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“It is only experimental manipulation that can determine whether an 
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1. Introduction 
 

1.1 Cancer 

The term cancer reflects a whole family of related diseases, all characterized by excessive 

cell growth. When combined, cancer is among the global leading causes of death, 

accounting for 8.2 million deaths worldwide in 2012 [1]. Research in the last century has 

shone light on the complex and dynamic processes underlying this pathology, from the 

tissue level down to the genomic level [2], [3]. This has markedly increased the 

understanding of this highly heterogeneous family of diseases, allowing us to discriminate 

between many different subtypes of cancer, based not only on location, but on many 

factors, such as specific receptor expression. This allows treatments to be adapted to the 

disease characteristics of individual patients, e.g. by personalized medicine. In addition to 

drugs, cancer treatment is primarily based on surgery and radiotherapy, which are often 

combined for optimal clinical outcome. The success rate of treatment strongly depends on 

the disease stage at the time of diagnosis [4]. Early stage diagnosis can lead to highly 

effective treatment, but advanced staged cancers with distant metastases have a poor 

prognosis, where treatment is often palliative rather than curative. Although the 5-year 

survival rate of some specific cancers is still low, e.g. < 5 % for pancreatic cancer, 

multimodality treatment with surgery, chemotherapy and radiotherapy has markedly 

improved patient survival for the majority of cancers. This resulted in a 6-fold enhancement 

of life expectancy after cancer diagnosis, compared to 40 years ago.  

Surgery has for a long time been the only treatment option for cancer. However, in the pre-

anesthesia era, only the desperate patients would consider surgery due to the unattractive 

combination of high morbidity and mortality and low cure rates [5]. Due to the introduction 

of ether anesthesia [6] and antiseptics [7], (cancer) surgery flourished and developed into an 

acceptable and widely used intervention. In combination with technical innovation and 

research, radical surgery shifted to minimally invasive techniques and tissue preservation to 

decrease morbidity, without compromising survival. In addition, the efficacy of surgery can 

be enhanced when combined with (neo)adjuvant radiotherapy or chemotherapy [8].  

Radiation therapy has evolved into a highly effective and targeted treatment modality, due 

to advances in technology and an increased understanding of the biological effects induced 

by radiation [9]. Substantial progress has been made in targeting the radiation beam with 

high precision. By using fractionated radiotherapy and different beam angles, the radiation 

dose in cancer cells can be optimized, while minimizing damage to surrounding healthy 

tissue. In addition, the role of the microenvironment, in particular the radiation resistance of 

hypoxic areas in a tumor, has been found to be crucial in the tumor response to radiation 

therapy [10]. Therefore, the microenvironment can be treated prior to radiotherapy, e.g. by 

pharmacological agents or hyperthermia, to improve radiotherapy efficacy and 

subsequently clinical outcome. 
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Chemotherapy has more recently joined as an asset in the battle against cancer. Around 

World War II, an accidental spill with mustard gas led to the observation that both bone 

marrow and lymph nodes were markedly depleted in men exposed to the gas. This resulted 

in the discovery of nitrogen mustard as the first chemical that was effective against 

lymphoma [11]. Further research led to the discovery of many other small molecular weight 

drugs which showed antineoplastic activity. Chemotherapy is a systemic treatment and is 

used to treat inoperable tumors, metastatic malignancies, tumors resistant to radiotherapy 

and circulating tumor cells. Due to its systemic effects, chemotherapy can complement 

local therapies like surgery or radiotherapy, and are therefore often combined. In addition to 

chemotherapy, pharmaceutical research has resulted in the development of completely new 

classes of anticancer drugs with distinct pathways, such as hormone therapy, antibody 

therapy and kinase inhibitors. Although these drugs have indisputably resulted in improved 

patient outcomes, they are often effective against a certain subtype of cancer and are not as 

widely applicable as the small molecule chemotherapeutics. Therefore, many of the 

chemotherapeutic drugs discovered in the early days are still being used today, such as 

methotrexate (FDA approved in 1953), doxorubicin (1974) and cisplatin (1978). The drug 

cisplatin is of particular interest in this thesis, as its hydrophilic properties lead to limited 

cellular uptake, which can be enhanced by ultrasound-activated microbubbles. Furthermore, 

cisplatin is often used in combination with radiotherapy, where it is mainly used to enhance 

the loco-regional effect of radiotherapy (i.e. radiosensitization) instead of treating distant 

metastases (i.e. systemic therapy). 

 

1.2 Cisplatin 

Cisplatin, or cis-diamminedichloroplatinum (II), is a chemotherapeutic drug used for 

testicular-, bladder-, ovary- and head and neck cancer. Cisplatin is administered by 

intravenous infusion and excretion occurs primarily by the kidney, where accumulation can 

lead to severe renal adverse effects [12]. It is a small hydrophilic molecule with a molecular 

weight of 300 Da and a Log P of -2.2 [13], which leads to a relative fast elimination of 

unbound cisplatin (t1/2 = 30-50 min). However, within 2 hours after administration, 90% of 

the remaining cisplatin is bound to proteins, extending its elimination half-life to several 

days [14], [15]. Intracellular uptake of cisplatin has been attributed to both passive diffusion 

and active transport, e.g. by copper transporter-1 [16]. Once internalized, the low 

intracellular chloride concentration leads to aquation of cisplatin. This positively charged 

aquated form of cisplatin can subsequently bind to DNA and form adducts, predominantly 

intrastrand crosslinks [17], [18] (Fig. 1). These crosslinks cause unwinding and bending of 

the DNA helix, which can ultimately lead to cellular apoptosis. The underlying mechanism 

has not been completely elucidated, but evidence suggests that the platinum-DNA adducts 

can impede DNA replication and transcription, cause G2 phase cell-cycle arrest and inhibit 

signal transduction pathways controlling growth, differentiation and stress response [19].  
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Fig. 1: Cellular internalization of cisplatin and mechanism of cytotoxicity. Cisplatin enters the cell by active 
uptake through the copper transporter-1 (CTR-1) and by passive diffusion. When internalized, the low chloride 
concentration leads to aquation of cisplatin, resulting in the positively charged and reactive form of cisplatin. This 
can bind to DNA and form crosslinks, predominantly intrastrand crosslinks, which can result in inhibition of 
transcription and replication, G2 phase arrest and inhibit signal transduction pathways. 

 

 1.3 Chemoradiation 

It has been found that chemotherapy and radiotherapy can act synergistically, thereby 

improving patient outcomes, in a combination termed chemoradiation. Three clinical 

rationales underlie this approach; (i) due to the non-invasive nature, chemoradiotherapy can 

reduce morbidity compared to surgery, (ii) chemotherapy can act as a radiosensitizer, 

increasing the efficacy of radiotherapy, and (iii) chemotherapy may act systemically on 

micrometastases, thereby complementing the localized effect of radiotherapy [20].  

Cisplatin is one of the most widely used chemotherapeutic agents in combination with 

radiotherapy. Multiple mechanisms are involved in the interaction of cisplatin and 

radiotherapy at the biological basis [21]. First, toxic platinum intermediates are formed in 

the presence of radiation-induced free radicals. Second, by scavenging free electrons 

formed during the radiation of DNA, cisplatin can fixate the otherwise repairable DNA 
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damage. Third, cellular uptake of cisplatin can be enhanced by radiation, leading to 

increased intracellular cisplatin levels resulting in cell death. Fourth, both treatments disrupt 

the normal cell-cycle and thereby synergistically induce cell death, and last, the DNA 

crosslinks formed by cisplatin can inhibit the repair of DNA damage induced by radiation. 

The dominant pathway for interaction may depend on the biological context, e.g. cell type, 

but also on the treatment regimen. Cisplatin treatment can occur before, during or after 

radiation therapy, which affects the relative contributions of the different interactions. In 

preclinical studies, high heterogeneity was found between treatment regimens in the 

concentration, incubation time and timing of cisplatin with regard to radiation therapy [22]–

[31].  

One cancer type where treatment is often based on chemoradiation is head and neck cancer. 

Head and neck cancers are a relatively common cancer type, with 139 000 cases diagnosed 

each year in Europe [32]. They include several sites, such as the oral cavity, pharynx, 

larynx, nasal cavity and salivary glands. Over 90% of head and neck cancers are squamous 

cell carcinomas. Treatment depends on tumor location and stage, but is often a combination 

of surgery, radiotherapy and chemotherapy.  

Radiotherapy with concurrent cisplatin showed an increased survival compared to 

radiotherapy only in patients with unresectable squamous cell head and neck cancer [33]. A 

similar enhanced efficacy was found in locally advanced head and neck cancer patients 

(stages III and IV), who received post-operative radiotherapy in combination with cisplatin 

compared to radiotherapy alone [34]. Clinical guidelines recommend a combination of 

cisplatin and radiotherapy following surgery in stage III and IV head and neck cancers with 

high risk features [35]. However, the improved survival comes at the price of enhanced 

cisplatin-related adverse effects, which are the result of the poor tumor cell specificity of 

cisplatin. Furthermore, the efficacy of cisplatin is limited by the low uptake in tumor cells. 

Drug delivery techniques may be employed to enhance the cisplatin concentration in the 

tumor and thereby increase its efficacy [36]. 

 

1.4 Drug delivery to solid tumors 

Solid tumors are characterized by an excessive cell growth. Growing tumors have an 

increasing demand of oxygen and nutrients, which exceeds the capacity of the existing 

vasculature. This situation leads to the formation of new blood vessels, via a process termed 

angiogenesis [37]. These vessels often grow in a disorganized fashion, associated with an 

incomplete endothelial lining and semi-functional vessels. This results in a disorganized 

vascular network and nonfunctional lymphatics, causing increased interstitial fluid pressure. 

In addition, cancer-associated fibroblasts produce an extensive extracellular matrix. 

Together, the latter two hallmarks limit the penetration of anticancer drugs from the 

vascular compartment deep into the tumor, resulting in a limited drug efficacy with 

increased risk to develop resistance to chemotherapy [38].  
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In order to be active, an anticancer drug needs to overcome several biological barriers to 

reach its target, the cancer cell. Following intravenous injection, the drug needs to 

extravasate in the tumor, travel through the tumor interstitium and, if the drug’s target is 

intracellular, reach the intracellular compartment of the cancer cell. The ability of a drug to 

reach its target depends on the characteristics of the tumor tissue as well as the 

physicochemical properties of the drug. For small drugs like cisplatin, extravasation into 

the tumor may not pose the greatest hurdle, facilitated by the incomplete endothelial lining 

of the blood vessels. However, problems arise when drugs have to travel through the tumor 

interstitium, reach the non-vascularized areas of the tumor and subsequently enter the 

intracellular compartment of cancer cells (Fig. 2).  

 

 

 
 

Fig. 2: Schematic presentation of the leaky vasculature in solid tumors. Small molecular weight drugs can 
extravasate facilitated by the incomplete endothelial lining of tumor blood vessels. However, due to an extensive 
extracellular matrix and high interstitial fluid pressure, drug penetration into the tumor is limited. 

 

 

Drugs with intracellular targets need to pass the cell’s plasma membrane to reach the 

intracellular compartment. Many hydrophilic or charged drugs are unable to enter the cell 

by diffusion, and rely on transporters or endocytosis for internalization. This can be a slow 

and time-consuming process, which is not optimal regarding the often short-lived peak 

plasma concentrations of many intravenously administered chemotherapeutics (e.g. t1/2 25 

min for unbound cisplatin [39]). It has been postulated that 50% of cisplatin uptake occurs 

by diffusion and the other 50% through transporter proteins [40]. The diffusion rate 

depends on the gradient between the intracellular and extracellular drug concentration. The 

latter can be low in the tumor, especially further away from the vasculature, due to low 

drug penetration. In addition, even after successful cellular internalization, cisplatin can be 

inactivated or excreted by transmembrane efflux pumps, thereby decreasing cisplatin 
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efficacy [41]. Therefore, a rapid internalization of high cisplatin levels is essential for an 

optimal antitumor effect.  

Several strategies can be employed to increase the delivery of a drug at its target, thereby 

enhancing its efficacy. Most of these strategies alter the drug, e.g. by designing a pro-drug 

that requires local activation, searching for drug derivatives that exhibit improved 

pharmacodynamics and pharmacokinetics [42], or encapsulate a drug into nano- or 

micrometer sized drug carriers [43]. The latter option utilizes a variety of particles, such as 

liposomes [44]. The majority of studies using drug carriers like liposomes depend on 

passive targeting, i.e. exploiting the leakiness of the tumor vasculature to achieve 

extravasation and drug accumulation. This approach is based on the enhanced permeability 

and retention (EPR) effect [45]. Although some clinical success has been reported, the 

clinical impact has been limited due to high variability in EPR effect between and within 

patients [46]. An alternative to altering the drug molecule or encapsulating it, is to actively 

increase the susceptibility of the tissue for the drug. 

An example of enhancing the susceptibility of tissue is a patch with microneedles for 

transdermal drug delivery. These pierce the stratum corneum of the skin, which normally 

inhibit drugs to cross the skin at therapeutic rates, resulting in enhanced drug uptake [47]. 

Such an approach is limited to topical drug delivery due to accessibility. Treating a solid 

tumor within the body to increase the uptake of chemotherapeutic drugs also requires a 

localized approach, preferably non-invasive. A promising new drug delivery method that 

meets these requirements is ultrasound in combination with microbubbles. 

 

1.5 Therapeutic Ultrasound and Microbubbles 

Sound waves are pressure waves propagating through a certain medium, e.g. water. This 

results in alternating compression and rarefaction of the medium through which the sound 

propagates, with a certain amplitude and frequency. Ultrasound is defined as any sound 

wave above 20 kHz frequency, the threshold of audible sound for humans. Although some 

explorational studies on the properties of sound waves were published in the 19th century, 

the interest exploded after the sinking of the Titanic in 1912. One month later, Lewis Fry 

Richardson was the first to propose that by sending a beam of sound below the water 

surface and measuring the reflection, similar iceberg collisions could be avoided in the 

future [48]. Further research resulted in the development of SONAR (SOund Navigation 

And Ranging).  

Following this success, sound waves were a topic of interest in several research fields, 

including medical research. Ultrasound found its way into medical practice around the 

1940s [49]. Although initially employed for treatment, the interest in medical ultrasound 

blossomed following the discovery of its potential as an imaging technique [50]. Since then, 

diagnostic ultrasound has evolved into one of the main medical imaging modalities around 

the globe. Imaging is based on sending a short pulse of sound waves into the body, while 
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the reflected waves are absorbed, processed and transformed into an image by the 

ultrasound scanner. The frequency for diagnostic ultrasound is in the megahertz range, e.g. 

3 – 15 MHz, depending on the location of the tissue of interest. Higher frequencies have 

shorter wavelengths that result in higher spatial resolution and improved image quality, but 

also lower tissue penetration. Lower frequencies are used in therapeutic ultrasound, often 

between 500 kHz and 1.5 MHz. Furthermore, therapeutic ultrasound is based on the use of 

longer pulses with higher intensities, which can be made to converge in a specific area in 

the body using a focused beam, resulting in a localized treatment. The diameter of the focal 

point depends on the frequency and ultrasound equipment, but is in the order of 1 mm when 

using 1.5 MHz sound waves [51]. Therapeutic ultrasound can be divided into thermal and 

non-thermal applications.  

The ultrasound-based treatment that has advanced furthest towards clinical adoption is a 

thermal application, i.e. High Intensity Focused Ultrasound (HIFU) [52], [53]. HIFU is a 

technique used to thermally ablate tissue and is often performed under magnetic resonance 

imaging-guidance for spatial and temperature control. Besides ablation, ultrasound can also 

be exploited to induce mild hyperthermia. Hyperthermia can be used for treatment in 

multiple ways. For example, it has been shown that hyperthermia can enhance the efficacy 

of radiotherapy [54]. In the light of drug delivery, hyperthermia can also be used to enhance 

tissue perfusion or as a thermal trigger for drug release from a temperature-sensitive drug 

carrier [55].  

 

 
Fig. 3: Drug delivery by ultrasound in combination with microbubbles. Upon stimulation by ultrasound, 
oscillating microbubbles can increase drug internalization through membrane pores and endocytosis. In addition, it 
can increase drug extravasation leading to accumulation in the tumor.  

 

 

In addition to thermal therapies, there are a number of applications based on the non-

thermal effects of ultrasound. In fact, the majority of drug delivery studies exploit these 

non-thermal mechanical effects [56]. In this case, pulsed waveforms with low duty cycle 
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are often used to prevent heating of the tissue, which could lead to vascular shutdown and 

therefore block the access of drugs to the tumor. The mechanical effects can be enhanced 

by using microbubbles, which are micron-sized gas bubbles developed as contrast agents 

for ultrasound imaging [57]. Microbubbles consist of a heavy-weight gas encapsulated by a 

lipid-, polymer- or protein shell, and typically range between 1 – 8 µm in diameter. They 

start oscillating upon exposure to ultrasound, where low acoustic pressure amplitudes lead 

to stable cavitation, while higher pressure amplitudes can lead to imploding microbubbles 

and inertial cavitation [58]. For a detailed description of this cascade of events the reader is 

referred to chapter 2.  

The combination of ultrasound and microbubbles has been used to increase the vascular- 

and membrane permeability to enhance local drug extravasation and intracellular uptake of 

drugs, respectively (Fig. 3). While both pathways can contribute to the therapeutic success, 

they remain to be fully understood. This thesis focused on the intracellular delivery of drugs 

by the combination of ultrasound and microbubbles (USMB).  

Despite extensive research over the last 20 years, the mechanism involved in intracellular 

drug delivery by USMB has not been completely resolved. Several studies have 

demonstrated the presence of “pore-like structures” by confocal fluorescence microscopy 

and scanning electron microscopy on cell membranes following exposure to USMB [59], 

[60]. In addition, it was found that the transmembrane current of cell membranes was 

transiently increased after treatment with USMB [61]. This led to the hypothesis that 

hydrophilic membrane pores are produced temporarily upon exposure to USMB, allowing 

drugs to enter the intracellular compartment by diffusion (Fig. 3). As the membrane pores 

are not specific to drugs, other extracellular molecules can enter the cell as well. Large 

quantities of extracellular Ca2+ can enter the cell through these pores, which has been 

shown to be crucial for cellular recovery [62]. This sharp increase in intracellular [Ca2+] has 

been demonstrated to trigger exocytosis of intracellular vesicles, which can fuse to form a 

“patch” and cover the membrane pore [63]. As the amount of intracellular vesicles is 

regulated, enhanced exocytosis will result in increased endocytosis. This USMB-induced 

endocytosis enhancement may also function as a route of internalization for extracellular 

drugs. In fact, some of the “pore-like structures” on scanning electron microscopy images 

of ultrasound-exposed cell membranes, which could have been identified as membrane 

pores, may actually be membrane invaginations, the starting point of endocytosis [64]. 

Recent studies have shown that the main route of internalization, i.e. by membrane pores or 

by endocytosis, depends on (model-) drug size and acoustic pressure, respectively [65], 

[66]. 

Cellular recovery following USMB-induced membrane permeabilization is a multi-faceted 

and long process that may last hours after USMB exposure. It has been shown that 

membrane pores reseal within seconds up to a minute, measured by the transmembrane 

current [62], or confocal fluorescence microscopy [59]. Nevertheless, other studies 

demonstrated uptake of model drugs for several hours after US exposure [67]. This could 

suggest that intracellular uptake hours after sonication would be the result of a pathway 
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other than membrane pores. Endocytosis could be upregulated for a much longer time than 

pores are present, but this remains to be elucidated. By increasing our understanding of 

cellular recovery after ultrasound exposure, this can help to clarify the diverse cellular 

effects induced by ultrasound and microbubbles, and may help to design future treatment 

protocols.  

 

2. Thesis objective and outline 

The goal of this thesis is to investigate the combination of ultrasound and microbubbles for 

intracellular delivery of (model) drugs in vitro. Firstly, focusing on the potential clinical use 

of USMB in cancer chemotherapy, its impact on chemotherapeutic drug delivery was 

studied. Secondly, this work aimed to increase the understanding of the cellular processes 

involved in enhanced intracellular drug delivery by USMB.  

There is currently a large variety in USMB strategies to enhance chemotherapeutic drug 

delivery in vitro and in vivo, while it remains unclear which strategy holds the highest 

clinical potential or the fastest route to the clinic. Therefore, a literature review on the use 

of ultrasound and microbubbles for delivery of chemotherapeutic agents, also termed 

sonochemotherapy, is presented in Chapter 2. In this chapter, the background of 

microbubble-assisted ultrasound is discussed, and how this can be used to enhance local 

drug extravasation or cellular uptake of chemotherapeutic drugs. Several strategies aiming 

to increase chemotherapeutic drug delivery to tumor cells, e.g. co-administration of drug 

and microbubbles versus drug-loaded microbubbles, routes of administration, such as 

intravenous, intratumoral and intraperitoneal, ultrasound equipment and treatment 

schedules are discussed. Lastly, aspects related to the translation of sonochemotherapy 

towards the clinic and future perspectives are reviewed and discussed. 

USMB is widely studied as a technique to enhance the delivery and subsequent efficacy of 

a range of chemotherapeutics, as discussed in Chapter 2. However, many types of cancer 

are being treated in the clinics by a combination of chemotherapy, radiotherapy and/or 

surgery. Therefore, the potential of USMB to enhance the intracellular uptake and 

subsequent efficacy of cisplatin as a radiosensitizer was investigated and discussed in 

Chapter 3. This approach may hold clinical potential for the treatment of advanced head 

and neck cancer patients, where chemoradiation with cisplatin is a standard of care. To this 

end, the efficacy of cisplatin and radiotherapy was studied with and without USMB. In 

addition, the effect of USMB on intracellular cisplatin levels was analyzed and its relation 

with efficacy evaluated. Furthermore, DNA damage was investigated using antibody 

labeling of γH2AX, a marker for double strand DNA breaks, which may link the enhanced 

intracellular cisplatin levels with enhanced efficacy. 

The next chapters describe studies performed to increase the understanding of USMB-

induced drug delivery at the cellular level. Several reports have described the immediate 

effects that occur when cells are exposed to USMB. However, it remains largely unknown 
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how cells recover from the membrane damage induced by USMB. To this end, Chapter 4 

describes the dynamics of plasma membrane recovery following exposure to ultrasound and 

microbubbles. More specifically, as the plasma membrane becomes permeable upon 

exposure to USMB, the duration of this permeability was studied using the model drug 

SYTOX Green. Multiple ultrasound pressures and cell lines were used to assess how they 

affect the temporal aspects of plasma membrane permeability.  

Another process that remains largely unknown is USMB-induced membrane lipid 

rearrangement and recovery, and how this relates to USMB-induced membrane 

permeability. In Chapter 5, the ultrasound-induced mobility of the membrane phospholipid 

phosphatidylserine (PS) between the inner and outer leaflet was studied in real-time using 

fluorescence confocal microscopy. In addition, the mechanism of PS externalization was 

investigated by looking at the involvement of the calcium-activated scramblase. SYTOX 

Green uptake was assessed at different timepoints after ultrasound exposure, to explore if 

there was a correlation between membrane permeability and PS externalization. Finally, the 

viability of C6 cells exposed to ultrasound was studied, to confirm that PS externalization 

was transient and did not reflect cell death.   

Intercalating model drugs such as SYTOX Green or propidium iodide are extensively being 

used to study the mechanism involved in intracellular drug delivery by USMB. These 

model drugs show enhanced fluorescence intensity upon binding nucleic acids. This 

increase in fluorescence signal can be analyzed, allowing us to calculate the kinetics of 

fluorescence enhancement of single cells. However, these fluorescence kinetics are not the 

same as uptake kinetics, as SYTOX Green needs to bind nucleic acids following 

internalization before it becomes visible in fluorescence microscopy, and are easily 

misinterpreted. Therefore, the relation between SYTOX Green fluorescence kinetics and 

cellular uptake was studied in detail and presented in Chapter 6. First, USMB-induced 

SYTOX Green uptake was studied in high spatiotemporal resolution. Then, the effect of 

several experimental parameters on the fluorescence kinetics were studied and shown, such 

as laser duty cycle, dye concentration and acoustic pressure.  

The results of the studies in this thesis are summarized in Chapter 7, and results are 

addressed within the context of the literature. In addition, future perspectives of drug 

delivery by USMB are discussed. 
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Abstract 

The combination of microbubbles and ultrasound has emerged as a promising method for 

local drug delivery. Microbubbles can be locally activated by a targeted ultrasound beam, 

which can result in several bio-effects. For drug delivery, microbubble-assisted ultrasound 

is used to increase vascular- and plasma membrane permeability for facilitating drug 

extravasation and the cellular uptake of drugs in the treated region, respectively. In the case 

of drug-loaded microbubbles, these two mechanisms can be combined with local release of 

the drug following destruction of the microbubble. The use of microbubble-assisted 

ultrasound to deliver chemotherapeutic agents is also referred to as sonochemotherapy. In 

this review, the basic principles of sonochemotherapy are discussed, including aspects such 

as the type of (drug-loaded) microbubbles used, the routes of administration used in vivo, 

ultrasound devices and parameters, treatment schedules and safety issues. Finally, the 

clinical translation of sonochemotherapy is discussed, including the first clinical study 

using sonochemotherapy.  
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1. Introduction 

Cancer presents the second leading cause of death in the European Union with 3.45 million 

new cases of cancer and 1.75 million deaths from cancer in 2012 [1]. Although a lot of 

progress has been made in the treatment of several cancers, many types of cancer are still 

lacking effective treatment options. Surgery, radiotherapy and chemotherapy are the 

standard treatment possibilities and they are often combined to improve patient outcome.  

While for most advanced cancers, chemotherapy remains the treatment of choice, it is 

rarely curative for solid tumors [2]. To be successful, sufficient quantities of 

chemotherapeutic drugs have to reach the interior of tumor cells. Most small molecular 

weight chemotherapeutics (< 4 kDa) are rapidly cleared from the circulation (e.g. t1/2 < 15 

min for 5-fluorouracil), which is a limiting factor for drug accumulation in the tumor. In 

addition to challenges related to the physicochemical properties of drugs, tumors also 

possess physiological barriers [3]. Contrary to healthy tissues, tumor tissues have a high 

interstitial fluid pressure (IFP), which is related to the lack of functional lymphatics and the 

leaky tumor vasculature [4]. These high pressures establish an outward fluid motion from 

the core of the solid tumor to the periphery and reduce fluid infiltration across the vascular 

wall. Thus, even if the leaky vasculature permits drug extravasation, diffusion-driven drug 

penetration deeper into the tumor tissue is severely restricted due to the high IFP. The 

increase in mean distance between vessels and tumor cells following tumor growth is 

another constraint for sufficient delivery of drugs. High tumor cell proliferation results in 

tumor cells forcing vessels apart, leading to a decrease in vascular density and a limitation 

in the access of drugs to distant tumor cells [5]. In addition, the presence of high levels of 

extracellular matrix limits the interstitial transport of drugs [6].  Altogether these barriers 

oppose sufficient and uniform distribution of drugs in solid tumors, thereby limiting the 

therapeutic success of chemotherapy.  

In addition, reaching the target site is not a guarantee that a drug will be effective. As most 

chemotherapeutic drugs need to enter the cell to become active, they need to pass the cell 

membrane. For several hydrophilic and charged drugs, e.g. bleomycin, this is a serious 

challenge and requires active uptake through plasma membrane transporters, which are not 

always present in the target cells [7]. 

In order to improve the efficiency of anti-cancer chemotherapeutics, physical methods 

including electroporation, laser and magnetic fields have been developed [8]–[10]. The 

general principle of physical methods is based on the transient disruption of endothelial 

barrier and tumor cell membrane in order to facilitate the drug extravasation and the drug 

uptake into the endothelial and tumor cells. In recent years, research in the field of 

microbubble-assisted ultrasound (also known as sonoporation) aimed at delivering 

therapeutic molecules in vitro and in vivo has grown rapidly [11]–[16]. Microbubble-

assisted ultrasound transiently increases the permeability of biological barriers, such as 

blood vessel walls (i.e., drug extravasation) and cellular membranes (i.e., cellular uptake of 

drugs), thus enhancing the local delivery of therapeutic molecules across these barriers in 
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the targeted region [17].  Nowadays, the great potential of this modality for cancer therapy 

is clearly shown in an increasing number of publications on in vitro and in vivo drug 

delivery using microbubble-assisted ultrasound (Tables 1 and 2, respectively). This method 

is a non-invasive, easy to apply and cost-effective treatment modality, that can be used to 

deliver a wide range of anticancer molecules including low molecular weight 

chemotherapeutic agents (sonochemotherapy), nucleic acids and monoclonal antibodies to a 

target site, e.g. tumor [15], [18], [19]. In addition, this method offers the possibility to treat 

superficial (e.g., skin) as well as deep organs (e.g., brain, liver, prostate), under the 

guidance of medical imaging modalities (magnetic resonance imaging, ultrasound imaging) 

[20]–[22].  

This review first focuses on the biological effects of microbubble-assisted ultrasound (i.e., 

increasing plasma membrane- and vascular endothelium permeability) and subsequently on 

in vitro and in vivo chemotherapeutic drug delivery studies using microbubble-assisted 

ultrasound for cancer treatment. The limitations and future developments of 

sonochemotherapy will be further discussed. 

  



 

 

Table 1. In vitro sonochemotherapy. 
Ref Cell line Drug (free vs 

MB-loaded) 

Microbubble US parameters Outcome vs drug alone 

Frequency Intensity Duty cycle Time  

[23] Ca9-22 Free Bleomycin Optison 1 MHz 1.0 W/cm2 10% 20 s 2.5-fold increase in apoptosis 

[24] SCC-1, SCC-5, 
Cal27 

Free Cisplatin Definity 1 MHz 0.5 MI 20% 5 min ≈50% increase in apoptosis 

[25] U87MG, 
MDA-231 

Free Doxorubicin Vevo, BR14, 
SonoVue 

1 MHz 400-800 kPa 40% 30 s 30-40% decrease in viability, 
depending on cell line 

[26] 2LMP Free Paclitaxel Definity 1 MHz 1.0 MPa PNP 20% 5 min 50% increase in cell death 
[27] BEL-7402 Free 10-HCPT 

(free) 
Polymer 3.5 MHz 22.57 mW/cm2 ND 10 min 20-30% decrease in viability, 

[28] DLD-1 Docetaxel-loaded 
MB 

Lipid 800 kHz 2.56 W/cm2 50% 10 min 40% increase in inhibition rate 

[29] 295/KDR Doxorubicin-
loaded MB 

Lipid 1 MHz 1 W/cm2 50% 20 s 40% decrease in cell viability 

[30] 4T1 Paclitaxel-
liposome loaded 

MB 

Lipid 1 MHz 1.0 MPa 50% 1 min 20-30% decrease in viability 

[31] MCF7/ADR Doxorubicin-
liposome loaded 

MB 

Lipid 1 MHz 1.65 W/cm2 20% 15 s Increased cellular accumulation and 
retention, 30% decrease in viability 

10-HCPT, 10-Hydroxycamptothecin; ND, Non-defined; PNP, Peak-Negative-Pressure. 

  



 

 

Table 2. In vivo sonochemotherapy. 

i.c., intracerebral; 10-HCPT, 10-hydroxycamptothecin; BLM, Bleomycin; DOX, Doxorubicin; ND, Non defined; PNP, Peak-Negative-Pressure. 

  

Ref Tumor 

(site, animal) 

Drug Microbubble Administra-

tion route 

US parameters Outcome vs drug alone 

Frequency Intensity Duty cycle Time  

[30] 4T1 
(sc, mouse) 

PTX-liposome 
loaded MB 

Lipid iv 2.25 MHz 1.9 MPa 1% 10 min 4-fold increase it PTX 
accumulation, 2.5 fold 
decrease in tumor volume 
compared to PTX-loaded MB 
alone 

[32] C6 
(sc, rat) 

5FU-NPs loaded 
MB 

Albumin iv 1 MHz 1.2 MPa 
(PNP) 

ND Every 5s 
for 60 min 

2-fold decrease in tumor 
volume, increase in median 
survival (34 days vs 26 days) 
compared to free 5FU 

[33] C6 
(ic, rat) 

VEGFR2-
BCNU- loaded 

MB 

Lipid iv 
(infusion) 

1 MHz 0.7 MPa 5% 1 min / 
sonication 

site 

1.86-fold increase in it BCNU 
accumulation, 3-fold decrease 
in liver BCNU accumulation, 
1.75-fold decrease in tumor 
volume, increase in median 
survival (>75 days vs <40 
days) compared to untargeted 
BCNU-loaded MB 

[23] Caco-9 
(sc, mouse) 

Free Bleomycin Optison it 
(coinjection) 

1 MHz 2 W/cm2 50% 2 min 2-fold decrease in tumor 
volume compared to free BLM 

[34] VX2 
(liver, rabbit) 

Docetaxel-loaded 
MB 

Lipid iv 
(infusion) 

0.3 MHz 2 W/cm2 50% 6 min 3-fold increase tumor 
inhibition, 2-fold increase in 
apoptosis, 2-fold decrease in 
proliferation compared to free 
Docetaxel 

[35] H22 
(sc, mouse) 

10-HCPT loaded 
MB 

Lipid iv 1 MHz 2 W/cm2 50% 6 min 6-fold increase in it 10-HCPT 
accumulation, 2-fold decrease 
in tumor volume compared to 
free 10-HCPT 



 

 

Table 2. In vivo sonochemotherapy (continued) 
Ref Tumor 

(site, animal) 

Drug Microbubble Administra-

tion route 

US parameters Outcome vs drug alone 

Frequency Intensity Duty cycle Time  

[36] A2780/DDP 
(ip, mouse) 

LHRHa-PTX 
loaded MB 

Lipid ip 0.3 MHz 1 W/cm2 50% 3 min 2-fold decrease in apoptotic index, 
2-fold decrease in vessel number, 
2-fold decrease in VEGF 
expression, 1.7-fold increase in 
caspase-3 expression, increase in 
survival median (> 50 days vs < 
40 days) compared to free PTX 

[37] B16 
(sc, mouse) 

Free BLM Optison it 
(coinjection) 

1 MHz 
 

2 W/cm2 50% 4 min Tumor eradication compared to 
free BLM 

[38] 9L 
(ic, rat) 

Free Doxil Definity iv 1.7 MHz 1.2 MPa 1% 1-2 min 1.5-fold decrease in tumor volume 
and median survival compared to 
free Doxil 

[39] U-87 MG 
(sc, mouse) 

Free 
Irinotecan 

MM1 iv 1 MHz 0.4 MPa 
(PNP) 

40% 3 min 3-fold decrease in tumor volume, 
2-fold decrease in tumor 
perfusion, 3-fold increase 
necrosis, 35% decrease in mitosis 
index, no acute liver toxicity 
compared to free irinotecan 

[40] C6 
(ic, rat) 

BCNU-
loaded MB 

Lipid iv 1 MHz 0.5-0.7 
MPa 

5% 1 min / 
sonication 

site 

5-fold increase in circulatory half-
life of BCNU, 5-fold decrease in 
liver accumulation, 13-fold 
decrease in tumor volume, 12% 
increase in median survival 
compared to free BCNU 

[29] DSL6A 
(sc, rat) 

DOX-loaded 
MB 

Lipid iv 
(perfusion) 

1.3 MHz 1.2 MPa ND 4 ultrasound 
frames every 

4 cardiac 
cycles 

10-fold i.t. DOX accumulation, 2-
fold decrease in tumor volume 
compared to DOX-loaded MB 
treatment alone 
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2. Microbubble-assisted ultrasound 

The combination of high frequency ultrasound (1-10 MHz) and ultrasound contrast agents 

(i.e., consisting of gas microbubbles) was introduced as a promising method in improving 

the therapeutic efficacy of drugs by increasing local delivery, while minimizing side effects 

to healthy tissues [41]. In this paper, we refer to this combination as microbubble-assisted 

ultrasound. The first generation of microbubbles was composed of air encapsulated by 

albumin (Albunex®) or galactose/palmitic acid (Levovist®) shells. However, such air-filled 

microbubbles dissolve in the bloodstream within a few seconds after intravenous (i.v.) 

administration because of the high solubility of air in blood and their low resistance to 

arterial pressure gradients. To overcome these issues, a second generation of microbubbles 

was developed, which were filled with heavy-weight hydrophobic gas (e.g., 

perfluorocarbon, sulfur hexafluoride) encapsulated by a biocompatible shell (e.g., lipids, 

polymer) [42], [43] (Fig. 1a).  

 

 
Fig. 1. Microbubbles and ultrasound. (A) Different options for drug-loading or targeting of microbubbles. (B) 
Microbubble oscilin vivolations under ultrasound. 

 

 

In studies on drug delivery by microbubble-assisted ultrasound, the bubbles are mixed with 

cells in vitro or injected in vivo intravascularly or directly into the tissue of interest. 

Microbubble behavior in an ultrasound field has been widely studied, which led to more 

understanding and subsequent control of the induced bio-effects that can be used for drug 

delivery [44]. The response of a microbubble to ultrasound waves depends on the acoustic 

parameters used, such as frequency, pressure levels and pulse duration. In short, 
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microbubbles stably oscillate over time upon exposure to a low acoustic pressure, a process 

termed stable cavitation (Fig. 1b and 2). These oscillations generate fluid flows surrounding 

the bubble, known as acoustic micro-streaming, and when in close contact with cells, result 

in shear stress on the cell membrane, leading to cellular uptake of drugs [45]–[47]. At 

higher acoustic pressures, microbubbles oscillate more rigorously, leading to their violent 

collapse and destruction, i.e. inertial cavitation (Fig. 2). Microbubble disruption can be 

accompanied by generation of shock waves in the medium close to the microbubbles [48], 

[49]. The ultrasound-induced collapse of the microbubble can be asymmetrical, leading to 

the formation of high velocity jets [50], [51]. While shock waves induce shear stress to cells 

in close proximity, resulting in membrane permeability, the high velocity jets can pierce the 

cell membrane and thereby create permeability. Stable and inertial cavitation are both 

exploited to transiently increase the permeability of biological barriers, including the 

vascular endothelium and plasma membrane, and therefore enhance the extravasation and 

the cellular uptake of drugs [17] (Fig. 2).  

 

 

 

Fig. 2. Extravasation and cellular uptake of drugs using microbubble-assisted ultrasound. 
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2.1 Extravasation of drugs 

Microbubbles are intravascular contrast agents, which do not cross the vascular 

endothelium [52]. Cavitating microbubbles close to the endothelial wall can result in 

several bio-effects including vascular disruption, vasoconstriction or even shutdown of the 

vessels [53]. Several studies observed that microbubble-assisted ultrasound increased 

(model-) drug extravasation by stimulating paracellular (i.e., disruption of tight junctions) 

and transcellular pathways (i.e., transcytosis), both in vitro as well as in vivo (Fig. 2) [41], 

[54]–[56]. In an in vitro endothelial barrier model, Kooiman et al. showed that 

microbubble-assisted ultrasound induced a 40% decrease in transendothelial electric 

resistance showing a loss of endothelial barrier integrity [56]. In addition, Juffermans et al. 

showed that microbubble-assisted ultrasound significantly affected the integrity of in vitro 

endothelial monolayers by the destabilization of the tight junctions [55]. At low acoustic 

pressures (1 MHz, 0.1 MPa), the integrity of the in vitro endothelial barrier was restored 

within 30 min. In vivo, an acoustical pressure threshold ranging from 0.1 to 0.75 MPa was 

required to enhance the extravasation of intravascular agents (e.g., red blood cells, imaging 

tracers, fluorescent dyes or drugs) in skeletal muscle [41], brain [54], [57], liver [58] and 

tumor [59], [60] tissues. This extravasation occurs through tight junctions between 

endothelial cells (0.2-200 µm) [41], [61], [62]. In vivo, the integrity of the blood-brain 

barrier was restored within 1 to 4 hours following ultrasound exposure [54], [40]. However, 

Marty et al. showed that the duration of extravasation after ultrasound exposure depends on 

the particle size [63]. The microbubble-assisted ultrasound enhanced transcellular pathways 

(e.g., transcytosis) have been mainly investigated on the brain vasculature [54], [57], [64]. 

They reported that low (1 MHz, 0.2 MPa) and high (1.63 MHz, 1-3 MPa) acoustic 

pressures increased the number of transcytotic vesicles on both the luminal and abluminal 

surface of the endothelium. Sheikov et al. hypothesized that the transient vasoconstriction 

constitutes a potential cause for the increased transcytosis in vivo [65]. In addition, Hu et al. 

showed that the destruction of microbubbles with a high acoustic pressure (5 MHz, 2 MPa) 

decreased the tumor blood flow for 30 minutes before it returned back to normal, without 

an increase in hemorrhage [60]. Whereas it was demonstrated that the extravasation of 

fluorescent dextrans was enhanced during this period, the authors did not investigate 

whether transcytosis was involved. Transient vasoconstriction has been only reported in 

mice, which exhibit higher vasomotor excitability than other rodents and animal species.  

 

2.1.1. Heating and acoustic radiation force 

Besides cavitation, ultrasound can also induce heating and acoustic radiation force to 

improve the extravasation of drugs [21]. Heating can result from the absorbance of acoustic 

energy as the ultrasound beam propagates through tissue. Mild heating of a tumor (41 - 43 

°C for 10 - 60 min) may improve the therapeutic efficacy of drugs by acting on tumor 

hemodynamics (Fig. 3): (i) by increasing tumor perfusion, thus enhancing drug 
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bioavailability in tumor tissue [66]; (ii) by increasing vascular permeability [67], [68] and 

reducing tumor interstitial pressure [69], leading to better drug penetration within tumor 

tissue. In addition, local heating can act as an external trigger for drug release from a 

carrier, e.g. thermosensitive nanoparticles [70]–[74]. Ultrasound can also generate 

directional acoustic radiation force (ARF) on molecules along its propagation path [75] 

(Fig. 3). This enhances the extravasation of free drug or drug-loaded nanoparticles into 

tumor tissue by causing tissue shear stress and opening of endothelial tight junctions [76], 

[77]. 

ARF induces fluid streaming through the interstitium, thus improving biodistribution of 

intravascular dyes and drugs in the target tissue [78], [79]. Using optical imaging, 

Shortencarier et al. showed that the application of ARF induced visible aggregates of 

fluorescent dye-loaded gas lipospheres in the direction of the beam on the far vessel wall. 

The lipospheres disappeared when the ARF pulses were turned off [80]. In addition to 

lipospheres, ARFs can push circulating microbubbles towards the endothelial wall, thereby 

improving microbubble-cell contact, which might enhance cavitation-mediated 

extravasation of intravascular compounds [81], [82]. Using ultrasound imaging, Frinking et 

al. reported that ARF (38 kPa PNP, 95% DC) induced a 7-fold increase in the binding of 

VEGFR2-targeted microbubbles (also known as BR-55) on the endothelial wall in a 

prostate adenocarcinoma rat model compared with the binding without ARF [83].  

 

 

 
Fig. 3. Acoustic radiation forces and ultrasound hyperthermia. 
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2.2 Cellular uptake of drugs 

Cavitating microbubbles in the vicinity of the plasma membrane can result in cell 

permeabilization by creating membrane pores and stimulating the endocytosis pathways, 

thereby facilitating intracellular drug uptake. Based on the uptake or release of non-

permeant dyes [84], [85] and by measuring changes in membrane electrophysiology [86], 

[87], previous studies showed that microbubble-assisted ultrasound induced a transient 

increase in membrane permeability through the generation of transient hydrophilic pores. 

The intracellular delivery of molecules through membrane pores is likely governed by 

passive diffusion or by ultrasound-mediated propulsion (i.e., microstreaming, ARF) [78], 

[80]. The size of these ultrasound induced pores depend on the acoustic parameters used, 

ranging from 1 to 94 nm at 0.19 MPa PSP and from 2 to 4 µm at 0.48 MPa PSP [88].  

In addition to hydrophilic pore formation, enhancement of endocytosis has also been 

demonstrated following microbubble-assisted ultrasound exposure [84]. 

Electrophysiological studies reported that microbubble-assisted ultrasound induced an 

influx of Ca2+, followed by an activation of BKCa channels that results in local 

hyperpolarization of the cell membrane [86], [87]. At moderate ultrasound conditions (1 

MHz, 0.15-0.3 MPa), the membrane hyperpolarization facilitates the molecular uptake 

through endocytosis and macropinocytosis. Similar to pore formation, the contribution of 

endocytosis processes depends strongly on the marker size and the acoustic pressures. 

Meijering et al. reported that low acoustic pressures (1 MHz, 0.22 MPa PNP) resulted in the 

cellular uptake of 4.4 kDa and 70 kDa fluorescent dextrans through membrane pores while 

the entrance of 155 kDa and 500 kDa fluorescent dextrans is dominated by endocytosis 

pathways [84]. It should be mentioned that little is known about the faith of the agents in 

the endocytic vesicles, if they are degraded in the lysosome or escape from the endosome. 

However, De Cock et al. showed that increasing the acoustic pressures (1 MHz, 0.5 MPa, 

PNP) induced the intracellular delivery of large fluorescent dextrans (2 MDa) to shift from 

uptake by endocytosis to uptake via the membrane pores [89]. Regardless of the mechanism 

of uptake, the duration of microbubble-assisted ultrasound-mediated uptake is dependent on 

the plasma membrane recovery time, which is a few seconds to a few hours [90], [91]. The 

different kinetics depends on the ultrasound conditions, the model drug size and the cell 

physiology. 

 

3. Anti-cancer drug delivery protocols 

As any drug delivery technique, microbubble-assisted ultrasound treatments aim to deliver 

optimal quantities of chemotherapeutic drugs in targeted tumor cells and tissues. The 

efficiency of this delivery method depends on (i) sufficient accumulation of microbubbles 

and drugs near tumor cells or tissues, which is directly influenced by the properties of 

microbubbles, drugs (i.e., plasma circulation lifetime) and tumor (i.e., vascularization, 

localization), as well as administration routes (i.e., intratumoral, intravenous, 
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intraperitoneal); (ii) the acoustic conditions including ultrasound parameters (i.e., central 

frequency, acoustic pressure, exposure time, etc.) and devices (i.e., home-made, 

commercial, medical systems); (iii) treatment schedule including the time interval between 

the drug and/or microbubbles administration and ultrasound treatment as well as the 

number of microbubble-assisted ultrasound drug delivery treatments and the time interval 

between them. Over the past decade, the influence of these factors on drug delivery 

efficiency has been investigated in order to enhance the intratumoral (i.t.) accumulation of 

drugs, thereby increasing the treatment effect, while minimizing side effects to healthy 

tissues. This review shows that the drug delivery efficacy varied between the tumor models 

used in vivo. It is commonly known in the field that the tumor type is an important 

determinant for successful drug delivery. This is due to the specific properties of each 

tumor tissue, such as differences in tissue organization, extracellular matrix, presence of 

necrosis and hypoxia, cell density and the endothelial lining of the tumor vasculature [92]. 

To the best of our knowledge, no comparative study between tumor tissues with different 

properties has been reported using microbubble-assisted ultrasound for drug delivery. 

However, unlike many other drug delivery strategies, sonochemotherapy does not depend 

on the enhanced permeability and retention (EPR) effect, which is often overestimated [93]. 

Interestingly, you could argue that the largest effect of sonochemotherapy can be expected 

in tissues with ‘non-leaky’ vessels, such as the brain [40], where the potential of increasing 

extravasation is highest. An overview of different drug delivery protocols and outcomes in 

vitro and in vivo are shown in Table 1 and Table 2, respectively. It should be noted that this 

is not a complete overview, but rather a selection of different drug delivery protocols.  

 

3.1 Microbubbles 

In most studies, clinically approved microbubbles (i.e., SonoVue®, Definity®) for 

ultrasound imaging are employed for drug delivery. The use of these microbubbles may 

facilitate the clinical translation of sonochemotherapy, but any undesired side effect might 

have a negative impact on the use of these microbubbles in ultrasound-based diagnostics. 

Modification of these microbubbles (e.g., drug-loaded microbubbles) for therapeutic 

applications will delay clinical translation, requiring new authorization from the regulatory 

and health authorities. 

 

3.1.1 Coadministration of microbubbles and drug 

The simplest method for drug delivery using microbubble-assisted ultrasound is to use 

coadministration [15], [24]. This approach includes drugs that are administered in patients 
anyway in current clinical practice, with the addition of an injection of (clinically approved) 

microbubbles. Microbubbles and drugs can be mixed in solution in vitro and the mixture is 



Chapter 2 

36 

then injected in vivo. This strategy offers two main advantages: (i) both constituents can be 

handled completely separately until in vitro or in vivo administration; (ii) instead of mixing 

microbubbles and drug before injection, two separate injections of the constituents can also 

be performed, thus allowing drugs to reach plasma peak levels before injecting 

microbubbles [39]. Microbubbles have a short circulation time and therefore need to be 

exposed to ultrasound within minutes after injection, otherwise they will be degraded and 

unable to induce bio-effects. The coadministration approach seems to be the best strategy 

for in vitro purposes [25], [26], or, in vivo, i.t. injection of the mixture [94], where similar 

spatio-temporal distribution of both components will be ensured. Iwanaga et al. showed that 

the in vitro delivery of bleomycin using microbubble-assisted ultrasound induced 2-fold 

decrease in cell viability compared to the bleomycin treatment alone [23] (Table 1). In vivo, 

they reported that the exposure of a tumor to ultrasound following the i.t. co-injection of 

microbubbles and bleomycin also resulted in a 2-fold decrease in tumor volume. Kotopoulis 

et al. coadministered commercially available microbubbles and gemcitabine i.v. in a 

pancreatic cancer model in mice. They showed that ultrasound exposure (1 MHz, 0.2 MPa 

PNP) decreased the tumor volume 2-fold compared to gemcitabine alone [95]. Opposed to 

the advantages of coadministration using clinically approved microbubbles and drugs that 

allow clinical translation, there are also disadvantages. The main limitations of the i.v. 

injection of microbubble/drug mixture compared to drug-loaded microbubbles are: (i) 

differential distribution of both constituents because of their physicochemical properties; 

(ii) fast degradation of free drugs and microbubbles; (iii) unspecific accumulation of free 

drugs in the healthy tissues.  

 

3.1.2. Drug-loaded microbubbles 

To overcome these limitations of i.v. coadministration, microbubbles have been modified to 

function not only as cavitation nuclei, but also as drug delivery carriers. For example, 

lipophilic drugs can be incorporated into the lipid monolayer shell of microbubbles or 

dissolved in an oil pocket between the gas core and the microbubble’s shell [19]. By 

applying this approach, Burke et al. found that the application of ultrasound (1 MHz, 1.2 

MPa, every 5 s for 60 min) on subcutaneous C6 glioma tumor following the i.v. injection of 

5-fluorouracil (5-FU)-loaded microbubbles (1×105 microbubbles/g body weight) led to 2-

fold decrease in tumor volume compared to 5-FU treatment alone [32]. While these 

approaches seem to be promising, the low drug loading capacity of microbubbles is a major 

drawback. Consequently, the use of drug-loaded microbubbles requires either enhancement 

of the drug loading efficiency, administration of a high dose of drug-loaded microbubbles 

or application of consecutive treatments.  

The small size of microbubbles and their gaseous lumen restricts the space for drug loading. 

Recent publications reported that the binding of drug-loaded nanoparticles on the 

microbubble’s surface could increase the amount of loaded drug [96]. The loading 
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efficiency can be further improved by applying multiple layers of drug-loaded nanoparticles 

around the microbubble shell. The binding of drug-loaded nanoparticles on microbubbles 

may not be necessary for polymer-based microbubbles, as significant amounts of (model) 

drug can be loaded into the polymer-based shell [97]. Cochran et al. showed that the 

loading capacity is higher for hydrophobic drugs compared to hydrophilic drugs, and that 

the acoustic properties of the microbubbles were unaffected [98]. 

Based on current studies, a high dose of drug-loaded microbubbles, i.e., > 1010 

microbubbles, must be intravenously injected to reach a therapeutic dose similar to the one 

used in clinical chemotherapy. However, the recommended diagnostic doses of 

microbubbles currently approved for contrast-enhanced ultrasound imaging (e.g., 

SonoVue®, Definity®) are between 109 and 1010 microbubbles for an 80-kg adult [52]. 

Nevertheless, preclinical studies have reported a good tolerance with 100- and 1000-fold 

higher doses of these microbubbles in nonhuman primates and patients [99], [100]. 

Consequently, the injection of a high dose of drug-loaded microbubbles may not be a 

limitation for clinical use, but further preclinical studies might be necessary to identify any 

potential toxicity of high concentrations of liposome and shell’s components (i.e., lipid, 

polymer, albumin).  

Finally, several preclinical studies reported the use of repeated sonochemotherapy 

treatments [35], [40], [34], [29]. For example, Li et al. reported that the repetitive treatment 

(i.e., once a day for 7 consecutive days) of subcutaneous hepatic tumor using 10-

hydroxycamptothecin-loaded microbubbles (4 mg/kg) induced 2-fold stronger decrease in 

tumor volume in a subcutaneous hepatic tumor model (1 MHz, 2 W/cm2, 6 min) compared 

to the 10-hydroxycamptothecin-based chemotherapy alone [35]. 

 

3.1.3 Targeted microbubbles 

Microbubbles can be modified to target specific overexpressed markers on tumor cells (i.e., 

PSMA, prostate specific membrane antigen; LHR, luteinizing hormone receptor) or tumor 

microvasculature (VEGF-R2, vascular endothelial growth factor receptor-2) through 

attachment of targeting ligands or antibodies onto the microbubble’s shell [13], [101], 

[102]. This may lead to enhanced accumulation of the microbubbles in the target tumor 

cells or tissues. For example, Fan et al. designed targeted BCNU-loaded microbubbles, 

which bind the VEGF-R2 overexpressed on tumor microvasculature (VEGFR2-BCNU-

loaded microbubbles) [33] (Fig. 4a). The exposure of orthotopic glioma to ultrasound (1 

MHz, 0.7 MPa, 1 min/sonication site) following i.v. injection of VEGFR2-BCNU-loaded 

microbubbles (1.25 mg BCNU) resulted in 1.75-fold decrease in tumor volume compared 

to the untargeted BCNU-loaded microbubbles (Fig. 4b).  

The use of microbubbles targeting overexpressed markers on the tumor cells themselves is 

limited to in vitro drug delivery, i.t. or intraperitoneal (i.p.) injection of microbubbles and 

drugs, primarily because the microbubbles, when administrated intravenously, cannot 
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extravasate due to the size [103]. For imaging, several groups have reported on the in vivo 

accumulation of targeted microbubbles in the tumor microvasculature by binding 

inflammation markers overexpressed on tumor endothelial cells [104]. Although these 

microbubbles were designed as ultrasound contrast agents for molecular imaging, it might 

be possible to develop optimal tissue- or organ-selective drug delivery agents by combining 

targeting capacities and drug loading of microbubbles [101]. However, no evidence of their 

use for drug delivery has been reported yet. 

To summarize, the coadministration of drugs/microbubbles and drug-loaded microbubbles 

can both be used for drug delivery. The coadministration approach is likely to be the fastest 

way into the clinic, as it combines clinically approved drugs and microbubbles. However, 

the drug-loaded microbubbles may hold the greatest therapeutic potential, as it locally 

releases the drug upon ultrasound exposure. Since this approach represents new therapeutic 

entities, such ‘therapeutic microbubbles’ require extensive testing for safety and efficacy 

before they can be approved for clinical use.  

 

Fig. 4. Intracerebral BCNU delivery using VEGFR2-targeted and BCNU-loaded microbubbles with focused 
ultrasound for the glioma treatment. (A) Antiangiogenic- targeting BCNU-loaded microbubbles combined with 
focused ultrasound for glioma treatment. (B) Tumor growth curve. BCNU, Carmustine; VEGF-R2, anti-
angiogenic antibody; VEGF-MB, VEGF-targeting microbubbles; BCNU-MB, BCNU-loaded microbubbles; 

VEGF-BCNU-MB, VEGF-targeting BCNU-loaded microbubbles; FUS, focused ultrasound. ∗p < 0.05; ∗∗p < 

0.01; ∗∗∗p < 0.001. Solid triangle, less than 3 rats were presented. (Adapted with permission from [33] - Copyright 
© 2012 Elsevier Ltd.). 
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To the best of our knowledge, no study has been published that directly compares drug-

loaded microbubbles with coadministration of free drugs and microbubbles at equal dosing 

schemes. 

 

3.2 Administration routes 

The most direct administration route for drug delivery is i.t. injection [94], [37]. The 

advantages of i.t. administration over systemic injection include the circumvention of the 

transvascular barrier and the generation of transient interstitial pressure gradients. The latter 

can induce convection and tissue deformation, which can decrease the connectedness of the 

extracellular matrix and size of pores in the tumor interstitial space [105]. By using i.t. 

administration, a high drug dose can be directly delivered into the target tumor while 

minimizing its side effects towards healthy tissues. This administration route overcomes the 

drawback related to the short plasma half-life of drugs and microbubbles after i.v. injection. 

In addition, this route is most interesting for hydrophilic small chemotherapeutic drugs that 

have difficulties to enter tumor cells. By applying i.t. injection, microbubbles and drugs are 

distributed within the tumor by diffusion and convection, and subsequent US exposure will 

result in drug uptake in tumor cells. However, in i.t injection, there are some limitations 

such as the injected volume and the accessibility of the tumor site, which restrict the 

application of microbubble-assisted ultrasound to superficial tumors such as melanoma, and 

cutaneous and subcutaneous tumors.  

For deep-seated tumors, most protocols recommend injection of drugs and microbubbles 

via blood flow, providing better access to deeper tumors [32], [38], [30]. The i.v. route is a 

relatively easy and safe way to be used in the clinic for the administration of therapeutics 

and microbubbles. As previously described, the main limitation of this administration route 

is the rapid clearance of drug from plasma and the unspecific accumulation of this drug in 

healthy tissues. Therefore, drugs can be loaded on microbubbles to overcome these 

shortcomings [43], [40]. The success of i.v. drug delivery relies on sufficient tumor 

vascularization, thus restricting the application of this administration route to 

hypervascularized tumors. Next to extravasation, microbubble-assisted ultrasound can also 

increase the penetration of drugs into the tissue. In addition, it can “homogenize” drug 

uptake, as drug distribution tends to be very heterogeneous throughout the tumor. Since 

microbubble-assisted ultrasound will mostly affect the vascular endothelium, the i.v. route 

is most suitable for drugs that can benefit from ultrasound-induced extravasation and 

penetration or intracellular delivery in endothelial cells.  

Recent studies reported that the i.p. injection may be useful for drug delivery using 

microbubble-assisted ultrasound for the treatments of primary peritoneal cancers or cancers 

with i.p. metastases. Pu et al. investigated the i.p. delivery of paclitaxel (PTX) for the 

treatment of ovarian cancer using luteinizing hormone-releasing hormone analogue 

(LHRHa) -targeted and PTX-loaded microbubbles (20 mg/kg PTX) and ultrasound (0.3 

MHz, 1 W/cm2,  3 min) [36]. This therapeutic protocol led to a 2-fold increase in apoptotic 
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index and a 2.5-fold decrease in vessel number compared to the single injection of free 

PTX or PTX delivery using ultrasound alone. Due to the microbubble size, penetration of 

the microbubbles by convection throughout the tumor is hindered, thereby limiting the 

tumor cell binding to the peripheral rim of the tumor. Nevertheless, the targeted 

microbubbles in this study showed superior efficacy compared to the untargeted bubbles.  

 

3.3 Ultrasound devices, transducer and parameters 

Several investigations showed extensive optimization of the acoustic parameters to result in 

an efficient and safe in vitro and in vivo drug delivery. Among these studies, clinical 

ultrasound scanners have been used to deliver drugs using microbubble-assisted ultrasound 

[94], [29], which has the advantage of enabling both imaging of- and drug delivery to the 

targeted tumor. However, the ultrasound settings that are allowed on such equipment are 

limited for safety reasons. Specific ultrasound parameters (low cycles and mechanical index 

(MI) 0.5 < MI < 1.9) are used to destroy microbubbles during a diagnostic tissue perfusion 

study [106]. However, such parameters might not be efficient for drug delivery. In addition, 

clinical ultrasound probes are unfocused and thus the ultrasound energy will have 

substantial effects in the regions surrounding the target tissue. Clinical ultrasound scanners 

are “black-boxes” which do not allow controlling all ultrasound parameters. Hence, home-

made and commercial therapeutic ultrasound devices have been designed to control many 

ultrasound parameters, which can subsequently be optimized for drug delivery [107]–[109]. 

Ultrasound transducers used in the literature can be focused or unfocused [110]. Focused 

beams are created using spherically-curved transducers, which greatly increase the 

ultrasound intensity in a small region of interest, e.g. a tumor. Due to a lack of standardized 

calibration methods concerning the applied ultrasound parameters and the heterogeneity in 

equipment used, it is not straightforward to compare the results of most studies directly 

[111]. 

The transmission center frequency used for in vivo drug delivery studies listed in Table 2 

ranges from 0.3 MHz to 2.25 MHz. The choice of frequency to be used can depend on the 

microbubble’s size and its resonance frequency, but also on the depth of the tissue to be 

reached, as higher frequencies suffer from increased attenuation. The resonance frequency 

of microbubble decreases as their size increases [112]. When using a low frequency range, 

the acoustic pressure threshold to initiate microbubble cavitation can be reduced, thereby 

limiting putative tissue damage. In most of the reported investigations, 1 MHz was used as 

a frequency to achieve drug delivery using microbubble-assisted ultrasound (Table 1 and 

2). 

The ultrasound dose is usually expressed in different units depending on whether a medical 

ultrasound scanner, commercial or laboratory-made device is used for drug delivery (Table 

2). With home-made or commercial therapeutic ultrasound devices, ultrasound exposure is 

usually expressed either in acoustic pressure amplitude (kPa) or in intensity (W/cm2) while 
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for medical ultrasound scanners, the dose is usually expressed in the terms of mechanical 

index (MI and is expressed as the ratio of the peak negative pressure in MPa to the square 

root of the frequency in MHz). Among the published studies, it is not clearly stated whether 

ultrasound intensity are spatial averaged, temporal averaged intensity (ISATA) or spatial 

peak, temporal averaged intensity (ISPTA). ISATA is frequently used when non-focused 

transducer is employed for drug delivery. Ultrasound intensities ranging from 0.064 to 3 

W/cm2 (n.b. ISPTA 0.0003 - 0.9 W/cm2 for ultrasound-based diagnostics) have been applied 

in recent studies to deliver drugs in tumor tissue without injuries [34], [113]. The MI used 

for in vivo drug delivery ranges from 0.2 to 2 (n.b. MI threshold for clinical diagnosis is 

1.9). Drug delivery requires a minimum MI known as the permeabilization threshold, which 

is typically lower than 1 [114]. Exposure of tumor tissues above, but near the cavitation 

threshold has so far yielded the most promising results of drug delivery without significant 

side effects. Increasing the ultrasound dose further enhanced drug delivery in the target 

tissue but was also accompanied by hemorrhage and tissue injuries [34], [113]. 

The duty cycle is the percentage of time that an ultrasound device is transmitting acoustic 

waves. The duty cycle ranges from 0.25% to 50% for drug delivery into tumors (Table 2). 

To prevent thermal tissue damage, low duty cycles are used when high ultrasound 

intensities are applied and vice versa [108], [115].  

Ultrasound exposure time plays a major role in drug delivery using microbubble-assisted 

ultrasound. During this time, ultrasound pulses are emitted repeatedly at a pulsing interval 

to induce the complete destruction of microbubbles in the targeted tumor. Ultrasound 

exposure times from 2 s to 10 min have been reported (Table 2). However, exposure times 

of 1 - 5 minutes are recommended to prevent tissue injuries (e.g., hemorrhages) [30], [116]. 

 

3.4 Treatment schedule 

The therapeutic protocol depends on the duration of microbubble-assisted ultrasound-

mediated permeability of tumor tissues and the pharmacokinetics of chemotherapeutic 

drugs. Some studies reported drug administration at different time points following the 

exposure of tumor to microbubble-assisted ultrasound to assess the duration of enhanced 

permeability (few seconds – few hours, depending on the particle size) [63], [91], [117]. 

Other investigations recommend waiting for the peak concentration of drug in the blood 

before the administration of microbubbles and the subsequent exposure of tumors to 

ultrasound. For example, Escoffre et al. succeeded to optimize therapeutic efficacy of 

irinotecan using microbubble-assisted ultrasound in subcutaneous glioblastoma. In this 

study, the protocol consisted of an i.v. injection of irinotecan followed 1h later by an i.v. 

administration of microbubbles [39]. This delay is required to reach the maximal systemic 

concentration of SN-38, the active metabolite of irinotecan, in the blood. This strategy 

induced a 2-fold decrease in tumor volume and perfusion compared to irinotecan without 

subsequent ultrasound exposure.  
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In most therapeutic protocols using the coadministration approach or drug-loaded 

microbubbles, ultrasound was applied to the tumors immediately (5 - 10 s) after 

microbubble injection [37], [118]. This strategy supposes that drugs and microbubbles are 

sufficiently accumulated in the target tissue during the few seconds following their 

administration. However, no real evidence has been reported whether this is actually the 

case. In addition, monitoring of microbubble arrival at the target tissue using contrast-

enhanced ultrasound prior to ultrasound therapy is rarely performed. At present, all 

investigations show that at least several consecutive treatments (2 – 20 times) at optimal 

time intervals (1 day - 1 week) are required to achieve significant decrease in tumor growth 

or even tumor eradication (Table 2). 

 

4. Therapeutic efficacy vs safety: from in vitro to preclinical studies  

As described above, the therapeutic benefit of drug delivery using microbubble-assisted 

ultrasound relies on enhancing accumulation of drugs in tumor cells or tissues and on 

decreasing their deposition in healthy tissues, thus reducing their side effects [35], [32], 

[29], [33]. Using the coadministration approach or drug-loaded microbubbles, microbubble-

assisted ultrasound enhances in vitro the therapeutic efficacy of clinically approved 

chemotherapeutics including doxorubicin (Dox), cisplatin, bleomycin, paclitaxel and 

docetaxel (Table 1). Most in vitro studies only monitor drug effectiveness with or without 

microbubble-assisted ultrasound.  

 

 

 
 

Fig. 5. (A) Intracellular doxorubicin (DOX) concentration in MCF-7/ADR cells 15 and 30 minutes post treatment. 
(B) Cell cytotoxicity after several treatments with or without US. DLMC = DOX-liposome-microbubble 
complexes, DL = DOX-liposomes, ver = verapamil, US = Ultrasound. *p < 0.05, **p < 0.01 (Adapted with 
permission from [31] – Copyright © 2014 Elsevier Ltd.). 
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However, some studies also investigated the underlying mechanism. For example, Deng et 

al. showed enhanced intracellular Dox levels (Fig. 5a) and increased retention due to a 

down-regulation of P-glycoprotein following ultrasound exposure in the presence of Dox-

liposome loaded microbubbles. This resulted in a significant increase of double-stranded 

DNA breaks and reduced cell viability (Fig. 5b) [31]. The exposure of tumor cells to 

microbubble-assisted ultrasound without any drugs had no or few effects on cell viability (> 

85% cell viability). In in vivo studies it was clearly observed that microbubble-assisted 

ultrasound improves the therapeutic efficacy of drugs for different tumor animal models. 

However, most studies only monitor outcomes like survival and tumor size. Unfortunately, 

i.t. drug accumulation and distribution is often not investigated. Regardless of the 

administration route, only 40% of preclinical studies showed that an enhanced therapeutic 

efficacy could be attributed to increased i.t. drug levels. For example, Tinkov et al. 

demonstrated that the exposure of pancreas carcinoma in rats to ultrasound (1.3 MHz, 1.2 

MPa PNP, 4 frames of ultrasound every 4 cardiac cycles) after i.v. injection of DOX-loaded 

microbubbles (140 µg – 3.14×109 microbubbles) induced a 10-fold increase in i.t. DOX 

accumulation compared to DOX-loaded microbubble injection alone [29]. This therapeutic 

protocol led to a 2-fold decrease in tumor volume.  

Next to increased drug concentration in the target tissue, one of the expected consequences 

of i.t. drug delivery using microbubble-assisted ultrasound is the reduction of drug 

deposition in healthy tissues. However, this effect is expected to be only significant for 

local release from drug-loaded microbubbles compared to the coadministration approach, 

where free drugs can enter healthy tissue anyway, without ultrasound exposure. Less than 

10% of preclinical studies reported on drug distribution towards healthy tissues. Among the 

studies that do measure this, Yan et al. reported that the application of ultrasound (2.25 

MHz, 1.9 MPa, 10 min, three treatments: one treatment every 3 days) on subcutaneous 

breast tumor following the i.v. injection of paclitaxel (PTX)-loaded microbubbles (120 µg – 

1×109 microbubbles) resulted in 4-fold increase in i.t. accumulation of PTX (Fig. 6a) and 

2.5-fold decrease in tumor volume compared to PTX-loaded microbubbles treatment alone 

[30] (Fig. 6b).  

The authors also investigated the drug biodistribution in healthy organs including heart, 

liver, spleen, lung and kidney 1 h after i.v. administration of the PTX-loaded microbubbles 

and ultrasound exposure. The PTX biodistribution in heart, spleen and lung was not 

significantly different between mice that received PTX-loaded microbubbles treatment 

alone or combined with ultrasound (Fig. 6a). However, the PTX delivery using 

microbubble-assisted ultrasound led to a slight but significant decrease in PTX 

concentration in liver and kidney compared to PTX-loaded microbubbles injection alone 

(Fig. 6a). No significant loss of body weight and other adverse effects were observed 

during the therapeutic procedure.  
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Fig. 6. Paclitaxel delivery by paclitaxel-loaded microbubbles with ultrasound for breast cancer treatment. (A) 
Paclitaxel in vivo distribution in heart, liver, spleen, lung, kidney and tumors 1h after injection of paclitaxel-loaded 
microbubble complexes (PLMC) alone, paclitaxel liposomes (PL) + US or PLMC + US; (B) In vivo growth 
inhibition in 4T1-tumor bearing mice within 22 days. Mice were treated with PBS (squares), unloaded 
microbubbles + US (circles), PLMC without US (upward triangles), PL + US (downward triangles) or PLMC + 

US (diamonds) on days 10, 13 and 16 after tumor cell injection. Results represent mean ± SD, n = 6. ∗p < 0.05; 

∗∗p < 0.01. (Adapted with permission from [30] - Copyright © 2013 Elsevier Ltd.). 

 

 

Moreover, Ting et al. designed a therapeutic protocol based on BCNU-loaded microbubbles 

(0.8 mg - 1×1010) with focused ultrasound (1 MHz, 0.5-0.7 MPa, 2 sonications, 1 

min/sonication) to improve BCNU-based chemotherapy for glioblastoma treatment [40]. 

They showed that the encapsulation of BCNU in microbubbles prolonged its circulatory 

half-life 5-fold and intrahepatic accumulation of BCNU was reduced 5-fold due to the slow 

reticuloendothelial system uptake of BCNU-loaded microbubbles. These microbubbles 

alone or in combination with focused ultrasound were associated with lower levels of 

aspartate- and alanine-aminotransferases compared to free BCNU, suggesting that these 

microbubbles may effectively reduce liver toxicity and damage. In glioblastoma-bearing 

rats, BCNU-loaded microbubbles with ultrasound led to 13-fold decrease in tumor volume. 

However, median survival was extended by only 12% compared to BCNU and control. 

However, for all microbubble-based ultrasound therapies, the effect on the vasculature 

should be closely monitored. There is a ‘fine line’ between stimulating vascular 

permeability and inducing vascular damage, which can result in inhibition of tumor 

perfusion. Although this may be a desired effect in some studies, for drug delivery from the 

vasculature, a reduced tumor perfusion might limit the i.t. drug supply. For example, Burke 

et al. demonstrated that the mechanical effect of low duty cycle ultrasound (1 MHz, 1 MPa 
PNP) in combination with microbubbles could inhibit glioma growth by blocking tumor 

perfusion [119]. The anti-vascular action of microbubble-assisted ultrasound (1 MHz, 1.6 

MPa PNP) was also adopted by Todorova et al. who subsequently injected an anti-
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angiogenic agent to prevent the formation of new vessels [120]. In the light of these results, 

animal studies conducted with ultrasound pressures >1.0 MPa should always include a 

control group with microbubble-assisted ultrasound only, and preferably monitor the 

perfusion of the exposed tissue (e.g. by Doppler or contrast-enhanced ultrasound imaging). 

To summarize, a growing number of preclinical investigations show promising results for 

future clinical applications. Future studies will have to confirm that the increase in 

therapeutic efficacy of sonochemotherapy is correlated with enhanced i.t. accumulation and 

penetration of drugs. To demonstrate the safety of this method, drug biodistribution towards 

healthy organs and tissues should be monitored and physiological functions of healthy 

organs should be examined using imaging, histological analysis and blood biochemistry 

analysis. Information on in vivo biodistribution and pharmacokinetics of intact and 

destroyed microbubbles as well as an evaluation of their systemic side effects are still 

absent in most available publications. These aspects need to be integrated in future studies. 

It must be noted that the sonochemotherapy approach has mainly been evaluated in small 

animals. Studies in large animals are still lacking and might face challenging and 

unexpected physical (e.g., ultrasound penetration depth, ultrasound attenuation) and 

biological (e.g., plasma life time of drug and microbubbles) limitations.  

 

5. Translation to the clinics 

Despite the novelty of the field of ultrasound-mediated drug delivery, a first clinical case 

study has been conducted in five patients with locally advanced pancreatic cancer [121]. In 

this study, gemcitabine was administrated by i.v. infusion at a dose of 1000 mg/m2 over 30 

min (Fig. 7a). During the last 10 min of chemotherapy, ultrasound imaging was performed 

in standard abdominal imaging mode to locate the position of the tumor (Fig. 7b). At the 

end of gemcitabine infusion, when drug plasma level peaked, 0.5 mL of clinically approved 

SonoVue® contrast agents followed by 5 mL saline were intravenously injected every 3.5 

min to ensure their presence throughout the whole treatment. Tumors were exposed to 

ultrasound (1.9 MHz, 0.49 MI, 1% DC) using an ultrasound diagnostic scanner. The 

cumulative ultrasound exposure was only 18.9 s (Fig. 7a). All five patients tolerated an 

increased number of treatment cycles compared to gemcitabine treatment without 

ultrasound (16 ± 7 vs 9 ± 6 cycles), reflecting an improved physical state as well as an 

increased survival. In two out of five patients, the maximum tumor diameter was either 

transiently or permanently reduced, while the other patients exhibited reduced tumor 

growth compared to a historical control group of 80 patients (Fig. 7c) [121]. The authors 

did not report side effects related to this therapeutic protocol. Nevertheless, the true clinical 
benefit was not clearly established because of the low number of patients studied. The 

therapeutic protocol (i.e., ultrasound parameters, doses of drug, type and concentrations of 

microbubbles) should be optimized and long-term safety aspects have to be addressed in 

future investigations in a larger number of patients. 
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Fig. 7. Treatment of human pancreatic adenocarcinoma using gemcitabine using microbubble-assisted ultrasound. 
(A) Timeframe of each sonochemotherapy treatment schedule, arrows indicate intravenous injection of 0.5ml 
SonoVue followed by a 5-ml injection of saline, δt represents the time between each injection; (B) Photo of the 
probe and custom-made probe holder during patient treatment; (C) Changes in tumor diameter over time measured 
from CT images in patients with pancreatic malignancy. (Adapted with permission from [121] – Copyright © 2013 
Am. Assoc. Phys. Med.). 

 

 

Moreover, we are referring to a safety study of combining ultrasound microbubbles and 

chemotherapy to treat liver metastases from gastrointestinal tumors and pancreatic 

carcinoma conducted by the Profs. K. Yan and L. Shen at Beijing Cancer Hospital [122]. 

This study is currently recruiting patients. In this clinical trial, gemcitabine will be 

intravenously injected to patients with pancreatic carcinoma while oxaliplatin and taxol 

based chemotherapy will be administrated by i.v. perfusion to patients with liver 

metastases. Thirty min after chemotherapy, 1 mL of SonoVue® contrast agents will be 

intravenously injected during six times in 20 min. In addition to the safety of the 

therapeutic protocol, the authors will explore the largest MI and ultrasound treatment time 

patients can tolerate. The secondary objectives of this clinical trial are to observe the tumor 

clinical benefit rate and to evaluate the preliminary effects including time to failure and 

time to death. 
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6. Conclusions 

Targeted drug delivery using microbubble-assisted ultrasound has the potential to become a 

clinically accepted way of improving local anticancer chemotherapy. Although the co-

administration approach, using clinically approved microbubbles and free chemotherapeutic 

drugs, can be seen as the fast-track towards the clinic, the greatest therapeutic potential may 

lie in the custom-made drug-loaded microbubbles. The latter combines the enhanced 

vascular permeability and cellular uptake following microbubble-assisted ultrasound with a 

local release of the drug. However, this implies that new therapeutic particles are to be 

developed, which require thorough pre-clinical testing for efficacy and safety. A growing 

number of preclinical experiments have successfully reported the therapeutic benefits of 

microbubble-assisted ultrasound in the delivery of (anti-cancer) drugs in several animal 

models. Clinical translation of this method requires further improvements on: i) the design, 

characterization and GMP production of therapeutic microbubbles with prolonged plasma 

half-life and high drug-loading capacity; ii) the optimization and standardization of 

ultrasound parameters used in the field; iii) the insertion of a medical imaging modality 

(MRI, ultrasound) to monitor the in vivo effects of ultrasound and iv) the evaluation of drug 

biodistribution, therapeutic efficacy and side effects in orthotopic tumor models in small 

and large animals.  
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Abstract 

The possibility to enhance drug delivery by using ultrasound in combination with 

microbubbles (USMB) is extensively studied. So far, these studies have focused on the 

delivery and efficacy of a single drug, e.g. in chemotherapy. In this study, we investigated 

the intracellular delivery of cisplatin by USMB and the subsequent increased efficacy in 

combination with radiotherapy in a head and neck cancer cell line in vitro. After USMB-

mediated intracellular delivery was verified using the model-drug SYTOX® Green, we 

investigated the efficacy of cisplatin when combined with USMB and radiotherapy and 

measured whether intracellular cisplatin concentration was enhanced after applying USMB. 

In addition, the effect of USMB on cisplatin and radiotherapy-induced DNA damage was 
studied. Flow cytometry showed that USMB treatment increased the average percentage 

SYTOX® Green positive cells from 2.2% to 34.5%. Clonogenic assays demonstrated that 

exposure to USMB significantly increased the efficacy of cisplatin combined with 

radiotherapy. The enhanced efficacy was associated with increased intracellular cisplatin 

levels, which were 2.7-fold higher when cisplatin was combined with USMB. As a result, 

an 82% increase in levels of DNA double strand breaks was found when cisplatin was 

combined with USMB, compared to cisplatin only (p < 0.05). In conclusion, cisplatin 

uptake was significantly increased by USMB, which resulted in enhanced levels of DNA 

damage and increased efficacy of cisplatin in combination with radiotherapy in vitro.  
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1. Introduction 

Cancers in the head and neck area are relatively common, with a total incidence of 139,000 

cases in Europe in 2012 [1], [2]. Head and neck cancers include several sites, such as the 

oral cavity, pharynx, larynx, nasal cavity and salivary glands. The vast majority (90%) are 

squamous cell carcinomas, and treatment depends on the stage and characteristics of the 

tumor. Clinical guidelines recommend treatment of advanced stage tumors with high-risk 

features by post-operative chemoradiotherapy using a platinum agent, in most cases 

cisplatin [3]. Postoperative chemoradiotherapy with cisplatin improves local and regional 

control and disease-free survival in head and neck squamous cell carcinomas (HNSCC) 

compared to postoperative radiotherapy alone, albeit at the cost of increased adverse 

effects, [4], [5].  

However, cisplatin efficacy is far from optimal due to its poor tumor cell specificity and its 

hydrophilic properties, which limit intracellular uptake. Cellular internalization occurs 

through active transport by the copper transporter 1 (Ctr1) and by passive diffusion, which 

is slow due to a low extracellular concentration [6]. Previous work with a variety of 

intravenous administered drugs has shown that intratumoral drug concentration and cellular 

uptake can be increased using ultrasound (US) in combination with microbubbles (MB), 

also termed sonoporation [7]–[11]. Microbubbles are gas bubbles, encapsulated by a lipid, 

protein or polymer shell, typically in the order of 1 – 8 µm in size. Although they were 

developed as contrast agents for US imaging [9], they are increasingly being studied as a 

means to enhance cavitation, thereby raising the efficacy of US-mediated drug delivery in 

vitro [12]–[14] and in vivo [12], [15], [16]. Microbubbles start oscillating upon exposure to 

an US wave, thereby creating stable cavitation at low pressure amplitudes, and inertial 

cavitation at higher pressure amplitudes. Stable cavitation leads to fluid flows surrounding 

the microbubble, exerting shear stress to nearby cells [17], [18]. During the more violent 

inertial cavitation, microbubbles collapse due to the high-amplitude US pressure changes 

and fragment into smaller bubbles. This is accompanied by the generation of shock waves 

in the fluid and formation of liquid jets [19]–[21]. Both types of cavitation can create 

transient pores in the plasma membrane and enhance endocytosis, allowing extracellular 

(model-) drugs to enter the interior of cells [22]–[24].  

Several studies have shown that cisplatin delivery by ultrasound and microbubbles (USMB) 

enhanced its efficacy, both in vitro [25]–[27] and in a head and neck cancer model in vivo 

[26]. However, in all these studies, cisplatin was used as a single modality treatment. In 

head and neck cancer however, cisplatin is often used as a radiosensitizer in combination 

with radiotherapy. Therefore, we believe it is clinically relevant to study the effect of 

USMB on the combination of cisplatin and radiotherapy. USMB could induce a local 

“boost” for the radiosensitizing effect of cisplatin, and may increase the treatment efficacy 

against the primary tumor and locoregional micrometastases, which are often present in 

advanced stage head and neck tumors.  
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In this study, we investigated the intracellular delivery of cisplatin by USMB and the 

subsequent increased efficacy in combination with radiation therapy in a head and neck 

cancer cell line in vitro. First, SYTOX® Green was used as a model-drug for cisplatin to 

measure the drug delivery efficacy of USMB. All other experiments were performed with 

cisplatin. We used clinically approved microbubbles and a cisplatin concentration close to 

the patient plasma concentration [28]. In addition to evaluating cell survival following drug 

delivery by USMB, we tried to unravel the underlying mechanisms involved. As such, the 

efficacy of radiotherapy in combination with cisplatin and/or USMB was studied, and 

intracellular cisplatin levels were measured to investigate if enhanced efficacy is associated 

with increased internalization of cisplatin. Finally, we studied if the enhanced intracellular 

cisplatin levels induced by USMB resulted in increased DNA damage by antibody labeling 

of γH2AX, a marker for double strand breaks. 

 

2. Materials and Methods 

 

2.1 Cell culture 

Human pharyngeal squamous carcinoma cells (FaDu) (ATCC® HTB-43™, LGC Standards 

GmbH, Wesel, Germany) were cultured in high glucose – Dulbecco’s Modified Eagle 

Medium (DMEM) (Sigma-Aldrich®, Zwijndrecht, Netherlands), supplemented with 1% 

Non-Essential Amino Acids (Sigma-Aldrich®) and 10% (v/v) fetal bovine serum (FBS) 

(Sigma-Aldrich®). Cells were maintained in standard cell culture flasks in a humidified 

incubator at 37 °C and 5% CO2. For sonoporation experiments, 8 x 105 cells were seeded in 

CLINIcell® cell culture chambers (25 cm2) (Mabio, Tourcoing, France), 1 day prior to US 

exposure. These cell culture chambers have 175 µm thick polycarbonate walls, which 

attenuated less than 10% of the US pressure. CLINIcells® were pretreated with poly-L-

lysine (Sigma-Aldrich®) to ensure proper attachment of cells.  

 

2.2 Microbubbles 

SonoVue™ (Bracco, Milan, Italy) microbubbles were used as cavitation nuclei in the 

sonoporation experiments. These are lipid shelled microbubbles, encapsulating sulfur 

hexafluoride gas (SF6) [29]. Microbubbles were prepared according to the manufacturer’s 

guideline, yielding a mean diameter of 2.5 µm and a concentration between 1 – 5 x 108 

microbubbles/mL. Prior to US experiments, 700 µL of freshly made microbubbles was 

mixed with 9.5 mL medium and injected into the CLINIcell®. The CLINIcell® was placed 

upside down for a few minutes to allow the microbubbles to rise towards the cells, ensuring 

close contact between the cells and the microbubbles. 
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2.3 Chemicals 

SYTOX® Green (Life Technologies™ Europe BV, Bleiswijk, Netherlands) is a nucleic 

acid stain whose fluorescence intensity increases upon binding nucleic acids. It was used as 

a marker for cell membrane permeability, as it does not pass intact plasma membranes [30]. 

SYTOX® Green served as a model drug (MW ~600 Da) for cisplatin, which also needs to 

bind DNA to exert its antiproliferative action. A stock solution of 1 mg/mL cis-

diammineplatinum(II) dichloride (cisplatin; MW = 300 Da) (Sigma-Aldrich®) was 

prepared in 0.9% NaCl and kept for a maximum of 1 month. During experiments, 

SYTOX® Green or cisplatin was diluted in Opti-MEM® (ThermoFisher Scientific, 

Landsmeer, Netherlands) supplemented with 1% FBS.  

 

2.4 Ultrasound setup 

Ultrasound experiments were performed using a similar setup as previously described [31]. 

In short, a 1.5 MHz sinusoidal signal was created by an arbitrary waveform generator 

(Agilent Technologies, Santa Clara, CA, USA), which was triggered by an oscilloscope 

(Agilent Technologies) to generate a pulsed waveform (10% duty cycle, 1 kHz pulse 

repetition frequency and 100 µs pulse duration). The wave was amplified (K.M.P. 

Electronics, Bédoin, France) and send to a piezoelectric unfocused single element 

transducer (Precision Acoustics, Dorchester, UK) with a diameter of 20 mm. The 

transducer was placed on the bottom of a water tank, 8 cm below a CLINIcell® frame. The 

water surface was another 12 cm above the frame. The water was heated to 30°C, a 

temperature at which the transducer provided a stable acoustic output. When exposing cells 

to US, CLINIcells® were mounted in the frame and moved over the US beam for 80 

seconds using guides to expose the whole CLINIcell® surface, which resulted in a total 

exposure of approximately 5 seconds for every area of the CLINIcell® (Supplementary Fig. 

1). Cells were exposed to 845 kPa peak-negative pressure (mechanical index: 0.7), as was 

calibrated using a 125 µm glass fiber hydrophone (Fibre-optic Hydrophone System, 

Precision Acoustics). 

 

2.5 USMB-mediated SYTOX® Green uptake experiments 

SYTOX® Green (excitation/emission wavelength: 504/523 nm) uptake was measured by 

fluorescence microscopy and flow cytometry. It served as a model-drug for cisplatin, to 

verify the sonoporation efficacy in this cell line. For fluorescence microscopy experiments, 

a solution of Opti-MEM®, 700 µL (7% v/v) SonoVue™ and 2 µM SYTOX® Green was 

added to the CLINIcell® just before sonoporation. After receiving US- or sham treatment, 

cells were incubated for 30 minutes at room temperature. Subsequently, bright field and 

fluorescent images (20x magnification) were acquired using a FLoid® Cell Imaging Station 

(Life Technologies). For flow cytometry experiments, cells were either incubated with 
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Opti-MEM® alone or Opti-MEM® with SYTOX® Green. All samples contained 

microbubbles. Following US- or sham treatment, cells were incubated for 45 minutes in a 

37 °C incubator. Next, cells were collected and resuspended in PBS + 1% FBS. Samples 

were measured by flow cytometry (FACSCanto II, BD, Breda, Netherlands) and data was 

analyzed using FlowJo software (Ashland, OR, US). All flow cytometry experiments were 

measured in duplicate and repeated three times. 

 

2.6 Cisplatin efficacy and the combination with USMB and radiotherapy 

First, the effect of cisplatin as a monotherapy on cell proliferation was measured using the 

clonogenic assay [32]. Preliminary studies demonstrated that cisplatin treatment should be 

performed 24 hours prior to radiotherapy to act as a radiosensitizer. Therefore, the same 

treatment schedule was followed for cisplatin monotherapy. FaDu cells were exposed to 

different concentrations of cisplatin (0.1 – 5 µg/mL) in Opti-MEM® for 2 hours in cell 

culture flasks, after which the medium was refreshed with cisplatin-free medium. Next, 

cells were incubated for 22 hours at 37 °C (Fig. 1a). Subsequently, cells were harvested, 

counted, diluted and plated in a 6-well plate at different seeding densities. Cells were 

incubated for 2 weeks at 37 °C to allow the formation of colonies. Then, colonies were 

fixed in 6% glutaraldehyde and stained with 0.1% crystal violet. Colonies of 50 cells or 

more were scored as a colony. Surviving fractions were calculated based on the plating 

efficiency of control cells [32].  

Second, the efficacy of cisplatin in combination with USMB and radiation therapy was 

measured by the clonogenic assay. The chemoradiation experiment consisted of four 

groups; control, USMB only, cisplatin only and cisplatin + USMB, which were all exposed 

to a single radiation dose (2 – 10 Gray, Gy) or sham treatment (0 Gy). For the cisplatin 

treatment groups, a solution of 1 µg/mL cisplatin was prepared in 9.5 mL Opti-MEM® and 

700 µL microbubbles, while the control and USMB groups received only microbubbles in 

Opti-MEM®. After injecting the solution in the CLINIcell®, cells immediately received 

US- or sham treatment and were placed in an incubator for the remainder of the 2 hours 

(Fig. 1b). Subsequently, the cisplatin-containing medium was removed and fresh medium 

was added. Twenty-two hours later, cells were irradiated with a single dose of 2, 4, 6, 8 or 

10 Gray γ-rays using a linear accelerator (Elekta Precise Linear Accelerator 11F49, Elekta, 

Crawley, United Kingdom). One hour after radiation, cells were harvested, counted, diluted 

and seeded for clonogenic assays as described above. All clonogenic assays were done in 

triplicate and repeated at least three times. Surviving fractions were calculated based on the 

plating efficiency of the untreated control, without cisplatin, USMB or radiation treatment. 

In addition, normalized surviving fractions were calculated by correcting for the toxicity of 

USMB alone, cisplatin alone or cisplatin + USMB, as measured at 0 Gy.  
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2.7 Cisplatin quantification by inductively coupled plasma mass spectrometry  

Cells were incubated for 30 minutes in CLINIcells® with Opti-MEM® containing 5 µg/mL 

cisplatin and 700 µL microbubbles. The cisplatin concentration used here was increased 

with respect to the survival studies, as intracellular platinum levels would otherwise fall 

below the detection limit of the ICP-MS. Cisplatin treated cells received US- or sham 

treatment immediately after addition of the mixture, and were placed back in the incubator 

for the remainder of the 30 minutes. Next, cells were washed once with PBS, harvested and 

counted. Samples were snap frozen in liquid nitrogen and kept at -80 °C until the analysis 

by ICP-MS (Perkin-Elmer, Massachusetts, USA). Prior to measurement, samples were 

weighed and digested (65% HNO3 / 30% H2O2). The measured platinum concentration was 

normalized to the number of cells in the sample. 

 

 

 

Fig. 1: Timing of the treatment cisplatin only (A) or the combination of cisplatin + USMB + radiation therapy (B). 
The efficacy of cisplatin monotherapy and the combination treatments with radiation therapy was measured by 
clonogenic assay. 

 

 

2.8 Immunofluorescence for double strand DNA breaks 

γH2AX, a marker for double strand DNA breaks, was used to assess DNA damage 

following cisplatin and/or USMB and/or radiation treatment. It has been reported that there 

is a strong correlation between the number of γH2AX foci per nucleus and the number of 

double strand breaks [33]. Samples were stained using antibodies against γH2AX and 

measured by confocal microscopy and flow cytometry. Cisplatin, USMB and radiation 

treatment protocols were identical to those used in the efficacy experiments.  
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For confocal microscopy, the polycarbonate wall of the CliniCell® with attached FaDu 

cells was cut out following radiotherapy or sham treatment (0 Gy), treated with 0.5% Triton 

X-100 and fixed in 4% PFA. Samples were permeabilized with 0.1% Triton X-100 and 

blocked with 0.5% BSA/PBS. For primary antibody binding, they were incubated for 1 

hour with mouse antiphospho-serine 139 H2AX antibody (1:1000 dilution in blocking 

buffer; Merck Millipore, Amsterdam, Netherlands). After washing, cells were stained with 

donkey anti-mouse IgG Alexa 488 as secondary antibody (1:1000 dilution; Abcam, 

Cambridge, United Kingdom), incubated with DAPI-containing Fluoroshield™ (Sigma-

Aldrich®) and fixed on a microscope slide. Fluorescent images were acquired on a Zeiss 

LSM 700 Confocal Microscope (Zeiss, Sliedrecht, Netherlands) at 63x magnification. A 

representative “median” cell was selected by alternately excluding the cell with the highest 

and lowest number of γH2AX foci from a population of 25 - 40 cells for each condition.  

For flow cytometry, cells were harvested by trypsinization after radiotherapy or sham 

treatment, fixed in 1% PFA and permeabilized overnight in 70% ethanol at -20 °C. Next, 

cells were blocked with 1% BSA/0.2% Triton X-100/PBS and incubated for 30 min with 

FITC-labeled anti-H2AX mouse IgG1 antibody (1:20; Biolegend, London, United 

Kingdom). After washing, a solution of 5 µg/mL propidium iodide (Sigma-Aldrich®) and 

100 µg/mL RNase (ThermoFisher) was added to normalize the γH2AX signal for the 

amount of DNA. Samples were measured by flow cytometry and analyzed in FlowJo 

software. Experiments were measured in duplo and repeated at least three times. The 

percentage of γH2AX positive cells was measured for each condition and normalized to 

cisplatin monotherapy.  

  

2.9 Statistical analysis 

Survival data from the clonogenic assay were analyzed in SPSS 23 (IBM, Armonk, NY, 

USA). Survival curves were statistically analyzed head-to-head by a weighted, stratified 

linear regression as described by others [32]. All other statistical analysis was performed in 

GraphPad Prism (La Jolla, CA, USA). The γH2AX data was analyzed by ANOVA and 

subsequent head-to-head comparisons of groups of interest were done by a ratio paired t-

test. No correction for multiple comparisons was performed.  

 

3. Results 

 

3.1 USMB-mediated SYTOX® Green uptake  

The sonoporation efficacy was evaluated in FaDu cells using SYTOX® Green, which 

functioned as a model-drug for cisplatin. Sonoporation efficacy was assessed qualitatively 

by fluorescence microscopy and quantitatively by flow cytometry. Fluorescent microscopy 
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showed that when cells were not exposed to USMB, cellular plasma membranes remained 

intact and SYTOX® Green could not be internalized, with the exception of an occasional 

dead cell with a compromised plasma membrane (Fig. 2). In contrast, upon exposure to 

USMB, many cell membranes were permeabilized, allowing SYTOX® Green to enter and 

bind to nucleic acids, leading to an increased number of fluorescent cells. Flow cytometry 

confirmed that SYTOX® Green uptake was increased by USMB, similar to the 

fluorescence microscopy data. The flow cytometry dotplots in Fig. 3 demonstrate a shift in 

fluorescence intensity, reflecting an increased percentage of SYTOX® Green positive cells. 

On average (N=3), 2.2% (±0.26 SD) of the non-sonicated population was found to be 

SYTOX® Green positive, while this was increased to 34.5% (±1.6 SD) when cells were 

treated with USMB (p < 0.0001). In addition, the mean fluorescence intensity (MFI) of 

SYTOX® Green exposed cells was enhanced by a factor of 2.6 (p < 0.0001) as a result of 

USMB treatment (Fig. 3c). The autofluorescence of FaDu cells was not affected by USMB. 

 

 
Fig. 2. SYTOX® Green uptake in FaDu cells following sham (A) or USMB (B) treatment, acquired by 
fluorescence microscopy. Overlay of bright field and fluorescent images of cells in the presence of SYTOX® 
Green (20x magnification). 

 

 

3.2 Cisplatin treatment 

To determine the sensitivity of FaDu cells to cisplatin, cells were exposed to a range of 

cisplatin concentrations (0.1 – 5 µg/mL), after which proliferation was measured via a 

clonogenic assay (Fig. 4).  

Treatment with 1 µg/mL cisplatin resulted in a surviving fraction of 0.44 (± 0.05 SEM). It 

has been reported that unbound cisplatin levels in plasma following intravenous injection in 

humans are around 1 µg/mL [28], making this concentration clinically relevant. Therefore, 

a cisplatin concentration of 1 µg/mL was used in the combination experiments with USMB 

and radiotherapy that are described below. 
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Fig. 3. USMB-induced SYTOX® Green uptake resulted in nucleic acid binding and subsequent enhancement of 
fluorescence intensity of SYTOX® Green, as measured by flow cytometry. (A) Side scatter of FaDu cells plotted 
as a function of SYTOX® Green fluorescence intensity following different treatments. The dotplots represent a 
single experiment. The cells within the gate were counted as SYTOX® Green positive. (B) Barplot of the 
percentage SYTOX® Green positive cells following different treatments. Bars represent mean + standard 
deviation (N = 3). (C) Mean fluorescence intensity of all treatments were calculated and plotted as mean + 
standard deviation (N = 3). **** p ≤ 0.0001.  

 

 

 
 

Fig. 4. Surviving fractions of cells following cisplatin exposure, measured via a clonogenic assay. Surviving 
fractions are presented on a log scale as the mean ± standard error of the mean (SEM) (N=4). Error bars are 
smaller than the size of the symbol. 
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3.3 Chemoradiation and USMB treatment 

Long term survival effects of treatment with USMB, cisplatin or cisplatin + USMB in 

combination with radiotherapy were measured via a clonogenic assay. Surviving fractions 

were based on the untreated control (Fig. 5a) or normalized to the toxicity of USMB alone, 

cisplatin alone or cisplatin + USMB, respectively (Fig. 5b). 

In the absence of radiotherapy, the surviving fraction decreased from 0.57 (± 0.09 SEM) for 

cisplatin treatment, to 0.33 (± 0.05 SEM) when cisplatin was delivered by USMB. This 

enhanced efficacy for cisplatin + USMB was also evident when both treatments were 

combined with different doses of radiation (Fig. 5a). Analysis by linear regression showed 

that the combination treatment of cisplatin + USMB + radiotherapy resulted in less survival 

than the combination of cisplatin + radiotherapy (p < 0.001). Note that the combination of 

cisplatin + radiotherapy already resulted in less survival than radiation only (p < 0.001). 

Although USMB treatment, in the absence of radiotherapy, reduced the surviving fraction 

to 0.78 (± 0.07 SEM), the survival curve of USMB + radiotherapy was not statistically 

different from radiotherapy only. 

Based on the same raw data, Fig. 5b shows the survival curves when the surviving fractions 

were normalized to the corresponding toxicity of USMB alone, cisplatin alone, or cisplatin 

+ USMB. Analysis by linear regression of the normalized data confirmed that USMB alone 

does not affect the efficacy of radiotherapy (p = 0.45). However, USMB does enhance the 

radiosensitizing effect of cisplatin (p = 0.001) (Fig. 5b). 

 

 

 

 

 

Fig. 5. Radiation survival curves of untreated, USMB, cisplatin or cisplatin + USMB treated FaDu cells, followed 
by radiation 22h later. Surviving fractions were calculated based on the plating efficiency of the untreated control 
(A) or normalized for the toxicity of USMB alone, cisplatin alone or cisplatin + USMB (B). The curves represent 
radiation only (circle), USMB + radiation (squares), cisplatin + radiation (upward triangle) and cisplatin + USMB 
+ radiation (downward triangle). N = 3, bars represent mean ± SEM. CisPt = cisplatin. 
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3.4 Quantification of intracellular cisplatin levels by ICP-MS 

Intracellular platinum levels were measured to relate the enhanced efficacy of cisplatin 

when combined with USMB with an increased intracellular cisplatin concentration. Fig. 6 

shows that the intracellular cisplatin concentration was increased from 0.96 µg/kg/106 cells 

(± 0.39 SD, N=5) to 2.63 µg/kg/106 cells (± 1.20 SD, N=5) following USMB treatment 

during the 30-minute incubation with 5 µg/mL cisplatin (p < 0.05). This represents a 2.7-

fold increase in mean intracellular platinum levels, which can be associated with the 

enhanced efficacy shown in Fig. 5. 

 

 

 
 

Fig. 6. Intracellular platinum levels in FaDu cells measured by ICP-MS after a 30 minute incubation with 5 µg/mL 
cisplatin, with or without USMB treatment. Bars represent mean + standard deviation (N=5). Pt = Platinum, * p < 
0.05. 

 

3.5 DNA damage induced by cisplatin, USMB and/or radiotherapy 

The DNA damage resulting from different treatments was investigated by measuring the 

number of double strand breaks using antibody labeling of γH2AX, a marker for double 

strand breaks. Confocal microscopy images of representative cells demonstrated that the 

USMB-mediated enhanced intracellular cisplatin levels led to increased DNA damage (Fig. 

7). Cisplatin monotherapy induced DNA damage by itself, resulting in an increased number 

of γH2AX foci compared to untreated cells. However, with respect to treatment with 

cisplatin only, the number of foci was clearly enhanced when cisplatin was combined with 

USMB. Comparable results were found when both treatments were combined with 2 Gy 

radiotherapy, suggesting that USMB can enhance the radiosensitizing effect of cisplatin. 

When cells were treated with USMB only, no increase in DNA damage was found 

compared to the untreated control. Similarly, USMB treatment did not enhance DNA 

damage when combined with 2 Gy radiotherapy.  
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Fig. 7. Confocal microscopy images of representative FaDu cells for each condition with anti-γH2AX antibody 
staining. 63x magnification, blue = DAPI, green = anti-γH2AX. 

 

 

In addition to confocal microscopy, the extent of DNA damage was analyzed by flow 

cytometry. Although the treatment protocols for the different conditions were identical, 

sample preparation and γH2AX antibody labeling were adapted to the method of analysis. 

Nevertheless, the results from flow cytometry are similar to those obtained by confocal 

microscopy. While cisplatin increased the fraction of γH2AX-positive cells compared to 

untreated cells, this fraction was further enhanced when cisplatin was combined with 

USMB (Fig. 8a). Flow cytometry results were normalized to the cisplatin only treatment 

group, because the amount of DNA damage following cisplatin only treatment varied 

between experiments and affected all groups that involved cisplatin treatment. Treatment 

with USMB did not enhance DNA damage by itself, nor in combination with 2 Gy 

radiotherapy (Fig. 8b). However, there was an 82% increase of the γH2AX positive fraction 

when cisplatin treatment was combined with USMB, compared to cisplatin alone (p < 

0.05). When combined with 2 Gy radiation, cisplatin + USMB + 2 Gy resulted in a 68% 

higher γH2AX signal compared to cisplatin + 2 Gy (p = 0.07). Statistical comparisons are 

summarized in Table 1. The amount of DNA damage calculated by the γH2AX positive 

fraction was found to be associated with the corresponding surviving fractions of the 

different treatments (Supplementary Fig. 2). 
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Fig. 8. γH2AX positive fraction measured by flow cytometry following different treatment schedules in FaDu 
cells. (A) The percentage of γH2AX positive cells following control, cisplatin or cisplatin + USMB treatment from 
a single experiment. (B) The percentage of γH2AX positive cells of each condition was normalized to the 
percentage of cisplatin only treatment, resulting in the γH2AX positive fraction. Bars represent mean + standard 
deviation (N ≥ 3). 

 

 

4. Discussion  

The main objective of this study was to investigate whether the efficacy of cisplatin as a 

radiosensitizer could be enhanced by USMB in a head and neck cancer cell line. We 

demonstrated that the combination of cisplatin + USMB + radiotherapy was more effective 

in reducing cell proliferation than cisplatin + radiotherapy. This enhanced efficacy was 

most likely due to an USMB-mediated increased concentration of intracellular cisplatin. In 

addition, we demonstrated that DNA damage induced by cisplatin treatment was  
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Table 1. Statistical comparison of groups of interest following flow cytometry for γH2AX positivity using the 
ratio paired t-test.  
 

Condition 1 Condition 2 P-value 

Control USMB 0.10 

Cisplatin Cisplatin + USMB 0.02 * 

2 Gy USMB + 2 Gy 0.47 

Cisplatin + 2 Gy Cisplatin + USMB + 2 Gy 0.07 

Control 2 Gy 0.004 ** 

2 Gy 4 Gy 0.006 ** 

Control 4 Gy 0.002 ** 

* p < 0.05, ** p < 0.01 

 

 

significantly enhanced when cisplatin was combined with USMB. Hence, USMB-mediated 

enhanced uptake can be used to improve the efficacy of chemoradiotherapy with cisplatin 

in vitro. However, pre-clinical in vivo studies should confirm these findings before clinical 

translation can be considered. 

To study USMB-induced drug delivery in a population of attached cells, a US setup was 

built, that allowed the complete cell monolayer to be sonicated, by moving the CliniCell® 

cell culture chamber over the US transducer (Supplementary Fig. 1). Although this method 

will not uniformly expose all cells to the US beam, it did result in an increased uptake of 

both SYTOX® Green and cisplatin. For SYTOX® Green, the average percentage of 

positive cells was increased from 2.2% without USMB, to 34.5% when cells were treated 

with USMB. 

However, this percentage does not take any increase in fluorescence intensity into account 

that occurs below the fluorescence intensity threshold of the gate, and may therefore 

underestimate the effect of USMB on drug uptake. In this light, results were also shown as 

mean fluorescence intensity (Fig. 3c), which were not based on an arbitrary threshold. The 

mean fluorescence intensity of the entire population was enhanced 2.6-fold when SYTOX® 

Green was delivered with USMB, compared to SYTOX® Green only. 

As mentioned before, others have demonstrated that USMB can be used to increase the 

efficacy of cisplatin, in several cancer models in vitro and in vivo [25]–[27]. However, this 

is the first work, to the authors best knowledge, that demonstrates that enhanced efficacy of 

cisplatin, as a result of USMB treatment, is associated with an increased intracellular 

cisplatin concentration. Heath et al. quantified the uptake of cisplatin by conjugating it with 

an Alexa680 fluorophore and found that, despite showing an increased efficacy, the uptake 

was not significantly increased following USMB treatment compared to cisplatin only in 

the head and neck cancer cell line SCC-1 [26]. However, as conjugation changes the 

physicochemical characteristics of the drug, the subsequent uptake may have been affected 

in that study.  

In this study, the cisplatin quantification experiments were performed with a higher 

cisplatin concentration (5 µg/mL) than to all other experiments (1 µg/mL), as the 
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intracellular cisplatin concentration would otherwise fall below the detection limit of the 

ICP-MS. It was found that if the incubation time was increased from 30 minutes to 120 

minutes, the intracellular cisplatin levels were only slightly enhanced by USMB 

(Supplementary Fig. 3). Since cisplatin can enter cells by both diffusion and active 

transport [34], an increased incubation time will automatically lead to enhanced uptake, 

thereby reducing the contribution of the single USMB treatment to the overall cisplatin 

uptake. However, due to protein binding, unbound cisplatin plasma levels in vivo do not 

exceed 1 – 2 µg/mL and are short-lived with a half-life of 22 minutes [28], [35]. We used a 

similar concentration in our studies, as we consider that only unbound cisplatin will be 

subject to the effect of USMB treatment. Due to the short half-life of unbound cisplatin, the 

impact of USMB treatment during these transient peak-plasma levels may lead to 

significantly more intracellular uptake of cisplatin in vivo. In addition, multiple USMB 

treatments can be considered to further enhance the intracellular cisplatin concentration 

[36].  

The synergy between cisplatin and radiation is complex and multifactorial, and several 

underlying mechanisms are involved [37]. This may explain the diversity in treatment 

protocols, e.g. cisplatin incubation time, concentration and time between both treatments, 

found in the literature when cisplatin was combined with radiotherapy [38]–[46]. In the 

studies presented here, cells were treated with cisplatin 24 hours prior to radiotherapy, as it 

was found that cisplatin did not show a clear radiosensitizing effect when administered 2 or 

4 hours prior to radiotherapy (data not shown).  

In addition to the proliferation assay and intracellular cisplatin quantification, the effect on 

DNA double strand breaks was studied by antibody labeling of γH2AX. Once internalized 

by the cell, cisplatin has multiple effects. It forms DNA crosslinks, predominantly 

intrastrand crosslinks, inhibits DNA replication and RNA transcription, causes G2 phase 

cell cycle arrest and programmed cell death [47]. As cisplatin does not directly induce 

double strand breaks and subsequent γH2AX activation, it has been postulated that cisplatin 

treated cells require transition through the S phase to induce double strand breaks and the 

formation of γH2AX foci [48]. Therefore, cisplatin-induced γH2AX foci formation requires 

time and is dynamic due to cellular repair mechanisms. In literature, a correlation has been 

reported between residual γH2AX foci present 24 hours after cisplatin treatment and 

clonogenic capacity [48]. A similar relation was found in our studies (Supplementary Fig. 

2).  

We did not find γH2AX upregulation due to USMB only. On the contrary, Furusawa et al. 

[49] reported a transient, USMB-induced γH2AX enhancement which was substantial 

between 30 min and 2 hours, and still observed at 6 hours post-treatment. In our study we 

only looked at γH2AX foci 24 hours after USMB treatment and found no effect on γH2AX 

signal. However, this does not exclude the possibility that γH2AX was transiently 

upregulated immediately after USMB treatment, as reported by Furusawa et al. The lack of 

(lasting) γH2AX upregulation by USMB only in our study is in accordance with the 

survival study, where no effect by USMB on radiotherapy efficacy was found. Czarnota 
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and co-workers, however, did find a radiosensitizing effect by USMB in different models in 

vitro and in vivo [50]–[53]. This discrepancy may be explained by the timing of USMB in 

relation to radiotherapy. While we had a 24-hour window between USMB treatment and 

radiotherapy, they did consecutive USMB and radiation treatments. It has been reported 

that maximal cell death was obtained when the time delay between USMB and radiotherapy 

was zero hours in vitro [54]. 

This work describes the use of USMB to enhance intracellular cisplatin levels and 

subsequent chemoradiation efficacy in tumor cells. However, in vivo the microbubbles will 

be primarily confined to the tumor vasculature, suggesting that the primary cells in contact 

with the cavitating microbubbles are endothelial cells. As intracellular drug delivery by 

USMB is also effective in endothelial cells [14], [23], we believe similar results can be 

expected in endothelial cells. Moreover, endothelial cells have been shown to be an 

important factor in response to radiotherapy in vivo, as the microvascular damage regulates 

tumor cell response to radiation [55]. Nevertheless, as human oral squamous cell carcinoma 

cells have been shown to invade the vascular lumen [56], and the vasculature can be 

severely interrupted by USMB [57], [58], cavitating microbubbles may also be in direct 

contact with tumor cells. The exact effect of USMB on the vasculature in vivo has not been 

completely elucidated and depends substantially on the ultrasound parameters. 

We presented a promising method of enhancing the intracellular delivery of radiosensitizer 

cisplatin by ultrasound in combination with microbubbles. As microbubbles and diagnostic 

ultrasound equipment are clinically approved, translation of this approach towards patients 

seems feasible at this point. A possible clinical use of this approach would be in increasing 

the efficacy of chemoradiotherapy, which aims to improve the locoregional tumor control. 

Whereas in many clinical scenarios chemotherapy is given to treat the systemic disease, i.e. 

distant metastases, the primary tumor site is often treated with surgery or radiotherapy. 

However, in the case of head and neck cancer, cisplatin is primarily administered to act as a 

radiosensitizer, increasing the local efficacy of radiotherapy. A localized treatment with 

USMB can augment the radiosensitizing effect of cisplatin, thereby increasing treatment 

efficacy in advanced stage head and neck cancers. 

 

5.  Conclusion 

In this work, we have demonstrated that ultrasound in combination with microbubbles can 

increase the radiosensitizing effect of cisplatin in vitro. This enhanced efficacy was 

associated with increased intracellular cisplatin levels, which were higher when cisplatin 

was delivered with USMB. Moreover, the enhanced level of intracellular cisplatin induced 

by USMB resulted in increased levels of DNA double strand breaks.  

 

  



Chapter 3 

 72 

Acknowledgements 

The authors would like to thank Seyed Mohammadali Dadfar and Prof. Twan Lammers 

from Aachen University for their help with the cisplatin quantification. The help of Masha 

Hoogenboom, Ingrid Boots and Kim van den Berkmortel from the Veterinarian 

Radiotherapy Department for the radiation experiments was highly appreciated. Thanks to 

Nathalie van den Tempel and Prof. Ronald Kanaar from the Erasmus Medical Center for 

the initial help with antibody labeling of γH2AX.  

 

Appendices 

 

 

Supplementary Fig. 1: Overview of the US setup in this study, designed to sonicate the complete monolayer of 
cells inside the CLINIcell. (A) Picture of the top-view of the setup, including the guidance frame to set the correct 
geometry of the movement and the CLINIcell frame that incorporates the CLINIcell. (B). Schematic presentation 
of the movement of the CLINIcell, ensuring ultrasound exposure to the complete monolayer. 
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Supplementary Fig. 2: Scatterplot of the surviving fraction as a function of γH2AX positive fraction of different 
treatments.  
 
 

 

Supplementary Fig. 3: Intracellular platinum levels in FaDu cells measured by ICP-MS after a 120 minute 
incubation with 5 µg/mL cisplatin, with or without USMB treatment. Bars represent mean + standard deviation 
(N=5). Pt = Platinum, NS = not significant. 
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Abstract 

Ultrasound (US) induced cavitation can be used to enhance the intracellular delivery of 

drugs by transiently increasing the cell membrane permeability. The duration of this 

increased permeability, termed temporal window, has not been fully elucidated. In this 

study, the temporal window was investigated systematically using an endothelial- and two 

breast cancer cell lines. Model drug uptake was measured as a function of time after 

sonication, in the presence of SonoVue™ microbubbles, in HUVEC, MDA-MB-468 and 

4T1 cells. In addition, US pressure amplitude was varied in MDA-MB-468 cells to 

investigate its effect on the temporal window. Cell membrane permeability of HUVEC and 

MDA-MB-468 cells returned to control level within 1-2 h post-sonication, while 4T1 cells 

needed over 3 h. US pressure affected the number of cells with increased membrane 

permeability, as well as the temporal window in MDA-MB-468 cells. This study shows that 

the duration of increased membrane permeability differed between the cell lines and US 

pressures used here. However, all were consistently in the order of 1-3 h after sonication. 



Duration of ultrasound-mediated enhanced plasma membrane permeability 

 

79 

1. Introduction 

Efficient and controlled drug delivery to tumor tissue remains one of the major challenges 

in pharmaceutical research. To achieve drug delivery to diseased tissue, drugs need to 

overcome several biological barriers. For drugs with intracellular targets, one of these 

barriers is the plasma membrane. Ultrasound (US) can be applied to overcome this barrier, 

improving cellular uptake of drugs and genes [1]. US has been observed to increase, for 

example, the anti-tumor effectiveness of anticancer chemotherapeutics including bleomycin 

[2], [3], cisplatin [4], [5], methotrexate [6] and gemcitabine [7], both in vitro and in vivo. 

US has some major advantages over other intracellular drug delivery techniques, e.g. 

electroporation, since it can control drug delivery non-invasively in a spatial and temporal 

manner [8]. Microbubbles (MBs), initially developed as ultrasound contrast agents for 

diagnostic imaging, are now widely studied to enhance the effectiveness of therapeutic 

ultrasound [9]. MBs oscillate when exposed to US, and at low pressure amplitude, this can 

result in stable cavitation over a longer period of time. MB-mediated cavitation induces 

normal stresses and, through micro streaming, shear stresses to their environment. Higher 

pressure amplitudes may lead to inertial cavitation, in which the microbubbles collapse, and 

high velocity jets may occur [10]. When in close proximity to cells, these effects can induce 

transient permeabilization of the plasma membrane [11], [12], which, in turn, allows the 

intracellular delivery of non-permeant agents [13].  

Plasma membrane permeabilization can be the result of oscillating microbubbles [14]. 

Initially, this enhanced membrane permeability has been ascribed to pores in the membrane 

and was therefore termed sonoporation [15]. Recently, it has been shown that these pores 

are not the only mechanism responsible for US induced drug uptake. Meijering et al. 

observed that endocytosis was up-regulated after US exposure and that the contribution of 

membrane pores and endocytosis to ultrasound induced uptake depended on the molecular 

size of the dye [16].  

Another aspect of US induced membrane permeabilization under discussion, is the duration 

of increased cell membrane permeability, e.g. for hydrophilic low molecular weight drugs. 

This “temporal window” may influence future clinical protocols using sonoporation. The 

degree of US induced membrane damage leading to permeability has been reported to 

depend on exposure conditions, such as US pressure [17], [18], duty cycle [19] and 

sonication time [18]. To remain viable, cells need to recover from US induced plasma 

membrane damage. It has been shown that membrane pore resealing is influenced by pore 

size, ATP, extracellular [Ca2+] and presence of intracellular vesicles [20], [21]. Under 

normal physiological conditions in vitro, membrane recovery after US exposure was 

reported to take seconds [22], [23], minutes [20], [21], or even hours [24].  

The duration of membrane permeability after sonication can also be measured by the 

internalization of a membrane impermeant model drug. A temporal window has been 

demonstrated in the order of seconds in bovine endothelial cells [11], minutes in prostate 

cancer cells [20], or even 24 hours in a glioma cell line [25]. These studies used similar 



Chapter 4 

 80 

small, hydrophilic dyes, i.e. propidium iodide (668 Da; [11]), calcein (623 Da; [20]) and 

SYTOX® Green (600 Da; [25]), all impermeable to viable cells. Since propidium iodide 

and SYTOX® Green are DNA intercalating agents, they are considered as model drugs for 

small hydrophilic chemotherapeutics, based on their physicochemical properties and target 

site. 

Until now, no study, to our knowledge, reported the temporal window of different cell lines 

with identical experimental settings (i.e. US parameters, type of microbubble, model drug), 

and it remains unclear what causes the discrepancies in the reported temporal windows. 

Previous studies investigated the temporal window in either a cancer cell line or an 

endothelial cell line. Looking at future treatment strategies involving microbubbles and 

ultrasound, two routes of administration can be discriminated. The first involves 

intravenous administration of microbubbles and drugs, where US-activated microbubbles 

primarily affect endothelial cells. A second strategy implies intratumoral administration of 

microbubbles and drugs, where relative high local concentrations of MBs are in direct 

contact with tumor cells [3], [26], [27].  

From these perspectives, the objective of the present study was to investigate the temporal 

window of model drug uptake after US exposure in an endothelial and two cancer cell lines. 

Sonovue™ MBs were chosen since they are commonly used in the clinic as ultrasound 

contrast agents. The three cell lines were sonicated with identical US exposure conditions 

in the presence of MBs and the duration of model drug uptake was assessed. In addition, 

US pressure during sonication was varied to investigate its effect on the temporal window 

of uptake.  

 

2. Materials and Methods 

 

2.1 Cell culture 

MDA-MB-468 human breast cancer cells (ATCC® HTB-132™, LGC Standards GmbH, 

Wesel, Germany) were maintained in High Glucose – Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich®, St. Louis, 

MO, USA). 4T1 mouse breast cancer cells (ATCC® CRL-2539™) were grown in Roswell 

Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS, and human 

umbilical vein endothelial cells (HUVEC; Lonza, Basel, Switzerland) were cultured in 

Endothelial Basal Medium-2 (EMB-2; Lonza) supplemented with Endothelial Growth 

Media-2 Microvascular complements (EGM™-2MV SingleQuots™ kit; Lonza). HUVEC 

cells were used between passages 6 to 9. All cell lines were cultured in a humidified 

incubator at 37 °C and 5% CO2, in standard cell culture flasks.  

Two days prior to ultrasound experiments, cells were seeded into OptiCells™ (Thermo 

Fisher Scientific Inc., Walthman, MA, USA). In the case of HUVEC cells, OptiCells™ 
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were coated with collagen I (Sigma-Aldrich®) prior to cell seeding to minimize US 

induced cell detachment. 

 

2.2 Ultrasound contrast agent 

SonoVue™ (Bracco, Milan, Italy), a lipid shelled microbubble containing sulphur 

hexafluoride gas (SF6), was used as a cavitation inducing agent in US experiments [28]. 

The MB suspension was prepared according to the manufacturer’s protocol, yielding a 

mean bubble diameter of 2.5 µm, and a concentration ranging between 1 - 5 × 108 

microbubbles/mL. Before US experiments, 700 µL of fresh microbubbles was mixed with 

9.5 mL medium, giving a suspension with a concentration of around 2 x 107 MBs/ml, 

which was then injected into the OptiCell™. 

 

2.3 Chemicals 

SYTOX® Green (Life Technologies™ Europe BV, Bleiswijk, Netherlands; Excitation 

(Ex)/Emission (Em) wavelengths = 504/523 nm), a nucleic acid stain unable to penetrate 

into viable cells, was used as a marker for cell membrane permeability. SYTOX® Green’s 

(MW ~600 Da) fluorescence intensity increases >500-fold upon binding DNA. These 

properties make it a model drug [25], [29] for US-induced uptake and nucleic acid binding, 

since most small chemotherapeutic drugs also depend on cellular internalization and DNA 

binding. In separate experiments, Hoechst 33342 (Sigma-Aldrich®; Ex/Em wavelength = 

350/461 nm), a cell membrane permeable dye that binds to DNA, was used to detect all 

cells (i.e. permeabilized and non-permeabilized cells) in the field of view.  

 

2.4 Ultrasound setup 

Ultrasound experiments were performed with an unfocused mono-element piezoelectric US 

transducer (Precision Acoustics, Dorchester, UK) with a 20-mm diameter. The sinusoidal 

signal (1.5 MHz) was generated by an arbitrary waveform generator (Agilent Technologies, 

Santa Clara, CA, USA). An oscilloscope (Agilent Technologies) triggered the arbitrary 

waveform generator to generate a pulsed waveform (Fig. 1a), which was fed to an amplifier 

(K.M.P. Electronics, Bédoin, France). The US set-up was calibrated using a 125 µm glass 

fiber hydrophone (Precision Acoustics) by measuring the ultrasound pressure field 80 mm 

from the transducer (Fig. 1b). Hydrophone measurements also showed that the two 

OptiCell membranes attenuated less than 2% of the US beam. The water surface was 10 cm 

above the OptiCell to prevent the buildup of standing waves.  

In pilot experiments, duty cycle (1, 2.5, 5, 10, 15 and 20%), pressure (150 – 600 kPa peak 

negative pressure (PNP)), sonication time (5 – 30 s), and MB concentration (3 x 106 

MBs/ml – 2 x 107 MBs/ml) were varied to find a balance between model drug uptake and 
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cell viability. The acoustic parameters used in this study were frequency = 1.5 MHz, pulse 

repetition frequency = 1 kHz, duty cycle = 10%, total sonication time = 5 sec, 100 µs pulse 

duration (150 cycles), peak negative pressure = 400, 500 and 600 kPa. Similar pressure 

levels can be reached with diagnostic ultrasound imaging instruments, and are used in the 

clinic (Szabo, 2004). These pressure levels are much lower than those used for tumor 

ablation protocols with High Intensity Focused Ultrasound (HIFU). 

 

 

 

Fig. 1. (a) Schematic presentation of the ultrasound setup. (b) Horizontal XY plane of the ultrasound field 
measured at 80 mm perpendicular to the transducer. AWG = Arbitrary Waveform Generator. 

 

 

2.5 Experimental protocol 

To investigate the temporal window of SYTOX® Green uptake in different cell lines, 4T1, 

HUVEC and MDA-MB-468 cells were exposed to 500 kPa US. MDA-MB-468 cells were 

also exposed to 400 and 600 kPa US to investigate the effect of pressure on the temporal 

window. In each OptiCell™, six regions were sonicated. The center of the regions was 

marked to identify the center of the US exposure area for optical microscopy (Fig. 2a), and 

bright field images were acquired prior to sonication. Each OptiCell™ had two positive (T 

= 0; C and F, Fig. 2a) and two negative (no US; G and H, Fig. 2a) control regions.  

The remaining four regions (A, B, D and E, Fig. 2a) were sonicated at a certain time (-0.5, -

1, -2, -3 or -24 hours, Fig. 2b) prior to SYTOX® Green addition. OptiCells™ were 

subconfluent at the time of the experiment and fresh medium mixed with MBs was added 

just before sonication. The OptiCell™ was placed in the 37 °C water bath with the cells on 

the upper wall. Subsequently, the four regions (A, B, D and E) were exposed to US within a 

2 minute time span and placed back in the incubator. At T = 0, medium in the OptiCell™ 

was replaced with fresh medium, MBs and 2 µM SYTOX® Green and the last two regions 

(C and F; T = 0) were exposed to US in the presence of the dye. Cells were incubated for 

20 minutes with SYTOX® Green, after which bright field and fluorescent images (40x 

magnification, Eclipse TE2000-U, Nikon, Japan) were acquired of all areas (A-H, Fig 2a). 

For all three cell lines, fluorescence microscopy images were analyzed and SYTOX® 
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Green positive cells showing a fluorescent signal above a fixed threshold were counted 

automatically (ImageJ, NIH, Bethesda, MD, USA).  

Cell counts in bright field images were performed only for MDA-MB-468 cells, which 

allowed calculations of the percentage of cells with model drug uptake. To confirm the 

accuracy of bright field cell counting of MDA-MB-468 cells in ImageJ, cells were counted 

in bright field images and fluorescence images after Hoechst 33342 staining in the same 

field of view.  

 

 
Fig. 2. (a) Schematic presentation of the OptiCell™ and the sonication areas. Regions A, B, D and E were exposed 
to US before SYTOX® Green addition (at T = -24, -3, -2, -1 or -0.5h). After adding SYTOX® Green, regions C 
and F were sonicated (T = 0; positive control). G and H are negative control areas. (b) Overview of different 
sonication time points in relation to addition of SYTOX® Green and fluorescence microscopy.  

 

 

2.6 Cell viability assay 

MDA-MB-468 cell viability after US exposure in the presence of MBs was evaluated using 

a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. 

Separate US experiments without dye were performed to measure cell viability, since 

SYTOX® Green is a DNA intercalating agent and therefore might compromise cell 

viability. For every OptiCell™, three regions were sonicated and three regions were left 

untreated to serve as controls. Twenty-four hours after US exposure, the medium in the 

OptiCell™ was replaced with fresh medium containing 1.2 mL MTT dye solution 

(CellTiter 96 Non-Radioactive Cell Proliferation Assay; Promega, Madison, WI, USA) and 

incubated for 1 hour at 37 °C. Subsequently, 2 images of each region were acquired for cell 

counting. Pilot experiments demonstrated that 2 images of different quadrants of a (non-
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)sonicated region provide a reliable estimate for the total cell number. Next, the regions 

were cut out and placed in wells of a 24-well plate (Greiner Bio One, Alphen aan den Rijn, 

Netherlands) containing 300 µL medium. After addition of 300 µL solubilization/stop 

solution (Promega), the well plate was incubated for 1 hour in the dark. Finally, the dye 

solution was homogenized by gentle pipetting and optical density was measured at 570 nm 

for formazan production, and 650 nm for background signal (Spectrostar Nano; BMG 

Labtech, Ortenberg, Germany). The MTT signals were normalized for the number of cells 

present after adding MTT dye.  

 

2.7 Data analysis 

Model drug uptake, i.e. the number of SYTOX® Green positive cells, was counted for each 

time point (regions A, B, D and E). These numbers were normalized to the positive controls 

present in the same OptiCell™ (regions C and F), which were set to 1. This allowed 

controlling for possible experimental differences, e.g. variations in cell confluency. 

Viability results were calculated as a percentage of the optical density produced by non-

sonicated cells, which was set to 100% cell viability. In addition, the optical density was 

normalized for the number of cells in the circle in order to take minor US-induced cell 

detachment into account. One-way ANOVA followed by 

Tukey’s multiple comparisons test (viability data) or Dunnet’s multiple comparisons test 

(temporal window data) were performed using GraphPad Prism version 6.00 for Windows 

(GraphPad Software; La Jolla, CA, USA), where p < 0.05 was considered to be statistically 

significant. 

 

3. Results 

 

3.1 Temporal window of SYTOX® Green uptake in MDA-MB-468 cells 

At different time points after a single 500 kPa ultrasound exposure, SYTOX® Green was 

added to the medium of MDA-MB-468 cells, and the number of cells with uptake of the 

model drug was determined from fluorescent images. In Fig. 3 can be observed that the 

number of cells with uptake was highest when cells were sonicated in the presence of the 

model drug in the medium, and decreased with increasing time between ultrasound 

exposure and addition of the model drug. Within cells that were sonicated twenty-four 

hours prior to model drug addition, the number of cells with uptake was higher than non-

sonicated cells. 
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3.2 The effect of ultrasound pressure on the temporal window in MDA-MB-468 cells 

US pressures below 400 kPa resulted in dye uptake in less than 5% of total cells at T = 0, 

while pressures above 600 kPa resulted in major cell detachment (data not shown). 

Therefore, the results of the exposure of MDA-MB-468 cells to 400, 500 and 600 kPa US 

are shown in Fig. 4a, with cellular SYTOX® Green uptake as a function of time (Fig. 4b).  

For all acoustic pressures, the highest uptake was found at T = 0. The maximum 

percentages of MDA-MB-468 cells with uptake were 13.3 ± 2.1 %, 19.2 ± 3.5 % and 16.6 ± 

2.9 % following sonication with 400 kPa, 500 kPa and 600 kPa, respectively. In the 

analysis of the temporal window experiments, model drug uptake was normalized to the 

positive controls (T = 0), which were set to 1. Cells exposed to 400 and 600 kPa US needed 

1 hour to return to uptake levels of non-sonicated cells, while cells exposed to 500 kPa US 

needed 2 hours. There was a modest, though significant, increase in the number of 

SYTOX® Green positive cells 24 hours post-exposure compared to previous time points 

after 600 kPa pressure.  

 

 
Fig. 3. Fluorescent images of SYTOX® Green positive MDA-MB-468 cells as a function of time between 
sonication at 500 kPa and dye addition. T = 0h shows sonication in the presence of SYTOX® Green, the control 
image represents a non-sonicated area.  
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As mentioned, US exposure also induced cell detachment from the OptiCell™ membrane. 

Sonication at 400 kPa, 500 kPa and 600 kPa caused 18 ± 5%, 16 ± 6% and 31 ± 6% cell 

detachment, respectively. When cells that detached during sonication were seeded into 

normal cell culture flasks, they did not adhere or proliferate and were therefore considered 

non-viable (personal data, unpublished), similar to what was reported by others [30]. 

 

 

 

Fig. 4. (a) MDA-MB-468 cells with SYTOX® Green uptake as a % of total cells in the field of view after non-
sonication or sonication at 400, 500, and 600 kPa. Cells were sonicated in the presence of SYTOX® Green (T = 
0). Significant differences are marked with asterisk * (p < 0,05). (b) Ratio of MDA-MB-468 cells with SYTOX® 
Green uptake at different time points between US exposure and dye addition. The number of SYTOX® Green 
positive cells at T = 0 has been set to 1 for each US pressure independently. Values indicate mean +/- standard 
deviation (N=4). Significant differences with non-sonicated control cells are marked with asterisk * (p < 0.05). 

 

 

3.3 Cell viability of MDA-MB-468 cells following sonication 

Viability of MDA-MB-468 cells exposed to US at 400, 500 and 600 kPa was measured 

using an MTT assay (Fig. 5a). Cells sonicated at 500 and 600 kPa US showed a significant 

reduction (p < 0.05) in cell viability. However, microscopy images illustrated US induced 

cell detachment after sonication, which impaired the MTT assay. Therefore, the MTT 

signal was normalized to the number of attached cells after sonication. The normalized 

MTT signal did not show reduced viability of the attached cells after US exposure. 

 

3.4 Hoechst and SYTOX® Green co-administration 

While the data of Fig. 4b was based solely on fluorescent images, the percentage of 

SYTOX® Green positive cells (Fig. 4a) was determined using both fluorescent and bright 

field images of the same field of view. In separate experiments, cells were treated with 

Hoechst 33342 to stain all the cells in the field of view. Hoechst stained cells could easily 
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be counted using ImageJ, and this number was compared with a bright field cell count of 

the same field of view. This confirmed the accuracy of automated bright field cell count for 

MDA-MB-468 cells to be within 10% (data not shown). Analysis showed that the 

fluorescence intensity of SYTOX® Green positive cells was lower in presence of Hoechst 

than in its absence (Supplementary Fig. 1). Therefore, Hoechst staining was not used in 

standard temporal window experiments, since it was observed to compete with SYTOX® 

Green for DNA binding.  

 

 

 

Fig. 5. (a) Viability of MDA-MB-468 cells as a function of US pressure. MTT signal for non-sonicated control 
cells was set at 100%. (b) Normalized viability of MDA-MB-468 cells as a function of US pressure. MTT signal 
was normalized for number of cells in two fields of view per (non-) sonicated region. Values indicate the sample 
mean + standard deviation (N=6). Significant differences are indicated with asterisk *(p < 0.05). 

 

 

3.5 Temporal window of SYTOX® Green following sonication in three cell lines 

In MDA-MB-468 cells, 500 kPa sonication resulted in the highest number of cells with 

SYTOX® Green uptake for all time points (Fig. 4). Therefore, this pressure was also used 

to assess the temporal window of model drug uptake in 4T1 and HUVEC cells. All three 

cell lines demonstrated a reduction in uptake with increasing time between sonication and 

model drug addition (Fig. 6). However, the cell lines exhibited different temporal window 

curves. The time-dependent uptake in 4T1 cells declined more slowly compared to other 

cell lines, with a 26% decrease of SYTOX® Green positive cells at T = -0.5 hour, as 

compared to 44% and 73% for MDA-MB-468 and HUVEC, respectively. Model drug 

uptake in 4T1 cells was significantly higher than in control cells up to 3 hours after 

sonication, but returned to control level twenty-four hours post-exposure. Within 2 hours, 

the percentage of MDA-MB-468 cells with model drug uptake returned to that of control 

cells. For HUVEC cells, the percentage of cells with uptake was not significantly different 
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anymore from that of non-sonicated cells one hour post-sonication (p = 0.06). Despite using 

collagen-coated OptiCells™ for HUVEC experiments, US induced cell detachment resulted 

in high standard deviations in the HUVEC data. Due to cell morphology, bright field cell 

counts of 4T1 and HUVEC cells were not possible, excluding the option of measuring 

absolute uptake percentages in the temporal window experiments. 

 

 

Fig. 6. Ratio of cells with SYTOX® Green uptake at different durations between US exposure and model drug 
addition. The positive control (T = 0) has been set at 1. Values indicate mean +/- standard deviation (N=4). 
Significant differences with non-sonicated control cells are marked with asterisk * (p < 0.05). 

 

 

4. Discussion 

The main goal of this study was to investigate the duration of enhanced membrane 

permeability, i.e. temporal window, following identical US exposures in different cell lines. 

As mentioned before, depending on the route of administration, microbubbles can be in 

direct contact with endothelial or cancer cells. Therefore, these studies were conducted in 

one endothelial (HUVEC) and two cancer cell lines (MDA-MB-468 and 4T1). In all three 

cell lines, the number of cells with SYTOX® Green uptake was maximal when sonication 

was performed in the presence of the model drug. The number of cells with uptake 

decreased with increasing time between sonication and addition of model drug. Uptake in 

HUVEC and MDA-MB-468 cells returned to the control value after 1 and 2 hours post-

sonication, respectively, whereas this took more than 3 hours for 4T1 cells. If a similar 

duration of membrane permeability could be found in a 3D in vitro model or in vivo, this 
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would have implications for future treatment protocols. For example, a single ultrasound 

exposure could be advantageous throughout an i.v. drug infusion.  

Under our experimental conditions, the measured durations of membrane permeability after 

US exposure are much longer (i.e. 1-3 hours) than the seconds or minutes described 

previously for similar model drugs [11], [20] and shorter than the 24 hours reported by 

Yudina et al. for the same model drug as the present study [25]. These large differences in 

temporal windows described in the literature can be explained partly by the different cell 

lines used, but perhaps more importantly by the different US setups, e.g. microbubbles used 

and US parameters applied, or the way of measuring uptake. US parameters used in this 

study were selected in line with literature on sonoporation [15]. However, US pressure was 

limited in our study to 400-600 kPa due to insufficient model drug uptake and cell 

detachment. In our results, MDA-MB-468 cells exposed to 400, 500 and 600 kPa US 

demonstrated slightly different temporal window curves, with the percentage of 

permeabilized cells decreasing to baseline within one to two hours after sonication. 

Interestingly, at T = -24 hours, the number of MDA-MB-468 cells with model drug uptake 

increased significantly compared to previous time points for 600 kPa sonicated cells. This 

rise in permeable cells 24 hours post-sonication may be related to a delayed apoptotic 

response to US exposure. Indeed, sonication can trigger a cascade of events in subcellular 

organelles, eventually leading to apoptosis [31]. Cell membrane pores increase in size with 

increasing acoustic pressure, resulting in cell death when pore size exceeds the cell’s 

capacity to reseal [32]. Although in this study cell detachment increased with increasing 

acoustic pressure, a reduced viability was not observed for adherent cells after sonication. 

As mentioned above, the great disparities can also be explained by the various ways of 

measuring uptake of model drugs. For example, Van Wamel et al. determined the temporal 

window using fluorescent microscopy, counting the percentage of 500 cells with model 

drug uptake [11]. On the other hand, Schlicher et al. assessed the temporal window based 

on the intracellular calcein concentration, measured by flow cytometry, and normalized to 

the extracellular concentration [20]. Yudina et al. measured the mean fluorescence intensity 

of cells with model drug uptake in microscopy images [25]. The latter method can be prone 

to a bias due to a few death cells with high fluorescence intensity in the field of view.  

This relatively long temporal window for the three cell lines found here raises the question 

whether this can be ascribed to pore formation, endocytosis stimulation or another 

mechanism. Meijering et al. suggested that small model drugs (i.e. < 4.4 kDa) are 

predominantly internalized through pores immediately after sonoporation [16]. Previous 

studies reported that US induced membrane pores reseal in seconds [21], [23] to minutes 

[19], [20]. To the best of our knowledge, there are no reports on the duration of endocytosis 

up-regulation after US exposure. An experimental design that allows discriminating 

between uptake through pores and uptake by endocytosis could be used to further elucidate 

the mechanism of uptake of these (model) drugs at the different time points. 

The present study has a few limitations. For the data analysis of MTT and permeability 

assays, it would have been desirable to obtain the total cell counts using Hoechst staining. 
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However, SYTOX® Green fluorescence decreased when Hoechst was co-administered. 

While SYTOX® Green has little base selectivity, Hoechst has a preference for double 

stranded AT-rich DNA [33]. As a result, the decrease in SYTOX® Green fluorescence 

intensity observed can reflect a competition of both intercalating fluorescence probes to the 

same DNA sites. These findings ruled out the possibility of using Hoechst in all 

experiments to obtain the total cell counts. Therefore, total cell counts were derived only by 

bright field microscopy images. A second limitation is the concentration of microbubbles 

used in the present study, which is much higher than the in vivo concentration for contrast 

enhanced ultrasound. Although the concentration used in this study exceeds what is 

typically achieved using intravenous administration, intratumoral administration of MBs 

can lead to high local concentrations of MBs. Additionally, in the intravenous 

administration context, blood flow is a major parameter, which has to be considered to 

succeed in efficient drug delivery using sonoporation. However, flow was not taken into 

account in our in vitro setup, but may play a large role in the contact between microbubbles 

and cell membranes.  

Further in vivo investigations are required to assess the temporal window in a tumor 

environment. Since most chemotherapeutic agents are administered by i.v. infusion, a long 

temporal window, as was found here, would be beneficial throughout the infusion after a 

single sonication. Otherwise, tumor tissues could be exposed to repeated sonoporation 

treatments to achieve an increased intratumoral therapeutic dose of chemotherapeutics [34]. 

 

5. Conclusions 

 

In this work, it is shown that microbubble-assisted US can be used for the internalization of 

model drugs by cells. US pressure affected the percentage of MDA-MB-468 cells taking up 

the model drug SYTOX® Green, as well as the temporal window of the membrane 

permeabilization. The temporal window of uptake after US exposure differed between cell 

lines, but was consistently in the order of 1-3 h for HUVEC, MDA-MB-468 and 4T1 cells.  
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Appendix 

 

 

Supplementary Fig. 1. Histogram of SYTOX® Green positive MDA-MB-468 cells versus the fluorescence 

intensity per cell after sonication using 400 kPa, in the presence or absence of Hoechst 33342. 
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Abstract 

Membrane sonopermeabilization results in the reversible permeabilization of the plasma 

membrane of mammalian cells exposed to microbubble-assisted ultrasound. This physical 

method is increasingly used in-vitro and in-vivo due to its potential to deliver nucleic acids, 

low molecular weight chemotherapeutics and therapeutic antibodies, with limited loss of 

cell viability and tissue damage. Nevertheless, the effects of the sonopermeabilization on 

the plasma membrane still remain to be fully understood. In our study, we investigated the 

influence of microbubble-assisted ultrasound on the transverse mobility of membrane 

phospholipids, especially on phosphatidylserine (PS) externalization. We performed studies 

using optical imaging with Alexa Fluor® 488-conjugated Annexin V and FM 1-43 to 

monitor phosphatidylserine externalization of rat glioma C6 cells. Microbubble-assisted 

ultrasound induced transient membrane permeabilization, which is positively correlated 

with reversible phosphatidylserine externalization. Nevertheless, this acoustically-mediated 

membrane disorganization was temporary and not associated with loss of cell viability. 

With our settings, microbubble-assisted ultrasound did not induce PS externalization via 

calcium-stimulated activation of the phospholipid scramblase. Based on our data, we 

hypothesize that acoustically-induced membrane pores may provide a new pathway for 

phosphatidylserine migration between inner and outer leaflets of plasma membrane. During 

the membrane-resealing phase, PS asymmetry may be re-established by amino-

phospholipid flippase activity and/or endocytosis along with exocytosis processes. 
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1. Introduction 

In modern pharmacology, one of the main research goals is to design methods to efficiently 

increase gene and drug delivery without harming healthy cells and tissues. Of these 

methods, microbubble-assisted ultrasound (also known as sonoporation or 

sonopermeabilization) is receiving increasing attention as a physical method for the in-vitro 

and in-vivo delivery of various exogenous molecules including nucleic acids, anti-cancer 

drugs, peptides and antibodies [1-3]. This method involves ultrasound-induced cavitation of 

gas-filled microbubbles in the vicinity of the biological barriers (e.g., plasma membrane, 

endothelial barrier, blood-brain barrier) in order to transiently increase their permeability 

[4].  

To this effect, microbubbles may stably oscillate upon exposure to a low acoustic pressure; 

a process termed stable cavitation. The oscillations generate fluid flows surrounding the 

microbubbles, known as acoustic microstreaming [5, 6]. At higher acoustic pressures, 

microbubbles oscillate with increasing amplitude, leading to their violent collapse and 

destruction, termed inertial cavitation. Microbubble disruption might be accompanied by 

generation of shock waves in the medium close to the microbubble [7, 8]. Microstreaming 

and shock waves induce shear stress on biological barriers, resulting in their enhanced 

permeability. The ultrasound-induced collapse of the microbubble can be asymmetrical, 

leading to the formation of high velocity jets that puncture biological barriers and thereby 

entail a greater permeability [9, 10]. Both cavitation regimes are exploited to create 

membrane pores and stimulate endocytosis, transcellular and paracellular pathways, thus 

enhancing the extravasation and the intracellular uptake of exogenous molecules [11]. 

Despite the use of microbubble-assisted ultrasound in drug delivery, there is still a lack of 

knowledge about acoustically-mediated structural and dynamic changes of the plasma 

membrane. In addition to changes in the transmembrane potential [12] and membrane 

permeability [13], the main structural membrane alterations of sonopermeabilized cells are 

bleb formation [14] and phosphatidylserine externalization [15]. Even though the former 

membrane changes are reversible and not related to a loss of cell viability, the latter can be 

permanent and is usually associated with cell death.  

For most healthy eukaryotic cells, the outer leaflet of the plasma membrane is mainly 

composed of neutral lipids including phosphatidylcholine and sphingolipids, whereas 

anionic lipids such as phosphatidylserine (PS), phosphatidylethanolamine, 

phosphatidylinositol and phosphoinositides are preferentially restricted to the inner leaflet 

of the plasma membrane [16]. This asymmetric distribution generates two membrane 

surfaces with highly different electrostatic potentials and has a tremendous impact on 

membrane protein activity [16]. Membrane asymmetry is maintained by two enzymes 

acting in concert with membrane synthesis and recycling: (i) Ca2+-inhibited, ATP-

dependent amino-phospholipid translocase moves PS from the outer to the inner leaflet of 

the plasma membrane; (ii) Ca2+-dependent amino-phospholipid scramblase facilitates the 

randomization of PS distribution between the two leaflets of the plasma membrane. 
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Regulated PS externalization is a physiological event involved in several biological 

processes including thrombosis [17], intra-membrane signal transduction in lymphocytes 

[18] and the phagocytosis of apoptotic cells [19]. Although the net energy required to move 

charged phospholipid head-groups, e.g., PS, from one leaflet of the lipid bilayer to the other 

one is only of the order of the thermal energy of kBT (kB, being Boltzmann's constant and 

T, the thermodynamic temperature), the hydrophobic membrane core constitutes a high 

energy barrier [20]. Homan and Pownall reported that activation energies for translocation 

are of the order of 100 kJ/mol, and rate constants for spontaneous transverse phospholipid 

migration are of few hours [21]. However, a number of biological (e.g., membrane-

spanning peptides, calcium release from internal storages) and physical (e.g., temperature, 

electric field) stimuli may lower this activation energy or facilitate membrane restructuring 

(e.g., membrane defects or pores) and PS translocation [22, 23]. In the field of gene and 

drug delivery, PS externalization would lead to the phagocytic clearance of PS-exposing 

cells, thus preventing gene expression or drug activity. 

The objective of the present study is to further investigate the effects of microbubble-

assisted ultrasound on the plasma membrane. We report on the influence of microbubble-

assisted ultrasound on the asymmetric distribution of phospholipids, in particular on the 

transverse mobility of PS. Our experiments, which included optical imaging and biological 

assays, address the following questions: (i) Does microbubble-assisted ultrasound induce 

PS externalization in viable cells? (ii) Is there a biophysical link between membrane 

permeabilization and PS externalization? Finally, we discuss a putative molecular model(s), 

which can support sonopermeabilization-induced PS translocation. 

 

2. Material and Methods 

 

2.1 Cell line and culture condition 

The glioma cell strain C6 was cloned from a rat glioma tumor induced by N-

nitrosomethylurea (European Collection of Cell Cultures, Salisbury, UK). This cell line has 

been frequently used to develop and optimize sonoporation for drug and gene delivery [24, 

25] as well as to understand the mechanisms involved in sonoporation [15, 26]. Cells were 

grown as a monolayer in Dulbecco’s modified Eagle’s medium (DMEM) with 1 g/L 

glucose, 0.584 g/L L-glutamine and 3.7 g/L sodium bicarbonate (Sigma-Aldrich®, St. 

Louis, MO) supplemented with 10% fetal calf serum (Sigma-Aldrich®) and 1X 

penicillin/streptomycin (Sigma-Aldrich®). The cells were routinely subcultured every 4 

days and incubated at 37°C in a 5% CO2 incubator with a humidified atmosphere. 

For the ultrasound experiments, 2×106 C6 cells were seeded into OptiCell™ culture 

chambers (Thermo Fischer Scientific Inc., Waltham, MA), and grew as a monolayer until 

cell confluency [15]. These culture chambers have two parallel gas-permeable polystyrene 

membranes of 50 cm2 that are attached to a rectangular frame with two access ports. The 
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membranes are 75 µm thick and the inner walls are 2 mm apart. Compatible with optical 

imaging [13], the polystyrene membranes attenuate less than 2% of the ultrasound beam 

[27]. The water surface was 10 cm above the culture chamber, which in combination with 

short duration of the ultrasound pulses, prevented the buildup of standing waves. 

 

2.2 SonoVue
®
 microbubbles 

SonoVue® microbubbles (Bracco Research, Geneva, Switzerland) were prepared according 

to the manufacturer’s instructions. This second-generation contrast agent is clinically 

approved and consists of a thin and flexible monolayer of phospholipids, encapsulating 

sulfur hexafluoride gas (2 × 108 microbubbles/mL; mean diameter of 2.5 µm) [28]. 

 

2.3 Microbubble-assisted ultrasound 

Ultrasound waves were generated using a single-element unfocused transducer (Precision 

Acoustics, UK) with a central frequency of 1.4 MHz and a diameter of 15 mm. The 

transducer was driven by an electrical signal generated by an arbitrary waveform generator 

(Agilent, Santa Clara, USA) and amplified by a power amplifier (KMP Electronics, Bedoin, 

France). The peak-to-peak pressure of the acoustic waves was calibrated in a separate setup 

using a 10-µm fiber-optic hydrophone (Precision Acoustics, UK). 

Prior to the ultrasound experiments, circles were drawn on the membrane of the culture 

chamber to delineate the regions where cells would be exposed to ultrasound (Fig. 1). Then, 

fresh complete medium containing 700 µL of SonoVue® microbubbles was injected into 

the OptiCell™ chamber. In a tank with 37°C deionized water, the OptiCell™ chamber was 

positioned horizontally, 8 cm above the transducer, with the cell-coated surface upwards, 

ensuring that the microbubbles were in contact with the cells (Fig. 1a). Subsequently, the 

cell monolayer was exposed to 1.4 MHz sinusoidal ultrasound waves for 30 s with a pulse 

repetition frequency of 1 kHz and 20 cycles per pulse. The peak-to-peak acoustic pressure 

was set to 200 kPa. These acoustic parameters and microbubble-to-cell ratio had been 

optimized to induce an efficient and transient membrane permeabilization by means of 

stable cavitation, while limiting cell detachment and cell viability (unpublished data). 

 

2.4 Monitoring of membrane permeabilization 

SYTOX Green (Life Technologies™ Europe B.V., Bleiswijk, the Netherlands) is a small 

(600 Da) and cell-impermeable dye. This fluorophore is a high-affinity DNA intercalating 

agent, which is non-fluorescent in aqueous solution and exhibits a 100- to 1000-fold 

increase in fluorescence intensity upon binding to nucleic acids. SYTOX Green was used as 

a model drug to assess cell membrane permeabilization after microbubble-assisted 

ultrasound [13, 15]. The cells were incubated with 2 µM SYTOX Green in complete 



Chapter 5 

100 

medium at 37°C in a humidified atmosphere in a 5% CO2 incubator for 15 min. 

Subsequently, they were exposed to microbubble-assisted ultrasound without any additional 

washing step. 

Real-time fluorescence imaging was performed using a fibered confocal fluorescence 

microscopy system (FCFM - CellviZio® Dual Band, Mauna Kea Technologies, Paris, 

France) [29]. The fibered microprobe (Z1800) was placed vertically in the axis of the 

ultrasound transducer and at the center of the circles; The probe made contact with the 

upper wall of the OptiCell™ chamber (Fig. 1). Images were acquired during 6 min for 

SYTOX green uptake and PS externalization at an 8.5 Hz frame rate (excitation laser: 488 

nm; signal collection: 505-680 nm) (Fig. 1). This acquisition started 10 s before the 

ultrasound exposure to observe fluorescence signal changes owing to microbubble-assisted 

ultrasound. The fluorescence images were acquired at a working distance of 100 µm, a 

lateral resolution of 3.9 µm, a field of view of 593×593 µm and 0.5 mW of laser power. For 

each fluorescent probe, the experiment was repeated three times independently using the 

same exposure and data acquisition settings on a different region in the OptiCell™ 

chamber. FCFM sequences were processed using MATLAB® 2013 (MathWorks, USA). 

To increase the signal-to-noise ratio while decreasing the calculation time, frames were 

resampled to 1 frame/second from the 8.5 frames/second provided by the manufacturer. 

Then, the systematic bias generated by the fiber-bundle auto-fluorescence was removed by 

subtracting the first frame, which was acquired before US exposure, from each of the 

subsequent frames; this was performed on a pixel-by-pixel basis. The spatial mean was then 

computed for each frame. 

 

2.5 Assessment of calcium bursts 

Fluo-4 AM (acetomethyl ester) is a membrane permeant intracellular calcium indicator 

(Life Technologies™). As previously described by Juffermans et al., [30], living cells were 

loaded with 4 µM Fluo-4 AM in phosphate buffer saline (PBS) at 37°C in a humidified 

atmosphere in a 5% CO2 incubator for 45 min and then washed with PBS. Subsequently, 

they were exposed to microbubble-assisted ultrasound. Real-time fluorescence imaging was 

performed using a fibered confocal fluorescence microscopy system and data were 

analyzed as previously described (Section 2.4.). 

 

2.6 Monitoring of PS externalization 

2.6.1 Real-time monitoring of PS externalization using FM 1-43 

FM 1-43 membrane probe (Life Technologies™) is a lipophilic styryl compound. The 

water-soluble FM 1-43 dye (N-(3-triethylammoniumpropyl)-4-(4-

(dibutylamino)styryl)pyridinium dibromide) is non-toxic for cells and virtually non-

fluorescent in aqueous media, while it exhibits high fluorescence signal when inserted into 
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the outer leaflet of the plasma membrane [31]. Cells were stained with 20 µM FM 1-43 in 

complete medium for 15 min (i.e., optimal staining conditions) [32]. Cells were directly 

exposed to microbubble-assisted ultrasound without any additional washing step. Real-time 

fluorescence imaging was performed using a fibered confocal fluorescence microscopy 

system and data were analyzed as previously described in section 2.4. 

 

2.6.2 Monitoring of PS externalization using Annexin-V 

Alexa Fluor® 488-conjugated Annexin-V (Life Technologies™) is a fluorescent, Ca2+-

dependent phospholipid-binding protein (36 kDa) that displays a high affinity to 

phosphatidylserine (PS). After microbubble-assisted ultrasound, the culture medium was 

removed from the OptiCell™ chamber and the cell monolayer was thrice washed with 10 

mL Annexin-V binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4). 

Subsequently, the cells were incubated with 140 µL Alexa Fluor® 488-conjugated Annexin 

V and 7 µL of 100 µg/mL propidium iodide (i.e., to assess membrane integrity) in 7 mL 

Annexin-V binding buffer in the dark for 15 min at room temperature (i.e., optimal staining 

conditions). The cells were then washed twice with the Annexin-V binding buffer and 10 

mL of this buffer were added for confocal microscopy. 

The cells were then examined using a Zeiss LSM 510 live-cell microscope stage equipped 

with a 32 PMT meta-detector (Carl Zeiss, MicroImaging GmbH, Gottingen, Germany) and 

a 63× Plan-Apochromat Zeiss objective (1.4 NA, oil immersion). Fifteen images per 

experimental condition were acquired (Zen 2008 software, Carl Zeiss) to observe SYTOX-

Green stained nuclei or Alexa-Fluor 488-conjugated Annexin-V stained cells (excitation 

laser: 488 nm; emission filter: BP 505-530 nm) and nuclei stained with propidium iodide 

(excitation laser: 543 nm; emission filter: LP 550 nm) (Fig. 1). The images acquired were 

then analyzed with the “Cell counter” plugin of ImageJ software (v1.42q, NIH, Bethesda, 

USA). The total number of cells and the number of fluorescently stained cells were 

determined in each image using brightfield and fluorescence images, respectively (N = 500 

cells/experimental condition). 

 

2.7 Treatment of cells with calcium-chelating agents 

EGTA (Ethylene Glycol Tetraacetic acid) is the most selective chelating agent for calcium 

ions. EGTA was added at 20 mM in the culture medium (i.e., optimal staining conditions) 

immediately before microbubble-assisted ultrasound exposure. Calcium ions were 

spontaneously chelated [33]. 
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Fig. 1. Setup and timing of experiments. (A) In vitro ultrasound setup. (B) Timeline of the experiments for 
monitoring of acoustically-mediated cell permeabilization, PS externalization, calcium bursts using optical 
imaging. 
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BAPTA-AM is a cell-permeant chelator that is highly selective for Ca2+ and it can be used 

to minimize the intracellular level of Ca2+. As previously described [34], C6 cells were 

loaded with 10 µM BAPTA-AM in PBS, then incubated for 60 min at 37°C in an incubator 

maintaining a humidified atmosphere and 5% of CO2. After incubation, the cells were 

washed with PBS (i.e., optimal staining conditions) and could then be transferred to the 

ultrasound setup for microbubble-assisted ultrasound exposure. 

 

2.7 Cell viability 

CellTiter 96® non-radioactive cell viability assay was carried out according to the 

manufacturer’s protocol (Promega Benelux B.V., Leiden, the Netherlands). Each insonified 

zone was cut from the OptiCell™ membrane and placed in a well of 24-well plates 

containing 150 µL of Dye Solution. The plate was incubated at 37°C in a humidified CO2 

incubator for 1 hour. Afterwards, 1 mL Solubilization/Stop Solution was added to each well 

and the plate was incubated for 10 min under gentle agitation at room temperature. Using 

SPECTROstar® plate reader (BMG Labtech GmbH, Ortenberg, Germany), the optical 

density was then measured at 570 nm (OD570) to determine the amount of formazan 

crystal formation. Measurement at 690 nm (OD690) was used as a reference. The cell 

viability was as: 

����	��	
����� = 	
������� − �������

������������� − �������������
× 	100 

 

 

2.8 Statistical analysis 

Data were presented as mean ± standard deviation (SD) from three or five independent 

experiments. As the experimental values were not distributed normally, the statistical 

analysis was conducted using the non-parametric Mann-Whitney U test (StatPlus® - mac, 

version 5.8.3.8. 2001-2009 Analyst Soft Inc., Alexandria, VA). The results were considered 

significant when the p-value (p) was lower than < 0.05 (NS: non-significant; *p < 0.05; **p 

< 0.01 and ***p < 0.001). 
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3. Results and Discussion 

 

3.1 Membrane permeabilization using microbubble-assisted ultrasound 

Permeabilization of the cell plasma membrane is a key step in drug delivery using 

microbubble-assisted ultrasound. Assuming that this step triggers PS externalization, 

membrane permeabilization was first evaluated in real-time using FCFM by monitoring the 

intracellular uptake of SYTOX Green cell-impermeant dye. As shown in Fig. 2a, very few 

cells (white asterisks) showed a pronounced SYTOX green before microbubble cavitation, 

thus demonstrating that these cells already internalizing SYTOX Green are presumably 

dead. The exposure of C6 cells to ultrasound without microbubbles did not increase the 

membrane permeability to SYTOX Green (data not shown). In agreement with previous 

studies [13], the intracellular uptake of SYTOX Green occurred when US waves were 

combined with microbubbles, and could be observed as soon as the onset of the ultrasound 

exposure. The intracellular concentration of SYTOX Green increased for up to 3.5 minutes 

(Fig. 2a), indicating that membrane resealing is not instantaneous after ultrasound exposure, 

as also observed in previous studies [13, 27].  

To determine whether microbubble-assisted ultrasound induced reversible membrane 

permeabilization, fluorescence microscopy was performed on C6 cells stained with SYTOX 

Green at different time points after ultrasound exposure. Based on the micrographs, the 

percentage of SYTOX Green-positive cells, i.e., permeabilized cells, was evaluated by 

injecting SYTOX Green at different time points after ultrasound exposure in the insonated 

area, and in the control condition (i.e., without ultrasound) (Fig. 2b). Immediately post-

insonation (0 h), the percentage of SYTOX Green-positive cells was 46 ± 4%. This 

percentage significantly decreased over time (14 ± 1% at 8h and 9 ± 1% at 16h post-

insonation, p < 0.05), thus suggesting that the cells restored the membrane integrity after 

ultrasound exposure. Twenty-four hours later, the percentage of SYTOX Green-positive 

cells was comparable to that reached in the control condition (3 ± 1% vs 1 ± 1%, p > 0.05), 

which suggests that this reflected the percentage of dead cells (Fig. 2b). In addition, the 

MTT assay confirmed that the difference in cell viability 24h after insonation was not 

significantly different compared to the viability of control cells (95 ± 5% vs 100%, p > 

0.05), thus supporting the data collected with fluorescence microscopy. Therefore, these 

results show clear evidence that microbubble-assisted ultrasound induces a transient 

membrane permeabilization under our ultrasound conditions.  

 

3.2 Acoustically-mediated PS externalization 

3.2.1 Monitoring of PS externalization by Annexin-V staining 

PS externalization is conventionally monitored with fluorescently-labeled Annexin-V, a 

Ca2+-dependent phospholipid-binding protein that binds the negatively-charged PS with 
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high affinity [35]. To determine whether microbubble-assisted ultrasound induced PS 

externalization, C6 cells were stained with fluorescently-labeled Annexin-V and propidium 

iodide at different time points after ultrasound exposure and observed using confocal 

microscopy. Based on the microscopy images, the percentage of Annexin-V positive cells 

(i.e., PS-externalizing cells) was evaluated after insonation condition and compared with 

the control condition, without ultrasound (Fig. 3a).  

The exposure of C6 cells to ultrasound without microbubbles did not induce PS 

externalization (data not shown). However, microbubble-assisted ultrasound induced a 

significant increase in the percentage of Annexin-V positive cells compared with that 

obtained in the control condition (33 ± 2% at 0h vs 1 ± 1%, p < 0.05). This percentage 

significantly declined over time (11 ± 1% at 8h and 6 ± 1% at 16h post-insonation, p < 

0.05), thus indicating that the cells restored membrane asymmetry after ultrasound 

exposure. Twenty-four hours later after microbubble-assisted ultrasound, the percentage of 

Annexin-V positive cells was similar to that found in the control condition (2 ± 1% vs 1 ± 

1%, p > 0.05), thus demonstrating that the remaining Annexin-V positive cells were dead 

(Fig. 3). At every time point, all Annexin-V positive cells had nuclei stained with 

propidium iodide. This result suggests that, like SYTOX-Green, propidium iodide, which is 

a small (i.e., 669 Da) and non-permeant dye, is a marker of plasma membrane integrity.  

A positive correlation was observed between the percentage of permeabilized cells and that 

of Annexin-V positive cells (Pearson’s correlation coefficient, 0.98; p<0.05) (Fig. 3b). The 

intracellular uptake of fluorescently labeled Annexin-V or the binding of Annexin-V on the 

externalized PS might explain this correlation. To test the former hypothesis, C6 cells were 

stained with fluorescently labeled Annexin-V in Ca2+-free buffer to prevent binding to PS 

on the outer layer of the plasma membrane, and observed immediately after ultrasound 

exposure by confocal microscopy.  

In agreement with previous studies [36], no fluorescent staining was observed inside the 

cells, thus rejecting the hypothesis of intracellular uptake of Annexin-V after ultrasound 

exposure (Data not shown). Indeed, macromolecules (i.e., > 4 kDa; Annexin-V, 36 kDa) 

did not freely access the cytosol after being added in the vicinity of the cells after 

ultrasound exposure [36]. These results indicate that acoustically-mediated PS 

externalization is a direct or indirect consequence of acoustically-enhanced membrane 

permeabilization. 
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Fig. 2. Membrane permeabilization using microbubble-assisted ultrasound. (A) C6 cells were incubated with 2 µM 
SYTOX Green and SonoVue® microbubbles. Subsequently, the cells were insonated for 30 s. Images were 
acquired before (0 s), during (from 10 to 40 s) and after ultrasound exposure (from 40 to 360 s) (Scale bar, 50 µm). 
Snapshots of a representative 6-min imaging session and kinetics of intracellular SYTOX Green uptake are shown. 
Curves from individual ROI (black, grey) and the mean over all ROI are shown (red). (B) Membrane resealing 
was monitored by staining C6 cells with SYTOX Green at different time points after microbubble-assisted 
ultrasound and observed using confocal microscopy. Data are expressed as mean ± SD from five independent 
experiments. Significance was defined as p < 0.05 (*p < 0.05; Mann-Whitney test). 
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3.2.2 Real-time monitoring of PS externalization using FM 1-43 

As previously described, PS externalization is conventionally assessed with fluorescently 

labeled Annexin-V; however, this assay is inappropriate for real-time optical imaging, as 

the binding kinetics of the Annexin-V to the plasma membrane is slow [35]. In addition, the 

background fluorescence from the unbound, fluorescently labeled Annexin-V requires 

additional washing steps after incubation. Conversely, FM 1-43 is a lipophilic and cationic 

styryl fluorescent compound that is an efficient and rapidly responsive sensor of PS 

externalization [23, 37]. 

FM 1-43 partitions between the cell culture medium and the plasma membrane [38], and it 

is virtually non-fluorescent in aqueous media. The insertion of its hydrocarbon chain into 

the plasma membrane is thermodynamically favored and its migration across the plasma 

membrane is prevented by the quaternary ammonium present in its head-group. PS 

externalization provides additional electrostatic attraction for the quaternary ammonium of 

FM 1-43, leading to increased dye insertion into the plasma membrane and a concomitant 

increase in fluorescence quantum yield of FM 1-43 by several orders of magnitude. Hence, 

this property enables real-time optical imaging of changes in externalized PS without 

additional washing steps.  

In this context, PS externalization was monitored by real-time FM 1-43 fluorescence 

microscopy at the cell population level. In the absence of any ultrasound pulse or after 

ultrasound exposure without microbubbles (data not shown), a few cells displayed a high 

FM1-43 fluorescence, indicating that these cells had already externalized the PS (Fig. 4), 

suggesting that these cells are dead. However, a fast increase in FM 1-43 fluorescence 

intensity could be observed when the cells were exposed to ultrasound pulses, showing that 

microbubble cavitation induced PS externalization (Fig. 4). This fluorescence intensity 

increased for up to 6 minutes, which could suggest that the acoustically-mediated 

membrane perturbations that are responsible for PS externalization are not compensated 

instantaneously after ultrasound exposure (Fig. 4). Taken together, these results indicate 

that microbubble-assisted ultrasound induces PS externalization. 

 

3.3 Role of calcium in acoustically-mediated PS externalization 

Since the enzymes that regulate the membrane asymmetry are calcium-dependent [16] and 

previous investigations have demonstrated that microbubble-assisted ultrasound caused 

intracellular calcium bursts [30, 39], experiments were designed to determine whether 

acoustically-mediated PS externalization is induced by elevated intracellular calcium levels.  

Fluo-4, which is a fluorescence-based assay, has been commonly used to detect 

intracellular calcium mobilization in-vitro. Therefore, to evaluate whether our ultrasound 

parameters induced intracellular calcium bursts, Fluo-4 was introduced into the C6 cells as 

the acetoxymethyl ester and FCFM was performed before, during and after ultrasound 

exposure. 
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Fig. 3. Detection of acoustically-mediated PS externalization using Annexin-V staining. (A) C6 cells were stained 
with fluorescently-labeled Annexin-V (green fluorescence) and propidium iodide (red fluorescence) at different 
time points after microbubble-assisted ultrasound and observed using confocal microscopy. (B) Correlation 
between the percentage of permeabilized cells and that of Annexin-V positive cells. Data are expressed as mean ± 
SD from five independent experiments. Significance was defined as p < 0.05 (*p < 0.05; Mann-Whitney test). 

 

 

As shown in Fig. 5, the exposure of Fluo-4 loaded cells to microbubble-assisted ultrasound 

led to a higher Fluo-4 fluorescence intensity, which reached a peak value a few seconds 

following the onset of US, followed by a decrease toward base levels. There was no 

detectable change in the intracellular calcium concentration in cells exposed to ultrasound 
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without microbubbles (data not shown). In agreement with previous studies [30, 40], these 

results indicate that under our ultrasound conditions, microbubble-assisted ultrasound 

induces a transient increase in the concentration of intracellular calcium ions.  

These data would be compatible with the hypothesis that acoustically-mediated PS 

externalization might result from calcium-stimulated activation of the phospholipid 

scramblase. This enzyme externalizes the PS [41, 42] and might reduce the activity of 

amino-phospholipid translocase, which normally moves the externalized PS back to the 

inner leaflet of the plasma membrane [43]. The cell culture medium was investigated as a 

potential source for the activation of the phospholipid scramblase after microbubble-

assisted ultrasound exposure. Living and mammalian cells maintain a large calcium 

concentration gradient across the plasma membrane: the extracellular Ca2+ concentration, 

i.e., in the DMEM growth medium, is about 1.8 mM, versus about 100 µM in the 

intracellular compartment. One might argue that since our acoustic parameters increase the 

permeability of the plasma membrane (Fig. 2), the membrane structures (i.e., membrane 

pores) responsible for membrane permeabilization permit the intracellular uptake of a 

significant amount of Ca2+ ions. 

To determine whether the Ca2+ ions from the cell culture medium were involved in the 

activation of the phospholipid scramblase, the Ca2+-chelating agent, EGTA, was added in 

10-fold excess in the culture medium immediately before microbubble-assisted ultrasound 

exposure [33]. Then, PS externalization was assessed using Annexin-V (Fig. 6a) and FM 1-

43 (Fig. 6b) staining. EGTA treatment neither induced a significant decrease in the 

percentage of Annexin-V positive cells (Fig. 6a), nor enhanced the membrane-bound FM1-

43 fluorescence (Fig. 6b) compared with the control condition (i.e., without EGTA 

treatment) (p > 0.05). These results suggest that PS externalization after microbubble-

assisted ultrasound exposure does not rely on Ca2+ ions present in the cell culture medium 

for stimulation of the phospholipid scramblase. Therefore, the role of the intracellular Ca2+ 

storage in the activation of the phospholipid scramblase was investigated using BAPTA-

AM, a cell-permeant calcium-chelating agent. This agent was introduced into the C6 cells 

as the acetoxymethyl ester, and PS externalization was assessed using Annexin-V (Fig. 6a) 

and FM 1-43 (Fig. 6b) staining. The exposure of BAPTA loaded cells to microbubble-

assisted ultrasound modified neither the percentage of Annexin-V positive cells (Fig. 6a), 

nor the increase of FM1-43 fluorescence intensity (Fig. 6b) compared with the control 

condition (i.e., without BAPTA treatment) (p > 0.05). These results indicate that 

microbubble-assisted ultrasound does not mobilize the intracellular Ca2+ storage in order 

to stimulate the phospholipid scramblase.  

In conclusion, these results suggest that microbubble-assisted ultrasound does not induce 

reversible PS externalization through the calcium-stimulated activation of the phospholipid 

scramblase. 
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Fig. 4. Real-time detection of acoustically-mediated PS externalization using FM 1-43 staining. C6 cells were 
incubated with 20 µM FM 1-43 and SonoVue® microbubbles. The cells were them insonated for 30 s. Images were 
acquired before (0 s), during (from 10 to 40 s) and after ultrasound exposure (from 40 to 360 s) using real-time 
FCFM (Scale bar, 50 µm). Curves from individual ROI (black, grey) and the mean over all ROI are shown (red). 
Data are expressed as mean ± SD from five independent experiments. Significance was defined as p < 0.05 (*p < 
0.05; Mann-Whitney test). 
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Fig. 5. Acoustically-mediated calcium influx. C6 cells were loaded with 4 µM Fluo-4 AM. Subsequently, the cells 
were exposed to microbubble-assisted ultrasound for 30s. Images were acquired before (0 s), during (from 10 to 
40 s) and after ultrasound exposure (from 40 to 360 s) using real-time FCFM. Kinetics of intracellular calcium 
bursts are shown. Curves from individual ROI (black, grey) and the mean over all ROI are shown (red). Data are 
expressed as mean ± SD from five independent experiments. Significance was defined as p < 0.05 (*p < 0.05; 
Mann-Whitney test). 

 

3.4 Putative molecular mechanisms 

At the molecular scale, our experimental data may be interpreted as a membrane-pore 

facilitated PS externalization. In agreement with the permeabilization results (Fig. 2), 

membrane pores generated by microbubble-assisted ultrasound may provide a new pathway 

for PS to migrate between the membrane leaflets by creating a lipid continuity between the 

inner and the outer leaflets along the toroidal pore, as postulated by the theory of membrane 

pores (Fig. 7, during the sonoporation). During the membrane resealing phase, i.e., after 

sonoporation, the resealing of membrane pores may prevent post-sonoporation PS 

translocation (Fig. 7). Throughout this phase, PS externalization may be repaired by amino-

phospholipid flippase activity at the plasma membrane level [16].  

Stimulation of endocytosis [40, 44, 45] and exocytosis [46, 47] processes have been 

previously reported after microbubble-assisted ultrasound, including their contribution to 

plasma membrane repair [48]. In addition to amino-phospholipid flippase activity, both 

processes may facilitate PS internalization by two different ways: one way would be the 

preferential endocytosis of damaged membrane regions, i.e., with membrane pores and 

externalized PS; second, the amino-phospholipid flippases may be located primarily in the 

Golgi or endosomal membranes. Hence, incoming membrane fragments transported in 
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endocytic vesicles may be scrambled, and then repaired within internal membranes prior to 

their new transport via the exocytic pathway back to the plasma membrane. 

 

 

 

Fig. 6. Role of calcium in acoustically-mediated PS externalization. C6 cells were treated with 10 µM BAPTA-
AM (i.e., chelator agent of intracellular calcium) or 20 mM EGTA (i.e., chelator agent of extracellular calcium). 
Subsequently, the cells were exposed to microbubble-assisted ultrasound for 30s. PS externalization was detected 
after Annexin-V (A) and FM 1-43 (B) staining using optical imaging. Data are expressed as mean ± SD from five 
independent experiments. Significance was defined as p < 0.05 (*p < 0.05; Mann-Whitney test). 
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Fig. 7. Transient acoustically-mediated PS externalization. Microbubble-assisted ultrasound induced transient 
membrane permeabilization through the formation of membrane pores. These pores can provide a new pathway 
for phosphatidylserine to migrate from the inner to the outer leaflets of plasma membranes. This membrane 
disorganization was not associated with loss of cell viability. During the membrane resealing phase, PS 
externalization may be repaired by amino-phospholipid flippase activity and endocytosis/exocytosis processes. 

 

 

3.5 Limitations  

In the present study, the acoustically-mediated PS externalization was assessed with C6 

cells only, one set of acoustic parameters and one type of microbubbles (SonoVue®), but 

these settings are frequently used to induce reversible plasma membrane permeabilization 

[27, 44]. Nevertheless, cell lines can differently respond to the same acoustic conditions 
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[49, 50]. Discrepancies may be explained by the different membrane properties, e.g., 

membrane composition, fluidity, that could influence acoustically-mediated PS 

externalization. Furthermore, the acoustic parameters, leading to stable or inertial cavitation 

and the types of microbubbles, e.g., lipid or polymer shell, untargeted or targeted 

microbubbles, may have a significant impact on the nature of the PS externalization 

mechanisms. Further investigations should be considered to understand the influence of 

both parameters on acoustically-mediated PS externalization. 

Direct investigations on both spatial and temporal resolution of the effects of microbubble-

assisted ultrasound on phospholipid transverse mobility, especially on PS externalization, 

may help understand acoustically-mediated membrane permeabilization. Using high-

resolution fluorescence microscopy and FM 1-43 dye, further studies investigating PS 

externalization may help decipher these mechanisms at the molecular and cellular levels. 

These would be extended to the influence of microbubble-assisted ultrasound to the 

internalization of an outer membrane phospholipid, e.g., the phosphatidylcholine. 

 

4. Conclusions 

Microbubble-assisted ultrasound induced transient membrane permeabilization, which was 

positively correlated with reversible phosphatidylserine externalization. This acoustically-

mediated membrane disorganization was not associated with a loss of cell viability. 

However, our results did not find evidence for calcium-stimulated activation of the 

phospholipid scramblase in PS externalization after microbubble-assisted ultrasound. A 

possible mechanism is that acoustically-induced membrane pores provide a temporary 

pathway for phosphatidylserine to migrate from the inner to the outer leaflets of plasma 

membranes. During the membrane resealing phase, PS externalization may be repaired by 

amino-phospholipid flippase activity and endocytosis/exocytosis processes. 
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Abstract 

The combination of ultrasound and microbubbles can facilitate the cellular uptake of 

(model) drugs via transient permeabilization of the cell membrane. When using fluorescent 

molecules, this process can be monitored conveniently by confocal fluorescence 

microscopy. This study aimed to investigate the relation between cellular uptake and 

fluorescence intensity increase of intercalating model drugs.  

SYTOX Green, an intercalating fluorescent dye that displays >500-fold fluorescence 

enhancement upon binding to nucleic acids, was used as a model drug for ultrasound-

induced cellular uptake. SYTOX Green uptake was monitored in high spatiotemporal 

resolution in single cells to qualitatively assess the relation between uptake and 

fluorescence intensity. In addition, the kinetics of fluorescence enhancement were studied 

as a function of experimental parameters, in particular laser duty cycle (DC), SYTOX 

Green concentration, ultrasound pressure and cell line. 

It is shown that ultrasound-induced intracellular SYTOX Green uptake resulted in local 

fluorescence enhancement, spreading throughout the cell and ultimately accumulating in 

the nucleus during the 9-minute acquisition. We demonstrated that the SYTOX Green 

temporal fluorescence evolution was substantially influenced by experimental parameters. 

The continuous laser (100% DC) induced a 6.4-fold higher photobleaching compared to the 

pulsed laser (3.3% DC), resulting in an overestimation of the fluorescence kinetics. The 

kinetics of fluorescence enhancement displayed a positive correlation with the SYTOX 

Green concentration and varied between 0.6 x 10-3 s-1 and 2.2 x 10-3 s-1 for 1 µM and 20 

µM, respectively. While the fluorescence rate constant was 2.2-, 3.4- or 2.4- fold higher for 

C6 cells than FaDu cells after sonication at 350 kPa, 600 kPa and 850 kPa, respectively, no 

relation was found between fluorescence kinetics and acoustic pressure within one cell line. 

These data show that the temporal behavior of intracellular SYTOX Green fluorescence 

enhancement depends substantially on nuclear accumulation and not just on cellular uptake. 

In addition, it is strongly influenced by the experimental conditions, such as the laser duty 

cycle, SYTOX Green concentration and cell line. 
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1. Introduction 

The combination of ultrasound (US) and microbubbles (MB) is a non-invasive technique to 

enhance local drug concentration in vivo [1], [2], without encapsulating the drug [3] or 

altering its physicochemical properties [4]. USMB has been demonstrated to transiently 

disturb the integrity of plasma membranes, thereby enhancing intracellular drug uptake [5]–

[7].  

Microbubbles, developed as contrast agents for US imaging, are gas bubbles encapsulated 

by a lipid-, polymer- or protein shell and typically range between 1 – 8 µm in size [8]. 

Microbubbles start oscillating upon exposure to ultrasound, a process referred to as 

cavitation. Exposure to low US pressure amplitude results in stable cavitation, which 

induces microstreaming around the vibrating microbubble and shear stress to nearby cells 

[9]. When microbubbles are exposed to higher US pressure amplitudes, oscillation occurs 

in a non-linear fashion, leading to inertial cavitation and implosion of the microbubble. The 

latter is accompanied by shear stress, shock waves in the fluid and may induce jet formation 

[10].  

Both stable and inertial cavitation have been shown to enhance plasma membrane 

permeability, resulting in increased intracellular delivery of (model-) drugs [11]. Several 

mechanisms have been proposed to explain this phenomenon, including pore formation 

[12], [13] and upregulation of endocytosis [14], [15]. It has been demonstrated that the size 

of the (model-) drug [14] and the acoustic pressure used in the experiment [15] affect the 

mode of cellular uptake. Although previous studies reported that higher acoustic pressures 

induce larger pore sizes [16], it is still unknown whether this affects the rate of (model-) 

drug uptake.  

Uptake of fluorescent model drugs can be assessed on a single cell level using confocal 

fluorescence microscopy. This allows for real-time monitoring and tracking of the 

intracellular spatial distribution of the model drug, which is not possible when using 

analytical techniques such as high performance liquid chromatography. Another advantage 

of confocal fluorescence microscopy is that by analyzing single cells, it can reflect the 

heterogeneity of the underlying microbubble-cell interactions, as opposed to cell 

population-based analytical techniques. Previous work reported that model drug signal 

intensity showed an exponential approach of the equilibrium following cellular uptake [17], 

[18]. This fluorescence intensity time curve, henceforth termed fluorescence kinetics, can 

be analyzed and single cell fluorescence rate constants can be calculated [17]. The 

fluorescence kinetics have been used to study USMB-induced membrane permeabilization 

[18]–[21]. For example, Fan et al. used the fluorescence kinetics of intracellular propidium 

iodide (PI) to calculate the pore size [18]. In a different study, Qin et al. associated the 

intracellular fluorescence kinetics of PI with reversible or irreversible sonoporation [20]. 

While Qin et al. measured an intracellular 6 minute fluorescence enhancement after 

sonication and associated this with unsuccessful repair of the perforated membrane, Fan et 

al. associated similar fluorescence kinetics with smaller membrane pores. Despite the 
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similar observations, different explanations were offered on the biological mechanisms 

involved.  

SYTOX Green and PI are hydrophilic dyes that are normally not taken up by cells. They 

are used as model drugs to study USMB-induced cellular uptake, due to the 500-fold or 30-

fold fluorescence enhancement, respectively, when binding to nucleic acids [22]. However, 

this fluorescence intensity enhancement is a complicating factor when monitoring the 

kinetics of SYTOX Green uptake, as the fluorescence enhancement not only reflects 

cellular uptake, but also nucleic acid binding. 

This study characterized the fluorescence intensity enhancement upon USMB-induced 

intracellular SYTOX Green uptake in vitro, with regard to the effect of laser duty cycle, 

SYTOX Green concentration, ultrasound pressure and cell line. To this end, USMB-

induced SYTOX Green uptake was monitored in high spatiotemporal resolution in single 

cells. In addition, the fluorescence kinetics were studied in a population of cells as a 

function of the different experimental parameters.  

 

2. Materials and Methods 

 

2.1 Cell culture 

Human melanoma (BLM) cells [23] were cultured in DMEM with Nutrient Mixture F12 

(Gibco, Merelbeke, Belgium), supplemented with 10% FBS (Hyclone, Thermo Scientific, 

MA, USA), 20 U/mL penicillin-streptomycin (Gibco), 2 mM L-glutamine (Gibco) and 10 

mM HEPES (Sigma-Aldrich®). Human pharynx squamous cell carcinoma (FaDu) cells 

(ATCC® HTB-43™, LGC Standards GmbH, Wesel, Germany) were cultured in High 

Glucose – Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich®, St. Louis, MO, 

USA), supplemented with 10% (v/v) fetal bovine serum (FBS; Sigma-Aldrich®) and 1% 

non-essential amino acids (Sigma-Aldrich®). Rat glioma (C6) cells (ATCC® CCL-107™) 

were maintained in Low Glucose – DMEM (Sigma-Aldrich®) supplemented with 10% 

FBS. Cells were cultured in standard cell culture flasks and housed in a humidified 

incubator at 5% CO2 and 37 °C.  

Ultrasound experiments with BLM cells were performed in OptiCells™ (Nunc, Thermo 

Scientific, MA, USA), wherein 1.3 x 106 cells were plated 1 day prior to US and 

microscopy experiments. For ultrasound experiments with FaDu or C6 cells, 1 x 106 cells 

were seeded into CLINIcell® cell culture chambers (Mabio, Tourcoing, France) 2 days 

prior to the experiment, to ensure a confluent cell monolayer during the experiment. 

CLINIcells® were coated with Poly-L-Lysine (Sigma-Aldrich®) before cell seeding to 

establish proper attachment of the cells.  
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2.2 Microbubbles 

For the experiments with BLM cells, microbubbles composed of a DPPC and DSPE-PEG 

shell encapsulating C4F10 gas were prepared as described previously [15]. They were 

freshly prepared on the experimental day and kept for a maximum of 4 hours. Previous 

measurements showed that synthesis resulted in a mean bubble diameter of 1.408 µm and a 

concentration of 1.775 x 109 bubbles/mL. In this setup, 40 µL of microbubbles was added 

to 10 mL medium just before injection into the OptiCell™. The ultrasound contrast agent 

SonoVue™ (Bracco, Milan, Italy) was used as a cavitation enhancing agent in US 

experiments with FaDu and C6 cells. SonoVue™ is a lipid shelled microbubble, 

encapsulating sulfur hexafluoride gas (SF6). Microbubbles were prepared according to the 

manufacturer’s guideline, yielding a concentration between 1 – 5 x 108 microbubbles/mL 

and a mean diameter of 2.5 µm. When used in US experiments, 700 µL (7% v/v) of freshly 

prepared microbubbles were added to 9.5 mL medium just before injection into the 

CLINIcell®.  

 

2.3 Chemicals 

SYTOX Green (Life Technologies™ Europe BV, Bleiswijk, Netherlands; Excitation (Em) / 

Emission (Em) = 504/523 nm), an intercalating fluorescent dye, was used as a model drug. 

SYTOX Green shows little native fluorescence, but upon binding to nucleic acids the 

fluorescence intensity enhances >500-fold. Another commonly used fluorescent model 

drug, i.e. propidium iodide (PI), was used to compare the fluorescence kinetics between the 

two model drugs. PI (ThermoFisher Scientific) fluorescence intensity enhances 30-fold 

upon binding to nucleic acids. CellMask™ Deep Red Plasma Membrane Stain 

(ThermoFisher Scientific, Walthman, MA, USA; Ex/Em = 649/666 nm) was used to 

visualize the plasma membrane in the swept field confocal microscopy experiments. In the 

same experiments, Hoechst 33342 (Sigma-Aldrich®; Ex/Em = 350/461 nm) was used to 

stain the cell nuclei, which allowed for segmentation of the nucleus in the post-processing 

of the data. 

 

2.4 Ultrasound equipment 

Two ultrasound setups were used in these studies, each dedicated to its own confocal 

microscopy system. First, an ultrasound setup mounted on a swept field confocal 

microscope for real-time confocal recordings was used, as described previously [15]. In 

short, an arbitrary waveform generator (Agilent Technologies, Diegem, Belgium) created a 

1 MHz ultrasound wave which was amplified (Amplifier Research Benelux, Hazerswoude 

Dorp, The Netherlands) and sent to a single element unfocused transducer (Olympus 

Industrial Benelux, Aartselaar, Belgium), while being monitored by an oscilloscope 

(Tektronix, Bracknell, UK). The transducer was placed to the side of a water tank, at 12 cm 
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distance and a 45° angle below the Opticell™ (Fig. 1). The degassed water was heated to 

37 °C. In this setup, BLM cells were sonicated for 5 seconds at 15 % duty cycle (DC), 1 

kHz pulse repetition frequency (PRF) and 100 kPa peak-negative pressure (PNP), as was 

calibrated with a needle hydrophone. These settings were based on previous work with this 

cell line [15]. 

A second ultrasound setup was used in combination with a fibered confocal fluorescence 

microscope, as reported before [17]. Here, a 1.5 MHz ultrasound wave was generated by an 

arbitrary waveform generator (Agilent Technologies), which was triggered by an 

oscilloscope (Agilent Technologies) to produce a pulsed waveform (10% DC, 1 kHz PRF). 

These settings were based on previous experience with C6 cells [24]. The ultrasound wave 

was amplified (KMP Electronics, Bédoin, France) and send to an unfocused single element 

transducer (Precision Acoustics, Dorchester, UK). The transducer was placed perpendicular 

to the CLINIcell on the bottom of the water bath, 8 cm below the cell culture chamber. The 

water surface was another 12 cm above the CLINIcell and water was heated to 30 °C. 

During SYTOX Green uptake experiments, FaDu or C6 cells were exposed for 5 seconds to 

350, 600 or 850 kPa PNP, as was calibrated by a fiber optic hydrophone (Fibre-optic 

Hydrophone System, Precision Acoustics).  

 

2.5 High resolution monitoring of USMB-induced SYTOX Green uptake in single cells 

Ultrasound-induced SYTOX Green uptake in BLM cells was monitored in detail using a 

swept field confocal microscope. Cellular plasma membranes and nuclei were stained with 

4 µg/mL CellMask™ Deep Red and 20 µM Hoechst, respectively, for 20 minutes prior to 

the uptake experiment. Then, 10 mL OptiMEM® (Gibco) was supplemented with 50 µL 

microbubbles and 2 µM SYTOX Green and added to the Opticell™. The Opticell™ was 

placed upside down in the waterbath, allowing the bubbles to ascend towards the cells. The 

ultrasound setup was mounted on an Eclipse Ti inverted microscope (Nikon Benelux, 

Brussels, Belgium), equipped with an objective inverter (LSM TECH, Wellsville, PA, 

USA) and an NIR Apo 60x 1.0 NA water dipping lens (Nikon) (Fig. 1). A LiveScan™ 

swept field confocal unit (Nikon) was connected to the microscope, allowing imaging at 5.4 

frames per second in a 133 x 133 µm field of view. This confocal unit incorporated a 

488/647 nm dichroic mirror and a 505/585/685 nm Brightline® triple-band bandpass filter 

(Semrock, Rochester, NY, USA). Fluorophores were excited by 405 nm, 488 nm and 640 

nm lasers (Monolithic Laser Combiner MLC 400B, Agilent Technologies). Movies were 

acquired using NIS Elements AR software (Nikon) by an EMCCD camera (iXon Ultra 897, 

Andor Technology, CT, USA). Recordings started 10 seconds prior to US exposure and 

images were acquired for 9 minutes. During post-processing of the data, the Hoechst signal 

was used to segment the nuclei, while a second region of interest was drawn manually in 

the cytosol. Subsequently, SYTOX Green fluorescence enhancement in the nucleus and the 

cytosol was analyzed in Icy software [25]. Nuclear SYTOX Green signal was averaged 
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every 20 seconds to minimize the effect of focal plane drift that occurred during 

acquisition.  

 

 

 

 

Fig. 1: Schematic representation of the confocal microscopy systems and ultrasound setups used in this study. 

 

 

2.6 Monitoring of USMB-induced SYTOX Green uptake in a population of cells 

SYTOX Green uptake following USMB treatment was monitored in a population of cells 

using a fibered confocal fluorescence microscope (FCFM) (Cellvizio®, Mauna Kea 

Technologies, Paris, France). SYTOX Green was the only dye used in these population 

studies. Prior to sonication, SonoVue™ microbubbles were prepared and 700 µl was added 

to 9.5 mL Opti-MEM® + 1 % FBS.  After addition of SYTOX Green, the solution was 

injected into the CLINIcell®. The CLINIcell® was placed upside down in the water bath, 

allowing the bubbles to rise towards the cells. The tip of the FCFM microprobe (Z-probe - 

Cellvizio® Dual Band, Mauna Kea Technologies) made contact with the upper membrane 

of the CLINIcell®, such that the cell monolayer was in the focal plane of the FCFM (Fig. 

1). This FCFM microprobe has a field of view of 593 x 593 µm, and a 488 nm laser was 

used to excite SYTOX Green at 0.5 mW laser power. As SYTOX Green fluorescence 

signal enhancement continued for 10 – 30 minutes, snapshots were recorded every 30 

seconds for 30 minutes. The recorded signal intensities of single cells were fitted with a 
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two-compartment model, as discussed in section 2.9, and fluorescent rate constants were 

calculated for a population of cells.  

 

2.6.1 Influence of laser-induced photobleaching on fluorescence kinetics 

The effect of photobleaching by the laser of the FCFM on the recorded fluorescence 

intensity over time was investigated. First, the effect of photobleaching on the measured 

fluorescence intensity following ultrasound-induced SYTOX Green uptake was studied in 

FaDu cells. Cells were exposed to 850 kPa ultrasound in the presence of 2 µM SYTOX 

Green and SonoVue™ microbubbles. SYTOX Green uptake was recorded using the FCFM, 

while the laser output was switched off between acquisitions (3.3% duty cycle, henceforth 

termed pulsed laser), or with a laser that was continuously on (100% duty cycle).  

Second, CLINIcells containing a confluent FaDu cell monolayer were permeabilized with 

0.5% Triton X-100 for 1 minute, washed and fixed in 4% PFA during 15 minutes on ice. 

After washing, cells were incubated with 2 µM SYTOX Green for 30 minutes. Next, the 

staining solution was removed and fresh SYTOX Green-free PBS was added. The 

fluorescence signal of the SYTOX Green positive cells was recorded using the FCFM with 

a pulsed and continuous laser. 

 

2.6.2 Concentration dependent fluorescence kinetics 

To assess the influence of dye concentration on the fluorescence kinetics, FaDu cells were 

exposed to 850 kPa ultrasound in the presence of 1 µM, 2 µM, 5 µM or 10 µM SYTOX 

Green and SonoVue™ microbubbles. To compare the fluorescence kinetics of SYTOX 

Green with PI, similar experiments were performed with 30 µM PI. For PI, only 30 µM was 

used, as lower concentrations resulted in signal intensities which were too low to be 

quantified using the current fluorescence laser power. Signal intensities of SYTOX Green 

or PI positive cells were recorded with a pulsed laser on the FCFM. The relation between 

the fluorescence rate constant and SYTOX Green concentration was tested by linear 

regression. 

 

2.6.3 The effect of ultrasound pressure on SYTOX Green fluorescence kinetics 

To study the influence of ultrasound pressure on SYTOX Green uptake and subsequent 

fluorescence intensity kinetics, FaDu and C6 cells were exposed to 350 kPa, 600 kPa or 850 

kPa ultrasound pressure waves in the presence of 2 µM SYTOX Green and SonoVue™ 

microbubbles. Two cell lines were used, as different cell lines can respond differently to 

US. In addition, it allowed for the comparison of fluorescence kinetics between cell lines. 

SYTOX Green fluorescence intensity was monitored by FCFM using a pulsed laser. The 
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relation between the fluorescence rate constant and acoustic pressure was tested by linear 

regression. 

 

2.7 SYTOX Green uptake in chemically permeabilized cells 

The fluorescence kinetics of SYTOX Green following internalization in chemically 

permeabilized cells was measured by spectrofluorometry. To reach a confluent monolayer 

during the experiment, 12 x 103 C6 cells or 10 x 103 FaDu cells were seeded per well of a 

96-well plate and grown for 2 or 3 days, respectively. Then, cells were washed by PBS and 

permeabilized by adding 0.5% Triton X-100 for 1 minute. After washing, 1, 2, 5, 10 or 20 

µM SYTOX Green was added and the well plate was immediately placed in the 

spectrofluorometer. Fluorescent signal enhancement was measured every 2 minutes in 

FaDu cells and every minute in C6 cells for a total of 180 minutes. SYTOX Green was 

excited by a 504 nm laser and emission was recorded at 530 nm by a spectrofluorometer 

(FP8300, Jasco, Easton, MD, USA). The fluorescence signal of the samples was corrected 

for the negative control, i.e. cells with PBS only. The relation between the fluorescence rate 

constant and SYTOX Green concentration was tested by linear regression. 

 

2.8 Viability of FaDu and C6 cells following USMB exposure 

The viability of FaDu and C6 cells following exposure to different pressures of ultrasound 

in combination with microbubbles was measured via MTS assay. In short, 1 x 106 cells 

FaDu or C6 cells were seeded into coated CLINIcells® 2 days before experiments. Then, a 

mixture of 7% (v/v) SonoVue™ microbubbles in 9.5 mL Opti-MEM® was added to the 

CLINIcell®. The complete cell monolayer was exposed to ultrasound by sliding the 

CLINIcell® over the US beam using a guidance frame [26]. After allowing cells to recover 

for 4 hours [27], they were harvested by trypsinization, counted, diluted and seeded into a 

96-well plate. After 3 days, medium was refreshed and 20 µL of MTS dye was added 

(CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega, Leiden, 

Netherlands). Cells were incubated at 37 °C and absorbance was measured at 492 nm using 

a spectrophotometer (Biochrom EZ Read 400, Isogen Life Sciences, Utrecht, Netherlands). 

The optical density of the samples was corrected for the background signal, i.e. medium 

and MTS dye without cells. 

 

2.9 Data analysis 

Individual cells in the FCFM acquisitions of SYTOX Green kinetics were segmented and 

tracked during the 30 minute acquisition in MATLAB (MathWorks, USA) to correct for 

motion, similar to Derieppe et al. [24]. The photobleaching rate constant kpb was evaluated 

by fitting the fluorescence intensity profiles with a single-exponential decay: 
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Where I0 is the fluorescence intensity at the beginning of the acquisition, kpb is the 

photobleaching rate constant and t is the time. 

The fluorescence intensity curve following SYTOX Green uptake was fitted with a 2-

compartment model, as the photobleaching was low when using the pulsed laser recordings. 

The fluorescence signal over time was described by the following formula: 

 ��� =  &'1 − �!"(�%!)�* 

Where  & is the maximal signal enhancement, T the time of fluorescence signal onset, t the 

time in seconds and kf the rate constant at which fluorescence approaches equilibrium. 

Since continuous laser recordings included more photobleaching than the pulsed laser, they 

were also fitted with a 3-compartment model [28]. Fluorescence rate constants (kf) were 

calculated for individual FaDu and C6 cells following ultrasound-induced SYTOX Green 

uptake. In the spectrofluorometry experiments, kf values were calculated for a single well, 

representing a population of cells. 

 

3. Results 

USMB-induced SYTOX Green uptake was monitored in high spatiotemporal resolution in 

BLM cells using a swept-field confocal microscope. In addition, the fluorescence kinetics 

were studied in a population of cells as a function of laser duty cycle, dye concentration, 

acoustic pressure and cell line using the fibered confocal fluorescence microscope.  

 

3.1 High resolution imaging of USMB-induced SYTOX Green uptake in single cells 

USMB-induced SYTOX Green uptake was monitored in detail using the swept-field 

confocal microscope to qualitatively assess the relation between uptake and fluorescence 

intensity. Upon ultrasound exposure, a membrane pore was created, marked by the white 

arrow (Fig. 2a). The intracellular SYTOX Green signal increased around the pore in the 

next 10 seconds, suggesting the pore facilitated a local entry of SYTOX Green into the cell. 

During the subsequent 50 seconds, SYTOX Green fluorescence spreads from the pore area 

further into the cytosol, indicating diffusion through the cytosol. After about one minute, 

the fluorescence signal increased in the nucleus, starting at the side of the membrane pore. 

Over the next minutes, the fluorescence signal of the nucleus enhanced and became more 

homogeneous, most likely representing an increase in SYTOX Green molecules binding to 

DNA after entering the nucleus. Image analysis demonstrated that mean fluorescence 

intensity of SYTOX Green in the cytosol increased over a time period of about 15 seconds 

after US was turned on, before it reached a maximum signal plateau (Fig. 2b), while the 
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signal intensity in the nucleus kept increasing during the whole 9 minute acquisition (Fig. 

2c).  

 

3.2 Influence of laser-induced photobleaching on fluorescence kinetics 

The effect of photobleaching on the fluorescence kinetics was investigated by monitoring 

ultrasound-induced SYTOX Green uptake using the pulsed mode or continuous mode of 

the FCFM fluorescence laser. While the experimental conditions were identical, the 

continuous laser led to a different signal intensity profile compared to the pulsed laser (Fig. 

3a).  

 

 

 

 

Fig. 2. USMB-induced SYTOX Green uptake. (A) Time series of confocal images. Cell membrane and nucleus 
were labeled in red and blue to show the cell morphology before ultrasound was turned on, and the pore created by 
ultrasound (white arrow). SYTOX Green uptake is monitored over the next 8 minutes (Shown in green). Two 
regions of interest were drawn in the cell to analyze the SYTOX Green signal in these compartments, C marks the 
cytosolic region of interest, N marks the nucleus. Ultrasound was turned on for 5 seconds at T = 0. (B) Signal 
intensity time curve of SYTOX Green in the cytosolic region of interest of the BLM cell shown in (A). (C) 
Nuclear signal intensity time curve of SYTOX Green in the same cell. 
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When fitting the signal profiles of all cells with SYTOX Green uptake with a two-

compartment model, the pulsed laser resulted in an average fluorescent rate constant of 1.02 

(±1.09) x 10-3 s-1, while the continuous laser induced an average fluorescent rate constant of 

6.53 (±3.29) x 10-3 s-1. The effect of the laser duty cycle on the fluorescence kinetics was 

associated with photobleaching. Fitting the continuous laser signal intensity curves with a 

3-compartment model, and thereby correcting for photobleaching, resulted in an average 

fluorescent rate constant of 0.34 (±0.21) x 10-3 s-1. This 3-compartment model fit of the 

continuous laser did not match the pulsed laser either, suggesting that the photobleaching 

correction by the 3-compartment model improved the accuracy of the fluorescence kinetics, 

but did not completely correct for the photobleaching in practice (Table 1). Although the 

fluorescent rate constants did not completely match, the 3-compartment model fit of the 

continuous laser signal approached the pulsed laser signal better than the fit using the 2-

compartment model.  

The laser duty cycle also affected the signal intensity profiles of chemically permeabilized, 

SYTOX Green positive cells (Fig. 3b). Although both cells had about the same 

fluorescence intensity at the start of the recording, the cellular SYTOX Green signal 

intensity decreased much faster when the cell was exposed to the continuous laser, 

compared to the pulsed laser, with a photobleaching rate constant kpb that was 6.4-fold 

higher for the continuous laser compared to the pulsed laser (Table 1). This is equivalent to 

the 6.4-fold higher fluorescence rate constant kf of the continuous laser compared to the 

pulsed laser, suggesting that the different fluorescence intensity time curves of Fig. 3a are 

primarily the result of photobleaching.  

 

 

 
Fig. 3. Fluorescence intensity of representative FaDu cells exposed to 2 µM SYTOX Green as a function of time 
exposed to a pulsed (laser duty cycle of 3.3%) or continuous laser. (A) Fluoresence intensity of FaDu cells 
following ultrasound-induced SYTOX Green uptake. (B) Fluorescence intensity of permeabilized, fixed and 
SYTOX Green-stained FaDu cells over time of acquisition. 
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Table 1: Photobleaching rate constants kpb and fluorescence intensity rate constants kf of SYTOX Green in FaDu 
cells. Values represent mean ± standard deviation. 2CM = two-compartment model, 3CM = three-compartment 
model, n/a = not applicable. 
 
 Pulsed Laser (10-3 s-1) Continuous Laser (10-3 s-1) Ratio Significance (p) 

Kpb 0.41 (±0.35) 2.63 (±0.31) 6.4 < 0.0001 

Kf 2CM 1.02 (±1.09) 6.53 (±3.29) 6.4 < 0.0001 

Kf 3CM n/a 0.34 (±0.21)   

 

 

 

  
Fig. 4. (A) Fluorescence rate constants (kf) as a function of SYTOX Green concentration. Whiskers represent the 5 
- 95 percentile, N the number of cells per group. (B) Fluorescence signal intensity as a function of time for 
representative cells that were exposed to ultrasound in the presence of 1 µM, 2 µM, 5 µM or 10 µM SYTOX 
Green. (C) Scatterplot of kf as a function of SYTOX Green concentration. Symbols represent mean ± SEM. *** p 
< 0.001 
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3.3 Concentration dependent fluorescence kinetics 

To investigate the influence of dye concentration on the fluorescence kinetics, FaDu cells 

were exposed to USMB in the presence of different concentrations of SYTOX Green. 

USMB-induced SYTOX Green uptake was monitored in a population of cells by the FCFM 

using the pulsed laser, to minimize the effect of photobleaching. Linear regression 

demonstrated that the fluorescence rate constant kf significantly increased with SYTOX 

Green concentration (p < 0.05; Fig 4a). The fluorescence kinetics showed a linear relation 

with the concentration, described by kf = 0.2 (± 0.03) x 10-3 s-1 µM-1. In addition, increasing 

SYTOX Green concentrations resulted in higher signal intensities (Fig. 4b), indicating that 

for the concentrations evaluated, the available sites for DNA – SYTOX Green binding, 

which mainly determines the fluorescence signal intensity observed in the nuclei, were not 

saturated.  

 

3.4 SYTOX Green fluorescence kinetics in chemically permeabilized FaDu cells 

To investigate the relation between SYTOX Green concentration and fluorescence kinetics 

in a model of membrane permeability where the effect of pore resealing after USMB-

induced membrane pores is excluded, FaDu cells were chemically permeabilized and 

fluorescence intensity was measured over time in a population of cells by fluorescence 

spectroscopy. The fluorescence signal enhancement was faster with higher SYTOX Green 

concentrations (Fig. 5a). In FaDu cells exposed to 1 µM or 2 µM SYTOX Green, 

fluorescence intensity kept increasing for the duration of the measurement, i.e. 3 hours. 

Similar to the ultrasound experiments, increasing dye concentration resulted in faster signal 

enhancement and enhanced maximal fluorescence intensity, except for 20 µM SYTOX 

Green, where we suspected that quenching occurred. The latter concentration was therefore 

excluded from further analyses.  

There was a linear positive correlation between the fluorescence rate constant kf and the 

SYTOX Green concentration (Fig. 5b).The concentration dependence of kf is described by 

kf = 0.056 (± 0.007) x 10-3 s-1 µM-1. These fluorescence rate constants are much lower 

compared to the fluorescence rate constants following USMB-induced permeabilization. 

This may suggest that the membrane integrity restored faster in USMB-exposed cells 

compared to chemically-permeabilized cells. However, caution should be taken when 

comparing the fluorescence kinetics between USMB- and chemical membrane 

permeabilization, because the method of permeabilization and the analytical technique 

differed between the experiments. 
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Fig. 5. SYTOX Green uptake and fluorescence signal enhancement of chemically permeabilized FaDu cells. (A) 
Average SYTOX Green signal intensity over time after addition of 1, 2, 5, 10 or 20 µM to permeabilized cells 
(N=4). (B) Fluorescence rate constants (kf) of signal intensity after addition of different SYTOX Green 
concentrations to permeabilized cells as a function of SYTOX Green concentration. Symbols represent mean ± 
SEM (N=4).  

 

 

3.5 The effect of ultrasound pressure on SYTOX Green fluorescence kinetics 

To assess if the extent of pore formation, induced by different acoustical pressures, affected 

the fluorescence kinetics of SYTOX Green, FaDu and C6 cells were exposed to 350 kPa, 

600 kPa and 850 kPa ultrasound, while the fluorescence intensity following SYTOX Green 

uptake was monitored by FCFM. To minimize the effect of laser-induced photobleaching 

and quenching, while keeping a high signal-to-noise ratio, uptake was recorded with a 

pulsed laser and 2 µM SYTOX Green. In this study, 350 kPa was the smallest acoustic 

pressure used, as sonication below 350 kPa resulted in too few cells with SYTOX Green 

uptake for quantitative analysis. In FaDu- as well as C6 cells, increasing acoustic pressure 

resulted in a higher number of SYTOX Green positive cells (Fig. 6a; Supplementary Fig. 

1). However, the acoustic pressure did not significantly affect the fluorescence rate 

constants in FaDu and C6 cells (p > 0.05; Fig. 6c). In FaDu cells, the median kf was 1.10 

(N=19), 0.77 (N=63) and 0.90 (N=100) x 10-3 sec-1 following ultrasound exposure of 350 

kPa, 600 kPa and 850 kPa PNP, respectively (p > 0.05; Fig. 6a). In C6 cells, the median kf 

was 2.46 (N=38), 2.63 (N=70) and 2.16 (N=86) x 10-3 sec-1 for sonication at 350 kPa, 600 

kPa and 850 kPa, respectively (p > 0.05).  
However, C6 cells showed a faster fluorescence signal enhancement compared to FaDu 

cells for every acoustic pressure tested in this study. In fact, the median kf of C6 cells was 

2.2-fold higher than FaDu cells following 350 kPa sonication (p < 0.001), 3.4-fold higher 

following 600 kPa sonication (p < 0.0001), and 2.4-fold higher after 850 kPa sonication (p 

< 0.0001). The faster signal enhancement in C6 cells compared to FaDu cells is 

demonstrated in the SYTOX Green intensity time curves of representative FaDu and C6 
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cells (Fig. 6b). Also in chemically permeabilized cells, C6 showed faster uptake kinetics 

than FaDu cells (Supplementary Fig. 2). 

 

 

 
 

Fig. 6. (A) Fluorescence rate constants (kf) versus acoustic pressure for FaDu and C6 cells. Cells were exposed to 
ultrasound in the presence of 2 µM SYTOX Green. Whiskers represent the 5 - 95% percentile. (B) Representative 
SYTOX Green signal intensity curves over time of FaDu and C6 cells following exposure to 850 kPa ultrasound. 
(C) Scatterplot of kf as a function of acoustic pressure. Symbols represent mean ± SEM. NS = not significant, *** 
p < 0.001, **** p < 0.0001.  
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3.6 Viability of sonicated FaDu and C6 cells 

The long term viability of FaDu and C6 cells was verified via MTS assay, to rule out that 

the measured SYTOX Green uptake was the result of irreversibly sonoporated cells. Fig. 7 

demonstrates that in the case of FaDu cells, only sonication at 850 kPa acoustic pressure 

resulted in a viability that was slightly, though significant, lower than control cells (p < 

0.05). FaDu cells did not show reduced viability when sonicated at 350 kPa or 600 kPa, 

while the viability of C6 cells was not hampered by any acoustic pressure used in this study 

(p > 0.05). 

 

 

 
 

Fig. 7. Viability of FaDu and C6 cells following sonication at different acoustic pressures measured via MTS 
assay. Bars represent mean + standard deviation (N=3). * p < 0.05 

 

 

4. Discussion 

The goal of this study was to characterize the fluorescence signal enhancement after 

intracellular uptake of SYTOX Green, with regards to the effects of laser duty cycle, dye 

concentration, acoustic pressure and cell line. First, we observed that USMB-induced pore 

formation resulted in intracellular signal enhancement of SYTOX Green, spreading 

throughout the cell and ultimately accumulating in the nucleus. By systematically varying 

experimental parameters, we have demonstrated that the fluorescence kinetics were 

substantially influenced by the laser duty cycle, dye concentration and cell line. When using 

optimized experimental parameters, we found that the acoustic pressure had no effect on 

the fluorescence kinetics.  
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Membrane impermeant intercalating model drugs like SYTOX Green [29], PI [30] or 

TOTO-3 [31] are widely used model drugs to study USMB-induced intracellular uptake. 

Due to their large fluorescence enhancement upon binding to nucleic acids, these model 

drugs display high intracellular signal intensity and very low extracellular signal intensity, 

making them useful agents to study cellular internalization.  

However, problems emerge when studying the kinetics of intracellular model-drug uptake, 

as the fluorescence enhancement reflects not only cellular uptake, but also intracellular 

diffusion, nuclear accumulation and DNA binding. We observed that USMB-induced pore 

formation resulted in a local entry of SYTOX Green into the cell, similar to previous work 

with SYTOX Green [32] or PI [15]. Moreover, others have linked the location of a specific 

microbubble with the location of cellular entry of PI [18], [20], [33]. In our studies, 

intracellular SYTOX Green signal spreads throughout the cell and ultimately accumulated 

in the nucleus, which was associated with intracellular diffusion and DNA binding. The 

resulting nuclear SYTOX Green signal increased for more than 9 minutes, while the 

cytosolic signal intensity reached a maximum after 15 seconds. This difference between 

cellular compartments is in line with recent data from Helfield et al., showing that the time 

to reach maximum fluorescence intensity was much shorter in the cytosol compared to the 

nucleus after USMB exposure in the presence of PI [34]. The fluorescence kinetics of the 

cytosol may hold a more direct association with the membrane permeability, e.g. pore 

resealing, compared to nuclear fluorescence kinetics, as the latter is influenced by 

additional processes, such as intracellular diffusion and nuclear accumulation.  

Furthermore, the signal intensity was much higher in the nucleus compared to the cytosol. 

This is most likely the result of the cellular nucleic acid concentration, which is 

substantially higher in the nucleus, which results in binding of SYTOX Green to nucleic 

acids at much higher extent. When the kinetics of cellular signal intensity enhancement 

following USMB treatment are monitored in low spatial resolution, such as the FCFM, this 

signal is dominated by the nuclear signal. Therefore, the cellular fluorescence kinetics of 

the FCFM resemble the nuclear fluorescence kinetics of the swept-field confocal 

microscope.  Although the swept-field confocal microscope allowed us to monitor SYTOX 

Green signal enhancement with subcellular precision, there were only a few cells that 

showed a clear diffusion pattern as shown in Fig. 2. To investigate the fluorescence kinetics 

on a larger scale, SYTOX Green signal intensity enhancement following ultrasound 

exposure was monitored in a population of cells using FCFM.  

The fluorescence kinetics were found to be substantially influenced by the laser duty cycle. 

Although SYTOX Green shows relatively low photobleaching [35], the continuous laser 

induced a 6-fold enhancement of the photobleaching rate, which resulted in a similar 

overestimation of the fluorescence kinetics. A three-compartment model fit of the signal 

can in theory correct for photobleaching induced by the continuous laser, but in these 

experiments there was still a discrepancy with the two-compartment model fit of the pulsed 

laser. Therefore, we preferred to minimize the effect of photobleaching by recording the 

fluorescence signal enhancement with a pulsed laser only. Obviously, the framerate of 
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pulsed recordings must be high enough to sample the fluorescence signal enhancement 

collected, and derive the resulting kinetics. 

In addition, the fluorescence kinetics displayed a linear positive correlation with the 

SYTOX Green concentration in both ultrasound- and chemically permeabilized cells. These 

data show that regardless of the method of membrane permeabilization, the fluorescence 

kinetics can change substantially, as a function of the dye concentration used in the 

experiment. Therefore, we believe that the duration of cellular signal enhancement after 

intracellular uptake should not be solely attributed to pore resealing.  

We found similar fluorescence kinetics between SYTOX Green and PI (Supplementary Fig. 

3), while others have reported faster fluorescence kinetics for PI [18], [20]. This is most 

likely due to the higher PI concentration used in the latter studies. For example, Fan et al. 

used an extracellular PI concentration of 100 µM and demonstrated that cellular PI signal 

intensity increased for 1 to 5 minutes post-sonication before reaching maximum signal 

intensity. This is in line with the concentration-dependent fluorescence kinetics found in 

our study, i.e. kf = 0.2 (± 0.03) x 10-3 s-1 µM-1, where 100 µM dye would result in a 

fluorescent rate constant of 20 x 10-3 s-1. In other words, 100 µM of SYTOX Green would 

take 50 seconds to reach 67% of the maximal fluorescence intensity according to our 

model, a similar kinetic pattern as observed by Fan et al. Nevertheless, they attributed the 

time window of fluorescence signal enhancement to the time needed for pore resealing, 

while assuming instantaneous binding of PI to cellular RNA or DNA [18]. More recently, 

De Rooij et al. also showed fast uptake kinetics of PI following USMB (< 2 min), while 

using a much lower concentration of PI (37 µM) [36]. Similar to Fan et al., they related the 

time of PI signal enhancement after sonication to pore resealing, and attributed signal 

enhancement > 120 sec. to cell death. This is not in line with our findings.  

Whereas previous studies have shown that increasing acoustic pressure results in larger 

membrane pores [16], we found no relation between the fluorescent kinetics and the 

acoustic pressure, ranging between 350 kPa and 850 kPa. Hence, we hypothesize that there 

is no relation between pore size and the fluorescent kinetics. We emphasize that this 

hypothesis is partially based on observations made by others, as we did not measure pore 

size ourselves. Furthermore, it has been shown that increasing acoustic pressure enhances 

the total uptake of different sized FITC-dextrans [15], [37], however, these studies did not 

measure the temporal behavior of cellular fluorescence signal.  

Although the time window of PI signal enhancement following ultrasound exposure has 

been associated with pore resealing, we demonstrated that this is primarily dependent on 

experimental parameters, such as laser duty-cycle and dye concentration. Fluorescent signal 

enhancement would be much slower at lower dye concentrations, which has been 

interpreted by others as membrane pores being open for much longer. The uptake kinetics 

of model drugs can be studied when using identical experimental conditions in all 

experiments, but researchers should be aware of the influence of the experimental 

parameters on the resulting uptake kinetics. 
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Direct microscopic observations of ultrasound-induced membrane pores have shown that 

resealing occurs within seconds up to a minute [38]. Therefore, we speculate that during the 

time that pores are open, SYTOX Green molecules enter the cell, while the pore reseals 

within a minute. The quantity of intracellular SYTOX Green molecules depends primarily 

on the extracellular concentration. Subsequently, SYTOX Green diffuses throughout the 

cell and accumulates in the nucleus by binding to DNA. The rate of diffusion and DNA 

binding is influenced by the concentration, in accordance with Fick’s law. Furthermore, 

additional SYTOX Green molecules may enter the cell after the pores have resealed, e.g. by 

endocytosis, which can continue longer than the pores are open [19], [39]. Together, these 

events result in the signal intensity enhancement, which can last much longer than the time 

during which pore(s) remain(s) open. 

We demonstrated that the fluorescence kinetics differ between cell lines when using 

otherwise identical experimental conditions. C6 cells showed somewhat faster fluorescence 

kinetics compared to FaDu cells following SYTOX Green uptake, after ultrasound- but also 

after chemical permeabilization. This suggests that the differences between cell lines cannot 

be solely attributed to different susceptibility to USMB exposure, e.g. different pore 

resealing kinetics.  

We found that the viability of C6 cells was not significantly reduced by ultrasound 

exposure, while FaDu cells only showed a slightly reduced viability when exposed to the 

highest acoustic pressure. These data indicate that the ultrasound-induced SYTOX Green 

uptake measured by FCFM was primarily the result of reversible membrane permeability. 

Further details on model drug uptake and viability can be obtained by combining single cell 

fluorescence kinetics with cell specific viability, as described by others [20]. However, such 

an approach was not compatible with our FCFM setup. 

 

5. Conclusion 

This study demonstrated that the fluorescence kinetics following ultrasound-induced model 

drug uptake are substantially influenced by experimental parameters, such as the laser duty 

cycle, dye concentration and cell line. While using optimized experimental conditions, we 

found no effect of the acoustic pressure on the fluorescence kinetics.. The uptake kinetics 

following cellular internalization were associated with intracellular diffusion and 

accumulation in the nucleus. Therefore, as SYTOX Green fluorescence enhancement is an 

indirect result of membrane permeability and largely influenced by experimental 

parameters, its fluorescence kinetics should be carefully interpreted before relating it to 

biological processes, such as pore resealing. 
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Appendices 

 

Supplementary Fig. 1: SYTOX Green positive C6 cells as a function of acoustic pressure. Results are shown as 
mean ± standard deviation. 

 

 
 

Supplementary Fig. 2: SYTOX Green uptake and fluorescence signal enhancement of chemically permeabilized 
FaDu cells. (A) Average SYTOX Green signal intensity over time after addition of 1, 2, 5, 10 or 20 µM to 
permeabilized cells (N=4). (B) Fluorescence rate constants (kf) of signal intensity after addition of different 
SYTOX Green concentrations to permeabilized cells as a function of SYTOX Green concentration. Symbols 
represent mean ± SEM (N=4).  
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Supplementary Fig. 3:(A) Fluorescence rate constants (kf) of cells exposed to ultrasound in the presence of 
SYTOX Green or PI. Whiskers represent the 5 - 95 percentile, N the number of cells per group. (B) Fluorescence 
signal intensity as a function of time for representative cells that were exposed to ultrasound in the presence of 10 
µM SYTOX Green or 30 µM PI. 
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1. Summary 

 

The goal of this thesis was to investigate the combination of ultrasound and microbubbles 

(USMB) for intracellular delivery of (model) drugs in vitro. We have focused on clinically 

approved drugs, i.e. cisplatin, and microbubbles, i.e. SonoVue™, to facilitate clinical 

translation. In addition, model drugs, predominantly SYTOX Green, were used to increase 

the understanding of the mechanisms involved in USMB-induced cellular uptake, in 

particular during cellular recovery after membrane permeabilization.  

Chemotherapy is one of the major treatment modalities in cancer, next to radiotherapy and 

surgery. However, in certain types of cancer, chemotherapy shows low efficacy while 

inducing serious adverse effects. Much research has focused on increasing the efficacy or 

decreasing the toxicity of these chemotherapeutic drugs, with limited success. The 

combination of ultrasound and microbubbles is a promising new technique to increase the 

efficacy of chemotherapeutic drugs, by increasing drug extravasation in the tumor and 

enhancing cellular uptake of drugs.  

The variety in treatment strategies for USMB-induced drug delivery were discussed in 

Chapter 2, focusing on drugs and microbubbles, route of administration, ultrasound 

equipment and treatment schedules. Chemotherapeutic drugs can be loaded into the shell of 

the microbubble, resulting in a microbubble that not only acts as a cavitation-enhancing 

agent, but also as a drug carrier. In this case, ultrasound-induced destruction of the 

microbubble results not only in vascular- and membrane permeabilization, but also in 

concurrent local drug release. This may lead to higher efficacy and lower toxicity compared 

to the co-administration approach, where conventional microbubbles and free drugs are 

administered simultaneously. However, the co-administration approach is likely the fastest 

way towards the clinic, as both microbubbles and drugs are clinically approved, in contrast 

to the drug-loaded microbubbles. While drugs and microbubbles can be injected directly 

into the tumor to ensure direct contact between drugs, microbubbles and tumor cells, most 

in vivo studies opt for intravenous administration. As microbubbles are confined to the 

vascular space due to their micrometer size, they will be primarily in contact with 

endothelial cells, rather than tumor cells. Nevertheless, enhanced chemotherapeutic efficacy 

when combined with USMB has been reported for both routes of administration.  

Although pre-clinical success has been demonstrated in vitro and in vivo, the translation 

towards the clinic has been limited thus far. One clinical case study has been published, 

where pancreatic cancer patients were treated with gemcitabine and concurrent USMB, 

using the clinically approved SonoVue™ microbubbles. Patients who received gemcitabine 

in combination with USMB showed enhanced treatment efficacy compared to a historical 

control group of patients that received only gemcitabine [1]. 

As discussed in Chapter 1 of this thesis, chemotherapy is often combined with surgery or 

radiotherapy in an (neo)adjuvant setting. Nevertheless, practically all studies on 
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chemotherapeutic drug delivery by USMB focus on chemotherapy as a single modality 

treatment. Cisplatin is one of the most widely used chemotherapeutics in combination with 

radiotherapy, where both treatments act synergistically to enhance treatment efficacy. In 

advanced staged (stage III and IV) head and neck cancer patients with high-risk features, 

treatment often includes concurrent cisplatin and radiotherapy treatment.  

Therefore, Chapter 3 addressed the potential of USMB to enhance the efficacy of 

chemoradiation by increasing the intracellular uptake of cisplatin in a head and neck cancer 

model in vitro. Measurements with inductively coupled plasma mass spectrometry 

demonstrated that intracellular cisplatin levels were 2.7-fold higher when cisplatin 

treatment was combined with USMB, compared to cisplatin only. These enhanced 

intracellular cisplatin levels were associated with increased DNA damage, which was 82% 

higher after cisplatin + USMB treatment compared to cisplatin only treatment, while 

USMB alone did not enhance DNA damage. Subsequently, USMB significantly enhanced 

the efficacy of the combination cisplatin and radiotherapy, without affecting radiotherapy 

efficacy in the absence of cisplatin. While these results demonstrate the potential of USMB 

to enhance the efficacy of the combination cisplatin and radiotherapy in vitro, future 

research should confirm if similar results can be obtained in vivo.  

The next chapters aimed to increase the understanding of the biological mechanisms 

involved in USMB-induced membrane permeabilization and drug uptake. The majority of 

research into the mechanism of USMB focused on the direct effects on the cell membrane, 

e.g. by investigating the pore formation or the upregulation of endocytosis [2], [3]. 

However, less attention has been paid to cellular recovery after USMB exposure and how 

this relates to prolonged membrane permeability and (model) drug uptake. In Chapter 4, 

we studied the duration of cell membrane permeability after a single USMB treatment by 

assessing the intracellular uptake of model drug SYTOX Green as a function of acoustic 

pressure and cell line. Fluorescence microscopy demonstrated that the number of cells with 

SYTOX Green uptake was highest when cells were sonicated in the presence of the dye. 

The number of SYTOX Green positive cells decreased with increasing time interval 

between USMB treatment and addition of the model drug, suggesting that more cells 

recovered from USMB-induced damage with increasing time after sonication. The duration 

of membrane permeability in the breast cancer cell line MDA-MB-468 was only slightly 

affected by the acoustic pressures used in the study, and returned to the level of non-

sonicated cells within 1 – 2 hours after USMB treatment. Larger differences in duration of 

membrane permeability after USMB exposure were found between cell lines. As mentioned 

before, the membrane permeability of MDA-MB-468 cells returned to control level within 

2 hours, while this lasted more than 3 hours for the breast cancer cell line 4T1, and less than 

1 hour for the endothelial cell line HUVEC. This difference in time window of drug uptake 

following sonication may reflect the heterogeneity between cell lines in their ability to 

recover from the biophysical stress induced by USMB.  

Intracellular drug uptake by USMB has been associated with disruption of the cellular 

membrane. Direct microscopic observations in addition to transmembrane current 
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measurements have demonstrated that membrane pores can be created when cells are 

exposed to USMB, which facilitate the intracellular uptake of (model) drugs. However, it 

recently has been suggested that USMB may also disrupt the tightly regulated lipid 

composition of the cell membrane. Therefore, the effect of USMB on the membrane lipid 

phosphatidylserine (PS) was studied and presented in Chapter 5. Fluorescence microscopy 

demonstrated that USMB induced a transient PS translocation from the inner leaflet of the 

plasma membrane to the outer leaflet. The duration of PS externalization was positively 

correlated with model drug uptake, suggesting that it is related with USMB-induced 

membrane permeability.  

While PS externalization is normally regarded as a precursor of apoptosis, USMB-induced 

PS externalization was found to be transient and not associated with loss of cell viability. In 

our experiments, we did not find evidence that USMB-induced PS externalization occurred 

via calcium-stimulated activation of the phospholipid scramblase. Therefore, it was 

hypothesized that the membrane pores could provide a new pathway for PS translocation 

between the inner and outer leaflet of the plasma membrane. During membrane recovery, 

external PS may be internalized by the transmembrane lipid transporter protein flippase or 

by endocytosis and exocytosis.  

SYTOX Green and propidium iodide (PI) are membrane impermeant dyes that exhibit 500-

fold and 30-fold fluorescence intensity enhancement, respectively, upon binding to nucleic 

acids. They are widely used as model drugs to study USMB-induced membrane 

permeabilization and cellular uptake, as was shown in Chapters 4 and 5. The fluorescence 

intensity enhancement after USMB-mediated cellular internalization has been associated 

with cellular uptake kinetics [4], where others related the duration of fluorescence intensity 

enhancement to pore size [5]. However, SYTOX Green fluorescence intensity enhancement 

is induced by nucleic acid binding, which is an indirect result of cellular uptake.  

To increase the understanding and interpretation of the fluorescence intensity enhancement 

of model drugs like SYTOX Green after cellular internalization, Chapter 6 characterized 

the fluorescence intensity enhancement upon intracellular SYTOX Green uptake in vitro, 

and how this is influenced by experimental parameters. Swept-field confocal microscopy of 

single cells showed that a membrane pore was created upon exposure to USMB. SYTOX 

Green fluorescence intensity increased around the pore, suggesting that the model drug 

entered the cell through this pore. Next, the SYTOX Green fluorescence signal spread 

throughout the cell and accumulated in the nucleus during the 9-minute acquisition, 

whereas the cytosolic signal reached a maximum fluorescence intensity already after 15 

seconds. These results underlined that SYTOX Green fluorescence intensity depends 

primarily on nuclear accumulation and binding DNA and not just on cellular uptake.  

The prolonged signal intensity enhancement of SYTOX Green after USMB exposure was 

confirmed in populations of cells on a fibered confocal fluorescence microscope. The 

cellular fluorescence signal of SYTOX Green increased at least for 10 minutes, and often 

more than 30 minutes, after USMB exposure, and was substantially affected by the 

experimental conditions. It was found that the duty cycle of the fluorescent laser largely 
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influenced the signal enhancement of SYTOX Green upon USMB-induced cellular uptake, 

due to a 6.4-fold enhancement of the photobleaching rate. In addition, the rate of 

fluorescence enhancement upon cellular internalization was demonstrated to be dependent 

on the extracellular dye concentration, as we found a positive linear relation between the 

dye concentration and fluorescence rate constant. While it has been postulated in the 

literature that increased acoustic pressure results in larger pore sizes, we did not find a 

relation between the fluorescence rate constants and the acoustic range tested in this study 

(350 kPa – 850 kPa). Furthermore, we found that the rate of fluorescence enhancement 

differs between the glioma cell line C6 and the head and neck squamous cell carcinoma cell 

line FaDu in both ultrasound- and chemically permeabilized cells. This suggests that the 

differences in dynamics of fluorescence enhancement cannot be solely attributed to 

different susceptibility to ultrasound exposure. The data in this chapter demonstrated that 

intercalating model drugs like SYTOX Green are useful as a biomarker for membrane 

permeability, but the dynamics of signal enhancement upon cellular internalization should 

be carefully interpreted before drawing conclusions on the underlying biology, such as pore 

resealing.   
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2. General Discussion 

 

2.1 Mechanisms of intracellular drug delivery by USMB 

Ultrasound was introduced as a method to deliver extracellular molecules into the 

intracellular compartment some 30 years ago [6], [7]. Although initially employed without 

microbubbles as cavitation enhancing agents, it was soon realized that these microbubbles 

could substantially enhance the drug delivery efficiency of ultrasound. During the late 90s, 

it was proposed that USMB could induce reversible membrane damage, and that these 

membrane “pores” can facilitate the internalization of extracellular molecules into the cell, 

which remain trapped after resealing [8], [9]. The term sonoporation was introduced to 

describe the temporal cell membrane openings that can arise after USMB treatment. 

Multiple studies have demonstrated the presence of these pores, either directly via confocal 

fluorescence microscopy [10] or indirectly by monitoring the transmembrane current [11].  

More recently, it has been shown that USMB induced an upregulation of endocytosis, 

which may also contribute to intracellular drug uptake. The relative contribution of each 

mechanism, i.e. pores and endocytosis, to cellular model drug uptake has been related to the 

size of the model drug [2], but also to the acoustic pressure used in the study [3]. It has been 

proposed that the damaged membrane acts as a sieve, allowing small (model) drugs to enter 

the cell by diffusion through the pores if their diameter is smaller than the pore diameter 

[12]. Intracellular uptake of larger molecules is ascribed primarily to endocytosis, which is 

upregulated after USMB-induced membrane damage. 

Fluorescent model drug SYTOX Green was used in Chapters 3, 4, 5 and 6 to study 

intracellular drug delivery by USMB. As SYTOX Green is a small molecule, i.e. 600 Da, it 

is assumed that intracellular uptake occurs primarily through membrane pores when the dye 

is present at the time of sonication, in accordance with De Cock et al. [3]. However, recent 

studies have shown that SYTOX Green uptake was substantially reduced when cells were 

treated with endocytosis inhibitors [13], [14], suggesting that endocytosis may also play a 

significant role in intracellular uptake of small molecules like SYTOX Green. However, it 

is very hard to assess the presence of SYTOX Green inside endocytic vesicles, because 

SYTOX Green needs to bind to nucleic acids, thereby increasing its fluorescence, before it 

can be visualized by fluorescence microscopy. As endocytic vesicles normally do not 

contain nucleic acids, we cannot directly assess the presence of SYTOX Green in these 

vesicles. If the SYTOX Green escapes the endosomal pathway, it can enter the cytosol and 

nucleus, bind to DNA and subsequently enhance its fluorescence intensity, which can be 

monitored by fluorescence microscopy. However, it is very hard, if not impossible, to 

discriminate between SYTOX Green that entered the cytosol through pores and SYTOX 

Green that entered through endocytosis and subsequent endosomal escape. The mechanism 

by which endocytosed SYTOX Green, or other drugs that enter the cell by USMB-induced 

endocytosis [15], can escape lysosomal degradation remains to be clarified by future 
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research. Other model drugs that exhibit continuous fluorescence, i.e. not required to bind 

nucleic acids, can be used to track the intracellular pathway when internalized by 

endocytosis. However, these latter model drugs require additional washing steps to reduce 

the background signal, which hinders real-time monitoring of USMB-induced cellular 

model drug uptake by fluorescence microscopy. 

Microscopic observations [10] and transmembrane current measurements [16], [17] 

demonstrated that membrane pores reseal within seconds up to a minute. However, 

Zeghimi et al. reported the presence of membrane invaginations on the cell membrane up to 

an hour after USMB exposure, which were associated with endocytosis [13]. These 

membrane structures were positively correlated with SYTOX Green uptake, suggesting that 

endocytosis was also involved in the cellular internalization of SYTOX Green. In this light, 

we speculate that the prolonged SYTOX Green uptake up to several hours after a single 

USMB exposure, as reported in Chapter 4, is most likely the result of endocytosis. When 

cells are exposed to USMB in the presence of SYTOX Green, i.e. T = 0h in Chapter 4, 

uptake will primarily occur through membrane pores. However, when the time interval 

between USMB exposure and addition of SYTOX Green increases, membrane pores reseal 

and the contribution of endocytosis to intracellular SYTOX Green uptake will increase. 

Further research should confirm or refute this theory, as it can be of great interest when 

designing optimal treatment schedules for different types of drug or gene delivery, where 

uptake is preferred either through pores or endocytosis.  

In Chapter 3 we have shown increased intracellular uptake and efficacy of cisplatin when 

treatment was combined with USMB. While many in vitro studies only focused on drug 

efficacy when drug treatment was combined with USMB [18], [19], we demonstrated that 

the enhanced efficacy was associated with increased intracellular drug levels and an 

enhanced number of double-strand DNA breaks. Such an approach greatly increases our 

understanding of the mechanisms involved in USMB-mediated enhanced drug efficacy. 

Therefore, future research should focus not only on the increased efficacy, but also on 

secondary endpoints, such as the intracellular drug levels and other cellular effects, e.g. 

drug-induced DNA damage. Quantifying intracellular drug delivery by USMB through the 

use of fluorescent model drugs is an option, but it has to be taken into account that the 

physicochemical properties differ from the “real” drug, which may influence the efficacy of 

USMB-mediated intracellular uptake. 

 

2.2 From in vitro to in vivo 

The research chapters described in this thesis were all based on in vitro research. In vitro 

studies allow us to study specific bio-effects, such as the mechanism of USMB-mediated 

cellular drug uptake or the recovery of the plasma membrane after exposure to USMB. 

These specific bio-effects are obviously much harder to study in vivo. Therefore, the 

majority of USMB studies are performed in vitro on 2D cell cultures, although there are a 
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number of differences with the in vivo situation: e.g. (i) there is relatively little attenuation 

of the ultrasound field in in vitro setups, (ii) there is often only one cell type and no 

extracellular matrix, (iii) there is a simplified interaction between cells due to a lack of cell 

heterogeneity. These can result in biological effects in vitro that are different from those in 

cells exposed to USMB in vivo. Therefore, the translation of in vitro- to in vivo studies is 

not straightforward, especially for USMB studies that depend primarily on direct contact 

between cells and microbubbles [20].  

Consequently, several 3D cell culture models have been introduced as improved in vitro 

models that mimic more closely the in vivo situation. Grainger et al. used spheroids of 

breast cancer cells to investigate the penetration of nanoparticles after applying pulsed 

ultrasound [21]. More recently, Sasaki et al. developed a tissue-mimicking model with an 

endothelial layer and an extracellular matrix-enriched gel layer incorporating cancer cells to 

study the effect of USMB on drug uptake and penetration into the gel [22]. Although these 

in vitro 3D-models approach the cell-cell interaction and the heterogenic contact between 

cells and microbubbles in the in vivo situation more than standard 2D cell monolayers, they 

are not widely used. 

The biophysical forces induced by acoustically-activated microbubbles and the interaction 

with individual cells have been studied in detail in vitro, where the focus has primarily been 

on intracellular uptake of drugs or genes. However, the bio-effects of USMB in vivo are not 

limited to intracellular uptake of drugs, but also include increased extravasation and 

penetration of drugs into the tumor [23]. The use of USMB to enhance drug efficacy in the 

tumor has been widely studied in vivo, and was extensively discussed in Chapter 2. 

Although most published studies demonstrate an enhanced efficacy when drug treatment 

was combined with USMB, the mechanism by which USMB affects drug extravasation and 

penetration within a tumor is often unknown. A number of in vivo studies measured the 

effect of USMB on drug efficacy only by measuring tumor size and/or survival [24]–[26], 

assuming this was the result of enhanced drug uptake. Other studies went one step further 

by not only measuring the effect on tumor size, but also on the drug concentration in the 

tumor. For example, USMB induced a 4- and 6-fold enhancement of paclitaxel and 10-

hydroxycamptothecin levels in the tumor, respectively, while using drug-loaded 

microbubbles [27], [28].  

In vivo, microbubbles will be primarily confined to the vasculature, as they are too big to 

extravasate. Activation by ultrasound results in cavitation and biophysical stress to the 

direct environment of the microbubbles, i.e. the vessel wall composed of endothelial cells. 

It has been shown that intracellular drug delivery by USMB requires microbubbles to be in 

direct contact with cells [20]. Therefore, there is currently a general assumption that 

USMB-induced intracellular drug delivery primarily affects endothelial cells, while the 

membrane permeabilization effect of USMB in tumor cells in vivo is severely questioned. It 

should be noted however, that it has never been experimentally demonstrated that 

intracellular drug delivery by USMB occurs only in endothelial cells in vivo. Nevertheless, 

increasing drug uptake in endothelial cells may indirectly also affect the tumor cells further 
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away from the vessels, i.e. those who are not in direct contact with the microbubbles. 

Enhanced drug uptake in endothelial cells can result in endothelial cell death, which 

substantially affects the integrity and function of the vasculature. Targeting tumor 

vasculature can result in disruption of the vascular network and shutdown of the blood 

flow, which results in indirect tumor cell death due to a lack of oxygen and nutrients supply 

[29], [30]. In this way, USMB-mediated enhanced drug uptake in endothelial cells may 

indirectly result in tumor cell death. Although USMB-induced reductions in blood flow 

have been shown, very little is known about the effects of USMB on the integrity and 

function of the vasculature. For example, USMB treatment may result in endothelial 

damage, resulting in leukocyte recruitment, coagulation and thrombus formation in the 

vessel [31]. Future research should try to elucidate this in detail, as this is an important 

factor in USMB treatment in vivo. 

Furthermore, USMB can also increase the extravasation of drugs, e.g. by increasing 

paracellular- (i.e. affecting tight junction integrity) [32] and transcellular pathways (i.e. 

transcytosis) [33]. There is one organ that is of particular interest for USMB-induced 

enhanced drug extravasation; the brain, where drug extravasation is minimal for even the 

smallest molecules. The vasculature in the brain is characterized by a tightly sealed vessel 

wall, termed blood-brain-barrier, to prevent the vast majority of molecules to enter the 

brain. Therefore, brain tumors are very difficult to treat, as most drugs simply cannot pass 

the blood-brain-barrier and therefore cannot reach the tumor [34]. Since USMB can 

increase the vascular permeability, it has been extensively studied to transiently disturb the 

blood-brain-barrier on a specific site in the brain, allowing drugs to extravasate and locally 

enter the brain. USMB has been demonstrated to enhance the delivery of free, non-

encapsulated doxorubicin [35], methotrexate [36], bis-chloroethylnitrosourea (BCNU) [37] 

and temozolomide [38] to brain tumors.  

USMB can also enhance drug extravasation and penetration into tumors outside the brain. 

However, the exact effect of USMB on the drug distribution in the microenvironment of the 

tumor remains to be fully understood. Although USMB can enhance the EPR effect in 

tumor vasculature, it is unclear if small chemotherapeutic drugs can benefit from this effect, 

as they can also extravasate in vessels with minimal EPR. Furthermore, little is known 

about the effect of USMB on the interstitial fluid pressure, which may affect the penetration 

of drugs deeper into the tumor. An experimental procedure where intratumoral drug levels 

can be measured after USMB treatment without losing spatial information from the tumor 

microenvironment may provide valuable information how USMB can enhance drug 

efficacy. Fluorescence microscopy can visualize the microdistribution of drugs that exhibit 

intrinsic fluorescence, such as doxorubicin. However, the majority of drugs are non-

fluorescent, thereby excluding fluorescence microscopy to visualize the intratumoral drug 

distribution and how this is affected by USMB. An alternative method is matrix-assisted 

laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS), which is 

an analytical technique that can quantify molecules with two-dimensional coordinates from 

the original sample [39]. Such a technique could substantially enhance our understanding of 
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the intracellular drug uptake and penetration into the tumor interstitium following USMB 

treatment.  

The effect of USMB on drug distribution in the tumor microenvironment will largely 

depend on the type of drug used in the study. These will be largely influenced by the 

physicochemical properties of the drug, such as the molecular weight, charge and 

hydrophilicity. To the best of our knowledge, there are no studies that compare the effect of 

USMB on the microdistribution of different small molecular weight drugs in the same 

study. As shown in Chapter 2, USMB enhanced the tumor accumulation of several small 

molecular weight chemotherapeutics in different studies and setups. However, whether the 

differences in degree of drug accumulation by USMB are due to the physicochemical 

properties of the drug or to the ultrasound setup and/or study design is unclear. 

In addition, it can be expected that the distribution in the tumor microenvironment of a 

nanoparticle will be affected by USMB in a different way compared to small molecular 

weight chemotherapeutics, primarily due to a large difference in size. A recent study by the 

group of Lammers and co-workers showed that in two tumor models with relatively low 

EPR effect, USMB improved liposomal accumulation in the tumor and penetration into the 

tumor interstitium [40]. They report that such an approach can enhance the efficacy of 

liposomal drug formulations, which depend largely on tumor accumulation by the EPR 

effect. As the EPR effect is highly heterogeneous between or even within patients, leading 

to limited clinical success [41], USMB can be used to enhance the overall EPR effect in 

tumors, resulting in increased efficacy. If similar effects will be observed when using small 

chemotherapeutics remains to be clarified, as their extravasation depends much less on the 

EPR effect.  

 

2.3 Vascular (side-)effects by USMB 

As discussed in the previous section, USMB can induce vascular permeabilization. 

However, USMB can also induce vascular disruption, resulting in bleeding, 

vasoconstriction or even vascular shutdown [42]. In the light of drug delivery, vascular 

shutdown is an undesired effect as drug supply often depends on a functional vascular 

system. Nevertheless, if we put (chemotherapeutic) drug delivery aside, destroying the 

tumor vasculature may indirectly result in tumor cell death by blocking the supply of 

nutrients and oxygen to the tumor. In fact, there are specific classes of drugs that target the 

tumor vasculature, rather than tumor cells, in order to treat cancer.  

First, there are the anti-angiogenic agents, i.e. drugs that inhibit the formation of new blood 

vessels, which are often necessary for a tumor to grow. These drugs specifically target the 

newly formed tumor vessels, e.g. by inhibiting the vascular endothelial growth factor 

(VEGF) pathway [43]. For example, the monoclonal antibody bevacizumab (Avastin®, 

Roche) binds VEGF and thereby blocks its action. Furthermore, the VEGF-receptor 
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tyrosine kinase inhibitors sorafenib (Nexavar®, Bayer) and sunitinib (Sutent®, Pfizer) 

block angiogenesis by inhibiting the signal transduction of the VEGF-receptor.  

Second, vascular-disrupting agents (VDAs) are a new class of drugs that specifically targets 

established tumor vasculature. Although different compounds have different mechanisms of 

actions, such as enhanced production of cytokines, interleukins, and von Willebrand factor, 

or inhibition of tubulin polymerization, they all result in the same bio-effect; disruption and 

occlusion of existing tumor vasculature [44]. While no VDA is clinically approved at this 

point, multiple molecules have shown promising results in combination with 

chemotherapeutic drugs in clinical trials.  

Instead of using drugs to destroy the tumor vasculature, similar results can be achieved by 

USMB. An advantage would be that off-target adverse effects related to VDAs can be 

circumvented. Vascular destruction by USMB requires slightly higher acoustic pressures 

than used for drug delivery, but still not as high as used for HIFU ablation or ultrasonic 

lithotripsy. Multiple studies have shown that the antivascular effects of USMB can increase 

survival in mice with implanted tumors, either as a monotherapy [45], [46] or in 

combination with drugs [47], [48]. Further research should elaborate the therapeutic 

potential of vascular destruction by USMB, possibly in combination with anti-angiogenic 

drugs or radiotherapy. 

These studies demonstrate that the acoustic effects of USMB can be employed for cancer 

treatment in multiple ways. It is however of the utmost importance that the ultrasound 

conditions are controlled in the in vivo situation, to guarantee that the bio-effects induced 

by USMB work in the favor of the treatment, rather than opposing it.  

 

2.4 The bumpy road to the clinics 

Although USMB is a promising technique to enhance drug delivery in pre-clinical research, 

future research should prove if the positive results will also hold in patients. Much will 

depend on the strategy and indication areas that are being pursued, as well as the interest of 

companies, both pharmaceutical and technical companies, to push this technique towards 

the clinic with funding and support.  

Several ultrasound-based therapies are currently being used in the clinics, such as ablation 

by High Intensity Focused Ultrasound (HIFU), and recently the FDA approved focused 

ultrasound for treatment of essential tremor [49]. The advantage of drug delivery by USMB 

is that the ultrasound equipment necessary for this technique may not be as advanced as for 

the therapies mentioned above. Diagnostic ultrasound scanners, as currently used in the 

clinic for imaging, can be used for drug delivery by USMB [1]. However, future 

developments may result in enhanced treatment efficacy and safety using e.g. image-

guidance by ultrasound or magnetic resonance imaging. Moreover, as diagnostic ultrasound 

scanners have limitations in their configuration, customized ultrasound devices may 

improve USMB treatment efficacy compared to diagnostic devices. Nevertheless, Kotopulis 
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et al. showed promising results in patients with pancreatic cancer using a US setup based on 

a clinical scanner [1]. Such a system can in theory be used in a range of solid tumors, such 

as head- and neck cancer, soft tissue sarcoma or breast cancer. However, there are some 

sites in the body that are hard to treat using ultrasound, e.g. the brain. The brain requires 

advanced ultrasound technology, as the ultrasound waves need to pass the skull, which 

affects the phase of the ultrasound beam and causes substantial attenuation. Nevertheless, 

using an advanced ultrasound setup, transient blood-brain barrier disruption has been 

demonstrated in non-human primates, whose skull characteristics approach those of humans 

[50]. They used a much lower frequency, i.e. 220 kHz, compared to the majority of USMB 

studies, i.e. 1 – 1.5 MHz, to reduce the attenuation by the skull. 

Making USMB-mediated drug delivery a clinical success will also largely depend on the 

diseases in which it is employed. USMB is a local therapy and will therefore not be directly 

effective against (micro)metastases away from the treatment site. USMB can be used as an 

additional therapy in combination with chemotherapy when the standard treatment shows 

limited efficacy. While chemotherapy treats both metastases and the primary tumor, USMB 

can induce a local “boost” for chemotherapy by enhancing its uptake at the primary tumor, 

without reducing the chemotherapeutic effect on distant metastases. Other strategies such as 

drug carrier formulations can also induce a local boost when using a triggered release, but 

this may go at the cost of lower efficacy against distant metastases due to lower systemic 

drug concentrations. Similar disadvantages arise when drug-loaded microbubbles would be 

used instead of free drugs and microbubbles. Chapter 3 describes an approach where a local 

boost of cisplatin uptake can result in enhanced radiosensitizing effect and ultimately 

increased treatment efficacy.  

One of the pitfalls of the current field of USMB and the road towards the clinic is the large 

heterogeneity of ultrasound setups and parameters used in pre-clinical studies, which 

severely hinders the reproducibility and comparability of outcomes. First, there is a wide 

variety in cell culture chambers used during sonication. Attaching cells have been exposed 

to USMB in well plates [18] and acoustic compatible chambers like Opticells or CLINIcells 

[51], while others use a rotating tube to sonicate cells in suspension [9]. The cell culture 

chamber has a large effect on the acoustic field and therefore influences the biophysical 

effects of USMB [52], [53]. In addition, the setup influences the microbubble-cell contact, 

which is an important factor for membrane permeabilization [20].  

Second, there are a number of ultrasound parameters that determine the cellular effects, i.e. 

frequency, acoustic pressure, duty cycle and pulse repetition frequency. Multiple studies 

have optimized these parameters for their setups to achieve high transfection efficacy while 

keeping cell death low, but often report different optimal settings [54], [55]. Furthermore, 

the number, size, and type of microbubbles substantially affects the biophysical forces on 

cells and subsequent drug delivery efficacy by USMB [56], [57]. Together, this 

heterogeneity in experimental protocols makes it very difficult to compare different studies, 

as “optimized” ultrasound parameters are only “optimal” for a specific setup.  
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Clinical success will also depend on the treatment approach taken for USMB-mediated 

drug delivery. As extensively discussed in Chapter 2, there is a large variety in strategies 

for chemotherapeutic drug delivery by USMB. The highest efficacy in combination with 

the lowest toxicity may lie in the use of drug-loaded microbubbles, which combines the 

USMB-induced enhanced uptake with local release of the drug. However, as these drug-

loaded microbubbles are new molecular entities, they require extensive safety testing before 

they can be used in patients, including the complete cycle of clinical trials. As this is a long 

and expensive process, too expensive for any research group in the world, the 

pharmaceutical industry needs to be interested to fund this development. A much faster 

route to the clinic is to use clinically approved drugs and microbubbles, such as the study 

by Kotopoulis et al. [1]. By using these drugs and microbubbles, the first steps of clinical 

translation can be made. When this proves to be a clinical success, this may lead to 

adoption of drug delivery by USMB in the field of oncology. Subsequently, this can raise 

the interest of pharmaceutical companies to develop drug-loaded microbubbles for clinical 

use, which may substantially improve chemotherapeutic drug efficacy and clinical outcome 

in a variety of cancers.  
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Het doel van dit proefschrift was de combinatie van ultrageluid en microbellen (UGMB) te 

bestuderen om de aflevering van medicijnen te verhogen, waarbij de nadruk gelegd is op 

het intracellulair afleveren van (model) medicijnen in vitro. Klinisch goedgekeurde 

medicijnen (cisplatine) en microbellen (SonoVue™) zijn gebruikt om rekening te houden 

met de translatie naar de kliniek. Daarnaast zijn er model medicijnen, voornamelijk 

SYTOX Green, gebruikt om de mechanismes die betrokken zijn bij UGMB-geïnduceerde 

intracellulare opname te bestuderen, waarbij de nadruk lag op het cellulaire herstel na 

membraan permeabilisatie.  

Chemotherapie is een van de voornaamste behandel methodes in kanker, naast 

radiotherapie en chirurgie. Echter, in bepaalde soorten kanker heeft chemotherapie een lage 

effectiviteit, terwijl het wel serieuze bijwerkingen veroorzaakt. Er is veel onderzoek gedaan 

om de effectiviteit van deze medicijnen te verhogen en de toxiciteit te verlagen, helaas met 

beperkt succes. De combinatie van ultrageluid met microbellen is een veelbelovende 

nieuwe techniek om de effectiviteit van chemotherapeutische medicijnen te verhogen, 

zowel door een verhoogde extravasatie van het medicijn in de tumor, als door een 

verhoging van de cellulaire opname van het medicijn.  

De variëteit in behandelstrategiën voor UGMB-geïnduceerde medicijn afgifte werd 

bediscussieerd in Hoofdstuk 2, waarbij de nadruk is gelegd op de verscheidenheid aan 

medicijnen en microbellen, route van toediening, ultrageluid apparatuur en behandel 

schema’s. Chemotherapeutica kunnen worden verpakt in de schil van de microbellen, 

waardoor er een microbel ontstaat die niet alleen de cavitatie verhoogt, maar ook als 

geneesmiddeldrager werkt. In dit geval leidt de destructie van de microbellen door 

ultrageluid naast vasculaire en membraan permeabilisatie ook tot lokale geneesmiddel 

afgifte. Dit kan leiden tot een verhoogde effecitiviteit en een verlaagde toxiciteit vergeleken 

met de co-administratie strategie, waarbij conventionele microbellen en vrije 

chemotherapeutica worden toegediend. Echter is deze co-administratie strategie 

waarschijnlijk de snelste manier om deze techniek in de kliniek te gebruiken, omdat in dit 

geval zowel de microbellen als de medicijnen goedgekeurd zijn voor klinisch gebruik, in 

tegenstelling tot de microbellen waarbij de medicijnen zijn verpakt in de schil van de 

microbellen. Hoewel chemotherapeutica en microbellen direct in de tumor geïnjecteerd 

kunnen worden om het contact tussen het medicijn, de microbellen en tumor cellen te 

garanderen, kiezen de meeste in vivo studies voor een intraveneuze toediening. Microbellen 

kunnen niet uit de bloedvaten treden door hun grootte van enkele micrometers, waardoor ze 

voornamelijk contact maken met endotheel cellen in plaats van tumor cellen. Desondanks 

zijn goede resultaten gepubliceerd waarbij UGMB heeft gezorgd voor een verhoogde anti-

tumor effectiviteit van chemotherapeutica, na zowel intratumorale- als na intraveneuze 

toediening.  
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Hoewel er vele pre-klische successen zijn geboekt in vitro en in vivo is de translatie naar de 

kliniek nog erg beperkt geweest. Er is één klinische casus gepubliceerd, waar patienten met 

alvleesklier kanker behandeld zijn met gemcitabine en gelijktijdige UGMB, waarbij de 

klinisch goedgekeurde microbellen SonoVue™ zijn gebruikt. Patiënten die gemcitabine 

kregen in combinatie met UGMB lieten een verhoogde effectiviteit van de behandeling zien 

vergeleken met een historische controle groep van patiënten die alleen gemcitabine kregen.  

Zoals besproken in Hoofdstuk 1 van dit proefschrift wordt chemotherapie vaak 

gecombineerd met chirurgie of radiotherapie als een (neo) adjuvante behandeling. 

Desalniettemin gaan vrijwel alle studies waarbij UGMB gebruikt wordt om 

chemotherapeutica effectiever te maken uit van een situatie waarbij chemotherapie de enige 

behandeling is. Cisplatine is een van de meest gebruikte chemotherapeutica in combinatie 

met radiotherapie, waarbij beide behandelingen elkaar versterken voor optimaal 

therapeutisch effect. In hoofd-hals kanker patiënten in een gevorderd stadium (graad 3 en 4) 

en een hoog risico op progressie, bestaat de behandeling vaak uit een combinatie van 

cisplatine en radiotherapie.  

Daarom wordt in Hoofdstuk 3 de potentie van UGMB om de effectiviteit van de 

combinatie cisplatine met radiotherapie te verhogen besproken. Dit is onderzocht door te 

kijken of de intracellulaire opname van cisplatine verhoogd kon worden door UGMB in een 

hoofd/hals kanker model in vitro. Metingen met inductief gekoppeld plasma 

massaspectrometrie lieten zien dat de intracellulaire cisplatine concentratie 2.7 keer zo 

hoog was wanneer cisplatine behandeling gecombineerd werd met UGMB, vergeleken met 

cisplatine zonder UGMB. Deze verhoogde intracellulaire cisplatine concentratie was 

geassocieerd met verhoogde DNA schade, welke 82% hoger was na cisplatine + UGMB 

vergeleken met alleen cisplatine, terwijl UGMB zonder cisplatine geen effect had op DNA 

schade. Dit leidde er toe dat UGMB de effectiviteit van de combinatie cisplatine en 

radiotherapie significant verhoogde, terwijl UGMB zonder cisplatine geen effect had op de 

effectiviteit van radiotherapie. Deze resultaten laten zien dat UGMB in staat is om de 

effectiviteit van de combinatie cisplatine en radiotherapie in vitro te verhogen. Echter moet 

uit toekomstig onderzoek blijken of soortgelijke resultaten ook gevonden kunnen worden in 

vivo.  

De volgende hoofdstukken waren erop gericht om de biologische mechanismen die 

betrokken zijn bij UGMB-geïnduceerde membraan permeabilisatie en medicijn opname 

beter te begrijpen. De meerderheid van de studies naar het mechanisme van medicijn 

opname door UGMB keken naar de directe effecten op het cel membraan, bijvoorbeeld 

door het bestuderen van gaten in het membraan of naar de verhoging van endocytose. 

Minder aandacht is uitgegaan naar het herstel van cellen die zijn behandeld met UGMB, en 

hoe dit in verhouding staat met langdurige membraan permeabiliteit en (model) medicijn 

opname. In Hoofdstuk 4 is een studie beschreven die keek naar de langdurige 

permeabiliteit van het celmembraan na een enkele UGMB behandeling door de 

intracellulaire opname van het model medicijn SYTOX Green te onderzoeken als functie 

van de acoustische druk en de cellijn. Met behulp van fluorescentie microscopie is laten 
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zien dat het aantal cellen met opname van SYTOX Green het hoogst was wanneer de cellen 

behandeld werden met UGMB in de aanwezigheid van het model medicijn. Het aantal 

SYTOX Green positieve cellen werd minder wanneer het tijdsinterval tussen UGMB 

behandeling en het toevoegen van het model medicijn groter werd, wat suggereert dat meer 

cellen herstelden van de schade toegebracht door UGMB wanneer de tijd na behandeling 

langer werd. De tijdsduur van membraan permeabiliteit van de borst kanker cellijn MDA-

MB-468 werd maar lichtelijk beïnvloed door de acoustische drukken die gebruikt zijn in de 

studie, en herstelde naar het niveau van permeabiliteit van niet-behandelde cellen binnen 1 

tot 2 uur na UGMB behandeling. Grotere verschillen in tijdsduur van membraan 

permeabiliteit werden gevonden tussen de verschillende cellijnen. Zoals hierboven 

genoemd keerde de membraan permeabiliteit van MDA-MB-468 cellen binnen 2 uur terug 

naar het niveau van niet-behandelde cellen, terwijl dit meer dan 3 uur duurde voor de borst 

kanker cellijn 4T1 en minder dan 1 uur voor de endotheel cellijn HUVEC. Dit verschil in 

tijdsduur van model medicijn opname na UGMB behandeling kan de heterogeniteit 

weergeven tussen de verschillende cellijnen in hoe zij kunnen herstellen van de biofysische 

stress veroorzaakt door UGMB.  

Intracellulaire medicijn opname door UGMB is geassocieerd met de ontwrichting van het 

cel membraan. Microscopische observaties alsmede metingen van de transmembraan 

stroom hebben laten zien dat er gaten in het membraan worden gecreëerd wanneer cellen 

behandeld worden met UGMB, welke de intracellulaire opname van (model) medicijnen 

faciliteren. Er is echter ook gesuggereerd dat UGMB de compositie van membraan lipiden 

kan verstoren, welke normaliter strikt gereguleerd is. Daarom is het effect van UGMB op 

het membraan lipide phosphatidylserine (PS) bestudeerd en beschreven in Hoofdstuk 5. 

Fluorescentie microscopie heeft laten zien dat UGMB een tijdelijke verplaatsing van PS 

van de binnenste laag naar de buitenste laag van het plasma membraan induceert. De 

tijdsduur van deze PS externalisatie was gecorreleerd met intracellulaire opname van het 

model medicijn SYTOX Green, wat suggereert dat het is gerelateerd aan UGMB-

geïnduceerde membraan permeabiliteit.  

Terwijl PS externalisatie normaal wordt gezien als een voorloper van apoptose, is USMB-

geïnduceerde PS externalisatie tijdelijk en niet geassocieerd met verminderde 

levensvatbaarheid. In onze experimenten hebben we geen bewijs gevonden dat de PS 

externalisatie, als gevolg van UGMB behandeling, veroorzaakt werd door calcium-

gestimuleerde activatie van de fosfolipide scramblase. Dit leidde tot de hypothese dat de 

gaten in het membraan een nieuwe manier zou kunnen zijn waardoor PS van de binnenste 

naar de buitenste laag van het plasma membraan kan bewegen. Gedurende het herstel van 

het plasma membraan kan de externe PS weer terug opgenomen worden aan de binnenkant 

van het plasma membraan door het transmembraan lipide transporter eiwit flippase of door 

de combinatie van endocytose en exocytose.  

SYTOX Green en propidium iodide (PI) zijn membraan impermeabele kleurstoffen die 

500- of 30- keer zoveel fluorescentie intensiteit krijgen, respectievelijk, als ze binden aan 

nucleïnezuren. Ze worden veel gebruikt als model medicijnen om UGMB-geïnduceerde 
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membraan permeabilisatie en cellulaire opname te bestuderen, zoals al eerder besproken in 

Hoofdstukken 4 en 5. Deze verhoging van fluroescentie intensiteit na UGMB-geïnduceerde 

cellulaire opname is in de literatuur geassociëerd met de kinetiek van cellulaire opname, 

terwijl anderen de tijdsduur van de stijgende intensiteit hebben toegeschreven aan de 

grootte van gaten in het membraan. Echter, de stijging van fluorescentie intensiteit van 

SYTOX Green is het gevolg van binding aan nucleïnezuren, wat een indirect gevolg is van 

cellulaire opname.  

Om de dynamiek van fluorescentie verhoging van model medicijnen zoals SYTOX Green 

beter te begrijpen en te kunnen interpreteren, is in Hoofdstuk 6 de verhoging van 

fluorescentie intensiteit als gevolg van intracellulaire opname van SYTOX Green 

gekarakteriseerd in vitro, alsmede het effect dat experimentele parameters hierop hebben. 

Met behulp van swept-field confocale microscopie van alleenstaande cellen hebben we 

laten zien dat UGMB een gat in het plasma membraan van een cel creëerde. Vervolgens 

nam de fluorescentie van SYTOX Green in de cel toe rondom dit gat, suggererend dat het 

model medicijn via dit gat de cel in komt. Daarna verspreidde het STYOX Green signaal 

zich door de cel en accumuleerde in de kern gedurende de 9 minuten durende acquisitie, 

terwijl het signaal in het cytosol al een maximale intensiteit bereikte na 15 seconden. Deze 

resultaten laten zien dat de signaal intensiteit van SYTOX Green vooral afhangt van 

accumulatie in de celkern, en dat het niet alleen cellulaire opname weergeeft.  

Deze lange stijging van SYTOX Green signaal intensiteit na UGMB behandeling was 

bevestigd in een populatie van cellen met een confocale fluorescentie microscoop gebruik 

makend van glasvezels. Het cellulaire fluorescentie signaal van SYTOX Green nam toe 

gedurende 10 tot 30 minuten na UGMB behandeling en werd substantieel beïnvloed door 

de experimentele condities. We observeerden dat de inschakeltijd van de fluorescentie laser 

een groot effect had op de dynamiek van de signaal intensiteit van SYTOX Green na 

UGMB-geïnduceerde cellulaire opname, door een 6.4 keer hogere verblekings coëfficient 

van de fluorescentiekleuring. Daarnaast bleek dat de snelheid van fluorescentie verhoging 

na cellulaire internalisatie afhankelijk was van de extracellulaire concentratie van de 

kleurstof. Er was zelfs een positieve lineaire relatie tussen de concentratie en fluorescentie 

snelheidsconstante. Ondanks dat eerdere studies lieten zien dat hogere acoustische drukken 

resulteerden in grotere gaten in het plasma membraan, hebben wij geen relatie gevonden 

tussen de fluorescentie snelheidsconstanten en de acoustische drukken die wij getest hebben 

in deze studie (350 kPa – 850 kPa). Daarnaast bleek dat de snelheid waarmee het 

fluorescentie signaal stijgt verschilt tussen de glioom cellijn C6 en de hoofd/hals kanker 

cellijn FaDu in zowel ultrageluid- als chemisch gepermeabiliseerde cellen. Dit suggereert 

dat de verschillen in dynamiek van fluorescentie niet alleen kan worden toegschreven aan 

verschillen in gevoeligheid voor ultrageluid behandeling. Intercalerende model medicijnen 

zoals SYTOX Green kunnen nuttig zijn als biomarker voor membraan permeabiliteit. 

Echter laat de data in dit hoofdstuk zien dat de dynamiek van signaal verhoging na 

intracellulaire opname voorzichtig geïnterpreteerd moet worden voor er biologische 

conclusies aan verbonden worden, zoals het sluiten van de gaten in het plasma membraan.  
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En dan is het proefschrift klaar en is het dankwoord het enige dat rest. Waar te beginnen? 

Het was een lange rit met pieken maar minstens evenveel dalen. Het succesvol afronden 

van dit promotieonderzoek was niet mogelijk geweest zonder alle mensen om mij heen, 

zowel binnen het UMC Utrecht en de Universiteit Utrecht als daarbuiten. Dit proefschrift is 

gebaseerd op een succesvolle samenwerking met tal van andere onderzoekers, collega’s, 

technici en begeleiders. Ik wil graag een aantal mensen in het bijzonder bedanken. 

 

Allereerst Chrit, eerste promotor van mijn onderzoek en hoofd van onze groep. Hartstikke 

bedankt voor je begeleiding en de kans die je mij gegeven hebt om binnen het UMCU mijn 

promotieonderzoek te doen. Je hebt altijd meegedacht om nieuwe projecten te starten en 

samenwerkingen aan te gaan daar waar mogelijk. Daarnaast gaat mijn waardering ook uit 

naar het opnieuw opzetten van een onderzoeksgroep in het UMCU, inclusief alle 

materialen, apparatuur, onderzoeksruimtes en personen. Toen ik begon met mijn promotie 

waren we nog met een kleine groep vrijwel zonder lab, maar inmiddels zijn we uitgegroeid 

naar een grote groep met zowel biologische als technische laboratoria. 

 

Gert, als tweede promotor betrokken bij dit promotieonderzoek, natuurlijk is mijn dank 

naar jou ook groot. Waar een ontmoeting in Bandung, Indonesië wel niet tot kan leiden? 

Hoewel we elkaar niet wekelijks spraken waardeer ik je input enorm, met name de 

pragmatische manier waarop je werkt en de resultaat-gerichtheid. Je zegt waar het op staat, 

ook als het niet goed is, en draagt vervolgens bij om tot een oplossing te komen. Naast 

Chrit ben je erg belangrijk geweest om dit proefschrift tot een goed einde te brengen.  

 

Clemens, als directe begeleider en eerste co-promotor is jou aandeel in dit werk natuurlijk 

ook enorm. Het zal vast niet altijd makkelijk zijn geweest als MRI-expert in de wereld van 

de celbiologie, maar het gaat je toch erg goed af. Ik waardeer je makkelijke omgang en de 

vruchtbare discussies die we wekelijks hebben gehad om mijn projecten te bespreken en bij 

te sturen waar nodig.  

 

Roel, als wekelijkse begeleiding samen met Clemens heb ook jij een grote inbreng gehad in 

dit proefschrift. Tussen alle flauwe grappen door hebben we toch een flink aantal 

inhoudelijke discussies gehad. De grappen waren ook een belangrijk onderdeel om 

teleurstellende resultaten te relativeren. En daarnaast waren de borrels altijd gezellig, 

inclusief de Chritmas borrel natuurlijk! Uiteraard is mijn dank naar jou ook groot.  

 

Geachte leden van de beoordelingscommissie, bedankt voor het beoordelen van dit 

proefschrift. 
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Daarnaast wil ik mijn paranimfen bedanken voor positieve input de afgelopen jaren. Cyril, 

thanks for the good times at work but definitely also after work! Love your can-do 

mentality, as well as the custom-made BoomBox in my living room. Looking forward to 

the next boat trip! Jan-Jaap, ook jij bedankt voor je bijdrage in de afgelopen paar jaar. Naast 

de vele borrels konden we altijd mooi discussiëren over het groter geheel van farmaceutisch 

onderzoek. Het hoogtepunt was toch zeker het debat dat we georganiseerd hebben op het 

WHF met onder andere Wouter Bos. Al met al een erg inspirerende en leerzame ervaring! 

 

Marc, thank you for all the good times in the lab, in Utrecht or in Ghent, it was great 

working with you. I can’t stop smiling when I remember the early days in the lab in the 

basement of the UMC, calibrating the same transducer over and over.  

Jean-Michel, le chef, while you were not an “official” supervisor in my project, you have 

made a huge positive impact on my work. You’re kindness, perseverance and dedication to 

science is nothing short of inspirational. Thank you! 

 

Daarnaast zijn er nog tal van andere collega’s waar ik mee samengewerkt heb die ik wil 

bedanken. Kim, bedankt voor al je hulp bij de anti-lichaam kleuringen! Helen and Negar, 

thank you for collaborating and the help with the clonogenic assays. Yuana, erg leuk om 

tweemaal samen te werken gedurende m’n promotie, bedankt en succes met de vesicles! 

Ine & Ine, ook jullie bedankt voor de mogelijkheid om samen te werken met jullie groep in 

Gent en om van jullie faciliteiten gebruik te maken. Judith, ook jij bedankt voor alles in de 

afgelopen jaren! Mijn dank gaat daarnaast ook uit naar de rest van het team waar ik niet 

mee samengewerkt heb, waaronder Marijn, Angelique, Ilya, Baudoin, Mario en Pascal. 

 

Ook bij de afdeling Biofarmacie van de Universiteit Utrecht zijn er mensen die ik wil 

bedanken. Hoewel ik van het UMC was en te “gast” bij jullie, hebben jullie me altijd als 

één van jullie behandeld, met vele borrels en feestjes tot gevolg. Speciale dank naar Joep, 

voor alle hulp in de loop der jaren en het meedenken met logistieke uitdagingen. Uiteraard 

ook dank naar de andere analisten, Barbara en de PhD studenten/post-docs voor de mooie 

tijden in het lab en daarbuiten.  

Dit dankwoord gaat ook uit naar Kim, Masha en Ingrid, de technici van de radiotherapie 

van de veterinaire geneeskunde. Dank voor jullie flexibele opstelling wanneer ik weer eens 

een dag van tevoren liet weten dat ik per se op dat tijdstip de volgende dag wou bestralen.  

 

Pap en mam, dank voor jullie onvolwaardelijke steun die jullie me altijd gegeven hebben. 

Met jullie steun heb ik mijn eigen keuzes kunnen maken en die kant op kunnen gaan waar 

mijn hart lag. Ook al was het voor jullie niet altijd helemaal duidelijk waar mijn onderzoek 

precies over ging, had ik het niet zonder jullie waardering en steun kunnen doen. Dank voor 

alles, dit proefschrift is voor jullie.  
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Ten slotte Nynke, als steun en toeverlaat heb jij dit promotieonderzoek van begin tot eind 

meegemaakt. Dank voor al je waardering en support over de jaren, het was zeker geen 

makkelijke weg. Dank voor alles, zowel voor de steun rondom deze promotie als alle 

andere momenten die we samen delen. Je hebt me er doorheen gesleept op de momenten 

dat het onderzoek niet mee zat. Samen hebben we dit avontuur afgerond, op naar de 

toekomst! 
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