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Introduction 

1.1 Radiotherapy 

 

Cancer is one of the major health threats globally, leading to around 9.8 million deaths in 

2018.[1] Currently, surgery, radiotherapy and chemotherapy are the three main approaches 

applied in cancer treatment. Surgery is usually the first choice, provided that the tumor has 

not spread to other parts of the body and is easily accessible, while chemotherapy is essential 

in the treatment of malignant metastases. Radiotherapy is widely utilized for treating a variety 

of malignant tumors at the surface, as well as deep in the body.  

 

Radiotherapy can be briefly categorized into external beam radiotherapy (EBRT), 

brachytherapy and radionuclide therapy, the first two are typically applied to localized tumors 

while the last is used to attack metastases. The widely-known EBRT makes use of external 

radiation sources such as X-rays, gamma-rays, and heavy particles, to irradiate the tumor 

sites.[2] In brachytherapy, radioactive sources are sealed and placed at or near the tumor site, 

so that the locally emitted radiation can kill tumor tissue while sparing healthy tissue. In 

radionuclide therapy, the radioisotopes are usually bound to targeting agents such as 

antibodies or small molecules, which are intravenously injected and accumulate at the tumor 

site due to an interaction between the targeting vectors and overexpressed tumor receptors.[3] 

Radioisotopes which can emit radiation having short range such as beta minus or alphas 

particles are typically applied. The different radiation sensitivities between normal tissue and 

tumor cells are the key factor for the success of all radiotherapy types, i.e. tumor tissue is 

more sensitive to ionizing radiation due to insufficient or slow DNA repair when compared 

to healthy tissue. 

 

1.2 The interaction of radiation on matter 

 

When radiation interacts with matter, an electron is typically kicked out from an orbital, 

resulting in ionization. The energy of the incident photons or particles gets dissipated when 

passing through a medium, and the rate of energy loss per unit length is defined as the linear 

energy transfer (LET). LET depends on the nature of the ionizing particles as well as the 
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nature of the medium.[4] Generally, high energy photons and electrons possess low LET, 

while alpha particles have high LET.[5, 6] Ionizing radiation can interact with matter directly 

or indirectly. An example of direct effect of ionizing radiation is illustrated in Figure.1.1 (a) 

by the interaction between electrons and medium. In the first stage, the ionization events 

appear at the spurs along the track, which would splash and interact with the nearby spurs 

and eventually merge together to form a homogeneous system.[4] For high LET particles, 

the spurs are much closer together and form clusters. Indirect effects of ionizing radiation are 

ascribed to reactions with radicals and different species produced by interaction of radiation 

with the medium.   

 

Figure 1.1. (a) Initial non-homogeneous spatial distribution of ionization events in spurs along the 

track, and evolution with time by diffusion and reaction leading to homogeneous distribution after ≈
10−7s. (b) Main reactions occurring during the three stages of water radiolysis. Figure (a) and (b) are 

obtained from Ref [4] and Ref [7], respectively. 

 

It is often quite hard to separately evaluate direct and indirect effects, especially when the 

reaction happens in the medium, for example, water. When water interacts with ionizing 

radiation, water radiolysis occurs. Water radiolysis can be separated into three stages 

(Figure.1.1(b)). In the first step, physical stage, the radiation directly interacts with the H2O 

molecules which get excited to H2O* or ionized to H2O
+, releasing electrons in the process. 

In the second stage, several reactions take place, such as ion-molecule reactions between 

H2O
+ and H2O, relaxation of the excited water molecules, solvation of electrons and so on, 

resulting in different transient species. In the last stage, the radicals diffuse and react with 
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each other or with other solvent molecules. Upon removal of the radiation sources, most of 

the radiolytic species will disappear with the exception of stable products such as H2 and 

H2O2.[7] Though the transient reactive species will eventually disappear, they still can induce 

different chemical reactions during irradiation, for instance adducts between hydroxyl 

radicals (

OH) with halides and metal ions.[4] 

 

1.3 DNA damage caused by ionizing radiation 

 

The effects of ionizing radiation on tumors are also direct or indirect through formed radicals. 

Direct effects result from local deposition of energy to cell organelles and in particular DNA. 

The therapeutic outcome caused by direct effects is highly dependent on the type of ionizing 

radiation and the location of the radionuclide in the cell. External beam therapy and 

brachytherapy as well as radionuclide therapy using beta minus particles are less likely to 

induce direct damage. High LET particles such as α particles can directly cause clustered 

damage on the DNA and are more prone to lead to double-strand breaks (DSB) than low LET 

particles.[8, 9] DSB are much more difficult to repair than single strand breaks (SSB) and 

will therefore often lead to cell death. Some preclinical studies show that high LET radiation 

can overcome radiation resistance which is often observed in radiotherapy using low LET 

radiation.[10] Indirect effects are caused by the radiolytic species formed in water, such as 

different reactive oxygen species (ROS) which are very reactive and can damage the DNA 

molecules by chemical reactions. 
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Figure 1.2. Schematic overview of the Mechanism of Ionizing Radiation (IR) in Radiotherapy. IR 

directly damages DNA (direct effect) and also affects the DNA by indirect effects in which IR leads to 

water radiolysis and the generation of reactive oxygen species (ROS). There are several types of DNA 

damage, such as single-strand breaks (SSBs), double-stranded breaks (DSBs), base damage, cross-

linking of protein and so on. The figure is adapted from Ref. [11] with permission (copyright 2017, 

Elsevier). 
 

1.4 Ionizing radiation as a trigger in other cancer therapies 

 

Apart from being utilized as the direct source for cell damage, ionizing radiation can also be 

applied in an indirect way to trigger other in vivo reactions capable of damaging tumor cells. 

For instance, in the presence of scintillators, X-ray photons of high energy can be converted 

to photons of lower energy which are capable of activating photosensitizers used in 

photodynamic therapy. Interestingly, Cherenkov light, an accompanying phenomenon of 

ionizing radiation interaction with water (tissue), has been suggested to function as an internal 

light source for imaging or induction of photodynamic therapy.[12] In this section, more 

information is given on the different ways to apply ionizing radiation as the trigger for various 

cancer therapies. 

 

1.4.1 X-ray/Gamma-ray-induced cancer treatment 

 

The typical example for utilizing X-rays as a trigger is the so-called X-ray induced 

photodynamic therapy, in which high energy X-ray photons are converted to low energy 
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optical photons by interacting with scintillators.[13] The optical photons with low energy are 

then used to excite photosensitizers which are usually combined with the scintillators and in 

consequence generate singlet oxygen (1O2) that is capable of killing tumor cells.  

 

 

Figure 1.3. Overall design of reporters that are conjugated to the surface of SiO2 NPs and AuNP@SiO2 

nanostructures; (b) Schematic illustration of the disassembly and drug release of the radiation-sensitive 

micelles under exposure to γ-radiation. Reproduction permission from Ref. [23] (copyright 2018, 

American Chemical Society) and Ref [24] (copyright 2011, American Chemical Society) are obtained 

for picture (a) and (b), respectively. 

 

The concept of X-ray induced photodynamic therapy was first developed by Zhang et al. , 

who pointed out that ionizing radiation can generate light through scintillation and when 

combined with certain photosensitizers lead to cell death.[14] Two years later, Joly et al. 

synthesized a complex by LaF3:Tb3+ and meso-tetra(4-carboxyphenyl) porphine (MTCP) and 

confirmed that the very reactive ROS, singlet oxygen, can be produced by exposing 

LaF3:Tb3+-MTCP to X-ray radiation.[15] Since then, the X-ray induced photodynamic 

therapy is drawing increasing attention. Various materials, such as silica coated SrAl2O4:Eu2+ 

(SAO) nanoparticles, silica coated LiGa5O8:Cr nanoparticles, special MOF (metal-organic 

framework) compounds and gold nanoclusters, have been studied and utilized to convert X-

rays to optical photons and initiate in vivo photodynamic therapy.[16-19] Gamma-rays also 

act in a similar way, but much less studies can be found in the literature due to the higher 

energy used, usually in MeV range, which is much less likely to interact with nano-scintillator 

materials.[20]  
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Apart from being a light source for photodynamic therapy, the energetic photons can also be 

utilized as a trigger for controlled drug release. For achieving radiation-induced drug release, 

certain radiation-sensitive agents should be incorporated in the nanocarriers and induce 

sufficient structure damage once exposed to radiation.[21, 22] Su et al. developed a 

nanocarrier based on silica-covered gold nanoparticles, and conjugated several therapeutic 

substances on the surface of the nanoparticles by using DNA single strands as the linker 

responding to radiation (Figure 1.3(a)). When exposed to X-ray radiation, the locally 

accumulated reactive oxygen species generated by gold enhanced water-radiolysis , breaking 

the DNA strands and releasing the conjugated drugs to achieve local drug administration.[23] 

Ma et al. prepared radiation-sensitive block copolymers by introducing low energy (172 

kJmol-1) selenium double bonds which are supposed to be easily broken under ionizing 

radiation (Figure 1.3(b)). These block polymers were used to form polymeric micelles for 

Dox delivery.[24] The loaded Dox was shown to be released from these micelles when 

exposed to gamma-ray radiation dose as low as 5 Gy, and apparent morphology changes 

could also be observed at 50Gy. 

 

1.4.2 Cerenkov-induced photodynamic therapy 

 

The Cerenkov phenomenon is electromagnetic radiation (light) that is produced when 

charged particles travel through a medium with speed faster than the speed of light in the 

medium (Figure 1.4).[25] Cerenkov light is typically observed in the core of nuclear reactors 

as strong blue light, but it is also seen in radiotherapy and diagnostic applications using 

radioisotopes capable of emitting high energy charged particles, e.g. 18F, 64Cu, 89Zr. [26, 27] 

Recently, the Cerenkov phenomenon has drawn a lot of attention in cancer treatment because 

of the possibility to be applied as the internal light source in photodynamic therapy (PDT), 

overcoming the light penetration problem in tissue.[28, 29] 
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Figure 1.4. Top: A charged particle (red dot) travelling faster than light in a medium polarizes the 

medium. Bottom: As the medium returns to the ground state, photomagnetic radiation light is emitted 

in the forward direction. Reproduction permission (Copyright 2017, Nature Publishing Group) from 

Ref.[25] is obtained. 

 

The first example of using Cerenkov as an internal light source for PDT was shown by 

Kotagiri et al. They used 64Cu and 18F as the radioactive source to induce Cerenkov light and 

TiO2 nanoparticles as the photosensitizer together with a photoinitiator, titanocene (Tc). After 

being activated by the Cerenkov light, the TiO2 NPs generated superoxide and hydroxyl 

radicals, efficiently killing tumor cells.[31] Since the spectrum of the emitted light by the 

Cerenkov phenomenon is very broad there are many different photosensitizers that could be 

applied. Kamkaew et al. applied mesoporous silica (HMSN-Ce6) nanoparticles loaded with 

chlorin e6 for Cerenkov-induced PDT. When combined with 89Zr, a high energy beta plus 

emitter that can lead to Cerenkov phenomenon, the system exhibited quite superior 

therapeutic outcome in the treatment of 4T1 tumor-bearing mice. In contrast, mice treated by 

89Zr-HMSN or HMSN-Ce6 alone has much less effect on tumour growth.[28] However, the 

Cerenkov-induced PDT is still an issue of debate as researchers have shown that the produced 

Cerenkov light photons are far too little to induce any therapeutic effect and that most likely 

other phenomena are at work.[31] 
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1.5 Polymeric micelles applied in cancer treatment 

 

1.5.1 Drug delivery systems based on polymeric micelles 

 

Though chemotherapy is widely utilized in cancer treatment, it still faces some challenges. 

A large amount of anticancer chemotherapeutic drugs are hydrophobic, such as the Paclitaxel 

(PTX) and Docetaxel (DTX), and cannot form stable suspension in the bloodstream which 

leads to insufficient tumor accumulation. In addition, chemotherapeutic drugs often interact 

with different proteins in the bloodstream, which threatens the transportation of drugs in 

patients. This is why nano-carriers encapsulating drugs have been proposed as a way to 

improve the drug transportation and avoid unnecessary contact with substances in the 

bloodstream. Some nano-carriers have already been approved for clinical use, such as NK105 

which refers to Paclitaxel encapsulated in certain type of polymer micelles.  

  

The use of nano-carriers in chemotherapy has proven to decrease adverse side effects, 

although the treatment effectivity is comparable to conventional use of drugs. Different 

strategies have been developed to achieve targeted delivery of nano-carriers, including 

active-targeting and passive-targeting. Passive targeting is based on the Enhanced 

Permeability and Retention (EPR) effects caused by the leaky vascular structure and the lack 

of lymphatic drainage in tumor tissue. Active targeting uses targeting agents for tumor 

accumulation. However, this targeting method is not possible without the EPR effect but it 

can lead to longer residence time of the nano-carriers in the tumors. A variety of nanocarriers 

with different physiochemical properties, morphologies and functionalization possibilities 

have been developed among which polymeric micelles appear to be one of the most 

promising agents. 

 

Polymeric micelles composed by amphiphilic block copolymers are widely researched in 

cancer treatment, and a few of them have already been applied in the clinic.[32, 33] The 

formation of micelles is based on the amphiphilic nature of block copolymers, that is, once 

being dispersed in aqueous solution, the hydrophobic segments will cluster together to 

decrease the contact with water, while the hydrophilic region would form a shell to surround 

the hydrophobic core. In this way the typical core-shell structure for micelles is obtained (as 
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shown in Figure.1.5). The hydrophobic core of the micelles is used to encapsulate 

hydrophobic anticancer reagents based on various interaction mechanisms and enhance drug 

accumulation at the tumor while reducing side effects. The hydrophilic corona plays an 

important role in protecting the nano-carriers from opsonization, leading to prolonged blood 

circulation time. The micelles can only be formed when the polymer concentration is higher 

than the so-called Critical Micelle Concentration (CMC). The polymeric micelles usually 

have a diameter below 100 nm, which can protect the drug delivery system from recognition 

by the reticuloendothelial system (RES) and have therefore better uptake by tumors. The 

accumulation of these micelles at the tumor site relies on the EPR effect. Though EPR effect 

is essential for tumor accumulation, it has been shown to vary dramatically per patient and 

cancer type. 

 

Figure 1.5. The formation of micelles by the self-assembly process of amphiphilic block-copolymers 

in aqueous solution 

 

Apart from being simply utilized as drug carriers, a variety of functionalized micelles have 

also been developed as more precise and reliable drug delivery systems.[34] Usually, these 

functionalized micelles can respond to certain stimuli, such as pH, light and so on, and 

specifically release the encapsulated drugs at the tumor sites. For example, Cheng et al. 

developed the PCL-PEO micelles which have been functionalized with light sensitive 

molecules and have been used as carriers for Dox. The obtained nanocarriers exhibited rapid 

and complete drug release after being exposed to 254 nm UV light for 10 s.[35] Compared 

to light-sensitive micelles, radiation-sensitive nanocarriers have the great advantage with no 

limitations to penetration in tissue, as shown in the case of the diselenide-containing block 

copolymers.[24] 
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1.5.2 Biodegradable micelles 

 

To be used in the clinic the polymeric micelles need to be biodegradable. Once degraded in 

vivo, nontoxic fragments should be excreted through metabolic processes preventing long-

term accumulation in healthy tissue.[36] Currently, the FDA approved biodegradable 

polymers mainly consist of polyester containing molecules such as poly-caprolactone (PCL) 

and poly-lactic acid (PLA), which can de decomposed through hydrolysis or enzymatic 

processes. Some micelles composed of biodegradable polymers, such as poly(aspartic 

acid)(PAs),  poly(glutamic acid) (PGlu), are even clinically applied as drug carriers in 

chemotherapy.[32, 37]  

 

As a biodegradable and biocompatible material, PCL-PEO (poly(ε-caprolactone)-block-

poly(ethylene oxide)) block copolymers with polyester bonds in the PCL segment have been 

extensively studied for clinical application. The formation of PCL-PEO block copolymer is 

based on the ring-opening polymerization between PEO and ε-caprolactone in the presence 

of catalyst, usually stannous octoate (SnOct2).[38, 39] Varying experimental parameters of 

polymerization process, such as the molecular ratio between the PCL and PEO blocks,  leads 

to synthesis of different PCL-PEO block copolymers.[40, 41] Functionalized PCL-PEO 

block copolymers can be synthesized by adding extra functionality during the ring-opening 

polymerization process.[35, 42] Similar to other polymeric micelles, the PCL-PEO based 

micelles either have been utilized as simple nanocarriers for hydrophobic drugs or as stimuli-

response carriers for controlled drug release.[43-45] 

 

1.6 Nuclear imaging technique for tracing the micellar systems in vivo 

 

The increasing application of micelles in clinical studies requires a better understanding of 

the in vivo behavior of the micelles, such as pharmacokinetics and biodistribution. Therefore, 

tracing the micelles in vivo is of great importance. Some common imaging modalities that 

can be applied to study in vivo behavior are magnetic resonance imaging (MRI), X-ray 

computed tomography (CT), optical imaging and nuclear imaging techniques.[47] For 

tracing the micelles, various reagents were introduced to the micellar systems, for example, 
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Mn2+, Ga3+ and superparamagnetic iron oxide nanoparticles for MRI imaging,[48, 49] some 

fluorescent probes with varying optical properties,[50, 51] gold nanoparticles for CT,[52, 53] 

and radioisotopes for nuclear imaging.[54]  

 

Among these imaging techniques, nuclear imaging is widely utilized due to its non-invasive 

nature in collecting in vivo information with good accuracy and high spatial resolution. There 

are two techniques using radionuclides applied in imaging, i.e. single-photon emission 

computed tomography (SPECT) and positron emission tomography (PET). The former 

makes use of radioisotopes capable of emitting gamma-rays, such as 111In, 131I and 99mTc, 

while the latter relies on positron emitters, e.g. 18F, 68Ga and 89Zr. To visualize in vivo 

behavior by SPECT or PET, the micelles should be radiolabeled with the radioisotopes. 

Therefore, a reliable and easy radiolabeling process is required for successful tracing of the 

micelles. 

Outline of the thesis 

The focus of this thesis is on the utilization of biodegradable drug nanocarriers combined 

with ionizing radiation in cancer treatment. Polymeric micelles based on PCL-PEO block 

copolymers were selected as the main platform for delivering various therapeutic substances 

due to their size, degradability and easy preparation. This thesis can roughly be divided into 

two main parts. In the first part we combined the external radiation beams with PCL-PEO 

micelles which are applied as a nanoplatform for chemotherapeutic drugs and photosensitizer 

and investigated the possibility that using the radiation power as a trigger for drug release 

from the micelles. In the second part, we focus more on the cooperation of radionuclides and 

PCL-PEO micelles. So far we developed a chelator-free method to radiolabel micelles for 

determining their in vivo behavior, as well as evaluated the possibility to combine 

chemotherapy with radionuclide therapy using the micelles as a nanoplatform. In both parts 

we attempted to unravel mechanisms behind the observed phenomena to be able to adjust the 

nano-carriers accordingly. 
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Chapter 2 focuses on the evaluation of the photochemical properties of the fluorescent probe 

Singlet Oxygen Sensor Green (SOSG), which is claimed to be specific for detecting singlet 

oxygen. The SOSG probe is commonly used to detect singlet oxygen and was also our probe 

of choice when investigating the interaction of the photosensitizer Ce6 and ionizing radiation. 

In this chapter we studied the photochemical performance of SOSG probe under ionizing 

radiation. The influence of various factors including radiation type and radiation dose on the 

fluorescence behavior of SOSG was studied.  

 

Chapter 3 describes the synthesis of a radiation-sensitive drug delivery system (DDS) based 

on PCL-PEO micelles. We incorporated Chlorin-e6 (Ce6), a typical photosensitizer in 

photodynamic therapy, in the micelles and intended to use it as the photosensitizer to be 

excited by Cerenkov light generated by ionizing radiation. We evaluated the release 

performance of Ce6 and drugs loaded PCL-PEO micelles upon X-ray and γ-rays exposure 

and studied the mechanism behind the observed release. 

 

In Chapter 4, we developed a chelator free method to radiolabel PCL-PEO micelles with 

111In. The 111In radiolabeling efficiency and stability of various PCL-PEO micelles were 

evaluated and compared. SPECT/CT imaging of healthy mice was carried out to determine 

whether this radiolabeling method can be safely applied in vivo. Moreover, we also explored 

the possibility to radiolabel PCL-PEO micelles loaded with chemotherapeutic drugs and 

determined their radiolabeling efficiency and stability.  

     

Chapter 5 explores the mechanism of interaction between micelles and different 

radioisotopes by studying the radiolabeling efficiency, stability and speciation of the different 

elements used. The CHEAQs software was applied to determine the speciation of the used 

metal ions as function of concentration and pH, and this  was used to increase the stability of 

radiolabeling. Cryo-EM was also applied to get a better understanding of the radiolabeling 

mechanism. 

 

In chapter 6, we used the PCL-PEO micelles to single load with Paclitaxel or 177Lu and co-

loaded with Paclitaxel and 177Lu for chemotherapy, radionuclide therapy, and combined 

radionuclide-chemotherapy, respectively. In vitro experiments using U87 based tumor 
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spheroids were carried out to evaluate the spheroid uptake and distribution of the PCL-PEO 

micelles as well as the tumor killing efficiency of the single loaded and the co-loaded micelles.  

 

Finally, chapter 7 provides conclusions based on the understanding of the results. 
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Abstract 

A great number of fluorescent probes have been developed for detecting singlet oxygen (1O2), 

which is considered to be one of the most effective reactive oxygen species (ROS), especially 

in clinical applications. The commercially available fluorescent probe Singlet Oxygen Sensor 

Green (SOSG) is widely used due to its reported high selectivity to 1O2. In this study, we 

carried out systemic experiments to determine the activation of SOSG in the presence of 

ionizing radiation. The results show that the SOSG probe exhibits a pronounced fluorescence 

increase as a function of radiation dose delivered by gamma-rays as well as X-rays, in 

conditions where the formation of singlet oxygen is not expected. Furthermore, scavenger 

tests indicate that hydroxyl radicals may be involved directly or indirectly in the activation 

process of SOSG although the exact mechanism remains unknown.  

 

Key words: SOSG, Ionizing radiation, ROS, Fluorescence, Sensors 
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Introduction  

Reactive oxygen species (ROS) occur naturally in human cells and are known to play a role 

in various cancerous processes.[1] At the same time, a number of cancer therapies rely on the 

generation of ROS to induce cell death.[2] Among all ROS, singlet oxygen (1O2) is 

considered to be the most effective in killing tumour cells and has been widely used in 

photodynamic therapy (PDT).[3] To better understand the behaviour of photosensitizers 

generating ROS in PDT and consequently their biological effect, the detection of ROS, 

especially 1O2, is of great importance. However, the short lifetime and the low concentration 

of 1O2 tremendously complicate proper detection. Various approaches have been developed 

for the detection of 1O2, including direct measurement of the 1O2 luminescence at 1280 nm, 

electron spin resonance spectroscopy (ESR), fluorescent probes and others.[4-6] Fluorescent 

probes are widely employed due to their simplicity in utilization and high detection 

efficiency.[7] The commercially available probe Singlet Oxygen Sensor Green (SOSG) is 

currently the preferred choice for 1O2 detection due to its claimed specific sensitivity to 

singlet oxygen.[8] 

 

As shown in Figure 2.1, the SOSG molecule has two parts: a trapping moiety and a 

fluorophore.[9] The anthracene-derived trapping moiety, being an electron donor, quenches 

the luminescence of the fluorophore by photo-induced electron transfer. In an environment 

containing 1O2, the trapping moiety will react with 1O2 and form an endoperoxide anthracene 

moiety, which has a lower energy for the highest occupied molecular orbital (HOMO) than 

that of the fluorophore. Removing the quenching ability of the anthracene leads to 

fluorescence (FL) emission of the fluorophore under light excitation with a peak at around 

530 nm. Despite the many advantages of SOSG, it was previously shown that this probe is 

not entirely reliable under certain conditions. The main drawback of SOSG is that, for 

instance when irradiated with UV light, its endoperoxide derivative acts as a photosensitizer 

itself, generating singlet oxygen which then induces even more fluorescence emission of 

SOSG.[9-11] Moreover, photo-bleaching of SOSG is observed even for short light exposure 

times.[9] 
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Figure 2.1. Chemical structure of SOSG and the formation of SOSG-EP upon interaction with 1O2, 

leading to activation of fluorescence output 

In photodynamic therapy, singlet oxygen is typically generated by light irradiation of a 

photosensitizer. Due to absorption and scattering effects of tissue, the penetration depth of 

light in living tissue can be very shallow, which limits further clinical application.[12] To 

overcome this challenge, one of the promising options is to combine PDT with radiotherapy. 

For example, nano scintillators conjugated to photosensitizers were developed which can 

convert ionizing radiation to light, producing ROS.[13-15] Very recently it was also 

suggested that radioactive isotopes (e.g. 18F, 64Cu) producing so-called Cerenkov light could 

function as internal light sources, which in combination with photosensitizers can be applied 

to induce tumour cell death.[3, 16] Moreover, in radiation-involved therapies, the generation 

of ROS is also an indirect strategy to reduce the growth of tumour cells. In these therapies, 

probes are also used to prove the generation of 1O2.[17-19] 

 

As far as we know, the influence of ionizing radiation on the photochemical behaviour of 

such probes has not been comprehensively evaluated. In this paper, the photochemical 

performance of SOSG was assessed when exposed to ionizing radiation under conditions 

similar to other studies.[13, 19] In this study we used gamma-rays (γ-rays) and X-rays, which 

are common types of ionizing radiation in external radiotherapy. After irradiation, the UV-

vis absorption and fluorescence emission of SOSG were determined. We found that, under 

conditions that are unlikely to generate 1O2, the SOSG probe shows an increasing 

fluorescence emission as the radiation dose is increased, without any detectable changes in 
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UV-vis spectrum. Furthermore, scavenger tests suggest that the generation of hydroxyl 

radicals may be related to the increase in fluorescence emission of SOSG. 

Experimental details 

2.1 Materials 

 

Singlet Oxygen Sensor Green was purchased from Thermo Fisher; Chlorin-e6 (C34H36N4O6) 

was purchased from Bio-connect life sciences (Huissen, the Netherlands); Sodium azide, 

sodium acetate, ammonium molybdate ((NH4)6Mo7O24•4H2O), potassium iodide (KI), 

sodium iodide (NaI) were obtained from Merck (Darmstadt, Germany); Methanol, hydrogen 

peroxide (H2O2, 30% (W/W)), acetic acid, Aminophenyl fluorescein solution (5 mM, in 

Dimethylformamide) (APF), 1,3-diphenylisobenzofuran (DPBF) and 9,10-antherachenediyl-

bis(methylene) dimalonic acid (ABDA) were bought from Sigma Aldrich (Zwijndrecht, the 

Netherlands). Ethanol was bought from Brenntag (Zwijndrecht, The Netherlands). Dimethyl 

Sulfoxide (DMSO) was bought from Biosolve B. V. (Valkenswaard, The Netherlands). All 

chemicals were used without further treatment. Water used in these experiments was 

prepared with the in-house Milli-Q system from Merck Millipore. 

 

2.2 Sample preparation 

 

All samples were prepared in dim environment. 

 

SOSG stock solution (10 µM): Typically, 100 µg of SOSG was dissolved in 33 µL of 

methanol, and then this yellow solution was added to 16.467 mL of MQ water. For preparing 

SOSG solutions with different concentrations, the volume of MQ water was changed as 

required. ABDA stock solution (2 mM): 1.64 mg of 9,10-anthracenediyl bis(methylene) 

dimalonic acid was dissolved in 2 mL of DMSO, then ultrasonicated for 10 min. DPBF stock 

solution (2 mM): 2.7 mg of 1,3-diphenylisobenzofuran was dissolved in 5 mL of DMSO and 

ultrasonicated for 10 min. Ce6 stock solution (10 µM): 1.79 mg of Ce6 was dissolved in 300 

mL MQ water and ultrasonicated for 20 min to obtain a Ce6 solution. NaN3 stock solution 

(21 mM): 6.825 mg of NaN3 was dissolved in 5 mL of MQ water and ultrasonicated it for 10 
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min to obtain a transparent solution. NaN3 solutions with the concentration of 4.2, 2.1, 1.05 

and 0.21 mM were obtained by dilution of the NaN3 stock. KI stock solutions (1 M): 2.656 g 

of KI was added to 16 mL of MQ water and ultrasonicated for 10 min. Ammonium 

molybdate((NH4)6Mo7O24•4H2O) stock solution (5 mM): 98.9 mg of ((NH4)6Mo7O24•4H2O) 

was dissolved in 16 mL of CH3COONa / CH3COOH buffer solution (1M) then ultrasonicated 

for 10 min.  

  

SOSG sample (5 µM): 1 mL of SOSG solution was added to a glass vial (4 mL) wrapped 

tightly with aluminium foil, followed by the addition of 1mL MQ water. A SOSG (5 µM) + 

Ce6 (5 µM) solution: 1 mL of SOSG stock solution was added to a glass vial which was also 

tightly wrapped with aluminium foil, followed by the addition of 1 mL of Ce6 stock solution. 

DPBF sample: 0.1 mL of DPBF base was diluted by 2 mL of MQ water, achieving a final 

concentration of 0.1 mM. ABDA samples: 0.05 mL of ABDA base and 2 mL of MQ water 

was mixed well to form a mixture with the concentration of 0.05 mM. APF samples: 10 µL 

of the APF stock solution was mixed 10 mL of MQ  water and formed a final APF sample 

with the concentration of 5 µM. 

 

Samples for the scavenger tests: NaN3 addition: 0.1 mL of NaN3 solution with different 

concentrations were add to 2 mL of SOSG sample in a closed covered glass vials; Ethanol 

addition: expected amounts of ethanol were added to the SOSG samples (5 µM). Before 

radiation, all samples were thoroughly mixed.  

 

N2-saturated solutions were prepared by bubbling the samples with N2 for 20 min. 

 

2.3 Irradiation experiments 

 

Gamma irradiation: A Cobalt 60 (60Co) radioactive source (GC220, Nordion) was used for 

the gamma irradiations. The aluminium foil covered vials were placed in the centre of the 

source. The exposure periods were controlled to obtain irradiation doses of 1, 5, 10, 20 and 

40 Gy; (The dose rates of 60Co was calculated using Fricke dosimetry corrected for the 2,778 

day half-life of Cobalt-60). 
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X-ray irradiation: The X-ray irradiation was carried out using an X-ray source (Philips MCN 

321 variable-energy X-ray tube) with a voltage of 320 kV and current of 3 mA, without filter. 

The samples were placed on a horizontal platform located 50 cm from the X-ray window (the 

dose rate was 1.36 Gy/min). The exposure doses were 5, 10, 15, 20 and 25 Gy. 

 

UV (365 nm / 254 nm) irradiation: A commercial UV source (UVGL-58 handheld UV Lamp) 

was employed as the light source. The aluminium foil was first removed from the vials, 

followed by placing these vials in a dim box. Then the light source was turned on to irradiate 

these samples for fixed periods of time. 

 

UV (400 nm) irradiation: A LED light connected to the FL spectrometer was employed as 

the light source. Samples were firstly transferred from vials to cuvettes, and then these 

cuvettes were placed in the sample tank, the light source was turned on (0.3~0.5 A and 0.3kV) 

to start the exposure.  

Characterization 

3.1 Instruments 

Mass spectra of SOSG solutions were recorded using an ESI mass spectrometer (LCMS-

2010A, Shimadzu). A UV-vis-NIR spectrophotometer (UV-6300PC, VWR) was used to 

measure the optical absorption of the prepared samples. A Cary Eclipse Fluorescence 

Spectrophotometer (Agilent technologies) was employed to characterize the fluorescence 

emission spectra of the samples. The emission peak for SOSG was located at 529 nm using 

a 504 nm excitation light. The slits of excitation and emission are 5 nm, if not be mentioned 

specially. 

 

3.2 Evaluation the H2O2 production induced by ionizing radiation 

The generation of H2O2 was detected by Ghormley’s triiodide method:[20] the standard 

samples were prepared by diluting the H2O2 to obtain different concentrations; then 0.1 mL 

of the KI solution and 0.1 mL of the ammonium molybdate solution was added, and leaving 

it to react for 10 min, after which the UV intensity at 350 nm was measured. 
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Detection of H2O2 generation after ionizing radiation exposure: after the radiation treatment, 

0.1 mL of the KI solution and 0.1 mL of the ammonium molybdate stock solution was 

immediately added to the samples, and the UV spectra was measured after reaction time of 

10 min. 

Results and Discussion 

The effect of ionizing radiation on the photochemical properties of SOSG was studied 

systematically using two different external radiation sources, i.e., a cobalt-60 (60Co) γ-ray 

source and an X-ray source. The fluorescence spectra of SOSG after exposure to gamma rays 

are presented in Figure 2.2(a), showing that the FL intensity of the SOSG solution increased 

with increasing radiation doses. Figure 2.2(b) shows the UV-vis absorption spectra of SOSG 

at the same irradiation conditions, where the maximum band at 507 nm belongs to the 

fluorescein moiety, while the large peak at 257 nm and the two smaller peaks at 374 and 394 

nm correspond to the methylanthracene moiety.[9] No noticeable changes were observed in 

the UV-vis spectra as the radiation dose increases, suggesting that the structure of SOSG is 

not affected or the concentration of activated SOSG remains low. To check whether SOSG 

also reacts with ionizing photons of lower energy, we exposed the probe solutions to X-rays 

with a maximum energy of 320 keV and monitored the fluorescence spectra and UV-vis 

absorption at different doses. As shown in Figure 2.2(c), the X-ray exposure also induces 

fluorescence emission of the SOSG probe, and the FL intensity exhibits an upward trend with 

increasing radiation doses. In fact, the FL intensity increase is comparable to the raise 

observed when using the 60Co source for the same radiation dose, showing that this process 

is most likely not dependent on the photon energy. The UV spectra of SOSG appear 

unchanged for all X-ray radiation doses (Figure 2.2(d)). 

 

As a check we also exposed the SOSG samples to UV light sources using two different 

wavelengths (365 nm and 400 nm). These experiments show that the SOSG fluorescence 

intensity increases significantly as function of irradiation time (Figure S2.1), which is likely 

caused by the generation of 1O2 in the presence of UV light. Meanwhile, in UV-vis the 

intensity of the peaks at 257, 507 and 394 nm decreases upon UV irradiation, caused by the 

formation of SOSG-EP.[10]  
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Figure 2.2. (a) Fluorescence spectra of SOSG solutions (5 µM) for varied radiation doses delivered by 

a 60Co source ( λex= 504 nm); (b) UV-vis absorption spectra of SOSG solutions (5 µM) for different 

radiation doses delivered by a 60Co source; (c) Fluorescence spectra of SOSG solutions (5 µM) for 

different X-ray doses; (d) UV-vis absorption spectra of the SOSG solution (5 µM) for different X-ray 

doses 

Ionizing radiation can have direct and indirect effects on the behavior of SOSG. In direct 

interaction, ionizing radiation can result in breaking of chemical bonds, changing the SOSG 

structure. Indirect effects result from the generation of reactive oxygen species in the aqueous 

solution which can react with SOSG, or influence the intermolecular electron transfer 

processes, resulting in the fluorescence emission of SOSG. According to the unchanged UV-

vis spectra of the irradiated SOSG samples, chemical bonds are most likely not broken which 

is expected considering the nature of radiation (i.e. photons) and the low radiation dose (max 

25 Gy). Therefore, we focused mostly on any possible indirect effects. 

  

Figure 3.3 shows various photochemical processes that may take place in the aqueous SOSG 

solution induced by ionizing radiation, which may influence the photochemical performance 

of the SOSG probe. The 60Co is a radioisotope that decays by beta minus emission, producing 
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in the process two energetic γ-rays of 1.17 MeV and 1.33 MeV.21 These photons can interact 

with water via the Compton effect, giving part of their energy to electrons. The energy of 

these photons is high enough to provide electrons with energies above the threshold for the 

production of Cerenkov radiation (261 keV in water).[22] It should be mentioned that 

Cerenkov light has a wide spectrum ranging from 250 to 800 nm with a maximum around 

360 nm,[23-24] which overlaps with the absorption range of SOSG resulting in some 

probability of 1O2 generation. Ionizing radiation also leads to the radiolysis of water which 

produces various reactive oxygen species, including OH•, O2-
• and H2O2.[26] This means that 

both processes, i.e., the radiolysis of water and the Cerenkov induced singlet oxygen 

production by SOSG, can in theory generate ROS (Figure 2.3(a)). Similar to γ-rays, X-rays 

could also trigger the radiolysis of water, leading to a complex mixture of different reactive 

oxygen species. The X-rays that we used in this study have a maximum energy of 320 keV, 

however, the energy that could be transferred to the Compton electron is less than 180 keV, 

which is not sufficient to induce Cerenkov light (Figure 2.3(b)). 

 

Figure 2.3. Possible reactive oxygen species generated under (a) gamma ray radiation and (b) X-ray 

(320 keV) radiation of aqueous SOSG solutions. 

In order to determine what causes the increase in FL emission of SOSG when using ionizing 

radiation, we first measured the effect of SOSG concentrations on the fluorescence 

performance. As shown in Figure 2.4(a), there is no clear trend of the FL intensity when the 

concentration increases, implying the observed FL emission at a fixed radiation dose does 

not depend on [SOSG]. In another words, the radiation induced process in the solvent 

dominates the FL emission. Consequently, the influence of various reactive oxygen species 

on the SOSG fluorescence was measured. The addition of H2O2, a product of water radiolysis, 
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to the SOSG solution was found to lead to only a very slight increase in FL intensity at H2O2 

concentrations much higher than those expected to be formed for this radiation dose (the 

H2O2 generation caused by radiolysis of water can be found in Figure S2.3). Considering the 

increasing FL intensity of SOSG probe under γ-ray and X-ray irradiation, H2O2 is unlikely 

to be the species responsible for the FL phenomenon.  

 

Subsequently, we performed scavenger tests involving different ROS scavengers. First, we 

used NaN3, an effective scavenger of 1O2,[11] to check the effect of the possible singlet 

oxygen formation. According to the results shown in Figure 2.4(c), the FL intensity presents 

a negligible decrease at lower NaN3 concentrations (i.e., 0.01, 0.05 and 0.1 mM), and then 

significantly increases when the concentration of NaN3 increases to 0.2 mM and 1 mM. The 

low [NaN3] experiments suggest a negligible contribution of singlet oxygen. The large FL 

intensity increase at high [NaN3] may be ascribed to the interaction between SOSG and N3
• 

radicals, a strong oxidant species generated by the reaction between N3
- and OH•.[27] A large 

amount of hydroxyl radicals are formed under γ-ray radiation as shown in Figure S2.4. 

Therefore, NaN3 is not considered to be a proper scavenger of 1O2 for this study due the 

presence of hydroxyl radicals. In contrast, the introduction of small amounts of ethanol, a 

typical scavenger of hydroxyl radical (OH•),[28] leads to an evidently lower FL signal. 

Moreover, the FL signal exhibits a declining trend with the increasing addition of ethanol. 

Other common scavengers of OH•, i.e., NaI and methanol, also exhibit inhibition of the FL 

intensity of SOSG (Figure S2.6,7). The suppression of hydroxyl radicals during water 

radiolysis will also affect the formation of other radicals, which might interact with 

SOSG.[29] Therefore, it is not possible to state with certainty that the presence of OH• is the 

sole cause of the observed increase in FL intensity.   
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Figure 2.4. Fluorescence spectra (λex= 504 nm) of SOSG solutions (a) with varied SOSG 

concentrations, (b) reacted with H2O2 solutions with varied concentrations, (c) reacted with NaN3 

solutions with different concentrations and (d) in the addition of varied amount of ethanol under 20 Gy 

radiation dose from a 60Co source; Fluorescence spectra of SOSG solutions (5 µM) (e) saturated with 

N2 for varied radiation doses delivered by a 60Co source; (e) The FL intensity determined at 529 nm of 

air-saturated and N2-saturated SOSG solutions as function of radiation dose. 

Since NaN3 could not serve as a suitable scavenger of 1O2 , we carried out an indirect 

approach to evaluate the role of 1O2 in these experiments by saturating the solutions with N2. 

In N2 saturated solutions, 1O2 formation is impossible. As shown in Figure 2.4(e), the 

fluorescence of SOSG in a N2-saturated aqueous solution shows an increasing signal as 
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function of radiation dose. Furthermore, comparing the FL intensity of SOSG solutions 

saturated with N2 or normal air atmosphere (Figure S2.8) shows no significant difference, 

which strongly suggests that the fluorescence of SOSG in these experiments is not induced 

by singlet oxygen. Although γ-ray radiation delivered by 60Co is able to generate Cerenkov 

light in the UV-Vis range, this light  is likely not enough to activate the SOSG probe, in 

contrast to much higher intensity UV sources (365 nm, 400nm) that were used in our 

experiments.   

 

In addition to the SOSG probe, we also checked the photochemical behavior of another two 

probes, i.e., DPBF (1,3-diphenylisobenzofuran) and ABDA (9,10-antherachenediyl-

bis(methylene) dimalonic acid), which are widely used to detect the formation of 1O2.[17, 

30-33] As illustrated in Figure S2.9-10, both probes were activated in the presence of ionizing 

radiation. Comparison of the photochemical performance under different atmospheres 

(Figure S2.9(b) and S2.10(b)) again indicates that the activation processes are not caused by 

the formation of 1O2. 

 

Figure 2.5. (a) Comparison of the fluorescence intensity at 529 nm for SOSG solutions (5 µM) at 

different time intervals after γ-ray irradiation of different radiation doses; (b) Comparison of the 

fluorescence intensity at 529 nm between pure SOSG solutions (5 µM) and SOSG solutions (5 µM) 

containing Ce6 (5 µM) (λex= 504 nm). (Error bars represent the standard deviation of at least 3 

replicates). 

In order to determine the long-term influence of ionizing radiation on the photochemical 

performance, we measured the fluorescence of SOSG at different time intervals after 
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exposure to various radiation doses. Figure 2.5(a) clearly indicates that the induced 

fluorescence is permanent which in turn implies that the molecular structure of SOSG might 

be affected. However, the measured mass spectra (Figure S2.2) show no noticeable change 

in molecular weight after exposure to ionizing radiation, when compared to original SOSG 

solutions. It is, nevertheless, possible that the amounts of SOSG that were affected were so 

small that they could not be properly detected, which hinders establishment of the mechanism 

leading to the observed phenomenon.  

 

Additionally, since Cerenkov light is studied as a promising internal light source for 

photodynamic therapy,[3,21] we decided to study the activation of SOSG in the presence of 

the common photosensitizer chlorin-e6 (Ce6), which has been proven to be excited by 

exposure to Cerenkov light.[16] Ce6 is a typical photosensitizer that is known to be highly 

efficient in the generation of singlet oxygen and is widely used in photodynamic therapy. We 

exposed a simple SOSG solution and a SOSG solution mixed with Ce6 to gamma rays 

originating from the 60Co source. Figure 2.5(b) shows that the FL intensity at 529 nm 

increases as a function of the gamma dose for both solutions. The FL values in the presence 

of Ce6 are somewhat higher than those in the pure SOSG solution at higher doses, although 

no firm conclusion can be drawn due to the large uncertainty of the measured FL intensity. 

Still, it is possible that at higher radiation doses Ce6 generates singlet oxygen through the 

Cerenkov effect. As a check we also exposed the same solutions to UV light sources of two 

different wavelengths (365 nm and 400 nm), showing that the SOSG fluorescence intensity 

increases significantly in the presence of Ce6 (Figure S2.11). Although there is some increase 

of FL intensity observed from the pure SOSG solution induced by the UV light sources, it is 

much smaller than the signal from the solution containing the photosensitizer. These results 

also support that the SOSG probe is very sensitive to singlet oxygen, under common 

experimental conditions. 
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Conclusions 

In this paper, we studied the effect of ionizing radiation on the photochemical behavior of 

SOSG, showing that this probe becomes fluorescent when exposed to either γ-rays or X-rays. 

SOSG shows increased fluorescence intensity as function of radiation dose, which appears 

not to be related to singlet oxygen formation. Scavenger tests reveal that the suppression of 

hydroxyl radicals lead to a decrease in induced fluorescence intensity, which suggests that 

these species play some role in the activation of the SOSG probe in the presence of ionizing 

radiation. In contrast, when exposed to UV-light sources, SOSG is efficiently activated 

through the formation of the SOSG endoperoxide, caused by reaction with singlet oxygen. 

In addition, another two commercially available probes used for the detection of singlet 

oxygen, i.e. 1,3-diphenylisobenzofuran and 9,10-antherachenediyl-bis(methylene) dimalonic 

acid, were also evaluated under ionizing radiation conditions. These two probes appeared 

also to be activated by ionizing radiation. The exact mechanism leading to the activation of 

SOSG as well as the two other probes when exposed to ionizing radiation remains unclear 

but this study does clearly demonstrate that such probes should be cautiously used under such 

conditions. 
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Appendix 

 

 

Figure S2.1. (a) Fluorescence spectra (λex= 504 nm) and (b) UV-vis spectra of SOSG solutions (5 

µM) after irradiation with UV light at 400 nm; (c)Fluorescence spectra and (d) UV-vis spectra of 

SOSG solutions (5 µM) after irradiation with UV light at 365 nm. 

 

The fluorescence emission in Figure S2.1(a,b) is predominantly due to the generation of 

singlet oxygen. In contrast to the UV-vis absorption spectra of SOSG irradiated by γ- and X-

ray sources, the spectra of UV irradiated SOSG show noticeable decreasing absorption peaks 

(257, 365 nm and 400 nm). This effect is caused by endoperoxide (SOSG-EP) formation.[1] 

Meanwhile, the intensity of the 507 nm peak also shows a decreasing trend, which may be 

due to the photo bleaching of SOSG. 
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Figure S2.2. ESI Mass spectrum (negative mode) of (a) a SOSG solution; (b) a SOSG solution exposed 

to γ-ray radiation dose of 40 Gy; (c) a SOSG solution exposed to X-ray radiation dose of 20 Gy; (d) a 

SOSG solution exposed to 400 nm UV light for 50 min; (e) SOSG exposed to 365 nm UV light for 50 

min. (concentration of the SOSG solution is 25 µM). 
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The mass spectra (ESI-MS) in Figure S2.2 show differences depending on the irradiation 

conditions. The spectra of SOSG solutions exposed to X- and γ-ray remain similar to that of 

the non-irradiated SOSG solution with a major peaks at m/z=599 and m/z=299, which 

correspond to the molecular structure of SOSG (mono-anion and di-anion respectively); 

spectra of SOSG exposed to UV sources (Figure S2.2(d,e)) exhibit a clear peak located at 

m/z=649, associated to the water adduct of SOSG-EP.[1] 

Figure S2.3(a) shows the standard curve obtained through Ghormley’s triiodide method, 

which achieves a linear relationship between UV intensity (350 nm) and H2O2 concentrations. 

Figure S2.3(b,c) show that the H2O2 concentration in aqueous solutions exposed to γ-ray 

radiation increases as function of radiation dose. According to the calibration line, the 

generation of H2O2 under 40 Gy is ~25.3 µM. Figure S2.3(d) demonstrates that the generation 

of H2O2 in pure water and in the SOSG solution is highly dependent on the radiation dose. 

 

 

Figure S2.3. (a) Standard curve of H2O2 obtained through Ghormley’s triiodide method; the UV 

spectrum for radiation exposed (b) water and (c) the SOSG solution (5 µM) by addition of KI and ADM 

solution; (d) The comparison of H2O2 generation in water and the SOSG solution (5 µM). (For detection 

of H2O2 concentration, the KI solutions and the ammonium molybdate stock solutions were added to 

water and the SOSG solutions used.) 
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APF (aminophenyl fluorescein) is a typical probe for the detection of hydroxyl radical. Figure 

S2.4 shows that even at a low dose, i.e., 1 Gy, ϒ-ray irradiation of aqueous solutions can 

induce the activation of this probe, indicating the generation of hydroxyl radicals. 

 

 

Figure S2.4. Fluorescence spectra (λex= 480nm) of a 5µM APF aqueous  solution  as a function 

radiation dose delivered by 60Co source. 

 

 
 

Figure S2.5. (a) UV-vis spectrum of SOSG solutions (5 µM) with the addition of ethanol(0.85 M) in 

the absence and presence of ionizing gamma radiation; (b) UV-vis spectrum of SOSG solutions with 

the addition of NaN3 (1 mM)in the presence and absence of ionizing gamma radiation (‘R’ stands for 

a radiation exposure of 40 Gy from a 60Co source.). 
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Figure S2.5 shows the UV-vis spectra of SOSG after irradiation experiments and the addition 

of various ROS scavengers. According to Figure S2.5(a), no structural changes were 

observed in SOSG molecules when exposed to 40 Gy of γ-ray radiation, in the presence or 

absence of EtOH. The introduction of NaN3 also did not affect the structure of the SOSG 

molecule (Figure S2.5(b)). However, when exposed to radiation the mixture of NaN3 and 

SOSG exhibited an evident decrease of the absorption at 507 nm which indicates a change 

of the fluorescein moiety, possibly due to reaction with N3
• radicals. 

 
 

Figure S2.6. Fluorescence spectra (λex= 504 nm) of SOSG solutions in the presence of different 

concentrations of methanol and when exposed to a radiation dose of  20 Gy delivered by a  60Co source. 
 

 
 

Figure S2.7. Fluorescence spectra (λex= 504 nm) of SOSG solutions in the presence of NaI (50 mM) 

and when exposed to a radiation dose of 20 Gy delivered by a 60Co source. 
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Figure S2.8. Fluorescence spectra (λex= 504 nm) of SOSG solutions (5 µM) (e) saturated with N2 for 

varied radiation doses delivered by a 60Co source 
 

 
 

Figure S2.9. UV-vis spectra for DPBF solutions (100 µM) (a) saturated with air and (b) saturated 

with N2 for varied radiation doses delivered by a 60Co source; (c) The comparison of the intensity at 

427nm between air-saturated SOSG solutions and N2-saturated SOSG solutions after exposure to 

different gamma-ray doses. 

 

 
 

Figure S2.10. Fluorescence spectra ( λex= 380 nm) of ABDA solutions (50 µM) (a) saturated with air 

and (b) saturated with N2 for varied radiation doses delivered by a 60Co source; (c) The comparison 

for the FL intensity at 430 nm between air-saturated SOSG solutions and N2-saturated SOSG 

solutions after exposure to different gamma-ray doses. 
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Figure S2.11. Fluorescence spectra (λex= 504 nm) of SOSG solutions (5 µM) after irradiation with UV 

light at (a) 400 nm and (b) 365 nm; Fluorescence spectra of SOSG (5 µM)+Ce6 (5 µM) mixtures after 

irradiation with UV light at (c) 400 nm and (d) 365 nm; Comparison of the fluorescence intensity at 

~530 nm between pure SOSG solutions (5 µM) and SOSG solutions (5 µM) containing Ce6 (5 µM) 

after irradiation with UV light at (e) 400 nm and (d) 365 nm. 

 

Figure S2.11 show that both solutions, i.e. SOSG and SOSG+Ce6 have increased 

fluorescence intensity with increased UV irradiation time, which means that SOSG can act 

as a photosensitizer and produce singlet oxygen leading to increased fluorescence. The 

solution containing photosensitizer Ce6 renders much higher FL intensity than that for the 

pure SOSG system.  
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Abstract 

Polymeric micelles, due to their easy preparation and versatile properties, have been widely 

applied as one of the most popular carriers for chemotherapeutic agents. Such micelles 

primarily prevent the leakage of drugs during transportation and thus protect healthy tissue. 

Controlled drug release, which releases the drugs at the site of interest using internal or 

external stimuli as triggers, can further improve the safety of the drug delivery process. In 

this paper we investigate whether ionizing radiation can be used to initiate release, focusing 

on using Cerenkov light as a possible trigger. For this purpose micelles composed of the 

degradable polymer poly(ε-caprolactone-b-ethylene glycol) (PCL-PEO) were first loaded 

with the photosensitizer chlorin e6 (Ce6) and subsequently exposed to gamma or X-ray 

radiation of varying radiation doses. The results reveal that Ce6 was released from the 

micelles under radiation regardless of the energy of incident photons, showing that Cerenkov 

light was not the driving force behind the observed release. SANS measurements showed 

that the volume fraction of the micelles containing Ce6 was reduced after exposure to 

radiation. This change in volume fraction suggests that the number of micelles was reduced 

which was probably responsible for the release of Ce6. The exact mechanism, however, 

remains unclear. Subsequently, the PCL-PEO micelles were loaded with Ce6 and one of the 

following drugs: doxorubicin (Dox), docetaxel (DTX) and paclitaxel (PTX). Under radiation 

exposure, Dox, which is quite stable in single-loaded micelles, shows an enhanced release 

profile in the presence of Ce6, while DTX and PTX remained in the micelles, regardless of 

the presence of Ce6. 
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Introduction   

Cancer is one of the major causes of death in the developed world and new treatment 

strategies are continuously being pursued to increase the life expectancy of patients and to 

improve their life quality. In the case of metastasized tumours, chemotherapy is one of the 

most often-applied cancer treatments. Chemotherapy is indispensable in the clinic but it is 

still facing many challenges.[1] Two of the main problems of chemotherapy are: the 

hydrophobic nature of many anticancer drugs, such as paclitaxel and docetaxel, limits their 

solubility in blood and therefore their bioavailability; and the lack of targeting property that 

could lead to various adverse health effects.[2] Polymeric carriers have been proposed as a 

possible solution to both problems relying on the so-called EPR (enhanced permeability and 

retention) effect to limit toxicity to healthy tissue and to provide high loading capacity for 

hydrophobic substances.[3, 4] A few polymeric carriers have already been approved by the 

FDA for clinical application, among which poly (ε-caprolactone) containing vehicles are 

considered to be one of the best candidates due to their biodegradability.[5, 6] In addition to 

carriers for chemotherapeutic agents, micelles composed of this polymer have also been used 

in combined therapies such as photodynamic- and photothermal therapy.[7]  

 

Toxicity to tissue can be further reduced if the delivery systems release the drugs primarily 

at the tumour site.[8] Various stimuli have been used to precisely discharge the active 

substances at the tumour, for example, pH, hypoxia and enzymes are commonly implemented 

as internal triggers [9-11] while heat and light are often applied as external stimuli.[12, 13] 

Light-responsive drug delivery systems have been widely studied due to the non-invasive 

nature of light,[14, 15] but suffer from the low penetration depth in tissue, which is limited 

to a few millimetres.[16]  

 

In this respect ionizing radiation such as X-rays offers much better penetration possibilities 

and has been implemented as a trigger for release, although publications on this topic remain 

scarce. One example is the work of Deng et al. who has used liposomes and verteporfin to 

generate singlet oxygen under X-ray exposure, which in consequence destabilized the carriers 

and released their encapsulated cargo.[17] Other applications of ionizing radiation have been 

demonstrated by Xu’s group who have developed a series of radiation-sensitive polymeric 
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carriers for controlled drug delivery.[18, 19] Apart from directly utilizing the energy of 

radiation, accompanying phenomena, such as the so-called Cerenkov light, can also work as 

an internal light stimulus but has so far not been implemented in drug release studies.[20, 21] 

Cerenkov light has a broad emission spectrum and it is emitted when charged particles pass 

through a medium with a speed greater than the speed of light in this medium.[22] Cerenkov 

light is typically observed when ionizing radiation interacts with water as well as tissues and 

has drawn increasing attention recently as an internal light source in photodynamic 

therapy.[20, 23] 

 

Inspired by these studies we have designed PCL-PEO micellar systems containing a typical 

photosensitizer, i.e. Chlorin e6 (Ce6) and one of the following drugs: doxorubicin (Dox), 

paclitaxel (PTX) and docetaxel (DTX), which are commonly applied in chemotherapy. 

Initially we had intended to use Cerenkov light induced by radiation as an internal trigger to 

activate Chlorin e6 and destroy the micelles by simply exploiting the destructive character of 

reactive oxygen species (ROS) in particular singlet oxygen (as shown in Scheme 3.1). To 

investigate whether such a system can be used for triggered release we have performed a 

systematic study applying both X-rays and gamma rays (γ-ray), and varying the radiation 

dose. Drug release has been shown to occur but the mechanism behind these effects appears 

not to be related to Cerenkov light. 

 

Scheme 3.1. The formation of Ce6&Dox-coloaded micelles and the drug release after being exposed 

to ionizing radiation. 
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Materials and methods 

 

2.1 Materials 

Poly (ε-caprolactone-b-ethylene glycol) block copolymer PCL-PEO (2800-2000) was 

purchased from Polymer source (Quebec, Canada). Chlorin e6 (Ce6) was bought from 

Frontier Scientific. Doxorubicin hydrochloride (Dox) was bought from VWR International 

BV. Docetaxel (DTX) was bought from Acros Organics. Chloroform, hydrogen peroxide 

(H2O2), triethylamine (TEA), paclitaxel (PTX) and sodium hypochlorite solution (NaClO) 

were bought from Sigma Aldrich (Zwijndrecht, the Netherlands). Ethanol (CH3CH2OH) was 

supplied by Brenntag (Zwijndrecht, the Netherlands). Iron (II) sulfate heptahydrate was 

purchased from Merck.  

 

2.2 Synthesis 

 

Preparation of micelles 

The micelles were prepared according to our previous work.[24] Typically, 20 mg of block 

copolymer was dissolved in 0.2 mL of chloroform under sonication, followed by slowly 

dripping this solution into 2.3 mL of MQ water. The solution mixture was stirred overnight 

with the cap slightly open to evaporate the chloroform.  

 

Preparation of Ce6-loaded micelles 

Briefly, 20 mg of block copolymer was dissolved in 0.1 mL of chloroform, then 0.1 mL of 

460 µM Ce6 solution (in chloroform) was added, the mixture was placed in an ultrasound 

water bath for several minutes and then slowly dripped into 2.3 mL of MQ water. The mixture 

was stirred overnight with the cap slightly open to evaporate the chloroform. Then the free 

Ce6 was removed by size exclusion chromatography (SEC, diameter 1 cm, length ~ 30 cm) 

filled with Sephadex G-25.  

 

Preparation of Dox-loaded micelles 
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The 2 mg/mL Dox stock solution was obtained by dissolving 2 mg of Dox∙HCl in 1 mL of 

chloroform, then 2 µL TEA was added to remove the HCl. The preparation process of Dox-

loaded micelles was the same as that of the Ce6-loaded micelles described above.  

 

Preparation of DTX-loaded micelles 

The 10 mg/mL DTX stock solution was prepared by dissolving 5 mg of DTX in 0.5 mL of 

chloroform. The preparation process of DTX-loaded micelles was the same as the preparation 

of Ce6-loaded micelles. 

 

Preparation of PTX-loaded micelles 

The 5 mg/ mL PTX stock solution was prepared by dissolving 5 mg of PTX in 1 mL of 

chloroform. The PTX-loaded micelles were prepared in the same procedure as the Ce6-

loaded micelles 

 

Preparation of co-loaded micelles 

The co-loaded micelles were prepared by dissolving 20 mg of PEO-PCL polymer in 0.1 mL 

of Ce6 stock solution and then adding 0.1 mL of the drug solution. After being fully mixed 

by sonication, the mixture was dripped into 2.3 mL of MQ water and stirred overnight to 

remove the organic solvent. 

Characterization 

3.1 Instruments 

 

A dynamic light scattering apparatus was used to determine the hydrodynamic radius of the 

micelles. The dynamic light scatting instrument used in this study consisted of a JDS 

uniphase 633 nm 35 mW laser, an ALV sp 125 s/w 93 goniometer, a fibre detector and a 

Perkin Elmer photo counter. A UV-VIS-NIR spectrophotometer (UV-6300PC, VWR) was 

used to detect the absorbance spectra of Ce6 molecules. A Cary Eclipse fluorescence 

spectrophotometer (Agilent technologies) was also employed to characterize the fluorescence 

emission spectra of Dox-containing samples. A high-performance liquid chromatography 

(HPLC) was used to determine the loading efficiency of PTX and DTX. Cryogenic electron 
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microscope (Cyro-EM, Jeol JEM 1400) was used to determine the size and shape of the 

micelles. Differential scanning calorimetry (DSC) was carried out by TA instrument Q2000 

with a temperature rate of 10 °C/min from -100 °C to 100 °C. 

 

The samples for Small Angle Neutron Scattering (SANS) were prepared identically to all 

other samples but contained D2O instead of H2O to ensure sufficient contrast for the 

measurements. The SANS experiments were performed on the Larmor instrument at the ISIS 

pulsed neutron source in the UK. A 1 mm thick quartz cuvette containing the micelle solution 

in D2O was used with a beam size of 8x6 mm. The temperature was maintained at 22 °C 

using a water bath. Larmor is a time of flight instrument with a fixed sample to detector 

distance of four meters which results in a momentum transfer (q) range of 0.003 - 0.7Å-1.  

Data was reduced using the Mantid software.[25] These data were placed on an absolute scale 

(cm−1) using the scattering from a standard in accordance with established procedures.[26] 

The instrument produces an intensity plot radially integrated over constant q value to generate 

a typical SANS plot that reflects a density-density correlation function in reciprocal space. 

The data was fitted using the software SASView where we apply a core-shell-sphere 

model.[27,28] 

 

3.2 Drug loading efficiency 

 

The concentration of Ce6 was determined by measuring the light absorption intensity at 665 

nm using a UV-VIS spectrophotometer. This wavelength was chosen rather than the 400 nm 

since it is not influenced by the light absorption spectra of the micelles. Due to the 

hydrophobic nature of Ce6, changes in the concentration of aqueous Ce6 solutions resulted 

in random shifts of the ~665 nm peak which could be clearly observed in the spectra. In 

contrast, when incorporated in micelles, the Ce6 665 nm peak is stable with only a 1-2 nm 

shift, which is hard to tell from the spectra. Regarding the difficulties in making a proper 

calibration line of Ce6 by UV-vis, we directly use the UV-vis intensity to represent the Ce6 

concentration.  The concentration of Dox was determined by the FL emission intensity at 590 

nm which was excited at 488 nm wavelength. In the FL measurement, the slits for excitation 

and emission light are 10 nm. The loading efficiency of PTX and DTX was determined by 
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HPLC coupled to UV detector set at 227 nm. The mobile phase was a mixture of acetonitrile 

and aqueous formic acid solution (10 mM) having volume ratio of 45:55 respectively.  

The loading efficiency (%) was calculated by the following equations: 

 

LE(%) of Ce6 = (The absorbed light intensity (665nm)of final samples )/(The absorbed light 

intensity (665 nm) of samples before separation )×100% 

 

LE(%) of drugs (Dox, DTX, PTX) = (The concentration of drugs in final samples)/(The initial 

drug concentration)×100% 

 

3.3 Irradiation experiments 

 

Gamma radiation: A Cobalt 60 (60Co) radioactive source (GC220, Nordion) was used for the 

gamma irradiation. Samples were transferred to 4 mL glass vials which were covered with 

aluminum foil. These samples were placed inside the 60Co source and irradiated for different 

periods resulting in doses ranging from 10 to 50 Gy. 

 

In the case of the SANS experiments, irradiations were performed using a 137Cs source, which 

emits gamma-rays with energy of 0.662 MeV, at Gray Laboratories, Department of Oncology, 

Cancer Research UK and Medical Research Council Oxford Institute for Radiation Oncology. 

Samples were transferred to 4 mL glass vials, which were covered with aluminum foil. These 

samples were placed inside the 137Cs source and irradiated for different periods resulting in 

doses ranging from 10 to 50 Gy. The SANS measurements were performed 1.5 hours after 

irradiation. 

 

X-ray radiation: The X-ray irradiation was carried out using an X-ray source (Philips MCN 

321 variable-energy X-ray tube). The samples were placed on a horizontal platform located 

50 cm from the X-ray window. The voltage for X-ray is 240 kV, and the current is 3 mA, 

achieving a dose rate of 0.64 Gy/min. 

 

3.4 Reactions involving ROS 
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Different reactive oxygen species were prepared as described in a previous publication.[29] 

H2O2 was obtained by diluting a commercial H2O2 solution to a final concentration of 800 

μM. OH· radicals were obtained by mixing H2O2 solution (800 μM) and Fe2+ aqueous 

solution (8000 μM) for half an hour. 1O2 was obtained by mixing H2O2 solution (800 μM) 

and ClO- aqueous solution (8000 μM). For determining the ROS effects on Ce6 release, 0.5 

mL of Ce6-micelles samples was mixed with 0.5 mL of the above ROS solutions and reacted 

for half an hour. 

 

3.5 Detection of Ce6 or drug release 

 

The obtained irradiated samples were separated within 20 min by Amicon® Ultra-4 

centrifugal filter (4000 rpm, 20 min) to remove the released photosensitizer and/or drugs. 

The non-irradiated control samples were treated in exactly the same way. Then UV-Vis, FL 

or HPLC were used to detect the substances remaining in the micelles as described above. 

For evaluating the retention ratio, the drugs or Ce6 amount in the non-irradiated samples after 

separation was regarded as the reference (i.e. 100%). 

Results and Discussion 

 

4.1 Ce6-loaded PCL-PEO micelles 

 

The incorporation of Ce6 into the PCL-PEO (2800-2000) micelles was carried out during the 

self-assembly process and high loading efficiency was achieved (69.3 ± 10.6 %). The 

morphology of the Ce6 loaded micelles was determined by DLS and Cryo-EM. Figure 3.1(a) 

shows the obtained DLS data which reveals that most of the micelles have a hydrodynamic 

radius of ~16 nm. Two other peaks corresponding to larger sizes suggest that there are also 

larger species present. The Cryo-EM image (Figure 3.1(b)) shows that the Ce6 loaded 

micelles are primarily spherical and small but a few worm-like micelles are also visible. The 

peaks observed in the DLS data at larger diameters possibly correspond to these worm-like 
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micelles. The morphology of the empty micelles (Figure S3.1) and the ones loaded with Ce6 

appear to be the same. 

 

Figure 3.1. (a) The hydrodynamic radius of PCL-PEO micelles loaded with Ce6 as determined by DLS. 

(The polymer concentration was 0.14 mg/mL); (b) Cryo-EM images of the same micelles. The polymer 

concentration was 2.9 mg/mL and the initial Ce6 concentration was 20 μM) 

To determine whether Cerenkov light can lead to release, we exposed the Ce6-loaded 

micelles to γ-rays (above the Cerenkov light energy threshold) and X-rays (below the 

Cerenkov light energy threshold) at different radiation doses. The release data shown in 

Figure 3.2 is obtained within 20 min after irradiation and indicates that the released amount 

goes up as the radiation dose increases. γ-rays lead to slightly higher release (48.5±3.5 % at 

50 Gy) than X-rays (39.3±2.0 % at 50 Gy). Exposure of Ce6 stock solution (10 µM) to γ-

radiation resulted in negligible change in the UV signals at 665 nm of the Ce6 molecules 

(Figure S3.2), revealing that Ce6 itself is not affected by the radiation exposure under these 

experimental conditions. Based on the DLS and SANS data (Figure S3.3-4), the morphology 

including size and shape of the empty PCL-PEO micelles also did not change when exposed 

to ionizing radiation. Moreover, according to the DSC result, the thermal properties of the 

irradiated micelles also show no difference when compared with the original sample (Figure 

S3.5).  

 

The 60Co source delivers γ-rays of two main energies (1.17 and 1.33 MeV) while the X-ray 

source that was used supplied X-rays with the maximum energy of 240 keV. The interaction 

mechanism of ionizing photons depends on their energy as well as on the Z number of the 

materials with which they interact. In this case, the Compton effect occurs in which photons 
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give part of their energy to an electron, a so-called Compton electron. The energy threshold 

for electrons to produce Cerenkov light is 261 keV in water,[22] which is above the value 

that the Compton electrons reach for the used X-ray energy. The γ-rays do have sufficient 

energy to create Compton electrons with energies above 261 keV and Cerenkov light is 

expected to be produced. 

 

Figure 3.2. The Ce6 retention ratio in the micelles as a function of radiation dose for Ce6-loaded PCL-

PEO micelles when exposed to γ-rays delivered by 60Co source and X-rays of 240 kVp energy. 

The fact that release is also observed when using X-rays reveals that release is caused by 

ionizing radiation rather than Cerenkov light. To determine whether the release might be 

associated to change of the self-assemblies we first investigated the morphology of the 

irradiated Ce6 loaded micelles by DLS and Cryo-EM. 

 

According to the results discussed above, these radiation doses are not sufficient to lead to 

the destruction of PEO-PCL polymer which is in accordance with literature on similar 

systems where much higher doses (in the kGy range) have been shown to result in polymer 

damage.[30] Additionally, empty micelles exposed to radiation of 50 Gy have identical 

SANS patterns as well as intensity as the non-exposed ones (Figure S3.4). However, the 

SANS data in Figure 3.4 does show that the volume fraction of micelles containing Ce6 was 
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reduced after exposure to ionizing radiation, while the morphology of the micelles remained 

the same. The supporting information contains more details on the SANS fitting parameters. 

 

Figure 3.3. (a) The hydrodynamic radius obtained by DLS of Ce6 loaded PCL-PEO micelles before 

and after exposure to 50 Gy gamma-rays (b) Cryo-EM images of Ce6-loaded PCL-PEO micelles after 

exposure to 50 Gy delivered by gamma rays. The polymer concentrations were 0.14 and 2.9 mg/mL for 

DLS and Cryo-EM, respectively. 

 

Figure 3.4. Figure Capture SANS curves obtained for micelles containing Ce6. Black square: Ce6-

micelles; black line: the fitting curve for Ce6-micelles using a core shell model; red triangle: irradiated-

Ce6-micelles, measured 1.5 hours after being irradiated by 50 Gy gamma-rays; red line: fitting curve 

using a core shell model of the irradiated Ce6-micelles. 

Ionizing radiation can interact with matter directly, or indirectly through various radicals 

created by the radiolysis of water. Gamma rays have much less of a chance to directly damage 
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Ce6, since Ce6 is composed of light elements with low stopping power, which suggests that 

indirect effects may dominate the Ce6 release from micelles. To check this assumption we 

irradiated the micelles in a HEPES buffer which is a well-known radical scavenger.[31, 32] 

Figure 3.5 (a) shows that no Ce6 was released in HEPES while 48.6±3.2 % was released in 

water when the micelles were exposed to the same dose of radiation, i.e. 50 Gy, showing that 

radicals play the main role in the Ce6 release from the micelles. 

 

The radiolysis of water is a complex phenomenon, which results in various radicals and 

chemical species among which OH radicals and hydrated electrons (eaq
-) being some of the 

most reactive, and H2O2 is one of the most abundant and persistent. In order to determine 

whether OH radicals and H2O2 can play a role in the release, we exposed the micelles to these 

species obtained in a chemical way. The H2O2 solution was prepared by diluting commercial 

H2O2 solutions, to a concentration of 400 μM which is much higher than that generated under 

radiation treatment in our experiments.[33] The OH radicals were generated through a typical 

Fenton-reaction between H2O2 and Fe2+ ions.[34] As shown in Figure 3.5(b), the presence of 

H2O2 or OH radicals exhibited negligible influence onnik the release of Ce6. Although there 

are only very few reports on the presence of singlet oxygen purely due to the radiolysis of 

water,[35] we tried to eliminate singlet oxygen effects by using Argon-saturated samples, 

which decreased the possibility of 1O2 generation. As shown in Figure 3.5(c), the micelles 

dispersed in Argon-saturated aqueous solution showed a similar release behavior compared 

to those in air-saturated water, i.e. around 65% of Ce6 was released from the micelles, 

indicating the 1O2 was not the main cause for Ce6 release.  

 

Besides the above-mentioned reactive oxygen species, hydrated electrons are another main 

product of the radiolysis of water. To evaluate the influence of hydrated electrons, we studied 

the release profiles of Ce6-loaded micelles in aqueous solution containing NO3
- (20 mM), 

which is a typical scavenger of eaq
-. Under these conditions, only 40.8 ± 6.3 % of Ce6 leaked 

out from the micelles after being exposed to 50 Gy gamma-rays, which is significantly less 

than that for samples dispersed in MQ water with 64.7 ± 0.8 % of the Ce6 being released. 

Note that the percentage of release differs somewhat per micelle batch hence the data shown 

in one single figure using the same batch of Ce6 loaded micelles. 
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Figure 3.5. Release profiles of Ce6 from PCL-PEO micelles (a) in MQ and HEPES solution (1 mM) 

after gamma-ray exposure, (b) after reaction with H2O2 and OH for half an hour, (c) in argon saturated 

aqueous solution and NO3
- aqueous solution (20 mM) after gamma exposure. Error bars represent the 

experimental uncertainties of at least 3 samples. 

In previous experiments we observed that Ce6 could also be loaded into pre-formed micelles 

over a 24 hours period, which means the Ce6 can actively enter the micelles. Hence, after the 

radiation exposure, we immediately separated the released Ce6 molecules to avoid the re-

loading process. In the experiments shown in Figure 3.2 and 3.5, the separation process has 

been managed within 20 mins (sample transportation) after radiation exposure. To check 

whether ionizing radiation can induce a sustained release of Ce6 from the micelles, we 

exposed such samples to gamma-rays of increasing radiation dose and separated the free Ce6 

molecules after certain time intervals. Figure 3.6 shows that the immediate release after 

irradiation increases with the radiation dose, which is in agreement with the results in Figure 

3.2. Moreover, the Ce6 retention in the samples remains relatively stable, although it is 

slightly increased after 2 days compared that at 0h. The residual Ce6 in irradiated samples is 

evidently less than that for non-irradiated samples, suggesting that the released Ce6 

molecules are not likely to totally return to micelles under experimental conditions. Thus, 

irradiation gives a long-term change in the Ce6-micelle interaction. 

  

We also carried out control experiments in which we separately irradiated either Ce6 or 

empty micelles and carried out again the synthesis process which showed that encapsulation 

efficiencies were nearly the same (Figure S3.7). Clearly, the release must be due to a change 

in interaction between Ce6 and the polymeric micelles occurring during irradiation. The exact 

mechanism however, remains unknown. 
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Figure 3.6. The retention of Ce6 in PCL-2800 micelles as function of time after exposure to γ-rays at 

different radiation doses. The polymer concentration was 2.9 mg/mL. The Ce6 retention ratio for 

samples at 0h was calculated using the light absorption intensity at 660 nm of the immediately separated 

samples after irradiation, and the average light absorption intensity of the non-irradiated samples was 

used as the reference for all samples 

4.2 Drug-loaded PCL-PEO micelles 

 

Although the mechanism of Ce6 release is not yet clear, we were interested in finding out 

whether such radiation-induced release was also observed for drugs with or without the 

presence of Ce6. For this purpose, we loaded the same micelles with different anticancer 

agents, i.e., Dox, PTX and DTX. The loading efficiencies of the drugs with or without the 

presence of Ce6 are summarised in Table 3.1, revealing that the more hydrophobic the drug 

is the higher loading efficiency (LE) it would achieve: i.e. the LE is 23.5 ± 3.5% for Dox, 

while it is 80.0 ± 14.2% and 95.8 ± 4.5% for DTX and PTX. Even though the efficiency 

differed in all cases, the morphology of the micelles appeared not to be affected for all 

samples (Figure S3.8). Interestingly, the LE(%) of Ce6 in these co-loaded samples shows 

quite different behavior. The LE of Ce6 significantly decreased to 33.8 ± 6.6% in the presence 

of Dox, while that for Ce6&DTX-micelles and Ce6&PTX-micelles was 57.6 ± 3.2% and 

62.4 ± 8.1%. When compared to loading of Ce6 alone (69.3 ± 10.6%), the presence of PTX 

and DTX appeared not to be competing with Ce6 while Dox did. 

 



Chapter 3 

 

 62 

Table 3.1. Summary of the loading efficiency of therapeutic drugs and Ce6 in micelles. 

 

Sample Drug loading/% Ce6 loading/% 

Dox-micelles 23.5±3.5* -- 

Ce6&Dox-micelles 18.9±2.5 33.8±6.6 

DTX-micelles 80.0±14.2 -- 

Ce6&DTX-micelles 61.7±9.3 57.6±3.2 

PTX-micelles 95.8±4.5 -- 

Ce6&PTX-micelles 78.1±4.5 62.4±8.1 

Ce6- micelles -- 69.3±10.6 

* The error indicates standard deviation based on 3 measured samples. 

  

Subsequently we exposed the Ce6&drug co-loaded and the Ce6 or drug single-loaded 

micelles to gamma radiation of different doses. The data summarized in Figure 3.7 (a,b,c) 

illustrates that there were more Ce6 molecules released from the co-loaded samples than in 

the case of the single Ce6-loaded micelles, which means the presence of the drugs somehow 

influences the interaction between Ce6 and the polymeric micelles. However, the release of 

drugs showed quite different behavior. The micelles only loaded with Dox, PTX and DTX 

had no evident drug release even when exposed to 50 Gy. In the case of the co-loaded 

micelles only Dox showed a significant release. 
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Figure 3.7. First row: the Ce6 retention of Ce6-micelles and co-loaded micelles with Ce6 and (a) Dox 

(b) DTX and (c) PTX; Second row: the release of the different drugs for single drug-loaded micelles 

and micelles co-loaded with Ce6 and (d) Dox, (e) DTX and (f) PTX under various γ-ray doses delivered 

by 60Co source. 

To better understand the interaction between micelles and drugs, we freeze-dried all the 

samples and used differential scanning calorimetry (DSC) to detect changes in thermal 

behavior of the PCL-PEO micelles as result of the presence of drugs and Ce6. As shown in 

Table 3.2, the presence of Dox and Ce6 slightly decreases the melting temperature of PCL 

from 43.0 °C to 42.3 °C and 41.2 °C, while DTX and PTX increase the melting temperature 

of PCL to 44.6 °C and 45.8 °C respectively. In contrast, all drugs had a negligible influence 

on the melting behavior of the PEO. In terms of the crystallization temperature, the presence 

of the drugs had a larger influence on the PEO block and the crystallization temperature 

increased to 28.3 °C (Ce6), 29.6 °C (Dox), 37.8°C (DTX) and 37.6 °C (PTX) which was 

substantially higher than that of the empty micelles (26.0 °C). These results indicate that 

drugs stimulate the nucleation of PEO segments at higher temperature.[36]  
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The released energy during the crystallization process was calculated based on the DSC curve 

in Figure S3.10. As summarized in Table 3.2, the PCL and PEO segments for empty PCL-

PEO micelles showed energy release of 67.7 and 119.5 J/g during the crystallization, which 

increased due to the addition of Dox and Ce6, while decreased due to the addition of DTX 

and PTX. However, Ce6 showed a smaller influence on the energy released during 

crystallization than the others, indicating less interaction between the Ce6 molecules and the 

micelles, which might be an explanation for the release of Ce6 under ionizing radiation. 

Moreover, the evident drop in loading efficiency of Ce6 in the presence of Dox implies that 

they are somehow synergistically working leading to a release of Dox along with Ce6. 

 

Table 3.2. Summary of melting temperature, crystallization temperature and heat of fusion of the 

samples containing Ce6, Dox, PTX and DTX 

 
 

Sample Tm(PCL) 

oC 

Tm(PEO) 

oC 

Tc(PCL) 

oC 

Tc(PEO) 

oC 

△Hf,s(PCL) 

J.g-1 

△Hf,s(PEO) 

J.g-1 

PCL-

PEO 

43.0 52.1 19.5 26.0 67.7 119.5 

Dox-

micelles 

42.3 52.1 19.8 28.3 93.6 144.1 

Ce6-

micelles 

41.2 52.1 18.7 29.6 75.7 123.6 

DTX-

micelles 

44.6 51.7 19.6 37.8 52.0 87.9 

PTX-

micelles 

45.8 51.7 21.6 37.6 53.2 88.8 
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Conclusions 

 

In this study we prepared block copolymer micelles that were loaded with Ce6 or co-loaded 

with Ce6 and drugs, and evaluated their radiation-induced release behavior. PCL-PEO 

micelles with a hydrodynamic radius of ~16 nm exhibited excellent encapsulation ability of 

Ce6 as well as DTX, PTX and Dox without any effect on the morphology of the micelles. 

Once exposed to ionizing radiation these micelles exhibited release of Ce6 as a function of 

dose by both gamma-rays and X-rays, which is possibly partly due to the interaction with 

hydrated electrons generated by water radiolysis. There was no significant difference in 

release after interacting with ionizing photons above and below the Cerenkov light threshold 

indicates that Cerenkov light was not part of the mechanism for the observed phenomenon. 

Moreover, the radiation used in these experimental conditions did not damage the Ce6 or the 

micelles, but rather induced a long-term change in the interaction between the Ce6 and 

micelles. 

 

Micelles single-loaded with drugs, i.e. Dox, PTX and DTX, did not show drug release in the 

presence of radiation. In contrast, Dox exhibited an enhanced release profile upon exposure 

to radiation in the presence of Ce6, while PTX and DTX remained in the micelles. The DSC 

data revealed that the addition of Ce6 showed a small influence on the crystallization of PCL 

and PEO segment of the micelles, indicating a relatively loose interaction between Ce6 and 

PCL-PEO micelles. The radiation-induced release of Ce6 could be used to further trigger the 

release of other anticancer substances, i.e. Dox, which could be applied for controlled release 

using radiation as an external stimulus.  

 

However, the full mechanism for radiation-induced drug release from PCL-PEO micelles 

remains unclear and requires further exploration. Currently, the radiation induced-release of 

Dox is only significant under high dose, i.e. 50 Gy, which could be utilized in some 

radiotherapy treatments, but more efforts are required to increase the radiation-sensitivity of 

the Ce6-drug micelles system for the clinical applications. 
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Appendix 

 

Figure S3.1. (a) The size distribution of PCL-PEO micelles as determined by DLS; (b) Cryo-EM 

images of PCL-PEO micelles. (The polymer concentration for DLS and Cryo-EM is 0.43 mg/mL and 

8.7 mg/mL) 

For measuring the stability of Ce6 when exposed to radiation, the samples were first exposed 

to gamma-rays of increasing radiation dose. To avoid possible measurement uncertainty due 

to Ce6 aggregation, the irradiated samples were mixed with THF by 1:1 volume ratio and 

then the UV-vis spectra were measured. The light absorption intensity at 665 nm was 

recorded to evaluate the stability of these samples. The UV-vis intensity at 665 nm of non-

irradiated samples was used as the reference. 
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Figure S3.2. The absorption light intensity at 665 nm for Ce6 as function of the radiation dose and at 

different periods after irradiation. The concentration of Ce6 aqueous is 10 μM. 
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Figure S3.3. The size distribution of PCL-PEO micelles before and after being irradiated by 50Gy 

gamma-ray. The concentration of DLS samples is 0.43 mg/mL 

0.01 0.1

0.001

0.01

0.1

1

10

I(
q
)c

m
-1

q(Å-1)

 B

 F

 H

 L

PCL-PEO micelles

Fit curve of PCL-PEO micelles

IR-PCL-PEO micelles

Fit curve of IR-PCL-PEO micelles

 

Figure S3.4. SANS intensity curve as a function of q for micelles composed of PCL-PEO before and 

after being irradiated by 50Gy gamma-rays (IR stands for irradiated samples). 
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SANS fit parameters for irradiated PEO-PCL micelles without Ce6 

Q Range: min = 0.00416, max = 0.6713644687  

Chi2/Npts = 37.541  

scale = 0.0081185 +- 3.7411e-06  

background = 0.003 1/cm  

radius = 87 Ang  

thickness = 40 Ang  

sld_core = 1.49 1e-6/Ang^2  

sld_shell = 5.51 1e-6/Ang^2  

sld_solvent = 6.3 1e-6/Ang^2  

radius.width = 0.17  

thickness.width = 0.23 

 

SANS fit parameters for irradiated PEO-PCL micelles without Ce6 

Q Range: min = 0.00416, max = 0.6713644687 

Chi2/Npts = 8.0146 

scale = 0.008 +- 5.2913e-06 

background = 0.0030155 +- 0.00024601 1/cm 

radius = 87 Ang 

thickness = 40 Ang 

sld_core = 1.49 1e-6/Ang^2 

sld_shell = 5.5 1e-6/Ang^2 

sld_solvent = 6.3 1e-6/Ang^2 

radius.width = 0.17 

thickness.width = 0.23 

 

SANS fit parameters for non-irradiated PEO-PCL micelles containing Ce6 

Q Range: min = 0.00416, max = 0.6713644687 

Chi2/Npts = 11.004 

scale = 0.0084912 +- 4.5411e-06 

background = 0.0043759 +- 0.0001291 1/cm 

radius = 90.406 +- 0.02052 Ang 
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thickness = 40 +- 0.020622 Ang 

sld_core = 1.49 1e-6/Ang^2 

sld_shell = 5.5 1e-6/Ang^2 

sld_solvent = 6.3 1e-6/Ang^2 

radius.width = 0.17 

thickness.width =0.23 

 

SANS fit parameters for irradiated PEO-PCL micelles containing Ce6 

Q Range: min = 0.00416, max = 0.6713644687  

Chi2/Npts = 47.071  

 scale = 0.0059671 +- 7.6468e-06  

background = 0.004 1/cm  

radius = 90.4 Ang  

thickness = 40 Ang  

sld_core = 1.49 1e-6/Ang^2  

sld_shell = 5.51 1e-6/Ang^2  

sld_solvent = 6.31 1e-6/Ang^2  

radius.width = 0.17  

thickness.width = 0.23 

 

SANS fit parameters for irradiated PEO-PCL micelles containing Ce6, 1 day later 

Q Range: min = 0.00416, max = 0.6713644687  

Chi2/Npts = 45.874  

  scale = 0.015487 +- 1.7245e-05  

background = 0.004 1/cm  

radius = 90.4 Ang  

thickness = 40 Ang  

sld_core = 1.49 1e-6/Ang^2  

sld_shell = 5.51 1e-6/Ang^2  

sld_solvent = 6.31 1e-6/Ang^2  

radius.width = 0.17  

thickness. width = 0.23 
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Figure S3.5. DSC curves of micelles composed of PCL-PEO before and after irradiated by 50 Gy 

gamma-rays (a) the first heating scan and (b) the first cooling scan. 
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Figure S3.6. Size distribution of Ce6 loaded PCL-PEO micelles after exposure to increasing gamma 

radiation doses delivered by a 60Co source. 
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Figure S3.7. The loading efficiency of samples obtained by first irradiate Ce6/micelles and then mixed 

each part and allow to react for 24 hours. IR-C samples refers to gamma irradiated Ce6 aqueous solution 

(50 Gy) which was then mixed with the PCL-PEO micelles, while the IR-M samples refers to gamma 

irradiated PCL-PEO micelles (50Gy) which were then mixed with Ce6 solution. The concentration of 

micelles is 2.9 mg/mL, the concentration of Ce6 is 10 μM. The time 0/2/24 h means the waiting time 

before mixing Ce6 and micelles. 
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Figure S3.8. Size distribution of Dox-micelles, DTX-micelles and PTX-micelles. The polymer 

concentration is 0.14 mg/mL. 
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Figure S3.9. (a) Cryo-EM images and (b) size distribution of Dox&Ce6 co-loaded PCL-PEO micelles. 

The polymer concentration in the Cryo-EM and DLS experiments are respectively 2.9 mg/mL and 0.14 

mg/mL. 
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Figure S3.10. DSC curves of empty micelles and micelles loaded with Ce6, PTX , DTX and DOX 

recorded during (a,c) the first heating scan and (b,d) the first cooling scan.
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Abstract  

Polymeric micelles are versatile nano-sized systems typically applied in drug delivery. The 

micelles assembled by block copolymers are composed of a hydrophobic core in which 

water-insoluble drugs can be encapsulated and a hydrophilic corona which helps to avoid the 

recognition by the immune system. Such delivery systems typically depend on the Enhanced 

Permeability and Retention (EPR) effect, which, unfortunately, is extremely heterogenous in 

patients. The possibility to determine the in vivo fate of micelles can help to achieve better 

therapeutic outcome. One of the most promising non-invasive imaging techniques that can 

be used to determine the in vivo behavior of micelles is SPECT (Single Photon Emission 

Computed Tomography). In order to use this technique, the micelles need to be radiolabeled. 

In this work, we present a novel and simple method for the radiolabeling of the core of 

polymeric micelles without affecting the inherent behavior of the nano-carriers. For this 

purpose we radiolabeled micelles composed by poly(ε-caprolactone-b-ethylene oxide) (PCL-

PEO) with 111In, a typical radionuclide used in SPECT studies. All PCL-PEO micelles 

exhibited very high 111In radiolabeling efficiency (>80%). The same method was also used 

to radiolabel Paclitaxel (PTX)-loaded micelles composed of PCL-PEO, which showed that 

neither the radiolabeling efficiency nor the stability was affected by the presence of the drug. 

SPECT/CT pharmacokinetic study was performed to determine the stability of the 

radiolabeled micelles under in vivo conditions as well as the imaging potential of this 

radiolabeling method. As expected, the majority of the micelles were retained in the liver and 

no evident loss of 111In (no bone uptake) was observed within 48 hours after administration. 

Finally, this radiolabeling method could also be applied to other medically relevant 

radionuclides (177Lu and 89Zr) and other polymeric micelles such as PLA-PEO (poly(lactic 

acid-b-ethylene oxide)). 
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Introduction  

In the last two decades, nanotechnology has shown to have great potential in the field of 

medicine. A variety of nano-sized vehicles with different compositions, morphologies and 

properties have been developed primarily to ensure safer and more effective drug delivery 

process.[1] Among the different nano-carriers, polymer micelles have shown to be one of the 

most promising candidates in chemotherapy, leading to several formulations that are 

currently clinically applied. Micelles have a typical core-shell structure in which the 

hydrophobic core is used to encapsulate water-insoluble substances and the hydrophilic shell 

reduces interaction with blood plasma proteins.[2] The so-called enhanced permeability and 

retention effect (EPR) is believed to be one of the reasons for the accumulation of nano-

carriers at the tumor site. For sufficient tumor accumulation, prolonged blood circulation is 

required. However, once being administered into the body, the plasma proteins in the blood 

stream will recognize the nanoparticles and form a protein corona on their surface, inducing 

their clearance by the mononuclear phagocyte system (MPS).[3] Therefore, poly(ethylene 

glycol)(PEG) is usually selected to increase the stealthiness of nano-carriers, i.e. to decrease 

contact with blood proteins and increase blood circulation time. Several studies have already 

demonstrated that the PEG shell of micelles is of great importance for the transportation of 

drugs to the tumor and that a slight change of the PEG surface, e.g. chain length and surface 

charge, can significantly influence the in vivo performance of micelles.[4, 5]  

 

Besides the surficial properties of the nano-carriers, there are quite a few other factors that 

also affect the in vivo performance, such as composition, size and morphology.[6-8] For 

instance, small particles with a size less than 5.5 nm are easily excreted by the renal system,[9] 

while particles having larger size are cleared by the organs of MPS, such as the liver and 

spleen.[10] Despite these general trends, every formulation will have its own performance in 

vivo and differences between animal studies and final application in humans are unavoidable. 

Moreover, the EPR effect is heavily disputed in human patients mostly due to the very 

heterogenous behavior of micelles in vivo. Imaging techniques, such as single-photon 

emission computed tomography (SPECT) and Positron Emission Tomography (PET) are 

indispensable in the development of nano-formulations and can play also an essential role in 
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pre-determining the success of chemotherapy in patients receiving micellar formulations. 

SPECT and PET require diagnostic radionuclides that emit gammas and positrons, 

respectively. This in turns means that the micelles need to be radiolabeled. Generally, the 

conventional radiolabeling strategy for micelles is to conjugate a chelator molecule to the 

polymer chains composing the corona. The chelator then serves to coordinate the 

radioisotopes that are typically metals. [2, 11] However, the presence of chelators on the 

surface of the micelles may alter their inherent properties and influence the in vivo 

performance.[12, 13]. 

 

In this work, we present a facile, fast, and chelator-free method for radiolabeling the core of 

polymeric micelle. For this purpose, we selected poly(ε-caprolactone-b-ethylene oxide) 

(PCL-PEO) as the block copolymers to prepare micelles and 111In as the radioisotope. The 

results showed that PCL-PEO micelles were capable of interacting with 111In and leading to 

high radiolabeling efficiency. Moreover, chemotherapeutic drugs such as paclitaxel (PTX) 

could be enclosed together with the radioisotope without affecting the radiolabeling stability 

of the micelles. SPECT pharmacokinetic studies proved that this method can be safely 

applied in vivo. Finally, we also showed that this method can be applied to other polymeric 

systems, as well as other radioisotopes. 

 

Materials and methods 

2.1 Materials 

Poly (ε-caprolactone-b-ethylene oxide) block copolymers including PCL-PEO (2800-2000, 

molecular weight), PCL-PEO (6500-5500), PCL-PEO (10500-5000) and PCL-PEO (13000-

5000) were bought from Polymer Source (Quebec, Canada). Paclitaxel (PTX), Indium(III) 

chloride (InCl3), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Sephadex G-

25 resins and Sepharose 4B gels were bought from Sigma Aldrich (Zwijndrecht, the 

Netherlands). Diethylenetriaminepentaacetic acid (DTPA), Tropolone was bought from 

Merk. HCl and PBS buffer were purchased from VWR International BV. Fetal Bovine 

Serum(FBS) was purchased from Biowest (Amsterdam, the Netherlands). 111In (Specific 
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activity was approximately 15.5 GBq/µg) in 0.01 M HCl solution was a kind gift from 

Erasmus Medical Centre (Rotterdam, the Netherlands).  

 

2.2 Synthesis 

 

2.2.1 Synthesis of polymeric micelles 

 

The micelles were prepared by the solvent evaporation method described in our previous 

publication.[14] Typically, 0.2 mL of polymer stock solution (100 mg/mL, in chloroform) 

was added dropwise to 2.3 mL of MQ water and kept being stirred for overnight to remove 

organic solvent. The obtained micelles were denoted as PCL-2800, PCL-6500, PCL-10000 

and PCL-13000. Tropolone containing micelles were also synthesized by the same procedure 

with a slight difference. That is, 5 μL of tropolone solution (20 mM, in 10 mM HEPES buffer 

with pH 7.4) was added to 2.3 mL MQ water before the addition of the polymer stock solution. 

The micelles containing tropolone were denoted as T-micelles, for example, T-PCL-2800 

means PCL-2800 micelles in which tropolone was encapsulated.  

 

2.2.2 Synthesis of PTX-loaded micelles 

 

PTX-loaded micelles were prepared by adding PTX during the self-assembly process of the 

block copolymers. Briefly, 0.1 mL of PTX stock solution (5 mg/mL) was mixed with 0.1 mL 

of polymer stock solution (200 mg/mL, in chloroform) by sonication, then the mixture was 

added dropwise to 2.3 mL of MQ water and stirred overnight to remove the organic solvent. 

A filter with 220 nm cut-off was used to remove the large aggregates in the aqueous system, 

and size exclusion chromatograph (SEC) using a column (diameter 1 cm, length ~ 30 cm) 

filled with Sephadex G-25 was used to remove the unencapsulated PTX molecules. MQ water 

was used as the eluent, and every 1 mL of the eluent was collected as one fraction. The PTX-

loaded micelles usually appeared between the 8th to 11th fractions, so four fractions were 

collected.  

 

2.2.3 Radiolabeling with 111In 
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The obtained micelles solution in water was filtered using a 220 nm cut-off syringe filter to 

remove possible large aggregates and mixed with HEPES buffer (20 mM, pH=7.4) in a 

volume ratio of 1: 1. Next, 50 kBq of 111In (the volume was dependent on the elapsed time to 

compensate for decay and ranged from 5 to 13 μL) was added to 1 mL micelle solution which 

was subsequently stirred for 30 min. After the reaction, any free 111In ions were removed by 

SEC. HEPES buffer (10 mM, pH=7.4) was used as the eluent. The radiolabeled samples 

usually appeared between the 8th to 12th fractions, so five fractions in a total volume of 5 mL 

were collected as the final radiolabeled sample.  

 

To radiolabel the PTX-loaded micelles, a centrifuge filter tube was used to concentrate the 

PTX-loaded micelles solution (4 mL) to 1 mL and mixed it with HEPES buffer (20 mM, pH 

7.4) in a volume ratio of 1:1. Then, the PTX-loaded micelles were radiolabeled with 111In in 

the same way as the empty micelles.  

 

2.2.4 Synthesis of In3+ loaded micelles 

 

The 111In radiolabeled In3+ stock solutions (13.87 mM) were prepared by adding 60 μL of 

111In stock solution (0.135 MBq) to 140 μL of non-radioactive indium solution (19.82 mM, 

in HCl aqueous solution, pH = 2) (change of the In3+ concentration change due to the presence 

of 111In was neglected). In the meanwhile, non-radioactive In3+ stock solutions was prepared 

by adding 60 μL of HCl aqueous solution (pH=2) to 140 μL of Indium solution with a 

concentration of 19.82 mM. The loading process of In3+ ions was similar with that of 111In 

radiolabeling, that is, 10 μL of the radiolabeled In3+ solution was added to 1 mL of the 

micelles in HEPES buffer (10 mM, pH = 7.4), stirred for half an hour and then removed the 

free In3+ ions by SEC. In this process, HCl solution (pH=2) was used as the eluent to make 

sure that indium ions did not precipitate during the separation.   

Characterization 

3.1 Instruments 

A dynamic light scatting instrument (DLS) consisted of a JDS uniphase 633 nm 35 mW laser, 

an ALV sp 125 s/w 93 goniometer, a fibre detector and a Perkin Elmer photo counter and a 
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Cryogenic electron microscope (Cyro-EM, Jeol JEM 1400) were used to determine the 

morphology and size distribution of the micelles. A high performance liquid chromatography 

(HPLC, SPD-10A modal, Shimazu) was applied to determine the concentration of PTX. 

Automatic Gamma counter (Wallac WIZARD2 2480, Perkin Elmer Technologies) was used 

to measure the counts of 111In in all samples using the gamma peaks at 171 keV and 254 keV. 

 

3.2 Radiolabeling/loading efficiency 

 

The radiolabeling/loading efficiency was determined by Wallac: 

The Radiolabeling efficiency (%) = (the counts of 111In encapsulated in micelles / the counts 

of initially added 111In) * 100%. 

 

3.3 Stability test 

In HEPES buffer (111In radiolabeled micelles) 

1 mL of the radiolabeled sample was separated by SEC at different time intervals, using 

HEPES buffer as the eluent.  

 

Residual activity ratio = (The counts of 111In measured in the micelles after SEC/ the total 

counts of 111In before SEC separation) * 100%. 

 

Challenging by DTPA 

0.1 mL of DTPA solution (11 mM, in 10 mM HEPES buffer, pH=7.4) was added to 1 mL of 

the 111In radiolabeled micelles. After being incubated for 24 hours, SEC was used to separate 

the 111In-DTPA complex from the 111In radiolabeled micelles. The micelles came out between 

fractions 8th to 12th fractions, while the DTPA eluted between the 14th and 18th fractions. 

 

In FBS serum 

0.5 mL of the obtained radiolabeled samples were mixed with 0.5 ml of serum and stored in 

an incubator at 37oC. 24 hours later, the serum and micelle fractions were separated by 

Sepharose 4B gel column (diameter 1 cm, length 30 cm). HEPES buffer was applied as the 

eluent. The micelles appeared between the 8th to the 13th fraction, while serum came out 
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between the 17th to the 23rd fraction. Both micelle and serum fractions were collected, and 

the counts of 111In in each sample was determined as explained previously. 

 

3.4 In vivo biodistribution of 111In radiolabeled micelles 

 

The radiolabeled micelles for SPECT imaging were prepared by adding 80 MBq of 111In to 

1 mL of PCL-6500 micelles dispersed in HEPES buffer and incubating for 30 min. 

Subsequently, a PD10 column was utilized to remove any free 111In ions using PBS buffer as 

the eluent. The fraction with the maximum counts was further used for the in vivo 

experiments.  

 

All animal studies were performed in accordance with the Dutch Law on Animal 

Experimentation and all protocols were approved by the Animal Research Committee of the 

University Medical Center Utrecht. The in vivo biodistribution of micelles was carried out 

using a SPECT/CT scanner (VECTor6/CT, MILabs B.V., The Netherlands). Three healthy 

C57BL/6 mice of 10 weeks old were used. For the animal studies, 200 μL of 111In 

radiolabeled PCL-6500 micelles (~10 MBq, dispersed in PBS) was i.v. injected into the tail 

vein of the mice. SPECT/CT scans were carried out at 1h, 24h and 48 h post injection using 

a clustered pinhole collimator with 144 pinholes, 0.7mm each. The animals were anesthetized 

using a mixture of 2% isoflurane in air. VOI (Volume of interest) analysis using the software 

Pmod 4.2 was performed to quantitatively analyse the data. 

 

Results and analysis 

4.1 111In radiolabeled micelles 

 

In previous research we showed that we can encapsulate radionuclides in PS-PEO 

(Poly(styrene-b-ethylene oxide)) micelles when using the ligand tropolone.[14] To check the 

role that tropolone can play, we performed the radiolabeling experiments with and without 

this ligand. Polymeric micelles with or without tropolone were prepared by the self-assembly 

of PCL-PEO block copolymers having different chain lengths. Figure 4.1 displays the DLS 
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data as well as Cryo-EM images of the different micelles. According to DLS data, the average 

hydrodynamic radius of PCL-2800, PCL-6500, PCL-10000 and PCL-13000 micelles was 16 

nm, 39 nm, 54 nm and 65 nm, respectively. The presence of tropolone did not have influence 

on the hydrodynamic radius of PCL-2800 and PCL-13000 micelles, and a small decrease in 

size was observed for PCL-6500 and PCL-10000 micelles. The Cryo-EM images indicate 

that the polymers with shorter chain preferably form spherical small micelles. The longer 

chain polymers can form larger spherical structures that appear to be less dense than the 

micelles composed by the shorter chain polymers. In the samples containing the PCL-2800 

micelles, worm-like structures were also observed (Figure 4.1(e)) which probably 

corresponded to the second larger peak found in the DLS data. To achieve a uniform micelles 

solution, we filtered the micelles solution by using the syringe filters with 220 nm cut-off. 

 

Figure 4.1. (a-d) The size distribution of the different polymer micelles as obtained by DLS; Cryo-EM 

images of (e) PCL-2800 (f) PCL-6500 (g) PCL-10000 and (h) PCL-13000 micelles. (The polymer 

concentration of the DLS samples was 0.43 mg/mL; the polymer concentration of the Cryo-EM samples 

was 8.3 mg/mL, the DLS and Cryo-EM analysis were performed before the samples were filtrated.) 

The radioisotope 111In is typically used in SPECT imaging due to its suitable gamma energies 

of 171.3 keV and 245.4 keV and convenient half-life (t1/2=2.8 day).[14] In this work, we 

attempted to radiolabel the different PCL-PEO micelles by simply adding 111In to the micelle 

solution. As shown in Figure 4.2(a), all micelles could be radiolabeled in this way yielding 

radiolabeling efficiency of 81.94 ± 1.59, 83.75 ± 1.49, 92.4 ± 2.41 and 90.66 ± 3.17% for 
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PCL-2800, PCL-6500, PCL-10000 and PCL-13000 micelles, respectively. The presence of 

tropolone was found to slightly increase the 111In radiolabeling efficiency of the micelles 

assembled by the smaller block copolymers, i.e. PCL-2800 and PCL-6500, while no any 

effect could be observed for PCL-10000 and PCL-13000 micelles. The high 111In 

radiolabeling efficiency of the PCL micelles without tropolone clearly demonstrated that the 

PCL-PEO micelles have different interaction with 111In, than in the case of PS-PEO micelles 

which could not be radiolabeled with 111In reaching high efficiency in the absence of 

tropolone.[14]  

 

To further check the influence of tropolone on the radiolabeling process, the 111In loss of the 

radiolabeled PCL-6500 and T-PCL-6500 just in buffered solution was measured and 

compared. As shown in Figure 4.2(b), there was no evident difference of 111In retention 

between PCL-6500 micelles and T-PCL-6500 micelles with 88.29 ± 3.44% and 91.91± 2.15% 

of 111In remaining in the PCL-6500 and T-PCL-6500 micelles on the 7th day after preparation. 

The results showed that tropolone did not influence the radiolabeling stability. 

 

 

Figure 4.2. (a)The 111In radiolabeling efficiency of PCL-PEO micelles with or without the presence of 

tropolone; (b) The comparison of radiolabeling stability between PCL-6500 and T-PCL-6500 micelles 

in HEPES buffer (The polymer concentration was 4.3 mg/mL(before filtration) in the radiolabeling 

process and 0.86 mg/mL in the stability experiment; 10 mM HEPES buffer of pH=7.4 was used in all 

samples.) 

 

4.2 Interaction between In species and PCL-PEO micelles 
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The initial activity used in the previous experiments was 0.05 MBq that was equal to ~2.9×10-

14 mol of indium ions, which was too little to help understanding the possible interaction 

between In species and the micelles. Therefore we increased the In3+ concentration by using 

non-radioactive In3+ ions to which tiny amounts of  111In was added as a radiotracer. Although 

all micelles displayed high radiolabeling efficiency with 111In, the loading performance using 

higher concentrations of In3+ differed (Table S4.1). The larger micelles, i.e. PCL-10000 and 

PCL-13000, could encapsulate more In3+ ions, particularly the PCL-10000 micelles which 

exhibited a loading efficiency of 50.78 ± 1.84%. By contrast, the PCL-2800 and PCL-6500 

showed a loading efficiency of 3.91 ± 0.08% and 4.30 ± 0.10%, respectively. The higher 

capacity of the micelles composed with the larger polymers may also be due to the less dense 

structure of the micelles as well as the larger core. It is also plausible that the looser structure 

of the core allows the Indium ions to penetrate easier into the PCL-PEO micelles. 

 

 

Figure 4.3. Cryo-EM of PCL-10000 micelles (left) and In3+-PCL-10000 micelles (right). (For the 

micelles preparation: the concentration of polymers was 4.3 mg/mL in HEPES buffer and the initial 

In3+ concentration was 0.137 mM. For the Cryo-EM: the obtained samples needed to be concentrated 

to a solution with polymer concentration of around 8.7 mg/mL.) 

 

To get a better understanding of the loading mechanism we used the Cryo-EM and  non-

radioactive In3+ ions (0.137 mM) to load PCL-10000 micelles. Figure 4.2 shows images of 
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the PCL-10000 micelles before and after addition of In3+ ions. Clear dark spots appeared in 

the core of the micelles after loading with In3+ ions which probably correspond to In(OH)3 

precipitates. The chemical speciation software CHEAQs confirmed that at that concentration 

InOH3 precipitates are formed. It is, however, not clear whether In(OH)3 precipitates were 

also formed at the concentrations of 111In used in the radiolabeling experiments. Considering 

the high radiolabeling efficiency and stability of 111In, we can speculate that also in this case 

111In precipitates in the core of the micelles. 

 

4.3 Radiolabeling of PTX-loaded micelles with 111In 

 

PTX-loaded micelles were prepared by using three different PCL-PEO micelles. The amount 

of encapsulated PTX was determined by HPLC, showing that the drug encapsulation 

performance decreased with increasing size of the micelles, that is, 86.39 ± 6.28%, 75.72 ± 

6.75% and 63.39 ± 7.29% of PTX molecules were encapsulated for respectively PCL-2800, 

PCL-6500 and PCL-10000 micelles. The morphology information of the PTX-loaded 

micelles was shown in Figure S4.2. Subsequently, 111In was added to radiolabel the PTX-

loaded micelles in the same way as for the empty micelles. The radiolabeling efficiency was 

found to decrease slightly (see Table 4.1) when compared to the empty micelles but it was 

sufficiently high. 

 
Table 4.1. Drug loading efficiency and radiolabeling efficiency of co-loaded micelles. 
 

Samples PTX Loading 

efficiency (%) 

111In radiolabelling 

efficiency (%) 

111In&PTX-2800 86.39 ± 6.28* 73.73 ± 10.16 

111In&PTX-6500 75.72 ± 6.75 81.34 ± 5.23 

111In&PTX-10000 63.39 ± 7.29 82.39 ± 7.29 

* The standard deviation is based on experimental uncertainty of three samples. 

 
Tumors are known to be slightly acidic. Therefore, we determined the loss of 111In at pH 5.2 

and pH 7.4 using PBS buffer. As summarized in Figure 4.4(a), the three co-loaded samples 

exhibited excellent radiolabeling stability in PBS buffer with more than 80% of 111In 
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remaining in the micelles after 1-day of incubation regardless of pH values. To further check 

the stability of the radiolabeled micelles, we used DTPA challenge and serum tests. [12, 14-

16] DTPA is known to form thermodynamically stable complexes with 111In and was 

therefore chosen as the challenging molecule. In this experiment, we added 0.1 mL of DTPA 

solution (11 mM, in HEPEs) to 1 mL of the micelle solution and created harsh environment, 

in which the number of DTPA molecules was much higher than 111In ions in the micelles. 

The co-loaded micelles displayed good stability in the presence of DTPA, with more than 

80% of the encapsulated 111In remaining inside the micelles, regardless of the block 

copolymer used. The serum tests showed 111In&PTX-2800 and 111In&PTX-6500 had an 111In 

retention higher than 80%.  The 111In&PTX-10000 sample appeared to be unstable in serum 

solution and some large precipitations were visible at the bottom of the vial after 24 hour of 

incubation. In fact, only ~42% of 111In that remained encapsulated in the intact PCL-10000 

nano-carriers after 24 hours (Fig. 4.4(b)). However, in these experiments we could not 

determine whether 111In appeared in the serum fraction due to weak interaction between 111In 

and micelles or due to interaction between serum proteins with the micelles. 

 

Figure 4.4. The radiolabeling stability 111In&PTX co-loaded micelles after 24 hours of incubation (a) 

in PBS buffer having different pH values and (b) under DTPA challenge and in serum (polymer 

concentration was 0.22 mg/mL for samples dispersed in PBS and in serum and 0.43 mg/mL for DTPA 

challenge.) 

 

The influence of serum on the smaller micelles was much less and more than 80% of the 
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PCL-6500 and PTX-loaded PCL-6500 micelles. As summarized in Figure S4.3, the 

radiolabeling stability of PTX-loaded micelles was comparable with that of the empty PCL-

6500, indicating the presence of PTX did not have significant influence on the interaction 

between 111In and micelles.  

 

4.4 In vivo tests 

 

In order to check the stability of radiolabeling as well as the imaging potential of the 

radiolabeled micelles we performed pharmacokinetic studies using PCL-6500 micelles. It has 

to be noted that the purpose of this study was not to determine the best properties for in vivo 

delivery but to check the safety and utilization potential of this radiolabeling method. This is 

why we have chosen healthy mice for the in vivo studies. We radiolabeled the PCL-6500 

micelles with 111In, and achieved ~66 MBq of 111In encapsulated by the micelles when given 

an initial activity of 80 MBq. The 111In retention in the micelles was found to be around 93% 

after being incubated at 37oC for 4 hours. 

 

The SPECT/CT results are shown in Figure 4.5. The results reveal that the majority of activity 

appeared in the liver after 1 h post-injection and that a small amount of 111In was found in the 

spleen. At the same time, activity was also measured in the heart showing that the micelles 

were still circulating in the blood stream. For micelles and nano-carriers of this size, liver 

and spleen uptake is expected since they are the typical organs of the mononuclear phagocyte 

system. [12, 17, 18] The VOI (Volume Of Interest) analysis (software Pmod 4.2) was utilized 

as the tool to quantitively analyze the activity distribution in different organs.[19, 20] The 

results showed that 56.38 ± 6.17% of the activity ended in the liver, 1.09 ± 0.78% activity 

was detected at the spleen, and 1.12 ± 0.27 % of the activity was found in the heart after 1h 

p.i.. There was almost no activity could be observed in the heart at 24 h p.i., indicating that 

the micelles no longer circulated in the blood stream. In the meanwhile, 55.35 ± 4.22% and 

1.85 ± 0.38% of the activity was detected in the liver and the spleen. At 48 h p.i., the similar 

activity values were measured in liver and spleen (54.06 ± 3.84% and 1.96 ± 0.76% 

respectively) showing the 111In did not leak out. The SPECT images confirmed that the 

radiolabeled micelles are stable in vivo. 
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Figure 4.5. SPECT/CT images of 111In radiolabeled PCL-6500 micelles in healthy mice measured at 1 

hour, 24 h and 48 h post injection (The polymer concentration of the micelle solution in PBS was 4.3 

mg/mL, the initially administered activity was around 10 MBq). 
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4.5 Extended application of the chelator-free radiolabeling 

Apart from 111In, we also used other isotopes including 177Lu and 89Zr to radiolabel the PCL-

PEO micelles and achieved high radiolabeling efficiency with 94.21± 0.54 % for 177Lu and 

84.75 ± 1.83% for 89Zr. In addition, we also explored the same method to radiolabel PLA-

PEO (poly(lactide-b-ethylene oxide) PLA-PEO(10500-5000)) with 111In. In this case a 

radiolabeling efficiency of 69.7 ± 3.28% and radiolabeling stability of 79.26 ± 11.57% after 

challenge with DTPA for 24 hours were achieved. These results demonstrate that this method 

is promising for other polymeric micelles as well as other clinically relevant radionuclides. 

Conclusions 

In this chapter we demonstrated a fast, easy and chelator-free method to radiolabel PCL-PEO 

micelles as well as PTX-loaded PCL-PEO micelles. All PCL-PEO micelles, i.e. PCL-2800, 

PCL-6500, PCL-10000 and PCL-13000, exhibited excellent radiolabeling efficiency with 

111In. Also, the presence of PTX located in the hydrophobic core appeared not to influence 

the radiolabeling process. The Cryo-EM images indicated that the In species can somehow 

pass through the PEO shell and precipitate in the hydrophobic core. The small micelles 

showed good radiolabeling stability in the presence of both DTPA and serum, while the larger 

micelles, i.e. PCL-10000, were much less stable in serum possibly due to their less dense 

structure. The SPECT/CT in vivo tests revealed that the blood circulation of PCL-6500 

micelles was longer than 1 h and the majority of the micelles were retained in the liver and 

spleen without an evident loss of 111In. Our results showed that this radiolabeling method is 

very promising due to its simplicity and the possibility to be applied to various polymeric 

micelles and radionuclides of interest. 
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Appendix 

The loading of the different PCL-PEO micelles varied when higher In concentration was 

used: the PCL-10000 micelles exhibited the highest loading with a loading efficiency (LE) 

up to 50.78 ± 1.84%, which was followed by PCL-13000 micelles with a LE of 15%. The LE 

of the smaller micelles was comparable, with 3.9% for PCL-2800 and 4.3% for PCL-6500. 

If converting all the encapsulated In3+ ions to 111In ions, the max 111In loading capacity of 

PCL-10000 micelles that could be reached was 28.23 GBq/mg.  For this calculations, specific 

activity of 111In of 15.5GBq/μg was used. 

 

Table S1.  Indium loading efficiency of the obtained PCL-PEO micelles. 
 

Samples Loading efficiency (%) 

PCL-2800 3.91 ± 0.08* 

PCL-6500 4.30 ± 0.10 

PCL-10000 50.78 ± 1.84 

PCL-13000 15.02 ± 0.78 

* The standard deviation is based on three samples 

 

 

Figure S4.1. The size distribution of PCL-PEO block copolymer with different chain length in the 

presence and absence of In. 
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Figure S4.2. The size distribution of PTX-loaded micelles with the drug to polymer mass ratio of 0.5:20. 

(Polymer concentration: 0.435 mg/mL). 

 

Figure S4.3. Evaluation of the 111In radiolabeling stability of micelles with/without the presence of 

PTX under challenging of DTPA solution (1mM, in 10 mM HEPES buffer with pH 7.4) for 24 h and 

in serum for 24 h. (polymer concentration: ~0.79 mg/mL for DTPA challenging and ~0.44 mg/mL for 

serum test). 
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Abstract  

Polymeric micelles are increasingly used in the clinic, primarily in chemotherapy. To 

evaluate the potential for clinical applications knowledge on the biodistribution and 

pharmacokinetics of these micelles is essential. Nuclear imaging technique such as single-

photon emission computed tomography (SPECT) and (positron emission tomography) PET 

can provide clinically relevant information and are also indispensable in the development of 

new formulations. To apply these techniques to micelles, a radiolabeling process is required. 

Recently, we have developed a chelator free method for radiolabeling of polymeric micelles. 

In this work we investigated the radiolabeling mechanism by performing experiments with 

different polymeric micelles and different metal ions. Furthermore, we also employed Cryo-

EM and FT-IR to study the radiolabeling process. The results suggested that the radiolabeling 

of polymeric micelles was highly dependent on the interaction between the metal ions and 

the block copolymers composing the core of the micelles. The stability of the radiolabeled 

micelles depended on whether a solid precipitate was formed in the micelle core. In this study 

we showed a successful radiolabeling of PCL-PEO based micelles with 111In, 177Lu and 89Zr. 

Moreover, by performing loading experiments with other metals having radioisotopes of 

clinical relevance, we demonstrated that this radiolabeling method can be applied to various 

other radioisotopes. 
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Introduction   

Polymeric micelles have been widely used for delivering various therapeutic agents in cancer 

treatment and in particular in chemotherapy. [1-3] The main advantages of these micelles are 

the high encapsulation efficiency of water-insoluble anti-cancer drugs, the versatile 

functionalization possibilities, and their accumulation at the tumour due to the enhanced 

permeability and retention (EPR) effect. Due to these properties various formulations have 

achieved clinical translation.[4] Nevertheless, the biodistribution and especially tumour 

uptake of polymeric micelles seem to vary between tumour types but also among patients 

even having the same disease. A way to personalize treatment using polymeric carriers or 

simply help to predict efficacy based on tumour uptake, is using non-invasive imaging 

techniques, such as Single Photon Emission Computed Tomography (SPECT) and Positron 

Emission Tomography (PET). These techniques are commonly applied in drug development 

and offer also great opportunities to determine the in vivo fate of drug delivery systems. Both 

techniques detect gamma radiation directly or indirectly emitted by radioisotopes to 

determine the spatial distribution of radiolabeled compounds. Besides the clinical relevance 

of SPECT and PET, they are also indispensable in pre-clinical evaluation of nano-carries. [5, 

6]  

 

In order to use either PET or SPECT, the micelles need to be radiolabeled. Radiolabeling of 

micelles is typically done by the conjugation of a chelator to the outer surface of the micelles. 

The chelator is used to stably coordinate the radioisotopes needed for SPECT or PET. There 

are two main radiolabeling strategies, i.e. the conjugation of the chelator-radioisotope 

complex to the already prepared micelles[6, 7] or linking the chelator molecules to the block 

copolymers followed by their self-assembly and addition of the radioisotopes.[5, 8] Both 

methods have been successfully applied to radiolabel micelles. However, the conjugation of 

chelator molecules to the outer surface of the micelles may affect the inherent 

pharmacokinetics of the nano-carriers. Moreover, it requires an additional synthesis step 

which increases the complexity of the formulation.[9] Thus, radiolabeling methods without 

the presence of chelators are desirable.[10]  
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In previous research we have shown that we can radiolabel PCL-PEO (poly(ε-caprolactone-

b-ethylene oxide)) micelles with 111In in the absence of a chelator. The radiolabeling method 

is fast, easy and the loss of radiolabel is negligible. In this work, we examined the mechanism 

behind this radiolabeling method in order to provide a general approach for the radiolabeling 

of polymeric micelles with various radioisotopes. For this purpose we studied the 

radiolabeling efficiency and stability using different block copolymers (poly(ε-caprolactone-

b-ethylene oxide), poly(lactide-b-ethylene oxide), poly(styrene-b-ethylene oxide) and 

poly(butadiene-b-ethylene oxide)) as well as different radioisotopes (111In, 177Lu and 89Zr). 

Moreover, we employed FT-IR and Cryo-EM to further elucidate the mechanism behind this 

radiolabeling method. To broaden the application of this approach, we also tested the loading 

capacity of the PCL-PEO micelles with other metal ions, including Ho3+ and Y3+, which both 

have clinically applied radioisotopes. 

Materials and methods 

2.1 Materials 

The block copolymers poly(ε-caprolactone-b-ethylene oxide) (including PCL-PEO (6500-

5500) and PCL-PEO (10000-5000)), poly(lactide-b-ethylene oxide) (PLA-PEO (10500-

5000)), poly(styrene-b-ethylene oxide) (PS-PEO (9500-18000)) and poly(butadiene-b-

ethylene oxide) (PBd-PEO (5500-5000)) were bought from Polymer Source (Quebec, 

Canada). Indium chloride (InCl3), Holmium chloride hexahydrate (HoCl3.6H2O), Lutetium 

chloride (LuCl3), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Sephadex 

G-25 resins and Sepharose 4B gels were bought from Sigma Aldrich (Zwijndrecht, the 

Netherlands). Zirconium chloride (ZrCl4) was purchased from Alfa Aesar. Yttrium chloride 

hexahydrate (YCl3.6H2O) was purchased from Ventron GMBH (Karlsruhe, Germany). HCl, 

acetonitrile were purchased from Central warehouse L&M. 111In and 177Lu (in 0.01 M HCl 

solution, the specific activity was 15.5GBq/μg and 0.5GBq/μg for 111In and 177Lu, 

respectively) were kindly provided by Erasmus Medical Centre (Rotterdam, the Netherlands). 

89Zr (in 1M oxalic acid, the specific activity was 8.1~15.4 GBq/μmol) was bought from 

PerkinElmer® (Groningen, the Netherlands). 

 

2.2 Synthesis 
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2.2.1 Synthesis of polymeric micelles 

 

The micelles were synthesized by the solvent evaporation method.[7] Briefly, polymer stock 

solutions were prepared by dissolving PCL-6500, PCL-10000, PBd or PS block copolymer 

(20 mg) in chloroform (0.2 mL). Then the mixture was added dropwise to 2.3 mL of MQ 

water and kept stirred overnight to remove organic solvent. The PLA-PEO micelles were 

synthesized in a slightly different way: PLA-PEO (20 mg) polymer was dissolved in 

acetonitrile (1.0 mL) and sonicated for 20 min to fully dissolve the polymer powder. Then, 

the mixture was added to MQ water (4.0 mL) followed by stirring overnight to remove the 

acetonitrile. After synthesis, the obtained micelles were filtered through filters (220 nm cut-

off for the two PCL micelles, 400 nm cut-off for all other micelles) to remove large 

aggregates. 

 

The micelles composed of PCL-PEO (6500-5500), PCL-PEO (10000-5000), PLA-PEO 

(10500-5000), PBd-PEO (5500-5000) and PS-PEO (9500-18000) were denoted as PCL-6500, 

PCL-10000, PLA, PBd and PS micelles respectively. 

 

2.2.2 Radiolabeling with radioisotopes 

 

111In  

Before radiolabeling the micelles, HEPES buffer (20 mM, pH = 7.4) was added to the 

aqueous micelle solution in a volume ratio 1:1. Consequently, 50 kBq of 111In (the volume 

was dependent on the activity of the stock solution and ranged between 5 to13 μL) was added 

to 1.0 mL of micelle solution. After 30 min reaction time, size exclusion chromatography 

(SEC) using in house prepared Sephadex G-25 columns was applied to remove the free 111In 

from the radiolabeled micelles. HEPES buffer (10 mM, pH = 7.4) was used as the eluent and 

every 1 mL of the eluent was collected as one fraction. The 111In radiolabeled samples eluted 

in the 8th to 12th mL fraction. Therefore, a total of 5 mL radiolabeled sample was typically 

collected.  
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177Lu 

177Lu radiolabeled samples were prepared in the exact same way as the 111In samples, i.e. 50 

kBq of 177Lu was used to radiolabel each PCL-PEO micelle sample. 

 

89Zr 

The as-purchased 89Zr was dissolved in oxalic acid (1M). Before radiolabeling of the micelles, 

2 MBq of 89Zr was stirred in 0.2 mL of HCl solution (pH=2) for at least 4 hours. Then 50 

kBq of 89Zr was added to 1.0 mL of micelle solution and stirred for 1 hour, followed by 

removal of the free 89Zr ions by SEC.  

 

2.2.3 Synthesis of In3+ loaded micelles 

 

In3+ solution (19.82 mM) was prepared by dissolving InCl3 (2.85 mg) in an HCl solution 

(0.65 mL, pH = 2). To radiolabel the In3+ solution, 60 μL of 111In stock solution (equal to 

0.135 MBq at the time of the experiment) was added to non-radioactive indium solution (140 

μL) to achieve a final In3+ concentration of 13.87 mM. For the loading process, 10 μL of the 

radiolabeled In3+ solution was added to 1.0 mL of the micelles in HEPES buffer (10 mM, pH 

= 7.4), stirred for 30 mins followed by the removal of free In3+ ions by SEC. In this process, 

HCl solution (pH = 2) was used as the eluent to avoid possible indium precipitation which 

might elute in the same fraction as the micelles.  

 

2.2.4 Synthesis of micelles loaded with other metal ions  

 

Other metal ion solutions were prepared by dissolving metal chlorides, including LuCl3, 

ZrCl4, HoCl3 and YCl3, in HCl solution (pH = 2) under ultrasound to achieve a finial 

concentration of 10 mM. Then 10 μL of the metal chloride solutions were added to 1.0 mL 

of PCL-10000 micelles solution in HEPES buffer (10 mM, pH = 7.4) and stirred for 1 hour. 

Finally, SEC was applied to remove the free metal ions by using HCl solution (pH = 2) as 

the eluent. 
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Characterization 

3.1 Instruments 

Dynamic light scatting (DLS) instrument consisting of a JDS uniphase 633 nm 35 mW laser, 

an ALV sp 125 s/w 93 goniometer, a fibre detector and a Perkin Elmer photo counter was 

utilized to obtain the size distributions of the obtained micelles. A cryogenic electron 

microscope (Cryo-EM) (Jeol JEM 1400) was used to observe the morphology of the micelles 

and the loading mechanism. A Fourier-transform infrared spectroscopy (FT-IR) (NicoletTM 

6700) was used to determine possible interaction between the metal ions and polymer  

composing the micelles. The spectra were recorded in the range from 4000-400 cm-1 with a 

resolution   of 4 cm-1. The automatic Gamma counter (Wallac WIZARD2 2480, Perkin Elmer 

Technologies) was used to determine the radioactivity of all radiolabeled micelles. An ICP-

OES apparatus was applied to detect the loading efficiency of the non-radioactive metals. 

 

3.2 Radiolabeling/Loading efficiency 

 

3.2.1 Radiolabeling efficiency 

 

The formula used to calculate the radiolabeling efficiency (RE) of the micelles was as follow: 

 

RE (%)= (Measured Counts of 111In/177Lu/89Zr encapsulated in micelles) / (Measured counts 

of initially added activity)×100% 

 

3.2.2 Loading efficiency of metal ions 

 

An ICP-OES facility was applied to determine the loading efficiency of the metal ions 

without activity. To prepare samples for ICP-OES, 1 mL of the metal-loaded PCL-PEO 

micelles was mixed with 1 mL aqua regia which was followed by ultrasonication (50oC, 4 h) 

to destroy the micellar structure and dissolve the encapsulated metal ions. Then, MQ water 

(5.0 mL) was added to prepare the final samples for measurement. 
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3.3 Stability test 

 

Stability test with DTPA 

0.1 mL of DTPA solution (11 mM, in 10 mM HEPES buffer, pH=7.4) was added to 1 mL of 

the 111In/177Lu/89Zr radiolabeled PCL micelles (10 mM HEPES buffer, pH = 7.4). After being 

incubated for 1 day, the mixture was passed through a SEC column to separate the free 

radionuclide-DTPA complex (14th – 17th fractions) and the radiolabeled micelles (8th – 12th 

fractions). The radioactivity left in micelles was measured using the Wallac gamma counter.  

 

The stability test in FBS serum 

 

The radiolabeled samples (0.5 mL) were mixed with the same volume of serum and stored in 

an incubator at 37oC. After one day of incubation, the mixture was separated by a column 

(diameter 1 cm, length 30 cm) packed with Sepharose 4B gel and HEPES buffer was applied 

as the eluent.  Similar as the separation with SEC, every 1 mL of the eluent was collected as 

one fraction. The micelle appeared at fraction 8th to 13th, while the FBS appeared around 17th 

to 22nd fractions. The activity in each part was measured by the Wallac gamma counter. 

Results and analysis 

4.1 111In radiolabeled micelles 

 

We prepared five different micelles, namely PCL-6500, PCL-10000, PLA, PBd, and PS 

micelles, by the solvent evaporation method. The morphology information of these different 

micelles were shown in Figure S5.1. Then, we radiolabeled the obtained micelles with 111In 

by the chelator-free method. As shown in Figure 5.1(a), the PCL-10000 micelles exhibited 

the highest radiolabeling efficiency (RE) with 92.4 ± 2.41% of 111In encapsulated in the 

micelles, followed by PCL-6500 micelles with a RE of 83.75 ± 1.49%. The RE of PLA 

micelles, PBd-micelles, and PS-micelles were respectively 69.7 ± 3.28 %, 56.5 ± 6.80% and 

16.1± 2.55%.  
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The DTPA chelation test is a typical method to evaluate the stability of radiolabeled 

compounds, in which the free or weakly bonded radioisotopes are taken over by DTPA due 

to the high stability constant of DTPA complexes with various metals (hence metallic 

radioisotopes).[11] The representative curve for radiation distribution in each eluent fractions 

for different micelles was shown in Figure S5.3. As summarized in Figure 5.1(b), there were  

7.28± 1.35%, 8.83 ± 0.21%, and 12.88± 1.52% of 111In was released from the PCL-6500, 

PCL-10000 and PLA micelles, while around 80% of 111In was removed from PBd and PS 

micelles in a timeframe of 24 hours. This test clearly showed that the PCL and PLA micelles 

had superior 111In radiolabeling stability compared to that of PBd and PS micelles. 
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Figure 5.1. (a) The 111In radiolabeling efficiency of micelles composed of different polymers; (b) the 
111In radiolabeling stability of micelles challenged with DTPA for 24h (DTPA concentration: 1mM, in 

10 mM HEPES buffer with pH = 7.4; polymer concentration: ~0.79 mg/mL for PCL/PBd/ PS micelles 

and ~0.45 mg/mL for PLA micelles). 

4.2 Loading of micelles with non-radioactive Indium 

 

To further check the interaction between In3+ ions and PCL-PEO micelles, we measured the 

loading efficiency of In as function of time by using In3+ ions and small amounts of 111In as 

a radiotracer. Here, we used SEC to separate the free In3+ ions from micelles fraction after 

being reacted for 2, 10 and 30 minutes. The results (Figure S5.4(a)) showed that 8.36 ± 2.99% 

of In3+ ions were already in the micelles after 2 minutes of interaction, which evidently 
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increased to 30.90 ± 7.04 % for samples reacting for 10 min. Prolonging the reaction period 

to 30 min, led to 50.78 ± 1.84 % of In3+ ions encapsulated in the micelles. These results 

revealed that the loading of In3+ ions by PCL-PEO micelles is a time-dependent process. 

 

 

Figure 5.2. Cryo-EM of (a) empty PCL-10000 micelles, and mixture of In3+ species and PCL-10000 

micelles obtained after reacting for (b) 2 min, (c) 10 min and (d)  30min. (The concentration of the 

polymer was 4.3 mg/mL in HEPES buffer and the initial In3+ concentration was 0.137 mM in HCl 

aqueous solution, pH = 2.) 

 

Cryo-EM was applied to observe the process of metal ions encapsulation at different time 

points using PCL-10000 micelles and In3+ ions. The samples of Cryo-EM were prepared by 

immediately freezing the micelles-indium mixture after a reaction period of 2, 10, or 30 min, 

without separation of the free Indium ions. As shown in Figure 5.2(b-d), the introduction of 

In3+ ions led to the appearance of dark dots in the samples, which could not be found in the 

images of micelles (see Figure 5.2(a)). We assumed that these dark dots correspond to 

In(OH)3s nanoparticles. After 2 min of reaction, the majority of indium precipitates (yellow 
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arrows) were still outside the micelles (red circles). When the reaction reached 10 min, the 

indium aggregation outside the micelles decreased (Figure S5.4(c)), and the dark dots started 

to appear inside the micelles (see Figure 5.2(c)) with most of the micelles still being empty. 

After 30 mins, clear dark dots could be observed in the majority of the micelles (Figure 5.3 

(d)). The encapsulated In nanoparticles (Figure 5.2(c) and (d)) had at that point various 

morphologies, like nano-rod and nano-circles structures, different than the ones in Figure 

5.2(b) where mostly spherical nanoparticles were found. It has to be noted that these 

experiments are performed at higher In concentration (0.137 mM) than typically used for the 

radiolabeling studies, in order to be able to observe the In precipitates.  

 

To get a better insight behind this mechanism, we employed the free software CHEAQs to 

determine the speciation of indium species at different pH values and concentrations. HEPES 

buffer is known to have limited coordination ability with metal ions, therefore, the influence 

of HEPES in this case was neglected.[17] First, the influence of pH values on the metal 

speciation was evaluated as shown in Figure 5.3(a). Under acidic conditions, i.e. pH lower 

than 4, the free In3+ ions are the dominant species; between pH 5 to 10, the indium species 

existed as aqueous In(OH)3 which has no charge; for pH higher than 9, the In(OH)4
- with 

negative charge is the main species in the system. The CHEAQs speciation results in Figure 

5.3(a) indicate that the 111In mainly existed as In(OH)3aq in the aqueous system during the 

radiolabeling process when the pH value was 7.4. At higher concentration, the aqueous 

In(OH)3aq converted to In(OH)3s solids (Figure 5.3(b)). 
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Figure 5.3. The speciation of (a) Indium at equilibrium in water as a function of pH (In concentration: 

2.9*10-11 M (50 kBq as the initial activity), Cl- concentration: 0.1 mM) and (b) 111In in water at 

equilibrium as a function of the concentration (pH: 7, Cl- concentration: 0.1 mM). These figures are 

based on data calculated by CHEAQS. For more details see Table S5.1 and S5.2) 

 

4.3 Loading of micelles with other metal ions 

 

To broaden the application of the chelator-free method, we explored the possibility for PCL-

10000 interacting with other metals. In this case, for sake of simplification and to avoid 

unnecessary radiation dose exposure, we used the following non-radioactive metal ions Lu3+, 

Zr4+, Ho3+, and Y3+ to interact with PCL-10000 micelles. All of the selected metal ions have 

radioisotopes already applied in the clinic. 89Zr is a typical β+ emitter and widely used as 

radioactive tracers in PET imaging. 177Lu, 90Y and 166Ho are β- emitters which are used in 

radionuclide cancer therapy. The addition of these metal ions did not pose significant 

influence on the morphology of the PCL-10000 micelles (Figure S5.2). As summarized in 

Table 5.1, the PCL-10000 micelles appeared capable of interacting with different metal ions 

when applying initial metal concentration of around 0.1 mM. The loading efficiency of Ho3+ 

ions was up to 31.21 ± 4.49 %, indicating a strong interaction between the Ho species and 

PCL-10000 micelles. In contrast, the interaction with Lu3+ and Zr4+ species was relatively 

weaker, achieving loading efficiency of 2.33 ± 0.22 % and 7.41 ± 0.22 %, respectively. 
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Table 5.1.  Loading efficiency of metal ions in PCL-10000 micelles. 
 

Samples Loading efficiency (%) 

Lu-PCL-10000 2.33 ± 0.22 

Zr-PCL-10000 7.41 ± 0.22 

Ho-PCL-10000 31.21 ± 4.49 

Y-PCL-10000 13.70 ± 0.82 

* The standard deviation is based on experimental uncertainty of three samples. 

 

The results in Figure 5.1 suggested that PCL and PLA based micelles had much better loading 

capacity as well as stability. Both polymers have a carbonyl group which is known to be able 

to have weak coordination with metal ions.[12] To investigate whether this is the cause for 

the higher loading capacity, FT-IR was applied to detect whether certain functional groups 

of the polymers change upon addition of the different metal ions. In Figure 5.4(a), the peak 

at 1100 cm-1 corresponds to the -C-O-C- stretch in the PEO segment, while the peak at 

approximately 1722 cm-1 is due to the C=O stretch in the PCL block.[13, 14] The peaks 

around 2864 cm-1 and 1943 cm-1 are due to the existence of the symmetric and asymmetric 

CH2 moiety, while the peak at 1294 cm-1 is due to the C-O and C-C stretch in the crystalline 

phase of the PCL block polymer.[15,16] No noticeable shifts could be observed by inspecting 

the spectra of the -C=O group (see Figure 5.4(b)). Similarly, no changes could be observed 

from the enlarged spectra of the -C-O-C- group. (Figure 5.4(c)). The FT-IR results indicated 

that there was no interaction between these metal ions and carbonyl groups or the interactions 

were too weak to be detected. 
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Figure 5.4. (a) The full FT-IR spectra of PCL-10000 micelles loaded with metal ions (In3+, Lu3+, Zr4+, 

Ho3+ and Y3+); (b) the enlarged FT-IR spectra of -C=O; (c) The enlarged FT-IR spectra of -C-O-C. 

 

4.4 Radiolabeling with other radioisotopes 

 

So far we have radiolabeled micelles with SPECT radioisotopes. Here, we have attempted to 

radiolabel the micelles with PET radioisotope (89Zr) as well as with a therapeutic radioisotope, 

i.e. 177Lu. Figure 5.5(a) shows that PCL-6500 micelles had excellent radiolabeling efficiency 

for all radioisotopes used (i.e. 111In, 89Zr and 177Lu). The radiolabeling efficiency for 177Lu 

and 89Zr is 94.21± 0.54 % and 84.75 ± 1.83%, which was comparable to that of 111In. However, 

the radiolabeling stability differed per radioisotope. The 111In radiolabeled micelles showed 

the best stability in which only 7.28 ± 1.35% and 3.48 ± 1.16 % of 111In was removed by 

DTPA and FBS after one day of incubation. Contrarily, the poor stability of 177Lu 

radiolabeled samples resulted in 78.35 ± 0.28% and 63.33± 2.27 % of 177Lu loss from the 

PCL-micelles under DTPA and serum challenge, respectively. The 89Zr radiolabeled micelles, 

were slightly more stable with 58.03 ± 0.93% and 26.74 ± 0.73% of the encapsulated 89Zr 

lost when challenged with DTPA and serum, respectively.  
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Figure 5.5. (a) The radiolabeling efficiency of PCL-6500 micelles radiolabeled with 111In/177Lu/89Zr. 

Radiolabeling stability using (b) DTPA (incubation time 24h, room temperature) and (c) Serum 

( incubation time 24h, 37oC). (Polymer concentration was 4.35 mg/mL for PCL-6500 micelle; ~0.79 

mg/mL in the DTPA challenge study and ~0.44 mg/mL in the serum stability test). 

The high radiolabeling efficiency proved that the PCL-6500 micelles could interact with 

177Lu and 89Zr, while the poor stability indicated that the interaction was not as strong as that 

for 111In. To determine the role of ion speciation, we used CHEAQS again. As shown in 

Figure S5.5 (a,b), lutetium species have quite complex metal speciation as function of pH 

and concentration. Free Lu3+ ions are the major species under acidic conditions, while 

Lu(OH)4
- ions are mainly formed in alkaline environment. The percentage of Lu(OH)3aq 

increases to a maximum around pH 8 but it is still not the dominant specie under these 

conditions. Lu(OH)3s only appears at concentration above 1∙10-6 M and at a pH of 8. In the 

case of Zr4+ ions, they form Zr(OH)4aq once the pH is higher than 3. However, it is much 

harder for Zr4+ ions to precipitate, requiring a concentration higher than 1∙10-4 M. 

 

According to the speciation results of CHEAQs in Figure S5.5(a,b), the lutetium species with 

positive charges are the main species under our experimental conditions. In order to check 

whether precipitation is important for the stability of radiolabeling we performed several test 

experiments. Based on the radiolabeling of PLA micelles shown in Figure S5.6 (b), we 

noticed that a slight alkaline condition maybe better for the radiolabeling with 177Lu. 

Therefore, instead of using the standard pH of 7.4, we slightly increased the pH to 8.1. 

Moreover, according to the CHEAQs simulation results, the addition of phosphate ions would 

help to form lutetium precipitations. Therefore, in this case, after preparing the 177Lu-

radiolabeled micelles by the standard approach, we added 10 μL of phosphate ions with 
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different concentrations to the micelle solution. After 1 hour of reaction, the DTPA and serum 

stability tests were carried out. 

 

Figure 5.6. The 177Lu radiolabeling stability in (a) DTPA solution and (b) serum stability test of 177Lu 

radiolabeled PCL-6500 micelles prepared under different conditions. (Polymer concentration: ~0.79 

mg/mL in DTPA test and ~0.44 mg/mL in serum stability test). 

The results for the DTPA and serum stability tests of the 177Lu radiolabeled samples obtained 

in these experiments are shown in Figure 5.6(a, b). Compared to the 177Lu prepared under the 

“normal” approach, the samples radiolabeled at a pH of 8.1 did not show a better 177Lu 

retention. However, the addition of PO4
3- evidently improved the 177Lu retention in the 

presence of DTPA, even at concentrations as low as 10 nM (final PO4
3- concentration in the 

micelles solution). When increasing the concentration of PO4
3- ligands to 1μM and 100 μM, 

more than 90% of 177Lu was kept inside the micelles after one day of incubation with DTPA. 

However, although the 177Lu stability in the serum test was evidently improved by the 

introduction of PO4
3- ligands, still 50% of 177Lu appeared in the serum fraction. 

 

The CHEAQS speciation results (Figure S5.5(c and d)) showed that the Zr4+ ions could easily 

form Zr(OH)4aq regardless of pH values, but required a high concentration to form 

precipitated Zr(OH)4s. Thus, to increase the zirconium concentration, 10 μL of Zr4+ stock 

solution with the concentration of 1 μM and 50 μM (in HCL, pH =2) was added during the 

normal 89Zr radiolabeling process, which resulted in the final non-radioactive Zr4+ 

concentrations of around 10 nM and 495 nM. The initial activity 50 kBq of 89Zr was equal to 
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~1.5 nM of radioactive Zr4+ under these experimental condition (specific activity was ~0.11 

GBq/μg). Therefore, the presence of non-radioactive Zr4+ ions increased the total Zr4+ 

concentration to 11.5 nM and 496.5 nM, respectively. As summarized in Figure 5.7(a), the 

radiolabeling efficiency decreased with increasing Zr4+ concentration, and 35.28 ± 0.56% of 

zirconium ions reacted with PCL-6500 micelles under Zr4+ concentration of 496.5 nM. 

However, the increased concentration of Zr4+ did not pose any significant influence on the 

stability under DTPA challenge, i.e. 38.04 ± 14.53% and 51.71 ± 3.18% of the encapsulated 

zirconium species were captured by DTPA after 24 hour of interaction. In contrast, the 

presence of extra Zr4+ ions could evidently increase the stability in serum. 

 

 

Figure 5.7.(a) The radiolabeling efficiency of 89Zr-radiolabeled PCL-6500 micelles prepared at 

different Zr concentrations; (b) stability in the presence of DTPA and (c) serum stability at different Zr 

concentrations. (Polymer concentration was 4.3 mg/mL in radiolabeling process, ~0.79 mg/mL in the 

DTPA test and ~0.44 mg/mL in the serum stability test). 

4.5 Discussion 

 

According to the above-mentioned results, the interaction process between 111In/In3+ and 

PCL-PEO micelles could be described as followed: once administered into the system, In 

species interact with the micellar core, although the nature of this interaction remains 

unknown. At a certain concentration inside the core, In(OH)3s is most likely formed. It is not 

clear whether Indium precipitates are already formed before entering the micelles or 

afterwards. Although the Cryo-EM images suggest that In precipitates could be formed 

outside the micelles, the non-radioactive In concentration used for these experiments was 

much higher than in the radiolabeling experiments. It is also possible that due to the 
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hydrophobic environment in the core and the increasing amount of indium species entering 

the micelles, precipitates were formed at a certain concentration. The appearance of Indium 

precipitates in the core of the micelles indicated that this method indeed radiolabeled the core, 

so in this way preserving the inherent surface properties of the micelles. 

 

 

Scheme 5.1: The loading mechanism of In in PCL-PEO micelles. The interaction between In3+ ions 

and PCL-PEO micelles can be briefly divided into 3 steps. Step 1: the quick formation of In(OH)3aq in 

the aqueous system; Step 2: the migration of In(OH)3 into the micelles; Step 3: the formation of 

In(OH)3s in the core of the micelles. 

 

According to CHEAQS, during the radiolabeling Indium ions exist as In(OH)3aq in the 

absence of micelles. However, the presence of micelles in the system might influence the 

indium speciation. To check this, a small experiment was done by adding 10 μL of the In3+ 

stock solution (concentration is 13.87 mM) to 1 mL of HEPES buffer (10 mM, pH 7.4) with 

and without micelles. Clear precipitation could be observed on the wall of the vial within 5 

min after adding In3+ ions to the vial without micelles, while no visible aggregation could be 

found in the micelle solution (Figure S5.7). The observed phenomenon suggested that 

In(OH)3aq appeared in the aqueous system quickly and that it could cluster into In(OH)3s 

precipitates within 5 mins. In the presence of micelles, the In(OH)3 species might prefer to 

interact with PCL-10000 micelles rather than form large In(OH)3 precipitates. Additionally, 

if micelles were added to the precipitated In solution, the precipitates were still observed on 

the wall of the container, suggesting that if In(OH)3s reach a certain size they were certainly 

not incorporated in the micelles. Taking these experiments into account, we can speculate 

that the interaction of In(OH)3 with the micelles was faster than the formation of sufficiently 
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large In precipitates. However, our experiment could not reveal which species of In interacted 

with the PCL-PEO micelles, In(OH)3aq complexes or small In(OH)3s precipitates. 

 

By comparing the radiolabeling behavior of various different polymeric micelles, it is clear 

that the block copolymer type also played a role in the radiolabeling process. The block 

copolymers having carbonyl groups, i.e. PCL and PLA micelles, appeared to have better 

interaction with the 111In species, although the C=O groups did not show any detectable 

change according to the FT-IR spectra. There are quite a lot of studies focusing on the 

interaction between metal ions and polymers,[18, 19] but we could not find studies in  similar 

systems as ours where ions are added after the formation of the micelles. The interaction 

between metal ions and polymer are categorized in five types, namely pi-complexation, 

abstraction, oxidative addition, electron transfer and cluster formation.[12]. In this work, we 

believe that cluster formation was the reason for the successful 111In radiolabeling. 

 

The radiolabeling with 177Lu and 89Zr indicated that the metal speciation was another 

significant factor for successful metal-micelle interaction. Although the PCL-PEO micelles 

were capable of interacting with 177Lu, the bond between Lu species and the core of the 

micelles was weak and not sufficient to prevent DTPA from stealing away the metal ions. 

The addition of phosphate buffer saline (PBS) could significantly improve the loss of 177Lu 

under DTPA challenge, indicating that the formation of precipitates, i.e. LuPO4 in this case, 

was essential for a stable radiolabeling. The low stability in serum of the 177Lu loaded 

micelles was unexpected and requires further studies. In the case of the loading with 89Zr, 

Zr(OH)4aq was expected to be formed under these experimental conditions, according to 

CHEAQs calculation results. However, the low Zr concentration was not sufficient to result 

in Zr(OH)4s precipitates. By increasing the amount of Zr4+ metal ions, the Zr(OH)4 displayed 

a stronger interaction with PCL-PEO micelles, though in this case we could not confirm  

whether Zr(OH)4s was formed or not. Based on the radiolabeling performance of 111In, 177Lu 

and 89Zr, the formation of precipitates inside the micelles appears to be a key point for a stable 

radiolabeling. 
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Conclusion 

In this chapter, the mechanism behind the chelator free method was investigated. According 

to the obtained results we can conclude that two important requirements need to be fulfilled 

for a successful radiolabeling and good radiolabeling stability. First, the metallic species need 

to be attracted to the block copolymer composing the core of the micelles, second a 

precipitate should be formed in order to have sufficient radiolabeling stability. The exact 

nature of the interaction between the block copolymers and the metallic species remains 

unknown. However, taking into account these two requirements, we showed that the 

radiolabeling of different type of micelles and different radioisotopes could be successfully 

achieved, opening new radiolabeling possibilities for different polymeric nano-carriers. 
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Appendix 

 

Figure S5.1. The size distribution of the different polymeric micelles before filtration. (Polymer 

concentration was 0.435 mg/mL for DLS measurement.) 

 

 

 

Figure S5.2. The size distribution of the metal loaded PCL-10000 micelles. (Polymer concentration 

was 4.35 mg/mL for the reaction, and 0.435 mg/mL for DLS measurement.) 
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Figure S5.3. The 111In ratio in every eluent fraction collected after SEC of radiolabeled micelles under 

DTPA challenge. (DTPA concentration: 1mM, polymer concentration: ~0.79 mg/mL for PCL/PBd/ PS 

micelles and ~0.45 mg/mL for PLA micelles). 
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Figure S5.4. The In3+ loading efficiency of PCL-10000 micelles after interacting with 111In 

radiolabeled In3+ ions for different times: 2 min, 10 min and 30 min. Cryo-EM of PCL-10000 micelles 

after reacting with In3+ ions for (b) 2 min; (c) 10 min and (d) 30 min. (For sample preparation: the 

concentration of polymers were 4.3 mg/mL in HEPES buffer; the In3+ concentration was 0.137 mM.) 
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Figure S5.5. The speciation of (a) 177Lu and (c) 89Zr at equilibrium as a function of different pH values 

(50 kBq was used as the initial activity, Cl- concentration: 0.1 mM ). The speciation of (b) 177Lu and (d) 

89Zr at equilibrium as a function of different concentrations (the pH for zirconium is 7, for lutetium the 

pH is 8; Cl- concentration: 0.1 mM). These figures are based on plotted CHEAQS data points, see Table 

S5.1 and Table S5.2). 

We also investigated the influence of pH  on the interaction between the micelles and 177Lu. 

Rather than using PCL-6500 micelles, PLA micelles were also applied for the loading with 

177Lu. As shown in Figure S5.6(b), the loading of 177Lu in PLA micelles was influenced by 

the pH. The 177Lu radiolabeling efficiency of PLA micelles was 19.90 ± 3.27% at a pH of 

7.4, which increased to 56.07 ± 5.85% at a pH of 8.5 and decreased to 4.10 ± 0.31% at a pH 

of 10. Lutetium ions would mainly be present as charged species at a higher or lower pH. 

The fact that PLA micelles showed poor loading ability at a lower or higher pH indicated that 

these charged complexes did not interact well with PLA When the aqueous solution was set  
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a pH of 8, 18.54% of the Lu3+ ions formed Lu(OH)3aq, which could play an essential role for 

the radiolabeling process. 

 

Figure S5.6. The 177Lu loading efficiency of (a)PCL-6500 micelles as a function of polymer 

concentration and (b) PLA micelles as a function of pH (Polymer concentration is 2.5 mg/mL for PLA 

micelles). 
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evident aggregation could be observed within 5 min which attached to the walls of vials. 

These precipitates were not  observed when adding In3+ ions to the PCL-10000 micelles. 

(Figure S5.7). The absence of Indium aggregates in micelle solution suggested that the 

micelles strongly interact with the indiums species preventing the formation of InOH(3)s. To 

test the stability of the In aggregates, we first added the 10 μL of Indium stock solution (13.87 
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allow the indium to fully aggregate. Later on, 100 μL of DTPA solution (11 mM, in HEPES 

buffer) was added to the above mixture. After ~2 min, all the In aggregates disappeared, 

revealing the bonding between the In aggerates was not as strong as the coordination bond 

between In3+ and DTPA under these experimental conditions. 
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Figure S5.7. Left) The empty vial in which In3+ ions were added to HEPEs buffer at pH 7.4. Right) the 

empty vial after adding In3+ ions  in HEPEs buffer with pH 7.4 to PCL-1000 micelles. The concentration 

for In3+ was 0.137 mM. 
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Using CHEAQs to speculate the metal speciations 

 

Assumption: the specific activity (SA) of the activity was as followed (according to the 

supplier): 

111In  SA 15.5 GBq/μg  

177Lu  SA 0.5 GBq/μg 

89Zr   SA 0.11 GBq/μg  

  

 

So for 50 kBq activity in 1 mL solutions (without micelles): 

 

Mass In ions = 50 kBq/(15.5 GBq/ug) = 3.2*10-6 ug ; Con In ions = (3.2*10-6 ug / 111 

g/mol)/(1*10-3 L) = 2.88 *10-11 M 

Mass Lu ions = 50 kBq/(0.5GBq/ug) = 1*10-4 ug ; Con Lu ions = (1*10-4 ug / 177 

g/mol)/(1*10-3 L) =5.71 *10-10 M 

Mass Zr ions = 50 kBq/(0.11 GBq/ug) = 4.55*10-4 ug ; Con Zr ions = (4.55*10-4 ug / 89 

g/mol)/(1*10-3 L) = 1.48 *10-9 M 
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Abstract  

Combination of therapies is rather common in cancer treatment. For instance, external beam 

therapy is often combined with chemotherapy. Such combined therapies are desirable 

provided superior therapeutic outcome without additional adverse side effects. In this work, 

we explored the possibility to combine chemotherapy with radionuclide therapy using 

polymeric micelles. For this purpose, we prepared poly(ε-caprolactone-b-ethylene oxide) 

(PCL-PEO) micelles and loaded them simultaneously with Paclitaxel(PTX) and 177Lu. We 

chose 3D tumour spheroid composed of glioblastoma cells (U87) as in vitro model to evaluate 

the combined treatment. First, we optimized the experimental parameters for preparing PTX-

loaded PCL-PEO micelles. Next, we determined tumor uptake of the micelles by 

radiolabeling them with 111In, The diffusion of the micelles in the tumour spheroid was then 

investigated by labeling them with FTIC and using light sheet imaging. The results showed 

that the micelles were able to penetrate the spheroid within 24 hours of incubation. 

Subsequently, we evaluated the cell killing efficiency of single treatment (PTX or 177Lu) 

versus combined treatment (PTX+177Lu) by measuring the growth of the spheroids as well as 

by performing a cell-viability assay. The results indicated that the combined therapy achieved 

a superior therapeutic outcome with higher cell growth inhibition and better cell killing 

efficiency compared to the single treatments. 
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Introduction  

Currently, the three main approaches for cancer treatment are surgery, radiotherapy and 

chemotherapy. Combined therapies are also often applied, for instance, external radiation 

therapy and adjuvant chemotherapy have in many cases been shown to result in better 

treatment efficacy.[1] Some of the explanations for the enhanced therapeutic outcome of 

radio-chemotherapy are: the synergistic excessive oxidative loading at the tumor sites;[2] the 

arrest of tumor cells in the G2/M phase of the cell cycle by chemotherapeutics making them 

more sensitive to radiation;[3] improved uptake of chemotherapeutics as result of radiation 

exposure;[4] and reduced ability of tumour cells to repair DNA damage caused by radiation[5] 

and so on. Although the exact mechanism behind radio-chemotherapy is still not fully 

understood, this therapy has already become the standard treatment for certain cancer types, 

e.g. non-small cell lung cancer.[6]  

   

In clinical practice, radio-chemotherapy is usually carried out by simply applying external 

radiation beam therapy with chemotherapy according to different operation protocols, for 

instance, irradiating the patient after chemotherapy. [7, 8] One of the main issues of this 

combined therapy is the severity of the side effects. For instance, in the case of oesophagus 

cancer, the patients treated with radio-chemotherapy indeed achieved higher survival than 

the groups treated with radiotherapy alone, but they also experienced considerably more side-

effects due to the toxicity of the drugs.[9] Clearly, reduction of side effects would lead to 

much better therapy and better quality of life. Ionizing radiation is also applied in 

radionuclide therapy, which is typically used to treat metastasized tumours. Radionuclide 

therapy and chemotherapy are currently not combined in the clinic although studies suggest 

that such a combination would lead to much better treatment efficiency.[10-12] Here again, 

such a combination should be applied only if additional adverse side effects can be kept to a 

minimum.  

 

One way to diminish side effects of chemotherapeutic drugs is to use nano-carriers such as 

polymeric micelles. [13] Polymeric micelles are composed of block copolymers and typically 

have a hydrophobic core in which drugs can be encapsulated, and hydrophilic shell meant to 
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increase bloodstream circulation and hence tumour uptake. Polymeric micelles are already 

applied in the clinic in different chemotherapeutic treatments.[14] In this chapter, we 

investigated the possibility to combine chemotherapy and radionuclide therapy in one vehicle 

and we investigated the combined therapeutic effect using 3D tumor models. Moreover, we 

also studied the diffusion of the micelles in these 3D tumor models as function of time. 

Poly(ε-caprolactone-b-ethylene oxide) (PCL-PEO) micelles were chosen as the nano-carriers, 

Paclitaxel (PTX) as the chemotherapeutic drug and 177Lu as the therapeutic radionuclide, 

aiming to build up a multifunctional drug delivery system for combined radionuclide therapy 

and chemotherapy. 

Materials and methods  

2.1 Materials 

Poly (ε-caprolactone-b-ethylene oxide) block copolymers PCL-PEO (2800-2000), PCL-PEO 

(6500-5500) were bought from Polymer Source (Quebec, Canada). Paclitaxel (PTX), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), chloroform and Sephadex G-25 

resins were bought from Sigma Aldrich (Zwijndrecht, the Netherlands). 111In and 177Lu (in 

0.01 M HCl solution, the specific activity is 15.5 GBq/μg and 0.5 GBq/μg for 111In and 177Lu, 

respectively) were a kind gift of Erasmus Medical Centre (Rotterdam, the Netherlands). The 

Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM) culture medium, Fetal Bovine 

Serum, Penicillin-Streptomycin Solution 100X, Dulbecco’s Phosphate Buffered Saline 

(PBS), and Trypsin-Ethylenediaminetetraacetic acid 1X (Trypsin-EDTA) were purchased 

from Biowest (Amsterdam, the Netherlands). The Human U87 glioblastoma cells were 

obtained from VU Medical Centre Cancer Centre Amsterdam (Amsterdam, the Netherlands). 

The U shaped 96-wells plates were purchased from Greiner Bio-One (Alphen aan den Rijn, 

the Netherlands). The CellTiter-Glo®3D Cell Viability Assay reagent was obtained from 

Promega (Leiden, the Netherlands). Plasma membrane marker (MemBrite™ Fix 568/580, 

Biotium) was utilized to label the membrane of the spheroids for imaging purpose. 

 

2.2 Synthesis 

 

2.2.1 Synthesis of PCL-PEO micelles and PTX-loaded micelles  
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The PCL-PEO micelles were prepared by the solvent evaporation method described in our 

previous work.[15] The drug-loaded micelles were also prepared using the same method. 

Typically, 0.1 mL of polymer stock solution (200 mg/mL, in chloroform) was mixed with 

0.1 mL of PTX solution (in chloroform, with different PTX concentrations of 5, 7.5, 10, 20 

mg/mL) under sonication. The mixture was added dropwise to 2.3 mL of MQ water and 

stirred overnight to evaporate the chloroform. Syringe filters with 220 nm cut-off were 

applied to remove large structures in the micelles and PTX-loaded micelles. Subsequently, 

the unencapsulated drugs were removed by size exclusion chromatography (SEC). MQ water 

was used as the eluent for SEC. Every 1 mL of eluent was collected as one fraction. The 

PTX-loaded micelles appeared in the 9th to 12th fractions, therefore 4 mL of samples were 

eventually collected. After the above process, the polymer concentration for empty micelles 

sample and PTX-loaded micelles sample was around 8.7 mg/mL and 2.2 mg/mL (assuming 

that the polymer loss during the filtration was negligible).  

 

2.2.2 Synthesis of 111In radiolabeled micelles  

 

First, a centrifugation filter was used to concentrate the micelle sample which yielded a final 

solution with polymer concentration of 17.4 mg/mL. Then, the concentrated micelle solution 

was mixed with HEPES buffer (20 mM, pH 7.4) in a volume ratio of 1:1. To radiolabel the 

micelles with 111In, 15 MBq of 111In was added to 0.4 mL of the micelle solution (8.7 mg/mL, 

in 10 mM HEPES) and stirred for 0.5 hour. The obtained samples were passed through SEC 

to remove the free 111In ions, during which HEPES buffer (10 mM, pH = 7.4) was used as 

the eluent. Similarly, the radiolabeled micelles eluted in the 9th to 12th fractions, therefore 4 

mL of samples were eventually collected and the final concentration of the samples was 0.87 

mg/mL.  

 

The centrifugation filters were also applied in later-on experiments to concentrate or replace 

the solvent of the sample. The exact polymer concentration and solvent would be specified 

for the samples treated with centrifugation filters. 
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2.2.3 Synthesis of FITC-labeled PCL-PEO micelles 

 

The FITC-loaded PCL micelles were prepared by adding 0.1 mL of FITC stock solution (5 

mg/mL in ethanol) during the self-assembly process of the block copolymers. After being 

stirred overnight, the obtained mixture was passed through SEC to remove the un-

encapsulated FITC. MQ water was used as the eluent, and five fractions from 8th to 12th were 

collected as the FITC-labelled micelles (5 mL).  

 

2.2.4 Synthesis of 177Lu loaded PCL-PEO micelles 

 

To make the 177Lu loaded micelles, 20 MBq of 177Lu was added to 1 mL of micelles (8.7 

mg/mL, in HEPES) and stirred for half an hour. SEC was utilized again to separate the free 

177Lu ions and 4 fractions were collected as the 177Lu radiolabeled samples (4 mL).  

 

2.2.5 Synthesis of 177Lu&PTX co-loaded PCL-PEO micelles 

 

To prepare the co-loaded micelles, the PTX-loaded micelles were first prepared with the 

PTX/polymer mass ratio of 0.05:20 (mg). Then, a 220 nm cut-off filter was applied to remove 

the large clusters presented in the solution, and SEC was used to remove the un-encapsulated 

PTX. Four milliliters of PTX-loaded micelles were collected after the SEC, which was 

concentrated to 1 mL and mixed with HEPES buffer with volume ratio of 1:1. Next, 10 MBq 

of 177Lu was added to 1 mL of PTX-loaded micelles (in HEPES buffer, polymer concentration 

is 4.3 mg/mL), followed by being stirred for 1h. Then SEC columns were used to remove the 

unencapsulated 177Lu, and 9th – 12th fractions of the eluent were collected as the 177Lu&PTX 

co-loaded micelles for further use. 

 

Characterization  

3.1 Instruments   

A dynamic light scatting (DLS) instrument consisting of a JDS uniphase 633 nm 35 mW 

laser, an ALV sp 125 s/w 93 goniometer, a fibre detector and a Perkin Elmer photo counter 
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was employed to determine the size distributions of the obtained micelles. A Cryogenic 

electron microscope (Cyro-EM, Jeol JEM 1400) was used to image the morphology of the 

micelles. A high-performance liquid chromatography (HPLC) coupled to a UV detector set 

at 227 nm was applied to determine the drug concentration. The mobile phase was a mixture 

of acetonitrile and aqueous formic acid solution (10 mM) having volume ratio of 45:55 

respectively. Automatic Gamma counter (Wallac WIZARD2 2480, Perkin Elmer 

Technologies) was used to determine the radiolabeling efficiency. A 12MP camera connected 

to the binocular microscope using automated imaging software (SampleScan) was utilized to 

record the images of the tumour spheroids. A fluorescence spectrophotometer (Agilent Cary 

Eclipse) was utilized to measure the luminescence by choosing Bio/chemiluminescence data 

mode. 

 

3.2 Characterization 

 

Drug loading efficiency 

 

THF was added to the micelle solutions in a volume ratio of 1:1 and left until a homogeneous 

solution was formed, resulting in disintegration of the micelles. Subsequently the HPLC 

setup was used to detect the PTX concentration in each sample.   

 

LE(%) of drugs (PTX) = (The concentration of drugs in final samples)/(The initial drug 

concentration)×100% 

 

Drug release profile 

 

The PBS buffer solution with pH 7.4 and 5.4 were utilized to determine the drug release 

profile. The solution with pH 5.4 was obtained by using HCl to adjust the commercial PBS 

butter (pH 7.4) to this lower value. Next, 1.1 mL of the drug-loaded micelles was mixed with 

1.1 mL of PBS buffer. The solution was transferred to a dialysis bag with a cut-off of 2000-

5000. The dialysis bag was placed in a beaker containing 800 mL of PBS buffer under gentle 
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stirring. 0.2 mL of the samples were taken out at various timepoints to determine the drug 

amount left in the micelles.  

 

Residual drug ratio = (The concentration of drugs at different timepoints)/(The initial drug 

concentration)×100%  

 

3.3 In vitro evaluation 

 

Cell line 

Human U87 glioblastoma cells were utilized as 3D model for in vitro experiment. The cells 

were maintained in DMEM culture medium supplemented with 10% mL fetal bovine serum 

and 1% Penicillin/Streptomycin under humidified normoxic (95% air, 5% CO2) at 37oC. For 

preparation of the 3D cell models, 2000 cells (suspended in 200 μL cell culture medium) 

were seeded in each well in a U shape 96-well plate and incubated for five days before use. 

 

Cell uptake 

 

The cell uptake was evaluated by using 111In radiolabeled micelles. Centrifuge filter tubes 

were applied to replace the solvent (HEPES) with PBS (pH 7.4) before adding the 

radiolabeled micelles to the cells. Then, 20 μL of 111In labelled micelles were added to each 

tumour spheroid to achieve a final micelle concentration of 0.079 mg/mL. The spheroids 

were harvested and washed by 4 mL of PBS (4*1 mL) at certain time points (5h, 1d, 2d, 3d). 

The final activity in each spheroid was measured using the Wallac gamma counter.  

 

Cell distribution in tumour spheroid  

 

The diffusion of the PCL-PEO micelles within the tumor spheroids was followed by a home-

made light-sheet imaging setup. Two channels were applied, the parameters are as following: 

blue laser channel 1 mW, absorbed light 488 nm, emitted light = 525 nm; green laser channel 

1 mW, absorbed light 561 nm, emitted light = 620 nm. First, a centrifuge filter tube was 

applied to prepare the final FITC-labelled samples with a polymer concentration of 3.48 

mg/mL. Then 0.2 mL of FITC-labelled micelles was mixed with 1.5 mL of culture medium 
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resulting in a solution with polymer concentration of 0.41 mg/mL. Finally, 150 uL of the 

obtained samples was added to each spheroid (6 day culture) and incubated for 30 minutes 

and 24h. Prior to imaging, spheroids were washed with PBS (twice) and stained with plasma 

membrane dye for 20 minutes. The distribution of the micelles within the spheroids was 

followed using the FITC whereas the membrane dye outlined each cell within the spheroid. 

 

Cell growth inhibition 

 

The cell growth inhibition caused by the empty micelles, PTX-loaded micelles, 177Lu-loaded 

micelles and 177Lu& PTX co-loaded micelles was first checked. Briefly, the centrifuge filters 

were applied to replace the solvent of the obtained micelles samples from HEPES to PBS 

buffer (pH 7.4). Then the micelles dispersed in PBS buffer were sterilized by exposure to a 

UV light source for 30 seconds, then 20 μL of the sample solution was added to each U87 

spheroid. After 1 day of incubation, the old culture medium was removed carefully, the 

spheroid was washed with PBS for 3 times followed by adding 200 μL of fresh culture 

medium. The morphology of the spheroids was recorded at different timepoints using the 

binocular microscope. And the ImageJ software was used to analyse the obtained graphs. 

       

CellTiter-Glo® 3D Cell Viability Assays  

 

CellTiter-Glo® 3D Cell Viability Assay (ATP-based viability assay) was performed to 

determine the therapeutic effect of the micelles loaded with different anticancer substances. 

The drug administration process was exactly the same as that in the evaluation of cell growth 

inhibition. Rather than recording the morphology at different timepoints, the spheroids were 

sacrificed at day 1 and day 5 for checking the cell viability. For this purpose, all of the 

medium was carefully removed from the spheroid containing wells, then 200 µl of a mixture 

composed by CellTiter-Glo®3D reagent and culture medium with a volume ratio of 1:1 was 

added to each spheroid and reacted for around 1 hour. The medium in each counting well 

was pipetted gently to destroy the spheroids during the reaction. Finally, 190 µl of the 

medium of each well was transferred to a non-transparent plate for subsequent luminescence 

measurements. The setup parameters of fluorescence spectrophotometer were as followed: 
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Bio/chemiluminescence data mode; emission wavelength of 600 nm, emission slit of 20 nm, 

open emission filter, gate time of 200 ms. 

 

The cell viability was determined according to the following formula. 

 

Cell Viability = (The luminescent intensity of each sample)/(The luminescent intensity of the 

control group)×100% 

Results and analysis  

4.1 The formation of PTX-loaded PCL-PEO micelles and their drug release profile 

 

Paclitaxel, a typical taxane medicine, was utilized in this work as a model chemotherapeutic 

drug.[16, 17]. The PTX-loaded micelles were prepared by adding PTX during the self-

assembly process of the block copolymer. According to previous publications, the presence 

of PTX may alter the morphology of the micelles.[18, 19] Therefore, a Cryo-EM was applied 

to observe the morphology of the PTX-loaded micelles obtained at different PTX to polymer 

mass ratios. As shown in Figure 6.1, at a drug/polymer mass ratio of 2:20 mg, rod-like 

crystals composed of PTX were formed with lengths up to several micrometers.[20] No 

micelles could be observed. As the drug to polymer ratio was decreased to 1:20, some 

micelles (red arrows) appeared but long nanorods were still presented. By further decreasing 

the drug amount to a mass ratio of 0.75:20, the rod-like structure disappeared, but instead, 

some dense clusters (yellow arrows) were observed which most likely were composed of 

PTX. Only at a PTX:polymer mass ratio of 0.5:20, no PTX crystals could be detected 

indicating that the majority of PTX molecules were encapsulated in the micelles. 

 

Therefore, we chose the drug/polymer mass ratio of 0.5:20 for further experiments. Two 

block-copolymers, i.e. PCL-PEO (2800-2000) and PCL-PEO (6500-5500) were utilized to 

encapsulate PTX. The drug loading efficiency was 86.39 ± 6.28%, 75.72 ± 6.75% for PTX-

2800 and PTX-6500 respectively. The DLS results in Figure S6.1 showed that the PTX-6500 

micelles with mean hydrodynamic radius of 50 nm were larger than that of PTX-2800 

micelles having mean radius of 16 nm radius. The release profile of PTX in the drug-loaded 
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micelles was evaluated by dialysis, i.e., 2.2 mL of the obtained samples were dialyzed against 

800 mL of PBS buffer with pH values 5.2 and 7.4. All the PTX-loaded micelles behaved 

similarly under these experimental conditions regardless of the pH values and polymer used. 

Around 30% of the PTX still remained inside the micelles after 10 days of incubation (Figure 

S6.2). 

 

Figure 6.1. Cryo-EM images of PTX-loaded PCL-2800 micelles prepared at PTX to polymer mass 

ratio of (a) 2:20; (b) 1:20; (c) 0.75:20 and (d) 0.5:20. (Polymer concentration: 8.7 mg/mL, without 

filtration process). 

 

4.2 Cell uptake and diffusion of the micelles in the spheroid 

 

A 3D cell model (U87) was utilized to evaluate the in vitro cell uptake of PCL-PEO micelles 

radiolabeled with 111In. As shown in Figure 6.2(a), the spheroid uptake was found to be 

0.19±0.06 % and 0.21±0.08 % for PCL-2800 and PCL-6500 micelles after 24 hours of 

incubation, which increased to 2.2±0.44 % and 1.45±0.23% after 72 hours. To further 

observe the diffusion of the micelles within the 3D spheroid, we labeled the micelles with a 
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fluorescein isothiocyanate, FITC, and used a light sheet imaging technique to follow the 

distribution of the micelles in time. The FITC micelles are represented by green color, while 

the membrane is represented by pink color. As shown in Figure 6.2(b), after being incubated 

for 30 min, small amount of the micelles were diffused into the spheroid with slight green 

color. After 24 hours of incubation, evident green color could be observed inside the cells, 

both at the membrane and inside of the cells, indicating that the micelles managed to penetrate 

deeper and actually were distributed through the whole spheroid. 

 

Figure 6.2 (a) Tumour uptake of 111In-radiolabeled micelles as a function of time and distribution of 

FITC-labeled micelles within a U87 spheroid after (b) 30 min and (c) 24 hour. (Polymer concentration 

in the tumour uptake was 0.079 mg/mL, the error bar represents the experimental uncertainty of n=4; 

the polymer concentration in the light sheet imaging experiments was 0.41 mg/mL). 

4.3 Cell killing efficiency 

 

We first used PTX-6500 micelles prepared with a PTX to polymer mass ratio of 0.5:20(mg) 

to evaluate the influence of the drug alone on the growth of U87 spheroid. The applied PTX-

loaded micelles appeared to be very toxic to the tumor cells, and the spheroids displayed an 

evident shrinkage (the results are not shown in this work). Therefore, we decreased the 

encapsulated amount of PTX by preparing PTX-6500 micelles (denoted as PTX-con-1X, i.e. 

samples without dilution) with a PTX to polymer mass ratio of 0.05:20(mg). We obtained in 

this way a PTX-6500 micelles solution dispersed in PBS with PTX concentration of 39.9 

μg/mL and polymer concentration of 17.4 mg/mL. After adding 20 μL of the PTX-6500 

micelles to the spheroid with 200 uL of culture medium, the final PTX concentration was 3.6 

μg/mL. Apart from PTX-con-1X sample, we also prepared PTX-containing samples with 

lower concentrations by diluting PTX-con-1X sample with PBS 5, 10 and 20 times before 
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adding them to the spheroids. Therefore, four PTX-loaded micelles, namely PTX-con-1X, 

PTX-con-5X, PTX-con-10X and PTX-con-20X were added to the spheroid, which resulted 

in the final PTX concentrations in each counting well of 3.6, 0.7, 0.25 and 0.18 μg/mL, 

respectively.  

 

Figure 6.3 (a) The size of spheroids when exposed to different PTX concentrations as function of time 

(Control: treated with 20 μL of PBS; Micelles: polymer concentration 1.58 mg/mL; PTX-con-1X: 

polymer concentration 1.58 mg/mL, drug concentration 3.6 μg/mL; PTX-con-5X: polymer 

concentration 0.32 mg/mL, drug concentration 0.7 μg/mL; PTX-con-10X: polymer concentration 0.16 

mg/mL, drug concentration 0.35 μg/mL. PTX-con-20X: polymer concentration 0.08 mg/mL, drug 

concentration 0.18 μg/mL); (b) The size of the spheroid as function of time at different activities of 
177Lu (Control: treated with 20 μL of PBS; Micelles: polymer concentration 1.32 mg/mL; M-0.06MBq: 

polymer concentration 0.132 mg/mL and 0.06 MBq per spheroid; M-0.15 MBq: polymer concentration 

0.33 mg/mL and 0.15 MBq per spheroid; M-0.15 MBq: polymer concentration 1.32 mg/mL and 0.6 

MBq per spheroid. The error bar represents the experimental uncertainty of n=3). 

 

The images of the spheroids treated with chemotherapy are shown in Figure S6.3(a), which 

indicates that the micelles themselves had negligible influence on the tumor growth, 

comparable to the PBS control group. Contrarily, the PTX-loaded micelles posed significant 

influence on the spheroid growth and smaller spheroids could clearly be observed after being 

treated with PTX. Interestingly, no noticeable effect could be seen on day 0 (24 h after drug 
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administration). On day 1, all spheroids treated with drugs appeared to have a similar size. 

The influence of PTX as function of concentration was to show from day 2 on. The spheroids 

treated with the highest concentration (3.6 μg/mL) had a much smaller size than the ones 

treated with lower amount of PTX (Figure S6.3). On day 5 the spheroids that were given the 

highest PTX concentration already showed an evident shrinkage, while the ones treated with 

less PTX kept on growing although at much lower rate than the control group. 

 

Subsequently we investigated the influence of the activity of 177Lu on the growth of spheroids. 

For this purpose, we added 10 MBq of 177Lu to radiolabel the PCL-6500 micelles and 

achieved final samples with 177Lu concentration of 30 MBq/mL and polymer concentration 

of 14.5 mg/mL. In these experiments the 177Lu-loaded micelles were further diluted to 5 and 

10 times. After adding 20 uL of the 177Lu-loaded micelles samples to the spheroid, the final 

activity added to each spheroid was 0.06, 0.15 and 0.6 MBq/well, which was denoted as M-

0.06 MBq, M-0.15MBq and M-0.6 MBq. Figure 6.3(b) shows the results of the radionuclide 

treatment suggesting no evident size difference at day 0, similar to the PTX experiments. The 

spheroids treated with activities had much smaller size than the control group on Day 5 and 

the ones given 0.6 MBq even started to visibly fall apart (Figure S6.4). 

 

The combined radionuclide and chemotherapy treatment was carried out using 177Lu&PTX 

co-loaded PCL-6500 micelles. To properly evaluate the therapeutic effects of the combined 

therapy, 5 samples were prepared, namely PTX-M, Lu-M, P&Lu-1X, P&Lu-2X and P&Lu-

5X. Among them, PTX-M and Lu-M denoted the single treatment with PTX and 177Lu 

respectively, the former had the same PTX concentration as P&Lu-1X with a PTX 

concentration of 0.48 μg/mL, while the latter had the same activity as P&Lu-1X, i.e. 30 kBq 

of 177Lu. The P&Lu-2X and P&Lu-5X samples were 2 and 5 time dilutions of the P&Lu-1X 

samples. 

 

As shown in Figure 6.4(a), the single treatment with PTX and 177Lu could inhibit the spheroid 

growth, although the Lu-M with 30 kBq of 177Lu given to each spheroid showed lower growth 

inhibition than the PTX-M sample with PTX concentration of 0.48 μg/mL. The combined 

therapy already showed its potential on the second day after drug and radionuclide 

administration resulting in an evidently less spheroid growth than the control group and the 
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spheroids receiving single treatment. Typical images of the spheroids treated in this study 

can be seen in Figure 6.4(a). The spheroid of the control group continued to grow during the 

whole observation period and had a smooth surface on day 5. Although the spheroids that 

received single treatment had a smaller size on day 5 compared to the control group, their 

surface still remained smooth, while the combined treatment clearly led to fuzzy surface 

indicating that the cells were coming loose. Cells typically become loose if they died.  

 

Due to the fuzzy surface, it was very hard to determine the size of the spheroid in a precise 

way. Therefore, an ATP test was carried out to evaluate the viability of the spheroids when 

exposed to the different treatments. The viability on Day 0 and Day 5 was measured and 

shown in Figure S6.5 and Figure 6.4(c). The single treatment with PTX or 177Lu did not show 

to be toxic on Day 0 with similar viability as the control group. However, the PTX treatment 

showed higher toxicity at Day 5, with only 80.52 ± 10.55 % cell being alive. The 177Lu treated 

spheroid had viability of around 100% when compared to the control group, indicating that 

30 kBq of 177Lu was insufficient to cause cell damage under these experimental conditions. 

 

In terms of the combined treatment, an interesting phenomenon occurred, that is, the addition 

of P&Lu-2X and P&Lu-5X with low dose of both PTX and 177Lu initially led to better growth 

of the spheroid on Day 0 (more viable cells than the control group, Figure S6.5). We cannot 

find the exact reason for this phenomenon since this was rarely reported in the literature. One 

possible reason is that at low concentrations the drug may activate certain growth-related 

factors of the tumour.[21] However, it is also possible that these results are simply due to 

uncertainties in the viability assay such as the penetration of the viability test reagents in the 

spheroid. On Day 5, the co-loaded samples had a better therapeutic outcome than the single 

treatment, that is, 57.37 ± 1.32%, 63.15 ± 2.64% and 51.58 ± 13.05% for P&Lu-1X with 0.48 

μg/mL of PTX and 30 kBq of 177Lu, P&Lu-2X with 0.24 μg/mL of PTX and 15 kBq of 177Lu, 

and P&Lu-5X with 0.096 μg/mL of PTX and 6 kBq of 177Lu, indicating that the combined 

treatment was more efficient. Moreover, we also checked the viability of the empty micelles, 

which confirmed that the nano-carriers were not toxic to the U87 cells and had a comparable 

number of living cells to the control group on both Day 0 and Day 5. 
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Figure 6.4 (a) Representative images of the spheroids for the various treatments and at different time 

points (b) the size of the spheroids exposed to PTX or 177Lu loaded micelles and PTX&177Lu co-loaded 

micelles as a function time (c) percentage of viable cells on Day 5 of the spheroids when exposed to 

the different treatments. (Control: add 20 μL of PBS; Micelles: polymer concentration 0.17 mg/mL. 

PTX-M: polymer concentration 0.12 mg/mL, PTX concentration 0.48 μg/mL; Lu-M: polymer 

concentration 0.17 mg/mL, 30kBq of 177Lu; P&Lu-1X: polymer concentration 0.12 mg/mL, PTX 

concentration 0.48 μg/mL, 30kBq of 177Lu; P&Lu-2X: polymer concentration 0.06 mg/mL, PTX 

concentration 0.24 μg/mL, 15 kBq of 177Lu; P&Lu-5X: polymer concentration 0.024 mg/mL, PTX 

concentration 0.096 μg/mL, 6 kBq of 177Lu. The error bars represent the experimental uncertainty of 

n=3. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).  
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Conclusion  

In this chapter, PTX-loaded micelles, 177Lu-radiolabeled micelles and PTX&177Lu co-loaded 

micelles were synthesized for chemotherapy, radionuclide therapy and combined treatment 

(radionuclide therapy + chemotherapy). In order to encapsulate PTX in the micelles a mass 

ratio of 0.5:20 (mg) (PTX: block copolymer) was used. Higher ratios led to PTX crystal 

formation which influenced the self-assembly process of the micelles. The micelles could 

also be readily radiolabeled with 177Lu yielding a radiolabeling efficiency higher than 90%. 

3D tumour spheroid composed of U87 was used to evaluate the potential of the combined 

treatment. First, we showed that the micelles were able to penetrate to the spheroids within 

24 hours. We then measured the size of the spheroid as function of time upon exposure of 

micelles containing PTX, 177Lu and both 177Lu+PTX. The results showed that the combined 

treatments was the most effective and cell viability studies further confirmed this observation. 

The results showed that at low activity of 177Lu as well as low amounts of PTX, high killing 

efficiency could be obtained if combined, which is beneficial in reducing side effects to 

healthy tissue. Nevertheless, more studies need to be conducted to further optimize such a 

combined treatment. 
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Appendix  

 

Figure S6.1 The size distribution PTX-loaded micelles with drug to polymer mass ratio of 0.5:20. 

(Polymer concentration: 0.435 mg/mL) 

 

 

Figure S6.2 The drug release profile of PTX-loaded micelles when being dialysed against PBS buffer 

at different pH values. (Polymer concentration was 4.3 mg/mL inside the dialysis tube) 
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Figure S6.3 Light microscopy images of spheroids when exposed to different PTX amounts and at 

different time points. (Blank: add 20 μL of PBS; Micelles: polymer concentration 1.58 mg/mL; PTX-

con-1X: polymer concentration 1.58 mg/mL, drug concentration 3.6 μg/mL; PTX-con-5X: polymer 

concentration 0.32 mg/mL, drug concentration 0.7 μg/mL; PTX-con-10X: polymer concentration 0.16 

mg/mL, drug concentration 0.35 μg/mL. PTX-con-20X: polymer concentration 0.08 mg/mL, drug 

concentration 0.18 μg/mL) 
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Figure S6.4 Light microscopy images of spheroid when exposed to different 177Lu activity and different 

time points. (Blank: add 20 μL of PBS; Micelles: polymer concentration 1.32 mg/mL; M-0.06MBq: 

polymer concentration 0.132 mg/mL and 0.06 MBq per spheroid; M-0.15 MBq: polymer concentration 

0.33 mg/mL and 0.15 MBq per spheroid; M-0.15 MBq: polymer concentration 1.32 mg/mL and 0.6 

MBq per spheroid). 
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Figure S6.5 Percentage of viable cells on Day 0 of the spheroids when exposed to the different 

treatments. (Control: add 20 μL of PBS; Micelles: polymer concentration 0.17 mg/mL. PTX-M: 

polymer concentration 0.12 mg/mL, PTX concentration 0.48 μg/mL; Lu-M: polymer concentration 

0.17 mg/mL, 30kBq of 177Lu; P&Lu-1X: polymer concentration 0.12 mg/mL, PTX concentration 0.48 

μg/mL, 30kBq of 177Lu; P&Lu-2X: polymer concentration 0.06 mg/mL, PTX concentration 0.24 

μg/mL, 15 kBq of 177Lu; P&Lu-5X: polymer concentration 0.024 mg/mL, PTX concentration 0.096 

μg/mL, 6 kBq of 177Lu. The error bars represent the experimental uncertainty of n=3. * = p<0.05, ** 

= p<0.01, *** = p<0.001, **** = p<0.0001). 
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The research in this thesis mainly focused on the combination of polymeric micelles and 

ionizing radiation for therapeutic or imaging purpose in cancer treatment. As the by-product 

of ionizing radiation, the reactive oxygen species play important role in the interaction 

between ionizing radiation and matters. Therefore, in Chapter 2, we first attempted to detect 

the ROS produced due to radiation exposure by using some commercial probes. The results 

showed that the fluorescent probe Singlet Oxygen Sensor Green (SOSG) could somehow be 

excited upon radiation exposure and the excitation phenomenon still existed even when the 

irradiation was terminated. The SOSG was claimed to be specifically sensitive to singlet 

oxygen (1O2) under circumstances without ionizing radiation. Therefore, we evaluated the 

influence of 1O2 on the SOSG fluorescence, as well as other ROS including H2O2 and OH•, 

produced directly or indirectly. The results indicated that 1O2 and H2O2 did not influence the 

photochemical properties of SOSG under our experimental conditions. The scavenging of 

OH• was found to significantly decrease the fluorescence signal. However, considering the 

many different species formed during water radiolysis, it is hard to draw a solid conclusion 

that OH• was the only specie that affected the fluorescence performance of SOSG. Apart 

from SOSG, other three probes, including 1,3-diphenylisobenzofuran (DPBF), 9,10-

antherachenediyl-bis(methylene) dimalonic acid (ABDA) and aminophenyl 

fluorescein(APF), were also studied, and they all showed to be influenced by ionizing 

radiation.  

 

In last chapter, we by chance observed that the photosensitizer Ce6 can slightly improve the 

florescence signal of SOSG under radiation exposure, thus, in Chapter 3 attempted to prepare  

a radiation-sensitive drug delivery system by combing PCL-PEO micelles with Ce6. The Ce6 

molecules could be released from the Ce6-loaded micelles once being exposed to ionizing 

radiation, and the amount released increased with increasing radiation dose irrespective 

whether X-rays of low energy or gamma rays of high energy were used. Additionally, 

ionizing radiation (up to 50 Gy) appeared not to damage the micelles or the Ce6 alone, but 

affected the interaction between the two. The fact that Ce6 release disappeared when the 

micelles were irradiated in HEPES, which acts as radical scavenger, showed that the release 

was mainly induced indirectly by interaction with species formed by water radiolysis. By 

using different scavengers, we showed that hydrated electrons (eaq
- ) might play an important 
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role in this release. The PCL-PEO micelles were also loaded with therapeutic drugs, i.e. Dox, 

PTX and DTX, with and without the presence of Ce6. The micelles single loaded with drugs 

displayed no detectable drug release upon radiation exposure, while the Ce6&Dox co-loaded 

micelles showed that only 56.1±1.8% of Dox remained inside the micelles after being 

irradiated by gamma-rays of 50 Gy. In contrast, the co-loaded micelles with PTX and DTX 

exhibited no drug release. The DSC data analysis indicated that the drugs which were more 

hydrophobic interacted with the micelles in a different way than Ce6 and Dox, which might 

be the reason for the observed Dox release.  

 

The micelles have shown its potential as the nanoplatform for radiation-sensitive drug 

delivery system. Therefore, to have more understanding of the in vivo behaviours of the PCL-

PEO micelles is of great important. In Chapter 4, we developed a chelator-free method to 

radiolabel the core of PCL-PEO micelles with 111In, without disturbing the inherent 

properties of the micelles. The micelles showed excellent radiolabeling efficiency (above 

80%) as well as good stability under DTPA challenge and in serum. Furthermore, the micelles 

behavior was investigated in vivo using SPECT/CT scan revealing that the majority of 

activity appeared in the liver and spleen, which are the typical organs for mononuclear 

phagocyte system (MPS). 48 hours later, the majority of activity was still found in the liver, 

proving that the radiolabel remained in the micelles. No 111In was detected in the bones. We 

also showed that the same method could be applied to radiolabel PTX-loaded micelles, and 

the presence of PTX did not have a significant influence on the radiolabeling efficiency or 

stability.  

 

The work described in Chapter 5 further looked into the mechanism of the chelator-free 

radiolabeling process. Firstly, we compared the 111In radiolabeling efficiency between five 

different polymeric micelles, namely, two different PCL micelles (the chain length of the 

block copolymers was varied), PLA micelles, PBd micelles and PS micelles. The results 

showed that the PCL and PLA micelles had better interaction with 111In reaching higher 

radiolabeling efficiency and better radiolabeling stability than the other micelles. A cryo-EM 

study showed that Indium clusters were initially formed outside of the micelles but appeared 

within 30 minutes in the core of the PCL based micelles. However, FT-IR study of the 

micelles in the presence of In ions did not reveal a chemical bond between the block 
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copolymer and In species. We also radiolabeled the PCL micelles with other radioisotopes, 

i.e. 89Zr and 177Lu. Also here high radiolabeling efficiency was achieved, but the radiolabeling 

stability of 89Zr and 177Lu was not as good as that of 111In. According to the speciation results 

using the program CHEAQs, the In3+ ions tended to form In(OH)3aq under our experimental 

conditions, which would eventually precipitate to In(OH)3s above a concentration of 1 μM. 

Contrarily, the Lu3+ remained as free metal ions having positive charge under our 

experimental conditions, and Zr4+ could form Zr(OH)4aq which would only have Zr(OH)4s 

precipitate as the dominant species above a concentration of  1 mM. Taking the speciation 

into account, we were able to improve the radiolabeling stability by adding phosphate ions 

to stabilize 177Lu as LuPO4 and adding more Zr4+ ions to facilitate the precipitation of Zr(OH)4.  

 

Encouraged by the interaction between PCL-PEO micelles and radionuclides, in Chapter 6, 

we extended the application of PCL-PEO micelles to combined radionuclide therapy and 

chemotherapy by co-loading the micelles with 177Lu and PTX. The PTX-loaded micelles 

could only be prepared at a mass ratio 0.5:20 (mg) (PTX to block copolymer), since larger 

amount of PTX led to the formation of rod-like structures. The distribution of the micelles in 

3D tumour spheroids composed of U87 tumour cells was studied using light sheet imaging, 

which showed that after 1 day of incubation the micelles could penetrate deeply to the 

spheroid. Subsequently, the cell killing potential of the co-loaded micelles was studied versus 

single treatment (177Lu or PTX). The empty PCL-PEO micelles were not toxic at all, while 

the micelles loaded with PTX/177Lu showed significant cell growth inhibition 5 days after 

drug administration. The combined therapy exhibited a superior therapeutic outcome than the 

single treatments, leading to much smaller spheroids as well as disintegration of the 3D 

structures, indicating cell death.  

 

In this thesis, we showed that polymeric micelles, especially PCL-PEO micelles, have the 

potential to be used in cancer treatment in combination with ionizing radiation. At the same 

time, many challenges still remain. Due to the difficulties of ROS measuring under radiation 

exposure, such as the short lift-time, it is very hard to determine the exact mechanism for 

probes excitation and also Ce6 release. The current approaches we applied in this work were 

static, which means we can only be aware of the situations after the reaction, the further 

effects could be turned to dynamic characterization. Also, the probes were easily affected by 
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ionizing radiation, maybe more roust technique, such as electron spin resonance (ESR) 

spectroscopy, could work better. In terms of the micelles, they could be further incorporated 

with more functions, such as adding some targeted reagents on the surface of the micelles 

which would result in better tumor accumulation. We believe that gaining fundamental 

understanding of the interaction between photosensitizers and ionizing radiation and the 

interaction between radionuclide and micelles would create exciting opportunities in cancer 

treatment.  
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Summary 

Ionizing radiation is widely utilized in cancer treatment for therapeutic or diagnostic purposes. 

The therapeutic function of ionizing radiation in cancer treatment relies on difference of 

radiation sensitivity between tumor and healthy tissue, that is, the tumor cells are more 

sensitive to radiation and can less easily repair DNA damage caused by this exposure, than 

healthy tissue. Ionizing radiation can induce DNA damage directly or indirectly. Generally 

speaking, the indirect effect, through the formation of different reactive species upon water 

radiolysis, is the main mode of action. The detection of these reactive species is of great 

importance for understanding the damage mechanism induced by ionizing radiation to DNA 

but also to other systems of interest. Therefore, in Chapter 2, we checked whether commonly 

used commercial probes could work properly to detect reactive oxygen species (ROS) under 

exposure to ionizing radiation. The fluorescent probe Singlet Oxygen Senser Green (SOSG) 

is widely applied due to its claimed specific response to singlet oxygen (1O2) which is one of 

the most reactive oxygen species. To evaluate the performance of SOSG, we irradiated the 

SOSG probe with both X-rays and gamma-rays. The results indicated that the SOSG probe 

could somehow be activated when exposed to ionizing radiation even in the absence of singlet 

oxygen. The influence of different radiolysis species on the activation of SOSG by ionizing 

radiation was systematically studied. Additionally, we also checked the reliability of other 

commercial probes, including aminophenyl fluorescein (APF), 1,3-diphenylisobenzofuran 

(DPBF) and 9,10-antherachenediyl-bis(methylene) dimalonic acid (ABDA), upon radiation 

exposure. We showed that in all cases careful design of control experiments was absolutely 

essential due to the strong influence of ionizing radiation on the probes. 

 

In the following chapters, we focused on the combination of polymeric micelles, in particular 

poly(ε-caprolactone-b-ethylene oxide) (PCL-PEO) micelles with ionizing radiation. In 

Chapter 3, a radiation-sensitive drug delivery system was developed by the combination of 

PCL-PEO micelles and Chlorin e6 (Ce6) which is a typical photosensitizer used in 

photodynamic therapy. The Ce6-loaded micelles exhibited evident cargo release when 

irradiated by X-rays or gamma-rays. Further exploration on the mechanism behind this 

release suggested that hydrated electrons, formed by water radiolysis, may play a role that 

influence the interaction between Ce6 and the micelles. The exact mechanism, however, 
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remains unknown. We also prepared co-loaded micelles encapsulating Ce6 and anticancer 

drugs and attempted to achieve further drug release. Interestingly, the hydrophobic drugs, i.e. 

Paclitaxel (PTX) and Docetaxel (DTX), were not influenced by the Ce6 release at all and 

remained inside the co-loaded micelles upon radiation exposure. On the other hand Dox 

showed evident release from the co-loaded micelles, which was not observed for the micelles 

that were single loaded with Dox. 

 

SPECT and PET are nuclear imaging techniques that are essential in drug development and 

that can also play an important role in determining the efficacy of micelles as drug carriers 

in chemotherapy. In order to use these techniques, the micelles need to be radiolabeled 

without changing their inherent properties. In Chapter 4, a chelator-free method was 

developed to radiolabel the PCL-PEO micelles with 111In. The radiolabeling efficiency and 

stability were evaluated, and an in vivo test was performed using SPECT/CT. The results 

showed that high radiolabeling efficiency can be easily achieved with negligible loss of 

radiolabel, indicating that this radiolabeling method has great potential to be used in clinic. 

Furthermore, we also applied the chelator free method to radiolabel micelles encapsulating 

the anticancer drug PTX, which showed that the presence of the hydrophobic drug inside the 

micelles hardly influenced the radiolabeling process. Additionally, the chelator-free method 

was also applied to other radioisotopes and polymeric micelles.  

 

In Chapter 5, the mechanism of the chelator-free labelling process was further explored. We 

first started by radiolabeling micelles composed of different block copolymers (PCL-PEO, 

PLA-PEO, PBd-PEO and PS-PEO) with 111In. PCL-PEO micelles showed the most 

outstanding radiolabeling ability and stability compared to the other micelle candidates. A 

Cryo-EM was used to get more insight in the radiolabeling process by taking images at 

different times of the loading process. These results suggested that initially In-precipitates 

were formed on the outside of the micelles but eventually entered the core of the micelles. 

Next, we checked the possibility to use PCL-PEO micelles as carriers for other radioisotopes, 

i.e. 89Zr and 177Lu, via this chelator-free method. Interestingly, although the micelles 

exhibited quite a high radiolabeling efficiency for these two radioisotopes, the loss of 

radiolabel was much higher. The speciation program CHEAQs was applied to get more 

insight in the radiolabeling process and to improve stability. We speculated that the metal 



 Summary 

 

 163 

precipitation in the core should improve the radiolabeling stability and indeed we showed 

that to be the case. 

 

Chapter 6 focuses on the utilization of the PCL-PEO micelles as nanocarriers for combined 

radionuclide therapy and chemotherapy. We first optimized the experimental parameters for 

the preparation of PTX-loaded micelles, and subsequently radiolabeled them with 177Lu. 

Then in vitro experiments were carried out to evaluate the cell uptake and biodistribution of 

the obtained micelles by using 3D tumour spheroids composed of U87 glioblastoma cells. 

The results proved that the micelles were able to penetrate to the inside of the 3D structures 

within 24 hours. The therapeutic effect of the PTX-loaded micelles, 177Lu-radiolabeled 

micelles and 177Lu&PTX co-loaded micelles were evaluated by observing the spheroid 

growth inhibition and measuring the cell viability at different time points. The results 

indicated that the combined radionuclide therapy and chemotherapy exhibited superior cell 

killing performance than the single treatments. 

 

Finally, the thesis finishes by providing general conclusions, illustrating the potential of using 

polymeric micelles in nuclear medicine but also the challenges that lay ahead. 
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Samenvatting  

Ioniserende straling wordt veel gebruikt bij de behandeling van kanker voor therapeutische 

of diagnostische doeleinden. De therapeutische functie van ioniserende straling bij de 

behandeling van kanker is afhankelijk van het verschil in stralingsgevoeligheid tussen tumor 

en gezond weefsel, dat wil zeggen dat de tumorcellen gevoeliger zijn voor straling en minder 

gemakkelijk DNA-schade kunnen herstellen die door de straling wordt veroorzaakt dan 

gezond weefsel. Ioniserende straling kan direct of indirect DNA-schade veroorzaken. Over 

het algemeen komt het indirecte effect vaker voor, waarbij verschillende reactieve 

zuurstofcomponenten door radiolyse van water worden gevormd. De detectie van deze 

reactieve componenten is van groot belang voor het begrijpen van het mechanisme achter het 

veroorzaken van schade door ioniserende straling. Daarom hebben we in Hoofdstuk 2 

gecontroleerd of veelgebruikte commerciële sondes kunnen worden gebruikt om 

verschillende reactieve zuurstofcomponenten (Reactive Oxygen Species, ROS) te detecteren 

tijdens blootstelling aan ioniserende straling. De fluorescerende sonde Singlet Oxygen Senser 

Green (SOSG) wordt veel toegepast vanwege de geclaimde specifieke respons op singlet-

zuurstof (1O2), de meest reactieve zuurstofcomponent. Hiervoor hebben we de SOSG-sonde 

bestraald met zowel Röntgen- als gammastraling. De resultaten gaven aan dat de SOSG-

sonde een vals positief signaal zou kunnen geven bij blootstelling aan ioniserende straling, 

zelfs in afwezigheid van singlet-zuurstof. De invloed van verschillende soorten radiolyse op 

de activering van SOSG door ioniserende straling is systematisch bestudeerd. Daarnaast 

hebben we ook de betrouwbaarheid gecontroleerd van andere commerciële sondes, 

waaronder aminofenylfluoresceïne (APF), 1,3-difenylisobenzofuran (DPBF) en 9,10-

antherachenediyl-bis(methyleen)dimalonzuur (ABDA), tijdens blootstelling aan straling. We 

toonden aan dat in alle gevallen een zorgvuldige opzet van controle-experimenten absoluut 

essentieel is vanwege de grote invloed van ioniserende straling op de sondes. 

 

In de daaropvolgende hoofdstukken hebben we ons gericht op de combinatie van polymere 

micellen, in het bijzonder poly(ε-caprolacton-b-ethyleenglycol) (PCL-PEO) micellen. In 

Hoofdstuk 3 werd een stralingsgevoelig medicijnafgiftesysteem ontwikkeld door de 

combinatie van PCL-PEO-micellen en chlorine e6 (Ce6), een typische fotosensibilisator die 
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wordt gebruikt in fotodynamische therapie. De Ce6-geladen micellen vertoonden een 

duidelijke afgifte van de medicijnen wanneer ze werden bestraald met Röntgen- of 

gammastraling. Verder onderzoek naar het mechanisme achter deze afgifte suggereerde dat 

gehydrateerde elektronen, gevormd door radiolyse van water, een rol kunnen spelen en de 

interactie tussen Ce6 en de micellen kunnen beïnvloeden. Het exacte mechanisme blijft 

echter onbekend. We hebben ook co-geladen micellen bereid die Ce6 en geneesmiddelen 

tegen kanker inkapselen en probeerden verdere geneesmiddelafgifte te bereiken. Interessant 

is dat de zeer hydrofobe geneesmiddelen, d.w.z. Paclitaxel (PTX) en Docetaxel (DTX), 

helemaal niet werden beïnvloed door de Ce6-afgifte en in de co-geladen micellen bleven 

tijdens blootstelling aan straling, terwijl Doxorubicine een duidelijke afgifte uit de co-

geladen micellen vertoonde. 

 

SPECT en PET zijn nucleaire beeldvormingstechnieken die essentieel zijn bij de 

ontwikkeling van geneesmiddelen en die ook een belangrijke rol kunnen spelen bij het 

bepalen van de werkzaamheid van micellen als geneesmiddeldragers bij chemotherapie. Om 

deze technieken te kunnen gebruiken, moeten de micellen radioactief worden gelabeld zonder 

hun inherente eigenschappen te veranderen. In Hoofdstuk 4 is een chelatorvrije methode 

ontwikkeld om de PCL-PEO-micellen te labelen met 111In. De efficiëntie en stabiliteit van de 

radiolabeling werden geëvalueerd en er werd een in vivo-test uitgevoerd met SPECT/CT. De 

resultaten tonen aan dat een hoge efficiëntie van radiolabeling gemakkelijk kan worden 

bereikt met weinig verlies van radiolabel, wat aantoont dat deze methode van radiolabeling 

een groot potentieel heeft om ook voor andere polymere micellen te worden gebruikt. Verder 

hebben we ook de chelatorvrije methode toegepast om de micellen die het 

antikankergeneesmiddel PTX inkapselen, radioactief te labelen, wat aantoonde dat de 

aanwezigheid van de hydrofobe geneesmiddelen in de micellen het radiolabelingsproces 

nauwelijks beïnvloedde. Daarnaast werd de chelatorvrije methode ook toegepast op andere 

isotopen en polymere micellen.  

 

In Hoofdstuk 5 werd het mechanisme van het chelatorvrije labelingproces verder onderzocht. 

We zijn eerst begonnen met het radioactief labelen van micellen bestaande uit verschillende 

blokcopolymeren (PCL-PEO, PLA-PEO, PBd-PEO en PS-PEO) met 111In. PCL-PEO-

micellen vertoonden het meest opmerkelijke vermogen en stabiliteit om radioactief te labelen 
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in vergelijking met de andere micelkandidaten. Een Cryo-TEM werd gebruikt om meer 

inzicht te krijgen in het radiolabelingproces door op verschillende momenten van het 

laadproces beelden te maken. Deze resultaten suggereren dat aanvankelijk 

indiumprecipitaten worden gevormd aan de buitenkant van de micellen, die uiteindelijk de 

kern van de micellen binnendringen. Vervolgens hebben we de mogelijkheid gecontroleerd 

om PCL-PEO-micellen te gebruiken als dragers voor andere radio-isotopen, namelijk 89Zr en 

177Lu, via deze chelatorvrije methode. Interessant is dat, hoewel de micellen een vrij hoge 

radiolabelingsefficiëntie vertoonden voor deze twee radio-isotopen, het verlies van radiolabel 

veel groter was. Het speciatieprogramma CHEAQs werd toegepast om meer inzicht te krijgen 

in het radiolabelingproces en om de stabiliteit te verbeteren. We speculeerden dat de 

metaalionprecipitatie in de kern de stabiliteit van radiolabeling zou moeten verbeteren en we 

hebben aangetoond dat dit inderdaad het geval is. 

 

Hoofdstuk 6 richt zich op het gebruik van de PCL-PEO-micellen als nanodragers voor 

gecombineerde radionuclidetherapie en chemotherapie. We hebben eerst de experimentele 

parameters geoptimaliseerd voor de bereiding van met PTX geladen micellen, en deze 

vervolgens radioactief gelabeld met 177Lu. Vervolgens werden in vitro experimenten 

uitgevoerd om de celopname en cellulaire biodistributie van de verkregen micellen te 

evalueren met behulp van 3D-tumorsferoïden samengesteld uit U87-glioblastomacellen, wat 

aantoonde dat de micellen in staat waren om tot de binnenkant van de 3D-structuren te 

dringen. Het therapeutische effect van de PTX-geladen micellen, 177Lu-radioactief gelabelde 

micellen en 177Lu&PTX co-geladen micellen werden geëvalueerd door de sferoïde 

groeiremming te observeren en de levensvatbaarheid van de cellen op verschillende 

tijdstippen te meten. De resultaten gaven aan dat de gecombineerde radionuclidetherapie en 

chemotherapie superieure celdodingsprestaties vertoonden vergeleken met de afzonderlijke 

behandelingen. 

 

Ten slotte wordt het proefschrift afgesloten met algemene conclusies, die het potentieel 

illustreren van het gebruik van polymere micellen in de nucleaire geneeskunde, maar ook de 

uitdagingen die voor ons liggen. 
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