4 225 24 225 22.5 

12.5 18.75 8.4 225 17.25 225 22.5 

 

Stacking gel 

4 gels with 15 pockets respectively 

 

Final 

concentration 

 

Rotiphorese 

 

Tris-HCl 

(pH 8.8) 

 

20 % 

SDS 

 

Water 

(Milli-Q) 

 

Temed 

 

APS 

% ml ml µl ml µl µl 

5 2.5 1.875 75 10.5 75 15 
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Solution 2 (20 ml): 600 mg of ascorbic acid is dissolved in 1 ml of bi-distilled water 

and 10 ml of 1 M hydrochloric acid is added and the solution left on ice for at least ten 

minutes. After addition of solution 1 (1 ml), a shift from colourless to bright yellow 

should be seen. If the solution turns blue-green, it has to be discarded. Thereafter, 3 ml 

of 20 % (w/v) SDS is added and the solution kept on ice throughout the assay.  

Solution 3 (30 ml): 1050 mg bismuth citrate is dissolved in 10 ml of 1 M hydrochloric 

acid and subsequently 1050 mg sodium citrate is added. It is important that the first 

salt is fully dissolved before the addition of the second salt.  

STE buffer: 50 mM Tris-HCl (pH 7.4), 100 mM NaCl  

STE/CaCl2 buffer: 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2.5 mM CaCl2 

Sucrose stabilization solution: 1 M sucrose  

TAE buffer: 40 mM Tris base, 40 mM acetic acid, 1 mM EDTA 

TBST-buffer: 50 mM Tris-HCl, 150 mM NaCl, 0.05 % (v/v) Tween 20 in milli-Q 

water  

Transfer buffer: 25 mM Tris base, 10 % (v/v) 96 % ethanol, 192 mM glycine 

Trypsin solution (0.17 % (w/v)): 500 mg trypsin and 200 mg EDTA disodium salt 

were dissolved in 300 ml PBS solution and sterile filtered through a 0.22 µm pore-size 

filter. 
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17 Instrumentation and materials 

17.1 Instrumentation 

Adjustable multichannel pipettes  

8 and 12 channel Eppendorf Research, 30-300 µl (Eppendorf AG, Germany) 

Transferpette-12, 20-200 µl (Brand GmbH, Germany)  

Adjustable single channel pipettes  

Eppendorf Research, 0.5-10 µl, 10-100 µl, 20-200 µl, 100-1000 µl (Eppendorf 
AG, Germany)    

Transferpette 2-20 µl (Brand GmbH, Germany)  

Analytical scale 

BP 211D (Sartorius AG, Germany) 

BP 210D (Sartorius AG, Germany) 

Atomic absorption spectrometer  

ZEEnit 600 (Analytik Jena, Germany) 

Autoclave  

Systec 2540 EL (Systec GmbH, Germany)  

Balance  

MP-300 electronic balance (Chyo, Japan) 

L2200 P (Sartorius AG, Germany) 

Benchtop centrifuges  

5417R (Eppendorf AG, Germany)  

Megafuge 1.0 R (Heraeus, USA) 

Benchtop ultracentrifuge  

OptimaTM TL (Beckman, USA)  

Bio waste flask 4 l polypropylene (Integra Biosciences GmbH, Germany) 

Dry block heater 

 UBD (Grant, UK) 

Electrophoresis cells 

 For SDS-PAGE: Mini-protean tetra system (Biorad, USA) 



145 

 

 For transfer: Transblot-cell (Biorad, USA) 

Electrophoresis power supply 

 EPS 301 (Amersham Biosciences, Switzerland) 

Agarose gel horizontal electrophoresis system (In-house production at ZMBH,  

Heidelberg University) 

Gel imaging system 

AlphaImager 2200 (Biozym, Germany) 

Hemocytometer 

Neubauer improved (Marienfeld, Germany) 

Incubation chamber 

HERAcell 240 (Thermo Scientific, Germany)  

Microplate readers  

FLASHScan S12 (Analytik Jena, Germany)  

Viktor2 1420 Multilabel counter (Perkin Elmer, Finland)  

pH meter  

761 Calimatic (Knick, Germany) 

Portamess 911 (Knick, Germany)  

Phase contrast microscope  

Axiovert 25 (Carl Zeiss, Germany)  

Axiovert 40 CFl (Carl Zeiss, Germany) equipped with a digital color camera 
Imaging source CC6 (Inteq, Germany) 

Power supply  

2000/200 (Biorad, USA) 

EPS 301 (Amersham, USA)  

Safety cabinet 

Hera Safe Heraeus (Thermo Scientific, Germany) 

Scanner 

 Perfection 3200 Photo (Epson, Germany) 

Serological pipette controller Pipetboy acu with 8-channel suction mouthpiece  

(Integra Biosciences, Germany) 
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Shaking tables 

CAT ST5 (Neolab, Germany)  

Gerhardt LS10 (Gerhardt, Germany)  

Sonotrode  

Generator Sonopuls GM 70 (Bandelin, Germany) 

Tip SH 70 G (Bandelin, Germany) 

Spectrophotometer  

Nanodrop1000 (Thermo Scientific/PeqLab, Germany) for UV-Vis 

Thermomixer  

Eppendorf thermomixer comfort 1.5 ml (Eppendorf AG, Germany) 

Ultracentrifuge  

L-60 (Beckman, USA) 

Ultrasound bath  

Sonorex RK100 (Bandelin, Germany)  

Vacuum pump 

Laboport (KNF Neuberger, Germany) 

Vortex mixer 

Vortex Genie 2 (Scientific Industries, USA) 

Reax 2000 (Heidolph, Germany) 

VF2 (Janke & Kunkel, Germany) 

Water bath  

Köttermann (Köttermann, Germany) 

X-Ray film processor 

Cawomat 2000 IR (Cawo, Germany) 

 

17.2 Cell lines 

MCF-7 was a kind gift from Prof. Dr. Stefan Wölfl, University of Heidelberg.  

HeLa, cervical adenocarcinoma cell line (ATCC-LGC Standards, USA) 

 



147 

 

17.3 Chemicals and Reagents 

If nothing else is written, all chemicals (analytical grade or higher) were purchased 
from Sigma-Aldrich (Fluka included), USA.  

1 kB DNA ladder (Invitrogen, USA) 

2-Mercaptoethanol 

3-Methylbutanol 

5-(N-Ethyl-N-isopropyl) amiloride 

Acetic acid (Roth, Germany)   

Agarose (Invitrogen, USA) 

Albumin from human serum 

Amiloride hydrochloride hydrate 

Ammonium molybdate tetrahydrate 

Antibodies 

 Primary antibodies were purchased from Abcam, United Kingdom   

 Anti-aktin (Chemicon International, USA) 

Anti-mouse (Promega, USA) 

 Anti-rabbit (Promega, USA) 

APS (Roth, Germany)  

Argon (Air Liquide, Germany) 

ATP 

Bismuth (III) citrate 

BSA (New England Biolabs Inc., USA) 

Bromophenol blue (Serva, Germany) 

Coomassie Brilliant Blue R (Serva, Germany) 

Chloroform 

Chlorpromazine hydrochloride 

Citric acid 

Crystal violet (Roth, Germany) 

Cytochalasin D from Zygosporium mansonii 

D-(+)-Glucose anhydrous 
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Developer and fixing fluid (Unimatic, Calbe Fotochemie GmbH, Germany)  

DMEM, with and without phenol red (PAA Laboratories GmbH, Austria) 

DMSO (Roth, Germany)  

EDTA disodium salt dihydrate (Acros Organics, USA) 

Ethanol 96 % (Merck, Germany)  

FBS (Biochrom AG, Germany) 

Glutardialdehyde (Merck, Germany) 

Glycerol (Roth, Germany)  

Glycine (Roth, Germany)  

HEPES  

H-Gly-Phe-βNA (Bachem, Germany) (GPN) 

H-Met-OMe x HCl (Bachem, Germany) (MOM) 

Hydrochloric acid (Fischer scientific, Germany) 

Hydrogen peroxide  

Imidazole  

Isopropanol (Brenntag AG, Germany) 

Iodixanol density gradient medium OptiPrep™ (Axis-shield, Norway) 

L (+)-Ascorbic acid (Merck, Germany)  

Luminol 

Magnesium chloride hexahydrate 

Magnesium sulphate heptahydrate (Acros Organics, USA) 

Methanol (Brenntag AG, Germany) 

Methylene blue (Merck, Germany) 

Nitric acid 

N, N-Dimethylformamide 

Non-fat dry milk, frema Reform (Granovita, Germany)  

Nystatin 

o-dianisidine 

Octanol (Merck, Germany) 
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Ouabain 

Percoll® 

Peroxidase, from horseradish 

Ponceau S (Roth, Germany)  

Potassium chloride (Merck, Germany)  

Potassium phosphate dibasic anhydrous 

Potassium phosphate monobasic 

Protease inhibitor cocktail  

Proteinase from Tritirachium album 

Proteinase K from baker’s yeast (S. cervisiae) 

Platinum-standard solution 

Pyruvic acid sodium salt (Carl Roth, Germany) 

Restriction enzymes 

 Hind III, Bam HI (New England Biolabs Inc., USA) 

Ribonuclease A from bovine pancreas 

Ribonuclease T1 from Aspergillus oryzae, ammonium sulphate suspension 

Rotiphorese® GEL 30, 30 % Acrylamide, 0.8 % Bisacrylamide (Carl Roth, Germany) 

SafeRed Nucleic acid stain (Intron Biotechnology Inc., Korea) 

Size Marker for Slab Gels (Biorad, USA) 

Sodium acide  

Sodium chloride 

Sodium citrate tribasic dehydrate 

Sodium deoxycholate (Acros Organics, USA) 

Sodium dodecyl sulphate (Merck, Germany) 

Sodium hydrogen carbonate (Alfa Aesar, USA)  

Sodium phosphate dibasic dehydrate 

Sucrose 

Sulfosalicylic acid dihydrate 

Temed (Pharmacia, Sweden) 
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trans-4-Hydroxycinnamic acid  

Trichloroacetic acid (Merck, Germany) 

Tris-equilibrated phenol solution  

Triton™ X-100 

Trizma® hydrochloride 

Trypsin from porcine pancreas 

Tween® 20  

17.4 Consumables  

Cell culture flasks  

25 cm2, 175 cm2 (Sarstedt AG, Germany)  

75 cm2 (TPP, CH)  

Centrifuge tubes  

15 ml, 50 ml (Sarstedt AG, Germany)  

7 x 20 mm, 14 x 89 mm (Beckman Coulter, Germany) 

Filter paper  

Whatman 3MM (Whatman International Ltd., Great Britain) 

Gloves 

 Latex gloves (VWR International GmbH, Germany) 

 Kolibri latex gloves (Igefa, Germany) 

 Rotiprotect nitril (Roth, Germany)  

Hypodermic needle  

Sterican® (B. Braun, Germany) 

Kimtech cleaning wipes (Kimberly-Clark, GB) 

Microtiter plates 96-well (Nunc, DK) 

Nitrocellulose membrane  

Porablot NCP, 0.45 µM pore-size (Macherey-Nagel, Germany) 

Parafilm (Pechiney Plastic Packaging, USA) 

Pasteur pipettes (Carl Roth, Germany)  

Pipette tips  
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10 µl (Eppendorf AG, Germany)  

200 µl, 250 µl, 1000 µl (Sarstedt AG, Germany)  

Micro tubes 1.5 ml, 2 ml (Sarstedt AG, Germany)  

Sample vials for FAAS  

0.5 ml and 1.5 ml, polystyrene (Analytik Jena, Germany) 

Serological pipettes sterile 

2 ml, 5 ml, 10 ml, 25 ml (Sarstedt AG, Germany)  

Sterile filter  

500 ml Steritop 0.22 µM (Millipore, Germany)  

Millipore Express™ plus 0.22 µM (Millipore, Germany)  

Syringe filters Rotalibo 0.22 µM (Carl Roth, Germany)  

Syringes 1 ml, 5 ml 10 ml and 50 ml (B.Braun, Germany) 

Tissue culture plates 6-well (Sarstedt INC, USA)  

X-Ray film (Konica Minolta/Hartenstein, Germany)  

17.5 Software  

Acrobat reader (Adobe systems, USA) 

Epson perfection 3200 (Epson, Germany) 

ImageJ (National Institutes of Health (312), USA, http://rsb.info.nih.gov/ij/) 

IQ Easy Measure (Inteq, Germany) 

Microsoft Office (Microsoft, USA)  

Nanodrop1000 software (Thermo Scientific/PeqLab, Germany) 

Origin (OriginLab Corporation, USA) 

Paint (Microsoft, USA) 

Wallac 1420 workstation (Perkin Elmer, Finland) 

WinAAS® (Analytik Jena, Germany)  

Winflash (Analytik Jena, Germany) 
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18 Zusammenfassung 

Platinkomplexe haben eine wichtige Position in der heutigen Krebstherapie. Hoden- 

und Ovarialkrebs können damit erfolgreich behandelt werden. Cisplatin ist der erste 

therapeutisch verwendete Platinkomplex. Seit dem Entdecken seiner biologischen 

Wirkung in den sechziger Jahren, ist ein erhebliches Forschungsfeld im Gang gesetzt 

werden im welchen ein Vielzahl von chemischen Modifizierungen von Cisplatin 

untersucht worden sind. Das Ziel ist einen neuen Komplex mit erhöhter Zytotoxizität 

und weniger Nebenwirkungen zu finden. Um ihre Zytotoxizität zu bewerten, werden 

neue Platinkomplexe häufig in Zellkulturen von Krebszellen getestet. Weitere 

Methoden um der Interaktion zwischen biologisches Material und Platinkomplexe zu 

charakterisieren, sind Untersuchungen wie Zellaufnahme und subzelluläre Distribution 

wie z.B. Platinmengen assoziiert mit der Zellkern und/oder Bindung des Platins am 

Erbgut. Der Schwerpunkt dieser Arbeit liegt an den Untersuchungen der subzellulären 

Distribution von den Platinkomplexen cisplatin, m4FPtCl2, dl4FPtCl2 und 

mDAH4FPtCl (zwei Platinatome). Vorherige Arbeiten haben gezeigt dass die 

Komplexe Unterschiede bezüglich Zytotoxizität, Assoziation mit Zellen, Zellnuklei 

und Bindung an der Zellulären DNA aufweisen. Um weitere Informationen über die 

subzelluläre Distribution der Komplexe zu erhalten, sind in der jetzigen Arbeit 

verschiedene Zentrifugierungsmethoden benutzt worden um subzelluläre Fraktionen 

von HeLa Zellen zu erhalten in welchen Platin mittels Atomabsorptionsspektrometrie 

quantifiziert worden sind. Die Unterschiede in subzellulärer Distribution zwischen den 

Platinkomplexen nach 2 Std Inkubationszeit waren klein. Dies galt für Prozentuale- 

sowie auf Protein normalisierten Platinmengen. Die höchsten Platinmengen sind in die 

Zellnukleifraktion gefunden worden (~ 10-25 % je nach Komplex) aber die 

Unterschiede zwischen Fraktionen mit auf Protein normalisierte Platinmengen waren 

relativ klein. Es wird vermutet dass der Densitätsgradient nicht fein genug ist um 

niedrige Unterschiede in subzellulären Verteilung zwischen Komplexe bemerkbar zu 

machen. Die Lage des peroxisomalen Markerprotein im Densitätsgradient lässt die 

Vermutung nahe, dass die Peroxisomen beschädigt sind. Cryo-elektronmikroskopische 

Analyse der Fraktionen weist darauf hin dass die Mitochondrien als nicht intakt 

vorliegen. Eine schonende Probenaufarbeitung wurde mutmaßlich die 

Organellenintegrität besser erhalten und infolgedessen den Abscheidegrad des 

Gradients erhöhen. Der Zellaufnahmemechanismus kann die subzelluläre Distribution 



153 

 

beeinflussen und deswegen wurden drei Endozytosehemmer eingesetzt. Weder 

Hemmsubstanzen der Makropinozytose oder Hemmsubstanzen der klathrin- und 

kaveolinabhängige Endozytose konnte die Zellaufnahme von cisplatin, m4FPtCl2 oder 

mDAH4FPtCl beeinflussen. Das Enzym Meerettichperoxidase (HRP) unterschied sich 

von den Platinkomplexen in seiner subzellulären Distribution und höhere 

Anreicherung konnte in Fraktionen, die das lysosomale Markerprotein LAMP1 

enthalten, gesehen werden. Dennoch können diese Ergebnisse nur benutzt werden um 

einen Unterschied zwischen Protein und Komplexe festzustellen. Wegen vermuteter 

lysosomaler Verdauung des Enzyms sind andere Aussagen ausgeschlossen. Die 

Zellaufnahme von HRP konnte durch Hemmung der Makropinozytose und der 

klathrinabhängige Endozytose erniedrigt werden. Demzufolge kann die 

unterschiedliche intrazelluläre Distribution von den Platinkomplexen und das Protein 

zumindest Teils von unterschiedlichen Zellaufnahmemechanismen erklärt werden.  

Quantifizierung des Platins in aufgereinigter mitochondrialer DNS nach Inkubation 

von HeLa-Zellen mit den Komplexen zeigte dass alle Komplexe mit der DNS 

assoziiert sind. Vorherigen Arbeiten haben markante Unterschiede in 

Zellakkumulierung zwischen den Komplexen in MCF-7 Zellen nach 24 Std 

festgestellt und cisplatin ist in Hinsicht auf die totale Platinmenge in den Zellen, am 

effektivsten an DNS gebunden. MCF-7 Zellen wurden entweder mit cisplatin, 

m4FPtCl2 oder dl4FPtCl2 kultiviert um Resistenz zu entwickeln. Die 

cisplatinresistente Zellen waren nicht resistent gegen m4FPtCl2 oder dl4FPtCl2. 

Allerdings zeigten m4FPtCl2 gewisse Kreuzresistenz gegen dl4FPtCl2 in Zellen mit 

Resistenz gegen dl4FPtCl2. Platinmengen waren niedriger in cisplatinresistente Zellen 

als in Kontrollzellen nach Inkubation mit cisplatin. Dementsprechend galt nicht für 

m4FPtCl2 oder dl4FPtCl2 in deren respektive resistenten Zelllinien. Es wird vermutet 

dass der Aufnahmeweg für diese Komplexe nicht mit in den Resistenzmechanismus 

mit beteiligt ist obwohl mehrere Experimente sind nötig um dies zu befestigen.  
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19 Abstract 

Platinum complexes are frequently employed in the therapy of several cancers such as 

testicular- and ovarian cancer. The first therapeutically used platinum complex, 

cisplatin, has been the subject of extensive research since its therapeutic potential was 

discovered in the Sixties. Ever since, a vast number of chemical modifications have 

been exploited with the aim to reduce the side effects and enhance cytotoxicity. New 

platinum complexes are often tested in cancer culture cells to evaluate their cytotoxic 

potential. To further characterize the complexes, other investigations such as whole 

cell uptake and subcellular distribution are often conducted e.g. amount in cell nuclei 

and/or binding to DNA. In the present work, emphasis has been given to the 

investigation of the subcellular distribution of four platinum complexes, cisplatin, 

m4FPtCl2, dl4FPtCl2 and mDAH4FPtCl (two platinum atoms). In previous works, 

these complexes have displayed differences regarding cytotoxicity, whole cell- and 

nuclei accumulation and binding to genomic DNA. To further investigate their 

subcellular distribution, different centrifugation methods were used in the present 

work to collect subcellular fractions from HeLa cells where flameless atomic 

absorption spectrometry was employed for the quantification of platinum. Moreover, 

the cross-resistance and whole cell associated platinum in MCF-7 cells with acquired 

resistance was investigated. The differences in subcellular distribution between the 

platinum complexes were small after 2 h of incubation and this was true for the 

recovered percentage in each fraction as well as for the protein normalized amounts. 

The highest platinum amount was found in the cell nuclei fraction (~ 10-25 % 

depending on the complex) but the differences in protein normalized amounts between 

the fractions were relatively small. It is suspected that the density gradient is too crude 

to differentiate between complexes with small differences in their subcellular 

distribution. The results from the western blot analysis of the subcellular fractions 

from the density gradient indicate that the peroxisomes might be damaged. Cryo-

electron microscopy of the fractions led to the assumption that the integrity of the 

mitochondria is assaulted. It is believed that a gentler sample preparation method 

would better preserve organelle integrity and therefore increase gradient separation 

efficiency. Since the cell entry mechanism might affect the subcellular distribution, the 

role of three fluid-phase endocytosis mechanisms in whole cell accumulation of 

cisplatin, m4FPtCl2 and mDAH4FPtCl were investigated. Inhibitors of 
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macropinocytosis and clathrin- and caveolin dependent endocytosis did not lower the 

cell associated platinum amounts for any of the tested complexes. The subcellular 

distribution of the enzyme horseradish peroxidase (HRP) was different than for the 

platinum complexes (uptake in nuclei and plasma membrane fractions was not 

investigated) and a higher accumulation in fractions containing the lysosomal marker 

protein LAMP1 was seen. However, the results from the subcellular fractionation can 

only be used to show that the distribution is different for the enzyme than for the 

platinum complexes because of presumed lysosomal breakdown of HRP. The uptake 

of HRP was lowered by inhibitors of macropinocytosis and clathrin-dependent 

endocytosis. Thus, different cell accumulation mechanisms of the platinum complexes 

and the protein HRP might partly explain differences in subcellular distribution.  

Subsequent purification of the mitochondrial DNA after incubation of HeLa cells with 

the complexes, revealed all complexes to be associated with the DNA. If the whole 

cell accumulation data is considered, cisplatin is more efficiently bound to HeLa cell 

DNA compared to the other complexes. MCF-7 cells were cultivated in the presence 

of cisplatin, m4FPtCl2 and dl4FPtCl2 to acquire resistance. MCF-7 cells with 

resistance to cisplatin were not resistant to m4FPtCl2 or dl4FPtCl2. However, 

m4FPtCl2 displayed cross resistance to dl4FPtCl2 in cells tolerant against dl4FPtCl2. 

Whole cell associated platinum was lowered for cisplatin in cisplatin resistant cells. 

No obvious differences in cell uptake were seen for m4FPtCl2 and dl4FPtCl2 in any of 

the tolerant cell lines. It is postulated that the uptake of these complexes is not playing 

an important role in the resistance mechanisms but more experiments are required to 

confirm this. 
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