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Magnetic resonance imaging has been widely used in modern biomedicine with 

the ability to provide anatomical details of internal structures and to detect lesions based 

on the relaxation time differences between tissues. When there are only small 

differences between the normal tissues and lesions, MRI contrast agents are used to 

improve the imaging accuracy and sensitivity. A great deal of efforts has been put into 

the development of Gd3+ containing nanoparticles as MRI contrast agents. 

Nanoparticle based MRI contrast agents show a wide range of relaxivity 

behavior. To begin to understand some of the factors contributing to the relaxivity, 

different sizes of GdPO4 nanoparticles have been synthesized to investigate the size 

influence on relaxivity. The results show an increasing relaxivity with decrease of 

particle size. A correlation between the surface to volume ratio and relaxivity was 

demonstrated. Further control over particle size and MRI response was achieved using 

PAMAM and its derivatives. With PAMAM and HyPAM polymers as surface coating 

molecules, ultrasmall GdPO4 nanoparticles were obtained. A size-dependent relaxivity 

study gives rise to an optimum particles size, which shows the highest relaxivity for 23 ± 

11 nm particles, with lower values observed for both smaller and larger particles. This 
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behavior is due to the contributing factors that have opposite particle size correlation. 

One of the factors is surface to volume ratio, which accounts for the most often 

observed relaxivity increase for smaller particles. On ther other hand, for particles in a 

certain range of sizes, relaxivity increases for larger particles as tumbling times get long 

as the hydrodynamic volume of the particle increases. These two opposite contributing 

factors are expected to give rise to this optimum particle size. Additionally, Eu3+ ions 

have been doped into the gadolinium phosphate nanoparticles, enabling the 

nanoparticles to be used for dual-imaging, including MRI and fluorescent imaging. 

Using a coordination polymer as a host for Gd3+ ions is also reported. Gradient 

gadolinium ironhexacyanoferrate nanoparticles are synthesized, in which gadolinium 

ions are introduced and gradiently distributed, presenting less in the particle center and 

more toward the surface. This gradient strategy can be used for the improvement of 

particle-based MRI contrast agents. In addition, the Prussian blue host is demonstrated 

to be an efficient photothermal therapy agent for in vitro cancer cells treatment. 
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CHAPTER 1 
INTRODUCTION 

Biomedical Applications of Nanoparticles 

Nanoparticles are composed of chemically diverse and heterogeneous 

compounds (Figure 1-1).1,2 They can be prepared from inorganic compounds such as 

iron oxide and quantum dots, polymer compounds such as dendrimer and liposomes, 

and carbon based materials such as graphene oxide (Table 1-1).3-15 Compared with 

traditional approaches, nanoparticles present some key advantages towards biomedical 

applications, including enhanced bioavailability and easy manipulation to realize 

multifunctional purposes.1 

Nanoparticles have been used for a variety of biomedical applications in fields 

including imaging, specific targeting, diagnostics, and cancer treatment.3,5,7,15 In the field 

of biomedical imaging, nanoparticles have brought an important breakthrough in recent 

years. For example, fluorescent quantum dots which show long term stability have 

become an alternative to the conventional organic dyes and proteins for labeling and 

imaging biological molecules (Figure 1-2 and 1-3).16,17 This opens the possibility for 

many biological studies that couldn’t be performed before because of the short 

fluorescence lifetime and relatively poor photostability of organic dyes.18 On the other 

hand, lanthanide doped nanoparticles have drawn a lot of attention recently due to their 

ability to convert infrared or near-infrared light to higher energy (Figure 1-4).19 The use 

of infrared light is promising in medical applications because it allows deeper tissue 

penetration and minimizes tissue damage (Figure 1-5).20 Nanoparticles have also been 

used as Magnetic Resonance Imaging (MRI) contrast agents to improve the MRI 

contrast, leading to higher sensitivity and better image resolution. For example, the 
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tumor site of a mouse becomes brighter after introducing manganese oxide 

nanoparticles, a recently developed MRI contrast agent (Figure 1-6).21 Another category 

of imaging in which nanoparticles have had significant impact is X-ray computed 

tomography (CT). Due to strong X-ray absorption, gold nanoparticles were found to be 

an efficient CT imaging agent.22 Last but not least, the use of dense nanoparticles that 

contain the high atomic number element, ytterbium, as a contrast agent for X-ray CT 

imaging was shown in Figure 1-7,23 providing new biological applications of lanthanide 

elements. Not limited to the imaging techniques mentioned above, other biomedical 

imaging applications of nanoparticles include single-photon emission tomography 

(SPECT), positron emission tomography (PET), ultrasound imaging, and photoacoustic 

(PA) imaging.24-27 

Besides imaging, another important field of biomedical applications using 

nanoparticles relies on drug delivery. The foundation of disease treatment is beginning 

to be changed by the development of a wide spectrum of nanoparticles.28 Compared 

with traditional drugs, nanoparticles can potentially improve therapeutic effectiveness, 

overcome drug solubility issues, and minimize side effects.28 Therapeutic and diagnostic 

agents can be encapsulated, covalently attached, or adsorbed onto such 

nanoparticles.3,29,30 For example, these molecules can be physically loaded into the 

pores of the nanoparticles. Porous hollow magnetite nanoparticles, reported by Chen et 

al.,3 were loaded with the anticancer drug doxorubicin (DOX), which greatly facilitate the 

in vitro cancer therapy. In addition, Kang et al.29 used GdVO4:Dy3+ nanospheres with 

large cavities as hosts for therapeutic drugs which show a great potential in drug 

delivery applications. The other routine method for drug loading is by covalent 
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attachment. That is, the therapeutic agents are covalently bonded to the functional 

groups for which the attachment is able to be cleaved under specific conditions, 

allowing for the release of drug. Recently, Chen et al.30 reported a drug nanocarrier, 

with DOX successfully grafted to the surface of the core-shell nanoparticles via an 

amide bond, which can be cleaved under acid conditions in the presence of protease. In 

general, nanoscale-based delivery strategies are beginning to make a significant impact 

on disease treatment.28,31
 

Nanoparticles can also be engineered to incorporate targeting capabilities either 

by a passive or active strategy. Researchers have developed a wide range of 

technologies in the nanoscale regime, which can be employed for targeting different 

cells and extracellular elements in the body, in order to deliver the therapeutic agents to 

specific locations. For passive targeting, nanoparticles with small size can accumulate 

in tumors due to the pathophysiologic characteristics of tumor blood vessels.32 When 

tumor cells multiply, cluster together and reach a size of 2-3 mm, new blood vessel 

formation is required to supply the oxygen demands of the growing tumor.33 The 

incomplete tumor vasculature results in leaky vessels with enlarged gap junctions with 

sizes of 100 nm to 2 μm, depending on the tumor types.34 This provides 

macromolecules, plasma components, and nanoparticles easy access to the tumor site. 

Moreover, the slow venous return in tumor tissue and the poor lymphatic clearance 

allow macromolecules to be retained in the tumor tissue,35,36 whereas nanoparticles 

continue entering into tumor interstitium. This is called the Enhanced Permeability and 

Retention (EPR) effect, as depicted in Figure 1-8.37 For example, Abraxane, an 

albumin-bound paclitaxel nanoparticle for the treatment of breast cancer, has a size of 
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130 nm and accumulates in tumor sites in part through the EPR effect.38 Clinical studies 

have shown that Abraxane almost doubled the therapeutic response rate and increased 

overall survival in patients with breast cancer. These effects were achieved without 

resulting in toxicity to normal tissues (the drug dose was 1.5 times higher than the 

maximum tolerated dose of traditional paclitaxel).38 Generally speaking, these agents 

circulate in the body with a longer half-life and lower toxicity. On the other hand, the 

active targeting has also brought extensive research interest because of its flexibility 

and greater targeting elements allowed. Targeting allows therapeutics to be delivered to 

specific locations, which was not possible before. A common strategy is to attach 

macromolecules, such as antibodies or aptamers, which can specifically target the sites 

of interest (Figure 1-9).39,40 Other than macromolecules, small molecules such as folic 

acid can also be used for targeting due to the fact that some cancer cells express more 

folic acid receptor than normal cells.41,42 Indeed, research into the targeting delivery of 

pharmaceutical, therapeutic, and diagnostic agents with nanosized particles is the 

frontier in nanomedicine.28,43 

Finally, photothermal therapy (PTT) strategies, have grown with the development 

of nanoscale technologies. PTT agents convert absorbed light to heat, leading to 

thermal ablation of cancer cells. Because it is minimally invasive, PTT is recognized as 

a promising alternative or complement to conventional chemotherapy, surgery and 

radiotherapy cancer treatments (Figure 1-10).44-48 There are several nanoparticle-based 

systems which are under active investigations for PTT. The most common examples 

include gold, copper sulfide, and reduced graphene oxide.44-49 For example, Tian et al.44 
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reported photothermal ablation of cancer cells with Cu2-xS, proving these nanoparticles 

can contribute to localized killing of cancer cells. 

MRI Contrast Agent 

Magnetic resonance imaging, with the ability to provide anatomical details of 

internal structures and detect lesions, has become a routine diagnostic tool for modern 

biomedicine (Figure 1-11).50,51 Even beyond anatomical imaging for medical care, there 

is a vast array of potential applications of MRI that includes imaging of cellular and 

molecular processes to visualize changes in chemical events associated with pathology 

or controlled external stimulus.52-55 For anatomical imaging, MRI contrast agents are 

employed to improve the imaging accuracy and sensitivity when there are only small 

differences in proton relaxation time between normal tissues and lesions and 

abnormalities.56-57 For molecular or cellular imaging, the agents are designed to affect 

relaxivity in response to changes in environment or in response to selected stimuli.52-55 

As a result of the expanding use of MRI, the design of effective and innovative 

MRI contrast agents remains an important topic for biomedical researchers. One of the 

classes of contrast agents is superparamagnetic iron oxide (SPIO) nanoparticles, which 

has received a lot of attention since their development as MRI contrast agents for the 

liver.56 The SPIOs have a different contrast mechanism and are known as T2 or 

negative contrast agents.56 The other main class of MRI contrast agent is Gd3+ 

complexes with seven unpaired electrons, which are positive contrast agents, also 

called T1 contrast agents, in clinical use (Figure 1-12).57,58 

The capability of Gd3+ based T1 contrast agents to introduce signal enhancement 

is directly proportional to its ability to induce proton relaxation of neighboring water 

molecules.59 This effect is generally divided into two components, including both inner-



 

27 

sphere (from water molecules directly coordinated to the paramagnetic Gd3+ ions) and 

outer-sphere contributions (from water molecules in the second coordination sphere and 

beyond).58,59 The latter effect is usually relatively small compared with effect from inner-

sphere and is often neglected.59 For Gd3+ chelate contrast agents, the inner-sphere 

relaxivity is given by the following equation:57-60 

𝑟1
𝐼𝑆 =

𝑞𝑃𝑚

𝑇1𝑚 + 𝜏𝑚
 

where 𝑞 is the hydration number of Gd3+ ion, 𝑃𝑚 is the mole fraction of water molecules 

coordinated to Gd3+, 𝜏𝑚 is the average length of time a single water molecule resides 

within the inner-sphere coordination sphere, and 𝑇1𝑚 is the relaxation enhancement of 

the inner-sphere water molecules. Based on this equation, for Gd-chelate complexes, 

increasing 𝑞 can potentially improve relaxivity. However, increasing inner-sphere bound 

water molecules may result in unstable complexes, giving release of Gd3+ in the body. 

Additionally, while opening up more coordination sites for water ligation, it also allows 

coordination with other endogenous ligands, such as bicarbonate or phosphate, which 

in turn decreases the relaxivity.57 As a result, 𝑇1𝑚 and 𝜏𝑚 should be short in order to 

obtain better relaxation effect. For first generation of Gd3+ chelate contrast agents, 

where 𝑇1𝑚 is much larger than 𝜏𝑚, the relaxation rate enhancement experienced by the 

bulk solvent mainly depends on 𝑇1𝑚.57,58 In other words, 𝑇1𝑚 limits the relaxivity. The 

determination of 𝑇1𝑚 is through the Solomon-Bloembergen-Morgan equation outlined 

below:57-62 
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where 𝛾𝐻 is the proton gyromagnetic ratio, 𝑔𝑒 is the electron g-factor, 𝜇𝐵 is the Bohr 

magneton, S is the number of unpaired electrons in the Gd3+ ion, 𝑟𝐺𝑑𝐻 is the distance 

between the water protons and the unpaired electrons of paramagnetic metal ion, 𝜔𝐻 

and 𝜔𝑆 are proton Larmor frequency and electron Larmor frequency, respectively, and 

𝜏𝑐 is correlation time. This equation shows that modulation of the correlation time, 𝜏𝑐, 

becomes critical if the high relaxivities are to be obtained.60 The 𝜏𝑐 calculation is shown 

as follows:57,58,60 

1

𝜏𝑐𝑖
=

1

𝑇𝑖𝑒
+

1

𝜏𝑚
+

1

𝜏𝑅
; 𝑖 = 1,2 

The correlation time (𝜏𝑐𝑖) has three components, 𝑇𝑖𝑒 (the electronic relaxation 

time of the unpaired electrons), 𝜏𝑚 (the water residency lifetime), and 𝜏𝑅 (the rotational 

correlation lifetime). The high-field strengths used in MRI simplify this equation, since 𝑇𝑖𝑒 

is long enough to reasonably ignore the contributions.63 𝜏𝑅 is rotational correlation time 

and related to physical tumbling time of the MR contrast agents in solution. Optimizing 

𝜏𝑅 has been demonstrated to improve the relaxivity of the Gd3+ complex by slowing 

down its molecular tumbling.59,64 For example, Anderson et al.64 developed a MRI 

contrast agent by conjugation of gadolinium chelate, Magnevist, onto a viral capsid with 

a size of around 27 nm. Due to the slow tumbling rate of capsids, the contrast agent 

shows enhanced r1 relaxivity of 16.9 mM-1s-1.64 

Nanoparticles of solid-state gadolinium compounds can show impressive 

relaxivity, r1, leading to positive contrast. The predominant mechanism is the interaction 

of water molecules with Gd3+ sites at the particle surface. Importantly, increased 

rotational correlation times because of slower particle tumbling can result in impressive 

values of relaxivity.61 As an example, nanoparticles of NaGdF4, reported by Johnson et 
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al.65 show r1 relaxivity of 7.2 mM-1s-1, which compares favorably to the commercial 

agent Gd-DTPA with r1 of 4.3 mM-1s-1.66 In addition, Fortin et al.67.68 reported PEG 

coating Gd2O3 nanoparticles as a potential MRI contrast agent with r1 of 9.4 mM-1s-1. 

Prussian blue (PB) particles have also been studied, for which relaxivity as high as 38.5 

mM-1s-1 was reported for K0.53Gd0.89Fe4
III[FeII(CN)6]3.81.2H2O nanoparticles.69 

Additionally, Perrier et al.70 prepared Gd3+/[Fe(CN)6]
3- nanoparticles stabilized by 

polyethylene glycols with an average size of 2.1 nm, and measured a relaxivity of 12.6 

mM-1s-1. Highly porous inorganic nanoparticles are also under active investigations, due 

to the increased porosity resulting in more Gd3+ active sites.71 For example, hollow 

Gd2O3 nanoparticles were synthesized, allowing more water reaching the inner surface 

of the nanospheres which as a result increase the interaction between water and Gd3+ 

ions.71 In addition, Ananta et al.72 loaded Magnevist, gadofullerenes and 

gadonanotubes individually into highly porous silicon particles. Specifically, 

gadofullerenes after loading into the particles, shows a boost in r1 relaxivity with a value 

of 200 mM-1s-1.72 

Other than inorganic nanoparticles, polymer based nanoparticles were also 

studied for the relaxivity enhancement.73-75 A well know example is dendrimer 

nanoclusters, which were fabricated by conjugation Gd-DTPA to polyamidoamine, 

allowing for tumor targeted magnetic resonance imaging.73 Besides dendrimer, a variety 

of liposome systems were studied with the capability of response to selected stimuli.74,75 

For example, Gianolio et al.74 prepared a liposome system, in which the Gd-chelate 

experiences different intraliposomial distribution depending on the pH condition, which 

shows the potential to provide measurement of the tissue pH in vivo by MRI. In addition, 
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a temperature sensitive liposome reported by de Smet et al.,75 which presents structural 

change upon temperature increase, allows for drug delivery under MRI guidance. 

For negative contrast agents, other than SPIO, researchers have recently 

developed new types of nanomaterials, which show the potential to be employed as T2 

MRI contrast agents.56 For example, Yang et al.76 synthesized superparamagnetic 

MnFe2O4 with tetraethylene glycol as a coordination and stabilization agent. Relaxivity 

measurements together with additional in vivo MRI studies demonstrate the application 

of MnFe2O4 nanoparticles as a negative contrast agent. Furthermore, Chou et al.77 used 

FePt nanoparticles as T2 contrast agents which present excellent biocompatibility and 

hemocompatibility. After conjugation with anti-Her2 antibody, the FePt nanoparticle is 

able to selectively enhance the contrast of Her2/neu overexpression cancer lesions. 

Study Overview 

In this work, MR contrast enhancement of different systems has been studied, 

including inorganic nanoparticles and coordination polymers. Different factors affecting 

MRI contrast efficiency using nanoparticle based MRI contrast agent are discussed in 

order to improve MR contrast enhancement and diagnosis sensitivity, as well as 

providing routes towards building nanoparticle-based contrast agents with greater 

performance. 

Chapter 2 gives an introduction of the instrumentation and experimental methods 

used in this work, including analytical characterization tools, biological assays, and MRI 

measurement techniques. 

Chapters 3 and 4 focus on discussions of GdPO4 nanoparticles, which have 

proved to be an efficient MRI contrast agent. These two chapters cover the synthetic 

methods for preparing GdPO4 nanoparticles of different sizes for size-dependent 
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relaxivity studies. Particularly, PAMAM, HyPAM, HyPAM-PEG, and HyPAM-C18-PEG 

polymers were used to mediate the synthesis of GdPO4 nanoparticles and realize the 

size control of the particles. The relaxivity of different size GdPO4 nanoparticles were 

systematically studied. Work presented in Chapter 3 was done in collaboration with Dr. 

Weihong Tan and Dr. Tao Chen in Department of Chemistry at the University of Florida, 

while work presented in Chapter 4 was a collaborative initiative between the IMRCP 

laboratory at the University of Toulouse, including members: Dr. Christophe Mingotaud, 

Dr. Jean-Daniel Marty, Camille Frangville, Maylis Gallois, Hanh Hong Nguyen, and Dr. 

Nancy Lauth-de Viguerie, and our group at the University of Florida. 

In Chapter 5, a coordination polymer system, Prussian blue, is introduced. Within 

the novel trimetallic Prussian blue, gradient Gd3+ distributions were obtained in our g-

Gd-PB particles, with more Gd3+ ions distributed close to the surface and less in the 

center. These particles were prepared by a previous member from our group, Carissa 

Li. The gradient particles were proved not only as a MRI contrast agent, but also were 

demonstrated to perform as a photothermal therapy agent, by taking advantage of the 

photosensitive PB host. Moreover, PB, which has been approved by the US Food and 

Drug Administration (FDA) in the treatment of cesium and thallium poisoning, offers 

good biosafety. 

Appendix A discusses the biological performance of highly porous metal 

hydroxide nanoparticles, which were prepared using the g-Gd-PB nanoparticles 

synthesized from Chapter 5 with some post-synthetic modifications. With more 

vacancies created in the frameworks, the MRI contrast enhancement of these particles 

was further improved, giving an even higher relaxivity value. Additionally, the porous 
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nanostructure provides a platform for drug loading, which can then be used for drug 

delivery. Finally, Chapter 6 is the summary and conclusion of the overall work. 
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Figure 1-1. Nanoparticles synthesized with different structures (A) spherical, (B) cubic, 
and (C) cylindrical topologies. TEM images are accompanied by drawings 
that represent the morphology of each nanostructure. The figure was 
reprinted from Ref 1 with permission from The American Association for the 
Advancement of Science. 

 

 
Figure 1-2. Typical sized CQDs optical images illuminated under white (left; daylight 

lamp) and UV light (right; 365 nm). The figure was reprinted from Ref 16 with 
permission. 
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Figure 1-3. QD resistance to photobleaching and multicolour labelling. Top row: Nuclear 

antigens were labelled with QD 630–streptavidin (red), and microtubules were 
labelled with Alexa 488 conjugated to anti-mouse IgG (green) simultaneously 
in a 3T3 cell. Bottom row: Microtubules were labelled with QD 630–
streptavidin (red), and nuclear antigens were stained green with Alexa 488 
conjugated to anti-human IgG. Continuous exposure times in seconds are 
indicated with light from a 100 W mercury lamp. The figure was reprinted from 
Ref 17 with permission from the Nature Publishing Group. 
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Figure 1-4. Room temperature upconversion emission spectra of (A) NaYF4:Yb/Er (18/2 
mol %), (B) NaYF4:Yb/Tm (20/0.2 mol %), (C) NaYF4:Yb/Er (25−60/2 mol %), 
and (D) NaYF4:Yb/Tm/Er (20/0.2/0.2−1.5 mol %) particles in ethanol solutions 
(10 mM). The spectra in (C) and (D) were normalized to Er3+ 650 nm and 
Tm3+ 480 nm emissions, respectively. Compiled luminescent photos showing 
corresponding colloidal solutions of (E) NaYF4:Yb/Tm (20/0.2 mol %), (F−J) 
NaYF4:Yb/Tm/Er (20/0.2/0.2−1.5 mol %), and (K−N) NaYF4:Yb/Er (18−60/2 
mol %). The samples were excited at 980 nm with a 600 mW diode laser. The 
figure was reprinted from Ref 19 with permission from American Chemical 
Society. 
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Figure 1-5. Whole-animal imaging of a BALB/c mouse injected via tail vein with the HA-

coated α-(NaYbF4:0.5% Tm3+)/CaF2 core/shell nanoparticles. (A, D) UC PL 
images; (B, E) bright-field images; and (C, D) merged bright-field and UC PL 
images. Mouse was imaged in the belly (A, B, C) and the back positions. 
Inset in (F) shows the spectra of the NIR UC PL and background taken from 
the circled area. The figure was reprinted from Ref 20 with permission from 
American Chemical Society. 

 

 
Figure 1-6. Breast cancer cells were selectively enhanced in T1-weighted MRI by the 

Herceptin-functionalized MnO nanoparticles. The figure was reprinted from 
Ref 21 with permission. 
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Figure 1-7. In vivo CT coronal view images of a rat after intravenous injection of 1 mL 

PEG-UCNPs (70 mg Yb mL−1) solution at timed intervals. (A) Heart and liver. 
(B) Spleen and kidney. (C, D) The corresponding 3D renderings of in vivo CT 
images. The figure was reprinted from Ref 23 with permission. 

 

 
Figure 1-8. Nanoparticles accumulate in tumor tissue due to the EPR effect. 
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Figure 1-9. Proposed mechanism for targeted cancer chemotherapy. With aptamer 

attachment, nanoparticles specifically enter target cancer cells through 
receptor mediated endocytosis. In acidic lysosomes, DOX is released to 
induce cancer cells apoptosis. 

 

 
Figure 1-10. After injection, these nanoparticles accumulate into targeted tumor. By 

absorbing NIR radiation incident on the nanoparticles and converting it into 
heat, nanoparticles cause photothermal ablation of tumor. 
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Figure 1-11. MRI images showing 3 orientations and the 3D view of a brain tumor. The 

figure was adapted from previously published work.51 

 

 
Figure 1-12. Structure of gadolinium chelate based T1 MRI contrast agents. The figure 

was reprinted from Ref 58 with permission from American Chemical Society. 
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Table 1-1. Some nanoparticle compositions and biomedical applications. 

Nanoparticles Composition Biomedical Application 

SMNs3 Iron oxide MRI and targeting cancer 
chemotherapy 

Ferucarbotran4 Iron oxide MRI 
Quantum dots5 CdS/CdSe/CdTe/PbSe Live cell imaging, in vivo 

imaging, and 
diagnostics 

QD probe6 Core shell CdSe-ZnS In vivo cancer targeting 
and imaging 

Gold nanorod7 Gold nanorod Cancer cell imaging and 
photothermal therapy 

Gold nanocages8 Gold nanocages Photothermal treatment 
of cancer 

Calcium phosphate 
nanoparticles9 

Calcium phosphate Targeted gene delivery to 
the liver 

NGO-PEG-DOX10 Graphene oxide Synergistic effect of 
chemo-photothermal 
therapy 

GO-nS11 Graphene oxide Gene delivery and 
fluorescent probe 

SWNTs12 Carbon nanotube Drug loading and delivery 
Doxorubicin-HPMA 

copolymer conjugate13 
Liposome Treat subcutaneous 

murine B16F10 
melanoma 

SL-DOX14 Liposome Cancer treatment 
Folate-PAMAM dendrimer 

conjugate15 
Dendrimer Targeting of anti-arthritic 

drug to inflammatory 
tissues 
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CHAPTER 2 
EXPERIMENTAL METHODS AND TECHNIQUES 

The different particle characterization techniques we have used in this work are 

described in this Chapter. With these techniques, we are able to know the chemical 

compositions, structure, size, shape, and surface properties of the prepared 

nanoparticles, which are all important parameters affecting their performance in the 

following MRI and biomedical studies. 

Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is used to obtain images by applying a 

beam of electrons onto the specimen. In the TEM column, electrons are first emitted 

from the electron gun. The electromagnetic lenses then focus the electrons into a very 

thin beam before passing through and interacting with the samples. Depending on the 

density and size of the material present, some of the electrons are scattered. After 

diffraction by the specimen, the electrons are refocused by the electromagnetic lenses 

and detected, forming a magnified image on a fluorescent screen which is recorded by 

a CCD camera (Figure 2-1). Due to the small de Broglie wavelength of electrons, 

transmission electron microscopy is able to acquire images with very high resolution, 

obtaining objects images to the order of a few angstroms (10-10 m). 

For specimen preparation, samples (~ 5 mg) were suspended in ~ 50 μL of 

water. The well-suspended solution containing nanoparticles is then added dropwise 

onto the TEM grid (ultrathin carbon film on holey carbon support film, 400 mesh, 

copper), which was purchased from Ted-Pella, Inc. After the specimen is completely 

dried, it is processed for imaging. The instrument we have used in our experiments is 

JEOL-2010F HRTEM with an operating voltage of 200 kV. 
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Inductively Coupled Plasma Atomic Emission Spectroscopy 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is used to 

measure the concentration of elements, based on the excited atoms and ions emitting 

characteristic radiation at specific wavelengths for each element. The emission intensity 

is indicative of the concentration of the element within the sample. To introduce samples, 

a pump is used to send the solution into the nebulizer, in which it will turn into mist and 

be introduced into plasma. The sample breaks up into their respective atoms and 

plasma excites the atoms. The radiation from the plasma is then collected and 

analyzed. After the radiation is separated into different wavelengths, the intensity of light 

is measured. Based on the created calibration line, the concentration is computed and 

recorded (Figure 2-2). 

To measure the concentrations of the target elements, three different standard 

solutions of the desired elements are prepared (1ppm, 10 ppm, and 100 ppm). Using 

nanopure water as a blank, the standard solutions are introduced into the instrument 

separately in order to create the calibration lines. Then, the sample solution containing 

the elements is pumped into the instrument for measurement. The instrument we used 

is a Perkin-Elmer Optima 3200RL inductively couples plasma atomic emission 

spectroscopy. 

Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible spectroscopy gives absorption spectroscopy in the range of 

200~800 nm. The sample beam passes through a transparent cuvette containing a 

solution of the compound of interest. The intensities of these light beams are then 

measured by electronic detectors as shown in Figure 2-3. The UV-Vis absorption 

spectra presented in this work were acquired with a Shimadzu UV1701. 
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Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy, with the advantages of wide scan range, 

high resolution, short scan time, and high accuracy, is widely used to obtain structural 

information of molecules. During the measurement, part of the applied infrared radiation 

passes through the sample while part of it is absorbed by the sample, causing changes 

of dipole moment of the sample molecules. The number and intensity of the absorption 

peaks is related to the types of chemical bonds of the molecule (Figure 2-4). No two 

different molecular structures will show the same FT-IR spectrum. Therefore, based on 

the spectra obtained, a lot of structure information can be obtained. 

In our study, FT-IR was used to obtain information of the molecular structures of 

the surface coatings, namely, materials used for surface functionalization and 

modification discussed in Chapter 3 and Appendix A. In Chapter 5, FT-IR plays an 

important role for characterizing PB and its analogues. These materials contain 

characteristic cyanide ligands between two metal centers (M'-C≡N-M), which give 

unique absorption peaks between 1900 cm-1 and 2300 cm-1. 

The instrument used in our work is Nicolet 6700 Thermo Scientific Fourier 

transform infrared spectrometer. Powder samples were mixed with KBr and pressed 

into a pellet using 3000 psi (20 MPa). Typically 16 scans were taken for the 

measurement. Before measuring the sample, a scan of pure KBr is taken as a 

background reference. 

Combustion Analysis 

Combustion analysis, which is also called CHN analysis, is used to determine the 

elemental composition of a sample, by combusting the sample in a large excess of 

oxygen gas. The resulting combustion products, including carbon dioxide, water, and 
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nitric oxide, will be trapped separately from each other. The mass for each product will 

be weighted and quantitatively analyzed (Figure 2-5). Finally the analytical 

determination of the amount of combustion products will give the empirical formula. This 

technique has most often been applied for characterizing organic compounds. 

For CHN analysis, only few milligrams of sample are required and the sample is 

fully burned at very high temperature. The analysis is provided by the University of 

Florida Spectroscopic Services Laboratory. 

Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a technique measuring changes of mass of 

the sample as a function of temperature. Mass change of the sample is measured by a 

highly sensitive balance as illustrated in Figure 2-6. A wide range of materials can be 

measured by TGA analysis, including polymers, nanoparticles, and biological samples. 

TGA was used to characterize the gadolinium doped Prussian blue nanoparticles 

synthesized in Chapter 5. Based on TGA analysis, the water content in the PB particles 

can be determined. In our work, TGA was performed on a Perkin-Elmer TGA 7. The 

sample rests on a small platinum pan, which hangs from a small hook connected to the 

balance. The temperature range for TGA measurements was set from 20°C to 450°C at 

a scan rate of 10°C/min. 

Dynamic Light Scattering 

Dynamic light scattering (DLS) is a well-known technique which is used to 

determine the size and its distribution of various materials, including polymer, 

nanoparticles, protein, and liposome, based on their Brownian motion in solution. 

In a typical DLS experiment, the cuvette containing sample solution, in which the 

sample has been well dispersed, is irradiated with monochromatic light from a laser 



 

45 

which is shot through a polarizer. The dispersion should be either centrifuged or filtered 

during the sample preparation process in order to get rid of the dust, which could also 

contribute to the light scattering and cause interference. 

When light goes through the sample, particles in the solution are being hit and 

the light is diffracted in all directions (Figure 2-7). The diffracted light can either interfere 

constructively or destructively with the sample, which is then collected by a 

photomultiplier tube. The resulting image is projected onto a screen, producing a 

speckle pattern. The collected data are analyzed to determine size and size distribution 

of the particles. 

DLS experiments are performed with Malvern Zetasizer Nano-ZS instrument 

(Malvern Instruments, Ltd., UK). For each measurement, nanoparticle samples were 

well dispersed in water and then added into a cuvette. The cuvette was then introduced 

into the instrument for DLS analysis. 

Energy-Dispersive X-ray Spectroscopy 

Energy-dispersive X-ray spectroscopy has been extensively used in this work for 

determining both the localized and average concentrations of elements of the prepared 

particle samples. It is a quantitative technique which has been widely used to obtain 

details of the chemical composition of the target material. EDX is usually coupled with 

scanning electron microscopy (SEM) or transmission electron microscopy due to the 

use of a strong, focused electron beam to excite the material. For the EDX analysis in 

this work, they were all performed in conjunction with HRTEM. After introduction into the 

instrument, the specimen is bombarded by the high energy electron beam, causing 

electron excitations and creating an electron hole in the inner shell of an atom. Another 

electron from a higher energy level of the same atom will fill in this hole, releasing 



 

46 

energy in the form of X-ray radiation, as illustrated in Figure 2-8. The energy of the X-

ray is the energy difference between the two electron energy states. Since each atom 

has its unique atomic structure, it will also give unique characteristic X-ray radiation, 

which is used to determine elemental compositions of materials. 

Besides measuring the average compositions, EDX spot scans and 2D maps can 

also be acquired to determine localized elemental percentages of a particle sample. 

Characteristic X-ray intensity is measured on a specific spot or in an area containing the 

sample material. The difference in X-ray intensity at the characteristic energy value 

indicates the relative concentration for the applicable element across the specific area 

of sample. One or more maps on different elements can be recorded at the same time, 

which provide more details about the elemental distribution of the sample of interest. 

EDX 2D maps were taken for samples discussed in Chapter 3. Two different 

elements, gadolinium and europium, are analyzed to view their distribution in the 

particle sample. EDX spot scans were performed for samples discussed in Chapter 5, in 

which gradient distributions of gadolinium in the PB nanoparticles were achieved. 

X-ray Powder Diffraction 

X-ray powder diffraction is a technique using X-ray diffraction on powder samples 

for phase identification of a crystalline material, providing structural information on unit 

cell dimensions. Powder X-ray diffraction, compared with single crystal X-ray diffraction, 

is much more convenient in terms of sample selection as it uses powder samples and 

doesn’t require individual crystals. 

When X-rays hit the surface of the sample, part of them are scattered by the 

atoms composed of the material, as shown in Figure 2-9. Diffraction patterns are 

created for crystalline samples, that is, samples show a periodic array with long range 
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order. Amorphous materials like glass will not produce a diffraction pattern. To give a 

well resolved diffraction pattern, the spacing between atom layers must be close to the 

radiation wavelength. If X-ray beams are diffracted by two different layers in phase, a 

peak will show up in the diffraction pattern. However if the two layers are out of phase, 

destructive interference occurs and there is no peak. Diffraction peaks will occur only 

when Bragg’s Law is satisfied: 

nλ=2d sinθ 

where n is an integer, λ is the wavelength, θ is the angle of incident X-ray beam with 

respect to the atomic plane of the sample, and d is the spacing between the atomic 

layers. 

In general, a powder X-ray diffractometer has three parts, the X-ray source, a 

sample holder, and a detector which is on the opposite side of the X-ray source. When 

X-rays hit the sample from angle θ, the detector will detect the signal intensity at angle 

2θ from the path of X-ray source, as depicted in Figure 2-10. The diffractometer used in 

our work is an X’Pert powder diffractometer with Cu Kα radiation. For sample 

preparation, powder samples are mounted with double-sided tape on a glass slide and 

then fixed onto the sample holder. The measurement was taken in steps of 0.008° in the 

range of 2θ from 10° to 80°. After each measurement, the diffraction pattern will be 

plotted with intensity as a function of 2θ, which is further used to obtain crystallographic 

information including symmetry and the unit cell parameters of the sample. 

Selected Area Electron Diffraction 

Selected area electron diffraction (SAED) is a useful scientific tool to identify 

lattice parameters of the desired sample with showing either spots or rings. In a SAED 

pattern, each spot corresponds to a satisfied diffraction condition of the sample's crystal 
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structure. Unlike powder X-ray diffraction which requires several milligrams of sample 

for a measurement, only a small amount of sample is used for SAED analysis. Typically, 

SAED is performed inside a transmission electron microscope. An amorphous sample 

shows diffuse rings, while samples with high crystallinity gives a series of bright spots. 

SAED was used in Chapter 4 to confirm the composition of a gadolinium 

phosphate particle sample. Due to the small amount of sample that can be prepared 

each time, powder X-ray diffraction is not favorable in this case. Instead, SAED analysis, 

which only requires few milligrams of sample for each measurement, is performed. 

Fluorescence Spectroscopy 

In a fluorescence spectrometer, a beam of light strikes the sample and part of the 

incident light is absorbed, causing excitation of the sample molecules which then emit 

photons. Generally, there are two different modes to record a fluorescence spectrum. 

The first one is called an emission spectrum, for which the excitation wavelength is fixed 

while the range of emission detection varies. On the other hand, for an excitation 

spectrum, the emission wavelength is fixed while the range of excitation energies 

varies. For spectra collected in this work, we mainly focused on the fixed excitation 

mode. 

A typical fluorescence spectrometer has three parts: the light source, a sample 

holder, and a detector. The excitation wavelengths are made selectable with the use of 

an excitation monochromator or a filter (Figure 2-11). For detecting photons, 

photomultiplier tubes are used. 

In our study, fluorescence spectra were collected by a Photon Technology 

International (PTI) photon-counting fluorescence spectrophotometer. Before each 

measurement, samples were dispersed in water and then transferred into a cuvette. 
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Based on the type of cuvettes, sample volume varies from ~100 µL to ~1 mL. The 

sample analyzed with fluorescence spectroscopy is europium doped gadolinium 

phosphate nanoparticles, which show extraordinary fluorescent properties including 

large Stokes shifts, long lifetimes, and narrow emission lines, due to the presence of 

fluorescent europium ions. 

Confocal Laser Scanning Microscopy 

Confocal laser scanning microscopy has become a useful tool in the fields of 

biological and biomedical sciences due to the capability of viewing optical sections in 

both living and fixed specimens. The key advantage of confocal laser scanning 

microscopy relies on the fact that it can be employed to obtain optical images in 

selected depths of the sample, allowing interior structures to be imaged. As a 

comparison, a conventional microscope can only show images as far into the specimen 

as the light can penetrate. 

In a confocal laser scanning microscope, light from laser excitation source 

passes through a light source pinhole aperture and is reflected by a dichromatic mirror. 

The laser is then refocused by the objective lens before hitting the specimen. The 

fluorescence emitted from desired plan passes through the dichromatic mirror. Finally, 

the light passing the detector pinhole aperture is detected with a photomultiplier tube 

(Figure 2-12). 

There are two different models of confocal laser scanning microscopes that we 

used in this work: Olympus FV-500-IX81 and Leica TCS-SP5, which is equipped with 

violet, indigo, blue, blue-green, green, and red lasers. Three fluorescence channels are 

configurable for any brand. In addition, there is an environmental control, a 37°C 

chamber with 5% CO2, coupled with Leica TCS-SP5. 
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In our study, we used confocal laser scanning microscopy to monitor the 

endocytosis of the nanoparticle samples by cancer cells. In Chapter 3, europium doped 

gadolinium phosphate nanoparticles were used as dual imaging agents: MRI and 

fluorescent imaging. For fluorescent imaging, nanoparticles were introduced to both 

cancer cell and C. elegans. The specimens were imaged separately. In Chapter 6, it 

was employed to monitor the anticancer drug nanocarrier, with the red fluorescence 

given by doxorubicin. 

Cell Culture 

Cell culture refers to incubation of cells from an animal or plant outside their 

natural environment. Cell culture is a major technique in cellular and molecular biology, 

and is the model system for drug screening and many other biomedical applications. In 

this work, the cells we incubated were all cancer cells. 

The artificial environments in which the cells are cultured are important, including 

the temperature, gas mixture, and cell growth medium. The first step for common cell 

culture is to view the culture medium color and clarity and then check the cultures under 

a microscope to assess the degree of confluence and see if the culture is polluted with 

bacterial or fungal contaminations. The next step is to remove spent medium, followed 

by washing the cells with PBS buffer. If the cells are attached to the bottom of the petri 

dish, trypsin is added to the washed cell layer and incubated for 3 min or until the cells 

become detached. Once this is done, cells are resuspended in a small volume of culture 

medium and then transferred to a new petri dish. For suspended cells, no trypsin 

treatment is required. 
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Cytotoxicity Assay 

Cytotoxicity assay is widely used in biological sciences, biomedical fields, and 

the pharmaceutical industry to determine cytotoxicity of the target sample to specific 

cells. 

The cytotoxicity assay we used is MTS assay. Unlike the conventional MTT 

assay which requires dissolving MTT reduction products, MTS formazan product is 

soluble in the culture medium. During the assay, MTS is added into the culture medium 

which will be bioreduced by cells, forming colored formazan. The mixture is then 

introduced into a 96-well plate reader for measuring absorbance at 490 nm, which is the 

absorbance of the product material. The absorbance intensity at this wavelength is 

directly proportional to the number of living cells. 

The chemical used in our work is Pro CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega, Madison, WI, USA). In general, the MTS assay requires 

four consecutive steps. First, thaw the reagent either at room temperature or at 37°C 

and add 20 µL of it to each well that contains cells. Then, incubate the mixture (37°C, 

humidified 5% CO2 atmosphere) for 1~4 h. After that, the plate is introduced to a 96-well 

plate reader for absorbance measurement. Finally, the recorded data are used to 

analyze the cytotoxicity of the sample. 

Relaxivity Measurement  

In MRI, the protons will spin align with an external magnetic field, B0, creating a 

net magnetic moment, M, parallel to B0. The spinning protons wobble at a frequency, 

called the Larmor frequency, which is shown below: 

ω =γB0 
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where γ is the gyromagnetic ratio and B0 is the strength of the applied magnetic field. 

From this equation, we can see that the resonance frequency, ω, of a spin is 

proportional to the magnetic field, B0. 

Now if an electromagnetic radio frequency (RF) pulse is applied perpendicular to 

B0 at the resonance frequency, the protons can absorb that energy and jump into a 

higher energy state. When the RF transmitter is turned off, M will return from the higher 

energy state back to its equilibrium state, which is parallel to the external magnetic field, 

B0. This process is called relaxation. During this process, energy is emitted and is 

detectable as an RF signal called the FID response signal, which is collected and forms 

MR images. 

The T1 relaxation time (also known as the spin-lattice relaxation time) indicates 

how quickly the net magnetic moment, M, recovers to thermodynamic equilibrium state, 

which is parallel to the direction of external magnetic field, B0. The return of excited 

nuclei from a high energy state to low energy or ground state is associated with loss of 

energy to the surrounding nuclei. Relaxation time, T2, also called spin-spin relaxation 

time, describes progressive dephasing of spinning dipoles following the radio frequency 

pulse. In general, T2 is shorter than T1 and different tissues usually have different 

relaxation times. 

The key parameter to determine whether the material is an effective MRI contrast 

agent or not depends on its longitudinal relaxivity (r1) and transverse relaxivity (r2). 

Relaxivity indicates how efficient the MRI contrast agent will induce the relaxation time 

change of the protons. To obtain relaxivity of a specific sample, a series of particle 

dispersions in water with different concentrations are prepared, followed by measuring 
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both T1 and T2 relaxation times for all the samples. Based on the recorded data, a line 

of relaxation rates as a function of ion concentrations can be plotted. Relaxivity is 

calculated as the slope of this line. Concentration of the ion is acquired with the 

application of ICP-AES as described previously. The instrument we used for relaxation 

time measurement is Minispec Contrast Agent Analyzer MQ 60 (Bruker Optics, Billerica, 

MA, USA) at a constant temperature of 37°C with magnetic field of 1.41 T. 

MRI System 

A typical MRI scanner includes the following key parts: magnet, gradient coil, and 

RF coil, as shown in Figure 2-13. The magnetic field has uniform field density and 

strength. There are two types of magnets: permanent magnet and superconducting 

magnet. A permanent magnet is often used in “open MRI scanner” with low magnetic 

field strength. High magnetic field strength can be achieved with the superconducting 

magnet which is composed of superconducting wires. The superconductor has 

approximately zero resistance when the temperature is close to 0 K. A gradient coil is 

used to produce a gradient in B0 in different directions. There are three different types of 

RF coil: transmit and receive coil, transmit only coil, and receive only coil. The transmit 

coil is used to produce the magnetic field, while the receive coil is used to detect the RF 

signal emitted from the object. 
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Figure 2-1. Illustration of a transmission electron microscope. 
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Figure 2-2. Scheme representing the essential components of an inductively coupled 

plasma atomic emission spectrometer. 

 

 
Figure 2-3. Schematic illustration of the ultraviolet-visible spectrometer. 
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Figure 2-4. Scheme representation of the principal parts of a Fourier transform infrared 

spectrometer. 

 

 
Figure 2-5. Block diagram illustrating the essential components of a CHN elemental 

analyzer. 
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Figure 2-6. Schematic diagram of thermogravimetric analysis technique. 

 

 
Figure 2-7. Block diagram illustrating the DLS instrument. 
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Figure 2-8. Schematic diagram of energy-dispersive X-ray spectroscopy. In EDX, the 

incoming electron beam ejects an inner shell electron, leaving a vacancy 
which is filled by an outer shell electron, releasing energy in the form of X-ray 
radiation. 

 

 
Figure 2-9. Schematic illustration of the X-ray diffraction with the sample. 
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Figure 2-10. Scheme illustrating X-ray powder diffractometer. It consists of X-ray 

source, sample holder, and a detector to detect the diffracted X-rays. 

 

 
Figure 2-11. Block diagram illustrating the essential components of a fluorescence 

spectrometer. 
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Figure 2-12. Schematic drawing of the main parts of a confocal laser scanning 

microscope and the light path. 
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Figure 2-13. Schematic diagram of a MRI scanner.  
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CHAPTER 3 
SIZE-DEPENDENT MRI RELAXIVITY AND DUAL IMAGING WITH Eu0.2Gd0.8PO4·H2O 

NANOPARTICLES 

Preface 

Three different sizes of Eu0.2Gd0.8PO4·H2O nanoparticles have been prepared to 

investigate the particle size influence on water proton relaxivity. Longitudinal relaxivity 

(r1) values increase for smaller particles, reach as high as r1 = 6.13 mM–1 s–1 for a 

sample of 40 ± 4 nm particles, which, with a ratio of transverse/longitudinal relaxivity, 

r2/r1 = 1.27, are shown to be effective positive contrast agents. The correlation between 

relaxivity and the surface-to-volume ratio implies that access to surface Gd3+ sites is the 

principal factor affecting relaxivity. On the other hand, although ionic molar relaxivity 

decreases for larger particles, the relaxivity per particle can be significantly greater. 

Gadolinium-based nanoparticles doped with fluorescent lanthanide elements have 

attracted attention for their dual-imaging abilities, combining magnetic resonance 

imaging and fluorescence imaging agents. In both in vitro experiments with HeLa cells 

and in vivo experiments with C. elegans, strong red fluorescence is observed from 

Eu0.2Gd0.8PO4·H2O with high resolution, demonstrating the parallel use of the particles 

as fluorescence imaging agents. Relevant sections in this Chapter were published in 

Langmuir, and are copyright of American Chemical Society. The online abstract can be 

found at http://dx.doi.org/10.1021/la500602x.1 

Introduction 

Multifunctional nanoparticles elicit considerable attention due to their ability to 

serve simultaneously as agents for important tasks such as MRI, fluorescence imaging, 

                                            
Reprinted with permission from Li, Y.; Chen, T.; Tan, W.; Talham, D. R. Langmuir 2014, 30, 5873-5879 
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controlled drug release, and specific targeting.42,78,79 A variety of material platforms 

have been used to develop multiple functions, including gold, silica, polymer, and 

magnetic oxide nanoparticles.80-83 Gadolinium ion-based nanoparticles such as Gd2O3, 

KGdF4, and GdPO4 are a promising category due to their intrinsic ability to affect water 

proton relaxation and serve as potential T1 or T2 contrast agents.84-86 

Combining fluorescent bioimaging with MRI capabilities is attractive because the 

greater sensitivity and resolution of fluorescence imaging can be used to complement 

MRI capabilities.79,84,85,87 Several nanoparticle-based systems have been developed for 

this purpose, such as superparamagnetic Fe3O4 nanoparticles conjugated with 

fluorescent quantum dots and organic fluorophores immobilized on Gd2O3 

nanoparticles.84,88 The mixing of different lanthanide ions in a single-phase system 

provides an effective way to achieve particles that combine fluorescence imaging and 

MRI easily while avoiding potential complication associated with more complex 

architectures.89-93 Circumventing the need for quantum dots or organic fluorophores, 

lanthanide ions such as Eu3+ and Tb3+ show extraordinary fluorescent properties, 

including large Stokes shifts, long lifetimes, and narrow emission lines.89,93,94 With 

seven unpaired electrons, Gd3+ forms the basis of the most widely used T1 contrast 

agents.95 As a result of these advantages, gadolinium-based nanoparticles have 

become a suitable platform for doping with luminescent lanthanide ions to achieve dual-

mode imaging agents. Previously, Shi et al.92 used Eu3+-doped Gd2O3 hybrid 

nanoparticles to label human mesenchymal stem cells (hMSCs), which was confirmed 

by confocal laser scanning microscopy. In addition, europium-doped gadolinium sulfide 

(GdS:Eu3+) was successfully applied as a fluorescent imaging agent for breast cancer 
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cells (SK-BR-3).91 In a third example, Ren et al.89 used Eu3+-doped GdPO4 nanorods to 

observe red luminescence from labeled HeLa cells. 

Following our earlier report86 exploring MRI contrast generation with gadolinium 

phosphate particles stabilized with phosphate-terminated oligonucleotides, we became 

interested in the EuxGd1–xPO4·H2O system. The present report describes the synthesis 

of Eu0.2Gd0.8PO4·H2O, and we show that suspensions can be stabilized by the 

phosphate-containing modifier, PMIDA. The PMIDA-modified particles are shown to be 

compatible with HeLa and A549 cells in viability studies and can be used to generate 

fluorescent images of the cells. The particles also enhance water proton relaxivity and 

are demonstrated to be MRI contrast agents. Our study contributes to a range of 

relaxivity values reported for the GdPO4·H2O and EuxGd1–xPO4·H2O systems.86,89,96,97 

Differing particle size is likely one of the parameters contributing to the range of 

reported values,65,95,98-101 so to understand the particle size dependence better, three 

different samples, ranging from ∼40 to ∼140 nm, are investigated. 

Materials and Methods 

Synthesis of Eu0.2Gd0.8PO4·H2O Nanoparticles  

Sample 1 

The synthesis of nanoparticles is based on procedures reported by Dumont et 

al.86 with a few modifications. The nanoparticles are obtained by combining two 

precursor surfactant mixtures, one containing the metal ions and the other the 

phosphate ions. The metal ions, 400 mg of Gd(NO3)3·6H2O and 100 mg of 

Eu(NO3)3·6H2O, in 5 mL of water are added to a solution of IGEPAL CO-520 (20 mL) 

dissolved in 100 mL of cyclohexane under vigorous stirring. In a separate suspension, 

NaH2PO4·H2O (700 mg) in 5 mL of water is combined with a solution of IGEPAL CO-
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520 (20 mL) dissolved in 100 mL of cyclohexane. The two suspensions were stirred 

separately for 1 h at room temperature, following which they were combined by the 

dropwise addition of the phosphate suspension to the metal ion suspension within a 

time period of 30 min. Once the addition was complete, the mixture was stirred 

vigorously for 3 h before the microemulsion was broken with 200 mL of acetone. The 

nanoparticles were collected by centrifugation and washed with water and acetone. The 

surface modification of the nanoparticles was performed by dispersing 20 mg of the 

nanoparticles in 1 mL of water followed by the addition of 30 mg of Gd(NO3)3·6H2O and 

sonicating for 20 min. To this suspension, 3 mL (pH 7) of 60 mg of PMIDA was added. 

The mixture was left to sonicate for another 1 h, after which the nanoparticles were 

collected by centrifugation, washed with water, and redispersed in water for later use. 

Sample 1: 40 ± 4 nm, white color; ICP (Gd/Eu in mg/L) 32.54/7.58; XRD, the XRD 

pattern can be equally well indexed to the hexagonal phase of either GdPO4·H2O 

(JCPDS no. 39-232) or EuPO4·H2O (JCPDS no. 20-1044); IR, <1250 cm–1 characteristic 

of (PO4)
3– vibrations, 2920 and 2851 cm–1 associated with the asymmetric (νas) and 

symmetric (νs) stretching vibrations of methylene (−CH2) groups of PMIDA. 

Sample 2 

Hydrothermal methods were used, combining a mixture of Eu3+ and Gd3+ ions 

with (NH4)2HPO4.
102 A solution of 400 mg of Gd(NO3)3·6H2O and 100 mg of 

Eu(NO3)3·6H2O in 15 mL of water was combined with a solution of 0.5734 g of 

(NH4)2HPO4 in 15 mL of water and stirred for 20 min before transferring the entire 

contents into a 130 mL Teflon-lined autoclave. The autoclave was sealed and 

maintained at 130°C for 14 h. After cooling to room temperature, the precipitate was 

separated by centrifugation and washed with water. The same surface modification 
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described for sample 1 was used. Sample 2: 71 ± 14 nm, white color; ICP (Gd/Eu in 

mg/L) 41.20/10.05; XRD, all of the peaks can be indexed to the hexagonal phase of 

GdPO4·H2O (JCPDS no. 39-232) or EuPO4·H2O (JCPDS no. 20-1044); IR, <1250 cm–1 

characteristic of (PO4)
3– vibrations, 2920 and 2851 cm–1 associated with the asymmetric 

(νas) and symmetric (νs) stretching vibrations of methylene (−CH2) groups of PMIDA. 

Sample 3 

The same process described for sample 2 was used, changing the precursor 

solutions to 400 mg of Gd(NO3)3·6H2O plus 100 mg of Eu(NO3)3·6H2O in 10 mL of 

water and 700 mg of NaH2PO4·H2O in 10 mL of water. The same surface modification 

was used. Sample 3: 145 ± 36 nm, white color; ICP (Gd/Eu in mg/L) 45.34/11.41; XRD, 

all of the peaks can be indexed to the hexagonal phase of GdPO4·H2O (JCPDS no. 39-

232) or EuPO4·H2O (JCPDS no. 20-1044); IR, <1250 cm–1 characteristic of (PO4)
3– 

vibrations, 2920 and 2851 cm–1 associated with the asymmetric (νas) and symmetric (νs) 

stretching vibrations of methylene (−CH2) groups of PMIDA. 

In Vitro and in Vivo Fluorescent Imaging 

A confocal laser scanning microscope (Olympus FV 500-IX81) was used to 

record cellular images. HeLa cells were plated in a 35 mm confocal dish (glass bottom 

dish) and grown to around 60% confluency for 24 h before the experiment. Cells were 

washed three times with DMEM, supplied with 1 mL DMEM, and then incubated with 

100 μL of PMIDA-modified Eu0.2Gd0.8PO4·H2O nanoparticles. After 24 h of incubation, 

cells were washed three times with DMEM, supplied with 1 mL of DMEM, and then 

subjected to confocal fluorescence imaging. An argon laser (excitation wavelength of 

488 nm) was used with a 60× oil-dispersion objective with a long pass filter at 560IF. 
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The same confocal laser scanning microscope was used to record in vivo 

fluorescent images of a small animal, C. elegans, with excitation at 488 nm and a 560IF 

filter. Food was prepared by mixing 200 μL of a solution of the nanoparticles that was 8 

or 32 mM in Gd3+ with 200 μL of 100 mg/mL OP50 (a type of E. coli) in S-basal medium. 

Two hundred microliters of these solutions were pipetted out onto the assay plate and 

left to dry, which served as food for the worms. For the control group, no nanoparticles 

were added. The worms were starved for 48 h before they were fed for 4 h, followed by 

transferring into a 2 mL tube with water and holding at 65 °C for 5 min. Once prepared, 

the worms were imaged with a 10× objective. 

Results and Discussion 

Particle Characterization 

TEM images (Figure 3-1) of each preparation of Eu0.2Gd0.8PO4·H2O show 

uniform rodlike particles. The size distributions, shown in the histograms of Figure 3-1, 

give average particle sizes of 40 ± 4, 71 ± 14, and 145 ± 36 nm for samples 1–3, 

respectively. The structure and composition of the particles were determined using 

powder XRD in conjunction with ICP-AES and EDS. The XRD patterns (Figure 3-2) 

from each sample can be indexed to the isostructural hexagonal phases of either 

GdPO4·H2O (JCPDS no. 39-232) or EuPO4·H2O (JCPDS no. 20-1044), and no impurity 

phase was detected.103 The resolution of the diffraction patterns does not discern 

between a homogeneous phase and a mixture of phases. However, EDS maps (Figure 

3-2) clearly show the Eu and Gd ions are uniformly distributed within crystallites. 

Particle surface modification provides colloidal stability and can be used to impart 

other functions such as biocompatibility or mechanisms for vectoring. The most 

common strategies include polymer modification and silica shell coating.83,104 In the 
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current study, we use the small-molecule PMIDA for postsynthesis surface modification 

following reports of its successful use for other metal phosphate and metal oxide 

particles.105,106 The PMIDA molecule is expected to bind the particle surface through the 

divalent phosphate,86,107 consistent with how it binds to Ca3(PO4)2 and iron oxide 

surfaces.105,106 After surface modification, the phosphate groups strongly bind with metal 

ions on the surface, leaving free carboxyl groups at the periphery, producing a well-

dispersed suspension through electrostatic repulsions. 

Previous study of GdPO4·H2O particles modified with phosphate-terminated 

oligonucleotides showed that postsynthesis modification with excess Gd3+ to ensure a 

surface rich in Gd3+ led to increased binding of the oligonucleotide in addition to 

providing more water-accessible sites to influence the relaxivity.86 This result was also 

observed here for PMIDA modification (Figure 3-3). FT-IR spectra confirm successful 

surface modification with PMIDA. Figure 3-4 compares FT-IR spectra of 

Eu0.2Gd0.8PO4·H2O before and after surface modification. The spectra are dominated by 

vibrations from the lattice PO4
3– groups and water.108 However, new bands at 2920 and 

2851 cm–1 for the modified particles are associated with the asymmetric (νas) and 

symmetric (νs) stretching vibrations of methylene (−CH2) groups of PMIDA.106,109  

Surface modification with PMIDA provides an easy and direct procedure for 

obtaining dispersible and biocompatible particles. Furthermore, the terminal carboxyl 

groups of the PMIDA can be easily used for later functionalization with other biologically 

active molecules.105,106,110 

Size-Dependent MRI Relaxivity 

To begin to understand some of the factors that contribute to the range of 

relaxivity behavior reported for GdPO4·H2O and EuxGd1–xPO4·H2O particles, samples of 
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three different average particle sizes were prepared. Magnetic resonance relaxivity 

measurements of different concentrations of Eu0.2Gd0.8PO4·H2O particles dispersed in 

water were performed at 1.41 T to determine T1 and T2 values (Figure 3-5 and Table 3-

1). The specific relaxivities were calculated according to 

1

Tiapp
=

1

Ti
+ ri × [CA]        i = 1,2 

where Tiapp is the apparent T1 or T2, ri represents relaxivities r1 or r2, and [CA] is the 

concentration of contrast agent.111,112 The longitudinal relaxivity, r1, ranges from 2.34 

mM–1 s–1 for the largest particles to 6.13 mM–1 s–1 for the smallest. 

The data in Figure 3-5 and Table 3-1 clearly show that the smaller particles give 

rise to higher molar relaxivity. Although the exact knowledge of how the gadolinium 

phosphate nanoparticles induce water proton relaxation is unknown, we would 

speculate that Gd3+ at the outer surface should contribute more to the relaxivity than 

ions in the core of the particle as water molecules have direct access to complexes at 

the surface. 

The correlation between the S/V ratio and relaxivity of Eu0.2Gd0.8PO4·H2O 

nanoparticles is plotted in Figure 3-6. As expected, the smaller particle of sample 1 with 

the largest surface-to-volume ratio of 0.49 nm-1 shows the highest relaxivity, which then 

decreases nearly linearly as the S/V ratio decreases, indicating that the availability of 

surface sites is primarily responsible for inducing relaxation. 

The correlation with S/V ratio is in line with other studies of nanoparticle-based 

contrast agents. Relaxivity studies of Gd2O3 report that particles smaller than 10 nm 

have much higher r1 than particles on the order of 30 nm diameter.68,84,95 Similarly, r1 

values were found to be higher for smaller MnO particles, leading to speculation that the 
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paramagnetic Mn2+ ions on the surface of the nanoparticles are responsible for the 

shortening of the T1 relaxation times.98 Both Rieter et al.99 and Nishiyabu et al.101 report 

on relaxivity studies with Gd3+-MOF systems. In both cases, an inverse dependence on 

nanoparticle size was observed, with the smaller nanoparticles possessing a larger r1 

relaxivity, suggesting that the Gd3+ ions at or near the surface are primarily responsible 

for the observed relaxivities. Whether the availability of surface ions is the only 

important factor is unclear from these observations, but certainly surface sites are the 

principal agents affecting the relaxivity with these paramagnetic metal oxide and metal 

phosphate systems. 

Although the molar relaxivity decreases for larger particles, the relaxivity per 

particle can be significantly greater than for the small particles. Such a characteristic 

could allow for enhanced local contrast while using particle-based contrast agents, 

which would be highly beneficial for targeted imaging.65 Recasting the relaxivity in units 

of relaxivity per particle,99 (mM particle)−1 s–1, shows the enhancement (Figure3-6). The 

relaxivity per particle increases from 47 000 (mM particle)−1 s–1 for the 40 nm particle to 

164 000 (mM particle)−1 s–1 for the 145 nm particles (Figure 3-6). Even for the larger 

particles, the per ion relaxivity is of the same order as for known gadolinium 

chelates,89,96,113 but with so many more ions in a particle, they provide a mechanism to 

concentrate and localize the induced relaxation effectively. 

With r1 = 6.13 mM–1 s–1 and r2 = 7.78 mM–1 s–1, the low value of r2/r1 = 1.27 

suggests usefulness as a positive contrast agent. To demonstrate this, sample 1, with 

the highest longitudinal relaxivity, was used to obtain T1-weighted MR images. Figure 3-
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7 shows the T1-weighted images obtained at 4.7 T at concentrations ranging up to 8 

mM. Enhanced MRI brightness is observed with the increase in particle concentration. 

It is useful to compare the relaxivity data for the materials described in this study 

to those of other gadolinium phosphate and Eu3+-containing gadolinium phosphate 

systems. Eu0.2Gd0.8PO4·H2O samples 1–3 are compared to other reported particle 

systems in Table 3-2. Using particles containing 2% Eu3+, Rodriguez-Liviano et al.97 

reported relaxivity values of r1 = 0.19 mM–1 s–1 and r2 = 17.33 mM–1 s–1 for 

Eu0.02Gd0.98PO4·H2O, and by taking advantage of a large r2/r1 ratio, they used the 

particles to effectively generate negative contrast in MRI phantom images at 9.4 T. 

Interestingly, studies of GdPO4·H2O also report a wide range of relaxivities and r2/r1 

ratios, with some studies emphasizing utility as positive contrast agents with others 

focusing on a large r2 value and using the particles to demonstrate negative contrast. 

Particle size explains some of the differences, but it is clear that there are also other 

factors that influence the relaxivity behavior of the gadolinium phosphate system. In 

addition to the different particle sizes represented in Table 3-2, each study uses a 

different surface modifier. Details of the significance of these factors remain to be 

resolved.  

Fluorescence Imaging 

Suspensions of the particles exhibit strong visible fluorescence in the red region 

under UV irradiation, a result of the Eu3+ in the particles (Figure 3-8).89,97 Such 

fluorescence properties have attracted considerable attention and show great potential 

for bioimaging applications. For example, Ren et al.89 used Eu3+-doped GdPO4 

nanorods modified with PVP to observe red luminescence from labeled HeLa cells. In 

addition, Patra et al.94,114 successfully used pure EuPO4 nanorods without a surface 
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modifier to label both 786-O cells and HUVEC cells. To demonstrate the potential of the 

Eu0.2Gd0.8PO4·H2O system as a dual-imaging agent, the HeLa cells were imaged with 

confocal laser scanning microscopy following incubation with the PMIDA modified 

particles. After treatment, strong fluorescence was associated with nanoparticle uptake 

by the cells (Figure 3-9). 

Further evidence of the fluorescence imaging potential of the particles is 

presented in Figure 3-10 showing confocal laser scanning microscopy images of C. 

elegans following inclusion of the Eu0.2Gd0.8PO4·H2O particles with different 

concentrations in the culture medium of the worms. Bright red fluorescence was 

observed due to the presence of the Eu3+ doped nanoparticles in C. elegans, where a 

stronger intensity can be seen when higher particle concentrations were used. No 

fluorescence was observed in the red region in the control. Together with the cell 

imaging and MRI contrast capability, these experiments demonstrate the potential of the 

PMIDA-modified Eu0.2Gd0.8PO4·H2O particle system for dual-imaging. 

Cytotoxicity Measurements 

When evaluating the clinical potential of nanoparticles, their toxicity is an 

important factor that should be taken into consideration. Therefore, we have studied the 

cytotoxicity of the as-prepared nanoparticles. Cytotoxicity testing was performed on 

PMIDA-modified Eu0.2Gd0.8PO4·H2O sample 1 using HeLa cells and A549 cells in 

solution up to 1 mM Gd3+. As shown in Figure 3-11, the average cell viability is 93% and 

90% for HeLa cells and A549 cells, respectively. Therefore, PMIDA-coated 

Eu0.2Gd0.8PO4·H2O nanoparticles are nontoxic up to 1 mM Gd3+. 
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Conclusions 

The phosphate-containing PMIDA molecule stabilizes colloidal suspensions of 

particles of the mixed lanthanide Eu0.2Gd0.8PO4·H2O, which with fluorescent Eu3+ ions 

and paramagnetic Gd3+ ions can be used for both fluorescence imaging and to generate 

MRI contrast. Relaxivity values vary with particle size, increasing with available surface 

area, implying that access to Gd3+ complexes at the surface is the principal factor 

influencing molar relaxivity. On the other hand, as the particles become larger, the 

relaxivity per particle increases, suggesting that larger particles might be useful for 

concentrating relaxivity effects in applications such as cellular or molecular imaging. 
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Figure 3-1. TEM images of PMIDA-modified Eu0.2Gd0.8PO4·H2O, samples 1 (A), 2 (B), 

and 3 (C); particle length distributions obtained from the TEM images (D) 
sample 1: 40 ± 4 nm; (E) sample 2: 71 ± 14 nm; and (F) sample 3: 145 ± 36 
nm. 
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Figure 3-2. (A) XRD patterns of Eu0.2Gd0.8PO4·H2O samples 1–3 and a JCPDS file of 

hexagonal GdPO4·H2O (JCPDS no. 39-232) and EDS maps across a 
Eu0.2Gd0.8PO4·H2O nanoparticle; (B) overlapped Gd and Eu detection; (C) 
gadolinium map only; and (D) europium map only. 
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Figure 3-3. From left to right: Eu0.2Gd0.8PO4·H2O nanoparticles; Eu0.2Gd0.8PO4·H2O 

nanoparticles after modification with PMIDA only; Eu0.2Gd0.8PO4·H2O 
nanoparticles after modification with both Gd3+ and PMIDA. Before taking 
image, all the samples are left standing for 3 days. Nanoparticles after both 
Gd3+ and PMIDA modification remain well suspended, whereas the other two 
samples show sedimentation. 

 

 
Figure 3-4. FT-IR spectra of Eu0.2Gd0.8PO4·H2O nanoparticles before (red) and after 

(blue) modification with PMIDA. 
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Figure 3-5. Plot of the proton relaxation rate (1/T1) of water suspensions of 

Eu0.2Gd0.8PO4·H2O nanoparticles at various Gd3+ concentrations and the 
corresponding relaxivites for samples 1 (40 nm), 2 (71 nm), and 3 (145 nm). 
The measurement was performed at 1.41 T. 
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Figure 3-6. (A) Molar relaxivity, r1, as a function of the surface-to-volume ratio, S/V, for 

samples 1–3. (B) Relaxation enhancement per particle as a function of 
nanoparticle size. 

 

 
Figure 3-7. T1-weighted MR images (4.7 T) of Eu0.2Gd0.8PO4·H2O particles from sample 

1 at various Gd3+ concentrations. 
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Figure 3-8. Emission spectra of Eu0.2Gd0.8PO4·H2O nanoparticles (excitation wavelength 

250 nm); The inset shows an aqueous sample solution before and after 
irradiation with a UV lamp. 
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Figure 3-9. Confocal laser scanning microscopy images of Hela cells incubated (A) with 

and (B) without sample 1 nanoparticles. 

 

 
Figure 3-10. Confocal laser scanning microscopy images of C. elegans fed (A) with the 

higher concentration of nanoparticles, (B) with the lower concentration of 
nanoparticles, and (C) without nanoparticles. 
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Figure 3-11. In vitro cell viability of (A) Hela cells (B) A549 cells incubated with 

Eu0.2Gd0.8PO4·H2O sample 1 at different concentrations (0, 0.25, 0.5, 0.75 
and 1mM Gd3+). 

 
Table 3-1. Size-dependent relaxivity data for samples 1–3. 

Sample Length 
 (nm) 

Width  
(nm) 

Molar Relaxivity 
r1/[Gd3+]  
(mM-1s-1) 

Relaxation Enhancement 
Per Nanoparticle r1/NP 
(mM particle)-1s-1 

Surface-to-
Volume 
Ratio (nm-1) 

1 40±4 9±2 6.13±0.1 47 000±1000 0.49±0.13 
2 71±14 13±4 2.56±0.1 82 000±4000 0.34±0.14 
3 145±36 14±4 2.34±0.1 164 000±10 000 0.30±0.13 
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Table 3-2. Chemical and physical properties of GdPO4 based contrast agents. 

Name Core material Surface Morphology 
Length×Width 
(nm×nm) 

r1/[Gd3+] 
(mM-1s-1) 

r2/[Gd3+] 
(mM-1s-1) 

B0 (T) 

PGP/dextran-
K0185 

GdPO4 Dextran Nanorod (20-30)×(6-15) 13.93 14.96 0.47 

Sample 1 Eu0.2Gd0.8PO4 PMIDA Nanorod 40×9 6.13 7.78 1.41 
Sample 2 Eu0.2Gd0.8PO4 PMIDA Nanorod 71×13 2.56 4.54 1.41 
Sample 3 Eu0.2Gd0.8PO4 PMIDA Nanorod 145×14 2.34 4.43 1.41 
GdPO4

78 GdPO4 PVP Nanorod 100×10 2.08  4.7 
GdPO4

75 GdPO4 DNA Nanorod 50×10 0.2 12.8 14.1 
Eu0.02Gd0.98PO4

86 Eu0.02Gd0.98PO4 No Nanocube 75×75 0.19 17.33 0.47 
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CHAPTER 4 
POLYAMIDOAMINE AND ITS DERIVATIVES MEDIATED SIZE-CONTROLLED 
SYNTHESIS OF GADOLINIUM PHOSPHATE NANOPARTICLES: COLLOIDAL 

PROPERTIES AND MRI RELAXIVITY STUDY 

Preface 

Polyamidoamine (PAMAM) and its derivatives, including hyperbranched 

polyamidoamine (HyPAM), HyPAM-PEG, and also HyPAM-C18-PEG, were used to 

synthesize gadolinium phosphate nanowires under mild conditions. The resulting 

particles were coated by the polymer, and the control of particle size was achieved by 

adjusting polymer concentration. Relaxivity measurements of HyPAM coated GdPO4 

nanowires reveal an optimum particle size, showing relaxivity values as high as 55 ± 9 

mM-1 s-1 for r1 and 67 ± 11 mM-1 s-1 for r2. The colloidal stability of these hybrid systems 

were then optimized through the use of functionalized core-shell polymers containing 

PEG segments and C18-PEG segments, offering the possibility of imparting additional 

functions into the polymer-particle hybrids. This work is expected to be submitted to 

scientific journal for publication in the near future.2 

Introduction 

As discussed in Chapter 3, gadolinium phosphate nanoparticles with sizes 

ranging from ~40 to ~140 nm have been successfully synthesized and employed as a 

dual-imaging contrast agent after doping with europium. Nevertheless, the MRI 

properties of GdPO4 nanoparticles with sizes down to few nanometers are still 

unrevealed, due to the difficulty in synthesizing ultrasmall particles under regular 

synthetic conditions. 

                                            
Frangville, C.; Gallois, M.; Li, Y.; Nguyen, H. H.; Viguerie, N. L.; Talham, R. T.; Mingotaud, C.; Marty, J. 
Manuscript in preparation. 
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To achieve this objective, PAMAM was initially introduced as the surface coating 

molecules to mediate the synthesis of GdPO4 nanoparticles. Due to the structural 

similarity between PAMAM and HyPAM as well as the lower cost and easy preparation 

of HyPAM, HyPAM instead of PAMAM is selected as the surface coater for further 

relaxivity study. Similar to gold, silver or platinum nanoparticles for which precise 

particle size control has been achieved,115-118 GdPO4 nanoparticles of different sizes 

were synthesized by complexing with HyPAM, that is, by mixing Gd3+ with the polymer 

and replacing chemical reduction with a precipitation step. In addition, polymers with 

HyPAM core functionalized with different shells using PEG were also synthesized to 

add stability, biocompatibility,119 and drug-loading capacity to the hybrid nanoparticles. 

The ability of such structures to both stabilize and control particle growth was discussed 

in this Chapter. 

Materials and Methods 

Materials 

Gadolinium (III) nitrate hexahydrate, sodium phosphate dibasic, and Nile Red (9-

diethylamino-5-benzo-α-phenoxazinone) were purchased from Sigma Aldrich Co. Ltd. at 

highest purity available (≥99% and ≥98%) and used as received. Polyamidoamine 

generation 4 was purchased from Polymer Source Inc. Water was purified through a 

filter and ion exchange resin using a Purite device (resistivity 18.2 MΩ·cm). 

Polymer Synthesis 

Preparation of hyperbranched polyamidoamine core 

The synthesis of the HyPAM cores were carried out following previously 

published work.115,117,120 The HyPAM was obtained by stirring the mixture of tris(2-

aminoethyl)amine (17.1 mmol) with tris(2-di(methylacrylate)aminoethyl)amine (1.7 
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mmol) under argon atmosphere at 75°C for two days. HyPAM: 1H NMR (DMSO-d6, 500 

MHz): 2.24 (m, N-CH2-CH2-N); 2.45 (m, CO-NH-CH2-CH2-N); 2.51 (DMSO and m, -CH2-

NH2); 2.63 (m, N-CH2-CH2-CO); 2.7 (m, N-CH2-CH2-CO); 3.1 (m, -CH2-NH-CO-); 3.45 

(NH); 13C NMR (DMSO-d6, 500 MHz): 33.79 (N-CH2-CH2-N); 37.34 (-CH2-NH-CO-); 

41.62 (N-CH2-CH2-CO); 46.15 (-CH2-NH2); 47.43 (N-CH2-CH2-CO); 56.61 (CO-NH-CH2-

CH2-N); 172.0 (CO); IR (HyPAM): ̅ = 3345, 3283, 3078, 2943, 2858, 2824, 1645, 1557, 

1460, 1354, 1291, 1096, 1062, 946, 915 cm-1. 

Double and single shell synthesis  

The synthesis of the building block PEG750-C17-COOH was performed with a 

method that has been previously described,121 while the single-shell building block 

mPEG750-COOH was prepared by oxidation with Jones reagent. 1H NMR (400 MHz, 

CDCl3) δ: 4.01 (s, O-CH2-COOH); 3.80-3.44 (m large, PEG backbone); 3.35 (s, -O-

CH3); 3.04 (q, Et3N  traces: N(CH2-CH3)3); 1.25 (t, Et3N  traces: N(CH2-CH3)3). 
13C NMR 

(100 MHz, CDCl3) δ: 174.19 (-O-CH2-COOH); 71.86 (-CH2-O-CH3); 70.49 (br PEG); 

70.00 (-O-CH2-COOH); 58.95 (-O-CH3) ppm. 

Grafting of PEG750-C17-COOH or PEG750-COOH onto the HyPAM core 

To couple the shell to HyPAM, the terminal carboxyl groups, after activation by 

coupling with N-hydroxysuccinimide (SuOH) using N, N'-dicyclohexylcarbodiimide 

(DCC), was added to the hyperbranched core HyPAM in methanol and stirred for 24 h. 

HyPAM-PEG:  
1H NMR (400MHz, D2O) δ: 3.71 (br, -O-CH2-CH2-O- from mPEG); 3.34 

(s, -O-CH3 from mPEG); (3.39 (br, -CO-NH-CH2-); 2.79 (br, N-CH2-CH2-CO); 2.79 (br, 

NH2-CH2-); 2.67 (br, N-CH2-CH2-NH-CO); 2.67 (br, N-CH2-CH2-N-); 2.45 (br, -CH2-CO-) 

ppm. 13C NMR (100 MHz, D2O) δ: 174.5 ( -NH-CO-CH2 from HyPAM core and core-

shell link); 71.02 (-CH2-O-CH3); 69.7 ( -O-CH2-CH2-O); 60.4 (-O-CH3); 58.1 (NH-CO-
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CH2-CH2-O); 51.4-53.6 (N-CH2-CH2-N and CONH-CH2-CH2-N); 52.4, 49.2-50.3 (N-CH2-

CH2-CO); 37.1 (CO-NH-CH2- CH2-O) ppm. IR (KBr):  ν(cm-1) = 1107, 1539, 1644, 1733, 

3428. HYPAM-C18-PEG: 1H NMR (400MHz, CDCl3) δ:  4.18 (t, -COO-CH2); 3.82-3.40 

(br , -O-CH2-CH2-O- from mPEG ); 3.35 (s, -O-CH3); 3.21 (br, -CO-NH-CH2-); 2.69 (br, 

CO-NH-CH2-CH2-N- from NHCO-CH2-CH2-N- from HYPAM); 2.52 (br, -N-CH2-CH2-N- 

and -NH-CH2-CH2-NH- from HYPAM); 2.30 (t, -CH2-COO-); 2.19 (br, NHCOCH2); 1.58 

(br, NHCO-CH2-CH2-(CH2)12-CH2-CH2-COO); 1.21 (m, NHCO-CH2-CH2-(CH2)12-CH2-

CH2-COO-) ppm. 13C NMR (100 MHz, CDCl3) δ: 174.1 (-NH-CO-CH2 from HYPAM core 

and core-shell link); 173.7 (-CH2-COO-); 71.9 (-CH2-O-CH3); 70.5 ( -O-CH2-CH2-O); 

69.1 (-COO-CH2-CH2-); 63.3 (-COO-CH2); 58.9 (-O-CH3); 53.4 – 55.1 (N-CH2-CH2-N); 

51.1-52.4 (CONH-CH2-CH2-N); 49.4-50.6 (N-CH2-CH2-CO); 37.6 (-CO-NH-CH2-CH2-N-

); 36.4 (CO-NH-CH2- from the core-shell link); 34.1 (NH-CO-CH2); 28.8-30.9 (NHCO-

CH2-CH2-(CH2)12-CH2-CH2-COO-); 25.9 (-NH-CO-CH2-CH2-); 24.8 (-CH2-CH2-COO-) 

ppm. IR (KBr):  ν(cm-1) = 1032, 1530, 1644, 3280. 

Gd3+/HyPAM Interactions 

Stock solutions of HyPAM (2×10-4M) and Gd(NO3)3 (4×10-4M) were prepared in 

D2O. Aliquots of 1 mL were prepared by adding 500 µL of HyPAM, 0 to 500 µL of 

Gd(NO3)3 and completed at 1 mL with D2O. The pH of each aliquot was then carefully 

adjusted between 8 and 9 with NaOD (1M). 1H NMR spectra were recorded on a 

BrukerARX500 equipped with a cryogenic probe (400MHz for 1H). Calibration was 

performed using the chloroform peak at 7.26 ppm for 1H. 

GdPO4/Polymer Nanowire Synthesis and Analysis 

Two precursors were prepared for the synthesis of HyPAM-based nanowires. 

Typically, precursor 1 was prepared by adding 250 μL of Gd(NO3)3 (1×10-3 M) stock 
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solution to 1 mL of water containing various polymer concentrations (from 0 to 8 µM). 

Precursor 2 was prepared by dissolving 250 μL of NaH2PO4 (1×10-3 M) in 1.25mL of 

water. The pH of precursor 1 was adjusted to pH 8-9 with NaOH (0.01 M) or HCl (0.01 

M). Then, precursor 2 was added dropwise to precursor 1 under stirring, using a syringe 

pump with flowrate = 1.6 mL/h, (Neolus needle, Ø 0.8 mm). A drop of each aliquot was 

then dropped on a carbon-coated copper TEM grid (Ted Pella Inc.) and left to dry under 

air. The samples were analyzed with a MET Hitachi HT7700 transmission electron 

microscope operating at 80 kV. Size-distribution histograms were determined by using 

magnified TEM images and by measuring a minimum of 200 particles of each sample, 

using ImageJ software. 

NaCl Stability Study 

100 µL of NaCl (0.02 M, 0.2 M and 2 M) stock solutions were added to 100 µL of 

GdPO4 nanowires aliquots synthesized with HyPAM, HyPAM-PEG, or HyPAM-C18-PEG 

(5 µM). These solutions were left 15 days to equilibrate and then analyzed though DLS 

using a Zetasizer Nano-ZS (Malvern Instruments, Ltd, UK) with integrated 4 mW He-Ne 

laser, λ = 633 nm. The correlation function was analyzed via the general purpose 

method (NNLS) to obtain the distribution of diffusion coefficients of the solutes. The 

apparent equivalent hydrodynamic diameter was then determined using the Stokes–

Einstein equation. Z-average was obtained from five different runs of the number plot. 

Standard deviations were evaluated from the diameter distribution. 

Drug Loading Capacity 

1 µL of Nile Red (9-diethylamino-5-benzo-α-phenoxazinone) stock solution 

(1×10-3 M in THF) were added on aliquots of GdPO4 nanowires synthesized with 

HyPAM, HyPAM-PEG, or HyPAM-C18-PEG (5 µM) (200 µL completed at 1 mL with 
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water). Fluorescence measurements were then performed on a Photon Technology 

International photon-counting fluorescence spectrophotometer with a xenon lamp 

EIMAC of 175W. The spectrofluorimeter was set with excitation and emission slits of 4 

nm. Excitation and emission spectra were recorded separately with λem=660 nm and 

λex=590 nm. 

Results and Discussion 

Particle Characterization 

The TEM image and electron diffraction pattern of GdPO4/HyPAM nanoparticles 

(Figure 4-1) suggests formation of amorphous GdPO4 nanowires (Figure 4-2), although 

the exact extent of hydration was not determined (Table 4-1 and Table 4-2). By using 

PAMAM as the surfactant, ultrasmall GdPO4 nanowires were successfully obtained. It 

was also observed that the particle size decreased from ~15 nm to ~8 nm by adding 

more polymer during the synthetic process (Figure 4-3), providing an efficient method 

for precise size control of the material. In addition to PAMAM, HyPAM shows similar 

results in terms of size control. As shown in Figure 4-4 and Figure 4-5, the average 

length of the nanowires can be adjusted by changing the polymer concentration. The 

average length of the nanowires decreases from ~120 nm to ~6 nm, with nearly 

isotropic nanoparticles forming at the higher polymer concentration (above 3.5 µmol L-

1). The ability of these polymers to control particle sizes during the synthesis process 

can be explained by the interaction between tertiary amines on HyPAM and Gd3+ prior 

to the addition of sodium phosphate, confirmed by the shift and widening of the 1H NMR 

vicinal proton resonance of the tertiary amine upon adding Gd3+ to the HyPAM polymers 

(Figure 4-6). Also, the presence of HyPAM stabilizes the nanowires, as suggested by 

their higher colloidal stability after adding the polymer. Both factors contribute to control 
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over the nucleation and growth processes upon the addition of phosphate. This 

polymer-mediated synthesis is the first report for controlling sizes of GdPO4 

nanoparticles down to 5 nm, fabricated under aqueous, room temperature conditions. 

The precise size control allows systematic analyses of size effects of GdPO4 

nanoparticles/nanowires as MRI contrast agents. 

Size-Dependent Relaxivity Study 

Transversal and longitudinal relaxation times T1 and T2 were recorded to 

evaluate the size effect of the prepared GdPO4 nanowires. Dialysis and Gd ion titration 

were performed on the samples before relaxivity measurements. There is a clear 

dependence of the length of the nanowires on r1 and r2 values. As shown in Figure 4-7, 

there is an optimum particle size of 23 nm which shows the highest relaxivity value, 

similar to the trends reported by Park et al.95 for Gd2O3 nanoparticles. For the hybrid 

GdPO4/HyPAM nanowires, the optimal length was found to be 23 ± 11 nm with 

exceptionally high relaxivity values of r1 = 55 ± 9 mM-1 s-1 and r2 = 67 ± 11 mM-1 s-1. 

These values are higher than the conventional molecule-based T1 contrast agents and 

most gadolinium-based particles explored to date. For example, Hifumi et al.96 

previously reported gadolinium-based hybrid nanoparticles (PGP/dextran-K01) with r1 of 

13.9 mM-1 s-1. Johnson et al.65 has studied relaxivity dependence of NaGdF4 

nanoparticles of different sizes, with the smallest size of 2.5 nm showing r1 of 7.2 mM-1 

s-1. Another example is ultrasmall gadolinium hydrated carbonate nanoparticles, studied 

by Liang et al.,122 showing high r1 of 34.8 mM-1 s-1. 

The particle size dependences of r1 and r2 show a maximum for the 23 nm 

particle sample, with lower values of relaxivity for both larger and smaller particles. 

Similar observations of an optimal particle size have been observed for other particle 
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systems,95,123 including NaGdF4 and Gd2O3, and is attributed to contributing factors 

influencing relaxivity that have opposite particle size corelations. One of the possible 

factors that influences the relaxivity value is the availability of Gd3+ ions at the surface, 

as direct chemical exchange of water molecules is the largest contributor to proton 

relaxation. As discussed in Chapter 3, the surface to volume ratio increases as particle 

size gets smaller, accounting for the most often observed increase in relaxivity as 

particles become smaller. On the other hand, tumbling times get longer as the 

hydrodynamic volume of the particle increases.57,65,124,125 So, for particles in a certain 

range of sizes, relaxivity increases as particles get bigger. These opposing contributions 

are then expected to give rise to an optimum particle size for any set of conditions, as 

observed in Figure 4-7. It is important to realize that correlation times will be affected by 

other other parameters, also, such as medium viscocity and applied magnetic field 

strength, so any ‘optimum’ particle size will depend on the application. Since the 

tumbing time depends on the hydrodynamic volume of the composite polymer-particle 

object, the polymer mediated preparation affords the potential for tuning the response 

through synthetic variation of both the size of the inorganic nanoparticles and the 

thickness of the polymer coating. 

Core-Shell HyPAM Polymer  

The hyperbranched polymer mediated synthesis of GdPO4 was extended to the 

functionalized core-shell HyPAM analogues, HyPAM-PEG and HyPAM-C18-PEG, in 

order to confer additional properties such as biocompatibility, additional colloidal 

stability, and drug-loading capacity. Similar size control was achieved with these two 

hyperbranched polymers (Figure 4-8). 
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The stability of colloidal suspensions of the polymer stabilized gadolinium 

phosphate hybrids was analyzed with dynamic light scattering, measuring the average 

hydrodynamic radius under different conditions of added salt (Figure 4-9). Whereas 

GdPO4 nanowires coated by HyPAM aggregate upon addition of NaCl, the PEG 

functionalized core-shell polymers ensure high stability of the polymer-particle hybrids 

against ionic strength, up to 1 M NaCl. The successful stabilization of the GdPO4 

nanowires by the hyperbranched polymers is in line with studies of other hybrid 

organic/inorganic systems.116,117,126,127 Furthermore, other examples have shown that 

pegylated hybrid systems can be dried and easily redispersed in water or organic 

solvents compatible with the PEG moieties,118,120 a property that could be exploited for 

storage or transport of these potential contrast agents. 

The polymer-particle hybrids can impart additional functions beyond solubility 

and colloidal stability. For example, the hydrophobic C18 layer of core-shell-shell 

HyPAM-C18-PEG colloids has also been exploited for its drug loading capacity. To 

highlight the possibility of this added function, the well-known polarity probe Nile Red128-

130 was added as a surrogate for a hydrophobic drug and the resulting fluorescence 

intensities were recorded to assess the potential for molecule uptake (Figure 4-10). As 

expected, the GdPO4/HyPAM and GdPO4/HyPAM-PEG polymer-particle hybrids do not 

exhibit any shift of their maximum emission wavelength compared to water or GdPO4 

controls as would be indicative of a change in environment of the Nile red, and thus do 

not possess any potential as drug carriers. On the other hand, the GdPO4/HyPAM-C18-

PEG systems possess an apolar layer in which the Nile Red becomes localized, 

resulting in a shifted emission wavelength corresponding to a dielectric constant of 
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about ε = 30, illustrating the potential of this hybrid system to act as drug carrier 

combined with imaging probe. 

Lastly, r1 and r2 relaxivity measurements were performed for the GdPO4 particles 

stabilized with the PEG-containing hyperbranched polymers.  Comparisons of the 

GdPO4 relaxivities for the different particles are gathered in Table 4-3. The GdPO4 

nanowires stabilized by HyPAM and HyPAM-PEG have hydrophilic coatings and 

therefore exhibit similar r1 and r2 values, due to the similarly hydrated environment 

around the inorganic particle that these two coatings provide. In contrast, the HyPAM-

C18-PEG stabilized GdPO4 nanoparticles exhibit lower r1 and r2 values, most likely as a 

result of the hydrophobic C18 layer of the hyperbranched structure, which reduces the 

diffusion of water molecules between the particle surface and the bulk solvent. 

Nevertheless, the relaxivities of the HyPAM-C18-PEG stabilized particles are still quite 

reasonable. 

Conclusions 

Hyperbranched polymers and functionalized core-shell polymers were used to 

govern the synthesis of size-controlled GdPO4 nanowires in aqueous solutions at room 

temperature. The GdPO4 nanowires were obtained in a range of 120 ± 39 nm down to 6 

± 2 nm with micromolar concentrations of the HyPAM. Relaxivity measurements of the 

HyPAM-coated particles over the range of GdPO4 particle sizes revealed an optimal 

length at ~23 nm for which promising r1 and r2 values were obtained (r1= 55 ± 9 mM-1 s-

1; r2= 67 ± 11 mM-1 s-1). The functionalized core-shell polymers HyPAM-PEG and 

HyPAM-C18-PEG were then used to form similar polymer-particle hybrids in order to 

improve stability, biocompatibility, and potentially permit payload loading. 
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Figure 4-1. (A) TEM pictures of GdPO4/HyPAM nanoaprticles; (B) Selected area 
electron diffraction pattern of the GdPO4/HyPAM nanoaprticles. 
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Figure 4-2. (A) JCPDS file of GdPO4·H2O (JCPDS no. 39-232), (B). JCPDS file of 
GdPO4·1.5H2O (JCPDS no. 21-337) 
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Figure 4-3. TEM images of GdPO4 nanoparticles synthesized with increasing amounts 
of PAMAM ([PAMAM]=1.7-85 µmol.L-1 ; pHadjusted = 8-9) , scale bars = 100nm. 

 

 

Figure 4-4. TEM images of GdPO4 nanoparticles synthesized with increasing amounts 
of HyPAM ([HyPAM]=0-8 µmol.L-1 ; pHadjusted = 8-9) , before dialysis, scale 
bars = 200nm. 
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Figure 4-5. Average lengths of GdPO4 nanoparticles, determined from TEM analysis, 
versus increase concentration of HyPAM, HyPAM-PEG, and HyPAM-C18-
PEG. 
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Figure 4-6. 1H NMR study for [HyPAM]=1×10-4M and increasing Gd3+ concentration in 
D2O; (A) HyPAM proton classification, (B). 1H NMR spectra, (C). 1H NMR 
peak shifts. 
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Figure 4-7. GdPO4/HyPAM size dependence on r1 and r2 relaxivities (1.41 T). Particle 
lengths were determined before dialysis. 
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Figure 4-8. TEM pictures of GdPO4 nanowires synthesized with increasing amount of (A) HyPAM-PEG, (B) HyPAM-C18-

PEG, scale bars = 200nm. 
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Figure 4-9. DLS measurements of the GdPO4/hyperbranched polymers (5 µmol L-1) 
upon NaCl addition (0, 0.01, 0.1, 1 M). 

 

.  

Figure 4-10. Normalized emission fluorescence spectra of 0.5 µM Nile Red added into 
H2O (black), GdPO4 dispersion (grey), GdPO4/HyPAM dispersion (yellow), 
GdPO4/HyPAM-PEG dispersion (blue) and GdPO4/HyPAM-C18-PEG 
dispersion (red). λex=590nm. 
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Table 4-1. Comparison between the experimentally obtained diffraction spacing and the 
values reported in JCPDS no. 39-232 (Cu Kα1, λ = 1.5406 Å). 

 2θ (hkl) Intensity 
Reported d-spacing 
(Å) 

Measured d-
spacing (Å) 

Ring 1 29.85 
31.99  

(2 0 0) 
(1 0 2)  

100 
98  

2.991 
2.795  

2.861±0.013  

Ring 2 42.44 
42.84  

(2 1 1) 
(0 03)  

54 
21  

2.128 
2.109  

2.118±0.023  

Ring 3 47.81 
49.53  

(3 0 1) 
(2 1 2)  

21 
64  

1.901 
1.839  

1.865±0.018  

 

Table 4-2. Comparison between the experimentally obtained diffraction spacing and the 
values reported in JCPDS no. 21-337 (Cu Kα1, λ = 1.5406 Å). 

 2θ (hkl) Intensity 
Reported d-spacing 
(Å) 

Measured d-
spacing (Å) 

Ring 1 29.84 
32.10  

(2 0 0) 
(1 0 2)  

100 
100  

2.992 
2.786  

2.861±0.013  

Ring 2 42.70  (0 03)  60  2.116  2.118±0.023  
Ring 3 47.86 

49.58  
(3 0 1) 
(2 1 2)  

40 
70  

1.899 
1.837  

1.865±0.018  

 

Table 4-3. Relaxivity comparison of GdPO4 coated with HyPAM and functionalized 
HyPAM polymers (field 1.41 T, [Polymer]=5 µmol L-1). 

 HyPAM HyPAM-PEG HyPAM-C18-PEG 

r1 (mM-1.s-1) 26.2 ±0.3 23.8 ±0.8 13.9 ±0.1 

r2 (mM-1.s-1) 33.5 ±0.3 36.8 ±1.2 17.2 ±0.2 

r2/r1 1.3 1.5 1.2 

Length (nm) 15 ±7 15 ±5 18 ±10 
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CHAPTER 5 
ONE-STEP SYNTHESIS OF GRADIENT GADOLINIUM IRONHEXACYANOFERRATE 

NANOPARTICLES: A NEW PARTICLE DESIGN EASILY COMBINING MRI 
CONTRAST AND PHOTOTHERMAL THERAPY 

Preface 

A one-step synthesis of Prussian blue nanoparticles possessing a concentration 

gradient of Gd3+ counterions, g-Gd-PB, has been developed, and the potential for the 

particles to perform as both MRI positive contrast agents and photothermal therapy 

agents is demonstrated. The synthesis of potassium/gadolinium ironhexacyanoferrate is 

performed under increasing concentration of Gd3+ ions forming particles with a higher 

concentration of gadolinium toward the outer layers. The proton relaxivity (r1) measured 

for the particles is 12.3 mM-1s-1. T1 weighted images of phantoms containing the 

particles show their potential as MRI contrast agents. In addition, the Prussian blue host 

can rapidly and efficiently convert energy from near-IR (NIR) light into thermal energy, 

allowing g-Gd-PB to be used as a photothermal therapy agent. The photothermal 

properties are demonstrated by measuring temperature changes of particle 

suspensions under irradiation and by photothermal ablation of CCRF-CEM cancer cells. 

Relevant sections in this Chapter were published in Nanoscale, and are copyright of 

Royal Society of Chemistry. The online abstract can be found at 

http://dx.doi.org/10.1039/C4NR06481J.3 

Introduction 

Nanoparticle platforms provide opportunity to realize multiple functions and this is 

also the case for particle-based MRI contrast agents.56,131,132 In Chapter 3, by doping 

europium ions into gadolinium phosphate, the resulting particle can be used for both 

                                            
Reprinted with permission from Li, Y.; Li, C. H.; Talham, R. T. Nanoscale 2015, DOI:10.1039/C4NR06481J. 
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MRI and fluorescent imaging. Recently, Kang et al.133 reported poly(acrylic acid) 

modified lanthanide-doped GdVO4 hollow spheres as a carrier of the anticancer drug 

doxorubicin hydrochloride, combining MRI imaging and chemotherapy agents. Other 

biomedical tools, including fluorescent imaging and photothermal therapy, have also 

been incorporated into multifunctional nanoparticles.84,134 The combination of PTT and 

MRI allows simultaneous imaging and near-IR induced local cancer ablation.44 PTT 

converts absorbed light to heat, leading to thermal ablation of cancer cells, and because 

it is minimally invasive, is recognized as a promising alternative or complement to 

conventional chemotherapy, surgery and radiotherapy cancer treatments.44-48 

Importantly, the ability of MRI to detect the size and location of tumor sites and also the 

potential to localize appropriately modified particles at affected sites can highly increase 

the efficacy and minimize side effects.44 

Several systems are under active investigations for synergistic MRI and PTT. 

The most common systems include gold, copper sulfide and reduced graphene oxide.44-

49 However, these materials have confronted limitations to wide application. The thermal 

stability of gold nanoparticles is poor due to morphological changes after long periods of 

laser irradiation,135 leading to a decrease of photothermal efficiency. Biosafety is also an 

important concern. For example, copper sulfide and carbon-based nanomaterials are 

found to be poorly metabolized.136 At the same time, most of these examples are 

complex systems that combine different materials into single particles, thereby requiring 

multistep preparations, which can be time-consuming and ultimately costly.137 

In this Chapter, a concentration-gradient gadolinium-ion-containing Prussian blue 

nanoparticle, g-Gd-PB, is described that combines the ability to enhance proton 
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relaxivity for MRI with PTT capabilities. With Gd3+ ions located closer to the outer 

surface of the particles, water molecules still have access to the paramagnetic metal 

center, yet less gadolinium is required than for a comparably sized pure phase. 

Moreover, the Prussian blue host has recently been shown to be an efficient PTT 

agent,138 and the new gradient particles are shown to be effective agents for the 

photothermal ablation of cancer cells. A similar result might be expected from a simple 

core-shell strategy, but core-shell structures are not always easy to achieve, as is the 

case for the current system where we were unable to prepare analogously sized 

potassium Prussian blue particles with a gadolinium Prussian blue shell. Furthermore, 

the gradient strategy is new for these coordination polymer solids and allows us to 

manipulate the ion distribution in the nanostructure in a single-pot one-step preparation, 

unlike most core-shell preparations that require additional isolation and redispersion 

steps. Finally, it is worth noting that PB has previously been approved by the FDA as an 

effective therapy agent in the treatment of cesium and thallium poisoning,138-140 attesting 

to its biosafety. 

Materials and Methods 

Materials 

Gadolinium(III) nitrate hexahydrate (99.90%), citric acid monohydrate, and 

anhydrous ferric chloride were purchased from Fisher Scientific (Waltham, MA, USA). 

Potassium ferrocyanide (Baker Analyzed, ACS reagent) was purchased from J.T. Baker 

(Phillipsburg, NJ, USA). MTS (cellTiter 96® aqueous one solution cell proliferation 

assay) was purchased from Promega Corporation (Madison, WI, USA). All commercial 

chemicals were used without further purification. 
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Concentration Gradient K0.3Gd0.2Fe[Fe(CN)6]4.9H2O, g-Gd-PB, Synthesis 

The synthesis was performed at room temperature. During the reaction, a 150 

mL aqueous solution of Gd(NO3)3·6H2O (0.271 g, 0.60 mmol) and citric acid (3.152 g, 

15 mmol) was added dropwise to a continuously stirred Fe3+ aqueous solution, initially 

containing FeCl3 (0.097 g, 0.60 mmol) and citric acid (3.152 g, 15 mmol) in 150 mL of 

water, thereby gradually changing the Gd3+ concentration. The mixed Fe3+-Gd3+ 

solution, with gradually increasing Gd3+ concentration, and a 300 mL aqueous solution 

of K4Fe(CN)6·3H2O (0.507 g, 1.20 mmol) were simultaneously pumped into 300 mL of 

nanopure water at a rate of 150 mL/h. The mixture was stirred for 18 h after complete 

addition. For collection and analysis, the particles were centrifuged at 12000 rpm for 15 

min, washed with water, and redispersed in ~100 mL water. The chemical composition 

was determined by inductively coupled plasma-atomic emission spectroscopy and 

thermogravimetric analysis. 

K0.3Gd0.2Fe[Fe(CN)6]4.9H2O(citrate)0.15. 58 ± 9 nm. Dark blue powder. Yield: 

190 mg (80%). IR (KBr): 2082 cm-1 (s, CN, FeIII-NC-FeII) (Figure 5-1); IR (ATR) 496 cm-1 

(Fe-C); ICP-AES (K/Gd/Fe in mg/L) 3.08: 6.63: 27.42. TGA analysis (Figure 5-2) gives 

22% H2O per unit formula. CHN analysis calcd. for C6.9H10.6N6.0O6.0Fe2.0Gd0.2K0.3: C, 

19.32; H, 2.47; N, 19.6. Found: C, 19.40; H, 1.92; N, 18.65. 

Measurement of Photothermal Performance  

To measure the photothermal conversion performance of g-Gd-PB 

nanoparticles, a 808 nm NIR laser was used to irradiate an aqueous dispersion (50 μL 

of 0.46 mM g-Gd-PB nanoparticle suspension). The NIR light output power is 2.5 

W/cm2 with an area of 0.2 cm2. The temperature and IR images were recorded with a 
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FLIR A325 infrared camera (Wilsonville, OR, USA). The temperature profile was plotted 

by measuring the temperature change within a time range of 3 min (2 min for the 

heating process and 1 min for the cooling process). 

Photothermal Ablation of Cancer Cells 

For photothermal ablation experiments, CCRF-CEM (human T-cell acute 

lymphoblastic leukemia cell line) cancer cells were used and treated with g-Gd-PB 

particles and laser light. A rapid double-staining procedure using fluorescein diacetate 

(FDA) and propidium iodide (PI) is applied to label viable and dead cells.141 Five groups 

of experiments and controls included treating the CEM cells: 1. without g-Gd-PB or 

laser irradiation; 2. with laser irradiation only; 3. with g-Gd-PB (0.46 mM) only; 4. with 

both g-Gd-PB (lower concentration of 0.046 mM) and laser irradiation; 5. with both g-

Gd-PB (higher concentration of 0.46 mM) and laser irradiation. For each group, 100 µL 

of CEM cells with concentration of 106/mL were transferred to a tube. The g-Gd-PB 

particles were then added into groups 3-5. After adding the nanoparticles, the mixture 

was treated with 808 nm laser irradiation for groups 2, 4 and 5 for 10 min with a power 

of 2.5 W/cm2. The mixtures were then centrifuged at 1300 rpm for 3 min and washed 2 

times with DMEM. Before confocal scanning microscope imaging, cells were double 

stained with FDA and PI. FDA powder was previously dissolved in acetone (1 mg/mL) 

while PI was dissolved in water (1 mg/mL) and 3 µL of each were added into the mixture 

and shaken for 6 min. Finally, the mixture was centrifuged at 1300 rpm for 3 min and 

washed 2 more times. An Olympus FV 500-IX81 confocal microscope was used to 

record cellular images with a 20× objective. 
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Cell Viability Assay with and without Laser Treatment 

Cell viability analysis was performed on cells exposed to g-Gd-PB nanoparticles 

both with and without laser irradiation. CEM cells, 100 µL of 105/mL concentration, were 

transferred to a tube with g-Gd-PB added at different concentrations. The mixture was 

treated with a NIR laser at 808 nm for 10 min with a power of 2.5 W/cm2 followed by 

centrifugation at 1300 rpm for 3 min. Cells were then transferred to 96 well plates and 

incubated at 37°C for 36 h in a humidified, 5% CO2 atmosphere. After incubation, cells 

were centrifuged at 1300 rpm for 3 min and washed with DMEM one more time. The cell 

viability was determined with an MTS assay (cellTiter 96® aqueous one solution cell 

proliferation assay), adding 20 µL MTS assay reagent into each well. After incubation 

for another 1.5 h, the absorbance at 490 nm was recorded using a 96-well plate reader. 

To measure the effects of g-Gd-PB nanoparticles alone, no laser irradiation was 

applied. 

Gd3+ Release from g-Gd-PB Nanoparticles 

A dialysis experiment was performed to determine whether Gd3+ ions could be 

released from the g-Gd-PB nanoparticles. The dialysis bag (3,000-Da cutoff size) was 

filled with 500 µL of a suspension of g-Gd-PB nanoparticles (Gd3+ 0.8×10-4 M), then 

dialyzed for 48 hours against 4 mL of nanopure water and different competing ions, 

including Zn2+ (5×10-4 M), Cu2+(5×10-4 M), Ca2+ (5×10-4 M), K+ (1 M), and Na+(1 M). The 

Gd3+ concentration in the dialysis solution was measured by ICP-AES. 

Results and Discussion 

Particle Synthesis and Characterization 

The one step synthesis of g-Gd-PB nanoparticles was achieved by slowly adding 

the Gd3+ solution, during the co-precipitation reaction of Fe3+ and [Fe(CN)6]
4-, into the 
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Fe3+ precursor solution. As a result, more Gd3+ locates closer to the outer surface as 

illustrated in Figure 5-3. Figure 5-4 shows a TEM image of the g-Gd-PB particle 

sample, showing uniform cubic particles with an average size of 58 ± 9 nm. 

In order to better understand the ion distribution in the gradient particles, three 

spots were picked from the center to the edge of a particle for EDS analysis (Figure 5-5 

and Figure 5-6). Spot 1 samples primarily the edge of a particle while for spot 3, the 

electron beam samples both the edges and the center of the particle. The results 

indicate that from the center to the edge (spectrum 3 to 1) the Gd:Fe ratio increases 

from 0.05 to 0.14 (Figure 5-5), meaning that the concentration of Gd3+ at the edge is 

clearly higher than at the center, demonstrating the gradient ion distribution. The 

present method provides a novel route to synthesize concentration gradient 

coordination polymers with nanometer scale dimensions. 

The Gd3+ ions in the solid are determined to be counter cations residing in the 

cubic PB structure (Figure 5-3). All peaks in the X-ray diffraction pattern of the g-Gd-PB 

can be indexed to the cubic phase, confirming formation of the Prussian blue structure 

(Figure 5-7). A Prussian blue analogue, KGd[Fe(CN)6]3.5H2O (GdFe-PBA), with Gd3+ 

linking the hexacyanoferrate ions as part of the framework, is known and the X-ray 

diffraction pattern of a sample is included in Figure 5-7.142 None of the pure phase 

KGd[Fe(CN)6]3.5H2O diffraction peaks were observed. Also, far-IR spectroscopy shows 

the Fe-C mode characteristic of the Prussian-blue framework at 496 cm-1, whereas the 

analogous peak for the GdFe-PBA is absent (Figure 5-8).The ICP results further confirm 

this assignment by showing a lower potassium content relative to Prussian blue, 

KFe[Fe(CN)6]4.8H2O, with three moles of K+ being replaced by each mole of 
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incorporated Gd3+ as expected on the basis of charge balance (Table 5-1). On the other 

hand, the gradient particles have a larger ratio of K:Gd than the homogeneous phase 

mixing K+ and Gd3+ as counterions, K0.53Gd0.89Fe4
III[FeII(CN)6]3.81.2H2O, reported by 

Dumont et al.69 Similar to the previously reported homogeneous phase, the gradient 

particles do not leach Gd3+ ion when dialyzed against common metal ions (Figure 5-9). 

An attractive feature of the gradient synthesis is that it can be achieved in one 

step. Furthermore, it could be imagined that a similar distribution of Gd3+ ions near the 

particle surface could be achieved with a core-shell heterostructure using PB as the 

core and gadolinium hexacyanoferrate as the shell. Despite success with other Prussian 

blue analogue heterostructures,143-146 we were unable to successively form this core-

shell system. Instead of forming heterostructures, the system favors separate 

homogeneous precipitation of PB and gadolinium hexacyanoferrate particles, giving a 

mixture that quickly aggregates (Figure 5-10 and 5-11). 

MRI Relaxivity Study  

The gradient particles were used to measure water proton NMR relaxation times 

(T1,2) at different gadolinium concentrations (Figure 5-12) to obtain relaxivity values. The 

relaxivity, r1, obtained from the slope of this plot was 12.3 mM-1s-1 for g-Gd-PB. This 

value is higher than found for commonly used molecular agents, such as Gd-DTPA, for 

which r1 is 4.3 mM-1s-1,66 and is in the range of several other Gd-containing particle 

systems recently reported. For example, Johnson et al.65 reported different sizes of 

NaGdF4 nanoparticles as MRI contrast agents, with the smallest particles (average size 

= 2.5 nm) showing a relaxivity of 7.2 mM-1s-1. In addition, both Bridot et al.84 and Park et 

al.95 have reported on Gd2O3 particles, which show a relaxivity value of 9.9 mM-1s-1 for a 
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particle size of approximately 1 nm. Recently, Dumont et al.69 reported 

K0.53Gd0.89Fe4
III[FeII(CN)6]3.81.2H2O nanoparticles with an average size of 33 nm, 

exhibiting a relaxivity of 38.5 mM-1s-1. Direct comparisons of one system to another are 

complicated by the fact that factors including particle size and surface coating 

significantly impact molar relaxivity because of changing surface-to-volume ratios and 

particle tumbling rates,65,95,122,123 but the results show that the gradient particles exhibit 

reasonable relaxivity values. The ability of the particles to induce contrast is 

demonstrated in T1-weighted MR images (Figure 5-13), which shows dose-dependent 

contrast. 

Photothermal Therapy 

The UV–Vis spectrum of a suspension of g-Gd-PB nanoparticles shows a broad 

absorption band ranging from 500 to1000 nm with λmax = 720 (Figure 5-14),69 which is 

due to the intervalence charge transfer transition between Fe(II) and Fe(III).138 The 

photothermal properties of the g-Gd-PB nanoparticles were studied by recording the 

temperature change of the particle suspension (0.46 mM) after irradiation with a 808 nm 

laser for 2 min with a power of 2.5 W/cm2. A rapid temperature increase was observed 

in the temperature profile of the nanoparticle solution (Figure 5-15a). The temperature 

increase is also revealed in IR imaging (Figure 5-15b) and can be directly attributed to 

the efficient absorption of NIR light by the PB host. These results indicate that g-Gd-PB 

nanoparticles can rapidly and efficiently convert the energy from the NIR light into 

thermal energy and act as a PTT agent. 

To further illustrate the photothermal therapy potential of the gradient particles 

they were utilized for the photothermal ablation of CEM cancer cells. To distinguish live 
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and dead cells, double staining with FDA and PI was used. FDA labels live cells, 

emitting bright green, whereas PI labels necrotic or apoptotic cell nuclei with membrane 

damage by emitting bright red.141 For the control group, CEM cells only show green 

fluorescence after staining with FDA and PI. In addition, CEM cells in the presence of 

the g-Gd-PB nanoparticles without irradiation, or irradiated in the absence of particles, 

only exhibit green emission, demonstrating the particles by themselves or the laser 

alone will not induce photothermal ablation of the cancer cells (Figure 5-16). Cells 

treated with both g-Gd-PB nanoparticles and laser light were irradiated for 10 min. 

Significant red fluorescence representing non-viable cells results. The higher 

concentration g-Gd-PB (0.46 mM), results in additional red emission (Figure 5-16), 

confirming the potential of the g-Gd-PB nanoparticles for photothermal therapy. 

The PTT capability of the g-Gd-PB nanoparticles was further studied with a MTS 

assay. For nanoparticles without laser irradiation, cell viability remains 100% at various 

Gd concentrations from 0-0.46 mM, demonstrating that the g-Gd-PB particle sample 

itself is non-toxic under these conditions. This observation is consistent with the fact that 

Prussian blue capsules (Radiogardase) have been approved by the FDA as an effective 

therapy agent in the treatment of cesium and thallium poisoning.138-140 In the presence 

of particles and after laser treatment, cell viability decreases dramatically as the 

concentration of the applied particles increases. At 0.051 mM, cell viability had 

decreased to approximately 50%. At 0.46 mM, cell viability was less than 10% (Figure 

5-17). These results show that g-Gd-PB nanoparticles can be used as an effective PTT 

agent for cancer cells. 

javascript:popupOBO('GO:0042603','B923184F')
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Conclusions 

In conclusion, a new synthesis method for coordination polymer particles with the 

ability to manipulate ion distributions in a nanostructure was described in this report. 

Based on this method, we have synthesized g-Gd-PB nanoparticles, in which more 

Gd3+ is located closer to the surface than in the core of the particle. The gradient 

particles are shown to facilitate proton relaxivity and MRI contrast, and this new 

synthetic strategy could help to improve the efficiency of particle-based MRI contrast 

agents by reducing the overall number of active ions in a particle sample. In addition, in 

the present example which uses Prussian blue as the host, the gradient particle rapidly 

and efficiently converts energy from a near-IR source into thermal energy. Therefore, 

the unique particle structure of g-Gd-PB has potential as both an MRI and PTT agent. 

Compared with conventional multimodal materials, g-Gd-PB can be easily prepared in a 

one-step synthesis, has good photothermal stability and, based on other clinical 

applications of Prussian blue, has a high likelihood of acceptable biosafety. 
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Figure 5-1. Room temperature FT-IR spectra of PB, g-Gd-PB and a GdFe-PBA particle 
sample. 

 

 
Figure 5-2. The TGA curve of a g-Gd-PB particle sample. 
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Figure 5-3. (A) Scheme of the gradient K0.3Gd0.2Fe[Fe(CN)6]4.9H2O, g-Gd-PB, 
nanoparticle. The Gd-rich outer layer provides for MR imaging and the PB 
host can be used for photothermal therapy; (B) the cubic unit cell of Prussian 
blue. The cyanometallate vacancies and coordinated and zeolitic water 
molecules are omitted for clarity. 
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Figure 5-4. (A) A TEM image of g-Gd-PB particles, scale bar 100 nm; (B) particle size 
histograms of g-Gd-PB, showing an average size of 58 ± 9 nm. 
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Figure 5-5. (A) Scheme showing that EDS spot scan analyses at three different regions 
of a g-Gd-PB particle evaluate the core and edge of the particle to different 
extents; (B) the corresponding TEM image and EDS determined Gd:Fe ratios 
for spectra taken at points 1-3. 
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Figure 5-6. TEM image and EDS spot scan analyses determined Gd:Fe ratios for 

spectra taken at 3 points from the core to the edge of the particle. 



 

118 

 

Figure 5-7. Room temperature powder X-ray diffraction patterns of GdFe-PBA, g-Gd-

PB, and KFe[Fe(CN)6]4.8H2O from 2θ = 10 to 70 degrees. 
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Figure 5-8. Room temperature far-IR spectra of PB, g-Gd-PB, and GdFe-PBA particle 

sample. 

 

 
Figure 5-9. g-Gd-PB suspension (Gd3+ 8×10-5 M) dialyzed against nanopure water and 

different competing ions, including Zn2+ (5×10-4 M), Cu2+(5×10-4 M), Ca2+ 

(5×10-4 M), K+ (1 M), Na+(1 M) for 48 hours. Then Gd3+ concentration in 
dialysis solution was measured by ICP-AES. 
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Figure 5-10. (A) TEM image of attempted core-shell (instead of forming 
heterostructures, the system favors separate homogeneous precipitation of 
PB and gadolinium hexacyanoferrate particles), (B) GdFe-PBA and (C) PB. 

 

 
Figure 5-11. (A) EDS map of attempted core-shell (instead of forming heterostructures, 

the system favors separate homogeneous precipitation of PB and gadolinium 
hexacyanoferrate particles), (B) Fe map and (C) Gd map only. 
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Figure 5-12. Plot of the proton relaxation rate (1/T1,2) of water suspensions of g-Gd-PB 

nanoparticles at various Gd3+ concentrations and the corresponding 
relaxivities (r1,2) (1.41 T). 

 

 

Figure 5-13. T1-weighted MR images for a g-Gd-PB particle sample at different 
gadolinium concentrations ranging up to 0.23 mM (4.7 T). 
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Figure 5-14. UV-Vis spectrum of g-Gd-PB showing a broad absorption band around 
700 nm. 
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Figure 5-15. (A) Temperature profile of g-Gd-PB under irradiation with an 808-nm laser 
for 2 min followed by 1 min cooling; (B) IR image after irradiation for 2 min. 
Scale bar= 3 mm. 
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Figure 5-16. Confocal microscopic images of CEM cells stained with both FDA and PI 
following different treatments. Five different experiments involved CEM cells 
treated (A,B) without g-Gd-PB or laser; (C,D) with laser irradiation only; (E,F) 
with g-Gd-PB only; (G,H) with both g-Gd-PB (0.046 mM) and laser light; (I,J) 
with both g-Gd-PB (0.46 mM) and laser light. The scale bar is 50 µm. 
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Figure 5-17. Cell viability of g-Gd-PB nanoparticles at different concentrations (A) 
without, and (B) with laser irradiation. 

Table 5-1. ICP results of the g-Gd-PB and pure PB. 

 g-Gd-PB PB 

K/Fe 0.16/1 0.42/1 
Gd/Fe 0.09/1 0/1 
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CHAPTER 6 
CONCLUSIONS 

Research presented in the dissertation is summarized in this Chapter, focusing 

on the development of nanoparticle based MRI contrast agents for improved MR 

contrast. In addition, the nanoparticle platform can be readily manipulated with some 

synthetic modifications to incorporate other biological functions, including specific 

targeting, drug delivery, and photothermal therapy for multifunctional purposes. 

Chapter 1 introduces the variety of biomedical applications of nanoparticles and 

MRI contrast agents, while Chapter 2 represents an introduction of the instrumentation 

and experimental methods used in this work. This includes the analytical 

characterization tools, biological assays, and MRI measurement techniques. 

In Chapter 3, europium doped gadolinium phosphate nanoparticles of three 

different sizes have been successfully synthesized and investigated for a size-

dependent relaxivity study. Particle size is the first factor we studied that clearly impacts 

the efficiency of MRI contrast. The results show an increasing relaxivity with decrease of 

particle size. A correlation between the surface to volume ratio and relaxivity was 

demonstrated. As expected, smaller particles with a larger surface to volume ratio 

deliver the highest relaxivity, indicating that Gd3+ sites at the surface should contribute 

more to the relaxivity than ions in the core of the particle as water molecules have direct 

access to Gd3+ complexes at the surface. Importantly, due to the doping of fluorescent 

europium ions in the particle sample, the as-prepared nanoparticles can serve as both 

MRI contrast agent and fluorescent imaging agent. 

In Chapter 4, we achieved fine control of particle size over a wider range, 

especially for dimensions less than 40 nm. This allows more precise studies of the size 
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dependence on relaxivity, for small particles with sizes down to few nanometers. To 

control particle sizes, different polymers, PAMAM and its derivatives HyPAM, have been 

used as the surface coating molecules. The average length of the nanoparticle can be 

adjusted by changing polymer concentration, with more polymers leading to a decrease 

of the average nanoparticle length. Similar to the results discussed in Chapter 3, larger 

particles lead to smaller relaxivity values. However, we also observed an optimum 

relaxivity value for 23 nm particles, from which relaxivity decreases as particle becomes 

smaller. The surface to volume ratio increases as particle size gets smaller, accounting 

for the most often observed increase in relaxivity as particles become smaller. On the 

other hand, tumbling times and therefore correlation times are another important factor 

affecting relaxivity. Tumbling times get longer as the hydrodynamic volume of the 

particle increases. As a result, for a certain range of particle size, relaxivity should 

increase as particle gets bigger. These opposing contributions are then expected to give 

rise to an optimum particle size for any set of conditions. In additon to PAMAM and 

HyPAM, the functionalized core-shell polymers, HyPAM-PEG and HyPAM-C18-PEG, 

were used to form similar polymer-particle hybrids in order to improve stability, 

biocompatibility, and potentially permit payload loading. The PEG functionalized core-

shell polymers ensure high stability of the polymer-particle hybrids against high ionic 

strength. It is noticed that HyPAM-C18-PEG stabilized gadolinium phosphate 

nanoparticles exhibit lower r1 and r2 values than HyPAM-PEG/GdPO4 and 

HyPAM/GdPO4, most likely as a result of the hydrophobic C18 layer of the 

hyperbranched structure, which reduces the diffusion of water molecules between the 

particle surface and the bulk solvent. 
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In Chapter 5, instead of using metal phosphate particles, a novel Gd-containing 

coordination polymer particle, g-Gd-PB, was successfully synthesized and used as an 

efficient MRI contrast agent. The facile, one-step synthesis of Prussian blue 

nanoparticles possessing a concentration gradient of Gd3+ counterions provides a new 

synthetic method to improve performance while realizing multiple functions. In this 

particle, more gadolinium ions were distributed closer to the outer surface while less in 

the center. The gradient particles were shown to facilitate proton relaxivity and MRI 

contrast, and this new synthetic strategy could help to improve the efficiency of particle-

based MRI contrast agents by reducing the overall number of Gd3+ ions in a particle 

sample. As the Prussian blue host can rapidly and efficiently convert energy from near-

IR light into thermal energy, the gradient nanoparticles can also function as a 

photothermal therapy agent. Compared with conventional multimodal materials, g-Gd-

PB can be easily prepared in a one-step synthesis, has good photothermal stability and, 

based on other clinical applications of Prussian blue approved by FDA, has a high 

likelihood of acceptable biosafety. In addition, we further expand the applications of this 

gradient nanoparticle by changing the nanostructure with base treatment. In the 

Appendix A, gadolinium doped iron hydroxide nanoparticles are prepared by adding 

different concentrations of NaOH solutions to g-Gd-PB nanoparticle samples, creating 

large cavities through the cubic nanostructure. The resulting highly porous structure is 

able to further increase the availability of Gd3+ sites to water molecules. This has been 

demonstrated by both the high relaxivity values and T1-weighted MR images. The 

unique porous structure also enables the nanoparticles to be used as a drug 

nanocarrier. The anticancer drug, DOX, was used as a model drug to demonstrate this 
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capability. These highly porous nanoparticles show the potential to be employed as both 

a MRI contrast agent and an anticancer drug nanocarrier.  

In general, this dissertation provides insights into the factors that will impact the 

efficiency of MRI contrast agents, which can be used to improve other nanoparticle 

based MRI contrast agent systems. It also opens up biomedical applications of the 

coordination polymer nanostructures, including MRI, PTT, and drug delivery after further 

synthetic modification. Finally, all the work would not have been finished without the 

guidance and support from Dr. Talham. I also sincerely appreciate all the efforts from 

our collaborators on the projects. 
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APPENDIX A 
HIGHLY POROUS NANOPARTICLES FOR MRI CONTRAST ENHANCEMENT AND 

ANTICANCER DRUG DELIVERY 

Preface 

In this Chapter, highly porous gadolinium doped iron hydroxide nanoparticles, 

HPGd, were synthesized with g-Gd-PB as precursors, as described in Chapter 5. 

These highly porous nanoparticles, with lots of voids and a larger surface area, allow 

more Gd3+ sites getting access to water molecules to induce MR contrast. Relaxivity 

measurement shows high r1 and r2 of 42.1 mM-1s-1 and 79.0 mM-1s-1, respectively, 

which is almost 10 times greater than the value obtained for the commercially used MRI 

contrast agent, Gd-DTPA, with r1 of 4.3 mM-1s-1.66 The use of HPGd nanoparticles as 

MRI contrast agent was further demonstrated with T1-weighted MR images, from which 

we observed the contrast becomes stronger as the nanoparticle concentration 

increases. The HPGd with the unique highly porous nanostructure, holds the promise to 

incorporate drug delivery capability into the platform. Doxorubicin was used as a model 

drug to demonstrate the application of the prepared nanoparticles as a drug 

nanocarrier. Fluorescent spectra, together with confocal images prove the successful 

loading of anticancer drug, by showing emission in the red region or red light, resulting 

from the loaded DOX. Additionally, the in vitro cancer treatment was evaluated by both 

confocal laser scanning microscopy and cytotoxicity assay. 

Introduction 

Different factors, including particle size, surface coating, and Gd3+ ion 

distribution, which affect the MRI contrast efficiency have been studied. With the 

decrease of size, the Gd-containing particles have a larger surface to volume ratio, 

leading to increase of relaxivity. Importantly, as the particle size becomes very small as 
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discussed in Chapter 4, the increase trend will be reversed because the smaller particle 

possesses shorter tumbling time, which is responsible for the decrease of relaxivity. It is 

also noticed that relaxivity is tunable as the surface coating material is changed.147 In 

Chapter 5, we manipulated Gd3+ distributions in the coordination polymer particles as a 

novel strategy for the improvement of MRI contrast agents. In this Chapter, to further 

explore the functionalities and improve MRI contrast efficiency of the gradient particles, 

g-Gd-PB, a base treatment method was applied to achieve a highly porous 

nanostructure based on the as-prepared g-Gd-PB particles.148 The resulting highly 

porous structure is proved to be able to further enhance the availability of Gd3+ sites as 

direct chemical exchange of water molecules. Previously, Ananta et al.72,149 reported 

highly porous silicon microparticles individually loaded with Magnevist, gadofullerens, 

and gadonanotubes, from which a boost in longitudinal proton relaxivity r1 was observed 

(Figure A-1). 

As it is well-known, some anticancer drugs suffer from problems such as low 

solubility and short circulation time. Alternatively, using nanoparticles as a carrier for 

drug delivery confront these limitations, showing longer circulation time, better solubility, 

controlled release, targeting, and minimum side effect.28,31 Among various nanocarrier 

systems, porous nanoparticle is a hot topic under active investigations. For example, 

Zhao et al.150 reported porous silica nanoparticles functionalized with boronic acid as 

drug delivery system, with controlled release under glucose stimuli, which is promising 

to be used as self-regulated insulin-releasing devices (Figure A-2). In addition, 

Horcajada et al.151 showed non-toxic porous iron(III)-based metal–organic frameworks 

with engineered cores and surfaces, function as superior nanocarriers for efficient 
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controlled delivery of antitumoural and retroviral drugs against cancer and AIDS (Figure 

A-3). 

Recently, nanocarriers that combine imaging with drug delivery have become 

significant, because of their capability to provide diagnosis and therapy at the same 

time.3,56,152 Imaging is able to tell where the lesion is, followed by chemotherapy by the 

loaded drug. Among multiple medical imaging techniques, MRI is more favorable to 

combine with drug delivery, due to its ability to provide anatomical details of internal 

structures and lesions.50,51 For example, Chen et al.3 reported hollow iron oxide 

nanoparticles which combine MRI and drug delivery in a single particle. In addition, the 

prepared nanoparticles were surface modified with aptamer, realizing specific cancer 

cell targeting. Another example is water-dispersible magnetite nanocapsules, which 

were synthesized by Piao et al.56,152 The nanocapsules were used not only as a drug-

delivery vehicle, but also as a T2 magnetic resonance imaging contrast agent, as shown 

in Figure A-4.56,152 Compared with iron oxide, which has been widely used as T2 MRI 

contrast agent, gadolinium based nanoparticles are more promising due to the fact that 

it will brighten the lesion area. However, the combination of MRI contrast from 

gadolinium based nanopoarticles with drug delivery is seldom reported. In this Chapter, 

we prepared highly porous HPGd nanoparticles. With more gadolinium sites available to 

water molecules, MR contrast efficiency was further improved relative to g-Gd-PB. In 

the meantime, with this unique porous structure, HPGd nanoparticles are demonstrated 

to be a superior drug nanocarrier for in vitro cancer treatment. 
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Materials and Methods 

Materials 

Hoechst 33342 was purchased from Sigma (St. Louis, MO, USA). Gadolinium(III) 

nitrate hexahydrate (99.90%), citric acid monohydrate, and anhydrous ferric chloride 

were purchased from Fisher Scientific (Waltham, MA, USA). Potassium ferrocyanide 

(Baker Analyzed, ACS reagent) was purchased from J.T. Baker (Phillipsburg, NJ, USA). 

PAA3.7k-PEO11k was purchased from Polymer Source Inc. MTS (cellTiter 96® aqueous 

one solution cell proliferation assay) was purchased from Promega Corporation 

(Madison, WI, USA). All commercial chemicals were used without further purification. 

HPGd Nanoparticle Synthesis 

The g-Gd-PB was prepared following the method presented in Chapter 5. To 

create the hollow structures, 5 mL of the as-prepared g-Gd-PB particle solution was 

completely mixed with 10 mL of ethanol, followed by adding 10 mL of NaOH 

(concentration ranges from 0~0.2 M). The mixture was kept shaking for 5 min and 

centrifuged immediately at 12500 rpm for 15 min. The supernatant was decanted. To 

wash the nanoparticles, 15 mL of water was added and centrifuged, and repeated for 

three cycles. The surface coating was performed by mixing 1 mL of the nanoparticle 

solution after base treatment and 400 µL of PAA3.7k-PEO11k, sonicating for 30 min, and 

washing three times with water. 

Anticancer Drug Loading 

1 mL of HPGd nanoparticle solution was mixed with 500 µL of doxorubicin with a 

concentration of 4 mg/mL at room temperature and kept shaking for 24 h. The drug-

loaded HPGd were precipitated by centrifugation at 12500 rpm for 15 min and washed 

three times with water. 
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In Vitro Drug Delivery 

A confocal laser scanning microscope (Leica TCS SP5) was used to record 

cellular images. HeLa cells were plated in a 35 mm confocal dish (glass bottom dish) 

and grown to around 60% confluency for 24 h before the experiment. Cells were 

washed three times with DMEM, supplied with 1 mL DMEM, and then incubated with 

100 μL of DOX loaded p-Gd. After 1 h and 5 h, cells were further incubated with 5 

μg/mL Hoechst 33342 for 10 min in incubator. The loading solution was removed and 

Hela cell monolayers were washed three times with PBS and examined by confocal 

laser scanning microscopy. 

Cell Viability Assay with and without Drug Loading HPGd Nanoparticles 

Cell viability analysis was performed on CEM cells exposed to nanoparticles with 

and without DOX loading. CEM cells, 100 µL of 105/mL concentration, were transferred 

to a 96-well plate with adding DOX loading HPGd nanoparticles at different 

concentrations, and incubated at 37°C for 36 h in a humidified, 5% CO2 atmosphere. 

After incubation, cells were centrifuged at 1300 rpm for 3 min and washed with DMEM. 

The cell viability was determined with a MTS assay (cellTiter 96® aqueous one solution 

cell proliferation assay), adding 20 µL MTS assay reagent into each well. After 

incubation for another 1.5 h, the absorbance at 490 nm was recorded with a 96-well 

plate reader. To measure the effect of HPGd nanoparticles alone, no anticancer drug 

was loaded. 

Results and Discussion 

Particle Synthesis and Characterization 

To synthesize highly porous HPGd nanoparticles, the cubic g-Gd-PB particles 

were used as the template of the HPGd structures. Porous structures were obtained by 
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precisely controlling the chemical reaction between g-Gd-PB and NaOH with varying 

concentrations of base, as reported earlier,148 following the reaction described below: 

12OH-1
(aq) + Fe4[Fe(CN)6]3(s)     3Fe(CN)6

4-
(aq) + 4Fe(OH)3(s)

148 

The PB is insoluble in water with a very small solubility product constant (Ksp=3.3 × 10-

41). In the presence of NaOH, PB with Gd3+ as counterions undergoes an ion exchange 

reaction forming porous insoluble metal hydroxide as depicted in Figure A-5. This ion 

exchange reaction is driven by the high concentration of hydroxide ions.148 

After base treatment, cavities were formed through the particles. The cubic 

shape of g-Gd-PB was still remained as shown in Figure A-6. At lower base 

concentrations, only small amount of cavities were created. The porosity could be 

further improved by increasing the concentration of NaOH to 0.2 M, from which a highly 

porous structure was obtained (Figure A-6). 

Along with formation of cavities, the composition of particles changes from 

coordination polymer to metal hydroxide, which was demonstrated by powder X-ray 

diffraction (Figure A-7). For the initial template g-Gd-PB, characteristic peaks 

corresponding to PB were observed. As NaOH concentration increases, the peak 

intensity becomes smaller and an amorphous structure was indicated by the XRD 

analysis after treating with 0.2 M NaOH. In addition, the color change of solutions also 

implies the composition change from PB to metal hydroxide. The characteristic blue 

color of PB started to disappear, while the yellow color became more and more intense 

as the concentration of NaOH increases, due to the formation of Fe(OH)3 (Figure A-8). 

Also, the stretching frequencies of the cyanide triple bond, C≡N, in the region of 1900 

cm-1 and 2300 cm-1 features the presence of PB. Based on FT-IR analysis, with the 
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increase of NaOH concentration, the C≡N stretching signal kept decreasing and finally 

disappeared (Figure A-9). All these results demonstrate the formation of metal 

hydroxide from the original g-Gd-PB nanoparticles. 

To investigate the dispersity of the HPGd nanoparticles, TEM images (Figure A-

6) indicate that the nanoparticles aggregate, especially after high concentration of 

alkaline treatment. To circumvent this drawback, an surface coating experiment was 

performed before testing the bio-functionalities of the particle sample. PAA3.7k-PEO11k 

was chosen as the coating molecule because of its good biocompatibility and easy 

manipulation. As reported previously, Pothayee et al.153 reported the use of PEO-PAA 

to modify nanoparticle surface, in which PEO-PAA was found to bind to the surface of 

magnetic nanoparticles by ligand adsorption of the PAA block, thereby creating a 

double corona structure. The nonionic PEO shell serves as a block copolymer segment 

to improve biocompatibility. Also, Kirby et al.154 tested the effects of PEO-PAA polymers 

on the stability of BaTiO3 nanoparticles under variety conditions, including different pH 

and different salt species. Similarly, after PAA block binding to the nanoparticles, the 

neutral charged PEO teeth effectively protect the stability of the nanoparticles over a 

wide range of pH and ionic strength.154 In our work, we also noticed that dispersity and 

stability of HPGd is highly improved after surface modification with PEO-PAA polymer. 

This is demonstrated by images of the nanoparticle suspension in Figure A-10. After 

surface modification, HPGd nanoparticles were well dispersed in water without 

aggregation over 2 days, whereas nanoparticles without surface coating aggregated 

within the initial 3 h, showing separated layers, with clear upper level and yellow lower 

level (Figure A-10). The improvement of dispersity was further proved by TEM images 
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(Figure A-11). For the surface coated sample, single particle can be viewed as opposed 

to particle clusters. Additionally, successful surface coating with PEO-PAA was 

demonstrated by FT-IR, showing distinct C-H stretching vibration at 2850-3000 cm-1, 

whereas the analogous peak for the particles without surface modification is absent 

(Figure A-12). 

Relaxivity Measurements and MR Imaging  

The longitudinal (T1) and transverse (T2) relaxation times of HPGd nanoparticles 

were measured at various gadolinium concentrations, with r1 and r2 determined from the 

slope of the plot shown in Figure A-13. The HPGd nanoparticle exhibits superior r1 

relaxivity, 42.1 mM-1s-1, among the reported inorganic nanoparticle-based T1 MRI 

contrast agents.68,89,96-98 For example, dextran coated gadolinium phosphate 

nanoparticles, reported by Hifumi et al.,96 shows r1 relaxivity of 13.9 mM-1s-1. Park et 

al.95 used ultrasmall gadolinium oxide nanoparticles as an in vivo T1 MRI contrast agent, 

which gives r1 of 9.9 mM-1s-1. 

The favorable relaxivity suggests the particles could generate contrast in MRI. 

Furthermore, T1-weighted MR images were obtained with Agilent 4.7 T system to 

demonstrate this capability. Figure A-14 shows the T1-weighted MR image of HPGd 

suspensions at various concentrations ranging from 0~0.86 mM. Dose-dependent 

contrast was shown, with stronger contrast observed as the increase of nanoparticle 

concentration. This result agrees well with the relaxivity measurement, indicating the 

HPGd particle with large r1 value and low r2/r1 ratio of 1.88 can be employed as an 

effective positive MRI contrast agent. 
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In Vitro Drug Delivery 

Doxorubicin was used as a model drug to demonstrate the drug delivery 

capability of the porous HPGd nanoparticles. DOX loading was performed based on a 

previously reported method, simply by mixing the DOX with nanoparticles, followed by 

incubation for 24 h and centrifugation to wash off the extra DOX.155,156 The successful 

drug loading was proved by fluorescent emission spectra after excitation at 480 nm, 

which shows a maximum emission peak around 600 nm, coming from loaded DOX 

(Figure A-15). An Olympus FV 500-IX81 confocal microscope was used to record 

particle images with a 10× objective, with red light shown for the DOX loaded sample 

(Figure A-16). These results demonstrate the success loading of DOX onto the HPGd 

nanoparticles. 

The fluorescent DOX molecules further facilitate monitoring DOX intracellular 

delivery with the HPGd nanocarriers by using confocal microscopy analysis. Hela cells, 

after incubation with nanoparticles for different times, were treated with Hoechst 33342 

for nucleus stain. For the control group (Hela cells without incubation with DOX loaded 

HPGd particles), no red light was observed, with only blue color coming from the 

nucleus Hoechst stain (Figure A-17). For the positive group with incubation time of 1 h, 

only weak red signal was detected from the Hela cells (Figure A-17). After incubation for 

5 h (Figure A-17), the intensity of red light increases, indicating more DOX-loaded 

nanocarriers were taken up by the Hela cells. The results demonstrate the efficient 

intracellular delivery of DOX by the HPGd particles. 

Cytotoxicity Assay 

After confirming its cellular uptake and in vitro drug release, the cytotoxicity of 

DOX loaded HPGd nanoparticles was evaluated by a MTS assay. This method is based 
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on the formation of dark-red formazan by the metabolically active cells after their 

exposure to MTS. Cell viability is directly proportional to the amount of formazan 

produced, monitored by the absorbance at 490 nm. 

The control experiment reveals HPGd nanoparticle by itself has no obvious 

cytotoxicity on CEM cells and more than 90% of cells remained alive (Figure A-18). This 

indicates the good biocompatibility of the prepared particle sample. DOX-loaded HPGd 

nanoparticles exhibited an increasing inhibition against CEM cells with the increase of 

concentrations (Figure A-18). These results demonstrate the potential of HPGd 

nanoparticles to be used as an anticancer drug nanocarrier. 

Conclusions 

In this study, the PEO-PAA coblock polymer coated highly porous HPGd 

nanoparticles were synthesized with superior stability. The porous structure further 

improved the MRI contrast. Both relaxivity measurements and T1-wighted MR images 

demonstrated HPGd can be employed as a highly efficient MRI contrast agent. In 

addition, DOX loading onto the nanoparticles enables the system to be used for 

anticancer drug delivery, as confirmed by both confocal laser scanning microscopy and 

cytotoxicity assay. 
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Figure A-1. Schematic representation of three different Gd-CAs: (A) Magnevist, (B) 

gadofullerenes, and (C) gadonanotubes. Scanning electron micrographs of 
quasi-hemispherical (H-SiMP: diameter, 1.6 mm; thickness, 0.6 mm) (D) and 
discoidal (D-SiMP: diameter, 1.0 mm; thickness, 0.4 mm) particles (E). (F), 
Cartoons showing Magnevist, gadofullerenes and gadonanotubes (left to 
right) entrapped within the porous structure of the SiMPs. The figure was 
reprinted from Ref 72 with permission from the Nature Publishing Group. 
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Figure A-2. (A) Schematic representation of the glucose-responsive MSN-based 
delivery system for controlled release of bioactive G-Ins and cAMP. 
Transmission electron micrographs of (B) boronic acid-functionalized MSN 
and (C) FITC-G-Ins-capped MSN. The figure was reprinted from Ref 150 with 
permission from American Chemical Society. 
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Figure A-3. Scheme of engineered core–corona porous iron carboxylates for drug 
delivery and imaging. The figure was reprinted from Ref 151 with permission 
from Nature Publishing Group. 
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Figure A-4. (A) Schematic illustration of the procedure for the synthesis of uniform and 
water-dispersible iron oxide nanocapsules and their TEM images. (B) T2-
wighted MR images of the magnetite nanocapsules. (C) In vitro cytotoxicity of 
free DOX and DOX loading nanocapsules against SKBT-3 cells. The figure 
was reprinted from Ref 56 with permission. 

 

 

Figure A-5. Illustration of the synthetic procedure of porous HPGd nanoparticles. 
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Figure A-6. TEM images of g-Gd-PB template and g-Gd-PB after NaOH treatment with different concentrations (ranging 
from 0.002 M to 0.2 M). 
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Figure A-7. XRD of g-Gd-PB nanoparticles after NaOH treatment with different 

concentrations (A). 0 M, (B). 0.005 M, (C). 0.0075 M, (D). 0.02 M. 
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Figure A-8. Images of g-Gd-PB color change after NaOH treatment with different 
concentrations (ranging from 0~0.2 M). 
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Figure A-9. FT-IR analysis results of g-Gd-PB precursors after base treatment with 
different concentrations (ranging from 0~0.2 M). 
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Figure A-10. In both (A) and (B), samples from left to right are original g-Gd-PB, HPGd 
without PEO-PAA surface modification, and HPGd with surface modification. 
(A) image was taken at 3 h (B) image was taken at 2 days. 

 

 

Figure A-11. TEM image of HPGd (A) without PEO-PAA surface modification, (B) HPGd 
with surface modification. 
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Figure A-12. FT-IR analysis results of HPGd nanoparticles after surface modification 
with PEO-PAA. 

 

 
Figure A-13. Plot of the proton relaxation rate (1/T1,2) of water suspensions of HPGd 

nanoparticles at various Gd3+ concentrations and the corresponding 
relaxivities (r1,2) (1.41 T). 
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Figure A-14. T1-weighted MR images (4.7 T) of HPGd at various Gd3+ concentrations 
(ranging from 0~0.86 mM). 

 

Figure A-15. Fluorimetric characterization of DOX loaded HPGd nanoparticles. 
(Emission spectra, λex= 480 nm) 

 

 

Figure A-16. Confocal imaging of (A) drug loaded HPGd particle; (B) HPGd only. Scale 
bar 200 µm. 
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Figure A-17. Confocal images of drug loaded HPGd particle uptake by Hela cells: 
Hoechst nuclear stain observed in blue color. Fluorescent Dox are observed 
in red. Control cells are incubated without nanoparticles. For positive groups, 
DOX loaded HPGd particles are incubated with Hela cells for 1h and 5 h 
respectively. Scale bar 50 µm. 
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Figure A-18. Cell viability of HPGd nanoparticles at different concentrations (A) without, 
and (B) with anticancer drug DOX loading. 
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