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A multidisciplinary approach to advance targeted radiotherapy for treating 

metastatic bone cancer is described. The design, synthesis, characterization, and 

preclinical evaluation of two polymer therapeutics designed to target osteosarcoma are 

presented in detail.  

The polymer, polyethyleneimine methylenephosphonate (PEI-MP), was first 

introduced by Milner et al. and was reproduced here for further study. Successful 

synthesis of PEI-MP was supported by 1H NMR, 13C NMR, 31P NMR, FT-IR, and 

elemental analysis. PEI-MP was fractionated to provide particles for drug delivery with 

an average diameter of 5.54 nm. The zeta potential of PEI-MP was measured to be  

-52.43, indicating a stable dispersion. Biodistribution studies in the osteosarcoma 

canine model (n=6) indicated good tumor targeting of PEI-MP with little uptake in 

regions associated with dose limiting organs. Renal clearance rates of 35-40% of 

excess radioactivity were achieved, indicating the need for improvement in particle size 

distribution in order to limit radiation exposure to non-target organs. Biodistribution 
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studies conducted in dogs with non-osseous tumor types (n=3) show no retention of the 

radiopharmaceutical.  

Poor binding of therapeutic radiolanthanides by PEI-MP in vivo was addressed 

through the design of a new polymer ligand, polyethyleneimino ethylenetetramine 

dimethylenephosphonate (PEI-EDTMP). Successful synthesis of PEI-EDTMP was 

supported by 1H NMR, 13C NMR, 31P NMR, FT-IR, and elemental analysis. The polymer 

was fractionated to provide particles for drug delivery with an average diameter of 4.27 

nm. The zeta potential of PEI-EDTMP was measured to be -28.63, indicating a 

moderately stable dispersion. Biodistribution studies conducted in healthy canines (n=4) 

indicated low uptake regions associated with dose limiting organs of healthy bone and 

associated bone marrow with a renal clearance rate of 65%. An additional study in a 

canine osteosarcoma model (n=1) indicated good uptake within the tumor region. 

Incorporation of the multidentate chelating functionality into PEI-EDTMP has shown to 

increase the binding stability with the lanthanide samarium relative to the polymer, PEI-

MP, as indicated by a two order of magnitude increase in the thermodynamic binding 

constant as determined by isothermal titration calorimetry.  Based on this work, 

phosphonate functionalized polymers demonstrate great potential as a systemic therapy 

for treating osteosarcoma. 
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CHAPTER 1 
INTRODUCTION 

Pediatric Osteosarcoma 

Osteosarcoma accounts for 9% of all cancer-related deaths in children.1 The 

societal impact of this disease is disproportionate to the number of cases diagnosed 

every year due to the low average age of the patients. The World Health Organization 

has estimated that an average of 17 life-years are lost for every osteosarcoma patient.  

This is compared to 6.5 years for cancers of the bowel, lung, and breasts.2  

Prior to 1970, the main treatment for osteosarcoma was amputation of the affected 

area, with the resultant survival rates being as low as 10-20%.3,4  The survival rate 

quickly climbed to 60-70% with the emergence of chemotherapy drugs in the 1970’s.  

However, this number has plateaued with little improvement in survival rates being 

observed over the last 30 years. Of all patients with localized osteosarcoma, 30-40% 

will develop local recurrence with 5-year survival rates being reported in the range of 

20-29%.5,6 Additionally, approximately 20% of patients will present clinically with 

metastatic disease, where cancer has spread to other organs, with overall survival rates 

being reported as low as 10% for these patients.7  

Although survival rates have improved with the advent of chemotherapy, there is 

great need for new treatments for osteosarcoma, as children who have inaccessible 

primaries and metastases still have dismal outcomes despite best-known systemic 

treatments. New agents and strategies to overcome malignant osteosarcoma are 

required. Current therapies and new strategies for systemic therapy of pediatric 

osteosarcoma are discussed in more detail in the balance of Chapter 1. 
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Current Cancer Therapies 

The objective of cancer treatment is to reduce the tumor cell population to zero 

cells.  The three traditional modes of cancer therapy are surgery, chemotherapy, and 

radiation therapy.  

Surgery 

Limb salvaging surgery with adjuvant therapy remains the first line of defense for 

treating osteosarcoma. Curative surgery is possible when the cancer is found in only 

one location, allowing all of it to be removed. Surgery is most often coupled with 

chemotherapy as either an adjuvant or neoadjuvant therapy to reduce the risk of 

recurrence or tumor bulk prior to surgery. 

Chemotherapy 

About half of all cancer patients present clinically with advanced disease.  In cases 

with distant metastases, systemic chemotherapy is often considered one of the only 

viable methods to distribute effective therapy to all lesions in disseminated disease.  

The goal of using traditional cytotoxic chemotherapy is to achieve a differential 

response between the tumor and affected host tissue by exploiting differences in their 

ability to repair damage, since malignant cells have impaired DNA damage repair 

processes.  Normal tissues recover at different rates, with the most clinically relevant 

tissue being the bone marrow.8 As a result, bone marrow is the dose limiting organ in 

the treatment of osteosarcoma. The most popular chemotherapy for treating 

osteosarcoma is a regimen of the four drugs – cisplatin, methotrexate, doxorubicin, and 

ifosfamide.9  
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Radiation Therapy 

Nearly half of all cancer patients receive some form of radiation therapy.10 Ionizing 

radiation is an essential tool within the oncologist’s arsenal for metastatic cancer 

treatment.  In radiation therapy, ionizing radiation is used to damage DNA severely 

enough to kill tumor cells.  DNA damage from radiation therapy generally kills cells in 

the process of dividing in mitosis (mitotic cell death).  Cells that divide frequently, such 

as cancer cells, are therefore more susceptible to mitotic cell death than cells that divide 

infrequently.  Similar to chemotherapy, radiation therapy can be administered as an 

adjuvant or neoadjuvant therapy when combined with surgery. The goal of radiation 

therapy is the eradication of tumors while sparing healthy tissue within the treatment 

field.  This ideal goal is generally not achieved because radiation reacts with matter 

(tissue) in a non-specific and random fashion.  Tolerance of normal tissue in the 

treatment field therefore limits the tumor dose of radiation.       

Radiation therapy is underutilized as a primary treatment for osteosarcoma except 

for lesions localized to inaccessible sites.11 This underutilization is partly due to the 

relative radio-resistant nature of osteosarcoma,12 although some studies have shown 

external beam radiation to have a positive effect on the treatment of this disease.13-15 In 

vitro studies of osteosarcoma cell lines have shown them to be as radiosensitive as 

non-sarcoma cell lines that are known to be radiocurable.16,17 This indicates that other 

radiobiological factors such as tumor hypoxia, size and reoxygenation are responsible 

for the observed clinical radiation resistance.18,19 To overcome this radiation resistance, 

a higher dose must be localized at the tumor site.  A possible means of increasing the 

radiocurability of osteosarcoma by increasing the local tumor dose is to develop tumor-
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targeting radiopharmaceuticals. Factors affecting the design and delivery of tumor-

targeting radiopharmaceuticals are described in greater detail throughout Chapter 1.  

Radionuclide therapy 

Techniques for radiation dose delivery include external beam (traditional) therapy 

and internal radionuclide therapy.  External beam therapy can be effective when the 

cancer is localized to one or few anatomic sites.  For disseminated metastatic disease, 

internal emitter radiotherapy has the greater potential for therapeutic outcome. 

However, past efforts via antibody targeting have only seen success with diffuse 

malignancies, such as lymphoma and leukemia, with poor clinical effectiveness 

observed in the targeting of solid tumors.  New and innovative approaches to 

radionuclide therapy are thus warranted. The major challenge of radiation treatment lies 

in the need for site-specific targeting, while preventing damage to healthy tissues.20 

Targeting cancer through internal radiotherapy holds great potential for a breakthrough 

in this regard.  

Targeted radiotherapy is different from external beam radiation, which is 

commonly used today (Figure 1-1).  Issues limiting the efficacy of external beam 

radiation include the use of high-energy particles which must pass through layers of 

healthy tissue to reach the tumor site.  This places major constraints on the therapeutic 

dose of radiation that can be administered, especially for metastatic cancer with multiple 

loci. Internal radiotherapy avoids many of these problems, since a tumoricidal dose can 

be delivered in vivo to multiple, site-specific locations. This field of internal radiotherapy 

research is at an exciting and innovative stage. The design and engineering of new 

macromolecular polymer therapies – which is the subject of this dissertation – offers a 

promising approach to overcome present day challenges.  
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Figure 1-1. External (left) versus internal (right) radiation therapy 

Current radionuclide therapies  

A variety of small molecule radiopharmaceuticals are found on the market today.  

One example is 153Sm complexed with ethylenediaminetetramethylene- phosphonic 

acid (153Sm-EDTMP), sold under the trade name Quadramet® (Figure 1-2). The clinical 

indication for Quadramet® relates to palliative treatment of bone pain associated with 

multiple osteoblastic skeletal metastases.21,22 This drug offers relief to an estimated 

200,000 patients suffering from debilitating pain each year.   

 

Figure 1-2. Structure of 153Sm-EDTMP (Quadramet®) 

Systemic radionuclide therapies have shown to be as equally effective as wide 

field external beam therapy with less associated bone marrow toxicity.23 As a result, 

toxicity is lower compared with other systemic therapies and radionuclide therapy is well 
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tolerated.24-26 However, the therapeutic efficacy of 153Sm-EDTMP (Quadramet®) is in 

part limited by the radioactive dose that can be delivered to a patient without inflicting 

damage to healthy tissue. This is especially problematic for pediatric patients, who have 

areas of high bone turnover in normal, non-cancer regions of the skeleton.  Quadramet® 

has high potential for accumulation in growth plates in patients under the age of 16 

years, resulting in subsequent growth arrest.  In order to improve the therapeutic value 

of Quadramet® and other radiopharmaceuticals authorized in the same therapeutic 

context (32P and 89Sr), our work aims to limit the uptake in healthy tissue through a 

targeted radionuclide therapy approach.   

Cancer Biology: Tumor Vascularization 

Cancer is characterized by uncontrolled growth, proliferation, and dissemination of 

cells within the body.  Two basic characteristics of cancer are: 1) uncontrolled cell 

growth due to lack of response to normal regulatory mechanisms and 2) spread of cells 

throughout the body with continued growth and proliferation at the new location.    

Hypoxia 

Two properties of cancer that play an important role in polymer drug delivery are 

tumor hypoxia and angiogenesis.  These two events are tied together in a vicious cycle. 

Tissue oxygenation depends on cellular oxygen consumption rate and oxygen supply to 

respiring cells.  In tumor cells, the oxygen consumption rate is high due to the large 

number of proliferating cells  (cellular reproduction is energy demanding).27  The oxygen 

supply to the tumor is poor due to abnormal tumor microvasculature.  As a result, most 

tumors are hypoxic to some degree – the oxygen supply is inadequate to meet the 

demand and tumor oxygenation is low.28 The resulting hypoxia is both diffusional and 

ischemic, resulting in hypoxic areas being heterogeneously distributed throughout the 
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tumor mass.29 Biologically, hypoxia can either impair tumor cell growth or can be a 

factor in malignant progression.30 Hypoxia within a tumor often triggers angiogenesis.  

Angiogenesis 

Angiogenesis (new blood vessel development) is a normal biological process. 

Non-pathological angiogenesis takes place in a sequence of steps that are tightly 

controlled and regulated by molecular factors.31  Angiogenesis is regulated by a balance 

between pro- and anti-angiogenic factors.  Some of these pro-angiogenic factors 

include: vascular endothelial growth factor (VEGF), angioproteins, platelet derived 

growth factor (PDF), and fibroblast growth factor (FGF).  In the case of tumor 

angiogenesis, deregulation occurs due to an improper balance of pro and anti-

angiogenic factors during the angiogenesis process.  Almost all solid tumors express 

some amount of VEGF.  The result is that tumor microvasculature is structurally and 

functionally abnormal.  These microvasculature abnormalities include poor to no 

differentiation into proper arterioles and venules, chaotic and disorganized branching, 

gaps in endothelial lining and basement membrane, large inter-vessel distances, larger 

than normal diameters, and increased vessel tortuosity.     

The end result is that the vasculature supply triggered by the tumor is abnormal, 

and thus while it enables the tumor to grow, it also causes more hypoxia.  This induced 

hypoxia triggers more angiogenesis, which triggers more hypoxia and so on.                        

Polymer Therapy: Enhanced Permeability and Retention Effect 

Polymer therapeutics fight against cancer based on their ability to target abnormal 

vasculature associated with solid tumors.  Research has shown that for a tumor to grow 

beyond 1-2 mm3 in size it must develop new blood vessels, referred to as 

neovasculature.32 O’Brien et al. allowed for visualization of the anatomical difference 
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between normal and healthy vasculature using scanning electron microscopy.33 This 

was achieved by injecting water-soluble acrylic monomer into the blood vessels of 

cancer-infected mice.  The acrylic monomer was polymerized to form a cast of the blood 

vessels within both the tumor and healthy tissue.  Examination of the casts shows that 

plastic resin is found extensively outside the blood vessels of the metastatic tumor 

nodule, due to the leaky nature of this vasculature. Moreover, this effect is not observed 

in the case of blood vessels within healthy tissue. In addition to this leaky vasculature, 

tumor characteristics include malfunctioning lymphatics and high interstitial pressures.34 

These features allow for passive delivery and subsequent retention of polymer drugs to 

vascularized tumors. This experimentally verified phenomenon has been termed the 

Enhanced Permeability and Retention (EPR) effect.35 Whereas low molecular weight 

drugs are free to traverse through blood vessels of healthy tissue, the EPR effect allows 

for macromolecules to be sequestered in the blood supply until reaching the site of the 

tumor (Figure 1-3). 

 

Figure 1-3. Enhanced Permeability and Retention (EPR) method of macromolecular 
drug delivery 

The EPR effect is applicable to almost all solid tumors and is a relatively recent but 

very general approach to cancer targeting drug design.34 Clinical trials have already 
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established the efficacy of this approach for delivery of common chemotherapy agents, 

such as paclitaxel.36  

Few advances have been made in employing the EPR effect to systemic 

radionuclide therapy.  The gap between the development of radio-diagnostic agents and 

radio-therapeutic agents is substantial.  Underutilization of this therapeutic modality is 

evident in the case of somatostatin analogue-based radiotherapy of neuronendocrine 

tumors.35  No somatostatin-based radiotherapy has advanced beyond clinical studies, 

despite the fact that the first human clinical trials were conducted over a decade ago.37  

The lack of progress is attributed to challenges associated with delivery of radionuclides 

compared to chemotherapy counterparts. These challenges include the binding of 

radionuclides, accurate assessment of pharmacokinetics, and prevention of renal 

damage.  In addition, the requirement of a multifaceted approach has hindered the 

development of new macromolecular therapies.  The fact is that most researchers lack 

the resources to facilitate collaboration with clinicians. As a result, little has been done 

with regards to addressing these issues through macromolecular drug design, 

especially when involving radiotherapy.  

Polymer Cancer Therapeutics 

There are several characteristics of polymer cancer therapeutics that need to be 

considered in the development of a new radiopharmaceutical, including particle size, 

binding stabilities, and in vivo biological behavior.  

Particle Size 

Effective delivery of polymer therapeutics to solid tumors involves a balance 

between three events: (1) elimination of the polymer drug from the bloodstream via the 

kidneys, liver, spleen, and urinary bladder, (2) extravasation of the polymer-drug from 
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the bloodstream into the tumor interstitium, and (3) minimizing uptake in healthy, non-

target tissue. Based on these three events, the characteristics of a polymer that will 

determine the success of polymer-drug delivery are hydrodynamic volume (or molecular 

weight), molecular conformation, chain flexibility, branching, and location of the attached 

drug.38 Since the main route of elimination of a polymer from the body is through kidney 

clearance, glomerular pore size (in the kidneys) tends to be the deciding factor for the 

biological half-life of polymer drugs in the bloodstream. Polymers with hydrodynamic 

radii smaller than glomerular pores, which are typically around 5 nm in size, are 

eliminated from the body through urine production.39  This pore size roughly 

corresponds to a polymer molecular weight in the range of 30 to 50 kDa, depending on 

the polymer chemistry, molecular conformation and flexibility.40   Another method of 

polymer elimination from the body is through the liver and reticuloendothelial (RES) 

system.  Particles above 200 nm in diameter are more readily removed from the blood 

stream via this route of elimination.41   Clearance of polymers from the bloodstream into 

tissue occurs primarily by diffusion through small gaps in the endothelial wall.  The size 

of these gaps in healthy tissue is on the order of 2-6 nm.42 Pores of the tumor 

vasculature are significantly larger than those in kidneys and healthy tissue, ranging in 

diameter from 40 to 80 nm.43 The variation in pore size is illustrated in Figure 1-4.38 

Based on the pore sizes, it is clear that hydrodynamic volume (Vh) and therefore 

molecular weight are key factors in the pharmacokinetics and biodistribution of polymer 

drugs when employing the EPR effect.  Once a critical hydrodynamic radius (hr) equal to 

the renal threshold is reached, the glomerular elimination of polymers decreases with 

increasing hydrodynamic radius.  This increase in polymer biological half-life with 
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increasing molecular weight holds true for polymers with the same chemistry, 

architecture, and molecular conformation up to the point where polymers are eliminated 

by the reticuloendothelial system (hr > 200 nm).   

 

Figure 1-4. Relative sizes of multiple molecular weight polymers and various pores in 
the body 

Binding Stability  

The stability of a metal-ligand complex is a key factor in internal radionuclide 

therapy. Upon injection into the blood stream, the radiometal is likely to dissociate from 

the chelating ligand due to the low concentration.  Such dissociation would result in 

accumulation of radionuclide in healthy tissue.  In vivo dissociation of the radionuclide 

from the chelate invariably results in non-target organ uptake, leading to irradiation of 

these non-target tissues.44,45 Therefore, the thermodynamic stability of the metal chelate 

is important.  However, the solution stability of the radiopharmaceutical in the blood is 

ultimately determined by the kinetic inertness, or the rate of dissociation of the 

radionuclide from the metal chelate.  The primary goal in selecting a chelating ligand is 
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to minimize the in vivo dissociation. Techniques for determining the complex stability of 

a radiopharmaceutical prior to clinical evaluation are explored in this work.   

Biological Evaluation 

Prior to clinical studies of a new pharmaceutical in humans, biological response 

should be measured in an appropriate animal model to establish efficacy of the new 

therapy. Naturally occurring cancers in dogs and humans share many common 

features, including histology, genetics, biological behavior, and response to 

conventional treatments.46 Canine studies, therefore, provide valuable insight into the 

development and translation of new cancer therapies by defining toxicity, activity and 

pharmacokinetics.46 The canine model is utilized in this work for developing new 

polymer radionuclide therapies for the treatment of primary osteosarcoma. 

Radiopharmaceutical Design 

The design of an effective therapeutic polymer radiopharmaceutical involves: (1) 

the selection of a polymer to deliver a radioactive element to diseased tissue, (2) the 

selection of a radionuclide that delivers appropriate energy for destruction of diseased 

tissue, and (3) attachment of a bifunctional chelating ligand for combining the 

radioisotope and polymer (Figure 1-5). 47 The design of a polymer ligand for binding of 

therapeutic radionuclides will be based on these three distinct features. 

 

Figure 1-5. Features of a polymer radiopharmaceutical 
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Polymer Selection 

The polymer acts as the carrier for delivery of a radionuclide to diseased tissue. 

Polymers must possess the requisite properties for passive delivery via the EPR effect – 

water solubility, sufficiently high molecular weight, and biological inertness. Based on 

these desired properties, poly(ethyleneimine) (PEI) (Figure 1-6) manifests itself as a 

good model for development of new radiotherapy polymers and will be the base-

polymer used for studies within this work.  

 

Figure 1-6. Polyethyleneimine, A) repeat unit structure and B) branched morphology  

Radionuclide Selection 

The choice of a radionuclide depends on the medical application of interest.  For 

internal radionuclide therapy, the radiations of interest are often particulate emissions 

(alpha-particles, beta-particles, and Auger electrons) because they deposit their kinetic 

energy over short distances through Coulombic force interactions, producing only 

localized tissue damage.  In terms of treating cancer, the mechanism of action is the 

destruction of nuclear DNA strands by radiation-induced ionizations, excitations, 

chemical transmutations, and local charge effects.48 Alpha-particles have the highest 

energy among the particles mentioned, followed by beta-particles, and then Auger 

electrons.  The range of particles in tissue is on the order of 5-10 cell diameters (40-100 

m) for alpha particles and 1 cm for beta-particles, a size comparable to that of larger 

A B 
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tumors (Table 1-1).49 The range of Auger electrons in tissue is on the order of 

nanometers, resulting in nuclear localization and sub-cellular accumulation being 

required for high killing efficiency.50  

In order to uniformly irradiate the tumor cells, the nuclide distribution must be 

homogeneous with respect to the tumor volume.  Even very modest levels of 

heterogeneity, where a small number of cells are untargeted, can be catastrophic in 

terms of tumor cure.51 Beta-particle emitters are the focus for this proposal because 

they yield a fairly homogeneous dose distribution even when they are heterogeneously 

distributed throughout the target tissue.52 The tumor size will determine the optimum 

energy of the beta-emitter to be administered.  

Table 1-1. Different types of particle emissions and energies, adapted from Kassis, A. I.; 
Adelstein, S. J. J. Nucl. Med., 2005, 46, 4S 

  
Particles 

 
Energy Emin-Emax 

 
Range 

 
Linear Energy 

Transfer 

Beta Particle Electrons 
Medium to High 
(0.02-2.3 MeV) 

0.2-12 mm 0.2 keV/ μm 

Alpha Particle Heium Nuclei 
High 

(5-9 MeV) 
40-100 μm 80 keV/ μm 

EC/IC Auger Electrons 
Very Low 
(eV-KeV) 

Several nm 4-6 keV/ μm 

 

Radiolanthanides are the focus of this work.  This choice was made with the idea 

that there is no single ideal radionuclide, but rather there are a number of choices 

depending on the delivery vehicle and the clinical target.   Lanthanides offer notable 

opportunities in the design of therapeutic radiopharmaceuticals.53 Among the fifteen 

lanthanide elements, all have very similar chemistries, yet they possess a wide range of 
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nuclear properties (Table 1-2).  This affords the opportunity to match a desired set of 

nuclear properties with a specific clinical application.  For example, several lanthanide 

isotopes have varying degrees of emitted kinetic energy: low energy -emitter 177Lu, 

medium energy -emitter 153Sm, and high-energy -emitters 166Ho and 90Y.  The low 

energy emitters would be suitable for smaller metastases, while high-energy emitters 

are good candidates for large tumors.  

Table 1-2. Nuclear properties of lanthanides, adapted from Cutler, C. S.; Smith, C. J.; 
Ehrhardt, G. J.; Tyler, T. T.; Jurisson, S. S.; Deutsch, E. Cancer Biotherapy & 
Radiopharmaceuticals, 2000, 15, 531 

Isotope Half Life Decay 

 Days Max b (MeV) Gamma (keV) 

Pm-149 2.21 1.1 286 

Sm-153 1.93 0.69 103 

Dy-166 3.4 0.4 82.5 

Ho-166 1.12 1.8 80.6 

Yb-175 4.19 0.47 396 

Lu-177 6.71 0.5 208 

 
Chelating Ligand Selection      

A chelating ligand is used to link the radioisotope and carrier molecule for delivery 

to the target area.  The chelating ligand is covalently bound to the polymer and acts to 

strongly coordinate the radionuclide.  The ligand used is highly dependent on the 

oxidation state and size of the metal. As a result, chelating ligands with different donor 

atoms and frameworks are required for different radionuclides.  This necessitates an 
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understanding of the chelating ligand coordination chemistry with the appropriate 

radionuclide.  

An acceptable ligand is one that forms a stable radiometal chelate with high 

thermodynamic stability and kinetic inertness.47 Therefore, the choice of the chelating 

ligand will depend on the coordination chemistry between the radionuclide and ligand.  

Two prominent classes of bifunctional chelating ligands for lanthanide 3+ cations 

are poly(amino phosphonate)s (Figure 1-7) and poly(amino carboxylate) (Figure1-8).  

These ligands have been used extensively for their ability to form thermodynamically 

stable and kinetically inert chelates for a wide variety of metals, due to the chelating 

abilities of the multidentate ligands.44,54  

 

Figure 1-7. Structure of polyamino phosphonate ligands  

 

Figure 1-8. Structure of polyamino carboxylate ligands 
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CHAPTER 2 
SYNTHESIS, CHARACTERIZATION, AND PRE-CLINICAL EVALUATION OF A 

POLYMER-BASED RADIOPHARMACEUTICAL FOR INTERAL RADIONUCLIDE 
THERAPY 

History of Polyethyleneimine Methylenephosohonate (PEI-MP) 

The small molecule radiopharmaceutical, ethylenediamine tetramethylene 

phosphonate (153Sm-EDTMP), trade name Quadramet®, was introduced in Chapter 1 

(Figure 2-1A). The therapeutic efficacy of Quadramet® is in part limited by uptake in 

healthy tissue. In an attempt to overcome this shortcoming of Quadramet®, Milner et al. 

produced the polymer-based radiopharmaceutical polyethyleneimine methylene 

phosphonate (PEI-MP) (Figure 2-1B) designed to target osteosarcoma with more 

selectivity than small molecule radiopharmaceuticals. The presumable targeting 

mechanism of action of the polymer drug, PEI-MP, is the enhanced permeability and 

retention (EPR) effect described in Chapter 1.  

 

Figure 2-1. A) The small molecule radiopharmaceutical, Quadramet® and B) polymer 
radiopharmaceutical, PEI-MP  

Extensive pre-clinical work has established that the synthetic polymer, 

polyethyleneiminomethyl phosphonic acid (PEI-MP), tagged with the diagnostic, 

gamma-emitting radionuclide technetium-99m (99mTc), shows significantly better 

retention in canine osteosarcoma and lower localization in healthy, non-target tissue 

than the current FDA approved radioligand, Quadramet® (Figure 2-2).21,55-57 Of 

B  A 
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particular significance is the reduced uptake in the dose limiting organs of healthy bone 

and the associated bone marrow.  

 

Figure 2-2. Organ dose distribution for 99mTc-PEI-MP versus 153Sm-EDTMP, adapted 
from Milner, R. J.; Dormehl, I. C.; Lowe, W. K. A.; Kilian, E. Eur J Nucl Med, 
1999, 26, 1220 

Additionally, the polymer radiopharmaceutical 99mTc-PEI-MP demonstrated a more 

consistent tumor to healthy bone uptake ratio compared to small molecule ligands. The 

variation in uptake is significant and is best understood by looking at the coefficient of 

variance (SD/Mean x 100) for uptake. The coefficient of variance for small molecule 

radioligands currently on the market are 39.04% for 153Sm-EDTMP (Quadramet®) and 

52.57% for 99mTc- MDP compared to 6.23% for the new polymer ligand, 99mTc-PEI-MP. 

This is a significant improvement in biodistribution and can be attributed to a more 

consistent uptake ratio of the polymer ligand, PEI-MP, and its hypothesized mechanism 

of action of enhanced permeability and retention (EPR) in tumor vasculature.  

It has been reported that PEI-MP particle sizes obtained by ultrafiltration 

fractionation through polyethersulfone membranes with molecular weight cut-offs of 20-
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30 kDa provided the best blood clearance of the drug via the kidneys.57 In later work, a 

blood plasma model was constructed to determine the viability of delivering lanthanide 

radionuclides with therapeutic potential to bone tumors via the polymer ligand PEI-MP.58 

This blood plasma model was designed to predict metal ion speciation in plasma, giving 

an indication of the ability of PEI-MP to survive competition for the radionuclide by blood 

plasma ions and other biological chelators.  Based on this computational model, 

questionable retention of the therapeutic radiolanthanides holmium and samarium by 

PEI-MP was expected in vivo. The poor retention of lanthanide ions was attributed to 

PEI-MP’s high affinity for the blood plasma ion calcium. It was estimated that 82.2% of 

PEI-MP would be bound by calcium, leaving almost all of the lanthanide free to bind 

with the competitive chelator citrate.58 Clinical studies were conducted in the canine 

model to compare the delivery of the diagnostic radionuclide, 99mTc, to the therapeutic 

radionuclide, 153Sm. In this clinical study, lower bone uptake was observed for 153Sm-

PEI-MP compared to 99mTc-PEI-MP.  

 

Figure 2-3. Organ dose distribution for 99mTc-PEI-MP versus 153Sm-PEI-MP 

This low uptake of the lanthanide is attributed to the idea that very little samarium 

remained bound to the bone-seeking ligand, PEI-MP. Additionally, higher uptake of 
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153Sm-PEI-MP was observed in the liver and blood pool, indicating that 153Sm is no 

longer bound to the polymer and is free to be distributed throughout the entire body 

(Figure 2-3).  

Encouraged by previous developments, we have further investigated PEI-MP as a 

potential polymer radiopharmaceutical for the enhanced permeability and retention 

(EPR) delivery of radionuclides to solid tumors. We have re-evaluated the 

osteosarcoma targeting capability of PEI-MP and have further investigated the tumor-

targeting mechanism of PEI-MP by studying the biodistribution in tumor types other than 

osteosarcoma. 

Experimental 

Materials 

Polyethyleneimine (Lupasol® Water-free) was supplied by BASF (Ludwigshafen, 

Germany).  Serum vials, septa and aluminum caps used in preparation of drug kits were 

received from Voigt Global, Inc. (Lawrence, KS).  Gel clot endotoxin assay kits 

(ToxinSensorTM) were purchased from GenScript. Ultrafiltration centrifugal membranes 

(OmegaTM) were supplied by Pall Corporation.  All other reagents and chemicals were 

used as received from Aldrich Chemical Company unless otherwise noted.    

Instrumentation and Analysis 

1H NMR, 13C NMR and 31P NMR spectra were recorded on a Varian Associates 

Mercury 300 spectrometer.  Chemical shifts from 1H and 13C NMR were referenced to 

residual signals from CDCl3 (
1H = 7.24 and 13C NMR = 77.23) and to an internal 

standard of H2PO3 (
31P = 0) for 31P NMR.  High resolution mass spectra (HRMS) were 

obtained on a Finnegan 4500 gas chromatograph /mass spectrometer using the 

chemical ionization mode.   
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Synthesis of N,N’,N’-trimethylenephosphonate Polyethyleneimine (2-1B).   

A mixture of phoshporous acid (18.4 g, 4.3 eq) and concentrated hydrochloric acid 

(51.3 mL, 11.9 eq) was stirred at 80C under argon atmosphere until dissolution of the 

phosphorous acid was complete.  Formalin (23.3 mL, 1.0 eq) was added to the reaction 

mixture dropwise over a thirty-minute period.  The reaction was brought to reflux at 90 

C and a solution of polyethyleneimine (8.33 g in 40 mL of water, 1.0 eq) was added 

slowly.  The reaction was stirred under reflux for an additional hour and then cooled 

slowly to room temperature overnight. The product was precipitated by addition of 

distilled water.  The crude product was dissolved in a minimal amount of saturated 

sodium carbonate. The final polymer was collected via lyophilization.1H NMR (D2O): 

broad signal 2.8-3.8 ppm (CH2 (ethyleneimine and methylenephosphonate)). 31P NMR 

(D2O): single broad peak centered at 8 ppm. IR  (cm-1): 3300-3500 (st. OH, st. NH), 

2850-2930 (st. CH).  Carbon:Nitrogen molar ratios were determined for the starting 

polymer (PEI) and the functionalized polymer (PEI-MP) using elemental analysis.  On 

the basis of the empirical formula for the repeat unit of PEI-MP, the degree of methyl 

phosphonation was determined to be 74%, taking into account a 1: 2: 3 amine ratio 

of 1: 1.20: 0.76.  Polyethylenimine (WF, Lupasol, BASF): Calculated for C6H15N3:  C, 

55.78; H, 11.70; N, 32.52  Found: C, 53.74; H. 11.80; N, 31.01. Polyethyleneimine 

methylenephosphonate: Calculated for C9H18N3O9P3: C, 26.68; H, 4.48; N, 10.37 

Found: C, 17.22; H, 4.96; N, 6.78. 

Particle Size Separation by Ultrafiltration 

Fractionation of PEI-MP was achieved using polyethersulfone (Macrosep ®, Pall 

Life Sciences) Centrifugal Filters.  Approximately 0.25 g of polymer was dissolved in 20 
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mL of endotoxin-free water (certified < 0.1 EU/mL).  Polymer solutions were passed 

through 30 kDa and 10 kDa cut-off filters sequentially.  Filtration was determined to be 

complete once no more polymer was eluting through the filter.   

Endotoxin Testing 

Fractionated PEI-MP (10-30 kDa) was tested for endotoxins prior to kit preparation 

using a LAL gel-clot assay kit  (ToxinSensorTM, GenScript) with a detection limit of 0.25 

EU/mL.  A serial dilution with endotoxin-free water was performed on the product to 

prevent any chemical inhibition of the LAL reaction.  The E. coli standard (0.5 EU/mL) 

provided in the kit was reconstituted by addition of 1 mL LAL reagent water and 

vortexed for 15 minutes.   The provided LAL was reconstituted by addition of 2 mL of 

LAL reagent water and stirring gently for approximately 30 seconds.  Into each of the 

endotoxin free vials provided for testing, 0.1 mL of LAL solution was dispensed.  To 

each vial of LAL solution, 0.1 mL of diluted product was added.  The solutions were 

placed in a 37C water bath for one hour and then checked for clotting.  Flow of the gel 

upon inversion of the vials indicated a negative result, whereas gelation was indicative 

of a positive result.  

99mTc-PEI-MP Kit Preparation 

Lyophilized kits of the polymer ligand, PEI-MP, were prepared by mixing 5 μL of a 

solution containing 250 mg of SnCl2  2 H2O crystals in 0.5 ml HCl (c) with an aqueous 

PEI-MP solution (48 mg Na-PEI-MP/mL, pH = 8.0) whereafter the pH was adjusted to 6.  

The mixture was dispensed into 5 vials and freeze dried.  The vials were fitted with 

septa and sealed with an aluminum cap. 
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The radionuclide labeling was performed under contract by Cardinal Health Inc., in 

Gainesville, FL. The final solutions for injection were prepared by adding 0.3 ml 99mTc 

(111 to 185 MBq) to the above vials.  Radiochemical purity was checked using thin-

layer chromatography on silica gel impregnated glass-fiber sheets as a stationary phase 

and acetone and 0.9% sodium chloride solution for a mobile phase. 

Biodistribution Studies 

Biodistribution studies were achieved through collaboration with the College of 

Veterinarian Medicine at the University of Florida.  In this study, client-owned dogs with 

either a sarcoma or carcinoma were enrolled in the trial.  Enrollment was tailored to 

include important tumor types, e.g. osteosarcoma, hemangiosarcoma, hepatic 

carcinomas, and pulmonary carcinomas. The dogs were given a diagnostic dose of 

99mTc-PEI-MP of between 333-925 MBq per animal.  Scintigraphy was performed in the 

Radiology Section of the Veterinary Medical Center (VMC). The gamma camera was 

centered over the thorax and abdomen to include the heart, lungs, liver, both kidneys, 

and tumor. Both forelimbs were included to acquire data from the metaphysis of distal 

radius and cortical bone area.  Data acquisition was performed as a dynamic study of 

10 x 1 minute frames followed by single two-minute frames at 15, 30, 45, 60, 120, and 

180 minutes on a countdown bolus injection of the radiopharmaceutical (matrix 64x64). 

Urine was collected for the duration of the scan. The activity and volume (total urine 

volume for each time point) of each sample was measured and registered.   

Particle Size Determination 

The hydrodynamic radii of PEI-MP(<10 kDa), PEI-MP(10-30 kDa), and PEI-MP( > 

30 kDa) fractions and their complexes with Ca(II), Mg(II), Zn(II), Sm(III), and Y(III)  were 

measured by dynamic light scattering (DLS). Mean particle size and size distribution of 
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was measured using dynamic light scattering (DLS) on a Nanotrac ULTRA with an 

external probe (Microtrac, Largo, FL, USA). Each sample was analyzed in triplicate and 

each replicate was measured six times to yield the average particle size. This was 

performed using stock solutions, which contained ligand concentrations of 10 mM for all 

combinations of PEI-MP.  In addition, the ionic strength of the 10 mM solutions were 

controlled by addition of 0.15 M NaCl. 

Zeta Potential Measurements 

Polymer ligand charge stability was analyzed using a ZetaPlusTM zeta potential 

analyzer (Brookhaven Instruments Corporation, Holtsville, NY). The data was 

processed using the ZetaPlus sizing software V2.27. 

Results and Discussion 

Synthesis and Structural Analysis 

The base polymer selected for the design of the polymer radiopharmaceutical PEI-

MP was polyethyleneimine (PEI). PEI is a highly water-soluble polymer prepared by 

cationic polymerization of ethyleneimine (Figure 2-4).  

Poly(ethyleneimine) (PEI) is an aliphatic polymer containing primary, secondary 

and tertiary amines in an approximate ratio of 1:2:1. It has been shown that PEI is 

relatively safe for internal use in animals and humans.59 PEI has been explored as a 

model water-soluble carrier for delivery of small molecule pharmaceuticals due to its 

properties of hydrophilicity, biocompatibility and thermal stability.59,60 Additionally, the 

branched structure of PEI has been shown to increase the blood circulation half-life 

relative to other polymer architectures with similar molecular weight and chemistry.39 

The slower rate of renal filtration could be attributed to a hindered ability of the polymer 

to reptate through glomerular pores of the kidneys.     
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Figure 2-4. Synthesis of branched polyethyleneimine 

PEI-MP (Figure 2-1B) consist of a branched poly(ethyleneimine) derivative in 

which functional groups have been attached to the polymer backbone. Synthesis of 

polymer 2-1B, PEI-MP, was achieved using Mannich-type reaction chemistry described 

by Moedritzer and Irani (Figure 2-5).21,56,57,61 Reaction of polyethyleneimine  with 

concentrated hydrochloric acid, phosphorous acid, and formalin at reflux temperature 

results in the formation of -aminomethylenephosphonic acid functionalized polymer 2-

5B. Upon cooling, 2-5B settled to the bottom of the reaction vessel as a viscous oil, 

which transforms to a doughy mass upon washing with distilled water.  Purification is 

relatively simple, as repeated washing with fresh DI water removes residual starting 

material and reagents.  Dissolution of 2-5B in a minimal amount of 1 M sodium 

carbonate solution results in the formation of the water-soluble polymer salt 2-5C.  The 

final polymer 2-5C  was collected via lyophilization as a light brown solid.  The 

aminomethylphosphonic acid moiety has been shown to exhibit favorable chelating 

properties for polyvalent metal ions.62,63  The incorporation of the phosphonate 

Initiation: 

Propagation: 

Branching: 
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functionality is key to the success of this material, allowing polymer 2-5C to act as a 

carrier for EPR delivery of radionuclides to vascularized tumors.64  

 

Figure 2-5. Synthesis of polyethyleneimine methylenephosphonate (PEI-MP)  

31P NMR analysis was used for functional group detection. 31P NMR revealed the 

presence of a single broad peak, indicating that all of the phosphorous was bound to the 

polymer.  Broadening of the spectral lines is expected and is associated with the ionic 

interactions accompanying the polymer.  The broad signal centered at 8 ppm is 

representative of the shifts reported for aminomethylphosphonic acids at pHs 6-8.63 

Further structural confirmation was provided by observed changes in the N-H and P-O 

stretching regions in the FT-IR spectrum of polymer 2-5C  compared to starting material 

2-5A. The FT-IR spectrum of the starting material, PEI, shows an N-H stretch of the 

primary amine at 2809 cm-1 and the N-H bending of the primary amine at 1578 cm-1 

(Figure 2-6). The strong, broad band at 693 cm-1 is representative of the N-H wag of 

primary and secondary amines. 

When PEI is methylenephosphonate functionalized, we see the disappearance of 

the strong N-H stretch of primary amine peaks located at 2809 cm-1 with only the 

presence of a broad stretch associated with secondary amines being observed around 

3280 cm-1. Potential P-O stretching is also observed around 971 cm-1 (Figure 2-7).  

A B C 
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Figure 2-6. Infrared spectrum of starting material, polyethylenimine 

 

Figure 2-7. Infrared spectrum of methylene phosphonate functionalized 
polyethyleneimine 
 

Carbon:nitrogen molar ratios were determined for starting polymer 2-5A and 

functionalized polymer 2-5C using elemental analysis.  On the basis of the empirical 

formula for the repeat unit of structure 2-5C, the degree of methyl phosphonation was 

determined to be approximately 74%, taking into account a 1: 2: 3 amine ratio of      
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1:1.20: 0.76, as provided by the supplier of starting material 2-5A. For this calculation, 

the repeat unit of PEI-MP was broken down into three segments, one for each type of 

amine (primary, secondary, or tertiary). The calculations were conducted as shown in 

the Appendix. 

Polymer Filtration 

Dormhel et al., previously investigated the biodistribution and pharmacokinetics of 

polyethyleneiminomethylene phosphonate (PEI-MP) complexed with the -emitting 

radionuclide 99mTc.57  The experiments were conducted by injecting the polymer-

radionuclide complex into the normal chacma baboon (papio ursinus) and obtaining 

gamma ray images of the entire animal for up to 4 hours after injection.  An optimal 

molecular size of polymer-radionuclide complex was determined for maximal protection 

of healthy tissue and organs.  It was determined that a 10-30 kDa fraction would be 

optimum due to relatively low accumulation in normal bone, liver and kidney. 

Based on this previous study, polyethyleneiminomethyl phosphonic acid was 

fractionated through polyethersulfone ultrafiltration membranes prior to clinical 

evaluation.  It should be noted here that fractionation by ultrafiltration provides fractions 

based on the nominal pore size of the filter rather than the molecular weight of the 

polymer. Although the pore size and molecular weight do not necessarily correspond, 

this method does provide qualitative insight into the performance of different particle 

sizes. Fractions were investigated by dynamic light scattering to correlate particle size 

and nominal pore size.  

The filtrations were conducted by sequentially passing a solution of 

polyethyleneiminomethyl phosphonate in endotoxin free water through polyethersulfone 
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ultrafiltration membranes with molecular weight cut-offs of 30 kDa and 10 kDa using 

either a stir cell apparatus operated at 4 psi or ultrafiltration centrifugal filters.  

Endotoxin Testing 

Any substance capable of inducing a fever is termed a pyrogen.  One subset of 

pyrogens capable of inducing fever is endotoxins.  The high molecular weight complex 

known as an “endotoxin” is a natural lipopolysaccharide (LPS) complex found in the 

outer cell wall of bacteria.  Endotoxins aid in the survival of bacteria by providing 

structural integrity and assisting in transport activity.  In 1912, Hort and Penfield showed 

that this endotoxin complex exists only in the cell wall of gram-negative bacteria and 

that the pyrogenic activity of distilled water is related to the microbial count.65 They also 

demonstrated that dead bacteria had as much pyrogenic activity as living bacteria.  As 

little as a few nanograms of endotoxin are enough to elicit an immunological response, 

making endotoxin contamination control a priority in the parenteral manufacturing of 

pharmaceuticals.  

FDA guidelines validate the use of end product Limulus Amebocyte Lysate (LAL) 

testing for indication of contaminants.  Water for injection has an allowable endotoxin 

limit of 0.25 Endotoxin units (EU)/mL.66 There are currently four commercially available 

methods approved by the FDA for end-product release testing: (1) gel-clot, (2) 

spectrophotometric, (3) colorimetric (Lowry protein), and (4) chromogenic assay. 

It should be noted that chemical or physical factors are known to interfere with the 

LAL’s ability to interact with the endotoxin.   Chemical inhibition can be caused by 

chelation of cations necessary for the LAL reaction by ligands such as EDTA.  This type 

of chemical inhibition may be overcome by dilution of the product.66 66 
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A serial dilution was conducted on PEI-MP with endotoxin-free water to prevent 

any chemical inhibition of the LAL reaction.  As indicated in Table 2-1 below, a negative 

result was obtained for all concentrations of the product samples.    

Table 2-1. Endotoxin assay results for PEI-MP  

Sample Concentration Result 

1 (+) Control positive 

2 (-) Control negative 

3 10 mg/mL negative 

4 5 mg/mL negative 

5 2.5 mg/mL negative 

6 1.25 mg/mL negative 

7 0.625 mg/mL negative 

8 0.3125 mg/ mL negative 

 
Preparation of 99mTc-PEI-MP Radiopharmaceutical Kit 

Many precautions must be taken in the preparation of radiopharmaceutical kits.   

Care must be taken to use aseptic conditions to avoid introducing pathogens into the 

injection solution after it has passed endotoxin testing.   

After endotoxin testing, PEI-MP was subsequently labeled with technetium-99m 

(99mTc), a gamma emitting, diagnostic radionuclide.  99mTc was chosen for its ideal 

nuclear properties.  99mTc has a half-life of six hours, providing sufficient time for 

labeling but minimizing radiation exposure to the patient. Additionally, the main gamma 

emission of 99mTc is on the order of 140 keV which is an ideal energy for absorption by 

gamma cameras used for imaging.67  These properties have led to 99mTc being a central 

component in nuclear medicine, comprising nearly 80% of radiopharmaceuticals in 

clinical diagnostic use.68 



 

50 

99mTc is obtained from a Mo/Tc generator.  The 99mTc eluted from the generator is 

in the pertechnetate form, TcO4
¯, which has a charge of  -1 and an oxidation state of +7.    

Since the negative charge on the pertechnetate will have a repulsive interaction with the 

negatively charged phosphonate groups on the chelating polymer, it is necessary to use 

a reducing agent to convert the 99mTc into a useful chemical form for binding. Stannous 

chloride is most often employed in the reduction methodology.  In the 

reduction/oxidation reaction below, we see that the reducing agent, Sn2+, is oxidized to 

the stannic ion, Sn4+, while TcO4
¯ is reduced to Tc4+ (Figure 2-8).   

 

Figure 2-8. Reduction/oxidation reaction of stannous chloride 

Care must be taken to not introduce air into the radiopharmaceutical vial, as the 

oxygen content in 0.1 mL of air is enough to destroy the stannous ion used as a 

reducing agent in many commercially available cold kits.69 Upon reduction, 99mTc is in a 

favorable chemical form for the formation of a chelate by mixing with the negatively 

charged phosphonate polymer. 

Quality control of radiochemical purity of 99mTc chelates was achieved through the 

use of thin layer chromatography.  The radiochemical impurities of 99mTc include free 

pertechentate of the chemical form TcO4
- and hydrolyzed reduced Tc of the chemical 

form TcO(OH)2  H2O.  The thin layer chromatography systems consist of paper backed 

silica gel as the stationary phase and acetone/saline as the mobile phase.  Where 

hydrolyzed reduced form of Tc remains at the bottom half of the silica plate, while all 

                           3 Sn2+ - 6 e-                   3 Sn4+ 

     2 TcO4
¯
 + 16 H+ + 6 e-    2 Tc4+ + 8 H2O 

Overall    3 Sn 2+ + 2 TcO4
¯ + 16 H+   3 Sn4+ + 2 Tc4+ + 8 H2O 
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other forms are moved by saline to the top half of the plate.  In addition, any free Tc will 

be moved to the top half of the silica plate by acetone, while bound Tc will remain at the 

bottom half. 

Lyophilized kits of the polymer ligand, PEI-MP, and reducing agent, SnCl2, were 

prepared in aluminum capped septa plugged vials, filled with nitrogen gas, and stored in 

the freezer until further use (Figure 2-9). 

 

Figure 2-9. Image of lyophilized radiopharmaceutical kits containing PEI-MP and SnCl2 

Particle Size Analysis 

The importance of particle size for tumor targeting polymer drugs was addressed 

in Chapter 1. The polymer particles must be of an appropriate size to maintain balance 

between three key events: 1) large enough to prevent uptake in healthy tissue, 2) small 

enough to enter the tumor volume, and 3) small enough for excess in blood to be 

eliminated through kidney filtration. It has been established that polymer particles with 

average molecular weights of around 40 kDa work well for drug delivery applications 

employing the EPR effect.35 Previous studies with PEI-MP have shown that particles 

obtained by sequential ultrafiltration through filters with molecular weight cut-offs of 10-

30 kDa demonstrate the best balance between the aforementioned key events. In an 

attempt to correlate particles size with nominal filtration pore sizes, dynamic light 
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scattering (DLS) was conducted on fractions of PEI-MP that had been filtered 

sequentially through 30 kDa and 10 kDa ultrafiltration membranes.  

Dynamic light scattering is a useful tool for measuring particle size. The technique 

measures the Brownian motion of particles in solution and correlates the detection 

signal to the hydrodynamic radius. Since Brownian motion is the movement of particles 

in solution due to the bombardment of solvent molecules, larger particles will move 

much slower in solution that smaller particles. The size of the particle is calculated using 

the Stokes-Einstein Equation 2-1. 

 (2-1) 

where d(H) is the hydrodynamic radius, k is Boltzmann’s constant, T is the absolute 

temperature, ƞ is the viscosity, and D is the translational diffusion coefficient. The 

hydrodynamic radius that is measured equates to the diameter of a unit density sphere 

that has the same translational diffusion coefficient. 

Factors that affect the diffusion speed of the particle include the ionic strength of 

the medium, the surface structure of the particle, and the deviation from a true spherical 

shape. Controlling ionic strength in dynamic light scattering is crucial, as the total ionic 

concentration in the medium affects the thickness of the electric double layer, which in 

turn affects the diffusion speed. If the conductivity of the medium is low, the diffusion 

speed will be reduced, resulting in an apparent larger hydrodynamic radius.70 To control 

this factor, all light scattering studies were conducted in 0.15 M NaCl solutions to best 

mimic physiological conditions. Any changes in the particle surface and hence 

conformation of the polymer due to interactions in solution or pH could also affect 

particle size. To establish the effect of ion binding on conformation and particle size, 

d(H) = 
   kT   . 
3πƞD 
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DLS was conducted on PEI-MP in the presence of samarium, as well as the blood 

plasma ions calcium, magnesium, and zinc. It must be kept in mind that working with 

non-spherical particles is an inherent problem with measuring particle size by DLS, and 

the measured hydrodynamic radius is a value relative to a perfect sphere with the same 

diffusion speed.  

Polyethyleneimine (PEI) is prepared by a chain-growth addition type 

polymerization through cationic initiation of ethylene imine (Figure 2-4). As expected for 

a chain growth polymer, PEI has a broad polydispersity index (PDI). This broad PDI 

also corresponds to a broad particle size range as depicted below in Figure 2-10. The 

average particle size for the base-polymer PEI (lupasol WF) in 0.15 M NaCl solution 

was measured to be 2.996 nm with a particle size range from 1.4 to 6.39 nm (Figure 2-

10). 

 

Figure 2-10. Particle size distribution for polyethyleneimine (Lupasol WF)  

Post-polymerization modification of PEI through addition of methylene 

phosphonate groups to produce polyethyleneimine methylene phosphonate (PEI-MP) 

changes the surface structure and correspondingly the hydrodynamic radius of the 
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polymer as depicted by the particle size distribution shown in Figure 2-11. The particle 

size range for PEI-MP is thus larger at 2.60 to 27.2 nm.  

 

Figure 2-11. Particle size distribution for polyethyleneimine methylene phosphonate 
(PEI-MP) in 0.15 M NaCl 

The conformation of polyelectrolytes are known to change in the presence of 

additional ions.71 It is expected that the hydrodynamic radius will decrease in the 

presence of an oppositely charged ion, as the inter-chain interactions induce tighter 

packing of the chains that are otherwise solvated. This effect is expected to decrease as 

the ratio of metal to ligand approaches one, at which point the hydrodynamic radius will 

more resemble that of the free polymer ligand.  In order to understand the effect of ionic 

binding on the particle size of PEI-MP, DLS studies were conducted with PEI-MP in the 

presence of samarium, as well as the blood plasma ions calcium and magnesium 

(Figure 2-12). No significant change in particle size was observed by addition of blood 

plasmas ions. 

The particle sizes of PEI-MP used in clinical studies is altered by a fractionation 

process to narrow the polydispersity index and obtain desired particle size for drug 

delivery via the enhanced permeability and retention (EPR) effect. The particle size 

distributions for PEI-MP fractionated through nominal pore sizes of >30 kDa, 30-10 kDa, 
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and 10-30 kDa are shown below (Figures 2-13, 2-14, 2-15) and are summarized in 

Table 2-2. 

 

Figure 2-12. Comparison plot for PEI-MP (red) particle sizes in the presence of the ions 
calcium (green), magnesium (yellow), and samarium (blue) 

 

Figure 2-13. Particle size distribution of PEI-MP retained during filtration through a 30 
kDa MW cut-off filter 

 

Figure 2-14. Particle size distribution of PEI-MP retained after sequential filtration 
through 30 and 10 kDa MW cut off filters  
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Figure 2-15. Particle size distribution of PEI-MP that passed through a 10 kDa MW cut 
off filter 

Table 2-2. Average particle sizes and particle size distributions for PEI-MP fractions 

 
There appears to be a significant amount of overlap in particle sizes for each 

fraction, although the average particle size is reduced upon the reduction of the nominal 

pore size of the filter (Figures 2-13, 2-14, 2-15). The overlap of particle sizes indicates 

insufficient filtration of the polymer and may be partly attributed to the morphology of the 

polymer PEI-MP. The highly branched structure of the polymer allows for hindered 

reputation through pores, as described by Frechet (Figure 2-16).38 It is this 

characteristic that makes the branched structure attractive for EPR delivery 

applications, as it leads to increased biological half-life in the blood plasma. However, 

this feature also leads to difficulty in achieving a clean separation by means of 

ultrafiltration. 

Polymer Fraction (kDa) 
Particle Size Range 

(nm) 
Average Particle Size 

PEI-MP < 10 2.46 - 13.93 3.71 

PEI-MP 10 - 30 2.46 - 13.93 5.54 

PEI-MP > 30 4.92 - 30.0 8.6 
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Figure 2-16. Hindered reputation of a branched polymer through pores as described by 
Frechet et al, adapted from Fox, M. E.; Szoka, F. C.; Frechet, J. M. Accounts 
of chemical research, 2009, 42, 1141. 

 

Figure 2-17. Particle size distribution of aggregated PEI-MP in solution 

One concern related to particle size in drug delivery applications is the potential for 

aggregation. Particle sizes larger than 200 nm will be trapped by the liver, resulting in 

excessive radiation exposure to this non-targeted organ. Shown below is the particle 

size distribution for a PEI-MP solution in which aggregation was forced by sonication of 

the sample (Figure 2-17). The stability of PEI-MP particles were analyzed and will be 

discussed in the following section.  

Particle Stability 

The balance between chain-chain and chain-solvent interactions in a polymer 

system are the driving forces for polymer aggregation. Polyethylenimine is known to 

form strong coordination complexes. At low acidic pH values the amines in 

polyethyleneimine are protonated to form a positively charged polyelectrolyte. At high 

basic pH values, polyethylenimine is neutrally charged.72 It has been shown that for 
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linear polyethylenimine, approximately 55% of the amine groups are protonated under 

physiological conditions.73 Therefore, the repeat unit structure of polyethyleneimine 

methylenephosphonate (PEI-MP) most likely exists under physiological conditions in a 

zwitterionic form as shown in Figure 2-18. 

 

Figure 2-18. Zwitterionic form of polyethyleneimine methylenephosphonate likely to 
exist under physiological conditions 

Aggregation of polyethyleneimine in the presence of negatively charged 

phosphonate ions has been attributed to the attraction between the positively charged 

polyamine and the negatively charged phosphonate and/or the formation of hydrogen 

bonding.72 To better understand the tendency of PEI-MP to aggregate upon vigorous 

shaking associated with the radionuclide labeling step, particle stability measurements 

were conducted.   Zeta potential measurements were conducted to determine if the 

charge interactions between quaternary ammonium ions and phosphonate ions are 

likely to lead to aggregation of the polymer particles. 

The zeta potential refers to the charge that exists around a particle in solution. 

There are multiple layers of charge that surround a particle in solution. The innermost 

layer of ions is tightly associated with the charged particle. This dense layer of ions is 

called the Stern layer and has a specific electrical charge. The stern layer is surrounded 

by another more diffuse layer called the Gauy—Chapman layer, which has a specific 

charge all its own. Additionally, the bulk of the solvent will have a separate charge from 
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that of the Stern and Gauy—Chapman layer. The difference in charge between the 

Stern layer and the bulk of the solvent is the zeta potential. 

 When polyethyleneimine is functionalized with phosphonate groups, the potential 

difference between the polymer and the bulk solvent is changed. The stability of the 

polymer is dependent on the zeta potential of the system. Generally, as the zeta 

potential becomes more negative, the system becomes more stable or less susceptible 

to agglomeration. It is generally accepted that systems with zeta potentials more 

negative than -20 to -30 millivolts have sufficient repulsion to be stable, with systems 

being considered extremely stable at values greater than -45 millivolts.74 

 

Figure 2-19. Zeta potential for PEI-MP in 0.15 M NaCl at pH 6-8  

The zeta potential of PEI-MP in 0.15 M NaCl was measured to determine if 

aggregation due to particle charge interactions is likely. This system was chosen 

because it is believed that aggregation is more likely to occur in the more concentrated 

conditions encountered in the pharmaceutical kit rather than under the dilute conditions 
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found in the blood stream. The average zeta potential for 10 runs was measured to be   

-52.43 millivolts, indicating that the PEI-MP particles are expected to be stable in 

solution (Figure 2-19).  

Animal Care and Procedures 

Biodistribution studies were conducted with approval from the Institutional Animal 

Care and Use Committee (IACUC) at the University of Florida. IACUC approved 

facilities were used for testing and subsequent housing of animals. 

Biodistribution Studies 

Biodistribution studies are required to establish the in vivo performance of a 

radiopharmaceutical. As discussed in Chapter 1, it is necessary to balance three key 

events in polymer-based tumor therapy: 1) uptake within the tumor volume, 2) clearance 

of excess drug from the blood via kidney filtration to urine, and 3) minimizing uptake in 

healthy, non-targeted organs.  

The animal model used in evaluation of the biodistribution of PEI-MP was naturally 

occurring osteosarcoma of the dog. Naturally occurring cancers in canines and humans 

share many common features, including histology, genetics, biological behavior, and 

response to conventional treatments.46 Canine studies therefore provide valuable 

insight into the development and translation of new cancer therapies by defining toxicity, 

activity and pharmacokinetics.46   

The goal of PEI-MP biodistribution studies in the canine osteosarcoma model was 

to replicate the data previously reported by Milner et al. For this study, six client-owned 

dogs were enrolled in the trial. Ethical approval and client consent was obtained prior to 

enrollment in the study. All normal dogs were subjected to the same experimental 

conditions. Sedative was administered via an indwelling intravenous catheter.  The 
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animals were placed in either right lateral or left lateral position over the gamma camera 

(Figure 2-20). 

 

Figure 2-20. Positioning of dog for scintigraphic imaging 

 99mTc-PEI-MP was injected intravenously with a bolus of 370-555 MBq. All 99mTc-

PEI-MP kits were prepared as described previously in Chapter 2, with ultrafiltration 

being used to control the particle size. Data acquisition was performed as a dynamic 

study of 30 x 1 minute frames followed by single one and a half minute frames at 30, 60, 

90, 120, and 180 minutes on a countdown bolus injection of the radiopharmaceutical. 

Urine samples were collected via a urinary catheter for the purpose of determining 

percent total body retention of the injected radiopharmaceutical. From the images 

collected, regions of interest (ROI) were drawn over the organs of interest: heart, lungs, 

liver, kidneys, trabecular spongiosa, and cortical bone. A decay correction for physical 

decay was used to account for the exponential decrease in activity of the radionuclide 

with time. The decay corrected ROI’s were tabulated and time-activity curves were 

created for each study. Percent organ activity (%OA) distribution and the per cent 

injected activity (%IA) distribution at three hours was calculated from the dose-corrected 

ROI data and percent activity excreted in the urine. 
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Table 2-3 lists the tumor location and administered dose for each osteosarcoma 

study. The scintigraphic images and time-activity curves (TAC) for six osteosarcoma-

bearing dogs administered 99mTc-PEI-MP are shown below in Figures 2-21 through 2-

31.  

Table 2-3. Tumor locations for osteosarcoma biodistribution studies with PEI-MP 

 
 

      

Figure 2-21.Scintigraphic image and time-activity curve for organs of interest for 99mTc-
PEI-MP administered to a dog with osteosarcoma in the left distal radius 
(Case 1, Table 2-3) 

 

  Tumor Location Administered  Activity  (MBq) 

Case 1 Left distal radius 227 

Case 2 Right distal radius 157 

Case 3 Right proximal humerus 231 

Case 4 Left proximal humerus 328 

Case 5 Right distal radius 316 

Case 6 Right distal radius 258 
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Figure 2-22. Scintigraphic image and time-activity curve  for tumor region for 99mTc-
PEI-MP administered to a dog with osteosarcoma in the left distal radius 
(Case 1, Table 2-3) 

 

Tumor 
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Figure 2-23. Scintigraphic image and time-activity curve for organs of interest for 99mTc-
PEI-MP administered to a dog with osteosarcoma in the right distal radius 
(Case 2, Table 2-3) 

Blood pool and Liver 
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Figure 2-24. Scintigraphic image and time-activity curve for tumor region for 99mTc-PEI-
MP administered to a dog with osteosarcoma in the right distal radius (Case 
2, Table 2-3) 

Tumor 
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Figure 2-25. Scintigraphic image and time-activity curve for organs of interest for 
99mTc-PEI-MP administered to a dog with osteosarcoma in the right proximal 
humerus (Case 3, Table 2-3) 
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Blood pool 
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Figure 2-26. Scintigraphic image and time-activity curve for tumor region for 99mTc-PEI-
MP administered to a dog with osteosarcoma in the right proximal humerus 
(Case 3, Table 2-3) 

Tumor 
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Figure 2-27. Scintigraphic image and time-activity curve for organs of interest for 99mTc-
PEI-MP administered to a dog with osteosarcoma in the left proximal 
humerus (Case 4, Table 2-3) 
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Figure 2-28. Scintigraphic image and time-activity curve for tumor region for 99mTc-PEI-
MP administered to a dog with osteosarcoma in the left proximal humerus 
(Case 4, Table 2-3) 
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Figure 2-29. Scintigraphic image and time-activity curve for organs of interest for 99mTc-
PEI-MP administered to a dog with osteosarcoma in the right distal radius 
(Case 5, Table 2-3) 

Kidneys 
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Figure 2-30. Scintigraphic image and time-activity curve for tumor region for 99mTc-PEI-
MP administered to a dog with osteosarcoma in the right distal radius (Case 
5, Table 2-3) 

Tumor 
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Figure 2-31. Scintigraphic images and time-activity curves for 99mTc-PEI-MP 
administered to a dog with osteosarcoma in the right distal radius (Case 6, 
Table 2-3) 

Rapid clearance from both the central blood pool and non-targeted organs was 

observed for all osteosarcoma-bearing canines administered a dose of 99mTc-PEI-MP, 

as seen by the exponential decay in the time-activity curves of Figures 2-21 to 2-31. An 

additional measure of the clearance of the radiopharmaceutical from non-targeted 

organs is the percent of the injected dose that is excreted through the urine at three 

Tumor 

Liver 

Kidneys 

Thyroid 
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hours post injection. The values for percent injected dose excreted at 3 hours are given 

in Table 2-4, with an average of 38.6% of injected activity being excreted for the four 

cases measured (Table 2-4).  It is desired that any excess radiopharmaceutical not 

taken up by the tumor be excreted through the kidney filtration to minimize radiation 

exposure to non-targeted organs. This excreted value is lower than the clearance rate 

of about 70% previously observed by Milner et al., indicating higher retention in the 

central blood pool and non-target organs than desired.  

 Table 2-4. Percent injected activity excreted through the kidneys for 99mTc-PEI-MP 
administered to dogs with osteosarcoma  

 
The relative percent of 99mTc-PEI-MP at three hours in each organ of interest is 

given in Table 2-5. For Cases 5 and 6, significant retention in the kidneys and liver was 

observed, indicating an increase in particle size over the optimal size range established 

in previous studies. Large particle size can be due to poor filtration of the starting 

material or aggregation of the particles in solution. However, based on the zeta potential 

values for PEI-MP (Figure 2-19), the particles are expected to be stable against 

aggregation, indicating poor filtration as a cause for high retention. This result indicates 

Case Tumor Type Tumor Location %IA Excreted 

Case 1 Osteosarcoma Left distal radius 36.6 

Case 2 Osteosarcoma Right distal radius 32.95 

Case 3 Osteosarcoma Right proximal humerus 41.22 

Case 4 Osteosarcoma Left proximal humerus 43.65 

Case 5 Osteosarcoma Right distal radius N/A 

Case 6 Osteosarcoma Right distal radius N/A 
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that future work is needed to optimize particle size for improved clearance of excess 

radiopharmaceutical from the blood. 

Table 2-5. Percent organ activity distribution at 3 hours for 99mTc-PEI-MP administered 
to osteosarcoma-bearing canines  

  Heart  Lungs Liver 
Left 

Kidney 
Right 

Kidney Marrow  Bone Tumor 

Case 1 15.9 8.35 15.9 0.759 0.759 0.759 42.3 

Case 2 17.2 6.9 24.1 17.2 34.4 1.95 3.56 6.65 

Case 3 12.27 7.42 23.65 9.05 38.02 0.41 0.00 9.18 

Case 4 6.36 6.12 23.7 24.8 14.2 2.65 2.36 19.8 

Case 5 2.98 0.21 11.15 34.21 47.95 0.00 0.00 3.50 

Case 6 5.80 8.44 10.27 56.31 12.66 0.00 0.00 6.53 
Mean % 
OA 10.09 6.24 18.13 23.72 24.66 0.96 1.11 14.66 

 
A more accurate representation of the activity distribution can be obtained by 

looking at the percent of the injected dose that remains in each organ at three hours. 

This data is obtained by multiplying the percent organ activity distribution times the 

percent injected activity that was not excreted (%OD x %ID remaining). These values 

are presented in Table 2-6. 

Table 2-6. Percent injected activity organ distribution of 99mTc-PEI-MP at three hours 

 
In all cases, tumor uptake and retention was observed with little to no uptake in 

healthy bone and bone marrow, as indicated in Figures 2-21 to 2-31. This result is 

significant and necessary for the development of an effective radiotherapy because 

non-targeted bone and bone marrow are considered to be the dose limiting organs. The 

  
Heart  Lungs Liver 

Left 
Kidney 

Right 
Kidney 

Marrow  Bone Tumor 

Case 1 10.10 5.30 10.10 0.50 0.50 0.50 26.80 

Case 2 11.50 4.60 16.20 11.50 23.10 1.30 2.40 4.50 

Case 3 7.20 4.40 13.90 5.30 22.40 0.20 0.00 5.40 

Case 4 3.60 3.40 13.40 14.00 8.00 1.50 1.30 11.20 

Mean % 
IA 8.10 4.40 13.40 7.80 17.80 0.90 1.00 12.00 
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ability to deliver an increased radiation dose to the tumor site while minimizing damage 

to these dose limiting organs offers great potential for an improved therapy for treating 

pediatric osteosarcoma.  

The ability of PEI-MP to target tumor types other than osteosarcoma and the 

tumor targeting mechanism of PEI-MP was further investigated by administering 99mTc-

PEI-MP to three separate client owned canines diagnosed with non-osseous tumors. 

Table 2-7 lists the tumor types and locations for each case. The scintigraphic images 

and time-activity curves for three dogs with various tumor types administered 99mTc-PEI-

MP are shown below (Figures 2-32 through 2-35).   

Table 2-7. Tumor types and locations for non-osteosarcoma studies 

Case Tumor Type Tumor Location 
Administered Activity 

(MBq) 

Case 7 Hemangiosarcoma Left pelvic limb 206 

Case 8 Histiocytic sarcoma Perineum 93 

Case 9 Adenocarcinoma Mammary 284 

 

 

Figure 2-32. Scintigraphic image and TAC curve for 99mTc-PEI-MP administered to a 
dog with soft tissue carcinoma in the left pelvic limb (Case 7) 

Tumor 

Liver and Blood pool 

Kidneys 
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Figure 2-33. Scintigraphic image and TAC curve for organs of interest for 99mTc-PEI-MP 
administered to a dog with histiocytic sarcoma of the perineum (Case 8) 

 

Kidneys Liver 
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Figure 2-34. Scintigraphic image and TAC curve for tumor region for 99mTc-PEI-MP 
administered to a dog with histiocytic sarcoma of the perineum (Case 8) 

Tumor 
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Figure 2-35. Scintigraphic image and TAC curve for 99mTc-PEI-MP administered to a 
dog with adenocarcinoma of the mammary gland (Case 9) 

Table 2-8. The percent injected activity excreted through the kidneys for 99mTc-PEI-MP 
administered to dogs with non-osteosarcoma tumors 

 
As was observed for osteosarcoma Cases 1-6, an exponential decay of 

radioactivity from the non-targeted organs is also observed for the hemangiosarcoma, 

histiocytic carcinoma, and adenocarcinoma (Figures 2-32 to 2-35). Again, the average 

percent of injected activity excreted via the kidney filtration for the non-osteosarcoma 

cases is 36%, similar to that observed for the osteosarcoma cases (Table 2-8). High 

kidney retention was observed in Cases 7-9 as well (Table 2-9). These results again 

indicate that the particle sizes are too large to clear from the blood pool, resulting in the 

need for further optimization of particle size prior to future studies. 

The percent of radionuclide activity present in each organ at three hours was 

obtained by selecting regions of interest (ROI) on the scintigraphic images taken at 

Case Tumor Type Tumor Location %IA Excreted 

Case 7 Hemangiosarcoma Left pelvic limb 30.17 

Case 8 Histiocytic sarcoma Perineum N/A 

Case 9 Adenocarcinoma Mammary 42.24 

Kidneys 

Blood pool 
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three hours. The relative distribution of activity for all organs of interest is given in Table 

2-9 and the percent of the injected activity remaining in each organ at three hours is 

given in Table 2-10. 

Table 2-9. Percent injected activity organ distribution of 99mTc-PEI-MP at three hours 

  Heart  Lungs Liver 
Left 

Kidney 
Right 

Kidney Marrow  Bone Tumor 

Case 7 8.55 2.75 11.6 67.4 8.92 0.664 N/A 

Case 8 0.00 0.00 0.00 16.78 80.00 0.00 0.00 3.22 

Case 9 9.44 9 12.1 17.3 50.6 1.31 0.166 N/A 
Mean % 
OA 6.00 3.92 7.90 33.83 65.30 3.41 0.28 3.22 

 
Table 2-10. Percent organ activity distribution at 3 hours for 99mTc-PEI-MP 

administered to non-osseous tumor bearing canines 

  
Heart  Lungs Liver 

Left 
Kidney 

Right 
Kidney 

Marrow  Bone Tumor 

Case 7 6.00 1.90 8.10 47.10 6.20 0.50 N/A 

Case 9 5.50 5.20 7.00 10.00 29.20 0.80 0.10 N/A 

Mean % 
IA 5.70 3.60 7.50 28.50 29.20 3.50 0.30 N/A 

 
Virtually no uptake in healthy bone and bone marrow was observed for Cases 7-9; 

however, in contrast to osteosarcoma Cases 1-6, tumor uptake and retention was not 

observed for two of the non-osseous tumor types, with lower uptake and retention being 

observed for the third. This indicates that an additional mechanism of action other than 

the enhanced permeability and retention effect is involved when targeting osteosarcoma 

with PEI-MP.  

Delivery of therapeutic polymers to tumors can be achieved by means of “passive” 

or “active” mechanisms.75  In the passive mode, the natural distribution of the polymer-

drug conjugate in vivo is exploited to deliver the drug to diseased tissue.  In the case of 

solid tumors, passive delivery is made possible through the enhanced permeability and 

retention effect.  In contrast, an active mode of delivery is achieved by incorporation of a 
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recognition moiety into the polymer carrier.  This approach relies more on ligand-

receptor interactions for selective localization of the drug.  

Thus far, our work with PEI-MP has relied heavily on the passive targeting 

mechanism of the EPR effect.  Based on the lack of uptake in non-osseous tumors, it 

appears that PEI-MP is not solely a passive targeting material, and that high affinity of 

the phosphonate functionality for positively charged hydroxyapatite mineral found in 

bone plays a key role in the active targeting of osteosarcoma with PEI-MP.  

Summary 

The polymer radiopharmaceutical, PEI-MP, has been prepared based on previous 

reports by Milner et al.  PEI-MP is designed to utilize the enhanced permeability and 

retention effect to target osteosarcoma with high selectivity while minimizing damage to 

healthy tissue. The successful synthesis of PEI-MP has been confirmed through 1H 

NMR, 13C NMR, 31P NMR, FT-IR, and elemental analysis. Physical characterization 

including particle size determination and zeta potential measurements revealed stable 

particles in the range of 2.5 to 4 nm. Diagnostic radiopharmaceutical kits were prepared 

from PEI-MP, and biodistribution studies were conducted in both osteosarcoma-bearing 

canines as well as canines with non-osseous tumors. Time-activity curves for all tumor 

types indicated rapid clearance from the central blood pool and low uptake in the dose 

limiting organs of healthy bone and bone marrow. This low uptake in the dose limiting 

organs is attributed to the enhanced permeability and retention effect of macromolecular 

drug delivery. The percent of injected dose cleared through the kidneys was lower than 

expected for all cases, indicating that further optimization is needed to reduce the 

maximum particle size prior to future pre-clinical studies. Studies in canines with non-

osseous tumors show little to no uptake in the tumor volume, indicating that the 
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phosphonate functionality of PEI-MP plays a critical role in the active targeting of 

osteosarcoma. 

PEI-MP offers great promise as an improved systemic therapy for treating 

pediatric osteosarcoma due to its reduced uptake in healthy tissue. Issues related to the 

binding of therapeutic radiolanthanides will be addressed in Chapter 3. 
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CHAPTER 3 
DESIGN OF A POLYMER RADIOPHARMACEUTICAL FOR IMPROVED BINDING 

WITH RADIOLANTHANIDES 

Polyethyleneimine Ethylenediamine Tetramethylene Phosphonate  

In Chapter 2, the polymer radiopharmaceutical polyethyleneimine 

methylenephosphonate (PEI-MP) was introduced. PEI-MP has shown the ability to 

target osteosarcoma more effectively than current FDA approved radiotherapies, with 

lower uptake observed in healthy tissue when bound to the diagnostic radionuclide 

technetium-99m (99mTc). However, there is some evidence that PEI-MP may not 

effectively deliver therapeutic radionuclides, such as radio-lanthanides, as dissociation 

of PEI-MP and lanthanides has been observed computationally and in vivo.58 To 

address the challenge associated with the delivery of radio-lanthanides, such as 

samarium-153 (153Sm), factors effecting binding stability will need to be considered in 

the re-design of a polymer pharmaceutical for use in internal radionuclide therapy.   

The two major considerations in chelation chemistry are complementarity and 

constraint factors. The complementarity factors are the sum of the size, geometry, and 

electron matching between the metal ion and the chelating ligand.  These 

complementarity factors are easier to understand than constraint factors and are either 

predicted from known theory or determined experimentally. The complementary factors 

for many metal ligand systems are well established, allowing for easy selection based 

on these criteria. However, maximizing the complementarity of a metal ligand system is 

only the first step in optimizing the binding stability of a complex.76 The other factors to 

be considered relate to constraint factors, which are the topology (interconnectedness) 

and rigidity (flexibility) of the donor atoms in a ligand framework. These constraint 
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factors play a key role in the development of polymer ligands as radiopharmaceuticals. 

Large gains in complex stability can be achieved by controlling these constraint factors. 

One of the most common and facile ways to increase the thermodynamic stability 

and kinetic inertness of a metal complex is to modify the constraint factors through 

incorporation of a polydentate chelator.77  A polydentate chelator is one in which 

multiple atoms coordinate to the central atom or metal in a metal-ligand complex. This 

denticity requirement depends largely on the size and coordination geometry of the 

metal.  The lack of multidentate chelation is a likely reason for the hindered binding of 

samarium with the polymer radiopharmaceutical ligand, PEI-MP, presented in Chapter 

2.     

In an attempt to improve the binding stability of polymer radiopharmaceuticals with 

therapeutic radionuclides, a new polymer ligand has been developed in which a 

multidentate functionality has been incorporated directly into the polymer structure. The 

synthesis, structural characterization, and clinical evaluation of this new polymer 

radiopharmaceutical are discussed in Chapter 3. A more in depth analysis of the binding 

stability of this new polymer ligand will be addressed in Chapter 4. 

Experimental 

Materials 

Polyethyleneimine (Lupasol ®, Water-free) was supplied by BASF.  Serum vials, 

septa and aluminum caps used in preparation of drug kits were received from Voigt 

Global, Inc.  Gel clot endotoxin assay kits (ToxinSensorTM) were purchased from 

GenScript. Ultrafiltration membranes (OmegaTM) were supplied by Pall Corporation.  

D,L-2,3-diaminopropionic acid monohydrochloride was purchased from Acros Organics. 
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All other materials were purchased from Aldrich and used as received unless noted 

otherwise.  

Instrumentation and Analysis 

1H NMR, 13C NMR and 31P NMR spectra were recorded on a Varian Associates 

Mercury 300 MHz spectrometer.  Chemical shifts from 1H and 13C NMR were 

referenced to residual signals from CDCl3 (
1H = 7.24 and 13C NMR = 77.23) and D2O 

(1H = 4.80).  For 31P NMR , an internal standard of H3PO4 provided a reference for 

chemical shifts.  Infrared spectra were obtained on a Perkin-Elmer Spectrum One FT-IR 

equipped with a LiTa3 detector and ATR accessory. High resolution mass spectra 

(HRMS) were obtained on a Finnegan 4500 gas chromatograph /mass spectrometer 

using the chemical ionization mode. Elemental analyses were conducted by Atlantic 

Microlab, Inc. (Norcross, GA).     

Synthesis of 2,3-bis((tert-butoxycarbonyl)amino)propionic acid (3-4B)  

2,3-diaminopripionic acid monohydrochloride (7.14 mmol, 1 eq) was dissolved in  

approximately 20 mL of saturated sodium bicarbonate. The reaction was cooled in an 

ice bath and 10 mL of dioxane was added to the reaction mixture.  1 M Di-tert-butyl-

dicarbonate in THF (14.3 mmol, 2.0 eq) was added slowly by syringe.  The reaction was 

stirred for an additional hour at 0 C and then warmed up to room temperature and 

stirred for an additional 12 hours.  The reaction was acidified to pH 2 by addition of 1M 

HCl.  The crude product was then extracted with ethyl acetate (x 2) and the organic 

phases combined.  The organic phase was washed with brine and dried over MgSO4. A 

viscous oil was obtained upon concentration of the crude product on a rotoevaporator.  

The oil was washed in cold hexane to yield a fluffy white powder in 65% yield.  1H NMR 

(CDCl3):  (ppm) 1.41 (s, 18H, t-Bu), 3.50 (br-s, 2H, methylene), 4.83 (m, 1H, methine), 
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5.35-6.26 (m, NH), 9.04 (s, OH).  13C NMR (CDCl3): 28.44 (CH3), 42.35 (CH2), 54.44 

(CH), 156.30 (HN-C=O), 173.77 (C=O).  IR  (cm-1): 3450-3300 (st. NH, st. OH), 2977-

2850 (st. CH), 1735 (st. C=O acid), 1694 (st. C=O), 1514 (st. NH amide).   

Coupling of Polyethylenimine and 2,3-bis((tert-butoxycarbonyl)amino)propionic 
acid (3-6C).  

2,3-bis((tert-butoxycarbonyl)amino)propionic acid (2.56 mmol, 1.02 eq) was 

dissolved in dimethylformamide (DMF). 2-chloro-4,6-dimethoxy-1,3,5-triazine (2.51 

mmol, 1.00 eq) was then added to the stirred reaction mixture.  The reaction was cooled 

to 0 C in an ice bath.  N-methyl morpholine (2.56 mmol, 1.02 eq) was added slowly by 

syringe to the cooled reaction.  The reaction was stirred for an additional 4 hours 

keeping the flask in an ice bath.  Polyethyleneimine (2.51 mmol, 1.00 eq) dissolved in 

DMF was then added by syringe along with additional N-methyl morpholine (2.51 mmol, 

1.00 eq).  The reaction was stirred for an additional two hours in an ice bath and then 

warmed up slowly to room temperature.  The reaction was stirred at room temperature 

for 48 hours. The crude product was precipitated from the reaction mixture as a light 

brown solid by the addition of 0.5 M HCl.  The solid product was washed 3 times with 

fresh distilled water. 1H NMR (DMSO, 80C):   (ppm) 1.4 (s, 18H, t-Bu), 2-4 (CH2, 

polyimine), 6.2 (1H, NH, amide).  IR  (cm-1):  3500-3300 (st. NH, st. OH), 2977-2850 

(st. CH), 1697 (C=O, amide), 1514 (NH, amide), 1249 (med. NH, amide).    

Deprotection of Polyethylenimine-2,3-bis((tert-butoxycarbonyl)amino)propionic 
acid (3-7B) 

Polyethylenimine-2,3-bis((tert-butoxycarbonyl)amino)propionic acid 7 was  

dissolved in a 1:1 mixture of dichloromethane. The solution was stirred overnight at 

room temperature.  The reaction was brought to dryness on a rotoevaporator. 
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Essentially quantitative deprotection was indicated by the complete disappearance of 

the Boc group in the 1H NMR spectrum at 1.4 ppm.  1H NMR (D2O): broad signal 2-4 

ppm (CH2, (ethyleneimine, ethylenediamine). The following step was carried out without 

further purification. 

Synthesis of Polyethyleneimine-ethylenediaminetetramethylene Phosphonate (3-
8B) 

Hydrochloric acid (54 mmol, 12 eq) and phosphorous acid (18 mmol, 4 eq) were 

heated to 80 C until dissolution of the phosphorous acid was achieved. The formalin 

(4.6 mmol, 1 eq, 37% in H2O) was dripped in slowly over approximately 30 minutes 

upon stirring at 80 C.  The reaction mixture was then brought to reflux at 90 C. 

Compound 3-7B (4.6mmol, 1eq) was dissolved in distilled water and slowly added to 

the reaction vessel.  The reaction was refluxed for an additional 2 hours and then slowly 

cooled to room temperature overnight.  The crude product was precipitated by addition 

of distilled water and purified by repeated washes with fresh DI water.  1H NMR (D2O): 

broad multiplet from 2.6-3.8 ppm.  31P NMR (D2O): single broad peak centered at 7 

ppm. IR  (cm-1): 3300-3500 (st. OH, st. NH),  3026-2912 (CH), 1655 (C=O, amide), 

1594 (NH, amide), 1206 and 1175 (P=O), 1070 and 1015 (PO3), 981 (POH). 

Particle Size Fractionation by Ultrafiltration 

Fractionation of PEI-EDTMP was achieved using polyethersulfone (Macrosep ®, 

Pall Life Sciences) Centrifugal Filters.  Approximately 0.15 g of polymer was dissolved 

in 20 mL of endotoxin-free water (certified < 0.1 EU/mL).  Polymer solutions were 

passed through 30 kDa and 10 kDa cut-off filters sequentially.  Filtration was 

determined to be complete once polymer no longer eluted through the filter.   
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Particle Size Determination by Dynamic Light Scattering  

The hydrodynamic radii of PEI-EDTMP (<10 kDa), PEI-EDTMP(10-30 kDa), and 

PEI-EDTMP( > 30 kDa) fractions were measured by dynamic light scattering (DLS). 

Mean particle size and size distribution of the particles was measured on a Nanotrac 

ULTRA with an external probe (Microtrac, Largo, FL, USA). Each sample was analyzed 

in triplicate and each replicate was measured six times to yield the average particle 

size. This was performed using stock solutions, which contained ligand concentrations 

of 10 mM for all combinations of PEI-EDTMP.  The ionic strength of the 10 mM polymer 

solutions were adjusted by the addition of 0.15 M NaCl. 

Zeta Potential Measurements 

Polymer ligand charge stability in 0.15 M NaCl solution was analyzed using a 

ZetaPlusTM zeta potential analyzer (Brookhaven Instruments Corporation, Holtsville, 

NY). The average of ten runs was recorded for each sample. The data was processed 

using the ZetaPlus sizing software V2.27. 

99mTc-PEI-EDTMP Pharmaceutical Kit Preparation 

Lyophilized kits of the polymer ligand, PEI-EDTMP, were prepared by mixing a 

solution containing 1 mg of SnCl2  2 H2O crystals in a drop of concentrated HCl with an 

aqueous PEI-EDTMP solution (15 mg Na-PEI-EDTMP, pH = 8.0) where after the pH 

was adjusted to 6 by addition of an endotoxin free solution of sodium carbonate. The 

mixture was dispensed into a vial and lyophilized. The vials were fitted with septa and 

sealed with an aluminum cap. The vials were then purged with dry N2 gas and stored in 

the freezer until being labeled with a radionuclide. 

Radionuclide labeling was performed by Cardinal Health Inc. in Gainesville, FL. 

The final solutions for injection were prepared by addition of 99mTc (10-15 mCi) eluted 
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from a Mo generator in saline to the above vials.  Radiochemical purity was checked 

using thin-layer chromatography on silica gel impregnated glass-fiber sheets as a 

stationary phase and acetone and 0.9% sodium chloride solution for a mobile phase. 

Biodistribution Studies 

Biodistribution studies were conducted in the college of veterinarian medicine at 

the University of Florida.  In this study, four healthy research beagles were used to 

establish biodistribution of the new polymer drug, PEI-EDTMP. Additionally, one client-

owned dog with an osteosarcoma was enrolled in the trial. All dogs were given a 

diagnostic dose of 99mTc-PEI-EDTMP of between 370 and 555 MBq per animal.  

Scintigraphy was performed in the Radiology Section of the Veterinary Medical Center 

(VMC). The gamma camera was centered under the thorax and abdomen to include the 

heart, lungs, liver, both kidneys, and tumor (when applicable). Both forelimbs were 

included to acquire data from the metaphysis of distal radius and cortical bone area.  

Data acquisition was performed as a dynamic study of 30 x 1 minute frames followed by 

single one and a half minute frames at 30, 60, 90, 120, and 180 minutes on a 

countdown bolus injection of the radiopharmaceutical. Urine was collected for the 

duration of the scan via a urinary catheter. The activity and total urine volume of each 

case was registered. 

Results and Discussion 

Design and Synthesis  

In an attempt to improve on the binding stability of polymer radiopharmaceutical 

ligands with therapeutic radio-lanthanides, a new polymer pharmaceutical was designed 

in which a multidentate ligand is attached pendant to the polymer backbone. The 

multidentate ligand chosen was ethylenediamine tetramethylenephosphonate (EDTMP, 
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Quadramet®) (Figure 3-1), which is currently used as a small molecule 

radiopharmaceutical for treatment of metastatic bone lesions. The ligand, EDTMP, was 

introduced in greater detail in Chapters 1 and 2. EDTMP was chosen for incorporation 

into the polymer structure for its known ability to complex samarium-153 (153Sm) with 

high stability in vivo.  

 

Figure 3-1. Structure of ethylenediamine tetramethylenephosphonate (EDTMP) 

It is hypothesized that incorporation of the multidentate ligand EDTMP into a 

polymer structure will allow for improved binding stabilities with a wide variety of 

radionuclides while maintaining the improved tumor targeting observed with the polymer 

radiopharmaceutical PEI-MP (Chapter 2) as a result of the EPR effect (Figure 3-2). 

 

Figure 3-2. Design of the polymer radiopharmaceutical PEI-EDTMP for improved 
binding with therapeutic radionuclides 

The structure of the new polymer ligand, polyethyleneimine ethylenediamine 

tetramethylene phosphonate (PEI-EDTMP), is shown in Figure 3-3.  
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Figure 3-3. Structure of polyethyleneimine ethylenediamine tetramethylene 
phosphonate (PEI-EDTMP) 

The synthetic strategy employed in the preparation of the new polymer 

radiopharmaceutical PEI-EDTMP incorporates the multidentate(polyamino 

phosphonate) ligand 3-1 and is outlined in Figures 3-4 through 3-9.   Polymer 3-3 

functions as a carrier for the Quadramet® ligand, EDTMP, which is known to bind large 

polyvalent metal ions, such as 153Sm used in tumor therapy, with high binding stability in 

vivo. Incorporation of tetraphosphonate moiety EDTMP into the polymer structure was 

achieved by first protecting diaminopropionic acid monohydrochloride with di-tert-butyl 

dicarbonate to give compound 3-4B (Figure 3-3).   

 

Figure 3-4. Protection of primary amines in D,L-2,3-diamino propionic acid 
hydrochloride 

The crude product was collected as an oil, and purification of the protected 

diamine was achieved with multiple washes in hexane.  Structural characterization with 

1H NMR, 13C NMR, and FT-IR indicates successful attachment of the boc-protecting 

A B 
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groups, which is vital to the success of this synthetic strategy (Figure 3-4). The 

protected diamine 3-4B was produced as a white, fluffy powder in 63% yield. 

 

Figure 3-5. 1H NMR spectrum showing the presence of the boc-protecting group at 1.4 
ppm  

The carboxylic acid functionality of 3-4B allows for facile coupling to primary 

amines using standard peptide coupling synthesis (Figure 3-6).   2,4,6-trichloro-1,3,5-

triazine (CDMT) was chosen as the coupling agent for its ability to function in DMF, one 

of a few solvents capable of dissolving both the polyethyleneimine and protected 

diamine starting materials.  The coupling reaction was complete within 14 hours to yield 

product 3-6C, which was collected via extraction with ethyl acetate in a dilute acid 

solution for removal of weakly basic triazine byproducts.  The successful coupling of 3-

6A and 3-6B to yield 3-6C was supported by 1H NMR which displayed a sharp singlet of 

the boc-protecting group at 1.4 ppm and a broad stretch from 2-4 ppm, indicative of 

spectral broadening of the polyethyleneimine signal associated with hydrogen bonding.  

In addition, the presence of the amide linkage is observed by the strong signals in the 
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FT-IR spectrum at 1698 cm-1 (C=O), 1514 cm-1 (O=C-N-H), and 1249 cm-1 (-C-N-H) 

(Figure 3-10).   

 

Figure 3-6. Synthetic scheme for the coupling of polyethyleneimine and boc-protected 
diamino propionic acid 

The coupled product 3-6C is a sticky, non-water-soluble polymer; deprotection 

was carried out prior to any further purification.  Essentially quantitative removal of the 

Boc-protecting group on structure 3-6C was achieved by stirring in a 1:1 mixture of 

trifluoroacetic acid and dichloromethane to yield the water-soluble polymer 3-7B, which 

was observed by the disappearance of the singlet of the boc-protecting group in proton 

NMR.  Polymer 3-7B was converted to polymer 3-8B using the same chemistry 

described earlier in preparation of PEI-MP in Chapter 2, resulting in a methylphosphonic 

acid functionalized polymer, which was purified by repeated washes with distilled water.   

 

Figure 3-7. Deprotection of boc-protected diaminopropionic amines 

 

A  B 

A C B 
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Figure 3-8. Synthetic scheme for the methyl phosphonation of the primary amines  

Deprotonation of 3-9A in a minimal amount of 1 M sodium carbonate solution 

yielded water-soluble polymer 3-9B. 31P NMR analysis of 3-9B revealed a broad signal 

centered at 8 ppm, representative of the shifts reported for aminomethylphosphonic 

acids at pHs 6-8.63 Incorporation of the phosphonic acid functionality is also observed 

by signals in the P-O stretching region of the FT-IR spectrum: 1206 and 1175 cm-1 

(P=O), 1015 cm-1 and 981 cm-1  (POH) (Figure 3-10C). 

Figure 3-9. Synthetic scheme for the formation of the sodium salt of PEI-EDTMP 

   

A  B 

A B 
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Figure 3-10. Infrared spectra of (a) polyethyleneimine, (b) PEI-Boc-Dap , and  (c) PEI-
EDTMP 

Particle Size Analysis 

The importance of particle size for tumor targeting polymer drugs was addressed 

in greater detail in Chapter 1 and a discussion of the dynamic light scattering (DLS) 

approach to measuring particle size was discussed in Chapter 2. The same approach 

used to measure particle size for the first polymer PEI-MP (Chapter 2) via light 

scattering was applied to the new polymer ligand PEI-EDTMP. Solutions of PEI-EDTMP 

were fractionated sequentially through 30 kDa and 10 kDa molecular weight cut-off 

polyethersulfone membranes. The 10 mM samples of each fraction were prepared in 

0.15 M NaCl and the hydrodynamic radius was measured by dynamic light scattering.  
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The particle size distributions for PEI-EDTMP are shown in Figures 3-11 and 3-12, 

and the particle size data is summarized in Table 3-1. 

 

Figure 3-11. Particle size distribution of PEI-EDTMP (>30 kDa) 

 

Figure 3-12. Particle size distribution of 10-30 kDa PEI-EDTMP 

The amount of PEI-EDTMP that passed through the 10 kDa cut-off membrane 

filter was not great enough to obtain dynamic light scattering data. This is likely due to 

less polymer being used for filtration than was reported for PEI-MP in Chapter 2, based 

on the low supply of PEI-EDTMP. Again, as was the case for polymer ligand PEI-MP, 

considerable overlap of the fractions was observed. As discussed in Chapter 2, this may 

be attributed to the ability of the branched structure of PEI-EDTMP to reptate through 
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the pores of the ultrafiltration membrane. There was however a considerable shift in the 

particle size distributions for the two fractions. 

Table 3-1. Average particle sizes and particle size distributions for PEI-EDTMP 

Polymer Fraction (kDa) 
Particle Size Range 

(nm) 
Average Particle Size 

(nm) 

PEI-EDTMP > 30 6.96 - 36.1 8.49 

PEI-EDTMP 10 - 30 2.93 - 15.2 4.27 

 
The effect of blood plasma ions on the particle size of PEI-EDTMP was 

determined through DLS measurements of the polymer in the presence of calcium and 

magnesium. No appreciable change in particle size was observed for PEI-EDTMP in the 

presence of these blood plasma ions (Figure 3-13). 

 

Figure 3-13. Particle size distribution of PEI-EDTMP in the absence of plasma ions (red) 
and in the presence of calcium (green)  

The PEI-EDTMP appeared to be more sensitive to aggregation than PEI-MP, as 

aggregation was frequently observed during light scattering experiments. The particle 

stability was further examined through zeta potential measurements. 

Particle Stability 

Zeta potential measurements were conducted to determine the relative solution 

stability of PEI-EDTMP compared to the polymer ligand PEI-MP. Generally, as the zeta 
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potential becomes more negative, the system becomes more stable or less susceptible 

to agglomeration. It is generally accepted that systems with zeta potentials more 

negative than -20 to -30 millivolts have sufficient repulsion to be moderately stable, with 

systems being considered extremely stable at values exceeding -45 millivolts.74 

 

Figure 3-14. Zeta potential values for PEI-EDTMP 

The average zeta potential measured for PEI-EDTMP was -28.63 (Figure 3-14). 

This zeta potential value is considerably lower than that measured for PEI-MP (-52.43) 

and is on the threshold of instability. One possible reason for the decreased stability of 

PEI-EDTMP is a lower degree of functionalization at the particle surface due the steric 

hindrance encountered during attachment of the bulky diaminopropionic acid 

functionality (Figure 3-6). A low density of the EDTMP functionality at the particle 

surface would reduce the overall repulsive negative charges of the particle, lending to 

the increased propensity for aggregation. 
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Animal Care and Procedures 

Studies were conducted with approval from the Institutional Animal Care and Use 

Committee (IACUC) at the University of Florida. IACUC approved facilities were used 

for testing and subsequent housing of animals. 

Biodistribution  

The ultimate test of a new radiopharmaceutical is its biodistribution. Animal 

biodistribution studies are most often performed during development of new 

radiopharmaceuticals prior to testing in humans. Canine in vivo imaging studies were 

used to provide valuable biodistribution information, which will aid in determining the 

potential dose limiting radiotoxicity to organs in future therapeutic studies in canines and 

human clinical trials. The biodistribution of PEI-EDTMP was determined using the 

gamma-emitting, diagnostic radionuclide technetium-99m (99mTc). Imaging of 99mTc- 

PEI-EDTMP in four healthy canines was first conducted to validate the in vivo targeting 

ability of the polymer. 

PEI-EDTMP was synthesized and radiopharmaceutical kits were prepared as 

previously described in Chapter 3. Kits were prepared from PEI-EDTMP that had been 

sequentially filtered through 30 kDa and 10 kDa cut-off ultrafiltration membranes. 

Complexation of PEI-EDTMP with 99mTc was achieved with good labeling efficiency and 

radiochemical purity as determined by thin layer chromatography (Cardinal Health, Inc, 

Gainesveille, FL).    

All normal dogs were subjected to the same experimental conditions. Sedative 

was administered via an indwelling intravenous catheter.  The animals were placed in 

either right lateral or left lateral position over the gamma camera. 99mTc-PEI-EDTMP 

was injected intravenously with a bolus of 370-555 MBq. Data acquisition was 
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performed as a dynamic study of 30 x 1 minute frames followed by single one and a half 

minute frames at 30, 60, 90, 120, and 180 minutes on a countdown bolus injection of 

the radiopharmaceutical. Urine samples were collected via a urinary catheter. From the 

images collected, regions of interest (ROI) were drawn over the organs of interest – 

heart, lungs, liver, kidneys, marrow, and bone. A decay correction equation was used to 

take into account the exponential decrease in activity of the radionuclide with time. The 

decay corrected ROI’s were tabulated and time-activity curves were created for each 

study. The per cent retention, percent organ activity distribution, and percent injected 

activity distribution at three hours was calculated from the decay-corrected ROI data. 

Scintigraphic images and time-activity curves for four normal dogs administered 99mTc-

PEI-EDTMP are shown below in Figures 3-15 through 3-22. The percent retention, 

percent organ activity distribution, and percent injected activity were calculated from the 

images and time-activity curves in Figures 3-15 to 3-22.  

   

Figure 3-15. Scintigraphy images showing the biodistribution of 99mTc-PEI-EDTMP (10-
30 kDa) in a healthy canine (Case 1) 
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Figure 3-16. Decay corrected time-activity curves for 99mTc-PEI-EDTMP (10-30 kDa) in 
a healthy canine (Case 1) 

   

Figure 3-17. Scintigraphy images showing the biodistribution of  99mTc-PEI-EDTMP (10-
30 kDa) in a healthy canine (Case 2) 
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Figure 3-18. Decay corrected time-activity curves for 99mTc-PEI-EDTMP (10-30 kDa) in 

a healthy canine (Case 2) 

   

Figure 3-19. Scintigraphic images showing the biodistribution of 99mTc-PEI-EDTMP (10-
30 kDa) in a healthy canine (Case 3) 
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Figure 3-20. Decay corrected time-activity curves for 99mTc-PEI-EDTMP (10-30 kDa) in 
a healthy canine (Case 3) 

   

Figure 3-21. Scintigraphic images showing the biodistribution of 99mTc-PEI-EDTMP (10-
30 kDa) in a healthy canine (Case 4) 
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Figure 3-22. Decay corrected time-activity curves for 99mTc-PEI-EDTMP (10-30 kDa) in 
a healthy canine (Case 4) 

The scintigraphic images and time-activity curves of four normal dogs 

administered 99mTc-PEI-EDTMP indicate good clearance of the radiopharmaceutical 

from the central blood pool, including the heart and lungs, as indicated by the 

exponential decrease in activity for these organs. Additionally, from the time-activity 

curves, low uptake is observed in the healthy bone and associated marrow. This is an 

important and necessary result, as the bone and marrow are the major dose limiting 

organs associated with radionuclide therapies.  

Another indicator of clearance from the central blood pool and non-target organs is 

the amount of 99mTc-PEI-EDTMP excreted through the urine. The decay corrected 

activity and the volume of urine excreted were used to calculate the percent injected 

activity that was eliminated during the three hour scan (Table 3-2). Any drug not taken 

up by the tumor should rapidly clear through the kidneys via the urine pathway to 
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minimize radiation exposure to non-targeted organs. The average per cent injected 

activity of 99mTc-PEI-EDTMP excreted through the kidneys was approximately 60%, a 

value much higher than observed for PEI-MP (38%) and closer to the previously 

reported clearance rate of 70%.  

Table 3-2. Percent injected activity of 99mTc-PEI-EDTMP excreted from healthy canines 
through the urine over a three hour time period   

Case Condition %IA 

Research Dog 1  Normal – PEIMP/EDTMP 65.09 

Research Dog 2 Normal – PEIMP/EDTMP 52.82 

Research Dog 3 Normal – PEIMP/EDTMP 46.45 

Research Dog 4 Normal – PEIMP/EDTMP 64.91 

 
The percent of radionuclide activity present in each organ at three hours was 

obtained by selecting regions of interest (ROI) on the scintigraphic images taken at 

three hours. The relative distribution of activity for all organs of interest is given in Table 

3-3. High uptake of the radiopharmaceutical in the liver and kidneys is seen in the mean 

organ activity percent (OA%) distribution. 

Table 3-3. Percent organ activity distribution at three hours in four healthy dogs 
administered 99mTc-PEI-EDTMP 

  Heart  Lungs Liver 
Left 

Kidney 
Right 

Kidney Marrow  Bone 

Research Dog 1 3.06 1.39 15.77 0.00 78.45 0.66 0.68 

Research Dog 2 4.12 2.04 18.06 27.33 48.45 0.00 0.00 

Research Dog 3 0.00 7.36 51.52 8.10 29.92 0.36 2.74 

Research Dog 4 2.95 1.46 46.76 19.04 29.41 0.38 0.00 

Mean % OA 2.53 3.06 33.03 13.62 46.56 0.35 0.86 

 
However, a more accurate representation of the activity distribution can be 

obtained by looking at the percent of the injected activity that remains in each organ at 

three hours. This data is obtained by multiplying the percent organ activity distribution 
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times the percent injected activity that was not excreted. These values are presented in 

Table 3-4. 

Table 3-4. Percent injected activity organ distribution of 99mTc-PEI-EDTMP at three 
hours in healthy canines 

  
Heart  Lungs Liver 

Left 
Kidney 

Right 
Kidney 

Marrow  Bone 

Research Dog 1 1.10 0.50 5.60 0.00 27.80 0.20 0.20 

Research Dog 2 2.00 1.00 8.60 13.10 23.20 0.00 0.00 

Research Dog 3 0.00 4.10 28.50 4.50 16.50 0.20 1.05 

Research Dog 4 1.00 0.50 16.50 6.70 10.40 0.10 0.00 

Mean % IA 1.00 1.50 14.80 5.90 19.50 0.00 0.40 

 
In taking a closer look at the time activity curves for renal clearance of 99mTc-PEI-

EDTMP, it can be seen that high kidney retention is observed in each case, with 

particularly high retention observed in the two cases with a lower percent injected 

activity excretion (Figure 3-23). These results are indicative of radiopharmaceuticals 

with particle sizes too large for clearance through the glomerular pores and are similar 

to the results observed by Milner et al. for PEI-MP filtered sequentially through 50 and 

30 kDa ultrafiltration membranes. This is higher than the optimal filtration size of 10-30 

kDa reported previously.21,57  Additionally, increased liver uptake is observed in each 

case, again indicative of large particle sizes (Figure 3-24). The liver uptake results are 

representative of previously observed data for PEI-MP filtered sequentially through 

ultrafiltration membranes with molecular weight cut-offs of 50-100 kDa. It appears then 

that particle sizes in the range of those for PEI-MP filtered through 30 and 100 kDa cut-

off membranes are present in the PEI-EDTMP batch. Improved renal clearance and 

reduction in liver retention can be achieved through further optimization of particle size.  
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In order to establish the tumor targeting capability of 99mTc-PEI-EDTMP, a scan 

was performed on an osteosarcoma-bearing dog following the same procedure as was 

followed for the four healthy dogs previously reported. 

 

Figure 3-23. Decay corrected time-activity curves for kidney uptake of 99mTc-PEI-
EDTMP (10-30 kDa) in four separate healthy canines  

 

 

Figure 3-24. Mean and ± SD of liver ROIs for 99mTc-PEI-EDTMP (10-30 kDa) 
administered to four separate healthy canines 
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From the time-activity curve shown below, it can be seen tumor uptake and 

retention is observed. The percent organ activity distribution is given in Table 3-5. 

Again, the percent injected activity distribution (%OD x %ID retained) is a better 

representation of the dose in the body and is presented in Table 3-6. The percent 

injected activity distribution for 99mTc-PEI-EDTMP was improved for the osteosarcoma-

bearing canine compared to the healthy canines, with a percent injected activity for the 

kidneys and liver of 10.9 and 2.2%, respectively. 

 

Figure 3-25. Time-activity curves for 99mTc-PEI-EDTMP administered to an 
osteosarcoma-bearing canine 

Table 3-5. Percent organ activity distribution at 3 hours for 99mTc-PEI-EDTMP 
administered to an osteosarcoma-bearing canine  

  Heart  Lungs Liver 
Left 

Kidney 
Right 

Kidney Marrow  Bone Tumor 

Case 10 8.77 4.06 53.6 25.9 0 0 7.67 

 
Table 3-6. Percent injected activity organ distribution of 99mTc-PEI-EDTMP at three 

hours in an osteosarcoma-bearing canine 

  
Heart  Lungs Liver 

Left 
Kidney 

Right 
Kidney 

Marrow  Bone Tumor 

Case 10 3.70 1.70 2.26 10.9 0 0 3.20 
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Summary 

A new polymer radiopharmaceutical, PEI-EDTMP, has been designed for 

improved binding of therapeutic radionuclides through incorporation of a multidentate 

ligand into the polymer structure. The successful synthesis of PEI-EDTMP has been 

confirmed through 1H NMR, 13C NMR and 31P NMR, FT-IR, and elemental analysis. 

Physical characterization including particle size determination and zeta potential 

revealed moderately stable particles in the range of 3 to 15 nm (10-30 kDa). 

Biodistribution studies in healthy canines indicated good clearance from the central 

blood pool and low uptake in the dose limiting organs of healthy bone and bone marrow. 

Biodistribution studies also revealed elevated retention in the kidneys and liver for 

studies in healthy canines, indicating potential issues related to filtration or aggregation 

of particles. A biodistribution study in an osteosarcoma-bearing canine demonstrated 

tumor targeting ability of 99mTc-PEI-EDTMP with low uptake in healthy tissue. The 

hypothesized improved binding of therapeutic radionuclides with PEI-EDTMP will be 

examined further in Chapter 4.     
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CHAPTER 4 
IN VITRO CHARACTERIZATION OF BINDING STABILITIES OF POLYMER 

RADIOPHARMACEUTICALS 

In Vitro Investigation of Polymer-Metal Systems  

Coordination chemistry plays a significant role in the development of 

radiopharmaceuticals.  A radiopharmaceutical ligand must form metal chelates with high 

thermodynamic stability and kinetic inertness.78  Dissociation of a radio-metal ligand 

complex in vivo will result in radiation exposure to non-target organs, with many 

radiolanthanides demonstrating high affinity for accumulation in healthy bone.79  There 

are several biological interactions that can occur as a radiopharmaceutical circulates in 

the bloodstream, including binding of the metal with a competitive or “native” chelator, 

degradation, dissociation, and blood plasma ion competition for the ligand (Figure 4-

1).80 These in vivo chemical reactions are a primary source of radiation toxicity 

associated with therapeutic radiolanthanides.80 

 

Figure 4-1. In vivo reactions of a polymer radiopharmaceutical in the bloodstream 
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Binding Properties of Lanthanides 

Lanthanide ions do not exist as M3+ ions in solution; instead, they are bound with 

surrounding water molecules. The number of water molecules bound to the metal 

depends on the oxidation state of the lanthanide. Lanthanide ions are generally found in 

the +3 oxidation state and because of their large size, often have coordination numbers 

in the range of seven to ten.  Complexation of the lanthanide requires displacement of 

the water molecules by the chelating ligand. The interactions between donor atoms of 

the ligand and the lanthanide ions are often ionic in nature, as the 4f electrons are inner 

electrons shielded from interaction with metals.  

Another common characteristic of lanthanide ions in solution is their tendency to 

precipitate upon reaction with common anionic chelators such as carboxylates and 

phosphonates.77 Precipitation in the body would alter the pharmacokinetics through 

undesired liver uptake and metabolism of the lanthanide bearing radiopharmaceutical. 

All of these characteristics apply to yttrium as well, as it has similar charge, ionic 

radii, and coordination chemistry and is therefore often considered a “pseudo-

lanthanide”. Lanthanide and yttrium ions, Ln(III) and Y(III), have been shown to have a 

high affinity for carbonate and phosphonate ligands.  Additionally, these ions have 

shown high affinity for bone mineral. An injection of 90Y in a human results in about 50% 

of the dose accumulating in the bone, 25% in the liver, 15% excreted through the 

kidneys, and 10% to all other organs.79  

Thermodynamic Stability and Kinetic Inertness 

Dissociation of the metal-ligand chelate becomes likely once it is introduced into 

the bloodstream due to dilution of the ligand concentration.47 The metal-ligand complex 

must be thermodynamically stable In order to maintain stable complexation in the 
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presence of natural competitive chelators such as transferrin or citrate. A 

thermodynamically stable complex requires that the metal-ligand complex be lower in 

energy than the two separate entities apart from one another (the direction of the 

equilibrium must be favorable). The complex must also be kinetically inert (the rate of 

the equilibrium must be favorable). For a complex to be kinetically inert, the rate of 

association-disassociation must be on an appropriate time scale to prevent release of 

the metal ion under the extremely dilute conditions found in the bloodstream. Even if the 

complex is thermodynamically stable but not kinetically inert, in vivo dissociation or 

transchelation will occur over the long time periods of time that the drug circulates in the 

bloodstream.78 It is this kinetic inertness that dominates complex stability in solution.  

Figure 4-2 depicts the change in potential energy vs. the reaction progression, 

where ΔE determines the thermodynamic stability of the reaction and Ea determines the 

kinetic stability of the reaction.   

 

Figure 4-2. Potential energy diagram for a binding reaction  

Measuring Complex Stability 

The thermodynamic stability constant, KB, is a strong predictor of the solution 

behavior of radiopharmaceuticals and is shown in Equation 4-1.77 The stability constant 

for metal complex formation has long been employed as an effective measure of the 
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affinity of a ligand for a metal ion in solution.81  These constants provide a quantitative 

indication of the success or failure of a ligand design.82 

 

(4-1) 

Although biological studies in animal models remain the most appropriate method 

for evaluating in vivo stability of radiopharmaceuticals, better in vitro techniques are 

needed to establish binding properties of radio-metal ligand chelates prior to clinical 

testing. Two approaches have been explored and are described in detail in Chapter 4. 

The first involves the use of Isothermal Titration Calorimetry (ITC) to measure 

thermodynamic binding parameters for a polymer-metal system. The second approach 

involves the use of dialysis experiments to investigate the kinetic stabilities of polymer-

metal systems.   

Experimental 

Materials  

Samarium chloride hexahydrate, calcium chloride, and citrate were purchased 

from Aldrich and used as received. Polyethyleneimine methylene phosphonate (PEI-

MP) and polyethyleneimine ethylenediamine tetramethylene phosphonate (PEI-EDTMP) 

were prepared as previously described (Chapters 2 and 3). Ethylenediamine 

tetra(methylene phosphonate) pentasodium salt (EDTMP) was purchased from AK 

Scientific, Inc. and used as received without further purification. 

Methods 

The ITC instrument used was a VP-ITC microcalorimeter (Microcal, Inc., 

Northampton, MA), which operated at a constant temperature of 298 K. The 

M  + L ML 

K B  = 
[M L ] 

[M ] [L ] 
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regenerated cellulose dialysis membranes (Spectra/ Por3, MWCO 3500, 18 mm) and 

closures (Spectra, 23 mm) were purchased from VWR. Elemental analyses were 

conducted by atomic emission inductively coupled plasma spectroscopy (model Plasma 

3200 ICP, Perkin-Elmer, Wellesley, MA), with the mean of five repetitions being 

collected. Calibration of the ICP was accomplished using a 1000 ppm samarium 

standard solution (Aldrich) which was diluted with distilled water to produce a standard 

curve with points at 50, 25, and 10 ppm.   

Description of ITC Binding Experiment 

To carry out a binding experiment, the ligand (EDTMP, PEI-MP, or PEI-EDTMP) 

was placed in the sample cell and the reference cell filled with water.  Both cells were 

mounted in an adiabatic chamber, and the temperature was kept constant during the 

experiment. A long needle syringe (nominal volume 250 μL) with a twisted paddle 

fastened to its end was filled with a solution of samarium chloride (13.4 mM). The 

syringe was placed inside the sample cell and the entire assembly was rotated 

continuously to provide proper mixing of the contents of the sample cell. After reaching 

thermal equilibrium, the injection of the samarium was automatically conducted 

stepwise until all the binding sites on the ligand were saturated with samarium. The first 

injection of samarium was set to a very small volume of 1.5 μL due to the possible 

dilution during the equilibration time preceding the measurement. The data from this first 

injection was ignored. The first injection was followed by 25 injections of 6 μL each over 

a period of 20 seconds. The chosen time interval between the two consecutive 

injections was 300 s in order to ensure that thermodynamic equilibrium was reached 

prior to the next injection. The data analysis was performed using ORIGIN 7.0 based 

software. The thermodynamic parameters (KB and ΔH) were estimated as adjustable 
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parameters in the fitting procedure: one set of sites and two sets of sites, to the 

experimental data using a nonlinear least-squares approach (Levenberg-Marquardt 

algorithm).83,84  

Description of Dialysis Experiment 

Regenerated cellulose dialysis membranes (Spectra/ Por3, MWCO 3500, 18 mm) 

were soaked in deionized water for up to two hours. An 8 mm segment of the tubing 

was filled with 2 mL of the solution to be dialyzed. The dialysis tubing was sealed with 

closures (Spectra, 23 mm) and placed in a container containing 98 mL of the exterior 

solution. The experiment was stirred with a magnetic stirrer and 5 mL aliquots were 

collected from the exterior solution at 30 minutes, 1 hour, 2 hours, and 3 hours. Each 

aliquot that was removed was replaced with the same volume of fresh exterior solution. 

The aliquots were then analyzed by atomic emission inductively coupled plasma 

spectroscopy (model Plasma 3200 ICP, Perkin-Elmer, Wellesley, MA), with the mean of 

five repetitions being collected. Calibration of the ICP was accomplished using a 1000 

ppm samarium standard solution (Aldrich) which was diluted with distilled water to 

produce a standard curve with points at 50, 25, and 10 ppm. Deionized water was used 

as a blank in the calibration step.  

Results and Discussions 

Thermodynamic Binding Parameters 

The polymer ligand polyethyleneimine methylene phosphanote (PEI-MP) has 

demonstrated improved tumor targeting and tumor uptake ratios when delivering the 

diagnostic radionuclide technetium-99m (99mTc) compared to the small molecule ligand 

ethylenediamine tetramethylene phosphonate (EDTMP, Quadramet®) (Chapter 2). 

However, attempts to deliver the therapeutic radionuclide samarium-153 resulted in 



 

115 

apparent dissociation of the radionuclide-PEI-MP complex in vivo, as indicated by high 

uptake in the liver.58 In an effort to improve the binding stability of radionuclide-polymer 

ligand complexes, a new polymer ligand with a multidentate functionalitity, 

polyethelyneimine ethylediamine tetramethylene phosphonate (PEI-EDTMP), was 

designed and prepared as previously described (Chapter 3). Isothermal titration 

calorimetry experiments were conducted to determine the relative thermal binding 

stabilities of the bisaminophosphonate ligands ethylenediamine tetramethylene 

phosphonate (EDTMP), polyethyleneimine methylene phosphanote (PEI-MP), and 

polyethelyneimine ethylediamine tetramethylene phosphonate (PEI-EDTMP) with a 

stable isotope of samarium (Figure 4-3). The thermodynamic binding constant, KB, was 

used as a measure of the stability of the metal-ligand complex in solution. 

 

Figure 4-3. Three bisphosphonate ligands: A) ethylenediamine tetramethylene 
phosphonate (EDTMP), B) polyethyleneimine methylene phosphanote (PEI-
MP), C) polyethelyneimine etylediamine tetramethylene phosphonate (PEI-
EDTMP)  

Isothermal Titration Calorimetry (ITC) is an analytical tool used to determine 

thermodynamic parameters of a binding interaction in solution. This technique is most 

often used in the field of biochemistry to measure binding interactions between small 

molecules and proteins. Mullen et al have recently demonstrated the ability to extend 

A 
B C 
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this approach to study interactions in polymer inorganic hybrid systems.85 Based on this 

work, ITC has been explored here as a means for investigating binding stability of 

polymer radiopharmaceutical systems. 

Isothermal Titration Calorimetry instruments can measure heat that is generated or 

absorbed during a bimolecular binding event with extreme accuracy. Unlike other 

methods for measuring binding parameters, ITC allows for determination of all binding 

parameters – stoichiometry (n), association constants (K), enthalpy (ΔH), and entropy 

(ΔS) – from a single experiment.  

A typical ITC experiment consists of placing a solution of the ligand into the 

sample cell and the solvent into the reference cell (Figure 4-4). The second molecule to 

participate in the binding event is then slowly dripped into the sample cell via a syringe, 

with a thermodynamic profile being generated based on the heat change of the solution 

during the interaction. The temperature is allowed to return to equilibrium before the 

next injection.  The heat that is produced is directly proportional to the amount of 

binding interactions that are occurring. As the system becomes saturated, the heat 

produced or absorbed will decrease to the point of dilution.  

A typical data output can be seen in Figure 4-5, where the area under the peaks in 

the raw thermogram is integrated to provide a binding curve. The thermodynamic 

binding parameters of enthalpy (ΔH), stoichiometry (n), and binding constant (KB) can 

be taken directly from the binding curve. Isothermal titration calorimetry allows for 

determination of all of these thermodynamic parameters from a single experiment. All 

other thermodynamic parameters can be derived from free energy relationships.   
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Figure 4-4. Schematic of isothermal titration calorimetry instrument                      

 

Figure 4-5. Isothermal titration calorimetry raw data (left) and integrated data (right) 
output93 

To demonstrate the characteristic output of an ITC experiment, an ITC 

thermogram is depicted in Figure 4-5. The left portion of Figure 4-5 represents the raw 

data as supplied by the instrument and the progression of the experiment in time. The 

peaks correspond to the individual aliquots of added samarium solution, and the current 

applied for the compensation of the reaction heat was plotted in energy units against 

time. The right portion of Figure 4-5 shows the titration curve resulting from the 

integration of the individual peaks and plotted as ΔH in kcal/mol against the molar ratio 

of samarium/ligand. 
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The concentration of the macromolecule placed in the cell is a function of the 

binding constant for the reaction and has to be determined experimentally.  The product 

of the binding constant, KB, and the polymer concentration, [MT], determine the shape of 

the binding curve. This is described by the dimensionless parameter C, where C = 

KB[MT]. It has been shown that a C value in the range of 10-500 should be used.86 

When C is less than 10, a nearly horizontal plot is produced from which little information 

about the binding constant can be obtained, and when C is greater than 500, the shape 

of the curve becomes unresponsive to changes. Curves for various different C values 

are shown in Figure 4-6.87  For high binding constants (107 to 108 M-1), low 

concentrations of the polymer ligand must be used. Through a series of experiments, 

the concentrations of the ligands PEI-MP, PEI-EDTMP, and EDTMP that provide an 

appropriately shaped curve were determined and are given in Table 4-1.  

 

Figure 4-6. The shape of ITC curves at different concentrations of reactants87 
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Table 4-1. Concentrations of reagents that provided useful ITC curves 

Ligand Concentration 

PEI-MP 1.3 

PEI-EDTMP 0.1 

EDTMP 1.04 

Samarium 13.4 

 
In order to determine the influence of the enthalpy of dissolution of samarium, a 

dilution experiment was first conducted. In this experiment, the ligand was injected into 

the sample cell containing only the solvent. The released heat caused by the solvent 

enthalpy was determined to be negligible, contributing little to the heat 

produced/released during the binding event. 

The polymer ligand PEI-MP was then titrated with a samarium solution. Figure 4-7 

shows the ITC curve for the titration of a 1.3 mM solution of PEI-MP with a 13.4 mM 

solution of samarium chloride at 298 K in water. The binding observed for PEI-MP with 

samarium was the simplest case, in which a single set of sites model could be used to 

fit the data. This assumes that there is only one type of binding site with a consistent 

affinity for the metal. The observed peaks indicate an endothermic process upon each 

injection. Evaluation of this data by integration followed a nonlinear least-squares 

approach which leads to an entropically driven interaction with both positive entropy and 

positive enthalpy (Figure 4-7). A thermodynamic profile bearing both positive ΔS and 

ΔH is typical for hydrophobic interactions. The free energy for the binding process, ΔG, 

is negative, indicating favorable formation of the metal-ligand complex.  A large 
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contribution to the entropy term arises from the displacement of the sodium counter-ions 

as well as the de-solvation of the samarium ions. 

 

Figure 4-7. ITC data output for PEI-MP titrated with samarium 

The same experiment was performed with the small molecule ligand EDTMP and 

samarium. The binding observed for EDTMP and samarium was more complex than 

that observed for PEI-MP and samarium, with a two binding site model providing the 

best fit (Figure 4-8). This observed binding behavior arises from multiple sets of 

independent binding sites or multiple sets of interacting binding sites. Similar to PEI-MP 

the binding interaction appears to be entropically driven, with both a positive enthalpy 

 
 
Ligand: PEI-MP 
Model: One Site 
N: 0.448 ± 0.00999 
K: 3.50 x 10

4
 ± 7.01 x 10

3 

ΔH: 9515 ± 288.0 
ΔS: 52.7 
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and positive entropy. The free energy of the binding interaction is significantly more 

negative than that for PEI-MP, indicating an even more favorable process (Figure 4-8). 

 

Figure 4-8. ITC data output for EDTMP titrated with samarium 

Titration of the polymer ligand, PEI-EDTMP, provided a similar binding behavior as 

EDTMP, with a two set of binding sites model providing the best fit (Figure 4-9). The 

shape of the titration curve for PEI-EDTMP strongly resembles that of the small 

molecule ligand after which it was modeled, EDTMP.  

 
 

Ligand: EDTMP 
Model: Two Sites 
N1: 0.550 ± 0.00879 
K1: 1.24 x 10

8
 ± 6.60 x 10

7 

ΔH1: 8222 ± 99.7 
ΔS1: 64.6 
N2: 1.74 ± 0.0110 
K2: 5.25 x 10

5
 ± 6.20 x 10

4 

ΔH2: 4920 ± 51.0 
ΔS2: 42.7 
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Figure 4-9. ITC data output for PEI-EDTMP titrated with samarium 

This two-step binding process is thought to result from an initial reaction of 

samarium to the first donor atom of the ligand. The energies for these binding events 

may vary for PEI-EDTMP and EDTMP due to steric factors associated with the polymer 

ligand.  The binding of the second donor atom of the bidentate ligand should proceed 

much more rapidly, as it is now tethered to the chelating ligand and in close proximity to 

the second chelating group. This is indicated by similar thermodynamic parameters, ΔG, 

ΔH, TΔS, and KB, for the second binding event for both PEI-EDTMP and EDTMP. This 

 

 
Ligand: PEI-EDTMP 
Model: Two Sites 
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5 
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binding event was again an entropically driven process, with a positive entropy and 

positive enthalpy (Figure 4-10).  

 

Figure 4-10. Possible mechanism for two-step binding process with bidentate chalators 

Binding constants 

A comparison of the binding constants for the three ligands, PEI-MP, PEI-EDTMP, 

and EDTMP, is given in Figure 4-11. Within the context of this work, the binding 

constants obtained from the ITC data are meant to provide a relative comparison of 

binding stabilities for the three bisphosphonate systems under investigation, rather than 

a quantitative determination of equilibrium constants. From Figure 4-11, it can be seen 

that incorporation of the Quadramet® functionality, EDTMP, directly into the polymer 

structure (PEI-EDTMP) provides an increase in thermodynamic binding stability of 

approximately two orders of magnitude. This places the binding constant, KB, for PEI-

EDTMP directly between that of PEI-MP and EDTMP. 
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This significant increase in binding stability can likely be attributed to the “chelate 

effect,” as a direct result of the increased denticity of the ligand functionality built directly 

into the polymer structure. 

 

Figure 4-11. Binding constants as measured by ITC 

It is a firmly established empirical fact that complexation resulting from 

coordination with multidentate ligands results in more thermodynamically stable 

complexes compared to multiple monodentate ligands.88 An example of this is seen by 

comparing the binding constant values for addition of two monodentate ligands 

compared to one bidentate ligand in the reaction shown below, where the replacement 

of 6 ammonia ions with 3 diaminomethane ligands results in an increase in the 

equilibrium binding constant for the 1,2-diaminoethane chelate such that this chelation 

complex is 108 times more stable than the monodentate ammonium complex (Figure 4-

12).   

 

Figure 4-12. Monodentate ligands (left) and bidentate ligands (right) binding with nickel  
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This difference in stability constants can be related to the entropy term, solvation 

changes, or ring formation. The stability of this chelate complex may be described in 

terms of both thermodynamics and kinetics. Thermodynamically, this can be understood 

by looking at the relationship of the binding constant, KB, and other thermodynamic 

parameters. The binding constant is related to the thermodynamic parameter ΔG 

through Equation 4-2.  

           ΔG = -RT lnKe (4-2) 

where R is the universal gas constant and equals to 1.987 cal K-1 mol-1, and T is the 

temperature in degrees Kelvin. ΔG is related to the thermodynamic parameters of 

enthalpy (ΔH) and entropy (ΔS) through the fundamental Equation 4-3. 

          ΔG = ΔH - T ΔS (4-3) 

Using the binding constants taken from the inflection points on the ITC thermograms for 

PEI-MP, PEI-EDTMP, and EDTMP, the thermodynamic parameters for each ligand 

binding with samarium were determined from Equations 4-2 and 4-3 (Table 4-2). The 

contributions of these individual terms will be considered in the following sections. 

Binding free energy 

The most relevant thermodynamic parameter for describing the binding stability of 

a compound is the Gibbs free energy, ΔG.89 The binding free energies for the ligands 

PEI-MP, PEI-EDTMP, and EDTMP are shown in Figure 4-13. The more negative values 

for PEI-EDTMP and EDTMP indicate a more favorable binding event for the 

multidentate ligands compared to the monobisphosphonate ligand PEI-MP, presumably 

due to the previously described chelate effect. 
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Secondary and tertiary structural interactions present in a polymer ligand system 

all contribute to the binding free energy. These interactions include hydrogen bonding, 

van der Waals interactions, hydration, and conformational entropy.90-92 The changes in 

entropy and enthalpy can provide a better understanding of the free energy of binding. 

These contributions will be considered independently in the following sections.  

Table 4-2. Thermodynamic binding parameters as determined by ITC for three 
phosphonate ligands 

 

Ligand 
 

KB 

 

ΔH 
 

ΔS 
 

ΔG 
 

PEI-MP 
 

3.50 x 104 ± 7.01 x 103 
 

9.52 
 

15.8 
 

-6.19 

PEI-EDTMP 3.47 x 106 ± 7.29 x 105 

1.55 x 105 ± 1.29 x 104 
16.8 
5.14 

25.6 
12.2 

-8.92 
-7.08 

EDTMP  1.24 x 108 ±  6.6 x 107 

5.25 x 105 ± 6.20 x 104 
8.22 
4.92 

19.4 
12.8 

-11.01 
-7.89 

 

 

Figure 4-13. Thermodynamic parameters for three bisphosphonate ligands 
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Enthalpy contribution to binding 

The change in enthalpy of a binding event reflects the strength of the interaction of 

the components involved in the binding event relative to hydrogen bonding and van der 

Waals interactions with the solvent. The more negative the enthalpy, the more 

enthalpically favorable the binding event. Negative enthalpies require appropriate 

alignment of the hydrogen bonding donor and acceptor groups at the interface of the 

components.93  

The binding enthalpies for the ligands PEI-MP, PEI-EDTMP, and EDTMP were 

derived from the free energy Equations 4-2 and 4-3. Unfavorably positive values were 

obtained for each system in spite of the very favorable free energies and binding 

constants. The positive enthalpies reported here are a result of the observed heat of the 

binding reaction being a global property of the entire system under investigation.94 

When a solution of metal is dripped into a solution of ligand, the entire heat change 

within the calorimetric cell is recorded. The ΔH measured is more than just the 

noncovalent interactions within the cell, it also represents the formation and dissociation 

of many bonds within the system. These bonding interactions can include solvent 

hydrogen bonding, van der Waals interactions, or solvent reorganization at the surface 

of a compound. For reactions conducted in water, the main contributor to enthalpy is 

often the bulk hydration effect.95,96 In addition to these hydration effects, all other 

noncovalent interactions at the surface contribute to ΔH. Therefore, the large number of 

noncovalent interactions between the bisphosphonate ligands and sodium counterions 

play a large role in the observed enthalpy of these systems. The enthalpy obtained from 

Isothermal Titration Calorimetry is therefore an observed or apparent quantity, ΔHobs.
94 
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The measured enthalpies may be unfavorable, as in the case represented here, even if 

the binding event is in itself enthalpically favorable.     

Entropy contribution to binding 

The entropic contributions for all systems reported herein were derived from 

Equation 4-3. A positive TΔS term represents an entropically favored binding event. The 

TΔS term represents all other driving forces leading to the previously reported binding 

free energies. Factors contributing to ΔS of these systems include the release of solvent 

water molecules at the interface and the release of many counterions upon binding of 

metal with the ligand. Negative entropic contributions may arise from the decrease in 

conformational degrees of freedom resulting from the inter-chain physical crosslinking 

that can occur in the polymer ligand systems and the coupling within the small molecule 

system. The large positive entropy changes for PEI-MP, PEI-EDTMP, and EDTMP with 

samarium indicate favorable binding events and entropically driven processes.   

Binding stoichiometry 

Isothermal Titration Calorimetry has become a useful tool for measuring binding 

stoichiometry. The predicted stoichiometries for the ligands PEI-MP, PEI-EDTMP, and 

EDTMP with samarium are 1:1 based on literature values for the stoichiometry of 

EDTMP-samarium complexes.22,97 The values as measured by ITC are 0.45, 0.37, and 

0.33, respectively. These stoichiometric values were determined from the molar ratios of 

the interacting species at the equivalence point during titration. During the fitting 

procedure, the stoichiometry was treated as a floating parameter and was determined 

by iterative fitting. The cause for deviation of the measured value from predicted values 

is likely due to uncertainty of concentrations of the polymer systems. This uncertainty 

arises from the error associated with determining the exact degree of functionalization 
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during polymer ligand synthesis. Other possible sources that lead to deviation from 

expected stoichiometric values includes degradation of the ligand, unspecific binding, or 

experimental uncertainty of the data set.89     

Summary of Thermodynamic Binding Parameters 

The thermodynamic binding stability of bisphosphonate ligands appears to 

increase as the denticity of the ligands increases, as is evidenced by the decrease in 

free energy for these systems and increase in binding equilibrium constants. The 

thermodynamic profiles have been investigated and various forces that drive the binding 

event have been identified, including the release of water and counterion molecules.  

Ligand to Metal Ratios 

As a result of the tendency for lanthanide ions to precipitate in vivo, the 

appropriate ratio of ligand to metal ion was determined. Solutions of the polymer ligand 

PEI-MP and samarium were prepared in varying ratios and the solutions were 

monitored for precipitation. It was found that polymer-samarium complexation led to 

precipitation at ligand to metal ratios less that 5:1. It is essential that an appropriate ratio 

be used to prevent this precipitation as it can lead to inflammation of the vein wall 

(phlebitis) or impaired pharmacokinetics.98 

Kinetic Stability of Ligand Complexes 

For a typical complex formation involving a ligand, Lm-, and a metal, M, the 

thermodynamic equilibrium constant is equal to the ratio of two kinetic rate constants, kf 

and kr, as demonstrated in Figure 4-14, where K is the ratio of the forward and reverse 

reactions in the binding equilibrium reaction and provides the overall rate of the binding 

process. 
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[ M(H2O)x ]
n+     +     Lm- [ M(H2O)x-1L ]n-m  +  H2O

kf [ M(H2O)x-1L ] [H2O]  =   kr [ M)H2O)x ] [L]

K  =
[ M(H2O)x-1L ] [H2O]

[ M (H2O)x ] [L]  

K  =  kf  /  kr 

Figure 4-14. Relationship between a chemical binding event and the equilibrium 
constant 

It can be seen from Figure 4-14 that the two reaction rates can both be labile or 

both be inert and still have the same ratio, and hence the value for K. Therefore, even 

though the three bisphosphonate ligands, PEI-MP, PEI-EDTMP, and EDTMP appear to 

form thermodynamically stable complexes with samarium, the kinetics may be 

unfavorable to the point that samarium is released from the complexes in dilute 

solutions.  

As discussed in Chapter 2, it is thought that calcium ions in the blood may be 

responsible for displacing samarium ions from the polymer ligand, PEI-MP, in vivo. In 

order to investigate this further, a set of experiments was conducted in which the 

amount of samarium dissociating from the polymer ligands could be measured. The 

experiments involved dialyzing a solution of polymer and samarium against either a 

solution of water or a solution of the blood plasma ion calcium. The experimental setup 

is depicted below in Figure 4-15. 

Dialysis tubing with a nominal molecular weight cut-off of 3,500 kDa was used. 

This ensures that the polymer is retained within the dialysis tubing but that the free 

samarium, calcium, citrate, and other blood plasma ions are free to diffuse across the 

membrane into the interior or external solution. The more samarium that dissociates 



 

131 

from the polymer ligands due to labile kinetics of binding, the higher the samarium 

concentration is in the exterior dialysis solution.  

 

Figure 4-15. Dialysis experimental set-up  

Prior to testing the binding of polymer and samarium, a baseline for the dialysis of 

samarium was created by first dialyzing a solution containing samarium against an 

exterior solution of deionized water. The experiment was designed so that at 

equilibrium, the samarium concentration would be 15 ppm (0.1 mmol/L SmCl3). The 

initial dialyses were conducted in glass jars with a total volume of dialysis solution of 

200 mL. 5 mL Aliquots of the exterior solution were collected at 30 minutes and then 

hourly out to 5 hours. The aliquots were examined by inductively coupled plasma (ICP) 

spectroscopy to determine the amount of samarium that dialyzed through the 

membrane. The ICP data indicates that at equilibrium, the concentration of samarium in 

the exterior solution ranged anywhere from four to nine ppm (Figure 4-16). 

To determine if the soaking time of the dialysis tubing affected the performance, 

various soaking times were tested with no apparent improvement being observed for 

soaking times longer than two hours (Figure 4-17). 

Possible Dialysate Solutions: 
 

 Water 

 Calcium in water  

 Serum 

- Samarium 

- Polymer 
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Figure 4-16. Dialysis of a 15 ppm solution of samarium in DI water 

 

Figure 4-17. The effect of membrane soaking time on dialysis 

Since the equilibrium concentration was lower than expected, a series of 

experiments was conducted to determine if the dialysis tubing is interacting with the 
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samarium ions and affecting the equilibrium concentration. In these experiments, 

dialysis tubes were cut open to form a flat sheet and then placed in a 15 ppm solution of 

samarium.  The concentration of samarium measured for open tubing was similar to that 

for samarium dialyzed through the closed tubing (Figure 4-18), and the membrane was 

determined not to significantly affect the results. 

 

Figure 4-18. The effect of membrane on dialysis 

Next, the ability of PEI-MP to effectively bind samarium ions in water was studied. 

PEI-MP was mixed together with samarium and then dissolved in deionized water. The 

molar ratio between the PEI-MP repeating unit and Sm is 5.5:1. This was the ratio that 

was determined to prevent precipitation of the polymer from solution. The dialysis 

experiment was carried out with deionized water as an exterior solution. Aliquots of the 

exterior solution taken at 30 minute intervals out to three hours were analyzed by ICP to 

determine the amount of samarium that was released from the polymer. The detection 

limit of samarium ion detection by inductively coupled plasma spectroscopy is 0.07 ppm, 
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rendering any value below as non-significant. From Figure 4-19, it can be seen that 

samarium is bound effectively by PEI-MP in the absence of competing ions, as no 

detectible samarium is observed in the exterior solution in the presence of the polymer 

ligand PEI-MP. 

 

Figure 4-19. Dialysis of samarium in the presence of PEI-MP 

It has been theorized that the blood plasma ion calcium is acting to displace 

samarium from the polymer ligand, PEI-MP, when delivered in vivo (Chapter 2).  To 

investigate the effect of calcium on the binding of samarium by PEI-MP, a dialysis 

experiment was conducted in which calcium was added to the exterior solution. A 

calcium concentration of 40 ppm was used to mimic physiological concentrations. 

Analysis of aliquots taken at 30-minute time intervals out to three hours indicates that 

calcium does in fact promote the release of samarium ions from the polymer ligand PEI-
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MP, as seen below in Figure 4-20, with values of samarium above the detection limit 

being observed.   

 

Figure 4-20. The effect of calcium on dialysis of samarium in the presence of PEI-MP 

It has also been proposed that competitive biological chelators such as citrate may 

be involved in the in vivo dissociation of samarium from PEI-MP (Chapter 2), in that 

once calcium has displaced samarium from the polymer, it will be bound by the 

competitive chelator. To determine what effect other blood plasma components have on 

the dissociation of samarium-PEI-MP once the samarium has been displaced by 

calcium, a single experiment was run in which a solution of PEI-MP and samarium was 

dialyzed in bovine calf serum (Figure 4-21). This serum solution contains both the blood 

plasma ion calcium and the competitive chelator citrate in addition to other plasma ions 

and proteins. From this experiment, it can be seen that the amount of samarium 

released by the serum is greater than that observed in dialysis against calcium solution.  
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The high liver uptake observed clinically with delivery of PEI-MP-samarium may be 

explained by displacement of samarium from the PEI-MP-samarium complex through 

calcium ion competition followed by binding of the samarium by citrate, which in turn 

accumulates in the liver within the first hour of circulation in the bloodstream. 

 

Figure 4-21. The binding of samarium by PEI-MP in blood serum 

Since it has been shown that PEI-MP-samarium complexes do not appear to be 

stable in the presence of calcium, the newly designed polymer ligand, PEI-EDTMP, will 

need to be tested for improved binding in the presence of blood plasma ions and 

competitive chelators.   The first experiment conducted was to test the ability of PEI-

EDTMP to bind samarium in the absence of any competitors. A solution of PEI-EDTMP 

with samarium was dialyzed against deionized water. From the ICP data gathered at 30 
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minute intervals out to three hours, it can be seen that no detectable amount of 

samarium is released from PEI-EDTMP, indicating that the PEI-EDTMP-samarium 

complex is kinetically stable.  

Next, the effect of calcium on the stability of the PEI-EDTMP-samarium complex 

was tested by dialysis in a solution containing 40 ppm calcium. It can be seen that even 

in the presence of calcium, there is no significant release of samarium from PEI-

EDTMP, indicating improved binding of samarium by PEI-EDTMP compared to PEIMP. 

 

Figure 4-22. The dialysis of samarium in the presence of PEI-EDTMP 
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Figure 4-23. The effect of calcium on the binding of samarium by PEI-EDTMP 

Summary 

Two separate techniques have been introduced for evaluation of the 

thermodynamic and kinetic binding stabilities of the two polymer ligands, PEI-MP and 

PEI-EDTMP, with the lanthanide samarium. Isothermal Titration Calorimetry provided a 

thermodynamic profile for the polymer metal systems and indicated an improved 

thermodynamic binding constant for the multidentate functionalized polymer ligand, PEI-

EDTMP. This increase in binding stability is attributed to the chelate effect and is 

expected to improve the in vivo complexation of samarium for delivery as a therapeutic 

radiolanthanide. The kinetic stability of the polymer-samarium systems in solution were 

further investigated by a series of dialysis experiments, which allowed for measuring the 
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amount of free samarium in the presence of polymer. It was seen that both polymers 

bound samarium with high stability when no other ions were present. However, 

introduction of the competitive blood plasma ion calcium resulted in release of 

samarium from the polymer ligand PEI-MP. This effect was not observed for the 

polymer ligand PEI-EDTMP.  

Based on the findings in Chapter 4, introduction of a multidentate functionality 

into the polymer structure has increased both the thermodynamic and kinetic binding 

stabilities with samarium. This improved binding is expected to allow for delivery of 

therapeutic lanthanides to osteosarcoma tumors, based on the findings in Chapters 2 

and 3.    
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CHAPTER 5 
CONCLUSIONS 

Summary 

  An inherent limitation of small molecule radiopharmaceuticals is their tendency 

to accumulate in healthy tissue, thereby limiting the dose of radiation that can be 

administered to the tumor site.  This limitation was addressed in the work presented in 

Chapters 1-4 through synthesis, characterization, and clinical evaluation of two polymer-

based radiopharmaceuticals. Table 5-1 illustrates a comparison of the 

radiopharmaceuticals discussed in Chapters 1-4. 

Table 5-1. Comparison of radiopharmaceuticals 
 

COMPARISON OF RADIOPHARMACEUTICALS 

 

 
  

 

             EDTMP 
 

              PEI-MP 
 

         PEI-EDTMP 

 
Advantages 

 

 FDA approved for 
treating pain associated 
with bone tumors 

 Binds therapeutic 
radiolananides with high 
stability in vivo 

 
Disadvantages 

 

 High uptake in healthy 
tissue 

 Limited therapeutic 
value 

 

 
Advantages 

 

 Binds diagnostic 99M TC 

 Targets osteosarcoma 
tumors 

 Low uptake in healthy 
tissue 
 

 
Disadvantages 

 

 Questionable binding of 
radiolanthanides 

 
 
 

 
Advantages 

 

 Binds diagnostic 99M TC 

 Targets osteosarcoma 
tumors 

 Low uptake in healthy 
tissue 

 Binds samarium with 
high stability in vivo 

 
 



 

141 

 Chapter 1 describes the current needs in therapies for targeting pediatric 

osteosarcoma, highlighting the need for new systemic therapies to treat metastatic and 

inaccessible tumors. Targeted radiotherapy was presented as a promising systemic 

approach that offers the advantage of delivering a higher dose of radiation to the tumor 

site while sparing healthy tissue relative to traditional external radiation therapies. 

Precedence was given for the use of polymers to passively target cancer via the 

enhanced permeability and retention effect, in which large molecules are less likely to 

penetrate healthy tissue but are capable of passing through leaky vasculature known to 

exist around solid tumors. The key features in the design of polymer-based 

radiopharmaceuticals – polymer, chelating ligand, and radionuclide – were also 

discussed in Chapter 1 and form the basis of the work presented in Chapters 2 and 3. 

 Chapter 2 outlines the synthesis, characterization, and biodistribution of 

polyethyleneiminemethylene phosphonate (PEI-MP) originally reported by Milner et al. 

(Figure 2-B) and reproduced in this work for further evaluation. Structural 

characterization confirmed successful synthesis of PEI-MP. Biodistribution studies were 

conducted in a canine osteosarcoma model and indicated that the PEI-MP reproduced 

in this work demonstrates good uptake and retention in osteosarcoma tumors with little 

uptake in the regions associated with the dose limiting organs of healthy bone and 

marrow. The clearance rate of excess radiopharmaceutical was lower than previously 

reported by Milner et al, with 35-40% of excess radioactivity being excreted through the 

kidneys via the urine. This higher than desired retention of excess radiopharmaceutical 

increases the radiation exposure to non-target organs and indicates an issue related to 

the particle size distribution of PEI-MP. There are several variables that can lead to 
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irreproducibility of the previously reported particle size distribution including filtration 

technique, filter manufacturing, and degree of branching of the base polymer. The issue 

of particle size distribution is addressed in more detail in the following section on the 

outlook of this work. With the exception of low clearance rate, PEI-MP results were 

positive and aligned with those previously observed by Milner et al. New studies were 

also conducted to examine the ability of PEI-MP to target tumor types other than 

osteosarcoma. Biodistribution studies conducted in dogs with non-osseous tumor types 

indicated little to no uptake in the tumor region. These results give insight into the tumor 

targeting mechanism of PEI-MP. It appears that the phosphonate functionalized 

polymer targets tumors “passively” by virtue of the high molecular weight, which 

prevents uptake in healthy tissue while increasing the biological half-life in the blood 

allowing for uptake and retention in the tumor. Additionally, based on the lack of uptake 

in non-osseous tumors, it appears that PEI-MP “actively” targets osteosarcoma tumors 

by virtue of the affinity of the negatively charged phosphonate groups for the positively 

charged hydroxyapatite mineral found in bone, allowing for retention of this bone-

seeking radiopharmaceutical.   

 Chapter 3 introduces the synthesis, characterization, and pre-clinical evaluation 

of a new polymer ligand, polyethyleneimino ethylenediamine 

tetramethylenephosphonate (PEI-EDTMP), designed to improve binding and delivery of 

radiolanthanides compared to the polymer ligand, PEI-MP, presented in Chapter 2. This 

work is based on previous reports that PEI-MP may not bind radiolanthanides with high 

stability in vivo. The newly designed polymer, PEI-EDTMP, incorporates a multidentate 

ligand known to bind radiolanthanides with high stability in vivo. Biodistribution studies 
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with PEI-EDTMP in a healthy canine model indicate rapid clearance of the 

radiopharmaceutical from the central cavity and non-target organs with no uptake in the 

regions associated with the dose limiting organs. The clearance rate of excess PEI-

EDTMP was much better than observed for PEI-MP in Chapter 2, with approximately 

65% of the injected radioactivity being excreted through the kidneys via the urine. This 

indicates that a better particle size distribution was achieved for PEI-EDTMP. An 

additional biodistribution study in an osteosarcoma-bearing canine indicates tumor 

uptake and retention of the radiopharmaceutical, with very low uptake in the dose 

limiting regions and low retention in the liver and kidneys.   

 Chapter 4 investigates the thermodynamic and kinetic binding stabilities of PEI-

MP and PEI-EDTMP with the lanthanide samarium. It was concluded that the newly 

designed polymer, PEI-EDTMP, demonstrates improved binding with samarium in the 

presence of the blood plasma ion calcium, presumably due to a chelation effect 

resulting from the increased denticity of the chelating ligand. This encouraging result 

offers promise for delivery of therapeutic radiolanthanides to osteosarcoma tumors with 

lower uptake in healthy tissue than currently available small molecule radionuclide 

therapies.  

Outlook 

The two phosphonate-functionalized polymers described in Chapters 2 and 3 have 

demonstrated the ability to target osteosarcoma tumors more selectively than similar 

small molecule radiopharmaceuticals. However, two challenges remain as work 

continues to optimize polymer radiopharmaceuticals for tumor targeting applications.  

 The first challenge associated with the development of polymer 

radiopharmaceuticals is achieving appropriate particle sizes for good renal clearance of 
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excess radiopharmaceutical. Optimization of particle size will decrease radiation 

exposure to non-target organs by improving renal clearance and decreasing liver 

uptake. The second challenge associated with the development of polymer 

radiopharmaceuticals is selection of an appropriate radionuclide with sufficient nuclear 

properties to treat osteosarcoma. Both of these issues may be addressed through 

radiopharmaceutical re-design based on the three key features discussed in Chapter 1 

– polymer, radionuclide, and chelating ligand. Future work associated with these three 

features will be discussed in greater detail in the following sections. 

Polymer 

The polymer component of the radiopharmaceutical acts as a carrier to prevent 

uptake of the radionuclide by healthy tissue and facilitate passive delivery of the 

radionuclide to solid tumors via the enhanced permeability and retention effect. 

Therefore, the most important characteristics of a polymer for use in targeted 

radionuclide therapy are biocompatibility, solubility, and particle size.  

The challenges associated with the polyethyleneimine-based 

radiopharmaceuticals presented in Chapters 2 and 3 has been the reproduction of 

particle size distribution for achieving optimal pharmacokinetics. The breadth of particle 

size distribution is based on the chemistry used to synthesize the polymer backbone. 

Polyethyleneimine (PEI) is made from a chain-growth addition type polymerization, 

which results in a very broad molecular weight distribution.  Since polymer chains of 

different lengths have different pharmacological responses, it is necessary to narrow 

down the molecular weight distribution.  In the work presented in Chapters 2 and 3, 

narrow molecular weight distribution was achieved by a post-polymerization 

modification by filtration of the polymer through membranes with nominal pore sizes. 
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Although this approach provided qualitative insight into the particle size distribution 

required for optimal biodistribution, there are several variables that can hinder 

reproduction of the results including membrane manufacturing, degree of base-polymer 

branching, and experimental filtration technique. 

Since precise control over polymer molecular weight distribution is essential in the 

design of polymer radiopharmaceuticals, future work should focus on developing base-

polymers with narrow molecular weight distributions. Controlled polymerization 

techniques offer an approach for synthesis of polymers with nearly monodisperse 

molecular weights. Controlled polymerizations are found in literature, providing several 

options for application in targeted radionuclide therapy.99-105 These controlled 

polymerization techniques are often called “living polymerizations” because the chain 

transfer and chain termination steps have been removed, allowing for polymer chains 

that grow at a more constant rate than observed in traditional polymerization 

techniques. Common controlled polymerization techniques include living anionic, living 

cationic, living free-radical, and living Ziegler-Natta polymerizations. By incorporating a 

controlled synthetic approach in future work, polymers can be prepared with optimal 

particle sizes for tumor targeting application in a reproducible manner. 

Ligand 

The work in Chapter 3 demonstrates the ability to improve binding between 

polymers and radionuclides through modification of the chelating ligand. There are 

several well known ligands that can be explored for attachment to the base-polymer. 

Good binding with radiolanthanides appears to have been achieved through attachment 

of ethylenediamine tertamethylene phosphonate (EDTMP) to the polymer 

polyethylenimine (PEI). Use of another radionuclide in future work may require that the 
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binding stabilities be reinvestigated for the new system. Improvements in binding 

stability may be achieved through modification of the chelating ligand. 

Radionuclide 

There is some concern regarding the therapeutic effectiveness of beta-emitting 

radionuclides in treating osteosarcoma. The relative radiation resistance of 

osteosarcoma may be overcome by using radionuclides with higher linear energy 

transfer (LET) such as alpha emitters. However, the higher LET of alpha emitters 

creates difficulty in handling and testing of these radionuclides in the development of 

new radiopharmaceuticals.  

 An alternative approach is to use Auger emitters, in which a low energy beta 

emitter is internalized by the cell, allowing for destruction of DNA within the cancerous 

tumor cells. This extreme localization of the radionuclide offers the ability to deliver a 

high dose of radiation to the tumor while sparing damage to bone marrow. The Auger 

emitter 117mSn has been explored as a potential therapy for osteosarcoma due to its 

desirable nuclear properties,106 which include gamma emission for imaging (~160 keV) 

and a half-life of 13.6 days. Future work should parallel the use of Beta-emitters with 

alternative radionuclides such as Auger emitting 117mSn. 
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APPENDIX 
CALCULATION OF DEGREE OF METHYLENE PHOSPHONATE 

FUNCTIONALIZATION OF PEI-MP 

 

 
Figure A-1. Differentiation of carbons within the PEI repeat unit 

Table A-1. Number of carbons associated with each amine in the PEI repeat unit 

 

 

 

Figure A-2. Differentiation of carbons within the PEI-MP repeat unit 

 

 

 
Type of Amine Associated with Each 

Carbon 
Relative Number of Carbons 

Primary (0.257)(4) = 1.028 

Secondary (0.405)(2) = 0.81 

Tertiary (0.338)(0) = 0 

 

 

(A-1) 

 

Theoretical Carbon to Nitrogen Ratio (PEI) = 
sum of relative amount of carbons 

 

sum of relative amount of nitrogens 
 

= 1.838 

4 carbons associated with every 3° nitrogen 
2 carbons associated with every 2° nitrogen 
0 carbons associated with every 1° nitrogen 

4 carbons associated with every 3° nitrogen 
2 carbons associated with every 2° nitrogen 
0 carbons associated with every 1° nitrogen 
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Table A-2. Number of carbons associated with each amine in the PEI-MP repeat unit 

 

Type of Amine Associated 
with Each Carbon 

Relative Number of Carbons 

Primary (0.257)(4) = 1.028 

Secondary (0.405)(3) = 1.215 

Tertiary (0.338)(2) = 0.676 

 

 

(A-2) 

 

 

 

(A-3) 

 

Approximate Degree of Functionalization = 

= 0.74 = 74% 
Actual C:N ratio (PEI-MP) – Actual C:N ratio (PEI) 

 

Theoretical C:N ratio (PEI-MP) – Theoretical C:N ratio (PEI) 

Theoretical Carbon to Nitrogen Ratio (PEI-MP, 100% functionalization) 

=      = 2.919 
sum of relative amount of carbons 

 

sum of relative amount of nitrogens 

4 carbons associated with every 3° nitrogen 
2 carbons associated with every 2° nitrogen 
0 carbons associated with every 1° nitrogen 

4 carbons associated with every 3° nitrogen 
2 carbons associated with every 2° nitrogen 
0 carbons associated with every 1° nitrogen 

4 carbons associated with every 3° nitrogen 
2 carbons associated with every 2° nitrogen 
0 carbons associated with every 1° nitrogen 

4 carbons associated with every 3° nitrogen 
2 carbons associated with every 2° nitrogen 
0 carbons associated with every 1° nitrogen 
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