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1.1  Cancer therapy 

Historically, when a patient was ill-fated enough to develop a solid tumor, his only true resort 

was to undergo surgery. Especially with the introduction of anesthesia, surgeries became more 

and more aggressive trying to eradicate the disease by radically removing not only the tumor but 

also surrounding tissues and lymph nodes.1 Fortunately, the available armamentum to battle 

cancer has grown tremendously over the last one and a half century. Radiotherapy was added as a 

therapeutic option at the end of the 19th century, when Emil Grubbe first applied X-rays to treat 

breast cancer. Although the term and concept of “chemotherapy” was already introduced in the 

early 1900’s by Paul Ehrlich, radiotherapy and surgery dominated the battle field of cancer 

therapy until well into the 1960’s. After years of a largely unappreciated search for effective 

chemotherapeutics that cured the disease without significantly harming the patient, 

chemotherapy first gained popularity when the first milestones of curing cancer with drugs were 

reported. Hertz and Li, both working in the Clinical Center of the National Institutes of Health, 

successfully treated a gestational choriocarcinoma with methotrexate.2 Around the same time, 

their colleagues Frei and Freireich developed a curative chemotherapy cocktail for acute 

lymphocytic leukemia.3 As it became increasingly clear that successful removal of the primary 

tumor and detectable metastases quite often still led to the patient succumbing to the disease, 

clinicians started the adjuvant use of chemotherapy. Around 1975, it was shown for breast cancer 

that surgery with adjuvant chemotherapy outperformed surgery alone4,5 and over time, combined 

therapy became the new treatment standard for most solid tumors. 

Over the years, these three core disciplines in cancer treatment all developed more elegant 

approaches to treat cancer while minimizing the burden to the patient. Surgery has become less 

invasive, with smaller excision margins, laparoscopic and robotic procedures.1 Radiotherapy 

turned increasingly conformal, limiting the radiation damage related toxicities in healthy tissue.6 

Chemotherapy has become less taxing to the patient with the development of more targeted 

therapies and techniques to keep some of the adverse effects at bay.7–10 Nevertheless, many 

chemotherapeutic treatments still require systemic administration of the drug, leading to only a 

small fraction of the drug reaching the tumor. Moreover, most chemotherapeutics still simply 

target rapidly dividing cells, which implies they are not only damaging to tumor cells but also lead 

to damage to mucous membranes, myelosuppression and many other toxicities.  

For instance, doxorubicin or adriamycin (Figure 1.1) is an effective anthracycline antibiotic 

obtained from Streptomyces bacteria (Streptomyces peucetius v. caesius), first discovered near the 

Adriatic Sea. Its mechanism of action relies on intercalation of the drug between the base pairs of 

DNA molecules, inhibiting DNA and RNA synthesis. Additionally, it binds to topoisomerase I and II, 

preventing the opening of the DNA double helix. Moreover, it facilitates the generation of free 

radicals that inflict oxidative damage to DNA, proteins, membranes etc.11 This way, it harms the 

cell while stalling the cell’s machinery for replication and transcription, ultimately inducing 

apoptosis. Today, doxorubicin is approved to treat many different cancer entities such as certain 

types of bladder, breast, lung, ovarian, and stomach cancer, leukemia, Hodgkin's and non-

Hodgkin’s lymphoma.11 Unfortunately, the drug in its free form leads to a variety of side effects, of 
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which myelosuppression and cardiomyopathy are arguably the most debilitating. 

Cardiomyopathy is in fact a dose-limiting toxicity, as it can lead to congestive heart failure and 

death.11 

 

Figure 1.1. The chemical structure of doxorubicin. 

1.2  Liposomal chemotherapy 

Nanomedicine can help in achieving a change in biodistribution of the drug with increased 

targeting to the tumor and therefore less side effects. By encapsulating the drug in or attaching it 

to a larger drug carrier, the nanocarrier determines the drug biodistribution as it is too large to 

extravasate into most healthy tissue. This way, preferential tumor accumulation can be achieved 

via the enhanced permeability and retention (EPR) effect.12–14 This passive targeting approach 

relies on aberrantly built tumor vasculature. In an attempt to keep up with the fast dividing tumor 

cells, tumor vasculature is grown quickly and inadequately. This leads to poorly aligned 

endothelial cells, abnormal or even absent smooth muscle cells and basal membrane, and gives 

rise to leaky blood vessels. While drug carriers are contained in the blood stream during the 

passage through healthy vasculature, they can escape via the large fenestrations in the tumor 

vasculature. Combined with the decreased lymphatic clearance that is also typical for tumor 

tissue, drug carriers passively accumulate in the tumor.12–14  

Liposomes (Figure 1.2B) are supramolecular assemblies of amphiphilic lipid molecules 

(Figure 1.2A) that were first described by Bangham.15 Since then, they have evolved into the most 

common class of approved nanomedicines. Amphiphilic lipids spontaneously form bilayers when 

introduced in an aqueous solution. Depending on the hydrophilicity of the drug, it can be either 

embedded in the lipid bilayer or entrapped in the aqueous intraliposomal phase. Important 

landmarks in their development are summarized in Figure 1.3. Typically ranging from 50 – 200 

nm in size, liposomes are able to exploit the EPR effect and accumulate in the tumor. Their size 

alters the pharmacokinetics of the associated drugs, as liposome sizes are well above the renal 

cut-off size (5 – 6 nm). Instead, liposomes are cleared via liver and spleen, which are both part of 

the mononuclear phagocyte system (MPS).16  

The MPS clearance was in fact one of the largest hurdles that had to be overcome in order to 

achieve considerable tumor accumulation of liposomal drug formulations. The first liposome 
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formulations showed such swift clearance (50 – 80% within 15 – 30 min) that negligible tumor 

accumulation was achieved.17,18 Several strategies were tried using gangliosides19, hydrogenated 

phosphatidylinositol20 and pegylated lipids.21–23 The latter strategy was coined Stealth® 

technology and is almost universally used for steric stabilization of liposomes nowadays. For 

phosphatidylcholine/cholesterol liposomes, the addition of 8 mol% dioleoyl-N-(monomethoxy 

polyethyleneglycol succinyl)phosphatidylethanolamine (PEG-PE) to the formulation lead to a 

striking ten-fold increase in plasma half-life in mice (from 0.5 h to 5 h).23 

 

Figure 1.2. A) Lipids used in the described liposomal systems. DSPC = 1,2-distearoyl-sn-glycero-3-

phosphocholine; DPPC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DSPE-PEG2000 = 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]; DPPE-PEG2000 

= 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]; MSPC = 

1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine; MPPC = 1-palmitoyl-2-hydroxy-sn-glycero-3-

phosphocholine; DPPGn = 1.2-dipalmitoyl-sn-glycero-3-phospho(n)glycerol with DPPG (n = 1) the 

only naturally occurring variant of this lipid; B) Schematic representation of a liposome. 

In 1995, Doxil® was the first liposomal chemotherapeutic that received clinical approval.24 It 

is a pegylated liposome, loaded with doxorubicin and is indicated for AIDS-related Kaposi’s 

sarcoma, metastatic breast cancer in patients with increased cardiac risk, multiple myeloma and 

recurrent ovarian carcinoma.25 By encapsulation of doxorubicin in a liposome, the liposome 

prevents the drug from extravasating into healthy tissue and reaching the cells. This leads to a 

better safety profile and gives rise to a much lower incidence of cardiac toxicity.25 Moreover, the 
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plasma area under the curve (AUC) of Doxil® is around 300-fold higher than that of the free 

drug13, allowing it to passively accumulate in the tumor. Patient studies have shown that this leads 

to significant increases in liposome and therefore drug concentrations reached in the tumor26, e.g. 

a 5- to 11-fold higher concentration in skin lesions of patients with AIDS-related Kaposi’s 

sarcoma.27 However, there are some downsides to the liposomal encapsulation as well. The 

prolonged circulation time gives rise to new toxicities like hand-foot syndrome and mucositis.25 

The reduced bioavailability through encapsulation of the drug inside the liposomal carrier is 

beneficial for side effect management but at the same time, it is a major limitation of the efficacy of 

Doxil®. Drug uptake can be variable due to intertumoral differences in vascular permeability and 

the drug needs to be released from the liposome once it has reached the target tissue in order to 

execute its cytotoxic effect.28 This limitation in the bioavailability of the drug was one of the 

reasons why pegylated liposomes filled with cisplatin failed to achieve a satisfactory drug 

efficacy.29,30 For Doxil®, the lower bioavailability of the doxorubicin has led to comparable or at 

most moderate increases of the therapeutic efficacy of Doxil® compared to free doxorubicin, 

regardless of the higher doxorubicin tumor concentration.25 

1.3  Temperature sensitive liposomes 

Researchers have sought for various ways to trigger local drug release from the liposomes 

once they have reached their destination in order to improve upon the concept of long-circulating 

drug encapsulating liposomes. Preferably, the trigger should be either endogenously present in 

tumor tissue (e.g. altered pH) or inflicted non-invasively to maintain the non-invasive nature of 

the chemotherapy. Although some chemotherapeutic drugs benefit from a low but prolonged 

release (e.g. cell-cycle dependent drugs like vincristine31), for most chemotherapeutic agents, the 

release upon triggering should be fast in order to achieve cytotoxic concentrations of bioavailable 

drug.32 Lastly, if the trigger can be administered before the liposomes are taken up by tumor cells, 

the small size and concentration driven gradient of the free drug generally leads to a deeper 

penetration of the drug into the tumor tissue than can be achieved when the drug is still 

encapsulated.33,34 Over the past years, several stimuli-responsive liposomal formulations have 

been developed, reacting to pH-changes35, redox changes36, enzymatic activity37, ultrasound38–40, 

light41,42 and temperature.28,43–46 

Of all stimuli-responsive liposome formulations that were developed, temperature sensitive 

liposomes (TSLs) loaded with doxorubicin are the only ones that have entered clinical trials so 

far.47,48 Lipid membranes all exhibit a certain degree of temperature sensitivity, as phospholipids 

display a phase transition temperature (Tm) (Figure 1.3). At their Tm, phospholipids change their 

physical state from the ordered gel-state, in which their hydrocarbon chains are closely packed 

together, to a disordered liquid-crystalline state49, in which the hydrocarbon chains are more 

randomly oriented. In the latter state, the lipid membrane is more permeable to hydrophilic 

drugs. The membrane permeability peaks before the membrane is entirely in liquid-crystalline 

state, around Tm.50,51 Around this temperature, both phases coexist in the membrane and grain 

boundaries are formed between them, increasing membrane permeability.52,53 By tuning the lipid 

formulation, the Tm of the liposome can be adjusted to mild hyperthermic temperatures  



Introduction 

7 
 

(40 – 43 °C). If the Tm peak of the lipid membrane is sufficiently narrow, the drug stays inside the 

liposomes under physiological conditions and is only released once the liposomes are heated. For 

local drug delivery, the target tissue is heated to hyperthermic temperatures and drug loaded 

TSLs are injected. Passing through the heated target tissue, the liposomal membrane becomes 

permeable leading to rapid and local drug release in the lesion. This way, the drug becomes 

bioavailable and can enter the tumor cells. 

 

Figure 1.3. Schematic representation of a liposome and a timeline of seminal inventions and events in 

temperature sensitive liposome (TSL) history. dox = doxorubicin; Tm = phase transition temperature; 

GM1 = monosialotetrahexosylganglioside; HSPC = hydrogenated soy L-α-phoshatidyl-choline; HT = 

hyperthermia. 

The concept of TSLs dates back to 1978, when it was introduced by Yatvin and Weinstein  

(Figure 1.3).43,54 They designed a TSL that was based on 1,2-dipalmitoyl-sn-

glycerophosphocholine (DPPC, Figure 1.2A), with a Tm of 41 °C and 1,2-distearoyl-sn-

glycerophosphocholine (DSPC, Figure 1.2A) which exhibits a higher Tm of 55 °C due to its longer 

acyl chains. The first TSLs contained neomycin and led to an increase in E.coli cell kill upon 

heating.54 Later, the first in vivo experiments were performed with TSLs loaded with methotrexate 

and these TSLs achieved an impressive 3.6 times increase in tumor drug concentration.43 Due to 

the TSLs’ lack of steric stabilization (as Stealth® technology was only introduced years later), the 
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blood circulation time was rather poor, dropping below 10 % of the injected dose (ID) within 30 

min after injection.43 

Since the invention of TSLs, many researchers have tried to improve the initial formulation 

(Figure 1.3), by studying the effect of changes of the lipid formulation, liposome size, the choice of 

encapsulated drug and drug loading methods both in vitro and in preclinical studies (Table 1.1). 

The most important goal in optimizing TSL formulations is to minimize drug leakage at body 

temperature while maximizing drug release at hyperthermia. Generally, research has been 

focused on developing the optimal formulation for intravascular release, in contrast to the slow 

extravascular release typical for liposomes that are not stimuli-responsive (Figure 1.4). The 

benefit of this approach is that quick intravascular release gives rise to high peak plasma 

concentrations resulting in a large concentration gradient in the direction of the tumor tissue 

which helps drive the released drug into the tissue by diffusion.55 Moreover, in contrast to 

extravascular release, the success of the treatment does not rely as heavily on the vascular 

permeability of the tumor. For successful intravascular release, the TSLs need to deliver their 

payload within the time period they spend traversing the tumor vasculature, which is typically 

only tens of seconds in smaller tumors.56 Although prolonged plasma circulation time is not as 

crucial as for extravascular release, the TSLs need to maintain a high blood concentration for 

about 30 min, during which the hyperthermia treatment can be applied. This is important as the 

drug concentration achieved in the tumor scales with drug plasma concentration during the 

hyperthermia treatment.57 Additionally, a prolonged stability and circulation time can help in 

promoting some additional passive accumulation of liposomes that still encapsulate drugs after 

the treatment.58,59  

To increase the TSL circulation time, Gaber et al. added pegylated lipids to the formulation46 

(Figure 1.2 and 1.3), which later were shown to also enhance the temperature sensitivity of TSL 

formulations.46,60,61 A true game-changer for intravascular release was the introduction of 

lysolipids in the lipid bilayer of a doxorubicin loaded low temperature sensitive liposome 

(LTSLs)62,63, currently the first TSL in clinical trials under the brand name Thermodox® by 

Celsion).64–66 Lysolipids are phospholipids with a single acyl chain (Figure 1.2). When lysolipids 

are incorporated in the lipid bilayer, they reduce the membrane packing, leading to a reduced 

Tm.67 Furthermore, lysolipids favor micelle formation, as the hydrophilic lipid head group is 

relatively large compared to its hydrophobic acyl chain. Micelle-forming lysolipids as well as 

pegylated lipids stabilize pore-like defects formed around the Tm, most likely on grain boundaries, 

leading to fast drug release.61,68 The first LTSLs released up to 45% of encapsulated doxorubicin 

within 20 s at 42 °C in bovine serum albumin, which was considerably faster than the traditional 

TSL designed by Gaber et al., which took 30 min to release 40% of its payload.46,69 Unfortunately, 

LTSL showed premature leakage under physiological conditions70, likely due to in vivo desorption 

of the lysolipids from the lipid bilayer.71 Lindner et al. reported on an almost equally fast-releasing 

TSL formulation with long plasma circulation time and a higher stability at physiological 

conditions even though no pegylation was applied.45,72 They incorporated the synthetic lipid 1.2-

dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol (DPPG2, Figure 1.2), which both ameliorates the 

temperature sensitivity of the membrane and delays MPS uptake.45,73 Other approaches to 
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optimize the TSL formulation aimed at different phospholipid formulation and internal 

buffers60,74,75 and incorporated surfactants76 or synthetic polymers that destabilize the lipid 

membrane in a temperature dependent manner.77  

 

Figure 1.4. Schematic representation of extravascular (upper half) versus intravascular (lower half) 

liposomal drug release. On the left, the situation prior to heating is depicted. For extravascular 

release, this period without heating typically takes several hours and allows the TSLs to accumulate 

in the tumor tissue due to the EPR effect (described in section 1.2). For intravascular release, this 

period is short with limited tissue accumulation. On the right side, the situation after heating is 

depicted. For the extravascular release the drug release happens locally and is limited in penetration 

depth due to the large size of the TSLs. When release occurs intravascularly, the drug concentration 

gradient (indicated by the red hue) drives the drug from the vasculature into the tumor tissue.  

1.4 Hyperthermia 

Hyperthermia is a controlled temperature elevation of biological tissues to 40 – 43 °C. 

Hyperthermia and oncology have been in a warm relationship for thousands of years. The first 

mention of the use of heat to treat cancer dates back to the ancient Egyptians.78 Much later, in the 

1860’s, Busch witnessed an astonishing tumor regression in a patient that suffered a high fever 

caused by erysipelas, a severe skin infection.79 Later, Coley decided to pursue the deliberate 

inoculation of erysipelas as a course of cancer treatment and achieved some remarkable tumor 

regressions.80 With the knowledge of today, Coley’s toxin treatment was probably one of the first 
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attempts on heat induced immunotherapy. Nevertheless, the relative success of Coley’s toxins 

soon became eclipsed by new treatment options like radiotherapy and chemotherapy.  

Later, in vitro and in vivo studies shed more light on the biological mechanisms behind 

hyperthermia treatment81–86 and as a result, hyperthermia regained traction, mostly as an 

adjuvant treatment combined with chemotherapy and radiotherapy.87–97 As described in section 

1.3, local hyperthermia can be used to trigger drug release from TSLs. Furthermore, hyperthermia 

causes a plethora of biological effects which range from direct hyperthermia induced cell death98, 

increased tumor perfusion and tumor oxygenation99 and a higher vascular permeability58, to the 

inhibition of homologous repair of double-strand DNA breaks.100 Recently, the 

immunomodulatory effect of hyperthermia, already observed by Busch, Coley and others in the 

19th century, has regained interest.101,102 The rationale of thermochemotherapy and 

thermoradiotherapy has further been established by clinical trials.87–97 

Hyperthermia can be induced by different methods depending on the desired extent of 

temperature elevation and location and size of the treatment area. Clinically, regional or local 

hyperthermia has been delivered by microwave applicators90,96,97,103, radiofrequency 

applicators88,90 and less frequently by ultrasound104 and infrared radiation.105 Most of the 

technologies used to administer hyperthermia treatment suffer from a lack of temperature 

feedback, difficulty to maintain a sufficiently elevated temperature for a prolonged time and a 

limited ability for conformal heat delivery. Magnetic resonance imaging-guided high-intensity 

focused ultrasound (MR-HIFU) is a non-invasive technique that tackles all of these problems.  

1.5  MR-guided HIFU  

In MR-HIFU therapy, high energy ultrasound waves are focused into a narrow spot inside the 

target tissue without damaging the surrounding structures. The ultrasound is generated by a 

multi-element phased array HIFU transducer that is embedded in the patient table of an MRI 

scanner (Figure 1.5). By varying the phases of the acoustic waves generated by the different 

transducer piezo elements, a narrow focus can be created and the beam can be steered 

electronically. In the focal spot, the ultrasound intensity is the highest and the absorption of 

ultrasound energy leads to local temperature increase and mechanical effects.  

One of the strongest assets of MR-HIFU is the fusion of a treatment modality (i.e. a focused 

ultrasound (US) transducer) and a medical imaging device (i.e. the MRI scanner) (Figure 1.5). First 

of all, the MRI scanner provides anatomical information, enabling local heat delivery in the target 

lesion and identifying any surrounding structures at risk for overheating. Furthermore, the MRI 

scanner provides accurate thermometry data throughout the treatment, which are generally 

calculated based on the proton resonance frequency shift (PRFS) changes.106–109 

Clinically, MR-HIFU treatment is currently applied routinely for the treatment of benign 

uterine fibroids110–112, it is clinically approved for the palliative treatment of bone 

metastases113,114 and essential tremor115,116 and trials are conducted for its use in the treatment of 
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malignant disease like prostate cancer.117,118 In all of these applications, MR-HIFU is used for 

ablation, which means that the tissue is heated to high temperature to induce coagulative 

necrosis. Tissue damage depends on both temperature and exposure time, combined in the 

concept of thermal dose. Hyperthermic temperatures are only toxic after prolonged exposure; at 

43 °C, cell death can generally be assumed after 240 minutes of heating.119 For every additional °C 

temperature increase, the time needed to cause cell death halves. This implies that at 55 °C, 4.5 s 

of heating is already sufficient to induce cell kill. Historically, the thermal dose delivered to the 

tumor is expressed as cumulative equivalent minutes at 43°C (CEM43 °C).120,121 

 

Figure 1.5. Adapted from Hijnen et al. 122 The MR-HIFU platform consists of a clinical MRI scanner 

with a focused ultrasound transducer embedded in the patient table. The ultrasound transducer 

focuses high-energy ultrasound waves in the intended focus. Volumetric heat treatment is achieved 

by electronic beam steering combined with mechanical transducer movements enabled by a robot 

that can move around with 5 degrees of freedom (DOF). The MRI scanner is used for image-guided 

therapy as it not only provides anatomical detail for treatment planning but also temperature 

information during the HIFU treatment. The temperature information is used in a feedback control 

loop in order to maintain stable lesion temperature by controlling the HIFU output power. 
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1.6 MR-guided HIFU for image-guided drug delivery 

 For drug delivery by MR-guided HIFU, the temperature increase in the target lesion needs to 

comply to narrow temperature limits, to ensure maximum drug delivery without exceeding the 

thermal threshold for vascular damage82, as the latter would obliterate all accessibility to the 

tumor tissue. Moreover, while performing a prolonged hyperthermia treatment, the amount of 

energy needed to keep the tumor at stable temperature fluctuates throughout the treatment, due 

to decreasing heat diffusion and an altering heat sink effect due to perfusion changes. The PRFS 

data that are acquired by the MRI scanner are used as input for a feedback loop to ensure stable 

heating.123,124  

The potential value of MR-HIFU for temperature induced drug delivery has been recognized 

by many researchers and has led to a number of elegant preclinical studies, which are 

summarized in Table 1.1. The typical workflow for MR-HIFU induced drug delivery is depicted in 

Figure 1.6. Although MR-HIFU triggered drug release from TSLs has generally been successful in 

delivering significantly more drug than TSLs without heat treatment (Table 1.1), the drug 

concentrations vary widely across tumors and even within different tumor areas.33 This is a 

problem omnipresent in chemotherapy and not specifically tied to TSL-based approaches. 

Differences in perfusion, vascular density, interstitial fluid pressure and the presence of necrotic 

regions all determine whether the drug can physically reach all malignant cells.  

 

Figure 1.6. Schematic representation of a MR-HIFU induced drug delivery procedure. 

When evaluating the success of traditional chemotherapy, the clinician often relies on tumor 

shrinkage detectable on diagnostic imaging (Response Evaluation Criteria in Solid Tumors or 
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RECIST), supplemented with information on changes in tumor metabolism and tumor markers.125 

RECIST was designed to provide a uniformly measurable, objective and reproducible assessment 

of tumor burden to evaluate the success of new treatments and compare them to current clinical 

standard or other treatments in a clinical trial setting. As tumor shrinkage is a relatively slow 

process, outside the clinical trial setting, early response evaluation would be preferable. In lack of 

immediate drug delivery information, the patient is sometimes subjected to the side effects of a 

drug that might not even reach the tumor cells in sufficient amounts to be effective. Quantification 

of the drug delivered to the tumor can help in making an early assessment on the need for 

alternative treatments.  

The clinical need for immediate quantification and spatial localization of drug delivery to 

tumors can be met by the incorporation of paramagnetic contrast agents in TSLs. As the lipid 

bilayer limits the number of water protons accessible to the contrast agent, the encapsulated 

contrast agent displays a lower efficacy in lowering the longitudinal and transversal relaxation 

times (T1 and T2 respectively) of the bulk water.126,127 This implies that the contrast agent displays 

a decreased apparent longitudinal relaxivity while inside the TSL. The ionic relaxivity is restored 

upon release leading to a relaxivity change that can be visualized by the acquisition of T1 maps of 

the tumor during or after MR-guided drug delivery. 

Viglianti et al. were the first to image drug release from doxorubicin loaded LTSLs, using a 

catheter with hot water inserted in a fibrosarcoma tumor in rats in order to induce local 

heating.128 Manganese ions (Mn2+) that were used for Mn-based doxorubicin loading acted as 

paramagnetic contrast agent upon release. Later, they coined the term “chemodosimetry” after 

showing a clear relationship between the amount of doxorubicin quantified in tissue biopsies and 

the doxorubicin calculated from the observed T1 change.129,130 Since then, numerous researchers 

built on this example (Table 1.2). De Smet et al. used MR-HIFU induced hyperthermia to visualize 

doxorubicin release from TTSLs co-encapsulating the contrast agent [Gd(HPDO3A)H2O] for MR-

HIFU induced drug delivery to rat gliomas. They found a relationship between the accumulated 

doxorubicin and the T1 change as well.59,131 In contrast to the previously mentioned studies, Peller 

et al. did not co-encapsulate the contrast agent and doxorubicin but instead they used a mixture of 

DPPG2 liposomes encapsulating either one of them. They used laser light heating to induce 

doxorubicin delivery in a BN175 rat sarcoma and found a significant correlation between the Gd-

induced phase changes to doxorubicin concentration.132 A study by Lorenzato et al. showed an 

approach more suitable for extravascular delivery, by encapsulating both ultrasmall 

superparamagnetic iron oxide nanoparticles (USPIOs) and [Gd(HPDO3A)H2O]. The USPIOs enable 

liposome localization based on their T2* contrast prior to monitoring the drug release using the 

Gd-based contrast agent.133 Alternatively, the use of chemical exchange saturation transfer (CEST) 

based imaging agents in combination with 19F MRI has been proposed, although it was not tested 

in vivo.134 

In most studies (Table 1.2), Gd-based contrast agents were used as a surrogate marker for 

drug release. The reasons to opt for Gd-based contrast agents, are their favorable safety profile, 

their widespread clinical use as a low-molecular MRI contrast agent and ease of liposomal 
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encapsulation. However, in their role as a surrogate marker for drug release, Gd-based contrast 

agents lack one beneficial trait that Mn2+ does possess: comparable pharmacokinetics between the 

drug and contrast agent. Gd-based agents are typically extracellular fluid agents, which are 

cleared quickly from the blood and tumor tissue.135 Doxorubicin, on the other hand, enters 

surrounding (tumor) cells, causing it to clear significantly slower. Therefore, upon release from 

the liposomes, the pharmacokinetics of Gd-based agents and doxorubicin start to differ. As the 

correlation between doxorubicin and contrast agent concentration decreases over time, one way 

to cope with the different pharmacokinetics is to monitor contrast agent release during 

hyperthermia, an approach that will be discussed in this thesis. Another option is to use Mn2+, 

since this positively charged ion tends to bind negatively charged phospholipid membranes136, 

resulting in a potentially better correspondence with the doxorubicin concentration. 

Unfortunately, the development of Mn-based contrast agents has suffered from the ion’s cellular 

toxicity and the lability of the only clinically approved Mn-based contrast agent,  

[Mn(DPDP)]3-.137,138 

1.7  Clinical translation of image-guided MR-HIFU induced drug 

delivery 

Thus far, MRI-guidance of clinical HIFU treatments has been mostly limited to ablation 

treatment, in which it was used for lesion localization, PRFS thermometry and treatment 

evaluation.139,140 Currently, one phase I clinical study is recruiting for treatment of pediatric solid 

tumors with LTSL (Thermodox®) in combination with MR-HIFU hyperthermia141; previously 

finished or ongoing trials for temperature induced drug delivery from LTSLs have used 

radiofrequency ablation47,64 or external chest wall hyperthermia.142 For translation of the 

promising preclinical MR-HIFU induced drug delivery studies to clinical use, several challenges 

need to be contended with. When dealing with solid tumors in patients, a need for a stable and 

reliable large volume hyperthermia protocol arises, as solid tumors in patients are generally 

larger than the tumors treated in preclinical tumor models. This need was recently addressed by 

Tillander et al., who implemented a large-volume MR-HIFU hyperthermia protocol applying both 

mechanical and electronic steering of the ultrasound focus.143 Moreover, image guidance of drug 

release requires TSL formulations carrying paramagnetic contrast agents that are safe for patient 

use. While most of the imageable TSL formulations mentioned in section 1.6 were based on 

clinically approved Gd-based contrast agents, the encapsulation of such contrast agents inside 

TSLs is not necessarily safe. Just like TSL encapsulation changes the pharmacokinetics of drugs, it 

changes the pharmacokinetics of encapsulated contrast agents and the consequences thereof 

should be investigated. As pointed out by Hijnen et al., magnetic susceptibility changes induced by 

a fluctuating concentration of paramagnetic contrast agents introduces phase changes in PRFS 

thermometry maps that cannot be distinguished from phase shift as a consequence of a 

temperature change.144  

 MR-HIFU is currently the only device that can single-handedly provide us with image-guided 

non-invasive localized drug delivery treatment that can be combined at wish with tumor ablation. 
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The possibility to heat a tumor both to hyperthermic and ablative temperatures in a single 

treatment can be profitable. Complete tumor ablation is not always attainable, due to the presence 

of crucial structures surrounding the tumor, due to invisible micro-metastases in the tumor 

border zone or simply because cytotoxic temperatures cannot be reached throughout the entire 

tumor (e.g. in the presence of large blood vessels leading to heat dissipation). For this reason, a 

pre-treatment consisting of hyperthermia-induced drug delivery would be helpful to minimize the 

risk of incomplete ablation. 

1.8  Aim of this thesis 

This thesis describes the preclinical development of image-guided local drug delivery from 

TSLs using MR-HIFU to deliver local heat treatment. It builds on the work performed by Mariska 

de Smet 33,59,131,145 and Nicole Hijnen.33,144,146,147 The aim of the thesis was to improve the image-

guided drug delivery process both on the level of drug delivery efficacy and on the level of image-

guidance. To meet the first goal, the effects of different TSL formulations and heating protocols on 

tumor drug levels and on therapeutic effect were investigated. To improve the image-guidance, 

we studied the safety of Gd-based contrast agents in their role as surrogate drug markers, we 

developed TSLs encapsulating an alternative iron-based contrast agent and tested the feasibility 

of monitoring drug delivery during hyperthermia.  

 Since the lipid formulation of the TSLs can influence their efficacy, we have investigated TSLs 

with variable lipid ratios and doxorubicin loading buffers in chapter 2. In vitro, we have 

characterized the TSLs and compared them on their stability and release kinetics. Furthermore, 

the release kinetics of the TSLs, the blood kinetics of both the doxorubicin and the TSLs and the 

therapeutic efficacy of the different formulations were investigated in mice.  

In chapter 3, several HIFU-induced heat treatments were compared in terms of their effect 

on TSL and drug biodistribution and therapeutic efficacy. While HIFU ablation causes heat-

induced cell kill, occult tumor cells might survive in the border zone around the MR-visible lesion. 

To tackle this problem, ablation could be combined with drug-loaded TSLs. In a rat tumor mode, 

this treatment was compared to non-heated controls, hyperthermia + TSLs and hyperthermia + 

ablation + TSLs.  

In chapter 4, drug delivery from TSLs was monitored via the release of a co-encapsulated 

MRI contrast agent during MR-HIFU hyperthermia. Thus far, during HIFU treatment, MRI only 

provided temperature feedback. Only after tumor cooldown, contrast agent release could be 

assessed by changes in the tumor longitudinal relaxation rate (R1). As the free drug is taken up by 

cells while free contrast agent quickly clears from the tumor, the correlation between tumor drug 

levels and R1 changes is diminishing over time. Using a newly developed MR scanning algorithm, 

R1 maps and temperature maps were acquired in an interleaved fashion during drug delivery 

from TSLs in rat glioma. Simultaneous acquired R1 maps were correlated with tumor averaged 

drug concentrations 

Although visualization of drug delivery from TSLs using a contrast agent is a promising 

concept, liposome encapsulation of commonly used gadolinium (Gd)-based MR-contrast agent 
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leads to prolonged retention times in the body, increasing the risk on nephrogenic systemic 

fibrosis. In chapter 5, the fate of various liposomal Gd formulations was investigated in a 

biodistribution and blood kinetics study.  

To prevent complications of associated with Gd retention and to simplify eventual clinical 

translation, in chapter 6, we propose Fe-succinyl deferoxamine (Fe-SDFO) as a safe alternative 

paramagnetic contrast agent for TSL encapsulation. The study comprised an extensive in vitro 

characterization of Fe-SDFO loaded TSLs and a small in vivo study which both confirmed the 

applicability of the new TSLs.  

Finally, in chapter 7, two different protocols to quantify doxorubicin concentration in tissue 

samples were compared. The first and most common method relies on doxorubicin extraction 

from the tissue and quantification of the drug concentration based on its fluorescence. For the 

second method, the doxorubicin is doped with 14C doxorubicin which can be quantified by liquid 

scintillation counting. 
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Table 1.1. Overview of preclinical studies using HIFU and doxorubicin-loaded TSLs. DOX = doxorubicin, ISATA = spatial average time average intensity, prf= pulse repetition frequency TAP = 

total acoustic power, Pac= applied acoustic power, fac = applied acoustic frequency, PNP=peak negative pressure, PPP = peak positive pressure, NTSL = non-temperature sensitive liposomes, 

ENTSL = echogenic nanobubble encapsulated non-temperature sensitive liposome, ELTSL = echogenic nanobubble encapsulated low-temperature sensitive liposomes, LDOX = LTSLs with 

cerasome forming lipid loaded with lipophilic DOX, HDOX = LTSLs with cerasome forming lipid hydrophilic DOX, STL = a TSL with elastin-like polypeptide, iRGD = a tumor homing peptide, 

NA = not applicable. Extension on table by Hijnen et al. 122 

Reference Animal / tumor 
model or tissue 

HIFU Hyperthermia 
protocol 

Liposome injection Liposomal formulation DOX dose 
(mg/kg) 

[DOX] (μg/g tissue) 
+ HIFU - HIFU 

Dromi et 
al.148 

Mouse / murine 
mammary adeno-
carcinoma 

Pulsed HIFU (ISATA=1300 
W/cm2, 120 pulses, prf 1 Hz, 
duty cycle 10%) 

15-20 min, 
temperature 
elevation 4-5˚C 

0 or 24 h prior to 
heating 

ThermoDox® 2.0  ca. 3.5  
(tumor) 

ca. 1.3 
(tumor) 

Patel et al. 
149 

Mouse / SCC7 
murine squamous 
cell carcinoma  

Split focus transducer (TAP 20-
80 W, 1 MHz duty cycle 10%) 

2 min,temperature 
increase 3-5˚C 

Immediately prior to 
heating 

ThermoDox® 5.0 1.7 ± 0.4 
(muscle) 

0.7 ± 0.1 
(muscle) 

De Smet et 
al. 131 

Rat / 9L gliosarcoma  MR-HIFU clinical system with 
dedicated animal setup (Pac = 8 
W, 1.4 MHz)  

2×15 min at 
41-42˚C  

Upon reaching  
42 °C  

[Gd(HPDO3A) (H2O)] & 
DOX-loaded TSL 

5.0 7.4 ± 6.7 
(tumor)  

 1.5 ± 0.6 
(tumor)  

Negussie et 
al. 150 

Rabbit /VX2 MR-HIFU clinical system (fac = 
1.2 MHz) 

4×10 min at 
40-42°C  

10 min prior to 
heating 

[Gd(HPDO3A) (H2O)] & 
DOX-loaded LTSL 

5.0 NA  NA  

Staruch et 
al. 151 

Rabbit /muscle  Mechanical scanning (Pac = 16 
W, 2.8 MHz), MR guidance 

20-30 min at  
43.2 ± 0.3 °C  

During 8 min upon 
reaching  
43 °C  

ThermoDox® 2.5  8.3 ± 6.9 
(muscle)  

0.5 ± 0.2 
(muscle)  

Ranjan et 
al. 152 

Rabbit /VX2 MR-HIFU clinical system  3×10 min at 40.5 ± 
0.1 °C  

During 3 min prior to 
heating 

ThermoDox® 5.0  30 ± 9 
(tumor)  

8.8 ± 1.4 
(tumor)  

Staruch et 
al. 153 

Rabbit /VX2 
bone marrow / 
muscle 

Mechanical scanning (Pac = 16 
W, 2.8 MHz), MR guidance 

20 min at 43°C  During 8 min upon 
reaching  
43 °C  

ThermoDox® 2.5 32 ± 7.4 
(muscle) 
43 ± 14 
(bone 
marrow) 

2.0 ± 0.9 
(muscle) 
4.3 ± 0.6 
(bone 
marrow) 

Partanen et 
al. 154 

Rabbit/VX2 MR-HIFU clinical system (Pac = 
20 W, 1.2 MHz)  

30 min total at 40.6 ± 
1.0 °C 

Prior heating ThermoDox® 5.0 ca. 60 (n=1, 
tumor 
sections) 

ca. 15 (n=1, 
tumor 
sections) 

Staruch et 
al.151  

Rabbit /VX2  Mechanical scanning (Pac = 16 
W, 2.8 MHz), MR guidance 

20 min at 43°C During 8 min upon 
reaching 42 °C  

ThermoDox® 2.5 
 

76 ± 28 
(tumor) 

3.4 ± 1.8 
(tumor) 
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Reference Animal / tumor 
model or tissue 

HIFU Hyperthermia 
protocol 

Liposome injection Liposomal formulation DOX dose 
(mg/kg) 

[DOX] (μg/g tissue) 

+ HIFU - HIFU 

Gasselhuber 
et al. 155 

Rabbit / VX2 MR-HIFU clinical system (Pac = 
25 W, 1.2 MHz)  

3×10 min at 41.7 
± 1.1 °C  

Prior to heating ThermoDox® 5.0 Ca. 20-30* 
(n=1) 

Ca. 5* 
(n=1) 

 

De Smet and 
Hijnen et al. 
33 

Rat / R1 
rhabdomyosarcoma 

MR-HIFU clinical system with 
dedicated animal setup (Pac = 
10 W, 1.4 MHz)  

2×15 min at 
41 ± 2˚C 

Immediately prior to 
heating 

[Gd(HPDO3A) (H2O)] & 
DOX-loaded 111In- 
labeled TSL  
 

5.0 histology 
 

De Smet et 
al. 59 

Rat / 9L gliosarcoma  MR-HIFU clinical system with 
dedicated animal setup (Pac = 
8 W, 1.4 MHz)  

2×15 min, 
temperature 
elevation  
4-5˚C 

Immediately prior to 
heating 

[Gd(HPDO3A) (H2O)] & 
DOX-loaded 111In- 
labeled TSL  
 

5.0 ca. 10 ± 9.9 
(after 48 h) 

ca. 1.3 ± 0.6 
(after 48 h) 

VanOsdol et 
al. 156 

Mouse / C26  Pulsed HIFU (20 min per 
fragment = ~1/6th of tumor, 
1 MHz, PRF 5 Hz, PNP = -4.41 
MPa, PPP = 6.15 MPa, duty 
cycle 50%) 

60 min at  
40 - 42.5 °C, 
tumor divided in 
6 fragments of 
which 3 were 
sonicated for 20 
min each 

Stable heating 
established prior to 
injection 

ENTSL and ELTSL 5.0  ELTSL: 
5.2 ± 0.5  
 
ENTSL: 
2.1 ± 0.3 

ELTSL: 
2.8 ± 0.7 
 
ENTSL: 
1.6 ± 0.1 

Liang et al. 
157 

Mouse / MDA-MB-
231 

Pulsed HIFU (5 min, PRF 5 Hz, 
0.5 MHz, 190 mV working 
voltage, duty cycle 30%) 

5 min at 42°C 
(reached after ± 
175 s) 

Immediately after 
injection + 24 hour 
after injection 

LDOX and HDOX 5.0 LDOX-
cerasomes: 
5 % ID/g 
HDOX- 
cerasomes: 
7.5 %ID/g 

LDOX- 
cerasomes: 
7.5%ID/g 
HDOX-
cerasomes:  
12 %ID/g 

Park et al. 158 Mouse / SCC-7 Pulsed HIFU (15 min per spot, 
1981.6 W/cm2, PRF 5 Hz, duty 
cycle 50%)  

15 min at 42°C at 
4 focal spots 

Immediately after 
injection 

STL 5.0 NA tumor growth study. 
Only regression in the STL + 
HIFU group. 

Deng et al.159 Mouse / 4T1  Pulsed HIFU (10 min, 1 MHz, 
126 mV working voltage) 

10 min at 42°C  10 min after 
injection 

LTSL with 2% iRGD 5.0 NA tumor inhibition rate 
65.2 ± 0.1 % with HIFU 
versus 33.1 ± 7.6 % without 
HIFU 

* Based on the line profile of DOX measured with microscopy 
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Table 1.2. Overview of studies on image-guided drug release from TSLs. CA = contrast agent, Nd-YAG = neodymium-doped yttrium aluminium garnet, ADC= apparent diffusion coefficient, 

HaT= hyperthermia-activated cytotoxic, NLP = new DPPC/DMPC-based liposome, HTLC = heat-activated thermosensitive liposomal cisplatin, AS1411-TSLs = Aptamer-Modified 

temperature-sensitive liposomes, Ho-ms = holmium crosslinked alginate microspheres, TSL-Ba-ms = barium crosslinked alginate microspheres were loaded with temperature sensitive 

liposomes, DPPG = dipalmitoylphosphatidylglycerol, DSPG= distearoylphosphatidylglycerol, Brij78 = surfactant molecule, DMPC =1,2-dimyristoyl-sn-glycero-3-phosphocholine, EYPC = egg-

yolk phosphatidylcholine, DOPE = dioleoylphosphatidylethanolamine, ODVE = octadecyl vinyl ether, EOEOVE = 2-(2-ethoxy)ethoxyethyl vinyl ether, DOX= doxorubicin, NA = not applicable. 

Extension on table by Hijnen et al. 122 

Reference  Study Hyperthermia 
technology 

Temperature 
monitoring 

Type Liposomal formulation 
(molar ratio) 

Drug Intraliposomal MRI CA (concentration in lumen) 

Fossheim et 
al. 160 

Phantom Microwave irradiation Estimated from MR 
ADC measurements 

TSL DPPC:DPPG (47.5 and 
2.5 mg/mL) 

NA [Gd(DTPA-BMA)(H2O)] (250 mM) 

Frich et al. 161 In vivo Radiofrequency and 
laser (Nd-YAG) ablation 

Fiberoptic TSL DSPC:DSPG (90:10 w/w) NA [Gd(DTPA-BMA)(H2O)]  

McDannold 
et al. 162 

In vivo MR-HIFU system (1.7 
MHz) 

PRFS thermometry TSL DSPC:DSPG (90:10 w/w) NA [Gd(DTPA-BMA)(H2O)] (250 mM) 

Ponce et al. 
130 Viglianti et 
al. 128 

In vivo  Heated water flow 
through a catheter 
placed through the 
center of the tumor 

Rectal temperature 
probe 

LTSL DPPC:MSPC:DSPE-
PEG2000 (90:10:4) 

DOX MnSO4 (300 mM) 

Peller et al. 
163 Wang et 
al. 164 

In vivo  Water bath    DPPC:DSPC: 
DPPG2 (50:20:30) 

NA [Gd(DTPA-BMA)(H2O)] (250 mM) 

Langereis et 
al. 134 

Phantom Water bath  LTSL MPPC:DPPC:DPPE-
PEG2000 (10:90:4) 

NA [Tm(HPDO3A)(H2O)] (65 mM) and NH4PF6 (50 
mM) 

De Smet et 
al. 131 

In vivo  MR-HIFU clinical system 
with dedicated animal 
setup (Pac = 8 W, 
1.4 MHz)  

PRFS thermometry TSL DPPC:HSPC:Chol:DPPE-
PEG2000 (50:25:15:3) 

DOX [Gd(HPDO3A)(H2O)] (250 mM) 

Negussie et 
al.150  

In vivo MR-HIFU clinical system  
(1.2 MHz) 

PRFS thermometry LTSL DPPC:MSPC:DSPE-
PEG2000 (85.3:9.7:5.0) 

DOX [Gd(HPDO3A)(H2O)] (300 mM) 

Tagami et al. 
165 

In vivo Water bath  Rectal temperature 
probe 

HaT DPPC:Brij78 (96:4) DOX [Gd(DTPA)(H2O)]2- (100 mM) 
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Reference  Study Hyperthermia 
technology 

Temperature 
monitoring 

Type Liposomal formulation 
(molar ratio) 

Drug Intraliposomal MRI CA (concentration in lumen) 

Lorenzato et 
al. 166 

Phantom MR-HIFU system 
(1.5 MHz) 

PRFS thermometry 
and fiberoptic 

TSL DPPC:HSPC:Chol:DSPE-
PEG2000 (100:33:27:7) 

NA USPIO 

Hossann et 
al. 167 

In vitro Water bath  TSL DPPC:DSPC: 
DPPG2 (50:20:30) 

NA [Gd(DTPA)(H2O)]2-  
[Gd(HPDO3A)(H2O)]  
[Gd(BTDO3A)(H2O)] [Gd(DOTA)(H2O)]- 
[Gd(BOPTA)(H2O)]2- [Gd(DTPA-BMA)(H2O)] iso-
osmolar to physiological solutions 

Yeo et al. 136 In vitro Water bath  LTSL DPPC:MPPC:DPPE-
PEG2000 (86:10:4) 

DOX MnSO4 or [Gd(DTPA)(H2O)] (300 mM) 

Kuijten et al. 
168 

In vitro Water bath  NLP DSPC : DMPC: Gd(III)-
DOTA-DSPE : DSPE-
PEG2000 (50 : 20 : 25 : 5) 

NA NA, Gd(III)-DOTA-DSPE in the bilayer with a drop 
in longitudinal relaxivity at higher temperatures 

Kokuryo et al. 
169 

In vivo High power RF pulses 
MRI scanner through 
surface coil 

PRFS thermometry 
and fiber optic 

Polymer-
modified 
TSL 

EYPC : DOPE : chol : 
DSPE-PEG-2000 : 
ODVE/EOEOVE : Rho-PE 
(23.4:54.6:15:4:2:1) 

DOX MnSO4 

Dou et 
al.170,171 

In vivo Laser-based 
hyperthermia 

PRFS thermometry 
and fiber optic 

HTLC DPPC : DPPG : MSPC : 
DSPE-mPEG2000 
(57.7:28.9:9.6:3.8) 

Cisplatin [Gd(HPDO3A)(H2O)]  
 

Zhang et al. 
172 

In vitro Water bath  AS1411-
TSLs 

DPPC:MSPC:DSPE-
PEG2000COOH (86 : 10 : 
4) with AS1144 aptamer 
conjugation 

NA [Gd(DTPA)(H2O)]2-  
 

Van Elk et al. 
173 

In vivo Water bath  TSL-Ba-ms 
and Ho-ms 

DPPC : MSPC : DSPE-
PEG2000 (86 : 10 : 4) 

DOX [Gd(HPDO3A)(H2O)] and Ho3+ 

Peller et al. 
132 

In vivo Laser light PRFS thermometry 
and fiber optic 

TSL  DPPC:DSPC:DPPG2 
(50:30:20) with DOX or 
Gd-DTPA-BMA 

DOX [Gd(DTPA-BMA)(H2O)]  

Kim et al. 174 In vivo HIFU Thermocouple wire Gd-Dox- 
STL 

DPPC:DSPC:DSPE-
PEG2000:chol:C18-ELP 
(41:14:2:10:2) 

DOX [Gd(BOPTA)(H2O)]2-  

Willerding et 
al.175 

In vivo Laser light, water bath, 
cold light lamp 

Fiber optic probes DPPG2 -TSL DPPC:DSPC:DPPG2 
(50:30:20) with DOX  

DOX [Gd(DTPA-BMA)(H2O)]  
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Chapter 2 

2  

In depth study on  

thermosensitive liposomes:  

Optimizing formulations for 

tumor specific therapy and  

in vitro to in vivo relations 

Abstract In numerous studies, thermosensitive liposomes (TSLs) for local heat-triggered delivery 

of doxorubicin to tumors have been investigated, with TSLs having different lipid formulations, 

drug loading methodology and testing procedures. To gain more insight in these parameters, we 

investigated TSLs with four variable DSPC-DPPC lipid ratios (50, 60, 70 or 80% DPPC and 5 mol% 

of DSPE-PEG2000) using either ammonium sulfate or a citrate buffer for doxorubicin loading. 

Ammonium sulfate loading of doxorubicin yielded more stable TSLs than citrate loading. At 37°C, 

leakage was unnoticeable for all ammonium sulfate TSLs. At 42°C, complete release occurred 

within seconds to a few minutes, except for 50% DPPC TSLs, where slow and incomplete release 

was observed in vitro and in vivo using a dorsal skinfold window chamber. In contrast to in vitro 

assays, blood kinetics studies indicated a burst release of doxorubicin upon injection and higher 

leakage for all TSLs. In therapeutic studies, hyperthermia in combination with TSLs repressed 

BFS-1 sarcoma growth. Our study shows that prediction of therapeutic efficacy purely based on 

differences found in vitro is insufficient, instead, parameters obtained from pharmacokinetic 

studies in vivo, and the exact timing of the delivery protocol are crucial to assess the therapeutic 

value of a formulation. 

 

 

This chapter is based on:  

Lokerse W.J.*, Kneepkens E.C.M.*, ten Hagen T.L., Eggermont A.M., Grüll H., Koning G.A. - In depth 

study on thermosensitive liposomes: Optimizing formulations for tumor specific therapy and in 

vitro to in vivo relations - Biomaterials. 2016 Mar;82:138-50 

*Shared first authorship 
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 Introduction 2.1

Chemotherapy of solid tumors is complicated by the narrow therapeutic window typical for 

low molecular weight cytostatics like doxorubicin. Site-directed chemotherapy allows improving 

the therapeutic window by sparing the healthy organs from exposure to the drug while increasing 

drug concentrations in the targeted tissue. One approach for local drug delivery is the heat-

triggered release of drugs that are encapsulated in aqueous lumen of temperature sensitive 

liposomes (TSLs).43,54 Upon heating, the lipid bilayer passes through a melting phase transition 

temperature (Tm) from a gel to a liquid-crystalline phase. The exact temperature and broadness of 

the phase transition depends on the exact lipid formulation and can be adjusted to be in the range 

of hyperthermic temperatures (41˚C < T < 44°C). As the phase transition is associated with a rapid 

increase in membrane permeability, TSLs can be exploited for rapid temperature-induced drug 

release. Stability at body temperature, release kinetics and Tm are strongly determined by the 

exact composition of the lipid bilayer, the chemical properties of the drug and other formulation 

aspects. Above concept was introduced by Yatvin and Weinstein et al. using a TSL based on 1,2-

dipalmitoyl-sn-glycerophosphocholine (DPPC) and 1,2-distearoyl-sn-glycerophosphocholine 

(DSPC) for temperature-induced neomycin and methotrexate delivery, respectively.43,54 Although 

they achieved a 3.6 times increase in tumor methotrexate levels when compared to free 

methotrexate or liposomal methotrexate without heating, the formulation showed poor blood 

circulation times and relatively slow release kinetics.  

The most important goal in optimizing TSL formulations is to minimize drug leakage at body 

temperature while maximizing drug release at hyperthermia. The problem is that performance of 

TSL in vitro may not reflect their behaviour under in vivo conditions due to the more complex 

environment. Upon injection of the formulation in vivo, the liposomal release and stability might 

change and additionally, new parameters will come into play: e.g. time between injection and 

hyperthermia, the hyperthermia duration, the blood kinetics of the liposomal carrier and tumor 

characteristics e.g. perfusion.58,71,176,177 A simplified equation describing the intricate balance 

between all these factors is depicted in Eq. 2.1. 57 
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              Eq.2.1

      

in which Dox stands for doxorubicin. The liposome plasma concentration ([liposome]plasma) will 

decrease upon time after injection due to clearance by the mononuclear phagocyte system (MPS), 

while the rate of clearance depends on liposomal composition. The doxorubicin/liposome 

represents the fraction of doxorubicin still present within the liposome and decreases when the 

doxorubicin leaks out of the liposome (at 37°C) or gets released from the liposome (at 42°C). It is 

therefore related to the liposome stability and release kinetics. The plasma flow in the tumor 

plasma space (plasma flow tumor/ plasma volume tumor) is dependent on the tumor type and its 
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microenvironment. The released fraction of doxorubicin per tumor residence time (tres) depends 

on the combination of tumor perfusion, which will influence the tres, and the release kinetics of the 

liposomal formulation. Furthermore, the doxorubicin that is released from the liposomes within 

the tumor enters the interstitial space at a rate that is influenced by the doxorubicin concentration 

already present in the tumor and when it enters, it can partially be washed out by blood flow 

mediated convection.57 The doxorubicin influx and outflux can be subsumed under the 

doxorubicin retention (Dox retention) parameter. Finally, the total doxorubicin available to the 

tumor will depend on the total HT time (tHT, stop – tHT,start).  

Over the years, different attempts have been made on improving the original TSL formulation 

used by Yatvin and Weinstein.43,54 Gaber et al. added pegylated lipids to the TSL formulation in 

order to increase its circulation time and therefore the liposomeplasma parameter.46 Later, 

Needham et al. and Li et al. showed that the incorporation of pegylated lipids not only increases 

the liposome circulation time but also influences their release kinetics.60,178 Needham et al. greatly 

improved the rate of doxorubicin release by the incorporation of lysolipids into low temperature 

sensitive liposomes (LTSLs, currently in clinical trials in a slightly different formulation as 

Thermodox® by Celsion).62 Unfortunately, the doxorubicin/liposome parameter of this 

formulation is still suboptimal due to premature leakage under physiological conditions.57 The 

liposomal formulations tested in this study are based upon a formulation first described by Li et 

al., who presented a TSL consisting of DPPC, DSPC and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) in a molar ratio of 

80:15:5. The release of carboxyfluorescein and doxorubicin from these liposomes was rapid and 

quantitative within seconds when exposed to a temperature of 42°C.34,60 However, also this 

formulation displayed considerable leakage (up to 30% after one hour) under physiological 

conditions.  

Aim of this study is to further improve above TSL formulation by systematic variation of its 

lipid composition and to investigate above explained parameters that contribute to the overall 

performance in drug delivery and relate them to the therapeutic efficacy of the formulations. Four 

TSL formulations were prepared by varying DPPC/DSPC ratio while maintaining a constant 5% 

mol:mol of DSPE-PEG2000. For all TSLs, the stability at 37°C and the release kinetics at 42°C were 

measured in vitro by fluorometry. The intraliposomal buffers ammonium sulphate ((NH4)2SO4) 

and citrate were compared in their effect on doxorubicin loading efficiency, stability and release 

kinetics.179,180 (NH4)2SO4 is the intraliposomal buffer in Doxil®, the pegylated clinical formulation 

of non-temperature sensitive liposomes; citrate is used as an intraliposomal buffer in 

Thermodox®. Both loading methods are pH driven and lead to the formation of fibrous-bundle 

doxorubicin aggregates although the sulfate anion is thought to lead to a tighter packing and less 

flexible doxorubicin aggregates than the citrate anion.181 

The blood kinetics of the liposomal carrier and the leakage of these formulations were 

investigated in vivo. Further in vivo studies have been carried out in the form of murine dorsal 

skinfold intravital microscopy which showed the release patterns of these different liposomal 

formulations and the drug distribution in the tumor micro-environment. Finally, a therapeutic 
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efficacy study was performed in a murine BFS-1 sarcoma (Figure 2.1). With the presented data we 

aim to provide more insight in which parameters matter most in conducting an optimal therapy 

and to what extent in vitro data can be translated to in vivo therapeutic effect.  

 

Figure 2.1. Schematic depiction of the presented workflow. In vitro characteristics like doxorubicin 

release kinetics and leakage at physiological temperatures (A, B) were compared to release and 

leakage in vivo by studying doxorubicin and carrier blood kinetics (C) and dorsal skinfold intravital 

microscopy (D). While these studies gave insight in the doxorubicin supply to the tumor, a 

therapeutic study (E) was needed to study the result of the interplay of these factors with other 

therapeutically relevant factors like doxorubicin tumor uptake, doxorubicin tumor distribution and 

sensitivity of tumor cells to the drug. 

  Materials and methods 2.2

 Materials 2.1.1

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) were purchased from Lipoid (Ludwigshafen 

am Rhein, Germany). DSPE-diethylenetriaminepentaacetic acid (DTPA) was obtained from Avanti 

polar lipids, Inc. (Alabaster, Alabama, United States). Doxorubicin-hydrochloride solution (2 

mg/ml) was ordered from Accord Healthcare (Utrecht, the Netherlands). All remaining chemicals 

were obtained from Sigma Aldrich (Saint Louis, Missouri, United States). PD-10 desalting columns 
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were bought from GE-Healthcare Life Sciences (Eindhoven, the Netherlands). 111InCl3 was 

purchased from Perkin Elmer (Groningen, the Netherlands). 

 Preparation of temperature sensitive liposomes 2.2.1

Four liposomal formulations, were prepared with a different molar ratio of DPPC:DSPC while 

keeping a constant molar fraction of 5% DSPE-PEG2000. In detail, these formulations have molar 

ratios of DPPC:DSPC:DSPE-PEG2000 of 80:15:5 (TSL80), 70:25:5 (TSL70), 60:35:5 (TSL60) and 

50:45:5 (TSL50). TSLs were prepared by the film hydration and extrusion method at 60°C. The 

lipid film was hydrated in a 300 mM citrate buffer pH 4.5 or a 250 mM (NH4)2SO4 buffer pH 5.5. 

Extrusion was done using a thermobarrel extruder (Northern Lipids, Vancouver, Canada). 

Samples were extruded 5 times through polycarbonate filters of 200, 100, 80 and 50 nm pore size. 

TSLs were brought onto a PD-10 column and eluted with HEPES buffered saline (HBS),  

pH 7.4. Subsequently, the phospholipid concentration was determined with an ammonium 

molybdate spectrophotometric assay.182 Doxorubicin loading was achieved by establishing as 

sample with a molar doxorubicin:lipid ratio of 0.15:1 in HBS, pH 7.4 that was incubated in a 

thermoshaker for 1 hour at 39°C and 300 rpm. Size and zeta potential measurements were carried 

out using dynamic light scattering (DLS) with a Zetasizer Nano ZS (Malvern Instruments, 

Worcestershire, United Kingdom). Transition temperatures (Tm) of the TSLs were determined by 

differential scanning calorimetry (DSC).  

 Liposome radiolabeling 2.1.2

Measurement of the blood kinetics was performed using radiolabeled TSLs. TSLs 

incorporating 0.1 mol% DSPE-DTPA in the phospholipid bilayer were prepared and loaded with 

doxorubicin in a similar fashion as described above (intraliposomal buffer: (NH4)2SO4). 

Subsequently, these TSLs were radiolabeled by 40 minutes incubation at 26°C with 111InCl3 in 

2.5M sodium acetate pH 5.0. The radiochemical purity was tested with instant thin layer 

chromatography (iTLC)(running buffer: 10 mM ethylenediaminetetraacetic acid (EDTA) in saline). 

After 10 minutes incubation with 10 mM EDTA at 26°C, the sample was washed 10 times with 

saline in a Amicon Ultra-0.5 mL centrifugal filter (50 kDa molecular weight cut-off, Millipore, 

Billerica, Massachusetts, United States) in order to dilute the sodium acetate and remove unbound 
111In to yield a radiochemical purity of ≥ 97%. No free doxorubicin was observed in the 

supernatant. In order to study the influence of the incorporation of the DSPE-DTPA lipid, the 

stability of the TSL70 and TSL80 formulations with DSPE-DTPA lipid incorporation at 37°C in FBS 

were compared to the stability of the regular TSL70 and TSL80 formulations. 

 Release kinetics of temperature sensitive liposomes 2.1.3

For temperature dependent release testing, liposomes were added to preheated fetal bovine 

serum (FBS) and incubated for 5 min at designated temperatures in a thermoblock at 800 rpm. 

After measurement of the doxorubicin fluorescence (excitation 482 nm; emission 594 nm), 50 µL 

10% (v/v) Triton-X100 was added to the sample and the sample was measured again to 
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determine its 100% release signal. The resulting points per formulation were fitted with non-

linear regression. Based on the fits, the temperature at which 50 % of the encapsulated 

doxorubicin would be released after 5 min incubation in FBS was determined (R50). The time 

dependent release analysis was investigated in a largely similar fashion. A FBS containing cuvette 

was pre-heated to the temperature of choice and after 1 min of measurement, TSLs were spiked 

into the serum via surgical tubing and the sample was measured for 1 hour. Percentage release 

was calculated by: % release= (Sn-Sbase)/(Smax-Sbase)*100%, where Sn is the signal measured by a 

sample, Sbase is the signal of a similar sample not exposed to elevated temperatures and Smax is the 

maximum signal of a sample (either by exposure to hyperthermia, or by adding Triton X-100). All 

formulations were prepared in triplo and release assays were conducted in triplo for all 

formulations. For the TSL70 formulation with (NH4)2SO4 as intraliposomal buffer, its stability at 

37°C and its release at 42°C was tested both in FBS and HBS, pH 7.4. 

  Cryo-Transmission Electron Microscopy 2.1.4

(NH4)2SO4 TSL (50µL) samples in FBS (450µL) which were exposed to 42°C for 1 h were 1:1 

diluted with distilled water before freezing. Sample preparation was performed by applying a 2 µl 

droplet of suspension to a lacy carbon film and subsequently plunge-freezing this sample into 

liquid ethane using a Vitrobot. The resulting amorphous ice film was prepared using the following 

blot conditions: blot time (2 sec), blot offset (2 mm) and blot total (1). Subsequently, cryo-TEM 

studies were performed using a FEI TECNAI F30ST (FEI, Hillsboro, Oregon, United States, 300kV, 

using a cryo-holder, keeping the sample at –173°C during the studies). Imaging was done in low-

dose mode on a CCD camera (1k x 1k). For several locations on the sample, images were acquired 

at under-focus conditions. 

 In vivo experiments 2.1.5

2.1.5.1  BFS-1 tumors 

BFS-1 sarcoma cells were grown in vitro in DMEM medium supplemented with 10% 

inactivated FBS and 5% penicillin/streptomycin. 1∙106 cells were injected subcutaneously into the 

flank of ten weeks old C57BL/6 mice (Harlan, Horst, the Netherlands). When tumors reached the 

desirable size, 1 mm3 fragments were dissected and transplanted to the mice in the experimental 

groups. All BFS-1 animal study protocols were approved by the committee of Animal Research of 

Erasmus MC, Rotterdam, the Netherlands. 

2.1.5.2 Blood kinetics and biodistribution 
111In-labeled TSLs (10 ± 2 MBq/mL TSL solution, ~1.0 ± 0.1 MBq/mouse, 5 mg 

doxorubicin/kg bodyweight in 96 ± 11 µL) were injected via the tail vein of C57BL/6 mice under 

isoflurane anesthesia. Blood samples were taken according to two timelines. For the first timeline 

blood samples were drawn at 2, 10, 45, 150 and 210 min after injection (n = 3). During this period, 

the mice were kept under anesthesia and their temperature was maintained by a heated plate and 

heating pads, ensuring contact temperatures always ≤ 37°C. Body temperatures were always 

between 35 and 37°C as measured by a rectal probe. For the second timeline, animals were kept 
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under anesthesia for 90 min while blood samples were drawn at 10, 30 and 60 min, followed by 

blood samples from the awake animals at 2, 3.5, 6 and 24 hours (n = 3). The choice to use two 

timelines was made based on previous experience, which indicated that blood sampling on awake 

animals can cause a stress-induced body temperature increase, which can be detrimental for TSL 

formulations with low Tm.183 Therefore, the first timeline is performed entirely under anesthesia 

with tight body temperature control. The blood samples and standards of the 111In-labeled TSLs 

were weighed and their radioactivity was counted with a 1480 Automatic Gamma Counter 

(WizardTM 3’’, Perkin Elmer). Doxorubicin concentrations of the blood samples were determined 

according to the procedure outlined below. The percentage of the injected dose was calculated for 

the total organ or for the total blood assuming a total blood volume of 7.8% of the body weight. 

This relationship was derived by calculating the total blood volume of each mouse from the first 

group (first timeline) based on the blood level of liposomal carrier at the 2 min time point, by 

assuming the liposomal carrier was still fully present at this time point. The animal study 

protocols were approved by the committee of Animal Research of Maastricht University, 

Maastricht, the Netherlands. 

2.1.5.3 Doxorubicin quantification 

Blood samples (~10-20 μL/sample) and pieces of organs (~100 - 200 mg/organ) obtained 

during the blood kinetics and biodistribution experiments were analyzed for their doxorubicin 

concentrations according to the protocol previously described.131 An aqueous solution of 

daunorubicin (0.5 µg/mL in 1 mL H2O for the blood samples, 2 µg/mL in 1.5 mL H2O for the organ 

samples) was added to all samples as an internal standard for doxorubicin quantification, 

followed by homogenization for 30 min at 30 Hz in a Qiagen Tissuelyser. Subsequently, 125 µL of 

the homogenized blood and tissue solutions were incubated with 50 μL AgNO3 in water (33% 

w/v) for 10 minutes at room temperature. The doxorubicin was extracted by mixing with 1.25 mL 

chloroform/isopropanol (2:1 v/v). The organic phase was obtained by centrifugation (10 min at 

3600 rpm) and transferred to a clean tube and evaporated to dryness at 40 ˚C under N2 flow. The 

resulting residue was dissolved in 200 µL H2O. High performance liquid chromatography (HPLC) 

analysis was performed on an Agilent Technologies system (1100 series) equipped with an 

autosampler and fluorescence detector (λex = 485 nm and λem = 590 nm). 50 µL of each sample 

was injected on an Eclipse XDB-C18 column (5 µm, 4.6 × 150 mm2 Agilent). The doxorubicin and 

daunorubicin were eluted in 6 and 12 min respectively, using an isocratic flow of 1 mL/min with 

30% (v/v) acetonitrile in H2O containing 0.1% trifluoroacetic acid (v/v).  

Figure 2.2. Schematic representation of the model used to 

estimate the burst and leakage half-lives (ln(2)/kleak) based 

on the total amount of doxorubicin measured (Liposomal 

dox + Free dox), the doxorubicin elimination constant kel as 

derived from literature and the liposomal clearance time 

(ln(2)/kMPS) as derived from the liposomal carrier blood 

kinetic data. 
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2.1.5.4 Pharmacokinetic parameter estimation 

The blood kinetic data of the four different liposomal carriers (from both timelines) were 

fitted using a mono-exponential function to derive the blood half-lives as well as the clearance of 

the liposomal carrier by the MPS (kMPS, Figure 2.2).  

[��������]������(�) = [��������]������(0) ∙  exp (−����  ∙  �)           Eq.2.2 

in which [liposome]plasma(t) represents the liposomal concentration in the blood (expressed in 

%ID/g) and 

���� = ��(2)/��/�,���              Eq. 2.3 

in which t1/2,MPS is the plasma clearance half-life of the liposomal carrier. 

The leakage of the TSLs was estimated based on the doxorubicin blood kinetics data for the 

total doxorubicin ([dox]total) from the first 3.5 h after injection of both timelines using on the 

following pharmacokinetic model (Figure 2.2, Eq. 2.4 to 2.10).  

[dox]�����(�) =  [dox]��������(�) + [dox]����(�)           Eq. 2.4 

in which [dox]free(t) represents the concentration of free doxorubicin and [dox]liposome the 

liposomally encapsulated doxorubicin in the blood stream. 

[dox]��������(�) = ����(�) ∙ [��������]������(�)           Eq. 2.5  

with F���(�) = F���(0) ∙  exp (−�����  ∙  �)                  Eq. 2.6 

and ����� = ��(2)/��/�,����               Eq. 2.7 

Flip (t) represents the fill ratio of the TSL and t1/2,leak the leakage half-life of doxorubicin from the 

TSLs. 

[dox]����′(�) = ����� ∙ [dox]��������(�) − ��� ∙ [dox]����(�)                          Eq. 2.8 

[dox]����(0) = �1 − F���(0) � ∙ [liposome]������(0) = �����           Eq. 2.9 

with ��� = ��(2)/��/�,��              Eq. 2.10 

in which t1/2,el represents the half-life of free doxorubicin in the bloodstream of mice, which is set 

to 1.2 min.184,185 This model takes into account the measured kMPS as estimated based on the 

liposome blood kinetics and the blood level of total (free and liposomal) doxorubicin as measured 

by HPLC. Mathematica 10 (Wolfram, Hanborough, United Kingdom) was used for data fitting and 

to calculate model parameters.   
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2.1.5.5 Intravital imaging by murine dorsal skinfold window chamber model 

Twelve weeks old C57BL/6 mice received a dorsal skinfold window chamber with a BFS-1 

sarcoma implant and were imaged using intravital confocal microscopy within two weeks after 

placement of the window.186 During imaging, the mice are under isoflurane anesthesia and body 

temperature was kept stable at 37°C using a thermal stage and was monitored by a rectal probe.  

5 mg/kg liposomal doxorubicin in 100 µL phosphate buffered saline (PBS) was injected 

intravenously and liposomes were allowed to circulate for 15 min. The window was kept at 37°C 

using an external circular electric heating coil that was attached to the window glass on the back 

side of the window chamber. The temperature in the window was continuously monitored using a 

thermocouple that was inserted into the window chamber. The temperature was increased to 

42°C and the imaging continued for another hour. Each formulation was injected in three animals. 

2.1.5.6 Therapeutic efficacy in a murine BFS-1 sarcoma model 

Ten weeks old C57BL/6 mice were given a ± 3 mm3 murine BFS-1 tumor fragment, 

transplanted subcutaneously in the right hind limb. When the tumor reached 200 mm3 within 

three weeks, the tumors were heated to hyperthermia (HT; 42°C) or normothermia (NT; 37°C) 

conditions for one hour under anesthesia. Each treatment group consisted of eight animals. In 

case of a HT experiment, the right hind limb was submerged into a 42.5°C water bath for 10 min to 

bring the intratumoral temperature to 42°C. Body temperature was checked by rectal insertion of 

a temperature probe and was averagely 35-37°C. 5 mg/kg doxorubicin in 100 µL PBS were 

intravenously injected and the tumor was kept at 42°C for an additional hour. In case of a NT 

experiment, the same procedure was applied while the mouse was kept at 34-36°C (temperature 

probe in rectum) by putting the mouse on a heating plate and an aluminum foil cover was used to 

prevent body temperature loss. 10 min after subjecting the mice to NT or HT conditions, an 

intravenous injection was performed with one of the four investigated liposome formulations or 

saline. Mice were sacrificed 30 days after treatment, or when the tumor exceeded the maximum 

allowed size (3375 mm3 or 18mm in one dimension), when the tumor became necrotic and 

caused an open wound. The efficacy of the treatment was judged based on tumor doubling time. 

 Statistics 2.1.6

All in vitro data are represented as mean ± standard deviation of experiments performed in 

triplicates. The R50 and Tm values were analyzed by two-way ANOVA after equal variances were 

verified by Levene’s test. Other in vitro data were analyzed by independent two-samples T-tests. 

The area under de curve (AUC) for doxorubicin in different liposomal formulations was analyzed 

by one-way ANOVA after equal variances were verified by Levene’s test. Tumor doubling times 

were analyzed by Mantel-Cox. All tests were performed using IBM SPSS Statistics for Windows  

v. 23 (Armonk, New York, United States). All statistical tests were two-sided and p-values below 

0.05 were considered statistically significant. 

  



In depth study on thermosensitive liposomes: Optimizing formulations for tumor specific 
therapy and in vitro to in vivo relations 

33 
 

 Results 2.2

  In vitro release and stability assays on TSL formulations  2.2.1

The TSL formulations were prepared by film hydration and extrusion and doxorubicin was 

loaded into every formulation by (NH4)2SO4 (A) or citrate (C) loading. Four different TSL 

formulations were prepared by alternating DPPC:DSPC molar ratio while keeping a constant 5% 

molar fraction of DSPE-PEG2000. All batches were analyzed by DLS on size, zeta potential and 

polydispersity index (PD.I.). The results in Table 2.1 show that by changing the lipid ratio between 

DPPC:DSPC:DSPE-PEG2000, no differences in size, PD.I. or zeta-potential were observed. The 

doxorubicin loading efficacy was 100%, regardless of whether citrate or (NH4)2SO4 was used. DSC 

analysis indicated that Tm significantly decreased (p < 0.001, two-way ANOVA) with increasing 

DPPC fractions (Table 2.1). There was no difference in Tm between (NH4)2SO4 or citrate loading as 

tested by a two-way ANOVA procedure. To test their stability and release, the liposomal 

formulations (0.5 mM phospholipid) were exposed to temperatures ranging from 37 to 45°C in 

FBS for 5 min.  

Table 2.1. Size, surface charge and melting transition temperature of TSL formulations 

Formulation Size  
(nm) 

PD.I. Zeta potential  
(mV) 

Tm 

 (°C) 

TSL50A 82 ± 5 0.07 ± 0.03 -7.8 ± 0.9 46.7 ± 0.1 
TSL60A 80 ± 2 0.04 ± 0.01 -8.0 ± 0.7 45.3 ± 0.6 
TSL70A 78 ± 1 0.04 ± 0.01 -7.2 ± 1.0 44.4 ± 0.3 
TLS80A 77 ± 4 0.03 ± 0.02 -6.8 ± 0.7 43.0 ± 0.2 
TSL50C 83 ± 2 0.03 ± 0.01 -7.8 ± 1.4 46.4 ± 0.1 
TSL60C 83 ± 1 0.04 ± 0.01 -8.4 ± 1.6 45.2 ± 0.7 
TSL70C 83 ± 2 0.04 ± 0.01 -7.2 ± 0.7 44.0 ± 0.4 
TSL80C 82 ± 3 0.0 ± 0.041 -7.8 ± 0.4 42.8 ± 0.4 

 

When the R50 values of these curves were determined by non-linear regression, it became 

apparent that in all formulations, the (NH4)2SO4 loaded liposomes were releasing doxorubicin at 

slightly lower temperatures than when citrate was used (Figure 2.3A, B, tested by two-way 

ANOVA). Figure 2.3C indicates that the R50 values were consistently lower than Tm, yet a strong 

linear correlation existed between them regardless of the doxorubicin loading method used 

(R2=0.990 for (NH4)2SO4 and 0.993 for citrate loaded liposomes). 
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 Next, the leakage at 37°C and the release kinetics at 42°C in FBS were studied for all 

formulations (Figure 2.4). The fastest release at 42°C is observed for TSL70 and TSL80 

formulations with half of the doxorubicin already released (R50HT) after approximately 5 seconds 

(Figure 2.4A, B). The TSL60 required approximately 20 s (TSL60A) to 30 s (TSL60C) to reach 50% 

release, while TSL50 formulations required 6 min of heating (Figure 2.4C, D). The formulations 

TSL60-80 reached total release (>95%) after one hour at 42°C, while TSL50 (both A and C) 

formulations showed only 66% release after one hour at 42°C. At a physiological temperature of 

37°C, citrate loaded TSLs displayed more leakage after one hour compared to the corresponding 

TSLs having an (NH4)2SO4 internal buffer, i.e. 6 ± 1% versus 1 ± 1% for TSL70 (independent 

samples T-test, p = 2.2∙10-4) and 15 ± 1% versus 8 ± 1 % for TSL80 (independent samples T-test, p 

= 0.002). Consequently, all the following studies described were carried out with TSL 

formulations with (NH4)2SO4 based doxorubicin loading. Leakage at 37°C as well as release at 

42°C from these liposomes was dependent on the presence of serum proteins since in HBS, 

leakage at 37°C and release at 42°C decreased (Figure S. 1). 

Figure 2.3. Temperature dependent release 

profiles after 5 min exposure to 37-45°C of 

the different liposomal formulations when 

(NH4)2SO4 (A) or citrate (B) was used for 

doxorubicin loading. For each formulation, 

three batches (n=3) were tested. Release 

(R50) as a function of Tm for both doxorubicin

loading methods is shown (C). 
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Figure 2.4. Time release profiles of the different liposomal formulations when (NH4)2SO4 (A) or 

citrate (B) was used for doxorubicin loading. The time when R50HT was reached for each formulation 

is shown in (C) for (NH4)2SO4 and in (D) for citrate. For each formulation, three batches (n = 3) were 

tested. 

 Cryo-TEM analysis on doxorubicin release from temperature 2.2.2

sensitive liposome formulations 

The release characteristics for TSL50-80A formulations were further investigated using cryo-

TEM images. The doxorubicin crystals inside liposomes were quantified before and after heating 

to 42˚C for 1 hour in FBS. At least five cryo-TEM recordings were made for each formulation and 

scored for the presence of doxorubicin crystals after HT exposure. All liposomal formulations 

showed the presence of doxorubicin crystals (Figure 2.5A-D) before heating. After heating, 70% of 

the TSL50A liposomes still showed presence of crystals inside though with an altered morphology 

(Figure 2.5E-H), while 30% of liposomes were empty.  
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Figure 2.5. Cryo-TEM analysis of al TSLA formulations in FBS before (normothermia; NT, A to D), and 

after 1h exposure to 42°C (HT, E to H). For the TSL50A formulation, the partial release profile after 

HT becomes apparent as the majority of the liposomes contain an alteration in shape of the 

doxorubicin-SO4 crystal, whereas the other formulations show (almost) only empty TSLs after HT. 

Bars indicate 200 nm. In I, the condition of the doxorubicin crystal in each TSL visualized was 

counted (at least 25 TSLs per formulations were counted in larger field of views). 

For the TSL60A a higher fraction of empty liposomes was observed compared to liposomes 

with doxorubicin crystals still present (Figure 2.5F). After heating, TSL70A and TSL80A  

(Figure 2.5G, H) displayed only empty liposomes, indicating complete release of doxorubicin. The 

fraction of empty liposomes and liposomes with doxorubicin crystals present in the inner lumen 

after heating is shown in Figure 2.5I for all formulations.  

 Doxorubicin release visualized by intravital imaging 2.2.2

The in vivo release properties of the (NH4)2SO4 TSL formulations were characterized with 

confocal microscopy in a BFS-1 tumor using a dorsal skinfold window model. In all cases a rapid 

increase in doxorubicin fluorescent signal in the intravascular as well as the extravascular space 

was observed indicating the release of doxorubicin from the liposomes. However, TSL50A had a 

slower release rate than the other formulations (Figure 2.6).  
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Figure 2.6. Window images for the TSL formulations. All formulations showed a relatively quick 

increase in doxorubicin fluorescence, within seconds after the temperature in the window reached 

42°C. Bars indicate 100 µm. Temperature reached 42°C after 5 min using a heating ring.  

  Blood kinetics study on TSL and doxorubicin circulation time 2.2.3

The blood kinetics of all four 111In-labeled TSL formulations were studied in C57BL/6 mice. 

Incorporation of 0.1% DSPE-DTPA to the lipid composition resulted in 4% more leakage of the 

TSL80A after one hour incubation at 37°C in FBS, while TSL70A did not show any difference in 

leakage. The injected dose (%ID) per total blood volume for the liposomal carrier and doxorubicin 

as a function of time for both time lines combined are depicted in Figure 2.7. TSL clearance from 

the blood could be described by single exponential kinetics. Liposomal blood half-lives reduced 

from 8.2 hours to ca. 4.4 h with DPPC fractions increasing from 50 to 80%. The liposome clearance 

was mainly caused by liver and splenic uptake (Figure 2.8).  
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Figure 2.7. Blood kinetics for the liposomal carriers and doxorubicin for all formulations expressed in 

% injected dose (ID) in the total blood volume. The data were fitted by a pharmacokinetic model 

described in section 2.2.4.4 and the resulting fits are indicated in the graph. 

The overall doxorubicin concentration found in plasma was always lower than that of the 

TSL, indicating release from its carrier. Upon injection, the doxorubicin showed first a fast burst 

release followed by a more gradual, exponential leakage from its carrier at body temperature. A 

simple pharmacokinetic model was used to determine burst percentage (Eq. 2.9) and leakage half-

lives, which are summarized in Table 2.2. A trend of increased leakage with increasing DPPC 

contents was observed, while burst release upon first blood contact reduced with increasing DPPC 

contents. From above blood kinetics data, the area under the curve (AUC) for doxorubicin was 

calculated for all formulations, taking burst release and leakage into account (Table 2.2). The AUC 

for all formulations in the time range of 1 – 60 min was found to be in the range between 34 ± 4 to 

42 ± 6 %ID∙h/g with neither a statistical difference between the formulations (one-way ANOVA, 

equal variances, p = 0.089) nor a correlation with the fraction of DPPC. Calculated for a timeframe 

from 30–90 min, TSL70 shows a slightly higher AUC than TSL80 (one-way ANOVA, equal 

variances, p = 0.045, post-hoc Bonferroni p = 0.042).  
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Figure 2.8. Biodistribution of doxorubicin and the liposomal carrier for the TSL formulations. A) 

TSL50A, B) TSL60A, C) TSL70A, D) TSL80A. All liposomal carriers show predominantly liver and 

spleen clearance. The doxorubicin ends up in liver and spleen as well, but additionally, a considerable 

amount of doxorubicin can be observed in the kidney at the 3.5h time point. 

Table 2.2. Pharmacokinetic parameters of the TSLs. Values are depicted ± the standard error of the 

fitted parameters. Leakage half-lives (t1/2) are obtained from a pharmacokinetic model fitted to the 

total doxorubicin blood kinetics, taking the liposomal and doxorubicin clearance into account. The 

total doxorubicin t1/2 indicates the time point at which the total doxorubicin concentration in the 

blood (both liposomal and free doxorubicin) has reached 50%, as derived from the curves fitted by 

the model. 

Formulation AUC 1 – 
60 min 
(%ID x 
h/g) 

AUC 30 –
90 min 
(%ID x 
h/g) 

Liposome 
t1/2, MPS 

(h) 

Total 
doxorubicin t1/2 
(h) 

Doxorubicin leakage 
t1/2 , leak 

(h) 

Doxorubicin 
burst  
(%) 

TSL50A 36 ± 7 32 ± 5 8.2 ± 0.9 2.61 6.6 ± 1.6 16 ± 3 
TSL60A 35 ± 4 32 ± 4 8.3 ± 0.9 2.41 5.0 ± 1.3 23 ± 3 
TSL70A 42 ± 6 35 ± 6 5.6 ± 0.4 1.59 2.7 ± 0.3 8 ± 3 
TLS80A 34 ± 4 27 ± 3 4.4 ± 0.5 1.28 2.1 ± 0.3 8 ± 4 
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 Therapeutic efficacy study in a BFS-1 sarcoma model 2.2.3

The therapeutic efficacy of these formulations was tested in a subcutaneous murine BFS-1 

sarcoma model. When no HT was applied, no significant reduction tumor size doubling time is 

observed for any of the formulations (Mantel-Cox test, p > 0.32; Figure 2.9 A, C, E, G, I, K). When 

the BFS-1 tumors were subjected to HT, a reduction of tumor doubling time was observed (Figure 

2.9 B, L, Mantel-Cox test, p = 3 ∙ 10-2), which was further enhanced by the use of any of the TSL 

formulations (Figure 2.9 D, F, H, J, L) (Mantel-Cox test , TSL50A, p = 3 ∙ 10-3; TSL60A, p = 3 ∙ 10-4; 

TSL70A, p = 1 ∙10-3; TSL80A p = 2 ∙ 10-3), however, no difference could be detected between the 

TSL formulations when they were combined with HT (Mantel-Cox test, p > 0.18). 

 Discussion 2.3

In this study, a set of eight different TSL formulations with respect to lipid composition and 

doxorubicin loading method were prepared and tested in vitro and in vivo. For the tested 

formulations the presence of serum proteins was indispensable for adequate in vitro drug release, 

suggesting an interaction of the serum proteins with the TSLs, as shown in the appendix,  

Figure S. 1. Increasing the DSPC fraction led to an increase in Tm values, which consequently 

influenced drug release and retention. The TSL60, 70 and TSL80 formulations displayed a rapid 

and total drug release at 42°C in FBS, in contrast to the TSL50, which showed a much slower and 

only partial release (66% after 1 hour of hyperthermia). The internal buffer used for doxorubicin 

loading turned out to be an important parameter, as (NH4)2SO4 loaded formulations appeared 

more stable than their citrate loaded counterparts. Using citrate as a loading buffer seemed to 

slightly decrease Tm, which led to higher leakage at 37°C as well as higher R50 values. Cryo-TEM 

findings were consistent with the fluorimetric assays.  

Based on these in vitro experiments, (NH4)2SO4 loaded formulations were chosen over citrate 

loaded liposomes for all further experiments. TSL70A and TSL80A show nearly instant 

quantitative release at 42°C in FBS, comparable to LTSL. 44,61,62 However, the advantage of TSL70A 

when compared to LTSL is that the leakage of the TSL70A formulation is limited to 1 ± 1% after 

60 min in FBS at 37°C making it slightly more stable than the LTSL formulation when tested under 

the same circumstances (appendix, Figure S. 1).  

Next, intravital microscopy studies were performed with TSL50A-TSL80A formulations in a 

BFS-1 sarcoma tumor using a dorsal skinfold window chamber model. In line with the in vitro 

data, the measurements revealed a relatively slow release for TSL50A in vivo, while release 

kinetics appeared comparable for all other formulations. For all formulations, intravascular 

release was obtained followed by rapid extravasation into the tumor tissue. Comparable results 

have been reported by Li et al. in BFS-1 and other tumors for TSL80 and in FaDu tumors with 

LTSLs by Manzoor et al.58,187 Although the intravital microscopy can provide information about 

both in vivo release kinetics and local tumor penetration depth, it has been shown by de Smet et 

al.33 that it is paramount to study drug distribution also across the entire tumor. Although 

doxorubicin penetration and distribution improves in the vicinity of blood vessels on cellular 
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length scales upon heat treatment, it is important to realize that significant drug concentrations 

will only be reached in sufficiently perfused tumor areas, where the TSLs can enter. 

 

Figure 2.9. BFS-1 Tumor 

response to different kinds of 

TSL treatments. In A-J, the 

tumor growth of the individual 

mice for treatments with 

different liposomal 

formulations, at normothermia 

(NT) or hyperthermia (HT) are 

shown with a maximum follow 

up time up to 30 days. Kaplan-

Meier plots were made for 

tumor doubling time for the NT 

(K) and HT groups (L). N=8 for 

all groups 
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Blood kinetics were assessed for all formulations using radiolabeled TSLs allowing to 

differentiate between the blood half-life of the liposomal carrier and that of doxorubicin. All 

liposomal carriers showed a mono-exponential clearance, with blood circulation half-lives ranging 

from 4 to 8 hours with increasing DSPC content. This effect might be attributed to an increasing 

membrane rigidity with increasing DSPC content, which could lead to a decreasing affinity for 

serum opsonins and thus reduced clearance.16,188 Similar behavior has been reported by Zisman et 

al. for cisplatin containing liposomes, where liposomes containing DPPC as the main constituent 

showed shorter blood half-lives compared to DSPC-rich formulations.189  

Upon injection, all TSLs showed a rapid “burst” release of doxorubicin, followed by a further 

slow leakage of doxorubicin from its liposomal carrier. While the burst release decreased with 

increasing DPPC content, the subsequent leakage rate (kleak) increased. Taking the blood half-lives 

of the liposomal carriers into account, our pharmacokinetic model allowed calculating the AUC of 

doxorubicin for all different formulations. Interestingly, over the time span of 1 hour post 

injection, the AUC is similar for all formulations. The ‘burst effect’ was unexpected based on the in 

vitro stability studies and also the in vivo leakage rates were higher compared to the data obtained 

in vitro. Needham and coworkers also observed a doxorubicin burst release from DPPC-DSPE-

PEG2000 TSLs, which they explained with an instantaneous release of membrane-bound 

doxorubicin at Tm.178 The lack of burst release in the in vitro data could be explained by both the 

absence of full blood and the difference in serum between species (bovine for in vitro and murine 

for in vivo).46,190,191 Although the TSL70A and TSL80A showed more leakage over time than the 

TSL50A and TSL60A, the leakage half-lives were still relatively long compared to LTSLs, leading to 

a better doxorubicin/liposome parameter (Eq. 2.1). As Al Jamal et al.70 showed, for LTSL the 

doxorubicin:lipid ratio decreased to ~0.3 after 1 hour, compared to 0.7 for TSL80A.  

A therapeutic study was performed in BFS-1 tumor bearing mice testing the efficacy of the 

TSL50-80A formulations with and without HT. Notably, exposing the tumor to one hour HT 

already induces a therapeutic effect leading to a reduced tumor growth compared to untreated 

tumors. A possible explanation can be HT induced cytotoxicity and blood vessel shutdown.82,83,192 

HT in combination with all liposomes significantly increased the therapeutic effect further 

(TSL50A, p = 3∙10-3; TSL60A, p = 3∙10-4 ; TSL70A, p = 1∙10-3 ; TSL80A p = 2∙10-3). For all 

formulations, the AUC at 37˚C was comparable, which can partly explain the lack of distinction 

between the formulations. Moreover, TSL60A, TSL70A and TSL80A all had similar in vitro release 

kinetics, whereas the TSL50A formulation did show incomplete and slow release both in vitro as 

well as in vivo using the dorsal skinfold window model. The fact that this observed difference in 

release kinetics did not result in a significant therapeutic benefit might be caused by a saturation 

of the tumor tissue with doxorubicin due to the long treatment duration and dosage. 

In a current phase III clinical trial using LTSL (Thermodox®) in combination with 

radiofrequency ablation (RFA) of primary liver tumors, the treatment did not result in a 

significant increase in overall survival when compared to treatment by an RFA control (HEAT 

trial).47,48 However, post-hoc subgroup analysis revealed a greater than two-year survival benefit 

for a subgroup of patients that received an optimized RFA treatment of 45 min or more.65,66 This is 
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indicative of the effect the treatment duration and other aspects of the clinical workflow could 

have on the performance of a TSL formulation. Above analysis and pharmacokinetic model allows 

evaluation of formulations for possible clinical application, as well as the implications of the 

clinical workflow, such as infusion time and timing of HT. For example, in above mentioned HEAT 

trial47 as well as the OPTIMA trial64), both using Thermodox® in combination with RFA of 

primary liver tumors, Thermodox® is administered by infusion over 15-30 min. According to the 

trial protocol, the tumor is heated by radiofrequency ablation which is initiated minimally 15 min 

and should be completed maximally 3 hours after the start of the infusion. With the doxorubicin 

circulation time in mind, it is obvious that the doxorubicin AUC will drop when the time between 

HT and TSL administration increases. Therefore, it is important to also assess the capabilities of a 

formulation at clinically relevant, later time points. While the doxorubicin blood kinetics in our 

current study were comparable for the different TSL formulations in AUC from 1 – 60 min after 

injection, the AUC at a later time span, e.g. during a heating period from 30 to 90 min after 

injection, is actually larger for the TSL70A compared to all other formulations. Therefore, if 

heating is applied at a later time period after infusion, TSL70A might give a higher doxorubicin 

accumulation in the tumor tissue than TSL60A or TSL80A. Another aspect to consider is that 

doxorubicin accumulation in the tumor can be limited by saturation of drug uptake using a 

treatment dose of 5 mg / kg. This effect could allow slower releasing TSL formulations to yield 

similar intratumoral doxorubicin concentrations as faster releasing TSL explaining the similar 

therapeutic efficacy observed for TSL60,70,80A .32,193 From a clinical workflow perspective, a TSL 

formulation is preferred that ensures a reasonably high AUC of doxorubicin also at later times 

after injection, which eases time constraints in a clinical application. In this respect, TSL70A 

seems to be the best candidate having a relatively low burst, low leakage, a high AUC at later time 

points and rapid release.  

 Conclusion 2.4

In search for an optimized doxorubicin-TSL formulation, it is crucial to acknowledge that in 

vitro stability and release kinetics of the formulation might not fully reflect its in vivo behavior. In 

the current study, different doxorubicin-TSL formulations were subjected to rigorous in vitro and 

in vivo testing. A burst in doxorubicin release was observed in vivo which was not predicted based 

on the in vitro stability and release assays. Moreover, the differences in doxorubicin release 

between TSL formulations that were observed in vitro, were less apparent in vivo. This indicates 

that an optimal treatment with doxorubicin-TSL is not solely dependent on an optimal TSL 

formulation alone and is likely to be influenced by the interplay between release kinetics, 

doxorubicin saturation in the tumor area and effective tumor doxorubicin uptake, topics which 

require further investigation. The formulations presented here display a relatively slow 

doxorubicin leakage and a long liposome half-life which could be beneficial in a clinical setting 

where formulations with high AUC values are demanded because of variable time spans between 

TSL infusion and HT treatment. The optimal doxorubicin-TSL formulation needs to be designed 

keeping the clinical workflow in mind and should be selected based on extensive in vivo tests 

combined with blood kinetics modelling. 
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 Appendix 2.6

 

Figure S. 1 Comparison of doxorubicin release between FBS and HEPES buffer pH 7.4. TSL70A shows 

instant total release at 42°C in FBS while the release in HEPES is not higher than 5% (A). LTSL shows 

in FBS and HEPES a rapid release at 42°C which reached completion faster in FBS than in HEPES (B). 

All tests done at n=3. 
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3  

Thermal combination therapies 

for local drug delivery  

by MR-HIFU 

 

Abstract Several thermal therapy strategies such as thermal ablation, hyperthermia-triggered 

drug delivery from temperatures sensitive liposomes (TSLs) and combinations of the above were 

investigated in a rat tumor model (n = 113). Magnetic Resonance-guided high intensity focused 

ultrasound (MR-HIFU) was used as a non-invasive heating device with precise temperature 

control for image-guided drug delivery. For the latter, TSLs were prepared co-encapsulating 

doxorubicin and [Gd(HPDO3A)(H2O)] and injected in tumor bearing rats prior to MR-HIFU 

treatment. Four treatment groups were defined: hyperthermia, ablation, hyperthermia followed 

by ablation, or no HIFU. The intratumoral TSL and doxorubicin distribution were analyzed by 

SPECT/CT, autoradiography and fluorescence microscopy. Doxorubicin biodistribution was 

quantified and compared to that of non-liposomal doxorubicin. Finally, the treatment efficacy of 

all heating strategies plus additional control groups (saline, free doxorubicin and Caelyx®) was 

assessed by tumor growth measurements. All HIFU heating strategies combined with TSLs 

resulted in cellular uptake of doxorubicin deep into the interstitial space and a significant increase 

of tumor drug concentrations compared to a treatment with free doxorubicin. Ablation after TSL 

injection showed [Gd(HPDO3A)(H2O)] and doxorubicin release along the tumor rim, mirroring the 

TSL distribution pattern. Hyperthermia either as standalone treatment or prior to ablation 

ensured homogeneous TSL, [Gd(HPDO3A)(H2O)], and doxorubicin delivery across the tumor. The 

combination of hyperthermia-triggered drug delivery followed by ablation showed the best 

therapeutic outcome compared to all other treatment groups due to direct induction of thermal 

necrosis in the tumor core and efficient drug delivery to the tumor rim.  

 

Based on:  

Hijnen N.*, Kneepkens. E.C.M.*, de Smet M., Langereis S., Heijman E. and Grüll H. - Thermal 

Combination Therapies for Local Drug Delivery by Magnetic Resonance-guided High Intensity 

Focused Ultrasound: The Heat is on. – Accepted for publication in PNAS 

* Shared first authorship 
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3.1 Introduction 

Heat is one of the oldest weapons in the armamentum against cancer, with hyperthermia  

(40-44°C) and cautery well documented in ancient medical literature.78,80,194 After centuries of 

clinical use, hyperthermia is finally starting to receive recognition as an efficient sensitizer of 

radio- and chemotherapy with recent milestone clinical trials proofing its efficacy.87,89,90,93,95,97,195–

200 Cautery using a glowing iron has fortunately been replaced with minimally invasive techniques 

for local thermal ablation (55-60°C) of neoplasms using e.g. light, microwave, radiofrequency or 

high intensity focused ultrasound (HIFU).201 Here, the cancerous lesion is heated to temperatures 

that induce cell death via coagulative necrosis in the central thermal treatment zone. The latter is 

surrounded by a peripheral zone, where temperatures shortly reach hyperthermic levels via heat 

diffusion that are sub-lethal, causing upmost transient effects on perfusion, cells, or the tumor 

microenvironment. The peripheral zone is therefore the most likely source for local recurrence 

from occult cancer cells that were spared in an attempt to limit the damage to vital tissue 

structures surrounding the tumor202,203, which is a recognized issue in ablative therapies.204–206 

Therefore, adjuvant and adjunct therapies for treatment of the peripheral danger zone are highly 

warranted.  

Systemic administration of chemotherapeutic drugs is often employed in the battle against 

occult cancer cells, but is associated with severe side effects, which, besides being a major burden 

for the patient, limit the therapeutic window of the treatment. Hyperthermia-triggered drug 

delivery, first investigated decennia ago, may offer a solution to this problem.43,54 In this approach, 

chemotherapeutic drugs are stably encapsulated in the aqueous lumen of TSLs at body 

temperature, but are released at hyperthermic temperatures. Non-invasive heating of a malignant 

tissue will therefore trigger local drug release, leading to high local concentration of 

chemotherapy. However, drug delivery by TSLs is dependent on the presence of functional blood 

vessels which is not self-evident in the tumor core, often being necrotic and poorly perfused. 

Therefore, the concept is being applied in a (neo) adjunctive fashion. For example, this concept 

has been taken into clinical trials as an adjunct therapy for the treatment of liver metastasis using 

radiofrequency ablation as an adjunct treatment of the peripheral zone.48 Though the clinical trial 

recently failed to reach the clinical endpoint, a subgroup analysis revealed beneficial effects for 

those patients where long enough heating times (> 45 min) were achieved to ensure sufficient 

drug delivery.65 The underlying problem is that current ablative technologies do not allow 

controlled heating of the peripheral zone to hyperthermic temperatures for a sufficient long time 

span. Instead, hyperthermia in the peripheral tumor zone are achieved by heat diffusion during 

ablation of the central zone.57 High Intensity Focused Ultrasound (HIFU) is a non-invasive heating 

technique that allows both ablation of the central tumor zone, and prolonged hyperthermia of the 

tumor periphery, thereby addressing above mentioned shortcomings. HIFU uses focused 

ultrasound waves for heating of subcutaneous to deep seated tissues. When performed under 

Magnetic Resonance guidance (MR-HIFU), in vivo mapping of the induced temperature change is 

used as a feedback for accurate heating of the tissue over an extended time period.146,207 

Currently, MR-HIFU is the only technique that can perform ablation and well-defined 
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hyperthermia in one session using user defined protocols in terms of temperatures, time spans, 

thermal dose and targeted volumes that may differ for ablation and hyperthermia. In a preclinical 

setting, MR-HIFU has been used either for ablation or for hyperthermia triggered drug delivery 
33,122,131,133,152,154,208–211, but so far no study exists that experimentally examined more complex 

thermal protocols, their combination with temperature induced drug delivery and their effect on 

cancer treatment.  

In our study, we set out to investigate MR-HIFU thermal therapies with complementary 

intravascular doxorubicin delivery from TSLs in a preclinical setting using a rhabdomyosarcoma 

rat tumor model. First, the effect of different HIFU heating strategies (i.e. hyperthermia, ablation, 

and hyperthermia followed by ablation) on the drug delivery process was visualized via changes 

in longitudinal relaxation rate (R1) as a result of the release of the co-encapsulated MR contrast 

agent [Gd(HPDO3A)(H2O)] as shown previously by several groups.59,131,132,165,212 The fate of the 

liposomal carrier was probed by radiolabeling of the carrier using a small fraction of DOTA-DSPE 

lipid incorporated in the phospholipid membrane.59 The distribution of the drug was evaluated 

both by fluorescent microscopy33,213 and by quantification of the 14C-doped doxorubicin using 

liquid scintillation counting. Finally, the therapeutic effect of the different HIFU heating strategies 

with and without adjuvant localized drug delivery was compared with that of clinically applied 

treatments with free doxorubicin and Caelyx® in a tumor growth delay study. A schematic 

overview of the study groups is provided in Figure 3.1. 

3.2 Materials and Methods 

3.2.1 Materials 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and hydrogenated-L-α-

phosphatidylcholine (HSPC) were kindly provided by Lipoid (Ludwigshafen am Rhein, Germany). 

1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] 

(DPPE-PEG2000) and cholesterol were purchased from Avanti Polar Lipids (Alabaster, Alabama, 

United States). DOTA-DSPE was synthesized using the procedure described by Hak et al.214 

Doxorubicin hydrochloride was purchased from AvaChem Scientific (San Antonio, Texas, United 

States). [Gd(HPDO3A)(H2O)] (ProHance®) was obtained from Bracco Diagnostics (Milano, Italy). 
14C-doxorubicin hydrochloride, 111InCl3, SOLVABLE™ and Ultima Gold™ scintillation fluid were 

purchased from Perkin Elmer (Waltham, Massachusetts, United States). 

3.2.2 Temperature-sensitive liposomes 

DOTA-functionalized TSLs composed of DPPC:HSPC:Chol:DPPE-PEG2000:DOTA-DSPE 

(50:25:15:3:1 molar ratio) loaded with both doxorubicin and [Gd(HPDO3A)(H2O)] were prepared 

for the Single Photon Emission Tomography (SPECT)/ X-ray computed tomography (CT) and 

histology study group. For the tumor growth delay study and the doxorubicin quantification 

study, TSLs composed of DPPC:HSPC:Chol:DPPE-PEG2000 (50:25:15:3 molar ratio) were prepared 

(omitting DOTA-DSPE). The lipids were dissolved in chloroform:methanol (4:1 v/v) in the 
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abovementioned ratios and a lipid film was created by rotary evaporation of the organic solvents 

(Rotavapor, Büchi Labortechnik, Hendrik-Ido-Ambacht, the Netherlands). The resulting lipid films 

were dried overnight under N2 flow. The lipid films were hydrated with 125 mM (NH4)2SO4 buffer, 

pH 5.4, containing 250 mM [GdHPDO3A(H2O)], and were subsequently extruded at 60 °C using a 

thermobarrel extruder. Samples were extruded 2 times through polycarbonate filters of 200 nm 

pore size and 6 times through filters of 100 nm pore size. The external buffer was exchanged for 

HEPES buffered saline (HBS) by passing the sample over a PD-10 column pre-equilibrated with 

HBS, pH 7.4. Doxorubicin loading was achieved by incubating the liposomes with doxorubicin 

overnight at 37°C at a doxorubicin : lipid ratio of 0.06 : 1 in HBS, pH 7.4. Residual doxorubicin was 

removed by exchanging the external buffer for fresh HBS, pH 7.4 using a PD-10 column.  

 

Figure 3.1. Schematic overview of the timelines for each of the applied MR-HIFU thermal therapy 

strategies in the different sub-studies used to investigate the drug delivery patterns and therapeutic 

efficacy. Dox = doxorubicin, SPECT = spectral photon emission tomography, CT = computed 

tomography. R1 = longitudinal relaxation rate. 

The hydrodynamic radius of the TSL was determined by dynamic light scattering (DLS, 

ALV/CGS-3 Compact Goniometer System, ALV-GmbH, Langen, Germany). Doxorubicin 

concentrations were determined by fluorescence measurements on a fluorimeter in the presence 

of 5 μL 10% (v/v) Triton-X100 per 2 mL (Perkin Elmer LS55, λex=485 nm and λem=590 nm, Perkin 

Elmer, Waltham, Massachusetts, United States). Gadolinium (Gd) concentrations were determined 

by inductively coupled plasma – mass spectroscopy (ICP-MS, Perkin Elmer 6100 DRCplus) and 

phospholipid concentrations by a Rouser assay.215 The stability of the doxorubicin in TSL at 37 °C 

and their release from the TSL at 42°C were measured in HBS by measurements of the 

doxorubicin fluorescence as a function of time. TSLs were suspended in 2000 μL HBS at 37 °C and 

at 42 °C. At the end of each measurement, 5 µL of a 10% v/v solution of Triton X-100 was added to 

the sample, to induce quantitative release of doxorubicin. The percentage of doxorubicin release 

was calculated based on Eq. 3.1. 
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Doxorubicin release [%] =  
��� ��

�������
× 100%            Eq. 3.1 

in which It is the intensity of the fluorescence at a specific time t, I0 is the intensity of the 

fluorescence at t = 0 at 37 °C and I100 is the intensity of the fluorescence after the addition of 

Triton X-100.  

For the doxorubicin quantification study, the TSL batch was split in two samples of which one 

was loaded with a doxorubicin solution doped with 46 ± 5 kBq/mg 14C doxorubicin while the 

other was loaded with cold doxorubicin solution to function as a cold analog for further 

characterization. The doxorubicin concentration was determined by liquid scintillation counting. 

For the SPECT/CT and histology group, DOTA-functionalized TSLs were radiolabeled by 

overnight incubation with 111InCl3 in ammonium acetate buffer (95 mM, pH 4.5) at 30 °C. The 

radiolabeling yield was determined with radio-instant thin layer chromatography (radio-iTLC) 

with 200 mM ethylenediaminetetraacetic acid (EDTA) in saline as running buffer. To chelate 

unbound 111In, the sample was incubated for 10 min with 0.1 mM diethylenetriaminepentaacetic 

acid (DTPA). Then, the sample was passed over a Zeba desalt spin column (7 kDa molecular 

weight cut-off) pre-equilibrated with HBS (pH 7.4), for buffer exchange and to remove the  
111In-DTPA and DTPA. Before and after the sample had passed through the column, the 

radiolabeling yield was determined (with a radiolabeling yield ≥ 95% after passage through the 

column). 

3.2.3 Animal model 

Syngeneic R1 rhabdomyosarcoma tumors were established in the hind leg of female Wag/Rij 

rats (Charles River, Leiden, the Netherlands age 5-7 weeks) by subcutaneous implantation under 

anesthesia of pieces of donor tumor tissue (~1 mm3).216 Tumor sizes were determined by 

measuring the length (l), width (w) and depth (d) using a caliper, and the tumor volume was 

calculated by 0.5×l×w×d. Animal studies were performed when the tumor reached a volume of  

> 400 mm3 (overall study 738 ± 281 mm3, therapy study 727 ± 242 mm3), typically 14-30 days 

after tumor implantation. All preclinical studies were approved by the animal welfare committee 

of Maastricht University (Maastricht, the Netherlands). The maintenance and care of the 

experimental animals were in compliance with the guidelines set by the institutional animal care 

committee, accredited by the National Department of Health.  

3.2.4 MR-HIFU treatment  

The animals of the different study groups were subjected to one of four different HIFU 

treatments (Figure 3.1, Table 3.1). Preceding the MR-HIFU treatment, they received an i.v. 

injection with either TSLs, Caelyx®, free doxorubicin, saline or no injection, depending on the 

study group. The first possible HIFU treatment was a sham-treatment (no HIFU group) during 

which the animal was brought under anesthesia but received no HIFU treatment. The second 

treatment consisted of two times 15 min of hyperthermia (hyperthermia group, average 
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temperature ≈ 41 °C, continuous wave ultrasound, acoustic frequency = 1.44 MHz, acoustic power 

= 10 - 15 W). The third treatment was an ablation treatment, thermal dose > 240 cumulative 

equivalent minutes at 43 °C (CEM43°C), continuous wave ultrasound, acoustic frequency = 1.44 

MHz, acoustic power = 35 W). The fourth treatment consisted of two times 15 min of 

hyperthermia, followed by ablation of the tumor core (hyp-ab group) (Figure 3.1).  

Table 3.1. Overview of the number of animals in every group. The asterisk indicates that the histology 

and autoradiography data from this group was previously published in De Smet et al. 33. 

Study group Injection HIFU treatment 
  no HIFU Hyperthermia Ablation Hyp-Ab 

SPECT & Histology 
(90 min + 48 h) 

TSL 4 + 3 * 3 + 3 * 4 + 3 4 + 3 

Doxorubicin 
quantification 

TSL 5 5 5 5 

Free 
doxorubicin  

5 x x x 

Therapy TSL 6 6 5 7 

 Free 
doxorubicin  

5 6 x x 

 Caelyx® 5 5 x x 

 Saline 5 5 x x 

 No 
injection 

x x 6 x 

 

All animals received the same preparation prior to treatment, including shaving of the tumor 

bearing leg and administration of a precautionary pain suppressor (carprofen, Rimadyl®,  

4 mg/kg bodyweight). They were positioned in the small animal MR-HIFU setup as developed by 

Hijnen et al. using a clinical MR-HIFU platform (Philips Sonalleve®, Vantaa, Finland).146 

Respiration rate and body temperature of the animal were monitored continuously. The 

treatment was planned on T2-weighted MR images acquired with a turbo spin echo (TSE) scan 

(TSE-factor: 7, TR/TE: 7644/50 ms, FOV: 40x60x50 mm3, voxel size: 0.5 x 0.5 x 0.6 mm3, slices: 

20, saturation bands: 2, acquisition time: 1:39 min). Subsequently, a high resolution fast field echo 

(FFE) scan was acquired to obtain more anatomical detail on the tumor (TR/TE: 800/13 ms, FOV: 

40x48x20 mm3, voxel size: 0.25x0.25x1.00 mm3, slices: 20, flip angle: 20˚, saturation bands: 1, 

number of averages: 2, acquisition time: 5:08 min). A map of the tumor longitudinal relaxation 

rate (R1) was acquired using a single-slice inversion recovery Look Locker sequence (echo planar 

imaging (EPI)-factor: 5, TR/TE: 9.0/3.4 ms, FOV: 50 × 69 mm, matrix: 64 × 65, slice thickness: 2 – 

5 mm, flip angle: 10˚, fat suppression: spectral presaturation with inversion recovery (SPIR), half 

scan: 80%, interval time τ:100 ms, time of inversion repetition: 6 s, number of averages: 2, 

acquisition time: 2:36 min), from which the apparent R1* was obtained from the signal recovery on 

a voxel-by-voxel basis using an in-house created IDL-based software tool (IDL version 6.3, RSI, 

Colorado, United States). The longitudinal relaxation rate (R1) was derived from the apparent R1* 

(R1* = 1/T1*, R1 = R1* + ln(cos(α))/τ, with α : 10° and τ: 100 ms).217 
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An ellipsoidal-shaped HIFU treatment cell (diameter ≈ 4 mm, length ≈ 10 mm) was 

positioned in the center of the tumor. For the hyp-ab treatment group, the ablation treatment cell 

was positioned at the same location as the hyperthermia treatment cell. Several low power test 

sonications (continuous wave ultrasound, acoustic frequency: 1.44 MHz, acoustic  

power: 5-10 W, duration: 20 s, typical temperature elevation: 1-2 °C) were performed prior to 

therapeutic sonication to correct for possible focus point aberration. During sonication, proton 

resonance frequency shift (PRFS)-based MR thermometry was used to monitor the temperature 

changes in the target region. For hyperthermia monitoring, the temperature changes were 

continuously measured in two slices, one slice perpendicular and one slice parallel to the HIFU 

beam axis, both centred on the target area (RF-spoiled gradient echo with EPI readout,  

EPI-factor: 7, TR/TE: 52/19.5 ms, FOV: 250 × 250 mm, matrix: 176 × 169, slice thickness: 4 mm, 

sensitivity encoding (SENSE) factor 1.8, flip angle: 19.5˚, fat suppression: SPIR, number of 

averages: 2, dynamic scan time: 2.4 s). During ablation treatment, the induced temperature 

changes were monitored using four slices, three subsequent slices perpendicular to the beam axis 

and one slice parallel to the HIFU beam axis (dynamic scan time: 4.8 s). A zeroth order phase 

correction was performed for baseline drift correction by subtracting the average phase in a 

reference region from the MR acquired phase image, prior to the calculation of the temperature 

image. 

Once the HIFU treatment had been planned and co-registered, the rats received an injection 

of TSLs, Caelyx®, or free doxorubicin via a tail vein catheter at a dose of 5 mg doxorubicin/kg 

bodyweight (2 mg doxorubicin/kg bodyweight or a comparable saline volume for the therapy 

study). For animals injected with paramagnetic TSLs, R1-maps were acquired in between each 

heating period and after the last heating, followed by a T2*-weighted FFE anatomical scan (Figure 

3.1). Rats were either allowed to recover and tumor growth was monitored over time (therapy 

group) or euthanized 90 min (SPECT group, doxorubicin quantification group) or 48 h (SPECT 

group) after TSLs injection after which the tumor was dissected.  

3.2.5 SPECT/CT imaging, autoradiography, and γ-counting 

Three-dimensional information about the 111In-lipid and therefore liposomal distribution in 

the tumors was obtained by imaging of the lower extremities using SPECT. The animals were 

euthanized 90 min or 48 h after 111In-labeled doxorubicin/Gd-TSLs (53 ± 16 MBq/mL liposome 

solution, 23 ± 5 MBq 111In, 0.5 ± 0.2 mL) injection and were imaged by SPECT/CT. The animal 

numbers per group are listed in Table 3.1. For the animals that were euthanized after 48 h, an 

additional in vivo SPECT/CT scan was acquired 90 min after injection (Figure 3.1). The 

measurements were performed on a small animal SPECT/CT system (nanoSPECT/CT®, Bioscan 

Inc., Poway, California, United States) equipped with 4 detector heads and converging 9-pinhole 

collimators (pinhole diameter: 2.5 mm, max. resolution: 2 mm).218 The SPECT measurements 

(after euthanization: 24 projections, 200 s/projection, acquisition time: 60 min, in vivo: 24 

projections, 100 s/projection, acquisition time: 30 min) were followed by an CT scan for 

anatomical reference (180 projections, tube voltage: 65 keV, exposure time: 1500 ms, acquisition 

time: 9 min).  
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After scanning, the tumor slice corresponding to the middle of the HIFU treatment cell was 

marked using tissue dye. The entire tumor was dissected, and the 111In-activity in the tumor was 

measured using a dose calibrator (VDC-405, COMECER Nederland, Joure, the Netherlands). 

Subsequently, a tumor slice of 2 mm thickness was cut from marked area of the tumor using a 

stainless steel tissue matrix (Ted Pella Inc., Redding, California, United States) for analysis of the 
111In-lipid distribution using autoradiography. The slices were weighed and exposed to a 

photostimulatable phosphor plate for a time varying from 4 h to 2 days, depending on the amount 

of radioactivity in the tumor slice. The exposed plates were scanned using a phosphor imager 

(FLA-7000, Fujifilm Europe B.V., Düsseldorf, Germany). The remainder of the animals was 

dissected and the radioactivity in blood, heart, lung, liver, spleen, left kidney, adrenals, intestines, 

skin, gastrocnemius muscle and bones (femur, tibia, fibula) from both the treated and untreated 

leg was measured using a γ-counter (Wizard 1480, Perkin Elmer). Known volumes of the injected 

TSLs were counted to serve as reference. The decay corrected radioactivity in the tissues was 

expressed as a percentage of the injected dose per gram tissue (%ID/g). Part of the presented data 

for the autoradiography have been reported previously (n = 3 for hyperthermia 90 min, n = 4 for 

no HIFU 90 min, n = 3 for hyperthermia 48 h and n = 2 for no HIFU 48 h).33 

3.2.6 Histology  

For the animals that were subjected to SPECT/CT scans, the tumor parts that were not used 

for autoradiography were snap frozen in 2-methyl butane and stored at -20 °C prior to histological 

analysis. The frozen tissue was cut into 6 µm thick slices (n ≥ 2 per group). Fluorescence images of 

the doxorubicin distribution were acquired with a fluorescence microscope (Leica DM6000B, 

DFC310FX camera, Leica, Wetzlar, Germany) equipped with a custom-made doxorubicin filter set 

(excitation: 480/40 nm, emission: 600/60 nm, dichroic: 505lp). Subsequently, the tissue slices 

were stained with CD31 to mark endothelial cells, DAPI to mark cell nuclei, nicotinamide adenine 

dinucleotide (NADH) diaphorase to check for cell viability, and Hematoxylin and Eosin (HE) to 

analyze the general morphology of the tissue.  

3.2.7 Doxorubicin quantification 

In a separate group of animals (Table 3.1), doxorubicin concentrations were quantified in 

various tissues. The animals were randomly divided into five different treatment groups, being 

TSLs injection followed by one of the aforementioned HIFU protocols (Figure 3.1) and free 

doxorubicin injection (n = 5 per group). Animals in all treatment groups received 5 mg/kg 

doxorubicin spiked with 14C doxorubicin prior to injection or prior to liposome loading  

(46 ± 5 kBq / mg). MR-HIFU treatment was performed as described above. The animals were 

euthanized by cervical dislocation 90 min after injection. Subsequently, pieces of various tissues 

were dissected (100 – 200 mg per tissue, except for the tumors, which were analyzed completely) 

and a blood sample was taken. The samples were homogenized at 4 ˚C with a stainless steel ball 

for 30-60 min at 30 Hz using a Tissuelyzer (Qiagen, USA). Homogenized blood and tissue samples 

were dissolved in solubilizer (SolvableTM) at 60 ˚C overnight. Decolorization was achieved by 

overnight incubation at 60 ˚C after the addition of 30% hydrogen peroxide and isopropanol  
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(1:1 v/v). Scintillation cocktail (Ultima GoldTM) was added and the samples were counted with a 

liquid scintillation counter (Packard 2500 TR, 30 min/sample, energy window 4-156 keV, Perkin 

Elmer). Known volumes of the injected TSLs or free doxorubicin were counted to serve as 

reference. 

3.2.8 Therapeutic efficacy  

The therapeutic effect of the different HIFU heating strategies in combination with drug 

delivery from TSLs was tested in a separate group of animals (Table 3.1) and compared to a group 

receiving only ablation and to various control groups (free doxorubicin, Caelyx® or saline, all with 

or without HIFU-induced hyperthermia). Animals in the groups without HIFU were kept under 

anesthesia for 1h after the injection. The animals were allowed to recover after treatment, after 

which the tumor volume was monitored over time using a caliper (tumor volume =  

0.5 × l × w × d). The MR-HIFU treatment was performed as described above. The TSL dose was 

kept constant at 2 mg doxorubicin per kg bodyweight for all therapeutic groups. This dose was 

chosen to reduce side effects owing to the systemic toxicity of doxorubicin. From the tumor 

volume data, the relative tumor volume was calculated by dividing the tumor volume at the time 

of measurement by the tumor volume at the time the HIFU treatment was performed. The tumor 

growth curves of the individual animals were fitted with a mono-exponential function  

(y = y0 + A eBt for the ablation, hyperthermia + TSL, ablation + TSL and hyp-ab + TSL treatment or 

y = A eBt for all other treatment groups) and the tumor tripling time was derived from the fitted 

equation. An average coefficient of determination (R2adj) of 0.97 ± 0.04 was obtained, indicating 

that the data were well fitted using above equations. A survival analysis was carried out, assuming 

the tumor volume tripling time as the survival endpoint.  

3.2.9 Statistical analysis 

All statistical analyses were performed in IBM SPSS Statistics 23 (Armonk, New York, United 

States). The tests used are summarized in Table S.1 (appendix). The temperature data of the HIFU 

experiment is analyzed in Matlab 2016a (Mathworks, Naticks, Massachusetts, United States). 

3.3 Results 

3.3.1 Temperature sensitive liposomes 

The TSLs had a hydrodynamic radius of 60.8 ± 0.7 nm (polydispersity index 0.07 ± 0.02). The 

average molar ratio of doxorubicin over phospholipid was 0.069 ± 0.009, while the Gd over 

phospholipid ratio was 0.50 ± 0.04. The TSLs were stable at 37°C while showing fast and 

quantitative release at 42°C (Figure 3.2). The incorporation of 1 mol% DOTA-DSPE in the 

phospholipid bilayer did not affect the stability of the liposomes at 37˚C, nor the doxorubicin 

release at 42˚C as was shown previously.59 
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Figure 3.2. Release of doxorubicin over time in HEPES buffered saline at 37°C and 42°C as measured 

based on its fluorescence. 

3.3.2 MR-HIFU treatment  

The temperature data of the animals of the quantification group (Table 3.1) was analyzed and 

an example of the temperature-time evolution during a MR-HIFU hyperthermia and ablation 

treatment is shown in Figure 3.3. During a hyperthermia treatment (Figure 3.3B, D, F), mild 

hyperthermic temperatures (40 °C) were typically reached within 50 s after the onset of 

sonication (with an average rate of temperature increase of 0.07 ± 0.03 ˚C/s), after which the 

temperature was maintained at an average temperature over the treatment cell of 40.5 ± 0.8 ˚C 

throughout the treatment using the binary feedback algorithm described elsewhere (Figure 

3.3B).146 Heat diffusion during the two times 15 min heating periods ensured that mild 

hyperthermia was obtained in the majority of the tumor volume (Figure 3.3D,F), despite the fact 

that the treatment cell was covering only part of the tumor.  

In the case of an ablation treatment (Figure 3.3A, C, E, G), the tumor tissue was heated until 

the thermal dose exceeded 240 equivalent minutes at 43 °C in the majority of the tumor volume 

(white contour in Figure 3.3G). The maximum temperatures measured inside the tumor volume 

were on average 59 ± 4 ˚C with average sonication duration of 115 ± 33 s (example in Figure 

3.3A). No significant difference was observed in the rate of temperature increase between the 

animals treated with ablation directly (0.23 ± 0.05 ˚C/s) and those that were pretreated with 30 

min of hyperthermia (combined group, 0.18 ± 0.05 ˚C/s). In most of the ablated tumors, HIFU-

induced tissue damage or tumor bleeding was visible on the FFE anatomical scans after treatment  

(Figure 3.3 G).  
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Figure 3.3. Temperature evaluation in the treatment cell during an ablation (A) and hyperthermia 

(B) treatment. C and D show the temperature profile across the treatment cell in the coronal PRFS 

slice for an ablation and a hyperthermia treatment respectively. The corresponding temperature 

maps are visualized in E and F. The left image in E and F is the coronal PRFS slice, the right image is 

the sagittal PRFS slice. The white contour delineates the tumor. In G, thermal dose contours after 

ablation are indicated. The right-most image shows hemorrhage after ablation on a FFE scan. 
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3.3.3 Contrast agent release 

The R1 maps obtained at various stages during the different HIFU treatments are depicted in 

Figure 3.4. The average R1 over time for the different HIFU treatment regimens is shown in Figure 

3.5and the statistical tests performed are listed in supplementary Table S.1. All reported ΔR1’s are 

R1 changes with respect to the pre-treatment R1. 

 TSL injection followed by hyperthermia resulted in an increase in tumor R1 after the first 15 

min hyperthermia session (ΔR1 = 0.12 ± 0.09 s-1, 15 min versus pre-treatment: p = 1 ∙ 10-4), while 

the second hyperthermia session did not induce a further R1 increase (ΔR1 = 0.12 ± 0.08 s-1, 30 min 

versus 15 min: p = 0.679). The R1 had partly decreased again by the end of the scan session (ΔR1 = 

0.11 ± 0.06 s-1, 90 min versus 30 min: p = 0.031). No significant increase of R1 was observed in the 

adjacent muscle (ΔR1,muscle = 0.013 ± 0.058 s-1, 15 min versus pre-treatment: p = 0.397). TSL 

injection without HIFU resulted in much smaller R1 changes in tumor (ΔR1 = 0.071 ± 0.071 s-1, 30 

min versus pre-treatment: p = 0.040) which were comparable to those in surrounding muscle 

(ΔR1,muscle = 0.034 ± 0.13 s-1, muscle versus tumor: p = 0.259). This suggested that the liposomal 

content was not actively released from the TSLs in the unheated tumors.  

In the tumors that were treated with ablation + TSL, an increase in R1 was typically observed 

along the rim of the tumor, while several tumors showed an increase in the tumor core as well as 

in the surrounding muscle tissue after ablation (Figure 3.4). The average R1 across the entire 

tumor showed a significant increase compared with the pre injection value (ΔR1 = 0.44 ± 0.31 s-1,  

p < 0.001). R1 did not show a significant decrease 90 min after TSL injection as opposed to 

immediately after the ablation + TSL (ΔR1= 0.50 ± 0.25 s-1, 90 min versus ablation:  

p = 0.163), suggesting trapping or reduced clearance of the released contrast agent because of 

local damage to the vasculature. Contrast agent release was also observed in the muscle tissue 

surrounding the ablated tumor (ΔR1= 0.14 ± 0.16 s-1, after ablation versus pre-treatment:  

p = 0.001). In the hyp-ab treatment group, the first hyperthermia treatment initially induced a 

homogeneous R1 change (ΔR1 = 0.12 ± 0.07 s-1, 15 min versus pre-treatment, p = 2 ∙ 10-5), which 

was maintained during the second hyperthermia treatment (ΔR1 = 0.13 ± 0.08 s-1, 30 min versus 

15 min, p = 0.852), as was also seen in the hyperthermia + TSL group. The ablation step following 

hyperthermia treatment led to a very variable R1 change (ΔR1 = 0.28 ± 0.22 s-1, ablation versus 30 

min: p = 0.003) that did not change significantly until the end of the scan session  

(ΔR1 = 0.38 ± 0.27 s-1, 90 min versus ablation: p = 0.917). 
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Figure 3.4. Maps of the longitudinal relaxation rate (R1) pre injection and after each heating step. 

The red contour indicates the tumor location. For the ablation treatment, two examples are given as 

large variations were observed across animals. 

 

Figure 3.5. Average R1 changes with respect to the pre-injection R1 in the tumors at various time 

points during the heat treatments. Error bars represent the standard deviation of the R1 change 

across the tumors. 
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3.3.4 Distribution of 111In-labeled liposomes 

The uptake and tumor distribution of the TSLs was analyzed by means of SPECT imaging,  

γ-counting and autoradiography. The statistical tests performed are listed in supplementary  

Table S.1; p-values that are mentioned are acquired by post-hoc testing. Ninety minutes after TSL 

injection, the amount of liposomes in the tumor was similar for most heating strategies, except for 

the hyp-ab treatment, which led to higher TSL concentration than observed in the group receiving 

no HIFU (Figure 3.6A, p = 0.029). All treatment groups showed a trend of increasing TSL 

concentration over time (Figure 3.6, p-values < 0.1). This trend could also be observed in the two 

SPECT scans performed on the animals that were sacrificed 48 h after TSL injection (once in vivo 

90 min post injection, and once after euthanization), except for the animals that received no HIFU 

treatment (Figure S.1). 

In terms of tumor distribution, a clear distinction was observed between the animals treated 

with hyperthermia + TSL and with ablation + TSL (Figure 3.8). Hyperthermia + TSL treatment 

generally resulted in a homogeneous uptake of the liposomes over the tumor area. In the animals 

that were treated with ablation immediately after TSL injection, the majority of the activity was 

located on the rim of the tumor. For the hyp-ab + TSL group, a homogeneous baseline uptake was 

visible in the entire tumor, with occasional enhanced areas (Figure 3.8). There was no change in 

the distribution patterns over the tumors between the 90 min and the 48 h group. These findings 

were confirmed by autoradiography on the middle slice of each tumor (Figure 3.8). Photographs 

of the tumor slices revealed dark red areas after ablation + TSL treatment indicating areas of local 

hemorrhage, which were not observed in animals that received no HIFU previously.33 These areas 

co-localized with the areas of high activity visible on autoradiography, suggesting TSL 

accumulation in the extravascular area due to local vascular damage (i.e. hemorrhage). 

Considering the equivalent liposome uptake in all heat treated tumors, this implied that the 

liposome concentration on the border zones of the ablated tumors was higher than the average 

liposome concentration observed in the hyperthermia treated tumors.  

Apart from analyzing the tumor uptake, the biodistribution of the 111In-labeled TSLs in the 

rest of the animal was analyzed post-mortem using γ-counting (Figure 3.6 and Figure S.2 in the 

appendix). In the animals where the treatment protocol comprised an ablation step, a significant 

increase in activity was observed in the muscle surrounding the ablated tumor 90 min after 

injection (hyp-ab + TSL > no HIFU + TSL and hyperthermia + TSL; ablation + TSL > no HIFU + 

TSL). No effect of the different HIFU heating strategies was found on the TSL uptake in the contra-

lateral leg muscle and in the leg bones, or in the other tissues examined (Figure 3.6A and Figure 

S.2A, appendix). At 48 h, the activity was mainly present in the spleen and liver, consistent with 

uptake of the liposomes by the mononuclear phagocyte system (Figure 3.6B and and Figure S.2B, 

appendix).  
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Figure 3.6. Biodistribution of 111In-lipid 90 min (A) or 48 hours (B) after TSL injection as measured 

by dose calibrator (tumorx) or by γ-counting (all other organs). The average change and the 

standard deviation per group are shown. The asterisk (*) indicates a significant difference (* for p < 

0.05, ** for p < 0.01). Muscle T.L. and U.L. are the muscle on the treated leg and the untreated leg on 

the contralateral side. 



Thermal combination therapies for local drug delivery by MR-HIFU 

63 
 

 

Figure 3.8. Representative SPECT/CT images 90 min and 48 h after TSL injection for each of the HIFU 

heating strategies and the no HIFU group. Both an overview maximum intensity projection (MIP) of 

the lower extremities is shown, as well as a transversal slice through the center of the tumor. 

 

  

Figure 3.7. Representative 111In 

autoradiography slices through the 

center of the tumor after ablation and 

hyp-ab, both 90 min and 48 h after 

TSL injection. From left to right: 

tumor slice picture, unscaled 

autoradiographic image and 

autoradiographic image scaled to the 

total %ID/g activity uptake in the 

slice.  
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3.3.5 Histology 

While above analysis studied the distribution of the TSL drug carrier for different treatment 

strategies, the effect on the local distribution of the drug in the tumors was analyzed using 

fluorescence microscopy. The current histology data complement the data published earlier by de 

Smet et al., showing the doxorubicin distribution 90 min and 48 h after TSL injection for no HIFU 

and for hyperthermia.33 Larger areas were reached by the drug and cellular uptake of the drug 

was visible even at relatively long distances from the blood vessels after hyperthermia + TSL 

treatment (≈ 50 μm, 90 min group). After 48 h, uptake of doxorubicin by the tumor cell nuclei was 

also observed in the animals that did not receive HIFU treatment.  

Ablation + TSL treatment resulted in areas with nonviable cells by NADH staining 90 min 

after TSL injection (Figure 3.9). On the fluorescence images, the nonviable areas showed markedly 

lower doxorubicin uptake than the viable parts of the same tumor. Some areas that were still 

viable on NADH staining had a low fluorescence intensity, indicating a low concentration of 

doxorubicin. A band with high fluorescence intensity was evident on the tumor rim around the 

area with low fluorescence intensity. When these areas were magnified, similar uptake of 

doxorubicin by the tumor cell nuclei was observed as after hyperthermia + TSL treatment, 

including the uptake at relatively large distance (≈ 50 μm) from the blood vessels (Figure 3.9A, 

magnification). 48 h after ablation, some areas with high doxorubicin fluorescence intensity 

remained viable on the NADH-staining (Figure 3.9C). 

Uptake of doxorubicin by the tumor cell nuclei was also evident in the animals that were 

treated with both hyperthermia and ablation after TSL injection (hyp-ab + TSLs, Figure 3.9B). 

There was no band of high fluorescence intensity visible around the ablated area, suggesting that 

the ablation step following the hyperthermia treatment did not add as much to the doxorubicin 

delivery as ablation directly after TSL injection. After 48 h, the nonviable areas co-localized with 

the areas of high fluorescence intensity, as was also observed after hyperthermia treatment alone 

(Figure 3.9D).33 

3.3.6 Doxorubicin quantification 

Ex vivo doxorubicin quantification was used to elucidate the efficiency of different treatment 

strategies in delivering doxorubicin to the tumor, evaluated at 90 min after injection (Figure 

3.10A). The statistical tests performed are listed in Table S.1. Significantly more doxorubicin was 

delivered in the tumors that were either treated with TSL injection followed by any of the heat 

treatments compared to the free doxorubicin (ablation + TSL, hyperthermia + TSL, hyp-ab + TSL 

all post-hoc p = 0.016) or to no HIFU + TSL (ablation + TSL, hyperthermia + TSL, hyp-ab + TSL all 

post-hoc p = 0.016). 
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Figure 3.9. Histological assessment of tumors treated with HIFU ablation (A & C) and hyperthermia 

followed by ablation (hyp-ab, B & D) 90 min and 48 h after TSL injection. The top row of each group 

shows the doxorubicin auto fluorescence overview image (red, 3 s shutter time), followed by two 

magnified doxorubicin images (red, all acquired at 1 s shutter time to allow for comparison). The 

bottom row of each group shows a NADH-diaphorase overview image (blue: viable cells, white: 

nonviable cells), followed by CD31 (green) and DAPI (blue) stained magnified images acquired at the 

same location as the doxorubicin magnified images.  
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While the doxorubicin concentration measured in the heart was comparable among all the 

groups, due to the increased doxorubicin uptake in the tumor, an increased tumor-to-heart ratio 

was observed for all heat-treated groups compared to the free doxorubicin group (p ≤ 0.05). The 

muscle adjacent to the tumor was only significantly affected in the ablation + TSL group, which 

showed higher doxorubicin accumulation than the group injected with free doxorubicin group  

(p ≤ 0.05).  

 

Figure 3.10. A) Biodistribution of doxorubicin 90 min after injection of the TSLs as measured by 

liquid scintillation counting. The average change and the standard deviation per group are shown.B) 

Tumor doxorubicin concentration 90 min after injection of the TSLs after various heat treatments, 

plotted against the R1 change observed right after the last heat treatment (or in case of the no HIFU 

group, 30 min after injection of the TSLs).  
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The muscle adjacent to the tumor was only significantly affected in the ablation + TSL group, 

which showed higher doxorubicin accumulation than the group injected with free doxorubicin or 

TSL without heating (no HIFU + TSL) (p = 5.0 ∙10-4 and p = 0.042 respectively). 

While free doxorubicin was almost completely cleared from the blood 90 min after injection 

(0.16 ± 0.06 %ID/g), there was still a substantial amount of doxorubicin present in the blood 

samples of the animals in the no HIFU group (9.9 ± 1.6 %ID/g), which was significantly higher 

than the amount of doxorubicin in the blood for all other treatment groups except for the  

hyp-ab + TSL group (p < 0.02). Doxorubicin was cleared by the liver, spleen and kidney. The liver 

of the animals subjected to free doxorubicin injection has a higher doxorubicin concentration than 

that of the animals injected with TSL, regardless of the heat treatment administered (p < 0.01). 

The percentage of injected dose of doxorubicin in the tumor (Figure 3.10A) was compared 

with that of the animal groups injected with 111In-labeled liposomes (Figure 3.6A). No significant 

difference between doxorubicin and 111In-labeled liposomes was detected for the no HIFU + TSL 

group (p = 0.19) and the group that was subjected to ablation + TSL (p = 0.19). On the other hand, 

the tumors of the animals treated by either hyperthermia + TSL or the hyp-ab + TSL treatment 

contained a significantly higher amount of doxorubicin than 111In-labeled liposomes, suggesting 

intravascular release and subsequent uptake of doxorubicin after prolonged hyperthermia 

treatment (p = 0.036 and 0.016 respectively).  

The doxorubicin concentration in the tumor versus the R1 change right after the last heat 

treatment (or 30 min after injection for the no HIFU group) is plotted in Figure 3.10B. For all 

groups,n = 4 or 5 (see Table 3.1), except for the no HIFU group due to image artefacts in the R1 

map in 2 animals (n = 3). Treatments comprising an ablation generally showed higher R1 changes 

than the hyperthermia + TSL or tumors that received no HIFU. When all groups were evaluated 

together, no meaningful correlation existed between the R1 values and the average tumor 

doxorubicin concentration (R2 = 0.05). When the no HIFU + TSL and hyperthermia + TSL groups 

were evaluated together, a weak correlation (R2 = 0.43, n = 7) was detected. 

3.3.7 Therapeutic efficacy  

In a separate group of animals, the therapeutic efficacy of the different heating strategies in 

combination with TSL on the tumor growth control was studied and compared to that of several 

control groups. The relative tumor growth over time for the individual animals of the 11 

treatment groups is shown in Figure 3.11 (TSL injection followed by hyperthermia and ablation 

(group 1), TSL injection followed by ablation (group 2), ablation only (group 3), TSLs, Caelyx®, 

free doxorubicin or saline injection with or without hyperthermia (groups 4-11)). There was no 

statistically significant difference in the pretreatment tumor volumes between the different 

groups (727 ± 242 mm3, ANOVA, p = 0.707). Some animals showed an initial increase in tumor 

size directly after ablation or combination treatment, most likely due to treatment-induced edema, 

which could not be distinguished from the actual tumor volume with the caliper measurements 



Chapter 3 

68 
 

used. After the initial increase, all treated tumors showed a delay in growth compared to tumors 

that were not treated. 

 

Figure 3.11. Relative tumor growth curves for all animals in the therapy study. The data of every 

animal has been fitted by a mono-exponential function. 

In Figure 3.12 the tumor size related time of survival is plotted for the different treatment 

groups. The efficacy of the treatment was judged based on the time point the tumor reached three 

times the pre-treatment tumor volume. This time point was derived from the fitted tumor growth 

curves. A log-rank analysis indicated that the control groups receiving TSL, Caelyx®, saline 

without HT and saline with HT all behaved similarly. Free doxorubicin both with and without 

hyperthermia and Caelyx® with hyperthermia perform better than the saline groups with or 
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without hyperthermia (p < 0.05). Adding any type of heat treatment to a TSL injection, led to a 

decrease in tumor growth, as was the case for the ablation group (without TSL injection)  

(p < 0.005). Finally, TSL injection with hyperthermia followed by ablation treatment showed the 

largest effect on the tumor growth in time, outperforming all the other treatments (p < 0.05).  

 

Figure 3.12. Survival analysis based on the time point the tumor reached three times the pre-

treatment tumor volume. Hyp = hyperthermia; Ab = ablation; Dox = free doxorubicin . 

3.4 Discussion 

In this study, the effects of HIFU heating strategies on the biodistribution of TSL and 

doxorubicin, the intratumoral doxorubicin distribution and their respective therapeutic efficacies 

were investigated. Our hypothesis was that hyperthermia treatment would lead to a large amount 

of doxorubicin delivered to vascularized tumor areas with improved intratumoral distribution, 

while ablation is beneficial for direct destruction of the more necrotic tumor core with 

temperature induced drug delivery along the border zone surrounding the ablated volume. For 

the latter, drug delivery may be compromised by temporal vascular shutdown in the intermediate 

zone surrounding the ablated volume, and by the rather short time span at hyperthermic 

temperatures reached during the ablation.155 Therefore, we added a hyp-ab + TSL group in which 

the ablation step was preceded by 30 min of hyperthermia to ensure upfront doxorubicin 

accumulation in well-perfused areas. For the hyp-ab heating strategy, we expected efficient drug 

delivery to well-perfused tumor parts combined with direct heat-inflicted cytotoxicity to poorly 

perfused or necrotic areas leading to an overall synergistic effect in tumor growth delay.  

For all groups, an increasing liposomal uptake in tumors was observed over time due to the 

“enhanced permeability and retention (EPR) effect” intrinsic to most tumor tissues.12,219 It is 

previously reported that hyperthermia can increase the EPR-driven uptake of liposomes in the 

tumor58,59,220,221, which could lead to additional doxorubicin uptake from residual non-released 

TSLs over time. However, this increase in EPR effect can be tumor-dependent220 and for the R1 

rhabdomyosarcomas studied here, no HIFU-induced increase in EPR effect was observed as all 
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groups showed comparable TSL uptake 48 h after injection. For both hyperthermia treated 

animals and animals that did not receive HIFU treatment, SPECT imaging showed a relatively 

homogeneous uptake across the tumor, with a trend of increasing TSL concentration over 48 

hours. While uptake of TSLs is a slow process with typical maximum tumor concentration reached 

after 8-48 hours220, the therapeutic relevant process is the intravascular release of doxorubicin 

from TSLs, which takes place while hyperthermia is applied, i.e. within the first 40 minutes after 

TSL injection. Numerous preclinical studies using comparable TSL formulations have shown that 

hyperthermia induced intravascular release of doxorubicin from TSLs typically led to higher 

tumor concentrations compared to control groups at normothermia, though strong intertumoral 

variations were observed depending on the tumor morphology.131,148,152,208,211 Similarly, in this 

study, the hyperthermia treatment led to a median tumor doxorubicin concentration of factor 14.6 

higher tumor doxorubicin concentration compared to the no HIFU group (median 2.840 %ID/g 

versus 0.194 %ID/g) and a factor 2.9 times higher than the free doxorubicin group (median  

2.840 %ID/g versus 0.985 %ID/g). Free doxorubicin and Caelyx®, a non-temperature sensitive 

liposomal doxorubicin-formulation are the clinical standard doxorubicin-based chemotherapeutic 

treatments for several malignancies.222,223 Although no “non-temperature sensitive liposome 

formulation” such as Doxil®/Caelyx® was included in the quantification study, the TSL + no HIFU 

group is expected to be comparable in drug delivery at normal temperature within the 90 min 

time point due to the high doxorubicin encapsulation stability of TSLs.59 Importantly, in 

previously published research, histology showed that the hyperthermia treatment improved the 

bioavailability of the doxorubicin as the drug reaches cells farther away from the tumor vessels 

than it would for the treatment without HIFU.33,34,55 While the free drug diffuses along a strong 

concentration gradient from the blood vessel into the tumor tissue, the diffusion of doxorubicin 

encapsulated in TSLs is limited by the size of the TSLs. 

For the ablation + TSL group both doxorubicin and TSLs predominantly accumulated in the 

tumor rim surrounding the ablated tumor area, where no accumulation of doxorubicin nor TSLs 

was observed. As the average tumor doxorubicin and TSL concentration were comparable to 

those in the hyperthermia treated tumors, the local concentrations of both doxorubicin and TSLs 

in the rim must be higher. The accumulation pattern of TSLs and doxorubicin was congruent with 

areas of tumor hemorrhage visible on anatomical T2*-weighted MR images and microscopy slides 

in tissues surrounding the ablated area. The comparable intratumoral distribution pattern of 

doxorubicin and TSLs is a result of trapping due to vascular shutdown155 as well as local liposome 

extravasation and hemorrhage owing to vascular damage in tissue adjacent to the ablated zone.224 

Interestingly, in between the outer rim containing a high doxorubicin concentration and the inner, 

heat destructed non-viable tumor tissue an intermediate zone exists that does not contain 

doxorubicin, yet is still viable. Here, the sub-lethal temperature dose during the short ablation 

time span caused a temporal vascular shutdown prohibiting perfusion and intravascular release 

of doxorubicin from TSLs that created an undertreated danger zone surrounding the ablated 

tumor volume.202,203 

Hyp-ab + TSL treatment showed a significant enhanced uptake of TSLs in the tumor 

compared to the no HIFU + TSL group 90 min after injection. Both the doxorubicin and the TSL 
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distribution were comparable to the hyperthermia + TSL group, with some additional hemorrhage 

at the tumor rim. The tumor-averaged doxorubicin concentration (in μg/g, see appendix,  

Figure S.2) for this group is approximately 2 times higher than the hyperthermia + TSL or ablation 

+ TSL group, though strong intertumoral variations led to a large standard deviation and therefore 

no statistical significance. Remarkably, our findings correspond well with a simulation performed 

by Gasselhuber et al. for HIFU induced drug delivery for the hyperthermia and hyp-ab heating 

schemes.155 The ablation step in the hyp-ab protocol causes a vascular shutdown restricting 

perfusion, which in turn leads to increased doxorubicin uptake over time as back diffusion of 

doxorubicin from the extravascular extracellular space to the plasma is strongly reduced.  

All heat treatments combined with TSLs led to a significant increase in R1 immediately after, 

indicating the release of contrast agent from the TSLs. For the hyperthermia and no HIFU groups, 

we find a correlation between the R1 change after hyperthermia and tumor drug concentration  

(R2 = 0.43 after the 2nd hyperthermia treatment), similar to other literature studies.129,131,211 As 

the R1 rhabdomyosarcoma tumor model exhibits better structured blood vessels reflected by a 

lower Ktrans and ve compared to the earlier used 9L model33, a lower concentration of the released 

MRI contrast agent in the tumor is likely in the R1 rhabdomyosarcoma model. This is reflected in 

an overall smaller increase of the longitudinal relaxation rate R1 per %ID/g doxorubicin for the R1 

tumor model.59,131 For the ablation + TSL group a noticeable R1 increase was observed in the range 

of 0.12 to 1.05 s-1 caused both by a release or trapping of the contrast agents147 in the outer rim 

and an additional R1 change intrinsic for ablated tissue. The ablation induced R1 increase has 

previously been measured by others and was attributed to the increased access of tissue water to 

paramagnetic blood iron due to the heat induced denaturation of hemoglobin and the disruption 

of biological barriers.225,226 The R1 change due to ablation also obscured the relation between ΔR1 

and the intratumoral doxorubicin concentration for the hyp-ab + TSL group. Although this 

complicates the calculation of the amount of drug that was delivered, it can give information on 

the extent of the ablation.139 

The therapeutic effect of the different HIFU heating strategies combined with local drug 

delivery was evaluated in a tumor growth study and compared to several control treatments, 

amongst others the clinically relevant Caelyx® and free dox, which are the clinical standard for 

chemotherapeutic treatment of a number of malignancies.222,223 The doxorubicin dose was 

sufficient to significantly improve the survival in the group injected with free doxorubicin 

compared to the group that only received saline injection. The control groups injected with 

Caelyx® and TSL without HIFU showed comparable survival as the group injected with free 

doxorubicin.227–229 The addition of a hyperthermia treatment neither improved the treatment 

effect of free doxorubicin nor of Caelyx®. While hyperthermia typically enhances extravasation of 

liposomes58,221,230, doxorubicin encapsulated in the non-temperature sensitive liposomal 

formulations of Caelyx® does not become bioavailable. In contrast, hyperthermia in combination 

with TSL induces intravascular release of doxorubicin ensuring its bioavailability and improved 

tumor penetration, which is reflected in improved efficacy of hyperthermia + TSLs over 

hyperthermia + Caelyx®. Interestingly, the hyperthermia + TSL group performs comparably to 

the ablation + TSL and also the regular ablation group. Quantitative ablation of the tumor 
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including a safety margin around was impossible in our subcutaneous tumor located between skin 

and adjacent muscle layer, with risking either severe skin burns or impaired limb movement due 

to unintentional ablation of the femoral or saphenous nerves. In this respect, the situation is 

similar to the clinical situation, where ablation of the entire tumor volume is often challenging, 

since crucial surrounding structures need to be spared. The combination of ablation and TSLs led 

to areas with temporarily vascular collapse which did not result in coagulative necrosis.203 We 

believe these undertreated areas with viable tumor tissue are the source for recurrent tumor 

growth leading to similar therapeutic outcome as observed in the hyperthermia + TSL and 

ablation groups. For the combination protocol, we observed the largest survival benefit, as the 

first hyperthermia drug delivery treatment ensured efficient doxorubicin delivery and tumor 

penetration in well-perfused areas, while the subsequent ablation of the tumor core would 

efficiently treat poorly perfused parts combining the advantages of both approaches.  

Despite the initial delay in tumor growth (Figure 3.11) that was observed in most treatment 

groups, no complete tumor remission was achieved for any treatment scheme. Beside the 

aforementioned limitations to achieve quantitative tumor ablation, we chose a comparably low 

TSL dose of 2 mg doxorubicin/kg bodyweight in the therapeutic study compared to the typically 

preclinically used dose of 5 mg doxorubicin/kg)152,212,231 to avoid systemic side effects.232 

Depending on the exact clinical application and also particular patient condition a higher dose or 

repeated treatments schemes could be considered to further improve the therapeutic effect. For 

repeated treatments, the scheme should comprise multiple hyperthermia mediated drug delivery 

sessions concluded by a final combination of hyperthermia and ablation to avoid intermediate 

vascular shutdown. 

Localized drug delivery from TSLs in combination with MR-HIFU induced hyperthermia and 

ablation was investigated here as an approach for obtaining improved local tumor control in a 

noninvasive manner. Depending on the tumor location and tumor perfusion, prolonged HIFU-

induced hyperthermia of large lesions is not suitable for every tumor and can be challenging in 

case of tumor motion. However, in the recent years, the availability of HIFU (mostly for ablation 

purposes) has increased and technical hurdles for prolonged hyperthermia have been largely 

overcome.143,233,234 Compared to regular chemotherapy, repeated application of HIFU + TSLs 

would be more time-consuming and could potentially be interleaved with regular chemotherapy 

on a once a week treatment schedule comparable to clinically used hyperthermia treatment 

schedules.87 Regardless, we believe the combination of HIFU and TSLs is promising for certain 

tumors that do not respond well to chemotherapy alone (e.g. pancreatic cancer). 

The need for additional chemotherapy as an adjunct to ablation treatment was previously 

rationalized for RF ablation treatment of larger (> 3 cm3) hepatocellular carcinoma (HCC) liver 

tumors.235 Tumor ablation using interstitial RF applicators in combination with doxorubicin -

loaded TSLs (Thermodox®) is currently undergoing randomized phase ΙΙΙ clinical trials for 

treatment of HCC tumors.64,235,236 Early results showed the initial trial was not successful as the 

desired primary endpoint of showing 33 % improvement in progression free survival had not 

been reached.47,48,66 However, post-hoc analysis of the data showed that patient selection (single 
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lesion only) and the duration of heating (> 45 min) giving enough time for the liposomes to 

deposit high concentrations of doxorubicin were key factors for successful clinical outcome 

leading to a greater than two-year survival benefit.65 Since the delivered amount of drug directly 

relates to the heating duration, there is a clear rationale to resort to prolonged hyperthermia 

treatment ahead of the ablation treatment.155 Currently, MR-HIFU is the only device able to 

perform both prolonged hyperthermia and subsequent non-invasive ablation and would therefore 

be the ideal technology for drug delivery supported ablation.  

3.5 Conclusion 

MR-HIFU is a powerful tool to induce localized tumor cell death by ablation. However, the 

presence of vital surrounding structures often hampers exhaustive treatment of the entire tumor 

volume plus a necessary safety margin. In this study, the combination of doxorubicin-loaded TSLs 

with various MR-HIFU heating strategies was investigated in a preclinical setting as a way to 

provide a more complete tumor treatment. We showed that both hyperthermia and ablation can 

be employed as MR-HIFU heating strategy for enhancing TSL and doxorubicin accumulation in 

tumor tissue. Although comparable doxorubicin concentrations were reached regardless of the 

heating strategy, the heating strategy did influence the distribution of the doxorubicin and TSL 

over the tumor. After ablation treatment, doxorubicin uptake was mainly observed in the tumor 

rim, while a zone surrounding the necrotic heat fixated area remained that was still viable but did 

not contain any doxorubicin due to temporal vascular shutdown. The latter can be avoided using a 

hyperthermia induced drug delivery treatment of 30 min prior to ablation ensuring a more 

homogeneous doxorubicin delivery across the tumor. In a clinical setting, the hyperthermia 

induced drug delivery step could be repeated several times using either MR-HIFU or other 

hyperthermia devices before concluding the treatment with a last combination of hyperthermia 

triggered drug delivery followed by ablation. The exact clinical protocol for repeated studies 

needs future evaluation.  
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3.7 Appendix 

 

Figure S. 1. The change in the uptake of liposomes in the tumor per animal as quantified from the 

SPECT scans of the lower extremities. The tumor uptake measured 90 min after injection was 

subtracted from the uptake observed 48 h after injection . The average change and the standard 

deviation per group are shown. For the hyperthermia group, n = 2 as the in vivo scan at 90 min was 

not suitable, so no standard deviation is shown. 
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Figure S. 2. Additional 

biodistribution results for the 
111In-labeled TSL A) 90 min  

B) 48 hours after TSL 

injection. C) Doxorubicin 

biodistribution results 90 min 

after TSL injection. The bars 

depict the average values and 

the error bars represent the 

standard deviation. 
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Table S. 1. Relevant statistical tests performed on the presented data. Hyp = hyperthermia, con = 

control, ab = ablation, hyp-ab = the combination of hyperthermia followed by ablation, N.A. = not 

applicable, dox = doxorubicin. 

HIFU treatment Test Transformation n p Post-hoc tests 

Temperature 
increase rate ab vs 
ab preceded by hyp 

Two-sample T-test None 5 0.123 N.A. 

      
R1 differences Test Transformation n p Post-hoc tests 

ΔR1 (hyp tumor,  
15 min) 

Two-sided one sample  
T-test 

None 15 1 ∙ 10-4 N.A. 

ΔR1 (hyp tumor,  
30 min vs 15 min) 

Two-sided one sample  
T-test 

None 15 0.679 N.A. 

ΔR1 (hyp tumor,  
end vs 30 min) 

Two-sided one sample  
T-test 

None 7 0.031 N.A. 

ΔR1 (hyp muscle,  
15 min) 

Two-sided one sample  
T-test 

None 15 0.397 N.A. 

ΔR1 (con tumor,  
30 min) 

Two-sided one sample  
T-test 

None 7 0.040 N.A. 

ΔR1 (con tumor vs 
muscle, 30 min) 

Two-sided one sample  
T-test 

None 7 0.259 N.A. 

ΔR1 (ab tumor) One-sample Wilcoxon 
signed rank 

None 17 < 0.001 N.A. 

ΔR1 (ab tumor, 
 ab vs 90 min) 

Two-sided one sample  
T-test 

None 11 0.163 N.A. 

ΔR1 (ab muscle) One-sample Wilcoxon 
signed rank 

None 17 0.001 N.A. 

ΔR1 (hyp-ab tumor, 
15 min) 

One-sample Wilcoxon 
signed rank 

None 19 2 ∙ 10-5 N.A. 

ΔR1 (hyp-ab tumor, 
30 min vs 15 min) 

Two-sided one sample  
T-test 

None 19 0.852 N.A. 
 

ΔR1 (hyp-ab tumor, 
ablation vs 30 min) 

Two-sided one sample  
T-test 

None 19 0.003 N.A. 

ΔR1 (hyp-ab tumor, 
end vs ablation) 

One-sample Wilcoxon 
signed rank 

None 6 0.917 N.A. 

γ-counting / dose 
calibrator 

Test Transformation n p Post-hoc tests 

Tumor 90 min, 
between groups 

Welch’s test for analysis 
of variances 

None 4 / group 
(3 for hyp) 

0.027 Dunnett’s T3 

Tumor control  
48h – 90 min 

Two-sided one sample  
T-test 

None 90 min: 4 
48h: 3 

0.004 N.A. 

Tumor hyp  
48h – 90 min 

Two-sided one sample  
T-test 

None 90 min: 3 
48h: 3 

0.041 N.A. 

Tumor ab  
48h – 90 min 

Two-sided one sample  
T-test 

None 90 min: 4 
48h: 3 

0.093 N.A. 

Tumor hyp-ab  
48h – 90 min 

Two-sided one sample  
T-test 

None 90 min: 4 
48h: 3 

0.054 N.A. 

Tumor 48h, 
between groups 

Welch’s test for analysis 
of variances 

None 4 / group 
(3 for hyp) 

0.242 Dunnett’s T3 

Adjacent muscle  
90 min 

One way ANOVA None 3 0.002 Bonferroni 
correction 
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Dox biodistribution Test Transformation n p Post-hoc tests 

Tumor Independent samples 
median test  

none 5 / group 0.002 Tumor 

Tumor-to-heart 
ratio 

Welch’s test for analysis 
of variances  

1/x2 5 / group 0.004 Dunnett’s T3 

Muscle treated leg Welch’s test for analysis 
of variances  

Ln(x) 5 / group 5.6∙ 10-5  Dunnett’s T3 

Blood Welch’s test for analysis 
of variances  

Ln(x) 5 / group 1.1∙ 10-7 Dunnett’s T3 

Liver Welch’s test for analysis 
of variances  

None 5 / group 0.047 Dunnett’s T3 

TSL versus 
doxorubicin,  
all groups 

Mann-Whitney U test None dox : 5 
TSL: 4  
(3 for hyp) 

Control: 
0.19 
Hyp: 0.036 
Ab: 0.19 
Hyp-ab: 
0.016 

N.A. 
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Interleaved mapping of 

temperature and R1  

to monitor drug delivery during 

MR-HIFU induced hyperthermia 

 

Abstract The goal of this study was to provide real time monitoring of drug delivery from 

temperature sensitive liposomes (TSL) via the release of a co-encapsulated magnetic resonance 

imaging (MRI) contrast agent (CA) during heating by MRI guided high intensity focused 

ultrasound (MR-HIFU). Thus far, during HIFU treatment, MRI provided temperature feedback. 

Only after the treatment, CA release was assessed by changes in the tumor longitudinal relaxation 

rate (R1). As the free drug is taken up by cells while free CA quickly clears from the tumor, the 

correlation between tumor drug levels and R1 changes is probably diminishing over time. In a 

proof-of-concept study, both R1 maps and temperature maps were acquired in an interleaved 

fashion during drug delivery from TSLs in rat glioma. CA release was visualized over the time 

course of the treatment and the R1 changes were associated with tumor drug levels. 

 

 

 

 

 

Based on: Kneepkens E.C.M.*, Heijman E.*, Keupp J., Weiss S., Nicolay K., Grüll H. - Interleaved 

Mapping of Temperature and R1 to monitor Drug Delivery during MR-HIFU induced Hyperthermia 

– Accepted for publication in Investigative Radiology 

*Shared first authorship  
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 Introduction  4.1

Magnetic Resonance – guided High Intensity Focused Ultrasound (MR-HIFU) allows local and 

non-invasive heating of deep seated tissues to well-controlled temperatures.143,146 Integration of 

HIFU into an MRI scanner offers upfront therapy planning based on high resolution anatomical 

MR images and furthermore it offers spatial guidance as well as near-real time temperature 

feedback based on MR-temperature mapping during sonication. MR temperature mapping is 

usually based on the proton resonance frequency shift (PRFS) method providing every few 

seconds a temperature map at various slice orientations across the target region.107,108 While MR-

HIFU was originally developed to heat tissues to cytotoxic, ablative temperatures,110–116 the PRFS-

based temperature feedback also permits maintaining the tissue at mild hyperthermic 

temperatures of 41-43 ˚C over a prolonged time span.146  

Hyperthermia is recognized as a potent sensitizer of chemo- and radiation therapy,87,90,91,93–97 

and has been used as a means to trigger local drug delivery from temperature sensitive liposomes 

(TSLs) within the heated tissue.62,73,131,152,210,237,238 While continuous PRFS-based MR temperature 

mapping is indispensable to keep the lesion within narrow temperature limits, it is blocking the 

MRI scanner from acquiring other readouts that would provide additional information while the 

HIFU therapy is ongoing. One example of an interesting MR parameter to probe during 

hyperthermia, is the longitudinal relaxation rate (R1). Measuring the R1 during treatment would 

be useful to monitor drug release from paramagnetic TSLs,122,129,132,145,150,152,165,211 if a 

paramagnetic MR contrast agent such as gadoteridol (Prohance®) is co-encapsulated together 

with the drug in the interior of the liposomal carrier. Encapsulation inside the liposome decreases 

the accessible water pool which is reflected in a lower effective relaxivity. Upon release of both 

drug and contrast agent, the effective relaxivity is restored to the original ionic relaxivity of free 

gadoteridol, which allows monitoring of the release process.132,145,160,238 Earlier MR-image guided 

drug delivery studies showed a correlation between intratumoral drug concentration and change 

of the relaxation rate across the tumor, when R1 maps were acquired before and after 

heating.129,131,211 However, once released from the TSLs, free drug and contrast agent display 

different pharmacokinetics as the contrast agent washes away while the free drug gets taken up 

by cells.34,55,135,239 This complicates the relation between drug concentration and R1 change as 

parameters such as tumor perfusion have a major influence. Therefore, R1 maps should optimally 

be acquired during HIFU treatment without compromising the MR thermometry crucial for stable 

heating.  

One way to probe these two parameters simultaneously throughout HIFU treatment, is to use 

a gradient recalled echo sequence and use both phase and intensity information to determine R1 

and temperature.240–242 Recently, a new framework for interleaving different scans was proposed 

by Henningsson et al., which introduces the freedom to interleave scan sequences at arbitrary 

time points (e.g. repetitions, dynamics, slices, stacks), without the need for a rigid implementation 

of every specific interleaved scan combination.243 So far, the technique has shown its merit in 

testing and directly comparing navigator acquisitions in respiratory motion correction during 

cardiovascular MRI243 and to efficiently acquire multi-nuclei data.244 Interleaved scanning in 



Chapter 4 

82 
 

combination with HIFU treatment has been proposed previously to acquire both the apparent R2 

and PRFS during sonication,245,246 to provide thermometry readouts for adipose tissues.247  

Here, we applied interleaved MR sequences to measure both R1 and temperature during 

HIFU-induced drug delivery from TSLs. In this study, the main objective was to verify the validity 

of the R1 maps and temperature maps obtained via interleaved scanning approach both in vitro 

and in vivo. In a preclinical proof-of-concept experiment, we applied interleaved MR sequences to 

measure both R1 and temperature during HIFU-induced drug delivery from TSLs containing 

gadoteridol and doxorubicin in a subcutaneous 9L gliosarcoma model in rats. Additionally, the 

influence of the presence of unheated Gd-loaded TSLs on the stability of the thermometry data 

was investigated. 

 Materials and methods 4.2

 Materials 4.2.1

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DPPE-PEG2000) were obtained from Corden Pharma 

(Plankstadt, Germany). Cholesterol (chol) was purchased from Avanti Polar Lipids (Alabaster, 

Alabama, United States). Doxorubicin-hydrochloride and daunorubicin were ordered from 

AvaChem Scientific (San Antonio, Texas, United States). Gadoteridol (ProHance®) was obtained 

from Bracco Diagnostics (Milano, Italy). All remaining chemicals were obtained from Sigma 

Aldrich (St. Louis, Missouri, United States). PD-10 desalting columns were bought from GE-

Healthcare Life Sciences (Little Chalfont, United Kingdom). Centrifugal filters were purchased 

from Millipore (Darmstadt, Germany). 

 Preparation and characterization of TSLs 4.2.2

The lipids were dissolved in chloroform:methanol (4:1 v:v) in a DPPC/DSPC/chol/DPPE-

PEG2000 molar ratio of 53:22:15:3. TSLs were prepared by film hydration with 125 mM (NH4)2SO4 

buffer, pH 5.4, containing 250 mM gadoteridol, and subsequent extrusion at 60 °C using a 

thermobarrel extruder. Samples were extruded 2 times through polycarbonate filters of 200 nm 

pore size and 6 times through filters of 100 nm pore size. The external buffer was removed by 

loading the sample onto a PD-10 column and elution with HEPES buffered saline (HBS), pH 7.4. 

Doxorubicin loading was achieved by incubating the TSLs with doxorubicin overnight at 37°C at a 

doxorubicin : lipid ratio of 0.06 : 1 in HBS, pH 7.4. Residual doxorubicin was removed by 

exchanging the external buffer for fresh HBS, pH 7.4 using a PD-10 column.  

The hydrodynamic radius of the TSLs was determined by dynamic light scattering (DLS, 

ALV/CGS-3 Compact Goniometer System, ALV-GmbH, Langen, Germany). Doxorubicin 

concentrations were determined by fluorescence measurements on a fluorimeter (Perkin Elmer 

LS55, λex=485 nm and λem=590 nm, Perkin Elmer, Waltham, Massachusetts, United States). 
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Gadolinium (Gd) concentrations were determined by inductively coupled plasma – optical 

emission spectroscopy (ICP-OES, Perkin Elmer Optima 4300DV) and phospholipid concentrations 

by a Rouser assay.215 The stability of the doxorubicin and gadoteridol encapsulation in TSL at  

37 °C and their release from the TSL at 42 °C were measured in 90% Fetal Bovine Serum (FBS). 

Doxorubicin release was measured using fluorometric assays while gadoteridol release was 

measured at 1.41 T using a 60 MHz Bruker Minispec (Bruker, Billerica, Massachusetts, United 

States) as described previously by Kneepkens et al.211 Full release of both doxorubicin and 

gadoteridol was ensured by addition of 10% Triton-X 100 (v/v).  

The longitudinal relaxivity (r1) of the TSL before and after release of the gadoteridol was 

determined at 3 T at 37 °C in HBS by measuring a series of samples with gadoteridol 

concentrations in the range 0.25 to 2 mM. For this experiment, release was ensured by incubating 

the TSLs at 42 °C for 1 hour. The heated and unheated TSL samples were placed in a heated 

Eppendorf holder filled with 0.77 g/L CuSO4 and 2 g/L NaCl and scans were acquired using a 

whole body sensitivity encoding (SENSE) rat coil (Rapid Biomedical, Rimpar, Germany). The 

temperature was kept at 37 °C by a water bath (Julabo GmbH, Seelbach, Germany) and was 

verified using a fiber-optic temperature sensor (Neoptix inc., Québec City, Québec, Canada) inside 

the Eppendorf holder. The R1 data were obtained using an inversion recovery (IR) Look Locker 

sequence217 (inversion time (TI) : 8.4 s, repetition time (TR) / echo time (TE) : 14/5.3 ms, flip 

angle (FA) : 5°, 60 phases, sample time 8.4 s, field of view (FOV) : 80 x 60 mm2, 1 slice, slice 

thickness : 4 mm, echo planar imaging (EPI) factor : 5, number of signal averages (NSA) : 3). The r1 

was determined from the slope of a linear fit through the R1 values measured at different 

concentrations. 

 Interleaved scanning and HIFU communication 4.2.3

In this study, a Philips 3 T Achieva MR scanner (Philips Healthcare, Best, the Netherlands) 

and the Sonalleve 3T MR-HIFU system (Philips Healthcare, Helsinki, Finland) were used. An in-

house designed software patch was used to add the interleaved scanning technology, explained 

below, to the MRI scanner software. The standard software of the MR-HIFU system was not able 

to control the interleaved sequences therefore a modified version was created. Generally, during a 

HIFU sonication, the MR scanner is controlled by the Sonalleve MR-HIFU software, which sends a 

control command to the scanner to acquire PRFS data throughout the treatment. The PRFS data 

are transferred to the MR-HIFU software, which in turn uses it to calculate the temperature 

increase in the target area. The temperature within the target area is used as input for a binary 

feedback control algorithm for the MR-HIFU transducer (modified from Enholm et al.).248  

In this study, both R1 maps and temperature maps were acquired throughout the MR-HIFU 

treatment, using an inversion recovery (IR) Look-Locker sequence and a PRFS sequence, 

respectively. Parameters of both sequences are listed in the sections 4.2.4 and 4.2.5 below.  

Instead of acquiring dynamic R1 maps and temperature maps sequentially, a framework to 

interleave sequences was used. This framework allowed to switch dynamically between scans at 
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predefined positions in the nested acquisition loops (schematically depicted in Figure 4.1B) as 

described by Henningsson et al.243 In this framework, two types of sequences are defined, termed 

dualscan and iscan. The dualscan is the main sequence; the iscan is linked to the dualscan. The 

dualscan and the iscan(s) are combined in a package in the scan list to interleave them. A 

handover between the interleaved sequences will take less than 3 μs since the whole package is 

available in the internal memory of the MR scanner.  

 

Figure 4.1. A) Scan protocol for both animal groups control and treatment. The control group 

received only sham HIFU treatment of 0 W acoustic power. DOX = doxorubicin. B) Schematic 

depiction of the structure of the interleaved package. IR-LL stands for IR Look-Locker sequence and 

T-map stands for a PRFS temperature map. The scans are termed iscan and dual scan (see section 

4.2.3). C) The time diagram of the IR-LL and temperature-map (PRFS sequence sagittal and coronal 

slice) with the handover after one sample of the longitudinal relaxation curve (SPIR = Spectral 

Presaturation with Inversion Recovery for fat suppression; REST = REgional Saturation Technique 

for reducing folding and respiration artifacts). D) Spatial relationship between the PRFS slices and 

the IR-LL slice. 

When this technology is applied during a MR-HIFU sonication, the Sonalleve console needs to 

externally control the PRFS sequence as described above. Therefore, the PRFS sequence was 

selected as externally controlled dualscan and the IR Look-Locker sequence as iscan (see Figure 

4.1B). When the interleaved sequences are started, first the iscan is prepared by the MR scanner 

followed by the dualscan. After the preparation phases, the dualscan awaits the control command 

of the MR-HIFU computer which then starts the acquisition of one stack loop of the PRFS sequence 

(one full dynamic of the temperature map, consisting of two perpendicular slices). Afterwards, for 
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the IR Look-Locker sequence, a single IR curve was sampled per interleave, covering a small part 

of k-space at different relaxation time points. This process was repeated until the MR-HIFU 

treatment was terminated. Fourteen inversion curves need to be acquired to get a full R1 map 

which requires multiple switches between the dualscan and iscan. R1 maps were discarded if not 

fully acquired. As a consequence of the interleaving, the temporal resolution of the PRFS data and 

the R1 maps were different (8.6 s versus 2 minutes respectively), which was taken into account in 

further analysis.  

 In vitro validation of the interleaved scan protocol 4.2.4

A set of phantom tubes with known R1 values (Diagnostic Sonar, Livingston, United Kingdom) 

was used to test the validity of the R1 measurements by an IR Look-Locker sequence interleaved 

with two PRFS MR thermometry slices (see Fig 4.1B), and compared to R1 values calculated from 

two non-interleaved single IR Look-Locker scans with different inversion repetition times. The set 

of tubes had R1 values in the in vivo relevant range of 0.7 – 1.7 s-1. The tubes were placed in a 

preclinical MR-HIFU setup used on a clinical Philips 3 T Sonalleve MR-HIFU system.146 Six 

dynamics of a single slice IR-Look Locker sequence (iscan) were acquired (repetition time (TR) / 

echo time (TE): 9.24/3.51 ms, flip angle (FA): 5˚, echo planar imaging (EPI) factor: 5, turbo field 

echo (TFE) factor : 2, field of view (FOV): 50 × 69 mm2, matrix: 64 × 65, reconstruction matrix:  

96 × 96, in-plane resolution: 0.52 × 0.71 mm2, slice thickness: 3 mm, fat suppression: Spectral 

Presaturation with Inversion Recovery (SPIR), with regional saturation (REST) slab, half scan: 

80%, 23 phases, Look Locker sample interval τ :130 ms, longitudinal relaxation sample time: 3 s, 

acquisition time per uninterrupted dynamic: 39 s, number of signal averages (NSA): 2), 

interleaved with two PRFS MR thermometry slices (dual scan) (TR/TE : 38/19.5 ms, FA: 19.5°, EPI 

factor: 7, sensitivity encoding (SENSE) factor: 1.8, FOV: 250 × 250 mm2, reconstruction matrix: 

176 × 176, in-plane resolution: 1.4 × 1.4 mm2, slice thickness: 4 mm, NSA: 5, fat suppression : SPIR, 

acquisition time : 5.6 seconds, 0th order phase correction based on the phase in a baseline drift 

region of interest located in the underlying water bath (Julabo GmbH, Seelbach, Germany)). A 

graphical representation of the interleaved sequences and the moment of the handover are shown 

in Figure 4.1C. The temperature was calculated from the phase difference with a reference PRFS 

slice, assuming a starting tumor temperature of 37°C (as the tumor is submersed in a water bath 

of 36 - 37 °C), according to 

 �� =  
� (�)� � (��)

������
                 Eq. 4.1 

in which φ(T) is the phase at time T, φ(T0) is the reference phase, γ is the gyromagnetic ratio of 
1H, α = -0.01 ppm/°C is the PRF change coefficient and B0 = 3 T is the magnetic field strength. The 

reference phase map was also acquired in an interleaved fashion (13 PRFS dynamics interleaved 

with 1 full IR Look-Locker scan). Furthermore, non-interleaved IR Look-Locker sequences were 

run with the same parameters except for the inversion time (TI), which was either 3 s (equal to 

the longitudinal relaxation sample time) or 8.6 s (the effective TI of the interleaved sequences) 

simulating the interleaved combination with acquisition time of 1:52 min.  
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The stability of the interleaved temperature maps was tested on porcine muscle tissue, which 

was positioned in the rat MR-HIFU setup at 16 °C and in equilibrium with the room temperature. 

The porcine muscle temperature was monitored with 2 fiber-optic temperature probes (Neoptix 

inc., Québec City, Québec, Canada). PRFS slices were acquired 3 times for 15 min, both non-

interleaved or interleaved with the IR Look-Locker sequence as described above. The non-

interleaved PRFS and the interleaved PRFS were acquired alternatingly. To investigate only the 

temperature stability of the two PRFS sequences and rule out other factors the gradients of the 

MRI scanner were pre-heated by running both sequences once without storing the data. The 

thermometry data of interleaved and non-interleaved PRFS scans were compared in a central 

circular area of 8 mm in diameter. This corresponds to the cross-section of the so-called HIFU 

treatment cell used in the in vivo experiment. The treatment cell refers to the heated volume 

obtained by electronically steering the HIFU focus point along a circular trajectory perpendicular 

to the HIFU propagation direction.123 

 In vivo experiment 4.2.5

4.2.5.1 Tumor model 

Subcutaneous 9L gliosarcoma tumors in Fisher 344 rats (n = 8, Charles River, Leiden, the 

Netherlands, age 11 ± 1 weeks) were obtained by subcutaneous injection of 5 ∙ 106 9L glioma cells 

on the hind limb. The tumor size was monitored by caliper measurements  

(length × width × height / 2) . Experiments were carried out when the tumors reached a volume 

of 995 ± 377 mm3. The animals were subdivided into a control and treatment group. The animals 

were subjected to the same treatment and scan protocol, except that for the animals in the control 

group, the tumors were not sonicated. All animal studies were approved by the committee of 

Animal Research of Maastricht University, Maastricht, the Netherlands.  

4.2.5.2 MR-guided HIFU 

Rats bearing a 9L glioma tumor on their hind limb were placed into a preclinical MR-HIFU 

setup used on a clinical Philips 3 T Sonalleve MR-HIFU system.146 The animals were kept under 

general anesthesia by inhalation of isoflurane (1-3%) in medical air (flow 0.4-0.6 L/min). All 

animals received Rimadyl (Carprofen, 3 mg/kg bodyweight, Pfizer, New York, New York, United 

States) as a precautionary pain suppressor ~30 min prior to HIFU treatment. The tumor was 

depilated and covered in ultrasound gel (Aquasonic 100, Parker Laboratories, Fairfield, New 

Jersey, United States) to improve the acoustic coupling with the water bath in which the tumor 

was submersed. The animal core temperature as well as the water bath were kept on 37°C 

degrees using heating baths and fiber-optic temperature sensors (one rectal probe and one probe 

in the tumor water bath) as described by Hijnen et al.146 Treatment planning was performed on 

the combination of T2-weighted MR images acquired with a turbo spin echo (TSE) scan (TR/TE: 

4929/50 ms, FOV: 48 × 32 mm2, matrix: 192 × 192, slices: 20, slice thickness : 2 mm, TSE-factor: 

7, acquisition time: 4:36 min), and high-resolution fast field echo (FFE) scan (TR/TE: 790/13 ms, 

FOV: 40 × 48 mm2, matrix: 192 × 192, slices: 20, slice thickness: 1 mm, flip angle: 20˚, NSA: 2, 

acquisition time: 5:05 min). After planning the position of the HIFU treatment cell, a 
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perpendicular FFE scan was performed on which a sagittal REST slab visualized the position and 

orientation of the intended treatment cell (TR/TE: 1234/6.13 ms, FOV: 48 × 20 mm2, voxel size:  

0.63 × 0.63 × 1.00 mm3, slices: 20, slice thickness: 2 mm, flip angle: 20˚, NSA: 2, acquisition time: 

3:09 min, REST slab thickness: 5 mm). For the animals in the treatment group, low power test 

sonications (continuous wave ultrasound, acoustic frequency: 1.44 MHz, acoustic power: 10 W, 

duration: 20 s, typical temperature elevation ≈ 2-3 °C) were performed prior to the treatment to 

visualize the position of the HIFU focus and were used to correct for slight geometrical offsets if 

needed. 

 

Figure 4.2. A) Transverse T2-weighted turbo spin echo scan showing the location of the tumor in the 

water bath, the gel pad and the absorber as well as the direction of the HIFU beam. The striped line is 

the position of the coronal temperature slice. B) Coronal temperature slice oriented perpendicular to 

the HIFU beam, 2 minutes after the start of the hyperthermia treatment. The overlaid temperature 

maps is scaled according to the color bar. Both images have a 5 mm white scale bar at the lower 

right corner.  

During all (control) HIFU sonication periods, longitudinal relaxation rate (R1) maps were 

acquired by a single slice IR Look-Locker sequence, which was interleaved with two 

perpendicular PRFS MR thermometry slices as described in section 4.2.4. Figure 4.2 shows the 

position of the tumor in the preclinical HIFU setup and an example of a PRFS temperature map. 

The sagittal IR Look-Locker slice was planned on the earlier acquired FFE scan with the REST slab 

to be parallel and adjacent to the sagittal PRFS slice covering the long axis the treatment cell (see 

Figure 4.1D). Before and after sonication, a non-interleaved IR Look-Locker sequence was run, 

with the same parameters as the interleaved Look-Locker scans except for the inversion time, 

which was 8.6 s as explained in the in vitro section. MR-HIFU sonications were carried out with an 

acoustic power of 14 W (treatment) or 0 W (control) (acoustic frequency: 1.44 MHz, cell diameter: 

8 mm, ISATA ≈ 52 W/cm2) to reach and maintain a tumor temperature of 41˚C. All animals were 

injected i.v. with TSLs loaded with doxorubicin and gadoteridol (5 mg/kg doxorubicin, gadolinium 
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(Gd) /doxorubicin = 15 μmol/mg) using an infusion pump at 0.2 mL/min, leading to a full 

injection within 3 min.  

The overall protocol is schematically depicted in Figure 4.1A and consisted of: 

1) Non-interleaved single slice IR Look-Locker scan (no HIFU) 

2) Sonication period: 

a. Treatment group: the tumor was heated up to 41˚C and kept at this 

temperature for 1 full dynamic of the IR Look-Locker scan followed by 

tumor cooldown (for at least 5 min) 

b. Control group: a sham sonication was performed that maintained the 

tumor temperature at 37 ˚C for a comparable number of dynamics. 

3) Sham sonication period (0 W, both groups) during which the TSLs were injected to 

study the influence of the TSLs on the acquired PRFS temperature maps and R1 

maps. 

4) The first sonication period (14 W or 0 W) of 15 min in the presence of the TSLs 

followed by a cooldown period of at least 5 min and until the maximum 

temperature of the tumor had stabilized 

5) Non-interleaved single slice IR Look-Locker scan 

6) The second sonication period (14 W or 0 W) of 15 min in the presence of the TSLs 

followed by a cooldown period of at least 5 min and until the maximum 

temperature of the tumor had stabilized 

7) Acquisition of a few non-interleaved single slice IR Look-Locker scans (until the 90 

min after injection time point is reached). 

8) Euthanasia 90 min after TSL injection 

 

After euthanasia, the tumor was dissected for doxorubicin quantification (see section 4.1.7). 

In one of the four animals from the treatment group, the tumor was heated three times, as the first 

heating had to be stopped early because of a technical error. 

For animal 3 in the treated group, three heating periods were used as the first heating period 

was aborted by the software. This was caused by a large temperature jump in a few thermometry 

map voxels in the corners of the temperature map (outside of the tumor) which led to a software-

forced stop for safety reasons. This is a problem we have encountered sometimes as well during 

“regular” HIFU heating, i.e not using the interleaved scanning framework. 
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 Data analysis 4.2.6

4.2.6.1 Apparent relaxation rate R1* 

The IR Look-Locker scans give rise to signal recovery curves from which the apparent R1* 

was obtained from a voxel-by-voxel analysis using in-house created Mathematica 10 code 

(Wolfram Research Inc, Champaign, Illinois, United States). The signal magnitude was fitted by a 

monoexponential function y (t) = �b − a ∙ e���
∗∙�� and voxels were only taken into account if the 

R2 of the fit was at least 0.95. The R1 was derived from the apparent R1*:217,249 

R1* = 1/T1*, R1 = R1* + ln(cos(α))/τ                Eq. 4.2 

with flip angle α = 5° and sample interval τ = 130 ms. For the non-interleaved scans, the change in 

R1 (ΔR1) was evaluated with respect to the corresponding pre-scans obtained in period 1. For the 

interleaved IR-Look Locker scans, the ΔR1 over time was evaluated with respect to the time-

averaged R1 that was measured during period 2 (Figure 4.1A) in which the tumor is either heated 

(treated group) or kept at a stable temperature (control group). This time-averaged R1 was taken 

as a baseline for two reasons: there are no TSLs present at this time and possible changes of R1 

due to tumor heating, which may also take place during the hyperthermia treatment, are taken 

into account. 

4.2.6.2 Correlation between R1 statistics and doxorubicin 

The correlation between various R1 parameters (listed in the appendix, Table S.1) and the 

doxorubicin concentration measured in the extracted tissue were calculated in Origin 2015 

(OriginLab Corporation, Massachusetts, United States). For the interleaved IR-Look Locker scans, 

several ΔR1 parameters were calculated: the time-averaged PRFS-based ΔR1 over the tumor for all 

heating periods (ΔR1,IL avg, for temperatures exceeding 41 °C until the end of the sonication), the 

time-averaged ΔR1 for the first (ΔR1,IL avg,1st) or the second (ΔR1,IL avg,2nd) heating, the maximum ΔR1 

(ΔR1,max) and the ΔR1 of the enhanced pixels (ΔR1, IL enh, enhanced pixels are defined as R1 > R1 

without liposomes + 5 x temporal standard deviation of R1 in absence of TSLs). Furthermore, the 

area under the curve (AUC) for the combined heating periods (for temperatures exceeding 41 °C 

until the end of the sonication) and the percentage of enhanced pixels were correlated to the 

doxorubicin concentration. For the non-interleaved IR-Look Locker scans, the average ΔR1 

(ΔR1,avg) and maximum ΔR1 (ΔR1,max) as well as the ΔR1 directly after cooldown following the first 

(ΔR1,1st) or second treatment period (ΔR1,2nd) were considered. Furthermore, the expected amount 

of doxorubicin was derived from ΔR1,IL avg based on the known r1 at 3 T, 37 °C of the released Gd 

contrast agent and the measured Gd / doxorubicin ratio of the liposomes, using the following 

equation (under the assumption of an approximately 1 mL/g tissue density): 
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            Eq. 4.3  

with r1 = 3.1 mM-1s-1 the apparent longitudinal relaxivity of the TSL solution after release. 
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4.2.6.3 Temperature maps 

The temperature maps were calculated online by PRFS thermometry by subtracting a 

reference phase image from the current temperature map and calculating the relative 

temperature change from the accumulated phase differences (according to Eq. 4.1).107 For the 

reference phase image, the average of 13 acquisitions is calculated for both PRFS slices. The 

absolute temperature at the reference phase image was set to 37°C as the tumor is submersed in a 

water bath at this temperature. These acquisitions were interleaved with a single IR Look-Locker 

sequence for consistency. The resulting temperature images were corrected for baseline drift by 

subtracting the average apparent temperature change calculated from all voxels in the 

temperature maps that were located in a manually drawn region at a sufficient distance from the 

heating trajectory (3 cm from the trajectory center) to be considered non-heated.  

4.2.6.4 Influence of gadoteridol loaded TSLs on PRFS 

As the presence of paramagnetic contrast agents was expected to have some influence on the 

temperature maps due to the susceptibility changes they introduce,144 the influence of Gd-loaded 

TSLs on the temperature maps was investigated. Temperature data in period 3 for both the 

control and treated group (Figure 4.1A) were analyzed for an 8 mm diameter sphere located at 

the center of the planned treatment cell in the coronal PRFS slice. Regardless of the presence of 

TSLs, the temperature measured by PRFS typically shows a drift over time due to other causes of 

phase changes like magnetic field drift and tissue motion, which are only partly corrected by the 

0th order phase correction. The average temperature was fitted linearly before and after the 

infusion period, ranging from 240 s to 420 s (period 3, Figure 4.1A) to determine if there was a 

change in temperature drift (reflected by the slope of the fit). To check for sudden temperature 

jumps, the linear fits before and after the infusion were used to calculate the temperature at the 

break point of 330 s halfway through the infusion period. Furthermore, the time-averaged spatial 

variance over the treatment cell voxels was compared before and after the infusion period.  

4.2.6.5 Statistics 

All statistical analyses were performed in IBM SPSS Statistics 23 (North Castle, New York, 

New York, United States). For all comparisons within the same group over time, paired samples T-

tests were used. To compare the control group data with the treated group data, independent 

samples T-tests were applied. For the linear fits through the doxorubicin data versus several R1 

parameters, R2adj-values and p-values of the linear fits are reported. The calculated doxorubicin 

versus the measured doxorubicin values were compared in a Bland-Altman plot.250 

 Doxorubicin extraction 4.2.7

Doxorubicin extraction was carried out on 100 – 200 mg tumor samples. An aqueous  

2 μg/mL daunorubicin solution was added to serve as an internal standard. Samples were 

homogenized for 30 min at 30 Hz using a Tissuelyzer (Qiagen, Venlo, the Netherlands). The 

subsequent doxorubicin extraction and high-performance liquid chromatography analysis have 

been described in chapter 2.74,131,211   
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 Results 4.3

 TSL characteristics  4.3.1

The TSLs had a hydrodynamic radius of 58.4 ± 2.4 nm with a polydispersity index of  

0.02 ± 0.01 containing on average a doxorubicin concentration of 2.1 ± 0.4 mg/mL (ratios 

Gd/doxorubicin = 15.1 ± 0.1 μmol/mg; phospholipid/doxorubicin = 32.4 ± 0.4 μmol/mg). The TSL 

showed a fast and quantitative release of doxorubicin in 90% FBS at 42°C, with 100 ± 2.4 % 

release within 125 s (see Figure 4.3). When kept at 37 °C, the TSLs were stable up to 90 min (no 

noticeable release). The gadoteridol showed comparable release kinetics (see Figure 4.3). The 

apparent longitudinal relaxivity r1 of the liposomal encapsulated gadoteridol in HBS at 3 T, 37 °C 

increased from 1.16 mM-1s-1 to 3.13 mM-1s-1 after release. 

 

Figure 4.3. Release of both Gd and doxorubicin from the TSL at various temperatures, calculated 

respectively from the differences in R1 and in fluorescence over time. 

 In vitro validation of the interleaved scan protocol 4.3.2

The R1 values obtained by the interleaved IR Look-Locker sequence were slightly higher than 

the actual R1 values as listed by the phantom tube manufacturer (R1,cal), as indicated by the slope 

of the linear regression fitted through both sets (Figure 4.4): R1,cal = 1.070 ∙ R1,measured + 0.020 s-1 

(R2adj = 0.9969). Very comparable relations were found for the R1 values measured either by a TI 

of 3 s or 8.6 s, which were R1, cal = 1.059∙ R1,measured - 0.025 s-1 (R2adj = 0.99956) and R1,cal = 1.064 ∙ 

R1,measured + 0.002 s-1 (R2adj = 0.9956) respectively. The slight overestimation of the calibrated R1 

value was present both with and without interleaving with PRFS sequences (see Figure 4.3). As 

the deviation is systematic, measured R1 values can be corrected accordingly. The standard 

deviation of the average R1 values measured over the 6 dynamics of the interleaved IR Look-
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Locker sequence (0.02± 0.01 s-1) is smaller than the average standard deviation over the pixels of 

the region of interest within the sample tube and the latter is comparable with non-interleaved IR 

Look Locker scans (interleaved: 0.07 ± 0.01 s-1, non-interleaved: 0.07 ± 0.01 s-1 for both a TI of 8.6 

s and 3 s). 

The PRFS measurements on the porcine muscle tissue indicated that the time-wise standard 

deviation of the mean temperature measured in the coronal treatment cell pixels over a period of 

15 min was somewhat higher for the interleaved PRFS scans (0.186 ± 0.035 °C) than for the non-

interleaved PRFS scan (0.101 ± 0.004 °C for the three scans). The temporal and spatial average of 

the treatment cell temperature was 16.01 ± 0.15 °C for the non-interleaved PRFS scans and  

15.61 ± 0.02 °C for the interleaved PRFS scans, indicating that the latter slightly underestimated 

the temperature in the porcine muscle tissue. Temperature fluctuations as measured by the fiber-

optic probes were ≤ 0.2 °C throughout each measurement. 

 

Figure 4.4. Longitudinal relaxation rate R1 that was measured by either interleaved or non-

interleaved IR Look-Locker scans (R1,measured) versus the calibrated R1 of the tubes as stated by the 

phantom manufacturer (R1,cal). The error bars indicate the standard deviation over the phantom 

pixels or in case of the interleaved sequence, the variation over the six measured dynamics. The lines 

indicate linear fits through the data. 

 In vivo experiment 4.3.3

The temperature development in the treatment cell in the coronal PRFS slice perpendicular 

to the HIFU beam and the average R1 of the tumor are depicted in Figure 4.5, for all treated 

animals. For the control group, the figures can be found in the appendix (see appendix, Figure S.1). 

The prolonged time in between temperature maps (8.6 s instead of 5 s without interleaving) due 

to the interleaved IR Look-Locker sequence, did not hamper the temperature stability of the MR-
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HIFU treatment (average temperature in the treatment cell, coronal PRFS slice, during treatment 

40.9 ± 0.3 °C). In the absence of TSLs, the tumor R1 measured in the IR Look-Locker dynamic 

during hyperthermia (period 2, Figure 4.1A) was no different from the average tumor R1 at body 

temperature (period 3, Figure 4.1A, pre-injection; paired samples T-test, p = 0.52) showing that 

the tumor R1 was not significantly influenced by the temperature increase.  

 

Figure 4.5. Average temperature in the treatment cell (coronal slice, black line) and R1 values as 

measured throughout the in vivo experiments for all treated animals (1 to 4). TSL infusion is started 

at t = 0 s and takes 180 s in total. The red and blue lines indicate the animal body temperature and 

the tumor bath temperature respectively, both measured by fiber optic temperature sensors. The 

error bars indicate the standard deviation on the tumor-averaged R1 values.  

Tumor R1 measurements of period 3 (no heating) demonstrated that that TSL injection 

without heating did not significantly influence the tumor R1 right after the injection (both groups, 

paired sample T-test, p = 0.1, comparison of tumor averaged R1 end vs beginning of period 3) or 

even over a prolonged period of time for the control group as the maximum ΔR1 during the sham 

sonications was 0.04 ± 0.05 s-1 (one-sample T-test, p = 0.202). In contrast, the treatment group 
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showed a clearly different temporal behavior of R1 due to the release of the MR contrast agent 

(Figure 4.5, Figure 4.6). During the first HIFU treatment period, the ΔR1 generally increased 

throughout the treatment albeit non-significantly, followed by a decline during cooling. The 

second heat treatment either plateaued or showed a slight increase in R1. When the ΔR1 was 

averaged over the entire HIFU treatment period (period 4 + period 6) the ΔR1,avg was not 

significantly larger for the treated tumors than for the control tumors (independent two-samples 

T-test, p = 0.07). The standard deviation on the averaged tumor R1 values is fairly large, due to the 

observed heterogeneity of the R1 change across the entire tumor (see corresponding R1 maps in 

Figure 4.6). 

Figure 4.6. Longitudinal relaxation rate R1 maps acquired during the first sonication after TSL 

injection for all treated and control animals (sham sonication). The maps shown during heating or 

during the control scan are acquired half-way through the heating period. The MR-HIFU transducer 

is located at the left of each R1 map, the absorber is located on the right side. Tumors are delineated 

by a black line.  

 Influence of closed TSL on temperature map 4.3.4

The effect of the injection of closed TSLs on the measured temperature by the interleaved 

PRFS scans was investigated using the temperature development in the coronal PRFS slice in the 

absence of heating for all animals in period 3 (for examples, see Figure 4.7 and Appendix, Figure 

S.2). The TSLs were injected 240 s after the acquisition of a baseline temperature map over an 

infusion period of 180 s. The average temperature was fitted linearly before and after the infusion 

to determine if there was a change in temperature drift before and after the TSL infusion. No 
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significant change could be detected between the slopes before and after TSL injection (paired 

samples T-test, p = 0.811). To check for sudden temperature jumps, the linear fits before and after 

the infusion were used to calculate the temperature at the break point of 330 s (half-way through 

the infusion). The break point temperature was comparable (0.02 ± 0.65 °C after minus before,  

p = 0.959, paired samples T-test) before and after TSL injection. The time-averaged variance in the 

treatment cell voxels generally increases over time, as can be observed from the increasing spread 

between the maximum and minimum temperature in the treatment cell (Figure 4.7 and appendix, 

Figure S.2). When comparing the spatial variance of the temperature before the infusion period 

versus after the infusion period for the control animals, the spatial temperature variance showed 

an increasing trend over time (p = 0.051, paired samples T-test), which was also present when 

evaluating the same timespans in the absence of TSLs (p = 0.085, period 2, Figure 1A). For the 

control animals, the temperature variance over the treatment cell after the infusion period 

(period 3, Figure 1A) was comparable to the variance in the corresponding timeframe for the scan 

without TSLs (period 2, Figure 4.1 A) (control TSL vs control no TSL: paired samples T-test, p = 

0.142). The treated animals cannot be analyzed this way, as there are no PRFS data present of a 

period without heating and without TSL injection. 

 

Figure 4.7. Influence of the injection of Gd-containing TSL on the measured temperature. An example 

of the development of the measured temperature in the (sham) treatment cell before and after the 

infusion of TSLs is shown. The red lines indicate the linear fits through the average temperature 

before and after the infusion period, which is indicated by the grey box.  

 Doxorubicin vs R1 4.3.5

The average doxorubicin concentration in the treated tumors was 8.4 ± 7.4 μg/g in 

comparison to 1.3 ± 1.2 μg/g for the unheated control tumors (not significantly different,  

p = 0.107, independent samples T-test assuming equal variances). The large spread on the 
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achieved doxorubicin concentrations corresponds to the observed spread in ΔR1 values in the 

treated tumors (Figure 4.6). As shown in Figure 4.8A, the tumor doxorubicin concentration 

showed a linear correlation with ΔR1,IL avg and the ΔR1,IL max during both sonications (n = 8, R2adj = 

0.933, p = 6.1 ∙ 10-5 and R2adj = 0.947, p = 3.1 ∙ 10-5 respectively), which was stronger than for the 

ΔR1,max and the ΔR1,avg measured after tumor cool down with a non-interleaved IR Look-Locker 

sequence (ΔR1,avg and ΔR1,max for both sonications, n = 8, R2adj = 0.877, p = 3.9 e-4 or R2adj = 0.847,  

p = 7.4 ∙ 10-4 respectively). The results for the linear fit for all MR-parameters (appendix  

Table S. 1) that were taken into consideration are summarized in Table 1. When ΔR1,IL avg was used 

to calculate doxorubicin concentrations directly by taking into account the measured 

Gd/doxorubicin ratio of the TSLs according to Eq. 4.3, the calculated doxorubicin 

(doxorubicincalculated) slightly underestimated the measured doxorubicin  

(doxorubicin measured). A Bland-Altman analysis is presented in Figure 4.5B and indicated that on 

average, the difference between the doxorubicincalculated and the doxorubicinmeasured was 1.71 μg/g 

(95% CI ranging from -1.54 – 4.96 μg/g).  

 

Figure 4.8. A) The average change in longitudinal relaxation rate R1 measured by interleaved scans 

throughout the treatment (ΔR1,IL avg) versus the measured doxorubicin (doxorubicinmeasured) 

concentration in the tumor 90 min after injection. The line indicates a linear fit through the data 

with doxorubicin measured (μg/g) = 24.3 μg/(g s) ∙ ΔR1,IL avg (s-1) + 1.3 μg/g. B) The doxorubicin that 

was calculated based on the ΔR1,IL avg, and the known Gd / doxorubicin ratio of the TSLs 

(doxorubicincalculated) versus the doxorubicinmeasured in a Bland-Altman plot. The dashed lines indicate 

the 95% limits of agreement. 

 Discussion 4.4

In this study, an interleaved MR-scanning framework was applied to monitor both R1 and 

PRFS simultaneously during HIFU-induced hyperthermia, with the ultimate goal to visualize and 

potentially quantify drug release without hampering crucial thermometry feedback to the HIFU 

system. Maintaining hyperthermia over an extended period of time with MR-HIFU presents an 

especially challenging case as the near-real time PRFS temperature feedback so far blocked the 
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MR from any other acquisitions that could provide additional information during the treatment. In 

our experiments, we showed first that interleaved acquisition of R1 and PRFS thermometry does 

not influence each other in terms of accuracy, although time spans increased until full R1 maps 

were acquired. Subsequently, we used interleaved scanning in an in vivo study to additionally 

obtain several R1 maps during the hyperthermia phase to quantify doxorubicin delivery from 

paramagnetic, gadoteridol-loaded TSLs. In contrast, earlier studies on MR-image guided drug 

delivery, R1 maps were acquired only before and after heating to quantify release of 

doxorubicin.122,131,211  

Table 4.1. Results of the linear regression and correlation analysis of tumor doxorubicin 

concentration as measured fluorometrically versus several tumor MRI parameters X. r denotes the 

Pearson’s r-value, R2adj the adjusted coefficient of determination and p the p-value of the fit.  

  Linear regression ([doxorubicin] = a∙X +b) 

Interleaved  MRI parameters a b r R2
adj p 

  (μg/(g s)) (μg/g)    

yes 

ΔR1, IL max (s
-1) 17.321 0.522 0.977 0.947 3.055 ∙ 10-5 

ΔR1, IL avg (s
-1) 24.253 1.277 0.971 0.933 6.100∙ 10-5 

ΔR1, IL avg 1st (s
-1) 24.737 1.533 0.961 0.910 1.468∙ 10-4 

ΔR1, IL avg 2nd (s
-1) 22.978 1.082 0.965 0.921 1.001∙ 10-4 

ΔR1, IL avg, enh (s
-1) 31.477 -5.205 0.977 0.937 2.136∙ 10-2 

       

no 

ΔR1, max (s
-1) 31.440 -1.174 0.932 0.847 7.419∙ 10-4 

ΔR1, avg (s
-1) 28.810 0.921 0.946 0.877 3.850∙ 10-4 

ΔR1, 1st (s
-1) 30.467 -0.019 0.922 0.825 1.130∙ 10-3 

ΔR1, 2nd (s
-1) 32.414 -0.371 0.956 0.900 2.042∙ 10-4 

       
  (μg/(g%)) (μg/g)    

yes 
Enhancement (%)  0.235 -2.360 0.995 0.986 4.66∙ 10-3 

 (μg/g) (μg/g)    

AUC (ΔR1) (-) 130.193 1.427 0.965 0.919 1.063∙ 10-4 

 

These intermittent R1 maps provided a clear visualization which (parts of the) tumors were 

showing the largest contrast agent release and therefore also release of doxorubicin. For instance, 

in treated animal 1 (Figure 4.6), minimal R1 changes were observed which correlated with the 

lowest doxorubicin concentration (0.5 μg/g) observed in the treatment group. This clearly 

exemplifies the need for image-guided drug delivery. For this particular animal, the low 

doxorubicin concentration could be related to the temperature of the tumor water bath (35.5°C). 

As the PRFS based thermometry gives a relative temperature change with respect to an assumed 

tumor starting temperature of 37°C, the actual temperature achieved in this tumor was probably 

lower than the PRFS-data suggested, due to the low tumor water bath temperature.  

Upon release, the different pharmacokinetic properties of doxorubicin and gadoteridol lead 

to a high tissue and intracellular uptake for doxorubicin55 while gadoteridol is mainly washed out 

due to perfusion. The pharmacokinetic of gadoteridol is well described by e.g. the Tofts model for 

MR contrast.239 Accordingly, the absolute ΔR1 diminished over time due to perfusion related 

washout of gadoteridol. Analysis of our data showed that the ΔR1,IL avg over the whole heating 
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period or sham treatment period for the control group respectively correlated well with the 

average doxorubicin concentrations found in the tumors. In comparison, if the doxorubicin 

concentration in the tumor is simply calculated based on ΔR1,IL avg while taking the relaxivity of the 

liposomal and free (i.e. after release) gadoteridol as well as the known doxorubicin/gadolinium 

ratio of the liposomes into account, the calculated amount of doxorubicin in the tumor only 

slightly underestimated the actual doxorubicin concentration present. In image-guided drug 

delivery studies, ΔR1,IL avg can therefore be used as a first predictive measure underlining the value 

of simultaneous R1 acquisition. Above slight underestimation affirmed that the ratio of 

doxorubicin/gadolinium changed in vivo due to their different pharmacokinetics, which was 

noticed before by De Smet et al.131 For the same reason, it was hypothesized that the correlation of 

the doxorubicin concentration and the ΔR1 measured after tumor cooldown would be lower than 

for ΔR1-values acquired during heating. As expected, the ΔR1, avg and ΔR1, max measured by the non-

interleaved IR Look-Locker scans after each treatment did not show an equally strong correlation 

with the doxorubicin concentration as the ΔR1,IL avg and ΔR1,IL max.  

Moreover, the 9L tumor treated in this study generally has a relatively low perfusion. In our 

experience, tumors that are better perfused show a stronger washout of gadoteridol leading to 

lower ΔR1 values (e.g. De Smet et al. observed higher ΔR1 for 9L gliomas131 than for R1 

rhabdomyosarcomas33) measured after tumor cooldown although the doxorubicin concentration 

may be even higher. In that situation, the interleaved R1 maps gathered during treatment would 

provide even more valuable information. Pharmacokinetic modelling of the amount of 

doxorubicin that accumulates in tumors upon drug release from TSLs have previously been 

performed by Gasselhuber et al.56,57 The R1 maps obtained during heating with the here 

performed interleaved scanning could facilitate parameter estimation to yield even more precise 

doxorubicin estimates.  

Although the rationale to interleave R1 maps with the thermometry sequence while 

performing a HIFU-induced drug delivery treatment is clear, it should be noted that the R1 maps 

acquired during the very first part of the treatment, where the change in gadolinium 

concentration is the strongest, are reporting on a time-averaged R1 value due to the changing 

relaxivity values during the acquisition of the map. Over time, the gadoteridol release and 

washout will approach a steady state, leading to smaller ΔR1 changes during the acquisition of an 

R1 map.  

In order to measure R1 maps and temperature maps simultaneously, it is not strictly 

necessary to turn to an interleaved approach as other methods are available to measure 

longitudinal relaxation recovery and phase changes concurrently. Dynamic gradient recalled 

sequences can provide the phase and amplitude information needed and have been previously 

applied to detect release of contrast agents from TSLs. The use of Look-Locker sequence,241 a 

dynamic multi-echo spoiled gradient echo sequence242 and of a variable flip angle (VFA) 

approach240 have been reported by others. All these sequences allow for sampling both 

temperature and R1 with high temporal and spatial resolution. The downside of these single-scan 

approaches is that parameters cannot be tuned for each application separately, as for example a 
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short TE is beneficial for the signal intensity used to measure the R1 maps while it makes the 

thermometry sequence less sensitive. Moreover, the VFA approach relies on an accurate B1 

map.240 Although abovementioned studies have showed that these non-interleaved approaches 

are feasible for drug release monitoring, we believe that the framework to interleave scans during 

HIFU treatment can find a broader application to acquire other parameters of interest during a 

HIFU treatment. Possible applications are measuring the transverse relaxation rate additionally to 

PRFS for simultaneous monitoring of temperatures in adipose and non-adipose tissue,245,246 or to 

combine PRFS with a fast ultra-short echo time T1 map to monitor heat in any nearby bone.251 

Also, interleaving scans grants the freedom to determine parameters in different spatial locations 

or at a different temporal or spatial resolution. 

Although the interleaved scanning framework in theory enables interleaving any given MR 

sequence at any given point in the nested scan loop, it is important to recognize the potential 

influence of spin history on the measured results. Moreover, when one or more scans need to 

provide feedback to the HIFU system, the time frame during which additional sequences can run, 

is limited. Therefore, it is crucial to make a deliberate choice between the order of the scans, the 

position of the scans with respect to each other and the timing of the scans. Recent work by Weiss 

et al.252 on a similar combination of sequences, showcased the influence of eddy currents on the 

PRFS phase. They showed that switching the interleaving on and off led to a phase jump in the 

order of 50 - 100 mrad at 1.5 T, which could lead to clinically relevant changes in the measured 

temperature. However, since in our experiments, the PRFS reference phase map was also acquired 

in an interleaved fashion, the influence of eddy currents is present in both the reference map and 

following phase maps. The research by Weiss et al. does indicate the importance of continuing the 

interleaved pattern even though one of the two interleaved scans might already have been 

acquired fully. For this particular application, early phantom experiments showed that overlap 

between the IR Look-Locker slice and the last PRFS slice acquired, resulted in signal-to-noise 

reduction (see appendix, Figure S.3). To minimize this influence, the choice was made to position 

the sagittal IR Look-Locker slice adjacent to but not overlapping with the last sagittal PRFS slice 

(Figure 4.1D) and to acquire the coronal PRFS slice before the sagittal one. Consequently, the IR 

Look-Locker slice is not located directly on the long axis of the HIFU treatment cell but slightly to 

the side. As the R1 values of the phantom tubes calculated from both non-interleaved and 

interleaved IR Look-Locker data resulted in comparable values, the influence of the thermometry 

slices on the R1 maps is considered to be negligible in the current configuration. Due to time 

constraints arising from the requirement to provide timely feedback to the MR-HIFU system, a 

relatively short inversion time is chosen for the IR Look-Locker scans. The interleaving then gives 

rise to an artificially longer TI due to the waiting time in between IR Look-Locker dynamics, which 

improved the magnetization recovery. 

Another point of attention for the monitoring of drug delivery via the release of paramagnetic 

contrast agents has been voiced and exemplified by Hijnen et al. and Peller et al.132,144 Both 

authors showed that the susceptibility of Gd-based contrast agents led to phase changes, which 

were translated into false temperature maps using PRFS thermometry. In this study, no significant 

changes in drift, no noticeable temperature fluctuations on top of the drift and no additional 
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increase in spatial temperature variation or drift in the presence of closed TSLs were detected. 

Although Hijnen et al. showed a location-dependent susceptibility effect across a rat’s muscle,144 

in the current study, the variance across tumor voxels upon the injection of gadoteridol-loaded 

TSL was comparable to the drift in the absence of TSLs. A possible explanation may be the lower 

injected dose of gadoteridol (75 μmol/kg) compared to Peller et al. (100 μmol/kg liposomal 

gadodiamide (Omniscan®)) and Hijnen et al. (600 μmol/kg of free gadopentetic acid 

(Magnevist®)). Moreover, while Peller et al. injected TSLs that released their gadolinium while 

passing through a heated tumor132 and Hijnen et al. injected free gadopentetic acid,144 we studied 

the effect of liposomally encapsulated gadoteridol, which predominantly stays inside the vessels 

and shows slow clearance after injection. This could alter the susceptibility effect on the PRFS 

data. Possible susceptibility effects of contrast agents can be minimized by injecting the 

paramagnetic TSLs before acquiring the PRFS reference phase map at body temperature which 

limits the concentration changes between the reference map and the following phase maps at 

elevated temperatures. The latter approach is certainly valid for liposome-encapsulated 

gadoteridol as liposomes have long circulation half-lives, which leads to relatively small changes 

of gadoteridol concentration within the blood over the experimental time span.131 However, this 

situation could be complicated through release of the contrast agent causing an accumulation and 

a distribution change of gadoteridol, which both could induce relevant susceptibility 

changes.253,254 The latter has not been addressed in this study. Alternatively, an iron-based T1 

agent could be used which inherently leads to smaller susceptibility changes.211 

 Conclusion 4.5

In this proof-of-concept study, we demonstrated the successful implementation of an 

interleaved scanning approach during MR-HIFU. The interleaved acquisition PRFS thermometry 

and R1 maps provided the HIFU console with a temperature feedback to ensure stable 

hyperthermia, while the R1 maps allowed visualizing the doxorubicin release in the tumor. The 

interleaved scanning approach as opposed to a single sequence allowed free choice of MRI 

sequences and independent optimization of scan parameters, however, possible spin history 

effects need to be avoided.  
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 Appendix 4.7

 

Figure S.1 Average temperature in the sham treatment cell (coronal slice, black line) and R1 values 

as measured throughout the in vivo experiments for all control animals (1 to 4). The error bars 

indicate the standard deviation on the tumor-averaged R1 values. TSL infusion is started at t = 0 s 

and takes 180 s in total. The red and blue lines indicate the animal body temperature and the tumor 

bath temperature respectively, both measured by fiber optic temperature sensors. 
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Figure S.2 Development of the measured temperature in the (sham) treatment cell in the coronal 

PRFS slice without (first column) or in the presence of TSLs (second column, injection indicated with 

the arrow) for all control animals (1 to 4). Both in the presence and the absence of TSLs, the average 

temperature in the treatment cell is linearly fitted before and after the infusion period, which is 

started at t = 0 s and takes 180 s in total. The grey lines indicate the maximum and minimum 

temperatures measured in the treatment cell. 
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Table S.1 R1 parameters. 

Parameter Description All pixels Interleaved Period R1 Period 
R1,0 

    (Figure 4.1A) 

ΔR1,IL avg time-averaged PRFS-based ΔR1 over the 
tumor  

Yes Yes 4 + 6 2 

ΔR1,IL avg,1st time-averaged ΔR1 for the 1st heating 
period 

Yes Yes 4 2 

ΔR1,IL avg,2nd time-averaged ΔR1 for the 2nd heating 
period 

Yes Yes 6 2 

ΔR1, IL enh time-averaged ΔR1 of the enhanced pixels  Only 
enhanced* 

Yes 4 + 6 2 

ΔR1,avg Averaged ΔR1 after cool-down from both 
heating periods 

Yes No 5 + 7 (first 
scan) 

1 

ΔR1,1st ΔR1,1st directly after cooldown for the 1st 
heating period 

Yes No 5 1 

ΔR1,2nd ΔR1,1st directly after cooldown for the 2nd 
heating period 

Yes No 7 (first scan) 1 

R1,0 is the R1 value of the tumor prior to TSL injection used in the calculations of ΔR1; 
* enhanced: defined as R1 > R1,0 + 5 x temporal standard deviation of R1 in absence of TSLs. 

 

 

Figure S.3 The temperature map slices interleaved with the sagittal IR-Look Locker slice led to 

considerably less signal in the area where the last PRFS slice was positioned, as can be seen from the 

difference in signal right after the inversion pulse for a tumor pixel (white dot, right images) outside 

(A) or inside the PRFS slice (B). 
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5  

Biodistribution of liposomal  

gadolinium-based  

magnetic resonance imaging  

contrast agents 

 

Abstract Over the past years, numerous gadolinium (Gd)-based liposomal contrast agents (CAs) 

have been designed for image-guided drug delivery and the imaging of disease markers. The 

association of the Gd-chelates with a liposome causes considerable changes in their 

pharmacokinetics. As this can potentially result in prolonged retention of Gd chelates, it is 

important to study the blood kinetics and biodistribution of such liposomal Gd CAs. In this study, 

three different Gd-bearing liposomes were studied in rats: gadoteridol loaded non-temperature 

sensitive liposomes (Gd-NTSLs), gadoteridol loaded temperature sensitive liposomes (Gd-TSLs) 

and Gd-lipid conjugated-NTSLs (Gd-LC-NTSLs). The blood half-lives of the 111In-labeled Gd-NTSLs, 

Gd-TSLs and Gd-LC-NTSLs were respectively 20.5 ± 2.5 h, 3.4 ± 0.3 h and 8.0 ± 0.5 h. The blood 

half-life of the Gd was respectively 22 ± 5 h, 1.4 ± 0.2 h and 7.8 ± 0.7 h for these liposomes. This 

indicated that the Gd-chelate leaked from the Gd-TSLs while it stayed associated with the other 

formulations. For all three formulations, the Gd resided mostly in spleen and liver and showed 

prolonged retention in the rest of the carcass. Gd-LC-NTSLs led to the longest Gd retention with 

more than 5 % of the injected dose left 12 weeks after injection. For Gd-NTSLs, Gd levels indicated 

intermediate Gd retention. The injection of Gd-TSLs led to considerably shorter Gd retention time 

and less accumulation of Gd to begin with as ~50 % of the encapsulated gadoteridol leaks out of 

the liposome with subsequent renal clearance even without heating.  

 

 

Manuscript in preparation for submission  
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5.1 Introduction 

Gadolinium (Gd)-based low-molecular weight contrast agents (CAs) are the most used CAs in 

clinical contrast-enhanced magnetic resonance imaging (MRI) scans with worldwide more than 

30 million contrast-enhanced procedures per year.255 In clinically approved CAs, the Gd ion is 

stably chelated using for example linear molecules like 2-[Bis[2-

[bis(carboxymethyl)amino]ethyl]amino]acetic acid (DTPA, “linear Gd chelate”) or macrocyclic 

molecules like 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, “cyclic Gd 

chelate”) and derivates thereof.256 As small molecules, CAs are predominantly cleared via renal 

excretion with typical plasma elimination half-lives of around 70 - 90 minutes.257,258 Gd-chelates 

are relatively non-toxic with an LD50 (the lethal dose leading to 50% mortality) of 8 mmol/kg in 

rats.259 The situation is very different for free Gd ions, which can dissociate from the chelate by 

dechelation or transmetallation.259,260 The high affinity of Gd3+ for endogenous phosphates and 

metal binding sites on proteins causes interference with many physiological processes261,262, 

resulting in a much lower LD50 of 0.5 mmol/kg in rats.263 However, due to the high kinetic and 

thermodynamic stability of Gd-chelates, dechelation or transmetallation of Gd3+ for clinically used 

low-molecular weight CAs is generally of no concern as the clearance of the CA in patients with 

healthy renal function is sufficiently fast to prevent accumulation in other tissues.260  

In contrast, dechelation or transmetallation becomes a risk when the biodistribution of the 

CA is altered, leading to a prolonged retention in the body. This is for example the case for 

patients with impaired kidney function. In this group of patients a high prevalence of nephrogenic 

systemic fibrosis (NSF) was observed after contrast enhanced MRI scans.264 In rats with severely 

impaired kidney function, a single gadodiamide (Omniscan®) dose less than 30% of the 

abovementioned LD50 already led to increased tissue Gd and skin cellularity.265 Despite the fact 

that the vast majority of clinical NSF cases (~90%) occurred after the administration of 

gadodiamide (Omniscan®), the Food and Drug Administration contra-indicated the use of all 

three linear Gd CAs (gadoversetamide, gadodiamide and gadopentetate dimeglumine) for patients 

with poor renal function.266 Although the pathogenesis of NSF is still not fully understood, the 

most commonly supported hypothesis is that the origin of the disease lies in the prolonged 

remanence of Gd-chelates inside the body, which could lead to the dissociation of Gd-ions from 

the linear chelate.267–270 Moreover, recent papers report on the accumulation of Gd in neuronal 

tissues271–273 after administration of linear Gd chelates, even in patients with healthy renal 

function.272,274 Above findings demonstrate the importance of having sufficiently stable Gd CAs 

with adequate clearance.260,275  

Apart from regular use as a low-molecular CAs, the Gd chelates can be incorporated in or 

conjugated to nanomolecular carriers, like micelles and liposomes.276 Functionalization of 

nanocarriers was performed for various reasons: for example to increase the relaxivity of the Gd 

CA214,277, to deliver a large payload of Gd CA per disease receptor276,278–281, to track drug-

containing vesicles with MRI and, in a more sophisticated approach, to monitor the release of 

drugs from drug-containing vesicles that respond to an externally applied or endogenous 

trigger276, like heat131,132,145,208,282,283, pressure39,40,284, light42 or pH-values.285 The use of 
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nanocarrier complicates the safety profile of the Gd-based CAs as this association changes their 

pharmacokinetic behavior tremendously.286–288 Compared to low-molecular weight CAs, 

nanocarriers typically have much longer circulation times and since they have sizes above the 

renal filtration threshold, they are cleared by the mononuclear phagocyte system (MPS) with liver 

and spleen as the predominant organs of uptake16,289 redirecting also the Gd CAs to these organs.  

 

Figure 5.1. Schematic representation of the different Gd liposomes tested in this study. The 111In-

DOTA-DSPE is only present in the formulations for the groups in which the blood kinetics is 

investigated. 

This study explores the biological fate and the retention time of Gd-chelates associated with 

three different types of liposomes for possible application in image guided drug delivery (depicted 

in Figure 5.1). The first liposome that is investigated, is a thermosensitive liposome (TSL)43,54 that 

encapsulates gadoteridol in its aqueous lumen (Gd-TSL), typically used for local drug delivery in 

combination with hyperthermia. When encapsulating CA in the liposomal lumen, the CA functions 

as a surrogate MRI marker for drug release which allows visualization and quantification of drug 

delivery. 129,131,132,136,165,211,212 The second liposome we investigated is a non-temperature sensitive 

liposome (NTSL), which is a Gd-modified version of the Doxil® formulation, a clinically used 

doxorubicin-loaded liposome for cancer treatment. The liposome is loaded with the low-

molecular Gd based CA gadoteridol in its aqueous lumen (Gd-NTSL) and can be used to monitor 

biodistribution and tumor uptake of the corresponding drug-loaded counterpart. Finally, in the 

third liposomal formulation, the Gd-chelate is conjugated to a lipid that is incorporated in the lipid 

membrane of NTSLs (Gd-lipid conjugated NTSLs, Gd-LC-NTSLs). The result is a structure with a 

higher ionic relaxivity than the free Gd CA due to the decreased rotational correlation time of the 

Gd-chelate.256,276 This type of liposome has been used e.g. for non-targeted imaging of organs of 

the MPS (liver and spleen)290, diseases that display endothelial dysfunction e.g. inflammation and 

cancer276,278,291,292, or targeted molecular imaging of e.g. αvβ3-integrin, a molecular marker for 

tumor angiogenesis.293,294  
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The aim of this study is to investigate the biodistribution and organ retention of Gd CAs 

associated with the three abovementioned liposomes (Figure 5.1), which have been used in 

earlier preclinical studies as liposomal CAs. The two formulations Gd-TSL and Gd-NTSL both 

encapsulate a clinical CA in their interior lumen but differ in the intrinsic stability and 

permeability of the lipid membrane, which can affect biodistribution, organ retention and 

subsequent clearance of the CA. For the third formulation, Gd-LC-NTSL, the downstream fate of Gd 

is more likely determined by lipid exchange, metabolization and possible cleavage of the 

covalently conjugated chelate, or dechelation and transmetallation.  

To investigate the blood kinetics and initial biodistribution of both the liposome and the 

associated Gd, rats were injected with 111In-labeled liposomes. The blood kinetics of the liposomes 

were analyzed by γ-counting and inductively coupled plasma mass spectroscopy (ICP-MS) or 

inductively coupled optical emission spectroscopy (ICP-OES) was used to determine the blood Gd 

levels. This way, the leakage or dissociation of the Gd from the liposomes could be detected. 

Furthermore, the Gd retention in kidney, liver, spleen and the remaining carcass was studied in a 

separate group of rats over a period of 12 weeks. 

5.2 Materials and Methods 

5.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DPPE-PEG2000) and 1,2-stearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) were obtained 

from Corden Pharma (Plankstadt, Germany). Cholesterol (chol) and hydrogenated-L-α-

phosphatidylcholine (HSPC) were purchased from Avanti Polar Lipids (Alabaster, Alabama, 

United States). 1,2-dipalmitoyl-sn-glycero-3-phosphodiglycerol (DPPG2) was synthetized 

according to the procedure described by Lindner et al.45 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-[tetraazacyclododecane tetraacetic acid] (DOTA-DSPE) and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-Gd(III) [tetraazacyclododecane tetraacetic acid] (Gd(III)-

DOTA-DSPE) were both synthetized by SyMoChem (Eindhoven, the Netherlands). 

[Gd(HPDO3A)(H2O)] (ProHance®, gadoteridol) was obtained from Bracco Diagnostics. 111InCl3 

was purchased from Perkin Elmer (Groningen, the Netherlands). All remaining chemicals were 

obtained from Sigma Aldrich (St. Louis, Missouri, United States). PD-10 desalting columns were 

bought from GE-Healthcare Life Sciences (Little Chalfont, United Kingdom). Centrifugal filters 

were purchased from Millipore (Darmstadt, Germany). 

5.2.2 Liposomes 

Three different liposomes were prepared by lipid film hydration and extrusion: Gd-NTSLs 

composed of HSPC : chol : DPPE-PEG2000 = 59 : 39 : 2 (molar ratio), Gd-TSLs composed of  

DPPC : DSPC : DPPG2 = 50 : 20 : 30 and Gd-LC-NTSLs composed of DSPC : chol : Gd(III)-DOTA-
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DSPE : DSPE-PEG2000 = 37 : 33 : 25 : 5. The lipids were dissolved in a mixture of chloroform : 

methanol (7 : 3 v/v) and evaporated to dryness at 55 °C. The resulting lipid film was left to dry 

overnight under N2 flow. The lipid films were hydrated with either a 250 mM gadoteridol, 20 mM 

HEPES solution at pH 7.4 (for Gd-NTSLs and Gd-TSLs) at 40 °C or by HEPES buffered saline (HBS), 

pH 7.4, at 65 °C (Gd-LC-NTSLs). The resulting suspensions were extruded in a thermobarrel 

extruder at either 60 °C (Gd-TSLs, Gd- NTSLs) or 65 °C (Gd-LC-NTSLs). Samples were extruded 4 

times through polycarbonate filters of 200 nm pore size (4 times) and 100 nm pore size (6 times). 

Unencapsulated gadoteridol was removed by passing the samples over 3 PD-10 columns pre-

equilibrated with HBS, pH 7.4. The Gd-LC-NTSLs were passed over 1 PD-10 column.  

5.2.3 Liposome characterization 

The hydrodynamic radius of the liposomes was determined by dynamic light scattering (DLS, 

Malvern Instruments, Malvern, United Kingdom). Gd concentrations were determined by ICP-MS 

and phospholipid concentrations by a Rouser assay.215 For the Gd-TSLs and the Gd-NTSLs, the 

stability of the gadoteridol encapsulation over time was tested at 37 °C in 90 % foetal bovine 

serum (FBS). For the Gd-TSLs, additionally, the release of gadoteridol from the TSL over time was 

tested at 42 °C. For each time point, three samples were prepared by adding 20 μL liposome 

solution to a pre-heated solution of 180 μL FBS (resulting in Gd concentrations of 1.5 - 2.5 mM). 

The samples were then cooled on ice after 1, 2, 5, 10, 30, 60 or 90 min of heating. Afterwards, the 

longitudinal relaxation time T1 of each sample was determined at 23 °C at 1.41T using a 60 MHz 

Bruker Minispec (Bruker, Massachusetts, United States of America) and the release of Gd was 

calculated as described previously by De Smet et al.59 Baseline measurements were performed on 

unheated samples and full release of gadoteridol was ensured by addition of 5 μL of 10% (v/v) 

Triton-X 100.  

Longitudinal relaxivity (r1) of the liposomes was determined in HBS, pH 7.4, at  

1.41 T at 37 °C by measuring the T1 of a dilution series of each liposome or gadoteridol solution, 

ranging from 0.25 to 4 mM for Gd-NTSLs, Gd-TSLs and gadoteridol and from 0.125 to 2 mM for the 

Gd-LC-NTSLs. For the Gd-TSLs, the samples were treated with Triton-X 100 and remeasured to 

determine the relaxivity after Gd release. The r1 was determined by a linear fit through the 

longitudinal relaxation rate R1 = 1 / T1 versus Gd concentration data.  

5.2.4 Liposome radiolabeling 

DOTA-bearing liposomes were radiolabeled to determine their blood kinetics and 

biodistribution. For this purpose, a new set of liposomes was prepared as described previously 

with an additional 1 molar % of DOTA-DSPE. For these liposomes, all buffers were treated 

overnight with Chelex-100 resin to make them metal-free. Subsequently, 200 μL of liposomes 

were radiolabeled by 2 h of incubation at 32 °C followed by overnight incubation at 26 °C with 
111InCl3 (in 0.05M HCl, 10 - 20 μL) in 20 µL 2M ammonium acetate buffer pH 4.5. The 

radiochemical purity was tested with instant thin-layer chromatography (iTLC, running buffer: 

200 mM EDTA in 0.9 % NaCl) and was always ≥ 95%. After 10 min of incubation with 2 μL DTPA 
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10 mM at 26 °C, the sample was passed over a 40 kDa Zeba column pre-equilibrated with metal-

free HBS, pH 7.4. A dose calibrator was used to correct for dilution and loss of sample in order to 

determine the resulting Gd concentration. The radiolabeled liposomes were diluted with cold 

liposomes to an average 111In activity of 0.103 ± 0.008 MBq / μmol Gd. The stability of the labeling 

was tested in 50% FBS at 37°C for 24 hours. Over this time period, ≥ 94% of the 111In stayed 

associated with the liposomes, as tested by iTLC. 

5.2.5 Animal experiments 

All animal experiments were carried out on female Brown-Norway rats (9 ± 1 weeks, 147 ± 

10 g). The animal study protocols were approved by the committee of Animal Research of 

Maastricht University, Maastricht, the Netherlands. 

5.2.6 Blood kinetics and biodistribution  

111In-labeled liposomes (3.13 ± 0.36 MBq/mL liposome solution, ~1.0 ± 0.1 MBq/rat, Gd dose 

62.5 μmol/kg, 4 rats per liposome type) were injected via the tail vein of Brown Norway rats 

under isoflurane anesthesia. For the liposomes, samples were drawn at 2, 8, 30, 60, 180, 420 min 

and 24h after injection. During the first 60 min, the animals were kept under anesthesia. Their 

body temperature was measured rectally and was regulated by a heated plate and heating pads. 

48 hours after injection, the animals were sacrificed, another blood sample was taken and their 

organs were harvested and blotted dry for gamma counting. The blood and organ samples and 

standards of the 111In-labeled TSLs were weighed and their radioactivity was counted with a 1480 

Automatic Gamma Counter (Wizard™ 3’’, Perkin Elmer, Waltham, Massachusetts, United States). 

Afterwards, the blood samples were homogenized in 1 mL of water at 30 Hz for 10 min in the 

presence of a stainless steel ball (Tissuelyser, Qiagen, Hilden, Germany) and transferred to glass 

ICP tubes. In a separate group of animals (n = 4), the blood kinetics of Prohance® (the clinical 

formulation of gadoteridol) was investigated. Prohance® (Gd dose 62.5 μmol/kg, 25 mM in 

saline) was injected intravenously under isoflurane anesthesia. Blood samples were drawn at 2, 8, 

20, 60, 180, 420 min and collected in glass ICP tubes. The animals were under anesthesia for 20 

min. 24 hours after injection, the animals were sacrificed, another blood sample was taken and 

their liver, kidneys and spleen were harvested, blotted dry and transferred to glass ICP tubes. The 

rest of the carcass was stored in a glass 1 L bottle for sample destruction. The blood volume of 

each rat was calculated based on the percentage injected dose (%ID) 111In per gram of blood at 

the 2 min time point, under the assumption that the liposomal carrier was still fully present at this 

time point (100 %ID). The average calculated blood volume per gram of bodyweight was 0.078 ± 

0.005 mL / g of bodyweight. For the animals injected with gadoteridol, the blood volume was 

calculated based on this average. Blood kinetics data were fitted in Origin 2015 (OriginLab 

Corporation, Northampton, Massachusetts, United States). 
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5.2.7 Biodistribution of gadolinium 

The biodistribution of Gd for the different liposomal formulations and for Prohance®, was 

investigated over a period of 12 weeks in a separate cohort of animals. The liposomes or 

gadoteridol were injected at a dose of 62.5 μmol/kg (Gd concentration ranging from 21 – 25 mM) 

during a short anesthesia period (~ 10 min) after which the animals were allowed to recover. The 

animals were sacrificed at 1 day or 1, 6 or 12 weeks after injection (n = 3 per time point and per 

liposome type). Their liver, kidneys and spleen were harvested, blotted dry and transferred to 

glass ICP tubes. The rest of the carcass was stored in a glass 1 L bottle for sample destruction.  

5.2.8 ICP analysis 

Nitric acid was added to the samples for sample destruction in a heating block at 120°C. 

When the destruction was completed, the samples were cooled down and diluted to a known 

volume. The amount of Gd was determined using an Axial Varian Vista Pro ICP-OES (Varian Inc., 

Palo Alto, California, United States) or Perkin Elmer 6100 DRCplus ICP-MS. ICP-MS was used for 

lower Gd amounts (< 0.8 µg Gd for blood, spleen, kidney, < 2.5 µg for liver and <12 µg for the 

carcass). During ICP analysis, the sample solutions were fed through a nebulizer. This produced 

an aerosol which was led into an argon plasma. In case of ICP-OES analysis, the intensity of the 

emission was used to determine the amount of Gd present. In case of ICP-MS analysis, the free 

ions produced were introduced into a mass spectrometer, in which the ions are separated 

according to the mass/charge ratio. Calibration was carried out by comparison with intensities 

produced by standard solutions. Blanks and Gd2O3 reference samples were measured for quality 

control. Each blank, calibration standard, reference and sample solution contained corresponding 

amounts of internal standard to correct for system variations during measurement. Each 

measurement consists of multiple replicates and each element was measured using multiple 

wavelengths/isotopes. 

5.2.9 Description of the pharmacokinetic model 

The leakage rate and the relative clearance of liposome encapsulated and free Gd is 

calculated using a pharmacokinetic model. First, the liposome clearance and the gadoteridol 

clearance are fitted both by a mono-exponential function (Eq. 5.1,5.2). 

����(�) = ����(0) ∙  exp (−
��(�)

�� �⁄ ,���
∙ �)              Eq. 5.1 

��� (�) = ��� (0)  ∙  exp (−
��(�)

�� �⁄ ,��
∙ �)              Eq. 5.2 

with Cx(t) the blood concentration in %ID/g , Cx(0) the blood concentration at time point t = 0 and 

T1/2,x the half-life of the x = lip = liposomes or x = Gd = gadoteridol in minutes respectively. 
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 Using the thus obtained half-lives, the leakage was calculated based on the following 

differential equation and associated boundary value (Eq. 5.3 , 5.4). 

�����
� (�) =  −

��(�)

�� �,��⁄
∙ �����(�) +

��

����
∙  

��(�)

�� �,����⁄
����(�) ∙ (1 − �����) exp (−

��(�)

�� �⁄ ,����
∙ �)          Eq. 5.3 

�����(0) = ����� ∙  ����(0) ∙
��

����
              Eq. 5.4 

with Cfree(t) the free (non-liposomal) gadoteridol in the blood, BV = the blood volume in mL, VdGd 

the distribution volume of the gadoteridol, T1/2, leak the leakage half-life in minutes, burst the 

fraction of liposomes that have completely released their gadoteridol upon contact with the blood 

(as this is known to occur for some liposomes74). The VdGd was calculated based on the body 

weight of the animals (278 mL/kg bodyweight)295, as the gadoteridol blood kinetics data were not 

fitted well for the very first time points, leading to an unreasonably high estimate of VdGd for an 

extracellular CA.135 The concentration of the liposomally encapsulated gadoteridol at any time 

point CGd,lip (t) can be calculated using the previously described parameters according to  

Eq. 5.5: 

��� ,���(�) = (1 − �����) ∙  ����(�) ∙ exp (−
��(�)

�� �⁄ ,����
∙ �)            Eq. 5.5 

 Using this pharmacokinetic model, the fraction of gadoteridol cleared as free gadoteridol and 

as liposomally encapsulated gadoteridol can be calculated by Eq. 5.6 and 5.7. 

�������� ������� �� ���� �� = ∫ �����(�)�� 
�� �

�
∙ ����  ∙

��(�)

�� �⁄ ,��
           Eq. 5.6 

�������� ������� �� ��������� �� = 100% − (�������� ������� �� ���� ��)         Eq. 5.7 

 All calculations were performed in Mathematica 10 (Wolfram, Champaign, Illinois, United States). 

5.3 Results and Discussion 

5.3.1 Liposome characteristics 

Three different liposomal formulations, Gd-TSLs, Gd-NTSLs and Gd-LC-NTSLs, were prepared 

by extrusion and subsequently analyzed showing for all formulations similar hydrodynamic radii 

and Gd/phospholipid molar ratios (Table 5.1). The longitudinal ionic relaxivity for Gd-LC-NTSLs is 

higher compared to the ionic relaxivity in formulations where Gd CA encapsulated inside the 

lumen.126 Upon release of the gadoteridol from the Gd-TSLs, the relaxivity of free gadoteridol was 

restored.  
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Table 5.1. Characteristics for all the liposomes and the free gadoteridol (at the moment of in vitro 

characterization). PD.I. stands for polydispersity index, PP is an abbreviation for phospholipid. Avg 

and std indicate average and standard deviation respectively. 

  PP Gd Gd/PP Hydrodynamic 
radius 

PDI r1 

 
r1 after 
release 

  (mM) (mM) (-) (nm) (-) (mM-1s-1) (mM-1s-1) 

  avg std       

No 
DOTA 

Gd-LC-
NTSLs 

60.8 2.0 21.4 0.4 61.1 0.08 11.7 x 

Gd-NTSLs 52.4 0.7 27.0 0.5 61.2 0.05 0.9 x 

Gd-TSLs 123.1 12.3 58.9 0.5 56.6 0.07 0.6 x 

DOTA 

Gd-LC-
NTSLs 

73.9 1.2 26.4 0.4 59.2 0.07 13.0 x 

Gd-NTSLs 54.3 1.0 31.8 0.6 61.8 0.03 0.8 x 
Gd-TSLs  78.3 2.1 36.1 0.5 56.9 0.06 0.8 3.4 

 Gado-
teridol 

x x x x x x 3.2 x 

 

Gd leakage at 37°C was tested in 90% fetal bovine serum (FBS) for the two formulations 

where the Gd CA was encapsulated in the lumen (Gd-NTSLs and Gd-TSLs). For the Gd-TSLs, Gd 

release at 42°C was tested as well. Both liposomes show less than 10% leakage over 60 min at  

37 °C (NTSLs: 3.5 ± 1.8 %; Gd-TSLs: 4.5 ± 5.6 %). The Gd-TSL show a gradual exponential release 

at 42°C with 40% release within the first 5 min of heating, corresponding to the release of a 

similar Gd-based CA from Gd-TSL reported Peller et al. (Figure 5.2).164,283 The addition of 1 mol% 

DOTA-DSPE to the liposome formulations for radiolabeling did not alter their stability at 37 °C or 

the release kinetics at 42°C.  

5.3.2 Blood kinetics of the liposomes and associated contrast agent 

The blood kinetics of the different liposomes, the liposomal Gd and the free gadoteridol are 

presented in Figure 5.3. 1 mol% of DOTA-DSPE was incorporated in the liposomal bilayer and was 

labeled with 111In to measure the blood kinetics of the liposomes. The blood half-lives of the 111In-

labeled Gd-NTSLs, Gd-TSLs and Gd-LC-NTSLs were derived from a mono-exponential fit and were 

T1/2, lip = 20.5 ± 2.5 h, 3.4 ± 0.3 h and 8.0 ± 0.5 h respectively. Both the Gd-NTSLs and Gd-LC-NTSLs 

showed a long circulation time due to their PEGylation.296–298 The Gd-TSLs on the other hand were 

based on the synthetic lipid DPPG2 and showed a shorter blood circulation time. Limmer et al. 

reported similar blood half-lives for gemcitabine that was encapsulated in the same Gd-TSL, 

however, they did not monitor the liposome blood kinetics directly.73 
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Figure 5.2. Release of gadoteridol from the Gd-NTSLs and Gd-TSLs with (open symbols) or without 

(closed symbols) DOTA-DSPE lipid, in FBS at either 37 or 42 °C, based on changes in longitudinal 

relaxivity.  

The blood half-life of the encapsulated or attached Gd, T1/2, Gd , was respectively 22 ± 5 h,  

1.4 ± 0.2 h and 7.8 ± 0.7 h for the Gd-NTSLs, the Gd-TSLs and the Gd-LC-NTSLs. The free 

gadoteridol showed the fastest clearance with a half-life of 0.28 ± 0.05 h. For the NTSLs and the 

Gd-LC-NTSLs, the Gd half-life is comparable to that of the 111In-labeled liposome, implying 

minimal Gd leakage for the first and indicating the integrity of the Gd-DOTA-lipid conjugate 

without major Gd dechelation for the latter. For the Gd-TSL on the other hand, the blood Gd 

concentration showed a much faster decline than the 111In-labeled liposome, indicating Gd 

leakage. Based on the clearance characteristics of the liposomes and of the free gadoteridol, the 

leakage of the gadoteridol from the liposomes can be calculated based on a pharmacokinetic 

model as described in the Materials and Methods section. Using this model, a leakage half-life of 

2.8 ± 0.5 h was calculated for the Gd-TSLs and no burst was detected. As for the Gd-NTSLs, the Gd 

concentrations in blood were over the entire time span slightly higher than the 111In levels due to 

experimental errors preventing a meaningful calculation of a leakage. However, it indicates that 

the liposomes were not leaky during the blood kinetics time frame. The relatively large leakage of 

the Gd-TSLs in comparison with the Gd-NTSL is likely due to the lower Tm of the liposomal 

membrane. Furthermore, when compared to the in vitro stability of the Gd-TSLs at 37°C, the 

leakage in vivo was with approximately 10% within 1 hour post injection larger compared to 1.4 

% leakage observed in vitro. The latter behavior has been noticed previously for other TSLs as 

well.74 However, the in vitro liposome relaxivity of the DOTA-bearing Gd-TSLs was higher than 

that of the Gd-TSLs without DOTA, which might indicate some gadoteridol leakage prior to 

injection, possible caused by a longer storage period at 4°C.167  
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Figure 5.3. Blood kinetics of 111In-labeled Gd-LC-NTSLs (A), Gd-NTSLs (B) and Gd-TSLs (C) and the 

associated Gd as well as the blood kinetics of free gadoteridol (D). The lines through the data points 

indicate the mono-exponential fit through the data. 

In a typical application of Gd-TSL for temperature–mediated drug delivery, hyperthermia is 

applied for maximum one hour after injection to achieve significant drug accumulation in the 

target tissue. Over this period, the measured plasma concentration of Gd is considered to be 

sufficient, in fact, the leakage supports clearance of the gadoteridol via the faster renal clearance 

route. The same pharmacokinetic model as mentioned above was applied to estimate the fraction 

of Gd that was cleared as free gadoteridol and as liposomal Gd, which was 54 % and 43 % 

respectively.  

5.3.3 Biodistribution of the liposomes 

The initial biodistribution of the 111In-labeled liposomes was studied after two days using 

gamma counting and is presented in Figure 5.4. In all cases, the liposomes accumulated in the 

largest overall amount in the liver, while they showed the highest concentration in the spleen. 

Spleen clearance was much less prominent for the Gd-TSLs than for the other formulations  

(one-way ANOVA, p = 4.8 ∙ 10-8, Scheffe post-hoc tests, p < 0.001).  
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The other tissues showed less than 1% of the injected dose 48 h after injection, except for the 

tail, the lungs and the kidneys. The tail accumulation suggested some liposomes remained outside 

of the tail vein used for injection. The Gd-NTSLs showed a higher concentration in the lungs, 

kidneys and heart than the other liposomes (one-way ANOVA, p < 0.001, Scheffe post-hoc tests,  

p < 0.001). 

The total Gd recovered from the animals at various time points is plotted in Figure 5.4. After 1 

day, most of the Gd was recovered for the Gd-NTSLs and the Gd-LC-NTSLs (78 ± 8 % and 71 ± 5 % 

respectively). For the Gd-TSLs, 15 ± 3 % was recovered initially, while the gadoteridol showed 

even a lower recovery of 1.5 ± 0.6 %. The recovery of the Gd from the Gd-TSLs and the free 

gadoteridol dropped below 6% within 1 week. The Gd associated with the Gd-NTSLs and the  

Gd-LC-NTSLs showed a considerably higher retention after 1 week. Over time, for the Gd-NTSLs, 

the total residual Gd dose declined to 2.4 ± 1.7 % ID after 6 weeks, while the Gd associated with 

the Gd-LC-NTSLs never dropped below 6.4 ± 2.6 % ID within the 12 weeks of the experiment.  

Focusing on the origin of the recovered Gd (Figure 5.4), initially, at 1 day after injection, the 

carcass (entire animal without the spleen, liver and kidneys) showed the most prominent 

contribution for all the liposomes, followed by the liver. While for the Gd-LC-NTSLs, the Gd 

contribution of the carcass and the liver were comparable (~ 34 ± 4 % vs 30 ± 2 %), only  

9.5 ± 0.8 % of the Gd-NTSL associated Gd was found in the liver compared to 61 ± 7 % in the 

carcass, likely due to their slower clearance. Also the Gd-TSLs resided mostly in the carcass and to 

a much smaller extent in the liver, kidneys and spleen. After 1 day, the free gadoteridol was still 

present in the carcass and minor amounts could be found in the kidneys, liver and spleen (< 3% in 

total).  

The Gd in the carcass can have a number of origins. Initially, a large part of the Gd is expected 

to originate from the digestive tract, as the liposomes and liposomal Gd are known for their 

hepatobiliary clearance, which can also be derived from the 111In contribution in the liver (Figure 

5.4A).288 Both in early and late phases, another large contribution of the total Gd probably stems 

from the bone as liposomes get phagocytized and taken up by bone marrow, which is part of the 

MPS.288 Over time, it is possible that part of the Gd stems from Gd ions that accumulate in the 

bone299–301, most likely in its carbonated calcium hydroxyapatite mineral phase, which is a 

common accumulation site for lanthanides.302  
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Figure 5.4. Biodistribution of the liposomes (A), gadoteridol and liposome-associated Gd (B – F). The 

total recovered Gd in the entire animal (B), the liver (C), the spleen (D), the kidney (E) and the 

carcass (entire animal without the spleen, liver and kidneys) (F) are plotted over time. 
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Table 5.2. Area under the curve for gadolinium for the different liposomal formulations and for 

gadoteridol. 

 Liver Spleen Kidneys Carcass Total 

 avg stdev avg stdev avg stdev avg stdev avg stdev 

 (% ID / g ∙ days) (% ID / g ∙ days) (% ID / g ∙ days) (% ID / g ∙ days) (% ID / g ∙ days) 

Gd-LC-NTSLs 59.4 3.3 154 6 6.3 0.8 5.0 0.2 4.7 0.1 

Gd-NTSLs 29 13 221 51 7.0 1.6 4.3 0.3 4.1 0.3 

Gd-TSLs 2.4 0.5 11.7 1.0 2.4 0.1 0.8 0.2 0.71 0.19 
gadoteridol 0.063 0.009 0.15 0.02 1.9 0.3 0.06 0.02 0.068 0.014 

 

Over the time course of the experiment, for all liposomal formulations, the largest area under 

the curve (AUC) was seen in the spleen (Table 5.2), due to the high amount of Gd present in this 

relatively small organ. In the spleen, the Gd-NTSLs showed the largest AUC, followed by the  

Gd-LC-NTSLs. The Gd-TSLs and the free gadoteridol led to much lower AUCs. After the spleen, the 

liver showed the highest AUCs, which were again much lower for the Gd-TSLs and the free 

gadoteridol. The kidney and the carcass generally showed much lower AUCs for all formulations 

and the free gadoteridol. At 12 weeks, the Gd associated with all formulations has nearly 

disappeared from the measured organs and the carcass, except for the Gd-LC-NTSLs, for which the 

Gd is still present in considerable amounts in the carcass, the liver and the spleen (6.4 ± 2.6 %ID 

recovered in total). 

Although the current study is not suited to directly assess Gd induced toxicity, some 

hypothesis can be formulated regarding a potential clinical application and the consequences for 

the three different formulations. For the Gd-TSL formulation, about half of the gadoteridol had 

already leaked out of the TSL before they were engulfed by the MPS. Consequently, the 

biodistribution indicated that Gd-TSLs led to a lower and shorter retention of the Gd in any of the 

organs and carcass than either of the other two formulations. As the chelated Gd has a low toxicity 

while the Gd ion is highly toxic, the kinetic stability of the chelate is very important. With respect 

to their kinetic stability, the DOTA chelate used in the Gd-LC-NTSLs is superior compared to 

HPDO3 chelate of gadoteridol encapsulated in the Gd-NTSL or Gd-TSL260,303, however, at 

physiological pH 7, both Gd-chelates are exceptionally stable, with no measurable Gd release after 

15 days in human serum at 37 °C.275 As the Gd-LC-NTSLs show a higher retention even at late 

times in comparison to the Gd-NTSLs, it is still possible that the Gd-LC-NTSLs pose a greater risk 

of Gd-dissociation from the chelate. For the for the Gd-LC-NTSLs, the absolute amount of Gd found 

in the spleen 6 weeks after injection is 0.90 ± 0.04 % and this Gd level is maintained up to 12 

weeks after injection (1.07 ± 0.15 %). This could be an indication that free Gd-ion is present, as 

free Gd3+ is known to redistribute to the spleen.304 

In the past, Unger et al. have investigated the biodistribution and dissociation of various Gd-

complexes inside egg phosphatidylcholine and cholesterol liposomes.286,288 By using radioactive 
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153Gd and 14C-labeled ligand, they were able to determine the biodistribution of both the Gd ion 

and the ligand, shedding some light on the stability Gd-chelate. As these liposomes were not 

pegylated or long-circulating, the blood kinetics and biodistribution of these liposomes is different 

than for the liposomes used in this study. Nevertheless, the liposomes and their encapsulated Gd-

chelates were still cleared predominantly by liver and spleen, regardless of the Gd-chelate 

(gadoteridol, Gd-DTPA or Gd-DOTA). Therefore, these experiments can still give insight into the 

decomplexation of gadoteridol in this environment. The results of Unger et al. indicated that the 

Gd-ion in the Gd-DOTA most likely did not dissociate from the chelate up to 14 days after 

injection, as during this period the ratios of 153Gd and 14C-labeled ligand remained approximately 

1 in liver and spleen.288 However, for liposomal Gd-DTPA, there was a 5 times larger 153Gd 

concentration in the spleen than the 14C labeled DTPA-ligand, indicating the validity of safety 

concerns about liposomal Gd and the importance of the selection of a stable Gd-chelate. For 

gadoteridol, only data for the Gd-ion were reported. Fritz et al. observed more and different 

subacute toxicity for liposomally encapsulated Gd-DTPA, compared to the free Gd-DTPA, mostly in 

liver and spleen (splenomegaly, lymphocytopenia amongst others), while only mild splenomegaly 

occurred in the liposome-only (no Gd) group.287  

Fueled by the concerns about the potentially harmful consequences of prolonged Gd 

retention, alternative nanocarrier-based CAs have been proposed. Starmans et al. introduced an 

iron-based T1 CA based on the clinically used chelator deferoxamine (DFO), which was embedded 

in a polymeric micelle.305 A slightly modified version of the Fe-DFO was used by Kneepkens et al. 

for encapsulation in TSL.211 

5.4 Conclusion 

In conclusion, Gd-LC-NTSLs for either molecular imaging or spleen and liver imaging led to 

prolonged retention of the Gd-based CA. The Gd was predominantly retained in the liver and the 

total retained Gd still exceeded 5 %ID 12 weeks after injection. Gd-NTSLs did not show any 

leakage of the encapsulated gadoteridol while in circulation. Gd levels indicated an intermediate 

Gd retention for these liposomes (< 1 %ID after 12 weeks). The Gd-TSLs on the other hand, show 

a considerably shorter Gd retention time (in the order of days) and less accumulation of Gd to 

begin with (15 %ID) as roughly 50% of the encapsulated gadoteridol leaks out of the liposome 

and clears as free gadoteridol at body temperature. For the intended use of Gd-TSLs as surrogate 

imaging agent during hyperthermia–induced drug delivery, a considerable fraction of the Gd-TSLs 

would release their encapsulated gadoteridol when passing the heated lesion, which would shift 

the balance from liposome-associated gadoteridol to free gadoteridol. The currently tested blood 

kinetics and biodistribution assess the situation in which none of the gadoteridol is released 

intentionally and therefore test a worst-case scenario. As the overall clearance of Gd is 

comparable for free gadoteridol and Gd-TSL within the examined time span, clinical application 

does not seem unreasonable. Nevertheless, chronic and acute toxicity studies are imperative 

before considering a clinical application for either of the mentioned liposome formulations. 
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Iron(III)-based MR-imageable 

liposomal T1 contrast agent for 

monitoring temperature induced 

image-guided drug delivery 

 

Abstract The aim of this study was to investigate the potential of Fe(III) N-succinyl deferoxamine 

(Fe-SDFO) as a safe T1 contrast agent for encapsulation in temperature sensitive liposomes (TSLs) 

in order to visualize drug release from TSLs when using Magnetic Resonance-guided High 

Intensity Focused Ultrasound (MR-HIFU). Two TSLs were developed that contained either  

Fe-SDFO or doxorubicin. Both TSLs showed suitable release and stability characteristics in vitro. 

An in vivo proof-of-concept study was carried out in tumor-bearing rats treated with MR-HIFU. 

Treated tumors showed an increase in longitudinal relaxation rate R1 and the observed R1 change 

correlated with tumor drug concentrations. 

 

 

 

 

Based on: Kneepkens E.C.M., Fernandes A., Nicolay K., Grüll, H.: Iron(III)-Based MR-Imageable 

Liposomal T1 Contrast Agent for Monitoring Temperature Induced Image Guided Drug Delivery – 

Published in Investigative Radiology, 2016 Nov; 51(11):735-745.  



Chapter 6 

124 
 

  



Iron(III)-based MR-imageable liposomal T1 contrast agent for monitoring temperature 
induced image-guided drug delivery 

125 
 

 Introduction 6.1

For malignant lesions, the combination of a local temperature increase induced by magnetic 

resonance-guided high intensity focused ultrasound (MR-HIFU) and temperature sensitive 

liposomes (TSLs) enables a triggered drug release confined to the disease site, thereby reducing 

side effects of the encapsulated chemotherapeutic drug. When an MR contrast agent (CA) is co-

released, the drug release can be imaged with MRI, providing an indirect assessment of the 

success of the HIFU treatment. Several preclinical studies demonstrated the potential of magnetic 

resonance-guided high intensity focused ultrasound (MR-HIFU) for temperature induced drug 

delivery in combination with tumor ablation or hyperthermia.33,131,152,154,155,209,210,212 These 

studies showed local delivery of drugs to tumors with temperature sensitive liposomes (TSLs) 

reaching factors of 3-23 times more drug compared to no heating.122 The considerable differences 

in achieved drug concentrations within the tumor tissue are caused by tumor inhomogeneities 

such as necrotic regions, areas with low perfusion due to low vascular density or poorly organized 

vasculature, all preventing the drug from reaching all malignant cells.306,307 Thus, there is a clinical 

need for direct and preferably non-invasive quantification of drug delivery to tumors. To this aim, 

the incorporation of paramagnetic CAs inside the TSLs has been explored by several groups, 

showing that the delivery of CA can serve as a surrogate for drug release and for intratumoral 

drug distribution.129,131,132,308  

While a paramagnetic CA is inside the liposomes, its relaxivity is impaired as it can only 

efficiently shorten the longitudinal relaxation times of intraliposomal water protons.126,160,309 

Upon release, the relaxivity of the CA is restored leading to a decrease in local T1 values, which can 

be quantified using MR-T1 mapping. So far, mainly gadolinium (Gd) and manganese (Mn)-based 

CAs have been used to monitor the release of the chemotherapeutic doxorubicin from TSL in 

preclinical studies.122,129,131,276,308 However, both of these CAs may pose potential health risks and 

therefore clinical translation of TSL-based image-guided drug delivery is still questionable. 

Although Mn is an essential trace element, prolonged or high exposure to Mn induces 

neurotoxicity.310,311 The clinically approved macrocyclic Gd-based CA gadoteridol (ProHance®, 

Bracco, Milan, Italy), was used by several groups for loading into TSLs to image heat-triggered 

release and was also used in this thesis in chapters 3 to 5. 131,145,160,163,212,312 Gd based CAs are 

considered safe as long as the Gd-ion is chelated and the CA is cleared quickly by the kidneys. 

However, the use of certain linear gadolinium chelates has been associated with the occurrence of 

nephrogenic systemic fibrosis in patients with impaired kidney function, most likely due to 

prolonged retention with subsequent transmetallation of Gd.135,313–317 Moreover, for some of these 

linear structures, recent studies report the accumulation of Gd in the brain upon repeated 

contrast enhanced MRI scans.271–273,318–321 Although the macrocyclic Gd-based contrast agents like 

gadoteridol pose a very low risk on these complications because of their high stability322, caution 

is still recommended when encapsulating these Gd-based CAs into TSLs. TSL encapsulation 

significantly changes the biodistribution and consequently slows down the clearance of the CA, 

increasing the risk on nephrogenic systemic fibrosis, as was discussed in chapter 5. Thus, a safer 
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alternative paramagnetic CA is paramount to pave the way for the introduction of MR image-

guided drug delivery in the clinic.  

Desferal® (deferoxamine mesylate, DFO, Novartis Pharma Stein AG, Stein, Switzerland) is 

clinically approved as an iron-chelating agent to treat patients with iron-overload.323 When a Fe3+ 

ion is introduced into the chelate, a T1 CA is obtained (Fe-DFO).324–326 Fe is an endogenous 

element and humans and other organisms have complex mechanisms in place to store and 

transport iron.327 Liposomal encapsulation of Fe-DFO is possible, yet a very low pH of the 

intraliposomal buffer is required for stable encapsulation of the complex inside the TSL. A low 

intraliposomal pH leads to hydrolysis of the lipid bilayer, limiting the shelf-life of the resulting 

product.328 For that reason, Fe-succinyl-deferoxamine (Fe-SDFO, Figure 6.1), a succinyl derivative 

of DFO, was chosen as an alternative iron-based CA. Fe-SDFO was first introduced by Muetterties 

et al. as an iron-based low-molecular weight T1 CA and was tested in rats. It is mainly cleared by 

the kidneys while a small part is cleared hepatically.329 Due to its chemical properties, we 

expected that this compound would be appropriate for stable liposomal loading while providing 

suitable MR imaging properties for application in image guided drug delivery.  

 

Figure 6.1. Chemical structure of Fe-succinyl-deferoxamine  

In this study, it was hypothesized that Fe-SDFO can substitute gadolinium-based MR-CA for 

use in image guided drug delivery. To this end, Fe-SDFO loaded TSLs and comparable doxorubicin 

loaded TSLs were synthetized and extensively characterized in vitro in terms of their release and 

stability properties and their relaxivity. Finally, the concept was tested in a rat tumor model by co-

injection of both TSLs followed by image-guided HIFU-induced drug delivery. 

 Materials and Methods 6.2

 Materials 6.2.1

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) were purchased from Genzyme (Cambridge, Massachusetts, United 
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States). Cholesterol (chol) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DPPE-PEG2000) were purchased from Avanti Polar Lipids 

(Alabaster, Alabama, United States). Doxorubicin-hydrochloride and daunorubicin were ordered 

from AvaChem Scientific (San Antonio, Texas, United States). Fe-succinyl deferoxamine (Fe-SDFO, 

Figure 6.1) was synthesized by SyMO-Chem (Eindhoven, the Netherlands). All remaining 

chemicals were ordered from Sigma Aldrich (St. Louis, Missouri, United States). PD-10 desalting 

columns were bought from GE-Healthcare Life Sciences (Little Chalfont, United Kingdom). 

Centrifugal filters were purchased from Millipore (Darmstadt, Germany). 

 Temperature sensitive liposome preparation 6.2.2

TSLs were prepared by the film hydration and extrusion method. A lipid film was created by 

dissolving DPPC:DSPC:chol:DPPE-PEG2000 (61:14:15:3 molar ratio) in CHCl3:CH₃OH (4:1 v/v). For 

doxorubicin loaded TSLs (doxorubicin-TSLs), the lipid film was hydrated by a 250 mM (NH4)2SO4 

buffer pH 5.4. For Fe-SDFO-TSLs, the lipid film was hydrated by a 40 mM Gly-Gly buffer pH 8.5, 

containing 260 mM Fe-SDFO. Both suspensions were extruded at 60 °C using a thermobarrel 

extruder. Samples were extruded successively through polycarbonate filters of 200 (five times) 

and 100 (six times) nm pore size. For the doxorubicin-TSLs, the resulting liposome solution was 

brought onto a PD-10 column and eluted with HEPES buffered saline (HBS) pH 7.4, after which a 

solution of doxorubicin in HBS pH 7.4 (5 mg/mL) was added to the TSLs at a phospholipid to 

doxorubicin weight ratio of 23:1. The TSLs were incubated overnight at 37 °C, after which they 

were passed through a 0.22 μm syringe filter. Free doxorubicin was removed using a PD10 

column. The TSLs were then concentrated using an Amicon Ultra-15 centrifugal filter unit (100 

kDa molecular weight cut-off, Millipore) to a doxorubicin concentration of 2.1 mg/mL.  

For the Fe-SDFO-TSLs, the TSLs were washed in 7 steps with 10 times the initial volume per 

wash in HBS pH 7.4 and thereafter reconcentrated using an Amicon Ultra-15 centrifugal filter unit. 

For the doxorubicin-TSLs, the phospholipid concentration was determined using a Rouser 

assay.215 The doxorubicin concentration was determined fluorimetrically with a 

spectrophotometer (Perkin Elmer LS55, Perkin Elmer, Waltham, Massachusetts, United States) at 

λex = 485 nm and λem = 590 nm after liposome destruction by adding 20 μL Triton-X 100 (10% 

v/v) to each 2200 μL sample. For the Fe-SDFO-TSLs, both the p and the iron concentration were 

measured by inductively coupled plasma optical emission spectrometry (ICP-OES). The 

hydrodynamic radius of the TSLs was obtained by Dynamic Light Scattering (DLS) measurements 

(ALV/CGS-3 Compact Goniometer System, ALV-GmbH, Langen, Germany).  

 Water exchange rate  6.2.3

T1 relaxation time measurements were performed on Fe-SDFO, the Fe-SDFO-TSLs and the 

extraliposomal buffer (HBS) at 26 °C and 37 °C at 1.41 T (Bruker Minispec 60, Bruker BioSpin MRI 

GmbH, Ettlingen, Germany), using an inversion recovery sequence with 12 measurement points, 4 

averages per point, a flip angle of 90° and an inversion time of at least 5 times the T1. The T1 of the 

intraliposomal buffer (Fe-SDFO in Gly-Gly) at its intraliposomal concentration was derived by 
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calculating its longitudinal relaxivity r1 at 26 °C and 37 °C based on T1 measurements on the 

diluted Fe-SDFO solution (10, 5, 2.5, 1.25, 0.625 mM Fe (III)). The volume fraction of the 

intraliposomal space (f) was calculated by dividing the Fe concentration in the liposome sample 

[Fe]sol by the Fe concentration in the intraliposomal buffer [Fe]in (as measured by ICP-OES). The 

water exchange rate over the liposomal bilayer was calculated using a two-compartment 

model.330,331  

k�� =  1 τ��⁄                 Eq. 6. 1 

τ�� =
�

��,���� ��,����
−

�

��,��
               Eq. 6.2 

in which kex is the transmembrane water exchange rate, in is the average residence time of the 

water protons inside the TSL, R1,eff = 1 / T1,eff is the longitudinal relaxation rate of the TSL sample, 

R1,bulk = 1 / T1,bulk is the longitudinal relaxation rate of the extraliposomal buffer and  

R1,in = 1 / T1,in is the longitudinal relaxation rate of the intraliposomal buffer. 

 Doxorubicin release assays 6.2.4

Doxorubicin release assays were carried out on a spectrophotometer (Perkin Elmer LS55, at 

λex = 485 nm and λem = 590 nm, Perkin Elmer, Waltham, Massachusetts, United States). 22 μL of 

doxorubicin-TSLs were suspended in 2200 μL 90% pre-heated Fetal Bovine Serum (FBS) at 37 °C, 

40 °C and at 42 °C. The fluorescence intensity was assessed over time. At the end of each 

measurement, 20 µL of a 10% v/v solution of Triton X-100 was added to the sample, to induce 

quantitative release of doxorubicin. The percentage of doxorubicin release was calculated based 

on Eq. 6.3. 

Doxorubicin release [%] =  
��� ��

�������
× 100%              Eq. 6.3 

in which It is the intensity of the fluorescence at a specific time, I0 is the intensity of the 

fluorescence at t = 0 at 37 °C and I100 is the intensity of the fluorescence after the addition of 

Triton X-100. Additionally, the release of doxorubicin from TSLs in FBS was probed after 5 min of 

incubation at different temperatures in the range of 37 °C to 45 °C at 1 °C increments. Finally, the 

release of doxorubicin was measured every 30 s while the FBS / TSL mixture was heated from 25 

to 50 °C at a rate of 0.25 °C / min. Afterwards, 20 µL of a 10% v/v solution of Triton X-100 was 

added to ensure full release. All measurements were performed on three batches of TSLs. 

 Fe-SDFO release assays 6.2.5

Fe-SDFO release assays were carried out in pre-heated FBS at 37 °C, at 40 °C and at 42 °C.  

20 μL of Fe-SDFO-TSL solution were suspended in 180 μL pre-heated FBS (resulting in 90% v/v 

FBS). Samples were taken at several time points and were stored on ice until measured. The 
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longitudinal relaxation rate (R1) of each sample was assessed using an inversion recovery 

sequence at 1.41 T, at 23 °C. Release of Fe-SDFO was calculated by Eq. 6.4.59 

Release [%] =  
��� ��

�������
× 100%              Eq. 6.4 

in which R1,t is the 1/T1 of the sample taken at a specific time, R1,0 is the 1/T1 of the sample taken 

immediately after mixing with FBS at room temperature and R1,100 is the 1/T1 of a sample to 

which 5 µL of a 10% v/v solution of Triton X-100 was added to ensure 100% release. Additionally, 

the release of Fe-SDFO from TSLs probed after 5 minutes of incubation at different temperatures 

in the range of 37 °C to 45 °C at 1 °C increments. These experiments were carried out in FBS in the 

same fashion as described above.  

Finally, the release of Fe-SDFO was measured every 60 s while the FBS / TSL mixture was 

heated from 25 to 50 °C at a rate of 0.25 °C / min and subsequently cooled down at -0.25 °C / min. 

The experiment was performed on three different dilutions of Fe-SDFO TSLs (ranging from  

2.7 mM – 4 mM Fe). Afterwards, 5 µL of a 10% v/v solution of Triton X-100 was added to ensure 

full release. The experiment was repeated for free Fe-SDFO. The longitudinal relaxivity r1 at all 

temperature increments was determined by linear fittings of the longitudinal relaxation rate  

(R1 = 1 / T1) versus the concentration of iron, using the least squares method in Mathematica 10 

(Wolfram Research Inc., Champaign, Illinois, United States). All measurements were performed on 

three batches of TSLs. 

 Fe-SDFO relaxivity at 3 T 6.2.6

The relaxivity of the Fe-SDFO was determined at 37 °C, in FBS, using MRI at 3 T (Achieva, 

Philips Healthcare, Best, the Netherlands). Fe-SDFO concentrations ranged from 0.17 to 2.75 mM. 

Fe-SDFO-TSL samples with a 260 mM intraliposomal iron concentration were prepared in duplo 

and were diluted to achieve a Fe-SDFO concentration range from 0.4 mM to 3.2 mM in FBS. Half of 

the Fe-SDFO-TSL samples were heated to 42 °C during 1 hour, to ensure full release of the  

Fe-SDFO from the TSLs. The samples were placed in a phantom holder filled with standard 

phantom solution (0.77 g/L CuSO4.5H2O, 2 g/L NaCl), which was kept at 37 °C during the MR 

measurements. T1 weighted images were obtained by an inversion recovery pulse sequence  

(echo time TE = 10 ms, repetition time TR = 8.4s, field of view (FOV) = 80 x 60 mm2, slice 

thickness = 4 mm, voxel size = 0.486 x 0.486 mm2, number of signal averages (NSA) = 5, sensitivity 

encoding (SENSE) factor = 1.1, turbo spin echo (TSE) TSE-factor = 5). Scans with 11 different 

inversion times, ranging from 60 ms to 5000 ms were used to construct a T1 map, using the IDL 

software package Relaxation Maps Tool (Philips Medical Systems, Best, the Netherlands). A fast 

Look Locker sequence (TR = 100 ms, 60 phases, flip angle 5°, inversion time = 8400 ms,  

FOV = 80 x 60 mm2 , slice thickness = 4 mm, voxel size = 0.47 x 0.60 mm2, EPI-factor = 5, NSA = 3), 

was run before and after the inversion recovery series to assess whether the r1 relaxivity was 

stable over the measurement period. T2 weighted images were obtained by a turbo spin echo 

sequence (TR = 8400 ms, FOV = 80 x 60 mm2 , slice thickness = 4 mm,  

voxel size = 0.403 x 0.248 mm2, NSA = 3, TSE-factor = 32) using echo times ranging from 40 to 
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1280 ms, from which T2 maps were created. Look Locker T1 maps as well as T2 maps were created 

using Mathematica 10 . 

 Cryo-Transmission Electron Microscopy 6.2.7

Cryo-Transmission Electron Microscopy (cryo-TEM) images were obtained of a sample 

consisting of 433 μL Fe-SDFO-TSLs and 267 μL doxorubicin-TSLs, comparable with the ratio used 

for in vivo application. Sample preparation was performed by applying a 3 µl droplet of 

suspension to a lacey carbon film and plunge-freezing this sample into liquid ethane using a 

Vitrobot. As a result, an amorphous ice film was created, containing the particles of interest. 

Subsequently, cryo-TEM studies were performed using a FEI TECNAI F30ST (FEI, Hillsboro, 

Oregon, United States; 300kV, using a cryo-holder, keeping the samples temperature at -170 °C 

during the studies). Imaging was done in low-dose mode on a CCD camera (1k × 1k). 

 Differential scanning calorimetry  6.2.8

The phase transition temperature (Tm) of the liposomal membrane of both the Fe-SDFO- and 

the doxorubicin-TSLs was determined with Differential Scanning Calorimetry (DSC; Q2000 

differential scanning calorimeter, TA Instruments, United States) during heating with 5 °C / min 

from 20 °C to 60 °C. The Tm was defined as the onset of the melting peak in the DSC thermogram. 

 Animal model 6.2.9

Animal studies were approved by the committee of Animal Research of Maastricht University, 

Maastricht, the Netherlands. Subcutaneous 9L gliosarcoma tumors in Fisher 344 rats (Charles 

River, Leiden, age 11 ± 1 weeks) were obtained by subcutaneous injection of 5 x 106 9L cells on 

the hind limb. The tumor size was monitored by caliper measurements and the final tumor 

volume was determined on fast field echo (FFE) MRI scans, which were analyzed using the Philips 

IMALYTICS Translational Research Workstation (Philips Research Europe, Aachen, Germany). 

Drug delivery experiments were performed when the tumors reached a volume of 730 ± 410 

mm3, approx. 20 ± 6 days after tumor cell injection.  

 In vivo HIFU-mediated release of doxorubicin and Fe-SDFO 6.2.10

In vivo release of doxorubicin and Fe-SDFO from TSLs was studied in 9L gliosarcoma bearing 

rats. Animals were anesthetized with isoflurane (induction 3%, maintenance 1-3%) in medical air 

(flow 0.6 mL/min). Rimadyl (4 mg/kg) was injected subcutaneously at least 30 min prior to HIFU 

treatment. All preclinical MR-HIFU studies were performed using a clinical Philips 3 T Sonalleve® 

MR-HIFU system (Philips Healthcare, Vantaa, Finland) equipped with a dedicated setup for small 

animals.146 Animals were divided into a MR-HIFU treatment group (n = 5) and a non-treated 

control group (n = 5). All animals were injected i.v. with a mixture of doxorubicin-TSLs and  

Fe-SDFO-TSLs (5 mg/kg and 79 μmol/kg respectively) just prior to MR-HIFU or control treatment. 

The MR-HIFU treatment consisted of two sonication periods of 10-15 minutes each (acoustic 
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power 9 – 15 W, acoustic frequency 1.44 MHz) using an elongated sonication volume with a 

diameter of 4 mm and a length of approximately 10 mm to reach and maintain a tumor 

temperature of 42 °C. Tumor temperature changes were monitored by proton resonance 

frequency shift (PRFS) MR thermometry. For this purpose a gradient echo sequence was applied 

with the following parameters: flip angle = 19.5°; TR/TE = 52/19.5 ms; echo planar imaging (EPI) 

factor 7; sensitivity encoding (SENSE) factor 1.8; FOV 250 x 250 mm2; acquisition matrix 176 x 

176; slice thickness 4 mm; NSA = 2; fat suppression = spectral fat suppression method (SPIR); 

acquisition time = 4.8 s (for an example of a temperature map, see Figure 6.2). R1 maps were 

acquired before liposome injection and after the two hyperthermia treatments or at 

corresponding time points for the control animals, using a single slice Look Locker sequence with 

the following parameters: flip angle = 10°; TR/TE = 9.0/3.4 ms; interval time = 100 ms; time of 

inversion repetition = 6 s; EPI factor = 5; FOV = 50 x 69 mm2; acquisition matrix = 64 x 65; half 

scan 80 %; slice thickness = 5 mm or 3 mm for smaller tumors; NSA = 2; fat suppression = SPIR; 

acquisition time = 2 min 36 s. Data processing of the T1 and R1 maps was performed with 

Mathematica 10. The animals were euthanized 90 min after the intravenous injection of the TSLs.  

 

Figure 6.2. Tumor temperature monitoring during treatment with MR-guided HIFU. A) Example of a 

temperature map. B) Temperature progression within the hyperthermia treatment cell during a 

single hyperthermia treatment. The red line indicates the maximum temperature in the treatment 

cell, the green line the minimum temperature and the blue line the average temperature. The arrow 

indicates the time point at which the temperature map A) has been acquired. 

 Doxorubicin quantification 6.2.11

Blood samples (~ 100 μL/sample) and pieces of spleen, liver, heart, lungs, kidney and muscle 

of the tumor bearing leg (~ 100 - 200 mg/organ) were obtained 90 minutes after TSL injection 

and were analyzed for their doxorubicin concentrations according to a slight adaptation of a 

protocol previously described.131 All of the tumor tissue was analyzed, while for the other tissues, 

a piece of the tissue was used. A full description of the doxorubicin quantification protocol can be 

found in chapter 2. In order to calculate the doxorubicin concentration in the total blood, the total 
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blood volume of the animal was estimated based on the bodyweight of the animal assuming that 

the blood volume (in mL) = 0.062 mL/g * bodyweight (in g) + 0.012 mL.332 

 Statistics 6.2.12

Statistical analysis was performed with IBM SPSS Statistics for Windows v 23.0  

(IBM Corporation, Armonk, New York, United States). Data are reported as mean ± standard 

deviation unless otherwise specified. The difference in R1 between tumor and muscle pre-

treatment were compared by a paired samples T-test. For the changes in R1 over time, repeated 

measures ANOVA was used, after verification of the sphericity by Mauchly’s test. Post-hoc tests 

were performed using a Bonferroni correction for multiple comparisons. The ΔR1 between the 

control and treated tumors were evaluated by an independent samples T-test, not considering 

equal variances. As for the first time point after treatment, the distribution of the ΔR1 of the 

control group was significantly different from a normal distribution, the ΔR1’s for the first time 

point were compared using an independent samples Mann-Whitney U test. The doxorubicin 

concentrations in the remaining tissues were either compared using an independent samples  

T-test (in case the Shapiro-Wilk test showed no significant deviation from normality) or by an 

independent samples Mann-Whitney U test. A linear fit was used to relate the doxorubicin 

concentration and the ΔR1 after the second treatment and the quality of the fit was evaluated by 

the adjusted R2. Results were considered significant if the p-value of the test < 0.05. 

 Results 6.3

 Temperature sensitive liposomes containing doxorubicin or  6.3.1

Fe-SDFO 

Doxorubicin- and Fe-SDFO-TSLs were prepared in triplo by lipid film hydration and 

extrusion. Remote loading of doxorubicin was performed at 37 °C overnight, using an ammonium 

sulfate gradient over the liposomal membrane. The Fe-SDFO TSLs were passively loaded by 

hydration of the lipid film with a 260 mM Fe-SDFO solution. The characteristics of both 

doxorubicin-TSLs and Fe-SDFO-TSLs such as hydrodynamic radius, polydispersity index and Tm 

were found to be comparable (Table 6.1). The Tm of both TSLs was between 41 and 42 °C, which is 

a suitable temperature for hyperthermia-induced drug delivery. The Fe-SDFO-TSLs used in vivo 

had a Fe concentration of 30 mM and a phospholipid concentration of 59 mM and the doxorubicin 

TSLs used in vivo had a doxorubicin concentration of 3.24 ± 0.05 mg/mL and a phospholipid 

concentration of 41 ± 2 mM.  

The cryo-TEM images showed the presence of doxorubicin in form of fibrous-bundle 

aggregates inside the liposomes (Figure 6.3). According to the expected mixing ratio, a fraction of 

liposomes appeared empty, as the Fe-SDFO inside the TSLs do not generate sufficient X-ray 

contrast for visualization with cryo-TEM. No iron-oxide particles were observed. 
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Table 6.1. Overview of relevant liposomal characteristics for both Fe-succinyldeferoxamine loaded 

temperature sensitive liposomes (Fe-SDFO-TSL) as well as doxorubicin-loaded temperature sensitive 

liposomes (doxorubicin-TSL). Tm represents the phase transition temperature of the liposomes, PD.I 

represents the polydispersity index. NA is non-applicable. 

 Fe-SDFO-TSL Doxorubicin-TSL 

Hydrodynamic radius [nm] 63 ± 2  
(PD.I 0.05) 

64 ± 3  
(PD.I 0.05) 

Tm [°C] 41.3 ± 0.2 41.7 ± 0.1 

Fe-SDFO to phospholipid ratio 
(molar) [-] 

0.55 ± 0.03 NA 

Doxorubicin to phospholipid ratio 
(molar) [-] 

NA 0.13 ± 0.01 

 

.  

Figure 6.3. Cryo-TEM image of a mixture of both Fe-SDFO-TSL and doxorubicin-TSL. Doxorubicin 

was visible as a crystal inside the liposomes (white arrow). Fe-SDFO-TSL appeared empty. 

 In vitro release of doxorubicin 6.3.2

The in vitro release of doxorubicin from the doxorubicin-TSLs was studied with fluorometric 

assays in FBS. At 42 °C, 83 ± 5% of the encapsulated doxorubicin was released within 30 s after 

heating, while 90 ± 4 % was released after 2 min (Figure 6.4A). At a physiological temperature of  

37 °C, the doxorubicin-TSLs showed no detectable leakage of doxorubicin over 1.5 h. Doxorubicin 

release was also studied during heating of the sample with 0.25 °C / min from 25 to 50 °C showing 

fast release of doxorubicin starting at approximately 39 °C (Figure 6.4C). When the liposomes 

were immediately subjected to temperatures ranging from 37 to 45 °C, instead of being slowly 
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heated, the fastest release occurred close to Tm in the temperature range of 42 to 43 °C (Figure 

6.4D).  

 In vitro release of Fe-SDFO and water exchange rate of  6.3.3

the Fe-SDFO-TSLs 

The in vitro release of Fe-SDFO from the Fe-SDFO-TSLs was studied in FBS based on 

longitudinal relaxation time measurements. The experiments were performed at concentrations 

of 3.2 ± 4 mM Fe-SDFO. At 42 °C, a fast release was observed with 80 ± 4% of the encapsulated  

Fe-SDFO being released within 2 min after heating and 93.5 ± 0.7 % after 10 min (Figure 6.4B). At 

a physiological temperature of 37 °C, the TSLs showed 15 ± 11% release over 1.5 h, which 

indicates a minor leakage of Fe-SDFO from the liposomes. The release of Fe-SDFO achieved after 5 

minutes of heating in FBS at different temperatures increases with increasing temperature until 

complete release was obtained for temperatures of 42 °C and higher. The latter behavior is 

different to doxorubicin-TSLs, where release decreased at temperatures exceeding 43 °C (Figure 

6.4D).The longitudinal relaxation rates of Fe-SDFO-TSLs were studied during heating from 25 to 

50 °C at 0.25 °C / min and subsequent cooling at the same rate. During heating, the longitudinal 

relaxivity r1 gradually increased from r1 = 0.18 ± 0.02 mM-1s-1 (slope ± standard error of the fit) at 

25 °C to r1 =1.15 ± 0.04 mM-1s-1 at 42 °C, when release of the Fe-SDFO occurred. For higher 

temperatures, r1 decreased to r1 = 1.04 ± 0.09 mM-1s-1 at 50 °C. During cooling, the measured 

relaxivity of the Fe-SDFO-TSL solution corresponds to the relaxivity of free Fe-SDFO during 

cooling (appendix, Figure S.1) indicating complete release of Fe-SDFO. Based on the longitudinal 

relaxation rates of the liposomes, the intraliposomal and extraliposomal buffer, the water 

exchange rate of the Fe-SDFO-TSLs was calculated to increase from 72 ± 6 s-1 at 26 °C to  

320 ± 20 s-1 at 37 °C. 

 Relaxivity of Fe-SDFO and Fe-SDFO -TSLs at 3 T 6.3.4

The longitudinal (r1) and transverse relaxivity (r2) of the Fe-SDFO liposomes at 37 °C was 

determined before and after release of Fe-SDFO (Figure 6.5) at 3 T. Unheated Fe-SDFO-TSLs 

displayed an r1 of 0.80 ± 0.01 mM-1s-1 and a r2 of 1.44 ± 0.04 mM-1s-1. After incubation for 60 min at 

42 °C inducing complete release, r1 increased to r1 = 1.35 ± 0.02 mM-1s-1 and r2 increased to  

r2 = 1.56 ± 0.01 mM-1s-1, both comparable to the relaxivities measured for free Fe-SDFO  

(r1 =1.41 ± 0.01 mM-1s-1; r2 = 1.57 ± 0.06 mM-1s-1). For the unheated Fe-SDFO-TSLs, no 

considerable change in r1 occurred during the inversion recovery spin echo measurements, as was 

validated by the (short) Look Locker scans performed before and after.  
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Figure 6.4. A) Doxorubicin release kinetics from doxorubicin-TSLs in FBS at various temperatures. B) 

Fe-SDFO release kinetics from Fe-SDFO-TSLs in FBS at various temperatures as deduced from 

changes in R1. C) Doxorubicin release and longitudinal relaxivity of the Fe-SDFO-TSLs in FBS upon a 

linear temperature increase from 25 to 50 °C at a constant rate of 0.25 °C/min. Doxorubicin release 

was probed by monitoring doxorubicin fluorescence while changes in r1 reflect Fe-SDFO release. D) 

Doxorubicin (circles) or Fe-SDFO (triangles) release from TSLs after 5 min in FBS at a certain 

temperature. In all subfigures, the error bars represent standard deviations for three liposome 

batches. 
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Figure 6.5. Longitudinal and transverse relaxivity measurements on Fe-SDFO-TSLs. A) R1 map of 

unheated (left) and heated (right) Fe-SDFO-TSLs. B) R1 versus Fe-SDFO concentration. C) R2 map of 

unheated (left) and heated (right) Fe-SDFO-TSLs. D) R2 versus Fe-SDFO concentration. The lines are 

linear fits through the data and the slopes indicate the longitudinal relaxivity of each sample. 

 In vivo HIFU-mediated release of Fe-SDFO from TSLs 6.3.5

MR image guided drug delivery with Fe-SDFO- and doxorubicin-TSLs was performed in 

subcutaneous 9L gliosarcoma tumors in Fisher 344 rats. Local tumor hyperthermia was 

maintained for 2 times 15 min at approx. 42 °C using MR-HIFU. Tumor R1 maps were obtained 

before TSL injection and after each hyperthermia interval as well as 90 minutes after TSL injection 

(Figure 6.6). Before treatment, the tumor could be distinguished from the muscle based on its R1 

values (R1,tumor = 0.88 ± 0.03 s-1, R1,muscle = 1.36 ± 0.03 s-1, p < 0.001, paired samples T-test). The 

treated tumors showed an average contrast change upon treatment (before versus both time 
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points after treatment, ANOVA, sphericity verified with Mauchly’s test, F = 21.882, p = 0.001). 

After the first hyperthermia treatment, the treated tumors showed an average relaxation rate 

change of ΔR1 = 0.20 ± 0.09 s-1 (Figure 6.7, post-hoc pair-wise comparison with Bonferroni 

correction, p = 0.022), which was maintained after the second heat treatment (ΔR1 =  

0.20 ± 0.10 s-1, p = 0.032). No difference was detected between the R1,tumor after the first treatment 

and the R1,tumor after the second treatment. The R1,muscle of the animals with treated tumors, 

showed a small but significant increase after the hyperthermia treatments (ANOVA, Greenhouse-

Geisser correction for sphericity, F = 15.636, p = 0.015). After the first heat treatment, an average 

increase in relaxation rates of ΔR1 = 0.07 ± 0.04 s-1 was observed (post-hoc pair-wise comparison 

with Bonferroni correction, p = 0.049) which was maintained after the second hyperthermia 

treatment (ΔR1 = 0.04 ± 0.02 s-1, p = 0.046).  

 

Figure 6.6. R1 maps obtained before liposome injection (before), after the first heating (1st heating), 

after the second heating (2nd heating) and 90 min after injection (90 min) throughout the treatment 

for HIFU-treated animals (left panel) and non-treated control animals at corresponding time points 

(TP, right panel), overlaid onto an anatomical fast field echo image. 

In the non-treated tumors, a change in relaxation rate was also observed (ANOVA, sphericity 

verified with Mauchly’s test, F = 14.923, p = 0.002), at the time point corresponding to the second 

treatment (post-hoc pair-wise comparison with Bonferroni correction, ΔR1 = 0.05 ± 0.03 s-1,  

p = 0.056 and ΔR1 = 0.05 ± 0.03 s-1, p = 0.047 for the first and second time point respectively). 

However, the observed contrast change was smaller than that of the treated tumors at both time 

points (p = 0.008, independent samples Mann-Whitney U test at the first time point; p = 0.025, 
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independent samples T-test at the 2nd time point). Strikingly, the contrast change across the 

treated tumors was homogeneous in some (animal 1, animal 2, animal 4), while more 

heterogeneous in others (animals 3 and 5). 

 

Figure 6.7. Average longitudinal relaxation rate (R1) changes in tumor and the muscle of the treated 

leg after the first heating (1st heating) and after the second heating (2nd heating). The error bars 

indicate the standard deviation across the different animals. One asterisk indicates the result is 

significant with p < 0.05, two asterisks indicate a p < 0.01. 

 In vivo HIFU-mediated release of doxorubicin from TSLs 6.3.6

Doxorubicin quantification was performed on tumors and selected organs excised 90 min 

after doxorubicin-TSL injection with and without MR-HIFU heating (Figure 6.8). In the treated 

animals, the average tumor doxorubicin uptake was 2.7 ± 1.0 % injected dose per gram (ID/g) 

corresponding to 20.2 ± 8.4 μg/g. This doxorubicin uptake was significantly higher compared with 

unheated tumors of the control group, which was 0.3 ± 0.3 % ID/g or 2.2 ± 1.8 μg/g (Mann-

Whitney U test for independent samples, p = 0.008). For the treated animals, doxorubicin uptake 

in the muscle of the tumor bearing leg was not significantly higher than in the muscle of the 

contralateral paw (paired T-test, p = 0.352). Moreover, the doxorubicin uptake in the muscle of 

the tumor-bearing leg was not significantly higher in the treated group than in the control group 

(1.7 ± 0.7 % ID/g versus 0.1 ± 0.01 % ID/g respectively, independent samples T-test, equal 

variances not assumed, p = 0.074). At euthanasia, 90 min after injection, the percentage of injected 

doxorubicin left in the blood varied from 52 ± 19 % ID for the treated animals to 72 ± 21 % ID for 

the control animals (no significant difference, independent samples T-test, equal variances 

assumed, p = 0.200). No further significant differences in doxorubicin uptake were observed in 

the other tissues that were examined. 

The observed R1 change in the tumors after the second treatment or at the corresponding 

time point for the control animals, showed a correlation with the doxorubicin concentrations 
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present in the tumors 90 minutes after injection (Figure 6.9, ANOVA, F = 7.229, p = 0.028), 

however, the changes in R1 only account for 41% of the variance in the measured doxorubicin 

concentrations (R2adj = 0.41). 

 

Figure 6.8. Biodistribution results for doxorubicin obtained in various tissue samples expressed in 

percentage injected dose per gram of tissue. Muscle TL indicates the muscle on the treated or tumor 

bearing leg. Error bars represent standard deviation across animals. For all groups n = 5, except for 

the blood of the treated animals, for which n = 4.  

 

Figure 6.9. Tumor doxorubicin concentrations plotted against changes in R1 in the tumor measured 

after the second treatment for treated animals or the corresponding time point for untreated 

animals. For the R1 differences, the error bars represent the standard deviation over the tumor pixels. 

The line represents a linear fit through the data. 
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 Discussion 6.4

In this study, a temperature-sensitive liposomal iron-based T1-CA, Fe-SDFO-TSL, is proposed 

and explored for applications in MR image guided drug delivery as a potential alternative for Gd-

loaded TSLs. To that aim, a derivative of the clinically used iron chelator DFO was synthesized and 

encapsulated inside TSLs, to be used alongside a comparable doxorubicin-TSL. Although Fe-DFO is 

known to be a suitable low-molecular iron-based T1 CA, the choice for Fe-SDFO was made as our 

attempts on stable encapsulation of Fe-DFO failed. Introducing the succinylamide group in  

Fe-SDFO yields a negative charged compound at neutral to slightly alkaline pH, which prevents 

the CA from diffusion across the liposomal bilayer, ensuring stable encapsulation at physiological 

temperatures as well as shelf life.328 

Fe-SDFO was earlier explored by Muetterties et al. in rats as a potential safe low molecular T1 

CA.329 In our study, Fe-SDFO showed a longitudinal relaxivity of 1.41 mM-1s-1 at 37 ˚C, 3 T, which is 

consistent with the previously published data of r1 2.3 mM-1s-1 at 0.25 T and 1.8 mM-1s-1 at 0.47 T, 

considering that the r1 is expected to be lower at higher field strengths.324,329,333 The longitudinal 

relaxivity of Fe-SDFO is lower in comparison to the relaxivity of Mn or gadoteridol, which were 

previously encapsulated in liposomes for image-guided drug delivery (Mn2+: r1 = 7.6 ± 0.1 mM-1s-1 

at 37 ˚C, 1.41 T136; gadoteridol: r1 ~3.5 mM-1s-1 at 37 ˚C, 3 T 334). In preclinical experiments, in 

most cases, the potential toxicity issues associated with prolonged retention of the CA are of no 

concern. Therefore, considering their higher relaxivity and the associated greater sensitivity for 

drug release monitoring, both gadoteridol and Mn would be the CAs of choice for preclinical 

testing of drug release monitoring.129,131,136,165,308 However, for further clinical translation, the 

prolonged retention of unreleased Gd-based CA in liver and spleen is a reason for caution. In order 

to compensate for the lower relaxivity of Fe-SDFO compared to gadoteridol, in the in vivo part of 

the current study, a 1.9 times higher dose of liposomal CA was injected in comparison to the Gd 

dose used earlier by De Smet et al.131 

When Fe-SDFO is encapsulated inside a TSL, the water pool that can be affected is limited due 

to a low water exchange rate over the liposomal membrane. As a result, the encapsulated Fe-SDFO 

show a lower apparent r1 than free Fe-SDFO. Upon heating, the permeability of the liposomal 

bilayer for water increases leading to a higher water exchange rate, which consequently leads to 

an increase of the apparent r1 of the Fe-SDFO (Figure 6.5C).126,277 Around Tm of the liposomes,  

Fe-SDFO gets released, restoring the r1 of free Fe-SDFO (Figure 6.5C and appendix, Figure S.1). 

The contrast change observed in vivo in drug delivery experiments upon release of the CA is based 

on the difference between the apparent r1 = 0.80 ± 0.01 mM-1s-1 of Fe-SDFO encapsulated inside 

the TSLs before release and the r1 = 1.35 ± 0.02 mM-1s-1 of free Fe-SDFO after release at 

physiological temperatures (Figure 6.5A and B).  

The doxorubicin-TSLs showed favorable characteristics for in vivo drug delivery. While the 

doxorubicin stayed stably encapsulated inside the liposomes at 37 °C, a quantitative and fast 

release was observed at 42 °C. As 80% of the doxorubicin already got released within 30 s, short 
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tumor residence times of the liposomes should be sufficient to deliver a substantial drug dose to 

the tumor.  

Comparing the release kinetics of Fe-SDFO and doxorubicin from TSLs of identical lipid 

formulation, Fe-SDFO showed a slightly slower release from the TSLs in FBS at 42 °C and a minor 

leakage at 37 °C. As the leakage occurred slowly and the HIFU treatment is started right after 

liposome injection, this slight leakage is not considered to be problematic. The Fe-SDFO release 

reaches 100% within 5 minutes at temperatures around the Tm and above (Figure 6.4D), while the 

doxorubicin release kinetics shows a maximum at Tm and decreases again for higher temperatures 

(Figure S.2). The maximum in release efficiency of doxorubicin around Tm is a phenomenon 

described by Mills et al. and reflects the highest lipid bilayer permeability around Tm, when the 

lipids are passing from a gel to liquid-crystalline phase and the grain boundary area is at its 

maximum.68 Fe-SDFO did not portray the decrease in released percentage when T>Tm, which 

might indicate interactions between the Fe-SDFO with the lipid bilayer. While the release kinetics 

are quite comparable between the Fe-SDFO TSLs and doxorubicin TSLs, the pharmacokinetics of 

the released Fe-SDFO and doxorubicin are different. Doxorubicin passes over the cell membrane 

and accumulates in the cell, while Fe-SDFO is an extracellular fluid contrast agent and will 

therefore show faster clearance, predominantly via renal excretion.329 Although no blood kinetics 

data are available for Fe-SDFO, Worah et al. showed that the plasma clearance of the comparable 

chelate Fe-DFO was considerably slower than that of Gd-DTPA (128 versus 20 min plasma half-life 

in rats, respectively).324 Nevertheless, the use of interleaved PRFS and temperature mapping 

proposed in chapter 4 would likely improve the correlation between ΔR1 and tumor doxorubicin 

levels. 

While previously designed systems for image-guided drug delivery under MR guidance co-

encapsulated both doxorubicin and the CA inside the same TSL, we opted for a co-injection of the 

CA-loaded TSLs, Fe-SDFO-TSL, and the doxorubicin–TSLs.33,129–131 First of all, the need for an 

alkaline intraliposomal buffer for Fe-SDFO encapsulation prevented the active co-loading of 

doxorubicin, which requires an acidic pH, e.g. using citrate or ammonium sulfate an interior 

buffer.335 Furthermore, we observed that the combination of doxorubicin and Fe-DFO in the same 

liposome led to the formation of iron oxides (as shown for a slightly different formulation in the 

appendix, Figure S.3). Nevertheless, as both the doxorubicin-TSLs and Fe-SDFO-TSLs were 

comparable in terms of stability and release kinetics, we expect that the release from the Fe-SDFO 

from TSLs reflects the doxorubicin release. Moreover, the current co-injection strategy has the 

benefit that the Fe-SDFO-TSLs could be combined with TSLs that are loaded with drugs other than 

doxorubicin. This approach is beneficial as the drug encapsulation process can be optimized 

without necessarily having to revisit the design of the CA-loaded counterpart. Furthermore, drug 

dosing can be varied independently from the dose of CA-loaded TSLs by simply adjusting the 

mixing ratio. 

In our in vivo proof-of-concept study, it was shown that the MR-HIFU induced hyperthermia 

increased the doxorubicin accumulation in the tumor by a factor 9. The doxorubicin 

concentrations achieved are slightly higher than the doxorubicin concentrations obtained by de 
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Smet et al. in the same tumor model, when Gd/doxorubicin loaded TSLs were used in combination 

with MR-guided HIFU.131 This could be attributed to the different TSL formulation in the current 

doxorubicin-loaded TSL formulation, i.e. higher DPPC content, which leads to a faster release at  

42 °C compared to the traditional temperature sensitive liposome formulation used earlier. The 

local release of both Fe-SDFO and doxorubicin from TSLs in the hyperthermia treated animals was 

reflected in a significant R1 increase in the treated tumors compared with the control tumors . The 

ΔR1’s measured in the treated animals are in the expected range compared to the data obtained 

with Gd-loaded TSL by de Smet et al., considering the 2.4 times lower r1 and the 1.9 times higher 

injection dose of the Fe-SDFO in comparison to gadoteridol.131  

The T1 maps of tumors acquired after hyperthermia showed in some animals a homogeneous 

decrease while other tumors displayed areas of high and low T1 change revealing potentially 

untreated tumor areas in some animals (Figure 6.6). The average ΔR1 of the tumor before and 

after treatment correlated with the measured amount of doxorubicin present in the tumors after 

treatment (R2adj = 0.41). Due to the small size of the study groups, we can only speculate which 

factors could have limited the correlation. Tumor blood flow and perfusion most likely affected 

the correlation due to the different pharmacokinetic properties of Fe-SDFO and doxorubicin. Upon 

intravascular release from TSLs, doxorubicin will enter and distribute across the interstitial space 

with binding to extracellular components and cellular uptake.11 The larger, more hydrophilic and 

charged Fe-SDFO on the other hand is expected to have a much smaller volume of distribution as 

it will not be readily taken up by tumor cells. Upon release, it presumably stays mostly in the 

extracellular space, where its concentration will be a product of tumor inflow and tumor 

washout.336 Consequently, in tumors that are better perfused, a significant fraction of the Fe-SDFO 

could have been washed out already by the time the R1-maps were acquired. The current study 

does not evaluate any tumor response criteria for the combined TSL and HIFU treatment, as the 

tissue needed to be harvested shortly after treatment in order to determine the drug 

concentration. An interesting future study could be to correlate the treatment effect with the 

observed R1 changes.  

An important concern for all TSLs filled with paramagnetic or ferromagnetic CAs is their 

possible influence on temperature maps acquired with MR imaging based on the PRFS method as 

this method portrays all changes of the magnetic susceptibility as a temperature change.106,144 As 

all CAs have a magnetic susceptibility effect, a concentration change or even a change in their 

distribution can result in a potentially unreliable temperature map, which in turn could lead to 

over or under heating of the tumor in case the PRFS method is used as input for a temperature 

control feedback loop.144 We expect that above effect is smaller for Fe-SDFO, as the magnetic 

susceptibility of comparable Fe(III) chelates is smaller compared to Gd(III)-based paramagnetic 

CA.337–339 Furthermore, as long as the reference temperature map is acquired after liposome 

injection, the variation of Fe-SDFO concentration during the heating period is relatively small due 

to the long blood circulation time of the liposomes. 

The development of the here presented new paramagnetic liposomal T1-CA was motivated by 

the clinical need to find a safe MR CA for encapsulation into TSLs. Desferal is clinically used as an 
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iron-chelating agent to treat acute or chronic iron overload, leading to the in vivo formation of  

Fe-DFO with subsequent renal excretion of the complex.323 Fe-DFO itself has been tested as an MR 

T1-CA in phase I and phase II clinical trials with human doses up to 70 μmol/kg and was 

considered safe and well-tolerated.324 Comparable safety and toxicity studies have to be 

performed for Fe-SDFO for clinical translation.  

 Conclusion 6.5

In conclusion, doxorubicin and Fe-SDFO loaded TSLs were characterized in vitro, showing the 

potential of this combined system for image-guided triggered drug release. The 2.4 times lower r1 

relaxivity of the proposed Fe-SDFO compared to gadoteridol can be compensated with a higher 

injected dose thanks to the biocompatibility and low toxicity of the iron based agent. An in vivo 

proof-of-concept study was conducted to assess the feasibility of monitoring drug release using 

the newly designed drug and CA loaded TSL systems. Treated tumors showed an increase in R1 

while the R1 of the untreated control tumors increased significantly less. The pattern of T1 change 

could elucidate the pattern of drug release across the tumor, giving important information about 

potential undertreated tumor areas. A linear correlation was observed between the doxorubicin 

concentrations obtained in the tumor and the contrast changes observed on the MR scans. In 

order for the Fe-SDFO induced R1 changes to better reflect the amount of doxorubicin, future 

work should include the interleaved and near-parallel MR acquisition of R1 and temperature 

maps.  
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 Appendix 6.8

 

Figure S.1. Longitudinal relaxivity of Fe-SDFO in FBS during heating, measured at 1.41T. 

 

Figure S.2. Release of doxorubicin from TSLs at various temperatures in 90 % FBS as measured by 

fluorometry. 
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Figure S.3. Cryogen transmission electron microscopy of TSLs encapsulating Fe-DFO and 

doxorubicin. Doxorubicin crystals (open arrows) and iron oxides clusters (filled arrows) were 

observed. The lipid composition of the TSLs was DPPC : hydrogenated soy phosphatidylcholine : 

Cholesterol : DPPE-PEG2000 = 50:25:15:3 (molar ratio) and the intraliposomal buffer existed of 250 

mM Fe-DFO and 300 mM citrate. 
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Chapter 7 

7  

Comparison of doxorubicin 

quantification methods in tissue 

and blood samples 

 

Abstract Two different protocols to quantify doxorubicin concentration in tissue and blood 

samples were compared. The first and most common method relies on doxorubicin extraction 

from the tissue and quantification of the drug concentration based on its fluorescence in 

combination with High Performance Liquid Chromatography (HPLC). For the second method, the 

doxorubicin is doped with 14C-doxorubicin, which can be quantified using liquid scintillation 

counting (LSC). Blood kinetics and biodistribution experiments were performed on rats which 

were injected with doxorubicin-loaded temperature sensitive liposomes (TSLs) or free 

doxorubicin and samples were analyzed with both methods. Additionally, dual labeling of the TSL 

with 111Indium and the doxorubicin with 14C-doxorubicin was investigated in a separate 

experimental group to quantify the pharmacokinetics of the liposomal carrier as well as the drug, 

which allows to determine the leakage of the drug from the carrier in vivo.  

Overall, the HPLC-based method led to slight underestimation of the doxorubicin 

concentration compared to the LSC-based method. Moreover, the degree of correspondence 

between the methods is matrix-dependent. After a correction for the contribution of 111In to the 

LSC counts, the dual labeling method successfully gave insight in the drug leakage from the TSLs 

in vivo.  

 

 

This chapter is an elaboration on the chapter “Validation of doxorubicin quantification methods in 

tissue and blood samples – a multi-centre comparison” of the PhD thesis of Mariska de Smet (PhD 

thesis ISBN978-90-386-3336-7). The sample number was increased substantially and additional 

analyses on the existing data were performed. The current manuscript is in preparation for 

submission. 
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7.1 Introduction 

Doxorubicin is a clinically approved chemotherapeutic drug with significant antitumor 

activity against human malignancies, such as leukemia, Hodgkin's lymphoma, as well as cancers of 

the bladder, breast, stomach, lung, ovaries, thyroid, soft tissue sarcoma, and multiple myeloma.11 

Like many chemotherapeutics, its use is accompanied by a range of side-effects, of which some are 

treatment limiting, like cardiotoxicity and myelosuppression.340,341 The encapsulation of the free 

drug in liposomes alters the biodistribution of the doxorubicin in a favorable way.13,342,343 

Liposomes remain intravascular and prevent extravasation of the parent drug into healthy tissue, 

while tumor uptake is achieved via the enhanced permeability and retention (EPR) effect.12 This 

has led to a decrease in non-specific organ toxicity, while maintaining the efficacy of the 

treatment.25,344 Clinically approved liposomal formulations of doxorubicin (i.e. Doxil®/Caelyx® 

and Myocet®) have demonstrated a reduced cardiac toxicity compared to doxorubicin for the 

treatment of cancer, albeit at the cost of new toxicities like hand-foot syndrome.24,228,335,343,345 

Upon uptake in the tumor tissue, the bioavailability of the drug is dependent on the release 

properties of the liposomal carrier.346 As the clinically approved formulations display a rather 

slow release, temperature-sensitive liposomes (TSLs) have been designed that can be externally 

triggered by mild hyperthermia (40 – 45 °C) to release doxorubicin for enhanced doxorubicin 

bioavailability to the tumor.34,45,54,67,72,74,76,131,158,213,347 While the first TSL are currently in phase III 

clinical trials (Thermodox)65,66,176, many groups are still in search for the most optimal 

formulation, that would result in fast and complete drug release at the tumor site, while shielding 

the healthy tissue from the doxorubicin when the liposomes are still in 

circulation.34,45,54,67,72,74,76,131,158,213,347 Robust analytical methods for drug quantification are 

essential in order to judge the efficacy of various liposomal formulations and heating strategies in 

delivering doxorubicin to the tumor, or to monitor the leakage of doxorubicin from the liposomal 

formulation. 

Most quantification methods rely on the extraction of doxorubicin from tissue and blood 

followed by quantification of drug levels based on the fluorescence of the drug, either by a 

fluorimeter348–350 or by high performance liquid chromatography (HPLC) in combination with a 

fluorescence detector (termed “HPLC method”).351–354 Although in essence fairly easy to perform, 

these methods are dependent on the extraction efficiency and require tissue homogenization and 

optimization of protocols. Moreover, HPLC-based methods are not suitable for any drug as they 

require the availability of an internal standard with the same extraction efficiency as the drug, 

with the possibility to separate the drug from the internal standard by HPLC. Alternatively, liquid 

scintillation counting (LSC) has been used to quantify various drugs like paclitaxel355, 

bortezomib356, vincristine31, gemcitabine357 and doxorubicin70,358–362 that were radiolabelled with 

a β-emitter like 14C or 3H. For many drugs, there is even no alternative as no convenient non-

radioactive method exists that enables accurate and sensitive drug quantification. However, for 

doxorubicin, this radiodetection is less commonly used than the fluorescence-based HPLC method 

as a dedicated radiochemistry laboratory is necessary to work with the radioactive doxorubicin 

analog.  
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A few groups have compared both a LSC and a HPLC method for doxorubicin quantification 

before. For instance, Israel et al. studied the distribution of 14C-labeled N-

trifluoroacetyladriamycin-14-valerate (AD32, a semi-synthetic analogue of doxorubicin) by 

probing the radioactivity as well as the fluorescence of the anthracycline, which enabled the 

quantification of AD32 and its metabolites.358,363 Since they incorporated the 14C-label in the 

daunosamine sugar moiety, they recorded significant cleavage of the radiolabel from the 

chromophore due to metabolization. While this complicated the comparison of the methods, it did 

shed light on the metabolization process, as they were able to conclude that the sugar moiety was 

probably cut off in the intestines and subsequently reabsorbed into the circulation. Verdun et al. 

studied the tissue distribution of poly(isohexylcyanoacrylate) nanoparticles containing 14C-

doxorubicin with 14C-LSC and a HPLC method and compared it to the behavior of the free drug.359 

The two quantification methods were applied in separate groups of animals, which limited an in 

depth comparison of the two methods. Nevertheless, they did show a decent correlation between 

the HPLC-derived concentration for doxorubicin plus its metabolite doxorubicinol with the 14C 

activity measured by LSC. 

In this study, we tested both a HPLC method and an LSC protocol for the quantification of 

doxorubicin in tissue and blood samples obtained from rats after intravenous injection of TSLs 

loaded with doxorubicin and [Gd(HPDO3A)(H2O)] that were used in chapter 3 and are similar to 

those used in chapter 4. Furthermore, a novel dual radiolabeling method using 111In-

functionalized TSLs encapsulating 14C-radiolabeled doxorubicin is presented to measure 

simultaneously the in vivo concentrations of the drug and the drug carrier. This approach can be 

used to measure the both TSL leakiness and drug release. The reproducibility of the HPLC method 

was investigated in a multi-center study.  

7.2 Materials and Methods 

7.2.1 Materials 

1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethyleneglycol) -2000] 

(DPPE-PEG2000) and cholesterol (chol) were purchased from Avanti Polar Lipids (Alabaster, 

Alabama, United States). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and hydrogenated-

L-α-phosphatidylcholine (HSPC) were kindly provided by Lipoid (Ludwigshafen am Rhein, 

Germany). DOTA-DSPE was synthesized as described by Hak et al. by SyMo-Chem (Eindhoven, the 

Netherlands).214 [Gd(HPDO3A)(H2O)] (ProHance®) was purchased from Bracco Diagnostics 

(Milano, Italy). Doxorubicin hydrochloride was obtained from AvaChem Scientific (San Antonio, 

Texas, United States). [14-14C]-doxorubicin hydrochloride (Figure 7.1), 111InCl3, SOLVABLE™ and 

Ultima Gold™ scintillation fluid were purchased from Perkin Elmer (Groningen, the Netherlands).  
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Figure 7.1. Chemical structure of 14-14C-doxorubicin 

7.2.2 Doxorubicin quantification with both protocols 

Clean water and blood samples were spiked with different amounts of 14C-doxorubicin 

solution ([dox]=2 mg/mL, [14C] = 0.5 Bq/mL), homogenized in 1.5 mL of MilliQ water and 

analyzed in triplo with HPLC and LSC as described below paragraph 7.2.7 and 7.2.8. 

Furthermore, the accuracy of the doxorubicin quantification by the HPLC method was tested 

on spiked tissue (kidney, liver, spleen, heart, n = 10 per tissue), blood (n = 10) and serum samples 

(n = 5). All samples (150 ± 74 mg) were spiked with 50 μL of a doxorubicin dilution series, 

resulting in doxorubicin spikes of 0.05 to 25.6 μg. Subsequently, the tissues were homogenized in 

1.5 mL daunorubicin (0.5 μg/mL), and divided in three aliquots. Doxorubicin extraction and HPLC 

analysis were performed as described below in paragraph 7.2.7. 

7.2.3 Temperature-sensitive liposomes 

7.2.3.1 Doxorubicin TSL 

TSLs were prepared via the lipid film hydration method and doxorubicin was encapsulated in 

TSL using a pH gradient methodology as described in chapter 3.145 Two types of TSLs were 

prepared, one with and one without DOTA-lipid. Their lipid compositions were HSPC : DPPC : chol 

: DPPE-PEG2000 : DOTA-DSPE in a 50:25:15:3:1 molar ratio or HSPC : DPPC : chol : DPPE-PEG2000 in 

a 50:25:15:3 molar ratio (depending on the study group, see Figure 7.2). TSLs were characterized 

by determining their hydrodynamic radius by Dynamic Light Scattering (DLS, ALV/CGS-3 

Compact Goniometer System, ALV-GmbH, Langen, Germany), their phospholipid concentration 

was quantified by a Rouser assay 215 and their Gd concentration was measured by ICP-MS 

(Inductively Coupled Plasma – Mass Spectrometry, Perkin Elmer DRC 6100 plus, Waltham, 

Massachusetts, USA). The melting phase transition temperature (Tm) of the lipid bilayer was 

recorded with differential scanning calorimetry for the TSLs used in group 1 and 2a (Figure 7.2). 

The doxorubicin concentration was measured using a fluorimeter at λex = 485 nm and λem = 590 

nm (Perkin Elmer, LS55). Doxorubicin encapsulation stability and release were tested in HBS at 

37 °C and 42 °C respectively, as described previously in chapter 3.145 
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7.2.3.2 14C-doxorubicin TSL 

For TSLs loaded with 14C-doxorubicin (group 2 and 3, Figure 7.2), the TSL batch was split in 

two samples of which one was loaded with a doxorubicin solution doped with  

22 - 46 kBq/mg 14C dox while the other was loaded with cold doxorubicin solution to function as a 

cold analogue for further characterization as described above. 

7.2.3.3 111In-labeled 14C-doxorubicin TSL 

For group 3 (Figure 7.2), TSLs were radiolabeled by overnight incubation at 30 °C with 

111InCl3 in ammonium acetate buffer (pH 4.5, 95 mM) as previously described in chapter 359, 

resulting in a 4 MBq/mL TSL solution with a radiolabeling yield of > 95%.  

 

Figure 7.2. Schematic representation of TSLs containing doxorubicin: TSL loaded with cold 

doxorubicin (Cold dox - TSL, group 1); TSL loaded with 14C-doxorubicin (14C-dox TSL, group 2 a & b); 

TSL loaded with 14C-doxorubicin and labeled with 111Indium (111In-labeled 14C-doxorubicin TSL, 

group 3). BK = blood kinetics; BD = biodistribution; dox = doxorubicin. 

7.2.4 Blood kinetics and biodistribution (group 1, 2a, 3) 

Samples were collected either in an experiment to determine the blood kinetics and 

biodistribution of the liposomally encapsulated doxorubicin (group 1, 2a, 3 Figure 7.2) or in an 

experiment to determine the biodistribution of doxorubicin after various heat treatments (group 

2b, Figure 7.2).  
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In the first experiment, the blood circulation and biodistribution of the TSL were investigated 

by injecting cold TSLs (5 mg doxorubicin/ kg bodyweight) i.v. in the tail vein of Fisher 344 rats 

(Charles River, Leiden, the Netherlands, age 5-7 weeks, weight 125-151 g, n = 2 for group 1, n = 4 

for group 2a and 3). Blood samples were taken from awake animals at 2, 10, 30, 60, 90 and 240 

min and 24 h after injection. 48 h after injection, the animals were brought under anesthesia, 

blood was collected by heart puncture and the rats were euthanized by cervical dislocation.  

In the second experiment, for the animals of group 2b (Figure 7.2), a ~1 mm3 subcutaneous 

R1 rhabdomyosarcoma tumor was transplanted in Wag/Rij rats, on one of their hind limbs 

(Charles River, age 5-7 weeks, weight 136 - 168 g, n = 5 / treatment). Once the tumors had 

reached a size of 728 ± 270 mm3, TSLs or free doxorubicin (5 mg doxorubicin / kg bodyweight) 

were injected via the tail vein of the anesthetized rats. In view of another study, described in 

chapter 3, the animals were then subjected to one of four different induced heat treatments (by 

Magnetic Resonance Imaging – guided High Intensity Focused Ultrasound (MR-HIFU)) in which 

their tumors were either ablated (heated to temperatures > 55°C for 240 cumulative equivalent 

minutes at 43 °C), treated with hyperthermia (heated to temperatures of 42 °C for 2 x 15 min), 

treated with hyperthermia followed by an ablation or not heated at all. The ablation and 

hyperthermia treatments have been described more in detail in chapter 3 and by Hijnen et al.146 

and De Smet et al.145 respectively. During the treatment, the animal temperature was kept at 37 °C 

using a heating mat constructed of tubes circulating warm water and the temperature of the 

animal was monitored with a rectal fiber optic temperature probe (Neoptix inc., Québec City, 

Québec, Canada). The animals were sacrificed 90 min by cervical dislocation 90 min after injection 

and blood was collected by heart puncture.  

For both experiments, directly after sacrifice, pieces of various organs were dissected 

(average organ sample weight = 93 ± 35 mg, max = 262 mg, min = 28 mg). The weights of the 

collected blood samples varied between 12 and 387 mg, with an average of 100 ± 73 mg. All blood 

and organ samples were collected in pre-weighed 2 mL eppendorf cups, weighed and stored at  

-80 °C until further processing. 

7.2.5 Quantification of 111In with γ-counting (group 3) 

For the rats injected with 111In-labeled TSLs (group 3, Figure 7.2), the organ and blood 

samples and the standards of 111In-labeled TSLs were weighed and their radioactivity was 

counted with a 1480 Automatic Gamma Counter (WizardTM 3’’, Perkin Elmer) prior to further 

processing. The percentage of the injected dose (% ID) was calculated per gram blood or tissue as 

well as for the total blood. The total blood volume was calculated based on the %ID/g of 111In-

labeled TSLs 2 min after injection, assuming that 100% ID of TSLs is still present in the blood at 

this time-point and assuming a blood density of 1 g/mL.  
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7.2.6 Tissue homogenization (all groups) 

For homogenization, 1.5 mL of the internal standard daunorubicin  

(2 µg/mL for group 2b or 0.5 µg/mL for all other groups) was added to the blood and organ 

samples of all groups. The injected TSL solutions were used as standards and were treated equally 

to the tissue and blood samples. The samples were homogenized at 4 °C with a stainless steel ball 

(Qiagen, Hilden, Germany) for 5-60 min (depending on the tissue) at 30 Hz with a Qiagen 

TissueLyser. Ten homogenized samples of group 1 (Figure 7.2, blood, liver, spleen, kidney, muscle 

– 2 per sample type) were used for a multi-center comparison of the doxorubicin concentration by 

HPLC-based quantification and were therefore divided in three aliquots. One of the aliquots was 

analyzed with HPLC in our laboratory in Eindhoven, the Netherlands, and the other two aliquots 

were shipped on dry ice to different labs. Lab B was the Department of Internal Medicine III, 

University Hospital Munich, Ludwig Maximilians-University, Munich, Germany, and lab C was the 

Center for Interventional Oncology, Radiology and Imaging Sciences, Clinical Center, National 

Institutes of Health, Bethesda, Maryland. All labs are experienced in the quantification of 

doxorubicin fluorescence using HPLC.72,152 The homogenized samples of the radiolabeled TSLs 

(group 2 and 3, Figure 7.2) were divided in two aliquots for analysis with either the HPLC method 

or LSC.  

7.2.7 Doxorubicin quantification with HPLC (group 1-3) 

For doxorubicin extraction, 125 µL of the homogenized organs, blood and standards were 

incubated with 50 μL AgNO3 in water (1.94 M) for 10 min at room temperature (18 – 22°C). 

Subsequently, the doxorubicin was extracted by mixing with 1.25 mL chloroform/isopropanol 

(2:1 v/v). After centrifugation (10 min at 1.2 x g) the organic phase was transferred to a clean 

glass tube and evaporated to dryness at 40°C under N2 flow. The residue was dissolved in MilliQ 

water (200 µL), vortexed and 50 µL of the resulting solution were injected onto the HPLC column 

(Eclipse 5 µm, 4.6 × 150 mm2 XDB-C18 column, Agilent, Santa Clara, California, United States). The 

samples were analyzed on an Agilent Techologies HPLC system (1100 series) equipped with an 

autosampler and fluorescence detector with λex = 485 nm and λem = 590 nm. An isocratic flow of  

1 mL/min with 30% (v/v) acetonitrile in H2O containing 0.1% trifluoroacetic acid (v/v) was used 

to elute the doxorubicin and daunorubicin in 6 and 11 min respectively. The amount of 

doxorubicin in the samples was calculated by comparing the doxorubicin/daunorubicin ratio 

measured for each sample with the calibration line prepared from the measured standards. The 

percentage of the injected dose was calculated per gram blood or tissue as well as for the total 

blood, calculating a total blood volume, which was either derived from the 111In concentration in 

the 2 min blood sample (see section 7.2.5) or was calculated based on the rat’s body weight and 

the average blood volume per gram of body weight in group 3 (0.076 ± 0.007 mL/g). 
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7.2.8 Doxorubicin quantification with liquid scintillation counting 

(group 2 and 3) 

The β-radiation emitted from 14C was quantified using LSC. After homogenization with 

daunorubicin (as described in paragraph 7.2.6), 0.5 mL of the homogenized samples and standard 

solutions were incubated with 1 mL SOLVABLETM at 60 °C overnight in order to achieve full 

disintegration of the sample for optimal contact with the scintillation fluid. Next, a decolorization 

step was performed by overnight incubation at 60 °C with 0.3 mL of 30% hydrogen peroxide and 

0.3 mL isopropanol. Finally, 10 mL scintillation cocktail (Ultima GoldTM) was added and incubated 

for at least 30 min. The samples were counted with a liquid scintillation counter (Packard 2500 

TR, 30 min acquisition, energy window 4-156 keV). To correct for quenching, the Spectral Index of 

the Transformed External (tSIE) standard spectrum was derived from the spectrum measured 

using a standard quench curve of 14C in Ultima Gold and a built-in gamma-source of 133Ba external 

to the sample. The counting efficiency was then obtained from the tSIE. The disintegrations per 

minute (DPM) were calculated from the counts per minute (CPM) using the following equation: 

DPM = CPM/efficiency               Eq. 7.1 

7.2.9 Effect of 111In on liquid scintillation counting 

The presence of 111In in the samples of group 3 (Figure 7.2) was expected to contribute to the 

LSC counts through photon interaction with the scintillation cocktail. Furthermore, the 111InCl3 

contains a fraction of 114mIn, which also results in additional counts. The ratio 111In/114mIn is batch 

dependent and changes over time due to the different half-lives of the two indium isotopes (49.5 

days for 114mIn, 2.83 days for 111In). Thus, in order to correct for the indium contribution to the 

LSC counts, the counts per Bq of both isotopes needs to be extracted and the 111In/114mIn ratio of 

the 111InCl3 at the time of the analysis has to be determined.  

Three different batches of 111InCl3 were measured with an energy calibrated HpGe(Li) 

detector (Canberra DSA1000, Canberra Industries, Meriden, Connecticut, USA) to quantify the 

amount of the indium isotopes. The same samples were measured with a liquid scintillation 

counter (Packard 2500 TR, 30 min acquisition, energy window 4-156 keV) to quantify the total 

CPM to isolate the contribution to the LSC counts for both indium isotopes.  

One sample of group 3 (Figure 7.2) was then used to measure the 111In/ 114mIn ratio, using the 

HpGe(Li) detector. Since all rats were injected with the same batch of 111In-labeled TSLs, this ratio 

is the same for all samples of this group. Using the 111In/ 114mIn ratio, the isotope decay rates and 

the gamma counting results, the absolute amount of 111In and 114mIn for every sample of this 

group was calculated. Next, the calculated CPM contributions of the two indium isotopes were 

subtracted from the measured CPM. Finally, the DPM was calculated using the following equation:  

DPMcorrected = (CPMtotal – CPMIn-111 – CPMIn-114m)/ efficiency           Eq. 7.2 
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7.2.10 Statistics 

For the quality test of the HPLC quantification, the sample triplicates were used to determine 

the coefficient of variation (COV) across different doxorubicin extractions and HPLC runs. The 

accuracy is described by (Doxspike – Doxmeasured) / Doxspike ∙ 100%, in which Doxspike is the known 

doxorubicin amount in the sample and Doxmeasured is the doxorubicin amount as measured by 

HPLC. The COV is defined as the ratio of the standard deviation over the average value for 

multiple samples.  

For the comparison of the HPLC method results across labs, Bland Altman250 plots of the 

natural logarithms of the doxorubicin concentrations were constructed after checking the 

normality of the logarithmic differences by a Shapiro-Wilk test. The reason to opt for logarithmic 

differences was that the untransformed differences were not normally distributed. 

Blood kinetics data were fitted bi-exponentially using the following equation  

doxorubicin blood concentration = A1 e-k1 t + A2 e-k2 t             Eq. 7.3 

with t1,1/2 = Ln(2) / k1 and t2,1/2 = Ln(2) / k2 indicating the first and second plasma half-life, 

respectively. A1 and A2 represent the relative contributions of the two phases of the bi-exponential 

decay. The volume of distribution Vd is calculated by  

Vd [mL] = 100 / (A1 + A2) ∙ blood volume [mL]             Eq. 7.4 

To compare the doxorubicin quantification results for the LSC and the HPLC method for the 

animals of group 2 and 3, Bland Altman plots were made although traditional Bland Altman 

analysis could not be performed. Instead, the median (relative) difference and 2.5th and 97.5th 

percentiles were reported. For the animals of group 2, a Passing Bablok regression364 was 

performed after checking the linearity of the doxorubicin concentrations measured by LSC versus 

by the HPLC method. 

 All statistical analyses are performed in SPSS (IBM, New York, New York, United States), 

except for the Passing Bablok regression, which was performed in Matlab R2016A (Mathworks, 

Natick, Massachusetts, United States). Blood kinetics data were fitted by Origin 2015 (Origin Lab 

Corporation, Northampton, Massachusetts, United States). 

7.3 Results and discussion 

7.3.1 Liposome preparation 

For the cold TSL (group 1), the hydrodynamic radius was 63.7 nm (polydispersity  

index < 0.1) while the (cold analogues of the) TSL used in group 2b had a hydrodynamic radius of 

60.8 ± 0.7 nm (polydispersity index < 0.1). The phospholipid, gadolinium, doxorubicin and 14C 
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concentrations of the liposomal solutions are shown in Table 7.1. The Tm was tested for the TSLs 

used in group 1 and 2a and was 42.4 ± 0.1 °C. The results for the cold duplicate batches for the 14C-

doxorubicin loaded TSLs can be found in the appendix (Table S.1). The TSLs were stable at 37°C 

while showing fast and quantitative release at 42°C (see chapter 3).  

Table 7.1. Phosphate, gadolinium, doxorubicin and 14C concentrations of the four liposomal solutions 

and free doxorubicin. P = phosphate, Gd = gadolinium; dox = doxorubicin; NA = not applicable; ND = 

not determined. 

Group TSLs [P] (mM) [Gd] (mM) [dox](mM) [14C](kBq/mL) 

1 cold 46.5 ± 2.5 24.3 ± 1.2  2.7 ± 0.1 NA 

2a 14C-doxorubicin ND ND. 4.7 ± 0.2 59 ± 3 

2b 14C-doxorubicin ND ND 3.7 ± 0.7 97 ± 20  

Free doxorubicin NA NA 3.01 ± 0.01 45 ± 2 

3 14C-doxorubicin & 
111In 

ND ND 5.7 ± 0.1 72 ± 1 

 

7.3.2 Doxorubicin quantification of samples spiked with 14C-

doxorubicin and regular doxorubicin 

In literature, different methods for sample preparation have been used for LSC of 14C-

doxorubicin in blood and tissue samples, such as combustion of the sample in an oxygen-rich 

atmosphere followed by the collection of 14CO2 359, chemical extraction from homogenized 

tissues363, or solubilization of the sample.70 In this study, samples were solubilized, which is a 

reliable and simple method without the need for any special equipment such as a combustion 

chamber.  

First, MilliQ water and blood samples were spiked with different amounts of 14C-doxorubicin 

solution and analyzed with LSC and the HPLC method (see Figure 7.3A and B respectively). 

Overall, the LSC results showed a linear relationship between the measured and predicted counts. 

The doxorubicin quantification results of the HPLC method showed a linear relationship between 

the area under the curve (AUC) of the doxorubicin peak. For both methods, the results for the 

spiked blood and water samples were largely overlapping. For the LSC method, across both blood 

and water samples, the coefficients of variation over the three samples measured, were on 

average 3.2% (maximum 8.1%) and the deviation (absolute value) from the actual doxorubicin 

activity was on average 3.7% (deviation varying from an underestimation of -11.6% to an 

overestimation of 6.8%). For the HPLC method, across both blood and water samples, the COV 

were on average 7.6% (maximum 13.8%). 

For the HPLC method, additionally, various tissue samples were spiked with doxorubicin, 

followed by extraction in the presence of the internal standard. Overall, the deviation was -11.7 % 

on average, 15.3 % when considering absolute value of the deviation (Figure 7.3C). This indicated 

that for most samples and most doxorubicin spikes, doxorubicin measurements by the HPLC 
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method led to an underestimation of the actual amount present. The largest relative 

underestimation occurred for the blood and serum samples (29 and 25% average 

underestimation respectively). The highest accuracy was achieved for the liver samples (average 

absolute deviation 4.7 %). Clearly, the matrix in which the doxorubicin is present, influenced the 

extraction efficiency or the HPLC measurements. The doxorubicin amount measured by HPLC 

showed large relative deviations (up to -48%) for the lower doxorubicin amounts. Generally, the 

accuracy increased and the COV dropped until a plateau was reached around a doxorubicin spike 

of 0.8 – 1.6 μg (Figure 7.3D).  

 

Figure 7.3. A) Measured 14C activity versus added 14C activity in spiked water and blood samples. 

Straight lines represent linear fits through the data. B) Measured area under the curve (AUC) of the 

fluorescent doxorubicin peak in HPLC analysis versus the added amount of doxorubicin Since the 

fluorescence is expressed in arbitrary units (a.u.), the AUC is expressed in a.u. as well. C) Accuracy 

(expressed as the relative deviation) of the doxorubicin as measured by HPLC analysis of various 

tissue samples spiked with (cold) doxorubicin solution versus the actual added doxorubicin amount. 

D) COV of the measured doxorubicin over three extractions and HPLC measurements. 
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7.3.3 Consistency doxorubicin quantification by the HPLC method 

across labs 

For a small set of samples (n = 10 analyzed in lab A and B, n = 9 analyzed in lab C), 

doxorubicin extraction and quantification by the HPLC method were performed in three different 

laboratories and the Bland Altman plot of the natural logarithmic differences is represented in 

Figure 7.4. The Bland Altman analysis of the logarithmic differences indicated that results of 

laboratory A and B were comparable, with an average logarithmic difference of -5 ∙ 10-4 μg/g, a 

lower limit of agreement of -0.21 μg/g (natural logarithmic) and an upper limit of agreement at 

0.21 μg/g (natural logarithmic). This corresponds to an average ratio of the determined 

doxorubicin concentrations (lab B / lab A) of eLn(x) – Ln(a) = x/a = 1, with 95% of the ratios between 

0.81 and 1.24. The differences between the results of laboratory C and laboratory A were larger, 

with an average ratio of the determined doxorubicin concentration of 0.84 (lab C / lab A) and 95% 

of the ratios between 0.42 and 1.66. It should be noted that the largest relative deviation was 

observed for the samples with the lowest concentration, although we do not have a satisfying 

explanation for the differences between the results van lab C and the other two labs. 

 

Figure 7.4. Bland Altman plot of the natural logarithmic differences in the doxorubicin 

concentrations quantified by the HPLC method by laboratory B and laboratory C in comparison with 

laboratory A. The solid line indicates the average logarithmic difference between lab A and B, the 

dotted line indicates the average logarithmic difference between lab A and C. 

7.3.4 Doxorubicin quantification by the HPLC method versus LSC  

in vivo 

The two doxorubicin quantification methods were compared for the blood and tissue 

samples of group 2 (a & b, n = 521). The absolute and relative differences of the two methods are 

represented in Figure 7.5 A & B respectively. As the differences between the HPLC and LSC 
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derived doxorubicin concentrations in these samples were not normally distributed, no Bland 

Altman analysis could be performed, yet, plotting the absolute and relative differences between 

the values obtained by the two methods still gives valuable insights. First of all, Figure 7.5A shows 

a slightly increased lower doxorubicin concentration measured by the HPLC method than by LSC 

at higher doxorubicin concentrations (linear fit, Pearson’s r = -0.612). However, Figure 7.5B 

indicates that the relative deviation was in fact larger at lower doxorubicin concentration. This 

corresponded with the results that were obtained from the spiked tissue and blood samples. The 

median relative difference between doxorubicin concentrations measured by LSC and the HPLC 

method was 13.9% (2.5th percentile -107.0%, 97.5th percentile, 33.8%), which denoted higher 

doxorubicin concentrations quantified by LSC than by the HPLC method.  

Table 7.2. Passing Bablok regression parameters for different sample types.CI stands for 

confidence interval. NA indicates not applicable. 

Samples 
Sample 
size 

Linearity  
(p-value) 

Slope (95% CI slope) Intercept (95% CI intercept) 

All pooled (> 400 ng) 400 0.864 0.856 (0.836 - 0.877) 0.477 (0.112 - 0.919) 
Tumor  194 2 ∙ 10-5 NA NA 
Blood 55 0.744 0.872 (0.856 - 0.893) -0.557 (-0.741 – -0.256) 
Heart 28 0.291 1.333 (0.974 - 1.755) -2.297 (-5.805 – 0.658) 
Liver 29 0.905 0.994 (0.732 - 1.215) -0.475 (-2.776 - 2.577) 
Spleen 29 0.617 0.785 (0.645 - 0.902) 6.180 (-1.476 - 12.599) 
Kidney 29 0.905 1.047 (0.868 - 1.336) -2.242 (-8.317 - 2.157) 
Muscle 50 0.468 0.963 (0.835 - 1.053) -0.064 (-0.181 - 0.061) 
Lung 29 0.617 0.884 (0.701 - 1.073) 0.001 (-2.145 - 1.849) 
Pancreas 24 0.996 1.204 (0.911 - 1.520) -1.373 (-3.956 - 0.808) 
Adrenals 29 0.334 0.832 (0.619 - 1.066) -2.637 (-6.253 - 0.101) 
Urine (> 400 ng) 18 0.270 0.766 (0.720 - 0.864) 2.320 (-0.550 - 4.955) 

 

Furthermore, the results in Figure 7.5B indicated a potential difference of the performance of 

both methods with respect to each other for different tissues. The performance of both methods 

per sample type was further investigated by Passing Bablok regressions per organ when 

applicable.364 The results are summarized in Table 7.2. Blood, spleen and urine showed lower 

doxorubicin values when measured by the HPLC method compared to LSC quantification, 

indicated by slopes < 1 for which the 95% confidence interval does not include 1. This was 

expected for blood and spleen as there was also a considerable underestimation for the spiked 

samples. For the kidneys, liver, muscle, lungs and adrenals the doxorubicin measured by the HPLC 

method was comparable to the LSC measured doxorubicin (slope 1 within the 95% CI). In vitro, 

the HPLC method also determined the doxorubicin relatively well in spiked kidney (average 

absolute deviation = 12%) and liver samples (average absolute deviation = 5%). In the heart 

samples, the HPLC method generally measured higher doxorubicin values than the LSC method 

did. This is not in correspondence with the in vitro samples, where the HPLC method led to an 

underestimation of the doxorubicin concentration. We do not have an explanation for this 

difference. For the tumor samples, the linearity between HPLC and LSC derived doxorubicin 

values was not strong enough to allow for Passing Bablok regression. As the median relative 
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difference ((HPLC-LSC) / average) is -15.2% (2.5th percentile -102.5 %, 97.5th percentile, 17.0%), 

in general there was an underestimation of tumor doxorubicin concentrations by the HPLC 

method. 

 

Figure 7.5. Bland Altman plot of doxorubicin data for various tissue samples obtained by HPLC and 

LSC measurements. A) absolute concentration difference between doxorubicin concentration 

obtained by the HPLC method minus the concentration obtained by LSC B) relative concentration 

difference. 

Figure 7.6 represents the blood kinetics of doxorubicin-loaded TSLs obtained from 

experimental group 2a. The doxorubicin concentrations obtained by both LSC and HPLC analysis 

were expressed as percentage injected dose (%ID) in the total blood volume and a bi-exponential 

fit was applied to both the LSC and HPLC data. The Passing Bablok regression for blood samples 

had a slope of 0.87, indicating that the HPLC method measured lower doxorubicin blood 
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concentrations than the LSC method in correspondence with the data from the spiked blood 

samples. The bi-exponential fits through data obtained by the LSC and HPLC method are largely 

overlapping and the parameters are summarized in Table 7.3. Even though the fitted curves 

appear similar, the lower doxorubicin concentrations measured by the HPLC method led to a 

higher estimation of the volume of distribution and slightly lower half-lives.  

 

Figure 7.6. Blood kinetics data for the TSLs injected in the animals of group 2a, obtained by the HPLC 

method or LSC analysis. The doxorubicin kinetics are represented as percentage of injected dose (% 

ID) in the total blood volume. 

7.3.5 Dual labeled temperature sensitive liposomes (group 3) 

Doxorubicin and 111In-lipid concentrations were determined for the blood samples and organ 

samples obtained for group 3. The two indium isotopes 111In and 114mIn displayed a linear 

correlation between the LSC counts and their radioactivity as measured by a germanium detector, 

which was 13285 cpm/kBq for 111In and 18332 cpm/kBq for 114mIn. Based on the initial 
111In/114mIn ratio, the γ-counting results and the decay rates of the isotopes, the LSC counts were 

corrected for the contribution of both indium isotopes. 

Again, the differences between doxorubicin concentrations measured by the HPLC method 

and by LSC (both corrected and uncorrected) were not normally distributed, nor were the 

logarithmically transformed differences or the relative differences. Nevertheless, a Bland Altman 

representation of the data in Figure 7.7A indicated that the correction for the 111In-contribution to 

the LSC counts led to a better correspondence between HPLC and LSC derived doxorubicin 

concentrations. The relative differences ((HPLC – LSC) / average LSC and HPLC) for the corrected 

data had a median value of -7.2 % (2.5th percentile -63.1 %, 97.5th percentile 47.8 %), while the 

uncorrected data had a median relative difference of -29.7 % (2.5th percentile -102.1 %, 97.5th 
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percentile 29.0 %). Arguably, if time is of no concern, one could wait longer for both indium 

isotopes to decay, which would remove the need to apply a correction factor. 

Table 7.3. Overview of the parameters for the bi-exponential fits  

y = A1 e-k1t + A2 e-k2t through the blood kinetics data for groups 2a and 3. t1,1/2 and t2,1/2 indicate the 

first and second plasma half-life, respectively. Vd indicates the volume of distribution derived from 

the t = 0 time point of the fits and R2adj is the adjusted R squared of the fit. 

Group Blood kinetics 
of 

Method A1 

[%ID/total 
blood] 

t1,1/2 

[h] 
A2 

[%ID/total 
blood] 

t2,1/2 
[h] 

Vd [mL] R2
adj 

2a doxorubicin HPLC 100.2 1.2 12.9 28.2 9.6 ± 0.6 0.967 

2a doxorubicin LSC 112.7 1.3 12.9 35.7 8.6 ± 0.5 0.969 
3 doxorubicin HPLC 78.3 1.5 16.3 28.4 10.7 ± 0.9 0.987 
3 doxorubicin LSC 

corrected 
74.1 1.5 20.6 27.8 10.7 ± 0.9 0.992 

3 111In-lipid γ-counting 31.2 1.9 69.5 23.2 10.1 ± 0.9 0.990 

 

The injected dose in the total blood volume (%ID / total blood) of 111In and doxorubicin as a 

function of time is depicted in Figure 7.7B. Doxorubicin was cleared faster than its 111In-labeled 

liposomal carrier, suggesting that the drug leaked out of the liposomes at physiological conditions, 

followed by rapid plasma clearance of the free doxorubicin.365 The distinction between drug 

leakage and liposome clearance can only be made if both the liposome and doxorubicin 

concentration can be probed, preferable in the same cohort of animals. The drug leakage from 

TSLs was already observed in earlier studies. Based on the model described in chapter 2 taking 

into account the plasma half-life of doxorubicin (5.3 min in rats)365, the leakage half-life of 

doxorubicin from these TSLs is estimated to be 2.3 – 2.7 hours (for the data obtained by the HPLC 

method and by LSC, respectively), which is lower than what was typically observed for these 

TSLs59 (see appendix, Figure S.1 for 90 min blood kinetics data for another batch of the same 

formulation). This can be explained by the fact that the injection and blood sampling were 

performed on awake animals. Not only is the body temperature of awake rats generally higher 

than that of rats under anesthesia, the animal handling causes stress, which is known to induce a 

rise in body temperature in these animals.183 
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Figure 7.7. A) The relative difference in doxorubicin concentration measured by the HPLC method 

and by LSC versus the average doxorubicin concentration for all measured organ and blood samples. 

For the LSC data, both data corrected for the 111In and 114mIn contribution to the LSC counts and 

uncorrected LSC data are shown. B) Blood kinetics of the TSLs and the encapsulated doxorubicin as 

measured by the HPLC method and LSC. Both the data corrected for the indium-derived LSC counts 

and uncorrected data are represented. The lines indicate bi-exponential fits through the data. The 

inset is a magnification of the blood kinetics data for the first 2 hours after injection, which are most 

relevant for drug delivery from TSLs. 
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Figure 7.8. Biodistribution of the TSLs and the doxorubicin in group 3, 48 h after TSL injection. 

The biodistribution results (see Figure 7.8) indicated that the highest TSL uptake occurred in 

the liver and the spleen. This was expected since these organs are part of the mononuclear 

phagocyte system (MPS), which is responsible for filtering out TSLs from the blood circulation.16,59 

Interestingly, doxorubicin concentrations in most organs were lower than the TSL concentrations 

(paired sample T-test, p < 0.03 for all samples when comparing doxorubicin quantified by either 

method to 111In-lipid concentration). In kidney and muscle, on the other hand, the concentration 

of doxorubicin quantified by either method is higher than the concentration of 111In-labeled lipid 

(p ≤ 0.01). Since doxorubicin is a small molecular drug, free doxorubicin extravasates and shows 

fast renal clearance366, while TSLs stay in the blood stream and are cleared by the MPS at a much 

slower rate. As a result of the doxorubicin leakage from the TSLs, the kidneys display a higher 

doxorubicin than 111In-labeled lipid concentration. Moreover, since ‘half-empty’ TSLs are 

processed by the MPS, the 111In-labeled lipid concentration exceeds the doxorubicin concentration 

in the MPS. 

7.3.6 General discussion 

An overview of the advantages and disadvantages of the two methods is shown in Table 7.4. 

An advantage of the LSC method is that the doxorubicin can be quantified in most tissues by 

solubilisation, in contrast to the HPLC method, where the required mechanical homogenization is 

challenging to perform for some structures (e.g. muscle, skin and bone). Chemical solubilisation 

risks destruction of the doxorubicin which would hamper detection based on its fluorescence. 

Additionally, the same LSC protocol can be widely used for quantification of other 14C-labeled 
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molecules in blood and tissue samples, while the presented HPLC method is specifically developed 

for doxorubicin.  

Moreover, the results we obtained in various tissue samples indicated that the doxorubicin 

concentrations measured by the HPLC method were matrix dependent.351 In most samples in 

which there was a clear discrepancy between HPLC and LSC data (e.g. blood), the doxorubicin 

concentrations measured by the HPLC method were lower, which can either be attributed to an 

incomplete extraction procedure for certain matrices (as the underestimation of the doxorubicin 

concentration was also present in some spiked tissue samples), metabolisation of the 

doxorubicin358 or a combination of both. In some samples, additional peaks of fluorescence were 

detected that could indicate the presence of doxorubicin metabolites as the elution time of some 

peaks corresponded to that of typical doxorubicin metabolites353,366 doxorubicinol (elution time 

4.3 min) and 7-deoxydoxorubicinone (elution time 8.4 min) (for an example of the latter, see 

appendix, Figure S.2). In the HPLC analysis, these peaks were not taken into account. In contrast, 

the most common doxorubicin metabolites maintain the 14C-carbon of the 14-14C doxorubicin 

(Figure 7.1) and for this reason, they still contribute to the measured LSC values. 

Therefore, if a large number of e.g. blood samples need to be analysed with the HPLC method, 

it would be recommended to include a series of standards consisting of spiked blood samples. For 

the LSC method, however, we only tested the matrix dependency by measuring doxorubicin in 

spiked blood and water samples. Although the technique is not dependent on an extraction 

procedure, it is possible that some dark-colored samples could still lead to some color quenching 

even after the decolorization step with hydrogen peroxide. 

Table 7.4. Advantages (+) and disadvantages (-) of the HPLC and LSC method for doxorubicin 

quantification. 

 HPLC method LSC method 

Time needed for analysis - + 

Applicable for all tissues - + 

Applicable for other drugs - +  

Matrix independency - +/-? 

Suitable for low drug concentration - + 

Possible to perform in every lab +  -  

Costs + - 

Waste management + - 

 

The LSC method is generally less labour-intensive than the chemical extraction procedure for 

the HPLC method. On the other hand, the LSC method requires a radiochemical lab and can 

therefore not be performed in standard analytical laboratories, nor can it easily be combined with 

other analytical techniques for radiochemical safety. Especially in the animals of group 2b, which 

were subjected to a MR-guided HIFU treatment, the risk on contamination of the MR-HIFU device 

complicated the animal handling and the experiment created a relatively large amount of 

radioactively contaminated waste. The costs of the LSC method are considerably higher, as the 
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radiolabelled doxorubicin is expensive. Especially when upscaling to larger animals, the costs and 

abovementioned waste management may become a limiting factor for the applicability of the LSC 

method.  

Typical concentrations that were found in the ~100 mg blood and organ samples were  

0.1-10 μg doxorubicin (~2-50 Bq 14C in the current study) in blood and 0.02-30 μg doxorubicin 

(0.4-150 Bq 14C in the current study) in organs. Based on the results for the spiked samples, the 

accuracy of the doxorubicin quantification by the HPLC method is low when the total doxorubicin 

in the sample dropped below ~1 μg. To some extent, this can be solved by simply injecting a larger 

fraction of the extracted doxorubicin solution onto the HPLC column or, if more than 100 mg 

tissue is available, by extracting multiple pieces of tissue and pooling the extracted doxorubicin. 

However, for the HPLC method, the total available sample material needs to contain a sufficient 

amount of doxorubicin to quantify it accurately. The amount of injected doxorubicin (5 mg/kg) 

cannot be increased tremendously, since this will lead to serious side effects of this cytotoxic drug. 

For LSC, a higher sensitivity can easily be achieved by increasing the ratio of 14C-doxorubicin to 

cold doxorubicin loaded into the TSLs, thereby increasing the amount of injected 14C. In our study, 

approximately 15-30 kBq of 14C doxorubicin per rat were injected, which led to measured DPM 

that were larger than 3.2 the background for 95% of the samples.  

7.4 Conclusion 

14C-doxorubicin was quantified in tissue and blood samples with LSC as well as with HPLC in 

combination with a fluorescence detector after chemical extraction. In vitro, the quantified 

doxorubicin showed a linear correlation between actual doxorubicin concentrations in samples 

spiked with doxorubicin, for both methods. The quantification by the HPLC method is matrix-

dependent and especially underestimated the amount of doxorubicin in blood and serum samples. 

Both the LSC and HPLC method were used to quantify doxorubicin in the same blood kinetics and 

biodistribution samples. While both methods generally showed a good correspondence and a 

linear relationship between the obtained concentrations was present, the HPLC method measured 

lower doxorubicin concentrations than the LSC-based method for certain sample types. This can 

probably be attributed to matrix-dependency of the HPLC method, doxorubicin metabolism 

and/or incomplete doxorubicin extraction. Additionally, a dual labeling method was presented 

where TSLs encapsulating 14C-doxorubicin were labeled with 111In, to quantify the liposomal 

carrier as well as the encapsulated doxorubicin. This method provided important information 

about blood kinetics and biodistribution of the different compounds which can help in the 

development of better TSLs, as in this case, in vivo leakage of the doxorubicin from the TSL was 

detected. 
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7.6 Appendix 

Table S.1 Phosphate [P], gadolinium [Gd], doxorubicin [dox] molar ratios and hydrodynamic radius 

with polydispersity index (PD.I.) of the cold (duplicate) batches of TSLs. 

Group [dox]/[P] (-) [Gd]/[P] (-) Hydrodynamic 
radius [nm] - PD.I. 

1 0.058 0.522 63.7 – PD.I < 0.1 

2b 0.067 ± 0.010 0.50 ± 0.042 61.2 - 0.056 

 

 

Figure S.1 Blood kinetics data of 111In-labeled TSLs and doxorubicin based on HPLC measurements 

for the animals in group 3 in comparison to blood kinetics data obtained from the same TSL 

formulation in anesthesized Wag/Rij rats.  

 



Chapter 7 

170 
 

 

Figure S.2 HPLC elution profile of A) an adrenal tissue sample from group 2B, containing doxorubicin 

(Reg #1) and the internal standard daunorubicin (Reg #2), B) 7-deoxydoxorubicinone (Reg #1) and 

C) doxorubicinol (Reg #1) , both doxorubicin metabolites in the presence of the internal standard 

daunorubicin (Reg #2).  
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In this thesis, various aspects of image-guided drug delivery using temperature sensitive 

liposomes (TSLs) were investigated. Chapter 2 dealt with the optimization of the TSL 

formulation; in chapter 3, the efficacy of various HIFU-induced heating protocols was studied; in 

chapter 4, a new MRI method for image-guided drug-delivery was developed. Chapters 5 and 6 

considered the safety aspects of contrast agent incorporation in TSLs and the development of a 

potential alternative contrast agent. Finally, two quantification methods for doxorubicin, the drug 

used throughout this thesis, were compared in chapter 7. 

 Temperature sensitive liposome formulations 8.1

The choice of an appropriate TSL formulation is an important aspect in the advancement of 

the field of image-guided drug delivery. Currently, the only TSL formulation in clinical trials is 

Thermodox®, a lysolipid containing TSL formulation (LTSL).67,178 Although it shows exceptionally 

fast drug release upon hyperthermia, it suffers from considerable in vivo leakage.70,367 Therefore, 

much research is focused on the development of the optimal TSL, which would show 

instantaneous release at moderately elevated temperatures while maintaining prolonged stability 

at physiological temperature. Small variations in liposome size, lipid composition and internal 

buffer can substantially influence these parameters.34,45,74,76,158,282,368,369 

In chapter 2, we tested several non-lysolipid based TSL formulations without cholesterol 

that varied in lipid ratio and intraliposomal buffer. In vitro, these liposomes displayed different 

stability and release kinetics, ranging from somewhat slower than traditional TSLs (TTSLs) to 

equally fast as LTSLs. In contrast to in vitro results, a burst release of the doxorubicin upon TSL 

injection was observed in vivo, stressing the importance of preclinical experiments in TSL 

optimization. Furthermore, all formulations were equally successful in slowing down tumor 

growth in a mouse BFS-1 tumor after 60 min of water bath induced hyperthermia, regardless of 

their release rate. Apparently, for prolonged hyperthermia treatments, the liposomal release rate 

is not the only relevant factor, as was also recognized by others.56  

We hypothesize that this lack of differentiation we observed in vivo between fast and slow 

releasing TSLs can be attributed to several factors. The first one is the length of the hyperthermia 

period. If the hyperthermia period is sufficiently long, it gives even relatively slow releasing 

formulations the opportunity to deliver a large part of their payload, especially since their blood 

area under the curve (AUC) is typically higher than that of lysolipid-based formulations. 

Additionally, providing that the TSL dose is sufficiently high and the treatment duration is long, a 

saturation of doxorubicin uptake in the tumor tissue can occur.32,193 The time it takes for the 

intracellular doxorubicin concentration to reach the point of saturation in the presence of a high 

extracellular doxorubicin concentration can vary from minutes to hours32, which implies the 

optimal formulation and heating duration can be tumor dependent.56  

In chapters 3, 4, 6 and 7, TTSLs were used that do not contain lysolipids. Although their 

release kinetics are slower than the release kinetics of LTSLs or the cholesterol-lacking TSLs used 

in chapter 2, the TTSLs often remained the formulation of choice throughout this thesis. TTSLs 
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were chosen because of their capacity to stably encapsulate doxorubicin as well as Fe-succinyl 

deferoxamine (Fe-SDFO)211 and gadoteridol while still showing acceptable release kinetics (with 

70-80 % release within 0.5 min).131,145,211 Moreover, they display an extended circulation half-life 

as well as minimal in vivo leakage over the time course of a typical hyperthermia treatment 

procedure.59 In contrast, LTSLs lose approximately 30% of their payload within the first hour (in 

mice70) and patient data indicated that free doxorubicin represented 44% of the total doxorubicin 

AUC, which implies that a considerable part of the drug dose is bioavailable outside the tumor.367 

Additionally, the prolonged circulation time and stability of the TTSLs could lead to more drug-

filled TSL accumulation in the tumor after the hyperthermia treatment has ended70, as 

hyperthermia treatment is known to increase the vascular permeability of tumor 

vasculature.58,59,220,221  

While the DPPG2-based TSLs used in chapter 5 have shown both fast doxorubicin release and 

good serum stability at 37 °C 72,73,370, we have not opted for this formulation in other chapters. 

Although highly promising for doxorubicin371 and gemcitabine73 release, in our hands, their 

release of Gd contrast agents163,164,167 was not equally fast as that of doxorubicin72 and the 

encapsulation of Fe-SDFO was problematic.  

In conclusion, although the optimal intravascular release TSL would show both fast release 

and prolonged in vivo stability, often a trade-off between the two is required. Depending on the 

tumor (e.g. perfusion, doxorubicin uptake) and the hyperthermia protocol, instantaneous release 

is not always the most important requirement. Moreover, in case saturation of the tumor with 

doxorubicin is the limiting factor, a lower doxorubicin dose, a shorter hyperthermia period or 

both should be considered. This also indicates that further optimization of the treatment protocol 

as well as the applied doxorubicin dose need to go hand in hand with TSL development, and 

should involve both pharmacokinetic modeling56 and preclinical experiments.  

 Challenges in the clinical translation of image-guided  8.2

HIFU-mediated drug delivery  

Although in preclinical models, HIFU mediated drug delivery from TSLs has demonstrated its 

value, a first clinical test still needs to be realized. For a successful clinical translation of the 

concept, several challenges need to be addressed (schematically depicted in Figure 8.1). 

 MR-HIFU based heating of larger tumor volumes 8.2.1

In a clinical situation, the tumor mass to be treated is often considerably larger than in the 

rodent tumor models used in most preclinical studies. For clinical HIFU ablation of either 

malignant or benign tumors, the entire tumor is covered by sequentially heating small foci (either 

by a point-and-shoot approach372,373 or by volumetric heating of volumes up to a few cubic 

centimeters 207,374) until the whole mass is treated.140 For clinical hyperthermia on the other hand, 

a much larger volume needs to be kept at a uniform, stable hyperthermic temperature for a 
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prolonged period of time (30-60 min). This can be challenging, not only due to the sheer volume 

that has to be heated, but also due to variations in tissue properties and the presence of large 

blood vessels in the near vicinity, which can function as a heat-sink.375,376  

Modern clinical HIFU systems have phased array transducers that are capable of electronic 

and mechanical steering. By varying the phase and amplitude of the multiple transducer elements 

as well as by mechanical transducer movement, ultrasound (US) energy can be delivered to large 

tumor volumes (depicted in Figure 8.1C). Staruch et al. heated up volumes of rabbit muscle up to 

15 mm in diameter by mechanical steering of a single element transducer.209 Later, they and 

others resorted to a phased array transducer using electronic steering and heated comparable 

rabbit tumor volumes.154,210 Alternatively, as shown by Partanen et al., the phased array 

capabilities can be used to generate multiple foci, leading to a reduced in acoustic pressure and an 

increased ability to shape the heated region. Nevertheless, the heated volumes in this preclinical 

rabbit study were still limited to about 15 mm in diameter.377  

Recently, Tillander et al. were the first to demonstrate prolonged stable heating in larger 

volumes (up to 100 mL in volume for durations up to 60 min) by combining both mechanical and 

electronic steering in a treatment scheme where they alternatingly sonicated 7 separate 

treatment cells, switching between cells depending on their respective temperature. This method 

required a sophisticated temperature feedback algorithm as the converging HIFU beam paths 

show overlap in the near field, leading to non-uniform near field heating. This limits the overall 

acoustic energy that can be used to heat up the target volume. By near-field temperature 

monitoring and prediction, individual transducer elements were automatically switched off, 

reducing near field heating.143 Likely, the combination of electronic and mechanical steering is 

needed for translation of MR-HIFU induced large-volume hyperthermia to the clinic. 

In the preclinical model used in this study and in most preclinical studies conducted by 

others, the hyperthermia target for HIFU therapy was either muscle143,155,209,377 or a subcutaneous 

tumor on the hind limb of the animal.59,154,210,377,378 In this scenario (depicted in Figure 8.1A), the 

presence of crucial structures in both the near and the far field are limited, as for the first, only the 

skin layer receives US energy and for the latter, any residual US energy directed towards the body 

of the animal is often blocked by an absorber. Moreover, the tumor can easily be immobilized; no 

tumor movement is expected due to e.g. breathing or peristalsis. The clinical situation (depicted in 

Figure 8.1 B,C) shows a higher degree of complexity, as the tumor is often more mobile and the US 

beam path can inadvertently cross tissue absorbing or scattering US waves (e.g. bone, gas-filled 

bowels or lungs).140  

The clinical application of MR-HIFU for tissue ablation is much more established than MR-

HIFU induced hyperthermia. The technique is clinically approved for the treatment of benign 

uterine fibroids110–112, palliative treatment of bone metastases113,114, essential tremor115,116 and is 

tested in clinical trials for other tumors.117,118,379,380 Since the clinical application of MR-HIFU 

ablation faces essentially the same problems as MR-HIFU induced hyperthermia does, several 

solutions to abovementioned problems have already been offered (Figure 8.1C).  
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Figure 8.1. Comparison of preclinical and clinical HIFU. Preclinical HIFU (A) is usually performed on 

small animals with subcutaneous tumors, which often can be sonicated by a single treatment cell. 

The tumor is typically immobilized and the tumor-bearing paw is usually separated from the body by 

an US absorber. In contrast, tumors in a clinical setting (B) are often moving due to breathing 

motion or peristalsis and the acoustic beam path can encounter bone or air. To cope with moving 

tumors (C), the focal spot needs to track the tumor and proton resonance frequency shift (PRFS) 

temperature maps (C, right) rely on different reference phase maps depending on the tumor position 

or on self-referenced PRFS (by polynomial fitting of the phase outside the heated volume and 

extrapolating it in the heated area). Moreover, while ablation is usually performed by applying 

multiple ablation cells separately, the size of the tumor requires heating up larger tumor volumes, 

e.g. by mechanically moving the transducer between several larger electronically steered treatment 

cells (C, left). 

The influence of tumor mobility on the proton resonance frequency shift (PRFS) 

thermometry originates from the fact that it is reference-based technique that generally uses 

voxel-by-voxel phase subtraction in order to calculate temperature.106 In case of tumor movement 

(Figure 8.1C), voxels in the reference image do no longer correspond to the same voxels during 

heating and additionally, the movement itself causes susceptibility changes that lead to phase 

changes. Techniques to cope with this problem combine bulk tumor motion tracking using 

navigators with either self-referenced234,381,382 or multi-baseline approaches.383,384  
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Since hyperthermia treatment requires less US power than an ablation treatment, damage to 

the tissues present in the near and far field occurs more slowly. Nevertheless, due to the much 

longer duration of sonication, the thermal dose in the near and far field starts to add up and can 

lead to tissue damage. Bone in the beam path will absorb a significant part of the US energy, not 

only leading to overheating of the bone but also limiting the US energy finally arriving in the 

planned focus. This problem can be circumvented by selectively turning off the transducer 

elements of which the beam path crosses bone.385–387 Air in the gastrointestinal tract can be 

limited by pretreatment with simethicone388 or can be moved out of the beam path by physical 

manipulation (e.g. water bags) and air in the lungs for example by pleural effusion or lung 

flooding389,390, although generally treatment near air-filled cavities is difficult.  

 Incorporation of paramagnetic contrast agents in TSLs 8.2.2

Apart from providing anatomical detail for treatment planning and temperature information 

for feedback to the HIFU transducer, the MRI scanner enables drug release visualization. Drug 

release visualization and quantification based on paramagnetic contrast agents encapsulated in 

TSLs was demonstrated in this thesis (chapters 3, 4, and 6) and by others.59,122,129–132,276,391 In a 

preclinical situation, this offers the opportunity to test and tailor heating protocols (chapter 3) 

and liposomal formulations, especially when the drug release can be monitored throughout the 

HIFU treatment (chapter 4) and could be combined with pharmacokinetic modelling.56,57 

Clinically, it would be tremendously valuable to know whether a drug delivery treatment was 

performed successfully or whether immediate additional treatment is necessary. Nevertheless, 

there are two issues that complicate direct clinical translation.  

First, many groups, including ours, have opted for the encapsulation of gadolinium-based 

contrast agents inside the TSLs. As discussed in chapters 5 and 6, the liposomal encapsulation of 

Gd-based contrast agents involves potential health risks if not all of the Gd is released during the 

hyperthermia treatment. Moreover, there is increasing body of evidence of Gd accumulation of 

linear Gd chelates in the brain, even in healthy subjects.271–274,318,321 In chapter 6, we suggested an 

alternative in the form of an iron-based contrast agent, derived from a clinically used iron-

chelator.  

Second, as was pointed out by Hijnen et al., a fluctuating Gd concentration induces 

susceptibility changes that influence the image phase, thus impairing accurate proton resonance 

frequency shift (PRFS) thermometry.144 In chapter 4, no clear effect of the injection of Gd-loaded 

TSLs on the thermometry data was observed, which can partly be explained by the lower 

concentration of Gd used compared to that in other studies.132,144 Regardless, we would 

recommend to inject the Gd-bearing TSLs prior to the start of the PRFS sequence, as the TSL and 

therefore the Gd concentration do not fluctuate much due to the slow blood kinetics of the TSLs.59 

This however only holds when the Gd is not released from the TSLs. Once released, the Gd 

concentration can show both spatial and temporal changes that could compromise the MR 

thermometry. In chapter 4, we did not test the influence of Gd release during heating on the 

thermometry data. In animals treated with hyperthermia, the HIFU power is controlled based on 
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the thermometry feedback, which would obscure any effects. We would suggest follow-up 

experiments in which the tumor is heated by a water bath or laser-based setup after TSL injection 

while both R1 and temperature are monitored in an interleaved acquisition. This way, apparent 

temperature fluctuations can be directly related to the moment of Gd release via the changes in 

the R1 maps.132  

 Clinical protocol considerations 8.2.3

Thus far, the only clinical experience with temperature-induced drug release from TSLs has 

been obtained with LTSLs (Thermodox®).65,66,237 This first phase III trial was conducted on 

patients with primary liver tumors who were treated with radiofrequency ablation (RFA). The 

results of this clinical trial underline the importance of a deliberate clinical workflow as the trial 

failed to show the anticipated increase in overall survival compared to RFA without Thermodox® 

injection (the HEAT trial 66). Later, it turned out that the limited success could largely be 

attributed to RFA treatments with too short duration. A post-hoc subgroup analysis revealed a 

greater than two-year survival benefit for a subgroup of patients that received a RFA treatment of 

45 min or more65 and based on this analysis, an optimized RFA protocol was implemented for the 

follow-up trial.64  

The importance of a prolonged drug delivery preceding the ablation treatment was signified 

by our observation in chapter 3 that TTSLs combined with hyperthermia and ablation led to the 

longest tumor growth delay, while the addition of a TSL injection to an ablation treatment did not 

lead to a therapeutic improvement. In this preclinical experiment, the tumor was ablated for only 

~2 min by a single treatment cell as opposed to clinical tumor ablation which is typically achieved 

by covering the tumor with multiple smaller treatment cells (depicted in Figure 8.1C).140 

Consequently, the clinical treatment generally takes longer, with local hyperthermia surrounding 

each ablation treatment cell, leading to a prolonged period for drug delivery in the tumor and its 

surroundings. Moreover, while the single treatment cell ablation in the preclinical tumor likely 

induces widespread vascular shut-down in the small tumor volume82,392, this would not occur 

instantly throughout a larger tumor volume, again leaving more time for drug delivery to take 

place.  

To date, only a few preclinical studies using hyperthermia-induced doxorubicin delivery 

without ablation managed to achieve complete tumor regression.231,284 An important difference 

between these studies and most other preclinical hyperthermia induced drug delivery studies, 

including our own (chapter 2 and 3), is that the TSL injection and US sonication were repeated 

multiple times over the course of several weeks, in contrast to a single TSL and hyperthermia 

treatment. The latter generally leads to tumor growth delay at best, as we observed in chapter 

3.69,130,158,391,393,394 Even though hyperthermia treatment increases the overall concentration 

(chapters 3 and 6)131 as well as the penetration depth of doxorubicin inside the tumor33,34,55, lack 

of complete tumor regression after a single treatment can still be attributed to e.g. incomplete 

doxorubicin delivery or a locally too low doxorubicin dose. For this reason, the ability to visualize 

drug release spatially across the tumor is important. 
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We suggest hyperthermia-induced drug delivery should either be repeated multiple times, 

like regular chemotherapy, or preferably be combined with lesion ablation. The success of the 

latter approach (in chapter 3) exemplifies why MR-HIFU would be an ideal technology for 

temperature-induced drug delivery, as it is the only available technology able to administer 

prolonged hyperthermia and ablation in a single treatment session. 

 Pressure-mediated drug delivery 8.3

Depending on the choice of US parameters, focused US can have predominantly thermal or 

mechanical effects. In this thesis, we have exploited the thermal effects of focused US to achieve 

drug delivery. As they traverse the tissue, US waves causes shearing and vibrations in the tissue at 

a microscopic level, leading to frictional heat. This way, the mechanical energy of the US wave gets 

absorbed and turned into thermal energy. For optimal heating, long exposures at moderate 

pressures (0.1 – several MPa peak negative pressures), high duty cycles and relatively high 

frequencies (0.5 - 8 MHz) are required. 395,396 

Additionally, there is a myriad of research available on drug delivery processes relying on the 

mechanical effects of US (reviewed in 395,397–401). Mechanical effects caused by US comprise of 

acoustic cavitation, acoustic radiation forces and acoustic streaming. Drug delivery methods based 

on the mechanical effects of US generally rely on the injection of microbubbles. Microbubbles are 

gas-filled microcapsules with sizes ranging from 1 – 10 μm that show volumetric oscillations in 

response to the incoming US waves. The gas (usually hydrophobic, based on perfluorocarbons) is 

contained within a shell consisting of polymers, lipids or proteins. While oscillating, the 

microbubbles create a considerable degree of backscatter, which can conveniently be used for 

diagnostic US purposes, e.g. to measure local perfusion in the myocardium.402  

In drug delivery, microbubbles are used either indirectly in combination with co-injected 

drugs, to overcome some of the (physical) barriers complicating drug delivery, or directly, as 

drug-carrying vesicles. The most important parameter in microbubble aided drug delivery, is the 

mechanical index (MI), which is the ratio between the peak negative pressure over the square 

root of the center frequency of the applied US. When the MI is high (~ MI > 0.6), the microbubble 

experiences inertial cavitation, which means it is expanded and compressed until the shell cracks 

and the gas escapes or the bubble gets completely destroyed.399 This process is rather violent and 

leads to a transiently increased permeability of both blood vessels and cell membranes.403 When 

the MI is lower (~MI < 0.3), microbubbles oscillate in response to the US field, but do not burst. In 

close vicinity to cells, they temporarily induce cell permeability404, which has been used to deliver 

co-injected nucleic acids to cells.405–407 In close vicinity to blood vessels, the microbubbles vibrates 

against the endothelial lining, pushes against the endothelial wall by acoustic radiation forces and 

induces shear stresses in its surroundings due to microstreaming. These processes are successful 

in opening up endothelial gaps, even in the biological barrier considered the most difficult for 

drugs to penetrate: the blood-brain barrier.408–410 The endothelial gaps that are created this way, 

stay open for a prolonged time period411,412 and therefore allow accumulation of co-injected drugs 

into the target tissue. For example, to treat pancreatic cancer, gemcitabine has been combined 
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with Sonovue®, a microbubble formulation clinically used for diagnostic purposes. This approach 

led to encouraging results in mice413 and even preliminary success in patients.414 Co-injected 

microbubbles and antibodies against toxic amyloid-beta peptide have successfully reduced plaque 

pathology in a mice model for Alzheimer’s disease.409 For image-guided drug delivery, e.g. 

microbubbles loaded with USPIO’s have been designed, which led to an increase in the effective 

transverse relaxation rate, R2* that corresponded well with the FITC-dextran signal on 

microscopy.415  

In an attempt to fully exploit the temporarily opened barriers, drugs have been incorporated 

in the bubble or its shell, which would optimally lead to a locally high drug concentration near the 

opened barriers. Upon bursting of the microbubble, the drug payload gets released and can 

penetrate the surrounding tissue.397,398 Moreover, the bursting microbubbles can be detected by 

diagnostic US, enabling image-guided drug delivery. While hydrophobic drugs like e.g. paclitaxel 

can be loaded into the shell of polymeric microbubbles in therapeutically relevant 

concentrations416, their drug-loading capacity is very limited for most hydrophilic drugs (e.g. 

doxorubicin417). Moreover, the large size of the microbubbles leads to fast clearance (the terminal 

half-life for the commercially available SonoVue® is 12 min) and limits the injectable dose (~109 

bubbles per injection).418 This is problematic, since the amount of drug that can be delivered is 

dependent on drug plasma concentration during treatment.  

In an attempt to increase the drug dose that can be delivered, the possibility to use micelles 

or liposomes as nanocarriers for pressure-mediated drug release was explored. Liposomes and 

micelles can either be attached to microbubbles398,419,420 or be used as a single entity.38,40,398,421,422 

Even though microbubbles carrying 200 – 600 doxorubicin-loaded liposomes per bubble have 

been created, achieving therapeutic concentrations is difficult for the same reasons as stated 

before.419 Alternatively, liposomes can release their content in the absence of microbubbles as a 

result of cavitation occurring either near or inside the lipid bilayer.398 Schroeder et al. successfully 

used continuous low-intensity HIFU at 20 kHz to show triggered release of various drugs 

(amongst other doxorubicin and cisplatin) from non-temperature sensitive liposomes within 3 

minutes of sonication.421,423 

 Outlook 8.4

Over the past years, numerous advances in both HIFU technology and TSL formulations have 

brought the field of HIFU-induced drug delivery closer to successful clinical translation, as 

currently, the first phase I clinical trial for treatment of pediatric solid tumors with LTSL is 

recruiting.141 This particular trial intends to use LTSLs in combination with HIFU-induced ablation 

treatment.  

Thus far, LTSLs is the only formulation that has been tested clinically. Although encouraging 

results have been achieved65, LTSLs are probably not the most optimal formulation yet, due to 

their relatively large leakage at body temperature.367 Promising alternative formulations have 

been developed that are stable at body temperature and still show swift release at clinically 
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attainable temperatures (40 – 42 °C).45,73,74,76,158 Further research on the safety of contrast agent 

encapsulation for image-guided monitoring of drug release can help in choosing the optimal TSL 

formulation. As other cytotoxic agents apart from doxorubicin have been encapsulated in TSLs 

(e.g. cisplatin170,424, gemcitabine73, oxaliplatin425) combination chemotherapy by injection of a TSL 

cocktail could become a viable treatment option in the future. 

The first clinical results with LTSLs65 and also the preclinical results presented in this thesis, 

stress the importance of heating the lesion for a prolonged time period after TSL injection. The 

recent development of a HIFU-induced large-volume hyperthermia protocol143 and thermometry 

corrections for moving organs234,381–384 will likely propel the field further towards prolonged 

hyperthermia induced drug delivery, potentially followed by an ablation treatment. 

  



Bibliography 

182 
 

BIBLIOGRAPHY 
 
1. Wyld L, Audisio RA, Poston GJ. The evolution of cancer surgery and future perspectives. Nat. 

Rev. Clin. Oncol. 2015;12(2):115–124. 
2. Li MC, Hertz R, Bergenstal DM. Therapy of Choriocarcinoma and Related Trophoblastic 

Tumors with Folic Acid and Purine Antagonists. N. Engl. J. Med. 1958;259(2):66–74. 
3. Frei E, Freireich EJ, Gehan E, et al. Studies of Sequential and Combination Antimetabolite 

Therapy in Acute Leukemia: 6-Mercaptopurine and Methotrexate. Blood. 1961;18(4):431 LP-
454. 

4. Bonadonna G, Brusamolino E, Valagussa P, et al. Combination Chemotherapy as an Adjuvant 
Treatment in Operable Breast Cancer. N. Engl. J. Med. 1976;294(8):405–410. 

5. Fisher B, Carbone P, Economou SG, et al. L-Phenylalanine Mustard (L-PAM) in the 
Management of Primary Breast Cancer. N. Engl. J. Med. 1975;292(3):117–122. 

6. Thariat J, Hannoun-Levi J-M, Sun Myint A, et al. Past, present, and future of radiotherapy for 
the benefit of patients. Nat. Rev. Clin. Oncol. 2013;10(1):52–60. 

7. Campos MIDC, Campos CN, Aarestrup FM, et al. Oral mucositis in cancer treatment: Natural 
history, prevention and treatment. Mol. Clin. Oncol. 2014;2(3):337–340. 

8. Kalam K, Marwick TH. Role of cardioprotective therapy for prevention of cardiotoxicity with 
chemotherapy: A systematic review and meta-analysis. Eur. J. Cancer. 2013;49(13):2900–2909. 

9. Grevelman EG, Breed WPM. Prevention of chemotherapy-induced hair loss by scalp cooling. 
Ann. Oncol. 2005;16(3):352–358. 

10. Widakowich C, de Castro G, de Azambuja E, et al. Review: side effects of approved molecular 
targeted therapies in solid cancers. Oncologist. 2007;12(12):1443–1455. 

11. Tacar O, Sriamornsak P, Dass CR. Doxorubicin: An update on anticancer molecular action, 
toxicity and novel drug delivery systems. J. Pharm. Pharmacol. 2013;65(2):157–170. 

12. Matsumura Y, Maeda H. A new concept for macromolecular therapeutics in cancer 
chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor 
agent smancs. Cancer Res. 1986;46(12 Pt 1):6387–92. 

13. Gabizon A, Catane R, Uziely B, et al. Prolonged circulation time and enhanced accumulation 
in malignant exudates of doxorubicin encapsulated in polyethylene-glycol coated liposomes. 
Cancer Res. 1994;54(4):987–92. 

14. Maeda H, Sawa T, Konno T. Mechanism of tumor-targeted delivery of macromolecular drugs, 
including the EPR effect in solid tumor and clinical overview of the prototype polymeric drug 
SMANCS. J. Control. Release. 2001;74(1–3):47–61. 

15. Bangham AD, Horne RW. Negative staining of phospholipids and their structural 
modification by surface-active agents as observed in the electron microscope. J. Mol. Biol. 
1964;8(5):660–668. 

16. Drummond DC, Meyer O, Hong K, et al. Optimizing liposomes for delivery of 
chemotherapeutic agents to solid tumors. Pharmacol. Rev. 1999;51(4):691–743. 

17. Juliano RL, Stamp D. The effect of particle size and charge on the clearance rates of liposomes 
and liposome encapsulated drugs. Biochem. Biophys. Res. Commun. 1975;63(3):651–658. 

18. Torchilin VP. Liposomes in Drug Delivery. In: Siepmann J, Siegel RA, Rathbone MJ, eds. 
Fundamentals and Applications of Controlled Release Drug Delivery. Boston, MA: Springer US; 
2012:289–328. 

19. Allen TM, Chonn A. Large unilamellar liposomes with low uptake into the 
reticuloendothelial system. FEBS Lett. 1987;223(1):42–46. 

20. Gabizon A, Papahadjopoulos D. Liposome formulations with prolonged circulation time in 
blood and enhanced uptake by tumors. Proc. Natl. Acad. Sci. U. S. A. 
1988;85(September):6949–6953. 



Bibliography 
 

183 
 

21. Woodle MC, Martin FJ, Yau-Young A, et al. Liposomes with enhanced circulation time US 
5013556 A. 1991. 

22. Woodle MC. Sterically Stabilized Liposomes Therapeutics. Adv. Drug Deliv. Rev. 1995;16:249–
265. 

23. Klibanov  a L, Maruyama K, Torchilin VP, et al. Amphipathic polyethyleneglycols effectively 
prolong the circulation time of liposomes. FEBS Lett. 1990;268(1):235–7. 

24. Barenholz Y. Doxil(R) - The first FDA-approved nano-drug: Lessons learned. J. Control. 
Release. 2012;160(2):117–134. 

25. Soloman R, Gabizon A a. Clinical pharmacology of liposomal anthracyclines: focus on 
pegylated liposomal Doxorubicin. Clin. Lymphoma Myeloma. 2008;8(1):21–32. 

26. Harrington KJ, Mohammadtaghi S, Uster PS, et al. Effective targeting of solid tumors in 
patients with locally advanced cancers by radiolabeled pegylated liposomes. Clin. Cancer Res. 
2001;7(2):243–54. 

27. Northfelt DW, Martin FJ, Working P, et al. Doxorubicin encapsulated in liposomes 
containing surface-bound polyethylene glycol: pharmacokinetics, tumor localization, and 
safety in patients with AIDS-related Kaposi’s sarcoma. J. Clin. Pharmacol. 1996;36(1):55–63. 

28. Ta T, Porter TM. Thermosensitive liposomes for localized delivery and triggered release of 
chemotherapy. J. Control. Release. 2013;169(1–2):112–125. 

29. Bandak S, Goren D, Horowitz A, et al. Pharmacological studies of cisplatin encapsulated in 
long-circulating liposomes in mouse tumor models. Anticancer. Drugs. 1999;10(10):911–20. 

30. White SC, Lorigan P, Margison GP, et al. Phase II study of SPI-77 (sterically stabilised 
liposomal cisplatin) in advanced non-small-cell lung cancer. Br. J. Cancer. 2006;95(7):822–
828. 

31. Johnston MJW, Semple SC, Klimuk SK, et al. Therapeutically optimized rates of drug release 
can be achieved by varying the drug-to-lipid ratio in liposomal vincristine formulations. 
Biochim. Biophys. Acta - Biomembr. 2006;1758(1):55–64. 

32. El-Kareh AW, Secomb TW. Two-mechanism peak concentration model for cellular 
pharmacodynamics of Doxorubicin. Neoplasia. 2005;7(7):705–713. 

33. de Smet M, Hijnen NM, Langereis S, et al. Magnetic Resonance Guided High-Intensity 
Focused Ultrasound Mediated Hyperthermia Improves the Intratumoral Distribution of 
Temperature-Sensitive Liposomal Doxorubicin. Invest. Radiol. 2013;48(6):395–405. 

34. Li L, ten Hagen TLM, Hossann M, et al. Mild hyperthermia triggered doxorubicin release 
from optimized stealth thermosensitive liposomes improves intratumoral drug delivery and 
efficacy. J. Control. Release. 2013;168(2):142–50. 

35. Karanth H, Murthy RSR. pH-sensitive liposomes--principle and application in cancer 
therapy. J. Pharm. Pharmacol. 2007;59(4):469–483. 

36. Ong W, Yang Y, Cruciano AC, et al. Redox-Triggered Contents Release from Liposomes. J. 
Am. Chem. Soc. 2008;130(44):14739–14744. 

37. Terada T, Iwai M, Kawakami S, et al. Novel PEG-matrix metalloproteinase-2 cleavable 
peptide-lipid containing galactosylated liposomes for hepatocellular carcinoma-selective 
targeting. J. Control. Release. 2006;111(3):333–342. 

38. Schroeder A, Kost J, Barenholz Y. Ultrasound, liposomes, and drug delivery: principles for 
using ultrasound to control the release of drugs from liposomes. Chem. Phys. Lipids. 
2009;162(1–2):1–16. 

39. Oerlemans C, Deckers R, Storm G, et al. Evidence for a new mechanism behind HIFU-
triggered release from liposomes. J. Control. Release. 2013;168(3):327–333. 

40. Rizzitelli S, Giustetto P, Cutrin JC, et al. Sonosensitive theranostic liposomes for preclinical 
in vivo MRI-guided visualization of doxorubicin release stimulated by pulsed low intensity 
non-focused ultrasound. J. Control. Release. 2015;202:21–30. 

41. Shum P, Kim JM, Thompson DH. Phototriggering of liposomal drug delivery systems. Adv. 
Drug Deliv. Rev. 2001;53(3):273–284. 



Bibliography 

184 
 

42. Alvarez-Lorenzo C, Bromberg L, Concheiro A. Light-sensitive intelligent drug delivery 
systems. Photochem. Photobiol. 2009;85(4):848–860. 

43. Weinstein JN, Magin RL, Yatvin MB, et al. Liposomes and local hyperthermia: selective 
delivery of methotrexate to heated tumors. Science. 1979;204(October 1978):188–191. 

44. Needham D, Dewhirst MW. The development and testing of a new temperature-sensitive 
drug delivery system for the treatment of solid tumors. Adv. Drug Deliv. Rev. 2001;53(3):285–
305. 

45. Lindner LH, Eichhorn ME, Eibl H, et al. Novel Temperature-Sensitive Liposomes with 
Prolonged Circulation Time. Clin. Cancer Res. 2004;10(6):2168–2178. 

46. Gaber MH, Hong K, Huang SK, et al. Thermosensitive sterically stabilized liposomes: 
formulation and in vitro studies on mechanism of doxorubicin release by bovine serum and 
human plasma. Pharm Res. 1995;12(10):1407–1416. 

47. Clinicaltrials.gov. Phase 3 Study of ThermoDox with Radiofrequency Ablation (RFA) in 
Treatment of Hepatocellular Carcinoma (HCC). Available at: 
https://clinicaltrials.gov/ct2/show/NCT00617981. 

48. Celsion. Celsion Announces Results of Phase III HEAT Study of ThermoDox® in Primary 
Liver Cancer. 2013. Available at: 
http://investor.celsion.com/releasedetail.cfm?releaseid=737033. 

49. Evans E, Needham D. Physical properties of surfactant bilayer membranes: thermal 
transitions, elasticity, rigidity, cohesion and colloidal interactions. J. Phys. Chem. 
1987;91(16):4219–4228. 

50. Papahadjopoulos D, Jacobson K, Nir S, et al. Phase transitions in phospholipid vesicles 
Fluorescence polarization and permeability measurements concerning the effect of 
temperature and cholesterol. BBA - Biomembr. 1973;311(3):330–348. 

51. Cruzeiro-Hansson L, Mouritsen OG. Passive ion permeability of lipid membranes modelled 
via lipid-domain interfacial area. BBA - Biomembr. 1988;944(1):63–72. 

52. Mouritsen OG, Zuckermann MJ. Model of interfacial melting. Phys. Rev. Lett. 1987;58(4):389–
392. 

53. Ickenstein LM, Arfvidsson MC, Needham D, et al. Disc formation in cholesterol-free 
liposomes during phase transition. Biochim. Biophys. Acta - Biomembr. 2003;1614(2):135–138. 

54. Yatvin MB, Weinstein JN, Dennis WH, et al. Design of liposomes for enhanced local release 
of drugs by hyperthermia. Science. 1978;202(4374):1290–1293. 

55. Manzoor AA, Lindner LH, Landon CD, et al. Overcoming limitations in nanoparticle drug 
delivery: triggered, intravascular release to improve drug penetration into tumors. Cancer 
Res. 2012;72(21):5566–5575. 

56. Gasselhuber A, Dreher MR, Rattay F, et al. Comparison of conventional chemotherapy, 
stealth liposomes and temperature-sensitive liposomes in a mathematical model. PLoS One. 
2012;7(10):e47453. 

57. Gasselhuber A, Dreher MR, Negussie A, et al. Mathematical spatio-temporal model of drug 
delivery from low temperature sensitive liposomes during radiofrequency tumour ablation. 
Int. J. Hyperthermia. 2010;26(August):499–513. 

58. Li L, Ten Hagen TLM, Bolkestein M, et al. Improved intratumoral nanoparticle extravasation 
and penetration by mild hyperthermia. J. Control. Release. 2013;167(2):130–137. 

59. De Smet M, Langereis S, Van Den Bosch S, et al. SPECT/CT imaging of temperature-sensitive 
liposomes for MR-image guided drug delivery with high intensity focused ultrasound. J. 
Control. Release. 2013;169(1–2):82–90. 

60. Li L, ten Hagen TLM, Schipper D, et al. Triggered content release from optimized stealth 
thermosensitive liposomes using mild hyperthermia. J. Control. Release. 2010;143(2):274–279. 

61. Needham D, Park JJ-YJ, Wright AM, et al. Materials characterization of the low temperature 
sensitive liposome (LTSL): effects of the lipid composition (lysolipid and DSPE-PEG2000) on 
the thermal transition and release of doxorubicin. Faraday Discuss. 2013;161(0):515–534. 



Bibliography 
 

185 
 

62. Needham D, Anyarambhatla G, Kong G, et al. A new temperature-sensitive liposome for use 
with mild hyperthermia: characterization and testing in a human tumor xenograft model. 
Cancer Res. 2000;60(5):1197–1201. 

63. Anyarambhatla GR, Needham D. Enhancement of the Phase Transition Permeability of 
DPPC Liposomes by Incorporation of MPPC: A New Temperature-Sensitive Liposome for use 
with Mild Hyperthermia. J. Liposome Res. 1999;9(4):491–506. 

64. Clinicaltrials.gov. Study of ThermoDox With Standardized Radiofrequency Ablation (RFA) 
for Treatment of Hepatocellular Carcinoma (HCC) (OPTIMA). Available at: 
https://www.clinicaltrials.gov/ct2/show/NCT02112656. 

65. Celsion. Celsion Corporation Announces Updated Overall Survival Data from HEAT Study of 
ThermoDox ® in Primary Liver Cancer. 2015. Available at: 
http://investor.celsion.com/releasedetail.cfm?ReleaseID=926288. Accessed September 30, 
2015. 

66. Celsion. Celsion Corporation’s ThermoDox® HEAT Study Findings Reviewed at the 
International Liver Cancer Association (ILCA) 2013 Annual Conference in Washington, D.C. 
on September 14, 2013. 2013. Available at: 
http://investor.celsion.com/releasedetail.cfm?ReleaseID=790781. 

67. Needham D, Anyarambhatla G, Kong G. A New Temperature-sensitive Liposome for Use 
with Mild Hyperthermia : Characterization and Testing in a Human Tumor Xenograft Model 
Advances in Brief A New Temperature-sensitive Liposome for Use with Mild Hyperthermia : 
Characterization and Testing in a H. 2000:1197–1201. 

68. Mills JK, Needham D. Lysolipid incorporation in dipalmitoylphosphatidylcholine bilayer 
membranes enhances the ion permeability and drug release rates at the membrane phase 
transition. Biochim. Biophys. Acta. 2005;1716(2):77–96. 

69. Kong G, Anyarambhatla G, Petros WP, et al. Efficacy of liposomes and hyperthermia in a 
human tumor xenograft model: Importance of triggered drug release. Cancer Res. 
2000;60(24):6950–6957. 

70. Al-Jamal WT, Al-Ahmady ZS, Kostarelos K. Pharmacokinetics & tissue distribution of 
temperature-sensitive liposomal doxorubicin in tumor-bearing mice triggered with mild 
hyperthermia. Biomaterials. 2012;33(18):4608–17. 

71. Banno B, Ickenstein LM, Chiu GNC, et al. The functional roles of poly(ethylene glycol)-lipid 
and lysolipid in the drug retention and release from lysolipid-containing thermosensitive 
liposomes in vitro and in vivo. J. Pharm. Sci. 2010;99(5):2295–308. 

72. Hossann M, Wiggenhorn M, Schwerdt A, et al. In vitro stability and content release 
properties of phosphatidylglyceroglycerol containing thermosensitive liposomes. Biochim 
Biophys Acta. 2007;1768(10):2491–2499. 

73. Limmer S, Hahn J, Schmidt R, et al. Gemcitabine Treatment of Rat Soft Tissue Sarcoma with 
Phosphatidyldiglycerol-Based Thermosensitive Liposomes. Pharm. Res. 2014:1–11. 

74. Lokerse WJM, Kneepkens ECM, ten Hagen TLM, et al. In depth study on thermosensitive 
liposomes: Optimizing formulations for tumor specific therapy and in vitro to in vivo 
relations. Biomaterials. 2016;82:138–50. 

75. Kheirolomoom A, Mahakian LM, Lai CY, et al. Copper-doxorubicin as a nanoparticle cargo 
retains efficacy with minimal toxicity. Mol. Pharm. 2010;7(6):1948–58. 

76. Tagami T, Ernsting MJ, Li SD. Optimization of a novel and improved thermosensitive 
liposome formulated with DPPC and a Brij surfactant using a robust in vitro system. J. 
Control. Release. 2011;154(3):290–297. 

77. Kono K, Ozawa T, Yoshida T, et al. Highly temperature-sensitive liposomes based on a 
thermosensitive block copolymer for tumor-specific chemotherapy. Biomaterials. 
2010;31(27):7096–7105. 

78. Breasted JH. The Edwin Smith Surgical Papyrus, Volume 2: Facsimile Plates and Line for Line 
Hieroglyphic Transliteration. 1930. 



Bibliography 

186 
 

79. Busch W. Über den Einfluss welche heftigere Erysipeln zufolge auf organisierte 
Neubildungen ausüben. Verhandlungen des Naturhistorischen Vereins der Preuss. Rheinlande 
Westphalen. 1866;(23):28–30. 

80. Coley WB. The treatment of malignant tumors by repeated inoculations of erysipelas. With a 
report of ten original cases. 1893. Am. J. Med. Sci. 1991;(262):3–11. 

81. Dewhirst MW, Vujaskovic Z, Jones E, et al. Re-setting the biologic rationale for thermal 
therapy. Int. J. Hyperthermia. 2005;21(8):779–90. 

82. Song CW. Effect of local hyperthermia on blood flow and microenvironment: A review. 
Cancer Res. 1984;44(10 Suppl):4721s–4730s. 

83. Roizin-Towle L, Pirro JP. The response of human and rodent cells to hyperthermia. Int. J. 
Radiat. Oncol. Biol. Phys. 1991;20(4):751–756. 

84. Armour EP, McEachern D, Wang Z, et al. Sensitivity of human cells to mild hyperthermia. 
Cancer Res. 1993;53:2740–2744. 

85. Dickson JA, Calderwood SK. Temperature Range and Selective Sensitivity of Tumors to 
Hyperthermia: A Critical Review. Ann. N. Y. Acad. Sci. 1980;335:180–205. 

86. Hildebrandt B, Wust P, Ahlers O, et al. The cellular and molecular basis of hyperthermia. 
Crit. Rev. Oncol. Hematol. 2002;43(1):33–56. 

87. Issels RD, Lindner LH, Verweij J, et al. Neo-adjuvant chemotherapy alone or with regional 
hyperthermia for localised high-risk soft-tissue sarcoma: A randomised phase 3 multicentre 
study. Lancet Oncol. 2010;11(6):561–570. 

88. Overgaard J, Gonzalez Gonzalez D, Hulshof MCCH, et al. Hyperthermia as an adjuvant to 
radiation therapy of recurrent or metastatic malignant melanoma. A multicentre randomized 
trial by the European Society for Hyperthermic Oncology. 1996. Int. J. Hyperthermia. 
2009;25(5):323–34. 

89. Franckena M, Fatehi D, de Bruijne M, et al. Hyperthermia dose-effect relationship in 420 
patients with cervical cancer treated with combined radiotherapy and hyperthermia. Eur. J. 
Cancer. 2009;45(11):1969–78. 

90. van der Zee J, González González D, van Rhoon GC, et al. Comparison of radiotherapy alone 
with radiotherapy plus hyperthermia in locally advanced pelvic tumours: a prospective, 
randomised, multicentre trial. Dutch Deep Hyperthermia Group. Lancet. 2000;355(9210):1119–
25. 

91. Cihoric N, Tsikkinis A, van Rhoon G, et al. Hyperthermia-related clinical trials on cancer 
treatment within the ClinicalTrials.gov registry. Int. J. Hyperthermia. 2015;0(0):1–6. 

92. Vulpen MVAN, Raaymakers BW, Hofman P, et al. Radiotherapy and hyperthermia in the 
treatment of patients with locally advanced prostate cancer : 2004. 

93. Datta NR, Ordóñez SG, Gaipl US, et al. Local hyperthermia combined with radiotherapy and-
/or chemotherapy: Recent advances and promises for the future. Cancer Treat. Rev. 
2015;41(9):742–753. 

94. Hua Y, Ma S, Fu Z, et al. Intracavity hyperthermia in nasopharyngeal cancer: a phase III 
clinical study. Int J Hyperth. 2011;27(2):180–186. 

95. Jones EL, Oleson JR, Prosnitz LR, et al. Randomized trial of hyperthermia and radiation for 
superficial tumors. J. Clin. Oncol. 2005;23(13):3079–3085. 

96. Colombo R, Da Pozzo LF, Salonia A, et al. Multicentric study comparing intravesical 
chemotherapy alone and with local microwave hyperthermia for prophylaxis of recurrence of 
superficial transitional cell carcinoma. J. Clin. Oncol. 2003;21(23):4270–6. 

97. Wessalowski R, Schneider DT, Mils O, et al. Regional deep hyperthermia for salvage 
treatment of children and adolescents with refractory or recurrent non-testicular malignant 
germ-cell tumours: An open-label, non-randomised, single-institution, phase 2 study. Lancet 
Oncol. 2013;14(9):843–852. 

98. Roti Roti JL. Cellular responses to hyperthermia (40-46 degrees C): cell killing and molecular 
events. Int. J. Hyperthermia. 2008;24(1):3–15. 



Bibliography 
 

187 
 

99. Song CW, Shakil A, Osborn JL, et al. Tumour oxygenation is increased by hyperthermia at 
mild temperatures. 1996. Int. J. Hyperthermia. 2009;25(2):91–5. 

100. Krawczyk PM, Eppink B, Essers J, et al. Mild hyperthermia inhibits homologous 
recombination, induces BRCA2 degradation, and sensitizes cancer cells to poly (ADP-ribose) 
polymerase-1 inhibition. Proc. Natl. Acad. Sci. 2011;108(24):9851–6. 

101. Baronzio G, Gramaglia A, Fiorentini G. Hyperthermia and immunity. A brief overview. In 
Vivo. 2006;20(6A):689–95. 

102. Repasky EA, Evans SS, Dewhirst MW. Temperature matters! And why it should matter to 
tumor immunologists. Cancer Immunol Res. 2013;1(4):210–216. 

103. Jones EL, Oleson JR, Prosnitz LR, et al. Randomized trial of hyperthermia and radiation for 
superficial tumors. J. Clin. Oncol. 2005;23(13):3079–3085. 

104. Hurwitz MD, Kaplan ID, Hansen JL, et al. Hyperthermia combined with radiation in 
treatment of locally advanced prostate cancer is associated with a favourable toxicity profile. 
Int. J. Hyperth. 2005;21(7):649–656. 

105. Douwes F, Bogovič J, Douwes O, et al. Whole-body hyperthermia in combination with 
platinum-containing drugs in patients with recurrent ovarian cancer. Int. J. Clin. Oncol. 
2004;9(2):85–91. 

106. Rieke V, Butts Pauly K. MR thermometry. J. Magn. Reson. Imaging. 2008;27(2):376–90. 
107. Ishihara Y, Calderon A, Watanabe H, et al. A precise and fast temperature mapping using 

water proton chemical shift. Magn. Reson. Med. 1995;34(6):814–823. 
108. Poorter J De. Noninvasive MRI thermometry with the proton resonance frequency method: 

Study of susceptibility effects. Magn. Reson. Med. 1995;34(3):359–367. 
109. Hynynen K, Freund WR, Cline HE, et al. A clinical, noninvasive, MR imaging-monitored 

ultrasound surgery method. Radiographics. 1996;16(1):185–195. 
110. Hindley J, Gedroyc WM, Regan L, et al. MRI guidance of focused ultrasound therapy of 

uterine fibroids: early results. AJR. Am. J. Roentgenol. 2004;183(6):1713–9. 
111. Stewart EA, Rabinovici J, Tempany CMC, et al. Clinical outcomes of focused ultrasound 

surgery for the treatment of uterine fibroids. Fertil. Steril. 2006;85(1):22–29. 
112. Hesley GK, Gorny KR, Woodrum DA. MR-guided focused ultrasound for the treatment of 

uterine fibroids. Cardiovasc. Intervent. Radiol. 2013;36(1):5–13. 
113. Liberman B, Gianfelice D, Inbar Y, et al. Pain palliation in patients with bone metastases 

using MR-guided focused ultrasound surgery: a multicenter study. Ann. Surg. Oncol. 
2009;16(1):140–146. 

114. Huisman M, Lam MK, Bartels LW, et al. Feasibility of volumetric MRI-guided high intensity 
focused ultrasound (MR-HIFU) for painful bone metastases. J. Ther. ultrasound. 2014;2(1):16. 

115. FDA. FDA approves first MRI-guided focused ultrasound device to treat essential tremor. 
2016. Available at: 
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm510595.htm. 

116. Elias WJ, Lipsman N, Ondo WG, et al. A Randomized Trial of Focused Ultrasound 
Thalamotomy for Essential Tremor. N. Engl. J. Med. 2016;375(8):730–739. 

117. Chopra R, Colquhoun A, Burtnyk M, et al. MR Imaging–controlled Transurethral Ultrasound 
Therapy for Conformal Treatment of Prostate Tissue: Initial Feasibility in Humans. 
Radiology. 2012;265(1):303–313. 

118. Chin JL, Billia M, Relle J, et al. Magnetic Resonance Imaging-Guided Transurethral 
Ultrasound Ablation of Prostate Tissue in Patients with Localized Prostate Cancer: A 
Prospective Phase 1 Clinical Trial. Eur. Urol. 2016;70(3):447–455. 

119. Meshorer A, Prionas SD, Fajardo LF, et al. The effects of hyperthermia on normal 
mesenchymal tissues. Application of a histologic grading system. Arch. Pathol. Lab. Med. 
1983;107(6):328–34. 

120. Sapareto SA, Dewey WC. Thermal dose determination in cancer therapy. Int. J. Radiat. 
Oncol. Biol. Phys. 1984;10(6):787–800. 



Bibliography 

188 
 

121. Perez CA, Sapareto SA, Control TR. Thermal Dose Expression in Clinical Hyperthermia and 
Correlation with Tumor Response / Control Thermal Dose Expression in Clinical 
Hyperthermia and Correlation with. 1984. 

122. Hijnen N, Langereis S, Grüll H. Magnetic resonance guided high-intensity focused 
ultrasound for image-guided temperature-induced drug delivery. Adv. Drug Deliv. Rev. 
2014;72:65–81. 

123. Köhler M, Mougenot C, Quesson B, et al. Volumetric HIFU Ablation under 3D Guidance of 
Rapid MRI Thermometry. Proc. 16th Sci. Meet. Int. Soc. Magn. Reson. Med. 
2008;Toronto(2009):66. 

124. Enholm JK, Köhler MO, Quesson B, et al. Improved volumetric MR-HIFU ablation by robust 
binary feedback control. IEEE Trans. Biomed. Eng. 2010;57(1):103–113. 

125. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation criteria in solid 
tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer. 2009;45(2):228–247. 

126. Fossheim SL, Fahlvik AK, Klaveness J, et al. Paramagnetic liposomes as MRI contrast agents: 
influence of liposomal physicochemical properties on the in vitro relaxivity. Magn. Reson. 
Imaging. 1999;17(1):83–89. 

127. Strijkers GJ, Hak S, Kok MB, et al. Three-compartment T1 relaxation model for intracellular 
paramagnetic contrast agents. Magn. Reson. Med. 2009;61(5):1049–58. 

128. Viglianti BL, Abraham S a, Michelich CR, et al. In vivo monitoring of tissue 
pharmacokinetics of liposome/drug using MRI: illustration of targeted delivery. Magn. Reson. 
Med. 2004;51(6):1153–62. 

129. Viglianti BL, Ponce AM, Michelich CR, et al. Chemodosimetry of in vivo tumor liposomal 
drug concentration using MRI. Magn. Reson. Med. 2006;56(5):1011–8. 

130. Ponce AM, Viglianti BL, Yu D, et al. Magnetic resonance imaging of temperature-sensitive 
liposome release: drug dose painting and antitumor effects. J. Natl. Cancer Inst. 
2007;99(1):53–63. 

131. Smet M De, Heijman E, Langereis S, et al. Magnetic resonance imaging of high intensity 
focused ultrasound mediated drug delivery from temperature-sensitive liposomes : An in vivo 
proof-of-concept study. J. Control. Release. 2011;150(1):102–110. 

132. Peller M, Willerding L, Limmer S, et al. Surrogate MRI markers for hyperthermia-induced 
release of doxorubicin from thermosensitive liposomes in tumors. J. Control. Release. 
2016;237:138–146. 

133. Lorenzato C, Oerlemans C, van Elk M, et al. MRI monitoring of nanocarrier accumulation 
and release using Gadolinium-SPIO co-labelled thermosensitive liposomes. Contrast Media 
Mol. Imaging. 2016;11(3):184–194. 

134. Langereis S, Keupp J, van Velthoven JLJ, et al. A Temperature-Sensitive Liposomal H-1 CEST 
and F-19 Contrast Agent for MR Image-Guided Drug Delivery. J. Am. Chem. Soc. 
2009;131(4):1380–+. 

135. Aime S, Caravan P. Biodistribution of gadolinium-based contrast agents, including 
gadolinium deposition. J. Magn. Reson. Imaging. 2009;30(6):1259–1267. 

136. Yeo SY, de Smet M, Langereis S, et al. Temperature-sensitive paramagnetic liposomes for 
image-guided drug delivery: Mn(2+) versus [Gd(HPDO3A)(H2O)]. Biochim. Biophys. Acta. 
2014;1838(11):2807–16. 

137. Silva AC, Lee JH, Aoki I, et al. Manganese-enhanced magnetic resonance imaging (MEMRI): 
methodological and practical considerations. NMR Biomed. 2004;17(8):532–43. 

138. Gallez B, Bacic G, Swartz HM. Evidence for the dissociation of the hepatobiliary MRI 
contrast agent Mn-DPDP. Magn. Reson. Med. 1996;35(1):14–19. 

139. Hectors SJCG, Jacobs I, Moonen CTW, et al. MRI methods for the evaluation of high 
intensity focused ultrasound tumor treatment: Current status and future needs. Magn. 
Reson. Med. 2016;75(1):302–17. 



Bibliography 
 

189 
 

140. Kim Y. Advances in MR image-guided high-intensity focused ultrasound therapy. Int. J. 
Hyperthermia. 2015;31(3):225–32. 

141. Clinicaltrials.gov. A Phase I Study of Lyso-thermosensitive Liposomal Doxorubicin and MR-
HIFU for Pediatric Refractory Solid Tumors. Available at: 
https://clinicaltrials.gov/ct2/show/NCT02536183?term=thermodox&rank=10. 

142. Clinicaltrials.gov. Phase 1/2 Study of ThermoDox With Approved Hyperthermia in 
Treatment of Breast Cancer Recurrence at the Chest Wall (DIGNITY). 

143. Tillander M, Hokland S, Koskela J, et al. High intensity focused ultrasound induced in vivo 
large volume hyperthermia under 3D MRI temperature control. Med. Phys. 2016;43(3):1539. 

144. Hijnen NM, Elevelt A, Pikkemaat J, et al. The magnetic susceptibility effect of gadolinium-
based contrast agents on PRFS-based MR thermometry during thermal interventions. J. Ther. 
Ultrasound. 2013;1(1):8. 

145. de Smet M, Langereis S, den Bosch S van, et al. Temperature-sensitive liposomes for 
doxorubicin delivery under MRI guidance. J. Control. Release. 2010;143(1):120–7. 

146. Hijnen NM, Heijman E, Köhler MO, et al. Tumour hyperthermia and ablation in rats using a 
clinical MR-HIFU system equipped with a dedicated small animal set-up. Int. J. 
Hyperthermia. 2012;28(2):141–55. 

147. Hijnen NM, Elevelt A, Grüll H. Stability and trapping of magnetic resonance imaging 
contrast agents during high-intensity focused ultrasound ablation therapy. Invest. Radiol. 
2013;48(7):517–24. 

148. Dromi S, Frenkel V, Luk A, et al. Pulsed-High Intensity Focused Ultrasound and Low 
Temperature Sensitive Liposomes for Enhanced Targeted Drug Delivery and Antitumor 
Effect. Clin. Cancer Res. 2007;13(9):2722–2727. 

149. Patel PR, Luk A, Durrani A, et al. In vitro and in vivo evaluations of increased effective beam 
width for heat deposition using a split focus high intensity ultrasound (HIFU) transducer. 
Int. J. Hyperth. 2008;24(7):537–549. 

150. Negussie AH, Yarmolenko PS, Partanen A, et al. Formulation and characterisation of 
magnetic resonance imageable thermally sensitive liposomes for use with magnetic 
resonance-guided high intensity focused ultrasound. Int. J. Hyperthermia. 2011;27(2):140–155. 

151. Staruch RM, Ganguly M, Tannock IF, et al. Enhanced drug delivery in rabbit VX2 tumours 
using thermosensitive liposomes and MRI-controlled focused ultrasound hyperthermia. Int. 
J. Hyperth. 2012;28(8):776–787. 

152. Ranjan A, Jacobs GC, Woods DL, et al. Image-guided drug delivery with magnetic resonance 
guided high intensity focused ultrasound and temperature sensitive liposomes in a rabbit 
Vx2 tumor model. J. Control. Release. 2012;158(3):487–494. 

153. Staruch R, Chopra R, Hynynen K. Hyperthermia in Bone Generated with MR Imaging-
controlled Focused Ultrasound: Control Strategies and Drug Delivery. Radiology. 
2012;263(1):117–127. 

154. Partanen A, Yarmolenko PS, Viitala A, et al. Mild hyperthermia with magnetic resonance-
guided high-intensity focused ultrasound for applications in drug delivery. Int. J. Hyperth. 
2012;28(4):320–336. 

155. Gasselhuber A, Dreher MR, Partanen A, et al. Targeted drug delivery by high intensity 
focused ultrasound mediated hyperthermia combined with temperature-sensitive liposomes: 
computational modelling and preliminary in vivo validation. Int. J. Hyperthermia. 
2012;28(4):337–48. 

156. VanOsdol J, Ektate K, Ramasami S, et al. Sequential HIFU heating and nanobubble 
encapsulation provide efficient drug penetration from stealth and temperature sensitive 
liposomes in colon cancer. J. Control. Release. 2016. 

157. Liang X, Gao J, Jiang L, et al. Nanohybrid liposomal cerasomes with good physiological 
stability and rapid temperature responsiveness for high intensity focused ultrasound 
triggered local chemotherapy of cancer. ACS Nano. 2015;9(2):1280–1293. 



Bibliography 

190 
 

158. Park SM, Kim MS, Park SJ, et al. Novel temperature-triggered liposome with high stability: 
Formulation, in vitro evaluation, and in vivo study combined with high-intensity focused 
ultrasound (HIFU). J. Control. Release. 2013;170(3):373–379. 

159. Deng Z, Xiao Y, Pan M, et al. Hyperthermia-triggered drug delivery from iRGD-modified 
temperature-sensitive liposomes enhances the anti-tumor efficacy using high intensity 
focused ultrasound. J. Control. Release. 2016;243:333–341. 

160. Fossheim SL, Il’yasov KA, Hennig J, et al. Thermosensitive paramagnetic liposomes for 
temperature control during MR imaging-guided hyperthermia: In vitro feasibility studies. 
Acad. Radiol. 2000;7(12):1107–1115. 

161. Frich L, Bj??rnerud A, Fossheim S, et al. Experimental application of thermosensitive 
paramagnetic liposomes for monitoring magnetic resonance imaging guided thermal 
ablation. Magn. Reson. Med. 2004;52(6):1302–1309. 

162. McDannold N, Fossheim SL, Rasmussen H, et al. Heat-activated liposomal MR contrast 
agent: initial in vivo results in rabbit liver and kidney. Radiology. 2004;230(3):743–752. 

163. Peller M, Schwerdt A, Hossann M, et al. MR characterization of mild hyperthermia-induced 
gadodiamide release from thermosensitive liposomes in solid tumors. Invest. Radiol. 
2008;43(12):877–92. 

164. Wang T, Hossanna M, Reinl HM, et al. In vitro characterization of 
phosphatidylglyceroglycerol-based thermosensitive liposomes with encapsulated 1H MR T1-
shortening gadodiamide. Contrast Media Mol. Imaging. 2008;3(1):19–26. 

165. Tagami T, Foltz WD, Ernsting MJ, et al. MRI monitoring of intratumoral drug delivery and 
prediction of the therapeutic effect with a multifunctional thermosensitive liposome. 
Biomaterials. 2011;32(27):6570–6578. 

166. Lorenzato C, Cernicanu A, Meyre ME, et al. MRI contrast variation of thermosensitive 
magnetoliposomes triggered by focused ultrasound: A tool for image-guided local drug 
delivery. Contrast Media Mol. Imaging. 2013;8(2):185–192. 

167. Hossann M, Wang T, Syunyaeva Z, et al. Non-ionic Gd-based MRI contrast agents are 
optimal for encapsulation into phosphatidyldiglycerol-based thermosensitive liposomes. J. 
Control. Release. 2013;166(1):22–9. 

168. Kuijten MMP, Hannah Degeling M, Chen JW, et al. Multimodal targeted high relaxivity 
thermosensitive liposome for in vivo imaging. Sci. Rep. 2015;5:17220. 

169. Kokuryo D, Nakashima S, Ozaki F, et al. Evaluation of thermo-triggered drug release in 
intramuscular-transplanted tumors using thermosensitive polymer-modified liposomes and 
MRI. Nanomedicine Nanotechnology, Biol. Med. 2015;11(1):229–238. 

170. Dou YN, Zheng J, Foltz WD, et al. Heat-activated thermosensitive liposomal cisplatin 
(HTLC) results in effective growth delay of cervical carcinoma in mice. J. Control. Release. 
2014;178:69–78. 

171. Dou YN, Weersink RA, Foltz WD, et al. Custom-designed Laser-based Heating Apparatus for 
Triggered Release of Cisplatin from Thermosensitive Liposomes with Magnetic Resonance 
Image Guidance. J Vis Exp. 2015;(106):e53055. 

172. Zhang K, Liu M, Tong X, et al. Aptamer-modified temperature-sensitive liposomal contrast 
agent for magnetic resonance imaging. Biomacromolecules. 2015;16(9):2618–2623. 

173. Van Elk M, Ozbakir B, Barten-Rijbroek AD, et al. Alginate microspheres containing 
temperature sensitive liposomes (TSL) for MR-guided embolization and triggered release of 
doxorubicin. PLoS One. 2015;10(11):1–19. 

174. Kim HR, You DG, Park SJ, et al. MRI Monitoring of Tumor-Selective Anticancer Drug 
Delivery with Stable Thermosensitive Liposomes Triggered by High-Intensity Focused 
Ultrasound. Mol. Pharm. 2016;13(5):1528–1539. 

175. Willerding L, Limmer S, Hossann M, et al. Method of hyperthermia and tumor size 
influence effectiveness of doxorubicin release from thermosensitive liposomes in 
experimental tumors. J. Control. Release. 2016;222:47–55. 



Bibliography 
 

191 
 

176. Landon CD, Park JY, Needham D, et al. Nanoscale Drug Delivery and Hyperthermia: The 
Materials Design and Preclinical and Clinical Testing of Low Temperature-Sensitive 
Liposomes Used in Combination with Mild Hyperthermia in the Treatment of Local Cancer. 
Open Nanomed J. 2011;3:38–64. 

177. Yarmolenko PS, Zhao Y, Landon C, et al. Comparative effects of thermosensitive 
doxorubicin-containing liposomes and hyperthermia in human and murine tumours. Int. J. 
Hyperthermia. 2010;26(5):485–98. 

178. Needham D, Park J, Wright A, et al. Materials Characterization of the Low Temperature 
Sensitive Liposome (LTSL): Effects of Lipid Composition (Lysolipid and DSPE-PEG2000) on 
the Thermal Transition and Release of Doxorubicin. Faraday Discuss. 2012:515–534. 

179. Haran G, Cohen R, Bar LK, et al. Erratum: Transmembrane ammonium sulfate gradients in 
liposomes produce efficient and stable entrapment of amphipathic weak bases (Biochim. 
Biophys. Acta 1151 (1993) 201-215 (BBAMEM 76069)). Biochim. Biophys. Acta - Biomembr. 
1994;1190:197. 

180. Mayer LD, Bally MB, Cullis PR. Uptake of adriamycin into large unilamellar vesicles in 
response to a pH gradient. Biochim. Biophys. Acta. 1986;857(1):123–126. 

181. Li X, Hirsh DJ, Cabral-Lilly D, et al. Doxorubicin physical state in solution and inside 
liposomes loaded via a pH gradient. Biochim. Biophys. Acta - Biomembr. 1998;1415(1):23–40. 

182. Bartlett GR. Phosphorus assay in column chromatography. J. Biol. Chem. 1959;234(3):466–
468. 

183. Briese E, Cabanac M. Stress hyperthermia: Physiological arguments that it is a fever. Physiol. 
Behav. 1991;49(6):1153–1157. 

184. Baurain R, Deprez-De Campeneere D, Trouet A. Determination of daunorubicin, 
doxorubicin and their fluorescent metabolites by high-pressure liquid chromatography: 
Plasma levels in DBA2 mice. Cancer Chemother. Pharmacol. 1979;2:11–14. 

185. van der Vijgh WJ, Maessen PA, Pinedo HM. Comparative metabolism and pharmacokinetics 
of doxorubicin and 4’-epidoxorubicin in plasma, heart and tumor of tumor-bearing mice. 
Cancer Chemother. Pharmacol. 1990;26:9–12. 

186. Palmer GM, Fontanella AN, Shan S, et al. In vivo optical molecular imaging and analysis in 
mice using dorsal window chamber models applied to hypoxia, vasculature and fluorescent 
reporters. Nat. Protoc. 2011;6(9):1355–1366. 

187. Manzoor AA, Lindner LH, Landon CD, et al. Overcoming limitations in nanoparticle drug 
delivery: triggered, intravascular release to improve drug penetration into tumors. Cancer 
Res. 2012;72(21):5566–5575. 

188. Devine D V, Wong K, Serrano K, et al. Liposome-complement interactions in rat serum: 
implications for liposome survival studies. Biochim Biophys Acta. 1994;1191(1):43–51. 

189. Zisman  N. Johnstone, S. Tsang, A. Bermudes, D. Mayer, L and Tardi, P. NDS, Zisman N, 
Dos Santos N, et al. Optimizing Liposomal Cisplatin Efficacy through Membrane 
Composition Manipulations. Chemother. Res. Pract. 2011;2011:7. 

190. Hossann M, Syunyaeva Z, Schmidt R, et al. Proteins and cholesterol lipid vesicles are 
mediators of drug release from thermosensitive liposomes. J. Control. Release. 
2012;162(2):400–406. 

191. Guo LS, Hamilton RL, Goerke J, et al. Interaction of unilamellar liposomes with serum 
lipoproteins and apolipoproteins. J Lipid Res. 1980;21(8):993–1003. 

192. Vaupel P. Pathophysiological mechanisms of hyperthermia in cancer therapy. In: Biological 
basis of oncologic thermotherapy. Springer; 1990:73–134. 

193. Bates D a, Fung H, Mackillop WJ. Adriamycin uptake, intracellular binding and cytotoxicity 
in Chinese hamster ovary cells. Cancer Lett. 1985;28:213–221. 

194. Singh BB. Hyperthermia: an ancient science in India. Int. J. Hyperth. 1991;7(February):1–6. 



Bibliography 

192 
 

195. Harima Y, Nagata K, Harima K, et al. A randomized clinical trial of radiation therapy versus 
thermoradiotherapy in stage IIIB cervical carcinoma. 2001. Int. J. Hyperthermia. 
2009;25(5):338–43. 

196. Datta NR, Rogers S, Ordóñez SG, et al. Hyperthermia and radiotherapy in the management 
of head and neck cancers : A systematic review and meta-analysis Hyperthermia and 
radiotherapy in the management of head and neck cancers : A systematic review and meta-
analysis. Int. J. Hyperth. 2016;32(1):31–40. 

197. Shen H, Li X-D, Wu C-P, et al. The regimen of gemcitabine and cisplatin combined with 
radio frequency hyperthermia for advanced non-small cell lung cancer: a phase II study. Int. 
J. Hyperthermia. 2011;27(1):27–32. 

198. Yarovoy AA, Magaramov DA, Bulgakova ES. The comparison of ruthenium brachytherapy 
and simultaneous transpupillary thermotherapy of choroidal melanoma with brachytherapy 
alone. Brachytherapy. 2012;11(3):224–229. 

199. Kouloulias V, Plataniotis G, Kouvaris J, et al. Chemoradiotherapy Combined With 
Intracavitary Hyperthermia for Anal Cancer. Am. J. Clin. Oncol. 2005;28(1):91–99. 

200. Colombo R, Salonia A, Leib Z, et al. Long-term outcomes of a randomized controlled trial 
comparing thermochemotherapy with mitomycin-C alone as adjuvant treatment for non-
muscle-invasive bladder cancer (NMIBC). BJU Int. 2011;107(6):912–918. 

201. Diederich CJ. Thermal ablation and high-temperature thermal therapy: Overview of 
technology and clinical implementation. Int. J. Hyperth. 2005;21(8):745–53. 

202. Hectors SJCG, Jacobs I, Heijman E, et al. Multiparametric MRI analysis for the evaluation of 
MR-guided high intensity focused ultrasound tumor treatment. NMR Biomed. 
2015;28(9):1125–1140. 

203. Schmitz AC, Van Den Bosch MAAJ, Loo CE, et al. Precise correlation between MRI and 
histopathology - Exploring treatment margins for MRI-guided localized breast cancer 
therapy. Radiother. Oncol. 2010;97(2):225–232. 

204. Nakazawa T, Kokubu S, Shibuya A, et al. Radiofrequency ablation of hepatocellular 
carcinoma: Correlation between local tumor progression after ablation and ablative margin. 
Am. J. Roentgenol. 2007;188(2):480–488. 

205. Kim Y, Lee WJ, Rhim H, et al. The Minimal Ablative Margin of Radiofrequency Ablation of 
Hepatocellular Carcinoma (> 2 and < 5 cm) Needed to Prevent Local Tumor Progression: 3D 
Quantitative Assessment Using CT Image Fusion. Am. J. Roentgenol. 2010;195(3):758–765. 

206. Chu KF, Dupuy DE. Thermal ablation of tumours: biological mechanisms and advances in 
therapy. Nat. Rev. Cancer. 2014;14(3):199–208. 

207. Köhler MO, Mougenot C, Quesson B, et al. Volumetric HIFU ablation guided by multiplane 
MRI thermometry. AIP Conf. Proc. 2009;1113:228–230. 

208. Grüll H, Langereis S. Hyperthermia-triggered drug delivery from temperature-sensitive 
liposomes using MRI-guided high intensity focused ultrasound. J. Control. Release. 
2012;161(2):317–27. 

209. Staruch R, Chopra R, Hynynen K. Localised drug release using MRI-controlled focused 
ultrasound hyperthermia. Int. J. Hyperthermia. 2011;27(2):156–171. 

210. Staruch RM, Hynynen K, Chopra R. Hyperthermia-mediated doxorubicin release from 
thermosensitive liposomes using MR-HIFU: Therapeutic effect in rabbit Vx2 tumours. Int. J. 
Hyperth. 2015;31(2):118–133. 

211. Kneepkens E, Fernandes A, Nicolay K, et al. Iron(III)-Based Magnetic Resonance–Imageable 
Liposomal T1 Contrast Agent for Monitoring Temperature-Induced Image-Guided Drug 
Delivery. Invest. Radiol. 2016;0(0):1. 

212. Negussie AH, Yarmolenko PS, Partanen A, et al. Formulation and characterisation of 
magnetic resonance imageable thermally sensitive liposomes for use with magnetic 
resonance-guided high intensity focused ultrasound. Int. J. Hyperthermia. 2011;27(2):140–155. 



Bibliography 
 

193 
 

213. Li L, ten Hagen TLM, Haeri A, et al. A novel two-step mild hyperthermia for advanced 
liposomal chemotherapy. J. Control. Release. 2014;174(0):202–208. 

214. Hak S, Sanders HMHF, Agrawal P, et al. A high relaxivity Gd(III)DOTA-DSPE-based 
liposomal contrast agent for magnetic resonance imaging. Eur. J. Pharm. Biopharm. 
2009;72(2):397–404. 

215. Rouser G, Fleischer S, Yamamoto A. Two dimensional thin layer chromatographic 
separation of polar lipids and determination of phospholipids by phosphorus analysis of 
spots. Lipids. 1970;5(5):494–496. 

216. Dubois L, Lieuwes N, Janssen M, et al. Preclinical evaluation and validation of [18F] HX4, a 
promising hypoxia marker for PET imaging. Pnas. 2011;108(35):14620–14625. 

217. Shin W, Gu H, Yang Y. Fast high-resolution T1 mapping using inversion-recovery Look-
Locker echo-planar imaging at steady state: optimization for accuracy and reliability. Magn. 
Reson. Med. 2009;61(4):899–906. 

218. Schramm N, Hoppin J, Lackas C, et al. Improving resolution, sensitivity and applications for 
the NanoSPECT/CT: a high-performance SPECT/CT imager for small-animal research. J. 
Nucl. Med. 2007;48(supplement 2):436P–436P. 

219. Maeda H. Tumor-selective delivery of macromolecular drugs via the EPR effect: background 
and future prospects. Bioconjug. Chem. 2010;21(5):797–802. 

220. Lokerse WJM, Bolkestein M, Hagen TLM, et al. Investigation of Particle Accumulation , 
Chemosensitivity and Thermosensitivity for Effective Solid Tumor Therapy Using 
Thermosensitive Liposomes and Hyperthermia. Theranostics. 2016;6(10). 

221. Kong G, Braun RD, Dewhirst MW. Characterization of the effect of hyperthermia on 
nanoparticle extravasation from tumor vasculature. Cancer Res. 2001;61(7):3027–3032. 

222. Pfizer. Information leaflet Doxorubicin hydrochloride. Available at: 
http://labeling.pfizer.com/ShowLabeling.aspx?id=530#section-1. 

223. European Medicines Agency. Summary of product characteristics Caelyx (R). 
224. Head HW, Dodd  3rd GD, Bao A, et al. Combination radiofrequency ablation and 

intravenous radiolabeled liposomal Doxorubicin: imaging and quantification of increased 
drug delivery to tumors. Radiology. 2010;255(2):405–414. 

225. Hectors SJCG, Jacobs I, Strijkers GJ, et al. Multiparametric MRI analysis for the 
identification of high intensity focused ultrasound-treated tumor tissue. PLoS One. 2014;9(6). 

226. Graham SJ, Stanisz GJ, Kecojevic A, et al. Analysis of changes in MR properties of tissues 
after heat treatment. Magn. Reson. Med. 1999;42(6):1061–1071. 

227. Judson I, Radford J., Harris M, et al. Randomised phase II trial of pegylated liposomal 
doxorubicin (DOXIL®/CAELYX®) versus doxorubicin in the treatment of advanced or 
metastatic soft tissue sarcoma. Eur. J. Cancer. 2001;37(7):870–877. 

228. O’Brien MER, Wigler N, Inbar M, et al. Reduced cardiotoxicity and comparable efficacy in a 
phase III trial of pegylated liposomal doxorubicin HCl (CAELYX/Doxil) versus conventional 
doxorubicin for first-line treatment of metastatic breast cancer. Ann. Oncol. 2004;15(3):440–
449. 

229. Harris L, Batist G, Belt R, et al. Liposome-encapsulated doxorubicin compared with 
conventional doxorubicin in a randomized multicenter trial as first-line therapy of metastatic 
breast carcinoma. Cancer. 2002;94(1):25–36. 

230. Matteucci ML, Anyarambhatla G, Rosner G, et al. Hyperthermia increases accumulation of 
technetium-99m-labeled liposomes in feline sarcomas. Clin. Cancer Res. 2000;6(9):3748–
3755. 

231. Kheirolomoom A, Lai C-Y, Tam SM, et al. Complete regression of local cancer using 
temperature-sensitive liposomes combined with ultrasound-mediated hyperthermia. J. 
Control. Release. 2013;172(1):266–73. 

232. Morita K, Zywietz F, Kakinuma K, et al. Efficacy of doxorubicin thermosensitive liposomes ( 
40 ˚ C ) and local hyperthermia on rat rhabdomyosarcoma. 2008;(33):365–372. 



Bibliography 

194 
 

233. De Senneville BD, Roujol S, Moonen C, et al. Motion correction in MR thermometry of 
abdominal organs: A comparison of the referenceless vs. the multibaseline approach. Magn. 
Reson. Med. 2010;64(5):1373–1381. 

234. Holbrook AB, Ghanouni P, Santos JM, et al. Respiration based steering for high intensity 
focused ultrasound liver ablation. Magn. Reson. Med. 2014;71(2):797–806. 

235. Poon RT, Borys N. Lyso-thermosensitive liposomal doxorubicin: a novel approach to 
enhance efficacy of thermal ablation of liver cancer. Expert Opin Pharmacother. 
2009;10(2):333–343. 

236. Wood BJ, Poon RT, Locklin JK, et al. Phase I study of heat-deployed liposomal doxorubicin 
during radiofrequency ablation for hepatic malignancies. J. Vasc. Interv. Radiol. 
2012;23(2):248–55.e7. 

237. Zagar TM, Vujaskovic Z, Formenti S, et al. Two phase I dose-escalation/pharmacokinetics 
studies of low temperature liposomal doxorubicin (LTLD) and mild local hyperthermia in 
heavily pretreated patients with local regionally recurrent breast cancer. Int J Hyperth. 
2014;30(5):285–294. 

238. Tagami T, Ernsting MJ, Li S-D. Efficient tumor regression by a single and low dose 
treatment with a novel and enhanced formulation of thermosensitive liposomal doxorubicin. 
J. Control. Release. 2011;152(2):303–309. 

239. Tofts PS. Modeling tracer kinetics in dynamic Gd-DTPA MR imaging. J. Magn. Reson. 
Imaging. 1997;7(1):91–101. 

240. Hey S, de Smet M, Stehning C, et al. Simultaneous T1 measurements and proton resonance 
frequency shift based thermometry using variable flip angles. Magn. Reson. Med. 
2012;67(2):457–63. 

241. Bos C, Lepetit-Coiffé M, Quesson B, et al. Simultaneous monitoring of temperature and T1: 
Methods and preliminary results of application to drug delivery using thermosensitive 
liposomes. Magn. Reson. Med. 2005;54(4):1020–1024. 

242. Lorenzato C, Oerlemans C, Cernicanu A, et al. Rapid dynamic R1 /R2 */temperature 
assessment: a method with potential for monitoring drug delivery. NMR Biomed. 
2014;27(11):1267–74. 

243. Henningsson M, Mens G, Koken P, et al. A new framework for interleaved scanning in 
cardiovascular MR: Application to image-based respiratory motion correction in coronary 
MR Angiography. Magn. Reson. Med. 2015;73(2):692–696. 

244. de Bruin PW, Koken P, Versluis MJ, et al. Time-efficient interleaved human 
23

 Na and 
1
 H 

data acquisition at 7 T. NMR Biomed. 2015;28(10):1228–1235. 
245. Keupp J, Weiss S, Tolo J, et al. Simultaneous T2 mapping in Near-Field Subcutaneous Fat 

Layer and PRFS Temperature Mapping in the Target Region using Fast Interleaved Sequences 
to Monitor MR-HIFU Sonication. In: Proc. Intl. Soc. Mag. Reson. Med. 23.; 2015. 

246. Engler S, Mougenot C, Keupp J, et al. On demand dynamic updating T2 and temperature. 
In: Proc. Intl. Soc. Mag. Reson. Med. 24.; 2016. 

247. Baron P, Ries M, Deckers R, et al. In vivo T2-based MR thermometry in adipose tissue layers 
for high-intensity focused ultrasound near-field monitoring. Magn. Reson. Med. 
2014;72(4):1057–1064. 

248. Enholm JK, Köhler MO, Quesson B, et al. Improved volumetric MR-HIFU ablation by 
robust binary feedback control. IEEE Trans. Biomed. Eng. 2010;57(1):103–113. 

249. Kaptein R, Dijkstra K, Tarr C. A single-scan fourier transform method for measuring spin-
lattice relaxation times. J. Magn. Reson. 1976;24(2):295–300. 

250. Bland JM, Altman DG. Measuring agreement in method comparison studies. Stat. Methods 
Med. Res. 1999;8(99):135–160. 

251. Han M, Rieke V, Scott SJ, et al. Quantifying temperature-dependent T 1 changes in cortical 
bone using ultrashort echo-time MRI. Magn. Reson. Med. 2015;74(6):1548–1555. 



Bibliography 
 

195 
 

252. Weiss S, Keupp J, Heijman E. Accuracy of PRFS Temperature Mapping using Fast 
Interleaved Sequences for MR-HIFU Thermal Therapies. In: Proc. Intl. Soc. Mag. Reson. Med. 
24. Singapore; 2016. 

253. Robert W. Brown, Yu-Chung N. Cheng, E. Mark Haacke, Michael R. Thompson RV ed. 
Magnetic Properties of Tissues. In: Magnetic Resonance Imaging: Physical Principles and 
Sequence Design, Second Edition. 2nd ed. John Wiley & Sons Ltd; 2014:739–777. 

254. Van Osch MJP, Vonken E jan PA, Viergever MA, et al. Measuring the arterial input function 
with gradient echo sequences. Magn. Reson. Med. 2003;49(6):1067–1076. 

255. Lohrke J, Frenzel T, Endrikat J, et al. 25 Years of Contrast-Enhanced MRI: Developments, 
Current Challenges and Future Perspectives. Adv. Ther. 2016;33(1):1–28. 

256. Caravan P, Ellison JJ, McMurry TJ, et al. Gadolinium(III) Chelates as MRI Contrast Agents: 
Structure, Dynamics, and Applications. Chem. Rev. 1999;99(9):2293–352. 

257. Weinmann HJ, Laniado M, Mützel W. Pharmacokinetics of GdDTPA/dimeglumine after 
intravenous injection into healthy volunteers. Physiol. Chem. Phys. Med. NMR. 
1984;16(2):167–72. 

258. Ersoy H, Rybicki FJ. Biochemical safety profiles of gadolinium-based extracellular contrast 
agents and nephrogenic systemic fibrosis. J. Magn. Reson. Imaging. 2007;26(5):1190–7. 

259. Weinmann HJ, Press WR, Gries H. Tolerance of extracellular contrast agents for magnetic 
resonance imaging. Invest. Radiol. 1990;25 Suppl 1:S49-50. 

260. Port M, Idée J-M, Medina C, et al. Efficiency, thermodynamic and kinetic stability of 
marketed gadolinium chelates and their possible clinical consequences: a critical review. 
Biometals. 2008;21(4):469–90. 

261. Idée J-M, Port M, Raynal I, et al. Clinical and biological consequences of transmetallation 
induced by contrast agents for magnetic resonance imaging: a review. Fundam. Clin. 
Pharmacol. 2006;20:563–576. 

262. Pałasz  a, Czekaj P. Toxicological and cytophysiological aspects of lanthanides action. Acta 
Biochim. Pol. 2000;47(4):1107–14. 

263. Weinmann HJ, Brasch RC, Press WR, et al. Characteristics of gadolinium-DTPA complex: a 
potential NMR contrast agent. AJR. Am. J. Roentgenol. 1984;142(3):619–24. 

264. Broome DR, Girguis MS, Baron PW, et al. Gadodiamide-associated nephrogenic systemic 
fibrosis: why radiologists should be concerned. AJR. Am. J. Roentgenol. 2007;188(2):586–92. 

265. Haylor J, Dencausse A, Vickers M, et al. Nephrogenic gadolinium biodistribution and skin 
cellularity following a single injection of Omniscan in the rat. Invest. Radiol. 2010;45(9):507–
512. 

266. Thomsen HS, Morcos SK, Almén T, et al. Nephrogenic systemic fibrosis and gadolinium-
based contrast media: Updated ESUR Contrast Medium Safety Committee guidelines. Eur. 
Radiol. 2013;23(2):307–318. 

267. Idée J-M, Fretellier N, Robic C, et al. The role of gadolinium chelates in the mechanism of 
nephrogenic systemic fibrosis: A critical update. Crit. Rev. Toxicol. 2014;44(10):895–913. 

268. Morcos SK. Nephrogenic systemic fibrosis following the administration of extracellular 
gadolinium based contrast agents: is the stability of the contrast agent molecule an 
important factor in the pathogenesis of this condition? Br. J. Radiol. 2007;80(950):73–6. 

269. Perazella M a. Current status of gadolinium toxicity in patients with kidney disease. Clin. J. 
Am. Soc. Nephrol. 2009;4(2):461–9. 

270. Perazella M a. Nephrogenic systemic fibrosis, kidney disease, and gadolinium: is there a 
link? Clin. J. Am. Soc. Nephrol. 2007;2(2):200–2. 

271. Robert P, Violas X, Grand S, et al. Linear Gadolinium-Based Contrast Agents Are Associated 
With Brain Gadolinium Retention in Healthy Rats. Invest. Radiol. 2016;51(2):73–82. 

272. McDonald RJ, McDonald JS, Kallmes DF, et al. Intracranial Gadolinium Deposition after 
Contrast-enhanced MR Imaging. Radiology. 2015;275(3):772–82. 



Bibliography 

196 
 

273. Errante Y, Cirimele V, Mallio CA, et al. Progressive Increase of T1 Signal Intensity of the 
Dentate Nucleus on Unenhanced Magnetic Resonance Images Is Associated With 
Cumulative Doses of Intravenously Administered Gadodiamide in Patients With Normal 
Renal Function, Suggesting Dechelation. Invest. Radiol. 2014;0(0):1–6. 

274. Kanda T, Fukusato T, Matsuda M, et al. Gadolinium-based Contrast Agent Accumulates in 
the Brain Even in Subjects without Severe Renal Dysfunction: Evaluation of Autopsy Brain 
Specimens with Inductively Coupled Plasma Mass Spectroscopy. Radiology. 2015;276(1):228–
32. 

275. Frenzel T, Lengsfeld P, Schirmer H, et al. Stability of gadolinium-based magnetic resonance 
imaging contrast agents in human serum at 37 degrees C. Invest. Radiol. 2008;43(12):817–828. 

276. Langereis S, Geelen T, Grüll H, et al. Paramagnetic liposomes for molecular MRI and MRI-
guided drug delivery. NMR Biomed. 2013;26(7):728–744. 

277. Strijkers GJ, Mulder WJM, Van Heeswijk RB, et al. Relaxivity of liposomal paramagnetic 
MRI contrast agents. MAGMA. 2005;18(4):186–92. 

278. Mulder WJM, Douma K, Koning G a, et al. Liposome-enhanced MRI of neointimal lesions in 
the ApoE-KO mouse. Magn. Reson. Med. 2006;55(5):1170–4. 

279. van Bochove GS, Sanders HMHF, de Smet M, et al. Molecular MR Imaging of Collagen in 
Mouse Atherosclerosis by Using Paramagnetic CNA35 Micelles. Eur. J. Inorg. Chem. 
2012;2012(12):2115–2125. 

280. Mulder WJM, Strijkers GJ, Griffioen AW, et al. A liposomal system for contrast-enhanced 
magnetic resonance imaging of molecular targets. Bioconjug. Chem. 2004;15(4):799–806. 

281. Sanders HMHF, Strijkers GJ, Mulder WJM, et al. Morphology, binding behavior and MR-
properties of paramagnetic collagen-binding liposomes. Contrast Media Mol. Imaging. 
2009;4(2):81–8. 

282. Kneidl B, Peller M, Winter G, et al. Thermosensitive liposomal drug delivery systems: state 
of the art review. Int J Nanomedicine. 2014;9:4387–4398. 

283. Peller M, Schwerdt A, Hossann M, et al. In vivo MRI-monitoring of Gadodiamide release 
from phosphatidylglyceroglycerol containing thermosensitive liposomes in heated and non-
heated tumors. Proc. 16th Sci. Meet. Int. Soc. Magn. Reson. Med. 2008;Toronto(12):69. 

284. Rizzitelli S, Giustetto P, Faletto D, et al. The release of Doxorubicin from liposomes 
monitored by MRI and triggered by a combination of US stimuli led to a complete tumor 
regression in a breast cancer mouse model. J. Control. Release. 2016;230:57–63. 

285. Løkling KE, Fossheim SL, Klaveness J, et al. Biodistribution of pH-responsive liposomes for 
MRI and a novel approach to improve the pH-responsiveness. J. Control. Release. 
2004;98(1):87–95. 

286. Unger E, Cardenas D, Zerella A, et al. Biodistribution and clearance of liposomal 
gadolinium-DTPA. Invest. Radiol. 1990;25(6):638–44. 

287. Fritz T, Unger E, Wilson-Sanders S, et al. Detailed toxicity studies of liposomal gadolinium-
DTPA. Invest. Radiol. 1991;26(11):960–8. 

288. Unger EC, Fritz TA, Tilcock C, et al. Clearance of liposomal gadolinium: in vivo 
decomplexation. J. Magn. Reson. Imaging. 1991;1(6):689–93. 

289. Drummond DC, Noble CO, Hayes ME, et al. Pharmacokinetics and in vivo drug release 
rates in liposomal nanocarrier development. J. Pharm. Sci. 2008;97(11):4696–740. 

290. Unger E, Shen DK, Wu GL, et al. Liposomes as MR contrast agents: pros and cons. Magn. 
Reson. Med. 1991;22(2):304–8; discussion 313. 

291. Kluza E, Yeo SY, Schmid S, et al. Anti-tumor activity of liposomal glucocorticoids: The 
relevance of liposome-mediated drug delivery, intratumoral localization and systemic 
activity. J. Control. Release. 2011;151(1):10–7. 

292. Langereis S, Hijnen N, Strijkers G, et al. Multifunctional liposomes for MRI and image-
guided drug delivery. Ther. Deliv. 2014;5(1):21–4. 



Bibliography 
 

197 
 

293. Mulder WJM, Strijkers GJ, Habets JW, et al. MR molecular imaging and fluorescence 
microscopy for identification of activated tumor endothelium using a bimodal lipidic 
nanoparticle. FASEB J. 2005;19(14):2008–10. 

294. Kluza E, Jacobs I, Hectors SJCG, et al. Dual-targeting of α(v)β(3) and galectin-1 improves the 
specificity of paramagnetic/fluorescent liposomes to tumor endothelium in vivo. J. Control. 
Release. 2011;158(2):207–214. 

295. Eakins MN, Eaton SM, Fisco R a., et al. Physicochemical properties, pharmacokinetics, and 
biodistribution of gadoteridol injection in rats and dogs. Acad. Radiol. 1995;2(7):584–591. 

296. Allen TM, Hansen C, Martin F, et al. Liposomes containing synthetic lipid derivatives of 
poly(ethylene glycol) show prolonged circulation half-lives in vivo. Biochim. Biophys. Acta. 
1991;1066(1):29–36. 

297. Klibanov AL, Maruyama K, Torchilin VP, et al. Amphipathic polyethyleneglycols effectively 
prolong the circulation time of liposomes. FEBS Lett. 1990;268(1):235–237. 

298. Klibanov AL, Huang L. Long-Circulating Liposomes: Development and Perspectives. J. 
Liposome Res. 1992;2(3):321–334. 

299. Wedeking P, Kumar K, Tweedle MF. Dose-dependent biodistribution of 
[153Gd]Gd(acetate)n in mice. Nucl. Med. Biol. 1993;20(5):679–691. 

300. Tweedle MF, Wedeking P, Kumar K. Biodistribution of radiolabeled, formulated 
gadopentetate, gadoteridol, gadoterate, and gadodiamide in mice and rats. Invest. Radiol. 
1995;30(6):372–80. 

301. Darrah TH, Prutsman-Pfeiffer JJ, Poreda RJ, et al. Incorporation of excess gadolinium into 
human bone from medical contrast agents. Metallomics. 2009;1(6):479–88. 

302. Anon. The Occurence and Metabolism of Lanthanides. In: Biochemistry of Lanthanides.; 
1990:285–337. 

303. Idée JM, Port M, Robic C, et al. Role of thermodynamic and kinetic parameters in 
gadolinium chelate stability. J. Magn. Reson. Imaging. 2009;30(6):1249–1258. 

304. Wedeking P, Tweedle M. Comparison of the Biodistribution of 153Gd-Labeled Gd ( DTPA ) 
2- , Gd ( DOTA ) - , and Gd ( Acetate ), in Mice. 1988;15(4). 

305. Starmans LWE, Hummelink MAPM, Rossin R, et al. 
89

 Zr- and Fe-Labeled Polymeric 
Micelles for Dual Modality PET and T 1 -Weighted MR Imaging. Adv. Healthc. Mater. 
2015;4(14):2137–2145. 

306. Munn LL. Aberrant vascular architecture in tumors and its importance in drug-based 
therapies. Drug Discov. Today. 2003;8(9):396–403. 

307. Minchinton AI, Tannock IF. Drug penetration in solid tumours. Nat. Rev. Cancer. 
2006;6(8):583–592. 

308. Ponce AM, Viglianti BL, Yu D, et al. Magnetic resonance imaging of temperature-sensitive 
liposome release: drug dose painting and antitumor effects. J. Natl. Cancer Inst. 
2007;99(1):53–63. 

309. Pütz B, Barsky D, Schulten K. Mechanisms of liposomal contrast agents in magnetic 
resonance imaging. J. Liposome Res. 1994;4(2):771–808. 

310. Massaad CA, Pautler RG. Manganese-Enhanced Magnetic Resonance Imaging (MEMRI). In: 
Modo M, Bulte JWM, eds.Vol 711. Methods in Molecular Biology. Totowa, NJ: Humana Press; 
2011:145–174. 

311. Crossgrove J, Zheng W. Manganese toxicity upon overexposure. NMR Biomed. 
2004;17(8):544–53. 

312. de Zwart JA, Salomir R, Vimeux F, et al. On the feasibility of local drug delivery using 
thermo-sensitive liposomes and MR-guided focused ultrasound. Proc. 8th Sci. Meet. ISMRM, 
Sydney. 2000;628(1994):43. 

313. Grobner T. Gadolinium - a specific trigger for the development of nephrogenic fibrosing 
dermopathy and nephrogenic systemic fibrosis? Nephrol. Dial. Transplant. 2005;21(4):1104–
1108. 



Bibliography 

198 
 

314. Marckmann P. Nephrogenic Systemic Fibrosis: Suspected Causative Role of Gadodiamide 
Used for Contrast-Enhanced Magnetic Resonance Imaging. J. Am. Soc. Nephrol. 
2006;17(9):2359–2362. 

315. High WA, Ayers RA, Chandler J, et al. Gadolinium is detectable within the tissue of patients 
with nephrogenic systemic fibrosis. J. Am. Acad. Dermatol. 2007;56(1):21–26. 

316. Weller A, Barber JL, Olsen ØE. Gadolinium and nephrogenic systemic fibrosis: an update. 
Pediatr. Nephrol. 2014;29(10):1927–1937. 

317. Tweedle MF, Hagan JJ, Kumar K, et al. Reaction of gadolinium chelates with endogenously 
available ions. Magn. Reson. Imaging. 1991;9(3):409–415. 

318. Robert P, Lehericy S, Grand S, et al. T1-Weighted Hypersignal in the Deep Cerebellar Nuclei 
After Repeated Administrations of Gadolinium-Based Contrast Agents in Healthy Rats: 
Difference Between Linear and Macrocyclic Agents. Invest. Radiol. 2015;50(8):473–80. 

319. Quattrocchi CC, Mallio CA, Errante Y, et al. Gadodiamide and Dentate Nucleus T1 
Hyperintensity in Patients With Meningioma Evaluated by Multiple Follow-Up Contrast-
Enhanced Magnetic Resonance Examinations With No Systemic Interval Therapy. 
2015;50(7):10–12. 

320. Kanda T, Ishii K, Kawaguchi H, et al. High Signal Intensity in the Dentate Nucleus and 
Globus Pallidus on Unenhanced T1-weighted MR Images: Relationship with Increasing 
Cumulative Dose of a Gadolinium-based Contrast Material. Radiology. 2014;270(3):834–841. 

321. Jost G, Lenhard DC, Sieber MA, et al. Signal Increase on Unenhanced T1-Weighted Images 
in the Rat Brain After Repeated, Extended Doses of Gadolinium-Based Contrast Agents: 
Comparison of Linear and Macrocyclic Agents. Invest. Radiol. 2016;51(2):83–89. 

322. Amet S, Launay-vacher V, Cle O, et al. Incidence of Nephrogenic Systemic Fibrosis in 
Patients Undergoing Dialysis After Contrast-Enhanced Magnetic Resonance Imaging With 
Gadolinium-Based Contrast Agents. 2014;49(2):109–115. 

323. Saliba AN, Harb AR, Taher AT. Iron chelation therapy in transfusion-dependent thalassemia 
patients: current strategies and future directions. J. Blood Med. 2015;6:197–209. 

324. Worah D, Berger AE, Burnett KR, et al. Ferrioxamine as a magnetic resonance contrast 
agent. Preclinical studies and phase I and II human clinical trials. Invest. Radiol. 1988;23 
Suppl 1:S281-5. 

325. Duewell S, Wüthrich R, von Schulthess GK, et al. Nonionic polyethylene glycol-ferrioxamine 
as a renal magnetic resonance contrast agent. Invest. Radiol. 1991;26(1):50–57. 

326. Wesbey GE, Engelstad BL, Brasch RC. Paramagnetic pharmaceuticals for magnetic 
resonance imaging. Physiol. Chem. Phys. Med. NMR. 1984;16(2):145–55. 

327. Kohgo Y, Ikuta K, Ohtake T, et al. Body iron metabolism and pathophysiology of iron 
overload. Int. J. Hematol. 2008;88(1):7–15. 

328. Grit M, de Smidt JH, Struijke A, et al. Hydrolysis of phosphatidylcholine in aqueous 
liposome dispersions. Int. J. Pharm. 1989;50(1):1–6. 

329. Muetterties KA, Hoener B-A, Engelstad BL, et al. Ferrioxamine B derivatives as 
hepatobiliary contrast agents for magnetic resonance imaging. Magn. Reson. Med. 
1991;22(1):88–100. 

330. Koenig SH, Ahkong QF, Brown RD, et al. Permeability of liposomal membranes to water: 
results from the magnetic field dependence of T1 of solvent protons in suspensions of vesicles 
with entrapped paramagnetic ions. Magn. Reson. Med. 1992;23(2):275–86. 

331. Terreno E, Sanino A, Carrera C, et al. Determination of water permeability of paramagnetic 
liposomes of interest in MRI field. J. Inorg. Biochem. 2008;102(5–6):1112–1119. 

332. Lee HB, Blaufox MD. Blood volume in the rat. J. Nucl. Med. 1985;26(1):72–6. 
333. Caravan P, Farrar CT, Frullano L, et al. Influence of molecular parameters and increasing 

magnetic field strength on relaxivity of gadolinium- and manganese-based T1 contrast 
agents. Contrast Media Mol. Imaging. 2009;4(2):89–100. 



Bibliography 
 

199 
 

334. Shen Y, Goerner FL, Snyder C, et al. T1 Relaxivities of Gadolinium-Based Magnetic 
Resonance Contrast Agents in Human Whole Blood at 1.5, 3, and 7 T. Invest Radiol. 
2015;50(5):330–338. 

335. Abraham S a, Waterhouse DN, Mayer LD, et al. The liposomal formulation of doxorubicin. 
Methods Enzymol. 2005;391:71–97. 

336. Keberle H. The Biochemistry of Desferrioxamine and its Relation to Iron Metabolism. Ann. 
N. Y. Acad. Sci. 2006;119(2):758–768. 

337. Matzanke B, Winkelmann G. Siderophore iron transport followed by mössbauer 
spectroscopy. FEBS Lett. 1981;130(1):50–53. 

338. Josephson L, Bigler J, White D. The magnetic properties of some materials affecting MR 
images. Magn. Reson. Med. 1991;22(2):204-8–5. 

339. Lide DR. Magnetic susceptibility of the elements and inorganic compounds. In: Handbook 
of Chemistry and Physics. 86th ed. Boca Raton, FL: CRC Press; 2005:130–135. 

340. Waterhouse DN, Tardi PG, Mayer LD, et al. A comparison of liposomal formulations of 
doxorubicin with drug administered in free form: changing toxicity profiles. Drug Saf. 
2001;24(12):903–920. 

341. Bonadonna G, Monfardinit S, De Lena M, et al. Clinical Evaluation of Adriamycin, a New 
Antitumour Antibiotic. Br. MedicalJournal. 1961;7(3):29–503. 

342. Gabizon A, Tzemach D, Mak L, et al. Dose dependency of pharmacokinetics and 
therapeutic efficacy of pegylated liposomal doxorubicin (DOXIL) in murine models. J Drug 
Target. 2002;10(7):539–548. 

343. Gabizon A, Shmeeda H, Barenholz Y. Pharmacokinetics of pegylated liposomal 
Doxorubicin: review of animal and human studies. Clin. Pharmacokinet. 2003;42(5):419–36. 

344. Udhrain A, Skubitz KM, Northfelt DW. Pegylated liposomal doxorubicin in the treatment 
of AIDS-related Kaposi’s sarcoma. Int. J. Nanomedicine. 2007;2(3):345–352. 

345. Rafiyath SM, Rasul M, Lee B, et al. Comparison of safety and toxicity of liposomal 
doxorubicin vs. conventional anthracyclines: a meta-analysis. Exp. Hematol. Oncol. 
2012;1(1):10. 

346. Laginha KM, Verwoert S, Charrois GJR, et al. Determination of doxorubicin levels in whole 
tumor and tumor nuclei in murine breast cancer tumors. Clin. Cancer Res. 2005;11(19 I):6944–
6949. 

347. Dicheva BM, ten Hagen TLM, Schipper D, et al. Targeted and heat-triggered doxorubicin 
delivery to tumors by dual targeted cationic thermosensitive liposomes. J. Control. Release. 
2014;195:37–48. 

348. Grange C, Geninatti-Crich S, Esposito G, et al. Combined delivery and magnetic resonance 
imaging of neural cell adhesion molecule-targeted doxorubicin-containing liposomes in 
experimentally induced Kaposi’s sarcoma. Cancer Res. 2010;70(6):2180–90. 

349. Ahmed M, Goldberg SN. Combination radiofrequency thermal ablation and adjuvant IV 
liposomal doxorubicin increases tissue coagulation and intratumoural drug accumulation. 
Int.J Hyperth. 2004;20(0265–6736 (Print)):781–802. 

350. Staruch R, Chopra R, Hynynen K. Localised drug release using MRI-controlled focused 
ultrasound hyperthermia. Int. J. Hyperth. 2011;27(2):156–171. 

351. Kümmerle A, Krueger T, Dusmet M, et al. A validated assay for measuring doxorubicin in 
biological fluids and tissues in an isolated lung perfusion model: Matrix effect and heparin 
interference strongly influence doxorubicin measurements. J. Pharm. Biomed. Anal. 
2003;33(3):475–494. 

352. Cox SK, Wilke A V., Frazier D. Determination of adriamycin in plasma and tissue biopsies. J. 
Chromatogr. B Biomed. Sci. Appl. 1991;564(1):322–329. 

353. Zhou Q, Chowbay B. Determination of doxorubicin and its metabolites in rat serum and bile 
by LC: Application to preclinical pharmacokinetic studies. J. Pharm. Biomed. Anal. 
2002;30(4):1063–1074. 



Bibliography 

200 
 

354. de Bruijn P, Verweij J, Loos WJ, et al. Determination of doxorubicin and doxorubicinol in 
plasma of cancer patients by high-performance liquid chromatography. Anal. Biochem. 
1999;266(2):216–221. 

355. Xiao W, Luo J, Jain T, et al. Biodistribution and pharmacokinetics of a telodendrimer 
micellar paclitaxel nanoformulation in a mouse xenograft model of ovarian cancer. Int. J. 
Nanomedicine. 2012;7:1587–1597. 

356. Hemeryck A, Geerts R, Monbaliu J, et al. Tissue distribution and depletion kinetics of 
bortezomib and bortezomib-related radioactivity in male rats after single and repeated 
intravenous injection of 14C-bortezomib. Cancer Chemother. Pharmacol. 2007;60(6):777–787. 

357. Moog R, Burger A, Brandl M, et al. Change in pharmacokinetic and pharmacodynamic 
behavior of gemcitabine in human tumor xenografts upon entrapment in vesicular 
phospholipid gels. Cancer Chemother. Pharmacol. 2002;49(5):356–366. 

358. Israel M, Karkowsky AM, Pegg WJ. Pharmacologic studies with radiolabeled N-
trifluoroacetyladriamycin-14-valerate (AD 32). Cancer Chemother. Pharmacol. 1980;4(2):79–
82. 

359. Verdun C, Brasseur F, Vranckx H, et al. Tissue distribution of doxorubicin associated with 
polyisohexylcyanoacrylate nanoparticles. Cancer Chemother. Pharmacol. 1990;26(1):13–18. 

360. Allen TM, Mumbengegwi DR, Charrois GJR. Anti-CD19-targeted liposomal doxorubicin 
improves the therapeutic efficacy in murine B-cell lymphoma and ameliorates the toxicity of 
liposomes with varying drug release rates. Clin. Cancer Res. 2005;11(9):3567–3573. 

361. Gaillard PJ, Appeldoorn CCM, Dorland R, et al. Pharmacokinetics, brain delivery, and 
efficacy in brain tumor-bearing mice of glutathione pegylated liposomal doxorubicin (2B3-
101). PLoS One. 2014;9(1). 

362. Al-Ahmady ZS, Al-Jamal WT, Bossche J V., et al. Lipid-peptide vesicle nanoscale hybrids for 
triggered drug release by mild hyperthermia in vitro and in vivo. ACS Nano. 2012;6(10):9335–
9346. 

363. Israel M, Karkowsky AM, Khetarpal VK. Distribution of radioactivity and anthracycline-
fluorescence in tissues of mice one hour after [14C]-labeled AD 32 administration - Evidence 
for tissue aglycone formation. Cancer Chemother. Pharmacol. 1981;6(1):25–30. 

364. Passing H, Bablok W. A new biometrical procedure for testing the equality of 
measuremments from two different analytical methods. Application of linear regression 
procedures for method comparison studies in Clinical Chemistry, Part 1. J. Clin. Chem. Clin. 
Biochem. 1983;21(11):709–720. 

365. Rahman A, Carmichael D, Harris M, et al. Comparative Pharmacokinetics of Free 
Doxorubicin and Doxorubicin Entrapped in Cardiolipin Liposomes Comparative 
Pharmacokinetics of Free Doxorubicin and Doxorubicin Entrapped in. 1986:2295–2299. 

366. Gustafson DL, Rastatter JC, Colombo T, et al. Doxorubicin pharmacokinetics: 
Macromolecule binding, metabolism, and excretion in the context of a physiologic model. J. 
Pharm. Sci. 2002;91(6):1488–1501. 

367. Poon RTP, Borys N. Lyso-thermosensitive liposomal doxorubicin: a novel approach to 
enhance efficacy of thermal ablation of liver cancer. Expert Opin. Pharmacother. 
2009;10(February 2009):333–343. 

368. Hossann M, Wang T, Wiggenhorn M, et al. Size of thermosensitive liposomes influences 
content release. J. Control. Release. 2010;147(3):436–43. 

369. Tagami T, May JP, Ernsting MJ, et al. A thermosensitive liposome prepared with a Cu(2)(+) 
gradient demonstrates improved pharmacokinetics, drug delivery and antitumor efficacy. J 
Control Release. 2012;161(1):142–149. 

370. Lindner LH, Hossann M, Vogeser M, et al. Dual role of hexadecylphosphocholine 
(miltefosine) in thermosensitive liposomes: Active ingredient and mediator of drug release. J. 
Control. Release. 2008;125(2):112–120. 



Bibliography 
 

201 
 

371. Zimmermann K, Hossann M, Hirschberger J, et al. A pilot trial of doxorubicin containing 
phosphatidyldiglycerol based thermosensitive liposomes in spontaneous feline soft tissue 
sarcoma. Int. J. Hyperth. 2016;0(0):1–38. 

372. Chapman A, Ter Haar G. Thermal ablation of uterine fibroids using MR-guided focused 
ultrasound-a truly non-invasive treatment modality. Eur. Radiol. 2007;17(10):2505–2511. 

373. Stewart EA, Gedroyc WMW, Tempany CMC, et al. Focused ultrasound treatment of uterine 
fibroid tumors: Safety and feasibility of a noninvasive thermoablative technique. Am. J. 
Obstet. Gynecol. 2003;189(1):48–54. 

374. Kim YS, Keserci B, Partanen A, et al. Volumetric MR-HIFU ablation of uterine fibroids: Role 
of treatment cell size in the improvement of energy efficiency. Eur. J. Radiol. 2012;81(11):3652–
3659. 

375. Kennedy JE. High-intensity focused ultrasound in the treatment of solid tumours. Nat. Rev. 
Cancer. 2005;5(4):321–7. 

376. Muralidharan V, Malcontenti-Wilson C, Christophi C. Effect of blood flow occlusion on 
laser hyperthermia for liver metastases. J. Surg. Res. 2002;103(2):165–174. 

377. Partanen A, Tillander M, Yarmolenko PS, et al. Reduction of peak acoustic pressure and 
shaping of heated region by use of multifoci sonications in MR-guided high-intensity focused 
ultrasound mediated mild hyperthermia. Med. Phys. 2013;40(1):13301. 

378. Lam MK, Oerlemans C, Froeling M, et al. DCE-MRI and IVIM-MRI of rabbit Vx2 tumors 
treated with MR-HIFU-induced mild hyperthermia. J. Ther. Ultrasound. 2016;4(1):9. 

379. Merckel LG, Knuttel FM, Deckers R, et al. First clinical experience with a dedicated MRI-
guided high-intensity focused ultrasound system for breast cancer ablation. Eur. Radiol. 
2016;26(11):4037–4046. 

380. Maloney E, Hwang JH. Emerging HIFU applications in cancer therapy. Int. J. Hyperth. 
2014;6736(December):1–8. 

381. Grissom W a, Lustig M, Holbrook AB, et al. Reweighted ℓ1 referenceless PRF shift 
thermometry. Magn. Reson. Med. 2010;64(4):1068–77. 

382. Rieke V, Vigen KK, Sommer G, et al. Referenceless PRF shift thermometry. Magn. Reson. 
Med. 2004;51(6):1223–1231. 

383. Köhler MO, Denis de Senneville B, Quesson B, et al. Spectrally selective pencil-beam 
navigator for motion compensation of MR-guided high-intensity focused ultrasound therapy 
of abdominal organs. Magn. Reson. Med. 2011;66(1):102–111. 

384. Quesson B, Laurent C, Maclair G, et al. Real-time volumetric MRI thermometry of focused 
ultrasound ablation in vivo: A feasibility study in pig liver and kidney. NMR Biomed. 
2011;24(2):145–153. 

385. Bobkova S, Gavrilov L, Khokhlova V, et al. Focusing of high-intensity ultrasound through 
the rib cage using a therapeutic random phased array. Ultrasound Med. Biol. 2010;36(6):888–
906. 

386. Gélat P, Ter Haar G, Saffari N. A comparison of methods for focusing the field of a HIFU 
array transducer through human ribs. Phys. Med. Biol. 2014;59(12):3139–71. 

387. Aubry J-F, Pernot M, Marquet F, et al. Transcostal high-intensity-focused ultrasound: ex 
vivo adaptive focusing feasibility study. Phys. Med. Biol. 2008;53(11):2937–51. 

388. Ge HY, Miao LY, Wang JR, et al. Correlation between ultrasound reflection intensity and 
tumor ablation ratio of late-stage pancreatic carcinoma in hifu therapy: Dynamic observation 
on ultrasound reflection intensity. Sci. World J. 2013;2013. 

389. Wijlemans JW, de Greef M, Schubert G, et al. Intrapleural fluid infusion for MR-guided 
high-intensity focused ultrasound ablation in the liver dome. Acad. Radiol. 2014;21(12):1597–
1602. 

390. Lesser TG, Boltze C, Schubert H, et al. Flooded lung generates a suitable acoustic pathway 
for transthoracic application of high intensity focused ultrasound in liver. Int. J. Med. Sci. 
2016;13(10):741–748. 



Bibliography 

202 
 

391. Tagami T, Foltz WD, Ernsting MJ, et al. MRI monitoring of intratumoral drug delivery and 
prediction of the therapeutic effect with a multifunctional thermosensitive liposome. 
Biomaterials. 2011;32(27):6570–6578. 

392. Vaupel PW, Kelleher DK. Pathophysiological and vascular characteristics of tumours and 
their importance for hyperthermia: heterogeneity is the key issue. Int. J. Hyperthermia. 
2010;26(3):211–23. 

393. Needham D, Anyarambhatla G, Kong G, et al. A new temperature-sensitive liposome for use 
with mild hyperthermia: characterization and testing in a human tumor xenograft model. 
Cancer Res. 2000;60(5):1197–1201. 

394. Palmer GM, Boruta RJ, Viglianti BL, et al. Non-invasive monitoring of intra-tumor drug 
concentration and therapeutic response using optical spectroscopy. J. Control. Release. 
2010;142(3):457–464. 

395. Couture O, Foley J, Kassell NF, et al. Review of ultrasound mediated drug delivery for 
cancer treatment: updates from pre-clinical studies. Transl. Cancer Res. 2014;3(5):494–511. 

396. Haar G Ter, Coussios C, ter Haar >Gail, et al. High intensity focused ultrasound: physical 
principles and devices. Int. J. Hyperthermia. 2007;23(2):89–104. 

397. Sanches PG, Grüll H, Steinbach OC. See, reach, treat: ultrasound-triggered image-guided 
drug delivery. Ther. Deliv. 2011;2(7):919–934. 

398. Sirsi SR, Borden MA. State-of-the-art materials for ultrasound-triggered drug delivery. Adv. 
Drug Deliv. Rev. 2014;72:3–14. 

399. Hernot S, Klibanov AL. Microbubbles in ultrasound-triggered drug and gene delivery. Adv. 
Drug Deliv. Rev. 2008;60(10):1153–1166. 

400. Dasgupta A, Liu M, Ojha T, et al. Ultrasound-mediated drug delivery to the brain: 
principles, progress and prospects. Drug Discov. Today Technol. 2016;xxx(xx):1–8. 

401. Kiessling F, Fokong S, Koczera P, et al. Ultrasound Microbubbles for Molecular Diagnosis, 
Therapy, and Theranostics. J. Nucl. Med. 2012;53(3):345–348. 

402. Wei K, Jayaweera  a R, Firoozan S, et al. Quantification of myocardial blood flow with 
ultrasound-induced destruction of microbubbles administered as a constant venous infusion. 
Circulation. 1998;97(5):473–483. 

403. Lentacker I, De Cock I, Deckers R, et al. Understanding ultrasound induced sonoporation: 
Definitions and underlying mechanisms. Adv. Drug Deliv. Rev. 2014;72:49–64. 

404. Yudina A, Lepetit-Coiffé M, Moonen CTW. Evaluation of the temporal window for drug 
delivery following ultrasound-mediated membrane permeability enhancement. Mol. Imaging 
Biol. 2011;13(2):239–49. 

405. Sanches PG, Mühlmeister M, Seip R, et al. Ultrasound-mediated gene delivery of naked 
plasmid DNA in skeletal muscles: A case for bolus injections. J. Control. Release. 2014;195:130–
137. 

406. Un K, Kawakami S, Suzuki R, et al. Suppression of melanoma growth and metastasis by 
DNA vaccination using an ultrasound-responsive and mannose-modified gene carrier. Mol. 
Pharm. 2011;8(2):543–554. 

407. Rychak JJ, Klibanov AL. Nucleic acid delivery with microbubbles and ultrasound. Adv. Drug 
Deliv. Rev. 2014;72:82–93. 

408. Hynynen K, McDannold N, Vykhodtseva N, et al. Noninvasive MR Imaging–guided Focal 
Opening of the Blood-Brain Barrier in Rabbits. Radiology. 2001;220(3):640–646. 

409. Jordão JF, Ayala-Grosso CA, Markham K, et al. Antibodies targeted to the brain with image-
guided focused ultrasound reduces amyloid-b plaque load in the TgCRND8 mouse model of 
Alzheimer’s disease. PLoS One. 2010;5(5):4–11. 

410. Aryal M, Vykhodtseva N, Zhang YZ, et al. Multiple treatments with liposomal doxorubicin 
and ultrasound-induced disruption of blood-tumor and blood-brain barriers improve 
outcomes in a rat glioma model. J. Control. Release. 2013;169(1–2):103–111. 



Bibliography 
 

203 
 

411. Sanches PG, Rossin R, Böhmer M, et al. Real-time imaging and kinetics measurements of 
focused ultrasound-induced extravasation in skeletal muscle using SPECT/CT. J. Control. 
Release. 2013;168(3):262–270. 

412. Marty B, Larrat B, Van Landeghem M, et al. Dynamic study of blood-brain barrier closure 
after its disruption using ultrasound: a quantitative analysis. J. Cereb. Blood Flow Metab. 
2012;32(10):1948–58. 

413. Kotopoulis S, Delalande A, Popa M, et al. Sonoporation-enhanced chemotherapy 
significantly reduces primary tumour burden in an orthotopic pancreatic cancer xenograft. 
Mol. Imaging Biol. 2014;16(1):53–62. 

414. Dimcevski G, Kotopoulis S, Bjånes T, et al. A human clinical trial using ultrasound and 
microbubbles to enhance gemcitabine treatment of inoperable pancreatic cancer. J. Control. 
Release. 2016;243:172–181. 

415. Lammers T, Koczera P, Fokong S, et al. Theranostic USPIO-Loaded Microbubbles for 
Mediating and Monitoring Blood-Brain Barrier Permeation. Adv. Funct. Mater. 2015;25(1):36–
43. 

416. Cochran MC, Eisenbrey J, Ouma RO, et al. Doxorubicin and paclitaxel loaded microbubbles 
for ultrasound triggered drug delivery. Int. J. Pharm. 2011;414(1–2):161–170. 

417. Eisenbrey JR, Burstein OM, Kambhampati R, et al. Development and optimization of a 
doxorubicin loaded poly(lactic acid) contrast agent for ultrasound directed drug delivery. J. 
Control. Release. 2010;143(1):38–44. 

418. Anon. Summary of product characteristics of SonoVue(R). Available at: 
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-
_Product_Information/human/000303/WC500055380.pdf. 

419. Geers B, Lentacker I, Sanders NN, et al. Self-assembled liposome-loaded microbubbles: The 
missing link for safe and efficient ultrasound triggered drug-delivery. J. Control. Release. 
2011;152(2):249–256. 

420. Kheirolomoom A, Dayton P a, Lum AFH, et al. Acoustically-active microbubbles conjugated 
to liposomes: Characterization of a proposed drug delivery vehicle. J. Control. Release. 
2007;118(3):275–284. 

421. Schroeder A, Avnir Y, Weisman S, et al. Controlling liposomal drug release with low 
frequency ultrasound: Mechanism and feasibility. Langmuir. 2007;23(7):4019–4025. 

422. Evjen TJ, Hagtvet E, Moussatov A, et al. In vivo monitoring of liposomal release in tumours 
following ultrasound stimulation. Eur. J. Pharm. Biopharm. 2013;84(3):526–531. 

423. Schroeder A, Honen R, Turjeman K, et al. Ultrasound triggered release of cisplatin from 
liposomes in murine tumors. J. Control. Release. 2009;137(1):63–68. 

424. Woo J, Chiu GNC, Karlsson G, et al. Use of a passive equilibration methodology to 
encapsulate cisplatin into preformed thermosensitive liposomes. Int. J. Pharm. 2008;349(1–
2):38–46. 

425. May JP, Ernsting MJ, Undzys E, et al. Thermosensitive liposomes for the delivery of 
gemcitabine and oxaliplatin to tumors. Mol. Pharm. 2013;10(12):4499–4508. 



Summary 

204 
 

SUMMARY 
 

This thesis describes the preclinical development of image-guided drug delivery from 

temperature-sensitive liposomes (TSLs) induced by magnetic resonance guided high intensity 

focused ultrasound (MR-HIFU). Traditional chemotherapy of solid tumors is complicated by a 

narrow therapeutic window. Encapsulation of the drug inside a TSL enables heat-triggered local 

drug delivery to tumors, while minimizing systemic exposure and associated side effects. Non-

invasive tumor heating is accomplished by focusing high intensity ultrasound waves inside the 

tumor. Depending on the clinical need, the tumor can be heated to ablative (>45°C) or 

hyperthermic (40–44°C) temperatures to either cause direct heat-inflicted cell death, to deliver 

TSL-encapsulated chemotherapeutics or both. In this process, MRI guidance is crucial: it is used to 

delineate the treatment area and it offers temperature feedback throughout the HIFU treatment. 

Additionally, by encapsulation of a MR contrast agent, drug release from TSLs can be monitored 

throughout the treatment, giving insight in both the spatial distribution of the drug and an 

estimate of the delivered drug concentration. 

In chapter 1, an outline of the evolution of and the rationale behind drug delivery by TSLs 

was given. We described the choice for MR-HIFU as modality to induce drug delivery from TSLs 

and discussed the use of the incorporation of an MR contrast agents in these TSLs to provide 

image-guidance. 

In chapter 2, several TSL formulations (TSL50, TSL60, TSL70 and TSL80) were described in 

terms of their in vitro and in vivo behavior. The formulations differed in both their lipid 

composition and their internal buffer. In vitro, ammonium sulphate loaded TSLs were more stable 

than their citrate loaded counterparts. All ammonium sulphate formulations showed a 

comparable fast release at 42°C, except for the TSL50 formulation, which was considerably 

slower. In contrast to the in vitro assays, a burst release followed by higher leakage was observed 

in a blood kinetics study in mice. This stressed the importance of in vivo testing of TSL 

formulations. In therapeutic studies, all TSLs in combination with water bath hyperthermia were 

equally successful in repressing BFS-1 sarcoma growth, regardless of their in vitro characteristics 

In chapter 3, several MR-HIFU-induced heat treatments were compared in terms of their 

effect on TSL and drug biodistribution and therapeutic efficacy. MR-HIFU ablation can successfully 

treat tumors in a non-invasive manner, however, complete tumor eradication is not always 

possible and in this situation adjunctive TSL therapy can help. We studied ablation + TSLs, 

hyperthermia + TSLs and the combination of hyperthermia + TSL followed by an ablation 

treatment in comparison to non-heated controls. The treatments were compared in the resulting 

biodistribution of the TSLs and the encapsulated drug, doxorubicin. All HIFU heating strategies 

resulted in cellular uptake of doxorubicin deep into the interstitial space, in comparable drug 

doses. Treatment with hyperthermia either as standalone heat treatment or prior to ablation 

ensured homogeneous drug delivery over the tumor, while ablation mostly delivered doxorubicin 

to the tumor rim. Furthermore, the therapeutic efficacy of the MR-HIFU treatments was compared 
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to that of a number of clinically relevant control groups. The combination of the ablation induced 

cell death with a prolonged drug delivery period led to a significant tumor growth delay observed 

in the combined treatment group compared to all other treatment groups.  

In chapter 4, drug delivery from TSLs was monitored via the release of a co-encapsulated 

MRI contrast agent during MR-HIFU hyperthermia. As the contrast agent is an extracellular agent 

that quickly clears upon release from the TSLs while the drug is taken up by cells, their 

pharmacokinetics upon release are quite different. Therefore, it is paramount to monitor the drug 

release real-time. The novelty presented in this chapter is the interleaved MR acquisition of both 

proton resonance frequency shift (PRFS) temperature maps and longitudinal relaxation rate (R1) 

measurements during HIFU treatment. In rat glioma tumors, contrast agent release was visualized 

over the time course of the treatment and the R1 changes corresponded well with tumor 

doxorubicin concentrations. 

Although visualization of drug delivery from TSLs using a contrast agent is a promising 

concept, liposome encapsulation of commonly used gadolinium (Gd)-based MR-contrast agent 

leads to prolonged retention times in the body, increasing the risk on nephrogenic systemic 

fibrosis, a debilitating disease resulting from impaired clearance of linear Gd-chelates. In chapter 

5, the fate of various liposomal Gd formulations was investigated in a biodistribution and blood 

kinetics study. The liposomes that were compared were gadoteridol loaded non-temperature 

sensitive liposomes (Gd-NTSLs), gadoteridol loaded TSLs (Gd-TSLs) and Gd-lipid conjugated-

NTSLs (Gd-LC-NTSLs). Especially the Gd-LC-NTSLs led to prolonged retention (more than 5% 

injected dose left after 3 months) of the Gd-based contrast agent. The Gd was predominantly 

retained in the liver. Gd-NTSLs did not show any leakage of the encapsulated gadoteridol while in 

circulation and showed intermediate Gd retention. The Gd-TSLs behaved differently with a 

considerably lower initial Gd accumulation and a shorter Gd retention time, even in a situation in 

which none of the Gd was released from the TSLs through a hyperthermia treatment. 

To prevent complications of associated with Gd retention, in chapter 6, we proposed Fe-

succinyl deferoxamine (Fe-SDFO) as a safe alternative paramagnetic contrast agent for TSL 

encapsulation. The study comprised an extensive in vitro characterization of Fe-SDFO loaded TSLs 

and a small in vivo study which both confirmed the applicability of the new TSLs, even though the 

longitudinal relaxivity of the new contrast agent is lower than that of clinically used Gd-chelates. 

Treated tumors showed an increase in R1 while the R1 of the untreated control tumors stayed 

relatively constant. Moreover, the pattern of R1 change could elucidate the pattern of drug release 

across the tumor. While this contrast agent is based on a clinically used iron-chelator, toxicity 

studies are warranted. 

As many conclusions in this thesis are based on doxorubicin concentrations measured in 

various tissue samples, in chapter 7, two doxorubicin quantification methods were compared in 

blood and tissue samples. The first method is based on doxorubicin extraction from the tissue and 

subsequent fluorescence detection in combination with high performance liquid chromatography 

(HPLC). The second method used 14C doped doxorubicin which can be quantified by liquid 
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scintillation counting (LSC). Overall, the HPLC-based method measured lower doxorubicin 

concentrations compared to the LSC-based method. Moreover, the degree of correspondence 

between the methods is matrix-dependent. Additionally, doxorubicin-containing TSLs were dually 

labeled, by 111In lipid and by 14C doxorubicin. After a correction for the contribution of 111In and 
114mIn to the LSC counts, this method successfully gave insight in the drug leakage from the TSLs in 

vivo.  

Chapter 8 discussed the different TSLs that were used throughout this thesis and offered a 

brief description of other MR-HIFU triggered drug delivery methods. The challenges in and the 

progress of clinical translation of MR-HIFU induced image-guided drug delivery from TSLs were 

considered.  

In conclusion, image-guided HIFU-induced drug delivery from TSLs offers the opportunity to 

locally deliver drugs to solid tumors and to estimate the success of the treatment directly after. 

Interleaved acquisition of temperature and R1 maps is recommended to improve the quality of the 

drug estimate. The optimal treatment would most likely consist of a number of hyperthermia-

induced drug delivery treatments, followed by HIFU ablation of the tumor. In view of clinical 

translation, we would recommend the use of an iron-based T1 contrast agent to circumvent the 

risk of Gd retention altogether.  
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DANKWOORD 
 

Een promotietraject ingaan betekent niet alleen hard werken voor een mooi 

wetenschappelijk resultaat, het betekent ook dat je de kans krijgt om van veel verschillende 

mensen te leren. Verder brengt het zegeningen en tegenslagen met zich mee die je niet in je eentje 

wilt vieren of kunt overwinnen. Zo is er in de afgelopen jaren een flinke lijst met mensen ontstaan 

die ik graag ontzettend wil bedanken: 

Holger, bedankt voor je begeleiding en vertrouwen de afgelopen jaren. Ik heb veel kunnen 

leren van je grote wetenschappelijke kennis en van je enthousiasme – hetgene waarmee je me 

over de streep trok om destijds een afstudeerproject bij jou te gaan doen. Het bleek vervolgens zo 

leuk in jouw groep dat ik niet meer weg wilde en heel blij was een promotietraject in deze groep 

te kunnen starten. Het hele traject heeft een aantal ups en downs gekend, vooral vanwege de 

onzekerheid rond de verhuizing naar Keulen. Desalniettemin ben ik heel blij dat je in me bent 

blijven geloven en dat we het samen tot een goed einde hebben gebracht! 

Klaas, helaas kan ik je niet meer persoonlijk bedanken, want een grote dankjewel was zeker 

op zijn plaats geweest. Je hebt me geïnspireerd om me te gaan verdiepen in het MRI-vakgebied en 

hebt me met veel geduld begeleid tijdens mijn promotietraject. Je deur stond altijd open. Het was 

moeilijk om te zien hoe je eerst de naderende sluiting van de groep en later die rotziekte moest 

doorstaan, maar zelfs onder die omstandigheden, bleef je warm en benaderbaar. Dankjewel. 

Gustav, bedankt dat je mijn copromotor wou zijn! Ik vind het jammer dat deze beslissing pas 

op een laat moment gemaakt is, want ik weet zeker dat ik nog veel meer van je had kunnen leren. 

In Amsterdam kunnen ze in hun handen wrijven! 

I would like to thank the thesis committee members, prof. dr. Luc Brunsveld, prof. dr. 

Chopra, prof. dr. med. Maintz, prof. dr. med. Kiessling and dr. ir. Edwin Heijman for taking 

part in the committee and for critically reviewing my thesis and prof. dr. Hilbers for chairing the 

thesis defense. 

Jeanine, door jouw vak kwam ik voor het eerst in aanraking met NMR en later ben ik bij jou 

mijn interne stage gaan doen. Ik was toen al en ben nog steeds onder de indruk van je goede 

begeleiding en je kritische blik. Hoewel we daarna nooit meer direct hebben samengewerkt, vond 

ik het heel gezellig met jou in de groep en zal ik je aanstekelijke lach missen! 

Edwin, de vaste factor in het toch wel uitgedunde HIFU team. Bedankt voor al die keren die je 

me te hulp geschoten bent als de HIFU dienst weigerde en bedankt voor je altijd geduldige uitleg. 

Je inventiviteit (ik denk aan potloodjes) blijft me verbazen. Het was leerzaam en leuk om met je 

samen te werken aan hoofdstuk 4! 

Wouter, jij was mijn eerste en beste (let wel, niet het eerste het beste) maatje in het 

NanoNextNL project. We zaten op meerdere manieren in hetzelfde schuitje. Verder hebben we 
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samen niet alleen leuke congressen bezocht, maar ook een mooi artikel voor elkaar gebokst! 

Bedankt voor de prettige samenwerking! 

Floortje, het cement tussen de steentjes van onze groep. Jij hield ons bij elkaar in zware 

tijden en zorgde voor een vrolijke sfeer in onze groep. Dankjewel voor alle goede gesprekken en 

bedankt dat je tot het eind voor ons geknokt hebt!  

Anke, Tiemen, Sander, Mariska, Pedro, Nicole, Siem, Luc, Steffie, Sin Yuin, I have felt so 

welcome in Holger’s group from the moment I started my Master’s project and I truly enjoy our 

reunions. I hope there will be many yet to come! Sin Yuin, you were the stable factor in the group 

and I am grateful that you stuck around all this time. I was thoroughly impressed to see you so in 

control during HIFU patient treatments in Cologne! Thanks for all the fun times together, as 

roomies, on conferences and at the great dinner parties you initiated! Mariska, jij was mijn grote 

voorbeeld tijdens mijn afstuderen en ik heb goede herinneringen aan de vele gezamenlijke 

uitstapjes, toen maar ook daarna. Ik heb je opgevolgd qua PhD project en nu neem ik je oude 

plekje in bij het Catharina Ziekenhuis. Ik beloof dat ik je hierna niet meer zal opvolgen 

(achtervolgen?). Luc, je was een geweldig kamergenootje en ik heb me erg gesteund gevoeld door 

jou. Dank voor je kritische blik (grapje) maar ook voor de toffe sportuurtjes en sportaholics 

uitstapjes. Steffie, we hadden een leuke samenwerking bij het bestuderen van de biologie achter 

hyperthermie en onze reisjes naar Bristol en München waren top. Jammer dat het sluiten van de 

groep roet in het eten gooide, maar je vond gelukkig snel een toffe nieuwe baan waarin ik je de 

komende jaren waarschijnlijk nog wel tegenkom! Pedro, your energy often blew me away. I 

admire your enthusiasm and both your scientific and acrobatic skills. It was fun being your 

roommate! Tiemen, de man die me whisky leerde drinken (samen met Siem). Je bent een 

doorzetter, ongelooflijk! Sander, een lief en verstandig rustpunt vond ik jou altijd, zowel in het lab 

als daarbuiten. Ik vond het gezellig dat je na je PhD nog een tijdje bij ons over de vloer bent blijven 

komen in je baan bij Tagworks. Nicole, je leerde me in Seattle en daarna in Eindhoven de kneepjes 

van het HIFU vak, dankjewel! Anke, je was eigenlijk al bijna klaar met je PhD toen ik aan mijn 

afstudeerproject begon, maar gelukkig heb ik je sindsdien vaak gezien op (vaak door jou 

georganiseerde) sociale aangelegenheden. De kerstmarkt is een geweldige traditie!  

Adriana, my one and only master student! Your vibrant personality and inquisitive nature 

made me really enjoy our time working together on the iron liposomes. Your work paved the way 

for the publication based on chapter 6. Feel welcome if you ever visit the Netherlands again! 

Lukas, Júan, Ileana, Grisha, Carola, the Cologne posse! I was happy when Holger started 

forming his new group and he managed to assemble such a great group of people. It was fun being 

your colleague for a while. I wish all of you the best of luck in Cologne and hope to see you on 

many christmas markets yet to come! 

Sharon, Bart, Valentina, Emmy, Jules, you were all my roommates at some point in the past 

few years. Thanks for making office-time so enjoyable! Sharon, wij konden elkaar altijd goed 

vinden in het praten over lekker eten en vervolgens over sporten om al dat lekkere eten er weer af 
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te krijgen. Bart, ik heb vaak met je droge humor kunnen lachen toen we een tijdje samen op 

kantoor zaten. Het is altijd weer leuk om je te zien bij sportaholics uitjes! Valentina, I really 

enjoyed our time together in Singapore and it was great to see how you played the binding factor 

between the different MR groups. Best of luck in wherever science may bring you! Emmy, ook 

slechts een paar maandjes roomie geweest, maar ik vond het leuk om je beter te leren kennen en 

keek met bewondering hoe je onderzoek combineerde met al dat op-en-neer gereis, sport,  en een 

druk sociaal leven. Jules, je kunt zo heerlijk mopperen, wat heb ik daar vaak om gelachen! Maar je 

kunt natuurlijk nog veel meer, want tussen het pendelen door sleep je de ene na de andere prijs 

binnen en wilt iedereen met je samenwerken (en dat begrijp ik heel goed)! Zet ‘m op voor de 

laatste loodjes! 

Willeke, Danny, Desiree, Katrien, Stefanie, Miranda, Wolter, Abdallah, Marloes, Rik, you 
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