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ABSTRACT  

The primary focus of this dissertation is to explore the use of shape dependent iron 

oxide nanoparticles as magnetic resonance imaging contrast agents. In addition to 

biocompatibility, nanoparticles provide a foundation for implementing imaging guided drug 

delivery systems.  

We begin with the synthesis of iron oxide nanoparticles of varying sizes and shapes. 

Specifically, large (>4 nm) spherical particles, ultrasmall (<4 nm) nanoparticles, and ultrathin 

(2x20 nm) nanowires were synthesized by thermal decomposition of an iron oleate precursor. 

To render the nanoparticles biologically compatible, a phase transfer step was necessary to 

transfer nanoparticles from organic solvents aqueous phase. Insufficient or incomplete ligand 

exchange of the ultrasmall nanoparticles could result in aggregation and a loss of the 

paramagnetic properties. Here we were able to successfully coat the nanoparticles with several 

biologically compatible ligands while maintaining the paramagnetic properties for T1 MRI 

contrast agents. 

Furthermore, we explored the cellular uptake behaviors of the subnanometer 

ultrasmall nanoparticles and ultrathin nanowires. The nanoparticles were functionalized with 

tannic acid and incubated with HepG2 cells. The shape dependent cellular uptake was 

quantified, and the ultrasmall nanoparticles exhibited a much higher cellular uptake than the 

ultrathin nanowires. The high cellular uptake of the ultrasmall nanoparticles may be ideal for 

stem cell labelling, however the low blood circulation time (<15 min) limited their use, in vivo. 
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In order to increase the circulation time, the size must be increased without altering 

the magnetic properties of the nanoparticles. Therefore, the ultrasmall nanoparticles were 

trapped in a bovine serum albumin matrix using protein desolvation. Using the protein 

matrix, nanoparticles were clustered together, free from aggregation, in a water rich 

environment allowing for the clusters to maintain the positive, T1 contrast. Encapsulation of 

the nanoparticles in proteins increased the in vivo blood circulation time from 15 min to over 

2 hours.  

Finally, we demonstrated that both small molecule and protein drugs may be loaded 

into the clusters. The drug loading and release was studied using fluorescent dyes as a model. 

The drugs could be released through two mechanisms, enzymatic degradation, or physically 

released using ultrasound. These studies open up the possibility to both deliver drugs to 

targeted locations, as well as monitor the distribution, localization, and release of the drugs, 

noninvasively, in vivo, using MRI. 
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CHAPTER 1: INTRODUCTION 

1.1 Fundamentals governing MRI 

Modern day medical diagnosis and treatment strategies rely heavily upon noninvasive 

methods to diagnose and track cancer progression. Magnetic resonance imaging (MRI) is a 

commonly used diagnostic tool that can be used to obtain high resolution images of tumors 

and lesions inside the body. Clinical MRI scans function by measuring water proton 

relaxation rates. During a MRI scan, a strong, static magnetic field is applied to align the spins 

of water proton nuclei in the direction of the magnetic field. Next, the aligned nuclei are 

knocked out of alignment, in the perpendicular direction, by a radio frequency (RF) pulse. 

When the RF pulse is removed, the excited spins of water protons tend to relax back to the 

equilibrium states in the direction of the applied magnetic field. During this process, two 

independent processes take place simultaneously: T1 longitudinal (spin-lattice) relaxation and 

T2 transverse (spin-spin) relaxation. T1 relaxation measures the time required for the protons 

to relax back in the direction of the static magnetic field. T2 relaxation measures the times for 

the spin moments in the RF applied perpendicular direction to dephase to zero.  

In the human body each tissue type inherently has a different quantity of water present, 

and since the MRI functions by aligning the protons in water, contrast is achieved because 

tissues with more or less water relax at different rates. In order improve image resolution, a 

MRI contrast agent is typically injected before the scan. A MRI contrast agent functions by 

shortening the relaxation times of the water protons which results in improved contrast.  
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1.2 Introduction into commercially available MRI contrast agent 

The commercially available contrast agent is Gadolinium (Gd). Gd-complexes are 

simply paramagnetic metal ions complexed with ligands. The ligand types and structures 

influence the properties and effectiveness as Gd as a contrast agent. In fact, the ligand can 

alter the relaxometric properties of Gd depending on how efficient the water diffusion, 

residence time, and exchange rates may be1. Additionally, ligand selection is exceedingly 

important because Gd is highly toxic in its free, non-complexed form. Therefore, it is 

important that the ligand has a high binding affinity to Gd, and the binding must be 

thermodynamically and kinetically stable.2 There has been a great deal of research done to 

develop stable Gd- based contrast agents,3, 4 however, there is still a risk of toxicity to patients.  

Despite the research dedicated to reducing the toxicity risks of Gd based MRI contrast 

agents, there is still a concern about toxicity. Unfortunately, gadolinium based contrast agents 

have been linked to a rare condition, nephrogenic systemic fibrosis (NSF), in patients with 

acute kidney failure, or, patients taking an immunosuppressant for liver transplants or 

diseases such as hepatitis C. Patients with these health issues are not able to efficiently remove 

the heavy metal complexes making injection of this contrast agent dangerous.5 In addition, it 

was recently reported that healthy patients have also developed issues after repeated injections 

of the Gd-based contrast agents. In fact, accumulation of the Gd-complexes in the brain was 

reported to cause brain lesions in otherwise healthy patients.6, 7 

 In order to reduce toxicity, Gd-based contrast agents were designed to have short 

blood circulation. Unfortunately, the short blood circulation of the extremely small sized Gd-

complexes results in very fast renal clearance. While the fast clearance was by design, the 

drawback is that only a very small portion of the Gd-complex will accumulate or be available 
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in the area of the body we want to image. In order to ensure enough contrast agent reaches 

the part of the body we are interested in imaging,  a large dose must be injected into the 

patient’s body.8  Rather than focus on trying to make Gd-complexes safer, this dissertation 

focuses on using iron oxide nanoparticles (NPs) as a nontoxic, biocompatible alternative to 

the commercially available Gd-complexes. 

1.3 Iron oxide based MRI contrast agents 

Iron oxide NPs have been explored for decades as contrast agents for MRI due to their 

magnetic properties,9 biocompatibility,10 and targeting potential.11 In comparison to the Gd-

based contrast agents, iron oxide NPs are typically negative, T2 contrast agents (e.g., 

superparamagnetic iron oxide NPs). T2 contrast agents are associated with low resolution and 

background interference, caused by body fluids and voids.12, 13 In fact, signal attenuation of T2 

contrast agents may lead to misinterpretation of MRI scans and even misdiagnosis. Despite 

these issues, iron oxide NPs had been previously approved for limited clinical use in imaging 

the liver, spleen, and lymph nodes.14, 15 Unfortunately, due to the lack of clinical use, iron 

oxide NPs including Feridex,16 Ferumoxytol,17 and Ferucarbotran,18 were taken off of the 

market for use as MRI contrast agents by the U.S. food and drug administration (FDA).19   

One major benefit to using iron oxide NPs is that they are highly biocompatible and 

can potentially be reabsorbed through normal iron metabolic pathways.20  These advantages 

led to ferumoxytol (trade name: Feraheme™), to be rebranded and clinically approved for the 

intravenous treatment of iron deficiency in adult patients with chronic kidney diseases since 

2009.21 In fact, the long-term biocompatibility of iron makes iron oxide NPs attractive 

materials for contrast agents if they can function as T1 contrast agents and can be localized at 

desired locations. 
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In fact, it was recently discovered that if you synthesize extremely small iron oxide 

NPs with high surface areas, these nanoparticles can function as T1 MRI contrast agents. 

Therefore, recent research focus on iron oxide NPs has shifted to developing iron oxide-based 

T1 contrast agents, such as ultrasmall iron oxide nanoparticles (USNPs, <4 nm) and ultrathin 

nanowires (NWs, diameter<2 nm).22-24 The T1 enhancement of USNPs and NWs have been 

attributed to several possible factors,25 such as increased surface iron center exposure,26, 27 

suppressed magnetization,28,29 and surface effects on magnetization and water diffusion.30,31,32 

The extremely high surface area of subnanometer sized iron oxide NPs is one of the most 

important factors in developing iron oxide NPs as T1 contrast agents. The high surface area 

allows for complexation of the iron oxide core with more hydrophilic ligands. Complexation 

with a large number of hydrophilic ligands greatly contributes to increased water diffusion to 

NP surfaces, as well as improved exchange of water with the surroundings. Improved water 

complexation and diffusion to the iron oxide core both lead to an increase in the longitudinal 

relaxivity (r1) of the contrast agent. Additionally, by decreasing NP size, the magnetization 

decreases due to the reduced volume of the ordered spins. It should be noted that the ordered 

spins of the NP core are responsible for the magnetization, which strongly enhances T2 

performance of magnetic nanoparticles as MRI contrast agents. By decreasing the 

magnetization, a subsequent reduction of transverse relaxivity (r2) is observed. Reduced 

magnetization (decreased r2) combined with increase water coordination and diffusion 

(increased r1) subsequently yields a small r2/r1 ratio. MRI contrast agents are characterized by 

the relaxivity ratio (r2/r1), and a small r2/r1 ratio (<4) is indicative of a T1 MRI contrast agent. 
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CHAPTER 2: NANOPARTICLE SYNTHESIS 

2.1 General overview of synthetic methods 

Synthesis of iron oxide NPs has become well defined over the past decade. Particle 

growth and shape can controlled by altering reaction temperature conditions or ligand 

ratios.33-35 The main synthetic methods include thermal decomposition, polyol synthesis, 

coprecipitation, and reduction. These methods can be generalized into two catagories: 1. high 

temperature decomposition of iron precursors in nonpolar (organic) solvents, and 2. iron salt 

reduction under aqueous conditions. Both synthetic routes have advantages and 

disadvantages to consider when deciding on the desired synthetic method. The organic 

synthetic route typically results in highly reproducible, crystalline, monodispersed 

nanoparticles. However, for use in biological applications, the particles must be transferred 

into aqueous solution prior to use.  In contrast, the aqueous synthetic routes result in NPs that 

are readily dispersed in water, however, the NP growth can be more difficult to control. 

Aqueous synthetic routes typically result in NPs with high polydispersity and a lower degree 

of crystallinity.34 

2.1.1 Coprecipitation 

Coprecipitation is a common method for synthesizing iron oxide NPs using ferrous 

and ferric salts at a 2:1 ratio mixed in alkaline, aqueous solutions.36-38 Using this method has 

the advantage of ease of particle synthesis in aqueous conditions, so there is no need for 

additional phase transfer steps. However, the method is difficult to control particle size,  
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uniformity, and crystallinity, and can be very unstable. Typically this method is suitable for 

larger sized particles; however, this method has been recently utilized to synthesize particles 

smaller than 4 nm.38, 39  

2.1.2 Reduction 

An additional synthetic method commonly used to synthesize iron oxide NPs is direct 

reduction. More specifically, iron salts can be reduced in the aqueous phase using a strong 

reducing agent. Preparations of uniform spherical NPs have been achieved using a strong 

reducing agent at room temperature. In one case, 3.7 nm USNPs were prepared by reducing 

both ferric and ferrous chlorides  with Tetrakis(hydroxymethyl)phosphonium chloride 

(THPC) as a reducing agent.29  However, room temperature reduction is typically a method 

in which it is difficult to control the size and uniformity of the NPs. Recently, microwave 

irradiation40 synthetic procedures have been used to overcome these limitations.  

2.1.3 Polyol reduction 

Polyol synthesis is a type of reduction reaction that consists of an iron precursor 

dissolved in a polyol solution and heated to moderately high temperatures, where the diol can 

serve as both a reducing agent and a stabilizer.41 Polyol reactions can take place in either 

nonpolar, organic solvents,42, 43 or in aqueous conditions.44 Aqueous phase polyol reactions 

typically take place in ethylene glycol, diethylene glycol,45 triethylene glycol, or polyethylene 

glycol.46 Aqueous phase, polyol synthetic methods are highly desired due to the simplicity of 

creating biologically compatible NPs in a one-pot synthetic procedure. This one-pot process 

makes scaling up for commercial production of iron oxide NPs feasible. However, the 

stabilizing ligands in the polyol reaction are not covalently linked to the surfaces of the NPs, 

so the biological stability of the NPs is low. When the particles are injected into the body, the 
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weak binding of the ligands can lead to poor long term stability, particle aggregation, loss of 

the positive, T1 contrast affects, and potentially trigger an immune response. 

2.1.4 Thermal Decomposition 

Thermal decomposition is a well-defined method for producing high quality, 

monodispersed iron oxide NPs.47-49 This method typically requires 3 main steps to produce 

iron oxide NPs. The first step is producing a precursor. Although there are several well defined 

methods for generating the precursor, for biological applications nontoxic chemicals are 

preferred. The basic reaction mechanism for the formation of iron oleate precursor consists of 

iron chloride salts and sodium oleate (NaOA) and is defined by the equation 𝐹𝑒𝐶𝑙3 +

3𝑁𝑎𝑂𝐴 = 𝐹𝑒𝑂𝐴3 + 3𝑁𝑎𝐶𝑙. The reactants were mixed in a biphasic mixture hexane, ethanol, 

and deionized water and heated to 65°C for 4 hours to form an iron oleate precursor. Once 

the organic precursor was obtained, the water was separated out, and the excess salts were 

washed away with water.  

Next, the precursor, in the presence of organic solvents and surfactants, is heated to 

high temperatures in order to decompose the oleate ligands and allow for particle nucleation. 

The organic solvents present in the reaction prevent particle aggregation and help control the 

particle growth. The sizes and shapes of the particles can be controlled by adjusting the 

surfactant ratios and heating temperatures.23, 47, 50 In the final step, an arduous phase transfer 

procedure must be performed to render the particles biologically compatible. Typically, a 

ligand exchange procedure is used, and has its advantages and disadvantages. This method 

does allow for flexibility in surface modification, including the ability to design the surfaces 

of the particles to increase cellular uptake or target specific cell types.51-53 However, the tightly 

bound organic ligands can be difficult to replace, and, the high surface areas of the ultrasmall 
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particles can make stabilizing the particles in water, and further modifying the surfaces a 

challenge.54 Finally, the 3 step synthetic process does pose some limitations for scaling up the 

reactions and for commercialization.  

The major advantage for using the thermal decomposition synthetic method is that the 

NP growth rate can be controlled by ligand selection. Each ligand has a different binding 

affinity to the iron oxide NPs, and this has been well studied. Common ligands used in the 

NP synthesis include oleylamine , oleic acid (OA), and trioctylphosphine oxide (TOPO). 

Amine groups have the strongest binding affinity to the iron oxide core. As a result, NPs 

synthesized in the presence of oleylamine tend to have a very fast particle nucleation and 

growth resulting in particles that are polydispersed in size and shape.23 OA is the most 

commonly used ligand in NP synthesis and results in more uniformly sized NPs. In contrast 

to oleylamine, the presence of OA slows down the nucleation and growth phase of the particle 

synthesis; the resulting particles are highly uniform and crystalline in nature. OA does have a 

strong binding affinity to iron oxide, and, the shape of the molecule results in NPs with a very 

tightly packed ligand surface, which can make phase transfer into water more difficult. TOPO 

has a relatively weak interaction with iron, and the shape of the molecule is bulky, therefore 

this molecule has been introduced as a secondary ligand during the synthetic process in order 

to facilitate a more complete ligand exchange. 

Ligand selection is important for controlling NP growth and can be used to help 

control the sizes and shaped of the NPs.  For example, oleylamine, as stated previously, has 

a very strong affinity toward iron oxide and can result in fast growth.50 This growth 

characteristic may be used to help in the formation of different shaped iron oxide NPs. In fact, 

the use of oleylamine, along with careful temperature control has been shown to allow for the 
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synthesis of ultrathin iron oxide NWs. More specifically, ultrathin iron oxide NWs have been 

synthesized by heating up iron oleate precursor to 150°C.23, 50 At this temperature, the weakly 

bound oleate ligands in the precursor can selectively decompose. The addition oleylamine 

into the reaction may have helped to facilitate, rapid, strong growth in one direction and may 

lead to an increased nanowire length, increased aspect ratio, and increased surface area. 

Complete thermal decomposition of the iron oleate precursor requires reaction 

temperatures of at least 300°C. At these temperatures, the size of the NPs can be controlled 

between 6 and 25 nm by varying the reaction time and the ligand/precursor ratios. Synthesis 

of iron oxide NPs ranging from 6 to 20 nm in size were well reported in literature using 

thermal decomposition, however, these particles were only used as negative, T2 contrast 

agents. Recently, Hyeon, et al, reported the large scale synthesis of extremely small iron oxide 

nanoparticles.49 Prior to the work of Hyeon’s group, there were not many reports of iron oxide 

nanoparticles smaller than 4 nm. The key to developing the well-controlled synthesis of 

extremely small sized nanoparticles was lowering the reaction temperatures. Hyeon et al 

reported the addition of reducing agent, oleyl alcohol (OL), allowed for complete 

decomposition at lower temperatures. The particle sizes were well controlled by adjusting the 

amount of OL, as well as controlling the reaction temperature. Particles synthesized had an 

average size of 1.5 nm to 3.75 nm. The particles were then stabilized using phosphine oxide 

polyethylene glycol in a ligand exchange procedure. Hyeon’s method was highly reproducible 

and widely adapted by many research groups to produce USNPs for positive, T1 MRI contrast 

agents. 

A large amount of research has been dedicated to developing NP synthetic methods 

that are highly reproducible, easy, and can form highly crystalline uniform iron oxide NPs. 
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Synthetic routes range from one pot synthesis in aqueous solutions to several step thermal 

decomposition methods in organic solvents. For the purposes of this dissertation, the thermal 

decomposition method was preferred for several reasons. First, the thermal decomposition 

method typically results in nanoparticles with a higher degree of crystallinity and uniformity. 

Additionally, the reactions can be easily tailored to achieve nanoparticles with sizes ranging 

from 2-20 nm as well as different shaped NPs.  

2.2 Thermal decomposition of various shapes and sizes of iron oxide nanoparticles 

2.2.1 Chemicals and reagents 

All of the chemical reagents were purchased and used without further purification. 

(FeCl3, ACROS, 98%), sodium oleate (NaOA, TCL, 95%), oleic acid (OA, Fisher, 95%), 

oleyl alcohol (OL, Alfa Aesar, 80-85% ), trioctylphosphine oxide (TOPO, Sigma-Aldrich , 

90%), 1-octadecene (Sigma-Aldrich, 90%), oleylamine (Sigma-Aldrich, 70%), chloroform 

(Sigma-Aldrich, 99%), acetone (BDH, 99.5%), hexane (BDH, 100%), and ethanol (BDH, 

100%). 

2.2.2 Characterization 

The nanoparticles were extensively characterized for their physical and chemical 

properties, including surface chemistry by Fourier transform infrared spectroscopy (FTIR), 

hydrodynamic size with Dynamic light scattering (DLS), size and morphology by 

transmission electron microscopy (TEM) and high resolution TEM (HRTEM), and magnetic 

properties by alternating gradient magnetometry (AGM).  

2.2.3 Precursor Formation 

Iron oleate complex for large and ultrasmall iron oxide NPs was prepared as follows: 

ferric chloride (6.5 g) was mixed with NaOA (36.5 g) in a solvent mixture of hexane (140 
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mL), ethanol (80 mL), and nanopure water (60 mL) at 65 ºC for 4 hours. After formation of 

precursor, phase separation was required to collect the organic phase containing the iron 

oleate complex. The complex was subsequently washed three times with deionized water to 

remove salt from the reaction. The precursor was then dried inside a chemical hood overnight 

at room temperature. The resulting, viscous reddish brown paste was used in the formation 

of spherical iron oxide NPs of varying sizes. 

A modified version of iron oleate precursor with the addition oleyamine was utilized 

to facitlitate the formation of iron oxide NWs. The strong binding of oleylamine to iron was 

employed to facilitate the one-dimensional growth of the NWs. The precursor formation was 

as follows: Iron chloride (1.3 g) was dissolved in deionized water (pH=5) before the addition 

of oleylamine (2.63 mL). The solution was stirred and a yellow foam substance formed, at 

which point ethanol (16 mL) was added, closely followed by the addition of hexane (28 mL). 

Finally, NaOA (4.87 g) was added and the final solution was allowed to mix at room 

temperature for 15 minutes. The precursor solution was then heated to 65° C for 2.5 hours. 

After the 2.5 hours, a thick brown paste had formed. The paste was washed 3 times with 

deionized water to remove salts and collected. The paste was allowed to dry in the vacuum, 

overnight, before being collected and weighed for NW synthesis. 

2.2.4 Synthesis of large iron oxide nanoparticles 

Iron oxide NPs were synthesized by heating the iron oleate complex (1.65 g, 1.85 

mmol) in 1-octadecene (10 mL) in the presence of OA (0.14 mL, 0.44 mmol) and TOPO 

(0.1190 g, 0.30 mmol). The reactants were stirred for 20 minutes at room temperature before 

heating to 320 °C for a total reaction time of 2.5 hours. Upon completion, the reaction mixture 

was cooled down to room temperature and collected in a glass vial. The as–synthesized NPs 
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were precipitated out of solution by first dispersing the organic NPs in chloroform. 

Precipitation was facilitated by adding acetone, and the NPs were collected via magnetic 

separation and then dried under vacuum overnight. The well-dried powder was then 

collected, weighed, and re-dispersed into chloroform under sonication to obtain a stock 

solution of 1 mg/ mL for the ligand exchange process. 

 

Figure 1: (a) TEM and (b) HRTEM of iron oxide nanoparticles prepared using thermal 
decomposition. (c) Hydrodynamic size of the organic NPs in chloroform. 

 

Using the typical thermal decomposition method, it is possible to achieve larger sized 

particles ranging from 6-20 nm. In a typical synthesis procedure, NPs are highly uniform in 

size and shape (Figure 1a). HRTEM shows the NPs are highly crystalline, a clear lattice 

structure is observed (Figure 1b). TEM imaging is useful to determine NP size, shape, and 

uniformity. TEM imaging cannot be utilized to observe the ligands on the NPs surfaces, so to 

characterize the hydrodynamic sizes of the NPs, DLS is used. Figure 1c shows the DLS plot 

of iron oxide NPs with a core size of 12 nm. The overall hydrodynamic size of the NPs in 

chloroform is 15 nm represented by the peak of the DLS plot. 

a b c
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2.2.5 Synthesis of ultrasmall iron oxide nanoparticles 

USNPs (<4 nm) were synthesized using a modified “heat-up” method using the same 

precursor as the larger sized nanoparticles (6-25 nm).  In brief, the iron oleate complex (1.65 

g, 1.85 mmol) was dissolved in 1-octadecene (10 mL) in the presence of OA (0.07 mL, 0.22 

mmol), TOPO (0.0595 g, 0.15 mmol), and, reducing agent/growth inhibitor, OL (1.78 mL, 

5.65 mmol). Subsequently, the reactants were heated to 250°C under argon atmosphere. After 

2 minutes, the reaction mixture was rapidly cooled down by removing the heat. The as-

synthesized USNPs were then precipitated out of the mixture by adding acetone and collected 

via centrifugation (15,000 RPM, 15 min). To obtain a dry particle pellet necessary for 

weighing, the particles were washed an additional 4 times by dispersing the USNP pellet in 

hexane and then precipitated out using absolute ethanol. The NPs were collected via 

centrifugation and dried under vacuum overnight. The dried pellets were collected, weighed, 

and re-dispersed in chloroform to obtain a stock solution of 1 mg/mL for the ligand exchange 

process.  

In order to form subnanometer (<4 nm) USNPs, the NP nucleation temperature must 

be reduced and the growth stage must be limited. Complete decomposition of iron oleate 

precursor typically requires heating up to temperatures higher than 300°C. In order to 

decompose at a lower temperature, a reducing agent and nanoparticle growth inhibitor, OL, 

was introduced into the reaction. This growth inhibitor allowed for lower temperature 

nucleation and the resulted in the USNPs 22, 54.  
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Figure 2: (a) and (b) represent TEM and HRTEM images of USNPs in organic solution, and 
(c) represents the hydrodynamic size for the USNPs in chloroform. [54] - Reproduced by 
permission of The Royal Society of Chemistry 

 

The as-synthesized organic NPs were characterized for size and morphology using 

TEM imaging. Figures 2a and b showed monodispersed, highly uniform iron oxide NPs with 

core size between 3 and 4 nanometers. The HRTEM image (Figure 2b) clearly shows the 

crystalline lattice structure of the USNPs is maintained even at the lower nucleation 

temperature. Since TEM imaging only shows the core size of the NPs, the hydrodynamic size 

of the USNPs was measured using DLS. The hydrodynamic size of the USNPs was found to 

be 5.5 nm.  

2.2.6 Synthesis of iron oxide nanowires 

Iron oxide NWs were synthesized using an iron oleate precursor with oleyamine 

integrated into the precursor formation step. In brief, the iron oleate complex (1.80 g, 2.02 

mmol) was dissolved in 1-octadecene (10 mL) in the presence of OA (0.10 mL, 0.31 mmol) 

and TOPO (0.20 g, 0.50 mmol). The reaction was stirred at room temperature to completely 

dissolve all the reactants, and then heated to 150 °C for 18 hours under argon gas atmosphere. 

The as-synthesized NWs were then washed two times by first dispersing in hexane and then 
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precipitated out with absolute ethanol. The NWs were collected via centrifugation (15,000 

RPM, 15 min) and dried under vacuum for 1 hour. The particles were then weighed and 

finally dispersed in chloroform for a stock solution of 1 mg/mL for the ligand exchange 

process. 

 

Figure 3: (a) and (b) represent TEM and HRTEM images of NWs in organic solution, and 
(c) represents the hydrodynamic size for the NWs in chloroform. [54] - Reproduced by 

permission of The Royal Society of Chemistry 

 

Ultrathin iron oxide NWs were synthesized by selectively decomposing the two 

weakly bound ligands of the iron oleate precursor, subsequently directing one-dimensional 

growth of the nanostructure.23, 50 TEM imaging (Figure 3a) showed NWs with core size of 

~2nm wide by 20-25nm long. HRTEM (Figure 3b) showed clear lattice fringes indicating 

crystalline nanostructure. Hydrodynamic size was measured using DLS (Figure 3c) with a 

peak size of 22 nm, which was closely related to the overall length of the NWs. The long tail 

in the DLS plot may represent some interactions between the NWs.  
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Figure 4: Nanowires formed with no oleylamine (a-c). 

 

Incorporation of oleylamine into the precursor formation step was critical. The strong 

binding of the oleylamine was necessary to facilitate growth of the NWs. In fact, the formation 

of NWs without the presence or oleylamine was possible by selectively decomposing the 

weakly bound ligands in iron oleate precursor. However, the NW formation was inconsistent 

and typically resulted in much shorter NWs or thicker NWs with a high concentration of 

spherical NPs. The inconsistent or incomplete growth of the NWs without oleylamine further 

indicated that the presence of oleylamine could help facilitate the fast nucleation and growth 

of the NWs in one direction. The ratio of the NW thickness and NW length was found to be 

a critical factor in synthesizing NWs with a high surface area to volume. For Figures 4a-c, 

the widths of the NWs were 3-4 nm wide. Even for the longer NWs (Figures 4b-c) the larger 

width of the NWs resulted in a lower surface area to volume ratio, which is a critical factor 

in maintaining the paramagnetic, T1 properties. 

2.2.7 Magnetic properties 

The magnetic properties of large NPs, USNPs, and NWs were measured with AGM 

and the magnetization versus applied field (M-H) curves were shown in Figure 5. The 

50 nm 50 nm 50 nm
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magnetic moments for all samples were normalized by iron concentrations, which were 

determined by inductively coupled plasma (ICP) analysis.   

 

Figure 5: M-H curves of large NPs (a), USNPs (b), and NWs (c). Images of the NPs dispersed 
in chloroform are inserted. [54] - Adapted by permission of The Royal Society of Chemistry 

 

Large sized iron oxide NPs (> 5 nm) are typically superparamagnetic and the M-H 

curve is S-shaped with a saturation magnetization at low applied field.37 Indeed, the larger 

sized iron oxide NPs exhibited the S-shaped M-H curve shown in Figure 5a. With increasing 

surface contribution of USNPs, the magnetic properties shift from superparamagnetic to 

paramagnetic.55 M-H curves of both USNPs (Figure 5b) and NWs (Figure 5c) showed a 

strong paramagnetic signal without saturation at high fields. The magnetization of the USNPs 

is slightly higher than that of the NWs which is possibly due to the higher surface area. USNPs 

have a higher surface area than the NWs and a much higher concentration of surface iron 

atoms.  

2.3 Conclusion 

Thermal decomposition is a highly controllable synthetic route for the preparation of 

iron oxide nanoparticles. By varying the reactants, reaction temperature, and reaction time 
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we were able to synthesize highly uniform iron oxide NPs of varying size and shape. Notably, 

by controlling the size and shape we were able to modify the magnetic properties of the iron 

oxide NPs. With the ability to fine tune the magnetic properties, iron oxide NPs may be used 

for a variety of biological applications. The large, superparamagnetic iron oxide NPs are ideal 

for applications such as magnetic separation. In contrast, the paramagnetic USNPs and 

ultrathin NWs were suitable as positive, T1 MRI contrast agents and can be used in 

applications such as imaging guided drug delivery and stem cell labeling. Size and shape 

control is indeed a major benefit of the thermal decomposition method, however, it should be 

stated that the need for a phase transfer is a limiting step when considering scale up and 

commercialization, where one-pot synthetic routes may be preferred. However, the ligand 

exchange does provide the opportunity to specifically modify the surfaces of the iron oxide 

NPs by coating the particles with specific targeting ligands, or, by further modification of the 

NP surfaces through subsequent conjugation methods,56 and this will be discussed in more 

detail in the following chapter. 
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CHAPTER 3: SURFACE FUNCTIONALIZATION 

  

Using thermal decomposition provided a synthetic route in which the size and shape 

of the iron oxide NPs could be carefully controlled. However, the ligands coating the NPs are 

organic and cannot be readily dispersed in water. In order to render the particles biologically 

compatible, a phase transfer is essential.  

For biological applications NPs must be capped with surface ligands to prevent 

aggregation and for water dispersion and biocompatibility. The structure and properties of the 

capping molecules directly affect the T1 performance of USNPs and NWs in several aspects. 

According to the inner-outer sphere theory of MRI contrast agents,31, 57 the exposure of surface 

iron ions directly contributes to the T1 performance of iron oxide NPs. The T1 relaxation of 

USNPs requires direct attachment of water molecules onto the paramagnetic iron center, 

forming the so-called “inner coordination sphere.” Therefore, the T1 signal is very sensitive 

to surface capping molecules and their packing density on NP surfaces. The surface coatings 

not only affect the exposure of iron ion centers on NP surfaces, but also the water accessibility, 

both of which greatly influence the T1 behaviors of NPs.  

Another parameter affecting the relaxation rates is the water exchange rate between 

the water bound on the NP surfaces (inner sphere) and the surrounding water (outer sphere). 

The water exchange rate can be greatly affected by the hydrophobicity of surface ligands 

(water penetration and accessibility to nanoparticle surfaces),32  water mobility between 

capping molecules, as well as water mobility in the surrounding vicinity. 
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For instance, the T1 enhancement was completely suppressed when the diffusion of water was 

blocked with micelle-entrapped iron oxide USNPs,58 or when they were located in an 

environment with limited water permeability.32 

There are a few strategies that can be utilized to employ phase transfer of organic 

coated NPs to the aqueous phase. The two most common methods used are biphasic coatings 

and direct ligand exchange. Biphasic coatings require the use of amphiphilic ligands. In this 

method, the hydrophobic regions of the new ligand will interact with the hydrophobic 

surfaces of the NPs. As a result, the aqueous loving portion of the new ligand will interact 

with the aqueous surroundings. While this method is efficient, it is not preferred because T1 

contrast agents depend on water diffusion to the paramagnetic core and exchange of water 

with the surroundings. The hydrophobic regions in the biphasic method will impact both the 

diffusion and exchange of water negatively.59 Therefore, for this dissertation we will focus on 

the direct exchange of ligands. 

In the direct ligand exchange method, the organic ligands are exchanged with 

biologically compatible ligands. For the ligand exchange process to work, the new ligands 

must have a higher binding affinity to the iron oxide NP core than the original organic ligand. 

There are several ligand exchange methods found in literature, however most of them follow 

the same basic procedure. The organic NPs are dispersed in an organic solvent, usually 

toluene, chloroform, or hexane. Separately, your new ligand is dissolved in another solvent, 

preferably an amphiphilic, polar solvent that is miscible in both organic and aqueous solvents. 

This solvent will serve as a bridge and facilitate the ligand exchange. This ligand exchange is 

limited by the molecules you can use. First, the molecules must contain amine, thiol, or 

carboxylic acid groups to replace the original ligands. Second, your molecules must be able 
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to be dissolved in one of the polar solvents.59 In this chapter, we optimized the ligand 

exchange procedure for several different capping molecules, and subsequently characterized 

the NPs for their physical and magnetic properties.  

3.1 Direct Ligand Exchange 

3.1.1 Characterization 

The NPs were extensively characterized for their physical and magnetic properties. 

Specifically, the size and morphology of the USNPs after ligand exchange was characterized 

by TEM and HRTEM imaging, the hydrodynamic sizes and zeta potentials were determined 

using DLS, the magnetic properties were determined using AGM, and the characteristic 

relaxivities were ascertained by nuclear magnetic resonance (NMR).   

3.1.2 Iron concentration analysis 

The iron concentration of the NP aqueous solution was critical to determining the NP 

relaxivity. The iron concentration was determined with ICP, a well-defined method.  Briefly, 

0.5 mL of aqueous NP solution was dissolved in 20 mL of 5% HNO3 for analysis. 

Alternatively, a new method for determining iron concentration using NMR was developed 

and compared with ICP analysis. In brief, a standard curve of relaxation rate (1/T1 and 1/T2) 

as a function of iron concentration was created by dissolving FeCl3 in 5% HNO3 at various 

iron concentrations (0.01, 0.02, 0.03, 0.05, 0.08, 0.1, 0.2, 0.3, 0.4., and 0.5 mM) and 

measuring the T1 and T2 relaxation times of the standard solutions. The T1 and T2 relaxation 

times of the solution were measured in three replicas in order to ensure the accuracy of the 

standard curve. From the standard curve, the relaxivity of Fe3+ was obtained, and 

subsequently used to estimate the Fe concentration of NP solutions. Specifically, the T1 and 

T2 relaxation times of the acid dissolved NP solutions were measured and the concentration 
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was calculated using our Relaxation Rate vs Iron Concentration Curve. The accuracy of iron 

concentration quantification using NMR was verified by comparing to results obtained using 

ICP analysis.  

3.1.3 Ligand exchange procedure 

The prepared iron oxide NPs were then coated with either tannic acid (TA), gluconic 

acid (GA), citric acid (CA), quinic acid (QA), or polyethylene amine (PEI). More specifically, 

either TA (15 mg, mmol), GA (40 mg, 0.18 mmol), CA (40 mg, 0.21 mmol), QA (70 mg, 

0.36) or 10 kDa PEI (50 mg) were first dissolved in 0.5 mL of DI water followed by the 

addition of 5 mL of methanol and 5 mL of acetone. The solution was sonicated to mix well. 

Next, the prepared NPs in chloroform (5 mL) were added to the ligand solution and sonicated 

to mix well. The solutions were then mixed overnight at 45°C in a shaker at 250 rpm. The 

particles were then collected via centrifugation (15 min, 15,000 rpm) and re-dispersed in 

ethanol (5 mL) for a NP concentration of 1 mg/mL. An equal volume of water was then 

added and the solutions were heated up to evaporate the ethanol. The particles were finally 

collected via centrifugation and re-dispersed in water (5 mL).  

 

Figure 6: USNPs coated with TA (a), GA (b), CA (c), QA (d), and PEI (e). 

 

Utilizing the direct ligand exchange method, USNPs were successfully coated with 

either TA, CA, GA, QA, or PEI. TEM imaging showed that the USNPs were able to be 
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coated with various ligands without any morphology change, size change, or aggregation as 

seen in Figure 6. Additionally DLS was used to measure the hydrodynamic sizes and zeta 

potentials of the particles as seen in Figure 7. 

 

Figure 7: DLS measurements of size and zeta potential for TA (a&f), CA (b&g), GA (c&h), 
QA (d&i), and PEI (e&j).  

 

Figure 7 represents the size and zeta potentials of USNPs coated with various ligands. 

For the small molecule ligands (CA, GA, and QA) the USNPs showed small hydrodynamic 

sizes indicating no aggregation, which correlated well to the TEM images. The TA and PEI 

coated NPs showed slightly larger hydrodynamic sizes. For the PEI coated USNPs, the large 

size of the PEI molecule (10k) may have contributed to the larger size change. Additionally, 

the excess PEI was difficult to clean (as observed in Figure 6e), and the excess PEI may have 

also contributed to the larger size obtained using DLS. The larger size of the TA coated 

USNPs was likely do to interactions of the many –OH groups present in the TA structure.  
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The zeta potentials for TA (Figure 7f), CA (Figure 7g), GA (Figure 7h), and QA 

(Figure 7i) were all negative. The large negative value (<30) indicates good electrostatic 

repulsion which is typically necessary to have NP stability in water without aggregation. In 

contrast, the zeta potential for PEI (Figure 7j) was positive, which corresponded well to our 

previous reports, and is also consistent with the amine functional groups in the PEI 

molecule.60  

 

Figure 8: Size variance between ligand exchanged USNPs. 

 

Size variances may be important when comparing cellular uptake behaviors of NPs, 

especially when comparing surface and targeting effects. In addition to analyzing the 

hydrodynamic size distribution of the USNPs after ligand exchanges with either TA, CA, 

GA, QA, and PEI statistical analysis was used to determine how the hydrodynamic sizes of 

the USNPs may change from sample to sample since the ligand exchanges were performed 

in batches. Figure 8 represents the size distribution of 3 replicas of ligand exchanged USNPs. 

For each of the ligand exchanges, the changes in hydrodynamic sizes between samples were 
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less than 5 nm. Additionally, the USNPs exchanged with larger molecule ligands had a larger 

variance in hydrodynamic size in comparison to the small molecule ligands.  

In order to determine if the USNPs with various surface functionalities could serve as 

T1 MRI contrast agents, the relaxivities and relaxivity ratios for each of the ligand exchanged 

USNPs was determined. Moreover, the same batch of organically synthesized USNPs was 

utilized in each of the ligand exchanges to try and exclude size or crystallinity as factors that 

may contribute to, and affect relaxivity. In this case, the differences in relaxivities should be 

due to the surface ligand effects. 

Table 1: Relaxivities and relaxivity ratios of USNPs coated with different ligands. 

 

Table 1 shows the calculated relaxivities of USNPs coated with either TA, GA, CA, 

QA, or PEI. For TA, GA, CA, and PEI the r2/r1 ratios were less than 4, which was a good 

indication that the particles would function as T1 contrast agents. QA coated USNPs had the 

highest r2/r1 ratio of 5.83. Contrast agents with a ratio higher than 4 but less than 10 may be 

useful as dual T1/T2 contrast agents. Additionally, TA coated USNPs had the highest r1 

relaxation and still maintained a very low relaxation ratio (~2). This may be due to the large, 

bulky nature of the TA molecule. More specifically, the large size of the TA molecule could 

lead to less dense ligand packing, therefore allowing better water diffusion to the NP surfaces.  

r1 (mM-1s-1) r2 (mM-1s-1) r2/r1

TA 2.83 6.44 2.27

GA 1.19 1.99 1.68

CA 2.45 6.9 2.82

QA 1.08 6.3 5.83

PEI 0.51 0.23 0.44
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3.2 Conjugation 

The unique tunability of the sizes, shapes, magnetic properties, and surface chemistries 

of iron oxide NPs renders them ideal for a variety of biological applications including targeted 

drug delivery,11 cell tracking,19, 61-63 and as MRI contrast agents.17, 18, 64, 65 For all these 

applications, surface functionalities of NPs are critical because they are the first encounter 

with biological systems. For instance, surfaces directly affect cellular uptake,66 

biodistribution,67 blood circulation,68 toxicity,69 and metabolism.70 Many of these biological 

behaviors can be attributed to the ability of NPs attracting native proteins, also known as 

protein corona, and subsequently intriguing immune responses.71, 72  Two effective surface 

coatings have been explored to overcome the surface effects, such as PEGylation73 and the 

use of zwitterionic molecules.74 The dense, hydrophilic layer of the polyethylene glycol (PEG) 

on NP surfaces minimizes NP aggregation under physiological conditions,  and, additionally, 

the net neutral charge of the PEGylated NPs at physiological pH can reduce the formation of 

protein corona.75 Alternatively, zwitterionic molecule coatings with  neutrally charged NP 

surfaces is capable of repressing non-specific absorption of proteins onto NP surfaces.76   

Beyond the need for water dispersion and biocompatibility, it may be beneficial to 

further modify the surfaces of the NPs for specific surface chemistries or with targeting 

molecules or drugs. More specifically, it may be difficult to control ligand orientation and 

binding via direct conjugation of a molecule on the NP surface. Additionally, some molecules, 

such as antibodies or drugs, may be sensitive to temperature, solvents, and storage conditions. 

As a result, the ligand exchange procedure may be too harsh and damage the functionality of 

the molecules. To overcome these obstacles, bioconjugation may be a better route to more 

specifically functionalize the NP surfaces. Therefore, it is highly beneficial to have a 
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functional NP surface, which allows for easy conjugation of various surface chemistries for 

desirable applications. 

Several conjugation methods have been studied to link various molecules onto iron 

oxide NP surfaces, including proteins, PEG, and other small molecules.59, 77-83 The use of  

chemical linkers to cross-link NPs and molecules has been the most explored approach.84, 85 

These linkers include carbodiimide (EDC),86, 87 N-hydroxylsuccinimide (NHS) ester cross-

linker,59 and maleimide.88, 89 A general drawback for linker chemistry is the specific 

conjugation conditions may affect NP stability, such as acidic conditions (pH 4.5-5.5) for 

EDC, or temperature conditions (pH 7.2-8.0, 4°C) for NHS. Additionally, low conjugation 

efficiency a result of completion reactions is often an issue.  For an alternative conjugation 

method, we recently showed that dopamine-functionalized surfaces of iron oxide NPs can 

easily conjugate with protein molecules, 51, 90 which also offer a great platform to link other 

molecules.  

Here, we report the direct conjugation of various molecules onto dopamine-coated 

iron oxide NP surfaces via a facile, linker-free conjugation method previously developed by 

our group.51 These small molecules include glutathione (GSH), cysteine (Cys), lysine (Lys), 

and tris(hydroxymethyl)aminomethane (Tris), which lead to various surface functionalities 

after conjugation. At physiological pH, these molecules are either zwitterionic ions or 

neutrally charged, which can potentially suppress the formation of the protein corona in vitro 

and in vivo. The success of conjugation was evaluated using FTIR. The hydrodynamic sizes 

and zeta potentials of the NPs were also measured using DLS at different pHs, and compared 

with dopamine-coated NPs. Stability of conjugated NPs in biological medium were tested as 

a function of incubation time. The variation in NP sizes and charges was mainly used to 
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determine whether the conjugated NPs affected surface protein adsorption. The study 

provides a general platform to link various small molecules onto iron oxide NPs, which 

provides a set of NPs for various biological and biomedical studies. 

3.2.1 Dopamine-coated nanoparticles 

The spherical iron oxide NPs were synthesized via thermal decomposition following 

our previously established procedures.60 Specifically, an iron oleate precursor was 

decomposed in the presence of OA and TOPO at 320°C for 2.5 hours. Subsequently, the 

hydrophobic ligands of NPs were replaced with dopamine molecules via a ligand exchange 

method with some modifications.51, 60, 90, 91  In brief, 1 mL of as-synthesized iron oxide NPs in 

chloroform (5 mg/mL) was mixed with 2 mL of dopamine aqueous solution (3 mg/mL). The 

mixture was sonicated for 5 minutes to form an emulsion, followed by the addition of 15 mL 

of acetone to facilitate phase transfer.  The NPs were then separated out of solution via 

magnetic separation and washed three times with water to remove free dopamine. The 

dopamine-coated NPs were then dispersed water to form a stock solution of (1 mg/mL). 

Before conjugation, the NP surfaces were activated with addition of 1M NaOH, where the 

pH increase facilitated the formation of Quinone structure from the catechol groups of 

dopamine. The Quinone structure allows for facile conjugation of molecules containing –NH2 

or -SH groups via Schiff base or Michael’s addition.51 

3.2.2 Conjugation of small molecules 

Small molecule conjugation was achieved by simply mixing the activated NP solution 

with conjugation molecules at a 1:10 molar ratio based on the theoretical amount of dopamine 

on the NP surfaces. The use of excess small molecules allows for full coverage of NP surfaces 

with conjugating molecules. NP aqueous solution was degassed using Argon gas prior to the 
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conjugation to prevent oxidation of some small molecules. In order to ensure maximum 

conjugation efficiency, NPs were activated immediately prior to conjugation with the 

addition of NaOH to adjust the pH to 9. The reaction mixture of activated NPs and small 

molecules were incubated at 37C for 12 hours.  After three washes with water, the conjugated 

NPs were collected for further analysis. NPs were characterized using TEM, DLS, and FTIR 

to verify the presence of the small molecules on the surface of the NPs.  

The stability of the NPs was assessed by dispersing conjugated NPs  in 10% fetal 

bovine serum (FBS) Eagle’s minimal essential medium (EMEM) and incubated at 37 C for 

up to 4 hours. The 4 hour incubation was chosen based on prior reports that 4 hour incubation 

is required for in vitro cellular uptake.51, 69 DLS measurements (size and zeta potential) were 

performed at  t = 0, 30 min, 2 hours, and 4 hours to determine if the NPs experienced non-

specific binding of serum proteins on the NPs surfaces. 

3.2.3 Results and Discussion 

The iron oxide NPs were synthesized via thermal decomposition at high temperatures 

in organic solvent, which produces monodisperse, highly crystalline NPs. Subsequently, the 

organic ligands were replaced with dopamine where a thin polydopamine layer likely formed, 

leaving the catechol groups on the NP surface for further conjugation. Figure 9a shows the 

TEM image of 12 nm dopamine-coated iron oxide NPs from a typical reaction. The NPs were 

well dispersed after ligand exchange and retained their high crystallinity (Figure 9, insert). 

The hydrodynamic size of the dopamine-coated NPs in solution at pH 6 from DLS was about 

38 nm (Figure 9b), which was much larger than the core size of 12 nm. The size increase 

possibly resulted from either hydrogen bond formation between neighboring catechol groups 
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or formation of a thin layer of polydopamine during the ligand exchange.51 With increasing 

solution pH to 9, the NP size decreased to 31 nm because of deprotonation of surface 

functional groups, which helped to further separate NPs from each other (Figure 9b).  

 

Figure 9: Dopamine-coated NPs (a) TEM and high resolution images (insert), (b) DLS plot s 

at pH 6 (dashed blue) and 9 (black), (c) zeta potential measurements pH 6 (dashed blue) and 
9 (black), and (d) FTIR spectrum after activation. [56] - Reproduced by permission of Elsevier. 

 

The dopamine-coated NPs were stable at pH 9 for long periods of time, but showed 

visible precipitation at pH below 6. The zeta potentials of these NPs at pH 6 and 9 were about 

-33 mV and - 40 mV respectively (Figure 9c). The slightly lower zeta-potential at pH 9 is 

another indication of the deprotonation of more catechol groups at higher pH.  However, the 

absolute zeta-potential values of these NPs at pH 6 and 9 were both above 30, an indication 
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of NP stability in solution. Figure 9d shows the FTIR spectra of dopamine-coated NPs after 

activation. The detailed analysis of the dopamine-coated NPs before and after surface 

activation was reported previously by our group.90 In brief, the characteristic peak at 3400 cm-

1 corresponded to the catechol of dopamine. The peaks for aromatic C=C bonds appeared 

around 1400 cm-1 with a strong -CH=CH- ring breathing mode around 930 cm-1. The 

characteristic –C=O band in Quinone structure at 1620 cm-1 was an indication of successful 

activation of dopamine molecules on NP surfaces. The lack of the typical phenol alcohol band 

at 1065 cm-1 was another indication of successful activation. The absorption bands at lower 

wavenumbers (590 and 433 cm-1) were related to Fe-O bonds in the tetrahedral and octahedral 

sites. The tetrahedral sites have a lower bond length with expected higher stretching 

frequency, where the 590 cm-1 corresponds to the intrinsic stretching vibrations of the Fe-O at 

the tetrahedral sites. The octahedral Fe-O stretching is normally around 400 cm-1 with a much 

weaker intensity.47 

 

Figure 10: TEM images of dopamine conjugated with GSH (a), Cys (b), Lys (c), and Tris (d). 

[56] - Reproduced by permission of Elsevier. 

 

Activating the surfaces of the dopamine coated NPs resulted the presence of active 

Quinone groups on the NPs surfaces, which have been reported to have straightforward 

conjugation of amine or thiol groups via Schiff base or Michael’s addition. One of the major 
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concerns of conjugating zwitterionic molecules onto the surfaces of the NPs is that the 

neutrally charged surfaces would result in aggregation because the magnetic attraction of the 

nanoparticles would not be opposed by the electrostatic repulsion of charged surfaces. TEM 

imaging of the dopamine NPs conjugated with GSH, Cys, Lys, or Tris, was used to determine 

if the conjugation process resulted in any aggregation. Figure 10 shows the TEM imaging of 

dopamine coated NPs conjugated with GSH (a), Cys (b), Lys (c), and Tris (d). TEM images 

showed that the NPs maintained their size and shape after the conjugation process and were 

free from aggregation. In order to further characterize the NPs and verify the presence of the 

small molecules on the NPs surfaces several other characteristic techniques were utilized 

including DLS, zeta potential, and FTIR analysis.  

 

Figure 11: (a) represents the size variance between 3 replicas of dopamine coated NPs, and 
dopamine coated NPs conjugated with GSH, Cys, Lys, and Tris at pH 6 and 9. Inserted are 

the DLS size distribution representing the hydrodynamic sizes of the dopamine coated NPs 
(b) as well as the dopamine coated NPs conjugated with either GSH (c), Cys (d), Lys (e), and 

Tris (f) at pH 6 (blue dotted) and pH 8 (black, solid).  

 

Next, the changes in the hydrodynamic sizes of dopamine coated NPs conjugated with 

GSH, Cys, Lys, or Tris was evaluated using DLS. In order to compare the changes in sizes 
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as well as size variance between samples, 3 replicas of dopamine coated NPs and dopamine 

conjugated NPs at pH 6 and 9 were compared and shown in Figure 11a. Dopamine coated 

NPs showed the largest size change when the pH was adjusted from 8 to 6. The NPs likely 

increased in size because the NPs become less stable and may aggregate as the pH decreases. 

For the conjugated NPs, the size changes were compared to dopamine at pH 8 because of the 

better stability, and the conjugations took place under basic conditions. For all of the 

conjugated NPs, the hydrodynamic sizes were larger than the largest size of pH 8 dopamine 

coated NPs. The size increase was an indication of successful conjugation. Additionally, the 

size variance between sample replicates was less than 5 nm in all cases except for Lys or Tris 

at pH 6 (Figure 11a). Although the hydrodynamic size analysis of the dopamine coated NPs 

and the dopamine conjugated NPs indicated successful conjugation, the size increases were 

small and further analysis was needed to confirm. 

 

Figure 12: Zeta potential of dopamine coated NPs conjugated with GSH (a), Cys (b), Lys (c), 
and Tris (d) at pH 6 (blue, dotted) and pH 8 (black, solid). [56] - Adapted by permission of 

Elsevier. 

 

In comparison to the dopamine coated NPs, the zeta-potential of the conjugated NPs 

was altered greatly after conjugation (Figures 12a-d). Compared to the zeta-potentials of -33 

mV and -40 mV at pH 6 and 9 for dopamine-coated NPs, the zeta-potentials of conjugated 
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NPs at pH 6 and 9 were -7 and -23 mV for GSH conjugation, -11 and -35 mV for Cys 

conjugation, -7 and -27 mV for Lys conjugation, and 6 and -35 mV for Tris conjugation. The 

changes in zeta-potentials were an indication of successful conjugation. Because the activated 

dopamine molecules interact with amine and thiol groups, the conjugation of GSH, Cys, and 

Lys generated zwitterionic forms, where the surface charges change with pH. In contrast, the 

conjugation of Tris, generated close to neutral surface at pH of 6 and more negatively charged 

surface at pH 9. Additionally, the NPs that showed the largest size increase as pH changed 

were the Lys and Tris conjugated NPs (Figure 11a). Zeta potentials for these two conjugated 

NPs at pH 6 were very close to neutral (Figures 12c&d, blue dotted). The lack of electrostatic 

repulsion because of the neutrally charged surfaces could have contributed to the differences 

in sizes with respect to pH (Figures 11 a, e and f). 

 

Figure 13: (a) full range FTIR and (b) detailed FTIR scan (900-1800 cm-1) of dopamine 

conjugated NPs with GSH (1, black), Cys (2, blue), Lys (3, red), and Tris (4, green). [56] - 
Adapted by permission of Elsevier. 

 

The conjugations of GSH, Cys, Lys, and Tris onto dopamine-coated NP surfaces were 

evaluated with FTIR as shown in Figure 13a. Figure 13b is the detailed scan in the range of 
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900-1800 cm-1.  The broad peak around 3400 cm-1 in the FTIR spectra is the characteristic -

OH stretching in alcohols and phenols, such as 3410 cm-1 for GSH (a1, black), 3390 cm-1 for 

Cys (a2, blue), 3420 cm-1 for Lys (a3, red), and 3400 cm-1 for Tris (a4, green) respectively. 

Additionally, all 4 FTIR spectra showed the disappearance of the characteristic aromatic -

C=C- peaks (1400 cm-1) and the disappearance of the strong -CH=CH- ring breathing mode 

(930 cm-1), both of which were a strong presence in the FTIR of the activated dopamine coated 

NPs. The small, sharp but weak peaks for both GSH and Cys around 2400 cm-1 can be 

assigned to thiol groups, because both of them contain thiol groups with characteristic peaks 

from 2550-2600 cm-1. The disappearance and downward shift of those peaks to 2400 cm-1 

indicated thiol attachment to dopamine-coated NPs. The detailed scan in the range of 900-

1800 cm-1 showed characteristic NH2-scissoring around 1500 cm-1, which was not observed in 

the dopamine coated NPs (Figure 13b). The weak broad peaks at 1250 cm-1 were likely from 

the –C-O-C asymmetric stretching.  

In contrast, the FTIR spectra of Lys and Tris showed no evident peaks in the 1500   

cm-1 range indicating the attachment of amine groups onto NP surfaces. FTIR spectrum for 

Tris was similar to spectrum of dopamine-coated NPs, but without the aromatic C=C peaks. 

The appearance of the characteristic C-O stretching (for –OH) at 1010 cm-1 also suggested Tris 

attachment.  FTIR spectrum for Lys conjugated NPs exhibited strong peaks at 2918 and 2840 

cm-1 compared to other conjugations. These peaks were characteristic -C-C- stretching, arising 

from the long C-C side chain of Lys.  
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Figure 14: DLS and zeta-potential plots of dopamine-coated NPs ( a and F), conjugation with 
GSH (b and g), Cys (c and h), Lys (d and i) and Tris (e and j) in 10% FBS supplemented 

medium incubation time t= 0 (black), 30 minutes (blue), 2 hour (green), and 4 hour (red). [56] 
- Reproduced by permission of Elsevier. 

 

The non-specific serum protein adsorption of conjugated NPs was studied in EMEM 

medium at physiological pH and compared with dopamine-coated NPs. The hydrodynamic 

sizes and zeta potential DLS plots of NPs were measured at incubation time of 0, 30 minutes, 

2 hours and 4 hours (Figure 14).  Dopamine-coated NPs showed an initial size increase from 

31 to 48 nm and a significant drop in surface charge from -40 to -20 mV. After 4 hour 

incubation, the hydrodynamic size of dopamine-coated NPs increased to 56 nm with an 

overall size increase of 25 nm. GSH-conjugated NPs showed an initial increase in size of 

about 10 nm and maintained this size throughout the entire 4 hours. Cys-conjugated NPs 

experienced an initial size increase of 5 nm. Interestingly, NPs had a reduction of size with a 

narrower size distribution with increasing incubation time. Only 3 nm size increase was 

observed after 4 hour incubation. Lys-conjugated NPs displayed an initial size increase of 6 

nm. Similar to the Cys-conjugated NPs, a decrease in size with narrower size distribution was 
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observed with respect to incubation time. Tris-conjugated NPs exhibited an initial size 

increase of 11 nm and maintained that size throughout the 4 hour study. For all of the 

conjugated NPs, the zeta potentials were close to neutral.  It was difficult to differentiate 

whether surface charge change resulted from protein absorption or pH effects, because the pH 

had a major effect on the charge of the conjugated NPs at different pHs. The hydrodynamic 

sizes of conjugated NPs all showed an initial size increase, but without significant variation 

with increasing incubation time, likely because of the Zwitterionic or neutral surfaces. The 

proteins may have initially bound to the surfaces, but once the net charge of the ligands 

became neutral, additional protein absorption was prevented. In contrast, dopamine-coated 

NPs showed a large increase in size and drop in zeta potential. Therefore, we believe that the 

conjugated NPs exhibited increased stability in physiological conditions compared to 

dopamine-coated NPs, which could potentially reduce non-specific protein adsorption on the 

NPs surfaces and potentially increase in vivo circulation time. 

3.3 Conclusion  

In summary, we have demonstrated two methods or surface functionalization of iron 

oxide NPs. First, we were able to perform a ligand exchange procedure on USNPs with 

several different ligands including TA, CA, GA, QA, and PEI. The ligand exchanges were 

complete, without aggregation. Additionally, the USNPs retained their T1 MRI contrast 

ability after the ligand exchanges. Second, we demonstrated an effective conjugation of four 

amine/thiol containing small molecules onto dopamine-coated iron oxide NP surfaces via 

Schiff base or Michael’s addition. By attaching GSH, Cys, Lys, or Tris to NP surfaces, 

different surface functionalities were achieved as confirmed by FTIR spectra. In addition, the 

surface charges of NPs can be adjusted with pH depending on the surface coatings. 
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Importantly, the surface conjugation resulted in either Zwitterionic or neutral surfaces, which 

increase the NP stability in solution and minimized absorption of serum proteins in cells. 

Therefore, the conjugation can potentially increase in vivo circulation time due to reduced 

immune response. This facile conjugation method opens up possibilities for attaching various 

surface functionalities onto iron oxide NP surfaces for biomedical applications.
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CHAPTER 4: SHAPE DEPENDENT CELLULAR UPTAKE 

Both ultrasmall iron oxide nanoparticles (USNPs) (<4 nm)36, 49, 92 and ultrathin 

nanowires (NWs)23 showed robust, positive enhancement in vitro and in vivo.  However, the 

cellular uptake behaviors of these two subnanometer nanostructures are unknown, which is 

critical to their in vivo behaviors and use in cell-based therapy.  Most available studies on 

cellular behaviors were focused on larger sized NPs (> 5 nm) such as size, 93-95 surface 

functionalization, 69, 96, 97 and shape52, 98-100 which may not translate to the ultrasmall scale. 

Therefore, it is critically important to evaluate the cellular behaviors of the USNPs and NWs, 

which will ultimately impact their biological interactions, including cellular uptake and 

circulation time. The key objective of this chapter is to understand the shape dependent 

cellular uptake behaviors of HepG2 cells treated with both USNPs and NWs.  Mainly, the 

anisotropic nature of the NWs may result different cellular uptake behaviors in comparison 

to the spherical USNPs.  

In addition to the shape, the surface of a nanostructure is a key parameter to their 

interactions with biological systems, which directly affects cellular uptake,66 blood 

circulation,68 and metabolism.70 The ability of NP surface functionalization offers great 

potential for targeting and integration of therapeutic agents51, 101, 102 to the NPs surfaces. This 

can allow for simultaneous targeting and therapy of cancer cells compared to the Gd-compex. 

In order to try and understand how NP shape impacts cellular uptake, both the USNPs and 

NWs were functionalized with the same surface coating. Tannic acid (TA) was chosen as a  
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model ligand to compare the shape dependent cellular uptake. TA was an ideal ligand for 

several reasons. First, TA is a polyphenolic compound found naturally in plants and is well-

known for its biocompatibility and biodegradability.103, 104 Several groups have used self-

assembled TAs capsules along with other polymers as drug carriers, such as TA/poly(N-

vinylpyrrolidone),105 and TA/DNA.106 In addition to the biocompatibility and 

biodegradability, TA offers facile conjugation with other biological molecules, following a 

similar mechanism that we previously reported for dopamine catechol reaction.51 

Additionally, the bulky structure of TA molecules effectively stabilizes the NPs in aqueous 

solution. The presence of TA formed a highly hydrophilic environment that allowed for 

effective water exchange which is essential for T1 MRI contrast agents. Therefore, TA was 

chosen as a nanoparticle surface coating molecule.  

In this chapter, we compare the physical and magnetic properties as well as the cellular 

uptake of the 4 nm USNPs and the 2 x 20 nm ultrathin iron oxide NWs coated with TA. First, 

the physical and magnetic properties of the TA coated USNPs and NWs were thoroughly 

examined with TEM, DLS, relaxometry, and MRI imaging. Subsequently, the cellular uptake 

behavior was compared and studied on a human cell line (HepG2), and their MRI relaxivities 

were compared with free MRI signals. This study provided valuable information on two types 

of T1 MRI contrast agents. This study provides valuable information for the newly-developed 

iron oxide T1 MRI contrast agents, and their future use in bioimaging. 

4.1 Nanoparticle characterization 

The USNPs and NWs were fully characterized for their physical, chemical, and 

magnetic properties. The TA coated USNPs and NWs were first visualized using TEM 

imaging to verify shape and uniformity. The hydrodynamic sizes of the TA coated USNPs 
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and NWs was determined using DLS. The surface chemistries were further characterized 

using FTIR analysis. Finally, the magnetic properties were ascertained using AGM and the 

relaxivities were determined using NMR. 

Since both the USNPs and NWs were synthesized using thermal decomposition, the 

nanoparticles had to undergo a ligand exchange to have TA on the NPs surfaces for 

biocompatibility. It was essential to determine if the NPs maintained their size and shape, as 

well as if the ligand exchange was completed with the TA coated nanoparticles free of 

aggregation. TEM imaging was used to visualize the TA coated USNPs and NWs. DLS was 

utilized to measure the hydrodynamic size of the NPs after the ligand exchange. 

 

Figure 15: TEM images of USNPs (a) and NWs (b) coated with TA. DLS measurements for 
the hydrodynamic sizes of the TA coated USNPs (c) and NWs (d). [54] - Reproduced by 

permission of The Royal Society of Chemistry 
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Figures 15a&b show TEM images of TA-coated USNPs and NWs. Both NPs 

maintained their shape and uniformity after the ligand exchange process and were free of 

particle aggregation. DLS measurements of the NPs showed an increase in size from 5.5 nm 

(Figure 2c) to 27 nm (Figure 15c) for the USNPs and from 22 nm (Figure 3c) to 32 nm for 

the NWs (Figure 15d). The larger size increase of USNPs (+21.5 nm) after water stabilization 

was likely due to hydrogen bonding and crosslinking of oxidized functional groups of TA 

ligands in solution. In fact, the pH of NP solution was kept between 7 and 8, and it has been 

previously reported that the phenolic groups of TA can be oxidized in the neutral pH 

range.107,104 The oxidization of the large number of –OH groups in TA could lead to 

crosslinking and increase in size. Particle aggregation was not observed for either USNPs or 

NWs based on TEM images. 

 

Figure 16: Pictures of the USNPs and NWs first suspended in chloroform before the ligand 
exchange and then suspended in water after the TA ligand exchange procedure. 

 

The ligand exchange was also indicated by the color change of the solution (Figure 

16). Both the as-synthesized USNPs and NWs dispersed in chloroform were orange/brown 

in color, indicative of the Fe2O3 form of iron oxide NPs.47, 108 However, after the ligand 
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exchange process, the color of the NPs solution changed to black, indicative of the Fe3O4 form 

of iron oxide NPs.108 TA was previously reported to be an iron oxide reducing agent,109, 110 and 

it is possible that TA reduced Fe2O3 to Fe3O4 during exchange process. The color change of 

the NPs indicated that the TA was directly interacting with the iron oxide core. This was an 

additional indication that the ligand exchange occurred, and that the organic ligands were 

being directly replaced with TA.  

 

Figure 17: FTIR plot of tannic acid coated USNPs (black) and NWs (blue). [54] - Reproduced 

by permission of The Royal Society of Chemistry. 

 

The surface chemistries were further analyzed using FTIR (Figure 17). TA coated 

USNPs and NWs exhibited typical absorption bands of –OH groups, including stretching at 

3358 cm-1. Additional peaks from 1330-1430 and from 650-770 represented –OH bonding in 

plane and out of plane, respectively. The characteristic peak for aromatic C=C was observed 

from 1400-1600 cm-1. The peak at 1647 cm-1 was from the –C=O band in the Quinone 

structure. This peak indicated that some the TA may be partially oxidized, which correlated 

to other studies regarding TA at neutral pH. Partial oxidation was also supported due to the 

presence of peak at 1286 cm-1 which is characteristic of C-O as well as the large peak at 
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3358cm-1 which is characteristic of –OH. FTIR plots of organic as-synthesized USNPs and 

NWs had strong peaks at 2919 and 2848 cm-1. These peaks corresponded to the OA and OL 

ligands on the NP surfaces, and these peaks almost disappeared in the FTIR of the TA coated 

NPs. The disappearance of those peaks further indicated that the TA did exchange with the 

organic ligands. The small, remaining peaks at 2919 and 2848 cm-1 in the FTIR of the TA-

coated NPs corresponded to the –CH2 groups found in TA. The appearance of one strong 

peak at 580 cm-1 after the TA ligand exchange indicated the reduction of Fe2O3 to Fe3O4 phase 

of the NPs.  

 

Figure 18: (a) and (b) represents the M-H curves of the USNPs and NWs after the ligand 
exchange, respectively. [54] - Reproduced by permission of The Royal Society of Chemistry. 

 

To verify that the ligand exchange process did not alter the magnetic properties of the 

USNPs or NWs, AGM was utilized and the M-H curves were compared to the M-H curves 

of the as-synthesized organic USNPs and NWs. The M-H curves of TA-coated USNPs and 

NWs were shown in Figures 18a&b and exhibited strong paramagnetic signals without 

saturation, similar to the as-synthesized NPs. The slight drop in magnetization after the ligand 
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exchange was attributed to the large molecular weight of TA in comparison to the original 

OA ligand.  

For MRI contrast agents, the r1 and r2 relaxivities are a critical parameter used to assess 

materials effectiveness as a MRI contrast agent. The ratio of the relaxivities, r2 and r1 (r2/r1) is 

an indicator of the suitability of a contrast agent for positive (T1) or negative (T2) contrast. In 

general, T1 contrast agents have a lower r2/r1 ratio (e.g., 1-2) while T2 contrast agents have a 

larger r2/r1 ratio (>10).111 The relaxivities r1 and r2 values of these two nanostructures were 

calculated according to the following equation ,65 where, 

 and  are the relaxation times of NP solutions and pure solvent in s-1, [M] 

is the concentration of iron in mM, and is the relaxivity of the NPs. The iron 

concentrations of USNPs and NWs were quantified with ICP.  

 

Figure 19: (a) and (b) represents the T1 and T2 versus iron concentration plots, respecively. 

The r1 and r2 relaxivities were represented by the slopes of the lines. USNPs were indicated in 
black and NWs in blue. [54] - Reproduced by permission of The Royal Society of Chemistry. 
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The T1 and T2 relaxation plots for both NWs and USNPs were shown in Figure 19a&b, 

and the relaxivities were indicated by the slopes. The USNPs had an r1 value of 3.81 mM-1s-1 

and an r2 value of 4.59 mM-1s-1 with an r2/r1 ratio of 1.20. The NWs had an r1 value of 2.64 

mM-1s-1 and an r2 value of 3.33 mM-1s-1 with an r2/r1 ratio of 1.26. The small r2/r1 values 

indicated that both USNPs and NWs were great potential T1 contrast agents.  

Table 2: Comparison of relaxivities and relaxivity ratios of USNPs, NWs, and some 
commercially available contrast agents. 

 

To use either USNPs or NWs as a new, biocompatible MRI contrast agent, the 

relaxivities should be on the same scale as the commercially available Gd-complexes. The 

relaxivities of both the USNPs and NWs were compared to some of the commercially 

available contrast agents, as seen in Table 2. The relaxivities and relaxivity ratios were on par 

with the commercially available options which further confirmed their potential as a new, 

nontoxic T1 MRI contrast agent. 

r1 r2 r2/r1

USNPs 3.8 4.6 1.2

NWs 2.6 3.3 1.3

Mangnevist® 4.1 4.6 1.1

MultiHance® 6.3 8.7 1.4

Omniscan™ 4.3 5.2 1.2

OptiMARK™ 4.7 5.2 1.1

Dotarem® 3.6 4.3 1.2

ProHance® 4.1 5.0 1.2

Gadavist® 5.2 6.1 1.2

Eovist® 6.9 8.7 1.3



 

 

47 

 

4.2 Shape dependent cellular uptake  

Effect of NP shapes on cellular uptake is a critical parameter in designing nanoparticle 

systems for biomedical applications.112, 113 In particular, NP shapes have been shown to alter 

their blood circulation times and cell targeting ability.52  Both of these parameters are 

important for MRI contrast agents.  In addition to the shape, the surfaces of a nanostructure 

are of great importance because the surfaces are the first to interact with biological systems, 

which directly affects cellular uptake,66 blood circulation,68 and metabolism.70 To understand 

the shape dependent cellular uptake behaviors of nanoparticles at subnanometer scale, both 

the USNPs and NWs were coated with TA to eliminate surface affects. In brief, Hep-G2 cells 

were treated with 50µg/mL of either TA coated USNPs or TA coated NWs for periods of 4, 

24, and 72 hours. The cell uptake localization was observed qualitatively using Prussian blue 

staining and TEM imaging. Iron concentration analysis was also used to quantitatively 

determine iron uptake. This study provides valuable information on the newly-developed iron 

oxide-based T1 MRI contrast agents, and their future use in bioimaging. 

For all cell uptake studies, the HepG2 cell line was cultured in in EMEM cell medium, 

supplemented with 10% (v/v) FBS, and incubated at 37°C under 5% CO2 atmosphere. The 

cell morphology was monitored daily, and cell passaging was maintained every 3-5 days at 

50% confluence. The adherent cells were cultured in 75 cm2 flasks. For cell passage and cell 

uptake studies, cells were detached by incubating with 4 mL of trypsin for 8 minutes. After 

stopping the detaching process with 11 mL of cell medium, the cells were collected via 

centrifugation (5 min, 900 RPM, 4°C). All cellular studies were performed in 6-well plates 

with a seeding density of 1.5x105 cells/well.  
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4.2.1 Shape dependent cellular uptake characterization 

HepG2 cells were treated with USNPs and NWs for 4, 24, and 72 hours. In order to 

determine biocompatibility of the USNPs and NWs, HepG2 cell growth and morphology was 

monitored and compared to both control cells (no treatment) and cells treated with an equal 

dose of Gd. The NP cellular uptake was evaluated using both qualitative and quantitative 

methods. Prussian blue staining and TEM imaging was used to visualize NP localization in 

the HepG2 cells. MRI cell pellet imaging was utilized to verify the positive, T1 contrast of 

both the USNPs and NWs after cell internalization. Finally, the iron concentration was 

determined to qualitatively ascertain NP uptake and determine the relaxivities of the 

internalized USNPs and NWs. Finally, the relaxivities of the free USNPs and NWs were 

compared to the relaxivities of the NPs after cell internalization to determine if there were 

any quenching affects. 

4.2.2 Cell morphology and growth behaviors of Gd and NP treated HepG2 cells 

For use in stem cell labeling, it is essential that labeling the stem cells with NPs does 

not result in toxic effects or morphology changes. The cell morphology and growth behaviors 

of HepG2 cells treated with either USNPs or NWs were monitored and compared with 

control cells (without NP treatments) and with HepG2 cells treated with an equal molar 

concentration of gadolinium complexes (the clinically used contrast agent) (Figure 20).  The 

cell morphology of HepG2 cells incubated with USNPs (Figures 20 a-c) and NWs (Figures 

20 d-f) showed minimal cell morphology variations compared to control cells without NP 

treatment (Figures 20 j-l). The cells treated with both types of NPs grew continuously 

throughout the time dependent studies, and all of the cells reached 100% confluence after 72 

hours. In contrast, HepG2 cells treated with an equal molar concentration of Gd-complexes 
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showed significant cell morphology alternation and inhibited cell growth (Figures 20 g-i). The 

changes in cell morphology for the gadolinium-treated HepG2 cells but not in cells treated 

with USNP/NW further indicated the biocompatibility of NPs as MRI contrast agents.  

 

Figure 20: HepG2 cells incubated with USNPs (a-c), NWs (d-f), Gd (g-i), and control cells (j-
l) at 4, 24, and 72 hours. Incubation times increase from left to right. [54] - Reproduced by 

permission of The Royal Society of Chemistry. 
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4.2.3 Prussian blue staining 

Cells were seeded into 6-well plates (containing cover slips and 2mL of cell medium) 

at a density of 1.5x105 cells/well.  To allow for cell attachment, the cells were incubated for 

24 hours before NP treatment. In each well, and additional 1.8 mL of fresh cell medium mixed 

with 200 µL of NPs were added to reach a final concentration of 50 µg/mL NPs. Prussian 

blue staining was performed on cells with 4 h, 24 h, and 72 h incubation for both USNPs and 

NWs. At each time point, cells on cover slips were recovered by removing the growth media 

and  washed two times with 1x PBS. Prior to fixation, the washing step was critical to remove 

any NPs not taken into the cell. After washing, the cells were fixed in paraformaldehyde for 

15 min at room temperature, followed by two more PBS washes. Immediately after fixation, 

a freshly made iron staining solution (1:1 ratio of 5% potassium ferrocyanide and 5% 

hydrochloric acid) was dropped onto the cell coverslips and allowed to incubate at 37 °C for 

30 minutes. The working solution was removed and the cells were washed two times with 1x 

PBS. A diluted solution of nuclear fast red (1:1 ratio PBS: NFR) was used for nuclear staining 

(5 min). The stain was removed and excess NFR was removed by two times washing using 

PBS. The cells were then dehydrated following the protocol provided with the Prussian blue 

staining kit. In brief, the cells were treated with an increasing gradient of ethanol (95% 2x, 

100% 1x) and, toluene (3 min each cycle), and fastened to slides using Permount mounting 

medium. The cell staining and iron uptake was observed under an inverted phase microscope. 
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Figure 21: (a-c) represents Prussian blue staining HepG2 cells incubated with USNPs for 
4,24,and 72 hours respectively. (d-f) represents the same studies of HepG2 cells incubated 

with NWs at 4, 24, and 72 hours, respectively.  [54] - Reproduced by permission of The Royal 
Society of Chemistry. 

 

Figure 21 shows the photographs from inverted phase microscope. At four hours, cells 

treated with either USNPs or NWs showed minimal cellular uptake, indicated by the 

negligible blue staining on the cells. However, after 24 hour incubation, the blue staining on 

USNP-treated cells was clearly observed. USNP cellular uptake became prevalent after 72 

hours, suggested by the extensive blue staining of the cells. The dark blue spots on the cells 

possibly resulted from the lysosomes with NP localization. In contrast, the cells treated with 

the NWs showed significantly less blue staining than the cells treated with USNPs at all time 

points. The cells treated with NWs only showed several large blue spots, indicating minimal 
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cellular uptake of the NWs. The lack of NPs attached to the cell membrane for both the 

USNPs and NWs indicated that it was unlikely that receptor-mediated endocytosis was the 

mechanism for cellular uptake. Instead, passive endocytosis was the more likely cellular 

uptake mechanism where NPs were engulfed into the cells and located within endosomes or 

lysosomes. While Prussian blue staining indicated, qualitatively, that the cellular uptake of 

the USNPs was higher than the NWs, further iron quantification methods were necessary to 

verify this observation. 

4.2.4 TEM imaging  

To further confirm cellular localization of NPs, thin sections of cells treated with NPs 

were visualized under TEM. In brief, cells were seeded into 6-well plates at a density of 

1.5x105 cells/well in 2 mL growth medium. After 24 hour incubation, 1.8 mL of fresh cell 

medium was added along with 200 µL of NPs for a final concentration of 50 µg/mL NPs. 

After 24 hour incubation, cells were then detached using trypsin and collected via 

centrifugation. After three washes with sodium phosphate buffer (SPB) (0.2 M Na2HPO4-

7H20, 0.2 M NaH2PO4-H20), the cells were first fixed with 2.5% glutaraldehyde at 4 °C for 30 

minutes. After three washes with SPB, the secondary fixation process was achieved in 2% 

osmium tetroxide for 20 min at room temperature.  After removing any excess reagent with 

three SBS washes, the cells were dehydrated in an increasing gradient of ethanol (25, 50, 70, 

95, and 100% 2x) and then infiltrated with resin. After the resin hardened, the blocks were 

trimmed and sectioned to a thickness of ~90 nm for examination. 
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Figure 22: TEM imaging of the internalization of USNPs (a-c) and NWs (d-f) into Hep-G2 
cells. [54] - Reproduced by permission of The Royal Society of Chemistry. 

 

TEM imaging of cells provides an additional microscopic technique to gain further 

understanding of cell uptake mechanisms. In addition to the detailed localization of the NPs, 

the TEM imaging helped to verify the NP shapes and aggregation behaviors after cellular 

uptake. Figure 22a-c shows the TEM images of HepG2 cells treated with USNPs after 24 

hour incubation. The darker contrast at various regions indicated a high concentration of 

nanoparticles within the cells, possibly the lysosome.  Control and NW treated HepG2 cells 

did not exhibit such dark organelles. As the magnification was increased, the USNPs were 

visualized within the organelle and appeared to be well dispersed (Figure 22c). 
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The TEM images of HepG2 cells treated with NWs for 24 hours were shown in Figure 

22d-f with increasing magnification. Compared to the cells treated with USNPs, darker 

organelles were not observed and NWs were found mainly in small organelles, closer to the 

cell membrane. At higher magnification TEM imaging showed that the NWs maintained the 

wire morphology. Additionally, the TEM observations were consistent with the Prussian blue 

staining, where USNP were taken up via endocytosis, ending up inside large endosome (or 

lysosome). Figure 23a-c showed USNPs in an organelle near the cell membrane, possibly in 

the early stages of endocytosis further confirming the cell uptake mechanism. In contrast, the 

NW uptake appeared to be significantly less than the uptake of the USNPs which further 

verified observations using Prussian blue staining. Additionally, TEM imaging indicated the 

NWs were likely penetrating through the cell membrane and located at regions near cell 

membrane.  

 

Figure 23: (a-c) represents TEM imaging of internalization of USNPs into Hep-G2 cells at 

increasing magnification from left to right. 

 

Our observations on cellular uptake of NPs at subnanometer scale agreed with studies 

on larger sized nanoparticles. Chithrani et al compared the cellular uptake of spherical gold 

nanoparticles to gold nanorods and found that the cellular uptake for the spherical shaped 
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particles was much higher than for the gold nanorods.98  It was hypothesized that lower 

cellular uptake for the nanorods was partially due to the increased wrapping time during 

endocytosis. Additionally, Qiu et al compared the cellular uptake of gold nanorods with 4 

different aspect ratios. Similar results were observed, as the cellular uptake decreased with 

increasing aspect ratio.114 

4.2.5 MRI imaging: 

MR imaging was performed on nanoparticle-treated cells to understand their 

effectiveness as MRI contrast agents after cell internalization. Specifically, HepG2 cells with 

a density of 1.5x105 cells/well were treated with NPs (50 µg/mL) for 4, 24, and 72 hours. 

Cells were detached using trypsin and washed three times using PBS to remove any free NPs. 

The cells were then sandwiched between 1% agarose gel and imaged using a 9.4T on a Bruker 

BioSpec scanner (Bruker BioSpin, Billerica, MA). 
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Figure 24: MR imaging of HepG2 cells in agarose gel. Top row control cells and HepG2 cells 
treated with USNPs at 4, 24, and 72 hours, from left to right. Bottom row, a picture of cells 

in agarose gel and MR imaging of HepG2 cells treated with NWs for 4, 24, and 72 hours, 
from left to right. [54] - Reproduced by permission of The Royal Society of Chemistry. 

 

The cells treated with both USNPs and NWs were imaged with clinical MRI scanner 

to determine if the internalized nanoparticles exhibited positive T1 contrast. Figure 24 clearly 

showed positive contrast effects for both USNPs and NWs treated cells at all 3 time points, 

in comparison to the control cells. A clear increase in intensity was observed as incubation 

time increased. It should also be noted that even though the NW uptake was significantly 

lower than that of the USNPs, MRI imaging of the cell pellets, clearly showed T1 

enhancement for NWs. Even at low NP concentrations, both the USNPs and NWs would 

serve as efficient T1 contrast agents. 
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4.2.6 Cellular uptake and intracellular relaxivities of USNPs and NWs in HepG2 cells 

In order to determine the intracellular relaxivities of both USNPs and NWs, the T1 

and T2 times of cells treated with NPs and control cells were measured. In brief, 6-well plates 

were seeded and treated with USNPS and NWs at the same conditions as all the previous 

experiments. Cells were collected after 4, 24, and 72 hours, and the whole cell pellet was re-

dispersed in 200 µL of 1x PBS. The cells were then transferred into a glass NMR tube for 

measurement. Specifically, the T1 and T2 times were obtained utilizing a Bruker minispec 

(Mq60) and are shown in Figure 25. Figures 25a-c&d-f show the T1 and T2 relaxation curves 

of HepG2 cells treated with USNPs and NWs, respectively.  

 

Figure 25: T1 relaxation curves (a-c) and T2 relaxation curves (d-f) of NPs inside cells at 4 (a, 
d), 24 (b, e), and 72 hours (c, f).  [54] - Reproduced by permission of The Royal Society of 

Chemistry. 
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Next, to calculate the intracellular relaxivities and to quantify the NP uptake, the iron 

concentration inside cells were quantified using NMR technique. In brief, the cell pellets 

collected from the NMR tubes and subsequently dissolved in acetone (4 mL) at room 

temperature to break down the cell walls and release NPs.  After removing cell debris via 

centrifugation (900 RPM, 4 min), the supernatant was collected and 4 mL of 1.2 M HCl were 

added to dissolve the NPs (75°C, 2 hrs). The acetone was then evaporated by maintaining the 

temperature above 60°C for 30 min under constant stirring. The T1 and T2 relaxation times of 

the iron solution was then measured on Bruker minispec. The iron concentration was 

determined by the standard curve. Here, T1 relaxation times were primarily used to determine 

iron concentration because of the larger differences in measured relaxation time at lower iron 

concentrations in comparison to the T2 relaxation times. Figures 26a&b shows the T1 

relaxation curves for the digested HepG2 cells with USNPs and NWs, respectively. Figure 

26a showed an obvious decrease in relaxation time as the incubation time increased, 

indicating an increased iron concentration of the samples. In contrast, for the cells treated 

with NWs, the relaxation time change was less distinct (Figure 26b), suggesting the iron 

concentration variation was marginal as incubation time increased.  This observation was in 

agreement with observations using Prussian blue iron staining and TEM imaging where the 

cellular uptake of the USNPs was visually more evident than that of NWs. The relaxation 

times were then related back to the standard calibration curve (Figure 26c) in order to 

determine the iron concentration (Figure 26d). 
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Figure 26: (a) represents the T1 magnetization of USNP treated HepG2 cells (digested) with 
respect to time. T1 magnetizations of control cells were also considered. (b) represents T1 

magnetization of NW treated HepG2 cells (digested) with respect to time. (c) is the iron 
concentration standard curve, and (d) is the quantified NPs cellular uptake with respect to 
time. [54] - Reproduced by permission of The Royal Society of Chemistry. 

 

The USNPs showed significantly higher cellular uptake than NWs, but both samples 

showed an increased cellular uptake with incubation time. To determine the NP uptake, the 

iron contents in control HepG2 cells were first subtracted. The resulting iron concentration in 

HepG2 cells incubated with USNPs was 7 µg Fe/well after 72 hours. Furthermore, the 

majority of USNPs cellular uptake took place within the first 24 hours. The cellular uptake of 

USNPs was not significant within 24 to 72 hours. The cellular uptake of NWs into HepG2 

cells was significantly lower, with a maximum uptake of 2.5 µg Fe/well after 72 hour 
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incubation. Considering initial iron concentrations from NP treatment (27 µg/well Fe for 

USNPs and 50 µg/well Fe for NWs), the uptake efficiency is 26% for USNP and 5% for NWs. 

This observation is consistent with the studies of larger size NPs that the increased aspect 

ratios resulted in an increased wrapping time and hindered cellular uptake. Iron quantification 

inside cells further confirmed the observations from Prussian blue staining and TEM imaging. 

In addition to quantifying the NP uptake, the iron concentrations were used to find 

the intracellular r1, r2, and r2/r1 values for USNPs and NWs inside HepG2 cells at 4, 24, and 

72 hours and the relaxivities are shown in Table 3. 

Table 3: Relaxivities and quenching of USNPs and NWs in HepG2 cells 

     quenching 

  r
1
 r

2
 r

2
/r

1
 r

1
 r

2
 

 free 3.81 4.59 1.20   
USNPs 4 0.41 0.88 2.15 9.29 5.22 

 24 0.39 1.44 3.69 9.77 3.19 
 72 0.25 2.50 10.00 15.24 1.84 
 free 2.64 3.33 1.26   

NWs 4 0.57 0.87 1.53 4.63 3.83 
 24 0.86 1.48 1.72 3.07 2.25 
 72 0.60 2.75 4.58 4.40 1.21 

 

Compared to USNPs in buffer solution, a decrease in r1 and r2 relaxivity of USNPs 

was observed after cell internalization. However, the r1 decrease is more distinct than r2. After 

4 hours, the USNPs r1 was quenched by a factor 9.3 and r2 was quenched by a factor of 5.2 

times. After 72 hours r1 was quenched by a factor of 15.2 times and r2 was quenched by a 

factor of 1.8 times. As the concentration of USNPs in cells increased, r1 further decreased, but 

r2 showed slight increase with less quenching, which could be attributed to less proton 
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availability within cellular compartment. The r2 quenching also suggested minimal 

aggregation of USNPs, because particle aggregation normally leads to an increase in r2.    

Similar to USNPs, r1 and r2 relaxivities of NWs decreased after cell internalization 

compared to NWs in buffer, however the r1 quenching was not as distinct as for USNPs, likely 

to due to lower cellular uptake efficiency. The r1 drop was primarily due to the decreased 

availability of proton inside the cell compartments. Even though the r2/r1 ratios increased 

with increased NW cellular uptake, it remained in the range suitable for T1 contrast agents. A 

similar trend about effects of the r1 and r2 relaxivities of NPs inside cells was reported by  Klug 

et al.115 As cellular uptake increased, the r1 relaxivity decreased significantly, but the decrease 

of r2 relaxivity was not as predominant.115 Similarly, Billotey et al reported r1 quenching of 9.3 

times and r2 quenching of 1.4 times of internalized iron oxide NPs by macrophages.116 The 

quenching of the r1 and r2 relaxivities were attributed to two mechanisms; the outer sphere 

theory and the diffusion of water protons across the cell membranes. The outer sphere theory 

takes into account the diffusion of protons around the endosomes as a whole, and this 

mechanism is predominate with respect to transverse relaxation times, as the concentration 

of NPs within the endosomes increased, the r2 relaxivity increased. In contrast, the 

longitudinal relaxation time is affected by the diffusion of protons across the endosomes. 

Diffusion across endosomes could be impacted by endosome size, void space, and NP 

concentration. Increased NP concentration resulted in decreased diffusion due to increased 

viscosity and membrane interactions, resulting in increased r1 quenching with respect to 

increased NP concentrations.116 These results were similar to r1 and r2 quenching of USNPs 

and NWs in our studies.  
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4.3 Conclusion 

In conclusion, TA-coated USNPs and NWs were successfully prepared and 

characterized, with relaxivity suitable for T1 MRI contrast. These two ultrasmall 

nanostructures showed clear differences in cellular uptake behaviors on a HepG2 liver cell 

line. USNPs exhibited much higher cellular uptake efficiency (26%) than NWs (5%). The 

unaffected cell growth and cell morphology after 72 hour incubation time also suggested the 

biocompatibility of both types of NPs. The MRI images of cell pellets after NP treatment 

showed clear T1 enhancement, suggesting their great potential for cellular MRI and in vivo 

applications. In addition, the shape-dependent cellular uptake also potentially leads to 

different blood circulation time, and subsequently different applications of these two types of 

NPs. For instance, the USNPs high cellular uptake could potentially be used for cellular MRI 

and NWs with low cellular uptake could lead to enhanced blood circulation time and used 

for in vivo MRI imaging.  The two types of NPs will potentially fulfill the need of patients with 

acute kidney injury, severe renal disease, and liver transplant during an MRI scan and greatly 

benefit regular patients with health liver and kidney functions by providing targeting 

capabilities.
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CHAPTER 5: T1 ENHANCED BSA NANOCLUSTERS FOR IMAGING GUIDED 
DRUG DELIVERY 

Magnetic resonance imaging (MRI) is a highly valuable tool in clinical diagnosis and 

disease monitoring.117 The resolution of MRI is determined by the administration of contrast 

agents,118 which enhance the image contrast by shortening the longitudinal (T1) and transverse 

(T2) relaxation times of water protons. Recently, iron oxide-based T1 contrast agents92 have 

been developed to address issues associated with potential health risks of gadolinium (Gd)- 

based T1 contrast agents119 and low resolution of larger iron oxide T2 contrast agents.120  To 

be used as T1 contrast agents, the ultrasmall dimensions of NPs is key, such as USNPs,38, 54, 92, 

121, 122 and ultrathin NWs.23, 54 In contrast, larger (>5 nm) iron oxide NPs are primarily used as 

T2 negative contrast agents, which have low resolution and high background interference 

caused by body fluids and voids.120, 123  

Despite the robust T1 enhancement, several issues related to the USNPs affect their 

performance as T1 contrast agents. First, USNPs experience fast renal clearance, which limits 

their use in elongated in vivo tracking or therapy monitoring. The fast renal clearance has been 

a common issue for many small sized NPs.124 Second, aggregation of USNPs is a major 

concern due to the high surface energy of these small NPs.92 Once aggregated, small 

nanoparticle-based T1 contrast agents lose their T1 performance.125 Third, the surface coating 

of the NPs is critical to maintain the T1 performance of these USNPs, because the surface 

capping molecules directly control the paramagnetic ion exposure on the NP surfaces126 and 

the water exchange effectiveness with the surroundings.126 For example, the T1 performance 
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of USNPs were significantly altered when their surface coatings have limited water 

permeability.32  Finally, the surroundings of the NPs would directly affect the water exchange 

rate and subsequently the T1 performance of the NPs. For instance, a recent study showed 

that the encapsulation of USNPs inside an inverse micelle led to complete loss of T1 

enhancement, but the T1 enhancement was regained after breaking down the polymer 

coatings.58 Therefore, it is critical to consider all these aspects when designing a T1 contrast 

agents with elongated blood circulation time for in vivo imaging.   

In this chapter, we present a state of the art nanocluster system by crosslinking TA 

coated USNPs and bovine serum albumin (BSA). This system addresses all the issues raised 

above related to USNP-based MRI contrast agents. Encapsulation of NPs into nanoclusters 

has been utilized in the past, however typically trapping T1 iron oxide NPs into polymer 

matrixes results in a loss of T1 contrast affects. To address this issue, rather than trapping the 

USNPs in a polymer matrix, we utilized a protein desolvation technique to maintain our 

ability for water diffusion. Our hypothesis is that the nanocluster formation will overcome the 

fast renal clearance issues of free NPs by increasing the overall sizes. Importantly, the BSA 

matrix and crosslinking process minimizes direct aggregation of small NPs. Additionally, the 

hydrophilic environment of TA coating and BSA facilitates water exchange, which enhances 

the T1 performance of NPs.  

5.1 Nanocluster formation 

The nanocluster formation involves two key steps (Figure 27): the synthesis and 

functionalization of TA-coated USNPs followed by crosslinking of TA coated NPs with BSA 

proteins. 
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Figure 27: Illustration of nanocluster formation process. [149] - Reproduced by permission of 

The Royal Society of Chemistry. 

 

The synthesis and TA functionalization of USNPs were achieved following our 

previously published procedures.54 The nanocluster formation process involves several critical 

designs. First, TA was used as surface capping molecules for the USNPs and BSA proteins 

served as nanocluster matrices. In our previous study, we hypothesized that the bulky 

structure of TA increased the iron ion exposure on the NP surfaces because the steric 

hindrance of the bulky structures prevented the formation of ligand dense packing on NP 

surfaces.54 The hydrophilic environment of TA also facilitates water exchange and helps to 

maintain T1 contrast of NPs. Further, the large number of phenolic groups in TAs has strong 

interactions with BSA proteins via hydrogen bonding,127 leading to spontaneous formation of 

the nanoclusters. In fact, self-assembled tannic acid/BSA multilayer capsules have been 

previously reported as a drug delivery system.128 Finally, albumin, the matrix protein, is highly 

biocompatible and has been studied as nanocarriers for small molecule drug delivery, such as 

Abraxane (130 nm albumin bound paclitaxel). In addition, albumin proteins can naturally 

accumulate at tumor sites because of the presence of albumin-binding proteins, such as the 

gp60 receptor on tumor endothelium and SPARC (secreted protein, acidic, and rich in 

cysteine) in the tumor interstitial spaces.129 In addition to the imaging applications, the 
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nanoclusters also have the potential for drug loading and tumor localization abilities which 

bring additional values to the nanocluster system for future cancer studies. 

 

Figure 28: Tannic acid-coated ultrasmall iron oxide nanoparticles: (a) TEM image, (b) T1-

weighted MR images of mice before and (c) 15 min after injection of nanoparticle contrast 
agents. [149] - Reproduced by permission of The Royal Society of Chemistry. 

 

Figure 28a shows a representative TEM image of the TA-coated USNPs (~4 nm) from 

a typical reaction. The NPs were well dispersed and free of aggregation after surface 

modification. The relaxivity measurements of these TA-coated NPs in water yielded r1 of 2.25 

mM-1s-1and r2 of 5.27 mM-1s-1 with a r2/r1 ratio of 2.34.  The r2/r1 ratio was very close to 2, 

suggesting the suitability of these USNPs as potent T1 contrast agents.111   Subsequently, the 

blood circulation time of these NPs were studied in vivo on mice via tail vein injection. Figure 

28b&c shows T1-weighted MR images of mice before and 15 minutes post injection of 4 nm 

TA-coated iron oxide NPs on a 9.4T MRI scanner. The clear brightness of the bladder (red 

circle) indicates that these USNPs were quickly cleared by the kidneys and ended up inside 

bladder. The short blood circulation time limits their use for in vivo tracking. To overcome 

this issue, the nanocluster system was designed by cross-linking BSA and NPs to increase the 

overall sizes and subsequently increase their circulation times.  

a b c
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For nanocluster formation, TA-coated NPs were simply mixed with BSA proteins 

followed by the addition of ethanol and glutaraldehyde. BSA has strong interactions with TA, 

107, 127, 130 which leads to spontaneous interactions between the BSA and TA-coated NPs. The 

addition of ethanol facilitates the formation of the nanoclusters by changing the solubility of 

BSA. The overall size can be tuned by altering the amounts and rates of ethanol addition. 

Addition of glutaraldehyde resulted in crosslinking of the clusters which subsequently 

inhibited further growth and aggregation of the BSA clusters. For in vivo applications of 

nanostructures, size is a critical factor for blood circulation time.24, 131  Here, using 

nanoclusters ~200 nm as a model system, we investigated the blood circulation time, tumor 

localization, and feasibility of drug encapsulation. The nanocluster size was rationally 

selected to avoid renal (<20 nm)24  and reticuloendothelial system clearance (>150 nm),24 thus 

yielding increased blood circulation time. Furthermore, the size was targeted to fall within 

the favorable sizes for tumor localization through enhanced permeability and retention (EPR) 

effects (20 - 400 nm).  EPR effects result from the physiological phenomenon that solid tumors 

have leaky blood vessels and dysfunctional lymphatic drainage, enhancing accumulation of 

drug nanocarriers at tumor sites.132 This size selection was also in line with FDA-approved 

drug nanocarriers, such as Doxil (90 nm doxorubicin loaded liposomes), and Abraxane (130 

nm albumin bound paclitaxel).  

5.2 Materials and methods  

5.2.1 Preparation of nanoclusters 

Nanoclusters were prepared by mixing TA-coated USNPs with BSA in bis tris/NaCl 

buffer (pH 7.8, 10 mM). Specifically, 0.5 mL TA coated NP solution (1 mg/mL) and 12 mg 

BSA in 1.0 mL bis tris/NaCl buffer solution (pH 7.8, 10 mM buffer) were mixed vigorously 
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overnight at room temperature. Then 8 mL of ethanol was added to facilitate the formation 

of the nanoclusters, yielding a turbid solution and stirred for 30 min. Subsequently, 100 µL of 

0.5% glutaraldehyde was added to crosslink the surface of the nanoclusters and stirred for an 

additional 30 min. The nanoclusters were then collected via centrifugation (15,000 rpm, 5 

min) and re-dispersed in 1 mL of 10 mM bis tris buffer. 

5.2.2 BSA cluster characterization 

 

The TA-coated NPs and nanoclusters were characterized for size, morphology, and 

size distribution using transmission electron microscopy (TEM) and dynamic light scattering 

(DLS). The relaxivity of the USNPs and nanoclusters were measured on a Bruker Minispec 

mq-60 NMR Relaxometer (1.4 T, 60 MHz). Specifically, water proton relaxation times (T1 

and T2) were recorded with and without nanoparticles/nanoclusters at 37 °C. When plotting 

the inverse relaxation times versus concentration, the relaxivity (r1,2) of a contrast agent can 

be obtained from the slope of the plot, according to equation (

). Besides the absolute relaxivity values, the r2/r1 ratios was calculated to determine whether 

the considered sample is suitable as a T1 or T2 contrast agent. The r2/r1 ratio for a T1 contrast 

agent is close to 2 while the r2/r1 ratio for a T2 contrast agent is normally larger than 10.  

Figure 29a shows a TEM image of nanoclusters from crosslinked BSA and TA-coated 

NPs. The sizes of individual nanoclusters ranged from 75-150 nm based on the TEM images. 

These nanoclusters were obtained by crosslinking TA-coated NPs (1 mg/mL, 0.5 mL) with 

12 mg of BSA, then dispersed in 1 mL of bis tris (2(bis(2-Hydroxyethyl(imino)-2-

(Hydroxymethyl)-1,3 Propanediol))) buffer. The dynamic light scattering (DLS) plot (Figure 

29b) exhibited a single peak around 205 nm, which suggested a majority of the nanoclusters 

][/1/1 2,12,12,1 MrTT
solventsample
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were ~200 nm but with some larger ones. The larger size indicated on the DLS was likely due 

to groups of nanoclusters that formed as doublets, or more, rather than every cluster existing 

as a single cluster. The relaxivity measurements (r1 = 4.78 mM-1s-1, r2 = 9.18 mM-1s-1, and r2/r1 

= 1.92) indicated that the T1 performance of the NPs was not affected. In fact, the relaxivity 

of the nanoclusters almost doubled compared to free NPs. The increased relaxivity was 

attributed to the highly hydrophilic environments of the NPs and their reduced mobility 

within the nanoclusters. The phantom MR images (Figure 29c) were collected on 

nanoclusters with about 5% nanoparticle loading and the final nanoparticle concentration 

was 0.5 mg/mL, which is half of the free NP concentration (1 mg/mL). T1-weighted MR 

phantom images of free NPs and nanoclusters showed comparable brightness, which is 

consistent with the increased relaxivity of NPs within the nanoclusters.  

 

Figure 29:  (a) TEM image of nanoclusters from a typical reaction, (b) DLS plot of sample-a, 
and (c) T1-weighted MR images of free nanoparticles (USNP) and nanoclusters. [149] - 
Reproduced by permission of The Royal Society of Chemistry. 
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5.2.3 Stability studies 

The stability of the nanoclusters was an important parameter to consider in 

determining if the nanoclusters maintained their sizes and shapes under biologically 

mimicked conditions. Stability studies were performed under increasing dilution factors as 

well as various pH conditions. 

One important factor to consider is that after injection into the body, the clusters will 

be diluted in the blood stream. Dilution of the nanoclusters may result in the breakdown of 

the nanoclusters in vivo. To mimic this process, the nanoclusters were diluted 10, 100, and 

1000 times in 10 mM biological buffer, and allowed to rest for 2 hours before measuring the 

sizes on the DLS. The DLS plots (Figure 30a) did not show significant size reduction even 

for a thousand-fold dilution. The initial size reduction was attributed to the slight viscosity 

change of the nanocluster solution. This study suggested good stability of the nanoclusters in 

terms of integrity.  

 

Figure 30: (a) DLS plots of nanoclusters at various dilutions, and (b) Size variation of 
nanoclusters at various pHs and 37 °C for up to 7 days, and (c) a TEM image of pH 9 sample 

after 4 hours. [149] - Reproduced by permission of The Royal Society of Chemistry. 
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The stability of the nanoclusters at different pH was assessed in biological medium at 

pH 7 and in biological buffers at pH 5 and 9. At pH 7, the as-synthesized nanoclusters were 

mixed in 10% FBS supplemented EMEM medium at a 1 to 1 ratio. For pH 5 and 9, the pHs 

of the nanoclusters were adjusted with 1M HCl or NaOH. The initial size of the nanoclusters 

was immediately determined after mixing using DLS. Then, the nanoclusters were mixed in 

an incubator at 37 °C for up to 7 days (Figure 30b-blue). The sizes of the nanoclusters in cell 

medium (pH=7) showed minimal variation, an indication of good stability against 

aggregation. The stability of the nanoclusters in biological buffers at pH 5 and pH 9 were 

tested using another set of nanoclusters. Similar to the studies at pH 7, no evident size change 

was observed for pH 5 studies. At pH 9, a size increase was observed within 4 hours, and then 

remained constant. Our TEM study showed that at pH 9, the iron oxide NPs aggregated 

together and segregated out from BSA matrix (Figure 30c-darker spots), causing a size 

increase. This observation was likely a result of NP aggregation from the polymerization of 

TA phenol groups at higher pHs. 

5.2.4 Nanoparticle distribution 

 One of the major concerns with NP loaded nanoclusters was the encapsulation 

efficiency into the nanoclusters, as well as the uniform distribution of the NPs across different 

nanoclusters. To further study the distribution and uniformity of the iron oxide NPs within 

nanoclusters, nanoclusters were enzymatically digested with trypsin at 37 C. Specifically, 

100 µL of the as-synthesized nanoclusters were digested with trypsin (10 µL, 1 mg/mL) for 

30 minutes at 37 °C. After trypsin addition, it was observed that the turbid nanocluster 

solution became clear very quickly. After 30 minutes, the sample was collected and analysed 

using TEM to show the nanoparticle distribution within the nanoclusters. In fact, as indicated 
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on the TEM image of nanoclusters after digestion, the nanoclusters broke into film-like pieces, 

as shown in Figure 31a. Additionally, as seen in Figure 31b and insert, the USNPs were 

clearly located inside the thin film.  

 

Figure 31: (a&b) TEM images of nanoclusters digested with trypsin, and (c) iron 
concentration of 5 aliquots from the same nanocluster sample. [149] - Reproduced by 

permission of The Royal Society of Chemistry. 

 

To quantify distribution uniformity of NPs across different nanoclusters, the iron 

concentrations of five aliquots from one nanocluster solution were quantified. In brief, 5 

aliquots of nanoclusters (100 µL) from the same nanocluster sample were collected and 

digested for 4 hours at 37 °C using 10 µL of trypsin (1mg/mL) to break down the nanoclusters 

and release the NPs. The iron oxide NPs were subsequently digested by adding 900 µL of 5% 

HNO3 and allowed to fully digest for 2 days, after which iron concentration was quantified 

for each aliquot. The iron was quantified using a Bruker Minispec in which the T1 times were 

measured (3 technical replicates for all 5 aliquots) and related back to a standard curve.133 The 

iron concentrations of the aliquots were in the range of 0.026-0.033 mg/mL with an average 

concentration of 0.0285 mg/mL. The low iron concentration was a result of nanocluster 

dilution during the digestion process. After accounting for the dilution, the iron concentration 
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analysis (Figure 31c) indicated that almost all the NPs were successfully incorporated into 

the nanoclusters. 

5.3 In vivo circulation and tumor accumulation 

5.3.1 Circulation time study 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee of University of Alabama Birmingham and adhered to the experimental animal 

care guidelines. To study the circulation time of the nanoclusters, 4 female C57BL/6 mice 

(Charles River Laboratory) were administered with 100 µL nanoclusters (0.5 mg/mL of 

nanoparticles) via tail vein injection. Animals were then anesthetized with isoflurane (2-3%) 

and MR imaged on a 9.4T Bruker horizontal small bore animal MRI scanner with a custom 

volume coil. T1- and T2- weighted images were collected on control mouse (no contrast agent) 

and mouse for 1 minute, 30 minutes, 1 and 2 hours post injection. The imaging parameters 

were set as follows: coronal slices, slice thickness 1.5 mm, gap of 1.5 mm, voxel size of 0.2 x 

0.2 x 1.5 mm voxels, 0.5 mm gap, FOV = 85 × 35 mm. Using these images, the image 

intensities were quantified in a region of interest (ROI) at kidney (yellow circle) and brain (red 

circle). For ROI quantification, the mean, minimal and maximal gray values were measured 

using Fiji. 

For all experiments, both the T1- and T2 weighted images were obtained, and interestingly, all 

of the T1- and T2- weighted images showed robust positive enhancement for all time points 

(Data not shown). Figure 32 shows the selective T2- and T1- weighted images of control mouse 

and mouse at 2 hours post injection. For both types of scans, the entire mouse exhibited 

apparent brightness with significant brightening in the kidney and brain regions, mainly 

because both regions are highly vascularized. The exact mechanism for T2 image brightness 
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needs further exploration, but T2 brightening was highly repeatable for all of our studies (10 

studies). This observation suggested that the nanoclusters remained in blood circulation 2 

hours post injection, a significant improvement compared to the free USNPs (15 minutes). 

Here, the heart was not selected due to motion artefacts. Using these images, the image 

intensities were quantified in a ROI at kidney (yellow circle) and brain (red circle). For ROI 

quantification, the mean, minimal and maximal gray values were measured using Fiji 

software134 for the kidney and brain (Figure 32-Table). The measured intensities for both ROI 

regions indicated significant contrast enhancements. 

 

Figure 32: T2- and T1-weighted MR images of (a&c) control mouse and (b&d) mouse 2 h post 

injection. The red (brain) and yellow (kidney) circles are regions for ROI quantification. The 
table shows the measured gray values of kidney and brain regions.  [149] - Reproduced by 
permission of The Royal Society of Chemistry. 
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5.3.2 Tumor localization study 

Female athymic nude mice, 9 weeks of age were obtained from Charles River Breeding 

Laboratories and maintained under controlled conditions (25 C, 65% humid, and 12 hour 

light/dark cycle) at the UAB animal facility. Mice were implanted subcutaneously with 4 x 

106 cells of MDA-MB-231 (human breast cancer) in the flank. Tumors were allowed to 

develop for three weeks prior to injection and imaging. To study tumor localization, tumor 

bearing mice were anesthetized with isoflurane (2-3%) and MR imaged on a 9.4T Bruker 

horizontal small bore animal MRI scanner with a custom volume coil. T1- and T2- weighted 

images were collected before, 10 minutes, and 24 hours after they were administered 100 µL 

of nanoclusters (0.5 mg/mL nanoparticles) via tail vain injection. The image intensities were 

quantified in a region of interest (ROI) at tumor sites. For ROI quantification, the mean, 

minimal and maximal gray values were measured using Fiji. 

In addition to the blood circulation time, the sizes of these nanoclusters were designed 

to accumulate at tumor sites. Using breast cancer as a model system, we have studied the 

localization behavior of nanoclusters using breast tumor-bearing mice via tail vein injection.  

Here, T2-weighted MR images were used because of the clearer contrast from increased 

number average scans compared to T1-weighted MR images within the same time frames.  

Figure 33 shows the T2-weighted MRI images of a mouse before injection (pre-scan), 10 min 

post injection, and 24 hour post injection. MRI parameters were the same as described above. 

The ROI quantification (Fiji) at the tumor sites (Figure 33, Table) shows the measured gray 

values of tumor regions. An evident enhancement was observed 10 minutes post injection 

(Figure 33b). With time, the entire mouse was brightened, but the highly detectable 

enhancement at tumor site was clearly seen (Figure 33c). This observation suggested that the 
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nanoclusters can be localized and retained at tumor site for at least 24 hours.  More systematic 

investigations of nanocluster size optimization to further increase the tumor localization, as 

well as correlation between size, circulation time, and tumor retention time will be performed 

in future studies. 

 

Figure 33:  T2-weighted MR images of (a) mouse pre-scan prior to injection and (b) 10 min 
post injection, and (c) 24 h post injection. The yellow circles are the tumor sites for ROI 

quantification. The table shows the measured gray values of tumor regions.  [149] - 
Reproduced by permission of The Royal Society of Chemistry. 

 

Time Average Min Max

Pre-scan 3516 217 15819

10 mins post 5766 461 18902

24 hours post 4825 360 18404
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5.4 Model drug encapsulation 

Another beneficial feature of the nanocluster system is the capability of encapsulating 

drug molecules with the goal of imaging-guided drug delivery. Here, we have preliminarily 

encapsulated both small molecules (e.g., organic dyes) and protein drugs (e.g., antibody).   

The loaded nanoclusters were prepared by first mixing 12 mg BSA (1 mL bis tris/NaCl 

buffer) with either 200 L of anti-GD2 antibody (6.8 mg/mL) or 10 µL of Texas Red dye 

molecules (10 µg/mL) for 2 hours. After 2 hours mixing, 500 L of iron oxide NPs (1 mg/mL) 

was added to mix overnight. Following the overnight mixing, ethanol (6 mL) was added to 

facilitate nanocluster formation. During mixing, 100 L of 0.5% glutaraldehyde was added 

to crosslink the nanocluster surface. 

5.4.1 Small molecule drugs 

For small molecules, we used Texas red dye as a model system to represent small 

molecule drugs. Dye molecules were introduced to the reaction during mixing before ethanol 

addition for nanocluster formation. Figure 34a shows a TEM image of Texas-red dye-

encapsulated nanoclusters, the morphology and size range of the nanoclusters did not show 

significant variation compared to nanoclusters without dye molecules. The dye-loaded 

nanoclusters were prepared with 5% NPs loading and 0.005% Texas red dye. The nanocluster 

solution showed emission at 615 nm with an intensity around 400 (Figure 34b-black). The 

supernatant of the nanocluster solution after centrifugation exhibited no fluorescence (Figure 

34-light green), indicating the dye molecules were well encapsulated without premature 

release. Upon trypsin digestion (0.5%), the fluorescence intensity of the supernatants kept 

increasing and reached a maximum around 15 min, suggesting that the dye molecules were 
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completely released from the nanoclusters (Figure 34b-blue). The fluorescence intensity of 

the completely released sample (Figure 34b-blue) was much higher than that of the original 

nanoclusters (Figure 34b-black), indicating that some of the dye molecules inside the 

nanoclusters were either not excited or there is some self-quenching of the encapsulated dye 

molecules. 

 

Figure 34: (a) A TEM image of Texas red encapsulated nanoclusters, (b) fluorescence plots 

of the nanocluster solution (black) and the supernatants of trypsin digested nanoclusters at 
various incubation times(black-original, light green- 0 min, green- 5 min, red-10 min, and 

blue-15 min), (c) nanoclusters with about 5 wt.% of anti-GD2 antibody encapsulation, and 
(d) fluorescent microscopy image of antibody encapsulated nanoclusters. [149] - Reproduced 
by permission of The Royal Society of Chemistry. 
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5.4.2 Protein drug encapsulation 

For protein-based large molecules, an anti-GD2 antibody was used as a model to form 

protein-encapsulated nanoclusters. We have preliminarily encapsulated anti-GD2 antibodies 

into nanoclusters and subsequently evaluated the presence of the antibody with an Alexa-

flour 488 secondary antibody using fluorescence microscopy. This anti-GD2 antibody 

specifically targets neuroblastoma cell line (CHLA-20), as reported in our previous study.51  

Figure 34c shows a TEM image of nanoclusters with antibody encapsulation, where the 

nanoclusters were not as uniform as nanoclusters without antibodies (Figure 29a). The 

fluorescent microscopy image indicated that the nanoclusters can be fully recognized by the 

secondary antibody, indication of effective encapsulation of antibody in the nanoclusters 

(Figure 34d). 

 

Figure 35: Flow cytometry of control BSA clusters (blue) and Ab-BSA clusters (red) treated 

with secondary Ab with alexaflour-488. 

 

In order to quantify the number of clusters that were successfully encapsulated with 

the anti-GD2 antibody, the control clusters (no Ab) and Ab-BSA clusters were incubated with 

a b
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a secondary Ab labeled with alexaflour-488. Flow cytometry was utilized to quantify how 

many of the clusters were labeled with the secondary Ab. Figure 35 showed that 97% of the 

Ab encapsulated BSA clusters were successfully labeled with the secondary Ab in comparison 

to the control BSA clusters.  

5.5 Conclusions 

In summary, we have successfully demonstrated the innovative concept of using a 

nanocluster system as effective T1 MRI contrast agents with elongated blood circulation time 

and enhanced tumor localization. We also demonstrated the capability of encapsulating both 

small molecules and proteins into the nanoclusters. The cross-linking process of TA-coated 

USNPs and BSA maintained the robust T1 performance of the NPs and the overall size 

increase of the nanoclusters significantly increased the blood circulation time from 15 minutes 

for free nanoparticles to over 2 hours for ~200 nm nanoclusters. Most impressively, the 

positive enhancement at the tumor site was observed after tail vein injection of the 

nanoclusters, suggesting enhanced tumor localization and retention. The elongated blood 

circulation time, enhanced tumor localization and retention, and the drug encapsulation 

make these nanoclusters highly attractive for imaging-guided cancer therapy. 
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CHAPTER 6: COLLABORATIONS 

6.1 Stem cell labeling 

 

MRI also plays a major role in cell-based therapy and cell tracking,135 where MRI 

contrast agents are either labelled on cell surfaces136 or internalized by the cells through 

endocytosis.137,138-140   The internalized MRI contrast agents normally end up inside lysosome 

cellular compartments, where the environments are different from the extracellular 

compartments. Depending on cellular localization, the T1 signal can be quenched or 

unaffected. Studies of Gd-complexes showed unaffected r1 relaxivity when they were 

internalized through electroporation and ended up inside cytosol; while the r1 relaxivity was 

quenched when they were internalized through pinocytosis (cell drinking of small molecules), 

and ended up inside lysosome.140 The decreased r1 relaxivity was attributed to limited water 

exchange inside intracellular comportments. It could also be a result of local concentration 

increase of the contrast agents, which saturated the signal. Recent studies on 

superparamagnetic iron oxide NPs (T2 contrast agents) showed decreases in both r1 and r2 

relaxivities due to cellular internalization.141, 142 

According to studies done with larger iron oxide NPs, in order to achieve effective cell 

labelling, minimal detectable MRI signal threshold must be established. The detectable signals 

are primarily controlled by the number of imaged cells and the concentration of NP labels in 

each cell.143 The initial concentration of NP labels is primarily controlled by labelling 
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efficiency,137 which is affected by the quality of the NP labels (stability, aggregation states, and 

surfaces),144, 145 method of labelling, such as endocytosis,146 transfer agents,143 or 

electroporation.147, 148 With time, the concentration of NP labels would be diluted due to cell 

division and their asymmetric distribution in generated daughter cells. Therefore, it is critical 

to evaluate the maximum number of cell division and minimal number of cells required for 

NP labelling to achieve detectable MRI signals. Studies on the cell labelling with iron oxide-

based T1 MRI contrast agent must be performed and key parameters must be established 

before realizing their in vivo applications for cell-based therapy. 

In order to address these questions, our collaboration is working on labeling stem cells 

with USNPs with different coatings. In this preliminary research, it is key to both optimize 

NP uptake into the cells as well as the relaxivities of the NPs. Here we studied the cellular 

uptake of USNPs coated with either TA or GA.  

TA and GA coated USNPs were prepared using the well described methods defined 

in Chapters 2 and 3 of this dissertation. Here, the USNPs were provided to Joe Park in Dr. 

Kim’s group at The University of Alabama, Tuscaloosa. Ne-4C neural stem cells were treated 

with USNPs up to 1 mg NP concentration (maximum concentration before observed 

toxicity). The cellular uptake was determined using Prussian blue iron staining and ICP 

analysis to quantitatively determine iron uptake. 

Prussian blue staining was first utilized to qualitatively determine iron uptake in stem 

cells. Figure 41a&b (Appendix II) shows the iron staining of NE-4C neural stem cells treated 

with TA and GA USNPs (1 mg) for 72 hours, respectively. Based on the imaging, GA coated 
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USNPs seemed to have the most iron uptake. Importantly, the Prussian blue iron staining 

indicated that even at this high USNP treatment (1mg USNPs) the cells remained healthy.  

Additionally, ICP analysis was utilized to quantitatively verify the iron uptake 

observed using Prussian blue staining. In this case, the NE-4C stem cells were treated with 

either TA or GA-USNPs (600 µL and 1 mg treatments) for 72 hours.  Figure 41c (Appendix 

II) shows the iron quantification. GA-USNPs had the highest per cell cellular uptake, with 

1.4 pg of iron per cell after 72 hours (600 μg treatment) and 2.0 pg of iron per cell (1 mg 

treatment). The TA-USNPs had slightly lower uptake at both concentrations: 600 µg 

treatments resulted in 0.87 pg per cell, and, 1 mL treatment had uptake of 1.4 pg per cell. NE-

4C cells treated with GA-USNPs had ~1.5 times higher uptake than the cells treated with TA-

USNPs at both concentrations. Although the GA treated NE-4C stem cells exhibited higher 

uptake, it is important to note that the TA-USNPs r1 and r2 relaxivities were 2-3 times larger 

than GA-USNPs. For future studies, stems cells could be treated with either GA-USNPs or 

TA-USNP and MR imaging could be utilized and compared to determine how many cell 

division cycles could occur before the MR signal loss. It would be important to compare 

which parameter, cell uptake or relaxivity, is critical to retaining MR signal after cell division 

cycles. 

6.2 FUS of drug loaded, MRI visible, BSA-USNP nanoclusters through the BBB 

For imaging-guided drug delivery, MRI contrast agents are normally encapsulated 

inside a drug carrier matrix. The matrix can be simple molecules, such as micelle forming 

ligands,58 polymers,32  or proteins.149 The encapsulation process and the NP surroundings after 

encapsulation greatly alter the T1 signal of the USNPs.  
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In Chapter 5 of this dissertation, we reported that USNPs could be encapsulated into 

a BSA protein matrix and using protein desolvation, BSA-USNP nanoclusters were formed. 

Importantly, we reported the potential for encapsulating small molecule drugs or dyes into 

the clusters as a potential method for both noninvasively monitoring and delivering drugs to 

targeted areas, in vivo. In collaboration with Dr. Mark Bolding’s group at The University of 

Alabama, Birmingham, BSA nanoclusters loaded with either FITC (Fluorescein 

isothiocyanate) dye, or one of two neuromodulators, glutamate or NBQX (C12H6N4Na2O6S). 

Furthermore, the encapsulation efficiency of the BSA clusters was evaluated using flow 

cytometry on FITC dye loaded BSA nanoclusters under varying desolvation conditions. 

Finally, drug encapsulation and release was evaluated using colorimetric assays on both 

glutamate loaded and NBQX loaded nanoclusters. 

6.2.1 FITC dye loaded nanoclusters 

 

BSA nanoclusters prepared following previously reported procedures with some slight 

modifications. Specifically, a stock solution of BSA (50 mg/mL) was dissolved in pH 8, 10 

mM NaCl solution overnight to fully dissolve. Since the formation of the nanoclusters is 

highly dependent on pH and salt concentration, the BSA solution was then dialyzed in 10 

mM bis tris buffer to remove the salt and maintain at a neutral pH. Next, 0.5 mL of the BSA 

stock solution was mixed with 50 µL of FITC dye in ethanol (1 mg/mL) for 2 hours to allow 

for the hydrophobic regions of the FITC and BSA to interact. Next 1 mL of TA-USNP 

solution (2.5 mg/mL, 10 wt% loading) was added and the NPs were able to mix with the BSA 

solution at room temperature, overnight. To protect the FITC dye, the entire procedure was 

protected from light. The next day, NaCl was added (50 µL, 150 mM) to create a final salt 

concentration of 5 mM. To create the nanoclusters, 8 mL of ethanol was added at either 1 
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mL/min or 6 mL/min and allowed to mix for 30 min. The variations in ethanol rates was 

studied to determine if ethanol rate affected encapsulation efficiency. To fix the nanoclusters, 

5% glutaraldehyde (50 µL) was added and allowed to mix for an additional 30 minutes. The 

clusters were collected via centrifugation (5 min, 15,000 RPM) and re-dispersed in pH 8 NaCl 

solution (10 mM). The clusters were washed 5 times to remove excess BSA. The clusters were 

then sterilized in 70% ethanol and re-dispersed in sterile 10 mM bis tris buffer for a final USNP 

concentration of 2 mg/mL. TEM imaging was utilized to determine nanocluster size and 

shape, and flow cytometry was utilized to characterize FITC loading. 

6.2.2 Glutamate loaded nanoclusters 

 

Glutamate loaded nanoclusters were prepared in a similar method as the FITC loaded 

nanoclusters. More specifically, 0.5 mL of the same BSA stock solution was mixed with 1 mL 

of TA-USNPs (2.5 mg, 10 wt% loading) and L-glutamic acid (100 µL, 10 mg/mL) overnight. 

The amount of glutamic acid was carefully chosen because of the presence of salt. The 

glutamic acid was added to result in a final salt concentration of 5 mM which was essential 

for consistent formation of BSA nanoclusters. After the clusters had mixed overnight, 8 mL 

of ethanol was added (1 mL/min). The ethanol was allowed to mix for 30 min. Finally, fresh 

5% glutaraldehyde (50 µL) was added and allowed to crosslink and fix the clusters for 30 

minutes. The clusters were collected via centrifugation (5 min, 15,000 RPM) and redispersed 

in pH 8 NaCl solution (10 mM). The clusters were washed 5 times to remove excess BSA. 

The clusters were then sterilized in 70% ethanol and redispersed in sterile 10 mM bis tris buffer 

for a final USNP concentration of 2 mg/mL for in vivo studies. 
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6.2.3 Drug loaded nanocluster characterization and drug release 

 

 

Figure 36: (a&b) BSA clusters loaded with FITC and TA-USNPs and (c&d) BSA clusters 
loaded with glutamate and TA-USNPs. 

 

TEM imaging was utilized to characterize the FITC dye loaded or glutamate loaded 

nanoclusters. Figure 36a is the TEM image of FITC dye loaded nanoclusters formed with an 

ethanol rate of 1 mL/min. TEM imaging indicated that the clusters are relatively uniform in 

size and shape and the individual clusters had a size range of 75-150 nm. Figure 36b is a closer 

image of the same nanoclusters showing the USNP distribution within the clusters. Figure 

500 nm 200 nm
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36c&d shows the overall view of glutamate loaded nanoclusters and the magnified view of 

the same clusters, respectively. Based on the TEM images, both the glutamate loaded and 

FITC loaded nanoclusters were similar in size indicating that the loading did not affect the 

formation of the nanoclusters. Additionally, the images of the clusters at higher magnification 

confirmed that USNPs were located in all the clusters. 

 

Figure 37: Flow cytometry of FITC loaded BSA-USNP nanoclusters. (a) comparison of 
control clusters (black) to clusters loaded with FITC dye at 6 mL/min (red) and 1 mL/min 
(blue), (b) FITC loaded BSA-USNPs (6 mL/min ethanol addition), and (c) FITC loaded 

nanoclusters (1 mL/min ethanol addition). 

 

Determining drug loading efficiency into the BSA nanoclusters is difficult, so FITC 

loaded nanoclusters were utilized as an example of drug loading since flow cytometry can be 

used to easily determine the percentage of clusters loaded with drugs. In order to determine 

encapsulation efficiency, FITC was encapsulated into the BSA clusters. Initially, the clusters 

were formed with an ethanol rate of 6 mL/min, however the percentage of nanoclusters 

labeled with FITC dye was not optimal (Figure 37b). In order to determine if ethanol rate 

influenced encapsulation efficiency, ethanol was added at different rates. Ultimately, it was 

determined that ethanol rate was a critical factor in encapsulation efficiency. In fact, slower 

a b c
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ethanol addition resulted in improved FITC trapping efficiency (Figure 37c). Finally, the 

slower ethanol rate addition had no impact on nanocluster size when compared to 

nanoclusters formed at higher ethanol rates (Figure 29a). 

A critical factor for using targeted drug delivery is the ability to release the drugs at the 

targeted location. Drug release can be triggered using several methods including changes in 

pH or by physically releasing the drugs using methods like FUS to trigger the release. To 

evaluate the potential for releasing drugs from the nanoclusters, two neuromodulators were 

encapsulated into the BSA nanoclusters. We trapped either glutamate or NBQX  into the 

BSA-USNP clusters for the release studies. In order to trigger the release and mimic the effects 

of FUS release, the clusters were digested with trypsin and colorimetric assays were used to 

determine the release.  

 

 

Figure 38: Release-FUS triggers drug release from NCs. (a) Baseline release rate is low for 
NCs containing either glutamate or NBQX until FUS is applied, triggering rapid drug release. 
(b) MRI contrast before (red arrow) and after (blue arrow) application of  release-FUS. Figure 

courtesy of Megan Rich at the University of Alabama Birmingham. 

 

Prior to trypsin facilitated drug release, the baseline release rate was 0 indicating that 

the glutamate or NBQX was retained inside the clusters (Figure 38a). After triggering drug 

a b
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release, colorimetric assays indicated that both the glutamate and the NBQX was released 

from the clusters. Importantly, the colorimetric assays confirmed both the presence of either 

NBQX or glutamate encapsulated within the nanoclusters, and, that the drugs could be 

effectively released using a release mechanism such as enzymatic degradation of the 

nanoclusters or, potentially, focused ultrasound (FUS).  

Next, it was hypothesized that FUS could also be used to release drugs from the 

nanoclusters. In Chapter 5 we reported that the relaxivities of the BSA nanoclusters were 

higher than the free TA-USNPs, and, the BSA nanoclusters had brighter T1 MRI contrast 

than the USNPs at same NP concentrations. Based on these observations, it was hypothesized 

that if FUS disrupted the integrity of the nanoclusters, there may be an observable signal 

change using MR imaging. In fact, the intensity of the MRI signal of BSA clusters decreased 

after FUS treatment (Figure 38b). The decrease in T1 MRI contrast after FUS treatment was 

a positive indicator that the BSA clusters were broken down because the lower signal intensity 

similar to free USNPs.  The breakdown of the nanoclusters indicated that the FUS could be 

used to trigger drug release from the clusters. Importantly, the change in signal intensity also 

may provide another method for tracking and detecting drug release, in vivo. 

Nanocluster drug loading and release were characterized in vitro, and the studies 

indicated that the nanoclusters could potentially be used for applications in imaging guided 

drug delivery. However, it was important to determine if these clusters could function in 

practical, in vivo applications. In collaboration with Dr. Mark Bolding’s group at The 

University of Alabama, Birmingham, FITC dye loaded and glutamate loaded nanoclusters 

were evaluated for targeted drug delivery across the blood brain barrier (BBB). In this 

collaboration, the BBB in rat was opened utilizing FUS to facilitate the transfer of 
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nanoclusters across the BBB. The accumulation of nanoclusters in the brain was monitored 

using MRI. In addition to MRI imaging, FITC dye loaded nanoclusters were used to further 

confirm nanocluster localization in the brain. More specifically, rats were injected with BSA-

USNP-FITC loaded nanoclusters. The nanoclusters were allowed to accumulate in the brain, 

and the accumulation was confirmed using MRI imaging. Finally, thin sections of the brain 

were collected and immunological staining for FITC was used to confirm the presence of the 

FITC loaded nanoclusters. 

One of the main challenges to using drugs to treat brain related diseases is the low 

delivery of drugs into the brain. Although it was confirmed that the nanoclusters accumulated 

in the brain, it was unclear if enough clusters accumulated to deliver enough drugs into the 

brain to trigger a response. In these preliminary studies, in vivo drug release in the brain was 

studied.  Glutamate loaded nanoclusters were injected into rats and the clusters accumulated 

in the brain. Next, FUS was utilized to release the glutamate from the clusters to cause neural 

stimulation. To verify glutamate release, immunological staining was used to verify recent 

neural stimulation. Specifically, cFos staining can be used to verify recent neural stimulation. 

Glutamate is a neural stimulator, so positive cFos staining in the area that the clusters delivery 

and glutamate release would be an indication of glutamate release in the brain. More 

importantly, positive cFos staining would be a good sign that enough glutamate was delivered 

into the brain to trigger neural stimulation.  

All of the in vivo drug delivery and immunostaining was performed by our collaborator 

Megan Rich under the direction of Dr. Mark Bolding at The University of Alabama, 
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Birmingham. Preliminary MRI imaging, nanocluster localization, and glutamate release is 

shown in Appendix II.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

In this dissertation, iron oxide NPs of varying sizes and shapes have been synthesized 

using a thermal decomposition method. The synthesis method has shown to be very robust 

and reproducible allowing for synthesis of highly uniform, crystalline iron oxide nanoparticles 

with different magnetic properties for a wide range of potential biological applications 

including magnetic separation, MRI contrast agents, and drug delivery vehicles.  

Since the NPs were synthesized in organic conditions, the phase transfer through 

ligand exchange was critical to for the nanoparticles to be used as MRI contrast agents. The 

extremely high surface area resulted in high surface energy of the USNPs and NWs, making 

surface functionalization a challenge. In this dissertation, we reported successfully coating the 

USNPs with several biologically compatible molecules including TA, CA, GA, QA, and PEI. 

TEM imaging and DLS hydrodynamic size measurements showed that the USNPs after the 

ligand exchange showed no aggregation, however, the relaxivities of the USNPs with 

different surface coatings varied. The differences in the relaxivitities may have been related to 

diffusion of water to the surfaces of the NPs, a critical parameter in obtaining efficient T1 MRI 

contrast agents. Parameters affecting water diffusion may include steric hindrance or ligand 

packing on the NPs surfaces and should be further explored. 

Both USNPs and NWs coated with TA were shown to be highly efficient, robust T1 

MRI contrast agents. The USNPs had an r1 value of 3.81 mM-1s-1 and an r2 value of 4.59 mM-

1s-1 with an r2/r1 ratio of 1.20. The NWs had an r1 value of 2.64 mM-1s-1 and an r2 value of 3.33 
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mM-1s-1 with an r2/r1 ratio of 1.26. Typically, a good indicator of a T1 contrast agent is an r2/r1 

ratio less than 4, and indeed both the USNPs and NWs had low ratio (<2). Additionally, the 

r1 and r2 relaxivities as well as the relaxivity ratios were comparable to the commercially 

available contrast agents. 

MRI has the capability to be used in several applications, both clinically and research 

based. In addition to diagnosis, MRI may be useful in stem cell tracking. For this application, 

cellular uptake is key. In order to label the cells, a high quantity of the MRI contrast agent 

must be present for detection. Additionally, as stem cells split, the contrast agent per cells 

becomes dilute, so for MRI monitoring cell uptake is key. Therefore, we did study the cellular 

uptake of two different shaped nanoparticles, both USNPs and NWs. Here the USNPs 

showed much higher uptake (26%) than the NWs (5%) after 72 hours. In contrast, the high 

cellular uptake of the USNPs may limit their use for in vivo diagnosis, so NWs may be a better 

option in this case. 

Indeed, the USNPs did show very low blood circulation time in vivo, less than 15 

minutes in a mouse. Here, we also reported that encapsulating the USNPs in a  

BSA matrix, and using protein desolvation to make nanoclusters ranging from 75-200 nm in 

size was possible. Using BSA as a matrix allowed the USNPs to be clustered without 

aggregation. Additionally, the BSA did not hinder the water diffusion to the USNPs, so these 

clusters retained their ability to be used as a T1 contrast agent. In fact, the relaxivities of the 

USNPs in clusters was improved in comparison to the free USNPs. Impressively, the blood 

circulation time of the protein encapsulated USNPs was more than 24 hours, a huge 

improvement of the USNPs.  
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Utilizing nanoclusters provided additional benefits that can further improve NPs use 

as targeting and drug delivery vehicles. In this dissertation we also reported the ability to 

encapsulate small molecule drugs and proteins into the clusters along with the USNPs. One 

of the key issues with treating diseases such as cancer is that a large portion of the drug 

accumulates in the healthy tissue of the body. It has long been desired to use nanomaterials 

to try and target and deliver drugs more efficiently to the diseased area. Unfortunately, it is 

still difficult to track and quantify how efficient drug delivery is, in vivo. These nanoclusters 

may provide a noninvasive way to track in vivo drug delivery using MRI opening a new class 

of nanomaterials that can be used in imaging guided drug delivery. 

In our collaboration with the Dr. Bolding at the University of Alabama, Birmingham, 

showed that we can successfully encapsulate two different neuromodulators into the BSA 

nanoclusters along with USNPs for imaging. In fact the clusters encapsulated with either 

glutamate or NBQX showed a very low baseline release rate. Using FUS we were able to 

confirm both these drugs could be released at will. Additionally, we injected mice with the 

drug loaded nanoclusters and utilized FUS to open the BBB allowing for the nanoclusters to 

enter the brain, and this was confirmed using MRI. Additionally, after the clusters were in 

the brain, a second round of focus ultrasound (using different parameters than to open the 

blood brain barrier) was utilized to release the drugs into the brain. After the second release, 

changes in neural activity further confirmed loading capacity of the nanoclusters is sufficient 

in vivo. Additionally, FUS-release caused a change in MRI contrast further providing in vivo 

confirmation of drug release. This unpublished research verified the potential for these 

nanoclusters to be used as both a drug delivery and release vehicle, as well as a way to track 

and confirm drug release noninvasively using MRI. 
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Finally, there are also several collaborations in progress using the USNPs for cancer 

targeting and stem cell tracking. We are in the process of addressing several unanswered 

questions through these collaborations. For stem cell labeling, we are in the process of coating 

the USNPs with different surface coatings. Here it is important to have a highly efficient MRI 

contrast agent as well as high uptake into the stem cell, and we are working on optimizing 

these conditions. Once optimized, studies will be performed to determine the detection limits 

of the MRI labeled stem cells. More specifically, we want to be able to determine how many 

cycles the cells can divide and still be detected using MRI. This information will provide 

valuable insight into how we can utilize MRI contrast for in vivo stem cell tracking.  
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APPENDIX I 

 

This section of the dissertation provides detailed procedures for the synthesis, surface 

functionalization, and formation of BSA nanoclusters.  

Materials and Methods 
 

Materials 

 

All of the chemical reagents were purchased and used without further purification. 

(FeCl3, ACROS, 98%), sodium oleate (NaOA, TCL, 95%), oleic acid (OA, Fisher, 95%), 

oleyl alcohol (OL, Alfa Aesar, 80-85% ), trioctylphosphine oxide (TOPO, Sigma-Aldrich , 

90%), 1-octadecene (Sigma-Aldrich, 90%), oleylamine (Sigma-Aldrich, 70%), chloroform 

(Sigma-Aldrich, 99%), acetone (BDH, 99.5%), hexane (BDH, 100%), ethanol (BDH, 100%), 

methanol (Alfa Aeser, 100%), tannic acid (TA, Acros, 95%), D-gluconic acid (GA, Sigma, 

99%), D-quinic acid (QA, Sigma, 98%), citric acid (CA, Acros, 99.5%), polyethyleneamine 

(PEI, Sigma, branched 10k), and bovine serum albumin (BSA, Proliant biologicals, standard 

grade).  

Precursor formation 

 

Spherical NPs 

 

Successful synthesis of iron oleate precursor is a critical step in synthesizing high 

quality, uniform iron oxide NPs. Iron oleate complex for large and ultrasmall iron  
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oxide NPs was prepared as follows: ferric chloride (6.5 g) was mixed with sodium oleate (36.5 

g) in a solvent mixture of nanopure water (60 mL), ethanol (80 mL), and hexane (140 mL) at 

65 ºC for 4 hours. After, phase separation was required to collect the organic phase containing 

the iron oleate complex. The complex was subsequently washed three times with de-ionized 

water to remove salt from the reaction. The precursor was then dried inside a chemical hood 

overnight at room temperature. The resulting, viscous reddish brown paste was used in the 

formation of spherical iron oxide nanoparticles of varying sizes. 

Nanowires 

 

A modified version of iron oleate precursor with the addition oleyamine was utilized 

to facilitate the formation of iron oxide NWs. The strong binding of oleylamine to iron was 

extorted in order to facilitate the one-dimensional growth of the NWs. The precursor 

formation was as follows: Iron chloride (1.3 g) was dissolved in deionized water (pH5) before 

the addition of oleylamine (2.63 mL). The solution was stirred and a yellow foam substance 

formed, at which point ethanol (16 mL) was added closely followed by the addition of hexane 

(28 mL). Finally, sodium oleate (4.87 g) was added and the final solution was allowed to mix 

at room temperature for 15 minutes. The precursor solution was then heated to 65° C for 2.5 

hours. After the 2.5 hours, a thick brown paste had formed. The paste was washed 3 times 

with deionized water to remove salts and collected. The paste was allowed to dry in the 

vacuum, overnight, before being collected and weighed for nanowire synthesis. 

Important notes 

 

Several factors should be carefully considered during the precursor formation 

including reactant solubility, mixing, solvent evaporation, phase separation, and cleaning. 
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Solubility of the reactants and solvent miscibility are critical, and the solvents must be added 

based on these factors. Water must be added first to dissolve the iron chloride, which is 

critical, followed by addition of ethanol and then hexane. The reactants should be completely 

dissolved and well mixed before heating so, the reaction mixture should be stirred at room 

temperature for at least 20 minutes before heating to fully dissolve the sodium oleate and iron 

chloride.  

The reaction should be heated up to 65°C, which is higher than the boiling point of 

ethanol and hexane. Since the reaction does not occur under reflux, some solvent evaporation 

is expected, but should be minimized. Additionally, temperature control is critical, as the 

solvents are evaporating, the temperature will remain constant at 55-57°C. At a certain point 

the temperature will increase quickly to 65°C. Careful temperature control is necessary to 

maintain the temperature at 65°C. 

Once the reaction has completed, phase separation was required to collect the organic 

phase containing the iron oleate complex. It is critical to immediately separate the organic 

and aqueous phases in a separation funnel, if the precursor is allowed to cool, the water can 

be more difficult to separate out. Complete removal of water is critical for the success of the 

subsequent NP synthesis. Finally, excess salts must be removed from the precursor. The 

complex was subsequently washed three times with de-ionized water to remove salt from the 

reaction. Finally, the excess solvents are allowed to evaporate in a fume hood overnight. The 

evaporation step is critical because excess solvents can affect the precursor concentration in 

subsequent steps. 
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Particle synthesis 

 

Large NP synthesis 

 

Iron oxide NPs were synthesized by heating the iron oleate complex (1.65 g, 1.85 

mmol) in 1-octadecene (10 mL) in the presence of oleic acid (OA, 0.14 mL, 0.44 mmol) and 

trioctylphoshine oxide (TOPO, 0.1190 g, 0.30 mmol). The reactants were stirred for 20 

minutes at room temperature before heating to 320 °C for a total reaction time of 2.5 hours.  

USNP synthesis 

 

USNPs were synthesized through thermal decomposition of iron oleate complex (1.65 

g, 1.85 mmol) dissolved in 1-octadecene (10 mL) in the presence of oleic acid (OA, 0.07 mL, 

0.22 mmol), trioctylphoshine oxide (TOPO, 0.0595 g, 0.15 mmol), and, reducing 

agent/growth inhibitor, oleyl alcohol (OL, 1.78 mL, 5.65 mmol). The reactants were heated 

to 250°C under argon atmosphere. After 2 minutes, the reaction mixture was rapidly cooled 

down by removing the heat.  

Addition of oleyl alcohol, temperature control, and reaction time are the most critical 

factors for synthesizing USNPs (<4 nm). In order to synthesize the NPs, the growth stage 

must be limited, so the most critical step in forming the USNPs is stopping and rapidly cooling 

down the NPs soon after nucleation to stop the NP growth.  

NW synthesis 

 

Iron oxide NWs were synthesized using an iron oleate precursor with oleylamine 

integrated into the precursor formation step. In brief, the iron oleate complex (1.80 g, 2.02 

mmol) was dissolved in 1-octadecene (10 mL) in the presence of OA (0.10 mL, 0.31 mmol) 
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and TOPO (0.20 g, 0.50 mmol). The reaction was stirred at room temperature to completely 

dissolve all the reactants, and then heated to 150 °C for 18 hours under argon gas atmosphere.  

Ligand exchange procedure 

 

The prepared iron oxide NPs were then coated with either TA, CA, GA, QA, or PEI. 

Ligands were used in excess as follows: TA (15 mg, mmol), CA (40 mg, 0.21 mmol), GA (40 

mg, 0.18 mmol), QA (70 mg, 0.36 mmol), or 10 kDa PEI (50 mg) were first dissolved in 0.5 

mL of DI water followed by the addition of 5 mL of methanol and 5 mL of acetone. The 

solution was sonicated to mix well. Next, the prepared nanoparticles in chloroform (5 mL) 

were added to the ligand solution and sonicated to mix well. The solutions were then mixed 

overnight at 45°C in a shaker at 250 rpm. The particles were then collected via centrifugation 

(15 min, 15,000 rpm) and re-dispersed in ethanol (5 mL) for a nanoparticle concentration of 

1 mg/mL. An equal volume of water was then added and the solutions were heated up to 

evaporate the ethanol. The particles were finally collected via centrifugation and redispersed 

in water (5 mL) for a final USNP concentration of 1 mg/mL.  

Several parameters are critical for successful ligand exchange including ligand 

functional groups, ligand solubility, and ligand concentration. Ligand selection is critical, and 

molecules must contain thiol, amine, or carboxylic acid groups to bind to the iron oxide core. 

To sufficiently coat the surfaces of NPs, the ligands must be added in excess. When 

developing a protocol for a new ligand exchange procedure, an initial concentration of at least 

5 times the theoretically calculated ligand quantity can be used. If stability issues or 

aggregation are observed after the exchange, the ligand concentration can be increased and 

determined experimentally. 
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A second set of factors that must be considered are solvent miscibility and ligand 

solubility, and both of these factors must be considered concurrently. The as-synthesized iron 

oxide NPs coated with nonpolar molecules or fatty acids and are readily dispersed in nonpolar 

solvents such as hexane, chloroform, or toluene. To render the particles biologically 

compatible, the organic coating needs to be exchanged with polar, biologically compatible 

molecules that can be dispersed in water. Water is not miscible in organic solvents, and 

mixing directly with organic NP solution is not optimal to facilitate a ligand exchange. 

Therefore, other amphiphilic solvents such as methanol, ethanol, and acetone may be used to 

facilitate the ligand exchange process because these solvents are readily miscible with both 

water and organic solvents. 

 

Figure 39: Polarity ranking and dielectric constants of solvents commonly used in ligand 

exchange procedures. 

 

Ligand solubility must also be considered when choosing a solvent. A ranking list in 

solvent polarity is shown in Figure 39. Since the ligands are very polar molecules, methanol 

is an ideal solvent to disperse the ligands in because it has the highest polarity of the 

amphiphilic solvents. Although methanol is a polar protic solvent, and can be used to dissolve 

ionic polar molecules, some molecules such as QA, CA, and GA have limited solubility and 

are cloudy when directly dispersed in methanol. In order to overcome solubility issues, the 

molecules may be dissolved in a small amount of water first.  

Water Methanol Ethanol DMSO Acetone Chloroform Toluene Hexane

80 33 25 47 21 4.8 2.3 1.9

Polar ProticPolar Aprotic Nonpolar

Increasing Polarity
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Although methanol is a great solvent for dispersing polar ionic molecules, the high 

dipole moment may not provide optimal mixing with organic solvents. In order to improve 

mixing acetone can be added at a 1:1 volume ratio with methanol. In fact, the biphasic solvent 

selection of methanol and acetone resulted in more complete ligand exchanges indicated by 

the T1 relaxivities and low r2/r1 ratios in comparison to ligand exchanges using only methanol 

as a ligand solvent. However, acetone is a polar aprotic solvent and ligand solubility may be 

low. In some cases, such as with GA ligand exchange, the addition of acetone resulted in 

lower solubility and a cloudy solution. When solubility in acetone is an issue, additional water 

may be added to better dissolve the molecule, or the ratio of methanol to acetone may be 

increased.  

  Ligand properties and solubility must be carefully considered when developing a 

ligand exchange protocol. Molecule solubility should be considered to insure the molecule is 

well dispersed and separated in solution for complete ligand exchange. Importantly, solvent 

miscibility with organic solutions must be considered and is also important to facilitate 

complete ligand exchanges. Both polar and organic solvents can be rationally determined for 

optimizing mixing based on their polarity.  

BSA nanoclusters 

 

BSA nanoclusters with USNPs can be formed following the general procedure 

described here. First, a stock solution of BSA (50 mg/mL) was dissolved in pH 8, 10 mM 

NaCl solution overnight to fully dissolve. Since the formation of the nanoclusters is highly 

dependent on pH and salt concentration, the BSA solution was they dialyzed in 10 mM bis 

tris buffer to remove the salt and maintain at a neutral pH. Next, 0.5 mL of the BSA stock 

solution was mixed 1 mL of TA-USNP solution (2.5 mg/mL, 10 wt% loading) overnight. 
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The next day, NaCl was added (50 µL, 150 mM) to create a final salt concentration of 5 mM. 

To create the nanoclusters, 8 mL of ethanol was added at a rate of 1 mL/min and allowed to 

mix for 30 min. To fix the nanoclusters, 5% glutaraldehyde (50 µL) was added and allowed 

to crosslink the BSA for an additional 30 minutes. The clusters were collected via 

centrifugation (5 min, 15,000 RPM) and re-dispersed in pH 8 NaCl solution (10 mM). The 

clusters were washed 5 times to remove excess BSA.  

Several critical factors must be considered when creating BSA nanoclusters. First, the 

BSA must be dissolved in basic salt solution to fully dissolve the BSA. Without this step, the 

BSA may still have some interactions and typically resulted in uneven NP distribution within 

the nanoclusters or low drug encapsulation efficiency. A stock solution of BSA can be 

prepared and DLS can be used to verify complete separation of BSA molecules in solution. 

Salt concentration is critical in forming the nanoclusters, so the BSA stock solution should be 

dialyzed in 10 mM bis tris buffer so that the salt solution can be controlled in subsequent steps. 

The stock solution should be stored at 4°C for later use. 

Nanocluster sizes are mainly affected by BSA concentration, amount of ethanol 

added, and the concentration of salt. Consistently, 75-100 nm sized nanoclusters were 

prepared by using a BSA concentration of at least 20 mg/mL of BSA in a 5 mM NaCl solution 

with 8 mL of ethanol added to precipitate the nanoclusters. In literature, the sizes of the BSA 

clusters may be increased by increasing salt concentration or decreasing the amount of ethanol 

added. Future rationally designed experiments should be performed to determine how BSA 

concentration, salt concentration, and ethanol addition affect USNP loaded BSA 

nanoclusters.  
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Figure 40: BSA clusters (10 wt% loading) with either (a) TA-USNPs or (b) GA-USNPs. 

 

USNP loading into the BSA nanoclusters was limited to 10 wt% (Figure 40). USNP 

concentrations above that amount resulted in free USNPs not encapsulated into the clusters, 

as well as, a large degree of polydispersity in the sizes of the BSA nanoclusters. Another 

important factor to consider with creating BSA-USNP clusters is the USNP surface 

functionalization. Initially, all nanoclusters were formed with TA-USNPs, however, the large 

sizes of the TA molecules, along with the hydrogen bonding and tendency for TA to 

polymerize, the USNP distribution within the BSA nanoclusters was inconsistent. Recent 

encapsulation of GA-USNPs into the BSA nanoclusters showed more even distribution of 

USNPs within the nanoclusters (Figure 40b). 

Drug and dye loading into the BSA nanoclusters is important for practical applications 

for the use of BSA nanoclusters in imaging guided drug delivery applications. Loading of the 

drugs or dyes into the clusters can be limited by several factors including the sizes of the 

molecules, the interactions of the molecules with the BSA and the USNPs, the salts present, 

and the ethanol addition rate. Specifically, for successful encapsulation of FITC dye, the FITC 

should be mixed with the BSA before NP addition so that they hydrophobic regions of the 

100 nm

a

100 nm

b
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BSA and FITC can interact. Another factor impacting encapsulation efficiency is ethanol rate 

addition. In the research presented here, lower ethanol rates resulted in better FITC dye 

loading into the clusters (Figure 37). 

Finally, for drugs or small molecules such as glutamate or NBQX, sodium ions are 

present, and salt concentration is critical in nanocluster formation. In fact, the amount of 

drugs that can be added into the reaction will be limited to a final salt concentration of 5 mM 

for the smaller sized clusters. Nanoclusters can be formed with salt concentrations up to 10 

mM, however, at higher salt concentrations, polydispersed, micron sized clusters are formed. 
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APPENDIX II 

 

Collaboration Data 
 

In this section of the dissertation, in vitro and in vivo data was obtained by 

collaborations utilizing materials provided by Jennifer Sherwood in Dr. Yuping Bao’s group. 

Collaborations served the purpose of furthering the use of ultrasmall iron oxide nanoparticles 

in various biological applications using MRI imaging. In the first collaboration, stem cells 

were labeled with differently coated USNPs in vitro. The cellular uptake behaviors were 

monitored in vitro for preliminary studies to optimize uptake and relaxivity properties of the 

USNPs.  

In a second collaboration, USNPs were encapsulated into BSA nanoclusters 

containing either FITC dye or the small molecule nuerostimulator glutamate. The BBB was 

opened utilizing FUS to allow for the BSA clusters to accumulate in the brain, in vivo. Finally, 

the glutamate was released in the brain utilizing a second round of FUS. The release was 

confirmed using immunological staining of thin sections of the brain in collaboration with 

Megan Rich under the direction of Dr. Mark Bolding at the University of Alabama, 

Birmingham. 

Stem cell labeling 

All of the data collected for the stem cell loading imaging and iron concentration 

analysis was performed by Joe Park in collaboration with Dr. Kim’s group at the University 

of Alabama, Tuscaloosa. To qualitatively determine cellular uptake, USNPs were first 
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incubated with stem cells at varying concentrations, 600 µg and 1000 µg of iron oxide USNPs 

with varying surface coatings. The USNP uptake was first determined qualitatively using 

Prussian blue iron staining and then quantitatively using inductively coupled plasma (ICP) 

analysis. 

 

Figure 41: Prussian blue staining of NE-4C cells treated with (a) 1 mg TA-USNPs for 72h, 

(b) 1 mg GA-USNPs for 72 h, and (c) ICP iron quantification of NE-4C cells treated with 
either TA (red) or GA (blue) for 72 hours.  

 

Prussian blue staining was used to qualitatively observe iron uptake of stem cells treated with 

either TA-USNPs (Figure 41a) or GA-USNPs (Figure 41b). The stem cells were incubated 

with 1000 µg of NPs for 72 hours. Figure 41c is the iron concentration analysis of stem cells 

treated with TA-USNPs and GA-USNPs for 72 hours at two different concentrations (600 µg 

or 1000 µg).  

In vivo BBB delivery and FUS release 

All of the in vivo work was performed by Megan Rich under the direction of Dr. Mark 

Bolding at the University of Alabama, Birmingham. The FITC dye loaded and glutamate 
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loaded BSA nanoclusters were provided by Jennifer Sherwood under the direction of Dr. 

Yuping Bao at the University of Alabama, Tuscaloosa.   

 

Figure 42: MRI brain image scan of a rat (a) prescan and (b) 1 hour post injection with BSA-
USNP nanoclusters, and immunofluorescence staining of a rat injected with (c) BSA-USNP-

FITC loaded nanoclusters (blue: DAPI, red: Evans blue dye, and green FITC from 
nanoclusters) and (d) rat injected with glutamate loaded nanocluster (blue: DAPI, red: Evans 

blue dye, and green: cFos staining). Figure courtesy of Megan Rich at the University of 
Alabama Birmingham. 

 

In order to facilitate nanocluster accumulation in the brain, FUS was used to open the 

BBB. After opening the BBB, the BSA-USNP nanoclusters were injected into the rat. MRI 

imaging of a rat before and after injection of the clusters was used to confirm that the BSA-

USNP loaded nanoclusters had crossed the BBB and accumulated in the brain. Figure 42a 

was the MRI image of the rat prior to injection and Figure 42b was the MRI scan 1 hour post 

injection with the nanoclusters. MRI imaging clearly showed contrast enhancement in the 

brain after injection of the BSA-USNP nanoclusters. The change in contrast was a good 

indication BSA-USNP nanocluster accumulation.  

a b

c d
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In order to further confirm cluster accumulation in the brain, BSA-USNP-FITC 

loaded nanoclusters were injected into rat. Immunofluorescence staining of a thin section of 

the brain was used to confirm the presence of FITC dye in the area where the nanoclusters 

were targeted. Figure 42c was immunofluorescent staining of the brain where DAPI nuclear 

staining was indicated in blue, Evans blue dye in red, and FITC in green. The presence of 

Evans blue dye (red) was an indication that the BBB had been recently opened in that location. 

The green fluorescence in Figure 42c confirmed the localization of FITC dye loaded 

nanoclusters at that location. 

Finally, glutamate loaded nanoclusters were injected into the rat. The clusters 

accumulated in the brain and subsequently, a second round of FUS was used to release the 

glutamate into the brain. In order to confirm the release of glutamate, cFos staining was used 

to detect recent neural stimulation. As seen in Figure 42d, the green cFos staining was a 

positive indication that glutamate had recently stimulated neural activity.   

In summary, these preliminary studies showed that nanoclusters can be loaded with 

fluorescent dyes or small molecule drugs. FUS can be used to allow for nanocluster 

accumulation in the brain. Presence of the USNPs in the nanoclusters allowed us to verify the 

accumulation of the nanoclusters in the brain noninvasively. Finally, preliminary results 

showed that not only can the clusters accumulate in the brain, but FUS can be used to 

physically release encapsulated drugs, additionally, cFos staining showed that the nanocluster 

accumulation and glutamate loading was sufficient to cause neural stimulation. In vivo studies 

indicated that nanoclusters could be loaded with drugs, delivery of the nanoclusters could be 

targeted to specific areas of the brain using FUS, and FUS could be used to release drug in 
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targeted areas at will. These studies were important to determine the practical application of 

using nano-sized clusters for imaging guided drug delivery applications. 


