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Abstract 

        This thesis is focused on the design, synthesis and characterization of magnetite-ionic 

copolymer complexes as nanocarriers for drug delivery and magnetic resonance imaging. The 

polymers included phosphonate and carboxylate-containing graft and block copolymers.  Oleic-

acid coated magnetite nanoparticles (8-nm and 16-nm diameters) were investigated. Cisplatin 

and carboplatin were used as sample drugs. The potentials of the magnetite-ionomer complexes 

as dual drug delivery carriers and magnetic resonance imaging agents were evaluated. 

        An acrylate-functional poly(ethylene oxide) macromonomer and hexyl (and propyl) 

ammonium bisphosphonate methacrylate monomers were synthesized. Conventional free radical 

copolymerizations were conducted to synthesize the graft copolymers. The acrylate-functional 

poly(ethylene oxide) macromonomer was also used to form graft copolymers with tert-butyl 

acrylate. Block ionomers containing poly(tert-butyl acrylate) were synthesized via atom transfer 

radical polymerization, then the tert-butyl groups were removed to afford anions. All the 

monomers and polymers were characterized by 
1
H NMR to confirm their structures and assess 

their compositions. Phosphonate-containing polymers were also characterized by 
31

P NMR. 

Magnetite nanoparticles (8-nm diameter) were synthesized by reducing Fe(acac)3 with benzyl 

alcohol. The 16-nm diameter magnetite was synthesized by thermal decomposition of an iron 

oleate precursor in trioctylamine as a high-boiling solvent. The iron-oleate precursor was
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synthesized with iron (III) chloride hexahydrate and sodium oleate with mixed solvents. TEM 

images of the magnetite were obtained. 

        Magnetite-ionomer complexes were synthesized by binding a portion of the anions 

(carboxylate or phosphonate) on the copolymers onto the surfaces the magnetite. The remainder 

of the anions was used to bind with cisplatin and carboplatin via chelation. Physicochemical 

properties of the complexes were measured by dynamic light scattering. All the complexes with 

different polymers and magnetite nanoparticles displayed relatively uniform sizes and good size 

distributions. The magnetite-ionomer complexes displayed good colloidal stabilities in simulated 

physiological conditions for at least 24 hours. Those graft and block copolymer-magnetite 

complexes may be good candidates as drug carriers for delivery applications. 

        After cisplatin and carboplatin loading, the sizes of the complexes increased slightly and the 

zeta potential decreased slightly, which indicated that the loadings were successful. Minimal loss 

of iron was found, signaling that the binding strengths between the magnetite and the anions of 

the graft copolymers were strong. 8.7 wt% of platinum was found in the cisplatin loaded 

complexes and 6.9% in the carboplatin loaded complexes. The results indicated that the 

magnetite-graft ionomer complexes were capable of loading drugs. Drug release studies were 

performed at pH 4.6 and 7.4 to mimick endosomal conditions and the physiological environment. 

Sustained release of drugs was observed. This further indicated the potential for using the 

magnetite-ionomer complexes as drug carriers. 

        Transverse relaxivities of the magnetite-ionomer complexes with and without drugs were 

measured and compared to a commercial T2-weighted iron MRI contrast agent-Feridex
®

. All the 

complexes had higher relaxivities compared to Feridex
®

. Thus, the magnetite-ionomer 

complexes are promising candidates for dual magnetic resonance imaging and drug delivery. 
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Moreover, the aqueous dispersion of the complexes was found to heat upon exposure to an AC 

magnetic field, thus potentially allowing heat-induced drug release. 
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Chapter 1: Introduction 

        Nanocarrier drug delivery systems have received tremendous interest and research in the 

past few decades.
1,2

 They enjoy some intrinsic advantages over conventional drug delivery 

approaches. Due to the small sizes of the nanoparticles, they can transport through capillaries and 

enter cells, therefore leading to higher drug accumulation in the desired site.
2
 The drug release 

depends on the interaction between the drug and the carrier, and this can be carefully designed 

and fabricated. Such systems can lead to long drug circulation times.
3
  

        A multitude of drug delivery systems have been developed to address the issues of drug 

efficacy and circulation time in the blood stream during delivery, with the aim of improving drug 

bioavailability and minimizing cytotoxicity.
4,5

 Those drug delivery carriers include, but are not 

limited to, polymer micelles, polymer nanoparticles, dendrimers, liposomes, and hydrogels.
6
 

Among them, micellar polymeric drug carriers have received particular interest and investigation 

due to the advantages of self-assembly in water and the potential for large-scale industrial 

production. Micellar polymeric carriers can form core-shell micelles via self-assembly with 

therapeutic or diagnostic agents in water, and such carriers can be either amphiphilic non-ionic 

or ionic block copolymers.
7-11

 They feature a water soluble segment, and a hydrophobic segment 

or an ionic segment. The hydrophobic segment or ionic segment is capable of binding metal 

oxides such as magnetite, as well as forming complexes with hydrophobic drugs including 

cisplatin. Those components form the core of the complex. The interactions in the core between 

the different components are non-covalent interactions, such as electrostatic interactions, 

hydrophobic interactions, hydrogen bonding interactions, and metal ligand complexation.
2
 

Specifically, for the block or graft ionic copolymers, the interactions can combine both 
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electrostatic and metal-ligand interactions. The ionic segment of the copolymer provides a 

binding site for transition metal ions or oxides, such as manganese (II) and magnetite via ligand 

adsorption. This leads to the formation of core-shell micellar structures with a nonionic 

hydrophilic shell and an ionic core that is comprised of the anionic polymer segment as well as 

the bound transition metals. The unbound ionic segment provides a binding site for drug loading 

via ionic complexation.
12

 The hydrophilic segment, which is typically poly(ethylene oxide), 

plays the role of increasing solubility and biocompatibility of the complexes.
13

 

        Magnetite nanoparticles have been reported to be a versatile and powerful probe for 

biomedical applications.
14

 In particular, they have been utilized as effective contrast 

enhancement agents for transverse (T2-weighted) magnetic resonance imaging (MRI) due to their 

low toxicity and high magnetization.
12

 Magnetite nanoparticles can generate heat upon exposure 

to an alternating current magnetic field, making them useful for local magnetic hyperthermia 

therapy, or for triggered drug release if drugs are encapsulated in the magnetite-ionomer 

nanocarriers.
15

 Magnetite nanoparticles alone are toxic, so they are usually coated with natural or 

synthetic biocompatible macromolecules such as dextran or poly(ethylene oxide)-containing 

copolymers. This increases their colloidal stability in physiological media, and minimizes 

toxicity.
16,17

 The magnetite-ionic copolymer complexes can be used as a T2-weighted contrast 

agent for MRI. A drug delivery system of magnetite-ionomer nanoparticles that contains both 

therapeutic and diagnostic agent is obtained.  

        Cancer is a major public health problem both in the United States and worldwide.
18

 It is 

reported to be the second leading cause for death in the United States and is approaching the rate 

for the number one cause, cardiovascular/heart diseases.
19,20

 More than 85% of cancers 

eventually lead to the formation of solid tumors.
21

 In order to treat tumors, many therapies have 
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been developed, aimed at blocking the biological activities of tumor cells and killing them. 

Platinum therapeutic agents are used in prevalence.
22

 The first-generation platinum drug, 

cisplatin, and the second-generation drug, carboplatin, are versatile and potent anti-tumor drugs 

which have achieved success in treating some types of malignant tumors. However, due to their 

low solubility and high cytotoxicity, especially in the case of cisplatin, their applications have 

been limited.
22,23

 If they can be encapsulated in a nanocarrier, such as a magnetite-ionomer 

complex which is biocompatible and water-soluble in physiological conditions, the low solubility 

may no longer be a concern. It is also known that use of platinum drugs causes tumor cells to 

become more drug-resistant, thus making them more difficult to treat.
22

 It is hypothesized that 

when the drugs are encapsulated in magnetite-polymer complexes, they can enter the tumor cells 

with the complexes and then be released from the nanocarriers. If this is the case, they might 

efficiently kill tumor cells without developing drug resistance. 

        In this thesis, chapter 2 reviews the key concepts of drug delivery, block ionomers, graft 

ionomers, magnetite nanoparticles, platinum drugs as well as their potential applications in 

biomedical fields. Chapter 3 contains the experimental sections which include the synthesis of 

monomers, graft copolymers, block copolymers, the magnetite-ionic copolymer complexes and 

cisplatin (carboplatin) loading into the magnetite-ionomer complexes. It also describes the 

materials and equipment used for the experiments. Chapter 4 presents characterization of the 

monomers, polymers, magnetite-ionomer complexes and cisplatin (carboplatin)-loaded 

complexes. It provides information that is required to evaluate the potentials of the magnetite-

ionomer complexes for drug delivery and magnetic resonance imaging applications. Chapter 5 

contains the conclusions and recommendations, which summarizes the work done in this thesis 

and suggests future research directions to explore in depth.  
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Chapter 2: Literature Review 

2.1. Introduction to drug delivery 

        Drug delivery is the methodology of applying and delivering pharmaceuticals to obtain 

positive therapeutic results in humans and/or animals.
1
 Drug delivery has been and will always 

be one of the utmost significant research fields as humans still have a long way to go to fight 

against all kinds of diseases. In order for many drugs to be therapeutic, they need to be 

transferred into pathologic cells with high efficiency.
2
 Traditional approaches for drug 

administration usually include oral intake or intravenous injection without drug carriers. In these 

scenarios, drugs are first delivered to the blood stream and then possibly delivered to the target 

cells. Every therapeutic agent has an optimum concentration range, which when achieved, leads 

to the best therapeutic effects. If the concentration is too high, this may lead to severe side effects 

or at least, a waste of drugs. If the concentration is too low, no therapeutic effects will be 

achieved.
1
 Some drugs may even cause abnormal cells, such as tumor cells, to become drug 

resistant, thus making them more difficult to treat. Unfortunately, most therapeutic agents are 

organic compounds which are soluble in organic solvents, but have the flaw of poor water 

solubility. Considering the drug loss due to degradation even before entering the blood stream, as 

well as drug loss due to poor solubility, the overall drug efficacy without a drug delivery carrier 

can be very low. Since the drugs are not delivered to pathologic cells directly, conventional drug 

delivery methods can have undesirable side effects on normal cells. Prolonged times may also be 

required for the drugs to be delivered to a target site and take effect. Even if the drugs do reach 

the targeted pathologic cells, they can be released and consumed quickly. The desirable drug 

concentrations and release rates, as well as effective drug circulation times, are difficult to 
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achieve. In conclusion, the disadvantages of conventional delivery methods include low drug 

utilization efficiency, long delivery times, systemic toxicity, uncontrolled release, and more.
3
  

        In order to overcome the shortcomings of conventional drug delivery, a great deal of 

research has been devoted to developing versatile drug delivery systems. One focus of better 

drug delivery systems is aimed at improving drug bioavailability and increasing drug circulation 

time. Other goals include minimizing drug loss prior to delivery, controlling drug release 

profiles, avoiding toxicity effects of the drugs, avoiding a host’s immune response and possibly 

targeting circulation to the intended site.
3,4

 Many drug delivery systems have been developed and 

various drug delivery carriers have been synthesized and tested for drug delivery purposes.
2,4-10

 

Those drug delivery carriers include polymeric micelles, nanoparticles, dendrimers, liposomes, 

fullerenes and hydrogels.
11

 Among these, block ionomer complexes seem to be quite promising, 

as they have received tremendous research interest and attention due to their substantial drug 

loading capacity, high stability and low critical micelle concentrations.
12

 Many breakthroughs 

have been made and more polymer micellar drug carriers which exhibit excellent capabilities for 

drug and gene delivery have been synthesized and characterized. 
2,4,5,8,10,13,14

  

2.2 Block copolymers as drug carriers for drug delivery 

2.2.1 Overview of block copolymers as drug carriers for drug delivery 

        Among polymer micellar drug delivery systems, block copolymer micelle systems have 

received much interest.
8,15

 Block copolymers are characterized by the presence of long sequences 

of different monomers. Many widely investigated block copolymers for drug delivery purposes 

are di-block or tri-block copolymers wherein at least one of the blocks is hydrophilic.
5
 If the 

copolymers are amphiphilic, they can form core-shell structures via self-assembly when 
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dissolved in water. The block copolymers can be either amphiphilic nonionic block copolymers 

or ionic block copolymers. The nonionic amphiphilic type features a hydrophilic polymer 

segment and a hydrophobic polymer segment, while the ionomer type can be comprised of an 

ionic polymer segment and a nonionic water-soluble segment. When the latter forms complexes 

with other oppositely charged species, they are sometimes called block ionomer complexes, or 

polyion complexes.
6,7,14,16-18

Amphiphilic block copolymers tend to spontaneously form micelles 

in aqueous media with lower critical micelle concentrations compared to conventional low 

molecular weight surfactants. As a consequence, they have better thermodynamic stability 

especially in physiological conditions, which is advantageous for potential drug carrier 

applications.
4
  

        The di- and tri-block copolymers are typically synthesized by living polymerization. 

Employing these techniques means that the polymers can be prepared with designated molecular 

weights and narrow size distributions. This can facilitate their use as components of well-defined 

nano-containers as drug carriers for drug delivery. The typical size range of polymeric micelles 

is 10-100 nm, which is ideal for drug delivery applications because it effectively avoids renal 

excretion and filtration.
6,19

 The core is formed by the hydrophobic segment or the ionic block 

segment, while the shell/corona is comprised of the hydrophilic segment.
2
 The core can be used 

as a reservoir or nano-container to store drugs by electrostatic, physical, and chemical 

interactions.
6
 The structural design of the core can solve the difficulty of delivering hydrophobic 

drugs, and could potentially significantly increase drug loading and efficacy. The hydrophilic 

shell helps to stabilize the micelles in aqueous media. If the outer shell is comprised of highly 

biocompatible poly(ethylene oxide) (PEO), the nano-carrier formed by the polymer may not 

trigger the body’s immune response while in the blood stream. This can result in increased drug 
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circulation time and can potentially allow for passive targeting of the drug. Furthermore, the 

introduction of specific functional groups or ligands at the shell terminal may allow for active 

targeting if the functional groups or ligands enable specific interactions with target sites.
7,8,15,18-20

 

An example of a block ionomer-magnetite complex with a core-shell structure is shown in Figure 

2.1. In this complex, the core is comprised of magnetite and poly(acrylic acid). The shell is 

water-soluble and biocompatible PEO. The basic drug delivery mechanism of these polymeric 

micelles is as follows: First the drugs interact with the hydrophobic or ionic core and become 

trapped there by physical or chemical methods. Then, the drug complexes are delivered into 

body fluids where they eventually circulate to the target sites. Due to protection by the 

biocompatible and thermodynamically stable polymer micelles, the drugs are more likely to be 

delivered to the target site with higher efficiency and less side effects on other normal cells. A 

potential disadvantage of these polymeric micelles is that when the micelle concentration is 

below the critical micelle concentration, the complex disintegrates. As a result, drugs may be 

released prematurely which could cause decreased drug efficacy.
2
 This is especially a concern 

when the micelles enter body fluids where they become diluted. 

 

Figure 2.1 A block ionomer-magnetite complex with a core-shell structure for drug delivery 

        In this thesis, the emphasis is placed on block and graft ionic copolymers and the 

corresponding magnetite-ionomer complexes. The driving forces for core formation are the 
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formation of electrostatic or coordinated/chelated bonds. Such strong interactions can potentially 

allow for extended and sustained release of drugs. The drug release rate is mostly determined by 

the drug diffusion rate or micelle decomposition rate for micelles formed by either type of 

copolymers.
8
 For ionic drugs that are encapsulated in block ionomer complexes, there are strong 

electrostatic interactions between charged drugs and ionic polymer segments due to the presence 

of oppositely charged species.   

        Research results indicate that critical micelle concentrations of ionic block copolymers in 

aqueous solutions are lowered with the presence of ions, which means that block ionomer 

complexes with potential to be used as drug carriers can have improved micellar stabilities.
4
 

Block ionomer complexes have high water solubility, and can have fairly narrow size 

distributions. Block ionomer complexes have opened a new era by allowing the incorporation of 

charged drugs into the drug delivery carrier. They significantly broaden the scope of potential 

drugs which can be delivered with them as carriers.
20

 More importantly, with ions remaining, the 

complex may be pH or ionic strength-dependent. This can potentially lead to the development of 

environmentally-responsive drug delivery systems.
21,22

 With all of the merits of polymeric 

micelles such as narrow size distributions, excellent water-solubility, plus the aforementioned 

benefits, it is anticipated that block ionomer micellar drug carriers will play an increasingly 

significant role in drug delivery and other biomedical applications in the foreseeable future. This 

may lead to a revolutionized era that could enable targeted drug delivery. 

2.2.2 Selection of the hydrophilic segment of ionic block copolymers 

        When designing ionic block copolymers as drug carriers, a typical approach is to synthesize 

block copolymers with a nonionic hydrophilic segment and a protected ionic segment, due to 

reactivity concerns. The nonionic hydrophilic block provides hydrodynamic stability for the 
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core-shell micelles in physiological media once the copolymer is complexed with the cargo 

having complementary charges. It can also minimize immune response when used as a drug 

carrier in the blood stream. The hydrophilic segment needs to be biocompatible and water-

soluble.  

        One polymer that is widely used as the hydrophilic segment in polymer micellar drug 

carriers is poly(ethylene oxide) (PEO) and its derivatives. PEO is a water soluble, highly 

hydrated, nontoxic and non-immunogenic polymer.
4
 It also has excellent solubility in many 

organic solvents.
23

 PEO has high mobility and low interfacial energy with water, which renders it 

excellent for resisting protein adsorption.
24

 PEO plays a significant role in the biological 

environment and has been successfully and safely used in humans.  

        Various synthetic methods for making PEO are available, and most of them employ living 

polymerization. This enables synthesis of PEO with targeted molecular weights, narrow size 

distributions, and well-controlled block lengths. Figure 2.2 illustrates a method for synthesizing 

PEO with ethylene oxide as the monomer and 1-butanol as the initiator under pressure in a Parr 

reactor. PEO oligomers with specific molecular weights are also commercially available in the 

range of 2,000 and 5,000 g mol
-1

. They can be directly used for synthesis of another block 

segment after end-group functionalization.  

        Other reported hydrophilic polymers which may meet the requirements for human use 

include biocompatible poly(N-vinyl-2-prrolidone) (PVP) and thermo-sensitive poly(2-isopropyl-

2-oxazoline).
9,25

 It is noteworthy that although PEO seems to be the choice in most of the 

reported literature as the hydrophilic segment of ionic block copolymers as drug carriers, PVP 

also enjoys the aforementioned benefits similar to PEO, plus it has the ability to interact with 

some hydrophilic and hydrophobic therapeutic agents.
6
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Figure 2.2 Synthesis of poly(ethylene oxide) (PEO) under pressure 

2.2.3 Selection of the ionic segment of block ionomers 

        A protected monomer is often utilized to synthesize the ionic segments of block 

copolymers, then the protecting groups are removed to afford the ionomers. Many charged 

polymers can be synthesized which meet the need for the ionic core. Use of poly(amino acids) as 

the ionic core segment is one class of such structures with several advantages. Firstly, amino 

acids are naturally occurring in human beings, so there is no toxicity concern when the amino 

acid-containing drug carriers are decomposed and the drugs are released into the bloodstream. 

Secondly, there are many methods to synthesize natural amino acids and then to polymerize or 

copolymerize them with other monomers. Thirdly, amino acids can change their form in acidic, 

neutral and basic conditions, which may potentially allow them to be stimuli-responsive, and this 

has the potential to be advantageous for drug delivery applications.
8
 Common amino acid 

polymers include poly(L-lysine) and poly(aspartic acid).  

        Other non-amino acid classes of ionic polymers which are in use include poly(acrylic acid), 

poly(methacrylic acid), polyethylenimine, poly(N,N-dimethyl-aminoethylmethacrylate), and 

poly(4-vinylbenzylphosphonate).
6,9,15,17,26,27

 Previously our group has reported using poly(acrylic 

acid)-b-PEO and its derivatives to form complexes with magnetite (8 nm diameter) and 

evaluated their potential as drug carriers.
12,28

 The anionic segment consisting of poly(acrylic 

acid) bound effectively with metal oxide surfaces. The remainder of the carboxylates were 

utilized to bind with drugs and antibiotics with high drug loadings. The ionomer-magnetite 



 
 

12 
 

complexes displayed good hydrodynamic stability in simulated physiological conditions, which 

made poly(acrylic acid)-b-PEO micelles a potentially promising candidate as a drug delivery 

carrier.  

        Phosphonic acid-containing polymers have recently triggered high interest in biomedical 

fields, and there have been multiple reports of their potential for drug delivery.
29,30

 Denizot et 

al.
31

 studied different types of polymer coatings for iron oxide nanoparticles, which included 

sulfonates, phosphonates and carboxylates. The phosphonate-bearing polymer-magnetite 

complexes displayed much better hydrodynamic stability at pH 7.0 compared to the stability of 

analogous carboxylate-containing complexes. The hydrodynamic sizes of the particles remained 

unchanged for over two weeks, which is a convincing indication of the excellent stability of the 

complexes. Mohapatra and coworkers
32

 modified the surfaces of magnetite nanoparticles with 2-

carboxyethyl phosphonic acid and with carboxylic acid. Subsequently, the carboxylic acids were 

conjugated with folic acid. The size of the nanoparticles both with and without conjugated folic 

acid remained unchanged in a pH range of 4.5-8, indicating strong binding between the 

magnetite and the phosphonate groups. Previously our group
33,34

 prepared ammonium 

bis(phosphonate)-functional poly(N-isopropylacrylamide)-magnetite (8 nm diameter) and 

poly(ammonium bisphosphonate methacrylate)-g-PEO-manganese (II) nanoparticles. Both 

complexes were colloidally stable in phosphate buffered saline (PBS) at pH 7.4 for at least 24 

hours. Phosphonate-containing copolymers are also promising candidates for making complexes 

with metal oxides or salts for drug delivery. 

2.2.4 Synthetic techniques for ionic block copolymers 

        Block copolymers are characterized by the presence of long sequences of different 

polymerized monomers. One homopolymer is usually synthesized before growing the other or 
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another segment. Synthesis of block copolymers by chain growth reactions can be accomplished 

using living polymerization methods, such as living anionic/cationic polymerization, living 

anionic/cationic ring-opening polymerization, atom transfer radical polymerization (ATRP), 

reversible-addition fragmentation chain-transfer polymerization (RAFT) and stable free radical 

polymerization.
4,20

 Conventional free radical polymerization techniques ideally generate 

polymers with molecular weight distributions of 1.5-2.0. These methods have dual termination 

mechanisms as well as some typical side reactions such as chain transfer.
35

 The molecular 

weights of the polymers synthesized by living polymerization can be controlled by the initial 

monomer to initiator ratio, which means the size and length of the polymer can be tailor-made.  

        Previously our group
28

 has reported employing ATRP for the synthesis of diblock 

poly(acrylic acid)-b-PEO from a functionalized PEO oligomer, then forming complexes with 

both magnetite (8 nm diameter) and manganese (II). The polymer-metal complexes displayed 

good hydrodynamic stability and had potential to be used as drug carriers. There are many other 

successful syntheses and evaluations of polymer-metal and polymer-drug complexes for 

potential drug delivery, which utilizes ATRP to synthesize the polymers.
36,37

 Synthesis via RAFT 

has also been reported. Luo et al.
9
 have synthesized poly(N-vinylpyrrolidone)-block-

poly(styrene-alter-maleic anhydride) and poly(N-vinylpyrrolidone)-block-poly(N,N-dimethyl-

aminoethyl methacrylate) via RAFT. They used the pair of oppositely charged block ionomers to 

form micelles and load drugs for drug delivery. Figure 2.3 illustrates ATRP method to synthesize 

block ionomers for drug delivery.  
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Figure 2.3 Block copolymer synthesis for potential drug delivery via ATRP  

2.3 Ionic graft copolymers as drug carriers  

        Block ionomer complexes have been extensively investigated for their capabilities as drug 

carriers. A significant concern is the use of copper catalysts in ATRP because it is often used for 

synthesizing block copolymers for biomedical applications. Copper oxide nanoparticles are 

known to be cytotoxic and also to induce oxidative stress in the respiratory system.
38,39

 Copper 

(II) interacts with proteins, enzymes and nucleic acids, which exerts toxicity effects at the cell 

membranes.
40

 Excess copper deposits in the liver and disrupts the liver’s capability for copper 

elimination, and this can have a negative influence on reproductive and nervous systems.
41

 

Copper can also be strongly chelated and has been reported to form chelates in cancer therapy.
42

 

It could possibly disrupt the binding between the polymer and our desired metals. A copper-free 

synthetic route for making ionic copolymers is highly desirable.  

        In our lab, we have preliminary results showing that ionic graft copolymers with PEO and 

carboxylate or phosphonate groups form complexes with magnetite with good stabilities. By 

employing conventional free radical polymerization, ionic graft copolymers can be made, and 

magnetite-graft ionomer complexes can also be made with good size distributions. That means 

the magnetite-graft ionomer complexes may also be good drug carrier candidates. Figure 2.4 

shows the structures of PEO-b-PAA and PEO-g-PAA. There’s only a slight difference in the 
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chemical structures of the polymers. The speculated structures of the complexes they form with 

magnetite are shown in Figure 2.5. 

 

Figure 2.4 The structure of PEO-b-PAA and PEO-g-PAA 

2.4 Magnetite nanoparticles for biomedical applications 

2.4.1 Overview of magnetite nanoparticles for biomedical applications 

        Magnetite nanoparticles have been reported to be versatile and powerful probes for 

biomedical applications such as hyperthermia and drug delivery.
43-47

 They have a multitude of 

 

Figure 2.5 Structures of magnetite-block/graft ionomer complexes 
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advantages that make them perfect for biological use. First, they can be made with diameters in 

the nanometer range, which is smaller than most biological entities such as cells and viruses. 

This makes it feasible for the magnetite nanoparticles to interact with or enter those biological 

entities. Secondly, due to their magnetic properties, magnetite nanoparticles within a certain size 

range respond to an external magnetic field thus generating heat, so they may be useful for local 

magnetic hyperthermia therapy or for triggered drug release.
48

 It is of particular interest for 

magnetite nanoparticles to be utilized as effective contrast enhancement agents for transverse 

(T2-weighted) magnetic resonance imaging (MRI), due to their low toxicity and high 

magnetization.
28

 It is noteworthy that, although iron is an essential element for human beings, 

bare magnetite nanoparticles still pose toxicity effects to humans.
49

 Therefore magnetite 

nanoparticles are coated with natural or synthetic biocompatible macromolecules such as dextran 

or PEO-containing copolymers to increase their dispersibility and colloidal stability in 

physiological media and to minimize any toxic effects.
50

 Magnetite-polymer complexes have 

been reported as promising T2-weighted contrast agents for MRI.
51,52

 Magnetite-polymer 

complexes with drugs encapsulated in their cores have been found to generate heat upon 

exposure to an AC magnetic field, thus triggering drug release.
53

 A drug delivery system 

comprised of magnetite-polymer nanoparticles that contained both therapeutic and diagnostic 

agents was generated.
12,28

 Drug release may be controlled by applying an AC magnetic field and 

the bio-distributions of the drugs and the location of the complexes could potentially be tracked 

in real-time by MRI.  

2.4.2 Magnetite nanoparticles for MRI contrast enhancement 

        One of the most important applications for magnetite nanoparticles is in-vivo magnetic 

resonance imaging, due to its high spatial resolution, tomographic capability, and its potential for 
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non-invasive diagnosis and detection of early-stage tumors.
45,54-57

 Polymer-coated colloidal 

magnetite nanoparticles enjoy excellent biocompatibility, biodegradability, ease of synthesis, 

safe use in vivo, and they have the potential to be manipulated using externally applied magnetic 

fields which can penetrate deep into the body.
45,58

 Two types of relaxations are usually used for 

MRI applications: Longitudinal (spin-lattice) relaxation (T1-recovery) and transverse (spin-spin) 

relaxation (T2-decay). T1 and T2 represent longitudinal and transverse relaxation times, 

respectively. Correspondingly, the relaxation rate enhancements are expressed as R1 or R2. The 

slopes of R1 or R2 with iron concentration are known as the relaxivities (r1 and r2 usually 

expressed in sec
-1 

(mM Fe)
-1

. When magnetic nanoparticles are delivered in tissues, contrast 

enhancement is generated by shortening both types of relaxations of surrounding protons. While 

T1 contrast agents generate a positive (bright) contrast signal in tissues, T2 contrast agents 

decrease signal intensity thus creating negative (dark) contrast enhancement in T2-weighted 

images.
59

 Magnetite nanoparticles are mostly categorized as T2 contrast agents by applying T2 

weighted pulse sequences.
45

 Shortening of T2 is caused by large susceptibility differences 

between the particles and the surrounding medium. Diffusion of protons leads to dephasing of 

the overall proton magnetic moment, which in turn causes decreased transverse relaxation 

times.
45,60,61

 For T2-weighted imaging, the relaxivity, r2, is the normal contrast indicator. Higher 

values of r2 correlate with greater contrast.
62

 Relaxivities vary due to a few factors: particle size 

and shape, coating thickness and type, and hydrophilicity of the complex as a whole.
59

 Typically, 

when the particle size is bigger, the contrast enhancement is greater. The coating thickness also 

plays an important role. Currently, the most widely used commercially available T2 contrast 

agent, Feridex
®

 has a transverse relaxivity ranging from 39-43 s
-1

 (mM Fe)
-1

 in water at 37
 
ºC 

and 1.5 Tesla. In contrast, Pothayee et al.
28

 reported magnetite (8 nm diameter)-PEO-b-PAA 



 
 

18 
 

complexes, termed “MBICs 8”, with a transverse relaxivity of 81.9 s
-1

 (mM Fe)
-1

, twice as high 

as Feridex
®

. After gentamicin was loaded into the complexes, the size of the nanoparticles 

increased, with a significant increase in transverse relaxivity to 160.5 s
-1

 (mM Fe)
-1

. The results 

were in good agreement with theory that predicts that when the sizes of the magnetic particles 

are increased, the transverse relaxivities also increase. Moreover, after the MBICs 8 were 

surface-functionalized and then formed into small clusters through crosslinking, their transverse 

relaxivities were further significantly increased. The cross-linked MBICs 8, termed 

“MBIClusters 8”, had a size range of 119-174 nm, and their relaxivities ranged from 194-604 s
-1

 

(mM Fe)
-1

. The hydrophilic spacing between individual MBIC units allows water molecules to 

diffuse through the spaces easily, which may be the cause for the observed ultra-high relaxivities.  

2.4.3 Magnetite nanoparticles for hyperthermia  

        Hyperthermia has aroused research interest for cancer treatment. This involves heating 

specific tissues or organs to between 41 and 46
 
ºC.

63
 The iron atoms in magnetite consist of both 

Fe(II) and Fe(III) with unpaired electrons in their 3d orbitals, which cause a strong magnetic 

moment.
64

 Magnetic nanoparticles in a certain range of sizes can generate heat due to magnetic 

hysteresis loss when they are exposed to an alternating current magnetic field and this is 

dependent on frequency. This has been exploited for treatment of malignant brain tumors.
65

 

Treatment of cancers with magnetic nanoparticles by heating has led to the emergence of 

“Magnetic Fluid Hyperthermia (MFH).” When an AC magnetic field is applied to the magnetite 

nanoparticles, the magnetic field energy causes oscillation of the magnetic moment of the 

nanoparticles, thus generating heat.
66

 It has been suggested that tumor cells are more sensitive to 

heat than normal cells. When the temperature is raised to 41-42
 
ºC, tumor cells can be 

irreversibly damaged, while normal tissues may not be.
67

 Since magnetic fields can penetrate 
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human tissues, treatment by hyperthermia may serve as a non-invasive method to aid in killing 

cancer cells. More importantly, it has also been suggested that hyperthermia greatly enhances 

treatments by radiotherapy or chemotherapy for cell lines found in brain tumors. Hyperthermia 

studies on rats and dogs have shown positive results as well.
65

 Magnetite nanoparticles can have 

a high specific absorption rate (SAR) of energy, which is ideal for hyperthermia applications. It 

is hoped that these will play an important role in cancer treatments in the future. 

2.4.4 Magnetite nanoparticles for triggered drug release 

        Since magnetite nanoparticles can generate heat upon exposure to an AC magnetic field, 

this can possibly lead to triggered drug release. The magnetite-polymer complexes containing the 

drugs can release the drugs via two approaches: Diffusion and micellar dissociation, as is shown 

in Figure 2.6.
8
 For stable magnetite-ionomer micellar complexes in water or in body fluids, drug 

release is primarily by way of diffusion. It is known that higher temperature leads to higher 

kinetic energy and faster Brownian motion, thus possibly leading to increased drug diffusion 

rates. Raising temperatures by applying an AC magnetic field to an aqueous solution of the drug 

loaded complexes is promising for triggering the drugs to release, or at least, to increase the drug 

release rates. It is of particular interest to use environmentally-responsive (especially thermo-

sensitive) polymers to coat magnetite nanoparticles for this purpose. Poly-N-isopropylacrylamide 

and its derivatives are the most widely used thermo-responsive polymers. They are 

biocompatible and stimuli-responsive. They undergo a phase change at their lower critical 

solution temperature (LCST) of approximately 32 ºC in aqueous media.
48

 The volume of the 

polymer decreases (shrinks) significantly and reversibly when its temperature is raised above the 

LCST. The polymer re-expands once the temperature is decreased through the LCST. 
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Figure 2.6 Possible drug release mechanism for drug loaded magnetite-ionomer micelles.
8
 

Balasubramaniam and Pothayee
68

 synthesized a bisphosphonate terminated PNIPAM-co-Nile 

Red acrylate and used the polymer to form complexes with magnetite. The complex was water-

dispersible at 25
 
ºC but the magnetite aggregated and precipitated at the LCST of ~40 ºC as the 

polymer shrank. The NMR transverse relaxivity of the complex also increased as the temperature 

was raised through the LCST. Though the experiment was not performed by applying an AC 

magnetic field to make the magnetite heat, it shed light on the possibility of using 

thermosensitive polymer coatings to form complexes with magnetite nanoparticles for potential 

triggered drug release. Ghosh et al.
49

 synthesized magnetite nanospheres that were coated with 

poly(ethylene glycol) ethyl ether methacrylate-co-poly(ethylene glycol) methyl ether 

methacrylate. Upon applying an AC magnetic field, the temperature of the nanosphere solution 

increased and became steady after 30 minutes. The complex displayed good colloidal stability 

and excellent intracellular uptake. The researchers identified the nanospheres as AC magnetic 
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field-controlled, multifunctional nano-reservoirs, which were suggested to be potentially useful 

as drug carriers for triggered drug release. 

2.5 Synthesis of magnetite nanoparticles 

        Various methods have been developed for synthesizing magnetite nanoparticles. These 

methods include, but are not limited to, co-precipitation, sol-gel, microemulsion, sonochemical, 

hydrothermal, solvothermal and biomimetic approaches.
69-75

 One focus of the synthesis is to 

obtain magnetite with controlled size and shape. Another important concern is whether the 

method allows for large-scale synthesis. More importantly, the magnetite has to be sufficiently 

magnetic to be used for hyperthermia or triggered drug release applications. Typically, for drug 

delivery applications, the size of the polymer-magnetite complex must be below 200 nm.  

        The simplest and most well-known method for preparing magnetite nanoparticles is “co-

precipitation” from Fe(II) and Fe(III) salts, which was introduced by Sugimoto et al.
69

 Equation 

1 shows the chemical reaction for the co-precipitation. This approach generates magnetite 

nanoparticles but they tend to form relatively large aggregates. The synthesis is typically done 

under inert atmosphere at room temperature. Inert atmosphere is necessary since the magnetite 

nanoparticles are subject to oxidation. The oxidized product would be γ maghemite. Equation 2 

shows how Fe3O4 could oxidize to γFe2O3 in the presence of oxygen. The particle sizes and 

properties rely heavily on temperature, pH, ionic strength of the reaction media during the 

synthesis, and the Fe
2+

/Fe
3+

 ratio.
76

 This method enables synthesis of large amounts of magnetite, 

but the magnetite synthesized via this method is rather polydisperse. Sol-gel methods can also be 

used to synthesize magnetite and maghemite.
70

 Lee et al.
77

 used a high temperature reduction 

method to synthesize magnetite nanoparticles. They used a reducing agent, hexadecanediol, to 
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reduce iron (III) acetylacetonate together with surfactants. Oleylamine and oleic acid and a high-

boiling solvent were also used. Pinna et al.
78

 developed a high temperature, one-pot method to 

                                          Fe
2+

 + 2 Fe
3+

 + 8OH
-                     

 Fe3O4 + 4H2O 

Equation 1 Synthesis of magnetite by co-precipitation 

Fe3O4 + 2H
+
             γFe2O3 + H2O + Fe

2+
 

Equation 2 Fe3O4 oxidized to γFe2O3 in the presence of oxygen 

synthesize magnetite nanoparticles with sizes ranging from 12 to 25 nm with relatively narrow 

size distributions. This approach also utilized iron (III) acetylacetonate. Different from the 

previous high temperature method, it used environmentally friendly benzyl alcohol as a dual 

reducing agent and solvent. The reaction was performed in an autoclave at 205 ºC. The magnetite 

produced by this method had high crystallinity and magnetization, and had fairly narrow size 

distributions. The particles could also be coated to make them dispersible in water or organic 

solvents. Pothayee et al.
28

 used this method to synthesize 8-nm diameter magnetite nanoparticles 

which were used in this thesis. The 16-nm diameter magnetite nanoparticles, which were also 

used in this thesis, were synthesized by thermal decomposition of an iron oleate precursor in 

trioctylamine as a high-boiling solvent. 

2.6 Surface functionalization and coatings for magnetite nanoparticles 

2.6.1 The necessity of coatings for magnetite nanoparticles  

        Bare magnetite nanoparticles have been reported to be toxic, so they are usually surface 

functionalized with natural or synthetic biocompatible macromolecules to ensure that they can be  

dispersed in physiological media without causing cytotoxicity.
50

 Surface coatings also help to 
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prevent magnetite nanoparticles from aggregating and provide binding sites for potential 

therapeutic agents. It may even lead to targeted drug delivery if specific functional groups can be 

introduced on the shell surface of the complexes. There have been reports that for magnetite 

nanoparticles, when the size increases, the transverse relaxivity also increases.
68

 This generates 

nanocomplexes as drug carriers/containers/ reservoirs for drug delivery with increased transverse 

relaxivities, which may be useful for MRI. Such complexes would need to contain drugs for dual 

therapeutic and diagnostic functions.  

2.6.2 Natural and synthetic macromolecules to coat magnetite nanoparticles  

        Quite a few macromolecules and surfactants have been utilized to coat magnetite to make it 

biocompatible and water dispersible. Among them, natural macromolecules including dextran 

and chitosan, and synthetic amphiphilic or ionic copolymers containing poly(ethylene oxide) 

(PEO) and polyethylenimine (PEI), have been widely investigated. Figure 2.7 shows examples of 

the biocompatible polymer segments of these copolymers while figure 2.8 lists some of the 

naturally-occurring macromolecules. All of these macromolecules possess polar functional 

groups in the repeating units, such as hydroxyl groups or amine groups.  

2.6.3 Synthetic strategies for coating macromolecules onto magnetite nanoparticles 

        There are three general methods used to coat magnetite: In situ coating, post-synthesis 

 



 
 

24 
 

Figure 2.7 Synthetic biocompatible polymer segments of copolymers for coating magnetite 

  

Figure 2.8 Common natural macromolecules used to coat magnetite 

adsorption and post-synthesis terminal grafting.
54,79

 In-situ methods add coatings to the 

magnetite during the magnetite synthesis process and possibly lead to magnetite nanoparticles 

with suitable sizes and narrow size distributions. This may be a good approach to afford 

homogeneous inorganic-organic materials. Lin et al.
80

 prepared magnetic poly(vinyl alcohol) 

(PVA) fibers by in situ synthesis of magnetite in a PVA matrix. These fibers displayed excellent 

magnetization properties. Daniel-Da-Silva et al.
81

 synthesized magnetite nanoparticles in the 

presence of carrageenan polysaccharides as a bio-polymeric matrix by employing an in situ co-

precipitation method. The carrageenan polysaccharides induced the formation of smaller 

particles which produced magnetite nanoparticles with good colloidal stability. Post-synthesis 

terminal grafting can introduce covalent bonds between the coating materials and the 

magnetite.
54

 The magnetite surface is usually functionalized to allow for further chemical 

reactions. Functional groups which have been introduced include amines, hydroxyls, carboxyl 

groups, and thiols.  Hu et al.
37

 developed a method which coated magnetic nanoparticles with a 

dense layer of poly(poly(ethylene glycol) monomethacrylate). This approach involved 

introducing and immobilizing a silane initiator on the magnetite surface, and then the polymer 
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was grafted onto the surface of the magnetite via copper-mediated ATRP (Figure 2.9). The 

coated magnetite particles were stable and dispersible in aqueous media. The saturation 

magnetization was slightly lowered compared to bare magnetite. This method may offer higher 

polymer coating densities on the magnetite surface and more residual functional groups for 

further fabrication and modification. Vestal and Zhang
36

 also used ATRP to coat magnetite 

nanoparticles with polystyrene. The polystyrene-coated magnetite complexes formed a core-shell 

structure that was smaller than 15 nm. The nanoparticles had low coercivities, but were still 

promising for potential biological applications. 

 
 

Figure 2.9 Synthetic scheme of P(PEGMA) coated magnetite by ATRP.
37

 

Post synthesis adsorption involves introducing physical interactions between the coating material 

and the magnetite, and usually features the formation of core-shell micelle structures. The 

physical interactions that can be exploited include electrostatic, hydrophobic/hydrophilic, affinity 

and metal-ligand interactions as shown in Figure 2.10. Advantages of this method are rapid 

adsorption and high efficiency. There are no intermediates or additional synthesis, purification or 

separation steps. Amphiphilic copolymers may bind to the magnetite surface via hydrophobic 

interactions, while ionic copolymers can bind to the magnetite surface through metal-ligand 

interactions. Amphiphilic copolymers, which have been used to coat magnetite include 

poly(ethylene oxide)-b-poly(L-amino acid)s, poly(ethylene oxide)-b-polyesters and 

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (Pluronic
®

).
2,8,82

  For ionic 
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Figure 2.10 Physical interactions for post synthesis adsorption of magnetite nanoparticles.
54

 

block copolymers, poly(ethylene oxide)-b-poly(acrylic acid) and Pluronic
®

-b-poly(acrylic acid) 

have been investigated.
16,28

 Figure 2.11 demonstrates how post synthesis adsorption has been 

utilized to synthesize magnetite (8-nm diameter)-PEO-b-PAA complexes for potential dual drug 

delivery and MRI applications. 

2.7 Platinum drugs in cancer treatment 

        Cancer is a major public health problem both in the United States and worldwide.
83

 It is 

reported to be the second leading cause of death in the United States and there is a trend that the 

death rate is going to overtake cardiovascular/heart diseases as the No. 1 cause.
84,85

 More than 

85% of those cancers eventually lead to the formation of solid tumors.
86

 In order to treat tumors, 

many therapies have been developed, aimed at blocking the biological activities of tumor cells 

and eventually killing them, with minimal effects on healthy cells. According to the American 

Cancer Society (ACS), there are quite a few treatments currently in use. These include surgery, 

chemotherapy, radiotherapy, targeted therapy, immunotherapy, thermotherapy (hyperthermia), 

and cryotherapy.
87

 In some cases multiple types are employed at the same time. For example, 
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Figure 2.11 Synthesis of MBICs 8 (PEO-b-PAA coated magnetite).
28

 

concurrent administration of chemotherapy and radiotherapy are often used.
88

 Chemotherapy, 

which involves using cytotoxic drugs for the treatment of malignant tumors, has received high 

research interest and has been widely used alone or in combination with other therapies. In 

chemotherapy the key issue is to develop therapeutic agents that can effectively kill tumor cells, 

with minimal effects on normal, healthy cells. Different types of drugs for chemotherapy have 

been synthesized and utilized for cancer treatments, such as alkylating agents, anti-metabolites 

and anti-tumor antibiotics. Among them, platinum therapeutic agents are prevalently used.
89 Cis-

diamminedichloroplatinum (II), commonly known as cisplatin, has been found to be one of the 

most potent and efficient antitumor drugs. It is now used as a first-line treatment against 

epithelial malignancies such as lung, bladder and ovarian, head and neck cancers, and also as a 

second- and third-line chemotherapy agent against some metastatic malignancies, including 

breast and prostate cancer.
90

 Chemotherapy combined with radiation with cisplatin has become 

the best method to treat cervical cancer. However, cisplatin has a few disadvantages that have 
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seriously limited its application. It has low water solubility, meaning it can only be administered 

intravenously instead of through oral consumption. It has low selectivity towards tumor cells, 

which was found to cause severe side effects, such as acute nephrotoxicity and chronic 

neurotoxicity.
91

 Some side effects are irreversible even after the treatment is completed. Two 

approaches were exploited to address these issues: development of more potent, target-specific 

platinum drugs and employment of macromolecules as nano-containers for the delivery of the 

drugs.
92

 The second generation platinum drug, carboplatin, as well as the third generation drug, 

oxaliplatin, has better water solubility and less toxicity effects, thus allowing for administration 

of higher dosages. Carboplatin is now used more for treatment of ovarian cancer while 

oxaliplatin is more effective towards colon cancer cells.
89

 Figure 2.12 shows the structures of 

these three platinum drugs. Employing a micellar macromolecule as a nano-container, which 

encapsulates platinum drugs, can increase drug circulation time. The problem of low solubility of 

platinum drugs is also eliminated. Since the drugs are encapsulated in the macromolecules and 

released upon entering the tumor cells, they can efficiently kill tumor cells. It has been suggested 

that if the encapsulated drug complexes are subject to certain stimulations by fabrication of the 

surface of the coating materials, triggered drug release as well as sustained, possibly passive or 

even active targeted drug release may be possible. Nishiyama et al.
93

 made complexes with 

cisplatin and poly(ethylene glycol)-b-poly(α,β-aspartic acid) in simulated physiological 

conditions. The complex had a size of 20 nm and a narrow size distribution, with a sustained 

release of platinum. The system has potential to be used for tumor-directed delivery of anti-

cancer drugs. Pothayee et al.
33

 prepared cisplatin and carboplatin loaded poly(ammonium 

bisphosphonate ester)-g-poly(ethylene oxide)-manganese (II) complexes and evaluated their 

potential for dual MRI imaging and chemotherapy. The drug-loaded complex displayed good 
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colloidal stability as well as sustained release of platinum drugs. In conclusion, using a 

macromolecular nano-container as a drug carrier to encapsulate platinum drugs and development 

of more versatile platinum derivatives will possibly lead to breakthroughs for cancer treatments. 

 
 

Figure 2.12 Structure of cisplatin, carboplatin and oxaliplatin 
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Chapter 3: Experimental 

3.1 Materials 

        Methanol (99.9%), chloroform (99.9%), magnesium sulfate (anhydrous, 99.9%), hexane 

(99.9%), dichloromethane (HPLC grade, 99.9%), dialysis tubing (12-14k MWCO) and nitric 

acid aqueous solution (69.3%) all from Fisher Scientific, were used as received. Methanol 

(anhydrous, 99.8%), N,N-dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide 

(DMSO, anhydrous >99.9%), 3-amino-1-propanol (>99%), 6-amino-1-hexanol (>99%), sodium 

sulfate (anhydrous, 99.9%), triethylamine (>99.5%), pentamethyldiethylenetriamine (PMDETA), 

sodium hydroxide (1 N, 97%), poly(ethylene oxide) methyl ether (MW ~ 5k), sodium chloride 

(98%), bromotrimethylsilane (TMSBr, 97%), diethyl ether (anhydrous, 99.8%), oleic acid (90%, 

technical grade), iron (III) chloride hexahydrate (97%), trioctylamine, sodium oleate, benzyl 

alcohol (>98%), iron (III) acetylacetonate (Fe(acac)3), toluene (anhydrous, 99.8%), cis-

diamminedichloroplatinum (II) (cisplatin, >99.9%), cis-diammine (cyclobutane-1,1-

dicarboxylate-O,O’)platinum (II) (carboplatin) and tetramethylammonium hydroxide solution 

(25% v/v) were purchased from Sigma-Aldrich and used as received. Methacryloyl chloride 

(97%) and acryloyl chloride (97%) were purchased from Sigma-Aldrich and distilled before use.   

2,2
’
-Azobisisobutyronitrile (98%) was purchased from Sigma-Aldrich and recrystallized in 

anhydrous methanol before use. Dichloromethane (EMD Chemicals, anhydrous, 99.8%) and 

diethyl vinylphosphonate (Epsilon-Chimie, >98%) were used as received. Hexane (HPLC 

grade, >99%) and acetone (HPLC grade, >99.5%) were purchased from Spectrum Chemical 

MFG. Corp. Tert-butyl acrylate was purchased from Alfa Aesar and distilled from calcium 

hydride before polymerization. Phosphate buffered saline (PBS) was obtained from Mediatech 

Inc. Acetate buffer solution (ABS) was purchased from Fluka
®

 Analytical. De-ionized water was 
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obtained through a MilliQ A10 synthesis water purification system (EMD Millipore, MA). The 

permanent magnet (K&J Magnetics) was made of NdFeB with a diameter of 11/16” and a 

thickness of 1/4”. It was axially magnetized with a surface field of 3880 Gauss.  

3.2 Characterization 

        1
H NMR spectral analyses were performed on a Bruker Avance II-500 NMR operating at 500 

MHz. 
31

P NMR spectral analyses were obtained on a Varian Inova 400 NMR operating at 161.91 

MHz. Parameters utilized for the 
31

P NMR were a 45
o
 pulse and 1 s relaxation delay with 128 

scans. All spectra of the monomers, acrylate polymers and phosphonate polymers were obtained 

in CDCl3. Spectra of the acrylic acid polymers and phosphonic acid polymers were obtained in 

D2O by adjusting the pH to 7.4 with NaOD. 

        Dynamic light scattering (DLS) measurements were conducted with a Malvern Zetasizer 

NanoZS particle analyzer (Malvern Instruments Ltd) at a wavelength of 633 nm from a 4.0 mW, 

solid-state He–Ne laser at a scattering angle of 173º and at 25 ± 0.1 ºC. The samples were 

dispersed in de-ionized water at a concentration of 0.25 mg mL
-1

 and the dispersion was 

sonicated for 5 min in a 75T VWR Ultrasonicator (120 W, 45 kHz). Each dispersion (1 mL) was 

transferred into a polystyrene cuvette for analysis. The intensity average diameters were 

calculated with the Zetasizer Nano 4.2 software utilizing an algorithm based upon Mie theory 

that transforms time-varying intensities to particle diameters. The intensity average diameters, 

polydispersity indices (PDI’s) and zeta potentials were obtained for all of the magnetite-ionomer 

nanoparticles including the drug-loaded complexes. All measurements were performed in 

triplicate and the averages are reported. 

        Dynamic light scattering (DLS) measurements were also conducted to assess the 

hydrodynamic stabilities of drug-free magnetite-ionomer complexes. Magnetite-ionomer 
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complexes were dispersed in phosphate buffered saline (PBS) at pH 7.4, at a concentration of 

0.25 mg mL
-1

. The dispersion was sonicated for 5 min in a VWR Ultrasonicator and was 

subsequently filtered through a 1-µm PTFE syringe filter before being transferred into a 

polystyrene cuvette for analysis. The same Malvern Zetasizer NanoZS particle analyzer was used 

with the aforementioned parameters. The experiments were performed at 37 ºC. Twenty-five 

measurements were conducted at 1 h intervals over 24 h. The measurements were conducted in 

triplicate and the averages are reported.   

        Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) was performed 

with a SPECTRO ARCOS 165 ICP spectrometer (SPECTRO Analytical Instruments, Germany), 

to measure the wt% of iron in the magnetite-ionomer complexes both before and after drug 

loading. The wt% of the magnetite in these complexes was calculated from the iron composition 

data. The complexes were digested with excess concentrated nitric acid for 72 h to transform the 

iron oxides into iron salts before the ICP-AES measurements. The wt% of platinum in both the 

cisplatin and carboplatin-loaded complexes were also measured by ICP-AES. All measurements 

were performed in triplicate and the averages are reported. 

3.3 Synthesis of an acrylate-functional PEO macromonomer 

        An acrylate-functional PEO was prepared according to the method of Hu et al.
1
 

Poly(ethylene oxide) methyl ether (15 g, ~3.0 mmol with a number average molecular weight of 

~5,000 g.mol
-1

) was dried in an oven under vacuum overnight at 50 ºC to remove any moisture. 

The dried solid was then charged into a round bottom flask (250 mL), which had been flame 

dried three times to remove moisture. Anhydrous dichloromethane (50 mL) was purged with N2 

to remove oxygen for 5 min, and then charged into the flask containing PEO via a syringe. 

Triethylamine (4.2 mL, 30 mmol) was charged with a syringe. An ice-water bath was applied to 
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maintain a low temperature for the reaction mixture, and freshly-distilled acryloyl chloride (2.5 

mL, 30 mmol) was added dropwise over 30 min via a syringe. The ice-water bath was removed, 

and the round bottom flask was sealed with parafilm. The reaction mixture was stirred at room 

temperature for 48 h. Dichloromethane (100 mL) was added to dilute the reaction mixture and it 

was transferred to a separatory funnel (500 mL). The mixture was washed with aqueous sodium 

hydroxide (0.1 N, 50 mL each) three times, The organic layer was further washed with de-

ionized water (50 mL each) twice. The organic phase was separated, dried over anhydrous 

sodium sulfate, gravitationally filtered, and concentrated by rotary evaporation to obtain a 

viscous liquid. The liquid was precipitated in hexane (400 mL) chilled by an isopropanol-dry ice 

bath, filtered through a Buchner funnel, and dried under vacuum overnight at room temperature. 

Pale-yellow acrylate-functional PEO was obtained (9.2 g, 61.6%). Figure 3.1 illustrates the 

chemical reaction related to the synthesis of the acrylate-functional PEO macromonomer.  

 

Figure 3.1 Synthesis of an acrylate-functional PEO macromonomer 

3.4 Synthesis of hydroxyhexyl (and hydroxypropyl) ammonium bisphosphonate ester 

        These compounds were synthesized by a method developed by Hu et al.
1
 6-Amino-1-

hexanol (5 g, 43 mmol) was charged into a 250-mL round bottom flask equipped with a 

magnetic stir bar and a rubber septum. Bisdiethylvinylphosphonate (14.4 g, 88 mmol, 2.05 eq) 

was charged, followed by addition of de-ionized water (100 mL). The flask was placed in an oil 

bath with the temperature set at 60 ºC and the reaction was carried out for 24 h. The reaction 
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mixture was cooled to room temperature, and transferred to a separatory funnel (250 mL). 

Dichloromethane (50 mL) was used to extract the reaction mixture, and the procedure was 

conducted four additional times. The organic layer was dried over sodium sulfate until a clear 

solution was formed. Vacuum filtration was applied to obtain the organic liquid. The solvent was 

evaporated by using a rotary evaporator. The product was dried under vacuum overnight at 50 ºC. 

 

Figure 3.2 Synthesis of hydroxyhexyl ammonium bisphosphonate ester  

 

Figure 3.3 Synthesis of hydroxypropyl ammonium bisphosphonate ester  

The final product was a clear viscous liquid (17.7 g, yield 93.0%). The same procedure was used 

to synthesize hydroxypropyl ammonium bisphosphonate ester with 2.05 eq of the 

bisdiethylvinylphosphonate relative to 3-amino-1-propanol. The synthesis of the hydroxyhexyl 

and hydroxypropyl ammonium bisphosphonate ester is shown in Figures 3.2 and 3.3, 

respectively. 
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3.5 Synthesis of hexyl (and propyl) ammonium bisphosphonate methacrylate monomers 

         The compounds were synthesized by a method developed by Hu et al.
1
 Hydroxyhexyl 

ammonium bisphosphonate diethyl ester (16.2 g, 36.4 mmol) was charged into a flame-dried, 

round bottom flask (250 mL) equipped with a magnetic stir bar. Anhydrous, nitrogen-purged 

dichloromethane (150 mL) was charged via a double-tipped cannula directly from the solvent 

bottle. Triethylamine (9.7 mL, 69.1 mmol) was charged into the flask via a syringe. The flask 

was then placed in an ice-water bath. Freshly distilled methacryloyl chloride (6.4 mL, 65.5 mmol) 

was charged dropwise into the reaction mixture over 30 min via a syringe. After adding 

methacryloyl chloride, the ice-water bath was removed, and the reaction mixture was stirred at 

room temperature for 24 h. The reaction mixture was gravitationally filtered to remove salt by-

products, and then it was transferred to a separatory funnel (500 mL). The mixture was washed 

with aqueous sodium hydroxide (50 mL, 0.25 N) five times, saturated sodium chloride solution 

(50 mL) three times, then de-ionized water (50 mL) twice. The organic layer was separated, 

dried over anhydrous sodium sulfate to yield a clear solution, and filtered by suction through a 

Buchner funnel. The liquid was collected and the solvent was removed by rotary evaporation to 

yield a yellow viscous liquid. The product was further dried under vacuum at room temperature 

overnight. The product was a yellow oily liquid (14.0 g, 75.1%). The same procedure was used 

to synthesize hydroxypropyl ammonium bisdiethylphosphonate ester with triethylamine (1.9 eq) 

and methacryloyl chloride (1.8 eq). The synthesis of the hexyl and propyl ammonium 

bisphosphonate methacrylate monomer is shown in Figures 3.4 and 3.5, respectively. 

3.6 Synthesis of poly(hexyl ammonium bisphosphonate methacrylate)-g-poly(ethylene 

oxide) 

        Conventional free radical polymerizations were employed to synthesize poly(hexyl ammo- 



 
 

39 
 

 

Figure 3.4 Synthesis of hexyl ammonium bisphosphonate methacrylate monomer 

 

Figure 3.5 Synthesis of propyl ammonium bisphosphonate methacrylate monomer 

nium bisphosphonate methacrylate)-g-poly(ethylene oxide) graft copolymers according to the 

method developed by Hu et al.
1
 A Schlenk flask (25 mL) equipped with a stir bar and a rubber 

septum was flamed-dried and purged with N2. The solid acrylate-functional PEO macromonomer 

(1.0 g, 0.22 mmol) was charged, followed by the addition of the hexyl ammonium 

bisphosphonate methacrylate monomer (1.7 g, 3.4 mmol). Anhydrous and nitrogen-purged 

dimethylformamide (DMF, 4 mL) was charged to the Schlenk flask to dissolve the monomers. 

The mixture was deoxygenated by purging with N2 for 30 min. Recrystallized 

azobisisobutyronitrile (AIBN, 29.7 mg, 0.18 mmol) was dissolved in anhydrous, N2 purged DMF 

(5 mL). The AIBN solution (1 mL) was charged to the Schlenk flask via a syringe. Oxygen was 

removed with three freeze-pump-thaw procedures. The reaction mixture was placed into an oil 

bath at 70 ºC and stirred for 12 h. The reaction mixture was allowed to cool to room temperature, 

The mixture was precipitated twice in a 1:1 v:v mixture of hexane and diethyl ether (400 mL) 

that was chilled in a dry ice-isopropanol bath. The mixture was filtered by suction, and washed 

http://en.wikipedia.org/wiki/Azobisisobutyronitrile
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with a cold 1:1 v:v mixture of hexane and diethyl ether. The filtrate was further dried under 

vacuum at room temperature overnight to afford a yellow poly(hexyl ammonium bisphosphonate 

methacrylate)-g-poly(ethylene oxide) (2.2 g, 81%).  The same procedure was used to synthesize 

poly(propyl ammonium bisphosphonate methacrylate)-g-poly(ethylene oxide). The molar ratio 

between the AIBN initiator to total monomers was ~1:100. The synthesis of poly(hexyl 

ammonium bisphosphonate methacrylate)-g-poly(ethylene oxide) is illustrated in Figure 3.6. 

 

Figure 3.6 Synthesis of poly(hexyl ammonium bisphosphonate methacrylate)-g-poly(ethylene 

oxide) 

3.7 Synthesis of poly(hexyl ammonium bisphosphonic acid methacrylate)-g-poly(ethylene 

oxide) 

        Poly(hexyl ammonium bisphosphonic acid methacrylate)-g-poly(ethylene oxide) was 

synthesized by a procedure reported by Hu et al.
1
 Poly(hexyl ammonium bisphosphonate 

methacrylate)-g-poly(ethylene oxide) (1.5 g, 7.0 mmol of ethyl esters) was charged to a flame-

dried, N2 filled round bottom flask (100 mL). Anhydrous dichloromethane (10 mL) was charged 

via a syringe to dissolve the copolymer. Freshly distilled bromotrimethylsilane (TMSBr, 3.70 
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mL, 28.0 mmol) was charged dropwise over 30 min. The flask was sealed with parafilm over the 

septum and the reaction was carried out at room temperature for 24 h. The solvent was removed 

by rotary evaporation at room temperature, then dry methanol (10 mL) was added via a syringe. 

The reaction mixture was stirred at room temperature for 5 h. The mixture was concentrated to a 

final volume of ~2-3 mL to form a viscous solution, then it was precipitated in diethyl ether 

twice (200 mL each) that had been chilled in a dry ice-isopropanol bath. The copolymer was 

filtered by suction, and dried at room temperature under vacuum overnight. A yellow solid was 

obtained. The product was dissolved in de-ionized water (10 mL) and the pH was adjusted to 7.4 

using a sodium hydroxide solution (1 N). The solution was transferred to dialysis tubing with a 

12-14k molecular weight cut off (MWCO) and was dialyzed against de-ionized water (4 L) for 

24 h. The water was changed after 12 h. The solution in the dialysis tubing was then transferred 

to a vial (20 mL) and freeze-dried for 2 d. The final product was a yellow fluffy solid (1.03 g, 

79%). The same procedure was used to deprotect poly(propyl ammonium bisphosphonate 

methacrylate)-g-poly(ethylene oxide) to afford poly(propyl ammonium bisphosphonic acid 

methacrylate)-g-poly(ethylene oxide) with the molar ratio of TMSBr to phosphonate ethyl esters 

being 4:1. The synthesis of the poly(hexyl ammonium bisphosphonic acid methacrylate)-g-

poly(ethylene oxide) is shown in Figure 3.7. 

  



 
 

42 
 

Figure 3.7 Synthesis of poly(hexyl ammonium bisphosphonic acid methacrylate)-g-poly 

 (ethylene oxide)  

3.8 Synthesis of poly(tert-butyl acrylate)-g-poly(ethylene oxide) 

        Acrylate-functional PEO (1.15 g, 0.23 mmol) was charged to a flame-dried, N2 purged 

Schlenk flask (25 mL) equipped with a magnetic stir bar. Freshly distilled tert-butyl acrylate (2.4 

mL, 16 mmol) was charged via a syringe. Anhydrous, N2 purged toluene (14 mL) was charged 

via a syringe to dissolve the reagents. The reaction mixture was purged with N2 for 30 min. 

AIBN was recrystallized in methanol at 40 ºC and dried under vacuum at room temperature 

overnight. The dry, recrystallized AIBN (190 mg, 0.9 mmol) was dissolved in anhydrous, N2 

purged toluene (5 mL) in a 20-mL vial. The AIBN solution (1 mL) was charged into the Schlenk 

flask via a syringe after purging with N2 for 30 min. Three freeze-pump-thaw procedures were 

applied to ensure the elimination of trace O2 in the reaction system. The reaction mixture was 

then placed into an oil bath at 70 ºC and stirred for 24 h. The reaction mixture was allowed to 

cool to room temperature, then precipitated twice by adding it into a 1:1 v:v mixture of cold 

hexane and diethyl ether (400 mL each time). The mixture was filtered by suction and washed 

with a 1:1 v:v mixture of cold hexane and diethyl ether. The filtrate was further dried under 

vacuum at room temperature overnight to afford poly(tert-butyl acrylate)-g-poly(ethylene oxide), 

which was a white solid (2.70 g, 83%). The synthesis of the poly(tert-butyl acrylate)-g-

poly(ethylene oxide) is shown in Figure 3.8. 
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Figure 3.8 Synthesis of poly(tert-butyl acrylate)-g-poly(ethylene oxide) 

3.9 Synthesis of poly(acrylic acid)-g-poly(ethylene oxide) 

        Dry poly(tert-butyl acrylate)-g-poly(ethylene oxide) (3.2 g) was charged to a flame-dried 

round bottom flask (250 mL) equipped with a magnetic stir bar and a rubber septum. Anhydrous, 

N2 purged dichloromethane (110 mL) was charged via a double-tipped cannula directly from the 

solvent bottle. The polymer was completely dissolved before adding trifluoroacetic acid (TFA, 

14 mL, 11 eq compared to tert-butyl groups). The reaction was carried out at room temperature 

for 24 h. The reaction mixture was concentrated by rotary evaporation to approximately 15 mL 

and precipitated in dry ice-isopropanol chilled hexane (200 mL) twice. The mixture was filtered 

by suction, and washed with cold hexane. The filtrate was further dried under vacuum at room 

temperature overnight. The obtained solid was then dissolved in de-ionized water and the pH 

was adjusted to 7.4. The solution was transferred to dialysis tubing with a 12-14k MWCO, and 

was dialyzed against de-ionized water (4 L) for 36 h. Water was changed every 12 h. The 

solution in the dialysis tubing was transferred to a 20-mL vial and freeze-dried for 2 d. The final 

product was a white solid (2.19 g, 77%). Figure 3.9 shows the synthesis of poly(acrylic acid)-g-

poly(ethylene oxide). 

 

 

Figure 3.9 Synthesis of poly(acrylic acid)-g-poly(ethylene oxide) 
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3.10 Synthesis of poly(tert-butyl acrylate)-b-poly(ethylene oxide) 

        Atom transfer radical polymerization (ATRP) was used to synthesize a diblock copolymer 

according to the method previously reported by Hou et al.
2
 A N2-purged Schlenk flask (50 mL) 

was equipped with a magnetic stir bar and a rubber septum. A macroPEO ATRP initiator (2 g, 

0.9 mmol) (Figure 3.10) was added. Freshly distilled tert-butyl acrylate (4.0 mL, 27.3 mmol) was 

charged into the flask via a syringe. Anhydrous, N2 purged toluene (7 mL) was charged via a 

syringe to dissolve the macroinitiator. The reaction mixture was purged with N2 for 30 min. 

N,N,N′,N′,N′′-Pentamethyldiethylenetriamine (PMDETA, 0.96 mL, 4.6 mmol) was charged to a 

separate 20-mL vial and anhydrous, N2 purged toluene (5 mL) was added. PMDETA solution 

(1.1 mL, 1.0 eq relative to the macroinitiator) was charged into the Schlenk flask via a syringe. 

Two freeze-pump-thaw procedures were applied to remove oxygen. Cuprous bromide (CuBr, 

0.198 g, 1.5 eq relative to the macroinitiator) was added quickly into the Schlenk flask under N2. 

Two additional freeze-pump-thaw procedures were applied. The Schlenk flask was then placed 

in an oil bath with the temperature set at 75 ºC, stirred and reacted for 14 h. The reaction mixture 

was cooled to room temperature, then dichloromethane (20 mL) was added to dilute the solution. 

The solution was passed through a column of neutral alumina to remove the copper catalyst. The 

solution was gravitationally filtered. The solvent was rotary evaporated and the remaining solid 

was dried under vacuum at 50 ºC for 24 h. The product was a white solid (4.73 g, 86%). The 

reaction is shown in Figure 3.10. 

 

Figure 3.10 Synthesis of poly(tert-butyl acrylate)-b-poly(ethylene oxide) 
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3.11 Synthesis of poly(acrylic acid)-b-poly(ethylene oxide)  

        Dry poly(tert-butyl acrylate)-b-poly(ethylene oxide) (1.5 g) was charged to a flame-dried 

round bottom flask (100 mL) equipped with a magnetic stir bar and a rubber septum. Anhydrous, 

N2 purged dichloromethane (40 mL) was charged via a double-tipped cannula directly from the 

solvent bottle. The polymer was completely dissolved before addition of TFA (5 mL, 5 eq 

relative to tert-butyl groups). The reaction was carried out at room temperature for 24 h. The 

reaction mixture was concentrated by rotary evaporation to ~10 mL, and precipitated in cold 

hexane (400 mL each). The precipitate was filtered by suction, and washed with cold hexane. 

The filtrate was dried under vacuum at room temperature overnight. The obtained solid was then 

dissolved in de-ionized water, and the pH was adjusted to 7.4. The solution was transferred to 

dialysis tubing with a 12-14k MWCO, and was dialyzed against de-ionized water (4 L) for 48 h. 

The water was changed every 12 h. The solution in the dialysis tubing was transferred to a 20 

mL-vial and freeze-dried for 2 d. The final product was a white solid (1.02 g, 82%). The reaction 

is shown in Figure 3.11. 

 

Figure 3.11 Synthesis of poly(acrylic acid)-b-poly(ethylene oxide) 

3.12 Synthesis of magnetite nanoparticles (16 and 8-nm diameter) 

        Magnetite nanoparticles (16 nm diameter) were synthesized by a known procedure
3
. It 

utilized thermal decomposition of an iron oleate precursor in trioctylamine as a high-boiling 

solvent. The synthesis consisted of two steps: (i) Synthesis of the iron oleate precursor and its 
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conversion to magnetite nanoparticles. Iron (III) chloride hexahydrate (6.50 g, 0.95 mmol) was 

dissolved in de-ionized water (24 mL) in a 250-mL beaker and was sonicated for 10 min. 

Sodium oleate (21.9 g, 71.9 mmol) was added and mixed with de-ionized water (12 mL), ethanol 

(48 mL) and hexane (84 mL). The mixture was placed in a 500-mL, three-neck, round-bottom 

flask equipped with a heating mantle and mechanical agitation (200 rpm) and purged with 

nitrogen for 5 min. The reactant mixture was heated to 70 ºC with a constant heating rate of 6.7 

ºC/min, then kept at 70 ºC for another 4 h. The iron-oleate complex, which stayed in the upper 

organic layer, was washed three times with de-ionized water (20 mL each) in a separatory funnel. 

The organic layer was collected, and the solvent was removed by rotary evaporation. The viscous 

product was further dried under vacuum at 70 ºC for 24 h. The iron-oleate precursor was 

obtained. 

        The magnetite nanoparticles (16 nm diameter) were prepared by mixing the iron oleate 

precursor (20.5 g, ~22.8 mmol) with oleic acid (3.3 g, 11.7 mmol) in trioctylamine (114 mL) and 

sonicating for 15 min. The mixture was then charged to a 500-mL, three-neck round-bottom 

flask equipped with a heating mantle and mechanical agitation (200 rpm) and purged with 

nitrogen for 30 min. The reaction mixture was heated to 350 ºC at a constant rate of 3.3 ºC/min 

and kept at 350 ºC for 30 min. The reaction mixture was subsequently cooled to room 

temperature and precipitated in cold ethanol (250 mL). The mixture was placed in centrifuge 

tubes and centrifuged at 7500 rpm for 15 min. The liquid was decanted and the oleic acid-coated 

magnetite nanoparticles were recovered from the centrifuge tubes. The magnetite nanoparticles 

were dried by purging with N2 overnight at room temperature. A black solid was obtained.   

        Magnetite nanoparticles (8 nm diameter) were synthesized using a procedure adapted from 

Pinna et al. and previously used in our group.
4
 Benzyl alcohol was used to reduce Fe(acac)3 to 
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magnetite nanoparticles. Fe(acac)3 (2.14 g, 8.4 mmol) and benzyl alcohol (45 mL, 0.43 mol) 

were charged to a 250-mL, three-neck, round-bottom flask equipped with a water condenser and 

placed in a Belmont metal bath with an overhead mechanical stirrer with thermostatic control (±1 

ºC). The mixture was purged with N2 at 110 ºC for 1 h to remove trace water. The temperature 

was increased in 25 ºC increments and reacted at each temperature for 1 h until 205 ºC (boiling 

temperature of benzyl alcohol). The reaction was vigorously stirred at 205 ºC for 40 h. The 

reaction was subsequently cooled to room temperature and the magnetite was collected by 

centrifugation at 4k rpm for 30 min. The nanoparticles were washed with acetone 3 times (100 

mL each), then were dispersed in anhydrous chloroform (20 mL) containing oleic acid (0.3 g). 

The solvent was removed by rotary evaporation at room temperature to afford the crude oleic-

acid coated magnetite. The nanoparticles were further washed with acetone (50 mL each) 3 times 

to remove unbound oleic acid. The magnetite nanoparticles were dried by purging with N2 

overnight at room temperature. A black solid was obtained.   

3.13 Synthesis of hexyl bisphosphonate MGICs 16: magnetite (16-nm diameter)-poly(hexyl 

ammonium bisphosphonic acid methacrylate)-g-poly(ethylene oxide) complexes         

        The synthesis of the magnetite (16-nm diameter)-poly(hexyl ammonium bisphosphonic acid 

methacrylate)-g-poly(ethylene oxide) complexes utilized a similar procedure
4
 previously 

reported by our group to synthesize the complexes with 8-nm diameter magnetite. The oleic 

acid-coated magnetite nanoparticles (50 mg, 16 nm) were dispersed in anhydrous chloroform (5 

mL) in a 20-mL vial. The mixture was sonicated for 10 min. Meanwhile, 60:40 wt:wt poly(hexyl 

ammonium bisphosphonic acid methacrylate)-g-PEO (100 mg) was charged into a separate vial 

equipped with a magnetic stir bar. Anhydrous DMF (5 mL) was charged to dissolve the polymer, 

and the mixture was sonicated for 10 min. The magnetite dispersion was added dropwise into the 
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polymer solution while sonicating, followed by purging with N2 for 5 min. The reaction mixture 

was further sonicated for 4 h, and the water in the sonicator was changed every 30 min. The 

mixture was stirred at room temperature for 48 h. The mixture was then precipitated into hexane 

(20 mL) five times. A permanent magnet was placed under the vial to attract the complex while 

the supernatant was decanted to remove any solvent, free oleic acid, and other residues. The 

remaining solid was washed with diethyl ether (20 mL) three times, and the supernatant was also 

decanted. The nanoparticles were dried by purging with N2 for 2 h, then were dispersed in de-

ionized water (10 mL) and the pH was adjusted to 7.4. The dispersion was sonicated for 20 min. 

It was transferred to dialysis tubing with a 12-14k MWCO, and dialyzed against de-ionized 

water (4 L) for 24 h. Finally the magnetite-polymer complexes, termed MGICs 16, were 

recovered by freeze-drying for 2 d. The final product was a brown fluffy solid. The synthesis for 

the magnetite-phosphonate graft ionomer complexes is shown as Figure 3.12. 

 

Figure 3.12 Synthesis of magnetite-phosphonate graft ionomer complexes  
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3.14 Synthesis of propyl bisphosphonate MGICs 16: magnetite (16-nm diameter)-

poly(propyl ammonium bisphosphonic acid methacrylate)-g-poly(ethylene oxide) 

complexes   

        The synthesis of the magnetite (16-nm diameter)-poly(propyl ammonium bisphosphonic 

acid methacrylate)-g-poly(ethylene oxide) utilized the same procedure as the synthesis of the 

magnetite-poly(hexyl ammonium bisphosphonic acid methacrylate)-g-poly(ethylene oxide). The 

only difference was that the polymer reactant was a 60:40 wt:wt poly(propyl ammonium 

bisphosphonic acid methacrylate)-g-PEO (100 mg). The final product was a brown fluffy solid. 

3.15 Synthesis of MGICs 16 carboxylate: magnetite (16-nm diameter)-poly(acrylic acid)-g-

poly(ethylene oxide) complexes  

        The synthesis of the magnetite (16-nm diameter)-poly(acrylic acid)-g-poly(ethylene oxide) 

utilized the same procedure as the synthesis of the magnetite-poly(hexyl ammonium 

bisphosphonic acid methacrylate)-g-poly(ethylene oxide). The only difference was that the 

polymer reactant was a 50:50 wt:wt poly(acrylic acid)-g-PEO (100 mg). The final product was a 

brown fluffy solid. 

3.16 Synthesis of MBICs 16 (or 8) carboxylate: magnetite (16- or 8-nm diameter)-

poly(acrylic acid)-b-poly(ethylene oxide) complexes  

        The synthesis of the magnetite (16- or 8-nm diameter)-poly(acrylic acid)-b-poly(ethylene 

oxide) utilized the same procedure as the synthesis of the magnetite-poly(hexyl ammonium 

bisphosphonic acid methacrylate)-g-poly(ethylene oxide). The only difference was that the 

polymer reactant was a 7k:2k poly(acrylic acid)-b-PEO (100 mg). The final product was a brown 

fluffy solid. The synthesis for the magnetite-block ionomer complexes is shown as Figure 3.13. 
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Figure 3.13 Synthesis of magnetite-block ionomer complexes  

3.17 Synthesis of MBICs 16 (or 8) PAA-b-P85-b-PAA: magnetite (16- or 8-nm diameter)-

P85-b-poly(acrylic acid) complexes 

        The synthesis of the magnetite (16- or 8-nm diameter)-PAA-b-P85-b-PAA complexes 

utilized the same procedure as the synthesis of the magnetite-poly(hexyl ammonium 

bisphosphonic acid methacrylate)-g-poly(ethylene oxide). The only difference was that the 

polymer reactant was PAA23-b-P85-b-PAA23 (100 mg). The composition of P85 is nominally 

PEO27-b-PPO39-b-PEO27. The final product was a brown solid. 

3.18 Cisplatin loading into hexyl bisphosphonate MGICs 16  

        Hexyl bisphosphonate MGICs 16 (50 mg) was dissolved in de-ionized water (4.5 mL) in a 

20-mL vial equipped with a magnetic stir bar. The dispersion was sonicated for 5 min. Cisplatin 

(20.1 mg) was charged into a separate vial, and dimethyl sulfoxide (DMSO, 0.5 mL) was 

charged to dissolve the cisplatin, and this was followed by sonication for 5 min. The cisplatin 

solution was added dropwise into the MGICs 16 dispersion while sonicating, and the mixture 
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was sonicated for 5 min. The mixture was stirred at room temperature for 12 h. The mixture was 

transferred to a centrifuge membrane unit with a 10k MWCO and was centrifuged at 5k rpm for 

1 h. The particles were collected from the membrane, dispersed with de-ionized water (10 mL), 

and transferred to a 20-mL vial. The dispersion was freeze-dried for 2 d. The cisplatin-loaded 

hexyl bisphosphonate MGICs 16 was a brown fluffy solid (55.7 mg, 85.2%). 

3.19 Carboplatin loading into hexyl bisphosphonate MGICs 16  

        Hexyl bisphosphonate MGICs 16 (50 mg) was dissolved in phosphate buffer (0.01 N, 5 mL) 

in a 20-mL vial equipped with a magnetic stir bar and sonication was applied for 5 min. 

Carboplatin (30.7 mg) was charged into a separate vial, and phosphate buffer (0.01 N, 5 mL) was 

charged to dissolve carboplatin, followed by sonication for 5 min. The carboplatin solution was 

added dropwise into the MGICs 16 solution while sonicating, and the mixture was sonicated for 

5 min. The mixture was stirred at room temperature for 24 h. The work-up procedures remained 

the same as with the cisplatin loading procedures. The carboplatin-loaded hexyl bisphosphonate 

MGICs 16 was a brown fluffy solid (67.8 mg, 84.0%). The synthetic scheme for cisplatin and 

carboplatin loading is shown as Figure 3.14. 

 

Figure 3.14 Cisplatin (carboplatin) loading into MGICs 16 
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3.20 Transverse relaxivity measurements 

        Transverse relaxivity measurements were performed for the MGICs and MBICs 16 with 

different polymer compositions. The hexyl bisphosphonate MGICs 16, MBICs 16 or the 16-nm 

magnetite-PAAP85PAA complex (2.5 mg) was charged to a 20-mL vial. De-ionized water (10 

mL) was added to disperse the complex and the mixture was sonicated for 3 min. The dispersion 

(0.25 mg/mL, 3.2 mL) was added to de-ionized water (4.8 mL) to make the dispersion (0.1 

mg/mL) for the experiments. The dispersion (0.1 mg/mL, 3.2 mL) was added to de-ionized water 

(0.8 mL) to form the dispersion (0.08 mg/mL). Dispersions of 0.04 mg/mL, 0.02 mg/mL and 

0.01 mg/mL was prepared by mixing the former dispersions (2 mL) with de-ionized water (2 

mL). All of the dispersions were sonicated for 3 min. Each dispersion (0.5 mL) was charged into 

a 7.5 mm NMR tube via an automatic pipet. The experiments were performed in a Bruker 

Minispec MQ-60 NMR Analyzer. The magnetic field was set at 1.4 Tesla (equivalent to a larmor 

frequency of 60 MHz), and the temperature was set at 37 ºC, simulating physiological 

temperature with a clinical magnetic field strength. The samples were equilibrated for 15 min 

before the measurements. The transverse relaxation times were measured. The relaxivities (r2) 

were then calculated from the least-squares fit of the relaxation rate (1/T2, R2) as a function of 

the concentration of iron (mM Fe). Each dispersions (1 mL) was charged to a 20-mL vial and 

concentrated nitric acid (4 mL) was added. The vials were sealed by parafilm and shaked 

vigorously for 72 h. Each solution (1 mL) was diluted with de-ionized water (9 mL) and was 

submitted for ICP-AES to measure the concentrations of irons. This was done in triplicate and 

the averages were reported. 

        The transverse relaxivities of the cisplatin and carboplatin-loaded hexyl bisphosphonate 

MGICs 16 were also measured. The sample preparation, experimental apparatus and 
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experimental conditions were the same as described in the aforementioned measurements for 

MGICs and MBICs 16 without drugs. 

3.21 Cisplatin (carboplatin) release study from the cisplatin (carboplatin)-loaded hexyl 

bisphosphonate MGICs 16 

        To determine the release of cisplatin (carboplatin) from the drug-loaded hexyl 

bisphosphonate MGICs 16, a drug release study was performed at 37
 
ºC for 24 h. Acetate buffer 

solution (ABS, pH 4.6) was used to simulate the endosomal environment and phosphate buffered 

saline (PBS, pH 7.4) was used to mimic physiological conditions. ABS or PBS (150 mL) was 

charged into a 250-mL beaker equipped with a magnetic stir bar. The solution was heated to 37 

ºC for 1 h. A dialysis cassette with a 4k MWCO was hydrated with de-ionized water then ABS 

(or PBS). Meanwhile, cisplatin (carboplatin)-loaded hexyl bisphosphonate MGICs 16 (20 mg), or 

cisplatin (carboplatin) were dispersed in ABS or PBS (5 mL each). The dispersion was sonicated 

for 1 min. The dispersions (3 mL) were charged into the dialysis cassette. The remaining 

dispersion (1 mL) was charged into another vial, followed by dilution with ABS or PBS (9 mL), 

and was submitted for ICP-AES measurement of the wt% of Pt. The cassette was placed into the 

beaker equipped with a stir bar and with either ABS or PBS. The beakers were sealed with 

Parafilm to avoid evaporation of the liquid. The beakers were stirred at 37 ºC for 24 h. At 0 h, 1 

h, 3 h, 6 h, 9 h, 12 h, 18 h, and 24 h, the beakers were shaken vigorously by hand, and the 

reception media were flushed with a syringe a few times. The solutions from the reception media 

(10 mL) were charged into separate vials. At each time point, fresh ABS or PBS (10 mL) was 

replenished to maintain constant volume in the reception media. All of the samples of reception 

media in the vials were submitted for ICP-AES measurements for the wt% of Pt.  
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Chapter 4: Results and Discussion 

4.1 Synthesis and characterization of monomers 

4.1.1 Synthesis and characterization of an acrylate-functional poly(ethylene oxide) 

macromonomer     

        An acrylate-functional PEO macromonomer was synthesized by acylating a commercial 

poly(ethylene oxide) monomethyl ether (~5000 g mol
-1

) with acryloyl chloride by a previously 

reported method.
1
 Since acryloyl chloride is moisture sensitive, the solid PEO was dried under 

vacuum overnight at 50 ºC prior to the acylation. The reaction flask was flame dried and filled 

with N2. The anhydrous solvent was also purged with N2 before use. Acryloyl chloride was 

freshly distilled. Acryloyl chloride was added to the reaction flask at 0
 
ºC to avoid heat 

generation and accumulation in the reaction mixture. Triethylamine and acryloyl chloride were 

used in excess to maximize the conversion of PEO. After stirring at room temperature for 48 

hours, the reaction mixture was diluted with dichloromethane. Dilute aqueous NaOH was added 

to the reaction mixture to neutralize any remaining acryloyl chloride and acid, and to extract all 

of the water soluble components into the aqueous layer. Excess triethylamine and its salts were 

also removed from the organic layer by washing with de-ionized water several times. The 

organic layer was dried over sodium sulfate, filtered and subsequently concentrated by rotary 

evaporation. The product was recovered by precipitation in chilled hexane followed by vacuum 

filtration, and dried in vacuo at room temperature. This effectively removed solvent residue, and 

afforded dry acrylate-functional PEO macromonomer. The 
1
H NMR spectrum (Figure 4.1)  

indicated the formation of the acrylate-functional PEO macromonomer. However, based on 

integrations, the conversion was not 100%. There was unreacted poly(ethylene oxide) which was 

not acrylate-functionalized in the product.  
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Figure 4.1 
1
H NMR spectrum of the acrylate-functional PEO macromonomer   

4.1.2 Synthesis and characterization of hexyl (or propyl) ammonium bisphosphonate 

methacrylate monomer 

  The bisphosphonate monomers were prepared in two steps. Hydroxyhexyl (or 

hydroxypropyl) ammonium bisphosphonate ester, which was the precursor of the ammonium 

bisphosphonate methacrylate monomer, was synthesized in the first step. The synthesis utilized a 

double aza-Michael addition reaction previously utilized by our group.
1
 The amine groups in 

either 3-amino-1-propanol or 6-amino-1-hexanol reacted with two moles of bisdiethyl-

phosphonate. The reaction was carried out in de-ionized water at 60 ºC, which is a mild and 

environmentally-friendly technique. The bisdiethylphosphonate was used slightly in excess (2.05 

eq) to maximize the conversion of the aminoalcohol. After the reaction, the product was 

ppm 

DCM 
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extracted with dichloromethane to transfer it into the organic layer. The organic layer was dried 

over sodium sulfate, filtered by suction, and dried under vacuum overnight to afford a dry 

viscous liquid, which was hydroxyhexyl (or hydroxypropyl) ammonium bisphosphonate ester. 

        The hexyl (or propyl) ammonium bisphosphonate methacrylate monomer was synthesized 

by acylation of the hydroxyhexyl (or hydroxypropyl) ammonium bisphosphonate ester with 

methacryloyl chloride. A previous study by our group
1
 indicated that bisphosphonate 

methacrylate monomers were required to form random copolymers with the acrylate-functional 

PEO macromonomer in free radical reactions. It was found that an acrylate-functional 

phosphonate monomer reacted too slowly to become homogeneously incorporated in the graft 

copolymers and the methacrylate phosphonate had higher reactivity. Therefore methacryloyl 

chloride instead of acryloyl chloride was used for the acylation reaction. Methacryloyl chloride is 

moisture sensitive, so the reaction was conducted under anhydrous conditions. The reaction 

conditions and workup procedures were similar to the synthesis of the acrylate-functional 

poly(ethylene oxide) macromonomer. The monomer product, hexyl (or propyl) ammonium 

bisphosphonate methacrylate, was a viscous yellow liquid. It was diluted with dry methylene 

chloride and stored in a refrigerator. The 
1
H NMR spectrum (Figure 4.2) confirmed that the 

product was hexyl (or propyl) ammonium bisphosphonate methacrylate. Figure 4.3 shows the 

synthetic scheme for the monomers.  
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4.2 Synthesis and characterization of the copolymers 

4.2.1 Synthesis and characterization of poly(hexyl ammonium bisphosphonate 

methacrylate)-g-poly(ethylene oxide)  

        Free radical polymerization was utilized to synthesize poly(hexyl ammonium 

bisphosphonate methacrylate)-g-poly(ethylene oxide) with the acrylate-functional PEO 

macromonomer and the hexyl ammonium bisphosphonate methacrylate monomer.
1
 Since free 

radical polymerization is inhibited by oxygen, three freeze-pump-thaw procedures were applied. 

 

Figure 4.2 
1
H NMR spectrum of the hexyl ammonium bisphosphonate methacrylate monomer 

After the free radical copolymerization, the graft copolymer was recovered by precipitation in a 

chilled mixture of hexane and diethyl ether. A poly(hexyl ammonium bisphosphonate 

methacrylate)-g-poly(ethylene oxide) powder was obtained. The synthesis of poly(propyl 

ppm 



 
 

59 
 

ammonium bisphosphonate methacrylate)-g-poly(ethylene oxide) was performed with the same 

procedures. The 
1
H and 

31
P NMR spectra of poly(hexyl ammonium bisphosphonate 

methacrylate)-g-poly(ethylene oxide) showed the compositions of the recovered graft 

copolymers. Based on the 
1
H NMR integrals, the graft copolymer contained approximately 60:40 

wt:wt of poly(hexyl ammonium bisphosphonate methacrylate):PEO, in near agreement with the 

charged 63:37 wt:wt ratio. The 
1
H and 

31
P NMR spectra are shown in Figures 4.4 and 4.5, 

respectively. 
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Figure 4.3 Synthesis of the acrylate-functional PEO macromonomer and the hexyl ammonium 

bisphosphonate methacrylate monomer 

4.2.2 Deprotection of the graft copolymers to form poly(hexyl ammonium bisphosphonic 

acid methacrylate)-g-poly(ethylene oxide)  

        In order to generate the ionic segment which was needed to bind metals and metal oxides to 

form complexes, it was of paramount importance to selectively transform the phosphonate ester 

groups to phosphonic acids without affecting the carboxylic ester bonds. Excess 

bromotrimethylsilane (TMSBr) in dry dichloromethane was used to selectively remove the 

bisphosphonate ester groups. This generated trimethylsilyl phosphonates, which were later 

reacted with methanol to remove the trimethylsilyl group and form the crude poly(hexyl 

ammonium bisphosphonic acid methacrylate)-g-poly(ethylene oxide).
1
 The crude product was 

precipitated in chilled diethyl ether twice. The solid copolymer was dissolved in de-ionized water 

to afford a clear solution. The pH was adjusted to 7.4, and the solution was dialyzed against de-

ionized water to remove any residual monomers and low molecular weight impurities. The 

polymer was recovered by freeze-drying to avoid any hydrolysis of the esters that might be 

caused by drying at an elevated temperature. The same synthetic approach was used to 

synthesize poly(propyl ammonium bisphosphonic acid methacrylate)-g-poly(ethylene oxide).  

        The 
1
H and 

31
P NMR spectra of the graft copolymers are shown in Figures 4.4 and 4.5, 

respectively. A comparison of the 
1
H and 

31
P NMR spectra between the graft copolymers before 

and after hydrolysis demonstrated that selective removal of the phosphonate ester groups with 

minimal effects on the carboxylic esters had been achieved. This was confirmed by the integrals 

of the ester methylene group adjacent to both the carboxylic ester and the phosphonate ethyl 

esters in the 
1
H NMR spectra that represented 10 H per phosphonate monomer unit before 
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hydrolysis (Figure 4.4, top). After selective hydrolysis, only 2 H remained due to the carboxylic 

ester methylene (Figure 4.4, bottom). The protons on the methyl groups of the phosphonate 

esters were also completely gone after hydrolysis (Peak i at ~1.2 ppm). In the 
31

P NMR spectra 

(Figure 4.5), the single phosphorus resonance shifted from 31 to 16 ppm, which was in good 

agreement with our previous study with polymer end groups.
2
 Both the 

1
H and 

31
P NMR 

spectroscopies indicated that the phosphonate ester groups had been transformed to phosphonic 

acids, without breaking the carboxylic esters.  

 

Figure 4.4 
1
H NMR spectra of poly(propyl ammonium bisphosphonate methacrylate)-g-

poly(ethylene oxide) (top) and poly(propyl ammonium bisphosphonic acid methacrylate)-g-

poly(ethylene oxide) (bottom) 

ppm 
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4.3 Synthesis and characterization of magnetite-block and graft ionomer complexes 

(MBICs and MGICs) 

4.3.1 Complexes of magnetite-block ionomer complexes (MBICs) and magnetite-graft 

ionomer complexes (MGICs) with 8-nm and 16-nm diameter magnetite particles 

        The primary research interest in our group is on developing novel metal oxide-copolymer 

complexes as drug carriers for dual magnetic resonance imaging and drug delivery. For some 

cases, stimuli-responsive functions are also desirable.  Magnetite-block ionomer complexes with 

 an average diameter for the magnetite being 8 nm and with various block copolymer  

compositions have been previously reported by our group.
3
 Those complexes displayed good 

colloidal stability in PBS and good size distributions. They also showed good transverse 

relaxivities compared to commercial iron oxide-based contrast agents such as Feridex
®

. Their 

capabilities to encapsulate and release drugs or antibiotics were also investigated. They may be 

promising candidates as dual drug delivery carriers and MRI contrast agents. However, it was 

found that the complexes containing the 8-nm diameter magnetite did not generate heat when 

exposed to an alternating current (AC) magnetic field.
4
 It was found that some 16-nm diameter 

magnetite nanoparticles synthesized by our collaborators (Rinaldi et al. at the University of 

Florida) generated heat upon exposure to AC magnetic fields in the kHz frequency range. We 

initially used the 16-nm magnetite to synthesize the magnetite-poly(ethylene oxide)-g-

poly(acrylic acid) complexes. Preliminary results suggested that the particles heated when they 

were exposed to the AC magnetic field. We envisioned that all the MBICs and the MGICs with 

such 16-nm magnetite could generate heat under select conditions, thus potentially allowing for 

triggered drug release. In this study, both 8-nm and 16-nm magnetite were used to form 

magnetite-polymer complexes. 
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Figure 4.5 
31

P NMR spectra of poly(propyl ammonium bisphosphonate methacrylate)-g-

poly(ethylene oxide) (top) and poly(propyl ammonium bisphosphonic acid methacrylate)-g-

poly(ethylene oxide) (bottom) 

ppm 
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        The polymers that were used to synthesize the complexes have included poly(acrylic acid)-

b-poly(ethylene oxide), poly(acrylic acid)-g-poly(ethylene oxide), poly(hexyl ammonium 

bisphosphonic acid methacrylate)-g-poly(ethylene oxide), poly(propyl ammonium bisphosphonic 

acid methacrylate)-g-poly(ethylene oxide) and poly(acrylic acid)-b-poly(Pluronic P85)-b-

poly(acrylic acid). The first four polymers have been reported by our group to form either 

magnetite or manganese (II) complexes.
3,5,6

 The last polymer is a pentablock copolymer 

nominally comprised of poly(acrylic acid)-b-poly(ethylene oxide)-b-poly(propylene oxide)-b-

poly(ethylene oxide)-b-poly(acrylic acid). The Pluronic P85 contains mostly poly(ethylene 

oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide), which is amphiphilic. There are an 

average of ~39 repeat units of poly(propylene oxide) in the center with an average of ~27 repeat 

units of poly(ethylene oxide) on each side. Kabanov et al. 
7-10

 has reported that complexes 

containing P85 can interact with cell membranes. Complexes that contain this polymer can 

effectively enter tumor cells, cross the blood-brain barrier, sensitize multi-drug resistant tumor 

cells, significantly increasing the cytotoxicity of drugs such as doxorubicin. This has resulted in 

eradification of tumor cells in vitro and in vivo. We hypothesized that magnetite-ionomer 

complexes that contain this triblock copolymer as a part of the dispersant may function as drug 

carriers that are capable of delivering therapeutic agents across the blood-brain barrier and into 

tumor cells. Moreover, we also hypothesize that MRI can be used to track the location of the 

complexes. 

        Ligand adsorption was utilized to graft a portion of either carboxylate or phosphonate 

groups onto oleic acid-coated 8- and 16-nm diameter magnetite surfaces to form nanoscale 

complexes with the magnetite particles and the copolymers. The process requires homogeneous 

dispersion of the ionomers and the magnetite in organic solvents (not water) so that the ionic 
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copolymers can adsorb onto the magnetite without significant repulsion of the anionic charges in 

the copolymer. It was found that the same conditions that were previously used to form the 

complexes with the 8-nm diameter magnetite could also be used with the 16-nm particles. The 

copolymers are readily soluble in DMF, while the oleic acid-coated magnetite is dispersible in 

chloroform. A mixed solvent system of 1:1 v:v DMF:chloroform was used for the adsorption 

step. Magnetite was dispersed in anhydrous chloroform, then was sonicated for 10 minutes to 

achieve a good dispersion. The block or graft copolymer was dissolved in an equal amount of 

anhydrous DMF, and was sonicated for 10 minutes to form a homogeneous solution. The 

magnetite dispersion was added dropwise into the polymer solution while sonicating. The 

mixture was purged with N2 for 5 minutes after the addition and then sealed with a septum to 

avoid potential oxidation of the magnetite. It was necessary to continue sonicating the dispersion 

for another 4 hours to prevent the complexes from forming large aggregates. It is hypothesized 

that the prolonged time of sonication allows for good adsorption of the anions on the polymer 

onto the surface of the magnetite. In order to maintain a low temperature during sonication the 

water bath in the sonicator was exchanged every 30 minutes with cold water. After sonication, 

the dispersion was stirred at ambient temperature for 48 hours to allow the polymers to fully 

adsorb onto the magnetite, then the complexes were precipitated in hexane multiple times. This 

effectively removed any unbound oleic acid since hexane is a non-solvent for the complex but a                                                                                                                                              

good solvent for free oleic acid.
3
 Diethyl ether was used to wash the coated nanoparticles. A 

permanent magnet was placed under the vial to attract the magnetite-ionomer complexes so that 

the supernatant could be decanted, then the nanoparticles were purged with N2 for 2 hours to 

remove the volatile ether non-solvent. In order to purify the complexes, the nanoparticles were 

dispersed in de-ionized water, and the pH was adjusted to 7.4. This transformed at least most of 
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the caboxylate or phosphonate groups into their anionic form, and potentially increased the 

adhesion of the polymer on the magnetite surface. Sonication was applied for 20 minutes to fully 

disperse the nanoparticles in the water, and to break possible nanoparticle aggregates. The 

dispersion was transferred to dialysis tubing with a 12-14k MWCO, and was dialyzed against de-

ionized water for 24 hours to remove low molecular weight unbound impurities. The 

nanoparticle complexes were freeze-dried to afford a fluffy brown to black solid. This drying 

procedure avoided any agglomeration of the nanoparticles that might have been introduced by 

heating. It should be noted that when nanoparticles are heated, this often forms aggregates that 

cannot be easily re-dispersed.  

4.3.2 Physicochemical properties of the MBICs and MGICs 

        The hydrodynamic sizes of the coated nanoparticles were measured by dynamic light 

scattering, and their charge characteristics were examined with zeta potential measurements. All 

the measurements were performed in triplicate and the averages are reported (Table 4.1). The 

TEM images of the oleic acid-coated, 8-nm and 16-nm diameter magnetite were obtained (Figure 

4.6). 

        It was found that the magnetite-ionomer complexes with 16 nm-diameter magnetite were 

larger compared to those with 8 nm magnetite. For example, entries 1 and 2 in Table 4.1 show 

that complexes with the same polymer but with an average of 8, then 16-nm diameter magnetite 

particles had hydrodynamic diameters of 34 and 102 nm respectively. It was also found that the 

sizes of the complexes with the block (MBICs 16) and graft (MGICs 16) copolymers were within 

the same range. Both types of complexes had low PDIs as measured by dynamic light scattering, 

which means that the sizes of these nano-complexes were relatively uniform. This eliminated the 

concern that the MGICs 16 (i.e., with graft copolymers) would not form complexes with 
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desirable sizes and PDIs that were as uniform as with MBICs 16 (with block copolymers made in 

controlled free radical polymerizations). It is hypothesized that there was some aggregation of 

the 16-nm diameter magnetite prior to applying the polymer coating, and that such small 

aggregates contributed to the sizes of the complexes. Both the complexes with the 8-nm and 16-

nm magnetite using PAA-b-P85-b-PAA as the ionomer (see entries 3 and 4 in Table 4.1) 

appeared somewhat aggregated, and it is recommended that this aspect be explored further. This 

may be a result of the poly(propylene oxide) in the central block being slightly too hydrophobic 

to obtain better dispersions in water. 

        The zeta potentials of all the MGICs 16 were quite negative, indicating that large amounts 

of anions still existed (Table 4.1). The remainder of the anions, either carboxylate or 

phosphonate groups, provided binding sites for charged or metal-containing drugs such as 

doxorubicin and cisplatin. The similar sizes, size distributions and zeta potentials between the 

MBICs and MGICs leads to the conclusion that graft ionic copolymers can be used as substitutes 

for block ionomers to form complexes with magnetite with suitable size ranges, PDIs and zeta 

potentials. This could be an advantage. The graft copolymers were prepared by conventional 

thermally-initiated free radical polymerization, followed by selectively hydrolysis. The block 

copolymers were synthesized via controlled atom transfer radical polymerization (ATRP). First 

and foremost, no copper catalysts were employed in the free radical graft copolymerizations, 

thus preventing any possible copper contamination in the complex which is cytotoxic and not 

safe for use in vivo.
11

 Also, free radical polymerization does not require difficult synthesis, 

separation, and purification of polymers. Therefore it is ideal for industrial and large-scale 

production. Thus, such complexes made with the graft copolymers might be potentially useful as 

drug carriers for biomedical applications.  
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Figure 4.6 TEM images of oleic acid-coated 8-nm and 16-nm diameter magnetite.  

4.3.3 Hydrodynamic stability of the complexes in simulated physiological media  

        Colloidal (hydrodynamic) stability under physiological conditions is one of the most 

important factors in considering the potential biological applications of nanomaterials.
12

 In order 

to evaluate the potential of MGICs 16 for drug delivery purposes, it is of vital importance that 

MGICs 16 be hydrolytically and hydrodynamically stable in de-ionized water as well as in 

physiological conditions. The hydrodynamic sizes were monitored by DLS in PBS at pH 7.4 and 

37 ºC over 24 hours (Figure 4.7). Based on these tests on several MGICs 16 complexes with 

different polymer compositions, all of the complexes had stable sizes. This also suggests that the 

adhesion between the polymers and the magnetite surfaces was sufficient for the polymers to 

remain stably bound. Our prior experience has shown that if the polymer begins to desorb from 

the nanoparticle surface, it leads to aggregation over time and eventually to sedimentation of the 

metal or metal oxides.
2,13

 The good stability of the MGICs 16 colloidal dispersions suggests they 

are as good candidates for potential drug delivery applications.  
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Table 4.1 Compositions, sizes, PDIs, and zeta potentials of the MBICs and MGICs  

4.4 Synthesis and characterization of cisplatin (carboplatin)-loaded MGICs 16  

4.4.1 Cisplatin (carboplatin)-loading into MGICs 16 

        Cis-Dichlorodiammineplatinum (II) (cisplatin, CPT) and cis-diammine (cyclobutane-1,1- 

dicarboxylate-O,O’)platinum (II) (carboplatin, CAPT) are well-known platinum anti-cancer 

drugs. Cisplatin is one the first generation of platinum drugs that remains one of the top choices 

for treatments of numerous malignant tumors including breast and prostate cancer.
14

 However, it 

has poor water solubility and low selectivity towards tumor cells. It causes severe side effects 

such as acute nephrotoxicity and chronic neurotoxicity.
15

 Carboplatin, a cisplatin analogue, 

belongs to the second generation cancer drugs and has better water solubility and less toxicity 

effects, thus allowing for administration of higher dosages. Carboplatin is now widely used to 

treat ovarian cancer.
16

 Encapsulating these platinum drugs into the MGICs 16 nano-carriers 

could solve the problem of low water solubility for cisplatin. It is hypothesized that this may also 
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Figure 4.7 Stability tests in PBS for 24 hours for the MGICs 16 

lead to higher drug efficacy, longer drug circulation time, less side effects and possibly less drug-

resistance buildup for the tumor cells. 

        It is hypothesized that the chloride ligands in cisplatin can be substituted by a variety of 

reactive groups such as carboxylates and phosphonates.
3,6

 The cisplatin and carboplatin drug 

loading into the magnetite-graft ionomer complexes utilized a similar procedure
6
 to that 

employed for synthesis of manganese (II)-graft ionomer complexes by our group. The cisplatin 

loading used a mixed solvent of 9:1 de-ionized water:DMSO by dissolving the drug in DMSO 

and dispersing the magnetite-graft ionomer complex in water (due to the poor water solubility of 

the drug). An unsuccessful attempt to load the cisplatin in only water as the reaction medium was 

made. Carboplatin has good water solubility and thus the loading process was performed in 

complete aqueous media. It is noteworthy that the cyclobutanedicarboxylate ligand binds to the 

platinum more strongly than individual chlorides. Therefore, a much lower ligand exchange was 

expected. In order to achieve relatively high drug loading of carboplatin, longer reaction times 

compared to those used for cisplatin were required. The free drug was removed by centrifugation 

of the dispersions through a membrane cassette. The cisplatin (carboplatin)-loaded MGICs 16 
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were re-dispersed in de-ionized water to remove them from the membrane unit and recovered by 

freeze-drying. This drying procedure was necessary to avoid drug release and any agglomeration 

of the nanoparticles that might have been introduced by heating. A brown to black solid was 

obtained. 

  

Table 4.2 Intensity average diameters, PDIs, zeta potentials, wt% of Fe3O4 (Pt) and transverse 

relaxivities (r2) for drug-free and cisplatin (carboplatin)-loaded hexyl bisphosphonate MGICs 16  

4.4.2   Physicochemical properties of drug loaded MGICs 16 

        It is important to evaluate the physicochemical properties of the drug-MGICs 16 complexes, 

and compare them with the drug-free MGICs 16. The sizes, PDIs and zeta potentials of the 

cisplatin (carboplatin)-loaded hexyl bisphosphonate MGICs 16 were measured (Table 4.2). It 

was found that the sizes of the complexes increased slightly after drug loading. The size 

distributions (PDIs) remained unchanged after drug loading, signaling that the drug had not 

disrupted the colloidal stability of the complexes. Zeta potentials decreased slightly, indicating 

that a portion of the remaining anions on the polymers had been sequestered into the cores of the 
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complexes. These results are in good agreement with our previous studies on drug-loaded 

complexes.
3,5,6

 Such results suggested that drug loading into the hexyl bisphosphonate MGICs 16 

complexes were successful.  

4.4.3 Transverse (T2-weighted) relaxivitities of MGICs 16 before and after drug loading 

        Magnetite nanoparticles have been demonstrated to be versatile MRI contrast agents.
17,18

 In 

order to evaluate the potential for MRI applications with the MGICs/MBICs 16, the proton 

transverse (T2’s) relaxivities were measured at physiological temperature and a magnetic field 

strength of 1.4 Tesla (corresponding to a proton Larmor frequency of 60 MHz). This corresponds 

to a common clinical field strength. There are two types of NMR relaxations which generate 

magnetic resonance images: longitudinal relaxation (T1-recovery) and transverse relaxation (T2-

decay). When magnetic nanoparticles such as magnetite are delivered in tissues, contrast 

enhancement is generated by shortening of both types of relaxations of surrounding protons. 

While MRI contrast agents affect both T1 and T2, magnetite nanoparticles are typically 

categorized as T2 contrast agents by applying T2 weighted pulse sequences.
19

 T2 contrast agents 

decrease signal intensity, thus creating negative (dark) contrast enhancements in T2-weighted 

images.
20

 T2 is caused by large susceptibility differences between the particles and the 

surrounding medium, i.e., diffusion of protons leads to dephasing of its magnetic moments in the 

xy plane, resulting in decreased transverse relaxation times.
19,21,22

 To evaluate the contrast 

enhancement of these complexes, the transverse relaxivity, r2, was calculated from the least-

squares fit of the relaxation rate (1/T2 or R2) as a function of iron concentration (mM Fe). For 

magnetite nanoparticles, r2, the slope of the R2/Fe concentration, is a normalized contrast 

enhancement indicator. Higher values of r2 correlate with greater contrast.
23
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        Based on relaxivity measurements (Figure 4.8), MBICs 16 P85PAA has a relaxivity of 145 

s
−1 

(mM Fe)
−1

, the hexyl bisphosphonate MGICs 16 is 244 s
−1 

(mM Fe)
−1

. The relaxivities were 

all high compared to commercial iron T2 contrast agents such as Ferridex (r2 = 41 s
−1 

(mM Fe)
−1

 

at 37 ºC and 1.5 T).
3,24

 The MGICs 16 displayed high transverse relaxivities, which might be 

attributed to the strong binding between the phosphonates and the magnetite, as well as the 

excellent hydrophilicity of the complexes as a whole. The MGICs 16 as well as MBICs 16 could 

be promising candidates for potential MRI applications. 

 

Figure 4.8 Transverse relaxivities of MBICs and MGICs 16 

        A comparison between the drug-free and drug-loaded hexyl bisphosphonate MGICs 16 was 

made (Figure 4.9). It was found that the cisplatin-loaded MGICs 16 had a transverse relaxivity of 

409 s
−1 

(mM Fe)
−1

, while the carboplatin loaded complex was 335 s
−1 

(mM Fe)
−1

. The hexyl 

MGICs 16 without platinum drug was 244 s
−1 

(mM Fe)
−1

. Since higher relaxivities correlate with 

better contrast and magnetite generates dark (black) images, the drug-loaded hexyl MGICs 16 

generate darker T2-weighted images than drug-free ones. Such high relaxivities may be useful for 

MRI. It remains unclear whether the drug-free and drug-loaded complexes can generate T2-

weighted images with significant differences in vivo. However, if they generate contrast 
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enhancement with striking differences, it may indicate the ability to track drug release by MRI, 

and this would represent a significant advance. 

 

Figure 4.9 Transverse relaxivities of drug-free and cisplatin (carboplatin)-loaded hexyl 

bisphosphonate MGICs 16 

        Table 4.3 shows a comparison of the sizes and transverse relaxivities among different 

magnetite-ionomer complexes with and without drugs. Compared to our previously reported 

acrylate-containing complexes with the 8-nm diameter magnetite, the phosphonate-containing 

complexes with the 16-nm diameter magnetite displayed much higher relaxivities. This is likely 

due to the sizes of the clusters, with larger clusters having higher relaxivities. All the complexes 

displayed better relaxivities than the commercial iron-based T2 contrast agent, Feridex IV
® 

under 

the same experimental conditions. 
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Table 4.3 Intensity average diameters and transverse relaxivities for MBICs/MGICs and 

Feridex
® 

4.4.4 Compositions of MGICs 16 before and after platinum drug loading 

        ICP-AES was utilized to measure the wt% of iron in the complexes, then those values were 

used to calculate the wt% of magnetite. The complexes were digested by treating them with an 

excess of nitric acid for 72 hours to convert the iron in the nanoparticles to their nitrate salt. The 

experiments were conducted in triplicate and the averages are reported (table 4.2). It was found 

that during the synthesis of the magnetite-graft ionomer complexes, only a minimal amount of 

iron was lost, and this was also the case for the complexes that were previously reported using 

the 8-nm diameter magnetite.
3
 The charged wt% of magnetite was 28% and the final complexes 

contained ~25%.  

        ICP-AES was also used to assess the concentration of cisplatin (carboplatin)-loaded MGICs 

16. The experiments were done in triplicate (table 4.2). The results indicated that 8.7 wt% 

platinum was in the cisplatin-loaded MGICs 16, while 6.9 wt% was in the carboplatin-loaded 
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MGICs 16 complexes. The targeted amount of platinum was 20 wt% in both cases. While the 

loadings that were obtained were significantly lower than the charged amounts, the results do 

suggest that the MGICs 16 have the capacity to encapsulate platinum drugs. A possible 

explanation for the relatively low drug loadings is that the magnetite (16-nm diameter) was in the 

form of small aggregates, and that such aggregates prevented loading of more platinum drugs 

into the complexes. It could also be attributed to insufficient reaction times for the loading 

processes, so additional work is recommended to resolve this issue. It was found that the drug 

loading procedures did not cause significant loss of magnetite (within 0.5%). The results suggest 

that there is sufficient binding strength between the magnetite and the graft copolymers. 

4.4.5 Cisplatin (carboplatin) release in simulated endosomal and physiological conditions   

        Drug release profiles from cisplatin and carboplatin-loaded hexyl bisphosphonate MGICs 

16 were measured at 37 ºC by dialyzing the complexes and measuring platinum concentrations in 

the reception media by ICP-AES. The buffers used for the experiments were acetate buffer 

solution (ABS, pH 4.6) to simulate the endosomal environment, and phosphate buffered saline 

(PBS, pH 7.4), to mimic physiological conditions. The experiments were performed over 24-

hours. The % accumulated drug release as a function of time was obtained (Figure 4.10). Free 

cisplatin and carboplatin fully transported into the reception medium over 12 hours. Cisplatin 

and carboplatin-loaded hexyl bisphosphonate MGICs 16 released the drugs more slowly. 

Sustained release of the platinum drugs was achieved. After 24 hours, approximately 40 wt% of 

the platinum was released. We can conclude that the drug release in either ABS or PBS did not 

make a big difference for the hexyl bisphosphonate MGICs 16. This indicated strong binding 

between the phosphonate and the magnetite and platinum drugs. With less phosphonate anions 

present at lower pH (4.6), the drugs did not release significantly faster. Overall, sustained release 
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of cisplatin and carboplatin was achieved by loading them into the MGICs 16 nanocarriers. The 

MGICs 16 complexes represent promising candidates for drug delivery applications. 

 

Figure 4.10 Drug release profiles with and without MGICs 16 nano-carrier in ABS and PBS  
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Chapter 5: Conclusions and Recommendations 

        In conclusion, various graft and block ionic copolymers via either conventional free radical 

copolymerizations or atom transfer radical polymerizations were successfully synthesized. Those 

copolymers have hydrophilic poly(ethylene oxide) portions and anionic carboxylate or 

phosphonate segments. Magnetite-block and graft ionomer complexes with these ionomers and 

magnetite (8-nm and 16-nm) were made. All of the MBICs and MGICs were relatively uniform 

in size and had good size distributions. They were also found to be hydrodynamically stable 

under simulated physiological conditions. This suggests that the complexes with both graft and 

block ionomers can be synthesized for potential drug delivery applications. Employing 

conventional free radical copolymerizations to synthesize random graft copolymers makes it 

easy and suitable for preparing useful quantities of copolymers. The toxicity concern using 

copper catalysts in atom transfer radical polymerizations for the synthesis of the block 

copolymers is also eliminated.  

        Cisplatin and carboplatin were successfully loaded into the hexyl bisphosphonate MGICs 16. 

This suggests the capabilities of the MGICs to load drugs. Sustained drug release in simulated 

physiological and endosomal conditions were observed at physiological temperature. This 

indicated that by using MGICs as a drug carrier, therapeutic agents could release much slower 

than those without carriers. The MGICs could be promising candidates for drug delivery. 

However, currently the drug release was too slow over 24 hours. It is hypothesized that the 

strong binding between the (excess) phosphonate anions and the drugs led to such results. It is 

recommended to incorporate more magnetite and less phosphonate copolymers into the MGICs. 

Longer drug release study (i.e., 72 hours) is also desired. Those factors may change the drug 

release rates. 
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        The transverse relaxivities of both drug-free and drug-loaded MGICs were measured. All 

these complexes had high T2-weighted relaxivities. In particular, the bisphosphonate-containing 

MGICs displayed much higher transverse relaxivities compared to a commercial iron-based T2 

MRI contrast agent, Feridex
®

. This indicates that the MGICs can be potentially excellent 

candidates for MRI imaging. The relaxivities were increased after drug loading, as was observed 

in both cisplatin and carboplatin loaded complexes.  

        Preliminary results indicate that heat was generated when the MGICs complexes were 

exposed to an alternating current magnetic field of high frequency. It is hypothesized that the 

cisplatin and carboplatin loaded complexes may release the drugs faster upon exposure to an AC 

magnetic field. Triggered drug release experiments with a high-frequency AC magnetic field are 

strongly recommended for future work.  

        Phantom MRI of the MGICs is also recommended. It will help to confirm that the MGICs 

are good candidates for MRI, thus leading to tracking of the complexes in vivo. If conspicuous 

image differences were found between the drug-free and drug-loaded complexes, it may even 

lead to tracking of the drug release by MRI. 

        The cytotoxicity studies on tumor cells using MBICs P85PAA as drug carriers are also 

highly desirable. Complexes containing P85 were known to effectively enter tumor cells, cross 

the blood-brain barrier, sensitize multi-drug resistant tumor cells and significantly increase the 

cytotoxicity of drugs such as doxorubicin. This has resulted in eradification of tumor cells in 

vitro and in vivo. It would be good to see if the drug-loaded MBICs P85PAA complexes are also 

able to enter tumor cells and release drugs, thus allowing for treatments of cancers. 


