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Abstract 

The success of a targeted radiotherapy system depends on its ability to carry and deliver 

its radioactive payload to a specific site.  Lanthanide phosphate nanoparticles are highly stable in 

a variety of solvents.  By conjugating different sized polyethylene glyclol (PEG) linkers to the 

gold-surface of the nanoparticles it is possible to alter the in vivo biodistribution.  The 

nanoparticles are synthesized by the co-crystallization of orthophosphate and lanthanide metal 

ions and gold-coated by reduction of NaAuCl4 with sodium citrate.  The nanoparticles retain 

>95% of the 177Lu after two weeks in milli-Q water, phosphate buffered saline, and fetal bovine 

serum.  The ability to adjust the biodistribution has been demonstrated by altering the PEG 

length from 800 Da to 5000 Da and the utilization of clodronate liposomes in a murine model.  

Eighty-five percent of the injected dose (ID) of nanoconjugates with the 800 Da PEG linker 

accumulated in the lung in 1 hour and 55% ID remained in the lung 24 hours post injection in 

clodronate treated mice. Control mice showed 50% ID in the lung at 1 hour and 24 hours post 

injection. Approximately fifty percent ID of the 5000 Da labeled nanoconjugate accumulated in 

the lung in 1 hour in both control and clodronate treated mice. These values dropped to 30% and 

13% at 24 hours in clodronate and control mice, respectively.    Future experiments will target 

nanoparticles specifically to cancer cells using antibodies in a murine model of metastatic lung 

disease. 
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Chapter 1 

Cancer: Current State and Emerging Therapeutic Nanoparticle Platforms 

 

 

 

 

1.1 Cancer Epidemiology 

Over the last several decades, numerous advances have been made in the early diagnosis 

and treatment of cancer.  Due to these developments, the five-year survival rate of all cancers in 

the United States has risen from 49% between 1975-1977 to 69% between 2005-2011.[4]  

However, despite this encouraging trend, cancer remains the second most common cause of 

death in this country, accounting for about 25% of all fatalities annually.  In 2016, the American 

Cancer Society estimates that over 1.6 million new cases of cancer will be diagnosed and that 

almost 600,000 people will die from the disease.  On top of that, cancer care has become a 

financial burden on the healthcare industry, costing an estimated $74.8 billion in 2013.  

When viewed at a global level, it is estimated that by 2030, 21.7 million new cases of 

cancer will be diagnosed annually, which is a 50% increase from 2012.[5]  Fatalities from the 

disease are also expected to increase, totaling 13 million annually, an almost 60% increase from 

2012.  This increase is attributed to a growing and aging population.  
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1.2 Current Oncology and Radiotherapy Strategies 

The three main categories of cancer therapy are surgery, chemotherapy, and 

radiotherapy.[6, 7]  Depending on the type and severity of the disease, one or more of these 

techniques may be utilized as part of a treatment plan.  To achieve the best outcome with any 

treatment, early diagnosis of the disease, before it spreads regionally or forms metastases, is 

crucial.  If the solid tumor remains confined to its site of origin, surgery can be used safely and 

may be curative.  There are a number of reasons why surgical resection is often ineffective.  

Tumors that do not have an adequate margin of surrounding healthy tissue and tumors that are 

rooted either in or very close to vital organs are sometimes considered inoperable.  Surgery may 

still be used if the tumor has spread locally, however this is usually a sign that distant 

micrometastases already exist.  It is of the utmost importance during surgical resection to remove 

all cancerous cells because even a few cancer cells have the potential to self-renew and 

proliferate indefinitely.  Even a small number of individual cancerous cells remaining after 

surgery have the capability of regenerating the primary tumor.   

In cases of advanced disease where no other effective treatment is available, 

chemotherapy is typically used.  It can also be applied as a primary treatment to reduce tumor 

volume, increasing the effectiveness of surgical resection and decreasing the probability of 

metastatic spread.  Lastly, chemotherapy or radiotherapy may be used after surgery to reduce the 

likelihood of recurrence.  Conventional drugs used during chemotherapy are cytotoxic agents, 

which target rapidly dividing cells.  While cancer cells fall into that category, so do several 

normal types such as cells of the bone marrow, intestinal mucosa, and hair follicles.  The 

cytotoxic effect on these non-cancerous cells is the cause of the common, injurious side effects 

associated with chemotherapy.  Destruction of bone marrow cells is detrimental to the body’s 
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immune system and can cause anemia.  Nausea and vomiting are the result of damage to the 

gastrointestinal tract and hair loss is common due to similar effects on the hair follicles.  While 

these side effects are usually only temporary, they can cause significant patient discomfort and 

decreased quality of life. 

The administration of ionizing radiation is widely used in the treatment of cancer.  The 

two main radiotherapy treatment modalities currently used clinically are external beam 

radiotherapy and brachytherapy.  External beam radiotherapy utilizes beams of charged particles, 

such as electrons or protons, or beams of x-rays or gamma rays.  To optimize the effectiveness of 

the treatment, as well as minimize the radiation damage to healthy tissue, the orientation of the 

beam is adjusted based on the location of the tumor.  To accurately map the location of the 

tumor, techniques such as magnetic resonance imaging (MRI), computed tomography (CT), and 

positron emission tomography (PET) may be used individually or combined for added detail.  

Due to the external application of radiation, normal tissue will invariably be affected.  The 

success of external beam therapy relies on the ability to deliver a high dose of radiation to the 

cancerous cells while minimizing damage to the healthy cells nearer to the surface of the skin.  

Brachytherapy uses radioactive sources that are implanted either within the tumor or 

adjacent to it.  This treatment allows for a high dose of radiation to the tumor while minimizing 

normal tissue dose.  Recent improvements in the accuracy of seed placement, aided by 

ultrasound, CT, and MRI imaging technologies, have allowed for a higher dose rate treatment, 

which is more efficient in destroying cancer cells.  However, there is the potential that the 

implant can shift at some point during treatment, which could potentially lead to a high dose of 

radiation to healthy tissue.  
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1.3 Targeted Radiotherapy 

Targeted radiotherapy is a type of ionizing radiation treatment which aims to reduce 

damage to healthy cells by targeting compounds specifically to cancer cells.[8]  For specific 

targeting, a receptor must be identified which is only expressed or is overexpressed in the cells of 

interest, namely cancer cells.  Then the selection of a targeting vector, which shows high 

specificity and affinity for that receptor, must be selected.  Several options for targeting moieties 

include antibodies, peptides, and other small molecules.  The target can then be conjugated to the 

drug or drug carrier, like a bifunctional chelate or nanoparticle, which allows for its binding at 

the site of interest.  Direct radiolabeling of antibodies is also possible.    

 The FDA has approved two therapeutic compounds for this purpose, BEXXAR and 

Zevalin.[9]  However, BEXXAR, which used 131I for the treatment of follicular lymphoma, was 

discontinued in 2014 due to lack of clinical use.  Zevalin uses 90Y for the treatment of non-

Hodgkin’s lymphoma.  Both utilize the β- emission properties of the radionuclides to kill cancer 

cells.  

Targeted radiotherapy can utilize either high or low linear energy transfer (LET) radiation 

depending on the size and type of the tumor.  Alpha particles and protons are considered high 

LET radiation.  Due to their dense ionization pattern in biological tissue, they cause DNA double 

strand breaks by direct action on the DNA molecule which causes cellular apoptosis.  High LET 

radiation also causes the emitted particles to have a short range in tissue, usually in the tens of 

micrometers.  These qualities are attractive for treatment of micrometastases, as the small range 

would significantly reduce healthy cell damage.  Xofigo (223RaCl2) is FDA approved for the 

treatment of bone metastases; the dose administered is 55 kBq/kg of body weight.[10]  The 

treatment protocol calls for six injections at four week intervals.  
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Beta (β-) particles, photons, and Auger electrons are types of low LET radiation.[11]  

This type of radiation creates reactive chemical species like hydroxyl radicals in the cell that then 

interact with the DNA and cause strand breaks.  The extent of the biological damage done by low 

LET radiation depends partly on the oxygen content of the cell.  Hypoxic cells are common in 

most tumors and require a much higher dose of radiation to cause cell death.  The range of low 

LET radiation in tissue is on the order of millimeters for low-energy beta particles to centimeters 

for high-energy particles, making it useful for the treatment of macrometastases and some tumors 

which cannot be resected or treated with other typical modalities.  The dose administered for 

Zevalin is 11.1-14.8 MBq/kg depending on the platelet count of the patient.[12]   

The bifunctional chelate approach (BFCA) is one major area of targeted radiotherapy 

research.  A bifunctional chelate has the dual function of binding the radiometal and providing a 

site for the conjugation of a targeting vector.[3, 13]  Radiopharmaceuticals designed with this 

approach have four components: a chelate, radiometal, linker, and targeting vector. (Figure 1.3.1)  

The choice of a radiometal-BFC complex is determined by the coordination chemistry of the 

radiometal and the donor ability of the ligand.  A best-fit must be determined for a complex that 

is both kinetically and thermodynamically stable.  Several approved radiopharmaceuticals are 

available clinically that utilize this approach including, Quadramet (153Sm-EDTMP), Octreoscan 

Figure 1.3.1: Traditional bifunctional 
chelate approach schematic.[3] 
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(111In-DTPA-octreotide), and Zevalin (90Y-CHX-DTPA).   

One drawback to this approach is that there is no universal chelate, indicating that each 

new radiometal-BFC complex must undergo rigorous chemical characterization and stability 

tests.[3, 14]  Often, in vitro studies fail to predict the stability of a complex in vivo, therefore 

necessitating testing stability in an animal model.  These studies can be time consuming and 

expensive.  Several metal binding proteins in the plasma can compete with the radiometal-BFC 

and cause transchelation, releasing the radiometal into the general circulation.  In vivo oxidation 

of several metals, such as technetium and rhenium, and reduction of certain metals, such as 

copper and gold, can occur causing nonspecific uptake of the radiometals.  The chelation of 

alpha-emitters such as 225Ac and isotopes of bismuth for targeted alpha generator therapy has 

proven difficult.  While DOTA has shown promise in the retention of 225Ac, the associated 

radioactive daughter products have not adequately been contained.  Lastly, dose delivery per 

receptor suffers as each chelate complex can bind only one atom of the radiometal.  

 More recently, nanoparticles have emerged as another significant area of research as an 

alternative to the chelate approach, in an attempt to overcome some of the challenges.   

 

1.4 Emerging Nanoparticle Formulations for Cancer Therapy 

The field of therapeutic nanoparticles has grown considerably over the past decade.  This 

delivery method allows for multiple copies of either an anticancer agent, or radionuclide in one 

nanoparticle, which can increase the therapeutic efficacy as well as overcome multidrug 

resistance.[15]  For example, starting with 20 mCi of 177Lu (25 Ci/mg) will load each 

nanoparticle with four radioactive atoms of lutetium.  A sample calculation can be found in 
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Appendix 3.  The ability to combine multiple drugs in one carrier could improve anticancer 

effects.  One or more targeting agents can be applied to the surface of the nanoparticles, which 

allows for specific uptake by diseased cells only.  The versatility of the nanoparticle platform 

allows for the combination of several useful properties in one complex whether in the core of the 

nanoparticle or by modifying its surface. 

Nanoparticles are subject to the enhanced permeability and retention (EPR) effect in vivo 

which causes increased preferential accumulation of nano-sized materials in tumors.[16]  Tumors 

tend to have abnormal, discontinuous vasculature as well as defective lymphatic function.  This 

lowers the barrier for extravasation of nano-carriers into the tumor and provides a means for 

nano-materials to accumulate at the disease site.  

Nano-systems currently approved by the FDA are primarily liposomal (Myocet, Doxil) or 

polymeric (Genexol-PM, Oncaspar).[15]  These drugs use typical chemotherapeutic agents, such 

as Doxorubicin, and are encapsulated into liposomes or micelles to improve their solubility.  

Abraxane is another FDA approved formulation in which the active drug, Paclitaxel, is 

formulated as nanoparticles, which are bound to albumin, with a diameter of 130 nm.  Several 

other formulations are in the process of clinical trials.  

 As therapeutic agents for cancer, nanoparticle research is primarily focused on 

applications as drug delivery agents, inherently radioactive nanoparticles, radioactively labeled 

nanoparticles, and photothermal agents.  To achieve these goals, an enormous range of unique 

nanomaterials have been synthesized and studied.  Examples of some of the most prevalent and 

exciting nanoparticle platforms being studied are given below.  
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A vast amount of research has been focused on gold nanoparticles due to their 

biocompatibility, ease of synthesis and surface modification, and their wide range of application 

in medicine and biology. For therapeutic purposes, gold nanoparticles can be intrinsically 

radioactive (198Au) or radiolabeled by attaching a chelating agent to the surface of the gold 

nanoparticle. They can be used as drug carriers, hyperthermia agents, CT contrast agents, or as a 

radiosensitizing agent.  Multiple beneficial properties can be combined in one system.  Jiménez-

Mancilla et al.  created radiolabeled gold nanoparticles with both radiotherapeutic and 

hyperthermic properties for internalization into the nuclei of PC3 prostate cancer cells. [17]  

Three different peptides were added to the surface of the gold nanoparticles; Tat-BN for prostate 

cancer cell targeting and cellular internalization, HYNIC-TOC for 99mTc complexation, and 

DOTA-GGC for 177Lu complexation.  Gold nanoparticles will release heat after absorbing non-

ionizing radiation killing the cells in the near vicinity.  177Lu emits beta particles whereas the  

99mTc emits internal conversion and Auger electrons, which if internalized in a cell’s nucleus, 

will cause cell death.  In vitro, the complex was internalized into the nucleus of the prostate 

cancer cells, demonstrated hyperthermic effects after laser irradiation, and the radionuclides 

contributed to the inhibition of PC3 cell proliferation.  Shukla et al. synthesized 198Au 

nanoparticles and functionalized the surface with epigallocatechin-gallate (EGCg) for selective 

binding to Laminin , which are over-expressed in prostate cancer cells.[18]  The nanoconjugate 

was injected intratumorally.  It was shown that after 24 hours post injection, 72% of the complex 

remained in the tumor, and after 28 days the tumor volume was reduced by 80%. 

Arvizo et al. demonstrated the therapeutic effects of unmodified gold nanoparticles, 

which inhibit the growth and metastatic potential of epithelial ovarian cancer cells in vivo.[19]  

In a separate study, Xiong et al. demonstrated that unmodified gold nanoparticles had the ability 
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to sensitize ovarian cancer cells to cisplatin by decreasing the amount of tumor stem cells as well 

as disrupting vital molecular pathways.[20] 

Iron oxide nanoparticles can be intrinsically radioactive using 59Fe, labeled externally, or 

can incorporate a radionuclide as part of a core-shell system.[21]  Iron oxide nanoparticles are 

magnetic and can be directed to the region of interest, increasing uptake, with the use of an 

external magnetic field. Magnetic nanoparticles can be used to induce hyperthermia, which can 

sensitize cancer cells to radiation.  Radović et al. synthesized 90Y-labeled Fe3O4 nanoparticles, 

with and without a surface coating of polyethylene glycol (PEG) linker, and studied their 

biodistribution in vivo.[22]    Both nanoconjugates accumulated mostly in the liver, but without 

the PEG coating, substantial lung uptake was also observed.  The group concluded that the 

system may be useful in treating malignancies of the liver due to the high uptake in that organ. 

Wang, et al. synthesized a core-shell nanoparticle, with an iron oxide core and a magnesium 

silicate shell (Fe3O4@MgSiO3).[23]  The magnesium silicate shell provided a hollow cavity to 

load a chemotherapeutic drug, Doxorubicin.  The nanoparticle exhibited high drug loading 

capability and was able to enter cells through an endocytotic pathway.  The efficacy of the 

treatment was determined in an animal model using Hep-G2/MDR multidrug resistant cancer 

cells.  Uptake of nanoparticles in the tumor in vivo was found to be 5.6% of the injected dose, but 

if guided by an external magnetic field, the uptake could increase to 31.3% of the injected dose.  

The total growth inhibition (TGI) of the tumor was 93.3% and histology showed that most cancer 

cells were destroyed. Marmorato et al. irradiated Fe3O4 nanoparticles with a proton beam to 

produce 56Co as a radiolabel using the 56Fe[p,n]56Co reaction.[24]  The nanoparticles remained 

intact post-irradiation and showed significant uptake in Balb/3T3 and Caco-2 cell lines in vitro.  
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Research groups have proposed that silica nanoparticles can be used several ways for 

cancer therapy.  When a metallic shell is applied, the resulting core-shell nanostructure has the 

ability to absorb and disperse electromagnetic radiation in the visible and infrared ranges.[25]  

By altering the size or the composition of the nanostructure, it is possible to fine tune the 

absorbed wavelengths allowing it to be used as a photothermal therapy agent.  If the core-shell 

nanoparticles can be successfully delivered to cancerous tissues, exposing them to their specific 

wavelength of electromagnetic radiation will cause a release of thermal energy leading to cell 

death.  Silica nanoparticles can serve as drug delivery agents by functionalizing the surface with 

anticancer agents or therapeutic radionuclides.  Rejeeth et al. demonstrated the possible benefits 

of delivering a platinum based chemotherapeutic, cisplatin, attached to the surface of a silica 

nanoparticle.[26]  An in vitro study showed that cisplatin-functionalized silica nanoparticles 

reduced the metabolic activity as well as cell viability of MCF-7 breast cancer cells. Mesoporous 

silica nanoparticles have also been examined for therapeutic purposes.  The hollow structure of 

the nanoparticle, the ability to modify the pore size and geometry, and known simplistic methods 

for surface modifications make these nanostructures attractive candidates for drug delivery.  

Chen et al. has developed a multifunctional mesoporous silica nanoparticle and tested its in vivo 

targeting specificity in a subcutaneously implanted murine 4T1 breast cancer model.[27]  The 

nanoparticle is labeled via polyethylene glycol linkers with TRC105, a monoclonal antibody that 

binds CD105 present in tumor vasculature, and NOTA for complexation with 64Cu for PET 

imaging.  The hollow cavity of the nanoparticle is loaded with doxorubicin, which is released in 

an acidic pH environment, typically found in the extracellular microenvironment of cancer cells.  

In an in vivo comparison study of antibody-labeled and unlabeled nanoparticles a 2-fold greater 

accumulation of doxorubicin in the tumor tissue was shown for mice injected intravenously with 
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TRC105 labeled nanoparticles.  Yang et al. has synthesized a hollow mesoporous silica 

nanoparticle loaded with doxorubicin, which is encapsulated by an amphiphilic capping agent 

containing four functional units which include a targeting segment, hydrophobic segment, 

hydrophilic segment, and a pH-labile linkage.[28]  Folic acid functions as the targeting segment 

while the other units control the extent of drug release from the hollow core.  An in vivo study 

was conducted in mice with HeLa tumors, which are folate receptor positive.  The core-shell 

nanoparticles loaded with doxorubicin demonstrated shrinkage of the tumor to 5% of volume of 

the control group tumor, as compared to free doxorubicin which decreased tumor size to 54% of 

the volume of the control.  

For in vivo alpha generator therapy, researchers have demonstrated that lanthanide 

phosphate nanoparticles can incorporate alpha-emitting actinides such as 225Ac, as well as 

sequestering the radioactive daughter products, so that this isotope may be used safely in a 

clinical setting.  225Ac has been a prime radionuclide candidate for the treatment of micro-

metastatic tumors due to its dense ionization pattern and short range in biological tissue.  

However, the difficulty in containing 225Ac in a stable construct, as well as sequestering the 

several radioactive daughter products has limited its use.  McLaughlin et al. synthesized a 

layered-nanoparticle with a lanthanum/gadolinium phosphate core with four successive shells of 

gadolinium phosphate.[29]  The 225Ac was doped into the core of the nanoparticles and showed 

99.99% retention of the 225Ac over the course of three weeks and 88% retention of the 

radioactive daughter 221Fr over the course of a week. An in vivo biodistribution study with the 

nanoparticle conjugated to a monoclonal antibody targeting thrombomodulin in the lung, mAb-

201b was performed.  With the use of clodronate liposomes, which inhibit the effects of the 

reticuloendothelial system, it was demonstrated that 46.7% ID was delivered to the lung, and 
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remained there by an antibody-mediated mechanism. Later, McLaughlin et al. demonstrated in 

an in vivo tumor model using EMT-6 cells, which form tumor colonies in the lung, that when the 

225Ac doped nanoparticles were targeted with mAb 201b, a dramatic decrease in lung tumor 

colonies could be achieved.[30] 
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Chapter 2 

Chemistry of the Lanthanides and Lutetium-177 

 

 

 

 

2.1 Chemistry of the Lanthanides and Lanthanide Phosphates  

The lanthanides are soft, low conductivity metallic elements which are usually silver in 

appearance.[31]    In solution chemistry, the +3 oxidation state is dominant across the series.  

The radii of the lanthanides decrease as they become heavier, causing a “lanthanide contraction”, 

due to the imperfect shielding of nuclear charge by electrons in the 4f orbitals.  The large size of 

the lanthanides causes their bonding to be mainly ionic in nature making three-dimensional 

lattice structures containing atoms with high coordination numbers common.  

Lanthanide phosphates (LaPO4) were first researched for nuclear waste storage 

applications, beginning around 1970 when the first single crystals were synthesized.[32]  More 

recently, they have been studied for applications in electronics, biomedical sensors, as well as 

diagnostic and therapeutic agents for cancer.[33]   

Two different crystal structures exist for the lanthanide phosphates.  The lighter 

lanthanides (up to and including gadolinium) crystallize in the hexagonal, rhabdophane structure 

while the heavier lanthanides prefer the tetragonal, xenotime structure.[34]  The lanthanide 

phosphates are very stable in 18 MΩ water, with Ksp values in the range of 10-25-10-27.[35]  
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They are also non-toxic and possess some level of radiation resistance.[36]  The development of 

an aqueous synthetic route by Buissette et al. in 2005 has allowed the lanthanide phosphates to 

be considered in a wider range of applications.[37] 

 

2.2 Production and Nuclear Properties of Lutetium-177 

Lutetium-177 is produced in research reactors by two different routes: direct or 

indirect.[38-40]  The direct route involves the irradiation of an enriched lutetium oxide 

(176Lu2O3) or lutetium nitrate (176Lu(NO3)3) target.  Due to the high neutron cross section of 

176Lu (σ=2065 barns), 177Lu is produced by a (n,ɣ) reaction with a maximum specific activity of 

740-1100 GBq/mg (20-30 Ci/mg).  The target is then dissolved in dilute acid to form 177LuCl3.  

This method is inexpensive, easily scalable, and generates a negligible waste stream.  However, 

negatives inherent to the process include the formation of the metastable isomer, 177mLu 

(t1/2=160.1 days), and the low specific activity of the isotope.  The theoretical specific activity of 

177Lu is 4.07 TBq/mg (110 Ci/mg), which indicates that production via the direct route yields 

radioactive samples in which only 25% of the lutetium atoms are 177Lu.  This specific activity is 

adequate for radiotracer and some clinical applications, like bone palliation, in which a large 

mass of low specific activity product is dispensed.  For antibody or peptide targeted 

radiotherapy, high specific activity 177Lu is preferred due to the low number of receptor sites 

available for binding in vivo.  The indirect route produces no carrier added 177Lu with a specific 

activity of  >3.7 TBq/mg (100 Ci/mg) and the highest radionuclide purity possible.  This is 

achieved by a (n,ɣ) reaction on an enriched 176Yb target forming 177Yb (t1/2=1.9 hours) which 

then beta decays to 177Lu.  This method produces no detectable amount of 177mLu and the specific 

activity is not influenced by the neutron flux of the reactor.  Irradiation of natural ytterbium, 
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which is a mixture of seven stable isotopes, produces 177Yb as well as 169Yb and 175Yb, therefore 

necessitating the use of a highly enriched (possibly up to 97%) 176Yb target  Low burn-up of the 

176Yb target during production allows for its recovery and reuse, mitigating some of the 

economic hurdles associated with this approach.  Unfortunately, 176Yb has a small neutron cross 

section which keeps the production yield low.  This method also generates a large amount of 

radioactive waste as the techniques for separating the no carrier added 177Lu from the 

macroscopic quantities of 176Yb are complex.  Despite the challenging production of high 

specific activity 177Lu, it is available from PerkinElmer through a collaboration with the 

University of Missouri Research Reactor (MURR) at >100 Ci/mg. 

The half-life of 177Lu is 6.7 days and its main decay mode is beta particle emission, with 

a maximum energy of 498 keV.[41]  The maximum tissue penetration of the beta particle is 2.8 

mm, while the mean penetration range is 670 µm.  Two low-energy gamma rays are also 

emitted: 208 keV (11%) and 113 keV (6.4%).  With both beta and gamma emissions, 177Lu can 

be utilized in theranostic agents.  The short range of the beta particle is best suited for the 

treatment of small tumors or metastatic lesions, and the low energy gamma emission can be 

imaged with traditional SPECT cameras.  The half-life is long enough for the synthesis, quality 

control, and delivery of 177Lu-containing radiopharmaceuticals.   

177Lu has been incorporated into several radiopharmaceuticals and their efficacy has been 

evaluated for use in radioimmunotherapy (RIT), peptide receptor radionuclide therapy (PRRT), 

and pain palliation.     

Mohsin, et al. argue that 177Lu is the optimal lanthanide for the future evaluation of new 

drug platforms due to its superiority in inhibiting tumor growth in conventional RIT (as 

compared to 166Ho and 149Pm).[42]  Abbas et al. compared the therapeutic effects of a beta-
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emitting isotope, 177Lu, and an alpha-emitter, 227Th, in a HER-2 positive breast cancer 

model.[43]  While 227Th was more efficient in inhibiting tumor growth generally, at doses 

associated with a 50% decrease in white blood cells, 177Lu had a higher therapeutic index and 

was three times more efficient at tumor growth inhibition.  

The peptide receptor radionuclide therapy agent, Lutathera (177Lu-DOTATATE), has 

shown success in targeting type 2 somatostatin receptors, which are over-expressed in 

neuroendocrine tumors (NETs).[44]  In 2011, results of a phase I/II clinical trial demonstrated 

the antitumor activity and lack of toxicity of the radiopharmaceutical when treating 51 patients 

with NETs in various parts of the body.  Objective responses were seen in 30% of patients and a 

minimal response in an additional 26%.  The median time to progression (TTP) was 36 months 

with an overall survival of 68% at the end of the 36-month period.  The treatment also displayed 

beneficial effects on symptom control, which improved patient quality of life.  Early results of a 

phase III clinical trial designed to treat progressive, metastatic midgut NETs were released in 

October 2015.[45]  Compared to patients given high-dose Octreotide LAR, which had a median 

progression free survival (MPFS) of 8.6 months, patients given 177Lu-DOTATATE had not yet 

reached the MPFS but estimate it to be around the 40-month mark.  177Lu-DOTATATE exhibited 

a 79.1% reduction in the risk of progression or death and caused an objective response in 19% of 

patients, compared with 3% on Octreotide LAR.  

Agarwal et al. conducted a phase II clinical trial to determine the pain palliation effects of 

177Lu-EDTMP in patients with bone metastases from breast cancer and castrate-resistant prostate 

cancer.[46]  177Lu-EDTMP selectively accumulates in bone with low uptake in soft tissue.  The 

overall response rate was 86% and lasted for a median time period of 3 months, which is 

comparable to current radiopharmaceuticals such as 89SrCl2, 153Sm-EDTMP and 186Re-HEDP.  
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As the utility of 177Lu has been demonstrated for the treatment of macrometastases and 

larger tumors, as well as for bone palliation, the creation of a nano-carrier that can incorporate 

multiple copies of the radioisotope and retain them in vivo would be useful.  By containing 

multiple 177Lu atoms in one nanoparticle, the dose delivered to a target receptor will increase by 

several times, thereby enhancing the therapeutic efficacy.   An easily modifiable surface would 

allow for the attachment of a myriad of linkers and targeting vectors.  As an added benefit, the 

ability to be doped with a range of medically relevant radiometals would widen its application to 

tumors and metastases of all sizes.  An easily customizable nanoconjugate could be used for a 

broad range of cancers and disease states. 
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Chapter 3 

Gold-Coated Lanthanide Phosphate Nanoparticles for Targeted Radiotherapy 

 

 

3.1 Nanoparticle Synthesis and Stability 

3.1.1 Materials and Equipment 

All chemicals used were purchased from Sigma-Aldrich, unless otherwise noted, and 

were ACS grade or better.  Ultra-pure MilliQ water was from an in-house system.  

Measurements of radioactivity were performed on a gamma-ray spectrometer using a high purity 

germanium detector (Canberra).  A 10 kDa molecular weight cutoff (MWCO) regenerated 

cellulose dialysis membrane (Spectra/Por 6, 132570) was used for radiochemical yield and 

stability studies.  A 0.4T NdFeB magnet (Supermagnet #31, United Nuclear) was used to 

separate out magnetically active nanoparticles.  Nanoparticles were characterized by 

transmission electron microscopy (TEM, JEOL 1400), neutron activation analysis (NAA), and 

Ultraviolet-visible (UV-vis) spectroscopy (Ocean Optics USB 2000). 
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3.1.2 LuGd(PO4) nanoparticle core preparation 

Lanthanide phosphate nanoparticle cores with a 50:50 molar ratio of lutetium: 

gadolinium were synthesized by combining 100 µL of 0.05 M LuCl3 and 100 µL of 0.05 M 

Gd(NO3)3 with 400 µL of 0.05 M sodium tripolyphosphate (Na-TPP) in a 5 mL glass v-bottom 

vial with a magnetic stir bar.  The gadolinium in the core allowed the nanoparticles to be 

magnetically separated, which is useful later in the synthesis.  For the preparation of radioactive 

nanoparticles, 1-10 mCi of 177Lu in 0.1 M HCl was added to the solution before heating.  The 

solution was heated for three hours at 90°C while stirring slowly.  The resulting white 

suspension was then centrifuged at 6000 g for five minutes to collect the nanoparticle cores.  

After decanting, the core particles were redispersed in 1.5 mL of 18 MΩ water.   

Figure 3.1.1: Hot block setup 
for nanoparticle synthesis. 
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The cores were characterized by TEM and NAA.  TEM samples were sonicated 

immediately before pipetting 8 µL of the redispersed nanoparticle suspension on a copper grid.  

The samples were allowed to dry for 5 minutes and excess liquid was wicked off with filter 

paper.  Due to the presence of magnetic gadolinium in the nanoparticle core, the grids were then 

carbon coated.  The images were analyzed with ImageJ software available from the National 

Institute of Health (NIH).  NAA samples were prepared by adding 10 µL of the redispersed 

nanoparticle suspension to a 1.6 mL high-density polyethylene vial and allowed to dry.  The 

vials were sealed and irradiated for seven seconds, allowed to decay for one minute, and then 

counted for one minute. 

 

 

Figure 3.1.2: Nanoparticle cores 
suspended in 18 MΩ water 



21 
 

3.1.3 LuGd(PO4)@Au preparation 

Multiple synthetic conditions were explored to achieve reproducible gold coating of the 

lanthanide phosphate nanoparticles.  The reaction temperature is critical and must be kept in the 

range of 85-95°C.  Also, the ratio of the mass of nanoparticles to the amount of citrate and gold 

plays a key role.  Several sets of experimental conditions were tried and are summarized in 

Appendix 1.  

Gold coating of the LuGd(PO4) was accomplished by transferring the 1.5 mL suspension 

of core nanoparticles to a 5 mL glass v-bottom vial with a stir bar.  600 µL of 0.1 M sodium 

citrate was then added and the solution was heated up to 90°C on a pre-calibrated hot-plate.  

When the solution reached the desired temperature, five 500 µL aliquots of a 1 mM NaAuCl4 

solution were added dropwise every five minutes (a total volume of 2.5 mL).  During the 

addition, the solution containing the nanoparticle suspension changed to a deep red color.  After 

heating at 90°C for an additional 45 minutes, the solution was transferred to a 20 mL glass 

Figure 3.1.3: Gold-coated 
nanoparticle solution (left) 
and magnetic separation 
(right) 

Clump of magnetically 
active NPs 
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scintillation vial and placed next to the 0.4T NdFeB magnet overnight.  The supernatant was then 

decanted, leaving only the magnetically active gold-coated particles.  This procedure produced a 

magnetically collected fraction wherein no uncoated nanoparticles cores could be observed 

(white flakes) and no gold nanoparticles were observed in the supernatant (clear solution).  The 

approximately 2.6 mg of gold-coated nanoparticles were then re-suspended in approximately 1 

mL 2 mM sodium citrate solution.  They were characterized by TEM, NAA and UV-vis 

spectroscopy.  

In addition to the Lu0.5Gd0.5(PO4)@Au nanoparticles, Lu0.25Gd0.75(PO4)@Au, 

Lu0.1Gd0.9(PO4)@Au, Lu0.75Gd0.25(PO4)@Au, Lu0.9Gd0.1(PO4)@Au were synthesized and 

analyzed by NAA.  For example, the Lu0.25Gd0.75(PO4) cores were synthesized by combining 50 

µL of 0.05 M LuCl3, 150 µL of 0.05 M Gd(NO3)3, and 400 µL of 0.05 M Na-TPP.  The 

Lu0.9Gd0.1(PO4) cores were synthesized by combining 180 µL of 0.05 M LuCl3, 20 µL of 0.05 M 

Gd(NO3)3, and 400 µL of 0.05 M Na-TPP.  All were gold-coated with the protocol outlined 

above. 

 

3.1.4 Radiochemical Yield Measurements 

The percentage of 177Lu incorporated into the nanoparticle cores was determined using a 

10 kDa dialysis membrane.  After the core synthesis was complete, the nanoparticle solution was 

loaded into the membrane and placed in 18 MΩ H2O overnight.  The next day a 10 mL aliquot of 

the dialysate solution was analyzed by gamma spectroscopy.  The amount of 177Lu that leeched 

out of the dialysis membrane was measured, decay corrected, and compared to the amount of 

added activity.  The supernatant was decanted from the magnetically collected sample and the 
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activity in the nanoparticles was determined by gamma spectroscopy.  The yield was determined 

by decay correction of the measured activity and comparison to the original activity of the 

solution prior to magnetic separation of the particles. 

 

3.1.5 In vitro Stability Studies 

Stability studies were also performed using a 10 kDa dialysis membrane.  The 

magnetically separated radioactive gold-coated nanoparticles were suspended in approximately 1 

mL of 18 MΩ water and this suspension was pipetted into the dialysis membrane and challenged 

with different solutions.  The stability was tested against 500 mL of 18 MΩ H2O, 500 mL of PBS 

buffer (pH=7.4) or 500 mL of 50% fetal bovine serum (FBS) solution.  A 10 mL aliquot of the 

dialysate was taken periodically and analyzed by gamma spectroscopy.  The amount of 177Lu that 

had leeched out of the nanoparticles was measured, decay corrected and compared to the initial 

activity. 
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3.1.6 Nanoparticle Characterization and Discussion 

Nanoparticle cores (LuGd(PO4)) analyzed with TEM had an average diameter of 16±2 

nm (n=20).  NAA results showed the mole percent composition of Gd and Lu in the core to be 

47.5±1.1% lutetium and 52.5±1.1% gadolinium (n=3).  

 

Gold-coated nanoparticles (LuGd(PO4)@Au)) analyzed with TEM had an average 

diameter of 23.5±3.8 nm (n=151).  Once gold-coated, the nanoparticles exhibited a plasmon 
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Figure 3.1.6: TEM image of LuGd(PO4) core 
nanoparticles (top). 

 

 

(bottom left) TEM image of LuGd(PO4)@Au 
nanoparticle and (bottom right) ImageJ 
size distribution analysis of gold-coated 
nanoparticles (n=151) 
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band at 529 nm in the UV-vis spectrum.  NAA results for all gold coated nanoparticles 

formulations are displayed in Table 3.1.6 and presented as mole %. 

Gamma spectrometry measurements on multiple syntheses indicated that during the core 

synthesis 95±3% (n=10) of the 177Lu was incorporated into the nanoparticle.  The stability of the 

nanoparticle cores in 18 MΩ H2O was determined using the dialysis procedure described above.  

Over a period of two weeks, 70% retention of the activity was observed.  Due to the very low Ksp 

values for lanthanide phosphate crystals, the decrease in 177Lu retention over time could not be 

attributed to dissolution of the nanoparticle core.  A saturated solution of lanthanide phosphate in 

pure water yields lanthanide ion concentrations on the order of 10-13 M.[35]  Thirty percent 

dissolution of 2.6 mg Lu0.5Gd0.5PO4 in 500 mL of water would yield a lanthanide concentration 

of 6 x 10-6 M which is 5 orders of magnitude greater than predicted for a saturated solution. 

 

Table 3.1.6: NAA analysis of different core compositions. 

NAA results 

NP type %Lu %Gd %Au 

Lu0.5Gd0.5 (PO4) (n=3) 47.5%±1.0 52.5%±1.1 N/A 

Lu0.5Gd0.5(PO4)@Au (n=3) 43.2%±1.7 56.7%±1.7 0.08%±.002 

Lu0.25Gd0.75(PO4)@Au (n=1) 20.3% 79.6% 0.07% 

Lu0.1Gd0.9(PO4)@Au (n=1) 8.5% 91.5% 0.07% 

Lu0.75Gd0.25(PO4)@Au (n=1) 71.5% 28.4% 0.05% 

Lu0.9Gd0.1(PO4)@Au (n=1) 88.5% 11.4% 0.17% 
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As an alternative, we hypothesized that the loss of activity from the core nanoparticles in 

pure water was due to loss of surface bound 177Lu cations held only by electrostatic interactions.  

To test this, an exchange experiment was performed.  After the radioactive core synthesis was 

complete, an excess amount of cold LuCl3 salt was added to the solution and was allowed to mix 

vigorously for 24 hours.  The particles were centrifuged and the supernatant decanted.  In this 

exchange experiment, the cores lost 20.6% (n=2) of their activity in 1 day. Without the addition 

of the LuCl3 used as an exchange carrier, it took 7 days for the cores to lose 20% of their activity 

in pure water.  

The overall synthesis yield of the magnetically separated gold-coated nanoparticles was 

66.5±4.7% (n=10).  Over a time period of 17 days in 18 MΩ H2O, the gold-coated nanoparticles 

retained  more than 95% of their initial activity. Over the same time period, the gold-coated 

nanoparticles retained  more than 98% of the 177Lu activity.  The gold-coated nanoparticles were 

also challenged by fetal bovine serum (FBS) over the course of one week at 37°C and retained 

95% of the 177Lu activity. 
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Figure 3.1.6 A: Core 
nanoparticle 
stability (diamonds) 
(n=3) and exchange 
experiment results 
(squares) (n=2) 

Figure 3.1.6 B: Gold-
coated nanoparticle 
stability in 18 MΩ 
water. (n=3) 

Figure 3.1.6 C: Gold-
coated nanoparticle 
stability in PBS. 
(pH=7.4) (n=3) 
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3.2 Nanoparticle Surface Conjugation 

3.2.1 Materials and Equipment 

Carboxy-lipoamide polyethylene glycol linkers (PEG) of three different sizes (MW=800, 

3400, and 5000 Da), Sulfo-NHS (N-hydroxysulfosuccinimide), and EDC (1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride) were purchased from Thermo Scientific.  

Anti-Thrombomodulin antibody from Abcam was used for immunohistochemistry.  Dynamic 

light scattering results were taken on a Malvern Zeta Sizer, Nano ZS. 

 

 

 

 

 

Figure 3.1.6 D: Gold-
coated 
nanoparticles 
stability in FBS at 
37°C. (n=1) 
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3.2.2 LuGd(PO4)@Au@PEG 

PEG linkers (800, 3400, and 5000 Da) were added to the gold-coated nanoparticles by 

mixing ~1 mg of PEG with 1 mg of gold-coated nanoparticles in 1 mL of 18 MΩ H2O.  After 

mixing at ambient temperature for four hours the resulting nanoconjugates were centrifuged at 

6000 g for ten minutes and decanted to remove excess PEG.  The pegylated particles were 

redispersed in 18 MΩ water or phosphate buffered saline (PBS).  The nanoconjugates were 

characterized with TEM, UV-vis spectroscopy and DLS. 

 

3.2.3 Nanoconjugate Characterization  

UV-Vis spectroscopy was used to confirm the addition of the PEG linker to the surface of 

the gold-coated nanoparticles.  When the dielectric constant of the gold shell is changed due to 

modifications on the surface, a shift in the surface plasmon resonance occurs.[47, 48]  The 

PEGylated nanoconjugates exhibit a blue shift from 529 nm to 525 nm.  The hydrodynamic 

diameter of each nanoparticle-PEG conjugate was analyzed by DLS.  The nanoconjugates 

Figure 3.2.2: TEM image of PEGylated nanoparticles 
(left) and nanoconjugate schematic (right) 
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exhibited an increase in hydrodynamic diameter from 34.4 nm, to 40.5 nm, and to 52.2 nm for 

LuGd(PO4)@Au@PEG800, LuGd(PO4)@Au@PEG3400k , and LuGd(PO4)@Au@PEG5000 

respectively. 

 

Figure 3.2.3: (Top to bottom) 

LuGd(PO4)@Au: 529 nm 
 
LuGd(PO4)@Au@PEG800:  
525 nm 
 
LuGd(PO4)@Au@PEG@Ab: 
536 nm 
 

Table 3.2.3: DLS results for nanoparticle-PEG complexes 
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3.2.4 Antibody Conjugation 

Antibody conjugation is achieved by EDC/NHS activation.  First, 8 µL of 10 mg/mL 

sulfo-NHS and 80 µL of 10 mg/mL EDC are added to a vial containing 0.5 mg of the 

LuGd(PO4)@Au@PEG800 nanoconjugates in 1 mL of PBS buffer (pH=7.4).  After stirring for 30 

minutes the nanoconjugates are centrifuged at 8000 g for 5 minutes and the supernatant is 

removed.  The nanoconjugates are redispersed in fresh PBS buffer and again centrifuged and 

decanted for complete removal of sulfo-NHS and EDC to prevent antibody crosslinking.  Once 

redispersed in PBS, 0.5 mg of the antibody BC8 was added to the vial, placed on a rocker table 

and allowed to mix gently overnight.  Then the nanoconjugate sample is centrifuged and the 

supernatant, containing unreacted antibody, is removed.  Once again the conjugates are 

redispersed in PBS.  As with PEG modification, the shift in the surface plasmon resonance 

indicates successful conjugation.  The successfully conjugated antibody-labeled nanoconjugates 

exhibited a shift from 525 nm to 536 nm.   

 

Figure 3.2.4: EDC/NHS 
activation mechanism for 
antibody addition.[1] 
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3.2.5 Immunohistochemistry of Anti-Thrombomodulin Labeled Nanoparticles 

(LuGd(PO4)@Au@PEG800@Ab) 

Due to the nonspecific nature of antibody binding achieved through EDC/NHS 

activation, it is necessary to validate that the binding affinity of the antibody to its target remains 

after being attached to the PEG linker.  Immunohistochemical stains were performed using the 

Dako K4065 Envision Dual Link Kit utilizing horseradish peroxidase (HRP) with 

diaminobenzidine (DAB) as the final chromogen. 

Anti-thrombomodulin was attached to the PEG linker by mixing 50 µg of nanoparticle-

PEG800 conjugates with 1 µL of Sulfo-NHS and 8 µL of EDC and allowing them to mix for 30 

minutes.  The sample was centrifuged and the supernatant decanted.  Nanoconjugates were 

redispersed in 1 mL PBS and 50 µg of anti-thrombomodulin antibody was added and allowed to 

mix gently overnight.  The next morning the sample was centrifuged and the supernatant 

decanted.  The antibody-labeled nanoconjugates were then redispersed in PBS. 

Normal human lung tissue (formalin-fixed) sections were cut from paraffin blocks at 6 

µm.  Xylene was used to remove the paraffin and the sections were rehydrated in a series of 

ethanol baths (100%, 95%, 90%) and finally rinsed with distilled water.   

For positive controls, antigen retrieval was performed by heating the sections to 95°C in a 

steam heater for 20 minutes, allowing them to cool for 20 minutes, and then rinsing them with 

distilled water three times, followed by a soak in DakoTM “wash buffer” for five minutes.  

Endogenous peroxidase was blocked by incubating sections in Dako dual endogenous block 

solution for 10 minutes followed by a buffer rinse.  Then the primary antibody was incubated on 

the sections overnight at 4°C in a humidity chamber.  The antibody was used at a 1:250 dilution. 
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After the overnight incubation, sections were warmed to ambient temperature and rinsed 

with buffer for 5 minutes.  Then, the kit’s labeled polymer linked to HRP was added to the slides 

and incubated in the humidity chamber at room temperature for 30 minutes followed by a 2-

minute incubation with DAB, followed by a rinse in running distilled water to quench the 

reaction.  Slides were then counterstained with Modified Mayer’s Hematoxylin (Newcomer 

Supply, catalogue #1202) by soaking for 1 minute followed by a rinse in tap water.  Dehydration 

was achieved through a series of ethanol baths (95% x2, 100% x2) followed by xylene.  Finally, 

coverslips were applied with Leica Surgipath MM24 mounting medium.   

To determine the retention of binding affinity, nanoconjugates labeled with anti-

thrombomodulin were used in place of primary antibody.  For negative controls, no primary 

antibody was used.  The results are shown in Figure 3.2.5.  The identical staining pattern for the 

primary antibody and for anti-thrombomodulin labeled nanoparticles indicates that the binding 

affinity of the antibody to its target was retained after conjugation to the PEG linker.  The brown 

reaction product is due to the reaction of DAB with peroxide. 
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Figure 3.2.5: Immunohistochemistry results for 
anti-thrombomodulin labeled nanoparticles. 
(200x magnification)  

a. Positive controls: the brown 
reaction product can be seen 
indicating the primary antibody is 
bound to blood vessels in the alveolar 
septae of the lung sections. 

b. Anti-thrombomodulin labeled 
nanoparticles show identical staining 
pattern as primary antibody. 

c. Negative controls show no staining 
in lung tissue.   
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Chapter 4 

In Vivo Biodistribution of 177LuGd(PO4)@Au@PEGx Nanoconjugates 

 

 

 

 

4.1 Specific Targeting of Nanoconjugates 

The efficacy of a targeted radiotherapy system is dependent on its ability to accurately 

and specifically deliver its payload.  This remains a major limitation in the translation of targeted 

systems from the laboratory to the clinic.  Many nanoparticle formulations have shown 

promising anti-tumor and targeting potential in vitro as well as through intratumoral injection.  

However, when systemically administered, it is rare for even 10% of the injected dose to 

accumulate in tumor tissue.[49]  The published literature involving biodistribution and tumor 

targeting over the last few years illustrates this problem.  Liu, T. et al. used 64Cu-porphysomes to 

target a metastatic strain of prostate cancer, which showed a maximum tumor uptake 24 hours 

post-injection of approximately 7% ID/g, with high accumulation in the liver and spleen.[50]  

Elias et al demonstrated a tumor uptake of no more than 4% ID/g in tumors derived from T6-17 

fibroblast cells using superparamagnetic iron oxide nanoparticles targeted with HER2, RGD, or 

LDS, all of which have receptors on the tumor cells.[51]  Dreifuss et al. used C225-labeled 20 

nm gold nanoparticles to target EGFR in a head and neck squamous cell carcinoma model, which 
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exhibited 5% ID/g accumulation in the tumor tissue as well as the liver, spleen, and kidneys.[52]  

Liu, Y. et al. targeted sarcoma xenografts with 30 nm PEGylated gold nanostars, finding only 

2% ID/g in tumors.[53]  Kang et al. encapsulated pH-sensitive gold nanoparticles inside 

mesenchymal stem cells, and attained on the order of 6% ID accumulation in tumors derived 

from HT-1080 fibrosarcoma cells.[54]   

The Cai research group at the University of Wisconsin-Madison has recently published 

several works involving the targeting of nanomaterials with TRC105, an antibody specific to 

tumor vasculature, in mice bearing 4T1 breast tumors.  In 2013, Chen et al. showed a maximum 

accumulation of 6% ID/g in tumor tissue using mesoporous silica nanoparticles, labeled with 

64Cu and TRC105.[27]  In 2014, Chen et al. used 64Cu and TRC105 labeled nanographene oxide 

and mesoporous silica nanoparticles, demonstrating a 5% ID/g and 6% ID/g tumor accumulation 

respectively.[55]  In 2015, with copper sulfide nanoparticles coated with mesoporous silica and 

targeted with TRC105, Chen et al. found a maximum of 6% ID/g accumulation in tumor tissue 

while over 30% ID/g accumulated in the liver.[56]  Also in 2015, Hong et al. saw a maximum 

tumor uptake at 30 minutes post-injection of 6.5% ID/g utilizing TRC105 labeled zinc oxide 

nanoparticles.[57] 

One of the more successful attempts at tumor targeting was conducted by Wang et al. 

using Fe3O4 core nanoparticles with a magnesium silicate shell.[23]  By combining the effects of 

a surface bound targeting moiety, folic acid, as well as an external magnetic field for 

nanoparticle guidance, it was possible to accumulate up to 53% of the injected nanoparticles at 

the tumor site.  
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Due to the difficult nature of specific targeting, it is necessary to explore methods which 

allow for the modification and alteration of the in vivo biodistribution.  This will allow for the 

optimization of nanoparticle formulations increasing their targeting efficiency.  

 

 4.2 Altering In Vivo Biodistribution of Nanoconjugates  

Several strategies may be employed in an effort to fine tune the biodistribution of a 

targeted radiotherapy system.  The physical properties of the nanoparticle, the existence of 

surface charges on the nanoparticle or attached ligand(s), and the incorporation of passive 

targeting components will all effect its pharmacokinetics.  It has also been shown that chemical 

agents, such as clodronate liposomes, may be employed to modify the biodistribution profile of a 

given nanoconjugate.  The potential of a nanoconjugate to accumulate in tumor tissue is directly 

related to the time it remains circulating in the blood.  Therefore, a nanoconjugates’ ability to 

suppress or evade the reticuloendothelial system, which utilizes phagocytic cells to clear foreign 

bodies from the body, is crucial for its successful application. 

 

4.2.1 Physical Properties 

Nanoparticle size and shape influence the preferred route of excretion, potential to 

extravasate from the circulatory system, and the ability to permeate tumor tissue.[16]  

Nanoparticles less than 5 nm are known to be excreted primarily through the kidneys, while 

particles in the range of 50-100 nm prefer to accumulate in the liver and spleen.  In 

hyperpermeable tumors, such as murine colon adenocarcinoma, nanoparticles in the range of 30-

100 nm show comparable distribution.  However, for poorly permeable tumors, like human 
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pancreatic adenocarcinoma, only nanoparticles with a size less than 70 nm are able to 

accumulate.  There is also evidence that nanoparticles smaller than 50 nm are subject to 

preferential tumor accumulation intrinsically.  

By comparing spherical and elongated, rod-like nanoparticles of similar radii, the effect 

of nanoparticle shape can be elucidated.[15, 16]  While both behave similarly when circulating in 

the blood, rod shaped nanoparticles have been shown to extravasate to the interstitium four times 

faster and spread deeper into the tumor which allows it to interact with 1.7 times more tumor 

volume.  Rod shaped nanomaterials, with dimensions in the range of 100-500 nm, have 

demonstrated the ability to clear through the kidneys despite the clearance threshold being 

around 5 nm.  

 

4.2.2 Surface Charge Effects  

Arvizo et al. investigated the impact of surface charge by using gold nanoparticles 

modified with four different PEG surface moieties: positively charged, negatively charged, 

neutral, and zwitterionic.[58]  The route of administration, whether intravenous (IV) or 

intraperitoneal (IP), and its effect on biodistribution was also examined.  High peak plasma 

concentration was observed for neutral and zwitterionic nanoparticles, regardless of 

administration route.  The negative particle showed high plasma concentration when injected IV, 

but low when given IP.  Both charged particles exhibited a high plasma clearance for both routes, 

while the neutral and zwitterionic particles had low clearance and remained above a 1 µg/mL 

concentration for more than 24 hours.  The decreased circulation time of the charged particles is 
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due to opsonization, the process whereby opsonin proteins coat foreign material and tag it for 

degradation by phagocytic cells.[59]  

The neutral and zwitterionic particles, which had the longest blood circulation time, were 

the most efficient at accumulating in the tumor.  The negative particles showed tumor uptake 

only when injected IV.  Positively charged particles did not show any significant tumor uptake.  

The nanoparticles accumulated primarily in the liver and spleen after IV injection and in the 

pancreas post-IP injection.  

Based on these results, to maximize the circulation time, thus maximizing the tumor 

accumulation efficiency, nanoparticles with a neutral charge or zwitterionic properties are 

preferred.   

 

4.2.3 Passive Targeting with PEG 

The addition of a polyethylene glycol (PEG) linker to the surface of a nanoparticle can be 

beneficial for several reasons.  First, PEGylation can stabilize nanoparticles in solution and 

prevent aggregation.[60]    A PEG linker will increase the steric distance between particles 

thereby decreasing the amount of interaction between them.  The hydrophilic nature of the 

ethylene glycol unit improves the solubility in buffer solutions and serum.  A PEG linker also 

provides “stealth” properties to the nanoparticles.  By reducing the surface charge, the process of 

opsonization is significantly reduced, which prevents the RES system from recognizing the 

nanoparticles as foreign.  This extends the amount of time the particles circulate in the blood 

which is beneficial for tumor targeting.  As the density of the PEG coating increases, so does its 

capability to remain undetected by the body’s immune system, increasing t1/2.  
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Liu et al. as well as Kommareddy et al. have shown the PEGylation of nanoparticles 

causes an increase in circulation time as well as increased accumulation of the nanoconjugate in 

tumor tissue.[61, 62]  Kudgus et al. demonstrated that the addition of PEG to gold 

nanoconjugates (already modified with two targeting vectors) caused a 1000 times higher peak 

plasma concentration.[63]  The addition of PEG enhanced the absorption of the conjugates into 

the general circulation from the peritoneal cavity.  The rate of clearance from the plasma was 

also drastically reduced, .00018 mL/min compared to 2 mL/min for the non-PEGylated 

nanoconjugates.  

However, the PEG coating also increases the hydrodynamic diameter of the nanoparticles 

which can cause significant liver uptake.  The accelerated blood clearance (ABC) effect has been 

demonstrated with repeated injections of PEGylated material.[60]  Possibly due to the production 

of Immunoglobulin M (IgM) in the spleen, this effect severely decreases blood circulation time 

after the primary exposure.  Alternative surface coatings, which preserve the long t1/2, such as 

chitons, dextran, PLGA/PEG, and PVP, are being examined as possible solutions to the ABC 

effect.  

 

4.2.4 Clodronate Liposomes 

Clodronate ((dichloro-phosphono-methyl)phosphonic acid) is a bisphosphonate which is 

approved for use in humans in Europe, and elsewhere, as clodronate disodium.  It is administered 

intravenously as a bone resorption inhibitor for patients with bone metastases as well as a 

treatment for hypercalcemia caused by several cancers.[64] 
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When clodronate is encapsulated into liposomes (Figure 4.2.4) it can be used to suppress 

the RES system by selectively destroying macrophages.[65]  When injected, the liposomes will 

be identified as foreign bodies and will be ingested and digested by macrophages attempting to 

clear them.  Once internalized, the liposome releases clodronate, which at a certain concentration 

causes apoptosis of the macrophage.  This increases the circulation time of nanoconjugates in the 

bloodstream, reduces the accumulation in the liver and spleen, and increases accumulation in 

tumors.  

Kennel et al. compared the in vivo biodistribution of 125mTe-labeled CdTe nanoparticles 

capped with ZnS and conjugated to MAb 201b, which targets thrombomodulin in the lung, in 

control and clodronate treated mice.[66]  The clodronate treated mice exhibited an increased lung 

accumulation at 1 hour of 169% ID/g as compared to 48% ID/g in control mice.  Accumulation 

in the liver was reduced to 5.9% ID/g as compared to 57% ID/g in control mice.  An increased 

retention of the nanoparticles in the lung was also observed. Ohara et al. used clodronate 

liposomes to enhance the delivery of doxorubicin to tumors.[67]  Clodronate treated mice 

experienced a decrease in liver uptake from 36% ID/g to 26% ID/g and exhibited a 3-fold 

increase in plasma concentration of doxorubicin.  Tumor accumulation increased compared to 

Figure 4.2.4 Schematic of clodronate 
liposomes [2] 
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controls from 0.78 to 3.0 µg/g-tissue which had a significant impact on tumor growth inhibition.  

These studies demonstrate the utility of clodronate liposomes in achieving longer circulation 

time in the blood as well as increased uptake in tumors.  

To examine the ability of surface modifications and clodronate liposomes to cause 

variations in the in vivo biodistribution, a series of increasingly long PEG linkers were added to 

the surface of the nanoparticles and studied in both control and clodronate-injected mice. 

 

4.3 Biodistribution of 177LuGd(PO4)@Au@PEGx Nanoconjugates 

4.3.1 Material and Measurements 

All animal experiments were performed according to the standards of the University of 

Missouri-Columbia Institutional Animal Care and Use committee under approved protocol 

#8390.  Clodronate liposomes were acquired from ClodronateLiposomes.com.  Organ specimens 

were weighed and then counted using a sodium iodide (NaI) well detector, calibrated to detect 

the 208 keV (11%) gamma emission from 177Lu. 

 

4.3.2 Biodistribution of 177LuGd(PO4)@Au@PEGx (x=800, 3400, 5000Da) Experimental 

Biodistribution studies were conducted with three groups of 10 male C57BL/6 mice 

(~25-30 g).  In each group, half of the mice were injected with clodronate liposomes (40 mg/200 

µL) intraperitoneally 72 hours before injection of the nanoconjugates.  Groups 1, 2, and 3 were 

injected intravenously via the tail vein with 177LuGd(PO4)@Au@PEG800, 

177LuGd(PO4)@Au@PEG3400k , and 177LuGd(PO4)@Au@PEG5000, respectively, in a suspension 
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of 5 mg/mL bovine serum albumin (BSA).  Several mice were also injected with nanoparticles 

without surface modifications.  Each mouse received an injection of approximately 65 µg of the 

nanoconjugate and 3.7 MBq of 177Lu.  The biodistribution of each group was determined at 1 

hour and 24 hours post-injection.  Animals injected for the 24 hour time point were housed 

overnight at the University of Missouri-Columbia Veterinary Medicine Teaching Hospital and 

given free access to food and water in a light/dark cycle environment.  Mice were euthanized by 

intraperitoneal injection of pentobarbital (200 mg/kg) and assured by bilateral thoracotomy.  

Mouse lung, liver, spleen and kidneys were harvested and then counted for 177Lu content. 

 

4.3.3 Discussion of Findings 

Nanoparticles injected without surface modification localized almost exclusively to the 

liver and spleen. 

The nanoconjugate with the shortest PEG linker, 177LuGd(PO4)@Au@PEG800, exhibited a 

preferential accumulation, 85% ID, in the lungs at 1 hour in clodronate treated (macrophage-

Figure 4.3.3 A: PEG800 nanoconjugate biodistribution. (n=5) 
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depleted) mice.  This was the highest uptake observed in any specific organ for all 

nanoconjugates studied.  The remaining 13% ID was found in the liver.  At 24 hours, the 

nanoparticles begin filtering out of the lungs and the recovering RES system shuttles them to the 

liver.  In contrast, non-clodronate treated mice exhibited a 50/50 split between lung and liver 

uptake, which continued from 1 hour to 24 hours.   

 

Nanoconjugates modified with the mid-sized PEG linker, 177LuGd(PO4)@Au@PEG3400k, 

also had the highest uptake in the lungs, 64% ID, in clodronate treated mice at 1 hour which is a 

marked decrease compared to the short PEG labeled nanoconjugate.  At 24 hours, as seen 

previously, the particles filter out of the lungs and are taken up by the RES system, this time 

showing significant uptake by the spleen, 22% ID, and the highest value seen for kidney 

accumulation, 6.9% ID.  Similar to the shortest PEG at 1 hour, a 50/50 distribution between the 

lung and liver was exhibited in control mice.  At 24 hours, very little accumulation remains in 

the lung, with 84% ID now in the liver.  
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177LuGd(PO4)@Au@PEG5000 nanoconjugates showed 53% ID in the lung and 34% ID in the 

liver.  By 24 hours, lung accumulation dropped to 28% ID while the liver and spleen uptake 

increased to 48% ID and 20% ID, respectively.  Control mice exhibited the 50/50 split between 

lung and liver that was observed for the other nanoconjugates.  Again, liver uptake dominates at 

24 hours with 76% ID. 

Figure 4.3.3 B: PEG3400 nanoconjugate biodistribution. (n=5) 
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The effect of pre-injecting clodronate on the biodistribution is most apparent with the 

shortest PEG linker at 1 hour.  Clodronate injected mice show a 35% increase in lung uptake 

compared to control mice, which reflect a 35% increase in liver uptake.  In the non-clodronate 

injected mice, the RES system acts quickly to clear ~50% of the injected dose within one hour 

while the compromised RES in clodronate injected mice only clear 13% of the nanoconjugates.   

 

The difference in lung uptake between clodronate injected and normal mice at 1 hour 

decreases as the length of the PEG increases.  The shortest PEG shows a 36% difference while 

the medium and longest PEG show 21% and 6% respectively.  As the linker size increases, the 

effect of clodronate becomes less pronounced, causing the biodistribution of clodronate injected 

and control mice to appear almost equal with the longest PEG at 1 hour.  For nanoparticles in the 

20-25 nm range, including those presented in this work, a balance between optimal PEG linker 

Figure 4.3.3 C: PEG5000 nanoconjugate biodistribution. (n=5) 
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length and an acceptable increase in hydrodynamic diameter must be found.  A longer PEGlinker 

is normally associated with increased “stealth” properties of the nanoconjugate and the ability to 

successfully evade the RES system, increasing blood circulation t1/2.  However, longer PEG 

linkers also cause a proportional increase in the hydrodynamic diameter of the nanoconjugate, 

which can shorten blood circulation t1/2.  Somewhere in between those two extremes should be a 

compromise where “stealth” properties are maximized with a minimal increase in hydrodynamic 

diameter.  This optimization process may explain the trend toward equivalent biodistribution 

between control and clodronate injected mice.  When mice are injected with clodronate, it creates 

an environment in which the ability of the nanoconjugate itself to evade the RES becomes much 

less important, since the RES is mostly compromised.  Therefore, if the shortest PEG is 

inadequate for optimum stability in vivo, meaning it can easily be sequestered by phagocytic 

cells, a sizable difference in the biodistribution between control and clodronate mice would be 

expected.  As the PEG linker increases in size, the nanoconjugate can more successfully avoid 

being identified and removed from the general circulation by the RES system.  At some point, 

this capability will cause the effect of clodronate to be less pronounced and eventually cause it to 

Figure 4.3.3 D: Summary of clodronate biodistribution. (n=5) 
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become ineffective at improving biodistribution due to the inherent properties of the 

nanoconjugate.  Once the nanoconjugate attains this ability itself, there should be no difference 

between the biodistribution of control and clodronate injected mice. 

 

 

 

The high accumulation of the shortest PEG nanoconjugate in the lung within one hour of 

injection is promising.  By conjugating a targeting agent to the PEG linker, the nanoconjugates 

should bind and remain in the lung, rather than slowly be picked up by the liver.  This 

formulation may be well suited for a murine model of metastatic lung disease.  

 

 

Figure 4.3.3 E: Summary of non-clodronate biodistribution. (n=5) 
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Chapter 5 

Future Directions 

 

 

 

 

5.1 In Vivo Antibody Targeting of 177LuGd(PO4)@Au@PEGx@Ab Nanoconjugates 

The series of biodistribution studies with different sized PEG linkers demonstrated the 

ability to significantly alter the uptake of the nanoconjugates in vivo with simple modifications 

and the injection of clodronate liposomes.  Next, the biodistribution must be examined after 

incorporating an active targeting agent, such as an antibody, on the surface of the 

nanoconjugates.   

The antibody-labeled nanoconjugates will then be injected into tumor bearing mice to 

verify their ability to accurately target and accumulate in cancerous tissue.  For systemic 

injection of nanoconjugates, a highly vascularized target organ, such as the lung, is preferred.  As 

tumors grow, the cells in the center lose access to nutrients from healthy blood vessels causing 

them to become hypoxic and potentially necrotic.[68]  Thus, the core tumor cells become 

inaccessible as the majority of the vasculature is confined to the periphery.  Tumors also exhibit 

high cell density, which prevents permeation of nanoconjugates to the interior.  Specific cell 

targeting by means of antibody-mediated binding is primarily dependent on the ability to direct 
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antibody-labeled nanoconjugates in close proximity to the corresponding cell surface-

antigen.[69]  For successful binding, the distance between the antibody and antigen must be in 

the range of tens of nanometers with slight variations due to the length of the linker connecting 

the nanoparticle and the targeting moiety.  Due to these constraints, a murine model of metastatic 

lung disease may be ideal to demonstrate the efficacy of antibody-labeled nanoconjugates as a 

cancer therapeutic agent.   

Several primary cancers, such as breast, colon, pancreatic, gastric, renal, melanoma, and 

cancers of the head and neck, are known to frequently metastasize to the lungs.[70]  Metastatic 

lung disease is most commonly spread through the pulmonary arteries.  When metastatic 

neoplasms pass into the systemic venous system, they are broadly scattered throughout the 

extensive vasculature of the lungs.  This prevalent vasculature will allow the antibody-labeled 

nanoconjugates to freely circulate and closely approach the surface tumor antigen, causing 

successful binding. 

The PEGylated nanoconjugate that showed the highest uptake in an individual organ was 

the smallest, 177LuGd(PO4)@Au@PEG800, with 85% ID accumulation in the lung one-hour post-

injection.  Since this high level of accumulation was shown for non-targeted nanoconjugates, the 

addition of a lung-specific antibody should transform the transient nature of the uptake into 

antibody-mediated binding.  A metastatic lung disease model can be induced in mice with the 

use of the RENCA cell line. 
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5.1.2 RENCA Cancer Model 

In humans, renal cell carcinoma (RCC) is characterized by a lack of early warning signs 

and a resistance to both radiotherapy and chemotherapy.  Due to the lack of warning signs, 1/3 of 

patients diagnosed with RCC already exhibit metastases.  On top of that, 1/3 of patients 

diagnosed with a localized, primary tumor, will develop metastases.  The existence of metastatic 

disease limits treatment options and significantly reduces the five-year survival rate.[71-75]    

A murine model of renal cell carcinoma (RENCA), derived from a spontaneously arising 

renal cortical adenocarcinoma in Balb/cCr mice has been well characterized.  The RENCA cell 

line has shown reliable, reproducible growth in vivo while also exhibiting a similar metastatic 

pattern seen in humans.  Virtually all (~95%) of renal carcinoma cells express a cell surface 

tumor-associated antigen, carbonic anhydrase IX, which is not found in normal renal cells.  An 

antibody target, MAb G250, has demonstrated a marked affinity for the CA-IX antigen and has 

been evaluated in vivo, showing specific localization and high accumulation in renal carcinoma 

cells.  

RENCA cells injected subcutaneously will form evident tumors at the site of injection in 

2.5-3 weeks.[76, 77]  They can also be injected directly underneath the kidney, causing an 

orthotopic tumor to grow inside of that organ.  The primary kidney tumor can metastasize to the 

other kidney, the peritoneal cavity, liver, and chest.  

To produce a model of metastatic lung disease, RENCA cells can be injected 

intravenously.  Pulmonary metastases, numbering in the hundreds, were evident upon dissection 

of IV-injected mice.  Immunohistochemistry confirmed the expression of the CA-IX antigen in 

the metastases allowing for specific targeting using MAb G250.  
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The targeting capability of the chimeric form of MAb G250 has been demonstrated as a 

PET imaging agent utilizing 124I and as a therapeutic agent using 177Lu in humans.[71]  124I-

labeled cG250 showed 100% specificity and predictive accuracy in patients with aggressive 

RCC.  It also showed the ability to visualize metastatic progression.  

Results of a phase I clinical trial with 177Lu-labeled cG250 determined the maximum 

tolerated dose to be 2405 MBq/m2.[75]  Stable disease was achieved in 74% of participants for 3 

months after the first treatment while also reducing tumor growth from 40.4% to 5.5%.  The 

mean progression free survival (PFS) was 11.1 months with an average overall survival (OS) of 

25.3 months.  

The effectiveness of 177Lu-DOTA-G250 as a radioimmunotherapy agent has also been 

evaluated in mice.[72]  It demonstrated high tumor uptake, with a maximum of 54.9% ID at 48 

hours post-injection with a tumor to blood ratio of 14.7.  A significantly higher median 

prolonged survival of 139 days was established for 177Lu-DOTA-G250 treated mice as compared 

to control groups targeted with MOPC21 or labeled with 111In, determined to be 49 and 53 days 

respectively.  

The utility of MAb G250 and 177Lu as an effective target and beneficial therapeutic agent, 

respectively, for the treatment of CA-IX expressing renal carcinoma cells has been validated in 

numerous studies and clinical trials.[73]  These results would suggest the beneficial impact of 

G250-labeled 177LuGd(PO4) nanoparticles for the same purpose, as the increased dose delivered 

per receptor will amplify the therapeutic impact. 

 

 



53 
 

5.2 External Magnetic Field Guided Biodistribution 

The in vivo biodistribution of magnetic nanoparticles can be considerably altered with the 

use of an external magnetic field (MF).  Combined with traditional ligand-receptor targeting, the 

use of a MF can increase tumor uptake substantially for systemically injected nanoparticles.  The 

incorporation of gadolinium in the core of LuGd(PO4)@Au nanoparticles bestows a magnetic 

moment to the particles, allowing for the possibility of MF guided biodistribution.  Shevtsov et 

al. recently demonstrated noteworthy brain tumor targeting for MR imaging using 

superparamagnetic iron oxide nanoparticles (SPIONS) in an orthotopic glioma model.[78]  The 

core nanoparticles alone accumulated in the brain tumor almost four times more than in normal 

brain tissue.  When a targeting moiety, Hsp70 (heat shock protein), which interacts with CD40 

receptors that are overexpressed on the membrane of glioma cells, is attached to the surface of 

the nanoparticles, the tumor to normal brain uptake ratio rises to almost 40.  The sizable increase 

illustrates the advantage of combining active targeting ligands and an external MF to channel 

intravenously injected magnetic nanoparticles to the region of interest.  Wang et al. created a 

multifunctional nanoparticle with a Fe3O4 core, surrounded by a shell of MgSiO3.[23]  The core 

is magnetic, the magnesium silicate shell provides hollow cavities for loading of drugs such as 

doxorubicin, and the surface is modified with a targeted delivery ligand, folic acid, as well as 

PEG to increase stability in vivo.  When the core-shell nanoparticles with only a PEG modified 

surface were injected, in the absence of an external MF, only 5.6% ID accumulated in the 

multidrug resistant Hep-G2/MDR tumor.  When an external MF is applied the tumor uptake 

increases 5-fold to 31.3% ID.  Finally, the addition of folic acid to the surface increases the 

tumor uptake to 52.8 %ID, again proving the cumulative effect of combining several targeting 

strategies to optimize nanoconjugate biodistribution. 
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5.3 Incorporation of Other Therapeutic Radiolanthanides  

Rappaz et al. investigated the effects of trivalent Gd3+ in single crystals or powders of 

three orthophosphates with tetragonal symmetry: ScPO4, YPO4, and LuPO4.[36]  Magnetic 

resonance measurements showed that for all three orthophosphates, the trivalent Gd3+ ions 

occupy the same substitutional site with tetragonal symmetry in both the single crystal and 

powder.  The verification that impurities will still occupy a crystallographic site, instead of 

becoming complexed, causing point defects that can influence the solid state chemical properties 

of the crystal, is very important.  

This also demonstrates the ability of tetragonal zircon-crystalline lanthanide phosphate to 

incorporate the lighter lanthanides, despite having a different crystal structure.  Knowing that 

lanthanide or actinide “contaminants” will continue to occupy a specific crystallographic site, 

assures the stability of the resultant, mixed crystal. 

Osipov et al. showed the isomorphic capacity of LaPO4 and LuPO4 in a mixed 

nanocrystal system.[79]  Both orthophosphates have different crystal structures, with LaPO4 

being hexagonal and LuPO4 being tetragonal.  It was determined that hexagonal LaPO4 had the 

capacity to dissolve about 60 mol % of LuPO4.  

This data indicates the ease in which most lanthanides are able to co-crystallize.  

However, the most stable forms will occur when the two elements crystallize in the same 

structure and are of similar size.  Single crystalline forms of other radiolanthanides with 

appropriate nuclear characteristics could be synthesized, such as 161TbPO4, 166DyPO4, 166HoPO4, 

and 153SmPO4.  For stability and retention of the radiometals in the core, layers of lanthanide 

phosphate and a gold surface layer can be applied.  It would also be possible to incorporate these 
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radiolanthanides in a mixed core system as the smaller lanthanides like 161Tb, 166Dy, and 166Ho, 

would co-crystallize with LuPO4, and the larger 149Pm and 153Sm would co-crystallize with 

LaPO4.  The radiolanthanides provide a wide range of half-lives and beta decay energies as 

presented in Table 5.3.1.  The options allow for optimal matching of a radioisotope with the size 

of the tumor to minimize healthy tissue damage and maximize tumor dose. 

Actinium-225 could be incorporated in a mixed core for the added benefit of high LET 

alpha-particle radiation.  Like the lanthanides, Ac exists primarily as a +3 cation and due to 

relativistic effects its atomic radius is contracted causing it to be similar in size to lanthanum.  

The lighter lanthanides, up to and including gadolinium are easily co-crystallized with actinium.  

This would allow for the synthesis of a mixed core nanoparticle with both beta and alpha 

emitting properties.  The combination of high and low LET radiation in one nanoparticle system 

may have synergistic effects thereby increasing the potency to cancerous tissue.  Several 

radiolanthanides could be used for this purpose including 140La, 143Pr, 149Pm, 153Sm, and 

156Eu.[80]  The potential benefits of such a system is worth exploring. 

 

5.4 Targeted Alpha Therapy (TAT) 

Targeted alpha therapy has great potential as a cancer treatment for micrometastases and 

blood-borne cancers due to its ability to deposit large amounts of energy in a small, localized 

area, only a few cell diameters wide.  By using alpha particles for therapy, the possibility of 

damaging nearby healthy tissue is significantly reduced.  Also, the use of high LET radiation 

eliminates the issues associated with beta particle therapy such as tumor cell hypoxia and 

radiation resistance due to cell cycle effects.[11]  Progress towards the clinical applications of 
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TAT has suffered from a lack of supply of key alpha-emitting radioisotopes, such as 225Ac and 

223Ra, as well as the difficulty in containing the isotopes and their radioactive daughter products 

in vivo.[29]  The metal-chelate approach has proven inadequate for alpha-emitters that exhibit 

high recoil energy upon emission.  Renal toxicity can be problematic if radioactive daughter 

products are allowed to circulate freely in the body.  

However, recent efforts to increase the production and availability of alpha-emitting 

isotopes and the development of stable delivery platforms, such as LaPO4 nanoparticles, will 

speed up the development of these potentially lifesaving formulations. 

 

5.4.1 225Ac 

Currently, the only U.S. source of 225Ac comes from a 229Th/225Ac generator at Oak 

Ridge National Lab.[81]  More than half of the annual supply is already committed to a select 

number of labs and cancer centers, which leaves only 200 mCi to be shared amongst everyone 

else.  

Large scale production routes must be implemented to unlock the massive potential of 

targeted alpha therapy.  The Department of Energy Isotope Program has assembled a team of 

scientists from Los Alamos, Oak Ridge, and Brookhaven National Labs for the purpose of 

developing accelerator-based production strategies to create tens of Curies of the most in-

demand alpha-emitters annually. 

As of April 2016, the Linac Isotope Producer at Brookhaven National Lab has been 

updated with an increased beam intensity as well as a raster system for improved beam 

distribution in the target  The production of 225Ac and 223Ra will be achieved via a spallation 
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reaction made possible by bombarding a thorium target with high energy protons.  Since the 

spallation reaction can produce hundreds of different isotopes, a vigorous method for chemical 

separation is necessary.  It is predicted that a single irradiation with an 800 MeV proton beam, 

will yield approximately 20 Ci of 225Ac.[82] 

With increased production and availability only a few years away, it is necessary to 

develop strategies for the stable, in vivo delivery of 225Ac, as well as methods of retaining 

radioactive daughter products.  Fitzsimmons et al. explored a nanochelator approach using a 

polymer system consisting of 60,000 MW polyethyleneimine (PEI) which is tasked with 

sequestering daughter products.[83]  The polymer is conjugated to another chelator, DOTA, for 

the retention of 225Ac.  The synthetic step to conjugate 225Ac-DOTA to PEI is consistently 

inefficient, with only 30% yield.  Also, at the end of one week, only 50% of the 225Ac remains 

bound to its chelate.  Therefore, systemic circulation of the radiometal as well as the daughter 

products have the potential to cause toxic side effects.  

Pandya et al. also used DOTA for retention of 225Ac, which is conjugated to a tumor 

targeting component, c(RGDyK).[84]  The complex is synthesized with 95% radiochemical yield 

and showed 95% retention of 225Ac after 10 days in serum.  In vivo tumor uptake was low, 3.7% 

ID/g, reaching its maximum at 1-hour post-injection.  By 24 hours post-injection, the tumor 

accumulation decreases by over 50%.  Even with such low uptake, tumor growth inhibition was 

seen.  The utility of this strategy needs further study as no long term toxicity evaluation was 

performed.  There has also been no assessment of the fate of the radioactive daughter products.  

The use of lanthanide phosphate nanoparticles for targeted alpha therapy, developed by 

Woodward et al. and McLaughlin et al., has proven to be a successful strategy for the 

containment of the radiometal as well as the radioactive daughter products.  McLaughlin et al. 
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demonstrated, over a 3-week period, 99.99% retention of 225Ac and 89.3% retention of 221Fr, the 

first radioactive daughter.[29, 30, 85]  The incorporation of 225Ac into the crystalline structure of 

the lanthanide phosphate nanoparticles has proven to be one of the most successful strategies for 

retention and delivery of 225Ac in vivo.   

 

5.4.2 223Ra 

223Ra is produced from the decay of 227Th, and will also be one of the isotopes produced 

during the spallation reaction to be conducted at Brookhaven.  The predicted yield from a single 

irradiation by 800 MeV protons is 6.5 Ci.  Beyond that, recovery of 223Ra from the proton-

irradiated thorium target will yield an additional 3.8 Ci.   

Rojas and Woodward, et al. have also proven the ability to contain radium isotopes in 

LaPO4 nanoparticles[86].  Using a core nanoparticle with two shells of LaPO4, the retention of 

223Ra and its daughter 211Pb was 99.99% over the course of 27 days.  Retention of the parents 

225Ra/225Ac was >99.99% and the retention of 221Fr and 213Bi was about 80% after 35 days.  The 

high level of stability and capability of lanthanide phosphate NPs to retain their radioactive 

payload (of both alpha- and beta- emitting isotopes) will only increase their prevalence and range 

of application in the laboratory and one day, the clinic.  
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Appendix 

 

 

Appendix 1: Gold-coat trials 

 

 

 

• Fail- indicates magnetic fraction white in color, supernatant pink due to gold NP 
formation 

• Half-coated- magnetic fraction about half white and half dark purple, indicating half 
of the core NPs successfully coated. 

• Over half-coated- magnetic fraction mostly purple, but with the existence of white 
flakes, indicating some cores were not gold-coated. 

• Success- magnetic fraction all purple, and supernatant clear 
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Appendix 2: Table of biodistribution results 

 

PEG800 1 hour Biodistribution 
Lung Liver Spleen Kidney

Clod Avg. 85.41994 13.56607 0.38987 0.624119
Clod SD 2.841749 2.576601 0.249186 0.477986
No Clod Avg 49.87831 49.564 0.137476 0.420215
No Clod SD 7.977041 7.811994 0.072729 0.197764
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PEG800 24 hour Biodistribution Data
Mouse # Clod? Lungs Liver Spleen Kidney Tail Background Sum counts

1 Yes 16076 9630 1353 1454 6448 737
Bkgd corr. 15339 8893 616 717 5711 31276
%NP/organ 49.044 28.43394 1.969561 2.292493 18.26001

2 Yes 14660 9352 1331 1205 3961 760
13900 8592 571 445 3201 26709

52.04238 32.16893 2.137856 1.666105 11.98472

3 Yes 16686 12571 1757 1093 790 760
15926 11811 997 333 30 29097

54.73417 40.59181 3.42647 1.144448 0.103103

4 Yes 22810 14249 982 1667 937 760
22050 13489 222 907 177 36845

59.8453 36.61012 0.602524 2.461664 0.480391

5 Yes 17210 9318 3212 2610 801 760
16450 8558 2452 1850 41 29310

56.12419 29.19823 8.365745 6.311839 0.139884

6 No 40506 43378 1094 855 768 760
39746 42618 334 95 8 82793

48.00647 51.47537 0.403416 0.114744 0.009663

7 No 22833 42381 887 846 748 760
22073 41621 127 86 -12 63907

34.53925 65.12745 0.198726 0.134571 -0.01878

8 No 29983 16079 838 962 1360 736
29247 15343 102 226 624 45542

64.21984 33.68978 0.223969 0.496245 1.370164

9 No 24190 24908 1261 1065 712 760
23430 24148 501 305 -48 48384

48.4251 49.90906 1.035466 0.630374 -0.09921

10 No 34610 32412 1401 1241 801 760
33850 31652 641 481 41 66624

50.80752 47.50841 0.962116 0.721962 0.061539

PEG800 24 hour Biodistribution 
Lung Liver Spleen Kidney

Clod Avg. 54.35801 33.40061 3.300431 2.77531
Clod SD 4.091824 5.144396 3.003115 2.045029
No Clod Avg. 49.19964 49.54201 0.564739 0.419579
No Clod SD 10.5492 11.20499 0.404848 0.281026
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PEG3400 1 hour Biodistribution Data
Mouse # Clod? Lungs Liver Spleen Kidney Background Sum counts

1 Yes 113247 29116 10082 13313 523
Bkgd corr. 112724 28593 9559 12790 163666
%NP/organ 68.87441 17.47034 5.840553 7.814696

2 Yes 87251 68730 7709 5169 523
86728 68207 7186 4646 166767

52.00549 40.89958 4.309006 2.785923

3 Yes 112991 77583 7137 6886 523
112468 77060 6614 6363 202505

55.53838 38.05338 3.266092 3.142145

4 Yes 126328 27152 16028 11944 523
125805 26629 15505 11421 179360

70.14106 14.84668 8.644625 6.36764

5 Yes 114606 31814 14845 12750 523
114083 31291 14322 12227 171923

66.35703 18.20059 8.330474 7.111905

6 No 70448 108724 9879 10417 523
69925 108201 9356 9894 197376

35.42731 54.81973 4.740191 5.012768

7 No 82711 72119 11612 8801 523
82188 71596 11089 8278 173151

47.46608 41.34888 6.404237 4.780798

8 No 98101 103812 6941 5119 523
97578 103289 6418 4596 211881

46.05321 48.74859 3.029059 2.169142

9 No 141811 166110 18419 10923 523
141288 165587 17896 10400 335171
42.154 49.40374 5.339364 3.102894

10 No 75103 99516 13111 15310 523
74580 98993 12588 14787 200948

37.11408 49.26299 6.264307 7.35862

PEG3400 1 hour Biodistribution
Lung Liver Spleen Kidney

Clod Avg. 62.58328 25.89411 6.07815 5.444462
Clod SD 8.253177 12.50208 2.385044 2.324819
No Clod Avg. 41.64294 48.71679 5.155432 4.484844
No Clod SD 5.309552 4.80373 1.370842 1.993561
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PEG3400 24 hour Biodistribution Data
Mouse # Clod? Lungs Liver Spleen Kidney Background Sum counts

1 Yes 90071 473375 127227 47855 550
Bkgd corr. 89521 472825 126677 47305 736328
%NP/organ 12.15776 64.21391 17.20388 6.424447

2 Yes 100955 204357 174694 35624 550
100405 203807 174144 35074 513430

19.55573 39.69519 33.91777 6.831311

3 Yes 74155 304091 184760 39241 550
73605 303541 184210 38691 600047

12.26654 50.5862 30.69926 6.447995

4 Yes 127037 240836 71273 29524 550
126487 240286 70723 28974 466470

27.11578 51.51157 15.16132 6.211332

5 Yes 207796 485631 174062 59200 550
207246 485081 173512 58650 924489

22.41736 52.47018 18.76842 6.344045

6 Yes 168304 372672 178155 51263 550
167754 372122 177605 50713 768194

21.83745 48.44115 23.11981 6.601588

7 Yes 178528 239024 102343 54756 550
177978 238474 101793 54206 572451

31.09052 41.65841 17.78196 9.469107

8 No 37013 482051 46636 6246 550
36463 481501 46086 5696 569746

6.399869 84.51152 8.088868 0.999744

9 No 46767 600782 64375 6949 550
46217 600232 63825 6399 716673

6.448827 83.75256 8.905735 0.892876

10 No 23991 389213 37182 4191 550
23441 388663 36632 3641 452377

5.18174 85.91573 8.097671 0.80486

11 No 54109 610911 61999 8622 550
53559 610361 61449 8072 733441

7.302428 83.21883 8.378179 1.100566

12 No 42317 591218 51921 6989 550
41767 590668 51371 6439 690245

6.05104 85.57367 7.44243 0.932857
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PEG5000 1 hour Biodistribution
Lung Liver Spleen Kidney

Clod Avg. 52.81892 33.96441 8.711905 4.504771
Clod SD 7.384563 13.24739 6.443937 2.991864
No Clod Avg. 46.8716 46.15739 4.244873 2.726138
No Clod SD 2.078104 2.167259 0.926705 0.662129

PEG5000 1 hour Biodistribution Data
Mouse # Clod? Lungs Liver Spleen Kidney Background Sum counts

1 Yes 630125 246376 169371 108990 595
Bkgd corr. 629530 245781 168776 108395 1152482
%NP/organ 54.62385 21.32623 14.64457 9.405353

2 Yes 702976 291393 246715 94849 595
702381 290798 246120 94254 1333553

52.6699 21.80626 18.45596 7.067886

3 Yes 513317 395100 44427 22482 595
512722 394505 43832 21887 972946

52.69789 40.54747 4.50508 2.24956

4 Yes 316714 289164 20676 17844 595
316119 288569 20081 17249 642018

49.23834 44.94718 3.127794 2.686685

5 Yes 281115 103112 35675 13244 595
280520 102517 35080 12649 430766

65.1212 23.79877 8.143633 2.936397

6 Yes 432827 522175 35066 27839 595
432232 521580 34471 27244 1015527

42.56233 51.36053 3.394395 2.682745

7 No 623075 612796 51847 36090 595
622480 612201 51252 35495 1321428

47.10661 46.32874 3.878531 2.686109

8 No 639284 541453 63250 26762 595
638689 540858 62655 26167 1268369

50.35514 42.64201 4.939809 2.063043

9 No 515873 519795 51744 43301 595
515278 519200 51149 42706 1128333

45.66719 46.01478 4.533148 3.784876

10 No 133145 139438 8670 8650 595
132550 138843 8075 8055 287523

46.10066 48.28935 2.808471 2.801515

11 No 629009 662202 71117 32555 595
628414 661607 70522 31960 1392503

45.12838 47.51207 5.064406 2.295148
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PEG5000 24 hour Biodistribution Data
Mouse # Clod? Lungs Liver Spleen Kidney Background Sum counts

1 Yes 202799 272477 110373 26586 500
Bkgd corr. 202299 271977 109873 26086 610235
%NP/organ 33.151 44.56922 18.00503 4.274747

2 Yes 47064 205180 74683 15792 500
46564 204680 74183 15292 340719

13.66639 60.07296 21.77249 4.488156

3 Yes 198084 220020 107916 24575 500
197584 219520 107416 24075 548595

36.01637 40.01495 19.5802 4.388483

4 Yes 118772 211641 74018 12833 500
118272 211141 73518 12333 415264

28.48116 50.845 17.70392 2.969918

5 Yes 168555 201100 91463 20558 500
168055 200600 90963 20058 479676

35.03511 41.8199 18.96343 4.181573

6 No 78430 475172 61452 6037 500
77930 474672 60952 5537 619091

12.58781 76.67241 9.845402 0.894376

7 No 86489 467261 65007 5996 500
85989 466761 64507 5496 622753

13.80788 74.95122 10.35836 0.882533

8 No 104919 562611 64705 5312 500
104419 562111 64205 4812 735547

14.1961 76.42081 8.728878 0.654207

99771 501888 68112 3101 500
9 No 99271 501388 67612 2601 670872

14.79731 74.73676 10.07823 0.387704

122510 609602 97509 6119 500
10 No 122010 609102 97009 5619 833740

14.63406 73.05659 11.6354 0.673951
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Appendix 3: 177Lu atoms/nanoparticle sample calculation 

Example: Beginning synthesis with 20 mCi of 177Lu with a S.A. of 25 Ci/mg 

18 nm core, r= 9*10-7 cm 
V=4/3πr3 
V=4/3π(9*10-7 cm )3 
V= 3.05*10-18 cm3 
  
LuPO4 density: 6.35 g/cm3 
GdPO4 density: 5.986 g/cm3 
LuGd(PO4) density: 6.186 g/cm3 
  
m=dv 
m=(6.186 g/cm3)(3.05*10-18 cm3) 
m= 1.88*10-17 g 
  
(2.62*10-3 g)/( 1.88*10-17 g) = 1.16*1014 NPs 
(25 Ci/mg)/(20*10-3 Ci)= (8*10-4 mg) (0.70)= 5.6*10-4 mg = 5.6*10-7 g 
(5.6*10-7 g)/(174.967 g/mol)= (3.2*10-9 mol)(6.02*1023)= 1.93*1015 atoms 177Lu 
(1.93*1015 atoms 177Lu)/( 1.16*1014 NPs)= 16.6 atoms 177Lu/NP 
177Lu theoretical specific activity: 110 Ci/mg 
(16.6 atoms 177Lu/NP)[(25 Ci/mg)/(110 Ci/mg)]= 3.8 atoms 177Lu/NP 
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