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1. Radionuclide therapy 

The application of radiation in the treatment of various diseases, especially cancer, could be 

dated back to 1900s when the phenomenon of natural radiation was discovered by Henri 

Becquerel, Marie and Pierre Curie. Nowadays, radiotherapy still plays an important role in 

cancer treatment. Annually, more than 50% of all cancer patients are treated by external beam 

radiation therapy (EBRT) using X-rays or charged particles.[1] Besides EBRT, radionuclide 

therapy (RNT) has also shown unique advantages in treating metastasized cancer. The 

radiopharmaceuticals used in RNT normally consist of three components: a radionuclide, a 

carrier and a tumor targeting moiety, all of which will be discussed in more detail in Chapter 

1. 

1.1. Radionuclides for RNT 

Although there are hundreds of radionuclides in total, only a few have suitable physical 

properties such as appropriate half-life time so that they can be used in medical applications 

(Figure 1.1.1).[2] Radionuclides emitting low energy gamma photons and positrons are 

typically applied for imaging using single photon emission computed tomography (SPECT) 

and positron emission tomography (PET) respectively.[3] In the case of cancer treatment, α, 

β-, and Auger electron (AE) emitters are preferred. The main properties of these particles are 

summarized in Table 1.1.1. β- particles have the longest range (up to several millimeters in 

tissue) which allows them to irradiate the whole tumor volume by the so called “crossfire 

effect”.[4] In the case of α particles and AEs, their ranges are relatively shorter, covering a 

few cell diameters (in µm) and a few nanometers respectively. Thus, α and AE emitters are 

preferred for the eradication of small tumors such as metastases.[5] Considering the short 

range of α particles and AEs, it is critical to deliver the radionuclides to the tumor site for 

proper tumor control. Specifically, AE emitters need to be delivered to the cell nucleus in 

order to induce sufficient damage to the DNA molecules.[6] However, there have been a few 

studies showing that the cell membranes could also function as a target for AE emitters and 

achieve tumor destruction.[7-9]  



General introduction 

 
 

 3 

 

Figure 1.1.1. Color-coded periodic table with current or potential applications of each element in 

diagnostic and/or therapeutic applications (Adapted from Ref. [2] with permission. Copyright 2019, 

American Chemical Society). 

The concept of linear energy transfer (LET) has long been employed in the field of 

radiation oncology to describe the “quality” of radiation. LET refers to the energy deposited 

by ionizing particles along their path through matter and is indicative of the density of 

ionization events. High-LET particles, such as α particles and AEs, deposit their energy in a 

more intense manner, resulting in dense ionizations along their path. This can lead to direct 

and lethal damage to the tumor cells, including DNA double-strand breaks (DSBs). In 

contrast, low-LET particles, such as β- particles, tend to deposit their energy sparsely and can 

often produces sub-lethal damage that can be repaired.[10] However, when the number of sub-

lethal damage events exceeds the threshold value, it can still lead to lethal damage and 

eventually cell death.[11] 

Table 1.1.1. Main physical properties of α particles, β- particles and AEs 

 Energy LET Range in tissue 

α particles 2-10 MeV 50-230 keV/µm 50-100 μm 

β- particles 0.05-2.3 MeV 0.2 keV/µm 1-5 mm 

Auger electrons 10 eV-10 keV 4-26 keV/µm Nanometers 
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A selection of radionuclides that have been applied in cancer treatment are summarized 

in Table 1.1.2. The half-life, maximum energy of emitted particles, number of AEs and 

common production method of these radionuclides are listed. 

Table 1.1.2. Representatives of radionuclides for cancer treatment a 

Nuclide Decay mode 
Half-life 

(t1/2) 

Maximum 

energy of the 

emitted particles 
Production Route 

β- particle emitters 

90Y β- 64.1 h 2.278 MeV 
89Y(n,γ)90Y 

90Sr/90Y generator 
131I β- 193.0 h 606 keV 130Te(n,γ)131Te→131I 

161Tb 
β- 165.4 h 522 keV 160Gd(n,γ)161Gd→161Tb 

166Ho β- 26.8 h 1.854 MeV 
165Ho(n,γ)166Ho 

166Dy/166Ho generator 
177Lu β- 161.0 h 496.8 keV 

176Lu(n,γ)177Lu 
176Yb(n,γ)177Yb → 177Lu 

186Re β- (92.5%) 

EC (7.5%) 
90.6 h 1.073 MeV 185Re(n,γ)186Re 

188Re β- 17.0 h 2.120 MeV 188W/188Re generator 

α particle emitters 

211At EC (58.2%) 

α (41.8%) 
7.2 h 5.869 MeV 209Bi(α,2n)211At 

212Pb/212Bi β-/ β- (64.1%) 
α (35.9%) 

10.6 h/1.0 h 6.051 MeV 224Ra/212Pb generator 

213Bi β- (97.9%) 

α (2.1%) 
45.6 min 5.875 MeV 225Ac/213Bi generator 

223Ra 
α 274.3 h 5.979 MeV 227Th/223Ra generator 

225Ac α 240.0 h 5.830 MeV 

229Th/225Ac generator 
226Ra(p,2n)225Ac 

232Th(p,2p6n)225Ac 

Auger electron emitters b 

67Ga EC 78.3 h 5.0 AEs 67Zn(p,n)67Ga 

111In EC 67.3 h 7.4 AEs 
111Cd(p,n)111m,gIn 

112Cd(p,2n)111m,gIn 
123I EC 13.3 h 13.7 AEs 124Xe(p,pn)123Xe → 123I 

125I EC 60.1 d 23.0 AEs 124Xe(n,γ)125m,gXe→ 125I 

161Tb β- 165.4 h 0.9 AEs 160Gd(n,γ)161Gd→161Tb 

195mPt IT 96.5 h 36.6 AEs 194Pt(n,γ)195mPt 

203Pb EC 51.9 h 23.3 AEs 203Tl(p,n)203Pb 

aThe decay data was obtained from the Evaluated Nuclear Structure Data File (ENSDF) datasets, National Nuclear 

Data Center, Brookhaven National Laboratory, NY, USA.  

bThe number of Auger electrons per decay was obtained from ref [12]. The data of 161Tb was taken from ref [13].  
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Iodine-131 (131I) is one of the first radionuclides investigated for cancer treatment. As 

iodine could naturally accumulate in the thyroid, 131I has been widely applied for treating 

thyroid cancer including papillary and follicular thyroid carcinoma.[14-16] Yttrium-90 (90Y) 

and holmium-166 (166Ho) both emit highly energetic β- particles which makes them very 

suitable for treating large metastases. Actually, 90Y loaded glass or resin microspheres[17-19] 

and 166Ho loaded polymeric microspheres[20-21] have been approved for the treatment of 

hepatocellular carcinoma and liver metastases. The mother nuclide of 166Ho, dysprosium-166 

(166Dy) has a half-life time of 81.6 h, approximately three times longer than that of 166Ho.[22] 

By using 166Dy as the internal source of 166Ho, i.e. 166Dy/166Ho in vivo generator, same 

treatment outcome could be expected with less administrated activity. 177Lu emits not only β- 

particles but also γ particles which could be tracked by SPECT. Extensive research has been 

performed to link 177Lu to various tumor targeting agents via chelation. 177Lu-DOTATATE 

and 177Lu-PSMA-617 have successfully passed the clinical trials and are now approved by 

the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) 

for treating neuroendocrine tumors and prostate cancer respectively.[23-25] Terbium-161 

(161Tb) has been recently proposed for cancer treatment because of its similar chemical and 

physical properties as 177Lu and has shown better therapeutic effect than 177Lu in a few 

preclinical studies.[26] However, the supply of 161Tb is still limited, restraining the 

development of 161Tb based radiopharmaceuticals.  

Some α emitters like radium-223 (223Ra) and actinium-225 (225Ac) can generate multiple 

α particles via their decay chains, leading to irreparable DNA damage in tumor cells.[27-29] In 

fact, radium-223 chloride (Xofigo®) was the first alpha radiopharmaceutical that has been 

approved by the FDA for the treatment of bone metastases.[30] Despite the positive results 

from pre-clinical and clinical studies of 223Ra and 225Ac, the distribution of their daughter 

nuclides in healthy tissues as a result of the recoil effect has raised a concern of possible 

radiotoxicity to patients.[31] There have been several attempts to reduce the side effects from 

the dissociated daughter nuclides of 225Ac using nanoparticles.[32-33] However, these 

approaches all require carriers with large sizes which will mainly accumulate in the liver or 

spleen after being intravenously administrated. Apart from using chemical approaches to deal 

with the recoil problem, it is also possible to use α emitters with short decay chains such as 

211At and 212Pb/212Bi which do not suffer from the recoil problem.[34]  
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β+ and electron capture (EC) decay are usually accompanied by the emission of Auger 

electrons. When these AEs are emitted close enough to the DNA molecules, they can deposit 

high dose on the DNA strands, leading to DSBs.[35] In addition to the direct interaction 

between AEs and DNA molecules, the formation of free radicals from the radiolysis of water 

by the AEs also plays an important role in cell death by causing indirect damage to the 

DNAs.[13] Due to the short range of the AEs, several strategies have been proposed to deliver 

the AE emitters to the cell nucleus and achieve maximum cytotoxicity. AE emitters such as 

111In and 161Tb have been linked to antibodies targeting the epidermal growth factor receptor 

(EGFR) or prostate-specific membrane antigen (PSMA) and resulted in good tumor control 

in both in vitro and in vivo studies.[7, 36-37] Nucleosides are also potential carriers for AE 

emitters because of their direct incorporation in the DNA molecules. For example, 5-iodo-2-

deoxyuridine (IUdR) radiolabeled with 125I and 123I were reported to cause profound 

cytotoxicity to tumor cells even at low activity.[38-39] However, the results from clinical trials 

of AE emitters-based radiopharmaceuticals were not satisfying, hindering their translation to 

the clinic.[40]  

1.2. Conventional radionuclide carriers 

A good match between carriers and radionuclides is essential for the design of 

radiopharmaceuticals. As most of the therapeutic radionuclides are metals, their radiolabeling 

can be generally achieved by forming complexes with chelators.[41] Macrocyclic chelators 

such as 2,2′,2′′,2′′′-(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetrayl) tetraacetic acid  

(DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), 4-[2-(bis-

carboxymethylamino)-ethyl]-7-carboxymethyl-[1,4,7]triazonan-1-yl-acetic acid (NETA) 

and their derivatives have been extensively used for the radiolabeling of 64Cu, 166Ho, 90Y, 

177Lu, 212Pb and 225Ac.[42] Besides these macrocyclic molecules, acyclic chelators such as 

diethylenetriaminepentaacetic acid (DTPA) and desferrioxamine (DFO) are also commonly 

used in the radiolabeling of 111In and 89Zr respectively.[43-45] 
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Figure 1.1.2. Structure of chelators commonly used in RNT. 

1.3. Active tumor targeting  

One of the most important properties of a radiopharmaceutical is the specificity to tumor 

sites. This can be achieved by linking tumor targeting moieties to the radionuclides using 

chelators as linking molecules. Common targeting moieties include antibodies, peptides, 

transferrin and some small molecules such as folic acid.[46-48] The antibodies and peptides 

usually target specific receptors which are overexpressed on a specific type of tumor cells 

such as EGFR for breast cancer[49] and PSMA for mainly prostate cancer[50-52]. Fibroblast 

activation protein (FAP) is overexpressed in the fibroblasts surrounding the tumor cells, thus 

has also been considered as a potential target for radiopharmaceuticals.[53-54] Currently, 

targeting molecules such as the PSMA inhibitor[55-56] and FAP inhibitor[57-58] are extensively 

studied for radio-ligand targeted therapy in both preclinical and clinical studies.  

2. Combining nanomedicine with radionuclide therapy: a promising 

approach for cancer treatment? 

Nanomedicine is an interdisciplinary subject that makes the use of nanotechnology to 

diagnose, treat, and prevent diseases. Taking the advantages of small size, large surface area, 

and ability to penetrate biological barriers, nanoparticles have been widely utilized for drug 

delivery.[59] Recently, the application of nanoparticles in cancer treatment has been extended 
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from traditional chemotherapy to novel modalities such as gene therapy, immunotherapy and 

radionuclide therapy.[60-61] 

In this section, factors influencing the biodistribution of nanoparticles are first discussed. 

Then a special type of nanoparticles, renal clearable nanoparticles, is introduced. Finally, 

current research on using radiolabeled nanoparticles for cancer diagnosis and treatment is 

briefly reviewed.  

2.1. Biodistribution of nanoparticles after systemic administration 

There are two main delivery routes for nanoparticles in cancer treatment: local and systemic 

delivery. Intra tumoral (i.t.) injection is one of the most common local delivery methods.[62] 

Nanoparticles are usually injected into solid tumors following the guidance of imaging 

techniques. The nanoparticles will then diffuse throughout the injected area, thereby 

achieving a very high initial local tissue concentration for optimal tumor control. However, 

i.t. injection is a relatively invasive procedure and is limited to treat local tumors that are 

easily accessible.[63] On the other hand, intravenous (i.v.) injection, a systemic administration 

route, is more commonly used in nanomedicine. The nanoparticles are normally dispersed in 

physiological saline and administrated into the blood. After being injected, the nanoparticles 

will circulate in the body and passively accumulate at the tumor sites making use of the so-

called enhanced permeation and retention (EPR) effect or actively by using targeting 

moieties.[64]  

The EPR effect was first reported in 1986 and was hypothesized to originate from 

anatomical and pathophysiological difference between solid tumors and normal tissues.[65] 

Solid tumors usually have large gaps between endothelial cells in their vasculature, favoring 

the extravasation of nanoparticles (enhanced permeation). Due to the distorted structure of 

vasculature in solid tumors, nanoparticles can be retained at the tumor site while the 

extravasation back to blood was diminished (enhanced retention). It is widely accepted that 

only large nanoparticles can benefit from the EPR effect.[66] However, it has been reported 

that PEGylated gold nanoparticles as small as 2 nm also achieved high tumor uptake by the 

EPR effect.[67] Therefore, there is still more knowledge to be acquired to achieve complete 

understanding of the mechanism behind the EPR effect. 
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There have been numerous studies showing that only a small fraction of nanoparticles 

could eventually accumulate at the tumor site while most of the nanoparticles end up in liver 

or spleen.[68] The main reason for the high liver and spleen uptake is the capture of 

nanoparticles by the mononuclear-phagocytic system (MPS) (previously described as the 

reticuloendothelial system). As part of the immune system, the MPS filters blood and 

removes foreign particulates from the blood circulation. The Kupffer cells, a type of 

phagocytic immune cells which are usually located inside of liver sinusoids, account for most 

of the capture of nanoparticles from blood.[69] As soon as the nanoparticles are injected into 

the blood, they will be immediately exposed to serum proteins, eventually forming a structure 

called protein corona on the surface. The formation of protein corona increases the 

hydrodynamic diameter (HD) of the nanoparticles and makes the nanoparticles more easily 

recognizable by the macrophage cells (i.e. the opsonization effect).[70-71] More specifically, 

nanoparticles with HD larger than 5.5 nm are normally engulfed by the macrophage cells in 

the MPS organs, i.e. liver and spleen.[72] Although most of the nanoparticles used in medical 

application are biocompatible, there are still concerns related to long-term toxicity due to the 

slow clearance of nanoparticles from liver and spleen.[73]  

 

Figure 1.2.1. Schematic illustration of the clearance of nanoparticles by MPS. (Adapted from Ref [74] 

with permission. Copyright 2016, Nature Publishing Group). 

To achieve high tumor uptake while minimizing the toxicity to the body, the non-specific 

uptake of nanoparticles by the MPS has to be suppressed. PEGylation is a common method 

to extend the circulation time of nanoparticles, thus improving the tumor uptake.[75-77] 

Polyethylene glycol (PEG) chains coated on nanoparticles could sterically shield the surface 

from aggregation, opsonization and phagocytosis, thereby prolonging the circulation time of 
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nanoparticles.[78] However, PEGylation could just extend the circulation time and delay the 

MPS capture. Most of the PEGylated nanoparticles will still end up in liver or spleen.[68, 74] 

Using biodegradable nanoparticles is a possible solution to the high liver uptake as reported 

in literature.[79] Instead of directly decreasing the liver uptake, these nanoparticles can 

decompose quickly into smaller fragments once in the MPS organs, thus allowing for faster 

clearance. Besides modifying the nanoparticles, the MPS capture can also be reduced by 

inhibiting the Kupffer cell phagocytosis using chemicals such as gadolinium chloride and 

chloroquine, hereby deactivating the liver macrophages.[80-82]  

2.2. Renal clearable nanoparticles 

An alternative solution to address the issue of high MPS uptake is to decrease the HD of 

nanoparticles to less than 5.5 nm. Such small nanoparticles can escape from MPS capture 

and be eliminated from the body through the urinary system. The clearance of nanoparticles 

via the urinary system, known as renal clearance, was first reported in 2007.[83] In this work, 

Choi et.al. studied the clearance of cysteine coated CdSe@ZnS quantum dots with HDs 

ranging from 4.6 nm to 7.2 nm. The renal clearance efficiency of the nanoparticles was 

quantified by measuring the fluorescence intensity in the bladder 2 h post injection. As shown 

in Figure 1.2.2, only nanoparticles with HD of less than 5.5 nm resulted in high fluorescence 

intensity in the bladder, indicating that the nanoparticles within this size range can be cleared 

by the kidneys.  

 

Figure 1.2.2. Imaging of mouse bladders after i.v. injection of Cys-CdSe@ZnS quantum dots with 

different HDs. Top: color images; middle: fluorescence images; bottom: fluorescence images of control 

groups. Scale bar=1 cm. (Adapted from Ref. [83] with permission. Copyright 2007, Nature Publishing 

Group).  
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In the past decades, the mechanism of renal clearance has been well-understood due to 

anatomical studies of kidneys going down to cell level.[84-85] In short, blood is filtered in the 

kidneys by the glomerular filtration membrane (GFM) which only enables substances less 

than 5.5 nm to pass. The GFM is a complex structure composed of endothelial glycocalyx, 

endothelial cells, the glomerular basement membrane (GBM) and podocytes. To reach the 

Bowman’s space, the nanoparticles have to first pass the gap between the endothelial cells 

(70-90 nm). Subsequently, the nanoparticles will be filtered by the GBM which has a pore 

size between 2 and 8 nm. Then the nanoparticles are filtered by a layer of podocytes with a 

pore size of 4 to 11 nm. After passing this final layer, the nanoparticles reach the Bowman’s 

space and are eventually transferred to the bladder. Because of the multiple-layer structure 

of GFM, the renal clearance efficiency of nanoparticles is determined by many factors, 

including size, charge, shape, composition, and interaction with different kidney 

compartments.  

 

Figure 1.2.3. Schematic illustration of the size-scaling law in the glomerular filtration of nanoparticles 

(Adapted from Ref. [84] with permission. Copyright 2018, Nature Publishing Group).  

The size of nanoparticles plays the dominant role in determining the renal clearance 

efficiency. As mentioned in the previous section, only nanoparticles with a HD of less than 

5.5 nm can be readily cleared via urinary system. Smaller nanoparticles are usually cleared 

faster than the large ones. However, the clearance of sub-nanometer sized nanoparticles is 

relatively slower because of the interaction with the endothelial glycocalyx.  
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The surface charge of nanoparticles also plays an important role in renal clearance. As 

the endothelial glycocalyx, GBM and podocytes glycocalyx are all negatively charged, 

positively charged nanoparticles are generally cleared faster than neutral nanoparticles while 

the clearance of negatively charged nanoparticles is relatively slower. Interestingly, the 

clearance of highly negative charged nanoparticles is usually faster than the weakly negative 

charged ones.  

 

Figure 1.2.4. Schematic illustration of the charge-scaling law in the glomerular filtration of 

nanoparticles (Adapted from Ref. [84] with permission. Copyright 2018, Nature Publishing Group).  

Besides spherical nanoparticles, nanoparticles in the shape of rods, tubes and sheets have 

also been well studied for medical applications. The geometry of these nanoparticles is 

characterized by a long and a short axis. If these particles have the right orientation in blood 

they could also pass the GFM.  

Moreover, the core material of the nanoparticles also has an impact on the renal clearance 

efficiency. It has been experimentally proved that the renal clearance of nanoparticles can be 

enhanced by using low density core materials.[86-87] This effect is attributed to the fact that 

nanoparticles with higher density approach the blood vessel wall more rapidly and move 

slowly in the laminar blood flow during circulation. Thus, their elimination through the 

urinary system takes longer than that of the low-density ones. 
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Table 1.2.1. Representatives of renal clearable nanoparticles  

 

Core size 

(nm)/ HD 

(nm) 

Zeta 

potential 

(mV) 

Synthesis 

method 

Renal clearance 

efficiency 
Tumor uptake Refs 

GSH-AuNP 2.0/3.5 Negative 
Thermal 

decomposition 

50.5% ID at 24 h 

p.i., male BALB/c 

mice 

- [88] 

GSH-

[198Au]AuNP 
2.6/3.0 -50.0 

Thermal 

decomposition 

42% ID at 24 h p.i., 

male BALB/c mice 
- [89] 

GSH-AuNP 2.5/3.3 Negative 
Thermal 

decomposition 

~45% ID at 24 h 

p.i., female 

BALB/c mice 

2.3% ID at 12 h p.i., 

MCF-7 bearing mice 
[90] 

PEG-AuNP 2.3/5.5 Neutral 
Thermal 

decomposition 

~50% ID at 24 h 

p.i., female mice 

8.3% ID at 12 h p.i., 

MCF-7 bearing mice 
[67] 

GSH-AuNP 2.6/3.4 -38.5 
Thermal 

decomposition 

52.5% ID at 24 h 

p.i., BALB/c mice 

0.18% ID at 24 h p.i., 

glioma bearing mice 
[91] 

GSH/Cys-

AuNP 
2.3/2.9 -22.1 

Thermal 

decomposition 

40-50% ID at 24 h 

p.i., BALB/c mice 

4.36% ID at 24 h p.i., 

PC-3 bearing mice; 

9.48% ID at 24 h p.i., 

LNCaP bearing mice 

[92] 

DOX-PEG-

AuNP 
2.1/4.7 Neutral 

Thermal 

decomposition 

56% ID at 24 h p.i., 

female CD-1 mice 

4.1% ID at 12 h p.i., 

MCF-7 bearing mice 
[93] 

GSH-

Au/Ag(1)NP 
2.6/3.0 Negative 

Thermal 

decomposition 

49.2% ID at 24 h 

p.i., female 

BALB/c mice 

- [86] 

GSH-

Au/Ag(2)NP 
2.6/3.0 Negative 

Thermal 

decomposition 

45.4% ID at 24 h 

p.i., female 

BALB/c mice 

- [86] 

GSH-AgNP 2.6/3.0 Negative 
Thermal 

decomposition 

50.7% ID at 24 h 

p.i., female 

BALB/c mice 

- [86] 

02PMIZ-

AuNP 1.7/4.2 -11.4 
Thermal 

decomposition 

60% ID at 24 h p.i., 

normal mice 

8.6% ID at 1 h p.i., 4T1 

bearing mice 
[94] 

TG-AuNP 2.4/4.2 Negative 
Thermal 

decomposition 

15% ID at 72 h p.i., 

nude mice 

3.42% ID at 12 h p.i., 

MCF-7 bearing mice 
[95] 

64Cu-NOTA-

GSH-AuNP 
2.0/2.6 Negative 

Thermal 

decomposition 

75% ID at 24 h p.i., 

BALB/c mice 
- [96] 

Phosphorylch

oline-AuNC 1.6/- - 
NaBH4 

reduction 

92% ID at 24h p.i., 

BALB/c mice 
- [97] 

GSH--

[64Cu]CuNP 
2.0/2.2 Negative 

NaBH4 

reduction 

~80% ID at 24 h 

p.i., female 

BALB/c mice 

- [98] 

[64Cu]CuS 4.3/5.6 +2.9 
Chemical 

precipitation 

~95% ID at 24h 

p.i., female 

Swiss mice 

0.22% ID at 24 h p.i., 

4T1 bearing mice 
[99] 

Cys-[99mTc] 

CdSe@ZnS 
2.8/4.4 Zwitterionic 

Hydrolysis-

nucleation 

reaction 

75.13% ID at 4h 

p.i., CD-1 mice 
- [83] 

Cys-[99mTc] 

CdSe@ZnS 
3.0/5.0 Zwitterionic 

Hydrolysis-

nucleation 

reaction 

62.18% ID at 4h 

p.i., CD-1 mice 
- [83] 

Cys-[99mTc] 

CdSe@ZnS 
3.3/5.5 Zwitterionic 

Hydrolysis-

nucleation 

reaction 

43.65% ID at 4h 

p.i., CD-1 mice 
- [83] 

Dextran@i-

IONP 
3.0/5.0 -5.0 Cross-linking 

High clearance at 

24 h p.i., SD rats 
- [100] 

GSH-Ag2S NP 3.1/4.9 -11 
Thermal 

decomposition 

85% ID at 24h p.i., 

female nude mice 
- [101] 

GSH-Ag2Te 

NP 
3/<4 nm -23 N2H4 reduction 

93% ID at 24h p.i., 

female nude mice 
- [87] 

C dots –/3.3 Neutral Stöber method 

73% ID at 48h p.i., 

NCRNU-M-M 

homozygous 

(nu/nu) nude mice 

- [102] 
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(Continued Table 1.2.1)      

89Zr-cRGDY-

DFO-PEG-C’ 

dots 

-/6.5 Neutral Stöber method 

~60% ID at 1h p.i., 

NCRNU-M-M 

homozygous 

(nu/nu) nude mice 

12% ID at 24 h p.i., 

M21 bearing mice 
[103] 

89Zr-scFv-

DFO-PEG-C’ 

dots 

-/7.3 Neutral Stöber method 
~2% ID at 72h p.i., 

female nude mice 

13% ID at 24 h p.i., BT-

474 bearing mice 
[104] 

89Zr-PSMAi-

DFO-PEG-C’ 

dots 

4.0/6.2 Neutral Stöber method 

~45% ID at 24h 

p.i., NOD.CB17- 

PrkdcSCID/J mice 

8.1% ID at 24 h p.i., 

LNCap bearing mice 
[105] 

124I-cRGD- 

PEG-C’ dots 
-/- - Stöber method 

Strong bladder 

signal at 0.5h p.i., 

Nestin-tv-a Ink4a-

Arf-/- mice 

7% ID at 24 h p.i., AB3 

bearing mice 
[106] 

177Lu-DOTA-

αMSH-PEG-

Cy5-C′ dot 

-/5.8 Neutral Stöber method 

~40% ID at 24h 

p.i., NOD.CB17- 

PrkdcSCID/J mice 

9.3% ID at 24 h p.i., 

M21 bearing mice 

10.6% ID at 24 h p.i., 

B16F10 bearing mice 

 

[107] 

BODIPY 

derivatives 
-/5.6 +35 Self-assemble 

70% ID at 12h p.i., 

nude mice 

11.5 SBR at 3 h p.i., 

HELA bearing mice 
[108] 

Porphyrin@ 

silica dots 
6.2/7.0 -16 Stöber method 

Strong 

fluorescence in 

urine 1h p.i. 

BALB/c mice 

- [109] 

 ‘-’ means unknown or unreported; AuNP, gold nanoparticles; GSH, glutathione; SD rats, Sprague-Dawley rats; 
BODIPY, boron dipyrromethene; SBR ratio, signal-to-background ratio; HD, hydrodynamic diameter; %ID, 

percentage of injected dose; Cys, cysteine; TG, thiolated glucose; PEG, polyethylene glycol; PMIZ2, PEG linked 

imidazole ring. 

To better understand the state of art on the development of renal clearable nanoparticles, 

several representative studies are summarized in Table 1.2.1. Over the past 17 years since the 

first report of renal clearable nanoparticles, there has been only a small number of papers 

published in this filed. Among these published papers, there are mainly three types of 

nanoparticles reported to be renal clearable: gold nanoparticles coated by glutathione (GSH) 

or PEG, PEG coated silica nanoparticles (the C dot and C’ dot) and a few quantum dots. 

Besides the inorganic nanoparticles, a few self-assembled organic nanoparticles have also 

been reported to be renal clearable. 

The GSH or PEG coated gold nanoparticles (GSH-AuNPs and PEG-AuNPs) are 

normally prepared by the thermal decomposition of the polymeric Au(I) thiolates.[67, 88] The 

nanoparticles produced using this method are normally as small as 2~3 nm in diameter and 

3~5 nm in HD. More importantly, these nanoparticles were found to have emission at near 

infrared region (NIR) which makes them detectable by fluorescent imaging.[110] Extensive 

work has been carried out by the group of prof. Jie Zheng from the University of Texas at 

Dallas on the application of renal clearable gold nanoparticles for imaging and drug delivery 

in cancer treatment. The high renal clearance efficiency and tumor uptake have been verified 
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in various cancer models including glioblastoma[91], breast cancer[67, 90, 93] and prostate 

cancer[92]. Moreover, Tan et. al. reported the targeting of metastasized tumor cells with renal 

clearable gold nanoparticles using charge reversible surface modification.[94] These 

nanoparticles remain negatively charged in blood but turn positively charged at the tumor 

sites when at slightly acidic environment. Therefore, tumor uptake was improved due to the 

attraction of the nanoparticles by the negatively charged cell membrane. Another interesting 

work based on gold nanoparticles was reported by Wang et. al. in 2019.[95] Instead of GSH 

and PEG, the gold nanoparticles were coated by thiolated glucose (TG) which naturally 

targets the tumor cells. However, the clearance of the TG-AuNP was found to be much slower 

when compared to GSH-AuNPs.  

Another type of renal clearable inorganic nanoparticles is the Cornell dot (C dot). 

Developed by the group of prof. Ulrich Wiesner from Cornell University, the C dot has been 

approved for clinical trials in 2011 by the FDA. It is worth mentioning that this was the first 

time that the FDA approved the usage of inorganic nanomaterials for human applications. 

The C dots are composed of PEG coated silica nanoparticles incorporating fluorescent dye 

molecules and 124I. The HD of a typical C dot is as small as 3.3 nm, leading to a high renal 

clearance efficiency.[102] In 2015, a new version of C dot, the prime Cornell dot (C’ dot) has 

been invented by Ma et.al.[111] The C’ dot was synthesized in a water-based system instead 

of in ethanol, making it more convenient for biological applications. In addition, the PEG 

coating methodology has been simplified and optimized with minimal particle aggregation. 

Most importantly, the incorporation efficiency of the fluorescent dyes in C’ dots has been 

greatly improved, significantly reducing the treatment costs. The C’ dots have been modified 

by various targeting agents such as cRGDY, scFv, αMSH and PSMAi and have shown high 

tumor accumulation and fast clearance from the body.[103-107] Motivated by the positive results 

from all these preclinical studies, the first clinical trial of the C’ dot has been initiated in 2021 

to evaluate the safety and tumor control efficacy.  

Based on the discussion above, a few common aspects on the design of renal clearable 

nanoparticles can be concluded. First, the synthesis of the nanoparticles is always performed 

following a one-pot procedure. Small molecules or short PEG molecules are usually used as 

the capping ligands to achieve small HD values. Besides, the capping ligands must be highly 

resistant to protein absorption to maintain the small HD during blood circulation. There has 
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been no report on synthesizing renal clearable nanoparticles by first making nanoparticles 

with a large HD then reducing the HD by exchanging the surface ligands. It is likely that the 

surface modification of nanoparticles requires very precise control on the reaction kinetics to 

avoid the formation of aggregates, making this process very challenging. Second, there is 

always a size selection step required after the synthesis of renal clearable nanoparticles. This 

can be achieved by simple purification methods such as passing the nanoparticles through 

size exclusion columns (e.g., PD-10) and syringe filters or by more complex techniques such 

as gel permeation chromatography (GPC). Third, linking tumor targeting agents can improve 

the tumor uptake of the renal clearable nanoparticles, mostly by increasing the retention at 

the tumor sites. However, the renal clearance of these targeted nanoparticles might take 

longer time due to the increased HD. 

2.3. Radiolabeled nanoparticles for cancer diagnosis and treatment  

The application of nanotechnology in nuclear medicine was first reported on using liposomes 

and polymeric nanoparticles such as polymersomes and micelles as radionuclide carriers. In 

case of inorganic nanoparticles, their applications in cancer treatment used to be limited to 

radiosensitization in EBRT, for which nanoparticles with high Z number are desired.[112] In 

the past decades, the application of inorganic nanoparticles as carriers for radionuclides has 

raised more and more attention. Compared to the conventional antibody-chelator modality, 

using nanoparticles can improve the circulation time of radionuclides in the body and 

eventually increase tumor uptake.[61, 113] As the size, shape, composition and surface 

properties of the nanoparticles can be finely tuned, the biodistribution of radionuclides loaded 

on these nanoparticles can be well anticipated and likely controlled. In this section, the 

radiolabeling methods used for nanoparticles will be briefly reviewed and discussed. 

As shown in Figure 1.2.5, the radiolabeling of nanoparticles can be classified into six 

main approaches: chelation, surface adsorption, encapsulation, radionuclide doping, cation 

exchange and bombardment by neutrons or protons. 
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Figure 1.2.5. Radiolabeling of nanoparticles via a) chelation; b) surface adsorption; c) encapsulation; 

d) radionuclide doping; e) cation exchange and f) bombardment by neutrons or protons. (Adapted from 

Ref. [114-115] with permission. Copyright 2017, American Chemical Society).  

Due to the large surface area of the nanoparticles, chelators can be easily linked on the 

surface of nanoparticles to complex with radionuclides. For instance, Chen et. al. reported 

the radiolabeling of DFO modified silica nanoparticles (C’ dot) with 89Zr with nearly 100% 

radiolabeling efficiency and supreme radiochemical stability both in vitro and in vivo.[103-105] 

NOTA modified AuNPs were reported to be radiolabeled with 64Cu with high radiolabeling 

efficiency and radiochemical stability.[96] The radiolabeling of chelator modified 

nanoparticles is simple and highly reproducible due to the well-established protocols when 

using conventional chelators. However, there are a few disadvantages of this chelator-based 

method. The most important one is the change of surface charge and HD of the nanoparticles 

after the linkage of chelators. Besides, the radiolabeling with some radionuclide and chelator 

combinations require harsh conditions such as high temperature or extreme pH values.[42] 

These harsh conditions might disrupt the colloidal stability of the nanoparticles and lead to 

the formation of aggregates. The stability of the bonds between chelators and the 

nanoparticles posts another potential threat on the in vivo radiochemical stability. The 
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complex environment in the body might induce the release of chelators from the 

nanoparticles due to the degradation of the linking bonds.[116]  

Nanoparticles can also be directly radiolabeled by chemical adsorption according to the 

Pearson’s hard and soft acids and bases (HSAB) theory. All the Lewis acids and bases could 

be classified into either hard acids (e.g. Zr, Y, Sr, Sc) and bases (e.g. O) or soft acids (e.g. 

Ag, Au, Cu) and bases (e.g. S, I, Br, At).[117] The hard acids react faster and form stronger 

bonds with the hard bases while the soft acids react faster and form stronger bonds with the 

soft bases. A typical example is the radioiodination of gold nanoparticles. The radioactive 

iodine has high affinity to gold and can form stable covalent bonds with the gold atoms on 

the surface of gold nanoparticles.[118-121] Shaffer et.al. reported the chelator-free radiolabeling 

of amorphous silica nanoparticles with 89Zr, 68Ga, 90Y, 111In, 177Lu and 64Cu by using the 

interaction between O- sites on the surface of silica nanoparticles and the radioactive ions.[122] 

The radiolabeling efficiency for all radionuclides was as high as 99%. Moreover, these 

radionuclides were found to be tightly retained within the nanoparticles even after being 

challenged by serum or concentrated chelator solutions, except for 64Cu. The low 

radiochemical stability of 64Cu was attributed to the mismatch between Cu and O, a soft acid 

and a hard base. After adding extra thiol groups (-SH) on the silica nanoparticles, the 

retention of 64Cu on the carriers was significantly improved.[123] Besides chemical adsorption, 

physical adsorption has also been applied for radiolabeling nanoparticles. Karpov et al. 

developed a universal method for radiolabeling nanoparticles made of polylactic acid, silica, 

gold and iron oxide with 99mTc and 188Re.[124] The 99mTcO4
- and 188ReO4

- were precipitated on 

the surface of the nanoparticles and turned into insoluble 99mTcO2 and 188ReO2 

nanoaggregates which were tightly adopted on the surface of the nanoparticles, leading to 

high radiolabeling efficiency and high radiochemical stability.  

Despite the simplicity of these adsorption-based methods, there is still concern on the in 

vivo radiochemical stability of the products. The radionuclides are likely to bond to reactive 

sites both inside and outside of the nanoparticles.[103, 125] The outer-bound radionuclides might 

be stripped out from the carrier when interacting with the proteins in blood. To avoid the 

dissociation of the absorbed radionuclides from the nanoparticles, various approaches have 

been proposed, such as adding an extra layer on top of the nanoparticles and increasing the 

affinity to the nanoparticles by pre-treating the radionuclides before radiolabeling.[125-127]  
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Doping is a common way to introduce “impurities” into the lattice structure of 

semiconductors to achieve different electrical and optical properties.[128-129] The doping of 

lanthanide ions into iron oxide nanoparticles has also been reported to improve their 

performance as magnetic resonance imaging (MRI) contrast agents.[130] Since trace amounts 

of radionuclides could already account for high level of radioactivity, doping the inside 

structure of nanoparticles with radionuclides provides another route for radiolabeling of 

nanoparticles. To make sure that radionuclides are properly incorporated into the structure of 

nanoparticles, it is critical to find the right combination between the host materials and the 

dopants. In many cases, the radionuclides could be mixed with the non-radioactive precursors 

of the same element. Due to the same chemical properties, the formation of nanoparticles 

usually remains undisturbed. The radiochemical stability is always improved when applying 

radionuclide doping, as the radionuclides are stably trapped inside the nanoparticles. As 

reported in the literature, 64Cu has been successfully incorporated into CuS nanoparticles by 

using a mixture of 64Cu with nonradioactive CuCl2.[99] In the work of Zhou et. al., PEG-

AuNPs have been radiolabeled by introducing 198AuCl4
- to the reaction.[89] Cerium oxide 

nanoparticles have also been radiolabeled with 141Ce for SPECT imaging.[131] 111Ag with a 

half-life time of 7.45 days and the emission of highly energetic β- particles has been 

previously incorporated into silver nanoparticles for antimicrobial applications.[132] In other 

cases, the radionuclides and nanoparticles are composed of different elements. In the 

literature, 111In[133], 68Ga[134-135], 64Cu[136-139], 103Pd[140], 89Zr[135] and 89Sr[135] have been 

radiolabeled on gold nanoparticles while 111In[141] and 89Zr[142] have been radiolabeled on iron 

oxide nanoparticles. BaSO4 nanoparticles have also been used as the carrier of 89Zr, 111In, 

177Lu and 224Ra.[143]  

Although radionuclide doping is simple and straightforward, its application is still 

limited. As the radionuclides are usually supplied in strong acid or bases, the formation of 

nanoparticles might be interfered due to the change of pH values after the addition of the 

radionuclides. Besides, the lattice mismatch between the dopant and the host material must 

be considered which might result in low radiolabeling efficiency.[144] Furthermore, the 

specific activity of the nanoparticles radiolabeled by radionuclide doping might be lower 

compared to the chelator-based products. To address the current drawbacks, more 

combinations between radionuclides and host nanoparticles have to be explored 
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experimentally or theoretically using density functional theory (DFT) calculations. It is also 

important to find a fast and mild synthesis method to avoid the loss of activity during the 

synthesis and ease the radiation burden on the experimentalists.  

Encapsulation of radionuclides inside the cavity of nanoparticles is also a typical 

radiolabeling method. Self-assembled nanoparticles such as liposomes and polymersomes 

have a hydrophilic cavity while micelles have a hydrophobic core. When the radionuclides 

are transferred into the core of these nanoparticles, high radiolabeling could be achieved by 

trapping the radionuclides via chelation or precipitation depending on the particle type.[145]   

Cation exchange has been widely utilized in the processing of ionic and semiconductor 

nanocrystals.[146] The radionuclide cations can react at the surface of the nanoparticles and 

replace the non-radioactive atoms. High radiolabeling efficiency and high radiochemical 

stability can be achieved using this method as reported in the literature. However, a long 

contact time between the radionuclides and the nanoparticles is normally necessary for 

successful radiolabeling using this method, hindering its application for radiolabeling with 

short-lived radionuclides.  

Nanoparticles can also be first prepared and then activated by bombarding them with 

thermal neutrons or with protons. The stable nuclides composing the nanoparticles can then 

be converted into the desired radionuclide by inducing a nuclear reaction.[116] However, the 

organic coatings as well as the biological moieties (e.g., peptides) of the nanoparticles might 

be damaged due to the high temperature or strong radiation field.[113]  

Despite the exciting outcomes from the preclinical research, the translation of 

nanomaterials-based radiopharmaceuticals to clinical trials is rarely reported, mainly due to 

radiotoxicity originating from high liver and spleen uptake. In addition, the in vivo 

radiochemical stability of the radiolabeled nanoparticles might differ from what had been 

determined in vitro. Regulatory considerations also limit the clinical application of 

nanocarriers. It remains challenging to obtain the Good Manufacturing Practice (GMP) 

certification for the manufacturing of nanoparticles. Other drawbacks such as extra costs of 

the nanoparticles and difficulties on scaling-up should also be properly addressed to expand 

the potential of radiolabeled nanoparticles in clinical applications. 



General introduction 

 
 

 21 

3. Outline of this thesis 

The research goal of this thesis is to design nanoparticle-based radiopharmaceuticals for 

cancer treatment. Ultra-small inorganic nanoparticles which are likely to be quickly cleared 

from the body were chosen as the carriers for radionuclides to minimize the potential side 

effects on healthy tissues. Furthermore, extra benefits of using nanoparticles as radionuclide 

carriers were explored. The outline of this thesis is given below. 

In Chapter 2, the radiolabeling of core-shell structured gold nanoparticles and platinum-

gold bimetallic nanoparticles with 166Dy is described. The radiolabeling with 166Dy was 

achieved via the co-reduction of 166Dy ions with gold salts. The influence of various factors 

on the radiolabeling efficiency including different initial Dy:Au ratios, addition of Pt salts 

during the synthesis and the addition of extra layer of gold was studied. The retention of 

166Ho, the daughter of 166Dy, was measured in various solvents to understand the mechanism 

behind the stabilization effect of the nanoparticles on internally converted radionuclides. 

In Chapter 3, ultra-small PEG-AuNPs were synthesized and radiolabeled with 125I via 

chemical adsorption. After the characterization of physical and radiochemical properties, the 

cell uptake and sub-cellular distribution of the 125I-PEG-AuNPs were studied in vitro. Finally, 

the in vitro tumor killing efficiency of the 125I-PEG-AuNPs was evaluated using both 2D and 

3D U87 cell models. 

In Chapter 4, ultra-small GSH-AuNPs and GSH-Ag2TeNPs with similar core sizes and 

hydrodynamic diameters were synthesized, modified with DTPA and radiolabeled with 111In. 

The cellular distribution of these two types of nanoparticles were studied by cell fractionation 

assay and/or fluorescence imaging. Finally, the in vitro tumor killing efficiency of the 111In-

DTPA-AuNPs and 111In-DTPA-Ag2TeNPs were determined using 2D and 3D U87 cell 

models. 

In Chapter 5, 212Pb was radiolabeled on various inorganic nanoparticles via the co-

reduction or the co-precipitation method. The radiochemical stability of 212Pb and the 

internally converted 212Bi was studied using a chelator challenge assay. 

In Chapter 6, general conclusions and outlook are given based on the results of previous 

chapters. 
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Abstract 

Background: Radionuclide therapy (RNT) has become a very important treatment modality 

for cancer nowadays. Comparing with other cancer treatment options, sufficient efficacy 

could be achieved in RNT with lower toxicity. β- emitters are frequently used in RNT due to 

the long tissue penetration depth of the β- particles. The dysprosium-166/holmium-166 

(166Dy/166Ho) in vivo generator shows great potential for treating large malignancies due to 

the long half-life time of the mother nuclide 166Dy and the emission of high energy β- from 

the daughter nuclide 166Ho. However, the internal conversion occurring after β- decay from 

166Dy to 166Ho could cause the release of about 72% of 166Ho when 166Dy is bound to 

conventional chelators. The aim of this study is to develop a nanoparticle based carrier for 

166Dy/166Ho in vivo generator such that the loss of the daughter nuclide 166Ho induced by 

internal conversion is prevented. To achieve this goal, we radiolabeled platinum-gold 

bimetallic nanoparticles (PtAuNPs) and core-shell structured gold nanoparticles (AuNPs) 

with 166Dy and studied the retention of both 166Dy and 166Ho under various conditions. 

Results: The 166Dy was co-reduced with gold and platinum precursor to form the 

166DyAu@AuNPs and 166DyPtAuNPs. The 166Dy radiolabeling efficiency was determined to 

be 60% and 70% for the two types of nanoparticles respectively. The retention of 166Dy and 

166Ho were tested in MiliQ water or 2.5 mM DTPA for a period of 72 hours. In both cases, 

more than 90% of both 166Dy and 166Ho was retained. The results show that the incorporation 

of 166Dy in AuNPs can prevent the escape of 166Ho released due to internal conversion.  

Conclusion: We developed a chelator-free radiolabeling method for 166Dy with good 

radiolabeling efficiency and very high stability and retention of the daughter nuclide 166Ho. 

The results from this study indicate that to avoid the loss of the daughter radionuclides by 

internal conversion, carriers composed of electron-rich materials should be used.  

Key words: Radionuclide therapy, Dysprosium-166, Holmium-166, in vivo generator, 

internal conversion, gold nanoparticle 
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Introduction 

Cancer is one of the leading causes of death in the world.[1,2] Nowadays, surgery and external 

beam radiation therapy (EBRT) are still the most common treatment modalities for localized 

tumors. In the case of metastases, systemic treatments such as radionuclide therapy (RNT) 

are preferred. RNT has been proved to be able to significantly prolong the life expectancy of 

terminal patients without affecting quality of life.[3,4] In RNT, the therapeutic radionuclides 

are usually linked to chelators conjugated to tumor targeting vectors such as peptides, 

nucleotides and antibodies. Once distributed to the tumor site, the ionizing radiation emitted 

by the radionuclides can damage the DNA of the cancer cells and lead to apoptosis.[5–9]  

Over the past decades, many radiopharmaceuticals have been developed and some of 

them have been already applied in the clinic.[10] Radionuclides that emit β- particles are more 

commonly applied in the clinic but the interest in α emitters is also growing.[8,11] Since β- 

particles have relatively long tissue penetration depth, they are suitable for treating larger 

metastases.[12,13] Moreover, additional benefits can be achieved with β- emitters by the so 

called “cross-fire” effect, i.e. due to the long range of β- particles, it is not essential to target 

every single tumor cell to efficiently irradiate the whole tumor.[12] 

Holmium-166 (166Ho) is a β- emitter that decays to 166Er with a half-life time of 26.8 h 

and emits β- particles with maximum energy of 1.85 MeV (Figure 2.1 a). The high energy of 

the β- particles results in a maximum tissue penetration depth of 8.7 mm which makes 166Ho 

a promising radionuclide for treating larger malignancies.[14] In addition, 166Ho can also be 

imaged by single-photon emission computed tomography (SPECT) due to its gamma 

emission at 80.57 keV.[15] 166Ho is generally produced by the neutron activation of 165Ho 

following the (n, γ) reaction. An alternative route for 166Ho production is the 166Dy/166Ho 

generator.[14] Dysprosium-166 (166Dy) has a half-life time of 81.6 h , decays to 166Ho via β- 

decay and can be produced by a double neutron capture reaction from 164Dy (Figure 2.1 b). 

166Dy/166Ho can also serve as in vivo generator which is capable of delivering higher radiation 

dose per administrated activity due to the three times longer half-life time of 166Dy than 

166Ho.[16–18] Therefore, better treatment outcome could be expected by using 166Dy/166Ho in 

vivo generator instead of the direct administration of 166Ho. 
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Figure 2.1. a) Decay scheme of 166Dy and 166Ho including the major transitions. b) The double-neutron 

capture nuclear reaction of 164Dy to produce 166Dy and the corresponding cross-sections. 

However, Zeevaart et al. reported the radiolabeling of 166Dy on dodecane tetraacetic acid 

(DOTA) and surprisingly found that about 72% of the daughter 166Ho was released from the 

166Ho-DOTA complex.[19] The 166Ho loss was attributed to the de-excitation of 166Ho* via 

internal conversion instead of γ emission. Internal conversion is a process where the excited 

daughter nucleus electromagnetically interacts with inner orbital electrons and results in the 

emission of an inner electron from K shell or L shell along with the creation of electron 

vacancies. The electrons from the outer shells will be reorganized to fill in the vacancies 

while emitting Auger electrons as well as characteristic X-ray. As the result of the emission 

of Auger electrons, the de-excited 166Ho ions become highly charged and will extract 

electrons from the surrounding environment (i.e. DOTA). Due to the electron transfer to 

166Ho, the DOTA component also becomes positively charged while the 166Ho ion acquires 

its original oxidation state (+3). The repulsion force between the two components having the 

same charge results in the rupture of the bonds between 166Ho and DOTA. Thus, 166Ho is 
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released as free ion. The theoretical calculation predicts 73.6% 166Ho release which matches 

well with the published experimental results.[19] Being an isotope of a lanthanide element, 

free 166Ho tends to accumulate in liver, kidney, spleen and bone and may cause severe side 

effect to the patient.[20] Therefore, to implement the 166Dy/166Ho in vivo generator in the clinic, 

a carrier that can prevent the loss of the internally converted 166Ho has to be developed.  

Nowadays, the medical application of different types of nanoparticles has been 

extensively reported for diagnostics and the treatment of cancer and other diseases.[21–25] Gold 

nanoparticles (AuNP) have shown great potential as carriers for anti-cancer agents due to 

their unique properties such as biocompatibility, precisely controlled size and the possibility 

of easy surface modification.[26,27] Besides using AuNP as carriers for conventional payloads, 

multiple reports on the chelator-free labelling of medical radionuclides on AuNP have been 

published.[28,29] In these studies, radionuclides in the form of metallic ions or halogen ions 

are either co-reduced into the lattice of AuNP (e.g. 64Cu[30–33], 111In[34] and 68Ga[34]) or 

chemically absorbed on the surface of AuNP (125I, 124I[35,36] and 211At[37]). In most cases, the 

radiolabeling stability and the tumor uptake of the radionuclides appear to be improved after 

being loaded on AuNPs when compared to the common chelator approaches.[32] The 

improved tumor uptake is likely from the prolonged circulation time of AuNPs comparing 

with small molecules. However, the toxicity of AuNP itself have to be considered even gold 

is considered to be biocompatible.[38]  

In this study, we developed a chelator-free radiolabeling method to incorporate 166Dy in 

AuNP. In this radiolabeling method, we co-reduced 166Dy3+ ions with gold and platinum 

precursors to form either a bimetallic (166DyAuNP) or trimetallic (166DyPtAuNP) 

nanoparticle. In addition, an extra gold layer was added to the 166DyAuNP to form a core-

shell structured 166DyAu@AuNP. We first characterized the physical properties of the 

DyAu@AuNP and DyPtAuNP with non-radioactive Dy. Then the radiolabeling of 166Dy was 

performed and the retention of 166Ho on 166DyAu@AuNP and 166DyPtAuNP was evaluated. 
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Methods and materials: 

1. Materials 

Gold(III) chloride trihydrate (≥ 99.9%, HAuCl4 · 3H2O), chloroplatinic acid hexahydrate (≥ 

37.50% Pt, H2PtCl6 · 6H2O), sodium borohydride (≥ 98.0%, NaBH4), 

cetyltrimethylammonium bromide (≥ 98%, CTAB), cetyltrimethylammonium chloride 

solution (25 wt.% in water, CTAC), L-Ascorbic acid (≥ 99%, AA), sodium hydroxide 

(NaOH) and dysprosium(III) chloride hexahydrate (≥ 99.9%) were purchased from Sigma-

Aldrich (Zwijndrecht, the Netherlands). 90% enriched dysprosium-164 oxide powder 

(164Dy2O3) was obtained from Oak Ridge National Laboratory (sample number 122502, 

ORNL, Tennessee, USA). Ethylenediaminetetraacetic acid disodium salt dihydrate 

(Na2EDTA · 2H2O), Diethylenetriamine pentaacetate (DTPA), hydrochloric acid (HCl, 30%, 

Suprapur®) and nitric acid (HNO3, 69%, Supelco®) was supplied by Merck. All chemicals 

were used as received without further purification. MiliQ water was obtained from an in-

house MiliQ system (Millipore) and used throughout this study. 

2. Production of 166Dy 

166Dy was produced by the double neutron capture reaction of 164Dy. 3 mg 90% enriched 

164Dy2O3 powder was irradiated in the reactor facilities of the SCK•CEN - BR2 Reactor (Mol, 

Belgium), the Institute of Energy Security and Environmental Safety Centre for Energy 

Research (Budapest, Hungary) or the nuclear reactor research facility (HOR, Hoger 

Onderwijs Reactor) at the Department of Radiation Science and Technology of the Delft 

University of Technology (Delft, the Netherlands). The obtained 166Dy2O3 powder was 

dissolved in 5 ml 1 M HCl under mild heating to prepare a stock solution of 166DyCl3. 2.5 ml 

of the stock solution was transferred to a 20-ml glass vial and the pH of the stock solution 

was adjusted to ~5.5 by adding 2.35 ml of 1 M NaOH solution (checked by pH test paper). 

The activity of 166Dy and 166Ho in the stock solution was measured on a calibrated well-type 

HPGe detector (Canberra). 

3. Synthesis of AuNP seed 

The synthesis was adapted from a published protocol with some changes[39] and is 

schematically illustrated in Figure 2.2. The AuNP seeds were synthesized by the reduction 

of HAuCl4 by NaBH4 using CTAB as capping agent. 0.1 ml 25 mM HAuCl4, 4 ml 250 mM 
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CTAB and 5.9 ml MiliQ water was added to a glass vial and mixed for 10 min. 0.6 ml freshly 

prepared, ice-cold 10 mM NaBH4 solution was added to the mixture dropwise under vigorous 

stirring. The color of the solution changed from yellow to dark brown rapidly. The obtained 

AuNP seeds were left undisturbed at 27 ℃ for 1.5 h before further usage. 

4. Growth of AuNP seed to 5 nm AuNP 

2 ml 200 mM CTAC, 1.5 ml 100 mM AA and 1 ml AuNP seed dispersion were added to a 

glass vial and mixed for 5 min at 27 ℃. 2 ml 0.5 mM HAuCl4 was then added in one-shot by 

a pipet. The reaction was continued at 27 ℃ for another 15 min. 

5. Synthesis of 5 nm non-radioactive DyAu@AuNP 

33 μl, 20 μl or 10 μl 25 mM DyCl3 solution (pH 5.5) was mixed with 0.1 ml 25 mM HAuCl4 

and 4 ml 250 mM CTAB in a glass vial to achieve the Dy:Au (n:n) feeding ratio of 1:3, 1:5 

or 1:10. The total volume was adjusted to 10 ml by MiliQ water. 0.6 ml ice-cold 10 mM 

NaBH4 solution was then added to the mixture dropwisely under vigorous stirring. The 

growth of the DyAuNP seed to 5 nm core-shell structured DyAu@AuNP was performed in 

the same way as the growth of AuNP seed to 5 nm AuNP after aging the DyAuNP seed at 27 

℃ for 1.5 h. 

6. Synthesis of non-radioactive DyPtAuNP 

10 μl 25 mM H2PtCl6, 90 μl 25 mM HAuCl4 and 4 ml 250 mM CTAB were mixed in a glass 

vial.  33 μl or 10 μl 25 mM DyCl3 solution (pH 5.5) was then added to achieve the Dy:(Pt+Au) 

(n/n) feeding ration of 1:3 or 1:10. MiliQ water was added to adjust the total volume to be 10 

ml and stirred for 10 min. 0.6 ml freshly prepared, ice-cold 10 mM NaBH4 solution was 

added to the mixture dropwise under vigorous stirring. The colour of the solution changed 

from yellow to dark brown rapidly. The obtained DyPtAuNP was left undisturbed at 27 ℃ 

for 1.5 h before purification. 

7. Synthesis of 5 nm 166DyAu@AuNP 

88.2 μl stock solution of 166DyCl3 containing approximately 0.134 MBq 166Dy and 0.2 MBq 

166Ho was mixed with 0.1 ml 25 mM HAuCl4 and 4 ml 250 mM CTAB in a glass vial. 30.1 

μl, 17.1 μl or 7.1 μl of 25 mM DyCl3 solution (pH 5.5) was then added to ensure the Dy:Au 

(n:n) feeding ratio to be 1:3, 1:5 or 1:10. The synthesis of 166DyAuNP seed and growth to 
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166DyAu@AuNP was performed in the same way as non-radioactive DyAu@AuNP which 

was described above. 

8. Synthesis of 166DyPtAuNP 

88.2 μl stock solution of 166DyCl3 containing approximately 0.134 MBq 166Dy and 0.2 MBq 

166Ho was mixed with 10 μl 25 mM H2PtCl6, 90 μl 25 mM HAuCl4 and 4 ml 250 mM CTAB 

in a glass vial. 30.1 μl or 7.1 μl of 25 mM DyCl3 solution (pH 5.5) was then added to ensure 

Dy:Au (n:n) feeding ratio of 1:3 or 1:10. The final volume was then adjusted to 10 ml by 

MiliQ water and stirred for 10 min. 0.6 ml freshly prepared, ice-cold 10 mM NaBH4 solution 

was added to the mixture dropwise under vigorous stirring. The obtained 166DyPtAuNP was 

left undisturbed at 27 ℃ for 1.5 h before purification. 

9. Characterization of non-radioactive nanoparticles 

The morphology and size of the AuNP, DyAu@AuNP and DyAuNP was determined with a 

JEM-1400 Plus transmission electron microscope (TEM, JEOL) at the acceleration voltage 

of 120 kV. The UV−vis absorption spectra of AuNPs were measured by a UV-VIS-NIR 

spectrophotometer (UV-6300PC, VWR). The hydrodynamic radius of the samples was 

determined by dynamic light scattering (DLS) which consisted of a JDS uniphase 633 nm 35 

mW laser source, an ALV sp 125 s/w 93 goniometer, a fibre detector and a Perkin Elmer 

photo counter. The data was fitted using the CONTIN method and the Stokes-Einstein 

equation (Equation 1) was used to determine the hydrodynamic radius of the nanoparticles. 

𝑅𝐻 =
𝑘𝑇

6𝜋𝜂𝐷
                  (1) 

10. Determination of 166Dy radiolabeling efficiency  

100 μl 100 mM EDTA or 100 mM DTPA was added to the 166DyAu@AuNP and 

166DyPtAuNP samples and incubated at 27 ℃ for 30 min to bind with free 166Dy3+ ions. Then 

the samples were centrifuged (4000 rpm, 10 min) and washed three times using spin filters 

(MWCO 10 KDa, Amicon). The final volume of the washed samples was adjusted to 4 ml 

by MiliQ water and stored at 37 ℃. The counts of the nanoparticles and filtrates (166Dy-

EDTA) of all samples were measured by an automatic gamma counter (Wallac Wizard2 2480, 

Perkin Elmer) or a low energy Ge-detector (GL2020R, Canberra). 166Dy was measured using 
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its gamma emission at 425.99 keV. The radiolabeling efficiency of 166Dy was calculated by 

the following formula: Counts(NPs)/[Counts(NPs)+ ∑Counts(filtrate)] × 100%.  

11. Determination of 166Ho and 166Dy retention 

To assess the stability of 166Ho and 166Dy on nanoparticles, the samples were dispersed in 4 

ml MiliQ water or 2.5 mM DTPA (pH 7.5) and incubated at 37 ℃ for 24, 48 and 72 h. At 

each time point, the samples were collected and washed by MiliQ water using spin filters 

under centrifugation (4000 rpm, 10 min). The counts of the nanoparticles and the filtrate was 

measured to calculate the retention of both 166Ho and 166Dy. 

12. Determination of gold and dysprosium content in 166DyAu@AuNP and 

166DyPtAuNP 

1 ml of each completely decayed sample was completely destructed in 1 ml aqua regia 

(HCl/HNO3=3:1) and diluted by MiliQ water to a final volume of 10 ml. The concentration 

of Au and Dy were then measured by ICP-OES (Optima 8000, Perkin Elmer).  

Results and discussion 

1. Synthesis and characterization of non-radioactive DyAu@AuNP 

In this study, we designed a core-shell structured AuNP to function as the carrier for 166Dy 

/166Ho in vivo generator. The gold precursor was first co-reduced with 166Dy3+ ions to form 

the 166DyAuNPs. Subsequently, an extra gold shell was grown by reducing gold precursor 

with ascorbic acid to prevent the possible escape of free 166Ho3+ ions. Besides assisting to 

retain free 166Ho3+ ions, the growth of an extra gold layer can also improve the colloidal 

stability of the DyAuNPs.[39] It is important that the original physiochemical properties of the 

AuNPs are not altered upon 166Dy encapsulation. Thus, we first performed a pilot study with 

non-radioactive DyCl3 to explore the influence of Dy content on the physical properties of 

the DyAu@AuNPs. The non-radioactive DyCl3 was co-reduced with HAuCl4 by a strong 

reducing agent NaBH4 to form the bimetallic DyAuNPs. Three samples with different Dy:Au 

feeding ratios of 1:3, 1:5 and 1:10 were prepared. An extra gold shell was then grown on the 

seed particles via the reduction of HAuCl4 at lower concentration using ascorbic acid and 

resulting in the core-shell structured DyAu@AuNPs. The non-incorporated Dy3+ ions were 

removed by incubating DyAu@AuNPs with EDTA or DTPA, followed by multiple cycles 
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of washing with MiliQ water. Au@AuNP without Dy content was also prepared with the 

same method and used as the control group.  

 

Figure 2.2. Schematic illustration of the synthesis of 166DyAu@AuNP and 166DyPtAuNP. 

The size and shape of the DyAu@AuNPs were characterized by transmission electron 

microscope (TEM). As shown in Figure 2.3 a-d, DyAu@AuNPs with varying Dy:Au feeding 

ratios as well as the Au@AuNP all showed a diameter of 4.9 nm. The hydrodynamic radius 

(RH) of the DyAu@AuNPs and Au@AuNP was measured by dynamic light scattering (DLS). 

As shown in Figure 2.3 e, the intensity weighted RH was determined to be within the range 

of 12~14 nm for both the DyAu@AuNPs and the Au@AuNP. The hydrodynamic radius of 

the DyAu@AuNPs was found to be larger than the radius measured by TEM, since DLS 

measures the hydration layer formed around CTAB/CTAC on the surface of the 

nanoparticles. Due to the surface plasmon resonance (SPR) effect of AuNPs, the 

characteristic UV-vis spectrum can be used as an indication of the size of AuNPs.[40] The 

UV-vis spectrum of the DyAu@AuNPs and Au@AuNP is shown in Figure 2.3 f. The 

wavelength of the SPR peak (λSPR) of all samples were detected near 520 nm, indicating that 

the DyAu@AuNPs all had comparable size to the Au@AuNP. All results of the 

characterization of the DyAu@AuNPs and Au@AuNP are summarized in Table 2.1. 
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Table 2.1. Summary of the physical properties of DyAu@AuNPs with different Dy:Au feeding 

ratios. 

 No Dy 1:3 1:5 1:10 

d (nm) 4.9 ± 0.8 4.9 ± 0.6 4.9 ± 0.7 4.9 ± 0.7 

RH (nm) 12.3 ± 0.3 12.9 ± 0.3 14.1 ± 0.5 11.8 ± 0.3 

λSPR (nm) 518 522 519 520 

 

Based on the TEM, UV-vis and DLS measurements, we conclude that incorporating 

different amounts of Dy into the gold nanoparticle had no influence on the final size and 

shape of the core-shell structured DyAu@AuNPs.  

2. Synthesis and characterization of non-radioactive DyPtAuNP 

To better understand the behavior of 166Ho and 166Dy on nanoparticles and check if internally 

converted 166Ho can be retained even without the extra gold layer, we attempted to directly 

use the DyAuNPs as the carrier for 166Dy. However, the DyAuNPs were not stable and 

aggregated to larger AuNPs within 24 h (Figure S2.3). To improve the colloidal stability of 

DyAuNPs, we hereby prepared trimetallic DyPtAuNPs by replacing 10% of Au with Pt while 

the Dy:(Au+Pt) feeding ratios was still set to be 1:3 and 1:10. PtAuNP with no Dy content 

was also prepared and used as control. The size of the DyPtAuNPs as determined by TEM 

are shown in Figure 2.4 a-c. The diameter of the DyPtAuNP with Dy feeding ratio of 1:3 was 

measured to be 4.4 ± 1.1 nm which is comparable to the PtAuNP (4.0 ± 1.3 nm). However, 

larger particles (d=6.6 ± 1.8 nm) were measured for the DyPtAuNP with Dy feeding ratio of 

1:10. The UV-vis spectrum of the DyPtAuNPs and PtAuNP is given in Figure 2.4 d. The 

absence of SPR peak near 500 nm further confirmed the small size of the nanoparticles.[41]  
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Figure 2.3. Characterization of DyAu@AuNPs. a-d) Representative TEM image of samples with 

different Dy:Au feeding ratios: Dy:Au=1:3 (a), 1:5 (b), 1:10 (c), no Dy addition (d). Scale bar is 20 nm. 

See supporting information for size distribution histograms (Figure S2.1). e) Hydrodynamic radius 

(RH) of the samples measured by DLS. f) UV-vis spectrum of the DyAu@AuNPs. 

3. Radiolabeling of 166Dy on DyAu@AuNP and DyPtAuNP 

The radiolabeling of 166Dy was carried out by a similar method as used for the preparation of 

non-radioactive DyAu@AuNPs and DyPtAuNPs. The Dy source was changed to a mixture 
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of non-radioactive DyCl3 and 166DyCl3 stock solution containing 0.134 MBq 166Dy. Due to 

the decay of 166Dy, 166Ho was also present in the stock solution of 166DyCl3. Considering the 

trace amount of 166Ho3+ ions, we expect that this to have negligible influence on the formation 

of the NPs. Three independent samples of 166DyAu@AuNP and 166DyPtAuNP with different 

Dy:Au feeding ratios were prepared and washed thoroughly by EDTA/DTPA and MiliQ 

water to remove all unbounded 166Dy. The 166Dy radiolabeling efficiency was calculated by 

comparing the counts of nanoparticles and the washing solution at 425.99 keV. The 

calculated results are shown in Figure 2.5. Radiolabeling efficiency of 60% and 70% was 

achieved for 166DyAu@AuNPs and 166DyPtAuNPs respectively. No significant difference of 

the radiolabeling efficiency was found among the groups with different Dy:Au feeding ratios.  

 

Figure 2.4. Characterization of DyPtAuNPs. a-c) Representative TEM image of samples with different 

Dy:Au feeding ratios: Dy:Au=1:3 (a), 1:10 (b) and no Dy addition(c). Scale bar is 50 nm. See supporting 

information for size distribution histograms (Figure S2.2). d) UV-vis spectrum of the DyPtAuNPs. 
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Due to the big lattice mismatch (11.9%) and the large difference of reduction potential 

between Dy (III, -2.29 V) and Au (III, [AuCl4]-, +0.93 V), not all initially added Dy was 

reduced in the AuNP core which resulted in 166Dy radiolabeling efficiency of around 60%. 

As the same activity of 166DyCl3 was used during the synthesis of 166DyAu@AuNPs and 

166DyPtAuNPs, the activity of radiolabeled 166Dy was the same for all samples with different 

Dy:Au feeding ratios. No improvement of the 166Dy radiolabeling efficiency was achieved 

by lowering the initial amount of Dy3+. 

 

Figure 2.5. 166Dy radiolabeling efficiency of 166DyAu@AuNP (a) and 166DyPtAuNP (b) with different 

Dy:Au feeding ratios. The error bars represent the standard deviations of three independent experiments 

(n.s. indicates non-significant difference, 2way ANOVA test) 

The completely decayed 166DyAu@AuNP and 166DyPtAuNP samples were also 

destructed and further analyzed by ICP-OES to measure the concentration of Au and Dy. 

Comparing with the Au concentration of the Au@AuNP and PtAuNP samples, little 

difference of the Au concentration was found from the 166DyAu@AuNP and 166DyPtAuNP 

samples (Table S2.1). Taking ICP-OES measurements together with other characterizations, 

we further confirmed that the reduction of gold precursor by NaBH4 as well as the formation 

of nanoparticles was not affected by the addition of Dy3+. The 166Dy radiolabeling efficiency 

was also calculated using the total concentration of Dy (including both radioactive and non-

radioactive Dy) measured by ICP-OES (Figure S2.4). Similar to the results from Ge-detector 
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measurement, the radiolabeling efficiency was not influenced by the Dy:Au feeding ratios. 

However, we found that the 166Dy radiolabeling efficiency calculated from ICP-OES data 

was approximately 10% lower than that from the Ge-detector data. Further studies will be 

carried out to explain this phenomenon. 

In vivo generator of therapeutic radionuclides can generally increase the delivered dose 

per administrated activity because of the longer half-life time of the mother nuclides.[18] To 

make sure the radiation dose is mainly delivered to the tumor while sparing the normal 

tissues, both the mother and the daughter nuclides should be kept within the carrier. 

Therefore, we radiolabeled core-shell structured gold nanoparticles, i.e. the 

166DyAu@AuNPs with 166Dy. An outer layer of gold was added to prevent the diffusion of 

free 166Ho if it escapes from the core nanoparticle. On the other hand, nanoparticles without 

the shell structure, i.e. the 166DyPtAuNPs were also radiolabeled with 166Dy for comparison. 

166DyAuNP seeds were not studied because of the low colloidal stability (Figure S2.3).  

To measure the retention of the internally converted 166Ho as well as the retention of 

166Dy, 166DyAu@AuNPs and 166DyPtAuNPs were incubated in MiliQ water or 2.5 mM 

DTPA (pH 7.5) at 37 ℃ for 72 h. Every 24 hour, the samples were centrifuged to separate 

NPs from free 166Dy3+ and 166Ho3+. The counts of the nanoparticles and the washing solution 

was measured at 65~90 keV and 340~460 keV for 166Ho and 166Dy respectively. As the NPs 

were still capped by CTAB/CTAC, the nanoparticles would form aggregation upon 

interaction with high concentration salt solution or protein.[42] Thus, the in vitro stability tests 

were not performed in PBS or serum to avoid the interference of nanoparticle aggregation. 

As shown in Figure 2.6, more than 95% of 166Ho was found to be retained in both 

166DyAu@AuNPs and 166DyPtAuNPs for at least 72 h in MiliQ water (Figure 2.6 a, b). The 

retention of 166Dy was also found to be more than 95% for both 166DyAu@AuNPs and 

166DyPtAuNPs during the 72 h incubation in MiliQ water (Figure 2.6 c, d). For all the samples 

challenged by DTPA, about 90% of both 166Ho and 166Dy was still bounded to the 

nanoparticles even after 72 h incubation (Figure 2.7). These results indicate that very high 

166Ho and 166Dy retention was achieved independent from the Dy:Au feeding ratio and the 

extra shell of coating.  
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Figure 2.6. 166Ho and 166Dy retention of 166DyAu@AuNPs (a, c) and 166DyPtAuNPs (b, d) with 

different Dy:Au feeding ratios in MiliQ water at 37 ℃ as function of time. The error bars represent the 

standard deviation of three independent experiments. 

 

Figure 2.7. 166Ho and 166Dy retention of 166DyAu@AuNPs (a, c) and 166DyPtAuNPs (b, d) with 

different Dy:Au feeding ratios in 2.5 mM DTPA at 37 ℃ as function of time. The error bars represent 

the standard deviation of three independent experiments. 
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Surprisingly, the 166DyPtAuNPs were found to be able to retain the same percentage of 

166Ho as the 166DyAu@AuNPs. This result suggests that high 166Ho retention could still be 

achieved even without the addition of an extra gold layer. This finding made us think about 

the possible mechanism responsible for the high 166Ho retention on AuNPs. The internal 

conversion of 166Dy results in highly charged 166Ho ions which tend to seek electrons from 

the surrounding environment, i.e. the carrier. In the case of 166Dy coupled to a simple chelator 

composed of low Z elements such as dodecane tetraacetic acid (DOTA), the number of free 

electrons in the system is low. Therefore, DOTA molecule could be easily altered to be 

positively charged after the electron migration to the 166Ho ions. Due to the repulsion between 

the entities having the same charge, i.e. 166Ho3+ and [DOTA]n+, the 166Ho-DOTA complex is 

ruptured. When a high Z material is used as the carrier for 166Dy, such as AuNP, many more 

free electrons are available. When the highly positive 166Ho ion extracts electrons from its 

neighboring Au atoms, electrons can be quickly redistributed to fill in the new vacancies. 

The redistribution of electrons might cause a transient change of the surface charge of AuNP, 

but then electrons from the solvent (i.e. water) will be attracted to the AuNP due to the ultra-

high affinity of Au to solvated electrons.[43] Therefore, the colloidal stability of AuNP is 

preserved while the release of 166Ho is avoided. A similar method was reported to improve 

the retention of 80Br which was internally converted from 80mBr (49 and 37 keV, α=1.6 and 

300 respectively) by Adamson et al.[44,45] The authors found that 100% and 86% of 80Br was 

released from [Co(NH3)5Br]2+ (aq) and solidified [Co(NH3)5Br](NO3)2 (s) while 47% and 

even 0% of 80Br was released from [PtBr6]2- (aq) and solidified (NH4)2PtBr6 (s). This result 

supported our hypothesis on the function of AuNP as electron source for the internally 

converted 166Ho. Besides, the results from these studies also suggest that in our case the 

reduction of 166Dy3+ into solid state (Dy0) might also contribute to the high retention of 166Ho. 

Besides the high retention of the internally converted 166Ho, our radiolabeling method is 

also simple and quick. The whole procedure can be finished within 8 hours without the need 

of separating 166Dy from 166Ho. The interaction between the β- particle emitted by 166Ho and 

gold atoms is also favorable for a more efficient dose delivery due to the formation of 

secondary electrons and free radicals such as ·OH radicals.[46] To make the 166DyPtAuNPs 

and 166DyAu@AuNPs more applicable for clinical application, the current capping ligand, 

CTAB/CTAC, has to be exchanged with biocompatible ligands such as PEG. In previous 
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studies it has been shown that small AuNPs not conjugated with targeting agents have tumor 

uptake around 4-5% ID/g depending on the morphology and surface properties of the 

nanoparticles.[31,47] In comparison, small molecules such as PSMA can achieve much higher 

tumor uptake.[48] Therefore, it will be very interesting to determine whether the addition of 

such targeting moieties will increase tumor accumulation. 

Conclusions 

In summary, we developed a chelator-free radiolabeling method to obtain a 166Dy/166Ho in 

vivo generator and prevented the loss of 166Ho that is caused by internal conversion. The 

explanation for the high 166Ho retention was not experimentally proven but might be related 

to the high electron density of the gold nanoparticles. To further understand the mechanism 

of 166Ho retention on gold nanoparticles, the structure of the nanoparticles should be studied 

by both experiments as well as theoretical simulations. Besides the further research on 166Ho 

retention mechanism, the capping ligands of the nanoparticles should be replaced to increase 

the biocompatibility of the nanoparticles and make them suitable for medical applications.  
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Supplemental information 

Theoretical calculation of 166Ho loss due to internal conversion 

The possibility of internal conversion and emission of gamma rays can be described by a 

factor called internal conversion coefficient (α).  

𝛼 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑏𝑦 𝑡ℎ𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑣𝑖𝑎 𝑔𝑎𝑚𝑚𝑎 𝑟𝑎𝑦 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
 

In the case of 166Dy, its emission at 82.5 keV has an overall internal conversion 

coefficient of 4.02 which indicates that about 80% of this transition is by internal conversion.  

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝛼

1 + 𝛼
 

Taking the branching ratio of this transition line (92.5%) into account, the probability 

of internal conversion of the β- decay of 166Dy can be calculated by 80% × 92.5%=73.6%. 

 

 

Figure S2.1. Size distribution histogram of DyAu@AuNPs with different Dy:Au feeding ratios: No 

addition of Dy (a), Dy:Au=1:3 (b), 1:5 (c) and 1:10 (d). 
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Figure S2.2. Size distribution histogram of DyPtAuNPs with different Dy:Au feeding ratios: No 

addition of Dy (a), Dy:Au=1:3 (b) and  1:10 (c). 

 

 

 

 

 

Figure S2.3. Representative picture of 166DyAuNP (Dy:Au=1:3) after 24 h incubation at 37 ℃. The 

color change from dark brown to purple red is an indication of change of the nanoparticle size. To avoid 

the interference of the nanoparticle size change on the 166Ho retention and 166Dy radiostability, the 
166DyAuNPs were not further studied in this work. 

 



Core-shell structured gold nanoparticles as carrier for 166Dy/166Ho in vivo generator 

  

 51 

 

Figure S2.4. Comparison of 166Dy radiolabeling efficiency calculated from Ge-detector data (dot) or 

ICP-OES (line) data. The ICP-OES data based 166Dy radiolabeling efficiency was found to be about 

10% lower than that calculated using Ge-detector data. 

 

Table S2.1. Comparison of Au concentration among Au@AuNP, 166DyAu@AuNP, PtAuNP and 

166DyPtAuNP. The Au concentration was measured by ICP-OES after the complete decay of 166Dy. 

 Dy:Au feeding ratio [Au] mg/L* 

Au@AuNP - 109.7 

166DyAu@AuNP 1:3 115.1 

166DyAu@AuNP 1:5 109.7 

166DyAu@AuNP 1:10 110.1 

 

PtAuNP - 93.9 

166DyPtAuNP 1:3 89.5 

166DyPtAuNP 1:10 91.5 

*The [Au] concentration for core-shell structured NPs and PtAuNPs are all based on a final volume of 

4 ml after washing. 
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Abstract  

The relatively high linear energy transfer of Auger electrons, which can cause clustered DNA 

damage and hence efficient cell death, makes Auger emitters excellent candidates for 

attacking metastasized tumors. Moreover, gammas or positrons are usually emitted along 

with the Auger electrons, providing the possibility of theragnostic applications. Despite the 

promising properties of Auger electrons, only a few radiopharmaceuticals employing Auger 

emitters have been developed so far. This is most likely explained by the short ranges of these 

electrons requiring the delivery of the Auger emitters to crucial cell parts such as the cell 

nucleus. In this work, we combined the Auger emitter 125I and ultra-small gold nanoparticles 

to prepare a novel radiopharmaceutical. The 125I labeled gold nanoparticles were shown to 

accumulate at the cell nucleus, leading to high tumor killing efficiency in both 2D and 3D 

tumor cell models. The results from this work indicate that ultra-small nanoparticles, which 

passively accumulate at the cell nucleus, have the potential to be applied in targeted 

radionuclide therapy. Even better tumor killing efficiency can be expected if tumor targeting 

moieties are conjugated to the nanoparticles.  

Key words: radionuclide therapy, Auger therapy, Auger electron, iodine-125, ultrasmall 

gold nanoparticle 
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Introduction  

Radionuclide therapy (RNT) is a cancer treatment modality that uses internal radiation to 

primarily attack cancer metastases. Targeting agents such as antibodies and peptides are 

typically coupled via bifunctional chelators to radionuclides emitting α particles, β- particles 

or Auger electrons (AE).[1] The emitted particles can damage DNA molecules of cancer cells 

either directly or indirectly, eventually leading to the death of the tumor cells.[2] Numerous 

pre-clinical and clinical trials have been carried out to verify the clinical potential of α and β- 

emitters based radiopharmaceuticals in the past years.[3-7] However, studies on applying AE 

emitters for cancer treatment are still limited.  

AEs are commonly emitted by radionuclides that decay by electron capture (EC) or 

internal conversion (IC). The AEs have energy from 10 eV to 10 keV but with a very short 

range of only a few nanometers, resulting in intermediate linear energy transfer (LET) from 

4 to 26 keV/µm. Due to the short range of AEs, they must be emitted close enough to the 

DNA strands to produce dense ionizations and excitations.[8] Thus, the AE emitters must be 

targeted to the cell nucleus or other crucial cell organelles to achieve optimal tumor killing 

efficiency.[9] High nucleus uptake of AE emitters has been previously achieved by 

radiolabeling AE emitters on nucleosides or tumor targeting peptides containing nuclear 

localization sequence (NLS).[10-14] 

Besides nucleosides and antibodies, nanoparticles have also been found to accumulate 

at the cell nucleus actively or passively.[15-16] As reported previously, spherical nanoparticles 

with a size of 9 nm or less are able to cross the nuclear pore complex by diffusion.[17] For 

larger nanoparticles, surface modification by peptides with NLS is always required to achieve 

high accumulation at the cell nucleus.[18-19] For instance, 10 to 30 nm gold nanoparticles 

(AuNP) modified with epidermal growth factor (EGF) or trastuzumab have been radiolabeled 

with 111In and have shown high tumor killing efficiency due to the enhanced localization at 

the cell nucleus.[20-22] However, the high liver and spleen uptake of these large nanoparticles 

due to the mononuclear phagocyte system (MPS) capture limits their tumor uptake and might 

lead to radiation burden to the liver and spleen.[23] 

Iodine-125 (125I) is a typical AE emitter having 23.0 AEs emitted per decay and a half-

life of 59.4 days, which is widely used therapeutically in the brachytherapy for brain tumors, 



Chapter 3 

 
 

 56 

prostate cancer as well as head and neck cancer.[24-30] Besides brachytherapy, other clinical 

application of 125I in RNT is very rare and the results rather disappointing. In early studies, 

primarily nucleoside 5-iodo-2-deoxyuridine (125I-UdR) has been used which showed only 

tiny tumor accumulation due to metabolic breakdown of the 125I-UdR. These findings have 

led to direct tumor injection of the radiopharmaceutical rather than systemic treatment, 

which, unfortunately, does not help in attacking metastasized cancer.[31-33] Preclinically, a 

number of studies do show that 125I has good therapeutic potential provided that sufficient 

tumor accumulation is achieved.[34-37] Instead of using small organic molecules to carry 125I 

that are prone to metabolic breakdown, we suggest applying ultra-small gold nanoparticles 

as the carrier for 125I. Such nano-particles radiolabeled with 125I have already been reported 

in positron emission tomography (PET) imaging studies, showing the fast tumor targeting 

and high radiochemical stability in vivo.[38-39] However, few studies on the therapeutic effect 

of 125I radiolabeled nanoparticles have been reported so far.[40] 

In this work, we investigated the potential of polyethylene-glycol (PEG) coated AuNPs 

with a size of just 2 nm, radiolabeled with 125I through a simple and fast method achieving 

high radiolabeling efficiency and high radiochemical stability. The uptake, sub-cellular 

distribution and tumor killing efficiency of the 125I-PEG-AuNPs were studied in vitro using 

2D monolayer or 3D tumor spheroid cell models revealing high tumor killing efficiency.  

Methods and materials 

1.  Materials 

Gold(III) chloride trihydrate (≥ 99.9%, HAuCl4 · 3H2O) and crystal violet (1% solution) were 

purchased from Merck Sigma (Zwijndrecht, the Netherlands). PEG-SH (Mw=750 Da) was 

obtained from Rapp Polymere (Tuebingen, Germany). Iodine-125 (17 mCi/mg, pH 12~14, 

125I) was supplied by Perkin Elmer. All chemicals were used as received without further 

purification. MiliQ water was obtained from an in-house MiliQ system (Millipore) and used 

throughout this study.  
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2. Synthesis of 2 nm PEG-AuNPs 

The synthesis of PEG-AuNPs was adapted from a published method with minor 

adjustments.[41] In a typical synthesis, 25 ml 2.4 mM PEG750-SH water solution was mixed 

with 75 μl 1 M HAuCl4 at room temperature for 30 min. The mixture was then heated at 95 

℃ for 35 min under vigorous stirring. The resulting PEG-AuNPs were collected and filtered 

by a 220 nm syringe filter to remove the large aggregates, followed by thrice water wash 

using centrifuge filters (Amicon®, MWCO 10,000) to remove free small ligands. The final 

volume was adjusted to 2 ml after an extra wash by PBS buffer (pH 7.4) and stored at 4 ℃. 

3. Characterization of PEG-AuNPs 

The shape and size of the PEG-AuNPs were imaged by a 120 kV JEM-1400 Plus 

transmission electron microscope (TEM, JEOL). The size distribution of the nanoparticles 

was studied by measuring the size of at least 150 particles in each sample. The absorption 

spectrum of PEG-AuNPs was measured by a UV-VIS-NIR spectrophotometer (UV-6300PC, 

VWR). The hydrodynamic diameter and zeta-potential of the PEG-AuNPs were determined 

by a zeta sizer (nano-ZS, Malvern). To determine the concentration of gold content in each 

sample, 10 μl of a sample was first dissolved in 100 μl aqua regia and then measured using 

ICP-OES (Optima 8000, Perkin Elmer).  

4. Radiolabeling of 125I on PEG-AuNPs 

The 125I stock solution was neutralized by the same volume of 0.1 M HCl right before being 

added to the PEG-AuNPs. In typical sample preparation, 37 MBq 125I was added to 100 μl 

46 μM PEG-AuNPs (125I:NP=0.1) and shaken at 600 rpm for 30 min at 37 ℃. The 

radiolabeling efficiency was monitored by iTLC (mobile phase: acetonitrile:water=1:3). The 

125I-PEG-AuNPs remained at the origin while the free 125I was located at the top of the strip. 

The iTLC strips were dried in air and then exposed to a phosphor screen for 15 min. The 

phosphor screen was scanned using a Typhoon Trio phosphor imager (GE Healthcare). The 

obtained images were analyzed using ImageQuant TL software (GE Healthcare) to calculate 

the radiolabeling efficiency.  

5. In vitro colloidal stability 

The PEG-AuNPs were dispersed in PBS and 10% fetal bovine serum (FBS) in PBS and 

incubated at 37 ℃ for 72 h. The UV-vis spectrum of each PEG-AuNP dispersion was 
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measured every 24 h. Besides, the hydrodynamic diameter of PEG-AuNPs in PBS and MiliQ 

water was also measured every 24 h. 

6. In vitro radiochemical stability 

The 125I-PEG-AuNPs were incubated in PBS and 10% FBS in PBS at 37 ℃ for 72 h. The 

release of 125I from PEG-AuNPs was evaluated by iTLC every 24 h using the same mobile 

phase as described in section 3. 

7.  Cell Culture 

The U87 human glioblastoma cells were obtained from ATCC and cultured in complete 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 1% 

penicillin/streptomycin in a cell incubator (Heracell®, Heraeus) providing a humidified 

atmosphere containing 5% CO2 at 37 ℃. 

8. In vitro cell viability assay 

U87 cells were plated on 96-well plates with a cell density of 5000 cells/well. After pre-

incubation for 24 h, the culture medium was replaced by fresh culture medium containing 1 

nM to 1000 nM PEG-AuNPs and incubated for another 24 h. The cells unexposed to PEG-

AuNPs were used as control. The cells were then washed twice with PBS and fed with fresh 

culture medium containing 10% Cell Counting Kit-8 (CCK-8, Dojindo Laboratories). The 

absorbance of the cells at 450 nm was measured by a microplate scanning spectrophotometer 

(PowerWave XS™, Bio-Tek) after incubating the cells at 37 ℃ for another 1 to 2 hours. The 

relative viability of each group was then calculated by comparing the Absorption at 450 nm 

with that of the control group. 

9. Uptake and sub-cellular distribution of 125I-PEG-AuNPs in monolayer cells 

Total uptake: U87 cells were plated on 12-well plates and pre-incubated for 24 h (8 × 104 

cells/well). On the next day, 1 ml fresh culture medium containing 10, 50, 100 nM 125I-PEG-

AuNPs (37 kBq) was added to the cells. The cells were then incubated for another 4 h or 24 

h at 37 ℃. After incubation, the cells were washed three times with PBS to remove free PEG-

AuNPs and completely lysed with 0.1 M NaOH. The wash fractions and the lysed cell 

fractions were finally counted in an automated gamma counter (Wallac Wizard2 2480, Perkin 

Elmer).  
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Sub-cellular distribution: To determine the sub-cellular distribution of 125I-PEG-AuNPs in 

monolayer cells, the cells were thoroughly washed after being incubated with different 

concentrations of 125I-PEG-AuNPs for 4 or 24 h and then detached by trypsin. The sub-

cellular fractions of cells were separated using the Subcellular Protein Fractionation Kit 

(Thermo Scientific) following the instructions of the manufacturer. The counts of each cell 

fraction were measured by an automated gamma counter (Wallac Wizard2 2480, Perkin 

Elmer). 

Silver staining: U87 cells were seeded on 6-well plates with the cell density of 8 × 104 

cells/well and preincubated for 24 h. On the next day, the cells were treated by 1, 50 and 100 

nM PEG-AuNPs for another 24 h followed by thrice PBS wash. Silver staining of the cells 

was performed using the LI silver enhancers kit (Nanoprobe) following the instructions from 

the manufacturer. The stained cells were imaged using an inverted light microscope 

(AE2000, Motic). 

10. Uptake of 125I-PEG-AuNPs in cell spheroids 

U87 cells were seeded on U-shaped 96 well plates and pre-incubated for 7 days (2000 

cells/well) to form the spheroids. After the formation of spheroids, 200 μl culture medium 

containing 10, 50 or 100 nM 125I-PEG-AuNPs (37 kBq) was added to the spheroids and 

incubated for 4 or 24 h at 37 ℃. The spheroids were then washed three times by PBS before 

measuring the counts of the wash and the spheroid fractions using an automated gamma 

counter (Wallac Wizard2 2480, Perkin Elmer).  

11. In vitro cytotoxicity of 125I-PEG-AuNPs in monolayer cells 

Viability assay: U87 cells were seeded on 96-well plate with the cell density of 5000 

cells/well and pre-incubated at 37 ℃ for 24 hours. After pre-incubation, the culture medium 

was removed and 100 μl fresh culture medium containing 125I-PEG-AuNPs with 37, 370 or 

740 kBq of 125I was added and incubated at 37 ℃ for 24 h. The cells exposed to culture 

medium and cells exposed to 740 kBq [125I]NaI were used as control. On the next day, the 

cells were washed three times by PBS, fed with 100 μl fresh culture medium and incubated 

at 37 ℃ for another 24 hours before the cell viability of each group was measured by the 

CCK-8 assay. (n=4) 
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DNA proliferation assay: After the CCK-8 assay, the cells were washed twice by PBS and 

200 μl water was added to each well. The cells were hereby repetitively frozen (-20 ℃) and 

thawed (37 ℃) for membrane destruction. Then the DNA content of each well was measured 

using the AccuClear dsDNA quantification kit (Biotum) following the instructions from the 

manufacturer. In brief, 50 μl of each sample was added to 200 μl working solution prepared 

by diluting the dye 100 times with the DNA quantification buffer and mixed by pipetting. 

After incubating at room temperature for 5 min at dark, the plate was read on a fluorescent 

spectrometer with excitation and emission settings of 468 nm and 507 nm respectively. The 

obtained results were fitted to a DNA standard curve to determine the mass of DNA per 

sample and normalized to the control group to determine the proliferation capacity. (n=4) 

Colony formation assay: U87 cells were seeded on 12-well plates with a cell density of 8 × 

104 cells/well and pre-incubated at 37 ℃ for 24 hours. Then the cells were incubated with 

125I-PEG-AuNPs containing 0.37, 0.74, 1 or 3.7 MBq 125I or 3.7 MBq [125I]NaI for another 

24 h. The cells exposed to culture medium were used as control. The next day, the cells were 

washed three times by PBS to remove free activity and reseeded in 6-well plates with a cell 

density of 500 cells/well. The cells were then left undisturbed for 14 days to allow colony 

formation. The culture medium was refreshed every 3 days. On the last day, the colonies 

were fixed by 4% (w/v) paraformaldehyde, stained by 1% crystal violet and counted 

manually on an inverted light microscope (Gapelcom, n=3).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

12. In vitro cytotoxicity of 125I-PEG-AuNPs in 3D cell spheroids 

Spheroid growth inhibition assay: U87 cells were seeded in U-shaped 96-well plate at the 

cell density of 2000 cells/well and incubated for 7 days to form spheroids. After the formation 

of spheroids, the culture medium containing 125I-PEG-AuNPs (37, 370 and 740 kBq 125I) or 

740 kBq [125I]NaI was added and incubated at 37 ℃. After being incubated for 24 h, the 

spheroids were washed three times by PBS and fed with fresh medium. The growth of the 

spheroids was followed in time up to 13 days by capturing images using an inverted light 

microscope (Gapelcom). The size of the spheroids was analyzed with ImageJ. Non-treated 

spheroids were used as a control. (n=4) 
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13. Statistical analysis 

Data are expressed as mean ± standard deviation based on at least three independent 

replicates. Student’s t-test was used for the comparison between two samples. For the 

comparison among multiple samples, one-way or two-way ANOVA test was performed. P 

values: ns p>0.05, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.  

Results and Discussion 

The application of nanomaterials in cancer treatment and diagnosis has been extensively 

reported.[42-43] However, the high off-target uptake of nanoparticles in liver and spleen has 

raised the concern of long-term toxicity to healthy tissues.[23] Nanoparticles with a 

hydrodynamic diameter less than 5.5 nm appear to be able to escape the MPS capture and to 

be rapidly excreted via the urinary system.[44-45] In addition, such small nanoparticles have 

been found to pass through the nuclear pore complex (NPC) and accumulate in the cell 

nucleus.[46-47] In this chapter, we combined 2 nm sized nanoparticles with 125I to develop a 

potential AE radiopharmaceutical.  

The ultra-small PEG-AuNPs were first synthesized by the thermal reduction of HAuCl4 

in the presence of PEG750-SH (Figure 3.1 a).[41] The core size of the PEG-AuNPs was 

determined by TEM imaging and appeared to be 1.9 ± 0.3 nm (Figure 3.1 b). The small size 

of the PEG-AuNPs was further proved by the recorded UV-vis spectrum where no obvious 

peak around 500 nm was observed (Figure 3.1 c). As shown in Figure 3.1 d, the 

hydrodynamic diameter of the PEG-AuNPs was measured by dynamic light scattering (DLS) 

and appeared to be 4.3 ± 0.8 nm. Furthermore, the PEG-AuNPs had neutral zeta-potential 

which can be ascribed to the PEG coating (Figure 3.1 e).  
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Figure 3.1. Synthesis and characterization of PEG-AuNPs: a) Schematic illustration of the synthesis 

and radiolabeling of PEG-AuNPs with 125I; b) TEM image; c) UV-vis spectrum; d) number weighted 

hydrodynamic diameter and e) zeta-potential of PEG-AuNPs dispersed in PBS. Scale bar=10 nm. 

Considering the complex environment in blood, the intravenously injected nanoparticles 

must maintain colloidal stability under similar conditions such as when dispersed in 

physiological solutions. The obtained PEG-AuNPs were therefore dispersed in PBS or 10% 

FBS in PBS and incubated at 37 ℃ for 72 h. As shown in Figure 3.2 a, the hydrodynamic 

diameter of the PEG-AuNPs in PBS was measured every 24 h and found to be unchanged for 

at least 72 h. Furthermore, no pronounced change in the UV-vis spectrum of PEG-AuNPs in 
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PBS (Figure S3.1) and 10% FBS (Figure 3.2 b) was detected during the 72 hours incubation, 

indicating the high colloidal stability of PEG-AuNPs even in the presence of serum proteins. 

 
Figure 3.2. Colloidal stability of PEG-AuNPs: a) the number weighted hydrodynamic diameter of 

PEG-AuNPs in PBS at 37 ℃ as a function of time, n=3; b) Normalized UV-vis spectrum of PEG-

AuNPs in 10% FBS at 37 ℃ and at different time points. 

After confirming the small size and high colloidal stability of the PEG-AuNPs, the 

radiolabeling with 125I was performed. As a soft base and acid respectively, I- ions have strong 

affinity to Au0.[48] Thus, the radiolabeling of the PEG-AuNPs with 125I was utilized by 

chemisorption of 125I on the surface of the particles. The radiolabeling conditions were 

optimized by using various molar ratios of the PEG-AuNPs and 125I- ions and the pH values 

of the [125I]NaI solution. It was found that neutralizing the [125I]NaI solution to pH 7 using 

0.1 M HCl before adding it to the PEG-AuNPs could significantly increase the radiolabeling 

efficiency, i. e. from ~65% to more than 90% (Figure S3.2). We then studied the influence of 

the 125I to NP ratio. As shown in Figure 3.3a and Figure S3.3, higher radiolabeling efficiency 

could be achieved by lowering the 125I to NP ratio. The radiolabeling efficiency was 

determined to be ~100%, 92.5% and 36% by iTLC when there was 2500×, 10× and 2.5× 

excess of PEG-AuNPs, i. e. 125I:NP=0.0004, 0.1 and 0.4 respectively. Increasing the number 

of PEG-AuNPs could boost the reaction between 125I- and PEG-AuNPs by providing larger 

surface area for reaction, thereby leading to higher radiolabeling efficiency. A ratio of 125I:NP 

of 0.1 was chosen for all following experiments in order to ensure high enough specific 

activity. After removing non-bound 125I with centrifuge filters, the 125I-PEG-AuNPs and 

washing solutions were counted using an automated gamma counter for the determination of 

radiolabeling efficiency. A slightly lower radiolabeling efficiency of 85.7% was calculated 

based on these measurements versus iTLC, probably because of the removal of loosely bound 
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125I from the PEG-AuNPs (Figure 3.3 a). 

 
Figure 3.3. a) Radiolabeling efficiency of 125I-PEG-AuNPs determined by iTLC and ultrafiltration 

experiments. 125I:NP=0.1, [125I]NaI was neutralized before usage, n=3; b) radiochemical stability of 
125I-PEG-AuNPs in PBS or 10% FBS over 72 h at 37 ℃, n=3. 

As free I- could naturally accumulate in the thyroid, the high radiochemical stability of 

the 125I-PEG-AuNPs is critical for further in vivo applications.[49] As shown in Figure 3.3 b, 

more than 90% of the 125I was found to remain on the PEG-AuNPs for at least 72 h in PBS. 

In the case of the 125I-PEG-AuNP challenged by serum, more than 85% of 125I was still found 

to be retained on the nanoparticles after 72 h of incubation. The results of the in vitro stability 

assays indicate that the 125I-PEG-AuNPs possess sufficient radiochemical stability and are 

suitable for biological applications. RCS of the 125I-PEG-AuNPs can most likely be further 

improved by pre-oxidizing [125I]NaI before adding it to the PEG-AuNPs or by using charged 

coating agents instead of PEG.[50]  

To check the biocompatibility of the PEG-AuNPs, U87 cells were incubated with bare 

PEG-AuNPs for 24 h with concentrations ranging from 1 nM to 1 μM. The viability of the 

cells was then determined by CCK-8 assay. As shown in Figure 3.4 a, no significant 

difference on the cell viability was observed between the PEG-AuNPs treated groups and the 

control group, clearly indicating that the PEG-AuNPs are non-toxic to U87 cells even at a 

concentration as high as 1 μM.  

The uptake of the PEG-AuNPs was then investigated in U87 cell monolayers. The uptake 

of bare PEG-AuNPs was first studied by silver staining (Figure S3.4). It can be seen from the 

silver staining images that the PEG-AuNPs was either internalized into U87 cells or it was 
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attached to the cell membrane. Next, 125I-PEG-AuNPs having 37 kBq 125I were mixed with 

non-radioactive PEG-AuNPs to achieve a final NP concentration of 10, 50 and 100 nM. The 

U87 cells were then incubated with the PEG-AuNPs for 4 or 24 h at 37 ℃. The cell uptake 

of the PEG-AuNPs was found to be dependent on the concentration of the nanoparticles and 

the incubation time as shown in Figure 3.4 b. By extending the incubation time from 4 h to 

24 h, the number of internalized nanoparticles increased by nearly 10 times for all tested 

concentrations. Furthermore, increasing the concentration of PEG-AuNPs from 10 nM to 100 

nM resulted in an approximately 10 times higher uptake at 24 h. The highest cell uptake was 

achieved with 100 nM PEG-AuNPs and an incubation time of 24 h, reaching on average 

4.3×105 NPs internalized per cell. The sub-cellular distribution assay showed that 

approximately 15% to 20% of the internalized PEG-AuNPs were found to accumulate at the 

cell nucleus after 24 h of incubation (Figure 3.4 d), matching well with the results from the 

literature.[47, 51] 

The uptake of the 125I-PEG-AuNPs in 3D U87 cell spheroids was also evaluated for 10, 

50 and 100 nM 125I-PEG-AuNPs having 37 kBq 125I. Surprisingly, the uptake of the 125I-PEG-

AuNPs in spheroids seems to be saturated after 4 h of incubation. At 24 h, the number of 

nanoparticles per spheroid in all groups was similar to, or even lower, than found at 4 h 

(Figure 3.4 c). Due to the small size and non-targeted nature of the 125I-PEG-AuNPs, passive 

uptake, i.e. diffusion is the dominant transport pathway of the 125I-PEG-AuNPs inside the 

spheroids. Nanoparticles taken up by spheroids have been reported to mostly localize in the  

interstitial space instead of being internalized inside the cells.[52] Based on the results from 

our 3D spheroids uptake experiments, we assume that the intravasation and extravasation of 

nanoparticles reached a balance around 4 h of incubation, thus leading to similar uptake at 4 

h and 24 h. However, higher spheroid uptake at 24 h in comparison to 3 h has been reported 

in literature using negatively charged gold nanoparticles with a diameter of 2 nm and coated 

by a small molecule (tiopronin).[46] Thus, the PEG coating might hinder the penetration of 

the 125I-PEG-AuNPs inside the spheroids, probably due to the steric hinderance between the 

nanoparticles and the spheroid extracellular matrix (ECM).[53-55]  
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Figure 3.4. In vitro behavior of 125I-PEG-AuNPs: a) viability of U87 cells treated with bare PEG-

AuNPs at different concentrations, n=5; b) uptake of 125I-PEG-AuNPs in U87 cell monolayers after 4 

and 24 h incubation at 37 ℃, data is shown as number of nanoparticles per single cell, n=3; c) uptake 

of 125I-PEG-AuNPs in U87 cell spheroids after 4 and 24 h incubation at 37 ℃, data is shown as number 

of nanoparticles per spheroid, n=3; d) Sub-cellular distribution of 125I-PEG-AuNPs in U87 cell 

monolayers after 4 and 24 h incubation, data is shown as the percentage of nanoparticles present in the 

cell nucleus from all internalized nanoparticles, n=3. 

Motivated by the accumulation of 125I-PEG-AuNPs in the cell nucleus, the tumor killing 

efficiency of the 125I-PEG-AuNPs was evaluated using both 2D and 3D in vitro cell models. 

U87 monolayer cells were treated by 125I-PEG-AuNPs with 125I activity ranging from 37 kBq 

to 740 kBq and an exposure time of 24 h. The viability of the cells was measured 24 h later 

after the removal of unbounded 125I-PEG-AuNPs. As shown in Figure 3.5 a, a significant 

decrease in cell viability was detected after the treatment with the 125I-PEG-AuNPs. The cell 

viability was reduced to only 36% when using 740 kBq 125I. Moreover, the cells exhibited 

more than 95% viability after the treatment with 740 kBq [125I]NaI, suggesting that the PEG-

AuNPs played a vital role in cell killing.  

After the measurement of cell viability, the DNA content of each sample was quantified 
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using a commercial dsDNA quantification kit. By comparing the DNA content of the 125I-

PEG-AuNPs treated groups with the control groups, the anti-proliferation effect of the 125I-

PEG-AuNPs on U87 could be determined.[56] As shown in Figure 3.5 b, a similar trend as 

found for the cell viability was observed for the proliferation efficiency of 125I-PEG-AuNPs 

treated cells. The highest cell proliferate inhibition was achieved by 740 kBq 125I-PEG-

AuNPs where the proliferation efficiency was only 38%. The same 125I activity of [125I]NaI 

resulted in much less reduction on the cell proliferation efficiency (73%). The results of the 

DNA proliferation assay further supported the viability assay and clearly indicated that a high 

level of cell killing could be achieved by the 125I-PEG-AuNPs. 

The viability and DNA content of the U87 cells were also measured 48 h after the 

removal of 125I-PEG-AuNPs. Reduction of cell viability and proliferation were again 

observed but were less pronounced compared to the 24 h results, probably due to repair of 

the inflicted DNA damage. (Figure S3.6) 

To further verify the high tumor killing efficiency of the 125I-PEG-AuNPs, a colony 

formation assay was performed to directly determine the level of cell reproductive death. The 

U87 cells were first treated by 125I-PEG-AuNPs with increasing activity of 125I ranging from 

370 kBq to 3.7 MBq and then reseeded on 6-well plates for colony formation. The surviving 

fraction of each group was then calculated and shown in Figure 3.5 c. After being treated 

with 370 kBq and 740 kBq 125I-PEG-AuNPs, the surviving fraction of U87 cells was reduced 

to ~70%. Increasing the 125I from 370 kBq to 1 MBq resulted in a 3-fold decrease in surviving 

fraction, i. e. from 74% to 25%. When even higher 125I activity (3.7 MBq) was applied, the 

surviving fraction was reduced to only 12% compared to the untreated cells.  

As the spheroid models could mimic the difference between the actual tumor and 

monolayer cell models, the tumor killing efficiency of the 125I-PEG-AuNPs was also assessed 

in U87 cell spheroids.[57] The size of the spheroids was monitored for up to 14 d after the 

treatment with 125I-PEG-AuNPs. As shown in Figure 3.5 d, no difference between the volume 

of the 125I-PEG-AuNPs treated spheroids and control spheroids was observed at early time 

points. On day 14, the growth of the treated spheroids seemed to be better controlled, while 

the untreated spheroids kept on growing. However, no influence of the administered 125I 

activity on the spheroid growth was observed. This somewhat low response is most likely 
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due to the passive internalization of the 125I-PEG-AuNPs, which might result in particles 

diffusing out of the spheroid. Despite the low uptake, the spheroids were continuously 

irradiated by 125I over the 14 days incubation due to the long half-life of 125I and resulted in 

better controlled growth. To determine whether the spheroid growth inhibition is a result of 

the treatment with the 125I-PEG-AuNPs, spheroids were treated with 740 kBq [125I]NaI, 

showing no obvious decrease of spheroid size over 14-days of incubation (Figure S3.7). 

 
Figure 3.5. In vitro tumor killing efficiency of 125I-PEG-AuNPs or [125I]NaI with different 125I activity 

determined by a) viability assay 24 h after removal of activity. The specific activity of the 125I-PEG-

AuNPs in each sample was 13.3 kBq/nM. The activity of [125I]NaI was 740 kBq, n=4; b) DNA 

proliferation assay 24 h after removal of activity. The activity of [125I]NaI is 740 kBq, n=4; c) colony 

formation assay. The specific activity of 125I-PEG-AuNPs in each sample was 26.3 kBq/nM. The 

activity of [125I]NaI is 3.7 MBq, n=3; d) 3D spheroid growth inhibition assay. The spheroids were 

treated by 125I-PEG-AuNPs with 37, 370 or 740 kBq of 125I for 24 h. The size change of the spheroids 

was monitored for another 13 d after the removal of activity. Non-treated spheroids were used as control, 

n=4. 

In this work, we developed an 125I based radiopharmaceutical using ultra-small gold 

nanoparticles as carriers and evaluated their tumor uptake and killing efficiency in vitro. 
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Compared with antibody or peptide-based carriers, the in vitro tumor uptake of the 125I-PEG-

AuNPs is modest. Possible reasons include the small size and the PEG coating on the AuNPs. 

The uptake mechanism of nanomaterials into cells is influenced by many factors including 

the size, surface charge and surface modification of the nanoparticles.[58] It has been 

experimentally shown that nanoparticles with a diameter of around 40 nm have the highest 

in vitro cell uptake while the uptake is lower for small nanoparticles (2~10 nm).[59] The 

formation of protein corona on the nanoparticles also plays an essential role in cell uptake. 

Previous research has proposed that higher uptake of 2 nm sized nanoparticles could be 

achieved at higher serum conditions.[60] In the case of our PEG-AuNPs, the protein interaction 

is minimized due to the coating of PEG molecules, thus lowering the cell uptake. To improve 

tumor uptake, targeting agents such as PSMA inhibitors could be used to modify the PEG-

AuNPs while maintaining the small hydrodynamic diameter.[61] 

Despite the modest uptake, the 125I-PEG-AuNPs were found to kill the tumor cells 

efficiently as observed from the in vitro experiments. Due to the high number of AEs emitted 

by 125I, even a tiny amount of activity accumulated in the nucleus might provide sufficient 

radiation dose to induce damage to the DNA molecules (Figure S3.5), especially when using 

an AE emitter with high yield of AEs such as 125I (23.0 AEs per decay). Moreover, the 

interaction between 125I and the gold surface also favors tumor cell killing. Gold nanoparticles 

have been widely applied as radiosensitizers in external beam radiation therapy (EBRT). As 

a high Z element, gold atoms can interact with photons or electrons and emit a high number 

of secondary photons and electrons which leads to higher tumor killing efficiency.[62] More 

specifically, it has been experimentally determined that depositing 125I on a 2D gold film 

increased the yield of electrons by 600%.[63] Considering the high number of PEG-AuNPs 

internalized per cell, the radiation dose to the cells could be significantly amplified even in 

the presence of such a tiny amount of 125I per cell.  
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Conclusions 

In this work, we explored a new type of radiopharmaceutical using AE emitters and ultra-

small nanoparticles. The high tumor killing efficiency of the 125I-PEG-AuNPs was 

systematically studied using various in vitro models. The high tumor killing efficiency was 

attributed to accumulation of the nanoparticles in the cell nucleus as well as the high yield of 

AEs originating from 125I. The results obtained from this work provide a new path for the 

application of AE emitters and hopefully offer new possibilities for cancer treatment. 
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Supplemental information 

 

Figure S3.1. Normalized UV-vis spectrum of PEG-AuNPs in PBS over 72 h at 37 ℃. 

 

 

 

 

Figure S3.2. Radiolabeling efficiency of 125I-PEG-AuNPs using [125I]NaI solution at pH of 12~14 or 

neutralized to pH 7. The 125I to NP ratio was set to 0.1 for all samples, n=3. 
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Figure S3.3. Radiolabeling efficiency of 125I-PEG-AuNPs with various 125I to NP ratios. [125I]NaI 

solution was neutralized before the radiolabeling of all samples, n=3. 

 

 

 

Figure S3.4. Silver staining of U87 monolayer cells treated by a) 0 nM; b) 1 nM; c) 50 nM and d) 100 

nM bare PEG-AuNPs for 24 h. The scale bar is 200 μm. The increase contrast of the cells indicates the 

uptake of nanoparticles. 
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Figure S3.5. a) Uptake of 125I-PEG-AuNPs in U87 cell monolayers after 4 and 24 h incubation at 37 

℃, data is shown in percentage of initial 125I activity, n=3; b) uptake of 125I-PEG-AuNPs in U87 cell 

spheroids after 4 and 24 h incubation at 37 ℃, data is shown in percentage of initial 125I activity, n=3. 

 

 

 

Figure S3.6. In vitro tumor killing efficiency of the 125I-PEG-AuNPs with different 125I activity or 740 

kBq [125I]NaI determined by a) viability assay 48 h after removal of activity, n=4; b) DNA proliferation 

assay 48 h after removal of activity, n=4. 
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Figure S3.7. 3D spheroid growth inhibition assay of 740 kBq [125I]NaI treated U87 spheroids. Non-

treated spheroids were used as control, n=4.  

 
 

 
Figure S3.8. Sub-cellular distribution of 125I-PEG-AuNPs on the a) cell membrane and b) in the cell 

cytoplasm of U87 cell monolayers after 4 and 24 h incubation, data is shown as percentage of all 

internalized nanoparticles, n=3. 
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Abstract 

Radionuclide therapy employing Auger electron emitters holds great potential for 

personalized cancer treatment. As the energy of the Auger electrons is mainly deposited 

surrounding their site of decay, tumor cells can be eliminated very efficiently while sparing 

healthy tissues. However, the short range of the Auger electrons requires the delivery of 

Auger emitters to the cell nucleus for sufficient DNA damage. In this work, we prepared 

indium-111 (111In) radiolabeled ultra-small gold and silver telluride nanoparticles for Auger 

electron therapy. With a core diameter of 2 nm and a hydrodynamic diameter of less than 3 

nm, both nanoparticles were found to accumulate in the cell nucleus after being internalized. 

2D and 3D in vitro assays showed that these 111In radiolabeled ultra-small nanoparticles are 

highly toxic to U87 cells. In conclusion, the delivery of 111In to the cell nucleus can be 

significantly improved by using ultra-small nanoparticles as carriers, thereby achieving high 

tumor killing efficacy.  

Key words: Indium-111, Auger therapy, gold nanoparticle, silver telluride nanoparticle, 

radionuclide therapy 
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Introduction  

Radionuclide therapy is a cancer treatment modality that typically uses radionuclides coupled 

to targeting vectors to attack metastasized tumors.[1] Apart from the commonly used α and β- 

particles, Auger electrons (AEs) could also be used for therapeutic applications.[2-3] AEs with 

energy from 10 eV to 10 keV are often emitted as a result of electron capture or β+ decay. 

The emitted AEs can cause direct and indirect DNA damage, the latter being inducted through 

the generation of reactive oxygen species (ROS).[4-5] However, the range of the AEs is 

typically short, in the order of only a few nanometers. Thus, the AE emitters must be delivered 

close enough to vital cell organelles such as the cell nucleus to produce lethal damage.  

Indium-111 (111In) decays to stable cadmium-111 (111Cd)  by electron capture with a half-

life (t1/2) of 2.8 d. 111In has been widely applied for single photon emission computed 

tomography (SPECT) imaging because of the emission of γ particles with suitable energies 

(245.35 keV and 171.28 keV).[6] In addition, 111In emits 7.4 AEs per decay, making it also a 

potential candidate for Auger therapy.[7] In this sense, various antibodies or peptides have 

been radiolabeled with 111In and applied in the treatment of prostate cancer, breast cancer and 

acute myelogenous leukemia, resulting in efficient tumor control in multiple in vitro and in 

vivo studies.[8-15] Although positive results have been obtained from these pre-clinical studies, 

no successful clinical trial of 111In based therapeutic radiopharmaceuticals has been reported 

so far.[16]  

The fast development of nanomaterials during the past years has boosted their 

applications in the medical field.[17] The physical properties of nanoparticles, including core 

composition, size, shape, surface charge and functionalization can be precisely controlled 

which facilitates their applications in drug delivery, imaging and tumor sensitization as 

boosters to other treatment modalities.[18] 

Despite the great potential for medical applications, intravenously (i.v.) administrated 

nanoparticles with a hydrodynamic diameter larger than 5.5 nm tend to accumulate in the 

liver and spleen because of the mononuclear phagocyte system (MPS) capture.[19] As the 

hepatic excretion of nanoparticles from liver and spleen is slow, taking usually days to 

months, the long-term toxicity from the cargo of the nanoparticles or the nanoparticles 

themselves could be problematic.[20] To avoid high MPS uptake, the excretion pathways of 
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the nanoparticles can be altered to achieve renal clearance via the urinary system. The renal 

clearable nanoparticles (typically with a hydrodynamic diameter less than 5.5 nm) can escape 

from the MPS capture and be efficiently excreted from the body within hours to a few days.[21] 

Thus, the concerns regarding the long-term toxicity caused by MPS capture can be relieved 

by using such small nanoparticles. 

Over the past 20 years, inorganic nanoparticles with sub-2 nm diameters have been 

extensively reported for medical applications.[22-24] Taking advantage of the favorable 

pharmacokinetics including fast excretion through renal clearance and rapid tumor uptake, 

these nanoparticles have been primarily developed for diagnostic applications.[25-28] Ultra-

small glutathione-coated gold nanoparticles (GSH-AuNPs) and glutathione-coated silver 

telluride nanoparticles (GSH-Ag2TeNPs) have been proposed as contrast agents for computed 

tomography (CT) due to the strong CT contrast of these elements.[28-29] Moreover, the GSH-

AuNPs have also been pre-clinically utilized for fluorescent and nuclear imaging (PET and 

SPECT) facilitated by the emission of GSH-AuNPs in the infrared range and the possibility 

of being radiolabeled with diagnostic radionuclides.[30-31]   

 
Figure 4.1. Schematic illustration of the synthesis, DTPA functionalization and 111In radiolabeling of 

the GSH-AuNPs and GSH-Ag2TeNPs.  

In addition, a few ultra-small nanoparticles have been previously reported to passively 

accumulate at the cell nucleus after internalization, making them very attractive as carriers 

for AE emitters.[32-34] In this work, ultra-small GSH-AuNPs and GSH-Ag2TeNPs were 
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synthesized and radiolabeled with 111In (Figure 4.1). The total cell uptake as well as the 

fraction of nanoparticles accumulated in the cell nucleus were determined. Finally, the tumor 

killing efficiency of these two types of nanoparticles was evaluated by performing different 

in vitro assays. 

Methods and materials 

1. Materials 

Gold(III) chloride trihydrate (≥ 99.9%), sodium tellurite (99%) and hydrazine hydrate 

(50%~60%) were purchased from Merck Sigma (Zwijndrecht, the Netherlands). Silver 

nitrate (≥ 99.9%), L-glutathione (≥ 98%), 5/6-carboxyfluorescein succinimidyl ester (FITC-

NHS, > 90%) and sodium carbonate (≥ 98%) were ordered from Thermo Fisher Scientific 

(Landsmeer, the Netherlands). S-2-(4-Isothiocyanatobenzyl)-diethylenetriamine pentaacetic 

acid (p-SCN-Bn-DTPA, > 90%) and indium-111 (111InCl3 in 0.01 M HCl) were kindly 

provided by Erasmus Medical Center (Rotterdam, the Netherlands). All chemicals were used 

as received without further purification. Milli-Q water was obtained from an in-house Milli-

Q system (Millipore) and used throughout this study. 

2. Synthesis of ultra-small GSH-AuNPs 

The GSH-AuNPs were synthesized as previously reported.[30] Typically, 94.5 mg (0.24 mmol) 

gold(III) chloride trihydrate (HAuCl4•3H2O) and 73.8 mg (0.24 mmol) L-glutathione (L-

GSH) were weighed in a 20 ml glass bottle and dissolved in 10 mL water at room temperature. 

30 µl 1 M HAuCl4•3H2O was then added to the mixture and heated at 90 °C for 35 min. The 

obtained GSH-AuNPs were cooled down to room temperature and concentrated to 1.5 ml 

after being centrifuged at 4200 rpm for 15 min in Amicon centrifuge filters (MWCO=10 kDa). 

The GSH-AuNPs were then purified by passing through a disposable PD-10 column (GE 

Healthcare) using PBS buffer (pH 7.4) as the mobile phase. The fractions from 1.5 ml to 3 

ml (Vtot=1.5 ml) were collected and stored at 4 ℃.  

3. Synthesis of ultra-small GSH-Ag2TeNPs 

The synthesis of GSH-Ag2TeNPs was adapted from a previously reported protocol with 

minor adjustments.[28] In a typical synthesis, 1.5 ml 30 mM silver nitrite (AgNO3), 1.5 ml 15 



Chapter 4 

 
 

 84 

mM sodium tellurite (Na2TeO3) and 1.5 ml 90 mM reduced L-glutathione (L-GSH) were 

mixed in an ice bath. 0.5 ml hydrazine hydrate (50%-60% N2H4) was then quickly injected 

into the mixture. The mixture was vigorously mixed for 5 min. The as-prepared GSH-

Ag2TeNPs were washed twice with water and twice with PBS buffer (pH 7.4) using Amicon 

centrifuge filters (MWCO=10 kDa) at 4200 rpm for 20 min at 4 ℃. The final volume of the 

GSH-Ag2TeNPs was adjusted to 2 ml by PBS and stored at 4 ℃ until further usage. 

4. Characterizations 

The morphology and size of the nanoparticles were studied with a JEM-1400 Plus 

transmission electron microscope (TEM, JEOL) at the acceleration voltage of 120 kV. The 

UV-vis absorption spectrum of both nanoparticles was measured using a UV-vis-NIR 

spectrophotometer (UV-6300PC, VWR). The luminescence spectra of the GSH-AuNPs were 

recorded using a Cary Eclipse fluorescence spectrophotometer (Agilent). The hydrodynamic 

diameter and zeta-potential of the nanoparticles were determined using a zeta-sizer (nano-ZS, 

Malvern). The Au or Ag content in the purified GSH-AuNPs and GSH-Ag2TeNPs was 

determined using an ICP-MS (NexION® 2000, PerkinElmer) after being dissolved in aqua 

regia or concentrated nitric acid respectively. The results of ICP-MS measurements were used 

to calculate the concentrations of the nanoparticles. (The detailed calculation can be found in 

the Supplemental Information.) 

5. Conjugation of FITC on GSH-Ag2TeNPs 

FITC was linked to GSH-Ag2TeNPs via the NHS-amine reaction. In a typical reaction, 15 µl 

7 mg/ml FITC-NHS in anhydrous DMSO was added to 1 ml of purified GSH-Ag2TeNPs in 

PBS and reacted overnight at room temperature. The produced FITC-Ag2TeNPs were washed 

thrice by PBS using Amicon centrifuge filters (MWCO=10 kDa) at 4 ℃ and redispersed in 

1 ml PBS. The samples were stored at 4 ℃ and protected from light. To prove the successful 

linkage of FITC on the nanoparticles, the luminescent spectra of the FITC-Ag2TeNPs and 

GSH-Ag2TeNPs were recorded using a Cary Eclipse fluorescence spectrophotometer 

(Agilent, λex=495 nm, λem=519 nm). 
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6. DTPA conjugation on GSH-AuNPs and GSH-Ag2TeNPs 

150 µl purified GSH-AuNPs were diluted to a total volume of 1 ml by PBS. The pH of the 

solution was adjusted to 8.8~9.0 by 0.1 M Na2CO3 (typically 38 µl). 15 µl of 13 mg/ml p-

SCN-Bn-DTPA (10× molar excess to GSH-AuNPs) in anhydrous DMSO was then added. 

The reaction was continued at 37 °C for 2 h under constant shaking (800 rpm). Unconjugated 

DTPA was removed by washing the sample thrice in Amicon centrifuge filters (MWCO=10 

kDa). The final volume of the DTPA-AuNPs dispersion was adjusted to 1.5 ml by 0.2 M 

HEPES pH 7.0 and stored at 4 ℃.  

The conjugation of DTPA on GSH-Ag2TeNPs was performed in the same way as described 

above. The obtained DTPA-Ag2TeNPs were dispersed in 0.2 M HEPES pH 7.0, passed 

through a 20 nm syringe filter (GE Healthcare) and stored at 4 ℃ until further use. 

7. Colloidal stability assay 

The GSH-AuNPs, GSH-Ag2TeNPs, DTPA-AuNPs and DTPA- Ag2TeNPs were dispersed in 

PBS or 10% fetal bovine serum (FBS) in PBS and incubated at 37 °C for 72 h. The UV-vis 

spectrum of each sample was recorded every 24 h. 

8. 111In radiolabeling of DTPA-GSH-AuNPs and DTPA-GSH-Ag2TeNPs 

74 µl DTPA-AuNPs (20.2 µM) was added to 326 µl 0.2 M HEPES buffer (pH=7.0). Then 37 

MBq of 111InCl3 in 100 µl 0.2 M HEPES buffer (pH=7.0) was added to the DTPA-AuNPs and 

shaken at 37 °C for 1 h. After the reaction, the mixture was loaded on a PD-10 column and 

eluted by PBS. The elution was portioned per 500 µl and the 111In activity in each fraction 

was determined using an automatic gamma counter (Wallac Wizard2 2480, Perkin Elmer) to 

calculate the radiolabeling efficiency.  

The 111In radiolabeling of DTPA-Ag2TeNPs was performed similarly. Typically, 166 µl 

DTPA-Ag2TeNPs (13.7 µM) were mixed with 37 MBq of 111InCl3. The total volume of this 

mixture was filled up to 500 µl with 0.2 M HEPES buffer (pH=7.0) and then reacted at 37 °C 

for 1 h. The obtained 111In-DTPA-Ag2TeNPs were then passed through a PD-10 column using 

PBS as eluent. The radiolabeling efficiency was also calculated in the same way as that of 

DTPA-AuNPs. 
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9. Radiochemical stability assay 

The fractions containing 111In-DTPA-AuNPs or 111In-DTPA-Ag2TeNPs were combined and 

added 10 µl 200 mM DTPA (pH=7.0) to achieve a final DTPA concentration of 1 mM. The 

mixture was then incubated at 37 °C for 24 h before being passed through a PD-10 column 

to separate the 111In-DTPA-AuNPs or 111In-DTPA-Ag2TeNPs from free 111In-DTPA. The 

radiochemical stability was then calculated by comparing the activity retained on the 

nanoparticles with the initial activity radiolabeled on the nanoparticles. (n=3) 

10. Cell Culture 

U87 human glioblastoma cells (ATCC) were cultured in complete Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin. The 

cells were incubated in a humidified environment at 37 ℃ with 5% CO2. 

11. Biocompatibility studies of GSH-AuNPs, GSH-Ag2TeNPs, DTPA-AuNPs and 

DTPA-Ag2TeNPs 

U87 cells were seeded on 96-well plates with a cell density of 5000 cells/well. After being 

pre-incubated at 37 °C for 24 h, the cells were incubated with non-radioactive GSH-AuNPs, 

GSH-Ag2TeNPs, DTPA-AuNPs and DTPA-Ag2TeNPs with concentrations ranging from 1 

nM to 1000 nM for another 24 h. The viability of the treated cells was determined by CCK-

8 assay after washing the cells thrice with PBS. The viability of non-treated cells was also 

measured as a control. (n=3) 

12. In vitro cell uptake of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs 

2D uptake: U87 cells were seeded on 12-well plates and pre-incubated for 24 h (8×104 

cells/well). On the next day, 1 ml fresh culture medium containing 10, 50, 100 nM 111In-

DTPA-AuNPs or 111In-DTPA-Ag2TeNPs (18 kBq) was added to the cells and incubated for 4 

h or 24 h at 37 ℃. The cells were then washed three times with PBS and detached by trypsin. 

The separation of the sub-cellular fractions was achieved using the Subcellular Protein 

Fractionation Kit (Thermo Scientific) following the instructions from the manufacturer. The 

activity of 111In of each cell fraction was measured by an automated gamma counter (Wallac 

Wizard2 2480, Perkin Elmer) and summed up to calculate the total uptake. The cell uptake 

and subcellular distribution of 111In-DTPA (18 kBq) were also measured for comparison. (n=3) 
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3D uptake: The spheroids were formed by seeding U87 cells in U-shaped 96-well plates 

(2000 cells/well). 7-days old U87 spheroids were then incubated with 10, 50, 100 nM 111In-

DTPA-AuNPs or 111In-DTPA-Ag2TeNPs (18 kBq) for 4 h or 24 h at 37 ℃. The spheroids 

were washed thrice by PBS before the measurements of activity in the washing solutions and 

the spheroids using an automated gamma counter (Wallac Wizard2 2480, Perkin Elmer). The 

uptake of 111In-DTPA (18 kBq) in U87 spheroids was also measured for comparison. (n=4)  

13. Confocal microscope 

Approximately 2×104 U87 cells/well were seeded on a µ-Slide 8 well high-chambered 

coverslip (ibidi GmbH, Germany) and pre-incubated for 24 h. On the next day, the cells were 

treated with 300 µl 100 nM FITC-Ag2TeNPs in culture medium and incubated for another 24 

h. The cells were then washed thrice by PBS before being fixed with 4% paraformaldehyde 

for 10 min and stained with diamidino-2-phenylindole (DAPI, Invitrogen) for 10 min. The 

confocal images were acquired using a Zeiss LSM 980 confocal microscope and analyzed by 

Zeiss Zen 3.8 software. 

14. In vitro cytotoxicity of 111In radiolabeled GSH-AuNPs and GSH-Ag2TeNPs 

2D Viability assay: U87 cells were seeded on 96-well plates and pre-incubated for 24 h 

(5000 cells/well). On the next day, the cells were treated by 111In-DTPA-AuNPs or 111In-

DTPA-Ag2TeNPs with 74~1480 kBq 111In for 24 h. The cells were then washed thrice with 

PBS and incubated for another 24 hours before the determination of the viability using CCK-

8 (Dojindo). The viability of non-treated cells was also measured and used as a control. (n=4) 

2D colony formation assay: U87 cells were seeded on 12-well plates (8×104 cells/well) and 

pre-incubated at 37 ℃ for 24 hours. 111In-DTPA-AuNPs or 111In-DTPA-Ag2TeNPs with 1, 2 

and 3 MBq 111In or 3 MBq 111In-DTPA were then added to the cells and incubated at 37 ℃ 

for 24 h. After the treatment, the cells were washed thrice by PBS, reseeded on 6-well plates 

with a cell density of 500 cells/well and left undisturbed for 14 days to allow colony 

formation. The culture medium was refreshed every 3 days. On the last day of incubation, 

the colonies were fixed by 4% (w/v) paraformaldehyde, stained by 1% crystal violet and 

counted manually. (n=3)   

3D cell growth inhibition assay: 7-days old U87 spheroids (seeding density=2000 cells/well) 

were treated with 111In-DTPA-AuNPs or 111In-DTPA-Ag2TeNPs with 0.37 and 1 MBq 111In 
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or 1 MBq of 111In-DTPA and incubated at 37 ℃ for 24 h. After the treatment, the spheroids 

were washed three times with PBS and supplied with fresh culture medium. The spheroids 

were then cultured for another 14 days. The culture medium was refreshed every 3 days. The 

size of the spheroids was measured at multiple time points and analyzed using ImageJ. The 

size of untreated spheroids was also measured and used as a control. (n=4) 

15. Statistical Analysis 

Data are expressed as mean ± standard deviation based on at least three independent 

replicates. Student’s t-test was used for the comparison between the two samples. For the 

comparison among multiple samples, one-way or two-way ANOVA test was performed. P 

values: ns p>0.05, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 

Results and discussion 

Besides being extensively applied in SPECT imaging, 111In also shows great potential for 

cancer treatment considering its emission of 7.4 AEs per decay. However, the development 

of Auger therapy is challenging mainly because of the short range of the AEs. In previous 

studies, 111In has been radiolabeled on 14~30 nm gold nanoparticles modified with tumor 

targeting peptides which simultaneously enabled transportation of 111In to the cell nucleus 

and amplified the radiation dose via the radiosensitizing effects.[35-37] However, high liver 

uptake of these 111In radiolabeled nanoparticles has been observed in the in vivo studies due 

to the MPS capture. 

To avoid high MPS uptake, ultra-small GSH-AuNPs and GSH-Ag2TeNPs were chosen 

as the carriers for 111In in this work. Both types of nanoparticles have been extensively studied 

in cancer imaging as CT contrast agents and have shown remarkable pharmacokinetic 

properties. Specifically, these particles can escape from the MPS capture and be quickly 

eliminated from the body via renal clearance.[28, 30] In this work, the therapeutic application 

of these ultra-small nanoparticles was explored. Due to their small sizes, these nanoparticles 

might passively migrate inside the cell nucleus after being internalized. In this case, 111In 

could be delivered to the cell nucleus when being radiolabeled on these nanoparticles, hereby 

producing severe DNA damage.   
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The GSH-AuNPs and the GSH-Ag2TeNPs were both synthesized using reactions in 

aqueous phase without the use of organic solvents. In the case of GSH-AuNPs, the gold salts 

were reduced and capped by L-GSH under heating. The GSH-Ag2TeNPs were produced by 

reducing silver salts by hydrazine in an ice bath with the presence of L-GSH as capping 

ligands. The shape and size of the nanoparticles were characterized by TEM and shown in 

Figure 4.2 a and d. Both nanoparticles were quasi-spherically shaped and had similar core 

diameters of 1.9 ± 0.4 nm and 2.1 ± 0.3 nm for GSH-AuNPs and GSH-Ag2TeNPs respectively. 

Due to the GSH coating on the nanoparticle surface, the hydrodynamic diameters of both 

nanoparticles were slightly larger than their core sizes but were still less than 3 nm (Figure 

4.2 b and e). Due to the high sensitivity of the UV-vis spectrum to size change, the UV-vis 

spectrum of GSH-AuNPs and the GSH-Ag2TeNPs was recorded and shown in Figure 4.2 c 

and f. No obvious peaks were observed from the spectrum, further confirming the small size 

of these nanoparticles.[25, 28, 30] The zeta-potential measurements showed that both 

nanoparticles were negatively charged (Figure S4.1 a). In addition, the zeta-potential values 

of both nanoparticles were found to be lower than -30 mV, suggesting high colloidal 

stability.[38]  

The GSH-AuNPs have been reported to have fluorescent emission in the infrared range. 

As shown in Figure S4.2, the GSH-AuNPs prepared in this work also exhibited an emission 

peak at 810 nm when using an excitation wavelength of 340 nm, matching well with the 

literature results.[29] 
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Figure 4.2. Characterization of GSH-AuNPs and GSH-Ag2TeNPs: a-c) TEM image, number based 

hydrodynamic diameter and normalized UV-vis spectrum of GSH-AuNPs, scale bar=10 nm; d-f) TEM 

image, number based hydrodynamic diameter and normalized UV-vis spectrum of GSH-Ag2TeNPs, 

scale bar=10 nm. The nanoparticles were dispersed in PBS buffer for the DLS and UV-vis 

measurements. 

The colloidal stability of the nanoparticles in physiological solutions was investigated 

by dispersing the nanoparticles in PBS or 10% FBS and incubated at 37 ℃ for 72 h. The UV-

vis spectrum of each sample was recorded every 24 hours as an indication of size change or 

the formation of aggregates. As shown in Figure 4.3, no significant change was observed 

from the UV-vis spectrum of both nanoparticles after being incubated in either PBS buffer or 

10% FBS for 72 h, suggesting high colloidal stability. The high resistance against protein 

adsorption could be attributed to the zwitterionic coating provided by GSH which hindered 

protein binding.  
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Figure 4.3. Colloidal stability of GSH-AuNPs and GSH-Ag2TeNPs. The nanoparticles were dispersed 

in either PBS or 10% FBS in PBS and incubated at 37 ℃ for 72 h. The normalized UV-vis spectrum of 

GSH-AuNPs in a) PBS, b) 10% FBS and GSH-Ag2TeNPs in c) PBS, d) 10% FBS was recorded every 

24 h.  

Subsequently, the nanoparticles were functionalized with DTPA via the reaction of the 

amine groups available on the nanoparticle surface with excess dosage of p-SCN-Bn-DTPA. 

The hydrodynamic diameters of both nanoparticles were found to be slightly increased by 

0.4 nm as a result of DTPA linkage (Figure S4.3 a&c). No obvious difference in the UV-vis 

spectrum was detected before and after DTPA conjugation (Figure S4.3 b&d). A small 

increase in the zeta-potential values of both nanoparticles was observed after the conjugation 

of DTPA (Figure S4.1 b).  

In the next step, the radiolabeling of the DTPA-AuNPs and DTPA-Ag2TeNPs with 111In 

was performed. Typically, 100× molar excess of the DTPA modified nanoparticles to 111In3+ 

ions were required to achieve a high radiolabeling efficiency. After the reaction, size 

exclusion columns (PD-10 in this work) were used to purify the products. Typical elution 
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profiles of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs on PD-10 columns using PBS as 

eluent can be found in Figure S4.4, which clearly demonstrates that free 111In ions were 

separated from the nanoparticles. For the 111In-DTPA-AuNPs, fractions 4-7 were collected 

while fractions 4-10 were collected for the 111In-DTPA-Ag2TeNPs. The radiolabeling 

efficiency was determined as 89.4 ± 1.8% and 72.8 ± 1.8% for 111In-DTPA-AuNPs and 111In-

DTPA-Ag2TeNPs respectively (Figure 4.4 a).  

 
Figure 4.4. a) Radiolabeling efficiency of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs, n=5; b) 

radiochemical stability of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs after being incubated in PBS 

containing 1 mM DTPA for 24 h at 37 ℃, n=3. 

The radiochemical stability was evaluated by incubating the purified 111In-DTPA-AuNPs 

and 111In-DTPA-Ag2TeNPs in PBS containing 1 mM DTPA for 24 hours at 37 ℃. The loosely 

bounded 111In was captured by DTPA and then separated from the nanoparticles by passing 

the product through a PD-10 column. As shown in Figure 4.4 b, high radiochemical stability 

(>95%) under DTPA challenge was achieved for both nanoparticles.  

Before performing any biological studies, the biocompatibility of bare and DTPA-

modified GSH-AuNPs and GSH-Ag2TeNPs was first evaluated. The viability of U87 cells 

was measured after being incubated with either type of nanoparticles for 24 h. As shown in 

Figure S4.5, all the nanoparticles were found to be non-toxic to U87 cells at all tested 

concentrations, suggesting that all of these nanoparticles were suitable for biological 

applications. 

The uptake and sub-cellular distribution of 111In-DTPA-AuNPs and 111In-DTPA-

Ag2TeNPs in 2D U87 cells were determined after incubating the cells with 10, 50 or 100 nM 

of each type of nanoparticles for 4 or 24 hours (Figure 4.5). Regarding the percentage of 
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internalized 111In activity, the uptake of 111In-DTPA-AuNPs was found to increase by 5~6 

times when extending the incubation time from 4 h to 24 hours (Figure 4.5a). Higher cell 

uptake was also achieved by increasing the nanoparticle concentrations from 10 nM to 100 

nM.  The highest uptake (0.8 %) was achieved after treating the cells with 100 nM 111In-

DTPA-AuNPs for 24 h and was significantly higher than that of 111In-DTPA. The number of 

internalized 111In-DTPA-AuNPs per cell was also calculated based on the percentage of 

internalized 111In activity and was found to be in the order of 106 nanoparticles/cell (Figure 

4.5 b).  

 
Figure 4.5. In vitro uptake of 111In-DTPA-AuNPs (a-c) and 111In-DTPA-Ag2TeNPs (d-f) in 2D U87 

cells with various nanoparticle concentrations and an incubation time of 4 or 24 h. a) and d) uptake of 
111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs in U87 cell monolayers. The uptake of 111In-DTPA 

using the same 111In activity was also measured for comparison. The results are presented as percentage 

of the initially added activity, n=3; b) and e) number of internalized 111In-DTPA-AuNPs and 111In-

DTPA-Ag2TeNPs per cell, n=3; c) and f) percentage of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs 

accumulated in cell nucleus determined by sub-cellular fractionation, n=3.   

In the case of 111In-DTPA-Ag2TeNPs, the 4 h uptake was found to be comparable with 

that of 111In-DTPA-AuNPs, around 0.1% of the initially added 111In activity (Figure 4.5 d). 

However, the 24 h uptake of 111In-DTPA-Ag2TeNPs was not as high as that of the 111In-DTPA-

AuNPs but only comparable to that of 111In-DTPA. The largest difference was found from the 

100 nM groups where the uptake of 111In-DTPA-Ag2TeNPs was about 5.5 times lower than 

that of 111In-DTPA-AuNPs (0.15% versus 0.80%). Due to the lower cell uptake, the number 
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of internalized 111In-DTPA-Ag2TeNPs per cell was also less (Figure 4.5 e). Moreover, 

increasing the concentration of 111In-DTPA-Ag2TeNPs did not lead to obvious improvement 

in cell uptake. 

Due to the short range of the AEs, 111In must be delivered to the cell nucleus for 

maximum DNA damage. Thus, the fraction of internalized activity in the cell nucleus is an 

important factor for estimating the damage to tumor cells. As shown in Figure 4.5 c and f, 

49.8% and 23.6% of the internalized 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs were 

found to accumulate in the cell nucleus respectively (100 nM concentration and 24 hours 

incubation). The uptake of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs in cell nucleus 

was surprisingly high and even comparable to some of the 111In radiolabeled cell nucleus-

targeting peptides.[8, 10, 15] The high nucleus uptake suggests that both nanoparticles are very 

likely to induce DNA damage to the tumor cells provided that sufficient activity of 111In is 

taken up by the cells.  

 
Figure 4.6. Confocal images of U87 cells after 24 h incubation with FITC-Ag2TeNPs. The 

concentration of the NPs was 100 nM. The cell nucleus was stained by DAPI (blue, middle) while the 

FITC-Ag2TeNPs showed a green fluorescence (left). The merged image (right) indicates the co-

localization of FITC-Ag2TeNPs and the cell nucleus. Scale bar=10 µm. 

To further confirm the localization of the nanoparticles in the cell nucleus, we modified 

the GSH-Ag2TeNPs with FITC and checked their distribution in U87 cells using confocal 

microscopy. The linkage of FITC was achieved by the NHS-amine reaction taking advantage 

of the high number of free amine groups available from the GSH coating. The successful 

FITC modification was confirmed by measuring the emission spectrum and the UV-vis 

spectrum of FITC-Ag2TeNPs (Figure S4.6). The confocal images shown in Figure 4.6 

revealed that the FITC signal can be observed in the cell nucleus. In addition to the nucleus, 
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even stronger FITC signal was observed in the cytoplasm and the cell membrane, matching 

well with the results of the sub-cellular fractionation assays (Figure S4.7). 

 
Figure 4.7. In vitro uptake of 111In-DTPA-AuNPs (a-b) and 111In-DTPA-Ag2TeNPs (c-d) in 3D U87 

spheroids for various nanoparticle concentrations and at incubation time of 4 or 24 h. The results are 

presented as percentage of the initially added activity (a and c) as well as nanoparticles per spheroid (b 

and d), n=4. 

The 3D spheroid model resembles actual tumors better than the 2D monolayer model.[39] 

Therefore, we also evaluated the uptake of the 111In-DTPA-AuNPs and 111In-DTPA-

Ag2TeNPs in U87 cell spheroids. Comparing with the control group, 111In uptake was 

significantly higher among the groups treated with either type of nanoparticles at both 4 h 

and 24 h (Figure 4.7 a&c). The concentration of the nanoparticles seemed to have a very 

small effect on the uptake in spheroids when given in percentage of internalized activity. But 

when converting the results to nanoparticles per spheroid, this difference became more 

pronounced, i.e. higher nanoparticle concentrations resulted in much more nanoparticles per 

spheroid (Figure 4.7 b&d). The highest uptake of 111In-DTPA-AuNPs was found to be 0.6% 

of the initially added 111In (corresponding to 7×1010 nanoparticles per spheroid) when a 
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concentration of 100 nM and 24 h incubation time were applied, similar to what has been 

observed in the 2D models (Figure 4.7 a). For the 111In-DTPA-Ag2TeNPs, the highest uptake 

was found to be 0.17%, approximately 3 times lower than that of 111In-DTPA-AuNPs (Figure 

4.7 c).  

Next, we evaluated the tumor killing efficiency of the 111In-DTPA-AuNPs and 111In-

DTPA-Ag2TeNPs by performing a viability assay. As shown in Figure 4.8 a, the reduction of 

cell viability was observed among all groups treated with 111In-DTPA-AuNPs with as low as 

74 kBq 111In. The lowest cell viability was found to be 85% corresponding to the group treated 

with 111In-DTPA-AuNPs containing 1.48 MBq 111In. On the contrary, no significant reduction 

of cell viability was found among all groups treated with 111In-DTPA-Ag2TeNPs.  

 
Figure 4.8. In vitro tumor killing efficiency of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs as 

determined by a) viability assay performed 24 h after the removal of activity, n=3; b) colony formation 

assay after 24 h of incubation with 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs. The tumor killing 

efficiency of 111In-DTPA (3 MBq) was also measured for comparison, n=3. The specific activity of 
111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs were 14.4 kBq/nM and 11.9 kBq/nM respectively. 

To better investigate the production of reproductive damage, we also performed a colony 

formation assay using both types of nanoparticles with 111In activity ranging from 1 MBq to 

3 MBq (Figure 4.8 b). After the treatment of 111In-DTPA-AuNPs or 111In-DTPA-Ag2TeNPs, 

the surviving fractions of the cells decreased significantly compared to that of non-treated 

cells. In particular, the cell surviving fraction was reduced to 32.7% and 41.2% after treatment 

with 3 MBq of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs respectively. Meanwhile, 

treatment with the same activity of 111In-DTPA only decreased the cell surviving fraction by 

15%, indicating the important role of the small nanoparticles in cell killing. However, there 

was only 10% difference on the reduction of cell survival when comparing the cell death 
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caused by 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs, despite the much higher cell 

uptake of the 111In-DTPA-AuNPs in 2D cells. 

Subsequently, we investigated the tumor killing efficiency of the 111In-DTPA-AuNPs and 

111In-DTPA-Ag2TeNPs in 3D cell spheroids. The size change of the spheroids was tracked 

for 14 days after being treated with the 111In radiolabeled nanoparticles or 111In-DTPA. As 

shown in Figure 4.9, significant growth inhibition of the spheroids treated by 1 MBq 111In-

DTPA-AuNPs and 111In-DTPA-Ag2TeNPs was observed on day 14, while no obvious 

difference in size between the treated spheroids and the controls was found at earlier time 

points. Similar to the results obtained from the 2D assays, the treatment of 111In-DTPA had 

no influence on the spheroid growth. To compare the growth inhibition effect of the 111In-

DTPA-AuNPs and 111In-DTPA-Ag2TeNPs, the size of the spheroids on day 14 was 

normalized to controls and shown in Figure S4.8. It is interesting to note that the spheroid 

growth inhibition effect was not significantly different between 111In-DTPA-AuNPs and 111In-

DTPA-Ag2TeNPs despite the rather different uptake.  

 
Figure 4.9. Volume change of U87 cell spheroids after the treatment of a) 111In-DTPA-AuNPs and b) 
111In-DTPA-Ag2TeNPs with 370 kBq or 1 MBq of 111In, n=4. The volume change of 1 MBq 111In-DTPA 

treated spheroids was also recorded for comparison. The specific activity of 111In-DTPA-AuNPs and 
111In-DTPA-Ag2TeNPs were 14.4 kBq/nM and 11.9 kBq/nM respectively. 

In this work, two types of 111In radiolabeled ultra-small nanoparticles were prepared and 

evaluated using in vitro models. Despite the similar size and surface charges of these two 

types of nanoparticles, their cell uptake was quite different. The cell internalization of 

nanoparticles is influenced by various factors including size, shape, surface charge and 

hydrophobicity.[40-43] Similar to the results from this work, some other nanoparticles with the 

same size but different cell uptake have been previously reported in the literature and 
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explained by the difference in other physical properties such as the hydrophobicity.[44-46] 

Further research is needed to better understand the cell uptake of these small nanoparticles.  

Despite the modest cell uptake of 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs (less 

than 1% of initially added 111In activity), high cell killing efficiency has been achieved in 2D 

assays. This positive outcome might be attributed to the high nucleus accumulation of these 

2-nm sized nanoparticles, leading to DNA damage caused by the AEs emitted by 111In. 

Although cell nucleus has been considered as the prior target in Auger therapy, high 

cytotoxicity has also been achieved by targeting the AE emitters to the cell membrane.[4, 47-50] 

The AEs can form locally lipid rafts on the cell membrane, hereby leading to the formation 

of ROS or the initiation of DNA damage response (DDR) and eventually cell death. Thus, 

nanoparticles that had remained on the cell membrane could also have contributed to the high 

cell killing efficiency. Moreover, the self-radiosensitization effect from the interaction 

between γ particles or AEs and the nanoparticles might also account for the efficient tumor 

killing. Gold nanoparticles have been previously reported to act as radiosensitizers which can 

enhance the DNA damage caused by X-rays or electrons.[51-52] Although there has been no 

reports on the radiosensitizing effect of Ag2TeNPs, the enhancement of external beam 

radiation therapy (EBRT) by silver nanoparticles, as well as composites with iron oxide, 

carbon and poly(lactic-co-glycolic acid) (PLGA) nanoparticles, have been reported in the 

literature.[53-56]  

In term of the uptake in 3D tumor models, these non-targeted nanoparticles were likely 

to enter the spheroids through passive diffusion. Unlike in monolayered cells, nanoparticles 

can be retained in the interstitial space of the spheroids as previously reported, leading to 

very limited internalization of nanoparticles inside the cells of the spheroids.[57] Considering 

the fact that the uptake in U87 cell monolayers was low, it was likely that only a small fraction 

of the nanoparticles taken by the spheroids eventually reached the cell nucleus, which 

explains the weak growth inhibition effect observed in the spheroids. In future studies, more 

efforts need to be put on understanding the distribution of GSH-AuNPs and GSH-Ag2TeNPs 

in cell spheroids, including their penetration depth and migration from the interstitial space 

into the cells. 
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To further improve the cytotoxicity to cancer cells, tumor-targeting moieties can be 

conjugated to the nanoparticles to achieve higher retention and therefore possibly higher cell 

uptake. In addition, the combination of Auger therapy with other treatment modalities such 

as DNA repair inhibitors might provide better treatment outcomes as well.  

Conclusion 

Two new types of potential radiopharmaceuticals for Auger therapy were developed in this 

work. High cell nucleus uptake has been achieved taking advantage of the small size of the 

nanoparticles, thus leading to high tumor killing efficiency in vitro even at modest cell uptake. 

With the modification of tumor-targeting moieties, the 111In-DTPA-AuNPs and 111In-DTPA-

Ag2TeNPs can be promising candidates for cancer theranostics. 
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Supplemental information 

1. Calculation of the number of nanoparticles 

The as-prepared GSH-AuNPs and GSH-Ag2TeNPs were dissolved using aqua regia and 69% 

nitric acid respectively. The concentration of Au or Ag was then measured using ICP-MS 

(NexION® 2000, PerkinElmer). The volume of a single nanoparticle (V) was calculated by 

using the diameter (d) of the nanoparticles as determined by TEM. 

𝑉 =
𝜋

6
× 𝑑3 

Knowing the density (ρ) of gold (19.3 g/cm3) and silver telluride (8.3 g/cm3), the mass of a 

single particle (M) was calculated to be 6.93×10-20 g/NP and 3.49×10-20 g/NP respectively.  

𝑀 = 𝑉 × 𝜌 

With the concentration of Au and Ag measured by ICP-MS (c, g/L), the number of the 

nanoparticles in v liters of dispersion was calculated by: 

[𝑁𝑃]𝑛𝑢𝑚𝑏𝑒𝑟 =
𝑐 × 𝑣

𝑀 × 𝑣
 𝑁𝑃𝑠/𝐿 

Then the nanoparticle concentration was converted to mole per liter after being divided by 

the Avogadro constant (NAV): 

[𝑁𝑃]𝑚𝑜𝑙𝑎𝑟 =
[𝑁𝑃]𝑛𝑢𝑚𝑏𝑒𝑟

𝑁𝐴𝑉

 𝑀 

 

2. Radiolabeling of DTPA with 111In 

In a typical experiment, 5 MBq 111In was added to 70 µl 0.2 M HEPES pH 7.0 buffer. 30 µl 

of 1 mM DTPA dissolved in 0.2 M HEPES pH 7.0 buffer was then added to the 111In and 

reacted for 1 h at 37 ℃. The radiolabeling efficiency was evaluated using iTLC and was 

always ~100% (n>5). The mobile phase was 10 wt% ammonium acetate: MeOH=1:1 (v/v).[58] 

111In-DTPA was developed along with the mobile phase while free 111In3+ remained at the 

origin.   
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Figure S4.1. Zeta potential of different nanoparticles in PBS. a) GSH-AuNPs and GSH-Ag2TeNPs, 

n=3; b) DTPA modified GSH-AuNPs and GSH-Ag2TeNPs, n=3. 

 

 

 

 

 
Figure S4.2. The fluorescence emission spectrum of GSH-AuNPs in PBS. A peak at 810 nm was 

measured when using an excitation wavelength of 340 nm. 
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Figure S4.3. Number based hydrodynamic diameter of a) DTPA-AuNPs and c) DTPA-Ag2TeNPs. 

Normalized UV-vis spectrum of b) DTPA-AuNPs and d) DTPA-Ag2TeNPs. The nanoparticles were 

dispersed in PBS for the DLS and UV-vis measurements. 

 

 

Figure S4.4. Typical elution profiles of a) 111In-DTPA-AuNPs and b) 111In-DTPA-Ag2TeNPs in PD-10 

columns using PBS as eluent. Fractions were collected every 500 μl. The counts of each fraction were 

measured with an automated gamma counter for 5 min to collect high enough counts.  



 Indium-111 radiolabeled ultra-small gold and silver telluride nanoparticles for radionuclide therapy 

 105 

 
Figure S4.5. Viability assay of U87 cells after being incubated with non-radioactive a) GSH-AuNPs; 

b) GSH-Ag2TeNPs; c) DTPA-AuNPs and d) DTPA-Ag2TeNPs at nanoparticle concentrations of 0, 10, 

100 and 1000 nM at 37 ℃ for 24 h, n=3.  

 
Figure S4.6. a) Absorption spectrum of FITC-Ag2TeNPs and GSH-Ag2TeNPs in PBS. A new peak at 

495 nm was detected for the FITC-Ag2TeNPs corresponding to the FITC absorption at 495 nm. b) 

Fluorescent emission spectrum of FITC-Ag2TeNPs and GSH-Ag2TeNPs in PBS using an excitation 

wavelength at 495 nm. The fluorescent signal was detected at 519 nm from the FITC-Ag2TeNPs while 

the GSH-Ag2TeNPs were non-fluorescent, suggesting the successful FITC linkage. 
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Figure S4.7. Subcellular distribution of internalized 111In-DTPA-AuNPs and 111In-Ag2TeNPs in 2D 

U87 cells after 24 h incubation. The nanoparticle concentration was 100 nM for both types of 

nanoparticles, n=3. 

 

 

 
Figure S4.8. Normalized spheroid size on day 14 after the treatment with 111In-DTPA-AuNPs, 111In-

DTPA-Ag2TeNPs and 111In-DTPA with 1 MBq 111In, n=4.  
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Abstract 

The lead-212/bismuth-212 (212Pb/212Bi) in vivo generator for alpha radionuclide therapy has 

gained a lot of interest in the past years. The alpha emitters in this decay chain (212Bi and 

212Po) are all formed from β- decay, relieving the safety concern regarding the recoil effect 

caused by alpha decay. However, approximately 36% 212Bi (the daughter of 212Pb) can still 

be released from conventional carriers due to internal conversion effects during the decay of 

212Pb. In this work, we investigated the potential of inorganic nanoparticles as carriers of 

212Pb/212Bi in vivo generator to achieve high retention of 212Bi. The radiolabeling of 212Pb on 

CTAB/CTAC-Au@AuNPs, PEG-AuNPs, GSH-Ag2TeNPs and PVP-PbSNDs was 

performed and evaluated in terms of radiolabeling efficiency and radiochemical stability of 

both 212Pb and 212Bi. In all cases, more than 85% of the overall radiochemical stability was 

achieved when being challenged with 1 mM EDTA solution for 24 hours. The improved 212Bi 

retention was attributed to the high number of free electrons in the nanoparticles which can 

rapidly fill the electron vacancies created by internal conversion. These results illustrate that 

such inorganic nanoparticles might function as carriers of 212Pb/212Bi in vivo generator, which 

combined with other favorable properties such as fast renal clearance and the possibility to 

attach various targeting vectors on the surface, provide exciting opportunities for the design 

of new radiopharmaceuticals. 

Key words: lead-212, bismuth-212, in vivo generator, internal conversion, inorganic 

nanoparticles 
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Introduction  

Over the last 10 years, the interest on treating metastasized cancer with alpha (α) particle 

emitting radionuclides have been growing rapidly.[1-3] α particles can directly interact with 

the DNA molecules due to their high linear energy transfer (LET), leading to lethal damages 

such as double strand breaks (DSB).[4] Moreover, the DNA damage from α particles is not 

influenced by the oxygen level or cell cycle of the tumor cells.[5] Considering the high 

cytotoxicity to tumor cells as well as the short range (several cell diameters), α particles are 

very suitable for treating metastatic tumors while sparing the surrounding healthy tissues.[6] 

Despite the fact that there are approximately 100 α-emitting radionuclides, only a small 

number of those radionuclides have appropriate half-life time and good accessibility for 

clinical applications, such examples are radium-223 (223Ra), actinium-225 (225Ac), astatine-

211 (211At), bismuth-213 (213Bi) and bismuth-212 (212Bi).[7] In 2013, 223Ra dichloride 

(Xofigo®, Bayer) was approved by the FDA for the treatment of bone metastasis and became 

the first commercially available α radiopharmaceutical.[8]  

Bismuth-212 (212Bi) has been applied in alpha radionuclide therapy in previous studies.[5, 

9-11] However, the direct use of 212Bi is limited by its short half-life time (t1/2=60.5 min) which 

makes the preparation and shipment of 212Bi radiopharmaceuticals difficult, and in addition 

limits the activity of 212Bi that eventually reaches the tumor sites after being administrated to 

the patient.[12] Lead-212 (212Pb) decays to 212Bi with a half-life time of 10.6 h and can be used 

as an in vivo generator of 212Bi to compensate for its fast decay (Figure 5.1).[13-14] Many 

preclinical studies on 212Pb based radiopharmaceuticals have been reported in the literature 

for the treatment of breast cancer,[15-21] melanoma,[22-24] pancreatic cancer,[25-26] 

neuroendocrine cancer,[27-28] ovarian cancer[29] and brain metastases.[30] Moreover, the 

combination of 203Pb (t1/2=51.9 h, Eγ=279.2 keV, 80.94%) and 212Pb has been explored for 

tumor theragnostic applications.[23, 31] In the term of clinical studies, results of the first phase 

I clinical trial of 212Pb radiopharmaceutical was reported in 2014.[32-33] In this study, 212Pb 

was attached to trastuzumab modified with 2-[4,7,10-tris(2-amino-2-oxoethyl)-1,4,7,10-

tetrazacyclododec-1-yl]acetamide (TCMC) to target ovarian tumors. Minimal toxicity to 

healthy tissues has been observed from this study. Another phase I clinical trial has been 

initiated in 2018 using 212Pb-octreotate (AlphaMedix™) which targets metastatic SSTR 
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expressing neuroendocrine tumors.[34] No dose-limiting toxicity has been found from this 

study either.  

 
Figure 5.1. Decay scheme of 224Ra. The decay data of all radionuclides is obtained from the Evaluated 

Nuclear Structure Data File (ENSDF, National Nuclear Data Center, USA). 

In spite of the positive outcomes from these studies, it is not entirely clear if the release 

of 212Bi from the targeting agents would cause any late toxicity. When 212Pb decays to 212Bi, 

the excitation energy can be released by the emission of γ photons but also via the ejection 

of an inner shell (K or L) electron (i.e. internal conversion), which leads to the creation of an 

electron vacancy. The electrons from outer shells will then transit to fill in this vacancy, 

resulting in the emission of characteristic X-rays or Auger electrons or both which results in 

the creation of more electron vacancies. A cascade of Auger electrons eventually leads to the 

loss of a high number of electrons from the 212Bi atoms, making the 212Bin+ ions highly 

positive charged (n>3). The highly charged 212Bi ions tend to attract electrons from the carrier 

molecules to reduce their oxidation number back to +3. The carriers can then also become 

positively charged due to the donation of electrons to the 212Bin+ ions. The repulsive force 

between the 212Bi3+ ions and the positively charged carriers hereby lead to the release of 

212Bi3+ ions. According to the decay scheme of 212Pb, the total internal conversion coefficient 

of the magnetic dipole (M1) transition from 238.6 keV level to the ground state is supposed 
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to be 0.84, implying that 45.6% of this transition is by internal convertion.[35] After 

multiplying with the branching ratio of this transition (82.5%), the overall probability of 

internal conversion during the decay of 212Pb is calculated to be 37.6%. This result has been 

verified experimentally using 212Pb/212Bi-DOTA complex where 37% of 212Bi was released 

from the DOTA complex.[36]  

Considering the complex environment in vivo, the free 212Bi3+ ions are not likely to be 

complexed again by the chelator molecules but will distribute in the body (mostly kidney), 

leading to undesired radiation burden.[37] In order to address this problem, a few studies have 

been carried out using nanomaterials as the carrier of 212Pb. For instance, 212Pb has been 

loaded inside fullerene (C60) nanoparticles. However, no improvement on the retention of 

the internally converted 212Bi has been achieved.[38] In another work, 212Pb was encapsulated 

in liposomes with a diameter of 120 nm and more than 90% retention of 212Bi has been 

achieved.[39]  

Our group has previously shown that the incorporation of radionuclides inside 

nanoparticles composed of high Z materials can diminish the loss of internally converted 

daughter radionuclides.[40] In this work, various inorganic nanoparticles were radiolabeled 

with 212Pb including cetyltrimethylammonium bromide or cetrimonium chloride coated gold 

core-shell structured nanoparticles (CTAB/CTAC-Au@AuNP), polyethylene glycol coated 

gold nanoparticles (PEG-AuNP), glutathione coated silver telluride nanoparticles (GSH-

Ag2TeNP) and polyvinylpyrrolidone coated lead sulfide nanodots (PVP-PbSND). We report 

here the radiolabeling efficiency as well as the radiochemical stability of all these 

nanoparticles.  

Methods and materials 

1. Materials 

The 224Ra/212Pb generator was purchased from Oak Ridge National Laboratory (ORNL, Oak 

Ridge, TN, USA). Silver nitrate, L-glutathione and polyvinylpyrrolidone (10 kDa) were 

ordered from Thermo Fisher Scientific (Landsmeer, the Netherlands). All other chemicals 

used in this study were obtained from Merck Sigma (Zwijndrecht, the Netherlands). All 
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chemicals were used as received without further purification. Milli-Q water was produced 

using an in-house Milli-Q system (Millipore) and used throughout this study. 

2. Elution of 224Ra/212Pb generator 

212Pb was obtained by slowly eluting the 224Ra/212Pb generator with 500 μl 2 M HCl, followed 

by 250 μl water. The collected 212Pb solution was evaporated on a hot plate until soft dryness. 

The residual was then redissolved in 500 μl 0.5 M sodium acetate (NaOAc) buffer (pH 6.0). 

The elution efficiency of 212Pb was 87%~99% (n>5). 

3. Synthesis of 212Pb radiolabeled core-shell structured AuNPs 

The synthesis of 212Pb-CTAB/CTAC-Au@AuNPs was adapted from a published protocol 

with minor adjustment.[40-41] 0.1 ml 25 mM tetrachloroauric(III) acid (HAuCl4), 50 kBq 212Pb 

in 20 μl 0.5 M NaOAc buffer (pH 6.0), 4 ml 250 mM CTAB and 5.88 ml water was added to 

a glass vial and mixed for 10 min. 0.6 ml freshly prepared, ice-cold 10 mM sodium 

borohydride (NaBH4) solution was added to the mixture under vigorous stirring. The color 

of the solution changed from yellow to dark brown rapidly. The obtained 212Pb-AuNP seeds 

were left undisturbed at 27 ℃ for 1 hour before further reactions. To grow an extra layer of 

gold on top of the 212Pb-AuNP seeds, 2 ml 200 mM CTAC, 1.5 ml 100 mM ascorbic acid 

(AA) and 1 ml 212Pb-AuNP seed were added to a glass vial and mixed for 5 min at 27 ℃. 2 

ml 0.5 mM HAuCl4 was then added in one-shot by a pipet. The reaction was continued at 27 

℃ for another 15 min. To remove free 212Pb and other daughter radionuclides, 50 μl 10 mM 

ethylenediaminetetraacetic acid (EDTA) was added to the 212Pb-CTAB/CTAC-Au@AuNPs 

and incubated for another 15 min. The 212Pb-Au@AuNPs were then washed thrice using 

centrifuge filters (10 kDa MWCO, Amicon) at 4000 rpm for 20 min and redispersed in 1 mM 

EDTA.   

4. Synthesis of 212Pb radiolabeled PEG-AuNPs 

The synthesis of 212Pb-PEG-AuNPs was adapted from a published protocol with 

adjustments.[42] In a typical reaction, 188 μl 10 mM HAuCl4 and 50 kBq 212Pb in NaOAc 

buffer were added to 1.927 ml water. After being mixed at room temperature for 5 min, 400 

μl 10 mM PEG350-SH was added dropwise and mixed for another 5 min. Then, 400 μl ice-

cold 20 mM NaBH4 was quickly added under vigorous stirring. The mixture was further 

stirred for 2 min and aged for 1 hour before the addition of 50 μl 10 mM EDTA to capture 
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free 212Pb and other daughter radionuclides. The obtained 212Pb-PEG-AuNPs were then 

washed thrice using a centrifuge filter (10 kDa MWCO) at 4000 rpm for 10 min and 

redispersed in 1 mM EDTA.   

5. Synthesis of 212Pb radiolabeled GSH-Ag2TeNPs 

The synthesis of 212Pb-GSH-Ag2TeNPs was adapted from a published protocol with minor 

adjustment.[43] In a typical reaction, 1.5 ml 30 mM silver nitrate (AgNO3), 1.5 ml 15 mM 

sodium tellurite (Na2TeO3), 1.5 ml 90 mM L-glutathione (L-GSH) as well as 37 kBq 212Pb in 

20 μl NaOAc buffer were mixed in an ice bath. 0.5 ml hydrazine hydrate (50%-60%, N2H4) 

was quickly injected into the mixture and vigorously stirred for 5 min, followed by the 

addition of 50 μl 10 mM EDTA and further incubated for 10 min. The produced 212Pb-GSH-

Ag2TeNPs were then washed thrice using centrifuge filters (10 kDa MWCO) at 4250 rpm for 

20 min at 4 ℃ and redispersed in 1 mM EDTA. 

6. Synthesis of 212Pb radiolabeled PVP-PbSNDs 

The synthesis of [212Pb]-PVP-PbSNDs was adapted from a published protocol with 

adjustments.[44] Typically, 37 kBq 212Pb (in 20 μl NaOAc buffer), 1 g polyvinylpyrrolidone 

(MW=10 kDa, PVP10k) and 10 ml 1 mM lead chloride (PbCl2) were mixed in a glass vial at 

room temperature for 10 min. 10 μl 1 M sodium sulfide (Na2S) was then added to this solution 

and mixed for 5 min at room temperature followed by heating in an oil bath at 90 ℃ for 15 

min. The obtained [212Pb]-PVP-PbSNDs were then cooled down to room temperature 

followed by the incubation with 50 μl 10 mM EDTA for 15 min, washed thrice using 

centrifuge filters (10 kDa MWCO) at 4200 rpm for 20 min and finally redispersed in 1 mM 

EDTA. 

7. Determination of radiolabeling efficiency 

The radiolabeling efficiency (RE) of the 212Pb-CTAB/CTAC-Au@AuNPs was determined 

by measuring the counts of the nanoparticles and the counts of the washing fractions using 

an automated gamma counter (Wallac Wizard2 2480, Perkin Elmer, n=3). The radiolabeling 

efficiency was calculated using the following equation: Counts(NPs)/[Counts(NPs)+ 

∑Counts(wash)] × 100%. 212Pb was measured by using the gamma emission at 238.6 keV 

while 212Bi was measured by using the gamma emission at 723.3 keV. The radiolabeling 

efficiency of other 212Pb radiolabeled nanoparticles was determined by iTLC before washing 
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the nanoparticles using centrifuge filters. (EtOH: 10 wt% NH4OAc=1:1, n=3) The 

nanoparticles were retained at the origin of the iTLC strips while the 212Pb/212Bi-EDTA 

complex moved along with the mobile phase. 

8. Determination of radiochemical stability 

The radiochemical stability (RCS) of the CTAB/CTAC-212Pb-Au@AuNPs was determined 

by washing the nanoparticles using centrifuge filters (10 kDa) at 24 hours after purification. 

The RCS was calculated by comparing the counts remaining in the nanoparticle fraction and 

the counts in the washing solutions. (n=3) The 4 h or 24 h RCS of the other 212Pb radiolabeled 

nanoparticles was measured by iTLC using the same mobile phase as described in the 

previous section. (n=3) 

Results and discussion 

CTAB/CTAC-Au@AuNPs as carriers for 212Pb 

In previous research (Chapter 2), we showed that the loss of daughter radionuclides due to 

internal conversion can be prevented if the mother radionuclides are incorporated in core-

shell structured gold nanoparticles. We therefore first radiolabeled the same gold 

nanoparticles with 212Pb. As shown in Figure 5.2, the radiolabeling efficiency of 212Pb was 

found to be 93.9 ± 0.2%. Much higher radiolabeling efficiency was achieved when compared 

to 166Dy (59.8 ± 0.2%) which might be explained by the fact that only trace amounts of 212Pb2+ 

ions (4.6 × 10-6 nmol) were actually added while much more Dy3+ ions (166 nmol) were used 

in the case of 166Dy. After challenging the purified 212Pb-CTAB/CTAC-Au@AuNPs with 1 

mM EDTA for 24 hours (two half-lives of 212Pb), the retention of 212Pb and 212Bi was 

determined as shown in Figure 5.2. Similar to the results of 166Dy/166Ho, high RCS was 

achieved for both the mother 212Pb (98.5 ± 0.1%) and the daughter 212Bi (87.5 ± 1.3%).  
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Figure 5.2. Radiolabeling efficiency (RE) of 212Pb-CTAB/CTAC-Au@AuNPs and the corresponding 

radiochemical stability (RCS) of 212Pb and 212Bi after being challenged with 1 mM EDTA for 24 h, 

n=3.  

PEG-AuNPs as carriers for 212Pb 

We also tested the radiolabeling efficiency of 212Pb in gold nanoparticles coated by PEG 

molecules. Prior to the radiolabeling with 212Pb, non-radioactive PEG-AuNPs were first 

prepared and characterized using transmission electron microscopy (TEM) and dynamic light 

scattering (DLS). As shown in Figure S5.1, the diameter of the PEG-AuNPs was found to be 

3.0 ± 0.9 nm and the hydrodynamic diameter was measured to be 4.5 ± 0.9 nm. Considering 

the trace amount of doped 212Pb2+ ions, the size distribution of the 212Pb-PEG-AuNPs should 

be identical to that of the non-radioactive PEG-AuNPs. The 212Pb radiolabeling on PEG-

AuNPs was also achieved by the co-reduction of gold salts and 212Pb2+ ions by NaBH4 but 

resulted in a lower radiolabeling efficiency, i. e. 42.4 ± 3.4%. The RCS of the 212Pb-PEG-

AuNP was found to be 87.2 ± 10.4% after being challenged with 1 mM EDTA for 24 h, 

comparable to that of the 212Pb-CTAB/CTAC-Au@AuNPs. 

GSH-Ag2TeNPs as carriers for 212Pb 

Next, we explored the possibility of loading 212Pb on other types of nanoparticles. The first 

attempt was made with glutathione coated silver telluride nanoparticles (GSH-Ag2TeNPs) 

which have been reported to be a very promising computed tomography (CT) contrast agent 

due to the strong X-ray attenuation and tiny size (~ 2 nm).[43] Considering the similar ionic 

radius between Ag+ and Pb2+ ions, Pb2+ ions might be able to co-precipitate with the Ag+ ions 

to form Pb doped GSH-Ag2TeNPs. Moreover, lead telluride (PbTe) is also barely soluble in 
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water as Ag2Te.[45] The co-precipitation of Pb and Ag was first tested with a non-radioactive 

Pb source. From Figure S5.2, it can be seen that the natPb-GSH-Ag2TeNPs had a diameter of 

2.1 ± 0.3 nm and a hydrodynamic diameter of 2.7 ± 0.6 nm when using an initial Pb to Ag 

ratio of 1 to 1000 (n/n) during synthesis. To predict the radiolabeling efficiency of 212Pb, the 

conversion rate of natPb2+ and Ag+ ions during the formation of nanoparticles was determined. 

With the ICP-OES measurements, a comparable conversion rate of about 70% was achieved 

for both Pb and Ag (Figure S5.3), probably due to the quenching of reaction at relatively 

early time point (5 min after addition of hydrazine). Higher conversion rate is likely to be 

achievable by extending the reaction time, but that also leads to increase in the size of the 

nanoparticles.[43] To maintain the renal clearable properties of the GSH-Ag2TeNPs, we 

decided to proceed with the 212Pb radiolabeling using a reaction time of 5 minutes, although 

the radiolabeling efficiency might not be optimal. According to this approach, the 

radiolabeling efficiency was determined to be 74.8 ± 3.6%, consistent with the results from 

the pilot study. After being challenged by 1 mM EDTA for 4 h or 24 h, the RCS of the 212Pb-

GSH-Ag2TeNPs was quantified using iTLC. A nearly 100% RCS was achieved at 4 h. The 

24 h RCS was also found to be high, i.e. 95.5 ± 6.2%.  

PVP-PbSNDs as carriers for 212Pb 

Ultra-small copper-64 (64Cu) radiolabeled copper(II) sulfide nanodots (CuSNDs) have shown 

great potential for positron emission tomography (PET) and photothermal therapy.[44] Due to 

the small hydrodynamic diameter (5 nm), the [64Cu]CuSNDs were found to be renal 

clearable, thereby minimizing the radiation burden to the body. Considering the similar 

oxophilicity of Cu and Pb, we replaced Cu by Pb and prepared polyvinylpyrrolidone coated 

lead(II) sulfide nanodots (PVP-PbSNDs).[46] As shown in Figure S5.4, the PVP-PbSNDs 

have a small diameter of 2.8 ± 0.6 nm as well as a hydrodynamic diameter of 4.4 ± 0.8 nm in 

water. The radiolabeling of PVP-PbSNDs was achieved by mixing 212Pb(OAC)2 with PbCl2 

as the reactant. A nearly 100% radiolabeling efficiency was achieved as well as high RCS 

after 4 h and 24 h incubation in 1 mM EDTA (94.2 ± 1.7% and 92.7 ± 5.1% respectively). 

Attempt to increase the specific activity of the [212Pb]-PVP-PbSNDs was carried out by 

scaling down the reaction by 50% but using the same activity of 212Pb. Surprisingly, the 

radiolabeling efficiency in the scaled down reaction decreased to 73.8 ± 7.7% while the 4 h 

RCS remained higher than 90%. 
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Table 5.1. An overview of the radiolabeling efficiency and radiochemical stability of the 212Pb 

radiolabeled nanoparticles produced in this work. 

 
Radiolabeling 

efficiency (%) 

4 h radiochemical 

stability (%) 

24 h radiochemical 

stability (%) 

CTAB/CTAC-

Au@AuNPs 
93.9 ± 0.2 - 

98.5 ± 0.1 (212Pb)a 

87.5 ± 1.3 (212Bi) 

PEG-AuNPs 42.4 ± 3.4 - 87.2 ± 10.4b 

GSH-Ag2TeNPs 74.8 ± 3.6 103.4 ± 5.0 95.5 ± 6.2 

PVP-PbSNDs 

(scaled donw) 
73.8 ± 7.7 89.9 ± 7.1 - 

PVP-PbSNDs 99.1 ± 1.0 94.2 ± 1.7 92.7 ± 5.1 

a The radiochemical stability of 212Pb and 212Bi on CTAB/CTAC-Au@AuNPs were determined 

separately by measuring the gamma emission at 238.6 keV and 723.3 keV for 212Pb and 212Bi 

respectively. 
b The radiochemical stability of 212Pb radiolabeled PEG-AuNPs, GSH-Ag2TeNPs and PVP-PbSNDs 

was determined as the sum of 212Pb and 212Bi using iTLC. 

Discussion 

One of the main problems hindering the clinical translation of nanomaterials is the high 

mononuclear phagocyte system (MPS) uptake which might cause long term toxicity, 

especially when considering those radiolabeled nanoparticles.[47-48] One possible solution is 

to tune the physical properties of the nanoparticles to enable renal clearance. Renal clearable 

nanoparticles can be rapidly excreted from the body within hours, thus reducing the concern 

of toxicity to healthy tissues.[49-50] In this work, we explored the radiolabeling of 212Pb on 

various nanoparticles via co-reduction or co-precipitation methods. Specifically, the PEG-

AuNPs, GSH-Ag2TeNPs and PVP-PbSNDs are likely to be renal clearable due to their small 
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hydrodynamic diameters (<5.5 nm).[51] The 212Pb radiolabeling efficiency of the tested 

nanoparticles varied from less than 50% to nearly 100%, mainly depending on the host and 

surface coating materials of the nanoparticles (Table 5.1). 

In terms of the retention of 212Pb and 212Bi, high RCS was achieved for all tested 

nanoparticles even after being challenged by EDTA for 24 hours (Table 5.1). As the 

dissociated 212Pb2+ and 212Bi3+ ions are not likely to be re-absorbed by the nanoparticles, all 

free 212Pb2+ and 212Bi should be well separated from the nanoparticles either via centrifugation 

or iTLC. Considering the high RCS of the 212Pb radiolabeled nanoparticles prepared in this 

work, it seems that the loss of internally converted 212Bi was prevented by doping 212Pb during 

the formation of the nanoparticles. As discussed in Chapter 2, the incorporation of the mother 

nuclides inside gold nanoparticles provides a great number of free electrons to quickly fill 

the electron vacancies created by the internal conversion effects. Thus, the daughter nuclides 

could be well retained in the gold nanoparticles. This hypothesis was further verified in this 

work by the high RCS of 212Bi in the CTAB/CTAC-Au@AuNPs and PEG-AuNPs. Besides 

gold nanoparticles, two types of metal chalcogenide nanoparticles were also investigated as 

the carrier of 212Pb/212Bi in vivo generator. The 212Pb2+ ions were co-precipitated along with 

the host materials (Ag or natPb) during the synthesis. The high RCS (>90%) achieved from 

the 212Pb-GSH-Ag2TeNPs and [212Pb]-PVP-PbSNDs indicated the strong retention of 212Pb 

and the internally converted 212Bi. We hypothesized that the free electrons from the 

surrounding Ag or natPb atoms might also rapidly migrate to the 212Bin+ (n>3) ions, 

compensating the loss of Auger electrons thus avoiding the ejection of 212Bi from the 

nanoparticles.  

Despite the promising radiolabeling efficiency and high RCS, the specific activity of the 

obtained 212Pb radiolabeled nanoparticles was too low for further biological studies. The next 

step of this research should focus on radiolabeling using higher activity of 212Pb (in MBq) to 

check if the high radiolabeling efficiency and RCS can be maintained. The RCS of each 

nanoparticle should also be evaluated when dispersed in physiological solutions (e.g. PBS 

buffer and blood serum). Furthermore, the 212Pb radiolabeled nanoparticles should be 

functionalized with tumor targeting moieties to enhance tumor uptake and good tumor killing 

efficiency. 
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Conclusion 

In conclusion, four different types of inorganic nanoparticles were radiolabeled with 212Pb 

using chelator-free approaches with high RCS for both 212Pb and 212Bi. The retention of 

internally converted 212Bi is likely due to the high number of free electrons in these 

nanoparticles. However, the current radiolabeling methods still need to be improved to 

increase the specific activity of the products. Further biological studies will demonstrate the 

potential of these 212Pb radiolabeled nanoparticles in cancer treatment.   
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Supplemental information 

1. Synthesis of PEG-AuNPs 

In a typical reaction, 188 μl 10 mM HAuCl4 and 1.927 ml water were mixed at room 

temperature for 5 min, followed by the dropwise addition of 400 μl 10 mM PEG350-SH. The 

obtained solution was mixed for another 5 min at room temperature. Then, 400 μl ice-cold 

20 mM NaBH4 was quickly added under vigorous stirring. The mixture was stirred for 2 min 

and aged for 1 hour to allow the decomposition of excess NaBH4. The obtained PEG-AuNPs 

were washed thrice using centrifuge filters (10 kDa MWCO) at 4000 rpm for 10 min and 

redispersed in water.   

2. Synthesis of natPb-GSH-Ag2TeNPs 

In a typical reaction, 1.5 ml 30 mM silver nitrate (AgNO3), 1.5 ml 15 mM sodium tellurite 

(Na2TeO3), 1.5 ml 90 mM L-glutathione (L-GSH) and 4.5 μl 10 mM Pb(OAC)2 were mixed 

in an ice bath. 0.5 ml hydrazine hydrate (50%-60%, N2H4) was quickly injected into the 

mixture and vigorously stirred for 5 min. 50 μl 10 mM EDTA was added to the as-prepared 

natPb-GSH-Ag2TeNPs for 15 min. The natPb-GSH-Ag2TeNPs were washed thrice using 

centrifuge filters (10 kDa MWCO) at 4250 rpm for 20 min at 4 ℃ and redispersed in water. 

3. Synthesis of PVP-PbSNDs 

Typically, 1 g polyvinylpyrrolidone (MW=10 kDa, PVP10k) was first dissolved in 10 ml 1 

mM lead chloride (PbCl2) in a glass vial at room temperature. 10 μl 1 M sodium sulfide 

(Na2S) was then added to this solution, mixed for 5 min at room temperature and heated in 

an oil bath at 90 ℃ for another 15 min. The obtained PVP-PbSNDs were cooled down to 

room temperature and washed thrice using centrifuge filters (10 kDa MWCO) at 4200 rpm 

for 20 min and finally redispersed in water. 

4. Characterizations 

The shape and size of the non-radioactive nanoparticles were imaged by a 120 kV JEM-1400 

Plus transmission electron microscope (TEM, JEOL). A zeta-sizer (nano-ZS, Malvern) was 

used to determine the hydrodynamic diameter of the nanoparticles. The conversion rate of 

Pb and Ag from the natPb-GSH-Ag2TeNPs were determined using ICP-OES (Optima 8000, 

Perkin Elmer) measurements after destructing the nanoparticles with concentrated nitric acid. 
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The measured concentrations of Pb and Ag were compared with the initially added Pb and 

Ag to calculate the conversion rates. 

 

 
Figure S5.1. Characterization of non-radioactive Pb doped PEG-AuNPs. a) TEM images, scale bar=20 

nm; b) number based hydrodynamic diameter measured by DLS (solvent: water). According to the 

TEM images, the Pb doped PEG-AuNPs had semi-spherical shape and a diameter of 3.0 ± 0.9 nm 

(n>300).  In water, the number weighted hydrodynamic diameter was determined to be 4.5 ± 0.9 nm.  

 

 
Figure S5.2. Characterization of non-radioactive Pb doped GSH-Ag2TeNPs. a) TEM images, scale 

bar=10 nm; b) number based hydrodynamic diameter measured by DLS (solvent: PBS buffer, pH 7.4). 

According to the TEM images, the Pb doped GSH-Ag2TeNPs had a semi-spherical shape and a diameter 

of 2.1 ± 0.3 nm (n>300). In PBS buffer, the number weighted hydrodynamic diameter was measured 

to be 2.7 ± 0.6 nm. 



Chapter 5 

 
 

 124 

 
Figure S5.3. The conversion rate of Pb and Ag during the formation of non-radioactive Pb-GSH-

Ag2TeNPs when using an initial feeding ratio of Pb:Ag=1:1000 (n/n), n=3. 

 

 

 

 
Figure S5.4. Characterization of non-radioactive PVP-PbSNDs. a) TEM images, scale bar=10 nm; b) 

number based hydrodynamic diameter measured by DLS (solvent: water). According to the TEM 

images, the PVP-PbSNDs had a semi-spherical shape and a diameter of 2.8 ± 0.6 nm (n>300). In water, 

the number hydrodynamic diameter was measured to be 4.4 ± 0.8 nm in water. 
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The research described in this thesis focused on the development of nanoparticle-based 

radiopharmaceuticals for cancer treatment. The radiolabeling of a few selected nanoparticles 

with different types of therapeutic radionuclides, including α emitters (212Pb/212Bi), β- 

emitters (166Dy/166Ho) and Auger electron emitters (111In and 125I) was successfully 

developed. The chemo-physical properties, radiochemical properties as well as the in vitro 

anti-tumor efficacy of these radiolabeled nanoparticles were systematically investigated in 

this thesis. 

Core-shell structured gold nanoparticles were radiolabeled with 166Dy (Chapter 2) and 

212Pb (Chapter 5) via co-reduction of the radiometallic ions with gold salts, which is referred 

to as radionuclide doping. The radiolabeling efficiency was found to be 59.8 ± 0.2% and 93.9 

± 0.2% for 166Dy and 212Pb respectively. The higher radiolabeling efficiency of 212Pb was 

likely to originate from its high specific activity, meaning that only trace amount of 212Pb2+ 

ions were actually added for reaction. More than 95% of 166Dy and 166Ho was retained on the 

nanoparticles even after 72 h DTPA challenge. In case of the 212Pb radiolabeled gold 

nanoparticles, the retention of 212Pb and 212Bi after 24 h EDTA challenge was determined to 

be 98.5 ± 0.1% and 87.5 ± 1.3% respectively. Therefore, we came to a conclusion that the 

loss of daughter radionuclides due to internal conversion can be avoided by incorporating the 

mother nuclides in core-shell structured gold nanoparticles. The high number of free 

electrons of gold might account for the high retention of these internally converted daughter 

nuclides. Furthermore, three other types of metallic or metal-chalcogenide nanoparticles 

were radiolabeled with 212Pb in Chapter 5, once again achieving minimum loss of 212Pb and 

212Bi during 24 h EDTA challenge. However, the work reported in these chapters is still in 

an early stage and has certain limits. First, the exact mechanism of how the internally 

converted radionuclides are retained in these nanoparticles is not fully understood. In 

addition, the retention of the internally converted radionuclides still has to be verified in 

physiological solvents (e.g. PBS and serum) using higher activity of 166Dy and 212Pb.  

In Chapter 3 and 4, ultra-small nanoparticles with sub-2 nm core size and sub-5.5 nm 

hydrodynamic diameter were radiolabeled with the Auger electron (AE) emitters 125I and 

111In. Under the most optimal conditions, 14.4%, 49.8% and 23.6% of the internalized 125I-

PEG-AuNPs, 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs respectively, were found in 

the cell nucleus of U87 cells. Due to the efficient delivery of AE emitters to the cell nucleus 
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as well as the self-radiosensitizing effect of the nanoparticles, high tumor cell killing 

efficiency were achieved in 2D U87 cells. However, all the tested nanoparticles had modest 

cell uptake, limiting their tumor killing efficacy in the 3D U87 spheroids. In future work, the 

nanoparticles have to be functionalized with tumor targeting moieties for higher uptake in 

the tumor cells while maintaining their small hydrodynamic diameter. In this sense, small 

molecular targeting agents such as PSMA and FAP inhibitors are preferred.[1-2] In addition, 

the results from the nucleus fractionation assay have to be verified with western blot assays 

and static or dynamic fluorescence imaging. As the tumor cell killing efficiency was only 

determined on the cell level in this work, more biological assays such as DNA double strand 

break staining and western blot are recommended for future work to better quantify the 

induction of DNA damage and to understand the mechanism of cell death caused by these 

AE emitting nanoparticles. Radiation dose calculations of the AE emitters can be performed 

using various models such as MCNP6 and MIRDCell as previously reported in the 

literature.[3-4] However, the radiosensitization effect of the nanoparticles might be challenging 

to be included in current models, requiring more information on the interaction between the 

primary electrons and the nanoparticles.  

In conclusion, the application of nanoparticles especially those with small sizes in 

radionuclide therapy was found to be very beneficial for the improved radiochemical stability 

against nuclear events such as internal conversion as well as the delivery of AE emitters to 

the cell nucleus for maximum DNA damage. Extra benefits such as the fast body clearance 

via the urinary system and the possibility of being tracked by CT, PET, SPECT or 

fluorescence imaging are also attractive but need to be proved in animal models. Besides the 

AE emitters radiolabeled nanoparticles reported in this thesis, more combinations should be 

evaluated in the future. For example, the AE emitting Pt radionuclides (191Pt, 193mPt and 

195mPt) can be built inside the sub-2 nm GSH-PtNPs while 197Hg or 99mTc can be loaded on 

the surface of PEG-AuNPs. This type of research will provide more possibility for Auger 

therapy, thus leading to more chances for clinical translation. 
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Summary 

Radionuclide therapy is an important cancer treatment modality that makes use of the local 

irradiation from radionuclides at the tumor sites. Radiopharmaceuticals are normally 

composed of three components: radionuclide, carrier and tumor targeting agent. In terms of 

the radionuclide carriers, macrocyclic and acyclic chelators are commonly used to complex 

the radiometallic ions. Besides conventional chelators, inorganic nanoparticles have also 

been proposed as radionuclide carriers in previous research but have been mainly focused on 

the diagnostic applications. In this thesis, various types of inorganic nanoparticles were 

radiolabeled with therapeutic radionuclides including α, β- and Auger electron (AE) emitters. 

The behavior of some radionuclides on the host materials during internal conversion was 

studied. Moreover, the cell uptake and tumor killing efficiency of the AE emitters 

radiolabeled nanoparticles were assessed in vitro to evaluate their potential for cancer 

treatment.  

Holmium-166 (166Ho, t1/2=26.8 h, Emax=1.85 MeV) is an important β- emitter in 

radionuclide therapy and has been widely applied in the radioembolization treatment of liver 

metastases. By using its mother nuclide dysprosium-166 (166Dy, t1/2=81.5 h) as the in vivo 

generator of 166Ho, higher radiation dose can be achieved with the same activity as 166Ho. 

However, the internal conversion effects during the decay of 166Dy to 166Ho can lead to the 

release of 72% of 166Ho to the environment when being bound to chelators (e.g. DOTA). In 

Chapter 2, we radiolabeled 166Dy on core-shell structured gold nanoparticles as well as 

platinum-gold bimetallic nanoparticles. The radiolabeling efficiency of 166Dy was found to 

be 60% and 70% in 166DyAu@AuNPs and 166DyPtAuNPs respectively. The retention of 

166Ho on both nanoparticles was found to be more than 95% even after being challenged with 

DTPA for 72 hours, suggesting that the loss of internally converted 166Ho was avoided. These 

results might be attributed to the high number of free electrons in these high Z atoms which 

can quickly fill in the electron vacancies created by the internal conversion effect. Moreover, 

the extra gold shell improved the colloidal stability of the 166DyAuNPs but had little influence 

on the 166Ho retention.  
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The long-term toxicity due to high MPS uptake is one of the main challenges of the 

biological application of nanoparticles especially when using radiolabeled nanoparticles. By 

tuning the hydrodynamic diameters to less than 5.5 nm, nanoparticles can escape from the 

MPS capture and be quickly excreted via the urinary system, i.e. renal clearance. In Chapter 

3, PEG-AuNPs with an ultra-small core size of 1.9 ± 0.3 nm and a hydrodynamic diameter 

of 4.3 ± 0.8 nm were prepared and found to be colloidally stable in various physiological 

solutions. Besides the potential renal clearable property, these small nanoparticles might also 

passively accumulate in the cell nucleus after being internalized. Thus, these small PEG-

AuNPs were radiolabeled with an Auger electron emitter, 125I by chemical absorption on the 

gold surface. 125I has a long half-life of 59.4 days and emits 23.0 AEs per decay. These AEs 

have an intermediate linear energy transfer (LET) of 4~26 keV but a short range of only a 

few nanometers. Thus, 125I has to be delivered close enough to the DNA molecules, i. e. in 

the cell nucleus, to cause sufficient damage to the tumor cells. According to the results from 

the subcellular fractionation assay, 15% to 20% of the internalized 125I-PEG-AuNPs were 

located in the nucleus of U87 cells. Moreover, significant anti-tumor effect of the 125I-PEG-

AuNPs was observed from various in vitro assays in U87 cells despite the modest total uptake 

of the 125I-PEG-AuNPs. The high number of AEs per decay of 125I as well as the self-

radiosensitization effect of the PEG-AuNPs might account for the observed high cytotoxicity 

to U87 cells.  

Motivated by the positive results from the previous chapter, more combinations of AE 

emitters and small nanoparticles were designed and prepared in Chapter 4, namely 111In-

DTPA-AuNPs and 111In-DTPA-Ag2TeNPs. 111In has been extensively applied in single 

photon emission computed tomography (SPECT) imaging but has also been reported for 

cancer treatment due to the emission of 7.4 AEs per decay. In this chapter, ultra-small GSH-

AuNPs and GSH-Ag2TeNPs with 2-nm core sizes, as well as sub-5.5 nm hydrodynamic 

diameters, were synthesized and modified with DTPA molecules for the complexation with 

111In. From the results of 2D cell uptake experiments, it was found that 49.8% and 23.6% of 

the internalized 111In-DTPA-AuNPs and 111In-DTPA-Ag2TeNPs respectively, were 

accumulated in the cell nucleus of U87 cells. Further in vitro cytotoxicity assays confirmed 

the high tumor killing efficiency of these 111In radiolabeled nanoparticles in U87 cells.  
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Due to the higher LET of AEs and α particles when compared to β- particles, they have 

primarily direct interaction with DNA molecules and can thus produce more lethal damage 

to tumor cells. The 212Pb/212Bi in vivo generator is one of the most promising candidates in 

alpha radionuclide therapy. However, approximately 36% of 212Bi the daughter of 212Pb 

might dissociate from the chelator carriers due to internal conversion effects. In Chapter 5, 

we designed four types of 212Pb radiolabeled nanoparticles and achieved radiolabeling 

efficiency varying from 40% to nearly 100%. The overall radiochemical stability of 212Pb 

and 212Bi was found to be 87.5% to 95% at 24 h, suggesting the stable incorporation of 212Pb 

in the nanoparticles as well as the prevention of possible 212Bi loss. Moreover, the small sizes 

of these 212Pb radiolabeled nanoparticles were verified by pilot studies with non-radioactive 

Pb, suggesting the possible renal clearable properties of these 212Pb radiolabeled 

nanoparticles. 

In summary, this thesis explores the application of nanoparticles as the carriers of 

radionuclides in radionuclide therapy. The results reported in this thesis proved that the 

possible dissociation of radionuclides caused by nuclear events such as internal conversion 

can be well prevented when being loaded on nanoparticles composed of high Z elements. 

The combination of AE emitters and ultra-small nanoparticles has been proven to be a very 

promising candidate in Auger therapy. Future studies should focus on the improvement of 

cell uptake of these nanoparticles, by, for instance, the addition of tumor-targeting moieties 

such as PMSA inhibitors and FAP inhibitors. Based on the results obtained from this thesis, 

nanoparticles especially those with small sizes might be appropriate radionuclide carriers in 

radionuclide therapy as replacement of the commonly used chelators, providing new 

opportunities for cancer treatment.  
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Samenvatting  

Radionuclidetherapie is een belangrijke behandelingsmethode voor kanker die gebruikmaakt 

radionucliden voor de lokale bestraling van tumoren. Radiofarmaca zijn doorgaans 

samengesteld uit drie componenten: een radionuclide, een drager, en een tracer die selectief 

aan tumoren bindt. Voor de dragers worden vaak macrocyclische en acyclische chelatoren 

gebruikt die een complex vormen met de radioactieve metaalionen. Naast deze conventionele 

chelatoren is er in het verleden ook onderzoek gedaan naar het gebruik van inorganische 

nanodeeltjes als radionuclidedragers, maar dit was voornamelijk gericht op diagnostische 

toepassingen. In dit proefschrift zijn verschillende soorten anorganische nanodeeltjes 

geradiolabeld met therapeutische radionucliden, waaronder α-, β-- en Auger-elektronen (AE) 

stralers. Het gedrag van een aantal radionucliden geladen op de nanodeeltjes is bestudeerd 

tijdens interne conversie. Daarnaast werden de celopname en de efficiëntie waarmee tumoren 

werden vernietigd door de nanodeeltjes, welke geradiogelabeld waren met AE-stralers, in 

vitro beoordeeld op hun potentieel voor kankerbehandeling. 

Holmium-166 (166Ho, t1/2=26.8 uur, Emax=1.85 MeV) is een belangrijke β- emitter binnen 

de radionuclidetherapie, en wordt veelvuldig toegepast in de behandeling van 

levermetastasen door middel van radioembolisatie. Door gebruik te maken van de 

moedernuclide dysprosium-166 (166Dy, t1/2=81.5 uur) als in vivo generator voor de productie 

van 166Ho kan een hogere stralingsdosis worden bereikt met dezelfde beginactiviteit als 166Ho. 

De interne conversie effecten die plaatsvinden tijdens het verval van 166Dy naar 166Ho kunnen 

echter leiden tot het vrijkomen van 72% van het 166Ho wanneer het gebonden is aan 

chelatoren (zoals DOTA). In Hoofdstuk 2 hebben we 166Dy gelabeld op kern-schil 

gestructureerde goud nanodeeltjes en platina-goud bimetalen nanodeeltjes. De radiolabeling 

efficiëntie van 166Dy was 60% en 70% in respectievelijk 166DyAu@AuNPs en 166DyPtAuNPs. 

De retentie van 166Ho op beide soorten nanodeeltjes was meer dan 95%, zelfs nadat ze waren 

blootgesteld aan DTPA gedurende 72 uur, wat suggereert dat het verlies van interne-

conversie 166Ho werd vermeden. Deze resultaten kunnen worden toegeschreven aan het grote 

aantal vrije elektronen in deze hoge-Z atomen, die snel het elektronentekort dat wordt 

gecreëerd door de interne conversie kunnen opvullen. Bovendien verbeterde de extra gouden 
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schil de colloïdale stabiliteit van de 166DyAuNPs, maar had verder weinig invloed op de 

retentie van 166Ho. 

De toxiciteit op lange termijn als gevolg van een hoge endoplasmatisch reticulum (ER) 

opname is een van de belangrijkste uitdagingen bij de biologische toepassing van 

nanodeeltjes, vooral bij het gebruik van geradiolabelde nanodeeltjes. Door te zorgen dat de 

hydrodynamische diameter minder is dan 5,5 nm kunnen nanodeeltjes ontsnappen aan het 

ER systeem en snel worden uitgescheiden via de urine, dus via renale klaring. In Hoofdstuk 

3 werden PEG-AuNPs met een bijzonder kleine kerngrootte van 1,9 ± 0,3 nm en een 

hydrodynamische diameter van 4,3 ± 0,8 nm bereid, welke colloïdaal stabiel bleken te zijn 

in verschillende fysiologische oplossingen. Naast dat ze mogelijk renaal geklaard worden, 

kunnen deze kleine nanodeeltjes zich ook passief ophopen in de celkern nadat ze zijn 

geïnternaliseerd. Daarom werden deze kleine PEG-AuNPs gelabeld met een Auger-

elektronenemitter, 125I, door chemische absorptie op het goudoppervlak. 125I heeft een lange 

halfwaardetijd van 59,4 dagen en zendt 23,0 AEs per verval uit. Deze AE hebben een lineïeke 

energieoverdracht (LET) van 4~26 keV maar een korte reikwijdte van slechts enkele 

nanometers. Daarom moet het 125I dicht genoeg bij het DNA worden afgeleverd, dus in de 

celkern, om voldoende schade aan de tumorcellen te veroorzaken. Volgens de resultaten van 

de subcellulaire fractionatie analyses bevond 15% tot 20% van de geïnternaliseerde 125I-PEG-

AuNPs zich in de kern van U87 cellen. Bovendien werd een significante antitumorwerking 

van de 125I-PEG-AuNPs waargenomen bij verscheidene in vitro analyses van de U87 cellen, 

ondanks de bescheiden totale opname van de 125I-PEG-AuNPs. Het hoge aantal AEs per 125I 

verval, alsmede het radiosensibiliserende effect van de PEG-AuNPs, kunnen verklaren 

waarom er een hoge cytotoxiciteit werd waargenomen bij U87 cellen. 

Gemotiveerd door de positieve resultaten uit het vorige hoofdstuk werden in Hoofdstuk 

4 meer combinaties van AE-emitters en kleine nanodeeltjes gesynthetiseerd, namelijk 111In-

DTPA-AuNPs en 111In-DTPA-Ag2TeNPs. 111In wordt veelvuldig toegepast in SPECT 

(single photon emission computed tomography) imaging, maar is ook onderzocht voor de 

behandeling van kanker vanwege de emissie van 7,4 AEs per verval. In dit hoofdstuk werden 

ultrakleine GSH-AuNPs en GSH-Ag2TeNPs met een kerngrootte van 2 nm en 

hydrodynamische diameters van minder dan 5,5 nm gesynthetiseerd en gemodificeerd met 

DTPA-moleculen voor de binding met 111In. Uit de resultaten van 2D celopname 

experimenten bleek dat respectievelijk 49,8% en 23,6% van de geïnternaliseerde 111In-
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DTPA-AuNPs en 111In-DTPA-Ag2TeNPs zich ophoopten in de celkern van U87-cellen. 

Verdere in vitro cytotoxiciteitstesten bevestigden de hoge efficiëntie waarmee deze 111In-

gelabelde nanodeeltjes U87 tumoren doodden. 

Vanwege de hoge LET van AE en α-deeltjes in vergelijking met β--deeltjes hebben ze 

voornamelijk directe interactie met DNA-moleculen en kunnen ze daardoor meer (dodelijke) 

schade aan tumorcellen veroorzaken. De 212Pb/212Bi in vivo generator is een van de meest 

veelbelovende kandidaten voor alfa-radionuclidentherapie. Echter, ongeveer 36% van 212Bi, 

het dochternuclide van 212Pb, kan zich dissociëren van chelatoren als gevolg van interne 

conversie effecten. In Hoofdstuk 5 hebben we vier soorten 212Pb-gelabelde nanodeeltjes 

gesynthetiseerd en radiolabeling efficiënties variërend van 40% tot bijna 100% bereikt. De 

algehele radiochemische stabiliteit van 212Pb en 212Bi lag tussen de 87,5% en 95% na 24 uur, 

wat wijst op de stabiele opname van 212Pb in de nanodeeltjes en minimaal 212Bi verlies. 

Bovendien werden de kleine maten van deze 212Pb-gelabelde nanodeeltjes bevestigd door 

pilotstudies met niet-radioactief Pb, wat wijst op mogelijke renaal-klarende eigenschappen. 

Samengevat onderzoekt deze scriptie de toepassing van nanodeeltjes als dragers van 

radionucliden in radionuclidetherapie. De resultaten die in deze scriptie worden 

gepresenteerd, tonen aan dat de mogelijke dissociatie van radionucliden als gevolg van 

nucleaire gebeurtenissen zoals interne conversie kan worden voorkomen wanneer ze worden 

geladen op nanodeeltjes samengesteld uit elementen met een hoog atoomnummer. Er is 

bewezen dat de combinatie van AE-emitters en ultrakleine nanodeeltjes zeer veelbelovend is 

voor Auger-therapie. Toekomstige studies zouden zich moeten richten op het verbeteren van 

de celopname van deze nanodeeltjes, bijvoorbeeld door de toevoeging van tumorzoekende 

componenten zoals PMSA-remmers en FAP-remmers. Op basis van de resultaten verkregen 

uit deze scriptie zouden nanodeeltjes, voornamelijk die met kleine afmetingen, geschikte 

dragers van radionucliden kunnen zijn in radionuclidetherapie als vervanging voor de 

veelgebruikte chelatoren, wat nieuwe mogelijkheden biedt voor de behandeling van kanker. 
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