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Abstract 

 

 
Contrast agents for magnetic resonance imaging (MRI) are but one of a variety of 

nanosystems that have incredible potential for the detection and diagnosis of cancer. 

Nanosystems share a common disadvantage: they are quickly sequestered by biological 

processes that clear foreign material from the body, requiring ever larger doses to accumulate in 

targets, and reducing their overall effectiveness and viability. This thesis explores a pair of 

strategies for nanomaterials to boost their evasiveness from these defensive systems in the 

context of lanthanide MRI contrast agents, in an attempt to increase their probability to collect in 

cancerous tissue. Chapter 1 provides precedent and rationale for the modification of two 

parameters regarding novel nanosystem design: aspect ratio and zeta potential. Chapter 2 details 

the controlled syntheses and analysis of sodium dysprosium fluoride nanomaterials at a range of 

aspect ratios. Chapter 3 concerns the construction of tunable zwitterionic polymer coatings for 

synthesized nanomaterials to demonstrate control over the zeta potential in aqueous dispersion. 

Chapter 4 tests polymer-coated spherical nanoparticles and nanorods for internalization into or 

adsorbance onto a cancerous cell line. Chapter 5 summarizes the work of the previous chapters 

and suggests future research approaches. Though internalization or adsorbance onto HeLa cells 

was not observed for prepared nanomaterials, control over their aspect ratio at the synthetic level 

and zeta potential via constructed zwitterionic polymers was demonstrated, with implications for 

application to a plethora of nanosystems.   
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Chapter 1: Introduction 
 

 

1.1 Nanotechnology 
 

 

Nanotechnology is a diverse field with a wide array of possible applications, including 

electronics, medicine, and diagnostics. Though theoretically nanotechnology encompasses any 

material in the nano-range (1 x 10-9 m), nanoparticles for practical use have a defined size range 

between 1-100 nm, in at least one dimension.1 Nanoparticles possess unique physical 

characteristics, including high surface area to volume ratios and ability to be dispersed as a stable 

colloidal suspension.2-3 The size, shape, and interfacial properties of the nanoparticles that make 

up a nanosystem may be intrinsically linked to the viability of that system’s desired application; 

many nanomaterial syntheses including those in this work optimize these variables for success. 

The surface of these nanoparticles should be noted as a versatile platform for interesting catalytic 

and electro-chemistry, as well as for conjugated ligands or antibodies for active targeting, and 

anti-fouling techniques meant to evade the body’s various defense mechanisms.4-6 The potential 

uses for commercially prepared nanoparticle systems is limited only by their composition, which 

varies widely. For medicinal purposes, polymeric micelles, liposomes, and drug-polymer and 

protein-polymer conjugates function as nanocarriers, meant to protect, direct and control the 

distribution of DNA or small molecules into a biological system.7-8 For electronics and 

diagnostic purposes, inorganic “hard” nanoparticles (i.e. gold, iron oxide, lanthanide complexes, 

etc.) function as semiconductors for sensors and telecommunication (among others), and a means 

to improve the quality of images produced by magnetic resonance imaging (MRI).9-11 For 

nanosystems that would ultimately be used on humans, additional factors must be taken into 

consideration. Depending on the intended target, nanosystems to be introduced to a body may be 
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applied intravenously (into the circulatory system), orally (into the digestive system), or via 

aerosol (into the respiratory system), so it is important they are relatively non-toxic and ideally 

stable long-term in an aqueous dispersion.12 Taken as a whole, a nanosystem’s makeup and 

surface chemistry can be exploited to enable a number of novel biological applications, like 

precision drug delivery vehicles, targets for photothermal and photoacoustic therapies, and MRI 

contrast agents.13-17 
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1.2 Magnetic Resonance Imaging and Contrast Agents 
 
 

Magnetic resonance imaging (MRI) is a modern development and culmination of Nobel 

prize-winning research in physics, chemistry, and physiology over the past century.18-20 In 1972, 

Raymond Damadian designed an instrument which could differentiate between tissues using a 

large primary magnetic field as well as a radio frequency (RF) pulse generator and detector. The 

energy released by the realignment, i.e. relaxation, of protons present in tissues with the external 

magnetic field after being knocked out of alignment by a RF pulse could be detected as an RF 

signal over a certain time. Damadian’s work was focused on the different relaxation times in the 

longitudinal (T1) or transverse (T2) processes of healthy and cancerous tissues.21 Building on 

these principles along with the achievements of Paul Lauterbur and Peter Mansfield (1973)—

who used magnetic gradient coils in tandem with the homogenous main magnetic field to 

generate the first MRI images22-23—Richard Ernst fed this information through a Fourier 

transform to result in a new technique, making up the foundation of modern MRI.24  

 

 

 

Table 1.1. T1 and T2 relaxation times of various tissues (from ref. 21). 
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In a practical sense, the fact that different tissues (and tumors) have different relaxation 

times leads to contrast between these tissues. Since a human body is ~60% water, the level of 

contrast in the image is directly proportional to the relaxation rate of the protons in the water of 

these tissues, which may be further emphasized by exploiting greater differences in T1 or T2 

(weighted images, see Figure 1.1.).25-26 These rates are accelerated when in close proximity to 

any species with unpaired electrons (i.e. paramagnetic), such as those containing elements from 

the lanthanides series (Ln = Ce to Lu; diamagnetic ions La3+ and Lu3+ have no unpaired 

electrons). These molecules are referred to as contrast agents, and are classified on whether they 

more effectively shorten T1 (e.g. gadolinium; results in increased signal intensity: positive 

contrast agents) or T2 (e.g. dysprosium; results in decreased signal intensity: negative contrast 

agents).27  Though positive contrast agents are useful for their ability to highlight in an otherwise 

 
Figure 1.1. T2-weighted images of a liver tumor without contrast agents (left) and with contrast agents (right), 

accumulating in healthy tissue and highlighting the tumor (from ref. 27). 
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dark and muddled image, negative contrast agents maintain their high relaxation rates even at 

ultra-high field strength (>9 T), becoming more desirable as MRI technology advances.28 Having 

the greatest magnetic moment of the lanthanide series, and maintaining high T2 relaxivity rates at 

9.4 T, dysprosium was chosen for this body of work.29 Incorporating this lanthanide into sodium 

dysprosium fluoride complexes allows for morphology control and optimization of the surface 

Ln3+ ion : volume ratio, leading to enhanced relaxivity rates by the contrast agent.30 If these 

contrast agents were made to accumulate in and around the tumor(s) inside a patient, they could 

provide valuable information to more effectively treat the cancer: more complete knowledge of 

the boundaries of a tumor inside a patient may lead to more complete removal of the tumor.     
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1.3 The Enhanced Permeability and Retention (EPR) 

Effect 
 
 

In order for a MRI contrast agent or any other anti-cancer nanosystem to perform its 

function, it must localize in or around the cancerous tissue; e.g. tumors. Such a system may be 

directed to tumors by any number of active targeting mechanisms, including antibodies or 

conjugated ligands for specific receptors, or activated in a specific environment, such as the 

comparatively acidic pH of the tumor micro-environment.31 However, even the most 

rudimentary system is beholden to the principles of passive targeting, the central dogma of which 

is known as the EPR effect. First conceived by Hitoshi Maeda in 1986, the EPR effect attempts 

to explain the tendency of nanomaterials to have an enhanced permeability and retention in 

tumors, as opposed to healthy tissue.32 This theory is fourfold: 1) the altered architecture of 

tumors leads to 2) leaky vasculature, allowing 3) extravasation of nanomaterials and 4) high 

penetration and retention of the nanomaterials in the tumor structure (see Figure 1.2).33-34  

 

 

Figure 1.2. Scanning electron microscopy image (left, from ref. 33) of altered vasculature present in and around 

tumorous liver tissue (marked with T) as opposed to normal, ordered tissue (marked with N). 

Resulting gaps in the endothelial cells lining blood vessels promotes the extravasation of 

nanomaterials into tumorous tissue (right, from ref. 34).  
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Though first demonstrated with dyes and protein conjugate SMANCS, the EPR effect 

was given commercial credibility with the success of early nanomedicines DoxilTM (1995) and 

AbraxaneTM (2005). Indeed, modern treatments employing the use of gold nanorods or 

superparamagnetic iron oxide contrast agents (SPIONs) without the assistance of active targeting 

would not be possible without the preferential and passive accumulation of introduced 

nanomaterials by tumors.35 Exacerbated by the decline and bankruptcy of certain entities in the 

nanomedicine industry, there has been much recent debate over the validity of the different 

facets of the EPR effect.36 There is little agreement regarding the degree to which tumor 

vasculature is altered and made “leaky”, the mechanism(s) which nanomaterials use to exit 

vessels and enter or surround tumor cells, and the size dependence of nanomaterials to best take 

advantage of the aforementioned phenomena.37-39 Understanding how to best exploit what does 

work about the EPR effect remains as nebulous as cancer itself, especially as intricate knowledge 

of tumor makeup increases; healthy and immune cells further muddling the already complicated 

picture. Owing to its long history and intuitive theory, the EPR effect has nevertheless enjoyed a 

measure of omnipresence and even colloquialism in scientific literature. Accounting for the 

limitations of this developing theory is paramount to the creation of effective passively targeted 

nanosystems. 
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1.4 The Mononuclear Phagocytic System (MPS) and 

Competitive Kinetics 
 
 

A nanosystem’s effectiveness is also limited by the time it spends inside the body. 

Introduced through the bloodstream, a nanoparticle will be treated like any foreign entity and be 

rapidly cleared by the body. The mononuclear phagocytic system (MPS, also referred to as the 

reticuloendothelial system, or RES), consisting of erythrocytes, Kupffer cells, macrophages, the 

lymph nodes, liver, and spleen, is capable of sequestering introduced spherical nanoparticles in a 

matter of hours (see Figure 1.3).40-43 This is achieved by non-specific protein adsorption on the 

nanomaterial surface, which forms a corona that effectively marks them for phagocytic cells (this 

process is called opsonization) carrying foreign material to the liver and spleen for elimination.44  

 Figure 1.3. Schematic depicting various cells of the MPS sequestering nanomaterials to the liver and 

spleen (from ref. 43). 
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Non-phagocytosed nanomaterials in circulation passing through the liver or spleen are 

slowed considerably, further compounding the amount eliminated with each subsequent pass. 

While this is a natural and necessary system to remove potential toxins from the bloodstream, the 

MPS presents an enormous obstacle for any nanomaterial; it is estimated that 95% of introduced 

nanoparticles are cleared before they can accumulate in their intended targets.40 Hence, the main 

issue to account for when designing a nanosystem regards (relative) kinetics; the competition 

between cancerous tissue and the MPS over nanomaterials in the bloodstream, and how to 

maximize accumulation of nanoparticles in the former entity. Barring active targeting or a 

hitherto unknown exploitation of the EPR effect, the focus is on design of a nanosystem that can 

delay its sequestration by the MPS, increasing its circulation time and the likelihood that it 

accumulates in or around cancerous tissue.  
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1.5 “Stealth” Nanoparticle Design 
 
 

There is much precedent for the creation of nanosystems that resist non-specific protein 

adsorption and bioaccumulation in the liver and spleen.45 These so-called “stealth” nanosystems 

utilize anti-fouling polymer coatings, novel compositions and morphologies, and 

physicochemical properties inspired by successful viruses to avoid detection and boost 

effectiveness.46 Nanoparticle morphologies beyond the typical spherical geometry have been 

explored to enable a “stealth”-like effect. Star-shaped or spiky morphologies lend interesting 

enhancements to conjugated ligands for active targeting, and filaments and other nanosystems 

with high aspect ratios (i.e. length to width ratio) have been reported with tripled circulation 

times in rats (1 week vs. 2 days) and quadrupled rates of internalization into cancer cells, as 

opposed to spherical nanoparticles.47-48 Synthetic protocols for this project derived from 

literature published by this research group that detail the formation of NaLnF4 spherical 

nanocrystals from a solvent system, according to LaMer nucleation and growth theory.49 These 

methods meditate on the mechanism of controlled growth along a specific crystal facet 

depending on the ratio of reagents used and reaction temperature.16,28-29,50-51 Careful exploitation 

of controlled nanocrystal growth dictated by these factors is critical to the formation of 

monodisperse NaDyF4 nanorods (size and shape characterized by transmission electron 

microscopy, crystal planes characterized by x-ray diffraction; TEM and XRD, see Chapter 2).52 

This effort is part of the innovative field of biomimetic nano-design: a scientific campaign to 

mimic the structure of viruses such as HIV and rabies in hopes of replicating their internalization 

for inorganic nanomaterials, especially into difficult targets like the brain.53-56 Though the 

specific interactions taking place at the surface of non-spherical nanoparticles are believed to be 
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more complex and are not well understood, the prevailing theory is that new shapes, especially 

nanorods, present a new frontier for “stealth” nanosystems, and deserve further exploration.57 

Many syntheses of inorganic nanomaterials like the crystallites in this work result in 

nanoparticles coordinated with hydrophobic ligands, which can be suspended in an organic 

solvent. The goal for any approach seeking clinical application is twofold: 1) to obtain a stable 

colloid dispersion of the nanosystem in water and 2) have it resist the formation of a protein 

corona that marks the nanosystem for elimination by cells associated with the MPS.46 This can 

be achieved by replacing the hydrophobic ligands with hydrophilic ones, such as in a thiol 

exchange. Mesoporous or amorphous silica coatings also address this issue; a thin silica shell has 

a massive surface area that binds great amounts of water, resists protein adsorption, and provides 

a platform for additional functionalization, but shell uniformity presents a difficult challenge to 

solve.58-59  The attachment of polymers to the surface of nanomaterials has a long history, with a 

plethora of “dry” and “wet” methods developed to graft polymers onto or from the surface of 

synthesized nanoparticles, depending on the solvent conditions and available surface functional 

groups of a given synthesized nanomaterial.60-61 Hydrophilic polymers may be used either to 

envelop nanoparticles, or a ligand exchange may be performed to affix the polymer to the 

surface.60 PEGylation, i.e. the use of polyethylene glycol polymer chains, is an industry-standard 

anti-fouling technique that functions by forming a steric barrier around nanomaterials that repels 

opsonizing proteins.44 However, the hydrophilic chains tend to result in a hydration sphere 

around the coated nanoparticle proportional to PEG chain length, resulting in a measurable 

increase in hydrodynamic diameter (characterized by dynamic light scattering; DLS, see Chapter 

3) that may diminish a nanoparticle’s circulation in the bloodstream and increase its likelihood to 
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be sequestered by the MPS.62 For an MRI contrast agent, where close proximity of the 

paramagnetic material to water is vital, use of PEGylation is not always advisable.63-64  

The use of amphiphilic polymers has also been proposed: the hydrophobic portion can 

associate with the hydrophobic ligands surrounding inorganic nanoparticles, leaving the 

hydrophilic portion at the surface, permitting solubility in water. For example, zwitterionic 

coatings present a versatile anti-fouling alternative. Using positive and negative groups that 

effectively neutralize the zeta potential (characterized by zeta potential phase analysis via light 

scattering; ZETAPALS, see Chapter 3), zwitterionic anti-fouling coatings minimize the 

interactions that can lead to the formation of a protein corona around the surface of a 

nanoparticle.65-66 The breadth of compounds available for this application allows for far greater 

optimization than PEG coatings, where the variables are mainly restricted to chain length and 

branching.   

 

Figure 1.4. PEGylated phospholipid reference polymers used in this work (left, see Chapter 3) and zwitterionic 

polymer using poly(maleic anhydride-alt-2-octadecene) (PMAO) as a platform for carboxybetaine (CB) 

and sulfobetaine (SB) (right, from ref. 65). 
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The goal of the work presented here is to explore “stealth” nanosystem design as applied 

to MRI contrast agents: whether by changing the zeta potential or aspect ratio of these 

nanomaterials can influence their internalization into tumors or delay their sequestration by the 

MPS (characterized by fluorescence assays quantifying adsorbance or internalization of polymer-

coated nanomaterials onto HeLa cells; see Chapter 4). 

 

 
 

 

 

Figure 1.5. An example of biomimetic nanosystem design: replicating the structure of rabies virus, 

intending to endow nanoparticles its ability to penetrate the blood-brain barrier (from ref. 53). 

Similar tactics inspire the field of “stealth” nanoparticle design to assist passive targeting of 
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Chapter 2: Synthesis and Characterization of 

Size-Tunable NaDyF4 Nanomaterials  
 

2.1 Introduction 
 

 

Creation of an oleate-stabilized lanthanide salt with controllable (i.e. arrested) growth of 

predictable crystallographic facets is vital for the modification and reproducibility of Ln3+-based 

nanosystems. For use as upconverting optical probes and MRI contrast agents, syntheses of 

NaLnF4 nanoparticles have already been demonstrated with dysprosium, gadolinium, yttrium, 

and holmium.30-67 The size and shape of these nanoparticles was found to be influenced by 

changing the amounts of reagants used in their syntheses: notably, the ratios of solvents oleic 

acid (OA) and octadecene (ODE), as well as solid chemicals sodium hydroxide (NaOH) and 

ammonium fluoride (NH4F). The prevailing explanation from these experiments is that 

increasing NaOH or NH4F prevents the adsorption of oleic acid onto a preferential facet of the 

nanoparticle surface, promoting crystal growth on this axis, and increasing the aspect ratio.17 

Lowering concentrations of these reagents during a synthesis promotes growth on a 

perpendicular axis, resulting in disk-like or spherical as opposed to cylindrical morphologies. In 

both cases, elevated temperature and duration of the synthesis maximizes crystal growth at the 

expense of smaller particles (dictated in part by Ostwald ripening), resulting in larger particles; 

this is limited by the boiling point of the solvents and the patience of the experimenter.50 It is 

important for prepared samples of different aspect ratios to each be of a uniform size 

(monodisperse) for testing, so as to not misinterpret results. It is advantageous to achieve high 

monodispersity at the synthetic stage, to avoid additional complex and expensive purification 

steps (see Figure 2.1).  
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In this study, variables to adjust the aspect ratio and enhance the monodispersity of synthesized 

sodium dysprosium fluoride (NaDyF4) nanomaterials were investigated and observed, such as 

ratio of OA:ODE:NaOH:NH4F, synthesis duration and temperature, reaction mixture dryness and 

homogeneity, and flow rate of inert gas (argon) over the reaction. 

 

 

 

 

 

 

 

 

Figure 2.1. Synthesized NaDyF4 nanomaterials with low (left) and high (right) monodispersity. 
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2.2 Results and Discussion 
 

 

2.2.1 Synthesis of NaDyF4 nanoparticles and short/long nanorods 
 

A typical NaDyF4 nanomaterials synthesis involves dissolving dysprosium chloride in 

oleic acid and octadecene, forming a dysprosium oleate complex which is reacted with 

ammonium fluoride and sodium hydroxide at a high temperature. A common procedure 

according to the literature was followed to synthesize sodium dysprosium fluoride nanoparticles, 

and reagent amounts, target temperature and reaction duration were increased accordingly to 

form nanorods of multiple aspect ratios (see Table 2.1). 

Sample Size 

(nm) 

OA 

(mL) 

ODE 

(mL) 

NaOH 

(mmol) 

NH4F 

(mmol) 

Temp. (°C) / 

Time (min) 

Size of 

(100) (nm) 

Size of 

(002) (nm) 

 Intensity 

[(002):(100)] 

A 7  0.75 2.5 1.25 2 300 / 90 7.5 9.1 .07 

B 21 x 32 0.75 7.5 5 4.2 320 / 90 11 15 .06 

C 29 x 57 0.75 7.5 5 4.2 320 / 180 - - - 

D 24 x 57 0.75 7.5 5 4.2 320 / 90 11  16 .25 

  

 

 
A high-temperature synthesis (300-320 °C) was ideal to promote the quick formation of 

crystallites and, especially as the temperature approaches the boiling point of the solvent mixture 

(this occurred around 315-320 °C), provided a measure of temperature stability. Samples of 

NaDyF4 nanoparticles (see Figure 2.2A) and nanorods could be reproducibly formed in this way. 

The elevated temperature and stirring in this synthesis also enabled homogeneity of the mixture, 

which has important implications for the aspect ratio and monodispersity of a given sample. 

Though it was thought initially that long nanorods could only be formed by maximizing reaction 

Table 2.1. Synthetic conditions and size characterization via TEM and XRD of NaDyF4 nanomaterials. 
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duration (see Figure 2.2C), it was discovered that solution homogeneity was the critical factor; 

long nanorods could be formed in the shorter time interval (see Figure 2.2D). Special care was 

taken for this latter nanorod synthesis to ensure both oleate and NaOH/NH4F solutions were 

homogenous: visible precipitation and clumps were visually eliminated via slow and thorough 

stirring to ensure all material was in solution. The exact mechanism for why this affects 

nanomaterial growth is unknown, but the observation is reproducible: syntheses performed with 

non-homogenous reaction mixtures result in shorter nanorods formed over a given time (see 

Figure 2.2B).  

 

 

2.2.2 Transmission electron microscopy (TEM) analysis of 

nanomaterials 
 

Transmission electron microscopy was chosen as a comparatively quick technique to evaluate 

the morphology, size, and monodispersity of synthesized NaDyF4 nanomaterials. After isolation 

from the crude reaction mixture, a nanoparticle or nanorod sample was placed on a copper TEM 

grid and thoroughly evaluated in as little as twenty minutes. TEM takes advantage of the high 

electron density present in a crystal lattice composed of dysprosium, an element with a high 

atomic number. Electrons produced from the microscope are absorbed, deflected, diffracted, or 

otherwise scattered by these regions, and transmitted through the electron-transparent support 

film on a TEM grid, causing contrast that results in high-resolution dark projections of 

nanomaterials that may be photographed.68 TEM was performed by taking three images at 50k 

magnification from different areas of the grid, and an additional image at 250k magnification, to 

lend confidence that presented images are representative of its corresponding sample as a whole. 

Inset histograms provide a quantification of the polydispersity index, i.e. the distribution of sizes, 



18 
 

of the nanomaterials in a given image. For nanoparticles, these plots can be generated through 

the use of a simple threshold algorithm (see Figure 2.3A): the areas of individual nanoparticles in 

a saved image are tabulated automatically, and, with the assumption that the particles are 

circular, the radii may be easily calculated. For nanorods, the length and width must be measured 

manually and are tabulated using a specialized macro (see Figure 2.3B). The datasets are fed 

through a graphing support program to generate histograms, and the polydispersity index can be 

easily calculated from the standard deviation (σ) and mean (x̄) of the measured radii, lengths, or 

widths:  

PDI = σ / x̄ 

This value will be between 0 (one uniformly sized population) and 1 (multiple size populations), 

and provides a measure of sample consistency that, in addition to being adhered to by the Food 

and Drug Administration, is generally important for quality assurance and commercial 

application.11 For most nanosystems, an acceptable PDI is less than 0.2 in every dimension; the 

focus on reaction homogeneity enabled nanomaterial samples carried on to the next stage to 

possess polydispersity indexes inside this acceptable range.  
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A B

C D

Figure 2.2. TEM images (50k magnification) of NaDyF4 nanomaterials: A) nanoparticles, B) short nanorods (low 

reaction homogeneity), C) long nanorods (3 hr reaction time), D) long nanorods (90 min reaction time; 

high reaction homogeneity). Inset images were taken at 250k magnification, inset histograms and PDI 

values obtained via size analysis software FIJITM and OriginTM 2020. See Expt. Section for sample prep. 
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2.2.3 X-ray diffraction (XRD) characterization of nanomaterials 
 

 

X-ray diffraction is a versatile technique used in this body of work to investigate 

synthesized NaDyF4 crystallites. During probing of crystalline material with x-ray radiation, 

diffraction is caused according to Bragg’s Law. The angles at which diffraction occurs can be 

plotted and analyzed to confirm the makeup of crystalline nanomaterials (indicated by peak 

position) and compare the size of various crystal axes (indicated by peak intensity). This 

Figure 2.3. Size analysis and tabulation of NaDyF4 nanomaterials using FIJI. The areas of nanoparticles in raw 

image files are automatically highlighted in red according to a set intensity threshold and recorded 

(left), while the dimensions of nanorods must be taken by manually drawing boxes around 

individual rods and recording  the long and short axes of the boxes sequentially using an installed 

macroinstruction (right, dimensions used boxed in inset).   



21 
 

information can reveal much about the success of NaDyF4 nanomaterial syntheses at a range of 

aspect ratios, and can be used to estimate the size of crystallite (τ) in a specific lattice plane 

according to the Scherrer equation 

τ = K λ / β cos θ 

where K is a unitless shape factor usually approximated to 0.9, β is the FWHM (full width at 

half-maximum intensity) of the Bragg peak, and θ is the diffraction angle at which the Bragg 

peak occurs.69 The size of spherical nanoparticles estimated in this way lines up well with TEM 

observations and associated size analysis, but less so with nanorod samples, due either to the 

analyzed material being more heterogenous than predicted, leading to a broadening of crystalline 

peaks, or the approximated shape factor not being sufficient for cylindrical morphologies. 

 

The sensitivity of the XRD instrumentation used here relies on visible amounts (in the 

order of tens of milligrams) of powdery material to record a clean signal. This material must 

exclude oleate as much as possible, lest the broad signal from amorphous organic material crowd 

out important crystalline information (see Figure 2.4). The generated diffractograms from 

synthetic material are analogous to plots of similar material available in the public domain, and 

the increasing aspect ratio of nanorods can be demonstrated by the increasing intensity of peaks 

associated with the (100) and (002) planes of NaDyF4 crystallites (see Figure 2.5). 
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Figure 2.4. XRD diffractograms from long nanorod samples where oleate contaminant outweighs powderous 

crystalline material (left), and vice-versa (right). See Experimental Section for information on how oleate 

contaminant was excluded from nanomaterial samples via mixed-solvent precipitation. 

Figure 2.5. XRD diffractograms of synthesized NaDyF4 nanomaterials and reference plot from the ICDD. 

NaDyF4 reference pattern (00-027-0687) 

NaDyF4 NPs (r = 7 nm) 

NaDyF4 NRs (21 x 32 nm) 

NaDyF4 NRs (24 x 57 nm) 
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2.3 Conclusions 
 

 

Control over the aspect ratio of synthesized NaDyF4 nanomaterials was demonstrated. 

This was done by 1) increasing the [OH-] and [F-] concentrations, enabling crystal growth along 

a single axis, 2) increasing the synthesis temperature and duration, maximizing the rate of crystal 

growth, and 3) ensuring homogeneity of the reaction mixture, promoting Ostwald ripening that 

boosts uniformity of nanomaterial morphology in a given sample. Size analysis by transmission 

electron microscopy showed representative and reproducible results from the spherical 

nanoparticles and short and long nanorod samples synthesized in this work. Characterization by 

x-ray diffraction further supported the successful formation and dispersion in hexanes of NaDyF4 

crystallites at multiple aspect ratios. This research is an effective springboard for the 

investigation of the impact of aspect ratio on a nanosytem’s ability to avoid the mononuclear 

phagocytic system and delay sequestration. 
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2.4 Experimental Section 
 

 

 Materials and Chemicals. Dysprosium chloride hexahydrate (≥ 99.99%, trace metals 

basis), oleic acid (technical grade, 90%), 1-octadecene (technical grade, 90%), ammonium 

fluoride (≥ 99.99%, trace metals basis), sodium hydroxide (reagent grade, min. 97%), methanol 

(99.8%), anhydrous ethanol, and hexanes were obtained from Sigma-Aldrich. 300-mesh Cu 

TEM grids with a carbon-coated formvar support film were purchased from Ted Pella, Inc. 

 

 Synthesis of sodium dysprosium fluoride nanomaterials. Oleate-stabilized NaDyF4  

nanoparticles and nanorods were synthesized by first dissolving dysprosium chloride 

hexahydrate (5 mmol) in a mixture of oleic acid and octadecene prepared in a three-neck round 

bottom flask. To hasten removal of most water from the reaction mixture, this process was done 

at ~140 °C with stirring and assistance from a rotary vane vacuum pump. A clear, amber solution 

was formed after ~25 minutes at this temperature, the priority on removing clumps of 

undissolved material (especially from underneath the stir bar) with rapid stirring. A solution of 

sodium hydroxide and ammonium fluoride, dissolved in ~8 mL methanol, was added dropwise 

to the cooled oleate (50 °C) with rapid stirring. Heat and argon gas flow (~60 cm3/min) were 

applied to remove methanol—when the solution reached ~100 °C, it was put under vacuum until 

bubbling of the solution ceased; this was to remove most traces of low boiling point solvent that 

would cause the reaction mixture to bubble up violently at high temperature. The flow of argon 

then restarted, the reaction was allowed to come up to target temperature, at a rate of 

approximately 30 °C/minute. This target temperature was then held (+/- 2 °C) for a duration of 

time; either 90 minutes or 3 hours depending on the desired nanomaterial. The use of a 
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condenser ensured solvent loss from the mixture was minimal throughout the duration of the 

synthesis. 

 

 To prepare nanomaterials for examination via TEM, crude reacted material from the 

three-necked round bottom flask was cooled to room temperature and transferred from the round 

bottom flask to a 50 mL FALCON tube. The tube was filled with ethanol (45 mL) and vortexed 

thoroughly to precipitate solids from solution. These were spun down via centrifugation at 

6,000g for 3 minutes, and the pellet was dissolved in ~10 mL hexanes. A similar centrifugation 

was again performed to spin down undissolved material, and the supernatant was transferred to a 

new 50 mL FALCON tube. To precipitate a monodisperse sample mostly free of oleic acid, just 

enough ethanol (~10 mL) was added as to cause the supernatant to appear slightly turbid. This 

was followed by a third and final round of centrifugation, and after the supernatant was removed 

the clean precipitated nanomaterials were redispersed in ~10 mL hexanes. 

 

 Characterization. A sample of a clear or slightly yellowish suspension in hexanes was 

diluted tenfold in hexanes, and one drop was allowed to evaporate on a TEM grid. The grid was 

affixed to the sample stage, inserted into a JEOL-1900 transmission electron microscope, and 

imaged using a high-resolution Orius CCD digital camera mounted to the instrument. Raw data 

(.dm3) was fed through the image processor FIJITM for size analysis and tabulation and Origin 

2020TM for histogram generation. In all cases, a minimum sample size of 200 nanoparticles or 

nanorods was subjected to size analysis. 

 



26 
 

 For characterization by x-ray diffraction, the majority of hexanes were first removed 

from clean nanomaterial dispersions via rotary evaporation. Once reduced to a volume of ~0.5 

mL, the brownish liquid was transferred dropwise and allowed to evaporate on the XRD 

specimen holder, building up a powder that could be characterized. The sample was analyzed 

using a Panalytical Empyrean X-ray system with Cu Kα radiation (1.5406 Å, 45 kV, 40 mA) at 

diffraction angles (2θ) ranging from 10-90°. Generated diffractograms were processed using 

HighScore-Plus: Kα2 radiation and Sonneveld-Visser background were removed from patterns 

before denoising with a Fast Fourier transform. Reference powder diffraction files were obtained 

from the International Center for Diffraction Data (ICDD, 2020).  
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Chapter 3: Zwitterionic Polymer Synthesis for 

Aqueous Transfer and Customizable Zeta 

Potential of NaDyF4 Nanomaterials 
 
 

3.1 Introduction 

 
 

 For an MRI contrast agent or any nanosystem to be acceptable for use in the human body, 

it must be a stable dispersion in a non-reactive, aqueous medium. For nanomaterials not already 

stable in water, like most “hard” metallic or inorganic nanoparticles, polymers with hydrophilic 

content used as a coating can enable their aqueous transfer.  Such a polymer coating consists of 

many individual units that collectively bind large amounts of water, forming a hydration layer 

around coated nanomaterials that allow the formation of a stable colloid. To this end, commonly 

used materials such as polyethylene glycol (PEG), polyvinyl-alcohol (PVA), and phospholipid-

containing polymers have been proposed, each also imparting anti-fouling properties on the 

nanomaterials they coat.41,43,51 Composed of alternately charged molecules, zwitterionic 

polymers used in a coating also enable aqueous transfer and resist protein adsorption, but are set 

apart by their customizability; a plethora of differently charged moieties used in combinatorial 

fashion can influence a nanosystem’s characteristics in an exapanding array of ways.46 A 

characteristic of interest for this work is how the zeta potential (i.e. electrostatic surface 

potential, dependent on surface charge and that of the surrounding environment) of polymer-

coated NaDyF4 nanomaterials changes as the proportion of charged molecules in the zwitterionic 

coating is altered.70 The zeta potential of a nanosystem has great implications for how well it 

resists protein adsorption and formation of a corona that leads to sequestration and removal by 
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the MPS—in other words, how long the nanosystem will remain in the bloodstream and how 

effective it will ultimately be.71 Such work could also inform nano-scale therapies for 

exceptionally difficult targets like the brain; it is known from drug discovery research that 

molecules with an overall neutral charge inside the body stand a greater chance of breaching the 

blood-brain barrier.72 The focus and objective here is predictable control over the surface charge 

of polymer-coated synthetic nanomaterials; polymers were synthesized (varying the proportions 

of positively and negatively charged groups), and used to transfer NaDyF4 nanomaterials to 

water, which were then characterized for success of transfer and zeta potential. 
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3.2 Results and Discussion 
 

3.2.1 Synthesis and Characterization of Zwitterionic Polymers 
 

 

 There is much precedent for the use of the commercially available poly(maleic-

anhydride-alt-1-octadecene) (PMAO) as the foundation for the polymers synthesized in this 

work.42,52,73 PMAO polymer chains consist of repeating anhydride rings (~145 per chain) and 

octadecene monomers on a branching hydrocarbon backbone. The anhydride rings function as a 

versatile platform for the conjugation of a library of molecules to PMAO via ring-opening 

chemistry. The hydrophobic chains of PMAO interact with the oleic acid chains protruding from 

synthetic NaDyF4 nanomaterials, enabling attachment of the derivatized polymer to the 

nanomaterial surface. This former attribute of PMAO may be exploited to graft a variety of 

molecules with a primary amine to the polymer structure; in this case, 2-

aminoethyltrimethylammonium (ATMA) and ethanolamine were used to open the rings of 

PMAO and attach them to the polymer backbone (see Figure 3.1). Respectively, these molecules 

increase the hydrophilic content of the polymer (enabling solubility in polar solvents), and 

generate different proportions of positive and negative charges on the polymer. At physiological 

pH (7.4), the positive charges derive from the conjugated ATMA, while the negative charges 
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result from carboxyl groups on opened anhydride rings. These rings can then be re-closed with 

the gentle application of heat over a long period of time, removing water and favoring the 

formation of imides.  

While control over the zeta potential could be influenced by modifiying the amount of 

rings closed and ATMA present, a minimum imidization time was set for all synthesized 

polymers in this work to close the majority of opened rings and narrow the variables in this 

synthesis to the amounts of reagents used. This was found by opening all the anhydride rings of a 

sample of PMAO with excess ethanolamine, transferring the polymer to a vacuum oven at 60 °C, 

and tracking imidization via infrared spectroscopy at different time intervals. PMAO prepared in 

this way shows diagnostic peaks for imides (~1690, 1750 cm-1) that level off in intensity after 

~220 hrs (see Figure 3.2A). Furthermore, polymers prepared with ATMA and imidized for less  

 

Figure 3.1. Diagrams of ideal surface morphology of DSPE-mPEG (far left, from ref. 64) and zwitterionic polymers with 

ring-opening chemistry and imidization (middle-right) on the surface of NaDyF4 nanomaterials.   
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Figure 3.2. ATR(IR) spectra of: A) samples of PMAO during imidization, taken at a range of time points, and B) 

zwitterionic polymers (imidized for at least 180 hours) compared to PMAO opened with excess 

ethanolamine and imidized for 220 hours. PMAO (control) was not treated with ethanolamine and 

transferred directly to the oven at 60 °C. Diagnostic peaks for imides (1680, 1720 cm-1) boxed and enlarged 

to right of plots. See Experimental Section for sample preparation for IR analysis. 
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time show these peaks for imides at comparable intensities to those from the aforementioned 

polymer (see Figure 3.2B)—indicating that most anhydride rings are closed with an imidization 

time between 180-220 hours.  

 

Nuclear magnetic resonance (NMR) spectroscopy was used to confirm the conjugation of 

ATMA to PMAO.  1H NMR signals from ATMA alone (δ = 3.87, 3.67, 3.31, 3.18 ppm) appear 

in the 1H NMR spectra of synthesized zwitterionic polymers, and are comparatively downshifted 

due to the close proximity between ATMA and carbonyl groups on opened anhydride rings (see 

Figure 3.3). These signals are well resolved even when as little as 5 molar equivalents of 

anhydride rings (5 rings per polymer chain) are opened with ATMA. The three distinct 13C NMR 

signals denoting ATMA (δ = 61.6, 53.8, 33.0 ppm) are detectable when a greater proportion of 

 

Figure 3.3. 1H NMR spectra of ATMA (upper-right), group assignments (lower-right) and ATMA-conjugated 

zwitterionic polymers (left, diagnostic peaks for ATMA are circled). See Expt. Section for sample prep. 
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anhydride rings are opened by ATMA (30-60 molar equivalents; see Figure 3.4). In all cases, as 

the amount of conjugated ATMA increased, so did the intensity of 1H and 13C signals associated 

with ATMA, demonstrating successful syntheses of zwitterionic polymers with a range of 

amounts of ATMA attached. Synthesized polymers were labeled according to the amount of 

rings opened with ATMA (ZWIT-x; x = average rings per polymer chain opened with ATMA, 

assuming reaction with primary amines is complete).  

 

 

Figure 3.4. 13C NMR spectra of ATMA (upper-right), group assignments (lower-right) and ATMA-conjugated 

zwitterionic polymers (left, diagnostic peaks for ATMA are circled). See Expt. Section for sample prep. 
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For polymers meant to be carried on to fluorescence-based assays, an additional molecule 

was required as a reactive platform to which fluorescein isothiocyanate (FITC) could reacted. 

FITC conjugates to primary amines via the formation of an isothiourea linkage (see Figure 3.5), 

and to exploit this fact 2,2’-oxydiethylamine (ODA) was used: a molecule with hydrophilic 

content bracketed by primary amines, one to attach to PMAO, the other for FITC. This approach 

comes with the possible disadvantage of potentially crosslinking the polymer, making it 

universally insoluble and useless as a coating for aqueous transfer. Special care must be taken 

during the construction of these polymers to 1) leave only a few un-reacted anhydride rings 

before introduction of ODA, and 2) introduce excess amounts of ODA last, in order to maximize 

the coverage of free primary amines and minimize crosslinking between PMAO monomers. 

Polymers are precipitated via rotary evaporation or with deionized water and thoroughly washed 

to remove excess ODA and any unreacted material. For the reference polymer 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000 (DSPE-PEG(2000)), 

preparation for fluorescence assays was far more straightforward—a mixture in chloroform was 

prepared with a small percentage of DSPE-PEG(2000)-NH2.  

 

Figure 3.5. Fluorescein isothiocyanate (left) reacts with molecules with a primary amine to form an isothiourea 

linkage that conjugates the fluorophore to the molecule (X). 
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3.2.2 Aqueous transfer and analysis of polymer-coated NaDyF4 

nanomaterials 
 
 

A stepwise process enables coating and transfer of nanomaterials to water. Chloroform 

was chosen as a solvent for nanomaterials and polymer due to its miscibility with dimethyl 

sulfoxide (DMSO), which is, in turn, miscible with water. After polymer and nanomaterials were 

thoroughly incorporated, they were moved to centrifugal concentrators and buffer exchanged for 

analysis. For efficiency, it was important to completely remove chloroform and heavily dilute 

coated samples with water prior to this stage, as to avoid damaging or clogging the membranes 

of the centrifugal concentrators with precipitate: both of which were observed when even low 

concentrations (> 5% by volume) of DMSO or chloroform were present.  

In all cases, excess polymer was used to transfer nanomaterials; many filtering steps 

included in this procedure rid samples of large aggregations of visibly precipitated polymer. 

Since the polymers used for transfer are amphiphilic, they have the potential (according to an 

extensively observed phenomenon) to spontaneously assemble into nano-structured micelles 

upon movement from an organic to an aqueous solvent.74-75. These formed micelles could be 

small enough to pass through the smallest filters used here (> 200 nm), but large enough to 

influence the light-scattering techniques used to analyze aqueous coated nanomaterial samples; 

their formation at polymer concentrations pertinent to those used during aqueous transfer 

warranted investigation. Therefore, a size-biased critical micelle concentration (CMC) 

determination was performed; the CMC is the concentration of polymer at which micellization 

occurs in an aqueous medium, and samples at a range of polymer concentrations in water were 

prepared and filtered so that only sub-200 nm micelles would be observed. This was 

demonstrated via dynamic light scattering (DLS): a sharp count rate increase from samples as the 
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polymer concentration was steadily increased indicates scattering from formed micelles. This 

spike in count rate was observed from all polymers at concentrations between 0.01-0.03 mg/mL 

(see Figure 3.6); this for all polymers was the size-biased CMC. The count rate drops sharply as 

the polymer concentration is further increased, and the hypothesis is that these higher 

concentrations of polymer form larger aggregates that were indeed filtered out. Since aqueous 

solutions of polymer at concentrations far above and below (10-fold) the size-biased CMC show 

no evidence of sub-200 nm micelles that would affect downstream DLS or ZETAPALS 

characterization, it is important to replicate these conditions when performing aqueous transfers 

of nanomaterials.   

 

Successful aqueous transfers were confirmed by TEM. Spherical particles and long rods 

could be transferred to water using a range of synthesized zwitterionic polymers and the 

reference polymer (see Figure 3.7). 

 

The intricacies of DLS and zeta potential phase analysis light scattering (ZETAPALS) 

theory are beyond the scope of this work. However, it should be stated that both techniques 

employ the use of a laser to observe the Brownian motion of spherical particles, a measure of 

their interaction with the surrounding solvent which is influenced by their hydrodynamic radii 

and their net surface charge.76-77 This information is automatically fed through an algorithm to 

generate a sigmoidal correlation function which is deconvoluted with greater scattering from the 

sample (as opposed to the solvent or contaminants), and which the computer uses to derive an 

average hydrodynamic radius or zeta potential value. For our purposes, the complications of 

accurately determining these values for non-spherical particles can be neglected in favor of 
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observing the overall trend.78-79  As increasing proportions of conjugated ATMA were used for 

the aqueous transfer of nanoparticles and nanorods, a rising (more positive) zeta potential trend 

was observed (see Table 3.1). Discrepancies in this trend may be explained by the fact that the 

number of polymer chains attached to a given nanoparticle in this work is unknown; for instance 

polymer-coated nanosystem with a lower than expected zeta potential value may have had less 

zwitterionic polymer coordinated to the surface of the individual particles. The high 

hydrodynamic radius for coated spherical nanoparticles (~100 nm) suggests more than the 

formation of a polymeric monolayer on the surface of nanoparticles, as even the PEGylated 

reference polymer should stretch away a maximum of 15 nm from the nanoparticle surface.80  

 

 

 

 

 

 

 

 

 

Figure 3.6. Approximate size-biased CMC determination of polymers used for coating of NaDyF4 nanomaterials 

in this work. See Supplemental Figure S3.1: note that the sigmoidal curve of the generated 

correlation function becomes more resolved, as the count rate increases, closer to the CMC. 
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Figure 3.7. TEM analysis of aqueous nanomaterial dispersions. All images captured at 50k magnification. 

See Experimental Section for aqueous transfer procedure. 
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Polymer Nanoparticles Hydrodynamic 
Diameter 

Nanorods (short) Nanorods (long) 

ZWIT-60 ζ = 21.76 +/- 1.24 mV no data ζ = 18.28 +/- 0.63 mV ζ = 27.17 +/- 2.43 mV 

ZWIT-45 ζ = 24.78 +/- 1.26 mV no data ζ = 23.73 +/- 0.52 mV ζ = 22.12 +/- 0.51 mV 

ZWIT-30 ζ = 19.25 +/- 0.67 mV no data ζ = 2.79 +/- 0.87 mV ζ = 20.02 +/- 0.90 mV 

ZWIT-30-ODA ζ = -6.69 +/- 0.78 mV 102.4 nm ζ = 15.23 +/- 0.84 mV ζ = -15.54 +/- 1.30 mV 

ZWIT-15-ODA ζ = -10.35 +/- 0.70 mV insufficient cps ζ = -2.11 +/- 0.30 mV ζ = -20.02 +/- 1.82 mV 

ZWIT-5-ODA ζ = -12.60 +/- 0.95 mV 135.1 nm ζ = -0.16 +/- 0.78 mV ζ = -21.75 +/- 1.02 mV 

DSPE-PEG(2000) ζ = -8.71 +/- 0.81 mV 93.4 nm ζ = -16.23 +/- 1.09 mV ζ = -7.19 +/- 0.46 mV 

5% (w/w) DSPE-PEG 
/ DSPE-PEG-NH2 

ζ = -4.53 +/- 0.50 mV 114.7 nm ζ = -7.43 +/- 0.73 mV ζ = -15.02 +/- 1.26 mV 

Table 3.1. DLS and ZETAPALS characterization of nanomaterials at three prepared aspect ratios. 
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3.3   Conclusions 
 

 

Control of the zeta potential of NaDyF4 nanoparticles and nanorods in aqueous 

dispersions has been demonstrated, using synthesized zwitterionic polymers. PMAO was used as 

a foundation for the conjugation of different proportions of hydrophilic content, charged 

molecules, and linkers for fluorescent labeling. Nanomaterials were coated with a variety of 

these constructed polymers and transferred to water for DLS and ZETAPALS analysis. Though 

DLS results suggested the polymer coating was not a uniform monolayer, zeta potential 

characterization revealed the proof of concept: as the proportion of positively charged molecules 

included in each polymer coating increased, so too did the zeta potential of nanomaterials coated 

with these polymers increase, regardless of aspect ratio. Though the magnitudes may change in a 

different medium, this zeta potential trend would hypothetically hold for coated nanomaterials 

under the conditions of the human bloodstream. This conclusion supports application of 

zwitterionic polymers to pertinent nanosystems, providing a measure of control of the zeta 

potential that may be exploited to investigate a nanosystem’s internalization kinetics.      
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3.4   Experimental Section 
 
 

Materials and Chemicals. Poly(maleic anhydride-alt-1-octadecene) (Mn = 30k-50k Da, 

free-flowing), 2-aminoethyltrimethylammonium hydrochloride (99%), ethanolamine (≥ 98%), 

2,2′-oxydiethylamine dihydrochloride (97%), N,N-diisopropylethylamine (≥ 98%), 

tetrohydrofuran (≥ 99.9%), chloroform and deuterated chloroform (≥ 99.5%), dimethyl sulfoxide 

(99%), and HEPES (99.5%) were purchased from Sigma-Aldrich. 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt, ≥ 99%, Mn = 

2.8k Da) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-

2000 Da] (ammonium salt, ≥ 99%, Mn = 2.8k Da) were purchased from Avanti Polar Lipids, Inc. 

Centrifugal filter units (MWCO = 50k Da, DMSO-resistant), and syringe disk filters (PTFE, 0.45 

and 0.2 μm) were purchased from Sigma-Aldrich. BI-SCP specialized polystyrene cuvettes for 

ZETAPALS and DLS samples were purchased from Brookhaven Instruments Corporation. 300-

mesh Cu TEM grids with a carbon-coated formvar support film were purchased from Ted Pella, 

Inc. 

 

Synthesis of Zwitterionic Polymers. In a round bottom flask, 3.0 g of PMAO was 

dissolved completely in 10 mL tetrahydrofuran (THF) via vortexing and sonication for 15 

minutes. 30, 45, or 60 molar equivalents ATMA-HCl (396, 594, 792 mg for ZWIT-30, ZWIT-

45, ZWIT-60, respectively) were dissolved in 1 mL water and mixed with an equal molar 

amount of DIPEA base to neutralize the HCl. This solution was allowed to incubate for 30 

minutes with shaking on a belly-dancer before being transferred dropwise to the dissolved 

PMAO. After further vortexing and stirring for 15 minutes, excess ethanolamine (360 molar 

equivalents, 543 μL) was introduced to the mixture, vortexed and sonicated until completely 
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dissolved, and left to stir for 1 hour. The slightly amber, translucent solution was moved to a 

rotary evaporator to remove all solvent and precipitate the synthesized polymer. The dry, flaky 

solid was scraped into a 50 mL FALCON tube, which was then filled with hexanes and spun 

down at 5,000g for 5 minutes in a centrifuge. The supernatant discarded, the process was then 

repeated to thoroughly wash the polymer. Washed polymers were transferred to glass petri plates 

for imidization in a oven held at ~60 °C for a minimum of 180 hours. 

 

Synthesis of zwitterionic polymers ready for fluorescent labeling. In a round bottom 

flask, ~1 g of PMAO was dissolved completely in 10 mL tetrahydrofuran (THF) via vortexing 

and sonication for 15 minutes. 5, 15, or 30 molar equivalents ATMA-HCl (22, 66, 132 mg, 

respectively) were dissolved in 1 mL water and mixed with an equal molar amount of DIPEA 

base to neutralize the HCl. This solution was allowed to incubate for 30 minutes with shaking on 

a belly-dancer (300 RPM) before being transferred dropwise to the dissolved PMAO. After 

further vortexing and stirring for 15 minutes, ethanolamine (135, 125, 110 molar equivalents, 

204, 189, 166 μL for ZWIT-5, ZWIT-15, ZWIT-30, respectively) was introduced to the mixture, 

vortexed and sonicated until completely dissolved, and left to stir 1 hour. For all polymers, the 

remaining 5 unopened anhydride rings (per chain) were opened with 15 molar equivalents ODA-

2•HCl, also dissolved in 1 mL dH2O, mixed with 2x molar amount of DIPEA base to neutralize 

the HCl, and introduced dropwise to the solution. After further stirring for 30 minutes, solutions 

were transferred to 50 mL FALCON tubes which were filled with ethanol to precipitate the 

polymer. Each polymer was spun down at 5,000g for 5 minutes in a centrifuge, the supernatant 

removed, and the process repeated to thoroughly wash the polymers. Washed polymers were 

transferred to glass petri plates for imidization in an oven held at ~60 °C for 210 hours. 
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Size-biased critical micelle concentration (CMC) determination. Synthesized 

zwitterionic polymers (~30 mg) and reference polymer (DSPE; 3 mg) were dissolved in 3 mL 

chloroform (sonicated overnight). Once fully dissolved, polymer solutions were transferred to 5 

mL DMSO, and then to rotary evaporators to remove the chloroform—this process was done at 

60 °C for up to 2 hours to ensure the final volume for each polymer solution was 5 mL. Polymer 

solutions were then serially diluted with DMSO, and used to prepare sets of three samples in 

water and DMSO at a range of polymer concentrations. Each set was separated from the next in 

terms of concentration by a factor of 10. Nine samples in total (volume = 3 mL) were prepared 

for each polymer, all at a standard DMSO concentration of 4.75% (v/v). Each sample was 

filtered through a .2 μm disk filter immediately before DLS characterization. Average count rates 

from three trials of two minutes each for each polymer were tabulated and plotted against 

polymer concentration. 

 

Aqueous transfer of nanomaterials. Colorless dispersions of NaDyF4 spherical 

nanoparticles and long nanorods were precipitated with ~40 mL anhydrous ethanol in 50 mL 

FALCON tubes. Nanomaterials were spun down via centrifugation at 6,000g for 3 minutes, and 

resuspended in ~10 mL chloroform. Approximately 30 mg synthesized zwitterionic polymer was 

dissolved in ~3 mL chloroform via overnight sonication. A reference polymer solution was also 

prepared by dissolving a mixture of 5% (weight %) DSPE-PEG(2000)-NH2 and DSPE-

PEG(2000) at a concentration of 1 mg/mL. Zwitterionic polymer (30 mg) or reference polymer 

(.3 mg) solutions were allowed to incubate (with shaking, 300 RPM) with nanomaterial 

dispersions (~1 mL) in 5 mL DMSO for 30 minutes. These mixtures were transferred to rotary 
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evaporators to remove chloroform—this process was done at 60 °C for up to 2 hours to ensure 

the final volume for each coated nanomaterial dispersion was 5 mL. For each sample, this 

volume was transferred dropwise to a beaker containing 100 mL of 10 mM HEPES (in deionized 

water) immersed in an ice bath, and slowly concentrated using centrifugal filters. The maximum 

volume of the centrifugal filters is 15 mL, so many spins at 4,000 g were required to concentrate 

each sample to ~2 mL. Each sample was pipetted up and down to disperse material stuck to the 

filter, then filtered sequentially through 0.45 and 0.2 μm disk filters to remove excess polymer. 

 

Characterization. Dry polymer could be easily characterized for imide formation using 

attenuated total reflectance infrared spectroscopy (ATR(IR)). A small sample of polymer 

collected at each imidization time point (~2 mg) was pressed into the detector of a Bruker Vertex 

70 for collection of spectra. 

 

1H and 13C NMR spectra were obtained from polymers and functional molecules using Bruker 

AV I 500 MHz and AV III 300 MHz instrumentation. Polymer was dissolved in deuterated 

chloroform (~30 mg/mL) and filtered through a KimwipeTM plug in a pipette into an NMR tube. 

ATMA was dissolved in 90:10 deuterated DMSO to water before filtering into an NMR tube. 

Data was processed using Bruker TopSpinTM software. 

 

For examination via TEM, one drop of aqueous nanomaterial dispersion was transferred 

to specially prepared TEM grids. Water-based dispersions tend to dissolve untreated grid films 

needed for the support and visualization of transferred nanomaterials, so TEM grids were 

subjected to thorough glow discharge in an attempt to make them more hydrophilic. This was 
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done in advance by placing the grids in an ionized argon chamber for three minutes. Aqueous 

dispersions were allowed to settle on TEM grids for 30 minutes before the drop was removed 

with the edge of some filter paper, taking care not to disturb the center of the grid. The grids 

were allowed to dry for a further 30 minutes before visualization; *.tif files were saved to 

confirm the presence of nanomaterials in water. 

 

Immediately following aqueous transfer of nanomaterials, aqueous dispersions were 

filtered through 0.2 μm PTFE disk filters before being transferred to clean BI-SCP cuvettes for 

characterization using a BrookhavenTM ZETAPALS unit equipped with a 115 V, 60 Hz laser. 

Each cuvette was affixed to a pair of platinum electrodes through which a voltage was applied; 

the mobility of the dispersion was measured and compared automatically to a calculated 

sinusoidal phase. Thirty of these measurements were taken to make up a run, generating a zeta 

potential value; the average and standard error of ten runs are reported. 

 

In all cases, DLS analysis was performed using the same ZETAPALS instrument on 

aqueous samples of a volume of at least 2 mL. Trials of two minutes each, with a first and last 

delay of 2.4 μsec and 20.0 msec, respectively, were used to generate count rate plots and 

correlation functions from which the average count rate and hydrodynamic diameter could be 

derived. Only data where the correlation function had a baseline difference of >1% were saved.  
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Chapter 4: In vitro Fluorescence Assays for 

Adsorbance and Internalization of Polymer-

Coated NaDyF4 Nanomaterials 
 

 

4.1 Introduction 
 

 

In the previous two chapters, control over the aspect ratio and zeta potential of NaDyF4 

nanomaterials was demonstrated. The next logical step is to investigate whether either factor can 

assist their evasion of the MPS, or their uptake into cancerous tissue.  A very simple way to 

explore this issue in terms of time and resources committed is by the preparation of a 

fluorescence assay using the polymer-coated nanomaterials prepared in Chapters 2 and 3: after 

labeling with a fluorophore, these nanomaterials were incubated with a cell line.45,81 Three 

outcomes are possible during incubation: 1) weak or negligible interaction between 

nanomaterials and cancer cells, 2) adherence of nanomaterials to the surface of cells (i.e. 

adsorption), or 3) absorption of nanomaterials by the cells (i.e. internalization). To test for each 

outcome, the intensity of fluorescent nanomaterials incubated with a culture of cells was 

measured before and after replacement with fresh media (washing), providing a quantification of 

how those probes are adsorbed onto the cells. In the case that the probes are internalized by the 

cells, an additional rinse with trypan blue and subsequent fluorescence intensity measurement 

was performed. Trypan blue is known to quench the fluorescence of FITC through a pH-

dependent or energy transfer mechanism, and as it is not internalized by viable cells, a detected 

fluorescence signal will derive only from the internalized probes.81-82 Such an assay can provide 

a picture of how well a given nanosystem for the detection or treatment of tumors will perform.  
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4.2 Results and Discussion 
 

4.2.1  Assay Development, Troubleshooting, and Results 
 

 

For nanomaterials and novel polymer coatings with unknown cellular uptake properties, 

the cell line for a proposed assay should be selected based upon the mimicry of target cells with 

the greatest ease of use. HeLa cells were chosen primarily for this reason: an immortal, sturdy, 

and versatile cancerous cell line, HeLa adenocarcinoma cells can be centrifuged, cryo-stored, 

thawed, cultured, split and re-cultured a theoretically infinite number of times, and have thus 

become a basic in vitro standard for labs across the world.83 HeLa cells can be grown to 

confluence in about a week: covering the surface area of the wells (or flask) to which they are 

transferred and comprising a reproducible foundation on which to test FITC-labeled polymer-

coated nanomaterials (see Figure 4.1).  

 

Figure 4.1. HeLa cells plated and cultured to confluence on 96-well plate. Left, middle, and right images taken from 

left (B3), middle (E7), and right (F9) wells respective to the plate to ensure uniform coverage of cells. 
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Aqueous polymer-coated nanomaterial dispersions (see Chapter 3) were shaken with 

excess FITC overnight to ensure complete labeling, and thoroughly solvent exchanged 

sequentially into water and cell culturing media. Solvent exchange rids the samples of all 

unconjugated FITC and ensures it would not interfere with the results. A pair of controls was 

prepared to test if this was the case; if FITC could be removed completely from plain water 

(blank) and/or water treated with a low concentration of ethanolamine (FITCc) via solvent 

exchanging, it can be safely assumed that unconjugated FITC is removed completely from 

nanomaterial dispersions subjected to an identical procedure. The latter control is a response to 

the observation that unconjugated FITC sticks to the membranes of centrifugation filters; 

ethanolamine binds FITC (“killing” the reactive isothiocyanate group) and prevents this from 

occurring. These controls were incubated with HeLa cells alongside aqueous dispersions of 

labeled polymer-coated spherical nanoparticles and high aspect-ratio nanorods for up to 40 hours 

(see Figure 4.2). Before rinsing with media, fluorescence intensity was higher overall for 

nanorods, though presence of fluorescence in the blank indicates removal of unconjugated FITC 

was not complete. The idea that this contamination is caused by unconjugated FITC sticking to 

the centrifugal filters is supported by the lack of fluorescence intensity in the ethanolamine-

treated control (FITCc)—as predicted, the bound FITC is more easily removed by solvent 

exchange. Even so, the magnitude of the fluorescence from the aqueous dispersions indicates the 

presence of at least some nanomaterials, but regardless of aspect ratio or polymer coating, this 

intensity dipped to near background levels with the first washing with media. This result, 

replicated at every time point, means there is essentially zero adsorbance or absorbance of any 

prepared coated nanomaterial onto or into HeLa cells; the second rinsing with media and 

quenching with trypan blue were superfluous.  
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An additional assay was run to address the contamination of unconjugated FITC. In this 

experiment, all samples were treated with the low concentration of ethanolamine used in the 

FITCc control after labeling to bind unconjugated FITC that would otherwise stick to the filters 

during buffer exchange. Aqueous dispersions and control alike were incubated with confluent 

HeLa cells for up to 48 hours, leading to similar results (see Figure 4.3). Fluorescence values 

across the board were reduced, to the point that the addition of fresh media during washing 

caused the intensity to increase—but the fact that this was greater than the intensity of FITCc 

before washing indicates the presence of some nanomaterials. The outlier in this respect: NPs 

coated with ZWIT-15 showed very high fluorescence intensity before washing, which is ascribed 

to/as a byproduct of the precipitation observed in this sample after labeling. Regardless, the end 

result was the same as all other samples: within one round of washing, all fluorescence was 

returned to background levels, indicating the surface interactions between prepared 

nanomaterials and HeLa cells is very tenuous. Both assays support this notion of outcome 1: that 

there was no adsorbance or internalization of polymer-coated NaDyF4 nanomaterials into HeLa 

cells, regardless of the range of aspect ratios or zeta potentials reported here.   
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Figure 4.2. Results from in vitro fluorescence assay of HeLa cells prepared with nanomaterial dispersions and 

controls. Spherical nanoparticles and high aspect ratio nanorods coated with reference polymer (DSPE = 

5% (w/w) DSPE-PEG / DSPE-PEG-NH2) and zwitterionic polymers (Z-5, Z-15, Z-30) and labeled with 

FITC for analysis. Blank = water, FITCc = ethanolamine (1,000 ppm) in water; both treated identically to 

nanomaterial samples (see experimental section). Control = fluorescence prior to washing with fresh 

media, quench = fluorescence post-wash with trypan blue. 
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Figure 4.3. Results from in vitro fluorescence assay of HeLa cells prepared with nanomaterial dispersions and 

controls. Spherical nanoparticles and high aspect ratio nanorods coated with reference polymer (DSPE = 

5% (w/w) DSPE-PEG / DSPE-PEG-NH2) and zwitterionic polymers (Z-5, Z-15, Z-30), labeled with FITC, 

and treated with 1,000 ppm ethanolamine prior to analysis. FITCc = ethanolamine (1,000 ppm) in water; 

treated identically to nanomaterial samples (see experimental section). Control = fluorescence prior to 

washing with fresh media, quench = fluorescence post-wash with trypan blue. 
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4.2.2  Next Steps 

 
 

Any fluorescent signal above background from samples in the aforementioned assay must 

have originated from conjugated FITC due to their treatment with ethanolamine, which prevents 

nonspecific adsorption of unconjugated FITC onto the centrifugal filter membranes and allows it 

to be removed completely by solvent exchange. For most samples, however, this signal was very 

weak in intensity. This could mean one of two things: that the labeled nanomaterials analyzed 

were at a very low concentration, or that there was an insufficient amount of fluorescent label on 

the nanomaterials to detect. It is reasonable to assert that the majority of nanomaterials in a given 

organic dispersion were coated and successfully transferred to water (see Chapter 3). The latter 

outcome is therefore likelier, as large volumes of nanomaterial dispersion were successfully 

transferred to water using polymer concentrations on the lower end of the CMC (as opposed to a 

large excess, on the higher end of the CMC) to prepare samples for these assays. Since the 

zwitterionic polymers are already limited with regards to FITC binding sites to prevent 

crosslinking, a smaller amount of polymer coating each nanomaterial might mean not enough 

bound FITC to be detected by a downstream assay. An experiment analysing nanomaterials 

coated with greater amounts of zwitterionic polymer, or the reference polymer mixed with a 

greater concentration of its primary amine-containing version, would hopefully yield results 

where the signal is better separated from the noise. 

 

There is also significant evidence from both assays that the nanomaterials prepared in this 

work had not adhered to HeLa cells, regardless of polymer coating or aspect ratio. It is known 

that HeLa cells can be differently receptive to “hard” inorganic nanomaterials depending on a 
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host of different factors.84-85 Though the strategy with HeLa cells was found not to be viable, it 

may be informative to shift to an alternate yet parallel approach: incubation with a monocytic 

cell line. Such a cell line, phagocytic in nature (Ex / U-937, THP-1 cells), would more readily 

uptake nanomaterials, and a demonstrated lack of internalization in an assay similar to the one 

performed here may provide insight unto the impact of surface potential and aspect ratio of 

nanomaterials on their evasion of similar cells associated with the MPS (see Chapter 1). 
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4.3 Conclusions 
 

 

The central research question of this body of work is whether the zeta potential or aspect 

ratio of nanomaterials can influence their internalization into tumors or delay their sequestration 

by the MPS. Assays were developed in an attempt to shed light on this fundamental issue; the 

lack of definitive answers in the context of the nanosystem devised here is compensated by the 

foundation set to address this research question properly and perhaps generally. Nanomaterials 

transferred to water with zwitterionic and reference polymers were labeled with fluorescein 

isothiocyanate, and controls were set to ensure detected fluorescent signal (above background) 

from samples incubated with HeLa cells only derived from fluorophore bound to the polymer 

coating. This signal was weak for most samples, and was eliminated upon one rinse with fresh 

media, indicating that prepared nanomaterials were interacting only very weakly, if at all, with 

HeLa cells, neither internalizing nor adsorbing tightly to their surface.  
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4.4 Experimental Section 
 

 

Materials and Chemicals. Fluorescein isothiocyanate isomer I (≥ 90%), trypan blue 

solution (0.4% in water) and sterile 96-well tissue culture treated plates were obtained from 

Sigma-Aldrich. Eagle’s minimum essential medium (EMEM), trypsin-EDTA, fetal bovine serum 

(FBS; heat-inactivated), and T-75 cell culturing flasks were obtained from ThermoFisher. HeLa 

adenocarcinoma cells were sourced from ATCC. 

 

Cell culturing and plating. HeLa cells were thawed from cryogenically stored vials in a 

25 °C water bath for ~2 minutes, and transferred to a cell culturing flask with 10 mL EMEM 

(supplemented with 10% FBS). Cells were grown to 90% confluence in a 37 °C incubator under 

5% CO2; this typically took about a week to accomplish. Cells could then be passaged (a 

maximum of 10 times) or plated; in both cases a small volume of trypsin-EDTA (~4 mL) was 

used to detach cells from the bottom of the culture flask and allow them to be moved. This was 

mixed with 20 mL EMEM to deactivate the trypsin; 100 uL of this cell suspension was 

transferred to each well of a 96-well plate for incubation under identical conditions. Plated cells 

were also grown to 90% confluence before they were incubated with nanomaterial samples and 

controls. Cells were imaged on-plate using the bright-field microscope (equipped with a 4X 

objective lens) attached to a CytationTM5 plate reader. 

 

Sample and control preparation. Aqueous nanomaterial dispersions (concentrated to 2 

mL), ethanolamine solutions (FITCc; 1,000 ppm in water, 5 mL) and water (blank) were mixed 

with FITC dissolved in water (1 mL, 0.06 mg/mL) and shaken overnight on a belly-dancer (350 

RPM). Labeled nanomaterial samples and controls were transferred to centrifugal concentrators, 
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which were topped up to the fill line with water (~15 mL) before spinning at 4,000g for 1-2 

minutes to concentrate them to ~2 mL. This was repeated 6 times for each sample and control to 

thoroughly clear them of unconjugated FITC. Though no green color (characteristic to FITC) 

was visibly observed in solutions subjected to this process, the membranes of centrifugal filters 

(cellulose, MWCO = 50k; see Chapter 3 experimental section for sourcing) for the solvent 

exchange of samples were tinted slightly green; samples for a downstream assay were treated 

with 1,000 ppm ethanolamine (in 5 mL water) to minimize binding of unconjugated FITC to 

filters. After solvent exchange into water, samples and controls were exchanged once into 

EMEM to mimic plate conditions, concentrated to ~1.2 mL and pushed through 0.2 μm disk 

filters to remove any precipitate. 

 

Sample plating and analysis. 100 μL of each control and nanomaterial sample were 

transferred to wells in triplicate for analysis, taking care to stagger them to minimize 

fluorescence overlap from adjacent wells (see Figure 4.4). For each time point, wells were 

analyzed immediately and after each wash using a CytationTM5 plate reader with a xenon lamp 

light source and filter cube set to block excitation and pass emission wavelengths (from the plate, 

en route to detector) of 480 and 530 nm (both +/- 20 nm), respectively. For washes between 

readings, all media was removed from analyzed wells, replaced with 100 μL of fresh media, and 

returned to the plate reader. A final quench with 50 μL trypan blue, allowed to incubate with the 

cells for 1 minute before removal and replacement with fresh media. 
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Chapter 5: Conclusions and Future Work 

 

5.1. Conclusions 
 

 

Control over the aspect ratio and zeta potential of polymer-coated lanthanide 

nanomaterials was demonstrated in this thesis. These parameters were tested to investigate 

whether either influenced the nanomaterials’ internalization into cancerous cells; though the 

results were negative for HeLa cells, the foundation set by these experiments has implications to 

modify and probe the “stealth” capabilities of MRI contrast agents and other novel nanosystems, 

as described in Chapter 1. A reproducible method to enhance the length and monodispersity of 

synthesized sodium dysprosium fluoride nanomaterials was reported in Chapter 2. This depended 

mostly on reaction time and solution homogeneity, with room to experiment with adjusted 

reagent concentrations or longer-duration syntheses, to produce nanomaterials at aspect ratios 

beyond those reported here. There is plenty of potential for optimization of the work done in 

Chapter 3, where zwitterionic polymers were constructed using a polymer known to interact with 

the oleic surface of synthesized nanomaterials as a base for a range of charged and functional 

molecules. Zeta potential characterization provided the proof of concept: polymers with a 

tunable zeta potential could be grafted to the surface of lanthanide nanomaterials and exist as 

relatively stable dispersions in water. Chapter 4 explores the practicality of polymer-coated 

lanthanide nanomaterials as applied to cancer cells; it was found the relationship between the two 

was weak at best, regardless of the range of aspect ratios and zeta potentials the analyzed 

samples represented. Perhaps a property innate to the surfaces of nanomaterials as prepared here 

renders them unsuitable for adsorbance to or absorbance into HeLa cells; it should also be kept in 

mind that a cell line is poor replacement for tumorous tissue. Further experiments are warranted 
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to investigate if aspect ratio or zeta potential affect uptake of lanthanide nanomaterials, whether 

by cancer cells or cells associated with the MPS. 
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5.2 Future Research 
 

 

Though neither factor was found to effect internalization of nanomaterials into HeLa 

cells, aspect ratio and zeta potential were tested for independently: sample sets with drastically 

different aspect ratios (spherical nanoparticles vs. long nanorods) were transferred to water with 

zwitterionic polymers to achieve dispersions in water at a range of zeta potentials. Future 

research beyond the scope of the work discussed here could expand on this notion: for instance, 

to single out the variance of aspect ratio in nanomaterials, zwitterionic polymers could be taken 

out of the equation, replaced with a polymer meant only to transfer nanomaterials stably to 

water, such as the PEGylated reference polymer used in this work. The resulting dispersions 

could be labeled and incubated with a monocytic cell line and analyzed for the lack of 

internalization over time. To take nanomaterials out of the equation, there is precedent to 

measuring non-specific protein adsorption onto a standard material coated with zwitterionic 

polymer via surface plasmon resonance (SPR).48 This technique allows the parameter of zeta 

potential to be tested independently; a polymer (and its associated zeta potential) showing low 

non-specific protein adsorption would potentially be a good candidate for a “stealth” coating. 

Finally, it should be noted that cell lines for in vitro experimental work are generally speaking 

monolayered cultures, and not a good representation of tumorous tissue. An assay on a more 

complicated cancer model capturing growth in 3 dimensions and the resulting 

microenvironments therein may allow observations that a 2D model cannot capture.86-87 For best 

mimicking the real-world conditions a “stealth” nanosystem would encounter, and for measuring 

the bioaccumulation of nanomaterials in cancerous tissue as compared to various organs, there is 

no more suitable substitute than in vivo assays once quicker, cheaper in vitro assays have been 

exhausted.88-89 
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Supplementary Figures 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table S2.1. XRD diffractograms of NaDyF4 nanomaterial samples, with peaks labeled for specific crystal facets. 
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Polymer Nanoparticles Nanorods (long) 

ZWIT-30-ODA ζ = -0.249 +/- 0.418 mV ζ = -0.947 +/- 0.619 mV 

ZWIT-15-ODA ζ = -0.555 +/- 0.55 mV ζ = -0.780 +/- 0.378 mV 

ZWIT-5-ODA ζ = -0.583 +/- 0.484 mV ζ = -1.54 +/- 0.536 mV 

5% (w/w) DSPE-PEG / DSPE-PEG-NH2 ζ = -5.37 +/- 0.75 mV ζ = -6.02 +/- 0.66 mV 

 

 

Table S3.1. DLS and ZETAPALS characterization of nanomaterials at two prepared aspect ratios, transferred to water 

using polymer concentrations at the lower end of the CMC (.001-.003 mg/mL). 

 

Figure S3.1. Generated correlation function curves from DLS characterization of ZWIT-15 in water (at concentrations 

10x below the CMC (A), at the CMC (B), and 10x above the CMC (C), respectively), and aqueous-

transferred spherical NaDyF4 nanoparticles coated with ZWIT-30 (D) and ZWIT-5 (E). Note how the 

functions are denoised and become more sigmoidal in shape with greater scattering (higher average count 

rate; ACR, expressed in kilo-counts per second) off samples. 
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Figure S4.1. Typical plating setup for in vitro fluorescence assays. No samples plated in red wells due to “edge effect” 

decreasing fluorescence detection here; staggered dark pink wells designate positioning for each sample 

and control in triplicate. For washes, all media in the wells of both rows associated with each time point 

were removed and replaced with 100 μL fresh media.  
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