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Magnetic and Surface Interactions of Functionalized Polydopamine Nanoparticles for Biomedical
Applications
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Polydopamine (PDA) materials have provoked great attention in chemistry and materials science
since 2007 due to their versatile properties including metal-ion chelation, easy functionalization, adhesion,
and free radical scavenging ability. Produced via mild oxidation of dopamine monomer to form a
colloidally-suspendable nanomaterial, polydopamine was initially developed as a versatile, biomimetic
coating material, similar to the foot protein of mussels. Subsequently, PDA nanoparticles were developed
as free radical scavengers and biomedical contrast agents amongst an ever-expanding list of applications.
Currently, PDA nanoparticles are tunable in size within the range from tens to several hundred nanometers,

and they can be easily loaded with metal ions and functionalized with different types of molecules.
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Therefore, PDA materials have great potentials in applications such as biomedicine, catalysis, and
environmental remediation.

In chapter 2, Fe**-loaded PDA materials were studied as magnetic resonance imaging (MRI)
contrast agents. An amorphous metal-chelated polymer nanoparticle presents a significant challenge for
characterizing the source of MRI contrast as structural data is complex and characterization methods
limited. Tunable concentrations of Fe** were achieved and the structure and magnetic interaction were
analyzed comprehensively by magnetometry and electron paramagnetic resonance. These characterizations
indicate the antiferromagnetic coupling in Fe** centers and optimal Fe*" concentrations can be predicted to
improve the contrast performance of PDA materials.

In chapter 3 and 4, fluorocarbon-functionalized PDA and Fe**-loaded PDA NPs were investigated
as ultrasound contrast agents. Traditional ultrasound imaging uses microbubbles with perfluorocarbon core
and lipid shell to enhance an ultrasound signal. Herein, a balance between polarity and fluorophilicity is
achieved to generate water-dispersible nanomaterials that also stabilize perfluorocarbon liquids. Results
show strong and long-term US imaging capability, with chelation of Fe*' introducing enhanced
photoacoustic imaging capability.

In chapter 5, a facile method to generate magnetic exchange-bias between ferromagnetic and
antiferromagnetic nanomaterials using nanoparticle emulsion clusters is developed. Magnetic
CoFe»04/CoO nanoclusters are studied as proof-of-concept for exchange-bias behavior. This system shows
a record exchange bias field (3200 Oe; 5K) for a nanoparticle-based system. This study gives a roadmap
for extending synthetic methods beyond the superparamagnetic range and into composite single-domain

materials for high-temperature magnetic materials with exchange-bias behavior.
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Chapter 1 Introduction to Polydopamine Materials

1.1 Introduction

This chapter is intended to provide background information about the structure, synthetic technique
and biomedical applications of polydopamine (PDA) materials. Various relevant techniques of biomedical
imaging are also described. The introduction covers fundamental chemistry as it relates to applications both

current and along future directions of polydopamine research.

1.2 Synthesis and Characterization of Polydopamine Nanoparticles

1.2.1 Structure of Polydopamine Materials

The production of PDA is generally achieved by a solution oxidation method.'> The dopamine
molecule is oxidized and self-polymerized under alkaline aqueous solution using oxygen as the oxidant.
The mild and straightforward self-polymerization procedure is a major advantage in the production of PDA
materials. Although polydopamine can be synthesized in such a simple procedure, the structure of PDA is
amorphous, highly variable, and still an active area of investigation. In early studies of PDA structure, self-
polymerization of PDA was suggested to have followed the pathway of natural eumelanin production.>*
Figure 1.1 shows a proposed polymerization mechanism, with dopamine being oxidized into dopamine
quinone and cyclizing into leucodopaminechrome. It can be further oxidized and isomerized to 5,6-
indolequinone. The further reactions can happen at positions 2, 3, 4, and 7, forming a cross-linked oligomer

or polymer.
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Figure 1.1 The molecular mechanism of the formation of PDA based on natural eumelanin production.
Copyright 2011 American Chemical Society.*

In addition to the mechanism developed based on the eumelanin model, Dreyer et al. proposed
another mechanism based on a supramolecular aggregates model (Figure 1.2). Using N and C nuclear
magnetic resonance (NMR) analysis, the authors conclude that PDA is an aggregate of monomers cross
linked through strong and noncovalent forces such as hydrogen bonding, charge transfer, and z- stacking.
Rather than covalent bonding, other type of noncovalent, intermolecular interaction plays a more important

role in this model.
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Figure 1.2 The molecular mechanism of the formation of PDA based on supramolecular aggregate model.
Copyright 2012 American Chemical Society.’
Besides these two models, Hong et al. suggested that the formation of PDA is due to the synergistic
effect of covalent polymerization and noncovalent self-assembly structure.® The authors use HPLC to
identify the unpolymerized dopamine and polymerized dopamine, and found the self-assembly products

from dopamine and 5,6-dihydroxyindole (DHI). 'H-NRM data also indicates the covalent bond formation



of dopamine-DHI-DHI conjugates. Therefore, the authors suggested two different pathways: self-assembly

of dopamine-DHI and covalent band formation of dopamine-DHI happen together to the polymerization.
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Figure 1.3 Two pathways for PDA synthesis: (A) covalent oxidative polymerization, and (B) physical
self-assembly pathway of DHI and dopamine. Copyright 2012 John Wiley & Sons, Inc.

1.2.2 Synthesis of Polydopamine Materials



As mentioned above, solution oxidation is the most common method for PDA synthesis." ’
Generally, the commerical PDA monomer, dopamine hydrochloride can self-polymerize into PDA under
alkaline aqueous solution with oxygen in the air. Mild alkaline conditions are used for the polymerization
process. The polymerization process can be observed by the color change from pale yellow to black. For
making PDA NPs, NaOH, NH3-H>O and Tris can be used as the base source with a pH around 9-11 (Figure
1.4).3!! For making PDA coating film, pH value of the solution could be tuned from 5 to 8.5 with the

increase of PDA film thickness.'?"3

Figure 1.4 (a) Schematic illustration of the synthesis of PDA NPs, (b) Typical TEM image of PDA NPs.
(c-h) SEM images of PDA NPs with different sizes. Copyright 2013 John Wiley & Sons, Inc.!!

In the solution oxidation method, the type of the oxidant used in the reaction solution is very

important for the formation of PDA. Besides oxygen, inorganic oxidants such as (NH4)2S,0s, NalOs,



NaClO4, and KCIO; can be used, for the oxidation and polymerization of dopamine in the alkaline aqueous
solution.? '*15 Furthermore, metal ions (e.g. Cu?*, Ni*") are found to accelerate the polymerization of
PDA.!''7 When combined with H,O, CuSO4/H,0- can produce reactive oxygen species (ROS), which can

speed up the deposition rate of PDA on different surfaces.'®

Enzymatic oxidation is another way to oxidize dopamine into PDA. The advantage of enzymes as
the catalysts is their high efficiency and biocompatiability. For example, laccase can catalyze the
polymerization of dopamine in aqueous solution and combine PDA into a robust matrix.!® The resulting
polymer composits can be used for biosensing. In another report, urease is used to catalyze the dopamine

polymerization to form PDA NPs.?°

Another type of synthetic method to make PDA is electropolymerization, which is generally used
for coating PDA films on electrodes for electrochemical catalytic reaction. Lee et al reported the preparation
of enzymatic biocatalytic cathode via electropolymerization of a multifunctional PDA film (Figure 1.5).2!
The electropolymerized PDA can form a compact biocatalytic thin film, which provides the long-lasting

enzyme activity and stable structure for CO, reduction.
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Figure 1.5 Schematic figure of 3D structure of EC-PDA film and its forming mechanism. Copyright 2016
John Wiley & Sons, Inc.?!



1.3 Applications

1.3.1 Metal Ion Chelation and Magnetic Resonance Imaging (MRI)

One of the most interesting physical properties for PDA is the chelation ability with transition metal
ions, including Fe**, Mn3*, Co**, Cu?*, etc. The binding site of PDA to metal ions include catechol, amine,
o-quinone, imine groups.??>* Metal ion chelation was first studied in mussel byssal thread cutile, with
catecholato-iron chelate complexes demonstrating strong mechanical properties.* The catechol binding
strength and site could also be tuned at different pH conditions. For example, Niels et al reported that
monocatechol-Fe species dominate at pH < 5.6, biscatechol-Fe species dominate at 5.6 < pH < 9.1, and
triscatechol specties dominate at pH > 9.1.% In another work, Hong et al shows that Mg?*, Ca**, Zn** can
bind to carboxylic acid groups, while Cu®" and Fe** bind to hydroxyl and amine groups;*® In their study, IR
absorption spectroscopy was used to examine the binding state of these metal ions to PDA.?’ It should be
noted that some noble metal ions such as Au**, Ag*, and Pt*" can be reduced to metals by PDA along with
the chelation.? The metal ions chelation properties of PDA materials give them with the possibility for the

applications such as bioimaging and environmental remediation by such as metal ion sequestration.

Two important techniues to characterize the metal ions in PDA system are electron paramagnetic
resonance (EPR) spectroscopy and superconducting quantum interference device (SQUID) magnetometry.
EPR can be used to characterize many materials with unpaired electrons. Since many of the metal ions
loaded into PDA will have unpaired electrons, it can be effective to characterize them by EPR. In one study,
Im et al. confirmed Fe**-catechol complexation by EPR spectroscopy (Figure 1.6).% The g value of radicals
in PDA and complexed Fe*" is broad and similar (g = 2.00), the lower intensity of the characteristic peak
from the Fe’" loaded PDA sample compared with pure PDA indicates the Fe-catechol binding may
interefere with the formation of free radical species or alter its relaxation properties. Compred with EPR,
SQUID magnetometry is more suitable for characterizing the samples with more magnetically-concentrated

species. In our own study, we use SQUID magneometry to study the Fe*" and Mn3* loaded PDA samples



with high metal concentrations.?**° The SQUID magnetometry could not only give us rough information
about the symmetry of the coodination environment , but also tell us the magnetic interaction between the
metal ions in the PDA system. For the metal loaded system, we can compine EPR spectroscopy with
magnetometry, which can give us a complete information of coordination environment, magnetic

interaction, local anisotropy as well as oxidation state of metals.
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Figure 1.6 EPR spectra of PDA and Fe-doped PDA. Copyright 2012 American Chemical Society.?®

One of the important applications for metal-loaded PDA materials is MRI imaging technique. MRI
is one of the most widely-used and information-rich imaging techniques in hospitals and scientific research
due to its very high spatial resolution, non-invasiveness, and high penetration depth. The technique of 'H
MRI was developed in the 1970s and '°F MRI was developed in the 1990s.?! The basic principle of MRI is
analogous to that of nuclear magnetic resonance (NMR). The alignment and relaxation of proton spins in
the magnetic field is the key to the principle of MRI.3? The spins of protons will align parallel or antiparallel
along the direction of magnetic field and produce a net magnetic moment. The spins will also precess with

a specified frequency around the magnetic field, called Larmor frequency (Figure 1.7a).*
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Figure 1.7 (a) The precession of proton spins under the magnetic field By under the Larmor frequency wo,
(b) the change of precession and magnetization state of proton spins after the introduction of RF frequency,
(c) T relaxation process of spins, (d) T, relaxation process of spins. Copyright 2009 John Wiley & Sons,
Inc.*?

When a radiofrequency (RF) pulse is introduced onto the proton spins (Figure 1.7b), the precession
state of the spins will be disturbed, the protons adsorb the RF energy and are excited to the antiparallel state.
After removing the RF pulse, the excited proton spins will relax to their equilibrium state. Two different
relaxation processes can be defined to characterize the spin relaxation. The first is longitudinal relaxation
(T, relaxation), in which the magnetization (M) will decrease to its initial state (Figure 1.7¢c). The second

one is transverse relaxation (T, relaxation), in which the magnetization in the perpendicular plane (Myy)

disappears by the spin dephasing (Figure 1.7d).3

Although the MRI technique has the advantage of high resolution, the image contrast and sensitivity
suffer due to the long relaxation time of water protons. Additional contrast agent is essential to enhance the
image contrast and sensitivity of detection. As there are two relaxation pathways in MRI, there are two
methods of creating of MRI contrast: Ty and T contrast agents. Typical T; contrast agents are paramagnetic

chelates such as Gd-DTPA and Gd-DOTA;* The advantage of Gd chelates is the seven unpaired electrons



from Gd**, which gives a large net magnetic moment which can greatly enhances its relaxation rate (Figure
1.8). However, due to the potential toxicity of Gd*" in biological system, transition metals such as Mn**,
Fe*', Cu** can be used to replace Gd** due to their presence in biological processes. For example, Mn?" in
the form of MnCl, solution has been used to visualize the anatomic structure of the brain.** Typical T,
contrast agents are ferrimagnetic FesO4 nanoparticles. The high magnetization of Fe;O4 nanoparticles can

create field inhomogeneity and shorten the T, relaxation time, producing the T, contrast.
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Figure 1.8 3d and 4f electron configuration and magnetic moment of different metal ions. Copyright 2009
John Wiley & Sons, Inc.*

1.3.2 Ultrasound imaging

Ultrasound imaging is one of the most widely used imaging technique in the world. Similar to MRI,
it has the advantage of noninvasive and safety, while it also has the advantage of low cost and real-time
imaging. The contrast shown in ultrasound imaging requires density difference between tissues to produce
different acoustic impedance resistance to sound propagation.®® Ultrasound contrast agents can create very
large acoustic impedance since many of them are made of volatile gas, thus enhancing the ultrasound signal.
One of the most commonly used ultrasound contrast agents are microbubbles, which is 1 — 7 pm in size.
Microbubbles can behave as blood-pool markers, tracers, and cardiac imaging.>® The microbubbles are
made of gas core such as air or perfluorocarbon (PFC) gas, and stabilizing shell (such as phospholipids and
polymer, albumin). The core materials can give them biocompatibility and persistence for minutes after

injection. One of the major contribution of microbubbles to the ultrasound imaging is Doppler mode. The



Doppler mode signal correlates frequency shifts to relative motion. The echoes from stationery tissue and
moving scatterers generate different signal Doppler frequencies. The big difference in density of bubbles
and tissues represents a large impedance mismatch and the echogenicity. Figure 1.9 shows the typical
ultrasound images with doppler mode on hepatic tumor tissue. In addition, when the microbubbles are
exposed to an ultrasound pulse, they will vibrate like alternate contraction and expansion. Their vibrating
resonance frequency is around 2-10 MHz, which corresponds to the frequencies used in diagnostic

ultrasound facility.¢

Another contribution from the applications of ultrasound contrast agent is the contrast pulse
sequencing (CPS) imaging mode. CPS is an another type of contrast-enhanced ultrasound imaging
technology that uses nonlinear signal from the contrast agent, which is different from the linear signal from
the tissues and improves the spatial resolution and sensitivity.>’** CPS can provide higher penetration depth
and less attenuation than conventional ultrasound imaging technique. Figure 1.10 shows an example of CPS

imaging.

Figure 1.9 Ultrasound images from a focal nodular hyperplasia with (A) conventional B mode image, (B)
color Doppler mode with Levovist (2.5 g, 400 mg/ml) as the contrast agent. Copyright 2001 Springer-
Verlag.*

Due to the large size of microbubbles, next-generation ultrasound contrast agents were developed
with smaller than 1 pm size (Figure 1.11). For example, nanoparticle can be used as the cavitation seeds
for the ultrasound imaging. Goodwin et al. reported the air-encapsulation mesoporous silica nanoparticles.*!

The 100 nm mesoporous silica nanoparticles are functionalized with octyl groups and Pluronic F127 which

can fill the nanoparticles with air and still stable in aqueous solution. The administration of high intensity

10



focused ultrasound (HIFU) allows sensitive imaging with very low concentration of nanoparticles.*!
Coussios et al. reported a sub-micron size of polystyrene (PS) nanocups for B-mode imaging and drug
delivery, and the ultrasound-propelled nanocups can travel and enhance the delivery of unmodified
therapeutics.*” In our previous study, we use F-functionalized PDA nanoparticles loaded with
perfluoropentane (PFP) for ultrasound contrast agents, and our in vifro study shows high imaging contrast

and long imaging time using our materials.*

S mm

MI = 0.39

Figure 1.10 CPS Imaging of gas filled silica particles, (a) CPS images at mechanical index (MI) of 0.39,
(b) CPS images at MI of 1.9. Copyright 2012 AIP Publishing LLC.*
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Agent Type Shell Core Size (Diameter)

Cavitation seed Lipid, polymer  Solid core 20 - 500 nm
with gas pockets

= Echogenic liposome Lipid bilayer Aqueous core 100 nm - 10 um
- )) with gas pockets
(perfluorocarbon)

Lipid, polymer, ~Gas core 100 - 800 nm
protein (perfluorocarbon)
Gas vesicle Protein Gas core 45 - 250 nm (diameter)

100 - 600 nm (length)

Nanodroplet Lipid, polyer Liquid core 200 - 400 nm
(perfluorocarbon)

Figure 1.11 The size and composition of different sub-micron ultrasound contrast agents. Copyright 2017
John Wiley & Sons, Inc. #

1.3.3 Photoacoustic imaging

Photoacoustic imaging (PA) is a new type of imaging technique based on laser-activated ultrasound
generation (light in, ultrasound out). It combines the high contrast and spectroscopy capability of optical
imaging with the high spatial resolution of ultrasound imaging. In PA imaging, ultrasound waves will be
generated after irradiating the tissue with modulated electromagnetic radiation like pulse laser.*® The
commonly used radiation source is a laser with the wavelength between 550 and 900 nm.* The near-
infrared (NIR) range can provide the largest penetration depth for the tissue. Strong adsorption in NIR range
can provide good PA signal. From this standpoint, PA contrast agents generally have great absorption in
NIR spectral range. PDA is a good candidate for PA contrast agent since it has good adsorption in NIR
range. Zhang et al. reported an Iridium(III) complexes loaded PDA nanoparticles for multimodal imaging
and cancer therapy.*® The nanoparticles show strong PA signal in mice tumor and demonstrate the great

advantage in imaging-guided cancer therapy and real-time monitoring of the response to therapy (Figure
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1.12). In another example, peptide functionalized PDA nanoparticles can be used for the combined PA
imaging and photothermal therapy.*’ In our current study, we made F-functionalized Fe-loaded PDA
nanoparticles with US/PA dual imaging modality. Initial in vivo study shows that subcutaneously injection

of nanoparticles exhibits strong PA signal in nude mouse.

Before After 0.5 h (i.v.) After 1 h (i.v.) After 24 h (i.v.) After24 h (i.t)

Figure 1.12 In vivo photoacoustic imaging of tumors in mice. Copyright 2018 John Wiley & Sons, Inc.*®
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Chapter 2 Structure and Function of Iron-Loaded

Synthetic Melanin
Published Journal Name: ACS nano Publication Date: November 1, 2016

2.1 Abstract

In this chapter, we describe a synthetic method for increasing and controlling the iron loading of
synthetic melanin nanoparticles and use the resulting materials to perform a systematic quantitative
investigation on their structure—property relationship. A comprehensive analysis by magnetometry, electron
paramagnetic resonance, and nuclear magnetic relaxation dispersion reveals the complexities of their
magnetic behavior and how these intraparticle magnetic interactions manifest in useful material properties
such as their performance as MRI contrast agents. This analysis allows predictions of the optimal iron
loading through a quantitative modeling of antiferromagnetic coupling that arises from proximal iron ions.
This study provides a detailed understanding of this complex class of synthetic biomaterials and gives

insight into interactions and structures prevalent in naturally occurring melanins.
2.2 Introduction

The natural function and structure inherent to the biomaterial melanin have sparked interest in its
utility across a broad range of biomedical applications.® Recent work has shown that through the self-
oxidation polymerization of dopamine under alkaline conditions, synthetic mimics of natural melanin, with
similar chemical structure as well as physical and biological properties, can be achieved.?® These
polydopamine (PDA)-based synthetic nanoparticles retain many of the desirable properties of natural
melanin and have been studied for use in catalysis,* free radical quenching,®® inkjet printing,>®

photothermal therapy,”® and structural coloration.®° Many of these applications rely on the strong binding
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affinity of catechol-based functional groups, allowing robust coordination of various transition metals.***?
Despite the proliferation of work in this area, the complex, amorphous nature of the material necessitates a
multi-technique approach to elucidate the physical, electronic, and magnetic structure.® Herein, we employ
a host of complementary techniques to define the properties of synthetic melanin nanoparticles (SMNPs)
prepared by a synthetic route that, critically, provides tunability of the Fe(lll) content. A similar synthetic
method to ours has been described very recently in a report focusing on morphological control in battery
applications.* Our goal to study the evolution of magnetic and spectroscopic properties led us to focus on
a synthetic strategy that provides particles that incorporate a wide range of concentrations of high-spin

Fe(lll).

Synthetic melanin-based materials are of particular interest as MRI contrast agents due to their
excellent biocompatibility and ability to coordinate isolated paramagnetic metal centers.*>'® The catechol-
functionalized network of the nanoparticle acts as a scaffold for chelation of paramagnetic metal ions,
leading to Ti-weighted MRI contrast. Although a number of studies have been published on such materials,
questions remain about the origin and the path to optimization of the MRI contrast.® Our approach initially
involved the development of synthetic methods to achieve high metal loadings, as Ti-weighted MRI
contrast should scale linearly with the number of isolated paramagnetic centers. The obvious method for
preparation of SMNP MRI contrast agents is to expose the already-formed SMNP to a solution containing
Fe(l1) cations, an approach we term the postdoping synthetic strategy (Figure 1a). The postdoping synthetic
strategy is convenient and allows for the complexation of a variety of cations.!” However, this approach
generally limits the metal loading efficiency, which in our hands results in less than 1% iron by mass.®
Although this situation can be improved somewhat by decreasing the surface-to-volume ratio of SMNPs,®
Yachieving ultrahigh, tunable Fe(Ill) loadings (i.e., >5%) for optimizing and studying the magnetic

properties and resulting SMNP-based MRI contrast has remained elusive.
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Figure 2.1 Preparation of SMNP-i (i = 0 - 5) samples: (a) postdoping strategy for SMNP-1, (b) pre-
polymerization doping strategy for SMNP-2, SMNP-3, SMNP-4, and SMNP-5, and (c¢) SMNP-i (i=0-5)
samples with different Fe(I1l) concentrations. Copyright 2016 American Chemical Society.!®

Another important question is how water relaxation can occur in a system with strongly chelating
catechol units interacting with Fe(lll). Considerable insight into the coordination environment of catechol-
based materials in general has been gained through electron paramagnetic resonance (EPR) and M&sbauer
spectroscopies.’®2 EPR in particular has given a wealth of data regarding the presence or absence of radical
electrons and trace metal ions. However, systems with higher quantities of Fe(lll) are difficult to analyze
by these techniques due to nonuniform coordination environments and interion magnetic interactions. By
contrast, magnetometry excels at the analysis of higher magnetic concentrations and can also reveal details
of the local anisotropy and coupling interactions that are vital to understanding the magnetic nature of
highly doped materials. Notably, although a variety of analytical methods have been individually employed
in characterizing natural melanins,!” 242% a thorough analysis by combined methods allows us to exploit the
specific strengths of each technique to understand the coordination environment and magnetic interactions
of synthetic mimics of melanin and, in the future, potentially the natural biomaterial itself in all its various

forms.
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2.3 Results and Discussions

2.3.1 Synthesis and Characterization of SMINPs by Electron Microscopy

To prepare a series of SMNP contrast agents with a broad range of Fe(lll) loadings for systematic
structure—property relationship analysis, the development of a general Fe(l11)-doping strategy to achieve >5%
loading was required. This was accomplished through the use of a prepolymerization doping strategy, which
employs a mixture of Fe(l11)(dopamine)s? and free dopamine as the precursors for the formation of Fe(111)-
chelated SMNPs (Figure 2.1b). During the polymerization process, in the presence of Tris (Table 2.1),%
Fe(l1l) can be continuously incorporated into the SMNP as it forms, allowing tunable, high doping levels
of metal ions inside the particle. We have employed this prepolymerization doping strategy (SMNP-i (i =
2-5), Table 2.1) and the standard postdoping strategy (SMNP-1) to synthesize a series of Fe(lll)-doped
SMNPs with various Fe(ll1) concentrations (Table 2.2). Note that Fe(l1l) loading in SMNP-5 could even
reach 10.26%. Additionally, our prepolymerization doping one-pot strategy features several advantages
over the postdoping synthetic strategy including efficiency of synthesis, leading to generally higher yield

reactions due to less purification work.

Table 2.1 Reactants and their formulations for the preparation of SMNP-i (i = 2, 3, 4, 5). Copyright 2016
American Chemical Society.'®

Sample Dopamine FeCl;*6H,0 Tris(mg) Total Water pH
Hydrochloride (mg) (mg) (mL)

SMNP-2 45 0.6 45 150 8.90

SMNP-3 45 1.3 90 150 8.91

SMNP-4 45 6.2 450 150 9.36

SMNP-5 45 204 1500 150 9.80
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Table 2.2 Physical parameters of SMNP-i (i = 0-5). Copyright 2016 American Chemical Society.'®

Sample Fe(11)% Size (nm) Synthetic Strategy
SMNP-0 0 150425 -

SMNP-1  0.46 150425 Post-Doping
SMNP-2  1.89 190420 Pre-Doping
SMNP-3  2.88 170425 Pre-Doping
SMNP-4  5.86 140420 Pre-Doping
SMNP-5  10.26 250430 Pre-Doping

All SMNPs were characterized by transmission electron microscopy (TEM) (Figure 2.2) and
scanning electron microscopy (SEM) (Figure 2.3) to quantify their size and uniformity. The combination
of TEM, cryo-TEM, and SEM (Figure 2.2, 2.3, 2.4) shows spherical nanoparticles with diameters in the
range of 140 to 250 nm (Table 2.2). The presence of metal inside the nanoparticles was evident in the high
contrast they exhibit when observed via high-angle annular dark field (HAADF)-STEM and bright-field
scanning transmission electron microscopy (BF-STEM) (Figure 2.5). Selected area HAADF-STEM
coupled with energy-dispersive X-ray spectroscopy (EDS) further confirms the presence of Fe(lll) ions
localized in the nanoparticles (Figure 2.6). The EDS profiles suggest that the content of iron in the testing
areas of SMNP-4 was significantly higher than that on the grid surface background, which is in good
agreement with the elemental mapping analysis results (Figure 2.4). Together, these results strongly suggest
that SMNP-i (i = 0-5) are morphologically similar at the nanoscale, and hence, we expect them to differ

only in the average number of unpaired spins imparted by the Fe(l1) ion content.
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Figure 2.2 Representative TEM images of SMNP-0 (a), SMNP-
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Figure 2.3 Representative SEM images of SMNP-0 (a), SMNP-1 (b),
-5 (f). Copyright 2016 American Chemical Society.'
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Figure 2.4 Representative electron microscopy characterization of SMNP-4: (a) TEM; (b) cryo-TEM,; (c)
SEM; and (d) HAADF-STEM (inset is the selected area EDS Fe elemental mapping image). Copyright
2016 American Chemical Society.'®

Figure 2.5 (a) BF-STEM and (b) HAADF-STEM images of SMNP-4. Copyright 2016 American Chemical
Society.'®
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Figure 2.6 (a) HAADF-STEM image of SMNP-4 with the selected area chosen for EDS spectral mapping
outlined with a yellow box. Insert in lower right is the EDS Fe elemental mapping image of selected area;
(b) EDS spectra of SMNP-4 from the testing area (red) and background (blue) in (a). Copyright 2016
American Chemical Society.'®

2.3.2 Characterization of SMNPs by NMRD and MR Imaging Analysis

Additional unpaired spins present in the higher Fe(ll1)-loaded samples should have a strong effect
on the relaxometry of proximal solvent protons. This effect, the source of T, contrast enhanced MRI, was
probed through measurement of the longitudinal water proton relaxation rates (R1) as a function of applied
magnetic field for all SMNP samples. 1H nuclear magnetic relaxation dispersion (NMRD) allows an
accurate determination of the field dependence of R1 that arises from the magnetic interaction between the
metal centers and the solvent.?®?® This takes place either through chemical exchange between the bound
water and the bulk water molecules (inner sphere) or through a long-distance interaction with outer-sphere
water molecules that rapidly diffuse near the paramagnetic centers (outer sphere). Shown in Figure 2.7 are
the 1H NMRD profiles of SMNP-i (i = 1-5) measured at 298 K in the range 2.3 mT to 1.6 T. The data are
expressed in terms of relaxivity, rip, which is defined as the relaxation rate enhancement induced by 1
mmol/L of the paramagnetic ion. With the exception of the lowest Fe(lll)-loading sample, the NMRD
profiles of the SMNPs show a similar shape characterized by a low-field plateau (ca. 0.1-1 MHz), followed
by a dispersion around ~2-4 MHz and a relatively small increase at frequencies above ca. 30 MHz. The

single dispersion displayed at about 3 MHz corresponds to a correlation time tc = 9 x 107 s. Due to the
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slow rotational dynamics (long tr Values) of paramagnetic centers in these nanoparticles, we attribute this
correlation time to the electronic relaxation time ts, which has been reported to fall in the range 10! to 10-
®5.30 The clear increase of ry, above ca. 30 MHz makes it evident that (1) 1s is field dependent and (2) ts
represents a predominant factor in the determination of tc. This behavior resembles that reported by Bertini
et al. in the case of the 1H NMRD profiles of Fe(lll) aqua ions in different glycerol-water mixtures.*! By
increasing the viscosity, the relative contribution of tr to tc with respect to ts decreases and the relaxivity
in the high-field region increases. The NMRD profile of the iron-binding glycoprotein transferrin shows a
similar general trend, although with a more pronounced decrease of ri, with frequency in analogy with that
observed for SMNP-1.%2 All these features suggest the presence of one or more water molecules bound to

the metal centers (q > 1), at least for a certain population of the Fe(III) centers.

= SMNP-5 ® SMNP-5
(@ | . o SMNP-4 (b) * SMNP-4
b A SMNP-3 8 A SMNP-3
. - 1 - SMNP-2
SMNP-2 L ¥
= . . SMNP.1 < Toe s 0
- * o b4 ® 0
_l @ o
_w 1 * * ?» - - -
E 4 o v ¢ 0. — A A A L = .
104 A A A v TR ‘? = L] T ETLA
g S I v v S 4.4 B A
' | - = = A I XX‘A E v o = % A
o
1 L e e oe*’ kf‘ V"% 9 et
54
L » * - . *
4 n n L L] - = u g b2 * * * 000
T T 13 ol O'W!‘—!—Fmﬂ—'—'-mim—!—m!“
0.1 1 10 100 0.1 1 10 100
Proton Larmor Frequency/MHz Proton Larmor Frequency /MHz

Figure 2.7 (a) *H NMRD profiles for SMNP-i (i = 1-5). The x-axis is the proton Larmor frequency; the y-
axis is the rp value per Fe(l11) ion (ripreqny) for each SMNP. (b) *H NMRD profiles for SMNP-i (i = 1-5).
The x-axis is the proton Larmor frequency; the y-axis is the ryp value per SMNP (rip@articie)). Copyright 2016
American Chemical Society.'®

The shape and amplitude of the NMRD profiles suggest various contributions to the relaxivity. The
relative complexity of the shape of the profiles reflects the distribution of different populations of species
with different coordination environments and thus magnetic properties. The outer-sphere contribution to

relaxivity, predominant in the case of tris-catechol-Fe(l11) species (q = 0), is generally rather small and can

be estimated at approximately 1-2 mMs7.33 When water is bound to an Fe(I11) cation in a macromolecule,
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the long exchange lifetime often represents a limiting effect on relaxivity. However, as shown by the case
of fluoromethemoglobin,* high relaxivity values can be associated with fast exchanging water molecules
H-bonded to hydroxide ligands on or next to Fe(l11) ions (second-sphere contribution).* The dominant role
of this mechanism has recently been discussed in the case of polycatechol nanoparticles.®*® All these

contributions, with different weights, are likely to play a role in determining the relaxation behavior of these

SMNPs.

Since each SMNP can contain many chelated Fe(lll) ions, it is interesting to consider the per
particle relaxivity (ripparicie)) to describe the local concentration necessary to achieve the desirable T: MR
imaging contrast under different magnetic fields. Figure 2.7b shows the calculated ripparticie) Of €ach SMINP.
Interestingly, the plots of ripparicley and ripreqiyy Show different trends (i.e., see Figure 2.8 for ripgpariciey and
I'pcreqny) results of SMNPs at 20 MHz). Whereas ripreqny reveals a diminishing return for additional Fe(l11),
the plot of ripgaricie) Shows there is an upper limiting doping level (i.e., SMNP-4) after which the *H NMRD
shows a decrease in relaxivity over all frequencies. These data lead to the counterintuitive result that highly

paramagnetically doped particles are inferior to those doped with lower levels of Fe(ll1) ions. The origin of

this effect will be discussed in subsequent sections.
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Figure 2.8 Plot of longitudinal relaxivity r1 nomalized to Fe(l11) and particle (ripeqiy and ripgparicie)) VErsus

concentration of Fe(lll) at proton Larmor frequency of 20 MHz. Copyright 2016 American Chemical
Society.'
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The long-term stability of any MRI contrast agent in biological fluids is a prerequisite to ensure
their in vitro and in vivo MR imaging performance. Similar to the reported SMNP-1 chelating platform,*’
SMNP-i (i = 2-5), synthesized via the predoping strategy demonstrate high stabilities (Figure 2.9). Notably,
the Fe(lIl) content of each SMNP remains at approximately 100% of the original value after 1 week of
exposure to PBS. Additionally, the long-term MRI signal-enhancing capability of Fe(lll)-chelated
nanoparticles was tested in a Bruker 7.0 T magnet in different media including water, PBS buffer, fetal
bovine serum (FBS), and Dulbecco’s modified Eagle medium (DMEM). SMNP-1 and SMNP-4 were
selected as samples in this study with SMNP-0 employed as the control. SMNP-1 and SMNP-4 exhibited
signal enhancement in T1-weighted MR images in different media (Figure 2.10). After 5 days of incubation
with serum and cell culture medium, the MR images for both SMNP-1 and SMNP-4 samples did not lose
intensity, suggesting long-term stability of SMNP agents in biological fluids. Additionally, at the same
particle concentration (1.3 mg/mL was used in this study), MR images for SMNP-4 are much brighter than
those of SMNP-1 under identical conditions, in good agreement with shorter T relaxation (Figure 2.10).
All observations indicate that SMNP-4 enables the best in vitro MRI performance at a fixed particle
concentration. Subsequently, a systematic study was performed to investigate the long-term MRI contrast-
enhancing capability of all SMNP-i (i = 1-5) samples in different media including water and cell culture
media (i.e., 90% DMEM with 10% FBS). It was observed that freshly prepared SMNP-i (i = 1-5) show
similar relaxivity in cell culture medium compared with water (Figure 2.11 and Table 2.3). In addition, we
note that after 5 days of incubation with cell culture medium, the relaxivity values for all SMNP samples
do not decrease, confirming the materials are promising in terms of long-term stability of SMNP MRI

agents in biological fluids.
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Figure 2.9 Stability study of Fe(lI1)-chelated SMNP-i (i=2-5) in PBS. Copyright 2016 American Chemical
Society. 8
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Figure 2.10 Ti-weighted MR images captured on a Bruker 7.0 T magnet from SMNP-0, SMNP-1, and
SMNP-4 in different media (particle concentration is 1.3 mg/mL in each tube). T results for each phantom
are shown below in milliseconds, respectively. Copyright 2016 American Chemical Society.'®
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Figure 2.11 MRI characterization of SMNP-i (I = 1-5) nanoparticles on a Bruker 7.0 T magnet. Plots of
1/T, versus Fe(lll) concentration for SMNP-i in different medium with calculated r; (green: SMNP-i in
water, blue: SMNP-i in freshly prepared complete DMEM medium (10% FBS), red: SMNP-i in complete
DMEM medium (10% FBS) for 5 d). (a) SMNP-1, (b) SMNP-2, (c) SMNP-3, (d) SMNP-4, and () SMNP-

5. Copyright 2016 American Chemical Society.'®
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Table 2.3 ry result for each sample shown in Figure 2.11

Sample r Sample r Sample r
(mM- (mM- (mM-
s 151y 151y
SMNP-1@H20 46 | SMNP-1@DMEMOd| 7.2 | SMNP-1@DMEM 5d 6.7
SMNP-2@H20 2.7 | SMNP-2@DMEM 0d | 3.3 | SMNP-2@DMEM 5d 4.2
SMNP-3@H-0 2.6 SMNP-3@DMEM 0d | 3.0 SMNP-3@DMEM 5d 3.8
SMNP-4@H20 1.8 | SMNP-4@DMEMO0d | 2.0 | SMNP-4@DMEM 5d 2.4
SMNP-5@H20 1.2 | SMNP-5@DMEM0d | 1.2 | SMNP-5@DMEM 5d 1.3

2.3.3 Magnetochemical Analysis of SMINPs

Several intriguing questions arise from the relaxivity data: (1) Is the T contrast arising from an
inner-sphere binding event, despite the propensity for catechol to form strong tris-chelates in neutral and
basic solutions? (2) Why is there not a linear increase in the relaxivity response with additional Fe(lll)

cations, as would be expected for T1 contrast? To address these questions directly, we turned to techniques

that are sensitive to the local spin states as well as the ensemble properties of the magnetic structure.

EPR spectra of frozen solutions were collected at 125 K (Figure 2.12), providing significant
information regarding the distribution of radicals within Fe(Ill)-loaded SMNPs.*® The characteristic
spectrum of the persistent radical, which is a hallmark of all melanins, is visible in samples with less than
2% iron. As reported, paramagnetic metals can reduce the amplitude of this peak,* completely suppressing
it at high loadings. All iron-containing samples show a peak at 1600 G (g = 4.3), which is attributed to high-

spin Fe(l11) in sites of low symmetry of tetrahedral or octahedral coordination.” The width of this peak
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increases with increased iron loading due to spin-spin dipolar coupling.*® From these data, we determined
the change in the full width at half-maximum as a function of total iron, with the linear progression
suggesting that the iron loading is evenly distributed in a 3-D matrix of sites, as opposed to either lower

dimensional arrangements or clusters (Figure 2.13).%
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Figure 2.12 (a) Experimental EPR spectra of SMNP-i (i = 0-5). (b) Temperature-dependent EPR analysis
of SMNP-5. Copyright 2016 American Chemical Society.!'®

At the highest iron loading levels, a very broad spectrum centered near g = 2 is evident. In many
systems, a spectrum of this form is due to superparamagnetic or ferromagnetic particles. Therefore, the
spectrum of SMNP-5 was recorded over a wide range of temperatures to explore the magnetic properties
of this species (Figure 2.12b).*> However, unlike a ferromagnetic material, which would have a constant
intensity, or a superparamagnetic material, which would have spectra that would broaden and shift to lower
field as the temperature is lowered, the spectra increase in amplitude as the temperature is lowered to 20 K,
but then sharply diminish in amplitude at 3.5 K. This behavior indicates the occurrence of a more complex

magnetic behavior that gains in strength with increasing Fe(l11) loading.
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Figure 2.13 Line width of g = 4.3 EPR spectrum as a function of iron. Black circles, line width from data
acquired at 125 K. Red line is first order fit of data showing that line width increases linearly with iron
content. Copyright 2016 American Chemical Society.'®

To elucidate the origin of this alteration in the magnetic structure at high Fe(lll) cation
concentrations, the temperature dependence of the SMNP magnetic susceptibility was investigated by
superconducting quantum interference device (SQUID) magnetometry (Figure 2.14). The lowest Fe-
loading sample (SMNP-1) was expected to largely exhibit characteristics of the isolated octahedral high-
spin d° configuration of Fe(l11) (S = 5/2) as demonstrated by the EPR data. Indeed, the product of magnetic
susceptibility and temperature per mole Fe (ymT) at 300 K approaches the expected spin-only value of 4.375
emu K cm~2 mol! for a purely Fe(l11)-containing sample. This close agreement precludes the possibility of
significant Fe(ll) and low-spin Fe(lll) populations, as they would lead to significant alterations in the
yvT value. As temperature is decreased from 300 K, the effects of antiferromagnetic Fe(lll)-Fe(lll)
interactions begin to manifest in the ymT data. For SMNP-1 with only 0.46% Fe(lll) loading, the majority
of Fe(ll1) centers are sufficiently isolated so as to display their full, uncoupled moment. However, a non-
negligible subset of Fe(lll) are close to other Fe(lll) sites and thus display antiferromagnetic interactions

that lower the overall ymT value. As we increase the Fe(lll) concentration up to 10.26% (SMNP-5),
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deviations from the spin-only expectation become more drastic, leading to a drop of more than 20% in the

ymT product at room temperature.
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Figure 2.14 Temperature dependence of the product of magnetic susceptibility and temperature (ymT) for
SMNP-i (i = 1-5). The dotted line describes the behavior of an isolated, isotropic Fe(lll) ion. Solid lines
represent a global fit of the data between 25 and 300 K as described in the text. Copyright 2016 American
Chemical Society.'

We find that a relatively simple model, incorporating an isotropic g value and magnetic coupling
constant (Je_re), is able to satisfactorily explain the coupling behavior of Fe(lIl). In this model, we need
only consider two general types of Fe(lll) centers: magnetically isolated Fe(l11) and magnetically coupled
Fe(I1l). This assumption is based on the weak superexchange pathway that the catechol functional groups
of PDA provide. Indeed, model molecular Fe(lll) catecholate dinuclear complexes display coupling
constants of less than 30 cm™, even when only separated by a single catecholate oxygen.***° The ratio
between the uncoupled and coupled Fe(l11) subsets is fitted along with an isotropic g and Jre_re Value by
simultaneous global fitting of all susceptibility data. Uncoupled Fe(lll) is modeled as an ideal
paramagnetic S = 5/2 Fe(lll), whereas coupled Fe(lll) is modeled through an HDVV Hamiltonian (Eq 1)

where S; and S, are spin operators for equivalent interacting spins. Although most natural and synthetic
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melanin systems have been shown to possess some radical electron character,® “4” we do not find it
necessary to include radical electrons in our model. This is corroborated by measuring magnetic
susceptibility of equivalently synthesized pure melanin nanoparticles (SMNP-0) without Fe(l1) loading,
which shows a negligible paramagnetic moment across all temperatures (Figure 2.15). This does not imply
that no radical population is present, only that it is necessarily low enough to be inconsequential to the

overall magnetism. In fact, EPR spectra (Figure 2.12) confirm the presence of organic radicals in SMNP-0

and SMNP-1.

H= —2Jpe-Fe §1' §2 (Eq 1)
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Figure 2.15 (a) Plot of the product of temperature and magnetic susceptibility vs. temperature (ymT) for
SMNP-0. (b) Low-temperature magnetization data under different applied fields for SMNP-1. The black
lines represent fits to data. Copyright 2016 American Chemical Society.'®

The fitting results reveal antiferromagnetic coupling (g = 2.05 £0.04; Jre re = —24.8 £ 2.7 cm™)
that corresponds well to molecular Fe-catechol systems.**43-4° Of particular note is that at very high Fe(lI1)
loadings (SMNP-5) over half of the Fe(l11) is now involved in magnetic coupling interactions, leading to a
significant drop in the moment even under ambient temperature conditions. This behavior tracks well with
the low riprequy) Of the SMNP-5 sample (Figure 2.7a). From the view of MRI contrast agents, this

antiferromagnetic coupling tempers the advantage of high loading because of the significant reduction in
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room-temperature moment per iron center compared with less concentrated Fe(l11) samples. Additionally,
the magnetically coupled Fe(l11)-Fe(lll) interactions can alter the nature of the relaxation, shifting of the
SMNP toward T.-weighted agents at high concentrations. These factors indicate that there will be an
optimal Fe(l11) concentration. This relatively strong coupling also indicates that short Fe(111)—Fe(l11) ligand-
based bridges can exist within the PDA structure, an intriguing result considering that mononuclear
molecular Fe(lll)-catechol exists as a mixture of bis- and tris-catechol-Fe(lll) species at our synthetic
conditions (pH ~9). Since a tris-catechol binding mode would inhibit the formation of effective
superexchange bridges, the strength of coupling we observe may indicate a low catechol coordination
number for Fe(l11) within the SMNP. If in fact, the PDA structure is limiting the catechol coordination, this
opens the exciting possibility that water is able to directly bind to Fe(l1l) centers or interact with hydroxides
directly bound to Fe(lll) centers, thus explaining the strong MRI contrast observed for Fe(l11)-coordinated

synthetic melanin.®®

Further evidence of limited Fe-catechol bonding was obtained by scrutinizing the deviations from
ideal paramagnetic behavior observed at very low temperature. These deviations are caused by magnetic
anisotropy induced by a low-symmetry coordination environment as well as Zeeman splitting due to the
applied field. To isolate the effects of the magnetic anisotropy, we performed a series of low-temperature,
variable-field measurements for SMNP-1, which has the lowest amount of coupled Fe(lll) (Figure 2.16a).
We focus on SMNP-1 because 90% of the Fe(lll) is in the uncoupled state, and the magnetic influence of
the remaining 10% is minimized due to its relative isolation in the antiferromagnetically coupled (S = 0)
state at low temperature. Under these approximations, the molar magnetization values in Figure 2.16a are
solely due to uncoupled Fe(lll) ions. By fitting to an axially anisotropic Hamiltonian (Eq 2) using the
MagProp module of DAVE 2.3 (Figure 2.16),%° a small but non-negligible axial anisotropy is determined
to be present (D = 0.88 £0.29). Interestingly, this value corresponds to that observed for monocatechol-
bound Fe(ll1) in acidic aqueous solution (D = 0.82), but is significantly higher than the bis- and tris-

catechol-bound Fe(lll) (D= 0.42 and D = 0.32, respectively).?* High Fe(lll) concentration samples
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(SMNP-2 through SMNP-5) gave similar results although with less satisfactory error values due to the

added complication of large contributions from coupled Fe(l1l) (Figure 2.17).
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Figure 2.16 (a) Plot of variable-temperature variable-field magnetization data for SMNP-1. The color bar
represents the difference between experimental data and fitting results. A standard 2D M vs H/T plot is
shown in Figure 2.14b. (b) UV-vis spectra of 0.1 mg/mL SMNP showing the transition from a featureless
absorption for SMNP-0 to a well-defined yet broad structure in SMNP-5. Absorption peaks for mono-
(~710 nm), bis- (~570 nm), and tris-catechol (~490 nm) are identified by dashed green, blue, and red lines,
respectively. Copyright 2016 American Chemical Society.'®
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Figure 2.17 Low-temperature magnetization data under different applied fields for (a) SMNP-2; (b) SMNP-
3; (c) SMNP-4; (d) SMNP-5. The black lines represent fits to data. Copyright 2016 American Chemical
Society.'®

The magnetic evidence strongly suggests that despite the high concentration of catechol in SMNP
materials and pH values during synthesis that should initially favor a tris-catechol binding mode, Fe(lll) is
largely coordinated as the monocatechol in the final product. As this result was somewhat counterintuitive,
UV-vis spectroscopy was employed to corroborate our magnetic analysis. Figure 2.16b shows that both
high (SMNP-5) and low (SMNP-3) Fe(ll1) loadings exhibit a broad peak at 710 nm, which is indicative of
monocatechol-Fe(111) complexes.?® 552 In stark contrast to previously studied free Fe(lll) catechol
systems,®52 this peak persists even at very basic pH values for 24 h with no indication of bis- or tris-

catechol formation (Figure 2.18). These data suggest that melanin-based MRI contrast agents may allow
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for water exchange through an “inner-sphere” Ti relaxation, even for Fe(lll) embedded within the

nanoparticle.t> 3
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Figure 2.18 UV-vis spectra of 0.1 mg/mL SMNP-5 suspended in water at a pH of 4 to 11. Spectra collected
(@) 5 min and (b) 24 h after pH change. Copyright 2016 American Chemical Society.'®

From the combination of magnetometry and magnetic spectroscopy (EPR) we can conclude that
isolated paramagnetic iron centers exist throughout the SMNPs. At higher concentrations, the Fe(l11) does
not form oxide particles that would show ordered magnetic behavior but does form weak antiferromagnetic
superexchange interactions that effectively cancel out a significant portion of the 300 K magnetization.
Additionally, the high magnetic anisotropy indicates a low-symmetry environment that is not consistent
with tris-catechol coordination of Fe(lll); thus the superexchange is likely mediated by diamagnetic

bridging ligands and not the polymer backbone.

2.4 Experimental Section

2.4.1 Particle Synthesis and Characterization

All chemicals were purchased from Sigma-Aldrich and used without further purification. SMNP-0

and SMNP-1 were prepared according to a literature method.®
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General synthetic method for SMNP-i (i = 2, 3, 4, 5) (prepolymerization doping strategy): 45 mg
of dopamine hydrochloride and different amounts of iron(l11) chloride hexahydrate were fully dissolved in
130 mL of deionized water under stirring at room temperature for 1 h. Subsequently, 20 mL of Tris (2-
amino-2-hydroxymethylpropane-1,3-diol) aqueous solution (with varying Tris concentrations, Table 2.1)
was quickly injected into the established solution. It was observed that the solution color immediately
turned red, gradually turning black after 0.5 h. After another 1.5 h, the targeted SMNP-i was separated by

centrifugation and washed three times with deionized water.

TEM was performed on a FEI Sphera microscope operating at 200 keV. TEM grids were prepared
by depositing small (3.5 pL) aliquots of sample onto grids (~2 min, Formvar stabilized with carbon (5-10
nm) on 400 copper mesh, Ted Pella Inc.) that had previously been glow discharged using an Emitech K350
glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit. Micrographs were recorded

ona?2 K x 2 K Gatan CCD camera.

Cryo-TEM experiments were also performed on a FEI Sphera microscope operating at 200 keV.
TEM grids were prepared by depositing small (3.5 uL) aliquots of sample onto grids (Quantifoil R2/2 holey
carbon) that had previously been glow discharged using an Emitech K350 glow discharge unit and plasma-
cleaned for 90 s in an E.A. Fischione 1020 unit. Samples were loaded onto the grids at 4 <C, blotted with
filter paper to create a thin film on the grid, plunged into liquid ethane, and transferred into a precooled
Gatan 626 cryo-transfer holder, which maintained the specimen at liquid-nitrogen temperature in a FEI

Sphera microscope operated at 200 kV. Micrographs were recorded on a 2 K x2 K Gatan CCD camera.

STEM and STEM-EDS analyses were acquired on a JEOL JEM 2100F TEM equipped with an
INCA (Oxford) EDS detector at the NanoScale Fabrication and Characterization Facility, Peterson Institute
of Nanoscience and Engineering, University of Pittsburgh, PA. Samples were prepared by drop-casting 5
uL of sample onto TEM grids (ultrathin 5 nm A-type carbon with 400 mesh copper, Ted Pella, Inc.)

followed by slow drying while covered on the benchtop for at least 3 h. Samples were then dried under
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vacuum for 24-48 h to remove contamination that would interfere with STEM-EDS. Grids were loaded
into a JEOL 31640 beryllium double-tilt holder. STEM-EDS data were collected for 180-600 s at specific
points, using the largest probe size (1.5 nm electron beam diameter) with a 200 kV accelerating voltage.

Images were collected in bright field and HAADF modes.

SEM images were acquired on a FEI XL ESEM-FEG (FEI Company) with a mica substrate.

Samples were fully dried under vacuum for 12 h before the testing.

UV-vis spectra were obtained by using a PerkinEImer Lambda 35 UV/vis spectrophotometer.

2.4.2 Determination of Fe(III) Concentration

In order to determine Fe(l11) concentration, the metal was first stripped from the synthetic melanin
particles using the following procedure. To an aliquot of each sample (100 pL) was added 1% HNOs3 in
water (1900 pL). Each mixture was then stirred for 12 h. The Fe(lll) concentration was then quantified by
inductively coupled plasma-optical emission spectrometry (ICP-OES) using a PerkinElmer Optima

3000DV spectrometer in the Scripps Institution of Oceanography, University of California, San Diego, CA.
2.4.3 SQUID Measurements

The magnetic properties of SMNP were characterized using a Quantum Design MPMS3 SQUID
with a maximum field of 7 T. Freeze-dried solid samples (~10 mg) were packed into standard Quantum
Design plastic sample holders. Magnetization data were collected in dc mode and corrected for diamagnetic

contributions using Pascal’s constants. The axial anisotropy parameter D was fitted by the MagProp module

in DAVE 2.3.%°
244 EPR Experiments
Spectra in the range of 125 to 320 K were acquired on a Bruker Elexsys 580 spectrometer equipped

with an SHQE resonator and a Bruker continuous flow liquid nitrogen cryostat. Spectra at temperatures
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between 3.5 and 125 K were acquired on a Bruker EMX spectrometer using an ER 4116DM dual-mode
resonator and an Oxford ESR910 helium continuous flow cryostat. Liquid samples for frozen solution
experiments were loaded in 4 mm o0.d. x3 mm i.d. FEP tubes (Wilmad). Room-temperature liquid samples
were contained in 1.8 mm o.d. <1 mm i.d. Teflon tubing (McMaster-Carr), while powder samples were
contained in traditional 4 mm o.d. x3 mm i.d. quartz tubes (Wilmad). Microwave frequency was typically
~9.34 GHz (SHQE resonator) with a power of 20 mW. The field was swept from 0 to 8000 G in 168 s and

modulated at a frequency of 100 kHz with 20 G amplitude. A time constant of 82 ms was employed.

2.45 1H NMRD Measurements

Proton 1/T: NMRD profiles were measured on a fast field-cycling Stelar SMARTracer
Relaxometer (Stelar, Mede (PV), Italy) at magnetic field strengths from 0.00024 to 0.25 T (corresponding
to 0.01-10 MHz proton Larmor frequencies) at room temperature. The relaxometer operates under
computer control with an absolute uncertainty in 1/T; of £1%. Additional data points in the range 15-70
MHz were obtained on a Bruker WP80 NMR electromagnet adapted to variable-field measurements (15—
80 MHz proton Larmor frequency) on a Stelar Relaxometer. The *H Tirelaxation times were acquired by
the standard inversion recovery method with a typical 90° pulse width of 3.5 us, 16 experiments of 4 scans.
The temperature was controlled with a Stelar VTC-91 airflow heater equipped with a calibrated copper—

constantan thermocouple (uncertainty of #0.1 <C).

2.4.6 Fe(IIl) Stability in PBS

To determine the stability of Fe(lll) chelated in SMNP-i (i = 2-5), we redispersed these two types
of nanoparticles in PBS (pH = 7.4). A 300 puL amount of SMNP-i (i = 2-5) solution (three replicates) was
added in 500 pL dialysis tubes with My = 10 000, respectively, and dialyzed to 500 mL of PBS (pH = 7.4)
under room temperature with magnetic stirring. Then 20 uL. SMNP-i (i = 2-5) aliquots were taken at time

points of 8 h, 24 h, 48 h, 72 h, and 7 days for ICP-OES analysis.
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2.4.7 MR Imaging Measurements

The MR images were acquired on a Bruker 7.0 T magnet with Avance Il hardware equipped with
a 72 mm quadrature transmit/receive coil. T; contrast was determined by selecting regions of interest using
the software ParaVision version 5.1. The parameters for 7 T MRI are Tr = 750.0 ms, Te = 12.6 ms, echo =

1/1, FOV = 6.91/3.12 cm, slice thickness = 2 mm, nex = 2 mm, matrix = 256 x<116.

2.5 Conclusion

in summary, a technique for accessing SMNPs with tunable iron loadings has offered opportunity
for their magnetostructural analysis through the combined utilization of SQUID magnetometry, EPR,
and H 1/T; NMRD. The results presented herein also suggest a number of avenues for optimizing MRI
contrast in synthetic melanin nanoparticles. With the current interest in metal-doped melanin and
polycatechol-based nanomaterials, a fundamental understanding of the electronic and magnetic structure is
vital. The conclusions herein offer potential synthetic targets that could lead to more directed syntheses of
effective contrast agents. More broadly, these combined characterization tools should provide insight into
natural melanins and, therefore, any potential differences or similarities between their various forms and

their synthetically accessible mimics.
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Chapter 3 Perfluorocarbon-loaded polydopamine

nanoparticles as ultrasound contrast agents
Published Journal Name: Nanoscale Publication Date: June 27, 2018

3.1 Abstract

In this chapter, PDA materials was used as another type of contrast agents. A versatile platform for
the development of new ultrasound contrast agents is demonstrated through a one-pot synthesis and
fluorination of submicron polydopamine (PDA-F) nanoparticles. The fluorophilicity of these particles
allows loading with perfluoropentane (PFP) droplets that display strong and persistent ultrasound contrast
in aqueous suspension and ex vivo tissue samples. Contrast under continuous imaging by color Doppler
persists for 1 h in 135 nm PDA-F samples, even at maximum clinical imaging power (Ml = 1.9).
Additionally, use of a Cadence Contrast Pulse Sequence (CPS) results in a non-linear response suitable for
imaging at 0.5 mg/mL. Despite the PFP volatility and the lack of a hollow core, PDA-F particles display
minimal signal loss after storage for over a week. The ability to tune size, metal-chelation, and add
covalently-bound organic functionality offers myriad possibilities for extending this work to multimodal

imaging, targeted delivery, and therapeutic functionality.
3.2 Introduction

Medical ultrasound imaging is an essential modern diagnostic technique due to its affordability,
lack of ionizing radiation, portability, tissue penetration, and real-time display. It serves as a valuable
complement to more costly imaging modalities such as magnetic resonance imaging (MRI), positron
emission tomography (PET), and computed tomography (CT).*® As in many other medical imaging

methods, ultrasound can be enhanced through the introduction of a contrast agent. These agents generate
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contrast against surrounding tissue via a non-linear resonance interaction with the impinging ultrasound
waves and thus do not require magnetic or radioactive properties to achieve strong signal to noise ratios. In
fact, the current clinically-employed ultrasound agents are all inert low-boiling perfluorocarbons (PFC)
stabilized within simple phospholipid or protein coatings.>  Under ultrasonic stimulation, these PFC
droplets undergo large pressure changes resulting in a transition to a gaseous microbubble which can
provide contrast under various ultrasound modalities.> Additionally, these microbubbles can potentially re-
condense and provide long-term imaging through subsequent cavitational oscillations.® The large size of
current ultrasound contrast agents (1-5 pum) is advantageous because it allows for high PFC-loading;
however, it also restricts particle circulation time, displays poor accumulation and retention in target tissues,
and only generates strong contrast at low frequencies, thus limiting resolution.® To improve upon these
properties, a range of inorganic ultrasound contrast agents have been developed with better size control
including hollow/porous silica,> ° carbon nanotubes,*® calcium carbonate nanoparticles,*” and others.!8-1°
The rigid shell structure of these materials allows for robust particles of sub-micron diameter and can
encapsulate PFC in a more stable fashion. While structurally versatile, many inorganic contrast agents have
limited size tunability due to the need for thin shells, and, in some cases, biocompatibility is limited or
unknown. Ideally, an ultrasound contrast agent combines the biocompatibility of commercial organic
structures with the structural versatility of the inorganic materials. One such approach is with polymer
nanoparticles such as polydopamine (PDA), which is structurally very similar to naturally occurring
melanin.?® Many studies have demonstrated the biocompatibility of PDA, and coatings of PDA are
frequently used to enhance the biocompatibility of other materials.?2® The chemical functionality present
in PDA allows for a range of modifications via covalent bond formation and metal chelation leading to
applications in MRI contrast,?! 2427 drug delivery,? cell imaging,? and photothermal therapeutics.®3! It is
also tolerant of acidic and basic environments, forms stable aqueous suspensions, and can be synthesized
at sub-micron sizes. While it lacks native ultrasound contrast and it is neither porous or fluorophilic enough
to encapsulate or adsorb PFC, functionalization with fluorinated molecules has been demonstrated to

facilitate the uptake of PFC in other polymer nanoparticles.®>3* Herein, we demonstrate that < 0.5 pm
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fluorine-functionalized PDA nanoparticles (PDA—F NPs) are capable of stabilizing perfluoropentane (PFP,
b.p. = 29.2 C) droplets under aqueous conditions for use in color Doppler and cadence contrast pulse

sequencing (CPS) ultrasound imaging.

3.3 Results and Discussions

3.3.1 Synthesis and Characterization of PDA-F NPs

Without significant porosity or fluorophilicity, PDA is predicted to show minimal uptake of
PFCs and therefore minimal ultrasound contrast. Control samples of fluorine-free PDA were
synthesized by previously described methods. Briefly, dopamine was dissolved in the mixture of
ethanol and water under alkaline conditions and allowed to react for 24 h with stirring.* The
dopamine polymerization process is briefly described in Figure 3.1. Typical transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) images are shown in Figure 3.2 and
Fig. 3.3. By varying the dopamine hydrochloride (DA) concentration of the starting solution,
particles of 74410, 174428, and 350240 nm (PDA-74, PDA-174, and PDA-350, respectively) were
obtained as determined by transmission electron microscopy (TEM) (Figure 3.2(a-c)). Fluorine-
functionalized PDA (PDA-F) NPs were similarly prepared with the only variation being an in situ
Michael addition reaction commonly shown to functionalize catechols with thiol and amino groups
under mild alkaline conditions.3! 3637 Specifically, perfluorodecanethiol was added after 9 h of
reaction time such that the growing PDA incorporated the perfluorinated side-chain as has been
demonstrated previously for the synthesis of superhydrophobic surfaces.®®3° PDA-F NPs of 41+14,
135428, and 242433 nm PDA-F (PDA-41-F, PDA-135-F, and PDA-242-F, respectively) were
synthesized to allow comparison to unfluorinated PDA of roughly equivalent size (Figure 3.2 (d-f);
Figure 3.3 (d-f)). The presence of C—F bonds at the particle surface was confirmed by X-ray
photoelectron spectroscopy (XPS) on all three PDA-F samples.®® (Figure 3.4). Energy dispersive

X-ray spectra (EDS) was used to quantify S and F content of PDA-F NPs (Figure 3.5). PDA-135-F
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and PDA-242-F show ~8 wt% F with a S ratio roughly corresponding to that expected for the
perfluorodecanethiol unit. However, PDA-41-F has far higher F and S content, consistent with the
low-density interparticle linking structures visible by TEM. Interestingly, direct addition of
perfluorodecanethiol prior to PDA nucleation did not result in any particle formation, likely due to

excessive termination of the polymer growth sites by the thiol.
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Dopamine 5,6-dihydroxyindole (DHI)

Polydopamine (PDA)

Figure 3.1 The schematic figure for dopamine polymerization. Copyright 2018 Royal Society of
Chemistry.*
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Figure 3.2 TEM images of (a) PDA-74, (b) PDA-174, (c) PDA-350, (d) PDA-41-F, (e) PDA-135-F, and
(f) PDA-242-F. Copyright 2018 Royal Society of Chemistry.*
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1 p

Figure 3.3 SEM images of (a) PDA-74, (b) PDA-174, (c) PDA-350, (d) PDA-41-F, (¢) PDA-135-F, and

(f) PDA-242-F. Copyright 2018 Royal Society of Chemistry.*!
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Figure 3.4 F1s XPS spectra of (a) PDA-41-F, (b) PDA-135-F, and (c) PDA-242-F. Copyright 2018 Royal

Society of Chemistry.*
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Figure 3.5 EDS spectrum of (a) PDA-41-F, (b) PDA-135-F, and (c) PDA-242-F. Copyright 2018 Royal

Society of Chemistry.*!
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Alterations in the particle morphology between PDA and PDA-F can be observed by TEM,
with interparticle polymeric linkages clearly forming in the case of PDA-41-F. To examine the
extent of these linkages, Dynamic Light Scattering (DLS) was employed to determine the average
hydrodynamic radius (Rnyq) of PDA-41-F (Rhya = 220 nm), PDA-135-F (Rnyd = 250 nm), and PDA-
242-F (Rnya = 400 nm) suspensions. These results corroborate the TEM data wherein PDA-41-F
displays significant covalent interparticle linkage while both PDA-135-F and PDA-242-F show
little to no linkage or aggregation (Figure 3.6). Zeta potentials of PDA-41-F, PDA-135-F, and PDA-
242-F were -9.6+1.3, -13.74).7 and -23.8%1.4 mV, respectively, showing moderate stability in
aqueous solution. Even the largest of our particles are significantly smaller than current clinical

ultrasound contrast agent sizes (Rnya= 1—7 um)* thus increasing their potential for cell permeability

and use in extravascular space.
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Figure 3.6 DLS size distributions of (a) PDA-41-F, (b) PDA-135-F, and (c) PDA-242-F. Copyright 2018
Royal Society of Chemistry.

To function as an ultrasound contrast agent, PDA-F requires enough fluorophilicity to nucleate a
liquid droplet of low boiling point PFC. Similar to other ultrasound agents, PDA-F can then generate
contrast from a phase shift of the probe ultrasound pulse. Uniquely, our PFC droplet is external to the
stabilizing unit (PDA-F) instead of being encapsulated by it as in all other ultrasound agents reported to

date. Loading of PDA-F with perfluoropentane (PFP, Ty, = 29.2 °C) was achieved by suspending the NPs in
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200 pL of PFP liquid, sonicating for 30 s, and allowing the residual to evaporate. Dynamic Light Scattering
(DLS) data of PFP-loaded PDA-F demonstrates an increase in hydrodynamic radius size compared with

pure PDA-F samples, consistent with PFP-loading on the surface (Figure 3.7).
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Figure 3.7 DLS size distributions of PFP-loaded (a) PDA-41-F, (b) PDA-135-F, and (c) PDA-242-F.
Copyright 2018 Royal Society of Chemistry.*

3.3.2 In vitro Ultrasound Imaging Test of PFP-loaded PDA-F NPs

Subsequent to exposure to PFP, both PDA and PDA-F samples were examined using two
ultrasound imaging modes: Color Doppler and Contrast Pulse Sequencing (CPS). Unlike standard
B mode imaging, CPS does not show contrast in the absence of an effective contrast agent and color
Doppler will only show contrast in a flowing medium. Color Doppler signal is a result of cavitation
and release of PFP gas which can then be imaged as blue- or redshifted signal from the moving
gas.® Color Doppler imaging was performed on stable aqueous suspensions of 0.5 mg/mL PDA and
PDA-F at an optimized frequency (f = 7 MHz) with a clinically-safe Mechanical Index (MI < 1.9).
Color Doppler of PDA-F reveals a far stronger response than the unfluorinated PDA NPs (Figure
3.8). The drastic increase in signal upon fluorination of the polymer NPs indicates a much higher
uptake of PFP in PDA-F samples. Control experiments on aqueous dispersions of 0.5 mg/mL PDA.-
74, PDA-174 and PDA-350 without PFP treatment reveal that pure PDA particles do not show color

Doppler signal above background (Figure 3.9).
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Figure 3.8 Color Doppler imaging of (a) PDA-74, (b) PDA-174, (c) PDA-350, (d) PDA-41-F, (e) PDA-
135-F, and (f) PDA-242-F at M1=1.9. Copyright 2018 Royal Society of Chemistry.*

Figure 3.9 Color Doppler imaging of (a) PDA-74, (b) PDA-174, and (c) PDA-350; CPS imaging of (d)
PDA-74, (e) PDA-174, and (f) PDA-350 at MI=1.9 in aqueous solution without PFP treatment. Copyright
2018 Royal Society of Chemistry.*

One factor of particular importance in color Doppler imaging is the temporal persistence of

signal. We found that all three PDA-F sizes show significant color Doppler signal persistence
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(Figure 3.8d-f), with PDA-135-F providing approximately 1 h of imaging time (Figure 3.10d and
Figure 3.11). Although the color Doppler signal is difficult to quantify, continuous imaging for 1 h
is not achievable with current commercial ultrasound contrast agents.” ** By comparison,

commercially-available Definity (Perflutren Lipid Microspheres) retain a color Doppler signal for

approximately 5 min (Figure 3.11c¢).
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Figure 3.10 Quantitative plot of brightness on CPS imaging versus Ml for (a) PDA-74 & PDA-41-F, (b)
PDA-174 & PDA-135-F, (c) PDA-350 & PDA-242-F, (d) Color Doppler signal detected at (a) beginning
and 1 h for PDA-135-F. Copyright 2018 Royal Society of Chemistry.*
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Figure 3.11 Color Doppler signal detected at (a) beginning and 30 min for PDA-41-F, (b) beginning and
20 min for PDA-242-F, (c) beginning and 5 min for commercial Definity contrast agents at MI=1.9.
Copyright 2018 Royal Society of Chemistry.*

Given the long imaging times, testing of stability of PFC loading allows for delayed imaging and
periodic imaging without reintroduction of contrast agent. To demonstrate the long-term stability of PFP-

loaded PDA-F particles, PDA-135-F was charged with PFP and stored at 4 °C for one week. Color Doppler

imaging reveals a strong signal roughly equivalent to that of freshly prepared samples (Figure 3.12).
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Figure 3.12 One-week shelf life test of PDA-135-F for (a) Color Doppler imaging, (b) CPS imaging, and
(c) quantitative plot on brightness of CPS imaging versus MI. Copyright 2018 Royal Society of
Chemistry.*
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To provide a more quantitative analysis of the ultrasound contrast ability of pure PDA and
PDA-F NPs, CPS imaging was performed as a function of MI (Figure 3.13). CPS signal is achieved
via a non-linear response designed to improve specificity to the contrast agent. CPS brightness
quantification was adapted from Liberman et al.** Briefly, the gold specks in the CPS correspond
to echo decorrelation events and signal generation from PFP gas. An average brightness was
determined from the signal intensity of a fixed region of interest. In parallel to the color Doppler
results, PDA-F demonstrates strong contrast compared to unfluorinated PDA samples (Fig. 3.13).
In fact, there is no significant contrast difference between PDA samples and deionized water (Figure
3.14), confirming PFP as the source of the CPS contrast. Unlike commercial ultrasound agents, the
CPS signal was found to increase continuously with increasing Ml, up to 1.9. These results indicate
the robust nature of PFP adhesion to PDA-F NPs, despite its volatility. Particles of the
intermediately-sized PDA-135-F shows the highest contrast intensity among three PDA-F samples,
with approximately twice the brightness of PDA-41-F and PDA-242-F (Figure 3.10a-c). The CPS
signal of our PDA-F is also comparable to the commercial agent Definity (Figure 3.15) as well as
promising new contrast agents such as perfluorocarbon-loaded hollow silica.? We also note that
quantitative CPS analysis (Figure 3.12c) shows that after one-week, PDA-135-F particles still retain

96% of the brightness of freshly prepared samples (Figure 3.12b).
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Figure 3.13 CPS imaging of (a) PDA-74, (b) PDA-174, (c) PDA-350, (d) PDA-41-F, (¢) PDA-135-F, and
(f) PDA-242-F at MI=1.9. Copyright 2018 Royal Society of Chemistry.*
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Figure 3.14 Quantitative plot of brightness on CPS imaging versus Ml for (a) PDA-74, (b) PDA-174, and
(c) PDA-350 in aqueous solution without PFP treatment. Copyright 2018 Royal Society of Chemistry.*
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Figure 3.15 (a) CPS imaging, and (b) quantitative average pixel brightness and Ml for CPS imaging of the
commercial contrast agent Definity. Copyright 2018 Royal Society of Chemistry.*

To investigate whether the morphology of PDA-F was impacted by ultrasound imaging,
TEM images were collected of the samples after ultrasound imaging at Ml = 1.9 immediately.
Although aggregation is observed, the PDA-F NPs remain intact, with no evidence of broken or

deformed particles (Fig. 3.16).

Figure 3.16 TEM of PDA-F samples after ultrasound imaging measurement for (a) PDA-41-F, (b) PDA-
135-F, and (c) PDA-242-F at MI=1.9. Copyright 2018 Royal Society of Chemistry.*
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3.3.3 In vitro Cell viability and Ex vivo Ultrasound Imaging Test of PFP-loaded PDA-F NPs

PDA has been demonstrated to be a robust material under a wide range of conditions, including
those relevant to in vivo ultrasound. In fact, natural melanin is a ubiquitous polymeric biomaterial that
shares many structural characteristics with PDA. As a preliminary demonstration of the biological stability.
Preliminary in vitro cytotoxicity of PDA-41-F, PDA-135-F, and PDA-242-F (¢ = 10 to 500 pg/mL) was
assessed by incubation with HCT116 cells for 24 h. Analysis via MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay indicates cell viability greater than 90%
for all samples at all concentrations (Figure 3.17).
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Figure 3.17 Cell viability of HCT116 cells after incubation with different concentrations of PDA-41-F,
PDA-135-F, and PDA-242-F for 24 h. Copyright 2018 Royal Society of Chemistry.*

As an additional probe of the biological stability and bioimaging capability of PDA-F, an ex vivo
imaging study was performed in fresh porcine liver tissue (Figure 3.18). Liver tissue was chosen because
hepatic clearance plays a major role in nanoparticle biomedical applications.* Furthermore, liver is highly
vascularized and can be used as an easily accessible preliminary demonstration for tissue compatibility of
the PDA nanoparticles. PDA-F was injected 2 cm into three separate tissue locations and immediately

imaged via color Doppler, giving signal persistence roughly equivalent to that observed in vitro. It has been

61



demonstrated that at an Ml of 1.9, PDA-F was visible via color Doppler at up to 2 cm tissue depth. Although
commercial microbubbles usually operate at a lower MI via bubble oscillation, the PDA-F nanoparticles
generated ultrasound signal from surface condensed PFP that was phase changed under ultrasound
insonation, which may require a higher ultrasound pressure (MI = 1.9). Nevertheless, the unique mosaic
pattern of the color Doppler signal generated from the PDA-F remains an obvious contrast to B-mode
ultrasound signal from the liver tissue. The signal footprint on the Doppler graph was on average 4 cm?,
(40 times the initial injection volume of 100 L), demonstrating effective tissue perfusion in the liver.
Additionally, in vivo blood flow patterns typically exhibit solid color Doppler signals due to their fixed
directional flow. As a result, PDA-F perfused tissue, or potentially tumors, can be easily identified via

ultrasound imaging.

Figure 3.18 Color Doppler imaging of (a) PDA-41-F, (b) PDA-135-F, (c) PDA-242-F in fresh porcine liver
at M1=1.9. (d) The photograph of the fresh pork liver; PDA-41-F, PDA-135-F, and PDA-242-F was injected
into the position of A, B, C, respectively. Copyright 2018 Royal Society of Chemistry.*!

3.4 Experimental Section

3.4.1 Materials
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Dopamine hydrochloride (99%) and Tris(hydroxymethyl)aminomethane (Tris, 99%) were
purchased from Alfa Aesar. 1H,1H,2H,2H-Perfluorodecanethiol (97%) was purchased from Sigma-
Aldrich. Perfluoropentane (PFP) was purchased from Strem Chemicals. Ethanol (100%) was
obtained from Fisher Scientific. All chemicals and solvents were used without further purification.
Fresh pork liver for ex vivo tissue imaging was purchased from Ranch 99 Market and used as

received.

3.4.2 Characterization

TEM images were collected on an FEI Tecnai G2 Spirit TEM operating at 120 kV. SEM
images and elemental composition were collected on an FEI Quanta 250 SEM equipped with a
Thermo Fisher Scientific Energy-dispersive X-ray spectroscopy (EDS) detector. Size of dispersed
PDA and PDA-F nanoparticles in agueous solution and zeta potentials were determined by
Dynamic Light Scattering (DLS) measured with a Malvern Zetasizer Nano ZS90. XPS data were
collected on a Thermo Scientific ESCALAB 250 Xi spectrometer using monochromated Al Ka
radiation. The carbon 1s peak at 284.8 eV was used for calibration. Ultrasound data were collected

on a Siemens Sequoia 512 with an Acuson 15L8 transducer.

3.4.3 Synthesis of PDA NPs

Unfluorinated PDA NPs were synthesized according to a previously reported method.* For
the synthesis of PDA-174, dopamine hydrochloride (30 mg) was dissolved in a solution of ethanol
(20 mL) and water (15 mL) with magnetic stirring. Tris solution (30 mg in 10 mL H,0) was added
and the solution was stirred continuously for 24 h at room temperature. The resulting colloidal black
suspension was separated by centrifugation and washed with DI water three times. PDA-74 and
PDA-350 NPs were prepared similarly with 20 mg and 40 mg of dopamine hydrochloride,

respectively.
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3.4.4 Synthesis of PDA-F NPs

For the synthesis of PDA-135-F NPs, dopamine hydrochloride (30 mg) was dissolved in an
ethanol (20 mL) and H2O (15 mL) mixture with magnetic stirring. Tris (30 mg in 10 mL H,0) was
added and the system stirred continuously for 9 h. To the resulting black colloidal suspension,
1H,1H,2H,2H-Perfluorodecanethiol (50 pL) was added and stirring was continued for another 15
h. The product was separated by centrifugation and washed with DI water three times. PDA-41-F
and PDA-242-F NPs were prepared by identical methods with 20 mg and 40 mg of dopamine

hydrochloride, respectively.

3.45 Preparation of PFP loaded PDA and PDA-F NPs

PFP loaded PDA NPs were prepared through a typical immersion method.* Particles were
freeze dried at —55 °C and 0.04 mbar for 12 h. The subsequent PDA or PDA-F NPs (~1 mg) were
dispersed in PFP (200 pL) and sonicated for 30 s. DI water (2 mL) was added to the mixture and

another sonication cycle was performed (30 s).

3.4.6 Ultrasound experiments

Aqueous dispersions of PFP-loaded PDA or PDA-F NPs (0.5 mg/mL) were used for all
ultrasound experiments. Imaging experiments were performed in both color Doppler and CPS
modes. To determine the MI dependence, images were acquired continuously with the increase of
MI from 0.06 to 1.9 over the course of 10 s. CPS imaging was performed at 7 MHz and the image
brightness was quantified by averaging pixel brightness over the entire sample using MATLAB
R2016b. Imaging lifetimes were determined by continuous color Doppler imaging at 1.9 M1 until

the signal fell to the level of the DI water signal intensity.

3.4.7 Ex vivo porcine liver ultrasound experiments
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PFP-loaded PDA-F NPs (4 mg/mL) were injected into fresh pork liver tissue (21 cmxl14
cm) with 100 pL volume. Color Doppler images were acquired continuously with the increase of
MI from 0.06 to 1.9 immediately after injection. Signal acquisition across MI range allows for the

determination of the minimum MI required to generate color Doppler signal in tissue.

3.5 Conclusion

Perfluorodecanethiol-functionalized PDA NPs (PDA-F NPs) have been demonstrated to
load the perfluorocarbon PFP and function as stable, bright, long-lived contrast agents in two
clinically-relevant ultrasound modalities: Color Doppler and CPS. A series of PDA-F NPs with size
from 70 nm to 350 nm were synthesized with 170 nm PDA-F NPs demonstrating the best signal to
noise ratio and longevity. Compared with commercial contrast agents, PDA-135-F NPs show
favorable color Doppler imaging lifetime (~1 h) and comparable CPS signal, despite being
volumetrically two orders of magnitude smaller. Even more intriguing may be their facile synthetic
tunability. Not only does this offer the possibility to improve upon their contrast characteristics, but
also (1) size can be tuned across a wide range allowing for variable extravasation, passive targeting
of cells, and increased retention time, (2) surface functionality can be tuned to allow specific
targeting of biomolecules in vivo, and (3) chelation of metals at the catechol units of PDA can be

tuned to install multi-functionality such as MRI contrast.?! 242
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agents
Published Journal Name: Submitted Publication Date: April 27, 2019

4.1 Abstract

In this chapter, Fe**-loaded PDA ultrasound/photoacoustic contrast agents are developed to give
them extra capability for imaging. contrast-enhanced ultrasound (CEUS) offers the exciting prospect of
retaining the ease of ultrasound imaging while enhancing imaging clarity, diagnostic specificity, and
theranostic capability. To advance the capabilities of CEUS, the synthesis and understanding of new
ultrasound contrast agents (UCAs) is a necessity. Many UCAs are nano- or micro-scale materials composed
of a perfluorocarbon (PFC) and stabilizer that synergistically induce an ultrasound response that is both
information-rich and easily differentiated from natural tissue. In this work, we probe the extent to which
CEUS is modulated through variation in a PFC stabilized with fluorine-modified polydopamine
nanoparticles (PDA NPs). The high level of synthetic tunability in this system allows us to study signal as
a function of particle aggregation and PFC volatility in a systematic manner. Separation of aggregated and
non-aggregated nanoparticles lead to a fundamentally different signal response, and for this system, PFC
volatility has little effect on CEUS intensity despite a range of over 50°C in boiling point. To further explore
the imaging tunability and multimodality, Fe**-chelation was employed to generate an enhanced
photoacoustic (PA) signal in addition to the US signal. I vitro and In vivo results demonstrate that PFC-

loaded PDA NPs show stronger PA signal than the non-PFC ones, indicating that the PA signal can be used
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for in situ differentiation between PFC-loading levels. In sum, these data evince the rich role synthetic

chemistry can play in guiding new directions of development for UCAs.

4.2 Introduction

In many ways, ultrasonography is an ideal medical imaging technique — equipment and
maintenance costs are comparatively minor, safety concerns are minimal, portability is high, and
time resolution can exceed high-frame-rate cinema by orders of magnitude. As a complement to
more intensive techniques such as magnetic resonance imaging (MRI), positron emission
tomography (PET) and computed tomography (CT), US has become ubiquitous in diagnostic
imaging.' By introducing an ultrasound contrast agent (UCA), utility can be further enhanced,
allowing better tracking of blood flow rates, sharpening of contrast in tissue density, and enhanced
resolution.>® Although there are many ways in which an ultrasound wave can interact with a
contrast agent to generate a detectable signal, they involve classical wave mechanics describing the
motion, density, and elasticity of the agent relative to the medium. Thus, a balance must be struck
between tissue penetration, signal resolution, and contrast with surrounding tissue. Strong contrast
signals at common ultrasound transducer frequencies can be obtained with inert gases or encased
volatile liquid droplets due to their low densities relative to biological tissue. Many commercial
ultrasound agents employ perfluorocarbons (PFC) stabilized by protein, polymer or lipid shells, as
these are biocompatible and their compressibility and low boiling point enhances the interaction
with ultrasound energy.”® While ideal for many applications, US contrast agents of this type have
several limiting factors. One challenge is fine-tuning the strength of PFC encapsulation. Weaker
encapsulation leads to strong bursts of contrast with minimal ultrasound power, but it also limits
the useful imaging time window due to the volatility of PFC. Another challenge is the synthetic
complexity required for tuning the ultrasonic response, altering the size, or introducing new

functionality.

71



Previously we demonstrated a system where instead of encapsulation within a core-shell
structure, PFC could be stabilized in agqueous suspension by association with non-porous
polydopamine nanoparticles (PDA NPs) functionalized with a perfluorinated alkane.° This system
shows a surprisingly strong and long-lived contrast response with reasonable colloidal stability,
which may arise from the balance of fluorous components (PDA NPs and PFC) and polar
components (PDA NPs and H20).1*'2 This long-lived, strong signal and highly tunable synthetic
platform offers an intriguing system to explore both the fundamental nature of the acoustic response
and the extent to which its properties can be enhanced for potential implementation in CEUS. To
advance these aims, we have improved upon our initial synthetic methods to prepare 1H,1H,2H,2H-
perfluorodecanethiol-functionalized PDA with better aqueous colloidal stability and greater control
over aggregation. Importantly, our new synthetic methods allow study of how aggregation of
PDA/PFC within agueous suspension affects the ultrasound response. Results show that there is a
fundamentally different power response between the isolated particles and Pickering microscale
emulsion aggregates in the colloidal suspension of our material.**'°> Additionally, this work
explores the ways in which imaging contrast, stability, and multimodality are controlled and
enhanced including introduction of chelating metals, decreased PFC volatility, and long timescale
storage and measurement of materials. We probe the system’s durability under ex vivo, in vitro cell
viability, and in vivo conditions and its multimodality with photoacoustic (PA) contrast—a hybrid
technique that combines optical contrast and acoustic spatial/temporal resolution.®1” The
combination of PDA-based imaging by CEUS and PA adds additional modalities to complement
and track the myriad biomedical applications currently under exploration for PDA and other

synthetic melanin particles.®-24

4.3 Results and Discussions

4.3.1 Preparation and Characterization of PDAF-i% NPs
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PDA NPs with chelated Fe(lll) ions were synthesized by a modification of a previously
reported method (Figure 4.1a).2® Briefly, FeCls and 2-(3,4-dihydroxyphenyl)ethylamine
(dopamine) were dissolved in a 1:5 ethanol:H>O solution and allowed to oxidatively polymerize

under basic conditions (initial pH around 10.2) for 24 h.

Isolated PDA-Fe NPs were made fluorophilic through post-synthetic attachment of
1H,1H,2H,2H-Perfluorodecanethiol via thiol Michael addition (PDAF-i%, i represents the weight
percent of Fe®, i = 0.13, 1.0, 1.7, 2.4). Size and morphology of the modified particles were
determined by transmission electron microscope (TEM) and scanning electron microscope (SEM)
(Figure 4.1b-f, 4.2). With increasing initial Fe3* concentration, the final NP sizes were found to
show some increase in the final size (PDAF-0.13%, d = 8546 nm; PDAF-1.0%, d = 103+12 nm;
PDAF-1.7%, d = 9513 nm; PDAF-2.4%, d = 137#+5 nm). Weight percentages of the Fe®* cation
concentration were determined by inductively coupled plasma mass spectrometry (ICP-MS).
Further decreasing the initial Fe** ion concentration does not lower the amount incorporated, nor
does it decrease the NP size (Figure 4.3). As discussed in previous studies,'® when present during
the polymerization, Fe3* cation distribution in PDA is roughly homogeneous. Scanning
transmission electron microscopy with energy-dispersive X-ray spectroscopy (STEM-EDS)

confirm that this is also true for our NPs (Figure 4.1g, 4.1h).
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Figure 4.1 (a) Schematic illustration of the synthetic procedure of PDAF-i% NPs. TEM images of
(b) PDAF-0.13% NPs, (c) PDAF-1.0% NPs, (d) PDAF-1.7% NPs, (e) PDAF-2.4% NPs, (f) SEM
image of PDAF-2.4%, (g) HAADF-STEM image of PDAF-2.4% NPs with an inset of TEM image
of (e), and elemental mapping of (h) Fe, (i) S elements on PDAF-2.4% NPs.

Figure 4.2 SEM images for (a) PDAF-0.13%, (b) PDAF-1.0%, (c) PDAF-1.7%.
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Figure 4.3 Comparison of structural data for a representative sample of PDAF NPs doped to 0.14%
Fe ion content by ICP-MS analysis with 6 mg of initial FeCls loading amount. (a) TEM, (b) SEM,
and (c) comparative analysis of diameters determined by TEM and DLS.

SEM images (Figure 4.1f and 4.2) confirm the spherical morphology and lack of significant
cross-linking of particles as observed in our previous results.® In fact, no significant morphological
or size alterations were observed after 1H,1H,2H,2H-perfluorodecanethiol functionalization,
indicating that these steps are independently modifiable without the need for re-optimization of the
overall experimental parameters (Figure 4.4). As the imaging properties of UCAs strongly depend
on the particle aggregation state, dynamic light scattering (DLS) measurements were used to
compare the hydrodynamic and physical sizes measured by TEM analysis. The hydrodynamic radii
displayed by PDAF-i% display expected diameter increases that are still consistent with minimal
aggregation and low polydispersity (PDAF-0.13%, dn = 1673457 nm, PDI = 0.117; PDAF-1.0%, dn
=196453 nm, PDI = 0.074; PDAF-1.7%, dy = 214455 nm, PDI = 0.067; PDAF-2.4%, dn = 202457
nm, PDI = 0.081, Figure 4.5). Zeta potentials of PDAF-0.13%, PDAF-1.0%, PDAF-1.7%, and
PDAF-2.4% were —32.2+0.2, —=30.4+1.9, —35.3+£0.2, —31.6+0.4 mV, respectively, indicating good
stability in agueous solution. After PFP loading, DLS data show a detectable level of aggregation
in PDAF-1.0% (PDI = 0.204) and PDAF-2.4% (PDI = 0.284), which is postulated to arise from
condensation of “Pickering” PDAF-stabilized PFP-emulsion droplets in the aqueous phase (Figure

4.6).
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Figure 4.4 TEM images for (a) PDA-Fe-0.13%, (b) PDA-Fe-1.0%, (c) PDA-Fe-1.7%, (d) PDA-
Fe-2.4%.

Figure 4.5 Comparison between the particle and hydrodynamic diameters as measured by TEM
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and DLS for (a) PDAF-0.13%, (b) PDAF-1.0%, (c) PDAF-1.7%, (d) PDAF-2.4%.
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Figure 4.6 DLS size distributions of PFP-loaded (a) PDAF-0.13%, (b) PDAF-1.0%, (c) PDAF-1.7%, (d)
PDAF-2.4%.

To further confirm the successful functionalization of the surface of PDA-Fe NPs with
1H,1H,2H,2H-perfluorodecanethiol, energy-dispersive X-ray spectroscopy (EDS) was employed
for elemental analysis (Figure 4.7). The wt. % of sulfur is similar for all NP samples (4.0% for
PDAF-0.13%, 3.7% for PDAF-1.0%, 2.3% for PDAF-1.7% NPs, and 3.7% for PDAF-2.4%) and
indicates a surface coverage of 0.8440.19 S/nm?. STEM-EDS mapping of S element shows that S
element is present uniformly on the PDAF-2.4% NPs, consistent with intact incorporation (Figure
4.11). To characterize fluorine in the PDA sample, X-ray photoelectron spectroscopy (XPS) was

performed. The binding energy of 688 eV was attributed to the fluorine of perfluorodecanethiol

(Figure 4.8).%
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Figure 4.7 EDS spectrum of (a) PDAF-0.13%, (b) PDAF-1.0%, (c) PDAF-1.7%, (d) PDAF-2.4%.
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Figure 4.8 F1s XPS spectra of (a) PDAF-0.13%, (b) PDAF-1.0%, (c) PDAF-1.7%, (d) PDAF-2.4%.
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4.3.2 In vitro Ultrasound Imaging Study of PDAF-i% NPs

To activate PDAF-i% NPs for use as UCAs, they must be loaded with a US responsive volatile
liquid. Perfluorocarbons (PFCs) were chosen for their proven safety, chemical inertness, and ultrasound
responsivity at common medical transducer frequencies.® In our previous work, 1H,1H,2H,2H-
perfluorodecanethiol functionalization of PDA was shown to associate with and stabilize perfluoropentane
(PFP, Ty, = 28°C) in aqueous solution, thus PFP was employed to benchmark the basic capabilities of PDAF-
i% NPs by two important UCA modalities: color Doppler and contrast pulse sequence (CPS) imaging
(Figure 4.9). Color Doppler is the imaging signal arising from a blue or red shift of the transducer frequency
usually attributed to the Doppler effect caused by fluid motion.?” As it shows strong and directional contrast
in the presence flow, its most common use is cardiac imaging.?® Non-flowing UCA samples can also show
color Doppler signal where it appears as a high-contrast speckle pattern of random Doppler shifts.?’ Strong
color Doppler signal is observed for all PDAF-i% samples with peak brightness at the maximum mechanical
index (MI=1.9) (Figure 4.9, 4.10a-b). Although speckle patterns are difficult to quantify, the image quality
roughly scaled with the particle size, with PDAF-0.13% showing the weakest signal and PDAF-2.4%
showing the strongest. This trend is logical, given that stronger acoustic cavitation and nonlinear
backscattering is expected for larger particles.” ° Compared to our previous fluorinated PDA UCAs, !
PDAF-i% shows stronger color Doppler signal and better colloidal stability. These properties are likely due
to the post-synthetic F-functionalization method which prevents interparticle crosslinking during the initial
particle synthesis. PFP-loaded PDA-Fe particles without fluorine functionalization and PFP-H,O emulsion
mixtures without any particles, were also imaged using color Doppler mode. Unfunctionalized PDA NPs
exhibit no color Doppler signal even at MI = 1.9, indicating that both PFP and the functionalization to
induce fluorophilic stabilization are required to generate signal (Figure 4.9a and 4.10c-¢). PFP-H»O control
samples also show no signal up to MI = 1.9 without stabilizing PDAF-i% (Figure 4.11), demonstrating the

importance of the particle in stabilizing the volatile PFP.
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Figure 4.9 Color Doppler (up) and CPS imaging (down) of PFP-loaded (a) PDA-Fe-2.4%, (b) PDAF-
0.13%, (c) PDAF-2.4% (MI = 1.9). For Color Doppler, black corresponds to no frequency shift. Warm and
cool colors represent opposing frequency shifts. The grayscale signal is from simultaneously-collected B-
mode imaging. For CPS images, black and white represent minimum and maximum signal intensity.

Figure 4.10 Color Doppler and CPS imaging of PFP-loaded (a) PDAF-1.0 %, (b) PDAF-1.7%, (c) PDA-
Fe-0.13%, (d) PDA-Fe-1.0%, and (e) PDA-Fe-1.7% at room temperature with MI=1.9.
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Figure 4.11 Color Doppler and CPS imaging of (a) PFH-loaded, (b) PFB-loaded PDAF-2.4% NPs at 7
MHz at room temperature with MI=1.9.

In addition to color Doppler, PDAF-i% were imaged using the Contrast Pulse Sequence (CPS)
method. In this method, the non-linear ultrasound response of PFCs due to expansion and contraction is
exploited to detect shifts in the phase angle. By subtraction of the linear response, virtually back-ground-
free signals can be obtained. Figure 4.9b-c (bottom) and 4.10a-b show representative CPS images for
PDAF-i% with the golden grain pattern quantifying clear CPS response from all samples (Figure 4.12a-d).
Quantification is performed by averaging pixel intensities such that a fully saturated signal area will result
in an intensity of 255. Room temperature values for PDAF-i% at mechanical index (MI) = 1.9 fall in the

range of 60-100 (Figure 4.12a-d), comparable to PFC-loaded hollow silica, and commercial UCAs. %7
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Figure 4.12 CPS signal brightness versus Mechanical Index (MI) for (a) PDAF-0.13% NPs, (b) PDAF-
1.0% NPs, (c) PDAF-1.7% NPs, and (d) PDAF-2.4%; The MI is a unitless measure of the maximum
reduction in pressure induced by the ultrasound wave defined as MI = peak negative pressure / v (center
frequency of the US beam). Signal brightness is determined by averaging the 8-bit pixel intensities over
equivalent ROI for all data. Images in inset are representative CPS data at MI=1.9 for each sample.

The interaction between the PFC and PDAF is crucial to stability and the timescale of
imaging. It is expected from previous results on PFH nanoemulsions,® that the imaging
characteristics will be altered by changes in available thermal energy. To ensure that our UCAs are
viable at body temperature, color Doppler and CPS imaging was performed at 37°C with all other
experimental conditions identical (Figure 4.12, 4.13). At higher temperature, PDAF-i% show
enhanced signals at all MI, with maximum enhancements over room temperature values by 34%.
Color Doppler is also shown with transducer signals requiring less than half of the power those at

room temperature (MI = 0.87 vs. MI = 1.9, Figure 4.13).
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Figure 4.13 Color Doppler and CPS imaging of (a) PDAF-0.13% NPs, (b) PDAF-1.0% NPs, (c) PDAF-
1.7% NPs, (d) PDAF-2.4% NPs at 37°C.

These results demonstrate that the interaction between PFP and PDAF-i% is strong enough
to maintain stability at body temperature, where the PFP response to 7 MHz US is significantly
enhanced. The nature of this stabilization is complex but has been demonstrated in biphasic
molecular solutions.?**2 Prior to 1H,1H,2H,2H-perfluorodecanethiol functionalization, the PDA
forms a colloidal suspension that is stabilized by the negative zeta potential. This provides the
polarity necessary for solvation by water and the Coulombic repulsion required to prevent particle
aggregation. Upon functionalization with 1H,1H,2H,2H-perfluorodecanethiol, the fluorous areas of
the PDAF-i% surface become the most stable position for PFP loading. If this loading process
induces PDAF-i% aggregation, surface-stabilized Pickering emulsions will form (vide infra). To
demonstrate the importance of the fluorophilic interaction to stabilization, PFP-loading was
attempted on samples of PDA-Fe prior to fluorine functionalization. Negligible color Doppler
signal was observed at room temperature, confirming that PFP is not retained in this case (Figure

4.9a and 4.10c-e).

Given that the robust nature of the fluorophilic stabilization provided by PDAF-i% permits
strong imaging signals even with elevated temperatures, we were interested in whether we could
utilize PFCs with widely differing physical properties to alter the UCA without any redesign of the

particle itself. This would increase their versatility towards different imaging targets emphasizing
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deep tissue penetration (low frequency) or high resolution (high frequency). For example, Goodwin
et al. reported that greater M1 was required to induce the vaporization of PFH than PFP, such that
high intensity focused ultrasound (HIFU) was required.®® As probes of the versatility of our
particles, both PFCs with enhanced (perfluorobutane (PFB), T, = —1.7°C) and diminished
(perfluorohexane (PFH), T, = —56°C) volatility were imaged using color Doppler and CPS
modalities (Figure 4.14). Despite a range of over 50°C in Ty, the imaging characteristics are
remarkably stable (Figure 4.15), quantitatively in the range of 80-100 at MI = 1.9. These data
indicate that a mechanism other than irreversible cavitation may be leading to imaging contrast
from these materials, since bubble dynamics will depend strongly on the physical characteristics of
the PFC. If imaging can occur without PFC dissolution from the NP, then it may be possible to

design UCAs that image persistently until cleared.

(a)

(b)

Figure 4.14 Color Doppler and CPS imaging of (a) PFH-loaded, (b) PFB-loaded PDAF-2.4% NPs at 7
MHz at room temperature with MI=1.9.
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Figure 4.15 Quantitative plot of brightness for CPS imaging of PFH-loaded and PFB-loaded PDAF-2.4%
NPs at room temperature.

To test long-term continuous imaging capability, PFP-loaded PDAF-i% were subjected to
continuous M1 = 1.5 and 1.9 color Doppler imaging (Figure 4.16). Commercial UCASs can generally
be imaged for less than 30 min before losing signal,* yet PDAF-2.4% exhibited 6 h of imaging
lifetime without dropping to background levels. Given the ability to stabilize during continuous
imaging, periodic imaging after long-term storage was also tested. Storage of pre-mixed UCA is
generally not possible due to the volatility of PFCs, and so a kit is required to form emulsions for
immediate use. To test the stability of PFP-loaded PDAF-i%, fully prepared samples in agueous
solution were stored at 4°C and imaged over the course of 50 d (Figure 4.17). Both color Doppler

imaging and CPS remain strong after 50 d indicating long shelf life.
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Figure 4.16 Continuous color Doppler imaging of PDAF-2.4% detected at room temperature with MI=1.9
and MI=1.5.
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Figure 4.17 50-day storage lifetime test of PDAF-2.4% NPs using (a) CPS imaging, (b) color Doppler
imaging, and (c) quantitative analysis of brightness for CPS imaging versus MI.

As shown in Figure 4.6, some amount of aggregation is demonstrated to occur after PFP loading.
The ultrasound mechanism and optimization strategy of microparticle and nanoparticle UCAs is
fundamentally different and thus determining the signal derived from each subpopulation of PDAF sample
is important. In order to distinguish the contribution of ultrasound signal between small nanoparticles and
large aggregates, the PFP-loaded PDAF-2.4% particles were separated by low speed centrifugation (2500

rpm, 3 min). Sub-populations from supernatant (named as PDAF-small) and precipitate (PDAF-large) were
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collected and compared with the original sample (PDAF-mix). DLS data (Figure 4.18a-c) shows that the
hydrodynamic size of PDAF-small (d =256 nm; PDI = 0.11) is comparable to the non-PFP loaded sample
(202 nm, PDI = 0.081; Figure 4.5d). Both PDAF-large and PDAF-mix (Figure 4.18b-c) show aggregation
with many particles in the 1-5 pm range as expected from the original DLS data (Figure 4.6). In addition
to DLS, we performed optical microscopy on particles before, during, and after exposure to 5 MHz
ultrasound excitation (Figure 4.19). While aggregates were observable in PDAF-large and PDAF-mix, the
application of ultrasound did not induce further aggregation in the system. The organization of solid
particles to stabilize an interface, known as a Pickering emulsion,** has been incorporated into ultrasound
contrast agents in a number of systems.***’ To investigate whether the observed aggregates were the source
of ultrasound contrast in our samples, individual size sub-populations were analyzed by ultrasound contrast

techniques.
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Figure 4.18 DLS size distribution of PFP-loaded (a) PDAF-small, (b) PDAF-large, (¢) PDAF-mix with the
insets of CPS imaging. (d) Quantitative plot of signal intensity for CPS imaging for PFP-loaded PDAF-
small, PDAF-large and PDAF-mix. (e) DLS size distribution of PFP-loaded PDAF-small before and after
three cycles of ultrasound imaging. (f) Quantitative analysis of image signal intensity (red) and MI (black)
versus frame number for CPS imaging of PFP-loaded PDAF-small particles. The insets are corresponding

color doppler and CPS images according to different frame number.
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Figure 4.19 Optical microscope images of PFP-loaded (a) PDAF-small, (b) PDAF-large, and (c) PDAF-
mix under 5 MHz ultrasound for different time. Scale bar represents 100 um.

After confirming the aggregation state by DLS and optical microscopy, immediate CPS and color
Doppler imaging studies were performed on PDAF-small, PDAF-large, and PDAF-mix (Qualitative CPS
and color Doppler images were shown in insets of Figure 4.18a-c, 4.20c). All samples show strong signal
indicative of the presence of an effective contrast agent. By quantitative analysis of CPS data (Figure 4.18d),
both PDAF-large and PDAF-mix demonstrate an enhancement over the signal intensity of PDAF-small, as
aggregated particles could contribute strong ultrasound contrast;*® however, this difference decreases with
increasing MI and is largely gone by MI = 1.9. It could be inferred from this data that PDAF-small is
forming aggregation with increasing MI, and thus the similarity at high MI is simply a result of converting
PDAF-small into PDAF-large. However, the DLS data shows remarkably stable particle size distribution
before and after ultrasound imaging (Figure 4.18¢), and the MI measurement can be cycled repeatedly
without a change in the signal response (Figure 4.20d-e). Perhaps the most interesting finding from the
aggregation study is the starkly different curvature to the MI-response between samples. While both PDAF-

mix and PDAF-large show a roughly linear signal response to increased MI (Figure 4.18d, Figure 4.20a-b),



PDAF-small shows negligible response levels until MI = 1.0. At MI > 1.0, the response begins to rapidly
increase with MI (Figure 4.18d). This behavior is seen more clearly when MI and CPS signal are plotted vs
individual frame number (Figure 4.18f, 4.20d-¢). Both CPS and Doppler signals show a “turn on” response
consistently around MI = 1.0. Since the transducer frequency is fixed for these studies, this corresponds to
either a threshold peak negative pressure (PNP) or a threshold MI (MI = PNP / center frequency) for this
UCA formulation. Overall, these data suggest that both small particles (PDAF-small) and large aggregation
(PDAF-large) can contribute ultrasound signal in our system, though their signals have important
fundamental differences that will be the subject of future study. For the remainder of the studies discussed,

the unseparated PDAF-mixed samples will be used except where explicitly indicated.
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Figure 4.20 Quantitative analysis of image signal intensity and MI versus frame number for CPS imaging
of PFP-loaded (a) PDAF-large, and (b) PDAF-mix. (c¢) Corresponding color Doppler images for PDAF-
small, PDAF-large, and PDAF-mix. Quantitative analysis of (d) second, (e) third cycle of CPS imaging for
PDAF-small particles (Figure 5f'is the first cycle). (f) PA imaging of PFP-loaded PDAF-small, PDAF-large,
and PDAF-mix, and their quantitative analysis of PA signal. Scale bar = 3 mm.

4.3.3 Ex vivo Ultrasound Study of PDAF-i% NPs

90



Previous results have demonstrated that the imaging characteristics of PDA translate well
between aqueous solution, biological buffer, serum, and ex vivo tissue.'® 22 To ensure the stable and
bright contrast of PDAF-i% are not limited to solution measurements, ex vivo tissue imaging
experiments were performed. PFP-loaded PDAF-2.4% was injected into the ventricle of a chicken
heart and imaged with color Doppler, B-mode, and CPS ultrasound signals (Figure 4.21). The most
intense area of B-mode imaging shows the position of nanoparticles after injection. However, the
signal is difficult to differentiate from surround tissue, which also exhibits B-mode contrast.
Corresponding regions in color Doppler and CPS signal demonstrate the low-background,
millimeter-level imaging capabilities of contrast-enhanced ultrasound. The color Doppler speckle
pattern reflects the lack of flow in the tissue, indicating the promise of PDAF-i% for the in vivo
studies where differentiation between flow rates is vital for assessing tissue health. For comparison,

water injected into the chicken heart tissue shows no signal by either contrast mode (Figure 4.22).

Figure 4.21 Representative data for chicken heart Ex vivo tissue experiments. (a) Schematic illustration of
the imaging geometry and method for introducing contrast agent to the left ventricle and imaging through
(b) Color Doppler and (c) CPS modes with PDAF-2.4% NPs. The black and white images at right are the
underlying B-mode signal. The scale bar in panel (b) and (c) is 5 mm.
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Figure 4.22 Ex vivo US imaging of deionized water in the left ventricle imaged through cardiac tissue of a
chicken heart. The bright line at the bottom of (b) is an artifact. The scale bar in panel (b) and (¢) is 5 mm.

4.3.4 1In vitro and Ex vivo Photoacoustic Imaging of PDAF-i% NPs

As a complementary tool to conventional ultrasound imaging, photoacoustic (PA) imaging
has attracted great research interest because it combines the high contrast and spectral nature of
optics with the spatial and temporal resolution of ultrasound.***> The PA signal arises from an
optical pulse generating localized pressure waves within a strongly absorbing material such as a
plasmonic nanoparticle and organic semiconductors.**® Recent work has shown that PDA-based
materials show strong PA imaging performance due to their high absorption in the NIR region.* 4
Additionally, traditional UCAs have demonstrated that US/PA dual-modal contrast is a viable
technique for biological tissue imaging.’® Given the strong absorption of PDAF-i% through 1000
nm (Figure 4.23), it could be expected that PFC-loaded PDAF-i% would display a bright PA signal
in addition to US. In our study, a Vevo 2100 LAZA PA imaging system (Visualsonics) was used to
scan the in vitro PA signal of PFP and non-PFP-loaded PDAF-2.4% in aqueous solution (Figure
4.24). PA imaging and its quantitative analysis are shown in Figure 4.24a and 4.24b. Not only is

PA imaging possible in PFP-loaded PDAF-2.4%, but it is enhanced by roughly 40% compared with

the equivalent non-PFP loaded sample, fitting with previously results on microbubble contrast
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agents.31 5952 As shown in ultrasound contrast, particle aggregation in the presence of PFC can be
expected to play a role in the PA signal as well. Likely an effect of the enhanced absorption in the
aggregates, a stronger signal is indeed observed for PDAF-large (Figure 4.20f). In addition, the Fe
concentration of PDAF-i% was expected to play a role in PA imaging contrast due to charge transfer
absorption involving the chelation to the PDA catecholate (Figure 4.25a,b).18 Interestingly, this
Fe3* enhancement is most drastic when comparing PDAF-0.13% and all other samples. These data

are consistent with the much lower extinction coefficient of PDAF-0.13% compared to that of other

PDAF-i% samples (Figure 4.25c).
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Figure 4.23 UV-vis spectrum of PDAF-2.4%.
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Figure 4.24 (a) In vitro PA imaging of PDAF-2.4% NPs, with (w/) or without (w/0) PFP loaded at 21 MHz.
Scale bar = 2 mm. (b) the corresponding quantitative analysis of PA signal in (a), and the statistical
significance was determined with t test, ****p < 0.0001, (c) Ex vivo PA and B-mode imaging of PDAF-
2.4% in chicken breast tissue. The scale bar in panel (¢) is 1 mm.
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Figure 4.25 (a) In vitro PA imaging of PDAF-i% NPs under 0.5 mg mL™" at 21 MHz, (b) the corresponding
quantitative analysis of PA signal in (a), (c) molar volume extinction coefficient of PDAF-i%. The scale bar
in panel (a) is 2 mm.

Ex vivo PA imaging of PDA particles in chicken breast tissue was also performed (Figure
4.24c¢, 4.26). PFH-, PFP- and no PFC-loaded PDAF-2.4% were injected 1 cm into the chicken breast
tissue and subsequently imaged at the injection site at 40 MHz. The PA signal appears in the
striations of the muscle fiber in the chicken breast tissue after the injection of nanoparticles,
indicated by the red line in the Figure 4.24c. It should be noted that there is observable signal

increase with PFC-loaded PDA samples compared with no PFC-loaded PDA samples, in agreement

with the in vitro PA imaging results.

PDA is chemically similar to natural melanin and has been shown to be biocompatible in
various synthetic forms. Figure 4.27 reveals that cell viability of all PDAF-i% is greater than 80%

at all concentrations for HCT116 cells, indicating good biocompatibility for PDAF-i%.
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Figure 4.27 Cell viability of HCT116 cells after incubation with the concentration of PDAF-0.13%, PDAF-
1.0%, PDAF-1.7%, and PDAF-2.4% increase from 0-500 pug/mL for 24 h.

&

4.3.5 In vivo Photoacoustic and Ultrasound Imaging of PDAF-i% NPs

The PFH-loaded PDAF-i% exhibits stable in vivo PA and color Doppler signal under
constant laser exposure. The subcutaneously injected PFH-loaded PDAF-2.4% had 1.5 and 146.2-
fold stronger PA intensity, with significantly higher color Doppler signal, than the negative controls
PDAF-2.4% and Millipore water (Figure 4.28). Furthermore, the PA and color Doppler signal of
the PFH-loaded PDAF-2.4% remained stable (RSD < 2.3%, Figure 4.29) during constant 700 nm

laser excitation for 30 minutes with a detection limit of 0.12 mg/mL in the PA mode and ~2.0
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mg/mL in the color Doppler mode (Figure 4.30). These results demonstrated the long-term in vivo

utility of the PFH loaded PDAF-i% particles.

Overall, PDAF-i% demonstrate promising characteristics as UCAs: (1) They display strong
contrast by both color Doppler and CPS imaging techniques; (2) the fluorophilic mode of PFC
stabilization presents a way to image that is largely orthogonal to other tunable characteristics. Thus,
synthetic handles such as size, metal content, constituent monomer can be repurposed to control
tissue penetration, deliver alternate modes of contrast, or trigger therapeutic responses; (3) the
stability of the PFC/particle interaction allows for long-term continuous imaging ability. This long-
timescale ability could allow for long-term tracking of flow patterns and analysis of flow on tissue

perfusion timescales.

PDAF-2.4%-PFH PDAF-2.4%

Min

Color

Doppler

Figure 4.28 In vivo PA and color Doppler imaging with PFH-loaded PDAF-2.4% (2 mg mL™"), PDAF-2.4%
without PFH, and water control. Scale bar represents 2 mm.
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Figure 4.29 Time dependence of PA and color Doppler imaging from initial injection (0 min) to 30 min
using PFH-loaded PDAF-2.4%. Scale bar represents 2 mm.
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Figure 4.30 . The detection limit of the subcutaneous injected PFH-loaded PDAF-2.4% NPs is (a) 0.12
mg/mL (3 standard deviation above the average of baseline) for photoacoustic signal and (b) around 2.0
mg/mL for the color Doppler signal. Error bars in (a) represent standard deviation of 6 regions of interest.
Scale bar represents 2 mm.

4.4 Experimental Section

4.4.1 Materials

Dopamine hydrochloride (DA, 99%) and perfluorohexanes (PFH) was purchased from Alfa Aesar.
Ammonium hydroxide (NHj3-H,O, 28%-30%) was purchased from VWR International. 1H,1H,2H,2H-
Perfluorodecanethiol (97%) was purchased from Sigma-Aldrich. Perfluoropentane (PFP) was purchased

from Strem Chemicals. Iron(III) chloride hexahydrate (FeCls-6H,O, 98%) and ethanol (100%) was obtained
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from Fisher Scientific. Perfluorobutane (PFB) was purchased from SynQuest Labs. All chemicals were

used without further purifications. Deionized water is used in all the experiments.

4.4.2 Synthesis of PDA-Fe-i% NPs

PDA-Fe-0.13% NPs were synthesized using ethanol-water system by modifying the reported
methods.!% %5354 Briefly, 60 mg of DA was mixed with 20 mL of ethanol and 60 mL of water under stirring,
and subsequently 8 mg of FeCls-6H,0O in 20 mL of water was added to the mixture. After vigorous stirring
for 10 min, 20 mL of water containing 500 uL. of NH3-H,O was quickly added to the mixed solution. After
stirring for 24 h at room temperature, the product is centrifuged and washed with deionized water three
times. In the case of PDA-Fe-1.0%, PDA-Fe-1.7%, and PDA-Fe-2.4% NPs, the amount of FeCl;-6H,0 and
NH;-H2O used is 12 mg and 600 pL for PDA-Fe-1.0%, 16 mg and 980 puL for PDA-Fe-1.7%, 20 mg and

1000 pL for PDA-Fe-2.4% NPs, respectively.

4.4.3 Synthesis of PDAF-i% NPs

PDAF-0.13% NPs were synthesized by functionalizing PDA-Fe-0.13% with 1H,1H,2H,2H-
perfluorodecanethiol. First, the PDAF-0.13% particles obtained from the previous step was mixed with 10
mL of ethanol and 40 mL of water. Then 60 puL of 1H,1H,2H,2H-Perfluorodecanethiol was added to the
mixed solution. After 5 min of vigorous stirring, 10 mL of water containing 150 pL of NH3-H>O was quickly
added to the mixture. After stirring for 24 h, the particles are separated by centrifugation and washed with
water and ethanol three times, and the final product is PDAF-0.13%. PDAF-1.0%, PDAF-1.7%, and PDAF-

2.4% are prepared in the same method using PDA-Fe-1.0%, PDA-Fe-1.7%, PDA-Fe-2.4%, respectively.

444 Preparation of PFC-loaded PDAF-i% NPs

PFC-loaded PDAF-i% NPs were prepared with the typical immersion method.'® *> PDAF-i%

particles are first lyophilized at -55°C under 0.04 mbar overnight. Then 1 mg of PDAF-i% particles were
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dispersed in 200 uL of PFC and sonicated for 10 s, evaporating the excess PFC until no PFC liquid was
seen in the vial. After that, 2 mL of deionized water was added to the mixture and sonicated for another 10
s. The mixed solution was used for imaging experiments. Low speed centrifugation was performed by
centrifuging the mixed solution at 2500 rpm for 3 min; the supernatant (PDAF-small) and precipitate

(PDAF-large) were collected for the imaging experiments.

4,45 Characterization

TEM images were acquired on an FEI Tecnai G2 Spirit TEM operating at 120 kV. SEM images
and elemental analysis were obtained by an FEI Quanta 250 SEM equipped with a Thermo Fisher Scientific
EDS detector. STEM images and EDS spectra maps were acquired using a Hitachi HD-2300 Dual EDS
Cryo STEM equipped with dual Thermo Fischer Scientific EDS detectors. The Hitachi HD-2300 was
operated at 200 kV. DLS and zeta potential measurements were determined by Malvern Zetasizer Nano
7S590. XPS analysis was conducted on Thermo Fisher Scientific ESCALab 250Xi spectrometer using Al
K-alpha X-ray source (1486.6 ¢V). The XPS spectra were calibrated with adventitious carbon peak at 284.8
eV. UV—vis spectra were measured on a PerkinElmer Lambda 35 UV/vis spectrophotometer. Optical
microscope images were taken on an EVOS FL Auto Imaging System under transmitted light imaging

mode.

4.4.6 Ultrasound imaging

Ultrasound imaging was collected on a Siemens Sequoia 512 with an Acuson 15L8 transducer at 7
MHz. 0.5 mg mL"! of PDA particles in aqueous dispersions was tested for in vitro ultrasound imaging. Both
color Doppler and CPS imaging were used for ultrasound imaging experiments. Both color Doppler and
CPS modes are performed with the increase of MI from 0.06 to 1.9. CPS imaging was used at 7 MHz and

image brightness was quantified by averaging the brightness over the region of interest using MATLAB
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R2016b. Continuous imaging was performed by imaging at color Doppler mode at MI=1.9 until the signal

decayed to the intensity of deionized water signal.

4,47 Ex vivo cardiac ultrasound experiments

100 pL of PFP-loaded PDAF-2.4% with 4 mg mL! was injected into the left ventricle of a chicken
heart (2.5 cm x 3 cm). Color Doppler imaging commenced immediately after injection with an increase in

MI from 0.06 to 1.9. Control experiments were performed by injecting deionized water into the tissue.

4.4.8 Photoacoustic imaging

Photoacoustic imaging was performed on a VisualSonics Vevo 2100 LAZR imaging system.
Transducers with the frequency of 21 MHz and 40 MHz were used for the experiments. For in vitro
experiments, 17 uL of PDA particles with 0.5 mg mL"! was used for imaging at 21 MHz with pulsed laser
excitation at 700 nm. ImageJ was used to quantify the PA signal. For the ex vivo experiments, PDAF-2.4%
NPs (4 mg mL"') with 100 uL were injected into fresh chicken breast tissue (7 cm x 8 cm). PA as well as

B-mode images were collected at the frequency of 40 MHz and laser wavelength of 700 nm.

4.4.9 Cytotoxicity assay

HCT116 colorectal carcinoma cells were plated at 2.5%103 cells/well in DMEM high glucose
(Corning) + 10% FBS. Cell were grown for 24 hours and then treated with PDAF-i% NPs (pre-solubilized
in H,0O) ranging from concentrations of 0-500 pg/ml for 24 hours. Then, the cells were washed twice with
PBS, and 100 pL of media was added to each well, followed by 20 uL of CellTiter Aqueous One Solution
(Promega). After 3 hours at 37 °C, solutions were centrifuged at 10,000 RPM for 10 minutes, three times,
and supernatant was transferred to a new plate. Then absorbance readings were taken at 490 nm (test

wavelength) and 690 nm (reference wavelength).
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4410 In vivo ultrasound and photoacoustic imaging

All animal studies were performed in accordance with the Institutional Animal Care and Use
Committee (IACUC) at the University of California, San Diego (UCSD). Colloidal suspensions of PDAF-
2.4% NPs (1, 2, 4, and 8 mg mL"!, 50 uL) with or without PFH loading were mixed with Matrigel in a 1:1
ratio and subcutaneously injected into the loose skin over the back of a 5-month old nude mouse via an
insulin syringe (BD Micro-Fine™). Due to timing and equipment constraints, prepared mixtures were
transferred to the IACUC and stored at 4 °C for 4.5 h before in vivo experiments. The photoacoustic and
color Doppler images were collected using the same VisualSonics LAZR photoacoustic scanner with a
LZ550 transducer at 37 dB with and without 700 nm excitation, respectively. We repeated the experiment
using a mixture of 50 uL Millipore water with 50 uL. Matrigel as the negative control. For the signal
stability measurement, the injected area was exposed to 700 nm laser for 10, 20, and 30 minutes and imaged
using the photoacoustic or color Doppler mode. The photoacoustic images were exported as TIFF files and
analyzed via ImageJ 1.49v.>® The photoacoustic images were converted to grey scale (8 bit) and the raw
integrated intensity of 6 regions of interested within one sample were measured. The limit of detection was
calculated at 3 standard deviation above the average of the baseline. The color Doppler signal detection
limit was estimated by comparing the signal of 2.0, 1.0, 0.5, and 0 mg/mL PDAF-PFH NPs that were

subcutaneously injected in the nude mouse.

45 Conclusion

In vitro US imaging at 20°C and 37°C both show remarkable contrast pulse sequences (CPS) and
color Doppler signal at MI = 1.9; and significant color Doppler signal could be found at MI = 0.87 at 37°C.
It should be noted that our PDAF-i% NPs could be imaged at MI = 1.9 for at least 6 h and were effective
after storage at 4°C for almost two months, a behavior markedly different from other type of microbubble-
based agents as well as our previous PDA-F NPs.!” Often in nanoparticle-based ultrasound UCAs, it is

difficult to characterize the extent to which aggregation plays a role in the properties. Optimization of our
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initial size distribution and careful separation by low speed centrifugation and immediate characterization
have allowed us to address key differences due to nanoparticle aggregations. Importantly, our results
indicate that both isolated particles and aggregations contribute to the overall signal we observe, but the
differences are not simply in signal magnitude. Specifically, the threshold MI response for PDAF-small
warrants further study and may hold cues as to the methods to further control and optimize this signal
response. Future work will continue to push the limits of these materials to longer imaging time and more
optimized ultrasound response via tuning the particle design. Given the wide known parameter space for
modification of polymer nanoparticles, further capabilities should be available, such as triggered positive
contrast and multi-color contrast. This synthetic control of functionality offers the exciting possibility of
specializing UCAs analogous to more established contrast agents like those of MRI, which have benefitted

strongly from fundamental exploratory research into their structure-property relationships.
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Chapter 5 Strengthening nanocomposite magnetism

through microemulsion synthesis
Published Journal Name: Nano Research Publication Date: February 09, 2019

5.1 Abstract

In this chapter, we studied the magnetic interactions between two particles in nanoparticle system.
The magnetic strength and versatility of heterostructures generated via a simple microemulsion cluster-
formation technique is demonstrated. This approach allows optimization of individual component magnetic
nanoparticles prior to heterostructuring, expediting the discovery and optimization of hybrid magnetic
materials. The efficacy of this method is validated through a magnetic study of nanoparticle clusters
combining antiferromagnetic CoO and superparamagnetic CoFe,O, nanoparticles with tunable particle
ratio and size. An enhancement of coercivity compared with pure CoFe,O4 nanoparticles indicates that
close interparticle contacts are achieved. Upon annealing, an exchange bias field of 0.32 T was observed —
over twice that achieved in any other colloidally-synthesized system. Additionally, the unique
microstructure is defined during cluster formation and thus protects magnetic coercivity during the
annealing process. Overall, this work demonstrates a general approach for quickly exploring magnetic
parameter space, designing interparticle functionality, and working towards the construction of high-value

bulk magnets with low materials and processing cost.

5.2 Introduction

The design of new, commercially-viable magnetic materials is limited by the extreme difficulty in

controlling or even predicting solid state reactivity. Thus more common approaches are to manipulate the
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shape, grain size, and surface structure of known materials *3; or to interface different known materials
with synergistic properties +°. Combinations of these two methodologies have resulted in nearly every
major advance in magnet-based technologies of the last thirty years &’. One such approach that is
particularly intriguing is to intimately interface single-domain grains of two different types of magnetic
materials so that their combined properties result in exchange bias effects > &1, In exchange bias materials,
magnetic coupling between an antiferromagnetic layer and a ferromagnetic (or blocked superparamagnetic)
layer biases the anisotropy, effectively enhancing the coercivity of the magnet (Figure 5.1a) *°. Achieving
efficient magnetic exchange coupling is difficult, however, so exchange bias is still under active study to
find widespread use in enhanced permanent magnets. Several approaches are being considered from top-
down and bottom-up methodologies. A general top-down approach is to use ball milling 1, spark erosion
12 spark plasma sintering *3, or sputtering 4 to prepare small particles of the desired magnetic materials.
These may be further reduced in size, mixed to increase heterogeneity, and fused with heat and pressure
(Figure 5.1b). This approach has the advantage of simple, scalable processing but has difficulty achieving
small, homogeneous domains and efficient surface contact *°. Another method is through colloidally
synthesized core/shell structures, effectively combining the antiferromagnet and ferromagnet into a single
material (Figure 5.1c) ® 1620, These materials have a built-in homogeneous phase distribution, making them
ideal if relatively uniform thick shells can be grown. Designing these systems is synthetically demanding,

S0 screening many material combinations can be time consuming.

With these challenges in mind, we sought to develop a straightforward protocol to allow low-
temperature heterostructuring of well-defined colloidal nanoparticles to form strongly-interacting magnetic
materials. In this work, we demonstrate how this can be accomplished using colloidally-prepared
superparamagnetic CoFe,O4 (CFO) and antiferromagnetic CoO nanoparticles as the building blocks for oil-
in-water microemulsion-based nanoclusters (Figure 5.1d). Formation of nanoparticle superstructures in
microemulsions has been explored for numerous applications 2 and extending the method to binary

magnetic clusters would ameliorate many of the issues that have hindered exploratory research in
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heterostructured magnetic materials. The magnetic phases CFO and CoO were selected for their stability,
low cost, and ease of measurement within our instrumental temperature range. Additionally, exchange bias
in other formulations of this system has been either non-existent 2 27 or very weak 2%, yet the magnetic

strength of the component structures suggests that with close surface interactions, it should be quite strong.

() AM (b)

b
g

Figure 5.1 Illustrative figure of the phenomenon of magnetic exchange bias and materials capable
of producing it: (a) The hysteresis loop of an exchange-biased material with the antiferromagnetic
(blue) and ferromagnetic (green) layers coupled at their surface. Two areas of the curve are
highlighted in red: one where the interlayer coupling is being broken by the field and the other
where spins too far from the interface do not couple strongly. (b) Exchange-biased materials made
by top-down method with mixed grains, (c) core/shell materials made by bottom-up method, and
(d) mixed magnetic clusters made by oil-in-water micro-emulsion method as described herein.
Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany.3!

5.3 Results and Discussions

5.3.1 Synthesis and Characterizations of CoO and CFO NPs

Prior to formation of the magnetically-interacting nanoclusters, nanoparticles of CFO and CoO
were synthesized and structurally characterized individually. Three CFO syntheses were performed,
resulting in roughly spherical particles of diameter d =4.9(0.8), 5.9(1.0), 11.6(2.0) nm (CFO-4.9, CFO-5.9,
CFO-11.6; Figure 5.2a-c) 333, Powder x-ray diffraction data confirms the phase as cubic spinel and Debye-

Scherrer analysis yields crystallite sizes in agreement with the TEM particle size (Figure 5.3). All CoO
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nanoparticles used in the study were from the same synthesis **3° with average diameter, d = 7.1(1.0) nm

by TEM analysis and rock-salt structure from powder x-ray diffraction (Figure 5.4d, 5.3).

Figure 5.2 TEM images of (a) CFO-4.9, (b) CFO-5.9, (c) CFO-11.6, and (d) CoO nanoparticles.
Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany.3!
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Figure 5.3 XRD patterns of CoO, CF0O-4.9, CFO-5.9, and CFO-11.6 nanoparticles. Copyright
2018, Tsinghua University Press and Springer-Verlag GmbH Germany.3!
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Figure 5.4 TEM size distribution diagrams of (a) CFO-4.9, (b) CF0O-5.9, (c) CFO-11.6, and (d)
CoO nanoparticles. Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH
Germany.3!

The magnetism of CFO and CoO nanoparticles has been studied extensively, but due to surface,
shape and compositional differences, their magnetic properties can vary between batches somewhat. To
ensure consistency, all data reported herein were collected on samples from the same initial nanoparticle
syntheses. As expected, magnetic blocking temperature (7s) scales monotonically with particle diameter
(Figure 5.5a-c). Field-dependent magnetization data was collected well below the lowest T3, at 5 K (Figure
5.6a-c). At this temperature, all three samples display open hysteresis loops with roughly equivalent
saturation magnetization (M;) values of ~80 emu/g (Figure 5.6a-c). Nanoparticles of CoO display

antiferromagnetic behavior with a Neel temperature (7n) above 300 K. A small but measurable

magnetization is present due to uncompensated spins at the particle surfaces (Figure 5.5d, 5.6d) **%.
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Figure 5.5 Plot of ZFC and FC DC magnetizations for (a) CFO-4.9, (b) CFO-5.9, (c) CFO-11.6,
and (d) CoO. Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany.3!
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Figure 5.6 Hysteresis loops recorded at 5 K for (a) CFO-4.9, (b) CFO-5.9, (c) CFO-11.6, and (d)
Co0O. Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany.3!

5.3.2 Synthesis and Characterizations of CoO-CFO clusters

Following characterization of the individual components, interparticle interactions were introduced
between CFO and CoO nanoparticles through microemulsion-induced clustering (Figure 5.7). Addition of
CoO and CFO NPs to a vigorously stirred, cetrimonium bromide (CTAB)-stabilized emulsion of hexane in
water led to incorporation of the nanoparticles into the hydrophobic phase. Mild (80 °C) heating induced

precipitation as the volatile hexane was removed. Clusters consisting of the remaining agglomerates of CoO
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and CFO can be isolated as solids or redispersed in aqueous media upon the addition of excess CTAB.
Three types of micro-emulsion clusters were synthesized in this manner: CoO-CFO-d; d = 4.9, 5.9, 11.6

(where d is the average TEM particle size of CFO in nm).

Figure 5.8a-c show the morphology of the as-prepared clusters. Interestingly, while the size
mismatch between CFO and CoO does not have a large effect on the overall cluster size (120 to 150 nm),
it does appear to affect the ability to form well-defined clusters as opposed to cluster/single-particle
mixtures. Most nanoparticles are incorporated into well-defined clusters for CoO-CFO-d (d = 4.9, 5.9),
however a relatively large number of individual or loosely connected particles can be seen in CoO-CFO-
11.6. To demonstrate the cluster structure in detail, a high-magnification TEM image of CoO-CFO-5.9
(Figure 5.9) is shown, indicating well-defined CFO and CoO nanoparticles are distributed in the cluster
structure. Future studies will determine if well-defined clusters require specific nanoparticle sizes, or if
fine-tuning of the microemulsion conditions can produce better particle definition for all particle

combinations.

organic phase
g
o e ¥ Sonication
. — e —)

Organic phase
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Figure 5.7 Schematic illustration of microemulsion synthesis of clusters. Copyright 2018, Tsinghua
University Press and Springer-Verlag GmbH Germany.3!
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Figure 5.8 TEM images of (a) CoO-CF0O-4.9, (b) CoO-CFO-5.9, (¢) CoO-CFO-11.6, and
representative TEM image for EELS mapping of (d) CoO-CFO-5.9 cluster, and EELS mapping of
(e) Co mapping, (f) Fe mapping, (g) Composite of Fe and Co elemental mapping. Copyright 2018,
Tsinghua University Press and Springer-Verlag GmbH Germany.3!

Figure 5.9 High-magnification TEM image of CoO-CFO-5.9. Copyright 2018, Tsinghua
University Press and Springer-Verlag GmbH Germany.3!

Given that some applications of these materials may require colloidal use, data were collected to
check for stability in colloidal suspension. Dynamic Light Scattering (DLS) results indicate that
resuspended clusters show an average hydrodynamic diameter of 205, 215, and 140 nm for CoO-CFO-d (d
=4.9,5.9, 11.6), respectively (Figure 5.10b-d). Zeta potentials of dispersed CoO-CFO-d (d=4.9,5.9, 11.6)

nanoclusters were measured as 31.4, 42.8, and 37.7 mV, respectively, indicating good stability in aqueous
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solution. These data show that the nanoclusters remain intact and colloidally stable whereas many other
inorganic heterostructuring methods hinder colloidal dispersibility. This allows for the possibility of
developing exchange-enhanced magnetic nanoclusters for colloidal applications in magnetic hyperthermia

36, drug delivery 7, biosensing .

Another important aspect of the clusters characterization is the distribution of nanoparticles
throughout the cluster. Representative Co and Fe elemental mapping of CoO-CFO-5.9 clusters with
Electron Energy Loss Spectroscopy (EELS) indicates that Fe and Co are distributed relatively evenly,
although there appears to be some preference for deposition of CoO on the surface (Figure 5.8e-f). This
surface preference of Co is likely a result of differential packing of the nanoparticles in the microemulsion.

The magnetic consequences of these structural differences are discussed below.
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Figure 5.10 DLS size distribution diagrams of (a) oil-in-water microemulsion, (b) CoO-CFO-4.9,
(¢) CoO-CF0O-5.9, and (d) CoO-CFO-11.6. Copyright 2018, Tsinghua University Press and
Springer-Verlag GmbH Germany.3!

5.3.3 Magnetic Characterization of CoO-CFO clusters
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With magnetic characterization of individual nanoparticles, for comparison, a study of the changes
induced by cluster formation was performed. Cluster samples were measured as solids without annealing

or removal of the CTAB surfactant in order to assess the properties of isolate clusters.

Magnetization vs. magnetic field measurements were performed on cluster samples with an
optimized molar ratio of 5.7 CoO:CFO (vida infra). Interestingly, all samples exhibit an enhancement of
coercivity compared with pure CFO nanoparticles (Figure 5.11a, Figure 5.12) which can be attributed to an
enhancement of magnetic anisotropy from the exchange interaction between the uncompensated spins at
the surface of CoO nanoparticles and the spin of the CFO nanoparticles in the cluster. This analysis is
corroborated by the enhancing effect of cooling the clusters under a 5 T magnetic field prior to magnetic
measurement. Field-cooling (FC) aligns the magnetization of the CoO surface with the CFO, although the
effect is much greater in systems where 7g > Tn. The enhanced coercivity in CoO-CFO-d is surprisingly
robust and indicates that the hydrophobic nanoparticles pack tightly within the microemulsion and are
further forced together as the nonpolar solvent evaporates. The end product is a dense cluster of high surface
area CoO and CFO (Figure 5.9). Enhanced coercivity from interfacial contact between an antiferromagnet
and a superparamagnet is well-documented, however observation of this behavior without chemical
(core/shell) or harsh physical (sintering, high pressure) methods is not. To confirm that the magnetic
enhancement was the result of forming microemulsion clusters and not simply due to efficient mixing,
magnetization vs. magnetic field data were collected on co-precipitated CoO and CFO nanoparticle
mixtures as well (Figure 5.11a). The co-precipitated particles show a steep drop in both their remnant
magnetization (M;) and Hc. This indicates that the microemulsion-formed clusters are required for
producing the collective magnetic effects we observe. In addition, FC magnetization vs. field measurements
reveal that CoO-CFO-5.9 shows significantly higher coercivity than clusters formed from pure CFO-5.9

(Figure 5.13), confirming that the cluster compaction of CoO and CFO leads to a boost in coercivity.
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Figure 5.11 (a) Hysteresis loop of CoO-CFO-5.9 cluster and pure CFO nanoparticles recorded at 5
K: CFO-5.9 (black); CoO-CFO-5.9 with ZFC hysteresis loop (red); CoO-CFO with FC hysteresis
loop (blue); mixed CoO and CFO-5.9 nanoparticles (pink), (b) plot of coercivity and remanence
versus molar ratio of CoO to CFO for CoO-CFO-5.9. Copyright 2018, Tsinghua University Press
and Springer-Verlag GmbH Germany.3
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Figure 5.12 Plot of coercivity versus molar ratio of CoO to CFO for (a) CoO-CFO-4.9 and (b)
Co0O-CF0O-11.6. Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH
Germany.3!

118



—— C0O-CFO-5.9 (FC)

1.01——cFo cluster (FC)

0.5

<0.0
=
.54

-1.0 1

-3 -2 -1 0 1 2 3

Figure 5.13 FC Hysteresis loops of CoO-CFO-5.9 cluster and pure CFO cluster recorded at 5 K.
Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany.3!

To assess the magnetic impact of varying the superparamagnetic CFO to antiferromagnetic CoO
ratio, CFO-Co00-5.9 was synthesized with CoO:CFO molar ratios ranging from 1.4 to 18.7. As expected,
increasing the CoO ratio leads to a monotonic decrease in M; as the overall magnetization per unit mass is
decreased (Figure 5.11b). Additionally, H. is strongly affected by the molar CoO:CFO ratio, but only for a
very narrow range of ratios. At the ideal ratio of 5.7:1, interparticle exchange interactions are optimized.
The involvement of interactions between nanoparticles is confirmed by a further enhancement of H. through
cooling under a 5 T magnetic field.?° Collectively, these data demonstrate how the formation of nanoclusters

can be used to achieve stronger magnetic properties while maintaining colloidal stability.

Given the interaction between the antiferromagnetic CoO and superparamagnetic CFO, it is
curious that no asymmetry is observed in the magnetic hysteresis loop. This indicates that
microemulsion cluster process does not necessarily create interfacial exchange coupling conducive
to the exchange bias effect. We found this to be true for all cluster samples and may be due to gaps
in surface contact or interference from ligands.3® Future refinement of our synthetic methods may

circumvent these issues but another approach is to anneal the particles post-synthetically.
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Annealing nanoparticle systems can lead to crystallite sintering and multidomain structures with
drastically reduced coercivity;*® however, we hypothesized that our preformed clusters would facilitate
CoO-CFO exchange interactions at relatively low temperatures without inducing larger crystallite
formation. Indeed, magnetization vs field data for CoO-CFO nanoclusters annealed at 350 °C demonstrate
minimal losses of Hc and the appearance of a large exchange bias effect (Figure 5.14a). The observed
exchange bias field (Hex = -[Hc2 + Hc1]/2) was: 0.32 T, 0.07 T, and 0.1 T for CoO-CFO-d (d = 4.9, 5.9,
11.6), respectively. Amongst similar nanostructured systems these nanoclusters show superior performance
(Table 5.1). Interestingly, CoO@CFO core-shell nanoparticles 2 2" have thus far shown no evidence of

exchange bias, possibly due to the shell structure being unable to support strong magnetic interactions.

(@)

1.04—=—cluster
—— mixture
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Figure 5.14 Magnetic and structural data for CoO-CFO-4.9 and mixtures of CoO and CFO-4.9: (a)
Magnetization vs. magnetic field plot showing large exchange bias and preservation of coercivity
for clusters vs. nanoparticle mixtures. (b) SEM images showing the microstructure of nanoparticle
mixtures and (c) clusters. Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH
Germany.3!
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Table 5.1 Colloidally-synthesized exchange-bias materials.

Type <d> T Hex(T) Ref
(nm) (K)
CoO/CFO 8.1 5 0 [41]
Co0304/CFO 6.0 5 0.11 [38]
NiO/CFO 9.0 5 0.0233 [42]
Ni/NiO 9.0 2 0.114  [43]
CoO/CoZnFe;0s 10.0 5 0.14 [44]
CoO/CFO 4.9 5 0.32 This
work

To determine if the large Hex is truly dependent on cluster morphology, isolated CoO and CFO
nanoparticles were colloidally suspended together, precipitated, anneal, and magnetically analyzed. If the
annealing is solely responsible for the magnetic behavior we observe, no difference should exist between
our microemulsion-synthesized clusters and the annealed mixtures. The nanoparticle mixtures, however,
show drastically different magnetic behavior with large losses in magnetization around H = 0, loss of
coercivity, and the lack of a spike in Hex. These properties are quantified in the M,/M; values of 0.18, 0.41,
and 0.50, Hex values of 0.04 T, 0.14 T, and 0.06 T, and H. values of 0.15 T, 1.06 T, and 0.85 T for mixtures
of CoO with CFO-d (d = 4.9, 5.9, 11.6), respectively (Figure 5.14a, Figure 5.15). It should be noted that
properties for these clusters have the potential to be improved through further optimization of experimental
conditions. For instance, CoO-CFO-11.6 clusters have multiple drops in magnetization at different fields
indicating phase separation or multidomain formation during the annealing process that could be eliminated

through better cluster formation or refined annealing conditions.
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Figure 5.15 Field cooled hysteresis loops at 5 K of annealed (a) CoO-CFO-5.9 and mixture of CoO
and CFO-5.9 NPs, (b) CoO-CFO-11.6 cluster and mixture of CoO and CFO-11.6 NPs; (c) Plots of
average exchange bias versus size of CFO on annealed clusters and nanoparticle mixtures. Copyright
2018, Tsinghua University Press and Springer-Verlag GmbH Germany.!

Our results indicate the vital role played by the microstructure of the clusters compared to the
annealed mixtures. A number of factors are expected to contribute to this. One factor is that segregation of
CFO or CoO nanoparticles is limited in the clusters due to the small size of the microemulsion droplets.
Thus, large regions of pure CoO or CFO do not form. Additionally, EELS mapping of Co (Figure 5.8¢)
indicates a preference for CoO at the cluster surface. This interfacial preference for CoO over CFO is a
result of the size, shape and hydrophobicity differences between the nanoparticles and offers another handle
by which to tune the magnetic properties of microemulsion clusters warranting further exploration. Due to
this CoO “shell”, the clusters are protected from the formation of low-H. multidomain CFO crystallites
during annealing. This compartmentalization is reinforced by the smaller surface area available for
intercluster sintering compared to nanoparticle mixture sintering. These compartmentalized domain groups
offer an interesting mechanism for circumventing an ever-present obstacle to high coercivity magnetism:
Brown's paradox. Brown’s paradox, or the tendency of the theoretical anisotropy field to vastly
overestimate the experimental coercive field (Ha > Hc), is the results of local soft defects that propagate
magnetization reversal throughout a material.*>*®. While the annealing of mixtures of nanoparticles takes
place stochastically between all particles in the sample, CoO-CFO-d (d = 4.9, 5.9, 11.6) clusters are

preferentially annealed in an intracluster fashion. This not only exploits the already intimate mixing created
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by the emulsion clustering, but also limits defect-induced propagation of magnetization reversal to single
clusters (Figure 5.14b,c). Control over nano- and microstructure is very difficult to achieve using bulk-
synthesis, top-down methodologies and yet these methods demonstrate a way to systematically test models
of extrinsic magnetic behavior and design magnets with optimized properties without the need for new

exploratory solid state synthesis.

5.4 Experimental Section

5.4.1 Materials

The following reagents were used as received: iron(l1l) acetylacetonate (Fe(acac)s, >99%) and
cobalt(Il) acetylacetonate (Co(acac),, 99%) were purchased from Acros Organics. 1,2-tetradecanediol
(90%), oleylamine (70%), benzyl ether (>98%), and cetrimonium bromide (CTAB, 99%) were purchased

from Sigma-Aldrich. Oleic acid (90%) was purchased from Alfa Aesar.
5.4.2 Synthesis of CoFe,O4 nanoparticles

CoFe,04 nanoparticles were synthesized by a common thermal decomposition method in the

presence of oleylamine and oleic acid 33349,

To synthesize 4.9 nm CoFe,O4 nanoparticles (CFO-4.9), Fe(acac)s (2 mmol), Co(acac), (1 mmol),
1,2-tetradecanediol (10 mmol), oleylamine (6 mmol), oleic acid (6 mmol) and benzyl ether (20 mL) were
added to a 100 mL three-necked flask. The mixture was heated to 60 °C and degassed with three cycles of
reduced pressure (50 mbar) followed by reintroduction of nitrogen gas. Subsequently, the solution was
heated to 200 °C at 5 °C/min under N flow. After 30 min, the sample was heated to 265 °C at 10 °C/min.
After another 30 min, the sample was removed from heat and allowed to cool to room temperature. The
black suspension was fully precipitated with excess ethanol, centrifuged, redispersed in hexane, washed

with ethanol three times, and dried (60 °C, < 50 mbar) for 12 h.
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For 5.9 nm CoFe,O4 nanoparticles (CFO-5.9), after degassing, the precursor mixtures were heated
at 5 °C/min to 200 °C for 1 h and then heated to 295 °C at 10 °C/min for 30 min. The washing and

centrifugation cycles were identical to CFO-4.9.

For 11.6 nm CoFe,O4 nanoparticles (CFO-11.6), Fe(acac)s (5.3 mmol), CoCl, (2.7 mmol) were
mixed with oleic acid (4 mmol), oleylamine (4 mmol) and benzyl ether (50 mL). The mixture was heated
to 120 °C and was degassed under reduced pressure (<50 mbar) with vigorously stirring for 30 min. It was
then heated to 270 °C at 3 °C/min for 15 min under N, flow. The washing and centrifugation cycles were

identical to CFO-4.9.

5.4.3 Synthesis of CoO nanoparticles

The CoO nanoparticles were synthesized according to a previously reported method 3%, In a
typical synthesis, Co(acac), (3 mmol) was dissolved in oleylamine (30 mL). The mixture was heated to 230
°C at 3 °C/min and held for 30 min. Then the sample was removed from heat and allowed to cool to room
temperature. The suspension was precipitated by excess ethanol, centrifuged, redispersed in hexane and

washed with ethanol three times and dried (60 °C, < 50 mbar) for 12 h.

5.4.4 Synthesis of CFO-CoO nanoparticle cluster

The CoFe,04-CoO nanoparticle clusters were prepared by an oil-in-water microemulsion method.?*
% Typically, CoO and CFO nanoparticles (25 mg total mass) were dispersed in hexane (150 puL) and added
to a 20 mL vial with CTAB (0.1 mmol) aqueous solution (2 mL). The vial was then sonicated for 5 min.
The mixture was heated in an 80 °C oil bath for an hour under constant stirring to promote evaporation of
hexane. The clusters were collected by centrifugation at 10,000 rpm for 10 min. Nanoparticle clusters made
from different sizes of CoFe.O, were designated as CoO-CFO-4.9, CoO-CFO-5.9, and CoO-CFO-11.6
based on the varying size of the incorporated CoFe;O4 (4.9 nm, 5.9 nm, 11.6 nm, respectively). Inannealing

experiments, the nanoparticle clusters were heated at 350 °C for 1 h under Ar atmosphere.
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5.45 Characterization

Crystalline structures were determined by powder X-ray diffraction (PXRD) using a Bruker D8
Advance diffractometer at 40 kV, 40 mA for Cu K, (A = 1.5418 A) with a 20 range of 20 — 70°, and a step
size of 0.02°. Transmission electron microscope (TEM) images were obtained using an FEI Tecnai G2
Spirit operated at 120 kV. The size distribution of nanoparticles was calculated using Image J software
analysis on sample sizes > 200 nanoparticles. Scanning electron microscope (SEM) images were recorded
on a Zeiss Sigma 500 field emission scanning electron microscope operated at 3 kV. The electron energy
loss spectroscopy (EELS) mapping of nanoclusters was investigated using a JEOL 3200 FS electron
microscope working with a 300 kV accelerating voltage equipped with an Omega electron energy filter.
Dynamic light scattering (DLS) size distribution and zeta potentials of nanoclusters was measured with a

Malvern Zetasizer Nano ZS90.

5.4.6 Magnetic measurements

Magnetic measurements were performed using a Quantum Design MPMS3 superconducting
guantum interface device (SQUID) magnetometer. Zero-field cooled (ZFC) and field cooled (FC)
magnetization curves were carried out by first cooling the sample from 300 to 3 K under zero magnetic
field. After cooling, the magnetic moment was recorded from 3 to 300 K with a 100 Oe applied field (ZFC)
and the sample was again cooled from 300 to 3 K FC under 100 Oe while measuring magnetic moment
(FC). For the exchange bias measurements (FC hysteresis loop), samples were first heated to 350 K and
then cooled back to 5 K under a 5 T magnetic field, with subsequent measurement of the hysteresis loop.

ZFC hysteresis loop were measured by sweeping the field from —7 T to 7 T with no cooling field.

5.5 Conclusion
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In conclusion, we have presented a series of multicomponent nanoclusters with cooperative
magnetic properties prepared by a versatile, well-established, and facile synthetic method. The nanoparticle
clusters are found to form stable colloidal suspensions and demonstrate enhanced coercivity due to
intracluster interactions between CoO and CFO nanoparticles. In addition to the enhanced magnetic
behavior, additional nanoparticle components introduced into the microemulsion offer prospects for
multifunctional applications in cellular uptake 5, magnetic resonance imaging (MRI) contrast agents %2 and

catalysts 24,

Annealing these clusters leads to a large exchange bias effect for CoO-CFO-4.9, (Hexmax = 0.32 T)
higher than has been achieved in any other oxide nanoparticle system while largely retaining their coercivity,
in contrast to mixtures of CoO and CFO. This result is especially intriguing as it suggests a multi-level
structuring approach to magnetic solids wherein nanoparticle formation, cluster formation, and bulk
annealing lead to magnetic materials that preserve far more of the intrinsic anisotropy than is possible by
traditional methods. While one must still contend with inter-diffusion, phase separation and multidomain
formation, the close interfacing achievable by microemulsion clustering should facilitate stronger
interactions under milder annealing conditions. Future work will focus on improving the strength of
interparticle interactions by altering or removing surface ligands, moving from proof-of-concept materials
to high temperature, commercially-relevant magnetic materials, and expanding the scope of the magnetic
interactions to include hard/soft ferromagnetic, magnetic/superconducting, and magnetic/plasmonic

particle interactions.
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